
Copyight 0 1994 hy the Genetics Society of America 

Endpoint Bias in  Large  Tnl@Catalyzed  Inversions  in Salmonella typhimurium 

Patrick J. Krug,’ Adam Z. Gileski,* Robert J. Code,’  Anne  Torjussen and Molly B. Schmid4 
Department of Molecular Biology, Princeton  University,  Princeton,  New Jersey 08544 

Manuscript  received  August 23, 1993 
Accepted  for  publication  November 29, 1993 

ABSTRACT 
A genetic  strategy  identified Salmonella  typhimurium strains  carrying  large (>40 kb) Tnlkatalyzed 

inversions;  the  inverted  segments  were  characterized by XbaI digestion  and  pulsed  field  gel  electropho- 
resis. Two size classes of large  inversions  were  found.  More  than  half  of  the  inversions  extended 40-80 
kb either clockwise or  counterclockwise of the  original  TnlO site. The  remaining  inversions  extended  up 
to 1620 kb (33% of the  genome),  but  the  distal  endpoints of these  inversions  were  not  randomly  scattered 
throughout  the  chromosome.  Rather, each TnlO  repeatedly yielded  similar (though  not  identical)  in- 
versions.  The  biased  endpoint  selection may reflect  the  limited  search for target DNA sequences by the 
TnlO transposase,  and  the  spatial  proximity of the  donor  and  target  regions in the  folded S.  typhimurium 
nucleoid.  Using  this interpretation,  the  data suggest that DNA sequences 40-80 kb clockwise  and  coun- 
terclockwise  of  the  insertion  site  are  in  spatial  proximity  with  the  insertion,  perhaps  reflecting  the  or- 
ganization  of DNA into - 120-kb  nucleoid  domains.  In  addition,  the  data  predict  the  spatial  proximity  of 
several distant DNA regions,  including DNA sequences equidistant  from  the  origin of DNA replication. 

T HE transposable element T n l 0  can catalyze the in- 
version or deletion of  DNA sequences adjacent  to 

the  insertion site (Ross et al. 1979; KLECKNER et al. 1979; 
KLECKNER 1989).  These  intramolecular transposition 
events require  the  interaction between the ISl0- 
encoded transposase, the inside ends of the two IS1 0 
elements, and a distant DNA target. Cleavage  of the in- 
side ends of the IS1 0 element  and ligation with the tar- 
get DNA result in loss  of the tetracycline-resistance 
genes, and formation of an  adjacent chromosomal de- 
letion or inversion (see Figure l).  Previous  work has 
shown that 90% of the inversions catalyzed by Tn 10 are 
caused by exchanges at target sites  less than -45 kb from 
the site of the  Tn 1 0  insertion;  the larger inversions have 
not  been previously characterized (KLECKNER et al. 1979; 
KLECKNER 1989; SHEN et al. 1987). While the size  of a 
deletion is limited by the locations of essential genes, 
inversions are  not subject to this size limitation. 

The  Tnl  @catalyzed inversions and deletions have 
relatively simple enzymatic requirements  that have been 
defined  both in vivo and in  vitro. For inversion or de- 
letion formation,  the IS l @encoded transposase per- 
forms all  of the  required cleavage and ligation reactions, 
using the inside IS1 0 ends. Host factors, such as IHF and 
HU proteins,  are not required in vitro when the inside 
ends of IS10 are used, nor  do mutations in the  genes 
encoding these proteins affect the frequency of IS1 0- 
catalyzed  inversions in  vivo (MORISATO and KLECKNER 1987; 
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ROBERTS et al. 1985). The activity  of the IS10 ends, and 
transcription from the transposase promoter are both 
stimulated by hemi-methylated DNA,  which  will exist just 
after the replication  fork  passes the TnlOsite,  and before 
the Dam-system can re-methylate the DNA (CAMPBELL and 
KLECKNER 1988,1990; MOFUSATO and KLECKNER 1987). 

