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ABSTRACT 
We have studied the deletion of inverted repeats cloned into  the EcoRI site  within the  CAT gene 

of  plasmid pBR325. A cloned inverted repeat constitutes a palindrome that includes both EcoRI  sites 
flanking the insert. In addition,  the two  EcoRI sites represent direct repeats flanking a region of 
palindromic symmetry. A  current model for deletion between direct repeats involves the formation 
of DNA secondary structure which  may stabilize the misalignment between the direct repeats during 
DNA replication. Our results are consistent with  this model. We have  analyzed deletion frequencies 
for several series of inverted repeats, ranging from 42 to 106 bp, that were designed to form 
cruciforms at low temperatures and at low superhelical densities. We demonstrate that  length, thermal 
stability of  base pairing in the hairpin stem, and ease of cruciform formation affect the frequency of 
deletion. In general, longer palindromes are less stable than shorter ones. The deletion frequency 
may  be dependent on the thermal stability  of  base pairing involving approximately 16-20 bp from 
the base  of the hairpin stem. The formation of cruciforms in  vivo leads to a significant increase in the 
deletion frequency. A kinetic model is presented to describe the relationship between the physical- 
chemical properties of  DNA structure  and  the deletion of inverted repeats in  living  cells. 

I NVERTED repeated  sequences are found  naturally 
in prokaryotic  and  eukaryotic DNA. Many  in- 

verted  repeats  reflect  dimeric  protein  binding  sites or 
specific  sequences  that  may  be  involved in the initia- 
tion of DNA replication. T h e  sequence  arrangement 
of  inverted  repeated, or palindromic, DNA allows the 
sequence  to exist  in one  of  two  alternative  forms:  an 
interstrand base  paired  linear  form, or a cruciform 
structure with intrastrand base  pairing  within the 
individual  strands  of DNA. 

Although  inverted  repeats  exist  naturally in the 
DNA of  many  organisms, it is difficult to  maintain 
inverted  repeats  greater  than 150 bp in length in 
plasmid DNA in Escherichia coli. LILLEY (1 98 1) dem- 
onstrated  that it was impossible to  clone  long  inverted 
repeats  into E. coli. The inability to  clone  long in- 
verted  repeats  and  the  genetic instability  associated 
with  inverted  repeats  have  been  reported by a large 
number of investigators (COLLINS 1980; BETZ and 
SADLER 1981a; LEACH and STAHL 1983; HAGAN and 
WARREN 1983; MIZUUCHI et al. 1982; WELLER et al. 
1985; LOCKSHON and GALLOWAY 1986). T h e  instabil- 
ity of inverted  repeats  may  be  due to any  one of a 
number of possibilities  [see RIPLEY (1  990) for review] 
. First,  inverted  repeats  may  be  deleted  as a result  of 
intermolecular or intramolecular  recombination 
(WARREN and GREEN 1985; SINGER and WESTLYE 
1988). Second,  the  deletion  of  inverted  repeats may 
result  from  the  formation of a cruciform  structure 
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and  the  subsequent  processing by nucleases (DRAKE, 
RIPLEY and GLICKMAN 1983; LEACH and STAHL 1983; 
GLICKMAN and RIPLEY 1984). Third,  in the case of 
inverted  repeats  containing  direct  repeats, misalign- 
ment  between  the  direct  repeats may be stabilized by 
the  formation  of a hairpin or  other DNA secondary 
structures (RIPLEY and GLICKMAN 1983; DRAKE,  RI- 
PLEY and GLICKMAN 1983; GLICKMAN and RIPLEY 
1984). Cloned  inverted  repeats  are, by the  nature  of 
cloning,  flanked by direct  repeats.  Thus,  the instability 
of  cloned  inverted  repeats  may  reflect a mechanism 
involving the  deletion  between  direct  repeats (STREIS- 
INGER et al. 1966; ALBERTINI et al. 1982). T h e  model 
involving  slipped  misalignment  directed by a hairpin 
arm  has  been  supported by the  results  from a number 
of investigations (WILLIAMS and MULLER 1987; 
SINGER and WESTLYE 1988; BALBINDER, MACVEAN 
and WILLIAMS 1989; WESTON-HAFER and BERG 1989, 

Many  different  palindromic  sequences  have  been 
shown  to  adopt a cruciform  structure  in  negatively 
supercoiled DNA in vitro (MIZUUCHI et al. 1982; LIL- 
LEY 1980; PANAYOTATOS and WELLS 1981; SINDEN, 
BROYLES and PETTIJOHN 1983; COUREY and WANC 
1983). The  rate  of  the  transition  from  the  linear  form 
of  the  inverted  repeat  to  the  cruciform  structure 
varies  as a function  of  base  composition,  temperature, 
salt  concentration,  and  superhelical  density (SINGLE- 
TON 1983; SINDEN and PETTIJOHN 1984; COUREY and 

199 1). 
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WANG  1988; SULLIVAN and LILLEY 1986,  1987; 
ZHENG and SINDEN 1988).  Under  certain  conditions, 
flanking  DNA  sequences  can  have  a  dominant  influ- 
ence  on  the  cruciform  transition in vitro (SULLIVAN 
and LILLEY 1986; SULLIVAN,  MURCHIE and LILLEY 
1988). GELLERT, O'DEY  and MIZUUCHI (1983)  and 
COUREY  and WANG (1983)  suggested  that  cruciforms 
may not exist in vivo from analyses of inverted  repeats 
that  required  high  temperatures  (50-60")  and  high 
superhelical  densities (u < -0.05) for cruciform  for- 
mation.  An  initial assay for cruciforms in vivo sug- 
gested  that  cruciforms were not likely to exist in living 
E. coli cells (SINDEN, BROYLES and PETTIJOHN 1983). 
However, recent  quantitative analysis of inverted re- 
peats  "torsionally tuned" to form  cruciforms  at low 
temperatures  and  at low superhelical  densities  has 
shown  that  cruciforms  can exist at levels as  high  as 
50% in plasmids  in  living E. coli cells (ZHENG et al. 
1991).  Other  indirect  evidence for the existence  of 
cruciforms in vivo has come  from analysis of the  nu- 
clease sensitivity of DNA in vivo (PANAYOTATOS and 
FONTAINE  1987)  and  from  the  effects  on  transcription 
from a  palindromic promoter (HORWITZ and LOEB 
1988). Cruciforms  have also been  suggested  to exist 
in  eukaryotic  nuclei  since  cruciform-specific  antibod- 
ies  bind to nuclei at  certain times during  the cell cycle 
(WARD et al. 1990). 

A cruciform  structurally  resembles a  Holliday re- 
combination  intermediate. Enzymes that  recognize 
and cleave cruciform  structures  have  been  identified 
and purified from both  eukaryotic  and  prokaryotic 
sources (MIZUUCHI et al. 1982; DEMASSEY, WEISBERG 
and STUDIER 1987; WEST and KORNER 1985; TAYLOR 
and SMITH 1990).  If  a  cruciform  forms in vivo it may 
be recognized as a recombination  intermediate  and 
cut by a  Holliday structure resolvase. This could  ex- 
plain the instability of inverted  repeats  and  the diffi- 
culty  in  cloning  inverted  repeats  greater  than  150 bp 
in E. coli. However, we have  shown  that  cruciforms 
can exist at very high levels in vivo (ZHENG et al. 199  l),  
suggesting  that  cruciforms  in E. coli are  not obligato- 
rily cut by Holliday structure resolvases. The results 
of TAYLOR and SMITH (1990)  suggest  that  the 
RecBCD  nuclease,  which  can cut  cruciforms in vitro, 
might only cut  cruciforms  that  it  participates  in  form- 
ing.  Since  RecBCD requires a free  end  to  get  on  DNA, 
cruciform  formation  in a  plasmid or within  a  topolog- 
ical domain  might  not be susceptible to RecBCD  nu- 
clease  cleavage. 

This  report  presents a detailed analysis of  the rela- 
tionship  between the DNA  sequence,  the  rates  and 
superhelical  density  dependence  of  cruciform  forma- 
tion,  the  existence of cruciforms in vivo, and  the 
genetic stability of the various  inverted  repeats  in E.  
coli. To facilitate analysis of the  mutagenic  potential 
of  inverted  repeats  and  to minimize  influences  of 

neighboring  DNA  sequence, we have  analyzed  a  num- 
ber of  inverted  repeats  inserted  into the same  site of 
the  CAT  gene in  plasmid pBR325.  This analysis pro- 
vides insight  into  the  relationship  between  the for- 
mation of hairpins and  cruciforms in vivo, the stability 
of  such  structures,  and  the  molecular mechanisms 
involved  in the deletion of inverted  repeated DNA 
sequences. 

