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Two difrnt ytoin DIA-athlases, N a G , arE
present in Esherichia coli BK. The Gyisse roeIpltsea
the fiv-mmber setric seqgence5o .0 .NpCpOppGpGp. .3t*
This soqene .is identical with the reooonti.n sito of the
hap II tje deteried byI plamid but,din ontrast to
RTI nethy Ie, the enzyme methylatos eytosneJ located on
the 5' side of the e aaog with the isohbiomery of
the restriet eodenucleases, E and G DNA methylaesos may
be eallod iseoetbywra which reognizo t sae site but me-
thylate different bases. Sine the phage of the BK and hop II
phenotypes is effectively restrictd in respective cells it
may be a ed that the isownthyric modification dies not
provide any protection against the GorrospoMing restriotases.
N tbylase recognizes the fivmmbuv sy atric site which
r#prescnts an inverted sequons* of the sdte:
5'...NpGpGppppN...3'. In this case cytOsine at the 3'-ed
of the recognition site is metylated.

IMRlODUO2IIOJ
It ba been shown previously that fractionation of an ex-

tract of E.coli BK cells on carbox.ymethylcellulose (CM-70) re-
veals two peak of the enzymatic activity which methylated cy-
tosimet NJ aMd GI1. Using the test of additional methylation
we found that both enzymes were apable of methylatng the ac-
ceptor DNA similtaneously and without interference, which i-
directly indicated different speciCicity of the enzymes with
regard to the methylated seqae2 * This paper presents the
results of the analysis of recognition sites for both c^ytosine
methylases. A preliminary4 omiaication reporting sose of tbe
results has been published elsewhere3.
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MTEBTAT AMD M lPO[D
Bacteriastr - E.coli SK, E.coli (RII) and E.coli C,

and baLteriophages 5d and PBV were obtained from the AseuM
of the D.I. Ivanoasky Institute of Virology of the USSR Aca-
demy of Medical Sciences.

The enzymes: alkaline phosphomonoesterase, spleen phos-
phodiesterase and snake veom phosphodiesterase were acquired
from Koobligt. Exoclease A5 from an actinovess was kindly
supplied by Dr. R.I.Tatarskaya of the Institute of Molecular
Biolog of the USSR Acadey of Sciences.

I ebbyl--adonol-Irmetbionime with the specific ac-
tivity of 8.4 Gi/uMol was acquired from Amersham.

NSu jsdgjadcleosides were acquired from Calbio-
chem.

. bacterioge was purified according to the standard
method . Sd phage DNA was prepared by the phenol metbod5.

_ was a fraction
precipitated witk ammonium sulphate at 0.6 saturation and
additionally purified on Sephadec G-100 column.

dividual J ad GeT l wore prepared by chroma-
tography on carbozymethyle:llulose-70I.

prev iLnm yation was done uinder conditions described

previouslY2.
Enzymatic rolysis using phosphomonoesterase, spleen

and snake venom phospbodiesterases was done under standard
conditions3.

ft olysis of trimleotides with A actino es exonmu-
clease was carried out in 0.05M tris-lCl buffer, pl 8.9, in
the presence of I D1 mg for 3 hours at 37.06.

D1NA dpuri ization was done by Burton's method7.
Separation of olicopri e blocks according to length

and composition was done by thin-layer chromatography in sol-
vents 1 and 28. Solvent I oontained 71J urea, 0.*2 sodium ace-

tate, and 120 (7:1:2). Solvent 2 consisted of 0.01M sodium
acetate buffer, pR 3.0, and 5M NaCl (33:1).

Paper chromatography was done in isopropanol - 111401 -

120 (70:12)9.
f by thin-layer and
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paper chromatograpkiea was done in the presene of a earrier.
The carriers wore prepared from thyms DXA by the appropriate
enzymatic treatmeat.

-Cross-titration of Vpkig witk BK, hp II and C phe-
notypes was done by the conventional method10.

