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ABSTRACT

BIOPHYSICAL P R O P E R T IE S  O F 

MODIFIED OLIGODEOXYNUCLEOTIDES

by

Robin S . Q uartin

Advisor: Dr. J a m e s  G. W etm ur

T he therm odynam ic  a n d  biochem ical p ro p ertie s  of tw o ty p e s  of modified 

o ligodeoxynucleo tides w ere  investigated  in o rd e r to  im prove upon curren t 

app lications an d  to  d evelop  new  m olecu lar biology tools.

O ligodeoxynucleo tides contain ing  u n ch arg ed , chiral m eth y lphosphonate  

linkages bound  specifically to im m obilized co m p lem en ta ry  DNA. T h e se  

o ligodeoxynucleo tides w ere  u se d  to ex am ine  th e  effect of red u ced  c h a rg e  on 

th e  th e rm odynam ics of binding to co m plem en tary  DNA o r com plem entary  

oligodeoxynucleo tides. T h e  free  en erg y  d e c re m e n t p e r linkage w a s  -0 .75 

kcal/m ol in high salt. T he  a b s e n c e  of a  c h a rg e  c h a n g e  for n e a re s t ne ighbor 

b a s e  pairs  contain ing  a  m eth y lp h o sp h o n ate  linkage led to  g re a te r  hybrid 

stability for su b stitu ted  o ligodeoxynucleo tides a t low salt. Finally, an aly sis  of 

d issociation  te m p e ra tu re s  ind ica ted  th a t substitu tion  of m ethy lp h o sp h o n ate  

linkages a t high sa lt only a ffec ted  the  rev e rse  ra te  co nstan t.

O ligodeoxynucleo tides with different a rra n g e m e n ts  of d ie s te r  and  

m eth y lp h o sp h o n ate  linkages w ere  exam in ed  for n u c lea se  sensitivity m vitro 

a n d  in tis su e  culture using  an  a s s a y  for th e  ability to ge l—shift a  labeled



co m p lem en ta ry  p h o sp h o d ie s te r  o ligodeoxynucleotide. Both 5 ’ a n d  3’ 

e x o n u c le a se  function w a s  im paired  by m eth y lp h o sp h o n ate  linkages. T he 

sm alles t s p a n  of internal p h o sp h o d ie s te r  linkages co rre la ted  with th e  g re a te s t 

re s is ta n c e  to  e n d o n u c le a se . H ow ever, in cell cu ltu re  th e  half-lives of th e se  

o ligodeoxynucleo tides w ere  in d ep en d en t of th e  n u m b er of con tiguous 

p h o sp h o d ie s te r  linkages. R N ase  H a s s a y s  indicated  th a t a  minimal sp a n  of 

th re e  internal p h o sp h o d ie s te r  linkages in a  m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleotide w as  n e e d e d  to  allow  c leav ag e  of th e  RNA in th e  duplex.

W e h a v e  a lso  d ev e lo p ed  a  highly s e q u e n c e -sp e c if ic  c ap tu re  reaction 

b a se d  on in c re ase d  DNA-DNA hybrid stability d u e  to  substitu tion  of 

b rom odeoxycytid ine (BrdC) for deoxycytidine (dC). B rdC -contain ing  

o ligodeoxynucleo tides d isp la ce d  d C -co n ta in in g  s tra n d s  from d u p lex es  with 

b lu n t-en d s  o r 3’-o v e rh a n g s . A B rdC -contain ing  o ligodeoxynucleotide, u s e d  for 

tran s ien t s e q u e n c e -sp e c if ic  invasion  a t a  particu lar P stl s ite , w a s  cap tu red  

using  DNA ligase  a n d  a  linker o ligodeoxynucleotide a t o v e r 300 tim es th e  rate 

for an  u n re la ted  P s t l site. Incorporation of an  incorrect nucleotide into a  

d isp iace r s tran d  d em o n stra ted  th a t b ran ch  migration te rm in a ted  a t a  m ism atch. 

A b ran ch ed , B rdC -contain ing  ligated  cap tu re  reaction  p roduct w as  c lo n ed  and  

s e q u e n c e d .
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FORM AT O F  TH E SIS 

This th e s is  w a s  p re p a red  accord ing  to  th e  g u ide lines of th e  City 

U niversity of N ew  York. T h e re  is a  g en era l introductory ch ap te r, followed by 

th re e  re se a rc h  article c h ap te rs , an d  an  overall d iscu ss io n  ch ap te r. C h a p te r  II is 

a  previously pub lished  article, c h a p te r  III re p re se n ts  unpub lished  w ork d o n e  in 

co llaboration  with C hristine L. Brakel an d  J o a n n e  P. S p a d o ro  of Enzo 

B iochem , a n d  c h a p te r  IV is an  article th a t h a s  b e en  subm itted  for publication. 

E ach  re se a rc h  c h a p te r  co n ta in s  an  introduction, a  m ateria ls  an d  m ethods 

sec tio n , a n d  re sea rc h  a n d  d iscu ssio n  sec tio n s  (com bined  in c h a p te r  II). 

R e fe ren c es  for all of th e  c h a p te rs  a re  com piled  in th e  bibliography.
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INTRODUCTION

1

A. MODIFIED OLIGODEOXYNUCLEOTIDES

O ligonucleo tides h av e  b e e n  u s e d  a s  m o d e ls  for th e  s tudy  of th e  m any 

com plex  in teractions of nucleic ac id s  with o th e r nucleic ac id s  (B reslauer, e t al., 

1986; Freier, e t al., 1986) o r nucleic acid  binding p ro te ins (K ad o n ag a  & Tjian, 

1986; R au sch er, e t al., 1988). O ligodeoxynucleo tides a re  im portant too ls for 

seq u e n c in g  (G ibbs, e t al., 1989), m u ta g e n es is  (Kunkel, e t al., 1987; F o ss  & 

M cClain, 1987), p o ly m erase  chain  reaction  am plification (Saiki, e t al., 1988), 

a n d  o th e r m olecu lar biology te ch n iq u es , a n d  for a n tis e n se  s tu d ie s  of various 

biological sy s te m s  (van d e r  Krol, e t al., 1988), including th e rap eu tic  control of 

g e n e  ex p ress io n . O ligodeoxynucleo tides p o s se ss in g  structural m odifications 

exhibit qualitatively sim ilar but quantitatively  different in teractions with 

co m p lem en ta ry  nucleic ac id s , p ro te in s a n d  o th e r m olecu lar co m p o u n d s. The 

m ajor th e m e  in th is  th e s is  is th e  investigation of th e  th e rm odynam ic  and  

b iochem ical p roperties  of m odified o ligodeoxynucleo tides. A de ta iled  

u n d ers tan d in g  of th e  ch arac te ris tic  beh av io r of o ligodeoxynucleo tides with a  

particu lar ty p e  of modification p rov ides a  b a s is  for th e  im provem ent of their 

cu rren t u s e s  an d  for th e  d ev e lo p m en t of new  app lications.

T he two ty p e s  of m odifications a d d re s s e d  in th is th e s is  a re  

m eth y lp h o sp h o n ate  substitu tion  of th e  o ligodeoxynucleo tide b ack b o n e , an d  the  

re p lacem en t of deoxycytid ine (dC) by th e  m odified b a se , 5 -brom odeoxycy tid ine  

(BrdC). T he s tu d ie s  of m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides 

h av e  a  bearing  on th e  cu rren t u s e  of th e s e  m o lecu les a s  a n tis e n se  ag en ts .
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T he s tudy  of B rd C -su b stitu ted  o ligodeoxynucleo tides h a s  b e e n  e x p an d e d  to 

include th e  d ev e lo p m en t of a  m ethod  for s e q u e n c e -sp e c if ic  labeling and  

cloning.

B. OLIGODEOXYNUCLEOTIDES A S A N TISEN SE A G EN TS

T he term  "an tisen se"  w a s  initially u s e d  to  d e sc rib e  th e  RNA involved in 

th e  regulation of m e s s e n g e r  RNA translation  an d /o r lifetime in various 

prokaryotic o rg an ism s (G reen , e t al., 1986). N aturally occurring a n tis e n se  

RNAs h ave  b e e n  found in e u k a ry o te s  a s  well (H eyw ood, 1986; S te v e n s , e t  al., 

1987). T he  artificial regulation of g e n e  ex p ress io n  in eu k a ry o te s  by a n tis e n se  

RNA a n d  by short, com plem en tary  s e q u e n c e s  of o ligodeoxynucleo tides h a s  

b e e n  th e  su b jec t of a  recen t review  (van d e r  Krol, e t al., 1988).

T h e re  a re  a  n u m b er of fac to rs  to  b e  co n sid e red  w hen  using a n tise n se  

o ligodeoxynucleo tides. T he length  of th e  o ligodeoxynucleo tide  is im portant to 

both th e  specificity of th e  effect an d  to  th e  stability of th e  hybrid to  b e  form ed. 

T h e  binding of an  o ligodeoxynucleo tide  to  co m p lem en ta ry  RNA is 

concen tra tion  d ep en d e n t. T he  sh o rte r  th e  a n tis e n se  nucleo tide  s e q u e n c e , the  

m ore likely it is to  find additional com plem en tary  s e q u e n c e s  within th e  mRNA 

population in a  cell, a n d  h e n ce  th e  m ore p ro te in s th a t m ay b e  a ffec ted  a t 

once . Longer s e q u e n c e s  a re  m ore specific an d  a lso  co n fe r g re a te r  stability to 

th e  m R N A :oligodeoxynucleotide hybrid th an  sh o rte r s e q u e n c e s . H ow ever, 

longer o ligodeoxynucleo tides h av e  m ore difficulty pen etra tin g  cell m em b ran es . 

Both delivery into th e  cell a n d  stability to e n d o -  an d  e x o n u c le a se s  in the  

cellu lar env ironm ent a re  im portant p a ram e te rs .
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S in g le -s tra n d e d  o ligodeoxynucleo tides with s tan d a rd  p h o sp h o d ies te r 

b a c k b o n e s  might not be  e x p e c te d  to  freely c ro s s  a  cell m em b ran e , a n d  would 

certainly b e  ta rg e ts  for d eg rad a tio n  by n u c le a se s . Z am ecn ik  a n d  cow orkers, 

how ever, h av e  rep o rted  s u c c e s s  in cell cu lture with an  a n tis e n se  1 3 -m er 

o ligodeoxynucleo tide which b locks R o u s s a rc o m a  virus replication (Z am ecnik  

& S te p h e n so n , 1978) a n d  with a  2 0 -m e r which inhibits hum an 

im m unodeficiency virus (HIV) replication a n d  ex p ress io n  (Z am ecm ik, e t al.,

1986). It is in teresting  to  no te  th a t a  b e tte r  a n tis e n se  effect w as  d e te c te d  with 

o ligodeoxynucleo tides th a t w ere  b locked  a t th e  3 -  an d  S’-te rm in a l hydroxyls 

with iso u re a  derivatives (Z am ecnik , e t al., 1986). M ore recently , by testin g  a  

pan e l of s ta n d a rd  o ligodeoxynucleo tides ta rg e ted  to  a  large n u m b er of reg ions 

of th e  HIV RNA, th e  term inal re p e a ts , th e  prim er binding site , a n d  certain  

sp lice  a c c e p to r  s ite s  w ere  m o st effectively blocked (G oodchild, et al., 1988). 

T he resu lts  of a  s tudy  of o ligodeoxynucleotide  stability in cell culture 

su g g e s te d  th a t unm odified o ligodeoxynucleo tides would b e  ra th e r s tab le  in 

reticulocyte lysate  a n d  cell cu lture sy s te m s  but would not b e  very  effective in a  

w hole an im al ex p erim en t (W ickstrom , 1986).

In th e  in te re st of g en era tin g  th e  h ig h est d e g re e  of efficiency in 

transla tion  inhibition, it is d e sirab le  to  chem ically  a lte r o r au g m en t the  

o ligodeoxynucleotide  in o rd e r to  facilitate its entry  into th e  cell an d /o r in c rease  

its half-life, while m aintaining or in creasing  its affinity for th e  specific mRNA. 

O n e  type  of m odification to in c re a se  affinity (and  provide so m e  n u c lea se  

pro tection) is th e  coupling of th e  o ligodeoxynucleotide  to an  a g en t th a t can  

in te rc a la te  b e tw e e n  th e  o lig o d e o x y n u c le o tid e  a n d  th e  mRNA. 

O ligodeoxynucleo tides th a t a re  covalently  linked a t th e  3 ’ e n d  to acrid ine
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derivatives h av e  b e e n  u s e d  to  inhibit th e  sy n th e s is  of th e  g e n e  3 2 -e n c o d e d  

protein of b ac te rio p h ag e  T4, ]n vitro (Toulm e, e t al., 1986). T h e se  

o ligodeoxynucleo tides provided  b e tte r efficiency of inhibition th an  hom ologous 

u n su b stitu ted  o ligodeoxynucleo tides. H ow ever, th e  contribution of th e  

in tercalating a g e n t to  th e  dup lex  stability d e c re a s e d  a s  th e  length of th e  

o ligodeoxynucleotide chain  is in c reased .

T he p re s e n c e  of 3’ o r 5’ covalen tly -linked  acrid ine  m o ie ties p ro tec ted  

th e  o ligodeoxynucleotide  from e x o n u c le a se s , bu t not e n d o n u c le a se s  (Toulm e, 

e t al., 1986). O lig o (a lpha-deoxynucleo tides) sy n th es ized  from a lp h a  a n o m ers  

of thym idine, ra th e r th an  th e  native b e ta  an o m er, d e m o n s tra ted  g re a te r  

n u c lea se  re s is tan ce , form s tab le  d u p lex es  with po lyribonucleotides, an d  w ere  

a lso  ab le  to  be  linked to  acrid ine  or o th e r derivatives (T huong, e t al., 1987).

O ligodeoxynucleo tides with phosp h o ro th io a te  linkages a re  DNA 

a n a lo g u e s  originally d e s ig n e d  for th e  study  of th e  in teractions b e tw een  DNA 

an d  e n zy m e s  (E ckstein , 1985). T he a lte red  b ack b o n e  s tru c tu re  d u e  to  the  

sulfur g ro u p s  co n fe rred  re s is ta n c e  to  d eg rad a tio n  by certa in  n u c le a se s . 

P h o sp h o ro th io a te -su b s titu te d  o ligodeoxynucleo tides a re  a lso  d iaste rio so m eric  

an d  have  d e c re a s e d  affinity for their com plem en ts . This h a s  b e e n  found to  be  

m ore so  with AT b a s e  pairing th an  for G C  (S tein , e t al., 1988). In an  

a n tis e n se  study to  inhibit HIV infection of cell cu ltu res, th e  re su lts  w ere  

co n sis ten t with a  m echan ism  of HIV inhibition involving a  n o n - s e q u e n c e -  

specific  in teraction of th e  o ligodeoxynucleo tides with the ir ta rg e t, possib ly  the  

rev e rse  tra n sc r ip ta se  (M atsukara , e t al., 1987). H om opolym eric 

o lig ophosphorod ith ica tes  h av e  recently  b e e n  show n to  b e  highly effective 

inhibitors of HIV re v e rse  tra n sc r ip ta se  (C aru thers , e t al., 1989).
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Im proved delivery of a n tis e n s e  o ligodeoxynucleo tides into ce lls  c an  be  

ach iev ed  by conjugation  to  poly(L-lysine). S u ch  c o n ju g a te s  h av e  b e e n  u se d  

a t relatively low co n cen tra tio n s  to  efficiently inhibit th e  sy n th es is  of vesicu la r 

s tom atitis  v irus (VSV) p ro te in s a n d  VSV activity in cell cu ltu re  (L em aitre, e t al., 

1987). T he  poly(L -lysine) facilitated th e  entry a n d  survival of th e  

o ligodeoxynucleo tide  in th e  cell by a  m ech an ism  th a t h a s  not b e e n  

e s tab lish ed .

C. THE M ETHYLPHOSPHONATE LINKAGE IN A N TISEN SE STU D IES

M ethy lphosphonate  o ligodeoxynucleo tides a re  DNA a n a lo g u e s  which 

con tain  a  m odified b ack b o n e  s truc tu re  w h e re  th e  negatively  c h a rg ed  

p h o s p h o d ie s te r  linkage h a s  b e e n  re p la c e d  by a n  u n c h a rg e d  

m eth ly p h o sp h o n ate  (Miller, e t al., 1985). T h e  m odifications a re  inco rpo ra ted  

during th e  sy n th e s is  of th e  oligodeoxynucleotide, originally th rough  m anual 

coupling of p ro tec ted  nu c leo sid e  3’-(m eth y lp h o sp h o n ic  im idazolide) m o n o m ers  

(Miller, e t al., 1986), a n d  m ore recently , by au tom ation  of p h o sp h o n am id ite  

ch em istr ie s  with m ethy lphosphonam id ite  m onom ers. M ethy lphosphonate  

linkages a re  chiral, a n d  ex ist in tw o different isom eric  configurations: 

p seu d o ax ia l (S) an d  p seu d o eq u a to ria l (R) (Miller, e t al., 1979). T his re su lts  in 

multiple d ie s te re o iso m e rs  for e a c h  s e q u e n c e  th a t is sy n th es ized , but d o e s  not 

s e e m  to  ad v erse ly  affect its ability to  b a s e  p a ir with co m p lem en ta ry  nucleic 

a c id s  (Miller, e t al., 1981). T he  qu estio n  of s e q u e n c e  specificity of a  fully- 

m odified m e th y lp h o sp h o n a te  o ligodeoxynucleotide  is a d d re s s e d  in c h a p te r  II.
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V arious ch a rac te ris tic s  of m eth y lp h o sp h o n ate  o ligodeoxynucleo tides 

m ake  th em  particularly a m e n a b le  to a n tis e n se  s tu d ie s  in cell cu ltu re  a n d  in 

vivo. T he  n o n -c h a rg e d  linkages ren d e r m e th y lp h o sp h o n a te s  qu ite  lipophilic, 

allowing p a s s a g e  th rough  th e  p la sm a  m em b ran e. In addition, th e  a lte red  form 

of th e  b a ck b o n e  is a  s tru c tu re  re s is tan t to  va rio u s  n u c le a se s , so  the  

o ligodeoxynucleo tide h a s  a  long half-life in cell cu ltu re  m edium  a n d  inside 

cells  (Miller, e t al., 1981). A m ethy lp h o sp h o n ate  o c tam er, co m p lem en ta ry  to 

th e  a c c e p to r  sp lice  junction of two im m ediate  early  m RN A s in H SV -1 , w as  

a b le  to  inhibit v irus grow th, early  in th e  replicative cycle  (Sm ith, e t al., 1986). 

T he h ighest co n cen tra tio n s  of o ligodeoxynucleotide u s e d  in th e  s tudy  (150 pM) 

g a v e  th e  b e s t inhibition of viral protein sy n th es is  a n d  viral activity, but th e re  

w a s  a  sm all d e g re e  of inhibition of sy n th e s is  of certa in  low m olecu lar w eight 

cellu lar p ro te ins. This is attribu tab le  to  in c re a se d  favorability of partial duplex 

form ation a t h igher o ligodeoxynucleotide co n cen tra tio n s , a n d  to  th e  fact th a t 

su ch  relatively sho rt s e q u e n c e s  a re  likely to  find co m p lem en ts  within the  

mRNA population of th e  cell. In a  se c o n d  study , m eth y lp h o sp h o n ate  

o ligodeoxynucleo tides com plem en tary  to  th e  initiation co don  region of the  

mRNA of so m e  of-the p ro te ins of VSV w ere  ab le  to d e c re a s e  th e  sy n th e s is  of 

all VSV p ro te in s in infected  ce lls  (Agris, e t al., 1986). F ac to rs  contributing to 

th is  a re  th e  reg io n s  of s e q u e n c e  hom ology am ong  th e  v a rio u s  viral m RNAs, 

in teractions of o ligodeoxynucleo tides with replication in te rm ed ia tes  cau s in g  a  

d e c re a s e  in th e  m inus RNA tem p la te s  for mRNA, a n d  th e  tight rela tionsh ip  of 

g e n e s  a n d  p ro te ins in th e  viral infective cycle.

S ev e ra l m odified form s of o ligodeoxynucleo tides w ere  c o m p ared  for 

th e ir ability to  inhibit ex p ress io n  of th e  p la sm id -d irec ted  ch lo ram phen ico l
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a c e ty ltran s fe ra se  g e n e  in tra n sfe c te d  cells  (M a rcu s -S ek u ra , e t  al., 1987). 

Inhibition with th e  m eth y lp h o sp h o n ate  o ligodeoxynucleo tide w a s  d e p e n d e n t on 

both th e  co n cen tra tio n  a n d  chain  length. A p h o sp h o ro th io a te  

o ligodeoxynucleotide w a s  a b o u t tw ice a s  effective a s  its m eth y lp h o sp h o n ate  

an a lo g u e , w hich w a s  a b o u t tw o tim es  b e tte r  th an  th e  norm al 

o ligodeoxynucleotide. In a n o th e r  study , which involved th e  inhibition of H IV- 

d irec ted  syncy tia  form ation a n d  p24 ex p re ss io n , a n tis e n s e  e ffec tiv en ess  of 

fu lly -su b stitu ted  m e th y lp h o sp h o n a te  o lig o d eo x y n u c leo tid es  w a s  a lso  

co n cen tra tio n  a n d  length d e p e n d e n t (Sarin , e t al., 1988). A 2 1 -m e r with tw o 

co n secu tiv e  m e th y lp h o sp h o n a te s  a t th e  3’ a n d  5’ e n d s  w a s  no m ore effective 

th an  th e  control 2 0 -m e r d ieste r. A co m parative  s tudy  of th e  ability of s tan d a rd  

p h o sp h o d ie s te r  an d  m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides to  

block th e  transla tion  of hum an  dihydrofolate re d u c ta se  in a  reticulocyte lysate  

sy stem  found th a t while fully-m odified m e th y lp h o sp h o n a tes  bound  selectively  

to th e  ta rg e t RNA, th ey  did so  with 275-fold  low er affinity th an  th e ir re sp ec tiv e  

p h o sp h o d ie s te r  a n a lo g u e s  (M aher & Dolnick, 1988).

D. THERMODYNAMICS

A m ajor part of th e  w ork p re se n te d  in c h a p te rs  II an d  IV involves th e  

study  of th e  therm odynam ic  beh av io r of o ligodeoxynucleo tides with 

m eth y lp h o sp h o n ate  o r BrdC substitu tions, respectively . R esu lts  of s tu d ie s  of 

th e  affinities of natural, d ie s te r  form s of nucleic ac id s  for co m plem en tary  

s in g le -s tra n d e d  nucleic ac id s  h av e  b e e n  com piled (B reslauer, e t al., 1986; 

Freier, e t al., 1986). In th is  th e s is , m e th y lp h o sp h o n ate  an d  BrdC m odifications
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w ere  ex am in ed  for th e ir  e ffec ts  on nucleic acid  hybridization in an  effort to 

define  th e  cond itions for s tab le  dup lex  form ation with co m p lem en ta ry  nucleic 

acid  s e q u e n c e s .

1. M ETHYLPHOSPHONATE THERMODYNAMICS

M ethy lphosphonate  d inucleo tides w ere  show n  to  form s tab le  1:2 

co m p lex es  with p o ly d eo x y - a n d  po lyribonucleo tides an d  to  d isso c ia te  from 

th e s e  co m p lex es  a t h igher te m p e ra tu re s  th an  co rresp o n d in g  p h o sp h o d ies te rs  

(Miller, e t al., 1979). S u ch  resu lts  a re  d u e  to  th e  low er c h a rg e  repulsion 

be tw een  th e  n o n -io n ic  m eth y lp h o sp h o n ate  linkage a n d  th e  n eg a tiv e ly -ch a rg ed  

d ie s te rs  on th e  co m p lem en ta ry  d inucleo tides. H ow ever, it w a s  show n that 

s in g ly -su b stitu ted , se lf-co m p lem en ta ry  o c tan u c leo tid es  form ed le ss  s tab le  

d u p le x es  th an  the ir re sp ec tiv e  d ie s te r  a n a lo g u e s  (Bower, e t al., 1987). T he 

d inucleo tide  s tu d ie s  w ere  d o n e  in very low sa lt conditions (lOmM Tris, lOmM 

M g C y  while th e  o c tam er s tu d ie s  w ere  carried  ou t a t a  ran g e  of 0.05 to 1.0M 

NaCI. T he m eth y lp h o sp h o n ate  linkage h a s  a  com plex  effect on nucleic acid  

hybridization. W hile th e  p re s e n c e  of th e  n o n -io n ic  m ethy lp h o sp h o n ate  

linkages resu lts  in low er c h a rg e  repulsion within a  duplex  (or triplex, in th e  

ab o v e  c a se ) , th e re  a re  s teric  effects d u e  to  the  fact th a t a  m ethyl g roup  h a s  

rep laced  a n  oxygen . This re su lts  in a  d e g re e  of destab iliza tion  to  a  dup lex  for 

every  inco rpo ra ted  m eth y lp h o sp h o n ate . This effect is co m p o u n d ed  by th e  

isom eric  form s, particularly in m ultip ly-substitu ted  o ligodeoxynucleo tides. In 

both of th e  s tu d ie s  d e sc rib e d  ab o v e , th e  two isom eric  form s w ere  exam ined  

sep a ra te ly , a n d  th e  R type  w a s  found to allow for m ore s tab le  b a se -p a ir in g
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th an  th e  S  type. O n e  of th e  a im s of th e  work p re se n te d  in c h a p te r  II w as  to 

derive  th e  a v e ra g e  v a lue  for th e  c h a n g e  in free e n e rg y  p e r m eth y lp h o sp h o n ate  

linkage w hich re la te s  to  th e  destab ilizing  effect.

