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ABSTRACT

The gene coding for the EcoRII modification enzyme has been cloned and the
nucleotide sequence of 1933 base pairs containing the gene has been determined.
The gene codes for a protein of 477 amino acids. Two transcriptional start
sites have been mapped by S; mapping. One deletion that removes 34 N-terminal
amino acids was found to have partial enzyme activity. Comparison of the
EcoRII methylase sequence with other cytosine methylases revealed several
domains of partial homology among all cytosine methylases. Cloning the gene
in multicopy pUC vectors increased the expression by 6-18 fold. A 40 fold
overproduction of the EcoRII methylase was obtained by cloning the gene in
the expression vector carrying the lambda Pp, promoter.

INTRODUCTION

The sequence CC(A/T)GG is the common recognition site for the E. coli
DNA cytosine methylase (dcm) and the EcoRII restriction-modification system
(1). Over 35 enzymes have been described that recognize this DNA sequence
(2), but none has been sequenced as yet. Both dcm and EcoRII enzymes methylate
the internal cytosine residue in this sequence. Methylation of this base
protects the DNA from restriction by the EcoRII endonuclease.

Both these enzymes, as well as all other DNA(cytosine-5)methyltransferases
tested are inhibited by DNA containing 5-azacytosine in the sequence they
recognize (3,4). Tight DNA-enzyme complexes are formed with azacytosine
containing DNA that can be identified by gel electrophoresis (5). 1In the
case of the EcoRII methylase (&RII.M) it has been shown that the enzyme
binds to DNA fragments that contain 5-azacytosine in the position that would
normally be methylated (6). As a step towards understanding the basis of
this binding reaction we have determined the sequence of the gene coding
for the EcoRII methylase and prepared plasmids that overproduce the enzyme.

We have compared the primary sequence of the EcoRII methylase with the
sequence of other adenine and cytosine methylases. This comparison has shed

light on the evolution of bacterial methylases.
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MATERIALS AND METHODS

Strains and Plasmids

E. coli HB10l (7) was used as host in all cloning experiments involving
pBR322 (B) and pUC (9,10) vectors. E. coli F1100 (Su* endI thi) was kindly
provided by Dr. S. Hattman (11). E. coli N4830 (12), a temperature sensitive
mutant carrying the AcI857 and N genes was obtained from PL biochemicals
and was used as host in cloning pPL-\A recombinants. Plasmid pPL-A , a pKC30
derivative carrying the Pp-A promoter and N gene was purchased from PL
Biochemicals. E. coli JM107 (10) was used as host for M13 cloning. Plasmid
N3(TcT Suf SmT Rest Mod* (RII)) (13) was also provided by Dr. Hattman. Plasmid
vectors pUCl8 and pUC1l9 were from Bethesda Research Laboratories.

Media and Growth Condition

Unless specifically mentioned, bacteria were grown in LB medium (14)
at 37°C. Antibiotics were used in the following concentrations: ampicillin,
50 pg/ml; streptomycin, 25 ug/ml; sulfathiazole, 200 pg/ml and chloramphenicol
170 pg/ml. Sulfathiazole was used only in M9 medium (14).

Enzymes and Chemicals

Restriction enzymes (except XhoII), nuclease Bal-31 and T, DNA ligase
were from New England Biolabs. Synthetic linkers BamHI, HindIII, PstI and
Sall were also from the same vendor and were phosphorylated before use.
Restriction endonuclease XhoII and nuclease Sy were purchased from Boehringer
Mannheim. DNA polymerase I large fragment was obtained from BRL. Calf
intestinal alkaline phosphatase and proteinase K were from Sigma Chemical
Co. T4 polynucleotide kinase and deoxyribonuclease were the products of
PL Biochemicals and Worthington respectively. Enzymes were used according
to manufacturers recommendations. 355- a -dATP(>1000 Ci/mmole) was purchased
from New England Nuclear. S-adenosyl-L-methionine[methyl-14C](48 Ci/mmole)
was from Research Products. L-[35S)methionine(>800 Ci/mmole) and gamma
32p-ATP(4500 Ci/mmole) were obtained from Amersham and ICN respectively.
All other chemicals were of reagent grade quality.

