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Allosteric Inhibition
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ABSTRACT. We followed the cytosine Texchange reaction with Dnmt1 to characterize its preference for
different DNA substrates, its allosteric regulation, and to provide a basis for comparison with the bacterial
enzymes. We determined that the methyl transfer is rate-limiting, and steps up to and including the-cysteine
cytosine covalent intermediate are in rapid equilibrium. Changes in these rapid equilibrium steps account
for many of the previously described features of Dnmtl catalysis and specificity including faster reactions
with premethylated DNA versus unmethylated DNA, faster reactions with DNA in which guanine is
replaced with inosine [poly(dC-dG) vs poly(dI-dC)], and-1100-fold slower catalytic rates with Dnmt1
relative to the bacterial enzyme M.Hhal. Dnmtl interactions with the guanine within the CpG recognition
site can prevent the premature release of the target base and solvent access to the active site that could
lead to mutagenic deamination. Our results suggest thad-#ienination step following methyl transfer

is not mediated by free solvent. Dnmtl shows a kinetic lag in product formation and allosteric inhibition
with unmethylated DNA that is not observed with premethylated DNA. Thus, we suggest the enzyme
undergoes a slow relief frorallosteric inhibition upon initiation of catalysis on unmethylated DNA.
Notably, this relief from allosteric inhibition is not caused by self-activation through the initial methylation
reaction, as the same effect is observed during the cytosieedbange reaction in the absence of AdoMet.

We describe limitations in the Michaetidlenten kinetic analysis of Dnmtl and suggest alternative
approaches.

DNA methylation in eukaryotes occurs predominately at suggest that Dnmtl and its bacterial counterparts share
CpG dinucleotides and is essential for normal embryogenesissimilar catalytic mechanisms (Figure 1). However, the
and cellular activity {). The patterns of DNA methylation  sequence homology with the bacterial enzymes is found only
are tissue-specific and change dynamically throughout in the small C terminal domain of Dnmt1§), and the large
development. Inappropriate DNA methylation of tumor N terminal domain contains numerous regulatory sites,
suppresser gene)(and DNA repair genes3¢5) are including a site of phosphorylation (Ser 514)9, an
nonmutagenic events that occur early in carcinogenégis (  allosteric DNA binding site § 20), nuclear localization
DnmtZ' is one of three predominant isoforms and has both signal @1), PCNA binding sequence®), replication foci
de novo and maintenance activity in vitro and in vivo. Dnmtl  homing sequence2g), and Zn-finger sequence motifaQ).
is a large multidomain protein that is structurally and The N-terminal allosteric site is believed to regulate the
functionally more complex than its smaller, bacterial coun- enzyme’s preference for DNA containing a distribution of
terparts {—15). Mechanism-based inhibition of bacterial and  5-methylcytosines (premethylated DNA}L 20). An N-
mammalian DNA cytosine methyltransferases by 5-fluoro- terminal allosteric site was postulated to cause potent cell-
cytosine (4, 16), and the conserved sequence motifs hased, sequence-dependent Dnmtl inhibit&n The ma-
observed in all DNA cytosine methyltransferasés, (18),  jority of the reported mechanistic studies on mammalian

T This work was supported by NIH GM56289 to N.O.R. Dnmtl use the murine?&lo, 24) and human :(1’ 12, 14)
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Biophysics and Biochemistry, Washington State University, Pullman, invoked as a key reQU|at0fy meChaniSm. 10—2!.3, 25). .
WA 99164, Premethylated DNA includes sequences in which cytosine

* Abbreviations: AdoMet,S-adenosyk-methionine; AdoHcy,S- within the CpG dinucleotide in duplex DNA is methylated

adenosylk--homocysteine; bp, base pair, as two bases paired in Watson . . . .
Crick fgshion; C,ycytosine;pbor Cﬁ,petc., carbon 5 orpcarbon 6ina (hemimethylated DNA) and in which the 5-methylcytosine

pyrimidine ring;5"C, 5-methylcytosine; dCTP, deoxycytosine triphos-  lies outside this recognition CpG but within the enzyme’s
phate; dITP, deoxyinosine triphosphate; Dnmt1, DNA methyltransferase DNA footprint. Hemimethylated DNA occurs predominately

type 1; MEL, mouse erythroleukemia; M.Hhal, methyltransferase, ; PR : ; )
Haemophilus haemolyticuype I: poly(dG-dC) or dGdC, double- following DNA replication and provides a basis for Dnmtl’s

stranded alternating polymer of deoxyguanine and deoxycytosine; poly- Propagation of methylation patterns, presumably through a
(dI-dC), double-stranded polymer of alternating deoxyinosine-deoxy- multiprotein complex that assembles at the sites of replication

cytosine; pm-poly(dG-dC) or pm-dGdC, double-stranded alternating _ i iti ;
polymer of deoxyguanine and deoxycytosine: pm-poly(di-dC), pre- (22). 5-Methylcytosines¥"C) positioned outside the target

methylated poly(di-dC): sin, sinefungin: SKIE, solvent Kinetic isotope CPG d?nUdeOtid.e are thought to be important for the
effect. allosteric regulation of the enzyme.
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Ficure 1: (A) Reactions catalyzed by cytosin€ BNA methyltransferases: methylation (A) exchange (B) and deaminatio#4L)The
target cytosine interacts with active site residuBgd facilitate cysteine nucleophilic attack at thé @sition. Nucleophilic attack disrupts
the pyrimidine’s aromaticity, generating the reactive covalent add@)ctritermediate2 can readily undergo electrophilic addition, either
through methylation3A) or protonation 8B). 3B can lead to the exchange reacti@B) or to mutagenic deaminatioBB — 4C — 5C).

Acidic groups are labeled as HA and basic groups are labeled as :B. All exchangeable protons that can result in a SKIE are shown as D

in intermediates) and2). The pre-steady-state in the methylation reaction are all steps leading to intern3di@ie3B for exchange),

while the steady state are subsequent steps (see methods). Conserved active site residues are indicated. (B) Four steps that control the targe

base attack by pyrimidine methyltransferases in a rapid equilibr28n (

Dnmtl’'s catalytic preference for premethylated DNA
derives in part from a faster methylation constafit Pedrali-
Noy et al. postulated that the enzyme’s preference for
premethylated DNA is due to the inhibitory action of
unmethylated DNA 26), which was further suggested to
function through an allosteric site on the N-terminal domain
(20). A variety of studies have shown that the N-terminal
domain is required for Dnmtl functiorll, 27). Removal
of the first 501 N-terminal residues results in a mutant Dnmt1
with activities higher than WT with both unmethylated and
premethylated DNA 11). Thus, some form of allosteric
inhibition is likely to be present with all DNA substrates.
Surprisingly, the N-terminal deletion mutant still differenti-
ates between premethylated and unmethylated DINE. (
We previously showed that Dnmtl forms ternary enzyme/
DNA/DNA complexes, that different DNA sequences vary
in their binding affinity, and that the binding of a second
DNA molecule most likely involves the N-terminal domain
(8, 9). In sum, previous studie8,(11, 12, 26) suggest that
the N-terminal domain acts to inhibit the enzyme and that a
complex interplay between different DNA binding sites
results in the enzyme’s regulation. Our interest is to
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Ficure 2: Inosine and guanine (A); AdoMet and its analogues (B).

characterize the mechanisms of the enzyme’s substrate

preference and allosteric regulation.

