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FAST ATOM BOMBARDMENT 
MASS SPECTROMETRY 

OF NUCLEOSIDES,NUCLEOTIDES 
AND OLIGONUCLEOTIDES 

Debra L.  Slowikouski and Karl H. Schram* 
Department of Pharmaceutical  Sciences 

College o f  Pharmacy, Universi ty  o f  Arizona 
Tucson, Arizona 8572 1 

Abstract .  Fas t  atom bombardment (FAB) mass spectrometry,  a new 
i o n i z a t i o n  technique, has been app l i ed  t o  a v a r i e t y  o f  p o l a r ,  non- 
v o l a t i l e  compounds with cons ide rab le  success .  Current l i t e r a t u r e  
regarding t h e  a n a l y s i s  o f  nucleosides ,  nuc leo t ides  and ol igonucleo-  
t i d e s  using FAB is reviewed. 

I In t roduc t ion  

I1 Nucleosides 
A. General C h a r a c t e r i s t i c s  
B. Appl icat ions 

I11 Nucleotides 
A. Mononucleotides 

1. General C h a r a c t e r i s t i c s  
2. Applicat ions 

B. Dinucleot ides  
C. Ol igonucleot ides  

I V  Conclusions 

I. In t roduc t ion  

A powerful dimension was added t o  t h e  f i e l d  o f  mass spectrometry 

w i t h  t he  in t roduc t ion  of fast  atom bombardment (FAB) i o n i z a t i o n  i n  

1981.1,2 The FAB technique,  i n  which fast  atoms a r e  impinged onto a 
l i q u i d  s u r f a c e  containing t h e  d i s so lved  a n a l y t e ,  is a deso rp t ion  

i o n i z a t i o n  method y i e l d i n g  not  only a s t r o n g  molecular weight related 

ion ,  MH+ i n  p o s i t i v e  and (M-H)' i n  nega t ive  ion d e t e c t i o n  modes, b u t  

a l s o  providing s t r u c t u r a l l y  d i a g n o s t i c  fragments f o r  many compound 
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3 10 SLOWIKOWSKI AND SCHRAM 

classes. I n  p a r t i c u l a r ,  FAB a l l o w s  t h e  a n a l y s i s  of i n v o l a t i l e  and 

the rma l ly  l a b i l e  compounds3, i n t r a c t a b l e  t o  t h e  s t a n d a r d  methods of 
e l e c t r o n  impact ( E I )  and/or  chemica l  i o n i z a t i o n  (CI) o r  t h a t  r e q u i r e  
p r i o r  der ivat izat ion f o r  t h e  product ion  of molecular  and o t h e r  

r e l e v a n t  i ons .  
The a n a l y s i s  o f  n u c l e i c  a c i d  components by o t h e r  "softtt 

i o n i z a t i o n  techniques  such  as f i e l d  d e s o r p t i o n  (FD)5-7, 252Cf-plasma 

deso rp t ion  (PD), 8-10 deso rp t ion  chemical i o n i z a t i o n  (DCI) 1-13 and 
secondary ion  mass spec t romet ry  ( S I M S ) ~ ~ ,  '5 has  been s u c c e s s f u l ,  w i t h  

s i g n i f i c a n t  c o n t r i b u t i o n s  being made by each of t h e s e  methods. 

However, FAB posses ses  a number of impor tan t  advantages  over  t h e s e  

o t h e r  techniques .  Unl ike  t h e  FD and PD methods, t h e  a c c e s s i b i l i t y  of 

FAB is no t  s e v e r e l y  l i m i t e d  s i n c e  r equ i r ed  mod i f i ca t ions  t o  e x i s t i n g  

mass spec t romete r s  are  r e l a t i v e l y  inexpens ive  and t h e  equipment may be 

mounted on any mass spec t romete r  regardless of t h e  t y p e  of ana lyzer .16  

I n  c o n t r a s t  t o  FD and D C I ,  FAB r e s u l t s  have been shown t o  b e  g e n e r a l l y  

r ep roduc ib le  between l a b o r a t o r i e s ,  l7 due p a r t i a l l y  t o  s imple ,  a l though  

i n  some cases c r i t i ca l ,  sample prepara t ion .18  F i n a l l y ,  a g a i n  i n  

c o n t r a s t  to  D C I  and FD, long- l ived  i o n  c u r r e n t s  i n  FAB permi t  time- 
consuming procedures ,  such  as h igh  r e s o l u t i o n  measurements l 9  and 

me tas t ab le  ion  a n a l y s i s ,  t o  be accomplished wi thout  r epea ted  sample 

loading  . 
An important l i m i t a t i o n  of FAB and a l l  ltsoftw o r  d e s o r p t i o n  

i o n i z a t i o n  techniques  is t h a t  on ly  pure  samples can  be ana lyzed .  

Mixtures o f  compounds and b i o l o g i c a l  samples n e c e s s i t a t e  t h e  use  of 

c o l l i s i o n a l  a c t i v a t i o n  ( C A I  and tandem mass spec t romet ry  (MS/MS) t o  

s e p a r a t e  and s e l e c t i v e l y  a n a l y z e  components. The coup l ing  o f  l i q u i d  

chromatography wi th  FAB i o n i z a t i o n  (LC/FAB MS), however, is t h e  most 
novel  approach t o  t h e  s e p a r a t i o n  of mixtures  r e p o r t e d  t h u s  fa r ,  
demonst ra t ing  ou t s t and ing  r e s u l t s  w i th  pep t ides ,20  and promises t o  be  

o f  s i g n i f i c a n t  va lue  i n  t h e  f u t u r e  for  t h e  a n a l y s i s  of n u c l e i c  acid 

components. 

Although t h e  mechanism o p e r a t i n g  i n  FAB i o n i z a t i o n  is sti l l  

s p e c u l a t i v e ,  c u r r e n t  t h e o r i e s  emphasize t h e  importance o f  s u r f a c e  

chemis t ry ,  s o l u b i l i t y  and o t h e r  s o l u t e - s o l v e n t  i n t e rac t ions21-23  which 

affect  n o t  only t h e  product ion  bu t  a l s o  t h e  q u a l i t y  of t h e  r e s u l t i n g  

spectrum. Consequently,  sample p r e p a r a t i o n  is a c r i t i ca l  factor i n  
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FABMS OF NUCLEOSIDES 311 

o b t a i n i n g  FAB mass spec t ra .18  A v a r i e t y  of FAB s o l v e n t s  have been 

i n v e s t i g a t e d  ranging  from g l y c e r o l 1  , t h e  o r i g i n a l  and u s u a l l y  first 
cho ice  matrix, t o  t h e  newly developed "magic b u l l e t n , 2 4  a mix tu re  o f  

d i t h i o e r y t h r i t o l  and d i t h i o t h r e i t o l  proposed t o  offer  less background 

i n t e r f e r e n c e .  Attempts t o  op t imize  exper imenta l  c o n d i t i o n s ,  t h e r e f o r e ,  

must t a k e  i n t o  c o n s i d e r a t i o n  t h e  c o n c e n t r a t i o n  of t h e  sample and t h e  

chemical p r o p e r t i e s  o f  bo th  t h e  sample and t h e  s o l v e n t  matrix used i n  

t h e  experiment. 

Th i s  review covers  t h e  l i t e r a t u r e  th rough t  mid-1 984 d e s c r i b i n g  

t h e  use  of FAB f o r  t h e  a n a l y s i s  of nuc leos ides ,  n u c l e o t i d e s  and 

o l igonuc leo t ides .  

11. NUCLEOSIDES 

A. General  C h a r a c t e r i s t i c s  

The mass s p e c t r a  o f  s imple  pu r ine  and pyr imidine  n u c l e o s i d e s  have 

been examined and d e t a i l e d  f ragmenta t ion  pathways proposed for  t h e  
major ions  p r e s e n t  i n  both  e l e c t r o n  impact (E I i25  and chemical 

i o n i z a t i o n  (CI)26 mass s p e c t r a .  However, some of t h e  less v o l a t i l e  or 
the rma l ly  l ab i le  nuc leos ides  do n o t  produce mass s p e c t r a  i n d i c a t i v e  of 

t h e i r  s t r u c t u r e  by t h e s e  two s t a n d a r d  techniques .  D e r i v a t i z a t i o n ,  

a l though o f  va lue  i n  many i n s t a n c e s ,  27 r e q u i r e s  a n  a d d i t i o n a l  sample 

manipula t ion  s t e p  and may produce unwanted or unsuspec ted  s i d e  

products.28 ,29 Since  v o l a t i l i t y  r e s t r i c t i o n s  are n o t  a c o n s i d e r a t i o n ,  

FAB i o n i z a t i o n  o f f e r s  a powerful a l t e r n a t i v e  t o  d e r i v a t i z a t i o n  and 

pe rmi t s  t h e  a n a l y s i s  of free nuc leos ides .  The a p p l i c a t i o n  of FAB MS 
i n  t h e  c h a r a c t e r i z a t i o n  of med ic ina l ly  impor tan t  n u c l e o s i d e s  (and 

t h e i r  m e t a b o l i t e s ) ,  a n t i b i o t i c  nuc leos ides  of n a t u r a l  or s y n t h e t i c  

o r i g i n  and nuc leos ide  chemical-carcinogen adduc t s  are j u s t  a few 
examples o f  t h e  u t i l i t y  of t h i s  i o n i z a t i o n  method which have been 

r epor t ed  i n  t h e  l i t e r a t u r e .  

Few r e p o r t s  have d i scussed  t h e  FAB mass s p e c t r a  of nuc leos ides .  

The FAB mass s p e c t r a  of t h e  major r i b o -  and deoxyr ibonucleos ides  found 

i n  RNA and DNA have been examined and compared t o  d a t a  ob ta ined  u s i n g  

E I  and C I 3 O  (See  Tab les  1 and 2). I n  an  independent s tudy ,  t h e  FAB 

and FAB/co l l i s iona l ly  a c t i v a t e d  decomposition (CAD) tandem mass 
spec t romet ry  (MS/MS) a n a l y s i s  o f  a series of nuc leos ides  are compared 
and r e l a t e d  t o  E I  and C I  ~ p e c t r a . 3 ~  The fo l lowing  d i s c u s s i o n  
d e s c r i b e s  t h e  f i n d i n g s  of t h e s e  two r e p o r t s .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



SLOWIKOWSKI AND SCHRAM 3 12 

Table 1. Comparative intensities of the molecular or MH+ i o n  and significant fragment 
ions  using FAB, CI and EI techniques in the positive ion mode.30 

&a,b B+44'= B+30d B+2H S+ Other 
m / z ( % R I )  m/z(%RI) m/z(%RT) m/z(%RI) m/z(%RI) m/z(%RI) 

Adenosine FAB 268(92) 

EI 267(20) 
Guanosine FAB 284(62) 

CI " (59) 

CI - 
EI - 

Uridine FAB 245(58) 
CI " (19) 
EI 244(9) 

Cyt idine FAB 244(63) 
CI " (2) 
EI 243(1) 

Deoxyadenosine FAB 252(54) 
CI " (31) 
EI 251(10) 

Deoxyguanosine FAB 268(43) 
CI - 
EI - 

Deoxycytidine FAB 228(46) 
CI - 
EI 227(2) 

Thymidine FAB 243(42) 
CI " (19) 
EI 242(8) 

Pseudouridine FAB 245(100) 

CI " (64) 

E I  244(Cl) 

164 (7) 
'I (3) 
" (70) 

180(3) - 
- 

141( 1) 
" (17) 
" (20) 

" (2) 
I' (43) 

1 4 0 ( 4 )  

164(4) 
" (23) 
I' (12) 
180(1) - 

- 
140(1) 

I' ( 4 )  
I '  (rl) 

1S5(< 1) 
" (24) 
" (C1) 

141(8) 

" (19) 

136(100) 133(3) 
" (100) " (2) 
" (78)  " (2) 
152(100) 133(2) - - 

- - 
113(100) 133(11) 
" (100) " (33) 
" (100) " (57) 
112(100) - 
" (100) - 
" (100) 133(2) 

136(100) 117(4) 

" (30) " (5) 
152(100) 117(2) 

" (100) " (5) 

- - 
- - 

112(100) 117(5) 
" (100) " (20) 
" (63) " (15) 

127 (100) 

" (27) 
113(15) 

I' (100) 

" (28) 

" (100) " (10) 

(Ml++c)+:360(28) 

BH+: 13 5 ( 100) 

( MHtG) + : 38 6 ( 1 2 ) 

(MH+C)+:337(13) 

BH+: 112 (22) 
(MH+G)+: 336(12) 

BH+:111(46) 
(B+4 1) : 151 ( 26) 

(MH+G)f:344(8) 

BH+ : 13 5 (1 00) 
(MH+C)+: 360(3) 

(;m+c)+: 320(5) 

Bd: 111 (100) 
153 (18) 

(MH+G) + : 3 3 5 ( 4  ) 

BH': 126(32) 
(MH+G ) + : 3 3 7 ( 17 ) 
(MH-ZHzO)': 209(7) 
(MH-3H20)+:191(2) 
(MH-H20)+:227(5) 
(MH-2H20)':209(5) 
(MH-3H20)+: 191 ( 4 )  
(?T!-H20) :226(4) 
(Mt-ZH20):208(6) 

Notes: 
a Molecular ion species in EI is Me'. 

