
and counterclockwise replication forks were arrested within

a particular region of the E. coli chromosome, which was

designated the terminus. Research in recent years in dif-

ferent laboratories has revealed that two components are

required for replication arrest in E. coli. These are the Ter

sites, which are non-palindromic DNA sequences of 22 b p

(HilI et al., 1988), and the Tus protein, encoded by the

chromosomal tus gene, which is a DNA-binding protein

that recognizes and binds specifically to the Tersequences

(HilI et al., 1989). Binding of the Tus protein to a Ter

sequence results in the polar arrest of replication-fork

movement. Six termination sites have been identified on

the E. coli chromosome (TerA-TerF) which are distri-

buted in a region comprizing approximately 25% of the

total chromosome opposite oriC. Three of these sites

arrest clockwise replication, and the other three arrest

counterclockwise replication. Thus, moving replication

forks are trapped in the relatively wide TerG region.

Replication arrest sites have also been identified in

several plasmids of Gram-negative bacteria, such as R6K,

R100, R1, and P307. Interestingly, the sequences of these

plasmid-located terminator sites are very similar to the

chromosomal terminator sites (Horiuchi and Hidaka,

1988; HilI, 1992). Replication-fork interference with plas-

mids also occurs through the binding of the chromo-

somally encoded Tus protein to the plasmid-located Ter

sites (Sista et al., 1989). Except for the terminus region

of P307 (Saadi et al., 1987), those of the other three plas-

mids consist of two Ter sites which are present as an

inverted repeat (Horiuchi and Hidaka, 1988; Miyazaki et

al., 1988). At each site plasmid replication is arrested in

an orientation-dependent manner (Horiuchi and Hidaka,

1988). Thus, the two polar Ter sequences form a repli-

cation-fork trap and halt replication from either direction.

Interestingly, the plasmid-located terminator sites are not

located diametrically opposite their origin of replication.

The chromosome of Bacillus subtilis also contains a

terminus region (Yoshikawa and Sueoka, 1963a; 1963b)

which is located approximately opposite the origin of repli-

cation, oriC (Weiss and Wake, 1983; lismaa et al., 1984).

Many characteristics of the replication arrest systems are

similar in B. subtilis and E. coli (for a review of the B. sub-

tilistermination process see Yoshikawa and Wake (1993)).

The B. subtilis terminus region also contains six termi-

nators (Terl- TerVI) which are arranged in a way that is

Wilfried J. J. Meijer,1 Mark Srnith,2 R. Gerry Wake,2
Arjo L. de Boer, 1 Gerard Venerna 1 and Sierd Bron 1 *

1 Department of Genetics, Groningen aiomolecular

Sciences and aiotechnology Institute, Kerklaan 30,

9751 NN Haren, the Netherlands.

2Department of aiochemistry, University of Sydney,

New South Wales, 2006, Australia.

Summary

We have sequenced and analysed a 3.1 kb fragment of

the 55 kb endogenous Bacillus subtilis plasmid pLS20

containing its replication functions. Just outside the

region required for autonomous rep!ication, a seg-

ment of 18 b p was identified as being almost identical

to part of the major B. subtilis chromosoma! replica-

tion terminator. Here, we demonstrate that this seg-

ment is part of a functional replication terminator.

This newly identified element, designated TerLS20,
is the first replication terminator identified on a theta

plasmid from a Gram-positive bacterium. TerLS20 is

distinct from other known replication terminators in

the sense that it is functional in both orientations.

The region required for bipolar functionality of

TerLS20 was de!ineated to a sequence of 29 bp,

which is characterized by an imperfect dyad symmetry.

Introduction

The process of DNA replication can be divided into three

steps: initiation, elongation, and termination. DNA termi-

nation of various theta replicons of prokaryotic origin has

been studied intensively over the last two decades (for

reviews see Hi" (1992), Yoshikawa and Wake (1993),

and Baker (1995». For Escherichia coli the concept of a

replication terminus was first advanced by Masters and

Broda (1971) and Bird et al. (1972), who concluded that

bidirectional replication of the chromosome is initiated

from a unique origin, oriC, and that the two replication

forks meet on the opposite side of the chomosome.

Later, Kuempel and coworkers (1977; 1978) and Louarn

and coworkers (1977; 1979) demonstrated that clockwise
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Fig. 2. Homology between B. sublilis chromosomal replication terminator Terl and a region of pLS20.