MATERIALS AND METHODS 

Bacteria  and  growth  conditions: Bacterial  strains  used 
were HBlOl (F- lacy1 mcrB mrr hsdS2O  recA13  leuB6 ara- 
14 proA2 lacy1 galK2 xyl-5  mtl-1 rPsL20  supE44), JTTl  
(pyrF287 nirA iclR7 gal25 rspL195  recA56),  RS2  (as JTTl ,  
with  topAlO),  W3110 (A-, IN(rrnD-rrnE) and SD108 (de- 
rived from W3110 with acrA13  trpE65  pyrF286  gyrB225). 
Strains JTTl  , RS2 and SD108  were  described by STERNG- 
LAN2 et al. 198 1 and DINARDO et a1 1982. Cells  were  grown 
in K medium or Luria broth. K medium  consisted  of M9 
buffer  (1  g NH&I, 5.8 g Na2HP04 and 3.0 g KH2P04 per 
liter of distilled water) plus (per liter) 0.03 g  MgS04, 0.07 g 
CaC14, 10 g glucose and 10 g casamino  acids  (Difco).  Luria 
broth consisted  of  10 g Bacto-tryptone,  10 g NaCl and 5  g 
yeast extract per liter of distilled  water.  For  reversion  anal- 
yses,  cells  were plated on Luria agar plates or X-gal plates 
(described by BETZ et al. 1986) containing 25 pg/ml tetra- 
cycline (Tet) for determination of the viable  cell number 
and on plates containing 25 pg/ml  chloramphenicol  (Cam) 
and tetracycline for determination of the number of  Cam' 
revertants. 

Plasmids  and  inverted repeats: The DNA sequence of 
the nonpalindromic and palindromic  inserts used are listed 
in Figures 1 and 2. These sequences  were inserted into the 
EcoRI site  within the chloramphenicol  transacetylase (CAT) 
gene of  plasmid pBR325. Inverted repeats F1,  F2, S1, S2 
and S3B  were  described  previously (ZHENC and SINDEN 
1988). These inverted repeats were  named  historically. The 
S series was so named  because  these inverted repeats were 
chemically  synthesized. The F series was so named  because 
they  were derived from afragment of SV40  DNA. The SF 
series is a hybrid of the center of  F1 and F2 inserted into 
S1. The npF series was so named  because the centers of 
these F series derived sequences are nonpalindromic. 
pBRSl F1  was constructed by inserting the sequence 
CCCGGCCGCGGCCGGG into the central ApaI  site  of  in- 
verted repeat pBRSl (the S1 inverted repeat cloned into 
pBR325). pBRSlF2 was constructed by inserting the se- 
quence CCCATATATATATGGG into the central ApaI 
site  of inverted repeat pBRS1. Inverted repeats F6S,  F8S, 
F1 OS, F 12S, F 14s and F14C  were constructed by replacing 
the central 16-bp ApaI fragment within the F2 inverted 
repeat with the central 20-bp  ApaI fragments shown  in 
Figure 1. These inverted repeats were  cloned into pBR325 
to make  plasmids  pBRFGS,  pBRFGS,  pBRFlOS, pBRFl2S, 
pBRF14S and pBRF14C. All sequences  were  confirmed by 
DNA sequencing. 

Measurement of reversion  frequencies: For  reversion 
analyses,  cells  were  grown  with  shaking at 37" in  10-25 ml 
of  media that was inoculated with  1-3  ml of an overnight 
culture. The overnight culture, which  was started from a 
single  colony or a frozen stock culture of  cells,  was  grown 
without  shaking at 37" to an OD650 = 1.  For experiments 
involving  F14C and F6S  in strain RS2, frozen cultures were 
used to inoculate the overnight cultures to avoid a high 
frequency of pretest reversion.  For the S, SF, F and npF 
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A. 

s1 

52 

S3B 

B. 

F1 

F2 

C. 

S Series  Inverted Reoeats: 

1  11  21  31  41 

GAATTCTATA TATATATAGG GGCCGTATA TATATATAGA ATTC 

GAATTCTATA T A T A m T A   T A T A T A U  TATATATAGA ATTC 

G A A T T C W  TATATATTAT ATATAATATA T A U G A A T  TC 
" "-> 

""_ " ".> 

""_ " "-> 

""_ 

F Series  Inverted  ReDeats: 

1  11  21  31  41 - - - - - - 
G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG  GGCCCGGCCG 

51  61  71 81 91 

W G G G C C  CCTCTGCTAA TGTAGTTTTA CCACTATCAA  TTGGGAATTC C 
- - - - . . 

1  11  21  31  41 - - - - - - 
G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG GGCCC- 

51   61   71   81   91  

U G G G C C  CCTCTGCTAA TGTAGTTTTA CCACTATCAA  TTGGGAATTC C 
_""" 

SF Series  Inverted  ReDeatS: 

1  11 21 31  41  51 " " _  
S1F1 GAATTCTATA TATATATAGG GGCCCGGCCG  CGGCCGGGCC CCTATATATA TATAGAATTC 

""_ 

1  11  21  31  41  51 ""_ 
S1F2 GAATTCTATA TATATATAGG  GGCCCATATA  TATATGGGCC CCTATATATA TATAGAATTC 

""_ 

D. nDF Series  Inverted  ReDeats: 

1  11  21  31  41 

F14C G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G m  
. - - - - - - 

51  61  71  81  91  101 

TTATAAATAT CGGGCCCCTC  TGCTAATGTA GTTTTACCAC TATCAATTGG  GAATTCC 
. - _ _ " "  

F6S G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G W  
- " " _ _  

- - - - - . - 
TTAATTATAT CGGGCCCCTC  TGCTAATGTA  GTTTTACCAC  TATCAATTGG  GAATTCC 

- - - - - - - 
F8S G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G W  

TTAATTATAT CGGGCCCCTC  TGCTAATGTA GTTTTACCAC TATCAATTGG  GAATTCC 
- - - - - - - 

- - - . - - - 
FlOS G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G E  

TTAATTTAAT CGGGCCCCTC  TGCTAATGTA  GTTTTACCAC  TATCAATTGG  GAATTCC 
. - - - - - - 

F12S G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G U  
- - - . - - - 

- - - - - - - 
TTAATTTATT CGGGCCCCTC  TGCTAATGTA GTTTTACCAC TATCAATTGG  GAATTCC 

- - . - - - - 
F14S G GAATTCCCAA  TTGATAGTGG  TAAAACTACA  TTAGCAGAGG G G C C C G U  

TTAATTTATA CGGGCCCCTC  TGCTAATGTA GTTTTACCAC TATCAATTGG  GAATTCC 
- - - - - - - 

FIGURE 1.-DNA sequences of the S, F, SF and npF series 
inverted repeats. A, Shown  above  are  the S series inverted repeats 
(ZHENG and SINDEN 1988). The G, and C4 blocks are underlined 
to emphasize the different positions of these  sequences. In  all 
sequences the flanking direct repeats are indicated by the dashed 

series inverted  repeats  (Table  l),  overnight  cultures (grown 
in Luria  broth  or K medium) were diluted  to  an ODs50 = 
0.05-0.1 and  the  culture was grown at  37" with shaking at 
250 RPM until an ODs50 = 0.5-0.8 was reached.  These cells 
were  collected by centrifugation, serially diluted  and plated 
on Tet plates for viable cells counts. An equivalent of 5 ml 
of the original culture was plated  on Tet/Cam plates for 
determination of the  number o f  Cam' revertants.  For plas- 
mids that gave high  frequencies of deletion  (F14C, for 
example),  dilutions  of the  culture were  plated on  the  Tet/ 
Cam  plates to give about  200  revertants  per plate. This 
assay is similar to  that described by BALBINDER (1 988)  and 
BALBINDER, MACVEAN and WILLIAMS (1989). For  the ex- 
periments involving the lac operator  inverted  repeats  and 
the  nonpalindromic inserts (Table 2) overnight cultures 
grown in K medium  were  plated  directly for  the reversion 
analyses. 

Plasmid DNA purification and  sequence  analysis: Plas- 
mid DNAs were  purified using a modified procedure of that 
described by HOLMES and QUIGLEY (1981). Briefly, cell 
cultures were quickly chilled to 4 O ,  washed once with chilled 
M9 buffer,  and  resuspended in 400 pl of 8% sucrose, 5% 
Triton X-100, 50 mM EDTA,  50 mM Tris,  pH 8.1. An 
aliquot of 10 PI of lysozyme ( 1  0 mg/ml) was added,  and  the 
sample was incubated 1 min at  room  temperature  and  then 
heated in a boiling water bath  for 1 min. Then 0.4 ml 
phenol:CHCln (1 : 1) and  0.4 ml NTE  buffer (0.1 M NaCI, 10 
mM Tris  pH  7.6, 5 mM EDTA) were added,  the  tube 
inverted several times, and  the DNA was extracted  into  the 
aqueous phase by incubation for  30 min at  65 O .  The samples 
were centrifuged,  the  aqueous phase was removed and 
extracted  three times with phenol,  three times with 
CHClS:isoamylaicohol (24: 1).  The  DNA was precipitated by 
the  addition of one volume  of  isopropanol. The  DNA was 
collected by centrifugation, redissolved in 200 PI TEN 
buffer  (10 mM Tris  pH  7.6,  50 mM NaCI, 1 mM EDTA)  and 
digested with 5  units/ml T I  RNAse and  10 pg/ml pancreatic 
RNAse at  37"  for 60 min. The DNA was reextracted with 
both phenol and CHCl3:isoamylaIcohol and precipitated by 
the  addition of two volumes of ethanol. 

