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ABSTRACT: We have analyzed the relationship between the allosteric regulation and processive catalysis
of DNA methyltransferase 1 (Dnmt1). Processivity is described quantitatively in terms of turnover rate,
DNA dissociation rate, and processivity probability. Our results provide further evidence that the active
site and the allosteric sites on Dnmt1 can bind DNA independently. Dnmt1’s processive catalysis on
unmethylated DNA is partially inhibited when the allosteric site binds unmethylated DNA and fully inhibited
when the allosteric site binds a single-stranded oligonucleotide inhibitor. The partial inhibition by
unmethylated DNA is caused by a decrease in the turnover rate and an increase in the substrate DNA
dissociation rate. Processive catalysis with premethylated DNA is not affected if the allosteric site is
exposed to premethylated DNA but is fully inhibited if the allosteric site binds unmethylated DNA or
poly(dA-dT). In sum, the occupancy of the allosteric site modulates the enzyme’s commitment to catalysis,
which reflects the nature of the substrate and the DNA bound at the allosteric site. Our in vitro results are
consistent with the possibility that the processive action of Dnmt1 may be regulated in vivo by specific
regulatory nucleic acids such as DNA, RNA, or poly(ADP-ribose).

Mammalian DNA methylation is an essential component
of epigenetic chromatin reorganization processes that regulate
gene silencing, oncogene activation, tumor suppressor inac-
tivation, DNA repair, viral infection, early development, cell
differentiation, and DNA recombination (1-3). Several
mammalian DNA methyltransferases have been identified
(4-6) yet remain poorly characterized due to their complex
kinetic properties and exceptionally slow catalytic turnover
rates (6-8). The large, 1620-residue DNA methyltransferase
1 (Dnmt1)1 enzyme is the best characterized (7, 9-14) and
is composed of a small C-terminal catalytic domain (residues
1102-1620) and a large regulatory domain (residues 1-1101)
(10, 15, 16). The catalytic domain shows structural similari-
ties with the small bacterial DNA cytosine methyltrans-
ferases, while the regulatory domain is in many aspects
unique and less understood.

The sequence homology with pyrimidine methyltrans-
ferases indicates that the small catalytic domain includes the
AdoMet binding domain and the active site (17). Inhibition
by the mechanism-based inactivator 5-fluoro-cytosine (18)

and the ability to catalyze the exchange of the cytosine C5

hydrogen (19) suggest that Dnmt1 and other pyrimidine
methyltransferases share a common catalytic mechanism
(Figure 1 and ref20). Dnmt1 activates the target base prior
to the methyltransfer step by reversible formation of a
covalent intermediate with the target base (Figure 1 and ref
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FIGURE 1: Enzyme activity assays for Dnmt1 (19). Methylation
(as in Figure 8) is followed using radiolabeled AdoMet. A slight
variation is the3H release assay (as in Figures 3-7), where
unlabeled AdoMet is used with DNA tritiated at the cytosine C5

position, and tritium release is followed (2 f 3). This allows the
enzymes activity to be followed with labeled and unlabeled DNA
mixtures (depicted in Figure 2 and given in Figures 4-7). The3H
exchange assay (2 f 4) is similar to the release assay but done
without AdoMet or in the presence of AdoMet analogues; this
separates product formation (5-methylcytosine) steps from the
enzyme’s attack onto the target base (1 f 2, see data in Figure 9).
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20). Dnmt1 and the bacterial enzyme M‚HhaI share catalytic
intermediates, the rate-limiting step, and some key features
that ensure stability of the activated target base (19).

The N-terminal regulatory domain is unique for Dnmt1.
It contains part of a sequence that binds the methylation target
site (21), an allosteric site that binds nucleic acids (10, 22),
and sequence motifs that support interaction with other
proteins (4, 23). There is also a phosphorylation site at Ser
514 (24) within the sequence that targets Dnmt1 to the DNA
replication foci (25). Dnmt1 mutants lacking portions of the
N-terminal regulatory domain show faster rates than the wild-
type Dnmt1 with all DNA substrates (10). Thus, the
N-terminal regulatory domain inhibits Dnmt1 activity, and
the mechanism and extent of inhibition depend on DNA
sequence, methylation state, and structure (10, 13, 26).
Unmethylated DNA substrates show partial inhibition at
higher substrate concentrations consistent with a gradual
occupancy of the active site and allosteric site (13, 19). In
contrast, no distinct inhibition is observed with premethylated
substrates, which have at least one5mC positioned within
the enzyme’s footprint from the target cytosine (14, 19, 26).
A GC-rich 30-nucleotide single-stranded sequence (13) fully
inhibits Dnmt1 in vitro (Ki close to 30 nM) and DNA
methylation in cells (13). Interestingly, the inhibitor’s potency
is 2 orders of magnitude lower if its single5mC site is
replaced with cytosine (13). This methylation-dependent
inhibition may be unique forsingle-strandedDNA because
no such methylation-dependent enhancement of inhibition
is observed withdouble-strandedDNA (7, 13, 19, 26).
Dnmt1 function is modulated by RNA and DNA, both in
vitro and in vivo, as first reported by Bolden and co-workers
working with HeLa cell extracts (27). We made similar
observations during the enzyme purification from MEL cells
(28). Recent studies showed that noncoding RNA molecules
regulate DNA methylation in human cells (29, 30) and other
organisms (31). Dnmt1 binds RNA polymerase II in vivo
(32) and interacts with several RNA binding proteins (33).

Recent results further implicate Dnmt1 in interactions
involving multiple proteins and nucleic acids (34-39). A
full understanding of how Dnmt1 and other mammalian DNA

cytosine methyltransferases determine and maintain the
developmentally orchestrated patterns of DNA methylation
demands that we understand the functional consequences of
such higher order assemblies. The functional consequences
of Dnmt1 forming ternary complexes involving its substrate
DNA and a second nucleic acid bound at the allosteric site
remain poorly understood (10, 13, 15, 22). We investigated
DNA binding at the active site and allosteric site (Figure 2)
by measuring Dnmt1 processivity on its DNA substrate (40).
We show how DNA binding at the allosteric site partially
or fully inhibits the enzyme, depending on the DNA
molecules that are bound at the active site and the allosteric
site.

