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A B S T R A C T

A  S T U D Y  O F  T H E  T H E R M A L  D E N A T U R A T IO N  

O F  D N A  B Y  D IF F E R E N T IA L  S C A N N IN G  

M IC R O C A L O R IM E T R Y  

by

Susan K la rre ic h  Nevin  

Advisor: P ro fe s s o r H o rs t W . H q yer

The a p p lic a b ility  o f techniques of d iffe re n tia l scanning  

m icro c a lo rim e try  to  the study of b iopo lym ers  was eva luated . The  

enthalpy and ac tiva tio n  energy o f the th e rm a l denaturation  of c a lf  

thymus DNA w e re  m easured  w ith  the use o f the D iffe re n tia l Scanning  

C a lo rim e te r c e ll o f the DuPont 900 D iffe re n tia l T h e rm a l A n a ly z e r .

The enthalpy of the re a c tio n , a t pH 7 .0 ,  w as found to be 9 .4  +  .2  

Kcal (m ole  base p a ir )  . Reaction enthalpy m easured o ver the pH 

range 5 .4  to  8 .2 ,  v a rie d  fro m  7 .6  to 9 .4  K ca l (m ole  base p a ir )  1 .

The n atu re  o f the dependence o f reaction  enthalpy on hydrogen ion  

concentration is  described  by a  b e ll-shaped  c u rv e . Using the 

approxim ation that / S G = 0  a t T m , the entropy of the h e lix -c o il

—1transition w as calcu lated  to  be fro m  2 0 -2 5  e .u .  (m ole  base p a ir )  

and w as  found to be dependent on p H . F re e  energy  of s ta b iliza tio n  

at pH 7 .0 ,  A  G2 g80 , w as estim ated  a t - 2 ,0 0 0  c a l(m o le  base p a ir )” 1



V

A t physio log ical p H  and te m p e ra tu re  (7 .0  and 3 7 °C ) the estim ated  

value  fo r  s ta b iliza tio n  energy is  -1 ,7 0 0  c a l (m ole  base p a ir ) .  The

resu lts  o f the study of reaction  k in etics  show that the th e rm a l 

denaturation  o f D N A  is  a two step re a c tio n . A pparent second o rd e r  

effects  on the k in etics  o f the second reac tio n  step w as a ttrib u ted  

to the high p o ly m er concentration  o f the D N A  solutions u sed . The  

activa tio n  energy fo r  th is  reactio n  step  was found to be 69+5 K c a l. 

The energy b a r r ie r  fo r  the f i r s t  s ta g e , m o re  d iff ic u lt  to m easure  

p re c is e ly , was estim ated  to be 200 K c a l. An hypothesis fo r  a  

m echanism  of the th e rm a l denaturation  of D N A  is  presented .

R em oval of a  la y e r  o f bound w a te r  is  advanced as the c e n tra l event 

o f the in it ia l  stage of the reac tio n .. F r ic t io n  lim ite d  unwinding is  

b elieved  to be responsib le  fo r  the second s tag e .
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IN T R O D U C T O R Y  C O M M E N T S

D eoxyribonucleic  A c id , the nucleic  acid  com ponent of 

chrom osom e nuc leopro te in , is  o f enorm ous b io lo g ica l im portance  

in  tha t i t  is  the p rin c ip le  rep o s ito ry  o f genetic in fo rm a tio n . In  

o rd e r  to re p lic a te  i ts e lf ,  the key event in  c e ll  d iv is io n , o r  to be a  

tem plate  fo r  the m anufacture  of m -R N A , the f i r s t  step  in  protein  

syn th es is , the double h e lix  m ust unwind. The m echanism  of the 

unw inding, c r it ic a l  to an understanding of a l l  fundam ental b io log ica l 

p rocesses , is  not w e ll understood. In  the la b o ra to ry  th is  m a te r ia l 

can be converted fro m  its  n a tiv e , double h e lic a l, fo rm  to d isordered  

s in g le  s tra n d s , g e n era lly  re fe rre d  to  as random  c o ils . T h is  re a c tio n , 

c a lled  the h e lix -ra n d o m  c o il tra n s it io n , occurs when DNA is  placed  

in  ac id ic  o r  in  a lk a lin e  solution o r  is  heated above the tran s itio n  

te m p e ra tu re , usually  about 8 0 °C . T h is  la t te r  p ro c es s , th e rm a l 

d en atu ra tio n , is  the sub ject o f the presen t in ves tig a tio n .

D uring the process o f th e rm a l denaturation  the D N A  m olecule  

absorbs h e a t, th is  heat being the enthalpy o f the h e lix -c o il tra n s it io n . 

M a n y , fa ir ly  s im i la r  va lu es , fo r  the enthalpy of the h e lix -c o il  

tra n s itio n  o f DNA m olecules fro m  d iffe re n t sources have been 

published.  ̂ In  the past ten y e a rs  th e re  have been m any rep o rts  

on the m easurem ent of the enthalpy of the h e lix -c o il tra n s itio n  o f the
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synthetic  analogs; poly (A  +  U ) ,2 »3 po ly(A  +  2 U ) ,2 *3  poly A(double  

s tran d ed ), ̂  poly (I +  C ) , 6 as w e ll as th at o f D NA under vary in g  

co n d itio n s .6” 8 In  som e o f these s tu d ie s , the reaction  enthalpy  

was used to es tim a te  two o f the o th er s ta te  functions; fre e  energy  

and e n tro p y .^ > 6 ,8

T h e re  have been studies seeking to e lucidate  the nature  o f 

the h e lix  s ta b iliz in g  fo r c e s ,2 *2 ^ 0 and o f the m echanism  by w hich  

the h e lix  unw inds.7 >^2 T h e re  is  s t i l l  a  lack  o f com plete  a g ree ­

m ent on the value o f the enthalpy of the h e lix -c o il tra n s it io n . The  

nature  o f the fo rc e s  s ta b iliz in g  the h e lix , w h e th er hydrogen bonding, 

hydrophobic in te rac tio n s  o r  o ther forces^ 3 rem ains  an unsolved  

p ro b le m . A ls o , the m echanism  of the h e lix -ra n d o m  c o il tra n s itio n  

is  not a t p resent c le a r ly  understood.

D iffe re n tia l th e rm a l analys is  o ffe rs  the p o ss ib ility  o f studying  

both the therm odynam ics an d , by the methods of B o rch ard t and 

D aniels^3 and o f P ilo y a n , ^  the k in etics  o f the h e lix -ra n d o m  co il 

tra n s it io n . I t  is  hoped that a com bined study of the therm odynam ics  

and k in etics  of this reac tio n  w il l  a lso  y ie ld  in fo rm atio n  re le v an t 

to the question of the h e lix  s ta b iliz in g  fo rc e s .
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S U M M A R Y

T h is  w o rk  was undertaken w ith  the  a im  o f developing procedures  

fo r  the app lication  o f m ic ro c a lo r im e tr ic  methods to  the study o f bio­

p o ly m e rs . T h e  re s e a rc h  p ro je c t addresses its e lf  to  tw o prob lem s: 

the m easurem ent o f the enthalpy o f the  h e lix -c o il tra n s it io n  o f D NA  

and the m easurem ent o f the ac tiva tio n  energy o f the  sam e re a c tio n .

A  study o f the e ffec t o f changes in pH and in  p o lym er concentration  

upon the reac tio n  enthalpy w as m ade w ith  the expectation o f d eriv ing  

in fo rm atio n  on the n a tu re  o f the h e lix -s ta b iliz in g  fo rc e s .

The  data n ecessary  fo r  the d e te rm in a tio n  o f both enthal py and 

activa tion  energy o f the h e lix -c o il tra n s itio n  w e re  obtained u.sing 

the DuPont 900 D iffe re n tia l T h e rm a l A n a ly z e r . T h e  D iffe re n tia l  

Scanning C a lo r im e te r  C e ll  o f th is  in s tru m en t was found to  have the  

s e n s itiv ity  and re p ro d u c ib ility  n ecessary  fo r  the q u antita tive  m easurem ent 

o f the heat absorbed in  the h e lix -c o il tra n s itio n  of the b io p o lym er

1 q •) A
under s tu d y . M ethods have p rev io u s ly  been developed * fo r  obtaining  

the ac tiva tio n  energy o f a reac tio n  fro m  a  th e rm o g ra m , the re c o rd e r  

output o f the D T A .  O f the tw o methods eva lu a ted , the method  

developed by B o rc h a rd t and Daniels^® was found to  be the m o re  

s a tis fa c to ry  one fo r  the  study o f the k in etics  o f the denaturation  

o f D N A .

T h is  study contribu tes  to  the f ie ld  o f nuc le ic  acid  re se a rch  in  

the fo llow ing  w ays:
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(1 ) T h e  advantages and lim ita tio n s  o f d iffe re n tia l th e rm a l 

a n a ly s is  as a  too l fo r  studying b iopo lym ers  have been eva lu a ted .

(2 ) A  value  has been obtained fo r  the enthalpy o f the th e rm a l  

denaturation  of D N A  a t te m p e ra tu re s  above 9 5 ° C .

(3 ) M easu rem en t has been m ade o f the  v a r ia tio n  in  enthalpy of 

the h e lix -c o il tra n s itio n  o f D N A  w ith  change in  p H .

(4 ) T h e  activa tio n  energy o f the  h e lix -c o il tra n s itio n  o f DNA  

has been m easu red .

(5 ) Som e additional evidence has been obtained w hich can be 

applied to  the  prob lem  of e lucidating  the nature  o f the h e lix -s ta b iliz ­

ing fo rc e s  and the m echanism  by w hich  the D N A  h e lix  unw inds.
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C H A P T E R  I 

L IT E R A T U R E  S U R V E Y

A .  In troduction

The l ite ra tu re  d ire c tly  re le v a n t to th is  research  prob lem  con­

s is ts  m a in ly  o f re p o rts  o f c a lo r im e tr ic  studies on D NA o r  synthetic  

polynucleotides and of k in etic  studies on D N A . Studies of synthetic  

polynucleotides a re  s ig n ific a n t as these bi’opolym ers a re  analogs of 

D N A . The heat o f in te rac tio n  o f poly A  w ith  poly U has been found to  

be te m p e ra tu re  dependent 3 and th is  dependence has been a ttrib u ted  

to a  v a r ia tio n  in  the degree o f o rd erin g  o f poly A  w ith  change in  

te m p e ra tu re . T h is  in te rp re ta tio n  c le a r ly  im p lie s  tha t base stacking  

in te rac tio n s  a re  resp o n s ib le , a t lea s t in  p a r t ,  fo r  the s ta b ility  o f 

the poly(A  +  U ) h e lix . The question o f stacking in teractions  was ex­

am ined in  g re a te r  d e ta il in  c a lo r im e tr ic 2 * 3 and s e m i-e m p ir ic a l theo­

re t ic a l2 * 2 studies o f the doubly and t r ip ly  stranded h e lices  of poly A  

and poly U . I t  is  g e n e ra lly  be lieved2 * 3 *^ 5 that these in te rac tio n s  

account fo r  ap p ro x im ate ly  50 percen t of the s ta b iliz in g  fo rces  o f the  

poly (A +U ) h e lix  and that the com plete  tra n s itio n  fro m  double h e lix  to  

random  c o il occurs only a t 9 5 °C  o r  above, the te m p e ra tu re  a t w hich  

poly A  ex is ts  co m p lete ly  in  c o il fo rm . Enthalpy values correspond­

ing to th is com plete  tra n s itio n  have been e s tim a te d .2 * 3

The enthalpy o f the th e rm a l denaturation  o f D N A  has been m e a -



8 16 7sured under a lk a lin e  cond itions, * ac id ic  cond itions, in  2 .2

17M o la r  u re a  (in  o rd e r to  obtain com plete  d iso rd erin g  of th e  

secondary s tru c tu re ) and a t n eu tra l pH w ith  vary in g  counterion
0 Q

co n centra tions . * The necessary  co rrec tio n s  fo r  heat o f protonation

and deprotonation o f the bases add considerab le  un certa in ty  to the

enthalpy values f o r  the denaturation of D N A  a t e x trem e  pH 's  m aking

them  less useful fo r  com parison  w ith  the resu lts  o f o th e r s tu d ies .

L in e a r dependence of tra n s itio n  enthalpy on tra n s itio n  te m p e ra tu re

was rep o rted  in  studies on the th e rm a l denaturation o f D N A  a t n eu tra l 

6 8pH ; * T h e  re su lts  w e re  s im ila r  to  those obtained in  studies on

poly(A  +  U ) .2 ’ 3 * 15 The enthalpy values reported  in  these papers® *®

d if fe r  by 1 -2  K c a l (m ole base p a ir ) . -  ̂ T h e re  has been u n certa in ly

regard ing  the p re c is e  value  of the enthalpy of the h e lix -c o il tra n s it io n .

Relaxation techn iques, combined w ith  U -V  spectropho tom etry ,

have been applied to  the study of the th e rm a l denaturation  of D N A .^ * ^

C onsiderab le  co m p lex ity  has been observed in  the k in e tic  responses of

7  1 2DNA to  p e rtu rb a tio n s . * The magnitude of two energy  b a r r ie rs

12has been e s tim a te d . T h e  reaction  ra te  has been found to  be

dependent on m any fa c to rs , such as: p H ,7 solution v is c o s ity ,^  * ^

11 12and ion ic  s tre n g th , , F r ic t io n  lim ite d  unw inding, as a  ra te

11 12d e term in in g  s te p , is  basic to  the  proposed m echan ism s. > A  w e l l -

1 2constructed m odel proposed by Spatz and C ro th ers  is  used as a 

basis o f com parison  fo r  the  m odel presented in  a la te r  p a rt of th is  

p ap er.
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B . Enthalpy o f the  H e lix -C o il T ra n s itio n  o f the Synthetic  

Polynucleotides

15In 1963 R a w its c h e r, Ross and S tu rtevan t reported  c a lo r im e tic

m easurem ents on the heat of in te rac tio n  o f poly A  w ith  poly U using

19tw in  adiiabatic c a lo r im e te r s . According to  the F i r s t  Law  o f

T h erm o d yn am ics , th e  heat of in te rac tio n  should be the sam e as the

heat o f the re v e rs e  re a c tio n . T h e  heat o f in te rac tio n  was m easured

by R aw itsch er and c o -w o rk e rs  a t 10°, 2 5 °  and 4 0 °C . A  te m p e ra tu re

dependence was found f o r  the m easured heat o f in te ra c tio n . The

experim ents  w e re  re p o rte d  to have been p e rfo rm e d  a t pH 7 and in

0 .1  M o la r  KC1 . In  o rd e r  to es tim ate  the value  o f A H  a t 5 8 °C ,

the m elting  te m p e ra tu re  o f the po ly(A  +  U ) p o lym er in 1 .0  M o la r  K C 1 ,

the computed values o f A  H /T  w e re  graphed as a  function o f T  - T .

T ra n s itio n  m idpoint te m p e ra tu re  h e re  is  3 3 l°K  and T  is  the te m p e ra tu re

in  degrees K e lv in  a t w h ich  the va lue  of A H is m easu red . The

graph shown ind icates  a  lin e a r  re la tio n s h ip . I t  was reported

that extrap o la tio n  to  T m - T  = 0 g ives an es tim a te  o f A  H.

-1
as - 7 . 6  K cal (m o le  base p a ir )  . F ro m  the assum ption that th is  

reaction  is  equ iva lent to  a  phase change, a t the  te m p e ra tu re  o f which  

the fre e  energy is  z e r o ,  the entropy of reac tio n  was calcu lated  to

-1  A

be -2 3  c a l *deg (m o le  base p a ir )  1 . The sam e re p o rt contained a  

d escrip tion  and the re s u lts  of a  study o f the conform ational 

tra n s it io n  of poly A  fro m  the h e lic a l to the  random ly co iled  fo rm  

in solutions of pH fro m  4  to 7 .  T h is  was re p o rted ly



done in o rd e r  to d e te rm in e  i f  a  value o f enthalpy fo r  the o rd erin g  

o f poly A  fro m  the  random  c o il fo rm  would have to  be included  

in  the enthalpy o f th e  tra n s it io n .

P° ly  A c o il +  P° ly  U co il_ ,L  P° ly  (A  +  U) h e lix  (1)

I t  has been reported  that poly U is  known to  be in  the random ly

co iled  fo rm  at n eu tra l p H .2 *1 8  R a w its c h e r, Ross and S tu r te v a n t^

reported  a  value o f 2 .4  K cal p e r  m ole o f adenine residue  as the

heat of ion ization  o f poly A .  Using th is  heat o f ion izatio n  to  c o rre c t

m easurem ents o f the  heat lib e ra te d  in the pH induced conform ational

—1change, -1550  ca l (m onom er m o le) was calcu lated  as the heat o f  

the  poly A  tra n s itio n  a t 2 5 ° C . S pectroph otom etric  studies w e re  used 

to  d e te rm in e  the fra c tio n  in  the h e lic a l fo rm  at pH 7 and a t the  

reaction  te m p e ra tu re s . The  c o rre c tio n  fo r  the heat o f uncoiling o f 

poly  A  g ives  a va lu e  fo r  enthalpy o f reaction  (1 ) a t 331 ° K  o f - 8 . 7  

K c a l (m o le  base p a ir )

The resu lts  rep o rted  by R a w its c h e r , Ross and S tu rte v an t a re  

in  g en era l ag reem en t w ith  the subsequent and v e ry  thorough study

o f the reactions o f pol y  (A  +  U ) and po ly(A  +  2JJ) rep o rted  by K ra k a u e r

3 ■and S tu rte v a n t. T h e  la te r  w o rk  was done w ith  a  tw in  c e ll  d iffe re n tia l  

m ic ro c a lo r im e te r . The in s tru m en t was described  as having two c e lls  

o f a lm ost id en tica l heat c a p a c itie s , as long as no tra n s it io n  takes  

p la c e . W hen a tra n s it io n  o c c u rs , heat is  d irec te d  to  the lagging  

c e l l .  The  re c o rd e r output is  heat absorbed a s  a function of
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te m p e ra tu re . E n th a lp y , A H ,  is  taken as the va lu e  of the ord inate

a t the te m p e ra tu re  m idpoint o f the tra n s it io n . T h e  tra n s itio n

te m p e ra tu re  fo r  th e  h e lix -c o il tra n s itio n  p f 'p o ly (A 4 -  U)-was>fotind

to  in c re a se  w ith  increased  s a lt co n cen tra tio n . T ra n s itio n  enthalpy

a lso  increased  w ith  s a lt concentration  (o r  w ith  in crease  in  tra n s itio n

tem p eratu res ). V a lu e s  of A H  a t s e v e ra l tra n s it io n  te m p e ra tu re  w e re

reported  as fo llo w s: 7 .3 8  +  .0 8  a t 4 4 .5 ° C ,  7 .9 5  + _ .0 7  a t 5 l° C ,  and

8.20»+ .2 4  a t 5 8 ° C . These values w e re  a l l  rep o rted  in K c a l (m o le  base

p a i r ) . -1 The s am e  tra n s it io n , in  the presence of potassium  ra th e r

than sodium  io n s , had m easured A H  values (in K c a l) of 6 . 4 5 ,  6 . 8 5

and 7 . 6  a t tra n s itio n  tem p era tu res  o f 3 6 °C , 4 9 °C  and 5 8 °C

re s p e c tiv e ly . T h e  last va lu e  was taken fro m  the e a r l ie r  reported

15exp e rim en ta l w o rk  in  that la b o ra to ry . The  com parison of A H  

o f tra n s itio n  in th e  presence of sodium  to  that o f the tra n s itio n  in  

the presence of potassium  ion indicates a  dependence of the  enthalpy  

o f the reaction  on the nature  o f the counterion . K ra k a u e r and 

S tu rte v an t a ttr ib u te d  th is as being due to  an o v e ra ll reac tio n  w r itte n  

as fo llow s:

A  — *■ B +  i M  +n H q O (2)

w h ere  A  and B re p re s e n t states o f the p o ly m er (h e lica l and random ly  

co iled  sta tes  in  g e n era l) and i  and n rep resen t changes in  the num ber
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o f m oles of counterion  M *  and of w a te r  m olecules bound to a  nucleo­

tid e  p a ir  (o r  o th er reacting  u n it). The  h e lix -c o il  tra n s itio n  o f poly 

(A  +  2U ) was a lso  s tu d ied . The enthalpy of the reaction

p o V (A  +  2U )  *• poly A  +  2 poly U (3)

w as rep o rted  as 11 .3  and 1 2 . 7  K ca l (m o le  base p a ir )  a t tra n s itio n  

te m p e ra tu re  of 4 5 °C  and 6 8 °C  in  the sodium  s a lt  solutions and 9 .1 2  

and 10 .00  K cal (m o le  base p a ir )”  ̂ in  the presence of potassium  

counterion  a t those sam e te m p e ra tu re s . Using H ess's  Law and the 

e x p e rim e n ta l values fo r  the enthalp ies of the com plete  h e lix -c o il  

tra n s it io n  o f the double and tr ip le  stranded  p o ly m e rs , reaction  (3) 

and the re v e rs e  o f reaction  (1 ) ,  the enthalpy o f the fo llow ing  reactio n  

w as ca lc u la ted .

po ly(A  +  2 U )  * poly(A  +  U ) +  poly U (4 )

The  rep o rted  values w e re  3 .9  and 4 .5  K ca l (m o le  base p a ir )”  ̂ a t  

te m p e ra tu re s  of 4 5 °C  and 6 8 °C  re s p e c tiv e ly . T h e  s ig n ificance  of 

th is  re s u lt  is ,  as re p o rte d , th a t a  n o n -ze ro  enthalpy fo r  the reaction  

corresponding  to reac tio n  (4 ) is  evidence that the tra n s itio n

poly A   ». poly A  (5 )
(h e lix ) (c o il)

does not account fo r  the e n tire  enthalpy o f the h e lix -c o il tra n s itio n

*1 Rof p o ly (A  +  U ) .  The  resu lts  o f R aw itsch er e t a l .  dem onstrated
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th a t the heat absorbed by reac tio n  (5 ) is  p a rt o f the heat req u ired  

fo r  the uncoiling of the double stranded p o ly m er w h ile  the resu lts  of

Q
K ra k a u e r and S tu rtevan t s tro n g ly  suggest tha t th e re  m ust be som e

o th er fo rc e  m aintain ing  the s tru c tu re  o f double h e lic a l po ly (A  +  U ) and,

by in fe re n c e , the s tru c tu re  o f D N A  as w e l l .  T h is  is  a therm odynam ic

approach to  reso lv ing  the basic stacking— hydrogen bonding c o n tro v ers y .

