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ABSTRACT

Twe different eytesine DNA-met 1asos,
present in Eseherichia coli SK. The 11 80 reagnisea
the five~-member symmetric sequense: 5'...lpCpCpApGpGp eeed%e
This sequence is identical with the recegnitien site ef the
hsp II type determined by RII plasmide but, in eomtrast to
RII methy. e, the G myne methylates eytesine located on

the 5' side ef the + By ansale with the iseshizomery ef
the restrieting endomeleues, and Gyr DNA methylaeses may
be ealled isomsthymers which recegnize thb same site but me-

thylate different bases. Since the ‘ghnse of the 8K and hsp II
phenotypes is effeetively restricted in respeetive cells it
may be assumed that the isomethymeric medification dees net
pmide any pretection against the correspending restrictases.
methylase recognizes the five-membexr symmetric site which
r;preum:a an inverted sequenece of the (;g site:
5% ¢ ¢«  JDGPGPAPCPCPNe 0 031 o this case cytUsine at the 3'-end
of the recognitien site is methylated.

INTRODUCTION

It has been shown previeusly that fractionation ef an ex-
tract of E.coli SK eells on ecarboxymethylcellulese (CM-70) re-
veals two peaks of the enzymatic activity which methylated ey-
tosines 'I and Gnq. Using the test of additionmal methylation
we found that both enzymes were eapable eof methylating the ac-
cepter DNA simultsmecusly and without interference, whieh in-
directly indicated different specifieity of the enzymes with
regard to the methylated sequencea. This paper presents the
results of the analysis of recognition sites for both cytesine
methylases. A preliminary communicatien reperting some of the
results has been published else'heroz' o
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MATERTALS AND METHODS

Bacterial strains - E.coli SK, E.coli (RII) and E.coli C,
and baeteriephages Sd_ and PBV were obtained from the museum
of the D.,I. Ivanovsky Institute of Virolegy of the USSR Aca-
demy of Medical Seiences.

The enzymes: alkaline phosphomenoesterase, spleem phos-
phodiesterase and snake venom phosphodiesterase were acquired
from Kochlight. Exemuclease A5 from an actinomyces was kindly
supplied by Dr. R.I.Tatarskaya ef the Institute ef Melecular
Blelogy ef the USSR Academy of Sciences.

K -methyl-S-adenosyl-I~methionine with the specific ae-
tivity of 8.4 Ci/mMol was acquired from Amersham.

Bucleetides and mucleosides were acquired from Calbio-
chenm.

Si bacteriophage was purified asccording te the standard
method '« 8, phage DHA was prepared by the phensl methed”,

The tetal DNA-methylases aration was a fraction
preeipitated with ammonium sulphate at 0.6 saturation and
additienally purified on Sephadex G=100 ¢olumn.

Individual 'I and GII methylaseg were prepared by chroma-
tography on carboxymethylcellulose-70 ',

Full DNA methylation was done under ccenditions deseribed
previocusly~,

Enzymatio hydrelysis using phosphomenoesterase, spleen
and snaske venom phosphodiesterases was done under standard
conditions’.

8ls of + cleotides with actinomyces exoma -
clease was carried out in 0.05M tris-ECl buffer, pX 8.9, in
the presence of 1 mM Mg for 3 hcurs at 37‘06.

DNA depurinmization was done by Burton's methed’.
ation of el blecks according to length

and composition was done by th:l.n—luer chromatography in sol-
vents 1 and 25, Solvent 1 contained 7M urea, O.2M sodium ace-
tate, and 120 (73132). Solvent 2 comsisted of 0,.01M sodium
acetate buffer, pH 3.0, and 5M NaCl (33:1).

Paper chromatography was done in isopropancl - 1111403 -
50 (7:1:2)7,

Separatien of radieactive preducts by thin-layer and
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paper ehromatographies was done in the presemee of a sarrier.
The carriers were prepared from thymus DRA by the apprepriate
enzymatic treatmeat.

Cross~titration ef PBV phage with SK, hsp II and C phe-
notypes was done by the cenventionsal nethodw.

