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ABSTRACT

A novel gene encoding a cytosine-5-DNA methyltrans-
ferase recognizing the dinucleotide GpC was cloned
from Chlorella virus NYs-1 and expressed in both
Escherichia coli and Saccharomyces cerevisiae . The
gene was sequenced and a predicted polypeptide of
362 amino acids with a molecular weight of 41.903 kDa
was identified. The protein contains several amino acid
motifs with high similarity to those of other known
5-methylcytosine-forming  methyltransferases. In
addition, this enzyme, named M. CviPIl, shares 66%
identity and 76% similarity with M. CviJl, the only other
cytosine-5-DNA methyltransferase cloned from a
Chlorella virus. The short, frequently occurring
recognition sequence of the new methyltransferase
will be very useful for in vivo chromatin structure
studies in both yeast and higher organisms.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AF062394

of M.Ss$in higher organisms9j. To address both the limitation
of resolution and the possible inability to utilize9ds$in higher
organisms, cloning and expression of cytosine-5-DNA MTases
(5-MeC MTase) with different specificities but similarly small
recognition sites is essential.

A family of double-stranded DNA viruses that infect certain
unicellular, eukaryotigChlorella-like green algae are reported to
be a rich source of restriction/modification systerf§,1(1).
Among the 37 viruses infectinghlorella NC64A and the five
viruses infectingChlorella Pbi which have been partially
characterized, 39 viral DNAs contain 5-methylcytosine, ranging
in concentration from 0.1 to 47% of total cytosifé,{1). One
cytosine MTase, MCviJl, has been cloned fro@hlorella virus
IL-3A and shown to recognize RGC(T/C/G}}. As determined by
the resistance/sensitivity of the viral DNAs to over 70 methylation-
sensitive restriction endonucleases, at least five independent
5-M&C modification systems are predicted to be encoded by some
of the more highly modified viruses, including MTases thought
to recognize CpC and RpCpY(Q,11). Based on the composition
of the yeast genome, on average, one CpC site per 13.9 bp and ong¢

In vivo methylation of DNA has been used successfully iRPCpY site per 10.7 bp can be expected in the genome.
Saccharomyces cerevisitstudy protein—-DNA interactions in Achieving this level of resolution would allow mapping the
the chromatin of living cellsl-3; for more information about the  interactions of most non-histone, regulatory proteins. The cloning
expression of foreign methyltransferases (MTases) in yeaé}. see of MTases fronChlorellaviruses could greatly extend the resolution
A high frequency of MTase targets is critical for high resolutiorof chromatin mapping as well as allow extensionirofvivo
mapping of chromatin structure. Among currently available MTasehromatin mapping to higher organisms.

probes, the onlyde novodinucleotide MTase is M8s§ which

Amino acid sequence comparison of most cloned cytosine

recognizes a CpG sit6)( Due to under-representation of the CoGMTases indicates the presence of conserved motifs in similar
dinucleotide in the genome, the resolution of chromatin structusder (L3). The crystal structures ¢thal and Hadll cytosine

maps using this enzymeliB5 bp on average f.cerevisiagb).

MTases provide physical support for this conservation by

With this moderate level of resolution, 8% can possibly serve showing that the conserved motifs form the core structure of the
to detect the presence of a positioned nucleosome, 146 bp in yepgetein and surround the active site clé#,{5). The two most
without the need for introduction of additional CpG sites intaconserved motifs are motif I, which serves as $falenosyl
native DNA sequences. However, this resolution is insufficiermethionine (Ado-Met) binding pocket, and motif IV, which
for mapping the interactions of non-histone, regulatory proteinspntains the catalytic sitel4). The presence of these highly

as the typical length of the target DNA sequence of yeasbnserved motifs provides a potential target for cloning new
regulatory proteins ig20-30 bp or less. For example, yeast TBReytosine MTases. Indeed, a putative cytosine MTase has been

recognizes and binds to an 8 bp sequenge while the

isolated fromArabidopsisby sequence homolog¥).

