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Abstract 

Mutations disrupting the function or production of 
C 1 inhibitor cause the disease hereditary angioneu
rotic edema. Patient mutations identified an imper
fect inverted repeat sequence that was postulated to 
playa mechanistic role in the mutations. To test this 
hypothesis, the inverted repeat was cloned into the 
chloramphenicol acetyltransferase gene in pBR325 
and its mutation rate was studied in four bacterial 
strains_ These strains were selected to assay the ef
fects of recombination and superhelical tension on 
mutation frequency. Mutations that revert bacteria 
to chloramphenicol resistance (Cmr) were scored. 
Both pairs of isogenic strains had reversion frequen
cies of approximately 10-8 • These rare reversion 

Introduction 
Hereditary angioneurotic edema is due to a de
creased functional level of C 1 inhibitor (C 1 INH). 
This disease process manifests as spontaneous 
nonpruritic edema of the skin or mucous mem
branes. The results of this swelling can be tem
porary disfigurement, or more serious outcomes 
such as bowel obstruction or asphyxiation. We 
have analyzed patients with hereditary angion
eurotic edema and found a site of two overlap
ping frame shift mutations (Fig. lA) (1,2). This 
region of the C lINH gene (nucleotides 17922-
17969, accession number X54486), located in 
exon 8, is an imperfect inverted repeat, or qua
sipalindrome, and can be configured into an im-
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events in bacteria were most often a frame shift that 
involved the imperfect inverted repeat with a dele
tion or a tandem duplication, an event very similar 
to the human mutations_ Increased DNA superheli
cal tension, which would be expected to enhance 
cruciform extrusion, did not accentuate mutagene
sis. This finding suggests that the imperfect inverted 
repeat may form a stem-loop structure in the single
stranded DNA created by the duplex DNA melting 
prior to replication_ Models explaining the slippage 
can be drawn using the lagging strand of the repli
cation fork. In this model, the formation of a stem
loop structure is responsible for bringing the end of 
the deletion or duplication into close proximity_ 

perfect hairpin structure (Fig. IB). A great deal of 
work has been done with perfect inverted re
peats in bacterial models (3-8), and imperfec
tions in the inverted repeat sequence reduce the 
frequency of mutations (9). Quasipalindromes 
can also extend the mutation spectrum through 
intra- or interstrand switch mechanisms (10,11)_ 
We hypothesized that the imperfect inverted re
peat in the C lINH gene contributed to the frame
shift mutations observed in our patients. To test 
this hypothesis, we used an Escherichia coli model 
and found that larger frame shift mutations, both 
tandem duplications and deletions similar to 
those seen in our patients, occurred at a low 
frequency independent of recombination and su
perhelical tension. There are at least 10 different 
diseases that are caused by mutations associated 
with imperfect inverted repeats (12). The similar 
mutation spectrum in the bacterial model and 
the human C lINH gene may indicate that such a 
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Fig. 1. Frameshift mutations in the Cl inhibi
tor gene. (A) The sequence from the reactive center 
coding region from the normal C 1 inhibitor gene 
(nucleotides 17928-17977) is shown. The top se
quence represents a tandem duplication aligned over 
the top of the duplicated sequence and the insertion 
site is denoted. The gray sequence represents a dele
tion of the normal sequence. The PstI site is identi
fied by white text on a black background within the 
gray sequence. (B) The sequence from Cl inhibitor 
involved in the mutations can adopt a cruciform 
structure (nucleotides 17922-17969). The gray se
quence represents the deleted sequence. The line 
overlies the duplicated sequence. White nucleotides 
on the black background demonstrate the PstI site. 
The capitalized sequence was cloned into pBR325. 
The sequence below this represents the sequence of 
pBR325 from nucleotide 4761. The BeoRI sites on 
either side of the imperfect repeat are slanting to 
indicate that they can engage in base-pairing con
tributing to the length of the stem-loop structure, 
and the additional BeoRI site generated by cloning is 
identified by the shadowed background. 

bacterial system can be used to more fully char
acterize molecular events leading to these in
verted repeat-associated diseases. 

Materials and Methods 
Bacterial Strains and Media 

The following Kl2-derived bacterial strains were 
used: HBIOI [F-hsd20 mcrB mrr recAJ3 ara14 
proA2 galK2 rpsL20 (Sml) xyl-5 mtl-l supE44J, RRI 

[identical to HBIOI except it is recA(+)], JITI 
[pyrF287 nirA iclR7 gal25 rspLJ95 reA36] , RS2 
[identical to JITI except it is topo lOA ( - )]. Luria 
broth contains 10 g NaCL 5 g yeast extract, and 
10 g Bacto Tryptone per liter, pH 7.0. 