T he coil (s in g le -s tra n d ed ) form of DNA h a s  a  low er c h a rg e  density  th an  

th e  helical (d o u b le -s tra n d e d ) form (C an to r & Schim m el, 1980). This is 

b e c a u s e  in a  DNA dup lex  th e  b a s e s  a re  m ore s ta c k e d  th an  in th e  coil form, 

cau s in g  th e  n e g a tiv e ly -ch a rg ed  p h o sp h a te s  to  b e  c lo se r to  e a c h  o th e r in the  

helix form. T he g re a te r  repu lsive fo rces  in th e  helical form result in a  g re a te r  

a sso c ia tio n  with positive ions. T herefo re , th e re  is a  c h a n g e  in to tal ch arg e  

b e tw een  th e  helix an d  th e  coil form s. In th is th e s is  a  co m parison  is m ade 

be tw een  th e  effect of m eth y lp h o sp h o n ate  an d  d ie s te r  linkages on th e  ch an g e  

in c h a rg e  den sity  for th is transition . A m ajor focus in c h a p te r  II is an  

exam ination  of th e  conditions u n d e r which m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleo tides a re  m ore s tab le  th an  s ta n d a rd  a n a lo g u e s  in a  duplex 

with the ir com plem ent.

2. BROMODEOXYCYTIDINE THERMODYNAMICS

Early ex p erim en ts  h av e  show n th a t th e  substitu tion  of brom ine a t 

position C5 of pyrim idines le ad s  to in c re ase d  duplex  stability. R adding e t al. 

(1962) sh o w ed  th a t d G -B rd C  w a s  a  m ore therm ally  s tab le  b a s e  pair th an  d G -  

dC . In a n o th e r  study, poly dl.poly BrdC had  a  T m 26°C h igher th an  th a t of 

poly dkpoly dC  (Inm an & Baldwin, 1964), a n d  it w as  fu rther show n th a t poly 

BrdC d isp laced  poly dC  from th e  poly dlrpoly dC  duplex  to  form a  new  duplex 

with poly dl (Inm an, 1964). In c h a p te r  IV w e ex am in e  th e  p H -d e p e n d e n t effect
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of B rdC -substitu tion  on o ligodeoxynucleotide melting an d  derive  th e  value of 

th e  c h a n g e  in free  energ y  p e r  incorpora ted  BrdC nucleotide  a n d  the  relative 

stability of a  B rdC -dG  b a s e  pair v e rsu s  a  d C -d G  b a s e  pair.

E. BIOCHEMISTRY O F M ETHYLPHOSPHONATES

Q u estio n s  concern ing  th e  biochem ical n a tu re  of m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides a re  a d d re s s e d  in c h a p te r  III. Of particular 

in te re st is th e  a rra n g em en t of p h o sp h o d ies te r an d  m e th y lp h o sp h o n a te  linkages 

in an  oligodeoxynucleotide th a t will p rom ote both  n u c le a se  re s is ta n c e  and  

a n tis e n se  activity.

1. NUCLEASE SENSITIVITY

Few  s tu d ie s  of n u c lea se  sensitivity of m e th y lp h o sp h o n a te s  h av e  b e en  

don e . Miller an d  cow orkers  (1981) incu b ated  fully modified 

o ligodeoxynucleo tides, containing 3H -thym idine in th e  3’ position, with 

m am m alian  cells in culture. A fter 18 hours 70% of th e  labeled  thym idine 

re c o v e re d  from  cell ly s a te s  w a s  a s s o c ia te d  w ith fu ll- le n g th  

o ligodeoxynucleo tides. Their resu lts  a lso  su g g e s te d  p a ss iv e  diffusion a c ro ss  

th e  cell m em b ran e  a s  the  m echan ism  of entry.

A graw al an d  G oodchild (1987) u sed  HPLC to ex am in ed  th e  d eg radation  

of o ligodeoxynucleo tides containing m eth y lphosphonate  linkages by sp lee n  and  

s n a k e  venom  p h o sp h o d ie s te ra se s . In our s tu d ies  w e u se d  a  gel shift a s s a y  

w here  hybridization to  a  32P -la b e le d , com plem en tary  o ligodeoxynucleotide w as
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u s e d  to  m onitor th e  action of specific  e n d o n u c le a se s  an d  e x o n u c le a se s  on 

partially m e th y lp h o sp h o n a te -su b s titu te d  o ligodeoxynucleo tides. This a s s a y  

w a s  a lso  u s e d  to ex am in e  th e  stability of m e th y lp h o sp h o n ate  

o ligodeoxynucleo tides in various tis su e  cu lture conditions.

2. RNASE H

It h a s  b e en  show n that, in th e  w h eat germ  c e ll-free  transla tion  sy stem , 

d igestion  of th e  RNA s tran d  of th e  o ligodeoxynucleotide:m R N A  duplex  by 

R N ase  H is th e  prim ary m ech an ism  by which transla tion  is b locked, ra th e r 

th an  by physical im pedim ent to th e  rib o so m es (Minshull & Hunt, 1986). In 

fact, in o n e  study  using  acrid ine-linked  o ligodeoxynucleo tides (C azen av e , et 

al., 1987) an d  in a n o th e r  using unm odified o ligodeoxynucleo tides (D ash , e t al., 

1987), th e  co m plem en tary  mRNA w a s  found to  be  d e g ra d e d  by R N ase  H 

activity within cells. This m ay b e  th e  p redom inan t m ech an ism  by which 

a n tis e n se  activity is e ffected  by o ligodeoxynucleo tides in cells w h ere  R N ase  H 

is relatively ab u n d an t, a n d  p e rh a p s  in su ch  cells an  a n tis e n se  

o ligodeoxynucleo tide m ay be  m ore  efficient th an  an  a n tis e n se  RNA. Fully 

m e th y lp h o sp h o n a te -su b s titu te d  o ligodeoxynucleo tides, how ever, do  not se rv e  

a s  R N ase  H su b s tra te s  w hen hybridized to co m p lem en ta ry  RNA (M aher & 

Dolnick, 1988). W e ex am in ed  various partially m e th y lp h o sp h o n a te -su b s titu te d  

o ligodeoxynucleo tides for the ir ab ility . to p rom ote  R N ase  H c le a v a g e  of 

com plem en tary  RNA tran scrip ts . W e w ere  ab le  to find co m positions of 

partia lly  m e th y lp h o s p h o n a te -s u b s t i tu te d  o lig o d e o x y n u c le o tid e s  w hich 

sim ultaneously  d isp layed  re s is ta n c e  to both e n d o -  an d  e x o n u c le a se s  and
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fo rm ed s u b s tra te s  for R N ase  H.

F. NEW  TECHNOLOGY -  S E Q U E N C E -S P E C IF IC  LABELING AND CLONING

T he w ork in c h a p te r  IV c o n c e rn s  th e  d ev e lo p m en t of a  new  m ethod  for 

s e q u e n c e -s p e c if ic  labeling a n d  cloning. T he  m eth o d  em p lo y s B rd C - 

su b stitu ted  o ligodeoxynucleo tides to  d isp lace  o n e  s tra n d  of a  d u p lex  by th e  

m ech an ism  of hom ologous s tra n d  e x ch a n g e  a t  a  b ran ch  point (b ranch  

m igration).

T h e re  a re  n u m ero u s  e x am p le s  of hom ologous s tran d  d isp lacem en t. 

T he replication of th e  su p erco iled , circu lar g e n o m e  of m am m alian  m itochondria  

is initiated unidirectionally with th e  form ation of a  d isp lacem en t loop (D -loop) 

(R o b b erso n , e t al., 1972). D -lo o p  form ation h a s  a lso  b e e n  d e m o n s tra te d  in 

vitro (H ollom an, e t al., 1975). T he  u p tak e  of a  large, co m p lem en ta ry  restriction 

fragm en t of s in g le -s tra n d e d  DNA by a  sup erco iled  p lasm id  is driven 

entropically  by th e  en erg y  s to re d  in th e  negative  su p erco ils  (B eattie , e t  al., 

1977) a n d  is a n a lo g o u s  to a  s te p  in g en e ra liz ed  recom bination  with b ranch  

m igration (R adding , e t al., 1977). R e le a se  of th e  sup erh e lica l free  en e rg y  by 

nicking th e  superco il resu lts  in rapid lo ss  of th e  s in g le -s tra n d e d  DNA d u e  to  a  

d irec ted  b ran ch  m igration p ro c e ss  driven by th e  d ifference  in en tropy  b e tw een  

th e  co n stra in ed  s in g le -s tra n d  of th e  D -loop  an d  th e  re le a se d , u n co n stra in ed  

s in g le -s tra n d e d  DNA. A sim ilar reaction  h a s  b e e n  d e m o n s tra te d  w h ere  a  

sho rt s tran d  w a s  d isp laced  from  a  linear duplex , p resu m ab ly  th rough  a  D -loop  

in te rm ed ia te  (G reen  & T ibbetts, 1981). R ecently , R ecA  pro tein , using  ATP a s  

an  en e rg y  so u rc e , w a s  em ployed  to  rev e rse  DNA b ran ch  m igration reactions,
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perm itting th e  form ation of D -lo o p s  in linear m o lecu les  (R igas, e t al., 1986).

R -lo o p  form ation, which is favored  in 70% form am ide, resu lts  w hen  an  

RNA s tran d  hybridizes to o n e  s tran d  of a  DNA duplex  an d  d isp la ce s  th e  o th er 

(T hom as, e t al., 1976). T he reaction  c an  b e  re v e rse d  by rem oving the  

form am ide. T he d isp lacem en t of th e  RNA in an  RNA:DNA hybrid by sing le­

s tra n d e d  DNA is th e  b a s is  of a  h o m o g e n eo u s  nucleic acid  hybridization a s sa y , 

which d e te c ts  r ib o n u c lease -d ig estio n  p ro d u c ts  by c h em ilu m in escen ce  (Vary,

1987).

In ou r p ro ced u re  a  B rd C -su b stitu ted  "displacer" o ligodeoxynucleotide 

a n d  a  partially co m plem en tary  "linker" o ligodeoxynucleo tide a re  c ap tu red  a t the  

e n d  of a  restriction fragm ent of DNA by th e  action of DNA ligase. With th is 

te ch n iq u e  a  particu lar DNA fragm en t of in te rest c an  be  labeled  for de tec tion  

w ithout blotting an d  hybridization p ro ced u res , a tta c h e d  to a  m arker for affinity 

ch ro m ato g rap h y , o r en g in ee re d  to  h av e  a  new  3’ or 5’ en d  to facilitate cloning. 

As a  m odel for th e  dev e lo p m en t of th is b ranch  m ig ra tio n -m ed ia ted  tech n iq u e , 

ex p erim en ts  w ere  a lso  carried  ou t to  d e te rm in e  th e  ra te s  a t w hich B rd C - 

contain ing  o ligodeoxynucleo tides d isp lace  th e ir d C -co n ta in in g  a n a lo g u e s  from 

d u p le x es  with blunt e n d s  a n d  with o v e rh an g s. T he in c re a se d  therm odynam ic  

stability of B rdC -dG  b a s e  pairs co m p ared  to d C -d G  b a s e  pairs is th e  b a s is  

for th e  high specificity of th e  techn ique.
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A. INTRODUCTION

O ligodeoxynucleotide a n a lo g u e s  contain ing  m odifications in their 

b a ck b o n e s  a re  of particu lar in te re st for app lications w h ere  n u c le a se  re s is tan ce  

is im portant. For exam ple , p h o sp h o ro th io a te  deoxyn u cleo tid es  h av e  b een  

u se d  to ex am in e  th e  function of various e n zy m e s  a n d  p ro te in s th a t ac t on or 

a s s o c ia te  with DNA (E ckste in , 1985), an d  o ligophosphoro th ioa te  

deoxyn u cleo tid es  h av e  b e e n  te s te d  for a n tis e n se  activity in vivo (M arcu s- 

S ek u ra , et al., 1987; M atsukara , e t al., 1987). In addition to being n u c lea se  

re s is tan t an d  exhibiting a n tis e n se  activity (Miller, et al., 1985; M urakam i, Blake 

a n d  Miller, 1985; M arcu s-S e k u ra , e t al., 1987; M atsukara , e t al., 1987), 

o ligodeoxynucleotide  a n a lo g u e s  contain ing  n o n -io n ic  m ethy lp h o sp h o n ate  

linkages have d e c re a s e d  overall c h a rg e  co m p ared  to their p h o sp h o d ie s te r  or 

p h o sp h o ro th io a te  co u n terp arts . T he p u rp o se  of th e  w ork p re se n te d  h ere  with 

m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides w a s  to  exam ine  the  

effect of c h a rg e  reduction on th e  therm odynam ic  behav io r of helix—coil 

tran sitio n s  of DNA.

T he study  w as com plicated  by th e  chiral m eth y lp h o sp h o n ate  bonds 

w hich ex ist in two isom eric  configurations (S: p seudoax ia l; R:

p seu d o eq u a to ria l) (Miller, e t al., 1979). Heiix-coil transitions of s e lf -  

co m p lem en ta ry , singly su b s titu te d  R a n d  S  m e th y lp h o sp h o n a te  

o ligodeoxynucleo tides h av e  b e e n  investiga ted  (Bow er, e t al., 1987). T h ese  

d ia s te reo iso m eric  form s differed in ability to hybridize to  a  com plem entary  

DNA se q u e n c e , b o n d s  of th e  R type  contributing to  m ore s tab le  b a se -p a ir in g  

th an  th o se  of th e  S  type. In sp ite  of th e s e  com plications d u e  to  chirality, 

m e th y lp h o sp h o n ate  linkages w ere  c h o se n  for study  b e c a u s e  they  a re  m ore
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efficiently sy n th es iz ed  th an  n o n -ch ira l linkages su ch  a s  c a rb a m a te s  (S tirchak 

& S um m erton , 1987) a n d  b e c a u s e  no s tu d ie s  h av e  b e e n  rep o rted  concern ing  

th e  biological p ro p ertie s  of o ligodeoxynucleo tides with n o n -ch ira l linkages.

F or th is  study , sev e ra l s tan d a rd  p h o sp h o d ie s te r  a s  well a s  o n e  fully (10 

of 11 linkages) a n d  sev e ra l partially m e th y lp h o sp h o n a te -su b s titu te d  

o ligodeoxynucleo tides w ere  sy n th esized . All s tu d ie s  involved hybridizations of 

t h e s e  o l ig o d e o x y n u c le o t id e s  to  c o m p le m e n ta r y  p h o s p h o d ie s te r  

o ligodeoxynucleo tides which ex ten d e d  beyond  th e  duplex  region in both th e  3’ 

a n d  5 ’ d irec tions, ju s t a s  is th e  c a s e  for hybridization to  s in g le -s tra n d e d  DNA. 

T h e  fully su b stitu ted  o ligodeoxynucleoside  m eth y lp h o sp h o n ate  w a s  show n to 

b e  specific  for its p h o sp h o d ies te r  co m p lem en t by S o u th e rn  hybridization 

an aly sis .

U sing know n therm odynam ic  d a ta  for he teropo lym eric  DNA, natural 

DNAs a n d  o ligodeoxynucleo tides, a  sing le  s e t  of n e a re s t  neighbor 

the rm o d y n am ic  p a ra m e te rs  w a s  ob ta ined  w hich fit th e  helix—coil transition for 

all o ligodeoxynucleo tides, including th o se  contain ing  a d ja c e n t g u an o sin e  

re s id u es . T h e se  resu lts  provided  a  quan tita tive  fram ew ork  for a s s e s s in g  th e  

effect of th e  3’ an d  5 ’ tails on helix stability a s  well a s  th e  effect of 

m eth y lp h o sp h o n ate  linkages a t all ionic s tre n g th s  on helix stability. 

C o n ce n tra tio n -d ep e n d e n t m elting te m p e ra tu re s  for p h o sp h o d ie s te r  an d  

partially m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides w ere  m e asu re d  

optically a s  a  function of ionic s treng th . A gel m igration a s s a y  w a s  em ployed  

for studying  duplex  form ation by th e  fully m e th y lp h o sp h o n a te -su b s titu ted  

o l ig o d e o x y n u c le o tid e . C o n d itio n s  fo r p re fe re n t ia l  b in d in g  of 

m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides to s in g le -s tra n d e d  DNA 

a re  d esc rib ed . Finally, for e a c h  duplex type, th e  ionic s tren g th  d e p e n d e n c e  of
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th e  t im e -d e p e n d e n t d isso c ia tio n  te m p e ra tu re  w a s  d e te rm in ed  by exam ining  

elution from dot blots. T h e se  resu lts , to g e th e r  with th e  the rm o d y n am ic  resu lts, 

ind icate  th a t substitu tion  of m eth y lp h o sp h o n ate  linkages a t high sa lt only 

a ffec ts  th e  re v e rse  ra te  co n stan t.

B. MATERIALS AND M ETHODS

1. OLIGODEOXYNUCLEOTIDES AND PLASMID DNA

All o ligodeoxynucleo tides (T able 1) w ere  sy n th es iz ed  on a n  A pplied 

B io sy stem s M odel 380B DNA S y n th esizer. P h o sp h o d ie s te r  linkages w ere  

g e n e ra te d  by s ta n d a rd  p h osphoram id ite  chem istry , a n d  m eth y lp h o sp h o n ate  

b o n d s  w ere  in troduced  by th e  coupling of m ethy lphosphonam id ite  m onom ers. 

H ydrolysis of b a se -p ro te c tin g  g ro u p s  a n d  c le a v a g e  from th e  su p p o rt for 

p h o sp h o d ie s te r  o ligodeoxynucleo tides w as acco m p lish ed  by NH4OH trea tm en t, 

which w a s  followed by e th an o l precipitation. Fully a n d  partially

m eth y lp h o sp h o n ate -m o d ified  o ligodeoxynucleo tides w ere  re le a se d  an d  

d e p ro te c te d  in ethylenediam ine-.ethanol (1:1) for 7 h o u rs  a t room  te m p e ra tu re  

(Miller, e t al., 1986). U se  of th is  a lte rn a te  d ep ro tec tion  m eth o d  with a

p h o sp h o d ie s te r  o ligodeoxynucleotide led to a  p roduct which w as  

ind istingu ishab le  from th a t p ro d u ced  using NH4OH d ep ro tec tion . T he

m e th y lp h o sp h o n a te  o lig o d eo x y n u c leo tid e  co n ta in in g  th e  s in g le  5 ’ 

p h o sp h o d ie s te r  linkage w a s  purified by NH4H C 0 3 elution from a  D E A E -

cellu lo se  co lum n (Miller, e t al., 1986), a n d  th e  o ligodeoxynucleo tides contain ing  

m ixed p h o sp h o d ie s te r  a n d  m eth y lp h o sp h o n ate  b o n d s  w ere  purified by 4M 

am m onium  a c e ta te  elution from NACS P re p a c  co lum ns (B e th e sd a  R ese a rch
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L abs). All o ligodeoxynucleo tides w ere  5’- la b e le d  with 32P  using  T4 

po lynucleotide k in ase , su b jec te d  to polyacrylam ide g e l e lec tro p h o res is  on 20% 

acry lam ide-8M  u re a  g e ls , a n d  v isualized by au to rad iog raphy . T h e  unm odified 

o ligod eo x y n u c leo tid es  h ad  th e  co rrec t mobility for th e ir s iz e s . 

O ligodeoxynucleo tides with m eth y lp h o sp h o n ate  sub stitu tio n s  h av e  lower 

m obilities th an  th e ir p h o sp h o d ie s te r  a n a lo g u e s . Both fully a n d  partially 

su b stitu ted  o ligodeoxynucleo tides w ere  p redom inan tly  o n e  large  product. 

Minor, sh o rte r, p resu m ab ly  failure an d /o r c le a v a g e  s e q u e n c e s  could  a lso  be 

d e tec te d . P lasm id  pALA-D is a  pUC9 e x p re ss io n  v ec to r con tain ing  th e  cDNA 

s e q u e n c e  of hum an  5-am inolevulin ic  acid  d e h y d ra ta se  (ALA-D), a  h em e 

b iosyn thetic  en zy m e  (W etm ur, e t al., 1986).

2. SO U TH ERN  HYBRIDIZATION

T he S o u th ern  (1975) blot w as  p re p a re d  acco rd ing  to  a  s tan d a rd  

p ro ced u re  (M aniatis, e t al., 1982), an d  th e  Z etab ind  filter (AMF C uno) w as 

tre a te d  a s  reco m m en d ed  by th e  m anufacturer. A tw o -h o u r prehybridization 

w a s  carried  out in 5X S S C  (0.15 NaCI, 0.015M sod ium  citra te , pH 7.0), 10X 

D en h ard t’s  solution (1% of e ac h : ficoll, polyvinylpyrrolidone, an d  bovine serum  

album in), 500 pg/m l so n ica ted  a n d  boiled sa lm on  sp e rm  DNA, an d  0.05M 

sodium  p h o sp h a te  buffer, pH 7. T he hybridization solution co n ta in ed  5X S S C , 

1% D en h ard t’s , 100 pg/m l salm on  sperm  DNA, a n d  0.02M sod ium  p h o sp h a te  

buffer, pH 7. T he o ligodeoxynucleotide w a s  5 '- la b e le d  with 32P  using  T4 

po lynucleotide k in ase , a n d  a d d e d  to th e  hybridization solution a t a  

concen tra tio n , b a se d  on A260, of 5 -1 0  ng/ml. Hybridization w a s  carried  ou t a s  

is d e sc rib e d  for th e  d o t-b lo t a n a ly se s .
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3. DOT BLOT ANALYSES

D ots of p lasm id  DNA w ere  m ad e  by spo tting  0.5 pg  q u an titie s  of 

p lasm id  pALA-D on to  Z e tab in d  filters, drying a t room  te m p e ra tu re , d en a tu ring  

15 m inu tes in 0.5M N aO H , 1.5M NaCI, an d  neutralizing 15 m inu tes  in 1M T r is -  

Cl (pH 8.0). O n ce  dried  a t room  te m p era tu re , filters w ere  w a sh e d  in 0.1X 

S S C , 0.5% S D S  (sodium  dodecy l su lfa te) a t 65°C for o n e  ho u r to  d e c r e a s e  the  

back g ro u n d  during hybridization. T he  filters w ere  p rehybrid ized  for 2 -3  hou rs 

a t 37°C in th e  s a m e  solution d e sc rib e d  for th e  S o u th e rn  hybridization. 32P -  

labeled  o ligodeoxynucleo tide w a s  a d d e d  to  th e  hybridization solution (also  

d e sc rib e d  ab o v e) a t co n cen tra tio n s  ranging  from  4 to  20 ng/ml. T h e se  

c o n d itio n s  fac ilita te  d o t-b lo t hybrid ization  for m e th y lp h o sp h o n a te  

o ligodeoxynucleo tides. H ybridization w a s  carried  ou t a t 37°C for 1/2 hour, an d  

then  a t room  te m p e ra tu re  for 1.5 hours. E ach  filter w a s  w a sh e d  a t th e  

specified  salt an d  te m p e ra tu re  for 30 m inutes.