Cloning Techniques

Plasmid DNA was purified by the alkaline lysis method followed by CsCl

centrifugation (14). DNA fragments used for subcloning were prepared by

Bal-31 digestion. The ends were made flush with Klenow fragment of DNA
polymerase I, synthetic linkers attached, digested with the appropriate
restriction enzyme(s) and ligated into a pUC vector. DNA was purified either
from low melting point agarose or by electroelution. Ligation of fragments

to vector DNA was performed at 16°C overnight. The ligation mix was heated
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to 65°C prior to use in transformation. Transformation was done by Hanahan's
procedure (15). Transformed colonies were screened after restriction digestion
of the plasmid minipreps by agarose gel electrophoresis.
DNA Sequencing

Nucleotide sequences were determined by Sanger's dideoxy chain termination
method (16) using M13 mpl8 and mpl9 recombinants as templates. Both strands
were sequenced (strategy described in Figure 3). Fragments generated by
restriction digestion and serial Bal-31 deletion were cloned in M13mpl8/mpl9
RF DNA with the help of linkers in the desired orientation for sequencing
and transfected into E. coli JM107. M13 recombinants were isolated from
transfected cells and screened by restriction digestion of the RF DNAs.
Template DNAs for sequencing were purified from clones having inserts differing
from one another by 150 to 200 bp and sequenced using a 17-mer synthetic
oligonucleotide primer and a -35S-dATP as label (17).

Computer Analysis

Data handling and sequence analysis were performed on an IBM personal
computer with a program developed by A.D. Delaney (18). DNA and protein
sequences were analyzed for homology using DIAGON (19) and SEQHP (20) programs
on a SUN computer.

S; Mapping of the Transcript

Total bacterial RNA was isolated by the method of Brosius et al (21)
from E. coli HB10l carrying pSS18 (see Figure 1) and digested with proteinase
K treated DNase. The total RNA was precipitated with ethanol after phenol
extraction and dissolved in water to a concentration of approximately 4 ug/ul.
A 362 bp TthlllI-XhoII fragment covering the methylase promoter region was
isolated from plasmid pSS18, purified by gel electrophoresis, and labeled
at the 5' end with 32P, The strands were separated on a 5% polyacrylamide
gel and extracted by diffusion (22). Approximately 3X103 CPM of DNA was
mixed with 20 ug of total bacterial RNA in 20 wul hybridization buffer
containing 40 mM PIPES, 1 mM EDTA, 0.4 M NaCl, 50% formamide, pH 6.4, and
incubated at 37°C for 15 hrs. The slow moving strand was found to be the
minus strand when a small aliquot from each hybridization mix was tested
by gel electrophoresis on a 5% polyacrylamide gel. The rest of the mixture
(19 ul) was added to 200 ul of S; nuclease buffer containing 0.28 M NaCl,
50 mM CH3COONa, pH 4.6, 4.5 mM ZnSO4, 20 ug/ml denatured salmon sperm DNA
(14) and incubated with 500 U/ml S; nuclease at 30°C for 75 minutes. The
reaction was stopped by adding ammonium acetate and EDTA to final

concentrations of 75 and 10 mM respectively. The mixture was extracted with
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phenol-chloroform and the S; resistant hybrid was precipitated with ethanol.
The pellet was suspended in 10 ul 95% formamide, 0.5% each of bromophenol
blue and xylene cyanol, 1 mM EDTA, heated to 90°C for 2 min and loaded onto
a 7% polyacrylamide gel containing 7.5 M urea. A sequencing ladder was used
as molecular weight markers to identify the exact length of the S; protected
fragment.

Assay of Methylase Activity

Bacteria were grown in LB medium at 37°C with the appropriate antibiotic
to Asgg of about 2.0 to 2.25. Cells from 20 ml culture were harvested, washed
with 10 mM tris-HC1l, pH 8.0, containing 1 mM EDTA and 5 mM B-mercaptoethanol
and suspended in 1.0 ml buffer containing 10 mM potassium phosphate, pH 7.0,
1 mM EDTA, 7 mM B-mercaptoethanol, 1 mM sodium azide, 0.4 M NaCl, 25 pg/ml
phenylmethylsulfonylfluoride and lysozyme (50 ug/ml). Cells were sonicated
and centrifuged at 100,000 X g as described (23) and the supernatant was
used as the crude source of enzyme. Protein was determined by Lowry's method
(24). In the case of E. coli N4830 carrying plasmids containing the
thermo-inducible Py-) promoter, cells were grown initially at 30°C to Assgg
of 2.0, the temperature was quickly elevated to 42°C by addition of an equal
volume of medium preheated to 65°C and incubation was continued for another
hour before harvesting. The assay procedure measured the amount of 140-methy1
incorporated into DNA from S-adenosyl-L-methionine[methyl-14c] (23).

