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The broad host range streptococcal plasmid pLSl 
encodes for a 5.1-kDa repressor protein, RepA. This 
protein has affinity for DNA (linear  or supercoiled) 
and is translated from the same mRNA as  the replica- 
tion initiator protein RepB. By  gel retardation assays, 
we observed that RepA shows  specificity  for binding 
to the plasmid HinfID fragment, which includes the 
target of the protein. The target of RepA within the 
plasmid DNA molecule has been located around the 
plasmid single  site ApaLI. This  site is included in a 
region that contains the promoter for the repA and 
rep3 genes and is contiguous to the plasmid ori(+). A 
complex sequence-directed DNA curvature is observed 
in this region of pLS1. Upon addition of RepA to plas- 
mid linear DNA or to circularly permuted restriction 
fragments, this intrinsic curvature was  greatly  en- 
hanced. Thus, a strong RepA-induced bending could be 
located in the vicinity  of the ApaLI site. Visualization 
of the bent DNA was  achieved by electron microscopy 
of complexes between RepA and plasmid DNA frag- 
ments containing the RepA target. 

The  static curvature of a region in DNA (defined here as 
intrinsic or sequence-directed curving, according to Trifonov 
and Ulanovski (1988)) is the result of its nucleotide sequence, 
as first reported for kinetoplast DNA (Marini et al., 1982, 
1984;  Wu and Crothers, 1984). In addition to  this intrinsically 
curved DNA, bending in response to protein-DNA  interac- 
tions is a  structural  feature of many protein-DNA complexes. 
In  this paper, we will call curuing the topological change 
induced by sequence and bending the change induced by 
binding of proteins. Detailed bends in DNA bound to proteins 
were first observed in  crystals of the restriction endonuclease 
EcoRI bound to a 12-base pair DNA fragment (Frederick et 
al., 1984). Protein-induced deformations in DNA have also 
been reported for several regulatory proteins: bacteriophage 
repressors (Ohlendorf et al., 1983; Koudelka et al., 19881, 
replication initiator  proteins  (Zhan and  Blattner, 1985; Koep- 
sel and  Khan, 1986; Mukherjee et al., 1985; Muller et al., 
1987), the Escherichia coli catabolite  activator  protein (Gar- 
tenberg and Crothers, 1988 and references therein),  the  inte- 
gration host factor (Prentki et al., 1987), the 76-resolvase 
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(Salvo and Grindley, 1988), and  the activator E2 protein of 
the bovine papillomavirus (Moskaluk and Bastia, 1988). Re- 
cent analysis of crystals of the E. coli trp repressor/operator 
complex supports the growing evidence that curvatures  in 
DNA play an essential role in the recognition of regulatory 
proteins for their targets (Otwinowski et al., 1988). 

Visualization of sequence-directed curved DNA by electron 
microscopy has been achieved with the heavily curved kine- 
toplast DNA (Griffith et al., 1986; Laundon and Griffith, 
1987). Induced kinks  in DNA have been visualized in com- 
plexes between catabolite  activator  protein and  the lac operon 
(Gronenborn et al., 1984), after formation of ternary com- 
plexes with RNA polymerase I1 on  a Xenopus laeuis vitello- 
genin gene (ten Heggeler and Wahli, 1985) and  the  transcrip- 
tion factor TFIIIA with 5 S ribosomal gene DNA (Bazett- 
Jones  and Brown, 1989). 

In spite of the above mentioned reports,  no  information on 
DNA bends by plasmid-encoded regulatory proteins (other 
than replication initiator proteins) is so far available. An 
attractive plasmid model system is the streptococcal multi- 
copy plasmid pLSl (Lacks et al., 1986) because it  shares 
similarities with Gram-positive and with Gram-negative re- 
plicons, being capable of autonomous replication in both types 
of hosts (del Solar et al., 1987). Two proteins translated from 
the same mRNA are involved in the regulation of pLSl 
replication; the 24.5-kDa replication initiator  protein, RepBl 
and  the 5.1-kDa protein, RepA, involved in the regulation of 
the plasmid copy number (del Solar et al., 1989). At the 
structural level, three regions containing  intrinsic DNA cur- 
vature have been shown to exist  in the DNA of pLS1. One of 
these regions includes the plasmid ori(+), and we predicted 
that various internal bends existed, one of them being located 
in the vicinity of the promoter for repA and repB genes (PBrez- 
Martin et al., 1988). In  the present work, we show that  the 
pLS1-encoded protein RepA binds to  and,  as a consequence, 
induces specific bending of a plasmid region that includes its 
own promoter and  the plasmid ori(+). We have also been able 
to visualize the specificity of this induced bending by electron 
microscopy of the plasmid DNA fragments to which RepA is 
bound. 

