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ABSTRACT: DNA (cytosine-5-)-methyltransferase is essential for viable mammalian development and has
a central function in the determination and maintenance of epigenetic methylation patterns. Steady-state
and substrate trapping studies were performed to better understand how the enzyme functions. The catalytic
efficiency was dependent on substrate DNA length. A 14-fold increasg, M was observed as the
length decreased from 5000 to 100 base pairskandecreased by a third. Steady-state analyses were
used to identify the order of substrate addition onto the enzyme and the order of product release. Double-
reciprocal patterns of velocity versus substrate concentration intersected far from the origin and were
nearly parallel. The kinetic mechanism does not appear to change when the DNA substrate is either
6250 or 100 base pairs in length. Isotope trapping studies showed that the initial enkgladdet complex

was not catalytically competent; however, the initial enzympely(dl-dC—dl-dC) complex was observed

to be competent for catalysis. Product inhibition studies also support a sequential ordered bi-bi kinetic
mechanism in which DNA binds to the enzyme first, followed®sdenosylk--methionine, and then the
productsS-adenosylk--homocysteine and methylated DNA are released. The proposed mechanism is similar
to the mechanism proposed for INhal, a bacterial DNA (cytosine-5-)-methyltransferase. Evidence for

an enzyme-DNA—DNA ternary complex is also presented.

183 kDa protein that contains a serine residue that is
phosphorylated1(7). The enzyme presumably interacts with

In eukaryotic organisms, DNA methylation is catalyzed
by anS-adenosylk-methionine- (AdoMet!)dependent DNA

(cytosine-5-)-methyltransferase (DCMTase, EC 2.1.1.37).

Methyl group transfer to the cytosine 5-position occurs
predominantly within the cytosyl-guanosyl (CpG) context
(1), and the genomic distribution of 5-methylcytosine (5-
mC) dynamically changes throughout ontogeBy3). DC-

MTase is involved in mammalian development by way of

many cellular factors in a complex signaling pathway that
regulates DNA methylation levels.

Enzymes that catalyze one-carbon additions to the C
position of pyrimidines define a class of enzymes that
perform similar chemistry18). The bacterial DNA (cy-
tosine-5-)-methyltransferase, Nhal (38 kDa), modifies the

an undefined process that can lead to gene regulationinternal cytosine in GCGC and has a rapid equilibrium

(reviewed in ref4). Proper DCMTase function is essential
for viable development and for normal cellular activig).(
Also, errors in the proper maintenance of genomic methyl-
ation occur in aging and carcinogeness ¥).

Eukaryotic DCMTase cDNAs have been cloned and
sequenced; five are from animal sources (mo8shuman,
9; chicken,10; frog, 11; and sea urchinl2). DCMTases

ordered bi-bi kinetic mechanism in which DNA binds the
enzyme first {9). Catalysis involves nucleophilic attack by
the thiol of an active-site cysteine at thé @osition of
cytosine, which in the absence of the cofactor leads to
exchange of the € hydrogen. A MHhal—DNA cocrystal
structure suggests that a catalytic intermediate exists that
involves the translocation of the target cytosine to an

are composed of a large amino-terminal domain and a smallerextrahelical positionZ0). Methyl transfer from AdoMet is

carboxy-terminal domain that contains many of the major
motifs found in prokaryotic DNA (cytosine-5-)-methyltrans-
ferases 13). The amino-terminal domain has been impli-
cated in nuclear localization to DNA replication foci during
S-phase 14), metal binding by zinc finger domains, and
DNA binding (15, 16). The murine DCMTase is a large
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1 Abbreviations: 5"C, 5-methylcytosine; AdoHcyS-adenosyl-
homocysteine; AdoMetS-adenosylk-methionine; DCMTase, DNA
(cytosine-5-)-methyltransferase; MEL, Friend murine erythroleukemia
cells; MHhal, DNA (cytosine-5-)-methyltransferase frofaemophilus
haemolyticusM.Ss$, DNA (cytosine-5-)-methyltransferase fro@piro-
plasma pdldC, poly(dtdC—dI-dC).
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followed by S-elimination to regenerate the free enzyme by
releasingS-adenosyl--homocysteine (AdoHcy) followed by
methylated DNA 19, 21).