4. MELTING TEM PERA TU RE ANALYSES

C om plem en tary  o ligodeoxynucleo tides w ere  m ixed 1:1 in various 

co n cen tra tio n s  of salt: 6X S S C ; lOOmM, 20mM, o r 2mM NaCI in 2mM Tris-CI,

0.2mM EDTA. Solu tions w ere  h e a te d  a t 0 .3°C /m inute in a  o n e  cen tim ete r 

qu artz  cu v e tte  in a  B eckm an  M odel 25 sp ec tro p h o to m e te r eq u ip p ed  with 

w a te r- ja c k e te d  cell holder. T em p era tu re  w a s  m onitored  using  a  therm isto r 

a tta c h e d  to  th e  cell holder. H yperchrom icities for all 1 4 -m er p lus 1 8 -m er 

d u p lex es  w ere  21%. T he c o n c e n tra tio n -d e p e n d e n t m elting te m p e ra tu re s  (Tm = 

tm  + 273.16) w ere  ca lcu la ted  accord ing  to th e  m ethod  of M arky a n d  B reslau e r



(1987). T m v a lu es  repo rted  a re  reliable to  ±1°C.
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5. GEL MIGRATION ANALYSES

T he p h o sp h o d ie s te r  recip ien t o ligodeoxynucleotide 18-P 3  w a s  5’- la b e le d  

with 32P  using  T4 polynucleotide k in ase  a n d  purified using  a  sp u n  colum n 

(M aniatis, e t al., 1982) of S e p h a d e x  G -5 0  in NTE (lOOmM NaCI, lOmM Tris-CI, 

Im M  EDTA), TE/5 (2mM Tris-C I, 0.2mM  EDTA). To d e te rm in e  binding 

sto ich iom etry  for th e  fu lly -substitu ted  o ligodeoxynucleo tide 12 -M e10, it w as  

m ixed with 5’- la b e le d  com plem en tary  o ligodeoxynucleo tide  18-P 3 a t various 

ratios. A nnealing w as  carried  out a t room  te m p e ra tu re  for a t  le a s t 15 m inu tes 

prior to  e lec tro p h o resis . To ex am in e  th e  stability of th e  12-M e10 p lu s 18-P3
y

duplex  u n d e r th e  conditions u s e d  for e lec tro p h o resis , th e  com plex  w a s  form ed 

a t a  sto ichiom etric ratio, co o led  to 4°C an d  in cu b ated  with 1 2 -P I  a s  a  

com petitor. To m e a su re  com petition  of 1 2 -P I a n d  12-M e10 for 18-P3 a t 

various sa lt co n cen tra tio n s  u n d e r equilibrium conditions, both  1 2 -m ers  w ere 

a d d e d  to  th e  18-m er, in cu b a ted  a t 70°C for 5 m inu tes a n d  co o led  slowly to 

room  tem p era tu re . S a m p le s  w ere  loaded  onto  a  20% acry lam ide gel in e ither 

10% glycerin p lus b rom opheno l b lue a n d  xylene cyanol o r 2.5% ficoll 400. G el 

e lec tro p h o res is  w a s  perform ed a t 4°C a t 250-400 volts, 5 -1 5  m illiam ps in TBE 

(89mM Tris-C I, 89mM b o ra te , Im M  EDTA) buffer. T he  g e ls  w ere  d ried  an d  

th e  resu lts  w ere  o b ta ined  by au to rad iography .

C. RESU LTS AND D ISCU SSIO N

All of th e  o ligodeoxynucleo tides u se d  in th is  s tudy  a re  listed in T able  1.



TABLE 1: O ligodeoxynucleo tides 

RECIPIEN T COM PLEM ENT
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#  SE Q U E N C E  #

1 8 -P I  G G A T G C  AGC TAA G TC AAG 1 4 -P I

14-A 

14-C

18-P 2  CTT GAC TTA G C T  GCA TC C  14-P 2

14-G

14-T

18-P 3  C G C  CAT GCA G C C  CCA GTC 1 2 -P 1

12-M e10

No R ecipient 12-P2

SE Q U E N C E

TGA CTT AGC TG C  AT 

TG A CTT AGC TG C AT 

TGA CTT AGC TG C  AT

ATG CAG CTA AGT CA 

ATG C A G C T A  AGT CA 

ATG CAG C JA  A G J CA

TGG G G C T G C  ATG 

TG G  G G C T G C  ATG

CAT GCA G C C  CCA

N = BASE WITH M ETHYLPHOSPHONATE LINKAGE TO  3’ SIDE
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T h ere  a re  th re e  "recipient" o ligodeoxynucleo tides, e a c h  of which is an  1 8 -m er 

with a  p h o sp h o d ie s te r  back b o n e . O ligodeoxynucleotide  18-P 3  is 

co m p lem en ta ry  to  th e  n o n -co d in g  s tran d  of th e  ALA-D g e n e  (W etm ur, e t al., 

1986) in th e  region of th e  s ta rt of th e  protein s e q u e n c e , co rresp o n d in g  to  the  

cDNA positions of - 4  to +14. O ligodeoxynucleo tides 1 8 -P I a n d  18-P 2  a re  

co m p lem en ta ry  to e a c h  o th e r an d  co rre sp o n d  to th e  cDNA positions of 6 2 7 - 

644. For th e  p u rp o se s  of th is  study , th e  u se  of s e q u e n c e s  in th e  hum an  ALA- 

D cDNA w a s  fortuitous.

E ach  recipient o ligodeoxynucleotide h a s  a  s e t  of co m plem en tary  

o ligodeoxynucleo tides, identical in length a n d  s e q u e n c e , but differing in 

b ack b o n e  s tructu re . 1 2 -m er s e q u e n c e s  co m plem en tary  to  18-P 3  include a  

p h o sp h o d ie s te r  s e q u e n c e  (12—P I)  a n d  a  s e q u e n c e  contain ing  10 

m eth y lp h o sp h o n ate  b o n d s  a n d  1 p h o sp h o d ies te r  bond  a t th e  m ost 5’ position 

(12 -M e10). 14 -m er s e q u e n c e s  com plem en tary  to  e ith e r 18—P I o r 18-P2 

included p h o sp h o d ie s te r  s e q u e n c e s  (14—P I a n d  14-P 2) an d  s e q u e n c e s  

sy n th es ized  em ploying o n e  m ethy lphosphonam id ite  (14-A , C, G, o r T). T he 

s tran d  to  b e  sy n th es ized  w a s  d ic ta ted  by a  req u irem en t to  s c a tte r  the  

m eth y lp h o sp h o n ate  b o n d s  th roughou t th e  o ligodeoxynucleotide. All the  

co m p lem en ta ry  o ligodeoxynucleo tides w ere  sh o rte r th an  th e  recipient 

o ligodeoxynucleo tides with dup lex  form ation resulting in eq u a l- len g th  sing le­

s tra n d e d  3’a n d  5’ recipient dangling  en d s .

1. S P E C IF IC IT Y  O F  B IN D IN G  O F  M E T H Y L P H O S P H O N A T E  

OLIGODEOXYNUCLEOTIDES

In o rd e r to  d e m o n s tra te  th e  d e g re e  of specificity th a t a
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FIGURE 1: Specificity of Binding of Fully-M odified M ethy lphosphonate  

O ligodeoxynucleotide 12-M e10 to C om plem entary ' DNA.

a  1 2  3 b  1 2 3

P an e l a : Ethidium brom ide s ta in ed  1% a g a ro se  gel. Lane 1 = E co RI. Hindlll, 

an d  R s a l d ig ested  plasm id DNA containing th e  co m plem en tary  se q u e n c e . 

Lane 2 = Hindlll d ig e sted  L am bda DNA. L ane 3 = H a e lll d ig e s ted  X174 

DNA.

P an e l b: A utoradiograph  of S ou thern  hybridization of th e  s a m e  gel.
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m eth y lp h o sp h o n ate  o ligodeoxynucleo tide h a s  for its co m p lem en ta ry  s e q u e n c e  

v e rsu s  u n re la ted  s e q u e n c e s , S o u th e rn  (1975) hybridization w a s  perform ed  in 1 

M sodium  ion on restriction e n d o n u c le a se  d ig e s ted  pALA-D, a s  well a s  control 

DNAs, using  5’ 32P -la b e le d , o ligodeoxynucleo tide 12-M e10. This is th e  fully 

su b stitu ted  o ligodeoxynucleo tide, having th e  m ost d ia s te reo iso m eric  form s of 

all of th e  m eth y lp h o sp h o n ate  o ligodeoxynucleo tides in th is  study . Hybridization 

w a s  carried  ou t a t 37°C for 30 m inu tes a n d  con tinued  for 2 h ou rs  while th e  

te m p e ra tu re  d e c re a se d  to  room  te m p era tu re . This te m p e ra tu re  ran g e  w as 

c h o se n  b e c a u s e  th e  d issocia tion  te m p e ra tu re  had  previously b e e n  de term in ed  

to  b e  b e tw een  30 a n d  35°C ( s e e  dot b lots below).

F igure l a  sh o w s th e  E c o RI/Hind11l/R s a l restriction en zy m e  d ig est of 

pALA-D DNA se p a ra te d  on a  1% a g a ro se  gel. T he  ind ica ted  (796 bp) 

fragm en t co n ta in ed  th e  s e q u e n c e  co m plem en tary  to  o ligodeoxynucleo tide 12 - 

M e10. F igure lb  sh o w s th e  au to rad iog ram  of th e  S o u th ern  hybridization 

d em o n stra tin g  th a t 32P - la b e le d  12-M e10 bound  specifically to  th e  796 bp 

fragm ent of pALA-D. In addition, no binding of th is o ligodeoxynucleo tide w as  

o b se rv ed  to  e ith e r of th e  d ig e s ted  p h a g e  DNAs. A se a rc h  of th e  

b ac te rio p h ag e  lam b d a  DNA s e q u e n c e  rev ea led  four reg ions of 

com plem entarity  with only tw o m ism a tch es , in o n e  c a s e  with a n  un in terrup ted  

hom ology of 10 n u c leo tid e  p a irs . T h u s , a  fu lly -su b s titu ted  

o ligodeoxynucleotide  m ain ta ins a  high d e g re e  of specificity for its 

co m plem en tary  DNA se q u e n c e .
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2. CH ARACTERISTIC TEM PER A TU R ES AND THE THERM ODYNAM ICS O F 

DNA MELTING

T h ere  a re  th re e  te m p e ra tu re s  ch arac te ris tic  of o ligodeoxynucleo tide  

binding to  co m p lem en ta ry  DNA:

Tm°°: T he  DNA m elting te m p e ra tu re  is defined  to  b e  th e  te m p e ra tu re  a t 

w hich an  infinitely long DNA m olecu le  is half d en a tu red . T m ~ d e p e n d s  on DNA 

b a s e  com position  a n d  on th e  p ro perties  of th e  so lven t, including th e  ionic 

s tren g th .

Tm: T he o ligodeoxynucleo tide melting te m p e ra tu re  is defined  to b e  the  

te m p e ra tu re  a t w hich 50 p e rc en t of th e  nuc leo tides of an  eq u im o lar m ixture of 

co m p lem en ta ry  o ligodeoxynucleo tides a re  in th e  dup lex  s ta te . T m d e p e n d s  

upon  o ligodeoxynucleo tide co n cen tra tio n  in addition to  th e  nucleo tide  s e q u e n c e  

an d  on th e  p ro p e rtie s  of th e  so lven t.

Td: T he  d issocia tion  te m p e ra tu re  (Tq = tq  +  273.16) is defined  a s  the  

te m p e ra tu re  a t w hich 50% of labeled  o ligodeoxynucleotide is d isso c ia te d  from 

co m p lem en ta ry  DNA after a  specified  tim e. Tq d e p e n d s  on tim e a n d  the  

nucleo tide  s e q u e n c e  a n d  th e  p roperties  of th e  so lven t but is in d ep en d en t of 

concen tra tio n . T q is re la ted  to  a  kinetic a n d  not a  the rm o d y n am ic  p roperty  of 

th e  duplex . T h e  specified  tim e for 50% d issocia tion  (half-tim e for th e  reaction) 

is eq u a l to  In 2 divided by th e  ra te  c o n s ta n t for a  helix to  coil transition  a t Tq.

B reslauer, e t al. (1986), using  th e  m e th o d s in Marky a n d  B re slau e r (1987), 

h av e  an a ly zed  th e  melting of DNA an d  co m p lem en ta ry  o ligodeoxynucleo tides 

in te rm s  of n e a re s t n e ig h b o r contributions to  th e  en thalpy  of b a s e  pair 

form ation. F or a  long h o m o - o r heteropolym eric  DNA, th e  helix-coil transition  

en thalpy  th u s  d e te rm in ed , AH°a v , is th e  a v e ra g e  of th e  contribu tions of the
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various n e a re s t  ne ighbor en th a lp ies . Letting T° = 298.16°K be  th e  re fe ren ce  

te m p e ra tu re , th e  a v e ra g e  n e a re s t-n e ig h b o r  free  en erg y  of th e  helix—coil 

transition  is given by:

A G °av = AH°av (1 ~  T°/Tm") (eq  1)

A sim ilar an a ly s is  w a s  carried  ou t for tw o -s ta te  helix—coil transitions 

involving co m plem en tary  o ligodeoxynucleo tides by a ssu m in g  th a t no en thalpy  

is a s s o c ia te d  with th e  form ation of th e  first b a s e  pair. T hen  all therm odynam ic  

p a ra m e te rs  m ay still b e  a s so c ia te d  with n e a re s t  ne ighbor in teractions. 

Defining AG° an d  a  te m p e ra tu re - in d e p e n d e n t AH0 to  b e  th e  s ta n d a rd  free 

e n e rg y  a n d  en thalpy  for th e  su m  of all n e a re s t ne ighbor contributions to  th e  

helix—coil transition  an d  letting C be  th e  to tal co n cen tra tio n  of both of the  

co m plem en tary  o ligodeoxynucleo tides,

AG° =  AH0 (1 -  T°/Tm ) -  RT° ln(C/4) (eq  2)

As th e  m o lecu les b e co m e  large, th e  last te rm  b e c o m e s  increasingly  

insignificant. AH0 b e c o m e s  very  large  a n d  Tm a p p ro a c h e s  T m". For s e lf -  

co m plem en tary  o ligodeoxynucleo tides, th e  RT° ln(C/4) term  b e co m e s  

RT° ln(C/2).

3. CALCULATION O F  N EA R EST NEIGHBOR FR EE EN ER G IES

B reslauer, e t al. (1986) s ta te d  th a t their re su lts  failed to  p red ict T m v a lu es  

correctly  for o ligodeoxynucleo tides contain ing  GG n e a re s t neighbors. B ec a u se  

o n e  of th e  o ligodeoxynucleo tides involved in th e  s tudy  of the  effect of 

m e th y lp h o sp h o n ate  linkages co n ta in ed  th re e  a d ja c e n t GG in teractions, w e 

d ec id ed  to  reexam ine  th e  therm odynam ic  free  en e rg y  p a ra m e te rs  involved in 

helix—coil transitions to s e e  if su ch  m o lecu les w ere  in d eed  ex cep tions. All
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en thalpy  p a ra m e te rs  u s e d  w ere  th o se  de term in ed  by B reslauer, e t al. (1986).

T he  b a s is  s e t u s e d  for determ ining  n e a re s t-n e ig h b o r  free  energy  

p a ra m e te rs  is given in T ab le  2 to g e th e r with re fe re n ce s  to th e  so u rc e s  of th e  

d a ta . T he b a s is  s e t  included approxim ately  eq u al w eighting for oligo­

deoxynucleo tides, including sev e ra l with a d jac e n t G G  n e a re s t  ne ighbors, 

h e teropo lym ers, an d  natural DNAs of various b a s e  com positions. Finally, a  

penalty  w a s  im posed  for e a c h  n e a re s t ne ighbor in teraction for deviation from 

sim ple d e p e n d e n c e  on b a se  com position. T h e se  d a ta  w ere  e n te re d  into th e  

MGLH program  of SYSTAT, Inc. (E vanston , IL) for calcu lation  of n e a re s t 

n e ighbor free  e n e rg ie s  a n d  th e  in tercep t, AG°j, th e  negative  of th e  free  energ y  

for helix initiation, w hich b e s t fit all of the  d a ta  for both o ligodeoxynucleo tide  

duplex  form ation an d  m elting of long DNAs a s  d e sc rib ed  by e q u a tio n s  (1) an d  

(2) ab o v e . T he  sym m etry  term  for se lf-co m p lem en ta ry  o ligodeoxynucleo tides 

w as  tre a te d  in th e  s a m e  m a n n e r a s  B reslauer, e t al. (1986). AG°n n, the  

n e a re s t-n e ig h b o r  free  e n e rg ie s  a re  listed a t th e  top  of T ab le  2. S tan d a rd  

Errors for all AG°n n w ere  approxim ately  0.04. AG°j w a s  d e te rm in ed  to  b e  -2 .2  

kcal/m ol (-2 .6  kcal/mol if se lf-co m p lem en ta ry ). Identical v a lu es  h ave  b e en  

d e te rm in ed  for polym ers contain ing  dG  a n d  dC  nuc leo tides (Pohl, 1974). 

Unlike th e  calcu la tions of B reslauer, e t al. (1986), no a ssu m p tio n  ab o u t the  

length of th e  co o p era tiv e  unit for melting of large DNAs w a s  built into the  

m odel. T he resulting low ca lcu la ted  contribution of th e  initiation term  to  the  

free e n e rg ie s  for o ligodeoxynucleotide  helix—coil tran sitio n s  m ay derive  from  a  

d e p e n d e n c e  of th e  en thalpy  on  tem p era tu re .

T he s tan d a rd  e rro r for ca lcu la ted  an d  experim en tal AG° is 7%. T he 

calcu la ted  an d  experim en tal T m” v a lu es  (DNAs) differ by no m ore th an  1°C. 

T he AG° v a lu es  for o ligodeoxynucleo tides of known con cen tra tio n  a re  easily
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NEAREST NEIGH80R VALUES:
ENTHALPY: 9.10 660 600 5.60 650
FREE ENERGY: 1.55 125 065 1.15 1.40
ENTROPY (cal): 2532 24 65 1737 15.60 17.10

7.60 5 60 11.90 11.10 11.00
1.45 1.15 3 05 2.70 230

INITIATION FREE ENERGY: 2.2 SYMMETRY FACTOR; 0.4

NEAREST NEIGHBORS:
AA
TT

AT
AT

OllGOOEOXYRieONUCLEOTIDES:
GCGCGC
CGTCGACG
GAAGCTTC
GGAATTCC
GGTATACC
GCGAATTCOC
CGCGAATTCGCG
CGCGTACQCGTACGCG
CCCGGG
CCCAGGQ
GATGGGCAG
CAAAAAQ
CAAACAAAG
CAAAAAAAQ
CAAATAAAO
CAAAOAAAG
TGGGGCTOCATG
TGACTTAGCTGCAT

POLYMERS:
d(GC)4(aC)
d(AC)^OT)
d(GAT)'d(ATC)
d(AAC)-d(GTT)
<#AG)<*CT)
<XAG'n-d(ACT)
d(TTC)-d(GAA)
d(AAT)-d<ATT)
d(AT)-d(AT)

00
70000
7

TA
TA

10 10

CA
TG

0
10
7
700
0
00

GT
AC

0
100
70
7000

CT
AG

0000
10
7
700

GA CG GC GG Synvn. 0«fiaH* OaflaG* W HO’
TC CG GC CC lorO W c b p l  Cilc

0
0
7
010
0
7
0
0

10
0
0
0
0
0
0
0
0

10
0
0
0
0
0
0
0
0

NATURAL DNAs:
20% GC 
40% GC 
60% GC 
80% GC

NEAREST NEIGHBOR INTERACTIONS:

POLYMERS NOT IN THE BASIS SET:
#A) 20 0 0 0
d(G) 0 0 0 0

NUMBER OF TIMES IN BASIS SET • SEE TEXT:
256 145 137 192

0
20

67.1 500
56.1 
60

55.6 
64

107.8
142.7
555
57.6
66.7 50
623
683
64.6
63.4

11.1
11.9
8.7
9.4
7.4 
15.5

54.1

6.1
10.1
9 .0
6.5
95

11.60
11.65 
6.40
6.65 
7.75 
15.55
21.65 
31.10
9.65 
960 
1135 
6.60 
9.15
9.70
6.70 
9.20

6 4 4 2 2 2 2 0.25 035 05 6 19355
45 2.25 2.25 3 3 3 9 1 1 2 0 1955
2 1 1 3 3 3 9 2.25 2.25 45 0 211.15

0.5 035 025 2 2 2 2 4 4 6 0 2395

AT 0 20 0 0 0 0 0 0 0 0 9 172
TA 0 0 20 0 0 0 0 0 0 0 0 120
CA 0 0 0 20 0 0 0 0 0 0 0 116
GT 0 0 0 0 20 0 0 0 0 0 0 130
CT 6 0 0 0 0 20 0 0 0 0 0 156
GA 0 0 0 0 0 0 20 0 0 0 0 112
CG O 0 0 0 0 0 0 20 0 0 0 238
GC 0 0 0 0 0 0 0 0 20 0 0 222

162
220

Tm Tm Cone.
E**X Calc InuM

36 36 18.8

73 77 6&6

48 49 100
43 43 100
46 49 100

0 945 17.40 60 68
9 985 1730 57 55

0 230 5750 129 124
0 123 25.50 101 103
0 140 2455 98 69
0 1495 26.70 97 96
0 134 26.00 96 97
0 142.1 25.90 93 91
0 1575 29.05 94 92
0 1659 25.55 79 79
0 146 21.00 76 75

25.00 76 76
17.00 75 74
23.00 101 99
28.00 101 107
29.00 96 93
23.00 96 102
61.00 123 126
54.00 123 121

31.00 80 66
4600

1
1
f

1 And 2 
1 
1
3 
1
4
4
5 
1 
1 
1 
1 1

THswort
T N tM d

33.69 67 88 6
37.50 95 96 6
43.94 102 103 6
53.00 110 110 6

104

168 164 100 157



CAPTION FO R  TABLE 2

ENTHALPY (AH0) DATA ARE FROM  B reslauer, e t al. (1986). 

EXPERIM ENTAL DATA (all co n v erted  into AG° v a lues):

A. S o u rces :

1. B reslauer, et al. (1986).

2. Bower, e t al. (1987).

3. Marky, e t al. (1983).

4. Arnold, e t al. (1987).

5. W oodson  & C ro th ers  (1987).

6. W ells, e t al. (1970). (C orrec ted  for length effects)

7. O rnste in  & F resco  (1983).

8. M arm ur & Doty (1962). (C orrec ted  to  1 M NaCI)

9. This work.

B. W eighting (To eq u a lize  contributions of nuc leo tides)

O ligodeoxynucleo tides: 4

Polym ers: 2 N e a re s t-n e ig h b o r in teractions: 1

N atural DNAs: 6
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co n v erted  into T m v a lu e s  by using a  rea rran g ed  form of eq u a tio n  2. T he 

s tan d a rd  e rro r for ca lcu la ted  a n d  experim ental Tm v a lu es  is 2°C. T h u s, a  

single form ulation fits well all ty p e s  of DNA m elting a n a ly se s , including helix— 

coil transitions of o ligodeoxynucleo tides containing a d jacen t GG n e a re s t 

neighbors.

T he ca lcu la ted  T m“ for poly d(AT) d(AT), tak en  a s  an  unknow n, a g re e d  

with experim ent. T he ca lcu la ted  t m” for poly dG  dC  w a s  104°C in 1 M NaCI. 

This va lue  is low er th an  experim en ta l va lu es  ex trap o la ted  to  1 M NaCI. Poly 

dG  dC  therm odynam ic  d a ta  m ay be  an o m alo u s, a n d  its inclusion in th e  d a ta  

u se d  for in terpreting o th e r DNA hybridization ex p erim en ts  m ay be  e rro n eo u s.

4. THE EFFEC T  O F DANGLING ENDS

Both o ligodeoxynucleo tides u se d  for th is study  w ere  hybridized to 

recipient m o lecu les  overlapp ing  a t both th e  5 ’ an d  3’ en d s . T he contribution of 

dangling e n d s  w as  found to b e  ab o u t 1 kcal/mol (T able 3), leading to an 

in c re a se  in T m of 3 -4°C . T h e  14 +  1 8 -m er dup lex  with 5’ a n d  3’ ad jacen t 

dangling pu rines w a s  slightly (1°C) m ore s tab le  th an  th e  duplex  with 5’ a n d  3’ 

a d jacen t dangling purines. T h e  m agn itude  of th e  resu lt is in line with o th er 

s tu d ies  of dangling e n d s  (S en io r, e t al., 1988).
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TABLE 3: Melting T e m p e ra tu re s  (tm) for P h o sp h o d ie s te r  a n d

M eth y lp h o sp h o n a te -C o n ta in in g  O ligodeoxynucleo tides 

E F F E C T  O F  DANGLING EN D S IN 1.0 M NaCI:

OLIGODEOXYNUCLEOTIDES*: tm (°C)

1 2 -P I  +  12-P 2  60°

1 2 -P I  +  18-P 3  63°

1 4 -P I  +  14 -P 2  57°

1 4 -P I  +  1 8 -P I  61°

14 -P 2  +  18-P 2  60°

E F F E C T  O F  IONIC STREN G TH : SALT CONCENTRATION

OLIGODEOXYNUCLEOTIDE* 1.0 0.1 0.02 0.004

Unm odified:

1 4 -P I  61° 53° 42° 31°

14-P 2  60°

14 -P  C alcu la ted  60° 52° 42° 31°

Partially su b stitu ted  (3 m e th y lp h o sp h o n a te s  on o n e  strand ):

14-A 52° 41° 36° 30°

14-C o o 45° 38° 32°

14-G 53° 42° — 32°

14-T 52° 43° 39° 30°

14-M e3 C alcu la ted 52° 46°

ooocn U) o o

‘(Total s tran d  concen tra tion  = 6 |iM)
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5. THE E F FE C T  O F  IONIC STREN G TH  O N  THE T m FO R 

PH O SP H O D IE ST E R  O R  PARTIALLY M ETHYLPHOSPHONATE 

SUBSTITUTED OLIGODEOXYNUCLEOTIDES BOUND TO 

COM PLEM ENTARY OLIGODEOXYNUCLEOTIDES WITH 5’ AND 3’ 

DANGLING EN D S

T ab le  3 lists m elting te m p e ra tu re s  de te rm in ed  for p h o sp h o d ie s te r  an d

partially m e th y lp h o sp h o n a te -su b s titu te d  o ligodeoxynucleo tides a t various ionic

s tren g th s . At 100 mM NaCI m eth y lp h o sp h o n ate  a n d  p h o sp h o d ies te r

o ligodeoxynucleo tides h av e  equ ivalen t hyperchrom icities, indicating th a t all of

th e  d ia s te re o iso m e rs  for e a c h  of th e  m e th y lp h o sp h o n a te -su b s titu ted

o ligodeoxynucleo tides form d u p le x es  with the ir resp ec tiv e  recip ien ts. The 
/•

width of th e  helix-coil transition  for 14-A  +  1 8 -P I  w a s  3°C g re a te r  th an  th a t 

for 1 4 -P I  +  1 8 -P I . This d ifference  can  be exp lained  by th e  2.5°C d ifference 

in Tm v a lu e s  for th e  R an d  S  d ia s te re o iso m e rs  a t e a c h  chiral c e n te r  (Bower, e t 

al., 1987).