In  the paper discussed p re v io u s ly , K ra k a u e r and S tu rtevan t

com pared  th e ir  re su lts  w ith  the resu lts  published e a r l ie r  by Neumann 

20and A c k erm a n n . These e a r l ie r  w o rk e rs  published findings on the

20study of the  reactions o f the poly A -p o ly  U com plexes in  1 9 6 7  and 

a  m o re  c o m p le te , rev ised  study in  1 9 6 9 . 2  In the e a r l ie r  w o rk , a tw in  

c e ll  ad iabatic  c a lo r im e te r  was used to m easure  the enthalpy of the  

tra n s itio n s  of po ly (A  +  U ) and p o ly (A  +  2 tl). C itin g  F e lsen fe ld  and 

c o - w o r k e r s , * ^  > 22 i t  w as assum ed th a t poly A  w i l l  be in  co m plete ly  

random  c o il fo rm  only above 9 5 °C . Incom plete  d iso rd erin g  of the  

poly A  h e lic a l s tru c tu re  would be expected to  reduce the m easured  

value  of the heat absorbed in  the h e lix -ra n d o m  c o il tra n s itio n  of the  

poly A -p o ly  U co m p lexes. T h e re fo re , the  heat absorbed in  the  

tra n s itio n s  of these com plexes was m easured  a t d iffe re n t tra n s itio n  

te m p e ra tu re s  (achieved by changing the ion ic  s trength  of the  solution  

in  w hich the com plexes w e re  d isso lved ). The curves  of A H  as i  

function o f tra n s itio n  te m p e ra tu re  w e re  extrapo lated  to find  the  

values of the tra n s it io n  enthalp ies a t 9 6 °C . The values reported
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w e re  as fo llow s:

A H ° g 5 °  (A +  2U ) =  1 2 . 5  +  .5  K ca l (m o le  base p a ir )“ ^

A  H ° g5o (A  +  U ) = 8 .5  +  .5  K ca l (m ole  base p a ir )- ^

“ 1A H 0 (T r ip le  to  Rouble =  4 .5  +  .5  K ca l (m o le  base p a ir )-  
stranded) “

and by the d iffe re n ce  in  values of the f i r s t  two re ac tio n s , the

enthalpy change fo r  reac tio n  (4 ) is  4 .5  +  .1 K ca l p e r m ole  o f

(A  +  2U ) fo rm e d . K ra k a u e r and S tu rte v an t (1968), in  com paring

th e ir  resu lts  a t 7 0 °C  to those o f Neum ann and A ckerm ann  (1 9 67 ),

found that th e ir  values w e re  s lig h tly  h ig h er than those of the e a r l ie r

w o rk . On the basis o f p riv a te  com m unications between the groups

they considered the p o ss ib ility  tha t the lo w e r enthalpy values w e re

a ttr ib u ta b le  to the h ig h er p o ly m er concentrations used by Neumann  

20and A ckerm an n , although i t  would lo g ica lly  be expected that 

enthalpy would in c re a se  w ith  increasing  p o lym er co n centra tion .

T h is  p o ss ib ility  w as tested by A ckerm an n  23  in  a  study in  w hich  the  

enthalpy o f the po ly(A  +  U ) h e lix  to random  c o il tra n s itio n  was  

m easured a t th ree  d iffe re n t p o lym er concentrations fro m  0 .9 4 8  x  

10“ ® to 3 . 7 6  x  10"3 m oles (A +U ) p e r k ilo g ra m  of s o lve n t. The  

m easured enthalp ies w e re  the sam e fo r  the p o ly m er a t a ll  th ree

*  T h e  equation g iven by K ra k a u e r and S tu rte v an t (1968) is  
poly(A  +  U ) = po ly (A  +  2 U ) +  \ i  poly A
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concentrations used.

In the la te r  study2  Neumann and A ckerm an n  reported  on 

c a lo r im e tr ic  m easurem ents o f the tra n s itio n  enthalpy of 

poly (A  +  U ) .  M o re o v e r , reac tio n  enthalpy was m easured a t 

s e v e ra l d iffe re n t te m p e ra tu re s . As in  previous studies 3 ,  15 

the tra n s itio n  te m p e ra tu re  w as increased  by increasing  the s a lt  

concentrations o f the solutions in  w hich the double h e lica l 

p o ly m e r d isso lved . T h e  graph of A H  as a function of 

tra n s it io n  te m p e ra tu re  w as extrapolated  to find the value of A  H 

a t 9 5 °C . T h is  extrapo lated  value  was reported  to be 9 .3  +  .5  K ca l 

(m o le  base p a ir )-  ̂ . The  values lis ted  by K ra k a u e r and S tu rtevan t 

(1968) w e re  shown on the sam e graph and w e re  shown to lie  along  

the c u rv e  best fitt in g  those reported  by Neumann and A c k erm a n n . 2  

The two sets o f m easurem ents thus ap p ear to be in  ag reem en t.

I t  should be re c a lle d  that the highest reac tio n  te m p era tu re  

rep o rted  by K ra k a u e r and S tu rte v an t is  6 8 ° C .  The  increase  in  

enthalpy w ith  te m p e ra tu re  was a ttrib u ted  by Neumann and A ckerm ann  

to the in creased  degree of d iso rd erin g  o f poly A  a f te r  strand  

sep ara tio n  as the te m p e ra tu re  is  in c re a se d . By com paring  

die  enthalpy va lue  o f the poly(A  +  U ) d iso rd erin g  a t 4 2 °C , w h ere
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poly  A  is  assum ed to  be 50 percent in o rd e re d  fo r m , to

the  enthalpy value a t 9 5 °C , w h ere  poly A  is  assum ed to  be

e n tire ly  in  the random  c o il fo rm , the enthalpy of the tra n s itio n

corresponding  to  equation 5 is estim ated  to  be 4 .5  +  . 2  K ca l

—1(m ole  adenine res idue) . S ince  the value ca lcu la ted  fo r  A  H°gcp

fo r  the poly (A  +  U ) h e lix -c o il tra n s itio n  is co n s id erab ly

h ig h e r, th e re  is  fu r th e r  evidence fro m  therm odynam ic  data

th a t th e re  a re  fo rc e s  o th er than the stacking in teractions  o f

poly A  responsib le fo r  s ta b iliz in g  the h e lic a l s tru c tu re  o f

poly (A  +  U ) .

Neumann and A ckerm an n  a lso estim ated  entropy and fre e

energy o f the po ly (A  +U ) d is o rd e rin g . T ra n s itio n  entropy

-1
w as calcu lated  to  be 2 5 .2  +  . 5 calC^ole *deg) by assum ing  

tha t

A H  =  T A S  (6)

a t the tra n s itio n  te m p e ra tu re , w h ere  fre e  energy  is  z e ro . The

assum ption , o f c o u rs e , is  th a t the h e lix -ra n d o m  c o il tra n s itio n

can be tre a ted  th e rm o d yn am ica lly  as a  phase change. Using

th e  entropy value calcu la ted  fro m  equation 6  , the fre e

energy (  A  G0298° K )  the transition was calculated to be

1 .8  +  .2  K c a l (m o le  base p a ir )   ̂ fro m  the therm odynam ic  re la tio n sh ip

^ ® 029EP= A H °  -  T  A S °  (7)
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T h e re  is  a  fu r th e r  assum ption here  th a t both A H °  and A  3 °

a re  independent, o f te m p e ra tu re . The assum ption regard ing  A  H

is not n u llified  by the find ing  of a  dependence o f A H on

tra n s itio n  te m p e ra tu re  i f  Neumann and A ckerm an n 's  explanation

fo r  th is  e ffec t is  v a lid . The  enthalpy a t 95°C  can be considered

to be A H ° ,  and m ay be independent o f te m p e ra tu re  i f  the

com plete  d is o rd e rin g  of the sep ara te  strands can be achieved

at a  lo w er te m p e ra tu re . T h e re  is som e degree o f support to

1 7th is  hypothesis in  the  resu lts  reported  by R ia ld i and P ro fum o  

on the denaturation o f DNA in  concentrated u re a  so lu tio n s . Th is  

study w il l  be discussed in som e d e ta il in  a la te r  section  o f the  

c h a p te r.

Neum ann and A ckerm ann  (1969) fu r th e r  in te rp re te d  th e ir  

re su lts  w ith  re la tio n  to es tim atio n  of the stacking energy of the  

m o lecu le . A  ^ o la r  stacking en erg y , €. , was ca lcu la ted  w h ere

6  =  -  R T  In ] - ,  (8 )

y  being a  m easure  o f the c o o p e ra tiv ity  and is  th e  re c ip ro c a l 

of a  "nucleation p a ra m e te r"  used in  the s ta tis t ic a l tre a tm e n t  

of the fo rm atio n  o f the h e lix  fro m  the random ly co iled  separa te  

c h a in s . In Neum ann and A ckerm an n 's  s ta tis t ic a l tre a tm e n t a 

"cooperative  e q u ilib r iu m " of stacked and unstacked bases is  

assum ed. T r ia l  values of f a r e  used in  an equation re la tin g
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deg ree  o f conversion  ©. to y  and to  a  s ta b ility  constant,' s ,  taken  

f ro m  an optica l density  cu rve  a t 260 m jj. G raphs o f 0  as a  

function o f 1 n s a re  com pared to the e xp erim en ta l optica l 

density  c u rv e , and the best f i t  was found a t T  =  2 0 0 . T h e  m o la r  

stacking energy associated w ith  th is  value is  3 .2  K c a l/m o le  (A  +  U ) 

a t 2 9 8 ° C .

A  d iffe re n t s e m i-e m p ir ic a l method of ca lcu latin g  the extent

o f base stacking in po ly(A  +  U ) w as used by P orschke 9  who

studied s h o rt chain nucleotide co m p lexes . Using the therm odynam ic

equations fo r  the d iffe re n t possible tra n s itio n s  of the poly A -

poly U com plexes as a  s e t o f sim ultaneous equations he solved

fo r  the therm odynam ic  values th a t gave the best f i t  o f a

ca lcu la ted  to an exp e rim en ta l "phase d ia g ra m " of T m  o f

tra n s itio n  as a  function of sodium  ion co n cen tra tio n . V a lu es

fo r  tra n s itio n  enthalpy obtained by K ra k a u e r and S tu rte v an t3

2
and Neumann and A ckerm ann  a re  used in  the equations to 

reduce the num ber o f unknowns. T h e  p a r t ic u la r  source  o f a  

given value is  som ew hat u n c le a r in  the p a p er. I t  appears  

th a t the e xp e rim en ta l values f o r  tra n s itio n  enthalpy reported

l|
by these w o rk e rs  w e re  used by P orschke as stacking entha lpy.

A  stacking fa c to r , x ,  expressing  the fra c tio n  o f the enthalpy
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due to  stacking in terac tio n s  and re la ted  to  te m p e ra tu re

%
dependence o f tra n s itio n  en th a lp y , was found to  be 0 .7  by 

fitt in g  the equations to e xp erim en ta l h yp erch ro m ic ity  curves  

fo r  the s h o rt length nucleotide c o m p lexes . Porschke rep o rts  

the stacking enthalpy fo r  poly A  in  the (A  +  U ) com plexes is  

- 7 . 9  K ca l (m o le )-  ̂ . T h is  value  corresponds to the enthalpy  

of the reactio n  th a t is  the re v e rs e  of reac tio n  (5 ) . In  

a d d itio n , the fo rm a tio n  enthalpy o f poly (A  +  U ) fro m  the random  J.y 

co iled  s in g le  s trands  was estim ated  to be - 1 0 .9  K c a l/m o le  

based on e xp e rim en ta l values best fitt in g  the c u rv e s . F ro m  

th is method a  calcu la ted  stacking  enthalpy of ap p ro x im ate ly  

8  K c a l/m o le  is  a lso  obtained using the va lue  o f 0 .7  f o r  the  

stacking fa c to r . T h is  is  qu ite  high com pared to the Neumann  

and A ckerm an n  value  of 3 .2  K ca l p e r m o le . 2  I f  a stacking  

fa c to r  0 .7  suggests that 70  percen t o f the tra n s itio n  enthalpy  

is  due to base stacking in te ra c tio n s , th is value is  a lso  

high com pared to  the ra tio  o f 3 .2  to 9 .3  K c a l.

*  T h is  au thor in te rp re ts  Porschke* s value  of a  stacking fa c to r  
of 0 .7  as intending to suggest that 70  percen t o f the tra n s itio n  
enthalpy is  due to  base s ta c k in g .
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In  s u m m a ry , these studies on the poly A -p o ly  U com plexes  

suggest th a t s o m e , but c e rta in ly  not a l l ,  o f the tra n s itio n  

enthalpy o f the uncoiling of the double stranded p o ly m er is  due to  

the stacking o f the bases in  poly A .  T ra n s itio n  te m p e ra tu re  is  

found e xp e rim en ta lly  to  be dependent on the  concentration  o f the

O
counterion in  so lu tio n . One group found the tra n s it io n  enthalpy  

to  be dependent on the natu re  o f the co u n terio n , supporting the  

idea o f binding o f co u n terio n s, and, by in fe re n c e , w a te r  to  the  

p o ly m e r. T h e  tra n s it io n  enthalpy w as m easured to be between 7 .6  

and 9 .3  K c a l/m o le . When the te m p e ra tu re  dependence o f the  

tra n s itio n  enthalpy is  taken into  account, the h ig h er v a lu e , 

co rres p o n d in g .to  a  tra n s it io n  te m p e ra tu re  o f would appear

to  be in  ag reem en t w ith  the o th er re s u lts . Based on A ckerm an n ’s 

in te rp re ta tio n  th is  can be considered to  be A H ° . T h is  explanation  

a lso  considers  the change in  enthalpy as being due to  change in  

tra n s itio n  te m p e ra tu re , r a th e r  than being due to  in c rease  in  

counterion  concentration  d ire c tly  . A  dependence of enthalpy on 

counterion  concentration  cannot be ru led  out as being a t lea s t a  

c o n trib u to ry  fa c to r  to  the observed enthalpy changes.

Polv(A  +  U ) is  an analog of D.NA. C a lo r im e tr ic  investigations  

on the  n a tu ra lly  occuring  p o ly m er would be expected to  y ie ld  

s im i la r  re s u lts .



- 1 9 -

C . Enthalpy o f the H e lix -C o it  T ra n s itio n  of D eoxyribonucleic  A cid

e „ o  -j e  a

In  th is  section  a num ber of published papers * on

m easu rem en t o f the enthalpy of the h e lix -ra n d o m  c o il tra n s it io n  of 

D N A  a t d iffe re n t conditions o f pH o r  in  the  presence o f o th er m a te ria ls  

w il l  be re v ie w ed .

S tu rte v an t and c o -w o rk e rs  m easured the heat absorbed by the  

denaturation  of D N A  fro m  fo u r d iffe re n t o rg a n ism s , G -C  content 

vary in g  fro m  3 7 -6 4  p e rc e n t . 7  The  m easurem ents w e re  done in  acid  

solution and m ost w e re  done a t 2 6 °C . The  tra n s itio n  enthalpy o f 

salm on spern  DNA w as m easured a t 5 ° ,  2 5 °  and 4 0 °C . S ince the  

exp erim en ts  w e re  p e rfo rm ed  in  acid  so lu tio n , c o rre c tio n  had to  be 

m ade fo r  the heat o f d ilu tion  of the a c id , H C 1 , and m o re  im p o rta n tly , 

fo r  the heat o f ion izatio n  o f the b ases . W hen these c o rrec tio n s  w e re  

m ade on the c a lo r im e tr ic  data  (c o rre c tin g  to  a  pH o f 6 ) ,  the values  

fo r  the tra n s it io n  enthalp ies ( A H 2 5 ° ,  pH 6 )  ranged fro m  7 .8  to  8 .3  

K ca l p e r m ole o f base p a ir .  No dependence of A .H  on G -C  content 

could be found. S tu rte v an t's  paper (S tu rtevan t e t .  a l ,  1965) a lso  

included a  re p o rt o f a  k in etic  study of the h e lix -ra n d o m  c o il  

tra n s it io n  o f salm on sp erm  D N A . T h e -re s u lts  o f the k in e tic  study  

w il l  be discussed in  the la s t section  of th is  c h ap te r.

B arber^®  studied the h e lix -c o il trans itio n  of fo u r types o f D NA  

in  a lk a lin e  so lu tio n . In  th is  s tudy , the pH o f the so lu tio n , ra th e r  

than tra n s itio n  te m p e ra tu re  w as v a r ie d . The  tra n s it io n  pH showed
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a l in e a r  dependence on sodium  ion co n cen tra tio n . B a rb e r  in te rp re ted  

th is  as showing tha t a lk a lin e  denaturation of D N A  can be described  

by an equation com parab le  to equation 5

M xa+ D N A  ft"Ux +  y  M a+ =  M a^(x-fy) D N A  g j j f )"  +  zH +  (9 )

w h e re  n rep resen ts  the num ber o f phosphate re s id u e s , x the  num ber

of bound counterions and z the  num ber o f los t p ro tons . A  lin e a r

dependence of tra n s it io n  pH (and, th e re fo re , s ta b ility ) on the G -C

content o f the D N A  was a lso  shown. T o ta l enthalpy fo r  the tra n s itio n

fro m  h e lix  to deprotonated c o il was rep o rted  as vary in g  between 1 2 . 0

—1and 1 3 .4  K cal(m ole base p a ir ) .  The  high value corresponded to  

the tra n s itio n  enthalpy fo r  c a lf  thym us D N A . A f te r  c o rre c tio n  fo r  

heat absorbed in  deprotonation, the values of A H w e re  reported  to  be 

fro m  6 .2  to  7 .6  Kcal (m o le  base p a i r ) T h e  ca lcu lations o f the  

fra c tio n  o f bases ion ized  a t each pH (and in  0 .1 M  N aC 1) was m ade  

fro m  the known pKa values fo r  the bases in  v e ry  dblute solutions  

and those in  0 .2  M  NaC1 . I t  was a lso  re p o rte d , w ithout d a ta , tha t the  

pKa  values v a ry  w ith  salt co n centra tion .

R ia ld i and P ro fu m o ^ 7  studied the h e lix -c o il tra n s it io n  o f N4 coliphage  

D N A  in u re a  so lution  using a  C a lv e r t C a lo r im e te r . T h is  c a lo r­

im e te r  has an operating  te m p e ra tu re  o f 27 ° C . U re a  concentrations  

lo w e r than 0 .8  m oles p e r lite r.c a u s e d  ino changes^ a t 2 7 ° C , unJ the  

secondary s tru c tu re  o f D N A  and u re a  concentrations 2 .2  M o la r
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o r  h ig h er caused com plete  d isruption  of the secondary s tru c tu re .  

C om parison  of the heat absorbed by D NA -  u re a  solutions containing  

less than 0 . 8  m otes per l i t e r  u re a  to  the m easured heat o f d ilu tion  

o f u rea  was reported  to have shown li t t le  o r  no u rea  -  D N A  in te r ­

ac tio n . C alcu la tions fro m  c a lo r im e tr ic  m easurem ents on D.NA -  

u re a  so lu tions* in  which the  u rea  concentration was 2 .2  M o la r  gave 

a  re s u lt w hich was assumed to correspond to  the enthalpy of the 

h e lix -ra n d o m  c o il tra n s itio n  of D N A . The  rep o rted  enthalpy value  

w as 9 .5  +  1 .5  K ca l(m o le  base p a ir ) .  The pH of a  2 .2  M o la r  u re a  

solution w as stated to be 3 .2 5 .  No s ta tem ent was made about the 

p o ss ib ility  o f protonation o f the bases a t th is  p H .

The  R ia ld i and Profum o study is  in te res tin g  because i t  rep o rts  

a  d ire c t m easurem ent of w h at is believed to be the heat o f the  

com plete  tra n s itio n  of DNA fro m  the o rdered  double h e lix  to  the 

sin g le  stranded random  c o i l .  T h is  value is  v e ry  close to the va lu e ,

p
9 .3  K c a l, rep o rted  by Neumann and A ckerm ann fo r  the  

tra n s itio n  enthalpy o f the po ly(A  +  U ) h e lix . I t  is

* R ep o rted  to  include a  c o rrec tio n  fo r  the heat ofl d ilu tio n  
o f u re a .



c e rta in ly  not in  c o n flic t w ith  the DNA enthalpy values

7 16discussed p re v io u s ly , * i f  w e accept the reason proposed

fo r  enthalpy dependence on te m p e ra tu re . B a rb e r's

as w e ll as S tu rtevan t's 7  D N A  studies w e re  done a t low

te m p e ra tu re s , w ithout spec ia l provision  to obtain com plete

d iso rd erin g  of the secondary s tru c tu re  o f the separated  s tra n d s .

17R ia ld i and P ro fum o 's  w o rk  is  also v e ry  in te res tin g  fro m  

the point o f v iew  o f the H -bonding versus base-stacking  

co n tro versy  since u re a  is  known to be a  hydrogen bond 

d is ru p to r , and the m easured enthalpy is  c e rta in ly  no low er  

than that m easured by o ther w o rk e rs  under w hat would be 

assum ed to  be m o re  optim um  cond itions . T h is  au thor does 

not w ish to place too heavy em phasis on the resu lts  o f 

R ia ld i and P ro fum o 's  study and believes tha t in te rp re ta tio n s  

o f these resu lts  m ust be made w ith  caution as the presence  

of a  high concentration  o f u re a  could cause many changes.

A  c a lo r im e tr ic  study o f T q phage D N A  is 

o f spec ia l in te re s t w ith  re fe re n c e  to the present s tu d y . In  

th is  study by P riv a lo v  the tra n s itio n  enthalpy is  studied as a
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fu n c ti on o f pH and o f ionic strength  w ith  the a im  o f d eriv ing  

f ro m  the enthalpy v a lu es , and th e ir  te m p e ra tu re  dependence,

the fo llow ing equation can be d erived  to  ca lcu la te  fre e  

en erg y  a t a  g iven te m p e ra tu re  T Q fro m  enthalpy and tra n s itio n  

te m p e ra tu re , assum ing th a t A H  is  independent o f te m p e ra tu re :

T h e  c a lo r im e tr ic  m easurem ents w e re  reported  to  have been 

m ade using an autom atic  m odel o f a  p rec is io n  scanning  

m ic ro c a lo r im e te r . The  c a lo r im e te r  has 0 .5  m i l l i l i t e r  gold c e lls  

and can be used to  study reasonably  d ilu te  solutions (ap p ro x im ate ly  

0 .0 5  percent) o f th is  s ize  w ith  good p re c is io n . Tw o of the

the  fre e  energy o f s ta b iliza tio n  o f D N A . Based on the p a r tia l

d e r iv i t i /e  o f fre e  energy w ith  respect to  1 /k T  being the

reac tio n  en tha lpy , w r itte n  in  equation fo rm  as

c) A  G A  H (T ) , (10)

A G (T q)  =  A H (T t )  T 0-  T t (11)

*Equations 10 and 11 a re  as w r it te n  in  P r iv a lo v 's  
p a p er -  see equations 7 and 9 in  th a t p aper.
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graphs in  the  re p o rt show the  dependence f i r s t  o f tra n s itio n  

te m p e ra tu re  on pH and pNa and then o f the tra n s itio n  

enthalpy on these tw o v a r ia b le s . T h e  graph shows fo r  tra n s itio n  

te m p e ra tu re  and tra n s itio n  en th a ljy  a  lin e a r  dependence on 

sodium  ion co n cen tra tio n , the slope o f the lin e  being s m a ll 

in  the la t te r  c a s e . T h e  pH dependence o f both tra n s itio n  

te m p e ra tu re  and tra n s itio n  enthalpy is shown as a be ll-shaped  

c u rv e , f a i r ly  f la t  in  the pH region 5 - 8 .  T h e  values o f A H  

w e re  a lso  lis ted  w ith  the corresponding pH value in  tab le  fo r m .  

T h e  value o f A H  a t pH 7 .0  was reported  to  be 9 .6 5  K ca l (m o le

—I
base p a ir )  . T h is  corresponds to  a  tra n s itio n  te m p e ra tu re  o f  

8 4 .8 ° C .  T h e  s a lt  concentration  w as 0 .2  m oles p e r l i t e r  NaC1 . 

