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ABSTRACT
Slipped-strand mispairing (SSM) may play an major role in repetitive DNA se-

quence evolution by generating large numbers of short frameshift mutations within simple
tandem repeats. Here we examine the frequency and size spectrum of frameshifts gener-
ated within poly-CA/TG sequences inserted into bacteriophage M13 in Escherichia coli
hosts. The frequency of detectable frameshifts within a 40 bp tract of poly-CA/TG is
greater than one percent and increases more than linearly with length, being lower by a
factor of four in a 22 bp target sequence. The frequency increases more than 13-fold in
mutL and mutS host cells, suggesting that a high proportion of frameshift events are nor-
mally repaired by methyl-directed mismatch repair. Of the 87 sequenced frameshifts in
this study, 96% result from deletion or insertion of only one or two 2 bp repeat units.
The most frequent events are 2 bp deletions, 2 bp insertions, and 4 bp deletions, the rela-
tive frequencies of these events being about 18:6:1.

INTRODUCTION

Slipped-strand mispairing (SSM) has been widely invoked as a mechanism that can

readily generate short frameshift mutations. The mechanism involves mispairing of the

two strands of duplex DNA within short tandem repeats. When a mispaired duplex serves

as a primer for DNA synthesis, duplications or deletions may consequently occur (1-2).

Previous evidence for SSM has come primarily from (a) in vitro experiments using syn-

thetic polymers (1) and oligomers (3-9), (b) studies of spontaneous mutations in short tan-

dem repeats in bacterial genes (10-18), and (c) inferences derived from eukaryotic se-

quence data (19-28). The mechanism(s) of SSM and our views of its possible roles in the

evolution of repetitive sequences have been reviewed elsewhere (29).

Frameshifts produced by SSM are expected to exhibit the following characteristics:

(a) deletions and insertions should occur at high frequency only in repetitive regions; (b)

all size changes via SSM should involve deletion or duplication of an integral number of

discrete repeat units; (c) their size distribution should be biased towards the shortest

length compatible with mispairing (a single repeat unit), since mispairing involving mini-

mal relative displacement of the two complementary strands of DNA should be most

probable; and (d) the frequency of frameshifts should increase with the length of the

repetitive region.

Previous in vivo studies of mutations attributable to SSM have been limited to ge-

netic detection of frameshifts in fortuitous tandem repeats of bacterial genes. As a first

step to a more controlled examination of in vivo frameshift events, we have employed the
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well-known sequencing vector M13mpl8 borne by E. coli. We have developed a simple but

powerful procedure by which frameshift mutations in a variety of defined repetitive se-

quences can be rapidly screened and sequenced, similar to a procedure previously de-

scribed (31). This approach has the following advantages: (a) the length and sequence

composition of the tester sequence can be controlled and easily varied; (b) frequencies of

frameshift events can be readily determined; (c) representatives of various frameshift

events can be readily sequenced without any additional cloning steps; and (d) a variety of

mutations can be introduced into the host (E. coli) which may help in the identification of

the biochemical mechanisms involved.

In this report, we consider the frameshifts produced within tracts of poly-CA/TG,

a simple repeat that is widely distributed in the eukaryotic genome (23; 31-35).

MATERIALS AND METHODS

Bacterial Media and Strains

LB medium contains 1% bacto-tryptone (DIFCO), 0.5 % yeast extract (DIFCO) and

0.5% NaCl. LM medium contains 1% bacto-tryptone (DIFCO), 0.5 % yeast extract

(DIFCO), 0.06% NaCl and 0.25 % MgSO4 7H20 in glass distilled water. M9 plus BI mini-

mal medium is prepared by autoclaving 0.6 % Na2HPO4, 0.3 % KH2PO4, 0.05 % NaCl and

0.1 % NH4Cl in glass distilled water, cooling, adjusting the pH to 7.4, and then adding 0.2

% glucose, 1 % CaC12 and 0.002 % thiamine, from sterile stocks. SOC medium is prepared

by autoclaving 2% bacto-tryptone (DIFCO), 0.5 % yeast extract (DIFCO) and 0.05% NaCl

in glass distilled water, cooling and then adding 0.5% MgSO4 7H2O and 0.2% glucose from

sterile stocks. For bacterial plates, 1.5% and 0.7% Bacto Agar (Difco) were added to media

for bottom and top agar, respectively.

The reported genotype of E. coli strain JM109 is recAl, endAl, gyrA96, thi, hsdR17,

supE44, relAl, X -, A (lac-proAB), [F', traD36, proA+B+, laciq, Z A M15] (36). The expected

UV sensitive phenotype characteristic of recA- was confirmed in our strain by comparing

its UV sensitivity against that of known recA+ and recA strains.