EXPERIMENTAL  PROCEDURES 

Bacterial Strains, Plasmids, and DNA Manipulations-Streptococ- 
cus pneumoniae 708 (end-1 exo-2 trt-1 hex-4  malM594)  was the host 

pLSlA24 and pLSM2B has been described (Puyet et al., 1988;  PBrez- 
for the  preparation of plasmid DNA. Construction of plasmids 

Martin  et al., 1988). Plasmid pLSMlAA4 was constructed by  Ba131 
treatment of pLS1 DNA linearized at  the unique BglI site under 

A. G.  de  la Campa, G .  H. del Solar, and M. Espinosa, manuscript 
in preparation. 
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conditions  to allow digestion of about 200 bp: as described  (del Solar 
et al., 1987). Determination of the DNA sequence at   the borders of 
the deletion  was performed by the chemical method of Maxam  and 
Gilbert (1980). Preparations of purified plasmid DNAs, restriction 
endonuclease  treatments, ligations, and  transformations were per- 
formed as described (del  Solar  et al., 1987). 

Construction of pLSM2B  was  performed by separate  cloning of 
the  XmnI-Sty1  (coordinates 4366-758) fragment from pLS4 at   the 
HincII  and SmaI sites of pUC18. Two  plasmids  (pLSM2H  and 
pLSM2S) were thus  constructed  and  duplicated  as described (Stenzel 
et al., 1987; P6rez-Martin  et al., 1988). 

Purification and Binding of  RepA to  DNA-Purification of the 
protein was achieved by cloning  appropriate  restriction  fragments of 
pLSl  into  the expression vector  pET5  (Rosenbergetal.,  1987).  Details 
of the  experimental  procedure have  been published elsewhere (del 
Solar  et al., 1989). 

RepA was able  to  bind  to  DNA  under a variety of experimental 
conditions.  Typically,  a reaction  mixture  (20 pl) consisted of 0.8 pg 
of plasmid  DNA, 20 mM Tris  (pH 8.0), 100 mM KCI, 1 mM dithio- 
threitol, 1 mM EDTA,  and  various  concentrations of RepA. When 
competing DNA  was  used, we employed  purified phage T 7  DNA at 
the  concentration of 40 pg/reaction. The precise amounts of plasmid 
DNA  and  protein  are indicated  for each  experiment.  Binding was 
usually carried  out a t  24 "C  for 15 min. For  electrophoretic  analysis, 
the complexes  were  loaded  immediately, although we have  observed 
a  fairly high stability of these complexes. 

Circular Permutation Tests-Circularly permuted  DNA  fragments 
(350  ng)  purified  from  agarose  gels  were incubated  with 4 ng of RepA 
and 1 pg of heparin, as above. Samples were run  in 7% nondenaturing 
polyacrylamide gels a t  8.5 V/cm for  7 h. Measurements of the elec- 
trophoretic mobilities and  corrections for apparent size of the  frag- 
ments were  performed by including  in  the gels appropriate  unbent 
DNA  fragments  and by semilogarithmic  plotting of their mobilities, 
as described  (PBrez-Martin et a/., 1988). 

containing 0.4 pg of pLSlA24  DNA (cut  with  AflII-XmnI or  with 
Electron Microscopic Analysis-For electron microscopy, an assay 

ApaLI-SspI)  and 0, 50, or  100  ng of RepA in 20 pl of binding buffer 
was incubated for  30 min a t  room temperature.  The mixed samples 
were prepared for  mica adsorption. All evaluations were done by one 
person,  not knowing the  restriction  enzymes  used  or  the  amount of 
RepA added. 

For  adsorption to mica, 1 p1 of each  assay was diluted  into  80 p1 of 
buffer  (10 mM Tris-HCI, pH 7.5, 7 mM MgClz) and fixed with 0.2% 
glutaraldehyde for 15  min  at  37 "C. Unfixed samples did not show 
specific bending  in  the  electron microscope. Mica adsorption,  positive 
staining,  and  shadowing were performed  essentially as described 
(Spiess  and Lurz, 1988). Micrographs for evaluation were taken 
statistically  using a Philips  EM400  on Agfa RA711P 35-&I film at 
a primary magnification of 5200 X. Contour  lengths were mbsured 
on  16 X enlarged projections of the  negatives  using an  electronic 
digitizer, and  further  evaluation was done  with  the  aid of computer 
programs  as used  for RNA  polymerase-binding  studies. T o  determine 
the  distribution of bent  and  straight forms, all  small  fragments  on 
some micrograph  showing the  expected size  were sorted  into  the  two 
classes. 

