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Abstract

A precise balance of DNA methylation and demethylation is required for epigenetic control of cell
identity, development, and growth. DNA methylation marks are introduced by de novo DNA
methyltransferases DNMT3a/b and are maintained throughout cell divisions by DNA
methyltransferase 1 (DNMTL1), which adds methyl groups to hemimethylated CpG dinucleotides
generated during DNA replication. Ten Eleven Translocation (TET) dioxygenases oxidize 5-
methylcytosine (mC) to 5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC), and 5-
carboxylcytosine (caC), a process known to induce DNA demethylation and gene reactivation. In
the present study, we investigated the catalytic activity of human DNMT1 in the presence of
oxidized forms of mC. A mass spectrometry-based assay was employed to study the kinetics of
DNMT1-mediated cytosine methylation in CG dinucleotides containing C, mC, hmC, fC, or caC
across from the target cytosine. Homology modeling, coupled with molecular dynamics
simulations, was carried out to explore the structural consequences of mC oxidation in regard to
the geometry of protein-DNA complexes. DNMT1 enzymatic activity was strongly affected by the
oxidation status of mC, with catalytic efficiency decreasing in the order mC > hmC > fC > caC.
Molecular dynamics simulations revealed that DNMT1 forms an unproductive complex with DNA
duplexes containing oxidized forms of mC as a consequence of altered interactions of the target
recognition domain of the protein with the C-5 substituent on cytosine. Our results provide a new
structural and mechanistic insight into TET mediated DNA demethylation.
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Introduction

5-Methylcytosine (mC) is a stable epigenetic mark most commonly found at CpG
dinucleotides of DNA, where cytosine bases in both strands are methylated.? Cytosine
methylation typically has a repressive effect, leading to reduced levels of gene expression.2 3
Methylated CpG sites within gene promoter regions interfere with transcription factor
binding and instead are recognized by methyl-CpG binding proteins, promoting the
recruitment of histone deacetylases and the formation of closed chromatin.?: 3

In human cells, DNA methylation marks are introduced by de novo methyltransferases
DNMT3a/b and are subsequently preserved by maintenance DNA methyltransferase 1
(DNMT1).4 The activity of DNMT1 as a maintenance methyltransferase during replication
is necessary to ensure accurate transmission of epigenetic methylation marks to progeny
cells. DNMT1 is recruited to the replication fork by UHRF1 and acts at hemimethylated
CpG sites generated during DNA replication through recognition of the methylated CG sites
on the template strand of the DNA.> 6 DNMT1 specifically recognizes and methylates hemi-
methylated CG sites.® 7 Formation of an enzymatically active complex requires mC binding
to a concave hydrophobic pocket within the target recognition domain (TRD) of DNMT1.3: 9
This induces local melting of the DNA duplex, allowing unmethylated cytosine in the
opposite strand of DNA to be actively “flipped” out of the DNA duplex stack to enter the
protein active site.3 % 9 10 The reversible addition of a thiolate from an active site cysteine
residue of DNMT1 to the C-6 position of cytosine activates the C-5 position of the
nucleobase, allowing it to accept a methyl group from the S-adenosylmethionine (SAM)
cofactor.3 11 The covalent DNA-protein complex is reversed via base catalyzed removal of
the H-5 proton of the nucleobase and re-aromatization via elimination of the covalently
attached cysteine (Scheme 1).3

Crystal structures reveal two distinctive modes of DNMT1-DNA binding.3 7 In productive
DNMT1-DNA complex containing a hemi-methylated CG dinucleotide (PDB:4DA4),
hydrophobic amino acid side chains of M1535, C1501, L1502 and L1515 form a target
recognition domain (TRD) involved in interactions with hemimethylated mCpG.3 As a
hemimethylated CpG site emerges from the replication complex, the TRD of DNMT1
specifically recognizes mC and facilitates maintenance methylation. A different binding
mode is revealed in the crystal structure of DNMT1 interacting with unmethylated DNA
(PDB:3PTA).” In the unproductive DNMT1-DNA complex, the zinc finger-containing
CXXC domain of the protein prevents de novo methylation by positioning the CXXC-BAH1
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linker region of the protein between the DNA and the catalytic active site.” Furthermore, the
TRD of the protein assumes a retracted position that prevents it from direct interaction with
the DNA..” This autoinhibitory mechanism protects DNA from unintended de novo
methylation by DNMT1.”

