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  We  have observed  the elastic  response  of  single  DNA  molecules  and  visualized  it during
the collapsing  transition induced by trivalent cation,  spermidine  (SPD). A  fiuorescent dye,
YOYO-1,  was  used  for the visualization.  While the  contour  Iengt]h of  DNA  increases as  the
YOYO  concentration  increases, the contour  length decreases as  SPD  concentration  increases.
This indicates that YOYO-SPD  exchange  occurs  on  the  single  DNA  rnolecule.  We  have
observed  bright spots  in the fluorescence intensity profile of  collapsed  DNA  during stretching,
which  may  correspond  to the collapsed  parts within  the  single  DNA,  The decrease ef  the
intensity of  the  spots  in stretching  implies the mechanical  unfolding  of  collapsed  parts.

gl. Introduction

   DNA  molecules  in aqueous  solution  containing  mono-valent  cations  repel  each

other,  however, multivalent  cations  induce the  DNA  molecules  to collapse  or  con-

dense. This phenornena  is well  known  as  DNA  condensation  and  has been widely

studied  fbr over  25 years.i) Recent single  molecule  techniques  provide new  inter-
ests  in DNA  condensation  at  single  molecule  level.2)-4) While an  elastic  response

of  a  single  DNA  in an  elongated  coil state  shows  the entropic  elasticity  of  an  ideal
worm-like  chain  (WLC),5) the response  in a  collapsed  state  is quite different from

the WLC  behavior. The  elastic  response  depends on  multivalent  cation  concentra-

tion.4) At low concentration  of  trivalent cation,  spermidine  (SPD), fbrce-extension

(ix) curves  show  force plateau in a wide  range  of  the extension.  With increasing
the SPD  concentration,  a  sawtoQth  pattern called  as  a stick-release  pattern appears;
the  force first gradually increases with  increasing extension,  then abruptly  decreased
periodically during stretching,  The  periodicity  of  stick-release  patterns may  reflect

the unfolding  of  a  toroidal condensate  in well  defined quanta,4))6),7) however, there
is no  direct evidence  to explain  so  far. In the  present study,  we  have visualized  single

DNA  molecules  using  a  fluoTescent dye, YOYO,  and  measured  elastic  responses  of

single  DNA  molecules  at  various  YOYO  and  SPD  concentrations  to elucidate  the
mechanism  of  collapsing  and  uncollapsing  process at  single  molecule  level,

S2. Materials andmethods

   Both  ends  of  A-Phage DNA  of  48.5 kilobasepairs were  attached  to streptavidin-

coated  beads of  2.0 pam diameters, via  biotinylated oligonucleotides  that hybridized
to the  single-stranded  ends  of  ADNA.8)  The  resulting  DNA-beads  complexes  were

diluted with  buffer solution  (10 mM  [[hris-HCI, 1 mM  EDTA,  2 mM  NaCl, pH  7.0),
and  the final nucleotide  concentration  of  DNA  was  10-100  nM.  All solutions  used
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Millipore water  (18,2 M9cm).  We  introduced the DNA-beads  solution  into a  flow

chamber;  a  silicon  rubber  (thickness O.5 mm)  was  sandwiched  between two glass cov-

erslips  (thickness O.12-O.17 mm).  We  used  a  dual-trap optical  tweezers4)  to stretch

individual DNA  molecules  tethered beads. First, we  searched  bead-DNA-bead  com-

plexes in the flow chamber  and  each  bead was  trapped  at  each  focus and  buffer

solution  was  introduced -to remove  other  beads and  DNA  molecules.  Then  a  solu-

tion containing  an  appropriate  amount  of  YOYO  or  SPD  in buffer was  introduced.

We  captured  the two  beads  images by aCCD  camera  and  analyzed  onacomputer.

The  distance between the  two  beads centers  determines the extension  of  DNA  and

the  displacement of one  bead from the Iaser beam  spot  determines the force acting

on  DNA.  When  we  visualized  DNA  molecules  a  fluorescent dye YOYO  was  used

and  0.1 mg  ml-i  glucose oxidase,  0.04 mg  ml-i  catalase,  O.4% glucose and  1%  fi-
mercaptoethanol  were  added  to retard  photo-bleaching. We  observed  fluorescence

images of  single  DNA  molecules  using  a  cooled  CCD  camera  (Hamamatsu, HiSCA).

g3. Results and  discussion

   First, fx  curves  at  various  concentrations  ofYOYO  were  measured.  The  dye is

often  used  as  a  fluorescent probe in DNA  analysis  because of its high arnnity  and

low background. It is a bis-intercalator and  has four positive charges  in aqueous

solution.  The  binding of  YOYO  to DNA  infiuences not  only  elastic  properties but

also  the collapsing  transition by  multivalent  cations.  The intercalation of  YOYO  in-

creases  the contour  length and  the persistence length of  DNA.8)  Moreover, the high

afinity  of  YOYO  prevents DNA  from the collapsing;9)  the critical  concentration  of

multivalent  cations  in collapsing  transition increases. Figure 1(I) shows  that the

contour  length of  DNA  increases from 16.6 to 25.7 pam as  the YOYO  concentration

increases from O to O.5 paM. The  contour  length is obtained  by fitting the measure-

ments  using  WLC  model,5)  Next, the concentration  of  YOYO  and  SPD  was  varied

by exchanging  solutions,  and  fx curves  fbr an  identical DNA  was  measured  at  each

concentration,  As shown  in Fig. 1(II), the contour  length increases (a -)F b) when
the solution  is exchanged  to O.1 psM YOYO.  However, the  contour  length decreases

as the SPD  concentration  increases (b -  c  -  d), though  the same  amount  ofYOYO

is contained.  In the  absence  of  YOYO,  the  contour  length does not  change  when  the

SPD  concentration  is varied  (data not  shown).  The decrease of  the  contour  length

in Fig. 1(II) is caused  by the  detaching of  YOYO  from DNA,  which  indicates that

exchanges  of  counterions  on  a  single  DNA  molecule  is occurred.  Both YOYO  and

SPD  are  positively charged  and  behave  as  counterions  fOr DNA's  negative  charges.