RESULTS

Table 1 presents the distributiem of 5!-5'-nethylcytosine
in oligopyrimidine blocks in DNA methylated with Bp and
enzymes. For the purpeses of comparison, the Table includes the
data on the rate of eccurremse of imdividual isostichs for RII
methylase from Hattman's repu't15 « The bulk of radieactivity
was in all cases localized in di- and trimicleotide blecks.

In dimcleetide isestichs the bulk ef the label was concentra-
ted in C,, and 025 was the dominant labeled three-member iso-
stieh., L.ow radiesctivity in other isostichs is due to experimen-
tal errers associated with DEA hydrolysis and eligemecleetide
chromatography. In the analysis of the results neteworthy is
the fact that the experimentally determined radieactivity ef
individual oligommcleotides for both E.coli SK enzymes corres-
poexnds to that for RII enzymel15 within the limits of accuracy
of the methed.

We then analysed the distribution of 51:-0}13 lsbel in C,
and GZT oligopyrimidines. For this purpese, C, dimucleetides
were recovered from phage Sd DHA methylated with purified II
and GII enzymes and ca'.l‘ trimucleotide was recovered from DNA
methylated with a mixture of the emzymes.

In the former case the dimicleetide was dephosphorylated
with phosphomonoesterase and aliquots ef the resulting di-
micleeside monophosphate were hydrolysed with snake venom and
spleer phosphodiesterases. In snake venom enzyme treatment the
micleoside found at the 5'-end was cytosine, whereas spleem
phosphodiesterase releases as mucleeside the 3'-emnd cytosine.
The analysis of the data presented in Table 2 indicates that
NI methylase transfers methyl groups em oytosime located at
the 3'-end of the site whereas GII enzyme methylates the 5'~
end cytosine. The abselute amount of the label in 02 dimucle~
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Table 1. Distribution of 3’1—5—mw1cnum in oligepyri-
midine bloeks after DNA methylation with E.celi SK
'I and GII methylases

e R e S e R e S e s S ST S s S S s S S S S S SE S ST SRS
% of tetal radieactivity®) [
Isostich --mm—-.-_.‘;-_
K*%%)  Gpp**) Calculated**)

[Menoxmicleotides 6442 4,40 0.0

c 6442 4.40 0.0
Dimncleetides 29.13 22.3 25.0

02 24,93 20,1 25,0

CT 4,2 262 0.0

Tg 0.0 0:0 -
Trimcleotides 36483 4642 37.5

03 4,82 12,6 6.2

021‘ 31,08 32,3 31,3

0&2 0,74 0,92 0,0
Petramuclectides 15,3 1049 18,8
Pentamicleotides M4 647 18.7
== ESssTSssss S========= = ====== ==== =====
*} Acceptor DNA was phage Sdngn which after replication in

B.coli SK cells contains mniner bases ew to the syathe-
sis ﬁ the phage-specific enzyme destreying S—-adenosylmethie-

**)The :cat.;o of occurrence of imdividual oligopyrimidine blecks
for hgp II neth.ylasqi(m'nI, l;plmids) in accordance te
Boyer ™ and Hattman -,

b + of and fraeti btained b,
Igsostsn mestgiagen ity e Orx Dresvions ovtasaed by

otides after methylation with EI and GII methylases was praec—
tically the same (no data given). The fact that Ny and Gpp
enzymes methylate different cytosines in the same CC sequence
makes it possible to use DEA methylated with the mixture of
the enzymes for cam trimicleotide analysis.
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Table 2. 5l-1abel distribution in CC dimcleotides after
DHA methylation with II and GII methylases

— — e 0 e e e e . T T —
— - = 2 Es 4§ 3

Radiocactivity distributioen
(%)

Methylase Phosphodiesterase®)

Bucleoside Nueleotide

5 snake venem 9,2 (5') 90.8 (3%)
spleen 84.5 (3') 15.5 (5%)

61 snake venom 88,5 (5') 11.5 (3")

. splees - 85 () 91,5 G |

*) The incubation mixture for hydrolysis with snake venom
phosphodiesterase (37°C, 3 hours) contained O.1M tris-ECl
buffer, PN 8.5, O.1M MgCl,, enzyme and substrate at a ratio
of 131000, The same ratio was used with phosphodiesterase,
the mixture was imcubated umder similar comditions in O.,1M
ﬁ;culmm-acetate buffer, pE 6.0, im the presemce of O.,1M

2.

