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ABSTRACT

The original cDNA sequence reported for the murine
DNA methyltransferase (MTase) was not full length.
Recently, additional cDNA sequences have been
reported that lie upstream of the original and contain

an extended open reading frame with three additional
ATGs in frame with the coding region [Tucker et al.
(1996) Proc. Natl. Acad. Sci. USA , 93, 12920-12925;
Yoder et al. (1996) J. Biol. Chem . 271, 31092—-31097].
Genomic DNA upstream of this ATG contains two more
ATGs in frame and no obvious splice site. We have
constructed, and expressed in baculovirus, MTase
clones that begin at each of these four ATGs and
examined their properties. Constructs beginning with

any of the first three ATGs as their initiator methionines
give a predominant DNA MTase band of [185 kDa on
SDS-PAGE corresponding to translational initiation at

the third ATG. The fourth ATG construct gives a much
smaller protein band of 173 kDa. The 185 kDa protein was
purified by HPLC, characterized by mass spectrometry
and has a measured molecular mass of 184  +0.5 kDa. All
of these MTases were functional in vifro and steady
state kinetic analysis showed that the recombinant
proteins exhibit similar kinetic properties irrespective

of their length. The homogeneous recombinant enzyme
from the fourth ATG construct shows a 2.5-fold
preference for a hemi-methylated DNA substrate as
compared to an unmethylated substrate, whereas the
185 kDa protein is equally active on both substrates.
The kinetic properties of the recombinant enzyme are
similar to those reported for the native MTase derived
from murine erythroleukemia cells. The new clones are
capable of yielding large quantities of intact MTases for
further structural and functional studies.

INTRODUCTION

The diploid mammalian genome containk x 10 CpG

is implicated in the control of developmental procesSgsgéne
expression4), X chromosome inactivatiord,6), transposition),
recombinationg), replication §) and genomic imprintingLQ). The
importance of DNA methylation during embryonic development in
mice has been well-documentéd)( Apart from normal biological
processes it has been postulated that DNA methylation plays a role
in carcinogenesisl@), genetic disease$3) and evolution 14).

The mechanism of (cytosine-5) DNA methylation has been
elucidated in detail for the prokaryotic MTases and involves the
formation of a covalent intermediate between the methyltransferase
(MTase) and the 6-position of the target cytoslrigl(). Crystallo-
graphic evidence has shown that an unusual mode of DNA binding
is employed in which the target cytosine residue swings completely
out of the DNA helix and is positioned in the active site, where the
chemistry can proceed without steric hindranté1@). It is
believed that the murine MTase follows the same mechanism,
because there is great sequence similarity between the C-terminal
500 amino acid residues of the murine MTase and the bacterial
MTases {9). However, at its N-terminus the murine MTase has
more than 1000 additional amino acids whose function is mostly
unknown. One small segment has been implicated in co-localizing
the MTase with the replication machinego).

DNA methylation is sequence specific and in the case of both
mouse and human MTases, CpG dinucleotides are methylated in
a symmetrical manner. After each round of DNA replication the
methylated parental strands give rise to a pair of hemi-methylated
daughter strands. To preserve the methylation pattern, the
mammalian enzyme methylates the newly synthesized strand.
The MTase localizes with replication foci in the nucleus as shown
by confocal microscopy in Swiss 3T3 cell linegX))( These
properties have led to this MTase being considered the prime
activity responsible for maintaining the methylation pattern of the
DNA. Apart from its maintenance activity, the previously-
characterized MTase also shows weak activity on unmethylated
target sites. There is evidence that this maintenance MTase can act
on unmethylated, single-stranded DNA at a comparable rate with
that of hemi-methylated DNA2(). Furthermore, structural
abnormalities in DNA such as loops and hairpins also ledd to
novomethylation by the enzynie vitro (21,22). It is not known

