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ABSTRACT 
In a companion  study we  have described the isolation  of a series of mutants of Escherichia coli that 

replicate  their DNA with increased  fidelity.  These  mutants  carry a mutation in the dnaE gene, 
encoding the (Y (polymerase)  subunit of DNA polymerase 111 holoenzyme,  which is responsible  for 
the faithful  replication of the bacterial  chromosome. The mutants  were  detected as suppressors of 
the  high  mutability  of a mutL strain  (defective in postreplicative  mismatch  correction), in  which 
mutations may  be considered to arise  predominantly  from errors of DNA replication. To investigate 
the specificity  of  these antimutator effects, we  have  analyzed spectra of forward  mutations in the N- 
terminal  part of the lacl gene (i" mutations)  for  two  of the mutL  dnaE derivatives (dnaE911 and 
dnaE915), as  well  as the control mutL strain. DNA sequencing of  over 600 mutants  revealed that in 
the mutL background  both antimutator alleles  reduce  specifically  transition  mutations (A. T + G. C 
and G .  C + A .  T). However, the two  alleles  behave  differently  in this respect. dnaE911 reduces A.  T 
+ G - C  more  strongly  than it does G . C  + A . T ,  whereas  the  reverse is true for dnaE915. Second, 
dnaE911 does  not  appear to affect either transversion or frameshift  mutations,  whereas dnaE915 
displays a distinct mutator effect  for  both. This mutator  effect of dnaE915 for  frameshift  mutations 
was confirmed by the frequency of reversion of the trpE9777 frameshift  mutation. The discovery  that 
dnaE antimutator alleles  possess  distinct  specificities supports the notion  that DNA polymerases 
discriminate  against errors along  multiple  pathways  and  that  these  pathways  can  be  influenced 
independently. 

" 

T HE mechanisms by which cells faithfully  replicate 
their DNA and, hence,  maintain low mutation 

rates are of considerable  interest. Extensive knowl- 
edge  about this  process is available in the  bacterium 
Escherichia coli, where  numerous  genes  and  gene  prod- 
ucts involved in DNA replication fidelity have  been 
characterized (COX 1976; MCHENRY 1988; ECHOLS 
and GOODMAN 1991). The replication  of the  chro- 
mosome is performed by DNA polymerase 111 holo- 
enzyme,  a  dimeric  complex  composed of some 20 
subunits (MCHENRY 199 1). Two subunits in this  com- 
plex are of particular  importance  to fidelity (MC- 
HENRY 1988). The cy subunit,  encoded by the dnaE 
gene, is the polymerase subunit, which discriminates 
against errors by selecting  against  incorrect  nucleo- 
tides during  the insertion  step. The e subunit,  encoded 
by the dnaQ gene,  represents the 3' + 5' exonuclease 
activity, which performs  a  proofreading  function, 
preferentially  removing  incorrect bases inserted by 
the polymerase  subunit. Following DNA replication, 
the mutHLS mismatch-repair system scrutinizes the 
newly synthesized DNA, searching  for  and  correcting 
base-pair mismatches, using the  transient  underme- 
thylation  (at GATC sequences) of the newly replicated 
strand  to distinguish the  correct  from  the  incorrect 
half of the mismatch (for  a review of mismatch repair, 
see MODRICH 1991). 

Genetics 134: 1031-1038 (August, 1993) 

In a  companion  study (FIJALKOWSKA, DUNN and 
SCHAAPER 1993) we have  described the isolation and 
some of the  properties of  a  series of mutants  of E. coli 
carrying  mutations in the dnaE gene.  These  mutants 
were isolated as  suppressors  of the high mutability of 
the mismatch repair-deficient mutL strain (FIJAL- 
KOWSKA, DUNN and SCHAAPER 1993).  In a mutL strain, 
most mutations may be  assumed  to  result  from DNA 
replication errors, in contrast  to a wild-type strain 
where mutations may originate  from  a variety of 
sources (SCHAAPER and DUNN 1991). On this basis  we 
have argued  that  these new derivatives  represent 
strains that replicate  their DNA with increased fidelity 
and may be  considered  antimutators  for DNA repli- 
cation errors.  It is our intention  to use these  strains 
for two  purposes. One is to help  further  understand 
the precise mechanisms by which DNA polymerases 
select against errors,  the  other is to use replication- 
specific antimutators  to dissect the  role of DNA rep- 
lication errors in a variety of  mutagenic processes, 
including  spontaneous  mutation. 