From the fact that the only deteeted labeled dipyrimidi-
ne for both enzymes is CC, methylated 02!! trimucleotide may
have mucleotide sequence 3'..sTCCeee5"' O 3'¢¢¢CCTeee5' and
cannot have the 3',¢.CTC...5' structure. For the analysis,
dephosphorylated trimicleotide was treated with actinomyces
A5 exomuclease and phesphodiesterases. The specificity of the
exomclease is such that it liberates 5'-monomucleotide from
the 3'-0H emd of trimcleoside diphosphate the rest being
dimucleoside nonophosphatesg this monomucleotide after phos-
phomonoesterase hydrolysis was detected as a mucleoside. The
aixture was paper-chromatographed in alkaline isopropamol and
localization of radieactivity was determined in the presence
of witness compounds. It will be seem in Fig.1 that radieac-
tivity is approximately evenly distributed between the spot
of mucleoside and dimucleoside monophosphate. Am increase in
the dose of the enzyme and im time of incubation did not af-
fect the radioactivity distributien (no data presented). Thus,
half of the total CZI contains labeled methylcytosine in the
3'-position. This means that the Ny enzyme which methylates
cytosine in the 3'-end position (see above) recognizes tri-
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Fig.1. Radioactivity distribution in preducts of C,T

fraction exomiclease hydrolysis on psper chromato .

Ordinate on the left - radioactivity, onm the right - the start

line; Abscissa - distance (cm) from the start.

Trimicleoside diphosphates were hydrolysed with actinomyces

A5 exomuclease and phosphomonoesterase in 0.05M tris-HC

buffer, pH 8.9 and O.1M at 37°C for 3 hours (volume

0.5 mnl). The mixture was epgotei‘nized, applied on the paper

gdf%ﬂatogmn was developed in isopropanocl - n401 - 120
3132) . :

mcleotide sequence 3'...CCT...5's An alternative means thy-
mine im the 3'=position which could not incorporate the 3]-
label under our conditions,

For further analysis, the labeled dimucleeside momephos-
phate was eluted and hydrelysed with snake venom phosphodies-
terase resulting in the formation of 5‘'-monomcleotide from
the 3'-end and mucleoside from 5'-end. The radlioactivity dis-
tribution on subsequent paper chromatography (Fig.2) clearly
demonstrated that all the label was localized in the mucleosi-
de spot. These data suggest that the GII enzyme methylates
5'«end cytosine in the 3'...TCC...5' sequence.

Thus the radioactive products of degradation of DNA me=-

thylated in the presence of JE-SAM with N and Gy; enzymes
have the following structures:

NI - 3'0000‘00..5' and 3'...0’0‘&00.5'
GII -3'0000"00.05' am 3'.00“‘00.;5'
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Fig.2, Radieactivity distribution after rolysis of
dimucleeside monophosphates with snake venom phosphodieste-
rase. Designation, as in Fig.1. Dimicleoside monophosphates
were incubated wi{:h snake venom phosphodiestexase at pH 8.5
in O.1M tris~HCl buffer in the presence of s then de-
Proteinized and chromatographed as described in Fig.1.

Because E.coll SK oytesime methylases recognize only
double-stranded Dm1 and the total composition of pyrimidine
isostichs proved to be idemtical with that of E.coli RII me-
thylase, it may be assumed that the site of recognition of
E.coli SK enzymes is subject to the general regularities es-
tablished for this group of enzymes and has symmetrical pa-
lyndrome structure. This be the case, frem all the experimen—
tal results the only variant of the five-member symmetrical
site of recognition for both enzymes may be postulated:

51, ¢« KpCPCPAPGPGPEP,++3' in case of GII methylase
3t . o +NPGPGPTPCPCPRP. . .5' and

5"+ «KpGPGPAPCPCPNP..+3' in case of Ny methylase
3"+« «NpCPCPTPGPGPRPe e o5’

