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ABSTRACT

We describe a system to measure the frequency of both deletions and duplications between direct
repeats. Short 17- and 18-bp palindromic and nonpalindromic DNA sequences were cloned into the
EcoRI site within the chloramphenicol acetyltransferase gene of plasmids pBR325 and p]JT7. This
creates an insert between direct repeated EcoRI sites and results in a chloramphenicol-sensitive
phenotype. Selection for chloramphenicol resistance was utilized to select chloramphenicol resistant
revertants that included those with precise deletion of the insert from plasmid pBR325 and duplication
of the insert in plasmid pJT7. The frequency of deletion or duplication varied more than 500-fold
depending on the sequence of the short sequence inserted into the EcoRI site. For the nonpalindromic
inserts, multiple internal direct repeats and the length of the direct repeats appear to influence the
frequency of deletion. Certain palindromic DNA sequences with the potential to form DNA hairpin
structures that might stabilize the misalignment of direct repeats had a high frequency of deletion.
Other DNA sequences with the potential to form structures that might destabilize misalignment of
direct repeats had a very low frequency of deletion. Duplication mutations occurred at the highest
frequency when the DNA between the direct repeats contained no direct or inverted repeats. The
presence of inverted repeats dramatically reduced the frequency of duplications. The results support
the slippage-misalignment model, suggesting that misalignment occurring during DNA replication
leads to deletion and duplication mutations. The results also support the idea that the formation of
DNA secondary structures during DNA replication can facilitate and direct specific mutagenic events.

HE accurate transmission of the genetic infor-
mation is, in part, dependent on the comple-
mentary nature of the DNA double helix. Comple-
mentary base pairing in the proper tautomeric or ionic
form and the correct alignment of the two strands is
required to reproduce the genetic information during
DNA replication, and pass information on from gen-
eration to generation. However, certain DNA se-
quences like reiterated bases (STREISINGER et al.
1966), direct repeats (FARABAUGH et al. 1978) and
palindromes (RipLEY 1982; GLICKMAN and RIPLEY
1984) present an enormous challenge to the accurate
alignment of the two complementary DNA strands.
Specific DNA sequences may form secondary struc-
tures that deviate from the normal duplex form of
DNA and promote misalignment of one DNA strand
on its complement, or promote pairing within a single
DNA strand (DRAKE, GLICKMAN and RIPLEY 1983).
Spontaneous frameshift mutations have been ob-
served in bacteriophage T4 at reiterated base pairs
(STREISINGER et al. 1966; STREISINGER and OWEN
1985). In the T4 lysozyme gene, a run of five or six
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A residues provides a chance for “slipped mispairing”
of adjacent residues between one strand and its com-
plement. The slipped mispaired or misalignment
model was proposed by STREISINGER et al. (1966) to
explain the mechanism of addition and deletion of
one base (a + 1 or —1 frameshift mutation) within a
homopolymeric run of several bases. The same type
of mutation has also been seen in the deletion and
addition of one copy of the three tandem direct repeat
sequence CTGG located in the Lacl gene (FARABAUGH
et al. 1978). The Streisinger model has been extended
to explain the deletion of DNA located between direct
repeats concomitant with one copy of the direct repeat
(FARABAUGH et al. 1978; GALAs 1978). This type of
mutation has been attributed to errors of replication
caused by the interstrand misalignment of nonadja-
cent direct repeats (ALBERTINI et al. 1982).
Palindromic (inverted repeated) and quasi-palin-
dromic DNA sequences have also been implicated in
spontaneous mutagenesis. The normal interstrand du-
plex conformation of these sequences can unpair and
alternate DNA conformations that involve intrastrand
base pairing can form. Cruciform structures can form
within palindromic DNA in vitro (LILLEY 1981; PAN-
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AYOTATOS and WELLS 1981; SINDEN, BROYLES, and
PETTIJOHN 1983) as well as in vivo (HorRwITZ and
LoeB 1988; PaNayoTAaTOS and FONTAINE 1987;
ZHENG et al. 1991). The protruding hairpins may be
the cause of the instability of palindromes (COLLINS
1980; BETZ and SADLER 198la; WIiLLIAMS and
MULLER 1987; DASGUPTA, WESTON-HAFER and BERG
1987). Recently, the existence of cruciforms in vivo
has been shown to correlate with an increase in their
deletion frequency (SINDEN et al. 1991). In addition
to perfect palindromes, many regions of DNA when
single stranded have symmetrical elements sufficient
to promote the formation of complex structures in
which interstrand misalignment may occur (GLICK-
MAN and RIPLEY 1984). These complex intermediate
structures are believed to be responsible for diverse
types of mutations including deletion, addition, dupli-
cation and various frameshift mutations (SCHAAPER,
DANFORTH and GLICKMAN 1986; RIPLEY 1982). Aber-
rant DNA processing and synthesis at these complex
secondary structures have been proposed to explain
most of these complex mutations (RIPLEY 1982; RI-
PLEY and GLICKMAN 1983; GLICKMAN and RIPLEY
1984). Recombination cannot be solely responsible
for deletion and duplications since some direct repeat-
directed and palindrome-directed mutations have
been shown to be independent of RecA (FARABAUGH
et al. 1978; CoLLINS 1980; DaAsGuPTA, WESTON-
HAFER and BERG 1987; SINDEN et al. 1991).

In some instances there is an overlap between direct
repeat-directed and palindrome-directed mutations.
The mutations S74, S23 and S32 in the Escherichia
coli lacl gene (GLICKMAN and RipLEY 1984) and the
¢G348 mutation in the T4 lysozyme gene (RIPLEY and
GLICKMAN 1983) are classic examples. In such cases,
it is proposed that the interstrand misalignment of
direct repeats is stabilized by the intrastrand base
pairing of the palindrome (RIPLEY and GLICKMAN
1983). In these cases a three-way junction could form
that may present a stable misaligned intermediate for
replication (TRINH and SINDEN 1991). Deletion via
this secondary structure misalignment model involves
a forward slippage and mispairing of the progeny
strand facilitated by the secondary structure forma-
tion in the template strand. The model also predicts
precise duplications since there is the possibility of
secondary structure formation in the progeny strand
after synthesis of the palindrome. Duplication requires
a backward slippage of the progeny strand, misalign-
ment of the direct repeat, followed by resynthesis of
the palindromic DNA.

We have designed a system to measure the fre-
quency of deletions and duplications between direct
repeats. The construction of specific DNA inserts
between direct repeats allows examination of the role

of DNA secondary structure in the formation of dele-
tion and duplications.

MATERIALS AND METHODS

Media, bacterial strains and plasmid vectors: Luria
broth contained 10.0 g bacto-tryptone, 5.0 g yeast extract,
10.0 g NaCl, and 1.5 ml 1 N NaOH per 1000 ml H:O. K
medium consisted of M9 buffer (1 g of NH,CI, 11 g of
Na;HPO,-7H:0 and 3 g KH;PO, per liter of distilled
water) with the addition of the following sterile components:
20 ml 10% casamino acids, 10 ml 20% glucose, 0.4 ml 0.1
M CaClg, 0.2 ml 1 M MgSO, and 0.2 ml 0.01% thiamine per
200 ml M9 buffer.

