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ABSTRACT 
We have examined the mutational specificity  of l-nitroso-8-nitropyrene (1 ,&NONP), an activated 

metabolite of the carcinogen 1,84initropyrene, in the lacl gene of Escherichia coli strains which differ 
with respect to nucleotide excision repair (f AuvrB) and MucA/B-mediated error-prone translesion 
synthesis (+pKMlOI). Several different classes  of mutation were recovered, of  which frameshifts, base 
substitutions, and deletions were clearly induced by 1,8-NONP  treatment. The high proportion of 
point mutations (>92%) which occurred  at G-C sites correlates with the percentage of 1,8-NONP- 
DNA adducts which occur at  the C(8)  position  of guanine. The most prominent frameshift mutations 
were -(G C) events, which were induced by 1,8-NONP  treatment in all strains, occurred preferentially 
in runs of guanine residues, and whose frequency increased markedly with the length of the  reiterated 
sequence. Of the base substitution mutations G.  C 4 T a A transversions were induced to the greatest 
extent by 1,8-NONP. The distribution of the G'C + T. A transversions was not influenced by the 
nature of flanking bases, nor was there  a  strand  preference  for these events. The presence of  plasmid 
pKM 101 specifically increased the frequency of G - C + T A transversions by a factor of 30-60. In 
contrast, the -(G. C) frameshift mutation frequency was increased only  2-4-fold  in strains harboring 
pKM101  as compared to strains lacking this  plasmid. There was, however, a marked influence of 
pKM 101  on  the  strand specificity  of frameshift mutation; a  preference was observed for -G events 
on  the transcribed strand. The ability of the bacteria to carry out nucleotide excision repair had a 
strong effect on the frequency of all classes of mutation but  did  not significantly influence either  the 
overall distribution of mutational classes or the  strand specificity  of G.  C + T. A transversions and 
-(G - C) frameshifts. Deletion mutations were induced in the Auvr, pKM 10 1 strain. The endpoints of 
the majority of the deletion mutations were G.  C rich and contained regions of considerable homology. 
The specificity  of 1,8-NONP-induced mutation suggests that DNA containing l,&NONP adducts 
can be  processed through  different mutational pathways depending on the DNA sequence context of 
the  adduct  and  the DNA repair background of the cell. 

E XAMINATION of mutational  spectra in forward 
mutation  targets has shown that mutagens ex- 

hibit  marked specificity both with respect to  the type 
of mutation  induced and  the site of mutation. This 
indicates that mutagenesis is not  a random process, 
but  rather  that  certain types of DNA adducts within 
particular DNA sequences (mutational hotspots) are 
misrepaired or misreplicated by  specific mechanisms 
(EISENSTADT 1987).  Identification of the mutational 
hotspots, the types of mutations  induced and  their 
relative  proportions  through  the  accurate  determina- 
tion  of DNA sequence  alterations  represents  a pow- 
erful approach to  the study of mutational mechanisms. 
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Moreover, the differences in the mutational  spectra 
associated with systematic changes in the cellular gen- 
otype  provide  information with respect to  the roles of 
specific gene  products in error avoidance and muta- 
tion  fixation. 

The mutagenic and carcinogenic compound  1,8- 
dinitropyrene  (1  ,8-DNP) is metabolically activated by 
reduction of a single nitro  group  to a species capable 
of binding covalently to DNA. The partially reduced 
derivative  1-nitroso-8-nitropyrene  (1,S-NONP) is an 
activated  intermediate. The major DNA adduct 
(>95% of the total)  formed by 1 &DNP or 1,8-NONP 
in bacteria  (ANDREWS et al. 1986;  LAMBERT et al., 
1991),  cultured  rabbit  tracheal epithelial cells (NOR- 
MAN et al. 1989a), and female CD rats  (NORMAN et al. 
1990) is the  guanine  C(8)  adduct N-(2'-deoxyguano- 
sin-8-yl)-l -amino-8-nitropyrene [dG-C(S)-ANP] (Fig- 
ure 1). T w o  uncharacterized  minor  adducts (<5% of 
the total)  have also been  detected  (NORMAN et al. 
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FIGURE 1 .-Structure of l-N-(2'-deoxyguanosin-8-yl)-amino-8- 
nitropyrene,  the  major  DNA  adduct formed by 1,8-NONP. 

1989a; LAMBERT et al. 1991).  In  mutation assays 1,s- 
DNP is extremely  active  at  the Salmonella  typhimurium 
frameshift loci hisC3076,  hisD3052 and hisD6580. In- 
duced  reversion of the base  substitution loci hisG46 
in S.  typhimurium and trpA in Escherichia coli has  also 
been  observed,  but only  in  strains  which  harbor plas- 
mid pKM 10 1 (ROSENKRANZ and MERMELSTEIN 1983; 
TOKIWA and OHNISHI 1986).  DNA  sequencing of 1,8- 
NONP-induced  forward  mutations  in  the lacl gene of 
nucleotide  excision repair deficient (AuvrB) E.  coli 
showed  that  frameshifts are the  predominant  muta- 
tion  (LAMBERT et al. 1991). 

In  the  present  study we provide detailed  mutational 
spectra of 1,8-NONP  in the lacl gene  of E.  coli strains 
which differ with respect  to:  (a)  nucleotide  excision- 
repair capability and (b) the presence of plasmid 
pKM  10 1  which promotes  error-prone lesion  bypass 
(WALKER  1984). T h e  lacl geneticlM13  cloning system 
(MILLER 1978; SCHAAPER,  DANFORTH and GLICKMAN 
1985) used here allows  all classes of mutation  to be 
monitored in  a well characterized  target of over 1000 
bp. T h e  652 mutations  described  in  this  paper,  and 
159  mutations  reported previously  (LAMBERT et al. 
1991)  represent a large  data  base of forward  muta- 
tions which is likely to  accurately  reflect  the  muta- 
tional specificity of  1,8-NONP  in E.  coli. 

MATERIALS AND METHODS 

Bacteria  and  bacteriophage: Lacl- mutants were selected 
from E.  coli strains NR6112 [F'lacpro; A(1acpro) ara thi rfa], 
EE125 [F'lacpro; A(1acpro) ara thi rf. pKM1011, and 
CM6114 [same  as EEl25 except A(bioFCD-uvrB-chlA)].  Bac- 
terial strains used for genetic characterization of the lad- 
mutations, for recombinational transfer onto bacteriophage 
M 13, and for detection of the recombinant phage have been 
described previously  (SCHMEISSNER, GANEM  and MILLER 
1977; SCHAAPER, DANFORTH and GLICKMAN 1985), as  has 
the bacteriophage mRS8 1 (M 13lacl+Za-; SCHAAPER, DAN- 
FORTH and  GLICKMAN 1985). The F'lac used  in these studies 
carries the I4 and L8 promotor mutations to facilitate their 
use in the mutagenesis  system (MILLER 1978). 

Media  and  chemicals: Media were as described (MILLER 
1972; COULONDRE and MILLER 1977). Phenyl-P-D-galacto- 
side (PGal), 5-bromo-4-chloro-3-indoyl-@-~-galactoside and 
O-nitrophenyl-@+-thiogalactoside were purchased from Re- 
search Organics Inc. (Cleveland, Ohio). The synthesis of 
1,8-NONP (purity >99%) by oxidation of l-amino-8-nitro- 
pyrene has been described previously (ANDREWS et al. 1986). 

All oligonucleotide probes and primers were purchased 
from  the Central Facility  of the Institute for Molecular 
Biology and Biotechnology  (McMaster  University,  Hamil- 
ton). 

Selection  and  characterization of Zacr mutants: Multi- 
ple cultures of NR6112 (wild-type),  EE125 (pKM101) and 
CM6114 (AuvrB, pKM101) were  grown overnight at 37" 
with shaking. Ampicillin (50 pg/ml) was added to EE125 
and CM6 1 14 cultures to maintain plasmid  pKM101. Over- 
night cultures were centrifuged, and  the pellet resuspended 
in Vogel-Bonner salt solution (VB). One-milliliter aliquots 
of each culture were treated with 1,8-NONP [25 nmol in 
100 pl dimethyl sulfoxide (DMSO)], or DMSO alone (con- 
trols). Following incubation for  15 min at 37", the bacteria 
were pelleted by centrifugation, washed, resuspended in  VB 
and immediately  placed on ice. The lacl- mutation fre- 
quency and cell survival  were determined by plating appro- 
priate dilutions of the cultures onto minimal  plates contain- 
ing PGal, and LB plates,  respectively. PGal is a substrate for 
@-galactosidase but does not induce the enzyme. Therefore 
when  PGal is present as the sole carbon source, only  cells 
which constitutively express P-galactosidase ( i e . ,  which carry 
lacl- or lacOC mutations) form colonies. PGal plates  were 
incubated for  2 days and LB plates for 16 hr  at  37". 
Mutation frequencies for both control (spontaneous) and 
1,8-NONP-treated cultures were calculated as mutants per 
lo6 survivors. Lad-  colonies  were  isolated from each inde- 
pendently treated  culture. The combination of short treat- 
ment period in buffer, and direct plating onto PGal plates 
immediately  following treatment ensured that all induced 
mutations were of independent origin. 

Mutations were localized to one of seven segments of the 
lacl gene by deletion mapping as described by SCHMEISSNER, 
GANEM,  and MILLER 1977. Mutations at  the frameshift 
hotspot site, position 620-632 (FARABAUGH et al. 1978), 
were identified using an oligonucleotide/colony hybridiza- 
tion approach (HALLIDAY et al. 1990). Those mutants that 
did not hybridize to mutant-specific probes which were 
complementary to  either an addition or deletion of the 4- 
bp repeat 5'-CTGG-3' were subjected to  further analysis. 
Mutant lad  genes were transferred from the F' factor 
(lacZ-lacZa+) to bacteriophage mRS8 1 (M13lacZ+lacZa-) by 
in  v ivo recombination as described (SCHAAPER, DANFORTH 
and  GLICKMAN 1985). Following plaque purification, viral 
DNA was purified, and sequenced using the dideoxy  chain 
termination method of SANGER et al. (1980). Oligonucleo- 
tide primers complementary to specific  positions of the l a d  
gene were  used to sequence the regions indicated by the 
deletion mapping of the lacl mutations. These primers were 
14 mers  having  3' ends at positions 148, 215, 302, 450, 
604,  745, 901 and  1049 of the l a d  gene and a 17-mer 
complementary to position 27-43 of the lac2 gene (REZNI- 
KOFF and ABELSON 1978). The resulting DNA sequences 
were compared to that of the wild-type lacl gene (FARA- 
BAUGH 1978). 