T he  tm v a lu es  rep o rted  in T ab le  3 include th o s e  for 18—P I plus e ith e r 14- 

P l ,  14-A  o r 14-C  a s  well a s  18-P2 plus e ith e r 14-P 2 , 14-G  o r 14-C . T he 

o ligodeoxynucleo tides 14-A, -C ,  -G , a n d  - T  co n ta in ed  th re e  n o n -a d ja c e n t 

m eth y lp h o sp h o n ate  linkages 3’ to  th e  A, C, G o r T  nucleo tides. In 1 M NaCI, 

substitu tion  of th e s e  m e th y lp h o sp h o n ate  linkages resu lted  in a  d e c re a s e  in tm 

of 7 -1 1°C. T h ere  d o e s  not a p p e a r  to  be  a  large s e q u e n c e  specificity for the  

destab iliza tion  d u e  to  n o n ad jacen t m eth y lp h o sp h o n ate  bonds.

T he  free  en e rg y  of destab iliza tion  a s so c ia te d  with o n e  su ch  bond  is 

defined  a s  AG0d. An additional free  en erg y  term  m ay b e  in troduced  to acco u n t 

for th e  effect of d e c re a s in g  ionic s tren g th  on T m , AG°S. AG°S is tak en  to be  0
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in 1 M NaCI. AG°e , th e  dangling  e n d s  term , is tak en  to be  +1 kcal/m ol, and  

AG°j, th e  initiation term , is tak en  to b e  -2 .2  kcal/m ol. C a lcu la ted  T m v a lu es  in 

T ab le  3 w ere  in c re a se d  by 2°C to  co rrec t for th e  d ifference b e tw een  

experim en tal a n d  theo re tica l resu lts  for 1 4 -P I  +  14 -P 2  sh o w n  in T ab le  2.

In sum m ary , ca lcu la ted  m elting te m p e ra tu re s  w ere  o b ta in ed  using:

Tm = T° AH0 / (AH° -  AG° -  R T° In [C/4]) (Eq 3) 

w here  AH° = z nn (Nnn AH0nn)

a n d  AG° =  ^n n  (Nnn AG°nn) +  AG°j + AG°g +  N ^ q AG0^  +  AG°g 

AG°d w a s  found to  b e  -0 .75  kcal/m ol, leading  to  a  su b stan tia l d e c re a s e  in T m 

for m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides a t 1 M NaCI. This 

resu lt is com patib le  with th o se  of Bower, e t al. (1987). T h e  ionic s tren g th  d a ta  

w e re  fit to:

AG°S = (nh -  nc ) R T° (ln[M/(0.3+M)] + ln[1.3]} (Eq 4)

w here  (nh -  nc ) is the  c h a n g e  in to tal c h a rg e  d ifference b e tw een  

th e  helix an d  coil form s, an d  M is th e  sodium  ion concen tra tion .

For e a c h  n e a re s t  ne ighbor b a s e  pair in p h o sp h o d ie s te r  DNA:

(nh _  nc) /(Erin N nn) =  0-26 

This va lue  is g re a te r  th an  p red ic ted  by R ecord  a n d  Lohm an (1978) an d  

in d ica tes  th e  n e e d  for m ore theoretical work a im ed  tow ard  explaining the  

asso c ia tio n  of co u n terio n s  with o ligodeoxynucleotides.

For e a c h  n e a re s t ne ighbor b a s e  pair in m eth y lp h o sp h o n ate  DNA:

(nh -  nc ) = 0

T he  ca lcu la ted  tm v a lu es  using Eq 3 an d  th e s e  (nh -  nc ) resu lts  a re  co m p ared  

with experim en tal tm v a lu es  ob ta in ed  a t various ionic s tre n g th s  in T ab le  3. The 

fit b e tw een  experim ental an d  theo re tica l tm v a lu es  is qu ite  satisfactory .

In low salt, a  h igher relative stability for m eth y lp h o sp h o n a te -co n ta in in g
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oligodeoxynucleo tides is s e e n  w here  T m v a lu es  for e ith e r partially (T able 3) or 

fully (F igure 4, below ) m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides 

b e co m e  g re a te r  th an  th o se  of th e  a n a lo g o u s  p h o sp h o d ie s te rs  e ith e r a t or 

below  4mM NaCI.

6. DETERMINATION O F  BINDING O F  12-M e10 TO  18-P 3  USING THE 

POLYACRYLAMIDE GEL MIGRATION ASSAY

A s d e m o n s tra ted  in F igure 2, duplex  form ation b e tw een  a  p h o sp h o d ie s te r  

o ligodeoxynucleotide th a t h a s  b e en  5’- 32P - la b e le d  (18 -P 3 ) an d  a  

co m plem en tary  o ligodeoxynucleotide (1 2 -M e10) can  b e  d e m o n s tra ted  by the  

a lte red  gel mobility of th e  b an d  containing th e  labeled  o ligodeoxynucleotide. 

In addition, th e  sto ichiom etry  of hybridization m ay b e  q u an tita ted  by su ch  an 

an aly sis . It is often difficult to de te rm in e  p rec ise  co n cen tra tio n s  (|ig/m l) of 

fu lly -substitu ted  m eth y lp h o sp h o n ate  o ligodeoxynucleo tides by ultraviolet 

spec tropho tom etry . M ore im portantly, no optical m elting cu rve  can  be 

o b ta in ed  for su ch  a  large m ixture of chiral form s of differing dup lex  stabilities. 

With th e  gel m igration a s s a y , a  s e t  quantity  of recip ien t o ligodeoxynucleo tide  

m ay b e  titra ted  with varying am o u n ts  of m e th y lp h o sp h o n a te -su b s titu ted  

co m plem en tary  o ligodeoxynucleotide to  de te rm in e  th e  arbitrary  a b so rb a n c e  

ratio which allow s com ple te  hybridization. F igure 2 sh o w s th a t a  ratio of 1:10 

for 18 -P 3 :12 -M e10 is sufficient for com ple te  hybridization, w h e re a s  1:5 is not 

sufficient. All hybridization m ixtures of 18-P 3 a n d  12-M e10 for su b se q u e n t gel 

m igration s tu d ie s  w ere  p rep a red  using th e  1:10 ratio. U sing th e  gel migration 

a s s a y , th e  m igration d is ta n c e s  of d u p lex es  form ed b e tw een  a  recip ient an d  

e ith e r co m plem en tary  p h o sp h o d ie s te r  o r m eth y lp h o sp h o n ate
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FIGURE 2: D eterm ination of th e  S toichiom etry of Binding of Fully-M odified 

M e th y lp h o sp h o n a te  O lig o d e o x y n u c le o tid e  1 2 -M e 10 to  32P - L a b e le d  

C om plem en tary  18-P3.

1 2 3 4 5 6 7

C om plem entary  o ligodeoxynucleo tides w ere  a n n e a le d  in 100 mM salt a t room 

tem p era tu re . E lec trophoresis  w as carried  out in a  20% polyacrylam ide gel at 

4°C in TBE. Lane 1: 18-P3 only. L an es  2 -7 : 18-P3 +  12-M e10 a t 1:20, 1:10, 

1:5, 1:2.5, 1:1.25, 1:0.625 (arbitrary units).
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s e q u e n c e s  m ay b e  c o m p ared . F igure 3 sh o w s a  distinct d ifference b e tw een  

th e  m igration for th e  18 -P 3 :1 2 -M e10 (lane  2) a n d  18 -P 3 :1 2 -P 1  (lane  4) 

d u p lex es . T h e  duplex  contain ing  th e  re d u c e d -c h a rg e  o ligodeoxynucleotide  

h a s  a  low er mobility th an  th e  dup lex  contain ing  th e  eq u iv alen t p h o sp h o d ie s te r  

o ligodeoxynucleotide.

T he  gel m igration a s s a y  w as  a lso  u se d  to  d e te rm in e  th e  ex ten t to  which 

d u p le x es  with labeled  recip ient s tra n d s , o n c e  form ed, would ex ch a n g e

co m p lem en ta ry  s tran d s . A s d e m o n s tra ted  in lane  3, F igure 3, th e  addition of

1 2 -P I  to th e  a n n e a le d  18 -P 3 :12-M e10 hybrid d o e s  not d isp lace  

o ligodeoxynucleo tide  12-M e10 (lOOmM NaCI, TE/5 a t 4°C). T h u s  th e  gel 

m igration a s s a y  m ay b e  u s e d  to quan tita te  th e  p ro d u c ts  of hybridization 

reac tio n s  carried  ou t a t e lev a te d  te m p e ra tu re s  in various sa lt so lu tions.

Finally, th e  gel migration a s s a y  w as  u s e d  to  d e te rm in e  th e  ionic s tren g th  

d e p e n d e n c e  of th e  p re fe ren ce  for binding of 1 2 -P I  v e rsu s  12-M e10 to  18-P3. 

M ixtures w ere  m ad e  contain ing  a  1:10 ratio of 1 8 -P 3 :1 2 -M e10 a n d  a  1:1 ratio of 

1 8 -P 3 :1 2 -P 1  a t various sa lt concen tra tio n s: TE/5, lOmM NaCI in TE/5, lOOmM 

NaCI in TE/5, an d  1 M NaCI in TE/5. A fter a  5 m inute incubation  a t 70°C to  

a s s u re  co m p le te  d en atu ra tion  of an y  transien tly  fo rm ed d u p lex es , th e  m ixture 

w a s  slowly coo led  to  room tem p era tu re , co o led  to  4°C a n d  a s s a y e d  by gel 

e lec tro p h o res is . T h e  re su lts  in F igure 4  show  th a t 18 -P 3  hybrid izes

preferentially  to  1 2 -P I in th e  1 M a n d  lOOmM NaCI conditions, is divided

b e tw een  1 2 -P I  an d  12-M e10 in lOmM NaCI, a n d  binds preferentially  to  12- 

M e10 in TE/5. T hus, a t low salt, th e  fu lly -substitu ted  m eth y lp h o sp h o n ate  

con tain ing  oligodeoxynucleotide form s m ore s tab le  hybrids th an  a n a lo g o u s  

p h o sp h o d ie s te r  s e q u e n c e s .

U sing Eq 3 an d  4, p red ic ted  tm  v a lu es  for 12 -M e10 ra n g e  from 34°C in
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FIGU RE 3: Fully-M odified M ethy lphosphonate  O ligodeoxynucleo tide 12-M e10 

B ound to 32P -L a b e le d  C om plem en tary  18-P3 is not D isp laced  a t 4°C.

1 2  3 4

C om plem en tary  o ligodeoxynucleo tides w ere  a n n e a le d  in 100 mM NaCI a t room 

te m p era tu re . E lec trophoresis  w as  perform ed in a  20% polyacrylam ide gel at 

4°C in TBE. L ane 1: 18-P3 only. L ane 2: 18-P 3 + 12 -M e10. L ane 3: 18-P 3 + 

12-M e10 followed by 1 2 -P I. L ane 4: 18-P 3 +  1 2 -P I.



38

FIGU RE 4: Fully-M odified M ethy lphosphonate  O ligodeoxynucleo tide 12-M e10 

a n d  Unm odified O ligodeoxynucleotide 1 2 -P I  C o m p e te  for 32P -L a b e le d  

C om p lem en tary  O ligodeoxynucleotide 18-P3.

1 2 3 4 5 6 7 8 9  10

O ligodeoxynucleo tides w ere  h e a te d  to 70°C a n d  s lo w -co o led  to room 

te m p e ra tu re  a t various ionic s tren g th s. E lec trophoresis  w a s  perform ed a s  

d e sc rib e d  in Fig. 3. C om peting  o ligodeoxynucleotide  an d  sodium  ion 

co n cen tra tio n  w ere: Lane 1: N one, 0.1. Lane 2: 12 -M e10, 0.002. Lane 3: 12- 

P l ,  0.002. L ane 4: 12-M e10, 0.01. Lane 5: 1 2 -P I , 0.01. L ane 6: 12 -M e10, 0.1. 

L ane 7: 1 2 -P I , 0.1. Lane 8: 12 -M e10, 1.0. Lane 9: 12—P I , 1.0. L ane 10: 12- 

P l ,  0.1.
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1 M NaCI to  31°C in 0.002 M NaCI. T h e se  resu lts  p redict th a t tm for 1 8 -P 3 :1 2 - 

M e10 a n d  1 8 -P 3 :12 -P 1  hybrids would not b eco m e  identical until th e  salt 

co n cen tra tio n  w a s  re d u c ed  to  0.002 M, w h e re a s  th e  re su lts  in F igure 4 indicate 

eq u ivalen t tm v a lu es  in 0.01 M NaCI p lus TE/5. O n e  exp lanation  for th e  large 

a p p a ren t relative affinity of 12-M e10 for 18-P3 is th a t th e  chiral m ixture which 

co n stitu tes  12-M e10 co n ta in s  m any d ia s te re o iso m e rs  with sm alle r detrim ental 

AG°d v a lu es  th an  th e  -0 .75  kcal/m ol a v e ra g e  value u se d  for th e  calcu lations. 

A corollary to  th is  exp lanation  is th a t only a  s u b se t of th e  d ia s te re o iso m e rs  

p re se n t in fully m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides m ay be 

c a p a b le  of participating in dup lex  form ation.

7. THE E FFE C T  O F  IONIC STREN G TH  ON THE DISSOCIATION 

T E M P E R A T U R E  O F  N O R M A L  A N D  B A C K B O N E - M O D I F I E D  

OLIGODEOXYNUCLEOTIDES BOUND TO  COM PLEM ENTARY DNA

D ot-b lo t filters w ere  p re p a red  by spotting up  to  200 fM of d e n a tu red  

pALA-D DNA p e r  dot. D up lexes w ere  fo rm ed  by incubation  of th e  filters with 

100-fold e x c e s s  32P - la b e le d  o ligodeoxynucleo tides a t 37°C for 30 m inutes, 

cooling to  room  te m p e ra tu re  a n d  incubation for an  additional 90 m inutes. 

B ased  on th e  specific  activity of th e  o ligodeoxynucleo tides, no m ore th an  20 

fM of b ound  o ligodeoxynucleotide  could  b e  re le a se d  from  any filter seg m e n t 

contain ing a  dot. T hat is, a t m ost 10% of th e  s ite s  on pALA-D con ta in ed  

bound  o ligodeoxynucleotide. T ab le  4 sh o w s th e  te m p e ra tu re  of 50% 

d issociation  (tq) of bound  o ligodeoxynucleo tides. E ach  te m p e ra tu re  point of a  

d issocia tion  cu rve  w a s  d e te rm in ed  using a n  identical do t which w a s  w a sh e d  

for 30 m inu tes into 10 ml o r m ore of th e  so lven t indicated . E ither interm ittent
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TABLE 4: D issociation T e m p e ra tu re s  (td) for M eth y lp h o sp h o n a te -C o n ta in in g  

O ligodeoxynucleo tides 

td  in 1 M SODIUM  ION:

OLIGODEOXYNUCLEOTIDE 

Unm odified: 1 4 -P I

Partially modified: 14-A

Fully modified: 12-M e10

td in 0.01 M SODIUM ION:

OLIGODEOXYNUCLEOTIDE td

Unm odified: 1 4 -P I  33°

Partially modified: 14-A 32°

14-C  30°

14-G  25-30°

14-T  30°

Fully modified: 12 -M e10 35-40°

td: THE TEM PERA TU RE AT WHICH 50% O F  LABELED OLIGODEOXY­

NUCLEOTIDE IS DISSOCIATED FROM  COM PLEM ENTARY DNA 

AFTER 30 M INUTES O F WASHING

td (°C)
41°

32°

30-35°
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m anual or con tin u o u s m ech an ica l stirring w a s  em ployed  during th e  w ash ing  

p ro ced u re . In no c a s e  did th e  re su lts  d e p e n d  on th e  m eth o d  of stirring, 

a lthough no a ttem p t w as  m ad e  to m e a su re  td  with restric ted  mixing. S o m e  

prelim inary ex p erim en ts  had  b e e n  carried  out, with identical resu lts , using th e  

s a m e  protocol an d  m anually  sy n th es ized  (Miller, e t al., 1986) 

m e th y lp h o sp h o n ate  o ligodeoxynucleo tides.

td  is th e  te m p e ra tu re  of im portance  for sc reen in g  plasm id or 

b ac te rio p h ag e  recom binan t DNA libraries using o ligodeoxynucleo tide p robes. 

S u g g s , e t al. (1981) p ro p o sed  a n  em pirical rule of thum b for calcu lating  td  in 1 

M NaCI: th e  sum  of 2°C for e a c h  dA dT  b a s e  pair a n d  4°C for e a c h  dG  dC  

b a s e  pair. U sing th is  rule, td  for 1 4 -P I shou ld  b e  40°C. T he o b se rv ed  value 

of 41°C is in g o o d  a g re e m e n t with th e  rule. B ase d  on th e  m odel p ro p o sed  

ab o v e , th e  specified  tim e for 50% d issocia tion  a t Td is eq u a l to  In2 divided by 

th e  re v e rse  ra te  co n s ta n t for dup lex  form ation, kr. T h u s, kr is  In2 / 1800 a t Td 

w hen  th e  specified  tim e is 30 m inutes.

Using th e  definition of kj for DNA duplex  form ation from W etm ur an d  

D avidson (1968) a n d  defining C 0 to  be  the  to tal nucleo tide  con cen tra tio n  of 

n o n -se lf-c o m p le m en ta ry  o ligodeoxynucleo tides, 1  ̂/ k r is eq u a l to  4 / C 0 a t T m . 

kj m ay th u s  be  de te rm in ed  a t T m if kr, which is know n a t Td, c an  be  

de te rm in ed  a t T m by extrapo lation  using  E r\  th e  activation en erg y  for kr. If E2’ 

is th e  activation energ y  for kj, then :

A H ° =  E r* -  E2* (Eq 5)

E2‘ h a s  b e en  de term in ed  for both DNA an d  o ligonucleotide reasso c ia tio n  

ra te s  to  be  very  sm all co m p ared  to  E r* (R eview ed  by W etm ur, 1976). An 

ap p ro p ria te  e s tim ate  for E2' w ould b e  4 kcal/mol, approxim ately  th a t which 

could  b e  a cco u n ted  for by a  d iffusion-contro lled  ra te  determ in ing  s tep



42

d ep en d in g  on  T  / m icroscopic  so lven t viscosity. T hus, for 1 4 -P I  (or 14-A) in 1

M salt, E r’ w ould be approx im ately  103 kcal/m ol. T he  relation b e tw een  Td an d

T m a n d  th e  reasso c ia tio n  ra te  c o n s ta n t kj is:

4  In2 E r* 1 1
K  -  — -------------  EX P {   [ -  -  -  ]} (Eq 6)

C q 1800 R Td T m

T he hucleation  ra te  c o n s ta n t for DNA reasso c ia tio n , kfyj’, is g iven  by: 

k(M’ = kj N / L0-s, w h ere  N is com plexity a n d  L is s tra n d  length.

For n o n -se lf-c o m p le m en ta ry  o ligodeoxynucleo tides, L a n d  N a re  th e  sa m e . 

W etm ur a n d  D avidson (1968) found k[\|’ for DNA in th is  s a m e  so lven t to b e  5 x 

10s M_1s e c _1 a fte r applying a  3/2 correction  to obtain  a  v a lu e  for n o n p erm u ted  

m o lecu les. Lee a n d  W etm ur (1972) o b se rv ed  th a t k|\j’ w a s  approxim ately  th e  

s a m e  for o ligonucleo tides a n d  polym ers.

During w ash ing  a t td , th e  half-tim e for rebinding free  oligodeoxy­

nucleo tide  w ould be  In2 / kj C 0 w here  C0  for availab le  ta rg e t pALA-D DNA 

(10-200 fM in 10 ml) would b e  0.14-2.8  x 10'10 M nucleo tide, kj =  3.5 x 10s / 

140-5 a t Td- T hus, th e  half-tim e for rebinding could  be  a s  sh o rt a s  7.35 hours. 

H ow ever, b e c a u s e  th e  d o ts  w ere  initially sa tu ra te d  with o ligodeoxynucleo tide, a  

.b e tte r  e s tim a te  of th e  ha lf-tim e for rebinding w ould b e  in e x c e s s  of 100 hours. 

In e ith e r c a s e ,  b e c a u s e  th e  rebinding ra te  is so  low, td is a  m e a su re  of kr an d , 

unlike tm , is not an equilibrium property. F urtherm ore , b e c a u s e  k2 d e c r e a s e s  

dram atically  w hen  th e  ionic s tren g th  is d e c re a se d , all m e a su re m e n ts  in sa lts  

below  1 M N a+ would involve ev en  longer rebinding h a lf-tim es. C learly, if the  

con cen tra tio n  of o ligodeoxynucleotide w ere  h igher during w ash ing , td could 

b e c o m e  a  m e a su re  of an  equilibrium  property . W hen  td  is a  kinetic

m e a su re m e n t, increasing  th e  w ash ing  tim e, but not th e  volum e, will lead  to 

d e c re a s e d  reten tion  of radioactivity on a  dot. If td  is an  equilibrium
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m e asu re m e n t, in creasing  th e  volum e, but no t th e  w ash ing  tim e, will lead  to 

d e c re a s e d  retention of radioactivity on a  dot.

From  T ab le  3, tm for 1 4 -P I is 61°C an d  tm  for 14-A  is 52°C w hen  C 0 is 84 

p.M. Using a  re a rran g ed  form of Eq 6, td for 1 4 -P I  is ca lcu la ted  to  b e  43°C 

a n d  td  for 14-A is ca lcu la ted  to  be  34°C. In both  c a s e s ,  th e  p red ic ted  td  is 2 -  

3°C h igher th an  th e  experim ental va lue. This sm all d ifference  could  b e  the  

resu lt of:

1) a  te m p e ra tu re  d e p e n d e n c e  of AH0 leading  to  a  sm alle r E r\

2) a  low er td  for 32P - la b e le d  DNA th an  u n lab e led  DNA u se d  to  d e te rm in e  t m,

3) incom plete  eq u iv a len ce  of th e  dangling  e n d s  for th e  t m m e a su re m e n t with 

th e  ex ten d e d  s tra n d s  involved in th e  td  m e asu re m e n t, or an y  com bination  

of th e s e  facto rs.

T h e  a g re e m e n t b e tw een  th e  resu lts  with th e  p h o sp h o d ie s te r  1 4 -P I an d  

th e  m e th y lp h o sp h o n a te -su b s titu ted  14-A  is rem ark ab le  b e c a u s e  th e  ap p a ren t 

kr for 14-A  reflec ts  elution of th e  various chiral fo rm s (Bow er, e t al., 1987) of 

14-A  a n d  is not a  true  ra te  co n stan t. N ev erth e le ss , w e m ay co n c lu d e  th a t the  

d ifference  in T m b e tw een  p h o sp h o d ies te r  a n d  partially m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides reflects primarily a  d ifference in th e  rev e rse  

ra te  c o n s ta n t kr.

For 1 4 -P I , T m d e c r e a s e s  24°C while Td d e c r e a s e s  8°C going  from  1.0 M 

NaCI to  0.01 M NaCI, indicating th a t th e  m ajor effect of ch an g in g  th e  ionic 

s tren g th  is on th e  forw ard ra te  co n stan t. P o rsch k e , U h lenbeck  a n d  Martin 

(1973) found th a t An G C U n  dup lex  s tran d  sep a ra tio n  ra te s  w ere  th e  s a m e  a t all 

te m p e ra tu re s  in both 0.05 M NaCI a n d  1.0 M NaCI for both N=2 an d  N=4, 

indicating e ith e r a  sm all o r no d e p e n d e n c e  of Td on ionic s tren g th  for th e se  

o ligoribonucleotides. In th e  c a s e  of partially o r fully m eth y lp h o sp h o n ate
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su b stitu ted  o ligodeoxynucleo tides, no ionic s tren g th  effect is s e e n  on T^. In 

addition, Td is not very d e p e n d e n t on th e  n a tu re  of th e  m odified b a se . 