Bacterial strains used were E. coli K12 derivatives, HB101
(F7, hsdS20, merB mrr, recAl3, ara-14, proA2, lacY1, galK2,
rpsL20 (Sm"), xyl-5, mtl-1, supE44) and DH5 (F~, recAl,
supE44, endAl, hsdR17(ri-,my+), thi-1, gyrA96, relAl). Plas-
mid pBR325 harbors the genes coding for resistance to the
antibiotics tetracycline (Tet), ampicillin, and chlorampheni-
col (Cm) (BoLIvaR 1978; PRENTSKI et al. 1981). The chlor-
amphenicol acetyltransferase (CAT) gene contains an EcoRI
site, which is unique to the plasmid (ALTON and VAPNEK
1979). Plasmid pBR325 has replication elements derived
from pMP1, a ColEl-like plasmid (BETLACH et al. 1976),
which has a unidirectional origin of replication (BOLIVAR
1978; ScoTT 1984). Cloning a 17-bp fragment or an 18-bp
fragment with TAA stop codon into the EcoRI site of
plasmid pBR325 inactivates the CAT gene, allowing for the
selection of plasmids containing the insert. Plasmid pJT7 is
derived from pBR325 and contains a single deletion (of a
GC base pair) just upstream of the EcoRI site at position
4772 (BETz and SADLER 1981b). To construct plasmid
pBR523, the region between the two Asull sites flanking
the CAT gene was reversed. This reverses the orientation
of the CAT gene within the pBR plasmid.

Oligo-deoxyribonucleotide synthesis and fragment
preparation: 6, 7, 10, 11, 14, 17 and 18 bases oligo-deoxy-
ribonucleotides and DNA primers for chain termination
sequencing were synthesized using B-phosphoramidite
chemistry with the Pharmacia LKB Biotechnology, Inc.
Gene Assembler. The oligonucleotides were purified from
20% denaturing polyacrylamide gels (containing 8.3 M urea)
run at 45 mA in TBE buffer as described (Maxam and
GILBERT 1980). After electrophoresis DNA bands were
visualized by UV shadowing, cut out, masticated and eluted
overnight at room temperature in 3 volumes of 1 M NaOAc,
2 mM EDTA. The elute solution was centrifuged through a
glass wool pad in a 1.5-ml microcentrifuge tube and then
precipitated with 4 volumes ethanol.

Oligo-deoxyribonucleotides were phosphorylated with [v-
*2P]-ATP (MaNIATIS, FRITSCH and SAMBROOK 1982). Equi-
molar amounts of nonpalindromic complementary strands
were annealed in TEN buffer (10 mmM Tris, 50 mM NaCl
and 0.1 mM EDTA) by heating to 95° and allowing the
solution to slowly cool to room temperature (22-24°) or, in
some cases, to very slowly cool to 4° overnight is a cold
room. To minimize the self pairing or hairpin formation of
palindromic oligonucleotides, 17- and 18-bp palindromic
fragments were synthesized in three parts with the most
palindromic strand being made as two oligonucleotides.

Plasmid construction: Plasmids pBR325n1, pBR325n2,
pBR325n3, pBR325pl, pBR325p2, pBR325p3 and
pBR325p4 were constructed by cloning DNA fragments
17nl, 17n2, 17n3, 18pl, 17p2, 17p3 and 17p4, respec-
tively, into the EcoRI site of vector pBR325 (Table 1).
Plasmids pJT7nl, pJT7n2, pJT7n3, pJT7p4 and pJT7p5
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TABLE 1

DNA sequences

Base composition

of the insert Flanking direct repeats

Insert

Sequence® name A+T C+G Size Spacing Sequence
ctcatccggAATTCGTCTGATGCACGaattccgt nl 9 8 6 11 GAATTC
ctcatccggAATTCCGGTATATGCCGaattccgt n2 9 8 8 9 GAATTCCG
ctcatccggAATTCCCCTATATCCCGaattcegt n3 9 8 7 10 GAATTCC
ctcatccggAAT T CTaattcegt 6n 5 1 5 1 AATTC
ctcatccggAATTCCTATAGGAATT CTaattcegt pl 13 5 6 12 AATTCC
ctcatccggAATTCTTATAAGAATTCaattccgt p2 14 3 5 12 AATTC
ctcatccggAATTCCCCGGGGAATTCaattccgt p3 8 9 6 11 AATTCC
ctcatccggAATTCCCCATTATGGGGaattccgt p4 9 8 8 9 GGAATTCC
ctcatccggAATTCGTTACGAATTCAaattcegt pb 12 5 5 13 AATTC

¢ The sequence of the region containing a 17- or 18-bp insert is shown. The synthesized insert is shown in capital letters; the pBR325

sequence is shown in the small letters.

were made by cloning the appropriate DNA fragments into
the EcoRI site of plasmid pJT7 (Table 1). Plasmid pBR6n
was created by removing the 12-bp EcoRI fragment from
plasmid pBRpl. The sequence of the inserts in all plasmids
constructed was confirmed by DNA sequence analysis.
Table 1 shows the DNA sequence of the inserts in the
orientation studied.

Plasmid purification and molecular biological proce-
dures: For small scale plasmid preparations, bacterial cul-
tures were inoculated from overnight cultures (which were
inoculated from single colonies) into 10-15 ml K medium
containing 10 ug/ml tetracycline. Cultures were incubated
at 37° with vigorous shaking (300 rpm) until an ODgso 0.7-
0.9 was reached. The culture was then amplified by the
addition of spectinomycin (300 pg/ml) and continued incu-
bation with shaking overnight. DNA was initially purified
as described by HoLMES and QUIGLEY (1981). Plasmid DNA
then was further purified as described by SINDEN ez al. 1991.

For plasmid purification from a large scale culture, 5 ml
of an overnight culture was inoculated into 500 ml K media
containing 10 ug/ml Tet at 37°. The culture was incubated
with shaking at 300 rpm until an ODsgso = 0.7 was reached.
Spectinomycin was added to 300 ug/ml and the culture was
incubated for an additional 10-14 hr for plasmid amplifi-
cation. Covalently closed circular plasmid was purified from
CsCl gradients as described by SINDEN, CARLSON and PET-
TIJOHN (1980).

For the recovery of DNA from agarose after digestion
with restriction enzymes, DNA was precipitated, redis-
solved, and loaded into a 0.8% low melting agarose (Sea-
Plaque) gel. The gel was run at 5 V/cm in TBE buffer (89
mM Tris, 89 mMm boric acid and 2.5 mMm Na; EDTA) to
separate the DNA fragments. A specific band was cut from
the gel and the DNA was recovered from agarose as de-
scribed by WEISLANDER (1979). Briefly, the agarose slices
were placed in 5 volumes of 20 mm Tris-HCI, pH 7.6, and
1 mMm EDTA, and melted by incubation at 65° for several
minutes. The solution was adjusted to 0.3 M NaOAc at room
temperature and extracted with phenol, phenol:chloroform
(L:1) and finally chloroform:isoamylalcohol (24:1). The
DNA then was precipitated by the addition of two volumes
of ethanol.

DNA cloning and other standard molecular biology pro-
cedures were done as described by MANIATIS, FRITSCH, and
SAMBROOK (1982). Restriction enzyme digestions, T4 DNA
ligase and T4 polynucleotide kinase reactions were per-
formed as suggested by the manufacturer. The preparation

of competent cells and plasmid transformations were per-
formed as described by HANAHAN (1983).

