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ABSTRACT 
The dnaE gene of Escherichia coli encodes the DNA polymerase (a subunit) of the main replicative 

enzyme, DNA polymerase I l l  holoenzyme. We have  previously identified this gene as the site of a 
series of  seven antimutator mutations that specifically decrease the level  of  DNA replication errors. 
Here we report  the nucleotide sequence changes in each of the  different  antimutator dnaE alleles. 
For each a single, but  different, amino acid substitution was found among the 1,160 amino acids of 
the  protein. The observed substitutions are generally nonconservative. All affected residues are 
located in the central one-third of the  protein. Some insight into  the function of the regions of 
polymerase 111 containing the affected residues was obtained by amino acid alignment with other 
DNA  polymerases. We followed the principles developed in 1990 by M. Delarue et al. who  have 
identified in  DNA  polymerases from a large number of prokaryotic and eukaryotic sources three 
highly conserved sequence motifs, which are suggested to contain components of the polymerase 
active site. We succeeded in finding these three conserved motifs in polymerase I l l  as  well. However, 
none of the amino acid substitutions responsible for the  antimutator phenotype occurred at these 
sites. This  and  other observations suggest that  the effect of these mutations may be exerted indirectly 
through effects on polymerase conformation and/or DNA/polymerase interactions. 

D NA polymerase 111 holoenzyme is the  principal 
replicative  enzyme of Escherichia coli. It consists 

of  an  asymmetric  dimer,  made  up of 10  distinct  sub- 
units (MCHENRY 1991 ; KORNBERC and BAKER 1992). 
Polymerization  and  proofreading  activities are con- 
tained in  a complex  (termed  core)  consisting of three 
subunits, a, 6 and 8. While  little is known  about  the 0 
subunit,  the a and 6 subunits are involved  in  maintain- 
ing  the  high fidelity of DNA replication. T h e  dnaE 
gene  encodes  the a subunit  responsible for the polym- 
erization  step (WELCH and MCHENRY 1982),  while  the 
dnaQ gene  encodes  the t subunit  responsible for the 
proofreading activity  (3’  exonuclease  activity) 
(SCHEUERMANN et al. 1983; SCHEUERMANN and 
ECHOLS 1984). 

T h e  mechanisms  that  control  the fidelity of DNA 
replication are a matter of considerable  interest.  It 
has  become  clear  that  these  mechanisms are tightly 
interrelated with the  mechanism  of DNA polymeri- 
zation (GOODMAN 1988; CARROLL and BENKOVIC 
1990).  These  mechanisms are being  investigated by a 
number of approaches,  including  detailed  structural 
and  kinetic  studies (JOYCE and STEITZ 1987; ECHOLS 
and GOODMAN 1991).  Important  tools  in  these  studies 
are  mutant versions of DNA polymerases  that  affect 
DNA polymerase  activities,  including  its fidelity (BE- 
BENEK et al. 1990; POLESKY et al. 1990; CARROLL, 
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COWART and BENKOVIC 1991; ECER et al. 1991; PO- 
LESKY et al. 1992). 

We  have isolated  seven E. coli antimutator  mutants, 
i.e., strains  that  display  lower  mutation  rates  than  the 
wild-type  strain (FIJALKOWSKA, DUNN and SCHAAPER 
1993). By PI  transduction  and  complementation  the 
responsible  mutations  were  shown to reside in the 
dnaE gene. The mutants  were isolated  in  a mutL strain 
defective in DNA mismatch repair, in  which  most 
mutations  can  be  assumed  to  result  from DNA repli- 
cation  errors. On this basis, it was concluded  that 
these  strains  represent  antimutators  with  an  increased 
accuracy of DNA replication.  Each  antimutator de- 
creased  the  mutation  rate in mutL and mutT back- 
grounds  but did not  appear  to  affect  error-prone SOS 
mutagenesis. T h e  specificity of two of the  antimuta- 
tors was further  investigated by sequencing  spectra of 
lacl mutants (SCHAAPER 1993).  It was shown  that  both 
A . T  + G . C  and G - C  + A - T  transitions  were re- 
duced,  but  not  transversions or frameshifts. 

