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Plasmid Deletion Formation in Bacillus subtilis
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Plasmid pGP I carrying a penP-IacZ fusion was used to study structural plasmid instability in
Bacillus subtilis. In only one of 28 sequenced deletion junction points in the penP-IacZ region
short direct repeats (10 bp) and flanking imperfect inverted repeats (12 bp) were associated with
endpoints. In 27 deletions no repeated sequences ofmore than 3 b p were present at the endpoints.
In 15 of these the sequence 5'- T -0- T -A-3' was found within 10 b p from the lef! endpoint. At the
lef! cleavage sites the sequence 5'- T- T -T -3', or the 5'-A-A-A-3' complement thereof, was frequently
observed. Most of the lef! detetion endpoints were located in potential stem-loop structures in
the penP transcription/translation regulatory region, which is very rich in hyphenated dyad sym-
metry. Near the right deletion endpoints a sequence consisting of four G/C residues, folIowed by
three or four A/T residues, was found in 15 cases. It is speculated that DNA topoisomerase I is
involved in the formation of the deletions studied. @ 1988 Academic Press. Inc.

sequences (usually 4 to 14 bp)t in eucaryotes
(Nalbantoglu et al., 1986)t E. coli (Albertini
et al., 1982; Jones et al., 1982; Schaaper et al.,
1986), and B. subtilis (Lopez et al., 1984;
Saunders et al., 1984). Two models have been
proposed for illegitimate recombination be-
tween short homologous sequences. The first,
called "slipped mispairing," involves aberrant
replication of single-stranded DNA in the rep-
lication fork (Albertini et al., 1982). A newly
replicated copy of one of the repeated tem-
plates is thought to misalign to the other, re-
sulting in a structure in which the sequences
between the repeats loop out. Deletion of the
loop may occur either by a second round of
replication (Albertini et al., 1982), or by ex-
cision repair (Efstratiadis et al., 1980; Glick-
man and Ripley, 1984). Flanking inverted re-
peats are thought to stimu1ate this process by
juxtaposing the deletion endpoints (Albertini
et al., 1982; Glickman and Ripley, 1984; Pee-
ters et al., 1988). Support for the idea of rep-
lication-stimulated deletion formation be-
tween direct repeats was recently provided by
Brunier et al. (1988), using precise transposon
excision from E. coli plasmids as a model sys-
tem. The second model implies the introduc-
tion of a double-stranded break between the
direct repeats (DasGupta et al., 1987). In this

Cloning experiments in Escherichia coli and
Bacillus sublilis' have- frequent I y been ham-
pered by structural -instability, in particular
deletions, of recombinant plasmids. Several
studies of deletion junction points have indi-
cated that plasmid deletions often result froffi
recombination between nucleotide sequences
of little or no homology (illegitimate recom-
bination, for reviews see Ehrlich el al., 1986;

Anderson, 1987).
Two main classes of sequences involved in

illegitimate recombination have been de-
scribed in both eucaryotes and procaryotes.
The first comprises sequences presumed to
constitute target sites for a variet y of enzymes
which cut and join DNA. Particularly, topo-
isoffierase I '(Bullock el al., 1985; Yaroffi el
al., 1987) and topoisoffierase II (Ikeda el al.,
1981; Ikeda, 1986; Naito el al., 1984) have
been considered to play key roles in illegiti-
mate recombination. In addition, enzymes
involved in the initiation and termination of
rep1ication can result in deletions starting at
origins and origin-Iike sequences (Horowitz
and Deonier, 1985; Michel and Ehrlich,

1986a,b).
The second main class of deletion-prone se-

quences, not known to be targets for cut-and-
join enzymes, consists of short hoffio1ogous
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breakage-and-reunion event, limited exonu-
cleolytic resection would expose complemen-
tary sequences of the repeats and allow an-
nealing and repair synthesis.

The primary aim of the present investiga-
tions was to study the mechanism of plasmid
deletion formation in B. subtilis. Previously,
we described a system that enabled the selec-
tion of deletions in a plasmid containing a
penP-lacZ gene fusion (Peijnenburg et al.,
1987). In the present studies we characterized
60 of these deletions by restriction and/or se-
quence analysis. The endpoints of only 1 out
of 28 deletions appeared to be associated with
direct and inverted repeats. Near most ofthe
remaining deletion endpoints specific se-
quence pattems, other than repeats, were ob-
served.