The transposase enzyme is not freely diffusible in 
vivo. Synthesized from IS1 @right, the transposase pref- 
erentially binds to nearby IS1 0 ends, and has difficulty 
complementing in “trans.” As the IS1 0 ends  are sepa- 
rated, transposition activity decreases about 40% per 
kilobase (MORISATO et al. 1983).  Other bacterial trans- 
posons, such as Tn5  and IS903, have  similarly “cis- 
acting” transposases (DELONG and SWANEN 1991; 
DER~BHIRE et al. 1990). The chromosomal target site 
selected in T n l  @mediated inversions is also preferen- 
tially nearby. Most  of the inversions generated  from a 
hisG:Tn10 insertion were  within  -45  kb  of the inser- 
tion site (KLECKNER et al. 1979). Selection of a target site 
for IS1 0 transposition lacks this preference  for nearby 
DNA, perhaps resulting from excision  of the IS1 0- 
transposase complex and diffusion of the complex to  the 
chromosomal target (SHEN et al. 1987). 

The organization of the bacterial nucleoid will re- 
sult in the  juxtaposition of  DNA sequences that  are 
not linearly contiguous. No direct  experiments have 
yet  shown whether spatially neighboring DNA  se- 
quences provide “nearby” targets for the transposase. 
If the search for target sites is within a limited volume 
surrounding  the  insertion,  then large Tn 1 @catalyzed 
rearrangements would be  expected to reflect this lim- 
ited search. If the  folded bacterial nucleoid is suffi- 
ciently organized,  then a limited search for distant tar- 
get sites  would be  expected to produce a bias in the 
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Summary of XbaI digests 
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FIGURE 1 .-Tn IGmediated  rearrangements. Tn 10 catalyzes 

deletion or inversion of adjacent chromosomal  sequences, us- 
ing  the inside ends of the IS10 elements. In  both of these 
events, the sequences between the  IS10  elements  are  deleted. 
Thus,  the T n l  @catalyzed inversions also delete  the tetra- 
cycline-resistance genes, and are also known as “inversion/ 
deletions” (KLECKNER et al. 1979). For simplicity, these events 
are referred  to as “inversions” in the text. 

endpoints of large transposase-catalyzed rearrange- 
ments. This bias could provide clues to the folding 
pattern of the in  vivo nucleoid. 

Large inversions formed by Tn 10 may provide a ge- 
netic tool to assess in uivo nucleoid structure. The  end- 
points of large Tn 1 @catalyzed inversions will document 
the DNA target sequences most frequently able to physi- 
cally interact with the IS1 0 inside ends  during  the time 
when the transposase is active. The temporal regulation 
of the  Tn 10 transposase may provide a technical advan- 
tage if the DNA folding pattern changes through  the cell 
cycle. No evidence yet  shows whether  the organization 
of DNA in the bacterial nucleoid is random, fixed, or 
dynamic. If the DNA is randomly arranged in different 
cells, or if the DNA is sufficiently flexible, all TnlO- 
catalyzed  inversion endpoints will be equally likely, 
whether or  not there is a limited volume search for tar- 
get sites by the transposase. However, we have found  that 
the  endpoints of large T n l  @catalyzed inversions are 
highly biased. 

MATERIALS  AND METHODS 

Strains: All strains were derived from Salmonella typhimu- 
rium strain LT2, and were stored at -80” in 0.8% dimethyl 
sulfoxide (DMSO). The  parental strains for these experiments 
were made by transducing TnlO insertions into  the strain 
SE5017, which carries the leu-485 mutation.  Table 1 lists the 
parental strains. 

Media: Fusaric acid medium for selection of tetracycline- 
sensitive strains was made  according  to MALoY and NUNN 
(1981). Growth of strains in liquid culture was in LB medium 
(5 g yeast extract, 10 g Bacto-tryptone, 5 g NaC1) at 37”. In solid 
medium, LB  was supplemented with 15 pg/ml tetracycline 
when needed.  The E medium OfVOCEL and BONNER (1956) was 
used for solid minimal medium  and  supplemented with indi- 
vidual nutrients as necessary. Solid media were made with 
1.5% agar (Difco). 