The DNA sequence of the  revertants was analyzed at 
three levels. First, revertant plasmids were analyzed on 
agarose gels (SINDEN and PETTIJOHN 1984)  to  determine if 
the  revertant plasmid was a monomer  or  dimer. Dimer 
plasmids were not analyzed further.  Monomer plasmids 
were cut with AluI and analyzed on a 20 X 10 X 0.15 cm 
5% polyacrylamide gel in 40 mM Tris  borate  buffer  (pH 
8.3) (SINDEN, BROYLES and PETTIJOHN 1983).  This analysis 
could resolve the size of the original 129-bp AluI fragment 
containing the EcoRI site at a  resolution  of k2-3 bp. Since 

overline with  an arrow. The direct repeats for the S series are the, 
6-bp EcoRI sites. The centers of the perfect inverted repeats are 
indicated with a V. B, In the F series inverted repeats (ZHENG and 
SINDEN 1988) the central 10 bp of G + C and A + T rich sequence 
are underlined. The numbering in the F and npF series is from the 
G of the EcoRI site although the preceding G, which  is  part of the 
8-bp direct repeat (overlined arrow) is shown. C, The SF series 
inverted repeats contain the same 10-bp G + C and A + T rich 
centers  found in the F series inverted repeats. The SF series inverted 
repeats are flanked by 6 bp direct repeats of the EcoRI site. D, In 
the npF series inverted repeats the central 14- bp A + T rich 
sequences are underlined. In F6S, F8S, FIOS, F12S and F14S the 
central 6,  8 ,  10, 12 and 14 bp are nonpalindromic, respectively. 
This is indicated by double underlining. The doubly underlined 
center  sequences have mirror repeat symmetry. The npF series 
inverted repeats are flanked by 8-bp direct repeats. 
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A. 

pOCEl5: 

1 11 21  31  41  51  61  71 - - . . - - - . 
G  -CACA AATTGTTATT  CGCTCACAAT  TCCACATGTG  GAATTGTGAG  CGGATAACAA  TTTGTGGAAT  TCC 

" "_  - -> 

pOCE44: 

1  11  21  31  41 - - - - - - - 
G m C A C A  TGTGGAATTG  TGAGCGCTCA  CAATTCACA T G T G G U  

- - . . - - 

pOCE55: 

1  11  21  31 41 51  61 
."" . 
GAATTCTGTT  TCCTGTGTGG  AATTGTGAGC  GGATAACAAT  TTCACACAGG  AAACAGAATT C 

"." 

B. Non-oalindromic sequences: 

pOE165: 

I 11 21 31 41 

- . . . . - 
G GAATTCCACA  AATTGTTATC  CGCTCACAAT  TCCACATGTG W C  

- . . . - . . 

PRS-1: 

1  11 21 31  41  51  61 - . . . . . - 
G U C C C G  GGGGACTGTT  GGGCGCCATC  TCCTTGCATG  CACCATTCCT  TGCGGCGGCG  GTGCTCAACG 

71 

FIGURE 2.-Lac operator and other DNA se- 
quences. For all sequences the EcoRI sites are 
underlined, the direct repeats are overlined with a 
dashed arrow,  and the sequences are numbered 
from the G of the first  EcoRI site. A, pOCE15 
contains a  66-bp palindromic lac operator se- 
quence (BETZ and  SADLER  1981a).  pOCE44 con- 
tains a  44-bp perfectly symetrical lac operator 
(SADLER, SASMOR and BETZ 1983). pOCE55 con- 
tains a  55-bp quasi-palindromic lac operator (SAD- 
LER and TECKLENBERG 1981). B, pOCE165  con- 
tains a  40-bp fragment containing the natural lac 
operator sequence (SADLER et al. 1978). pRS-1 
contains a  74-bp insert consisting of the 64-bp 
HaeIII fragment from pBR322 ligated to 
5'GGAATTCC EcoRI linkers (BALBINDER, 
MACVEAN and WILLIAMS  1989). pRS-4 contains 
the same 64-bp HaeIII fragment as pRS-1 but it is 
cloned with two copies of the EcoRl linker at the 
3' end of the fragment (BALBINDER, MACVEAN 
and  WILLIAMS  1989). 

PRS-4: 
1  11  21  31  41  51 61 

"" """ 

TGCTCATCCG-CCCG GGGGACTGTTGGGCGCCATC TCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACG 

71 8 1  91 

GGGAATTCCG  GAATTCCGTA  TGGCAATGAA 
"" " _ _ "  

plasmids  exist  in  multiple  copies  in E.  cola, a reversion event 
in one plasmid should confer chloramphenicol resistance to 
the cell. Thus,  a mixed  plasmid population might be ob- 
served. This was frequently evident on analysis  of restriction 
digests or DNA sequencing from a newly reverted colony. 
To obtain a  pure  culture of a  revertant for DNA sequence 
analysis,  plasmid from revertant cells was retransformed, 
and DNA purified from resulting Cam' colonies was  se- 
quenced. Plasmids subjected to sequence analysis  were ana- 
lyzed by the dideoxy sequencing method basically  as de- 
scribed previously (KOCHEL and  SINDEN 1988). More than 
24 independent revertants were  analyzed for  the results 
shown  in Table 2 .  Fewer revertants were examined for  the 
results shown  in Table 1. Six to twelve revertants were 
analyzed for  the S series sequences and  about  three  to six, 
for most  of the npF series  sequences. 

Analyses  of  DNA  yields  have not revealed observable 
differences (less than a factor of two)  in  plasmid  copy num- 
bers for plasmids carrying the lac operator, S, SF or F series 
inverted repeats. Within the npF series inverted repeats, 
there was occasionally a decrease in the yield  of  plasmid  as 
the instability of the inverted repeat increased, consistent 
with the observation of WARREN and  GREEN (1985). In 
these experiments, in which  plasmid  was purified from cells 
incubated at stationary phase for 12-24 hr, the differences 
were less than a factor of five for F14C and F14S. We have 
not done a careful analysis of copy number, in  specific 
reversion analyses, to correct deletion frequencies. A lower 
copy number, would result in an underestimation of the 

effect of palindromic sequence on deletion. However, this 
does not change (in  fact  it strengthens) the conclusions from 
the npF series inverted repeats. 

RESULTS AND  DISCUSSION 

We  have  analyzed  reversion  frequencies  for a large 
number  of  inverted  repeats in  several  genetic back- 
grounds.  Data  are  shown in Tables 1, 2 and 5 .  In 
summary, we have identified  several  factors  that  ap- 
pear to  be  important in defining  the  frequency of 
deletion of inverted  repeats. (1) T h e  thermodynamic 
stability  of  base  pairing  in  the  hairpin  arm is important 
in  defining  the  frequency  of  deletion.  Within  perhaps 
the first 20 bp of a hairpin  stem, a higher  deletion 
frequency  correlated  with  increasing stability of  base 
pairing. (2) Within a series of inverted  repeats of equal 
length,  both the rate of cruciform  formation (kc) and 
the  superhelical  density  dependence  of  cruciform  for- 
mation (a,) effect  the  frequency of deletion.  Inverted 
repeats with a rapid  rate  of  cruciform  formation  at a 
low level of  negative  supercoiling  have a higher  rate 
of deletion. (3) T h e  existence of cruciforms in vivo is 
very important  in  determining  the  frequency  of  dele- 
tion. T h e  formation  of  cruciforms in vivo leads  to  an 
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TABLE 1 

Cam' reversion frequencies for the S, F, SF and  npF series inverted  repeats 

Strain 

Size of inverted  Size of direct RS2 Ratio: 
Insert repeat (bp) repeat  (bp) HBIOI" JTT 1 ' IopAlO' RSPIJTT 1 

S Series 42  6 
SI 1.15 X IO-"' 
s 2  1.77 x 
S3B 1.63 X lo-" 

S lFl  7.4 x 1.76 X IO-' 2.4 
S1F2 1.37 x 2.5 X IO-" 1.8 

SF Series 60 6 

F Series 100 8 
F1 6.2 X 10-7 
F2 1.45 x 1 

F14C 6.37 X 9.25 X IO-' 1450.0 
F6S 9.13 X lo-" 6.12 X 67.0 
F8S 3.98 X IO-" 6.93 x 1 0 - ~  17.4 
F1 OS 6.86 X lo-' 4.26 X 1 0 - ~  6.2 
F12S 6.14 X lo-' 5.3 X 10-7 8.6 
F14S 5.29 X IO-' 3.45 X 10-7 6.5 

npF Series 106 8 

* Cells grown to late log phase in Luria broth and plated for reversion analysis. 
Cells grown to mid  log phase in K media and plates for reversion analysis. The reversion frequencies are the average, each from four to 

ten independent experiments. In all  cases  when individual series of inverted repeats were compared, all  analyses were done  at  the same time 
to ensure  that all cultures  experienced identical growth conditions. 

increase in the  deletion  frequency. (4) The length of 
the inverted  repeat  appears to  be  important.  In  gen- 
eral, a  higher the deletion  frequency was observed  for 
longer  inverted  repeats. This conclusion can be  made 
for selected cases  in  which the length of the flanking 
direct  repeats are identical. The length of the  direct 
repeat  flanking the inverted  repeat is likely important 
although  constructs were not designed to test this 
specifically. In several cases examined,  longer  lengths 
of both the inverted  repeat and  the flanking  direct 
repeats  correlated with an increased frequency of 
deletion. 