MA TERIALS ANO METHOOS

Bacterial strains, phages, and plasmids.
Plasmid pGPl (CmR; EmR)1 consists of
pGK13 containing a 5.5-kb BamHI insert with
a fusion between the Bacillus licheniformis
749 /C penicil1inase gene (penp) and the E. coli
fJ-galactosidase gene (lacZ). Plasmid pGK13
is based on the Streptococcus cremoris p1asmid
pWVO1 (Kok et al., 1984), which replicates
in E. coli, B. subtilis, and streptococci.
Expression of lacZ in pGPl is dependent on
the 5'-fused penP regu1atory signa1s. The easy
detection of fJ-ga1actosidase activity enab1ed
the isolation of p1asmid deletions in the penP-
lacZ region (Peijnenburg et al., 1987). Deleted
derivatives were denoted as pGP5-x, in which
x is a suffix number. The recombination-pro-
ficient B. subtilis strain 8G5 (Bron and Ve-
nema, 1972) was used throughout. Bacterio-
phages M13mp18 and -mp19 (Yanisch-Perron
et al., 1983) served as c1oning vectors for DNA
fragments containing the deletion junction
points. Recombinant phages were selected in
E. coli JM 109 and amp1ified in E. coli JM 101
(Yanisch-Perron et al., 1983).

Media and chemicals. TY and minimal
media were as described before (Bron and
Luxen, 1985). Restriction enzymes, T4 DNA
ligase, and DNA polymerase I (Klenow frag-
ment) were purchased from Boehringer
(Mannheim, FRG) or New England Biolabs
(Beverly, MA, USA) and used as recom-
mended by the manufacturers. 5-Bromo-4-
chloro- 3-indolyl {3- D-galactopyranoside (X -

gal) and isopropyl {3-D-thiogalactopyranoside
(IPTG) were from Sigma (St. Louis, MO) and
were used at 40 JJ.g/ml and 1 mM, respectively.

Isolation of DNA. Double-stranded M 13
phage DNA and plasmid DNA from E. coli
and B. subtilis were purified following estab-
lished procedures (Maniatis et al., 1982; Bron
and Luxen, 1985). Preparation of single-
stranded M 13 DNA for sequencing was as
recommended by Amersham International

(Buckinghamshire, UK).
Selection and mapping of deletions. Cells of

B. subtilis 8G5 (pGP1) were grown for ap-
proximately 20 generations on minimal agar
supplemented with Cm (5 JJ.g/ml), Em (5 JJ.g/
ml), and X-gal. Subsequent1y, 175 blue colo-
nies were grown separately for 15 to 20 gen-
erations in TY broth with antibiotics. After
plating on minimal agar containing antibiotics
and X-gal, 114 cultures appeared to contain
white progeny, the frequency ofwhite colonies
varying from 0.5 to 4.5%. Plasmids from 114
independent white colonies were selected for
further characterization. Deletions were
mapped by electrophoresis of restricted plas-
mids on 0.5 to 2% horizontal agarose gels in,
TBE buffer (89 mM Tris, 89 mM boric acid, 2
mM EDT A, pH 8.0) containing 0.5 JJ.g/ml
ethidium bromide. Bacteriophage SPP1 DNA,
digested with EcoRI, served as a DNA size
marker.

Cloning and sequence analysis oJ deletion
junction points. DNA manipulations were es-
sentially as described by Maniatis et al. ( 1982)
with minor modifications as recommended by
Amersham International. Appropriate BamHI
and/or Dral restriction fragments were puri-
fied from agarose gels by electrophoresis onto
DEAE NA-45 membranes (Schleicher &
Schuell, Dassel, FRG) as recommended by the

I Abbreviations used: CmR, chloramphenicol resistance;

EmR, erythromycin resistance; X-gal, 5-bromo-4-chloro-

3-indolyl .B-D-galactopyranoside; IPTG, .B-D-thiogalacto-

pyranoside.
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supplier. Purified fragments were cloned in
M13mp18 and -mp19, which had been lin-
earized with BamHI or Smal. Sequencing was
performed by the dideoxy chain termination
method (Sanger et al., 1977) using [a-
35S]dA TP (~600 Ci/mmol, Amersham Inter-
national). As primers the universal M 13 17 -
mer, or appropriate internal 17-mers were
used. Reaction mixtures were electrophoresed
on 5% polyacrylamide denaturing gels in O.5x
TBE buffer. Labeled products were visualized
by autoradiography on Fuji RX NIF films.