To understand  in  more  detail  the  mechanisms by 
which  these  antimutators  reduce DNA replication er- 
rors, we  have  cloned  and  sequenced  the dnaE gene 
from  each of them. For each  antimutator,  only  one 
amino  acid  substitution was found,  each  different  and 
each  located in the  middle  one-third  of  the  protein. 
T h e  location  of the  mutated  residues may  provide 
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TABLE 1 

Bacterial strains and plasmids 

Strain Genotype Source or reference 

Bacteria 
E486 
UTHP 
JW353 

NR9355 

NR9606 
NR10109 
NR9901-9907 

Plasmids 
pHSG576 
pIF9OO 
pIF901-907 

thi, leu, thy, lac, rpsL, met,  tonA, supE, dnaE486 
as E486, but srl360::Tn10, recA56 
thr-1, leuB6, zae-502::TnlO, thyA6,  met-89, thi-1,  deoC1,  lacY1, rpsL67, 

tonAPl, X-, supE44 
ara-9,fhuAl, tsx-3, supE44, galK2, X- hisG4(Oc), rfbDl?, trp-J(Oc), rpsL8 

or rpsL9,malAl (X"), metE46,  thi-1 
NR9355, but mutL::Tn5, lac21 18(0c) 
NR9606, but dnaE486, zae-502::TnlO 
NR9355, but dnaE911-917, zae502::TnlO, zae::TnlOd-Cam 

pSClOl replicon, pUC9-polylinker, Cam" 
pHSG576 [dnaE  from JW3531 
pHSG576 [dnaE911-917 from NR9901-99071 

WELCH and MCHENRY (1 982) 
WELCH and MCHENRY (1 982) 
B. BACHMANN 

FIJALKOWSKA, DUNN and SCHAAPER (1 993) 

FIJALKOWSKA, DUNN and SCHAAPER (1 993) 
This work 
This work 

TAKFSHITA et al. (1987) 
This work 
This work 

insights into  the mechanisms responsible for  the anti- 
mutator  phenotypes and may help identify regions 
within the DNA polymerase that  are of particular 
importance  for DNA polymerase fidelity. 

MATERIALS AND METHODS 

Strains  and  plasmids: The E.  coli strains and plasmids 
used  in  this study are described in Table 1. Strains E486 
and UTH2 were obtained from C. MCHENRY. All construc- 
tions were by P1 transduction using PlvirA. NRlOlO9 was 
constructed by first linking dnaE486 in strain E486 with 
transposon zae-502::TnlO derived from JW353  and  then 
transferring  the markers jointly into NR9606. The temper- 
ature-sensitive dnaE486 allele permits growth at  30"  but 
not  at  42" (WECHSLER and GROSS 1971). The dnaE anti- 
mutator alleles termed dnaE911 through dnaE917 (FIJAL- 
KOWSKA, DUNN  and SCHAAPER 1993) were cloned from 
strains NR9901 through NR9907, respectively. These 
strains are identical to  NR9355  but carry the respective 
dnaE allele  sandwiched between the transposons zae- 
502::TnlO  and zae::TnlOd-Cam (FIJALKOWSKA, DUNN  and 
SCHAAPER 1993). This configuration was first obtained in 
strain NR9800 as a result of the mapping experiments 
described previously (FIJALKOWSKA, DUNN  and SCHAAPER 

Cloning  antimutator  mutations: Chromosomal DNA was 
isolated from the seven antimutator strains (NR9901- 
NR9907) and from the wild-type strain JW353 by the 
method described in SILHAVY, BERMAN  and ENQUIST (1 984), 
and digested with restriction enzyme BamH1. Fragments of 
-6.4 kb were isolated from agarose gels and ligated into  the 
BamHI site of  plasmid pHSG576, a low copy number plas- 
mid conferring resistance to chloramphenicol (TAKESHITA 
et al. 1987). The ligation products were electroporated  into 
strain UTH2 (recA56, dnaE486)  and chloramphenicol-re- 
sistant transformants selected at 42 ". Plasmids  isolated from 
the transformants were analyzed by agarose gel electropho- 
resis after digestion with  BamHI to check for  an insert of 
the expected size. The presence of the  dnaE gene was 
confirmed by a second round of transformation into strain 
dnaE486. The plasmid containing the wild-type dnaE gene 
was termed  pIF900,  and those carrying the  antimutator 
alleles dnaE911-917 were termed pIF901-907. 