RBULTS
Table I presents the distribution of 3½-5'-metylcaytosine

in oligopyrimidine blocks in DN. methylated witk 1N1 ad GI,
enzymes. For the purposes of comparison, the Table inclIdes the
data on the rate of ccurree of individual isostichs for RIT
methylase from Iattman'a reportl3. Tke bulk of radioactivity
was in all cases localized in di- and trinucleotide blocks.
In dicnuleotide isosticks the bulk of the label was concentra-
ted in C., and G2T was the dominant labeled three-member iso-
stiko. Lowmadiwtivity in other isosticha is due to e rimen-
tal errors associated with DNA hydrolysis and oligomoleotide
chromatography. In the analysis of the results noteworthy is
the fact that tke experimentally dotermined radioactivity of
individual oligonucleotides for both E.coli SK enzymes corres-
ponds to that for RII enzyme13 within the limits of accuracy
of the method.

We then analysed the distribution of 3½-CE3 label in C2
and C20 oligopyrimidinea. For this purpose, C2 dimncleotides
were recovered from phage Sd DNl methylated with purified Ni
and GI enzymes and C2T trinuclootide was recovered from DNA.
sethylated with a mire of the enzymes.

In the former case the dinuclestide was dephosphorylated
with phospoonaooesterase and aliquota of the resultig di-
nucleoside sonophosphate were -hydrolysed with snake vena and
spleez pihophodiesterases. In snake venom enzyme treatment the
nucleoside found at the 5'-end was cytosine, whereas spleen
phosphodienterase releases as nucleoside the 3'-end cytosine.
The analysis of the data presented in Table 2 indicates that
N1 mothylase tramsers met4.l groups on cytosine located at
the 3'-end of the site whereas GI enzyme methylates the 5'-
end cytosine. Tbe absolute amount of the label in C2 dinucle-
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Table 1. Distribution of 33-5-fethylcjtosie in oligopyri-
iidine blocks after DNA metkylation witk E.coli BK

and GI: mthylases

J!oftoalradieactivtx
Isostick CN) G11,) Oalculated")