dinucleotides), of which[160% are methylated at the 5-position whether these are normal activities/ivo. Recently, it has been
of the cytosine residue?), Cytosine methylation is the most shown that an additionale novoMTase activity is present in
common form of DNA methylation known so far in vertebrates andhutant murine embryonic stem (ES) cell lines, which have been
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disrupted for the maintenance MTas&)( Thus mammals Autographa californicanuclear polyhedrosis virus (AcNPV) DNA
appear to have more than one MTase. (Pharmingen) onto a monolayer of SF9 insect cells. pHisSMMT3 was
The previously-reported, truncated DNA MTase cDNA failed tacotransfected using the Bac-N-Blue transfection kit (Invitrogen).
complement mutant ES cell lines, in which the gene for th&ransfection supernatants were screened for recombinant baculovi-
maintenance MTase had been disruptetf)). ( However, rus using the agarose overlay technique?).( For the
complementation could be achieved by constructs that containgdlL1393-derived transfer vectors neutral red was used, whereas
sequences upstream of the previously reported starSjgs),  bluo-gal (Gibco-BRL) was used for pHiSMMT3 to isolate pure
These upstream sequences contained an open reading frame widgues using standard techniqu&d.(Each purified plaque was
a coding capacity of at least 171 amino acids. The resultirgmplified to reach a viral titer betweerx 20° and 1x 10° pfu/ml.
constructs, when transfected into mutant ES cells, expressed a
protein that co-migrated with the endogenous maintenance MTaggpression of recombinant murine DNA MTase in SF9
Functional rescue was also observed in these transfected cellsiis
since the genomic DNA became re-methylated and the cells _ )
regained the ability to form teratomas displaying a variety ofSect cells (SF9) were routinely used for the expression of
differentiated cell types?2@). This suggests that these new 'eécombinant protein. SF9 cells were grown fand maintained in
N-terminal sequences may have an essential function or that thM-FH complete medium supplemented with 10% fetal calf
correct translation of the gene must begin at the newly-discoverggrum £7). For initial expression studies 25 tifiasks were
upstream ATG. To test the properties of these additional sequen&§§d- However, for routine pur|f|cat|o.n of protein, spinner culture
we have prepared four different MTase constructs in baculovird@Sks were used. SF9 cells at a densityof@/ml were infected
transfer vectors such that each has either the first, second, thircfr@ multiplicity of infection (MOI) of 10. The cells were
fourth ATG available as its start site for translation. Thes#ncubated with gentle stirring. Cells were harvested 72 h
recombinant viruses have been purified, amplified and used for tR@St-infection (PI) unless otherwise stated. Infected cells were
production of recombinant protein. The proteins have been purifigggntrifuged at 4C at 120@. The pelleted cells were washed once
and sequenced, and their steady state kinetics have beenistudiedith phosphate buffered saline.
vitro using poly (dl.dC:dl.dC) and either unmethylated or hemi-

methylated synthetic oligonucleotides as substrates. Purification of recombinant murine DNA MTase
Typically 3 g of infected cells were resuspended in 15 ml lysis
MATERIALS AND METHODS buffer M (20 mM Tris—HCI, pH 7.4, 1 mM NEDTA, 10%
sucrose, 1fg/ml TPCK, 1Qug/ml TLCK, 5ug/ml E64, 5ug/ml
Transfer vectors leupeptin, 1g/ml PMSF) supplemented with 250 mM NaCl. The

cell suspension was sonicated on ice for 30 s using a model

DNA MTase expression constructs were derived from pM@V-225R (Heatsystem-Ultrasonics, USA) sonicator in pulsed
(T.Bestor), p7B (K.Tucker) and pSX121 (E.Li) and are presenteshode with 50% duty cycle. The extract was incubated on ice for
schematically in Figur&. The pMMT4 construct was made by 30 min and then centrifuged at 11 Gt a JA18 rotor at 4C
inserting pMG, which is a 4930 bp DNA MTase cDNA into afor 45 min. The supernatant was collected and an equal volume
baculovirus transfer vector pVL1393 in which recombinant genef buffer M, without NaCl, was added to bring the final
expression is driven by the polyhedrin promot&)( This  concentration of NaCl to 125 mM. This mixture was centrifuged
construct expresses a truncated version of the MTase beginnindoata further 30 min at 11 00§to remove the precipitate. The
the fourth ATG and is essentially identical to constructs describexdipernatant was loaded on a 70 ml Q Sepharose HR (Pharmacia)
previously £6,28,29). pMMT3 contains a version of the MTase column pre-equilibrated with buffer A (M with 100 mM NaCl) at
gene, which begins at the third ATG. It was prepared by ligatingg ml/min using a superloop. The column was washed with 200 ml
the newly-isolated upstream cDNA fragment from pBBd(ll—  of buffer A. The bound proteins were eluted with a linear gradient
EcaRl) into pMMT4 giving a plasmid that iS200 bp larger than of 0-1.0 M NaCl in 300 ml of buffer B (buffer M supplemented
pMMT4. This third ATG construct was also cloned as an in-frameith 1.0 M NacCl). Fractions containing MTase activity were
fusion with a hexahistidine leader peptide and the enterokinase giteoled and the final salt concentration of the protein solution was
of the vector pBlueBac2C (Invitrogen). This constructbrought to 100 mM NaCl by the addition of buffer M.
pHisSMMT3, expresses an MTase that is easily purified on an This protein solution was loaded on a 5 ml Heparin—Sepharose
IMAC column containing chelated nickel. The first ATG construct(Pharmacia) column. The column was washed with buffer A
pMMT1, was prepared by ligating tis3H1-Bgll fragment of  containing 100 mM NaCl and the bound protein was eluted with
pSX121 to pMMT3. This construct is 150 bp longer than pMMT20 ml of a linear gradient from 0.1 to 1.5 M NacCl in buffer M.
and has two additional ATGs in-frame with the ATG of pMMT3Fractions containing MTase were pooled and dialysed against
(third ATG). The additional DNA sequences were derived from thbuffer M containing 100 mM NaCl. The dialysed MTase was
corresponding genomic DNA of the murine MTaz8.(The first  loaded on a 1 ml Source 15Q (Pharmacia) column. The unbound
ATG of pMMTL1 overlapped arsph (GCATGC) site so that proteins were washed with buffer M containing 100 mM NaCl
digestion of pMMT1 withSpHh followed by blunting of the ends and the bound proteins were eluted with 60 ml of a linear gradient
by T4 polymerase and subsequent ligation destroyed this first ATom 0.1 to 1.0 M NaCl in buffer M.
The resulting construct, pMMT2, was thus missing the first ATG, The MTase fraction was further purified by gel filtration on a
but did contain the second ATG as a potential initiation site fadiload Superdex 200 prep grade 16/60 (Pharmacia) column
translation. equilibrated with buffer M containing 200 mM NaCl at 0.2 ml/min.