well-characterized transcriptional activator Gal4p binds to a 17 bpHere we report the cloning of a new dinucleotidé®6-MTase
consensus sequené. (Further, methylation of CpG islands hasgene, called MCviPI, from Chlorellavirus NYs-1. We used the
been implicated as an important controlling element for gengigh conservation at motifs | and 1V to design primers for PCR
regulation in mammalian systems, which may limit the applicatioamplification of a fragment spanning these two regions. This PCR
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fragment was then used to probe an NYs-1 genomic library &eparation to enrich for fragments in the 2—4 kb size range and then
finally clone the MCviPI gene. A bacterially expressed proteinligation of the size-selected DNA fragments iBanHI-digested

was purified and demonstrated to methylate Gp@tro. The pTZ18U. The resultant plasmids were subsequently transformed
M.CviPI gene was also successfully expressed in yeast, indicatimjo DH50mut10 and clones with genomic DNA insertions were
that the enzyme can potentially be used to increase the resolutsmmeened on plates containing X-Gal. The cloned, PCR-amplified

of in vivo chromatin mapping. fragment with homology to B®¥C MTase was excised from the
vector and random primer labeled in the presence of

MATERIALS AND METHODS [a-32P]dATP. About 1000-2000 colonies of the library were
screened with this probe bysituhybridization to obtain positive

Strains and plasmids clones (9). Plasmid DNAs were purified from positive clones and

Escherichia colistrain DHEmMULL0 (7), lacking themcrABC the inserts sequenced to identify potenti&@FG-MTase genes.

and mrr genes, and the vector pTZ18U were used for all the
cloning and sequencing. For expression %P1 in E.coli, the
DH5amut10 lysogen of bacteriophage DE3 was constructegell culture
carrying the T7 RNA polymerase gene under control of the
LacUV5promoter (8). The plasmid pET20b+ is a T7 expressionGenes with high homology to knowr™sC MTases were cloned
vector which adds a hexahistidine tag at the C-terminus ofia-frame in pET20b+ at thidd andEcaRl sites for expression
cloned protein, while pLysS is a compatible plasmid providing éh E.coli. The plasmid was then co-transformed into
small amount of lysozyme (Novagen). The entire codin@®H5amut10(DE3) with pLysS. Expression was induced as
sequence of MCviPI, with the SV40 nuclear localization signal follows. Cells were grown to an @Qfp of [0.4-0.6 and
(ATG CCA AAG AAG AAG AGA AAG GTT) appended at its centrifuged prior to resuspension in fresh medium. IPTG was
N-terminus, was cloned into the yeast expression vector pMPKgddded to 0.4 mM for 2.5-4 h induction. Plasmids were then
via the Sfil and SpH sites ¢). The gene was subsequently purified from induced cells and digested with a set of restriction
integrated into the genomes of both YPHBDO(MATa  enzymeskiindlll, Hadl, Hadll, Hhal andAval) to detect the
ade2-102 his3:A200 leu2Al lys2A1 trpl-A63 ura3-52 and  presence of MTase activity. For the expression8fG-MTases
YPH49QA\L (identical genotype but MAJ) cells to create yeast in yeast, a starter culture was grown overnight 4C3@ YPG
strains MXY107 and MXY108, respectively)( These cell lines medium (10 g yeast extract, 20 g peptone, 20 g galactose/l) to an
express the NCviPI gene under the control ofAL1promoter.  ODggg of [1L. Cells were centrifuged and resuspended in fresh
YPG medium for growth at 3@ for an additional 16 h. DNA

PCR amplification of a fragment with high homology to from [ ml cg—:-lls was rapi.dly isolated by the glass bead method
conserved sequences of 3C MTases for deamination as described beld@)(

Degenerate primers for PCR were MEC1c¢ggatcCTNTTYGC-

NGGNAT-3), located in motif |, and MEC2 facctgcagRAAN- o ) . -
CCYTGRCANGGRAANCC-3), corresponding to motif IV of Determination of methylation specificity of M.CviPl in

the conserved amino acid sequence &FeG- MTase. The E-Coli and yeast

sequence was chosen based on either the consensus sequence or,

where there was no consensus, the sequenceCei(12,13).  The DNA sequence recognized byQviPl was investigated by
Within the primer sequence, N represents a mixture of all fourisulfite genomic sequencing. Either linearized plasmid (pET20b+
bases and lower case letters indicate sequence not existing in@h@ET-NYs-1-5) DNA purified fron.coli cells or genomic DNA
MTase gene but introduced for the convenience of cloningurified from yeast cells was treated by the method initially
(BarHI and Pst sites). Viral genomic DNA was amplified in developed by Frommet al (21) and further modified by Kladde