F re e  energy w as calcu lated  according to  equation 11 ,

P r iv a lo v 's  equation 9  . T h e  dependence of f re e  energy cn pH 

and on pNa w as shown on a g ra p h . The  calcu lated  fre e  

energy showed a  lin e a r  dependence on p N a . The c u rv e  draw n  

through the pointson the A G -p H  graph w as b e ll shaped, 

s y m e tr ic a l a b o u t  pH 7 ,  and f la t  in the reg ion  pH 5 - 8 .  The  

s e p a ra te ly  lis ted  values show an ap p ro x im ate ly  1 0  percent 

d ecrease  in  the m agnitude o f the f r e e  energy in  going 

f ro m  pH 7 to  pH 8 .5  but an e x tre m e ly  s m a ll d ecrease  in  

going fro m  pH 7 to  pH 5 . T h e re  w e re  no enthalpy values  

m easured a t in te rm e d ia te  pH 's . S p ec ia l a ttention  w as ca lled
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to the value  of A G 3 7 0  a t pH 7 and N aC l concentration  0 .2  

m oles - l i t e r ” 1 calcu lated  to be 1 .2  K ca l(m o le  base pair)7^  

since th is value  rep resen ts  the estim ated  value  of the fre e  energy  

o f s ta b iliza tio n  of D NA under physio logical cond itions.

g
A  v e ry  recen t study by Shiao and S tu rte v an t is  the investigation  

o f the dependence of the enthalpy o f the h e lix -c o il tra n s itio n  of c a lf  

thym us D N A  in  0 .1 5M  phosphate b u ffe r on pH in  the a lk a lin e  reg io n , 

and o f the dependence o f the enthalpy a t pH 7 ,  on sodium  ion co n centra tion . 

The rep o rted  va lu e s * o f enthalpy in  a lk a lin e  solution show no trend  

w ith  change in  pH . Corresponding entropy v a lu e s , ca lc u la ted  by 

assum ing A G  is  z e ro  a t the tra n s itio n  te m p e ra tu re ,w e re  a ll  lis ted  as 

being between 27 and 30 entropy units p e r m o le . The  enthalpies found 

a t pH 7 w ith  vary in g  sodium  ion concentration  w e re  shown graphed as 

a  function o f T m . The  enthalpy value shown fo r  the th e rm a lly  induced  

tra n s itio n  o f c a lf  thym us DNA a t pH 7 is  7 .2  K ca l (m ole  base p a ir)-^

The graph o f enthalpy as a function of T m is  shown to be lin e a r .  

E xtrap o la tio n  of the graph to a  tra n s itio n  m idpoint te m p era tu re  

of 9 5 °C  g ives an enthalpy value  of ap p ro x im ate ly  8  to  8 .5  

K ca l(m o le  base p a ir )- ? T h is  is  lo w e r by ap p ro x im ate ly  2 K ca l than  

the va lue  , 9 .6 5  K c a l, reported  by P r iv a lo v . The  enthalpy value

* c o rre c te d  fo r  phosphoric acid  ion izatio n  and shown before  c o rre c tio n  
as A Happ #
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is  a lso  low when com pared to  the resu lts  p rev io u s ly  

rep o rted  by S tu rtevan t7  fo r  the heat absorbed in  the  acid  

induced tra n s itio n  o f fo u r  d iffe re n t iypes of D N A . In  the 

e a r l ie r  paper the enthalpy o f tra n s itio n  a t 2 5 °C  w as reported  

to  be ap p ro x im ate ly  8  K ca l and th e re  has been substantia l 

evidence c ited  h ere  dem onstrating  th a t tra n s itio n  enthalpy  

v a r ie s  w ith  tra n s it io n  te m p e ra tu re . C om parison  o f resu lts  

o f these studies is  m ade m o re  d iff ic u lt  by the  fa c t th a t the  

f in a l enthalpy values rep o rted  in  the e a r l ie r  study w e re  obtained  

a f te r  substantia l c o rrec tio n s  w e re  m ade on the c a lo r im e tr ic  

data fo r  the heats o f io n iza tio n  o f the bases. A  s im ila r  

p ro b lem  occurs when attem pting  to use the tra n s itio n  

enthalpy reported  by B a r b e r ^ 6  fo r  th e  a lk a lin e  induced tra n s it io n .  

S hiao  and S tu rte v an t obtained a  va lue  o f 800 c a l(m o le  base p a ir )   ̂

fo r  the  f r e e  energy o f s ta b iliza tio n  o f the D N A  double h e lix  

a t 3 7 °C  and in  the  p re s e n c e  o f 0 .1  m oles p e r  l i t e r  o f sodium

Q

co u n terio n . T h e ir  ca lcu la tio n s  included the use o f a  c o rre c tio n  

fa c to r  fo r  change in  enthalpy w ith  te m p e ra tu re ; when  

applying the G ib b s -H e lm h o ltz  equation to  the m easured reaction  

enthalpy. T h e  equation used, including the c o rre c tio n  te rm s , is
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AG =4H (1 -  T  )  +  A Cp (T  -  T m +  T  In  T ilL )  (12)
m  " T ^  T

w h ere  T  is  the te m p e ra tu re  a t w hich A G  is  being ca lcu la ted ,

T m  is  the e xp erim en ta l tra n s itio n  m idpoint te m p e ra tu re  and 

A Cp is  the change in  heat capacity  w ith  increasing  te m p e ra tu re , 

m easured fro m  the s lope of the e n th a lp y -T m  g rap h . In te res tin g ly , 

a  ca lcu la tio n  of A G fro m  P riv a lo v 's  value fo r  A H using

equation 1 2  g ives a  re s u lt no d iffe re n t fro m  the one published.

6
T o  s u m m a riz e , the w o rk  o f P r iv a lo v  and o f Shiao  and

Q

S tu rte v an t show a  d e fin ite  dependence o f enthalpy of the h e lix -  

random  c o il tra n s itio n  on T m a n d /o r  counterion concentration
2 3 -jg

as was found fo r  the synthetic  polynucleotides ’ * . O th erw ise ,

the studies do not show agreem ent in  d e ta il .  A l l  o f the D N A  

studies m entioned re p o rt values fo r  enthalpy of the h e lix -c o il  

tra n s itio n  m easured a t counterion  concentration of 0 . 1 - 0 . 2  m oles  

p e r l i te r  but o th erw ise  v e ry  d iffe re n t e xp erim en ta l conditions  

w ith  T m  values ranging fro m  2 5 °C  to  8 5 °C . T h e  reported  enthalpy  

values ranged fro m  7 .2  to  as high as 10 K cal p e r m o le . In .  

com paring values i t  is  d iff ic u lt  to  find  a ry  tre n d  w ith  T » >  o r
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o th e r v a r ia b le . The  tw o studies m easuring  the heat absorbed  

in  the tra n s itio n  induced by a lk a lin ity  o f the solution re p o rt  

the highest and the low est v a lu e , the low va lue ^ 6  reported  at 

2 5 °C  and the high8  a t both 5 7 °C  and at 6 9 ° C . T h e  study  

o f the acid  induced tra n s itio n 7  gave an enthalpy value  

m o re  in  the m idd le  o f the range o f rep o rted  values but a t a 

T ^  of 2 5 ° C .

8
S hiao  and S tu rtevan t rep o rted  substan tia lly  d iffe re n t

values fo r  an a lk a li induced tra n s itio n  than fo r  a  heat

induced tra n s itio n  (&t pH 7 and a t a  s lig h tly  h ig h er T  but
m

I o w e r s a lt  concentration  'l. I t  m ust be noted that the m easured  

heat absorbed in  the acid  and a lk a li induced tran s itio n s  m ust 

be c o rre c te d  to a  v e ry  s ig n ifican t degree fo r  heats o f ion ization

6 ■ 8
o f ' .the b ases . The tw o studies o f th e rm a lly  induced tra n s it io n s , '  * 

ho w ever, re p o rt v e ry  d iffe re n t values under com parab le  cond itions. 

C le a r ly ,  add itional data  on the  h e lix -c o il tra n s itio n  o f D N A  would  

not be sup erflu o u s.

D . K in e tics  o f the H e lix -C o il  T ra n s itio n  o f Deoxyribonu c le ic . A c id

A n o th er im p o rtan t aspect o f the study o f the h e lix -c o il  

tra n s it io n  is  the study of the k in etics  o f the  re ac tio n . E a r l ie r
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studies g e n e ra lly  a ttem pted to  fo llow  the  o p tica l densitity

changes brought about by heating D N A . A  num ber o f

24these studies have been review ed by R ice and Doty and by

25
Peacock and W a lk e r . Assum ing f i r s t  o rd e r  k in e tic s ,

the rep o rted  ac tiva tio n  energy values w e re  fro m  35 to  145 K ca l*

m ole  ̂ . L a te r  studies re lie d  on o th er techniques such as

re laxatio n  k in e tic s .

The  te m p e ra tu re -ju m p  method of studying reaction  k in etics

was applied to the D N A  h e lix -c o il tra n s itio n  by S patz and 

1 2
C ro th e rs  . T e m p e ra tu re  perturbations fro m  0 .2 5 °  to 1 8 °  

w e re  applied to  the sam p le  by passing d iffe re n t e le c tr ic  c u rre n ts  

through i t .  T h e  e ffe c t o f the perturbations on the D N A  

m olecu le  w as fo llow ed by m onitoring the o p tica l d ensity  in  

th e  270 m ja  reg io n . T h e  studies w e re  done on D N A  in  

a lk a lin e  so lu tio n , buffered  w ith  phosphates. T e m p e ra tu re  

pertu rb atio n s  o f d iffe re n t magnitudes produced d iffe re n t  

kin etic  reponses. A  "s low " e ffe c t was observed on graphs o f  

o p tica l density  as a  function o f tim e  when s m a ll te m p e ra tu re  

p ertu rb a tio n s  w e re  introduced b u t d isappeared under the  

in fluence o f la rg e  te m p e ra tu re  p e rtu rb a tio n s . The "s low " e ffec t
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w as found to be te m p e ra tu re  s e n s itiv e . I t  was found to have 

l i t t le  dependence on m o lec u la r w eigh t and appeared not to be 

" fr ic tio n  l im ite d " . T h e  slow  e ffec t w as a ttrib u ted  to  a  

nucleation event producing lo c a lly  uncoiled reg io n s , not to  an 

untw isting o f la rg e  sections o f the m o lec u le . T h e  ac tiva tio n  

energy fo r  th is  process was estim ated  to  be a  m in im um  o f  

100 K c a l/m o le  and possibly as much as an o rd e r  o f m agnitude  

h ig h e r. A n e ffe c t re fe rre d  to as the "fas t"  e ffec t w as observed  

on sam ples exposed to la rg e  te m p e ra tu re  p e rtu rb a tio n s . T h e  

sam e s o rt o f te m p e ra tu re  pertu rbations  produced another e ffe c t,  

labeled  the "instantaneous" e ffe c t. T h e  fa s t e ffec t w as found 

to be sen s itive  to  v isco s ity  changes (using dextran  as an in e r t  f i l l e r )  

although th e re  w e re  som e unexplained anom alies in  the reported  

re s u lts . T h is  e ffe c t is  said  to  be an actual unwinding of the  

m o lecu le . T h e  instantaneous e ffec t w as reported  to  have been 

too rap id  fo r  k in e tic  study by the  methods a v a ila b le . I t  is  

attrib u ted  to  "m eltin g  o f a  few  base p a irs  a t the end o f h e lic a l 

sectio n s , w ith  the tw is t taken up in  ad jacent c o il reg io n " but 

reported  to  possib ly be due to  unstacking o f bases in  regions  

o f the m olecule  that a re  s in g le  stranded a t the beginning o f the  

re a c tio n . The  proposed o v e r -a l l  m echanism  was shown s c h e m a tic a lly .
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I t  ind icates  an in i t ia l  d iso rd erin g  in  A - T  r ic h  regions w ith  

the s iz e  o f the d is o rd ere d  regions in c re a s in g , possibly by 

the m echanism  d escrib ed  fo r  the instantenous e ffe c t, u n til 

the d is o rd erin g  is  o v er a  la rg e  enough reg ion  to p e rm it  

the unwinding o f th e  m o lecu le .

A n o th er k in e tic  study by relaxation  methods w as reported  

by M a s s ie  and Z i m m . ^  Th ey  used "pH jum ps" and "s a lt  

jum ps" as w e ll as te m p e ra tu re  jum ps fo r  the perturbations  

o f the s y s te m . T h e  change in absorbance w ith  t im e  fo r  the  

sam ple  o f D N A  a f te r  arty o f these pertu rb atio n s  w as fo llow ed  

on a  s p ec tro p h o to m eter. The slope o f the in it ia l s tra ig h t lin e  

portion  o f the  resu ltin g  c u rve  gives the  ra te  constan t; the  

rec ip ro ca l o f  the ra te  constant in th is  case being the re la x a tio n  

t im e .  P e rtu rb a tio n s  introduced by changes in  pH and the  

te m p e ra tu re  p ertu rb a tio n s  a t pH 9 (w here  s in g le  stranded breaks  

w e re  expected to  be m in im a l) a t vary in g  ion ic  s trength  showed a  

dependence o f re la x a tio n  tim e  on io n ic  s tre n g th . T h e  com bination  

o f exp erim en ts  co m p ris in g  the study showed dependence of 

re la x a tio n  tim e  on bulk v is c o s ity , co n cen tra tio n , m o lec u la r w e ig h t, 

exten t o f tra n s it io n  and the nature o f the so lve n t. A l l  o f th is  

evidence led M a s s ie  and Z im m  to  b e lieve  th a t the ra te  o f
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tra n s it io n  was "h yd ro d yn am ically  l im ite d " .

S tu rte v an t and c o -w o rk e rs  studied the k in etics  o f the  

h e lix -c o il tra n s it io n  o f D N A  in  acid  solution using the  

stopped flo w  tech n iq u e! T h e  re c ip ro c a l o f unreacted fra c tio n  

(as m easured by absorption) is  plotted against the product o f the  

d e riv a tiv e  o f th a t p a ra m e te r , a t t= 0 , t im e  lo T  reaction:-,tit. .

The cu rves  of th re e  o f these d im ensionless plots a t d iffe rin g  

a c id itie s  w e re  shown along w ith  the th e o re tic a l cu rves  fo r  

f i r s t ,  second and th ird  o rd e r  re ac tio n s . T h e  cu rves  fo r  th is  

d a ta  a t a ll  th re e  pH values fa ile d  to fo llo w  w e ll any o f the  

th e o re tic a l c u rv e s . U se o f reaction  h a lf-tim e s  was considered  

to  be the best w ay o f tre a tin g  the data fo r  a com plex reaction  

such as the h e lix -c o il tra n s it io n  o f D N A  • H a lf  tim e s  as a  

function o f the re c ip r  ocal o f absolute te m p e ra tu re  gave a  lin e a r  

plot w ith  an apparen t ac tiv a tio n  energy o f 26  K c a l  (m ole).. ̂  i t  was  

noted th a t h a lf-t im e s  a re  v a lid  representations o f ra te  constants 

only fo r  f i r s t  o rd e r  re a c tio n s . T h e re fo re , th is  is  an apparent 

f i r s t -o r d e r  ac tiva tio n  e n e rg y . I t  was a lso  noted th a t the te rm  

"m o le" has no p re c is e  m eaning in  the case o f th is  re a c tio n . 

R eaction h a lf - t im e s  w e re  found to b e , w ith in  e xp erim en ta l 

e r r o r ,  l in e a r  functions o f p H . F ro m  the s im ila r it ie s  o f pH 

and te m p e ra tu re  dependence o f tra n s itio n  enthalpy and reaction
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h a lf-t im e s  i t  was concluded th a t reac tio n  enthalpy and 

activa tio n  enthalpy w e re  re la ted  by a  constant. T h e  resu lts  

o f the  experim ents  w e re  believed to  be consistent w ith  a  

c o -o p e ra tiv e  reac tio n  m echan ism , having sin in it ia l phase 

e ss e n tia lly  f i r s t  o rd e r  and the ra te  determ in ing  step being 

the d iso rd erin g  o f a  segm ent o f th e  h e lic a l ch ain .

T h ese  studies ind icate  a  com plex reac tio n  m ech an ism , 

lik e ly  a  c o -o p e ra tiv e  m echan ism , having two o r  m o re  phases. 

N e ith e r  reac tio n  o rd e r  o f the ra te  d e term in ing  step n o r activa tio n  

energy has been unequivocally eva lu a ted . A  g re a t deal o f study is 

s t i l l  re q u ire d  on the k in etics  o f the  h e lix -ra n d o m  c o il tra n s itio n  

o f d e o x /rib o n u c le ic  a c id .
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C H A P T E R  I I  ..... ........ „

D IF F E R E N T IA L . T H E R M A L  A N A L Y S IS

A .  In troduction

The  D iffe re n tia l T h e rm a l A n a ly z e r  and som e o f the

m o re  s p ec ia lized  c a lo r im e tr ic  in s tru m en ts * a re  adaptable to

a  w ide  range o f s c ie n tific  investigations in  a n a ly tic , o rg an ic ,

p o ly m er and b iochem ical a reas  and have a  s izeab le  num ber o f

c o m m e rc ia l a p p lic a tio n s . D T A  has p rev io u s ly  been used in  th is

la b o ra to ry  to study the c is -tra n s  is o m e riza tio n  o f s tilbene

27and o f o le ic  to e lia d ic  a c id s , the D ie ls -A ld e r  reaction  o f

2 8  PQc yc lo p en tad ien e , the p o lym eriza tio n  o f s ty re n e , w the decom position

30of d im eth y l h y d raz in e , as w e ll as the  behav io r o f liqu id

c ry s ta ls  and o f b iopolym ers on h e a t i n g ^ , 33 ancj the determ ination

34o f c r it ic a l  te m p e ra tu re s  .

T h e  D T A  has the advantages o f s e n s it iv ity , enabling the  

use o f s m a ll sam ples; v e rs a tility , m aking possible the study of 

m any kinds o f th e rm a l tran s itio n s  a t s low  o r rap id  heating ra tes; 

ease o f sam ple  handling , m aking possible a  s e r ie s  o f analyses  

in  rap id  succession; and a  f a i r  degree o f p re c is io n , making  

possible its  use in  quantita tive  w o rk . In  add ition , techniques

1 q  -J4
have been developed to  d e te rm in e  ac tiva tio n  energy o f re a c tio n , *

*  T h e  Beckm an th e rm o g ra v im e tr ic  a n a ly z e r  and the P e rk in -E lm e r  
d iffe re n tia l scanning c a lo r im e te r .
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whose th e rm a l behavior has been recorded on th e  D T A .

In  th is  ch ap ter the operating p rin c ip les  o f the DuPont 900 

D T A  w i l l  be discussed w ith  specia l em phasis on the D iffe re n tia l  

Scanning C a lo r im e te r  C e l l .  A  com parison of th e  two 

techniques fo r  activa tion  energy d eterm ination  by D T A  is  the 

subject o f the la s t section  o f the c h a p te r.

B . P rin c ip le s  o f O peration  of the 900 D T A

In  the d iffe re n tia l th e rm a l a n a ly ze r a  s am p le  and a  th e rm a lly  

in e rt re fe re n c e  (each in  contact w ith  one of a  p a ir  o f therm ocouples) 

a re  heated s im ultaneously  in an insulated b lo c k . A  th ird  therm ocouple  

is  in contact w ith  a z e ro  degree re fe re n c e  such as an ic e -w a te r  s lu r r y  

and is  p a rt o f the te m p e ra tu re  program m ing  sys tem  w hich  contro ls  

the heating o f the block a t a p reset l in e a r  r a t e .  The re fe ren ce  m a te r ia l  

selected m ust be th e rm a lly  in e rt in the  te m p e ra tu re  reg ion  being  

studied , m ust in crease  in  te m p e ra tu re  a t  a r a te  which is  constant 

and is  dependent on the ra te  o f heat input (s o lid  lin e , fig u re  I )  and 

m ust be of n e a rly  id en tica l heat cap ac ity  to th e  sam ple under s tu d y . 

W here  the sam ple  and re fe ren ce  m a te ria ls  have the sam e  heat capac ity  

the sam ple  w il l  in c rease  in  te m p e ra tu re  at th e  sam e ra te  as the  

re fe ren ce  u n til a  tra n s itio n  te m p e ra tu re  is re ac h e d . Upon reaching  

a  tra n s itio n  te m p e ra tu re  the sample w i l l  re m a in  a t th a t tem p era tu re  

until the tra n s it io n  is  c o m p le te . I t  w i l l  then resu m e i ts  tem p era tu re  

r is e , g rad u a lly  reaching the  te m p e ra tu re  o f th e  re fe ren ce
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F ig u re  1 . T h e rm a l b eh av io r o f sam p le  and of in e r t  re fe re n c e .
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(dotted l in e , figure 1 ) .

T h e  re c o rd e r m on ito rs  the vo ltage d iffe ren ce  between the  

re fe re n c e  and sam ple  therm ocouples a t each te m p e ra tu re  during  

the heating p ro cess . A s  shown by the therm ocouple  d ia g ram  

(f ig u re  3 ) the net voltage output (s ig n a l) fro m  the therm ocouples  

is  z e ro  when the re fe re n c e  and sam ple  a re  a t the sam e te m p e ra tu re  

since the ind iv idual therm ocouples would then have id e n tic a l 

voltage outputs. W hen th e re  is  a te m p e ra tu re  d iffe ren ce  between  

re fe re n c e  and s am p le , as when the sam ple  undergoes a  th e rm a l 

t ra n s it io n , th e re  is  a net s ig nal fro m  the therm ocouples to  the  

re c o rd e r . T h e  s ignal is  p ro p o rtio n a l to the te m p e ra tu re  d iffe re n ce  

between the re fe re n c e  and the s a m p le . In  add ition , the s ig n al can  

be negative o r  positive  showing w h eth er the  sam ple  is  a t a  lo w er  

te m p e ra tu re  (due to  an endotherm ic tra n s itio n ) o r  a t a h ig h er  

te m p e ra tu re  (due to an exo th erm ic  tra n s it io n ) in  com parison  to the  

re fe re n c e . T h e  re c o rd e r pen is  deflected  along the y -a x is  by the  

therm ocouple  s ig nal p rev io u s ly  discussed w h ile  a lso  m oving along 

the x -a x is  in  response to  a  s ig nal fro m  the  therm ocouple  m onitoring  

sam ple  te m p e ra tu re . T h e re fo re  the pen reco rd s  the te m p e ra tu re  

d iffe re n ce  between sam ple  and re fe re n c e  ( A t )  on the y -a x is  and 

sam ple  te m p e ra tu re  on the x -a x is .  T h e  tra c e  along



TIME ( SAMPLE TEMPERATURE )

F ig u re  2 .  T h e rm o g ra m  o f D N A  in  phosphate b u ffe r , illu s tra tin g  
th e rm a l b eh av io r of sam ples  as recorded  by D T A . T e m p e ra tu re s ,
Tj and Tg  r e fe r  to  in it ia l  and f in a l te m p e ra tu re s  of the endotherm ic  
peak (see fig u re  1 ) .
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the x -a x is  can be taken as a  reco rd in g  o f t im e  since the

ra te  o f heating is  l in e a r . T h e  re c o rd e r  output, ca lled  a

th e rm o g ra m , is  a  record ing  o f A t  as a  function o f t im e

(o r  te m p e ra tu re ).

An id e a lized  th e rm o g ram  is  shown in  fig u re  2 .  T h e

a re a  o f the peak can be found by draw ing in a  baseline and

tra c in g  the peak w ith  a  p la n im e te r . A ssum ing the heat capacity

o f the sam p le  is  constant in  the reg ion  o f the tra n s it io n , the a re a

under the c u rve  is  p ro p o rtio n a l to the heat absorbed o r  re leased

in  the tra n s it io n  (o r  re a c tio n ). E nthalpy o f reactio n  can be

calcu la ted  fro m  the sam ple  w e ig h t, the  peak a re a  and the

35c a lib ra tio n  co e ffic ien t using equation 13.

