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ABSTRACT: We measured the tritium exchange reaction on cytosine C5 in the presence of AdoMet analogues
to investigate the catalytic mechanism of the bacterial DNA cytosine methyltransferase M.HhaI. Poly-
(dG-dC) and poly(dI-dC) substrates were used to investigate the function of the active site loop (residues
80-99), stability of the extrahelical base, base flipping mechanism, and processivity on DNA substrates.
On the basis of several experimental approaches, we show that methyl transfer is the rate-limiting pre-
steady-state step. Further, we show that the active site loop opening contributes to the rate-limiting step
during multiple cycles of catalysis. Target base activation and nucleophilic attack by cysteine 81 are fast
and readily reversible. Thus, the reaction intermediates involving the activated target base and the
extrahelical base are in equilibrium and accumulate prior to the slow methyl transfer step. The stability
of the activated target base depends on the active site loop closure, which is dependent on the hydrogen
bond between isoleucine 86 and the guanine 5′ to the target cytosine. These interactions prevent the
premature release of the extrahelical base and uncontrolled solvent access; the latter modulates the exchange
reaction and, by implication, the mutagenic deamination reaction. The processive catalysis by M.HhaI is
also regulated by the interaction between isoleucine 86 and the DNA substrate. Nucleophilic attack by
cysteine 81 is partially rate limiting when the target base is not fully stabilized in the extrahelical position,
as observed during the reaction with the Gln237Trp mutant or in the cytosine C5 exchange reaction in the
absence of the cofactor.

Enzymatic pyrimidine methylation is essential for diverse
biological pathways including gene regulation, DNA and
RNA biosynthesis, DNA repair, and protection against
foreign DNA (1-3). Not surprisingly, the folate- and
S-adenosylmethionine-dependent methyltransferases involved
in these processes are the targets of antibiotics, cancer
chemotherapies, and other drugs (4, 5). Enzymatic activation
of the pyrimidine ring occurs by various mechanisms, with
the single common feature being formation of a covalent
intermediate between the enzyme and the pyrimidine C6

position. S-Adenosylmethionine-dependent DNA cytosine
methyltransferases represent a broad, structurally and mecha-
nistically characterized family of enzymes (4). M.HhaI1

(methyltransferaseHaemophilus haemolyticustype I) was
the first AdoMet-dependent enzyme to be structurally
characterized (6, 7) and provides a paradigm not only for
AdoMet-dependent enzymes but for enzymes that induce

dramatic conformational changes within their duplex DNA
substrate (8, 9). M.HhaI methylates the underlined cytosine
in duplex DNA (GCGC), stabilizing the cytosine into an
extrahelical position residing within the active site of the
enzyme (Figure 1).

Formation of the ternary M.HhaI‚DNA‚AdoMet complex
is followed by at least three steps leading to product
formation, outlined in Figure 1: base flipping, covalent
adduct formation, and methyl transfer. We and others have
studied this process in detail for M.HhaI (9, 10), as well as
other DNA methyltransferases (11, 12). In contrast to the
detailed structural information available for M.HhaI (8), little
is known about the kinetics of these steps. For example, the
flipping and methyl transfer kinetics have been directly
measured for M.EcoRI (11-13), an adenine methyltrans-
ferase, but other than similar experiments with mismatched
DNA (14), no such measurements have been made for
M.HhaI. 19F NMR and gel shifting evidence support the
existence of two M.HhaI‚DNA intermediates involving an
extrahelical cytosine, one of which is stabilized by the
presence of the cofactor (15); however, these experiments
provide limited mechanistic insights since they represent
largely static descriptions and use 5-fluorocytosine, which
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FIGURE 1: Four steps leading to methylation or exchange by DNA
cytosine methyltransferases. The exchange reaction is proposed to
share all steps up to the transfer of a proton in place of a methyl
moiety. The equilibrium steps up to and including covalent adduct
formation are implied by the results in this work.
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severely perturbs the kinetics of attack and methyl transfer
(10). Single-turnover measurements with M.HhaI show that
the methyl transfer step, or some prior transition, has a rate
constant of 0.14-0.26 s-1 (9, 10), and the methylation
reaction shows a pre-steady-state burst, suggesting that
methyl transfer is followed by slow product release steps
(9, 10).

We refer to the base flipping and covalent adduct forma-
tion as the “target base attack” steps which serve to activate
the cytosine to displace the electrophilic methylsulfonium
on AdoMet (Figure 2). The proposed mechanism in Figure
2 is based largely on three lines of evidence: (1) structural
and mechanistic parallels with the well-studied folate-
dependent thymidylate synthetase (16), (2) structure-func-
tion studies of M.HhaI (7, 17) and other DNA cytosine
methyltransferases (8), and (3) theoretical studies (18).
However, details involving individual steps, the identity of
the functionalities involved, and the relative contribution to
rate-limiting steps remain uncertain. For example, Arg165,
Glu119, and Phe79 are clearly positioned to interact with the
cytosine as shown in Figure 1. Yet, the proposal that the
nucleophilic attack by cysteine 81 is assisted by protonation
at the cytosine N3, rather than the cytosine O2 (18) (or both),
has no experimental support. Similarly, there is little evidence
for the existence, identity, or importance of moieties involved
in acid- and base-assisted catalysis to facilitate theâ-elimina-
tion step (Figure 2). Protein engineering efforts to determine
the mechanisms of base flipping and stabilization include
the interaction between glutamine 237 and the orphan
guanosine (19); although the mutants retained function, albeit
reduced∼50-fold, the underlying mechanisms were not
determined.

M.HhaI catalyzes the exchange of the cytosine C5 hydro-
gen (17), which is compelling evidence for the proposed

mechanism and cysteinylcytosine covalent intermediate
(Figure 2). Moreover, because this reaction occurs in the
absence of cofactors and is inhibited byS-adenosylhomocys-
teine (17), it supports methods of study not suitable for the
methylation reaction itself. No evidence for the exchange
reaction during AdoMet-dependent steady-state methylation
was described for M.HhaI (17) or for M.EcoRII, the only
other DCMTase studied by this method (20); rather, M.HhaI
simply replaces the C5 proton with a methyl group (Figure
2). Bacterial DCMTases catalyze the deamination of cytosine
to uracil and of 5-methylcytosine to thymine (Figure 2 and
refs21-23). This mutagenic reaction, if catalyzed by human
DCMTases, is postulated to account in part for the high level
of CG to TG mutations that occur within critical genes in
human cancers (24).

We describe pre-steady-state, steady-state, pH, and solvent
kinetic isotope effect (SKIE) studies of the methylation and
3H exchange reactions using structural analogues of the DNA
and cofactor, AdoMet. The exchange reaction provides
unique opportunities because the mechanistic importance of
the cofactor can be readily probed with analogues. We used
poly(dI-dC) and poly(dG-dC) in our analysis because (i)
these substrates allow a quantitative analysis since every
enzyme molecule can bind a recognition site and proceed
with catalysis, and (ii) the preparation of DNA substrates
containing a single radiolabeled [5-3H]cytosine is problematic
and provides a less sensitive measure of catalysis (20). Poly-
(dI-dC) and the Gln237Trp mutant provide unique opportuni-
ties to study the base flipping step and stabilization of the
extrahelical cytosine. Pre-steady-state kinetic, pH, and SKIE
studies were used to determine the importance of cysteine
81 toward the rate-limiting events during target base attack,
methylation, and exchange.