RESULTS 

Selection  and characterization of Zacr mutants: 
Treatment  of E.  coli strain  CM6 1 14 (AuvrB, pKM  10  1) 
with 25 PM 1,8-NONP  produced a lacl- mutation 
frequency  of 265 X at  about  70% survival. This 
represents  an  88-fold  increase  over  the  spontaneous 
mutation  frequency  determined in  parallel  experi- 
ments.  Similar  treatment  of  strain  EE125  (pKM101), 
which is proficient  in  DNA  excision  repair  capability 
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TABLE 1 

Distribution of l a d -  mutants following 1,s-NONP treatment 

Occurrences 

NR6112 EE125 NR6113' CM6114 
(wild-tvDe) foKM101) (AuurB)  (AuuYB.DKM 10 1 ) 

Mutation  frequency (1,B-NONP)" . . . . . . . . 11  (4.2) 36  (12)  105  (30) 265 (71) 
Mutation frequency (control)" . . . . . . . . . . . 5.4 (2.8)  7.3 (2.3) 3.2 (1.6) 3.0 (1.6) 

b 

Mutation 
CTGG (+)d 
CTGG ( - )d  

Base substitutions 
G-C + T - A  
G.C  +C.G 
A.T + T . A  
A * T  + C.G 
G.C + A.T 
A . T  + G . C  
Tandem doubles 

Frameshifts 
- (G.  C) 
-(A.T) 
-2 
+1 

Deletions 
Duplications 
Complex 
Uncharacterized 

Total No. mutants 

129 
41 

29 
5 
3 
3 

28 
2 
2 
9 

263 

45 
16 

31 
1 
1 
2 
3 
1 
0 

18 
2 
0 
2 

10 
1 
0 

15 

148 

15 
4 

110 
0 
2 
1 
7 
1 
1 
6 

159 

4 
2 

66 
2 
7 
1 
4 
0 
1 

114 
2 
3 
2 

15 
1 
0 

17 

24 1 

' Mutation frequencies are expressed as the number of lacI- mutants per IO6 survivors. 
'Values given are means from several independent determinations. The number of plates counted  for determination of mutation 

frequencies following 1,8-NONP treatment were: NR6112 and CM6114,  36 plates each; EE125 and NR6113, 24 plates each. The number 
of plates counted for  determination of control mutation frequencies were: NR6112 and CM6114, 12 plates each; EE125 and NR6113, 8 
plates each. Standard deviations are shown  in parentheses. 

Data from LAMBERT et aZ. (1 99 1). 
Frameshift hotspot at position 620-632  (5'-CTGGCTCGCTCGC-3'). 

but otherwise isogenic to CM6114  resulted in an 
increase of only 5-fold over  the  spontaneous l acr  
mutation  frequency at 8 1 % survival. In  NR6112 
(wild-type), 25 PM 1,8-NONP  treatment gave rise to 
a 2-fold increase over the spontaneous  mutation  fre- 
quency at a survival of 82%. A  total of 652 lacl- 
mutants  [241  from  CM6114,  148  from  EE125  and 
263  from NR61121 were selected from PGal plates, 
purified,  and  the mutations localized in the lacl gene 
by  deletion mapping. 

The nature of the  652 l acr  mutations  recovered 
after  1,8-NONP  treatment is summarized in Table 1. 
Oligonucleotide  probe analysis was performed  to 
identify frameshift hotspot  events (f5'-CTGG-3'  at 
position 620-632) in the  mutant collection. Of  the 
mutations,  2.5%  (4  additions and 2  deletions)  from 
the CM6114 (AuvrB, pKM101) collection, 41%  (45 
additions  and  16  deletions)  from  the EEl25 
(pKM 10 1) collection, and  65%  (1 29  additions and 4  1 
deletions)  from the  NR6  1  12 (wild-type) collection oc- 
curred  at this site. Frameshift hotspot  events  account 
for  the majority of spontaneous  events in the lacl gene 

(FARABAUGH et al. 1978) with additions and deletions 
comprising 56% and  14%, respectively, of sponta- 
neous  mutations in a wild-type background  (FARA- 
BAUGH et al. 1978;  SCHAAPER, DANFORTH and GLICK- 
MAN 1986;  HALLIDAY and GLICKMAN  1991), and  42% 
and  15%, respectively, of spontaneous  mutations in 
an isogenic strain  harboring pKM 101 (A. J. E. GOR- 
DON and B. W. GLICKMAN, in preparation). Since 
frameshift  hotspot  events  dominate  spontaneous mu- 
tation  spectra and  the  proportion of these events 
decreases as the 1,8-NONP-induced  mutation  fre- 
quencies increase,  a significant proportion of the 
frameshift  hotspot  events  recovered in this study are 
likely to be of spontaneous  origin. 

Of  the  non-hotspot  mutants  (containing  mutations 
other  than +5'-CTGG-3' at position 620-632),  221/ 
235  CM6114 (AuvrB, pKMlOl),  79/87 EE125 
(pKM101) and  83/93  NR6112 (wild-type) l acr  mu- 
tations were cloned into mRS81 and  the DNA was 
sequenced. The remaining 32 l acr  mutations were 
not  recovered onto vector mRS81 despite  repeated 
attempts.  However,  genetic analysis and oligonucleo- 
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tide hybridization patterns  indicated  that  15 of these 
mutants 16 NR6112, 5 EE125; 4  CM6114 ] had 
undergone  large deletions (data  not shown). Of  the 
383 cloned l a d -  mutants  25 were not  characterized. 
The sequencing results are described in detail in 
Tables 2-5. 

Base substitution  mutations were prominent only  in 
strains which harbored plasmid pKM101  (Tables  1 
and 2). Single base substitutions  accounted  for 34% 
(80/235)  and  45%  (39/87) of the  non-hotspot  muta- 
tions  recovered in CM6 1 14 (AuvrB, pKMl0 1) and 
EE 125 (pKM 10 l), respectively. Approximately 90% 
of the base substitutions in each pKMlO1 strain oc- 
curred  at G - C base pairs. G - C + T a A transversions 
were the  predominant base substitution  mutation ob- 
served with 66 such events being  characterized in 
CM6114; 31 G.C + T . A  transversions were re- 
covered in EE125. The most frequent base substitu- 
tions observed at A T sites were A - T + T A  trans- 
versions, of  which 7 events were characterized in 
CM6114,  and  1  event was isolated in EE125. Only 
small numbers of each of the  other possible single 
base substitutions, and  one  tandem base substitution 
were observed in  pKM 101-containing  strains.  In 
NR6  1 12 (wild-type), which  lacks pKM 10  1, only 12% 
of the non-hotspot mutations  (1 1/93) were single base 
substitutions, all  of which occurred at   G-C sites. Ap- 
proximately equal numbers of transversions and  tran- 
sitions were recovered in the wild-type strain. 

A total of 183 frameshift  mutations involving the 
gain or loss  of 1 or 2  bp were recovered following 
1,8-NONP  treatment [ 121 CM6 1 14 (AuvrB, 
pKM101);  22 EE125 (pKM101); 40  NR6112 (wild- 
type)] (Tables  1 and 3). Frameshifts comprised 51 % 
of  the non-hotspot  mutations in CM6 1 14 (1 2  1  /235), 
25% (22/87) in EE125, and  43%  (40/93) in NR6112. 
The vast majority of frameshifts  [99% in CM6114; 
87% in EE125; 85% in NR61121 involved G - C  base 
pairs. Minus (G.  C)  events  predominated  and were 
observed in 114 CM6114  mutants, 18 EE125  mu- 
tants,  and 29 NR6112  mutants. Other types of frame- 
shifts  characterized in the  three E.  coli strains  included 
4 +(G.C), 6  -(GC.CG),  9 -(A.T)  and 3 +(A.T) 
events. 

Deletions accounted  for 53 of the mutants  re- 
covered following 1,8-NONP  treatment. Of these,  1  1 
CM6114 (AuvrB, pKMlOl), 5  EE125  (pKM101) and 
22  NR6112 (wild-type) deletions  were cloned onto 
mRS8 1. DNA sequencing of these  mutations showed 
that  the deletions ranged in  size from  3 to  343  bp 
(Table  4)  and  that  the  endpoints of 34/38 of the 
deletions  contained  regions of considerable (73- 
100%) homology. It has been suggested that palin- 
dromic  structures within the  deleted  sequence might 
play a  role in deletion  formation  (GLICKMAN and 
RIPLEY  1984;  SCHAAPER,  DANFORTH  and  GLICKMAN 

1986; WESTON-HAFER and BERG 1989). The ability 
of each of the  deleted sequences to form energetically 
stable hairpin  structures was examined using the com- 
puter  program “FOLD” (ZUKER and STEIGLER 198  l), 
part of the Genetics Computer  Group software pack- 
age  (DEVEREUX,  HAEBERLI  and SMITHIES 1984). Al- 
though  a few  of the deleted sequences did contain 
palindromic  structures  (for  example,  deletion  146- 
268  (GLICKMAN and RIPLEY  1984), such a  feature was 
not  common in this collection of deletions. 