35_S_ Labeling of Protein
E. coli N4830, carrying plasmid pSS113 or pSS1l4 (see Figure 7) was

grown at 30°C in LB medium containing 50 pg/ml ampicillin to Aggg of 0.5.
One ml of the culture was centrifuged. The pellet was washed with ten volumes
of M9 medium, resuspended in 10 ml M9 supplemented with 0.1% of all amino
acids except methionine, 0.2% glucose, 1 mM MgSO;, 1 pg/ml vitamin Bj;, 40
pg/ml ampicillin and reincubated at 30°C. When the Asg5g reached 0.25 to
0.3, the temperature was elevated to 42°C. Ninety minutes after thermal
induction 200 ul of culture was pulse labeled for one minute with 20 uCi
of 35S-methionine (>800 Ci/mmole). An equivalent pulse was also given to
the cells growing at 30°C. The reaction was stopped by adding B-mercaptoethanol
and SDS to final concentrations of 5 and 1% respectively and heating the
samples at 90°C for 1 minute. The total protein was precipitated with TCA
and resuspended in gel-loading buffer (25). Equivalent aliquots were loaded
after heating at 95°C onto a 5-15% gradient polyacrylamide gel containing
0.1% SDS and electrophoresed at 100 volts for 6 to 7 hrs. The gel was fixed

in 7% acetic acid, 20% methanol, dried, and exposed for autoradiography.
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RESULTS
Cloning of the EcoRII Methylase Gene

Plasmid N3 carries the EcoRII restriction-modification genes (26).
Both restriction and modification genes have been cloned together as an
EcoRI fragment of approximately 9 kb from N3 (27). This fragment also contains
the region for sulphonamide resistance (Suf) (27). We cloned this 9 kb EcoRI
fragment from N3 in the EcoRI site of pBR322 to construct a 13.3 kb recombinant
plasmid pSF1 (Figure 1) which was found to be Suf, Rest Modt (r*m%). Plasmid
pSF2 (Figure 1) was constructed by digesting pSFl with BamHI and religating
the largest fragment (approximately 8.75 kb). This clone was found to be

BomH I digestion
religation

et Acel(2.7)

Pstl, BamH 1
pucis pucio
Acc1(19) AceI (1.9)

PSSI9(=6.7Kb)
e M

Figure 1. Structures of pSFl, pSF2, pSS18 and pSS19. The vector portions
of the recombinants are represented by black (pBR322) or hatched boxes (pUC
vectors). Selected restriction sites with relative positions in approximate
kilobase pairs are noted.
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Figure 2. Localization of the EcoRII methylase gene and its promoter by
serial Bal-31 deletion mapping. At the top is the 4 kb insert cloned in
pSS18 or pSS19. The methylase activity is given on the right. Restriction
sites: P, PstI; B, BamHI; S, Sall; H, HindIII; T, TthlllI and A, Accl.
Sites created by 1linkers are shown in parentheses. The black box is the
predicted promoter region. The hatched boxes represent the vector portions
of the constructs. The vector used in construction of pSS28, pSS38 and pSS48
is pUCl8, while pUCl9 is the vector in pSS29, pSS39, pSS59 and pSS79. In
PSS49 and pSS69A, pUCY9 is the vector. Direction of transcription from the
lac promoter is indicated.

devoid of endonuclease activity when tested for phage restriction, was Su
sensitive, but expressed the methylase activity. Plasmid pSF2 was then
digested with BamHI and PstI and the resulting fragment of approximately
4kb was ligated with BamHI and PstI cut pUC18 and pUCl9 to give recombinants
pSS18 and pSS19 respectively (Figure 1). When HB10l transformants were tested
for methylase activity, strains carrying either of the plasmids were found
to have the same activity. This suggests that the EcoRII methylase gene
has its own promoter.

Localization of Methylase Coding Region by Bal-31 Deletion

The size of EcoRII methylase protein is reported to be 55 kd by Buryanov
et al (28) and 60 kd by Friedman (5), suggesting an effective coding region
of approximately 1.45 to 1.6 kb in length. To localize the proper coding
region in the 4 kb insert of pSS18/pSS19 we gradually shortened the insert
length by serial Bal-31 deletions and subcloned the deleted derivatives into
pUC18 and pUC19. Figure 2 shows these constructions. A deletion of
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Figure 3. Restriction map of the region coding for the EcoRII methylase
gene and the sequencing strategy. Selected restriction sites shown were
used to generate fragments for sequencing. Sites indicated by dashed arrows
are not present in the original N3 DNA. The hatched segment shown at the
bottom is the TthlllI-XhoII fragment used as probe in S; mapping.~— ,
fragments prepared by Bal-31 deletion; |—, prepared by restriction digestion.

approximately 1.35 kb from the PstI site of pSS18/pSS19 (Figure 1) did not
affect the expression of the methylase gene when subcloned in either
orientation (plasmids pSS38 and pSS39, Figure 2). However, further removal
of approximately 200 bp from the same end resulted in expression of activity
only when the fragment was placed under the control of the lac promoter (pSS49,
Figure 2). Transcription of the methylase gene must proceed from methylase
to restriction enzyme and the endogenous promoter of the methylase gene is
deleted in plasmids pSS48 and pSS49. A removal of approximately 650 bp from
the other end (i.e., BamHI site) of the insert in pSS49 allowed us to construct
pSS59 (Figure 1) which was found to be the most active among all pUC
recombinants and had an insert size of about 1.75 kb (Table 2). Deletion
from the PstI site of pSS59, of approximately 100 bp (pSS69A) and 450 bp

(pSS79) resulted in partial and complete loss of methylase activity,
respectively.