Naom .leotides 6.42 4.40 0.0

0 6.42 4.40 0.0

Diucleotides 29.13 22.3 25.0

02 i4293 20,1 25,0
CT 4.2 2.2 0.0

T ~ 0.0 0.0

Triw.leotides 36.83 46-.2 37.5

03 4.82 12.6 6.2
C2T 31.08 32.3 31.3
°T2 0.74 0.92 0.0

Q0.5 0.35 0.0

!ibacleotides 15.3 10.9 18.8

Peutamcleotides 11.4 6.7 18.7
~~~~~=== ===s__=__=_=

AGAcetr DU w pao S DNA which after replication in
3.coli aKcells containno mimer bases owing to tke synthe-
si8 the page-pecific enzyme destroying adenesyamtki-

**)Tk! rate of occuonce of individual oligopyrimidine blocks
for haj II meth.ivlasq3Cm3PII, Nplasuids) in accordance to
Boyer and lattmasm

**$)Oytoine mothylasos of j and GII fraotions obtained bychromatograpy on C70.

otides after methylation with N, and GI methylases was prae-
tically the Same (no data given)* Tke fact that XI, and GI,
enzymes methylate different cytosines in the same 0C sequence
makes it possible to use DnA metbylated with the e of
the enzymes for C2T trinicleotide analysis.
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Table 2. 31-label distribution in CC dincleotides after
DlN ethWylation with NI and Gn methylases

Radioactivity distribution
methylase Phesphodiesterae96) (%%1-

Nueleoside Nuolootide

snake VesnO 9.2 (5') 90.8 (3')
splees 84 .5 (3') 15.5 (5')

GII sake veno 88.9- (5') 11.5 (3')
spleen 8.5 (3') 91.5 (5')

_==__=_=============__ __--==,====__===== =========---

) The incubation m for hydrolysis with snake venom
phsphodiesterase (37°C, 3 hours) contaieA 0.1 tris-lOl
buffer, pl 8.5, 0.A11 onCl2,esye and substrate at a ratio
of 1t1000. The sae ratio was used with phosphodiesterase,
the miture was icubated under similar conditions in 0.11

i acetate buffer, pl 6.0, in the presene of 0.X1M
C1gO2.

Prom the fact that the only deteeted labeled dipyrimidi-
ne for botk enzyes is 00, oetbylated 02T trixucleotide my
have mueleotide sequence 3'...TOO...5' or 3'...OCT...5' and
cannot have the 3'...CTC...5' structure. For the analysis,
dephosphorylated trimucleotide was treated with actinoyces
A5 oxomclease and phosphodiesterases. The specificity of the
exouclease is suck that it liberates 5'-mononucleotide from
the 3-0O1 end of trimseleoside dipkosphate the rest being
dinucleoside monopbosphate6; tkis mononacleotide after phos-
phosonoesterase hydrolysis was detected as a nucleoside. ThLe
mixture was paper-shromatograpked in alkaline isopropanol and
localization of radioactivity was determined in the presence
of witness compounds. It will be sees in Pigg.1 that radioac-
tivity is approximately evenly distributed between the spot
of ncleoside and dimicleoside monophosphate. An increase in
the dose of the enzyme and in tine of incubation did not af-
fect the radioactivity distribution (no data preBented)o Thus,
half of the total C2T contains labeled methylcytosine in the
3'-position. Tkis seans that the NJ enzye which methylates
cytosine in the 3'-eand position (see above) recognizes tri-
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lJig.1 Radioactivity distribution in preducts of 02T
fraction eonuclease hydrolysis on paper bromatogram.
Ordinate on the left - radioactivity, on the rigkt - the start
line; Abscissa - distance (cm) from the start.
Trinucleoside diphosphates were hydrolysed with actinCo08s
A5 esoclease and phosphomonoesterase in 0.05M triS
buffr pl 8.9 aM0.O11 14pl2 at 37°C UCer 3 hours (volume
0.5.1. The mixtare was dep1oteinized, applied on the paper
and chrtmatogram wa developed in isopropa-nl - N141 - 1a0
(7s1s2) .

ncleotide sequence 3'...COT...5'. An alternative mean thy-
mime ix the 3'-position which could not incorporate the 3j
label under our conditions.

For further analysis, tke labeled diucleoside monephos-
phate was eluted and hydrolysed with snake venom phosphodies-
terase resuting in the formation of 5'-mononucleotide from
the 3'-end and nucleoside from 5'-end. The radioactivity dis-
tribution on subsequent paper chromatography (Fig.2) clearly
demonstrated that all the label was localized in the zucleosi-
de spot. These data suggest that the GI, enzyme methylates
5'-end cytosine in the 3'...TTC...5' sequence.

Thus the radioactive products of degradation of DNA me-

thylated in the presence of 3JIM with N, and GI, enzyves
kave the following structures:

N, - 3'...-CC...5' and 3'...-G0-T...5'
GI, -3'...C-C...5' and 3'...T-C-C...5'
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Vig.2. RadieactivitZ distribution after hydrolysis of
dimcleoside monophospkt;es With snae venom phosphodieste-
rase. Designation as in Fig.1. Dimcleoside sonophosphates
were incubated witk snake venem phophodieste se at pIK 8.5
