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ABSTRACT 
The specificity of deletion formation was studied using tests involving reversion of palindromic 

insertion mutations. Insertions of a TnS-related transposon at 13 sites in the ampicillin-resistance 
(amp) gene of plasmid pBR322 were shortened to a nested set of perfect palindromes, 22, 32 and 90 
bp long. We monitored frequencies of reversion to Amp', which is the result of deletion of the 
palindrome plus one copy of the flanking 9 bp direct repeats (which had been formed by transposition). 
Revertant frequencies were found to depend on the location and the sequence of the palindromic 
insert. Changing a 45-kb interrupted palindrome to a 22-bp perfect palindrome stimulated deletion 
formation by factors of from fourfold to 545-fold among the 13 sites, while elongation of the perfect 
palindrome from 22 to 90 bp stimulated deletion formation by factors of from eight- to 18,000-fold. 
We conclude that deletion formation is strongly affected by subtle features of DNA sequence or 
conformation, both inside and outside the deleted segment, and that these effects may reflect specific 
interactions of DNA processing proteins with template DNAs. 

ELETIONS are frequent among both sponta- D neous and induced mutations. Insights into 
mechanisms by which they arise have come from the 
mapping and sequencing of frameshift mutations and 
deletions, and from studies of transposon excision. 

In studies that preceded the advent of direct DNA 
sequencing it was deduced that frameshift mutations 
occur preferentially in repeated DNA sequences. It 
was proposed that they arise by replication errors in 
which misaligned pairing of complementary template 
and nascent DNA strand sequences result in the fail- 
ure to copy, or the repeated copying of, one or a few 
bases of the template (STREISINGER et al. 1966; STREIS- 
INGER and OWEN 1985). Analyses of forward muta- 
tions in an F' episome indicated that deletions less 
than 200 bp long are formed preferentially, and that 
the endpoints of these and also larger (>700 bp) 
deletions usually coincide with direct repeats of 4 bp 
or more. These data were also explained on the basis 
of replication errors due to slipped mispairing of 
complementary sequences analogous to the frameshift 
mispairing model (ALBERTINI et al. 1982; FARABAUGH 
et al. 1978; GALAS 1978). The endpoints of deletions 
in other replicons including small multicopy plasmids 
also generally coincide with direct repeats (COLLINS, 
VOLCKAERT and NEVERS 1982; JONES, PRIMROSE and 
EHRLICH 1982; LOPEZ et al. 1984). Short, weakly 
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matched, inverted repeats were also found near cer- 
tain deletion endpoints. This led to a suggestion that 
palindromes are also deletionogenic (ALBERTINI et al. 
1982; GLICKMAN and RIPLEY 1984; SCHAAPER, DAN- 
FORTH and GLICKMAN 1986). This putative intrinsic 
instability of short palindromes is surprising in light 
of the importance of palindromes in regulatory sites 
and stable (transfer and ribosomal) RNAs (PLATT 
1981; NOLLER 1984; CALENDAR and GOLD 1985). 
Other studies showed that sites nicked or cleaved by 
proteins such as DNA gyrase or the M13 gene 2 
product are deletion hotspots (MARVO, KING and JAS- 
KUNAS 1983; IKEDA, KAWASAKI and GELLERT 1984; 
IKEDA 1986; MICHEL and EHRLICH 1986). It is likely 
therefore, that deletions arise by several different 
mechanisms, some involving DNA replication, and 
others DNA breakage. 

Useful information on deletion formation has also 
come from studies of the reversion of Tn5- and TnlO- 
induced insertion mutations, in which reversion re- 
sults from loss of the transposon plus one copy of the 
flanking 9-bp direct repeats (precise excision). This 
excision was not correlated with transposition to new 
sites, nor dependent on element-specific transposition 
functions, and thus was considered a type of sponta- 
neous deletion event (EGNER and BERG 198 1 ; FOSTER 
et al. 1981; NAG et al. 1985; J .  RIKKERS and D. E. 
BERG unpublished data). In other tests, shortening the 
approximately 1.5-kb long inverted repeats of T n 5  or 
TnlO or reversing them (to give direct repeats) mark- 
edly decreased reversion frequencies, thus indicating 
that long inverted repeats are deletionogenic (EGNER 
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and BERG 1981; FOSTER et al. 1981). The deletion of 
Tn5 and TnlO is more frequent in F' episomes than 
in the bacterial chromosome, and is due to F' transfer 
among cells in the population (BERG, EGNER and 
LOWE 1983; SYVANEN et al. 1986). Because F' transfer 
results in the formation of long single stranded re- 
gions, and earlier tests had shown Tn5 to be extremely 
unstable in single-stranded fd phage (HERRMANN et 
al. 1978), we concluded that single strandedness as 
well as palindromy promotes the formation of large 
deletions, perhaps by replication errors as dia- 
grammed in Figure l A (EGNER and BERG 198 l). 