The involvement of DNA (cytosine-5-)-methyltransferases
in mammalian tumorigenesi?, 23) and the need for
therapeutic alternatives to treat human candgrg)(capital-
ize on the importance of a more complete enzymological
description of these enzymes. Understanding the catalytic
mechanism is a first step in precisely defining how DCMTase
is regulated by cellular factor24, 25) and can be used to
evaluate the functional differences of alternatively expressed
DNA (cytosine-5-)-methyltransferase enzymag, 26, 27).

We have been using a highly homogeneous, unproteolyzed
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preparation of DCMTase from mouse erythroleukemia cells dI-dC) to lengths of approximately 2000, 1400, 600, 500,

(MEL,; 28) to study DNA methylation. We determined that

the enhanced enzyme activity often observed with hemi-

and 100 base pairs with a Branson Sonifier 450 with a
microbore tip. Lengths were estimated by agarose gel

methylated DNA compared to unmethylated substrates electrophoresis using DNA size standards.

derives from a 10-fold higher catalytic rate const&mginyiation
(29). The initial DNA binding event was sequence-depend-
ent andK,,°N* for small, single CpG-containing DNA is
similar toKpPNA (30). In this report, we further characterize
the interactions of DCMTase with the substrates, poby(dl
dC—dI-dC) and AdoMet, and the products, methylated poly-
(dl-d"C—dl-d™C) and AdoHcy.

EXPERIMENTAL PROCEDURES

Materials S-Adenosylt-[methyt*H]methionine (75 Ci/
mmol, 1 mCi/mL, 1 Ci= 37 GBq) was purchased from
Amersham Corp. Unlabeled AdoMet (Sigma Chemical Co.)
was further purified as describe@9). Routinely, 125:M
AdoMet stocks were prepared at a specific activity of 5.8
10° cpm/pmol. Two lots of poly(ddC—dI-dC) were

Preparation of Poly(cHd"C—dI-d"C). Poly(drdC—dI-dC)
was methylated to completion with Bs$ (New England
Biolabs). The methylation reaction was optimized and the
apparent,°NA was determined to be 0.40 nM for Bk$
using 6250 base pair poly(@C—dI-dC). For reaction
efficiency and sufficient yields, a 5Q@_ reaction contained
1.0 nM poly(dtdC—dI-dC). AdoMet was added to 1QM
to provide an excess level of methyl groups to complete the
reaction. Three 20-unit aliquots of Bs$were added every
10 hin MR buffer. After the DNA was cleaned by standard
organic extraction methods, it was resuspended to 10 nM in
TE (10 mM Tris, pH 8.0, and 1 mM EDTA) and subjected
to the methylation reaction using Bis$ and radiolabeled
AdoMet. Background, 230 cpm, was detected with this
preparation at 0.80 nM and a similar control experiment with

purchased from Pharmacia Biotech, Inc., with an average 0.80 nM unmethylated poly(elC—dI-dC) generated 37 000
length of 6250 and 5000 base pairs. DES81 filters were cpm. The methylated DNA, poly(edi™C—dI-d™C), was
purchased from Whatman, Inc. Other standard chemicalsresistant to digestion bythal endonuclease and the control
and reagents were purchased from Sigma Chemical Co. orDNA was digested to small fragments, as determined by

Fisher Scientific.
DNA (cytosine-5-)-methyltransferase was purified from
mouse erythroleukemia cells as descritigf).( Two separate

agarose gel electrophoresis.
Isotope Partitioning Analysis A pulse-chase approach
was used to determine the catalytic competency of the

preparations, with concentrations of 380 and 260 nM, were DCMTase-AdoMet complex. The complex was formed at
confirmed to have equivalent activities with the substrates 37 °C with 20 nM DCMTase and tritiated AdoMet at a

studied.
Steady-State Kinetic Assay$he DNA substrate used was

concentration of 1QuM. The reaction was initiated by
adding a mixture of 400 pM poly(eiC—dI-dC) and 100

poly(dl-dC—dI-dC). This substrate contains tandem methyl- uM unlabeled AdoMet. Aftea 1 hincubation at 37°C,
ation sites in which guanine has been replaced by inosine.the reactions were treated as stated above.

Methylation is catalyzed at a higher rate with this substrate

than with other DNA 29, 31). Poly(dl-dC—dI-dC) provides
a uniform sequence and limits the potential complexities

Molecular Partitioning Analysis A substrate trapping
approach was used to determine the catalytic competency
of the DCMTase-DNA complex. Two different sizes of

found with large cloned sequences that contain many substrate DNA, 1400 and 600 base pair polyd@+di-dC),
randomly situated CpG dinucleotides, each having different were used to distinguish if the initial complex proceeded in

flanking sequence contributions to binding and cataly&ds (
30).