Strains BMH 71-18, 71-18-mutL and 71-18-mutS were kindly provided by H. Fritz,

and share the following genotype: recA+, supE, thi, A(lac-proAB), [F', pro A+B+, laciq,
Z AM15] (37); in addition, mutator strains have TnOO (tetR) insertions in the mutL or

mutS gene.

Polv-CA/TG-Bearing M13 Vectors

A synthetic insert, containing a 40 bp (base pair) tract of poly-CA/TG, and

flanked by Bam HI linkers, was removed as a Bam HI fragment from another vector, p3'-

40, kindly provided by H. Hamada (38), and isolated from an 8% acrylamide gel. The in-

sert was ligated into the Bam HI site of Ml3mpl8 (36) by standard methods. This repeti-

tive sequence, beginning at the Bam HI site, is 5'...GATCCG (AC)20 CG...3'.

An 84 bp control sequence containing no repeats longer than 6 bp, and no stop

codons in any of the three reading frames, was obtained by adding Bam HI linkers (New

England Biolabs #1015) to a filled in Eco RI fragment obtained from a pUCl9 subclone

of a 55 bp Sal I/ Alu I fragment, derived from a rat kappa chain gene; this fragment be-

gins 5' to the JI gene and extends into the coding region [bases 138 to 192; reference (39)].

The complete 84 bp insert at the Bam HI site of M13mp9, confirmed by sequencing, is as
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follows:

5'...GATCCCCACAGCCAGACAATGGAGAACTACCACTGTGGTGGACGTTCGGTGGAG

GCACCAAGGGGTACCGAGCTCGAATTCGCG...3'

The resulting circular double-stranded Ml 3 plasmids were introduced into E. coli

by transformation, using a modified high-efficiency protocol from Hanahan (40); this

modification allowed screening and isolation of Ml 3-infected transformants as plaques

formed by slow-growing clones of infected cells. For each transformation, 250 ng of li-

gated construct DNA was added to transformation-competent cells. After the heat shock

and addition of SOC medium as per Hanahan (40), the transformed cell suspension was

plated out on small (100 x 15 mm) LM agar petri dishes by combining 100 to 500 ul of the

cell suspension with 2 ml SOC top agar plus 25 ul of 4% Xgal (5-bromo-4-chloro-3-indolyl-

beta-D-galactopyranoside) in fresh dimethylformamide, 10 ul IPTG (isopropyl-beta-D-

thiogalactoside; a beta-galactosidase inducer) from a 100 mM aqueous stock, and 50 ul of

a stationary phase cell suspension from an overnight 1.5 ml LB culture (always grown

from a colony taken from a fresh M9 plus Bl minimal medium agar petri dish). Follow-

ing overnight inpubation at 37 C, colonies of transformed cells that either expressed or

did not express the lacZ gene product were identified as blue or colorless plaques, respec-

tively. Plaques were characterized by nucleotide sequence analysis as described below.

Using this protocol, we have routinely obtained transformation efficiencies of 2 x

107 plaque-forming-units per ug of M13 vector DNA. Following transformation, a variety

of plaques with blue, light blue or colorless phenotypes were isolated. Subsequent se-

quence analysis showed that these phenotypes reflected a variety of mutations, including

several long deletions, that were apparently generated as a consequence of transfection;

previous studies have also reported high spontaneous mutation frequencies associated with

transfection (41). Following initial plaque purification, these sequence variants remained

relatively stable (except for the short frameshifts discussed below) during additional

plaque purifications and platings.

Nucleotide Seauencinl
Every mutated phage to be sequenced was isolated from a separate culture of a

phage that had been previously plaque purified and sequenced; this ensured that (a) the

nature of each size change could be unambiguously determined, and (b) each frameshift

was derived from an independent event. Phage were plaque purified by plating out at

low densities (approximately 50 plaques per small agar petri dish). Single plaques were

then picked with the small end of a sterile pasteur pipette, and grown overnight as stan-

dard 1.5 ml LB cultures on a rotating wheel at 37 C to stationary phase (addition of fresh

uninfected cells other than those in the small agar plug was unnecessary). Most of the

M13-containing supernatant was saved for nucleotide sequencing, but a 1:100 dilution in

TMG was also saved as an M13 stock for future infections (these are stable for at least

several months at 4 C). TMG contains 10 mM Tris pH 7.5, 10 mM MgSO4, and 0.1 %

gelatin.

Template preparation and sequencing by the dideoxy method were carried out as

per Sanger et al. (42). Up to 10 independent phage were sequenced per 50 x 100 cm se-

quencing gel (8% acrylamide).

