
Copyright 0 1988 by the Genetics Society of America 

Mechanisms of Mutagenesis by a Bulky DNA Lesion  at  the 
Guanine N7 Position 

Kumar  Sambamurti, John Callahan,  Xun  Luo,  Christopher P. Perkins,  J.  Steven  Jacobsen 
and M. Zafri  Humayun' 

Department of Microbiology and il€olecutar Genetics, University of Medicine and Dentistry of New  Jersey,  New  Jersey Medical School, 
Newark, NaLIJersey 07103 

Manuscript  received May 5, 1988 
Revised copy accepted  August 22, 1988 

ABSTRACT 
In  order  to  examine  the mechanisms of  mutagenesis by a bulky DNA lesion at  the  guanine N7 

position, the replicative form DNA  of phage M13AB28  (mp8  without the  amber codons in phage 
genes) was modified in  vitro with aflatoxin B1-2,3-dichloride and transfected into  appropriate Esche- 
richia coli cells. Forward  mutations in the lacZ a-complementing  gene  segment were  identified  as  light 
blue or colorless plaques on  appropriate  indicator plates,  isolated, and  defined by DNA  sequencing. 
Transfection of modified  DNA into uvrA-/mucAB+ cells without prior UV (SOS) induction  increased 
mutation frequency eight-fold over  untreated DNA,  whereas this increase was 12-fold upon SOS 
induction.  Transfection of modified DNA after conversion  of the  primary guanine-aflatoxin lesions 
to  the stable imidazole ring-opened formamidopyrimidine-aflatoxin suggested that these lesions were 
nearly equally mutagenic.  A  majority of point mutations under all conditions  affected  G:C bp. Base 
substitutions were in the majority, but significant frameshift  mutagenesis was also detected in SOS- 
induced cells. Both G-to-T transversions and G-to-A transitions were produced  at  equal  effkiency 
and  together  accounted  for virtually all of the base substitutions induced by the  primary lesions. Point 
mutations  occurred  predominantly at predicted  damage hotspots. The characteristics of base substi- 
tution  and frameshift  mutations, together with available information  point  to multiple mechanisms of 
mutagenesis by this class of mutagens. The data indicate that  primary lesions have the  properties of 
both a noninstructional  and pseudo-instructional lesion. In  addition,  the  sequence  context  appears  to 
play a role in determining  whether a  frameshift or a base substitution is induced by this bulky lesion. 

A large  number of target  atoms  on DNA are 
known to react with chemical mutagens.  For  a 

large  number of alkylating agents, the most reactive 
site in B-DNA is the  guanine  N7  atom.  However, 
guanine N 7  adduction by small akyl groups is not 
believed to be  mutagenic. On  the  other  hand, acti- 
vated aflatoxin B1 (AFBl),  among  the most potent 
base substitution and frameshift  mutagens in the 
Ames reversion system (MCCANN et al., 1975), is 
known to almost exclusively react with the  guanine 
N7 atom  (Figure  1 ; reviewed by BUSBY and WOCAN 
1985). 

Activated AFBl  requires  double-stranded (B) DNA 
for efficient reaction (MISRA, MUENCH and HUMAYUN 
1983).  Its  reaction with DNA guanines in   v i t ro  is 
known to be  non-random,  preferentially  occurring in 
certain G:C bp  clusters,  but  not  as efficiently at  other 
G : C  clusters or lone G : C  bp (MUENCH, MISRA and 
HUMAYUN 1983; MISRA, MUENCH and HUMAYUN 
1983; JACOBSEN et al. 1987). Aflatoxin lesions stop 
primer elongation by E.  coli poll and poll (Klenow) i n  
vi tro (REFOLO et al. 1985; JACOBSEN et al. 1987). The 
primary  guanine  N7 lesion  has an in  v i tro half-life of 
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around 48 hr  at  37" at neutral  pH,  and is therefore a 
reasonably stable lesion (GROOPMAN, CROY and WO- 
CAN 198 1). The primary lesion may be lost through 
one of three spontaneous mechanisms: (1) simple re- 
moval of  aflatoxin  dihydrodiol, leaving an intact DNA 
guanine  behind;  this  reaction is predominant in the 
first 6 hr of incubation; (2) guanine imidazole ring 
opening to yield the very stable DNA lesion, namely, 
the formamidopyrimidine-aflatoxin (FAPY) lesions 
(Figure 1); and (3) loss of guanine  to yield an  apurinic 
(AP) site. 

AFBl is believed to be  activated  for  reaction via the 
putative 2,3-oxide (AFBl-oxide) in   v ivo .  Activation to 
AFB 1 -oxide can be accomplished in   v i t ro  by metabolic 
enzyme preparations,  irradiation or oxidation. Each 
of these  routes has attendant problems when it comes 
to  reaction with DNA in   v i t ro ,  as considered  elsewhere 
(JACOBSEN et al. 1987). Aflatoxin B1-2-3-dichloride 
(AFBl  C12), originally synthesized as an electronic 
model for  the oxide (SWENSON, MILLER and MILLER 
1975) can serve as a useful activated species especially 
for experiments  requiring in   v i t ro  DNA adduction. By 
the  criteria of carcinogenicity, mutagenicity, and ma- 
jor DNA reaction  products,  the AFBlCl2  and  the 
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FIGURE 1.-Structures of primary (top)  and FAPY (bottom) 
guanine lesions induced by AFBI-oxide (x = OH) or AFBlCl2 (x 
= CI). 

AFB 1 -oxide are similar (for  a brief review, see JACOB- 
SEN et al. 1987). We have recently extended  the simi- 
larities to sequence specificity, preference  for  double- 
stranded DNA conformation, effect on DNA template 
function, and frameshift  mutational specificity ( JA- 
COBSEN et d .  1987; REFOLO, BENNETT and HUMAYUN 
1987). The DNA lesion formed by the dichloride 
differs  from that of the oxide by having a C1 atom 
instead of an OH group  at  carbon 3 of the aflatoxin 
backbone  (Figure 1). This difference may have an 
effect on the conformation of the DNA lesion. How- 
ever,  there is as yet no evidence of a  difference at  the 
biochemical or biological level. 

In the present  study, we have used AFBlC12 as a 
representative of a bulky chemical lesion at  the gua- 
nine N7 atom. The target  gene  for mutagenesis is the 
lacZ (a  segment)  sequence  contained in M13 AB28, 
which is essentially M 1 3mp8 lacking nonsense codons 
in essential phage genes. In this system, forward 
(IacZ-) mutations are identified as colorless or light 
blue plaques on  indicator plates on which  lacZ+ 
plaques are blue. 