Duplicate 25uL reaction volumes contained DCMTase
and AdoMet in MR buffer (100 mM Tris-HCI, pH 8.0, 10
mM EDTA, 200 ug/mL BSA, and 10 mM DTT). After

the forward direction or dissociated before DCMTase
performed chemistry. The complex was formed at°87

for 1.5 min with 5 nM DCMTase and the 1400 base pair
poly(dl-dC—dI-dC) at 0.20 nM, and then a mixture contain-
ing 2.0uM tritiated AdoMet (neat stock concentration, 13

preincubation at room temperature for up to 10 min, reactions uM) plus an excess of the molecular competitor, 600 base

were initiated by the addition of poly(¢lC—dI-dC) and, if

pair poly(drdC—dI-dC) at 5.0 nM was added to initiate

indicated, reaction products. The substrate and productcatalysis. Aliquots were removed at 1.5, 3, and 9 min
concentrations were varied as indicated in the figures. In followed by centrifugation through a P-6 spin column (Bio-

several experiments it was found that initiating a reaction
containing DNA with AdoMet yielded similar results to the
conditions routinely used. After 60 min at 3C, the reaction
was stopped by transferring 2L onto DE 81 filter paper.
Filters were washed (200 mL) in the following order: three
times with 50 mM KHPO, and one time each with 80%
ethanol, 95% ethanol, and diethyl ether. Dried filters were

Rad) to trap unincorporated label. DNA samples were
separated on a 6% polyacrylamj@M urea gel run at 400
V for 4.5 h. Standard methods of fluorography were used
with LiquiScint (National Diagnostics) as the fluor. The
dried gel was exposed to Fuji XAR film for 3 months at
—70°C.

Data Analysis The Michaelis-Menten equation was used

placed in 3 mL of LiquiScint (National Diagnostics) and for studies into DNA length contributions to catalysis using
disintegrations were counted on a Beckman LS1701 liquid KaleidaGraph 2.1.2 (Synergy Software). For mechanistic
scintillation counter. The radioactivity above the back- determinations the nomenclature used is that of Clel38d (
ground, from assays without added poly@€—dI-dC), was 33) and data were analyzed by regression analysis of the
converted to initial velocities and expressed as picomoles appropriate initial velocity equation, listed below, using the
of methyl groups transferred to poly¢dC—dI-dC) per hour Cleland programs34). The algorithms perform a nonlinear
and plotted in double-reciprocal form. least-squares fit to the entire data set. Mechanistic deter-
Fragmentation of Poly(ddC—dI-dC). Sonication was  minations were made by comparison of tlee values

used to break a 5000 base pair average length pet/Ce associated with the fit to each equation. The standard errors
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associated with fitted parameters and graphical analysis of ot b L e L L
the experimental data scattered around the calculated best ]

fit lines were also considered in making an assignment.

hyperbola:
_ VA
"TKoatA @)
sequential mechanism:
)= VAB @
KiaKms T KnaB + K ,gA + AB
ping-pong mechanism:
_ VAB
"TK B+ K, AT+ AB 3)
competitive inhibition:
VA
= 4
TR ALK + A @
noncompetitive inhibition:
VA
= 5
" T KA F K + AL+ 1K) ®)
uncompetitive inhibition:
VA
(6)

T Koa+ AL+ 1K)

The parameters are as followsy, initial velocity; V,
maximum velocity; A, concentration of substrate AB,
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Ficure 1: Initial velocity plots of different poly(ddC—dI-dC)
lengths. Reactions contained 20 nM DCMTase andNI0AdoMet

in 100 mM Tris, pH 8.0, 10 mM EDTA, 10 mM DTT, and 200
ug/mL BSA. Incubations were at 37C for 60 min. The poly(dl
dC—dI-dC) lengths wered) 100 base pairs:<f) 500 base pairs;

(2) 2000 base pairs; andlj 5000 base pairs. Data were fitted to
the Michaelis-Menten equation and the constants derived from
eq 1 are summarized in Table 1. The inset shows the quality of the
data close to thg-axis.