Gel Electrophoresis-The bound complexes  were subjected to  non- 
denaturing gel electrophoresis  in 2% agarose, in 5% polyacrylamide, 
or  in 0.5% agarose, 1.8% acrylamide  composite gels (Peacock  and 
Dingman, 1968). Electrophoresis was conducted at 50 V (for  agarose 
gels), 65 V (for  acrylamide gels), and  at  100 V (for  composite gels) in 
TEA buffer (40 mM Tris,  pH  7.4,5 mM sodium acetate, 1 mM EDTA). 

Computer Work-Searching for  DNA curving  and  other  computer 
analyses were performed by using  DNASTAR  computer  programs 
(DNASTAR, Inc., London,  United  Kingdom). 

RESULTS 

Location of the  RepA-binding  Region-We  have found pre- 
viously that  the 443-bp HinfID fragment of pLSl shows a 
temperature-dependent abnormal electrophoretic mobility. 
This indication of a sequence-directed DNA curvature was 
confirmed by circular permutation assays and by a computer- 
assisted sequence analysis according to models of Trifonov 
(1985) and  Calladine et al. (1988) which  revealed the  existence 
of three  curved  regions between coordinates 430 and 700 

The  abbreviation used is: bp,  base  pair(s). 

(P6rez-Martin et al., 1988). The fragment extends from co- 
ordinates 242 to 685 (Fig. 1A) and includes the plasmid ori(+) 
(Puyet  et al., 1988) and the promoter  for the repA and repB 
genes. From the amino acid sequence, we could deduce that 
RepA shows the a-helix-turn-cu-helix motif typical for many 
DNA-binding proteins (Pabo and Sauer, 1984) and that RepA 
shares homologies to bacteriophage  repressors (del Solar et 
al., 1989).  By gel retardation assays, we show here that RepA 
specifically binds to  the linear HinfID pLS1 fragment within 
which the target of RepA is located (del Solar et al., 1989). 
When the electrophoretic mobilities of the HinfI fragments 
generated from pLS1 were analyzed in agarose gels (Fig. lB) ,  
the presence of a 50-fold excess of phage T7 competing DNA 
alone (no protein added, lane 3) produced retardation of all 
restriction fragments, probably  due to some trapping of the 
fragments by the high molecular  weight competing DNA used. 
Addition  of  RepA to the pLS1-Hinff-digested DNA  (in  the 
presence of competing DNA, lane 4)  resulted in a significant 
retardation  of the  HinfID fragment. A similar analysis was 

A 

//.'@ 

B 5 6 7 8 9 1 0  

FIG. 1. Panel A: map of plasmid pLS1. Only  pertinent  restriction 
sites  are  indicated.  Inside  the circle, open  reading  frames  correspond- 
ing to  the  plasmid-encoded  proteins  are  indicated.  The  position of 
the  plasmid  ori(+)  and  the  direction of replication  are indicated. 
Panel B, HinfI  restriction  fragments of pLS1 complexed with RepA 
and  analyzed  in  agarose  (left)  or  acrylamide  (right) gels. Sizes of the 
fragments  are  indicated between both  photographs  (note that frag- 
ment G, 84  bp, is  not  shown).  The  amount of plasmid  DNA  was 0.8 
pg/reaction; competitor  phage T 7  DNA  (40  pg) was present  in  lanes 
3,4,  and 7-10. The  amounts of RepA used were: 0 (lanes 2,3,5,   and 
IO), 15  (lanes 4 and 91, 30  (lanes 6 and 8),  and 60 (lane 7) ng/ 
reaction. Lane I ,  molecular  weight standard  (phage T 7  DNA  digested 
with HpaII). 
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performed in nondenaturing polyacrylamide gels (Fig. lB, 
right), and it was apparent  that  the  HinfID fragment was 
missing from the gel, especially at  relatively high concentra- 
tions of  RepA (lanes 7 and 8). Nonspecific binding of RepA 
was observable when competing DNA was omitted (lane 6). 