Two sequence-level studies of the mechanisms of 
mutagenesis by activated aflatoxin have been  carried 
out in recent years. One,  reported by FOSTER, EISEN- 
STADT and MILLER (1 983) specifically analyzed those 
induced base substitutions which led to amber and 
ochre nonsense mutations in the E. coli lac1 gene  car- 
ried on an F episome. The second, by REFOLO, BEN- 
NETT and HUMAYUN (1987), specifically examined 
frameshift mutagenesis in the M13 system. Each  of 
these studies has looked for a subset of the mutational 
spectrum of aflatoxin, and each set of data has been 
interpreted in the light of a hypothetical mechanism 

for mutagenesis. The data  here  present  a  more com- 
plete  picture of the specificity of mutagenesis induced 
by an activated aflatoxin, and suggest that several 
mechanisms may be involved in the mutagenic  proc- 
essing of this class of lesions. 

MATERIALS  AND  METHODS 

Media: Preparation of M9 media and M9 agar plates were 
according  to MILLER (1972). Minimal soft agar was made 
according  to  KUNKEL  (1984).  SOB  medium,  SOC  medium 
and  TFB (transformation buffer) were made  according  to 
HANAHAN (1983).  Dimethylsulfoxide, dithiothreitol  and  an- 
tibiotics were from Sigma. 

Strains: AB28, the amber-less derivative of M13mp8 
(MESSING and VIEIRA 1982) was constructed by the follow- 
ing  procedures. M 13mp2 (GRONENBORN and MESSING 1978) 
and  M13mp8 replicative form (RF) DNAs were cut  at 
unique  restriction sites with AvaII and BglI. The  463  bp 
(5914-6377) fragment in mp2 was replaced by the  corre- 
sponding  fragment  from  mp8 by standard  procedures (MAN- 
IATIS, FRITSCH and SAMBROOK 1982). The resulting phage 
AB28 carried  the 33-bp polylinker sequence from M 13mp8 
and plated on suppressor-less E.  coli strains to  produce  dark 
blue plaques. 

The  E. coli strain  KH2A Alac-pro, trpE9777, 
F'LacIq  ZAM15Pro+, uvrA277::TnIO(Tetr), was con- 
structed by standard genetic  techniques (MILLER 1972) as 
follows. E.  coli strain NR3835 Alac-pro,trpE977, 
F'Pro+Lac+Ara+  (from B. GLICKMAN) was cured of its F 
factor by acridine  orange. The F- strain obtained was mated 
with strain LL308 (from E. LECLERK) to  introduce  the 
F'LacIqZAM 15Pro+ factor. The  uvrA- derivative KH2A 
was constructed by transduction using Plvir (from E. GOLD- 
MAN)  from  the strain N3055  uvrA277:TnIOTet' (from B. 
BACHMANN).  KH2AM was constructed by transformation of 
KH2A by plasmid pGW270 (mucAB+; from G.  WALKER). 

DNA preparations  and AFBlCl2 modification: AB28 
RF DNA was prepared by the  method of KAHN et al.  (1  979) 
from  the strain NR3883  recA, ALacPro, 
F'Lac+Pro+Ara+ (from B. GLICKMAN) and purified over 
CsCln-ethidium bromide  gradients (GARNER, GRIFFITH and 
GRILL  1983). RNA was removed by RNase treatment fol- 
lowed by centrifugation  over a  1 M NaCl cushion (MANIATIS, 
FRITSCH and SAMBROOK 1982). Single-stranded  DNA was 
prepared as  described (REFOLO, BENNETT and  HUMAYUN 
1987)  and sequenced by the  methods Of SANGER as described 
by SMITH (1 980). ['HI-AFB 1 C 12 modification was carried 
out as described (REFOLO, BENNETT and  HUMAYUN  1987). 
Primary lesions were converted  into  the  open-ring FAPY 
form by incubation of modified RF DNA in 0.1 1 M glycine- 
NaOH,  pH  10.5  for 30 min at 37", followed by ethanol 
precipitation and resuspension in 10 mM HEPES pH  6.8 
(IRVIN and WOGAN 1984; REFOLO et al. 1985). 

Transfection procedures: Fifty nanogram of mock- 
treated or modified DNA were transfected (HANAHAN 
1983)  into E.  coli KH2AM and infectious centers were  plated 
on M9 minimal agar  supplemented with thiamine  and tryp- 
tophan (MILLER 1972), as described (KUNKEL 1984). The  
plates  were incubated  for  24  hr  at  37" followed by 24 hr  at 
room  temperature  before  determining  the total number of 
wild type and putative mutant plaques. The  mutant plaques 
were  plaque-purified  as  described (KUNKEL 1984). Trans- 
fection efficiency of mock-treated DNA was approximately 
10' per rg and varied over a fivefold range between trans- 
fections. 

Procedures for S O S  induction: KH2AM cells were 
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grown overnight in SOB medium at 37" with vigorous 
aeration. Fresh SOB (30 ml  in each of four 250 ml flasks) 
was inoculated with 0.3 ml each of the overnight culture, 
and  the cells rown at 37°C with vigorous aeration to a cell 
density of  10 B /ml. The cells were pelleted by centrifugation 
at 750 x g for 10 min, resuspended in a total pooled  volume 
of  12 ml of buffer (1 0 mM MgS04, 100 mM NaCI) and  a 6- 
ml aliquot dispensed into  a 150-mm Petri dish held on ice. 
The suspension was UV irradiated (1  0 J/m') from a General 
Electric 15W germicidal lamp (G15T8) calibrated to 20 
pW/cm'  with a spectroline DM-254N UV meter (Spectronic 
Corporation, Wesbury, New York). The optimal SOS-in- 
ducing UV dose was determined  on the basis of Weigle 
reactivation of UV irradiated AB28 phage by procedures 
similar to those of LECLERC and ISTOCK (1984).  The irra- 
diated cells were diluted to 30 ml  in  warm SOB medium, 
incubated at 37" with vigorous aeration in the dark for 45 
min (KUNKEL 1984), and made competent as described 
(HANAHAN  1983). Transfection was carried out as described 
above. Transformation efficiencies obtained for mock 
treated DNAs were similar with the without SOS induction. 