MATERIALS AND METHODS

Materials. S-Adenosyl-L-[methyl 3H] methionine (66-82
Ci/mmol or 5900-7200 cpm/pmol), deoxy[5-3H] cytidine
5′ triphosphate (19.0 Ci/mmol) ammonium salt, and
Sequenase 2.0 were purchased from Amersham Corp.
Poly(dI-dC) (1960 bp), poly(dG-dC) (850 bp), dITP, and
dCTP were purchased from Pharmacia Biotech. DTT,
Trizma, sinefungin, and activated charcoal were purchased
from Sigma Chemical Co. BSA was purchased from Roche
(Indianapolis, IN). BSA did not cause Dnmt1 inhibition in
the concentration range from 0.2 to 0.8 mg/mL. DE81 filters
were purchased from Whatman, Inc. AdoMet (85% pure)
was purchased from Sigma Chemical Co. Dnmt1 was
prepared from mouse erythroleukemia cells as previously
described (41), and protein concentration was determined
using pre-steady-state burst measurements as previously
described and a potent oligo inhibitor (13, 19). The single-
stranded 30-base oligonucleotide inhibitor d(CTG GAT CCT
TGC CC5mCG CC CCT TGA ATT CCC) was prepared by
solid-phase synthesis as earlier described (13). The methyl-
ation sequence is underlined and shown in bold. The
concentrations of AdoMet, sinefungin, poly(dI-dC), poly(dG-
dC), and the oligonucleotide inhibitor were determined by
the absorbance at 260 nm. The respective molar absorptivity
coefficients are 15.0× 103 M-1 cm-1 for AdoMet and

FIGURE 2: Schematic showing the chase experiments following tritium release. At the start of the chase experiments (PRE CHASE), the
hot reaction is prepared by adding Dnmt1 (oval shapes) and3H-labeled DNA (black rail) in a concentration ratio that gives only a mild
substrate inhibition (19). This ensures the presence of a mixture of Dnmt1 with only the active site occupied (1) and with both the active
and allosteric sites occupied (2). The reaction is initiated by adding AdoMet, and the measured3H release rates derive from the combined
activity of forms1 and2. The chase reaction is started after the first few turnovers by adding a large excess (n-fold) of unlabeled DNA
(gray rail) to an aliquot of the labeled reaction mixture. Unlabeled DNA can have the same or different sequence than the substrate DNA.
Adding an excess of unlabeled DNA results in the immediate occupancy of unoccupied DNA binding sites (transition between forms1f3,
INITIAL POST CHASE). If Dnmt1 is processive, the turnover rates (k, eq 6) will be much faster than the dissociation rate constant for the
labeled DNA (koff, eq 6). Thus, the labeled DNA will stay bound at the active site through the subsequent turnovers and the3H release rates
will reflect the combined catalytic activity from forms2 and3. If Dnmt1 is not processive, the dissociation rate for the labeled DNA at the
active site (koff, eq 6) is faster than the turnover rates (k, eq 6), and the labeled DNA will dissociate from the active site before the next
turnover. Thus, the measured3H release rates will be onlynth fraction of the original rates since most of the Dnmt1 molecules will be in
3H exchange silent form (4, FINAL POST CHASE). Further details about the assay design are presented at the start of the results section.
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sinefungin (Merck Index), 6.9× 103 M-1 cm-1 for poly(dI-
dC) bp, 8.4× 103 M-1 cm-1 for poly(dG-dC) bp (Pharmacia
technical information sheet).

Preparation of [5-3H] Cytosine-poly(dG-dC) and Poly(dI-
dC).3H-labeled substrates were prepared as earlier described
(42). Briefly, the labeling reaction was prepared as 500µM
bp of poly(dI-dC) [or poly(dG-dC)] with 100µM [5-3H]
dCTP, 1 mM dCTP, 10 mM dITP (or 1 mM dGTP) with
0.62 U/µL of Sequenase 2.0 in 40 mM Tris/HCl (pH 7.5),
10 mM MgCl2, 50 mM NaCl, 10 mM DTT, and 1.0 mg/mL
BSA. The labeling gives 13-40 cpm/pmol of base pairs for
poly(dI-dC) and 60-105 cpm/pmol of base pairs for
poly(dG-dC).

Preparation of Premethylated Poly(dG-dC) and Poly(dI-
dC). The premethylated substrates were prepared with excess
AdoMet and M‚HhaI as earlier described (19). Briefly,
M‚HhaI (30-40 µM) and [methyl-14C] AdoMet (100µM)
were incubated with 300µM bp DNA. The labeling reaction
was run for only one or two turnovers (∼1.0 min) to limit
the number of methylated cytosines (5mC) to the number of
initially bound M‚HhaI molecules. The substrates prepared
by this procedure contain an average of one5mC every 7 to
20 bp, depending on the length of the labeling reaction and
the ratio between total M‚HhaI and DNA. All substrates
prepared in this fashion showed a characteristic pre-steady-
state burst (7, 19) and do not show allosteric inhibition (19,
26).

Preparation of [5-3H] Cytosine Pm-poly(dG-dC) and Pm-
poly(dI-dC). 3H-labeled premethylated DNA was prepared
from 3H-labeled poly(dI-dC) and poly(dG-dC) using the
procedure described for the preparation of unlabeled pre-
methylated substrates.

Methylation Reactions. Incorporation of tritiated methyl
groups into DNA was determined as previously described
(7). Briefly, Dnmt1, DNA substrate, and radioactive AdoMet
(15 µM) were incubated in 100 mM Tris/HCl (pH, 8.0), 10
mM EDTA, 10 mM DTT, and 0.5 mg/mL BSA at 37°C.
The enzyme and DNA concentrations are specific for each
assay and described in the figure legends. The reaction was
followed by placing reaction aliquots onto DE81 paper that
was subsequently washed and dried.

Tritium Exchange Reactions. The tritium exchange reac-
tion was followed essentially as previously described (42,
43). Briefly, tritium exchange is measured by quenching
reaction aliquots in an acid suspension of activated charcoal
(HCl, pH ) 2.0-2.5). The enzyme concentration, DNA
concentration, and cofactor concentration are specific for
each assay and described in the figure legends. All reactions
were saturated with the cofactor. The reaction buffer was
100 mM Tris/HCl (pH, 8.0), 10 mM EDTA, 10 mM DTT,
and 0.5 mg/mL BSA.

Data Analysis.All processivity profiles were analyzed
using nonlinear regression analysis according to eqs 5 or 8
using the Levenberg-Marquardt algorithm and the nonlinear
regression package inMathematica(Wolfram Inc.). All linear
profiles were analyzed by linear least squares using the
Microcal Origin program. The results were reported as the
best fit values( standard error. Each experiment was
repeated with different enzyme and substrate concentrations
to test for the consistency in the observed phenomena; shown
are representative examples.