Oligodeoxyribonucleotide Synthesis, Fragment 
Purification, and Cloning 

Complementary oligonucleotides with EcoRI 
overhanging ends were synthesized using 
J3-phosphoramidite chemistry, purified on an 
oligonucleotide purification cartridge (Applied 
Biosystems, Foster City, CAl, and phosphory
lated on their 5' end using T4 polynucleotide 
kinase (GIBCO BRL, Gaithersburg, MD). Equal 
molar concentrations of each oligonucleotide 
(AATTCACAGAGACTGGGGTGGAGGCGGCT
GCAGCCTCCGCCATCTCTGTGG and AATTC
CACAGAGATGGCGGAGGCTGCAGCCGCCTC
CACCCCAGTCTCTGTG) were combined in 10 
mM Tris, 50 mM NaCL and 1 mM EDTA (pH 
7.6) and heated in an aluminum temperature 
block at 95°C. The temperature block was 
slowly cooled to room temperature over 4 hr. 
The reaction mixture was resolved on a 15 % 
polyacrylamide gel (2% bis) and the duplex 
fragment was excised, purified, and ligated into 
EcoRI cut, calf intestinal alkaline phosphatase 
(GIBCO BRL, Gaithersburg, MD) treated 
pBR325 (Fig. I B). This ligation reaction was 
transformed into the bacterial strain HB 1 0 1. 
Tetracycline-resistant colonies were selected 
and plasmid DNA was screened by PstI diges
tion to identify plasmid harboring the cloned 
sequence. Plasmid with the correct PstI cut sites 
were then sequenced. The correct clone, 
pBRCINR, was grown to stationary phase in 3 
liters Luria broth, the cleared lysate prepared, 
and plasmid DNA purified by isopycnic banding 
to be used for subsequent transformations (13). 

Reversion Frequencies and Analysis of Revertants 

The vector pBR325 contains three genes that 
render the host resistant to ampicillin, tetracy
cline, and chloramphenicol (Cmf) (14, IS). The 
EcoRI site in the chloramphenicol gene has been 
used extensively for frameshift mutation fre
quency quantitation (7,8,16,17) as inserts at this 
site that alter the reading frame render hosts 
sensitive to chloramphenicol (14). Frameshift 
mutations that restore the reading frame restore 
Cmf. The reversion rate is dependent on the 
characteristics of the study sequence. In prelim-
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inary experiments with a different inverted re
peat, the randomly generated control sequence 
had a slightly higher reversion rate than the in
verted repeat sequence. The mutation spectrum 
was quite different in that the control sequence 
was limited to a + I or a - 2 bp frameshift in a 
homopolymeric portion of the control sequence, 
while the inverted repeat had much larger dele
tions. We concluded that comparison of rever
sion rates from different sequences is at best 
crude, and critical information about intrinsic 
instability is also derived from the mutation spec
trum. Early work by Streisinger et al. identified 
that small insertions and deletions dominate the 
mutation spectrum in homopolymeric sequence 
regions (18). An inverse relationship between 
the size of the frameshift mutation and the fre
quency of occurrence is also seen in human gene 
mutations (19). There are multiple sites in the CI 
inhibitor inverted repeat that could undergo the 
necessary 1 or 2 bp frameshift mutations to re
store the reading frame and result in reversion. 
This feature of the sequence allows it to act as an 
internal control. Analysis of the mutation spec
trum determines whether the expected small 
slipped mispairing events occur, or whether the 
larger deletions predominate the mutation spec
trum. Such large deletions and insertions would 
support the hypothesis that the inverted repeat 
formed a secondary structure that participated in 
the mutagenic process. 

For reversion experiments, cultures (30 ml) 
were grown in LB medium at 37°C with shaking 
at 225 rpm overnight from a single colony grown 
on a LB plate under selective pressure from car
benicillin (50 ILg/ml) and tetracycline (25 ILg/ml) 
(Sigma Chemical Co., St. Louis, MO). Optical 
density measurements confirmed that the cul
ture had reached stationary phase. The bacteria 
were concentrated, a 100-ILl aliquot was used to 
make dilutions to determine a viable cell count, 
and the remainder was plated on LB plates with 
selection by carbenicillin (50 ILg/ml), tetracycline 
(25 ILg/ml) , and chloramphenicol (25 ILg/ml). 
The mutant frequency is determined as Cmf re
vertantsln, where n is the total number of viable 
cells. The values given are the mean of six inde
pendent experiments. H Jackpot" frequencies
rare frequencies that are several orders of mag
nitude higher and represent a mutation in the 
starting culture-were not included in the data 
analysis (20). 

