
CHAPTER III

R e su lt a n d  d iscu ss io n

3.1 Experimental conditions to observe PNA-DNA duplexes

เท r e c e n t  y e a r , p y r r o l id in y l  P N A  w ith  a lp h a / b e t a - d ip e p t id e  b a c k b o n e  o f  p r o ly l -  

2 - a m in o c y c lo p e n t a n e - c a r b o x y l ic  a c id  ( a c p c P N A )  h a v e  b e e n  d e v e lo p e d  b y  V i la iv a n  e t  

a l  [43, 44], S e v e r a l p r o p e r t ie s  o f  a c p c P N A  h a v e  b e e n  im p r o v e d  f r o m  t h e  o r ig in a l P N A  

(a e g P N A ) s u c h  a s  t h e r m a l  s ta b i l i t y ,  s p e c if ic it y  a n d  n o n - s e lf - p a ir in g  a b i l it y .  เท th is  s tu d y ,  

a  n in e  b a s e  h o m o t h y m in e  a c p c P N A  (p T 9) w a s  u s e d  as a m o d e l  t o  o p t im iz e  t h e  ESt- 

M S  c o n d it io n s  b e c a u s e  it  is t h e  m o s t  s im p le  a n d  s h o r t e s t  s e q u e n c e  t h a t  c a n  e x h ib it  a 

g o o d  t h e r m a l  s t a b i l i t y  (Tm = 8 0  °C) w h e n  h y b r id iz e d  w ith  its c o m p le m e n t a r y  D N A  

(d A 9). T h e  h ig h  t h e r m a l s t a b i l i t y  m e a n s  t h a t  t h e  p T 9-d A 9 h y b r id  s h o u ld  b e  v e r y  s t a b le  

a t  r o o m  t e m p e r a t u r e  a n d  th u s  s h o u ld  b e  a g o o d  m o d e l  f o r  s tu d y in g  o f  n o n - c o v a le n t  

in te r a c t io n  b y  m a s s  s p e c t r o m e t r y .  In it ia lly , w e  h a v e  o p t im iz e d  t h e  c o n d it io n s  fo r  P N A  

io n iz a t io n  f r o m  t h e  e le c t r o s p r a y  io n iz a t io n  s o u rc e .  T h e  p T 9-d A 9 s t o c k  s a m p le s  w e r e  

p r e p a re d  b y  m ix in g  t h e  t w o  c o m p o n e n t s  t o g e th e r  a t  a c o n c e n t r a t io n  o f  10 u M  in  

d if f e r e n t  w a t e r / a c e t o n it r i le  r a t io s  a t  90 :10 , 80 :20 , 7 0 :3 0  a n d  60 :40 . A l l  s a m p le s  w e r e  

in fu s e d  in to  M S  io n iz a t io n  s o u r c e  w ith  a f lo w  ra te  180  u L / h  a n d  t h e  c a p i l la r y  v o lt a g e  

w a s  s e t  t o  2 .5  k v . T h e  s o u r c e  t e m p e r a t u r e  w a s  a d ju s t e d  t o  180  °c a n d  t h e  s o u r c e  

p re s s u re  w a s  s e t  a t  0 .4  ba r. T h e  e n d  p la t e  o f f s e t  w a s  s e t  t o  -5 0 0  V . F u l l  s c a n  M S  

s p e c t r a  w e r e  r e c o rd e d  in  t h e  m / z  ra n g e  b e tw e e n  3 0 0  a n d  3 0 00 . D a ta  w e r e  a n a ly z e d  

u s in g  t h e  C o m p a s s  D a ta  a n a ly s is  s o f tw a re  d e v e lo p e d  b y  B ru k e r  (G e rm a n ) . A d d in g  a 

s m a l l  a m o u n t  o f  a n  o rg a n ic  s o lv e n t  ( a c e to n it r i le )  e n h a n c e d  t h e  e le c t r o s p r a y  

io n iz a t io n  h o w e v e r ,  h ig h  c o n c e n t r a t io n  o f  a c e t o n it r i le  le a d in g  t o  t h e  s ig n a l 

s u p p re s s io n .  T h e  s a m p le  p r e p a re d  in  w a t e r / a c e t o n it r i le  a t  a r a t io  o f  9 0 :1 0  g e n e ra te d  

t h e  h ig h e s t  in te n s it y  o f  t h e  P N A -D N A  c o m p le x e s .  F ig u re  3.1 s h o w e d  t h e  m u lt ip le  

c h a rg e d  io n s  o f  p T 9-d A 9 c o m p le x  a n d  t h e  s in g le  s t r a n d  d A 9.
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R g u r e  3 .1  ESI m a s s  s p e c t r a  o f  p T ç rd A g  p r e p a r e d  in  w a t e r r a c e t o n i t r i le  9 0 :1 0  

s h o w in g  t h e  m u l t i p l e  c h a r g e d  p T 9- d A 9 d u p le x e s  a n d  s in g le  s t r a n d e d  d A 9.

A l l  p e a k s  in  F ig u re  3.1 c a n  b e  a s s ig n e d  as [p T 9-d A 9-5H ]5", [p T 9-d A 9-6 H ]6", [p T 9- 

d A 9-7 H ]7', [d A 9-4H ]4', [d A 9-5H ]5'  a n d  [d A 9-6H ]6‘ a t  m / z  = 1 1 8 5 .3 9 4 0 , 9 8 7 .6 6 8 0 , 8 4 6 .4 2 3 1 , 

6 8 7 .8 8 5 4 , 5 5 0 .1 1 4 9  a n d  4 5 8 .2 6 9 4 , r e s p e c t iv e ly .  A c c o rd in g  t o  th is  M S  s p e c t r u m ,  t h e  

e x p e r im e n t a l  m o le c u la r  m a s s  o f  p T 9-d A 9 c o m p le x  w a s  5 9 3 2 .0 4 0 8  D a  ± 1 .8 71 1  p p m . 

T h e  s t a b i l i t y  t h e  n o n - c o v a le n t ly  a s s o c ia t e d  p T 9-d A 9 c o m p le x  w a s  d e t e r m in e d  f r o m  

t h e  E c m  v a lu e  o f  t h e  c o l l is io n  in d u c e  d is s o c ia t io n  (CID) in  F ig u re  3.2.