A H  (m c a l/m g ) =  E  * A  AT g T  s
M  a  (13)

E  is  a c a lib ra tio n  c o e ffic ie n t, A  is  the  peak a r e a , ATs is  the  

y -a x is  s e n s itiv ity , T g is  the x -a x is  s e n s itiv ity , M  is the sam ple  

m ass and a  is  the heating ra te .  In  p ra c tic e , c a lib ra tio n  is  

done a t the p a r t ic u la r  heating ra te  and the s e n s itiv ity  settings  

w hich  the tra n s it io n  is  being studied • Equation 13 reduces to

A H  (m c a l/m g ) =  E  • A  (14 )
M

T h e  c a lib ra tio n  c o e ffic ie n t is  found fro m  the m easurem ent
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F ig u re  3 .  D ia g ram  o f d iffe re n tia l th erm o co u p le . 
M a n u a l, 900 D T A  (re fe re n c e  3 5 ) .

Redraw n fro m  In s tru ctio n
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F ig u re  4 .  C ro s s -se c tio n a l d ia g ram  of DSC  
c e l l ,  red raw m  fro m  Ins truction  M an u a l, 900  
D T A  (re fe ren c e  3 5 ).



- 4 2 "

o f the peak a re a  o f the m elting tra n s it io n  of a  m a te r ia l w ith  

a p re c is e ly  known heat o f fu s io n . T h e  m a te r ia l used fo r  

c a lib ra tio n  of the in s tru m en t is  chosen a lso  on th e  basis o f 

having a m elting  point ap p ro x im ate ly  the  sam e as the  

te m p e ra tu re  o f the  tra n s itio n  o r  reac tio n  under s tudy .

A lte rn a te ly , c a lib ra tio n  coeffic ien ts  fo r  the D T A  can be 

d eterm in ed  at a  s e r ie s  o f te m p e ra tu re s , using d iffe re n t m a te ria ls  

fo r  c a lib ra tio n , and the c a lib ra tio n  c o effic ien t a t any g iven te m p e ra tu re  

can be read  fro m  a  c a lib ra tio n  c o e ffic ie n t -  te m p e ra tu re  c u rv e .

C . The D iffe re n tia l Scanning C a lo r im e te r  C e ll

The  exp erim en ta l w o rk  in th is  study was done w ith  the  

D iffe re n tia l Scanning C a lo r im e te r  c e ll o f the D T A . I t  is  s im ila r  

in  operating  p rin c ip le  to  the c a lo r im e te r  c e ll on w hich the  

g en era lized  previous d escrip tio n  was based but i t  is  m o re  

sen s itive  and has a  y -a x is  deflection  m o re  d ire c tly  proportiona l 

to  the d iffe re n tia l of enthalpy w ith  tim e  (d H /d t ) .3 3 ,3 7

In  the DSC c e ll  the sam ple and re fe re n c e  therm ocouples  

a re  embedded in  p la tfo rm s  on a  constantan disc (f ig u re  4 ) .  The

d isc  s e rves  as a  path o f heat tra n s fe r  between sam ple  and 

re fe re n c e . The d isc  is  a lso  an e lem en t o f  the chrom el-constan tan
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therm ocouples used to m easure  te m p e ra tu re  d ifferences  

between sam ple and re fe re n c e . The a lu m e l w ire  under 

the sam ple  p la tfo rm  fo rm s , w ith  the ch ro m e l d is c , a  

c h ro m e l-a l um el th erm ocoup le . T h is  therm ocouple  is  p a rt  

of a  c irc u it  connecting the sam p le  p la tfo rm  w ith  the  cold  

junction therm ocouples (0 °  re fe re n c e ), the  re c o rd e r , and 

the te m p e ra tu re  p ro g ra m m e r (see fig u re  5 ) . 35 Based on the  

signal fro m  the c h ro m e l-a lu m e l therm ocoup le , the sam ple  

te m p e ra tu re  is  recorded  on the x -a x is ,  o f the th e rm o g ra m .

The d iffe ren ce  in  output o f the two chrom el-constan tan  

therm ocouples goes to  an a m p lif ie r  and then to the re c o rd e r ,  

w ith  the  s ig nal de term in ing  the y -a x is  deflection  o f the pen.

The  y -a x is  deflection  is  a lm o st d ire c tly  p roportional to  d H /d t ,  

as shown by the fo llow ing a n a ly s is .

I f  we assum e that te m p e ra tu re  change o f the sam ple  (d T s)  

is  due to the d iffe ren ce  between the ra te  o f heat input to  the sam ple  

and the ra te  a t w hich heat is  absorbed by the re ac tio n , the  

m athem atica l expression  is

d T s  =  dHs -d H /d t  (15)
c s

w h ere  dHs is  the to ta l ra te  of heat input to the s am p le , d H /d t is  the
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d iffe re n tia l w ith  resp ect to  t im e  of the reaction  en tha lpy , and

C s is  the heat cap ac ity  o f the s a m p le . H eat to  th e  sam p le

com es fro m  two sources; the heat tra n s fe rre d  u n ifo rm ly

fro m  the h e a te r to  a ll  p arts  o f the d is c , and the heat tra n s fe rre d

along the  constantan d isc fro m  w a rm e r  to c o o le r p arts  o f the

d is c . W hen the sam ple  undergoes an endotherm ic tra n s itio n

o r  reac tio n  the absorption  of heat w i l l  g ive  r is e  to  s m a ll te m p e ra tu re

d iffe re n ce s  between the sam p le  p la tfo rm  and o th e r regions of

the  d is c . T h e re fo re :

dHs =  dHs d + d H sh (16)

w h e re  dHsd is  the  ra te  a t w hich  heat tra n s fe rre d  to  the sam ple  

along the d isc and d H ^  is  the ra te  a t w hich heat is  supplied to  

th e  sam p le  fro m  the h e a te r . Equation 15 then becom es

d T s =  dHsd +  dHsh - d H /d t ' (17)
C s C s

W h ile  the sam p le  is  undergoing a  tra n s itio n  the re fe re n c e  is  lin e a r ly  

in c reas in g  in  te m p e ra tu re  due to  absorption of heat and

d T r  =  dH rh

C r  (18 )

w h e re  d H ^  is  the  heat ra te  a t w h ich  absorbed by the  re fe re n c e  fro m  

th e  h e a te r and is  the heat capac ity  o f the re fe re n c e . S ince both
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the sam ple  and the  re fe re n c e  a re  s ituated  in  g e o m e tric a lly  

equivalent places on the d isc fo r  purposes o f heat absorp tion  

and the re fe re n c e  is  chosen to  have roughly the sam e heat 

capac ity  as the sam ple , the f i r s t  te rm  on the r ig h t s id e  of 

equation 17- and the te rm  on the r ig h t hand s id e  o f equation f8  

should be eq u al. Equations 1 7  and■■18 can be com bined to  express  

the d iffe ren ce  in  ra tes  of te m p e ra tu re  in c rease  between th e  sam ple  

and the re fe re n c e .

d T s -  d T r  =  d ( 4 T s r ) .=  dHsd/ C s -  d H /d t (19 )

F u r th e rm o re , the re fe re n c e  can be considered to be a t the sam e  

te m p e ra tu re  as the  re s t o f the disc s ince  i t  is  not undergoing a  

tra n s it io n , and th e  ra te  o f heat tra n s fe r  to  the sam p le  fro m  the  

o th e r parts  o f the  d isc a r is e s  fro m  A  t  between sam p le  and disc  

(o r  re fe re n c e ). Equation 1 9  then becom es

d ( A  t )sp =  A ts r -  d H /d t (20)

w h ere  A ^ s r  is  the d iffe re n ce  in te m p e ra tu re  between the sam ple  

and the re fe re n c e  and d ( A t ) s r  the instantaneous ra te  o f change o f 

the fo r m e r  q u an tity . S ince  th e re  is  good heat conductance along the  

d is c , A t Sr  be sm al1  and cC A  t )s r  w i l l  be kept e x tre m e ly



s m a ll  as heat flow  w i l l  tend to com pensate fo r  the ten d en cy  For 

A t s p to  in c re a s e . I f  d ( A t s r ) is  s ig n ific a n tly  s m a lle r  than A  t s r , 

equation 20 can be rearran g ed  to

A  d e riv a tio n  fo r  equation 21, using quantitifes involving heat 

absorption by re fe re n c e  and sam ple  holders as. w e ll as the  

quantities  discussed here  and analyzing  exo th erm ic  ra th e r  than  

endotherm ic reac tio n  can be found in  B a x te r 's  a r t ic le  on the  DSC c e l l .

W h ere  the length of the deflection  of the y -a x is  is  d ire c tly  

p ro p o rtio n a l to  d H /d t  the to ta l a re a  of the endotherm  can be 

expressed as

calcu lating  ac tiva tio n  e n erg y , based on an A rrh e n iu s -ty p e  p lo t, 

using values obtained by d ire c t m easurem ents on a  th e rm o g ra m . 

In  the d e riv a tio n  of the equations used, the in it ia l assum ption is

A ts r  =  d H /d t (21 )

l

D . A c tiva tio n  E nergy  M easurem ents  by D T A

J  d H /d t • d t =  A H  (22 )

1) P ilo yan  M ethod

1AP ilo yan  and his c o -w o rk e rs  developed a  method of

w h ere  J - is  a  reac tio n  co o rd in ate , °<C is  the extent o f the reac tio n ,
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d o L  /d j- is  the reaction  r a te ,  S  is  the to ta l a re a  under 

the cu rve  and A t is  th e  te m p e ra tu re  d iffe ren ce  between the  

re fe re n c e  and the sam p le  as m easured by the length o f the  

lin e  fro m  the baseline to  cu rve  a t any given value o f te m p e ra tu re  

o r  t im e . (  s ee fig u re  6 )  I t  can be shown th a t th is  assum ption  

is ju s t if ie d .*  F u rth e rm o re *

Rate o f reactio n  = d o i. = A q f ( o O  exp ( - E /R T )  (24)

a?--*u

I f  w e le t an rep resen t the p a rtia l a re a  under the cu rve  to point n

and the to ta l a re a  under the cu rve  S  is  m a th em atica lly  expressed as

The  extent o f the reaction  to  a  given point can be expressed as the  ra tio  
of the p a r tia l a re a  a t th a t point to  a th e  to ta l a re a  of the en d o th erm .
I f  w e le t rep resen t 1he extent o f the  reaction  a t any point

*  I f  w e d raw  an in verted  endotherm  (o r  an 
exotherrr) as a t r ig h t and d iv ide  i t  in to  s m a ll  
a re a  segm ents as fo r  a  n u m erica l integrc  
one a re a  segm ent A s  is  equal to the prc  
of A t and AT* and,

A S -  A t A 7 “

(b)

(c)

CK = a /S (d)
and the ra te  o f reac tio n  d°C can be expressed as

d r s

S  doc =  A t Cf)
d r
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F ig u re  6 .  T h e rm o g ra m  of D N A  in  phosphate b u ffe r illu s tra tin g  method of 
P iloyan  fo r  ca lcu la tio n  of ac tiva tio n  e n erg y .
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By substitution o f equation 23  into equation 24  and taking the  

lo g arith m  of both sides the fo llow ing equation is  obtained

In A t =  C -  f ( c < )  -  E /R T  (25)

w h ere  C is  a constant. F  (o<.) is ,  in the g en era l c a s e ,*

(1-o()n . P ilo y a n  neglects f(<X ), an approxim ation  said to  

be good fo r  values o f oC betw een 0 .0 5  and 0 . 8 ,  corresponding  

to the region between points A  and B on fig u re  6 ,  s im p lify in g  

equation 25 to

In A t  =  C -  E /R T  (26)

* I f  w e le t o i , exten t of reac tio n  , be represented  by 1 - c / c Q , 
w h ere  c is  the concentration  of reac tan t in  solution a t tim e  t ,  
then

c - c 0 (1 -< Z ) =  c Q -  c q ck (a)
and

dc _  -  c 0  dc< (b)
d t dt

F ro m  the g e n era l expression  fo r  reac tio n  ra te

-  dc I, „  nk c  (c)
d t

and i t  fo llow s th e re fo re , th a t

=  k c 0 (  1 - * )  "
dt

and that nc o d f i  =  k c 0 n ( 1  ^
d t

By re a rra n g e m e n t

= koQn ( 1 - 0 O . n (f)

By substituting A  exp ( - E /R T )  fo r  k ,  and the general te rm  7 “",fo r  t ,  
d <*■
d J -  ~  A 0 (  1 -  c< )n exp ( - E /R T )  g)



T h e  graph o f the lo g a rith m  of A t  as a  function of the re c ip ro c a l 

of absolute te m p e ra tu re  has a  slope equal to  - E / R .  F o r  a  z e ro  

o r d e r  reac tio n  )n is  equal to  one and c e rta in ly  can be neg lected .

To  te s t the v a lid ity  o f the approxim ation  the d iffe re n ce  between  

log ( i j -  )n fo r  c * ( = . 0 5  and o (= 0 .8  w as com pared to  the  

d iffe re n ce  between log A t fo r  the corresponding A  t  values fro m  

a  sam ple  th e rm o g ra m  fo r  both the n=l and n=2. The  A t  values  

fo r  the  th e rm o g ram s  in  th is  study a re  v e ry  s im ila r  fo r  a  given  

te m p e ra tu re  and set o f exp erim en ta l cond itions. The  d iffe re n ce  between  

the corresponding log (1 - cC )  values and fo r  the n=l case and 

ap p ro x im ate ly  *1.2 tim e s  the d iffe ren ce  between the log (t -e £  ) 

values f o r  the n=2 c a s e * . Equation 26 is  then an exact equation fo r  a  

ze ro  o rd e r  re a c tio n , a  good approxim ation  fo r  a f i r s t  o rd e r  reaction  

and a  f a i r  approxim ation  fo r  a  second o rd e r  re a c tio n .

* F o r  values o f c * .= 0 .0 5  and 0 . 8 ,  the values o f i - e C a r e  0 . 9 5  and 
0 . 2 ' ,  the values of log ( f - X .  )  a re  - 0 . 0 2  and .7;  and the values of 

(1- oi )2 a re  - 0 . 0 4  and -1  . 4 .  The d iffe re n ce  between the tw o values  
o f ( 1 - pC) is- 0 . 6 8  and the d iffe ren ces  between the two values o f (f-tX , 
is  1 . 3 6 .  C orresponding v a lu e s , on th is  rep res e n ta tive  th e rm o g ra m ,  
fo r  A t  a re  .0 8  and 1 .4  and log A t  a re  -1  .1 and 0 . 6 .  The  
d iffe re n c e  between the  log A t  values is  1 . 7 .
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T h e  P iloyan  method has the  advantage of s im p lic ity . The  

d e riv a tio n  is  s tra ig h t fo rw a rd . O f g re a te r  im p o rtan ce  is  the  

fa c t th a t the ca lcu lations a re  uncom plicated and can be done 

w ithout the a id  o f a  c o m p u te r. The  values fo r  A t  a re  

m easured fro m  the th e rm o g ra m  in  units of len g th , and , i f  

s e m ilo g a r i thm ic  paper is  used, the only necessary  ca lcu la tion  

is  the d e te rm in a tio n  of the  slope o f the g ra p h . The method a lso  has 

a  num ber o f d isadvantages. The num ber o f points fro m  w hich slope  

is  d e te rm in ed  is  s m a ll unless the peak is  spread  out o v er a  la rg e  

te m p e ra tu re  re g io n . M o re  than h a lf o f the th e rm o g ra m  cannot 

be a n a ly ze d , a  prob lem  th a t can be serio u s  i f  the reac tio n  is  

expected to  g ive a  com plex  k in e tic  p ic tu re . A s p rev io u s ly  shown, 

neglecting f ( c O  can in troduce a  s ig n ific a n t am ount o f e r r o r .

2 ) B o rch ard t and D aniels M ethod

The lim ita tio n s  of the P iloyan method of determ in ing  

activa tio n  energ ies  a re  not found in  the method developed by 

B o rch ard t and D a n i e l s .   ̂3 F o r  the la t te r  method equations have 

been d eriv e d  m aking i t  possible to  use the e n tire  cu rve  o f the  

endotherm  fo r  data  fo r  an A rrh e n iu s  plot fro m  w hich activa tio n  

energy can be c a lc u la ted . S lope of the p lo t, and th e re fo re ,  

activa tio n  e n e rg y , is  d e te rm in ed  fro m  m any points on the  g rap h .
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S in ce  the e n tire  peak can be an a ly ze d , i t  is  possible to  

recognize  co m p lex ities  in  the k in etic  p ic tu re . B o rch ard t and 

D an ie ls  m ake assum ptions involving in s tru m en ta l a ccu racy , 

which w i l l  be d iscussed , but the equations used a re  derived  

d ire c tly  fro m  the A rrh e n iu s  equation and fro m  the genera l 

expression  fo r  the ra te  o f a  re a c tio n . T w o  add itional advantages  

o f th is  method a re  that th e re  a re  sep ara te  equations d erived  fo r  

D T A  and D S C  and th e re  is  an expression  fo r  reac tio n  o rd e r in  

the equations, enabling the e x p e rim e n te r to  obtain add itional 

in fo rm a tio n . The d iffic u lty  w ith  th is  method is  th a t the 

calcu la tions  a re  long and tedious and i t  is  necessary  to  use a  

com puter i f  m o re  than a  few: th e rm o g ram s  a re  to  be an a lyzed .

In  th e ir  d e riv a tio n  o f equations fo r  the A rrh e n iu s  p lo ts ,

B o rch ard t and D aniels assum ed th a t the heat cap ac ities  and heat

tra n s fe r  co effic ien ts  fo r  both re fe re n c e  and sam ple  a re  eq u al.

T hey a lso  assum ed that th e re  is  u n ifo rm ity  o f te m p e ra tu re  w ith in

the c e lls .  S in ce  s m a ll ,  id en tica l m e ta l cups a re  used as sam ple

and re fe re n c e  holders and the sam p le  so lven t is  used as the

re fe re n c e  m a te r ia l ,  the above conditions a re  m e t. An additional

assum ption is  th a t heat tra n s fe r  is  by conduction a lo n e . T h is

35condition is  not a lw ays m et in  D S C  operation  but is  m et in
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1 sthe  te m p e ra tu re  range in  w hich solutions a re  usually  studied.

A  basic assum ption is  th a t the a re a  o f the endotherm ic  peak  

is  equal to the enthalphy of the re ac tio n ,

A H  =  A  (27)

and that the heat evolved o r  absorbed by the sam ple  is  in  

proportion  to  the  num ber of m oles th a t have reacted

dH dn (28)

A n  equivalent expression  fo r  equation 28  is

-d n /d t  = -  Hq/ A  x  d H /d t (29 )

w h e re  nQ is  th e  in it ia l  num ber o f m oles and A  is  the to ta l a re a

of the peak. Equation 27 has been dem onstrated to  be c o rre c t  

fo r  D S C  o p era ti cn by the discussion in  th is ch ap ter on heat 

t ra n s fe r  in  the D S C  c e ll (see pages 4 3 to 47 ) .  Equation 28  

and 29  fo llo w  d ire c tly  fro m  equation 2 7 .

T h e  num ber of m oles reacted  a t any given t im e  during the  

reac tio n  is g iven by th e  equation

n = nQ -  nQ a  /  A  (30)

w h ere  a  is  the p a r t ia l a re a  under the c u rve  a t any given tim e  (o r
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te m p e ra tu re ) as shown in  fig u re  7 .  Substitu tion  o f equations 29

and 30  into the g enera l expression  fo r  ra te  o f reactio n  g ives the 

fo llo w in g  expression* fo r  ra te  constant, k

k
A V  \  X_1 dH
no /  dt (31 )

( A -a )x

w h e re  x  is  the o rd e r of the reac tio n .

A  p lo t of In k as a  function o f the re c ip ro c a l o f absolute te m p e ra tu re  

should g ive a s tra ig h t lin e  whose slope is  - E / R .  In  p ra c tic e , a  

co m p u te r is  used to find a ll  values of a by n u m e ric a l in teg ra tio n  fro m  

the va lues  o f d H /d t m easured along the ord inate  o f the th e rm o g ra m .

T h e  co m p u te r is a lso  used to evaluate  k fo r  a l l  values o f x  a t 

each va lu e  of T .  The  data s e t (values o f k  fo r  a  given va lue  o f x )  that 

best f i ts  a s tra ig h t lin e  d eterm in es  the reac tio n  o rd e r . A c tiv a tio n

*U s in g  as the g en era l expression  fo r  reac tio n  ra te

w h e re  (  Y  ) is  concentration and x  is  reaction  o rd e r ,  by substitu ting  n /V  fo r  ( Y )

T.£L(.y .). = k (  Y  )x  
d t v J

(a)

d (n /V )

the ra te  constant k  is  given
x

in  the fo llow ing  expression
v  X “ 1 .  1  (c)

dt * nx
V  dn 

dt
Since

and.

-n o  dH _  
A  ' d t

n = n Q -  nn a

-  dn
dt (d)

(e)
A

the exp ressio n  fo r  k  becom es
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F ig u re  7 .  T h erm o g ram  of D N A  in  phosphate b u ffe r, 
i l lu s tr a t i  ng method of B o rch ard t and D aniels  fo r  
c a lc u la tio n  of activation  en erg y .
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energy is  calcu lated  fro m  the slope of th a t lin e . In  th is  study

n o n -in teg e r values o f x w e re  t r ie d ,  as w e ll  as the m o re  obvious

s m a ll in te g e rs .

The B o rch ard t and D an ie ls  method w as developed fo r  the

k in etic  s tudy  of s im p le  re a c tio n s , reactions which can be

described  by a s in g le  ra te  constant. A ls o , the ac tiva tio n  energy

1 *3should not v a ry  w ith  te m p e ra tu re . In th is  s tu d y , the B o rch ard t 

and D an ie ls  methods used fo r  the study o f a  m ore  com plex  

re a c tio n , the h e lix -c o il tra n s it io n  of D N A .
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C H A P T E R  I I I  

E X P E R IM E N T A L

T h e  d e ta ils  concerning m a te r ia ls  used in  th is  w o rk  w i l l  

be presented in  th is  b r ie f  c h a p te r.

D N A  P o ly m e r: A l l  D N A  solutions used in  th is  w o rk  w e re

prep ared  fro m  the sodium  s a lt  o f c a lf  thym us D N A . The  m a te r ia l  

w as purchased lyo p h ilized  and used to  p re p are  D N A  solutions  

w ithout fu r th e r  tre a tm e n t. A l l  o f th e  p o lym er used fo r  the enthalpy  

and ac tiva tio n  energy studies was purchased fro m  S ig m a  C h em ica l 

C om pany. The  c o n tro l num ber w as 101C-9520. E a r l ie r  w o rk ,  

including the studies on s a lt  concentration  e ffe c ts , was done 

w ith  solutions p repared  fro m  D N A  c o n tro l num ber 41C -9560 fro m  

S ig m a  C h em ica l C om pany, and p r io r  to th a t fro m  co n tro l num ber 4776  

f ro m  N u trit io n a l B io ch em ica l C om pany.

R eference  M a te r ia ls :  The  in e rt  re fe ren ces  used fo r  th erm o g ram s  

o f the  D N A  -  b u ffe r solutions w e re  sam ples of the sam e b u ffe r  

solutions in  w hich the D N A  w as d isso lved . These solutions  

w e re  in e r t  as long as no leaks o ccurred  in the sealed  p an s .T h e  

b u ffe r w as used as the re fe re n c e  m a te r ia l in  o rd e r  to  cancel out 

any spurious e ffec ts  in  the sam p le  due to the heating of the solution  

and in  o rd e r  to  have the heat cap ac ities  o f the re fe re n c e  and sam ple
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as n e a rly  id en tica l as p o ss ib le .