We recently defined a kinetic approach for M.Hhal
providing new insights into which steps limit catalysis and
the nature of various reaction intermediat@8)( Briefly,
intermediate? (Figure 1) is readily protonated in the presence

of a proton donor (K, = 11-18; 29), so the®H exchange
reaction in the presence of AdoMet analogues (i.e., proton
donors, Figure 2) represents an opportunity to analyze this
crucial stage of catalysis (Figure 1,— 2). Intermediate?

is most likely important for inhibitors of Dnmt1 like 5-aza-
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cytosine, which was recently approved by the FDA to treat 100 uM of [methyl *4C] AdoMet were incubated with 300
blood-related tumors3(Q), or zebularine which is in phase «M bp DNA (approximately 30uM of binding sites for

Il clinical trials (30). Here we analyze intermediagewith M.Hhal on the DNA substrate, based on a 10 bp footprint;
murine Dnmt1, by monitoring the cytosine® @xchange Figure 10 and reB3). This reaction was quenched (9G
reaction with AdoMet analogues and poly(dG-dC) and poly- water bath for 3-5 min), followed by slow cooling (23 h)
(dI-dC) substrates. Our primary interest is of the Dnmtl/ to room temperature to ensure gradual annealing of self-
DNA complex involving the cognate site, as represented complementary DNA. M.Hhal was removed by centrifuga-
either by poly(dG-dC) or poly(dI-dC). These homogeneous tion, and the remaining labeling mixture was dialyzed against
substrates cause each enzyme molecule to interact with thelO mM Tris/HCI pH (8.0) and 10 mM EDTA. The extent of
same DNA sequence, at both the active and the allostericdialysis was determined with DE8L1 filter papers and washing
sites (Figure 10). Further, all enzymBNA complexes are  the filters with 500 mM KPi buffer pH= 6.8. Dialysis was
likely to be active since every enzyme molecule bound to continued until the washed and unwashed samples had the
the DNA is bound at the recognition site, thereby increasing same counts. The final DNA concentration and extent of
the sensitivity of the assay for an enzyme as slow as Dnmtl. methylation were determined by measuring the absorbance
These studies with poly(dG-dC) and poly(dI-dC) are con- at 260 nm and“C radioactivity, respectively. The substrates

veniently compared with prior studies of Dnmfz, 8, 10— prepared by this procedure contain an average of 6@ 5

12, 26). every 7 to 20 bp, depending on the length of the labeling
reaction and the ratio between total M.Hhal and DNA. All

MATERIALS substrates prepared in this fashion showed a characteristic

pre-steady-state burst)(

Preparation of [52H] Cytosine-poly(dG-dC) and poly(dI-
dC). Poly(dI-dC) was labeled by incubating 50 (bp) of
poly(dI-dC) with 100uM [5-3H] dCTP, 1 mM CTP, 10 mM
dITP with 0.62 ULL of Sequenase 2.0 in 40 mM Tris/HCI
(pH 7.5), 10 mM MgC}, 50 mM NacCl, 10 mM DTT and
1.0 mg/mL BSA. The same approach was used in the labeling
reactions with poly(dG-dC) except that poly(dl-dC) and 10

S-Adenosylt-[methyl4C] methionine (59 mCi/mmol or
131 cpm/pmol) S-adenosyl--[methyl 3H] methionine (66-
82 Ci/mmol or 6108-7200 cpm/pmol), deoxy[8H] cytidine
5' triphosphate (19.0 Ci/mmol) ammonium salt, and Se-
guenase 2.0 were purchased from Amersham Corp. Poly-
(dG-dC) 850 bp, poly(dl-dC) 1960 bp, dITP, and dCTP were
purchased from Pharmacia Biotech. DTT, Trizma, BSA

fraction V, and activated charcoal were purchased from
; r S mM dITP were replaced by poly(dG-dC) and 1 mM dGTP.
Sigma Chemical Co. Some BSA batches were inhibitory, The labeling reactions were runrfé h atroom temperature.

and each BSA batch was tested by showing that the reaction . 3 . ; .
rate did not vary with BSA concentration (6-2.0 mg/mL). Incorpore_tt|on qf [5°H] cytosine was determined by placing
. : . the reaction aliquots onto DEB8L filter papers. Filters were
DEB8L1 filters were purchased from Whatman, Inc. Sinefungin . L .
. . washed twice for 5 min in 500 mM KPi buffer (pH 6.8) and
was purchased from Sigma Chemical Co. AdoMet 85% pure dried und heat | The hiah ioni h (500 mM
was purchased from Sigma Chemical Co. and further purified ried under & heat lamp. The high fonic strengt ( o m
(31). Dnmt1 was prepared from mouse er' throleukemia cells KPi) removes free nucleotides from the DE8L filters without
' prep Y impacting the bound DNA. The extent of label incorporation

as pre\_/lously descnb_edS@), ?‘”d Its concentration was was calculated by comparing the counts from unwashed and
determined by active site titratioid)(and by titration with a . .
washed papers. The procedure routinely results in ap-

potent Dnmtl inhibitor K4 ~ 30 nM; 8). The enzyme : o . . :
X . i : ; oProximately 36-60% label incorporation. The quenching,
E)ovcgsg;[;ar;u?ﬁed:;irﬂgecigzéufrgtriirf ga;i{rﬁitgtezbbur?ﬁ;zﬁgnénnea|iﬂg , and dialysis procedures were as described for the
y y premethylated substrates. The removal of reaction compo-

with the |nh|t_)|tor. Because the pre-steady-state burst_|s nents was determined by comparing the radioactivity from
expected to give a lower measure Of enzyme qonqenf{rat'onunwashed and washed DE81 papers as indicated above. The
(eq 1), we relied on the use of the oligonucleotide inhibitor labeling gives 1340 cpm/pmol of base pairs for poly(di-

to determine Dnmtl concentration. M.Hhal was expressed .

. T e o . dC) and 66-105 cpm/pmol of base pairs for poly(dG-dC).
using Escherichia cohgtram ER1727 containing plasmid Methylation ReactionsThe methylation reactions were
EHSHW'S (both _p_rowded by_S. Kumar, _New England prepared by incubating Dnmtl, DNA substrate, and radio-

iolabs) and purified as previously describetb) The ; ; )

. . d active AdoMet in 100 mM Tris/HCI (pH, 8.0), 10 mM
concentration of AdoMet, sinefungin, premethylated and EDTA. 10 mM DTT. and 0.5 ma/mL of BSA at 3. The
unmethylated poly(dG-dC) and poly(dl-dC) were determined ' ’ -~ Mg o :
by absorbance at 260 nm. The respective molar absorptivity EN2YMe and DNA concentrations are specific for each assay

y . P PIVIYY and described in the figure legends. Incorporation of tritiated

coefficients are 15.0< 10° M™* cm™ for AdoMet and methyl groups into DNA was determined as previousl
sinefungin (Merck Index), 6.% 10°* M~ cm™* for poly(dl- y! groups It : : P y
1l : described 1). Briefly, a typical reaction was followed by
dC) bp, 8.4x 10 M~ cm for poly(dG-dC) bp (Pharmacia laci ; i i which
Tech. Info. Sheet). placing reacthn glquots onto DES81 paper, in whic case
DNA methylation is detected as soon as the methyl group is
METHODS transferred to DNA (Figure 13A). Thus,_ the pre-steady-
state and steady-state rates are determined by the steps that
Preparation of Premethylated poly(dG-dC) and poly(dl- lead to and follow formation of intermedia8A (Figure 1),
dC). The premethylated substrates were prepared with excessespectively.
AdoMet and M.Hhal. The labeling reaction was run for only ~ Tritium Exchange Reaction3he tritium exchange reac-
one or two turnovers (152 min) to limit the number of  tion was followed essentially as previously describad).(
methylated cytosine$(C) to the number of initially bound  Briefly, tritium exchange is measured by quenching reaction
M.Hhal molecules. For example, 3@0 M M.Hhal and aliquots in an acid suspension (HCI, pH 2.0-2.5) of
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activated charcoal. Becau8& and 3B (Figure 2) rapidly by changing the values for parametarsn, as we described
degrade in acid, their formation can be detected prior to earlier 8).
release from the enzyme, thereby allowing the determination Fluorescence Measurementhe equilibrium dissociation
of kinetic constants up to and including the formatiorB&f constant for the Dnmtl CREB" complex was measured
and3B. The enzyme concentration, DNA concentration, and in the presence and absence of AdoMet by following changes
cofactor concentration are specific for each assay andin the intrinsic protein fluorescence as a function of increas-
described in the figure legends. All reactions were saturateding DNA concentration. The fluorescence was measured
with the cofactor. The reaction buffer was 100 mM Tris/ using a Perkin-Elmer LS50B instrument, with excitation at
HCI (pH, 8.0), 10 mM EDTA, 10 mM DTT, and 0.5 mg/ 290 nm (5 nm band-pass), and the emission at 340 nm (10
mL of BSA. nm band-pass). To a first approximation an apparent dis-
Preparation of [5°H] Cytosine pm-poly(dG-dC) and sociation constantk(y) was calculated using the following
pm-poly(dl-dC).3H-labeled premethylated DNA was pre- equation:
pared from [58H] cytosine-poly(dG-dC) or [5H] cytosine-
poly(dl-dC) using the procedure described for the preparation F,—F (E—S+Ky)-— \/(Et -S+ Kd)2 —4ES
of premethylated DNA. F _F >
Data Analysis All reaction profiles were analyzed using o F [El 4)
the Microcal Origin 5.0 program. All rates were reported as
the best fit valuest standard deviation. The burst profiles whereF; is fluorescence at DNA concentrati®n E; is total

were fit to a two-step irreversible mechanisBb); Dnmtl concentration, anlp andFg are the initial and the
final fluorescence, respectively. The experimental data were
[PI(t) = aE(1 — e oty + Ekd 1) analyzed by nonlinear least-squares fits using eq 4 and the