FIGURE 2: Reactions catalyzed by cytosine methyltransferases: methylation (A),3H exchange (B), and deamination (C). The extrahelical
cytosine interacts with active site amino acids that facilitate cysteine 81 nucleophilic attack at cytosine C6 (intermediate1). Nucleophilic
attack disrupts the pyrimidine’s aromaticity, forming intermediate2. Intermediate2 can readily undergo electrophilic addition, either through
methylation (3A) or protonation (3B). The 5,6-dihydropyrimidine adduct (3B) can lead to the exchange reaction (4B) or be attacked by
water to form intermediate4C, which can lead to elimination of NH3 and mutagenic deamination (5C). Acidic groups are labeled as HA
and basic groups as :B. All exchangeable protons that can cause SKIE are shown as D in the intermediates (1 and2). 3H exchange rates
are measured by acid quench; thus the3H exchange reaction is detected as soon as intermediate3A or 3B is formed. The methylation
reaction is detected as soon as intermediate3A is formed. For both reactions the pre steady states are steps that lead to intermediate3A (and
3B for exchange), while the steady-state rates include the subsequent steps (see Methods).
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EXPERIMENTAL PROCEDURES

Materials
S-Adenosyl-L-[methyl-14C]methionine (59 mCi/mmol or

131 cpm/pmol),S-adenosyl-L-[methyl-3H]methionine (66-
82 Ci/mmol or 6100-7200 cpm/pmol), deoxy[5-3H]cytidine
5′-triphosphate (19.0 Ci/mmol) ammonium salt, and Seque-
nase 2.0 were purchased from Amersham Corp. Poly(dI-dC),
1960 bp, dITP, and dCTP were purchased from Pharmacia
Biotech. DTT, Trizma, and acid-washed activated charcoal
were purchased from Sigma Chemical Co. BSA was
purchased from Boehringer Mannheim, and it was DNA free
on the basis of the absorbance ratio at 280 and 260 nm. DE81
filters were purchased from Whatman, Inc. Sinefungin was
purchased from Sigma Chemical Co. AdoMet (85% pure)
was purchased form Sigma Chemical Co. and HPLC purified
as described earlier (25). WT M.HhaI and the Gln237Trp237

mutant were expressed usingEscherichia colistrain ER1727
containing plasmids pHSHW-5 and pHSH0-1, respectively
(generously provided by Dr. S. Kumar, New England
Biolabs), and purified as previously described (9). The
M.HhaI concentration at the end of the preparation was
determined by pre-steady-state burst. AdoMet, sinefungin,
poly(dI-dC), and poly(dG-dC) concentrations were deter-
mined by absorbance at 260 nm. The respective molar
absorptivity coefficients are 15.0× 103 M-1 cm-1 for
AdoMet and its analogues, 6.9× 103 M-1 cm-1 for poly-
(dI-dC) (per bp), and 8.4 103 M-1 cm-1 for poly(dG-dC)
(per bp) (Pharmacia Technical Infomation Sheet).

Methods
Preparation of [5-3H]Cytosine-Poly(dI-dC). Labeling

reactions were prepared by incubating 500µM bp poly(dI-
dC) with 100µM [5-3H]dCTP, 1 mM CTP, 10 mM dITP
with 0.62 unit/µL 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. Labeling reactions for [5-3H]cytosine-poly-
(dG-dC) used the same approach except that poly(dI-dC) was
replaced with poly(dG-dC) and 10 mM dITP was replaced
by 1 mM dGTP. Reactions were run for 5 h at room
temperature. Incorporation of [5-3H]cytosine was followed
by spotting the reaction aliquots onto DE81 paper. Spotted
papers were washed twice for 5 min in 500 mM KPi buffer
(pH ) 6.8) and dried under a heat lamp. The extent of label
incorporation was calculated by comparing the counts from
unwashed and washed papers. This procedure gives ap-
proximately 60% label incorporation. The reaction was
stopped by incubating the sample for 5 min at 90°C followed
by slow cooling (2-3 h-1) to room temperature. The cooled
sample was centrifuged and the supernatant dialyzed against
10 mM Tris-HCl (pH 8.0) and 10 mM EDTA. The removal
of reaction components was determined by comparing the
radioactivity from unwashed and washed DE81 papers. The
[5-3H]cytosine-labeled poly(dI-dC) and poly(dG-dC) pre-
pared in the described procedure was between 13 and 40
cpm/pmol of base pairs for dIdC,and between 60 and 105
cpm/pmol of base pairs for dGdC.

Methylation Reactions. The methylation reactions were
prepared by incubating M.HhaI, DNA substrate, and radio-
active AdoMet 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 are described in the figure legends. Incorporation of [3H]-
methyl groups in the DNA substrate was determined as
previously described (25, 26). Briefly, the reaction is
followed by spotting reaction aliquots on DE81 paper,
leading to the detection of intermediate3A and all products
resulting from its formation (Figure 2). Thus, the pre-steady-
state rates are determined by the steps that lead to intermedi-
ate 3A (Figures 1 and 2), while the steady-state rates are
determined by steps that follow formation of intermediate
3A.

Tritium Exchange Reactions. The tritium exchange reac-
tion was followed essentially as previously described (17).
Briefly, tritium exchange is measured by quenching reaction
aliquots in an acid suspension (HCl, pH) 2.0-2.5) of
activated charcoal. Because3A and 3B (Figure 2) rapidly
degrade in acid, their formation can be detected prior to
release from the enzyme, thereby allowing the determination
of kinetic constants up to and including the formation of3A
and 3B as a part of the pre-steady-state rate. The enzyme
concentration, DNA concentration, and cofactor concentra-
tion are specific for each assay and are 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 reaction rates were calculated using
Microcal Origin 5.0. All rates were reported as the best fit
values( standard deviation. The burst profiles were fit to a
two-step irreversible mechanism (27):

where [P](t) is the product concentration generated at time
t, Et is the total enzyme concentration,R is the factor that
correlates stoichiometry between burst amplitude and enzyme
concentration,kpss and kss are pre-steady-state and steady-
state rates, respectively, andt is the time from the start of
the reaction. Unless otherwise indicated, all other profiles
were analyzed using a linear equation. Each experiment was
repeated in several independent measurements until the
reproducibility of observed phenomena was established. The
presented data show representative examples of analyzed
phenomena.

pH Measurements.pH measurements between 6.5 and 7.5
were measured in 100 mM Bis-Tris-HCl (pKa ) 6.5 at 25°C),
EDTA (10 mM), DTT (10 mM), and BSA (0.5 mg/mL).
The pH profiles between 7.5 and 9.0 were measured in 100
mM Tris-HCl (pKa ) 8.1 at 25°C), EDTA (10 mM), DTT
(10 mM), and BSA (0.5 mg/mL). The catalytic rates were
within 10% when measured in Bis-Tris and Tris at pH 7.5.
The pH profiles were analyzed using a single acidic and basic
site (28):

whereVmax is the maximal rate observed in the pH profile,
K1 is the acidic constant, andK2 is the basic constant. The
expected SKIE at the given pH and pKa for the active site
cysteine was calculated using the relations (29):

[P](t) ) REt(1 - e-kpsst) + Etksst (1)

V )
Vmax

1 + 10-pH/K1 + K2/10-pH
(2)

10pH-pKa ) [cys-]/[Hcys]
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and

where [cys-] is the concentration of unprotonated cysteine,
[cysD-] and [cysH-] are the concentrations of unprotonated
cysteine in D2O and H2O buffer, [Dcys] and [Hcys] are the
concentrations of protonated cysteine in D2O and H2O buffer,
and the ratio of unprotonated and protonated cysteine in D2O
is two times higher than the ratio of unprotonated and
protonated cysteine in H2O. The sum of [cysD-] and [Dcys]
or [cysH-] and [Hcys] equals the total cysteine concentration.

SKIE Measurements. All experiments in D2O buffers were
measured in parallel with corresponding H2O experiments,
and except for the solvent difference the two reactions are
identical. The D2O buffer was prepared as 10×, and its pH
was adjusted, taking into account the pD vs pH correction
(29) to be the same as in the corresponding H2O buffer.
Proton inventory profiles were analyzed using different forms
of the Gross-Buttler equation (29):

wherekν
D2O is the measured rate at the given fraction of D2O,

kH2O is the rate measured in 100% H2O, ν is the fraction of
D2O at which the rate was measured (i.e., 0.1, 0.2, 0.3, etc.),
φT andφG are deuterium fractionation factors at the transition
and the ground state, respectively, andZ is a cumulative
fractionation factor for multiple small sites (29). Different
forms of eq 4 can be produced by changing the values for
parametersn, m, andZ as described in the Results section.
Each form of eq 4 represents a unique mechanism with a
distinct shape. Accordingly, each proton inventory profile
was analyzed using several forms of eq 4, and the best fits
were chosen on the basis of error in the best fit parameters,
random distribution of the best fit residuals, and resolution
between the fit parameters.