Determination of Mutation Freauencies and Isolation of Mutants

1.5 ml LB cultures inoculated with single plaques and grown to stationary phase (as
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described in the above section) were used to determine the frequency of frameshift muta-

tions. Since our assay is based on a change in the phenotype of progeny derived from a

parent plaque, it is possible that heterogeneity of the original parent plaque could lead to

an overestimate of subsequent mutation frequencies. Such error was minimized by (a) use

of three separate parent plaques for each frequency determination, and (b) microscopic

examination of parent plaques for uniform color. Stationary phase M13 supernatants rou-

tinely provided titers of 3-5 x 1012 plaque-forming-units per ml of supernatant (excluding

tiny plaques less than 0.3 mm in diameter, which make up less than 10% of the total and

yield large plaques upon replating). A 1:100 dilution of each supernatant was saved as a

stock. Two more serial 1:100 dilutions yielded a 1:106 diluted suspension that was plated

for frequency analysis. For each large (150 x 15 mm) petri dish, 3 ul of this suspension

was preadsorbed (20 minutes at 37 C) by combining with 150 ul of a fresh overnight

stationary phase bacterial culture. For plating phage to be counted, the preadsorption

mixes were each mixed with 5 ml LB top agar (at 52-55 C) plus 75 ul Xgal and 30 ul

IPTG, and then poured onto large LB agar petri dishes and incubated overnight at 37 C.

This resulted in average plaque densities of 50 to 80 plaques per cm2 (excluding tiny

plaques).

Plaques were counted by placing the petri dish over a light box and superimposing

a 9 x 9 cm translucent film grid marked with columns 1 cm wide. Each column was

separately scored for the number of blue and colorless plaques, and the numbers were

separately recorded. Plaques to be isolated were picked with sterile pasteur pipets, and

grown as standard overnight 1.5 ml LB cultures as described above, then plated at low

density for plaque purification. Plating conditions (age of plates and length of incuba-

tion time) and counting method were standardized to ensure consistent detection efficien-

cies.

Statistical comparison of mutation frequencies was carried out using the Fisher

Exact Test, with a computer program kindly supplied by Dr. H. Tucker (Department of

Mathematics, University of California, Irvine).

RESULTS

Freauencv of Frameshifts in 40 bD CA/TG Repeat

The 40 bp poly-CA/TG sequence plus its flanking Bam HI linkers together com-

prise a 48 bp insert, which is a multiple of three and contains no stop codons; conse-

quently the alpha-complementing region of the lacZ gene, into which it is inserted, is

TABLE 1: FREQUENCY OF LAC+ TO LAC- MUTATIONS
IN 40 BP CA/TG TANDEM REPEAT

CLONE MUTANTS NUMBER LAC- FREQUENCY
SCREENED FREOUENCY PER-BP

#1 28 2240 1.2 x 10-2
#2 24 2230 1.1 x 10-
#3 28 2070 1.4 x 10-2

OVERALL: 80 6550 1.2 X 10-2 3.0x 10-4
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normally expressed, producing blue plaques when the infected bacteria are grown on

medium containing Xgal. Frameshifts in the sequence disrupt the reading frame of the

gene, resulting in colorless plaques easily distinguished from the blues for purposes of

counting and/or isolation. Colorless plaques will result from any frameshift in the repeti-

tive sequence, i.e. any size change that is n a multiple of 3 bp. Colorless plaques can

also result from mutations outside of the repetitive sequence, but the rates of these events

can be estimated from mutation rates in control phage.

The frequency of Lac- mutations for three phage containing the 40 bp repetitive

CA/TG insert is shown in Table 1. An average of 1.2% of tlh ilagues that were screened
disDlaved mutations from Lace+ Lae (blue to colorless).

To determine the frequency of Lac- mutations that are unrelated to the poly-

CA/TG insert in our experimental system, the Lac& frequencies of two types of control

phage were determined. Control A (Table 2A) consists of a phage containing an 84 bp in-

sert of known sequence that has no tandem repeats longer than 6 bp, while control B

(Table 2B) is a phage with no insert; both controls initially have a Lac+ phenotype. The

frequencies of Lac- mutations in these phage are 0.0089% and 0.02%, respectively; dif-