Reversion to chloramphenicol resistance: To estimate
the Cm' reversion frequency, single colonies were inoculated
into 10 ml K medium containing 10 pg/ml tetracycline and
the culture incubated overnight at 37°. A 25 ml culture was
then inoculated at an ODgso = 0.1 and grown at 37° with
shaking at 250 RPM to an ODgs0 = 0.6-0.8. Cells were then
pelleted by centrifugation and resuspended in 1 ml of M9
buffer. Viable cells were estimated by plating serial dilutions
of the cells on Luria broth plates containing 25 pg/ml Tet.
Reversion to Cm® was determined by plating 0.2-0.25 ml
cells (the equivalent of about 5 ml of the original cells
culture) on Luria broth plates containing 25 ug/ml each of
tetracycline (Tet) and chloramphenicol (Cm). Colonies were
counted after 48 hr of incubation at 37°. Control experi-
ments showed that potential growth of revertants was not
prevented by the large number of cells plated on each Tet/
Cm plate.

Colony hybridization: Colony hybridization was used to
detect the deletion of 8 bp that could be caused by the
misalignment of direct repeat CCGG in plasmid pBRn2.
Pin-head size Cm" revertant colonies containing a single
plasmid population were transferred to a fresh like Tet/Cm
plate, allowed to grow, and hybridization performed as
described by HANAHAN and MESELSON (1983). The oligo-
nucleotide probe AATTCGGCATATACCGG was hybrid-
ized to the target sequence at 45° as suggested by SZOSTAK
et al. (1980).

There are multiple copies of pBR325 plasmids in E. coli
cells, and a single Cm" plasmid may make bacteria resistant
to Cm. Therefore, revertant cells will harbor two plasmid
populations: the parental and Cm" revertant plasmids. This
mixed population of plasmids would cause a false positive
result in the colony hybridization analysis since both the
parental and the Cm" plasmid with 8 bp deleted from the
insert will hybridize to the probe with the same efficiency
(as shown below in Figure 2). Before colony hybridization,
an E. coli strain containing a single Cm” plasmid population
was selected. For this, DNA from 50 original individual
revertant colonies was purified and transformed into DH5
competent cells and the resulting Cm" colonies were grown
on Tet/Cm plates. Cm" colonies grown from these 50 plates
should contain a plasmid population composed of a single
revertant type, with complete deletion or partial deletion of
the insert.

Analysis of Cm" reversion events: For DNA sequence
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analysis it was necessary to isolate the revertant plasmid
from any parental plasmid present in the original revertant.
This is because reversion of one copy of the plasmid per cell
should be sufficient to make the cell Cm*. Plasmid DNA was
purified from chloramphenicol resistant revertant colonies,
and the DNA was transformed into competent DH5 cells.
Cells were plated on plates containing Tet and Cm to select
for colonies containing only a Cm" plasmid. Single colonies
from these Tet/Cm plates were grown in 10 ml K medium
and DNA was purified as described above. The revertants
were characterized by digestion with Alul, which allowed
analysis of the 129-bp Alul fragment containing the EcoRI
site. The size of the insert in the EcoRI site could be
determined within about 2-3 bp from analysis of the Alul
digest. The DNA sequence of the region was determined
for several revertants from each insert; 12-24 independent
revertants were examined in for each plasmid.

DNA sequencing reactions were done using the dideoxy
nucleotide chain termination method (SANGER, NICKEN and
CouLsoN 1977) using reverse transcriptase as described
(ZAGURSKY et al. 1985) except that the reaction was carried
out at 45°. Alternatively, for some experiments a Sequenase
(modified T7 DNA polymerase) kit (United States Biochem-
ical) was used according to the manufacturer’s instruction
with the exception that NaOH/NaOAc was used for primer
annealing (ZAGURSKY et al. 1985). In addition, the sequenc-
ing reactions were done at 42° for 12 min. The sequencing
products were resolved on a denaturing 8% polyacrylamide
gel (containing 8.3 M urea) in TBE buffer as described
(Maxam and GILBERT 1980).

RESULTS

An assay for deletions and duplications between
direct repeats: We have designed the genetic system
shown in Figure 1 for the selection of deletion and
duplication mutations between direct repeats. Palin-
dromic and nonpalindromic 17- and 18-bp DNA frag-
ments were cloned into the unique EcoRI site located
in the chloramphenicol acetyl transferase (CAT) gene
of plasmid pBR325. A 17-bp insert creates a +2
frameshift mutation in the CAT gene causing a chlor-
amphenicol sensitive (Cm®) phenotype. The pl 18-bp
insert contains an in frame TAA stop codon. A com-
plete deletion of the 17- or 18-bp insert restores the
reading frame, resulting in a chloramphenicol resist-
ant (Cm") phenotype. A duplication event producing
a 34-bp insert will not restore the reading frame and
would result in a Cm* phenotype. To select for dupli-
cation events we utilized plasmid pJT7, which is iden-
tical to pBR325 with the exception that it contains a
—1 frameshift mutation (a deletion of a C:G base pair)
just upstream of the EcoRlI site in the CAT gene (BETZ
and SADLER 1981b). pJT7 and derivatives containing
a 17-bp insert are Cm®. A duplication of a 17-bp insert
at the EcoRI site will restore the reading frame of the
CAT gene and produce a Cm" phenotype (Figure 1).
BETZ and SADLER (1981b) showed that a 39-bp insert
at the EcoRlI site resulted in a functional CAT protein.
Provided there is no stop codon, the CAT gene can
functionally tolerate an insert of up to 51 bp (T. Q.
TrINH and R. R. SINDEN, unpublished data).

Measurement of deletions in pBR325: The fre-
quency of deletion for the 17- and 18-bp insert se-
quences shown in Table 1 are listed in Table 2. Cm"
reversion frequencies in pBR325 plasmids containing
the various inserts were obtained in two recA strains
HB101 and DH5. In all cases, the Cm" reversion
frequencies were similar between these two strains.
The reversion frequencies varied from <0.1 X 107°
to more than 50 X 107°. The reversion frequencies
of the nonpalindromic (n) inserts varied about 10-
fold, whereas the reversion frequencies of the palin-
dromic (p) inserts varied nearly 350-fold.

Plasmid pBR6n was created by digesting pBR325p1
with EcoRI and religating. This resulted in the loss of
a 12-bp EcoRI fragment and production of a construct
with a 5-bp AATTC direct repeat separated by 1 bp.
This effectively created a 6-bp insert with an in-frame
TAA stop codon, which resulted in the Cm® pheno-
type. Reversion to Cm" resistance occurred at a fre-
quency of 4.6 X 107°.

Restriction digestion with Alul was used to analyze
the nature of the insert in a number of randomly
selected revertants. As shown in Table 2, 14 of 24 or
58% of the nl revertants showed a deletion of the
insert. DNA sequencing was done on several deletion
revertants of this class to confirm the precise deletion.
For the n2 and n3 nonpalindromic inserts, 75% and
91% of the revertants had precise deletions of the
insert. None of the 6n revertants analyzed contained
a deletion. All were an A to C transversion changing
the TAA stop codon to a TCA codon. All revertants
analyzed from plasmids containing the pl and p4
inserts, which reverted at a high frequency, had pre-
cise deletions of the insert. All revertants from the p2
insert, which had a low frequency of Cm" reversion,
had complete deletions. The sequences of the “other”
revertant class of mutations were not determined.
From Alul digestion analysis, many of this “other”
class contained +1 or —2 frame shift mutations since
the size of the Alul band containing the insert was
very similar to that from the original Cm* plasmid.
These events were not analyzed by DNA sequencing.
The “estimated deletion and duplication frequencies,”
which represent the Cm" reversion frequency multi-
plied by the fraction of the revertants containing the
precise deletion or duplication mutation, are shown
in Table 2.

