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ABSTRACT
The nucleotide sequence of the gent coding for the 5'-GGCC and 5'-CCGG

specific DNA methyltransferase of the Bacillus subtilis phage SPR was
determined by the Maxam-Gilbert procedure. Transcriptiona] and translational
signals of the sequence were assigned with the help of S1 mapping and
translation in E. coli minicells. The gene codes for a 49 kd polypeptide. The
amino acid sequence of the SPR methylase shows regions of homology with the
sequence of the 5'-GGCC-specific BspR\ modification methylase.

INTRODUCTION

DNA methyltransferases offer a t t ract ive possibilities to investigate the

problems of sequence-specific DNA-protein interaction. A necessary prerequisite

of any such study is the detailed knowledge of the s t ructure of the interacting

protein. The rapid advance of recombinant DNA technology and DNA

sequencing allowed the determination of the amino acid sequence of numerous

proteins indirectlv, that is by cloning and sequencing the respective genes.

Using this approach, the s t ructures of several sequence-specific DNA-methylases

have been determined (1-5).

Some of the temperate phages of Bacillus subtilis carry genes coding for

sequence-specific DNA methyltransferases (6). Phage SPR belongs to this

group. SPR was previously thought to be identical with SP0, but later it was

shown that the two phages are different (7). The methyltransferase activity of

this phage protects DNA against cleavage by / /po l l , Msp\ and BsuR] (or BspR])

nucleases (8-10). The gene coding for these activit ies has been cloned and

shown to be expressed in E. coli (10,11,11a). In this paper we report the DNA

sequence of this gene, together with the assignment of the transcriptional and

translational signals. We also compare the amino acid sequence of the SPR

methylase (M.SPR) with that of the BspR 1 modification methylase (M./fepRI, ref.

4) and find significant homologies between the two sequences.

While this work was in progress, the SPR methylase gene sequence has

also been determined by another group (12).
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MATFRIALS AHR METHODS

Strains, pi a smirk _a_nd_ media

All recombinant DNA work used E. coli HB101 host (13) and pBR322

vector (14). Plasmids pSU2 and pSU21 carry the functional SPR methylase

gene on a 4.3 kb EcoR\ and on a 2.1 kb EcoR\-Psi\ fragment, respectively,

cloned in pBR322 (10). Plasmid pSU23 contains the 3' half of the gene on a

3 kb Sal\-EcoR\ fragment in pBR322 (10). E. coll DS410 (15) was used for

minicell experiments. Media and growth conditions were described previously

(10).

Enzymes .and, chemicals

Most restriction endonucleases, T4 polynucleotide lunase and T4 DNA ligase

were prepared in this laboratory. Hinfl was a gift of Dr. M. Hartmann (Jena).

Taq\ and BAL-31 were from New England Biolabs, bacterial alkaline phosphatase

from Worthington and Si nuclease from Sigma. £coRI linkers were from

Collaborative Research and \y- P] ATP was the product of the Isotope

Institute, Budapest. All other chemicals were reagent grade commercial

products.

Deletion mapping with BAL-31 nuclease

Plasmid pSU21 linearized either with EcoR] or Pst] was digested for

various lengths of time with BAL-31 as recommended by the supplier. The

progress of the reaction was monitored by gel electrophoresis. £coRl linkers

were ligated to the BAL-31 treated DNA, then the DNA was digested with

EcoRl (16). After this the plasmids which had been linearized at and shortened

from the Pstl site were ligated and used to transform E. coli HB101. Plasmids

which had been linearized at the £coRI site, were digested with Psl\, then

mixed with £coRI- and Pjil-digested pBR322, ligated and transformed into E.
R S

coll. Tc Ap transformants were selected and analysed for SPR-specific

methylation by digesting their plasmids with BspR\ (isoschizomer of BsuR\),

Msp] and HpaU.

Si mapping, translation _in_ minirf.lK

RNA was isolated (17) from E. coll HB101 containing platmid pSU2. The

method of hybridization, Si digestion and subsequent electrophoresis in

denaturing polyacrylamide gels followed the procedure described in (16).

Translation in minicells was done as described previously (4).

DNA sequencing

DNA sequencing was done by the Maxam-Gilbert method (18) using G,

A+G, C+T and C reactions. Electrophoresis was carried out in 0.2 mm x 250

mm x 400 mm 8% polyacrylamide gels containing 8.3 M urea.
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Computer analysis of the seguenet

Data handling, reading frame search and analysis of homologies were

performed by a FORTRAN program package in a PDP-compatible minicomputer.