Papillation  experiments: Tests  for levels  of mutagenesis 

1993). 

using the papillation assay were done as before (FIJAL- 
KOWSKA, DUNN  and SCHAAPER 1993). This assay scores the 
reversion of a galK2 mutation to Gal+  in growing colonies: 
the  number of red papillae  within a colorless  colony is a 
measure of the mutation frequency from Gal- to Gal' (FI- 
JALKOWSKA, DUNN  and SCHAAPER 1993). To test for an 
antimutator effect of the cloned dnaE alleles  in trans, 20 
transformants for each plasmid in strain NRlOlO9 (mu& 
dnaE486) were toothpicked onto MacConkeyGal  plates con- 
taining kanamycin and chloramphenicol. The number of 
papillae was counted  after  48  h  at 42 O . 

DNA sequencing: Double-stranded plasmid  DNA was 
isolated  using a kit from Qiagen Inc. (Chatsworth, Califor- 
nia). Sequencing of the dnaE genes was on double-stranded 
DNA,  using 2 pg  of  plasmid  DNA per reaction, denatured 
by the method of KRAFT et al. (1988)  and sequenced by the 
dideoxy chain-termination method of SANGER, NICKLEN and 
CouLsoN (1977) using Sequenase version 2.0 (U.S. Bio- 
chemical Corp., Cleveland, Ohio). Nineteen 32P-end-labeled 
primers were used, spaced approximately 200 bases apart 
and chosen based on  the known sequence of the dnaE gene 
(TOMASIEWICZ and MCHENRY 1987). 

Polymerase  alignments: A search for  the preserved 
amino-acid  motifs  A, B and  C as described by DELARUE et 
al. (1990) was performed manually.  Motif B (11- . . ( a ) .  . . 
yc) was found at residues 674-682 gPVLEPTyc) (see 
Figure 2). This motif could be  assigned confidently since no 
other sequence containing the K and YG residues separated 
by  six or seven residues is present in  polymerase 111. Motif 
A was then located by searching the region between 30 and 
200 residues to  the left  of B for aspartic acid residues (D) 
and inspecting the immediately adjacent sequence for addi- 
tional homology to  the polymerase (Y or polymerase I family 
as described by DELARUE et al. (1 990). Of the  15  D residues 
in this stretch, D524 appeared the most  plausible  since it 
contained the highly conserved residues Y at position (+5) 
and H at position (+12) (relative to D, see Figure 2). The 
nearby residue D542, although lacking the above residues, 
may be an alternative possibility  based on some  homology 
to  the polymerase I family (S at position +2,  E  at position 
+5)]. Motif C was located by inspecting the 200 amino acids 
to  the  right of motif B  for  either  a DXD or DE sequence. A 
DMD sequence was found at position 790,  a DE sequence 
at  802,  either of  which could represent motif C.  Because of 
greater homology to  the polymerase (Y family in case of 
motifs A  and B, the DMD sequence was preferred. The 
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FIGURE 1.-Antimutator effect in trans of dnaE antimutator 
alleles cloned on plasmid pHSG576 in strain NR10109 (mutL, 
dnaE486) at 42". Transformants were toothpicked on to Mac- 
ConkeyGal plates at 42"  and Gal+ papillae were enumerated (av- 
erage for 20 independent transformants). 

greater overall  homology to the polymerase a than the 
polymerase I family is further  supported by the presence of 
six (rather than seven) residues between the K and YG 
residues in motif B, as well as the general intermotif dis- 
tances (see Figure 2). 

RESULTS AND  DISCUSSION 

Cloning of the  antimutator  genes: To determine 
the  nature  and location of the previously isolated 
antimutator  mutations, which had  been  mapped to 
the dnaE gene (FIJALKOWSKA, DUNN  and SCHAAPER 
1993), we cloned the dnaE gene  from  the seven strains 
carrying the  antimutator  mutations  and  from  the wild- 
type strain as a  control. Previous studies  describing 
the cloning and DNA sequence  of the wild-type dnaE 
gene (WELCH and  MCHENRY  1982; TOMASIEWICZ and 
MCHENRY  1987) revealed that it is 3,480  nucleotides 
long and resides on  a 6.4-kb BamHI chromosomal 
fragment. We therefore isolated BamHI DNA chro- 
mosomal fragments of this size, cloned  them into  the 
BamHI site of the low copy number plasmid pHSG576 
(TAKESHITA et al. 1987),  and selected for  restored 
temperature resistance of the dnaE486(Ts) strain. In 
this manner, we obtained  eight plasmids: pIF900, 
carrying the wild-type allele and  pIF901-pIF907 car- 
rying the respective antimutator alleles dnaE911- 
dnaE917. 