Table 1: Poly(diddC—dI-dC) Length and Catalytic Efficienéy
Keal Km (M~1s72

length  Vmax(pmol ) keat(h™) K (pM) x 107)

5000 125+ 1.1 31.2 14G+ 30 6.2

2000 9.95+ 0.39 24.9 125+ 17 55
500 9.12+ 0.29 22.8 30Qt 30 21
100 8.60+ 0.21 21.5 189Gt 150 0.31

a Apparent constants were determined from initial velocity analysis
using the Michaelis Menten equation.

1 L L L L P 1 A 1

concentration of substrate B, Michaelis constanKs and 70
Kii, slope and intercept inhibition constants, respectivily; —~ 6.0 * -
inhibitor concentration. '73 ‘o 1 * I
RESULTS AND DISCUSSION T ol i
The need for a functional and structural understanding of ‘g 50 4 .
the rapidly expanding group of mammalian DNA cytosine ~—,
methyltransferases is made ever more pressing, following ¥_ 2.0 r
reports implicating DNA methylation in chromatin restruc- 8 T [
turing and in the early stages of tumorigenesis through both 1-07] i
tumor suppressor genes and DNA repair processes. The 0.0 — 7
selection of a suitable substrate for the investigation of a 0 1,000 2,000 3,000 4,000 5,000 6,000

DNA modifying enzyme is particularly complex; are single
or multisite substrates preferred, short synthetic or longer
fragments harboring biologically relevant sequences, linear
or supercoiled molecules? Our choice of poly@@—dl-

dC) for use in the kinetic mechanism studies was based in

part on our prior demonstration that the mammalian enzyme
shows significantly better activity with this substrate than
others. Initial velocity studies with poly(diC—dI-dC) result

in very low levels of product formation, thereby circumvent-
ing the potentially complicating issue of how adjacent methyl
groups alter the kinetics of methylation.

DNA Length Contributions to Catalytic EfficiencyWe
initially sought to determine which length of poly¢diC—
dl-dC) showed the highest catalytic efficiency with the
enzyme. Initial velocity profiles were obtained for poly(dl
dC—dI-dC) lengths of approximately 5000, 2000, 500, and

pdidC length

Ficure 2: DCMTase efficiency as a function of poly¢diC—dl-

dC) length. The apparent constants were derived from Figure 1
and are shown in Table 1. The data were fitted well by an isotherm
that yielded a half-maximal length of 1200 base pairs and a maximal
KealKm value of 8.0x 10/ M1 s71,

100 base pairs (Figure 1). The kinetic terms are compared
in Table 1. A 14-fold increase iK°N* was observed as
the length decreased from 5000 to 100 base pairskand
decreased by a third. The apparent first-order rate constant
at low substrate concentratiorg./Km°N*, is a measure of
catalytic efficiency, and the hyperbolic trend (Figure 2)
suggests a half-maximal DNA length of 1200 base pairs and
that lengths greater than 2000 base pairs provide little more
to catalytic efficiency. In contrast, DNA lengths of 500 base
pairs and smaller show a very sharp decrease in efficiency.
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[ Ficure 4: Double-reciprocal plot of AdoHcy product inhibition
1B b with varying AdoMet concentrations. Reactions contained 20 nM
] [ DCMTase and 40 pM poly(etiC—dI-dC) in 100 mM Tris, pH 8.0,

10 mM EDTA, 10 mM DTT, and 20@g/mL BSA. The AdoMet
concentrations were 0.50, 1.0, 2.0, 4.0, and:80 The AdoHcy
concentrations weré) 0; (&) 0.75uM; (O) 1.5uM; (A) 3.0uM,;

and (notched square) 64M. Incubations were at 37C for 60

(hr/pmol)

E‘ 1 min. Experimental data are shown scattered around lines derived
8 ] from a fit to eq 4 for competitive inhibition.
kS °'5J4 I analyzing sequential steady-state mechanisms. The true
- ] [ Michaelis constants derived wekg!¢ = 36 + 5 pM and
O N | KnfdoMet = 1.4 + 0.2 uM. The values determined for the
0 0.4 08 1.2 16 2 dissociation constant&P'9C andK;A%Met were both 10-fold

1/AdoMet (uM ') smaller than the correspondiig, values. A similar pattern
Ficure 3: Double-reciprocal plots of velocity vs substrate con- of lines on double-reciprocal plots was observe(_j when a 100
centration. Reactions contained 20 nM DCMTase in 100 mM Tris, base pair poly(ddC—dl-dC) was used, suggesting that the
pH 8.0, 10 mM EDTA, 10 mM DTT, and 20@g/mL BSA. length of the poly(dHdC—dlI-dC) substrate did not have an
:jné:)ubatlon_s (\j'\lefedalt_ 37C for 60 mtln- (Panil At) :g'yl\sldbt'C—dl' . effect on the steady-state mechanism (data not shown).

