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Abstract: DNA methyltransferase 1 (DNMT1) is the enzyme primarily responsible for propagation
of the methylation pattern in cells. Mutations in DNMT1 have been linked to the development of
adult-onset neurodegenerative disorders; these disease-associated mutations occur in the regulatory
replication foci-targeting sequence (RFTS) domain of the protein. The RFTS domain is an endogenous
inhibitor of DNMT1 activity that binds to the active site and prevents DNA binding. Here, we
examine the impact of the disease-associated mutation A554V on normal RFTS-mediated inhibition of
DNMT1. Wild-type and mutant proteins were expressed and purified to homogeneity for biochemical
characterization. The mutation increased DNA binding affinity ~8-fold. In addition, the mutant en-
zyme exhibited increased DNA methylation activity. Circular dichroism (CD) spectroscopy revealed
that the mutation does not significantly impact the secondary structure or relative thermal stability of
the isolated RFTS domain. However, the mutation resulted in changes in the CD spectrum in the
context of the larger protein; a decrease in relative thermal stability was also observed. Collectively,
this evidence suggests that A554V disrupts normal RFTS-mediated autoinhibition of DNMT1, result-
ing in a hyperactive mutant enzyme. While the disease-associated mutation does not significantly
impact the isolated RFTS domain, the mutation results in a weakening of the interdomain stabilizing
interactions generating a more open, active conformation of DNMT1. Hyperactive mutant DNMT1
could be responsible for the increased DNA methylation observed in affected individuals.
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1. Introduction

DNA methylation is a critical epigenetic modification that regulates gene expression.
In mammals, DNA methylation occurs predominately on cytosine bases within CpG
dinucleotides. Proper DNA methylation patterns are important for normal cellular function.
Aberrant methylation patterns have been observed in several diseases including cancer
and neurodegenerative disorders [1–3].

DNA methylation patterns are established and primarily maintained by a family of
proteins known as DNA methyltransferases (DNMTs). Humans have three active enzymes
that methylate DNA: DNMT1, DNMT3a, and DNMT3b. These enzymes all catalyze the
transfer of a methyl group from the methyl-donating co-factor S-adenosylmethionine to
the 5-carbon of cytosine. DNA methylation patterns are established during germ cell
development by DNMT3a and DNMT3b. For this reason, these isozymes are often referred
to as de novo methyltransferases. They are aided by DNMT3L, a catalytically inactive
regulatory factor that enhances their activity. Methylation patterns are maintained through
multiple rounds of cell division by the maintenance methyltransferase DNMT1. This
isozyme exhibits specificity for methylation of hemimethylated DNA, DNA in which only
one strand of the duplex contains methylcytosine [1,3]. Increasing evidence suggests that
the classical view of de novo and maintenance methyltransferases having separate and
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distinct roles might be an oversimplification [4]. For example, studies have pointed to the
importance of DNMT1 in de novo methylation [5] and to the surprising presence of this
isozyme in postmitotic neurons [6].

DNMT1 is a large multidomain protein consisting of a C-terminal methyltransferase
domain and an N-terminal regulatory region connected by glycine-lysine repeats (Figure 1a).
The N-terminal region of the protein is critical for proper targeting and regulation of
DNMT1. The regulatory region consists of several domains including the replication foci
targeting sequence (RFTS) domain, the CXXC domain, and two bromo-adjacent homology
(BAH) domains [3]. Understanding how these regulatory regions work in concert to control
DNMT1 activity is a long-standing topic of interest in the field. This work is focused
on the role of the RFTS domain. Initially, this domain was reported to target DNMT1
to the replication fork [7]. More recently, biochemical studies revealed that the RFTS
domain is an endogenous inhibitory domain, competing with DNA for binding to the
active site of DNMT1 [8]. Subsequently, crystal structures of RFTS-containing DNMT1
have shown the RFTS domain bound to the methyltransferase domain (Figure 1b). The
RFTS domain consists of two lobes, with the N lobe primarily consisting of beta sheets
and the C lobe consisting of a helical bundle. The interdomain interaction is stabilized
by hydrogen bonds between residues in the C lobe of the RFTS domain and residues in
the methyltransferase domain [9,10]. Targeted mutagenesis of residues involved in these
stabilizing hydrogen bonds was shown to increase DNA methylation activity in vitro and
in cell culture [11]. Thus, the RFTS domain must be removed from the active site in order
for the enzyme to bind and methylate DNA efficiently. Proteins that directly interact with
the RFTS domain have been identified, such as ubiquitin-like, containing PHD and RING
finger domains 1 (UHRF1) [12,13], and modified histone H3 tails [14–16]. These regulatory
protein–protein interactions are proposed to localize DNMT1 to specific sites in the genome
and activate the enzyme for catalysis by relieving RFTS-mediated autoinhibition.
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Figure 1. Structure of human DNMT1. (a) Domain map of human DNMT1. The protein consists of 

a C-terminal catalytic domain and an N-terminal regulatory region. The RFTS domain is located in 

this regulatory region. (b) Crystal structure of human DNMT1, amino acids 351-1602 (PDB 4WXX). 

Domains are colored according to panel (a). The inhibitory RFTS domain is bound to the 

Figure 1. Structure of human DNMT1. (a) Domain map of human DNMT1. The protein consists
of a C-terminal catalytic domain and an N-terminal regulatory region. The RFTS domain is located
in this regulatory region. (b) Crystal structure of human DNMT1, amino acids 351-1602 (PDB
4WXX). Domains are colored according to panel (a). The inhibitory RFTS domain is bound to the
methyltransferase domain. A554 (red spheres) is found in the C lobe of the RFTS domain, with its
side chain pointed into the hydrophobic core.



DNA 2023, 3 121

Over the past decade, several mutations in DNMT1 have been reported that result
in adult-onset neurodegenerative disorders in humans [17–22]; all of these mutations are
germline dominant and occur in the regulatory RFTS domain. The mutations are linked to
the development of hereditary sensory and autonomic neuropathy type 1E (HSAN1E) and
autosomal dominant cerebellar ataxia, deafness, and narcolepsy (ADCA-DN). These two
disorders have many overlapping clinical features including hearing loss and mild to severe
neuropathy [22]. The mutated residues associated with HSAN1E development are found
throughout the RFTS domain, while the mutated residues associated with ADCA-DN
development are found clustered in the C lobe of the RFTS domain [1]. With important
intra- and intermolecular regulatory interactions facilitated by the RFTS domain, these
disease-associated mutations could potentially impact localization, activation, and/or
autoinhibition of DNMT1.

