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Abstract

The catalytic domains of the de novo DNA methyltransferases Dnmt3a-C and Dnmt3b-C are
highly homologous. However, their unique biochemical properties could potentially contribute to
differences in the substrate preferences or biological functions of these enzymes. Dnmt3a-C forms
tetramers through interactions at the dimer interface, which also promote multimerization on DNA
and cooperativity. Similar to the case for processive enzymes, cooperativity allows Dnmt3a-C to
methylate multiple sites on the same DNA molecule; however, it is unclear whether Dnmt3b-C
methylates DNA by a cooperative or processive mechanism. The importance of the tetramer
structure and cooperative mechanism is emphasized by the observation that the R882H mutation in
the dimer interface of DNMT3A is highly prevalent in acute myeloid leukemia and leads to a
substantial loss of its activity. Under conditions that distinguish between cooperativity and
processivity, we show that in contrast to that of Dnmt3a-C, the activity of Dnmt3b-C is not
cooperative and confirm the processivity of Dnmt3b-C and the full length Dnmt3b enzyme.
Whereas the R878H mutation (mouse homologue of R882H) led to the loss of cooperativity of
Dnmt3a-C, the activity and processivity of the analogous Dnmt3b-C R829H variant were
comparable to those of the wild-type enzyme. Additionally, buffer acidification that attenuates the
dimer interface interactions of Dnmt3a-C had no effect on Dnmt3b-C activity. Taken together,
these results demonstrate an important mechanistic difference between Dnmt3b and Dnmt3a and
suggest that interactions at the dimer interface may play a limited role in regulating Dnmt3b-C
activity. These new insights have potential implications for the distinct biological roles of Dnmt3a
and Dnmt3b.
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Dnmt3b: Non-cooperative/Processive

Dnmt3a: Cooperative

In mammals, DNA methylation at the C5 position of cytosine bases is catalyzed by three
known DNA methyltransferases (Dnmts): Dnmt1, Dnmt3a, and Dnmt3b. Although
mammalian Dnmts use a conserved catalytic mechanism that involves base flipping to
methylate largely at CpG dinucleotides, these enzymes are structurally and functionally
distinct.1=4 Dnmt1 is primarily responsible for the postreplication maintenance of DNA
methylation by copying it from the parent to daughter strand.> Dnmt3a and Dnmt3b,
together with their catalytically inactive homologue, Dnmt3L, establish DNA methylation de
novo.2 Dnmt3a and Dnmt3b have different functions, supported by the distinct phenotypes
of their respective murine knockouts,® their tissue specific expression patterns, and their
unique roles in the development of cancer and other epigenetic disorders.”~14 However, the
distinct biochemical properties of Dnmt3a and Dnmt3b that potentially contribute to their
unique roles /n vivo have not been fully examined.

A common feature of all mammalian Dnmts is the presence of a C-terminal catalytic domain
that contains 10 motifs conserved among prokaryotic and eukaryotic C5 DNA
methyltransferases. The C-terminal catalytic domains of Dnmt3a and Dnmt3b (Dnmt3a-C
and Dnmt3b-C, respectively) share approximately 85% sequence similarity and are active
methyltransferases in the absence of their respective N-terminal regulatory domains.1®
Another member of the Dnmt3 family is Dnmt3L, in which the key catalytic residues
required for binding of AdoMet and DNA are absent; Dnmt3L is therefore enzymatically
inactive. Dnmt3L interacts with both Dnmt3a and Dnmt3b and allosterically stimulates their
catalytic activity, therefore acting as a positive regulator of de novo DNA methylation.16.17
The crystal structure of the Dnmt3a catalytic domain (Dnmt3a-C) alone and complexed with
Dnmt3L exhibits a heterotetrameric structure of Dnmt3a-C/3L or a homodimer of Dnmt3a-C
that can self-tetramerize through two interaction surfaces, the R-D dimer interface and the
F-F tetramer interface.18:19 The interactions at the dimer interface of Dnmt3a-C tetramers
support its multimerization on DNA forming nucleoprotein filaments. This allows the
enzyme to bind and methylate multiple CpG sites on DNA in a cooperative manner, thus
increasing its activity.29-22 Although controversial, some evidence also supports a processive
mechanism for Dnmt3a.1523-25 Similar to the case for a processive enzyme, cooperative
binding of multiple Dnmt3a molecules to DNA would allow it to methylate multiple sites on
the same DNA molecule, complicating data analysis. However, the processivity of Dnmts is
defined by their ability to diffuse along the DNA and methylate multiple sites before
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dissociation.26:27 Therefore, it is important to use methods that differentiate processivity and
cooperative activity of Dnmts. Previous studies have shown that Dnmt3a-C methylates DNA
in a distributive manner. Supporting its cooperative mechanism, its activity was shown to
increase exponentially with a 2-fold increase in enzyme concentration, however only with
long DNA substrates.2428 The critical role of the tetramer formation and cooperative
mechanism of Dnmt3a in its biological activity is apparent in acute myeloid leukemia
(AML) cells that have a high frequency of mutation R882H present at the dimer interface of
DNMTB3A.27 /n vitro studies show that the R882H mutant protein has only ~20%
activity2?-30 and is suggested to cause genomewide hypomethylation in AML cells.31:32

Multiple-sequence alignment reveals that most residues in the dimer interface are conserved
between Dnmt3a and Dnmt3b. However, the role of the dimer interface and that of
cooperativity of Dnmt3b-C has not been evaluated. An earlier investigation using
methylation-dependent restriction protection analysis of a 430-mer DNA showed that
Dnmt3b-C methylates its substrate in a processive manner.1® However, it is not clear from
this study whether the activity of Dnmt3b-C was influenced by cooperativity in a manner
similar to that reported for Dnmt3a-C. In the study presented here, we performed
experiments that distinguish between cooperative and processive mechanisms. Our data
show that in contrast to Dnmt3a-C, Dnmt3b-C methylates DNA in a noncooperative manner
and by a processive mechanism on both unmethylated and hemimethylated substrates at
physiological pH and ionic strength and confirms the processivity of the full length Dnmt3b
enzyme. Experiments further characterizing the catalytic mechanism of Dnmt3b-C show that
whereas preincubation of the enzyme with DNA reduces its activity, preincubation with
AdoMet decreases its Ky by 10-fold, indicating that the cofactor AdoMet-bound form has
an increased specificity for target sites. To further confirm the noncooperative mechanism of
Dnmt3b-C, we tested the role of the R829 residue of Dnmt3b-C that is analogous to dimer
interface residue R882 of Dnmt3a-C. Our data here show that whereas the reduced activity
of the Dnmt3a-C R882H variant could be partially attributed to the loss of its cooperativity,
mutation of the conserved analogous arginine R829 had no effect on the activity or
processivity of Dnmt3b-C, thus supporting its noncooperative mechanism. Similarly,
disruption of interactions at the dimer interface of Dnm3a-C, with a decrease in the pH of
buffer, causes a 2-3-fold loss of Dnmt3a-C activity;2428 however, it has no effect on the
DNA binding or catalytic activity of Dnmt3b-C. These data suggest that formation of
tetramers may not be critical for the processive activity of Dnmt3b-C. Collectively, these
data reveal important biochemical differences between Dnmt3a and Dnmt3b that can
potentially impact their activity and function during development and in cancer cells.