Nucleotide Sequence and Codon Usage

The sequence of 1933 base pairs was determined for both strands starting
120 bp downstream from the TthlllI site (position 1.25 of pSS18/pSS19, Figure
1). The sequencing strategy is described in Figure 3 and the complete sequence
is shown in Figure 4. Only one open reading frame large enough to code for

the EcoRII methylase was found. The 1431 bp region from the first ATG codon
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GCTTTCCCTTCAGGCGGGGTTCATACAGCGGCCAGCCATCCGTCATCCATACCACGACCTCAAAGGCCGACAGCA 75
GGCCCAGAAGACGCTCCAGCGTGGCCAACGTGCGTTACCTAACAATAAACCTGTTTAAATATCCAGATAAAAACA 150
=35 -10 M S E F E L
TTCAATCTGGGTCAAATGAGTGATACAGYTTcAcccATAAGAOCCAATE:::ECAAYATGTCTGAATYTGAATTA 225
L AQD L L ENKAEATETET QLR QENTDIKTIKTLLTLSG
CTGGCGCACEATCTGCT TGACARAGCAGAAGCGGAAGAACAACTGCGACAGGAAAATOATAARAAGCTGCTCGEE 300
Q £ 1 D a K Y E L R KV G KNTEWSTR
CAGGTOCTGOAAATCTATGACCAGARGTACG TGOCTGAACTGC T TAGAAAAGT TGOTARAAATGAGTGGAGTCOC 375
E T L NRWINGI KT CSPIKTLTLAETETETLTLR
GAGACTCTTAATCGCTGGATTAATGGTAAGTGCTCACCTAAGACGCTGACGTTAGCCGAAGAGGAACTTCTACGA 450
K M L P E AP A H P D Y F R 1D F A G 16
ARAATGCTTCCOOAAGEOCCTGOACATCACCCTGACTATGOCT TCCOGT TTATTGACCTGTTTGCTGOGATTGOA 525
G 1 R K 6 F E T I 6 6 QC YV F T S EWNIKTEAVR
GGTATACGGAAGGGCTTCGAAACCATCGGTGGCCAGTGCGTTTTTACCAGTGAATGGAATAAAGAGGCTGTGCGC seo
T Y K AN W F D Q € T F L DI REV T LS
ACATATAAAGCTAACTGGTTTAACGATGCTCAGGAACACACTTTCAATCTCOATATTCGTGAAGTCACGCTCAGT 675
D K P EV P ENTUDATYAYTNETHVYPDHDUVLL
GATAAACCTGAAGTACCTGAAAACGATGCCTATGCTTACATTAATGAGCATGTGCCGGATCATGATGTACTTCTA 750
A G F P CQFPF S L AGVY SKIKNSTLGRAHGESGF
GCAGGTTTCCCCTGTCAACCGTTTAGCCTTGCGGGCGTAAGCAAGAAAAACTCGCTCGGGCGCGCGCATGGTTTC 825
E CEAQG T LFF DV ARTITIRAKTEKTPATITFUV
GAATGTGAGGCTCAGGGAACGCTTTTCTTCGATGTGGCGCGTATTATCCGCGCAAAAAAACCTGCCATCTTTGTT see
LENV KNLKSTSHDIKTGKTF KV 1 MDTLDE
CTTGAAAACGTTAAAAACCTGAAGAGCCATGACAAGGGTAAAACCTTTAAAGTCATCATGGATACCCTCGACGAA 975
L G Y E V A D A A ¥ K D P KV I DG KHF L
CTGOGCTATGAAGT TGCGGATOCAGCTGAGATGGOCARAAACGATCCTAAAGT TATCGACOGAAAGCACTTTTTA 1050
P QMW RERTIV LY GFRRDLNIH GG GF T LR
CCTCAGCACCGAGAACGTATCGTTTTGGTCGGTTTCCGCCGTGATCTGAACATTCACCAGGGCT TTACCCTGCGE 1125
D 1 S R F Y P E QRGPS F GELLEPVVDSK.]Y
GATATTAGTCGTTTTTATCCGGAACAGCGTCCGTCATTTGGCGAACTGCTGGAACCCGTGGT TGACAGCAAATAT 1200
I LT P K LWETYLYNTYA AKTKTHAAKTSGHNGTEFG
ATACTGACGCCGAAACTCTGGGAGTATCTCTATAACTACGCCAAAAAGCACGCAGCTAAGGGTAACGGATTCGGT 1275
F G L V NPE K E S 1 T LS ARYHEKTDGS
TTTG0CCTCGTTAATCCTGAAAATAAAGAAAGCAT TGCCCGTACOC T TTOTOCTCOCTATCACARAGACEOGTCT 1350
E I L I DR G WD MATGETDF ANTETENTU QA ATH
GAAATTCTGATAGACCGTGGCTGGGATATGGCCACAGGTGAAACAGACT TCGCGAACGAAGAAAATCAGGCGCAT 1425
R PRRLTPREC L MG F E VD GRP FR
COGECCC0CAGOCTEACTCEECOAGAGTOCGE0C00CTTATGOATT TTGAAAAAGTAGATGOCAGEECTTTTCEE 1500
tu
1 P VS DT QS YROQFGNSVV VPV FEAVA
ATTCCTGTGTCAGACACTCAGTCGTACAGGCAGTTCGGTAACTCCGTAGTGGTGCCCGTGTTTGAAGCCGTAGCE 1575
K L L EP Y 1 LKAV NADSTC CIKTUVETRTI .
AAACTGCTTGAACCTTATATCCTGAAAGCGGTTAATGCCGATTCGTGCAAGGTTGAACGAATCTGATCGCTCCTC 1650
CCCGTATTTATGCCGGGAGATAATCTATGGAATATCTGCGTAAAGCCCTGTCAGCTCAGCAATAAACGCACCTAG 1725
CGTCATTAGCTCAGCTCTCACCGCCTCCOGOTATTTTTTGTGCAGAGATGATGGCACGACCAATCTGACACCCEA 1800
CTCCCGCATCTCCCGATATTGAGCCAGAGAAACTCCCTCCTGGAGTGTAAACAGATGCACCTGATGAATTTTATC 1875
GGCCTCATTCAGTATCTGACGCCAGCGATCCTTACAGGTAGTCTTGACTGCCAGCATG 1933

