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ABSTRACT

We report here on a study of a mutator gene (mutS) that causes transition
mutations in Escherichia coli. We have used the trpA system to show that
A:T—G:C and G:C—A:T transitions occur. Not all A:T pairs are equally
susceptible to mutS action however, since the A:T pair at the trpA223 site
reverts at a frequency similar to, if not identical with, the frequency in a mui+
background. Presumably this is a consequence of neighboring bases, because
other A: T pairs are reverted by mutS in the same gene; and an A: T pair in the
lac operon is reverted at two widely separated points on the chromosome, and
in two orientations relative to the ¢rp sense strand. In addition, we have shown
that the muzS1 allele is recessive to wild type, and trans active.

THE appearance of new mutants in a population is an essential part of the

evolution of a species. How new mutants arise is poorly understood, but there
are growing experimental data to suggest that many, if not all, spontaneous muta-
tions arise as errors in DNA replication, recombination or repair (SPEYER,
KaraM and LENNY 1966; DRAKE et al. 1969; Cox 1970; Wirkin 1969; GREEN
1970; voN BorsTEL, CAIN and STEINBERG 1971). These studies have shown that
the mutation rates in T4, Escherichia coli and Drosophila melanogaster are under
direct genetic control, since mutations in several different genes increase (T4,
E. coli, Drosophila, yeast) or decrease (T4) the spontaneous mutant frequency.
Additional evidence supporting the idea that mutation rates are controlled by
the cell comes from studies of D. melanogaster populations isolated from various
regions (Proucr 1941; Ives 1950; WarrLace 1970), where a range of mutation
rates between populations has been observed for the first, second and third
chromosomes.

The molecular basis for increased or decreased mutation rates is not presently
known. The most complete data show that a mutant DNA polymerase directly
controls mutation rate in T4: Some alleles act as mutator genes (SPEYER ef al.
1966; DRAKE et al. 1969), others an antimutator genes (DrakE et al. 1969).
How the polymerase is involved in control of mutation rate has not been deter-
mined, but these studies make it clear that the wild-type rate in T4 is not the
realizable minimum, again showing that mutation rate can be adjusted. In E. coli
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the data are not as complete, but a mutator gene that increases A:T—>C:G trans-
versions (Yanorsky, Cox and Horw 1966) is active only during DNA replication
(Cox 1970). Other systems are more poorly defined, but available evidence
suggests that the known properties of the T4 and E. coli systems apply to yeast
(voN BorstEL et al. 1971) and Drosophila (Green 1970), since mutation rates
In yeast increase in repair defective strains (voN BorsTeL ef al. 1971), and there
is a D. melanogaster mutator stock that is active in females only (Green 1970).
This latter observation suggests that recombination is one point at which Dro-
sophila can control mutation rate.

In this paper we report on a genetic study of the E. coli mutator gene (mutS1)
isolated by Siecer and Bryson (1964). These authors showed that 2-amino-
purine increased the reversion frequency of mutS7 induced auxotrophs. They
inferred from this observation that the mutS? allele caused transition mutations,
an inference based on the well documented action of 2-aminopurine in E. coli
and T4 (Drage 1970). We have examined this question in more detail with the
trpA system (YanNorsky, ITo and Horn 1966) and show here that the mutS?
allele is specific for transition mutations, in agreement with Siecer and Bryson
(1967). However, we have found that not all A:T pairs are equally susceptible,
and conclude that nearest neighbors can influence mutant frequency in this
strain. In addition, we have mapped the gene more accurately and have shown
that it is recessive in merodiploids, and zrans active.

MATERIALS AND METHODS

Bacteria: The relevant characteristics of all strains are given in Table 1. Unless noted other-
wise, all mut+ and muzS! stocks whose mutation frequencies are compared are Cys+ co-
transductants isolated from the same cross.

Media: VB medium is the minimal salts medium of Vocer and BoNNEr (1956); M63 is that
of ParpeE, Jacos and MoNop (1959). Minimal plates consist of minimal medium solidified with
1.59%, agar and supplemented with 0.29% carbon source. TZ plates are tetrazolium indicator plates
(OmLssoN, Stricint and BEckwiTh 1968) supplemented with 0.49 sugar; MC plates are Mac-
Conkey’s plates prepared according to the manufacturer (Difco) and supplemented with 0.49
sugar. Tryptone broth is 1% “Bacte” tryptone and 0.5% NaCl in distilled water; tryptone plates
consist of tryptone broth solidified with 1.29, agar. H broth contains 100 ug/ml acridine orange
and is described by Hirora (1960). All amino acid and vitamin supplemented minimal plates or
cultures contained 50 ug/ml of the r.-amino acid and 1 pg/ml of the vitamin. Azide, streptomycin,

TABLE 1

Bacterial strains used

Mut Relevant phenotypic characteristics*
Strain genotype Lys Arg Cys Trp Prd Lac Spc Sm Sex Other characteristicst
KD1001 - — — -+ -+ — -+ R S F- su°for UAG, UAA,
UGA A.L. Tayror
KD1002 S/ —~ — 4+ + — 4+ R S F-
KD1013 -+ _ = = 4+ 4+ 4+ R S F- Grows on 0.29 pro-

panediol (Wu, CHUSED
and Lin 1967)
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TABLE 1-—(Continued)