The transfer vectors, pMMT1, pMMT2, pMMT3 and pMMT4 The peak fractions were collected and dialysed against buffer M
were cotransfected with baculogold DNA, a modified, linearized@ontaining 50% glycerol.
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Figure 1. Murine DNA MTase with additional N-terminal amino acids) Conceptual translation of the newly discoveresegjuences of the murine DNA MTase.
MMT1, 2, 3 or 4 represent the murine MTase protein translated from the first, second, third or fourth initiator methiecineshgsphe underlined amino acid
sequence was confirmed by N-terminal sequence analysis of MMT3 by Edman degradation. Vertical bars between amino athiddatsimef introns in the
genomic DNA sequence. The exons are numbered ffotm 4°. Methionine 1 and 2 are derived from the genomic sequence preceding the newly diseoded 5

of the cDNA, which only contains the third methionirig) Schematic of the'fend of the murine MTase gene showing the relative locations of the four potential
initiator ATGs within the first four exons. The first stop codon is TAG and is located 29 bases before the first ATG thiteefirstthionines all lie in the first exon.
Previously the fourth ATG, located in exohwas believed to be the translation initiator (25). More recently the third ATG is believed to be the first methionine for
translation (24,35 and this workY Schematic showing the complete murine MTase gene. NLS shows the putative nuclear localisation signal. Grey boxes mark tt
sequences responsible for targeting the enzyme to replication foci, a putative Zn finger and a region that shares hothelobickeétinpolybromo-1. The regulatory

and catalytic domains are linked by six GK dipeptide repeats.

DNA substrates for MTase assay DNA and protein in M buffer. The reaction was incubated &€37

. forlh th led in ethanol/dry i i
Poly_ (dl.dC:dI.dC_) with an average length of 7000 bp Waé);r"er %%;I en cooled in ethanolfdry ice and processed as describec
obtained frorrr: 5'9(;?6.‘-. Ol|gfonucleot|(;je§ were made r?y l;[he To study the steady state kinetic parameters of the purified
Organic Synthesis division of NEB and their purity was checked,,ymes various DNA substrates were used (as indicated above)
by ““P-labelling and PAGE. Duplex oligonucleotides wereyny'ine reaction mix contained 20 mM Tris—HCI, pH 7.4, 1 mM
prepared by adding equimolar amounts of the complement_an/aQEDTA, 10 pg/ml TPCK, 10ug/ml TLCK, 5 ug/ml E64,

strands. The annealing was checked by PAGE. The following, /m jeupeptin and fig/ml PMSF. The concentration of
oligonucleotides were used, M represents 5-methylcytosine. protein was estimated using the Bradford reagent with BSA as the

1. HM 30mer:5'-AGACMGGTGCCAGMGCAGCTGAGCMGGATC-3 protein standard.
3'-TCTGGCCACGGTCGCGTCGACTCGGCCTAG-5

2. UM 30mer:5'-AGACCGGTGCCAGCGCAGCTGAGCCGGATC-3 Determination of molecular mass and sequencing of
3'-TCTGGCCACGGTCGCGTCGACTCGGCCTAG-5 recombinant murine MTase

3. DM 30mer:5'-AGACMGGTGCCAGMGCAGCTGAGCMGGATC-3 . _ 3 o
3'-TCTGGMCACGGTCGMGTCGACTCGGMCTAG-5 Murine MTase preparations were further purified for determination

4. Poly (dI.dC: dI.dC): poly deoxyinosinic-deoxycytidylic acid. of molecular mass. A sample(g) of MTase in 2Qul buffer M plus