R e l a t i o n s h i p  b e t w e e n  r e l a t i v e  i n t e n s i t y  a n d .  
e n e r g y  o f  p T 9—d A g  ( C o m p l e x  6~)

R g u r e  3 .2  R e la t io n s h ip  b e t w e e n  d is s o c ia t io n  e n e r g y  (E c m ) 

a n d  in t e n s i t y  o f  p T 9-d A 9.
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F ro m  t h e  F ig u re  3.2, t h e  E cm  v a lu e  t h a t  c o u ld  c o m p le t e ly  d is s o c ia t e  t h e  d u p le x  

is 3 .2 6 4 8  e V . T h is  is t h e  d is s o c ia t io n  e n e rg y  o f  t h e  n o n c o v a le n t  in te r a c t io n  b e tw e e n  

p T 9 a n d  d A 9. เท p r in c ip le ,  in c re a s in g  t h e  e n e rg y  s h o u ld  r e s u lt  in  d e c r e a s e d  s ig n a ls  d u e  

t o  d is s o c ia t io n  o f  t h e  P N A -D N A  c o m p le x .  F lo w e v e r , f r o m  0 -2  e V , t h e  in t e n s it y  o f  P N A -  

D N A  c o m p le x  a p p e a r e d  t o  in c re a s e . T h is  c a n  b e  e x p la in e d  b y  t h e  t ra n s fe r  o f  t h e  

in n e r  e n e rg y  f r o m  c o l l is io n  gas t h a t  in c re a s e s  t h e  in n e r  e n e rg y  o f  P N A -D N A  

c o m p le x e s .  A f te r  t h e  in n e r  e n e rg y  o f  c o m p le x  w a s  in c re a s e d ,  t h e  e n e rg y  is 

d is t r ib u te d  a n d  re tu rn  t o  t h e  c o l l is io n  gas a f te r  t h e  c o l l is io n  gas m o v e s  c lo s e r  t o  t h e  

c o m p le x  io n . T h e  in n e r  e n e rg y  o f  c o m p le x  w a s  d is t r ib u te d  t o  c o l l is io n  gas, th u s  

in c re a s in g  t h e  s t a b i l i t y  o f  t h e  c o m p le x  a n d  th e  m e a s u r e d  in t e n s it y  is in c r e a s e d  [27],

-MS. 0 1-1.0mn#<4^0)

[dT+Na]

[dT +Na]
673*8499

500 750 1000 1250 1500 1750 2๓ 0 2250 2500 2750 miz

F ig u r e  3 .3  ESI m a s s  s p e c t r a  o f  p T 9-d T 9 p r e p a r e d  in  w a te r :  a c e t o n i t r i le  9 0 :1 0 .

F ro m  F ig u re  3.3, t h e  s p e c if ic it y  o f  P N A -D N A  h y b r id iz a t io n  w a s  s t u d ie d  b y  u s in g  

p T 9-d A 9 c o m p le x .  T h is  s p e c t r a  w a s  u s e d  t o  c o n f irm  t h e  s p e c if ic it y  h y b r id iz e d  

b e tw e e n  a c p c P N A  w ith  c o m p le m e n t a r y  D N A . F ro m  th is  s p e c t r u m , w e  f in d  t h a t  t h e  

s in g le  s t r a n d  o f  D N A  o n ly  a n d  n o  p e a k  o f  P N A -D N A  c o m p le x .  T h is  is b e c a u s e  t h e  P N A  

(p T 9) d o e s  n o t  b in d in g  w ith  D N A  (d T 9). S o  t h e  s y s te m  o f  a c p c P N A  h a v e  m o r e  

s p e c if ic it y  w it h  t h e  c o m p le m e n t a r y  D NA .
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3 .2 . A n a ly s e s  o f  m a s s  s p e c t r a  o f  P N A - D N A  d u p le x e s

T h e  ra t io  o f  s o lv e n t  w a s  a p p l ie d  t o  s tu d y  t h e  s t a b i l i t y  o f  v a r io u s  a c p c P N A -D N A  

d u p le x e s .  T h e  s e q u e n c e  o f  t h e  P N A  w a s  d iv id e d  in to  tw o  se ts . T h e  f ir s t  s e t  c o n ta in s  

f o u r  12  m e r  P N A  w ith  a lm o s t  id e n t ic a l  s e q u e n c e ,  w ith  t h e  e x c e p t io n  o f  t h e  b a s e s  a t  

p o s it io n s  4  a n d  7 ( d e n o t e d  b y  u n d e r l in in g  in  T a b le  3.1). T h e  s e c o n d  s e t  c o n ta in s  tw o  

r a n d o m  G -C  r ic h  P N A  s e q u e n c e s  t h a t  c o n ta in  m o re  t h a n  70%  G -C . T h e  s e q u e n c e s  o f  

a l l  a c p c P N A  a n d  its c o m p le m e n t a r y  D N A  a re  s h o w n  in  T a b le  3.1.

T a b le  3 .1  S e q u e n c e s  a n d  o t h e r  p ro p e r t ie s  o f  P N A  a n d  D N A  u s e d  in  t h e  

e x p e r im e n t .

P N A /D N A  n o . P N A 7 D N A b S e q . M W . % G + C

p O l ( T O T G T  T A A T T G  A C T 4 2 9 6 .9 7 6 6 25

d o i  (AA) A C A  A T T A A C  T G A 3 6 3 5 .6 7 2 6 25

P 0 2 ( A A ) T G T  A A A A T G  A C T 4 3 1 4 .9 9 9 7 25

D 02  ( T O A C A  T T T T A C  T G A 3 6 1 7 .6 4 9 5 25

p 0 3  (CC ) T G T  G A A C T G  A C T 4 2 6 6 .9 7 7 3 41

d 0 3  (GG) A C A  G T T G A C  T G A 3 6 2 7 .6 5 6 3 41

p 0 4  (GG) T G T  G A A G T G  A C T 4 3 4 6 .9 8 9 6 41

d 0 4  (CC ) A C A  C T T C A C  T G A 3 5 8 7 .6 5 0 2 41

p _ 0 5 C G C  G C T C C G  C T A 4 2 2 8 .9 8 2 1 75

d _ 0 5 G C G  C G A G G C  G A T 3 7 0 9 .6 7 1 4 75

p  06 C G C  G C A G G T  T C C 4 2 6 8 .9 8 8 3 75

d _ 0 6 G C G  C G T C C A  A G G 3 6 6 9 .6 5 3 6 75

T h e  P N A  s e q u e n c e s  a re  w r i t t e n  f r o m  t h e  N - t o  C - te rm in u s .  A l l  s e q u e n c e s  

c a r r ie d  a n  N - b e n z o y l  a n d  C - ly s in a m id e  e n d -c a p s .

bT h e  D N A  s e q u e n c e s  a re  w r it t e n  f r o m  t h e  3 ’ t o  5 ’ .