Mut : Relevant pheno ic characteristics® : =
Strain genotype Lys Arg Cys Lac Spc Sm Sex Other characteristicst
KDt1016  Sf _ - 4+ 4+ 4+ + R F-
KD3001 + — — — del — + R S F- ¢80 uvir/colE selection
: on KD1001
KD3002 St — — 4+ del — 4+ R S F-
KD3003 + — — 4+ del — + R § F-
KD3017 51 — — + +~ + 4+ R § F -
KD4000 -+ -+ + 4+ 4+ — del/— S R F+ lacdel/$80dlacU118
(SreNER and BECEWITH
1966; NewTon et al.
1965)
KD4002 St -+ + + 4+ — del/— S R F+ lacdel/ ¢80dHlacU1 18
KD4003 -+ 4+ + 4+ 4+ — del/— S R Ft lacdel/$80dlacU118
KD4032  S§f -+ + 4+ 4+ — del/— S R Ft+ lacdel/¢80dlacU118
KD4033 + +  + + 4+ — del/— S R Ft lacdel/$80dlacU118
KD5025 S1 -+ + 4+ + + del/— S R Ft  lacdel/¢80dylacX90
KD5026 -+ + 4+ + 4+ 4+ del/— S R F+  lacdel/$80dlacX90
KD5032 87 + 4+ 4+ 4+ + del/— S R Ft+ lacdel/$80dlacX 90
KD5033 -+ -+ + + 4+ 4+ del/— S R F+  lacdel/¢80d;lacX50
265,288 -+ — — 4+ —  — del/— S R Ft lacdel/$80dlacX90
398,402 S1 — — 4+  — — del/—~ S R Ft lacdel/¢80d;lacX90
229,230 - — — 4+ —  — del/— S R Ft+ lacdel/$80d;lacX 0
245,252 S1 — — 4+ —  — del/— S R Ft lacdel/¢80d;lacX90
KD10o1/
F143 +/+ —/+—/++/+ + +/— + S R F
KD1002/
¥4  st/+ —/+—/++/+ + +/— + S R F
KL16-99 - + 4+ 4+ 4+ — 4+ § S Hir recA?;B.Low
KD3010 -+ —_ — 4+ — — del/— R § F trpA46, F'lacX 90
KD3011 S1 — — 4+ — — de/— R S W trpA46, F'lacX 90
KD3012 -+ —_ — 4+ — — del/— R S ¥ trpA223, ¥'lacX90
KD3013 S1 —_ - 4+ — — del/— R S F trpA223, F'lacX 90
KD4041 + - - 4+ - —- — R S F- lacX 90 trpA223
KD4042  S7 - = 4+ - - — R S F- lacX 90 trpA223
trpA strains Yaworsky et al. 1966a,b
MX74 -+ + + 4+ 4+ — del S R F- lac del
MX90 -+ 4+ + + - — S R F- lacX90
Mo + + + + 4+ - 4+ S R F-

* Abbreviations: Lys, lysine; Arg, arginine; Cys, cysteine; Trp, tryptophan; Prd, propanediol;
Lac, lactose; Spe, spectinomycin; Sm, streptomycin; -, mdependence when used with an amino
a<:1d non-mutator when used to describe a mutator phenotype, ability to ferment when used with
a sugar; —, dependence when used with an amino acid, mutator when used to describe a mutator
phenotype 1nab111ty to ferment when used with a sugar; R, resistance to a phage or drug; S,
sensitivity to a phage or drug; del, a deletion of the character su®, lack of ability to suppress
amber, ochre and opal mutants of T4 rll; —/-}, mutant allele on the endogenote, wild type on
the exogenote; del/—, deletion on the endogenote, mutant allele on the exogenote; St/ -, mutator
allele on the endogenote wild-type on the exogenote.

+ In this column additional pertinent genotypes or phenotypes are recorded, with reference to
the strain source if it was not constructed in this laboratory. KD1001 is an acridine orange cured
F- derivative of AT713, originally received from A. L. Tavror. Other strains, with the exception
of the KD5000 series, KL1 6-99, MX74, MX90 and Mo are descendants of KD1001, prepared by
P1 and Hfr crosses or, in the case of KD1013, by nitrosoguanidine mutagenesis. Genotypes and
phenotypes are written, where possible, according to the recommendations of DEMEREG ef al. 1966.



554 E. C. COX, G. E. DEGNEN AND M. L. SCHEPPE

and mnalidixic acid resistance was measured on tryptone plates containing 5 X 10-3m sodium
azide, 100 pg/ml dihydrostreptomycin or 50 pg/ml nalidixic acid, respectively.

Transductions: P1kc transductions were carried out as described by Yanorsky and LEnNox
(1959) using UV-irradiated lysates. Each 2 ml P1kc lysate in L-broth (LEnwox 1955) was irradi-
ated for 5 min in a 55 mm Petri dish with a GE germicidal lamp at 30 cm. Experiments with
defective ¢80 phage and ¢80 lysogens were conducted exactly as described by Srewer and Beck-
wiITH (1966). In all cases their criteria for the site of phage insertion were followed explicitly.

Bacterial crosses: Hfr X F- crosses were performed with freshly isolated stocks as described by
Low and Woop (1965).

Detect.ng the mutSt allele: An overnight tryptone broth culture of a mutS? population con-
tains approximately 100 streptomycin-resistant (Sm®) cells/ml. This frequency is high enough
to detect the mutator gene by replicating onto tryptone-dihydrostreptomycin plates an isolate
spotted or streaked on a portion of a tryptone plate. Mutator clones produce many SmR papillae
within the replica, while Mut+ clones produce none. When a stock is Sm® to begin with, we
assay for azide or T5 resistance on tryptone plates containing 2 X 10-3M sodium azide, or tryp-
tone plates spread with approximately 101° T5 particles and supplemented with 10-3m CaCl,.