10% sucrose, was injected on a microbore HPLC system containing
a 250x 0.8 mm, POROS/R1/H particle column (LC Packings)
equilibrated with 95% buffer A (water, 0.1% TFA) and
When screening clones for expression, the MTase was assaye8% solvent B (acetonitrile, 0.1% TFA). The column was
a crude extract prepared from infected cells. The cell pellet wakeveloped for 2 min with a flow rate of 200min followed by
briefly sonicated in buffer M and the cell debris was pelleted bs 20 min linear gradient from 5 to 100% solvent B. Protein was
centrifugation. The supernatant was used to assay tletected by UV absorption at 214 nm. The major peaks were
incorporation of3H methyl groups into poly (dI.dC:dl.dC). The collected and subjected to Matrix Assisted Laser Desorption
reaction mix (7Qul) contained 3.3iM 3H AdoMet (1.08.Ci), 14g  lonization-Time of Flight Mass Spectroscopy on a Perseptive

MTase assay
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Figure 2. Generation of recombinant baculovirus constructs with various length of murine MTaséy@@R (analysis of the recombinant baculovirus DNAs. The
forward primer binds from —44 (nt 4049) to —21 (nt 4072) in front of the start of the polyhedrin gene, using the nomenetdterce 27. The reverse primer,
CTGCCATTTCTGCTCTCCAGGTTG, is located 337 bp downstream of the third ATG spans the region containing the fourth ATG. @hesatetthin a 100 bp
DNA ladder (BRL) as a MW marker. Lane 2, pMMTL1 template; lane 3, pMMT2 template; lane 4, pMMT3 template; lane 5, pMMT4 {Biripkitacts from SF9
cell infected with various MTase constructs were resolved on a 4-20% SDS—PAGE and stained with Coomagyi®\Bkterrg blot analysis of the same protein
mixtures shown in (B). The top of the gel is enlarged. An antibody (Ab 334) specific for the residues just downstreauritf &T&5of the MTase was used to
detect the MTase protein. The MW markers are in kDa. The arrow indicates the MTase specific bands.

Biosystems Voyager DE instrument using recrystallized sinapingupernatants were used for plaque purification to isolate single
acid (Sigma) as the matri81). A maltose binding proteifs- recombinant viruses. From each transfection, six putative
galactosidase fusion protein of 158 194 Da was used as trezombinant virus plaques were isolated. Each viral plaque was
standard. The protein fractions were also analysed by westeamplified at least twice to reach a titre ok 101 pfu/ml.
detection with Ab 334 (as described below). An SF9insect cell line was used for the expression studies. This
For N-terminal sequence analysis the murine MTases preparegll line offered the following advantages. It had a short doubling
as described above, were subjected to electrophoresis on tiane of between 18 and 24 h and it grew well in monolayer and
8% Tris—glycine polyacrylamide gel (Novex) and electroblotteduspension culture. Three days after infection the cell extracts
according to the procedure of Matsuda®d) (with modifications  were tested for recombinant MTase expression either by assaying
as previously describe@%,34). The membrane was stained with for the transfer ofH methyl groups into poly (dl.dC:dIdC) or by
Coomassie Blue R-250 and the appropriate protein bafd38f western analysis using an N-terminal specific antibody (Ab 334).
or 185 kDa were excised and subjected to sequential degradafidns allowed an assessment of the level of expression of
(33). functional protein, it also indicated that the recombinant MTase
was intact. All four pMMT constructs produced catalytically
active recombinant MTase as predicted by the cDNA sequence.
However, western analysis of cell extracts revealed that the
Cell extracts or purified protein samples were mixed wittconstructs pMMT1 or pMMT2 produce proteins that co-migrate
SDS-PAGE sample loading buffer and incubated aC9r  with the MTase that is produced by pMMT3. The molecular
3min. The protein mixtures were separated in aveight of the MTase produced by pMMT3 was estimated from
4-20% polyacrylamide ISS miniplus SepraGel. The protei$DS gel analysis to ke85 kDa (Fig3). pMMT4, which has a
bands were blotted on to a PVDF membrane and probed usingnach smaller cDNA, expressed a protein with an estimated
polyclonal rabbit antibody (Ab 334) raised against a peptidenolecular weight of 1173 kDa. This is slightly larger than the
RSPRSRPKPRGPRRSK, located four amino acids downstreatieoretical mass of unmodified MMT4, which is 169 955 Da.

Immunoblot analysis of different MTases

of the fourth ATG in the murine MTase protef#¥)). This small discrepancy may be the result of post-translational
modification of the MTase, such as phosphorylation, which is
RESULTS known to occur in insect cell87). The mouse MTase is thought

to be phosphorylated in its native sta@é)(
Expression of recombinant murine MTase in SF9 insect

cells
Different translational initiation/processing of proteins?