To analyze revertants, each revertant was 
grown overnight in 10 ml cultures of Luria broth 
with carbenicillin (50 ILg/ml) , tetracycline (25 

ILg/ml), and chloramphenicol (25 ILg/ml). The 
plasmid was harvested by alkaline lysis and used 
to transform bacteria strain DH5a, made compe
tent by the RbCl Hanahan method (21). Re
transformation was followed by chlorampheni
col selective pressure to isolate purely Cmf 

plasmid. (Because of copy number, the plasmid 
population prior to retransformation contains 
mostly nonmutant plasmid, making analysis dif
ficult.) 

Colonies were then subjected to polymerase 
chain reaction (PCR) analysis with primers 
identical to pBR325 nucleotides 4731-4760 
(TATCCGGCCTITA'ITCACA'ITC'ITGCCCGC) and 
complementary to nucleotides 4860-4890 (AT
TCACTCCAGAGCGATGAAAACGTITCAG). The 
conditions for PCR were as follows: melting at 
94°C for 1 min, annealing at 55°C for 2 min, and 
extension at 72°C for I min. The reaction mix
ture contained 5% formamide (22,23), 50 mM 
KCI, 10 mM Tris (pH 9),0.1 % Triton X-I00, and 
1.5 mM MgC12 • These conditions maximize prod
uct yield and eliminate polymerase pausing on 
the imperfect inverted repeat template (data not 
shown). PCR products were resolved on a 5% 
polyacryamide gel (2% bis). Because inverted 
repeat sequences can cause PCR artifacts, the 
results were also confirmed by analysis of an AiuI 
digest of CsCI purified plasmid DNA. The AiuI 
fragment of pBR325 containing the EeaRI site is 
124 bp and the size of the insert is readily deter
mined from analysis on a 5 % polyacryamide gel 
(2% bis). Because the cloned sequence contains 
a PstI site, the integrity of the insert sequence was 
assayed by PstI digestion and resolution on a 2% 
agarose gel. Sequencing was carried out by label
ing the primer complementary to pBR325 nucle
otides 4860-4890 using [y_32p] ATP (Dupont
NEN, Boston, MA) and T4 polynucleotide kinase 
(GIBCO BRL). Plasmid was then used for chain 
termination sequencing (GIBCO BRL) followed 
by resolution on a 7% polyacrylamide gel con
taining 8 M urea (Promega, Madison, WI). The 
gel was dried and exposed to Kodak XAR film. 

To analyze growth rates of bacteria harbor
ing different mutations, purified pBR325 and 
mutant plasmid bearing bacteria strain DH5a 
were grown in 5 ml LB medium with Ampicillin 
(50 ILg/ml), tetracycline (25 ILg/ml), and chlor
amphenicol (25 ILg/ml). Aliquots of these cul
tures were placed in fresh, warmed media under 
identical selective pressure. Aliquots of bacteria 
were removed at timed intervals and OD650 was 
measured. 
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Table 1. Reversion rate and mutation type by bacterial strainQ 

Reversion 
Bacteria Genotype Rate (Xl0-9 ) Deletion Insertion Other Total 

[RR1 F-,gyrA96 16.3 ± 7.9 7 9 14 30 
HB101 F-,recA13,gyrA96 2.5 ± 3.7 4 21 3 28 

err 1 recA56 21.0 ± 27.7 22 23 5 50 
RS2 recA56,topAl0 40.8 ± 28.1 29 9 39 

"Bracketed strains are isogenic; the top strain of the pair is the parental strain and the bottom one is the mutant. A partial geno
type is included and the boldface lettering is used to accentuate difference from the parental strain. Each experiment was per
formed six times. The reversion rate is the average of the quotient of revertant divided by the number of viable bacteria. Stan
dard deviation is included. 