In some instances two Alul bands containing the
EcoR1 site were present; the original band correspond-
ing to an insert and that corresponding to deletion.
Analysis on agarose gels showed that this was a result
of a dimer plasmid containing one pBR325 molecule
with an intact CAT gene and one molecule with a
deletion in the CAT gene. The formation of deletions
between short direct repeats in some plasmids in E.
coli is associated exclusively with dimer formation
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A. Deletion Assay in pBR325

1. Sequence of the EcoRl region in pBR325

Insert Size Phenotype

TGATGATGAATGCTCATCCGGAARTTCCGTATGGCAATGAAAGACGG ] cm'
2. Sequence of £coRl region in pBR325n1
________________ >

TGATGATGAATGCTCATCCGGaattegtctgatgecacgAATTCCGTATGGCAATGAAAGACGG 17 bp Ccms
3. Deletion of the insert from pBR325n1
TGATGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGG 0 Ccm'
B. Duplication Assay in pJT7
1. Sequence of the £coRl region in pJT7
TGATGATGAATGCTCATCGGAATTCCGTATGGCAATGAAAGACGG 0 Cm?®
2. Sequence of the £coRl region in pJT7n2

________________ >
TGATGATGAATGCTCATCGGaattccggtatatgccgAATTCCGTATGGCAATGAAAGACGG 17 bp cm®
3. Duplication of the insert in pJT7n2.

---------------- D ————————
TGATGATGAATGCTCATCGGaattccggtatatgecgaattecggtatatgeccgAATTCCGT
ATGGCAATGAAAGACGG 34 bp Cm'

FIGURE 1.—System for selection of deletion and duplication mutations. (A) Deletion assay in pBR325. (1) Sequence of the EcoRI region
in pBR325. pBR325 contains the CAT gene and has a chloramphenicol resistant (Cm") phenotype. (2) Sequence of the EcoRI region in
pBR325n1. Insertion of the 17-bp nl insert destroys the reading frame of the CAT gene and produces a Cm* phenotype. The sequence of
the nl insert is shown in lower case letters. (3) Deletion of the insert from pBR325n1. On precise deletion of the insert, the original reading
frame of the CAT gene is restored, resulting in a Cm" phenotype. (B) Duplication assay in pJT7. (1) Sequence of the EcoRI region in pJT7.
pJT7 contains a ~1 deletion of a C 2 or 3 bp 6’ to the EcoRI site (GAATTC). Consequently, pJT7 has a Cm* phenotype. (2) Sequence of the
EcoR1 region in pJT7n2. The insertion of a 17-bp fragment still results in a Cm* phenotype. (3) Duplication of the insert in pJT7n2.
Duplication of the insert produces a 34-bp insert which, with the —1 deletion mutation present in the plasmid, results in a 33-bp insert, which
restores the reading frame of the CAT gene. Thus, duplication produces a Cm™ phenotype and is selectable on chloramphenicol plates. The
CAT gene will tolerate at least a 51-bp insert and still produce a functional chloramphenicol acetyltransferase gene product. The EcoRI sites
are underlined in the figure above. The nl and n2 17-bp inserts are indicated by an arrow above the sequence.

(MAZIN et al. 1991). Dimers were seen rarely (<5%),
except in the nl and n2 inserts where they constituted
about 10% of the revertant population. In one case
examined when Cm" revertant dimers were present,
monomers were also present in other colonies of the
transformation.

Analysis of an 8-bp deletion in pBRn2: When the
n2 insert is cloned in the orientation shown, there is
a CCGC sequence flanking the insert that is directly
repeated 4 bp away, within the n2 insert. The se-
quence and repeats are shown in Figure 2. Deletion
of one direct repeat and the intervening DNA should
result in an 8-bp deletion, which should restore the
reading frame of the gene. The resulting deletion
should contain a sequence identical to that of the
insert cloned into the original plasmid. The synthe-
sized strand therefore provides a convenient hybridi-
zation probe for this 8-bp deletion. Among 50 Cm’
revertant colonies analyzed, three showed a positive
hybridization. DNA sequence analysis revealed the
expected deletion (TRINH 1990). This result demon-
strates that the 8-bp deletion between 4-bp direct

repeats occurred, although at a frequency of 6% that
of the larger 17-bp deletion between 8-bp direct re-
peats. The 3 “other” class Cm" revertants analyzed in
the Alul digests shown in Table 2 had 1- to 2-bp
insertions or deletions.

Measurement of duplications in pJT7: Duplication
mutations were detected in plasmid pJT7. The Cm’
reversion frequencies were determined for plasmids
containing several different inserts in strains HB101
and DH5. The Cm' reversion frequencies varied more
than 100-fold for various inserts. As shown in Table
2, the Cm" reversion frequencies of the nonpalin-
dromic inserts varied from 4-79 X 107°. For the nl
nonpalindromic insert 24/29 Cm" revertants (83%)
were duplications. With insert n2, 21/28 revertants
(75%) were duplications. In contrast, no duplications
were detected in 11 n3 revertants analyzed; of these,
six were large deletions and five small deletions. Of
the 24 revertants of the p4 insert analyzed, only one
duplication was detected.

DISCUSSION

The use of plasmids pBR325 and pJT7 containing
inserts in the EcoRI site provide an opportunity to
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TABLE 2

Cm" reversion frequencies

pBR325

pJT7

Cm" reversion

Cm' reversion

frequen_gy“ X Nature of the reversion event Estimated frequency® X Nature of the reversion event Estimated
deletion 107 duplication
- — frequency. frequency.

Insert DH5 HB101 Deletion Duplication  Other X 1079 DH5 HB101 Deletion Duplication  Other x 107°
nl 7.4 5.6 14 0 10% 3.8 14 8.3 0 24 5 9.1
n2 46 35 9 0 3¢ 30.0 4.0 4.0 2 21 5 3.4
n3 34 50 32 0 3¢ 38.2 55 79 6 0 5 <6.1
6n ND 4.6 0 0 9¢ <0.5 ND ND ND
p! 43 44 12 0 0 43.5 NA NA ND
p2 ND <0.1 12 0 0 ND ND
p3 0.7 <0.1 ND ND
p4 32 36 24 0 0 34 4.3 4.6 2 1 21 0.19
p5 ND ND <0.5 <0.5

¢ The reversion frequencies represent the average of eight to 12 independent experiments in which the individual frequencies varied by

less than two- to threefold.

b “Other” mutations included five +1 or —2 frameshift and five small deletions of about —5 bp. These were not sequenced.
¢ “Other” mutations included +1 or —2 frameshifts. Some revertants of the n2 insert were on dimer plasmids, one copy contained the
reversion event and the other, the original sequence containing the insert.

4 +1 or —2 frameshifts.