IS varied and lines represent a constan olviet concentra- H H 7 _
fion: (a) 4.0 uM: (0) 2.0 uM: (&) 1.0 zM: and ©) 0.50 M. The mt((;-rl.':‘,eclt.lngt patterns rutl_e Ioutda n%nsegl{[erltlal Orlréiph
(Panel B) AdoMet is varied and lines represent a constant poly- anism and implicate a sequential oraer of substrate addition
(dI-dC—dI-dC) concentration: £) 112 pM; ) 56 pM; (©) 28 in which both DNA and AdoMet add to the enzyme surface
pM; and ©) 14 pM. Experimental data are shown scattered around before products are released. The nearly parallel lines can
lines derived from the fit of eq 2 for a sequential mechanism. be indicative of an ordered bi-bi mechanism whége <

o ] . o ) Kma, @ rapid equilibrium random mechanism where the

Similar increases in catalytic efficiency with larger DNA  pinding of one substrate strongly inhibits the binding of the
lengths have been demonstrated for various DNA modifying other substrate, or a nonrapid equilibrium random bi-bi

enzymes, including DNA methyltransferases. Although not mechanism where the rate constants for release of A and B
demonstrated here, this dependency has uniformly beengre |ower tharky,

shown to involve a facilitated diffusion process in which a  product Inhibition Product inhibition studies were pur-

protein initially binds the DNA, rapidly translocates along syed to further examine the steady-state kinetic mechanism
the DNA, and binds tightly at a cognate site. The apparent (37, 38). Product inhibition is classically examined by the
first-order rate constanka/K,""*, was determined to have  sjopes andy-axis intercepts from families of double-

a maximum efficiency of 8.0« 10" M~* s”* (Figure 2) and  reciprocal plots §3). One substrate is held constant while
is within an order of magnitude of the diffusion-controlled poth the product and the substrate being studied are varied
limit for bimolecular interactions. This correlates very well in a concentration range around its Michaelis constant.

with the kea/Km™* reported for MHhal, 6.7 x 10'M™*s™*  |nnibition profiles are characterized as either competitive,
(19) Previous work on facilitated diffusion with the bacterial noncompetitive, or uncompetitive_ The inhibition constants

DNA adenineN® methyltransferase, McoRl, indicates that K, and K;s are derived from analysis of the intercept and
the major effect of DNA length was to increase the second- sjope effects in secondary replots, respectively, and can be
order rate constark, (35, 36). More studies are required  gijther linear in a simple system or parabolic in a more
to decipher which rate constants are most affected with thecomplex one. The addition of products can change the
mammalian enzyme. normal reaction sequence by populating certain forms of the
Initial Velocity Studies with Poly(eddC—dI-dC) and enzyme not present when products are withheld. The results
AdoMet Double-reciprocal plots of initial velocity versus from our studies are summarized in Table 2 and are described
substrate concentration are shown in Figure 3, using a 6250in detail below.
base pair poly(ddC—dI-dC). The transformed data were Product Inhibition with AdoHcy The DCMTase reaction
best fitted by lines intersecting far left of tlyeaxis using a product AdoHcy was a linear competitive inhibitor of
nonlinear regression of eq 2, a standard equation for AdoMet (Figure 4). A nonrapid equilibrium random bi-bi
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Table 2: Product Inhibition of Murine DNA (Cytosine-5-)-methyltransfetase

product varied substrate fixed substrate type of inhibition inhibition corfstant
poly(dl-d"C—dl-d™C) poly(dl-dC—dlI-dC) AdoMet NC nd
poly(dl-d"C—dI-d™C) AdoMet poly(dtdC—dI-dC) NC Kis 5.3+ 2.1 pM
Kii 30+ 12 pM
AdoHcy poly(dkdC—dI-dC) AdoMet NC/UC nd
AdoHcy AdoMet poly(dtdC—dI-dC) C Kis 1.4+ 0.2uM

a AdoHcy, S-adenosylhomocysteine; AdoMe%;adenosylmethionine; C, competitive; NC, noncompetitive; UC, uncompetitive inhibitigg.
refers to the inhibition constant derived from a slope effégtrefers to the inhibition constant derived from an intercept effentl, not determined.