Figure 4. Nucleotide sequence of the EcoRII methylase gene and derived amino
acid sequence. Shine-Dalgarno sequence is indicated by a box 5' to the coding
region. Transcriptional start sites are indicated by asterisks. The -10
and -35 region promoter sequences are underlined. The XhoIl site used to
prepare the probe for S; mapping is marked. Regions of inverted repeats
at the 3' end are indicated by horizontal arrows.
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Table 1. Comparison of the codon usage of the EcoRII methylase gene with
highly expressed E. coli genes

frequency frequency frequency)|
per per per
1000 1000 1000
ay "M PHE M M HE M M HE
Arg CGU 8 17 44 Pro CCU 12 25 2 Asn  AAU 11 23 2
CGC 11 23 18 ccc 4 8 1 AAC 12 25 35
CGA 5 10 O CCA 0 0 6  ---=----cccccmcccncoa-
cGG 3 6 0 CCG 7 15 25 Gln CAA 2 4 5
AGA 1 2 1  =--------em-emeoeoooe- CAG 13 27 31
AGG 3 6 O Ala GCU 10 21 64 @  --------cc-cec-ccocoo--
--------------------- Gecec 10 21 8 His CAU 6 13 6
Leu CUU 12 25 3 GCA 6 13 33 CAC 7 15 13
cuc 8 17 2 GCG 11 23 23  -=-esc-cccccmcococo---
CUA 2 4 0  -------------omomeoe- Glu GAA 35 73 51
CUG 19 40 60 Gly GGU 13 27 45 GAG 10 21 17
UA 3 6 2 GGC 10 21 31 = -----cmeccccmcccecoee-
e 1 2 3 GGA 4 8 1 Asp GAU 17 36 16
--------------------- GGG 4 8 1 GAC 11 21 35
Ser UCU 3 6 21  =--=-------------c-ccco- | meccccccccccmcocoeeee-
ucc 1 2 15 Val GUU 11 23 38 Tyr UAU 11 21 3
UCA 3 6 1 GUC 3 6 6 UAC 4 8 15
uceG 3 6 0 GUA 6 13 27 = -----mmemmcmcccccoeo--
AGU 4 8 3 GUG 10 21 15 Cys UGU 2 4 1
AGC 5 10 8  -----------------o-ee- UGeC 4 8 4
--------------------- Ile AUU 11 23 12 cememmmmcccsceccccee -
Thr ACU 4 8 28 AUC 9 19 46 Phe UUU 16 34 6
ACC 5 10 24 AUA 3 6 0 uuc 11 23 20
ACA 3 6 4  ---e--ce-cccccccccccces | ccmemcmececcccccccoee-
ACG 6 13 2 Lys AAA 24 50 62 Met  AUG 6 13 21
--------------------- AAG 12 25 25 R il bt
---------------------- Trp UGG 6 13 6

aM, EcoRIIM; bHE, highly expressed genes in E.coli; values are taken from
Gouy and Gautier (34).

at position 208 to the termination codon TGA at position 1638 codes for 477
amino acids (Figure 4). The size of this protein would be 54,564 daltonms.
The translational start codon is preceeded by a strong Shine-Dalgarno sequence
GGAGG (positions 199-203, Figure 4).