In terpretation  of th e s e  re su lts  in te rm s  of ra te  c o n s ta n ts  is so m ew h a t 

com plica ted  by th e  m ixture of chiral form s with different equilibrium  co n stan ts . 

T he p rec ise  ra te  c o n s ta n ts  cou ld  only be  o b ta in ed  u sing  a  com bination  of 

s to p p ed -flo w  a n d  te m p e ra tu re - ju m p  m easu rem en ts .



III.

45

TH E E F FE C T  O F  TH E NUMBER AND DISTRIBUTION O F  

M ETHYLPHOSPHONATE LINKAGES IN OLIGODEOXYNUCLEOTIDES 

ON SENSITIVITY TO  E X O - AND EN D O N U CLEA SES AND ON 

ABILITY TO  FORM  RNASE H SU B STR A TES
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A. INTRODUCTION

O ligodeoxynucleo tides a re  of in te rest today  a s  a n tis e n s e  a g e n ts  to 

inhibit g e n e  ex p ress io n  by hybrid a rre s t of transla tion . O n e  m ethod  of 

achieving  a  high d e g re e  of efficiency in transla tion  inhibition is to  chem ically  

a lte r th e  o ligodeoxynucleo tide in o rd e r to  facilitate its entry  into th e  cell an d  to 

in c re a se  its half-life, while m aintaining its affinity for th e  specific  mRNA. 

O ligodeoxynucleotide a n a lo g u e s  containing m eth y lp h o sp h o n ate  linkages have 

b e en  show n to  h av e  an  a n tis e n se  effect in various jn vitro (Miller, e t al., 1985) 

an d  tis su e  culture (Sm ith, e t al., 1986; Agris, e t al., 1986; Sarin , e t al., 1988) 

sy s tem s . T he n on -ion ic  linkages a p p e a r  to e n h a n c e  entry  into cells  a n d  the  

a lte red  chem ical struc tu re  re n d e rs  su ch  co m p o u n d s  re s is tan t to  various 

n u c le a se s  leading to a  long half life in culture m edium  a n d  within cells  (Miller, 

e t al.» 1981).

O n e  m echan ism  by which p h o sp h o d ies te r  o ligodeoxynucleo tides have 

b e e n  found to  p rom ote  hybrid a rre s t of transla tion  is th rough  R N ase  H 

c lea v a g e  of the  RNA in th e  R N A :oligodeoxynucleotide duplex  (M inshull & 

Hunt, 1986; C az e n av e , e t al., 1987; D ash , et al., 1987). In a  c e ll-free  

transla tion  sy stem , it w as  de term in ed  th a t th e  action of R N ase  H w as  not 

involved in th e  a n tis e n se  effect s e e n  with fully m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleo tides, an d  th a t su ch  co m p o u n d s  did not s e rv e  a s  R N ase  H 

su b s tra te s  w hen  hybridized to com plem en tary  RNA (M aher & Dolnick, 1988).

In th is p a p e r  w e exam ine  th e  effect of the  num b er a n d  positioning of 

m eth y lp h o sp h o n ate  substitu tions in o ligodeoxynucleo tides on n u c lea se  

sensitivity, stability in tis su e  culture, an d  ability to  form R N ase  H su b s tra te s .
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B. MATERIALS AND M ETHODS

1. OLIGODEOXYNCULEOTIDES AND PLASM IDS

All o ligodeoxynucleo tides (T able 5) w ere  sy n th es iz ed  on a n  Applied 

B io sy stem s M odel 380B DNA S y n th esizer. P h o sp h o d ie s te r  linkages w ere  

g e n e ra te d  by s tan d a rd  p h o sp horam id ite  chem istry , a n d  m ethy lp h o sp h o n ate  

b o n d s  w ere  in troduced  by th e  coupling of m ethy lphosphonam id ite  m onom ers. 

H ydrolysis of b a se -p ro te c tin g  g ro u p s  a n d  c le a v a g e  from th e  su p p o rt for 

p h o sp h o d ie s te r  o ligodeoxynucleo tides w as  acco m p lish ed  by NH4OH trea tm en t, 

w hich w a s  followed by e th an o l precipitation. O ligodeoxynucleo tides contain ing 

m ixed p h o sp h o d ies te r  an d  m eth y lp h o sp h o n ate  b o n d s  w ere  re le a se d  and  

d e p ro te c te d  in e th y lened iam ine:e thano l (1:1) for 7 h o u rs  a t room  tem p era tu re  

(Miller, et al., 1986). To in c re a se  th e  yield, th e  su p p o rt m aterial w as  a lso  

tre a te d  in NH4OH for 2 h o u rs  a t room  tem p era tu re  (Agrawal, e t al., 1988). 

T h e se  o ligodeoxynucleo tides w ere  purified by 4M am m onium  a c e ta te  elution 

from NACS P re p a c  co lum ns (B e th e sd a  R ese a rch  Labs). All 

o ligodeoxynucleo tides w ere  5 - la b e le d  with 32P using T4 po lynucleotide k inase , 

su b jec ted  to  polyacrylam ide gel e lec tro p h o res is  on 20% acry lam ide-8M  u re a  

g e ls , a n d  v isualized  by au to rad iography . All m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleo tides w ere  q u an tita ted  by th e  ability to  induce an 

e lec trophoretic  mobility shift of th e ir re sp ec tiv e  5’- 32P - la b e le d  com plem en tary  

p h o sp h o d ies te r  o ligodeoxynucleo tides (C h ap te r II; Q uartin  & W etm ur, 1989). 

pS P 65-A L A -D  is a  derivative of th e  S P 6  cloning v ec to r pS P 65 (M elton, et al., 

1984) contain ing  th e  cDNA s e q u e n c e  of hum an  delta-am ino levu lin ic  acid  

d e h y d ra ta se  (ALA-D), a  h em e  b iosyn thetic  en zy m e  (W etm ur, e t al., 1986),
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in se rted  in th e  s e n s e  orien tation  in th e  P s tl s ite  of th e  polylinker.

2. E X O - AND ENDONUCLEASE D IG ESTS

N u c lea se  d ig estio n s  of o ligodeoxynucleo tides w ere  carried  out in 10 pi 

vo lu m es u n d e r th e  conditions d e sc rib e d  below  for e a c h  en zy m e . E nzym e 

qu an titie s  for d igestion  reac tio n s  an d  h a lf-tim es  for d igestion  w ere  de te rm in ed  

by titration with p h o sp h o d ie s te r  o ligodeoxynucleo tide contro ls:

(1) O n e  pg bovine p a n c re a s  D N ase  I (3.1.4.5) (B e th esd a  R ese a rch

L aboratories): 50 mM sodium  a c e ta te  (pH 6.5), 10 mM MgCI2, 2 mM 

C aC I2, 37°C.

(2) Tw enty units bovine sp le e n  D N ase  II (3.1.4.6) (B e th e sd a  R ese a rch

L aboratories): 0.8 mM M g S 0 4, 83.3 mM HOAc (pH 4.6), 25°C.

(3) Thirty mU Bovine sp lee n  p h o sp h o d ie s te ra se  (3.1.4.18) (S igm a): 0.1 M

sodium  citra te  (pH 6.0), 5 mM EDTA, 37°C.

(4) T en pU sn ak e  venom  p h o sp h o d ie s te ra se  from C ro ta lus a d a m a n te u s

(3.1.4.1) (S igm a): 0.2 mM Tris-C I (pH 8.9), 37°C.

D N ase  I a n d  s n a k e  venom  p h o sp h o d ie s te ra se  reac tio n s  w ere  s to p p ed  by 

addition of EDTA to  25 mM a n d  incubation a t 70°C for 10 m inutes. S p leen  

p h o sp h o d ie s te ra se  reac tio n s  w ere  s to p p ed  by incubation  a t 70°C for 10 

m inutes. D N ase  II w a s  inactivated  by addition of EDTA to  21 mM a n d  T ris -  

OH to  pH 6.0, followed by incubation a t 70°C for 30 m inutes. A nnealing

reac tio n s  w ere  carried  out in a  minimum of 100 mM NaCI.
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3. T ISSU E CULTURE

S u sp e n s io n  cu ltu res  of B 95-8 cells, an  E pstein  B arr v irus-positive  

lym phoid cell line, w ere  m ain ta ined  a t c o n cen tra tio n s  of 4 x 10s to  2 x 106/ml in 

RPMI 1640 contain ing  10% h ea t- in ac tiv a te d  fetal calf se ru m  a n d  penicillin an d  

strep tom ycin  (all from G ibco) a t 37°C in a n  hum idified 5% C 0 2 incubator. For 

th e  stability s tu d ie s  200 pi of RPMI 1640 only, co m p le te  m edium , or cell 

s u s p e n s io n  w a s  tra n s fe r re d  to  9 6 -w ell t is s u e  cu ltu re  d ish e s . 

O ligodeoxynucleo tides w ere  a d d e d  to  th e  w ells to  a  final con cen tra tio n  of 

approxim ately  0.2 pM an d  w ere  allow ed to  in cu b ate  a t 37°C for tim es  ranging 

up to 24 hours. T w enty-five  pi s a m p le s  w ere  rem oved  a n d  in cu b a ted  a t 70°C 

for 5 -1 0  min to  curtail fu rther d eg rad a tio n  a n d  w ere  th en  s to re d  a t -2 0 °C  prior 

to  ge l m igration analysis .

4. GEL MIGRATION ANALYSES

M arker p h o sp h o d ie s te r  o ligodeoxynucleo tides w ere  5 - la b e le d  with 32P 

using  T4 polynucleotide k in a se  a n d  purified using a  sp u n  colum n (M aniatis, e t 

al., 1982) of S e p h a d e x  G -5 0  in H20 .  A nnealing  to  n u c le a s e - tre a te d , 

co m plem en tary  o ligodeoxynucleo tides w as  carried  out a t  room  te m p e ra tu re  for 

15 m inu tes prior to  e lec tro p h o resis . Control an n ea lin g  reac tio n s  w ere  carried  

ou t in ap p ro p ria te  en zy m e  buffers. S a m p le s  w ere  lo ad ed  on to  a  20% 

acry lam ide gel in 2.5% Ficoll 400. Gel e lec tro p h o res is  w a s  carried  out a t 4°C 

a t 400 volts, 5 -1 5  milliamps in TBE (89 mM T ris-C I, 89 mM b o ra te , 1 mM 

EDTA) buffer for 2 to 4 hours. For th e  tis su e  cu lture s tu d ie s , app rop ria te  

am o u n ts  of s a m p le s  with m ixed with th e  32P - la b e le d  o ligodeoxynucleo tide  in
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100 mM NaCI, 10 mM T ris-C I (pH 7.6), a n d  1 mM EDTA. A nnealing w as 

carried  out by heating  to  65-70°C  for 5 m inutes followed by slow  cooling to  

room  tem p era tu re . T h e se  s a m p le s  w ere  loaded onto 20% polyacrylam ide g e ls  

a n d  run in TBE a t  a  c o n s ta n t curren t (12 mA) with co ld  (5-10°C ) circulating 

w ater. All g e ls  w ere  d ried  a n d  exam ined  by autoradiography.

5. IN VITRO TRANSCRIPTION

O n e pg  of p lasm id  pS P 65-A L A -D  w as  d ig ested  with Hindlll. N col. or 

P v u ll a n d  th en  ex trac ted  with phenol, ex tracted  with chloroform :isoam yl alcohol 

(24:1), a n d  e thano l prec ip ita ted . T he pellet w as w a sh e d  with 70% ethanol, 

dried, an d  re su sp e n d e d  to  200 ng/pl in H20 .  T he ]n vitro transcrip tion  reaction 

co n ta in ed  approxim ately  200 ng of linearized pSP65-A LA -D , 0.4 mM of all four 

cold ribonucleotide trip h o sp h a te s , 20 pCi a - 32P -C T P  (specific activity 800 

Ci/mmol), 1 mM DTT, 40 mM Tris-H CI (pH 7.9), 6 mM MgCI2, 2 mM 

sperm idine-[H C I3] an d  15 units of S P 6  RNA polym erase , a n d  w as  incubated  

for 1 hour a t 37°C. S a m p le s  w ere  ex tracted , precipitated  a n d  dried , a n d  then  

re su sp e n d ed  in 20 pi HzO.

6. RNASE H ANALYSES

O ne pi of re su sp e n d e d  transcrip t (approxim ately 40 ng of RNA) w as 

a n n ea led  with from 5 to  100 ng (a  large m olar e x c e s s )  a n tisen se  

oligodeoxynucleotide, in 20 mM Tris-C I (pH 7.5), 10 mM MgCI2, 100 mM KCI, 

100 pM DTT, an d  5% (w/v) su c ro se , in the  p re sen ce  of 10 units of R N asin, in 

a  total volum e of 9 pi. Following o n e  minute incubation a t 60°C, annealing
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m ixtures w ere  in cu b ated  a t room  tem p era tu re  (22°C) for 30 m inutes. O ne  pi 

(2 units) of E. coll R N ase  H (3.1.26.4) (BRL) w a s  a d d e d  an d  th e  reactions

w ere  in cu b a ted  for 60 m inu tes a t 37°C. O n e  pi of 0.1 M EDTA w a s  a d d e d  to

s to p  th e  reaction . S a m p le s  w ere  ex trac ted , e th an o l p rec ip ita ted , dried , and  

re s u sp e n d e d  in 10 pi RNA loading buffer (50% form am ide, 6.5% form aldehyde). 

Following incubation  a t 60°C for 5 m inu tes, s a m p le s  w ere  run on 6% 

d en atu ring  (8 M u rea ) acry lam ide g e ls  a t 350 volts, 45 mA, for 1 hour a t room 

te m p e ra tu re . R esu lts  w ere  v isualized  by exposing  dried  g e ls  to  film.

C. RESU LTS

A nalysis of n u c le a se  sensitivity is b a s e d  on th e  ability of an
y

oligodeoxynucleo tide to  form a  duplex  with an d  gel shift a  32P - la b e le d  

co m p lem en ta ry  oligodeoxynucleotide. T he o ligodeoxynucleo tides u s e d  in

th e s e  s tu d ie s  a re  p re se n te d  in T able  5, w h ere  th ey  a re  g ro u p ed  into 

co m p lem en ta ry  s e ts  d e s ig n a te d  a s  s e n s e  o r a n tis e n se . N u c lea se  action  by a  

given quantity  of en zy m e o r d eg rad a tio n  in tis su e  cu lture of su b stitu ted  

o ligodeoxynucleo tides w a s  co m p ared  to  resu lts  with equ ivalen t quan titie s  of 

control p h o sp h o d ie s te r  an a lo g u es . F igure 5 sh o w s th e  gel m igration an aly sis  

of a  n u c le a s e - tre a te d  oligodeoxynucleotide. L abeled  1 8 -P -4 , which se rv e d  a s  

th e  m arker o ligodeoxynucleotide (lane 1), had  a  low er mobility w hen  hybridized 

to  1 4 -P -3  (lane  2). Failure to  d e c re a s e  th e  mobility of (form a  dup lex  with) 

th e  lab e led  co m p lem en t in d ica tes  a  sensitivity to  th e  te s te d  n u c le a se  o r the  

tis su e  cu lture condition.
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TABLE 5: O ligodeoxynucleo tides

SENSE ANTISENSE

SEQUENCE NAME SEQUENCE

GGATGCAGCTAAGTCAAG 18-P-4 CTTGACTTAGCTGCATCC

ATGCAGCTAAGTCA 14-P-4  

ATGCAGCTAAGT CA 14-G-4

ATGCAGCTAAGTCA 14-T-4

C G CCA TG CA G CCCCA G TC 18-P-2

TGACTTAGCTGCAT

TGACTTAGCTGCAT

TGACTTAGCTGCAT

TG A C TTA G C IG C A T

TGACTTAGCTGCAT

TG A C TTA G C IG C A T

TGACTTAGCTGCAT

TG G G G CTG CA TG  

TG G G G CTG CA TG  . 

C TG G G G CTG CA T 

T G G G G C IG C A JG  

TG G G G CTG CA TG  

TG G G G CTG CA TG

NAME

18-P-3

14-P-3

14-A-3

14-C-3

i4-M esa-3

i4-M e6b-3

i4 -M e’a-3

i4-M e5b-3

12-P -l

12- M e - i

12-M e5a-1

12-M e5b-1

12- M e - i

i2-M e10- i

N = BASE WITH M ETHYLPHOSPHONATE 3’



FIGURE 5: Titration of E x o n u c lease  D igestion
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1 2 3 4 5 6 7 8 9 10 11 12 13 14

Lanes:

1 5’- 32P -la b e le d  com plem en tary  o ligodeoxynucleotide  1 8 -P -4  (alone).

2 U nd igested  1 4 -P -3  + 1 8 -P -4  (control duplex)

3  - 8 S p leen  (S' >-----------> 3’) 5, 10, 15, 20, 25, 30 mU

9 - 14  S n a k e  V enom  (3’ >-----------> 5’) 31.2, 15.6, 7.8, 3.9, 1.9, 0.9 jiU
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1. E F F E C T  O F  EX O N U CLEA SES

Figure 5 d ep ic ts  th e  d igestion  of control 1 4 -P -3  by titra ted  q u an titie s  of 

sp lee n  ( la n e s  3 - 8 )  a n d  s n a k e  venom  (lan es  9 -  14) e x o n u c le a se . T he 

re su lts  of th e  s tu d ie s  of th e  action  of th e s e  e n z y m e s  on  th e  p an e l of 

o ligodeoxynucleo tides a re  su m m arized  in T ab le  6A. All of the  

o ligodeoxynucleo tides te s te d  with sp leen  e x o n u c le a se  w ere  » 2 0 0  tim es m ore 

re s is tan t th a n  th e ir resp ec tiv e  con tro ls  (half-tim e of 30 min), o n e  of w hich (1 4 - 

P -4 )  y ie lded  an  in term ed ia te  form during d igestion . A fter 22 h o u rs  1 4 -C -3 , 

1 4 -G -4 , a n d  1 4 -T -4  w ere  ap p aren tly  sh o rte n ed  but not com pletely  d ig ested , 

a s  e v id en ced  by a  slightly sm alle r ge l shift (d a ta  not show n). T he half-tim e 

for s n a k e  v en o m  p h o s p h o d ie s te ra s e  d ig estio n  of th e  con tro l 

o ligodeoxynucleo tides w a s  ab o u t 12 m inu tes for th e  en zy m e  con cen tra tio n  

u sed . T h e  o ligodeoxynucleo tide  with th e  sh o rte s t relative half-life (1 4 -G -4 ) 

h ad  its first m e th y lp h o sp h o n ate  bond  a s  th e  third linkage in from th e  3’ end , 

while th e  o th e r o ligodeoxynucleo tides te s te d  h ad  a  m e th ip h o sp h o n a te  a s  the  

first o r s e c o n d  linkage from th e  3’ end .

2. E F F E C T  O F  EN D O N U CLEA SES

F ig u res  6A a n d  B p re se n t visual c o m p ariso n s  of sensitivity  of 

o ligodeoxynucleo tides to  long D N ase  I trea tm en t. E xperim en ts  with sh o rte r 

tim epo in ts allow ed for th e  determ ination  of d igestion  h a lf-tim es  for th o se  

o ligodeoxynucleo tides w hich w ere  com pletely  d e g ra d e d  by th e  long trea tm en t. 

T ab le  6B p re s e n ts  th e  relative h a lf-tim es for d igestion  of o ligodeoxynucleo tides 

by th e  e n d o n u c le a se s  D N ase  I an d  D N ase  II. T he ha lf-tim e for d igestion  of



TABLE 6: S um m ary  of N u c lea se  S ensitiv ities an d  T issu e  C ulture Stabilities

A. RELATIVE HALF-LIFE

EX O NUCLEASES: S p leen (5 ’-> 3 ’) V enom (3’-> 5 ’)

1 4 -P -3 1 1

1 4 -P -4 3* 1

1 4 -C -3 » 2 0 0 >500

1 4 -G -4 » 2 0 0 100

14-A -3 » 2 0 0 » 5 0 0

1 4 -T -4 » 2 0 0 >500

14-M e6a - 3 » 2 0 0 » 5 0 0

B. RELATIVE HALF-LIFE

END O N U CLEA SES: D N asel D N asell

1 4 -P -3 1 1

14-A -3 1 >5

1 4 -C -3 6 2

14-M e5b -3 12 >5

14-M e5a - 3 300 >5

14-M e6b -3 >600 >5

14-M e6a - 3 >600 >5

C. RELATIVE HALF-LIFE

CULTURE CONDITION: RPMI 4-FCS + F C S , B95-!

1 4 -P -3 STABLE 1 1

14-M esb -3 i i 30 30

14-M esa - 3 f i 30 30

14-M e6b -3 i f 30 30

14-M e6a -3 f l 30 30

* In term edia te  form w a s  d e te c te d
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FIGURE 6: D N ase  I Sensitivity

B.

1 2 3 4 5 6 7

A. All lanes: 5 ’-32P-labeled complem entary oligodeoxynucleotide 18-P-4. 
Lanes 2,4,6,8: Untreated Lanes 3,5,7,9: DNase I treated

Lanes: O liaodeoxvnucleo tide  te s te d  

1 N one (1 8 -P -4  a lone).

2 - 3 1 4 -P -3

4 - 5 14-A -3

6 - 7 1 4 -C -3

8 - 9 14-M e6a - 3

B. All lanes: 5 ’-32P-labeled complem entary oligodeoxynucleotide 14-P-4. 
Lanes 2,4,6: Untreated Lanes 3,5,7: DNase I treated

Lanes: O ligodeoxynucleo tide  te s te d  

1 N one (1 4 -P -4  a lone).

2 - 3 1 4 -P -3

4 - 5 14-M e6b -3

6 - 7  14-M e5a - 3
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control 1 4 -P -3  by D N ase  I w a s  on th e  o rd e r of 10 m inutes. 14 -A -3 , which 

h a s  an  internal sp a n  of five p h o sp h o d ie s te r  linkages, is a s  sen sitiv e  to  D N ase 

I a s  th e  control 1 4 -P -3 . 14-M efia - 3  h a s  a lternating  d ie s te r  and  

m eth y lp h o sp h o n ate  linkages a n d  w a s  o v er 600 tim es m ore re s is tan t to  D N ase  

I th an  1 4 -P -3 . T he g e n e ra l tren d  is th a t a s  th e  p h o sp h o d ie s te r  s p a n  is 

d e c re a se d , th e  o ligodeoxynucleotide b e c o m e s  m ore re s is tan t to  e n d o n u c le a se  

activity. G iven a  tim e fram e for th e  n u c lea se  s tu d ie s  of 24 h ours a n d  th e  fact 

th a t th e  D N ase  II reac tio n s  w e re  m uch slow er th an  th o se  for D N ase  I (h a lf-  

tim e for 1 4 -P -3  d igestion  of 10 hours), th e  m ost re s is tan t m eth y lp h o sp h o n a tes  

o ligodeoxynucleo tides can  only b e  d e s ig n a te d  a s  >5 tim es  m ore s tab le  than  

th e  control.

3. STABILITY O F  OLIGODEOXYNUCLEOTIDES IN T ISSU E CULTURE

T able  6C su m m arizes  th e  resu lts  of th e  tis su e  cu lture s tu d ie s . All of the  

o ligodeoxynucleo tides te s te d  w e re  com pletely  s tab le  to 37°C incubation for 24 

ho u rs  in RPMI 1640 a lone. T he  resu lts  of th e  gel an a ly sis  sh o w ed  th a t th e  0 

hour sa m p le s  a n d  th e  24 hour sa m p le s  w ere  identical to  e a c h  o th e r a n d  to  th e  

0 hour sa m p le s  show n in F igure 7, ex cep t th a t 1 4 -P -3  (sam p le  e) sh o w ed  no 

ev id en ce  of d eg rad a tio n  (no hybrid doublet) in RPMI a lone. In co n trast, all of 

th e  o ligodeoxynucleo tides w ere  d e g ra d e d  by incubation in e ith e r com ple te  

m edium  o r in cell su sp e n s io n s . T he sim ilar d eg rad a tio n  in e ith e r com ple te  

m edium  o r cell s u sp e n s io n s  ind ica tes  th a t th e  enzym atic  activity leading to 

d eg rad a tio n  is a s so c ia te d  with th e  serum .