Microcal Origin 5.0 program, witlKq, Fo, and F set as the
where P](t) is product at time, E; is total enzyme in the  free fit parameters. Prior to fitting using eq 4, the measured
assay,o is a constant that relates the burst magnitude and Dnmtl fluorescence profiles were corrected for the inner
the actual enzyme concentratidgssis the pre-steady-state filter effect that is caused by added DNA. The inner filter
rate constant, ankls is the lag transition rate constant. All  effect was measured by replacing Dnmt1 with free Trp at a
initial velocity lags were analyzed using a model equation concentration to get the same fluorescence as the initial
that represents two enzymes forms with different catalytic Dnmt1 solution, using the following equation:
activities @36):

Fi=F,+(F,—F,) (5)
k
[P](t) = Ekt — Et—(l — e""t) 2 whereF; is the corrected florescence value that was used in
K the eq 4,F, and F,, are measured Dnmtl and free Trp

) ) ) ) fluorescence before the correction at a specific DNA
where P(t) is product at time, E; is total enzyme in the  concentration, anBlo is the initial fluorescence of the Dnmt1
assay,k is the catalytic rate constant, ard is the lag  (and free Trp) solution before addition of DNA or AdoMet.
transition rate constant and corresponds to the transition rateThe correction curve showed that at the highest DNA
between the inhibited and uninhibited forms. Unless other- concentration the inner filter effect was between 5 and 15%
wise indicated all other profiles were analyzed using a linear of the actual signal.
equation (P](t) = Ek; [P](t) product at timet, E; total
enzyme,k turnover rate constant). Each experiment was RESULTS
repeated with different enzyme and substrate concentrations
to test for the consistency in the observed phenomena; showrh
are representative examples.

SKIE Measurement&ll experiments in RO buffers were
measured in parallel with the correspondingdHexperiments
and were identical in all other parameters. Th@®Douffer
was prepared as a 10-fold concentrate, and its pH was
adjusted taking into account the pD vs pH correcti8) (
to be the same as in the correspondingOHbuffer. H
inventory profiles were analyzed using different forms of
the Gross-Butler equatior37):

Pre-Steady-State and Initial Steady-State Methylation
eactions with poly(dl-dC) and pm-poly(dI-dC) (Figures 3A
and 4A,C), poly(dG-dC) and pm-poly(dG-dC) (Figures 3B
and 4B,C).Our initial interest was to characterize the
methylation reaction (Figures 3A,B and 4&) with pre-
methylated and unmethylated poly(di-dC) and poly(dG-dC)
substrates to provide a basis for a direct comparison with
our recent study of M.HhaP@) and prior studies of Dnmt1
with different DNA substrates (Table 1). The relatively fast
reactions with poly(dl-dC) and pm-poly(dl-dC) allow the
measurement of multiple turnovers (Figure 3A, Table 1). In
T contrast, the slow nonlinear reactions with poly(dG-dC) and
20 _ kHzOM ©) pm-poly(dG-dC) limited our measurements to one or two
1+ v — vg®)" turnovers, respectively (Figure 3B, Table 1). Both pre-
methylated poly(dl-dC) and poly(dG-dC) show a mild pre-
wherekS20 is the measured rate constant when the fraction steady-state burst (Figure 3A,B) and no substrate inhibition
of D,O is equal, k™:C is the rate constant measured in pure (Figure 4C). Both unmethylated poly(dl-dC) and poly(dG-
H,0, v is the fraction DO at which the rate constant was dC) show initial lags (Figure 3A,B), and increasing DNA
measured (i.e., 0.1, 0.2, 0.3, etc), atlcbr ¢© are deuterium  concentrations leads to longer lags (Figure 3A,B) and greater
fractionation factors at the transition and the ground state, substrate inhibition (Figure 4A,B). In summary, the pre-
respectively 87). Different forms of eq 4 can be produced methylated and unmethylated substrates show distinct sub-

ky
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ool A PN ] a0l TS initiated at the start of catalysis (eq 26, 38). The initial
= !ﬂ / % 400 "' E lag is only observed when the transition between the inhibited
= 800 Y4 E 3504 ;; ° Nk and uninhibited enzyme forms is slower than the catalytic
S ool o I Do / 7 ;»f/" ] rate 36, 38). Thus, the lag is observed only in methylation
g 95’ AT a 200{m & & (F@gure 3) and during the exchange reaction with sir_1efungin
P 4003 7 % . 1500 For (Figure 5), but not during the slow exchange reaction with
200 f & .~ ] 100-: oi?:lf'( : N-methyl-AdoMet (data not shown). Finally, we also point
£ 50% ] out that saturation with poly(dG-dC) and poly(dI-dC) leads
og 5 10 15 20 B S P to partial inhibition (Figure 4A,B), indicating that occupancy
minutes minutes of the allosteric site leads only to modulation, rather than
Ficure 3: Dnmt 1 methylation reaction with different DNA ~ complete loss of catalytic activity.
substrates. (A) Methylation profileslf with pm-poly(dI-dC) (12 The premethylated substrate is similar to the substrate used

#M bp) and with poly(dI-dC) [12«M bp (O) and 26QuM (+) bp] . - : . . e
in the presence of 145 nM DnmtL. pm-poly(di-dC) has an average " the original study which revealed differences in the initial

of one out of eight cytosines methylated. (B) Methylation profiles 129 and substrate inhibitio2€). Interestingly, modifications
(m) with pm-poly(dG-dC) (10uM bp) and with poly(dG-dC) [4 in the ratio of>™C to C ¢™C/C) greater than 1:20 do not
#M bp (O) and 20uM (+) bp] in the presence of 270 and 350 nM  cause changes in the kinetic parameters (data not shown).
Dnmtl, respectively. pm-poly(dG-dC) has an average of one out Thig density off"C corresponds to approximately offeC
g:esseg/ﬁcnecg;olszmﬁe& rg?fgf,\tﬂeg' (gllégagg%r;sr;v;;e measured in the|oer enzyme/DNA footprint (Figure 10A). This is consistent

’ ' with our previous study showing that Dnmtl has similar
strate inhibition characteristics and initial rates (Table 1). activities with premethylated substrates in which the distance