TABLE 2: LAC+ TO LAC- MUTATIONS IN CONTROL PHAGE

Table 2A
LAC+ TO LAC- FREQUENCY IN 84 BP NONREPETITIVE CONTROL

CLONE MUTANTS NUMBER LAC- CORRECTED
SCREENED FREQUENCY FREOUENCY

#1 0 23220 0
#2 1 20900 0.5 x 10
#3 1 17860 0.6 x 10-4

OVERALL: 2 61990 0.3 x 10-4 0.8 x 10 4

Table 23
LAC+ TO LAC- FREQUENCY WITH NO INSERT

CLONE MUTANTS NUMBER *LAC- CORRECTED
C INEID FRIUQHUENCY IUENCY

#1 1 9820 1 x 10-4
#2 0 10180 0
#3 1 9290 1 x 10-4

OVERALL: 2 29300 0.7 x 104 2 x 10-4l

Frequencies are approximate due to low number of Lac-
events in controls.
Plating density was increased to maximize number of
observed Lac- events; correction compensates for
underestimate of total plaques due to Lac+ overlap
at high density.
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FRAMESHIFTS IN 40 BP CA/TG TANDEM REPEAT

Lac+ to Lac Mutations

a0.9 -

o 15/19
- 0.8-i

ao 0.7-

a 0.6-

' 0.5-
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0

C 0.3-
0
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X 0.1 1/19
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Figure 1. Size distribution of frameshifts in nineteen colorless plaques representing inde-
pendent Lac+ to Lac& mutations within 40 bp poly-CA/TG sequences borne by M13, in E.
coli host strain JM109. The frequency distribution indicates the number and size of de-
tectable deletions and insertions that occurred. Lengths of frameshifts that could be de-
tected if they occurred are marked by asterisks; note that only even-length frameshifts
are actually found. Size changes that are multiples of 3 bp cannot be detected by any of
our screening procedure.

ferences between these values are not statistically significant [p = 0.39], and reflect the

small number of frameshift events in the controls. These frequencies are about 50-150

times lower than the frequencies obtained with the 40 bp poly-CA/TG insert (Table 1).

These results establish two points: first, they indicate that most of the events detected in

our experimental system (greater than 98%) involve the inserted sequence; and second,

they show that the high frequency of Lac- mutations is not an intrinsic property of all

inserts, but is characteristic of the poly-CA/TG tandem repeat.

Size Distribution of Mutations within the 40 bD CA/TG Repeat

To characterize the spectrum of mutations among the Lac& plaques, twenty colorless

plaques, each representing an independent mutation event, were sequenced. Nineteen of

the twenty involved frameshifts within the repetitive insert; one apparently resulted from

a mutation outside of the repetitive insert that was not characterized. The spectrum of

the nineteen frameshift mutations is shown in Figure 1. All of them involve one (18/19)

or two (1/19) discrete repeat units of CA/TG. Deletions of 2 bp (15/19) outnumber 2 bp

insertions (3/19) by a 5:1 ratio in this small sample.

Size Distribution of Lac- to Lac+ Mutations in 44 bD CA/TG ReDeat

Since only a small minority of the frameshifts in our first sample were insertions,

we increased our ability to detect insertions by using a phage containing a 44 bp poly-

CA/TG sequence (one of the mutants derived from the 40 bp insert, described above) and

a total insert length of 52 bp. This insert normally generates a colorless plaque phenotype

because it is 1 bp out of the correct reading frame. Expression of the lacZ gene, detect-
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FRAMESHIFTS IN 44 BP CA/TG TANDEM REPEAT

Lac (+1 bp) to Lac+ Mutations

1

0o.8 16/20

; 0.7-

0.6

a 0.5

%.4 0.4-
0

0 0.3-
0

0o.1- 2/20 2/20

0 ,P - m
-5 -4 -5 -2 -1* 0 +1 +2+ +4 +s6 +7 +8 +9

Deletions (bp) Insertions (bp)

Figure 2. Size distribution of frameshifts in twenty blue plaques representing indepen-

dent Lac- (+1 bp) to Lac+ mutations within 44 bp poly-CA/TG. Other notations as in
Fig 1.

able as blue plaque color, will occur only with subsequent frameshifts that restore the

correct reading frame, limiting detection to insertions of 2,5,8,1l,...(3n + 2) bp and dele-

tions of l,4,7,10,...(3n - 1) bp; 2 bp deletions, the most common events in the 40 bp insert,

are therefore not detected with this selection scheme.

We sampled twenty independent Lac+ mutation events, and the spectrum of de-

tectable mutations in these phage (blue plaques) is shown in Figure 2. As was the case for

40 bp sequence, the large majority of size changes in the 44 bp sequence (16/20) involve a

single repeat unit; the remaining 4 events involve two or four repeat units, i.e. four or

eight bp.

Relative Freauencies of Deletions and Insertions in Large Samnlles
Because the 44 bp sequence does not permit detection of 2 bp deletions, comparison

of the frequencies of frameshift mutants in populations of phage containing the 40 bp

and 44 bp poly-CA/TG inserts (Tables 1 and 3) allowed us to estimate the relative fre-

quencies of deletions and insertions of 2 bp in large-sample frequency studies. Overall

frequencies of Lac& to Lac+ mutations were determined in three large samples of popula-

tions of phage bearing 44 bp poly-CA/TG inserts (Table 3), and indicate that an average

of 0.4% of the plaques screened underwent Lac& to Lac+ mutation events.