C In the deoxy series, the i o n  corresponding to the B+44 i o n  is the B+28 ion. 
d The relative contributions of BH*C2Hg and B.CH20 to the B+30 ion in the CI mode 

Methane used as reagent gas in CI mode unless noted otherwise. 

(methane) are not  currently known. 

The p o s i t i v e  i o n  FAB mass spec tra  of nuc leos ides  are 
character ized by the  presence of a normally s trong MH+ ion  and 

g l y c e r o l  ( G )  o r  the  t h i o g l y c e r o l  (TG) adduct i o n s ,  depending on t h e  

matrix used i n  the  a n a l y s i s .  In  addi t ion  t o  providing confirmation of 

the  molecular weight o f  the  sample, t h e  adduct ions  may contain  

information concerning t h e  type  of  sugar p r e ~ e n t . 3 ~  A higher  r e l a t i v e  
abundance is noted for t h e  (MH+G)+ i ons  i n  the  r i b o s e  s u b s t i t u t e d  
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FABMS OF NUCLEOSIDES 313 

Table 2. Comparative intensities of the molecular or (M-H)- i o n  and significant 
fragment i o n s  in the negative i o n  FAB and EI mass spectra.a 

(M-H)- (B+42)' 8- Other 
m/z (%RI) m/t (XRI) m/z (XRI) m/z ( X R I )  

Adenosine FAB 266(12) - 134 (100) (B-NH3)-: 117 (10) 
EI " (3) I' (12) ,I 

Guanosine FAB 282(37) 192(2) 150(100) 
EI - - - 

Ur id ine FAB 243(45) 153(5) lll(100) (M-H-43)-:200(7) 
EI It (9) " (4) 'I (100) 

EI 'I (15) 'I (4) (100 
Cyt idine FAB 242(72) 152(4) llO(100) 

Deoxyguanosine FAB 266(66) - 150( 100) 

Thymidine FAB 241(37) 167(<1) 125(100) 

EI - - - 
EI 'I (13) " (C1) 'I (100) 

Note: 
a EI intensity values from reference 37). 

n u c l e o s i d e s  r e l a t i v e  t o  t h e  deoxy series and may i n d i c a t e  t h e  

impor tance  o f  t h e  ep imer i c  o r i e n t a t i o n  of t h e  c i s -hydroxyl  g roups  i n  

t h e  r i b o s e  r i n g  for t h e  fo rma t ion  of t h e  n u c l e o s i d e - g l y c e r o l  

c0mplex .3~  Suppor t  for t h i s  hypo thes i s  is ga ined  from a r e c e n t  r e p o r t  

d e s c r i b i n g  a similar o b s e r v a t i o n  i n  t h e  fo rma t ion  o f  a 4- 

t o lueneboron ic  ac id -nuc leos ide  complex where t h e  same t r e n d  was 
observed. 32 The importance o f  s t e r e o c h e m i s t r y  h a s  a l s o  been mentioned 

i n  r e f e r e n c e  t o  fo rma t ion  o f  a n u c l e o s i d e - c i s  p l a t i n i n  complex.33 

Other  g l y c e r o l  ma t r ix  i o n s  o f  t h e  form (Gn+H)+, where n=2,3 .  .., 
are normally cons ide red  t o  be  i n t e r f e r e n c e s  i n  a FAB spec t rum and can  

be  e l i m i n a t e d  by a t  least two p o s s i b l e  procedures .  Matrix related and 

o t h e r  i n t e r f e r i n g  i o n s  may be  comple te ly  avoided by u s i n g  FAB/CAD 

MS/MS i n  which o n l y  i o n s  r e l a t e d  t o  t h e  sample are recorded.3'  I f  

c o l l i s i o n a l  a c t i v a t i o n  MS/MS exper iments  are n o t  w i t h i n  t h e  c a p a b i l i t y  

o f  t h e  a v a i l a b l e  i n s t r u m e n t ,  t h e  use  of more than  one s o l v e n t  m a t r i x  

is a feas ib le  a l t e r n a t i v e ,  p a r t i c u l a r l y  when sample i o n s  are s u s p e c t e d  

t o  b e  c o i n c i d e n t  w i t h  t h e  background g l y c e r o l  peaks.  Comparison o f  

t h e  s p e c t r a  ob ta ined  i n  each  s o l v e n t  can then  be made and sample 
r e l a t e d  i o n s  e a s i l y  i d e n t i f i e d .  

I n  a d d i t i o n  t o  t h e  p roduc t ion  of g l y c e r o l  adduc t  and c a t i o n  

exchange i o n s ,  e.g. Na, t h e  format ion  o f  dimeric sample peaks has  a l s o  
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314 SLOWIKOWSKI AND SCHRAM 

been observed  u s i n g  FAB. Thus,  d u r i n g  t h e  a n a l y s i s  o f  guanos ine ,  

deoxyguanosine and a number of n u c l e o t i d e s ,  i o n s  co r re spond ing  t o  

p ro tona ted  d imers  o f  t h e  form (M2H)+ were no ted  i n  t h e  p o s i t i v e  i o n  

FAB s p e c t r a  o f  t h e  n u c l e 0 s i d e s . 3 ~  A similar o b s e r v a t i o n  h a s  been made 

du r ing  t h e  p o s i t i v e  i o n  FAB a n a l y s i s  of n a t u r a l  p roduc t s  i s o l a t e d  from 
p l a n t  sou rces .  35 

The decomposition of n u c l e o s i d e s  w i t h  FAB i o n i z a t i o n  l e a d s  t o  

s t r u c t u r a l l y  d i a g n o s t i c  fragment i o n s ,  ana logous  t o  i o n s  produced by 

EI25 and C126,  b u t  w i t h  a c l o s e r  cor respondence  t o  t h e  C I  s p e c t r a .  

The s i m i l a r i t y  between C I  and FAB s p e c t r a  arises f o r  a number of 

r e a s 0 n s . ~ 7  F i r s t ,  bo th  t echn iques  are " s o f t t t  i o n i z a t i o n  methods, i n  

c o n t r a s t  t o  E I  where a s i g n i f i c a n t  amount o f  excess  energy  is impar ted  

t o  t h e  sample. Second, f r agmen ta t ions  i n  C I  and FAB proceed from 

even-e lec t ron  i o n s  wh i l e  b o t h  i o n  and r a d i c a l  s i t e  i n i t i a t e d  

decompositions are p o s s i b l e  i n  E I .  The number o f  f r agmen ta t ion  

pathways a v a i l a b l e  i n  C I  and FAB are t h u s  more l i m i t e d  r e l a t i v e  t o  E I  

and g r e a t l y  s i m p l i f i e d  mass s p e c t r a  are t h e r e f o r e  produced w i t h  t h e  

s o f t  i o n i z a t i o n  t echn iques  . 
Assuming i n i t i a l  p r o t o n a t i o n  on t h e  base, t h e  major r o u t e  o f  

decomposition o f  t h e  MH+ i o n  i n  FAB is g l y c o s i d i c  bond c l e a v a g e ,  

accompanied by t r a n s f e r  o f  an  a d d i t i o n a l  hydrogen from t h e  s u g a r  t o  

t h e  aglycone t o  form t h e  (BH2)+ ion36 (See F i g u r e  1 ) .  Although t h e  

(BH2)+ i o n  was n o t  t h e  base peak i n  t h e  p o s i t i v e  i o n  FAB spec t rum of 

a l l  nuc leos ides  r e p o r t e d  u s i n g  normal FAB c o n d i t i o n s ,  t h i s  i on  d i d  

appear  as t h e  base peak i n  a l l  FAB/CAD MS/MS n u c l e o s i d e  ~ p e c t r a . 3 ~  T h e  

(BH2)+ i o n  is, i n  a l l  cases e x c e p t  one,  t h e  base  peak i n  t h e  p o s i t i v e  

i o n  s p e c t r a  i n  t h e  work from t h i s  l a b 0 r a t o r y . 3 ~  The excep t ion  t o  t h e  

above s t a t emen t  is t h e  C-nucleoside pseudour id ine ,  where g l y c o s i d i c  

bond c l eavage  is suppres sed  due t o  t h e  greater s t r e n g t h  of t h e  C-C 

base-sugar  bond r e l a t i v e  t o  t h e  C-N bond of  normal nuc leos ides .  

Two impor t an t  f ragments  r e s u l t i n g  from c leavage  a c r o s s  t h e  r i b o s e  

ring appea r  a t  t h e  same m/z v a l u e s  as t h e  B+44 and B+30 i o n s  d e s c r i b e d  

in E125 and C126. These i o n s  occur  90 and 104 amu, r e s p e c t i v e l y ,  

below t h e  MH+ i o n  i n  t h e  p o s i t i v e  i o n  FAB s p e c t r a  (See  F i g u r e  1 ) .  The 

(B+44)+ and (B+30)+ i o n s  i n  FAB, a l s o  referred t o  as S1 and S2 i o n s , 3 l  

arise by p ro ton  a b s t r a c t i o n  from t h e  s u g a r  by t h e  base. The mechanism 
of i o n  fo rma t ion  i n  FAB appea r s  t o  be  c l o s e l y  related t o  t h a t  o f  C126 
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FABMS OF NUCLEOSIDES 315 

L M H - 9 0  
(8*44)+ 

FIG. 1. Common fragments appea r ing  i n  p o s i t i v e  i o n  FAB mass s p e c t r a  
of nuc leos ides  (adapted  from Ref. 31).  Adenosine is shown. 
No l o c a l i z a t i o n  of t h e  p ro ton  is in t ended  i n  t h e  s t r u c t u r e .  

where c h a r g e - s i t e  i n i t i a t e d  c l eavages  l e a d  to  t h e  format ion  o f  t h e  

(B+44)+ and (B+30)+ ions .  I n  t h e  2'-deoxy series, an  i o n  a t  (B+28)+ 

is observed which cor responds  t o  t h e  (B+44)+ i o n  of t h e  r i b o s i d e  

ana logs .  The i n t e n s i t y  of t h e  (B+28)+ i o n  is approximate ly  t h e  same 
i n  a l l  t h r e e  i o n i z a t i o n  m0des .3~  

Sugar i o n s ,  S+, r e s u l t i n g  from r e t e n t i o n  of charge  by t h e  

carbohydra te  fo l lowing  g l y c o s i d i c  bond c l eavage ,  are ev iden t  f o r  most 

of t h e  nuc leos ides  examined i n  t h i s  l a b 0 r a t o r y . 3 ~  The r e l a t i v e  

abundance of t h e  S+ i o n  is g e n e r a l l y  observed t o  b e  h i g h e r  i n  t h e  

pyr imidine  nuc leos ides  r e l a t i v e  t o  t h e  pu r ine  ana logs  i n  t h e  p o s i t i v e  

i o n  FAB s p e c t r a .  Th i s  r e s u l t  cor responds  t o  ear l ier  work u s i n g  E I  and 

C I  and is similar t o  obse rva t ions  publ i shed  earlier on t h e  FAB of 
n u c l e 0 s i d e s . 3 ~  I n  t h e  l a t te r  r e p o r t ,  S+ i o n s  are observed i n  t h e  FAB 

s p e c t r a  o f  pyr imidine  b u t  n o t  p u r i n e  nuc leos ides  recorded  u s i n g  e i t h e r  

normal o r  CA MS/MS cond i t ions .  The presence  of (MH-H20)+ and 

(MH-CH20H)+ i o n s  is an  a d d i t i o n a l  f e a t u r e  i n  t h e  s p e c t r a  produced 

us ing  t h e  CA MS/MS t echn ique  bu t  t h e s e  i o n s  are no t  d e t e c t e d  i n  t h e  

s p e c t r a  recorded  i n  t h i s  l a b o r a t o r y  u s i n g  normal FAB cond i t ions .  3O 

An example o f  t h e  s t r u c t u r a l  i n fo rma t ion  a v a i l a b l e  i n  t h e  s p e c t r a  
of nuc leos ides  ob ta ined  us ing  FAB is t h e  a b i l i t y  t o  d i s t i n g u i s h  t h e  
s i t e  of me thy la t ion ,  base  o r  sugar, i n  modified nuc leos ides .  