Upper part. Organization of the chromosomal terminus region of B. sublilis 168. The following features are indicated: Terl and Terll (arrows);
the position of the rlp gene (RTP), its ribosomal binding site (RBS) and its promoter ( -35 and -10; lelt of Terl).

Lower part. The sequence of Terl and the homologous region of pLS20. A and B define the binding sites for RTP in Terl (Langley el al., 1993}

Aiso indicated are the -10 sequence of the rlp promoter (double-underlined), the 21 b p core sequence capable of binding 1 RTP dimer

(underlined), and the 18 b p sequence of pLS20 which, except for one nucleotide, is identical to part of Terl (boxed} Identical nucleotides are
indicated by asterisks. The sequence of the chromosomal replication terminus region was taken from Carrigan el al. (1987}

functional replication terminator. As the DNA sequences of

terminator sites on the plasmids R6K, R100, R1 and P307

of Gram-negative bacteria are very similar to those on the

chromosome of E. coli (Horiuchi and Hidaka, 1988; HilI,

1992), we feit that a possible replication terminator site

on B. subtilis plasmids might, likewise, be homologous to

the chromosomal terminator sites of B. subtilis. We there-

fore analysed the sequenced 3.1 kb fragment of pLS20 for

DNA sequences homologous to those of the B. subtilis

chromosomal terminators Terl and Terll (the only chromo-

somal terminators known when this work was initiated).

The structural organization of the B. subtilis 168 chromo-

soma' terminus region containing the major arrest site,

Terl, is shown in the upper part of Fig. 2. The sequences

comprising the inverted repeat, designated Terl and Terll,

are 47 and 48 b p in length, share 77% identity, and are

separated by 59 nucleotides (Carrigan et al. , 1987; Lewis

and Wake, 1989). The equivalent terminus region of the

B. subtilis strain W23 chromosome is highly conserved

relative to that of strain 168 (Lewis and Wake, 1989). A

region of 18 b p was identified in pLS20 which, except for

1 bp, is identical to part of Terl and Terll of B. subtilis

strain 168. The alignment between the region of the

chromosomal Terl sequence and the homologous region

of pLS20 is shown in the lower part of Fig. 2. This 18 b p

region of pLS20 is also highly homologous to the other

four B. subtilis chromosomal terminator sequences (Terlil

to TerVI; results not shown) which were recent I y identified

by Franks et al. (1995). As shown in Fig. 1, the 18 b p

region of pLS20 is located 63 b p upstream of the putative

ribosomal binding site of the pLS20-located orfA gene,

which has significant homology to the B. subtilis chromo-

somally encoded rapA and rapB genes (Perego et al.,

1994). The rapA gene was previously designated gsiA

(Mueller et al., 1992). The comparison between the B. sub-

tilis chromosomal terminator sequences and the homo-

logous region of pLS20 reveals two clear ditterences.

First, in pLS20 the inverted repeat DNA sequence, as

observed in the arrangement of the B. subtilis chromo-

somal terminators Terl and Terll, is absent, and second,

the homology involves only part of the Terl and Ter/1

sequences (Fig. 2).

In vitro binding of RTP to the pLS20 Ter region

The chromosomal terminators arrest a moving replication

fork only when both RTP-binding sites (A and 8) are

bound by an RTP dimer (Smith and Wake, 1992). These

part I y overlapping RTP-binding sites, as determined by

Langley el al. (1993), are shown above the DNA sequence

of Terl in the lower part of Fig. 2. The presence of only

RTP-binding site 8, which has an RTP-binding affinity simi-

lar to that of Terl, is insufficient to impede a moving repli-

cation fork (Smith and Wake, 1992). As the region of

pLS20 that is homologous to the B. subtilis chromosomal

terminators includes the entire RTP-binding site 8 but

only part of binding site A, it was of interest to study the

ability of this region to bind RTP. For this purpose, band-

retardation assays (Freid and Grothers, 1981) were per-

formed using a 277 b p DNA fragment, designated Frag-

ment 1 (Fig. 3A), consisting of a 180 b p fragment of

pLS20, encompassing the 18 b p region homologous to
the B. subtilis chromosomal terminators, and a short addi-

tional region of pUG18. In this experiment the Terl region

of the B. subtilis chromosome, contained in pWS66-1 , was

used as a positive control. The binding assays for Frag-

ment 1 were carried out in the presence of digested

pWS64-1 DNA (the pWS66-1 ancestor devoid of the Terl

region) to provide competing DNA in amounts comparable

to those present in the positive control. Figure 38 shows

the electrophoretic resolution of the various DNA frag-

ments under conditions of increasing RTP dimer to DNA

ratios. Lanes with identical numbers represent the same

RTP dimer to DNA fragment ratios (Terl and Fragment

1). As expected from previous work (Lewis el al., 1990),

the positive control with the Terl fragment (Fig. 38, left
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Fig. 3. Band-retardation assays for binding of

RTP ta Terl and a fragment of pLS20.