50 ul reactions which contained 40 pmol each primer, 10 pmait al (2). Briefly, DNA is subjected to quantitative deamination with
each dATP, dCTP, dGTP and dTTRIGDNA, 2.5 UTagDNA  sodium metabisulfite, converting all deoxycytidine residues to
polymerase (Fisher) in a buffer of 10 mM Tris—HCI (pH 8.3),deoxyuridine, while 30<C residues, created by the MTas&ivo,

50 mM KCI, 3 mM MgC}, 0.05% (v/iv) NP-40 and 0.05% (v/v) resist deamination. Subsequent PCR amplification of selected DNA
Tween 20. PCR cycling parameters were as follows: preheatingrapions yields a product that is directly sequenced to provide a
94°C for 3 min; five cycles of 94C for 30 s, 42C for 30 s and  positive display of 3°9C. The primers used for tikecoli pPET20b+
72°C for 1 min; 20 cycles of 9€ for 30 s, 66C for 30 sand 7  plasmid were as follows: pair | (Fitg): CCdeaminla, &CATT-

for 1 min. Reaction products were separated on a 1.5% agarose GRRCCCAACCACTACAC-3 (the primer for sequencing), and
and fragment§200-300 bp in size were purified from the gel, CCdeaminlb, SGGGTTTTGTGGTATTATTGTAGTATTGG-3
digested withBanHI and Pst, and subsequently cloned into pair Il (Fig.1b): PET3336, STACCTAACTCCCCATCATATA-
pTZ18U. About 20 clones were sequenced and the DNA sequendATAACTACA-3', and PET3849, ST TTTTAGAATGATTT-

of insertion fragments were translated into peptide sequences@&TTGAGTATTTATTAG-3. The primers for the yeaSTEG
compare with the amino acid sequence dEWal. gene were as follows: STE6a1&CTAATTATAATTCACAA-
ATACACCTCAAAAA-3' (the primer for sequencing, from
45331 to 45361 m.u. of chromosome XIl), and STE6a2a,
5-AAGTTAGGTTATTTTTGATGGTTTTATTG-3 (from 45871

to 45843 m.u. of chromosome Xl). After PCR amplification,
A genomic library ofChlorellavirus NYs-1 was constructed by products were analyzed directly by thermal cycle sequencing as
partial digestion of viral DNA withSatBAl, gel electrophoretic described previoushy?y.