An analysis of the nucleotide sequence revealed almost equal distribution
of A+T (51.8%) and G+C (48.2%) content. Unlike the A+T rich (65%) EcoRI
(29,30) and EcoRV (31) restriction-modification genes, base composition of
the EcoRII methylase is similar to that of E. coli (32).

Analysis of codon usage (Table 1) has revealed a pattern typical for

weakly expressed genes in E.coli. Genes coding for major proteins show a
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narrow and selective preference in their codon usage (33,34). In strongly
expressed genes, 23 codons with an individual occurence of less than 5 per
1000 appear with a total frequency of 36 per 1000 (3.6%), whereas in the
EcoRIIM gene the frequency of occurrence of these codons is 25.5%. A broad
preference for codons in the EcoRIIM gene can be seen for almost all amino
acids. In particular the rare codons for Leu, Ser, Pro and Tyr are used
more than 50% of the time.

Transcriptional Start and Stop Signals

In order to determine the transcriptional start point(s) of the gene,
RNA from HB101(pSS18) was hybridized to the terminally labeled minus strand
of an XhoII-TthlllI fragment (see Figure 3) from pSS18 covering the 5' end
and the promoter region of the methylase gene. The length of the S; resistant
DNA fragment was determined by gel electrophoresis. Two strong signals of
protected DNA, 48 and 49 nucleotides in length along with some weaker bands,
were detected in the autoradiogram (Figure 5). The purines G and A at
positions 191 and 190 (Figure 4) corresponded to the 48th and 49th nucleotides
respectively. These sites are upstream from the proposed Shine-Dalgarno
sequence GGAGG (positions 199-203, Figure 4). Positions 174 to 179 contain
the sequence TACAGT which resembles the -10 region of a typical E. coli
promoter. The underlined bases match the consensus -10 region promoter of
Rosenberg and Court (35). This hexanucleotide has been reported to be the
-10 region promoter sequence for ¢ X174B (36). This sequence is 11 and 12
bp respectively, upstream of the A and G start sites, 2 bp more than usually
found for E. coli promoters. The hexanucleotide TTCAAT, 17 bp proximal
of the proposed -10 box contains 3 out of the six bases reported for the
E.coli -35 consensus sequence, TTGACA (35).

There are two sets of sequences downstream from the methylase gene that
are likely candidates for a transcription termination signal. One is a GC
rich region (starting at position 1648, Figure 4) of inverted repeats in
the vicinity of the translational stop codon TGA (position 1639) which can
form a very stable secondary stem and loop structure, but it is not followed
by a series of T residues. The other is a region 102 bp downstream to the
stop codon, where an inverted repeat of three base pairs is followed by a
series of T residues (Figure 4).

Homology between EcoRII Methylase and other Methylases

The DNA methylases whose sequences have been reported are EcoRI (29,30),
EcoRV (31), PstI (37), HhaII (38), BspRI (39), BsuRI (40), SPR (41,42), PaeR7
(43) DpnII (44), ¢3T (45) and dam (46). While dam, EcoRI, EcoRV, HhalI,
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Figure 5. Nuclease S} mapping of the transcriptional start point. The
Autoradiogram shows the S; protected fragments in the extreme right lane.
Sequencing products from an M13mpl9 recombinant having an insert at the BamHI

site are used as molecular weight markers. The sixth C in the BamHI sequence
GGATCC is the 44th nucleotide in the ladder.

PstI, PaeR7 and Dpnll enzymes methylate adenine residues, the others are

cytosine methylases. Partial homologies were reported among the cytosine

methylases BsuRI, BspRI, SPR and ¢3T (40,45). A computer search of the

published methylase sequences did not identify significant homology between
EcoRII methylase and any of the above mentioned adenine methylating enzymes.
But comparison with known cytosine methylase sequences indicated some degree

of similarity with the EcoRII methylase (Figure 6). Although the homologies

between the EcoRII enzyme and any of these three enzymes are weaker than
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Figure 6. Comparison of amino acid sequence of EcoRII methylase with BsuRI,
BspRI, SPR and ¢3T methylases. At the top is a comparison of the sequences
by a Dot Matrix evaluation using the program DIAGON (19) based on Dayhoff's
similarity score between amino acids. Regions of partial homology are
represented by diagonal stretches. Regions where partial homologies are
most apparent are marked and the sequences in these regions are shown in
the bottom half. The conserved amino acids are boxed. The comparison was
done using the program SEQHP (20).

the similarities between the latter, the regions where partial homology is
most apparent are aligned in identical fashion in all of them. However,
in the EcoRII methylase protein, these domains are shifted slightly toward

the C-terminus of the molecule. Comparison with the SPR methylase reveals
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a region where the DNA homology is also quite apparent:

EcoRII M TTTGTTCTTGAAAACGTTAAA 916

SPR M TTTGTTTTTGAAAATGTTAAA 674

A striking similarity was found between the protein sequences of EcoRII
methylase and Mspl methylase (Lin, P.M. and Roberts, R.J., manuscript in
preparation). While some of the regions common in EcoRII.M, BsuRI.M, BspRI.M,
SPR.M and ¢3T.M are also present in the MspI.M sequence, EcoRII and MspIl
methylases have greater overall homology with each other (data not shown).