¢ Sequenced 6n revertants all contained an A to C transversion destroying the TAA stop codon (TAA to TCA).

f“Estimated deletion (or duplication) frequency” is the chloramphenicol Cm" reversion frequency multiplied by the percent deletions
divided by 100. The Cm’ reversion frequencies used are the average of the frequencies in HB101 and DH5. The percent deletions represents
the percent of the total revertants analyzed that contained deletion events.

ND, not done; NA, not applicable.

pBR325n2 CTCATCCGGaattccggtatatgccgAATTC cm®
— -——
[
8 bp
8 bp deletion CTCATgcggtatatgccgAATTC cm'

-——

FIGURE 2.—Analysis of an 8-bp deletion in pBR325n2. The
sequence of pBR325n2 and the region containing the 8-bp deletion
are shown above. The n2 insert is shown in lower case letters. An
8-bp deletion between the direct repeats CCGG will restore the
reading frame of the CAT gene, producing a Cm" phenotype. The
17-bp region that is underlined shows a sequence of one of the
strands used to clone the n2 insert. This 17-bp sequence is present
in both pBR325n2 and the derivative containing the 8-bp deletion.
Consequently this fragment can be used as hybridization probe to
identify the revertants containing the 8-bp deletion.

measure the frequency of both deletions and dupli-
cations. A functional CAT protein can contain a vari-
able number and composition of amino acids at the
region encoded by the EcoRI recognition sequence
GAATTC. The events responsible for restoring a
functional chloramphenicol transacetylase protein
from a gene containing a 17-bp insert include small
frameshifts (+1, —2 bp), duplications (up to an insert
of at least 51 bp) and precise deletions of the insert
between the EcoRI direct repeats. By analyzing a
number of different sequences inserted into this re-
gion of DNA we can examine the effect of subtle
differences in the “mutagenic potential” of the DNA
between direct repeats. These differences include pri-
mary base sequence or base composition (A + T or G
+ C content), the potential for slipped mispairing and

the potential for secondary structure (hairpin) for-
mation. Although this model system will allow one to
analyze differences in the length and spacing of direct
repeats between which deletion or duplication occurs,
these factors were not a focus of this initial investiga-
tion. The primary goal of this initial investigation was
to explore the applicability of this approach for de-
tecting deletions and duplications and to investigate
the role of DNA secondary structure in the formation
of deletion and duplication mutations.

Deletion between direct repeats: It is well known
that deletions occur between direct repeats (ALBER-
TINI et al. 1982; see RiPLEY 1991 for review). The
frequency of deletion between direct repeats increases
with increasing length of the direct repeat (DASGUPTA,
WESTON-HAFER and BERG 1987, WILLIAMS and
MULLER 1987, WESTON-HAFER and BERG 1989) as
well as a decrease in the spacing of the direct repeats
(SINGER and WESLYE 1988). A recent comprehensive
study by PIERCE, KONG and MASKER (1991) demon-
strated a log relationship between the frequency of
deletion (of 76 bp) between direct repeats and the
length of the direct repeats above 8 bp in a bacterio-
phage T7 system. There was also a substantial differ-
ence in the deletion frequency as the length of the
direct repeat varied from 5-8 bp. The sequences
analyzed here maintain a 9-13 bp spacing of 5-8 bp
direct repeats. We have not observed as large a de-
pendence of the deletion frequency on the length of
the direct repeats between 6-8 bp as that observed by



Secondary Structure and Mutation

Direct repeats in the non-palindromic inserts
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FIGURE 3.—Organization of direct and in-
verted repeats in the mutation insert con-
structs. Direct repeats in the nonpalindromic

ni ctcatccggé}-\'i"i‘CGTCTGATGCACC_;a—lit-:t_:;:cgt 17 bp inserts: The regions containing the three in-
serts nl, n2 and n3 are shown. The synthe-

n2 ct:catccggAATTCCGGTATATGCCGaattccgt sized inserts are shown in capital letters. The
"""" 1-mmm=m> 17 bp s direct repeats that include the EcoR1I sites are

2ccg ZCCG 2cce 8, (10, cm%), 17 bp underlined with arrows and numbered. The

3T§$AT 2 bp nl insert creates 6-bp direct repeats that are

4ggcc  4GGCC 8 bp separated by 11 bp; the 5’ (or 3') bases of the

direct repeats are 17 bp apart. The n2 con-

n3 ctcatccggAATTCCCCTATATCCCGaattccgt struct has several other direct repeats indi-
""" 1===mm> 17 bp cated by the numbered sequences below the

2ccg 2CC6 17 bp sequence. For example, the second direct re-

3T§$AT 2 bp peat, CCG, is present three times. Deletion of

4cce 4cce 8 bp 8 bp or 17 bp would restore the reading frame

sccee 6CCC +1 bp of CAT gene. A 10-bp deletion could also

7TCCC 7TCCC (9 bp, Cm®) occur between the rightmost two direct re-

Direct and inverted repeats in the palindromic inserts

pl ctcatccggAATTCCTATAGGAATTCTaattccgt
—————————— >
———————— ><_——_—_—_
p2 ctcatccggAATTCTTATAAGAATTCaattcegt
———> ————>
________ D - -
p3 ctcatccggAATTCCCCGGGGAATTCaattccgt
Tl T
p4 ctcatccggAATTCCCCATTATGGGGaattccgt
IIIIIITZ L e--.IlIIIizz
PS5 ctcatccggAATTCGTTACGAATTCAaattecegt
———— ————>
_______ D> mm—————

PIERCE, KONG, and MASKER (1991). In many cases the
repeat length differences in our system are relatively
small and may have only a minor influence on the
frequency of deletion between direct repeats. As de-
scribed below, the primary sequence arrangement of
the bases that can lead to potential slippage or second-
ary structure formation may have a major influence
on the frequency of mutation. The frequency of dele-
tion between 5-bp direct repeats was very low in
agreement with the results of PIERCE, KONG, and
MASKER (1991).

Deletion of nonpalindromic sequences: The three non-
palindromic sequences analyzed, nl, n2 and n3, were
designed to have an identical length of 17 bp; identical
base composition, 8 G:A base pairs and 9 A:T base
pairs; and similar spacing of the direct repeats (9-11
bp). The direct repeats of all inserts begin with the
sequence GAATTC. However, the frequency of dele-
tion between these inserts varied considerably. The
nl insert had the lowest frequency of deletion. Com-
pared with the nl insert, the Cm" reversion frequen-
cies were increased about sixfold for the n2 insert and
five- to ninefold for the n3 insert. Considering the
estimated deletion frequency shown in Table 2, there
was approximately an eight- and 10-fold difference

peats. However, this would not restore the
reading frame of the CAT gene. The n3
sequence contains more direct repeats than
the other two nonpalindromic inserts. There
are six different direct repeat sequences in
which deletion between them could restore
the CAT gene reading frame. One deletion
event, 7, would not restore the CAT gene
reading frame. Repeats 5 and 6 are runs of
Cs in which the insertion of a single base
would restore the CAT gene frame. Direct
and inverted repeats in the palindromic in-
serts: The bottom part of the figure shows
the direct and inverted repeats in the palin-
dromic inserts. The direct repeats are indi-
cated by the two arrows facing to the right,
below the sequence. The palindromic region
is indicated by facing arrows below the direct
repeat arrows.