Co-transfection of the four pMMT plasmids (Fld\) with linear

AcNPV DNA resulted in homologous recombination of theA closer look at the western blot reveals that pMMT1 and
MTase cDNAs carried by each construct. The transfectiopMMT2 give at least one additional protein band cross-reacting
supernatants were harvested and viral DNAs isolated. To chealth Ab 334. This band is larger than the common MTase band
that the recombination had proceeded correctly, a small sampleatf185 kDa, which is the sole product from pMMT3. The larger
each viral DNA was used for PCR amplification using one primeprotein band could be the initial, intact form of the protein, which
from the polyhedrin gene and a reverse primer from the MTase subsequently processed to give the 185 kDa band. Alternatively
cDNA. All the recombinant viral DNAs produced the expectedhe double bands could be the result of two translational start sites
length of PCR product (Fig) confirming that the cDNA has being used. While we suspect the latter possibility is more likely,
recombined downstream of the polyhedrin promoter. Thesat present we cannot distinguish between these alternatives.
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n purification step removed the majority of the cellular protein. This
L @é‘ pooled fraction was diluted with buffer M to lower the NacCl
o SEFSE concentration to 100 mM and then applied to a Heparin—Sepharose
column. The MTase binds strongly to Heparin—Sepharose and
$;§ R elutes at high salt between 700 and 800 mM. This step resulted in
16— a high degree of purification and 80% of the eluted protein was
= MTase. The pooled protein solution was dialysed against buffer
65— & - M containing 100 mM NacCl for 6 h to remove excess NaCl. This
i;-;: sample was loaded on to a Source Q 15 (Pharmacia) column. The
36.5— bound protein eluted between 150 and 200 mM NaCl. At this step
26.5— il & the protein was apparently pure as observed by Coomassie
20— staining. If additional protein bands were present, then a gel
6.5—

Figure 3. Purified MTases. Recombinant murine MTases were purified from

filtration step was carried out. For most purposes the protein
eluting from the Source Q purification step was used.

various constructs to apparent homogeneity and resolved by 4-20% SDS—PAGMOleCUIar mass of the murine MTases

Proteins were visualised by Coomassie Blue stain. Lanes 2—6, contain the indicateﬂ)

purified MTases. Protein markers are in the outer lanes 1 and 7.

Purification of recombinant MTases

The mammalian DNA MTase is reported to be a highly unstabl
protein that is extremely susceptible to proteolytic breakddwijn (
We attempted to minimize proteolysis by carrying out all steps
the purification at 4C and by adding a cocktail of protease
inhibitors (E64, TPCK, TLCK, leupeptin, PMSF). These proteas
inhibitors have been used previously to facilitate the purification

characterize the recombinant protein preparations, we at-

tempted to determine the N-terminal sequences of MMT3 and

MMT4. For MMT3 the first 12 residues of the protein matched

the amino acid sequence predicted from the cDNA (&9.

owever, for MMT4 no sequence was obtained, suggesting that
e N-terminus is blocked. It should be noted that the N-terminal

@equence of the endogenous MTase from mouse embryonic stem
e

lls matches that of MMT3 (D.Talbot, unpublished). The
molecular mass of MMT3 and MMT4 were determined by

@ALDI-TOF to be 184+ 0.5 and 17G&t 0.5 kDa, respectively

ig.4). The theoretical molecular masses of the unmodified

intact murine MTase from both mouse erythroleukemia cells a%ioteins are 183 482 Da (1619 amino acids) for MMT3 and
baculovirus expression systeni%,8). Harvested cells were 170 002 Da (1501 amino acids) for MMT4
A .

processed within 12 h to minimize proteolysis. During sonication,
250 mM NaCl was present to ensure that most of the MTase, whi . . .
binds tightly to cellular DNA, was rendered soluble. Following theﬁlﬂzymologlcal properties of recombinant MTases
removal of debris by centrifugation, >80% of the MTase was in th8ince only two predominant MTases with apparent molecular
supernatant in soluble form. weights of 185 and 173 kDa were observed, the kinetic properties
A Q-sepharose HR (Pharmacia) column was used as the ficftthese two forms of the enzyme were examined in detail. The first
step for purification. Typically 700—1000 mg of the protein wasubstrate used for the study of steady state kinetics was a poly
applied to it. MTase binds to this column at low salt concentratioful.dC:dl.dC) duplex. This substrate is classically used for
and was eluted as a single peak between 375 and 475 mM. Timienitoring the activity of mammalian MTases during purification