RESULTS 

Experimental  system: Mutagenic consequences of 
AFB 1 C 12  damage were determined using a  forward 
mutagenesis assay based on a-complementation be- 
tween M 13 lacZ gene  segment and  an  appropriate E.  
coli host. In this system, mutations  affecting the phage 
lacZ a-complementation are  detected as those giving 
rise to light blue or colorless plaques on indicator 
plates containing the chromogenic  substrate Xgal and 
an  inducer  of  the lac  system (GRONENBORN and MESS- 
ING 1978). We have previously used the M 13mp8 lacZ 
gene as the  target  for  a  frameshift  reversion assay 
(REFOLO, BENNETT and  HUMAYUN 1987).  However, 
M13mp8  carries  nonsense  mutations in essential 
phage  genes, and will only plate on amber-suppressing 
host strains. In order  to score  both missense and 
nonsense  mutations, we constructed  a  derivative, 
M 13AB28, as described in MATERIALS AND METHODS. 
AB28 has the same lacZ sequence  (including the 
polylinker) as  mp8,  but is free of nonsense codons in 
phage  genes. This derivative plates on suppressor-less 
E. coli and gives dark blue plaques on indicator plates 
under  the conditions  described. 

AFBlCl2 treated  and mock-treated AB28 RF 
DNAs were transfected  into  UV-irradiated or unir- 
radiated excision-deficient (uvrA-) E. coli carrying the 
mucAB+ plasmid pGW270  (WALKER 1984;  1985). 
Light  blue and colorless plaques were identified, ver- 
ified and analyzed as described. 

DNA modification to obtain  primary lesions was 
carried  out as described previously (REFOLO et al. 
1985; REFOLO, BENNETT and  HUMAYUN  1987;J~co~-  
SEN et al. 1987). In order to convert  the primary 
lesions to the FAPY form, we subjected the modified 
DNA to conditions  described by IRVIN  and WOCAN 
( 1  984). REFOLO et al.  (1  985) have previously observed 
that  the AFB 1  C  12 lesions are converted  to  the  stable 
form by this treatment. 
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FIGURE 2."Survival (A)  and forward mutation frequency (B) of 
M13AB28 RF DNA bearing primary (circles) or FAPY (triangles) 
lesions. Data obtained without prior UV-irradiation of host cells 
(open symbols) and with UV-irradiation of host cells (closed sym- 
bols) are shown. 

Survival  and  mutation  frequency: Figure 2A  shows 
that survival of modified RF DNA decreases with 
increasing adduction level. Single-hit exponential in- 
activation is observed for  both  the  primary  as well as 
the FAPY lesion-bearing DNAs. The kinetics did  not 
change  upon SOS induction,  indicating  a lack of SOS- 
enhanced survival. Figure 2B  shows that significant 
dose-dependent  forward mutagenesis occurs  without 
prior SOS induction.  Upon SOS induction,  mutation 
frequency is enhanced. DNA carrying  primary lesions 
as well as FAPY-lesions appear to yield approximately 
equal  mutation  frequencies.  Enhancement  of  muta- 
genesis upon SOS induction  without  accompanying 
survival agrees with the results of REFOLO, BENNETT 
and  HUMAYUN (1 987). 

Overview of sequence  analysis: Preliminary studies 
(K. SAMBAMURTI and M. Z. HUMAYUN, unpublished 
data)  had  indicated  that  the  potential  forward  muta- 
genesis target in the AB28 lacZ segment extended as 
far  down as base number  6576.  In  addition, in about 
13% of phenotypically lacZ- mutants, no nucleotide 
changes  could be  detected  upon  sequencing  the  entire 
E. coli insert in M13. We have not investigated this 
phenomenon  further,  but assume that  mutations map- 
ping elsewhere in the phage  genome affect the expres- 
sion of a lacZ+ phenotype. We have therefore limited 
our target  for  sequencing  to  the first 234 bases  of the 
lacZ segment  coding for  the  78 N-terminal amino 
acids. Between 50 and 70% of the  mutants analyzed 
showed sequence  changes within this target. 

Table 1 summarizes the conditions  for  mutant iso- 
lation,  mutation  frequencies,  as well as numbers  and 
types of mutations  induced under various conditions. 
Figure  3  presents the DNA sequence  of the IacZ target 
region  together with other  pertinent information and 
indicates the sequence  changes  (point  mutations)  un- 
der various conditions. 

Under  the condition used for  mutant isolation, both 
the primary lesion-bearing DNA and FAPY lesion- 
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TABLE 1 

Overview of mutations induced by AFBlClP 

No U V  to cells" UV to cellsb 

Measurement Primary FAPY Primary FAPY 

A. 
B. 

C .  

D. 

E. 

No. of lesions per RF DNA  molecule 
Mutation  frequency ( 1  0-4) 
AFBlC12-treated DNA 
Mock-treated  DNA 
Fold increase  (treated/mock) 
Sequence  summary 
No.  sequenced 
No. with sequence  change (%y 
Classes and Nos. of  mutationsd 
126-bp  deletions 
Large  deletions 
Point  mutations 
Types  and Nos. of  point  mutations 
Total  substitutions (%)' 
Single  substitutions 
Double  substitutions 
Total  substitution  eventsf 
G:C targeted  events (%) 
Total  frameshifts (%) 

9.2 f 1 

14.1 
1.82 
7.74 

90 
62  (69%) 

11 
4 

47 

43 (91.5%) 
40 

3 
46 
44 (95%) 

4  (8.5%) 

7.8 f 0.5 

13.8 
3.22 
4.28 

74 
45  (61%) 

18 
3 

24 

22  (91.7%) 
19 
3 

25 
21  (84%) 

2  (8.3%) 

9.2 f 1 

56.7 

12.2 

68  
35 (52%) 

4.64 

0 
2 

33 

26  (79%) 
24 

2 
30 
27  (90%) 

7  (21%) 

7.8 f 0.5 

40.4 
3.75 

10.8 

66 
46  (70%) 

4 
2 

40 

33  (82%) 
29 
4 

38 
34 (91%) 

7  (18%) 

a E.  coli KH2AM  (Alac-pro,  trpE9777,  thi, F'lacZ M15, Pro, uvrA277::TnlO(Tet)),  carrying  pCW270(MucAB,Kan). 
At 10  l/m2. 