YOYO  molecules  binding to DNA  are  detached and  SPD  molecules  bind instead

when  the SPD  concentration  increases. Similar effects  have been  observed  in bulk

systems;iO),ii)  fluorescence intensities decrease due to detaching of  dyes from DNA

molecules  as' multivalent  concentrations  increase. At 10 mM  SPD, the WLC  behav-

ior disappears and  a  typical stick-release  pattern of  a collapsed  DNA  appears.  In the

present conditions,  the critical  concentration  of  the collapsing  transition is about  1-

10 mM.  This confirm  that YOYO  prevents DNA  from  the  collapsing,  because the dis-

appearance  of WLC  behayior can  be observed  at 200-500 ptM SPD  without  YOYO.
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1, (I) F-x curves  at various  YOYO  concentrations.  a:  O paM, b: O.Ol pM,  c: O.1 "M,  d:
YOYO.  (II) F-x curves  at various  SPD  concentrations,  a:  ne  SPD  and  no  YOYO,  b: O
5 mM,  d: 10 mM  SPD,  O,1 pM  YOYO  are  contained  in b, c and  d.
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Fig. 2. F-x curves  at  5 and  20 mM  SPD,
  O.1 pM  YOYO  are  contained  in both cases.

  Stretching and  release  are  repeated  for an

  identical DNA  molecule.

collapsed  DNA  molecules  in stretching  were  obtained  to

fblding processes. Figures 3 and  4 show  the

the fluorescence intensity profiles at  O and

were  captured  every  1 sec  with  1 sec  of  exposure  time  and  only  six  picked up  images
are  shown.  We  can  see  the evidence  of  collapsing  at  20 mM  SPD  from  fluorescence
images. The  motions  of  DNA  during stretching  are  clearly  different between no  SPD
and  20 mM  SPD  cases,  though  it is difficult to distinguish the difference by static  im-
ages.  While DNA  highly fluctuates in perpendicular direction to the  stretching  at  no

SPD, there are  almost  no  fluctuations in that direction at 20 mM  SPD. At no  SPD,
there are  no  bright spots  at  fixed positions in fiuorescence intensity profiIe. At 20 mM
SPD, however, we  can  see  bright spots  at  around  14 and  18 pam in Fig. 4, which  may

correspond  to the collapsing  parts within  single  DNA  molecule.  The  decrease of

the fluorescence intensity of  spots  implies the mechanical  unfolding  of  the  collapsed

parts, which  are  related  to the stick-release  response  in fx  curves,  though  we  need

simultaneous  measurements  of  fluorescence images and  elastic  responses  to conclude.

   Figure 2 shows  fx  curves  at  20 mM

SPD  and  0.1 paM  YOYO,  The  stick-

release  response  in stretching  and  force
plateau of  about  1 pN  in release  can

be observed  repeatedly.  It clearly  indi-

cates  that  the  DNA  molecule  is in col-
lapsed state  at  this condition.  The fx
curves  show  WLC  behavior and  there

is no  hysteresis in stretching  or  release

when  DNA  is in an  elongated  coil  state.

In a  collapsed  state,  however, hystere-
sis in stretching  or  release  has been ob-
served.4)  Such hysteresis in fx  curves

has been  observed  also  in numerical  sim-

ulations.7),12),13)

   Third, fluorescence images of  single

           verify  the  mechanical  un-

 fluorescence images  and  time  series  of

20 mM  SPD, respectively.  The  images
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Fig. 3. No  SPD  and  O.1 pM  YOYO,  (Left): Fluorescence images of  single  DNA  molecule  in stretch-

   ing. The  scale  bar is 10 pm.  Large bright circles  at  both ends  are  beads. (Right): Time  series

   of  the fluorescence intensity profiIe along  the DNA.  Gray  scale  (arbitrary unit)  indicates the

   fluorescence intensity.
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Fig. 4. 20 mM  SPD  and  O.1 paM  YOYO,  (Left): Fluorescence images, The  scale  bar is 10 ptm.

   Large bright circles  at  both ends  are  beads, (Right): Time  series  of  the fluorescence intensity

   profile. Thick arrows  on  the top  indicate the positions of  bright spots.

   [[b summarize,  we  have observed  the  e!astic  responses  of  single  DNA  molecules  at

various  concentration  of  YOYO  and  SPD, The  counterion  exchange  on  a  single  DNA

molecule  was  observed  as  the  change  of  DNA  contour  length. The  decrease of  the

fluorescence intensity of  the spots  within  a  single  DNA  may  reflect the mechanical

unfolding  of  collapsed  parts.

We  would  like to thank  Dr. Hirofumi Wada  for helpful discussion.
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