RESULTS

Strategy using Chase Experiments in Studies of Proces-
siVity and Allosteric Regulation by Dnmt1 (Figures 1 and
2). In thechaseexperiments, Dnmt1 activity is measured in
parallel in three different assays:hot, dilute, and chase
(Figure 2). The hot reaction has only3H-labeled DNA (Figure
2). The dilute reaction is prepared by adding ann-fold excess
(usuallyn ) 10) of unlabeled DNA to the hot reaction aliquot
with negligible changes in reaction volume. The hot and
dilute reactions are started simultaneously by adding equal
amounts of enzyme and the cofactor (Figure 2, prechase).
The tritium release rate in the hot reaction is expected to be
n-fold higher than in the dilute reaction because only a
fraction (onenth) of DNA molecules in the dilute reaction
are labeled. After the first few turnovers the chase reaction
is prepared from the hot reaction aliquot by adding ann-fold
excess of unlabeled DNA as in the dilute reaction (Figure
2) with negligible changes in the reaction volume. If the
Dnmt1 is fully processive during the course of the measure-
ments, adding an excess of unlabeled DNA will not affect
the initial tritium release rates in the chase reaction relative
to the hot reaction (Figure 2, initial post chase). If the enzyme
is not processive, the tritium release rates in the chase
reaction will be immediately identical to the release rates in
the dilute reaction (Figure 2). For a partially processive
enzyme (in which case after each turnover only a fraction
of the enzyme molecules remain on the original substrate)
the initial tritium release rates in the chase reaction will be
between the tritium release rates for the hot and dilute
reaction. The rate will gradually decrease with each turnover
until the chase and dilute reactions become identical (Figure
2, final post chase). The unlabeled DNA used as the chase
can be the same or different from the labeled DNA that is
used as the original substrate. A combination of unlabeled
and labeled DNA allows us to track which DNA binds at
the active and allosteric sites (Figure 2, forms1 f 3). The
whole process can be described quantitatively (see appendix).

We used poly(dI-dC), poly(dG-dC), and different chase
substrates (7, 10, 13, 14, 19, 22, 26, 44). Poly(dI-dC) and
poly(dG-dC) substrates allow unambiguous quantitative
analyses since every Dnmt1 molecule can bind the same
sequence at the active site and the allosteric site (19). We
previously showed that unmethylated poly(dI-dC) and
poly(dG-dC) substrates have a maximum rate when 30-50
bp of DNA are present per Dnmt1 molecule (7, 13, 14, 19,
44), in which case Dnmt1 is mostly present in form1 and
partially present in form2 (Figure 2 and ref19). A
combination of premethylated and unmethylated substrates
is attractive since the two substrate forms differ in allosteric
inhibition (19).

Chase Experiments with3H-Poly(dI-dC) as the Substrate
and Unlabeled Poly(dI-dC) as the Chase (Figure 3, Table
1). Dnmt1 shows the highest catalytic rates with poly(dI-
dC) substrates and allosteric inhibition (7, 9, 10, 13, 14, 26,
44) which greatly facilitates processivity measurements. In
chase experiments, the3H release reaction (Figure 1) on
labeled poly(dI-dC) was challenged by a saturating concen-
tration of unlabeled poly(dI-dC) (19). The hot reaction had
181 nM Dnmt1 and 10µM bp poly(dI-dC), or 55 bp per
each Dnmt1 molecule. This molar ratio gives the highest
rates with poly(dI-dC) substrates, with the majority of Dnmt1
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molecules in form1 (Figure 2) and a smaller fraction in form
2 (19). The hot reaction was started by adding unlabeled
AdoMet and the chase reaction was started 3 min later by
adding a 9-fold excess of unlabeled poly(dI-dC) to an aliquot
of the hot reaction (arrow Figure 3). The tritium release rates
in the chase reaction immediately following addition of an
excess of unlabeled DNA are similar to the tritium release
rates in the hot reaction (Figure 3). Thus, Dnmt1 is processive
on poly(dI-dC) substrate when challenged with an excess of
unmethylated poly(dI-dC) (Figure 2).

The chase profiles were analyzed numerically (Table 1)
to calculate the turnover rate constant (k, eq 5), the substrate
DNA off rate constant (koff, eq 5), and the processivity
probability (eqs 6 and 7, Table 1). On the basis of this, there
is an 88% chance that at the end of each catalytic turnover
the next catalytic turnover will be on the same DNA molecule
(eq 6, Table 1). Thus, 50% of all Dnmt1 molecules catalyze
at least 5.5 turnovers on the initially bound, labeled DNA
substrate before the first dissociation (eq 7, Table 1, Figure

3). The calculated rate constants are consistent with the data.
The figure shows that the tritium release rate in the chase
reaction becomes equal to the tritium release rate in the dilute
reaction at∼24 min. Thus, 21 min after adding unlabeled
DNA almost all of the Dnmt1 molecules have dissociated
from the original labeled DNA substrate (Figure 2, transition
3 f 4). The calculated half-life for dissociation of the labeled
DNA from the active site is 5.3 min (Table 1), so 21 min
corresponds to 4 half-lives or 94% of dissociation.

Chase Experiments with Premethylated3H-Poly(dI-dC) as
the Substrate and Unlabeled Premethylated Poly(dI-dC) as
the Chase (Figure 4, Table 1).Premethylated poly(dI-dC)
(pm-poly(dI-dC)) has approximately one or two methylated
cytosines per one Dnmt1 footprint on its DNA substrate (19).
In comparison to unmethylated poly(dI-dC), premethylated
poly(dI-dC) shows higher catalytic rates and no allosteric
inhibition at high substrate concentration (19, 26). In the
chase experiments with tritiated pm-poly(dI-dC) (5mC/C )
1/18), a 10-fold excess of unlabeled pm-poly(dI-dC) (5mC/C
) 1/15) was added as the chase 3 min after the start of the
hot reaction (Figure 3B, arrow). The tritium release rates in
the chase reaction immediately following addition of un-
labeled pm-poly(dI-dC) are similar to the release rates in
the hot reaction (Figure 4). Thus, Dnmt1 is processive on
pm-poly(dI-dC) substrate when challenged with an excess
of pm-poly(dI-dC). By numerical analysis, each catalytic
turnover is followed by another turnover on the same
substrate with a 95% probability and 22.8 turnovers occur
before 50% of all enzyme molecules dissociate from the
original substrate (eqs 5-7 and Tables 1 and 2). This high
level of processivity results in the release rates never reaching
the rates that were observed in the control dilute reaction.
In summary, Dnmt1 is processive on pm-(dI-dC) substrate
when challenged by an excess of unlabeled pm-poly(dI-dC)
substrate. Also Dnmt1 is more processive on pm-poly(dI-
dC) relative to poly(dI-dC) (Table 2).