Construction and screening of &Chlorella virus NYs-1
genomic library
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a b NaCl and 20 mM Tris—HCI, pH 7.9). The eluate was applied to a
KB ikl RS - phosphocellulose column (Whatman P1% 1 cm) equilibrated
s . m-cvpl with 20 mM Tris (pH 8.0), 50 mM NaCl and 1 mM EDTA. Protein
e - E!! S was eluted stepwise with 2 ml portions of the same buffer
o E=" containing NaCl from 0.1to 1.0 M in 0.1 M increments. Fractions
B = = _§: 5 of 0.5 ml were collected and the fractions (0.3-0.4 M NaCl)
= i! B containing the predicted 41 kDa protein band were pooled and
= = - = ; i concentrated using a Centricon concentrator (Amicon). The final
. _ @ 8= - SSEE - a— enzyme solution was kept at <& in a buffer of 20 mM Tris
2 -3 =.., . coc (pH 8.0), 1 mM EDTA, 2 mM DTT and 10% (v/v) glycerol.
B E_RE _ «AGCT Cytosine MTase activity was assayed in ap20reaction
i T e containing 20 mM Tris (pH 8.0), 1 mM EDTA, 2 mM DTT,
s = =1 ;'-%3 =5 - soce 0.32 nM Sadenosyl methionine (New England Biolabs)idl
- L e pTZ18U plasmid DNA and 1ul enzyme fraction. After
.= - . g* B ‘ incubation for 1 h at 37T, the reaction was stopped by extraction
== - - ssn=y 35,%'37 with StrataClean resin (Stratagene). Following ethanol precipitation,
= _ LER & the DNA was digested witHadlIl and analyzed on 1% agarose
s - 2=  Geor gels.Hadll cleaves GGCC but not GBCC sequencefp,23).
B, o - - Therefore, lack ofHadll cleavage implies a MTase which
R« cocc s S5 BWE . ocr methylates the internal cytosine in GGCC sites.
R - -
S =2 .= e RESULTS AND DISCUSSION
= = ) = o
=== = == e Isolation and identification of the M.CviPI gene from
4 g s _ Chlorella virus NYs-1
z ‘= - 4 = E - = +coco TheChlorellavirus NYs-1 genome contains a very high level of
. = - = «Tecc s = 5-MEC (47.5%) R4). The resistance/sensitivity of its DNA to >70
g - i o= ; 88 .= methylation-sensitive restriction endonucleases indicated that the
'; ; . ; 5: : 5% 4 & B naen virus probably encodes severdl'8z MTases 10,11). Sequence

alignment of MCviJl, the only cytosine MTase cloned from a
Chlorellavirus, with the conserved motifs of otheP'Sc MTases
Figure 1. M.CviPlI methylates GpC sites iB.coli. Plasmid pETNYs-1-5, indicated t_hat the two mOSt_ conse_rved motifs aE Ml are motif
containing the coding sequence ofMiPI, or pET20b+, the parent vector, was | and motif IV. These motifs, which are usuallR00 bp apart
purified from IPTG-induced.coli cells. 5M€C residues on the lower strand  (13), correspond to the Ado-Met binding site and the catalytic site
were identified in isolated DNA by deamination, subsequent PCR amplificationjp the crystal structure of ttéhal andHadll MTases (14,15). A

and direct cycle sequencing of the purified PCR produatsn@ b) Two : : ' ; :
different sequence regions that were investigated, which include GpC sites witlP&!r of dege_neyate Primers b.ased on the CONSensus amino acid
all 16 possible combinations of flanking bases. In (a), lanes 1-4 are thé€guence within the two motifs was used for PCR with NYs-1
sequencing lanes of the region investigated using the PCR product used in landBNA. These primers generated several bands ranging from
as template. Lane 5 is a negative control where the same sequence region wg§0 bp to 2 kb, with a prominent band around 200 bp (data not
examined in the pET20b+ vector only sample. The last lane is the methylatio%hown) The200 bp fragment was gel purified and cloned into
pattern of pETNYs-1-5 isolated from induced cells expressir@QviFl. In TZlSU followi di . ithPs dBarHL. S

(b), the first four lanes (lanes 1-4) are sequencing lanes while the last two landd . 0 OW'nQ igestion withPs an_ a_ o _equ_ence
(lanes 5 and 6) represent the methylation pattern of pETNYs-1-5 isolated fronnalysis of[20 different transformants identified six different
two different induction experiments. In both parts, the arrow representsfragments, each of which encoded part of an ORF with high
artefactual primer extension pauses which occurred in samples from botlhomo|0gy to MCviJl as well as other B€C MTases. Southern
pET20b+ and pETNYs-1-5. The asterisks indicate every GpC site in the : : _ : : :
sequence that is resolvable on the gel. The flanking bases are listéd 5 blotting with NYs-1 genomic DNA using each of the six
beside each methylation band. Due to the fact that methylation of the loweff@gments as the probe confirmed that these sequences do occul
strand was analyzed, the sequence context can be ascertained by reading theiiethe viral genome.

from the top to the bottom. To clone the full-length gene of the putativ€'% MTases, a
genomic library of NYs-1 was constructed in pTZ18U, a
non-expressing vector, to avoid possible toxicity resulting from

a high level of methylation. One of the six cloned PCR fragments
A 11 E.coli culture was induced as described above for enzymeas used as a hybridization probe to isolate six positive clones
purification. Cells were sonicated in 10 ml binding buffer (5 mMwhich contained a viral genomic fragment with homology to the
imidazole, 0.5 M NaCl and 20 mM Tris—HCI, pH 7.9). Cell debrigorobe. Sequence analysis of each of the positive clones revealed
was removed by centrifugation (20 min at 10 @)(and the that two of them contained a fragment encoding the same,
supernatant was applied to &Niagarose column (% 1 cm).  full-length ORF with high homology to 'BC MTases.