RESULTS

Localization of the SPR methylase gene

The starting material was plasmid pSU21, a pBR322-derived recombinant

plasmid containing a 2.1 kb EcoR]-Pst] fragment of SPR DNA (10). pSU21

carries the functional SPR methylase gene, as indicated by the resistance of

the plasmid to BspR], Hpall and Msp] (10). We tried to localize the gene on

the 2.1 kb insert by linearizing the plasmid with either EcoR] or Pst] and by

generating deletions by BAL-31 digestion. The methylation of the resulting

plasmids carrying deletions of different lengths was tested by digestion with

5jpRI, HpaW and Mspl. As shown in Fig. 1, the deletions defined a 1.4 kb

long region of DNA located (approximately) between nucleotides 550 and 1950

(numbering starts at the £coRl site) which was sufficient to code for methylase

activity. As the disappearance of the resistance to BspRl, HpaW and Msp]

was simultaneous, these experiments confirmed our earlier assumption (10) that a

single enzyme was responsible for all observed methylation activities.

D.N'A sequence

First a detailed physical map of the 2.1 kb insert of pSU21 was

• • •

Pstl

2000 be

-KOObp m'

Fig. 1. Mapping of the SPR methylase gtne by restriction enzymes and by
BAL-31 deletions. Heavy line: the 2100 bp SPR DNA fragment cloned in
plasmid pSU21. The cleavage sites of selected restriction enzymes are marked
by arrows. Thin lines: cloned deletional derivatives of the insert of pSU21
which retain (m ) or lose (m ) the ability to express the methylase. E: EcoRl
sites produced with EcoR] linkers. At the bottom the predicted shortest m
region is shown.
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J89 CTTCCTTAAATTAAAATTTACAAATCAAACACTGGAATTGCGTAGAAAAATGTCCTTACAATTACACCGTTTATTAGAA

MS CACATGACAGCTTGGTCATTTAATGAAAATCAAGCTCAAAAATATATTGATGAATATCAATTAGAGTTAGTTGAGAACA

44 7 CTCTAGACAATAAATTTAAGCTTCAAATAGTAGATAAGAATAAAAATATTTGGCGCGAATTAAAACCC.AAAGAGCCACG

526 GTACATTGGATATTTff£TA^ACTGAATAAATGATCA/^TT_TIAj)rTAGAGTtAAAATAAAATATATGGAGGrTGTTTA
mill

6 0 5 T I G C G T A A A C T A C G T G I A A T C A C T C T T T T T A G T G G G A T C G G T C C A T T I G A A G C T G C A C I A
h C K L R V M S L F S G I C A F E A A L

6 6 5 A C A A A C A T T C C G C T T G G T T A T G A G C T C G T T C C - T T T T A C T C ' . r . A T T C A T A A A T A T G C C G T C
R K I G V G Y E L V G F S E I O K Y A V

7 2 5 A A A T C T T T T T G T G C A A T T CAC A A C C T T G A T G A G C A A T T A A A T T T T G G A G A T G T A A G C A A f .
K S F C A I H N V O E Q L H F G D V S K

7 1 5 A T T C A T A A G A A A A A A C T A C C T G A A T T T G A T C T T T T A G I T G G A C G A T f T C<".T T G T C A A A f . f
I O K K K L P E F O L L V C G S P C Q S

8 4 5 T T T A G T G T A G C C G G C C A T CCA A A G G G A T T I G A A G A T A C A A G A G G G A T A T T G T T T T T T C A \
F J V A G H R K G F E D T R G T L F F Q

9 0 5 T A C C T T C A G A C T C T T A A G G A A A A G C A A C C A A A C T T T T T T G I T T T T G A A A A T C T T A A A G O n
T V E T L K E K g P K F F V F E H V K G

9 * 5 T T C A T C A A C C A T G A T A A A C C A A A T A C A T T A A A T G T T A T C G C T G A A C C T T T C A C T G A A C T I
L I N H O K G N T L N V M A E A F S E V

1 0 2 5 G G G T A C A G A A T T G A C C T A GAC C T G C T T A A T T C A A A A T T C T T T A A T G T T C C A C A A A A T A C C
G Y R I O L E L L N S K F F N V P Q N R