' Refer;to the  number  of  mutants in which  a  sequence  change was detectable  between  bases  621 7 and  6450. 
See  text  for  explanation  of  126-bp  and  large  deletions. " 

Events  include  base  substitutions  accompanying  some  frameshifts. 
e Parenthetical  figures are percentages of point  mutations. 

bearing DNA cause significant mutagenesis over 
mock-treated DNA without  prior SOS induction,  but 
the -fold increase is smaller for  the FAPY DNA. Upon 
SOS induction,  mutation  frequencies are increased 
for  both types of DNA, and  the fold-increases are 
closer to  one  another.  These  data suggest that  both 
the  primary and secondary lesions are nearly equally 
efficient in inducing  mutations. As observed previ- 
ously  in a  frameshift  reversion assay, prior SOS induc- 
tion is not  required  to observe significant mutagenesis, 
but serves to  enhance mutagenesis further (REFOLO, 
BENNETT and  HUMAYUN  1987). 

Examining Table 1D suggests that  a significant 
number of mutations in non-SOS-induced cells are 
126  bp deletions, whereas there  are fewer such mu- 
tations in the SOS-induced pool. The  end points of 
these  deletions suggest that these are analogous  to the 
93-bp  deletions  observed in the M13mp2 system by 
other workers (e.g., KUNKEL 1984;  LECLERC et al. 
1984). Specifically, these deletions arise as a  result of 
recombination between the M13 lacZ sequence and 
the homologous (partially deleted)  sequence  present 
on  the  F  factor. The presence of the polylinker se- 
quence in AB28 (but  not in mp2)  accounts  for  the 
increased size (126  bp us. 93  bp for  mp2) of the 
deletion. The large  deletions  (Table  1 D) have suffered 
the loss of the  entire E.  coli DNA insert,  and  presum- 
ably arose by aberrant nicking by M 13 gene I1 protein 
(MICHEL and EHRLICH 1986). 

An examination of point  mutations  indicate  that  a 
majority are base-substitutions. In SOS-induced cells, 
one in  five point  mutations is a  frameshift. The char- 
acteristics of  point  mutation will be  considered below. 

Distribution of base  substitution  mutations in- 
duced  by AFBlC12: Table 1E shows that  a  clear 
majority (84-95%) of the base substitution  events 
occur  at G:C bp. Since the only known reaction of 
AFB 1 C 12  occurs at guanines, it is reasonable to sug- 
gest that  a majority of the base substitutions are tar- 
geted to  AFBlCl2 lesions.  An examination of the 
spectra  (Figure  3) shows that  139 base substitution 
events are distributed  over  57 sites, with the last half 
of the  target accounting  for most sites (40)  as well as 
occurrences (1 06). Of the  139 substitution  events, 18 
generate nonsense codons, while almost all  of the 
remainder are missense mutations. The spectra show 
that certain sequences are hotspots for base substitu- 
tions. In particular, the sequence  5'-TGGCG  (6358- 
6362) has a  cluster of hotspots. The target  sequence 
has four  more identical pentamer sequences at  6309- 
6313, 6351-6355  (minus  strand),  6417-6421 and 
6424-6428. Each of these five sequences (underlined 
in Figure  3) shows  base substitutions. However, the 
6358-6362  sequence is the major  hotspot and  the 
64 17-642 1  sequence is a  minor  hotspot,  whereas the 
other two sequences are not hotspots. In both  the 
hotspot  pentameric sequences, the  central  guanine is 
the  one to suffer the most mutations. 
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FIGURE 3.-Spectra of forward point mutations induced by primary (P) and FAPY (F) lesions  with (+SOS) or without (-SOS) prior UV- 
irradiation of host cells. The AB28 wild type sequence (both strands, with the plus strand  on  top) between base numbers 62 17 and 6450 is 
shown together with the amino acid sequence, and  the relative reactivity of guanines with AFBlCl2 (w = weak; i = intermediate; s = strong; 
see text). Base changes in the plus strand are shown  in  lower  case letters above the wild type sequence. Double changes in each condition 
share  a common number.  For example, the change at  6345  and  that  at  6354 in the P (-SOS) condition occurred in the same mutant. 
Frameshift mutations are denoted by a "+" or --" symbol, with the  double quotes delimiting the base run where the mutation occurred. 
Nonduplicative +1 frameshifts are shown by connecting vertical lines. Complex mutations (see text) which  have suffered a frameshift and a 
substitution share a common number.  For example, in the P (+SOS) condition, one of the two tandem G:C bp at 6353-6354 is deleted, and 
the G:C bp at 635 1 is substituted. Five occurrences of the pentameric sequence 5"TGGCG are underlined. 

Figure  3 shows no striking effect of SOS induction 
or lesion type (ie., primary or FAPY) on distribution 
of substitution  mutations.  Although the 5"TGGCG 
(6358-6362)  sequence is a  hotspot in  all four condi- 
tions, within this sequence, site 6360  appears  to be 
favored  among  substitutions  induced by the primary 
lesion in the absence of SOS-induction.  However, 
Figure  3 shows that  the  preference  for site 6360  or 
6361  cannot be attributed  to  either SOS induction or 
lesion type. 

Correlations between DNA damage  and  base  sub- 
stitution mutagenesis  induced by AFBlC12: The 
reaction of AFBlC 12 and AFB I-oxide with B-DNA 
in vitro is non-random,  and  appears  to follow a set of 
empirical rules (MISRA, MUENCH and  HUMAYUN 
1983). In  general,  lone  guanines are weak targets, 
whereas weak, intermediate  and  strong  targets  are 
found in various G:C bp clusters. Two  other labora- 
tories have recently  examined this phenomenon. The 
data of MARIEN et al. (1987)  confirms nonrandom 
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reactivity of AFBl with 4 x 1  74  and plasmid DNAs. 
These  authors conclude however that while their  data 
were in rough  agreement with the  patterns described 
by MISRA, MUENCH and  HUMAYUN  (1983), sequence 
context  alone could not  account  for all of the non- 
random reactivity. A  more extensive and systematic 
study by BENASUTTI et al. (1  988) has  also confirmed 
the  nonrandom reactivity of AFB1-oxide with 
M13mp19 DNA. This  latter study confirms and ex- 
tends the essential aspects of the specificity rules of 
MISRA, MUENCH and  HUMAYUN  (1983). Recently, JA- 
COBSEN et al. (1987) have analyzed the reactivity of 
AFB 1-oxide and AFB 1  C 12 with a part of the  target 
sequence in the present  study, and  found  that  the 
reactivity patterns essentially followed the empirical 
rules. 