T o  confirm that we had cloned the  expected dnaE 
alleles, the plasmids were transformed  into  strain 
NRlO  109 (mutL,  dnaE486). The resulting  strains 
were analyzed using the papillation assay on Mac- 
ConkeyGal plates at  42". At this temperature,  the 
only functional a subunit is provided by the  antimu- 
tator  gene residing  on the plasmid, and this  method 

TABLE 2 

Sequence analysis of antimutator dnaE genes 

Antimutator Codon  change  (nucleo- Amino  acid Amino acid 
mutation tide  position) change position 

dnaE91 I CCG + CTG ( 1  865) Pro + Leu 357 
dnaE912 GCT + G I T  (3050) Ala + Val 752 
dnaE913 GAA + AAA ( 1  978) Glu + Lys 395 
dnaE914 TCG + T I G  (2603) Ser + Leu 603 
dnaE915 GCG + ACG (2287) Ala -P Thr 498 
dnaE916 GGT + GAT (2903) Gly +Asp  703 
dnaE917 CCG + C I G  (2 186) Pro + Leu 464 

The mutated base is underlined. The numbering system  is  as  in 
TOMASIEWICZ and MCHENRY ( 1  987). Additional (but silent) base- 
pair changes were observed for dnaE9l I (nucleotide 2236. CTG 
+ F G )  and dnaE914 (nucleotide 2601, CCC + %I). 
allows one to observe  the antimutator effect in trans. 
Compared to the strain  carrying  the wild-type dnaE 
gene,  a 3-1 0-fold antimutator effect was produced by 
the dnaE antimutator alleles (Figure 1). 

DNA sequence  analysis: The seven cloned dnaE 
antimutator  genes as well as the wild-type gene were 
sequenced in their  entirety,  starting  from  the putative 
dnaE promoter region (TOMASIEWICZ and MCHENRY 
1987) located some 200 bases upstream of the coding 
sequence. The locations of the mutations are shown 
in Table 2. For each antimutator,  one  amino acid 
substitution was found  among  the  1,160  amino acids 
that  comprise the protein. In the case of dnaE911 and 
dnaE914, an  additional base-pair substitution was also 
detected.  However,  neither  resulted in an  amino acid 
change  (Table 2, legend). All affected residues are 
located in the  central  one-third of the gene. Each 
mutation  resulted  from  a G - C  + A -T change, con- 
sistent with the mutational specificity of hydroxyl- 
amine,  the  mutagen  that was used to  create  them 
(FREESE 1971). The changes are generally nonconser- 
vative. Included are changes  from  hydrophobic to 
polar (Ala -P Thr), hydrophobic to charged (Gly --* 
Asp), polar to a  hydrophobic  (Ser -P Leu), and nega- 
tively to positively charged (Glu + Lys). In three cases 
either a  proline or a glycine residue is altered, substi- 
tutions  often  correlated with structural changes 
(BRANDEN  and TOOZE 199 1). 

The identification of the  amino acids responsible 
for  the  antimutator effect represents  a first step in 
determining  the mechanisms by which the antimuta- 
tor effects are achieved. In the simplest view, one 
might  expect  antimutator residues to reveal the DNA 
polymerase residues (or domains)  that are important 
in determining  the fidelity of polymerization. How- 
ever, no single affected  residue or region was re- 
vealed. The changes  occurred at seven different resi- 
dues  spread out over the central  one-third of the 
enzyme,  a  stretch of almost 400  amino acids (Table 
2). This suggests that  a  more  indirect mechanism is 
involved or that  more than one mechanism may be 
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responsible for  the observed  effect. 
LANCY et al. (1989)  determined  the  nucleotide se- 

quence of the dnaE gene  from  the closely related 
bacterium Salmonella  typhimurium and  compared  the 
resulting  amino acid sequence to  that of E. coli. 
Among the  1,160 residues, 30 amino acid substitution 
differences were noted,  none of  which resided in the 
central  third of the  gene.  These  and our data suggest 
that  the  central  third of the  protein is the region most 
important  for DNA polymerase function,  including 
its accuracy. 