Examination of t h e  (B+44)+, (B+30)+ and (BH2)+ i o n s  pe rmi t s  t h e  
l o c a t i o n  of t h e  methyl group t o  b e  a s s igned  t o  t h e  base  o r  t h e  2'- 
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3 16 SLOWIKOWSKI AND SCHRAM 

hydroxyl group. Although n o t  un ique  t o  FAB i o n i z a t i o n ,  t h e  i n t e n s i t y  
o f  t h e  MH+ and BH2+ i o n s  makes t h i s  ass ignment  more s t r a i g h t f o r w a r d  i n  

comparison wi th ,  f o r  example E I ,  where a molecu la r  i o n  may be weak or 

absen t .  S p e c i f i c  examples o f  modi f ied  n u c l e o s i d e s  examined u s i n g  FAB 

CA MS/MS whose s i t e  of me thy la t ion  could  e a s i l y  b e  a s s i g n e d  i n c l u d e  

2’-O-methylguanosine, 2‘-O-methyluridine,  and 1-methylguanosine.  The 

advantage  of u s i n g  c o l l i s i o n a l  a c t i v a t i o n  i n  con junc t ion  w i t h  FAB for  

t h e s e  a n a l y s e s  is the clear demons t r a t ion  o f  impor t an t  s t r u c t u r a l  

fragment i o n s  wi thout  t h e  compl i ca t ions  of  m a t r i x  peaks or b i o l o g i c a l  

i n t e r f e r e n c e s .  31 

Negative i o n  d e t e c t i o n  is f r e q u e n t l y  used i n  c o n j u n c t i o n  w i t h  

p o s i t i v e  i o n  a n a l y s i s  s i n c e  complementary in fo rma t ion  is g e n e r a l l y  
ob ta ined .  The n e g a t i v e  i o n  FAB s p e c t r a  o f  a l l  n u c l e o s i d e s  

examined3Op3’ showed t h e  p re sence  o f  prominent  (M-H)’ i o n s  two mass 

units lower than  t h e  MH+ i o n  of t h e  p o s i t i v e  i o n  spec t rum and s e r v e d  

t o  e s t a b l i s h  unequivoca l  i d e n t i f i c a t i o n  o f  t h e  molecular  weight  o f  t h e  

sample. The n e g a t i v e  i o n  FAB s p e c t r a  also d i s p l a y e d  s i g n i f i c a n t l y  

fewer f ragments  t han  were p r e s e n t  i n  t h e  p o s i t i v e  i o n  s p e c t r a  and ,  

t h u s ,  cor respond t o  o b s e r v a t i o n s  made i n  comparing t h e  p o s i t i v e  v s  
n e g a t i v e  i o n  E I  g e n e r a t e d  s p e c t r a  o f  nuc leos ides .  37 Although 

f r agmen ta t ion  pathways are dec reased ,  t h e  p re sence  o f  a B- i o n  as t h e  

base peak i n  t h e  s p e c t r a  o f  a l l  n u c l e o s i d e s  examined, e x c e p t  

p seudour id ine ,  3 O ~ 3 ’  a l l o w s  bo th  i d e n t i f i c a t i o n  o f  t h e  ag lycone  and ,  by 

d i f f e r e n c e  from t h e  (M-H)’ i o n ,  ass ignment  of a molecu la r  weight  t o  

t h e  ca rbohydra t e  p o r t i o n  o f  t h e  molecule.  A (B+42)- i o n ,  ana logous  t o  

t h e  (B+44)+ i o n  i n  t h e  p o s i t i v e  i o n  mode, is a l s o  p r e s e n t  i n  t h e  

n e g a t i v e  i o n  spec t ra3O 93 which p rov ides  in fo rma t ion  conce rn ing  

m o d i f i c a t i o n s  i n  t h e  1 1 , 2 ’  o r  4’ ( r i n g  oxygen) p o s i t i o n s  o f  t h e  suga r .  

Add i t iona l  f ragments  a r i s i n g  from decomposi t ion  o f  t h e  (B+42)- i o n  are 

on ly  observed u s i n g  t h e  FAB CA MS/MS t e ~ h n i q u e . 3 ~  
The complementary use  o f  p o s i t i v e  and n e g a t i v e  i o n  FAB s p e c t r a  is 

a l s o  impor tan t  i n  o b t a i n i n g  a d d i t i o n a l  s t r u c t u r a l  i n fo rma t ion  s i n c e  a 
f ragmenta t ion  no t  observed  i n  one mode may be  p r e s e n t  i n  t h e  o t h e r .  

For  example, d i f f e r e n t i a t i o n  o f  5-bromo- (1 )  from 6-bromotuberc id in  
(2) is p o s s i b l e  u s i n g  p o s i t i v e ,  b u t  n o t  n e g a t i v e ,  i o n  d e t e c t i 0 n . 3 ~  

Expulsion of HBr is a fac i le  p r o c e s s  i n  t h e  5-bromo isomer as a r e s u l t  

o f  t h e  proximi ty  o f  t h e  B r  g roup  t o  t h e  amino f u n c t i o n  a t  C4. The 
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FABMS OF NUCLEOSIDES 317 

l o s s  o f  HBr  is t h e r e f o r e  n o t  observed i n  6-bromotubercidin or i n  t h e  

nega t ive  ion  mode for 5-bromotubercidin since both  p r o t o n a t i o n  and 

proximi ty  are necessary  c o n d i t i o n s  f o r  t h e  loss of HBr.  The greater 
number and i n t e n s i t y  of t h e  i o n s  formed i n  t h e  p o s i t i v e  ion  mode are 
also of va lue  i n  t h e  c h a r a c t e r i z a t i o n  of nuc leos ides  s u b s t i t u t e d  wi th  

a l k y l  s i d e  cha ins .  3l 
Negative ion  d e t e c t i o n  has  been shown t o  provide  s t r u c t u r a l  

in format ion  n o t  a v a i l a b l e  i n  t h e  p o s i t i v e  i o n  s p e c t r a  i n  t h e  a n a l y s i s  

of pyr imidine  nuc leos ides  wi th  FAB/CA MS/MS.3l A major f r agmen ta t ion  
o f  pyrimidine nuc leos ides  observed us ing  E125 and n e g a t i v e  i o n  FAB, 
but no t  p o s i t i v e  i o n  FAB, is t h e  e l i m i n a t i o n  of HNCO by a r e t r o  Diels- 
Alder mechanism t o  form t h e  (M-43)+* ion  (EI)  o r  (M-H-43)- i o n  (FAB) 

(See F i g u r e  2). 
In  summary, t h e  basic s t ruc tu re - f r agmen ta t ion  s t u d i e s  r e p o r t e d  t o  

d a t e  i n d i c a t e :  

1 .  

2. 

3. 

both molecular  weight and s t r u c t u r a l l y  s i g n i f i c a n t  fragment i o n s  

are observed i n  t h e  FAB s p e c t r a  of unde r iva t i zed  nuc leos ides .  

Many of t h e  fragments p r e s e n t  i n  FAB are similar to  cor responding  

i o n s  p r e s e n t  i n  t h e  E I  and C I  s p e c t r a .  Mechanisms of 
f ragmenta t ion  i n  FAB are very  similar, i f  n o t  i d e n t i c a l ,  t o  t h o s e  

proposed f o r  C I .  

bo th  p o s i t i v e  and n e g a t i v e  i o n  d e t e c t i o n  are impor tan t  and t h e  

informat ion  ob ta ined  i n  each mode is complementary to  t h e  o t h e r .  

D i f f e rences  i n  f ragmenta t ion  may b e  observed i n  t h e  p o s i t i v e  vs 
nega t ive  i o n  modes. Both need t o  be  examined. 

t h e  use  of  CA MS/MS i n  con junc t ion  wi th  FAB i o n i z a t i o n  has  t h e  

advantages o f  e l i m i n a t i n g  background i n t e r f e r e n c e s  and i n  
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3 18 SLOWIKOWSKI AND SCHRAM 

FIG. 2. P o s s i b l e  r o u t e s  o f  fo rma t ion  o f  t h e  (M-H-43)- i o n  i n  u r i d i n e  
v i a  t h e  r e t ro -Die l s -Alde r  r e a c t i o n  ( adap ted  from Ref. 311. 

prov id ing  a d d i t i o n a l  s t r u c t u r a l  i n fo rma t ion .  So lven t  "masking" of 

sample related f ragment  i o n s  may a l s o  be  r evea led  by u s e  of a 
second s o l v e n t ,  e.g. g l y c e r o l - t h i o g l y c e r o l .  

B. App l i ca t ions  

The major u t i l i t y  of FAB mass spec t romet ry  is c u r r e n t l y  i n  t h e  

s t r u c t u r e  e l u c i d a t i o n  o f  modi f ied  n u c l e o s i d e s  formed by r e a c t i o n  w i t h  

a n t i c a n c e r  d rugs  o r  chemica l  ca rc inogens .  Because of t h e  ex t reme 

n o n v o l a t i l i t y  and the rma l  l a b i l i t y  of  t h e s e  n u c l e o s i d e  complexes,  

t h e i r  mass s p e c t r a l  a n a l y s i s  has  been ,  u n t i l  r e c e n t l y ,  d i f f i c u l t  and 

r ecour se  had to  be made t o  e i t h e r  d e r i v a t i z a t i o n 2 7  t o  form a v o l a t i l e  

ana log  o r  t h e  sample was submi t t ed  for a n a l y s i s  u s i n g  one o f  t h e  

deso rp t ion  i o n i z a t i o n  t e c h n i q u e s ,  most commonly f i e l d  deso rp t ion .5  

Although both  of t h e s e  approaches  have been of va lue ,  t h e y  each s u f f e r  

u n d e s i r a b l e  c h a r a c t e r i s t i c s .  D e r i v a t i v e  fo rma t ion  may l e a d  t o  t h e  

format ion  of a r t i f a c t ~ ~ ~ g ~ g  o r  r e s u l t  i n  incomple te  r e a c t i o n  t h u s  
compl i ca t ing  t h e  a n a l y s i s .  I n  a d d i t i o n ,  sample s i z e  i s  normal ly  a 
l i m i t i n g  f a c t o r  i n  t h e  a n a l y s i s  of  n u c l e o s i d e  adduc t s  and sample 
l o s s e s ,  o r  incomple te  u t i l i z a t i o n  o f  sample,  can n o t  be  t o l e r a t e d .  