Our sequence data indicate that the majority of detectable frameshifts involve 2

bp deletions in phage populations bearing the 40 bp insert (15/19), and 2 bp insertions in

those bearing the 44 bp insert (16/20; see Fig. I and 2). Since the results in Table 2 show

that the contribution of mutations not involving the repetitive sequences is negligible, we

can simplify the problem by assuming that the large-sample mutation frequencies in Ta-

bles I and 3 reflect primarily the frequencies of 2 bp deletions and 2 bp insertions, re-

spectively. Under this assumption, the ratio of 2 bp deletions to insertions is 3:1 (1.2:0.4).
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TABLE 3: FREQUENCY OF LAC- (+1 bp) TO LAC+ MUTATIONS
IN 44 BP CA/TG TANDEM REPEAT

CLONE MUTANTS NUMBER LAC+ FREQUENCY
SCREENED FREQUENCY PER-BP

#1 10 2650 0.4 x 10-2
#2 16 2750 0.6 x 10-2
#3 9 2360 0.4 x 10-2

OVERALL: 35 7760 0.5 x 10-2 1.0x10x 4

This large-sample ratio is not very different from the 5:1 ratio estimated from the small-

sample data in Figure 1.

Effect of Repetitive-Tract Length on Frameshift Freauencv

To assess effects of repetitive-tract length on frameshift frequency, we determined

mutation frequencies in a shorter (22 bp) poly-CA/TG tract by the same counting method

described for 40 bp tracts (this clone was one of several variants isolated from the origi-

nal transformation). The spectrum of common frameshift mutations in the 22 bp repeat

was also examined by sequencing twenty-four independent mutant phage, and is shown in

Figure 3. All of the frameshifts sampled involved deletions or insertions within the 22 bp

repetitive sequence. Of these, 21 were 2 bp deletions and 3 were 2 bp insertions. Thus,

the spectrum of frameshifts and the excess of deletions over insertions in the 22 bp

CA/TG insert are similar to those observed in the 40 bp insert. (Although the ratio of

21:3 is higher than that of 15:3, this difference is not statistically significant [p = 0.79]).

FRAMESHIFTS IN 22 BP CA/TG TANDEM REPEAT

Lac+ to Lac Mutations

e 0.9- 21/24
0

0
0.8

t 0.7-

Cr0.5 -

4-

0.4-

0

a 0.3

0

0.2 3/24

A, 0.1

-5*-4* -3 -2*-1* 0 +1* +2* +3 +4 +5* +6 +7* +8* +9

Deletions (bp) Insertions (bp)

Figure 3. Size distribution of frameshifts in twenty-four colorless plaques representing
independent Lac+ to Lac- mutations within 22 bp poly-CA/TG. Other notations as in
Fig 1.
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TABLE 4: FREQUENCY OF LAC+ TO LAC- MUTATIONS
IN 22 BP CA/TG TANDEM REPEAT

CLONE MUTANTS NUMBER LAC FREQUENCY
SCREENED FREOUENCY PER-BP

#1 10 3060 0.3 x 10-2
#2 13 3510 0.4 x 10i2
#3 2 2400 0.1 x 10-2

OVERALL: 25 8970 0.3 x 10 2 1.3 x 10 4

Frameshift frequency data for large populations of phage bearing the 22 bp insert

are shown in Table 4. Since we wished to determine the effect of overall tract length on

frequencies of mutations per-bn of repetitive secuence, comparisons were obtained by di-

viding frequency values by repetitive tract lengths, which has been done in the right-most

column. The 22 bp poly CA/TG tract displays a per-bp mutation frequency of 1.3 x 10-

and our sequence data show that most or all of these are due to frameshifts in the repeti-

tive tract itself. The data therefore indicate that shortening the repetitive insert from 40

bp (data from Table 1) to 22 bp reduces the =-ha mutation frequency by a factor of

about 2.4, a difference that is statistically significant [p < 0.05]. Possible reasons why the

frequency per unit length could depend on the overall repetitive tract length are consid-

ered in the Discussion.