Although homology within the  endpoints was the 
most prominent  feature of the deletions recovered 
from  1  ,a-NONP-treated  strains,  other  interesting se- 
quences were noted. (1) The 3”endpoint of deletion 
352-394, which does  not  contain  direct  repeats,  and 
the 3‘ end of the  repeated  sequence in deletion 267- 
282  (recovered  nine times) are  at 5’-GATC-3’ se- 
quences; this sequence is the site of MutH  endonucle- 
ase activity during methyl-directed mismatch repair 
(LAHUE,  AU  and MODRICH 1989).  (2) The sequence 
5‘-GTGG-3’ which is frequently  found at sites of 
deletion and frameshift  mutations  (FIX,  BURNS and 
GLICKMAN  1987;  HALLIDAY and GLICKMAN  1991; 
Mo, MAKI and SEKIGUCHI 199  1) is near  the  endpoints 
of 11 of the  deletions  characterized in this study. (3) 
In a previous study we noted  that no homology was 
apparent between the  endpoints of a  401-bp 1,s- 
NONP-induced  deletion in a AuvrB strain,  but  that 
the  5”endpoint was flanked by two sequences which 
resembled the DNA gyrase consensus sequence (LAM- 
BERT et al. 1991). 

Four duplications were recovered following 1,8- 
NONP  treatment  (Table  5). The 6-bp duplication in 
the 610-621 region  recovered in the EE125 
(pKM 10 1) and NR6  1  12 (wild-type) collections creates 
a  5’-(GCGTCT)s-3’  sequence  from  the original 5‘- 
(GCGTCT)2-3 ’ sequence and is located immediately 
5’ to  the frameshift hotspot site (position 620-632). 
The 20 bp duplication  (695-714) in NR6112 also 
contains  direct  repeats at either  end of the duplicated 
sequence. 

Two  NR6112 (wild-type) mutants, K158 and  K183, 
contained complex changes  (Table  5) which were 
comprised of both base substitution and frameshift 
events. 

Induction of mutational events by 1,8-NONP: 
The extent  to which any mutational class was induced 
by 1,S-NONP can be  estimated by comparing  the 
frequency of that event with and without  1  ,S-NONP 
treatment. The expected  spontaneous  frequency of 
different classes  of mutation was calculated using the 
overall frequency of spontaneous  mutation deter- 
mined in the present  study and  the specificity of 729 
and  198 spontaneous l a d  mutations  characterized in 
wild-type and pKM 10 1 E .  coli, respectively (HALLIDAY 
and  GLICKMAN  1991; A. J. E. GORDON and B.  W. 
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TABLE 2 

Base substitutions recovered  from E. coli following 1,8-NONP treatment 

915 

Site 

49 
53 
54 
54 
57 
59 
65,66 
66 
72 
75 
80 
81,82 
84 
86 
89 
90 
90 
92 
93 
93 

102 
104 
105 
107 
110 
111 
116 
120 
134 
143 
150 
158 
169 
174 
174 
180 
185 
185 
185 
186 
195 
200 
20 1 
203 
210 
22 1 
222 
222 
228 
258 
270 
318 
326 
34  1 
381 
437 
487 
518 
528 
537 
623 

Mutationn 

C + A  
G - T  
T - G  
T + C  
C-A 
G + T  
GC + AA 
C-A 
T - A  
C + A  
C-A 
AG ”.* TT 
C + A  
G-C 
T - A  
C-A 
C - T  
C + A  
G - T  
G-A 
A - T  
C - T  
A + C  
G-A 
A - T  
G-A 
G - T  
C + A  
G - T  
G - T  
C-A 
G - T  
C-A 
C-A 
C-G 
G-C 
G-A 
G-C 
G + T  
C-A 
T - A  
G - T  
G - T  
A - T  
C-A 
G - T  
G + T  
G + A  
C-A 
C-A 
C-A 
C-A 
G - T  
G - T  
G-A 
G - T  
G - T  
G - T  
C-A 
G + A  
G + T  

Amino  acid 

Tyr - Oc3 
Val - Phe 
Val + Gly 
Val - Ala 
Ala + Glu 
Glu - Am2 
Ala - Asn 
Ala + Asp 
Val + Asp 
Ser - Tyr 
Gln + Lys 
Gln - Leu 
Thr  4 Asn 
Val + Leu 
Ser - Thr  
Ser - Tyr 
Ser - Phe 
Arg - Ser 
Arg + Leu 
Arg - His 
Asn - Ile 
Gln - Am6 
Gln + Pro 
Ala - Thr  
Ser + Cys 
Ser - Asn 
Val - Phe 
Ser + Tyr 
Glu + Och 
Glu - Och 
Ala - Glu 
Glu + Am7 
Tyr + Oc8 
Pro - His 
Pro + Arg 
Arg - Pro 
Ala + Thr  
Ala - Pro 
Ala 4 Ser 
Ala + Glu 
Leu - Gln 

Gly - Val 
Lys + Och 
Ser + Am10 

Gly - Val 
Gly + Asp 
Ala - Asp 
Ser - Am12 
Ala - Glu 
Ser + Am13 
Glu + Oc14 
Glu - Oc15 
Arg - His 
Glu - oc19 
Gln - His 
Glu - oc20 
Thr  - Lys 
Gly + Asp 
Ala + Ser 

Gly - cys 

Gly - cys 

Sequence b 

ACATC G TATAA 
ACGATGTCGCA 
CTGCG A CATCG 
CTGCG A CATCG 
ACTCT G CGACA 
TCGCA G AGTAT 
AGTAT GC CGGTG 
CACCG G CATAC 
AAGAG A CACCG 
GATAA G AGACA 
GGTCT G ATAAG 
TTATC AG ACCGT 
AAACG G TCTGA 
AGACC G TTTCC 
GCGGG A AACGG 
CGCGGGAAACG 
CGCGGGAAACG 
CACGC G GGAAA 
TTCCC G CGTGG 
TTCCC G CGTGG 
GGTGA A CCAGG 
GGCCTGGTTCA 
GAACC A GGCCA 
ACCAG G CCAGC 
AGGCC A GCCAC 
GGCCA G CCACG 
GCCAC G T T T C T  
TCGCA G AAACG 
CGCGG G AAAAA 
AAGTG G AAGCG 
CCATC G CCGCT 
TGGCG G AGCTG 
GGAAT G TAATT 
GGTTG G GAATG 
GGTTG G GAATG 
CAACC G CGTGG 
GCGTG G CACAA 
GCGTG G CACAA 
GCGTG G CACAA 
GTTGT G CCACG 
CCGCC A GTTGT 
TGGCG G GCAAA 
GGCGG G CAAAC 
CGGGC A AACAG 
GCAAC G ACTGT 
TGATTGGCGTT 
GATTG G CGTTG 
GATTG G CGTTG 
AGGTG G CAACG 
TTTGC G ACGGC 
TCGCC G CGACA 
CCATC G ACACC 
TGGTA G AACGA 
GCGTC G AAGCC 
GCAAC G CGTCA 
CTGTG G AAGCT 
GACCAGACACC 
CCCATGAAGAC 
GTCGC G TACCG 
ACTGG G CGTGG 
GTCTG G CTGGC 

NR6112 
(wild-type) 

0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
n 

Occurrences 

(pKM101) 
EE125 

(AuvrE, pKMlO1) 
CM6114 

1 0 
2 0 
1 0 
1 0 
2 2 
0 1 
0 0 
0 1 
1 0 
0 2 
0 3 
0 1 
0 0 
0 1 
0 1 
1 0 
0 1 
0 2 
3 1 
0 0 
0 1 
1 0 
0 1 
1 0 
0 1 
0 0 
1 1 
0 2 
0 1 
0 3 
1 0 
2 0 
0 1 
0 2 
0 1 
0 0 
1 0 
1 0 
0 1 
0 2 
0 1 
0 1 
0 2 
0 1 
0 4 
0 3 
0 1 
0 0 
2 0 
0 2 
0 1 
0 4 
1 1 
0 4 
0 1 
0 0 
1 0 
0 1 
0 2 
0 1 
1 0 

(Continued on 6. 916) 
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TABLE 2 

Continued 

Site Mutationn Amino acid Sequence b 

Occurrences 

NR6112 EE125 
(wild-type) (pKM 10 1) (AuurB,  pKMlO1) 

CM6114 

677 
693 
73 1 
750 
783 
783 
795 
803 
834 
842 
843 
857 
867 
896 
928 
939 
959 
993 

1005 
1013 

G + T  
C-A 
G - T  
C + A  
G + T  
G-A 
C + A  
G - T  
C + A  
G + T  
G - T  
G + T  
C-A 
A + T  
C + A  
T + A  
C - T  
C + A  
G + T  
A-C 

Glu - Oc26 
Ala + Asp 
Glu + Am25 
Ala - Glu 
Gly + Val 
Gly + Asp 
Ala - Asp 
Glu + Am27 
Ser - Am28 
Gly - Opal 
Gly + Val 
Glu + Oc3 1 
Ser + Oc32 
Lys - Och 
Ser - Arg 
Leu - Am32 
Gln + Am34 
Ser - Oc36 
Arg + Ile 
Thr  + Pro 

AACGG G AAGGC 
ACATG G CACTC 
TGAAT G AGGGC 
GCATC G CAGTG 
GCTGG G CGCAA 
GCTGG G CGCAA 
TAATG G CGCGC 
TTACC G AGTCC 
CTACC G AGATA 
TAGTG G GATAC 
AGTGG G ATACG 
ATACC G AAGAC 
AACATGAGCTG 
CCATC A AACAG 
TCCAC G CTGGT 
GCAGC A AGCGG 
CGCCTGGCCCT 
CCAGTGAGACG 
GAAAA G AAAAA 
AAACC A CCCTG 