T o  understand how DNA polymerases discriminate 
against  a variety of possible errors, it is important  to 
ask what the specificity of  such  antimutators is.  Be- 
cause mutations in mismatch repair-deficient  strains 
are largely transitions (SCHAAPER and DUNN 1987a), 
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the antimutators may be  assumed to reduce transition 
errors. Whether other mutations, such  as transver- 
sions, are also affected was initially addressed by study- 
ing the effect in a mutT-defective strain (FIJALKOWSKA, 
DUNN  and SCHAAPER 1993). mutT mutators produce 
exclusively A. T 3 C G transversions resulting from 
A .G mispairings during DNA replication (SCHAAPER 
and  DUNN 1987b; AKIYAMA et al. 1989; MAKI and 
SEKICUCHI 1992). Our results showed that  the anti- 
mutators were  capable  of reducing the mutT mutator 
activity, indicating that  the antimutators were  also 
capable  of reducing this  type of error.  On  the  other 
hand, experiments in a recA730 background, where a 
mutator effect results from  the constitutive induction 
of the SOS system  (WITKIN et al. 1982; WALKER 1984) 
and mutations are likely to be transversions  as well 
(MILLER and LOW 1984; YATAGAI, HALLIDAY  and 
GLICKMAN 1991), showed little or no susceptibility of 
this  type  of  mutagenesis to the antimutators (FIJAL- 
KOWSKA, DUNN  and SCHAAPER 1993). Thus, antimu- 
tators appear to have a defined specificity  which could 
depend on both the type of mutation and  the genetic 
background in  which it is generated. 

To  more systematically address the question of the 
specificity  of the  antimutator effects, we have  analyzed 
by DNA sequencing the spectra of forward mutations 
in the E. coli lacl gene for two  of the  antimutator 
alleles, dnaE911 and dnaE915. This was again done 
in the mutL background so that  the results may  be 
interpreted in terms of  DNA replication errors. The 
analysis  of these spectra, in  comparison to  that of the 
control mutL strain, should allow an assessment  of the 
specificity  of the  antimutator effects. The ZacZ target 
used (the N-terminal region) allows detection of mu- 
tations at some 120 base-substitution  sites, including 
all  six  base substitutions, in addition to frameshift, 
deletion and duplication mutations. The results show 
that in the mutL background the  antimutator effects 
are largely  limited to transition mutations. Further- 
more, the two antimutators are quite distinct from 
each other. In one of them, both mutator and anti- 
mutator effects occur. The results may  have  signifi- 
cance for the mechanisms by  which  DNA polymerases 
discriminate against the various  possible  DNA repli- 
cation errors. 

MATERIALS AND METHODS 

Strains  and media: The strains used for  recording  the 
lacl spectra were NR9562 ( a m ,  thi, mutL::Tn5, Aprolac, 
F'prolac), NR9563 (as NR9562,  but  dnaE911 
rae502::TnlO) and  NR9566 (as NR9562, but  dnaE915 
xae502::TnlO). All strains are derived from KA796 (ara, 
thi, Aprolac) (SCHAAPER, DANFORTH and GLICKMAN 1985). 
Into this strain mutL::Tn5 was introduced by P1 transduc- 
tion from donor strain ES1293 (SIEGEL et al. 1982). The 
dnaE911  and dnaE915 antimutator alleles were then  intro- 
duced by P1 transduction using their linkage with transpo- 
son rae502::TnlO as described (FIJALKOWSKA, DUNN  and 
SCHAAPER 1993). Transductants carrying the  antimutator 

allele were detected by backcrossing rae502::TnlO into 
strain NR9360 and testing for  antimutator phenotype using 
the papillation assay  as described (FIJALKOWSKA, DUNN  and 
SCHAAPER 1993). Finally,  F'prolac (F'128-27), which pro- 
vides the  target  for scoring lacl forward mutations and 
whose features have been described (SCHAAPER and  DUNN 
1991), was introduced by conjugation. NR3835 (ma, thi, 
trpE9777, Aprolac, F'prolac) has been described (GLICKMAN 
1979; TODD and GLICKMAN 1982). Its derivatives NR9464 
(mutL::Tn5), NR9465 (mutL::Tn5 dnaE911 rae502::TnlO) 
and  NR9466 (mutL::Tn5 dnaE915 zae502::TnIO) were con- 
structed as described above for  the KA796 derivatives. 
Strains CSH52 and S9OC,  used for  the genetic analysis and 
sequencing of lacl mutants, have been described (SCHAAPER, 
DANFORTH and GLICKMAN 1985,  1986; SCHAAPER and 
DUNN 1987a). 