1 0 8 5 O A O C G A C T T T A C A T A A T T C C A A T T A G A G A A C A T T T A A T I A A A A A I G A A C A A T C G T C T T T G
E R L Y 1 I C I R E D L I K N E E W S L

1 1 4 5 C A T T T T A A A A G A A A G G A T A T A C T T C A A A A A CC,G A A A C A G A G A T T G C T A G A A T T A C A T A T T
0 F K R K 0 1 L Q K G K Q R L V E L D I

1 2 0 5 A A A A C C T T T A A T T T T A G A T C C A C A C C T C A A T C G G C T G C T A f C A A G A G G C T A A A A G A T T T A
K J F N F R W T A O - S A A T K R L K D L

1 2 6 5 T T A G A A G A A T A C G T T G A T GAA A A G T A C T A C T T G A A T G A A G A T A A A A C A A A C A G T T T G A T C
L E E Y V O E K Y Y L N E O K T N S L I

1 3 2 5 A A A G A G T T C T C T A C A A G T CCA C T T A A T G A A A A I C T T A C T C T T G A C C A A G T A G G T A A C A l l
K E L S T S R L N E N L T V E Q V G N I

1 3 8 5 A A T C C C T C T G G T A A T G G A A T C A A T G G A A A T G T T T A T A A T T<"A T f T G G A T T A A C C C C C A C A
N P S C N C M N C N V Y N S S G L S P T

1 4 4 5 A T T A C C A C T A A T A A A G C A C A C G C A C T C A A A A T T G C A G I T C A C T A C T f C A C A A A A A C C G C C
I T T H K C E C L K I A V E Y S R K S C

1 5 0 5 C T T G G A C C A G A A C T T G C T C T A T C T C A T A C C C T T T C T G C T T f T G A C T C C A C A C G A T T C A A T
L C H E L A V S H T L 5 A S D » R G L N

1 5 6 5 A G G A A C C A A A A A C A A A A T GCA G T T C T T G A C G T A A G G C C A G T A T T A A C C C C A G A A A C C G C r .
R N Q K I J H A V V E V R P V L T P E R G

1 6 2 5 C A C A A G C C A C A A A A T G C A ACA A G A T T T A A A G A T O A C C G T G A A C C A G C A T T T A C A G T A A A C

e « R Q H G R R F K D D G E P A F T Y N

1 6 8 5 A C A A T T G A C A G A C A C G G C C T A G C G G T T G C A G A G T A T C C A A A A T A C A G A A T T A G A A G A T T A

T I D R H G V A V G E Y P K Y R I R R L

1 7 4 5 A C A C C O T T A G A G T G C T T T A C C C T A C A G G C T T T T G A T G A C G A A G A T T T T C A A A A A C C T T T T
T ' L E C F R L < J A F O D E D F E K A F

1 8 0 5 C C T C C C C G A A T A A G T A A C T C A C A A T T A T A T A A G C A A G C C G G T A A T T C A A T T A C T G T A A C T

A A G I S N S I J L Y K Q A G H S I T V T

1 8 1 5 C T C C T T G A C T C A A T A T T C AAC G A A T T A A T A C A T A C A T A C G T T A A T A A A G A A T C T G A A T A A
V L E S I F K E L I H T Y V M K E S E

1 9 2 5 A A T T T C T C T T T T A A A C A A A T C T A A A A T A A C A G C A C T G C A T T G A T T G G A A A G T T A C C C T G A G T C C T T A A A A A G A G A G A C A

J O 0 4 G A O C A C A T T A A A O A C C C T C T T A G G A A T C G A A A T A T C A A A G A A C A C A C C A T T A A A C A A A T T G C A G A A A C C A C A C T T G A C T

1 0 1 3 T T T T C A A A T C A G A G G A G A A A A C A C A I A A A T A C T T T T C T G A A C
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established (19). In order to avoid any ambiguities in the DNA sequence both

strands of the fragment were sequenced, and all restriction sites used in

fragment preparation were sequenced by using overlapping fragments. The

sequence shown on Fig. 2 contains only one large open reading frame

corresponding to the region established by deletion mapping. This begins with

an ATG at position 623 and ends with TAA at position 1922.