Following sequential washes with 10 ml binding buffer,10 ml To further characterize this potential MTase gene, the coding
wash buffer | (60 mM imidazole, 0.5 M NaCl and 20 mMsequences were fused to agtag within the expression vector
Tris—HCI, pH 7.9) and 1.5 ml wash buffer 11 (100 mM imidazole,pTZ20b+, cloned into strain DisnutlO(DE3) and tested for

0.5 M NaCl and 20 mM Tris—HCI, pH 7.9), the bound enzymexpression (Materials and Methods). One of the clones, designated
was eluted with 1.5 ml elution buffer (500 mM imidazole, 0.5 MpETNYs-1-5, expressed a MTase activity which resulted in

Enzyme purification and MTase assay
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M.CvirI 1 MTLEALELFAGIAGITHGLRGFVEFVAFV.EINKDAQEFLSTFFPDEPVFDDVTEFSKRDFDEPI

M.CvidI 1 MSFRTLELFAGIAGISHGLRGISTPVAFV.EINEDAQKFLETEFSDASVFNDVTEFTESDFPEDT

M.HaaIIX 1 MHL..ISLFSGAGGLDLGFQEAGFRIICANEY DESIWKTYESNHSARLIKGDISKISSDEFPK.C
v Vi

M.CviPI 65 DMITGGFPCTGFSIAGKRNGFEHAESGLFGEVVRITEEYMPEMVFLENS . GMLS . . HKYNLDIVI
M.CviJdI 65 DMITAGFPCTGFSIAGSRTGFEHRKESGLFADVVRITEEYKPEIVFLENS . HMLS . . HTYNLDVVY
M.HaeIII 63 IIGGEPCQEHSIGGSLRG:DDPRGMHI&ILKQHlemmﬂﬂm\'wr

Vill

M.CviPI 127 REMDSLGYDCRWVTLRATVVGALHTRHRWFCLCTREKDHIRETLICDREVTKFDWENDRPPIQVDS
M.CvidI 127 FEKMDEIGYFCKWVTCRASIIGAHHQRHRWFCLAIRKDYEFEEIIVEVNATKFDWENNEPPCQVDN
M.HaeIII 128 QEFDHAGYDVHIILLMANDYGVAQDRERVFYIGFRKELN. .....:INYLPPIPHLIKPTFEDVI

M.CviPI 192 RSYENSRLVRFPAGYSVVPDQIRYAFTGLYTGNFEPSFSKTLVPGSLEG. ... ICFNEDEITNGY
M.CviJI 192 ESYENSTLVRLAGYSVVEDQIRYAFTGLFTGDFESSWETTLTPGTIIGTEHRKMKGTYDREVINGY
M.HaeIII 186 WDLKDNPIPALDMNKTNCMKCIYPNHEYFIG.,...SYSTIFMSRNRVR...... QWNEPAFT. . .

M.CviPI 253 YEKDGVYYEFVRTETH.REPVNILLTPREIPHEHNGERLLTLPVTERYWCTPCASYGRGTAGGRVL
M.CviJI 257 YENDVYYSFSRKEVH.RAPLNISVEPRDIPERHNGKTLVDREMIEKYWCTPCASYGTATAGCHVL
M.HaeIII 237 ....VQASGRQCOLHPQAPVMLEVS.ENLNEFVEGKEHLYRRLTVR. « « s ECAR. ... VQG..FP