LB broth  and minimal  media (MM) were as described 
(SCHAAPER, DANFORTH and GLICKMAN 1985). When 
needed, antibiotics were added as  follows: kanamycin 25 
pg/ml; tetracycline 15 pg/ml; streptomycin 100 pg/ml; ri- 
fampicin 100 pg/ml; and nalidixic  acid 40 pg/ml.  Phenyl-@- 
Dgalactopyranoside (Pgal) (Bachem Fine Chemicals)  plates 
used to select lacl mutants contained 750 pg/ml  Pgal as sole 
carbon source. 

Mutant  frequency  determinations: T o  determine  the 
frequency of rifampicin-resistant, nalidixic-acid-resistant, 
and  lacl mutants, strains NR9562, NR9563  and NR9566 
were each grown as 18 independent l-ml cultures started 
from circa 500 cells  in  LB  plus  kanamycin. After growth 
overnight at  37", aliquots of appropriate dilutions were 
plated on LB or MM plates to  determine  the numbers of 
viable  cells, and on LBRif,  LBNal and Pgal  plates to deter- 
mine the  numbers of mutants. T o  determine  the frequency 
of trpE9777 revertants, strains NR3835, NR9464, NR9465 
and  NR9466 were each grown as 15 independent cultures 
started by toothpicking individual colonies in 1 ml  LB plus 
appropriate antibiotic and grown overnight at  37" while 
shaking. The cultures were centrifuged, resuspended in 1 
ml 0.9% NaCl and plated in appropriate dilutions on MM 
without tryptophan to  determine  the  number of Trp+ re- 
vertants and  on MM plus tryptophan to  determine  the total 
number of  cells. 

Collection of ZacZ mutants  and DNA sequencing: For 
each of the  three strains NR9662, NR9563  and NR9566, 
three  independent isolates (transductants) were grown to 
saturation in  LB  plus  kanamycin.  Each culture was diluted 
in  LB  plus  kanamycin to -500/ml and distributed in  200-pl 
aliquots over the wells of four 96-well microtiter dishes. 
After overnight growth at  37" on a shaking platform, 5 PI 
from each well was spread on a  quarter section of a Pgal 
plate. On these plates only mutants that constitutively ex- 
press the lac operon form colonies.  Plates were incubated 
for  60 hr at 37 O . One mutant was taken from each quarter 
section and toothpicked in a  gridded  pattern  on  a Pgal plate 
(384 mutants per  culture,  1152  per strain). After overnight 
growth these plates were replica-mated into strain CSH52 
to identify the dominant (negatively complementing) mu- 
tants, as described (SCHAAPER and  DUNN 1987a, 199 1). For 
each strain, 300 dominant mutants were regridded  and 
replica-mated into strain S9OC. The resulting conjugants 
were infected with phage mRS81  as described elsewhere 
(SCHAAPER, DANFORTH and GLICKMAN 1985,1986). Recom- 
binant phage, carrying the  mutant  lacl (or lacO) genes, were 
purified and  their DNA sequenced as described (SCHAAPER, 
DANFORTH and GLICKMAN 1985, 1986). 

RESULTS 

The ZacZ system: The specificity  of the  antimutator 
effects was investigated by  DNA sequence  analysis  of 
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TABLE 1 

Mutant frequencies for mutL,  mutL dnaE911 and mutL dnaE915 
strains (per IO6 cells) 

Strain rif" rial' lad- 

mutL 1 2 f 5  2.8 f 1.6  101 k 31 
mufL dnaE911 3.8 f 0.8 [3.2] 0.45 f 0.24 [6.2]  32 f 13 [3.2] 
mutL dnaE915 7.2 f 1.5 [1.7] 0.28 f 0.15 [lo]  56 f 14 [1.8] 

Values  within brackets indicate the fold reduction in frequency 
compared to the mutL strain. Frequencies ( ~ s D )  are  the averages 
for 18 independent cultures. 

a  large number of mutations  arising in the bacterial 
lacl gene as a  mutational  target. The l a d  gene  encodes 
the repressor of the lac operon  and provides  a  forward 
mutational  target in which many types of mutations 
can be  scored  (FARABAUGH et al. 1978; SCHAAPER, 
DANFORTH and  GLICKMAN  1986). Because the  gene is 
relatively large (1 100 bp), the DNA sequence analysis 
is often  restricted to mutations in the N-terminal 
(DNA-binding)  domain of the  protein.  This  provides 
a DNA target of convenient size (-240  bp) that 
contains  a high density of detectably  mutable sites 
(SCHAAPER and  DUNN  1991). Mutants  residing in the 
N-terminal  domain can be  scored by means of 
a  genetic  complementation test in  which they are 
distinguished by their  dominance  over lacI+ (MILLER 
1978). The dominant  mutants  (termed i") are then 
crossed to  the single-stranded  phage  vector mRS81 
(SCHAAPER, DANFORTH and GLICKMAN 1985,  1986) 
and sequenced. 