T h e  e x p e r im e n t s  w e r e  d e s ig n e d  t o  s t u d y  t h e  n o n c o v a le n t  in te r a c t io n s  in  P N A -  

D N A  c o m p le x e s  b y  ES I-M S . เท th e  f irs t  s e t  o f  P N A -D N A  c o m p le x e s ,  o n ly  t h e  b a s e s  a t  

t h e  p o s it io n  4  a n d  7  w e re  d if fe r e n t ,  t h e r e fo r e  t h e  e f f e c t  o f  d if f e r e n t  b a s e  p a irs  t o  t h e  

s t a b i l i t y  c a n  b e  s y s t e m a t ic a l ly  c o m p a r e d .  T h e  ES I-M S  s p e c t r a  o f  f irs t  s e t  P N A -D N A  

c o m p le x e s  a re  s h o w n  in  F ig u re  3 .4  - F ig u re  3.7. T h e  s p e c t r a  o f  t h e  s e c o n d  s e t  o f  P N A - 

D N A  c o m p le x e s  a re  s h o w n  in  F ig u re  3 .8  - F ig u re  3.9.
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Figure 3.4 Mass spectra o f pOl (TT) -do i (AA) duplex, showing the 

multip le charged species obtained.

A c c o rd in g  t o  th is  M S  s p e c t r u m , t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 1 (T T ) -  

d O l(A A )  c o m p le x  w a s  7 9 3 2 .6 7 6 2  D a  ± 3 .4 0 3 6  p p m . T h e  p e a k s  in  F ig u re  3 .4 a t m / z  = 

1 5 8 6 .3 2 2 3 , 1 3 2 1 .7 6 5 8  a n d  1 1 3 2 .8 0 0 6  c a n  b e  in te rp re te d  as [pO 1 (TT)-dO  1 (A A )-5H ]5", 

[p 0 1 (T r) -d 0 1 (A A )-6 H ]6‘ a n d  [p 0 1 (T D -d 0 1  (A A )-7H ]?- re s p e c t iv e ly .

Figure 3.5 Mass spectra o f p02 (AA) -d02 (TT) duplex, showing the 

multiple charged species obtained.

A c c o rd in g  t o  F ig u re  3 .5 , t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 2 (A A ) -d 0 2 (T T )  

c o m p le x  w a s  8 0 0 1 .7 0 0 6  Da ± 4 .8 4 4 4  p p m  (3N a  a d d u c t) .  A l l  p e a k s  o f  t h e  c h a rg e s  6"
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d u p le x e s  a t  m / z  = 1 3 2 5 .4 5 4 3 , 1 3 2 9 .1 1 8 4 , 1 3 3 2 .7 8 3 2  a n d  1 3 3 6 .4 3 6 3  c a n  b e  

in t e r p r e t e d  as [p 02 (A A )-d 0 2 (T T )-6H + N a ]6', [p 0 2 (A A )-d 0 2 (T T )-6 H + 2 N a ]6', [p 0 2 (A A )-d 0 2  

(T T )-6H + 3 N a ]6‘ a n d  [p 0 2 (A A )-d 0 2 (T T )-6 H + 4 N a ]6", r e s p e c t iv e ly .  A l l  p e a k s  o f  t h e  ch a rg e s  

T  d u p le x e s  a t  m / z  = 1 1 3 2 .8 1 6 3 , 1 1 3 5 .9 6 0 5 , 1 1 3 9 .0 9 6 3 , 1 1 4 2 .2 3 5 6  a n d  1 1 4 5 .2 4 1 7  c a n  

b e  in t e r p r e t e d  as [ p 0 2 ( A A ) -d 0 2 (T T ) - 7 H f , [p 02 (A A )-d0 2 (T T )-7H +  N a f ,  [p 0 2 (A A )-d 0 2  

(T T )-7H + 2 N a ]7\  [p 0 2 (A A ) -d 0 2 (T T ) -7 H + 3 N a f  a n d  [p 0 2 (A A )-d 0 2 (T T )-7 H + 4 N a ]7'

r e s p e c t iv e ly .  T h e  p e a k  o f  f r e e  P N A  c a n  b e  o b s e r v e d  a t  m / z  = 1 4 3 8 .0 1 8 2  w h ic h  

c o r r e s p o n d s  t o  [p 02  (A A )-3H ]3'. T h e  p e a k s  o f  f r e e  D N A  a t m / z  = 7 2 2 .7 3 7 2 , 6 0 2 .1 1 3 4  

a n d  5 1 5 .9 5 4 1  c a n  b e  in te r p r e t e d  as [d 02 (T T )-5H ]5‘ , [d 02 (T T )-6H ]6' a n d  [d 0 2 (T T )-7 H ]7' 1 

r e s p e c t iv e ly .

Figure 3.6 Mass spectra o f p03 (CC) -d03 (GG) duplex, showing the 

multiple charged species obtained.

A c c o r d in g  t o  F ig u re  3.6, t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 3 (C C ) -d 0 3 (G G )  

c o m p le x  w a s  8 0 0 2 .5 4 5 6  Da ± 2 .6 26 1  p p m  (K a n d  3N a  a d d u c t) .  A l l  p e a k s  o f  t h e  

c h a rg e s  6~ d u p le x e s  a t  m / z  = 1 3 2 5 .7 6 9 5 , 1 3 2 9 .4 3 1 2 , 1 3 3 3 .0 9 3 3  a n d  1 3 3 6 .7 5 5 9  c a n  b e  

in t e r p r e t e d  as [p03 (C C )-d03 (G G )-6F I+ K + 2N a]6‘ , [p 0 3 (C C )-d 0 3 (G G )-6 H + K + 3 N a ]6' a n d  [p03  

(C C )-d 0 3 (G G )-6 H + K + 4 N a ]6', r e s p e c t iv e ly .  A l l  p e a k s  o f  t h e  c h a rg e s  T  d u p le x e s  a t  m / z  = 

1 1 3 6 .2 2 8 3 , 1 1 39 .36 82 , 1 1 4 2 .5 0 8 6  a n d  1 1 4 5 .6 3 5 7  c a n  b e  in te rp re te d  as [p 03 (C C ) -d 0 3  

(G G )-6 H + K + 2 N a ]7', [p 0 3 (C C )-d 0 3 (G G )-6 H + K + 3 N a ]7' a n d  [p 0 3 (C C )-d 0 3 (G G )-6 H + K + 4 N a ]7', 

r e s p e c t iv e ly .  T h e  p e a k s  o f  t h e  f r e e  P N A  a t  m / z  = 14 31 .99 11  a n d  1 0 6 6 .4 9 0 4  c a n  b e  

in t e r p r e t e d  as [p 0 3 (C C )-3 H ]3" a n d  [p 03 (C C )-4 H ]4/  T h e  p e a k s  o f  f re e  D N A  a t  m / z  = 

6 1 0 .4 4 1 2  a n d  5 2 3 .0 9 1 9  c a n  b e  in te r p r e t e d  as [d 03 (G G )-6H + K ]6' a n d  [d03(G G )-7FI+ K ]7'.
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Figure 3.7 Mass spectra o f p04 (GG) -d04 (cc) duplex, showing the 

multip le charged species obtained.