The catalytic rates measured with poly(di-dC) are comparable between the target cytosine atitC varies from 5 to 18 bp
to rates measured in previous studies (Table 1), demonstrat{24). The highest density betwe€fC and C sites was 1 to
ing that this substrate provides a reliable basis to study 7 to avoid problems associated with the potential depletion
Dnmtl. The catalytic rates with unmethylated and pre- Of the target cytosines. The pm-poly(dG-dC) and pm-poly(di-
methylated poly(dG-dC) are comparable to rates measureddC) substrates show a mild pre-steady-state burst (Figure
with other substrates with GC target sites (Table 1), 3A.B), like the hemimethylated oligo substrate3)(@nd
suggesting that poly(dG-dC) is representative of such Table 1).
substrates. The Exchange Reaction with AdoMet Analogues and
The initial lag correlates with the extent of substrate Premethylated and Unmethylated poly(dG-dC) and poly(dI-
inhibition (Figures 3 and Figure 4, and r26). In general, dC) Substrates (Table 2 and Figure 5A,Bp analyze the
features of both the assay design and inherent reactionenzyme’s preference for premethylated DNA and its allos-
mechanism can cause an initial lag during a normal reactionteric regulation, we used the cytosiné €&xchange assay
cycle 36, 38). The lag is not due to our assay design since (Figure 1,2 — 3B — 4B) and AdoMet analogue28). The
the lag is substrate-dependent and the lag is observed duringgxchange rates are high with sinefungin, intermediate with
methylation and exchange assays (Figures 3A,B and 5A,B).N-methyl-AdoMet, and low with AdoHcy, and in the absence
Preincubation of Dnmtl with DNA for 10 min does not of the cofactor (Table 2). The AdoMet analogues used in
change the lag, changing Dnmtl concentrations does notthis study differ only in the position that corresponds to the
affect the lag, and changing the order of substrate additionactive methyl group on AdoMet (Figure 2), and the exchange
(DNA and AdoMet) does not alter the lag. Thus, a slow rates correlate with the availability of proximal proton(s) in
ligand binding step does not cause the lag. A slow relief the position of the active methyl group. In summary, just as
from enzyme inhibition is a well-known mechanism leading with M.Hhal (Table 2), the AdoMet analogues alter the
to a kinetic lag 86, 38). In summary, we propose that for exchange reaction by Dnmtl by changing the rate-limiting
Dnmtl, the start of the catalytic action with the unmethylated proton transfer at the activated target base (Figure 3B).
substrate results in a slow relief from the allosteric inhibition Interestingly, the enzyme’s DNA preferences are retained
causing an initial lag in the catalytic activity. with AdoMet analogues that modulate the exchange reaction
The lag transition rate constant and the subsequent catalyticate by over 3 orders of magnitude: the fastest exchange
rate constant (Table 1) can be calculated using the equatiorrates are observed with pm-poly(dI-dC), followed by poly(dI-
modeled on two enzyme forms whose interconversion is dC), pm-poly(dG-dC), and poly(dG-dC) (Table 2). Thus,
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Ficure 4: Methylation rate as a function of increasing concentration of substrate DNA. (A) poly(dG-dC) as the substrate and’80 nM (
160 nM @), and 250 nM @) Dnmt1. (B) poly(di-dC) as the substrate and 100 r¥%},(200 nM @), and 300 nM [@) Dnmt1. (C) pmpoly-
(dI-dC) (@) and pmpoly(dG-dC)®@) as substrates and 100 nM Dnmt1.



Dnmtl, Catalytic Intermediates, and Allostery

Biochemistry, Vol. 44, No. 27, 2009477

Table 1: Dnmtl Pre-Steady State and Steady-State Methylation Rates with Different DNA Substrates

first multiple
substrate turnover, turnovers, conditions references and comments
h! h! enzyme source
poly(dG-dC) 1.6+0.6 b 4 uM bp, 15 pM AdoMet Fig 3B, this study, mouse Lag" 12+04h"
1+0.3 0.2+0.02 20 pM bp,15 pM AdoMet Fig 3B, this study, mouse Lag” 0.7+ 0.3 h'
pm-poly(dG-dC) 88+0.6 51+0.7 10 uM bp, 15 uM AdoMet Fig 3B, this study, mouse pre-steady state burst
poly(dI-dC) c 37+04 10 uM bp, 15 pM AdoMet Fig 3A, this study, mouse Lag% 192+ 12"
c 20.6+0.3 260 uM bp, 15 uM AdoMet Fig 3A, this study, mouse Lag® 9.6+ 0.6h"
pm-poly(dI-dC) 5611 36+0.5 12 uM bp, 15 uM AdoMet Fig 3A this study, mouse pre-steady state burst
poly(dI-dC) b 20¢ 6.25 uM IC, 15 pM AdoMet Fig 1 in (7), mouse
poly(dI-dC) b 26° 0.5 uM IC, 15 pM AdoMet Fig 2A in (8), mouse
poly(dI-dC) b 70¢ 1 uM IC, 10 pM AdoMet, Fig 4A in(/4), human
poly(dl-dC) b 36° 1 uM IC, 10 pM AdoMet, Fig 3A in (74), human
-CGG CGG CGG< 0.85%¢ 50 uM AdoMet, 1 uM CG, Fig 4A in (/2), human unmethylated
-GCC GCC GCC- or 41 nM oligo GC rich oligo 36 bp
-MGG MGG MGG/ 3.0 10 uM AdoMet, 1 uM CG, Fig 4C in (/2), human hemimethylated
-GCC GCC GCC- or 83 nM oligo GC rich oligo 36 bp
-CGG CGG CGG/ 13.5%% 10 uM AdoMet, 1 uM CG, Fig 6A in (/2), human premethylated
-GCM GCM GCM- or 41 nM oligo GC rich oligo 36 bp
PRW3602 plasmid 1.5¢ 1.5¢ 10 uM AdoMet, 25 uM GC Fig 1A in (/2), human unmethylated
plasmid 2705 bp
-ATTGACGTCAA- 0.59+0.02 b 15 uM oligo, 15 puM AdoMet Table 3 in (7), mouse unmethylated
-TAACTGCAGTT- 30 bp oligo CG site
in AT rich sequence
-ATTGAMGTCAA-/ 30£02 0.6+0.05 15puMoligo, 15 uM AdoMet Fig 4 in (7), mouse hemimethylated
-TAACTGCAGTT- 30 bp oligo CG site
in AT rich sequence;
pre-steady state burst
-AGGGGCGGGGC/
-TCCCCGCCCCG- 0.15+0.02 b 15 uM oligo, 15 pM AdoMet Table 3 in (7), mouse unmethylated
30 bp oligo CG site
in GC rich sequence
-AGGGGCGGGGC/ 1.2£0.1 b 15 uM oligo, 15 uM AdoMet Table 3 in (7), mouse hemimethylated
-TCCCCGMCCCG- 30 bp oligo CG site

in GC rich sequence;
pre-steady state burst

2 The present rates are measured at DNA and AdoMet concentrations that give the highest rates. In compiling the table, we did not use reported
keat Values, since different publications used different procedures to calculate those values, which can lead to large variations in otherwise comparab
reactions (see appendi®¥)Not measureds Cannot be calculated due to initial lag.Lag transition rate as defined in egk2 € The values were
estimated from the actual data figures, and thus we cannot show ‘dvt@tands for*™C, and methylation target sites are shown in bélNot
enough information available to differentiate between turnovers. The table shows results only from Dnmt1 studies that gave enough experimental
description (enzyme and substrate concentration, product conentration) to allow independent evaluation.
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Ficure 5: Tritium exchange reaction in the presence of sinefungin
with different DNA substrates. (A) The exchange reaction with 105
nM Dnmtl, 20uM of sinefungin, and 1Q:M bp of 3H-pmpoly-
(dI-dC) (@) 19 cpm/pmolS™C:C = 1:14, or3H-poly(dI-dC) ©),

33 cpm/pmol. (B) The exchange reaction with 160 nM Dnmt1, 20
uM of sinefungin, and &M bp of 3H-pmpoly(dG-dC) @) 56 cpm/
pmol,>MC:C = 1:15, or 8«M bp of 3H-poly(dG-dC) Q) (88 cpm/
pmol).

The exchange reaction with sinefungin is particularly
revealing. First, an initial lag is observed in the absence of
any production of™C (Figure 5). Importantly, this shows
that the increased rate following the initial lag in the
methylation reaction (Figure 3A,B) cannot be due to self-
activation through the AdoMet-dependent productiof™at
at the start of catalysis. Also, tlsteady-statexchange rate
constants for poly(dl-dC) and pm-poly(dl-dC) (Figure 5,
Table 2) differ by 9-fold, in contrast to the nearly identical
AdoMet-dependent methylation rates (Figure 3A, Table 1).
Furthermore, the appareif"*""""measured with poly(dl-
dC) is 9 times higher than with pm-poly(dI-dC) (5411.4
vs 0.6+ 0.1 4M). For comparisonK:%"¢ in the methyl-
ation reaction with poly(dI-dC) is two times higher than with
pm-poly(dl-dC) (1.3+ 0.21 vs 2.& 0.4 uM). Thus, these
results indicate that studies of steps prior to methyltransfer
(Figure 1,2 — 3A) can reveal unique insights into the
enzyme’s preference for different DNA substrates.

differences between premethylated and Unmethylated DNA, Tritium Release Rates during the AdoMet_Dependent

or between poly(dI-dC) and poly(dG-dC), do not derive from
differences in the methyltransfer (Figure 2,— 3A) or
proton-transfer rates (Figure 2,— 3B).