Amino acid alignment of DNA polymerase I11 
with other DNA polymerases: Since very little is 
known about  the  functional  regions of DNA polym- 
erase 111, a comparison was undertaken  to  other DNA 
polymerases. Polymerases from  a  large  number  of 
sources have been aligned using amino acid homolo- 
gies to reveal regions of possible functional signifi- 
cance UUNG et al. 1987;  WANG, WONG and KORN 
1989;  DELARUE et al. 1990; BLANCO et al. 199 1 ; ITO 
and BRAITHWAITE 199 1 ; BLANCO, BERNAD  and SALAS 
1992). Several families of related polymerases have 
been described, of  which the most prominent are  the 
eukaryotic polymerase a family and  the E. coli polym- 
erase I family UUNC et al. 1987; DELARUE et al. 1990). 
E.  coli DNA polymerase 111 has generally not been 
included in such analyses, presumably because it dis- 
plays little or  no homology to  the  other enzymes, 
except its close relative S.  typhimurium (LANCY et al. 
1989). Limited homology has also been reported  to 
DNA polymerase 111 from Bacillus subtilis (HAMMOND 
et al. 199 1 ; ITO and BRAITHWAITE 199  1)  and a sepa- 
rate family for  the  three enzymes has been suggested 
(ITO and BRAITHWAITE 199 1). 

We have used the alignments  proposed by DELARUE 
et al. (1990) since these authors, by emphasizing the 
most critically preserved  residues, were able to  bridge 
the gap between the eukaryotic polymerase a and  the 
E. coli polymerase I family, and were also able to 
include even more distantly related enzymes such as 
DNA polymerase f l ,  DNA-dependent  RNA polymer- 
ases, RNA-dependent DNA polymerases, and RNA 
dependent RNA polymerases. Three highly con- 
served  sequence motifs were  deduced,  termed  A,  B 
and C, which occurred in the same linear order in 
each primary  sequence and were proposed to consti- 
tute a universal polymerase “core” (see Figure  2). The 
relevance of the motifs is substantiated by their loca- 
tion in the crystal structure  obtained  for E. coli DNA 
polymerase 1 (OLLIS et al. 1985; JOYCE and STEITZ 
1987;  DELARUE et al. 1990)  and site-specific mutagen- 
esis experiments  altering  the critical residues (PO- 
LESKY et al. 1990,  1992). On  the assumption that  the 
three  “core” motifs would also be  present in polym- 
erase 111, we inspected its amino acid sequence for 
their  presence (see MATERIALS AND METHODS). Indeed, 

the  three motifs could  be found, as shown  in Figure 
2. 

The crystal structure derived  for E.  coli DNA po- 
lymerase l has allowed a  tentative assignment of func- 
tional domains  (OLLIS et al. 1985; JOYCE and STEITZ 
1987). The salient feature is the presence  of  an ex- 
tended  cleft, which is presumed to hold the DNA in 
its proper  orientation  for  the chain-elongation reac- 
tion. Motifs A, B and C are close together  on  the 
inner  surface of the cleft and constitute essential com- 
ponents of the catalytic site (DELARUE et al. 1990). 
The regions  outside or in between the motifs corre- 
spond  roughly to  the  “finger,  thumb  and palm”  areas 
of the polymerase (KOHLSTAEDT et al. 1992)  that 
define  the polymerase cleft and  that may be  expected 
to be in contact with the  DNA. In Figure  3, we have 
placed the seven antimutator mutations on  the linear 
dnaE sequence relative to  the  three  “core” motifs. 
Four  substitutions are located on  the  amino-terminal 
side of motif A, one between motifs A and B, and  the 
remaining two between motifs B and C. Thus, none 
of the mutations  occurs directly at  the sites most 
directly implicated in  catalysis (at least by extrapola- 
tion from DNA polymerase I). These findings suggest 
that  the effects of the  antimutator  mutations may not 
be exerted by a  direct  interference with the catalysis 
of the reaction but, instead, indirectly (see below). 