RESULTS
Methylation and Proton Exchange Reactions with3H-Poly-

(dG-dC) (Figure 4).We measured the proton exchange rates
in the presence of AdoMet and AdoMet analogues and in
the absence of cofactors to focus on the catalytic events
involving the cytosine C5 (Figure 2, conversions2 f 3A or
2 f 3B). The experiments were inspired by previous studies
which showed that the cofactor can modulate the exchange
(17) and cytosine deamination rates (21-23). The AdoMet
analogues used in this study differ only at the position of
the active methyl group (Figure 3). The exchange rates vary
by over 3 orders of magnitude when measured in the
presence of different cofactor analogues or in the absence
of the cofactor (Table 1). The exchange rates are low in the
presence of AdoMet (Figure 4A) and AdoHcy, intermediate
with N-methyl-AdoMet, and high with sinefungin and in the
absence of the cofactor (Figure 4B, Table 1). The relatively
high tritium release rates in the presence of AdoMet result
from the methylation reaction (Figure 2,3A f 4A); thus no
net exchange occurs with AdoMet (Figure 2,3B f 4B). A
stoichiometric proton release during the steady-state meth-
ylation reaction was shown before (17). Here we show that

the methylation and proton release reactions have identical
pre-steady-state rates. Thus, in the presence of AdoMet,
intermediate2 leads exclusively to methyl transfer (Figure
2, 2 f 3A). A pre-steady-state burst is observed during
AdoMet-dependent methylation and exchange (Figure 4A),
in the exchange reaction in the presence of sinefungin (Figure
4B), and in the3H exchange reaction without cofactors
(Figure 4B). The relatively large errors for the reported pre-
steady-state rates (Table 1) are caused by the fast rates,
allowing only for measurements of the burst and later stages
of the reaction (Figure 4B). The pre-steady-state burst in the
methylation reaction indicates that the steps leading to methyl
transfer (Figure 2,2 f 3A) are faster than the subsequent
steps, while the pre-steady-state burst in the exchange
reaction indicates that the proton transfer (Figure 2,2 f
3B) at C5 is faster than the subsequent steps. In summary,
this study shows that the ability of different cofactor
analogues to support or inhibit the exchange rates is
dependent on the availability of a proton proximal to the C5

moiety of the target cytosine (Figure 3).

2 )
[cysD-]/[Dcys]

[cysH-]/[Hcys]
(3)

kν
D2O ) kH2O(1 + ν - νφ

T)n

(1 + ν - νφ
G)m

Z-ν (4)

FIGURE 3: Structures of inosine and guanine (A) and AdoMet and
its analogues (B).

Table 1: Pre-Steady-State and Steady-State Rate Constants for
Methylation and3H Exchange Reactionsa

poly(dG-dC) poly(dI-dC)b

pss ss ss

wild type
methylation (AdoMet) 140( 20 40( 4 65( 8
exchange (AdoMet) 146( 15 43( 4 230( 25
exchange (sinefungin) 500( 200 44( 3 165( 20
exchange (no cofactor) 650( 200 105( 10 10( 1
exchange (N-AdoMet) 33( 5 33( 5 145( 15
exchange (AdoHcy) 0.1( 0.02 NM 0.5( 0.005

Gln237Trp
methylation (AdoMet) 1.10( 0.05 NM 1.15( 0.1
exchange (AdoMet) 1.06( 0.04 NM 1.15( 0.05
exchange (no cofactor) 0.045( 0.008 NM 0.047( 0.006
exchange (sinefungin) 0.31( 0.02 NM NM
exchange (N-AdoMet) 0.23( 0.03 NM NM
a All rates are expressed as h-1 ( best fit error. NM, not measured.

All values below the Gln237Trp row are for this mutant.b The reactions
with poly(dI-dC) do not show a pre-steady-state (pss) burst, so the rates
measured during the first turnover and the subsequent turnovers are
all indicated as the steady-state (ss) rates.
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Analysis of pH and SolVent Kinetic Isotope Effects (SKIE)
during Methylation and Exchange Reactions with Poly(dG-
dC) (Figure 5).Previous studies suggested that nucleophilic
attack by the active site Cys81 is rate limiting during
methylation (10, 18). Because cysteine has a unique 2-fold
preference for hydrogen vs deuterium (29), pH/SKIE studies
can be used to probe if the rate-limiting step in methylation
or any of the exchange reactions depends on nucleophilic
attack by Cys81 (30-33). If Cys81 attacks the target base as
the thiolate, the observed reactions will give an inverse SKIE
with the ground stateφG close to 0.5 (eq 4 and ref29). If
Cys81 attacks as the thiol and is deprotonated during
nucleophilic attack, the reaction will give a normal SKIE
and the transition stateφT will be close to 0.5 (eq 4 and ref
29). Both effects should disappear as the pH increases above
the pKa for the active site cysteine. We measured the pH
profiles for the pre-steady-state rates during methylation and
different exchange reactions (e.g., in the absence of cofactors
and in the presence of sinefungin) to determine the number

of pH-sensitive steps and the corresponding pKa values
(Figure 5). In reactions without cofactor analogues and with
sinefungin we show that changes in pH affect the intercept
in the pre-steady-state burst (Figure 4B), since the pre-steady-
state rates were too fast to allow accurate determination of
the kinetic constants. The pH profiles were analyzed using
eq 2 and can be best described assuming a single protonation
site with pKas ranging from 7.4 to 7.8 (Table 2). Interestingly,
the pH profiles are similar even though the catalytic rates
vary by 3 orders of magnitude, suggesting that a similar
residue(s) is (are) critical for the pH-sensitive step. The
observed SKIE is specific for each reaction and principally
pH-independent, unlike the pH-activity profiles. Thus, the
pH and SKIE profiles are at least in part caused by different
groups, and it is thus unlikely that a single rate-limiting step
is being probed by these methods. We used eq 3 to generate
the predicted SKIE profiles for a reaction limited by a
nucleophilic cysteine, the medium value for the measured
pKa range (Table 2), and the known fractionation factor for
cysteineφ ) 0.5 (29).

The exchange reaction without cofactor has an inverse
SKIE, and the SKIE increases with increasing pH (Figure
5B). This pH-induced change in the SKIE indicates that the
SKIE is at least in part a result of a pH-sensitive step. If the
pH response is controlled by the active site Cys81, a pH-
induced change in the SKIE suggests that conversion between
intermediates1 and2 contributes to the rate-determining step.
The observed pH/SKIE profiles are different from the pH/
SKIE profiles expected for a reaction that isprimarily
controlled by a cysteine nucleophilic attack with the mea-
sured pKa (Figure 5B, upper panel). However, the observed
SKIE may be caused by the nucleophilic cysteine and some
other group, which is consistent with dome-shaped proton
inventory studies (Figure 10A).

Methylation and Tritium Exchange Reaction with Poly-
(dI-dC) and AdoMet Analogues (Figures 6 and 7).We

FIGURE 4: 3H exchange and methylation reaction with3H-poly-
(dG-dC). (A) 3H exchange (O) and methylation rates (b) were
measured in parallel by using M.HhaI (75 nM),3H-poly(dG-dC)
(10 µM bp, 80 cpm/pmol), and14C-AdoMet (12µM, 130 cpm/
pmol). The rates were calculated using eq 1. (B) All reactions were
measured in the presence of M.HhaI (285 nM) and3H-poly(dG-
dC) (8 µM bp, 88 cpm/pmol). The reactions with sinefungin (10
µM) at pH ) 8.0 (9) and pH) 6.5 (b) are shown. The reactions
in the absence of the cofactor at pH) 8.0 (O) and pH) 6.5 (0)
are also shown.

FIGURE 5: pH profiles and SKIE analysis of the3H exchange reaction with3H-poly(dG-dC). (A) pH profile for the3H exchange reaction
with AdoMet (2, 4), N-methyl-AdoMet (9, 0), and AdoHcy (b, O) in H2O and D2O, respectively. Each profile was analyzed using eq 2,
and the best fit values are listed in the Table 2. In the upper panel the symbols represent AdoMet (4), N-methyl-AdoMet (0), and AdoHcy
(O). The dashed line is calculated using eq 3 and shows the expected SKIE if the rate-limiting step is primarily dependent on a nucleophilic
cysteine with pKa ) 7.5. (B) pH profile for the burst intercept in the3H exchange reaction with sinefungin (b, O) and in the absence of
the cofactors (9, 0) in H2O and D2O. Each profile was analyzed using eq 2, and the best fit values are listed in Table 2. In the upper panel
the symbols represent sinefungin (O) and the reaction in the absence of the cofactor (0). The dashed line is calculated using eq 3 and
represents the expected SKIE if the rate-limiting step is primarily dependent on a nucleophilic cysteine with pKa ) 7.5.
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compared the methylation and proton exchange reactions
with 3H-poly(dG-dC) and3H-poly(dI-dC) to understand how
enzyme-DNA interactions alter catalysis. Poly(dI-dC) is a
good substrate for the methylation and exchange reactions
(Table 1 and Figure 6). Except for the exchange reaction in
the absence of the cofactor (Table 1), the rate for poly(dI-
dC) and the pre-steady-state and steady-state rate for poly-
(dG-dC) are quite similar. The reaction with poly(dI-dC) is
slightly faster with AdoHcy andN-methyl-AdoMet and
slightly slower with sinefungin (Table 1). The AdoMet-
dependent methylation reaction and the sinefungin-dependent
exchange reactions have 2-fold slower rates with poly(dI-
dC), but the steady-state rates are 4-fold faster than with poly-
(dG-dC) (Table 1). We observe no burst with poly(dI-dC)
during methylation (Figure 4A vs Figure 6A), nor in the
exchange reactions with sinefungin (Figure 4B vs Figure 6B),
indicating that the product release steps are faster and thus
no longer rate limiting. Surprisingly, AdoMet-dependent