Transcription

Previous experiments from this laboratory (10) suggested that the cloned

SPR methylase gene was expressed from its own promoter because it was active

in both orientations. In contrast, other investigators ( l l a ) reported that

expression must be due to an external promoter. We tried to localize the

promoter of the methylase gene by S( mapping. RNA isolated from E. coli

HB101 (pSU2) was hybridized to the 857 bp EcoV. \-Hpa\\ fragment encompassing

the 5' end of the gene (Fig. 1 and 2). The result of this experiment is shown

on Fig. 3A. The larger protected fragment is similar in lenght to the probe

and probably indicates readthrough transcription from the vector. The shorter,

280 nucleotide long fragment indicates an initiation site at position 578.

Examination of the sequence upstream from this initiation site reveals the

presence of a promoter-like structure sharing homology with the E. coli and B.

subtilis consensus -35 and -10 sequences (21,22).

578

M. SPR: ATATrrTGTACAGACTGAATAAATGATCAATTTTATTTAGAGTAAAAA

c o n s e n s u s : TTGACA 18 b p TATAAT

Thus we think that this structure functions, at least in E. coli, as the

promoter of the SPR methylase gene This finding confirms our previous

observation that the SPR methylase is expressed in E. coli from its own

promoter. Vector promoteKs) may, however, contribute to the transcription of

the gene. In fact, we have found (unpublished observation) that the level of

expression of the cloned SPR methylase was slightly dependent on the

orientation of the gene in pBR322.

Translation

The SPR methylase consists of a single subunit with a molecular weight of

Fig. 2. Nucleotide sequence of the region encoding the SPR methylase and the
predicted amino acid sequence of the methylase protein. Numbering starts at
the last nucleotide of the £coRI site of the pSU21 insert. Only part of the
determined DNA sequence is shown. The suggested transcriptiona] start point is
marked by an arrow and Shine-Dalgarno complementarity by asterisks. The
proposed promoter sequence is boxed. Discrepancies between our sequence data
and that of Bukh el al. (12) are underlined.
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A1 A2 Bt B2

857-

587-

434- 4 M b _ -49

267- w w —
m ~ -29

234- ^ w ^

213

1 9 2 - « . i • - "

-17

Fig. 3. S1 mapping of the transcript and translation in mimcells.
Panel A: Autoradiogram showing the result of the S1 nuclease protection
experiment.
A l : molecular weight markers. A2: DNA fragments protected by fn^ vivo
synthesized RNA. The 857 bp EcoK \-Hpa\\ fragment (Fig. 1 and 2) ' P-labeled
at the HpaW end with polvnucleotide kinase was used as probe. The length of
the 280 nucleotide long protected fragment has been verified on a Maiam-
Gilbert gel, where it was run along a sequence ladder (not shown).
Panel B: Autoradiogram, of a 5-20% SDS-polyacrylamide gradient gel after
electrophoresis of the S-labeled proteins synthesized in E. coli mimcells. Bl:
Mimcells programmed by pSU21 (m ). B2: Mimcells programmed by pSC23 (m )
which contains an extensive deletion of the methylase gene (10). Molecular
weights of marker proteins are indicated (in kilodaltons).

47-49 kd (6 and L". Gunthert , pers. comm). We could de tec t an approximately

49 kd protein in E coli mimcells containing methylase-positive plasmids (Fig.

3). This strong protein band was never detected in mimcells carrying plasmids

(e.g. pSL'23, Fig. 3) with inactive derivatives of the methylase gene.

The long open reading frame detected in the sequence begins with ATG at

position 623. This methionine codon is, however, not preceded by a properly

positioned Shine-Dalgarno sequence. In view of the fact that in Bacillus

species the requirement for this sequence seems to be ra ther s t r ic t (23), we

considered this assignment unlikely. In the region between the transcription

initiation point at 578 and the ATG mentioned above a perfect Shine-Dalgarno
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Fig. 4. Schematic comparison of the ammo acid sequences of the SPR and the
BspR I methyltransferases. Black bars represent regions of partial homology
shown in detail in the text.

sequence Can be detected at position 593-598. This is followed by an

appropriately spaced (22) m-phase TTG codon (position 605). As UUG has been

shown to function as an initiation codon in the case of the B. subtllis phage

SP01 (22,23), we believe that this UUG is more likely to be the real

translational start codon of the methylase gene. This would correspond to a

calculated molecular weight of 49,826, in good agreement with the estimate

based on electrophoretic mobility.