A. DNA sequence of the fragment used in the

band-retardation studies (Fragment 1; region

between the primers LS20-16 and -50R) and

the sequence of the inserts in pAB120-1

and pAB121-1 (see also the Experimental

procedures). Sequences of the different

primers and the relevant restriction sites

used are indicated. The Sacl/BamHI and

Sall/EcoRI regions represent the sequences

cloned in pAB120-1 and pAB121-1, respec-

tively. The 18bp sequence which is nearly

identical ta a segment of Terl is underlined.

Nucleotides originating from pLS20 are shown

in upper-case letters; lower-case letters

represent nucleotides from pUC18; letters

shown in lower case and italics are non-

pLS20 sequences which are part of primer

TER1 containing restriction sites. Sequences

of primers TER1 , LS20-16 and -50R, used for

the amplification of the fragments, are

indicated.

B. Lelt panel: plasmid pWS66-1 was digested

with Pvull + BstNI. Right panel: pWS64-1 was

cut with Pvull + BstNI + BamHI and then

mixed with Fragment 1. Terl and Fragment 1

are present in the 280 b p fragment (lelt panel)

and the 277 b p fragment (right panel)

indicated by the arrows. Assays were

performed as described by Lewis et al. (1989)

in 6.0 111 volumes with increasing ratios of RTP

dimer ta DNA. Band retardation was analysed

by electrapharesis in 4% Sigma wide-range

agarose gels folIowed by ethidium bromide

staining as described (Lewis and Wake,

1989). In lanes 1 ta 5 the RTP dimer ta DNA

fragment (Terlor Fragment 1) moiar ratios

were 0, 1, 2, 4, and 8, respectively. Lanes

indicated by .r' show DNA standards of 501,

489, 404, 331, 242, and 190bp. s1, s2 and s3

represent retarded DNA species.