Methylation profiling has shown drastic changes to the normal DNA methylation
pattern in affected individuals [23,24]. However, due to a lack of biochemical information,
the exact role(s) these mutations play in disease development remains largely unclear. We
recently showed that ADCA-DN-associated mutations G589A and V590F relieve normal
RFTS-mediated inhibition of DNMT1, leading to hyperactive enzymes [25]. Here, we
report the impact of A554V, another mutation associated with ADCA-DN formation, on
the autoinhibition of DNMT1. We have recombinantly expressed and purified A554V
DNMT1 and RFTS domain to investigate the impact of this mutation on autoinhibition.
The mutant protein exhibits increased DNA binding affinity and increased methylation
activity. In addition, changes in the circular dichroism (CD) spectrum and relative thermal
stability of the mutant protein support the finding that this mutation also weakens normal
RFTS-mediated inhibition of DNMT1, generating a hyperactive mutant enzyme.

2. Materials and Methods
2.1. Expression Constructs and Site-Directed Mutagenesis

Expression constructs for truncated forms of human DNMT1 were previously cre-
ated [8]. Wild-type expression constructs and primers containing the desired mutation (5′-
CCCTCCTGCGACACGTGCAGTTTGTGGTGGAG-3′ and 5′-CTCCACCACAAACTGCA-
CGTGTCGCAGGAGGG-3′) were used to generate mutant plasmids using the Agilent
QuikChange XL site-directed mutagenesis kit according to the manufacturer’s instructions.
A554V was introduced into both RFTS-containing DNMT1 (amino acids 351–1616) and the
RFTS domain (amino acids 351–600). Mutations were confirmed by DNA sequencing.

2.2. Protein Expression and Purification

Following previously published procedures, wild-type and mutant proteins and do-
mains were expressed in Rosetta 2(DE3) pLysS competent cells [26]. All proteins and
domains contain an N-terminal histidine tag. As such, proteins were initially purified
from soluble cell lysate by metal affinity chromatography. Wild-type and A554V RFTS-
containing DNMT1 were further purified using a 5 mL HiTrap Heparin HP column (Cytiva
Life Sciences, Marlborough, MA, USA) as previously described [26]. To obtain highly
pure protein for CD analysis, the RFTS-containing DNMT1 proteins were then further
purified by size-exclusion chromatography. Fractions from the Heparin purification that
contained RFTS-containing DNMT1 were concentrated to 5 mL and loaded onto a HiLoad
16/600 Superdex 200 column (Cytiva Life Sciences) equilibrated in 20 mM HEPES (pH 8),
500 mM NaCl, and 5% glycerol. Protein was eluted with 1.5 column volumes (CVs) of the
same buffer. Fractions containing RFTS-containing DNMT1 were pooled, concentrated,
and stored in 40% (v/v) glycerol at −80 ◦C. Following metal-affinity purification, wild-
type and A554V RFTS domains were further purified by size-exclusion chromatography
using a HiLoad Superdex 75 column (Cytiva Life Sciences) as previously described [25].
Fractions containing RFTS domain were pooled, concentrated, and stored in 40% (v/v)
glycerol at −80 ◦C. Proteins were quantified using A280 and calculated extinction coeffi-
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cients. Size-exclusion chromatograms and sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) of pure proteins and domains are shown in Figures S1 and S2.

2.3. Fluorescence Polarization

DNA binding affinity was measured by fluorescence polarization using a fluorescently
tagged 18 base pair hemimethylated duplex DNA as previously described [25]. In short,
the concentration of RFTS-containing DNMT1 was varied as DNA concentration was
held constant at 100 nM. Triplicate data were collected at 28 ◦C in a BioTek Synergy plate
reader equipped with a fluorescence polarization cube. Data were fit to the hyperbolic
binding equation (Equation (1)) in Kaleidagraph (Synergy Software, version 5.01), where
P is polarization, Pf is the polarization of free DNA, and Pb is the polarization of bound
DNA, to determine the Kd.

P = Pf +

[(
Pb − Pf

) [DNMT1]
Kd + [DNMT1]

]
(1)

Polarization values were normalized and averaged for visualization.

2.4. DNA Methylation Assay

Activity of RFTS-containing DNMT1 was assessed using a previously described
endonuclease-coupled DNA methylation assay [25]. Assays contained 1 µM 32 base pair
hemimethylated duplex DNA, 100 µM S-adenosylmethionine, and 0.5 µM RFTS-containing
DNMT1. Samples were removed and flash frozen 2, 8, and 20 min after enzyme addition,
subsequently digested with Sau3A1 (New England BioLabs, Inc., Ipswich, MA, USA) and
separated on 18% PAGE. The gel was stained using ethidium bromide and imaged with a
Bio Rad Gel Doc EZ system.

2.5. Differential Scanning Fluorimetry (DSF)

DSF was used to examine the thermal stability of RFTS-containing DNMT1 proteins
as previously described [25]. Assays contained 0.5 µM RFTS-containing DNMT1 and 5X
SYPRO Orange (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Data were
collected in a Roche LightCycler 96 real-time PCR instrument using the VIC channel.
Fluorescence data were fitted to the Boltzmann equation to determine the observed melting
temperature (Tm). Fluorescence data were normalized for visualization.

2.6. Circular Dichroism (CD) Spectroscopy

CD data were recorded on a Jasco J-1500 spectrometer using a 0.1 cm path length
cuvette. Spectral accumulation parameters included a scanning rate of 50 nm/min with a
1.0 nm bandwidth over a wavelength range of 190–260 nm; spectra were initially collected
at 25 ◦C. Each spectrum at 25 ◦C was obtained from an average of 3 scans, corrected
for buffer contributions, and smoothed using the Jasco Spectra Manager software, ver-
sion 2. Secondary structure analysis of the resulting CD spectra was performed using
BeStSel (http://bestsel.elte.hu, accessed on 4 April 2023) [27,28]. All data fits resulted in
RMSD ≤ 0.043. Spectra were also collected at increasing temperatures using the same
parameters. For these spectra, a single scan was collected at 25, 35, 45, 55, 65, and (for
RFTS-containing DNMT1 only) 75 ◦C. Thermal stability of the proteins and domains was
investigated by varying the temperature using a ramp rate of 1 ◦C per minute. Changes
in CD signal at 207 nm or 198 nm from 25 to 75 ◦C were recorded for RFTS-containing
DNMT1. Changes in the CD signal at 198 nm or 200 nm from 25 to 65 ◦C were recorded for
RFTS domains. Resultant melting curves were fitted to the Boltzmann equation to deter-
mine the observed Tm. RFTS-containing DNMT1 data were collected at a concentration of
1 µM (0.14 mg/mL), while RFTS domain data were collected at a concentration of 5 µM
(0.15 mg/mL) in 20 mM KPi (pH 7.5) buffer.

http://bestsel.elte.hu
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3. Results

Mutations in the RFTS domain of DNMT1 are causal for adult-onset neurodegen-
erative disorders [17–22]. Here, we investigate the impact of an ADCA-DN-associated
mutation—A554V—on RFTS-mediated autoinhibition of DNMT1. We expressed this mu-
tant protein in Escherichia coli as an N-terminally truncated form of human DNMT1 that
begins with the RFTS domain, termed RFTS-containing DNMT1 (amino acids 351–1616).
Previous work has shown that truncating the extreme N-terminus of DNMT1 does not impact
the protein’s behavior in in vitro assays [8,29,30]. We also expressed mutant RFTS domain
(amino acids 351–600) in E. coli. We were able to obtain pure wild-type and mutant truncated
proteins and protein domains for biochemical characterization (Figures S1 and S2).