Parental 
XbuI digest  pattern 

strain  Insertion  Total WT Novel  Del  Odd 

SE7970 trp-1042::TnIO 21 16 5 0 0  
SE7971 aroD553::TnIO 8 0 7  1 0  
SE8980 pyrA2276::TnIO 10 8 2  0 0  
SE8981 pyrA2277::TnIO 10 4 3  2 1  
SE7968 purD877::TnIO 7 1 5  1 0  

Columns 1 and 2:  parental  strain  number  and TnlO insertion.  Each 
of these strains also  carries  the  leu-485  mutation. Column 3: the total 
number of independently  derived  large  rearrangments. Columns 
4-8: number of strains with wild-type XbaI pattern (WT); novel XbuI 
pattern  but wild type amount of DNA (Novel); XbaI pattern  inter- 
preted as an  adjacent  deletion (Del); or uninterpretable XbuI pat- 
terns (Odd). Strains with wild-type or novel XbuI patterns  were shown 
to carry  large  inversions. 

Selection of tetracycline-sensitive strains: Cells from frozen 
(-80”) stocks of the  parental Tnlkonta in ing  strains were 
streaked onto LB agar and  incubated overnight.  From  these 
plates, ten colonies per strain were picked and  cultured over- 
night in LB broth  to create independent cultures. These cul- 
tures were diluted 100-fold, and aliquots were plated onto fu- 
saric acid medium plates (WOY and NUNN 1981),  and 
incubated  for 48 hr  at 37”. Putative tetracycline-sensitive colo- 
nies were purified once by streaking onto fusaric acid medium, 
then tested for tetracycline resistance or sensitivity. Overnight 
cultures of the tetracycline-sensitive derivatives were used in 
“spot  transductions,” which tested the frequency of transduc- 
tional repair of the  Tn I @induced  auxotrophy. For these spot 
transductions,  E plates supplemented with leucine were 
seeded with 0.1 ml of P22 HTint grown on a wild-type host 
(-IO9 pfu/ml),  then  spotted with 0.02 ml of overnight cul- 
tures, and  incubated 36 hr  at 37”. The distinction between 
wild-type transduction  frequencies and low transduction fre- 
quencies was generally very clear from  the  spot tests. Several 
infrequently  transduced  strains from each independent cul- 
ture were retested by full-plate transduction crosses. From 
each independent  culture,  one strain with low transduction 
frequency (less than 10% of the wild-type number of trans- 
ductants) was chosen and saved by storage  in 0.8%  DMSO at 
-80”. The  remaining strains were discarded. In all cases, trans- 
duction of other markers  (such as the leu-485 mutation) oc- 
curred  at wild-type frequencies. 