panel) gave rise to two retarded DNA species, s1 and s2,

at intermediate RTP levels, reflecting the presence of the

two binding sites (A and B) for RTP. Each of these sites

binds a dimer of RTP (Lewis and Wake, 1989). Approxi-

mately 50% of the Terl fragment was converted to

retarded species in lane 3 (ratio RTP dimer to DNA frag-

ment ~2). Saturation of both binding sites did not occur

until the ratio of RTP dimer to DNA was about 8 (Ieft

panel, lane 5). In the case of Fragment 1 of pLS20

(Fig. 38, right panel), a similar retardation pattern was

observed (compare lanes 2, 3 and 4 of the left and right

panels). These results clearly indicate that Fragment 1 is

able to bind two RTP dimers at intermediate RTP levels

and that the binding properties of these two RTP dimers

to Fragment 1 are similar to those of the chromosomal

Terl region. Like Terl, saturation of two RTP-binding sites

was reached when the ratio of RTP dimer to Fragment 1

DNA was 8. However, in contrast to the results obtained

with Terl, a third retarded species, s3, was observed with

Fragment 1 under these conditions (Fig. 38, right panel,

lane 5). As only the RTP-binding site B of Terl is highly

conserved in pLS20, binding of only one RTP dimer was

anticipated.
A possible explanation for the binding of the second and,

under high RTP to fragment ratios, even a third RTP dimer

was obtained by re-examining the putative terminator

region of pLS20. The conserved 18 nucleotides of pLS20,

which are homologous to chromosomal Terl sequences,

are part of an almost perfect inverted repeat of 29 nucleo-

tides, designated IR-LS20, which consists of two half-

repeats of 13 nucleotides separated by 3 nucleotides

(Fig. 4A). Each of the half-repeats has considerable

homology with the chromosomally located RTP-binding

site B (Fig. 4B). This suggested to us that the identified

IR-LS20 might contain the two RTP-binding sites on Frag-

ment 1 which were observed at intermediate RTP dimer to

DNA ratios. To test this idea, the 29 bp fragment compris-

ing IR-LS20 was cloned in both orientations into pWS64-1 ,

resulting in plasmids pWS98-1 and pWS95-1 .Band-

retardation studies, performed with appropriate restriction

digests of pWS98-1 and pWS95-1 , showed that the frag-

ment containing IR-LS20 was indeed able to bind two
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Fig. 4. Inverted repeat sequence in pLS20 with putative RTP-binding sites B and its RTP-binding capacity.
A. Representation of the inverted repeat sequence. The 18 nucleotides which are nearly identical to nucleotides of Terl are underlined.
The inverted repeat structure is indicated by arrows (filled circles indicate mismatches). Bars indicate the regions that are homologous to
RTP-binding site B as determined for Terlof B. subtilis strain 168 (Langley et al., 1993). The heptamer sequence (5'-AAATGTT -3'), which is
an internal sequence of the RTP-binding site B, is also present just outside the inverted repeat structure (indicated by dots).
B. Alignment of the two half-repeats of IR-LS20 with the B. subti/is chromosomal RTP-binding sites B of strain 168 (Ter/- TerVI). Identical
nucleotides are boxed.
C. Band-retardation assay for binding of RTP to the 29 bp imperfect inverted repeat of pLS20 shown in (A). Plasmid pWS95-1 was digested
with Pvull + BstNI. The 29 bp inverted repeat is present in the 279 bp fragment indicated by the arrow. Assays were performed as described
for Fig. 3B. In lanes 1 to 6 the RTP dimer to DNA fragment (imperfect inverted repeat) molar ratios were 0, 1, 2, 4, 8 and 16, respectively.
51 and 52 represent retarded DNA species.

RTP dimers. The result for pWS95-1 is shown in Fig. 4C. As

observed for Fragment 1 , intermediate levels of RTP

resulted in two retarded DNA species and saturation was

observed at an RTP dimer to fragment ratio of about 8.

In contrast to Fragment 1, no additional third retarded

species was observed with the 29 b p fragment even

under conditions of ~ 16 RTP dimers to DNA (Fig. 4C,

lane 6). Possibly, the third RTP-binding site observed

with Fragment 1 at high RTP/DNA ratios is associated

with the presence of the sequence 5'-AAATGTT -3'

which is located just outside the IR-LS20 region (indi-

cated in Fig. 4A). This 7-mer is an internal part of the

RTP-binding site B.

In vivo arrest of replication-fork movement by the

pLS20 replication terminator

The Ter sequences of the B. subtilis chromosoma! termi-

nus region cause po!ar termination of rep!ication-fork

movement in vivo under conditions in which RTP is over-

produced (Smith and Wake, 1992). In these experiments,

Terl and Ter/1 we re cloned separate!y in both orientations

in the high-copy-number E. coli/B. subtilis shuttle p!asmid

pWS64-1 (Fig. 5A), which is based on p!L253 (a 4.96 kb

high-copy-number derivative of pAM~1) and a derivative

of pGEM3Zf(+) (Smith and Wake, 1992). In B. subtilis,

replication of pWS64-1 starts from the pAM~1 origin, the

( 1 6 8 )

I ( 1 6 8 )

s Bite I of pLS20

s Bits II of pLS20





In the preceding section it was shown that a third RTP

dimer was able to bind to this fragment at high RTP

dimer levels. As the experiments on in vivo fork arrest

were carried out in an RTP-overproducing host, it was

conceivable that binding of a third RTP dimer was

required for bidirectional fork arrest. To test this possibi-

lity, the experiments on fork arrest were also carried out

with the 29 b p I R-LS20-containing plasmids pWS98-1

and pWS95-1, which were shown to bind only two RTP

dimers even at high RTP dimer levels (see Fig. 4C). The

results, presented in Fig. 50, show that the 29 b p IR-LS20

sequence is sufficient for fork arrest and that it functions

in both orientations. In this experiment pWS66-1 was used

as a positive control. The apparent higher amounts of

replication intermediates observed with pAB120-1 and

pAB121-1 (Fig. 5C) compared to pWS95-1 and pWS95-

1 (Fig. 50) are a consequence of different hybridization

conditions and exposure times used in the separate

experiments and do not reflect a difference in termination

efficiency-
Taken together, the results described in this work prove

that the 29 b p imperfect IR region of pLS20 is a functional

bidirectional replication terminator which we will cal!