The d i f f i c u l t y  i n  o b t a i n i n g  an  FD spectrum on a small amount o f  Sample 

is a well recognized  l i m i t a t i o n  o f  t h e  t echn ique .  The i n t r o d u c t i o n  of 

FAB has  e s s e n t i a l l y  e l i m i n a t e d  t h e  need f o r  d e r i v a t i z a t i o n  and, as 
p rev ious ly  mentioned, t h e  expe r imen ta l  man ipu la t ions  invo lved  i n  t h e  

a c q u i s i t i o n  of  FAB spectra are r e l a t i v e l y  s imple .  Thus,  even though 
t h e  t echn ique  is of r e l a t i v e l y  r e c e n t  o r i g i n ,  a number of r e p o r t s  have  

desc r ibed  t h e  s u c c e s s f u l  a p p l i c a t i o n  of FAB i n  t h e  s t r u c t u r e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FABMS OF NUCLEOSIDES 3 19 

1 

Hoed 
HO O H  

/NH3 

h""" OH OH 

i 2+ 

3 

d e t e r m i n a t i o n  of a v a r i e t y  of n u c l e o s i d e  complexes w i t h  a n t i t u m o r  

a g e n t s  and c a r c i n o g e n s .  

The a n t i t u m o r  a g e n t  c i s p l a t i n  has  been shown t o  undergo  

p r e f e r e n t i a l  b i n d i n g  t o  g u a n i n e  r i c h  DNA f r a g r n e n t ~ 3 ~ , 3 9  b u t  t h e  n a t u r e  
o f  t h e  i n t e r a c t i o n  and t h e  p r e c i s e  s t r u c t u r e  of t h e  g u a n i n e - c i s p l a t i n  

complex a t  t h e  DNA l e v e l  h a s  n o t  as y e t  been  d e t e r m i n e d .  The 
s t r u c t u r e  of a s y n t h e t i c  b i s - g u a n o s i n e  a d d u c t  formed w i t h  c i s p l a t i n  

h a s  been examined u s i n g  b o t h  p o s i t i v e  and n e g a t i v e  i o n  FAB mass 
s p e c t r o m e t r y  i n  hopes  o f  g a i n i n g  i n s i g h t  i n t o  t h e  s t r u c t u r a l  f e a t u r e s  

o f  the  a d d u c t . 3 3  The c i s p l a t i n - g u a n o s i n e  a d d u c t  (31, cis- 

P T ( N H ~ ) ~ ( G u o ) ~ ' C ~ ~ ( M ~ ~ ~ ) ,  d i s p l a y e d  a number of i o n  c l u s t e r s  i n  t h e  

s p e c t r a  o b t a i n e d  i n  b o t h  d e t e c t i o n  modes which were a t t r i b u t e d  t o  t h e  

s t a b l e  i s o t o p e  c o n t r i b u t i o n s  of t h e  p l a t i n u m  and c h l o r i n e  atoms. A 

v a r i e t y  of f r a g m e n t a t i o n  pathways were o b s e r v e d  for  t h e  a d d u c t  and t h e  
o b s e r v e d  i s o t o p i c  d i s t r i b u t i o n s  r e p r e s e n t i n g  t o  t h e  loss of H C 1 ,  N H 3  

and g u a n o s i n e  c o r r e s p o n d e d  c l o s e l y  t o  t h e o r e t i c a l  v a l u e s .  I o n s  
c o n s i s t e n t  w i t h  e x p u l s i o n  of a r i b o s y l  f u n c t i o n  and a g u a n o s i n e  

r e s i d u e  were o b s e r v e d  and  confirmed by mass a n a l y z e d  i o n  k i n e t i c  
e n e r g y  (MIKE) measurements .  Direct i n d i c a t i o n  of m o l e c u l a r  weight 

was, however, o n l y  o b t a i n e d  i n  t h e  n e g a t i v e  i o n  mode where t h e  

m o l e c u l a r  i o n  s p e c i e s  (M-H)- fo r  t h e  i n t a c t  c i s p l a t i n  a d d u c t  is 
p r e s e n t .  

F a s t  atom bombardment h a s  a l s o  been used  t o  c h a r a c t e r i z e  the  

a d d u c t  formed between 2 ' -deoxyguanosine and t h e  c h e m i c a l  c a r c i n o g e n  N- 

a~etyl-2-aminofluorene.~~ A t t e m p t s  t o  o b t a i n  m o l e c u l a r  weight  and 
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320 SLOWIKOWSKI AND SCHRAM 

HO 4 

s t r u c t u r a l  in format ion  us ing  FD t o  ana lyze  t h i s  sample proved 

unsuccessfu l .  P o s i t i v e  FAB i o n i z a t i o n  gave an i n t e n s e  (MH)+ i o n  a t  
m/z 569 for  8-(N-fluoren-2-yl-acetamido)-2~-deoxyguanosine (4). Major 

fragments i n d i c a t e d  decomposition o f  t h e  MH+ i on  by c leavage  o f  t h e  

g l y c o s i d i c  bond followed by l o s s  of an a c e t y l  group. I n  a d d i t i o n ,  

formation of a fragment i o n  i n d i c a t i v e  o f  c leavage  of t h e  i n t a c t  

ca rc inogen ic  moiety was a l s o  noted. S i m i l a r  r e s u l t s  have been 

obta ined  i n  a s tudy  o f  t h e  microsomal m e t a b o l i t e s  and DNA adduc t s  of 
l -n i t ropyrene  formed i n  v i t ro . l l f  I n  t h i s  r e p o r t ,  t h e  major adduc t  

i s o l a t e d  was c h a r a c t e r i z e d  as N-(2~-deoxyguanosin-8-yl)-l-aminopyrene 
(5)  by both  nega t ive  i o n  FAB and as t h e  permethyl d e r i v a t i v e  by h igh  

r e s o l u t i o n  E I  mass spec t romet ry .  

A more r e c e n t  paper d e s c r i b e s  t h e  i d e n t i f i c a t i o n  o f  i somer i c  

s u b s t i t u t e d  benzyl-guanosine adduc t s  u s ing  FAB i n  combination wi th  
c o l l i s i o n a l  a c t i v a t i o n  mass ~ p e c t r o m e t r y . ~ ~  Thus, a series of N1, N2, 

06, N7, and 8-(p-Y-benzyl)guanosines, where Y = H ,  CH3,  CH30, C 1  and 
N02, were ass igned  t h e i r  a p p r o p r i a t e  i somer i c  s t r u c t u r e s  based on a 
combination of p o s i t i v e  and n e g a t i v e  ion  FAB s p e c t r a  and k i n e t i c  

energy measurements of t h e  m e t a s t a b l e  t r a n s i t i o n  (M-H)’ t o  B’. 
The product ion  o f  t h e  nuc leos ide  a n t i b i o t i c  toyocamycin ( 6 )  i n  

fe rmenta t ion  b ro th  c u l t u r e s  has  been monitored us ing  FAB, h igh  

r e s o l u t i o n  mass measurements and MIKES.43 The major i o n s  p r e s e n t  i n  

t h e  nega t ive  i o n  FAB spectrum of toyocamycin were t h e  g l y c e r o l  adduct  

i o n  (M-H+G)- (m/z 392), t h e  (M-H)- i o n  (m/z 2901, t h e  B’ i o n  (m/z 

1581, r ep resen t ing  t h e  aglycone and a fragment r e s u l t i n g  from t h e  loss 
of HCN from t h e  B’ i o n  a t  m/z 131. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FABMS OF NUCLEOSIDES 32 1 

I I 
HO OH 

6 

I 

C?H? 

7 

Alluded t o  earlier i n  t h e  b a s i c  s t r u c t u r e - f r a g m e n t a t i o n  s e c t i o n  

was t h e  a n a l y s i s  of n u c l e o s i d e  bo rona te  complexes wi th  FAB mass 

s p e ~ t r o m e t r y . 3 ~  The r e a c t i o n  o f  bo ron ic  a c i d s  wi th  p o l y f u n c t i o n a l  

compounds, such  as n u c l e o s i d e s ,  c a r b o h y d r a t e s ,  e tc ,  r e s u l t s  i n  

format ion  o f  n e g a t i v e l y  charged  complexes which are i d e a l l y  s u i t e d  t o  

a n a l y s i s  w i th  n e g a t i v e  i o n  FAB. These bo rona te  complexes may p r o v i d e  

a n  e l e g a n t  means o f  probing  t h e  s t r u c t u r e  of t h e  ca rbohydra t e  moie ty  

of  n u c l e o s i d e s  o f  unknown s t r u c t u r e  i s o l a t e d  from s y n t h e t i c  or n a t u r a l  

sou rces .  Thus, t h e  n e g a t i v e  ion  FAB s p e c t r a  o f  t h e  p r o d u c t s  formed 

(on  t h e  probe i n  t h e  mass s p e c t r o m e t e r )  between adenos ine  and 2'- 

deoxyadenosine w i t h  4- to lueneboronic  a c i d  were examined. The spec t rum 

of  t h e  adenos ine  p roduc t  d i s p l a y e d  a s t r o n g  i o n  f o r  an  i n t a c t  2',3'- 
b i d e n t a t e  bo rona te  complex (7) whereas t h e  greater s t r a i n  r e q u i r e d  f o r  

t h e  fo rma t ion  of t h e  3' , 5* -borona te  w i t h  2 '-deoxyadenosine a f f o r d e d  no 

i o n  f o r  t h e  bo rona te  complex. T h i s  o b s e r v a t i o n  is similar t o  t h e  

appearance  of a more i n t e n s e  i o n  f o r  t h e  g l y c e r o l  adduc t  o f  t h e  MH+ 

i o n  i n  r i b o s i d e  s p e c t r a  r e l a t i v e  t o  t h e  2'-deoxy a n a l 0 g s . 3 ~  Both of 

t h e s e  phenomena may be o f  va lue  i n  de t e rmin ing  t h e  p re sence  o f  

ep imer i c  hydroxyl  g roups  i n  t h e  s u g a r  r i n g ,  i.e., d i s t i n g u i s h i n g  

r ibo- ,  a r ab ino - ,  xylo-, lyxo- and deoxyr ibosugars .  The u t i l i t y  o f  

bo th  t h e  g l y c e r o l  adduct  and t h e  bo rona te  complex i n  t h i s  r ega rd  are 

c u r r e n t l y  under  i n v e s t i g a t i o n  i n  t h i s  l a b o r a t o r y .  

111. NUCLEOTIDES 
The v o l a t i l i t y  c h a r a c t e r i s t i c s  o f  n u c l e o t i d e s  are even less  

f a v o r a b l e  than  i n  t h e  case of nuc leos ides .  The added p o l a r i t y  of t h e  
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322 SLOWIKOWSKI AND SCHRAM 

phosphate moiety, e s p e c i a l l y  when i n  t h e  sa l t  form, r ende r s  t h e  
nucleot ides  i n t r a c t a b l e  t o  mass s p e c t r a l  a n a l y s i s  using normal 

ion iza t ion  methods. Although d e r i v a t i z a t i o n  a f f o r d s  a sample amenable 

t o  a n a l y s i s  by d i r e c t  probe in t roduc t ion ,  t h e  gas chromatographic 

sepa ra t ion  o f  nuc leo t ide  d e r i v a t i v e s  is no t  a r o u t i n e  procedure. 

Therefore,  t h e  mass s p e c t r a l  a n a l y s i s  of nuc leo t ides  has been 

performed using one o f  t h e  deso rp t ion  methods, with FD5 being t h e  most 

commonly appl ied technique, a l though r e p o r t s  o f  t h e  a n a l y s i s  of 
nucleot ldes  using desorpt ion chemical i o n i z a t i o n  (DCI) '-'3 and plasma 

desorpt ion (PDJ8-lo have a l s o  appeared. 