EXPERIMENTAL PROCEDURES

Protein Purification

Mouse Dnmt3a-C, Dnmt3b-C, Dnmt3b-C E703A, Dnmt3a-C R878H, Dnmt3b-C R829H,
and Dnmt3L cloned in pET28a with a six-His tag were expressed and purified using affinity
chromatography as described previously.2> Briefly, transformed BL21-DE3 cells were
induced with 1 mM IPTG and grown for 2 h at 32 °C. Harvested cells were washed with
STE buffer [10 mM Tris-HCI (pH 8.0), 0.1 mM EDTA, and 0.1 M NacCl] and resuspended in
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buffer A [20 mM potassium phosphate (pH 7.5), 0.5 M NaCl, 10% (v/v) glycerol, 1 mM
EDTA, 0.1 mM DTT, and 80 mM imidazole]. Cells were disrupted by sonication, followed
by removal of cell debris by centrifugation. The clarified lysate was incubated with 0.75 mL
of Ni-NTA agarose for 3 h at 4 °C. The protein-bound slurry was packed in a 2 mL Bio-Rad
column and washed with 50 mL of buffer A. Protein (5-10 £M) was eluted using 200 mM
imidazole in buffer A at pH 7.5 and then stored in 20 mM HEPES (pH 7.5), 40 mM KClI, 0.2
mM DTT, 1 mM EDTA, and 20% glycerol at -80 °C. The purity and integrity of
recombinant proteins were checked by SDS-PAGE and Western blot analysis using a mouse
monoclonal anti-His antibody (Invitrogen, MA1-21315). M.Sssl methyltransferase was
obtained from New England Biolabs.

Enzyme Assays

Most methylation assays for determining kinetic parameters of recombinant enzymes were
performed using 3H-labeled S-adenosylmethionine (AdoMet) as a cofactor and biotinylated
oligonucleotides of varying sizes bound on avidin-coated high-binding Elisa plates
(Corning) as described previously.33 The DNA methylation reaction was performed using
either 250 nM 30-mer/32-mer DNA substrate or 150 nM 509-mer/719-mer DNA substrate in
methylation buffer [20 mM HEPES (pH 7.5), 50 mM KCI, and 1 mM EDTA supplemented
with 5 zg/mL BSA]. The methylation reaction included 0.76 1M [methy/-H]AdoMet
(PerkinElmer Life Sciences). Storage buffer was added to compensate for the different
enzyme volumes in all reaction mixtures. The substrates consisted of biotinylated
oligonucleotides, including (1) a 30 bp oligonucleotide containing one CpG site, (2) a 32 bp
oligonucleotide containing two CpG sites, (3) a 509-mer with 58 CpGs (amplified from the
human SUHW1 gene promoter), or (4) a 719-mer DNA fragment with 46 CpGs (amplified
from the mouse Aprt gene promoter). Primers used to amplify these substrates are listed in
Table 1.

For steady state kinetic analysis, the larger amounts of the substrate could not be
accommodated in the standard plate assay, which has a maximal binding capacity per well
for DNA substrate of 2 4M. These methylation assays were, therefore, performed using a
filter binding assay.10 Briefly, 10 L of reaction mix was spotted on a 1.5 cm DE81 filter
that was then washed three to five times in 0.2 M ammonium bicarbonate, followed by 100%
ethanol, and air-dried. Incorporated radioactivity was quantified by scintillation counting.

Cooperativity Assay

To examine cooperativity, the following changes were made to the plate assay described
above. Increasing concentrations of enzyme were preincubated with DNA substrate for 10
min at room temperature prior to the addition of AdoMet to start the reaction. AdoMet was a
mixture of unlabeled and 0.76 M 3H-labeled AdoMet, which yielded a final concentration
of 2 M. Methylation assays were performed using 30-mer, 509-mer, and 719-mer DNA
substrates. On the basis of the structural studies of Dnmt3a-C, it was estimated that the 30-
mer substrate is too short to allow potential multimerization of the enzyme!82% and could
therefore be used as a control. Additionally, cooperativity assays using 100 ng of the pUC19
plasmid as a substrate were performed using the filter binding assay described above. For
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these assays, unmethylated pUC19 was purified from the dam™/dcm™ Escherichia coli strain
(C29251, NEB).

Stimulation of Dnmt3b-C by the Inactive Mutant E703A

For assays aiming to investigate the ability of an inactive mutant to stimulate wild-type
(WT) Dnmt3b-C activity, the activity of a 1:1 4M mixture of Dnmt3b-C E703A mutant and
WT Dnmt3b-C was compared to the activity of WT Dnmt3b-C (1 or 2 4M), using two
different DNA substrates, 1 M 30-mer substrate with 1 CpG or 150 nM 509-mer substrate
with 58 CpGs. Reactions were initiated by addition of enzyme. The WT and/or E703A
enzymes were mixed together and incubated for 5 min at room temperature before addition
to the reaction mix. A mixture of unlabeled and 0.76 zM 3H-labeled AdoMet was used at a
final concentration of 2 /M. Methylation rates were determined by using linear regression to
analyze data. The fold change in methylation rate compared to that for 1 M WT enzyme
was plotted for each enzyme treatment.

Processivity Assay

Methylation kinetic analyses were performed using a range of enzyme concentrations and
short oligonucleotide 30- and 32-mer substrates with one and two CpG sites, respectively.
Low enzyme concentrations relative to DNA substrate concentrations were included to
ensure that the reaction occurred under multiple-turnover conditions. Each DNA substrate
was used at a concentration of 250 nM, and a 1:1 ratio of labeled and unlabeled AdoMet
(final concentration of 1.5 £M) was used. To compare the identical CpG molarity, a parallel
reaction using 500 nM 30-mer was also performed. Reactions were started by enzyme
addition. M.Sssl and Dnmt3a-C were used as positive and negative controls, respectively.