TerLS20.

Discussion

chromosomal terminators, there are also striking differ-

ences. All other known replication terminators have a polar

activity, i.e. they will arrest a replication fork approaching

from one direction only. Except for plasmid P307 of Gram-

negative origin (Saadi et a/., 1987), which contains only

the single terminator TerR1, all other plasmid-located

replication terminator regions consist of two opposed

terminators. As a consequence, these regions form a

replication-fork trap, allowing replication forks to enter but
not exit this region (Horiuchi and Hidaka, 1988; HilI,

1992). In addition, the six identified chromosomal termi-

nators from E. co/i and B. subti/is are organized to form a

replication-fork trap. In contrast, TerLS20 is unique in the

sense that it does not form a replication-fork trap; the

29 b p region constituting this terminator is sufficient to

arrest a replication fork approaching from either side and

thereby functions as a bidirectional terminator.

Each arm of the inverted repeat of TerLS20 is highly

homologous to the RTP-binding site 8 of the B. subti/is

chromosomal terminator Ter/. Although the RTP-binding

affinity to the 8 site of the chromosomal terminator is simi-

lar to that of the intact Ter/, the 8 site alone is unable to

impede a moving replication fork (Smith and Wake,

1992). Therefore, it is highly unlikely that just one half-

repeat of TerLS20 will function in vivo as an active repli-

cation terminator. Additional support for this idea can be

derived from the observation that de Ietion of only the first

two nucleotides of the intact Ter/ resulted in a complete

loss of replication termination activity which was corre-

lated with loss of RTP-binding to the A site of Ter/

(Smith, 1994). This indicates that the integrity of both

RTP-binding sites A and 8 is required for the functionality

of the chromosomal Ter/ site. 8y analogy, we consider it

likely that both 8 sites in TerLS20 are also required for

bidirectional functionality.

The question of what property of TerLS20 causes its

bidirectional activity is an intriguing one. Our results

showed similar binding characteristics of RTP to the B. sub-

ti/is chromosomal terminator Ter/ and TerLS20 (Fig. 38),

although precise binding affinities have not been mea-
sured. This suggests that the RTP-binding sites of

TerLS20 are filled in a way that is similar to those in

Ter/. However, in spite of these similarities in RTP-

binding, only TerLS20 functions as a bidirectional termi-

nator. It is likely that this important distinction in terminator

activity is caused largely by the marked differences in the

DNA sequences in one half of the two terminators and

the consequent differences in the RTP-DNA interactions

and conformation over these halves. This idea is based

on an extrapolation of the results obtained by Langley et

a/. (1993). From the latter studies, in which the interactions

between RTP and the nucleosides of the B. subtilis

chromosomal terminator Ter/ were analysed, it was

concluded that nucleoside contacts of RTP with the two

In the present work we describe the identification and

characterization of the replication terminator, TerLS20,

of the cryptic theta-replicating plasmid pLS20 from B.

subtilis. This terminator is located just outside the minimal

region required for replication. Two characteristics of

TerLS20 are novel: (i) it is the first replication terminator

identified on a plasmid from a Gram-positive bacterium;

and (ii) it is the first identified replication terminator which

is able to arrest fork migration in both directions.

Replication terminators have been shown to be present

on various genomes, like chromosomes of Gram-positive

and Gram-negative bacteria and some plasmids from

Gram-negative bacteria (for reviews see HilI (1992),

Yoshikawa and Wake (1993), and Baker (1995)). Where

analysed, binding of a specific protein to the terminator

was found to be required for fork arrest. In this respect

the newly identified terminator of pLS20 is no exception.

Moreover, like the other known terminators, TerLS20 is

not required for replication of pLS20. The terminators iden-

tified on the E. coli-derived plasmids require binding of the

host-encoded Tus protein for their activity. A similar situ-

ation was observed for TerLS20, except that the function-

ally active protein in this case is RTP which has little

homology with the Tus protein of E. coli (Bussiere et al.,

1995).
Although several similarities exist between TerLS20 and

other replication terminators, particularly the B. subtilis



opposite the origin, thereby ensuring that replication

termination is confined to a specific and limited region of

the chromosome. In contrast to the situation with these

bacterial chromosomes, the plasmid-located replication

terminators are located asymmetrically relative to their

origins. The terminus region of plasmid R6K is located

several kilobases away from its origin. Replication of

R6K starts unidirectionally and the replication fork pro-

ceeds up to the terminus at which it is arrested. A

second replication fork is then initiated from the same

origin, proceeds in the opposite direction, and meets the

arrested fork at the terminus region (Lovett et al., 1975).