The in t roduc t ion  of FAB a s  an i o n i z a t i o n  method has t r u l y  

revolut ionized t h e  mass s p e c t r a l  a n a l y s i s  of nuc leo t ides ,  as is 

evidenced by t h e  l a r g e  number o f  r e p o r t s  desc r ib ing  r e s u l t s  using t h i s  

method i n  t h e  a n a l y s i s  of he re to fo re  i n t r a c t a b l e  samples. Not only is 
molecular weight and s t r u c t u r a l  information present  i n  t h e  FAB 

spectrum bu t ,  i n  t h e  case  of d inuc leos ide  phosphates and 

o l igonuc leo t ides ,  sequence information is a v a i l a b l e  for t h e  first 
time. Thus, a long sought g o a l  i n  t h e  a p p l i c a t i o n  of mass 
spectrometry t o  t h e  a n a l y s i s  o f  t h i s  b i o l o g i c a l l y  and medical ly  

important class of compounds has ,  at  least  p a r t i a l l y ,  been achieved. 
A. MONONUCLEOTIDES 
1. General C h a r a c t e r i s t i c s  

The p o s i t i v e  ion FAB mass spectra o f  a number o f  nuc leo t ides  have 

been reported and a l l  o f  t h e  s p e c t r a  are dominated by an i n t e n s e  

protonated or ca t ion ized  molecular ion. The na tu re  of t h e  molecular 

ion s p e c i e s  and t h e  e x t e n t  of proton replacement by counter  i o n s ,  

e.g., Na, K or L i ,  depends on t h e  o r i g i n  o f  t h e  sample, t h e  procedure 

used t o  prepare t h e  sample f o r  a n a l y s i s  and, i n  some c a s e s ,  t h e  base 

moiety of t h e  nucleot ide.  For example, assuming M t o  r ep resen t  t h e  

f u l l y  protonated,  uncharged molecule corresponding t o  t h e  free a c i d ,  

commercially a v a i l a b l e  mononucleotide disodium sal ts  may e x h i b i t  t h e  

following series of ions:  MH+, (M+Na)+, (M-H+2Na)+ and (M-2H+3Na)+. 

An examination of 10 commercially a v a i l a b l e  nuc leo t ide  samples 

revealed t h e  (M-H+2Na)+ ion t o  be t h e  predominent s p e c i e s ,  except i n  
t h e  case of UMP, wi th  o t h e r  protonated/cat ionized s p e c i e s  being 

present  in varying deg1-ees.3~ Although t h e  presence of numerous i o n s  

represent ing d i f f e r e n t  molecular weight r e l a t e d  s p e c i e s  is a t  first 
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FABMS OF NUCLEOSIDES 323 

confusing, both advantages and disadvantages accrue from t h e s e  

m u l t i p l e  molecular ion species.44 For in s t ance ,  t h e s e  ion  p a t t e r n s  

can be used not only as mass markers f o r  t h e  determinat ion o r  

confinnat ion o f  molecular weight b u t ,  i n  a d d i t i o n ,  t h e  number of 
molecular ion s p e c i e s  is i n d i c a t i v e  o f  t h e  number of a c i d i c  sites i n  

t h e  sample. T h e o r e t i c a l l y ,  t h e  number of t i t r a t a b l e  protons i n  a 

molecule is given by n+2,44 where n is t h e  number of molecular ion 

spec ie s  observed, e.g., when n = l ,  MH+, (M+Na)+ and (M-H+2Na)+ are 
gene ra l ly  seen. I n  some cases however, MH+ may not  be observed, 

possibly because of high sal t  content .  For example, during t h e  

p o s i t i v e  ion FAB Ms a n a l y s i s  of a series o f  2 ' ,5 ' -ol igoadenylates ,  t h e  

number of ca t ion ized  s p e c i e s  observed was on ly  one more than t h e  

number o f  phosphate hydroxyl groups i n  t h e  molecule. lr5 
A d i f f e r e n t  approach t o  determining t h e  t o t a l  number of 

exchangeable hydrogens p re sen t  i n  mononucleotides, and o t h e r  compound 
classes, involved t h e  use o f  deu te ra t ed  g l y c e r o l  as a FAB matrix t o  

effect a hydrogen-deuterium exchange of a l l  a c t i v e  hydrogens.46 The 
deuterium exchange method has been used s u c c e s s f u l l y  f o r  t h e  

determinat ion o f  up t o  29 hydrogens, whereas t h e  c a t i o n i z a t i o n  method 

is o f  more l i m i t e d  u t i l i t y .  

A disadvantage o f  t h e  m u l t i p l i c i t y  of molecular ion s p e c i e s  is a 

decrease i n  s e n s i t i v i t y  f o r  d e t e c t i o n  of a s p e c i f i c  compound s i n c e  

t h e  ion c u r r e n t  normally c a r r i e d  by one ion ,  MH+, is d i s t r i b u t e d  

among many ions ,  t h e  ca t ion ized  spec ie s .  This decrease i n  s e n s i t i v i t y  

may be o f  consequence during q u a n t i t a t i o n  s t u d i e s  where d e t e c t i o n  

l i m i t s  may be diminished by a f a c t o r  dependent on t h e  number o f  

ca t ion ized  s p e c i e s  present .  

Samples o r i g i n a t i n g  from a b i o l o g i c a l  matr ix  may con ta in  a 

v a r i e t y  of d i f f e r e n t  c a t i o n s ,  depending on t h e  p a r t i c u l a r  

physiological  bu f fe r s  and/or p u r i f i c a t i o n  procedures used i n  sample 
preparat ion.  Consequently, t h e  molecular ion region o f  t h e  spectrum 
may be extremely complex. The spectrum may be s i m p l i f i e d  by 

a c i d i f i c a t i o n  t o  exchange t h e  c a t i o n s  and a more simple spectrum w i l l  

t hus  be obtained. The number of a c t i v e  hydrogens may then be 

determined using t h e  deu te ra t ed  g l y c e r o l  procedure o r  by t h e  a d d i t i o n  

of a s i n g l e  ino rgan ic  s a l t ,  e.g., NaC1. The use  of s i l v e r  salts has 

been suggested for t h e  i d e n t i f i c a t i o n  o f  t h e  (M+Ag)+ s p e c i e s  i n  
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polyhydroxylated compounds. 47 Advantages o f  t h i s  method are t h a t  t h e  

molecular i o n  is e a s i l y  d i s t i n g u i s h e d  due t o  t h e  doub le t  produced by 

t h e  Ag i so topes  (52% and 48% f o r  lo7Ag and lo9Ag), t h e  a b s o l u t e  i o n  

i n t e n s i t y  i s  g r e a t e r  for  t h e  (M+Ag)+ adduct than  for  t h e  MH+ i o n ,  and 

t h e  method can be  used t o  unequivoca l ly  de te rmine  t h e  molecular  weight 

of t h e  sample even i n  t h e  presence  o f  K+ and Na+ ions .  

The most abundant fragment i o n  p resen t  i n  t h e  p o s i t i v e  i o n  FAB 

s p e c t r a  of mononucleotides is t h e  (BH2)+ i o d 6  a r i s i n g  from c leavage  

o f  t h e  g l y c o s i d i c  bond wi th  t r a n s f e r  o f  hydrogen from t h e  s u g a r  t o  t h e  

aglycone. The presence  o f  pro tona ted  and c a t i o n i z e d  g l g c e r o l  adduc t s  

o f  M, dimers o f  M and of c a t i o n i z e d  aglycone (BH+Na)+ i o n s  a i d  i n  t h e  
assignment of molecular  weight and i d e n t i f i c a t i o n  o f  t h e  h e t e r o c y c l i c  
base.3' A number o f  i n o r g a n i c  phosphate i o n s ,  wi th  va ry ing  degrees  of 

sodium c o n t e n t ,  r e s u l t i n g  from c leavage  of t h e  phosphate group are  

a l s o  observed, bu t  cor responding  i o n s  i n d i c a t i v e  o f  cha rge  r e t e n t i o n  

by t h e  nuc leos ide  f u n c t i o n  are n o t  present.3 '  

The p o s i t i v e  i o n  FAB s p e c t r a  o f  a series of 7 -a lky la t ed  guanos ine  

monophosphates have been examined44 and were shown t o  d i f f e r  somewhat 

from non-mesoionic n u c l e o t i d e  ana logs .  Pro tona ted  molecular  i o n s  and 

BH2+, b u t  not (BH+Na)+,  i o n s  pe rmi t t ed  i d e n t i f i c a t i o n  of t h e  i n t a c t  

molecule and t h e  aglycone. I n  a d d i t i o n ,  t h e  s p e c t r a  of two o f  t h e  

f i v e  7-a lkyla ted  CMP ana logs  examined (8a and b, see la te r )  produced 

ions  corresponding t o  t h e  pro tona ted  nuc leos ide  r e s i d u e s .  A g e n e r a l  

conclus ion  of t h i s  work was t h a t  t hose  n u c l e o t i d e s  wi th  more p o l a r  

s i d e  cha ins  produced a g r e a t e r  number of fragment ions .  

Addi t iona l  i ons  of s t r u c t u r a l  importance have been observed i n  

t h e  p o s i t i v e  ion  FAB s p e c t r a  o f  AMP and (T-deaza)-AMP i n  p re l imina ry  

work invo lv ing  2' , 5 ~ - o l i g o n u c l e o t i d e s .  35 Following data sys tem 

s u b t r a c t i o n  o f  peaks de r ived  from t h e  g l y c e r o l  ma t r ix ,  t h e  presence  o f  

(B+30)+ and (B+44)+ ions  a t  m/z 164 and 178 were observed i n  t h e  

spectrum of  t h e  adenos ine  c o n t a i n i n g  sample. An i o n  cor responding  t o  

t h e  l o s s  of t h e  phosphate group wi th  a molecule o f  water was a l s o  

p re sen t  a t  m/z 250. The l a t t e r  i on  may r e p r e s e n t  N3,5'-cycloadenosine 

formed dur ing  s e q u e n t i a l  c l eavage  of t h e  o l i g o n u c l e o t i d e  cha in ,  and 

e f f o r t s  a r e  underway t o  de te rmine  t h e  o r i g i n  o f  t h i s  ion .  Although 

t h e  i d e n t i t y  and origin o f  t h e s e  i o n s  have not y e t  been es tabl ished 

us ing  h igh  r e s o l u t i o n  o r  metastable ion  a n a l y s i s ,  an a p p r o p r i a t e  s h i f t  
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FABMS OF NUCLEOSIDES 325 

of  one mass u n i t  i n  each of  t h e  i o n s  was apparent  i n  comparing t h e  

s p e c t r a  o f  t h e  monomer con ta in ing  adenosine with t h e  7-deaza analog. 

The nega t ive  ion  FAB s p e c t r a  of  mononucleotides are c h a r a c t e r i z e d  

by a predominant molecular i on  s p e c i e s  generated e i t h e r  by loss of  a 

hydrogen, (M-H)-, o r  a c a t i o n ,  (M-NaI- f o r  sodium. Unlike t h e  complex 

appearance of  t h e  molecular i on  region o f  t h e  spectrum i n  t h e  p o s i t i v e  

mode, t h e  number of molecular ion s p e c i e s  i n  t h e  nega t ive  mode is 
equa l  t o  t h e  number of  t i t ra tab le  protons on t h e  phosphate o f  t h e  
n ~ c l e o t i d e . ~ ~  The product ion of  an i n t e n s e  (M-H)- i on ,  however, is 
exh ib i t ed  even when t h e  a n a l y s i s  is Performed on t h e  disodium s a l t 3 4  

o r ,  i n  t h e  case o f  7-methylguanosine-51-monophosphate, where two 

molecular ion s p e c i e s  are poss ib l e .  44 Although o t h e r  molecular ion 

s p e c i e s  are observed, e.g., (M-2H+Na)- o r  (M-3H+2Na)-, t h e i r  i n t e n s i t y  

is s i g n i f i c a n t l y  reduced compared t o  t h e  (M-H)- and t o  t h e  

corresponding s p e c i e s  i n  t h e  p o s i t i v e  ion mode. 