The simplest versions of models such as those in 
Figure 1 imply that direct and inverted repeats will 
be important determinants of deletion frequency, and 
of the location of deletion endpoints. However, the 
stabilities of Tn5 insertion mutations also seemed to 
be strongly dependent on the insertion site (EGNER 
and BERG 1981; BERG, EGNER and LOWE 1983; NAG 
et al. 1985). This indicated that other features of DNA 
sequence, less distinctive than direct and inverted 
repeats, contribute to the formation of large deletions. 

Tests based on the reversion of insertion mutations 
are analogous to the classical reversion analyses of 
point mutations (MARON and AMES 1983), and we 
have continued to use this approach to learn how the 
location and sequence of DNA segments affect their 
stabilities. In the present studies we focused on the 
formation of small deletions using palindromic inserts 
in the amp gene of plasmid pBR322. Our results 
indicate that frequency of deletion of a segment de- 
pends on its location and sequence, and is independent 
of recA function. 

MATERIALS AND METHODS 

General procedures: Bacterial growth, plasmid DNA ex- 
traction, restriction analysis and cloning, and DNA sequenc- 
ing procedures have been described (BIRNBOIM and DOLY 
1979; MANIATIS, FRITSCH and SAMBROOK 1982; MAXAM 
and GILBERT 1980; NAG et al. 1985). 

Bacterial strains and plasmids: AI1 bacterial strains used 
are derivatives of Escherichia coli K 12. Strain MC 106 1 (from 
M. CASADABAN) was the host for most plasmid constructions 
and reversion tests; GM1 19 (dam-) (ARRAJ and MARINUS 
1983) was used to grow DNAs to be cleaved with the 
methylation-sensitive enzyme BclI. The isogenic strains 
AB1 157 (recilC) and JC2924 (recA56) (from A. J. CLARK via 
H. HUANG) were used to test the recA-independence of 
deletion events. 

The  plasmids used were pBR322 (Amp' Tet') (MANIATIS, 
FRITSCH and SAMBROOK 1982) and the pBR322 derivative 
pGCl (Amp' but Tet') (MYERS, LERMAN and MANIATIS 
1985). The sequence of the polylinker segment of ou r  isolate 
of pGCl (from R. MYERS) had three differences from the 
published sequence: four instead of three contiguous Gs in 
the XhoI-Sal1 interval; five instead of four contiguous Cs in 
the BamHI-BglII interval; and three instead of two contig- 
uous Gs in the Ncol-EcoRI interval. 

Plasmids with revertible insertion mutations: Mutations 
in the pBR322 amp gene were generated by NAG et al. 
(1 985) using the Tn5-related inverse transposon dia- 

grammed in Figure 2. This transposon, like Tn5, generates 
9-bp direct repeats of target sequences during insertion; 
Amp' revertants result from deletion of the entire insert 
plus one copy of the direct repeats of amp gene sequences. 
Tests of 34 insertion mutants revealed reversion frequencies 
ranging from IO-'" to IO-' (NAG et al. 1985). Thirteen 
mutants including six representative of high and low revert- 
ing insertions were chosen for tests of the effect of position 
and palindrome length on deletion frequency. The  pBR322 
coordinates and sequences at the sites of insertion in amp 
are given in Table 1. 
In vitro manipulation of insertion mutations. While 

both Tn5-wild type and the T n 5  based inverse transposon 
used to generate insertion mutations contain terminal in- 
verted repeats of the 1534-bp IS50 elements, the inverse 
transposon contains BclI and BglII restriction sites conven- 
iently close to its ends (Figure 2). Plasmids containing un- 
interrupted 22- and 32-bp palindromes were generated by 
digestion with BclI and BglII, respectively (these enzymes 
do not cleave pBR322). An uninterrupted 90-bp palindrome 
was generated by the in vitro insertion of duplicate copies 
of a short segment from plasmid pGCl into the central BglII 
site of the 32-bp palindrome (Figure 3A). The sequences of 
the palindromic inserts are given in Table 2. 