Secondary structures of single-stranded
DNA. The optimal and major suboptimal sec-
ondary structures of single-stranded DNA
were predicted by the V AX computer program
ASRNA, using the dynamic programming al-
gorithms of Williams and Tinoco ( 1986).
Thermodynamic parameters for the free en-
ergy were taken from Freier et al. (1986).
Direct and inverted repeats were searched
using the Microgenie program (Beckman, Palo
Alto, CA).

DNA Sequences of Deletion Junction Points

RESULTS

Selection and Mapping of Deletions

A total of 114 pGP1 deletion derivatives,
independent1y obtained in B. subtilis 8G5, was
initially characterized by BamHI restriction.
Al1 carried deletions varying from 0.12 to 5.3
kb. In 60 plasmids the deletions were located
within the 5.5-kb BamHI insert. Because the
complete sequences of penP (Neugebauer et
al.J 1981) and lacZ(Kalnins et al.J 1983) were
known, these deletions were chosen for further
characterization.

Detai1ed restriction analysis showed that at
least 46 different deletions could be distin-
guished (Fig. 1 ),indicating that a great number
of different sites were involved. In the fol1ow-
ing we define the left deletion endpoints as
those having the lowest, and the right end-
points as those having the highest coordinate
numbers in Fig. 1. Except for three (PGP5-
115/49/111), al1left deletion endpoints were
located in the penP regulatory region. The
majority of the right endpoints occurred in or
downstream of the lacZ coding region.

To examine whether specific sequence pat-
tems were present in the surroundings of the
deletion termini, the junction points of 28 ar-
bitrarily chosen deletions, shown in italics in
Fig. 1, were sequenced. Also sequenced were
the B. licheniformis DNA fragments flanking
the penP-lacZ fusion, since these (coordinates
1-496 and 4835-5536) contained several
deletion endpoints (Fig. 1 ). The sequences
around the left and right deletion termini, as
deduced from the junction point analysis, are
presented in Fig. 2. A map ofthe left endpoints
is shown in Fig. 3.

Several observations can be made. First,
some deletions occurred more than once (Fig.
2, pGP5-92/110). Furthermore, several right
endpoints (2/61; 10/108; 33/56; 92/110) OC-
curred twice. Also severalleft termini occurred
twice (8/90; 34/63; 66/73; 92/110), or even
three times (20/28/105). It appears that, de-
spite the large variety in deletions, some se-
quences are preferred deletion targets.

Second, the left deletion endpoints are 10-
cated in the rather narrow region from nu-
cleotides 20 to 665, in or just upstream ofthe
penP regulatory signals (Fig. 3). This means
that, without exception, penP promoter and/
or Shine-Dalgamo sequences were removed
(the SD sequence starts at position 668). These
endpoints were not evenly distributed: clus-
tering of at least four termini was observed in
four small regions, defined by nucleotides 112
to 116; 339 to 347; 507 to 514; and 615 to

622, respectively.
Third, although direct1y repeated sequences

were present near many endpoints, deletions
between direct repeats of more than 3 bp had
occurred only in pGP5-56 (Fig. 4). The 10-bp
direct repeat in pGP5-56 can even be extended
to 21 bp, if two mismatches are included.
Within this repeat an inverted repeat of 12 bp
(including one mismatch) is present.

Fourth, certain sequence pattems were fre-
quent1y observed at or near the other deletion
termini: (a) At 15 (of28) left termini cleavage
had occurred within, or immediately next to,
the sequence 5'- T -T- T -3' or the 5'-A-A-A-3'



26 PEIJNENBURG, BRON, AND VENEMA

A pGPl

pGP5-X Ó(kb)B

DNA. The promoter and Shine-Dalgamo sequences of penP are designated as -35. -10. and SD. respectively.
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complement thereof (Fig. 2). In the 780-bp
sequence shown in Fig. 3, 778 potential cleav-
age sites exist, 228 of which are within, or di-
rectly flank a T- T- T or A-A-A triplet. Given
a frequency of 228/778 potential sites in or
next to T -T -T or A-A-A sequences, the prob-
ability that, by chance, cleavage at such sites

would occur in 15 of 28 cases amounts to 4.2
X 10-3. This suggests that the high frequency
ofT -T -T or A-A-A sequences at the left cleav-
age points might not be a matter of chance.