Measurement of Camr reversion  frequencies: The 
system for  measuring the frequency of deletion of 
inverted  repeats utilizes the  CAT  gene in plasmid 
pBR325. This system  has been used by BETZ and 
SADLER (1981 b) for selection of lac operator mutants 
and by BALBINDER,  MACVEAN and WILLIAMS (1989) 
for analysis  of one of the lac operator inverted  repeats 
and two of the  nonpalindromic  inserts  studied  here. 
We have inserted  inverted  repeats  into the EcoRI site 
in the CAT gene.  This  generates  an  inverted  repeat 
that includes the two EcoRI sites. This can be consid- 
ered an inverted  repeated DNA sequence flanked by 
direct  repeats since the two EcoRI sites constitute two  
direct  repeats.  Insertion of an  inverted  repeat results 
in a  chloramphenicol sensitive phenotype (Cams) due 
to  the introduction of a  frameshift  mutation or, for 
in-frame  insertions, the addition of sufficient amino 
acids to disrupt the  CAT  gene.  The Camr reversion 
frequencies were determined by plating  a known num- 

ber of  cells on plates containing  chloramphenicol and 
counting  the viable Camr  revertant colonies. Table 2 
provides examples of the frequencies  obtained  from 
individual experiments.  In most  cases the  numbers 
varied within a  factor of  two. Occasionally a high 
frequency was obtained, probably due to the occur- 
rence of a "jackpot" in the  inoculating  culture. In  the 
case  of the lac operator inverted  repeats, cells harbor- 
ing the original plasmids containing  a lac operator 
stained  blue on X-gal plates. Reversion to Camr was 
accompanied by formation of white (or blue and white 
sectored) colonies indicative of the loss  of the lac 
operator sequence (BETZ and SADLER 198 1 b). 

On DNA sequence analysis  of spontaneous Camr 
revertants, in  all  cases examined, the  revertant plas- 
mids contain  a  restored, intact CAT gene. The in- 
verted  repeat  and  one copy  of the EcoRI site had been 
precisely deleted.  In-frame insertions in the EcoRI site 
of the  CAT  gene can produce a functional CAT 
protein if the insertions are less than  5  1  bp (BETZ and 
SADLER 1981  b; T .  Q. TRINH and R. R. SINDEN, un- 
published results). Thus, deletion of the  entire in- 
verted  repeat is not necessary to  produce  a Cam' 
phenotype.  However,  the precise deletion of the  en- 
tire  inverted  repeat  occurred in  all  cases examined. 

The thermodynamic  stability of base  pairing  in 
the  hairpin arm effects the  frequency of deletion of 
inverted  repeats: The thermal stability of the cruci- 
form or hairpin arm may be important in mutagenesis. 
The deletion  frequency  appeared to increase with 
increasing stability of intrastrand base pairing. Within 
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TABLE 2 

Cam' reversion frequencies for lac operator palindromic and nonpalindromic inserts in the CAT gene of pBR325 

Strain Strain 

Plasmid (insert) 
RS2 

HBlOl  JTTl topA 1 0 RS2/JTT 1 W3110 
Ratio 5d108 Ratio 

W B  SD108/W3110 

A.  Nonpalindromic inserts 
pRS-1 (64 bp) 

5.5 X lo-" 5.6 X IO-" 

9.2 X IO-" 1.5 X loT7 
3.9 X 10-8 1.4 X 10-7 

8.2 X 10-8 1.9 X 10-7 
(6.7 X IO-")" (1.4 X 10-7) 

1.6 x lo-" 5.4 x 
pRS-4 (64-bp  fragment with 3 EcoRl linkers) 

2.4 X 5.5 X 
3.8 X 5.0 X 
1.2 X 10"' 1.4 X 

(2.3 X IO-") (4.3 X 
pOE165 (40-bp lac operator) 

8.4 X IO-" 3.9 X lo-" 
9.3 X IO-" 3.6 X lo-' 
3.8 X 10-8 1.2 X 10-7 
1.4 X 10-7 
1.7 X 10-7 

( 1 . 1  X (6.5 X IO-") 

6.4 X 10-7 2.4 X 10-7 

5.0 X 10-7 1.0 X 10-7 
4.5 X 1.3 x 1 0 - ~  
5.2 X 1 0 - ~  

(5.5 X (1.5 x 

B. Palindromic lac inserts 
pOCE15  (66-bp perfect palindrome) 

6.6 X 1.1 X lo-' 

pOCE44 (44-bp  perfect  palindrome) 
1.1 X 6.6 X 
1.1 x lo-' 1.8 x 
7.7 X 10-7 9.5 X 10-7 

1.3 X 
1.2 x 

(9.9 x (1.2 x IO-6) 

9.4 X 1.4 x 1 0 - ~  
1.2 X 10-6 3.3 X 1 0 - ~  
5.8 x 1.9 x  IO-^ 

8.5 X 10-7 
7.7 X 10-7 

pOCE55 (55-bp imperfect palindrome) 

(9.1 X (7.9 x 

7.1 x IO-' 
2.2 X 10-7 
3.7 X 10-7 
2.0 X 10-7 

(2.0 X 10-7) 

4.9 x 
7.6 X 
6.3 X 

1.8 X 

(5.2 X 

1.3 X IO-" 
1.8 x lo-' 
2.1 x lo-' 

(1.7 X lo-') 

5.9 x 
1.4 X 

3.1 X 1O"j 
3.3 x 

(6.6 X 

6.4 X IO-" 
1.1 x 
3.0 X 
1.1 x 
1.4 X lo-' 

(1.4 X 

3.8 X 
2.5 X lo-' 
2.9 X 
4.2 X lo-' 
1.9 x 10-5 

(2.3 X IO-') 
pOCEl7 (two copies of the 66-bp perfect palindrome) 

4.9 x lo-> 
9.3 x 
1.4 X IO-% 

(5.2 X 

1.3 
1.5 
2.5 
1.1 

(1.4) 

0.9 
1.4 
1.2 
1.3 

(1.2) 

0.3 
0.5 
0.2 

(0.3) 

25 
130 
31 
25 

(44) 

9.7 
6.3 

32 

12 
8.5 

(1 2) 

27 
76 
15 
49 
25 

(29) 

5.6 X 

3.0 X 

3.8 X 

(3.4 x 10-6) 

4.2 X lo-' 
5.6 X IO-" 
2.9 X 

(4.2 X lo-') 

3.5 X 10-7 
4.1 X 1 0 - 7  

(3.8 X 

5.6 X 10-7 
1.1 x IO+ 

1.5 X 

(1.1 x 10-6) 

10 X 10-7 
5.0 X 10-7 
1.8 x 
5.6 X 10-7 

(5.6 X 10-7) 

2.8 X 1 0 - ~  

6.3 X lo-" 
3.1 X IO-' 
1.8 X 

(3.7 x 10-8) 

3.1 X IO-' 
6.6 X IO-' 

(4.9 x 10-8) 

5.8 x 
4.0 X 
8.7 X 1 0 - ~  

(6.2 X 

2.1 X 10" 

1.2 X 

(1.2 X 

5.9 x 

9.6 X IO-' 

4.8 

1.4 
0.7 
0.6 

(0.9) 

0.09 
0.16 

(0.12) 

0.5 
0.7 
0.6 

0.6 

0.06 
0.4 
0.5 
0.2 

(0.2) 

e Average values are shown in parentheses. 

the S series, inverted  repeat S3B, which forms cruci- 
forms most readily in vitro (ZHENG and SINDEN 1988), 
was the most prone  to deletion  (Table 1). As discussed 
below, the  rate  and superhelical density dependence 
of cruciform  formation are important as they may 
affect the level  of cruciforms in vivo. The high  fre- 
quency of deletion of S3B, however, may not  be 
entirely  dependent on the  rate of cruciform  formation 
but may result from  an increased thermal stability 

within the S3B hairpin arm compared to S1 and S2. 
The overall thermal stability of the linear  form of the 
inverted  repeats S1, S2 and S3B are nearly identical 
since they contain essentially identical base composi- 
tion.  However, as shown in Table 3 and Figure 3, the 
stability of the hairpin  arms differs significantly. This 
variation is due  to  the  arrangement of the Gq and Cq 

blocks (underlined in Figure 1) and  the (AT), tracts. 
S3B has a long AT rich center which creates  the most 



Deletion of Inverted  Repeats 997 

TABLE 3 

Length  and T ,  values of hairpin  stems 

Length of the hairpin 
Inverted repeat stem (bp)" T, (°C)6 

s1  21 56.6 
s2  21 62.6 
S3B 20 64.5 
SlFl  29 68.7 
S1F2 29 62.7 
F1 48 71.3 
F2 48 68.2 
F14C 52  68.2 
F6S 50 68.7 
F8S 49 68.9 
FlOS 48  69.6 
F12S 47 69.9 
F14S 46 69.5 
66 bp lac 35 68.6 
55 bp lac' 26 69.6 
44 bp lac 24 70.2 

a Length of the hairpin stem includes a G/C base pair flanking 
the BcoRI site but does not include the 4 bp which will be unpaired 
at  the tip (loop) of the hairpin stem. 

T,  values are calculated as described by ZHENG and SINDEN 
(1 988). 
' Calculations for the 55-bp lac operator inverted repeat do not 

include the  G:T mismatch  in the stem nor  the 9 bp at  the tip of the 
loop which  would probably not be involved  in base pairing. 

thermally stable base pairing of the hairpin arm of the 
S series (this is most pronounced  around 8- 18 bp). In 
contrast,  the  hairpin stem of S1 has the G4C4 sequence 
at the  tip  (including the loop) of the hairpin arm. 
Thus, in S1, the hairpin stem is predominantly AT 
rich, A plot of T,,, of the hairpin stem as a  function of 
increasing number of base pairs within the hairpin 
stem is shown in Figure 3. It is clear  that the relative 
stability of the hairpin stem in the  range of 16-20 bp 
correlates with the relative values of the deletion 
frequencies. Within the first 6  bp, the  thermal stability 
is identical for all three inverted  repeats. Above 8 bp, 
however, S3B is the most stable. 