To determine  whether RepA exhibits preference for super- 
coiled plasmid DNA and  to  test whether the DNA structure 
surrounding the RepA target influences its recognition, we 
made use of two deleted plasmids: pLSlA24  and pLSMlAA4. 
The first has a clockwise 570-bp deletion including coordi- 
nates 4240-401; pLSMlAA4 has a deletion of 168 bp which 
eliminates the coding sequence for RepA since it includes 
coordinates 648-817. With  this combination of plasmids, the 
target of RepA  was contained  in  a region of 247 bp which 
included the plasmid ori(+) and  the repAB promoter. Within 
this region, the  pLSl single site ApaLI is located (coordinate 
607,  Fig. L4). Digestion of the plasmids with HincII (which 
generates four fragments) followed  by incubation  with RepA 
and  further digestion with different  restriction enzymes 
showed that  the fragments were only insensitive to digestion 
with ApaLI (results  not shown). These results showed that 
the region around  coordinate 607 was occupied by the protein, 
independently of the surrounding sequences. The  same  results 
were obtained when RepA  was bound first  to supercoiled 
monomeric DNA and  then cleaved with the restriction en- 
zymes or when pLSlA24 was used instead of pLSMlAA4 or 
when other restriction enzymes were tested  (results  not 
shown). The above results  indicate that  there  are no apparent 
specificity differences of RepA for supercoiled or linear pLSl 
DNA and  that only the region around the  ApaLl  site  is 
specifically occupied by the protein. Taken together, the re- 
sults show that RepA binds  preferentially to a specific region 
of pLSl  spanning 247 bp, at  which one of the intrinsic curves 
of the plasmid has been located (P6rez-Martin et al.,  1988). 

RepA Bends pLS1 DNA-Information on  protein-induced 
DNA bending can be obtained by analysis of the electropho- 
retic mobilities of complexes between the protein and linear 
DNA molecules in  nondenaturing agarose-polyacrylamide 
composite gels (Mukherjee et aZ., 1985). Plasmid pLSl DNA 
was linearized with  different  restriction enzymes to leave the 
ApaLI site placed at  different  positions on  the linear mole- 
cules. The resulting  linear plasmid units were complexed or 
not with RepA.  As shown in Fig. 2 (panels A and  B), curving, 
demonstrable by the different  electrophoretic mobilities of 
the RepA-free molecules, is centered between the restriction 
sites ApaLI (coordinate 607) and Bgn (coordinate 804). The 
sensitivity of the agarose-acrylamide composite gels provides 
a simple method for detecting  a major DNA curvature even 
in  a molecule as big as 4408 bp  (the size of pLS1). The 
complexes RepA pLSl showed a  different degree of reduction 
in their  apparent electrophoretic mobilities depending upon 
the  site of linearization of the plasmid DNA. The complex 
between RepA and  pLSl DNA linearized a t  ApaLI exhibited 
the same electrophoretic mobility as protein-free DNA mole- 
cules. The slowest migrating  DNA.RepA complexes were 
observable for pLSl DNA linearized at  ScaI  (coordinate 
2605), located almost 180" from the ApaLI site (Fig. L4). The 
middle DNA bands observed (Fig. 2)  in the samples digested 
with BanI  (B),  HindIII (H), or ScaI ( S c )  could be  due to a 
slight contamination of open circular DNA forms. These 
results show that RepA induces DNA bending in pLS1, that 
there is only one major induced bend in the plasmid, and  that 
the center of this bend is located around the ApaLI site. 

To refine the position of the RepA-induced bend, we took 
advantage of the previously constructed plasmid pLSMPB, 
which has a tandem duplication around the ApaLI site. Diges- 
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FIG. 2. Plasmid pLSl DNA-induced bending by RepA. Panel 
A, Plasmid pLSl DNA (0.5 pg, except for BstXI digestion, 0.1 pg) 
was linearized with Ssp1 (S),  BstXI (Br) ,  BglI (Bg), ApaLI ( A ) ,  BanI 
( B ) ,  HindIII (H), or ScaI (Sc)  and allowed to form a complex (left) 
with 5 ng of RepA. Samples were run  in composite agarose-acrylamide 
gels. Panel B, representation of the relative electrophoretic mobilities 
of linear molecules (panel A )  complexed (open symbols) or  not (closed 
symbols) with RepA. The distance (in cm) migrated from the well to 
the position of each band was measured and plotted  against the 
position of the restriction sites  in the plasmid molecule. A schematic 
map showing the position of the restriction  sites is shown below the 
curves. 