methylation with poly(dI-dC) shows exchange rates which
are four times faster than the methylation rates (Figure 6A
and Table 1). The excess tritium released in the methylation
reaction during the first turnover indicates that proton transfer
at cytosine C5 (Figure 2,2 f 3B) occurs prior to methyl
transfer (Figure 2,2 f 3A). In addition, since a single target
base attack can result in only one tritium release (Figure 2,
2 f 3B f 4B), the excess tritium released during the
multiple catalytic turnovers in the methylation reaction
indicates that the enzyme rapidly attacks and releases several
target bases before catalyzing methyl transfer from the bound
AdoMet. Such a rapid interchange between different bases
indicates that there is a dynamic equilibrium between
intermediates1 and 2 (i.e., Figure 2,1 T 2) and that the
base restacking is fast and in a direct competition with the
covalent adduct formation (1 f 2, Figure 2) and methyl
transfer (2 f 3A, Figure 2). Crystallographic studies (34),
19F NMR studies (15), and fluorescent studies (14) showed

Table 2: Summary of the pH and SKIE Analysis of the Presented Reactions

apo sinefungin AdoMet N-AdoMet AdoHcy

Wild Type with 3H-Poly(dG-dC) Substrate
SKIE type and shapea inverse and

dome shape
normal and

bowl shape
none normal and

dome shape
none

φT 3.2( 1 0.42( 0.07 0.34( 0.04
φG 2.1( 0.7 1.8( 0.2 1.4( 0.2
pKa(H2O) 7.7( 0.08 7.3( 0.05 7.8( 0.06 7.8( 0.2 7.5( 0.07
pKa(D2O) 7.1( 0.08 7.3( 0.07 7.9( 0.04 7.4( 0.3 7.6( 0.1
comments Z ) 1 ( 0.03

Wild Type with 3H-Poly(dI-dC) Substrate
SKIE type and shapea inverse and

almost linear
normal and

bowl shape
normal and linear

when reciprocal
normal and linear

when reciprocal
none

φT 3.7( 0.5 0.47( 0.05 1.08( 0.32 0.94( 0.33 NMb

φG 1.1( 0.2 1.7( 0.12 2.04( 0.66 2.15( 0.7 NMb

pKa(H2O) 7.4( 0.07 7.6( 0.04 7.5( 0.08 7.6( 0.06
pKa(D2O) 7.5( 0.05 7.4( 0.06 7.7( 0.07 7.5( 0.08
comments no pH response slower than GC in pssc

and faster in ssc
exchange faster than

methylation
5 times faster with IC

relative to GC
5 times faster with IC

relative to GC

Gln237Trp with 3H-Poly(dG-dC) Substrate
SKIE type and shapea inverse and mild

dome shape
normal and linear

when reciprocal
inverse and mild

dome shape
inverse and mild

dome shape
φT 2.4( 0.5 1.1( 0.3 2.2( 0.8 1.8( 0.04
φG 1 ( 0.5 2.1( 0.6 1.1( 0.4 0.96( 0.2
pKa(H2O) NMb 7.3( 0.06 7.4( 0.12 7.4( 0.07
pKa(D2O) 7.5( 0.1 7.5( 0.1 7.6( 0.1
comments SKIE type and shape

changes with pH
SKIE changes with

the pH
SKIE type and shape

changes with pH
a To describe the shape, we used the nomenclature described in ref29; inverse means the reaction is faster in D2O, and normal means the

reaction is slower in D2O. b NM, not measured.c pss stands for pre steady state; ss stands for steady state.

FIGURE 6: 3H exchange and methylation reaction of3H-poly(dI-dC). (A) 3H exchange (O) and methylation rates (b) were measured in
parallel using M.HhaI (100 nM),3H-poly(dI-dC) (10µM bp, 13 cpm/pmol), and14C-AdoMet (12µM, 130 cpm/pmol). The rates were
calculated by linear regression. (B)3H exchange reaction with sinefungin (0, 9) and in the absence of the cofactor (O, b) at pH) 8.0 and
6.5, respectively. All reactions with3H-poly(dI-dC) were analyzed using linear equations.

Intermediates during DNA Cytosine Methylation Biochemistry, Vol. 43, No. 36, 200411465



that the extrahelical base can exist as a stable and distinct
intermediate. Our results show that with poly(dI-dC) the
extrahelical base is a short-lived intermediate. Our observa-
tion that the exchange rate is much faster with poly(dI-dC)
than methylation supports the idea that the methyl transfer
step is limiting.

The pH profiles (Figure 7) for the exchange reaction with
AdoMet and poly(dI-dC) and different analogues are very
similar and closely resemble the profiles in similar reactions
with poly(dG-dC) (Table 2 and Figure 5). Thus, any
differences between poly(dG-dC) and poly(dI-dC) do not
affect the pH-sensitive step. The SKIE for each reaction with
poly(dI-dC) is unique and pH-independent. Thus, as with
poly(dG-dC), the SKIE and pH profiles are at least in part
caused by different phenomena. The most significant distinc-
tion between these two substrates is observed in the exchange
reaction without cofactor (Figures 6B and 7, insert), with
the poly(dI-dC) reaction being 2 orders of magnitude slower,
is largely pH-independent, and has a large inverse SKIE.
These observations suggest that in the absence of the cofactor
the exchange reaction with poly(dI-dC) has a unique rate-
limiting step and mechanism.

ProcessiVity on Poly(dG-dC) and Poly(dI-dC) Substrates
(Figure 8). To measure the processivity on DNA substrates,
we prepared two identical exchange reactions, one containing
only labeled DNA (called thefree reaction) and one having
3H-labeled DNA plus ann-fold excess (usuallyn ) 10) of
unlabeled DNA (called thedilute reaction). Both reactions
are started simultaneously by adding equal amounts of
enzyme. As expected, the3H release rate in the free reaction
is n-fold higher than in the dilute reaction. By the end of
the first turnover (Figure 8, arrow), an aliquot from the free
reaction is mixed with ann-fold excess of unlabeled DNA
(chasereaction). If the enzyme is fully processive, addition
of the 10-fold excess of unlabeled substrate in the chase
reaction will not affect the tritium release rates. If the enzyme
is not processive, the3H release rates in the chase reaction
will be immediately identical to the tritium release rates in
the dilute reaction. A partially processive enzyme in which
only a fraction of the enzyme molecules stay on the original
substrate will result in the3H release rates in the chase
reaction being between the tritium release rates for the free
and dilute reactions. The rate will gradually decrease with
each turnover until the chase and dilute reactions become

FIGURE 7: pH profile and SKIE analysis of the3H exchange
reaction with3H-poly(dI-dC). The pH profiles for the3H exchange
reaction with AdoMet (2, 4), sinefungin (b, O), N-methyl-AdoMet
(0, 9), and AdoHcy ([, ]) in H2O and D2O, respectively, are
shown. The insert shows the pH profile for the reaction without
cofactors (9, 0) in D2O and H2O, respectively. All profiles were
analyzed using eq 2, and the best fit values are listed in the Table
2. The upper panel shows the ratios between the rates measured in
D2O and H2O in the presence of AdoMet (O), sinefungin (b),
N-methyl-AdoMet (0), AdoHcy (4), and apoenzyme (9). The
dashed lines are calculated using eq 3 and show the expected SKIE
if the rate-limiting step is primarily dependent on a nucleophilic
cysteine with pKa ) 7.5 as described in the text.