The sequence of the 90-bp palindrome at A-10 was veri- 
fied by DNA sequencing (MAXAM and GILBERT 1980) using 
DNA fragments end-labeled at the central XhoI site. The  
presence of the 90-bp insert at 1 1 of the other 12 sites was 
verified by electrophoresis of DNA fragments end-labeled 
at BglII sites within the inverted repeats as in NAG et al. 
(1985). The palindrome first constructed at site A-24 was 
found by end-labeling and DNA sequencing to contain an 
internal 5-bp deletion, and is hereafter designated A-246. A 
perfect 90-bp palindrome at this site was also constructed 
and verified. 

Measurement of deletion frequencies. The frequencies 
of revertants observed in a population will reflect the rate 
at which reversion occurs, and also differences in growth 
rate that favor one plasmid or cell type over another (PHAD- 
NIS and BERG 1985). T o  assess the effects of selection we 
estimated reversion frequencies using fluctuation tests (LU- 
RIA and DELBRUCK 1943). For ease, young single colonies 
were used (Figure 4) instead of the traditional liquid cul- 
tures. Bacteria carrying the plasmids to be tested for rever- 
sion to Amp' were streaked on an L-agar tetracycline plate 
and grown at 37" until the colonies were just visible (about 
7 hr of growth) and contained about 5 X 1 O5 viable cells per 
colony. The fraction of colonies which contained revertant 
subclones and relative revertant frequencies were estimated 
by streaking entire colonies on L-agar ampicillin plates (Fig- 
ure 4). These control experiments showed that the quanti- 
tation of deletion frequency described below was not seri- 
ously biased by selection. 

To quantitate the frequencies of deletion of an insert plus 
one copy of its direct repeats, the reversion of the Amp' 
mutations to Ampr was selected as follows: Tet' Amps bac- 
teria were streaked on L-agar tetracycline plates (12 Ng/ml) 
and incubated overnight at 37 O .  Young single colonies were 
inoculated from these plates into 2 ml L-broth plus tetracy- 
cline, and grown to stationary phase (1 4 hr). Aliquots were 
then spread on L-agar ampicillin plates (250 Fg/ml) and 
incubated at 37". This represents about 32 generations of 
clonal growth from the single founding cell. 

RESULTS 

Reversion of insertion mutations: a model system 
to study deletion formation. Initial studies had shown 
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FIGURE 1.-Models of deletion formation. The specific versions drawn depict the deletion of a palindrome plus one copy of a pair of 
flanking direct repeats. The sequences shown are those at the deletion prone A-IO site, and the overlining indicates the nine bp direct repeats 
used as deletion endpoints (see Tables 1 and 2). A, Deletion as the result of an error in replication (adapted from STREISINGER et al. 1966; 
CHOW, DAVID" and BERG 1974; FARABAUGH et al. 1978; EGNER and BERG 1981; ALBERTINI et al. 1982; STREISINGER and OWEN 1985). 
(1) Single stranded regions are formed by replication, by exonucleolytic digestion, or by helix unwinding proteins such as those encoded by 
the genes rep or recEC. (11) Intramolecular base pairing generates hairpin structures in single stranded DNA. Hairpins may also be extruded 
from supercoiled double stranded DNA (see part B). (111) The presence of the hairpin may impede copying of the template strand. (IV) The 
slowing of DNA synthesis at the hairpin facilitates separation of the end of the nascent DNA strand from the first copy of the direct repeats 
and its chance reassociation with the second copy of the direct repeat in the template strand. (V) The resumption of synthesis in this alternate 
configuration stabilizes the mispairing and prevents subsequent copying of the extruded segment. The disordered conformation of the 
template may provoke cleavage by a conformation-specific nuclease (dashed arrow). (VI) Double stranded DNA with the sequence of pBR322 
wild type is regenerated by repair synthesis after cleavage of the hairpin, or, in the absence of cleavage, by a second round of replication. B, 
Deletion as the result of DNA breakage without extensive replication (adapted from CHOW, DAVIDSON and BERG 1974; GLICKMAN and 
RIPLEY 1984). (1) A palindromic DNA sequence in covalently closed double stranded circular DNA is extruded into a cruciform structure, 
possibly in response to DNA supercoiling. (11) The product of cleavage by a conformation-specific nuclease operating at the cruciform ends. 
(111) The product of limited resection by a 3' + 5' exonuclease, and then annealing of complementary sequences from the nine bp direct 
repeats. (IV) The product of repair synthesis. Newly incorporated nucleotides are indicated by jagged lines. 
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I E~~---~---ISSO * 
5'  - CTGTCTCTTGATCAGATCT TGATCC 
3 ' -GACAGAGAACTAGTCTAGAACTAGG: '. . . .GGATCAAGATCTGATCAAGAGACAG-3' . . .CCTAGTTCTAGACTAGTTCTCTGTC-5' 

5Gji.2 w- w Bcl I 
FIGURE 2.--Sequences at  the termini of the 45-kb T n h e l a t e d  inverse transposon which was used to generate insertion mutations in the 

amp gene of pBR322. T h e  inverted terminal repeats of this transposon are  in the opposite sense to that found in the Tn5-wild type; its ends, 
here labeled I, are buried within T n 5  (see NAG et al. 1985). X indicates the approximately 42 kb of phage X DNA between the inverted 1534- 
bp IS50 elements. BgllI and Bcll designate restriction sites used in insertion mutant plasmid constructions. 