A B
M &?&;g;g’gﬁhﬁf M*1158,194 MBP-§Gal 1
M*1183,482 MMT3)|
| |
‘ “\
| (-
z j z M+ L
g - i i
§ & h | "i'fll | 1 l\ | !yt &
N Wi Mwmm
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‘ M h |
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Figure 4.Mass spectroscopy of processed murine MTases. Spectra of the standard protein sample, maltose bindirgptactesidase fusion protein (ME¥al)
and murine MTases MMT3\) or MMT4 (B). The observed molecular masses are indicated on the top of each peak. The theoretical mag&af MBB8 194
Da and the unmodified forms of MMT3 and MMT4 are 183 482 and 170 002 Da respectively.
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and also behaves as a substrate whose methylation ratesubstrate (TablB). The hemi-methylated duplexes are prefer-
comparable to hemi-methylated DNA substra®&s (The reaction  entially methylated (2.4-fold) by MMT4 over MMT3 (Talit8
proceeded in a linear fashion foBO min in the presence of and C). Surprisingly the longer MTase (MMT3) has a very similar
20-100 nM of enzyme using poly (dI.dC:dl.dC) as substrate (datatalytic turnover number on both unmethylated and hemi-
not shown). Each molecule of poly (dl.dC:dl.dC) undergoes methylated duplexes.
series of catalytic turnovers during this time and has a large number
of potential target sites. Tablesummarizes the results obtained Methylation of single- and double-stranded
using poly (dl.dC:dl.dC) as substrate. Both the MMT3 and MMT‘bligonucleotide substrates by recombinant MTase
enzymes have simila,, values and convert 4.5 cytosines to
5-methylcytosine on the substrate per hour as determinégipy The mammalian DNA MTases can use both single- and double-
This result is comparable to the finding okgyin the range of stranded DNAs as substrates, although the biological significance
4.9-6.4 for the MTase isolated from murine erythroleukemia cellsf single-stranded DNA methylation is not well understood. Smith
(40). The specificity constanKa{Km,) was also comparable. The et al, have shown that the mammalian MTase can use as substrate
kinetic parameters for MMT3 containing a His tag are slightlyCpG sites that are present in a long stem region of a stem-loop
lower. TheKy, for AdoMet by both the recombinant MTases, structure 42,43). Christmaret al, using an extract from Friend
MMT3 and MMT4 were 2.4 and 28V, respectively. This result erythroleukemia nuclei, have demonstrated that the presence of
is consistent with the finding of Boldeh al, who report &y, of  5-methylcytidine (5mC) in single-stranded DNA can serve as a
8.0 for the crude native enzyme using hemi-methyldt¥d74  cis-acting signal fode novamethylation 21). These findings are
DNA as substrate4(l). Overall, the two recombinant MTases based on both crude nuclear extracts and patrtially purified MTase
behave in a very similar fashion when poly (dl.dC:dl.dC) is usegreparation. It was of interest, therefore, to test the two purified
as substrate. MTases, MMT3 and MMT4, to see if they differed in their action
To test whether the recombinant enzymes show a preference éor single- and double-stranded substrates. Oligonucleotide
hemi-methylated substrates, two 30mer oligonucleotide duplexesjbstrates were prepared that were identical to those used
containing three CpG sites, were used as substrates. These three gigously by other group21,29). The results are presented in
were either uniformly hemi-methylated, unmethylated or doublyrable3 and show that both MMT3 or MMT4 can act in a similar
methylated and thus contained either three, six or zero CpG siteanner on all substrates tested. These results support previous
available for methylation. Both the 185 and 173 kDa enzymdgdings ¢1) and show that 5mC can stimulate methylation even
have comparable values fif, and K4 for the unmethylated if it is present at a non-CpG site.

Table 1. Comparison of the steady state kinetic parameters of recombinant MTases using ds poly (dl.dC:dl.dC)

Enzyme Km (UM) Keat (MY KeafKm (M1M-1x 10F) K, (AdoMet)
MMT3 1.86% 0.07 4.48+ 0.55 2.62 2.50+ 0.53
HisMMT3 1.06% 0.28 1.58+ 0.17 1.49 —

MMT4 2.24+0.4 4.40+ 0.5 2.0 2.40+0.25

Reaction mixtures contained 75 nM MTase and poly (dI.dC:dI.dC). The concentration of Cpl dinucleotides were 0.098, (0129,0013!,

and 0.486uM. Reaction conditions were as indicated in the Materials and Methods. Each reaction was performed in duplicate and the data
were plotted based on a Michaelis—Menten steady state equation. For the determikiaticedua#s, the reaction mixtures contained 75 nM
enzyme, 19.48M Cpl and AdoMet at concentrations of 0.5, 0.75, 1.0, 1.25, 1.50, 1.75, 2.0, 3.0 pMl 4.@epresents standard error.

Table 2. Steady state kinetics of recombinant murine MTase with oligonucleotides

Enzyme Km (LM) Kcat(h™d) KcafKm (1 M=1x 10)
A. Hemimethylated 30mer, ds oligonucleotide substrate

MMT3 0.22+0.02 0.29: 0.01 1.32

MMT4 0.60+ 0.08 0.67+ 0.07 1.16

B. Unmethylated 30mer, ds oligonucleotide substrate

MMT3 0.42+0.03 0.29 0.02 0.7

MMT4 0.41+0.06 0.28t 0.04 0.68

Enzyme Kcat(h™1) HM/UM RelativeK¢a{Km HM/UM

C. Preference for hemi-methylated DNA by murine MTases
MMT3 1.06+0.23 1.88
MMT4 2.32+0.32 1.70

The olignucleotide sequences are in Materials and Methods. The reaction mix contained 75 nM enzymeveAd@&t and ds oligo-
nucleotides. The concentrations of CpG dinucleotides were 0.011, 0.022, 0.054, 0.108, 0.216aviddt.68mi-methylated and 0.022,
0.043,0.108, 0.216, 0.432 and .M for unmethylated oligonucleotide duplex reactions with the MMT3 enzyme. The background incorpor-
ation of tritium was measured under identical conditions with the doubly methylated oligonucleotide dtpipesents standard error.
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Table 3.(A) Stimulation ofde novomethylation on single-stranded oligonucleotides and methylationon on double stranded oligonucleotides by recombinant
MTases. B) Methylation on double stranded oligonucleotides by recombinant murine MTase