ProcessiVity Analysis with Tritiated Poly(dI-dC) as the
Substrate and Unlabeled Single-Stranded Oligonucleotide
Inhibitor as the Chase (Figure 5).A previously identified
GC-rich 30-base-long, single-stranded oligonucleotide with
a single 5-methylcytosine acts as a potent inhibitor of Dnmt1

FIGURE 3: 3H-poly(dI-dC) as the substrate and unlabeled poly(dI-
dC) as the chase. The hot (O) reaction (10µM bp 3H-poly(dI-dC)
(18 cpm/pmol) and 12.5µM of unlabeled AdoMet) and the dilute
reaction (9) were prepared from a hot reaction aliquot by adding
9-fold excess of unlabeled poly(dI-dC). Both reactions were started
simultaneously by adding 181 nM Dnmt1. The chase reaction (+)
was started 3 min later by mixing a hot reaction aliquot with 100
µM bp of unlabeled poly(dI-dC) (arrow). Reaction profiles were
analyzed with eqs 6-8; the calculated values are summarized in
Table 1.

Table 1: Processivity Rate Constants from Chase Experiments
(Figures 3 and 4)a

poly(dI-dC) chase
with poly(dI-dC)

pm-poly(dI-dC) chase
with pm-poly(dI-dC)

kss, h-1 3.6( 0.6 not measured
CI [2.3, 4.8]
Ccf, (k, koff) (0.46, 0.88)
k, h-1 45 ( 2 205( 4
CI [40, 49] [198, 211]
ccf, (kss, koff) (0.46, 0.82) (0.955)
koff, h-1 7.8( 0.8 5( 0.4
CI [6.0, 9.0] [4.4, 6]
ccf, (kss, k) (0.88, 0.47) (0.955)
p (eq 6) 0.88 0.97
n1/2(eq7) 5.5 22
hot reaction h-1 43 ( 1.4 211( 8
dilute reaction h-1 3.2( 0.3 25.4( 0.45

a Best fit values for turnover rates (k), substrate dissociation rates
(koff), and late linear phase rates (kss) were determined using eq 6. The
ability of the applied equation to resolve the best fit parameters is
indicated by a narrow 2σ-confidence interval (CI) and low correlation
coefficient between the ratesi and j (ccf,(i,j)). The processivity
probability p was calculated according to eq 6. The “n1/2” values (eq
7) represent a number of processive steps for the given reaction before
50% of the enzyme is dissociated of the DNA.

FIGURE 4: 3H-pm-poly(dI-dC) as the substrate and unlabeled pm-
poly(dI-dC) as the chase. The hot (O) reaction had 10µM bp 3H-
pm-poly(dI-dC) (18 cpm/pmol and5mC to C ratio was 1:15) and
of unlabeled AdoMet (12.5µM). Dilute reaction (9) was prepared
from a hot reaction aliquot by adding 10-fold excess of unlabeled
pm-poly(dI-dC). Both reactions were started simultaneously by
adding 110 nM Dnmt1. The chase reaction (+) was started 1.5
min later by adding 100µM bp of unlabeled pm-poly(dI-dC) in
the hot reaction aliquot (arrow). Profiles were analyzed using eqs
5-7; the calculated values are summarized in the Table 1.
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(Ki ∼ 30 nM), and DNA methylation in vivo (13). This
inhibitor appears to bind to the allosteric site through the
formation of an inhibitory ternary complex (enzyme/substrate/
inhibitor) (13). Here we used chase experiments to further
define this inhibitor’s mechanism of action. The hot reaction
was prepared using 200 nM Dnmt1 and 10µM bp tritiated
poly(dI-dC), or 50 bp per one Dnmt1 molecule, in which
case Dnmt1 is largely in form1 (Figure 2), and a small
fraction is in form2 (Figure 2). The hot reaction was started
by adding unlabeled AdoMet (12.5µM), and 5 min later

(arrow Figure 5), the chase reaction was started by adding a
saturating concentration (250 nM) of the inhibitor as the
chase. Interestingly, adding the inhibitor led to the immediate
cessation of catalysis (Figure 6), in contrast to the delayed
impact observed with excess poly(dI-dC) as the chase (Figure
3). This instant inhibition of processive catalysis must be
caused by the formation of the ternary complex (enzyme/
substrate/inhibitor) (Figure 2, form3), since Dnmt1 is
processive on poly(dI-dC) substrate (Figure 3, Table 1,koff

) 7.8 ( 0.8 h-1) and its active site is not readily available

Table 2: Processivity Rate Constants for Methylation and Exchange with Poly(dI-dC) and Poly(dG-dC) (Figures 8 and 9)

A. Methylation and3H Exchange Reaction with Poly(dI-dC) and Pm-poly(dI-dC)

methylation with
poly(dI-dC)

methylation with
pm-poly(dI-dC)

methylation at
high poly(dI-dC)

3H exchange with
sinefungin (Figure 4B)

kss, h-1 6.0( 0.8 4.2( 0.4 4.2( 0.24 21( 2
CI [4.2, 7.8] [3.2, 5.1] [3.7, 4.2] [17.4, 25]
ccf (k, koff) (0.14, 0.92) (0.41, 0.87) (0.59, 0.71) (0.38, 0.88)
k, h-1 29 ( 1 47( 2 20( 3 50( 5
CI [26, 31] [43, 50] [19, 21] [40, 60]
ccf (kss, koff) (0.14, 0.48) (0.41, 0.78) (0.59, 0.84) (0.38, 0.73)
koff, h-1 1.6( 0.2 2.8( 0.2 7.2( 0.8 2.9( 0.7
CI [1.1, 2.2] [2.3, 3.3] [4.1, 7.7] [1.4, 4.4]
ccf (kss, k) (0.92, 0.48) (0.87, 0.78) (0.71, 0.84) (0.88, 0.73)
p (eq 6) 0.96 0.94 0.74 0.95
n1/2(eq7) 17 11 2 14

B. Methylation and3H Exchange Reaction with Pm-poly(dG-dC)

methylation with
pm-poly(dG-dC) (Figure 8B)

exchange with sinefugin and
pm-poly(dG-dC) (Figure 9 inset)

kss, h-1 0.018( 0.010 0.2( 0.1
CI [0.001, 0.022] [0.45, 0.05]
ccf (k, koff) (0.33, 0.87) (0.06, 0.91)
k, h-1 7 ( 0.2 10.5( 0.2
CI [6.6, 7.2] [10.07, 10.9]
ccf (kss, koff) (0.33, 0.74) (0.06, 0.44)
koff, h-1 3 ( 0.2 4.6( 0.3
CI [2.4, 3.2] [4.1, 5.5]
ccf (kss, k) (0.87, 0.74) (0.91, 0.44)
p (eq 6) 0.70 0.69
n1/2 (eq 7) 1.9 1.87

a Best fit values for turnover rates (k), substrate dissociation rates (koff), and late linear rates (kss) as indicated in the text (eq 5). All rates are given
as the best fit value( asymptotic standard error. The ability of applied equation to resolve the best fit parameters is indicated by a narrow 2σ-
confidence interval (CI) and low correlation coefficient between the ratesi andj (ccf,(i,j)). The processivity probabilityp was calculated according
to eq 6. The “n1/2” values (eq 7) represent a number of processive steps for the given reaction before 50% of the enzyme is dissociated of the
substrate DNA.