(b) In 16 cases, the sequence 5'- T -G- T -A-
3' could be localized within 10 bp from the
left breakage point (Fig. 2). Interestingly, this

~
junction points were sequenced. 0, penP sequences; ., /acZ sequences; -, B. /icheniformis chromosomal

26/70 0.15
56 0.17
83 0.22
65 0.25
33 0.27
57 1.70
90/66 2.00
71 2.40
80 2.50
69 2.60
6 2.70
63 2.80
96 3.00
15 3.10
30 3.15
34 3.20
58 3.30
16 3.40
73 3.45
92/110 3.45
35/61 3.50
68/87 3.55
104 3.55
97/88/20 3.65
99 3.70
85/109/2 3.80
4 3.85
42 3.90
38 3.90
108/79 3.95
105 4.00
50 4.05
10/11 4.10
84 4.35
28 4.40

I 8 4.60
I 115 4.60
I 13i27 4.65

-I 49/111 4.70
I 86 4.75
I 102 4.75
I 95 4.85
I 12/18 4.90
I 43 5.00

78 5.05
39 5.10

FIG. I. Location of deletions in the penP-/acZ region of pGP I. The upper part of the figure (A) shows
the 5.5-kb BamHI insert ofpGPI. Numbers correspond to positions (in bp), the first nucleotide ofthe insert
being I. Restriction sites are A, Aatll; B, BamHI; C, AccI; D, DraI; E, EcoRI; G, Bgm; H, BssHII; 0, OxaNI;
P, PstI; S, SacI. In the lower part of the figure (B), the deleted regions in the various derivatives, denoted as
pGP5 with a suffix, are indicated with horizontallines. Vertical dashes correspond to the restriction sites
used for the fine-mapping ofthe deletion endpoints. The numbers in italics represent deletions ofwhich the
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LEFT
Ttt

pGP5- ~

io8---ï54:AAAGcGccTT~ATGAGGcGcA
99 361-AGGTTTGCCAmfMGMGTCMT
28 101-TTTCGTCTATAl1nrGGTGtgtaAAC

105 101-TTTCGTCTA1A~tGGTGtgtaAAC
4 101-TTTCGTCTATAtT~GTGt9taMC

20 101-TTTCGTCTATAtrTGGTGtgtaAAC
65 353-CTCATTATAGtmrTGCCATTTTMG
57 291-CGCATCAGAGA~GTATTTTT
69 522-CAAAGACTA<WlTtgt~AGATTTGA
34. 653-ATCMATATTClMCGGAGGGAGAC
63 653-ATCMATATT !! CGGAGGGAGAC 2 111-ATTTGGTGtgt CGAAMCCCGT

10 46-GTTCCATtgta CGGTTTMM

43 330-CCTATACTTA(8(AtgtaATACTCT

84 9-ATCATTCTCC~GTTTMTAGA

,c

90 60B-ACACtgtaGGGAtJ.GTGGMAGAGT

8 608-ACACtgtaGGGATKGTGGAMGAGT

56 335-ACTTACA ~ ta TA TCATTA
33 229-TTMTTACC GGTATTGATCG
66 497-TTAMTCTTAC AtgtaATACTTT
73 497-TTAAATCTTaAtgtaATACTTT
92 326-TCATCCTATACTa:MAtgtaATA

110 326-TCATCCTATACr:w:MAtgtaATA
'\

6B 451-CCGGTGGAMCi2'AGGTCATCATTTC
102 602-GCCA T AACACi t'aGGGA T AGTGGA

12 255-AGAATGCTTC TGACTTTCATC

61 442-CATTTGTCCC TGGAMCGAGGT

79 165-TTTMTGAGGC~CAt1cATGGTTTGG

RIGHT

6GGGAAAA mis-
pGP5- CCCTnG match

",.~ ~~ 69 3102-CAGTATCCCCGmACW;GGCG 0

92 3803-CGACAnG6CGTIfj;,TGAAGCG 0

110 3803-CGACI\.TTGGCGTf8;TGAAGCG 0
68 3958-AGCAltAGGGGAAAACCnAn 0
73 3958-AGCA ~ GGGAAAACmAn 0

61 3979-nATc C6GAAAACCTACCG 0

2 3979-TTATCA C6GAAAACCTACCG 0
4 3991-AAACCT,fcCGGATTGATGGTAG 0

108 4063-ATCCGG~GGAnGGCCTGAA 0
10 4063-ATCCG<iltCGGAnGGCCTGAA 0

105 4103-AGCAG~CGGGTMACTGGCTC 0
79 4103-AGI!AGAGCGGGTMACTGGCTC 0
43 5385-GAGATWGGGAAAAGGAACCG 0

28 4529-CGTATTTCGC~GGftJ;ATCC 0

102 5351-GCGGGATGCCGAATGAlfGCTGT 0

1
65 608-ACACt9taGGG@\GTGGAAAG 1
12 5164-C~GGCCGGCAAATTAGCGG 1

57 2032-ATATGTGGCt;NrGAGCGGCAT 1
20 3788-TGCACCGCTGGATAAI!GACATT 1

!"" !