Protein structure

The amino acid sequence of the methvlase gene, deduced from the DNA

sequence, is shown in Fig. 2. This has been compared with the sequence of

other sequence-specific DNA methvltransferases (M.fcoRI, M.£codam, M.BspUl

and M.HhaW; ref. 1-5). Of these four enzymes, only M.BspKl shares

recognition-specificity with the SPR methylase; both enzymes recognize and

methylate GGCC. Although in previous DNA hybridization experiments we failed

to detect homology between the genes of M.SPR and M.AspRI (10), the

comparison of the amino acid sequences reveals a significant degree of

homology between these two enzymes (see below and Fig. 4).

DISCUSSION

The SPR-coded DNA methylation was shown to affect 5'-GGCC and 5'-

CCGG sequences (9). The experiments reported here prove that these

activities reside in a single protein. The dual specificity contributes to the

attraction of the SPR methylase as model-system for the study of sequence-

specific DNA recognition.

The principal aim of this work was the determination of the amino acid

sequence of the SPR methylase in order to compare it with the sequence of

other methylases. The BAL-31 deletions unambiguously localized the gene to a

1.4 kb segment on a cloned fragment. Within this region a large open reading

frame coding for a 49 kd protein was found. This protein is synthesized in E.

coli minicells programmed with plasmids coding for the functional SPR methylase
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but cannot be detected in minicells programmed with methylase plasmid

derivat ives.

At the DNA level, the sequence reported here differs from that reported

by another group (12) at five points, two of which lead to differences at the

protein level. The translational terminator of the open reading frame is at

position 1922. The positioning of the transcriptional and translational initiation

sequences is less straightforward. The S1 mapping experiment localizes

transcription initiation in the heterologous system to position 578. The

structure upstream from the transcriptional initiation s i te , which we identified in

the heterologous system as the promoter of the methylase gene, displays less

conformity to the canonical -35 and -10 sequences than most B. sublilis

promoters utilized by the o RNA polymerase (22). It is possible, however,

tha t the SPR methylase gene is transcribed in B. sublilis by another form of

RNA polymerase. Buhk et al. (12) place the initiation point in the homologous

system to position 591, thus it must be concluded that the point of

transcription initiation is different in the homologous and heterologous systems.

On the basis of the translation experiments it is impossible to choose

between the two possible translational s ta r t -poin ts ; both calculated molecular

weights (49,219 and 49,826) can be reconciled with the observed 49 kd.

Despite the fact that ATG is the generally preferred initiation signal we

believe that in this case, in B. sublilis, the TTG at 605 is the actual s tar t

point for the following reasons:

1. It is preceded by an appropriately located good Shine-Dalgarno

sequence: GGAGGT. No such sequence is present before the ATG at 623.

2. UUG has been shown to function as an initiation codon for wild-

type genes in Gram—positive bacteria (22,23,24).

3. The ammo acids coded between 605 and 623 show some homology

with a domain of the BspR] methylase:

BspR\ :

SPR :

This homology is obvious at the DNA level as well:

SPR :

The assignment of the translational start codon in E. coll is more difficult.

Although it has been shown that in an In vitro system E. coli ribosomes can
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utilize UUG as translational start signal (23,26), UUG has not been found as

initiation codon in wild-type E. coli mRNAs (25). Furthermore, less extensive

Shine-Dalgarno interaction is required to promote translation in Gram negative

than in Gram positive bacteria (22,25). Due to lack of protein sequencing our

data are not sufficient to decide whether translation of the SPR methylase in

E. coll starts with TTG at position 605 or with ATG at 623.

Apart from the N-terminal domain discussed above, two other shorter and

one rather long region of homology can be detected between the amino acid

sequences of M.SPR and M.SjpRI (Fig. 4).

M.BspR\ :

M. SPR:

M.BspKX:

M. SPR :

260

280

YKQI

390

3NJWPJV

I TJV

410

M. SPR:

150

IHF I RCJItaQ\|QP[E III

FQYVETpjK EKQf% F | F \

EV3YRIDLELLN

CvMTL

GLINH

5KFFN

VPQI RERVII

Of course at present it would be premature to speculate about the role of any

of these homologies. Nevertheless it seems likely that at least some of these

regions might play a role in the recognition of the sequence GGCC by both

enzymes. This might be a reasonable working hypothesis in the further

investigation of the problem of sequence-specific protein-DNA interaction.
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