From  the series of seven antimutators (FIJAL- 
KOWSKA, DUNN  and SCHAAPER 1993), two (dnaE91 I 
and dnaE915) were selected for  spectral analysis be- 
cause they presented  the most consistent antimutator 
effects when inspecting different  mutational  markers 
(FIJALKOWSKA, DUNN  and SCHAAPER 1993). The spon- 
taneous  mutant  frequencies  obtained with these alleles 
in the mutL background are presented in Table 1. 
The two dnaE alleles reduced  the  mutant  frequency 
for R i p  (2-3-fold) and NalR (6-10-fold). The lacl 
forward  frequencies were reduced 3.2-1 .%fold for 
dnaE9ll and dnaE915, respectively. Whereas R i p  
and NalR represent small targets  where only a limited 
number of DNA sequence  changes  can  be  detected, 
the lael gene  presents  a  large  mutational  target. Thus, 
the  antimutator effects, while moderate in overall 
magnitude,  appear  to  be  broadly based and  to apply 
to large  forward  targets  as well. The latter may be 
contrasted to antimutators isolated in bacteriophage 
T4, which, although  strong  antimutators  for specific 
reversion pathways, do  not display significant effects 
in a  forward system (DRAKE  1993). 

DNA sequence analysis: The test for  dominance 
among  the lacl mutants  revealed an essentially iden- 
tical proportion of dominant  mutants  for  the  three 
strains  (35%, 36% and 36%). Two  hundred  and fifty- 
two independent id mutants  from  the  control mutL 

TABLE 2 

Summary of i'd mutations in mutL,  mutL dnaE911 and mutL 
dnaE915 strains 

Mutation mutL mutL dnaE911 mutL dnaE915 

Base substitution 228 143 122 
Transition 

A . T  + G . C  126 70 72 
G . C + A . T  98  65 34 

Transversion 
A . T  + C . G  2  5  9 
A . T  + T.A 1 I 1 
G . C  + T . A  0 0 2 
G.C + C . G  1 2 4 

Frameshift 17 53 72 
Deletion 0 I 0 
Duplication - 0 0 

Total 245 197 
- - 1 

195 

Included are  three cases where a  double mutation was observed. 
For the mutL strain, there were two double  mutants (A + G at 145 
and C + T at 174; G + A at 185 and G + A at 197). The 
mutations at positions 145 and 197 have not been observed as single 
mutations (among >4000 sequenced mutants) and  are considered 
silent. They were not included in further analyses. For the mutL 
dnaE9Il strain there was one case of a double-frameshift mutation 
(see Table 3). No mutation was found in  case  of nine, four, and five 
mutants for the  three strains, respectively. 

strain and 200 i-d mutants  from each of the  antimu- 
tator derivatives were  taken  for DNA sequence  anal- 
yses. The results of the sequencing  effort are sum- 
marized in Table 2. For all three strains the mutations 
are virtually exclusively base substitutions and frame- 
shifts. The three strains  differ,  however, in their  ratio 
of base substitutions to frameshifts, which is reduced 
in the  antimutator strains. The ratios are 13.4  for the 
mutL strain,  2.7  for  the mutL dnaE91 I strain,  and  1.7 
for  the mutL dnaE915 strain. 

The complete base-substitution spectra are pre- 
sented in Figure  1. The spectrum in the mutL strain 
is strongly  dominated by transitions (A e T + G . C and 
G - C  + A,T),  with only 1.8% being transversions, 
consistent with earlier results (SCHAAPER and  DUNN 
1987a).  However,  larger  percentages of transversions 
are observed  for the two antimutator  strains  (5.6% 
for  the dnaE911 strain,  13.1%  for  the dnaE915 
strain).  A further distinction between the  three strains 
is the  ratio of A . T  + G.C  and  G.C 3 A . T  transi- 
tions. Consistent with a  previous study (SCHAAPER and 
DUNN  1987a), A . T  + G - C  transitions are more  fre- 
quent  than G - C  + A - T  (125/97 = 1.29) in the mutL 
strain.  In the two antimutator strains this ratio is either 
reduced (dnaE911: 70165 = 1.08) or enhanced 
(dnaE915: 72/34 = 2.1  1). 