Ten Eleven Translocation (TET) dioxygenases sequentially oxidize the methyl group of mC
in DNA to give 5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC), and 5-
carboxylcytosine (caC) (Scheme 2).15-17 Both fC and caC can be excised by thymine DNA
glycosylase (TDG) and replaced with cytosine via TDG-mediated base excision repair
pathway, leading to active demethylation.18 Additionally, oxidized forms of mC promote
passive DNA demethylation by interfering with DNMT1 activity at hemimethylated CpG
sites.2® The relative contributions of passive and active DNA demethylation are dependent
on the cell type, developmental factors, and the stage of the cell cycle.29: 21 However, to our
knowledge, the kinetics of DNMT1-mediated methyl transfer in the presence of oxidized
forms of mC (oxo-mC) has not been elucidated, and the structural origins of reduced activity
of DNMT1 protein in the presence of oxo-mC are not well understood.

In the present study, a mass spectrometry based quantitative assay developed in our
laboratory was used to examine the kinetics of DNMT1-mediated maintenance methylation
in the presence of mCG, hmCG, fCG, and caCG, while molecular dynamics simulations
were conducted to examine the structural origins of the reduced DNMT1 activity in the
presence of oxidized forms of 5-methylcytosine.22 Our results support a model in which mC
oxidation to hmC, fC, and caC prevents the formation of a productive DNMT1- DNA
complex by weakening hydrophobic interactions between the modified cytosine and the
TRD of the DNMT1 protein, leading to reduced maintenance methylation rates and allowing
for passive DNA demethylation.

Materials and Methods

Materials:

All nucleoside phosphoramidites including 5-methyl-dC, 5-hydroxymethyl-dC, 5-formyl-
dC-Ill, 5-carboxy-dC, Ac-dC, dT, dA, dG, and dmf-dG, reagents, and controlled pore glass
solid support for oligodeoxynucleotide synthesis were acquired from Glen Research
Corporation (Sterling, VA). Human recombinant DNA methyltransferase 1 (DNMT1) and
A580-DNMT18 (missing the PCNA,23 DNMT3A/B interaction domains23 24) were
purchased from New England BioLabs (Ipswich, MA). Phosphodiesterase I,
phosphodiesterase 11, and DNase | were acquired from Worthington Biochemical
Corporation (Lakewood, NJ). Bovine intestinal alkaline phosphatase was procured from
Sigma Aldrich Chemical Company (Milwaukee, WI). All remaining laboratory chemicals
and solvents were purchased from ThermoFisher Scientific (Waltham, MA) and Sigma-
Aldrich (Milwaukee, W1). The synthesis of 13C1,15N,-5-Methyl-2"-deoxycytidine was
described previously.22
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Synthesis of mC, hmC, fC and caC Containing Oligodeoxynucleotides:

Synthetic DNA oligodeoxynucleotides (Table S1) were assembled by solid phase synthesis
on an ABI 394 DNA synthesizer (Applied Biosystems, Grand Island, NY) according to the
manufacturer’s instructions. mC and its oxidized forms (mC, hmC, fC, and caC) were added
via manual coupling.2> mC containing strands were cleaved from solid support and
deprotected using 30% ammonium hydroxide for 16 h at room temperature. hmC containing
DNA was cleaved from support and deprotected using 30% ammonium hydroxide at 75 °C
for 16 h. fC containing DNA was cleaved from solid support by incubation in 30%
ammonium hydroxide for 16 h, followed by desalting using Illustra Nap-5 cartridges (GE
Healthcare, Buckinghamshire, UK). The 5-(1,3-dioxane-2-yl) protecting group on fC was
cleaved using glacial acetic acid for 6 h at room temperature. Synthetic DNA strands
containing caC were cleaved and deprotected using 0.4 M methanolic sodium hydroxide
(80% methanol:20% 2 M sodium hydroxide) overnight.

Synthetic DNA strands were purified by reverse phase HPLC using an Agilent 1100 HPLC
system interfaced with a UV variable wavelength detector set at 260 nm. A Varian Pursuit
C-18 HPLC column (5 um, 250 x 10.0 mm) was eluted at flow rate of 3 mL/min with a
gradient of 100 mM triethylammonium acetate pH 7.0 (A) and acetonitrile (B). In method A,
solvent composition was linearly changed from 8.4% to 12% B over 30 min, increased to
17.5% over 10 min, further to 32.5% over 5 min. Solvent composition returned to initial
conditions over 2 min, followed by re-equilibration for 15 min. In method B, solvent
composition was changed from 9% to 16.3% B over 30 min, increased to 20% over 10 min,
further to 32.5% over 5 min, and returned to initial conditions over 2 min, followed by
equilibration over 15 min. Method A was used to purify C, mC, hmC, and caC containing
strands while method B was used to purify fC containing DNA.