Results 
Assay of Mutagenic Potential 

To assay the mutagenic potential of the imperfect 
inverted repeat sequence from C lINH, a 44-bp 
inverted repeat sequence was inserted into the 
chloramphenicol acetyltransferase gene in the 
vector pBR325. This resulted in sensitivity to 
chloramphenicol and the mutant frequency was 
then quantitated by reversion to Cmf. Reversion 
to Cmf occurs when a frameshift mutation re
stores the reading frame within, or downstream 
of, the insert. Mutations that perpetuated a 
frameshift could not be detected. The mutant 
frequency was examined in several bacterial 
strains (Table I). The RS2 strain and its parental 
strain, JTTI, were used to determine whether 
enhanced negative superhelical tension in the 
plasmid (resulting from a mutation in topoisom
erase I) enhance the mutant frequency by in
creased inverted repeat extrusion into a cruci
form structure. Increased deletion of perfect 
inverted repeats in vivo with increased super
helical tension has been previously reported 
(7, 17). The RS2 strain is identical to the JTT I 
strain except for the mutation in the topoisom
erase I gene. The reversion frequency of the im
perfect inverted repeat was not significantly dif
ferent between the more negatively supercoiled 
strain RS2 (40.8 X 10-9 ) and JTTI (21 X 10-9 ) 

as assessed by Student's t-test. 
The mutant frequencies were also examined in 

strains HB I 0 I and RR I. These strains are isogenic 
except the RRI strain is recA + and thus recombi
nation proficient. The reversion rate for bacterial 
strain HB101 was 2.5 X 10-9 and 16 X 10-9 for 
RR I (Table I). These differences also failed to 
achieve statistical significance by Student's t-test. 

RecA protein and the human homolog RAD51 are 
crucial for cellular proliferation because of their 
pivotal role in recombinatorial repair of double
strand breaks. RecA polymerizes on single
stranded DNA and facilitates an ATP-dependant 
strand exchange reaction (24). Our results do not 
detect a significant change in reversion rate or mu
tation spectrum between cell lines that can or can
not express RecA. This insensitivity to RecA is also 
seen in perfect inverted repeats (25) and supports 
the hypothesis that inverted repeat facilitated mu
tagenesis does not require strand invasion. 

Analysis of Frameshift Mutations 

Mutant plasmid was purified by retransforma
tion into the bacterial strain DH5a. The trans
formed bacteria, harboring only the Cmf gene, 
were grown and analyzed by PCR. Figure 2A 
illustrates an example of the data obtained for 
plasmid in the bacterial strain JTTI. Frameshift 
mutations >5 bp were detected by a change in 
migration pattern from the expected 203 bp. All 
large deletions lost the Pstl site in the insert, and 
all small deletions or insertions maintained it 
(data not shown). Mutation types identified by 
PCR were subjected to plasmid isolation and re
striction digestion analysis to confirm that the 
mutations occurred in the revertant plasmid and 
not as a result of an artifact of the PCR caused by 
transient intra- or interstrand template switch
ing. Revertant plasmid was digested with Alul 
and resolved on a 5 % polyacrylamide gel. The 
fragment containing the BcoRI cloning site mi
grates at 124 bp and frameshift mutations can be 
identified by a change in migration pattern. 
Figure 2B is an example of such an analysis. The 
PCR and restriction analyses were always in 
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Fig. 2. A PCR-based strategy to detect deletions 
and insertions. (A) This representative gel identifies 
frameshift mutations in JTTI strain revertant clones. 
PCR products were resolved on a 5% polyacrylamide 
gel. Complete deletion (44 bp) results in a 160-bp 
fragment. Lanes 4, 5, 6, 9, 13, 14, and 16 have small 
frameshift mutations that are undetectable by this 
assay, while lanes 2, 10, 11, and 12 have large dele
tions and lanes L 7, 8, and 18 have insertions. 
Lanes 3, 15, and 17 illustrate short deletions. (B) 
Selected AZul digestions of revertant plasmid. Lane 1 
contains the 100 bp marker, lane 2 contains the 
original cloning vector pBR325, lane 3 contains 
pBRCINR, the original plasmid used for transforma
tion. Lane 4 contains plasmid with an insertion cor
responding in size to lane 1 in Figure 2a. Lane 5 
contains a deletion corresponding to lane 2 in 
Figure 2a. Lane 6 contains a frameshift mutation 
below the limit of detection of this assay, and lane 7 
contains a small deletion. The restriction digestion 
analysis agreed with the PCR results in every case. 

agreement. Table 1 lists the total number of de
letions, insertions, and short frameshift muta
tions for the four bacterial strains and correlates 

the integrity of the cloned sequence by restric
tion analysis. According to PCR product and re
striction endonuclease fragment size, large dele
tions and insertions were more abundant than 
undetectable frameshift mutations. 