0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 

0 
1 
1 
0 
1 
0 
0 
1 
1 
2 
0 
1 
1 
0 
1 
0 
0 
2 
1 
1 

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

The nature of the mutation  as determined  on  the nontranscribed strand. 
The sequence shown is that of strand containing the  mutated  purine  and is read 5’ + 3’. Nonsense mutations are  numbered according 

~~~~ ~ ~~ ~ ~~ 

to MILLER, COULONDRE and FARABAUCH  (1978). The  numbering of the l a d  gene is according to  FARABAUCH (1978). 

GLICKMAN, in preparation). Table 6 shows that while 
the frequency of some mutational classes  was only 
slightly increased other classes were strongly induced 
by l&NONP treatment.  G.C + T - A  transversions 
and -(G.C) frameshifts were clearly the most promi- 
nent induced events in both  pKM101 strains. In 
CM6114 (AuvrB, pKM101) the frequency of these 
mutations was increased 810-  and 3200-fold respec- 
tively, while  in EE125 (pKM 10 1) the frequency of G 
C + T - A  transversions and -(G. C) frameshifts was 
increased 36- and 39-fold, respectively. Other events 
whose frequency was increased appreciably above the 
spontaneous level  in the AuvrB, pKM 101  strain in- 
cluded  A - T + T . A transversions, G - C + A. T tran- 
sitions, and deletions. In  NR6112 (wild-type), -(G.C) 
frameshift events were induced 12-fold above the 
spontaneous level. Much smaller increases were ob- 
served  for other mutational  events, which did  not 
exceed  the observed induction of +.CTGG events. 

Specificity of l,&NONP-induced bases  substitu- 
tions: Base substitutions were specifically induced by 
1,8-NONP in those strains which contained pKM10 1 
(Table  6).  Of  the 119-base substitution  mutations 
which were characterized in EE125  (pKM101) and 
CM6  1 14 (AuvrB, pKM 10 l), 107  occurred  at G - C  
sites. Fully 9  1 % of the base substitution  mutations at 
these sites were G e C + T A transversions. 

There  are  75 known sites in the l a d  gene  at which 
a G. C + T.A transversion yields a selectable I- 
phenotype  on PGal medium (MILLER, COULONDRE 

and  FARABAUGH  1978; GORDON et al. 1988;  and  our 
unpublished results). We assume here  that  these  75 
sites give a  reasonable  approximation of the total l ad  
G - C + T A  target. The influence of flanking bases 
on  the mutability of particular  guanine sites was ex- 
amined by comparing  the observed distribution of 
independent  mutations to the  distribution of the  de- 
tectable sites with a x* goodness of fit test . With 
respect to  the bases immediately 3’ or 5’ the  mutated 
guanine  residue there was no significant difference ( P  
> 0.05 in  all  cases) between the  distribution of G.C 
+ T - A  transversions recovered in EE125 (pKM101) 
or CM6 1 14 (AuvrB, pKM 10 1) which had been treated 
with 1  ,S-NONP  and  the expected  distribution. 

In  CM6114 (AuvrB, pKM 101),  eight base substitu- 
tion  mutations  occurred at A.T sites, of  which  seven 
were A.T + T . A  transversions. It is striking that of 
the 80-base substitution  mutations collected from the 
AuvrB, pKM101 strain following 1,8-NONP  treat- 
ment,  73 were transversions that could arise by  mis- 
incorporation of adenine across from  the  purine  dur- 
ing DNA synthesis (66 G - C  + T . A  and  7 A . T  + T- 
A events). 

Specificity of 1,8-NONP-induced frameshift  mu- 
tation: The frequency of -(G. C) frameshift  mutations 
was significantly elevated in  all strains by 1,8-NONP 
treatment  (Table  6).  Of  the  183  frameshift  mutations 
recovered following 1,s-NONP  treatment,  176 in- 
volved base loss [ 16 1 -(G - C)  events,  9  -(A. T) events, 
and 6 -(GC. CG) events]. 
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TABLE 3 

Frameshift  mutations  recovered  from E. coli following l,&NONP treatment 

Occurrences 

b NR6112 EE125 CM6114 
Site  Mutation"  Sequence  (wild-type)  (pKMlO1) (AuvrB, pKM 10  1) 

66-67 
90-92 
90-92 
108-109 

112-1 13 
132-1 34 
132-1 34 
135-1 39 
135-1 39 
142-143 
160-161 
171-172 
173-1 75 

186 
187 
188 

189-190 
199-20 1 

202 
221-222 
228-229 
234-235 
24 1-242 
243-245 
250-254 
298-300 
303-304 

385 
389-39 1 
412-413 
421-422 
426-427 
484-485 
49  1-493 

496 
513-515 
524-525 
559-561 
574-578 
586-588 
589-591 

604 
670-671 
675-677 
680-68  1 
733-735 
743-745 
756-758 
781-783 
809-8 1 1 
841-843 
877-879 
888-889 
891-892 
896-898 
916-919 

927 
955-957 
970-972 

985 
986-988 

1006-1010 
1006-1010 

-C 
-C 
+C 
-C 
-C 
-G 
+G 
-A 
+A 
-G 
-GC 
-T 
-C 
-C 
+A 
-C 
-A 
-G 
-C 
-G 
-C 
-C 
-G 
-C 
-CG 
-G 
-C 
-C 
-G 
-G 
-G 
-C 
-C 
-C 
-C 
-C 
-G 
-G 
-CG 
-G 
-C 
+C 
-G 
-G 
-G 
-G 
-C 
-G 
-G 
-G 
-G 
-C 
-C 
-C 
-A 
-G 
-G 
-G 
-G 
-G 
-C 

+A 
-A 

101 1-1012 -C 

CACC (GG) CATA 
ACGC  (GGG) AAAC 
ACGC  (GGG) AAAC 
GGCT (GG) CCTG 
ACGT (GG) CTGG 
ACGC  (GGG) AAAA 
ACGC  (GGG) AAAA 
CGGG (AAAAA) GTGG 
CGGG (AAAAA)  GTGG 
AAGT (GG) AAGC 
CGGA  (GC) TGAA 
TGGG (AA) TGTA 
GGTT (GGG) AATG 
TTGT (G) CCAC 
TGGC (A) CAAC 
TGTT iC) TGCC 
GCAC (AA)  CAAC 
TGGC (GGG) CAAA 
GTTT (G)  CCCG 
GATT (GG) CGTT 
AGGT (GG) CAAC 
GACT (GG) AGGT 
GTCT (GGj CCCT 
TGCA (GGG) CCAG 
TGCA (CGCGC) CGTC 
AACT (GGG) TGCC 
CGCT (GG)  CACC 
CACT (G)  ACGC 
CAGT (GGG) CTGA 
CGCT (GG) ATGA 
ACCA (GG) ATGC 
CAAT (GG) CATC 
GTCT (GG) TCAG 
TGAT (GGG) TGTC 
TGTT (G) ATGG 
TCAT (GGG) AGAA 
AGAC (GG) TACG 
CATT (GGG) TCAC 
AAAT (CGCGC) TGTT 
TAGC (GGG)  CCCA 
T A A T  (GGG)  CCCG 
CCGA  (G) ACAG 
TAGC (GG) AACG 
GAAC (GGG) AAGG 
GGAA (GG) CGAC 
ATGA (GGG) CATC 
CAGT (GGG) AACG 
TGCT (GG) TTGC 
CGCT (GGG)  CGCA 
GTCC (GGG) CTGC 
TACT (GGG) ATAC 
CGGC  (GGG) ATAT 
TGGT (GG) TTAA 
TGAT (GG) TGGT 
CATC  (AAA) CAGG 
TGCT (GGGG) CAAA 
ACCA (G) CGTG 
CTCA (GGG) CCAG 
TGAA (GGG) CAAT 
TGTT (G)  CCCG 
AGAC (GGG) CAAC 
AAAG  (AAAAA) CCAC 
AAAG  (AAAAA) CCAC 
GGGT IGG) TTTT 

0 
1 
1 
0 
0 
0 
0 
1 
0 
0 
1 
0 
3 
0 
0 
0 
3 
0 
0 
2 
1 
0 
1 
0 
1 
0 
0 
0 
0 
1 
0 
0 
1 
1 
0 
0 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
1 
0 
2 
2 
4 
0 
0 
0 
1 
3 
0 
0 
1 
0 
1 
0 
1 
0 

0 1 
4 10 
0 0 
0 1 
0 3 
0 3 
1  1 
0 0 
0 1 
0 1 
0 0 
0 1 
0 4 
0 1 
1 0 
0 1 
0 0 
0 1 
0 1 
0 0 
0 0 
0 4 
1 0 
1 3 
0 2 
0 2 
0 2 
1 0 
2  3 
0 1 
0 2 
1 0 
0 0 
1 7 
0 1 
1  1 
1 0 
0 0 
0 1 
0 2 
1  4 
0 0 
0 1 
1  1 
0 1 
0 2 
1 10 
0 2 
0 5 
0 1 
1 1 
0 9 
0 1 
0 1 
0 1 
0 12 
1 0 
0 1 
0 4 
0 2 
0 0 
2 0 
0 0 
0 1 \ ,  

" The  nature  of  the  mutation  as  determined  on  the  nontranscribed  strand. * T h e  sequence  given (5' 3') is taken  from  the  purine  containing  strand;  for -2 frameshifts  the  sequence is taken  from  the  nontranscribed 
srrand.  The  frameshift  occurs in the  sequence  shown  in  parentheses. 
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TABLE 4 

Deletions recovered from E.  coli following 1,8-NONP treatment 

Sire Occurrence  Sire (bp) Sequence  5’-[deleted  sequence]-3’ 

NK6 I 12 (wild-type) 
(-88)-78 
146-268 
267-282 
301-423 
306-3 16 
33 1-350 
339-357 
952-394 
4  18-425 
454-796 
572-874 
776-8 I5 
788-796 
9 I 7-969 
94?-969 

EE125 (pKM101) 
143-329 
250-353 
267-282 
:131-350 

1 165 
3 123 
4 16 
2 123 
1 I I  
I 20 
1 19 
1 43 
1 8 
1 343 
1 303 
1 40 
1 9 
2 53 
1 27 

1 187 
2 104 
1 16 
1 20 

CM6 1 14 (AuvrB, pKM 10 1) 
187-1 89 1 3 
267-282 4 16 
339-357 1 19 
828-837 1 10 
91 7-969 1 53  
929-943 2 15 
980- I022 1 43 

AGGCTATTC  [TGGTGCCC . . . T G T E C T T A ]  TCAGAC 
AAGTGGZA  [GCGGCGATGGC . . GCTAATTGTC]  GCGGCGATTAA 
GCAAATTG[TCGCGGCGATTAAATC]TCGCGCCGATC 
CAACTGGG  [TGCCAGCGT . . . TGGATGACCAGGA]  TGCCAT 
GGGTGCCA[GCGTGGTGGTG]TCGATGGTAGAA 
GTAGAACG[AAGCGGCGTCGAAGCCTGTA]AAGCGGCGGT 
GAAGCGGCG[TCGAAGCCTGTAAAGCGGC]GGTGCACA 
GAAGCCTGTAA[AGCGGCG . . .  CAGTGGGCTGIATCATTA 
CTGGATGA  [CCA  GGATG]  CCATTGCTG 
CTGCACTAA  [TGTTCCGGC . . . A m G C G C C ]   A T T A C C G  
ACCAGCAA[ATCGCGCTGTTA . . .  TGTTATIATCCCGCCGTAAC 
AGATG[=CTGGGCGCA . . .  CCGGGCTGCIGCGTTGGTGCGG 
GGGCGCA [EGCGCGCC]  ATTACCGAG 
CCTGCTGLGGGCAAACCAG . . .  GCGGTGAAIGGGCAATCAGCTG 
CCGCTTGCT[GCAACTCT . . .  GCGGTGAAIGGGCAATCAGC 

AAAAAGTGICAAGCGGCGAT . . .  GTAGAACIGAAGCGGCGTC 
CCTGCA(ECGCCGTCGCAAATT . . .  T A A A G I g G C G G T G C A  
GCAAATTG[TCGCGGCGATTAAATC]TCGCGCCGATC 
GTAGAACG[AAGCGGCGTCGAAGCCTGTA]AAGCGGCGGT 

GCGTGGC  [ACA]  ACAACTGGC 
GCAAATTG[TCGCGGCGATTAAATC]TCGCGCCGATC 
GAAGCGGCG[TCGAAGCCTGTAAAGCGGC]GGTGCACA 
GTTGGTGCGG[ATATCTCGGT]AGTGGGAT 
CCTGCTG  [GGGCAAACCAG . . . GCGGTGAA]  GGGCAATCAGC 
GGGGCAAACCAGC[GTGGACCGCTTGCTG]CAACTCTCT 
GCAATCAG[sTGTTGCCC . . .  TGGCGCICCAATACGC 

“ 

~ 

~. 
~- 

I he srqurnre sl1ou~11 is that of the  nontranscribed  strand.  Repeated bases at  deletion  endpoints  are  underlined. 

TABLE 5 

Complex  mutations  and  duplications recovered from E. coli following 1,8-NONP treatment 

Mutant Position Mutation  Sequence  changea 

NK6112,  K183 4831485 Complex T G   E A G A  + T G   E A G A  
NR6112,K158 189 Complex GCAC U A A C T  + GCAC  =AACT 