Role of Methyl-Directed Mismatch Repair

Mutations within DNA carried by E. coli hosts are subject to repair by a variety of

mechanisms, and it is clearly of interest to determine what proportion of frameshift

events are normally corrected by such mechanisms. To begin studying this question, we

examined mutation frequencies in mutL and mutS strains, which are deficient for methyl-

directed mismatch repair, a major pathway for correction of replication errors (43-46). A

recent study (47) has shown that methyl-directed mismatch repair in E. coli can efficiently

repair single unpaired bases due to frameshift mutations in newly synthesized DNA

strands. To examine whether frameshifts of two or more bases in CA/TG repeats are sub-

ject to such repair, we compared large-sample frameshift frequencies in mutL and mutS

hosts to those of isogenic mut+ controls. To eliminate detection of point mutations, only

frameshifts causing reversion to the Lac+ phenotype were analyzed. Separate analysis of

mutations that restored the Lac+ phenotype in 42 bp and 38 bp CA/TG tracts allowed

separate determination of frequencies of frameshifts of 3n -2 (or 3n +1) and 3n + 2 (or

3n -1) nucleotides, respectively. These data are shown in Tables 5A and 5B, respectively.

The total detectable frameshift frequencies (obtained by adding the corresponding values

from Tables 5A and 5B) show increases in frameshift freauencv of over one order of

magnitude (La-fold and 14-fold for mutL and mutS resmectivelv), when comparing the

mutator strains to mut+. These data suggest that over 90% of detectable frameshifts are

normally corrected by methyl-directed mismatch repair.

The spectra of common frameshift mutations in the mutL host are shown in Fig-

ures 4 and 5. Sequences of 24 independent mutations in mutL hosts show that the size dis-

tribution of frequent frameshift mutations in mutL hosts is generally similar to that ob-

served in 40-44 bp inserts borne by the standard JM109 host, which is mut+ (Figures I and
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TABLE 5: EFFECT OF mutL and mutS
ON DETECTABLE FRAMESHIFT FREQUENCY

Lac& (+2 bp) to
Table 5A

Lac+ Mutations in 42 bp CA/TG

STRAIN CLONE MUTANTS NUMBER LAC+
SCREENED FREQUENCY

71-18 mutL #1 692 6720 10.3 x 10-2
#2 1467 11600 12.6 x 10-2
#3 889 6000 14.8 x 10-2

OVERALL 3048 24320 12.5 x 10-2

71-18 mutS #1 831 6960 11.9 x 1o-2
#2 947 8080 11.7 x 10-2
#3 835 5440 15.3 x 10-2

OVERALL 2613 20480 12.8 x 10-2

71-18 mut+ #1 72 10480 0.7 x 10-2
#2 63 7840 0.8 x 10-2
#3 63 6400 .0 x 10-2

OVERALL 198 24720 0.8 x 10-2

Table 5B

Lac- (+1 bp) to Lac+ Mutations in 38 bp CA/TG

STRAIN CLONE MUTANTS NUMBER LAC+
SCREENED FREQUENCY

71-18 mutL #1 204 9520 2.1 x 1o 2

#2 157 7520 2.1 x 10-2
#3 175 7680 2.3 x 10-2

OVERALL 536 24720 2.2 x 10-2

71-18 mutS #1 277 8320 3.3 x 1 -2

#2 109 3760 2.9 x 1°-2
#3 186 8320 2.2 x 10-

OVERALL 572 20400 2.8 x 10-2

71-18 mut+ #1 15 3440 0.4 x 10-2
#2 22 7520 0.3 x 10-2
#3 13 7440 0.2 x 10-2

OVERALL 50 18400 0.3 x 10-2
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FRAMESHIFTS IN 42 BP CA/TG TANDEM REPEAT
mutL Bacterial Host

// Lac- (+2 bp) to Lac+ Mutations
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Figure 4. Size distribution of frameshifts in twelve blue plaques representing independent
Lac- (+2 bp) to Lac+ mutations within 42 bp poly-CA/TG, borne by mutL bacterial hosts.
A single large deletion of 20 bp is indicated. Other notations as in Fig 1.

2). Assuming that the fractions of 2 bp deletions and insertions in the 24 sequenced

clones are similar in the larger samples used for frequency studies (see above), the data

show that the absence of methyl-directed mismatch repair does not appreciably alter the

FRAMESHIFTS IN 38 BP CA/TG TANDEM REPEAT
mutL Bacterial Host

Lac- (+1 bp) to Lac+Mutations

5
V
0
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0.52 5/12 I
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-5 -4* -3 -2-I 0 +1 +2* +3+4 +5* +6 +7 +8* +9

Deletions (bp) Insertions (bp)

Figure 5. Size distribution of frameshifts in twelve blue plaques representing independent
Lac- (+1 bp) to Lac+ mutations within 38 bp poly-CA/TG, borne by mutL bacterial hosts.
Other notation as in Fig 1.
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relative proportions of deletions versus insertions, since 2 bp deletions still greatly out-

number 2 bp insertions as well as longer deletions. [The 5:7 ratio of 4 bp deletions to 2 bp

insertions in the mutL strain (Figure 5) is appreciably higher than the 2:16 ratio in the

wild-type (Figure 2), although this difference falls short of statistical significance at the

.05 level [p = 0.07]. However, if this difference does turn out to be meaningful, it would

suggest that short deletions are repaired more efficiently than short insertions in this sys-

tem by methyl-directed repair].