3.1. Mutation Increases DNA Binding Affinity

The RFTS domain of DNMT1 is an endogenous inhibitory domain that competes
with DNA for binding to the active site [8]. We were interested in determining if the
disease-associated mutation A554V affects the normal function of the RFTS domain. To this
end, we determined the DNA binding affinity of wild-type and A554V RFTS-containing
DNMT1. Fluorescence polarization of an 18-base-pair hemimethylated duplex DNA labeled
with fluoroscein was measured. Binding of this relatively small DNA by the much larger
DNMT1 to generate a protein•DNA complex would be expected to increase the observed
polarization value. Titrating a fixed concentration of DNA with increasing concentrations
of RFTS-containing DNMT1 does lead to an increase in the observed polarization value
(Figure 2). Fitting the data obtained to Equation (1) allows for the binding affinity for DNA
to be determined. Wild-type RFTS-containing DNMT1 bound the short duplex DNA with
a Kd of 4.6 ± 0.5 µM. This value is in good agreement with previously published data
showing the DNA binding affinity for wild-type RFTS-containing DNMT1 was 4.4 µM [25].
Introduction of the disease-associated mutation A554V greatly increased the observed DNA
binding affinity (Figure 2). The mutant protein bound DNA with a Kd of 0.55 ± 0.05 µM,
an eightfold increase in affinity. This drastic increase in DNA binding ability suggests that
RFTS-mediated inhibition has been significantly weakened in the mutant enzyme.
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Figure 2. DNA binding of RFTS-containing DNMT1 using fluorescence polarization. Polarization
values from triplicate assays were normalized and averaged; error bars represent standard deviation.
A554V RFTS-containing DNMT1 (red) binds DNA 8-fold tighter than wild-type RFTS-containing
DNMT1 (black).
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3.2. Mutation Increases DNA Methylation Activity

The RFTS domain is a potent inhibitor of the DNA methylation activity of DNMT1;
the presence of the RFTS domain inhibits catalytic efficiency by ~640-fold [8]. With the
observed increase in the DNA binding ability of A554V RFTS-containing DNMT1, we next
wanted to examine the DNA methylation activity of the mutant protein. To undertake
this, we utilized a gel-based endonuclease-coupled DNA methylation assay [25,31]. This
assay utilizes the methyl-sensitive restriction endonuclease Sau3A1. Cleavage of the
substrate hemimethylated duplex DNA is blocked by full methylation. Thus, DNMT1
activity protects the DNA from cleavage. Separating Sau3A1-digested assay samples by gel
electrophoresis allows for the visualization of DNMT1 activity. The addition of wild-type
RFTS-containing DNMT1 to assays containing the hemimethylated DNA substrate and S-
adenosylmethionine results in time-dependent protection from Sau3A1 cleavage, showing
the enzyme is active (Figure 3). Under identical assay conditions, the addition of A554V
RFTS-containing DNMT1 resulted in more robust protection over time, indicating increased
activity in the mutant enzyme. These results suggest that the mutant enzyme is hyperactive
and supports the notion that A554V relieves normal RFTS-mediated autoinhibition.
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Figure 3. DNA methylation activity of RFTS-containing DNMT1. Wild-type (WT) or A554V RFTS-
containing DNMT1 were added to assays containing a hemimethylated DNA substrate and S-
adenosylmethionine. Methylation of the substrate DNA protects against Sau3A1 cleavage. Samples
were taken throughout a 20 min incubation at 37 ◦C. Digested samples were separated by gel
electrophoresis. For each enzyme, 2, 8, and 20 min samples are shown. A control lacking DNMT1 is
shown in the first lane.

3.3. Mutation Impacts Structure and Stability

The biochemical data suggest that A554V disrupts normal RFTS-mediated inhibition
of DNMT1 activity. CD spectroscopy was used to examine the impact of the mutation on
the structure of DNMT1. The RFTS domain is independently stable and can be expressed
in E. coli and purified to homogeneity in the absence of the rest of the protein [8]. We first
examined wild-type and mutant RFTS domain to determine the impact of the mutation
on the structure of the domain itself. Far UV CD spectra of the domains were obtained
from 190–260 nm at 25 ◦C. (Figure 4a). This region mainly reflects electronic transitions
of peptide bonds. In the common secondary structural elements found in proteins, the
peptide bonds are regularly ordered, leading to characteristic spectral profiles [32]. Thus,
CD spectra in this region are largely reporting on the secondary structure of a protein. The
RFTS domain is comprised of a zinc-binding motif, a β-barrel, and an α-helical bundle [8].
The CD spectrum of the RFTS domain exhibits a minimum at 208 nm and a positive peak
at 193 nm, characteristics observed in α-helical proteins [33]. However, the negative peak
typically observed in α-helical proteins near 222 nm is severely repressed in the RFTS
domain spectrum. Nonetheless, the CD spectra of wild-type and A554V RFTS domains
are incredibly similar, suggesting that the structure of the domain was not impacted
significantly by the mutation. BeStSel was used to analyze the CD spectra for secondary
structure content [27,28]. As expected based on visual inspection of the spectra, wild-type
and mutant RFTS domains exhibit similar predicted secondary structure content (Table 1).
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Figure 4. CD analysis of wild-type and A554V proteins at 25 ◦C. (a) Far UV CD spectra of wild-type
(black) and A554V (red) RFTS domains (5 µM); (b) far UV CD spectra of wild-type (black) and
A554V (red) RFTS-containing DNMT1 (1 µM). Spectra shown have been corrected for buffer signal
and smoothed.

Table 1. Secondary structure content of wild-type and A554V RFTS domain.