NK6112, K191 610-615 Duplication CTCGGCGCGTCTGCGTCTGG 
NR6112, K 8  695-7 14 Duplication GTGCCATGTCCGGTTTTCAACAAACCATGC 

CM6114, N165  863-883 Duplication AGACAGCTCATGTTATATCCCGCCGTTAA 
EEI 25,  L70 610-615 Duplication CTCGGCGCGTCTGCGTCTGG 

a T h e  sequence shown is that of the  nontranscribed  strand. The  mutation involves the  underlined  sequence 

The dependence of mutation  frequency  on the 
length of the  reiterated  sequence was examined by 
expressing the  number of -(G e C)  events as a function 
of the  target size ( S )   ( S  = length of the  run ( R )  
multiplied by the  number of detectable sites of  size R 
in the l a d  gene)  (Table 7). T o  obtain S, only G.C 
runs  at,  or  prior  to, position 101  2 were considered 
since -1 frameshift mutations  after this point do not 
yield a selectable phenotype (CALOS and MILLER 198 1 ; 
LAMBERT et al. 1991).  These calculations show that 
the  number of observed frameshifts per  guanine in a 
run of  given length was 0.016,  0.12,  0.95  and 2.3 for 
(G),, (G)Y, (G)3 and (G)4 sites, respectively. These 
values are consistent with similar calculations in a 
AuvrB strain in which the  number of 1,s-NONP- 
induced -(G. C) frameshifts in a run of given length 

was 0.019,  0.18,  0.87  and 3.5  for (G)I, (G)2, (G)3 and 
(G)4, respectively (LAMBERT et al. 1991). Thus the 
frequency of frameshift  mutation increases markedly 
with the  length of the  reiterated  sequence. 

The influence of neighboring bases on the relative 
mutability of particular frameshift sites was addressed 
by classifying the detectable  -(G. C) frameshift sites 
in the l a d  gene  and  the sites of 1,8-NONP-induced 
-(G. C)  mutation  according to  the  nature of their 
flanking bases. The influence of the  5‘  or 3’ flanking 
base on  the  occurrence -(G- C) frameshifts was ana- 
lyzed using the  combined  data  for all strains with a x2 
goodness of fit test. Minus (G-C) mutations at 5 ’ -  
NGGGN-3’ sites were recovered  106 times. The dis- 
tribution of the frameshift  mutations  recovered  from 
1,8-NONP  treated strains was not significantly differ- 



Mutational  Specificity of 1,8-NONP 

TABLE 6 

Induction of mutation events by l,&NONP 

919 

~ ~~~ 

A. Induction  of  mutational  classes by 1,8-NONP 
~ ~ _ _ _ _ _  

NR6 1 12 (wild-type) EEl25 (pKM  10 1) CM6114 (AuurB, pKMlO1) 
frequency (Xl0-8) frequency (XlO-6) frequency (X 10-8) 

Mutation I,8-NONP  Spontaneous crease 1,8-NONP  Spontaneous  crease  1,8-NONP  Spontaneous  Fold  increase 
Fold in- Fold in- 

G*C + T.A 
G.C + A - T  
A * T  “B T - A  
-(G.C) 
-(A * T) 
Deletions 
CTGG (+) 
CTGG (-) 

Total 

0.21 0.09 2.3 
0.21  0.33 0.6 

Insufficient # mutants 
1.2 0.10 12 
0.21 0.10 2.1 
1.2  0.52 2.3 
5.5 3.0 1.8 
1.8 0.77 2.3 

11 5.4 2.0 

7.5 0.21 36 
0.70  0.25 2.8 

Insufficient # mutants 
4.3 0.1 1 39 

Insufficient # mutants 
2.4 0.85 2.8 

11 3.0 3.7 
3.9 1.1 3.5 

36 7.3 4.9 

73 0.09 810 
4.4 0.10 44 
7.7 0.09 86 

130  0.04 3200 

17 0.35 49 
Insufficient # mutants 

4.4 1.2 3.6 
Insufficient # mutants 

265 3.0 88 

B. Influence  of plasmid pKMlOl  and AuurB on the  frequency of mutational  events. 
Effect of plasmid pKMIOla  Effect of AuurBb 

EE125/NR6112  CM6114/NR6113‘  NR6113‘/NR6112  CM6114/EE125 

G C + T . A transversions 61 29 21 10 
-(G  C) frameshifts 3.8 1.8 66 31 

The calculations in A are based on the frequencies for spontaneous and 1,8-NONP-induced mutations as obtained in this study, the 
specificity data of Table  1, and  the specificity of spontaneous mutation. For NR6112,  the distribution of spontaneous mutations is that 
described in HALLIDAY and GLICKMAN (1 991). For calculations involving EEl25  and CM6 1  14 we have used the distribution of spontaneous 
mutation in EEl25 (A. J. E. GORDON and B. W. GLICKMAN, in preparation). It is assumed that excision repair does not influence the observed 
distribution of mutation (J. A. HALLIDAY, F. A. ALLEN, and B. W. GLICKMAN, unpublished results). Other mutational classes were not 
observed in sufficient numbers to warrant inclusion here. 

a Values refer to  the ratio of the 1,8-NONP-induced frequency of each type of mutation in a  strain containing plasmid pKMlOl divided 
by the frequency of that type of mutation in an otherwise isogenic strain lacking pKMlOl. 

Values refer to  the ratio of the 1 &NONP-induced frequency of each type of mutation in a strain deficient in nucleotide excision repair 
as a result of a chromosomal AuvrB mutation divided by the frequency of that type of mutation in an otherwise isogenic uvrB+ strain. 

Frequency data for calculations involving NR6113 is from LAMBERT et al. (1991). 

TABLE 7 

The influence of reiterated  sequence length on the  frequency of 1,l-NONP-induced -(G.C) frameshift mutations 

Occurrences/target size d 

b NR6112 
~~ 

Lengtha  No.  sites (wild-type) (pKM 10 1) (AuurB, pKMlOI)  Target‘ 
EE125 CM6114 Weightep 

average 

1 312 312 0.035‘ 0.0 17 0.016 
2 81 162 0.15 0.10 0.13 
3 
4  1  4 2.6 2.6 2.3 

0.12 
23  69 0.95 1 .o 0.94 0.95 

a The number of G-C base pairs in the reiterated sequence. 
The number of sites which occur at or prior to position 1012. 
The target size is the length of the  run multiplied by the number of detectable sites of similar size in the l ad  gene. 

The weighted average is calculated by considering the total number of -(G. C) mutations in the  three strains which occur at sites  of the 
specified length, and then normalizing the value to a hypothetical population of 100 frameshift mutants. Therefore the strains with the 
largest number of frameshift mutations contribute most to this weighted average. 

’ Values are expressed as occurrences/target size for a hypothetical population of 100 frameshift mutants. 

ent from  the  distribution of detectable (G)s sites with 
respect to  the  nature of 5”flanking base. However, 
analysis of the 3”flanking base showed that 5’- 
NGGGA-3’ sites were represented  more  often in the 
1,8-NONP-induced  spectrum  (53%)  than would be 
expected  on  the basis  of the  number of detectable 5’- 
NGGGA-3’ sites (35%).  This  difference is statistically 
significant ( P  < 0.005). 

A total of 32  frameshift  mutations  occurred at 5’- 
NGGN-3’ sites. The majority (78%) of these  muta- 
tions  occurred at 5’-TGGN-3’ sites: 78% in CM6114 

(AuvrB, pKM101); 67% in EE125 (pKM101); 86% in 
NR6112 (wild-type). The bias toward -(G-C) frame- 
shifts at 5’-TGGN-3’ sites, and away from 5’-CGGN- 
3’ sites, is significant ( P  < 0.05). When the 3”flanking 
base was examined, 5’-NGGA-3’ sites were repre- 
sented to a greater  extent  than was expected  on  the 
basis of the  number of detectable sites, but this differ- 
ence was not statistically significant. 

While too few -(G.C). frameshift  mutations oc- 
curred  at sites containing lone guanine residues to 
allow statistical analysis it might be noted  that 7/8 
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-(G. C) frameshifts at such sites contained  a 5”T. 
The 12 frameshift mutations which occurred  at 

A - T  base pairs consisted of 9 losses and 3  additions. 
Eleven of the 12 A - T  frameshifts  occurred in runs of 
contiguous  adenine residues. The relatively high pro- 
portion of these mutations  (9/12) which were re- 
covered  from  the uur+ strains  NR6  1  12 (wild-type) and 
EE125 (pKM 10 1) suggest that some have spontaneous 
origins  (Table  6). 

DISCUSSION 

Nature of the  premutational lesion: More than 95% 
of the total DNA adduct  formed by 1,8-NONP  treat- 
ment of E.  coli is the C(8) guanine lesion dG-C(8)- 
ANP  (LAMBERT et al. 1991). The DNA sequencing 
data  presented here shows that  more  than  92%  (289/ 
313) of  all point  mutations  recovered  from  NR6112 
(wild-type), EE125 (pKM101) and CM6114 (AuvrB, 
p K M  10 1) following l&NONP treatment  occurred  at 
G C base pairs. Similarly, in a  spectrum of sequenced 
1  ,g-NONP-induced  mutations in a AuvrB strain,  122/ 
123 point mutations  occurred at G - C  base pairs  (LAM- 
BERT et al. 1991).  Thus, in total,  about 95% of the 
point  mutations which we have characterized in the 
lacl gene following 1,8-NONP  treatment occur at 
G. C base pairs which correlates well with the  propor- 
tion of  DNA adduct  formed  at  the  C(8) position of 
guanine.  Although  these observations strongly suggest 
that  the dG-C(8)-ANP adduct is the principal premu- 
tagenic lesion, confirmation of this hypothesis will 
require  determination of the mutagenic  potential of 
1,8-NONP  adducts using site specific single adduct 
mutagenesis experiments. 

A small number of other point  mutations at A - T  
bases were characterized  (Table  1) including A.T + 
’re A transversions whose frequency was increased 
approximately 86-fold above  the  spontaneous level  in 
CM6114 (AuurB, pKM101) (Table 6). Some of the 
mutations may be targeted by the  minor  dA or   dT 