DNA Binding Assays

DNA binding of Dnmt3b-C was performed using Cy5-labeled 30-mer DNA containing one
CpG site (Table 1) in nitrocellulose filter binding assays. Binding reactions were performed
in 20 MM HEPES (pH 7.5), 100 mM KCI, 1 mM EDTA buffer, in the presence of 0.2 mM
S-adenosylhomocysteine (AdoHcy) and 30 nM DNA, and increasing concentrations of
Dnmt3b-C. Reaction mixtures were incubated at room temperature for 15 min prior to being
spotted on the nitrocellulose membrane in a dot blot apparatus, followed by three washes
with binding buffer. The enzyme-bound fraction of Cy5-DNA was quantified by
fluorescence measurement (Typhoon).

Data Analysis

Data were analyzed using Prism software (GraphPad). For time-dependent kinetic
measurements, values were fitted using linear regression of a nonlinear fit, which was
weighted by 1/ Y2. Each time point for methylation kinetics was an average and standard
deviation of three to six experimental replicates. For secondary plots, a least-squares fitting
method was used to plot the data, and the linear regression was not weighted. To determine
the equilibrium binding constant, data were fitted to a one-site binding model with a Hill
coefficient. Standard errors of the mean were calculated for three to six independent
experiments, as described in the figure legends.
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N-Terminally His-tagged Dnmt3b-C, Dnmt3b-C E703A, and Dnmt3L were overexpressed
and purified on Ni-NTA agarose to 90-95% purity as estimated by the Coomassie-stained
SDS gel (Figure 1A). The Ky, and the turnover rate constant (Kc4;) value for purified
Dnmt3b-C were determined to be (3.4 + 1) x 10~ M and (3.3 £ 0.3) x 10™* s71, respectively
(Figure 1B), and catalytic efficiency Kga/ K ~103 M~ s71. To confirm the catalytic
robustness of the enzyme, we assessed the allosteric activation of Dnmt3b-C by Dnmt3L.16
Consistent with earlier observations, we observed ~6-fold activation of Dnmt3b activity in
the presence of Dnmt3L16 (SI Figure 1A). This Dnmt3b-C protein was next used to
determine the catalytic mechanism.

Investigating the Cooperativity of Dnmt3b-C

Dnmt3a-C monomers interact with each other through two interfaces, the Dnmt3a—Dnmt3L
interface (F—F interface) and the Dnmt3a—Dnmt3a dimer interface (R-D interface), to form
tetramers.1® Dnmt3a-C tetramers multimerize on DNA potentially through interactions
along the dimer interface, which supports cooperativity of Dnmt3a.24 Many amino acids
known to be critical for the dimer and tetramer interface-mediated interactions of Dnmt3a
are conserved in Dnmt3b.18:19 However, the cooperativity of Dnmt3b has not been tested.
The activity of a cooperative enzyme like Dnmt3a increases in a nonlinear manner at higher
enzyme concentrations because of the allosteric effect of enzyme subunit interactions,?4 in
contrast to a noncooperative enzyme for which the activity is expected to increase in a linear
manner as a function of enzyme concentration. Previous studies showing cooperativity of
Dnmt3a-C used a 509 bp DNA substrate to allow the binding of multiple protein molecules
at higher enzyme concentrations.2* To compare the cooperativity of Dnmt3a-C and Dnmt3b-
C, DNA methylation analysis was performed using the same 509-mer DNA substrate.
Increasing concentrations of the Dnmt3a-C and Dnmt3b-C enzymes ranging from 0 to 2 ¢/M
were preincubated with 509-mer DNA substrate for 10 min to allow the formation of
nucleoprotein complexes. The methylation reaction was initiated by the addition of radio-
labeled AdoMet and was monitored by incorporation of radioactivity into DNA for an
additional 10 min. The methylation activity was plotted against Dnmt3a-C and Dnmt3b-C
enzyme concentrations (Figure 2A). The data show that for Dnmt3a-C with an increase in
concentration from 1 to 2 1M the activity increased ~5-fold, whereas for Dnmt3b-C, there
was only ~2-fold increase in activity for every 2-fold increase in enzyme concentration. As
shown previously,24 this exponential increase in methylation activity of Dnmt3a-C was
specific for only the long DNA substrate (509-mer) and was absent for a short 30-mer DNA
substrate (SI Figure 1B). On the basis of the structural studies of Dnmt3a-C, the 30-mer
DNA substrate is not expected to accommaodate more than one or two tetramers and thus
cannot support multimerization and cooperativity.18:21.24 To test if Dnmt3b-C cooperativity
could be supported on longer DNA substrates, we repeated the methylation assays using the
pUC19 plasmid as a substrate. As shown in Figure 2B, whereas the activity of Dnmt3a-C
was cooperative, the activity of Dnmt3b-C increased linearly with the increase in enzyme
concentration similar to the data shown in Figure 2A. We also noticed that compared to the
509-mer, the plasmid substrate stimulated cooperativity of Dnmt3a-C at lower enzyme
concentrations, suggesting cooperativity of Dnmt3a-C may be influenced by substrate
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length. To confirm the results for Dnmt3b-C, we performed a time course of DNA
methylation to determine the initial rate of DNA methylation using three biotinylated
substrates, a 30-mer with one CpG site at 250 nM, a 509 bp DNA substrate with 58 CpGs,
and a 719 bp substrate with 46 CpG sites at concentrations of 150 nM each. Increasing
concentrations of the Dnmt3b-C enzyme ranging from 0.5 to 2 x/M were preincubated with
the DNA, and the reaction was initiated via the addition of radiolabeled AdoMet and was
monitored by the incorporation of radioactivity into the DNA (Figure 2C-E). Irrespective of
the substrate length, the methylation rate increased linearly with the increase in Dnmt3b
concentration (Figure 2F), with an ~2-fold increase in the rate of methylation for every 2-
fold increase in enzyme concentration. We observed rates of methylation slightly lower than
expected at the lowest enzyme concentration for all three substrates potentially because of
the slow turnover under these conditions. At higher enzyme concentrations in which
cooperative methylation was observed for Dnmt3a-C24 (Figure 2A), the absence of an
exponential or nonlinear increase in the methylation rate for Dnmt3b-C suggests that
Dnmt3b methylates DNA by a noncooperative mechanism.