In Figure 3,  the predicted  (and partially verified) 
relative reactivity of each guanine within each strand 
of the  target  sequence is depicted by the  letters w (for 
weak reactivity as defined by MISRA, MUENCH and 
HUMAYUN 1983), i (intermediate) or s (strong). In 
Table  2, we have classified the guanine-targeted sub- 
stitutions  into two categories: unfavored  damage sites 
(weak targets) and favored sites (intermediate  and 
strong  targets). The data suggest that virtually all of 
the mutations  occur at favored  damage sites. Strongly 
buttressing this correlation is the observation that all 
sites where  substitutions  occurred  more  than  once 
( i e . ,  major and minor hotspots) fall into  the  favored 
category. Our analysis  of  lacZ detectable sites (KUNKEL 
and ALEXANDER  1986; J. S. JACOBSEN and M. Z. 
HUMAYUN, unpublished  data) indicates that  the cor- 
relation of damage hotspots with substitution  muta- 
tion hotspots is not  attributable  to  detection bias. 
While a clear majority of mutations are  targeted  to 
G:C bp  favored  for  damage,  not all damage hotspots 
are mutation hotspots as illustrated by the  TGGCG 
sequence  considered previously. Sequence  context- 
dependent  differences in repair  and bypass efficiency 
presumably account  for  damage hotspots at which few 
mutations are fixed. 

MISRA, MUENCH and  HUMAYUN  (1983)  had raised 
the possibility that sequence-specificity of AFBl may 
lead to  preferential mutagenesis at certain codons. 
Codons  containing  GG, CC and CG sequences (e.g., 
Arg, Gly, Pro,  Trp) should  be preferred  over  other 
codons,  including  those that contain two G:C bp sep- 
arated by an  A:T  bp (e .g . ,  Val, Leu). Figure  3 shows 
that base substitutions  preferentially  occur at Arg, Gly 
and Trp  codons, and  at Ala (GCC) codons. These 
codons together  constitute 25% of the codons  present 
in the  target,  but suffer 67% of  all substitutions. The 
major frameshift  hotspot (see below) occurs at two 
tandem  Pro  codons. 

Specificity of base  substitutions  induced by 
AFBlC12: Table 2 shows that  AFBlC12 induces both 

TABLE 2 

Characteristics of G C  targeted base substitutions induced 
by AFBlCl2 

__ 
A. 

B. 

C .  

D. 

E. 

Sequence  changes 

Measurement G T A  G > T  G > C  G > N  

Primary lesions (no  UV to cells) 
Favored G:C bp" 17 23  2 42 
Unfavored G:C bp 2 0 0  2 
Subtotals 19 23  2 44 
FAPY lesions (no  UV  to cells) 
Favored G:C bp 8 1 1  0 19 
Unfavored G:C bp 1 1 0  2 
Subtotals 9 12 0 21 
Primary lesions (UV to cells) 
Favored G:C bp 14 1 1  0 25 
Unfavored G:C bp 1 1 0  2 
Subtotals 15  12 0 27 
FAPY  lesions (UV  to cells) 
Favored G:C bp 9 17 4  30 
Unfavored G:C bp 2 2 0  4 
Subtotals 11 19 4 34 
Totals 
Primary (-SOS and +SOS) 34 35 2 71 
FAPY (40s  and +SOS) 20 31 4 55 
Primary and  FAPY (-SOS) 28 35 2 65 
Primary and  FAPY (+SOS) 26 31 4 61 
All conditions 54  66 6 126 

a For  explanation of favored  and  unfavored G:C bp,  see  text. 

G-to-T and G-to-A mutations, which together  account 
for virtually all  of the G:C-targeted events.  Primary 
AFBlCl2 lesions induce  both  G-to-T and G-to-A 
mutations with equal efficiency in SOS-uninduced 
(Table  2A), as well as in SOS-induced (Table 2C) cells. 
FAPY lesions induce  more  G-to-T  mutations as com- 
pared  to G-to-A mutations in SOS-uninduced cells, a 
difference that becomes more  pronounced in SOS- 
induced cells. Figure  3 shows that  both  transitions (G- 
to-A) and transversions  (G-to-T) are detectable at 
hotspots (e.g., G-6360 and G-64 19).  Although at some 
minor sites there  appears  to  be  a  preference  for  either 
transversions (e.g., G-63  13) or transitions (e.g., G- 
6329),  the  number of mutations at these sites is too 
small to determine  whether  there are favored  transi- 
tion or transversion sites. While there is a strong 
correlation between damage hotspots and mutation 
hotspots, there is no correlation between damage  fre- 
quency and substitution specificity: transitions and 
transversions can be  found  at weak, intermediate  and 
strongly reactive guanines. 

Frameshift  mutations: As considered further un- 
der DISCUSSION, activated  aflatoxin is among  the most 
potent chemical mutagens capable of reverting  the 
Ames frameshift  tester strains. In the  forward system 
used here,  under conditions of maximal mutagenic 
processing (SOS induction), one  out of  five mutations 
induced by AFBlC 12 is a  frameshift. Table 3 lists the 
20  frameshift  mutations  from the sequenced pool and 
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TABLE 3 

Frameshift mutations  induced by AFBlClP 

869 

Total No. 
Site Type occurrences From (bases) 

I 1 6 CCCCCTTT 
(6343-6350) 

2 2 CCCCCTTT 
(6343-6350) 

3 1 CCCCCTTT 
(6343-6350) 

I1 4 3  GGGAAAA 
(6299-6305) 

111 5 1 TTCCCGGGG 
(6234-6242) 

6 1 TTCCCGGGG 
(6234-6242) 

7 1 TTCCCGGGG 
(6234-6242) 

IV 8 1 ATGACC 
(6217-6222) 

V 9 1 TGGCC 
(6272-6276) 

VI 10 1 TTTCGCCA 
(6348-6355) 

VI1 1 1  1 CCTGAAT 
(6411-6417) 

VI11 12 1 TGGCG 
(6417-6421) 

Sequence change in plus strand 

To Sign Event 

CCCCTTT - 1  -C 

CCCCCCTTT + I  +C 

CCCCCATTT +1 +A 

GGGAAA - 1  -A 

TCCCCGGG -1  Complex 

TTCCCAGGGG +1 +A 

TTCCCGGG -1  -G 

ATGCC -1 -A 

TGCC -1  -G 

TTTAGCA -1  Complex 

CCTAT +1 -GA 

TCG + 1  -GG 

shows that  there  are  12 types of mutations  distributed 
over 8 sites (I-VIII). Both genetic -1 and genetic  +1 
mutants are present,  but -1 mutations are  more  fre- 
quent  (14/20)  than +1 mutants  (6/20).  However, two 
out of the six +1  mutants (types 3 and 6) could not 
have arisen by base duplication.  Among the -1 mu- 
tations, two events are complex  mutations (types 5 
and  10) which seem to arise by the loss of a bp coupled 
to a base substitution in the vicinity. 