S am p le  H o ld ers ; The sam ple  and re fe re n c e  solutions w e re  

placed in  s m a ll coated a lum inum  pans, o r  cups, DuPont p a rt  

num ber 900757 . The p a rt num ber fo r  the m atching covers  

is  900687 . The covered  pans w e re  sea led  w ith  a  sp ec ia l 

sealing  d ie  and d ie  p re s s , DuPont p a rt num ber 900733 .

When p ro p e rly  sealed  these pans w e re  found to w ithstand the  

p ressu res  generated by the heating of the aqueous solutions to  

te m p e ra tu re s  som ew hat above 1 2 0 °C .

B u ffe rs ; T h e  D N A  p o lym er w as d issolved in  phosphate bu ffers  

p repared  by m ix ing  A C S  g ra d e  mono and disodium  phosphate 

solutions o f the ap p ro p ria te  concentration  to  the d e s ire d  p H . 

M easu rem en t o f pH w as done w ith  a  s m a ll d ia m e te r , com bination  

S i lv e r -s i lv e r  c h lo rid e  e lec trode* purchased fro m  the A . H .  Thom as  

C om pany. The e lec tro d e  w as used w ith  a  B ecknann Z e ro m a tic  I I  

pH m e te r . Spot checks w e re  done on the f in a l D N A -b u ffe r  

solutions using n a rro w  range pH p ap er.

P re p a ra tio n  o f S am ples: The d ry  p o lym er was weighed out

in  the sam p le  pan using a  M e t t le r  m ic ro  b a lan ce . T h e  b u ffe r solution  

was added and the sam ple  reweighed in  o rd e r  to  be ab le  to  d e te rm in e

*s in g le  e le c tr o d e ,  no re fe re n c e  e lec tro d e  re q u ire d .
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w eight percen t o f D N A  in  s o lu tio n . A fte r  rew eighing, • the  

sam ple  c o v e r was placed on the pan and the pan sealed w ith  

the d ie  p re s s .  A l l  o f the p repared  solutions w e re  num ber  

coded and re fr ig e ra te d  ap p ro x im ate ly  20  h o u rs . The  actua l t im e  

v a rie d  fro m  18 to 26 h o u rs . T h is  w as done in  o rd e r  to  be 

c e rta in  th a t the D N A  had am ple  t im e  to  d isso lve  in  the b u ffe r .

The precautions w e re  taken because the resu ltin g  gels w e re  v e ry  

v isco u s .

C a lib ra tio n ; F o r  the th e rm o g ra m s , s p ec ia l re c o rd e r  p a p e r, 

purchased fro m  DuPont (p a rt num ber 900325) w as used. T h is  

p ap er has an x -a x is  te m p e ra tu re  sca le  c o rrec te d  fo r  the  

sp ec ific  heating ra te  and fo r  e r ro rs  in  te m p e ra tu re  record ing  

a ris in g  fro m  the use o f the C h ro m e l-A lu m e l therm ocouples in  

the D T A . A  vo ltage tra n s fo rm e r  w as used w ith  the D T A  to  provide  

vo ltage s ta b iliz a tio n . The  heating ra te  o f the  in s tru m en t was  

fre q u e n tly  checked during the record ing  of the th e rm o g ram s  as 

the  c a lib ra tio n  co e ffic ien t is  dependent on heating ra te . C a lib ra tio n  

o f peak a rea s  was done w ith  A C S  grade benzo ic  a c i d  and w ith  indium  

sam ples  provided w ith  the in s tru m en t by D uP ont. The c a lib ra tio n  

c o e ffic ie n t (see appendix 1-') used fo r  conversion of peak a re a s  to  heat
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o f reac tio n  is  the averag e  of nine t r ia ls  w ith  a  standard  

deviation of 3 percen t o f the v a lu e .
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C H A P T E R  IV  

P R E S E N T A T IO N  O F  R E S U L T S

A .  In troduction

In  th is  ch ap ter the natu re  and shape of the D N A  th erm o g ram s  

a re  described  and a  substantia l num ber o f k in etic  plots a re  show n, in  

o rd e r  to  fa c ilia te  understanding of the resu lts  p resen ted . S e v e ra l 

sets  o f data re la tin g  to  vario u s  aspects o f the th e rm a l denatu ra tion  

o f D NA a re  p resen ted . F u ll discussion of the resu lts  is  undertaken  

in  ch ap ter V .

B .  D escrip tio n  of T h e rm o g ram s

T h e rm o g ram s  o f the th e rm a l denaturation of D N A  w e re  obtained  

on two of the D T A  c e lls ; the C a lo r im e te r  c e l l  and the DSC c e l l . ’

1) D N A  T h e rm o g ram s  -  C a lo r im e te r  C e ll

Som e p re lim in a ry  w o rk  was attem pted w ith  the C a lo r im e te r  

c e ll  o f the D T A . F o r  th is  c e l l ,  the sam ple  and re fe re n c e  

therm ocouples a re  contained in  a  p a ir  o f s ilv e r  sam ple  h o ld e r  

a s s e m b lie s . T h e  holder, assem blies a re  obtained in p a irs  fro m  

the  m a n u fac tu rer o f the D T A  and a re  understood to  be m atched fo r  

e le c tr ic a l response to te m p e ra tu re  v a r ia t io n . The  sam ple  and
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re fe re n c e  m a te r ia ls  w e re  sealed  in  s m a ll g lass sam ple  tubes 

by rotating  the tops  o f the  tubes in  a pinpoint f la m e . The  

tubes w e re  then placed u prigh t in  the cup like  upper portion  of the  

sam p le  ho lder a s s e m b lie s .

These p re lim in a ry  t r ia ls  ind icated  th a t q u a n tititiv e  resu lts  

would be d iff ic u lt  to obtain w ith  th is  exp e rim en ta l a rra n g e m e n t. In  

addition to  the expected d iffic u lty  o f finding a  substan tia l fra c tio n  

o f the tubes im ro p e r ly  sea led  th e re  w ere  m a jo r  prob lem s due 

to  the tubes t i lt in g  in  the ho lder assem blies  and th e re fo re  m aking  

poor contact w ith  the th e rm o c o u p les . T h e re  w e re  a lso  s ig n ific ia n t  

d iffic u ltie s  due to  the re la t iv e ly  la rg e , and unm atched, heat 

cap ac ities  of th e  glass tu b e s . T h e  th e rm o g ram s  often showed 

badly sloping baselines o r  regions containing anom alous sets  of 

endotherm ic and exo th erm ic  peaks , as shown by fig u re  8 . In  

g e n e ra l, the th e rm o g ra m s  lacked both re p ro d u c ib ility  and c le a r  

d e fin itio n  of the  endotherm ic peak a ttrib u tab le  to  th e  h e lix -c o il  

tra n s itio n  of the D N A  p o ly m e r. F ig u re  9 shows an exam ple o f the  

m ost rep ro d u cib le  p a tte rn . T h e  lack  o f sh arp  d e fin itio n  o f the  

endotherm ic peak can be seen c le a r ly  by contrasting  th is  

th e r m  pgram  to  one obtained using the D S C  c e l l ,  shown in  

fig u re  1 2 .



 EXTENSION OF BASELINE

F ig u re

2 0  40  6 0  8 0  100 120
T ,°C  --------------------

. T h e rm o g ram s  of D N A  in w a te r  fro m  C a lo r im e te r  c e ll  o f 900 D T A .

140



ENDOTHERMIC PEAK 
OF

HELIX-COIL TRANSITION

20 40 60 80 100 120 140 160
T, °C  -----------------

F ig u re  9 .  T h e rm o g ra m  o f D N A  in  w a te r  fro m  C a lo r im e te r  c e l l ,  i llu s tra tin g  
th e rm a l b eh av io r o f D N A  s o lu tio n s .
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2 ) D N A  T h e rm o g ram s  -  D SC  C e ll

The  operating p rin c ip le s  and the configuration  o f the  

D SC  c e ll  w e re  described  in  c h a p te r II  o f th is  p a p e r. The  

th e rm o g ram s  obtained in  th is  c e ll  w e re  much m o re  re p ro d u c ib le , 

s u ffic ie n tly  s o , tha t i t  w as possible to  do the q u an tita tive  studies  

th a t a re  the a im  of th is  p ro je c t. W hen using th is  c e l l ,  the sam ple  

and re fe re n c e  m a te ria ls  a re  placed in  s m a ll a lu m inum  cups w hich  

a re  in  tu rn  placed on the sam ple  and re fe re n c e  p la tfo rm s  of the  

c e l l ,  d ire c tly  above the th erm o co u p les . These a lu m inum  cups can 

be used alone o r  w ith  m atching c o v e rs . A  H e rm e tic  S ealing  D ie  

P re s s , m anufactured by D uP ont, was used to  s ea l the m a te ria ls  

being s tu d ied . The sea ling  was usually  s u ffic ie n tly  e ffec tive  to  

w ithstand the  p ressu res  b u ilt up by the heating of the aqueous 

solutions to a p p ro x im ate ly  120 to  1 3 0 °C . The e ffe c tive  capacity  of 

these ho lders  is  between 15 and 20 m ic ro lite rs  o f gel o r  so lu tion , 

(see fig u re  1 0 ).

W hen using the D SC  c e ll and the h e rm e tic a lly  sealed alum inum  

capsules the p erfo rm an ce  w a s , as p rev io u s ly  m entioned , g re a tly  

im p ro v e d . T h e  baselines on m ost th e rm o g ram s  w e re  s u ffic ien tly  

lev e l to  p e rm it an alys is  o f the th e rm o g ra m  fo r  a re a  of the peak. 

R e p ro d u c ib ility  becam e e x tre m e ly  good. The tw o rem ain ing
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B

.33 in.

EDGE OF 
SEAL

F ig u re  1 0 . S am ple  holders' used w ith  D SC  c e l l .  (A ) S ide  
V ie w , unsealed . (B ) S ide  v ie w , s ea led . (C ) Top v ie w .
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prob lem s w e re  leaking capsules and in s tru m en t n o ise . The  

noise prob lem  w as sporad ic  but fa ir ly  in fre q u e n t. When the  

re fe re n c e  capsule was im p ro p e rly  sealed and leaking badly  

the pen moved s h arp ly  in  the sam e d irec tio n  as a  response to  

an exo th erm ic  re a c tio n . A  badly leaking sam ple  capsule caused  

the pen to  m ove sh arp ly  in  the opposite d ire c tio n . When the seals  

on the capsules held to  120°C  o r  b e tte r i t  was usually  possible to 

d e te rm in e  the point of re tu rn  to  the baseline and th e re fo re  the  

actual shape and s iz e  o f the a re a  enclosed by the cu rve  and the 

extended b a se lin e . Leaks that becam e apparent a fte r  th is  te m p e ra tu re  

caused l i t t le  o r  no p ro b le m . T h e  th e rm o g ram  in  fig u re  12 is  an 

exam ple o f the shape o f the c u rve  obtained when the re fe re n c e  

begins to  lose w a te r  (and absorb heat) only a fte r  reaching a  te m p e ra tu re  

a few  degrees h ig h er than the te m p e ra tu re  corresponding to  the  

end o f the  tra n s it io n  being s tu d ied . When w a te r  loss fro m  e ith e r  

sam ple  o r  re fe re n c e  capsule w as apparent a t lo w e r te m p e ra tu re s  th e re  

would be considerab le  d is to rtio n  of the shape of the th erm o g ram .

S ince the c a lo r im e tr ic  data  is  based on s iz e  o f the a re a  o f the

peak, d is to rtio n  o f the shape o f th e  cu rve  would re n d e r th e  p a rtic u la r

th e rm o g ra m  useless fo r  the c a lo r im e tr ic  s tudy . In  m any instances w h ere

the  th e rm o g ram s  w e re  badly d is to rte d , the capsules w e re  found

a fte r  heating to  have accum ulated s m a ll d ro p le ts  o f w a te r  along

the s e a l. C ases o f v e ry  m in o r am ount o f w a te r  loss fro m  th e
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capsules introduced som e u n c erta in ty  into the exact location  

of the b a se lin e . T h is  in  tu rn  introduced, som e exp erim en ta l 

e r r o r  in to  the a re a  m e as u re m en ts . E stim ates  of the location  

and s lope of the  baseline and the shape of the fin a l portion  of 

the c u rv e  a re  m ade p a r t ic u la r ly  d iff ic u lt  by the  asy m e try  of 

the endotherm ic  peak obtained w ith  the DSC c e ll  fo r  the  h e lix -c o il  

tra n s itio n  of the  D N A  p o ly m e r . F ig u re  11 shows s e v e ra l exam ples  

o f d is to rted  th e rm o g ra m s .

U n c e rta in tie s  o r  ir re g u la r it ie s  in  the slope of the baseline  

w e re  o f g re a te r  concern w hen attem pting the d e te rm in a tio n  of 

activa tio n  energy fo r  the tra n s it io n  by e ith e r the P iloyan  o r  the  

B d rc h a rd t and D aniels  m ethod . T h e  sam e th erm o g ram s used 

fo r  the d e te rm in a tio n  of re ac tio n  enthalpy can a lso  be analyzed  

fo r  ac tiva tio n  energy by e ith e r  of the methods m entioned above.

In  p ra c tic e , i t  was necessary  to s e le c t fo r  k in e t ic  study the  

th erm o g ram s w ith  the m ost re g u la r  and leve l baselines fro m  

among those used fo r  the c a lo r im e try  study.

C .  T ra n s itio n  M idpo in t T e m p e ra tu re s  (T m )

Th e  th e rm o g ra m s  of solutions o f c a lf  thym us D N A  in  phosphate 

b u ffer showed a  s in g le , s lig h t ly  a s y m e tr ic , endotherm ic peak. T h is  

endotherm ic peak is  c le a r ly  due to the heat induced tra n s itio n  of 

the double stranded p o ly m er to  the random  c o il fo rm . The onset
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F ig u re  1 2 . T h e rm o g ra m  o f D N A  in  phosphate b u ffe r , fro m  D S C  
c e l l ,  i l lu s tra tin g  the th e rm a l behav io r o f D N A  so lu tio n s .
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te m p e ra tu re  o f the trans itio n  occured a t 9 4 -9 6 °C . T h e  asy m e try  

involved a draw ing out o f the tra n s itio n  n ear the  end ra th e r  than a  

sharp  re tu rn  to  the baseline co m p arab le  to the fa i r ly  steep slope fro m  

onset to  the peak te m p e ra tu re . The  peak te m p e ra tu re s  occured a t 

102—10 6 ° C . The gradual re tu rn  to  b ase lin e , o r  ta ilin g  e ffe c t, c a rr ie d  

the tra n s itio n  to tem p e ra tu re s  s lig h tly  above 1 2 0 °C . M idpo in t 

te m p e ra tu re  ( T m ) o f the tra n s itio n  as fo llow ed by D T A  is taken to  

be the te m p e ra tu re  a t w hich the p a r t ia l a re a  under the  cu rve  to th a t 

point o f the te m p e ra tu re  ax is  (ca lcu la ted  by n u m e ric a l in teg ra tio n ) 

is  equal to  50 percent o f the to ta l a re a  under th e  c u rv e . The  values  

of T m  w e re  found to  be 106°C  fo r  pH 5 .4  to 7 r4  and l0 4 rT 0 5 °C • fo r  

pH 7 .8  and 8 .2 .  The finding that T m  is  s lig h tly  h ig h e r than the  

peak tem p era tu res  is  a fu r th e r  re fle c tio n  of the a sy m e try  o f the  

endotherm ic peak.

D . Enthalpy of the H e lix -C o il  T ra n s itio n  of D N A

1) M ax im u m  V a k e

The tra n s it io n  enthalpy w as measured w ith  the DSC c e ll  

under a v a r ie ty  o f exp e rim en ta l conditions w ith  re g a rd  to p H , ionic  

strength  and p o lym er concentration  in  o rd e r  to  obtain in fo rm atio n  

about the e ffe c t o f changing conditions on the binding fo rc e s  in  

the D N A  m o lecu le . A  m axim um  value  fo r  the tra n s it io n  enthalpy  

was found a t pH 7 .0 ,  b u ffe r concentration  0 .7 5  m oles p er l i t e r  and a 

po lym er co n cen tra tio n  of ap p ro x im ate ly  5 percen t D N A  by w e ig h t.

I t  is  9 .4  +  .2  K cal p e r m ole base p a ir .
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2) Dependence of tra n s itio n  enthalpy on pH .

V a r ia tio n  of tra n s itio n  enthalpy w ith  changes in  pH  

w as studied a t a fixed  ion ic  s trength  and a n a rro w  range o f 

p o ly m er co n cen tra tio n . The  pH range was 5 .4  to  8 .2 ,  a t 

in te rv a ls  o f 0 .4  pH u n its . The enthalpies w e re  calcu la ted  fro m  

the th e rm o g ra m  a re a s , w eights o f D N A  used and the averag e  

w eight p e r base p a ir  o f c a lf  thym us DNA,. F o r  the d eta iled  

d escrip tio n  of the ca lcu lations see appendix 1 . The  averag e  values  

fo r  the enthalpy and the standard  deviations a re  s u m m arize d  in  

tab le I» F ig u re  13 g ives the enthalpy dependence on p H .

A s  p rev io u s ly  s ta te d , the m axim um  enthalpy value  w as found 

a t pH 7 .0 .  The  m in im u m  values a re  found a t the highest and the  

low est pH values o f the ran g e . G rea te s t s ta b ility  a t n e u tra lity  was  

not su rp ris in g  since i t  is  known that D NA can be denatured by acid  

o r  a lk a li as w e ll  as by h e a t. T h e  cu rve  (fig u re  13) is  f a i r ly  s y m e tr ic a l 

about pH 7 and the a rran g e m e n t o f points suggests a s tepw ise  de­

c re a s e  as the pH is  changed. T h e  standard deviations o f these  

values a re  la rg e  com pared to  the actual s iz e  o f the  d iffe ren ces  

between the v a lu e s , thus m aking i t  d iff ic u lt  to d e te rm in e  the  p rec ise  

shape o f the c u rv e .

In  the course o f studying the e ffec t o f pH changes i t  was  

ad visab le  to check on the degree  o f ion ization  of the  bases o f the  

m onom er u n its . P ercen tage  io n iza tio n  was calcu lated  by applying  

the  H enderson-H asse lba lchequation  to the bases , using the
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pH BUFFER
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F ig u re  1 3 . E nthalpy of h e lix -c o il tra n s itio n  of DNA  
as a function of p H . Phosphate b u ffe r , 0 .7 5  m oles  
( l i t e r ) .
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T A B L E  I

Changes in  Enthalpy of H e lix -C o il T ra n s itio n  w ith  Change in  pH

pH (K cal.
Enthalpy
p e r m ole base p a ir)

8 .2 7 .6 + .4

7 .8 8 .5 + .5

7 .4 8 .7 + .4

7 .0 9 .4 + .2

6 .6 8 .6 + .2

6 .2 8 .5 + .4

5 .8 7 .7 + .4

5 .4 7 .7 + .3
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T A B L E  I I  

P ercentage Ion ization  of Bases

Percentage Percentage Ion ization  o f Bases 
decrease of

pH A H  fro m  C  A  G T  T o ta l* *
m axim um

8 .2 19 — — .2 * n e g lig . * n e g lig .

CO• 9 .5 — — — ----- -----

7 .4 7 .4 — — — ----- -----

7 .0 ----- — — — ----- -----

6 .6 8 .5 1 1 — ------ 1

6,. 2 9 .5 3 .6 1 — ----- 2

5 .8 18 10 1 — ----- 5

5 .4 18 23 2 1 13

*  P ro ton  re m o v a l.
* *  D ivided by 2 to re fle c t percentage o f base p a irs  e ffec ted .
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exp erim en ta l pKa va lues  shown in the lite ra tu re ® 8 fo r  the bases 

in  the p o lym eric  fo rm  of ca lf-th ym u s  D NA bather than as fre e  b a se s . 

P ercentage io n iza tio n  o f the bases as a  function of pH is  shown 

in tab le  I I .  A lthough the ionization (protonation) in  acid  solution  

is  la rg e  enough to account f o r  a substantial p a rt o f the enthalpy  

changes, the ca lcu la tio n s  do not ind icate  any s ig n ifican t amounts  

of deprotonation of th e  bases even a t the highest pH used h e re .

3) E ffe c t o f P o ly m e r Concentration

The  e ffe c t o f  changes in D N A  concentration on the enthalpy of 

the h e lix -c o il tra n s it io n  was studied o v e r the range o f one to e ight 

percen t p o ly m er by w e ig h t. When the p o lym er w eights a re  c o rrec te d  

fo r  w a te r  p resen t in  the p o lym er, the concentrations o f actual D N A  

p resen t a re  ca lcu la ted  to v a ry  from  ap p ro x im ate ly  0 .6  to 6 .0  percen t 

by w e ig h t. The  g raph  of enthalpy as a  function of D N A  concentration  

is shown in  fig u re  14. Each data point represents  an enthalpy value  

calcu lated  fro m  the a re a  of the endotherm ic peak o f a  s in g le  th e rm o g ra m . 

C oncentrations w e re  d iff ic u lt  to reproduce p re c is e ly , m aking averages  

o v e r s m a ll concentra tion  ranges less m eaningful than a  lea s t squares  

tre a tm e n t o f the se t o f  individual data  points. C le a r ly ,  th e re  is  m o re  

s c a tte r  of points a t th e  upper concentration p a r t of the g ra p h . F o r  th is  

re as o n , the lea s t squares  tre a tm en t w as done tw ic e . T h e  solid  lin e  

represents  the slope and in te rcep t ca lcu lated  f o r  a ll  o f the points 

except the one c ir c le d . T h a t point w as re jec ted  as i t  had a  deviation  

m o re  than tw ice  the s tandard  deviation (including the p o in t). The
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dotted lin e  rep resen ts  th e  second s ta tis tic a l tre a tm e n t, in  w hich the  

o th e r fo u r  points a t the h ighest concentations w e re  o m itte d . In  

addition to the increased  s c a tte r  of points in  th is  reg i on, th e re  

appears to  be a  p o s s ib ility  of a  leveling  of the c u rve  in  th is  reg io n , 

as indicated by the continuation of the seoond l in e .

The averag e  enthalpy a t pH 7 .0 ,  fro m  the pH study, supplies  

addition evidence fo r  d e -em p h as iz in g  the points in  the  high concentration  

reg ion  of the g ra p h . T h is  va lue  (trian g le  on the graph) can be seen 

to  lie  on the hand draw n cu rve  which neglects these p o in ts . Nothing  

d e fin itiv e  can be said  about extending the graph beyond the data po in ts . 

L o g ic a lly , the reac tio n  enthalpy w ill  not in c re a se  in d e fin ite ly :, and t.the 

leve ling  o ff (as shown by the curved lin e ) can be considered a lik e ly  

p o s s ib ility  based on the d a ta .