adduct which comprises some 2-3% of the  total  ad- 
duct formed as determined by 32P-postlabeling analy- 
sis (LAMBERT et al. 199 1). Although this minor lesion 
has not been unambiguously identified there is evi- 
dence  (McCoy et al. 1985)  that it could result from a 
reaction between the aryl nitrenium/carbonium ion 
derived  from  1,8-NONP and  dA. 

Influence of genetic  background on the  muta- 
tional  specificity: Our data show that  the most prom- 
inent classes  of mutation  induced by 1,8-NONP in E.  
coli are -(G C) frameshifts and G  C + T A transver- 
sions (Table  6). The extent  to which the  frequency of 
these mutations was increased above the spontaneous 
frequency was strongly influenced by the host genetic 
background.  In  the wild-type strain  NR6112  -(G.C) 
frameshifts  were the only  class of mutation whose 

frequency was increased appreciably (1 2-fold) above 
the  spontaneous level.  An increase in the  frequency 
of -(G-C) frameshifts (39-fold) and  G. C ”* T - A  
transversions (36-fold) occurred in EEl25 (pKM 101). 
An elevation of both  the overall frequency of muta- 
tion and  the  extent  to which 1,8-NONP induced 
specific classes of mutation was observed in strains 
deficient in nucleotide excision repair.  In  CM6114 
(AuurB, pKM 10  1)  -(G.C) frameshifts were induced 
3200-fold and  G. C -+ T - A transversions were in- 
duced 810-fold by 1,8-NONP  treatment.  In  the  nu- 
cleotide excision repair deficient strain NR6 l 13 
(AuurB), which is isogenic to CM6114  except  that it 
lacks the plasmid pKM 10  1  (Table  1;  LAMBERT et al. 
1991),  -(G.C) frameshifts were induced 730-fold 
while G.C + T - A  transversions were induced 26- 
fold.  Comparison of the induced  mutation  frequency 
of G - C + T - A  transversions and -(G . C) frameshifts 
in strains which are isogenic except for the presence 
of  plasmid  pKM 10 1, which encodes the mucA/B hom- 
ologs of the umuD/C genes which are believed to 
facilitate error-prone bypass  of DNA lesions (WALKER 
1984; BRIDGES and WOODCATE 1985),  demonstrates 
that  the  extent  to which 1,8-NONP induces G - C  3 

T - A  transversions is increased by a  factor of 30-60 
in the presence of pKM IO 1.  In  contrast,  the  presence 
of pKM 101  effected only a slight increase in the 
frequency of  -(G C) frameshifts (Table 6). The influ- 
ence of nucleotide excision repair capability on  the 
distribution of mutation was also analyzed (Table 6). 
The deficiency in nucleotide excision repair  resulted 
in a significant increase in the  frequency of both  1,8- 
NON P-induced -(G - C) frameshifts and G - C + T A 
transversions events with frameshift mutations  per- 
haps increased to a greater  extent than G - C  + T - A  
transversions. 

With respect to  the influence of  plasmid pKM 101 
the present  data are consistent with the overall muta- 
tional profile of 1,8-DNP  inferred  from reversion 
studies in S. typhimurium. 1,8-DNP is nonmutagenic 
at  the base substitution locus hisG46 in the absence of 
plasmid pKM101 (TA1535)  but is extremely muta- 
genic in the isogenic strain T A  100 which contains the 
plasmid pKM 10  1. Frameshift mutations at  both  the 
hisC3076 and hisD3052 loci are induced efficiently in 
strains lacking pKM 10 1 (ROSENKRANZ and MERMEL- 
STEIN 1983; TOKIWA and  OHNISHI  1986). Similar 
results have been reported  for aflatoxin BI (AFBI). 
MucA/B function has been shown to be required  for 
AFB1-induced base substitution; increasing the num- 
ber of copies of UmuDC by providing umuD/C+ on  a 
plasmid failed to increase the  frequency of AFBI- 
induced base substitutions (FOSTER, GROOPMAN and 
EISENSTADT 1988).  Although  the  frequency of AFBI- 
induced - 1 frameshifts was increased by the  presence 
of MucA/B, such events were nevertheless observed 
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frequently in mucA/B-bacteria (REFOLO, BENNET and 
HUMAYUN  1987).  It should  be  noted  that the bacterial 
strains used both in our studies with 1,8-NONP  and 
the AFBl studies (FOSTER, GROOPMAN and EISEN- 
STADT 1988; REFOLO, BENNET and  HUMAYUN  1987) 
are umuD/C+. Thus it appears  that with AFBI, and 
possibly also with 1,8-NONP,  that  the plasmid-en- 
coded MucA/B is more active at enhancing base sub- 
stitution mutagenesis than  endogenous  UmuD/C. 
This might reflect different  properties or activities of 
the UmuD/C and MucA/B proteins. In this context 
we note  that  although RecA-cleaved fragments of 
both MucA and  UmuD are active in mutagenesis, the 
cleavage event is not obligatory for MucA-mediated 
mutagenesis activity (SHIBA et al. 1990). 

The small effect of pKM 101  on  the  frequency of 
-(G - C) frameshift  mutations indicates either  that high 
levels of frameshift mutagenesis are mediated by en- 
dogenous  UmuD/C  protein, or alternatively, that 
these  mutations  occur  independently of MucA/B and 
UmuD/C  function. The former possibility is sup- 
ported by the observations  that  -(G.C)  frameshifts 
induced by both  the dG-C(8) adduct of 2-acetylami- 
nofluorene (AAF) (KOFFEL-SCHWARTZ et al. 
1984),and  the  dG-N(7)  adduct of AFBl  (BENNET, LUO 
and  HUMAYUN  199 1) are umuC-dependent. 

Preferential  repair of lesions from  the  transcribed 
strand of expressed  genes has been  documented in a 
variety of  systems (see TERLETH, VAN DE PUTTE and 
BROUWER  199 l) ,  and in E.  coli appears  to  be  mediated 
by a  transcription-repair  coupling  factor  encoded by 
the mfd locus (SELBY, WITKIN and  SANCAR  199 1). The 
existence of differential  repair may also have conse- 
quences  for the distribution of mutations  between 
strands. We have examined this possibility by compar- 
ing  the  strand distribution of 1  &NONP-induced 
G - C +- T. A and -(G C) events in strains which differ 
with respect to the AuvrB mutation [ i e . ,  NR6113 
(AuvrB) us. NR6112 (wild-type) and CM6 1 14 (AuvrB, 
pKM101) versus EE125  (pKMlOl)]. We make the 
assumption that  these  mutations arise as the  result of 
a lesion on  a  guanine  residue.  Of  the 75 sites in the 
l a d  gene  at which G. C +- T .A transversions are 
known to  produce  an I- phenotype,  38 sites are in the 
nontranscribed  strand and 37 are in the transcribed 
strand. Comparison of the  strand  distribution of G. C 
+ T .A transversions recovered  from CM6 1 14  and 
EE125 with the known distribution of detectable sites 
using a x' goodness of fit test shows that  there is no 
difference in either  strain between the observed and 
expected  distributions. For the analysis of the  strand 
distribution of -(G.C)  frameshifts we used the  23 (G)s 
sites in the l a d  gene which give a  detectable  pheno- 
type,  of which 14 sites are on the nontranscribed 
strand  and 9 are on the transcribed  strand. The strand 
distribution of mutation at (G)3 sites in both  NR6113 

and  NR6112 is identical to  the known distribution of 
detectable sites. Although significantly more  -(G.C) 
frameshifts  occur on the transcribed  strand in both 
CM6114 and EEL 25  than  are expected on the basis 
of the distribution of detectable sites ( P  < 0.05  for 
EE125  data; P < 0.005  for CM6114  data) the ob- 
served  strand specificity is independent of nucleotide 
excision repair capability. Thus,  for those classes  of 
mutation  where the  number of mutations is large 
enough  to  warrant statistical analysis there is no evi- 
dence  that  a deficiency/proficiency in excision repair 
conferred by the AuvrB/uvr+ genotype  alters  the 
strand  distribution of mutation. 

Although plasmid pKM 10 1 only moderately influ- 
enced  -(G.  C)  frequency (2-4-fold) it had  a significant 
influence  on the  strand specificity  of such mutation. 
As noted  above, in both EEl25 (pKM101)  and 
CM6114 (AuvrB, pKM101) there were significantly 
more -(G. C)  frameshift events at (G)3 sites on  the 
transcribed  strand  than  expected on the basis  of the 
number of detectable (G)s sites. This was  in contrast 
to  the isogenic strains which lacked pKM 10 1 in  which 
the distribution of mutations at (G)s sites was similar 
to  the expected  distribution.  Although  a similar tend- 
ency was observed  for  -(G. C) events at (G)2 sites 
[CM6114 (AuvrB, pKM101) vs. NR6113 (AuvrB)] the 
difference was not significant. As noted  above,  strand 
specificity of mutation could result in strand specific 
repair associated with transcription.  However, we 
have found no evidence that  differential  nucleotide 
excision repair  imparted by a AuvrB mutation  alters 
the  strand specificity of 1,8-NONP  mutation. More- 
over it would be expected that such strand specific 
repair would result in a  preponderance of mutation 
on the nontranscribed  strand which is clearly not  the 
case. Thus,  the  strand specificity observed here may 
not  be associated with transcriptionally coupled re- 
pair,  but  rather, may be  a  consequence of DNA rep- 