The importance of the stability of base pairing in 
the hairpin stem is also suggested from analysis  of the 
deletion  frequencies of the 66-,  55- and 44-bp lac 
inverted  repeats (Table 2). These inverted  repeats do 
not exist appreciably as cruciforms in vivo (SINDEN, 
BROYLES and PETTIJOHN 1983; R. R. SINDEN,  unpub- 
lished results) and  are, by far,  the least active cruci- 
form-forming sequences studied  here. The 66-bp in- 
verted  repeat  forms  cruciforms relatively easily in vitro 
(u,  < -0.05) (SINDEN and PETTIJOHN 1984). We have 
failed to  observe  cruciform  transitions in the 44- and 
55-bp sequences under conditions similar to  that  re- 
quired  for  cruciform  formation in the  66-bp lac op- 
erator sequence. (R. R. SINDEN and S. E. TIMMONS, 
unpublished results). However, the deletion  frequen- 
cies in wild-type cells (JTTl,  HBlOl  and W3110) 
correlate  roughly with the  predicted  thermal stabili- 
ties of hairpin  arms as shown in Figure  4 and  Table 

pBRSl, Cruciforu Stem: 

GGMTTCTATATATATATAGS G 
CCTTAAGATATATATATATCC C 

PBRSZ, Cruciform stem: 

66AATTCTATATATAGGGGTA A 
CCTTAAGATATATATCCCCAT A T 

pBRSSB, Cruciform Stem: 

GGA4TTCGGGGTATATATTA A 
CCAATTGCCCCATATATAAT A T 

100 

90 - 

40 1 J 
0 5 10 15 20 25 

Base  Pairs  (from  the  base of the hairpin stem) 

FIGURE 3.-Thermal stability of the S series hairpin arms. Top, 
The cruciform stems of the S series inverted repeats (SI, S2 and 
S3B) are shown. Each sequence includes a palindromic G/C pair 
flanking the EcoRI site. Bottom, The T,  values were calculated as 
described previously (ZHENG and SINDEN 1988) and  are plotted as 
a function of length up the hairpin stem. The T,  calculations do 
not include the four bases that will be unpaired at  the loop of  the 
hairpin stem. 0, SI;  0, S2; A, S3B. 

3. The  66 bp  inverted  repeat in pOCE 15 is genetically 
the most stable and has the lowest thermal stability. 
The 44-bp  inverted  repeat in pOCE44 has the highest 
deletion  frequency and it is more thermally stable 
than  the  66-bp  sequence. The relative thermal stabil- 
ities best correlate with the deletion  frequencies within 
the  range of 15-18 bp. Since these sequences are 
different  lengths  these  data  are  not  entirely conclu- 
sive. However, since the length of the inverted  repeat 
appears to be  important, as discussed below the in- 
verse relationship between length and deletion  fre- 
quency  for the lac operator inverted  repeats may 
support  the  argument  that  thermal stability of the 
stem is also an  important  factor in determining  dele- 
tion  frequency.  Additional  experiments are in pro- 
gress to specifically test this hypothesis. 

The frequency of deletion is dependent on the 
rate of cruciform formation: The reversion frequen- 
cies for  the S and F series inverted  repeats are shown 
in Table 1 and listed in Table 4 with the kc and uC 
values. There was a  large  difference in the reversion 
frequencies of the S and F series inverted  repeats and, 
as discussed below, this may reflect a  difference in the 
length of the  direct  repeat. Within the S or F series 
inverted  repeats there was a  correlation between the 
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pOCE15, C r u c i f o r m  Stem: 

GGAATTCCACAAATTGTTATTCGCTCACAATTCCA A 
CCTTAAGGTGTTTAACAATAAGCGAGTGTTAAGGT T 

C 

G 

pOCE44,   Cruci form Stem: 

G 
GGAATTCCACATGTGGAATTGTGA C 
CCTTAAGGTGTACACCTTAACACT G 

C 

pOCE55.  Cruciform Stern: 

G G G  
GGAATTCTGTTTCCTGTGTG AATTGT A  C 
CCTTAAGACAARGGACACAC TTAACA T GG 

T A A  

0 5 10 15  20  25 30 35 40 

Base Pairs (from the   base of the hairpin stem) 

FIGURE 4,"Thermal stability of the lac operator  hairpin  arms. 
Top,   The cruciform stems  of the  66-, 44- and  55-bp lac operator 
inverted  repeats  are shown (pOCE15,  pOCE44  and  pOCE55,  re- 
spectively). Each sequence includes  a  palindromic G / C  pair  flanking 
the EcoRI site. Bottom, The  T,,, values were  calculated  as described 
previously (ZHENG and SINDEN 1988)  and  are  plotted as  a function 
of  length up  the hairpin stem. The T,. calculations do not  include 
the  four bases that will be  unpaired  at  the loop of the  hairpin stem 
in pOCE15  and  pOCE44.  In  pOCE55  the T,8, calculation  stops at 
the  19th base pair  just  before G/T mismatch  since the stability of 
the  end  of  the  hairpin past  this point is uncertain. 0, pOCEl5; 0, 
pOCE44; A, pOCE55. 

reversion frequency and  the  rate of cruciform  for- 
mation as shown in Table 4. Inverted  repeat F2 
formed  cruciforms 35 times more rapidly than F1 at 
the same superhelical density. The deletion  frequency 
of F2 is about 2.3 times higher  than  that for F1. 
Because  of the length of the hairpin stem there may 
be little effect of the total thermal stability of the stem 
on  the frequency of deletion. The thermal stability is 
identical for the first 43 bp of the  hairpin  stem. 
Including  the AT  or GC rich center,  the T,,,  of F2 is 
lower than  that  for F1, respectively (Table 3). Based 
on  thermal stability alone, F1 might be expected  to 
be genetically less stable. 

Although  the  rates of cruciform  formation have not 
been precisely measured  for the npF series inverted 
repeats,  the  rates  for this series correspond to  the 
deletion  frequencies in a fashion consistent with the 
results for  the S and F series. The T,,, values of the 

TABLE 4 

Comparison of deletion frequencies for the F and S series 
inverted  repeats in relation to the superhelical density 

dependence and kinetics of cruciform formation 

I I I \ Y T I C ~  Deletion fre- K ,  (rate of cruciform  required  for  cruciform 
u? (superhelical density 

lel,c;lt l~uency  forntation) formation)' 

SI 1.15 X 10-"' 6.5 f 3.0 X 10"'" -0.046 
S2 1.77 X lo-" 1.7 k 0.3 X lo-"" -0.043 
S3B 1.63 X I O - *  2.6 f 0.3 X 10"'" -0.099 

121 6.2 x 6.5 -c 0.4 x -0.046 
I:2 1.45 X IO-" 2.3 f 0.4 X -0.043 

" Cruciform  transition rates  for  the S series inverted  repeats were 
f i w  D N A  with u = -0.035  and  at 25" (from ZHENG and SINDEN 

" Cruciform  transition rates  for  the F series inverted  repeats were 
i h  D N A  w i t h  u = -0.065 and  at  41"  (from ZHENG and SINDEN 

1988). 

11188). 
' ur values are  from ZHENC and SINDEN (1988). 

hairpin stems are very similar among  the sequences in 
this series (Table 3). 

Within the S series inverted  repeats, which were 
very active in cruciform  formation in vitro, there was 
a factor of four difference in the  rate of cruciform 
formation  comparing S1 with S3B (Table 4). The 
ratio of the  rates of cruciform  formation were 1 : 1.5:4 
for  inverted  repeats  S1, S2 and S3B, respectively (at 
the same superhelical density). The reversion frequen- 
cies showed a  difference of greater  than  a  factor of 
100 between S3B and S1. The ratio of the reversion 
frequencies were 1: 15:  142 for  S1, S2 and S3B,  re- 
spectively. Because  of the  great  difference in the  ther- 
mal stability of the hairpin stems for the S series 
inverted  repeats (which also correlates with the dele- 
tion frequencies) it may not be possible to  attribute 
the  difference in deletion  fiequencies exclusively to 
the  rate of cruciform  formation or  the stability  of the 
hairpin  stem. In fact the big difference between the 
frequencies of S1 and S3B is likely a combination of 
the two (or  other factors as mentioned below). 

The frequency of deletion of inverted  repeats is 
dependent on the  superhelical  density  dependence 
of cruciform  formation  and  the existence of cruci- 
forms i n  vivo: DNA is maintained at  a precise level of 
supercoiling in vivo (GOLDSTEIN and DRLICA 1984; 
ESPOSITO and  SINDEN 1987). This level appears  to be 
about half that observed  for DNA purified from cells 
(SINDEN, BROYLES and PETTIJOHN 1983; SINDEN  and 
KOCHEL 1987; ZHENG et  al. 1991). At a  defined level 
of superhelical energy in vivo, the level of cruciforms 
will reflect an  equilibrium between the  formation and 
loss  of cruciforms (discussed in more detail under 
SUMMARY). The superhelical density dependent  for- 
mation of cruciforms will be dependent  on uc, the 
superhelical density at which cruciforms form,  and kc, 
the  rate of cruciform  formation. 