34 3842-CGCCTG6tTCGAACGCTGGAAG 2

63 3457-GTAAACAGtT~TGAACTGCC 2
99 4087-GCCAGCTGGLtCAGGTAGCAGA 2
90 2677-AAAI:.CCACGGt'ATGGTGCCAAT 2
66 2651-<iTA~TGGTGGATGAAGCCAAT 2

8 5312-f!rCTGTTGTGGACAATGGCGCC 2
84 4325-GCAACTfI&rGGAAACCAGCCAT 3
33 503-mt1Cf';'ffj;tqtaATAmTCAA 3
56 503-mACAT1A.tQ!~ATACmTcAA 3

F)G. 2. Nucleotide sequences (5' to 3') near deletion termini. The left and right sequences represent the
regions flanking the left and right deletion termini, respectively. Arrows indicate breakage points. Directly
repeated sequences at the endpoints are boxed. Breakage may have occurred at any position within the
boxes. T -G- T -A sequences are shown in small characters. Trinucleotide T- T -T or A-A-A boxes and the
octanucleotide consensus sequence are indicated (0). The sequences were aligned according to these boxes.
Nucleotide positions correspond to those in Fig. I.

surroundings of 15 right termini (Fig. 2). In
this sequence the trinucleotide G-G-A is pre-
ferred at the third, fourth and fifth positions.
Near the lef t termini this octanucleotide was
present only once (pGP5- 79).

tetranucleotide is present in each of the 4 re-
gions showing clustering of deletion endpoints
(Fig. 3). T -G- T-A boxes were not frequent (5
of 28) near right deletion termini. A question
ofinterest is whether the high frequency ofT-
G- T -A boxes near left deletion termini might
be more than a matter of chance. We esti-
mated the probability that, by chance, any tet-
ranucleotide sequence will occur in each of
the 4 regions showing clustering of endpoints.
The regions were considered to comprise 20
nucleotides ( 10 nucleotides to the left and to
the right of the breakage points). This proba-
bility is (17/256)4, or 1.9 X 10-5. The proba-
bility that any ofthe 256 possible tetranucleo-
tides will occur in the four stretches of 20 nu-
cleotides is 4.9 X 10-3. This low probability
suggests that T -G- T -A boxes might be involved
in the generation of deletions in our system.

(c) The right deletion endpoints did not re-
veal clear sequence pattems. Only a loose se-
quence profile, consisting of four G or C fol-
lowed by three A or T residues, and one A or
G residue, could be identified in the immediate

Secondary Structures in the penP Regulatory

Region
The clustering of lef t deletion endpoints in

a narrow region of DNA containing the penP
expression signals prompted us to study the
potential of intrastrand secondary structure
formation in this region. The regions studied
were from positions 1 to 570 (Fig. 5A) and
560 to 780 (Fig. 5B). The thermodynamically
stabIe structures corresponding to these re-
gions, in which all 28 lef t deletion endpoints
were located, have ~G-values of -127.3 (Fig.
5A) and -42.3 Kcal/mol (Fig. 5B). These
structures reveal features of potential interest.
Strikingly, the four most deletogenic regions
containing the T -0- T -A box es (I, II, III, IV in
Fig. 5) are present near the tops of stem-loop
structures.
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10 2 0 l.- 81. 3 0 4 0 5 0 6 0 I