Sequence Analysis 

To understand the precise frameshift mutations 
responsible for reversion of Cmr in the bacterial 
model, approximately half of the revertant 
clones were sequenced (n = 61) . We analyzed 
the mutations from the recA - bacteria to avoid 
any RecA-mediated recombination events. We 
analyzed 14 revertant clones from the HB 10 1, 12 
from RS2, and 35 from JTTI strains. The selec
tion criterion used to select plasmids for sequenc
ing was based on the detection of a frameshift 
mutation by electrophoresis. Several plasmids 
from each migration pattern were chosen and 
the rest were chosen from the undetectable 
frameshift mutant groups. The smallest deletion 
that can restore the reading frame is 2 bp and the 
inverted repeat sequence contains multiple po
tential sites in the sequence compatible with this 
sort of mutation. There were 58 detected dele
tions from revertant bacteria (n = 117). Of these, 
51 (88%) were approximately 40-bp deletions, 
compatible with a complete deletion of the in
sert. Sequence analysis of these large deletions 
revealed two overlapping deletion patterns with 
slightly different boundaries, as illustrated in 
Figure 3A. The first mutation in the figure (la
beled a) uses a 4-bp direct repeat (CATC) on 
which slip mispairing appears to occur. The sec
ond mutation (labeled b) appears to have utilized 
a single T. These mutation patterns represent all 
of the large deletions. The vector pBR325 has a 
unidirectional origin of replication; therefore, 
these frameshifts can be modeled as occurring on 
the lagging strand of the replication fork (see 
below). Because the selection criterion favored 
sequencing plasmids from the group of undetec
ted frameshift mutations, the number of deletion 
mutations per bacterial strain in Figure 3A ap
pears to be low. However, the plasmids that ap
peared to have a 40-bp deletion (labeled a and b) , 
4 in the RS2 strain and 6 in the JTTI strain, all 
had the same deletion, as depicted in the first 
mutation below the plasmid sequence in 
Figure 3A. Likewise, of the three selected HB 101 
clones that appeared to have a 40-bp deletion 
(labeled a and b), two had a mutation similar to 
the JTTI and RS2 mutations, and one had a 
similar deletion that was 2 bp larger. The larger 
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A 
Deletions: 

Bacterial Strain: 
RS2 HB10l JTTl 

CT'l'TlITTCACATTC'l"I'GCCCGCCTGATGMTGCTCATCCGGAATTCACAGA~GGC~CTCCGCCATCTC'I'GTG/U\TTCC 

".) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlITGCTClI TCTCTGTGlIlITTCC 4 
b.) CT'l'TlITTClIClITTCTTGCCCGCCTGlITGlIlITGCT TCTCTGTG1I1ITTCC 
C.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlIGCT GlICTGGGGTGGlIGGCGGCTGCAGCCTCCGCClITCTCTGTG1I1ITTCC 
d.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlITGCT AGlIGlIC'I'GGGGTGGlIGGGGCTGCAGCCTCCGCClITCTCTGTG1I1ITTCC 
•• ) CT'l'TATTClIClITTCTTGCCCGCCTGlITGlIlITGCTClITCCGGlIlITTClIClIGlIGlICTGGGGTGGAGGCGC GCClITCTCTGTG1I1ITTCC 
f.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlITGCTClITCCGGlIlITTClIClIGlIGlICTGGGGTGGAGGCGGCT ClITCTCTGTG1I1ITTCC 
\1.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlITGCTCATCCGGlIlITTClIClIGlIGACTGGGGTGGAGG'l'GGCT ClITCTCTGTG1I1ITTCC 

h.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGlIlITGCTCATCCGGlIlITTClIClIGAGACTGGGGTGGlIGGCG CGCClITCTCTGTG1I1ITTCC 
i.) CT'l'TlITTClIClITTCTTGCCCGCCTGlITGlIlITGCTCATCCGGlIATTClIClIGlIGACTGGGGTGGAGGCGG GCClITCTCTGTGAATTCC 
j . ) CT'l'TlITTClIClITTCTTGCCCGCCTGlITGlIlITGCTCATCCGGlIATTClIClIGAGACTGGGGTGGlIGGCGGCTGCAGCCTCC GClITTCC 
It.) CT'l'TATTClIClITTCTTGCCCGCCTGlITGlIlITGCTClITCCGG1I1ITTClIClIGAGACTGGGGTGGAGGCGG lITCTCTGTGAATTCC 
1 .) CT'l'TATTClIClITTCTTGCCCGCCTGlITGlIlITGCTCATC?GG1I1ITTClIClIGAGACTGGGGTGGAGGCGGCTGCAGCCTCCGCClITCTCTGTGlIlITTCC 
m.) CT'l'TATTCAClITTCTTGCCCGCCTGlITGlIlIT CT GACTGGGGTGGAGGCGGCTGCAGCCTCCGCClITCTCTGTGlIlITTCC 
n.) CT'l'TATTClIClITTC'l'TGCCCGCCTGlITGlIlITGCTCATC GGlIATTC ClIGlIGACTGGGGTGGAGGCGGCTGCAGCCTCCGCClITCTCTGTG1I1ITTCC 
0.) CT'l'TATTCAClITTCTTGCCCGCCTGlITGlIlITGCTClITCCGGlIATTC1IC1IG1IGACTGGGGTGGAGGCGGCTGClIGCCTCC ClITCTCTGTGAATTCC 1 
p.) CT'l'TlITTClIClITTC'l'TGCCCGCCTGlITGAATGCTCATCCGG1I1ITTC AGGCGGCTGCAGCCTCCGCCATCTCTGTGAATTCC 