Methylation Reaction with Premethylated and Unmethylated
poly(dG-dC) and poly(dI-dC) Substrates (Figure-68). We
sought to determine the basis of Dnmtl's sinefungin-
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FiGure 6: Methylation and tritium release profiles in the reaction with different DNA substrates. (A) Methyl&ioand tritium release

(m) profiles with 124M bp 3H-poly(dI-dC) (33+ 2 cpm/pmol of bp) and 125 nM Dnmt1. (B) Methylatio®@) and tritium releasel) with

12 uM bp 3H-pmpoly(dI-dC) (19+ 1.3 cpm/pmol of bp?™C:C = 1:14) and 125 nM Dnmt1. (C) Methylatio®] and tritium releaseC)
profiles with 8uM bp 3H-pmpoly(dG-dC) (76t 5 cpm/pmol of bp>™C:C = 1:17); methylation M) and tritium release) profiles with

8 uM bp 2H-poly(dG-dC) (102+ 8 cpm/pmol of bp). The reactions with poly(dG-dC) and pmpoly(dG-dC) had 250 nM Dnmt1. All of
reactions had 12.6M [“C-methyl] AdoMet (131 cpm/pmol).

Table 2: (A) Exchange Rates with Unmethylated and Premethylated poly(dG-dC) and poly(dl-dC) with AdoMet Analogues and in the Absence
of the Cofactor, for Dnmtl and Small Bacterial Enzyme M.HH28)(and (B) Methylation and accompanying tritium release rates for Dnmtl
and bacterial enzyme M.Hha2§)

(A)
N-methyl-AdoMet rates ht
Dnmtl Exchange Rates, This Study

sinefungin rates, 1 AdoHcy rates, ht no cofactor rates, 1

poly(dG-dC) 3.5+0.8 0.1+ 0.02 <0.01 0.02+ 0.001
poly(dl-dC) 42+ 6 0.9+0.1 0.1+ 0.02 0.18+ 0.02
pm-poly(dG-dC) 244 0.5+0.2 0.2+ 0.05 0.08+ 0.01
pm-poly(dI-dC) 438+ 18 9+ 0.8 2+04 4.4+ 0.5
M.Hhal exchange rates
poly(dG-dC) 500+ 200 33t5 0.1+ 0.02 650+ 200
444 3 105+ 10°
poly(dl-dC) 165+ 20 145+ 15 0.5+ 0.005 10+ 1
(B)
Dnmtl M.Hhal
methylation rates, exchange rates, h methylation rates, H exchange rates; h
poly(dG-dC) 1.7+ 0.4 1.5+ 0.3 140+ 20 146+ 15
404 4° 43+ 4°
poly(dI-dC) 37+ 04 60+ 2 65+ 8 230+ 25
pm-poly(dG-dC) &t 0.6 8.4+ 0.6
pm-poly(dl-dC) 36+ 0.5 257+ 8

aM.Hhal shows no difference between premethylated and unmethylated substrates prepared for tHifsteslpady-state and steady-state
values, respectively.

dependent preference for pm-poly(dl-dC), which is not (28). Furthermore, since a single target base attack can result
revealed during methylation (Figure 3 vs Figure 5). Accord- in only one tritium release (Figure 2,— 3B — 4B), the
ingly, we measured the methylation and accompanying severalfold difference between the tritium release and the
tritium release reactions simultaneously (Figure-62) using methylation rates indicates that the enzyme can attack and
14C-AdoMet and DNA substrates labeled with tritium at the release several bases prior to catalyzing one methyl transfer
C® position. On the basis of the reaction mechanism, every (28). Thus, the target base activation (Figurell> 2) is
methyltransfer (Figure 12 — 3A) is expected to result in  fast, and there is a direct competition between the target base
one tritium release (Figure BA — 4A) and the methylation  release (i.e., breakdown of intermedidle and the rate-
and the accompanying tritium release rates are expected tdimiting methyltransfer step 2 — 3A, Figure 1). The

be identical 28, 34). We observe this 1:1 stoichiometry in  difference between poly(dl-dC) and pm-poly(dI-dC) (Figure
both the pre-steady-state and steady-state methylation reac6A vs 6B) indicates that intermedia?gFigure 1,1 — 2) is

tions with poly(dG-dC) and pm-poly(dG-dC) (Figure 6C and formed faster with pm-poly(dI-dC) as already indicated by
Table 2). Thus, intermediatg (Figure 1) leads only to  the data in Figure 5.

methyltransfer (Figure 12 — 3A) with poly(dG-dC) and H Inventory Studies (Figure 7A,BJhe rate-limiting step
pm-poly(dG-dC) substrates. In contrast, Dnmtl like M.Hhal during the Dnmtl exchange reaction with different DNA
(Table 2) shows an excess release of tritium during the substrates and AdoMet analogues (Table 2) is proton transfer
AdoMet-dependent methylation of poly(dl-dC) and pm- at the C position, despite catalytic rates differing by-10
poly(dl-dC) (Figure 6A,B and Table 2). The faster tritium 100-fold. We used H inventory studies to test whether the
release in the methylation reaction during the first turnover exchange reaction with sinefungin and different DNA
indicates that proton transfer aé (Figure 1,2 — 3B) can substrates share the same rate-limiting step and catalytic
take place before the methyltransfer step (Figur2-+,3A) intermediates despite large differences in the catalytic rates
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Ficure 7: H inventory profiles during the exchange reaction with
sinefungin and different DNA substrates. (A) The H inventory
profiles for the exchange reaction with 4™ bp poly(dG-dC) ©)
and 10uM bp premethylated poly(dG-dC® in the presence of
20 uM sinefungin and 250 nM Dnmt1. The rates in®and QO
mixtures were measured during the first catalytic turnover (Figure
3B). (B) The H inventory profiles for the exchange reaction with
10 uM bp poly(dl-dC) ©) and 10uM bp premethylated poly(dl-
dC) (@) in the presence of 20M sinefungin and 250 nM Dnmt1.
The rates in HO and DO mixtures were measured in the linear
part of the reaction during multiple turnovers (Figure 3A). The data
in both panels were analyzed using eq 3 as indicated in the text.

(Figure 7A,B). Proton inventory profiles are rate studies
performed at varying BD and HO ratios 87) and are very
sensitive to the reaction mechanis8)

Using the Gross-Butler equation (eq¥), we found that
for all four DNA substrates the transition state fractionation
factor @") is between 0.32 and 0.35 (0.350.03 poly(dI-
dC); 0.30+ 0.05 pm-poly(dI-dC); 0.34+ 0.04 poly(dG-
dC); 0.30 £ 0.05 pm-poly(dG-dC)). The ground-state
fractionation factor ¢°) is between 2.1 and 2.4 [25 0.2
poly(dl-dC); 2.5+ 0.3 pm-poly(dIl-dC); 2.3t 0.3 poly(dG-
dC); 2.5+ 0.3 pm-poly(dG-dC)]. The similap™ values
suggest that reactions with the four different DNA substrates
share the same rate-limiting step, while the simifavalues
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Ficure 8: Fluorescence titration of Dnmt 1 with CREKY
substrate. Equilibrium dissociation constant between 150 nM of
Dnmtl and increasing concentration of CRB™awas measured

in the presence of 12 8M of AdoMet (M), and in the absence of
the cofactor @) (100 mM Tris/HCI pH= 8.0, 10 mM EDTA, 10
mM DTT). Dnmtl intrinsic fluorescence was measured in a
microcuvette (sample slot 2 mm wide, 10 mm long) using a Perkin-
Elmer LS50B fluorimeter at 28C. The total sample volume was
220 uL. The excitation was set at 290 nm (5 nm slit band-pass),
and the emission was monitored at 335 nm (10 nm band-pass).
The profiles were analyzed using the egs 4 and 5.

interactions when the enzyme is trapped in the form of
transient catalytic intermediatésand?2 (Figure 1;39). The
DNA substrate was a 30-bp-long hemimethylated CRE ab
substrate 7), and the binding was measured by following
changes in intrinsic protein fluorescence as a function of
increasing DNA concentration (see methods). The change
in protein fluorescence caused by the DnmEREdb™
interaction can be described as an apparent dissociation
constant of 1.56t 0.2 4M and 0.6+ 0.08 uM (eq 4) for

suggest that the reactions also share similar intermediated?inding in the presence and in the absence of AdoMet,

(37). The measure@' values are expected for reactions
involving N—H—C proton bridges in the transition state (p
86 in ref37). AN—H—C proton bridge could form between
the amino group on sinefungin (Figure 2) and intermediate
2 (Figure 1) if the rate-limiting step is proton transfer from
the cofactor to the carbon 5 (Figure 2,— 3B) as we
suggested earlier (Table 2 and 28). Finally, the calculated
¢ and ¢® values are very similar to the values observed
with M.Hhal (28), indicating that Dnmt1 and M.Hhal share
similar proton inventory profiles in the exchange reaction
with sinefungin. In summary, the proton inventory analysis
indicates that Dnmt1’s exchange reaction with different DNA

respectively. These values are very similar to the previous
dissociation constants measured with Dnmtl and CRE ab
substrateq, 9). In summary, unlike M.Hhal, AdoMet binding
by Dnmt1 has minimal effects on its DNA binding affinity.