Oligonucleotide 3H incorporated/30 min
3rd ATG MMT 4th ATG MMT
A
ATTGCGCATTCCGGATCCGCGATC 290 630
ATTAQVGCATTGGGATGGMGATC 230 530
ATTGCHATTMCGGANVCGCGATC 1550 2560
ATTGVMGCATTCCGGATCCGCGATC 1095 1840
ATTGC®ATTCCGGATCCGCGATC 3360 5090
ATTGCGCATTCCGGMIGCGATC 420 760
ATTGCGCATTCCGGAWGCGATC 800 1430
ATTGCGCATTCCGGATQMZATC 510 1185
GATCGCGGATCCGGAATGCGCAAT 260 581
poly dI.dC:dl.dC 7000bp 22990 70160
B
a) GTGAATTCACATAGTACCGGATGTCGACTAATCGATATTGCGCATCTCGAGTGAATTCTGUACTTA 3000
AGTGTATCATGGCCTACAGCTGATTAGCTATAACGCGTAGAGCTCACTTAAGAC
b) GTGAATTCACATAGTMGGATGTCGACTAMEATATTGCGCATMGAGTGAATTCTGCACTTA 2000 4800
AGTGTATCATAETACAGCTGATTAGATAACGCGTAGMECACTTAAGAC
c) GTGAATTCACATAGTMGGATGTCGACTANGATATTGCGCATMGAGTGAATTCTGCACTTAL4000 33000

AGTGTATCATGGCCTACAGCTGATTAGCTATAACGCGTAGAGCTCACTTAAGAC

(A) Reaction mixture contained 250 pmol of the oligonucleotides. Reaction conditions were as indicated in Materials anBadbtheaition was performed in duplicate

and the average of the two independently obtained values was taken. M represents 5mC. Poly dI.dC:dl.dC is double stemaentekhef oligonucleotides are based
on Christmaret al (1995).

(B) Reaction mixture contained 50 pmol of oligo duplex and was performed as per Materials and Methods. Each reaction vabis pleqiticaie and the average of the

two independently obtained values was taken. M represents 5mC. Oligo a) is unmethylated, b) is methylated at three Gip@sdmdratit) is the hemi-methylated version
of b. The oligonucleotide sequences are based on Tollefsbol and Hutchison (1995).

DISCUSSION dine N-terminal tag48). We now describe a comparable construct,
but which expresses the much longer protein containing the
We have used a baculovirus expression system to produce higtditional N-terminal sequences found recently.
levels of murine MTases suitable for biochemical studies. From The recombinant MTase has the same remarkably slow
the four constructs we prepared, two predominant forms of tHarnover number as the native enzydé (The turnover number
MTase were produced. The MMT4 construct was based on tleg4.5/h for the mammalian MTase is much less than prokaryotic
previously published sequencgs) and thus gave a truncated M.Hhal, which is about 78/h1(). Apart from the above findings
version of the enzyme. The incorporation of the newly discoverdabth recombinant proteins showé@,: and KeafKy values
N-terminal sequence allowed us to express the MMT3 construcomparable with those of the MTase, with a reported mass of
which produced a protein comparable to the endogenous enzyfdk90 kDa, derived from murine erythroleukemia cells suggesting
(24,26). The recombinant enzyme was phosphorylated at seriri¥at the recombinant MTase is functionally similar.
threonine residues (data not shown). Further addition of genomicThe mammalian MTase consists of two functionally independent
sequences lying upstream of these cDNA sequences, potentiallymains, the N-terminal or regulatory domain and the C-terminal
could give yet longer forms of the enzyme. However, botldomain, which contains the catalytic center. The N-terminal
upstream constructs gave rise to proteins that were mixtures of tiggjion of the mouse enzyme has been shown to contain a nuclear
185 kDa protein and at least one longer product. Enterokinakxalisation signal (NLS), disruption of which leads to failure of
mapping and antibody identification of N-terminal peptides hathe enzyme to relocate to the nuclei¥.(Once it moves into the
shown that the J1 ES cell MTase appears identical to the MMT&icleus it associates with several other proteins and enzymes at
construct (D.Talbot and S.Pradhan, unpublished results). the replication foci and DNA methylation occurs soon after DNA
Using the expression and purification methods described in théynthesis begins2(). This enzyme behaves as a classical
paper, yields of either form of the mouse MTase w&femg/l of  maintenance DNA MTase. Separation of the N-terminal domain
infected SF9 cells (& 10° cells). From the larger constructs, theby cleavage with V8 protease greatly increasesdtheovo
isolated MTase protein is comparable in size to the endogenaasstivity of the murine enzymé&9). This raised the possibility that
MTase protein37). The previously reported protein expressed irthede novaMTase activity of the enzyme is under the regulatory
Eschericia col(29) was a truncated protein and was made in onlgontrol of intra- or inter-molecular interactions mediated by the
low yield. Furthermore, the protein producedtinolilacked any N-terminal domain. The previously published sequer&® (
post-translational modification such as phosphorylation. There hfmled to provide functional complementation of the hypomethyla-
also been one report of the expression in baculovirus of this sati@ phenotype of ES cells homozygous for various mutations in the
truncated protein with a leader peptide sequence and a hexahiBINA MTase. However the methylation pattern was restored when
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the previously reported cDNA was fused to some additional’ Fedoroff, N.V. (1989Fell, 77, 473-476. _
upstream sequences discovered recefthy?2). The ability of 8 Engler, P, Weng, A. and Storb, U. (1988)l. Cell. Biol, 13, 571-577.