Dnmt3b-C Activity Is Not Stimulated by the Catalytically Inactive Mutant

Addition of a catalytically inactive mutant to WT Dnmt3a-C was shown to stimulate its
catalytic activity because it contributes to the cooperativity of Dnmt3a on long DNA
substrates, resulting in an allosteric effect.24 This variant carries a mutation in conserved
motif IV (ENV) that is required for catalysis, but this mutation does not affect the DNA
binding activity of the methyltransferase enzymes.24 The corresponding mutant Dnmt3b-C
E703A has very low residual activity (SI Figure 2). As an additional test of cooperative
stimulation, we tested the influence of the Dnmt3b-C E703A mutant on the activity of WT
Dnmt3b-C. Methylation kinetic reactions were performed with two biotinylated substrates at
near saturating concentrations: a 30 bp substrate with one CpG site at 1 M and a 509 bp
substrate at 150 nM using either 1 /M WT enzyme or 1 M WT mixed with 1 M inactive
mutant (Figure 3A,B). The fold change in the rates of DNA methylation compared to that of
1 1M WT enzyme alone was then plotted (Figure 3C). A 2-fold increase in activity was
observed when the enzyme concentration was increased from 1 to 2 M for both substrates.
The 1:1 WT/inactive mutant mixture yielded a small increase in activity, however, with both
short (30-mer) and long (509-mer) DNA substrates. Because the short DNA substrate cannot
bind multiple enzyme units,18:21.24 this increase in activity is not likely due to cooperativity
but may be due to interactions at the tetramer interface (F—F interface) as shown previously
for Dnmt3a-C.16:24 These data provide further support for the non-cooperative mechanism
of Dnmt3b activity.

Dnmt3b-C and Full Length Dnmt3b Methylate DNA in a Processive Manner

Unlike a previous method that used methylation-dependent restriction protection to test the
processivity of Dnmt3b,15 here we assayed the processivity using two DNA substrates of the
same sequence, 30 and 32 bp in length, except that one substrate contained one CpG and the
second contained two CpGs.2® In a processive reaction, the second site on the two-site DNA
substrate is expected to be methylated faster, so the methylation rate for the two-site
substrate would be expected to be ~2-fold higher than that for the one-site substrate. This
effect should be prominent at a low enzyme:DNA ratio, in which each DNA molecule is
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occupied by only one enzyme molecule, in other words, under multiple-turnover conditions.
Therefore, methylation reactions were performed using a range of Dnmt3b-C enzyme
concentrations at near saturating substrate (DNA and AdoMet) concentrations. Unlike the
cooperativity assays, the enzyme was not preincubated with DNA, and the methylation
reactions were initiated by addition of enzyme to a buffer/substrate cocktail. This allowed
the enzyme to bind to its preferred substrate first and catalysis to proceed at maximal
efficiency. Short oligonucleotides were used as substrates to eliminate any potential
cooperativity from occurring, because they cannot bind more than a few molecules of the
enzyme. Assays of Dnmt3a-C and Dnmt3b-C (0.0625-2 M) were performed with 0.25 gM
one-site and two-site substrates (0.5 and 1 /M CpG sites). As previously reported, Dnmt3a-
C methylated one-and two-site substrates to the same degree, indicating a distributive
mechanism of DNA methylation.12:24 In contrast, Dnmt3b-C methylated the two-site
substrate with a 2-fold higher efficiency (Figure 4A). Because this effect was evident at the
lowest concentration of enzyme assayed, the data indicate that the Dnmt3b enzyme
methylates DNA in a processive fashion. We also demonstrated the processive activity of
Dnmt3b by using the full length Dnmt3b enzyme (Dnmt3b-FI) in the assays described above
(Figure 4A and Sl Figure 3A). Our data show that similar to the truncated Dnmt3b-C, at
lower enzyme concentrations Dnmt3b-FI methylates DNA in a processive manner. Because
of its large size and tendency to precipitate, Dnmt3b-FI could be purified at a maximal
concentration of 0.5-1 4M; consequently, the assays at higher concentrations could not be
performed. A similar effect was observed for the known processive methyltransferase
M.Sssl (SI Figure 3B). To determine if these results were influenced by the presence of a 2-
fold higher CpG molarity of the two-site substrate, we performed a parallel reaction at an
equal CpG molarity by comparing methylation of 0.5 zM one-site substrate and 0.25 y/M
two-site substrate. The ratio of DNA methylation at either 0.25 or 0.5 ¢zM Dnmt3b-C
remained at 2, confirming its processive mechanism of DNA methylation (SI Figure 3C). We
next tested the effect of ionic strength on the processivity of the Dnmt3b-C enzyme. Figure
4B shows that increasing the ionic strength from 50 to 150 mM KCI had no effect on the
degree of methylation of one- or two-site substrate, indicating that Dnmt3b can methylate
DNA processively at a physiological ionic strength ranging from 100 to 150 mM. Salt
concentrations of >250 mM disrupted enzyme activity. Dnmt3b has been shown to
collaborate with Dnmt1 for the maintenance of DNA methylation.34 We therefore tested the
processivity of Dnmt3b-C on one- or two-site hemimethylated substrates. Similar to the
unmethylated substrate, Dnmt3b methylated the two-site hemimethylated substrate with an
efficiency 2-fold higher than that of the one-site substrate (Figure 4C).

Processivity of the Initial Phase of the Reaction

To confirm our conclusion from the steady state experiments described above, we next
examined the processivity of Dnmt3b-C during the initial phase of the reaction. The initial
rate of catalysis of a processive enzyme is also expected to be 2-fold higher with a two-site
substrate than with a one-site substrate. DNA methylation using different enzyme
concentrations was measured as a function of time, and initial rates were calculated from the
slope after fitting the data by linear regression (Figure 4D). Methylation rates increased
linearly with enzyme concentration, indicting multiple-turnover conditions. As shown in the
secondary plot, DNA methylation rates for the two-site substrate were 2-fold higher than
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those for the one-site substrate, strongly suggesting that Dnmt3b-C operates in a processive
fashion by methylating multiple CpGs on the same molecule of DNA before dissociation
(Figure 4E).

Taken together, our data here confirm the processive mechanism of Dnmt3b and validate an
important difference between the catalytic mechanism of Dnmt3a and Dnmt3b.