A global search for homology in protein sequences carried out between
EcoRII methylase and sequences in the PIR, Doolittle and translated Genbank
data bases did not reveal significant homology with any other sequences.

Effect of N-Terminal Deletion on Enzyme Activity

Partial methylase activity was found in pSS69A (Figure 2), in which
the insert was shortened by Bal-31 deletion of 101 bp from the proposed
translational start codon (position 208, Figure &) and cloned in pUCY,
downstream to the lac promoter. Sequence analysis revealed that the fragment
was fused in-frame with the N-terminal lacZ sequence of pUC9 adding 11 amino

acids at position 35 of the methylase protein :

Hind III Pst I
pUC9....ATG ACC ATG ATT ACG CCA AGC TTG GCT GCA GCG GAA ATC TAT GAC....RII.M
M T M I T P S8 L A A A E 1 Y D
35 36 37 38

The activity was one fourth that of pSS59 (see Table 2). Thus the N-terminal
34 amino acids are not necessary for enzyme activity.

Cloning of the EcoRII Methylase under control of P;-)\ Promoter

Although we found an increased expression of methylase by cloning the
gene under the influence of the lac promoter in pUC vectors, in order to
further increase the yield of the enzyme we cloned it downstream to the strong
inducible Py promoter of bacteriophage )A. Figure 7 shows the construction
of pSS113 and pSS114 in which the position of the gene downstream to the
P;, promoter are opposite to one another in orientation. When transformed
into E. coli N4830 containing the temperature sensitive cI857 repressor,
only the strain carrying pSS114 could be induced to express methylase at
42°c.
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BamH 1

Hpal digestion,
Hind I linkers,
Hind TR digestion,

BamH 1 digestion,
HMind I linkers,
Hind T digestion,

pSSil4
(=7.0Kb)

Figure 7. Cloning strategy of the EcoRII methylase gene in expression vector
pPL-) . The thin line represents the insert region. Linker created sites
are those shown in parentheses.

Expression of Gene Product

In vivo protein synthesis was monitored using 355-methionine pulse
labeling in E. coli N4830 harboring recombinant plasmids pSS113 and pSS1l4.
Extracts were loaded onto an SDS-polyacrylamide gel before and after thermal
induction. A protein of apparent molecular weight 60 kd was found in the
42°C extract from the cells bearing pSS114 (the recombinant properly oriented
for Pj-directed transcription) (Figure 8). This confirms both the direction
of transcription of the methylase gene and the size of the protein deduced
from the DNA sequence data.

Assessment of Methylase Activity in Different Constructions

DNA methylase activity was determined in whole cell extracts of HB10l
and N4830 containing different plasmids described in Figures 1, 2 and 7.
Results are given in Table 2. Cloning of the restriction-modification genes

from the low copy number plasmid N3 into the multicopy plasmid pBR322 (pSF1,
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Figure 8. Expression of the EcoRII methylase gene. Cultures of TS mutant
strain E. coli N4830 harboring plasmid pSS113 (lanes A & C) or pSS114 (lanes
B & D) were labeled with 35S-methionine at 30°C (A & B) or after an induction
of 90 min at 42°C (C & D). Extracts were loaded onto a 5-15% gradient SDS-
polyacrylamide gel. The autoradiogram shows bands of 355-1abeled proteins.
Molecular weight markers are indicated. The band indicated by an arrow
corresponds to a molecular weight of 60,000.

Figure 1) resulted in only a small increase (1.8 fold) in methylase activity.
Removal of the endonuclease gene (pSF2, Figure 1) did not increase methylase
expression. Enzyme activity was increased by removing approximately 800
bp and cloning into pUC vectors (pSS18 and pSS19). A much greater increase
occured with pSS59 (Figure 2), in which the methylase gene was placed under

the control of the lac promoter. Sequence analysis of the 5' end of the
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Table 2. DNA methylase activity of strains bearing different plasmid
constructs carrying the cloned EcoRII methylase gene

Strain Plasmid?@ Activityb Amplification
Unit/mg Protein

F1100 N3 4.5 1
HB101 - 0.7 -
HB101 pSF1 7.9 1.8
HB101 PSF2 8.0 1.8
HB101 pSS18 27.5 6.1
HB101 pSs19 31.5 7.0
HB101 pSS29 47.2 10.5
HB101 pSs38 33.3 7.4
HB101 pSS48 1.0 -
HB101 PSS49 53.3 11.8
HB101 pSS59 80.0 17.8
HB101 PSS69A 19.5 4.3
N4830 - 0.4 -
N4830 psSs113 1.1 -
N4830 pSSll4 176.7 39.3

2Construction of plasmids described in Figures 1,2 and 7. bone unit
of enzyme is defined as the amount of enzyme that will incorporate

1 pmole/min of u‘C-methyl groups into nonmethylated DNA (from E.coli B)
from l"C-methyl S-adenosylmethionine.

insert in pSS59 revealed that the fragment was ligated to the Pstl site of
pUC19 DNA at the beginning of the Shine-Dalgarno sequence.