DISCUSSION

Frameshifts in Long CA/TG Repeats are Consistent with SSM

In this study, we have shown that frameshift mutations in our experimental system

exhibit four characteristics that would be expected if they are generated by a slipped-

strand mispairing mechanism.

First, deletions and insertions occur at high frequency only in repetitive regions.

We have observed very high frequencies of frameshifts within long poly-CA/TG se-

quences borne by an M13 vector in E. coli hosts, in excess of 1%, while control phage bear-

ing a nonrepetitive sequence failed to exhibit this high frameshift frequency. The high

frequencies we observed in the long CA/TG tracts are an extreme example of a feature

common to a variety of simple repeats found in bacterial chromosomes, since a number of

previous investigations (10-18) of much shorter runs (four to twelve bases) of other short

repeat units (one or four bases) also found frameshift frequencies far in excess of fre-

quencies of other types of mutation such as base substitutions (48). It therefore appears

likely that our observed frameshift frequency is a characteristic of replication of this

CA/TG repeat in E. coli, and is probably not peculiar to M13 replication.

Second, all of the 87 sequenced frameshifts in the CA/TG repeats that we have ex-

amined involve deletion or duplication of an integral number of repeat units (i.e. 2 bp).

Although our selection scheme is potentially capable of detecting, for example, 1 bp and 5

bp size changes, as well as insertions other than CA/TG, no such events were found

among any of the sequenced clones.

Third, the size distribution of frameshifts is strongly biased towards a single re-

peat unit, the shortest length compatible with mispairing. Of the 87 sequenced

frameshifts in this study, 76 (87%) resulted from deletion or insertion of a single repeat

unit; those involving deletion of only two repeat units accounted for an additional 9%,

and the remainder included less than 4% of the total.

Fourth, the frameshift frequency clearly depends on the length of the repetitive

region. The greater than 2-fold decrease in the frameshift frequency per unit length in
the 22 bp CA/TG tract compared with that observed in the 40 bp tract suggests that

longer tracts are more permissive for frameshift events than shorter ones. Previous stud-

ies of frameshifts in short poly-A runs in bacterial genes showed an even more dramatic

length dependence for shorter tracts: decreasing the length of [A]5 or [A]6 by a single bp
decreased the frameshift frequency by more than 10-fold (14).

This length effect may be at least partially understood by considering the structure

of the mispaired intermediate assumed to be required for SSM (see reference [29]), which

consists of a mispaired (although not mismatched) central element limited by unpaired
regions on either side. If, for example, mispairing of ten repeat units is critical to the
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stability of the structure, one can align this overall region of length 20 (ten 2 bp repeat

units) in only two different base-paired registers along a total repeat length of 22 ([22-

20/2 + 1), but in eleven different registers along a repeat length of 40 ([40-201/2 + 1). If

SSM is limited mainly by the stability of this structure, then the overall frequency of SSM

in the 40 bp region should be 5.5 times greater than that in the 22 bp one ( 11/2).

Dividing this value by 1.8 (i.e. 40/22) yields a frequency per unit length 3.0 times higher

for the 40 bp length than for 22 bp. Since this is only slightly higher than the actual

value we obtained (namely 2.4), this simple analysis suggests that availability of up to ten

two-base repeat units for mispairing may contribute substantially to the stability of the

structure, but additional pairing does not. (If the optimum length for a stable SSM

intermediate is large compared to the length of the repetitive sequence in which it is to

occur, then length-dependency for the frequency of frameshifts should be even more

extreme; this could explain the greater than 10-fold differcnces seen in the work of

Streisinger and Owen (14) referred to above, since they were studying much shorter

stretches of single-base repeats.)

Although this analysis is highly speculative, more detailed studics with the system

we have used could potentially shed considerable light on this qucstion. Other explana-

tions could also account for the greater-than-linear increase of frameshift frequency with

length. One possibility is that in longer tracts, a larger number of the transitory single-

stranded domains that characterize such repetitive regions (49-53) might be able to ufusew

into longer denatured regions that could be more pronc to subsequent mispairing.

In summary, our results are consistent with the four characteristics expected of a

slipped-strand mispairing mechanism, and we consider it likely that the frameshifts ob-

served in this model system are consequences thereof. The high frameshift frequencies

observed in this model system suggest that, at least in repetitive regions, SSM may play a

major role in DNA sequence evolution (23, 29).