Isolation of high molecular weight DNA The protocol ac- 
companying the New England BioLabs ImBed Kit (catalog no. 
375) was slightly modified.  Overnight  cultures (3 ml) were 
grown at 37” in LB broth,  then  spun down and resuspended 
in 0.5-1 ml “cell suspension solution” (10 mM Tris-HC1 pH 7.2, 
20 mM NaCl, 100 mM EDTA). Equal volumes (0.5 ml each) of 
resuspended cells and 1.6% molten low melting point agarose 
(NuSieveGTC, FMC BioProducts) were mixed together, drawn 
into a 1-ml syringe, then allowed to harden 15-30 min  at  room 
temperature.  The agarose-cells plug was transferred to  one 
well of a 6well microtiter  dish (Corning no. 25810-6), and  cut 
into  three pieces for easier  handling. Lysozyme solution (4 ml 
of 1 mg/ml lysozyme in 10 mM Tris-HCI pH  7.2,50 mM NaCl, 
100 mM EDTA, 0.2% NA+-deoxycholate, 0.5% N-lauryl- 
sarcosine-Na’) was added  to  each well, incubated 2 hr  at 37”, 
then aspirated from  the wells. ‘Wash solution” (4 ml of  20 mM 
Tris-HC1, pH  8.0,50 mM EDTA)  was added,  incubated 15 min 
at  room  temperature,  and  then removed by aspiration; this 
step was repeated  once. Proteinase  K  solution (4 ml of 1 
mg/ml proteinase Kin 100 mM EDTA, 1% N-lauryl-sarcosine- 
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Na’, 0.2% Nadeoxycholate) was added, incubated 18 hr at 
50”, then removed by aspiration. The plugs  were washed  with 
4 ml  wash solution (30 min at room temperature), then with 
wash solution with added phenylmethylsulfonyl fluoride 
(PMSF) (4 ml  wash solution + 40 pl0.1 M PMSF; 1 hr at room 
temperature in a fume hood). Following this, three additional 
4ml incubations in wash solution (30  min each at room tem- 
perature),  and two incubations (4 ml, 30 min at room tem- 
perature) in “storage solution” (2 mM Tris-HC1, pH  8.0, 5 mM 
EDTA),  were performed. The DdA-agarose  plugs  were then 
stored in 5 ml storage solution in the microtiter wells at 4”. The 
microtiter box was sealed with parafilm, and DNA in the plugs 
was found to  be  stable for (at least) several months. 

Restriction digestion: A -0.5-mm (-10 pl) slice of the 
DNA-agarose plug was cut with a sterile scalpel blade, then 
transferred into 15 pl restriction enzyme  buffer  mix (total vol- 
ume, -25 pl).  The DNA-agarose  slice  was preequilibrated on 
ice 15-30 min. The gel  slice was removed with a spatula and 
transferred to a 50-p1 reaction mix (total volume, 60 111). The 
agarose was melted in a heat block for 10  min at 70”. (This step 
mixed the buffer and DNA and also  inactivated endogenous 
nucleases  still remaining in the plug.  While we took precau- 
tions  to  minimize shearing in all  steps, in our hands, this  melt- 
ing step was necessary to get good digestion  without degra- 
dation of the DNA. Such melting resulted in no obvious DNA 
degradation in our hands.) Restriction  enzyme was added 
[ XbaI  (New England BioLabs) , 3 pl (20 units/pl); BlnI 
(TakaraBiochemicals), 1 pl (8  units/pl)]. Digestion was at 37” 
for 4 hr.  The plugs  were  again melted at 70” for 5 min just 
before loading. Pipetting was done carefully  with “pipetman”- 
style pipetors, with the plastic  tips cut to decrease shearing 
during pipetting. The wells  were loaded (25 pl/well), then 
sealed with a drop of 1.6% low melting point agarose. Re- 
stricted DNA  was found to  be  stable for at least 2 weeks  when 
stored at 4“. 

In the course of these experiments, we found that LT2- 
derived  strains, and leu-485derived strains had single XbaI 
and BZnI band differences. The BZnI “B” band of  LT2 (900  kb, 
WONC and MCCLELLAND  1992) was 850  kb in strains  derived 
from a leu-485 background, while the XbaI “H” band is 230  kb 
in LT2 strains and 240  kb in leu-485 strains. This is consistent 
with at least one genetic difference (the leu-485 background 
has a glpR-constitutive phenotype) thatwe have noted between 
these two strain backgrounds (SPRINGER 1993). Potentially, the 
GlpR phenotypic change and the XbaI band change arise from 
the same mutation. In addition, we found that strains  carrying 
a dam mutation have  several additional XbaI  cleavages. The 
XbaI site (TCTAGA) could  overlap  some of the dam methyl- 
ation sequences (GATC), preventing cleavage at all of the XbaI 
sites  in  wild-type  strains. 