B 
Insertions: 

2 
1 

6 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 

1 

Bacterial Strain: 
CTTTATTCACATTCTTGCCCGCCTGATGMTGCTCATCCOOAiTTcACAGAGJ(~GGC~CTCCGCCA~C RS2 HB10l JTTl 

~TGlIlITGCT~ 

CT'l'TlITTClICATTC'l'TGCCCGCC'l'GAGTAA~~TTCACAGAGACT=TGGAGGCGGCTGClIGCCTCCGCCATCTCTGTGAATTCC 2 
T 

CTTTlITTCACATTCTTGCCCGCCTGlITGlIlITGCTCATCCGGlIATTCACAGAGACT=TGGAGGCGGCTGClIGCCTCCGCCATCTCTGTGlIlI~C 2 

~TS>-
CTTTlITTCACATTCTTGCCCGCCTGATGAATGCTCATC~TTCACAGAGACTGGGGTGG1IGGCGGCTGCAGCCTCCGCCATCTCTGTGlIlITTCC 1 1 

CT'l'TATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGlIATTCACAGAGA=TGGAGGCGGCTGClIGCCTCC~CATCTCTGTGAATTCC 1 

~CTCA3>-
CT'l'TATTCACATTCTTGCCC=TGAATGCTCA~TTCACAGAGACTGGGGTGGAGGCGGCTGCAGCCTCCGCCATCTCTGTGAATTCC 1 

c 
Combination Insertion/Deletion: 

Bacterial Strain: 
CTITATTC1ICATTC'l'TGCCCGCCTGATGMTGCTCATCC~CAGA~~GGA~GCCTCCGCCA'l'C'I'CTGTGMTTcC RS2 HB10l JTTl 

~TTCTTGCCCGCCTGATGA1ITGCTCA 

CT'l'TATTCACA'l'TCTTGCCCGCCTGATGAATGCTCA TCTCTGTGAATTCC 1 

~ 
CTTTlITTCACATTCTTGCCCGCCTGATGAATGCTCATC TCTGTGAATTCC 1 

CTCC 

CT'l'TATTClICATTCTTGCCCGCCTGlITGAATGCTCATCCGGAATTCACAGAGACTGGGGTGGAGGCGGCTGCAGCCTCYocc TCTCTGTGAlITTCC 1 

CT'l'TlITTClICATTCTTGCCCGCCTGlITGlIlITGCTCATCGGlIATTC CAGAGACTGGGGTGGAGGCGGCTGCCAGCCTCCGCCATCTCTGTGAlITTCC 

Fig. 3. Sequence alignment of mutations. The 
top line is the sequence from plasmid pBRCINR in
cluding the 5' sequence and both EeaRI sites. (A) 
Deletions. The sequence from 38 bp 5' to the EeaRl 
site, the inserted sequence, and the 3' EeaR 1 site are 
illustrated. The restriction sites are identified by a 
line over the sequence. The inverted repeat is identi
fied by the opposing arrows above the sequence. 
Unpaired bases in the proposed stem-loop structure 
are white with a black background, and bases across 
from these unpaired bases are black with a gray 
background. The hairpin loop is boxed. Arrows are 
above the inverted repeat sequence. Deletions are 
aligned beneath by gaps in the sequence. The se
quences are referred to by the lowercase letters to 
the left of the sequences. To the right are the num
ber of times this was identified in the three bacterial 
strains. Because the clones selected for sequence 

were representative of mutation types and not every 
mutation event scored by reversion, this number is 
not indicative of the total number of times the event 
occurred. (B) Insertions. The sequence from 38 bp 5' 
to the EeaR 1 site, the inserted sequence, and the 3' 
EeaR 1 site are illustrated. The restriction sites are 
identified by a line over the sequence. The opposing 
arrows over the sequence depicts the inverted re
peat. Unpaired bases in the proposed stem-loop 
structure are white with a black background, and 
bases across from these unpaired bases are black 
with a gray background, while the hairpin loop is 
boxed. The insertions are depicted in black and their 
template is illustrated by gray background shading. 
(C) Complex mutations. The coding is the same as in 
A and B. The inserts are in black and the templated 
sequences have gray background shading, while the 
gaps represent deletions. 
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deletion endpoints as well as the smaller dele
tions map to sites that are, or are across from, 
mismatched base pairs or at the 5' BeoRI site. 