Following HPLC purification, synthetic DNA strands were desalted using Illustra Nap-5
cartridges (GE Healthcare) according to the manufacturer’s instructions. The presence of
mC, hmC, fC, or caC in synthetic DNA strands was confirmed by HPLC-ESI™-MS analyses
on an Agilent MSD lon Trap MS interfaced with an Agilent 1100 HPLC system (Table S1).
A Zorbax 300-SB C-18 column (5 um, 150 x 0.5 mm) was eluted with a gradient of 15 mM
ammonium acetate (A) and acetonitrile (B). Solvent composition was held at 2% B for 3
min, then linearly increased to 40% over 16 min, further to 55% over 1 min, followed by a
return to initial conditions over 1 min and equilibration for 13 min. DNA concentrations
were determined by quantitation of the 2’-deoxyguanosine in enzymatic digests.26-28

DNA Methyltransferase experiments:

Human DNMT1 (0.75U, New England BioLabs, Ipswich, MA) was incubated with
synthetic DNA duplexes (250 — 1500 fmol) containing a single, centrally located CpG site
with mC, hmC, fC, or caC opposite the target C (Table 1). Enzymatic reactions were
conducted in commercial DNMT buffer in the presence of 0.1 mg/mL bovine serum albumin
(BSA) and 160 uM S-adenosylmethionine (SAM) for 15 min at 37 °C. The reactions were
quenched by placing samples on dry ice, followed by enzyme inactivation at 65 °C for 40
min. DNA was digested to 2"-deoxynucleotides in the presence of PDE | (55 mU), PDE Il
(63 mU), DNase | (28 U), and alkaline phosphatase (48 U) in a solution containing 10 mM
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Tris-HCI pH 7.0 and 15 mM magnesium chloride. Samples were spiked with 13C;¢1°N,-5-
methyl-2’-deoxycytidine (internal standard for mass spectrometry, 1.33 pmol) and purified
by offline HPLC. A Waters T3 column (3 um, 4.6 mm x 150 mm) was eluted with a gradient
of 5 mM ammonium formate pH 4.0 (A) and methanol (B). Solvent composition was
linearly changed from 3% B to 20% B in 15 min, further to 40% B over 5 min, increased to
80% over 5 min, held at 80% for 2 min, and returned to initial conditions over 2 min,
followed by column re-equilibration for 8 minutes. HPLC fractions containing mC and its
internal standard (8.9 — 10.2 min) were collected, concentrated under reduced pressure, and
reconstituted in 12 pL of 15 mM ammonium acetate buffer prior to HPLC-ESI*-MS/MS
analysis.

HPLC-ESI*-MS/MS:

Quantification of mC was carried out by isotope dilution HPLC-ESI*-MS/MS using
13C,91®Ny-mC as an internal standard. A Thermo Dionex Ultimate3000 HPLC system was
coupled to a Thermo TSQ Vantage mass spectrometer (Thermo Fisher Scientific, Waltham,
MA). A Thermo Hypercarb column (3 um, 100 x 0.5 mm) was maintained at 60 °C and
eluted with a gradient of 15 mM ammonium acetate (A) and acetonitrile (B). Solvent
composition was changed from 15 to 60% B over 10 min, further to 95% over 2 min, held at
95% B for 3 min, and returned to initial conditions over 2 min, followed by re-equilibration
for 7 min. HPLC eluent was directed into the mass spectrometer during 2-12 min of the
chromatographic run. Typical MS parameters were as follows: spray voltage, 3200 V; sheath
gas pressure, 20 psi; capillary temperature 350 °C; collision energy, 8; declustering voltage,
22 V; collision gas pressure, 1.5 mTorr; tuned S-Lens, 93; Q1 (full width at half maximum),
0.4; Q3 (full width at half maximum), 0.7; scan width, 0.4; scan time, 0.1 s. The mass
spectrometer parameters were optimized upon direct infusion of authentic standards. The
instrument was operated in the selected reaction monitoring mode by following the
transitions /m/z242.1 [M+H]* —126.1 [M + H - dR]* for mC and m7/z 254.1[M+H]*
—133.1 [M + H -dR]* for 13C1®N,-mC. mC amounts in each sample were determined
from HPLC-ESI*-MS/MS peak areas corresponding to the analyte and its internal standard
using calibration curves constructed with authentic standards.