A c c o r d in g  t o  F ig u re  3.7, t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 4 (G G ) -d 0 4 (C C )  

c o m p le x  w a s  8 0 0 3 .5 8 3 6  Da ± 3 .1 5 0 9  p p m  (3N a  a d d u c t) .  A l l  p e a k s  o f  t h e  c h a rg e s  6" 

d u p le x e s  a t m / z  = 1 3 29 .43 39 , 1 3 3 3 .0 8 7 2  a n d  1 3 3 6 .7 5 9 6  c a n  b e  in te r p r e t e d  as [p 04  

(G G )-d 0 4 (C C )-6 H + 2 N a ]6', [p 0 4 (G G )-d 0 4 (C C )-6 H + 3 N a ]6' a n d  [p 0 4 (G G ) -d 0 4 (C C ) -6 H + 4 N a f ,  

r e s p e c t iv e ly .  A l l  p e a k s  o f  t h e  c h a rg e s  7" d u p le x e s  a t m / z  = 11 3 6 .0 8 7 7 , 1 1 3 9 .3 6 6 8 , 

1 1 4 2 .5 0 2 2  a n d  1 1 4 5 .6 4 9 9  c a n  b e  in t e r p r e t e d  as [p 04 (G G )-d04 (C C )-7F I+ N a]7', [p 04 (G G ) - 

d 0 4 (C C )-7 H + 2 N a ]7", [p 0 4 (G G )-d 0 4 (C C )-7 H + 3 N a ]7" a n d  [p 0 4 (G G )-d 0 4 (C C )-7 H + 4 N a ]7",

r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  P N A  w e re  o b s e r v e d  a t  m / z  = 1 4 4 8 .6 5 9 4  a n d  

1 0 8 6 .2 4 1 4  w h ic h  c a n  b e  in t e r p r e t e d  as [p04(GG)-3FH]3' a n d  [p04 (G G )-4H ]4". T h e  p e a k s  

o f  f r e e  D N A  (c h a rg e  4") a t  m / z  = 9 1 2 .6 4 3 0 , 9 1 8 .1 3 6 9 , 9 2 3 .6 3 4 8  a n d  9 2 9 .1 2 8 0 , c a n  b e  

in t e r p r e t e d  as [ d 0 4 ( C C ) -4 H + 3 N a f ,  [d 0 4 (C C )-4 H + 4 N a ]4', [d 0 4 (C C )-4 H + 5 N a ]4' a n d  [d 0 4  

(CC )-4F I+ 6N a]4", r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  D N A  (c h a rg e  5") a t  m / z  = 7 1 6 .7 2 6 9 , 

7 2 1 .1 2 1 1 , 7 2 5 .5 1 8 2 , 7 2 9 .9 1 5 3 , 7 3 4 .3 1 0 8  a n d  7 3 8 .7 0 5 3 , c a n  b e  in te rp re te d  as [d 04  

(C O -5 H ]5 , [d 0 4 (C C )-5 H + N a ]5', [d 0 4 (C C )-5 H + 2 N a ]5 , [ d 0 4 ( C C ) -5 H + 3 N a f ,  [d 0 4 (C C )-5 H + 4  

N a ]5' a n d  [d 0 4 (C C )-5 H + 5 N a ]5" r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  D N A  (ch a rg e  6  ) a t  m / z  = 

5 9 7 .1 0 4 5 , 6 0 0 .7 6 8 7 , 6 0 4 .4 3 2 7 , 6 0 8 .0 9 4 8  a n d  6 1 1 .7 5 6 7  c a n  b e  in te rp re te d  as [ d 0 4 (C O -  

6 FI]6", [d 0 4 (C C )-6 H + N a ]6", [d 0 4 (C C )-6 H + 2 N a ]6", [d 0 4 (C C )-6 H + 3 N a ]6" a n d  [d 04 (C C )-

6F I+ 4N a]6 , r e s p e c t iv e ly .  T h e  p e a k s  o f  f re e  D N A  (ch a rg e  7") a t m / z  = 5 1 1 .6 6 0 7 , 

5 1 4 .8 0 1 1 , 5 1 7 .9 4 1 9  a n d  5 2 1 .0 8 3 8  c a n  b e  in te rp re te d  a s  [d 04 (C C )-7 F i]7', [d 04 (C C )- 

7FI+ Na]7", [d 04 (C C )-7 F I+ 2N a ]7" a n d  [d 04 (C C )-7 F I+ 3N a ]7', r e s p e c t iv e ly .  T h e  p e a k s  o f  f re e  

D N A  (ch a rg e  8") a t  m / z  = 4 4 7 .5 7 8 1  a n d  4 5 0 .3 2 5 9  c a n  b e  in t e r p r e t e d  as [d04 (CC )-8F I]8' 

a n d  [d04 (C C )-8 F I+ N a]8", r e s p e c t iv e ly .
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Figure 3.8 Mass spectra o f p05-d05 duplex, showing the 

multiple charged species obtained.

A c c o r d in g  t o  F ig u re  3.8, t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 5 - d 0 5  c o m p le x  

w a s  8 0 0 7 .5 8 6 2  Da ± 4 .5 7 4 0  p p m  (3 N a  a d d u c t) .  A l l  p e a k s  o f  t h e  c h a rg e s  6 ‘ d u p le x e s  

a t  m / z  ะ= 1 3 2 2 .3 9 2 5 , 1 3 2 6 .4 2 5 6  a n d  1 3 30 .25 72 , c a n  b e  in t e r p r e t e d  as [p 0 5 -d 0 5 -6 H ]6', 

[p 0 5 -d 0 5 -6 H + N a ]6' a n d  [p 0 5 -d 0 5 -6 H + 2 N a ]6' r e s p e c t iv e ly .  A l l  p e a k s  o f  t h e  c h a rg e d  T  

d u p le x e s  a t  m / z  = 1 1 33 .64 86 , 1 1 3 6 .7 9 9 4  a n d  1 1 3 9 .9 2 7 7  c a n  b e  in te r p r e t e d  as [p 0 5 - 

d 0 5 -7 H ]7", [p 0 5 -d 0 5 -7 H + N a ]7~ a n d  [p 0 5 -d 0 5 -7 H + 2 N a ]7~, r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  