There appears to be a  relationship between the 
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TABLE 5 

Existence of c ~ ~ f o ~ s  in yiyg, Q., and Cam' reversion  frequencies  for  the  npF  series  inverted  repeat8  under  various growth conditions 

p: Overnight in LB Late log phase in LB 

Strain Strain 

RS2 Ratio: RS2 
JTTl RS2 Insert 0: JTT 1 f o p A l 0  RSZ/JTTI JTT 1 topA 10 RSZ/JTTl 

F14C  -0.038 0.18 0.55 1.44 X lo-' 1.07 X 743  2.13 X 10"  1.43 X 671 
F6S  --0.043' 5.0 X lo-' 4.86 X 97.2 ND 1.98 X 10-5 
F8S  G-0.047' 4.13 X lo-' 1.39 X lo-' 3.4 5.0 X lo-' 6.93 X 13.8 
FlOS  -0.049 0.033  0.096 
F14S  -0.065 0.037  0.04 3.1 X lo-" 4.62 X loT7 14.9 3.1 X lo-' ND 

Ratio: 

" u, is the critical superhelical density required for cruciform formation. Values from ZHENC el al. (1  99 1) .  

' a, values have not been precisely determined  on two dimensional agarose gels. The values for F6S and F8S represent the best estimate 
P,  is the fraction of the inverted repeat existing as cruciforms. Values from ZHENG et al. (1991). 

from preliminary experiments. The values are  between those for F14C and FlOS. 

level of cruciforms in vivo (PC) and  the frequency of 
deletion, suggesting that  cruciform  formation in vivo 
does  contribute to the probability of deletion. Within 
a set of inverted  repeats, sequences that  form cruci- 
forms most readily are  the most prone  to deletion. 
The  npF series represents  a family "torsionally tuned" 
sequences in  which a  central  palindromic  sequence is 
replaced with increasing lengths of nonpalindromic 
sequences. F14C is a  perfect  palindrome and is the 
most active cruciform  forming  sequence we have 
made  to  date.  Sequences F6S to  F14S are a series of 
inverted  repeats in  which the  central  6, 8, 10, 12  and 
14  bp  are nonpalindromic (but have mirror  repeat 
symmetry). As the length of the non-palindromic cen- 
ter increases, greater superhelical energy is required 
to unwind a  larger  region of DNA at  the  center  to 
allow nucleation of intrastrand base pairing which is 
required  for  cruciform  formation. The u, values for 
some of the  npF series inverted  repeats are shown in 
Table 5. When compared  at  the same superhelical 
densities, the rates of cruciform  formation are fastest 
for  the  inverted  repeats with the highest (least nega- 
tive) uc values (i .e. ,  F14C with u, = -0.038  forms 
cruciforms most rapidly). We have measured the levels 
of cruciforms  for  F14C, FlOS and F14S in vivo in 
plasmid pUC8  and  the average PC values are shown in 
Table 5 (ZHENG et al. 1991). Table 5 also  shows 
reversion frequencies  for  F14C, F6S, F8S and F14S 
grown under  the conditions used for  the cruciform 
assay. There is a  good  correlation  between the level 
of  cruciforms  measured in vivo and  the deletion  fre- 
quency. F14C existed at  the highest levels in vivo (a 
level of about 5 X in strain RS2) and had the 
highest deletion  frequency  (about per cell). In- 
verted  repeat F14S does  not  form  cruciforms readily 
in vivo and had  a  deletion  frequency of 10" to 1 O-', 
about lo-' lower than  that for F14C. The correlation 
was also observed with JTTl (Table 5) but  to a lower 
extent  than with RS2. This is presumably due  to  the 

lower fraction of the inverted  repeats  that existed as 
cruciforms in vivo. 

The fraction of the inverted  repeat existing as  cru- 
ciforms was measured in the EcoRI site of plasmid 
pUC8. We have shown that  the levels  of inverted 
repeats within transcription units, in plasmids pUC8 
and pBR325, were low, e.g., 10.6%. Outside  tran- 
scription units, up  to 50% of the F14C inverted  repeat 
can exist as cruciforms, We have not yet precisely 
quantitated  the levels of cruciforms in the EcoRI site 
of pBR325  except to confirm  that  the level is not 
appreciably higher  than  observed in pUC8, e.g., PC C 
1 % (ZHENG et al. 1991). It is possible that  the  fraction 
of inverted  repeats existing as cruciforms at  the EcoRI 
site of pBR325 may be slightly different  than  that in 
pUC8 since the location of  an  inverted  repeat may 
affect the ease of cruciform  formation  (SULLIVAN and 
LILLEY 1986). DASGUPTA, WESTON-HAFER and BERG 
(1987) have reported  that  the deletion  frequency of 
inverted  repeats can vary significantly when the in- 
verted  repeats  were placed in different locations (se- 
quence  contexts) of  plasmid pBR322.  However, it is 
unlikely that  the level of the  npF series cruciforms is 
significantly different in pBR325  than in pUC8 since 
these sequences were designed to minimize any effects 
of flanking DNA sequence. This was accomplished by 
insulating the  center AT rich  region (which domi- 
nantly affects the  cruciform  transition) with  GC rich 
blocks that will prevent transmission of flanking se- 
quence effects (SULLIVAN, MURCHIE and LILLEY 
1988).  A  more  detailed analysis of deletion  frequen- 
cies and levels of cruciforms existing in vivo is  in 
progress and will be published separately. 

In vivo assays have not  detected  cruciforms in the S 
and F series inverted  repeats using the assay  of SIN- 
DEN, BROYLES and PETTIJOHN (1983) which  has a 
sensitivity of 1-2% (G. ZHENG and R. R. SINDEN, 
unpublished results). Cruciforms were not  detected in 
the 66-bp lac operator inverted  repeat (SINDEN, 
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BROYLES and PETTIJOHN 1983).  It is entirely possible 
that cruciforms can exist in these  inverted  repeats  but 
that  the level  is  below the level of resolution of the 
assay used. As discussed  below for  the kinetic model, 
these  inverted  repeats would have a low rate of cru- 
ciform formation.  Consequently,  for  inverted  repeats 
that  do not  form  cruciforms  readily, DNA secondary 
structure  substrates  for  deletion may accumulate  pri- 
marily during replication. 

Analysis  of the results of deletion  frequencies in 
wild-type, topAIO, and gyrB225 E.  coli suggests that 
the formation of cruciforms  promotes  deletion  muta- 
tion. The rationale  behind this experiment is that  the 
topoisomerase deficient strain ( topA10)  has a  higher 
level  of  DNA supercoiling than in  wild type cells 
(PRUSS, MANES and DRLICA 1982) which will result in 
an increase in the level  of cruciforms in vivo. Data 
supporting this are shown in Table 5. There may also 
be  a  corresponding  decrease in the level  of cruciforms 
in a  strain with a  mutation in DNA gyrase (gyrB225) 
resulting in a lower level  of DNA supercoiling in vivo. 
For inverted  repeat  F14C, of the  npF series, there 
was an increase in deletion  frequencies by a  factor of 
700-1,400 in the topA10 strain  compared to wild type 
(Table  1  and  Table 5). The deletion  frequency  for 
inverted  repeat F6S was increased by a  factor of 67- 
97. In other npF  inverted  repeats  deletion  frequencies 
in the topA10 strain  were  increased by factors of  five 
to ten.  It is not clear why the SF series inverted  repeats 
did  not show this effect (Table 1). It is possible that a 
higher  rate of cruciform  formation  for S 1 F2 is offset 
by the  higher  thermal stability of S l F l  (Table 4). 

The lac operator  inverted  repeats  form  cruciforms 
with slower kinetics and  at higher superhelical densi- 
ties than the  npF series. Consequently,  the lac se- 
quences may exist as cruciforms at very  low  levels in 
vivo. Deletion frequencies  for  the lac operator in- 
verted  repeats  (pOCE15,  pOCE44 and pOCE55) were 
increased about  a  factor of 10-25 in the topoisomer- 
ase mutant  and  decreased  a  factor of two to  ten in the 
gyrase mutant  (Table  2).  Inserts  that  are  nonpalin- 
dromic would not be expected  to show the increase 
in deletion frequency  observed in the topAI0 mutant 
nor the  decrease  observed in gryB225 mutant. As 
shown in Table 2, this expected  result was observed 
for  three nonpalindromic  fragments:  a  nonpalin- 
dromic lac operator in pOCE165  and two plasmids 
containing  a  64-bp  nonpalindromic  fragment (pRS-1 
and pRS-4). Even  in pRS-4 where  multiple EcoRI 
linkers significantly increase the overall frequency of 
deletion between direct  repeats there was no effect of 
changes in superhelical tension on the deletion  fre- 
quencies. 

Effect  of  different  growth  conditions of the  dele- 
tion  frequency: Many of the  experiments were done 
over  a long period of time as we developed the families 

of inverted  repeats.  Consequently, the media used 
and state of  cell growth varied with the particular 
rationale of different  experiments. We noticed that 
while individual protocols were quite  reproducible, 
the absolute  deletion  frequencies varied as a function 
of the media and growth phase of the cells. T o  dem- 
onstrate this in a  controlled fashion we measured the 
reversion  frequency of the  npF series in K media in 
late log phase cells (Table  1)  and cells grown to late 
log phase or  to stationary phase in Luria broth  (Table 
5).  Although the results are similar, some differences 
are observed. The deletion  frequency  appears highest 
in stationary phase cells. This is especially noticeable 
in F14C in J T T l .  This could result  from  the accu- 
mulation of cruciforms during  the incubation in  me- 
dia. Our previous results suggest that  transcription 
and replication remove  cruciforms,  reconverting 
them  into the linear  form of the inverted  repeat 
(ZHENG et al. 1991). Thus, in log phase cells the 
equilibrium level of cruciforms may be lower than 
that in stationary phase cells. For  example, in log 
phase cells  in K media, little difference was observed 
in the deletion  frequencies of the  npF  inverted  repeats 
in J T T l  (Table 1). However, in the late log phase 
cells or stationary phase cells the frequency of deletion 
for F14C in JTTl was higher  than  for  the other 
inverted  repeats of that series. Experiments designed 
to test this hypothesis further  are in progress and will 
be published separately. 