All of the insertion mutants larger than a 
single base pair involved the 5' BeoRI cloning site; 
these are illustrated in Figure 3B. Two of the 
inserts, a 19-bp and a 7 -bp tandem duplication, 
overlap. There is one complex insertion that 
templates twice from the sequence 5' to the 
BeoRI site (bottom of Fig. 3B). Taken together, 
these insertions are presumed to be due to the 
DNA polymerase pausing at the imperfect stem
loop structure and ratcheting on the template to 
produce the duplications. One mutation at the 3' 
BeoRI site is a + I frame shift derived from slip
page on thymidine. The G insertion at position 
4822 occurs at a site that would be mismatched 
in the extruded cruciform. Four complex muta
tions that involved both deletion and tandem 
duplication were also identified. The insertions 
occurred either in the sequence that would im
mediately precede the extruded stem-loop struc
ture or, in the case of the CTCC insertion, at a site 
corresponding to mismatched bases in the pro
posed stem-loop structure. 

Discussion 
Association of Mutation with the Stem-Loop 
Structure from Cl Inhibitor 

Inverted repeats have been shown to be muta
genic in bacterial systems and imperfect inverted 
repeat sequences are associated with human dis
ease (12). Mutations in the C 1 inhibitor gene 
lead to an identifiable phenotype (hereditary an
gioneurotic edema). Approximately 120 differ
ent mutations leading to this disease have been 
identified in separate kindred (2). Two of these 
mutations involve the inverted repeat studied 
here and exhibit a similar duplication and dele
tion size. The frequency of these large frameshift 
mutations in humans is similar to that in the 
bacteria. The 5' and 3' restriction recognition 
sequence (BeoRI) at the ends of the imperfect 
palindrome, which would be excellent direct re
peats for slipped mispairing, are involved less 
often in mutagenesis by slipped mispairing than 
by mutations involving the sequence of the 
stem-loop structure at sites of base mismatch in 
the extruded cruciform. This supports the hy
pothesis that the secondary structure is involved 
in mutagenesis and that the imperfect nature of 
the inverted repeat affects the mutation spec
trum. In a quantitative assay system using a hu-

man cell line (26), the reversion rate was similar 
to a bacterial system with a similar-sized inverted 
repeat (27). A nonpalindromic sequence in this 
human system failed to show reversion. These 
results are consistent with the hypothesis that 
inverted repeat sequences facilitate mutagenesis 
both in prokaryotic models and in humans. 

The clustering of these tandem duplications 
just prior to, and a deletion involving, the imper
fect inverted repeat in these experiments suggest 
that this sequence mechanistically contributes to 
mutagenesis. Some revertants revealed complex 
mutations that included both insertions and de
letions (Fig. 3C). The insertion site remained 5' 
to the imperfect inverted repeat, and the deletion 
segment involves the quasipalindrome at sites 
corresponding to stem-loop mismatched base 
pairs. These large deletions are similar in that 
they slip mispair on the CATC sequence found 
most frequently in the larger deletions. The in
sertions are 6 bp apart and again are tandem 
duplications. Both appear to slip mispair on an 
adenine residue. These complex mutations could 
be explained if the insertion mutations were fol
lowed by subsequent deletion mutations. 

Role of Stem-Loop Structures in Mutagenesis 

There are several possible ways cruciforms can be 
eliminated from the genome. Cruciforms could 
be involved in intra- or intermolecular recombi
nation (28), or they could be removed by Holli
day structure resolvase (3,29). A model can be 
drawn so that the cruciform formed in the lag
ging strand brings the 5' and 3' ends of the 
deletion in close proximity, enabling slipped mi
spairing to occur, ultimately leading to deletion 
(Fig. 4A). Slippage at the BeoRI restriction site 
during DNA replication could be predicted to 
mediate complete deletion; however, this was 
not identified in our studies. The partial deletion 
can be explained by slippage involving the "un
paired bubble" illustrated in Figure 4A. The first 
part of the cruciform would be melted down to 

the cluster of unpaired bases. If forward slippage 
occurred, followed by further replication, the de
letion could be explained. The mutation could 
then be fixed in the plasmid by a further round of 
replication that would result in one deletion and 
one unchanged plasmid. Precisely how the un
paired bases are involved is not yet clear. They 
may contribute simply by the helical distortion 
(30,31) or flexibility they induce, causing an un
favorable milieu for the DNA replication machin
ery. These sites may also be tagged by protein 
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binding, and the binding in some way induces 
mutation. 