DISCUSSION

Substrate Inhibition by Dnmtl Dess from the Turneer-
Dependent Relief from Allosteric InhibitiorOur initial
interest was to characterize why premethylated and un-
methylated DNA show differential substrate inhibition
(Figure 4A-C), differences in initial lags (Figure 3A,B) and

substrates, as well as the exchange reaction by Dnmtl anctatalytic rates (Table 1). The increased inhibition observed
M.Hhal, can share the same intermediates and the rate-with increasing concentrations of unmethylated substrate

limiting step (Figure 1) even though the catalytic rates can
vary by orders of magnitude (Table 2).

Fluorescence Titration of Dnmtl with CREH oligo
(Figure 8). AdoMet binding by M.Hhal leads to a large
conformational change, an increase in DNA binding affinity
by 3 orders of magnitudelf), and a change in the
mechanism of the target attackgj. We sought to determine
if similar cofactor-mediated changes occur with Dnmt1.
Dnmtl interacts with hemimethylated DNA to form a 1:1
complex {, 9), and replacing the target cytosine with
5-fluorocytosine (5FC) causes the methyl transfer( 3A,
Figure 1) to be slowed considerably. Thus, 5FC provides an
opportunity to investigate how AdoMet alters DnmtiDNA

(Figure 4A,B) is consistent with DNA binding at the active
site and inhibition site (Figure 10C) as suggested in earlier
studies 8). The kinetic lag correlates with the extent of
substrate inhibition (Figures 3A,B and 44&) and is not
due to our assay design. Slow relief from enzyme inhibition
induced by the start of catalysis is known to lead to an initial
lag (36, 38). Thus, we propose that the start of catalysis on
unmethylated DNA initiates a slow relief from allosteric
inhibition. The initial lag was not routinely described in prior
kinetic studies of Dnmtl, in contrast to various forms of
substrate inhibition; however, a lag is apparent in some cases
(7, 26). The precise nature of this slow relief from allosteric
inhibition remains obscure. Plausible driving forces include
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FicurRe 9: Sequence similarity between M.Hhal and Dnmtl in the active site. Stereo figure (Biosym, Insightll) of M.Hhal active site (pdb
code 3MHT, 63)). The target base and AdoMet are shown as thin lines, the amino acids forming the catalytic pocket are in bold. The
AdoMet structure is taken from pdb file 6MHTBY) and superimposed onto the backbone of AdoHcy present in the original structure.
Water molecules are indicated as crosses The image was generated in an attempt to construct the Dnmtl active site by mapping the
M.Hhal and Dnmtl sequences to the M.Hhal structure. The amino acids colored red are identical between M.Hhal and Dnmt1 and belong
to the highly conserved domains of the methyltransferase family [motifs 1V, VI, anBOX. (Four residues, RS, E19 F9, and G! make

direct contact with the target base and mediate the methylation chemistry. Three of these four residues (R, E, and C) are found in M.Hhal
and all known metazoan methyltransferase€8.férms a hydrogen bond between the backbone carbonyl oxygen and ik of the

target base. ®in M.Hhal is replaced by #34in Dnmt1.

AdoMet binding, DNA release from the site of inhibition, a to Dnmtl to further characterize the enzyme’s preference
combination of these two processes, or some other slowfor premethylated DNA and allosteric regulation. The ability
conformational change. AdoMet binding is the most likely of Dnmtl to catalyze the exchange reaction supports results
factor since DNA inhibition is more pronounced at subsatu- from studies of 5FC inhibition1(6) and shows that Dnmtl
rating AdoMet concentrationsl{) and since the mutant has a similar catalytic mechanism as other pyrimidine
lacking the functional regulatory domain shows different methyltransferases (Figure44). Dnmtl and M.Hhal share
responses to changes in AdoMet concentratibh (2) similarities in key aspects of the cytosin€ Exchange
relative to the wild type. In summary, we propose that reaction, even though the catalytic rates can differ by 10
AdoMet binding to Dnmt1 initiates a slow relief from the 100 fold (Table 2). AdoMet analogues modulate the ex-
allosteric inhibition; a slow relief from allosteric inhibition  change rates by orders of magnitude for both Dnmtl and
induced by ligand binding is well documented in the literature M.Hhal (Table 2), indicating that the availability of proximal
(40 and Figure 10D). proton(s) (Figure 2B) in the position of the active methyl
The lack of an initial lag with premethylated substrates moiety is critical (Figure 1). Both Dnmt1 and M.Hhal (Table
(Figures 3A,B and 5A,B) indicates that there is no slow relief 2) cause an excess tritium release during the methylation
from allosteric inhibition at the start of catalysis. The reaction with poly(dl-dC) [and pm-poly(dI-dC), Figure
reactions with the premethylated substrate show a pre-steady6A,B], while no excess tritium release is observed with poly-
state burst (Figure 3) as reported earlier for hemimethylated (dG-dC) [and pm-poly(dG-dC), Figure 6C]. Finally, we also
substrates?). In general, the initial burst indicates that the found that Dnmt1 and M.Hhal show similar proton inventory
steps leading to the detection step are faster than the stepgrofiles in the exchange reaction with sinefungin (Figure
following the detection step (p 274 in ré8). Thus, the mild 7A,B). On the basis of these similarities, we propose that,
pre-steady-state burst indicates that for premethylated subfor both Dnmtl and M.Hhal, the AdoMet analogues modu-
strates the steps leading to intermedidfe (Figure 1) are late the exchange rates by controlling the proton access at
rate-limiting during the initial target base attack, while the the C on intermediate (Figure 2 and solvent in Figure 9).
subsequent turnovers are partially controlled by formation For both Dnmtl and M.Hhal, intermediates leading &nd
of intermediate3A and by the steps that come after 2 accumulate as a dynamic equilibrium (Figure 1B), prior
intermediate3A. This is consistent with the exchange results to the slow methyltransfer (Figure 2,— 3A), or proton-
(Figures 5 and 6A,B) which showed that with the pre- transfer step (Figure 2 — 3B). If Dnmtl flips the target
methylated substrate the initial target base attack is fast andbase like M.Hhal and other methyltransferags, (the rapid
the rate-limiting step is primarily controlled by the methyl- equilibrium would include base flipping and base restacking

transfer step (Figure 2 — 3A). steps, and the equilibrium between intermedidtesnd 2
Dnmtl and M.Hhal Share Similar Reaction Intermediates (Figure 1B).
and Rate-Limiting StepsWe previously used AdoMet In the case of a rapid equilibrium between the steps leading

analogues and poly(dG-dC) and poly(dIl-dC) to study the to intermediated and?2, the observed catalytic rates are not
reaction intermediates and rate-limiting steps of the M.Hhal- solely dependent on a single rate-limiting evet8)( Rather,
catalyzed reaction2g). We sought to apply this approach the catalytic rates are simultaneously and independently
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Ficure 10: (A) Schematic for the interaction between Dnmtl (oval) and its DNA substrate (rail). Dnmt1 bound on poly(dG-dC) or poly-
(dI-dC) with 5C groups (small filled circles) evenly distributed once or twice per enzyme footprint. (B) Given a DNA footprint of
approximately 30 bp for DnmtI7}, a poly(dG-dC) substrate of 120 bp provides 120 CpG methylation sites but only enough flanking DNA

to afford binding of approximately four Dnmtl molecules. Thus, Dnmtl and DNA are present in close stoichiometric concentrations (see
appendix). Substrate concentrations are commonly represented in terms of CpG or CAPRsited,(or in terms of total concentration of

long DNA molecules, 8, 10). In both cases, the Dnmtl to DNA ratios need to be considered (see appendix). (C) The active site (small
oval) and the allosteric site (large oval) on Dnmtl can bind DNA independeityl( 27). Dnmtl (E) with DNA bound at the active site

(ES), and the active site and the allosteric site (SES) at subsaturating and saturating DNA substrate as in FiglrébYAdoMet

binding can initiate a relief from allosteric inhibition and slow transition between the inactiv&)8Ed active form (SES).

regulated by factors that control the concentrations of We describe the rate differences between premethylated and

intermediated and2 (Figure 1), and by factors that control
the methyl transfer (Figure 2 — 3A) or proton-transfer
steps 2 — 3B). The methyl transfer rate (Figure 2,—
3A) is directly proportional to the lifetime of intermediate

unmethylated substrates, the difference between poly(dI-dC)
and poly(dG-dC) substrates (Table 2), and the difference
between Dnmtl and M.Hhal (Table 2).