FIGURE 5: 3H-poly(dI-dC) as the substrate and single-stranded oligo
inhibitor as the chase. The hot (9) reaction had 10µM bp 3H-
poly(dI-dC) and 12.5µM AdoMet and 200 nM Dnmt1. Dilute
reaction (O) was prepared from a hot reaction aliquot by adding
250 nM of the single-stranded inhibitor. The chase reaction (+)
was started 5 min after the hot and dilute reactions by adding 250
nM of the oligo inhibitor in a hot reaction aliquot. Measured3H
release rate constants are 46( 0.8 h-1 for the hot reaction, while
the dilute reaction was at the background level. The chase reaction
profile clearly shows complete Dnmt1 inhibition immediately
following addition of the oligo inhibitor.

FIGURE 6: 3H-pm-poly(dI-dC) as the substrate and unlabeled
poly(dI-dC), poly(dG-dC), pm-poly(dG-dC), and poly(dA-dT) as
the chase. The hot (9) reaction had 10µM bp 3H-pm-poly(dI-dC),
12.5 µM AdoMet, and 90 nM Dnmt1. The chase reaction was
started 1 to 1.5 min after the hot reaction by adding to a hot reaction
aliquot: 100µM bp of cold poly(dI-dC) (3), 100 µM bp of cold
poly(dG-dC) (+), 100 µM bp of cold poly(dA-dT) (]), or 100
µM bp of pm-poly(dG-dC) (O). For clarity, only the dilute reaction
(×) with poly(dI-dC) is shown.
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for interaction with DNA that was added as the chase (Figure
2., transition1 f 4).

In summary, we found that the allosteric site on Dnmt1
can bind a second DNA molecule when the active site is
involved in processive catalysis (Figure 2, transition1 f
3). The difference between the chase reaction with poly(dI-
dC) (Figure 3) and inhibitor (Figure 5) indicates how
different DNA molecules can lead to full or partial inhibition
of catalytic activity. Finally, the chase experiments confirm
the original proposal (13) that the potent Dnmt1 inhibitor
binds allosterically through the formation of a ternary
complex (enzyme/substrate/inhibitor) (Figure 2, form3).

ProcessiVity Analysis with 3H-pm-poly(dI-dC) as the
Substrate and Unlabeled Poly(dI-dC), Poly(dG-dC), Pm-
poly(dG-dC), and Poly(dA-dT) as the Chase (Figure 6).We
used chase experiments to test how unmethylated DNA
affects the catalytic activity on premethylated DNA. In
comparison to premethylated DNA, unmethylated DNA led
to Dnmt1 inhibition at the high substrate concentration that
is associated with allosteric site (7, 10, 13, 14, 19, 22, 26,
44). Here we use the chase experiments to analyze how
saturation with unmethylated poly(dG-dC), poly(dI-dC), and
premethylated poly(dG-dC) impact Dnmt1’s processive
catalysis with pm-poly(dI-dC) (Figure 6). Since Dnmt1 is
processive with3H-pm-poly(dI-dC) (Figure 4, Table 1,koff

) 5 ( 0.4 h-1), its active site is not readily accessible for
interaction with chase molecules.

The hot reaction was prepared by incubating 90 nM Dnmt1
with 10 µM bp 3H-pm-poly(dI-dC) (110 bp per each Dnmt1
molecule); thus, there is an excess of3H-pm-poly(dI-dC)
relative to Dnmt1 (Figure 2), and both the active and the
allosteric sites have access to DNA (Figure 2, form2) (19).
Hot and dilute reactions were started simultaneously by
adding unlabeled AdoMet (12.5µM). The chase reaction was
initiated 30-45 s after the start of the hot reaction by adding
100 µM bp poly(dI-dC), poly(dG-dC), or pm-poly(dG-dC)
to separate aliquots of the hot reaction. The slope of the chase
reaction immediately following the addition of unlabeled
poly(dI-dC) and poly(dG-dC) is identical to the slope in
dilute reaction (Figure 3B). Thus, by forming a heterocom-
plex (Figure 2, form3) unmethylated poly(dI-dC) interrupts
processive catalysis on premethylated3H-poly(dI-dC) but not
on unmethylated3H-poly(dI-dC) (Figure 3). In contrast,
premethylated poly(dG-dC) and poly(dI-dC) do not interrupt
processive catalysis on3H-pm-poly(dI-dC) (Figures 4 and
6).

A recent study showed that Dnmt1 is inhibited by
poly(ADP-ribose) in vivo as a part of the poly(ADP-ribose)-
polymerase-1 (PARP-1) response to DNA damage (45). This
provides a plausible explanation for the previous surprising
observation that Dnmt1 is inhibited by poly(dA)-poly(dT)
and poly(dA-dT) (27). In Figure 6, we show that saturation
with poly(dA-dT) stops Dnmt1’s processive catalysis on pm-
poly(dI-dC) by binding at the allosteric site (Figure 2.,
transition1 f 3)

Chase Experiments with Premethylated3H-poly(dG-dC)
as the Substrate and Unlabeled Premethylated Poly(dG-dC)
as the Chase (Figure 7, Table 1).Dnmt1 has exceptionally
slow catalytic rates with DNA molecules that have CpG
target sites (19). We wanted to analyze how slow turnover
rates are affected by Dnmt1-DNA interactions. With pm-
poly(dG-dC), the hot reaction was prepared as3H-pm-

poly(dG-dC) (8µM bp, 88 cpm/pmol, ratio5mC:C 1 to 14).
The dilute reaction was prepared from a hot reaction aliquot
by adding unlabeled pm-poly(dG-dC) (80µM bp, ratio5mC:C
1 to 12). Both reactions were started simultaneously by
adding Dnmt1 (85 nM) and 15µM of unlabeled AdoMet.
The hot and dilute reaction profiles were analyzed using a
linear equation and the best fit rates were 11.3( 0.8 h-1

and 1.0( 0.04 h-1, respectively. The chase reaction was
started 5 min later (approximately at the end of the first
turnover) by mixing a hot reaction aliquot with 80µM of
unlabeled pm-poly(dG-dC). The slow rates with the two
poly(dG-dC) substrates preclude measuring of Dnmt1 pro-
cessivity in multiple turnovers as with poly(dI-dC) substrates.