Domain Helix 1 Antiparallel Parallel Turn Other

Wild type 17.5 23.3 0 14.9 44.3
A554V 17.3 22.3 0 14.9 45.2

1 Analysis completed using BeStSel (http://bestsel.elte.hu) [27,28]. RMSD ≤ 0.043 for both fits.

We next wanted to examine the impact of the RFTS mutation on the entire protein.
To undertake this, we investigated RFTS-containing DNMT1 proteins. DNMT1 is a large
multidomain protein known to exist in an inhibited state where the RFTS domain is bound
to the methyltransferase domain [1,9,10]. The protein must undergo structural changes
that remove the RFTS domain from the active site so that DNA can be methylated. Our
biochemical data suggest that A554V weakens the interdomain interaction between the
RFTS and methyltransferase domains. We were curious about whether changes in the CD
spectrum would be evident in the mutant protein. Interestingly, the far UV CD spectra
of wild-type and A554V RFTS-containing DNMT1 exhibit some noticeable differences
(Figure 4b). These differences cannot be attributed to concentration differences as the A280
of the protein sample in each cuvette was verified to be the same. Moreover, the differences
in signal amplitude observed vary across the spectrum. A554V RFTS-containing DNMT1
exhibits a higher signal in the 193 nm peak as compared to the wild-type enzyme, but the
minimum at 208 nm is virtually identical between the two proteins. The negative peak near
222 nm is more pronounced in the mutant protein as well. We again used BeStSel to analyze
these spectra for secondary structure content [27,28]. The major difference in predicted
secondary structure content is in the number of helices (Table 2). A554V RFTS-containing
DNMT1 lost ~2% helical content as compared to the wild-type protein. As position 554 is
located in the C-terminal α-helical bundle of the RFTS domain [9,10], it is possible that
mutation of this residue is impacting the structure of these helices. However, similar losses
of helical content were not observed in the mutant RFTS domain alone. Instead, it is
conceivable that the changes observed in the CD spectrum of the mutant protein are caused
by structural changes resulting from loss of the normal interdomain interaction, i.e., loss of
autoinhibition is impacting the structure of DNMT1 outside of the RFTS domain itself.

http://bestsel.elte.hu
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Table 2. Secondary structure content of wild-type and A554V RFTS-containing DNMT1.

Protein Helix 1 Antiparallel Parallel Turn Other

Wild-type 16.1 26.4 0 14.1 43.4
A554V 14.4 26.5 0 14.4 44.7

1 Analysis completed using BeStSel (http://bestsel.elte.hu) [27,28]. RMSD ≤ 0.036 for both fits.

Since the CD signal reports on the structure of a protein, changes in CD spectra are
observed as proteins unfold. To examine stability, the proteins were unfolded by increasing
the temperature. We first examined changes in the CD spectrum of wild-type and mutant
RFTS domain as a function of temperature (Figure 5a,b). As temperature increased, the
largest changes in CD signal were observed in the peak at 193 nm. Unfolding of the
RFTS domains was not fully reversible as the original CD spectra are not obtained after
heating and cooling the proteins. Thermal unfolding of proteins is often irreversible [34],
preventing equilibrium thermodynamic analysis. Nonetheless, relative stabilities of wild-
type and mutant proteins can be determined when the proteins are examined under the
same conditions [35,36]. We decided to monitor RFTS domain unfolding at 198 nm, as
this wavelength exhibited better signal-to-noise ratio than 193 nm, and a large change in
signal was still observed. As shown in Figure 5c, both wild-type and mutant RFTS domain
exhibited very similar monophasic melting. The curves were fit to a sigmoidal equation
to determine an observed melting temperature (Tm); comparing the values obtained for
wild-type and A554V RFTS domain allows for comparison of thermal stability under these
conditions. Fitting the curves, observed Tm values of 47.0 ± 0.1 ◦C were obtained for
both wild-type and A554V RFTS domains. Similar observed Tm values were obtained in
replicate melting experiments and when data were obtained at 200 nm instead of 198 nm
(Table S1). Thus, the disease-associated mutation did not impact the thermal stability of the
isolated RFTS domain under these conditions.

We again used changes in CD to track the unfolding of the RFTS-containing DNMT1
proteins. For these proteins, large changes in CD signal were observed at the 193 nm peak
and near the minimum at 208 nm as temperature was increased (Figure 6a,b). Similar to the
RFTS domains, the unfolding of RFTS-containing DNMT1 was not reversible; the original
CD spectrum of the proteins is not obtained after heating and cooling the samples. Thus,
we again examined the relative stability of the wild-type and mutant proteins. For RFTS-
containing DNMT1, we followed protein denaturation at 207 nm as the signal-to-noise ratio
is better in this region of the spectrum, and large changes in signal were observed. Even
though DNMT1 is a large multidomain protein, melting curves for wild-type and A554V
RFTS-containing DNMT1 were monophasic (Figure 6c). Monophasic melting behavior has
been observed previously for large wild-type and mutant DNMT1 constructs [25,37,38].
Fitting the melting curves yielded observed Tm values of 55.0 ± 0.1 ◦C and 53.2 ± 0.1 ◦C
for wild-type and A554V RFTS-containing DNMT1, respectively. Again, the observed Tm
values were consistent across multiple melting experiments and wavelengths (Table S2).
Thus, when using the same experimental parameters (temperature ramp of 1 ◦C per
minute), the RFTS mutation seems to decrease the thermal stability of RFTS-containing
DNMT1. Additionally, this loss of stability is also observed in melting curves obtained by
differential scanning fluorimetry (DSF) (Figure S3). This data also shows a ~2 ◦C decrease
in the observed Tm of the mutant protein. The DSF data were obtained with a slightly
faster temperature ramp (2.4 ◦C per minute), yet the difference in relative stabilities is still
observed. Taken together, these data indicate a decrease in relative thermal stability for
A554V RFTS-containing DNMT1 even though the mutation did not impact the relative
stability of the RFTS domain alone. We suggest this difference is due to a weakening
of normal RFTS-mediated inhibition in A554V RFTS-containing DNMT1. Loss of the
interdomain stabilizing interactions would make it easier to unfold the mutant protein,
even if interactions within the isolated domain were not significantly impacted.

http://bestsel.elte.hu
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Figure 5. Thermal stability of wild-type and A554V RFTS domain. Temperature-dependent CD
spectra of wild-type (a) and A554V (b) RFTS domain. Spectra from a single scan were collected at
25 (red), 35 (orange), 45 (yellow), 55 (green), and 65 (blue) ◦C. In both proteins, large changes in CD
signal near the 193 nm peak are observed as the protein unfolds; (c) thermal stability of wild-type
(black) and A554V (red) RFTS domains. CD signal was recorded at 198 nm from 25 to 65 ◦C. Melting
curves were fit to the Boltzmann equation to determine the observed melting temperature (Tm).
Values of 47.0 ± 0.1 and 47.0 ± 0.1 were determined for wild-type and A554V, respectively.
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dependent CD spectra of wild-type (a) and A554V (b) RFTS-containing DNMT1. Spectra from
a single scan were collected at 25 (red), 35 (orange), 45 (yellow), 55 (green), 65 (blue), and 75 (pur-
ple) ◦C. In both proteins, large changes in CD signal near the minimum at 208 nm were observed
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DNMT1. CD signal was observed at 207 nm. Melting curves were fit to the Boltzmann equation to
determine the observed Tm. Values of 55.0 ± 0.1 ◦C and 53.2 ± 0.1 ◦C were determined for wild-type
and A554V, respectively.