Table 3 tabulates the frameshift  mutations. All 
frameshifts  represented the loss of a single base. [Note 
that (+I)  frameshifts are generally  not  detected as 
dominant  mutations (SCHAAPER and  DUNN  199  l)]. As 
before (SCHAAPER and  DUNN  1987a), a  frameshift 
hotspot exists at  the  run of five A. T base pairs (nucle- 
otides 135- 139), which is present in each of the  three 
strains  (50-60% of all frameshifts). For each of the 
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FIGURE 1 .-Spectra of sequenced id base substitutions  for mutL, mutL dnaE911 and mutL dnaE915 strains 
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TABLE 3 

id  frameshift  mutations in mutL, mutL dnaE9II and mutL 
dnaE915 strains 

Strain 

Nucleotide  Mutation mutL  mutL dnaE9II mutL dnaE915 

40-4 1 
44-45 

65 
66-67 
68-69 
76-77 

78 
87-89 
90-92 

93 
101-102 

105 
108-1 09 
110 
117-1 19 

120 
125-1 28 
132-1 34 
135-139 
144-145 
148-149 
173-175 

183 
189- 190 
196-197 
199-201 
203-205 

207 
24 1-242 
Total 

-A 0 
-T 0 
-G 0 
-C 1 
-G 0 
-T 0 
-A 0 
-T 1 
-C 0 
-G 0 
-A 0 
-A 0 
-C 2 
-A 0 
-T 0 
-C 0 
-A 1 
-G 1 
-A 9 
-A 0 
-G 0 
-C 0 
-T 0 
-A 0 
-G 0 
-G 1 
-A 0 
-A 0 

1 
17 

-G - 

1 
1 
0 
0 
0 
1 
0 
3 
0 
1 
0 
1 
0 
0 
1 
2" 
I 
2 

3 2" 
2 
0 
2 
0 
0 
1 
2 
0 
0 
0 

53 
- 

1 
0 
1 
0 
1 
0 
1 
4 
5 
0 
2 
0 
4 
1 
0 
0 
5 
2 

36 
1 
2 
0 
1 
1 
0 
2 
1 
1 
0 

72 
- 

a One mutant contained two  frameshift mutations: -C at 120 
and -A at 135-139. 

three frameshift  spectra, the majority (>go%) is asso- 
ciated with a run of at least two identical base pairs. 
As a whole, no major  differences among  the  three 
frameshift  spectra are  apparent. 

Specificity of the antimutator effects: The data 
presented  above  indicate significant differences in the 
composition of the  three l a d  spectra, most notably in 
the  ratio of base substitutions to frameshifts, the  ratio 
of transitions to transversions, and  the  ratio of A . T  
+ G - C  to G . C  + A . T  transitions. Thus,  the anti- 
mutators do not lower mutation  spectra across the 
board,  but possess a  defined specificity. To further 
evaluate this specificity, absolute  frequencies were 
calculated for each class of mutation.  From  these,  the 
ratio of frequencies (mutLlmutL dnaE) was calculated 
to reveal the specific antimutator effect for each class 
(Table 4). 

For  both dnaE alleles, both  transitions are  reduced, 
although  not equally (2.6-4.5-fold). In  the case of 
dnaE9I I, A T + G . C transitions are reduced  more 
strongly  than G . C  -+ A . T  transitions, while  in case 
of dnaE915 the reverse is true.  In  contrast,  no anti- 
mutator effects are  apparent  for  the transversions (the 

TABLE 4 

Frequencies for each of the classes of mutations in mutL, mutL 
dnaE9II and mutL dnaE915 strains (per lo6 cells) 

Class mutL mutL dnaE911 mutL dnaE915 

i-d 37 12 (3.1)  20  (1.9) 
Base substitutions 35 8.7 (4.0) 13 (2.7) 

Transitions 34  8.2 (4.1) 1 1  (3.1) 
A , T + G . C  19 4.2 (4.5) 7.4  (2.6) 
G . C + A . T  15 3.9 (3.8) 3.5  (4.3) 

Transversions 0.61  0.48  (1.3) 1.6 (0.38) 
Frameshifts 2.6  3.2  (0.81) 7.4  (0.35) 

Frequencies were calculated by multiplying the overall lac1 fre- 
quencies  (Table 1 )  by the fraction of dominant mutations (0.35, 
0.36 and 0.36, respectively) and the fraction of the respective 
mutations derived from Table 2. The numbers in parentheses 
indicate the decrease compared to the mutL strain ( i . e . ,  the strength 
of the antimutator effect). A factor lower than indicates a mutator 
effect. 