Methylation velocity (Vmc, M/min) was calculated from the HPLC-ESI*-MS/MS areas
corresponding to mC and internal standard according to Equation 1:

_ , - -6
V. oo= (AAN/AIS)*CIS/[(V 0 *1% 10 ]

where Aan and Ay are the areas under the HPLC-ESI*-MS/MS peaks corresponding to mC
(analyte, AN) and its 13C, 15N-labeled internal standard (IS), respectively, Cs is the amount
of internal standard used in pmol, V is the volume in microliters, and t is the reaction time in
min. Steady-state kinetic parameters (K, and Vmax) for methyl transfer reaction were
determined by plotting the calculated velocities vs. substrate concentration.
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Kinetic Analyses:

The mC amounts determined by HPLC-ESI*-MS/MS were plotted against DNA
concentrations using Prism 6 software from Graphpad Software, Inc. (La Jolla, CA). The
kinetic curves were fitted to the Michaelis-Menton equation using non-linear regression to
give the values of Ky, and Vax-

Electrophoretic Mobility Shift Assay (EMSA) to study DNMT1-DNA binding:

DNA strands (Table S1) (50 pmol) were radiolabeled by incubation with T4 polynucleotide
kinase (20 U, New England BioLabs, Beverly, MA) and y32P-ATP (5 pCi, PerkinElmer Life
Sciences, Boston, MA) in 1X polynucleotide kinase reaction buffer for 1 hour at 37 °C. The
enzyme was inactivated by heating at 65 °C for 10 min, and free y32P-ATP was removed by
[llustra MicroSpin G-25 Column (GE Healthcare, Pittsburgh, PA). Following radiolabeling,
complementary DNA strands were annealed by heating to 90 °C for 5 min, followed by slow
cooling to room temperature to obtain double stranded substrates (Table 1).

32p_end-labeled DNA duplexes (+ strand, 5’-
AGTCTAAGCGCGGXCGACGCTATTCGA-3’, where X=mC, hmC, fC, or caC) (2 nM)
were incubated with purified human A580-Dmnt1 (0-128 nM, New England BioLabs,
Beverly, MA), and 1X gel shift assay buffer (10 mM HEPES, 50 mM KCI, 0.1 mM EDTA, 1
mM DTT 2.5 mM MgCly, 0.2% Triton X-100, and 10% glycerol) at 37 °C for 30 min. The
mixture was loaded onto 4 % polyacrylamide gel (37.5:1 acrylamide:bisacrylamide ratio,
prepared with 0.5X TBE) while running at 300 V for 10 minutes. The gels were
electrophoresed at 140 V for an additional 40 minutes at 4 °C. Gels were imaged with a
Typhoon FLA 7000 instrument (GE Healthcare)..

Homology Modeling:

All molecular modeling was performed using the Schrédinger modeling suite package
(Schrédinger, LLC, NY).2° Homology modeling was carried out using Schrodinger’s Prime
as described previously.22 In brief, homology modeling of the human DNMT1 (hDNMT1)
utilized the crystal structure of mouse DNMT1 (MDNMT1) in complex with hemi-
methylated DNA (PDB 4DAA4) was carried out based on the human reference sequence
(NP_001124295.1).3 mDNMT1 shares an 85% sequence similarity with the hDNMT1
reference sequence (Figure S3). The DNA sequence was then modified accordingly to match
the sequence used experimentally in determining DNA methylation rates. Each oxidized
form of 5-methylcytosine (hmC, fC, caC) was subsequently modeled within the DNA
template.

Molecular Dynamics:

Desmond3? was used to simulate each oxidized forms of 5-methylcytosine (hmC, fC, caC)
within the modeled DNA template. As reported previously, each of the modeled hDNMT1 -
DNA complexes was subjected to standard protein preparation protocols.22 DNMT1-DNA
complexes containing mC or caC at a central CpG site were solvated with a 15 A buffer
region from its outer edge inside a rectangular box of TIP3P explicit solvent model.31 150
mM Na* and CI~ counter ions were added to electroneutralize the final system. Each MD
simulation was carried out using Desmond with default protocol for initialization, followed
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by 100 ns of unrestrained production simulation run under isothermal isobaric (NPT)
conditions at 310 K and 1 atm with the OPLS3 force field. The long-range electrostatic
interactions were evaluated by the Particle-Mesh Ewald method under periodic boundary
conditions with a dielectric constant of 1. The stability of the protein-DNA complex was
assessed by evaluating the protein C,RMSD and DNA backbone phosphorus RMSD
(P_RMSD)32 with respect to the minimized starting structure (Figures 1A and 1B).

Kinetics of DNMT1 Mediated Cytosine Methylation in the Presence of mC and its Oxidized

Forms

To examine the kinetics of DNMT1 mediated cytosine methylation in the presence of mC
and its oxidized variants, synthetic DNA duplexes (5'-AGCTTATCGCAGC XG
GCGCGAATCTGA-3") containing a single mC, hmC, fC, or caC residue (X) at the central
CpG site were prepared (Table 1). In the resulting double stranded DNA substrates (Table 1),
a single centrally located CpG site contains C (negative control), mC (positive control),
hmC, fC, or caC opposite unsubstituted cytosine. The ability of these 27-mer duplexes to
serve as DNMT1 substrates was established by electrophoretic gel mobility shift (EMSA)
assays, in which radiolabeled DNA duplexes were incubated with increasing amounts of
human A580-DNMT1 protein (0-128 nM), followed by separation on 4% non-denaturing
polyacrylamide gel to detect DNA-protein complexes® (Figure S2). An electrophoretic
mobility shift characteristic of the formation of DNA-protein complexes was observed,
consistent with DNMT1 binding to synthetic DNA duplexes.