between the frequency of deletion for the nl inserts
compared with n2 and n3, respectively. The eightfold
difference between nl and n2 may reflect, in part,
the greater length of the direct repeat for n2. How-
ever, the slightly greater deletion frequency of n3
compared with n2 cannot be explained by direct re-
peat length, which is shorter for n3. nl, n2 and n3
vary in terms of the potential for misalignment. As
shown in Figure 3, nl has no internal direct repeats.
n2 has two internal 3-bp direct repeats as well as 3-bp
and 4-bp repeats between the insert and flanking
region that could lead to a Cm" phenotype on deletion.
n3 has a 3-bp internal and a 3-bp external direct
repeat in which deletion between them could lead to
a Cm" phenotype. In addition, n3 has two runs of C:G
base pairs in which +1 or —2 frameshifts could occur
to produce a Cm" phenotype. Although the +1 or -2
frameshifts would revert the Cm*® phenotype, only 3/
23 n3 revertants and 3/12 n2 revertants had small
deletions. (These revertants were not sequenced to
determine the identity of the reversion event.) In fact,
the frequency of short deletions was highest for the
nl insert and lowest for the n3 insert (Table 2). The
hybridization analysis of the n2 insert showed that 6%
of the Cm" revertants contained the 8-bp deletion
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pBR325p4.
A.

5’...gctcatccggAATTCCCCATTATGGGGaattcecgtatggea
3’...cgagtaggccttaaGGGGTAATACCCCTTAAggCcataccgt

____________ > emmmm———————
B. C.

------- >
57...gct-> 5’...gctcatccggAATTCC->
3’...cqgagtag ataccgt 3’...cgagtaggccttaaGG CCTTAAggC

g c GC
cg GC
cg TA
ta AT
ta A
aT D.
ar cmeaea >
GC 5’...gctcatccggAATTCC-~>
GC 3’...cgagtaggCCTTAAggcataccgt
GC cC
GC c C
TA t A
T A t T
A a A
a A
G T
GGG
E. F.

5’...gctcatccggAATTCC->
3’... cgagtag?csr'ruggcata

5’...gctcatccggAATTCC~>
3’...cgagtaggccttAhAggcataccgt
aT

CGGC aT
cG GC Pele)
ta TA GC

ta AT GC
A GC
TA
AT
A

FIGURE 4.—Misalignments in the p4 insert. Structure A shows the sequence of the region surrounding the insert in the pBR325p4
construct. The 17-bp p4 insert is shown in capital letters. The 8-bp direct repeats are indicated by arrows above the sequence whereas the
inverted repeated is shown by facing arrows below the sequence. Misalignment could occur by replication up to the hairpin stem shown in
structure B. Structure C shows continued replication through the hairpin stem, resulting in a synthesis of the first 8-bp direct repeat. In
structure D the first 8-bp direct repeat in the progeny strand pairs with the second copy in the template strand, resulting in the formation of
a 17-bp loop in the template strand. This 17-bp loop contains several short inverted repeated elements that could form two very short hairpin
stems shown in E. The leftmost of these constitutes the EcoRI site whereas the rightmost represent a 9-bp direct repeat which is part of the
p4 insert. This may not represent a very stable or likely structure since a loop of 3-4 bp is needed at the end of the hairpin loop. Structure
F shows a DNA molecule that may represent a stable deletion intermediate. In structure F, the hairpin stem forms by initiating pairing at
the center of symmetry of the inverted repeat. This pairing could initiate within the loop shown in D accompanied by branch migration of
the loop to the right as compared with D. In addition, this structure could also form from the structure shown in C by extrusion of the short
hairpin stem concomitant with a leftward movement of the base of the hairpin stem relative to the direct repeat in the progeny strand. This
would be accompanied by pairing of the first direct repeat in the progeny strand with parts of the first and second direct repeats in the
template strand.

ciates is higher at the end of the first direct repeat of
the n2 or n3 inserts compared to the nl insert. KUN-
KEL (1990) and PapPANICOLAOU and RIPLEY (1991)
have shown that replication pause sites are frequently
associated with mutations. A second model is one in
which multiple opportunities for the formation of

between CCGC. This would correspond to an esti-
mated deletion frequency of this event of 2.7 X 107°,

The various frequencies of deletion of the nonpal-
indromic inserts should reflect the molecular mecha-
nisms and biochemical events occurring during the
process of spontaneous mutagenesis. The structures

proposed for the misalignment of the nl insert that
lead to deletion have been shown previously (TRINH
and SINDEN 1991). There are several models that
might explain the higher frequency of deletion in n3
and n2 compared to nl. One possibly is that the in
vivo frequency at which polymerase pauses and disso-

short misalignments increases the potential for slip-
page between the flanking direct repeats in the n2
and n3 insert. Any one of a number of slippages in
the template or progeny strand may provide an initi-
ating event that destabilizes the polymerase complex
and allows a greater opportunity for a more extensive
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A, pBR325p1,

1.

5/gctcatccqggAATTCCTATAGGAATTCTaattccgt3’
3’cgagtaggccttaaGGATATCCTTAAGATTAAggcaS’
-—=><

2.

5/ gctcatccggAATTCC
3’ cgagtaggccttaagGATATCCTTAAGATTAAggC3'’

3.

57 gctcatccggAATTCC
3’ cgagtaggcATTAAggcataccgt 57

cG

tA

ta

aT

aT

gcC

GC

A T

TA

B.

5!

5'
3’

417

PBR325p2

- - —

gctcatccggAATTCTTATAAGAATTCaattccgtatgg 37
cgagtaggccttaaGAATATTCTTAAGTTAAggcatace 57
—=><

----- ————

————>

gctcatccgAATTC
cgagtaggcTTAAggcataccgt 57
c

gctcatccggAATTCCCCGGGGAATTCaattecgtatgg 37
cgagtaggccttaaGGGGCCCCTTAAGTTAAggcatace 5/

-——>

g
gctcatcCcgAATTCC
cgagtaggcTTAAggcataccgt 5/
cG

ta
ta
aT
aT
gcC
GC
G C
GC

FIGURE 5.—The formation of three-way junctions in the palindromic pl, p2 and p3 insert constructs. (A) pBR325pl. (1) The sequence
and symmetry elements of the region containing the pl insert are shown. The 18-bp pl (and 17-bp p2 and p3) insert is shown in capital
letters. Direct repeats are shown by the dashed arrows above, and the inverted repeat is shown by the facing arrows below the sequence. (2)
The intermediate following replication of first direct repeat is shown. (3) Misalignment between the first direct repeat the progeny strand
and the second direct repeat in the template strand is shown in which the palindromic region forms a perfect hairpin stem resulting in the
formation of a three-way junction. The junction is perfect with the exception of a G:A mismatch involving the G of the EcoR1 site. In panels
B and C, similar structures can form; however, the sequences of p2 and p3 are 1 base shorter, which results in a unpaired G in the progeny
strand on the formation of the three-way junction. The presence of this extra G, which would have to be either extrahelical or intercalated
into the three-way junction, may act to destabilize the pairing of the first direct repeat of the progeny strand with the second direct repeat
of the template strand. This destabilizing effect may be responsible for the low deletion frequency observed for the p2 and p3 constructs.
The proposed three-way junctions do not contain mispaired bases (only the unpaired G).

misalignment to occur. Once this larger misalignment
involving the flanking direct repeats has occurred,
exonucleolytic proofreading would digest the nascent
strand back to the end of the first direct repeat which
would now be perfectly paired with the second copy
of the direct repeat in the template strand.