TABLE 5 

Effect of dnaE alleles on trpE9777 frameshift  reversion 

Experiment Strain T'g' 10 cells) (per 

1 Wild type 0.0046 
mutL 6.0 
mutL  dnaE9I 1 5.4 
mutL dnaE915 19.4  (3.2) 

2 mutL 5.0 
mutL dnaE9l I 5.9 
mutL  dnaE915 20.9  (4.1) 

Strains were NR3835 (=wild type) with the indicated mut or 
dnaE alleles. In parentheses, the fold increase (mutator effect) 
compared to the mutL level. 

four types of transversions are  combined),  although 
the limited number of transversions observed in the 
mutL background makes this conclusion tentative.  In- 
terestingly, in the case of dnaE915 transversions are 
enhanced 2.6-fold. A similar situation exists for  the 
frameshift  mutations. dnaE91 I shows no significant 
effect on  the frameshift  frequency, whereas dnaE915 
displays a 2.9-fold mutator  effect. Thus,  the  antimu- 
tator effects for  the two dnaE alleles appear specific 
for  transition errors. In  addition, dnaE915 shows a 
mutator activity for  both transversions and  frame- 
shifts. 

Reversion of the trpE9777 frameshift allele: T o  
independently  confirm the above observations on 
frameshift  mutations, we measured the effect of the 
two dnaE alleles on the reversion of the trpE9777 
mutation.  In this mutant,  an  extra A . T  base pair has 
been added  to a run of five A .  T base pairs (BRONSON 
and YANOFSKY 1974),  and reversion to tryptophan 
independence  occurs by  loss of the  extra pair (SIEGEL 
and VACCARO 1978; GLICKMAN 1979).  Table  5 shows 
that also in this case dnaE911 does  not affect the mutL- 
induced  reversion  frequency, while dnaE915 clearly 
enhances it, confirming the results from  the l a d  spec- 
tra. 
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DISCUSSION 

The data presented in  this paper define the speci- 
ficity of  the  antimutator effect for two E.  coli strains 
that are characterized by a reduced level  of DNA 
replication errors. Their spectra of forward mutations 
in the l ad  gene were recorded in the mismatch repair- 
deficient mutL background. The data may therefore 
be interpreted in terms of the specific  effects on DNA 
replication errors. The information on  the specificity 
of the antimutators should provide insights into  the 
mechanisms by which DNA polymerases discriminate 
against  replication errors. The data show that  the two 
tested antimutator alleles  have discrete specificities,  as 
discussed  below. 

The specificity of the antimutator  effects: The 
reduction in replication errors by the two  investigated 
antimutators is  specific for  the class  of transition er- 
rors, no reductions being apparent  for transversions 
and frameshifts. The reduction in transitions is not 
unexpected in  view  of the method used to isolate the 
dnaE alleles,  namely  as suppressors of the high muta- 
bility  of a strain defective  in  mismatch repair (FIJAL- 
KOWSKA, DUNN and SCHAAPER 1993). In such strains, 
the majority  of mutations are transitions (CHOY and 
FOWLER 1985; SCHAAPER and DUNN 1987a). More 
precisely, the  antimutators were isolated by scoring 
the reversion rate of the galK2 marker which reverts 
in the mutL background specifically via an A.  T + G . 
C transition (OLLER, FIJALKOWSKA and SCHAAPER 
1993). Therefore, by necessity,  all  isolates are likely 
antimutators for this transition. Whether other base 
substitutions (including the reciprocal G - C  -+ A - T )  
or non-base-substitution mutations are reduced as 
well, remained to be answered. The observation that, 
in the mutL background, the two antimutators reduce 
both G.C + A - T  and A - T  + G - C  transitions, but 
not the transversions or frameshifts, suggests that  the 
two transitions have  aspects  in  common that are not 
shared by the transversions or frameshifts. 