To establish the kinetics of DNMT1-mediated methyl transfer in the presence of mC and its
oxidized forms, a mass spectrometry based assay developed in our laboratory was employed
(Scheme S1).22 Following /n vitro methylation reactions in the presence of human
recombinant DNMT1 and S-adenosylmethionine cofactor, the amounts of newly formed mC
were determined by capillary HPLC-ESI*-MS/MS using 13C101°N,-mC internal standard.22
In brief, DNA was spiked with known amounts of 13C;¢1°N,-mC and enzymatically
digested to 2”-deoxynucleosides, which were analyzed by HPLC-ESI*-MS/MS as reported
previously.?2 Steady-state kinetic parameters (K, and Vpay) for methyl transfer reaction
were determined by plotting the methylation velocity at a particular substrate concentration
and using non-linear regression to fit the data to the Michaelis Menten equation.22 The
methylation velocity was calculated using Equation 1 as shown in the supplementary
Scheme S2.

We found that DNMT21 methylation kinetics at CpG sites was strongly affected by the
oxidation status of mC in the opposite strand. The highest value of Vyay (190 x 10711 M/
min) was observed for DNA duplexes containing mCG dinucleotide (Figure 2A), which is
similar to previous reports (27.2 — 163 x 10711 M/min) that also observed a large effect of
sequence context on methyl transfer rates.33 Much lower rates of methyl transfer were
observed for CpG sites containing hmC (41 x 10711 M/min), fC (11.0 x 1011 M/min), and
caC (0.77 x 10711 M/min) (Table 2). In general, DNMT1-mediated methylation rates
decreased upon oxidation of mC in the opposite strand (Figure 2A, Table 2). Indeed, the
Vmax Values for methylation of cytosines placed opposite hmC, fC, and caC were 4-, 17-,
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and 240-fold lower than for mC containing DNA, respectively (Table 2). The K, values for
mC, hmC, fC, and caC were 28, 20, 13, and 1.1 nM respectively (Table 2). Catalytic
efficiencies (Vmax/Km) for methyl transfer to cytosine residues opposite C, mC, hmC, fC,
and caC in CpG dinucleotides were calculated as 0.56, 6.7, 2.1, 0.85, and 0.71 (x10~2 min
~IM™1) respectively (Table 2). Overall, our results indicate that the ability of mC to direct
DNMT1-mediated maintenance methylation of CpG sites is reduced upon its oxidation to
hmC, fC, and caC. This reduced maintenance methylation activity is likely to lead to passive
DNA demethylation.34 In contrast, DNMT1 efficiency was only weakly affected by local
sequence context, with Viax/Km values of 8.1, 12, 6.2, and 8.4 (x1072 min~tM~1) for
MCGG, mCGC, mCGA, and mCGT, respectively (Figure 2B, Table S1).

Molecular modeling of DNMT1-DNA complexes containing oxidized forms of mC

To establish the structural origins of reduced DNMT1 activity in the presence of oxidized
forms of mC, molecular models of DNMT1-DNA complexes were considered. For this
purpose, homology models of the productive hDNMT1 complex with DNA duplexes
containing mC, hmcC, fC, and caC were created (Figure 3). Molecular modeling of hDNMT1
protein was carried out using the published crystal structure of mMDNMT1 in complex with
hemi-methylated DNA.3 The associated DNA duplex was modeled to reflect the sequence
employed in our experimental studies (Table 1). The homology model was based upon the
sequence alignment in Figure S3. Alignment of the hDNMT1 reference sequence with the
sequence of MDNMT1 reveals an 85% identity. Importantly, the residues making up the
hydrophobic binding pocket of the TRD (C1501, L1502, W1512, and M1535) are conserved
between mMDNMT1 and hDNMT1 (Figure S4).