5-methyl tryptophan inhibition tests: This method follows an unpublished procedure of
Yanorsky. Purified single-colony isolates of Trpt revertants are grown with aeration in VB
glucose medium until they reach late log phase. The culture is diluted to 106 cells/ml, 0.1 ml is
mixed with 25 ml VB glucose medium containing 0.65%, agar, and the mixture is poured onto
a VB glu-ose plate. When ‘the top layer has solidified, 80 gg of 5-methyl tryptophan (5-MT) in
0.04 ml distilled water is pipetted onto a 13 mm filter paper disc placed on the center of the
plate. The plates are then incubated for at least 24 hr at 37°, and the diameter of the zone of
5-MT inhibition is measured. Full revertants grow to within 2 or 3 mm of the disc; partial
revertants or suppressed mutants are inhibited to a larger extent by 5-MT and show much larger
zones of inhibition. The diameter of the zone is a sensitive and reproducible index of the reversion
pattern and distinguishes accurately between full and partial revertants.

Enzyme assays: Enzymes of the lac operon were assayed by published procedures (WirLLson
el al., 1964; Leive and KoLLIiN 1967).

RESULTS

Mapping the mutS gene: Previous results of SteceL and Bryson showed that
the mutS? allele was very weakly linked by P1 transduction to argA (SieGeL and
Bryso~ 1967), as were additional isolates of the mutS gene studied by L1BERFARB
and Bryson (1970). In the course of constructing stocks for the work to be pre-
sented here we have been able to construct a more detailed map of this region of

TABLE 2

Mapping the mutS1 allele

Cross Selection Phenotype
(1) P1 (KD1013) x KD1001 Prd+ 13/150 Cys-
(2) P1 (KD1013) x KD4000 Prd+ 10/200 Cys~
(3) P1 (KD1016) x KD1001 Cys+ 31/64 Mut-
P1 (KD1016) x KD1001 CysT 14/36 Mut-
(4) KLL16-99 x KD3017 Lys+, Arg+, SpcR 257/480 Mut- Rect

121/480 Mut+ Rec-
8/480 Mut- Rec—

Crosses were performed as described in MATERIALS AND METHODS. The recA1 allele was detected
by exposing purified streaks to a Germicidal lamp for a few seconds.
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argA prd-11 cysC  mutSl recA nalB

54 53 52 51 50

Ficure 1.—The mutS region of the chromosome, drawn to scale. The prd-11, cysC, mutS1t
and recA order and distances are derived from the data of Table 2 and the map of Tayror (1970).
Co-transduction frequencies were converted to map minutes using the data from Table 9 of
Tayror and TroTTER (1967).

the chromosome. We have found that a propanediol fermenting mutation (prd-
11) isolated in this laboratory co-transduces with cysC, as shown in Table 2. Cys~
transductants prepared from a prd-11 cysC stock can then be transduced with
reasonable frequency to rmutS1. The co-transducation frequencies from such a
cross establish the order prd-11 ¢ysC mutS1, but do not allow us to orient this
group of genes relative to other outside markers. However, the results of cross
(4) of Table 2, together with the order prd-11 cysC mutS1 deduced above, clearly
places mutS? between cysC and recA, since the mutS1 recA recombinant class
is found with a very low frequency. Had the order been mutS1 cysC recA, this
particular class would be in the majority. A map of this region is shown in
Figure 1.

Base-pair specificity of the mutS1 allele: S1eceL and Bryson showed that many
mutS1-induced auxotrophs could be reverted by aminopurine (SiEGEL and
Bryson 1967). They inferred from this result that this mutator isolate caused
transition mutations. We have extended their analysis by using the trpA system
developed by Yaworsky and co-workers (YaNorsky et al. 1966a,b). In our
experiments, we distinguished primary site from secondary site mutations by
assaying the sensitivity of Trp+ revertants to 5-MT, as outlined in MATERIALS
AND METHODs. Figure 2 illustrates some of the data obtained in this way. The first
point to notice about these results is that mutS7-induced revertants fall into dis-
crete groups when assayed by this method. Revertants of A223 illustrate this
point well, and the same feature is evident for revertants at other sites. We cannot
be certain from results of this kind that each discrete class does not contain two
or more revertant types, but at least two well studied partial revertants of A23,
labeled EMS and SPR6 in Figure 2, are clearly separable from full revertants,
and from each other. Both of these facts argue that the mutS1 gene product, or
lack of active product, allows a resiricted set of base pair interchanges to ocgur.
We can be fairly certain of this conclusion because, as shown in Figure 2, two
other mutator genes show a different reversion pattern when examined by this
method. One of these, muiT?1, causes A:T—C:G transversions exclusively (Yan-
OFSKY ef al. 1966a,b), and as Figure 2 reveals, the A78 reversion pattern in a
mutT1 strain is qualitatively different from the observed muzS7 pattern. The
other mutator, mutD1, is a conditional mutator gene that reverts frameshifts as
well as point mutants (DecNEN and Cox, in preparation). In this case, the rever-
sion pattern is broad and distinct from either mutT? or mutS1. Although the
final test that mutS7 causes point mutants of a single transition class must rest
on amino acid sequence studies, we feel that this evidence makes it unlikely that
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TABLE 3