The frequency  of  deletion of inverted  repeats is 
dependent on the  length of the  inverted  repeat: In 
general,  the  deletion  frequency increased with  in- 
creasing  length of the inverted  repeat. This result, 
which is consistent with the results of DASGUPTA, 
WESTON-HAFER and BERG (1987), WILLIAMS and 
MULLER (1 987)  and WESTON-HAFER and BERG (1989), 
was suggested from  the  higher  frequency  of  deletion 
of the  100-bp  F series inverted  repeats (1 0-6 -1 0”) 
compared  to  the  rate  for  the 42-bp S series - 
10”’) analyzed under identical conditions  (Table  1). 
In  addition, comparison of the 60-bp SF series and 
the 106-bp  npF series under identical conditions 
showed that  the  longer  npF series inverted  repeats 
were deleted  at  a  higher  frequency  (Table l ) ,  in this 
case by a  factor of greater  than five to ten. The S 
series inverted  repeats were much more active in 
cruciform  formation in vitro than  the  F series, as 
shown in Table 3. However, the F1 and F2 inverted 
repeats  were genetically much  more unstable. This 
argues  that  length,  at least in this case, can be more 
important in determining  deletion  frequency  than 
rate  of cruciform  formation in vitro. This conclusion 
must be  tempered by the fact that  the S and SF series 
inverted  repeats are flanked by 6 bp  direct  repeats 
and  the  F  and  npF series flanked by 8-bp  direct 
repeats, as discussed below. 
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Results for  pOCE15  and  pOCE17 may provide  a 
dramatic  example of the effect of length of the in- 
verted  repeat  on  the  deletion  frequency.  In HBlOl, 
a  deletion  frequency of about 5.5 X lo” was observed 
for plasmid pOCEl5 containing  a  66-bp  perfect pal- 
indromic lac operator. Plasmid pOCEl7 contains two 
copies of the  66-bp  inverted  repeat  creating  a  132-bp 
palindromic  insert. The deletion  frequency of 
pOCE17 was about 5 X or 10,000 times greater 
than  that  for  pOCE15.  Although  the  length of the 
direct  repeat in pOCE17 is twice that in pOCEl5,  the 
symmetry of the 132-bp  insert in pOCE17 is compli- 
cated. Two copies of the  66-bp  sequence  form  one 
large  inverted  repeat.  However, the two copies of the 
66-bp  sequence also represent two direct  repeats, each 
of which  itself is palindromic. This highly symmetrical 
and direct  repeated  sequence has complex possibilities 
for DNA secondary structure  formation or misalign- 
ment  through slipped mispairing. Therefore, 
pOCE17 may not  be  directly  comparable to inserts 
with simple inverted  repeated  symmetry. The length 
of the direct  repeats  flanking  both the  66-  and  132- 
bp inverted  repeats is 8 bp. 

The results of Tables  1  and 2 are consistent with 
the general  observation that  inverted  repeats  above 
130-150  bp are difficult, if not impossible, to maintain 
in  plasmid DNA in E.  coli (LILLEY  1981; BETZ and 
SADLER 198  la; WELLER et al.  1985; LOCKSHON and 
GALLOWAY  1986). Above a  certain  length, sequences 
may be  deleted  through  intramolecular  recombina- 
tion  (WARREN  and  GREEN  1985)  even in a RecA- 
background. The in vitro persistence length of DNA 
of 140-1 50  bp  (HAGERMAN  1988) would suggest that 
sequences less than 140-1 50 bp  could  not  undergo 
intramolecular  recombination. This is about  the size 
of inverted  repeats that can  be stably maintained in 
E. coli. This may be a seemingly fortuitous  correlation 
since the  interaction of DNA with the bacterial his- 
tone-like HU  protein can reduce  the persistence 
length considerably, probably to less than 80 bp 
(HODGES-Garcia, Hagerman  and PETTIJOHN 1989).  A 
reduction in persistence length  could facilitate intra- 
molecular recombination in shorter regions of DNA. 
Alternatively, DNA in an HU:DNA complex may not 
be available for  intramolecular  genetic  recombination. 
Were this the case, the instability of inverted  repeats 
longer  than  the persistence length of DNA may, in 
fact, result from  intramolecular  recombination. It is 
important to point out  that  the sequences  studied here 
are shorter  than  the persistence length of DNA, and 
therefore, may not undergo deletion by a mechanism 
involving intramolecular  recombination. 

The reversion frequencies for  the several palin- 
dromic  and  nonpalindromic sequences were  measured 
in both recA- and recA+ backgrounds. Data presented 
in Table 2 show little effect of RecA+ on the deletion 

frequencies  for the lac operator inverted  repeats or 
the nonpalindromic inserts. The independence of 
deletion on RecA+  is consistent with the analyses of 
COLLINS, VOLCKAERT, and NEVERS (1982), DAS- 
GUPTA, WESTON-HAFER and BERG (1987), WILLIAMS 
and MULLER (1987),  and BALBINDER, MACVEAN and 
WILLIAMS (1 989). 

The length of the  direct  repeats flanking the in- 
verted  repeats varies in some of these  constructs.  It is 
known from  the work of ALBERTINI et al.  (1982), 
DASGUPTA, WESTON-HAFER and BERG (1987), WIL- 
LIAMS and MULLER (1987), SINGER and WESTLYE 
(1988),  and BALBINDER, MACVEAN and WILLIAMS 
(1989)  that  the  length, spacing and base composition 
of directs  repeats can influence the frequency of dele- 
tion between direct  repeats. In this study we have not 
specifically addressed  these questions. As shown in 
Figure  1 and 2, and  Table 1  the S and SF series 
inverted  repeats and  pOCE55  are flanked by the 6- 
bp  direct  repeat  sequence  5’GAATTC3’. The F and 
npF series sequences, pOCE15, pOCEl7, pOCE44, 
pOE165  and pRS-1 are flanked by the  8-bp  direct 
repeat  5’GGAATTCC3’. The pRS-4 insert is flanked 
by a 11-bp direct  repeat  (5’TCCGGAATTCC3’). 
The higher  deletion  frequency  for pRS-4 compared 
to pRS-1 may illustrate the importance of the length 
of the  direct  repeats  (although  the symmetry within 
the direct  repeats is complicated). A  detailed discus- 
sion of alternate  potential misalignment events  occur- 
ring in  pRS-4 has been presented (BALBINDER, 
MACVEAN and WILLIAMS 1989). While an increase in 
the length of the  direct  repeat  from 6 to 8 bp might 
result in an increase in the deletion  frequency, it is 
not  the critical, sole factor responsible for  the effects 
discussed above.  For  example, there is little correla- 
tion  between the deletion  frequencies of pRS-1, 
pOCE15,  pOCE17  and pOCE44 which  vary consid- 
erably and all have 8-bp  direct  repeats. Similarly, the 
frequencies of pOCE55  and  the similarly  sized SF 
series inverted  repeats are  different  and they all have 
6-bp  direct  repeats. 

In addition to  the perfect  direct  repeats at  the EcoRI 
sites, the sequence  flanking the EcoRI site in the  CAT 
gene  provides  extended  sequence homology for some 
of these sequences. For example there is an  extended 
region of homology of 10/14  bp in pOCE 15 com- 
pared  to a 14/18-bp  extended homology for  pOCE44. 
Similarly S1 and S2 have an  extended homology of 
9/11  bp, whereas S3B contains an  extended homology 
of 12/19 bp. There  are several alternate mispairing 
schemes that can be  drawn  for some of these se- 
quences. It is difficult to predict the effect of extended 
homologies with a significant number of mismatched 
bases. Because of numerous mispairs these  alternate 
intermediates may be  much less stable  than the  one 
shown in Figure 5. However, it is also  possible that 
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A T  
T A  
A T  
T A  
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T A  
A T  
T A  
A T   A 1  
T A   A T  
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C A T C C G W  GTATGG--- -3:  
CTTAAGG---CATACC--- -5 

the frequency of deletion could be potentially in- 
creased by a greater  number of alternate slipped 
mispaired intermediates. We would expect  that the 
stability or suitability of these mismatched intermedi- 
ates as extendable  substrates  for polymerase (in terms 
of  a  rate as described below) might  be low compared 
to a  structure with no mismatched base pairs. Exam- 
ples  of the types of mismatched intermediates  that can 
be drawn for pRS-4 have been described by BALBIN- 
DER, MACVEAN and WILLIAMS (1 989). 