In order to examine the structural effects of TET-mediated oxidation of mC on DNA-protein
binding, mC was sequentially replaced with hmC, fC, and caC. Molecular dynamics (MD)
simulations of hDNMT1 in complex with DNA containing either mC, hmC, fC, or caC were
performed to determine how oxidized forms of mC influence the recognition of hemi-
methylated CpG sites in DNA by the TRD of DNMTL1. The TRD of human DNMT1
contains a hydrophobic binding pocket consisting of M1535, C1501, L1502 and W1512.3
This pocket harbors the 5-methyl group of mC and is involved in the recognition of the
hemi-methylated mCpG in productive hDNMT1-DNA complexes.3

MD simulations were carried out using the previously developed homology model of
hDNMT1 in complex with hemi-methylated DNA.22 The root-mean-square deviation
(RMSD) was used to determine the stability of the protein and DNA structures over the MD
simulation. The RMSD is a similarity measure widely used in the analysis of
macromolecular structures and dynamics as it measures the total structural deviation from
the starting position. The stability of the enzyme-DNA complex for each modification is
demonstrated by the RMSD of the protein backbone (Ca RMSD) and the RMSD of the
DNA phosphorous backbone (Figure 1A and 1B). The rise of the RMSD represents the
equilibration from the coordinates of the initial model then the RMSD of mC and its
oxidized forms remains stable over the 100 ns of simulation. Monitoring the interactions of
mC and its oxidized forms with amino acid residues within the hydrophaobic pocket of the
TRD, we observed an iterative increase in distance between the oxidized forms of mC and
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DNMT1 residues including Cys1501, Leu1502, and Met1535 (Table 3, Figure 4, Figure 5).
This suggests that oxidation to caC may lead to a conformational change to the unproductive
mode of binding. Our results demonstrate that as mC is oxidized to hmC, fC, and caC, the
increased size and hydrophilicity of the C-5 substituent induces a spatial displacement of the
oxidized mC from the TRD binding pocket, disrupting the hydrophobic interactions between
DNMT1 and DNA and leading to a loss of enzymatic activity. Our model supports the
experimentally observed trend for hDNMT1 enzymatic activity that caC leads to the largest
perturbation of the TRD, causing a significant loss in activity. (Figure 2A, Table 1).

Discussion

Epigenetic DNA methylation marks (mC) must be removed as part of normal development,
35 neuronal plasticity,38 and memory formation, resulting in chromatin remodeling and gene
reactivation.3® DNA demethylation can be accomplished via passive or active DNA
demethylation processes.1* Active demethylation is mediated by the iterative oxidation of
mC to hmC, fC, and caC by Ten Eleven Translocation (TET) proteins, followed by excision
of fC and caC by TDG and their replacement with C via base excision repair mechanism.
15-18 passive demethylation occurs when DNMTT1 fails to methylate hemi-methylated DNA
sequences generated during DNA replication.3” Recent studies have shown that oxidized
forms of mC may participate in passive DNA demethylation by reducing the activity of
maintenance methyltransferase (DNMT1).1%: 38 However, the structural origins and the
mechanistic details for reduced DNMT1 activity in the presence of oxidized mC variant
remained unknown.

Two distinct modes of DNMT1-DNA binding are known. The protein adopts an
unproductive mode of binding in complex with unmethylated DNA (PDB: 3PTA) and a
productive mode of binding when bound to hemi-methylated (PDB:4DA4) DNA (Figure 6).
3.7.22 |n the unproductive DNMT1-DNA complex, the double stranded DNA retains its base
pairing, and the auto inhibitory mechanism described earlier prevents DNMT1 from
performing de novo DNA methylation and directs its activity to hemimethylated sites.” In
the productive DNMT1-DNA complex formed with CpG sites containing a single mC, both
the enzyme and its DNA substrate undergo a large conformational change, which is initiated
by mC binding in a hydrophobic segment within the TRD (Figure 6).3 This recognition of
mC by the TRD results in the insertion of amino acid sidechains from the catalytic and
recognition domains of DNMT1 into both grooves of the DNA.2 This productive mode of
binding undergoes a local melting of the DNA duplex, rotating the target cytosine out of the
DNA helix into the catalytic pocket and allowing for methyl transfer to take place.3 The side
chain of Met1235 inserts into the DNA from the minor groove and occupies the space
vacated by the target cytosine.3

The enzymatic mechanism of DNMT1 enzyme is well understood and involves nucleophilic
addition of a cysteine in the active site to the C6 position of cytosine, followed by methyl
transfer from the SAM cofactor to the C5 position.3 Following methyl transfer, an excess
proton from the C5 position is abstracted, and the covalent bond between the enzyme and
cytosine base is cleaved to liberate the methylated DNA (Scheme 1).10: 11 Nucleophilic
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addition of the cysteine residue of DNMT1 to DNA is fast and reversible, while the
following methyl transfer is the rate-limiting step during the formation of mC.3°