Reversion of trpA ealleles by mutS1+

Reversion frequency

mutt mutSt mutS1 /mutt
trpA allele* PR FR PR FR PR FR
A23 2x10-2 3x10-2 <75x%10-° 1.5%10-7 <3.7 50
A46 3x10-° 2% 10~ 1x10-¢ 2%10-7 033 100
A58 0.8 1010 1x10-10 4 10-10 1%10-8 5 100
A446 6.7 x10-10 3.5%10-10 2.2%10-7 2.3%10-7 330 660
A78 4.7%10-° 2.0x10-9 2.8x10-8 1.6x10-° 6 0.8
A223 2.3X10-2 7.0x10-° 6.4x10-° 6.5X10-? 2.8 0.93

* Because trpA446 is a leaky Trp- allele, A446 reversion analyses were carried out on VB plates
containing 0.2 ug/ml 5-methyl tryptophan. This effectively stops plate reversion in the KD1001
and KD1002 genetic background.

+KD3002 trpA and KD3003 trpA strains were grown in triplicate overnight in L-broth from
a revertant-free inoculum. Each culture was washed and plated for total cells and Trp* cells on
supplemented VB glucose plates with and without tryptophan, respectively. The data presented
here were averaged for each group of three cultures. Five to ten colonies were chosen at random
from each plate, purified, and tested for 5-MT sensitivity, as described in MATERIALS AND METHODS.
Partial revertant (PR) and full revertant (FR) frequencies were then calculated from these data
%I}d a kgowledge of total cell numbers. The data for the multS? strains are shown graphically in

igure 2.

A:T-C:G transversions or frameshifts constitute a significant class of events in
the mutS? background.

The second important result obtained with this method is that although the
reversion frequency of the A223 and A78 alleles have increased in a mutS1 back-
ground (Table 3), most of this increase can be attributed to an increase in partial
revertants, as can be seen by examining Figure 2. In fact, once we separate the
full revertants from partial revertants on the basis of 5-MT sensitivity, the full
reversion frequency of the A78 allele is identical in Mut* and Mut- backgrounds
(2.0 X 10~° and 1.6 X 10-°, respectively; Table 3). As we shall show later, this
effectively rules out muzS7-induced A:T—C:G changes, at least at this site. The
A223 case is not as clear, The data from Figure 2, if used to calculate the fre-
quency of full revertants (A:T—G:C transitions), give an answer of 6.5 X 10-°,
a value almost precisely the same as the full reversion frequency obtained in a
Mut+ co-isogenic background, 7.0 X 10-°. A more extensive analysis of the 4223
allele was therefore carried out with a large number of independently arising

Ficure 2.—Reversion patterns of trpA alleles. Each revertant is recorded separately as a
function of how strongly it was inhibited by 5-MT. Rather than report the 5-MT zone of inhi-
bition in mm, we have normalized the results by dividing the diameter of the revertant zone by
the diameter of the zone obtained with a coisogenic Trp+ strain included as an internal control.
The arrow labeled EMS corresponds to the zone of inhibition of a known A23 revertant that
arises by a G:C—C:G transversion (YANOFsKY et al. 1966); SPR6 is a spontaneous partial revert-
ant, a consequence of a GCG—TA transversion (Yanorsky et al. 1966). The A46 and A58 rever-
sion patterns were identical to A23, and consequently have not been included here. The details
of these experiments are described in MATERTIALS AND METHODS, and in Table 3, where the partial
and full reversion frequencies calculated from these data are recorded and compared to similar
data obtained in rut+ stocks.
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TABLE 4

Trp A223 reversion analysis

Parental strain Clone Cells/ml X 10~20 Trpt/ml Reversion frequency X 108
1. KD3003 1 1.9 390 2.1
(mutt) 2 2.7 290 1.7
3 2.1 270 1.3
4 27 60 02
5 2.1 350 1.7
KD3002 1 1.6 1440 9.2
(mutSt) 2 2.1 1760 8.5
3 2.2 1430 6.3
4 1.9 1380 71
5 09 690 73
Full revertants Partial revertants  Full reversion frequency
II. KD3003 27 12 1x10-8
KD3002 41 32 4.0 10-8

In part I of this Table individual colonies were grown overnight in tryptone broth at 37°. Total
cell counts and Trp+ revertants were assayed on VB plates with and without tryptophan, respec-
tively. Only some of the data are shown. In part II, a single revertant colony from each plate of
part I was then purified and tested on a 5MT plate. The division into partial and full revertant
phenotype was made on the basis of SMT sensitivity (see Figure 2), and each determination (39
for mut+ and 73 for mutS1) represents an independent revertant.

revertants in mutt and mutS1 pairs. One of these experiments is summarized
in Table 4, where it may be seen that the full reversion frequency increased
approximately four-fold in a mutator background. To rule out the possibility that
this was due to selection for full revertants in the muiS? strain, four indepen-
dently arising full revertant colonies were competed individually against four
partial revertant colonies by growing mixed cultures of full and partial revertants
under the conditions used in the original reversion experiment. Single colony
isolates recovered from minimal tryptophan plates showed that the partial to full
revertant ratio had not changed during the experiment. Although this control is
only an approximation of the actual conditions under which mutants arise, it
does rule out simple competition effects and suggests that the increased full
revertant frequency, although small, nonetheless reflects an increase in rever-
sion rate.