in 0.11 tris-ICi buffer in the presence of g, then de-
proteinized and chromatograpked as described in Fig.-.

Because 3.ooli 8K oytosine methylases recognize only
double-stranded DNAs1 and the total composition of pyrizidine
isostichs proved to be identical with tkat of E.¢oli EII me-

thylase, it may be assumed that the site of recognition of

E.coli SK enzymes is subject to the general regularities es-

tablisked for this group of enzymes and has symetrical pa-

lyndrose structure. Tkis be the case, from all the experimen-
tal results the only variant of the five-member symmetrical
site of recognition for both enzmyes may be postulated:

5'...NpCpCpPGpGplGp...3' in case of GI methylase
3' .N.pGpGpTpCppNp.o..5' and

5'...NPGPGpApPCpNp,...3' in case of NI methylase
3'.`.JNpOptPTpGpGpNp...5'.

Thu GI, methylase of EcoBK recognizes tbe same sequence
as methylase of EcoRII but methylates cytosine located at the

5'-end of the molecule. 1, methylase recognizes the sequence
which is the inversion of the GI, site, and methylates syto-
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sie located at the 3'-end. Undoubtfully, when such sequences
are degraded by Burton' smethd7, sligomoleotide isostichs
should be formed indistinguishable from analogous etractures
corresonding to the hap II type of modification1 1.
nalysis of gification-restriatiox. Aoooring to the above

conclusion, GII and RIImethylases resognize the-sae mcleo-
tide sequence but methylate it iiL different ways, From this
point of viw it seemed of great interest to elucidate the re-
lationakips of the restrioting and modifying oompenets of
E.coli BK and E.coli RTI host specificity systeno. 10r this
purpose we cross-titrated different hkenotypes of phage
PBV-I corresponding to E.coli BK, Eocoli (EII) and E.coli C
hosts. The latter host has no modificatioz-restriotiex system
and represents the h.ks(e) type of cslls. The results of tit-
rations (Table 3) showed that modification of the BK-type did
not provide even partial proteotion against RII restriction.
The efficiency of plating was not more than O.O%*. Tke phage
of the EI phenotype was restricted in Becoli BK cells to a
comparable degree.

DICUSSION
Thus, among methylated oligopyrisidine blocks we identi-

fied the following acleetide sequen ess
5'.o..CpCp.. and .*..CpCpT..3 (Gn enzyme)
5'...CpCp... and ...*.TpCpPp*3 (NI enzyme)

Table 3. Cross-titration of pkage PBV-I with different phe-
notypes onv arious E.coli strains

EMficiency of plating on BLcoli strains*)
Phage pkenotype SK ElI 0

PBV-I-SK 100 O.O1 100
PBV-I-EI 0.005 100 100
PBV-I1C 0.001 0.01 100
===== ------- =-------- .- -.

I) per cent to the titer of the phage with a given phe-
notype on the homlogous host taken for 100%.
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Theoretically, several six-, fiv-, and four-eber syst-
rical recognition sites oantsig the above mcleotide sequen-
ces may be constructed. Table 4 pre"snts suck sites and olig-
pyrimidine isostiohs forming upon their degradation. Many of
these variants may be rejected iediately sinoe thooretically
expected and actually determined oligopyrinidina(see Table 1)
differ si icantly. Th!, among simn-mmber sites variants los.

2, 3, 5, and 8 do not produce methylated dipyrimidine 02 at
all* Variants Nos* 6 and 7 do not preduce tripyrisidine iso-
stieks and in variants Nos.1, 4, 6 axd 7 tetrapyrixidine frao-

Table 4. The calculated compositionI of oligopyrisidin IA.-
sticks in possible recognition sites of G and N
methylases

--.--=--'------.--------.===================

Sequence Oligopyrisidine isosticks ___

5'N-13' Di- Tri- Tetra- Total

02 C 03 ¢2i O2 040C 22 CT3

SLx-member
1.iOOATGG 8 - 84 4 - 8-- - - - 16
2.OOTAGG- - 9 9 - 4 3 - 7 6
3.GTOC- -- 1 9 -10 - 3 3 - 6 16
4.GGTLC 8 - 8 4 4- 8 - - . 16
5.AGGT - _ 8- 8 - 3 5 - 8 16
6.TGGOOA 16 - 16 - .16
7.AOGGT 16 - 16 - .16
8.TOGGAG - - 4- 4 - 5 7 12 16

Jive-member
9.OCAGG 4- 4 2 6- 8 - 22 - 4, 16
1O.COGG 8 - 8 3 3 6 - 11 - 2 16
11CCGGG 4 - 4 6 2 - 8 2 2 4 16
12.CGG 4 - 4 6 2 - 8 2 2 -- 4 16

Jour-member
13.CCGG 8 -8 4 4 -8 16
============_-=_===,S_ -.=======Z
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tion is lac among the degradation products.
Tke tetrancleotide recognition site (variants No.13 or

its inverted sequence) may be also from consideration

because of disagreement witb the data in Table I concerning
the actual frequecy of oc¢urrence of individual oligopyrimji-
din fractious. Indeed, a site of suck composition would re-

quires as miniwm, 50% content of dipyrimidine fraction and