4. Discussion

DNMT1 is the enzyme primarily responsible for maintenance of the DNA methylation
pattern following cell division. The C-terminal methyltransferase domain is responsible
for the catalytic activity of DNMT1; however, the first ~1100 amino acids of the protein
are critical for proper regulation, targeting, and activation [3]. DNMT1 is known to play
an essential role in replication-linked DNA methylation. Yet, DNMT1 expression has
been detected in postmitotic neurons [6,39]. Interestingly, DNA methylation has been
shown to be important for adult neurogenesis [40]. Point mutations in DNMT1 have been
linked to the development of two adult-onset neurodegenerative disorders: HSAN1E and
ADCA-DN [17–22]. These diseases exhibit age-dependent progression and share common
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clinical manifestations including hearing loss, neuropathy, and cognitive decline [22]. All
disease-associated mutations discovered to date map to the RFTS domain, a domain found
in the N-terminal regulatory region of DNMT1. The RFTS domain is a critical regulator
of DNMT1 activity, both serving as an inhibitory domain that blocks DNA binding and
playing important roles in recruitment of DNMT1 to particular sites in the genome and
activation of enzyme activity [3].

Here, we report our investigation of the impact of A554V, a mutation associated
with development of ADCA-DN, on normal RFTS-mediated autoinhibition of DNMT1.
Mutant RFTS-containing DNMT1 and the RFTS domain were able to be expressed as
soluble proteins in E. coli. The CD spectrum of the A554V RFTS domain was very similar
to that of the wild-type protein, indicating that the mutation did not significantly impact
the structure of the domain. In addition, A554V RFTS-containing DNMT1 was able to
bind and methylate DNA in our studies, indicating that the folding of the larger protein
was not severely impacted either. Similarly, previous work has shown that ACDA-DN-
associated mutations G589A and V590F, found in the same region of the domain as A554V,
did not significantly impact the folding of DNMT1 [25]. This is in stark contrast to studies
examining HSAN1E-associated mutations. Expression of full-length DNMT1 containing
several different HSAN1E-associated mutations in cell culture resulted in decreases in
relative protein levels as compared to wild type. In addition, mutant proteins were found
to mislocalize to the cytoplasm and form aggregates, indicating HSAN1E mutations cause
decreased stability and the potential misfolding of DNMT1 [17,22]. Furthermore, expression
of the RFTS domain containing Y495C or P491Y, mutations associated with HSAN1E
formation, generated misfolded, insoluble protein in E. coli [17]. Taken together, these data
indicate that ADCA-DN-associated mutations result in less severe structural perturbations
to the RFTS domain and DNMT1 as a whole.

Normal RFTS-mediated autoinhibition of DNMT1 activity is impacted by the disease-
associated mutation. A554V RFTS-containing DNMT1 bound DNA ~8-fold tighter than
the wild-type enzyme. This increase in DNA binding affinity is even larger than that
reported for the other ADCA-DN-associated mutations. Those mutations resulted in
~2.5–3.5-fold increases in affinity [25], suggesting that A554V is a functionally more severe
mutation. As the RFTS domain is a DNA-competitive inhibitor [8], increases in DNA
binding affinity are consistent with loss of normal RFTS-mediated inhibition. Previous
work has shown that DNMT1 is capable of binding histone H3 tails and that this binding is
inhibited by the interdomain interaction between the RFTS domain and the methyltrans-
ferase domain [16]. Interestingly, in this study, the ADCA-DN-linked RFTS mutations
were shown to increase DNMT1 binding to histone H3 [16], consistent with our finding
that these mutations weaken the normal interdomain interaction. Furthermore, A554V
RFTS-containing DNMT1 was hyperactive in our endonuclease-coupled DNA methylation
assay. Similarly, increased enzyme activity was previously reported for DNMT1 containing
G589A or V590F mutations. [25]. Collectively, this evidence demonstrates that ADCA-DN-
linked RFTS mutations disrupt normal autoinhibition of DNMT1, resulting in hyperactive
enzymes. In contrast, studies examining HSAN1E-associated mutations have reported
decreased activity in the mutant enzymes [17,41]. The HSAN1E-linked mutations investi-
gated in these studies have been shown to induce misfolding of the RFTS domain [17]. It is
possible that decreased protein stability could account for the reduced activity reported.
Alternatively, HSAN1E-associated mutations could have different impacts on DNMT1
function than ADCA-DN-associated mutations. Thorough biochemical investigation of all
disease-associated mutations is necessary to fully understand the impact of each mutation
on DNMT1.

CD investigations revealed that mutant RFTS-containing DNMT1 had decreased
thermal stability relative to its wild-type counterpart, while the relative stability of the
RFTS domain was unaffected by the mutation. Moreover, the CD spectrum of the A554V
RFTS domain was very similar to that of wild type, indicating that the mutation did
not significantly affect the structure of the isolated domain. A554 is found in the helical
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bundle at the C-terminus of the RFTS domain (Figure 1b). The interaction between the C
lobe of the RFTS domain and the methyltransferase domain is stabilized by a collection
of interdomain hydrogen bonds. While A554 is not found directly at this interface, this
residue is positioned nearby. The side chain of A554 points into the hydrophobic core of
the C lobe of the RFTS domain [9,10]. Increasing the size of this side chain by replacement
with valine could disrupt the alignment of nearby interdomain stabilizing hydrogen bonds,
weakening normal autoinhibition without significantly impacting the structure of the
domain, consistent with the data presented here. Interestingly, in recent work examining
allostery in DNMT1 using activity-based CRISPR scanning, the C lobe of the RFTS domain
was identified as a mutational hotspot. Biochemical analysis of several mutant enzymes
showed that mutations in this region increased DNMT1 activity. The authors suggested
that this increase in activity is due to loss of the inhibitory interdomain interaction typically
present in DNMT1 [42].

While the CD spectra of wild-type and mutant RFTS domain were very similar,
noticeable differences were observed in the RFTS-containing DNMT1 proteins. Secondary
structure analysis suggests that introduction of A554V results in a ~2% loss in helical
content in DNMT1. Since the same change in secondary structure content was not observed
in the purified RFTS domains, we suggest that this change in structure comes from a
region outside of the RFTS domain itself. The RFTS domain is near a region of DNMT1
termed the autoinhibitory linker (Figure 1a). Remarkably, this linker region adopts different
conformations in different crystal structures of DNMT1. In the RFTS autoinhibited state,
the linker adopts a helical conformation (Figure 1b). However, when the RFTS domain
is absent, the linker adopts an extended loop conformation [3]. Presumably, as mutant
DNMT1 transitions from an autoinhibited state to an open, active state, this linker region
would undergo a conformational change (Figure 7). The helix-to-loop transition of the
autoinhibitory linker could be responsible for the loss of helical content observed in the
hyperactive mutant enzyme.
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Figure 7. Model of disruption of RFTS-mediated autoinhibition. Usually, the C lobe of the RFTS
domain makes interdomain interactions with the methyltransferase domain, blocking the DNA
binding site (black star). ADCA-DN mutations like A554V (red X) weaken this interdomain inter-
action, allowing the enzyme to exist in an open, uninhibited state. This change in conformation
induces a helix-to-loop transition of the autoinhibitory linker. Protein domains are colored according
to Figure 1a.