D N A  (c h a rg e  4") a t  m / z  = 9 4 3 .6 5 2 4 , 9 4 8 .6 3 9 8 , 9 5 4 .1 3 6 2  a n d  9 5 9 .6 3 1 7 , c a n  b e  

in t e r p r e t e d  a s  [d 05 -4H + 3N a]^ , [d 0 5 -4 H + 4 N a ]4'1 [d 0 5 -4 H + 5 N a ]4' a n d  [d 0 5 -4 H + 6 N a ]a 

r e s p e c t iv e ly .  T h e  p e a k s  o f  f re e  D N A  (ch a rg e  5 ) a t  m / z  = 7 4 1 .1 2 5 5 , 7 4 5 .5 2 2 5 , 

7 4 9 .9 1 8 8 , 7 5 4 .3 1 3 9 , 7 5 8 .7 1 0 5  a n d  7 6 3 .1 0 9 6  c a n  b e  in t e r p r e t e d  as [d 0 5 -5 H ]5 , [d 05 - 

5 H + N a ]5', [ d 0 5 - 5 H + 2 N a f ,  [ d 0 5 - 5 H + 3 N a f ,  [d 0 5 -5 H + 4 N a ]5' a n d  [d 0 5 -5 H + 5 N a ]5 ,

r e s p e c t iv e ly .  T h e  p e a k s  o f  f re e  D N A  (ch a rg e  6') a t  m / z  = 6 1 7 .4 3 7 3 , 5 2 1 .0 9 9 7 , 6 2 4 .7 6 4 1  

a n d  6 2 8 .4 2 7 6  c a n  b e  in te rp re te d  a s  [d 05 -6H ]6', [d 0 5 -6 H + N a ]6t  [d 0 5 -6 H + 2 N a ]6' a n d  

[d 0 5 -6 H + 3 N a ]6", r e s p e c t iv e ly .
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Figure 3.9 Mass spectra of p06-d06 duplex, showing the 

multiple charged species obtained.

A c c o r d in g  t o  F ig u re  3.9, t h e  e x p e r im e n t a l  m o le c u la r  m a s s  o f  p 0 6 - d 0 6  c o m p le x  

w a s  7 9 6 1 .6 3 7 6  D a  ± 0 .7 5 4 1  (N a a d d u c t ) .  A l l  p e a k s  o f  t h e  c h a rg e s  6' d u p le x e s  a t  m / z  

= 1 3 2 2 .6 0 5 7 , 1 3 2 6 .4 2 7 4  a n d  1 3 3 0 .2 5 0 7 , c a n  b e  in te r p r e t e d  a s  [p 0 6 -d 0 6 -6 F I]6‘ , [p 0 6 -  

d0 6 -6 F I+ N a ]6" a n d  [p 0 6 -d 0 6 -6 F I+ 2 N a ]6", r e s p e c t iv e ly .  A l l  p e a k s  o f  t h e  c h a rg e d  T  

d u p le x e s  a t  m / z  = 1 1 3 3 .5 1 1 1 , 1 1 3 6 .7 9 5 4  a n d  1 1 4 0 .0 7 3 4  c a n  b e  in t e r p r e t e d  a s  [p 0 6 -  

d 0 6 -7 H ]7', [p 0 6 -d 0 6 -7 F I+ N a ]7‘ a n d  [p 0 6 -d 0 6 -7 F I+ 2 N a ]7‘ , r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  

P N A  a t  m / z  = 1 4 2 2 .6 5 7 6  c o r r e s p o n d s  t o  [p 0 6 -3 H ]3'. T h e  p e a k s  o f  f r e e  D N A  (c h a rg e  4') 

a t  m / z  = 9 1 6 .6 6 4 8 , 9 2 2 .1 6 2 5 , 9 2 7 .6 5 7 2  a n d  9 3 3 .1 5 2 0  a re  a s s ig n e d  as [d 0 6 -4 H ]4', [d 0 6  - 

4 F i+ N a ]4', [d 06 -4FI+ 2N a]4‘ a n d  [d 06 -4 F I+ 3 N a ]4\  r e s p e c t iv e ly .  T h e  p e a k s  o f  f r e e  D N A  

(c h a rg e  5") a t  m / z  = 7 3 3 .1 3 3 0 , 7 3 7 .5 2 8 8 , 7 4 1 .9 2 5 8  a n d  7 4 6 .3 2 2 4  c a n  b e  in t e r p r e t e d  as 

[d06 -5FI]5', [d 06 -5F I+ N a]5", [d 0 6 -5 H + 2 N a ]5' a n d  [d06 -5F I+ 3N a]5', r e s p e c t iv e ly .  T h e  p e a k s  

o f  D N A  (c h a rg e  6 ‘) a t  m / z  = 6 1 0 .7 7 8 4 , 6 1 4 .4 4 1 1  a n d  6 1 8 .1 0 3 4 , c a n  b e  in t e r p r e t e d  as 

[d06 -6FI]6‘ , [d 06 -6FI+ N a]6' a n d  [d 06 -6 F I+ 2 N a ]6', r e s p e c t iv e ly .

T h e  r e s u lt s  o f  t h e  a n a ly s is  s h o w e d  t h e  p e a k s  o f  a c p c P N A -D N A  c o m p le x e s  w ith  

c h a rg e  6 ' a n d  T  a s  t h e  m a jo r  s p e c ie s  in  a l l  m a s s  s p e c t ra ,  b e c a u s e  t h e  c h a rg e  6~ is 

m o r e  s t a b le  t h a n  t h e  c h a rg e  7" w h e n  in c re a s in g  t h e  c o l l is io n  e n e rg y . S in c e  t h e  c h a rg e  

6 ' is m o r e  s t a b le  t h a n  t h e  c h a rg e  T  s p e c ie s  a t  in c re a s in g  c o l l is io n  e n e rg y , w e  w i l l  

c h o o s e  t o  s t u d y  e n e rg y  o f  a l l  a c p c P N A -D N A  c o m p le x e s  a t  c h a rg e  6 ' b y  CID  

t e c h n iq u e .
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3.3 Studies of noncovalent interaction in PNA-DNA duplexes