SUMMARY 

Deletion mutations may be promoted by the  for- 
mation of a stable hairpin arm within single stranded 
DNA or formation of a cruciform in supercoiled 
DNA. During  replication,  the  hairpin arm leads to 
slipped mispairing between direct  repeats  resulting in 
a  deletion. As discussed above, the deletion  mutations 
analyzed here  are not due predominantly  to RecA- 
dependent  recombination. The molecular mechanism 
involved in the  deletion of the inverted  repeats likely 
involves deletion between direct  repeats stabilized by 
a hairpin arm as originally suggested by GLICKMAN 
and RIPLEY (1984). The length  and base composition 
of the  inverted  repeat  appear  to influence the muta- 
tion frequency. The overall thermal stability of the 
DNA  helix within the hairpin arm is not  the sole 
determining  factor.  Thermal stability within a certain 
length of the stem may influence  deletion. The rate 
and superhelical density dependence of cruciform for- 
mation are  important in determining  deletion  fre- 
quency. A significant fraction of the mutations  prob- 
ably arise from resolution of supercoil-induced cruci- 
forms (albeit presumably still through misreplication 
events). 

Kinetic  Model for the deletion of inverted  repeats: 
The molecular events of misalignment during repli- 
cation that might lead to  the  deletion of palindromic 

FIGURE 5,"Model for the slipped misalignment 
of direct repeats stabilized by a hairpin arm  at the 
replication fork. Possible events are shown for the 
S2 inverted repeat. First, replication could occur up 
to the base of the S2 hairpin arm and pause (WEAVER 
and DEPAMPHILIS 1984). Second, replication into 
the structure would synthesize the first copy of the 
direct repeat (3' CTTAAG 5', shown in bold type). 
This brings the second copy of the direct repeat 
(underlined) within close proximity to the newly 
synthesized copy of the first direct repeat. This close 
proximity might increase the probability of misalign- 
ment.  Third, misalignment occurs resulting in a 
hairpin structure with a small bubble at the base of 
the hairpin stem. Alternatively, an unpaired loop of 
DNA  could form in the hairpin stem if the small 
bubble disrupted base pairing within the stem (struc- 
ture not  shown). 

DNA between direct  repeats are summarized in  Fig- 
ure 5. This model is consistent with the conclusions 
of WILLIAMS and MULLER (1 987), SINGER and WEST- 
LYE (1988), BALBINDER,  MACVEAN and WILLIAMS 
(1 989), and WESTON-HAFER and BERG (1  989). Figure 
6 shows an overall kinetic model for  the  deletion of 
inverted  repeats.  In  Figure 6, the misalignment event 
(of  Figure 5) is indicated as the  step in which slipped 
misalignment occurs  (at a rate k6)  producing  structure 
0. This analysis does  not consider repair of this 
structure which might  occur by some mechanism, 
possibly via a mismatch-like a methyl-directed strand 
specific repair pathway. The rate of slipped misalign- 
ment  and  continued  replication, ks ,  will occur at a 
finite probability when the replication machinery ap- 
proaches  a hairpin arm. As summarized in Figure 6 ,  
the formation of the DNA secondary structure sub- 
strate  for  replication-dependent  mutation ( i . e . ,  a hair- 
pin arm in replicating DNA) could occur by two 
pathways with rates of formation k 1  and k z .  kl repre- 
sents the  rate of formation of cruciforms in super- 
coiled DNA (structure b ) .  k l  is superhelical density 
dependent  and will be  dependent  on  the base com- 
position at  the  center of symmetry (ZHENG and SINDEN 
1988; ZHENG et  al. 1991). kz is the  rate of hairpin 
formation in single stranded DNA that  occurs as a 
consequence of DNA replication (structure d) .  Pre- 
sumably, hairpins are most  likely to form in the lag- 
ging  strand which  always contains an Okazaki size 
region of single stranded DNA (MCHENRY 1988). 
These hairpins may form  rarely  before the E .  coli 
single strand  binding  protein (ssb) can prevent  intra- 
strand base pairing.  Although k p  is superhelical density 
independent, it will be dependent  on replication. The 
probability of hairpin  formation, via the kp pathway, 
may be dependent  on  the thermal stability of  the 
inverted  repeat. Therefore, k:! may be  a  function of 
length and base composition. Hairpin  arms,  once 
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FIGURE 6.-A kinetic model to explain the relationship between 
the physical-chemical properties of inverted repeats and deletion in 
living  cells. The model is explained in detail in the text. Briefly, (a )  
shows the linear form of the  inverted  repeat within a region of 
DNA. The inverted repeat is indicated by arrows above the se- 
quence and the  direct  repeats by the thick lines. The formation of 
:I cruciform, with rate k , ,  is shown in (6 ) .  Cruciforms, although 
extremely stable in supercoiled DNA, can be reconverted  into  the 
linear form (a )  by transcription through the inverted repeat. The 
rate for transcriptional loss of cruciforms in shown  as rate ks .  
Cruciforms may also  be reconverted  into the linear form by repli- 
cation as  shown in structures ( c ) ,  ( d )  and ( e ) .  The  rate  for replication 
through  a hairpin arm in the leading strand is defined as k,. The 
rate for replication through a hairpin arm in the lagging strand is 
defined as ks .  A hairpin arm may also form during  the process of 
DNA replication as indicated by rate kp. It is expected that hairpins 
are most  likely to form in the lagging strand where a region of 
single stranded DNA the size of an Okazaki fragment is maintained 
during replication according to  the model involving concurrent 
replication of the leading and lagging strands by a asymmetric 
dimeric polymerase 111 holoenzyme complex (MCHENRY 1988). At 
;I rate k g ,  the slipped misalignment (shown  in Figure 5 )  will occur 
i n  the lagging strand  producing structure v). At a rate k l ,  the 
slipped misalignment shown  in Figure 5 might occur in the leading 
strand (this structure is not shown). The  rate k7 might be different 
than kti due  to the asymmetric nature of the polymerase complex. 

formed by processes kl or k2, will undergo slipped 
mispairing and deletion at  the  rate k6, to  form  struc- 
ture 0. k6, like k p ,  may be dependent  on  the  ther- 
modynamic stability of the hairpin arm  or a  defined 
length of the stem. k6 may also be dependent  on  the 
length of the direct  repeats  and  the secondary  struc- 

tures  formed.  A  long  length of direct  repeats and a 
high G + C content  should increase k6. Multiple ex- 
tended  regions of homology may increase k6. Utiliza- 
tion of these as extendable  substrates may be  depend- 
ent  on  the stability and  structure of the mispaired 
intermediate. If the  intermediate is  less stable than 
the  structure shown in Figure 5 ,  for  example if a 
region of extended homology contains many  mis- 
matched base pairs, the contribution to k6 might be 
low. 

Once  formed,  cruciforms can be lost by a variety of 
mechanisms. k3 represents  transcription dependent 
conversion of cruciforms back into  the  linear  form of 
the inverted  repeat. This has been  demonstrated in 
vitro (MORALES,  COBURN and MULLER 1990) and likely 
happens in vivo (ZHENG et al. 1991). Although the 
removal of cruciforms by transcription has not  been 
extensively studied, k3 may be relatively independent 
of base composition or length of the inverted  repeat. 
Replication of structure ( b )  may lead to a situation in 
which the replication machinery is presented with a 
hairpin arm  at a high frequency. Replication may stop 
at a  hairpin arm (WEAVER and DEPAMPHILIS 1984) 
and eventually replicate through  the inverted  repeat 
in the leading  strand at a rate k4, and  no mutation will 
occur, as shown in structure (d ) .  Replication through 
the hairpin arm in the lagging strand  forming  struc- 
ture (e) is represented by rate kg. Rate ks may be 
different  than kq since an asymmetric pol111 complex 
is involved in DNA polymerization (MCHENRY 1988). 
A  step in  which misalignment and replication occurs 
in the leading strand (with rate k7) is not shown in 
Figure 6. Because of the asymmetric polymerase com- 
plex, k7 may not equal kg .  

The results  for the  npF series inverted  repeats 
suggest that k1 is very important in contributing  to 
the frequency of deletion, since rates k2-ks should be 
very similar if not identical for this series. k l  may also 
be the  determining  factor in the deletion  frequency 
of the F series inverted  repeats because of the length 
of the hairpin  stem.  Although the overall T,  values of 
the stems are slightly different,  the first 43 bp  are 
identical (and  the same as for  the  npF series). 

The results for  the S series inverted  repeats are 
consistent with  all implications of the kinetic parame- 
ters. The rate k l  varies significantly, with a greater 
rate of cruciform  formation  for the S3B inverted 
repeat.  In  addition,  differences in overall thermal 
stability of the hairpin arm, as well as regional T,,, 
values will affect k~ with the  formation of a  hairpin in 
S3B being most favored. These stability differences 
might also differentially affect rates k4-k7. The in- 
creased  deletion  frequency of S3B compared to S1 is 
consistent with faster  rates of k l ,  kp, k4 and k6.  

An increased deletion  frequency  for  S1F2 com- 
pared  to S 1 F1 would be consistent with the faster rate 



1004 R.  R. Sinden et al. 

k1 for S1  F2 (since more  cruciforms would form in 
S 1 F2). However,  rates k2-k7 (except k3) might  predict 
a  greater  deletion  frequency  for S1  F1 compared to 
S 1  F2. This is because of the  greater thermal stability 
of  the S l F l  hairpin arm. The similar deletion fre- 
quencies observed for S l F l  and S1F2 are likely to be 
a compromise based on  the  influence of  all expected 
rates (kI-k7)  on  the deletion frequencies. This may be 
especially true compared to  the  great difference ob- 
served  for S1 and S3B where all kinetic predictions 
favored  deletion in S3B. 

This work  was supported by grants NP 490, NP 490B, and NP 
490C from the American Cancer Society and by Grant ES05508 
from the National Institute of Environmental Health Sciences. 
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