lication, perhaps  reflecting  a  different  interaction of 
pKM 10  l-encoded mutagenesis functions with leading 
or lagging strands  during translesion synthesis. 

Base  substitution  mutations: G  C -+ T -A changes 
represented  a significant proportion of the  mutations 
induced by l&NONP in pKM101 strains  (Table 1) 
suggesting  that the mutagenic pathway involves error- 
prone DNA synthesis. The  nature of these  mutations 
can be considered in the context of (1) insertion 
opposite the lesion, (2) removal of terminal nucleo- 
tides by the exonucleolytic proofreading activity of 
DNA polymerase and (3) extension of a  particular 
terminus  to  produce  a  mutation. The ability of the 
mismatch repair system to differentially recognize and 
repair  certain base:adduct mismatches might also be 
considered. In principle, the fact that  mutations result 
most frequently  from  adenine being inserted opposite 
the DNA adduct could reflect the ability of the lesion 
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to influence the selectivity  of any of these steps. 
Studies which have examined base insertion  oppo- 

site other dG-C(8) lesions have reported  that cytosine 
is the most commonly inserted base (MICHAELS et al. 
1991 ; RABKIN and STRAUSS 1984).  This might be 
attributable  to  the fact that DNA adduct  formation at 
the C(8) position of guanine  does  not directly interfere 
with the  three normal  hydrogen  bonding positions of 
the base and consequently insertion of the  proper base 
could be directed by the  adducted base. At lower 
frequency, misinsertion of adenine  might also be di- 
rected by guanine  adducts in either  the anti or syn 
conformations.  Computer modeling (BROYDE et al. 
1990)  and NMR (NORMAN et al.  1989b) studies have 
suggested that dG-C(8) adducts  formed with 2-ami- 
nofluorene can pair with either  C or A when the 
modified guanine  residue is  in the syn conformation. 
T h e  structures  require  that  the base paired  to  the 
adduct be in ionized or tautomeric  forms which are, 
in fact,  more  frequent in DNA duplexes  than was 
anticipated  from the pK of free bases  in solution 
(QUIGLEY et al. 1986; SOWERS et al. 1987). LOECHLER 
(1989) has proposed  that bulky C(8) lesions might 
shift  guanine in its anti form  toward the major  groove, 
a  perturbation  termed  adduct-induced base wobble. 
This would result in the guanine becoming more 
“pyrimidine-like” and might facilitate the formation 
of a G:A mismatch in  which the O6 and  H-N(l)  of 
guanine pair with the exocyclic amino  group  and N( l) ,  
respectively, of adenine (KAN et al.  1983; LOECHLER 
1989). A final possibility for  a G -A base pair is sug- 
gested by the crystal structure of a  G(unmodified, 
anti). A(syn) pair in  which the O6 and H-N( 1) of gua- 
nine are paired with H2N2  and N(7), respectively, of 
adenine in the syn conformation  (BROWN et al. 1986). 

An alternative possibility is that  the dG-C(8)-ANP 
lesion represents  a  template site which is noninfor- 
mational to  a DNA polymerase; it has been  postulated 
that such sites are bypassed  with the preferential in- 
corporation of adenine (STRAUSS 1991).  One such 
noninformational lesion, the apurinic/apyrimidinic 
(AP)  site, can arise enzymatically or from increased 
hydrolysis of the N-glycosylic bond of some unstable 
DNA adducts. We note  however,  that  adduction at 
the C(8) position of guanine  does  not  alter the  charge 
of the  purine  ring  at physiological pH,  and is unlikely 
to enhance  the lability  of the N-glycosylic bond. More- 
over,  the known  specificity  of mutation across from 
AP sites cannot  account  for  the  distribution of base 
substitutions observed here in that bases are inserted 
opposite AP sites in the  order A (56%) > T (29%) > 
G (1 5%) (KUNKEL 1984).  Stable  noninformational  ad- 
ducts might also result from  an  adduct-induced anti  
4 syn conformational  change, such as  that  observed 
following binding of AAF to  the  C(8) position of 
guanine (EVANS, MILLER and BELAND  1980). 

Recent studies have provided evidence that bases 
adjacent to  the site of base substitution can direct 
incorporation of an  incorrect base as a result of tran- 
sient misalignment of template and  primer  strands 
during DNA synthesis (KUNKEL and SONI 1988). How- 
ever,  the specificity  of the G .  C + T - A transversions 
recovered in this study, which suggests that  there is 
no nearest base influence on  G.C + T.A events, 
argues strongly against such a model for  1,8-NONP- 
induced events. 

None of the  eight A - T  + T - A  transversions re- 
covered following 1  ,8-NONP  treatment  occurred at 
sites which could produce this mutation by a  transient 
misalignment mechanism. Potential mechanisms for 
A - T + T A transversion are similar to those previ- 
ously discussed for G a C + T - A transversions. There 
are  three potential  A .A pairs: (1)  Aanti.Aanti,  (2) 
A(anti)-A(anti)(imino) and (3) A(antz)(imino)- A(syn). 

1 ,&NONP-induced  frameshift  mutations: Reiter- 
ated sequences are  important sites for  1,s-NONP- 
induced -(G-C) frameshifts with the likelihood of 
such a  mutation, when expressed per guanine, increas- 
ing with the  number of contiguous  guanine residues 
(Table 7). STREISINGER et al. (1 966)  and STREISINCER 
and  OWEN  (1985) have postulated that misaligned 
replication intermediates  derived  from slippage of one 
strand relative to  the  other might be stabilized within 
reiterated sequences. It has been proposed  that chem- 
icals  which bind to  the C(8) position of guanine might 
promote  frameshifting through  an “incorporation- 
slippage” model (Figure  2A)  (LAMBERT et al. 1990, 
199  1 ; SCHAAPER, KOFFEL-SCHWARTZ and FUCHS 
1990) in  which the dG-C(8) adduct pairs with cytosine 
(RABKIN and STRAUSS 1984; MICHAELS et al.  1991) 
but  then  hinders  the progression of the DNA  polym- 
erase  thereby  providing increased opportunity  for 
strand slippage. Within reiterated sequences a gua- 
nine  residue 5’ to  the  adduct  on  the template  strand 
might  pair with the nascent cytosine to  form  a misa- 
ligned frameshift  intermediate with a  normal G.C 
template/primer  terminus which could be  extended 
to  form  the  frameshift.  This hypothesis was tested 
recently by examining the mutagenicity of plasmids 
containing  a single dG-C(8)-AAF adduct  at  defined 
positions in a run of contiguous  guanine residues. 
Although the observation  that dG-C(8)-AAF adducts 
at  the 3‘-end of guanine  runs  are much more  muta- 
genic than lesions at  the 5‘-end of such sequences 
(LAMBERT, NAPOLITANO and FUCHS 1992) was con- 
sistent with the model in Figure  2A,  the  additional 
observations (a)  that  the mutagenicity of dG-C(8)-AAF 
adducts increases as a  function of the  number of 
guanine residues 5’  to  the lesion and  (b)  that lesions 
can enhance slippage even after  the lesion has been 
bypassed in an  error-free  manner  (LAMBERT, NAPOL- 
ITANO and FUCHS 1992),  provided  strong evidence 
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FIGURE !?.-Models for frameshift mutation in contiguous  se- 
quences. Error-free  bypass of the lesion is shown in the  open  box. 
(A)  The consequences of slippage occurring immediately subse- 
quent IO accurate insertion opposite the adduct. The intermediates 
derived from adducts on G2 and G3 are stabilized by the formation 
o f  ;I nornlal G . C  base  pair between the terminal cytosine on  the 
nascent strand m d  the guanine 5’  to the adduct on  the template 
strand. The mismatched terminus resulting from slippage following 
incorporation opposite an adduct on GI is circled. (B) The muta- 
genic intermediates formed if slippage can occur both immediately 
l’ollowing incorporation opposite the  adduct,  and also after  the 
polymerase has successfully bypassed the lesion. The increased 
number of slipped intermediates and the increased stability of 
intermediates containing more than one normal terminal G - C  base 
pair might account for the fact  that the frequency of frameshift 
Inutation increases with the length of the reiterated sequence. 

for  the mechanism depicted in Figure 2B. This  latter 
mechanism is entirely consistent with the specificity of 
1,8-NONP as shown in Table 7.  We therefore postu- 
late  that  1,8-NONP  adducts  promote slippage imme- 
diately following insertion of cytosine opposite the 
lesion, or  at positions 5’ to the lesion on the template 
strand. The number of potential misaligned interme- 
diates derived from slippage when an  adduct is situ- 
ated  at any given position within the  reiterated se- 
quence increases with the length of the homopoly- 
meric run 5’ to  the  adduct; in addition,  the stability 
of the  intermediates might differ  depending  on  the 
number of normal base pairs at  the primer/template 
terminus. 