Methylation analysis of individuals with ADCA-DN showed increased DNA methyla-
tion. Normally unmethylated promoters and CpG islands were shown to be methylated in
affected individuals. In addition, hypermethylated gene bodies and intergenic regions were
further methylated in ADCA-DN patients [24]. Hyperactive DNMT1 in affected individuals
could help explain these observed increases in DNA methylation. While there is ample
evidence that ADCA-DN mutations at least partially relieve RFTS-mediated autoinhibition
of DNMT1, it is possible for these mutations to also impact other RFTS functions. Further
work examining the impact of these mutations on critical protein–protein regulatory inter-
actions is crucial to fully understand the consequences of the mutations. The RFTS domain
interacts with UHRF1 [12,13] and histone H3 tails [14–16]. The disease-associated RFTS
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mutations could disrupt or enhance these critical binding interactions, leading to mislo-
calization of hyperactive DNMT1 in cells. Detailed biochemical analysis of the impact of
ADCA-DN-associated mutations on these binding interactions is an important future step.
Our understanding of the molecular mechanisms that underlie ADCA-DN development
would be greatly aided by a thorough understanding of how the RFTS mutations affect
DNMT1 function.
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Author Contributions: Conceptualization, R.L.S.; methodology, R.L.S.; validation, R.L.S., Z.J.H. and
G.R.H.; formal analysis, R.L.S., Z.J.H. and G.R.H.; investigation, R.L.S., Z.J.H., G.R.H. and C.F.C.;
writing—original draft preparation, R.L.S.; writing—review and editing, R.L.S., Z.J.H., G.R.H. and
C.F.C.; funding acquisition, R.L.S. All authors have read and agreed to the published version of
the manuscript.

Funding: Research reported in this publication was supported by the National Institute of Gen-
eral Medical Sciences (NIGMS) of the National Institutes of Health (NIH) under Award Number
R15GM143693 (to R.L.S.). G.R.H. was supported by the Bucknell Program for Undergraduate Re-
search for a summer undergraduate research fellowship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and the
Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Norvil, A.B.; Saha, D.; Saleem Dar, M.; Gowher, H. Effect of Disease-Associated Germline Mutations on Structure Function

Relationship of DNA Methyltransferases. Genes 2019, 10, 369. [CrossRef]
2. Hamidi, T.; Singh, A.K.; Chen, T. Genetic Alterations of DNA Methylation Machinery in Human Diseases. Epigenomics 2015, 7,

247–265. [CrossRef]
3. Ren, W.; Gao, L.; Song, J. Structural Basis of DNMT1 and DNMT3A-Mediated DNA Methylation. Genes 2018, 9, 620. [CrossRef]

[PubMed]
4. Jeltsch, A.; Jurkowska, R.Z. New Concepts in DNA Methylation. Trends Biochem. Sci. 2014, 39, 310–318. [CrossRef]
5. Jair, K.-W.; Bachman, K.E.; Suzuki, H.; Ting, A.H.; Rhee, I.; Yen, R.-W.C.; Baylin, S.B.; Schuebel, K.E. De Novo CpG Island

Methylation in Human Cancer Cells. Cancer Res. 2006, 66, 682–692. [CrossRef] [PubMed]
6. Inano, K.; Suetake, I.; Ueda, T.; Miyake, Y.; Nakamura, M.; Okada, M.; Tajima, S. Maintenance-Type DNA Methyltransferase

Is Highly Expressed in Post-Mitotic Neurons and Localized in the Cytoplasmic Compartment. J. Biochem. 2000, 128, 315–321.
[CrossRef] [PubMed]

7. Leonhardt, H.; Page, A.W.; Weier, H.-U.; Bestor, T.H. A Targeting Sequence Directs DNA Methyltransferase to Sites of DNA
Replication in Mammalian Nuclei. Cell 1992, 71, 865–873. [CrossRef]

8. Syeda, F.; Fagan, R.L.; Wean, M.; Avvakumov, G.V.; Walker, J.R.; Xue, S.; Dhe-Paganon, S.; Brenner, C. The Replication Focus
Targeting Sequence (RFTS) Domain Is a DNA-Competitive Inhibitor of Dnmt1. J. Biol. Chem. 2011, 286, 15344–15351. [CrossRef]

9. Takeshita, K.; Suetake, I.; Yamashita, E.; Suga, M.; Narita, H.; Nakagawa, A.; Tajima, S. Structural Insight into Maintenance
Methylation by Mouse DNA Methyltransferase 1 (Dnmt1). Proc. Natl. Acad. Sci. USA 2011, 108, 9055–9059. [CrossRef]

10. Zhang, Z.-M.; Liu, S.; Lin, K.; Luo, Y.; Perry, J.J.; Wang, Y.; Song, J. Crystal Structure of Human DNA Methyltransferase 1. J. Mol.
Biol. 2015, 427, 2520–2531. [CrossRef]

11. Bashtrykov, P.; Rajavelu, A.; Hackner, B.; Ragozin, S.; Carell, T.; Jeltsch, A. Targeted Mutagenesis Results in an Activation of
DNA Methyltransferase 1 and Confirms an Autoinhibitory Role of Its RFTS Domain. ChemBioChem 2014, 15, 743–748. [CrossRef]
[PubMed]

12. Bashtrykov, P.; Jankevicius, G.; Jurkowska, R.Z.; Ragozin, S.; Jeltsch, A. The UHRF1 Protein Stimulates the Activity and Specificity
of the Maintenance DNA Methyltransferase DNMT1 by an Allosteric Mechanism. J. Biol. Chem. 2014, 289, 4106–4115. [CrossRef]

https://www.mdpi.com/article/10.3390/dna3030010/s1
https://doi.org/10.3390/genes10050369
https://doi.org/10.2217/epi.14.80
https://doi.org/10.3390/genes9120620
https://www.ncbi.nlm.nih.gov/pubmed/30544982
https://doi.org/10.1016/j.tibs.2014.05.002
https://doi.org/10.1158/0008-5472.CAN-05-1980
https://www.ncbi.nlm.nih.gov/pubmed/16423997
https://doi.org/10.1093/oxfordjournals.jbchem.a022755
https://www.ncbi.nlm.nih.gov/pubmed/10920268
https://doi.org/10.1016/0092-8674(92)90561-P
https://doi.org/10.1074/jbc.M110.209882
https://doi.org/10.1073/pnas.1019629108
https://doi.org/10.1016/j.jmb.2015.06.001
https://doi.org/10.1002/cbic.201300740
https://www.ncbi.nlm.nih.gov/pubmed/24532244
https://doi.org/10.1074/jbc.M113.528893