Thus GII methylase of EcoSK recognizes the same sequence
as methylase of EcoRII but methylates cytosine located at the
5t'-end of the molecule. 11 methylase recognizes the sequemce
which is the inmversion of the Gy site, and methylates eyto-
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sine located at the 3'=end. Undoubtfully, when such sequences
are degraded by Burton's methed’, eligemcleotide isosbtichs
should be formed indistinguishable from amalogous structures
cerrespoadiag to the hsp II type of modificatiom’l,
Analysis of medificatien-restriction, Aocordimg to the above

conclusion, Gry and RII methylases rescognize the same mucleo-
tide sequemnce but methylate it im different ways. From this

point of view it seemed of great interest to elucidate the re-
lationships of the restricting and modifying compenemts of
E.coli 8K and E.celi RII host specificity systems. For this
purpose we cross-titrated different f)henotypes of phage

PBV-1 corresponding to E.coli SK, E.celi (RII) and E.coli C
hosts. The latter host has no modification-restrictiea system
and represents the h.s.(e) type of cells. The results of tit-
rations (Table 3) showed that modification of the SK-type did
not provide even partial proteectiom against RII restrictiea.
The efficiency of plating was not mere than 0.01%. The phage
of the RII phenotype was restricted in E.coli SK cells to a
comparable degree.

DISCUSSION

Thus, among methylated oligopyrimidine blocks we identi-
fied the fellowing mucleetide sequences:

5'4+4CPCPese aNd ¢¢oCPCPT++03 (Gyy enzyme)

5'eeeCPCPece DA oo JTPCPCPe 3 (NI enzyme)

Table 3. Cross~titration of phage PBV-1 with different phe-
notypes on various E.coll strains

Efficiency of plating on E.coll S'lzz:a.:l.na‘)T
Phage phenotype
P P SK RII (o]
PBV=I-8K 100 0,01 100
PBV-I<RII1 0,005 100 100
PBV=IC 0,001 0.01 100
= = ====== S=s===SSsSsSs===sSs=

*) In per cent to the titer of the phage with a given phe-
notype on the homelogous host taken for 100%.
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Theoretically, several six-, five-, and four-member symmet-
rical recognition sites containiag the above mucleotide sequen~
ces may be comstructed. Table 4 presents such sites and olige~
pyrimidine isostichs forming upon their degradation. Mamy of

these variants may be rejested immediately since theeretically
expected and actually determined oligopyrimidines(see Table 1)

differ significantly. Thus, ameng six~member sites variants Nes.
2y 3, 5, and 8 do not produce methylated dipyrimidine c2 at
all. Variants Nes. 6 and 7 do mot preduce tripyrimidime ise-
stichs and in variants Nes.1, 4, 6, and 7 tetrapyrimidine frac-

Table 4. The calculated composition of oligopyrimidine ise-
stichs in pessible recognition sites of GII and ’I

methylases
= S==S====s=ss=sS=R
Seguence Oligopyrimidine isostichs
5 N3¢ Di- Tri- Tetra- Total
02 cr 03 022 0!2 O~ 05! 02!2 013
Six-member
1CCATGG 8 - 8 & b = 8 « = = = = 16
2CCTAGG = = = = 9 = 9 =« 4 3 = 7 16
3.GGATCC = =« = 1 9 « 10 - 3 3 = 6 16
4,GGTACC 8 - 8 & b = 8 = = = = = 16
SdGGCCT = = = = 8 - 8 - 3 5 - 8 16
7.4CCGGT 16 - 16 - - = e =m = = = = 16
8TCCGGA = = = = 4 - 4 - 5 7 = 12 16
Five-member
9.CCAGG & - &4 2 6 = 8 = 2 2 = &4, 16
10,COTGG 8 - 8 3 3 - 6 =1 4 = 2 16
11.,CCGGG & - &4 6 2 - 8 2 2 - = 4 16
12.CC0GG & -~ & 6 2 = 8 2 2 = = 4 16
Four-member
13,6066 8 - 8 & 4 - 8 16
= ==== ======== ==

626



Nucleic Acids Research

tion is lacking among the degradation products.

The tetramucleotide recognition site (variamts No.13 or
its inverted sequence) may be also excluded from consideratiom
because of disagreement with the data imn Table 1 concerming
the actual frequency of ocsurremce of individual oligopyrimi-
dine fractioms., Indeed, a site of sueh compesition would re-
quire, as minimmm, 50% content of dipyrimidine fractien and
an equal content of 02 and 02T iseostiochs.