The results summarized in Table 3 show that the muzS7 allele increases the
reversion frequency of 423, A46, A58 and A446 50 to 500 times over the fre-
quency observed in a Mutt strain. In contrast, the full reversion frequency of
the zrpA78 allele does not increase at all, and the increase of 4223 is marginal.

MutS1-induced Lact revertants: As we will show in the discussion of these
results, the only consistent interpretation of the trpA reversion data is that the
mutS1 allele causes bidirectional A:T<>G:C transitions. We should therefore
observe U<>C changes within a codon, of which trpA223 is an example (YaNo¥-
SKY et al. 1966a,b). The data presented here however show that the A223 allele
reverts feebly, at best, in a muzS7 stock. One explanation for this result is that
the mutS? allele shows an absolute preference for one strand of the DNA, causing
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A<G errors only. In this case, if the mutS?-specific strand should code for the
A223 codon (ATT), we would not expect to find mutator induced full revertants
at the A223 site (AC?). A second explanation for these results would be that the
mutS1-controlled transition rate is influenced by neighboring base pairs, as Koca
(1971) has shown to be the case for 2-aminopurine induced revertants in T4. In
this instance, not all A:T pairs would be equally susceptible to mutator action.

We have examined both of these possibilities using ochre codons in the Z gene
of the lac operon, for here a given codon can be examined in two orientations
relative to the trp operon. In ¢$80d:/ac lysogens the lac sense strand is parallel to
the zrp sense strand; in ¢$80dnlac lysogens it is antiparallel (SieNER and BEcCk-
witH 1966). The ochre codon, UAA, can revert by a transition mutation to CAA,
UGA or UAG. The two latter codons are chain terminating, and cannot give
rise to Lac* revertants in the su° strains used in these studies (results not shown).
CAA codes for glutamine which, according to our first hypothesis, should appear
as a mutS1 induced revertant only when the lac sense strand is antiparallel to
the trp sense strand.

Table 5 summarizes our results with mutS? $80d;lac and $80dylac lysogens.
In one pair of strains, KD4032 and KD4002, there is a repeatable 10- to 30-fold
difference between the reversion frequencies in the two mutS? lysogens, but the
increase occurs when the lac and #rp sense strands are parallel to one another;
moreover, the codon is reverted in both orientations. A second lac ochre mutation
in the Z gene, X90, does not show this difference; and, when the experiment is
conducted in a different genetic background, the reversion frequency of X90 is
identical in both orientations (strains 398 and 402, 252 and 245). Thus it seems
unlikely that this allele of the mutS gene shows strand specificity, a conclusion
that is confirmed by the results in Table 6. Here we have examined the X90

TABLE 5
MutS1-induced reversion of $80dlac and $80d,)ac ochre codons

Strain Genotype Lact reversion frequency mutS1 /mutt
KD4033 mutt (¢80d,lacU118) 1.6x10-9, 1.7X10-°
KD4032 mutS1 (¢80d,lacli118) 5.4%10-7, 6.1 x10-7 348
KD4003 mutt ($80dlacU118) 4.5x10-9, 2.8x10-?
KD4002 muiS1 (¢80dnlacU118) 1.3%x10-7, 0.8%x10-7 29
KD5033 mutt (¢80d;lacX90) 4.7x10-9, 1.0x10-8
KD5032 mutS1 (¢80d,lacX90) 34x10-7, 3.4x10-7 46
KD5026 mutt (¢80d;lacX90) 8.9x10-?2, 6.7X10-°
KD5025 mutS1 ($80dlacX90) 23%x10-7, 2.9%10-7 33
265,288 mut+ (¢80d,lacX90) 4.5X10-8, 8.0x10-8
398,402 mutS1 ($80dlacX 90) 5.4X10-6, 7.6 106 104
229,230 mut+ (¢80dlacX90) 2.9x10-8, 1.5x10-8
252,245 mutS1 ($80d;lacX90) 2.0x10-8, 1.7X10-¢ 84

Two independently isolated strains of each genotype were grown from single colony revertant-
free inocula in L-broth, washed and plated for revertants (supplemented VB lactose plates) and
for total cells (U718 on VB glucose plates, X90 on VB melibose plates 42°). Averaged results
from each pair were used to calculate mutS?/mut+ ratios (column 4).
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TABLE 6
MutS1 reversion of 1acX90

Strain Lac* reversion frequency mutS1/mutt
KD4041 6% 107, 3% 10-5
KD4042 6x10-4, 5104 300

Independent isolates were checked for primary site reversion by P1 transduction: 13/20 mut+
Lact+ and 15/17 mutS! Lact revertants gave Lac+t recombinants when MX90 and MX74 were
used as recipients, indicating that most of the Lac+ revertants were primary site revertants.

reversion frequency at the wild-type lac position, where the sense strand is
parallel to the trp sense strand (Sicner and Beckwita 1966). Again, we find
that the X90 ochre codon reverts at approximately the same frequency although
located in two widely separated regions of the chromosome.