The terminators of the unidirectionally replicating plas-

mids R1, R100 and P307 are located in close proximity

to the plasmid origin of replication (approximately 300 b p

apart). Aiso, TerLS20 is located only several hundred

base pairs away from the replication region of pLS20. It is

conceivable that TerLS20, because of replication-fork

arrest caused by its asymmetrical positition relative to

the origin, forces replication of pLS20 to proceed unidirec-

tionally, perhaps in a way that is similar to that of R6K.

Another function of TerLS20 may be the prevention of

over-replication. Recent in vitro experiments carried out

with E. coli minichromosomes containing oriC and TerB

sites showed that without a functional Ter- Tus complex

abnormal modes of replication occur which result in the

generation of multimeric DNA. This over-replication is

prevented by a functional Ter- Tus complex (Hiasa and

Marians, 1994). Deletion of Ter sites from plasmids of

Gram-negative origin has been associated with accumu-

lation of plasmid multimers, which also have been sug-

gested to be products of over-replication (Baker, 1995).

Especially for low-copy-number plasmids (and the chromo-

some), the prevention of multimer formation is important

because a dimer would be recognized by the copy-

number-control machinery as two plasmids, which, how-

ever, cannot be partitioned into the two daughter cells

during division. Moreover, multimer formation can rapidly

lead to subpopulations of cells that contain only multimers

and, because of the reduced numbers of segregating units,

these cells have a high probability of generating plasmid-

free daughter cells (Summers et al., 1993). The impor-

tance of avoiding multimer formation is highlighted by the

presence of site-specific recombination systems that

resolve them. In addition to the Ter sites, the E. coli

terminus carries a specific recombination site (dit) which

is used for the conversion of chromosome multimers into

monomers. Highly homologous sites are also identified

on several E. coli theta-replicating plasmids. In this

respect, it is worth noting that pLS20 contains a decamer

(5'- TTATGTTAAA-3'), 400 b p away from the TerLS20

site, which is identical to part of the above-mentioned

resolution sites. So far, we have not tested whether this

sequence is involved in plasmid multimer resolution.

binding sites, A and B, which have distinct sequences, are

very different. It was observed that RTP makes more

extensive cantacts with nucleosides in both DNA strands

of the B site than with those of the A site. Furthermore,

RTP appears ta bind ta the B site first and, in doing SO,

assists in filling of the A site (Langley et al., 1993). The A

site alone binds RTP paar I y (Langley et al., 1993). Typical

of TerLS20 is its palindromic structure. Each arm of this

structure contains a DNA sequence which is highly homo-

logous ta the RTP-binding site B of Terl. Therefore, we

consider that the presence of two RTP-binding sites B,

positioned in a head-to-head orientation, constitute an

important element in the bidirectional DNA replication

termination activity of TerLS20.

The studies Dn the interactions between RTP and Terl

(Langley et al., 1993) have also shown that the trinucleo-

tide 5'- TAT -3' is part of both RTP-binding sites A and B.

Conceivably, this region, which is conserved in most of

the B. subtilis chromosomal terminators (Franks et al.,

1995), is important for the observed co-operative binding

of the second RTP dimer via protein-protein interactions.

These protein-protein interactions may, in addition ta the

RTP-DNA interactions, affect the conformation of the

RTP dimers bound ta the terminator and so may affect

the activity of the terminator. The 5'- TAT -3' triplet is also

conserved in TerLS20, where it separates the arms of

the inverted repeat (Fig. 4A). We consider that bath the

reversed orientation of the two RTP-binding sites B and

an overlapping trinucleotide sequence are essential for

bidirectional replication termination activity of TerLS20. It

has recently been shown (M. T. Smith, C. J. de Vries

and R. G. Wake, unpublished) that when the trinucleotide

region within a new synthetic bidirectional terminator was

extended by 7-10 nucleotides ta give two B sites that

did nat overlap, the modified terminators still bound two

RTP dimers, but apparently non-co-operatively. Termi-

nator activity was completely abolished, but this could

be due, at least in part, to the lower overall affinity for

RTP.