T h e  e n e rg y  o f  n o n c o v a le n t  in te r a c t io n  b e tw e e n  P N A  a n d  D N A  w a s  s t u d ie d  b y  

c o l l is io n  in d u c e d  d is s o c ia t io n  (CID). T h e  P N A -D N A  c o m p le x e s  d is s o c ia t e  u p o n  

in c re a s in g  t h e  e n e rg y  a p p l ie d  t o  io n iz e  t h e  c o m p le x e s .  T h e  s t a b i l i t y  o f  t h e  P N A -D N A  

c o m p le x e s  c a n  b e  e s t im a t e d  f r o m  t h e  d is s o c ia t io n  e n e rg y , w h ic h  c a n  b e  o b t a in e d  

a c c o rd in g  t o  t h e  e q u a t io n  E cm  = E lab [ทก/(ทาg+ m p)] (Ecm  = c e n te r - o f -m a s s  c o l l is io n  

e n e rg y , E lab = Z e V  (z  = n u m b e r  o f  c h a rg e )  = io n  k in e t ic  e n e rg y  in  t h e  la b o r a to r y  

f r a m e , m g = m a s s  o f  t h e  s t a t io n a r y  ta rg e t  gas 1 m p = m a s s  o f  p r o je c t i le  ion ). เท e a c h  

s p e c t r u m ,  t h e  d u p le x  io n s  a p p e a r  a t  tw o  c h a rg e  s ta te s  (7 ‘ a n d  6") w ith  t h e  fo rm e r  

b e in g  m o r e  p r e v a le n t .  U nd e r, g e n t le  C ID  c o n d it io n s  in  t h e  ESI, w e  f in d  t h a t  

d is s o c ia t io n  o f  t h e  6 ' d u p le x  in to  its  c o n s t i t u t iv e  s in g le  s t r a n d s  is t h e  m a jo r  p a th w a y  

b e c a u s e  t h e  6 ' d u p le x  is m o re  s t a b le  t h a n  o t h e r  p e a k . T h e r e fo re ,  w e  r e p o r t  t h e  CID  

e x p e r im e n t s  o n  t h e  6 ' c h a rg e d  d u p le x e s  o n ly .  T h e  d is s o c ia t io n  o f  t h e  p a re n t  

d u p le x e s  io n  is m o n it o r e d  b y  t h e  d is a p p e a r a n c e  o f  t h e  d u p le x  s ig n a l a n d  t h e  

a p p e a r a n c e  o f  t h e  s in g le  s t ra n d s . T h e  d is s o c ia t io n  p r o f i le s  o f  s ix  d u p le x e s  a re  

d is p la y e d  in  F ig u re  3 .1 0  - F ig u re  3 .15.

R e l a t i o n s h i p  b e tw e e n  % r e la t i v e  i n t e n s i t y  a n d  C e n t e r -

Figure 3.10 Relationship between energy and relative intensity of duplex pOl 
(TT)-dOl(AA). The relative intensity relate with ion abundance of duplex ion.
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100.0

R e l a t i o n s h i p  b e t w e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r -

o f - m a s s  c o l l i s i o n  e n e r g y  ( E q J  o f  P N A - D N A  n o .  0 2 ( A A )

B; 100
* 0 0 -----------------------------------------------------------------------------------------------------------------------

0.00 0.50 L00  L 5 0  2.00 2.50 3.00 3.50 4.00 4.50

E c  (eV)

F ig u re  3 .1 1  R e la t io n s h ip  b e t w e e n  e n e r g y  a n d  r e la t iv e  in t e n s i t y  o f  d u p l e x  p 0 2  

( A A ) - d 0 2 ( T T ) .  T h e  r e la t iv e  in t e n s i t y  r e la t e  w it h  io n  a b u n d a n c e  o f  d u p l e x  io n .

R e l a t i o n s h i p  b e t w e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r — 

o f - m a s s  c o l l i s i o n  e n e r g y  (E c t 1) o f  P M A - D M A  n o .  0 3  ( c c )

0.00 0.50 L00  1 3 0  2.00 2.50 3.00 3 30  4.00 4.50

Ecu <eV)

F ig u r e  3 .1 2  R e la t io n s h ip  b e t w e e n  e n e r g y  a n d  r e la t iv e  in t e n s i t y  o f  d u p l e x  p 0 3  

( C C ) -d 0 3 (G G ) .  T h e  r e la t iv e  i n t e n s i t y  r e la t e  w it h  io n  a b u n d a n c e  o f  d u p l e x  io n .
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R e l a t i o n s h i p  b e t w e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r -

o f - m a s s  c o l l i s i o n  e n e r g y  (Eçm) o f  PNA-DNA n o .  0 4 ( G G )

0.0 1------------------------------------------------------------------------------------------------------------------------
0.00 030 1.00 130 2.00 230 3.00 330 4.00 430

Eœ (eV)

Figure 3.13 Relationship between energy and relative intensity of duplex p04 
(GG)-d04(CC). The relative intensity relate with ion abundance of duplex ion.

T h e  e n e rg y  o f  t h e  f ir s t  s e t  o f  a c p c P N A -D N A  c o m p le x e s  w a s  s h o w n  in  F ig u re

3 .1 0  - F ig u re  3 .13 . A c c o rd in g  t o  t h e  Ecm  v a lu e s ,  t h e  r e la t iv e  s t a b i l i t y  o f  P N A -D N A  

c o m p le x e s  c a n  b e  ra n k e d  as f o l lo w s :  p O l (TT) = 4 .2 2  e V  > p 0 2  (AA) = 3 .4 9  e V  ~ p 0 3  

(CC) = 3 .49  e V  > p 0 4  (GG) = 2 .4 4  e V , r e s p e c t iv e ly .

R e l a t i o n s h i p  b e t w e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r -  

o f - m a s s  c o l l i s i o n  e n e r g y  ( E ç m ) o f  P N A - D N A  n o .  0 5

Figure 3.14 Relationship between energy and relative intensity of duplex p05- 
d05. The relative intensity relate with ion abundance of duplex ion.
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R e l a t i o n s h i p  b e tw e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r -

o f - m a s s  c o l l i s i o n  e n e r g y  (E çm) o f  PNA-D NA n o .  06

> 40.0
ร  ุ 30.0 
H 20.0 
« 10.0

0 .0 ----------------------------------------- --------------------------------------------------------------------
0.00 030 1.00 130 2.00 230 3.00 330 4.00

E œ  ( e V )

4.50

Figure 3.15 Relationship between energy and relative intensity of duplex p06- 
d06. The relative intensity relate with ion abundance of duplex ion.

A c c o r d in g  t o  F ig u re  3 .1 4  - F ig u re  3 .1 5 , t h e  E cm  v a lu e  o f  p 0 5 -d 0 5  a n d  p 0 6 -d 0 6  

c o m p le x e s  w e r e  d e t e c t e d  a t  3 .8 4  e V  a n d  3 .86  eV , r e s p e c t iv e ly .
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3.4. Stability of PNA-DNA duplexes in solution phase versus gas phase

R e l a t i o n s h i p  b e tw e e n  % r e l a t i v e  i n t e n s i t y  a n d  c e n t e r -  
o f - r a a s s  c o l l i s i o n  e n e r g y  (E q *) o f  P N A -D N A  n o .  0 1 - 0 4

::o

'ว

ว  0 .3  1  1 .5  2  2 .5  5  3 .5  4  4 .5

E r a  ( e V )

Figure 3.16 The relationship between energy of and relative intensity of hybrids 

of pOl (TT), p02 (AA), p03 (CC), p04 (GG) with their complementary 

DNA (charge 6 ). The relative intensity relate with ion abundance of

duplex ion.