We have previously reported extensive data  on 
frameshift  mutations  induced by AFBlCl2  and 
AFBl-oxide in a  frameshift  reversion assay using the 
same gene (REFOLO, BENNETT and  HUMAYUN 1987). 
Those  data indicated that  up  to  20% of -1 mutations 
were complex, and  that a majority of the + 1  mutations 
were nonduplicative  additions. In  the reversion study, 
the detection target was designed to  extend  approxi- 
mately 100  bp  beginning  from base number 62 17. 
Sites 111, IV and V of the present  study (Table 3) were 
included in the  target sequence of the reversion  study, 
but  other sites were not. We have previously shown 
that  the  exact  mutations  of  the type number 5 and 6 
are among  the most frequently  found  mutations in a 
reversion assay. Mutant type 3 is analogous to type 6. 
Multiple examples of mutations similar to  that  repre- 

sented by type 10 were also found in the reversion 
study. The previous study further  demonstrated  that 
AFBl  C 12-induced mutations most frequently af- 
fected G:C bp  runs,  and less frequently, at  A:T  runs 
adjacent to G:C bp favored  for  AFBl  C12  damage. 
All of the features of frameshifts  deduced  from the 
reversion  experiments  are  found in the present  for- 
ward mutant pool in Table 3. An examination of the 
damage specificity shown in Figure 3 suggests that all 
frameshift  target sequences shown in Table 3 include 
damage hotspots. It is especially worth  noting  that  the 
5 bp G:C bp  run (site I), a  predicted  damage  hotspot, 
is also the major frameshift hotspot. At least two 
phenotypically detectable base substitution  targets are 
known in this run (6344 and 6346; unpublished data). 
However,  frameshifts outnumber substitutions by a 
margin of 4: 1 in this run.  In  contrast, few base substi- 
tution hotspots show frameshifts  (Figure 3). These 
observations raise the possibility that the sequence 
context plays an  important  role in determining 
whether  a  substitution or a  frameshift is induced by 
this DNA lesion. 

DISCUSSION 

Specificity of base substitution mutagenesis by 
AFBlC12: FOSTER,  EISENSTADT and MILLER (1983) 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/120/4/863/5997837 by guest on 25 M

ay 2023



870 K. Sambamurti et al. 

have previously determined  the specificity of umber 
and ochre mutations  induced by aflatoxin in the E.  coli 
lacI genetic system. In  the lacI study, of the  187 
nonsense mutations analyzed, 181  or  96.8% were 
targeted  to  guanines. Out of the  18 1  guanine  targeted 
events,  169 (93.4%) were G-to-T transversions and 
the  remainder were G-to-A transitions. In  the present 
study, we have determined  the DNA sequences of 184 
AFBl  induced  forward  mutations  obtained under var- 
ious conditions in an M 13 system  which detects all 
base substitutions  (including all nonsense mutations), 
frameshifts as well as deletions. These  experiments 
can be compared to those in the lacI system since in 
both,  an excision-deficient, mucAB+ strain was used, 
and  the fold enhancement  under SOS-induced con- 
ditions was similar (12-fold us. 10-fold). In the M13 
system, as in the lacI system, a clear majority of base 
substitutions affect guanines.  However, there is a sig- 
nificant difference in the specificity of substitutions: 
in the present  study, G-to-A transitions occur at  the 
same frequency as G-to-T transversions among  the 
mutants  induced by the primary lesions in both SOS- 
induced and -uninduced  conditions. Conversion of 
primary lesions to FAPY derivatives reduces the  pro- 
portion of  G-to-A transitions to  about  33%, a value 
which is still much greater  than  the 7% transitions 
found in the lacI  system. 

Two major possibilities can account  for the differ- 
ences in  specificity: (1)  differences in the activated 
AFBl species; and (2) differences in the detection 
methods. The first possibility arises because the pri- 
mary lesion  in the lacI study differs  from the lesion 
studied here in having a C1 atom instead of an  OH 
group  at  carbon 2 of the  AFBl moiety (see Figure 1). 
This can arguably  introduce  an  additional (albeit un- 
known) mechanism for mutagenesis for  AFBlCl2- 
induced lesions. As summarized in the  introduction, 
the biochemical and biological properties of the two 
lesions are very similar. Significantly, the  +1 frame- 
shift specificity  of the two lesions is virtually identical 
in M13 (REFOLO, BENNETT and  HUMAYUN 1987). 
Moreover,  preliminary results indicate that base sub- 
stitution specificity of AFB1-oxide lesions in M13 is 
similar to  that of  AFB 1C 12 lesions (S. SAHASRABUDHE 
and M. Z. HUMAYUN, unpublished results). 

In the  present data,  18  (13%)  out of 139 substitu- 
tion events create nonsense mutations. Seventeen are 
targeted  to G:C bp, and eight out of these 17 are G- 
to-A transitions. Interestingly, seven of these transi- 
tions create  a TGA (opal) codon. Since opal mutations 
were not analyzed by FOSTER, EISENSTADT and 
MILLER (1983) in the lacI study, this might in part 
account  for the dominance of G-to-T  mutations in 
their  study.  In  addition, as shown in RESULTS, there is 
a good correlation between AFBl  damage specificity 
and mutation specificity. Assuming that in vivo dam- 

age specificity is similar to  that in vitro raises the 
possibility that  there might be  an  under-representa- 
tion of damage  hotspots at sites where G-to-A events 
can be  monitored in the lacI system. Analysis of the 
data of  FOSTER,  EISENSTADT and MILLER (1983) in 
the context of the lacI sequence shows that  there  are 
14 umber and  12 ochre sites at which G-to-A events 
can  be  monitored.  However, none of the umber sites 
have a  potential  strongly reactive (MISRA, MUENCH 
and  HUMAYUN  1983)  target G:C bp. Seven umber sites 
fall into the  intermediate category, and  the  remaining 
seven in the weak category. All 12 ochre sites fall into 
the weak category. There  are  10 umber and  13 ochre 
sites at which G-to-T events can be  monitored. Out 
of these, five umber and  four ochre codons are strongly 
favored  for  damage, and  three umbers and  four ochres 
are  intermediate sites. Furthermore,  the present  data 
indicate that  Arg, Gly, Pro  and T r p  codons are  among 
the most frequently  mutated sequences. In  the lacI 
gene,  there are  19 Arg,  22 Gly, 14  Pro  and two T r p  
codons. Out of these, nonsense mutations are detect- 
able only at  the two Trp  codons. While the above 
considerations  can  account  for the specificity differ- 
ences in the two systems, a caveat should  be  empha- 
sized: whether  AFBl  reaction is sequence-specific in 
vivo is not known. 