Effect of Preincubation with DNA on Catalytic Activity

Processivity is expected to increase the catalytic activity of a methyltransferase toward long
DNA substrates with multiple target sites. However, for experiments in which Dnmt3b-C
was preincubated with DNA, we did not observe a substantial increase in the methylation
rate for long DNA substrates compared to that with the 30-mer (Figure 2E). Although
preincubation with DNA may simply lead to a decrease in the active fraction of the enzyme,
it is also possible that in the absence of AdoMet, nonspecific DNA binding by Dnmt3b-C
keeps it in a nonproductive complex. This can potentially slow the methylation reaction and
influence the processivity of the enzyme. To investigate the effect of preincubation with
DNA on the processivity of Dnmt3b, the rate of DNA methylation for the 509 bp DNA
substrate was compared under two conditions. The first condition, in which various
concentrations of Dnmt3b-C were preincubated with DNA substrate and the methylation
reaction was initiated with AdoMet, is represented in Figure 2D. For the second condition,
no preincubation was performed and methylation was initiated by addition of enzyme to the
substrate cocktail. Kinetics of DNA methylation at each enzyme concentration was
performed, and the initial methylation rates were determined by linear regression (Figure
5A). At all the tested enzyme concentrations, methylation rates were significantly slower
when DNA was preincubated with enzyme than when it was not (Figure 5B), confirming a
negative effect of preincubation with DNA on the catalytic activity of Dnmt3b-C. This is not
intuitive for a processive enzyme, because during multiple reactions the exchange of
AdoHcy with AdoMet should not require the enzyme to be dislodged from the DNA. We
speculate that in the absence of a cofactor (AdoMet or AdoHcy), the enzyme preincubated
with DNA binds strongly to nonspecific sites, which slows catalysis suggesting that the
enzyme prefers to bind AdoMet for the first turnover.

Order of Addition for Steady State Kinetic Analysis

To determine the effect of preincubation with the substrate and cofactor, we analyzed the
steady state methylation activity of Dnmt3b-C. The avidin plate assay used for methylation
assays has a maximal DNA binding capacity of 2 1M;33 therefore, we used a filter binding
assay for this experiment.3® Using a 30-mer substrate with one CpG site and 0.5 /M
enzyme, steady state Kinetic experiments were performed, and data were fitted to the
Michaelis—Menten equation. Three different experimental conditions were used, one in
which the enzyme was preincubated with DNA or AdoMet for 15 min before the reaction
was started by addition of AdoMet or DNA, respectively, or the reaction was initiated by
adding enzyme to a substrate/cofactor mix. All data sets fit well to the hyperbolic curve
(Figures 1B and 5C,D). However, the data set for preincubation with DNA (Figure 5D) also
fitted to a sigmoidal curve, indicating a slower reaction at lower substrate concentrations that
recovers at higher enzyme concentrations. The comparison using Akaike’s Information
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Criteria (AICc) or the extra sum of squares F-test suggests that the hyperbolic Michaelis—
Menten model is a better fit with a 71.5% higher probability of being correct. The estimated
Vimax under all the conditions showed no significant change. Under these three conditions,
the Ky value was estimated to be (3.4 + 1) x 10~/ M for the reaction with non-preincubated
enzyme (Figure 1B) and (7.0 + 2) x 1077 and (4.7 + 0.8) x 108 M when the enzyme was
preincubated with DNA and AdoMet, respectively (Figure 5C,D). A 10-fold decrease in the
K of the enzyme upon preincubation with AdoMet demonstrates that the cofactor-bound
Dnmt3b-C enzyme exists in a conformation that favors catalysis, potentially by enhancing
the specific interaction of Dnmt3b-C with DNA. On the basis of these results, we propose
that the binding of Dnmt3b-C to DNA in the absence of AdoMet may lead to the formation
of a nonspecific DNA—enzyme binary complex in a conformation that limits or restricts
binding of the cofactor AdoMet, thus slowing the reaction. This may have a stronger
influence on initial or pre-steady state rates, thus influencing the processivity of the enzyme
at earlier time points as seen in Figure 5B. We propose that /7 vivo most enzyme exists in
the AdoMet-bound state and that during processive DNA methylation, cofactor exchange
takes place without dissociation of the enzyme from the DNA.

Activity and Processivity of Dnmt3b-C Are Not Affected by pH

Under various physiological conditions, changes in the intracellular pH can influence
protein—protein and protein—-DNA interactions.38 Previous studies have shown that the
interaction of Dnmt3a through its dimer interface can be disrupted by a change in pH from
7.5 t0 6.5, which results in a decrease in its activity and cooperativity.28 Our data showing
that Dnmt3b methylates DNA in a noncooperative manner suggest that the activity of
Dnmt3b may not be strongly dependent on interactions involving the dimer interface. We
tested this by assessing the effect of pH on the processivity of Dnmt3b-C. Methylation
assays were performed at pH 7.5 and 6.5 for one- and two-CpG site substrates for 60 min
with varying concentrations of enzyme. As shown in Figure 6A, the steady state level of
DNA methylation using a one-site substrate was slightly higher at pH 6.5 than at pH 7.5. As
a consequence, the ratios of methylation between one- and two-site substrates were reduced
to <2 (Figure 6B). We checked whether this difference in methylation activity was due to the
impact of pH on the initial rate of DNA methylation. Methylation kinetics at various enzyme
concentrations was performed with one- and two-site substrates at pH 6.5 and 7.5, and initial
rates were measured (Figure 6C,D). The rates of DNA methylation for the one-site substrate
at various enzyme concentrations were slightly higher at pH 6.5 compared to those at pH 7.5
(Figure 6E). We speculate that this higher methylation rate under pre-steady state conditions
could be responsible for the difference observed at the steady state levels. However, the rates
of methylation of the two-site substrate remained ~2-fold higher than those for the one-site
substrate at all enzyme concentrations tested at pH 7.5 and 6.5, indicating that the activity
and processivity of Dnmt3b-C are not affected by lower pH. This behavior is in contrast to
that of Dnmt3a-C, for which lowering the pH to 6.5 decreased its methylation activity by
disruption of the dimer interface.28

Influence of pH on the Dissociation Constant

To test the effect of lower pH on DNA binding by Dnmt3b-C, we performed DNA binding
assays using Cy5-labeled 30-mer DNA with one CpG site. An increasing amount of
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Dnmt3b-C ranging from 0.5 to 2 1M was incubated with 30 nM DNA substrate, and the
binding assay was performed using a dot blot assay. The binding was measured by trapping
the protein~-DNA complexes on a nitrocellulose membrane. The intensity of the spots was
measured, and data were fitted to a one-site specific binding saturation curve. Binding
curves were hyperbolic, and the data could also be fitted well with the Hill coefficient
constrained to 1 (Figure 7A,B). The dissociation constants at pH 7.5 and 6.5 showed no
significant difference, indicating that the binding of Dnmt3b-C to DNA is not sensitive to
lower pH and there is potentially a limited contribution of the dimer interface to the activity
of Dnmt3b-C.