Other i ons  p re sen t  i n  t h e  negat ive ion FAB s p e c t r a  of 

mononucleotides inc lude  t h e  B- i on ,  corresponding t o  c leavage o f  t h e  

g l y c o s i d i c  bond with t h e  charge being r e t a i n e d  by t h e  n u c l e i c  a c i d  

base, and phosphate ions  corresponding t o  t h e  (H2PO4)- and (PO3)- 

~ t r u c t u r e s . 3 ~  The i n t e n s i t y  o f  t h e  B' i on  is s i g n i f i c a n t l y  reduced i n  

comparison t o  t h e  nega t ive  ion s p e c t r a  of nucleosides  and only i n  t h e  

case  o f  3'-AMP was t h i s  i on  t h e  base peak o f  t h e  spectrum. The 

i n t e n s i t y  o f  t h e  B- i on  may thus  be used t o  d i f f e r e n t i a t e  t h e  3'- 
isomer (RI=100%) from t h e  5I-analog (RI=29%).34 However, s i n c e  t h e  

2'-monophosphates were n o t  examined, t h e  a b i l i t y  t o  d i s t i n g u i s h  3 ' -  

from 2'-isomers needs t o  b e  explored,  and t h e  B- i n t e n s i t y  of a l a r g e r  

sample of  isomers needs t o  be i n v e s t i g a t e d  t o  confirm t h e  g e n e r a l i t y  

of  t h i s  observat ion.  

2. Applicat ions 

The s u c c e s s f u l  a n a l y s i s  of  mononucleotides with FAB 

i o n i z a t i o n  has l e d  t o  t h e  a p p l i c a t i o n  of t h i s  technique t o  a number of 
problems o f  medical and biochemical i n t e r e s t  which were p rev ious ly  

beyond t h e  c a p a b i l i t i e s  o f  mass spectrometry.  P a r t i c u l a r  emphasis has  

been placed on t h e  s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  n u c l e o t i d e  adducts  

formed with a l k y l a t i n g  agen t s  and i n  s tudying metabol ic  o r  enzymatic 

t ransformation o f  nuc leo t ides ,  i n  some cases with t h e  a i d  o f  s t a b l e  

i so tope  labels. 
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326 SLOWIKOWSKX AND SCHRAM 

phosphoramide mustard,  a b i f u n c t i o n a l  a l k y l a t i n g  agen t  of 

importance i n  cancer  chemotherapy, is thought t o  form c r o s s - l i n k s  i n  

c e l l u l a r  DNA, caus ing  s e l e c t i v e  ce l l  d e a t h  i n  t h e  tumor w i t h  r e s u l t a n t  
t h e r a p e u t i c  a c t i v i t y .  Although FD had p rev ious ly  been used t o  examine 
t h e  i d e n t i t y  of t h e  adduct  formed i n  t h e  r e a c t i o n  of GMP w i t h  

phosphoramide mustard,Q8 a re-examination o f  t h e  r e a c t i o n  p roduc t s  

us ing  FAB i n d i c a t e d  t h e  presence  o f  t h r e e  d i f f e r e n t  adduc t s ,  a l l  
l o c a t e d  i n  t h e  7 p o s i t i o n  of GMP.49 Two of t h e s e  N7-alkylated 

products  had undergone r e a c t i o n  a t  on ly  one of t h e  two a l k y l a t i n g  

s i tes  on t h e  phosphoramide mustard,  as i n d i c a t e d  by t h e  p re sence  of 

c h l o r i n e  i s o t o p e s  i n  t h e  MH+ and s e l e c t e d  fragment ions .  These 

adducts ,  t h e r e f o r e ,  r ep resen ted  i n t a c t  guanosine-5~-monophosphate- 
phosphoramide mustard 8a and t h e  cor responding  no rn i t rogen  mustard 

adduct 8b. The p o s i t i v e  i o n  FAB s p e c t r a  of t h e s e  two samples were 
very  similar b u t  d i d  d i f f e r  i n  t h e  absence  o f  fragments i n  t h e  

spectrum o f  8b a s s o c i a t e d  wi th  t h e  l o s s  of t h e  phosphoramide group o f  

t h e  mustard,  e.g., i ons  a t  (MH-79)+, (BH2-79)+ and (BH2-79-HCl)+ were 
absen t  i n  t h e  spectrum of 8b bu t  appeared i n  t h e  spectrum of  8a. 

I n t e n s e  MH+, protonated  nuc leos ide  and a base  peak a t  m/z 221 were 
p resen t  i n  t h e  s p e c t r a  o f  bo th  samples. I n  t h e  case of Ba, t h e  m/z 

221 ion was formed by expuls ion  of t h e  phosphoramide group and H C 1  

whi le  s imple  l o s s  o f  HC1 from BHz+ l e d  t o  t h e  m/z 221 ion i n  t h e  

spectrum of 8b. The spectrum of adduct  9 ,  however, i n d i c a t e d  

formation o f  a dimer i n  which bo th  arms of t h e  phosphoramide mustard 

I 

OH OH OH OH 

9 
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FABMS OF NUCLEOSIDES 327 

are joined t o  t h e  7-posi t ion o f  two d i f f e r e n t  guanosine r e s idues .  
Molecular weight was e s t a b l i s h e d  on t h e  b a s i s  o f  an ion  a t  m/z 897 
(M+Na)+ and t h e  Presence of an ion  a t  m/z 796 (M+Na-101)+, 

corresponding t o  loss  of  t h e  phosphoramide group and t h e  a s s o c i a t e d  

sodium ion  o f  t h e  mustard. The only o t h e r  i ons  i n  t h e  spectrum were 
a t t r i b u t e d  t o  protonated CMF' and 7-methyl-CMP. 

An ex tens ion  o f  t h e  7-alkylated guanosine monophosphate s t u d i e s  

has r e s u l t e d  i n  some i n t e r e s t i n g  obse rva t ions  concerning t h e  behaviour 

o f  z w i t t e r i o n s  with FAB i ~ n i z a t i o n . ~ g  Zwi t t e r ions  are c h a r a c t e r i z e d  

by containing both a p o s i t i v e  and a nega t ive  charge i n  t h e  same 
molecule which balance and render  t h e  sample e l e c t r i c a l l y  n e u t r a l .  

The charges,  however, may be l o c a l i z e d  on d i f f e r e n t  atoms i n  c e r t a i n  

p re fe r r ed  resonance forms. The d e t e c t a b i l i t y  o f  z w i t t e r i o n s  i n  e i t h e r  

t h e  p o s i t i v e  or nega t ive  ion  modes, t h e r e f o r e ,  depends on t h e  

propensi ty  o f  t h e  sample t o  undergo e i t h e r  p ro tona t ion  o r  

deprotonat ion;  p ro tona t ion  would f avor  p o s i t i v e  ion  d e t e c t i o n  while  
anion formation would make t h e  nega t ive  ion mode t h e  cho ice  f o r  

de t ec t ion .  Th i s  behaviour o f  z w i t t e r i o n s  is i n  c o n t r a s t  to o rgan ic  

s u l f a t e s  or phosphates where e i t h e r  p ro tona t ion  o r  dep ro tona t ion  may 

occur.  The 7-alkylated guanosine monophosphates, which e x i s t  as 
z w i t t e r i o n s  with t h e  p o s i t i v e  charge on t h e  base and a nega t ive  charge 

on t h e  phosphate, may be analyzed with e i t h e r  p o s i t i v e  o r  nega t ive  i o n  

d e t e c t i o n  wh i l e  7-methylguanosine, t h e  nucleoside l ack ing  t h e  nega t ive  

ion forming c a p a b i l i t y  of  t h e  phosphate,  is amenable only t o  p o s i t i v e  

ion  de tec t ion .  An a d d i t i o n a l  obse rva t ion  o f  i n t e r e s t  i n  t h i s  work is 
t h e  formation of  i on - rad ica l  s p e c i e s  i n  t h e  FAB spectrum o f  t h e  

phosphoramide mustard-GMP dimer. The appearance of i o n - r a d i c a l s  i n  a 
FAB spectrum was r a t i o n a l i z e d  on t h e  b a s i s  of  "higher energy 

decompositions". 44 
Cyclic  nuc leo t ides  are o f  cons ide rab le  biochemical i n t e r e s t  due 

t o  t h e i r  r o l e  as mediators  of  ce l l  func t ion  and t h e  a n a l y s i s  o f  t h i a  

class o f  nuc leo t ides  has  been i n v e s t i g a t e d  us ing  FAB mass 
spectrometry.  

Considerable controversy has  surrounded t h e  presence or absence 

of 3 ' , 5 ' - c y c l i c  n u c l e o t i d e s  i n  c e l l u l a r  e x t r a c t s  o f  p l a n t  materials. 
S p e c t r a l  methods used t o  i d e n t i f y  n u c l e i c  a c i d s  der ived from p l a n t  
materials have been unable t o  d i f f e r e n t i a t e  2' , 3 ' - cyc l i c  
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328 SLOWIKOWSKI AND SCHRAM 

monophosphates from t h e  3 1 , 5 1 - c y c l i c  monophosphates and ,  t h e r e f o r e ,  
unequivoca l  proof o f  t h e  l a t t e r  compounds i n  b i o l o g i c a l  samples  of 

e i t h e r  animal o r  p l a n t  o r i g i n  h a s  been d i f f i c u l t .  A r e c e n t  method 

us ing  p o s i t i v e  i o n  FAB has ,  however, been a b l e  t o  unambiguously 

e s t a b l i s h  t h e  p re sence  of c y t i d i n e - 3 ' , 5 ' - c y c l i c  monophosphate i n  p l a n t  

ma te r i a l s .50  The p o s i t i v e  i o n  FAB mass s p e c t r a  o f  t h e  c y c l i c  a n a l o g s  

o f  AMP, CMF' and GMP were dominated by MN+ i o n s  b u t  l i t t l e  a d d i t i o n a l  

f r agmen ta t ion  was observed .  Add i t ion  o f  d i l u t e  HC1 o r  KOH t o  t h e  

sample of a c y c l i c  n u c l e o t i d e  has  been r e p o r t e d 3 l  t o  enhance 

i o n i z a t i o n  i n  e i t h e r  t h e  p o s i t i v e  or n e g a t i v e  i o n  modes r e s p e c t i v e l y ,  

and t o  also produce i o n s  c h a r a c t e r i s t i c  o f  t h e  base  moiety (BH2+ and 
B-1. 