Mechanisms of base  substitution  mutagenesis by 
AFBlC12: In  the lacI system, several structurally 
different chemical mutagens  induce base substitutions 
with the same G-to-T specificity as AFBl, leading to 
the hypothesis that a  common  damage  intermediate 
form, namely, an  apurinic (AP) site is processed into 
substitutions (FOSTER, EISENSTADT and MILLER 1983). 
It is known that  guanine N7 adduction labilizes the 
glycosidic bond, spontaneously leading to  AP sites. 
Furthermore, it can be  postulated  that an E.  coli N-  
glycosylase could  act on  AFBl lesions to generate  AP 
sites.  An AP intermediate hypothesis predicts that in 
AP endonuclease-deficient hosts, AFB 1 mutagenesis 
should be  enhanced. This prediction has not yet been 
tested. Alternatively, it is possible that  the common 
feature  to acid depurination, AFB 1, benzpyrene and 
acetylaminofluorene may be replication-blocking le- 
sions, not necessarily AP sites. All available in vitro 
and in vivo mutagenic specificity data  on  a variety of 
replication-stopping lesions are also compatible with 
the alternative possibility that  the  “A  rule” may be  a 
general response to such lesions (RABKIN and STRAWS 
1984). 

The data  here show that  the  ratio of misinsertion 
of A, T and G opposite FAPY  lesions is 19: 1  1 :3  for 
SOS-induced cells, and 31:20:4 for  both SOS-induced 
and uninduced cells. These ratios are reasonably close 
to those reported  for  the noninstructional  aguaninic 
sites (A:T:G = 27: 14:7) reported by KUNKEL (1984) 
in the M 13 system. It is, therefore, possible that sub- 
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FIGURE 4.-Hypothetical G:C wobble base pair (top) and G:T 
mispair (bottom)  potentiated by N1 deprotonation of N7 adducted 
guanine to the zwitterion form. 

stitutions  opposite FAPY lesions arise via AP inter- 
mediates produced by an N-glycosylase or by the “A 
rule” bypass of these replication-blocking (REFOLO et 
al. 1985) lesions. On  the  other  hand,  the ratios of 
misinsertion of A:T:G  opposite  primary lesions upon 
SOS induction is 12:15:0, and  for  both SOS-induced 
and uninduced  conditions, it is 35:34:2. Therefore, it 
is interesting to ask  if an alternative, or additional 
mechanism could  contribute  to base substitution mu- 
tagenesis by primary lesions. 

N7 alkylation is known to change  the pKa value of 
guanine  from  9.2  to  7.1,  resulting in deprotonation 
at N 1. The consequent zwitterion form was hypothe- 
sized (LAWLEY  and BROOKS 1961)  to be  capable of 
participating in G:C wobble base pairing as well as in 
G:T mispairing (Figure 4). Recent crystallographic 
evidence (YAMAGATA et al. 1983)  supports  deproton- 
ation and  altered base pairing  potential of N7 alkyl- 
ated  guanine. While the equilibrium  proportion of 
N7-alkylated guanines that exist in deprotonated as 
against protonated  form in single-stranded polynucle- 
otides is not  known,  deprotonation is an observable 
phenomenon (SIERZPUTOWSKA-GRACZ, GOPAL and 
ACRIS 1986). The codominance of both G-to-A and 
G-to-T  changes  among  substitutions  induced by pri- 

mary AFBl lesions can be  accounted  for as follows. 
These lesions block DNA replication at  the base pre- 
ceding the lesion; base substitutions  opposite the le- 
sion arise by two mechanisms: polymerase preference 
favoring  incorporation of adenine,  and N  1 deproton- 
ation  favoring  incorporation of thymine. Ring-open- 
ing in the FAPY lesion disallows the second mecha- 
nism, resulting in  specificity reflecting polymerase 
preference  alone. 

The mispairing hypothesis raises a  potential diffi- 
culty: a  large  number of alkylating agents efficiently 
form small  alkyl (methyl and ethyl)  adducts at  the 
guanine N7 position. In  general,  however, such alkyl- 
ation is not believed to be  mutagenic. (There is a 
similar problem  for the AP-intermediate hypotheses). 
This  apparent inconsistency can  be resolved by pro- 
posing that  the ability of a lesion to stall DNA repli- 
cation is critical to a  mutagenic  outcome. Since N1 
deprotonation is favored in single-stranded  regions 
(SIERZPUTOWSKA, GOPAL and ACRIS 1986), polymer- 
ase idling provides an  opportunity  for  deprotonation. 
The pseudo-information in the occasionally deproton- 
ated  forms is trapped by misinsertion and subsequent 
lesion  bypass. This proposal has an interesting parallel 
with the AP-intermediate hypothesis summarized by 
LOEB (1 985): it was proposed that  AP sites per se are 
efficiently repaired by error-free mechanisms; the mu- 
tagenic AP sites are those that  are  formed in situ at 
the  “poised” replication apparatus which idles at  the 
site of the bulky lesion until an abasic site can  form. 