F igure 7 p re se n ts  th e  resu lts  of stability testing  in cell su sp e n s io n s . The 

p h o sp h o d ie s te r  o ligodeoxynucleo tide  1 4 -P -3  had  a  half-life of le ss  than^60



FIGURE 7: Stability in Cell S u sp en sio n
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0 hour 1 hour 2 hours 4 hours

a b c d e a b c d e a b c d e a b c d e

7.5 h ours  18 hours 24 hours
I---------------- 1 I------------------1 I-------- -------1
a b c d e a b c d e a b c d e

O ligodeoxynucleo tides w ere  incubated  in su sp e n s io n s  of B 95-8 cells  in 

co m ple te  RPMI 1640 m edium . S am p le s  w ere  tak en  a t the  ind icated  tim es  an d  

w ere  tre a te d  a s  d e sc rib ed  in M aterials an d  M ethods. T h e  te s te d  

o ligodeoxynucleo tides w ere  a) 14-M e6a -3 , b) 14-M e6b -3 , c) 14-M e5a -3 , d )1 4 - 

M e5b -3 , an d  e) 1 4 -P -3 . T he J2P - la b e le d  com plem en tary  o ligodeoxynucleotide 

w as  1 4 -P -4 .
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m inu tes in cell s u sp e n s io n s  (or in com ple te  m edium ). R esu lts  from sim ilar 

ex p erim en ts  with sh o rte r  tim epoin ts su g g e s t a  half-life of approxim ately  15 

m inutes. T he  o ligodeoxynucleo tides with m eth ly p h o sp h o n ate  substitu tions 

w ere  significantly m ore s tab le  th an  th e ir p h o sp h o d ie s te r  an a lo g u e , but they  all 

d isp layed  relatively sim ilar ha lf-lives of approx im ately  7.5 hours, re g a rd le ss  of 

th e  a rra n g em en t of th e  m eth y lp h o sp h o n ate  linkages. It a p p e a rs  from the  

au to rad io g ram  th a t 14-M e6a - 3  (alternating m odifications) w a s  th e  m ost s tab le , 

a n d  th e  o ligodeoxynucleo tides contain ing 2, 3 a n d  4 co n tig u o u s p h o sp h o d ies te r 

b o n d s  w ere  nearly  identical in stability. A 3 -ex o n u c leo ly tic  activity w as 

e v id en ced  by single s te p -w ise  c lea v a g e  of o ligodeoxynucleo tides 14-M e6a -3  

a n d  14-M esa -3 ,  both of w hich con tain  3 -p h o sp h o d ie s te r- lin k e d  thym idine 

re s id u es , a n d  th e  a b s e n c e  of c lea v a g e  of o ligodeoxynucleo tides 14-M efib -3  

a n d  14-M esb -3 , w hich con tain  3’-m e th y lp h o sp h o n a te - lin k ed  thym idine 

r e s i d u e s .  H o w e v e r , a  fu lly  m e t h y l p h o s p h o n a t e - s u b s t i t u t e d  

o ligodeoxynucleotide (12 -M e10-1 )  w a s  s tab le  for 24 hou rs with no a p p a ren t 

dim inution of hybridizable m aterial (d a ta  not show n).

4 . P A R T I A L L Y  M E T H Y L P H O S P H O N A T E - S U B S T I T U T E D  

OLIGODEOXYNUCLEOTIDES CAN SERV E AS RNASE H SU B STR A TES

32P - la b e le d  runoff tran scrip ts  w ere  m ad e  from pS P 6-A L A -D  (F igure 8A) 

a n d  in cu b ated  with various o ligodeoxynucleo tides in th e  p re se n c e  of R N ase  H. 

U sing a  Hindlll runoff transcrip t, the  m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleo tides 14-A -3  an d  1 4 -C -3  se rv ed  a s  R N ase  H su b stra te s , 

while 14-M e6a - 3  did not, ev en  up to  a  con cen tra tio n  of 10 pg/m l (d a ta  not 

show n). T he 14 -m er binding site  a p p e a re d  to  be  a  p o o r site  for R N ase  H
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FIGURE 8: R N ase  H A ssay

12-mer 14-mer

 i----------
P N H

A: Map of pSP65-ALA-D Arrows indicate o ligodeoxynucleo tide binding sites. 

Restriction e n d o n u c le a se  s ite s  for runoff transcrip tion : P = P stl, N =  N co l. H = 

Hindlll. S = sta rt of transcrip tion.

1 2 3 4 5 6 7 8

B: RNase H A ssay
Lanes: Tested oligodeoxynucleotides:

1 RNA transcrip t (501 nt)

2 1 2 - P - l ,  control p h o sp h o d ie s te r  [386 nt p roduct ( >— > )]

3 - 4 1 2 - M e - l

5 - 6 12-M esb -1

7 - 8 1 2 - M e - l

L an es  4,6,8 co n ta in ed  4-fo ld  m ore o ligodeoxynucleo tide  th an  la n e s  3,5,7.
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digestion  s in ce  th e  u se  of th e  control p h o sp h o d ie s te r  o ligodeoxynucleo tide  14- 

P -3  only allow ed for c le a v a g e  of a  sm all am o u n t of th e  original transcrip t 

m aterial, p e rh a p s  d u e  to  sec o n d a ry  s tru c tu re  in th e  RNA a t th is region. T he 

re su lts  of th e  R N ase  H s tu d ie s  using  m e th y lp h o sp h o n a te -su b s titu te d  

o ligodeoxynucleo tides a n d  th e  p h o sp h o d ie s te r  control co m plem en tary  to  th e  

1 2 -m er binding site  (F igure 8A) a re  show n in F igure 8B. T he N col runoff 

transcrip t (501 nt) (lane  1), is com pletely  c leav ed  by R N ase  H in th e  p re s e n c e  

of 1 2 - P - l  (lane 2). 12-M e4-1  is c o m p o se d  of a lternating  m eth y lp h o sp h o n ate  

a n d  d ie s te r  linkages with an  in ternal s p a n  of 3 p h o sp h o d ie s te rs , a n d  it perm its 

c le a v a g e  of approx im ately  75% of th e  RNA (lan es  3 a n d  4). C o m p arab le  

re su lts  w ere  ob ta in ed  with o ligodeoxynucleotide  12-M esa -1 ,  which h a s  an  

in ternal sp a n  of 2 d ie s te rs  a n d  2 d ie s te rs  a t th e  5’ en d  (d a ta  not show n). 12 - 

M e5b -1 , with a  s p a n  of 2 d ie s te rs , a n d  12-M e6-1 , which h a s  a lternating  

linkages th roughou t, a re  po o r R N ase  H s u b s tra te s  (la n e s  5 th rough  8). T he 

four-fo ld  in c re a se  in o ligodeoxynucleo tide  con cen tra tio n  d o e s  not in c re a se  th e  

RNA c lea v a g e , indicating th a t addition of m ore o ligodeoxynucleo tide d o e s  not 

in c re a se  th e  am o u n t of availab le  R N ase  H su b stra te .

D. D ISCU SSIO N

T he a n tis e n se  effec ts  previously rep o rted  with fully m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides requ ired  relatively high co n cen tra tio n s  

(Sm ith, e t al., 1986; Agris, e t al., 1986; Sarin , e t al., 1988). A m ajor re a so n  for 

th is  requ irem en t m ay be  th e  isom eric  n a tu re  an d  destab iliz ing  effect of e ach  

m odified linkage, leading to  a  d e c re a s e  in duplex  stability (B ow er, e t al., 1987; 

Q uartin  & W etm ur, 1989). In addition, s in ce  R N ase  H will not c leav e  th e  RNA
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in a  dup lex  with fu lly -substitu ted  m o lecu les (M aher & Dolnick, 1988), th e  effect 

s e e n  w a s  p robably  d u e  to  a  physical block of th e  transla tional m achinery , an d  

th is m ech an ism  a lo n e  m ay not b e  very effective. Partial substitu tion  by 

m e th y lp h o sp h o n a te s  w ould m axim ize dup lex  stability. It is of in te re st to  c re a te  

a  b a la n c e d  com bination  of p h o sp h o d ie s te r  an d  m e th y lp h o sp h o n a te  linkages 

th a t will co n fe r n u c le a se  re s is ta n c e  w hile perm itting c le a v a g e  of th e  RNA in 

th e  o ligodeoxynucleotide:R N A  hybrid.

W e h av e  ex am in ed  th e  q u e s tio n s  of sensitivity  to  specific  n u c le a s e s  an d  

stability in a  cellu lar env ironm ent by com paring  partially m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides to p h o sp h o d ie s te r  an a lo g u e s . O ur m ethod  

of ge l shift an a ly s is  to  a s s e s s  o ligodeoxynucleo tide stability is particularly 

ap p ro p ria te  w h ere  su ch  o ligodeoxynucleo tides a re  being  c o n s id e re d  for u s e  a s  

a n tis e n s e  a g e n ts , s in ce  th e  a s s a y  directly te s ts  th e  ability of an  

o ligodeoxynucleo tide to  hybridize with its com plem ent. T he  re su lts  of our 

e x o n u c le a se  ex p erim en ts  ind icate  th a t th e  p re s e n c e  of m e th y lp h o sp h o n ate  

linkages c a u s e s  a  co n s id e rab le  d e c re a s e  ra th e r th a n  a  co m p le te  block to  th e  

action  of e x o n u c le a se s . T his s u g g e s ts  th a t exonucleo ly tic  a tta ck  on 

m e th y lp h o sp h o n a te -su b s titu te d  o ligodeoxynucleo tides m ay b e  sim ilar to  th a t 

found for s n a k e  venom  p h o sp h o d ie s te ra se  d igestion  of DNA contain ing  

thym idine d im ers, w h ere  th e  en zy m e  slowly b re a k s  th e  internal bond  of th e  

b a s e  b ey o n d  e a c h  e n co u n te re d  d im er (Laskow ski, 1971). It h a s  b e e n  reported  

th a t two co n secu tiv e  m eth y lp h o sp h o n ate  linkages se rv e d  to  in c re a se  h a lf- 

tim es of d igestion  by both  s n a k e  venom  a n d  sp lee n  p h o sp h o d ie s te ra se  by two 

o rd e rs  of m agn itude , a s  d e te rm in ed  by HPLC an a ly s is  of d ig e st p roducts  

(Agraw al & G oodchild , 1987). W e find from ou r gel m igration a n a ly se s  tha t 

th e  p re s e n c e  of ju s t o n e  m eth y lp h o sp h o n ate  linkage n e a r  th e  5 ’ a n d  3’ e n d s  of
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an  o ligodeoxynucleo tide  c a u s e s  an  in c re a se  in d igestion  h a lf-tim es  by m ore 

th an  tw o o rd e rs  of m agn itude .

W hile o u r s tu d ie s  with D N ase  I ind icate re s is ta n c e  to  e n d o n u c le a se  

in c re a s e s  with d e c rea s in g  internal s p a n s  of p h o sp h o d ie s te r  linkages,

m e th y lp h o sp h o n a te  o lig o d e o x y n u c leo tid e s  w ith in te rn a l c o n tig u o u s

p h o sp h o d ie s te r  linkages ranging  from 1 to  4 h av e  relatively uniform half-lives 

of 7.5 h o u rs  w hen  in cu b ated  in com ple te  m edium  or with cu ltu red  cells. The 

initial 3’-ex o n u c leo ly tic  c lea v a g e  s e e n  with tw o of th e  o ligodeoxynucleo tides 

a n d  th e  failure to  o b se rv e  s u b se q u e n t s te p -w ise  d eg rad a tio n  of an y  of the  

o ligodeoxynucleo tides is not u n d e rs to o d  a t th is  tim e. A single  endonucleotly tic  

c lea v a g e  in th e  c e n te r  of th e  o ligom ers could g e n e ra te  su ch  a  d eg rad a tiv e  

p attern . A lternatively, m odification of a  nu c leo sid e  o r depurination  and  

s u b se q u e n t c le a v a g e  of th e  s u g a r -p h o sp h a te  o r s u g a r  m ethy lp h o sp h o n ate

b ack b o n e  could  a lso  g e n e ra te  th e s e  resu lts. It is in teresting  to  no te  tha t

W ickstrom  (1986) finds th a t p h o sp h o d ie s te r  o ligodeoxynucleo tides a re  

com pletely  s tab le  to  incubation  for up  to  2 hou rs in m edium  with 5% fetal calf 

se ru m  (S igm a), but w ere  d e g ra d e d  in bovine calf se ru m  (H yclone), w h e rea s  

w e find th a t th e  p re s e n c e  of fetal calf se ru m  (G ibco) is th e  b a s is  of 

o ligodeoxynucleotide  deg rad atio n .

W e h av e  d e m o n stra ted  th a t partially m e th y lp h o sp h o n a te -su b s titu ted  

o ligodeoxynucleo tides with 3 o r m ore co n tiguous p h o sp h o d ie s te r  linkages will 

hybridize with co m p lem en ta ry  RNA a n d  p rom ote  c le a v a g e  of the  RNA by 

R N ase  H. T h u s it is po ssib le  to sy n th es ize  an  a n tis e n s e  o ligodeoxynucleotide 

with m eth y lp h o sp h o n ate  an d  p h o sp h o d ie s te r  linkages tha t will h av e  in c reased  

stability o v e r a  p h o sp h o d ie s te r  o ligodeoxynucleotide in tis su e  culture, and  

p e rh a p s  in vivo, a s  well a s  have  th e  ability to p rom ote  c le a v a g e  of ta rg e t RNA.
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A. INTRODUCTION

T he cloning o r recloning of a  particu lar DNA fragm en t from a  eukaryotic  

o rgan ism  is norm ally carried  out by th e  tw o -s te p  p ro c e ss  of library 

construction  a n d  library sc reen in g  (M aniatis, e t al., 1982). T h e  w ork required  

cou ld  b e  g reatly  re d u c ed  if a  library cou ld  b e  co n s tru c ted  w hich w a s  initially 

highly en rich ed  for th e  particu lar fragm ent. T he de term ination  of th e  s iz e  of a  

particu lar DNA restriction fragm en t in a  m ixture of frag m en ts  is normally 

carried  ou t by th e  tw o -s te p  p ro c e ss  of gel e lec tro p h o res is  an d  S o u th ern  blot 

(S ou thern , 1975) hybridization. A sim pler p ro ced u re  w ould b e  to  label th e  

particu lar fragm ent prior to  e lec tro p h o resis . In th is  com m unication , w e 

d e sc rib e  a  b ran ch -m ig ra tio n  s tu d y  a im ed  a t achieving th e s e  en d s.

M ore th an  20 y e a rs  ag o , ex p erim en ts  with hom opolym ers d em o n stra ted  

th a t polybrom odeoxycytid ine would d isp lace  polydeoxycytidine from a  duplex 

with po lydeoxyinosine (M ichelson, e t al., 1967). O th e r sim ilar d isp lacem en t 

reac tio n s  h av e  b e e n  carried  o u t w here  th e  d isp lacing  s tra n d  form ed a  m ore 

s tab le  dup lex  th an  th e  d isp laced  stran d . RNA will d isp lace  DNA in 

c o n cen tra ted  form am ide leading to th e  form ation of an  R -lo o p  (T hom as, e t al., 

1976). T he  rev e rse  reaction , which is favored  in a q u e o u s  solution, h a s  b een  

exploited  for th e  d ev e lo p m en t of a  h o m o g e n eo u s  nucleic acid  hybridization 

a s s a y  (Vary, 1987).

D isp lacem ent of o n e  DNA s tran d  by an o th e r req u ires  energy . DNA 

s tra n d s  will d isp lace  identical DNA s tra n d s  from su p erh elica l m o lecu les leading 

to  th e  form ation of D -loops. T h e  re v e rse  reaction , driven by loop free  energy , 

m ay be  initiated by rem oving th e  topological constra in t (R adding , e t al., 1977). 

In an  an a lo g o u s  reaction  driven by loop free  en erg y , a  sh o rt s tran d  forming a
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dup lex  within a  long sing le  s tran d  w a s  easily  d isp laced  by a  longer, 

overlapp ing  s tran d  during DNA reasso c ia tio n  (G reen  & T ibbetts , 1981). 

R ecently , R ecA  protein , using  ATP a s  an  en e rg y  so u rc e , w a s  em ployed  to 

re v e rse  DNA b ran ch  m igration reactions, perm itting th e  form ation of D -lo o p s  in 

linear m o lecu les  (R igas, e t al., 1986).

T he b ran ch  m igration p ro ced u re  w e h av e  d ev e lo p ed  u s e s  d isp lace r 

b rom odeoxycy tid ine-con tain ing  o ligodeoxynucleo tides. T his m ethod  le ad s  to 

th e  specific  a tta ch m e n t of both th e  d isp lace r o ligodeoxynucleotide a n d  a  

partially co m plem en tary  linker o ligodeoxynucleotide to  th e  en d  of a  particular 

DNA frag m en t contain ing  a  s e q u e n c e  co m plem en tary  to  th e  d isp lace r 

o ligodeoxynucleotide. T his specific  a tta ch m en t m ay b e  u s e d  (A) to  label a  

particu la r fragm en t for de tec tio n  w ithout blotting an d  s u b se q u e n t hybridization, 

(B) to  m ark  a  particu lar fragm en t for affinity ch ro m ato g rap h y , or (C) to  facilitate 

cloning by introducing a  new  5’ o r 3’ o v erh an g  com patib le  with a  restriction 

e n d o n u c le a se  site  in a  cloning vector.

B. MATERIALS AND M ETHODS

1. OLIGODEOXYNUCLEOTIDES, PLASM IDS AND ENZYM ES

All o ligodeoxynucleo tides (T able 7) w ere  sy n th es iz ed  on an  Applied 

B io sy stem s M odel 380B DNA S y n th es ize r using  s ta n d a rd  phosphoram id ite  

chem istry . B rom odeoxycytid ine incorporation w as  acco m p lish ed  using  a  5 -  

b rom odeoxycytid ine phosphoram id ite  m o n o m er (A B N -Fisher). Purification 

s te p s  w e re  limited to  hydrolysis of b a se -p ro te c tin g  g ro u p s a n d  c lea v a g e  from 

th e  su p p o rt with NH4OH, evapora tion , re su sp e n s io n  a n d  e th an o l precipitation.



TABLE 7: O ligodeoxynucleo tides

T_ Analysis

14-dC-S

14-dC-A

14-BrdC-S

14-BrdC-A

ATG CAG CTA AGT CA 

TGACTT AGCTGCAT 

ATG CAG CTA AGT CA 

TGA CTT AGC TGC AT

T„ and Blunt-end Displacement 

12-dC-S CAT GCA GCC CCA

12-dC-A TGG GGCTGC ATG

12-BrdC-S CAT GCA GCC CCA

Danqlinq-end Displacement 

12-dC-A TGG GGC TGC ATG

16-dC-A 

16-BrdC-S

TGG GGCTGC ATG GCGT 

ACG CCA TGC AGC CCC A

Capture

14-dC-L

34-dC-D

34-BrdC-D

34-BrdC-D-E@10

34-BrdC-D-E@24

CAT CAT CAT CCA TG

GAT GAT GAT GTG CAG CCA ATG CCC CAG GAG CCC T 

GAT GAT GAT GTG CAG CCA ATG CCC CAG GAG CCC T 

GAT GAT GAT GTG CAG CCA AAG CCC CAG GAG CCC T 

GAT GAT GAT GTG CAG CCA ATG CCC CAG GAG CCC A

C = 5’-Bromodeoxycytidine
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All o ligodeoxynucleo tides w e re  5 - la b e le d  with 32P  using T4 polynucleotide 

k in ase , su b je c te d  to polyacrylam ide gel e lec tro p h o res is  on 20% acry lam ide-8M  

u re a  g e ls , a n d  v isualized  by au to rad iog raphy . A single o ligodeoxynucleo tide 

s p e c ie s  of th e  co rrec t s ize  w a s  routinely d e tec te d . P lasm id  pALA-D is a  

pUC9 e x p re ss io n  v ec to r con tain ing  th e  cDNA s e q u e n c e  of hum an  8 -  

am inolevu linate  d e h y d ra ta se  (ALA-D), a  h em e  b iosynthetic  en zy m e  (W etm ur, 

e t al., 1986). pALA-D a n d  pU C19 w ere  e a c h  p ro p a g a ted  in E. coN strain 

HB101 a n d  purified by s ta n d a rd  m e th o d s  (M aniatis, e t al., 1982). Restriction 

e n d o n u c le a se s , T4 po lynucleotide k in ase  a n d  T4 DNA ligase  w ere  o b ta ined  

from a n d  u se d  a s  reco m m en d ed  by N ew  E ngland  Biolabs.

2. MELTING TEM PERA TU RE ANALYSES

Melting te m p e ra tu re s  for o ligodeoxynucleo tides w ere  d e te rm in ed  a s  

previously d e sc rib e d  (Q uartin & W etm ur, 1989).

3. DISPLACEM ENT ASSAY

A gel m igration a s s a y  w a s  u s e d  to  m onitor th e  d isp la ce m e n t of 5 ’- 32P -  

labeled  d C -co n ta in in g  o ligodeoxynucleo tides from u n lab e led  co m plem en tary  

o ligodeoxynucleo tides by th e ir B rdC -con tain ing  an a lo g u e s . L abeled  d C -  

con tain ing  o ligodeoxynucleo tides w ere  a n n e a le d  to  u n lab e led  d C -co n ta in in g  

co m plem en tary  s tra n d s  a t room  te m p e ra tu re  in 1M NaCI a t co n cen tra tio n s  of 1 

a n d  3 p.g/ml, respectively , a n d  th en  brought to 4°C. B rdC -contain ing  

a n a lo g u e s  of th e  labeled  s tra n d s  (a t co n cen tra tio n s  ranging  from 3 to  400 

pg/m l) w ere  in cu b ated  with d C -co n ta in in g  d u p lex es  a s  a  function of tim e at
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v ario u s  te m p e ra tu re s . A liquots ta k en  a t e a c h  tim e point w ere  s to red  a t -20°C  

prior to  e lec tro p h o resis . S a m p le s  w ere  lo ad ed  on to  a  20% acry lam ide gel in 

2.5% ficoll 400, a n d  e lec tro p h o res is  w a s  perform ed a t 4°C a t 400 volts, 5 -15  

m illiam ps in 89mM TrisCI, 89mM bora te , Im M  EDTA, pH 8 (TBE). T he  g e ls  

w ere  d ried , a n d  th e  resu lts  w ere  ob ta in ed  by au to rad iog raphy .

4. C A PTU R E AND CLONING PR O C E D U R E S

A 1 4 -m er linker o ligodeoxynucleotide w a s  32P - la b e le d  using  T4 

polynucleotide k inase . T he reaction  with labeled  ATP w a s  followed by reaction 

with e x c e s s  u n lab e led  ATP to  a s s u re  th a t all linker s tra n d s  co n ta in ed  a  5’-  

p h o sp h a te . T he  linker o ligodeoxynucleo tides w ere  purified o v e r sp u n  co lum ns 

(1) of S e p h a d e x  G -50 . Prim ary ligation (cap ture): R estriction e n d o n u c le a s e -  

d ig e s ted  pALA-D (P s tl/R s a l o r P stl/S m al) (20|ig/m l) w as  m ixed with B rd C - 

con tain ing  3 4 -m e r d isp lace r o ligodeoxynucleotide (6|ig/m l) a n d  5’- 32P - la b e le d  

1 4 -m er linker o ligodeoxynucleotide (2jj.g/ml) in a  p H -re d u c e d  T4 DNA ligase 

buffer (50mM Tris-H C I pH 7.0, ImM  ATP, lOmM MgCI2, 20mM DTT, 50pg/m l 

bovine se ru m  album in), in cu b a ted  a t 55°C for 10 m inutes, co o led  to  room  

te m p e ra tu re , an d  incubated  a t 16°C for from 1 m inute to  20 hours in the  

p re s e n c e  of from 5 to  500U/ml of T4 DNA ligase. All units of ligase a re  New 

E ng land  B iolabs units. Ligation p ro d u c ts  w ere  ex am in ed  on ethidium

bro m id e-co n ta in in g , 1% a g a ro se  g e ls  by UV illumination an d  by 

au to rad iog raphy . S eco n d ary  ligation: R estriction e n d o n u c le a se -d ig e s te d  

pU C19 (P stl/S p h l) w a s  a d d e d  to  lOp.1 of th e  prim ary ligation m ixture to  a  final 

con cen tra tio n  of lOpg/ml in th e  sa m e  ligation buffer a n d  in cu b ated  with 

20,000U/ml T4 DNA ligase  a t 16°C for 20 hours. E. cp][ strain  D H 5a w as u sed
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for th e  cloning exp erim en ts . T ransform ation  (rubidium  chloride) an d  

identification of G -g a la c to s id a se -n e g a tiv e  c lo n es  w ere  carried  ou t accord ing  to 

previously d e sc rib ed  te c h n iq u e s  (M aniatis, e t al., 1982). D o u b le -s tra n d ed  DNA 

seq u e n c in g  w a s  carried  out with S e q u e n a s e  (United S ta te s  B iochem icals, Inc.), 

accord ing  to  th e  protocol of th e  m anufactu rer, using  both m iniprep a n d  la rg e -  

s c a le  alkaline ly s is /C sC I-b an d ed  p lasm id  DNA.