Recently, important progress has been made towards

elucidating the mechanism of fork arrest caused by the

binding of RTP ta Terl. This includes: (i) the elucidation

of the crystal structure of RTP (Bussiere et al., 1995);

and (ii) the discovery that B. subtilis RTP bound ta Terl

is able ta impede fork migration in the Gram-negative

bacterium E. coli, bath in vivo (Young and Wake, 1994)

and in vitro (Kaul etal., 1994; Sahoo etal., 1995). These

new findings will facilitate a detailed mechanistic analysis

of the termination process. In this context, the RTP-

TerLS20 terminator interaction can be used as a model

system for the study of replication termination processes

in general.

The terminators of the bidirectionally replicating B. sub-

tilis and E. coli chromosomes are located approximately



Experimental procedures Ampicillin, kanamycin and erythromycin were added to final
concentrations of 80, 50 and 51!g ml-1 , respectively. When
regenerating protoplasts were selected for resistance to kana-
mycin, the concentration was increased to 150 I!g ml-1.

Bacteria and plasmids

Table 1 lists the bacterfal strains and plasmids used in this

work.

DNA techniques

Procedures for DNA purification, restriction, ligation, agarose

gel electrophoresis and Southern transfer of DNA to Gene-

Screen Plus filters (Dupont NEN) were carried out as described

by Sambrook et al. (1989). DNA fragments were isolated from

gels using the Q ia ex Gel Extraction Kit (Qiagen Inc.). In most

cases, probe labelling, DNA hybridization, and washing steps

were performed using the enhanced chemiluminescence

DNA label!ing and detection system (Amersham International

plc). In some cases 32p-Iabel!ing was used and hybridization

and detection were as described by Smith et al. (1994).

Enzymes were obtained from Boehringer Mannheim. DNA

sequences were determined by the dideoxy chain termination

method (Sanger et al., 1977) using the T7 sequencing kit

(Pharmacia). [35S]-dATP (8J.lCiJ.lI-1; >1000Cimmol-1) was
obtained from Amersham International. DNA and protein

sequences were analysed using version 6.7 of the PC GENE

Analysis Program (Intel!igenetics Inc.). The FASTA algorithm

of Lipman and Pearson (1985) was used for protein compari-

sons in the Atlas of protein and genomic sequences, Release

September 1993 (MIPS). The polymerase chain reaction

(P CR) was carried out using Vent DNA polymerase (New

England Biolabs). The template DNA was denatured for

1 min at 94°C. The primers listed in Table 2 were used to

amplify DNA fragments in 30 cycles of denaturation (30 s;

94°C), primer annealing (1 min; 50°C) and DNA synthesis

(3 min; 73°C). The sequences of al! fragments obtained

through P CR were verified.

Media for protoplast transformatjon of B. subtilis were as
described by Chang and Cohen (1979). TY medium
contained Bacto Tryptone (1%), Bacto yeast extract (0.5%)
and NaCI (1%). TY plates contained, in addition, 2% agar.

Table 1. Bacterial slrains and plasmids.

ReferenceStrain/Plasmid Relevant properties

~

B. subtilis

BGS Bron and Venerna

(1972)
Ostroff and pene

(1983)
Srnith and Wake

(1992)

tlpC2 his met tyr-1 ade nic
ura rib

leuAB arg15 thrA recA4 rM
mM

trpC2 NmR lacl- spac-1 rlp

E. co/i
JM101 thi, ~(/ac-proAB) (F proAB

laclq lacZ~M15)

Messing (1979)

~

pUC18 High-copy E. coli vector Yanisch-Perron et
containing MCS, ApR al. (1985)

pUC 18 with the 1.35 kb This work
Hindlll fragment of pLS20
containing TerLS20, ApR

pUC18 with 0.65kb TerLS20 This work

containing SpellHindl11
fragment of pLS20, ApR

E. colilB. subtilis shuttle
plasmid based on plL253
and pGEM3Zf(+). ApR EmR

pWS64-1 with a 0.2 kb
fragment containing the B.
subtilis 168 chromosomal
Terl and Terll

pWS64-1 with a 53 bp
fragment containing the B.
subtilis 168 chromosomal
terminator Terl

pWS64-1 with 0.2kb This work
fragment of pLS20
containing TerLS20

pWS64-1 with 0.2kb This work
fragment of pLS20
containing TerLS20
(inverse orientation
compared to pA8120-1)

pWS64-1 with 29bp TerLS20 This work

fragment
pWS64-1 with 29bp TerLS20 This work

fragment (inverse
orientation compared to

pWS95-1)

pUCHH1350

pUCHS650

pWS64-1 Smith and Wake

(1992)