1.3

20 30 40 50 60 70 80 90

T°c

p O IT T  

p02 AA  

p03 CC 

-------p04_GG

Figure 3.17 Melting curves o f hybrids o f pOl (TT), p02 (AA), p03 (CC), p04 (GG)
with their com plem entary DNA (measured at 260 nm, in 10 mM sodium

phosphate buffer, pH 7.0 at 1 pM concentration).
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Table 3 .2  E n e rg y  a n d  m e lt in g  t e m p e r a t u r e  v a lu e  o f  P N A -D N A  c o m p le x e s

P N A /D N A  no . P N A /D N A  S e q . Ecm E 1/2 Tm

p O l c m T G T  I A A T T G  A C T 4 .2 2 8 0 2 .1 1 4 > 82 .5

d o i  (AA) A C A  A T T A A C  T G A

p 0 2  (AA) T G T  A A A A T G  A C T 3 .4 9 3 8 1 .7469 82 .5

d 0 2  c m A C A  r r r T A C  T G A

p 0 3 ( C C ) T G T  C A A C T G  A C T 3 .4 9 3 4 1 .7467 69 .5

d 0 3  (GG) A C A  G T T G A C  T G A

p 0 4  (GG) T G T  G A A G T G  A C T 2 .445 1 1 .2225 74.1

d 0 4  (CC) A C A  C T T Ç A C  T G A

p _ 0 5 C G C  G C T C C G  C T A 3 .8 4 0 4 1 .9202 71 .2

d _ 0 5 G C G  C G A G G C  G A T

p _ 0 6 C G C  G C A G G T  T C C 3 .8 6 2 0 1 .9310 70 .8

d _ 0 6 G C G  C G T C C A  A G G

E 1/2 m e a n s  h a l f  o f  t h e  E cm  v a lu e .

T h e  o b t a in e d  Ec m , E i /2 a n d  Tm v a lu e s  m e a s u re d  b y  ES I-M S  a n d  U V -v is  

r e s p e c t iv e ly ,  a re  s h o w n  in  F ig u re s  3 .1 6  -  3 .17 . B o th  v a lu e s  a re  u s e d  t o  c o m p a re  th e  

s t a b i l i t y  o f  n o n c o v a le n t  in te r a c t io n  o f  P N A -D N A  c o m p le x e s .  T h e  E cm  v a lu e s  w e re  

o r d e r e d  as p O l (TT) > p 0 2  (AA ) »  p 0 3  (CC) > p 0 4  (GG), r e s p e c t iv e ly .  T h e  Tm v a lu e s  

w e r e  o r d e r e d  as p O l (TT) > p 0 2  (AA ) > p 0 4  (GG) > p 0 3  (CC), r e s p e c t iv e ly .

S t a b i l i t y  o f  a c p c P N A -D N A  c o m p le x e s  w ith  T  a n d  A  b a s e s  a t  p o s it io n s  4  a n d  7 in 

t h e  gas p h a s e  c o r r e s p o n d s  t o  t h e  Tm v a lu e s  in  s o lu t io n  p h a s e  b e c a u s e  th e  s t a b i l i t y  

o f  A -T  p a irs  a re  d o m in a t e d  b y  h y d ro g e n  b o n d in g . T h e  r e s e a rc h  o f  ร น  P a n  a n d  

c o l le a g u e s  [45] h a v e  d e s c r ib e d  t h e  a l t e r n a t e  b a s e  p a irs  o n  a P N A  s t ra n d  (T -A , A -T , C - 

G, G-C), it a ls o  a f fe c ts  t h e  s t a b i l i t y  o f  P N A -D N A  c o m p le x e s .  T h e  e x p e r im e n t a l  o f  รน  

P a n  w a s  s tu d ie d  o f  t h e  in f lu e n c e  o f  t h e  b a s e  s ta c k in g  a f fe c t  t h e  s t a b i l i t y  o f  P N A -D N A  

c o m p le x e s .  T h e  s t a b i l i t y  s h o w e d  t h a t  t h e  d u p le x  A T  is le s s  s t a b le  t h a n  d u p le x  T A  in  

t h e  gas p h a se . H o w e v e r ,  t h e  s t a b i l i t y  o f  P N A -D N A  c o m p le x e s  w it h  G a n d  c  b a s e s  a t 

t h e  p o s it io n s  4  a n d  7 in  t h e  gas p h a s e  d o e s  n o t  c o r r e s p o n d  t o  Tm in  s o lu t io n  p h a s e
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A c c o rd in g  t o  F ig u re  3 .16 , in  t h e  f irs t  s ta g e s  t h e  in te n s ity  o f  P N A -D N A  c o m p le x e s  

is in c re a s e d .  D u e  t o  t h e  t ra n s fe r  t h e  e n e rg y  f r o m  c o l l is io n  gas, t h e  in n e r  e n e rg y  o f  

P N A -D N A  c o m p le x e s  w a s  in c r e a s e d  in it ia l ly  a s  a lr e a d y  d is c u s s e d  in  3 .1 . เท t h e  n e x t  

s ta g e , t h e  in te n s ity  w a s  r e d u c e d  b e c a u s e  t h e  in n e r  e n e rg y  c h a n g e d  t o  k in e t ic  e n e rg y . 

T h e  P N A -D N A  c o m p le x e s  w e r e  d is s o c ia t e d  b y  k in e t ic  e n e rg y . เท a d d it io n ,  t h e  r e s u lt  

s h o w s  th a t  t h e  P N A  s t ra n d  c o n ta in s  m a n y  G  b a s e s  is n o t  s t a b i l iz e d  b y  t h e  in n e r  

e n e rg y  a c c o rd in g  t o  t h e  r e s u lt  f r o m  V a lé r ie  G a b e lic a  [27], C o n s e q u e n t ly ,  t h e  

in f lu e n c e s  o f  t h e  in n e r  e n e rg y  w e re  o b s e r v e d  in  t h e  o r d e r  o f  T  > A  ~ c > G, 

r e s p e c t iv e ly .  O n  t h e  o th e r  h a n d , o r d e r  o f  b a s e  p a ir  s t a b i l i t y  in  t h e  s o lu t io n  p h a s e  

w e re  T -A  > A -T  > G -C  > C -G  b e c a u s e  o f  t h e  in f lu e n c e  o f  P l-b o n d in g  a n d  b a s e  s ta c k in g  