Interestingly, antimutator effects  were observed in 
case  of the mutT mutator (FIJALKOWSKA, DUNN and 
SCHAAPER 1993), indicating that  the specific A .  T + 
C. G transversions in this strain are subject to the 
antimutator effect. Recent data (MAKI and SEKICUCHI 
1992) have indicated that  the A. G mispairing that 
creates this transversion involves a modified substrate 
(8-oxo-dGTP), and this result may therefore not be 
characteristic for transversions  in general. Our data 
suggest that (i) the mechanism by  which the DNA 
polymerase  discriminates  against the mutT-induced A - 
T + C .  G transversion has  aspects  in  common  with 
that for the transitions, and (ii) that this  mechanism is 
distinct from those discriminating against other trans- 
version errors. 

A second point of interest is that  the two antimu- 
tators are in  fact quite distinct from each other. First, 
the two transitions are differentially affected: dna- 

E91 1 reduces A .T + G.C slightly more efficiently 
than G - C  + A - T  (4.5- us. 3.8-fold), whereas dnaE915 
does the opposite (2.6- us. 4.3-fold). Second, a 2.8- 
fold transversion mutator effect was found  for dna- 
E915. Third, a (-1) frameshift mutator effect was 
observed for dnaE915 (2.9-fold for frameshifts in the 
l ad  gene and 3.2- to 4.1-fold for reversion of the trpE 
frameshift marker). Clearly, the mechanisms by  which 
the DNA polymerase discriminates against the various 
types  of errors can be affected differentially. Further, 
a single amino acid substitution is capable  of reducing 
one set  of  pathways,  while enhancing another. 

Antimutators in T4 DNA  polymerase: Antimuta- 
tors are known  in bacteriophage T4, and  the respon- 
sible mutations have  been  shown  in  nearly  all  cases to 
reside in the gene encoding the DNA polymerase 
(DRAKE et al. 1969; REHA-KRANTZ 1988). The strong- 
est antimutators reside in the C-terminal region of the 
protein (REHA-KRANTZ 1988)  and some  display  in- 
creased apparent exonuclease-to-polymerase activity 
ratios (MUZYCZKA, POLAND and BESSMAN 1972; GIL- 
LIN and NOSSAL 1976a; CLAYTON et al. 1979). Speci- 
ficity studies (DRAKE et al. 1969; RIPLEY 1975, 1982; 
RIPLEY, GLICKMAN and SHOEMAKER 1983; DRAKE 
1993) have revealed exceptionally strong (several or- 
ders of magnitude) antimutator effects for A .  T + G. 
C transitions, but little effect, or even  weak mutator 
effects, for G .  C + A .  T transitions or any of the 
transversions. Frameshift mutations occurring in runs 
of identical  bases  were  generally reduced, whereas 
those in non-runs were either not affected or in- 
creased. This highly  specific character of the T4 an- 
timutator alleles was confirmed using a forward mu- 
tational assay,  in  which  all tested T4 antimutators 
proved noneffective in reducing overall mutation 
rates or were, in fact, weak mutators (DRAKE 1993). 
Thus, both similarities and differences between the 
T 4  and  the E. coli antimutators are apparent. The 
similarity is that in both cases antimutator effects are 
observed for one  group of mutations but not for 
others, while the dissimilarities pertain to the precise 
specificities. The  T4 antimutators are highly  specific 
for A. T + G .  C transitions, whereas the dnaE anti- 
mutators reduce both A - T  -+ G.C and G-C + A.T. 
It is possible that these  dissimilarities reflect differ- 
ences  in the mechanisms by  which the different DNA 
polymerases discriminate against errors. DNA polym- 
erases from different sources,  as determined from in 
vitro DNA polymerase  fidelity  assays,  display quite 
different error specificities (KUNKEL and ALEXANDER 
1986; KUNKEL 1992). 