M.CviPI 317 TDRSSHSLPTQVEFSPEGEDGKHLSGKFCAWLMGYDREYLGNLLEY.
M.CwviJI 321 TDRQSHALPTQVRFSYRGVCGRHLSGIWCAWLMGYDQEYLGYLVQYD
M.HaeIII 288 DOFIFHYESLNDGYKMIG.MAVPVN...LAYEIAKTIKSALEICKGN

Figure 2. Protein sequence alignment of three cytosine MTas&yi®, M.CviJl and MHadll, by CLUSTLW (31). The bars above the sequence represent the
regions of conserved motifs, as indicated. Residues that are identical in all three proteins are indicated in bluerasiisiesikre shown in red. All the other residues
remain as black letters. The regions utilized to create the two degenerate PCR primers are indicated by arrows (ontyahéa@qrtimer that is complementary

to the MTase gene is indicated).

plasmid DNA that was resistant to digestiortthal, Hadl and  with the bacterial enzymé&®0% amino acid identity). In terms
Hadll (data not shown). NYs-1 viral DNA is also resistant toof the six most highly conserved motifs identified in oth&16-
these same enzymes (data not shown). MTases {3), high conservation of motifs | and IV occurs for all
The methylation specificity of clone pETNYs-1-5 was examinedhree proteins. Motifs VI and VIII can be identified in all three,
by bisulfite genomic sequencing. Briefly, pETNYs-1-5 purifiedalbeit with a lesser extent of amino acid conservation. No
from induced cells was deaminated and, following PCRipparent conservation of motifs IX and X exists. According to the
amplification, its methylation pattern was determined by thermajrystal structures of both Mhal and MHadll (14,15), motif |
cycle sequencing (Fid). pPETNYs-1-5 DNA was methylated at helongs to the structural segment that forms part of the Ado-Met
all GpC sites within the resolvable sequences under investigatitiinding site and motif IV contains the key catalytic cysteinyl
suggesting that the plasmid contains a gene encoding a MTaggidue. These two motifs are directly responsible for the
recognizing GpC sites. The pET20b+ vector purified from thgnethylation reaction. Motifs VI and VI are also located around
sameE.colistrain grown under the same induction conditions waghe active site and several interactions occur between them and
d_ev0|d of me;thylanon. Th_us, the MTase activity is encoded by thge Pro-Cys catalytic regiofi4,15). In general, these four motifs
viral genomic fragment inserted into the vector; the gene Wagmprise most of the structures that surround the active site cleft.
named MCViPI. In addition, the sequences investigated in Fiare |, addition, GIn188 of MCviJl. which when mutated leads to an
and b include all GpC sites with all 16 possible combinations of 5 ~ive pseudogene Bhlorellavirus, is conserved in IGviPI
flanking bases. Each of these sites was methylated, ide.ntifying.%%)‘ Motifs IX and X, on the other hand, are more likely to be
enzyme as a cytosine MTase recognizing just the dinucleotige; o\ eq in forming a structural framework for the functional
GpC irrespective of flanking sequence context. domains. In motif X, the only real conservation includes several
i ) hydrophobic side chains involved in packing againkelix A,
Sequence comparison of MCviPl and other 5M°C MTases g important component of the core structure of the protein. Motif
The amino acid sequence Comparison ofCWPI with the IX has extensive inte.ractions W|th the Val’iable ] region a.nd,
sequences of other™C MTases supports its identification as atherefore, may well be involved in sequence-specific recognition
5-MeC MTase. Sequence a|ignment was performed favivel of DNA, a feature which should be variable among different
(GenBank accession no. AF062394)COMJI (GenBank accession 5-"€C MTases. In fact, NHadll interacts with its cognate DNA
no. M27265) and Miaelll (GenBank accession no. AF051375), in a different way than does Mhal (15), consistent with the lack
a bacterial MTase recognizing GpGpCpC sequences. The thi@fesignificant sequence conservation between the two enzymes in
enzymes have the dinucleotide GpC as the whole or a part of thésiis region. Both MCviPl and MCviJl were isolated from
recognition sequence. As shown in Fig@resignificant con- Chlorella viruses and are predicted to be very distant in
servation exists for the sequences of all three proteins, althougholutionary time from bacterial B€C MTases. Given the
conservation between the enzymes from the @orella  evolutionary differences as well as different target sequences, it
viruses (66% amino acid identity) is higher than for either of these not surprising to find high sequence conservation in the regions
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involved directly in the mechanisms of cofactor binding and a b
catalysis, with less sequence conservation in the other regions.
The high amino acid conservation betweenCWP! and
M.Cvidl, cytosine MTases isolated from two different viruses,
NYs-1 and IL-3A, and their common GpC methylation sites is
quite interesting in the context of mechanisms leading to the
profusion of restriction/modification systems3hlorellaviruses. It
will be interesting if additional enzymes can be isolated from some
of the Chlorella viruses which recognize versions of GpC or
RGC(T/C/G) sites. The high level of sequence conservation
reinforces the possibility of cloning such addition&!%e MTases
from Chlorella viruses by the sequence homology strategy.