C. THEORETICAL

T h e  b a sic  experim en t is outlined in Fig. 9. A ssu m e  th a t th e  b ranch  

m igration ev en t is initiated by form ing four b a s e  pa irs  with a  3’-o v e rh a n g  

rem aining a fte r c lea v a g e  of DNA with a  restriction e n d o n u c le a se  su ch  a s  P s t l. 

T h e se  b a s e  pa irs  a re  n u m b ered  1 th rough  4. A dditional b a s e  pairs  would 

form only a t th e  e x p e n se  of existing b a s e  pairs, a  b ranch  m igration even t. For 

th e  p u rp o se s  of th is calcu lation , a s s u m e  th a t th e  free  e n e rg y  of an y  structu re  

involving tw o s in g le -s tra n d e d  b ra n c h e s  is in d e p en d e n t of th e  location of the  

b ran ch  point. S ev era l ca lcu la tio n s  a re  p re se n te d  below . C a s e  I o ccu rs  w hen 

th e  P s t l s ite  o v erhang  (positions 1 th rough  4) a n d  a  limited n u m b er of 

additional b a s e s  (positions 5 to  m) in th e  d isp lace r s tran d  a re  identical, or 

equivalent, to th e  b a s e s  to  be  d isp laced . C a se  II o ccu rs  w hen th e  s e q u e n c e  

of th e  rem a in d er of th e  d isp la ce r  s tran d  is identical, o r equ ivalen t, to the  

d isp laced  s tran d , with potential b a s e  pairs  1 th rough n. C a s e  III o ccu rs  w hen 

a  non -iden tica l (or n o n -eq u iv a len t)  b a s e  is in troduced  into th e  d isp lace r 

s trand .
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B ranch m igration of d isp lace r (D), bound to  linker (L), o ligodeoxynucleotide  into 

a  recipient (R) duplex. U pper left: duplex  of D (open  rec tang le) an d  L (filled 

rec tang le). U pper right: R duplex  with 4 b a s e  3’-o v e rh a n g . Lower: 

conversion  be tw een  th e  D -L  dup lex  bound form (left) an d  th e  b ranch  m igrated  

form (right).
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Let q  =  partition function.

a  = initiation p a ra m e te r  (includes b a s e  s tack ing  a t a  single  s tra n d  break). 

C  = o ligodeoxynucleotide concen tra tion  (molar).

S k=  equilibrium  co n s ta n t to  a d d  b a se  k to  a  s tack ; s  »  1 (ignore fraying). 

£2 = relative stability of 2 v e rsu s  1 s in g le -s tra n d e d  branch .

K = relative stability of B rdC -dG  b a s e  pair v e rsu s  d C -d G  b a s e  pair.

Bk= 1 if b ran ch  m igration re su lts  in no nucleo tide substitu tion.

Bk= K if b ranch  m igration re p la ce s  dC  by BrdC. 

p. = relative stability of a  m ism atch ed  b a s e  pair.

C a s e  I: Incom plete b ranch  m igration: A P s t l site  (positions 1 th rough  5)

a n d  additional (6 th rough  m) b ran ch  m igration but w ithout

com pletion:

4 m i
q x = 1 +  a  C{tc Sk [1 +  £2 E n Bk]}

k=l i=5 k=5

C a s e  II: C om plete  b ranch  m igration to position n:

4 n n -1  i
q 2 = 1 +  a  C  (7 tsk  [1 + TtBk +  £2 S  n Bk]} 

k=l k=5 i=5 k=5

C a s e  III: B ranch  m igration with a  single m ism atch  a t site  j costing  p.:

4 n j—1 i n -1  i
q 3 = 1 + a  C  {rcsk [1 + p . ic B k + £ 2  (( L  n Bk) +  (p E n Bk))]} 

k=l k=5 i=5 k=5 i=j k=5

A ssum ing  th a t th e  majority of all un ligated  s ite s  lack bound  D -L  d u p lex es , the

ratio of up tak e  (ligation) of o ligodeoxynucleo tides a t any  two s ite s  is given by:

r, / rj = (qj -  1) / (qj -  1)

T ake  a  P stl s ite  followed by no additional similarity to  be  th e  s tan d a rd : rj = rt

(m = 5).
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m i
r, (all m) / rt (m = 5) = (1 + Q Z  n B|<) / (1 +  Q)

i=5 k=5

n n -1  i
r2 / r, (m  = 5) = (1 +  k Bk +  £2 2  n Bk) / (1 +  Q)

k=5 i=5 k=5

n j-1  i n -1  i
r3 / rt (m  =  5)= [1 +  \l k Bk +  Q(( 2  n Bk) +  (p. 2  n Bk))] / (1 +  Q)

k= l i=5 k=5 i=j k=5

D. R ESU LTS

1. DISPLACEM ENT O F  dC-CO N TA IN IN G  H O M O LO G U ES BY B rd C - 

CONTAINING OLIGODEOXYNUCLEOTIDES

T h e  o ligodeoxynucleo tides u se d  for m elting te m p e ra tu re  (tm ) a n a ly se s  

a re  listed  in th e  first two sec tio n s  of T ab le  7. T ab le  8a p re s e n ts  th e  tm v a lu es  

for d C -co n ta in in g  o ligodeoxynucleo tides an d  for th e ir B rdC -con tain ing  

a n a lo g u e s . T he substitu tion of BrdC for dC  nucleo tides c a u s e s  an  in c re a se  in 

dup lex  stability, w hich resu lts  in a  h igher t m . T he  in c re a se  in t m , ATm , c an  be

re la ted  to  th e  c h a n g e  in free  en erg y  d u e  to  NBrdC nu c leo tid es  (AG°d) by:

T°AH°
AG°d =    ATm / NBrdC

Tm Tm '

w h ere  T° is 298.16°K, th e  helix—coil transition en thalpy , AH°, is 98,800 Kcal/mol 

(Q uartin a n d  W etm ur, 1989), Tm is th e  dC  o ligodeoxynucleo tide  melting 

te m p e ra tu re , a n d  T m ’ is th e  m elting tem p e ra tu re  for th e  BrdC an a lo g u e . T he 

a v e ra g e  v a lue  for AG0^  derived  from th e  d a ta  in T ab le  8a  is 0.4 kcal/m ole a t 

pH 7. T hu s, -R T  In K = 400 o r K = 1.9 ( s e e  T heoretical definitions). T he
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TABLE 8: B rom odeoxycytid ine T herm odynam ics a n d  D isp lacem en t R eac tio n s

a . THERM ODYNAM ICS: tffl in 1 M N a+, C  = 6 pM

O lig o d e o x y n u c le o tid e s  pH  7  pH  4  pH  10

1 4 -d C -A  + 1 4 -d C -S  57°

1 4 -d C -A  + 1 4 -B rd C -S  63°

1 4 -d C -S  +  14-B rdC -A  62.5°

1 4-B rdC -A  + 1 4 -B rd C -S  65°

12 -d C -A  +  1 2 -d C -S  60° 53.5° 50°

12 -d C -A  +  1 2 -B rd C -S  69.5° 70° 54°

C o n c lu s io n :  AG°d = 0.4 0.68 0.17 kcal/m ole.

b . KINETICS: Half tim e for d isp lacem en t (m inu tes)

B lu n t 12-dC -S * (C=0.25|iM ) +  12 -d C -A  (C=0.75pM)

D isp lacer 1 2 -B rd C -S  a t

° c

101|iM 20pM 4(iM

37 2 4 -8 16-32

32 4 -8 8-16 32

27 4 -8 32-64 128-256

O v e rh a n g

°C

12-dC -S *  (C=0.25|iM ) +  1 6 -d C -A  (C=0.57pM) 

D isp lacer 1 6 -B rd C -S  a t 

3pM  0 .5 7 jiM

47 <1 4 -8

37 <1 16-32

27 <1 2 -4

22

* 5’- 32P - la b e le d

<1 <1
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UN*

1 2 3 4 5 6 7 8 9 10 11 12 13

D isp lacem ent of a  dC  oligodeoxynucleotide by its BrdC an a lo g u e  in 1 M NaCI. 

Lane 1: 5’- 32P -lab e le d  1 2 -d C -S  only. Lane 2: with 12-dC -A . L anes 3 -4 : 12- 

d C -S /1 2 -d C -A  duplex incubated  a t 32°C with 400pg/m l 1 2 -B rdC -S  for 128 min 

(lane 3) an d  256 min (lane 4). L anes 5-13: the  sa m e  duplex incubated  with 

80pg/ml 1 2 -B rdC -S  for 1, 2, 4, 8, 16. 32, 64, 128, an d  256 min, respectively.
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value of AG°d (an d  h e n ce  K) is p H -d e p e n d e n t b e c a u s e  of th e  d ifference 

b e tw een  th e  a c id - b a s e  d issocia tion  c o n s ta n ts  of BrdC an d  dC.

B rdC -con tain ing  o ligodeoxynucleo tides w ere  exam in ed  for the ir ability to 

d isp la c e  th e ir  d C -c o n ta in in g  a n a lo g u e s  from  d u p le x e s . T he 

o ligodeoxynucleo tides u se d  in th e s e  s tu d ie s  a p p e a r  in th e  s e c o n d  a n d  third 

sec tio n s  of T ab le  7. Fig. 10 lan es  5 th rough 13 sh o w s th e  tim e d e p e n d e n c e  of 

th e  d isp lacem en t of 5’- 32P -la b e le d  1 2 -d C -S  from th e  b lu n t-e n d e d  1 2 -d C - 

S :1 2 -d C -A  duplex  by 80|ig/ml 12 -B rd C -S . L an es  1 an d  2 show  1 2 -d C -S  

a lone  (n o n -sh ifted ), a n d  in a  duplex (shifted), respectively . T ab le  8b p re se n ts  

a  sum m ary  of d isp lacem en t ra te s . T he reac tio n s  initiated a t blunt e n d s  

p ro ceed  fa s te r  a s  th e  tem p e ra tu re  in c re a se s  d u e  to in c re ase d  b rea th ing  a t the  

blunt en d s . D isp lacem ent reactio n s  w here  initiation o ccu rred  a t 4 b a se  

o v e rh an g s  w ere  m ore than  tw o o rd e rs  of m agn itude  fa s te r  th an  reactions 

initiated a t blunt en d s . The stability of a  duplex  form ed b e tw een  th e  displacing 

s tran d  an d  th e  ov erh an g  of a  p reform ed duplex  in c re a se s  with d ec rea sin g  

te m p e ra tu re . T hu s, in the  tem p e ra tu re  ran g e  of 22 to  37°C, th e  ra te  of 

d isp lacem en t d e c re a s e s  with increasing  tem p era tu re . A pparently , a t 47°C the 

d isp lacem en t reaction  p ro c e e d s  by a  different m echan ism , p e rh a p s  involving 

th e  d issocia tion  of th e  p reform ed duplex  d u e  to  th e  proximity of its melting 

tem p era tu re .

2. B R A N C H  M IG R A T IO N -M E D IA T E D  C A P T U R E  O F  LIN K ER 

OLIGODEOXYNUCLEOTIDES

T he b a s ic  experim en t is d ep ic ted  in Fig. 9. T he s a m e  5’- 32P -la b e le d  

linker, 14 -dC -L , w a s  u sed  th roughout. T h e  s tan d a rd  d isp lace r m olecule, 3 4 -
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B rdC -D , co n ta in ed  BrdC in p lace  of dC  a n d  w a s  c a p a b le  of form ing a  perfect 

dup lex  with th e  co m p lem en ta ry  s tran d  in a  recipient duplex. P lasm id  pALA-D, 

w hen  d ig e s ted  with R sa l/P stl, y ields s e v e n  frag m en ts  four of which contain  

o n e  P stl en d  with a  3 -o v e rh a n g  a n d  o n e  blunt R s a l e n d . Fig. 11, lane  1 

d ep ic ts  su c h  a  d igest. T he third la rg est visible b a n d  is a  694 nt fragm en t with 

tw o blunt e n d s . T h e  s e c o n d  la rg est of th e s e  fragm en ts , 720 nt, co n ta in s  th e  

co m p lem en ta ry  s e q u e n c e  to  34 -B rdC -D . T hus, up tak e  of th e  L-D  duplex  by 

th is  R (recipient) dup lex  is  d e sc rib e d  by C a s e  II in T heore tical. T h e  o th e r 

th re e  frag m en ts  having a  3’-o v e rh a n g , 1807, 308, a n d  71 nt, th e  la tter of which 

is not visible in Fig. 11, con tain  limited com plem entarity  to  3 4 -B rd C -D  in 

addition to th e  four b a s e s  of th e  P stl overh an g . T he additional 

com plem en tarity  in th e  308 nt R duplex  is limited to th e  single  rem ain ing  b a s e  

in th e  P s t l site . T he 1807 nt R duplex  co n ta in s  four additional co m plem en tary  

b a s e  pairs. T hus, u p tak e  of th e  L -D  duplex  by the. 1807 a n d  308 nt R 

d u p lex es  is d e sc rib e d  by C a s e  I in T heoretical with m eq u a l to 9 an d  5, 

respectively .

Fig. 11, lan es  2 th rough  9, d e m o n s tra te s  ligation of th e  pALA-D 

frag m en ts  in th e  p re se n c e  of th e  d isp lace r 3 4 -B rd C -D  (6pg/m l) a n d  th e  linker 

1 4 -d C -L  (2ji.g/ml) with 5 U/ml ligase. Ligation resu lts  in a  sm all d e c re a s e  in 

th e  mobility of th e  720 nt ban d . This reaction  is 50% co m p le ted  in 32 min. A 

sim ilar ex perim en t carried  out using 25 U/ml ligase  p ro c e ed e d  50% to 

com pletion in 8 min (d a ta  not show n). T hus, th e  reaction  ra te  w as  linearly 

d e p e n d e n t on ligase  concen tra tion .

Fig. 12A is an  au to rad iog ram  of Fig. 11. U nder cond itions w here  the  

reaction  with th e  720 nt b an d  is carried  to  com pletion, th e  1807 nt b an d  (m=9) 

is barely  visible an d  th e  308 nt b an d  (m=5) c an n o t be  d e tec te d . T h e se  resu lts
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1 2 3 4 5 6 7 8 9

C ap tu re  reaction  of 3 4 -B rd C -D  plus 1 4 -d C -L  UV fluorogram  of 1% a g a ro se  

gel. Lane 1: R sa l/P stl d ig e s ted  pALA-D (200ng); visible b a n d s  a re  1807, 720, 

694 a n d  308 nt. L an es  2 -9 : p roducts  following ligation in th e  p re se n c e  of 3 4 - 

B rdC -D  (6|ig/m l), 1 4 -d C -L  (2|ig/m l), an d  5U/ml ligase for 1, 2, 4, 8, 16, 32, 64, 

a n d  128 min, respectively .
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A. B.

3 4 5 6 7 8 1 2 3 4 5 6

A: A utoradiogram  of Fig. 11.

B: S a m e  a s  Fig. 12A, ex cep t 500U/ml ligase.
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d e m o n s tra te  conditions for m axim um  specificity of linker c ap tu re . Fig. 12B 

p re s e n ts  th e  re su lts  of ligation in th e  p re s e n c e  of 500 U/ml ligase. U nder 

th e s e  conditions, th e  c ap tu re  of th e  linker by th e  1807 nt b an d , a lthough  

p ro ceed in g  m ore slowly, te n d e d  tow ard  com pletion , an d  so m e  linker c ap tu re  

by th e  308 nt b an d  w as  d e tec te d .

Fig. 13A sh o w s an  au to rad io g ram  a n a lo g o u s  to  Fig. 12A, w h e re  th e  

d isp la ce r  s tran d  is 3 4 -d C -D  in s tead  of 3 4 -B rd C -D . U nder cond itions w here  

th e  reaction  with th e  720 nt b a n d  is carried  50% to  com pletion , b a s e d  on th e  

fluorogram  of th e  gel (d a ta  not show n), both th e  1807 nt b an d  (m=9) an d  th e  

308 nt b an d  (m=5) w ere  easily  d e tec te d . T ab le  9 a  c o n ta in s  relative 

au to rad io g rap h ic  in tensities of th e  1807, 720 a n d  308 nt b a n d s , using  3 4 -B rd C - 

D a n d  3 4 -d C -D  a s  d isp la ce r  m o lecu les. T he  in tensities  of th e  308 nt b a n d s  

w e re  a ss ig n e d  th e  v a lue  of 1. S ince  th e  v a lu e s  for th e  1807 a n d  720 nt b a n d s  

w ere  d e te rm in ed  using  a  2 -fo ld  tim e c o u rse  a s s a y , th ey  a re  reliab le to  ±50%. 

T he  d a ta  in T ab le  9a  d e m o n s tra te  th a t th e  u s e  of BrdC is im portan t for 

obtaining h igh ly-specific  C a s e  II reactions.

C alcu la ted  in tensity  ra tios in T ab le  9 w ere  o b ta in ed  using  K = 1.7 a t 

16°C a n d  £2 = 3. T he value of 1.7 w a s  c h o se n  a s  a  b e s t  fit to  th e  3 4 -B rd C -D  

d a ta  a n d  w a s  c o n sis te n t with th e  ratio of 1.9 found in 1 M NaCI a t 60°C. T he 

re su lts  w ere  insensitive  to  th e  cho ice  of £2 a s  long a s  £2 > 2. A value  of £2 > 1 

im plies th a t a  s tru c tu re  with tw o s in g le -s tra n d e d  b ra n c h e s  is m ore s tab le  than  

a  s tru c tu re  with o n e  b ranch .

Fig. 13B a n d  13C dep ict Type III reac tio n s  w h ere  m ism a tch es  w ere  

inco rpo ra ted  a t position m = 10 o r n =  24, respectively . T he in tensity  ratios 

a re  given in T ab le  9b. Fig. 13B is an  au to rad io g ram  of a  c a p tu re  reaction  

using  3 4 -B rd C -D -E @ 1 0  u n d e r conditions leading to  tra c e  levels of cap tu re .
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A. B.

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

A: A utoradiogram  using s a m e  conditions a s  Fig. 11, ex cep t th a t D is 3 4 -d C -D . 

B: A utoradiogram  at early  tim e point using 34 -B rd C -D -E @ iO .

C: A utoradiogram  using s a m e  conditions a s  Fig. 13A.



82

TABLE 9: Linker C ap tu re  

a. Cases I and II:

D isp lacer

3 4 -B rd C -D  3 4 -d C -D

E xperim ental C alcu la ted  E xperim ental C alcu la ted

B and:

1807 nt 16 9 4

720 nt 384 344 16

308 nt 1* 1* 1*

* by detinition

b. Case III:

R elative Yield (720nt/1807nt)

D isp lacer Experim ental C alcu la ted

3 4 -B rd C -D 24 39

3 4 -B rd C -D -E @ 1 0 1 1

3 4 -B rd C -D -E @ 2 4 24 39
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T he c a p tu re  by th e  1807 nt b a n d  w as  exactly  th e  s a m e  a s  th a t of th e  720 nt 

band . A m ism atch  a t  position 10, for th e  720 nt ban d , w a s  equ ivalen t to 

co m p le te  m ism atching  beginning  a t position 10, for th e  1807 nt b an d . T hus, a  

sing le  m ism atch  a t position 10 blocked su b se q u e n t b ranch  m igration, an d  p. is 

very  sm all a n d  d o e s  not con tribu te  to th e  partition function calcu lations.

Fig. 13C sh o w s an  au to rad iog ram  an a lo g o u s  to  Fig. 12A, w h ere  the  

d isp lace r s tran d  is 3 4 -B rd C -D -E @ 2 4  in stead  of 34 -B rd C -D . T h e  resu lts  w ere  

sim ilar to  th o se  Fig. 12A. T hu s, th e  form ation of th e  final s in g ly -b ran ch ed  

stru c tu re  (Fig. 9, low er right) is u n n e c e ssa ry  to  ach iev e  th e  high specificity 

o b se rv ed  for c ap tu re  reac tio n s  of B rdC -contain ing  o ligodeoxynucleo tides. This 

resu lt req u ires  Q > 1, which a g re e s  with th e  ca lcu la tions above.

3. CLONING AND SEQ UEN CIN G

T h e  plasm id, pALA-D, w a s  d ig e s ted  with S m a l a n d  P s t l. leading to 

th re e  frag m en ts  of 2701, 1037, an d  70 nt. F rag m en t 1037 h ad  a  P s t l s ite s  a t 

e a c h  en d . O n e  of th e s e  s ite s  co n ta in ed  th e  s e q u e n c e  co m p lem en ta ry  to 3 4 -  

B rdC -D . T he  o th e r fragm en ts , including th e  pUC9 vector, te rm in a ted  in one  

P s t l site  an d  o n e  blunt S m a l site . T he c ap tu re  reaction  (first ligation) w as 

carried  out a s  d e sc rib e d  ab o v e  using  3 4 -B rd C -D  a n d  14 -dC -L . T h e  p roducts  

w e re  ligated into S p h l a n d  Pstl d ig e s ted  pUC19. T he  S p h l e n d  co n ta in ed  a  

3 ’-o v e rh a n g  com plem en tary  to  th e  overhang  c re a te d  by th e  cap tu re  reaction . 

F o u r in d ep en d en t p lasm id  c lo n es  w ere  d ig e s ted  by various restriction 

e n d o n u c le a se s  an d  show n to  h av e  th e  p a tte rn s  e x p ec te d  for linker 

incorporation. O n e  of th e s e  c lo n es  w as  c h o se n  for d o u b le -s tra n d e d  DNA 

seq u en c in g . T he au to rad iog ram  of the  seq u en c in g  gel d ep ic ted  in Fig. 14
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FIGURE 14

GATC
g a t  
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a I ^  
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'  GS& 
,  ■ CTT

a a G

A utoradiogram  of seq u en c in g  gel show ing th e  region of in co rpo ra ted  d isp lace r 

(bold) a n d  linker (underlined) s e q u e n c e s .
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confirm ed th e  c ap tu re  reaction  with incorporation of th e  linker s e q u e n c e . 

T h e se  resu lts  d e m o n s tra ted  th a t a  b ran ch ed  s truc tu re  incorporating  a  B rd C - 

contain ing  o ligodeoxynucleo tide  could  b e  c lo n ed  into E. coli.

E. D ISCU SSIO N

W e h av e  confirm ed th a t th e  substitu tion  of brom odeoxycytid ine for 

deoxycytid ine in c re a se s  DNA dup lex  stability a n d  h ave  d e m o n s tra te d  th a t 

d isp lacem en t reac tio n s  using  B rd C -su b stitu ted  o ligodeoxynucleo tides a re  

rapid, espec ia lly  if initiated a t a  dangling  end . In fact, w hen  4 co m p lem en ta ry  

d eo x y n u cleo tid es  w ere  a d d e d  to both  th e  B rdC -con tain ing  s tra n d  a n d  the  

co m p lem en ta ry  s tran d  in th e  duplex , th e  ra te  c o n s ta n t w a s  440 M_1s e c _1 a t 

27°C a n d  in c re a se d  with d e c re a s in g  te m p e ra tu re . This ra te  of d isp lacem en t is 

of th e  s a m e  o rd e r of m agn itude  a s  DNA reasso c ia tio n  with nucleation  limited 

to  a  4 - b a s e  region (W etm ur, 1976). T h e s e  the rm o d y n am ic  an d  kinetic 

m e a su re m e n ts  fo rm ed  th e  b a s is  of a  sy stem  w hich perm its s e q u e n c e -  

d e p e n d e n t c ap tu re  of d isp lace r-lin k er (D -L) co m plexes.

C ap tu re  of a  D -L  dup lex  a t th e  end- of a n  R duplex  c an  b e  carried  to 

100% com pletion by th e  addition of DNA ligase  to  th e  co m p lex es . O ur cap tu re  

ex p erim en ts  w ere  carried  out using conditions w h ere  th e  half tim e to ach iev e  

equilibrium  b e tw een  D -L  co m p lex es  a n d  a  recip ient dup lex  e n d  w a s  ab o u t 1 

m inute for oligonucleotide co n cen tra tio n s  of 6 |ig/m l for D a n d  2pg/m l for L. 

T hus, th e  ra te -d e te rm in in g  s te p  w a s  ligation. T he re su lts  p re se n te d  in this 

w ork a re  limited to  R d u p le x es  with 3’ o v e rh an g s. W e h av e  found  th a t B rd C - 

su b stitu ted  D m o lecu les  w ere  requ ired  to  obtain a  high specificity of C a s e  II 

reac tio n s  co m p ared  to  c ap tu re  of D -L  d u p lex es  by e n d s  with limited
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com plem entarity  to  th e  D m olecule. In addition, th e  introduction of a  single 

m ism atch  in th e  D m olecule w a s  found  to  b e  sufficient to  block th e  b ranch  

m igration. W e h av e  d e m o n s tra te d  th a t th e  B rdC -con ta in ing , b ran ch ed  

s tru c tu re  resulting  from  th e  c ap tu re  reaction  can  b e  ligated into a  cloning 

v ec to r a n d  p ro p a g a ted  in E. coli. T hu s, b ran ch  m igration of a  B rd C - 

su b stitu ted  d isp la ce r o ligodeoxynucleo tide followed by lig a tio n -m ed ia ted  linker 

c ap tu re  c an  b e  th e  b a s is  of a  se lec tiv e  cloning tech n iq u e .