The c o rre la tio n  c o e ffic ie n t fo r  th e  so lid  lin e  on th is  graph is  0 .8 4 0  

and the c o rre la tio n  c o e ffic ie n t f o r  the in te ru p te d  lin e  is 0 .9 2 5  

(excluding the la s t fo u r  p o in ts ). The c o rre la tio n  coeffic ien ts  fo r  

these lin es  of n o n -ze ro  s lope a re  high enough to be considered as 

evidence fo r  a dependence of tra n s itio n  enthalpy on the concentration  

o f p o ly m er in so lu tio n . H o w e v e r, the p ic tu re  is  not e n tire ly  c le a r  

when taking into  account tra n s it io n  enthalpies reported  by o ther  

w o rk e rs  fo r  D N A  and fo r  po ly (A  +  U ) a t pH 7 but a t much lo w er



AH
 

C 
KC

AL
 

PE
R 

MO
LE

 
BA

SE
 

PA
IR

 
)

- 7 9 -

10.0

9.0
D /l

ao

6.0

50

4.0

2.0 ao 4.0

WEIGHT PERCENT DNA IN SOLUTION

5.0 60

F ig u re  1 4 . Enthalpy o f h e lix -c o i I  tra n s it io n  of D N A  
as a  function o f DNA c o n cen tra tio n . Conditions: b u ffe r
concentration  0 .7 5  m oles  ( l i te r ) -  ̂ (phosphate b u ffe r ) ,  
p H = 7 .0 .

  L e as t squares a n a ly s is , a l l  p o in ts .
-----------------  L eas t squares analys is  to  4 percen t by

w eig h t D N A , hand draw n extension.
A  F ro m  resu lts  o f pH study.

M o re  than tw ic e  standard d e v ia tio n .
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p o ly m er co n cen tra tio n s . Sh iao  and S tu rte v a n t's 8 reported  

value  o f 7 .2  K c a l fo r  the tra n s itio n  enthalpy o f c a lf  thym us  

D NA (equivalent to  8 o h 8 ,5  K ca l a t 9 5 ° C )  is  the  one value low  

enough to  a llow  fo r  a  concentration  dependence when com parison  

is  made to  the resu lts  obtained in  th is  la b o ra to ry . The lo w er  

value  can a lso  be considered to  be due to the lo w e r counterion  

concentration  used by Shiao and S tu rte v an t in  th e ir  w o rk .

3 ) E ffe c t o f B u ffe r C oncentration

One of the p re lim in a ry  exp eriem en ts  was the m easure o f peak  

a reas  of th erm o g ram s o f D N A  in solutions o f d iffe re n t b u ffer  

co n cen tra tio n s . T h e  high p o ly m er concentrations w e re  believed  

to re q u ire  re la t iv e ly  la rg e  b u ffer co n ce n tra tio n s . T h e  la rg e s t peak  

a rea s  w e re  found fo r  DNA in  b u ffe r solution f o r  w hich the 

concentration  w as 0 .7 5  m oles • l i t e r . T h e  resu lts  o f this  

p re lim in a ry  exp e rim en t a re  shown in  graph fo rm  in  fig u re  15. T h e  

resu lts  a re  rep o rted  s im p ly  as peak a re a  (converted  to c a lo rie s  by 

a  c a lib ra tio n  co e ffic ie n t) p e r  g ra m  o f weighed p o ly m e r. As can  

be seen , the standard deviations a re  v e ry  la rg e  re la tiv e  to  the 

d iffe ren ces  between the data  p o in ts . N e v e rth e le s s , som e trend  

w as ind icated  and , as a re s u lt ,  the subsequent w o rk  was done
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F ig u re  1 5 . Enthalpy of h e lix -c o il tra n s it io n  o f D N A  
as a  function of b u ffe r co n cen tra tio n . Reported in  
c a lo r ie s  p e r g ra m  of D N A  p o ly m e r. B u ffe r  p H = 6 .8 .
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- 1
a t the b u ffe r concentration  0 .7 5  m o le s ‘ l i t e r  . I t  is  

in te res tin g  to note the sharp  drop in  peak a re a  that occurs  

a t the highest b u ffer concentration  used. T h is  drop was  

in it ia l ly  a ttrib u ted  to an in te rfe re n c e  by the high s a lt concentration  

w ith  the s o lu b ility  of D N A  in  aqueous so lu tio n .

E .  K in e tics  o f the H e lix -C o il T ra n s itio n  o f D N A

In th is  w o rk , the m easurem ent o f the energy b a r r ie r

to  the th e rm a l denaturation  of D N A  was undertaken using two

14d iffe re n t m ethods; the method o f P ilcyan  and the m ethod of

13B o rch ard t and D a n ie ls . Due to the co m p lex ity  of the reac tio n  

stu d ied , the la t te r  method led to  resu lts  m o re  am enable to  an a lys is .

1 ) P iloyan  Method

In it ia l ly ,  an a ttem pt was m ade to study the k in etics  o f the

tra n s itio n ; m o re  p re c is e ly , to  find  the ac tiva tio n  energy o f the

14reac tio n  by the Piloyan m ethod. A  deta iled  d escrip tio n  of th is  

method including the equations used, th e ir  d e riva tio n  and 

ju s tific a tio n  as w e ll as a  d iscussion o f the lim ita tio n s  o f the method 

is  found in  c h a p te r s  o f th is  d is s e rta tio n . T o  b r ie f ly  s u m m a riz e ,  

the s iz e  o f the  deflec tion  of the pen fro m  the baseline (equal to  the 

te m p e ra tu re  d iffe re n c e , A t ,  between sam ple and re fe re n c e ) is
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F ig u re  1 6 . A ctivatio n  energy  p lo t, by method of 
P iloyan; fo r  h e lix -c o il tra n s it io n  of D N A  in phosphate 
b u ffe r . In s e rt: tra c e  o f th e rm o g ra m  showing m easurem ent
of A t .



p roportional to th e  reaction  ra te  and th e re fo re , to exp ( - E /R T ) .

U nder these cond itions, a p lot of log A t  as a  function of the re c ip ro c a l 

of absolute te m p e ra tu re  should g ive a  s tra ig h t lin e  f o r  which the  

slope is equal to  - E / R .  F ig u re  16 is  a sam ple  p lo t. The  in s e rt  

is  a trac in g  o f the  th e rm o g ram  peak fro m  w hich the A t  values  

v e r e  m easured . A s th is  graph in d ic a te s , th e re  is  a  rounding  

off o f the cu rve  a fte r  the f i r s t  few  points (reaso n s  fo r  th is  

a re  a lso  discussed in  ch ap ter H ) .  T h e  "s tra ig h t l in e ,"  then , 

is  the best f i t  to  the f i r s t  few  points.

A lm o st a ll  o f the th erm o g ram s used fo r  the enthalpy study  

w e re  analyzed fo r  activation  energy by this m ethod. A  few  

th erm o g ram s had to  be om itted  because of u n certa in  baselines  

o r because o f excessive  in s tru m en t n o iee . T h e  activa tio n  

energy values w e re  averaged a t each exp erim en ta l pH v a lu e . F ig u re  17 

shows the re su lts  o f th is  tab u la tio n . T h is  graph ind icates  a  

possible dependence o f activa tion  en erg y  on pH value  but the  

d iffe ren ces  between points a re  not much outside the standard  

deviations fro m  the m eans. A  change of one pH un it (in  e ith e r  

d irec tio n ) fro m  pH 7 .0  gives a  d ecrease  of about 25 p e rce n t, wh ile  

the deviations a re  fro m  8 to 14 p e rce n t. T h e  method allow s fo r  

much p o ssib ility  fo r  e r r o r .  The lin es  fro m  w hich activa tio n  energy  

is  calcu lated  (based on the slopes) a re  determ ined  by only a few
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F ig u re  1 7 . A c tiv a tio n  energy  o f h e lix -c o il tra n s it io n  of D N A , d e te rm in ed  
by method o f P ilo y a n , as a  function o f pH .



p o in ts . F o r  th is  and o th er reaso n s , the Piloyan method was

found to  be less  than s a tis fa c to ry  f o r  the study o f the k in etics

of the D N A  u n c o ilin g .

The  re p o rted  resu lts  o f a study of the kinetics of the D N A

12uncoiling by e n tire ly  d iffe re n t methods show th a t the h e lix -c o il

tra n s it io n  is  a  s e rie s  of consecutive s tep s . T h is  can lead to  a

39com plex  k in e tic  p ic tu re  and , th e re fo re , d iffic u ltie s  w ith  an 

A rrh e n iu s -ty p e  plot such as used in  the P ilo yan  m ethod. W ith  

the p o s s ib ilitie s  o f a  com plex k in etic  p ic tu re , i t  is  d e s ira b le  

to  be ab le  to  analyze  the e n tire  th e rm o g ra m  c u rv e .

2 ) B o rc h a rd t and D aniels  Method

A n o th er method o f analysing D T A  th e rm o g ram s  has been

13developed by B o rc h a rd t and D a n ie ls . T h is  method uses the e n tire  

th e rm o g ra m  c u rve  f o r  data points fo r  an A rrh e n iu s -ty p e  

activa tio n  energy  p lo t. C o m p lex ities  can possibly be recognized  

when they e x is t .  A  deta iled  an alys is  o f th is  method is  a lso  found 

in  c h ap te r H .

In  the B o rc h a rd t and D aniels  m ethod, ra te  constants a re  

calcu la ted  fro m  the expression g iven by equation 31, lis ted  again
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h e re , w h e re

k  =
A V  \  x“ 1dH

dt

(A -a )x

T o  s u m m a rize : In  th is  equation , A  is  the to ta l a re a  of

the en d o th erm j d H /d t the instantaneous ra te  o f heat tra n s fe r  to  

the sam ple  (y -a x is  d eflec tio n ); V /  the re c ip ro c a l o f the in it ia l

concentration; a  is  the  p a r tia l a re a  under the cu rve  a t that 

te m p e ra tu re  and x__ is  the assum ed reaction  o rd e r . The  te rm  

"m o le" as applied  to  .a m oleculei such as J2NA is  s.omewhat 

vague. A ls o , in it ia l concentration  is  d if f ic u lt  to d e te rm in e  

p re c is e ly . O m ittin g  the constants in  the f i r s t  te rm  (A V /n Q) w il l  

not e ffec t the slope o f a  graph o f log k as a function o f l / T .  A  

new constant k *w as  th e re fo re  used, w here

S ince  the ca lcu la tio n s  involved a g re a t deal o f re p e titiv e  a r ith m e tic

va lue  o f x  fro m  the len g th s  of the y -a x is  deflections a t each  

te m p e ra tu re . The co m p u te r p ro g ram  and the explanation of its  use 

is  given in  appendix 2 .

k d H /d t
(A -a )x (32)

a  com puter w as used to  evaluate  k / a t each T  and fo r  each t r ia l
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T h e  th re e  o r  fo u r best th erm o g ram s (m ost c e rta in  basel ine  

and m ost fre e  o f noise) w e re  selected  a t each pH v a lu e . A  

num ber o f A rrh e n iu s -ty p e  plots using k1 w e re  obta ined  fo r  

each th e rm o g ra m , one fo r  each assum ed reac tio n  o rd e r .

In i t ia l ly ,  reaction  o rd ers  z e ro  to  th re e  in  steps of 0 .5  w e re

t r ie d . S ince a  com plex reac tio n  sequence w as expected , n o n -in teg er

exp erim en ta l ra te  o rd e rs  could not im m ed ia te ly  be ru led  out.

F ig u re s  18 to  35 show the resu lting  graphs fo r  each value  o f x  

fo r  the reactions a t pH 7 . 0 ,  5 . 4  and 8 . 2 .

E stim ates  o f (A V /n 0)x  fo r  the appopriate values o f A ,  vv /n 0 

and x  a re  shown w ith  the k in e tic  c u rv e s .

I t  can be seen that change in  pH does not m ake a  notic;eable  

d iffe re n ce  in  the p a tte rn  when com paring  the  graphs of any given  

value of x .  A l l  of the p lo ts , except a t x = 0  fo llo w  a  s im ila r  pattern ; 

an i t i t ia l  s tra ig h t lin e  segm ent fo llow ed by a  fa i r ly  abrupt change 

in s lo p e . T h e  f in a l p ortion  of a ll  o f the plots (except z e ro  o rd e r)  

involves a  m oderate  to sh arp  ta ilin g  upw ard . The extent o f tra ilin g  

upward w as found to  be sen s itiv e  to changes in  the value  of to ta l 

a re a  by as l i t t le  as one o r  two p ercen t. Looking a t the 

equation th is  becom es v e ry  understandable . A s  (A -a )  approaches  

z e ro , s m a ll e r r o r s  in  A  cause v e ry  la rg e  e r r o r s  in  l / ( A - a )  and
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2s t i l l  la rg e r  e r ro rs  in  l / ( A - a )  . F o r  th is  reaso n , th is  fin a l portion  

of the graphs was not considered in the evaluation o f the  

A rrh e n iu s  p lo ts .

T h e  lite ra tu re  m entions the analys is  o f n o n -lin e a r

A rrh e n iu s  plots as being the in te rsec tio n  of two s tra ig h t lin es  due

42 41e ith e r to  two com peting o r  to  two sequentia l reactions . I f  an

activa tion  energy plot can be composed o f two in tersecting  lin e s ,

a  plot involving the in te rsec tio n  of m o re  than two s tra ig h t lines

can a ls o  be considered a p o s s ib ility . H o w ever, the best approxim ation

to  any s m a ll num ber o f s tra ig h t lines occurs w ith  the seco nd

o rd e r p lo ts . Shown on the graphs in  fig u re s  1,8-35 is  the

percentage com pletion of the reaction  as s ev e ra l te m p e ra tu re s  as

calcu lated  by the ra to  a /A .  S ince the a re a  under the cu rve  is

proportiona l to  the heat absorbed , the percentage o f to ta l a re a

should be a good approxim ation  to  the extent o f the reaction  a t a

given te m p e ra tu re . The second o rd e r plots show an in itia l, sh arp ly

sloped s tra ig h t lin e  segm ent to  ap p ro xim ate ly  the  te m p e ra tu re  a t

which a /A  is  equal to  0 .1  . T h is  segm ent is  fo llow ed by an abrupt

change in  s lo p e . The  second s tra ig h t lin e  segm ent extents to  the  

region o f the c u rve  w h ere  a /A  is  equal to  0 . 9 .  A f te r  th is , the

graph begins to  cu rve  u p w ard . As discussed b e fo re , th is  f in a l



% CONVERSION
9 0

ZERO ORDER

2.652 .6 0 2.70 2 75

1 / T  X tO3

F ig u re  18 . Z e ro  o rd e r  k in etic  p lo t, by method o f 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  
of D N A  in  phosphate b u ffe r , pH 7 . 0 .  B u ffe r  
concentration 0 . 7 5  m o le s ( l ite r ) .  Rate constant k ,  
fro m  equation 31 is  equal to K  (A V /n Q)" 1 o r ,  k = 0 .3 4  k'.
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F ig u re  1 9 . F i r s t  o rd e r k in etic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  CNA 
in  phosphate b u ffe r . pH 7 .0 .  B u ffe r concentration  is  
0 .7 5  m oles  ( l i t e r ) . Rate constant k , fro m  equation-31 
is  equal to  kC
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F ig u re  2 0 . K in e tic  plot ( 1 .5 o rd e r ) ,  by method o f  
B o rc h a rd t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  
o f D N A , in  phosphate b u ffe r , pH 7 .0 .  Rate constant .: 
k ,  fro m  equation 31 , is  equal to  k '  (A V /n 0)^  o r ,  
k =  1 .7 k ' .  B u ffe r concentration  is  0 .7 5  m oles ( l i t e r ) .
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F ig u re  2 1 . Second o rd e r  k in e tic  p lo t, by method 
of B o rch ard t and D anie ls , fo r  D N A  in phosphate 
b u ffe r , pH 7 .0 .  B u ffe r concentrations 0 .7 5  
m o le s ( l i te r ) . -  ̂ Rate constant k ,  fro m  equations31, 
is  equal to  k ' (A V /n 0) o r ,  k = 3 .0  k*.
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F ig u re  2 2 . K in e tic  plot (2 .5  o rd e r ) ,  by method of 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s it io n  of 
D N A  in  phosphate b u ffe r . B u ffe r concentration  is  
0 .7 5  m oles ( l i te r ) -  ̂ . Rate constant k ,  fro m  
equation 3 1 , is  equal to k' (A V /n 0)^ ,5  o r ,  k=5.1 k ‘.
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F ig u re  2 3 . T h ird  o rd e r  k in etic  p lo t, by method of 
B o rch ard t and D a n ie ls , f o r  h e lix -c o il tra n s itio n  of DM A  
in  phosphate b u ffe r , pH 7 . 0 .  B u ffe r concentration  is  
0 . 7 5  m oles ( l i t e r ) . “ 1 Rate constant k ,  fro m  equation31, 
is  equal to  k' (A V /n o )2 o r ,  k = 9 .0  H i
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F ig u re  2 4 . Z e ro  o rd e r k in etic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  o f 

D N A  in  phosphate b u ffe r , pH 5 . 4 .  B u ffe r concentration  
is  0 .7 5  m oles ( l i t e r ) . -1 R ate  constant k , fro m  equation 3 1 ,  
is  equal to  k# (A V /n 0) 1 o r ,  k = 0 .4 3  k * .
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FIRST ORDER

2 5 0 255 270260

F ig u re  2 5 . F ir s t  o rd e r k in e tic  p lo t, by method of 
B o rc h a rd t and D a n ie ls , fo r  h e tix -c o il tra n s itio n  of 
D N A  in  phosphate buffep , pH 5 . 4 .  B u ffe r concentration  
is  0 . 7 5  m oles ( l i t e r ) .  R ate constant k ,  fro m  
equation 31, is  equal to  k'.
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% CONVERSION
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1.5 ORDER

250 270260 275

F ig u re  2 6 .  K inetic  p lo t, (1 .5  o rd e r) by method of 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s it io n  of 
DNA in phosphate b u ffe r pH 5 . 4 .  B u ffe r concentration
is  0 .7 5  m o le s ( l ite r ) . -1

is  equal to  k' (A V /n 0)'
Rate constant k ,  fro m  equation 31, 

o r ,  k=1 .5  k1.
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F ig u re  2 7 . Second o rd e r  k in etic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  and of 
D N A  in  phosphate b u ffe r , pH 5 . 4 .  B u ffe r concentration  
is  0 . 7 5  m oles ( l i t e r ) . R a t e  constant, fro m  equation 3 1 , 
is  equal to  k '(A V /n 0)  o r ,  k = 2 .3  k!
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F ig u re  2 8 . K in e tic  p lot ( 2 . 5  o rd e r ) ,  by method of 
B o rc h a rd t and D a n ie ls , fo r  h e lix -c o il trans itio n  of 
D N A  in  phosphate pH 5 .4  .  B u ffe r concentration  is  
0 . 7 5  m oles ( l i te r ) . - 1  R ate constan t, fro m  equation  
is  equal to  k 1 (A V /n 0 ) 1 * 5  o r ,  k=3.5k.'
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F ig u re  2 9 . T h ird  o rd e r  k in etic  p lo t, by method of 
B o rc h a rd t and D a n ie ls , fo r  h e lix -c o il tra n s itio n  of 
D N A  in  phosphate b u ffe r , pH 5 . 4 .  B u ffe r concentration  
is  0 . 7 5  m o l e s ( l i t e r ) R a t e  constant, k ,  fro m  
equation 31 is  equal to  k '(A V /n 0 ) 2  o r ,  k = 5 .3  k'.
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F ig u re  3 0 . Z e ro  o rd e r  k in e tic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  the h e lix -c o il tra n s itio n  
of D NA in  phosphate b u ffe r , pH 8 . 2 .  B u ffe r concentration  
is  0 . 7 5  m o l e s ( l i t e r ) . Rate constant, k ,  fro m  
eq u atio n 3 l ,  is  equal to  k '(A V /n Q)-  ̂ o r ,  k = 0 .3 6  k.1
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* ------ % CONVERSION
90  75  50 25 10

FIRST ORDER

2.50 2.602.55 2J0 2.752.65

F ig u re  31 . F ir s t  o rd e r  k in e tic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  the h e lix -c o il tra n s itio n  of 
D N A  in  phosphate b u ffe r , pH 8 . 2 .  B u ffe r concentration  
is  0 . 7 5  m o le s ( l ite r ) .  1 Rate constant, k ,  fro m  equation 31 
is  equal to  k.'
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% CONVERSION
90

10-

1.5 ORDER

2.60 2.70 2.75

1 /  T  x 103

F ig u re  3 2 . K in e tic  plot (1 .5  o rd e r) fo r  the h e lix -  
c o il tra n s itio n  o f D N A  in phosphate b u ffe r £>H 8 . 2 .  
B u ffe r concentration  is  0 . 7 5  m o le s (lite r ) ." 1  R 3*?, 
constant k ,  fro m  equation 31 is  equal to  k '(A V /n 0) 
o r ,  k=1 .9  k.'
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% CONVERSION

10 _

10 _

SECOND ORDER

10'

2.552.50 2.702.65 2.752 .6 0
1 / T  x 103

F ig u re  3 3 . Second o rd e r  k in e tic  p lo t, by m ethod  of 
B o rch ard t and D a n ie ls , fo r  th e  h e lix -c o il tra n s it io n  
o f DNA in  phosphate b u ffe r , pH 8 . 2 .  B u ffe r  
concentration  is  0 . 7 5  m o le s ( l ite r ) .~ 1 Rate constant 
k , fro m  equation 31 i s equal to  k'CAV/n,-,) o r  k = 3 .6  kl
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% CONVERSION

10 .

I0 _

2.5 ORDER

10

2 .6 0 2.65 
1 / T  x 103

2.70 2.75

F ig u re  3 4 . K inetic  p lo t ( 2 . 5  o rd e r ) ,  by method o f 
B o rc h a rd t and D a n ie ls , fo r  the h e lix -c o il tra n s itio n  
o f DNA in  phosphate b u ffe r , pH 8 . 2 .  B u ffe r  
concentration  is  0 . 7 5  m oles ( l i te r )  Rate constant 
k ,  fro m  equation 31 is  equal to  k '(A V /n 0) *5 o r ,  
k = 6 .8  k1.
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% CONVERSION

10 _

THIRD ORDER

2.752l65 
1 /  T x 103

2.50 2.55 2.60 270

F ig u re  3 5 . T h ird  o rd e r k in e tic  p lo t, by method of 
B o rch ard t and D a n ie ls , fo r  the h e lix -c o il tra n s itio n  
o f D N A  in  phosphate b u ffe r , pH 8 . 2 .  B u ffe r concentration  
is  0 . 7 5  m oles ( l i t e r ) .  R ate constant k ,  fro m  equation 31 
is  equal to  k '(A V /n 0)^ o r ,  k= 13 kJ
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segm ent is  considered to  be due to  d iffic u ltie s  w ith  the  

eq u atio n s . The analys is  o f the s e r ie s  o f th e rm o g ram s  by 

the method of B orchard t and D aniels  th e re fo re  suggests a 

tw o o r  m o re  step sequentia l reac tio n  w ith  apparent second 

o rd e r  k in e tic s . Second o rd e r  k in etics  fo r  the h e lix  c o il 

tra n s it io n  w a s , to  say the le a s t, unexpected. The  explanation  

f o r  th is m ay be in  the high concentration  of the solutions  

used .

The activa tio n  energ ies  calcu lated  fro m  these graphs  

a t the d iffe re n t pH values a re  lis ted  in  tab le  H I . F o r  the  

in it ia l  segm ent o f the g ra p h s , the calcu lated  ac tiva tio n  energy  

is  high -  on the o rd e r  o f 200 K c a l/m o le , reg ard less  of the  

va lu e  of x .  T h e re  is  som e tren d  tow ards low ering  of the  

a ctiv a tio n  energy of th is  in it ia l  s tep by in crease  in  a c id iiy  

o f the so lu tio n .

A pparen t second o rd e r  ac tiva tio n  energ ies  w e re  calcu lated  

f ro m  the slopes of the segm ent o f the graphs (second o rd e r) tha t 

is  l in e a r  o v er 80 percent o f the p lo t. The average  activa tio n  

energy  w as found to  be 69  +  5 K c a l.