Cloning the same fragment under control of the P;, promoter of bacterio-
phage A(recombinant pSS114, Figure 7) gave a further 2.2 fold increase in
enzyme activity. Overall, the methylase activity of N&4830 (pSS114) is 40
fold higher than that of the parental plasmid N3 in strain E. coli F1100.

DISCUSSION

The EcoRII modification enzyme has been sequenced. One open reading
frame of 1515 nucleotide pairs has been found which can code for a protein
of 477 amino acids and a calculated molecular weight of 54,564 daltons. This
is in good agreement with the reported molecular weight of the EcoRII
methylase; 55,000 when determined by Sephadex G-100 chromatography (28) and
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60,000 by SDS-PAGE (5). Using the hybrid plasmid pSS114 which contains a
A-Pp, promoter, we found expression of a gene product of apparent molecular
weight of 60,000 (determined by SDS-PAGE) after heat induction. The identity
of this product as the EcoRII methylase is supported by: 1) the only difference
between the proteins synthesized by strains carrying plasmid pSS114 or pSS113
is the 60,000 MW band (Figure 8); 2) emergence of this band after temperature
induction is concomitant with the expression of enzyme activity measured
by incorporation of methyl group into DNA.

The assignment of the reading frame is consistent with the activity
of a deletion mutant at the N-terminus of the sequence. Deletion of 101
bp from ATG start codon resulted in a clone pSS69A which was found to retain
one fourth the enzyme activity of the parent plasmid pSS59. The assigned
reading frame was found to be in-frame with the lac sequence in that construct.
The partial activity of this deletion mutant is likely to be due to a protein
fusion between the N-terminal 11 amino acids of B-galactosidase and 443
C-terminal amino acids of the methylase. The first 34 amino acid residues
are therefore not essential for enzymatic function.

The region for which sequence has been determined extends 292 bp
downstream from the methylase termination codon. Since the EcoRII methylase
and endonuclease genes lie adjacent to each other (ref. 27 and Figure 1),
a part of the latter might be included in the sequence presented in this
paper. Inactivation of the endonuclease gene by insertion of transposon
Tn3 at a position approximately 300 bp downstream from the Stul site at 1489
(Figure 4) (A.B., unpublished data) suggests this possibility. The only
reading frame that extends to the end of the sequence we have determined
is on the strand complementary to the methylase gene strand. If this turns
out to be the correct reading frame for the endonuclease, the two EcoRII
genes are coded on opposite strands with only 33 bp between the 3'-ends of
the two genes.

A number of DNA methylases have been sequenced. These include both
adenine and cytosine methylases. Similar to other cytosine methylating
modification enzymes (39-42,45), the EcoRII enzyme does not bear any noticeable
homology with any of the adenine methylating enzymes. The cytosine methylases
that have been sequenced are all from the species Bacillus or from phages
of this species. Moreover, all of them recognize and methylate the sequence
GGCC. Not surprisingly, strong similarities were found in their primary
protein structures. In this paper, we have reported that EcoRII shares several

partially homologous domains with methylases that do not recognize the same
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sequence as EcoRII. These enzymes include BsuRI, BspRI and ¢ 3T methylases.
EcoRII methylase is also partially homologous to the SPR methylase. The
latter enzyme recognizes the sequence CC(A/T)GG, as is recognized by EcoRII
in addition to the sequences GGCC and CCGG (45). Thus all cytosine methylases
for which primary sequences are known share several common domains.

As some of the homologous domains are shared by enzymes recognizing
very dissimilar DNA sequences (EcoRII & BsuRI, for example), these regions
are unlikely to contain the sequences required for their site-specific
interaction with DNA. As such, they may represent regions involved in
methylation of the position 5 of cytosine or in binding of S-adenosyl
methionine. Site-directed mutagenesis of these regions may help in the
determination of the functional role of these regioms.

Purification of large quantities of EcoRII methylase should aid structural
and enzymatic studies of the protein . For this purpose, we have made plasmid
constructs that substantially overproduce the enzyme. As no methylases have
been crystallized, the crystallization of EcoRII methylase protein and its
structural analysis should be of great value in understanding how methylases

function.
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