FIGURE 8: Chase processivity assay with M.HhaI and3H-poly(dG-dC) (A) or3H-poly(dI-dC) (B) and M.SssI with3H-poly(dI-dC) (C). (A)
The free (O) reaction had M.HhaI (50 nM),3H-poly(dG-dC) (8µM bp, 102 cpm/pmol), and AdoMet (10µM). The dilute reaction (9) was
prepared from a free reaction aliquot by adding a 10-fold excess of unlabeled poly(dG-dC). Free and dilute reactions were started
simultaneously; the chase reaction (+) was started 40 s later (after the first turnover) by adding unlabeled poly(dG-dC) (80µM bp) to the
free reaction aliquot. (B) The free (O) reaction had M.HhaI (100 nM), AdoMet (10µM), and3H-poly(dI-dC) (8µM bp, 24 cpm/pmol). The
dilute reaction (9) was prepared from a free reaction aliquot by adding a 10-fold excess of unlabeled poly(dI-dC). Free and dilute reactions
were started simultaneously; the chase reaction (+) was started 45 s after the free reaction (after the second turnover) by adding unlabeled
poly(dI-dC) (100µM bp) to the free reaction aliquot. (C) The free (O) reaction had M.SssI (30 nM),3H-poly(dI-dC) (10µM bp, 24
cpm/pmol), and AdoMet (10µM). The dilute reaction (9) was prepared from a free reaction aliquot by adding a 10-fold excess of unlabeled
poly(dI-dC). The chase reaction (+) was started 45 s after the free reaction by adding 100µM bp unlabeled poly(dI-dC) to a free reaction
aliquot.
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identical. We find that M.HhaI is fully processive for five
turnovers in the methylation reaction with poly(dG-dC)
substrate. M.HhaI is only partially processive in the meth-
ylation reaction with the poly(dI-dC) substrate for about three
to four turnovers. Since processivity experiments measure
tritium release rates rather than the methyl transfer rates, the
small processivity on poly(dI-dC) substrates can be attributed
to excess tritium released during the methylation reaction
with the poly(dI-dC) substrate (Figure 6A). A positive control
was included in the form of M.SssI since this enzyme was
previously shown to be processive (35). Here we show that
M.SssI catalyzes 30 turnovers on the same DNA molecule.

Exchange Reaction with the Gln237Trp Mutant (Figure 9).
Gln237 interacts with the amino group on the C2 of the orphan
guanine; this interaction forms part of the network of
hydrogen bonds that stabilize intermediates1 and2 (Figure
2 and ref36). The Gln237Trp mutant is one of the least active
Gln237 mutants (19). We were interested in using the kinetic
analyses presented for the wild-type M.HhaI to identify
which step(s) during catalysis is (are) significantly altered
in the mutant. The Gln237Trp mutant has methylation and
exchange rates with poly(dG-dC) and poly(dI-dC) that are
more than 10-fold slower than those of the wild-type enzyme
(Table 1). The exchange rates are slowest in the absence of
the cofactor, and there is little difference in catalytic rates
with AdoMet, sinefungin, andN-methyl-AdoMet. Unlike the
WT enzyme, we observe identical rates for the methylation
and tritium release kinetics during AdoMet-dependent meth-
ylation of poly(dI-dC) (Figure 9A), and the mutant shows
identical methylation and exchange kinetics for the two DNA
substrates (Figure 9A).

The pH profiles with the mutant (Figure 9B) closely
resemble the pH profiles in similar reactions with the WT
enzyme (Figure 5 and Table 2). Since reactions with the
mutant and the WT enzyme show very different rates, the

observed similarity in the pH profiles further supports the
idea that the ionization state of similar residues carries out
similar functions in the two proteins. The mutant and the
wild-type enzymes show distinct SKIE (Figures 5, 7, and
9B). For example, all reactions with the mutant show pH-
dependent changes in the SKIE (Figure 9B); thus, the SKIE
is at least in part caused by the pH-sensitive step.

Proton InVentory Experiments (Figure 10). Proton inven-
tory profiles are measured at varying ratios of D2O and H2O
(29). This approach represents a sensitive strategy to describe
and compare the rate-limiting step in enzyme-catalyzed
reactions (29). We measured proton inventories with the
exchange reactions to determine if different reactions share
similar intermediates and rate-limiting steps. For those
reactions showing a pre-steady-state burst, the proton in-
ventories were measured in the pre steady state; reactions
showing linear profiles were measured in the first and
subsequent turnovers. Proton inventories are usually de-
scribed according to their shape and fractionation factors,
i.e.,φT andφG (29). The shape of the proton inventory profile
indicates the number of steps or groups controlling the SKIE
and whether the observed SKIE is caused in the ground state,
transition state, or both (29). The fractionation factors can
help to identify the group that causes the SKIE (i.e.,φ )
0.5-0.6 indicates cysteine) and also to compare proton
inventory profiles from different reactions. The proton
inventory profile is fit by using different forms of eq 4
involving different values and combinations of then, m, and
Z parameters. We used eq 4 to identify the simplest form
that describes the proton inventory profiles based on the
following options and parameters: (i) two SKIE-sensitive
steps in the transition state (n ) 2, m ) 0, Z ) 1); (ii) two
SKIE-sensitive steps in the ground state (n ) 0, m ) 2, Z )
1); (iii) one SKIE-sensitive step in the ground state and one
in the transition state (V ) 1, V ) 1, Z ) 1). We also

FIGURE 9: (A) Gln237Trp mutant exchange and methylation reactions with3H-poly(dG-dC) and3H-poly(dI-dC) and (B) pH/SKIE profiles
in the reaction with3H-poly(dG-dC). (A) Methylation and the3H exchange rates with the Gln237Trp mutant (1000 nM) were measured in
parallel using14C-AdoMet (12µM, 131 cpm/pmol) and3H-poly(dG-dC) (12µM bp, 88 cpm/pmol) or3H-poly(dI-dC) (12µM bp, 25
cpm/pmol). The symbols represent the3H exchange (O, 0) and methylation (b, 9) reaction with3H-poly(dG-dC) and3H-poly(dI-dC),
respectively, and the3H exchange reaction without cofactor and3H-poly(dG-dC) (2) and3H-poly(dI-dC) (4). All profiles were analyzed
using a linear equation, and the best fit values are listed in the Table 1. (B) The lower panel shows pH profiles for exchange reactions
measured with AdoMet (2, 4), sinefungin (O, b), andN-methyl-AdoMet (9, 0) in D2O and H2O, respectively. The pH profiles were
analyzed using eq 2, and the best fit values are given in Table 2. The upper panel shows the ratios between the rates measured in D2O and
H2O in the presence of AdoMet (4), sinefungin (b), and N-methyl-AdoMet (0) in D2O and H2O, respectively. The dashed lines are
calculated according to eq 3 and represent the expected SKIE for a reaction that is primarily limited by cysteine nucleophilic attack with
pKa ) 7.5 as described in the text.
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considered a situation involving contributions from multiple
sites; i.e., theZ factor was allowed to float andn ) 1, m )
0 or n ) 0, m ) 1. On the basis of the best fit residuals, the
proton inventory profiles are best described as one SKIE-
sensitive step in the transition state and one in the ground
state (i.e.,n ) 1, m ) 1, Z ) 1). The calculated best fit
fractionation factors are summarized in Table 2, and the best
fit profiles are presented in Figure 10.

Different proton inventory profiles are observed during
methylation with poly(dG-dC), methylation with poly(dI-
dC), and methylation with the Gln237Trp mutant. Therefore,
these reactions depend on different relative contributions
from several steps, implicating distinct mechanisms. In
contrast, the proton inventories and fractionation factors for
the exchange reactions with sinefungin and poly(dG-dC) or
poly(dI-dC) are within experimental error identical (Table
2), indicating that they have very similar mechanisms. All
reactions with the wild-type enzyme have a ground state
fractionation factor (φG) between 1.8 and 2, while the
transition state fractionation factorφT is unique for each
reaction (Table 2). The proton inventory analysis shows that
the exchange reactions with both DNA substrates in the
absence of cofactor are similar to the reactions catalyzed by
the Gln237Trp mutant (Table 2): an inverse SKIE, an increase
in SKIE with an increasing pH, and a transition state
fractionation factorφT close to 2 (Table 2). The dome-shaped
proton inventory profiles for the proton exchange reaction
without cofactor (Figure 10A) suggest that the SKIE and
multiple steps are rate limiting and determine the SKIE (29).