Pulsed field  gel  electrophoresis: Agarose  gels (1 %, Sigma 
no. A-6013)  were  made  with  0.5-cm  wells,  with  0.5 X TBE 
buffer (SAMBROOK et al. 1989). The gels  were run  at 14C  ac- 
cording to recommended pulse times/run times from a Che- 
Mapper apparatus (Bio-Rad). Both CheMapper apparatus 
and Bio-Rad ChefII apparatus were used. Gels  were stained 
with ethidium bromide (30 min) , then destained and photo- 
graphed. 

Probability of distal inversion  endpoint  selection: Each in- 
version was treated as an independent Bernoulli  trial, with  all 
chromosomal sites  equally likely to serve as an inversion end- 
point. With  five  very large trp inversions, the probability  of 
three or more endpoints landing within one 80-kb segment 
was calculated as a conditional probability: i .e . ,  given the first 
endpoint ( P  = 1.0) what is the probability that two (or more) 
of the four remaining inversion endpoints will end within the 
same  80-kb  interval? 

This is given  as: 

(WEN and MARX 1986). For  these  calculations, we  have con- 
servatively assumed that 50% of the chromosome (-2400  kb) 
is  “permissive” for inversion formation (SEGALL et al. 1988), 
thus, P = 80 kb/2400  kb, and the likelihood that the trp in- 
version endpoints occurred at random is 6 X If a larger 
percentage of the chromosome is  permissive for inversion  for- 
mation, the inversion endpoint bias  becomes more extreme, 
and the observed  inversion endpoint distribution is  less  likely 
to have occurred at random. 

RESULTS 

Isolation of strains carrying Tnl Widuced large chro- 
mosomal  rearrangements: Isogenic parental strains 
were constructed, each with a different well character- 
ized Tn 10 insertion,  conferring  both tetracycline resis- 
tance and a nutritional  auxotrophy (see Table 1). 
Tetracycline-sensitive  derivatives  were isolated from 
each parental strain by selection on fusaric acid me- 
dium,  upon which tetracycline-resistant strains cannot 
grow (BOCHNER et al. 1980; MALoyand NUNN 1981). The 
tetracycline-sensitive  derivatives occurred  spontane- 
ously at a frequency of approximately consistent 
with previous measurements (KLECKNER et al. 1979). 

Tetracycline-sensitive strains harboring large chromo- 
somal rearrangements  (either deletions or inversions) 
were distinguished from other tetracycline-sensitive 
strains (point mutations, excisions, small inversions or 
small deletions) by a generalized transduction assay (see 
Figure 2). In these experiments “large” deletions or in- 
versions  were defined by the size of the P22 transduced 
fragment, approximately 45 kb. Strains carrying dele- 
tions or inversions larger than  the size  of a single trans- 
duced  fragment will yield  few  Trp’ transductants, since 
they require two transduced fragments for  repair, a rela- 
tively infrequent event with  sufficiently dilute transduc- 
ing lysate (SCHMID and ROTH 1983a, b) . Roughly 10% of 
the tetracycline-sensitive strains became much  more dif- 
ficult to transduce to  prototrophy, suggesting that they 
had  acquired large Tn 1 @induced chromosome rear- 
rangements when they lost tetracycline resistance. In- 
dependently derived strains showing reduced transduc- 
tion to prototrophy were  saved for further analysis. 

Analysis of inversion  restriction  patterns: The  nature 
and size  of the chromosomal rearrangements were 
documented by XbaI or BlnI digestion and pulsed field 
gel electrophoresis. Both the XbaI and BZnI restriction 
maps of S.  typhimurium have been  determined (LIU and 
SANDERSON  1992;  WONC and MCCLELLAND 1992). 

Because the TnlO element has a single XbaI site, a 
comparison of the XbaI pattern  from a wild-type strain 
and  the  pattern from the  parental T n l  Ocontaining 
strain determined  the precise physical location of each 
TnlO insertion. For example, the trp-1042::TnlO inser- 