The Dnmtl Reaction with Premethylated and Unmeth-

2, which in turn depends on the factors that control the ylated Substrates Differ in the Rate of Formation of the

equilibrium between intermediatdsand 2, like the K, of
the active site cystein@@). The lifetime of intermediaté

Covalent IntermediateThe unmethylated and premethylated
substrates have different rates of target base attack (Figure

is dependent on the ratio between base flipping and the basesA,B), yet the methyltransfer step is rate-limiting with both
restacking rates, and the ratio between the conversion ratesubstrates (Figure 6A,B). The tritium exchange rates with

1— 2and2— 1. For illustration, the base flipping rate can
be close to 200 ¢ (46), while the methyltransfer rate
constants are less than 100 {Table 2). If the interchange

sinefungin and premethylated and unmethylated substrates
differ by 9-fold (Table 2), yet the proton inventory data show
that both reactions are limited by proton transfer at cytosine

between the intermediates is predominantly sequential (i.e.,C® (Figure 7A,B). The exchange rates with both premeth-

A — B — C — D) the base flipping rate can vary by 2 ylated and unmethylated substrates are modulated by orders
orders of magnitude without significantly affecting the of magnitude with various AdoMet analogues, yet the rates
methylation rates (kix = 1k + 1k, + 1ks ... etc.). with the premethylated substrates are uniformly faster (Table
However, if there is a rapid equilibrium between intermedi- 2). In summary, the difference between the unmethylated
ates (i.e., A~ B — C) even a small change in the base and premethylated substrates does not derive from the rate-
flipping vs base restacking rate will affect the equilibrium limiting events on intermediat2 (Figure 1,2 — 3A or 2 —
concentration of intermediate B and consequently the rate 3B). Rather, the difference derives from changes that favor
of formation for the subsequent intermediates (i.e., d[C]/d the accumulation of intermediatdsand 2 (Figure 6A,B).
= K[B]eq)- Since each target base attack can lead to only one tritium
In the next few paragraphs, we use the concept of arelease (Figure 12 — 3B — 4B), severalfold higher
dynamic equilibrium preceding the slow methyl transfer step exchange rates with the premethylated substrates (Figures 5
to describe the factors that control Dnmtl’s catalytic rates. and 6A,B) indicate that intermediatdsand 2 are formed
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faster with premethylated DNA. In another words, the  3H Exchange Reaction and Mutagenic Deamination Share
preference for the premethylated substrate must involve all Reaction Intermediate8#ammalian DNA methylation sites
steps leading to intermediatdsand 2 (Figure 1B, 45). are mutation hot spots, which frequently occur in critical
Interestingly, the exchange rates with unmethylated DNA cancer-related genegl§), as a result of deamination of
are never as fast as with premethylated DNA (Figures 5 and cytosine to uracil, and 5-methylcytosine to thymine (Figure
6A,B), despite the relief from inhibition observed after the 1). Bacterial DNA cytosine methyltransferases are known
lag. Thus, the enzyme’s preference for premethylated DNA to catalyze the mutagenic deamination of cytosi#®),(and
is determined by the interactions beyond the allosteric site, deamination rates are affected by AdoMet analog®&s (
as earlier studies suggestedL), 51). The M.Hhal-catalyzed exchange and deamination reac-
Variations in the Rates of Galent Intermediate Forma- tions are affected by AdoMet analogues in the same fashion
tion Account for the Differences between Dnmt1 and M.Hhal (28): supporting the idea that the two reactions share similar

and between poly(di-dC) and poly(dG-dOnmtL's prefer-  intermediates (Figure I, = 2 — 3B — 3C — 4C and refs
ence for poly(di-dC) is unusual, resulting in rates comparable 44 49~52). The deamination reaction is extremely slow and
to those observed for M.Hhal (Table 2), in contrast to the 2 thus difficult to study mechanistically. We studied the
orders of magnitude difference in pre-steady-state methyl- Dnmtl-catalyzed g?(change reaction tp obtain insights into
ation rates with poly(dG-dC) (Table 2 ang) or other DNA ghe e_”ZB{_me S al;_'l'ty to catalyze this, and the related
substrates15). The preference for poly(dl-dC) cannot be eamination reactions.

caused by differences in the allosteric regulation since Cytosine C methyltransferases need to balance the solvent
poly(di-dC) shows faster rates than pm-poly(dG-dC), even access at the active site (Figure 9) because the solvent forms
though pm-poly(dG-dC) does not show substrate inhibition. ggrt of ;Ihfhobllglatortyﬂ-elllrgllnatg)rg stept (F'g'“.'redlsB - i
Also, the Dnmt1 mutant lacking the functional allosteric site F')’ an 1 1isgngciu3C(f 48 nlmt agen(lj(_: te;mlnda ion
shows 3-18-fold slower rates with G:C-rich substrates (Figure 1, . ). Intermediate an
relative to the poly(dI-dC) substratgl 12). The preference 2 accumulate prior to the SlO.W methyltransfe_r step (Figure
for poly(dI-dC) substrates is unlikely to result directly from 6A,B, and rei28), thus enhancing the opportunity for solvent

. ; ! to these intermediates. Intermediztes readily
faster catalytic processes at cytosine(Eigure 1,2 — 3A access ) . AR
or 2 — 3B) since the reactions with poly(dl-dC) are _protona_ted (Figure 12 " 3B, pKa = 11 18; 29), thereby
uniformly faster than poly(dG-dC), even though AdoMet increasing the mutagenic deamination process by at least 4

analogues can modulate the exchange rates by 3 orders of % 5 AL 1 B PR B BEER D R
magnitude (Table 2). Finally, the proton inventory studies y

; poly(dI-dC) is enhanced by the positioning of the active site
(Figure 7A,B) §u_g_gest that all four DNA substrateg share loop (residues 8099) and enzymeDNA interactions with
the same rate-limiting steps. In summary, our results indicate

. . . the guanine 5to the target cytosine. Like M.Hhal, Dnmt1
that the higher catalytic rates with poly(dI-dC) vs poly(dG- - : ; : .
dC) (Tables 1 and 2) are not due to the differences in shows excess tritium release in the methylation reaction with

; . . . . . poly(dl-dC), but not with poly(dG-dC) (Figure 6AC). Thus,
allosteric regulation or in the conversion of |ntermeQ|aZe§ for both Dnmt1 and M.Hhal, enzyme interactions with the
— 3A or 2 — 3B. We therefore propose that variations in

th lati fint diatdsand 2 (Fi 1 guanine within the recognition site limit the solvent access
€ accumuiation of Intermeadiatasan (Figure 1) are to the active site, the exchange reaction, and presumably the
most likely responsible. The crystal structures of I:C and

G:C base pairs can be superimposéd;(however, unlike mutagenic deamination (Figure 1, 2 = 3B — 3C
the G:C base pair, the I:C base pair has only two hydrogen 4C). Aside from the active site loop, the cofactor may also

. : : ) - 'protect intermediated and 2 from solvent (Table 2 and
bonds (Figure 2). Thus, a disruption of the I:C base pair Figure 9). The slowH exchange reaction with AdoHcy

during the base flipping process requires less energy, so it(Table 2) indicates that for both M.Hhal and Dnmt1, the
is tempting to attribute the faster rate§ With“ poly(d'l-dC)" p-elimination step (Figure 13A— 4A) is unlikely to tak’e
_substratg toa more favorable accumulation of *base-flipped place through a direct solvent access to intermed@#(63,
intermediate (Figure 1B). 54) and Figure 9).