TABLE 1 

Sites of insertion in the amp gene of plasmid pBR322" 

Site designation pBR322 positionb Insertion mutant sequence' 

A-40 
A-32 

A- 1 
A-19 
A-2 1 
A-18 

A-10 

A-37 

A-15 

A-24 

A-22 

A-4 1 

A-13 

3388-3396 
3409-34 17 
341 1-3419 
3416-3424 
3418-3426 
3430-3438 
3441-3449 
3730-3738 
3731-3739 

3941-3949 
3995-4003 
40 15-4023 

3893-3901 

. . TACGATACGGGAGctgt . . . acagATACGGGAGGGCT . . 

. . ATCTGGCCCCAGTctgt . . . acagGGCCCCAGTGCTG . . 

. . CTGGCCCCAGTGCctgt . . . acagCCCCAGTGCTGCA . . 

. . CCCAGTGCTGCAActgt . . . acagGTGCTGCAATGAT . . 

. .  

. .  

. .  

. .  

CAGTGCTGCAATGctgt 
GATACCGCGAGACctgt 
ACCCACGCTCACCctgt 
CGGTCCTCCG ATCctgt 
GGTCCTCCGATCGctgt 
AGTTGCTCTTGCCctgt 
AGAACTTTAAAAGctgt 
AGGATCTTACCGCctgt 
ATCCAGTTCGATGctgt 

. .  
. .  

. .  
. .  

. acagGCTGCAATGATAC . . 
. acagCCGCGAGACCCAC . . 
. acagACGCTCACCGGCT . . 
. acagCCTCCGATCGTTG . . 
. acagCTCCGATCGTTGT . . 
. acagGCTCTTGCCCGGC . . 
. acagCTTTAAAAGTGCT . 
. acagTCTTACeGCTGTT . . 
. acagAGTTCGATGTAAC . . 

a Insertion mutations in the amp gene were generated by in vivo transposition of the Tn5-related element diagrammed in Figure 2 and 

'pBR322 position refers to the 9 bp of pBR322 sequence duplicated by insertion. 
se uenced as described (NAG et al. 1985). 

'Upper case, pBR322 sequence; lower case, insert sequence. The  sequences of the 9 bp direct repeats of amp sequence are underlined. 

that the reversion of insertion mutations induced by 
the Tn5-related inverse transposon diagrammed in 
Figure 2 is due to deletion of the inserted segment 
plus a copy of the 9-bp direct repeats formed during 
insertion, that the excision of such transposons is 
independent of Tn5-encoded functions, and that it is 
not correlated with movement to new sites (EGNER 
and BERG 1981; NAG et al. 1985). In experiments 
which led to the current work, the frequencies of 
reversion of mutations due to this 45-kb inverse trans- 
poson in the amp gene of pBR322 ranged from lo-'' 
to (NAG et al. 1985). 

To better characterize the formation of smaller 
deletions, we converted the 45-kb insert into a nested 
set of perfect palindromes of 22, 32 and 90 bp at the 
three least and the three most deletion-prone of the 
34 sites studied previously (Figures 2 and 3; Table 2). 
The data in Table 3 show that conversion of the 45- 
kb interrupted palindrome to a 22-bp perfect palin- 
drome increased the frequencies of Amp' revertants 
(deletions) at each site tested. The extent of increase 
was site-dependent, ranging from about fourfold (site 
A-10) to about 450-fold (site A-13). The 32- and 90- 
bp perfect palindromes were generally more deletion 
prone, and the extent of increase was also site de- 
pendent: relative to the 22-bp palindrome, the in- 
crease in deletion frequency of the 32-bp palindrome 
ranged from negligible to 116-fold, and the 90-bp 
palindrome ranged from nine- to 18,000-fold. 