Mechanisms of frameshift  induction: Data avail- 
able in the  literature, as well as the present  study 
indicate  that AFBl induces  both base substitutions 
and frameshifts. An examination of the efficiency of 
reversion of Salmonella tester  strains by AFBl in the 
context of other mutagens is instructive. Table 4 
excerpts  and analyzes the  data of AMES and co-work- 
ers (MCCANN et al. 1975)  on five well-known muta- 
gens, all of which are known to inflict damage  pre- 
dominantly at DNA guanines. Irrespective of whether 
total number of revertants at  the tested  dose, or 
revertants  per  nanomole (see footnote to Table  4)  are 
considered, it is clear that, in this widely used tester 
system, AFBl is peculiarly efficient in inducing  both 
base substitution and frameshift  mutations. In this 
system, it can be seen that  AFBl is 2 orders of mag- 
nitude  more efficient as a  frameshift  mutagen as com- 
pared  to ICR- 19  1, a classical example of a  frameshift- 
specific mutagen. Mutagenic frequencies as well as 
types of mutations  induced by a given mutagen are 
strongly  influenced by a number of factors in both 
forward  and reversion assays. Notable examples of 
such factors are  number of DNA lesions inflicted per 
unit  dose, and  the detection  target DNA sequence of 
the experimental system. For  a  more  complete  under- 
standing of the mechanisms of mutation, it is therefore 
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TABLE 4 

Reversion of Salmonelia tester  strains by mutagens  [excerpted  from  data of McCANN et al. (1975)] 

Base substitution tester strain (TA100) Frameshift tester strain (TA98) 

Per plate Per nmole Per plate Per nmole 

Mutagen” fig No. “P No. UP No. UP No. UP 

[SpontI [I601 [391 
MMS 570 3,244 20 < I  5 << 1 << 1 << 1 
MNNG 2 18,701 117 1,375 9 22 <1 2 << 1 

AFBl 0.1 2,260 14 7,058 44 1,940 50 6,059 155 
BP 5 2,398 15 121 <1 685 18 35 1 

2-AA 10 8,835 55 171 1 6,801 175 131 3 
ICR-191 5 773 5 70 < I  527 14 48 1 

a MMS, methyl methanesulfonate (molecular weight: 110.13); MNNG, 1-methyl-3-nitro-1-nitrosoguanidine (147.09); AFBl, aflatoxin B, 
(312.3); BP, benzpyrene (252.32); ICR-191, 6-chloro-9-[3-(2-chloroethylamino)propylamino]-2-methoxyacridine hydrochloride (451.23); 2- 
AA, 2-aminoanthracene (193.25). In the Ames test, doses are selected to be within the linear portion of a dose-response curve [see MCCANN 
et al. (1975)  for detailsl. Revertants Der nanomole shown are calculated from dose and molecular weight. Fold “up” value is the  ratio of 

~I 

induced revertants over background. 

necessary to study each type of mutation in an  appro- 
priate system  in  which the  number of DNA lesions as 
well as the specific mutation  can  be analyzed. Table 4 
illustrates the possibility that in terms of biological 
consequences of exposure to unit  dose, AFBl can be 
a  far  more  potent  source of induced  frameshifts  than 
a  mutagen commonly perceived as a frameshift-spe- 
cific agent. 

Based on extensive sequence  data  obtained in an 
M 13 lacZ reversion system, we have previously pro- 
posed mechanisms of frameshift  induction by 
AFBlCl2  (REFOLO, BENNETT and HUMAYUN 1987). 
Briefly, it was suggested that replication stoppage by 
AFB  1 C 12 lesions provided  a  “time window” for  strand 
slippage in the immediate vicinity of the lesion. Thus, 
unlike the  “intercalator” hypotheses (reviewed by 
STREISINGER and OWEN 1985), a causative role is 
assigned to  the replication-blocking DNA lesion. Al- 
most  all sequence  changes  observed  among AFB l C l 2- 
induced  frameshifts,  including complex frameshifts 
and non-duplicative additions can be accounted for 
by proposing  that most frameshifts arise by strand 
slippage in the vicinity  of the replication-block and 
eventual lesion  bypass after incorporation of a  correct 
or incorrect base opposite the lesion. AFBl damage 
is favored at  guanine  runs,  and  strand slippage is 
promoted at base runs.  Therefore, most AFB  1 frame- 
shifts occur within or in the vicinity of guanine  runs. 
In the Results section, we have analyzed the frameshift 
mutations in the  forward  mutant  pool,  and shown that 
the  patterns  are essentially similar to those  observed 
in the reversion assay. Our present  data  indicate that 
frameshift  hotspots are  not substitution  hotspots, and 
vice versa. In  general,  frameshift  hotspots have longer 
runs of bases than do substitution hotspots, because 
replication stoppage as well as strand-slippage are 
required  to  generate  frameshifts (see REFOLO, BEN- 

NETT and HUMAYUN  1987 for  detailed  arguments). 
Lesion bypass after  incorrect  nucleotide  incorporation 
should give nonduplicative additions and complex 
frameshifts in the vicinity of runs. This can also ac- 
count  for why nonduplicative additions in the present 
data, as well as the  more extensive reversion data, 
tend  to occur at  the boundaries of runs  rather  than 
within the  runs. Since most -1 bp  mutations are  not 
accompanied by substitutions, this hypothesis predicts 
that  a significant fraction of  lesions are bypassed  by 
incorporation of C. These C-incorporation  events are 
only detected if accompanied by strand slippage. 
Other mechanisms may also contribute to -1 muta- 
tions, as considered by REFOLO, BENNETT and HU- 

Earlier models on  the frameshift induction sug- 
gested that DNA intercalating  agents  could  act  as 
frameshift  mutagens by stabilizing extrahelical bases 
formed by slippage (for  a  recent review, see STREIS- 
INGER and OWEN 1985). There is no evidence that 
covalently or noncovalently bound AFB 1 intercalates 
with DNA. The conformation of an AFBl lesion  in 
DNA is not known. The guanine N7-AFB1 bond is 
rigid, and simple model building studies do not make 
it immediately obvious that  an “insertion-denatura- 
tion”  event (observed for  acetylaminofluorene lesions; 
FUCHS and DUANE  1972) is possible (SWENSON, 
MILLER and MILLER 1975, and  our unpublished  ob- 
servations). It is tempting  to  propose  that  a  common 
feature of frameshift  mutagens is the ability to stall 
replication by direct or indirect  interactions with 
DNA. Such stalling opens  a  time window during  the 
otherwise rapid DNA replication process for  strand 
slippage events to occur.  These events are favored 
when the site of the stalling contains base runs. The 
direct  interaction with DNA can create  either covalent 
lesions (e.g. ,  AFBl), or transient lesions (e .g . ,  nonco- 
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valently bound  intercalating agents). On  the basis of 
structural analyses of  defined  sequences with acri- 
dines, SOBEL and co-workers (SAKORE, REDDY and 
SOBEL 1979) have previously suggested that asymmet- 
rically intercalating  agents can transiently  remain  at- 
tached to single-stranded DNA at a  replication fork, 
leading to polymerase “stuttering.” 
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