TABLE III

R esults  o f A c tiva tio n  E n erg y  Study

A verag e  A ctiva tio n A verag e  A c tiva tio n

pH of
Energy -• F ir s t  Stage E n erg y  - F in a l S tage

B u ffe r F ir s t Second F ir s t Second
O rd e r O rd e r O rd e r O rd e r

(K c a l/ (K c a l/ (K c a l / (K c a l /
m ole) m ole) m o le) m o le)

8 .2 220 220 u n c e rt. 70

7 .8 240 210 u n c e rt . 70

7 .4 210 200 u n c e rt. 72

7 .0 230 250 1 0 -1 5 6 0 -7 0

6 .6 180 190 19 74

6 .2 190 170 15 6 0 -7 0

5 .8 185 u n c e rt. 20 70

5 .4 u n c e rt. 175-1 80 1 5 -2 0 70
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C H A P T E R  V  

D IS C U S S IO N

A . In troduction

O bserved tra n s it io n  te m p e ra tu re  is  discussed h e re  as i t  is 

highly re le v an t to  th e  subject of tra n s itio n  entha lpy. The values  

of the o ther therm odynam ic  functions , entropy and f r e e  en erg y , 

calcu lated  fro m  the  enthalpy values a re  presented in  th is  ch ap ter. 

Discussion o f the  k in etics  o f the reaction  is  concerned w ith  the  

resu lts  obtained fro m  calcu lations by the  B o rch ard t and D aniels  

method] ^

B . T ra n s itio n  T e m p era tu re s

T h e  tra n s itio n  m idpoint tem p e ra tu re s  of ap p ro xirm  afcely 106°C

2
w e re  h igher than those obtained by Neumann and A c k erm a n n ,

Q 0 0
K ra k a u e r and S tu rte v a n t, P r iv a lo v  and Shiao and S tu rte v an t. T h e

resu lts  o f these studies a lso c le a r ly  show that tra n s itio n  te m p e ra tu re

is  a  function o f the concentration  of counterion in  so lu tio n . The ion

concentration used in  the study by d iffe re n tia l th e rm a l analysis was

m any tim e s  h ig h er than used in  the studies p rev io u s ly  m entioned.

40G ruen w edel, Hsu and Lu did a deta iled  study of th e  dependence 

of T m  on s a lt concentration  fo r  D N A  fro m  s e v e ra l d iffe re n t o rg an ism s, 

among them  c a l f  thym us D N A . They found a  lin e a r  dependence o f 

tra n s itio n  te m p e ra tu re  on ion concentration  up to counterion  

concentrations in  the o rd e r o f 1 m o le ( lite r )  A t h ig h er-co u n te rio n



congentratiors " ^ d e c re a s e d . T h e  lin e a r  dependence was found  

to  be expressed b y  the fo llow ing equation

T m =  A  -  B p M  (33)

w h e re  A  and B a r e  e xp e rim en ta lly  determ ined  constants f o r  each  

v a r ie ty  o f D NA and pM is  the negative of th e  lo g arith m  o f the  

counterion  concentration . F o r  c a lf  thym us D N A , the va lu e  o f A  

is  100°C  and the value o f B is  1 7 . 3 ° C .  A ssum ing that the  sodium  

ion  concentration used is  1 .5  tim e s  the m o la r ity  o f the s a lt  the  

p red ic ted  value o f T m would be ap p ro x im ate ly  101 ° C . The high  

s a lt  concentration then accounts fo r  most^ although not a l l ,  o f the 

in c re a s e  in  T m observed in  th is  la b o ra to ry . S e v e ra l th e rm o g ra m s  

w e re  tr ie d  on solutions o f D N A  in  d is tille d  w a te r  (but containing  

s o m e  sodium  ion p resent in  the d rie d  p o ly m e r). T ra n s itio n  m idpoints  

w e re  not de term ined  but the onset o f tra n s itio n  w as ap p ro x im ate ly  ten  

degrees  lo w er than in the high s a lt  concentra tions . The  calcu lated  

ion  concentration fro m  the s a lt associated w ith  the d ried  p o lym er  

is  ap p ro xim ate ly  0 .1  m o le s ( l ite r ) . T h is  gives an es tim ated  m idpoint

o f ap p ro x im ate ly  8 3 °C . T h e  h ig h er tra n s itio n  te m p e ra tu re s  w e  

observe  a re  m ost lik e ly  due to the  high concentration  o f the p o lym er  

in  so lu tio n . A t high p o ly m er concentrations la te ra l aggregation
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m ust be assum ed to be a  p o s s ib ility .

40I t  should also be noted here  that G ruenw edel and c o -w o rk e rs  

attribu ted  the  low ered T m  values a t v e ry  high counterion concentration  

as possibly being due to an in te rfe re n c e  w ith  the  binding of w a te r  

to the D N A  m olecu le  and b e lieve  tha t an in te rfe re n c e  w ith  the  

binding of w a te r  m ay in te r fe re  w ith  the H-bonding in  the  G -C  

p a irs .

C . Enthalpy of the H e lix -C o il  T ra n s itio n

The  va lue  fo r  A H  o f 9 .4  K ca l(m o le  base p a ir)“  ̂ a t pH 7 .0

should be com pared only to  the estim atio n  o f enthalpy a t 9 5 °C  of 

2
9 .3  K ca l fo r  the h e lix -c o il tra n s itio n  of poly (A  +  U ) and the  value

of 9 .6 5  K c a l fo r  the D N A  tra n s itio n  m easured by P riv a lo v 2 a t  85°C

“ 1along w ith  the value 7 .6  K c a l*(m o le  b ase p a ir )  m easured by

Q
Shiao and S tu rte v an t . Som e o f the e a r l ie r  w orks  involved  

m easurem ents  a t much lo w e r te m p e ra tu re s . A ckerm ann2 showed th a t 

the resu lts  o f the e a r l ie r  w o rk  o f K ra ka u e r and S turtevant®  w e re  in

agreem ent w ith  his when taking te m p e ra tu re  dependence into account.

16 8 The resu lts  o f B a rb e r  and o f Shiao and S tu rte v an t involved

substantia l co rrec tio n s  f o r  heat o f ion ization  on the c a lo r im e tr ic

m easurem ents  w h ile  those of R ia ld i and P ro fu m o ^  a re  d iff ic u lt  to

com pare d ire c tly  due to  the presence o f the concentrated  u re a
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so lu tio n . T h e  value obta ined  in  th is  lab tends to  support the data o f 

2
P r iv a lo v .

T h e  dependence o f enthalpy on pH agrees  in  fo rm  but not in  

m agnitiude w ith  the resu lts  o f P r iv a lo v .6 B a rb e r's ^ 6 re p o rt of 

change in  pK values fo r  the  G and C  residues w ith  in c re a se  in  ion  

concentration  is  in  the wrong d irec tio n  to exp la in  the resu lts  

obta ined in  th is  la b o ra to ry . The  enthalpy decrease  w ith  in creas in g  

a c id ity  m ay be a t le a s t in  p a rt exp la inab le  by the io n iza tio n  of the  

bases by p ro tonation . I t  m ay be possible th a t a change in  pH in te r fe re s  

w ith  the  stacking  in te rac tio n s  of the bases, esp ec ia lly  p o ly A , in the  

a lk a lin e  re g io n . U n d er these c ircu m stan ces  the double h e lic a l fo rm  

of the D N A  m ay be p a rtly  d en atu red , o r  a t le a s t p a rtly  d e s tab lilized  

by solutions o f h ig h er p H . A t h ig h er pH values th e re  is an ap p aren t, 

but not s ta tis t ic a lly  s ig n ifican t, d ecrease  in  the T ^  which m ay be a  

re fle c tio n  of the  d es tab iliza tio n  o f the h e lic a l fo r m .

T h e  apparen t dependence of tra n s itio n  enthalpy on p o ly m er  

concentration  is  not exp la inab le  in  v iew  o f the agreem ent o f the  

enthalpy va lue  m easured a t high p o lym er concentration  w ith  values  

obtained by o th e r w o rk e rs  a t much lo w e r p o ly m er concentrations than  

arty used in  th is  s tudy .

T h e  e ffe c t o f s a lt  concentration  on the a rea s  o f the endotherm ic
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peaks can be explained by the study by G ruenw edel and c o -w o rk e rs ^ 0 

on the e ffec ts  o f s a lt  concentration  on tra n s itio n  te m p e ra tu re s . I f  

in c re a se  in  s a lt  concentration  s ta b ilize s  the h e lix  u n til th e re  is  so  

m uch counterion  th a t i t  in te r fe re s  w ith  the binding o f w a te r  m olecules  

to  the p o ly m er (causing d e s ta b iliza tio n ), then the tra n s itio n  enthalpy  

could be expected to in c rease  w ith  increasing  s a lt concentration  to 

a peak value  and then d e c re a s e .

D . E stim atio n  o f E ntropy and F re e  E n erg y  o f Reaction

Using the  assum ption that the h e lix -c o il tra n s itio n  can be 

considered th erm o d yn am ica lly  as a  phase change, and 'that a t the  

tra n s itio n  te m p e ra tu re  fre e  energy w i l l  be z e ro , the entropy can be 

e s tim a te d . M aking the fu r th e r  assum ption th at the enthalpy and en­

tro p y  o f the h e lix -c o il tra n s itio n  a re  independent o f te m p e ra tu re , the  

f re e  energy o f th is reac tio n  can be ca lcu la ted  fro m  equation 7 .  T h e  

v a lid ity  o f th is  assum ption is  discussed in  ch ap ter I .  F ro m  these re ­

lationships entropy and fre e  energy of the tran s itio n s  w e re  calcu lated  

&t'each p H . V a lu es  fo r  T m  w e re  obtained by finding the te m p e ra tu re  

a t w hich  the co m p u ter d e term ined  va lue  of th e  ra tio  a /A  is  0 .5  (see  

c h ap ter I I  fo r  explanation o f te rm s ) . V a lu es  fo r  .A (Bggs0 anc*

G g iqo w e re  c a lc u la te d . E ntropy values a re  lis ted  in  tab le  IV  

and fre e  energy values a re  g iven in  tab le  V .  E ntropy w as found to  

v a ry  between
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—1 —120  and 25 c a l'd e g  m ole. The  entropy appears to  decrease

w ith  change in  pH in e ith e r  d irec tio n  fro m  pH 7 .  I f  the s tru c tu re

is  p a r t ia lly  d iso rd ered  before  heatin g , due to  a c id ity  o r  a lk a lin ity

o f the  so lu tio n , then the  entropy change fo r  the reac tio n  would be

lo w e r . The  m agnitude of the ca lcu la ted  entrop ies  is  s im ila r  to

2
those reported  by o th e r w o rk e rs  (Neum ann and A ckerm ann  and

O
Shiao  and S tu rtevan t ) .  The fo rm e r  team  reported  the tra n s itio n

enthalpy fo r  the d iso rd erin g  o f the P o ly (A  +  U ) double h e lix  as 25

c a l'd e g  1 m ole  ̂ , a t p H 7 . The  la t te r  team  rep o rted  entrop ies  fo r

the tra n s itio n  of c a lf  thym us D N A  is  a lk a lin e  solution as being

between 27 and 30 ca l*d e g -1 m o le -1 and in  n eu tra l so lu tion  as 19 

-1  -1to  21 c a l ’ deg m ole . I t  m ust be rem em b ered  th a t the enthalpy  

values reported  in  th a t study fo r  a lk a lin e  solutions invo lve  substan tia l 

c o rre c tio n  fa c to rs  fo r  heat o f depro tonation . P riva lo v®  did not re p o rt  

entropy values but when equation 7 is  used w ith  the values of enthalpy  

and tra n s it io n  te m p e ra tu re  re p o rte d , A s  would be 27 c a l'd e g -1  m ole- 1 .

F re e  energy of the tra n s it io n  is  found to  v a ry  w ith  pH in  much 

the sam e m anner as the  tra n s itio n  en tha lpy . A g a in , the  change w ith  

change in  pH is  g re a te r  th a t th a t observed by P r iv a lo v  , esp ec ia lly  

w ith  re g ard  to decrease  in  f re e  energy  a t pH 5 .4  w ith  resp ec t to

O
the fre e  energy a t pH 7 . 0 .  O th e r w o rk e rs  (Neum ann and A ckerm ann

8
S hiao  and S tu rte v an t )  a lso  re p o rt values fo r  the fre e  energy o f the
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T A B L E . IV

E n tro p y  o f the H e lix -C o il  T ra n s itio n  of D N A

pH
A H  -1(kca l • m ole  )

A s
(ca l ’deg-  ̂m ole-  ̂)

T  *
C^K)

8 .2 7 .6  +_ .4 2 0 . 3  + 1 .1 104

7 . 8 8 .5 .5 2 2 . 4  + 1.3 105

7 . 4 8 .7  + .4 2 3 . 0  + 1 .1 106

7 . 0 9 . 4  + .2 2 4 . 8  + 1 106

6 . 6 8 . 6  + .2 2 2 . 7  + 1 106

6 . 2 8 . 5  + .4 2 2 . 4  + 1 .1 106

5 . 8 7 . 7  + <4 2 0 . 3  + 1 .1 106

5 . 4 7 . 7  + .3 2 0 . 3  + 1 506

* T e m p e ra tu re  a t-w h ic h  p a r t ia l a re a  under the cu rve  is  equal to  
one h a lf o f the to ta l a re a .
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TA B L.E  V

F re e  Energy o f H e lix -C o il  T ra n s itio n  of DNA

^  ® 2 9 8 ° A G  31CP-
pH (  c a l*m o le “ 1 )*  (c a l • m o le"  • ) *

8 .2 1 ,600 1,350

7 .8 1 ,800 1,530

7 .4 1 ,800 1,570

7 .0 2 ,0 0 0 1 ,700

6 .6 1 ,800 1,540

6 .2 1 ,800 1,530

5 .8 1 ,700 1 ,400

5 .4 J ,700 1,400

*C a lcu la ted  fro m  equation 7



h e lix  c o il tra n s it io n . T h e  fo rm e r  w o rk e rs  reported  1800 ca l(m o le

base p a ir )-  ̂ fo r  the fre e  energy of the  tra n s itio n  of p o ly (A  +  U )

a t pH 7 .0  and the la t te r  re p o rt 800 c a l(m o le  base p a ir )-  ̂ fo r  the

fre e  energy o f D N A  a t 2 9 8 °K . P riv a lo v ^  calcu lated  fre e  energy a t

—1pH 7 .0 ,  310 °K  as 1200 c a l(m o le  base p a ir )  . The  fre e  energy values  

lis ted  in  tab le  5 a re  som ew hat high com pared to  the values  

m entioned above. T h e re  may be a re la tio n sh ip  between the high 

f r e e  energy values and the high tra n s itio n  te m p e ra tu re s . One o f the

Q
re p o rts  (S h iao  and S tu rtevan t ) gives an equation fo r  a te m p e ra tu re  

co rre c tio n  fo r  A  H in  the  equation used to ca lcu la te  f re e  e n e rg y . 

U nfortunate ly  i t  re q u ire s  values o f enthalpy of a t lea s t tw o  

te m p e ra tu re s  in  o rd e r to  ca lcu la te  a A C ^  te rm  and that in fo rm atio n  

is  not ava ilab le  fro m  the D T A  data o f th is  presen t w o rk . To  

es tim a te  the m agnitude of the e r r o r  introduced by uncorrected
0

A H  v a lu e s , the te m p e ra tu re  c o rre c tio n  te rm  was applied to  P r iv a lo v 's  

enthalpy value  and the calcu lated  fre e  energy d id  not change.

E .  K in e tics  o f the H e lix -R an d o m  C o il T ra n s itio n

T h e  assum ptions th a t a re  m ade in  the analys is  o f the  A rrh e n iu s  '

1 3type plots using the method of B o rsch ard t and D aniels  a re  as 

fo llo w s :

1 . The  reac tio n  is  com plex and , having the p o s s ib ility  of being
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a  m u ltis tag e  re a c tio n , a  " te m p e ra tu re  b re a k ,"  o r  sh arp  change 

in  slope o f an A rrh e n iu s  p lo t, can be v a lid  (see H u l e t t , "

K u m a n o to ,^  F ro s t and P e a r s o n ? 9 ) ;  K um an o to ^  a ttr ib u te s  this  

type of phenom ena to phase changes in  b io log ica l s y s te m s . I t  is  

possible tha t the  loss o f bound w a te r  m olecules in  s u ffic ie n t num ber 

can have the k in e tic  p ro p e rties  o f a  phase change.

2 .  T h e  f in a l portion  on the graphs of ra te  constant as a 

function o f te m p e ra tu re  a re  d is to rtio n s  in h eren t in  the  equations,

i . e .  d H /d t  d iv ided by (A -a )  is  m a th em atica lly  equ iva len t to  1 /x  

w hich asy m p to tic a lly  approaches in fin ity  as x goes to  z e r o .  As the  

value of a  approaches th a t -o f  A -th e  value  o f (A -a )  approaches  z e ro .

It  approaches z e ro  even fa s te r  i f  th e re  is  an underva luation  o f A ,  

even by a  v e ry  s m a ll p ercen tage . The  shape o f the f in a l portion  

of the c u rve  w as found to  change as the value of A  w as changed.

Based on these assum ptions, and noting th a t the  second o rd e r  

plots a re  l in e a r  o ver 80 p ercen t o f the extent o f th e  re a c tio n , the  

reaction  can be said to  show apparen t second o rd e r  k in e tic s . I t  was  

believed u n lik e ly  that an A rrh e n iu s  p lo t could be ju s tif ia b ly  analyzed  

as a  s e r ie s  of fo u r  o r  f iv e  s tra ig h t lin e  segm ents as would be 

n ecessary  to  fin d  any lin e a r ity  in  the plots o f f i r s t  o rd e r  ra te  constants. 

A nother consideration is  th a t the f i r s t  o rd e r  plots a r e  seen to  cu rve
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downward and the th ird  o rd e r  plots a re  seen to  cu rve  upw ard .

The  seond o rd e r  plots re p res e n t the change o f d ire c tio n . By i ts e lf ,  

th is  consideration  would tnave l i t t le  m eaning but i t  g ives som e support 

to  the conclusion of apparent second o rd e r  k in e tic s .

W hen the  exp erim en t w as planned, the expectation was th a t 

k in etic  study would show f i r s t  o rd e r  k in etics  i f  the reac tio n  was in  

fa c t am enable  to analys is  by methods o rd in a r ily  used fo r  analyzing  

s im p le r  re ac tio n s . In consideration  of the resu lts  th re e  p o s s ib ilities  

becom e ap p aren t. F ir s t  is  th a t the reaction  is  t ru ly  too com plex  fo r  

analys is  by th is  method and the lin e a r  second o rd e r  p lo t is  a co inc idence . 

T h is  p o s s ib ility  cannot be e n tire ly  e lim in a ted  but the c lose  co n fo rm ity  

o f th e  plots to  lin e a r ity  o v e r so la rg e  a portion  of the reaction  

m akes pure coincidence u n lik e ly . I f  the assum ptions on w hich the  

foregoing an alys is  is  based a re  va lid  then the second o rd e r  re s u lt  

is  f a i r ly  c le a rc u t . A  second p o ss ib ility  is  th a t the reac tio n  is  second  

o rd e r w ith  resp ec t to  the species in  solution capable o f independently  

absorbing enengy th a t species being som ething o th e r than a  p a ir  

o f p o lym ers  tie d  to g e th e r. T h a t species could be the separated  

s in g le  s tranded  he lixes  of the p o ly m e r. F o r  such a  case the  

tra n s it io n  s ta te  would have to  be one in  w hich the strands a re  

s u ffic ie n tly  separated  to absorb energy independently and y e t  a re
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in te rac tin g  o r  a t le a s t s t i l l  linked in  the tra n s it io n  s ta te . T h is  is ,

f ra n k ly ,  d iffic u lt to  v is u a liz e . The th ird  p o ss ib ility  is  th a t the

second o rd e r  e ffects  a r is e  out of the re la t iv e ly  high concentration

o f p o lym er in  the solutions s tu d ied , and th a t in  a  s u ffic ie n tly  d ila te

solution the k in etics  would be f i r s t  o rd e r . The high concentration

could cause th e  second o rd e r e ffec ts  e ith e r  because o f la te ra l

in te ra c tio n s , the c lo ses t v is u a liza tio n  being a  s o r t  o f su p er "crystal'*

in  w hich the helices, a re  loosely bonded to  th e ir  n eare s t ne ighbors,

o r  to  the high concentration  resu lting  in  a  high v isco s ity  and the

43reac tio n  ra te  being dependent on the v is c o s ity  o f the so lu tio n .

11M a s s ie  and Z im m  found re la x a tio n  tim e s  dependent on concentration

and on bulk v is c o s ity  o f the so lu tio n . They a ttr ib u te  the concentration

dependence as being la rg e ly  due to  v is c o s ity  e ffe c ts . H o w ever,

s im ultaneous dependence on concentration  and on bulk v is c o s ity

(in  tu rn  dependent on concentration ) could concfeivably re s u lt  in  •

43second o rd e r  k in e tic s . I t  has a lso  been suggested th a t the fr ic tio n a l  

res is tan ce  to  unwinding effecting  the in d iv id u a l m o lec u le  can be 

expressed as the sum  o f two te rm s ; the f i r s t  being the in tr in s ic  

v is c o s ity  o f the so lu tion  and the second being p ro p o rtio n a l to  the  

in tr in s is c  v is c o s ity  to  the seond p o w e r, and that the second te rm  becomes  

m o re  im p o rtan t a t h ig h er v is c o s itie s .
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The activa tio n  energy calcu la ted  fro m  graphs of second o rd e r

ra te  constants is  69+^ 5 K c a l. T h e re  is no ind ication  of pH

dependence f o r  the second o rd e r  a c tiv a tio n  energy in  e ith e r  the

a lk a lin e  o r  ac id ic  pH re g io n . I f  the  second o rd e r  e ffec t is  due

p r im a r i ly  to  the v isco s ity  o f th e  solution the " tru e "  o r  f i r s t  o rd e r

activa tio n  energy would probably be found to be lo w e r . T h e  in it ia l

ten  percent o f the graphs show an a p p a re n t ac tiva tio n  energy of

ap p ro x im ate ly  200 K c a l/m o le . T h e re  is an apparent d ecrease

in  activa tion  energy a t lo w er pH values (re la t iv e  to  ac tiva tio n  energy

a t pH 7 ) ,  but no observable  decrease  a t high pH v a lu e s . S patz and 

12C ro th e rs  observe a  non fr ic t io n a l lim ite d  process w ith  an apparent

—  1activa tio n  energy o f at_ le a s t 100 K ca l(m o le ) . They  a sc rib e  th is  

to  n u c lea tio n , the d iso rd erin g  of s m a ll regions of the double h e lix .  