The Processivity of Dnmt3b-C Is Not Affected by Mutation of the R829 Residue

The R882H mutation, which is close to the dimer interface of Dnmt3a, is highly prevalent in
human AML cells. This mutation, as well as the equivalent R878H mutation in mouse,
disrupts tetramer formation and leads to a significant decrease in enzymatic activity.2%:31.32
Although this residue is implicated in tetramer formation, its effect on the cooperativity of
Dnmt3a has not been tested. We performed the cooperativity assays as described above
using various concentrations of WT Dnmt3a-C and Dnmt3a-C R878H enzyme (Sl Figure
4A). Methylation assays were performed using 32-mer, 509-mer, and pUC19 DNA as
substrates of various lengths. Loss of 64% activity for the 32-mer substrate at two tested
enzyme concentrations (0.5 and 1 £M) confirms the previous observation that the mutation
affects tetramer formation and that the tetrameric form is the most catalytically active form
of Dnmt3a-C30:37(S| Figure 4B,C). Interestingly, on longer DNA substrates, although the
activity was rescued at a lower enzyme concentration (0.5 ¢M) (SI Figure 4D), at a higher
enzyme concentration, the enzymatic activity did not demonstrate an exponential increase
that is expected because of cooperativity (Figure 8A,B). These data support our observation
for the WT enzyme that the length of DNA positively affects the cooperative behavior of
Dnmt3a. Destabilization of the tetramer structure due to the absence of R878 can be partially
rescued by long DNA substrates, however not to the extent that it can restore cooperativity.
Loss of cooperativity resulted in 78 and 63% losses of activity for 509-mer and pUC19,
respectively, at higher enzyme concentrations. These data suggest that the human R882H
mutation of Dnmt3a affects its cooperative mechanism at multiple CpG sites, which would
have a substantial effect on its activity /n vivo. We next tested the effect of the analogous
mutation of the conserved R829 in Dnmt3b-C. On the basis of our data showing that the
noncooperative and processive mechanism of Dnmt3b-C is not affected by acidification, we
predicted that the mutation of R829 will not affect the processivity of Dnmt3b-C. Our data
in Figure 8C—E demonstrate that the variant enzyme R829H has activity and processivity
comparable to those of the WT enzyme.

Taken together, these data show that Dnmt3b-C methylates DNA in a noncooperative and
processive manner and suggest that Dnmt3b-C may not require the interaction of Dnmt3b
monomers or dimers along the dimer interface for optimal activity.
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DISCUSSION

DNA methylation together with specific histone modifications plays an important role in
regulating chromatin structure and thereby controlling gene expression. DNA methylation
has a major role in regulation of epigenetic processes, including genomic imprinting, X-
chromosome inactivation, nuclear reprogramming, and carcinogenesis.’-38 Recent studies of
the functions of the mammalian de novo methyltransferases Dnmt3a and Dmnt3b reveal
both redundant and specific functions, highlighting the importance of differentiating their
individual contributions to normal and diseased epigenomes.3 Whereas several biochemical
studies have elucidated the structure—function relationship of Dnmt3a, less is known about
the biochemical properties of Dnmt3b. Studies characterizing the enzymatic properties of
Dnmt3a-C have provided critical information that facilitates our understanding of the
biochemical basis of Dnmt3a function /7 vivo. This is underscored by the recent finding that
~20% of acute myeloid leukemia (AML) patients have mutations in Dnmt3a of which many
are present in the dimer or tetramer interface of the enzyme.30:31.37.40.41 These mutations
were shown to disrupt oligomerization of Dnmt3a and alter its catalytic properties /n vitro
and /n vivo. Likewise, a high frequency of Dnmt3b mutations is found in ICF syndrome,
which is a rare genetic disease causing immunodeficiency, centromeric instabilities, and
facial abnormalities. Many of these mutations are present in the Dnmt3b catalytic domain
and result in reduced catalytic activity /in vitro, potentially linking the mutations to
hypomethylation of DNA in the diseased state.®:1542-45 Some of these mutations are present
in the potential DNA binding region of Dnmt3b, and these residues are conserved in the
dimer interface of Dnmt3a. In the absence of a Dnmt3b-C crystal structure, the detailed
characterization of the catalytic mechanism of Dnmt3b-C here provides important insights
into the impact of these mutations on the catalytic mechanism of Dnmt3b compared to that
of Dnmt3a and highlights its properties that are distinct from those of Dnmt3a. Our findings
suggest that the reduced activity of Dnmt3b mutants in ICF syndrome may not be because of
the dimer-interface disruption.

Processivity of Dnmt3b-C has been reported previously; however, it was not clear whether
the results reffected cooperative methylation of multiple sites by a multimerized enzyme or
one enzyme unit processively methylating multiple sites.1®> By using DNA substrates of
various lengths, our assays in this study distinguish processivity from cooperativity and
show that Dnmt3b-C methylates DNA by a processive mechanism in a noncooperative
manner. We also show that Dnmt3b can methylate both unmethylated and hemimethylated
sites processively, consistent with its collaborative function with Dnmt1 during the
maintenance of DNA methylation. The noncooperative mechanism is further supported by
our data showing that on the longer DNA substrates, the catalytic activity of Dnmt3b is not
enhanced by the addition of its inactive mutant. Surprisingly, in our assays using DNA
substrates of various lengths to examine the cooperativity of Dnmt3b-C, the methylation rate
was not higher for the long DNA, which would be expected from a processive enzyme.
Because these experiments were performed by preincubating the enzyme with DNA, this
could be explained if the enzyme prefers binding AdoMet before binding to DNA. Our data
demonstrating a 10-fold decrease in the Ky, of Dnmt3b-C when it is preincubated with
AdoMet support this conclusion. Our data are consistent with the model in which the
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binding of the enzyme to specific sites on DNA is favored by AdoMet binding, and during
the processive catalysis, Dnmt3b is capable of cofactor exchange without dissociating from
DNA.