Transformation of B. subtilis and E. coli

Competent cel's and protoplasts of B. subtilis were prepared

and transformed as described (Bron, 1990; Chang and

Cohen, 1979). CaC'2-treated E. coli cells were transformed

as described by Sambrook et al. (1989).
pWS65-1 Smith and Wake

(1992)

pWS66-1 Smith and Wake
(1992)

Band-retardation assays

Band-retardation studies were carried out using purified RTP

and DNA mixtures as described before (Lewis et al., 1989).

Pvul- and BstNI-digested pWS66-1, a plasmid which con-

tains the Terl replication terminator of the B. subtilis chromo-

some, was used as a positive control. For pLS20, a 277 bp

region, spanning its putative RTP-binding sites, was amplified

by PCR using primers -50R and LS20-16 (Table 2) and

pUCHS650 (described below) as template DNA (sequence

shown in Fig. 3A). This purified PCR product was mixed with

pWS64-1 DNA which had been digested with Pvul + BstNI +

BamHI to provide an excess of non-specific DNA and to

mimic the conditions in the positive control.

pAB12Q-1

pAB121-1

pWS95-"

pWS98-1

Abbreviations used: M CS, multiple cloning site, ApR, ampicillin resis-
tance, EmR, erythromycin resistance, NmR, neomycin resistance; rM
mM, restriction and modification negative.

Construction of plasmids

Plasmid pUCHS650 was constructed as follows. The 1.35 kb

Hindi II fragment containing the pLS20 replication terminator



Table 2. Primers used.

Name Sequence (5'-3')

TER1

LS20-16

-50R

LS20-95A

LS20-95B

LS20-98A

LS20-98B

GATCGAGCTCGTCGACTAACGTATACTGTTATTCCC

ATACTGTTATTCCCTTTGGCC

GCTCGTATGTTGTGTGG

~GAACATTAAGCACTATGTACTAAATGTT

~GAACATTTAGTACATAGTGCTTAATGTT

A!IIQGAACATTAAGCACTATGTACTAAATGTTCQ

QAIQQGAACATTTAGTACATAGTGCTTAATGTTCQ

8. Underlined bases represent extensians ta generate apprapriate

restrictian sites.

was cloned into the Hindi II site of pUC18, resulting in plasmid

pUCHH1350. This plasmid was digested with Spel (restriction

site adjacent to the pLS20 terminator) and Xbal (site present

in multiple cloning site of pUC18). The resulting 0.65 kb Spel/

Xbal site was subcloned in the Xbal site of pUC18, resulting in

pUCHS650.
Plasmids pA8120-1, pA8121-1, pWS98-1, and pWS95-1

are derivatives of pWS64-1 (Smith and Wake, 1992). pA8120-

1 and pA8121-1 were constructed as follows. A 0.30kb frag-

ment spanning the pLS20 replication terminator region was

amplified by P CR using pUCHS650 as template DNA and

the primers TER1 and -50R (Table 2; sequence in Fig. 3A).

Consequently, the amplified P CR products contain a unique

Sacl and Sall site at one terminus (an extension in primer

TER1) and unique EcaRI and BamHI sites at the ather termi-

nus (due ta amplification of part of the multiple cloning site of

pUC18). The P CR praducts were divided into two aliquots,

one of which was digested with Sacl and BamHI, and the

other with Sa/l and EcaRI. Subsequently, the DNA fragments

were ligated into the Sacl/BamHI and Sa/l/EcaRI sites of

pWS64-1. The ligation mixtures were used to transform E.

cali cells. Using restriction analyses on plasmid DNA isolated

from transformants, plasmids containing the replication termi-

nator of pLS20 in either orientation were identified. The inte-

grity of the inserts was confirmed by sequence analysis.

pWS95-1 was constructed by annealing primer set LS20-

95A and LS20-958 and ligating the product to pWS64-1 cut

with Xbal. pWS98-1 was constructed by annealing primer

set LS20-98A and LS20-988 and ligating the product to

pWS64-1 cut with EcaRI and BamHI. The integrity of the

inserts was confirmed by sequencing.
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