Similar to the differences between Dnmtl reactions with  Factors that decrease the lifetime of the extrahelical base
poly(dG-dC) and poly(dI-dC), the difference between Dnmtl are likely to slow down both the exchange and mutagenic
and M.Hhal can be traced to the accumulation of intermedi- deamination reaction. For example, our proposal that Dnmt1
ates1 and 2. Dnmtl and M.Hhal show similar rates with is slower than M.Hhal because intermediatesand 2
poly(dl-dC) substrates (Table 2); however, unlike Dnmtl, accumulate to a lesser extent would predict that Dnmt1 is
M.Hhal shows similar catalytic rates with poly(di-dC) and |ess mutagenic than M.Hhal. In contrast to M.Hhal, the
poly(dG-dC) substrate28). Thus, the relative slowness of exchange reaction for Dnmtl is very slow in the absence of
Dnmtl1 with poly(dG-dC) substrates accounts for the differ- cofactor (Table 2). Thus, Dnmtl is unlikely to form
ence with M.Hhal (Table 215). On the basis of our intermediatesl and 2 (Figure 1) in the absence of the
exchange reaction results (Figure 2, Table 2) and protoncofactor. Accordingly, Dnmtl is unlikely to efficiently
inventory studies (Figure 7), Dnmtl and M.Hhal share the deaminate cytosine in the absence of the cofactor, which is
same mechanism with poly(dl-dC) and poly(dG-dC) once precisely the condition that shows the most extensive
intermediated and2 are formed. Thus, the uniformly faster deamination for the majority of bacterial enzymd8<52).
rates with M.Hhal (Table 2) must come from early steps Unlike M.Hhal (15), AdoMet binding by Dnmtl does not
leading to intermediatesand?2 (Figure 1B) rather than from  lead to a large change in DNA binding affinity (Figure 8).
methyltransfer (Figure 12 — 3A) or proton-transfer steps  Thus, cofactor binding by Dnmtl may not induce the same
(Figure 1,2 — 3B). active site closure as shown for M.Hh&3j.
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Dnmtl Is Not Self-Actated by theé™C Groups Deposited In the earlier studies/( 8, 10—12, 14, 24, 55), as in Figure
at the Start of the Methylation Reaction on Unmethylated 4, at low DNA concentrations (i.e., less than one 30 bp
Substratelt is unclear from the current literature whether segment per each Dnmtl molecule, Figure 10 B), there is
Dnmtl’s preference for premethylated substrates derives froman excess Dnmtl (Figure 10C) and catalytic rates are low
activation by the premethylated substrates, inhibition by since only a small fraction of Dnmtl can bind DNA (ES
unmethylated substrates, or some combination of these. Hereand SES forms in Figure 10C). Further increases in DNA
we find that Dnmt1'’s preference for premethylated substrates concentration increase the ES and SES forms and result in
derives from allosteric inhibition by unmethylated substrates, higher catalytic rates (Figure 10C). The highest catalytic rates
rather than allosteric activation by premethylated substrates.are achieved when the ES form predominates relative to the
First, premethylated DNA (Figure 4C) does not show a E, ES, and SES forms (Figure 10C). Once the maximal rates
sigmoidal curve which is characteristic of substrates that act are achieved, a further increase in DNA concentration results
as allosteric activators (pp 229 in ref38 or pp 203-234 primarily in the conversion of the ES to SES form and the
in ref 43). Second, our observation of a kinetic lag and the visible substrate inhibition (Figure 10C). The fastest rates
resultant “activation” during the sinefungin-mediated ex- in Figure 4 and in prior work with similar substrates are
change reaction (Figure 5) indicates that the faster catalysisattained when 30660 base pairs of DNA are present per
following the initial lagis not due to activation caused by Dnmtl molecule.
the deposition of methyl groups at the start of catalysis The inability to use MichaelisMenten kinetics in Dnmt1
(Figure 1). Finally, after 10 min of methylation (Figure 6A), studies requires the development of alternative approaches.
the fraction ofS™C becomes comparable to the fraction of Briefly, we suggest that Dnmt1 catalytic rates with different
5mC that is present in premethylated poly(dl-d€¥Q:C = DNA substrates should be measured as a function of
1:12); yet, we do not see a gradual increase in the tritium increasing substrate concentration (as in Figure-@\until
release rates to that observed with premethylated poly(dl- full saturation is achieved (as in Figure 10B). This reveals
dC) (Figure 5, panel B vs A). In summary, at the start of the highest catalytic rates attainable with the tested DNA
catalysis when there is an excess of unmethylated DNA, thesubstrate, and any allosteric inhibition (Figure 4A,B), the
mere presence 8f'C is not enough to induce higher catalytic lack of allosteric inhibition (Figure 4C), or allosteric activa-

rates with Dnmt1. tion. If allosteric activation occurs, a change in substrate
concentration will give a characteristic sigmoidal change in
ACKNOWLEDGMENT catalytic rates 38, 43). Studies reporting the allosteric

activation of Dnmtl were not designed to differentiate
between the lack of allosteric inhibition (Figure 4C vs Figure
4A,B) from true allosteric activation. Allosteric inhibition
was the first and to this day the most consistent and credible
evidence of allosteric regulation of DnmtZ, @, 10, 11, 14,
20, 26, 57). A clear inhibition pattern as observed in Figure
4A,B can be seen only when DNA binding affinity at the
allosteric site is higher than the binding affinity at the active
site. Thus, in some cases detecting allosteric inhibition can
require additional experiment8)( When comparing catalytic
rates with different DNA substrates it is necessary to separate
APPENDIX initial lag effects or other nonlinear effects such as proces-
sivity (41, 42) so that different DNA substrates can be
Limitation of Michaelis-Menten Kinetics in Dnmtl Studies compared at equivalent first turnover or multiple turnover
and Alternatve Approaches in Assay Desigklichaelis— stages.
Menten kinetics requires an excess of substrate over enzyme, Since it is not possible to measukg, values for DNA
an initial linear reaction profile, and multiple catalytic substrates, Dnmtl’s preference for DNA substrates has to
turnovers 43), all of which are often impossible, or very be determined by measuring binding constants in addition
difficult to achieve with exceptionally slow enzymes such to the catalytic rates. With poly(dG-dC) and poly(dl-dC),
as Dnmtl (Table 1). The slow catalytic rates require that formation of ES and SES species is relatively easy to track
Dnmtl concentrations are often comparable to the varied (Figure 10C). Both substrates show the initial lag even at
substrate concentration (Figure 10B)-©, 11, 12, 24, 27, subsaturating substrate concentration (Figure 3 and Figure
55). Thus, competitive and noncompetitive patterns in double 4), indicating that the active site and the allosteric site have
reciprocal plots, and the calculatig, k.o, andK; constants similar binding affinities for poly(dG-dC) and poly(dl-dC)
reflect the enzyme/DNA ratios and assay design, rather than(Figure 10C). The change in the lag transition rates (eq 2,
the kinetic properties of Dnmtl. Accordingly, some of the k) and the catalytic rates as a function of the substrate
earlier conclusions regarding the catalytic properties of concentration (Figure 4A,B) can be used with the Adair's
Dnmtl should be reevaluated. Similar concerns apply to equation $8) for quantitative determination of the fraction
Dnmt3 studies §6). We did not use MichaelisMenten of enzyme molecules present in E, ES, and SES form (Figure
kinetics to analyze our data or the previously published 10C), and DNA binding constant for the active site and the
results (Table 1 and refg 8, 10—12, 14, 24, 55). We find allosteric site. Furthermore, experiments such as those shown
a satisfying consensus between different Dnmtl studies whenin Figure 4A-C can be used to test for competitive or
Michaelis—Menten kinetics is not used for data interpretation uncompetitive inhibitors with regard to DNA substrate.
(Table 1). However, such data cannot be analyzed with double recipro-
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cal plots, and in such experiments it is necessary to make 20.

sure that the chosen substrate and competitor concentration
can allow the full range of competition (Figure 10B). 21
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