[46], T h e  m e lt in g  c u r v e s  o f  h y b r id s  o f  a l l  a c p c P N A -D N A  c o m p le x e s  in  t h e  s o lu t io n  

p h a s e  m e a s u re d  a t  2 6 0  n m  in  s o d iu m  p h o s p h a t e  b u f fe r  s o lu t io n  p H  7 .0  a t  1 p M  

c o n c e n t r a t io n .  W e  u s e d  b u f fe r  s o lu t io n  p H  7 .0  b e c a u s e  t h e  P N A -D N A  c o m p le x  

c a p t u r e  w e l l  t h a n  t h e  a c id  o r  b a s e  b u f fe r  s o lu t io n  [37, 41 , 46 , 47],

because the stability of G-C pairs depends on both hydrogen bonding and base
stacking.
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Figure 3.18 Melting curves of hybrids of p05 with its complementary DNA 
(measured at 260 nm, in 10 mM sodium phosphate buffer, pH 7.0 at 1 pM

concentration).
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Figure 3.19 Melting curves of hybrids of p06 with its complementary DNA 
(measured at 260 nm, in 10 mM sodium phosphate buffer, pH 7.0 at 1 pM

concentration).

เท t h e  s e c o n d  s e t  o f  P N A , t h e  r e la t iv e  s t a b i l i t ie s  o b t a in e d  f r o m  gas p h a s e  a n d  

s o lu t io n  p h a s e  e x p e r im e n t s  a re  s l ig h t ly  d if f e r e n t  (F ig u re  3 .1 8  -  F ig u re  3 .19). F ro m  th e  

Ecm  v a lu e  o f  t h e  d u p le x  p 0 6 -d 0 6  is a l i t t le  m o re  s t a b le  t h a n  d u p le x  p 0 5 -d 0 5 .  B e c a u s e  

t h e  P N A  s t ra n d  o f  p 0 6  h a v e  m o r e  p u r in e  b a s e  th a n  p 0 5  a n d  t h e  P N A  s t r a n d  o f  p 0 6  

h a v e  t h e  t e rm in a l G  a n d  c b a s e . T h e  t e rm in a l  G  a n d  c b a s e  h e lp  t o  m a in ta in  t h e  

h e l ic a l  s t r u c tu r e  o f  P N A -D N A  c o m p le x e s .

เท th is  e x p e r im e n t  w e  a re  u n d e r s ta n d in g  th e  d is s o c ia t io n  k in e t ic s  is a 

p r e r e q u is it e  t o  in te rp re t  M S / M S  d is s o c ia t io n  p a th w a y s . T h e  o b s e r v a t io n  o f  a g iv en  

f r a g m e n ta t io n  p a th w a y  d e p e n d s  o n  w h e t h e r  t h e  p r e c u r s o r  io n  r e c e iv e d  s u f f ic ie n t  

a m o u n t  o f  in te rn a l e n e rg y  t o  u n d e rg o  f r a g m e n ta t io n  b e fo re  t h e  p r o d u c t  io n  

s p e c t r u m  is r e c o rd e d .  T h e  t w o  k e y  in s t r u m e n ta l p a ra m e te r s  a re  t h e  a m o u n t  o f  

in te rn a l e n e rg y  g iv en  in t h e  a c t iv a t io n  s te p , a n d  t h e  t im e  a l lo w e d  fo r  f r a g m e n ta t io n  

(in o th e r  w o rd s ,  t h e  f r a g m e n ta t io n  t im e  sca le ) . T y p e  o f  f r a g m e n ta t io n  in  a 

q u a d r u p o le  t im e  o f  f l ig h t  t a k e s  p la c e  in  le s s  th a n  a m i l l i s e c o n d  ( s h o r t  f r a g m e n ta t io n  

t im e  s c a le ) , w h e re a s  in a q u a d r u p o le  io n  t ra p  o r  a n  F T -IC R -M S /M S  it  t a k e s  f r o m  30  

m s  t o  s e c o n d s  ( lo n g  f r a g m e n ta t io n  t im e  sca le ) . T h e r e fo re ,  d u r in g  t h e  e x p e r im e n t  

w h e n  in c re a s in g  t h e  in te r n a l e n e rg y  is s t ra n d  s e p a ra t io n .  C o n v e r s e ly ,  w h e n  u s in g  

in s t r u m e n t s  a l lo w in g  fo r  lo n g  f r a g m e n ta t io n  t im e  s c a le ,  t h e  f irs t  r e a c t io n  p a th w a y  

o b s e r v e d  w h e n  in c re a s in g  t h e  in t e r n a l  e n e rg y  is b a s e  lo s s .
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เก th is  e x p e r im e n t ,  t h e  r e s t r ic t io n s  o n  t h e  p a r a m e te r  t h a t  m a y  a f f e c t  t h e  

s t a b i l i t y  o f  t h e  c o m p le x  m e a s u r e m e n ts  s u c h  as c o n e  v o lt a g e  p a ra m e te r .  

U n fo r t u n a t e ly  w e  w e re  u n a b le  t o  m o d if y  t h e  c o n e  v o lt a g e  se tt in g . T h e  s e t t in g  

p a r a m e te r  o f  h igh  c o n e  v o lt a g e  w i l l  r e s u lt  in  a c o m p le x  s e p a ra t io n  b e fo r e  in c re a s in g  

t h e  e n e rg y  t o  c o l l is io n  c e l l .  S o  w e  w i l l  s e e  t h e  p e a k  o f  t h e  D N A  s t ra n d  in  t h e  m a s s  

s p e c t r u m . T h e  ES I-M S  e x p e r im e n t  c a n  b e  u s e d  t o  e s t im a te  t h e  s t a b i l i t y  o f  t h e  

n o n c o v a le n t  in te r a c t io n  o f  P N A -D N A  c o m p le x e s  in  t h e  gas p h a se . T h e  d a ta  o b t a in e d  

f r o m  ES I-M S  s h o w  t h a t  t h e  e f f e c t  o f  in n e r  e n e rg y  t o  t h e  s t a b i l i t y  o f  P N A -D N A  

c o m p le x e s .  เท t h e  m o s t  r e s e a rc h  is r e la t e d  t o  t h e  u s e  o f  P N A  as a p r o b e  t o  d e t e c t  

D N A  s e q u e n c e s .  S o , w e  h o p e  th a t  t h e  in fo rm a t io n  f r o m  th is  e x p e r im e n t  w i l l  b e  

u s e fu l in  u n d e r s t a n d in g  t h e  n a tu re  o f  P N A -D N A  in te ra c t io n s .
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