An imperfect 85-bp palindrome, containing one 45- 
bp and one 40-bp inverted repeat (the result of dele- 
tion of 5 bp, Table 2) was found at one site. This 
variant, called A-246, was sevenfold less deletion 
prone than the perfect 90-bp palindrome at the same 
site (A-24 vs. A-246, Table 3). Thus, our data suggest 
that deletion frequencies increase with palindrome 
length, and that they are markedly reduced by small 
mismatches in a palindrome. Superimposed on these 
effects of palindromy, the range of reversion frequen- 
cies for identical palindromes at different sites makes 
it clear that sequences flanking the segment undergo- 
ing deletion are also major determinants of deletion 
frequency. 

Accumulation of revertants reflects rates of dele- 
tion formation, not selection. Because an amp' allele 
is dominant to an amps allele, the observed differences 
in revertant frequencies might have been attributable 
to differences in plasmid copy number. However, 
electrophoresis of extracts indicated that plasmid 
DNA levels are not affected by palindrome location 
or length in the range of 22 to 90 bp (data not shown). 
Additional control experiments indicated that the ob- 
served spectrum of revertant frequencies is not attrib- 
utable to inadvertent growth rate selection prior to 
plating for Amp' revertants: (i) The 90-bp palindrome 
at site A-10 had no detectable effect on bacterial 
growth monitored by either colony size or mixed 
growth in liquid culture in comparison to the same 
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FIGURE 3.-Conversion of a 32-bp palindrome to a 90-bp palindrome. Restriction endonuclease cleavage sites used are BglII (B), XhoI 
(X), HindIII (H), and PvuII (P). The inverted repeats are indicated by shortened arrows. A, Construction of the 90-bp palindrome using 
pGC1. (I) The DNAs of pBR322 derivatives with a 32-bp palindrome in the amp gene and of plasmid pCCl were cleaved with BglII, ligated, 
and used to transform strain MC1061 to an Amp' Tet' phenotype. (11) Fusion plasmids were identified by size (7 kb). Representative plasmids 
were digested with HindIII to identify fusions in each orientation [for site A-10, HindIII fragment sizes of 3200 and 4000 bp (left) and 1000 
and 6200 bp (right)]. The DNAs of fusion plasmids of each orientation were digested with XhoI and PuuII, mixed, ligated, and used to 
transform MC1061 to a Tet' (Amp') phenotype. (111) Plasmids containing the desired 90-bp palindrome were identified by size and by 
restriction endonuclease digestion (The XhoI site at the palindrome center was resistant to Xhol in our preparations unless the DNAs were 
linearized with a second enzyme, probably because the palindromic DNAs were extruded as cruciforms in vitro). This procedure was used to 
form a 90-bp uninterrupted palindrome at six sites: A-10, A-13, A-15, A-22, A-37 and A-41. B, Construction using a 90-bp palindrome at 
another site. (I) The 90-bp palindrome constructed in panel A was marked by insertion of a XhoI fragment from Tn5 which contains the 
kan' gene and in which the BglII site near the begining of the kan' gene had been inactivated. (11) BglII digestion and ligation was used to 
move the central segment of the kan'-marked palindrome to sites in Amps insertion mutant plasmids with the 32-bp palindrome. (111) The 
kan' marker was removed using XhoI. This procedure was used to place the 90 bp palindrome at the other seven sites (A-40, A-32, A-24, A- 
I ,  A-19, A-21 and A-18). 

m 

palindrome at the 104-fold more stable A-37 site. (ii) 
The 90-bp palindrome at A-10 did not cause a signif- 
icant accumulation of plasmid-free segregants (<0.2% 
after 30 generations of unselected growth). (iii) A 
fluctuation test (LURIA and DELBRUCK 1943) modified 
for use with single colonies (MATERIALS AND METHODS) 
established that the frequency of revertants measured 
in young stationary phase cultures reflects their rate 
of formation. Figure 4 shows that after about 19 
generations of growth from a single cell every colony 
with the 90-bp palindrome at site A-10 contained 
many revertants. In contrast, only two-thirds of the 
colonies with the 90-bp palindrome at A-41 and one- 
tenth of the colonies with the imperfect 85-bp palin- 
drome at A-24 contained revertants, and then only 
one or a few Amp' papillae per colony. These results 
are in accord with the revertant frequencies observed 
at 30 generations (Table 3), and rule out explanations 

in which the deletion frequency is constant, and only 
the fitness of insertion mutant plasmids or of the cells 
carrying them varies. 

Insertions at neighboring sites can differ mark- 
edly in deletion frequency. Each of the six insertion 
sites studied in Table 3 is separated by at least 50 bp 
from the other sites. To assess the effects of small 
changes in location on deletion frequencies we studied 
insertions at six additional sites found within 30 bp of 
site A-24. The results (Table 4, top) indicated that the 
location of an insert did not affect its deletion fre- 
quency in any systematic way. As at other sites (Table 
3), the 90-bp perfect palindrome was most deletion 
prone, and the 45-kb interrupted palindrome was least 
deletion prone. 