The determination of an inhibition constant may be complicated by

determined. The inhibition constants are dependent on the fixed AdoMet concentration and inhibition is not overcome by saturating AdoMet

binding to a second nucleic acid binding site on the DECMIT ase.

concentrations. Instead, the inhibition profiles are noncompetitivelike at low AdoMet and uncompetitivelike at high AdoMet concentrations.
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Ficure 5: Double-reciprocal plot of AdoHcy product inhibition
with varying poly(dtdC—dI-dC) concentrations. Reactions con-
tained 20 nM DCMTase in 100 mM Tris, pH 8.0, 10 mM EDTA,
10 mM DTT, and 20Qug/mL BSA. Incubations were at 3T for

60 min. The poly(dddC—dI-dC) concentrations were 2.5, 5.0, 10,
and 20 pM. The AdoHcy concentrations weg) Q; (&) 15 uM;

and ©) 30uM. (Panel A) AdoMet held constant at 1. (Panel

B) AdoMet held constant at 8 M. Experimental data are shown
scattered around lines derived from a fit to eq 5 for noncompetitive
inhibition.
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Ficure 6: Double-reciprocal plot of poly(éd™C—dI-d™C) product
inhibition with varying AdoMet concentrations. Reactions contained
20 nM DCMTase and 60 pM poly(edC—dI-dC) in 100 mM Tris,

pH 8.0, 10 mM EDTA, 10 mM DTT, and 200g/mL BSA. The
AdoMet concentrations were 1.0, 2.0, 4.0, and/&\0 The poly-
(dl-d™C—dI-d™C) concentrations werél) 0; (<) 5.0 pM; ©) 10

pM; and @) 20 pM. Incubations were at 37C for 60 min.
Experimental data are shown scattered around lines derived from
a fit to eq 5 for noncompetitive inhibition.

-
-
N

values and this resulted in initial velocity patterns that were
nearly parallel. Also, methylation at the®@osition of
pyrimidines is considered to be catalytically irreversible for
a whole class of enzyme$8§), suggesting again th&; may

be significantly lower tharKyng and that the competitive
nature of AdoHcy to AdoMet with DCMTase may be
indicative of an ordered bi-bi mechanism.

A distinctive inhibition profile was revealed when AdoHcy
and poly(dtdC—dI-dC) were varied. Two families of plots
were obtained with AdoMet at different constant levels, 1.2
uM and 8.0uM (Figure 5, panels A and B, respectively).
Increasing the AdoMet concentration had the effect of
changing the plots from a noncompetitive pattern at con-

order of substrate addition and product release shouldcentrations neaky”%®Met to an uncompetitive pattern at

produce a series of four product inhibition plots that are all
noncompetitive; therefore the pattern in Figure 4 is incon-
sistent with a random bi-bi mechanism. The competitive
nature of AdoHcy with respect to AdoMet bindink;s =

1.4+ 0.2uM, classically suggests that AdoMet and AdoHcy

higher AdoMet concentrations. Note the decrease in scale
of the y-axis in Figure 5B compared to Figure 5A and the
lack of a significant change of the data collected at high poly-
(dlI-dC—dI-dC) concentrations, the points closest to the
y-axis. Graphical analysis of the data at high AdoMet

bind to the same form of the enzyme. Another explanation concentrations appeared to fit slightly less well to an
does not adhere to the simple model and predicts that, in anuncompetitive modelK; = 2.0 + 0.6 uM, than to a

ordered bi-bi mechanism, Ki; < Kng then AdoMet binds
after poly(dtdC—dI-dC) and AdoHcy is the first product
released. In considering this possibility, recall that in Figure
3 Kia andKj, were 10-fold less than the correspondidg

noncompetitive model that produced the const&nts 63
+ 71 uM and Kj = 2.5 £ 1.0 uM. The KA%Hey was
independently determined in Figure 4 to be M. The
slope and-intercept replots from each AdoHcy versus poly-
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Ficure 7: Double-reciprocal plot of poly(aéd™C—dI-d™C) product inhibition with varying poly(ddC—dI-dC) concentrations. Reactions
contained 20 nM DCMTase and 181 AdoMet in 100 mM Tris, pH 8.0, 10 mM EDTA, 10 mM DTT, and 20@/mL BSA. Incubations

were at 37C for 60 min. The poly(didC—dI-dC) concentrations were 20, 40, 80, 120, and 160 pM. The pedi{@+dI-d™C) concentrations

were () 0; (a) 34 pM; (O) 45 pM; () 68 pM, and (notched squares) 90 pM. Panel A shows the intersecting noncompetitive lines. Panel
B is the slope replot, and panel C is tixéntercept replot obtained from the lines in panel A.