tion with enzymes with recognition sites within the duplica- 
tion will generate  a  series of permuted  fragments having the 
same length (484 bp)  but with the ApaLI site placed a t  
different  positions  from the  ends of the molecules (Fig. 3A, 
arrows). It  has been  shown (Wu  and Crothers, 1984) that 
when the  apparent size of a  series of permuted  fragments is 
plotted against  the position of the restriction  sites,  a sigmoidal 
curve is obtained if the  permuted  fragment  contains  an  in- 
trinsic curvature.  Retarded  migration of DNA-protein com- 
plexes can be due solely to binding or to induced bending 
upon binding. In  the  latter case, the mobility of the complex 
depends on  the relative  position of the  bend  center  to  the  end 
of the DNA molecule.  If a DNA fragment  is already curved, 
the sigmoidal curves obtained from "naked" or from protein- 
complexed DNA are  not parallel. The deviation  should  be 
more evident when the bend is located around  the  center of 
the DNA fragment. The  results of the  permutational analysis 
in RepA-free DNA fragments confirmed the previously de- 
fined curved locus B-2 (P6rez-Martin et al., 1988), as having 
its  center a t  around  the coordinate 635 of pLSl  (the  HphI 
site; Fig. 3B).  When RepA was added, an increase in  the 
apparent size of all  fragments was observable due to  the bound 
protein. No significant retardation of the ApaLI-digested frag- 
ment was detected at  the  concentration of RepA used in  this 
experiment, perhaps because of the lack of binding of RepA 
to  this fragment,  in  agreement  with the results of Fig. 2A. We 
assume that digestion with ApaLI destroyed the  target of 
RepA, and for this reason its  apparent size was not  taken  into 
account for plotting  the  results (Fig. 3, A and C). The migra- 
tional differences were enhanced by  RepA when the fragment 
was cut with PstI. Since the PstI-cleaved  permuted fragment 
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FIG. 3. Panel A,  restriction map of the duplicated fragments used 
for the circular permutation assays. The fragments generated by 
digestion with the restriction enzymes are depicted below the map. 
Arrows point to  the relative position of the ApaLI site in the frag- 
ments. Panel B, intrinsic DNA curvature (closed  circles) and induced 
bending by  RepA (open circles) analyzed by circular permutation 
assay. The  apparent sizes of the fragments were plotted against the 
position of the restriction cleavage sites. Note that  the apparent sizes 
of the DNA.RepA complexes are bigger than those of protein-free 
DNA. Panel C, nucleotide sequence of pLSl DNA between coordi- 
nates 530-657. The  three direct repeats, the restriction site ApaLI, 
and  the first amino acid of RepA are indicated. 

is  the  one  that  has  the  ApaLI  site more centered (270 and 214 
bp from both  ends), we conclude that RepA induces a bend 
in  this region of pLS1. The induced bend  seems  to be displaced 
to  the ApaLI site, as judged from  the  change  in  the  slope of 
the curves  between the PstI and  the HphI sites when RepA 
was present (Fig. 3B). 

To visualize the  protein-induced DNA bending  in  the  target 
of RepA, electron microscopic techniques were employed. We 
wanted  to have two DNA fragments of nearly the  same size, 
one with the RepA target located around  its  center  and  the 
other with the  target destroyed. Plasmid  pLSlA24 was se- 
lected  because double digestion with AflII-XmnI yielded two 
fragments of 3120 and 718 bp  (+fragment),  with  the ApaLI 

site located in  the  small  fragment, 423 bp  from  the Ail11 site 
and 295 bp from the  XmnI end.  Double  digestion of pLSlA24 
with ApaLI  and Ssp1 gave two  fragments of 3122 and 716 bp 
(-fragment), the  smaller  fragment  with  the  target of RepA 
disrupted.  The double-digested samples were incubated  with 
different  amounts of RepA, fixed with  glutaraldehyde,  and 
prepared  for  electron microscopy by absorption  to  freshly 
cleaved mica (Fig. 4).  Analyzing the  +fragment showed that 
the  shape of many molecules was different depending  on 
whether RepA was present or absent.  In  the presence of RepA, 
always  more than 50% of all molecules had a kinked  appear- 
ance (Fig. 4B and  Table I) .  The  measured  bending  site was 
coincident with  the proposed target  site of RepA (Fig. 5 ) .  This 
position was  confirmed  by determining  the  bending  site of the 
pLSlA24  HindIII-XmnI  fragment (1460 bp)  under equivalent 
conditions  (data  not  shown). 

Many  fragments  with RepA in  addition showed a small  dot 
at the bending site which may represent  the bound protein 
(Fig. 4B, arrowheads). In  order  to  determine  whether  the 
binding of RepA changes  the  apparent  length of the DNA, 
the average contour  length of the  +fragment showing a RepA- 
induced bend was compared  with  the  length of the  +fragment 
without RepA  added.  We  have  measured 451 bent  +fragments 
of preparations  with 50 ng of RepA, 494 +fragments  with 100 
ng of RepA, and 401 +fragments  without RepA protein added. 
The  determined  lengths  and  standard  deviations were 244.8 
f 11 nm, 239.8 f 13  nm,  and 248.8 +- 10 nm, respectively. 
These differences are  within  the  limit of the  experimental 
error  and  indicate  no or very small  shortening of the  filament 
length. 