Tests with an additional site (A-22), just 1 bp away 
from the most deletion-prone site (A- lo), showed that 
a l-bp shift can drastically affect DNA stability (Table 
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AMPICILLIN TETRACYCLINE 

FIGURE 4.-Colony fluctuation test to estimate the time of a p  
pearance of  Amp' revertants. Colonies derived from single cells of 
strain MC1061 carrying plasmids with insertions of the 90-bp 
palindrome at sites A-10 and A-41 and the nearly perfect palin- 
drome (one 40-bp and one 45-bp inverted repeat) at A-24 (labeled 
A-246) were grown about 19 generations on tetracyclinetontaining 
medium, and picked to ampicillintontaining and then to tetracy- 
clinecontaining agar media. The elipses and horizontal bars indi- 
cate clones without Amp' revertants, and with just a few Amp' 
revertants, respectively. 

4, bottom). The frequencies of deletion of the differ- 
ent size palindromes at A-10 and A-22 differed by 
between sixfold and 3,000-fold. Conversion of the 22- 
bp palindrome to 90 bp stimulated deletion about 
18,000-fold at A-10, but only 38-fold at A-22. Thus, 
a small change in position can radically alter the 
stability of a given DNA segment. 

rec-A-independence of deletion formation. The 
formation of deletions is generally found to be recA- 
independent (FRANKLIN 1967; Ross, SWAN and 
KLECKNER 1979; GHOSAL and SAEDLER 1979; EGNER 
and BERG 1981; COLLINS, VOLCKAERT and NEVERS 
1982; BERG, EGNER and LOWE 1983), although there 
has been a report of recA+-stimulation (ALBERTINI et 
al. 1982). The data presented in Table 5 show that 
the formation of deletions in our insertion mutant 
plasmids is not affected by the recA allele. 

DISCUSSION 

Earlier studies of the sequences of deletion end- 
points and of transposon excision had indicated that 
the control of deletion formation is complex (see 
Introduction). Direct repeats and inverted repeats 
promote deletion events. While deletions are usually 
smaller than 200 bp, at least in an F' episome, larger 
(>700 bp) deletions typically also end in direct repeats. 
Large deletions are more frequent in an F' episome 
than in the bacterial chromosome, possibly because 
the conjugal transfer of single DNA strands is dele- 
tionogenic. 

Our choice of reversion tests to analyze the deletion 
process, rather than the traditional sequence analyses 
of forward mutations, was dictated by several consid- 
erations: (i) a priori knowledge of the deletion end- 
points in reversion tests eliminates the need to se- 
quence each deletion; (ii) rare, as well as frequent, 
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TABLE 3 

Amp' revertant frequencies as a function of palindrome length and position' 
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Site 
designation 

A-10 
A-4 1 
A-24 
A-246" 
A-15 
A-13 
A-37 

PBP522b 
position 

3731-3739 
3893-3901 
3411-3419 

40 15-4023 
3995-4003 
3941-3949 

Interrupted 
palindrome' 45 
kb(1534 bp IR) 

2.5 x 10-7 
1.4 x 1 0 - ~  
1.0 x 1 0 - ~  

2.2 x 10-l0 
1.1 x 10-'O 
1.1 x 10-'O 

Uninterrupted palindromesd Relative deletion frequencies 

22 bp 32 bp 90 bp 
22 b p +  32 b p i  9 0 b p +  
45 kb 22 bp 22 bp 

9.5 x 10-7 1.1 x 10-4 1.7 x 10-2 
5.7 x 10-7 1.2 x 10-6 1.5 x 10-4 

1.0 x 1 0 - ~  2.0 x 10-~  4.1 x 10" 

4.0 X 5.0 X lo4 3.6 X 
5.3 x 

6.0 X lo-' 1.5 X lo-' 4.3 X 
1.4 X lo-' 3.4 X lo-' 4.4 X 

3.8 116 18,000 
4.1 2.1 260 

40 1.3 9 

455 2.0 41 
545 2.5 72 
127 2.4 314 

"The Amp' revertant frequencies were determined in plasmid-carrying derivatives of strain MC1061, and are based on the median 
revertant frequencies of at least five separate subclones (frequencies generally varied by less than a factor of two). 

Refers to positions of insertion in the amp gene of plasmid pBR322. See Table 1 for nucleotide sequences. 