Methyl-Directed Repair Corrects Most Frameshifts

In our system, absence of methyl-directed mismatch repair (in mutL and mutS mu-

tator strains) increases the frameshift frequency by over 13-fold, indicating that this re-

pair pathway effectively corrects over 90% of occurring frameshifts. Our frequency and

sequence data indicate that deletions and insertions in the CA/TG tracts are both subject

to a high efficiency of repair by this pathway in our experimental system (although there

is a suggestion that deletions may be corrected more efficiently than insertions). Since

strand discrimination by the methyl-directed mismatch repair pathway is based on tran-

sient undermethylation of the newly synthesized strand during DNA replication (37; 43-

47), the dramatic increase in frameshift frequency in these mutator strains is consistent
with the notion that most CA/TG deletions and insertions occurred during DNA replica-

tion, in accord with earlier suggestions (5; 15). However, it is possible that mutations
could also occur at other times during the cell cycle -- i.e. as a consequence of DNA syn-

thesis during repair -- and, as has been suggested (20; 29), that repair mechanisms might

play a role in the angratig n of certain frameshift cvents as well as in their correction.

Negllgible Role of Recombination
There are several rcasons for believing that M13 recombination events (54-56), in-

cluding unequal crossovers, do aQt contribute significantly to our results. One is that the

JM109 host carries the recA- mutation which is known to dramatically reduce the fre-

quency of homologous recombination (57-60), although it does not completely abolish all
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recombination events (61). In addition, since the 71-18 mutt strain is recA+, the fact that

combined frameshift frequencies in the 38 and 42 bp CA/TG sequences were almost iden-

tical to those obtained in JM109 hosts with the 40 bp repeat (1.1% vs. 1.2%) indicates that

recA-mediated recombination does noi contribute substantially to frameshift frequencies

in this system.

Another reason is that the sample of frameshifts sequenced (Figures 1-5) contained

only very short deletions and insertions (with the exception of a single large deletion), a

pattern that is at odds with the far broader spectrum of deletion or insertion lengths ex-

pected from double-crossover events (62).

Hence, we consider it unlikely that recombination has contributed significantly to

our data. Although there are reports that simple repetitive tracts may be "hotspots' for

unequal crossing over (63), gene conversion (25) and illegitimate recombination (21) in eu-

karyotes, there is no reason to think that these mechanisms should apply to this model

prokaryotic system.

Relative Freauencies of Deletions and Insertions

From frequency and sequence data, we have estimated that about three quarters of

all 2 bp frameshifts are deletions while one quarter are 2 bp insertions, in the 40-44 bp

poly CA/TG tracts carried by the prokaryotic tester strain. Equal or greater proportions

of deletions were observed in phage that either bore the shorter insert or that were car-

ried by mutator hosts. A similar bias towards deletions has been reported in frameshifts

occurring in shorter tandem repeats, and has been predicted on thermodynamic grounds

(14). However, a bias towards frameshifting insertions rather than deletions has been re-

ported in the case of a tandem repeat of CTGG (10), while induction of frameshifts at

other simple repeats has revealed some sites that favor insertions and others that favor

deletions (14; 64). The ratio of deletions to insertions may therefore be a complex se-

quence-dependent phenomenon.

A general bias towards deletions is not unexpected in prokaryotic cells, since rapid

cell division would be hindered by the presence of excess DNA in the genome; it may

therefore be to prokaryotes' selective advantage to producc or tolerate insertions less often

than deletions, and the genetic apparatus of these organisms may have evolved accord-

ingly because of selective pressure against an increase in genome size. Clearly, additional

studies are needed, since most prokaryotic studies have been limited to a small number of

loci in lab strains of Escherichia and Salmonella.

In eukaryotes, the relative frequencies and size spectra of deletion and insertion

events is an open question of considerable importance with respect to DNA sequence

evolution. In any case, it is clear that the rate of accumulation of tandem repeats in a

given organism will depend not only on the proportion of deletions and insertions that are

produced, but also on other factors including repair and natural selection (23; 29). It may

depend on stochastic factors as well, since simple repeats with no apparent function have

appeared in a broad range of distantly related taxa; this has previously resulted in the er-

roneous assumption of homology based on hybridization experiments (see reference [65]).

The role played by SSM in DNA sequence evolution is a complex question. In this

context, the significance of the present study is two-fold: first, it describes a method by

which defined sequences can be analyzed in a systematic fashion; and second, it demon-

strates that frameshift mutations in repetitive sequences may occur at extremely high fre-

quencies in vivo, frequencies -that are very sensitive to repeat tract length. SSM may there-
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fore constitute an important source of genetic variation, whose ultimate evolutionary fate

will depend upon a variety of forces that remain to be described.
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