The purpose of the present work was to establish kinetic parameters for DNMT1 mediated
methylation in the presence of mC, hmC, fC, and caC and to elucidate the structural
mechanisms of their effects on methyl transfer kinetics. A novel mass spectrometry based
assay developed in our laboratory was used to follow the kinetics of methyl transfer.22 We
found that the rates of methyl transfer drastically decreased as the oxidation state of the
methyl group on mC increased from mC to hmC, fC, and caC (Vnax 190, 41, 11, and 0.77
(x10"min~1), for mC, hmC, fC, and caC respectively — see Figure 2, Table 2). Taken
together with previous reports by Ji et a/38 and Valinluck er a/,1? our results show that
unlike mC, its oxidized forms fail to effectively direct DNMT1 enzyme to methylate the
cytosine in the opposite strand. The Vax/Km Values also decreased according to the
oxidation status hmC > fC > caC, indicating that the overall efficiency of enzymatic
methylation was reduced. The catalytic efficiency for methyl transfer in the presence of for
hmC, fC, and caC decreased 3.3-, 7.9-, and 9.5-fold relative to mC (Table 2). In addition,
mC oxidation to hmC, fC, and caC leads to lower K, values for DNMT1-DNA binding
(Table 2), indicative of the formation of tightly bound unproductive complexes. Indeed,
previous reports by Pradhan ef a/. demonstrated that DNMT1 binds unmethylated DNA with
higher affinity than hemi-methylated DNA.8

In contrast, local nucleotide sequence context had a minimal effect on methylation transfer
kinetics (Figure 2B, Table S2) When the 3" neighboring base was altered (mCGX), this did
not change the kinetic parameters for methyl transfer. The efficiency of methyl transfer was
slightly higher in mCGC context (Figure 2B, Table S2). This of interest because mC is
commonly found in promoter CpG islands of inactive genes.40: 41

In our earlier study, extending the aliphatic side chain on C-5 of cytosine beyond methyl (5-
ethyl-dC, 5-propyl-dC) resulted in a loss of DNMT1 maintenance methylation.22 In that
study, Vmax and Ky, values for mC-containing DNA were determined as 9.6 x 1072 nM/min
and 21.8 nM using the sequence 5"-CGCGGA[MC]GCGGGTGCCGGG-3".22 As the length
of the C5-alkyl chain increased, DNMT1-DNA binding via the TRD was disrupted, causing
the enzyme to adopt an unproductive mode of binding to DNA.22 Specifically, when the C5
alkyl chain on cytosine was extended from methyl to ethyl, we observed a 4-fold loss in
Vmax-22 Further increase of the C-5 substituent size to propyl completely abolished
methylation.?2 Since 5-ethyl-dC and hmC are of comparable size, but DNMT1 activity is
2-3 fold less efficient for hmC-containing duplexes, this suggests that in addition to steric
effects, oxidation of the methyl group of mC leads to a loss of hydrophobic interactions with
the TRD of the protein.

To examine the structural basis for reduced DNMT21 methylation activity in the presence of
oxo-mC, a computational model of hDNMT1-DNA complex was developed. We found that
as mC was oxidized to hmC, fC, and caC, hydrophobic interactions responsible for DNMT1
recognition of hemimethylated CpG sites in DNA were disrupted. The increased distances
between caC and the residues in the TRD (Figure 4) suggest a structural change in the
DNMT1-DNA mode of binding. In the presence of oxo-mC, the loss of key hydrophobic
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interactions prevents the formation of a productive DNA-protein complex and instead
DNMT1 forms tightly bound unproductive DNMT1-DNA complexes characterized by lower
K value (Figure 5, Figure 6, Table 2).3 822 Qverall, our results confirm that oxidized
forms of mC participate in passive DNA demethylation and provide further kinetic and
structural details for this important epigenetic process.
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Figure 1.
Stability of the DNA-Protein complex. A. Ca RMSD demonstrates stability of the protein

backbone during the MD simulation. B. The P_RMSD of the DNA phosphorus backbone
shows the stability of the DNA duplex with respect to the starting minimized structure.
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Michaelis-Menton plots for full-length DNMT1 mediated methylation for DNA duplexes
containing central CG, mCG, hmCG, fCG, and caCG dinucleotides DNA duplexes were
incubated with hDNMT1 and SAM for 15 min at 37 °C. After quenching, DNA was
digested to nucleosides, spiked with 13C1°N,-mC and analyzed for mC by LC-MS/MS.
The methylation velocity was plotted against DNA concentrations. (A) Influence of
oxidation state of the methyl group on the rates of maintenance methylation in DNA
duplexes 5"-AGCTTATCGCAGC XG GCGCGAATCTGA-3" (X =C, mC, hmC, fC, or
caC). (B) Influence of 3”-neighboring nucleobase on methyl transfer rates for DNA duplexes
of the sequence (5"-AGCTTATCGCAGC MCGX CGCGAATCTGA-3" where X=C, G, T,