No resu lts  o f th is  study a re  in  contrad ic tion  to th is . H o w ever, i f  

the  a p p a re n t decrease in  ac tiva tio n  energy o f th is  in it ia l  phase 

o f the reac tio n  is  r e a l ,  then a  la rg e  p a rt o f the ac tiva tio n  energy  

m ust be due to  fo rces  o th er than poly A  stacking in te rac tio n s  since  

poly A  is  known to  be > m o re  o rd e red  in  m o d erate ly  ac id ic  solutions

4
than in  n e u tra l s o lu tio n s .
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C H A P T E R  V I

M echan ism  fo r  the T h e rm a l Denaturation o f D N A  -  A n Hypothesis

A .  Bound W a te r

The  k in etic  data  presented in th is  thes is  points to  c e rta in  

p o s s ib ilities  concerning the m echanism  of D N A  denaturatio n . The  

apparen t b reak  ( i . e .  in tersectio n  of tw o s tra ig h t lin es ) in  the

A rrh e n iu s  plots suggest th a t the m echanism  involves a t leas t two
\

s te p s . The slopes o f the lines  ind icate  that the in it ia l phase o f the  

reac tio n  is  c h a ra c te rize d  by an activa tion  energy of ap p ro xim ate ly  

200  K ca l w h ile  the second phase has an apparent second o rd e r  

activa tio n  energy of 69  K c a l(m o l6 ).“  ̂ The  phenomenon of non-

lin e a r ity  in  A rrh e n iu s  plots has been v a rio u s ly  ascribed  to

39 39consecutive steps in  a  reac tio n , the existence o f p re -e q u ilib r ia

41
and to  phase changes in the sys tem . Any one o f these te rm s

m ig h t be used in  a d escrip tio n  of a m echanism  fo r  the th e rm a l denaturation

denaturation  o f D N A  that involves the rem o va l o f a  la y e r  o f bound

w a te r  as the in it ia l phase o f the reaction ; the com pletion o f th is

in it ia l  phase being re q u ire d  before  fu r th e r  d iso rd erin g  can o c c u r.

K ra k a u e r and S turtevant®  proposed th a t the o v e ra ll reaction  fo r  the  

d iso rd erin g  o f the p o ly (A  +  U ) h e lix  includes the rem o va l o f bound 

counterions and bound w a te r  m olecules (equation 2 ,  chapter I  ) .
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40G ruenw edel a ttrib u ted  th e  decrease in  T m  fo r  D N A  a t v e ry  high 

s a lt  concentration to  an in te rfe re n c e  w ith  the binding o f w a te r  

m olecules.

The prob lem  o f w a te r  bound to , o r  associated w ith , b iopolym ers

has been studied p rev io u s ly  by d iffe re n tia l th e rm a l a n a ly s is . C e rta in

observed endotherm ic peaks on the th erm o g ram s o f b iopo lym ers  have

been a ttr ib u te d  to  changes in  the degree of association o f w a te r

44 45 46m olecules to  the b io p o ly m e rs . * * The problem  o f bound

47 48w a te r  a lso  been studied by neutron s c a tte rin g , x - r a y  d iffra c tio n ,

49 50 51and by N M R  techniques. * * Although a t p resent th e re  is  not

50com plete ag reem en t on the  sub ject o f bound w a te r , the resu lts

47—51o f the p reviously  m entioned studies a re  g e n era lly  in te rp re ted

as evidence of the  existence of an ordered la y e r  of w a te r  m olecules  

orien ted  around a n d /o r  t ig h tly  bound to  the D N A  m o lecu le . I t  has been 

proposed th a t ih is  o rdered  la y e r  o f w a te r  m olecules has a  ro le  in  

m aintain ing  the o rd ered  s tru c tu re  o f the D N A  m o le c u le .4 8 ,4 9 ,5 0  

F u r th e rm o re , evidence fro m  N M R  studies on D N A  ind icates th a t 

changes in  the s ta te  o f hydratio n  of the h e lix  occur before  any o f the  

charges in  s tru c tu re  g e n e ra lly  associated w ith  the th e rm a l denaturation  

o f D N A .49

1 oIn a  recen t s tu d y , A lv a re z  and B iltonen m easured the  heat o f
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solution o f thym ine in  w a te r  and in  e th an o l, to te s t f o r  the

CO
existence of hydrophobic fo rces  as th ey  a re  c la s s ic a lly  p ic tu red .

The study showed a lm o s t id en tica l heats o f solution o f thym ine in  

the two solvents and a  strong dependence of heat of so lu tio n , in  

both so lven ts , on te m p e ra tu re . The s ta b iliza tio n  o f the o rdered  

s tru c tu re  of D N A  by s o lu te -so l v e n t hydrogen bonding w as proposed as 

an explanation fo r  the observed phenom ena. Lubas and c o -w o r k e r s ^  

used N M R  techniques to  study the changes in  D N A  that occur before  

and during  th e rm a l d en atu ratio n . T h ey  found that the re laxa tio n  

tim es  o f w a te r  protons increased ra p id ly  w ith  increases  in  

te m p e ra tu re , up to the onset of d en atu ra tio n . A t h ig h er tem p era tu res  

the re laxatio n  tim e s  rem ained  constant o r  decreased . S ignals  

associated w ith  n o n -ro ta tio n a lly  bound w a te r  ceased at tem p era tu res  

ap p ro xim ate ly  1 0 °  below the tem p era tu re  a t which denaturation begins.

B . Proposed M odel f o r  the M echan ism  o f T h e rm a l D enaturation  o f D N A

The hypothesis th a t the f i r s t  s tep in  the th e rm a l denaturation  of

D NA is  the rem o va l o f bound w a te r  m olecules is consistent w ith  the

resu lts  o f the studies mentioned h e re  and is  d e fin ite ly  supported

49the findings of Ilubas. T h e  second phase of the reaction  is  believed  

by th is  author to  be th e  fr ic tio n  lim ite d  unwinding of th e  double h e lix .
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F r ic t io n  lim ite d  uncoiling is  g e n e ra lly  accepted as a ra te  d e term in ing  

step in  the denaturation  of D N A . I t  is  consistent w ith  the data  

presented in  th is  s tudy . I t  is  a  possible explanation fo r  the  

observed second o rd e r  k in e tic s .

T h e  m echanism  proposed by Spatz and C r o th e r s ^  : contains  

m any e lem ents  of s im ila r it y  to  the m echanism  presented in  th is  

p ap er. T h e ir  m odel is  based on the resu lts  o f a  deta iled  study  

on the th e rm a l denaturation  o f D N A  in  w hich th e  reaction  was  

in itia ted  by te m p e ra tu re  pertu rbations  (t - ju m p s ) and fo llow ed by 

m onitoring th e  resu ltan t o p tica l density  changes. S e v e ra l d iffe re n t  

k in etic  responses, o r  ''e ffec ts 1' w e re  observed. A  m o lec u la r w eight 

independent "slow  e ffe c t"  w as id en tified  as having an apparent 

activa tion  energy  of a t le a s t 100 K ca l. S patz and C ro th ers  a ttr ib u te  

th is  high activa tio n  energy  com ponent as due to  the sudden uncoiling  

o f G -C  rich  regions exis ting  between A - T  rich  co iled  sections .

A  " fas t e ffe c t"  estim ated  to have a  low a c tiv a tio n  energy was  

attrib u ted  to  the  unwinding o f the h e lix . An "instantaneous e ffec t"  

was a lso  id e n tifie d . Both m echanism s suggest th a t the reaction  

consists of a t  least tw o s te p s , one o f w hich has a v e ry  high activa tion  

e n erg y> and the o th e r being id en tified  w ith  the unwinding of the  

h e lix . The p rin c ip a l d iffe re n c e  between the tw o  proposed m echanism s  

is  the suggested n atu re  o f the  h ig h -ac tiva tio n  en erg y  component o f 

the re a c tio n . The  m echanism  proposed in  th is  paper a ttrib u tes  th is



- 127-

reac tio n  com ponent to  the "m e ltin g " o f a  la y e r  o f bound w a te r  

ra th e r  than to  the "m e ltin g "  o f a  G -C  r ic h  h e lic a l reg io n  into  a  

co iled  reg io n . It  should be possible to te s t fo r  the possible ro le  of 

bound w a te r in  the s ta b iliza tio n  of the  h e lix  and the p o s s ib ility  that 

the rem oval o f a la y e r  of bound w a te r  is  a  f i r s t  phase in  the  

reaction  m echan ism .

C . P ro jec tio n s  o f F u r th e r  Study

Tw o p ro ced u res , both based on D T A  techniques, a r e  believed to

o ffe r  po ss ib ilities  fo r  fu r th e r  testing of the reaction  m echanism  proposed

in th is  p ap er. The activa ted  com plex fo r  the m echan ism  presented

h ere  would be a  D N A  m olecu le  in  h e lic a l fo r m , fro m  w hich a

s ta b iliz in g  la y e r  o f bound w a te r  has been rem o ved . T h is  com plex

would be expected to show a  dec.rease in  volum e re la t iv e  to the

in it ia l  state w h ile  an activa ted  com plex envisioned fo r  the S p atz  and 

12C ro th ers  nucleation step would be expected to  show an in crease  in  

volum e re la t iv e  to  the  unreacted s ta te . A c tiva tio n  vo lu m e , the  change 

in  volum e o f th e  activa ted  com plex re la t iv e  to the in it ia l  s ta te  of the  

re ac ta n ts , can be obtained fro m  the slope o f a  graph o f the lo g arith m  

o f ra te  constant as a  function  of p re s s u re . The  m easurem ent o f ra te  

constants a t vary in g  p ressu res  should be possib le w ith  the use of the  - 

P res s u re  D S C  C e ll o f the DuPont 900 D T A .
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I t  is  believed that d iffe ren ces  w i l l  e x is t in  the enthalpy  

and activa tio n  energy o f the h e lix -c o il tra n s it io n , as m easured  

w ith  the use of D T A , when the D N A  is  co m p lete ly  d ried  and then 

dissolved in  D2 0  (com pared to the values m easured  fo r  the reac tio n  

o f D N A  in  H2 p )  i f  binding o f w a te r  m olecu les  has a  s ig n ifican t ro le  

in  the s ta b iliza tio n  o f the h e lix  and th e ir  rem o va l is  an im p o rta n t 

step in  the denaturation re a c tio n . D iffe ren ces  in  en tha lpy  and 

activa tio n  energy w il l  be m o re  probable i f  A lv a re z  and B iltonen a re  

c o r re c t  in  th e ir  conclusion th a t the binding o f w a te r  is  due p r im a r i ly  

to  so lu te -so lv e n t hydrogen bonding ra th e r  than to hydrophobic in te ra c tio n s . 

In te rp re ta tio n  o f the resu lts  o f D T A  studies o f the th e rm a l denaturation  

D N A  in  deuterated w a te r  would be aided by fu r th e r  N M R  studies o f the 

type re p o rted  by L u b a s .49

F u r th e r  studies a re  re q u ire d  to reso lve  the p rob lem  o f the  

m echanism  o f the denaturation o f D N A . I t  is  believed by this  

author th a t an understanding o f the m echanism  of the reactio n  is  

c lo se ly  linked to an understanding o f the h e lix -s ta b iliz in g  fo rc e s .
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C H A P T E R  V I I  

C O N C L U S IO N S

T h e  enthalpy of the h e lix -ra n d o m  c o il tra n s itio n  o f D N A  was

found to be '9 .4 +  .2  K ca l(m o le  base pair)""! . In  v iew  o f the

possible concentration  dependence of the enthalpy and the high

concentration  o f p o lym er solution the above value is  m o re

lik e ly  to be a m axim um  than a  m in im um  v a lu e . The  entropy of the

—1 —1tra n s itio n  w as estim ated  to  be 25 ca l-d eg  '(m o le  base p a ir) 1 

a t pH 7 .  T h e  value o f the  fre e  energy change fo r  the tra n s itio n  

was estim ated  a t 3 7 °C  and pH 7 to  be 1700 c a l(m o le  base p a i r ) . - ^

The resu lts  o f the k in etic  study ind icates  a tw o -s tep  process  

fo r  th e rm a l denaturation  of D N A . The activa tio n  energy fo r  the  

in it ia l  phase is  o f the o rd e r o f 200  K c a l. T h e  second s tag e , showing  

apparent second o rd e r  k in etics  has a  m easured activa tio n  energy o f 

69+ 5 K c a l. The  tren d  in  slopes of the in it ia l  segm ent o f the  

A rrh e n iu s -ty p e  plots w ith  change in  pH suggest th a t much o f the 

activa tio n  energy  is  re q u ire d  f o r  the breaking  of bonds o th er than 

stacking in te rac tio n s  o f the bases . In  the proposed m odel fo r  

th e rm a l denaturation  of D N A , the  f i r s t  stage of the reac tio n  is  

a ttrib u ted  to  rem o va l o f bound w a te r  and the  second to  fr ic tio n  

l im ite d  unwinding of the h e lix . T h e  prob lem  of the ro le  o f bound 

w a te r  in  the s ta b iliza tio n  of the h e lix  is  open to  fu r th e r  s tudy.

T h is  study has shown th a t the  D T A  is  usefu l fo r  quantita tive
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c a lo r im e tr ic  m easurem ents o f b io p o lym er re ac tio n s . The  

c ap a b ility  o f studying reactions o v e r a range o f tem p era tu res  

gives i t  an advantage o ver c a to r im e tr ic  techniques w hich a re  

applicab le  only a t a  fixed  te m p e ra tu re . I t  w as d is tin c tly  help fu l 

in  th is  case to be ab le  to  m easure  the heat absorbed in  the  

th e rm a lly  induced h e lix -c o il tra n s it io n  d ire c t ly , ra th e r  than having 

to  c re a te  conditions w hich produce a  tra n s itio n  a t a  lo w er te m p e ra tu re ,  

in troducing other e ffec ts  fo r  w hich c o rre c tio n s r have to be m ad e.

The  lim ita tio n  of the D T A  has been found to be the s iz e  o f the  

sam p le  w hich can be studied re la t iv e  to  the s e n s itiv ity  of the  

in s tru m e n t. Developm ent of a D iffe re n tia l Scanning C a lo r im e te r  

c e ll  w ith  a  la rg e r  sam ple  capac ity  and the sam e o r h igher  

s e n s itiv ity  would g re a tly  extend the range of reac tio n s  am enable  

to  study by th is  in s tru m en ta l techn ique.
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A P P E N D IX  1

C a lcu la tio n  o f Reaction Enthalpy fro m  T h erm o g ram  Data

A .  C a lib ra tio n  of the DSC c e ll

A bsorption  o f heat by a sam ple  above that req u ired  by the in e rt  

re fe re n c e  w i l l  cause th e  pen to  move dow nw ard . In  the case  o f a  

sam p le  undergoing a phase change o r  an endotherm ic reaction  

th e  pen w i l l  m ove downward u n til the reaction  is com pleted and then  

tra c e  a  re tu rn  to  a b ase lin e , often to the o rig in a l b ase lin e . The  

a re a  under the c u rv e , enclosed by the extension of the o rig in a l 

baseline to  the new b ase lin e , is  d ire c tly  p ro p o rtio n a l to the heat 

absorbed in the reaction  o r phase tra n s it io n . W ith in  the lim its  of 

in s tru m en ta l accuracy the a re a  w i l l  a lw ays be the sam e fo r  a  given  

am ount o f re a c ta n t, a  given s e n s itiv ity  setting and g iven heating  

ra te .  T h e  s iz e  o f the a re a  tra c e d  out in  an endotherm ic peak , p e r  

c a lo r ie  o f heat absorbed , is  a p ro p e rly  of the p a rtic u la r  D S C  c e l l .

In  o rd e r to  m easure  enthalpy i t  is  necessary  to  c a lib ra te  the  

in s tru m e n t.

C a lib ra tio n  is  achieved by m easuring  the a re a  o f the endotherm ic  

peak due to  the phase tra n s itio n  o f a  substance whose heat of fusion  

is  known w ith  c e r ta in ty . Tw o m a te ria ls  w e re  used fo r  c a lib ra tio n
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purposes in  th is  study: indium  w ith  a  m elting  point o f 156°C ;

and benzoic acid  w ith  a  m elting point o f 1 2 2 °C . The  m elting  points  

of these substances a re  close to  the te m p e ra tu re  range o v er  

w hich the endotherm ic peak under study extends (9 5 °C  -  1 2 5 °C ).

T h e  peak a r e a ,  in  p la n im e te r u n its , m u ltip lie d  by heat absorbed , 

in  c a lo r ie s , gives a c a lib ra tio n  fa c to r , in c a lo r ie s  p e r  p la n im e te r  

u n it.

The  c a lib ra tio n  fa c to r  used in  subsequent ca lcu lations is  the  

average o f nine t r ia ls  w ith  a standard  deviation  of 3 percent fro m  the 

m ean . The c a lib ra tio n  fa c to r used is  121 x  10-6  c a lo r ie s  p e r  

p la n im e te r u n it (a t a  fixed  p la n im e te r  s e ttin g ).

B . Enthalpy (M o le  Base P a ir )

A
The w eights o f the nucleotide phosphates found in  the l i te r a tu r e 1 

a re  lis ted  in  tab le  V I*  A llow ing  fo r  the decrease  in  w eight due to  

w a te r  lost in  the 3 -5  lin kag e , th e  w eight p e r base p a ir  is ,  to  the  

n eares t g ra m , 618 g ra m s .

A ccord ing  to  the records o f S igm a C h em ica l Com pany (p riv a te  

com m unication) batch num ber 101 C -9 5 20  of c a lf  thym us DNA is  1 6 .8  

p ercen t by w e ig h t, w a te r  and 4 .3 5  p e rce n t, by w eig h t sod ium . 

T h e re fo re , th e re  is  .7 8 8  g ram s of D N A  fo r  each g ra m  of p o ly m er  

w eighed ..
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T A B L E  V I  

W eight o f the N ucleotide Phosphates

N ucleotide Phosphate M o le c u la r  W e ig h t*

Deoxy A 3 f Phosphate 3 3 1 .2 2  g

Deoxy C 3 f Phosphate 3 0 7 .2 0  g

Deo>^ G 3 f Phosphate 3 4 7 .2 3  g

Th ym id in e  3 ' Phosphate 322.21  g

*  preference 1
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A re a  o f the endotherm ic p eak , o f the h e lix -c o il tra n s it io n  

o f D N A , in  p la n im e te r units p e r  m illig ra m  o f D N A , m u ltip lie d  

by the c a lib ra tio n  fa c to r  gives a  value  fo r  heat absorbed , in  

c a lo r ie s  p e r  g ra m . T h e  base p a ir  is  the s im p le s t, and m ost 

lo g ica l u n it, in  w hich enthalpy values can be exp ressed . H eat 

absorbed , in  c a lo r ie s  p e r  g ra m , m u ltip lied  by the average  w eigh t 

p e r base p a ir  gives a  value  f o r  enthalpy in  c a l(o r  K c a l)1 p e r m ole  

base p a ir .
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A P P E N D IX  2

C o m p u ter P ro g ra m  fo r  C a lcu la tio n  o f Rate Constants

A .  E xp la in atio n  of C o m p u ter P ro g ra m

The expression  used fo r  ca lcu la tio n  of ra te  constant k , in

the B o rc h a rd t and D aniels method f o r  activa tio n  energy

d e te rm in a tio n  is  given in  equation 31 . A  te rm  w hich is  constant

fo r  each th e rm o g ra m  w as dropped fro m  the  expression  in  the

calcu lations used in the study (equation 3 2 ) . The  calcu lations

re q u ire d  eva luation  of d H /d t ,  in  c a lo r ie s  p e r second, and p a rtia l

a re a  under the  c u rv e , in  c a lo r ie s , a t each te m p e ra tu re  fo r  w hich

k ’ is  to be c a lc u la ted .

T h e  co m p u ter takes the  m easured  lengths of the y -a x is

d e flec tio n s , in  units o f len g th , and ca lcu la tes  d H /d t ,  in  c a lo rie s

p e r second, using a  conversion  fa c to r . W ith  values o f d H /d t and

the d iffe ren ces  between m easured lin e s , a  constant, the  p a rtia l a reas

a re  found by means o f n u m e ric a l in te g ra tio n . V a lues  a re  determ ined

fo r  k ' fo r  each te m p e ra tu re  and t r ia l  reaction  o rd e r . The p ro g ram

contains loops fo r  the ca lcu la tio n  o f slope and in te rc e p t o f the graphs

o f log k ' as a  function o f 1 / T ,  as successive points a re  dropped fro m

the c u rv e . Due to d is to rtio n  o f the la s t segm ents o f the g rap h s , th is  

p a rt o f the p ro g ram  w as not found to  be of s ig n ifican t use.
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The conversion  fa c to r  fo r  finding d H /d t ,  in  c a lo r ie s  p e r

second was found by m easu rin g , in  p la n im e te r u n its , a  box, having

a w id th  o f one inch and a  length equal to the distance tra v e le d  by the pen

in  one m inute a t a  heating ra te  o f 2 2 °C  p e r m in u te . A re a  o f the

box, in  c a lo r ie s , was found using the c a lib ra tio n  fa c to r  fo r  the

p a r t ic u la r  D SC  c e ll  A re a , in  c a lo rie s  d iv ided by the length (60

-1  -1seconds) gives a  conversion  fa c to r  in  c a lo rie s  second in ch es .

The  va lue  of the conversion  fa c to r , determ ined  in  th is  w a y , is  

2 .1 8 x 1 0 ” ^ caltseconds"^ in c h e s .- ^

T h e  constant used in  the n u m erica l in tegration  is  the tim e  

re q u ire d  fo r  the re c o rd e r  pen to tra v e l 1 °C  a t a  heating ra te  o f 

2 2 °C  m in .”  ̂ T h is  was calcu lated  to  be 2 .7 2 7  seconds.
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B . C o m p u ter P ro g ra m  fo r  C a lcu la tio n  of R ate  Constant 
(P ro g ra m  Language -  B as ic )

5 P R IN T
6 P R IN T  " T Y P E  T O T  A R E A , F IR S T  A R E A  S E G M E N T "
10 IN P U T , A1 , B1
20  D IM  C (3 0 ), J (3 0 ), K (3 0 ), L (3 0 ),0 ( 3 0 ) ,W (3 0 ), Z (3 0 ,6 )  ,  D (30)
25 P R IN T  " T Y P E  T O T  N U M B E R  D A T A  P O IN T S "
30 IN P U T  N1
35 P R IN T  " T Y P E  V A L U E S  O F  T ,  D E L T A  T "
40 FO R  11 =  1 TO  N1
50 IN P U T  C ( I1 ) ,J ( I1 )
60 N E X T  11
65 P R IN T
70  P R IN T  " 1 /T " ,  " D H /D T " ,  " R 1 " , "R2;", "R 3"
75 P R IN T
80 F O R  11 =  1 TO  N1
85 L E T  K (I1 ) = 1 /(C ( I1  )+273)
90 L E T  L (I1 ) = J(I1 ) *  .00021 8
95 I F  11 > 1 GO T O  110
100 GO T O  270
110 L E T  0 (11 ) = 2 .7 2 7 *  ,5 * (L ( I1  )+L (I1  —1)
120 L E T  W (I1 ) = 0(11 )+W (I1 - 1 )
130 L E T  D (I1 ) = A 1 -W (I1 )
135 F O R  M1 =  2 TO  6
140 L E T  Z (I1  , M 1 ) = 1 (11 ) / (D ( I1 ) f  (M1 /2 ) )
150 N E X T  M1
160 P R IN T  K ( I1 ) ,L ( I1 ) ,Z ( I1  ,2 ) ,Z ( I1  , 4 ) ,Z ( I1  ,6 )
170 N E X T  11
175 P R IN T
180 P R IN T  " 1 /T " ,  " P A R T  A R E A " , "A R E A  D IF " ,  "R1 .5 " ,  " R 2 .5 "
185 P R IN T
190 F O R  11 =  1 to  N1
195 P R IN T  K ( I1 ) ,W ( I1 ) ,D ( I1 ) ,Z ( I1  ,3 ) ,Z ( I1  ,5 )
200  N E X T  11
202 P R IN T
203 P R IN T  "V A L U E  O F  A (N ) IS " ,  M1
210 F O R  M1 =  2 T O  6
215 P R IN T
216 P R IN T  "V A L U E  O F  M1 IS " ,  M1
217 P R IN T
220 G O SU B  350
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