Samples  without RepA and all preparations  containing  the 
-fragment (with  the RepA target  disrupted) showed  signifi- 
cantly lower bending frequencies (compare Fig. 4, A, C, and 
D; Table I). A slight increase of bent molecules was  observed 
with  increasing RepA concentrations  using  the -fragment 
(Table I), but  no specific bending  sites,  as clearly visible in 
Fig. 5 for the  +fragment  with RepA, could be detected. 

Sequence-induced  curving of the  +fragment could not be 
discriminated by eye from  normal  curvature  on  any  DNA  as 
visualized after  adsorption  to mica. In  our analysis, we deter- 
mined the expected positions of curvature  near  the  ApaLI  site 
(58% from  the  ends; Fig. 4A, arrows) and looked for  curving 
at the  marked positions.  Using the  +fragment a t  60% of the 
molecules, we could find curving.  Only  32% of the -fragment, 
as a control, was curved at one of these positions. 

DISCUSSION 

Protein-induced  bending of DNA seems  to  be a common 
mechanism  to regulate the expression of a variety of genes or 
to  facilitate recognition of specific targets by proteins.  Intrin- 
sically curved DNA  seems  to have a role in  the  facilitation of 
such  interactions  as  has been  shown for the  binding of the 
sV40 large T antigen  to  the origin region I (Ryder et al., 
1986). I t  would thus seem that a  sequence-directed curvature 
in a DNA molecule would be  placed in  critical regions a t  
which a target for  a protein  should be located. Several in- 
stances  supporting  this  hypothesis have been described. (i) 
Intrinsic curving in  the vicinity of promoters may be a  general 
feature, at least for E. coli promoters  (Plaskon  and  Wartell, 
1987). (ii) The E. coli integration  host  factor  sharply  bends X 
DNA at  the cos site  near  an  intrinsic curved site  (Kosturko 
et al., 1989).  (iii) There is a preferential recognition of LexA 
to  its  target  when  it  is placed in a curved region (Lloubbs et 
al., 1988). (iv) DNA bending induced by plasmid replication 
initiator  proteins seems to be  a  common feature  (Mukherjee 
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FIG. 4. Electron micrograph of 
fragments of pLSlA24. Panel A, 
AflII-XrnnI, 718 bp, +fragment without 
addition of RepA  prepared  by adsorption 
to mica. Arrows point to the 58% coor- 
dinates. Panel B, same DNA fragment 
as in A but with RepA (50 ng) added. 
Arrowheads are indicating the positions 
of induced bending. Panel C, ApaLI- 
SspI, 716 bp, -fragment  prepared as in 
A without RepA. Panel  D, preparation 
of the -fragment with RepA as in B. 
Scale bar represents 1000 bp. 

TABLE I 
Bent  DNA molecules of the small fragment of pLSIA24 after double 

digestion os counted by  electron microscopy 
The amount of pLSIA24 DNA in the assay was 0.4 pg. (+fragment, 

718-bp AflII-XmnI fragment; -fragment, 716-bp ApaLI-Ssp1 frag- 
ment). 

No. straight No. bent % bent 
molecules molecules 

+Fragment None 175 13 7 
50 44 a7 66 

100 38 89 70 
-Fragment None 182 10 5 

50 132 14  10 
100 86 23 21 

w 

Ah11 ApaLI 

FIG. 5. Frequency distribution of the location of bent posi- 
tions on the +fragment. 154 bent fragments as shown in  Fig. 4B 
were  measured and aligned. The ordinate shows the number of bent 
sites found along the fragment within a range of 14  bp (2% of the 
fragment length). 

et al., 1985; Zahn and  Blattner, 1985;  Koepsel and  Khan, 1986; 
Muller et al., 1987). 

In the case of the broad host range plasmid pLSl DNA, 
one of the loci  showing intrinsic curvature (P6rez-Martin et 
al., 1988) contains the target for the plasmid-encoded protein 
RepA. The intrinsic curving was detectable by  gel electropho- 
resis analysis (Fig. 2 and 3), and by electron microscopy we 
have at  least indications for enhanced curvature at  the ex- 
pected position (Fig. 4A). The target of RepA has been placed 
around coordinate 607 within the HinfID fragment by  gel 
retardation assays (Fig. 1) and by DNase I footprinting (del 
Solar et al., 1989). By appropriate linearizations of pLSl 
DNA,  we generated a  set of linear molecules in which the 
distance of the RepA target to  the end of the molecules  varied. 
In these conditions, the apparent electrophoretic mobilities 
of the DNA. RepA complexes approached a maximum, as  the 
RepA-binding site was  placed toward the end of the DNA 

;_.. .. . .. .., :... ..* ' I. . . .  . . 