A method f o r  d i f f e r e n t i a t i n g  2 1 , 3 1 - c y c l i c  monophosphates from t h e  

isomeric 3 1 , 5 1 - c y c l i c  monophosphates u t i l i z i n g  FAB i o n i z a t i o n  w i t h  

c o l l i s i o n  induced d i s s o c i a t i o n  mass' ana lyzed  i o n  k i n e t i c  ene rgy  

spec t romet ry  (CID/MIKES) has  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of 
d i s t i n c t  d i f f e r e n c e s  i n  f r agmen ta t ion  pathways i n d i c a t i v e  of t h e  

isomer be ing  e ~ a m i n e d . 5 ~  For  example, a l t h o u g h  t h e  s p e c t r a  o f  b o t h  

t h e  2 ' , 3 ' -  and 3 ' , 5 ' - c y c l i c  CMP e x h i b i t  t h e  BH2+ i o n  as t h e  base  peak 

of t h e  spectrum, o n l y  t h e  3 ' ,51- i somer  shows f ragments  arising from 
c leavages  a c r o s s  t h e  s u g a r  ring t o  produce t h e  (B+30)+ (m/z 140) and 

(B+44)+ (m/z 154) i o n s .  These i o n s  are weak o r  a b s e n t  i n  t h e  spec t rum 
of t h e  2 1 , 3 1 - c ~ m p ~ ~ n d .  On t h e  o t h e r  hand, t h e  p re sence  o f  a s t r o n g  

i o n  a t  m/z 178 i n  t h e  2*,3'-CMP spec t rum is unique  t o  t h i s  sample and 

is thought  t o  arise from l o s s  o f  t h e  phosphate  group and a molecule  o f  

methanol from t h e  MH+ i o n  as i l l u s t r a t e d  i n  Scheme 1. The FAB 

CID/MIKE spec t rum of t h e  2 ' , 3 * -  and 3 ' , 5 1 - c y c l i c  adenos ine  p a i r  showed 

a similar p a t t e r n .  The co r re spond ing  guanos ine  c y c l i c  monophosphates 

however, behaved somewhat d i f f e r e n t l y .  Thus,  w h i l e  3',5,-GMP fo l lowed 

t h e  p a t t e r n  i n  producing  t h e  (B+30)+ (m/z 180) and (B+44)+ (m/z 194) 

i o n s ,  t h e s e  i o n s  be ing  weak i n  t h e  spec t rum of t h e  Zv,3 ' - sample ,  t h e  
2 ' ,3 ' - i somer  con ta ined  t h r e e  new, i n t e n s e  i o n s  a t  m/z 195, 214 and 

217. The i o n  co r re spond ing  t o  m/z 178 p r e s e n t  i n  t h e  s p e c t r a  of t h e  

o t h e r  21 ,31- i somers  was n o t  p r e s e n t  b u t  t h e  t h r e e  new i o n s ,  as y e t  

uncha rac t e r i zed ,  appea r  t o  b e  un ique  t o  t h e  21 ,31-guanos ine  c y c l i c  

monophosphate system. T h e r e f o r e ,  a p p l i c a t i o n  o f  t h e  FAB C I D / M I K E  
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SCHEME 1 .  FAB CID/MIKE fragment ions u s e d  t o  d i f f e r e n t i a t e  a>  3 ' ,5 ' -  
c y c l i c  CMP from b) 2 ' , 3 ' - c y c l i c  CMP ( a d a p t e d  from Ref. 50). 

method t o  t h e  a n a l y s i s  of b i o l o g i c a l  samples ob ta ined  from bo th  p l a n t  

and animal sou rces  i n d i c a t e d  t h e  presence  o f  3 ' , 5 ' - c y c l i c  b u t  no t  

2 ' , 3 ' - cyc l i c  n u c l e o t i d e s  i n  t h e  samples. 

FAB has  a l s o  been used i n  an  a t t empt  t o  deve lop  a g e n e r a l  method 

f o r  t h e  i n c o r p o r a t i o n  o f  s t a b l e  i s o t o p e s  i n t o  g lucu ron ides  by 

performing an l80 exchange r e a c t i o n  on t h e  enzyme cofactor ur id ine-5 ' -  

diphosphoglucuronic a c i d  (UDPG) .5l  Th i s  c o f a c t o r  t r a n s f e r s  a 
g lucuron ic  a c i d  group t o  an  a p p r o p r i a t e  s u b s t r a t e  c a t a l y z e d  by t h e  

a c t i o n  o f  h e p a t i c  uridinediphosphoglucuronyl t r a n s f e r a s e .  The s t a b l e  

i s o t o p e  labeling o f  t h e  c o f a c t o r  i n  t h e  g lucuron ic  a c i d  p o r t i o n  of t h e  

molecule would, t h e r e f o r e ,  p rovide  a g e n e r a l  method for  t h e  l a b e l i n g  
of g lucu ron ic  a c i d  me tabo l i t e s .  FAB a n a l y s i s  o f  t h e  p roduc t s  i s o l a t e d  

fo l lowing  an a c i d  ca t a lyzed  l80 exchange r e a c t i o n  wi th  t h e  c o f a c t o r  
t hus  permi t ted  optimum exper imenta l  c o n d i t i o n s  f o r  l80 l a b e l  
i n c o r p o r a t i o n  t o  be  developed. By comparing t h e  n e g a t i v e  i o n  FAB 
s p e c t r a  o f  180 l a b e l e d  and unlabe led  c o f a c t o r ,  bo th  t h e  p o s i t i o n  and 

l e v e l  o f  i s o t o p e  i n c o r p o r a t i o n  could  be  determined. The ( M - H ) -  i o n  
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3 30 SLOWIKOWSKI AND SCHRAM 

was t h e  base  peak i n  t h e  s p e c t r a  and peaks a t  (M-H+?)’ and (M-H+4)’ 
i n d i c a t e d  t h e  i n c o r p o r a t i o n  44% mono-and 44% di-180 l abe l  under  

optimum exchange c o n d i t i o n s .  Fragment i o n s  co r re spond ing  t o  t h e  (UDP) 

- and (UDP-glucuronate)‘ s p e c i e s  pe rmi t t ed  t h e  s i t e  of l a b e l  t o  be 

l o c a t e d  i n  t h e  g l u c u r o n i c  acid moiety (See F i g u r e  3 ) .  An a d d i t i o n a l  

experiment was performed t o  de te rmine  t h e  e x t e n t  o f  s t a b l e  i s o t o p e  

l o s t  du r ing  t h e  t r a n s g l u c o s y l a t i o n  r e a c t i o n .  Thus, t h e  l a b e l e d  

c o f a c t o r  was incuba ted  wi th  p -n i t ropheno l  s u b s t r a t e  i n  t h e  p re sence  of 

enzyme and t h e  enzymatic p roduc t ,  p -n i t rophenol  g l u c u r o n i d e ,  examined 

mass s p e c t r o m e t r i c a l l y .  Resu!ts o f  t h i s  s t u d y  i n d i c a t e d  t h a t  i n  t h e  

t r a n s f e r  o f  t h e  l a b e l e d  g l u c u r o n i c  a c i d  group t o  t h e  s u b s t r a t e  less 
than  10% of  t h e  l80 l a b e l  was l o s t ,  and t h e  procedure  provided  a 
g e n e r a l  method f o r  fo l lowing  t r a n s g l u c o s y l a t i o n  r e a c t i o n s .  

The l a 0  l a b e l i n g  o f  adenos ine  phosphoro th i a t e ,  ATPctS, a s u b s t r a t e  

f o r  phe-tRNA s y n t h e t a s e  used  t o  examine t h e  s t e r e o c h e m i s t r y  of 

r e a c t i o n s  c a t a l y z e d  by t h i s  enzyme, has  a l s o  u t i l i z e d  FAB MS 

a n a l y ~ i s . 5 ~  The d i -  and t r i p h o s p h a t e  i o n s  formed u s i n g  n e g a t i v e  i o n  

FAB d e t e c t i o n  were key i o n s  i n  d i s t i n g u i s h i n g  ( ct -l80) from 
br idged  (a, a-180)ATP~S as shown i n  F i g u r e  4. Linked scann ing  
techniques  coupled w i t h  FAB i o n i z a t i o n  p e r m i t t e d  d i f f e r e n t i a t i o n  of 
t h e  two compounds on t h e  basis of water losses from t h e  a p p r o p r i a t e  

d i -  and t r i p h o s p h a t e  sequence  fragment i o n s ,  e.g., ci -180-ATPciS l o s t  

H2l80 from t h e  t r i p h o s p h a t e  w h i l e  t h e  d iphospha te  i o n  d i d  n o t  show 
t h i s  l o s s .  The o p p o s i t e  s i t u a t i o n  was observed  i n  t h e  spec t rum o f  t h e  
a ,  B - ~ ~ O - A T P ~ S  sample. 

A f i n a l  example o f  t h e  b iochemica l  a p p l i c a t i o n s  of FAB i n v o l v e s  

t h e  mass s p e c t r a l  a n a l y s i s  o f  coenzyme-A(CoA) and acyl-CoA 
d e r i v a t i v e s  .53 C e r t a i n  m e t a b o l i c  d i s o r d e r s ,  termed o r g a n i c  a c i d u r i a s  

r e s u l t  from an enzyme d e f i c i e n c y  a s s o c i a t e d  wi th  o x i d a t i v e  pathways 

dependent on CoA. I n  order t o  g a i n  i n s i g h t  i n t o  t h e s e  metabolic 
d i s o r d e r s  and to e v a l u a t e  new and p o t e n t i a l l y  more e f f e c t i v e  

t h e r a p i e s  methods f o r  t h e  d i r e c t  a n a l y s i s  o f  me tabo l i c  i n t e r m e d i a t e s  

i n  t h e s e  b iochemica l  pathways have been developed u s i n g  FAB and l i n k e d  
scanning  t echn iques .  Both p o s i t i v e  and n e g a t i v e  i o n  FAB a n a l y s i s  of 

CoA and t h e  acyl-CoA d e r i v a t i v e s  provided  mass s p e c t r a  wi th  i n t e n s e  
MH+ and (M-HI‘ i o n s ,  a long  w i t h  a number of fragment i o n s  d i a g n o s t i c  

of each major p o r t i o n  of t h e  molecule  (see F i g u r e  5)  u s e f u l  i n  
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FIG. 3. Major fragment ions i n  the negative ion FAB mass spectrum of 
180-labeled-UDPG used to assign s i t e  and level of stable 
isotope exchange (adapted from Ref. 5 1 ) .  

FIG. 4. Major fragment ions observed for a) a,&180-ATP@ and b ) a  - 
180-AT&S using negative ion FAB w i t h  linked B/E scanning 
(adapted from Ref. 52). 
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FIG. 5. Fragmentation observed for  some acyl-CoA d e r i v a t i v e s  us ing  
p o s i t i v e  i o n  FAB and l i n k e d  B/E scanning  (adapted  from Ref. 
53). 

i d e n t i f y i n g  s i tes  o f  metabol ic  t r ans fo rma t ion .  I n t e r e s t i n g l y ,  t h e  

nega t ive  i o n  spectrum provided a l a r g e r  number of fragment i o n s ,  b u t  
w i th  lower s e n s i t i v i t y ,  than  d i d  p o s i t i v e  ion  d e t e c t i o n .  For  
b i o l o g i c a l  s t u d i e s  o f  t h e  acyl-CoA ana logs ,  l i nked  scanning  methods 

( c o n s t a n t  B/E t o  monitor daughter  i o n s  of t h e  MH+ i o n )  were examined 

i n  a n t i c i p a t i o n  of t h e  presence  of a number of a r t i fac ts  conta ined  i n  

a b i o l o g i c a l  sample which would i n t e r f e r e  wi th  t h e  a n a l y s i s  u s i n g  

s t anda rd  procedures.  The r e s u l t i n g  m e t a s t a b l e  i o n  s p e c t r a  of t h e  MH+ 
i o n s  were e s s e n t i a l l y  t h e  same as t h o s e  ob ta ined  us ing  normal FAB 

condi t ions .  The base peak i n  t h e  spectrum is c h a r a c t e r i s t i c  of t h e  

a c y l  group which, i n  t h i s  s tudy ,  is t h e  p o r t i o n  of t h e  molecule of 
greatest i n t e r e s t .  The a p p l i c a t i o n  o f  t h e s e  FAB l inked-scanning  

methods to t h e  a n a l y s i s  of t h e  b i o l o g i c a l  samples is expec ted  t o  
provide  informat ion  concerning t h e  me tabo l i c  pathways, enzyme 

a c t i v i t i e s  and s t r u c t u r e s  o f  i n t e rmed ia ry  m e t a b o l i t e s  p r e v i o u s l y  

unava i l ab le  and t o  be  o f  va lue  i n  unders tanding  t h e  metabolic 
d e f i c i e n c i e s  l e a d i n g  t o  o rgan ic  a c i d u r i a s .  