DISCUSSION

Despite a wealth of information regarding DNA cytosine
methyltransferases, and in particular M.HhaI, there is little
experimental evidence regarding three fundamental aspects
of enzyme catalysis: the identity and roles of critical active
site groups other than Cys81, the identity and roles of reaction
intermediates, and the rate constants associated with their
interconversion (Figure 2). Our goals were to (1) understand
which steps are rate limiting (Figure 2), (2) characterize the
relative stabilities of intermediates1 and2, (3) characterize
the interconversion kinetics involving intermediates1 and
2, (4) investigate the extent to which solvent molecules gain
access to intermediate2, and (5) characterize how protein-
DNA interactions alter the stability of intermediates1 and

2. Our approach uses both base and cofactor analogues
(Figure 3) in conjunction with several kinetic strategies.

Stabilization of the extrahelical cytosine (base flipping,
Figure 1) within the enzyme’s active site (Figure 2, inter-
mediate 1) has been proposed to activate the ring for
nucleophilic attack at the C6 position by protonation at N3

(Figure 2,1, and refs18and37). Nucleophilic attack to form
the covalent intermediate (Figure 2,2) is an essential feature
of all DNA cytosine methyltransferases, including the
enzymes involved in epigenetic regulation in humans (38).
Indeed, nucleophilic attack at the pyrimidine C6 position is
core to all C5 pyrimidine methyltransferases and the basis
of drug action for several clinically used mechanism-based
cancer treatments (5, 39). Formation of intermediate2
disrupts the aromaticity of the pyrimidine, while the insertion
of electron density deriving from the thiolate enables the
normally unreactive pyrimidine to attack a proximal elec-
trophile. Experiments demonstrating that M.HhaI catalyzes
the exchange of tritium placed at the cytosine C5 position
provided the first definitive evidence for the formation of
intermediate2 (17). This cytosine C5 exchange reaction
provides a unique opportunity to expand our ability to
analyze the target base attack beyond the limitations of
routine methylation assays. Like methylation, the exchange
reaction requires that the enzyme forms a covalent adduct
with the target base. Both reactions are the result of
electrophilic addition at the cytosine C5, and both reactions
end with theâ elimination involving proton removal at the
cytosine C5 position (Figure 2,3A f 4A and 3B f 4B).

In this study we find that the tritium exchange rates vary
by 3 orders of magnitude when measured in the presence of
different cofactor analogues or in the absence of the cofactor
(Table 1). The AdoMet analogues used in this study differ
only at the position of active methyl group (Figure 3), and
the analogues’ ability to support the exchange reaction
correlates with the proton presence at the position of the
active methyl group (Figure 3). Possible mechanisms by
which AdoMet and AdoHcy can inhibit the exchange
reaction were previously described (17, 20, 40). Briefly,
AdoMet and AdoHcy can inhibit the exchange reaction (i)
by controlling the stereochemistry of theâ elimination step
(Figure 2,3B f 4B), (ii) by affecting the enzyme’s ability
to form intermediates1 or 2, or (iii) by affecting proton
access at the C5 of the activated target base (Figure 2,2 f

FIGURE 10: Proton inventory for the3H exchange reaction with (A)3H-poly(dG-dC), (B)3H-poly(dI-dC), and (C) the Gln237Trp mutant
and 3H-poly(dG-dC). In all three panels the symbols indicate proton inventory profiles for reaction without cofactors (O), AdoMet (9),
N-methyl-AdoMet (0), and sinefungin (b). Panel A also has data for AdoHcy (4). The profiles represent rates measured in the pre steady
state or in the steady state as described in the text. All profiles were analyzed using the Gross-Butler equation (eq 4), and the best fit
values are given in the Table 2.
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3B). Our exchange assay detects tritium exchange upon
delivery of the proton to the cytosine C5 position (Figure 2,
3A) and the pre-steady-state rates do not depend on the
stereochemistry of proton release (Figure 2,3B f 4B). Thus,
stereochemical control of the proton release step by the
different analogues seems unlikely. It is equally unlikely that
the analogues interfere with enzyme’s ability to form
intermediates1 and 2 because (i) we observe different
exchange rates with poly(dG-dC) and poly(dI-dC) in the
presence of AdoMet (Figures 4A and 6A), (ii) AdoMet does
not support the exchange reaction with poly(dG-dC) (Figure
4A), (iii) our pH/SKIE studies (Figures 5 and 8) are
inconsistent with a rate-limiting step involving nucleophilic
attack by Cys81, and (iv) the subtle structural differences
within the different cofactor analogues would seem unlikely
to cause such dramatic changes in the enzyme’s ability to
form intermediate2, since high exchange rates in the absence
of any cofactor involving well-studied and large conforma-
tional changes in the enzyme (7) have minimal effects on
the exchange process.

The observed pattern in modulation of the exchange rates
by AdoMet analogues and the crystal structures of M.HhaI
(7, 40, 41) suggest that the exchange rates depend on the
proton access to the C5 of the target base. The four analogues
(Figure 3) are likely to bind the active site in the same fashion
since the cocrystal structures of the two most diverse forms
involving AdoMet (41) and AdoHcy (7) reveal similar
cofactor binding orientations. We suggest that the most likely
candidate for the proton donor is the cofactor and/or the
solvent molecules that are frequently observed in the active
site (Figure 11 and ref42). The high exchange rates in the
absence of the cofactor can be attributed to solvent which
has ready access to the C5 on the activated target base [pKa

) 18 (18)]. The low exchange rates in the presence of
AdoMet and AdoHcy are to be expected since their proximity
to the cytosine C5 (7, 18, 40) can block solvent access.
Although sinefungin andN-methyl-AdoMet can also block
solvent access to the cytosine C5 position, the relatively high
exchange rates may derive from the proximal amino groups
found within these analogues. The exchange rates are higher
with sinefungin thanN-methyl-AdoMet, since sinefungin’s
three protons are most likely closer to the cytosine C5.

In summary, our study of AdoMet analogues and the
exchange reaction extends the previous study (17) which
showed that AdoMet and AdoHcy inhibit the exchange
reaction when compared to the same reaction without
cofactors. We show that the ability of the cofactors to support

the exchange reaction correlates with the proton access and
proximity (Figure 3) at the C5 on the target base. These
insights allow us to describe the catalytic events following
the formation of the covalent intermediate2 (Figure 2,2 f
3A f 4A and2 f 3B f 4B) and the rate limiting step as
described further in the text. Furthermore, the exchange
reaction shows a similar cofactor dependency as was
previously reported for the mutagenic deamination reaction
(23). The similar trends are reasonable since C5 protonation
is known to increase deamination rates by at least 4 orders
of magnitude (37). Because the deamination reaction is
difficult to study mechanistically, the exchange reaction
provides a convenient mechanistic probe of the common
features of these reactions. For example, the exchange
reaction could be used to investigate the extent to which
eukaryotic cytosine methyltransferases (e.g., Dnmt1) support
the deamination reaction2 or to investigate the basis for any
differences in the deamination kinetics observed with dif-
ferent bacterial enzymes (22).

pH/SKIE Studies.We used pH and SKIE studies (Figures
5 and 7) to probe if the rate-limiting step in methylation or
any of the exchange reactions depends on nucleophilic attack
by Cys81 involving the transition between intermediates1
and2 (Figure 2). Based on theoretical studies (18), nucleo-
philic attack by Cys81 is thought to be rate limiting during
methylation (10, 42). Our pH/SKIE analysis showed no
evidence that the cysteine nucleophilic attack is rate limiting
during methylation or any of the exchange reactions in the
presence of the cofactor. Interestingly, we find that even
though the relative exchange rates vary by orders of
magnitude (Table 1), all exchange reactions have very similar
pH profiles (Table 2), and in the majority of the reactions
the SKIE (ratio between the rates measured in D2O and H2O)
is pH-independent and unique for each reaction (Figures 5
and 7). To understand how the conversion between inter-
mediates1 and2 (Figure 2) might affect catalytic rates, it is
necessary to realize that this conversion is in principle
reversible and that reversion back to intermediate1 is
expected if methyl transfer (2 f 3A) or proton transfer (2
f 3B) is relatively slow. If the rate of reversal (2 f 1) is at
least severalfold faster than the specific catalytic process at
cytosine C5, intermediates1 and 2 will be in equilibrium
(i.e., Figure 2,1 f 2, and Figure 1). Several experimental
observations support a rapid equilibrium between intermedi-
ates1 and2. First we observe an excess release of tritium

2 Ž. M. Svedruzˇić and N. O. Reich, manuscript in preparation.

FIGURE 11: Structure of the active site loop, the Gln237 site, and the GCGC recognition sequence with an extrahelical base (7). DNA is
shown in thin gray lines. The gray ribbon in the front represents the active site loop (amino acids 80-99) in the closed position when Ile86

(green) can make a hydrogen bound with the C2 amino group (green) on guanine that is in the 5′ position relative to target cytosine. The
background gray ribbon represents the peptide backbone with Gln237 (red) which makes a hydrogen bond with the C2 amino group (red)
on the orphan guanine. The cofactor is shown in red in the lower right corner, while the four solvent molecules near the target base are
shown as gray spheres. The C2 amino groups (green) on two of guanine residues are exposed to solvent and make no contacts with enzyme.
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during the methylation reaction involving poly(dI-dC) (Figure
6A). Second, the pre-steady-state exchange kinetics with
sinefungin and poly(dG-dC) (Table 1) show that the conver-
sion between intermediates1 and2 can be severalfold faster
than the subsequent methyl transfer step. Finally, the results
of the pH/SKIE studies (Figures 5 and 7) are also compatible
with the rapid equilibrium proposal. A decrease in pH results
in protonation of Cys81 and a shift in the equilibrium between
1 and2 in favor of intermediate1, which leads to a decrease
in the catalytic rates. We observe that solvent changes (e.g.,
replacement of H2O with D2O) have little effect on the pKa

of Cys81 (43) but do affect hydrogen-bonding interactions
and proton transfer steps that lead to the exchange reaction.
Hence, pH/SKIE studies (Figures 5 and 7) reveal that a
change in the pH does affect catalytic rates, while the SKIE
is pH-independent and specific for the particular mechanism
of the proton transfer at the C5 on the target base. In
summary, the most important consequence of our proposed
rapid equilibrium mechanism is that the catalytic rates are
dependent on the steps that control the concentration of
intermediate2 and the steps that control the conversion to
intermediate3A (Figure 2,2 f 3A) or 3B (Figure 2,2 f
3B); this is in contrast to the circumstance in which only
the formation of intermediate2 is rate limiting (Figure 2,
1 f 2).