Deletion of palindromic sequences: The deletion be-
tween direct repeats for inserts in which the DNA
sequence between the direct repeats was palindromic
varied considerably from <0.1-40 X 107° revertants
per cell. All pl, p2 and p4 revertants examined had
deleted one copy of the direct repeat together with
the intervening inverted repeat. Sequence p4 has per-
fect inverted repeat symmetry between and including
the EcoRlI sites (Figure 3). The frequency of deletion

for the p4 insert was about 34 X 107°. It can form the
hairpin structure and the other misaligned interme-
diates shown in Figure 4. One potential misaligned
intermediate contains a loop of DNA like that shown
for the nonpalindromic inserts (Figure 4D). Another
possible intermediate, structure E, contains two short
hairpins that can form in DNA sequences present in
the loop of structure D. One very short hairpin con-
tains the EcoRI sequence as a bulge at the 3’ side of a
second short hairpin (Figure 4E). It is known that
large inverted repeats are unstable (BETZ and SADLER
1981a; LILLEY 1981; WELLER ¢t al. 1985; LOCKSHON
and GaLLoway 1986) and that the formation of cru-
ciforms in vivo can lead to deletion of the inverted
repeat, presumably via a misaligned structure as
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pJTn1
1.

5/gctcatcggAATTCGTCTGATGCACGaattcecgtatggea
3/cgagtagccttaaGCAGACTACGTGCTTAAggcatacegt
2.

5’gctcatcggAATTCGTCTGATGCACGaatte->
3/cgagtagccttaaGCAGACTACGTGCTTAAggcatacegt

3.

Ha0
(2

A [of
A A
gc
5/...gctcatcgGaattc->
3/...cgagtagccttaaGCAGACTACGTGCTTAAggcataccgt
----- > ———e>

FIGURE 6.—Duplication in the nonpalindromic inserts. (1) The
sequence of the EcoRI region of the pJTnl construct. The 17-bp
insert is shown in capital letters and the direct repeats are indicated
by dashed arrows above the sequence. (2) The replication inter-
mediate in which pausing has occurred following synthesis of the
second direct repeat is shown. (3) Structure 3 shows a misaligned
intermediate in which the progeny strand has unwound from the
template strand and pairing has occurred between the second direct
repeat in the template strand in the first direct repeat in the progeny
strand. Continued replication would result in resynthesis of 17-bp
insert producing the duplication mutation following a second round
of DNA replication.

shown in Figure 4E (also see SINDEN et al. 1991).
However, because these hairpin stems are so short,
structure E may not represent a stable secondary
structure. A second misaligned intermediate structure
F contains a three-way junction, which stabilizes mis-
alignment of a 4-bp direct repeat. Structure F may
provide a reasonable template for continued replica-
tion. However, it is uncertain just how close the third
strand (the hairpin stem) can be to the 3’ end of the
progeny strand and still be extendable by DNA polym-
erase. Deletion readily occurs between 5-bp direct
repeats flanking inverted repeats in bacteriophage T4
(PIERCE, KONG and MASKER 1991). It is not known if
DNA polymerase would have difficulty extending a 4
base “primer” associated with a three-way junction.
The 17-bp p4 insert has the same base composition
as nl, n2 and n3. Considering that it has 8-bp direct
repeats and a deletion frequency similar to that for
n2 (also with 8-bp direct repeats), this result might
seem to argue that the palindrome has little effect in
determining the frequency of mutation. However, in
all 24 p4 revertants analyzed only the precise deletion
was observed. Thus, the palindrome is directing a
very specific mutagenic event at a high frequency.
The comparison of the results for the pl and nl
inserts suggests the importance of a hairpin arm in
stabilizing and directing deletion between direct re-
peats. pl is an asymmetric palindromic insert de-
scribed previously (TRINH and SINDEN 1991). It can

form a near perfect three-way junction where a hair-
pin stem stabilizes misalignment of a 6-bp direct repeat
(Figure 5A). The deletion frequency of the pl insert
is significantly higher than the two other inserts with
6-bp direct repeats: the nonpalindromic insert nl and
the palindromic p3 insert. A possible explanation for
the low reversion frequency of the p3 insert is dis-
cussed below. Moreover, we have analyzed sequences
similar to that for p1, but with longer direct repeats
and the Cm" reversion frequency was increased more
than 10-fold (W. A. RoscHE and R. R. SINDEN, un-
published data).

In summary, a palindromic sequence between direct
repeats may strongly direct a very specific mutagenic
event. If polymerase pauses or dissociates at the site
of inverted repeats (possibly as a result of encounter-
ing a hairpin in the template), there exists the possi-
bility for misalignment. Following polymerase disso-
ciation and on breathing, the hairpin conformation
has a probability of formation. The formation of the
hairpin in the template arm can lead to a stabilized
misalignment of the direct repeats.

The formation of a stable secondary structure may
also prevent or preclude the formation of a stable
misalignment event that can lead to mutation. This
may explain the very low frequency of deletion of the
p2 and p3 inserts. Sequences p2 and p3 were designed
with 5- and 6-bp direct repeats, respectively. One
difference that distinguishes p1 from p2 and p3 is the
removal of one base pair (from the sequence arrange-
ment of pl) that prevents the precise organization of
a perfect three-way junction. To form a three-way
junction, an extrahelical G must form in the progeny
strand of both p2 and p3 as shown in Figure 5, B and
C. Without extruding the extrahelical base the direct
repeat in the progeny strand will not properly align
with its complementary sequence in the template
strand. pl and p3 share an identical 6-bp direct repeat
with a similar spacing of 12 and 11 bp, respectively.
The extrahelical base may prevent the formation of a
stable misaligned progeny strand that provides a sub-
strate for continued replication. Alternatively, if the
misalignment occurs, the structure must be not readily
extendable by DNA polymerase.

The low reversion frequencies of the p2 and p3
inserts demonstrate that the presence of the inverted
repeat alone is not sufficient for directing a high
frequency of deletion. It is known that DNA polym-
erase will pause at hairpins (WEAVER and DEPAM-
PHILIS 1984) and that sites of pausing are associated
with mutations (KUNKEL 1990; PAPANICOLAOU and
RIPLEY 1991). The specific DNA secondary structure
that can form may be an important determinant re-
sponsible for a particular frequency of deletion.

Duplications between direct repeats: Effect of non-
palindromic DNA between direct repeats on duplication:
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Duplications between direct repeats can occur by slip-
page between the first direct repeat in the template
strand and the second copy of the direct repeat in the
progeny strand following synthesis of the second di-
rect repeat (Figure 6). The slippage is followed by
continued synthesis that will lead to a duplication of
the direct repeat and intervening DNA. In general, it
is believed that duplications occur less frequently than
deletions (FARABAUGH et al. 1978; ALBERTINI et al.
1982; SCHAAPER, DANFORTH and GLICKMAN 1986;
ScHAAPER and DUNN 1991). This would seem reason-
able since a larger region of DNA must denature to
allow the slippage to occur. In the case of the 17- to
18-bp inserts studied here, as many as 24 bp must
unwind to permit the misalignment. On the other
hand, for deletions to occur only 5-8 bp must unwind
to allow misalignment. The results shown in Table 2
show duplication frequencies in the range of 0.2-9 X
107°.