In both of these analyses we have shown that the Lac* strains induced by the
mutS1 allele are primary site revertants, since the conclusions that we wish to
draw from these data would be invalid if reversion were occurring by suppression.
This was shown in two ways: first, Lact revertants of strains KD4041 and
KD4042 were shown by genetic criteria to be largely primary site revertants
(footnote, Table 6) ; second, $80d:Lact and ¢$80d;;Lact revertants were purified
and assayed for B-galactosidase and B-galactoside transacetylase activity (Table
7). In these experiments the levels of both enzymes, although seldom as high
as a fully-induced wild-type control, were five to ten times higher than could be
accounted for by suppression of U778 or X90 by an ochre suppressor (CARTER
and Newton 1971),

These results suggest strongly that the A:T pair in the ochre codon reverts in
both orientations relative to the ¢rp operon. The difference between KD4032 and
KD4002 is unexplained, but could be due to selection, since these strains are not

TABLE 7
B-galactosidase and B-galactoside transacetylase levels in $80d; and ¢80d;; Lac+ lysogens

Source of B-galactosidase Transacetylase

Lac* strain 1 2 3 4 1 2 3 4

KD4033 44, 53, 47, — 55, 60, 74, —
KD4032 84, 66, 68, — 82, 64, 90, —
KD4003 68, 48, 46, 73 82, 48, 74, 73
KD4002 44, 65, 54, 60 68, 46, 88, 103
KD5032 99, 78, 70, 76 63, 64, 53, 47
KD5025 64, 77, 61, 81 61, 71, 53, 66

Independently arising Lac+ revertants obtained from the experiments summarized in Table 5
were purified and grown in M63 glycerol medium containing 53X 10~ M isopropyl-8-p-thiogalac-
toside. The specific activities of 8-galactosidase and B-galactoside transacetylase were determined
on extracts of each culture (WiLLsoN et al. 1964; Lerve and Korrin 1967). The resulis are pre-
sented here as per cent of the values obtained with a Lact strain (Mo) assayed at the same time
by the same methods. The values reported in colummns 1-4 were run on corresponding extracts.
Thus KD4033 isolate No. 1 gave values of 449, and 559 of the Mo standard for B-galactosidase
and transacetylase, respectively; isolate No. 2, 539% and 60%; and so on.
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TABLE 8

Moutation frequencies in mutS1/mutt merodiploids

Straint Clone* SmB/SmS Nal®&/NalS T5B/T58
KD1001 1 <1.2x10-? 0.46 106
2 <1.1x10-? 1.3x10-¢
KD1002 1 1.4X10-7 1.5X10-4
2 0.5%10-7 0.4x10-¢
KD1001/F143 1 <.83x10-8
2 <2.610-8
KD1002/F143 1 <1.1x10-8 <1.1x10-8
2 <1.3x10-8 <1.3x10-8
KD1002’ 1 <6Xx10-2 2.0xX10-8 4x10-7
2 <5x10-9 <0.5X10-8 2Xx10-7
3 1.70x10-7 70%x10-8 10010-7

* Independently isolated colonies were grown overnight with aeration in supplemented VB
medium. Each culture was titered for total cells on VB plates, and for streptomycin resistant
(SmR), nalidixic acid resistant (Nal®) and T5 resistant (T5R) cells as described In MATERIALS
AND METHODS.

+ Clones KD1002’ 1, 2 and 3 are segregants isolated from KD1002/F143 following overnight
growth in H-broth. All three are Lys- Arg-; 1 and 2 are clearly Mut+, while 3 is Mut-.

isogenic for the ara region of the chromosome (KonNrap and BEckwrTH, personal
communication). In any case, the difference that we have found for lacU718 in
the two orientations is the opposite of that predicted from the #rpA223 results,
and does not apply to a different ochre codon in the lacZ gene, X90. These obser-
vations, and the results of Table 6 with X90 in the wild-type position and orienta-
tion, suggest that the failure of trpA223 to revert at a significant rate is a conse-
quence of position on the genome and not a preference of the mutS1 allele for
one strand over the other.

Merodiploid mutS1 strains: We have constructed F-mutS7/F’'muit mero-
diploids. The mutation rates in these strains are compared to haploid rmuz+ and
mutS1, and to merodiploid muzt isolates (Table 8). The results clearly show
that the mutS? allele is recessive in the configuration studied. Furthermore, we
can recover both rmut* and mutS? alleles from putative merodiploids by growing
them in acridine orange. Thus a single colony of KD1002/F143 yields Arg-Lys~
segregants: one class is Mut* (KD1002’ clones 1 and 2), the other is Mut-
(KD1002’ clone 3), as shown in Table 8. These data do not place a lower limit on
the mutant frequency in these strains, since our measurements of Sm¥ and Nal®
frequencies failed to find any resistant colonies. However, the Sm® data suggest
that the diploid mutation frequency is at least one or two orders of magnitude
lower than that in haploid Mut- segregants, inferring, but not proving, that the
gene is completely recessive.

Reversion of an F'lac codon by MutS1: The muiS? allele reverts lacX90 in
trans. This conclusion follows from the experiments summarized in Table 9. The
Lact reversion frequency was increased 10 to 100 fold by the muwuzS1 allele. Lact
revertants were further checked to insure that the strains were diploid for the
lac region by growing four revertants in H-broth from each of the eight cultures
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TABLE 9
Mutation of F'lac by mutS1

Strain Isolate F’Lact reversion frequency
KD3010 1 1.0X10-¢
2 3.0x10-¢
KD3011 1 2.0%x10-5
2 1.5%10-5
KD3012 1 1.0x10-7
2 5.0x10-7
KD3013 1 6.0X10-5
2 4.0x10-5

* Two colonies of each strain (isolates 1 and 2) were inoculated into tryptone broth and grown
to saturation at 37°. LacT reversion frequencies were calculated from the total number of Lact
colonies determined on VB lactose and from the total number of cells, determined by plating on
VB glucose plates. Several Lact isolates from each plate were shown to segregate with the
episome, as described in the text.

used to gather data in Table 9. Each culture was then spread on TZ-lactose plates.
All 32 isolates continued to segregate Lact and Lac™ clones. In addition, eight
independently arising Lac* revertants from KD3010 and K3012, and 23 from
KD3011 and KD3013 were further tested as donors in a cross with MX74, a Lac-
deletion strain. All of the mutt Lact revertants, and 12 of the mutS7 Lact
revertants, were good donors. Both of the above criteria convince us that at least
509 of the mutS? Lact reversion events occurred on the exogenote, and there-
fore that the mutS? allele can act in trans.