The exchange reaction in the absence of the cofactor is
unique in several features. High exchange rates without
cofactors in the presence of poly(dG-dC) (Figure 4B and
ref 17) indicate that conformational changes associated with
the cofactor binding are not necessary for a successful target
base attack (Table 1). An increased SKIE with increasing
pH suggests that nucleophilic attack by Cys81 (Figure 2,
1 f 2, and Figure 5) is at least partially rate limiting in the
exchange reaction. Once intermediate2 is formed, the proton
transfer to cytosine C5 is likely to be relatively efficient since
the target base is fully accessible to solvent molecules in
the absence of bound cofactor (Figure 11 and ref42). Thus,
it appears unlikely that intermediates1 and 2 are in rapid
equilibrium in the absence of cofactor and that proton transfer
at cytosine C5 is rate limiting. Further support for these
conclusions is presented below in the exchange reaction with
poly(dI-dC), in our studies with the Gln237Trp mutant and
in the analysis of various M.HhaI structures. The cofactor
binding increases the enzyme’s affinity for DNA by orders
of magnitude (9). Cofactor binding is believed to induce
active site loop movement (amino acids 80-99 (7)) and
extensive conformational changes in protein structure (7).

Methylation and Exchange with Poly(dI-dC).Crystal-
lographic studies with different DNA sequences (8), theoreti-
cal analysis (36), and various M.HhaI mutants (10, 19, 44)
suggest how M.HhaI:DNA interactions can affect DNA
binding, target sequence recognition, and the base flipping
process. Investigation of various proposed mechanisms
requires suitable assays, and we sought to apply our exchange
assays to this end. Poly(dI-dC) has several unique features
that provide an opportunity to probe the importance of the
active site loop (residues 80-99, Figure 11, and ref7), the
base flipping mechanism, and the functional distinctions
between M.HhaI and the more complex mammalian enzyme
Dnmt1.2 Poly(dI-dC) cannot form a hydrogen bond with Ile86

within the active site loop. Closure of this loop appears to
be crucial for the stabilization of the extrahelical base (Figure

11 and ref7); however, its dynamics and precise function
cannot be completely understood from the static crystal
structures. Poly(dI-dC) is a unique probe for interactions
between the active site loop and Ile86 since the hydrogen
bond is between the C2 amino group on guanine and the
protein backbone (Figure 11 and ref7). We also used poly-
(dI-dC) as a probe of the interactions that may contribute to
the base flipping process since, in contrast to the G‚C pair,
the I‚C base pair has only two hydrogen bonds (Figure 3
and ref45). Finally, the studies with poly(dI-dC) provide a
basis for investigating the mammalian enzyme, Dnmt1,
which has a strong preference for poly(dI-dC) (26).2

Poly(dG-dC) and poly(dI-dC) substrates show similar
methylation and exchange rates (Table 1), and methylation
rates with poly(dG-dC) and poly(dI-dC) are similar to the
catalytic rates previously reported with different DNA
substrates (9, 10, 17, 44). The similar catalytic rates (Table
1) indicate that any structural differences between poly(dG-
dC) and poly(dI-dC), or other DNA substrates used in the
past, have negligible impacts on the enzyme’s ability to form
intermediates3A and3B (Figure 2,1 f 2 f 3A or 1 f 2
f 3B). This is consistent with the available structures of
M.HhaI complexed to DNA, which show that the majority
of the M.HhaI‚DNA interactions involve the phosphate
backbone (ref7 and Figure 11) and numerous base contacts
involve the major groove. Poly(dG-dC) and poly(dI-dC) have
identical functional groups in the major groove (Figure 3),
and the I‚C and G‚C base pairs share the same conformation
(45).

The poly(dI-dC) substrate revealed insightful changes in
the stability of intermediates1 and2 (Figures 4A and 6A),
in the partitioning of intermediate2 toward proton or methyl
transfer (Figures 4A and 6A), and in catalytic processivity
(Figure 8A,B). The main difference between poly(dG-dC)
and poly(dI-dC) is in the potential hydrogen-bonding inter-
actions involving Gln237 or Ile86 (ref 7 and Figure 11). The
hydrogen bonds involving Gln237 and Ile86 are most likely
important for different steps in the target base attack (refs7
and 36 and Figure 11). Gln237 interacts with the orphan
guanine and is thought to regulate the early steps in the base
flipping process and the formation of intermediates1 and2
(7, 36). Thus, alterations in interactions involving Gln237 may
affect steps leading to intermediates3A and3B (Figure 2).
Our observation that the pre-steady-state methylation rates
with poly(dI-dC) are 2-fold slower than with poly(dG-dC)
may therefore result from this missing hydrogen bond
between Gln237 and the orphan inosine. In contrast, the
enzyme-DNA interactions at Ile86 require that the active
site loop is closed (ref7 and Figure 11) with the cytosine
positioned in the active site (i.e., intermediates1 and2 are
formed (ref7 and Figure 11)). Thus, a lack of interaction
with Ile86 should not affect the steps leading to intermediates
3A and3B but rather the stability of this active site loop in
the closed position. The release of the active site loop is
part of the product release process and the accompanying
proton elimination steps (Figure 2,3A f 4A and3B f 4B).
Thus, loop opening before methyl transfer may lead to
uncontrolled solvent access to intermediate2 (Figure 11 and
ref 42) and/or premature release of intermediates1 and2.
The excess tritium released during the methylation reaction
with poly(dI-dC) (Figure 6A) is fully consistent with this
scenario. The premature loop release prior to methyl transfer
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can lead to uncontrolled protonation of intermediate2, and/
or premature release of intermediates1 and2, without the
methyl transfer step. Similarly, loop release and uncontrolled
solvent access to intermediate2 are likely causes of the faster
exchange rates with poly(dI-dC) in the presence of AdoHcy
andN-methyl-AdoMet relative to poly(dG-dC (Table 1). In
summary, comparison of poly(dG-dC) and poly(dI-dC)
substrates is consistent with the stabilization of the active
site loop through a hydrogen bond between Ile86 and guanine
(ref 7 and Figure 11). Since intermediates1 and2 tend to
accumulate prior to the slow methyl transfer step, the closure
of the active site loop prevents premature release of the target
base and uncontrolled solvent access at the reactive inter-
mediate2 (Figure 2). Blocking uncontrolled solvent access
to intermediate2 is important for minimizing both the
exchange reaction and the mutagenic deamination (Figure
2, 1 f 2 f 3B f 4B).