Y Z  PLANE 

FIG. 6. Computer-generated intrinsic DNA curvature of 
pLSl DNA between coordinates 530 (small square) and 630. 
Arrow points to the position of the ApaLI restriction site, protected 
upon binding of  RepA. A-A wedge angle was estimated to be 8.6", 
according to Trifonov (1985). Similar predictions were obtained by 
application of the roll angle values of Calladine et  al. (1988). 

molecules, pointing to  the induction of a bend by RepA  (Fig. 
2). The circular permutation assay (Wu  and  Crothers, 1984) 
performed with the RepA DNA complexes (Fig. 3) allowed a 
more precise definition of the center of the RepA-induced 
bending as being located in  the vicinity of the ApaLI site. 
These observations were fully confirmed by the electron mi- 
croscopic analysis of the complex RepA.pLS1 DNA. This 
complex  could  be readily determined by induced kinks  and 
small dots at  the binding site. The position of the RepA- 
induced bending fits precisely to  the target of the protein at 
the ApaLI restriction site (coordinate 607;  Figs. 3  and 4). We 
may conclude that  the binding of RepA to  its naturally curved 
target promotes bending in this region, similar to  the LexA- 
target recognition (Lloubhs et al., 1988). One small protein 
molecule like RepA (5.1 kDa) bound to DNA should not be 
visible in the electron microscope under the preparation con- 
ditions used. This might be an indication that several RepA 
molecules are  present  in  a cluster, or  the observed dots may 
represent decoration effects at  the complex during the  plati- 
num-iridium shadowing. 

Computer predictions using the Trifonov (1985) or  the 
Calladine et al. (1988) models  showed that between coordi- 
nates 530 and 630, an intrinsic  curvature  in the  pLSl DNA 
may exist (Fig. 6).  This curvature is located nearby the RepA 
target, since within this region the ApaLI site  is placed (co- 
ordinate 607). In its vicinity (coordinates 534-566,  Fig. 3C), 
the plasmid three direct repeats  are located. Although cloning 
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of these  repeats into a compatible plasmid does not  result in 
incompatibility toward pLSl (results  not shown), the pLS1 
ori(+) has been mapped within this region (Puyet et al., 1988). 
In addition, the repAB promoter gene has been located be- 
tween coordinates 598 and 628, included in the curved region? 
Since RepA shows the a-helix-turn-a-helix motif typical for 
many DNA-binding proteins, we may postulate that regula- 
tion of gene expression by  RepA  would  be exerted by control- 
ling its own synthesis and by limiting the  rate of synthesis of 
the replication initiator  protein, RepB. An alternative  expla- 
nation could be that  the binding of RepA to its  target would 
hinder the recognition of RepB for the plasmid  OF^(+), either 
by increasing the  natural curvature of the DNA in  this region 
or by a physical occupancy of the RepB target.  Whether RepA 
binds to  an operator-like sequence or its regulation is exerted 
by competing with the RNA polymerase for binding to  the 
repAB promoter is a question under current investigation. 

Acknowledgments-We thank T. A. Trautner for his interest  in 
this project and for critical revision of the manuscript.  We  also thank 
J. C. Alonso and W. Messer for help and discussions. The excellent 
technical  assistance of M. T. Alda is fully acknowledged. 

REFERENCES 

Bazett-Jones, D. P., and Brown, M. L. (1989) Mol.  Cell. Biol. 9, 336- 

Calladine, C. R., Drew, H. R., and McCall, M. J. (1988) J.  Mol. Bid. 

del Solar, G. H., Puyet, A., and Espinosa, M. (1987) Nucleic Acids 
Res. 15,5561-5580 

del  Solar, G. H., de la Campa, A. G., Pirez-Martin,  J., Choli, T., and 
Espinosa, M. (1989) Nucleic Acids  Res. 17, 2405-2420 

Frederick, C.  A., Grable,  J., Melia, M., Samudzi, C., Jen-Jacobson, 
L., Wang, B.-C., Greene, P., Boyer, H. W., and Rosenherg, J. M. 
(1984) Noture 309,327-331 

Gartenberg, M. R., and Crothers, D. M. (1988) Nature  333,824-829 
Griffith, J., Bleyman, M., Rauch, C.  A., Kitchin, P. A., and Englund, 

Gronenborn, A. M., Nermut, M. V., Eason, P., and Clore, G. M. 