Duplications can also arise as a result of cru
ciform formation in the lagging strand (Fig. 4B). 
The extruded cruciform, forming by intrastrand 
base-pairing before single-strand binding pro
teins (SSB) can coat the single-stranded DNA, 
may pose an impediment to polymerase translo
cation along the DNA template. This pause may 
provide time for partial melting of the template 
and copied strands, followed by slipped mispair
ing and reannealing. The second pass of the poly
merase would then successfully negotiate the 
cruciform and the mutation would be fixed in 
the plasmid population by another round of rep
lication. Because this is such a rare event, as 
judged by the reversion rate, we were unable to 
identify successive repeats where the inverted 
repeat caused cycled tandem duplications, which 
may be important in triplex repeat expansion 
(32); however, the combination of tandem inser
tion and deletion mutants in this study may in
dicate that after the insertion, the cruciform 
caused a second pausing followed by a forward 
instead of a backward slippage, resulting in a 
deletion. Only two of these mutations were iden
tified. 

Cellular Features Affecting Quasipalindrome
Associated Mutagenesis 

The bacterial reversion seen in these studies 
may be explained as a manifestation of adap
tive mutation (33-35). Perhaps some special 
mutagenic quality can be attributed to chlor
amphenicol; perhaps as protein synthesis 
wanes in the presence of chloramphenicol the 
nuclear protein kinetic alterations in the cell 
activates the mutagenic potential (36). Pro
teins involved in preventing alternative DNA 
structures from forming, such as SSB, may be 
reduced (37). In this setting, intrastrand du
plex structures would increase. These muta
tions then occur during replication attempts 
because of a reduction in a critical factor(s). 
The precise cause of the delay in identifying 
mutants is unclear and could potentially in
volve the interaction of the replication fork 
with transcription machinery (38,39). Studies 
with different mutations identified in this work 
do not support the notion that bacteria harbor
ing different types of mutations grow at signif
icantly different rates (data not shown). 

The quasipalindrome in these experiments ap
peared to direct the type of slipped mispairing in-

termediate and mutation. However, this effect did 
not change with an increase in superhelical ten
sion. This suggests that this quasipalindrome, be
cause of its imperfect nature, does not have suffi
cient energy to increase mutagenesis resulting in 
increased numbers of the same sort of deletion 
mutations. The unpaired bases may inhibit the in
trastrand annealing to form the complete duplex 
structure. We reason that the imperfect inverted 
repeat sequences affect mutations when it is in a 
single-stranded state, and superhelical density does 
not catalyze this type of mutation. (Alternatively, 
the increased superhelical tension may promote 
other mutations that do not restore Cmr and can
not be identified in this assay system.) The bacterial 
strain variability in insertions and deletions is not 
clearly understood; it may be a result of the low 
number of mutations. 

A model explaining this mutagenesis in
volves the lagging strand during DNA synthe
sis. The delay between duplex DNA melting 
and replication is longer on this strand. The 
fact that perfect palindromes exhibit an in
creased mutation rate under increased super
helical tension is perhaps because mutagenesis 
is also occurring in the leading strand. The 
increase in perfect palindrome mutagenesis in 
the RS2 strain may be due to the fact that the 
polymerase holoenzyme actually encounters 
an extruded cruciform instead of formation 
during DNA replication. This hypothesis would 
suggest that the balance between DNA replica
tion fidelity and mutagenesis is in part deter
mined by the kinetic balance between intra
strand secondary structure formation and loss 
of this potential by protein-DNA interaction. 
Imperfect palindromes, because of the imped
iment of intrastrand DNA duplex zippering by 
base mismatches, are predicted to be less of a 
mutagenic threat. 

In summary, the results of these studies 
support the hypothesis that the imperfect in
verted repeat sequence from the C 1 inhibitor 
gene reactive center promotes mutations, as 
seen in the reported kindreds with hereditary 
angioneurotic edema (1). The size of deletion 
and insertion mutations in this study using a 
bacterial model was quite similar to those re
ported in patients with hereditary angioneu
rotic edema. The mutation similarities in the 
bacterial model to those in patients suggests 
that this model may be useful in further defin
ing the precise mechanism of inverted repeat
mediated mutagenesis. 
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