See Table 2 for DNA sequences. 
<A A-IS50 transposon in which inverted repeats of IS50 elements (1534 bp) bracket the X phage genome (Figure 2). 

'A-246 designates an imperfect palindrome at site A-24 in which one of inverted repeat is 40 bp long and the other is 45 bp (Table 2). 

TABLE 4 

Amp' revertant frequencies at closely linked sites" 

Uninterrupted palindromes Relative deletion frequencies 
Relative Interrupted 

Site pBR322 palindrome 45 kb 22 b p i  3 2 b p +  90 bp i 
designation position* (1534 bp IR) 22bp 32 bp 90 bp 45 kb 22 bp 22 bp 

A-40 -23 3.4 x lo-' 
A-32 -2 3.0 X lo-' 

A- 1 +5 1.5 X 
A-19 +7 2.9 X lo-' 

A-24 0 1.0 x 10-7 

A-2 1 +19 1.5 x 10-7 
A-18 +30 7.6 x 10-9 

A-10 +320 2.5 x 10-7 
A-22 +319 3.8 x 10-9 

Range deletion frequencies: 20-fold 

Ratio of deletion frequencies at A-10 f A-22: 
66 

2.2 x 1 0 - ~  
3.8 x 10-7 

1.0 x io-' 

1.0 x 10-7 

9.5 x 10-7 
1.5 x 10-7 

4.0 X 

9.0 x 10-8 
2.3 X 

44-fold 

6.3 

4.1 x 10-7 

7.5 x 10-7 
2.1 x 10-7 

2.2 x 10-7 

1.1 x 10-~  
3.5 x 10-7 

1.0 x lod 
5.0 X 

2.9 X 

23-fold 

310 

5.3 x 10-5 
2.9 X 
3.6 x 10-~  
2.7 X 
2.2 x 
5.1 x 10-5 
1.9 x 10-6 

28-fold 

1.7 X lo-' 
5.7 x 

3,000 

6.4 
13 
40 
6.7 
3.1 

15 
13 

3.8 
40 

1.9 
2.6 
1.3 
7.5 
3.1 
1.2 
2.0 

116 
2.3 

241 
8 
9 

27 
24 
22 
19 

18,000 
38 

"The frequencies of Amp' revertants were determined in plasmid carrying derivatives of strain MC1061, as in Table 3. The data for sites 

bPosition relative to site A-24 (pBR322 coordinates 341 1-3419; see Table 1). 
A-10 and A-24 are taken from Table 3. 

events can be easily detected and measured by count- 
ing revertant colonies; (iii) identical DNA segments 
can be placed throughout a gene and changed at will, 
thereby permitting systematic analyses of the param- 
eters affecting deletion frequency; and (iv) sequences 
so unstable that they would have been purged from 
the genome during evolution are readily generated as 
insertion mutations and can be analyzed by reversion. 

As in several other studies, the formation of our 
deletions was recA-independent (Table 5) .  Because 
they involve 9-bp direct repeats, whereas homologies 
of at least 20 bp are needed for legitimate recombi- 
nation (SHEN and HUANG 1986; SINGER et al. 1982), 
the deletions we studied do not arise by homologous 
recombination. We hypothesize that most arise by 
replication errors (Figure 1 A). As originally proposed 
for frameshift mutations (STREISINGER et al. 1966; 
STREISINGER and OWEN 1985) and deletions in F' 

TABLE 5 

Deletion frequencies in isogenic reeA+ and reeA- strains' 

Palin- Median revertant frequencies 
drome 

Site length ( b d  recA+ recA- 

A-10 22 9.5 x 10-7 1.7 X lob6 
32 1.5 x 10-4 2.2 x 10-4 
90 2.3 X lo-' 2.2 x 

32 1.7 x 10-7 1.8 x 10-7 
6.1 X lo-' 6.6 X lo-' A-22 22 

90 8.5 X loW6 6.0 X 

2.8 X A-37 90 2.7 X 

"Median frequencies of Amp' revertants were measured as in 
Tables 3 and 4, but using plasmid carrying derivatives of the 
isogenic strains AB1 157 (recA+) and JC2924 (recA-). 

episomes (FARABAUGH et al. 19'78), misaligned pairing 
of template and nascent DNA strands during replica- 
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tion could result in bypassing part of the template. 
Such replication errors should be stimulated by pal- 
indromy because intrastrand pairing brings the flank- 
ing direct repeats together, and because hairpin struc- 
tures interfere with the copying of single stranded 
templates (KORNBERG 1982). 