Thus, five-member sequences are most real resognition
sites fer GII and 'I methylases. The comparisen of the really
observed (Table 1) and theoretically expected frequencies of
occurrence of oligopyrimidine isestichs (Table 4) permits
to exclude three of the pessible recogmnition sites under dis-
cussion. Thms, variant No.10 gives excessively high content
of the (:2 fraction, variants Nes.11 and 12 comtradiet the
experimental data on the predominance of the 02'.!.‘ fractien
among trimucleotide isostichs.

Accordingly, the only acceptable recognition site for
Gyp methylase is variant Ne.9 and the corresponding inverted
pentamucleotide for methylase ’I regpectively:

5%+ BCCAGGN,¢+3"' 54+ NGGACCN, 443!

3% ¢+ NGGTCCNeoso5"' 3% 4+ o NCCTGGNe s o5

As has already been mentioned in the "RESULTS", the
first pentamucleotide is also recognized by EcoRII methylase,
and the distribution of individual oligogyrimidine isostichs
theoretically calculated for this enzyme 2,13 corresponds fair-
ly well to the really observed values for GII and NI eRZYMOs .
Significant deviations are observed omly in the content of
the 05 fraction in GII enzyme site. This is most probably ex-
plained by a non-random distribution of mucleotides in the
near vicinity of the recognition site under study. This pos-
sibility is also indicated by the results obtained by May and
Hattman1? .

The phenomenon of isochizomery of restricting mucleases
when several different enzymes recognize the same mucleotide
sequence but hydrolyse in it different phosphodiesther bonda'""
is widely known at presemt. Sjnce the modifying component of
the host specificity system has been studied much less, thus
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far it remained obscure whether or net such structural isome-
Ty in methylases is possible where different enzymes recog-
nize the same mucleotide seguence but methylate different
bases in it. The results presented in this paper indicate that
such isomery may actually occur. Methylases G’II from E.coli SK
cells and RII from E.coli cells carryimg BRII or N3 plaBlid13
recegnize the same five-member site but methylate different
cytosine residues in it. The former enzyme methylates proximal
cytesine cleser to the 5'=end of oligomucleotide, and the
latter methylates distal cytosine in the same CC sequence
closer to the 3'-end of oligomucleotide. By analogy with the
iseshizomery phenomenon we suggest a term isomethymery for
designation of isomery of modifying enzymes.

Altheugh we carried out no in vitro experimemts om res-
triction of DNA methylated with GII enzyme from E.coli SK
cells with EcoRII endomuclease, the im vivo experimemts on
cress titration of PBV-I<RII, PBV-I1+B8K, andFBV-1.C phages in
the appropriate hests gave quite definite results. There is
no significant qualitative differense in titers, in E.coli SK
cells, ef phages with RII and C phenotypes, as well as there
is no differences in the restriction of SK and C phenotype
phages in cells with the ksp II type of specificity. Similar
results were obtained in titrations of different phenotypes of
phage DDVII .

A doubt may arise whether infection with phages PBVI
and DDVII may affect the activity of cellular DNA methylases
as is the case with phages Sd11, and '.E316, whickh in one or
another way could prevent methylation of DNA in infected cells.
We showed previously, however, that neither phage PBVI nor
phage DDVII'/ inhibited cellular methylation systems. After
replication of both phages in E.coli SK, K12, and C cells both
phage and cellular DNAs comtain 6'~-methylaminopurine and 5'-
methylecytesine., Therefore it may be quite definitely conclu-
ded that GII isomethymeric methylase does not protect the
recognition site from RII restrictase. Unfortunately, thms
far we cannot draw the same conclusion with respect to RII
methylase, as no restrictase corresponding to GII methylase
has been found in E.coli SK cells. At the same time this
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strain contains several new types of restricting endomclea-
ses of which we have ideatified only two enzymes so far18
proetestion against which is previded by adenime modification.

The authors are most grateful to Dr.R.I.Tatarskaya (the
Institute of Molecular Bielegy of the USSR Academy of Scien-
ces) who kindly supplied the actimomyces A5 exomuclease pre-—
paration and te Dr. Ya.l.Bur'yanov (The Imstitute of Bio-
chemistry and Physiology of Microorganisms of the USSR Academy
of Sciences) for a help in conducting some experiments and
discussion of the results.
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