Minus (G-C) frameshifts at (G) ,  and (G)2 sites occur 
preferentially at those sites which are flanked on  the 
5’-end by thymine. Such specificity might be ex- 
plained by misincorporation of adenine  opposite  a 5’- 
Ts*-3’  lesion @* is the  adduct) followed by strand 
slippage yielding a stable frameshift intermediate con- 
taining  a T - A  template/primer  terminus (see also 
Figure 3D). Indeed, the specificity  of base substitution 
indicates that  adenine can be inserted opposite the 

lesion during DNA synthesis, and recent studies of in 
vitro DNA synthesis have demonstrated  that frame- 
shifting can occur as a consequence of nucleotide 
misincorporation (BEBENEK and KUNKEL 1990). 

The efficiency with  which frameshift mutations 
form might be determined in part by the ability of 
flanking bases to  accommodate extrahelical bases.  Fa- 
vorable intrastrand stacking of flanking purine bases 
might favor sequences such as RG*R (where R is a 
purine, C* is the  adduct). In this context it is notable 
that  guanine sequences with a 3”flanking adenine 
represent favored frameshift sites. 

Although very few 1,8-NONP-induced frameshift 
mutations were observed at (G) ,  sites, we noted  a 
novel sequence  context effect at positions 751 [5’- 
CCACTs(G)ATGCTG-3’] (LAMBERT et al. 199 1) 
and  927  [5’-AAm(G)CGTGGAC-3’]  (the deleted 
G is shown in parentheses). Each  of these sites exhibit 
the following characteristics: (1) the  mutant sequences 
exhibit  perfect palindromy (underlined),  (2)  the G-C 
base pair which is deleted is one base removed from 
the axis  of symmetry of the palindrome and  (3) each 
site is adjacent to a 5’-GTGG-3’ or 5’-CCAC-3’  se- 
quence (bold type), a motif which is frequently ob- 
served at sites of deletion and frameshift mutation 
(FIX, BURNS and  GLICKMAN  1987;  HALLIDAY  and 
GLICKMAN  199 1; Mo, MAKI and SEKIGUCHI  199 1). 

The addition of a G C base pair occurred  at  three 
sites: positions 90-92 (5’-ACGCGGGAAAC-3‘), 
132-134 (5’-ACGCwAAAA-3’),  and 604 (5’- 
CCGAGACAG-3’). Interestingly, the sites at position 
90-92 and 132-134 share  10 bases  of homology a: 
the site where the +1  mutation  occurred,  and in each 
case the  guanine run to which a base was added 
(underlined) is flanked on the 3’ side by a  run  of 
adenine residues. This might be  related to  the in- 
creased propensity of such sequences to support slip- 
page intermediates. 

Minus 2 frameshift mutations resulting from the 
loss  of GC-CG  occurred  at  three different sites. Two 
of these sites contain alternating  GC sequences: posi- 
tions 250-254 (5’-TGCACGCGCCGT-3’) and 574- 
578 (5’AATCGCGCTGTT-3’).  Another site of 1,8- 
NONP-induced -(GC. CC)  mutation, position 790- 
795 (5‘-CAATGCGCGCCATT-3’) was identified 
previously (LAMBERT et al. 1991). Mutations at these 
sites could occur  through  a slippage-incorporation 
mechanism involving slippage of the GC repeat. Other 
laboratories have postulated that -2 frameshifts may 
be  generated  through mechanisms other than strand 
slippage. First, RIPLEY, CLARK and DEBOER (1986) 
observed that, in the  rIIB  gene of bacteriophage T4, 
a  large  proportion of  -2 frameshifts occurred at sites 
immediately adjacent to potential palindromes. We 
note  that sequences 108-158 and 252-274 of the l a d  
gene, which are predicted (ZUKER and STEICLER 198 1) 
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slippage could produce A misrligned intermediate which  would  be  stabilized by the formation of normal G.C base pairs at  the template/ 
primer ternlinus. Elongation  of  such a terminus would produce  a -(G.C) frameshift at position 916-919. According to the incorporation- 
slippage nlechanism depicted i n  Figure 2 such a mutation could also result from an adduct formed at position 918 or 91 7, but not at position 
9 16. (B) Deletion endpoints contain homologous G.C-rich sequences. Deletion 91 7-969 might be initiated by the  correct insertion of  cytosine 
opposite ir dG-C(8)-ANP adduct at positions 970. This would create  a 5'-TTGCCC-3' terminus on the nascent strand which  would  be 
con1plenlent;rry to the sequence at 917-922. Strand slippage would produce a misaligned intermediate which could be stabilized by base 
pairing between the complementary sequences. Elongation of such an intermediate would  lead to the observed deletion. (C) Misincorporation 
o f  adenine opposite a dG-C(8)-ANP adduct  at position 928 would produce an incorrect G(adduct)-A terminus. The probability that this 
terminus would  be elongated to yield a detectable base substitution mutation would  be increased markedly in the presence of pKMIOI- 
cwcoded  MucA/B. The nature of the bases flanking the adduct does not appear to influence the site specificity of the base substitutions. (D) 
The observed preference for -(G.C) frameshifts to occur at (G)I or (G) ,  sequences with a 5'-T residue might result from misincorporation 
of adenine opposite the dG-C(8)-ANP adduct followed by strand slippage. The thymine residue 5' to the adduct on the template strand 
could fornl ;I normal A - T  base pair with the nascent adenine  on  the  primer strand thus stabilizing the misaligned structure. 

to be capable of forming stable hairpin  structures,  are tively. Second, FUCHS and co-workers have postulated 
present immediately adjacent to  the -2 mutations that AAF adduction at dG-C(8) induces an altered 
observed at positions 160-161 and 250-253, respec- conformation within alternating G-C sequences which 
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is processed to a  -(GC.CG)  mutation  though  a SOS- 
inducible  mutagenic pathway involving neither RecA 
nor UmuC/D (BURNOUF, KOEHL and FUCHS 1989; 
FREUND, BICHARA and FUCHS 1989). In the lacl gene, 
the ratio of -(G. C) to -(GC. CG) frameshift  muta- 
tions  recovered following AAF treatment was 1:3 
(SCHAAPER, KOFFEL-SCHWARTZ and FUCHS 1990).  In 
contrast, in the present study the  ratio of -(G.C)  to 
-(GC.CG)  frameshift  mutations was 27: 1. The low 
proportion of 1,8-NONP-induced  frameshifts which 
are -(GC.CG)  events  might therefore indicate that 
the dG-C(8)-ANP adduct is relatively inefficient in 
inducing  conformational  changes  relevant  to -2 
frameshifts. 

Deletions: The frequency of deletions was in- 
creased by 1,8-NONP  treatment in CM6 1  14 (AuvrB, 
pKMlOl), providing the first evidence  that  nitropyr- 
enes might stimulate  deletion  formation. The majority 
of the  deletions which have been  characterized  con- 
tain significant homology within the deletion  end- 
points.  These observations are consistent with a model 
in  which slippage of the  primer  strand between two 
direct  repeats on the  template  strand during replica- 
tion results in the  deletion of one copy of the  repeat 
plus the  intervening  sequence (SINGER and WESTLYE 
1988). In the collection of deletions  obtained follow- 
ing  1,8-NONP  treatment  there is a  notable degree of 
G.C richness within the  repeat. G.C rich sequences 
would offer  a relatively favorable  target  for 1,8- 
NONP DNA adduct  formation.  Thus, induction of 
deletions might result from the dG-C(8)-ANP adduct 
blocking DNA synthesis within the  repeats, allowing 
an increased opportunity  for misalignment (Figure 

Conclusions: In this paper we have discussed sev- 
eral types of mutations which could result from  at- 
tempted DNA synthesis past a dG-C(8) adduct. We 
postulate  that several classes of 1,8-NONP-induced 
mutation might be  derived  from  resolution of a  rep- 
lication intermediate  containing  a stalled DNA polym- 
erase  at  the site of an adduct  (Figure 3). Insertion of 
the correct base opposite the  adduct followed by slip- 
page of the newly synthesized strand  could  be stabi- 
lized by complementary sequences on the template, 
producing  frameshift  mutations and deletions.  Incor- 
poration of a  wrong base without slippage would yield 
a base substitution  mutation in the presence of certain 
cellular functions. Similarly, misincorporation  oppo- 
site the  adduct followed by strand slippage might 
account  for some frameshift mutations. Our studies 
identify two principal factors which influence the mu- 
tagenic pathway through which such an  intermediate 
is resolved. First, the  presence of the replication ac- 
cessory proteins  encoded by mucA/B, which are be- 
lieved to  promote  elongation  from  incorrect  primer/ 
template  termini, strongly increases the probability 

3 B). 

that  a base substitution will result from mispaired 
intermediates.  Second, the  extreme site specificity  of 
frameshift  mutations suggests that  the precise se- 
quence  context of the DNA adduct is critical since 
this determines  whether  strand slippage can yield 
misaligned intermediates  containing  correctly  paired 
primer/template  termini. 
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