Perturbations in the intracellular microenvironment including pH has a regulatory effect in
several DNA binding proteins and enzymes. These regulatory mechanisms are expected to
be prominent during tumor progression and also during development. Acidification has been
shown to disrupt cooperativity and reduce the catalytic activity of Dnmt3a. Interestingly,
again in contrast to that of Dnmt3a, the catalytic activity of Dnmt3b was not significantly
affected at pH 6.5 and instead showed a slight increase in activity for a one-site substrate.
We speculate that this may be because Dnmt3b-C has a slightly higher Kp value at pH 6.5.
This difference between Dnmt3a and Dnmt3b mechanisms could be explained by the
differences in their amino acid sequences, especially in the DNA binding region and the
dimer interface. The interaction of several DNA binding proteins involves either water-
mediated or direct H-bond interactions between the Arg and His residues and the DNA
backbone. The protonation of His residues is pH-sensitive, which can alter its interaction
with DNA and affect the activity of the protein. The activity of Dnmt3a decreases at lower
pH because of the disruption of its dimer interface involving H821 and/or H873.28 However,
in Dnmt3b, the residues at the equivalent positions are replaced by Y821 and L847,
respectively, both of which are also a part of DNA binding loop L2189 (S| Figure 5).
Compared to Dnmt3a, this makes the enzymatic activity of Dnmt3b potentially less
dependent on protein—protein interaction at the dimer interface and less sensitive to changes
in pH. A high level of expression of Dnmt3b has been implicated in the initiation and
progression of several cancers and in some cases contributes to CpG island promoter
methylation.1! Its ability to function under low-pH conditions can be exploited by cancer
cells in which the intracellular environment is typically more acidic than that of normal
cells.

Further supporting a noncooperative mechanism, our data here show for the first time that
the Dnmt3a R878H mutation disrupts the cooperativity of the enzyme whereas the
analogous R829H mutation in Dnmt3b-C has no effect on its processivity. Although the SNP
causing the R to H mutation in human DNMT3A was shown to be present at a very high
frequency in AML cells,*® the analogous mutation is not reported for DNMT3B in any
epigenetic diseases. Therefore, we speculate that a smaller contribution of the dimer
interface would promote the processivity of Dnmt3b, which may work efficiently for
enzymes that do not form oligomers on DNA. These observations also emphasize that the
minor difference in the amino acid sequence of Dnmt3a and Dnmt3b catalytic domains
dictates a processive versus a cooperative mechanism.
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ABBREVIATIONS
AdoMet S-adenosylmethionine, also known as SAM
AdoHcy S-adenosylhomocysteine, also known as SAH
Aprt adenine phosphoribosyltransferase
CpG dinucleotide of cytosine followed by guanine
Dnmt DNA methyltransferase
DDT dithiothreitol
EDTA ethylenediaminetetraacetic acid
ENV three amino acids in conserved motif 1V, involved in AdoMet binding
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IPTG isopropyl B-D-1-thiogalactopyranoside
MT mutant enzyme
Ni-NTA nickel-charged affinity resin
SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SUHW1 zinc finger protein 280A
WT wild type
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Figure 1.
Expression of Dnmt3a-C, Dnmt3b-C, and their respective mutants. (A) Coomassie-stained

SDS-PAGE gel and Western blot showing purified His-tagged WT Dnmt3a-C, inactive
mutant Dnmt3a-C E752Q, WT Dnmt3b-C, and inactive mutant Dnmt3b-C E703A. The
mouse monoclonal anti-His antibody was used to detect proteins on the Western blot. (B)
Steady state kinetic analysis of Dnmt3b-C activity. Methylation reactions were performed
for 10 min, and initial velocities were calculated as the number of methyl groups transferred
per minute per micromolar enzyme for varying concentrations of 30-mer substrate ranging
from 0.031 to 4 ¢M in the presence of 0.75 1M AdoMet. The reactions were started by
addition of enzyme to the substrate cocktail. The data were fitted to the Michaelis—Menten
equation to yield the kinetic parameters. The data are the average +* the standard error of the
mean (7= 3 independent experiments).
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Figure 2.
Catalytic mechanism of Dnmt3b-C. (A and B) Methylation activity of Dnmt3a-C and

Dnmt3b-C enzymes measured for 10 min with the 509 bp and pUC19 substrates in the
presence of 0.25-2 and 0.25-1 ¢ enzyme, respectively. The enzymes were preincubated
with DNA for 10 min at room temperature, and the reaction was initiated by addition of
AdoMet. Total methylation activity was plotted vs enzyme concentration using an average
and standard deviation (r7= 3 independent experiments). (C-E) Time course of DNA
methylation with 30-mer, 509-mer, and 719-mer DNA substrates in the presence of 0.5, 1,
1.5, or 2 M Dnmt3b-C enzyme that was preincubated with DNA for 10 min at room
temperature. The reaction was initiated by addition of AdoMet. The data were fitted by
linear regression, weighted by 1/ Y2, (F) Methylation rates for all three DNA substrates
plotted vs enzyme concentrations using linear regression without weighting. Averages + the
standard error of the mean are shown (s> 3 independent experiments).
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Figure 3.

30-mer 509-mer

Dnmt3b-C is not cooperatively stimulated by addition of inactive Dnmt3b-C E703A. (A and
B) Methylation kinetics of 30-mer and 509-mer substrates, respectively, by WT (Dnmt3b-C)
and a mutant (catalytically inactive Dnmt3b-C E703A). Methylation was conducted using 1
MM WT, 1 M WT and 1 ¢M E703A, and 2 xM WT with either 1 M 30-mer or 150 nM
509-mer substrate. The reaction was initiated by addition of enzyme to the substrate mix,
and data were fitted by linear regression, weighted by 1/ Y2. (C) Methylation rates were
measured from the slopes in panels A and B. The rate of methylation for each substrate was
normalized to the rate for 1 M enzyme and plotted in the bar graph with the normalized
error. The average * the standard error of the mean is shown (7= 4 independent

experiments).
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Figure 4.

Dnmt3b-C exhibits processivity on a DNA substrate with two CpG sites. (A) Steady state
DNA methylation levels were measured for 1 h at various concentrations of Dnmt3b-C,
Dnmt3b-FI, or Dnmt3a-C enzymes using 1.5 1M 3H-labeled AdoMet (1:1 mixture of labeled
and unlabeled) and 250 nM one-site or two-site substrate. For each enzyme concentration,
the methylation of the two-site substrate was normalized to that of the one-site substrate to
show the relative change in methylation level. (B and C) Relative DNA methylation as
described in panel A at physiologically relevant salt concentrations with 250 nM
hemimethylated one-site and two-site substrates. (D) Initial velocity of methylation
measured at early time points (2, 4, 8, and 16 min) for one-site (—) and two-site (---)
substrates. The concentration of Dnmt3b-C ranged from 0.5 to 1.5 xM, and the data were
fitted to linear regression, weighted by 1/ Y2. (E) DNA methylation rates measured in panel
D were plotted vs enzyme concentration, and the slopes were determined from the linear
regression without weighting. Data are the average + the standard error of the mean (7= 3
independent experiments).