Figure 3. Purification of MCviPI and assay for activity vitro. (@) SDS—poly-
acrylamide gel showing the proteins after each step of purification. From 1 | of
non-induced (lane 1) or IPTG-induced (lane 2) cells, total protein from 40 and

. . . 20ul cells, respectively, was extracted and analyzed on the gel. Lane 3 contains

_The pETZQb+ plas_mld,_ containing the G&iP1 gene, was 10l:1I of the 2pOOpI to¥a| eluate from the P@i*—aéarose colu?nn. The final,
introduced intcE.coli strain DH®Mut10(DE3) for expression. purified enzyme eluted with 0.3-0.4 M NaCl from the phosphocellulose
Lack of themcrABC andmrr genes in this bacterial strain should columnwas analyzed in lane 4 {®f 200l total eluate). The arrow indicates
decrease any possible toxicity of high levels of cytosinéhe position of the enzyme ba_nd. The molecular weight marker used was the

. . broad range standard from Bio-Rad; the 200, 116, 97.4, 66, 45 and 31 kDa
methyl",mon 26) To furth_er reduce _the chance of pOSSIble species are visible.b) In vitro MTase assay of purified KviPl after
deleterious effects of MviPI expression, another compatible phosphocellulose column chromatography. Purified enzymkdfithe 200ul
plasmid, pLysS, was transformed into the same host. pLysphosphocellulose eluate analyzed in lane 4 of (a)] was assayed for MTase
contains a gene encoding lysozyme, which is an inhibitor of T2ctivity as described in Materials and Methods. pTZ18U DNA]L was

treated with the enzyme in the presence of Ado-Met and subsequently digested
RNA polymerase](8). The low level of IySOZyme prOduced from with Hadll (lane 1). As a control, the same reaction was performed in the

the plasmid inhibits any T7 RNA polymerase activity resulting gpsence of Ado-Met (lane 2). The molecular marker MHindlll plus

from leaky repression of theacUV5 promoter and thereby ¢x174RFHaell digestion mixture. Note the resistance to digestion by the

allows more stringent control of MTase production. methylation-sensitive restriction endonuclease in the sample treated with
Induction of cells at an Ofgg of [0.4—0.6 for 2.5-4 h with M-CviPl and Ado-Met.

0.4 mM IPTG led to an increase in a protein of 41 kDa, the

predicted size of MCviPI protein (Fig.3a). The majority of the

induced protein was insoluble. Production of large amounts of active

protein will require additional investigations into solubilization and

renaturation of the enzyme that are beyond the scope of thjgurce, that is repressed in glucose and induced in galaipse (
report. Following purification of the soluble enzyme byTransfection of the cloned gene together with its controllable
Ni2*—agarose and phosphocellulose column chromatographyp@moter into the genomicyS2locus created a single copy, stable
dominant single band was observed on SDS gel electrophoregiggrant similar to that used in our previous studies of DNA
after Coomassie blue staining (F8g). A semi-quantitative but methylation and chromatin structure Sncerevisiag2). A region
highly specific MTase activity assay was performed after eagcated near the&nd of the coding sequenceSFE6was chosen
step of purification. The assay measures selectively only thog bisuffte genomic sequencing, as it is known to be devoid of
5-MC MTases which modify the internal cytosine in a GpGpCpGositioned nucleosomes which may obscure determination of the
context and thereby make DNA resistant to digestion biféiell  methyltransferase specificity. After induction by growing yeast
restriction endonuclease?4,23). Throughout the purification, cells in medium containing galactose, genomic DNA was
enzyme activity paralleled the presence of the 41 kDa protefiyrified and deaminated to determine the methylation pattern, as
band, consistent with its identity as th&%: MTase MCViPI. previous|y described ZI As shown in Figureﬁ]_, M.CvViPI