(dI-dC—dI-dC) series were all linear. Another study con- S B NS BN .
firmed these results and showed a gradual effect of going

from a noncompetitive to an uncompetitive model using three

AdoMet concentrations: 1, 2.5, and &8 (data not shown). 1400 bp —»
This analysis demonstrates that the slope contribution to

AdoHcy inhibition is minimal at low AdoMet concentrations, GO0 bp - =
inhibition cannot be overcome by high AdoMet concentra-

tions, and AdoHcy binds to a different enzyme form than
poly(dl-dC—dI-dC). This is strong evidence for an ordered

bi-bi mechanism in which initial DNA binding is followed

by AdoMet binding and that the following reaction step is FiGURe 8: Molecular partitioning analysis. Lanes-3 are 1.5, 3,

irreversible: and 9 min time points from a reaction that preincubated DCMTase
with 1400 base pair poly(ediC—dI-dC) and chased the initial
complex with excess 600 base pair poly@—dI-dC) and tritiated

DCMTase-poly(dl-dC—dI-dC) + AdoMet— AdoMet. Lanes 4-6 are from a control reaction at the same times

DCMTase-poly(dl-dC—dI-dC)—AdoMet in which both DNA lengths were preincubated together with
DCMTase, followed by addition of AdoMet to promote catalysis.

Also, the last product to leave the enzyme cannot be AdoHcy , .
if poly(dl-dC—dI-dC) is the first substrate to bind DCMTase.  (dI-dC—dI-dC) was held constant (Figure 6). The estimated
Uncompetitive inhibition with AdoHcy and DNA was also  Inhibition constants werts = 5.3+ 2.1 pM andK;; = 30

observed with MHhal; it provided evidence that a Mhal — + 12 pM. The noncompetitive pattern with AdoMet
DNA—AdoHcy complex can form and ruled out a catalyti- supports many dlﬁerent_mechanlsms, m_clu_dmg one in which
cally significant MHhal —AdoHcy complex 20). DNA binding occurs prior to AdoMet binding.

Product Inhibition with Poly(cHd"C—dI-d™C). Fully The double-reciprocal pattern for methylated DNA product
methylated poly(did™"C—dI-d™C) was prepared and used as versus DNA substrate would be expected to be competitive
a product inhibitor of the DCMTase reaction. Poly@flC— in a standard ordered bi-bi kinetic mechanism where DNA

dl-d™C) was linear noncompetitive with AdoMet when poly- adds first and methylated DNA leaves last from the enzyme
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DNA AdoMet AdoHcy *DNA

b (I

E E:DNA (E:DNA:AdoMet =< E:*DNA:AdoHcy) E:*DNA E

Ficure 9: Proposed kinetic mechanism. DCMTase appears to progress through the catalytic cycle by the ordered bi-bi mechanism shown.
Methylated DNA is denoted as *DNA.

surface. The double-reciprocal data obtained from five incorporated into if. This demonstrates quite clearly that
experiments appeared to be noncompetitive. However, uponDNA, under the conditions of our assays, can bind first in
fitting the data to the standard competitive and the noncom- the steady-state mechanism and limits the assumptions made
petitive models, graphical analysis showed that the fittings in our other experiments to the ordered bi-bi mechanism.