DNA 2023, 3 132

13. Berkyurek, A.C.; Suetake, I.; Arita, K.; Takeshita, K.; Nakagawa, A.; Shirakawa, M.; Tajima, S. The DNA Methyltransferase Dnmt1
Directly Interacts with the SET and RING Finger-Associated (SRA) Domain of the Multifunctional Protein Uhrf1 to Facilitate
Accession of the Catalytic Center to Hemi-Methylated DNA. J. Biol. Chem. 2014, 289, 379–386. [CrossRef]

14. Ren, W.; Fan, H.; Grimm, S.A.; Guo, Y.; Kim, J.J.; Yin, J.; Li, L.; Petell, C.J.; Tan, X.-F.; Zhang, Z.-M.; et al. Direct Readout of
Heterochromatic H3K9me3 Regulates DNMT1-Mediated Maintenance DNA Methylation. Proc. Natl. Acad. Sci. USA 2020, 117,
18439–18447. [CrossRef] [PubMed]

15. Ishiyama, S.; Nishiyama, A.; Saeki, Y.; Moritsugu, K.; Morimoto, D.; Yamaguchi, L.; Arai, N.; Matsumura, R.; Kawakami, T.;
Mishima, Y.; et al. Structure of the Dnmt1 Reader Module Complexed with a Unique Two-Mono-Ubiquitin Mark on Histone H3
Reveals the Basis for DNA Methylation Maintenance. Mol. Cell 2017, 68, 350–360.e7. [CrossRef] [PubMed]

16. Misaki, T.; Yamaguchi, L.; Sun, J.; Orii, M.; Nishiyama, A.; Nakanishi, M. The Replication Foci Targeting Sequence (RFTS) of
DNMT1 Functions as a Potent Histone H3 Binding Domain Regulated by Autoinhibition. Biochem. Biophys. Res. Commun. 2016,
470, 741–747. [CrossRef]

17. Klein, C.J.; Botuyan, M.-V.; Wu, Y.; Ward, C.J.; Nicholson, G.A.; Hammans, S.; Hojo, K.; Yamanishi, H.; Karpf, A.R.;
Wallace, D.C.; et al. Mutations in DNMT1 Cause Hereditary Sensory Neuropathy with Dementia and Hearing Loss. Nat. Genet.
2011, 43, 595–600. [CrossRef]

18. Klein, C.J.; Bird, T.; Ertekin-Taner, N.; Lincoln, S.; Hjorth, R.; Wu, Y.; Kwok, J.; Mer, G.; Dyck, P.J.; Nicholson, G.A. DNMT1
Mutation Hot Spot Causes Varied Phenotypes of HSAN1 with Dementia and Hearing Loss. Neurology 2013, 80, 824–828.
[CrossRef]

19. Winkelmann, J.; Lin, L.; Schormair, B.; Kornum, B.R.; Faraco, J.; Plazzi, G.; Melberg, A.; Cornelio, F.; Urban, A.E.; Pizza, F.; et al.
Mutations in DNMT1 Cause Autosomal Dominant Cerebellar Ataxia, Deafness and Narcolepsy. Hum. Mol. Genet. 2012, 21,
2205–2210. [CrossRef]

20. Moghadam, K.K.; Pizza, F.; La Morgia, C.; Franceschini, C.; Tonon, C.; Lodi, R.; Barboni, P.; Seri, M.; Ferrari, S.; Liguori, R.; et al.
Narcolepsy Is a Common Phenotype in HSAN IE and ADCA-DN. Brain 2014, 137, 1643–1655. [CrossRef]

21. Yuan, J.; Higuchi, Y.; Nagado, T.; Nozuma, S.; Nakamura, T.; Matsuura, E.; Hashiguchi, A.; Sakiyama, Y.; Yoshimura, A.;
Takashima, H. Novel Mutation in the Replication Focus Targeting Sequence Domain of DNMT1 Causes Hereditary Sensory and
Autonomic Neuropathy IE: Yuan. J. Peripher. Nerv. Syst. 2013, 18, 89–93. [CrossRef] [PubMed]

22. Baets, J.; Duan, X.; Wu, Y.; Smith, G.; Seeley, W.W.; Mademan, I.; McGrath, N.M.; Beadell, N.C.; Khoury, J.; Botuyan, M.-V.; et al.
Defects of Mutant DNMT1 Are Linked to a Spectrum of Neurological Disorders. Brain 2015, 138, 845–861. [CrossRef] [PubMed]

23. Sun, Z.; Wu, Y.; Ordog, T.; Baheti, S.; Nie, J.; Duan, X.; Hojo, K.; Kocher, J.-P.; Dyck, P.J.; Klein, C.J. Aberrant Signature Methylome
by DNMT1 Hot Spot Mutation in Hereditary Sensory and Autonomic Neuropathy 1E. Epigenetics 2014, 9, 1184–1193. [CrossRef]

24. Kernohan, K.D.; Cigana Schenkel, L.; Huang, L.; Smith, A.; Pare, G.; Ainsworth, P.; Boycott, K.M.; Warman-Chardon, J.;
Sadikovic, B. Identification of a Methylation Profile for DNMT1-Associated Autosomal Dominant Cerebellar Ataxia, Deafness,
and Narcolepsy. Clin. Epigenetics 2016, 8, 91. [CrossRef]

25. Dolen, E.K.; McGinnis, J.H.; Tavory, R.N.; Weiss, J.A.; Switzer, R.L. Disease-Associated Mutations G589A and V590F Relieve
Replication Focus Targeting Sequence-Mediated Autoinhibition of DNA Methyltransferase 1. Biochemistry 2019, 58, 5151–5159.
[CrossRef] [PubMed]

26. Switzer, R.L.; Medrano, J.; Reedel, D.A.; Weiss, J. Substituted Anthraquinones Represent a Potential Scaffold for DNA Methyl-
transferase 1-Specific Inhibitors. PLoS ONE 2019, 14, e0219830. [CrossRef]

27. Micsonai, A.; Wien, F.; Kernya, L.; Lee, Y.-H.; Goto, Y.; Réfrégiers, M.; Kardos, J. Accurate Secondary Structure Prediction and
Fold Recognition for Circular Dichroism Spectroscopy. Proc. Natl. Acad. Sci. USA 2015, 112, E3095–E3103. [CrossRef]