Koepsel, R. R., and  Khan, S. A. (1986) Science 233, 1316-1318 
Kosturko, L. D., Daub, E., and Murialdo, H. (1989) Nucleic Acids 

341 

201, 127-137 

P.  T. (1986) Cell 46, 717-724 

(1984) J .  Mol. Bioi. 179 ,  751-757 

Res. 17, 317-334 

G. H. del Solar, J. Pirez-Martin,  and M. Espinosa,  manuscript in 
preparation. 

Koudelka, G. B., Harbury, P., Harrison, S. C., and  Ptashne, M. (1988) 

Lacks, S. A., Lopez, P., Greenherg, B., and Espinosa, M. (1986) J.  

Laundon, C. H., and Griffith, J. D. (1987) Biochemistry 26, 3759- 
3762 

Lloubis, R., Granger-Schnarr, M., Lazdunski, C., and  Schnarr, M. 
(1988) J. Mol. Biol. 204, 1049-1054 

Marini, J. C., Levene, S. D., Crothers, D. M., and Englund, P. T. 
(1982) Proc. Natl. Acud. Sci. U. S. A. 79, 7664-7668 

Marini, J. C., Effron, P.  N., Goodman, T. C., Singleton, C. K., Wells, 
R. D., Wartell, R. M., and Englund, P. T. (1984) J.  Biol. Chem. 

Maxam, A. M., and Gilbert, W. (1980) Methods Enzymol. 65, 499- 

Moskaluk, C., and Bastia, D. (1988) Proc. Natl. Acad. Sci. U. S. A. 

Mukherjee, S., Patel, I., and Bastia, D. (1985) Cell 43, 189-197 
Muller, D., Ugi, I., Balias, K., Reiser, P., Henning, R., and  Montenarh, 

M. (1987) Virology 161,Bl-90 
Ohlendorf, D. H., Anderson, W. F., Fisher, R. G., Takeda, Y., and 

Matthews, B. W. (1982) Nature 298, 718-723 
Otwinowski, Z., Schevitz, R. W., Zhang, R.-G., Lawson, C. L., Joach- 

irniak, A., Marmorstein, R. Q., Luisi, B. F., and Sigler, P. B. (1988) 
Nature 335, 321-329 

Pabo, C. 0.: and Sauer, R. T. (1984) Annu. Reu.  Biochern. 53, 293- 
321 

Peacock, A., and Dingman, C. W. (1968) Biochemistry 7 ,  668-674 
Pirez-Martin, J., del Solar, G. H., de la Campa, A. G., and Espinosa, 

Plaskon,  R. R., and Wartell, R. M. (1987) Nucleic Acids  Res. 15,785- 

Prentki, P., Chandler, M., and Galas,  D. J. (1987) EMBO J .  6, 2487- 

Puyet, A., del Solar, G. H., and Espinosa, M. (1988) Nucleic Acids 

Rosenberg, A. H., Lade, B. N., Chui, D.-S., Lin, S.-W,  Dunn, J. J., 

Ryder, K., Silver, S., DeLucia, A. L., Fanning, E., and Tegtrneyer, P. 

Salvo, J .  J.,  and Grindley, N. D. F. (1988) EMBO J.  7, 3609-3616 
Spiess, E., and Lurz, R. (1988) in Methods in Microbiology (Mayer, 

Stenzel, T. T., Patel, P., and  Bastia, D. (1987) Cell 49, 709-717 
ten Heggeler, B., and  Wahl, W. (1985) EMBO J.  4, 2269-2273 
Trifonov, E. N. (1985) CRC Crit. Reu. Biochem. 19,89-106 
Trifonov, E. N., and Ulanovsky, L. E. (1988) in Unusual DNA 

Structures (Wells, R. D., and Harvey, S. C., eds)  pp. 173-187, 
Springer-Verlag, New York 

Proc. Nutl. Acad.  Sci. U. S. A. 85, 4633-4637 

Mol. Biol. 192, 753-765 

259,8974-8979 

560 

85,1826-1830 

M. (1988) Nucleic Acids  Res. 1 6 ,  9113-9126 

796 

2497 

Res. 16, 115-133 

and  Studier, F. W. (1987) Gene (Amstr.) 56, 125-135 

(1986) Cell 44 ,  719-725 

F., ed) Vol. 20, pp. 293-323, Academic Press,  London 

Wu, H.-M., and Crothers, D. M. (1984) Nature 308, 509-513 
Zahn, K., and  Blattner,  F. R. (1985) EMBO J.  4,  3605-3616 