The reactions with the poly(dI-dC) substrate also indicate
that the loop closure can contribute to the slow steady-state
step and to the early steps in target base recognition. The
faster steady-state rates with no pre-steady-state burst in the
reaction with poly(dI-dC) relative to poly(dG-dC) (Figure
4A vs Figure 6A and Figure 4B vs Figure 6B) are most likely
caused by unstable active site loop, leading to faster product
release (ref7 and Figure 11). Moreover, the differences
between poly(dG-dC) and poly(dI-dC) during processive
catalysis (Figure 8A) suggest that the active site loop is
partially closed with poly(dG-dC) after AdoHcy release,
retaining the enzyme on the DNA. This is somewhat
surprising since structural studies (ref7 and Figure 11)
suggest that the loop closure is primarily dependent on
cofactor binding. In contrast, the relative instability of the
loop and thus the M.HhaI‚DNA complex with poly(dI-dC)
results in the enzyme leaving prematurely and is thus less
processive. Similarly, the large difference between poly(dG-
dC) and poly(dI-dC) in the exchange rates in the absence of
the cofactor is in a sharp contrast to the similar exchange
rates in the presence of the cofactor (Table 1). We suggest
that the low exchange rates with poly(dI-dC) in the absence
of cofactor are due to the lack of both factors that control
the closure of the active site loop: interaction at the Ile86

site and the cofactor binding (ref7 and Figure 11).
Finally, these studies with poly(dG-dC) and poly(dI-dC)

substrates offer some insights into the enzyme’s role in the
base flipping process (8, 15, 34). A passive mechanism
involves the protein simply stabilizing the extrahelical target
base which spontaneously becomes unstacked from the
duplex DNA, while an active mechanism invokes participa-
tion of the enzyme in the unstacking process itself. The loss
of one of the three hydrogen bonds per base pair in poly-
(dI-dC) should result in faster formation of intermediate1
and2, if these intermediates are formed largely by a passive
mechanism. Our observation of similar rates with poly(dI-
dC) and poly(dG-dC) argues against a passive mechanism.
Interestingly, we find the reverse is true with the mammalian
enzyme (Dnmt1), which shows at least 10-fold higher
catalytic rates with poly(dI-dC) than poly(dG-dC).2

Methylation and Exchange with the Gln237Trp Mutant.
Gln237 makes hydrogen bonds that are considered to be
crucial for the base flipping process and stabilization of the
extrahelical cytosine (Figure 11 and refs7 and36). Earlier
analysis (19) of 19 different Gln237 mutants showed that the

methylation rates can be 2-33-fold slower than wild-type
M.HhaI. The Gln237Trp mutant is one of the least active (19),
and based on the crystal structures (Figure 11 and refs7
and 36) these substitutions are thought to impact the
enzyme’s ability to form intermediate1. We were interested
to see if the exchange reactions could be used to probe this
prediction. We find that, similar to the exchange reaction in
the absence of the cofactor (Figure 5B), the mutant clearly
shows a pH-dependent change in SKIE. This is expected if
the pH profiles and the measured pKa are caused by the active
site Cys81, and if the reactions are limited by the cysteine
nucleophilic attack and the conversion between intermediates
1 and2. None of the reactions with the mutant show a pH/
SKIE response expected for a reaction that isprimarily
limited by the cysteine nucleophilic attack with the measured
pKa (dashed line, upper panel, in Figures 5, 7, and 9B). This
is understandable since the conversion between intermediates
1 and2 depends on a specific set of hydrogen bonds (Figure
2 and refs7 and18) which may contribute to the SKIE (46).
In summary, our results with the Gln237 mutant support our
proposal that the pH/SKIE studies can be used to study the
relationship between base flipping and catalysis. For a
comparison, crystallographic (34) and fluorescence studies
(14) reveal the extent of DNA deformation but do not
monitor catalysis by Cys81. 19F NMR studies (15) do provide
insights into intermediates1 and2 (Figure 2); however, the
methyl transfer step at 5-fluorocytosine is exceptionally slow,
which obscures the actual rates of conversion between
intermediates. The pH/SKIE studies can be measured with
any DNA substrate using routine methyltransferase assays.

In contrast to the wild-type enzyme, the exchange reaction
with the mutant shows a notably decreased dependence on
the cofactor analogues (Table 1). Thus, the mutation affects
not only interactions with the orphan guanine but also
interactions between intermediate2 and the cofactor that take
place in the active site. Since the enzyme’s active site is 15
Å away from Gln237 (Figure 11), substitutions of Gln237

indirectly alter the network of hydrogen bonds (36) that
position intermediates1 and2 in the active site. The results
with the mutant also support our conclusions from poly(dI-
dC) studies using the wild-type enzyme. The mutant shows
no difference between the poly(dI-dC) and poly(dG-dC)
substrates (Table 1 and Figure 9A), and both substrates show
identical methylation and accompanying tritium release rates.
As suggested above, the excess tritium release which occurs
with the wild-type enzyme (Figure 6A) results from the
destabilization of the active site loop and increased solvent
access to reactive intermediate2 (Figure 2) that accumulates
prior to the slow methyl transfer step. Accumulation of
intermediates1 and2 does not occur with the mutant since
formation of intermediates1 and2 is the slow step (Figure
1).

Proton InVentory Studies.We used proton inventory
analysis (Figure 10) in an attempt to further determine if
different reactions share similar rate-limiting steps and
catalytic intermediates. Proton inventory profiles are usually
described according to their shape and calculated fraction-
ation factors (eq 4 and ref29). The overall shape can indicate
the number of steps controlling the rate-limiting step and
SKIE and whether the SKIE is caused in the ground state,
transition state, or both. The fractionation factors provide
insights into functionalities causing the SKIE and can support
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a comparison of different proton inventory profiles with
numerical precision. While proton inventory results can be
difficult to interpret precisely, we are primarily interested
in their application to determine if the exchange reaction
under different conditions follows similar mechanisms.

The proton inventory results support our earlier proposal
that the methylation reactions with poly(dG-dC), poly(dI-
dC), and Gln237Trp depend on different rate-limiting steps.
The pre-steady-state methylation rates with poly(dG-dC)
depend on the methyl transfer step (Figure 2,2 f 3A), and
no SKIE is observed (Figure 10A). The proton inventory
for the methylation reaction with poly(dI-dC) (Figures 10B
and 6A) results from the combined steps of methyl and
proton transfer (Figure 2,2 f 3A and 2 f 3A). The
methylation reactions with the Gln237Trp mutant and the wild-
type enzyme without cofactor show similar proton inventory
profiles, consistent with our earlier proposal that in both
reactions the rate-limiting step is the nucleophilic attack by
Cys81 (Figure 2,1 f 2).

The proton inventory profiles for the exchange reaction
with sinefungin and poly(dI-dC) and poly(dG-dC) appear to
be identical (Figure 10A,B and Table 2), indicating that the
rate-limiting steps and catalytic mechanism are similar for
these two reactions. TheφT measured with sinefungin (Table
2) can be found in reactions where the rate-limiting step
involves a proton bridge (N-H-C) in the transition state
(ref 29, pp 85 and 86). This is consistent with our proposal
that the exchange reaction with sinefungin and both DNA
substrates involves a direct interaction between the amino
group on the cofactor and the C5 on the target base. More-
over, similar proton inventory profiles are observed in the
same reaction with Dnmt1,2 indicating that M.HhaI and
Dnmt1 follow very similar mechanisms with sinefungin.

TheφT is similar in magnitude for the exchange reaction
with N-methyl-AdoMet and sinefungin with poly(dG-dC) but
not with poly(dI-dC) (Table 2). This is consistent with our
proposal that the slow exchange reaction withN-methyl-
AdoMet and poly(dG-dC) depends on the cofactor amino
moiety, while the high exchange rates in the reaction with
poly(dI-dC) andN-methyl-AdoMet (Table 1) result in part
from the premature release of the active site loop, exposing
intermediate2 (Figure 2) to solvent molecules. The similar
proton inventory profiles for the exchange reactions with
AdoMet andN-methyl-AdoMet with poly(dI-dC) (Table 2)
suggest that both reactions result from uncontrolled solvent
access to intermediate2, caused by premature active site loop
release. In summary, the proton inventory results support
the proposed mechanism that tritium release by sinefungin
andN-methyl-AdoMet is controlled by the cofactor and the
active site loop.

The proton inventory profiles in the exchange reaction
without cofactor and poly(dG-dC) and the exchange reactions
with the Gln237Trp mutant are dome shaped at pH 6.5 (data
not shown) and partially curved (Figure 10C) at pH 8.0.
Dome-shaped proton inventories which change with pH
(Figures 5B and 9B) suggest that more than one step
determines the rate-limiting step in those reactions (29), and
that at least one is pH sensitive. This is consistent with our
suggestion that nucleophlic attack by Cys81 is partially rate
limiting in these reactions. If the pH-sensitive component
of the SKIE is cysteine nucleophilic attack, the increase in
SKIE caused by the increase in pH suggests that the

nucleophilic cysteine is deprotonated in the transition state
during the conversion between intermediates1 f 2 (eq 4,
φT, n ) 1, m ) 0). Thus, deprotonation of Cys81 occurs
during the attack step, not prior. The pH-independent
component of the SKIE shows an inverse SKIE which may
involve one or more of the hydrogen bonds which activate
intermediate1 (46), since none of the functionalities on
intermediates1 and2 are likely to cause such a fractionation
factor when present alone (29). Finally, the reactions
proposed to be limited by the1 f 2 transition (Figure 10C),
and reaction without cofactor and with poly(dG-dC), show
an inverse SKIE and an apparent transition state fractionation
factor (φT) of about 2 (Table 2). The reactions that are limited
by proton transfer at intermediate2 (2 f 3B) show a ground
state fractionation factorφG around 2 (Figure 10A,B).
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