Base selection us. proofreading: The observation 
that antimutators possess defined specificities  has  two 
additional consequences. First, it serves  as a  strong 
additional argument against the possibility that these 
strains would be affected in their ability to express 
mutant phenotypes rather  than possessing a  true an- 
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timutator phenotype (FIJALKOWSKA, DUNN and 
SCHAAPER 1993). Second, it might be used to gain 
insights into  the possible  mechanism(s) by  which the 
antimutator effect is exerted. Three general possibil- 
ities  have  been suggested (FIJALKOWSKA, DUNN and 
SCHAAPER 1993): increased DNA  polymerase  accu- 
racy at  the level  of  base  selection (insertion step) or 
increased  exonucleolytic proofreading. The latter 
could take place either directly (because the polym- 
erase might actively stimulate proofreading) or indi- 
rectly  (because the mutant polymerase might be some- 
how  catalytically  slowed  which,  by default, would per- 
mit  increased time for proofreading). In deciding 
among these models, the observed specificity  of the 
antimutator alleles should be taken into account. 
Analysis  of lacl mutational spectra in proofreading- 
deficient E. coli (SCHAAPER 1988) in addition to studies 
with purified polymerases (e.g., SINHA  1987; BEBENEK 
et al. 1990) have indicated that many  classes  of muta- 
tions (including transitions, transversions and frame- 
shifts) are subject to proofreading. Furthermore,  re- 
cent data from our laboratory (I. FIJALKOWSKA, un- 
published data) demonstrate that  the present dnaE 
alleles are also  capable  of reducing the mutability  of 
proofreading-deficient dnaQ49 mutator strains (TAK- 
ANO et al. 1986). Thus, these observations might be 
used to  argue  that  the present antimutator effects do 
not simply result from enhanced proofreading and 
that, instead (or in addition), mechanisms including 
improved base  selection should be considered (see for 
example, HALL et al. 1985). A similar situation may 
exist for  the T4 antimutator DNA  polymerases,  whose 
specificity is unique in that they  exclusively reduce A 
T + G.C transitions (DRAKE 1993). Impaired strand 
displacement leading to enhanced exonuclease-to-po- 
lymerase ratios has been suggested  as on explanation 
to account for the  antimutator effects (GILLIN and 
NOSSAL 1976a,b; REHA-KRANTZ 1988). However, 
since proofreading by T4 DNA  polymerase presum- 
ably affects many  types  of errors (e.g., SINHA 1987), 
more complex explanations may  be required. 

Antimutator effects  and  the  kinetics of DNA po- 
lymerization: A possible explanation for  antimutator 
specificity  may result from  a consideration of the 
kinetics of DNA replication, with  which the fidelity  of 
DNA  polymerization is tightly intertwined (ECHOLS 
and GOODMAN 1991 ; EGER and BENKOVIC 1992). In 
the best studied case, E. coli DNA  polymerase I (Kle- 
now fragment), discrimination against incorrect nucle- 
otides proceeds at several different levels, including 
(i) the binding of dNTPs  to  the enzyme-DNA  com- 
plex, (ii) the  rate of the chemical bond formation, (iii) 
a conformational change that follows product forma- 
tion and (iv) extension of the new primer terminus. 
The first two steps comprise the insertion fidelity, 
while the last  two contribute  to fidelity through  the 
exonuclease pathway  (because  of their slower rates 

for incorrectly inserted nucleotides). However, it is 
unlikely that all mutational intermediates (such  as the 
12 different mispairs  responsible for  the six  possible 
base substitutions) traverse the cycle  of discriminating 
steps in the same quantitative manner. For example, 
experiments with a derivative of  Klenow fragment in 
which the invariant residue Tyr766 is replaced by a 
serine residue (POLESKY et al. 1990; CARROLL, Co- 
WART and BENKOVIC 1991) have  revealed that this 
derivative displays increased incorporation of incor- 
rect nucleotides, i e . ,  a mutator effect at  the insertion 
level [steps  (i) and (ii)  above].  However, the confor- 
mational change following the chemical step and  the 
extension from the mismatched primer [steps (iii) and 
(iv) above] are slowed,  suggesting that there is  likely 
to be an antimutator effect during  the proofreading 
steps. Thus, both mutator  and  antimutator effects 
could occur, the net effect depending on  the balance 
of the two. 

Perspectives: We intend to continue the analysis  of 
DNA  polymerase I11  by attempting to link defined 
amino acid substitutions with defined changes in the 
specificity  of  mutagenesis.  We  have  recently  isolated 
an additional set of antimutators in the dnaE gene 
(J.-Y. M o  and R. M. SCHAAPER, unpublished d a t a )  and 
are currently analyzing their specificity. The amino 
acid  changes  responsible for these antimutator alleles 
are known (FIJALKOWSKA and SCHAAPER 1993,  and 
unpublished data). We expect that  the combined in- 
formation on amino acid  changes and specificity,  in 
conjunction with  increased  insight into  the  structure 
of  DNA  polymerases,  will contribute  to  a more de- 
tailed understanding of the mechanisms by which 
DNA polymerases  achieve  high fidelity of DNA  syn- 
thesis. 

I thank RONNIE DUNN for his  assistance  in this project. K. 
BEBENEK, J. DRAKE, I. FIJALKOWSKA, T. KUNKEL, A. OLLER and Y. 
PAVLOV are thanked for helpful comments on the manuscript. 
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