Possible antimutator mechanisms: We have pre- 
viously mentioned  three  different  (although  not mu- 
tually exclusive) ways  by which mutations in the DNA 
polymerase could  reduce  error rates  (FIJALKOWSKA, 
DUNN  and SCHAAPER  1993).  First, the  antimutator 
mutations may improve base selection. Second, al- 
tered interaction or coordination between the (Y (po- 
lymerase) and t (editing)  subunits could improve dis- 
crimination via the  proofreading  step.  This is possible 
since the  exonuclease acts in coordination with the 
polymerase (MAKI and KORNBERG 1987;  STUDWELL 
and  O’DONNELL  1990;  REEMS,  GRIEP  and  MCHENRY 
1991)  and  does  not, by itself, discriminate between 
correctly and incorrectly  paired  termini  (BRENOWITZ 
et al. 1991). Relevant to this type of mechanism may 
be the dnaE173 mutator  mutation which resides in 
the polymerase subunit,  but whose mutator  phenotype 
reportedly results from  a  proofreading deficiency 
(MAKI, M o  and SEKIGUCHI 1991). Third, the  mutant 
DNA polymerases may  simply be catalytically  less 
competent, having an increased probability of stalling 
at certain  points in the DNA replication cycle 
(KUCHTA, BENKOVIC and BENKOVIC 1988). Such stall- 
ing  (or slow down) would provide increased time for 
the exonuclease to  act,  leading  to  higher fidelity. This 
type of mechanism has been proposed  for the T 4  
antimutator polymerase CB120, which is defective in 
strand displacement (in addition to a  presumed in- 
crease in accuracy at  the insertion  step)  (GILLIN and 



MOTIP A 

HUM-ALFA 854  FILLL D FNmSIIQEFNICFTTV 
CAL-NPV 524 NAFSL D FN-TIMIAICACLSNL 
T4 402  YIMSF D LTYYESIIRQVNISPETI 
EPST-B 578 P V L W  D FqyyESIIQAHNLCYSTM 
HERPES 711 P V W F  D F W S I I Q A H N L C F S T L  
CYTOMEG 711  PVAVF D FqsLxESIIMl\tlNLCYSTL 
VACCINIA 543 NVLIF D YN-CIFGNLSPETL 
VARIC-2 676 P W V L  D FASWLESIIQWLCFTTL 
E.C.POLI1 412  SVLVL D Y W S I I R T F L I D P V G L  

E.C.POLII1 518 PTKIT D FAPUCDEEGKHPVTQFDK 

E.C.POL1 699  VIVSA D Y.SQIELRIWLSRDKGL 
S.PNEUH 647 VLLSS D Y.SQIELRVLA&ISKDEHL 
T.AQUAT 604  LLVAL D Y .SQIELRVLA&LSGDENL 
SPO2 380  EFYVS D F.SRIEARVIAWLAGEEWR 
TS 495 RVIAW D L.TTAEVYYAAVLSGDRNM 
T7 469 VQAGI D A.SGLELRCLA&FMARFDN 

E.  coli Antimutators 

MOTIF B 

64 IRQKAL X LTA.NSM Y C  CLGFSYSRFYAK 
50  QKQNSV K RTA.NS1 YC YYGIFYKVLANY 
123  TNQLNR K ILI NSL Y G  ALGNIHFRYYDL 
71 KQQLAI K CTC.NAV Y C  FTGVANGLFPCL 
68 KQQAAI K WC.NSV YC FTGVQHGLLPCL 
68 KEQMAL A VTC.NAF Y C FTGVVNGMMPCL 
86 SMQYTY A 1VA.NSV Y C  LMGFRNSALYSY 
67 KQQAAI K WC.NSV Y C  FTGVAQGFLPCL 
48 PLSQAL K 1IM.NAF Y G  VLGTTACRFFDP 

124 WQHESL K PVL.EPT Y C  IILYQEQVMQIA 

28 EQBRSA K AINFGLI Y C  MSAFGLARQLNI 
29  NDBRNA X AVNFGVV Y C  ISDFGLSNNLGI 
28 LM&RAA K TINFGVL Y C  MSAHRLSQELAI 
30  PLBQKG K VAELALG Y Q  GGKGALIQMGAL 
40  ALRQAA K AITFGIL Y C  SGPAKVAHSVNE 
2 2  PTBDNA K TFIYGFL Y C  AGDEKIGQIVGA 