28. Micsonai, A.; Wien, F.; Bulyáki, É.; Kun, J.; Moussong, É.; Lee, Y.-H.; Goto, Y.; Réfrégiers, M.; Kardos, J. BeStSel: A Web Server for
Accurate Protein Secondary Structure Prediction and Fold Recognition from the Circular Dichroism Spectra. Nucleic Acids Res.
2018, 46, W315–W322. [CrossRef]

29. Vilkaitis, G.; Suetake, I.; Klimašauskas, S.; Tajima, S. Processive Methylation of Hemimethylated CpG Sites by Mouse Dnmt1
DNA Methyltransferase. J. Biol. Chem. 2005, 280, 64–72. [CrossRef] [PubMed]

30. Mishima, Y.; Brueckner, L.; Takahashi, S.; Kawakami, T.; Arita, K.; Oka, S.; Otani, J.; Hojo, H.; Shirakawa, M.; Shinohara, A.;
et al. RFTS-Dependent Negative Regulation of Dnmt1 by Nucleosome Structure and Histone Tails. FEBS J. 2017, 284, 3455–3469.
[CrossRef]

31. Palfey, B.A.; Switzer, R.L. Kinetics of Enzyme Catalysis; ACS In Focus; American Chemical Society: Washington, DC, USA, 2022;
ISBN 978-0-8412-9939-9.

32. Micsonai, A.; Bulyáki, É.; Kardos, J. BeStSel: From Secondary Structure Analysis to Protein Fold Prediction by Circular Dichroism
Spectroscopy. In Structural Genomics; Chen, Y.W., Yiu, C.-P.B., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA,
2021; Volume 2199, pp. 175–189. ISBN 978-1-07-160891-3.

33. Greenfield, N.J. Using Circular Dichroism Spectra to Estimate Protein Secondary Structure. Nat. Protoc. 2006, 1, 2876–2890.
[CrossRef]

34. Benjwal, S. Monitoring Protein Aggregation during Thermal Unfolding in Circular Dichroism Experiments. Protein Sci. 2006, 15,
635–639. [CrossRef]

35. Greenfield, N.J. Using Circular Dichroism Collected as a Function of Temperature to Determine the Thermodynamics of Protein
Unfolding and Binding Interactions. Nat. Protoc. 2006, 1, 2527–2535. [CrossRef]

https://doi.org/10.1074/jbc.M113.523209
https://doi.org/10.1073/pnas.2009316117
https://www.ncbi.nlm.nih.gov/pubmed/32675241
https://doi.org/10.1016/j.molcel.2017.09.037
https://www.ncbi.nlm.nih.gov/pubmed/29053958
https://doi.org/10.1016/j.bbrc.2016.01.029
https://doi.org/10.1038/ng.830
https://doi.org/10.1212/WNL.0b013e318284076d
https://doi.org/10.1093/hmg/dds035
https://doi.org/10.1093/brain/awu069
https://doi.org/10.1111/jns5.12012
https://www.ncbi.nlm.nih.gov/pubmed/23521649
https://doi.org/10.1093/brain/awv010
https://www.ncbi.nlm.nih.gov/pubmed/25678562
https://doi.org/10.4161/epi.29676
https://doi.org/10.1186/s13148-016-0254-x
https://doi.org/10.1021/acs.biochem.9b00749
https://www.ncbi.nlm.nih.gov/pubmed/31804802
https://doi.org/10.1371/journal.pone.0219830
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1074/jbc.M411126200
https://www.ncbi.nlm.nih.gov/pubmed/15509558
https://doi.org/10.1111/febs.14205
https://doi.org/10.1038/nprot.2006.202
https://doi.org/10.1110/ps.051917406
https://doi.org/10.1038/nprot.2006.204


DNA 2023, 3 133

36. Niklasson, M.; Andresen, C.; Helander, S.; Roth, M.G.L.; Zimdahl Kahlin, A.; Lindqvist Appell, M.; Mårtensson, L.; Lundström, P.
Robust and Convenient Analysis of Protein Thermal and Chemical Stability. Protein Sci. 2015, 24, 2055–2062. [CrossRef]

37. Fagan, R.L.; Wu, M.; Chédin, F.; Brenner, C. An Ultrasensitive High Throughput Screen for DNA Methyltransferase 1-Targeted
Molecular Probes. PLoS ONE 2013, 8, e78752. [CrossRef]

38. Kanada, K.; Takeshita, K.; Suetake, I.; Tajima, S.; Nakagawa, A. Conserved Threonine 1505 in the Catalytic Domain Stabilizes
Mouse DNA Methyltransferase 1. J. Biochem. 2017, 162, 178–271. [CrossRef] [PubMed]

39. Goto, K.; Numata, M.; Komura, J.-I.; Ono, T.; Bestor, T.H.; Kondo, H. Expression of DNA Methyltransferase Gene in Mature and
Immature Neurons as Well as Proliferating Cells in Mice. Differentiation 1994, 56, 39–44. [CrossRef]

40. Jobe, E.M.; Zhao, X. DNA Methylation and Adult Neurogenesis. Brain Plast. 2017, 3, 5–26. [CrossRef] [PubMed]
41. Smets, M.; Link, S.; Wolf, P.; Schneider, K.; Solis, V.; Ryan, J.; Meilinger, D.; Qin, W.; Leonhardt, H. DNMT1 Mutations Found in

HSANIE Patients Affect Interaction with UHRF1 and Neuronal Differentiation. Hum. Mol. Genet. 2017, 26, 1522–1534. [CrossRef]
[PubMed]

42. Ngan, K.C.-H.; Hoenig, S.M.; Kwok, H.S.; Lue, N.Z.; Gosavi, P.M.; Tanner, D.A.; Garcia, E.M.; Lee, C.; Liau, B.B. Activity-Based
CRISPR Scanning Uncovers Allostery in DNA Methylation Maintenance Machinery. eLife 2023, 12, e80640. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/pro.2809
https://doi.org/10.1371/journal.pone.0078752
https://doi.org/10.1093/jb/mvx024
https://www.ncbi.nlm.nih.gov/pubmed/28369487
https://doi.org/10.1046/j.1432-0436.1994.56120039.x
https://doi.org/10.3233/BPL-160034
https://www.ncbi.nlm.nih.gov/pubmed/29765857
https://doi.org/10.1093/hmg/ddx057
https://www.ncbi.nlm.nih.gov/pubmed/28334952
https://doi.org/10.7554/eLife.80640

	Introduction 
	Materials and Methods 
	Expression Constructs and Site-Directed Mutagenesis 
	Protein Expression and Purification 
	Fluorescence Polarization 
	DNA Methylation Assay 
	Differential Scanning Fluorimetry (DSF) 
	Circular Dichroism (CD) Spectroscopy 

	Results 
	Mutation Increases DNA Binding Affinity 
	Mutation Increases DNA Methylation Activity 
	Mutation Impacts Structure and Stability 

	Discussion 
	References