The decay in tritium release following the addition of the
unlabeled chase was analyzed using the exponential decay
equation ([3H released]) A(1 - e-kt) + pt); The tritium
release rate constant (k) immediately following the start of
the chase reaction is equal to 5( 0.9 h-1, The ratio between
the initial chase and dilute rates is about 46% of the ratio
between hot and dilute rates (Table 2B). Thus, addition of
the unlabeled chase results in∼46% retention of Dnmt1 on
the original labeled DNA (Figure 2, transition1 f 3). The
lower processivity with pm-poly(dG-dC) relative to pm-
poly(dI-dC) can be attributed to lower turnover rates (eq 6),
rather than the difference in DNA binding at the allosteric
site, because pm-poly(dG-dC) cannot displace Dnmt1 in
processive catalysis on pm-poly(dI-dC) (Figure 6).

Dnmt1 catalytic rates with poly(dG-dC) (inset, Figure 7)
are even slower than with pm-poly(dG-dC) and consistent
with rates measured with other unmethylated substrates (7,
9, 11, 44). It takes about an hour to finish the first turnover
and about 3-4 h to finish the second turnover. Thus, we
used the chase experiments to analyze the enzyme’s com-
mitment for a given DNA substrate during its slow first
catalytic turnover (Figure 2). The hot reaction was prepared

FIGURE 7: 3H-pm-poly(dG-dC) as the substrate and unlabeled pm-
poly(dG-dC) as the chase. Inset,3H-poly(dG-dC) as substrate and
unlabeled poly(dG-dC) as the chase. The hot (O) reaction had 10
µM bp 3H-pm-poly(dG-dC) and 12.5µM of unlabeled AdoMet.
Dilute reaction (9) was prepared from a hot reaction aliquot by
adding 10-fold excess of unlabeled pm-poly(dG-dC). Both reactions
were started simultaneously by adding 85 nM Dnmt1. The chase
reaction (+) was started at the start of the second turnover (5 min)
by adding 80µM bp of cold pm-poly(dG-dC) to an aliquot of the
hot reaction. The inset shows a chase experiment with3H-poly(dG-
dC) as substrate and cold poly(dG-dC) as the chase. The hot reaction
(O) was prepared as 8µM bp of 3H-GdC (102 cpm/pmol), 15
µM of unlabeled AdoMet, and 200 nM Dnmt1. Dilute reaction (9)
was prepared from a hot reaction aliquot by adding 10-fold excess
of unlabeled pm-poly(dG-dC). Thechase reaction (+) was started
15 min after the start of the hot reaction arrow by adding 80µM
bp of cold poly(dG-dC) to the hot reaction aliquot.
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using 8µM bp of 3H-poly(dG-dC) (102 cpm/pmol), 15µM
of unlabeled AdoMet, and 200 nM Dnmt1 (40 bp per one
Dnmt1 molecule). The dilute reaction was prepared from the
hot reaction aliquot by adding 144µM bp of unlabeled
poly(dG-dC). The chase reaction was started 15 min after
the start of the hot reaction (at the end of the initial lag;19)
by adding 144µM bp of unlabeled poly(dG-dC) to a hot
reaction aliquot. The best fit rate constant was 1( 0.11 h-1

for the hot reaction, 0.06( 0.005 h-1 for the dilute reaction,
and 0.27( 0.003 h-1 for the chase reaction. The ratio
between the chase and dilute reaction rates is 25% of the
ratio between the rates measured in the hot and dilute
reactions. Thus, at least 75% of the initially bound Dnmt1
can be readily displaced from the poly(dG-dC) (Figure 2,
transition3 f 4). This indicates that during the slow turnover
the majority of Dnmt1 molecules are not committed to the
initially bound substrate (19). This is consistent with our
earlier study which showed that slow turnover with un-
methylated substrates can be attributed to slow formation of
early reaction intermediates leading to target base attack (19).
Interestingly, the chase experiments showed that Dnmt1 can
be readily displaced from poly(dG-dC) substrates but not
from poly(dI-dC) substrates, in contrast to the bacterial
enzyme M‚HhaI (42).

Dnmt1 ProcessiVity Analysis by Following Methylation
(Figure 8 A,B and Figure 9).Dnmt1 reactions often show a
gradual decrease in the initial linear profile followed by the
late linear phase, as seen in the methylation reaction with
poly(dI-dC), pm-poly(dI-dC) (Figure 8A), pm-poly(dG-dC)
(Figure 8B), and in the3H exchange reaction (Figure 1) with
sinefungin and poly(dI-dC) or pm-poly(dG-dC) (Figure 9).
Interestingly, the high substrate concentrations that lead to
allosteric inhibition also lead to changes in this biphasic
profile (Figure 8A). We suggest that this biphasic reaction
profile is caused by Dnmt1’s processivity. Alternative
explanations such as product inhibition, substrate depletion,
or enzyme instability with time are unlikely. The observed
biphasic profiles (Figures 8 and 9) cannot be attributed to
products of the methylation reaction5mC or AdoHcy since
we observe similar profiles when following the exchange
reaction with sinefungin (Figure 9). The exchange reaction
has no “chemical” product; the reaction is only replacing
3H with H at the cytosine carbon 5 (Figure 1). Also, the
reaction at high poly(dI-dC) concentration shows an early

transition to the late linear phase even though less product
is being generated. The biphasic reaction profiles are also
not due to substrate depletion since the late linear profile is
observed earlier at the higher concentration of poly(dI-dC).
Finally, the biphasic reaction profiles are not due to enzyme
instability since all reactions were measured in the same
conditions (often in parallel) and the shape of each reaction
profile depends on the substrate type and the substrate
concentration.

We suggest that Dnmt1’s processive catalysis accounts for
the biphasic reaction profiles (Figures 8 and 9). Processive
catalysis requires that the dissociation rate for the substrate
DNA is slower than the turnover rate (see appendix). These
conditions are well-known to lead to a pre-steady-state burst
with DNA substrates that have only one methylation site (7).
However, with substrates that have multiple methylation
sites, only a fraction of substrate DNA will dissociate after
each turnover during processive catalysis. All enzyme
molecules will be initially DNA bound at the start of the
first turnover. Since the enzyme is not 100% processive, at
the start of the second turnover a fraction of enzyme
molecules will go through a slow dissociation step, while
the rest will go directly to the next turnover on the same

FIGURE 8: (A, B) Dnmt1 methylation reaction with poly(dI-dC) (A, 12µM and 260µM), pm-poly(dI-dC), and methylation reaction with
pm-poly(dG-dC) (B). (A) Dnmt1 methylation reaction with 12µM bp (+) poly(dI-dC), 260µM bp (O) poly(dI-dC), and 12µM pm-
poly(dI-dC) (9). All three assays had 125 nM Dnmt1 and 12.5µM [3H methyl] AdoMet (6750 cpm/pmol). All profiles were analyzed
using eqs 8, 6, and 7 (Table 2A). Both poly(dI-dC) and pm-poly(dI-dC) were 1960-bp-long, pm-poly(dI-dC) with one in eight cytosines
methylated. (B) Analysis of processivity in Dnmt1 (300 nM) methylation reaction with 12µM bp (9) pm-poly(dG-dC) and 12.5µM [3H
methyl] AdoMet (6750 cpm/pmol). The profile was analyzed using eqs 8, 6, and 7 (Table 2B).