24 
34 
33 
46 
47 
71 
62 
48 
24 

88 

95 
94 
93 
133 
113 
103 
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WOTIP C 

NLEVIYG D TRSIMIN 
TFKWYG D TRSTFVL 
EDFIAAG D TRSVYVC 
QLRVIYG D TRSLFIE 
SMRIIYG D TRSIFVL 
EARVIYG D TRSVFVR 
RFRSVYG D TRSVFTE 
EVKVIYG D TRSVFIR 
GYDVIYG D TRSTFVW 

MAAVMTA D MQNTEKV 

RMINQVH D .ELVFEV 
KMLLQVH D .EIVLEV 
RMLLQVH D .ELVLEA 
KTVMHVH D .EAVLLV 
KIVMLVH D .SVVAIV 
AYMAWVH D .EIQVGC 

FIGURE 2,"Alignment of E.  coli DNA polymerase I11 (middle) with various other DNA polymerases in the region of motifs A, B and C, 
as  defined by DELARUE et al. (1990). The motifs for DNA polymerase I11 were derived as described in MATERIALS AND METHODS. The  group 
of polymerases at  the  top  represents DNA polymerases of the human polymerase a type. The second group (bottom), represents DNA 
polymerases of the E .  coli polymerase I type. Amino acid residues that are most strictly conserved are in  bold and  other highly conserved 
residues are underlined. The amino acid sequences were taken from the SWISS-PROT data base and aligned as  in DELARUE et  al. (1990). 
The polymerase a type sequences are from  human DNA polymerase a, Autographica calijornia nuclear polyhedrosis virus, bacteriophage T4, 
Epstein-Barr virus, cytomegalovirus, vaccinia virus, varicella-Zoster virus, and E.  coli DNA polymerase 11. The polymerase I type sequences 
are from E. coli, S.  pneumoniae, Thermus aquaticus. and bacteriophages SP02,  T5  and  T7.  The numbers indicate the number of amino acids 
that  precede or reside between the presented sequences. 

1 """ """ 1 1 6 0  

300 6 0 0  900 
Figure 3.-Location of amino acid substitutions in dnaE antimutator  mutants relative to  the  three "core" motifs (A, B and C) as defined by 
DELARUE et al. (1990). The number below the motifs indicates the position of the invariant aspartate (D), lysine (K), and aspartate (D)  in 
these motifs, respectively (see Figure 2). 

NOSSAL 1976a,b). 
The data  obtained  to  date do not yet allow us to 

decide  among  these models. The dispersed nature of 
dnaE antimutator mutations,  as  described  above, is, 
in the simplest view,  most  easily reconciled with the 
last model. Obviously, catalytically impaired  mutants 
may be  obtained  throughout  the enzyme. Further- 
more,  the location of the mutations  relative to  three 
core motifs indicates that they may be part of the 
polymerase molecule that  forms  the cleft. This sug- 
gests that they may affect protein-DNA  interactions 
of  which many occur  throughout  the cleft (POLESKY 
et al. 1992).  Alternatively, or in addition,  they may 
affect DNA polymerase conformation(s). The mech- 
anism would also be most compatible with the obser- 
vation (FIJALKOWSKA, DUNN and SCHAAPER 1993)  that 
during  the isolation of  the new dnaE derivatives, dnaE 
antimutators were found at higher  frequency  than 
dnaE mutators. Obviously, within the framework of a 
"stalling" model, catalytically impaired  mutants  (anti- 
mutators) would be more readily obtained  than  more 
proficient  ones  (mutators). On  the  other  hand, it is 

less clear how this mechanism can account  for  the 
defined specificity displayed by some of the antimu- 
tators (SCHAAPER 1993).  For  example,  one  antimuta- 
tor  reduced  transition  errors, bu t  increased  transver- 
sion and frameshift  mutations. Thus, multiple mech- 
anisms may  play a role. It is our intention to  further 
address  the  question of the  antimutator mechanisms 
by analyzing the  properties of purified  antimutator a 
subunits in vitro. 

We thank K. BEBENEK, J. DRAKE, J.-Y. Mo and A. OLLER of 
NIEHS and Y. PAVLOV, University of Sankt Petersburg  for helpful 
comments on this manuscript. 
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