Alternatively, some or all of the deletions we studied 
may arise by DNA cleavage (Figure 1 B) (CHOW, DAV- 
IDSON and BERG 1974; GLICKMAN and RIPLEY 1984), 
not replication. Cleavage might occur preferentially 
where a palindrome had been extruded as a cruciform 
structure. A viable deletion mutant might be rescued 
following limited exonucleolytic degradation of linear 
DNA by annealing of the ends at complementary 
sequences from the direct repeats, repair synthesis to 
fill gaps and ligation. 

Our reversion tests showed deletion frequencies to 
be remarkably dependent on both the site and the 
size of the palindromic insertion. There was a 400- 
fold spread in deletion frequencies of the identical 22- 
bp palindrome among the 13 insertion sites tested and 
a 10,000-fold spread in deletion frequencies of the 
90-bp palindrome (Tables 3 and 4). Therefore, se- 
quences outside a given DNA segment must be signif- 
icant determinants of its stability. Because previous 
data showed that the reversion of Tn5 induced mu- 
tations also vary from site to site in two larger repli- 
cons, an F'Eac episome and the E. coli chromosome 
(EGNER and BERG 198 1 ; and unpublished), we suggest 
that effects of context on deletion formation seen 
here are not unique to insertions in small multicopy 
plasmids, nor to the perfect palindromes used in this 
study. 

The finding that small deletions are formed pref- 
erentially (GALAS 1978), and that a ssb mutation stim- 
ulates deletion of the 9-kb TnlU element, but not a 
50-bp TnlU remnant (LUNDBLAD and KLECKNER 
1984) suggests mechanistic differences in the forma- 
tion of large and of small deletions. The weak corre- 
lation between deletion frequencies of the 45-kb insert 
and of the shorter perfect palindromes from the same 
sites (Table 3) might also reflect the operation of 
different deletion mechanisms. 

At each site, changing the palindrome from 22 to 
90 bp stimulated deletion formation, but with an 
efficiency which was site dependent. There was a 450- 
fold difference in the extent of stimulation between 
the adjacent A-10 and A-22 sites, and 2,200-fold 
range of stimulation among the 13 sites tested. The 
increased deletion frequency associated with longer 
inverted repeats at each site is consistent with deletion 
frequency being a direct function of inverted repeat 
length per se (over the range of 22-90 bp and for the 
nested palindrome family studied). Nevertheless, the 
variation in extent of increase indicates that other, 
subtle, aspects of insert sequence or conformation also 
affect stability. 

. .  . .  . .  
T-A 
G-C 

. .  . .  .. 
T- A 
G - c  - -  

T-A T-A 
A- 2 2 c-G 

FIGURE 5.-Comparison of possible hairpin configurations of 
insertions at the adjacent sites A-10 and A-22. Note that one bp of 
the A-10 direct repeat (outlined) is also part of the perfectly 
matched palindrome, and that the unpaired loop in the A-10 
insertion contains three and two bases, whereas the unpaired loop 
of the A-22 insertion contains three and four bases. 

The observed location-dependence of deletion fre- 
quency may reflect the specificity of certain DNA 
binding proteins for particular DNA sequences or 
conformations. These might be proteins which partic- 
ipate in DNA replication, which recognize or stabilize 
cruciform structures, or which mediate DNA cleav- 
age, exonucleolytic digestion or repair. For example, 
the drastic effect of a one bp difference in position on 
deletion frequency seen at sites A-10 and A-22 is not 
so bizzare when the effects of possible intrastrand 
pairing within the nine bp direct repeats are consid- 
ered. This pairing yields a 3:2 mismatch (ATC oppo- 
site TC) at A-10 but a 3:4 mismatch (ATC opposite 
CCTC) at A-22 (Figure 5) .  These short loops should 
differ in stability, and might be acted on very differ- 
ently by proteins of the replication complex (PAPANI- 
COLAOU, LECOMTE and NINIO 1986) or by conforma- 
tion-specific endonucleases (KEMPER et al. 1984). 

It is likely that deletions arise by both replicative 
and break-join mechanisms (Figure l), and that the 
absolute and relative frequencies of these two classes 
of events vary, depending on: physiological parame- 
ters such as nucleotide pools, DNA supercoiling, or 
the levels of replication and repair enzymes; the en- 
zymology of replication of the DNA molecule under 
study; the extent and closeness of match of inverted 
repeats and also of direct repeat components; and the 
actual DNA sequences of both the segment undergo- 
ing deletion and the surrounding regions. The rever- 
sion tests developed here are well suited for system- 
atically evaluating the importance of many of these 
parameters in the deletion process. 
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