For th e  p u rp o se s  of th is  d em o n stra tio n , no a ttem p t w a s  m ad e  to  rem ove  the  

com peting  D -L  d u p le x es  prior to  th e  s e c o n d  ligation.

T h e re  a re  tw o g e n e ra l app lications for ou r c ap tu re  sy stem . Firstly, 

specific  restriction frag m en ts  c a n  be  lab e led  to  facilitate th e ir de tec tio n  

following gel e lec tro p h o res is  w ithout th e  n e e d  for blotting a n d  S ou thern  

hybridization. F lu o rescen t b a s e s  could  b e  in co rpo ra ted  o r th e  linker 

o ligonucleotide could  b e  e n d - la b e le d  with 32P  using  e ith e r T4 polynucleo tide 

k in ase , a s  d e sc rib e d  ab o v e , o r  term inal d eo x ynucleo tide  tra n s fe ra s e  if h igher 

specific  activity is d e s ired  (C hurch a n d  K ieffer-H iggins, 1988). T he  linker could 

a lso  con ta in  biotinylated nuc leo tides, which could  b e  u se d  for purification of a  

particu lar fragm en t by affinity ch ro m ato g rap h y  (R igas, e t al., 1986).

T he  s e c o n d  application  of th e  c ap tu re  sy s tem  is b ran ch  m ig ration - 

m ed ia ted  DNA cloning. Linker c ap tu re  a t both  e n d s  of a  particu lar fragm ent 

w ould in c re a se  th e  cloning selectivity to  th e  p roduct of th e  selectivity  a t each  

e n d  (i.e. to  10,000 fold). T he high selectivity w ould requ ire  th e  d e sig n  of two 

s e ts  of D an d  L m o lecu les , o n e  for e a c h  e n d  of a  frag m en t of in terest. 

C ap tu re  a t both e n d s  is m ore  im portan t for cloning th a n  for en d -lab e lin g , 

w h ere  selectivity could  only be  in c re a se d  to  th e  sum  of th e  label c ap tu red  at 

th e  tw o en d s.
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T he w ork d e sc rib e d  in th is  com m unication  w a s  limited to  th e  u s e  of 

syn th etic  B rdC -con tain ing  o ligodeoxynucleo tides. Any o th e r nucleo tide which 

in c re a se d  dup lex  stability a n d  w hich did not in terfere with DNA cloning could 

su b stitu te  for BrdC. H ow ever, a t th e  p re se n t tim e, BrdC is th e  only useful 

nucleo tide  availab le  a s  a  p h o sphoram id ite . F u rtherm ore , B rdC  m ay be  

inco rpo ra ted  into DNA enzym atically  (K ornberg, 1980). F o r exam ple , 

en zy m atica lly -sy n th es ized  o ligodeoxynucleo tides cou ld  b e  u s e d  to simplify 

ch ro m o so m e  walking. A d isp lao er s tran d  could  b e  p ro d u ced  by runoff 

replication (Saiki, e t al., 1988) w h ere  only th e  5’ s e q u e n c e  prior to th e  3’-  

o v e rh an g  restriction site  is know n.

O ur cap tu re  techno logy  a lso  could  simplify repetitive cloning for the  

p u rp o se  of exam ining a lle le -sp ec ific  g e n e  polym orphism s o r m uta tions in a  

diploid o rgan ism . T he  p o ly m erase  chain  reaction  (Saiki, e t al., 1988) is a  

pow erful tool for obtaining relatively sh o rt s e q u e n c e s  of g e n e s  of in terest. 

H ow ever, th e  a ss ig n m e n t of su ch  s e q u e n c e s  to  o n e  o r th e  o th e r allele is 

problem atic. T he only practical m ethod  for obtain ing th e  co n tig u o u s s e q u e n c e  

of a  particu lar allele of a  eukaryotic, au to so m al g e n e  (e.g . 10-50 kb) would be 

to  obtain  a lle le -sp ec ific  c lo n e s  prior to seq u en c in g . B ranch  m ig ration - 

m ed ia ted  DNA cloning m ay b e  carried  out with cloning v ec to rs  th a t a cc e p t 

e ith e r sm all o r large frag m en ts  of ch rom osom al DNAs, including p lasm ids, 

b a c te rio p h a g e s , co sm id s  a n d  y e a s t  artificial ch ro m o so m e  vectors.
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A. M ETHYLPHOSPHONATE THERMODYNAMICS

M eth y lp h o sp h o n a te -su b stitu ted  o ligodeoxynucleo tides a re  o n e  ty p e  of 

m odified nucleic acid  which h a s  b e e n  em ployed  for a n tis e n se  s tu d ie s  (Sm ith, 

e t al., 1986; Agris, e t al., 1986; M arcu s-S ek u ra , e t al., 1987; Sarin , e t al., 1988; 

M aher & Dolnick, 1988). T he m eth y lp h o sp h o n ate  in ternucleo tide linkage is 

chiral an d  u n ch arg ed , an d  its p re se n c e  in an  o ligodeoxynucleo tide  

q u a n tita t iv e ly  c h a n g e s  th e  b io p h y s ic a l c h a r a c te r i s t i c s  of th e  

o ligodeoxynucleotide. In c h a p te r  II, a  fully m e th y lp h o sp h o n a te -su b s titu te d  12- 

m er o ligodeoxynucleotide (10 m eth y lp h o sp h o n ate  an d  1 p h o sp h o d ie s te r  bond) 

a s  well a s  1 4 -m ers  contain ing 3 m eth y lp h o sp h o n ate  a n d  10 p h o sp h o d ies te r  

b o n d s  w ere  u se d  to  exam ine  th e  effect of th e  m eth y lp h o sp h o n ate  linkage on 

th e  th e rm o d y n am ics  of th e  helix—coil transition . In th e s e  s tu d ie s , 

m e t h y l p h o s p h o n a t e  a s  w e ll a s  a n a l o g o u s  p h o s p h o d i e s t e r  

o ligodeoxynucleo tides w ere  hybridized to co m p lem en ta ry  s e q u e n c e s  which 

ex ten d e d  beyond  th e  duplex region in both th e  3’ a n d  5’ d irections, a s  a  m odel 

for hybridization to  s in g le -s tra n d e d  DNA.

By carrying out melting a n a ly se s  with 1 4 -m er o ligodeoxynucleo tides 

contain ing  m eth y lp h o sp h o n ate  linkages th a t w ere  n o n -a d ja c e n t an d  3’ to  only 

o n e  of th e  four d eo x y nucleo tides, w e found th a t th e re  w as  no significant 

s e q u e n c e  specificity for helix destab ilization  d u e  to th e s e  m odified linkages. 

T he c o n c e n tra tio n -d e p e n d e n t melting profiles of th e s e  1 4 -m ers  w ere  

ex am in ed  spectrophotom etrica lly  a s  a  function of ionic s tren g th , using the  

s a m e  m e th o d s  a s  have  b e en  u se d  with p h o sp h o d ie s te r  o ligodeoxynucleo tides
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(M arky, e t al., 1983; Arnold, e t al., 1987; W oodson  & C ro thers, 1987) a s  well a s  

po lydeoxynucleo tides an d  DNAs (W ells, e t al., 1970; O rnste in  & F resco , 1983; 

M arm ur & Doty, 1962).

W e m ad e  u s e  of a  ge l m igration a s s a y  to  study  duplex  form ation 

b e tw een  a  com plem en tary  32P - la b e le d  p h o sp h o d ie s te r  an d  the  fully 

m e th y lp h o sp h o n a te -su b s titu te d  o ligodeoxynucleotide b e c a u s e  it co n s is ted  of a  

large n u m b er of d ia s te re o iso m e rs  which would lead  to d u p lex es  with differing 

m elting te m p e ra tu re s . T he  a s s a y  a lso  allow ed quantita tion  of the  

o ligodeoxynucleotide  by sto ichiom etry  of binding to th e  labeled  com plem en t. 

S in ce  th e  fully m odified o ligodeoxynucleotide w a s  considerab ly  low er in c h a rg e  

th an  its a n a lo g o u s  p h o sp h o d ies te r, hybrids m ad e  b e tw een  th e s e  s e q u e n c e s  

a n d  th e  labeled  co m p lem en t had  easily  d istingu ishab le  e lec trophoretic  

m obilities. T hus, w e w ere ab le  to follow th e  com petition  b e tw een  th e  modified 

a n d  unm odified o ligodeoxynucleo tides for hybrid form ation a s  a  function of 

salt.

A nalysis of therm odynam ic  d a ta  from various so u rc e s  for 

o ligodeoxynucleo tides a n d  polym eric an d  natural DNAs y ielded  n e a re s t 

ne ighbor free  en erg y  v a lu es  which can  be  u se d  to accu ra te ly  predict 

c o n c e n tra tio n -d e p e n d e n t melting te m p e ra tu re s  for all p h o sp h o d ies te r  

o ligodeoxynucleo tides, including th o se  containing ad jacen t GG n e a re s t 

neighbors. The resu lts  a lso  provided a  b a s is  for determ ining th e  free  energ y  

contribution of 3’ an d  5’ dangling e n d s  to helix stability (abou t 1 kcal/mol), 

a n d  for th e  quan tita tive  ex p ress io n  of th e  effect of m e th y lp h o sp h o n ate  linkages 

a t all ionic s tren g th s  on helix stability.

T he free  energ y  d e c rem e n t d u e  to introduction of each  

m eth y lp h o sp h o n ate  linkage w a s  found to be  -0 .75  kcal/m ol in high salt. This
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value  re p re se n ts  an  a v e rag e  of th e  detrim enta l e ffec ts  of e a c h  of two isom eric 

form s (R a n d  S), s in ce  th e  o ligodeoxynucleo tides s tu d ied  co n ta in ed  m ixtures 

of th e  tw o linkages. A m ixture h ad  to  b e  em ployed  b e c a u s e  sy n th e s is  of 

m ultip ly -substitu ted  m ethy lp h o sp h o n ate  o ligodeoxynucleo tides contain ing  only 

o n e  linkage form would have  b e en  unwieldy.

T he  equ ivalen t hyperchrom icities found for th e  m eth y lp h o sp h o n ate  and  

p h o sp h o d ie s te r  1 4 -m er o ligodeoxynucleo tides ind icated  th a t all of the  

d ia s te reo iso m eric  form s of th e  partially m odified o ligodeoxynucleo tides (there  

a re  8 for e a c h )  w ere  c ap ab le  of hybridizing with th e ir co m p lem en ts . Using 

th e s e  o ligodeoxynucleo tides, w e de term in ed  th a t th e  c h a n g e  in c h a rg e  

b e tw een  th e  helix an d  coil form s, p e r  n e a re s t ne ig h b o r b a s e  pair, d e c re a se d  

from 0.26 for p h o sp h o d ies te r  DNA, to 0.0 w hen  th e  n e a re s t-n e ig h b o r  b a s e  pair 

co n ta in ed  o n e  m eth y lp h o sp h o n ate . This resu lt a cc o u n te d  for th e  fac t th a t, in 

sp ite  of th e  helix-destab ilizing  effect, m e th y lp h o sp h o n a te -su b s titu te d  

o ligodeoxynucleo tides form ed m ore s tab le  hybrids th an  an a lo g o u s  

p h o sp h o d ie s te r  s e q u e n c e s  at very low salt.

W e d e m o n stra ted  tha t, a t low sa lt (below  10 mM), th e  fu lly -substitu ted  

m eth y lp h o sp h o n ate  o ligodeoxynucleotide a lso  fo rm ed  a  m ore s tab le  hybrid 

th a n  th e  a n a lo g o u s  p h o sp h o d ie s te r  s e q u e n c e . H ow ever, a  co m p ariso n  of 

p red ic ted  v a lu es  for t m for 12-M e10 an d  1 2 -P I , b a s e d  on th e  ex p erim en ts  with 

th e  14 -m ers , ind icated  th a t th ey  shou ld  form hybrids of eq u al stability with 18- 

P1 a t 2 mM. O ur observation  of a  g re a te r  relative affinity of 12 -M e10 for 18-P3 

s u g g e s te d  th a t th e  d ia s te reo iso m ers  of 12-M e10 which ta k e  part in duplex 

form ation m ay actually  have  sm alle r a v e rag e  detrim enta l AG°d v a lu es  th an  the  

-0 .75  kcal/m ol a v e rag e  value u s e d  for th e  calcu la tions. P e rh a p s  only the  

s u b se t of th e  d ia s te re o iso m e rs  c o m p o se d  predom inan tly  of th e  R form of the
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m eth y lp h o sp h o n a te  linkage w ere  actually c a p a b le  of participating in duplex  

form ation. N ev erth e le ss , 12 -M e10 still m ain ta ined  a  high d e g re e  of specificity 

for its co m p lem en ta ry  s e q u e n c e , b e c a u s e  it specifically  bound  to  th e  DNA 

fragm en t contain ing  its co m plem en t in a  S o u th ern  (1975) blot.

Finally, an aly sis  of th e  v a lu e s  of th e  t im e -d e p e n d e n t d issociation  

te m p e ra tu re s  for th e  partially su b stitu ted  o ligodeoxynucleo tides, a s  d e te rm in ed  

by elution from dot blots in various sa lt co n cen tra tio n s , ind icated  th a t 

substitu tion  of m eth y lp h o sp h o n ate  linkages only a ffec ted  th e  re v e rse  rate 

co n stan t.

If o n e  co n tem p la te s  th e  u s e  of a n tis e n se  o ligodeoxynucleo tides in cells, 

w h ere  th e  p o tass iu m  ion concen tra tion  is approx im ately  140 mM, th e re  would 

b e  no a d v a n ta g e  in hybrid form ation d u e  to th e  u se  m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides, but the ir in c re a se d  stability to n u c le a se s  

(c h ap te r III) an d  lipophilic n a tu re  (Miller, e t al., 1981) m ay still m ake them  

p re ferab le  to  unm odified, p h o sp h o d ie s te r  o ligodeoxynucleo tides.

B. M ETHYLPHOSPHONATE BIOCHEMISTRY

In c h a p te r  III, w e investiga ted  so m e  of th e  b iochem ical p ro p ertie s  of 

m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides which a re  pertinen t to 

th e ir u s e  a s  a n tis e n se  a g en ts . A s e r ie s  of partially m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides w ere  co m p ared  to  a n a lo g o u s  p h o sp h o d ie s te r  

o ligodeoxynucleo tides for sensitiv ities to specific n u c le a s e s  in vitro, stability in 

tis su e  culture, a n d  for the ir ability to p rom ote  c lea v a g e  of co m p lem en ta ry  RNA 

by R N ase  H. T he different spatia l a rra n g e m e n ts  of m eth y lp h o sp h o n ate  and  

p h o sp h o d ie s te r  linkages in th e  m odified o ligodeoxynucleo tides allow ed u s  to
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find g en era l re la tionsh ips b e tw een  th e  various b iochem ical p roperties  

ex am in ed  a n d  overall o ligodeoxynucleo tide structu re .

T he gel m igration a s s a y  from c h a p te r  II w as  u s e d  to  a s s e s  th e  effects 

of n u c le a se  o r tis su e  cu lture trea tm en t, w here  te s te d  o ligodeoxynucleo tides 

w ere  ex am in ed  for the ir ability to  form a  duplex  with a  32P -la b e le d  

co m p lem en ta ry  oligodeoxynucleo tide. T he overall re su lts  of th e  n u c le a se  and  

tis su e  cu lture s tu d ie s  indicated  th a t partial m e th y lp h o sp h o n a te -su b s titu tio n  can  

b e  quite  effective in prolonging th e  half-life of an  o ligodeoxynucleo tide. A 

sing le  m eth y lp h o sp h o n ate  linkage w a s  found to  in c re a se  re s is ta n c e  to 

e x o n u c le a se s  by m ore th an  tw o o rd e rs  of m agnitude . T he  re su lts  of th e  

s tu d ie s  of D N ase  I sensitivity su g g e s t th a t e n d o n u c le a se  protection is 

m axim ized by minimizing th e  n u m b er of internal co n tig u o u s p h o sp h o d ies te r  

linkages. A fu lly -substitu ted  m eth y lp h o sp h o n ate  o ligodeoxynucleo tide  would 

certainly be  b e s t p ro tec ted , but in th e  in te rest of prom oting s tab le  duplex 

form ation, internal s p a n s  of 3 p h o sp h o d ie s te r  linkages would be a d e q u a te  (300 

fold protection). In fact, b e c a u s e  th e  tis su e  culture resu lts  d e m o n stra ted  

uniform half-lives for m eth y lp h o sp h o n ate  o ligodeoxynucleo tides with internal 

co n tiguous p h o sp h o d ie s te r  linkages ranging from 1 to 4, a  s p a n  a s  large a s  4 

m ay be sufficient in an  a n tis e n se  o ligodeoxynucleotide  for u s e  in cell culture. 

W e find th a t it is th e  d eg rad a tiv e  e lem en ts  p re se n t in se ru m  which a re  fac to rs 

in o ligodeoxynucleo tide  half-life.

F u lly -substitu ted , a n tis e n se  m eth y lp h o sp h o n ate  o ligodeoxynucleo tides 

p resum ab ly  function by creating  a  physical block to  th e  protein  transla tional 

m achinery  b e c a u s e  th e  hybrids th ey  form with RNA a re  not recogn ized  a s  

su b s tra te s  by R N ase  H (M aher & Dolnick, 1988). T he resu lts  of ou r R N ase  H 

a s s a y s  s h o w  t h a t  p a r t i a l l y  m e t h y l p h o s p h o n a t e - s u b s t i t u t e d
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o ligodeoxynucleo tides with 3 or m ore con tig u o u s p h o sp h o d ie s te r  linkages will 

efficiently p rom ote  R N ase  H c le a v a g e  of co m p lem en ta ry  RNA. This is 

c o m p a t ib le  w ith  a  highly  n u c l e a s e - r e s i s t a n t  a r r a n g e m e n t  of 

m e th y lp h o sp h o n a te  an d  p h o sp h o d ie s te r  linkages.

C. BRANCH M IGRATION-M EDIATED LABELING AND CLONING

T he s tu d ie s  in c h a p te r  IV led to th e  d ev e lo p m en t of a  te ch n iq u e  for 

s e q u e n c e -sp e c if ic  labeling a n d  cloning of DNA. In th is te ch n iq u e  a  B rd C - 

contain ing  "displacer" o ligodeoxynucleotide is u se d  to  invade th e  e n d  of a  

specific frag m en t of DNA by b ranch  m igration. T h e  d isp la ce r is then  

"captured" a long  with a  partially com plem en tary  "linker" o ligodeoxynucleo tide  

by th e  action  of DNA ligase.

Substitu tion  of dC  with BrdC in nucleic  ac id s  re su lts  in in c re a se d  duplex 

stability (Inm an & Baldwin, 1964), a n d  po lynucleo tides con tain ing  BrdC 

d isp lace  the ir d C -co n ta in in g  a n a lo g u e s  from p re -fo rm ed  d u p le x es  (Inm an, 

1964). In o u r prelim inary s tu d ie s  w e carried  out co m p ara tiv e  melting 

te m p e ra tu re  a n a ly se s  for B rdC -con tain ing  o ligodeoxynucleo tides an d  th e ir d C -  

contain ing  a n a lo g u e s . T he T m a n a ly se s , perform ed  a s  a  function of pH, 

confirm ed th e  observ a tio n  of in c re ase d  duplex  stability d u e  to  BrdC 

substitu tion . W e derived  th e  p H -d e p e n d e n t v a lu es  for th e  a v e ra g e  c h a n g e  in 

free  en erg y  (AG°d) w hich re la ted  to th e  in c re a se  in T m . At pH 7.0, AG°d = 0.4 

kcal/m ol, so  th e  relative stability of a  B rdC -dG  b a se  pair v e rs u s  a  d C -d G  

b a s e  pair (K) is 1.9. T his va lue  w a s  of im portance  in ou r ca lcu la tions of th e  

partition functions w hich d e sc rib e d  various reac tio n s  in our b ran ch -m ig ra tio n  

m ed ia ted  te ch n iq u e . W e a lso  in v estig a ted  th e  d isp la ce m e n t by B rd C -
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su b stitu ted  o ligodeoxynucleo tides of their d C -co n ta in in g  a n a lo g u e s  from 

d u p lex es  with blunt an d  3’-o v e rh an g in g  en d s . T h e  gel m igration a s s a y  u se d  

in th e  m eth y lp h o sp h o n ate  s tu d ie s  w as em ployed  h e re  to  d e m o n s tra te  th e se  

d isp lacem en t reactions, w h ere  d isp lacem en t of a  32P - la b e le d  d C -co n ta in in g  

an a lo g u e  w as  ev id en ced  by its failure to gel shift. T he  d isp lacem en t ra te s  

w ere  tem p e ra tu re  d e p en d e n t. For th e  b lu n t-en d e d  d u p le x es  th is  m ay b e  d u e  

to  in c re ase d  b rea th ing  of th e  e n d s  a s  th e  tem p e ra tu re  is e lev a ted . For 

d u p lex es  with o v e rh an g s, th e  o b se rv ed  in c rease  in ra te s  with d e c rea s in g  

tem p e ra tu re  is probably  d u e  to  an  in c re a se  in duplex  stability b e tw een  the  

region of th e  ov erh an g  an d  th e  B rdC -contain ing  d isp lacer.

T he d isp lacem en t reaction  s tu d ies  w ere  th e  m odels  for th e  specific  

cap tu re  reaction. W e investigated  th e  th ree  c a s e s  of b ranch  migration 

d isc u sse d  in T heoretical of c h a p te r  IV, a n d  found, both by calcu lation  and  

experim entally , th a t th e  cap tu re  ra te  a t th e  co rrec t P stl s ite  w as  o v er 300 tim es 

th a t a t an  u n re la ted  P s t l s ite , only w hen  a  BrdC d isp lace r w a s  u sed . A dC  

d isp lace r afforded  no such  high specificity. Also of im portance  to the 

specificity of th e  tech n iq u e  w a s  the  dem o n stra tio n  th a t incorporation of a  

m ism atch ed  nucleotide in th e  d isp lace r c a u s e d  b ranch  m igration to be 

te rm ina ted . T he u se  of B rdC -su b stitu tio n s  is com patib le  with th e  application 

of th is tech n iq u e  to cloning, b e c a u s e  a  b ran ch ed , B rdC -con ta in ing  cap tu re  

p roduct w as successfu lly  c loned  an d  se q u e n c e d .
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Biophysical p ro perties  of m e th y lp h o sp h o n a te - a n d  B rd C -su b stitu ted  

o ligodeoxynucleo tides have  b een  investigated . T he s tu d ie s  w ere  un d ertak en  

to d evelop  a  b e tte r un d ers tan d in g  of th e  ch arac te ris tic  b eh av io rs  of th e se  

modified nucleic ac id s  a s  a  b a s is  for th e  im provem ent of existing tech n o lo g ies  

a n d  for th e  dev e lo p m en t of new  applications.

T he th e rm odynam ics of th e  helix—coil transition for m e th y lp h o sp h o n a te -  

su b stitu ted  o ligodeoxynucleo tides h a s  b een  d e sc rib e d  in te rm s  of the  

d e c rem e n t to th e  free  en erg y  an d  th e  n e a re s t n e ighbor c h a n g e  in c h a rg e  

density  d u e  to th e  modified linkages. T he d e c re a s e  in dup lex  stability c a u s e d  

by m eth y lp h o sp h o n ate  substitu tion is reflected  by th e  effect on th e  rev e rse  

ra te  co n stan t. C oncom itant with th e s e  findings w as  th e  derivation of n e a re s t 

ne ighbor free en ergy  v a lu es  applicable  to th e  a c c u ra te  prediction of melting 

te m p e ra tu re s  for p h o sp h o d ies te r o ligodeoxynucleo tides, including th o se  with 

m any GG n e a re s t neighbor in teractions.

R esu lts  of n u c lea se  sensitivity, t is su e  culture stability, an d  R N ase  H 

s tu d ie s  of partially m e th y lp h o sp h o n a te -su b s titu ted  o ligodeoxynucleo tides 

su g g e s t a  g en era l a rran g em en t of p h o sp h o d ies te r  a n d  m e th y lp h o sp h o n ate  

linkages th a t shou ld  be  com patib le  with efficient a n tis e n s e  activity in cu ltured  

cells a n d  p e rh a p s  in vivo.

T h e  effect of B rdC -substitu tion  on o ligodeoxynucleo tide  m elting w a s  

defined  in te rm s of th e  relative stability of a  B rdC -dG  b a s e  pair o v e r a  d C -d G  

b a s e  pair. D isp lacem ent of a  dC -co n ta in in g  s tran d  from a  dup lex  by a  B rd C - 

contain ing  a n a lo g u e  w as th e  b a s is  of a  new  m ethod  of b ran ch  m ig ra tion - 

m ed ia ted , s ite -sp ec ific  DNA labeling a n d  cloning m ethod.
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