The purified enzyme afte_r the final phosphocellulose CO|UmFbcognizes and methy|ates Gpc in yeast, just as it déesah
chromatography step exhibited an Ado-Met-dependent MTasgithin the sequence resolvable on the gelC%PI methylated
activity (Fig.3b). While we cannot compare a specific activity ofevery GpC site. Like other MTasé3,(the extent of modification

the purified MCviPI with other methyltransferases, the isolatechf individual, specific sites is context dependent. In spite of
M.CviPI enzyme shows specificity that is unique. It also lackgariability in the modification level, studies of several regions of
contaminating nucleic acid degrading or modifying activities thajeast genomic DNA demonstrated that th€dPI enzyme can
would impair its use in control of restriction endonuclease activityhethylate cytosine in any GpC context, independent of the

Purification of M. CviPI protein

in cloning or in chromatin structure mapping. flanking nucleotide sequences. Successful expressiorQyird.

in yeast confirms its potential fan vivo chromatin mapping
Expression of MCViPI in yeast shows its potential for studies. In addition, the fact that the GpC dinucleotide is slightly
chromatin mapping over-represented in the yeast genome increases the resolution of

chromatin mapping using KaviPl. Within chromosomes |, lll,
The MCViPI gene was cloned and expresse&.terevisaea IV and XI, comprising 17% of the total yeast genome, there is one
eukaryotic organism lacking endogenous methylation of DNAGPC site every 27.9 bp, as compared with one CpG site every
enabling unambiguous detection dE novo modification. 35.7 bp. Thus, in combination, ®ViPl and MSs$ lead to a
Expression of the protein in yeast was under control dbfkiel  resolution of one naturally occuring site every 15.6 bp in
promoter, a strong yeast promoter tightly regulated by carbahromatin mapping i.cerevisiag6,28-30).
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important in on-going efforts to develop high resolution methods for
analysis of chromatin structure and protein—-DNA interactions in
living cells.
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Figure 4. Methylation activity of MCviPI expressed in yeast. Genomic DNA
was purified from yeast cells grown in medium containing galactose and14
subsequently deaminated to determine the methylation pattern. Lanes 1-4
contain the sequencing lanes for 45871-45331 m.u. of chromosome XI, a5
region near the'@nd of the coding sequenceSiE6 The methylation pattern
of DNAs purified from MXY108 yeast cells is shown in lane 5. Every GpC site 16
present in the region (indicated by the asterisks followed by the GpC site and 7
its flanking bases) is modified by the methyltransferase. As a control, DNA18
isolated from the parental cell line, lacking the methyltransferase gene, is
devoid of methylation (lane 6), demonstrating that the MTase activity is 19
encoded by the MiPI gene. 20

21

Summary 22

23
We document the occurrence of a novel cytosine-5-DNA&4
methyltransferase, named GAiPI1, from Chlorella virus NYs-1
that recognizes the sequence GpC. The GpC specificity ot
M.CviPl is only the second dinucleotide recognition sequencg;
reported for a DNA MTase. Although the genesibb 6/MCA 27
MTases have been cloned fr@hlorellaviruses, the MCviPl gene 28
is only the second B€C DNA MTase gene isolated from these
viruses. As such, the KaviPl gene and its product are of interest in,,q
terms of enzymatic mechanisms of small sitt DNA recognition,
cytosine methyltransferases and the evolution of modification
systems in algal viruses. From a practical point of view, thé®
identification of methyltransferases such aSwiRl, having small
recognition sites that occur with a high frequency in eukaryotig;

(R.T.S.) and GM32441 (J.V.E.).
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