DISCUSSION

The mutS1 region of the genome: Our mapping data suggest the gene order
prd-11 cysC mutS recA (Figure 1). This order is based on (a) the co-transduction
frequency of prd-11 and cysC (b) the observation that mutS! rarely, if ever,
cotransduces with prd-11 and (c) the frequency of double and single recombi-
nants in a three-factor Hfr X F- cross. These observations are in general agree-
ment with the map of Tayror (1970), except that his map places prd between
cysC and mutS1. It is possible that our prd-11 isolate differs from others, but
more likely that our order is the correct one, since the order given by TavLor
was of necessity based on two-factor crosses. It is also interesting, and perhaps
significant that three genes involved in DNA replication—mutS?, recA and
nalB—appear to be clustered in this small region of the chromosome.

Specificity of the MutS1 allele: The codon and amino acid interchanges
between the trpA mutants used in this study and all their known full revertants
are listed in Table 10. Yanorsky and coworkers have shown by comparing the
amino acid sequences that each of these revertants results from the replacement
of the mutant amino acid residue by a functional one at the mutated site (YANOF-
SKY et al. 1966a,b). Recall that the muiS? allele strongly increases the frequency
of full revertants of trpA23, trpA46, trpA58 and trpA446 (Figure 2 and Table 3).
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TABLE 10

Possible full revertants of the trpA alleles used in this study (YANoOFsKkY et al. 1966)

Allele trpA Codon Known full revertants
A23 AGA (arg) GGA (gly)
AGC (ser)
A46 GAA (glu) GGA (gly)
GCA (ala)
A58 GAU (asp) GGY (ely)
Ad46 UGg (cys) UAéJ (tyr)
A223 AU(‘}I (ile) AC‘("7 (thr)
A78 UGY (cys) GG (ely)

On the other hand the frequency of full revertants of zrpA78 is essentially
unchanged, and that of trpA223 is only slightly elevated relative to the muz*
levels. These results should be contrasted with the result obtained with another
mutator gene, mutT1, whose reversion pattern is quite different from muwzS1.
It is known that mutT1 causes unidirectional A:T—C:G transversions (YANOF-
sKY et al. 1966; Cox and Yanorsky 1967). Clearly then muS? must cause other
base-pair changes and our data show that this mutator causes transition muta-
tions. Moreover, because the full reversion frequency of trpA446(G:C—A:T).
is increased, as well as that of trpA23, trpA46 and trpA446 (A:T—G:C), this
mutator causes reversible transitions (A:T<>G:C), an effect similar to 2-amino-
purine. It is worth mentioning in this context that the one transition which is
only weakly enbanced by mutS1, the full revertant of trpA223 (further dis-
cussed below), is however strongly enhanced by 2-aminopurine (YANOFSKY
et al. 1966a,b).

A slight ambiguity exists in the interpretation of these results, which could
be removed by amino acid sequence analysis; namely, that there are two differ-
ent kinds of full revertants known to occur at both trpA23 and trpA46. (YaANOF-
sKY et al. 1966a,b). Note however that the non-transition class at both sites is an
A:T-C:G transversion (Table 10). Since our data show that this class does not
increase in a mutS1 trpA78 strain, we reason that the full revertants induced by
mutS? from trpA23 and trpA46 are also not of this transversion class, and by
elimination we conclude they represent transitions. This argument may be
applied as well to the results obtained with zrpA58. Although both a full revertant
and a partial revertant are known to occur at the zrpA58 site (YANOFsKY et al.
1966a,b) our observations show that mutS7 increases only the full revertant
class. The partial revertant of trpA58 that does not increase in a mutS1 back-
ground is an A:T—C:G transversion, the same base-pair change which would
lead to full revertants of #rpA78. The fact that two easily recognized A:T—C:G
transversions are not found in mutS? stocks thus argues that the full revertants
arising in mutS? trpA23 and trpA46 stocks are A:T—G:C transitions.

Effect of neighboring base sequences on mutS1 action: Having shown above
that G:C and A:T pairs are mutated by mutS7, we will now discuss evidence that
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some A:T pairs are immune to its action. The different full revertant frequencies
of trpA23, trpA46, trpA58 and trpA446 (Table 3), while striking, are probably
due to varying amounts of plate reversion, and may or may not be attributable
to variable mutS7 specificity. In all these cases (excluding trpA446) the effect
of mutS1 has been not only to raise the frequency of full revertants at least 50-
fold above the mut+ level, but to shift strongly the mutational spectrum in favor
of full revertants. This shift in the type of revertant is of course the evidence
that mutS? increases transitions only. However, mutS? increases the trpA223
reversion frequency only four-fold, (Tables 3 and 4, Figure 2), small in compari-
son with the other three A:T pairs, despite the fact that trpA223 is also very
prone to plate reversion. Moreover, the ratio of full to partial revertants (calcu-
lated from Table 4) is hardly different: 0.69 (27/39) for mut* and 0.56 (41/73)
for mutS1. Application of a x* test of significance to these data using a 2 X 2 con-
tingency table shows that this difference is not significant (0.15<P<0.20). If
anything, the spectrum has been shifted slightly away from full revertants. We
conclude therefore from two kinds of data that the A:T base pair of trpA223 is
being mutated only feebly if at all by muzS7, and in this respect it behaves very
differently from the A:T pairs of trpA23, trpA46 and trpA58.