FIGURE 9: 3H exchange reaction with sinefungin and3H-poly(dI-
dC) and3H-pm-poly(dG-dC) (inset).3H exchange reaction (O) with
95 nM Dnmt1 20µM sinefungin and 10µM bp of 3H-poly(dI-dC)
(18 cpm/pmol). The inset shows processivity profiles with sine-
fungin and 3H-pm-poly(dG-dC) (106 cpm/pmol), using 70 nM
Dnmt1. The reaction profiles were analyzed using eqs 8, 6, and 7,
and the calculated values are given in the Table 2.
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DNA. With each subsequent turnover, this partitioning results
in a gradual rate decrease that is proportional to the fraction
of enzyme molecules which enter the slow dissociation step.
The partitioning is repeated with each turnover until the
catalytic contribution from enzyme molecules retained on
the initial DNA is equal to the catalytic contribution from
enzyme molecules that are reassociating. At that point a quasi
steady state is established, and the reaction profile shows
the late linear phase. Consistent with this scenario, pm-
poly(dG-dC) shows both poor processivity (Figure 7) and
an earlier onset of the late linear phase than poly(dI-dC) and
pm-poly(dI-dC) (Figures 3 and 4).

We have analyzed these biphasic reaction profiles numeri-
cally to calculate the turnover rate constantk (eq 5, Table
2), the Dnmt1-DNA off rate constantkoff (eq 5, Table 2),
and the processivity probability (eqs 6 and 7, Table 2). We
find that the allosteric inhibition by excess unmethylated
poly(dI-dC) (Figure 8A) is caused by a decrease in proces-
sivity (Table 2) as a result of an increase in the Dnmt1-
DNA off rate constant (Table 2) and a decrease in the
catalytic rate constant (Table 2). When Dnmt1 is partially
saturated with poly(dI-dC) and substrate inhibition is not
present to the full extent, poly(dI-dC) and pm-poly(dI-dC)
show similar processivity probabilities (Table 2, eq 6). This
similarity is a result of a compensatory difference in the
turnover rates (k) and off rates (Table 2). The calculated
turnover constants (k, Table 2) from the processivity
measurements in the methylation reaction are lower than the
turnover constants calculated from the chase processivity
experiments (k, Table 1). The difference is due to the earlier
described (19) discrepancy between3H release and methyl-
ation rates with poly(dI-dC) substrates. The calculated
processivity in the methylation reaction (Table 2 and Figure
8A) and in the exchange reaction with sinefungin (Table 2,
Figure 9) are similar due to similar turnover rates. Also, due
to slower turnover rates, pm-poly(dG-dC) substrates show
less processivity in methylation (Figure 8B) and the exchange
reaction (Figure 9, inset) relative to poly(dI-dC) and pm-
poly(dI-dC) substrates.

DISCUSSION

Dnmt1 has at least two DNA binding sites, the active site
and the allosteric site (10). Here we use chase experiments
(Figure 2) to study the ternary complexes between Dnmt1
and DNA bound at the active and the allosteric sites. In chase
experiments an ongoing3H release/exchange reaction (Figure
1) on a 3H-labeled DNA is challenged with an excess of
unlabeled DNA (Figure 2), allowing the tracking of which
DNA molecule acts as a substrate and which acts as an
allosteric regulator (Figure 2, transition1 f 3 f 4). The
chase experiments (Figures 6 and 7) support proposals (13)
that the two sites on Dnmt1 can independently bind two
different DNA molecules (trans mechanism) (Figure 10).
Alternatively, DNA binding at the active site directly leads
to binding ofadjacentDNA sites at the allosteric site (cis
mechanism). We also show that the allosteric site is open
for interaction with different DNA molecules that can
regulate the ongoing catalytic activity at the active site
(Figures 5 and 6). Our results provide a basis for understand-
ing how DNA sequence, methylation status, and structure
regulate Dnmt1’s allosteric inhibition and processive cataly-
sis. In the next few paragraphs, we integrate results from

this study with the results from other Dnmt1 studies to
provide our current view of allosteric regulation of Dnmt1
(Figure 10B).

The partial inhibition observed with excess unmethylated
DNA is often shown in the literature (9, 13, 19, 22, 44).
Here we show such inhibition can be due to a decrease in
the turnover rate constant and an increase in the substrate
DNA off rate (Table 2), both of which can lead to lower
processivity (eq 6 and Figure 8A). Interestingly, Dnmt1
undergoes a slow conformational change from an inactive
to active form at the start of catalysis on unmethylated DNA
(Figure 10B), which can be triggered by cofactor binding
and possibly by DNA release from the allosteric site (19).

Studies of a Dnmt1 mutant lacking the functional N
terminal domain indicate that some form of allosteric
inhibition is present even with premethylated substrates (10).
However, there is no evidence that such inhibition results
from DNA binding at both the active and the allosteric sites
(13, 19, 26, 44). Here we show that unmethylated DNA, but
not premethylated DNA, interferes with processive catalysis
on premethylated DNA (Figures 4 and 6). This observation
may help explain why previous studies showed that Dnmt1
is not self-activated by5mC produced during the initial stages
of methylation (19). The higher methylation rates with
premethylated DNA are only observed in the absence of
significant stretches of unmethylated DNA which can cause
allosteric inhibition (Figure 10B). Such conditions are seen
when at least one methylcytosine lies within one enzyme
footprint, independent of the distance between the methyl-
cytosine and the target cytosine (11, 19). Allosteric activation
with premethylated substrates is unlikely (19).

We previously described a GC-rich single-stranded oligo-
nucleotide with one5mC site as a potent Dnmt1 inhibitor (Ki

∼ 30 nM), which binds at the allosteric site and reverses
DNA methylation in cells (13). We found that the single-
stranded oligo inhibitor completely stops the ongoing pro-
cessive catalysis on unmethylated DNA (Figure 5). This is
in contrast to double-stranded unmethylated poly(dI-dC) and
poly(dG-dC), which show only a partial inhibition of enzyme
activity (13, 26, 44) and processive catalysis in the same
conditions (Figure 8A). Interestingly, in contrast to double-
stranded DNA, preexisting methylation leads to more potent
inhibition with the single-stranded DNA inhibitor (13).