in both cases were not acceptable. This was also observed

when AdoMet concentrations were held constant between CONCLUSIONS

1.25 and 12..xM. The sensitivity to inhibition was notably " N
abrupt, as poly(dd"C—dI-d"C) had little effect at 10 pM Under the conditions of our assays, the DCMTase purified

but completely inhibited the reaction at 100 pM. The results from MEL cells has a kinetic order as follows: DNA binds
from one experiment are shown in Figure 7A with idealized DCMTase, then AdoMet binds and catalysis occurs, and then

lines intersecting left of thg-axis. Secondary slope and AdoHcy leaves the enzyme followed by methylated DNA
y-intercept replots (Figure 7B,C) were obtained, and both (Figuré 9). The proposed mechanism is similar to that
were parabolic concave upward. This explains the difficulty described by Wu and Santll§) for the bacterial DNA

in fitting the simple model and is indicative of polyédrC— (cytosine-5-)-methyltransferase, Whal. We suggest that
dl-d"C) binding at two points in the catalytic cycle. the intersecting double-reciprocal plots for a rapid equilib-
Furthermore, it is evidence that a DCMTad2NA—DNA rium ordered bi-bi mechanism observed withHWal and
complex can be formed. Additional steady-state kinetic Our observation of double-reciprocal plots that intersect far
experiments also support the existence of an inhibitory from they-axis with the murine DCMTase may be reconciled

DCMTase-DNA—DNA complex (manuscript in prepara- by differences in the lifetimes and partitioning of catalytic
tion). intermediates. Candidate differences include assembly of

the E-DNA—AdoMet intermediate complex where the target

cytosine is stabilized within the enzyme, the covalent
E—DNA—AdoMet complex, or subsequent steps involving

methyl transfer op-elimination. The mammalian DCMTase

is approximately 3 times larger than the bacterial enzymes
and contains a large amino-terminal domain, the regulation
of which may directly influence catalysis.

Isotope Partitioning Analysis with AdoMetIsotope
partitioning analysis is a powerful strategy used to identify
catalytically competent enzymesubstrate complexesS9,
40). The DCMTase-AdoMet complex formed with 1aM
radiolabeled AdoMet was not competent for catalysis,
because a chase including 400 pM poly@@—dI-dC) and
100uM unlabeled AdoMet produced no detectable activity ] _ )
(data not shown). Substrate inhibition was not observed at The single-displacement mechanism postulated for the
high AdoMet concentrations. This is typical for an ordered M-Hhal places stereochemical and kinetic constraints on the
bi-bi mechanism when studying the second substrate byreactlon. Methyl transfer from AdoMet to cytosine position

isotope partitioning, because the DCMTageloMet com- C® proceeds with an inversion of stereochemistry at the
plex must dissociate before DCMTase can bind pohg@ transferred methyl groud§), as predicted for a bimolecular
di-dC). Under these conditions, the DCMTasmly(d!- reaction in which the methyl group transfers directly from

dC—dlI-dC) complex would then bind a diluted specific AdoMet.to the cytosine. '_I'his is.ghe}racteristic of ;equential
activity AdoMet and catalysis would not be detectable. Mechanisms and the rapid equilibrium ordered bi-bi mech-
Another potential explanation of the results predicts a rapid @nism used by Mdhal. Although the stereochemistry is not
equilibrium binding of AdoMet as the first substrate in an known for the murine enzyme, the sequential ordered
ordered mechanism. However, this should have been obvi-mechanism that it apparently uses is similar to that used by
ous from varying each substrate as in Figure 3, becausethe bacterial enzyme.
markedly different double-reciprocal patterns would have  Quantitative enzymological studies reveal a great deal
been resolved. about how enzymes function and can yield novel insights
Molecular Partitioning Analysis A novel assay was into biological phenomena. The evidence that pok(®tC—
developed to test the competency of the initial DCMTFase  dI*d™C) can bind to two enzyme forms in the catalytic cycle
poly(dl-dC—dI-dC) complex. This complex was formed IS intriguing, and although processivity has not been ad-
with one DNA length, 1400 base pairs, and then challenged dressed in our studies, the kinetic mechanism proposed is
with an excess of smaller, 600 base pair DNA combined that expected for a processive enzyme. Our laboratory is
with labeled AdoMet. The initial DCMTasepoly(dl-dC— now positioned to study the biochemistry of the different
di-dC) complex was observed to be competent for catalysis,iSoforms of the DCMTase that may exist in mammals and
because tritium was incorporated into the larger DNA (Figure how cellular factors or DNA conformations modulate DC-
8). A control experiment allowed both DNA lengths to MTase function.
compete for DCMTase binding before AdoMet was added,
because the smaller DNA was at a sufficiently high 2 similar result was obtained by J.F. usingHhal (Lindstrom,
concentration the majority of the detectable label was Flynn, and Reich, manuscript in preparation).
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