or A).
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Catalytic
Domain

BAH2

Figure 3:
Homology model of the productive human DNMT1 — DNA complex. Homology modeling

was performed using the Schrédinger modeling suite package and the crystal structure of
mouse DNMT1 in complex with hemi-methylated DNA (PDB: 4DA4)2 coupled with the
reference sequence of hDNMT1.
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Molecular dynamics (MD) simulations demonstrate an incremental spatial displacement of
oxo-mC from the TRD hydrophobic binding pocket. A. Residues Cys1501, Leul502, and
Met1535 make up the target recognition domain (TRD) and harbor the methyl group of mC,
providing the specificity of DNMT1 for hemi-methylated DNA. The MD simulations
quantify the displacement of the oxidized forms of mC from these residues in the TRD: B.
Cys1501 C. Leul1502 D. Met1535
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Met1535

Leul502

Figure 5.
Overlay of mC and caC structures after 100 ns MD simulation. The mC structure is shown

in cyan and the caC structure is shown in magenta. Distances between key residues which
make up the TRD (Cys1501, Leul502, Met1535) and the C5 position of each base are
shown in dashed lines (mC: cyan, caC: magenta). The increased distances between caC and
the residues in the TRD suggest a structural change in the DNMT1-DNA mode of binding.
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Figure 6.
Crystal structures of DNMT1 bound to methylated DNA (teal, PDB: 4DA4)3 or

unmethylated DNA (pink, PDB: 3PTA)’ reveal a productive and unproductive mode of
binding, respectively. Shift in the angle of the DNA binding mode is highlighted by the
black arrow. Cofactor, SAH, is shown as spheres.
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Scheme 1:
Enzymatic mechanism of DNMT1.10. 11 SAM= S-adenosylmethionine, SAH = S-

adenosylhomocysteine
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DNA duplexes used to investigate the effects of TET oxidation and local sequence on the rate of cytosine
methylation mediated by DNMT1.

Duplex Name

Duplex sequence

Melting temperature Tm = std. dev. (°C)

5 -TCAGATTCGCGCCGGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCGGCCGACGCTATTCGA-5’

5 -TCAGATTCGCGCC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCGGMCCGACGCTATTCGA-5

5 -TCAGATTCGCGCC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCGG"MCCGACGCTATTCGA-5’

5 -TCAGATTCGCGCC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCGG/CCGACGCTATTCGA-5’

5’ -TCAGATTCGCGCC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCGG®CCGACGCTATTCGA-5’

5’ -TCAGATTCGCGAC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCTG™CCGACGCTATTCGA-5’

5 -TCAGATTCGCGTC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCAG™CCGACGCTATTCGA-5’

5’ -TCAGATTCGCGGC GGCTGCGATAAGCT-3’
3’-AGTCTAAGCGCCGMCCGACGCTATTCGA-5’

774+£0.2

77.0+0.6

76.6£0.9

775+0.6

78.0+£0.4

75.7+0.3

755+0.7

77304
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Table 2:

Kinetic parameters of the DNMT1 mediated methylation of 27-mer duplexes containing modified cytosines.a

DNADuplex  Vmax (x107Mmin™Y) Ky (NM)  Via/Km (1072 minIM1)

-)C 1.8+0.61 32+86 05615
(-)mC 190+ 18 2857 6715
(-)hmC 4151 20+6.2 2.1+0.69
(-)fc 11+11 13+4.0 0.85+0.33
(-)caC 0.77+0.19 11+10 0.71+0.67

a . . . . . A . .
The Vmax and Km values were determined via nonlinear regression using data from three or more individual points. The ranges in Vmax and

i ) _ _ Dc Da\2 | (Db\2
Km are the standard error for regression analysis. Error was propagated for Vmax/Km using the equation: - =\\= + 5 ) where a, b,

and ¢ are Vmax, Km, and Vmax/Km respectively.
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Table 3:

Average distance (A) between the C5 methyl carbon of mC, hmC, fC or caC and the closest heavy atom of
amino acid residues in the TRD (Cys1501: Sulfur atom; Leul502: nearest terminal carbon atom; Met1535:
Sulfur atom ) of DNMT1 in DNMT1-DNA complexes as calculated by the molecular dynamics simulation.
Distances are averaged from 50-100 ns of MD simulations.

Residue  mC distance (A) hmC distance (A) fC distance () caC distance (A)

Cys1501 4.44 +£0.49 6.47 +0.47 5.42 + 0.46 10.12+0.39
Leu1502 4.01+0.36 5.47+0.51 4.39+0.35 8.85+0.47
Met1535 439+0.34 4.39+0.30 5.88 +0.49 9.34+0.75
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