Biochemistry. Author manuscript; available in PMC 2018 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Norvil et al.

Page 22

509-mer B £ 4
= 607 2 M E -e- Pre-Incubated
E_ - 1.5uM E 3{™ Not Pre-Incubated +
2 401 > 1M o
5 - 0.5uM g, ¥
2 = .-
o (<] #7
g2 8 17 [P
3 Z2
= 0 ) O . ; ,
2 4 6 8 10 12 14 16 0.0 0.5 1.0 1.5 2.0

Time (min) [Dnmt3b-C] (M)
% ?25- qc 325 .
- E - £ $
x a. 204 Ed z. 20
Ee Ee
S5 { S5
£3 £3
2 2 104 = =10
B £ K
2 % Km=7.0£2.0 x 107 M 2 E Kn=4.7£0.8 x 108 M
==, . . . ; = o : . . .
0 1 2 3 4 0 1 2 3 4
[30-mer] (nM) [30-mer] (nM)

Figure 5.
Preincubation with DNA decreases the methylation activity of Dnmt3b-C. (A) Methylation

activity of Dnmt3b-C for the 509-mer was measured without preincubation with DNA for a
range of enzyme concentrations. The reaction was initiated by addition of enzyme to the
substrate cocktail. The data, which are the average + the standard error of the mean (7= 3
independent experiments), were fitted to linear regression, weighted by 1/ ¥2. (B) Rates of
DNA methylation calculated from panel A plotted vs enzyme concentration and compared to
the rates obtained from assays with the preincubated enzyme from Figure 1D. (C and D)
Steady state kinetic analysis of methylation by Dnmt3b-C. Methylation reactions were
performed for 10 min, and initial velocities were calculated as the number of methyl groups
transferred per minute per micromolar enzyme for varying concentrations of the 30-mer
substrate ranging from 0.031 to 4 M and 0.75 M AdoMet. (C) The enzyme was
preincubated with DNA for 15 min, and the reaction was started with AdoMet. (D) The
enzyme was preincubated with Adomet for 15 min, and the reaction was initiated with DNA.
The data, which are the average + the standard error of the mean (n= 3 independent
experiments), were fitted to the Michaelis—Menten equation, and the significance was
estimated using a Student’s paired ¢test yielding a p value of 0.014.
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Figure 6.

pH sensitivity of Dnmt3b-C processive catalysis. (A) Methylation at one- and two-site
substrates by Dnmt3b-C was measured for 1 h at pH 6.5 or 7.5. (B) Ratio of the methylation
levels calculated as the fold change at two-site vs one-site substrate. (C and D) Time course
of DNA methylation by Dnmt3b-C at pH 6.5 for one- and two-site substrates. For each
substrate, the time course of DNA methylation reaction was determined in the presence of
0.5-2 MM Dnmt3b-C. The reaction was started by the addition of enzyme, and the data were
fitted by linear regression, which was weighted by 1/ Y2. (E) The calculated methylation
rates at pH 6.5 were plotted vs enzyme concentration and compared to those at pH 7.5. Data
are the average + the standard error of the mean (/7= 4 independent experiments).
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Figure 7.

Effect of pH on DNA binding by Dnmt3b-C. For DNA binding analysis, the Dnmt3b-C
enzyme was incubated with 30 nM Cy5-labeled 30-mer DNA in the presence of 0.2 mM
AdoHcy (S-adenosylhomocysteine) in binding buffer at pH 6.5 or 7.5. (A) Representative
blot for DNA binding. (B) The signal intensity on the blot was quantified using ImageQuant
software, and data (average + the standard error of the mean, 7= 3 independent experiments)
were fitted to a one-site binding saturation model and binding constants determined. The
binding constants are within an error of <20%.
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Figure 8.
R829H mutation of Dnmt3b-C that does not reduce its activity and processivity. (A and B)

Methylation activity of the WT and R878H mutant Dnmt3a-C enzymes was measured for 10
min with the 509 bp or pUC19 substrate in the presence of 0.25-2 and 0.25-1 /M enzyme,
respectively. Enzymes were preincubated with DNA for 10 min at room temperature, and the
reaction was initiated by addition of AdoMet. The total methylation activity was plotted vs
enzyme concentration using an average and standard deviation (7= 3 independent
experiments). (C) Methylation activity was measured for 10 min with the 30-mer substrate at
enzyme concentrations ranging from 0.015 to 1 M for the WT and mutant R829H Dnmt3b-
C enzymes. (D) The initial velocity of methylation was measured for one-site (—) and two-
site (---) substrates, in the presence of 0.5 and 1 /M Dnmt3b-C R829H mutant enzyme. The
data were fitted to linear regression, weighted by 1/ Y2. (E) Methylation rates for the one-site
substrate were normalized to 1, and the relative change in the rate of methylation for the
two-site substrate at different enzyme concentrations was plotted with a normalized error.
For all the experiments, the average * the standard error of the mean was derived (n= 4
independent experiments).
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Table 1

DNA Oligomers Used for DNA Methylation Analysis?

oligomer sequence no. of CpG sites
30-mer F /5BiosG/GAAGCTGGGACTTCCGGGAGGAGAGTGCAA 1
30-mer R TTGCACTCTCCTCCCGGAAGTCCCAGCTTC 1
32-merF  /5BiosG/ITGGGACTTCCGGGAGCTTCCGGGAGGAGAGTG 2
32-mer R CACTCTCCTCCCGGAAGCTCCCGGAAGTCCCA 2
509-mer F /5BiosG/AGATTAGGGAAGGGGGTGTG 58
509-merR  AAGATCCTTTCAAGGCCTCAG 58
719-mer F /5BiosG/CCCATGCGCCTGCGCCGGGTGCC 47
719-merR  ATGCTCTAGACCTGCGATGTAGTTCGATC 47

aFor the DNA binding experiments, the 30-mer oligomers used Cy5 5” end labels in place of the biotin modification (/5BiosG/).
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