To what might this difference be due? One possibility is that the mutS? allele
is specific for one DNA strand because of some asymmetry in the replicating
complex leading to strand specificity in the resulting transitions. Since the four
reverted base pairs all have purines in the sense strand, but #rpA223 has a pyrimi-
dine, this could explain the data. However, we rule out this hypothesis from our
results on the reversion of UAA (ochre) codons in the lac operon, since they are
reverted at high frequency when the sense strand is both parallel and anti-
parallel to the #rp sense strand, as shown with ¢$80d;lac and ¢$80dnlac lysogens
(Tables 5, 6 and 7). This system would detect certain asymmetries in DNA
replication, but the mutator gene studied here does not possess them.

Another possibility is that large segments of the genome are differently affected
by mutS1, with some regions being immune to it. However any such large scale
model will not account for the data here, for all the #rpA codons studied lie
within a single gene, separated by no more than 59 amino acid residues in the
enzyme, or less than 180 base pairs. (YANOFskY et al. 1964). In fact, the anoma-
lous A:T base pair of trpA223 is bracketed by mutable sites. It is only 23 bases
from the susceptible G:C of trpA446 on its left and by 53, 54, and 152 bases,
respectively, from the susceptible A:T’s of trpA23, trpA46, and trpA58 on its
right.

Since we have ruled out strand specificity and long-distance differences (down
to 20-50 base pairs) in the mutSI-controlled mutation rate, we conclude that
the mutS1 product fails to act on the trpA223 A:T pair because of some difference
in the adjacent DNA, less than 20-50 base pairs away. Unfortunately, not
enough is known of the base sequence to decide if there exist sequences necessary
to permit (or block) mutS? action. Even though the base sequence of the trpA423—
trpA46 region of the genome is known from frame-shift studies (Bercer, Bram-
mER and YaNorsky 1968), not enough is known about the regions immediately
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adjacent to the other #rpA mutants used in this study to say anything definitive
about the influence of base sequence on muwutS? action. However it is clear that
the mutS1-revertible base on the A23 and A46 antisense strand is in a run of
purines: CAGGAATTT and CAGAGATTT are the respective sequences, where
we have written the reverted base in bold face print. This does not allow us to
formulate a rule about mutS? specificity, but does suggest that neighboring
purines do not prevent mutS? action.

The possibilities numerated above make it obvious that precise definition of
the mutS? site of action will require more base sequence data. It is also possible
that the A:T base pair of #rpA223 is protected by some secondary modification
of the DNA nearby, for example, by methylation.

These results confirm the inference drawn by SieceL and Bryson (1968) on
the base specificity of the mutS? allele. In addition, they represent the second
clear example of sequence effects on mutation rate, the other being the study by
Kocu (1971) using T4.

MutS1/mut* diploids: These results show that this mutator allele is recessive
in F-mutS1/F'mutt merodiploids. It is therefore similar in this regard to the
mutT{ allele of E. coli (Cox and Yanorsky 1969), the recently isolated mutators
in yeast (voN BorsTEL et al. 1971), and the antimutator activity of some gene 43
mutants in T4 (Draxe ef al. 1969). In E. coli and yeast, this presumably reflects
the absence of a functional product, or a decrease in the activity of a component
of DNA replication or repair. Both possibilities are consistent with the observa-
tion that mutS? acts in trans on F’lac codons (Table 9), on the assumption that
the F’ genome utilizes the mutS+ product during replication or repair. The
observation that T4 antimutators are recessive probably does not supply a useful
model for the interpretation of these results, because here it would seem that the
higher, wild-type mutation rate would simply mask the lower, even though some
molecules would be replicated with greater fidelity. Such an effect might be
expacted to appear as partial dominance, but if it is assumed that wild type and
antimutator T4 polymerase have an equal probability of replicating a T4 genome,
then the mutation rate would decrease by about one-half, a change that would
be very difficult to detect.

Further speculation on mutS? function does not seem warranted, since it could
be involved in any of the steps of DNA replication or repair shared by endo- and
exogenote, including control elements, nucleotide metabolism, and so on.

Mutation and evolution: The results presented here are interesting because
they show that not all A:T pairs are susceptible to mutS? action. This has the
following consequences for the evolution of genetic fine-structure: First, if it is
A:T pairs only that are resistant to muzS7 action, then at mutational equilibrium
a mutS1 strain will be a high A:T organism (Sueoka 1962). Second, in such a
strain selection will act to organize strongly conserved nucleotide sequences in
areas of low mutation rate. This is because if an A:T—G:C transition is lethal,
then there is a clear selective advantage for those members of a population that
have a low intrinsic mutability for this A:T pair. As we have shown here, this is
at least possible in a mutS! population. Consequently the mutation rate will not
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be constant for each base-pair within a gene. This conclusion, if it can be general-
ized to include other classes of spontaneous mutants that arise in wild-type
strains, and in other organisms, might cast new light on problems of chromosome
structure, gene organization on chromosomes and the problem of mutational load
(OuTa and Kimura 1971).
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