~TGATCATTCTCCA~AGTTTAATAGAATCGAATTAAGAGTTCCATTGTAAA4=°
BomHl

70 80 90 100 110
~ 281.120

CGGTTTAAAAAACTGTGACTCTTAACCTCTATATAATCACTTTCGTCTATA itGTGTG

Drol ! 108 20/105

2 130 140 150 160 170 180

TJ;ACGAAAACCCGTCCTTCTTTATGGTGGTTTAAAGCGCCTTTTT AATGAGGCGCAGE.Dro I 79

190 200 210 220 230 240

ATGGTTTGGATGGTTTTAGGGCTCCATGTACTGGTTTTGGATAACTCTTTAATTACC~
12

r 33 25 0 26 0 r2 7 0 280 290 300

~GGTATTGATCGAAGAATGCTTCC~TGACTTTCATCACTTCTAATTCCGCATCAGAG
57 r- 92/110

~ 310 3 2 0 330 34 0 J: 1.3 ~~5 36 0

ATT~GTATTTTTTTCATTTTAATCATCCTATACT~~~TGTAATAC~CTCATTAT,55 99
370 380 390 400 410 420

AGG TGCCATTT'GAAGTCAATTTAACTaGAGTGAACATGCAGTTT

430 440 450 r51460 r+58470 480

ATTCCATCACTTCCCTCCGTTCATTTGTCCCCEFTGGAAACG~GGTCATCATTTCCTTCC
7~ 56 490 500 5 0 56 520 530 69 540

GAAAAAACGGTrGCATTTAAATCTTA TGT ~TAC TTCAAAGACTACf:TTGTAAG
-35 Drol 33 -10

550 560 570 580 590 600

ATTTGATGTTTGAGTCGGCTGAAAGATCGTACGTACCAATTATTGTTTCGTGATTGTTCA
~ 102 610 620 90/8630 640 650 660

AGCCATAACACTG-AGG~~~.~GGAAAGAGTGCTTCATCTGGTTACGATCAATCAAATA
31. 55~J -

~ 670 680 690 700 710 720
TTC C~~,~~:~.~AG ACGATTTTG~AA TT A TGGTTCAGT ACTTT AAAACTGAAAAAG

53 Drol
730 740 750 760 770 780

GCTG~A~CAGTGTTGCTTTTCTCTTGCGTCGCGCTTGCAGGATGCGCTAACAATCAAACG
PstI

FIG. 3. Deletion end points in the penP regulatory region. The positions of the penP promoter (0), Shine-
Dalgamo sequence (II), and translation initiation codon (~) were derived from McLaughlin el af. (1982).
Arrows indicate junction points. In the boxed regions breakage may have occurred in between any of the
nucleotides. T -G- T-A sequences are indicated by broken lines. The sequence is identical to that described
for the corresponding parts of the B. ficheniformis strains 9945A (Himeno el af.. 1986) and 749 (Nicho\ls
and Lampen, 1987), except that the nucleotide pair G-A at positions 32-33 is a C-C pair in the latter strains.

dromic sequences (Glickman and Ripley,
1984; Schaaper et al., 1986). The present
studies show that such deletions constitute a
minority class in a penP-IacZ fusion on plas-
mid pOP 1 in B. subtilis. Whether this outcome
is specific for the system used here is not
known at present. In fact, only lof the 28

DISCUSSION

In bath E. coli and B. sublilis the generation
of deletions has been shown to be frequently
associated with direct repeats (Albertini el al.,
1982; Ehrlich el al., 1986; Jones el al., 1982;
Lopez el al., 1984), and/or (quasi-)palin-

CCTA TACTT ACAAIA T GT AA TACTITTCAAA

rightlef t

+

330-CCTATACTTACAAIATGTAATACTIcTCATTAT ATTTAAATCTTACAT1ATGTAATACTITTCAAA- 525

FIG. 4. Sequences at the junction point (top) and endpoints (bottorn) of pGP5-56. The broken arrow
represents a 21-bp direct repeat (including two mismatches). The solid arrows correspond to inverted repeats.
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A

B
560

I
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'!'cy~-'

~
63.!

@
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610 T'-- '02
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4W L 65
623

FIG. 5. Optimal DNA folding in the 5' region ofthe 5.5-kb BamHI fragment ofpGPI, as predicted by

computer analysis. The positions of the deletion termini are indicated with arrows. The tetranucleotide T -
G- T -A is indicated (0). (A) Positions I to 570; (B) positions 560 to 780; I, II, III, IV: deletogenic regions

with multiple deletion endpoints at positions 112-116,339-347, 507-514, and 615-622, respectively.