It is clear that the sequence and symmetry of the
DNA between the direct repeats can dramatically
influence the frequency of duplication. (In the con-
structs analyzed here, there appears to be no relation-
ship between the length of the direct repeat and the
frequency of duplication). The duplication frequency
of the three nonpalindromic inserts was very different.
The nl insert, which contained no internal direct
repeats, had the highest frequency of duplication; an
estimated frequency of 9.1 X 107°, which was slightly
higher than the deletion frequency for this insert. We
find it difficult to rationalize a physical basis for this
observation in light of the reasoning that unwinding
leading to duplication may be less likely than unwind-
ing leading to deletion. The result may suggest that
the unwinding event that occurs at the 3’ end of the
nl progeny strand is always large enough to include
both direct repeats and the region between the direct
repeats (e.g., >20 bp). Were this the case, there may
be an equal chance for misalignment leading to dupli-
cation after replicating the second direct repeat as for
deletion after replicating the first direct repeat. The
duplication frequency for the n2 insert was nearly 10-
fold lower than its corresponding deletion frequency
and two- to threefold lower than the duplication fre-
quency for the nl insert. It is possible that the multiple
internal direct repeats provide nucleation events that
stop the complete dislocation of the progeny strand
relative to the template strand. The n3 insert showed
very high frequency of Cm" reversion in plasmid
pJT7. Analysis of 11 revertants failed to detect a
duplication event. Alhtough more revertants would
need to be analyzed to accurately estimate a duplica-
tion frequency, the results clearly show that large and
small deletions occur at a much higher frequency than
duplications in the n3 construct. Thus, in the n3
construct the multiple internal direct repeats greatly

increase the deletion frequency (consistent with the
results for the nonpalindromic inserts in pBR325).
We have not yet undertaken a sequence analysis of
the n3 revertants from pJT7.

In summary, whereas multiple internal direct re-
peats correlated with an increase in the frequency of
deletions between flanking direct repeats, the multiple
internal direct repeats correlated with a decrease in
the duplication frequency. This may be consistent
with the idea that multiple misalignments will occur
before the second direct repeat in the progeny strand
has completely dislocated and paired with the first
direct repeat in the template.

Effect of palindromic DNA between direct repeats on
duplication: The frequency of duplications of palin-
dromic DNA between direct repeats was in general
very low. In the case of the p4 insert the Cm” reversion
frequency it was about 4 X 107, which was eight- to
ninefold lower than its deletion frequency in pBR325.
However, only one of 24 revertants analyzed had a
duplication, resulting in an estimated duplication fre-
quency of about 0.17 x 107°. This value is more than
150-fold lower than the deletion frequency for this
insert. Palindromic insert p5 was designed to provide
a three-way junction structure much like that of pl
(Figure 7A, 4). The frequency of Cm" reversion of
this insert in pJT7 was also very low and revertants
were not analyzed. The results for the pb and p4
inserts strongly suggest that the frequency of dupli-
cation between direct repeats is very low when the
intervening DNA contains inverted repeat symmetry.
It is possible for the p4 insert to form a misaligned
intermediate containing an unpaired loop of DNA
(see Figure 7B, 4). This structure is analogous to those
formed by nl, n2 and n3. In spite of this potential
structure (which for the nonpalindromic inserts cor-
responds with a reasonably high duplication frequency
of 3-9 X 107°), the duplication frequency of p4 was
very low. This may suggest that the palindromic sym-
metry of DNA between the direct repeats has a dom-
inant impact on the nature of the mutational event.

When one considers that a large region must un-
wind to allow duplication to occur (as shown in Figures
6 and 7) it is perhaps not surprising that the frequency
of duplication for palindromic inserts is low. This is
because although one might consider the formation
of a hairpin in the progeny strand to promote slippage
that would lead to a duplication (Figure 7, A4 and
B5), the template strand can form a hairpin as well.
In terms of kinetics and thermodynamics, the proba-
bility of hairpin formation should be identical for both
the template and progeny strands (in the absence of
bound proteins). Thus, if a hairpin forms in the prog-
eny strand it may likely from as well in the template
strand. As shown in Figure 7 (structures A5 and B6),
this simply results in the pairing of the second copies
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Duplication in palindromic inserts

A. pJTp5
1.

————> —_——

5/gctcatcggAATTCGTTACGAATTCAaattccgtatgg
3/cgagtagccttaaGCAATGCTTAAGTTTAAggcatace

2.

——— —_———

5rgctcatcggAATTCGTTACGAATTCAaattc->
3/cgagtagecttaaGCAATGCTTAAGTTTAAggCatace

- —_———

AATTCGTTACGAATTCAaattc->

S'gctca
37/cgagtagccttaaGCAATGCTTAAGTTTAAggcatace

B. pJTpa
1.

5/gctcatcggAATTCCCCATTATGGGGaattccgtatygy
3’cgagtagccttaaGGGGTAATACCCCTTAAggcatace

2.

5’gctcatcggAATTCCCCATTATGGGGaattce->
3’cgagtagccttaaGGGGTAATACCCCTTAAggCcatacc

t
5/gctc?

qG
57gctcatcGGaattee->

gl-—==>
5/gctcatcghaattc->

3’cgagtagccttaaGCAATGCTTAAGTTTAAG

5. T

C
57’gctcatcghaatte==

3’/cgagtagcTTTAAggcataccgt

cG
tA
tA
aT
aT
GC
CcG
a
T

6.

5’gctcatcggAAttce->

3’/cgagtagccttAiggcatacce
a
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of the direct repeat of the progeny and template
strands. Branch migration will then reform a linear
molecule from this cruciform structure since negative
supercoiling may be compromised by the nicks and
gaps present at the replication fork.

This discussion has focused on the impact of sym-
metry elements within the intervening DNA on the
deletion or duplication between direct repeats. The
intervening DNA can have a predominant effect on
directing the nature of the mutation. We realize,
however, that this may not be the only factor influ-
encing the frequency and spectrum of mutation.
There may also be a relationship between sequences
flanking the EcoRI site and the sequence in the insert.
In many cases we have tried to preserve the A + T
and G + C content to minimize large changes in the
thermal stability of the DNA. However, changes in
the relationship between primary sequence may be
important in ways we have not considered. For ex-
ample, different inserts may change the probability of
polymerase pausing or dissociation as it traverses the
region. In the case of the palindromic inserts, how-
ever, potential pausing, which may occur with near
equal frequency in all constructs (if polymerase stops
at hairpins), does not appear to be the major deter-
minant. Different sequence arrangements may also
influence where an Okazaki fragment may be initi-
ated, thus affecting the positioning of the 3" OH end
of a lagging strand fragment. Mutations involving
DNA secondary structure may occur at a higher fre-
quency at either the 3’ or 5’ ends of a lagging frag-
ment. Understanding the nature of mutation is clearly
complex since so many different variables are likely
to influence the frequency and spectrum of mutation.
However, the type of analysis described here and by
others (SINDEN et al. 1991; WESTON-HAFER and BERG
1989, 1991; DascupPTA, WESTON-HAFER and BERG
1987; PIERCE, KONG and MASKER 1990; BALBINDER,

MACVEAN and WILLIAMS 1989; PAPANICOLAOU and
RIPLEY 1989, 1991) begins to provide insight into the
biological impact of the many variables that are re-
sponsible for directing spontaneous mutation.
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