this construct to rescue the MTase function of these mutant ES Eféuz'élzorbas‘ H. and DePamphilis, M. (19610). Cell. Biol, 17,

cells indicates that the additional N-terminal segment plays a rol¢ Barlow, D.P. (1995$cience270, 1610-1613.
in vivo. However, it is not clear if this indicates trde novo 11 Li, E., Bestor, T. and Jaenisch, R. (1998)|, 69, 915-926
methylation or whether it is the concerted action of this MTasE Jones, P.A. and Buckley, J.D. (198@y. Cancer Res54, 1-23.

; ; i3 Cooper, D.N. and Youssoufian, H. (1988)man Genet78, 151-155.
vr;/]l(tart]ha;;%%?]ratde novadMiTase that leads to the global increase iny, "y 2q'gird, AP, (199joc. Natl Acad. Sci. USA7, 4692-4696.

) ) ) 15 Wu, J.C. and Santi, D.V. (1987)Biol. Chem 262, 4778-4786.

The recombinant proteins described here were tested afgl chen, L., MacMillan, A.M. and Verdine, G.L. (199B)Am. Chem. Sqc
compared to see if the new, longer product showed an increased115 5318-5319.
de novoactivity relative to the truncated product. Based on th&’ 55“;“%%%“5'(61& S., Kumar, S., Roberts, R. J. and Cheng, X. (1684)6,
results of steady state kinetics on oligonucleotide §upstrates, bggh Reinisch, K.M.. Chen, L., Verdine, G.L. and Lipscomb, W.N. (1435)
the 185 kDa and the truncated MTases have similar catalyfic g5 143153,
propertiesin vitro. Overexpression of DNA MTase cDNA in 19 Kumar, S.K., Cheng, X., Klimasauskas, S., Mi, S., Posfai, J., Roberts, R.J.
fibroblasts leads to an increased level of DNA methylation, and Wilson, G.G. (1994)ucleic Acids Res22, 1-10.
particularly methylation of previously unmethylated CpG islandg® éﬁegng?;dt, H., Page, AW., Weier, H.U. and Bestor, T.H. (1062)71,
(45). These observations suggest the role of oBIBror ., cyigiman, 3. Shikhnejad, G., Marasco, C.J. and Suffin, J.R. @9@5)
trans-acting factors mediating thie novaactivity of the MTase Natl. Acad. Sci. USM2, 7347—7351.
in vivo. It was previously reported that a single 5mC on DNA22 Smith, S.S., Kaplan, B.E., Sowers, L.C. and Newman, E.M. (F988)
could act as a signal fale novomethylation 21). It has been Natl. Acad. Sci. USA9, 4744-4748. _
well-documented thatin COS cells a patch of methylated cytosirfé I[ielfzH('is?grg)gévztainngéwﬁé;ugi;n;agégé’ Goss, K.A., Jaenisch, R. and
can m‘_'CIeate methylation spreadirg)( A closer look at the 24 Tl,,ICk.eIﬂ K.L., Talbot, D., ’Lee, M.A,, Leonh-ardt, H. and Jaenisch, R. (1996)
catalytic turnover number for both the enzymes for either proc. Natl. Acad. Sci. USA3, 12920-12925.
hemi-methylated or unmethylated duplexes shows that tt® Bestor, T.H. Laudano, A., Mattaliano, R. and Ingram, V. (198Bjol.
turnover number of the longer MTase, with additional aming  Biol., 203 971-983.
acids, is unaffected by the methylation status of the substrate. ThEs
suggests that the newly-identified N-terminal sequeRé8®)  ,;
may have a regulatory function, resulting in the MMT3 enzyme
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Schaffner, W. and Hergersberg, M. (19&Bne 109 259-263.

being less proficient in maintenance methylation than the
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