deletions analyzed had tertnini coinciding with
direct repeats of more than 3 bp. In this dele-
tion (pGP5-56), a direct repeat of 10 bp,
flanked by a 12-bp inverted repeat (I mis-
match), was present at the deletion endpoint.
Several other direct repeats of 10 to 12 bp, not
flanked by inverted repeats, were present in
the 5.5-kb BamHI insert of pGPI. None of
these were found to be associated with tbe
deletions studied here. Tbis suggests a role of
the inverted repeats in the generation of pGP5-
56. That directly repeated sequences flanked
by inverted repeats favor deletion fortnation
in other systems, such as tbe E. coli lacI gene,
bas been suggested by Glickman and Ripley
( 1984) and Scbaaper el al. ( 1986). Also precise
excision of transposons, a pbenomenon re-

semb1ing p1asmid de1etion formation at direct
repeats, is stimu1ated by inverted repeats, both
in E. coli (Egner and Berg, 1981; Foster et al.,
1981) and in B. subtilis (Peeters et al., 1988).
Such deletions have frequently been consid-
ered to be the result of errors in replication,
due to ("slipped") mispairing ofthe direct re-
peats (A1bertini et al., 1982; Ehrlich et al.,
1986; Brunier et al., 1988; Peeters et al., 1988).
pGP5-56 may weIl be caused by a simi1ar
mechanism. Regions ofsingle-stranded DNA,
assumed to promote slipped mispairing ofthe
repeats, can easily be formed since, like many
other plasmids in B. subtilis (te Riele et al.,
1986a,b ), plasmid pGP 1 replicates via single-
stranded intermediates ( our unpublished re-

sults).
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Bullock et al. (1985) and Yarom et al. (1987)
have proposed that similar trinucleotides (5'-
Py- T -T -3', or the 5'-A-A-Pu-3' comp1emei1ts)
are preferred cleavage sites for eukaryotic
DNA topoisomerase I. Also at bacteria1 to-
POisomerase I cleavage sites, T -T- T and A-A-
A sequences were frequently present (Kirke-
gaard et al., 1984).

T-G-T-A and G/C-G/C-G/C-G-A/T-A/T-
A/T -A/G sequences were frequently observed
in the vicinity ofleft and right deletion termini,
respectively. The role, if any, of these se-
quences in deletion formation is not under-
stood. We could not find similarities with pos-
tulated topoisomerase II recognition sites
(Gellert et al., 1981; Lopez et al., 1984; Lock-
shon and Morris, 1985). Topoisomerase II
(DNA gyrase) has been considered to be in-
volved in illegitimate recombination events by
several authors (Ikeda et al., 1981; Ikeda, 1986;
Lopez et al., 1984 ). Our results, therefore, give
no indication about a possible role of DNA
gyrase in deletion formation.
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Deletions not based on direct repeats are
not easily explained by slipped mispairing
mechanisffis. This raises the question of how
the majority of the deletions studied here
might have arisen. So far, our data anow only
speculations. We can conceive of at least two
possible explanations for the observation that
many left endpoints were located in the penP
regulatory region. The first is that deletions
preventing expression ofthe penP-IacZ fusion
would be preferentiany selected, possibly be-
cause cens carrying this kind of deleted plas-
mids would outgrow cells carrying the parental
plasmid. The second, more speculative, pos-
sibility is that expression per sé would stimu-
late deletion formation. In this respect, it may
be of interest that the region in which many
of the lef t endpoints are located is divergently
transcribed froffi the penI and penP promoters
(Himeno el al., 1986; Nichons and Lampen,
1987). Since pGP1 en codes inactive (trun-
cated) Penl repressor, expression ofbothpenI
and penP win be constitutive. It has been
demonstrated that active transcription may af-
fect superhelicity (Pruss and Drlica, 1986), and
an explanation was recently proposed by Liu
and Wang ( 1987). These latter authors also
postulated that in plasmid DNA the levelof
negative supercoiling is increased in between
two divergently transcribed promoters. One
could conceive of the possibility that increased
negative supercoiling would stimulate the
generation of appropriate secondary structures
for deletion formation.

The observation that many left deletion
endpoints were associated with potential stem-
loop structures suggests that the c1eavage
specificity was, at least partiany, determined
by DNA secondary structures. DNA structural
specificity, resembling that observed here, has
been described for E. colt DNA topoisoffierase
I (Kirkegaard el al., 1984). Although direct
evidence is lacking, this suggests the possibility
that topoisoffierase I might be involved in the
formation of deletions. In this respect, the ob-
servation that T- T- T and the complementary
A-A-A trinucleotides were present at 15 ofthe
left deletion endpoints may be of interest.
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