Dnmt1 functions within replication forks (23, 37, 39, 46)
and chromatin remodeling complexes (47). Dnmt1 interac-
tions with other proteins may affect its processivity by
altering its turnover rate and substrate DNA off rate (eq 6).
It seems likely that the two independent DNA binding sites
on Dnmt1 and the mechanism present in Figure 10 are also
present in vivo. Although which regulatory sequences might
bind the allosteric site in vivo are currently unknown,
mounting evidence indicates that DNA methylation can be
controlled by noncoding RNA molecules (27-31) and
poly(ADP-ribose) (45). Twenty years ago, Bolden and co-
workers suggested that RNA could regulate Dnmt1 and DNA
methylation in vivo (27). The authors found that Dnmt1 is
inhibited in HeLa cells extract by RNA; further, the inhibition
potency depends on the sequence, including the surprising
discovery that Dnmt1 is inhibited by poly(dA)-poly(dT) and
poly(dA-dT). Subsequent studies also reported Dnmt1 inhibi-
tion by RNA molecules (28) and showed that Dnmt1 interacts
with RNA polymerase II in vivo (32) and with several RNA
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binding proteins (33). These RNA molecules are likely to
modulate or completely inhibit the catalytic activity of Dnmt1
by binding at the allosteric site and by forming a ternary
complex (Figure 10B). Such inhibition could depend on RNA
sequence, methylation, and structure (i.e., double stranded
vs single stranded) as suggested in Figure 10B.

In general, Dnmt1’s processivity is determined by its
catalytic turnover rate and dissociation rate from the DNA
(see appendix, eq 6). Thus, lower turnover rates can account
for lower processivity with poly(dG-dC) relative to poly(dI-
dC) or lower processivity with unmethylated DNA relative
to premethylated DNA. Because the rates with poly(dG-dC)
are similar to the rates measured with other unmethylated
substrates with CG target sites (9, 19, 40, 44), we suggest
that previous reports on the lack of processivity with
unmethylated DNA substrates can be attributed to the slow
turnover rates and a lack of multiple turnovers (40, 48). The
catalytic rates measured with pm-poly(dG-dC) are also
comparable to the catalytic rates measured with other

premethylated substrates with CG target sites (9, 19, 40, 44).
However, despite similar rates, different premethylated
substrates show different catalytic features (9, 10, 40), which
in part could depend on the methylation pattern and the
sequence surrounding the target site. Such differences
account for the differences in processivity between different
premethylated substrates (40) including pm-poly(dG-dC)
(19).
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FIGURE 10: (A, B) Allosteric regulation of Dnmt1 (ovals, small catalytic domain and the large regulatory domain) with different DNA
molecules. (A) Two modes for allosteric regulation of Dnmt1, DNA binding at the active site leads directly to binding of the adjacent DNA
sites at the allosteric site (cis binding), or the active site and the allosteric site can bind DNA independently (trans binding). (B) With
unmethylated DNA, DNA binding at the allosteric site can cause slow transition from the inactive to the active form following AdoMet
binding and the start of catalysis (19). During the catalytic cycle, the active site can be involved in catalysis, while the allosteric site is
accessible to bind “regulatory” DNA. Binding of the single-stranded DNA inhibitor (13) leads to a complete inhibition, and binding of
unmethylated DNA results in higher off rates, lower turnover rates, and ultimately lower processivity. With premethylated DNA substrates,
binding of premethylated DNA at the allosteric site does not alter the enzyme’s activity, while binding of unmethylated DNA leads to a
stop in catalytic activity. The question marks indicate steps for which the mechanism is not fully understood.
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APPENDIX: ANALYTICAL DESCRIPTION OF
PROCESSIVE CATALYSIS BY DNA
METHYLTRANSFERASES

Analysis of ProcessiVity Data. The mathematical model
is an adaptation of similar models used to describe proces-
sivity of DNA helicase (49, 50) or the kinetics of polymer
growth in polymer chemistry (51). The processivity of a
methyltransferase can be schematically described as

Everyk is a turnover rate constant for a particular catalytic
step (e.g., methylation or3H release), and everykoff is
dissociation rate constant for enzyme-DNA complex. EPi
represents the enzyme that has processedi steps, and ESo is
the initial enzyme-DNA complex. ESo is equal to the
total enzyme concentration in the assay if the enzyme
and the DNA concentration are well above dissociation
constant for the enzyme-DNA complex. The scheme
assumes that3H release and the methylation reaction are
irreversible as previously shown (43). The concentration of
EPi as a function of time can be described with a differential
equation:

Equation 1 can be integrated starting from the initial ESo

complex to give the expression that describes the concentra-
tion of every EPi species as a function of time:

The product formed in the processive stepi by EPi-1 can
be calculated as

Equation 3 is combined with eq 2 and integrated to
give the expression for the product formed in the processive
stepi:

The final equation for the product formed in a processive
reaction is a sum of all processive steps (i ) 1 to n) and
equal to

Equation 5 is an asymptotic function with the asymptote

parallel tox axis and equal to

wheren is the number of the processive steps andp is the
processivity probability defined as

The probability for the processive stepn is equal to

Theoreticallyn is equal to infinity. In our experience, for
all practical purposes the precision of best fit values will
not significantly increase oncen reaches the values that give
a processivity probability of 0.05 or below (eq 7), i.e.,
95% of enzyme molecules have dissociated from the
original substrate. Equation 5 describesthe first processiVe
cycle, which includes catalytic turnovers from all Dnmt1
molecules before their first dissociation from the initial DNA
substrate.

The main part of our processivity profiles come from the
first processive cycle (i.e., Figure 4); however, in some
measurements the late linear part and the subsequent pro-
cessive cycles are substantial (i.e., Figure 3). Accordingly,
the experimental processivity profiles show a late linear phase
that does not end with an asymptote parallel to thex axis as
predicted by the eq 5. Developing a mathematical model that
describes multiple processive cycles as a function ofk and
koff is impractical. Accordingly, we describe the late linear
part empirically by adding a second linear factor to the eq
5:

The first part of the eq 8 comes from eq 5 and represents
the analytic description of the first processive cycle. The
second part in eq 8 is the late linear phase that represents
multiple processive cycles. Thekss is an empirical rate
constant that describes the catalytic rate in the late linear
phase, while the [ESo]t factor indicates that the late linear
phase is proportional to the total enzyme concentration and
linear with time.

The selection between eqs 5 or 8 is empirical. We analyzed
each profile using both equations, and the fit quality for each
case was compared. When profiles with no late linear phase
are analyzed using eq 8, the fit gives large errors forkss, and
(or) kss takes nonsense values such askss < 0, and (or)kss

becomes highly correlated withkoff, all indicating that eq 5
is a better choice for such cases. The experimental profiles
can be directly analyzed using eq 5 or 8 with all three
parameters (k, koff, kss) set as the free variables. ESo is poorly
resolved as the free parameter (i.e., high correlation tok
value) using eqs 5 or 8, so in all fits we kept ESo constant
according to the value calculated from other measurements.
All fits converge easily even when the initial values for the
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fit parameters are given borderline reasonable estimates
(Tables 1 and 2).
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