an equal content of 02 and C2T isostieks.
Thus, five-member sequences are most real reoogtion

sites for GII and N1 methylases. The comparison of the really
observed (Table 1) and theoretically expected frequencies of
occurrence of oligopyrimidine isostichs (Table 4) permits
to exclude three of the ossible recogpition sites under dis-
cussion. Thus, variant No.10 gives excessively high content
of the C2 fraction, variants Nos.11 and 12 contradict the

experimental data on the predomionane of the 02T fraction
among trinuclootide isostichs.

Accordi ngy, the only acceptable recognition site for

GI, methylase is vriant No.9 and the correspon ixverted
pentanuclootide for metbylase XI respectivelys

51'9 ..NCAGGN. .3' 51 * ..lGAGCIN. 0.3'
3' . . N15GGCCN* . .5' 3' . . *NMG"eI . .5 '
As has already been mentioned in the "RESULTS", the

first pentanuleotide is also recognized by IcoRII- ethylase,
and the distribution of individual oligoiyrimidine isoatiche
theoretically calculated for this enzyme 2,13 corresponds fairz
ly well to the really observed values for G,I and N, ezymes.
Sigiicant deviations are observed only in the content of

the C3 fraction in GI, enzyme site. This is most probably ex-

plained by a non-random distribution of nucleotides in tbe
near vicinity of the recognition site under study. This pos-

sibility is also indicated by the results obtained by Kay and

Hattna13,
The pkenomenon of isockizomery of restricting aucleases

wken several different enzymes recognize the sane nucleotide
sequence but hydrolyse in it different phosphodiesther bonds

is widely kmon at present. Since te odifyig component of

the host specificity system has beon studied much less, thus
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far it remained obscre whether or not such structural isome-
ry in metkylases is possible where different enzymes recog-
nize the same nuoleotide sequence but mtkylate different
bases in it. Tke results presented in tkis paper indicate tkat
such isomery my actually occur. Xethylases Gn from E.coli SK
cells and RII from E.coli cells carrying EI or N3 plasmiA13
recognze the same five-member site but metkylate different
cytosin residues in it. The former enzyme methylates proximal
cgt.eine closer to the 5'-end of oligonucleotide, and the
latter methylates distal cytosin in th same C0 sequence
closer to the 3'-end of oligonucleotide. By analogy witk the
isoskizomery phenomenon we suggest a term isomethbyery for
designation of isomery of modifying enzymes.

Although we carried out no in vitro experiments on res-
triction of DXL methylated with GII enzyme from E.coli SK
cells with ECoRII endonuclease, the in vivo experiments on
cross titration of PBV-I*EI, PBV-IleSi, andPBv-I.C pkages in
the appropriate hosts gave quito definite results. There is
no sinificant qualitative differeme in titers, in E.coli SK
cells, of pages witk RTi and C phenotypes, as well as there
is no differences in the restriction of 8K and C phenotype
phes ia cells with tbe hap II type of specificity. Similar
results were obtained in titrations of different phenotypes of
phage DDVII15.

A doubt may arise whether infection with pkages PBVI
and DDVII my affect the activity of cellular DXL methylases
as is the case with phages 54119 and T316, whick in one or

another way could prevent metbylation of DNA in infected cells.
We showed previously, however, that neitber phage PBVI nor
phage DDVII7 inhibited cellular matkylation systems. After
replication of both phages in E.coli 8K, 112, and 0 cells botk
phage and cellular DNs contain 6 -mothylainopurine and 5'-
methylcytosine. Therefore it my be quite definitely conclu-
ded that GII isomethymeric methylase does not protect the
recognition site from EII restrictase. Unfortunately, thus
far we cannot draw the same conclusion with respect to EII
methylase, as no restrictase corresponding to GII methylase
has been found in E.coli SK cells. At the same tine this
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strain contain several new types of restricting endonuclea-
ses of wkick we have identified only two enzymes so far18
proteotion against whick is provided by adenin modification.

The authors are most grateful to Dr.R.I.Tatarskaya (the
Institute of Molecular Biology of tke USSR Academ of Saien-
ces) who kindly supplied the actinomyces A5 exonuclease pre-
paration and to Dr. Ta.I.Bir'yanov (The Institute of Bio-
chemistry and Physiology of Microorganisms of the U1R Academy
of Sciences) for a help in conducting soe experients and
discussion of the results.
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