B. DINUCLEOTIDES 

Dinucleo t idea  are t h e  smallest u n i t  o f  a n u c l e o t i d e  cha in  t o  
posses s  sequence informat ion .  A number of a t t empt s  have been made 
using o t h e r  deso rp t ion  techniques ,  e.g., FD and PD to  o b t a i n  sequence  

informat ion  on t h i s  t y p e  of sample. The a n a l y s i s  of u n d e r i v a t i z e d  
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333 FABMS OF NUCLEOSIDES 

dinucleoside phosphates by FD5 have met with l i t t l e  success  with 

regard i n  sequence spec i f ic  fragment ions ,  bu t  FD does provide 

molecular weight information. More p o s i t i v e  r e s u l t s  i n  ob ta in ing  
sequence information on d inuc leo t ides ,  and higher  oligomers,  has been 
achieved using PD,8-10 e s p e c i a l l y  i n  t h e  negat ive ion mode. However, 

t h e  a n a l y s i s  o f  nucleoside diphosphates with PD r e q u i r e s  

d e r i v a t i z a t i o n  o f  t h e  sample, adding s u b s t a n t i a l l y  t o  t h e  molecular 

weight of t h e  sample. The consequence o f  d e r i v a t i z a t i o n  is t o  

res t r ic t  t h e  number o f  r e s idues  i n  t h e  chain which can be analysed 

within t h e  ope ra t ing  mass range of t h e  mass spectrometer.  I n  t h e  case 
o f  d inuc leo t ides ,  t h i s  l i m i t a t i o n  is not  normally a cons ide ra t ion  bu t  

does become a f a c t o r  i n  t h e  a n a l y s i s  of l a r g e r  o l igonuc leo t ides  on a 
magnetic s e c t o r  instrument.  Analysis o f  d inuc leos ide  phosphates with 

FAB i o n i z a t i o n ,  however, avoids  t h e  problem o f  d e r i v a t i z a t i o n  and has 

been shown t o  provide t h e  sequence s p e c i f i c  fragments needed f o r  

c h a r a c t e r i z a t i o n  of t hese  samples. 

The gene ra l  observat ion t h a t  t h e  p o s i t i v e  ion s p e c t r a  o f  
nucleosides  and mononucleotides a r e  more complex than t h e  nega t ive  ion  

s p e c t r a  a l s o  a p p l i e s  t o  t h e  d inuc leo t ides .  A number o f  f a c t o r s  have 

been suggested t o  account f o r  t h i s  complexity,  which becomes g r e a t e r  

a s  t h e  number of p o s s i b l e  fragmentation pathways inc reases .  54 The 

presence of exchangable protons i n  t h e  phosphate group(s1 provides  

sites f o r  c a t i o n i z a t i o n ,  a s  discussed previously,  and t h e  MH+ and 

fragment ions con ta in ing  t h e  phosphate moiety w i l l  t h e r e f o r e  e x h i b i t  a 

series of m u l t i p l e  ions.  

A comparison has been made o f  t h e  s p e c t r a  o f  d i n u c l e o t i d e s  

obtained using p o s i t i v e  and nega t ive  i 0 n s . 3 ~  The p o s i t i v e  ion 
spectrum showed t h e  presence o f  MH+ i o n s ,  BH2+ ions  and ino rgan ic  

phosphate ions  derived from fragmentation o f  t h e  MH+ i on ,  but no 
c o n s i s t e n t  i n d i c a t i o n  o f  t h e  presence o f  nucleoside or mononucleotide 

fragments was obtained. Analysis of t h e  same d i n u c l e o t i d e  samples 
using negat ive ion d e t e c t i o n  provided a g r e a t e r  number of s t r u c t u r a l l y  

r e l evan t  fragment ions ,  including peaks a t t r i b u t e d  t o  t h e  formation o f  

deprotonated mononucleotide s p e c i e s ,  i n  a d d i t i o n  t o  t h e  (M-HI- and 

B- Ions. 

Although t h e  BH2+ and B- ions are g e n e r a l l y  observed i n  t h e  
s p e c t r a  of d inuc leo t ides ,  t h e  direct  loss o f  t h e s e  fragments from t h e  
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3 34 SLOWIKOWSKI AND SCHRAM 

molecular i on  related s p e c i e s  is not  commonly observed. An except ion 
has been reported i n  t h e  case o f  nicot inamide adenine d i n u c l e o t i d e  

(NAD) where t h e  i n i t i a l  l o s s  o f  nicotinamide base occurred from 
t h e  MH+, (M+Na)+ and (M-H+2Na)+ ions55 (see Figure 6 ) .  Fu r the r  
decomposition of t h e  (MH-nicotinamide)+ ion by expuls ion o f  adenine 
permitted t h e  direct  i d e n t i f i c a t i o n  o f  both o f  t h e  bases  p re sen t  i n  
t h i s  d inuc leo t ide  pyrophosphate. The nega t ive  ion spectrum of  3' ,5 '-  
dithymidylate a l s o  exh ib i t ed  the direct  loss of  a base from the  

(M-H)- ion and t h i s  ion was t h e  most i n t e n s e  daughter ion i n  t he  

FAB/MIKE spectrum o f  t h i s  compound. 54 I n  a d d i t i o n ,  deprotonated 

mononucleotide ion,  (TMP-H)', fragmented w i t h  l o s s  o f  t h e  base t o  
y i e l d  an ion  corresponding t o  a (TMP-H-B)' ~ p e c i e s . 5 ~  

Isomeric d inuc leo t ides  have been d i s t ingu i shed  us ing  FAB and a t  
least two r e p o r t s ,  both u t i l i z i n g  t h e  nega t ive  ion mode, have appeared 
i l l u s t r a t i n g  t h i s  c a p a b i l i t y .  A fragmentation unique t o  3 ' , 5 ' -  
l inkages has been observed which r e q u i r e s  c leavage o f  the  r i b o s e  r i n g  
with r e t e n t i o n  of t h e  3' t o  5' carbons and the  phosphate moiety by the  

nuc leo t ide  on t h e  free 5' s ide  o f  molecule. The presence o f  t h i s  
fragment has been used t o  d i f f e r e n t i a t e  A3'p5'C from C3lp5'A (F igure  
7).56 FAB coupled wi th  t h e  CA MS/MS technique has a l s o  been shown t o  
d i s t i n g u i s h  A3'p5'C from A2'p5'C.31 I n  t h e  case o f  t h e  A2lp5'C isomer 
(Figure 81, 3' ,5 '-fragmentation is not  p o s s i b l e  and, i n s t e a d ,  an i o n  
corresponding t o  (M-H-90)- is observed. The (M-H-90)- ion o f  t h e  

2' ,5 '- l inked d inuc leo t ides  cannot,  however, be used t o  d i s t i n g u i s h  
2'Ap5'C from 2lCp5'A s i n c e  both bases are r e t a i n e d  i n  t h i s  fragment. 

The FAB a n a l y s i s  of isomeric  t r i n u c l e o t i d e s  has also been 
r e p 0 r t e d , 5 ~  bu t  t h e  fragmentation characterist ic o f  t h e  3' , 5 ' - l i nk  was 
absent  from t h e  spectrum and f u r t h e r  a n a l y s i s  o f  the data was no t  
presented. 

The a p p l i c a t i o n  of FAB t o  t h e  c h a r a c t e r i z a t i o n  o f  a me tabo l i t e  o f  

the  anti tumor agent t i a z o f u r i n ,  a C-nucleoside analog o f  r i b a v i r i n ,  
has been described.57 I s o l a t i o n  of t h e  me tabo l i t e  from murine P388 
tumor e x t r a c t s  and mass s p e c t r a l  a n a l y s i s  using nega t ive  ion  FAB, 
produced a spectrum showing an i n t e n s e  ion  a t  m/z 668, assumed t o  
represent  t h e  (M-HI' i o n  i n d i c a t i n g  a molecular weight of 669 d. The 

appearance o f  two series o f  ions r e s u l t i n g  from s c i s s i o n  o f  
phosphodiester bonds, shown i n  Figure 9 ,  was i n d i c a t i v e  o f  t h e  
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fi 

FIG. 6. Mode o f  formation o f  t h e  major fragment ions  i n  t he  p o s i t i v e  
ion FAB mass spectrum of nicotinamide adenine d i n u c l e o t i d e  
(adapted from Ref. 55). 
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FIG. 7. Fragment ions  used t o  d i f f e r e n t i a t e  isomeric d i n u c l e o t i d e s ,  
A3'p5'C and C3'p5'A, using negat ive i o n  FAB (adapted f r o m  
Ref. 56). 

presence o f  a d inuc leo t ide  resembling NAD, but  differing i n  s t r u c t u r e  
by replacement of the nicotinamide base by the  thiazole-kcarboxamide 
s t r u c t u r e  p re sen t  i n  t i a z o f u r i n .  

C. OLIGONUCLEOTIDES 
One of the  u l t i m a t e  goa l s  i n  the  mass spectral  a n a l y s i s  o f  

nuc le i c  a c i d s  has been t h e  direct determinat ion of t h e  sequence o f  an 
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i HocciJ HO ,.' i 0 

i I  
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HO OH 

AZ'pS'C 

FIG. 8 .  Formation of the  (M-H-90)- i on  for a 2 ' ,5 ' - l inked  
d i n u c l e o t i d e ,  A2'p5'C, us ing  negat ive  ion  FAB/CA MS/MS 
(adapted from Ref. 31).  

FIG. 9. Major fragment ions i n  the negat ive  ion  FAB mass spectrum of 
the  t iazo fur in  metabol i te  (adapted from Ref. 57). 
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i n t a c t  o l igonuc leo t ide  chain.  A number o f  l i m i t a t i o n s  have prevented 

t h e  r e a l i z a t i o n  of t h i s  g o a l ,  t h e  most s i g n i f i c a n t  being t h e  i n a b i l i t y  

t o  vaporize these  highly po la r  molecules and t h e  l i m i t e d  mass range 

of most commercially a v a i l a b l e  mass spectrometers .  The i n t r o d u c t i o n  

o f  FAB has e f f e c t i v e l y  overcome t h e  f irst  l i m i t a t i o n ,  and advances i n  

magnet technology have extended t h e  usable  mass range o f  mass 

spectrometers  t o  t h e  10,000 da l ton ,  o r  higher ,  range. Although 

problems remain t o  be solved i n  high mass a n a l y s i s ,  t h e  sequencing o f  
o l igonuc leo t ides  con ta in ing  up t o  10 r e s idues  using mass spectrometry 

has been achieved. 
The i n i t i a l  account o f  t h e  sequencing o f  an unde r iva t i zed  

oligodeoxynucleotide chain descr ibed a b i d i r e c t i o n a l  fragmentation of 
t h e  chain i n  t h e  nega t ive  FAB m0de.5~ The mass s p e c t r a  obtained 

during t h e  a n a l y s i s  of underivat ized ol igodeoxynucleot ides ,  two 

octamers and a decamer o f  known sequence, displayed two ion series 

rep resen t ing  t h e  formation o f  5'- and 3'-phosphate anions.  The 5'- 
phosphate ion series represented cleavage o f  t h e  3,carbon-5'phosphate 

oxygen bond with t h e  negat ive charge remaining with t h e  phosphate 

group. This  series o f  fragment ions began from t h e  free 5' end of 

t h e  chain,  t h e  i n i t i a l  end, and proceeded i n  a s tepwise,  s e q u e n t i a l  

manner t h e  l eng th  o f  t h e  chain producing r e a d i l y  recognizable  ions 

i n d i c a t i n g  each cleavage. The 3'-series of i ons  a r o s e  i n  a s i m i l a r  

manner beginning from t h e  free 3' end o f  t h e  DNA chain,  t h e  terminal  

end. Both of t h e  ion  series were p resen t  i n  an a l t e r n a t i n g  f a sh ion  

throughout t h e  spectrum. Due t o  an apparent  g r e a t e r  s t a b i l i t y  i n  ion 

formation, t h e  5l- ion series was observed t o  be more i n t e n s e  than t h e  

3l-series o f  i ons  i n  t h e  s p e c t r a  of a l l  o f  t h e  samples examined. 

I d e n t i f i c a t i o n  of t h e  ion series then permitted t h e  sequence o f  t h e  
o l igonuc leo t ide  chain t o  be  determined ( s e e  Figure 10). A more r e c e n t  

r e p o r t  suggests  t h a t  t h e  i n t e n s i t y  of t h e  3l-ion series is sometimes 

g r e a t e r  than t h e  5'-series, a t  least i n  3 o u t  o f  t h e  11 

deoxynucleotide trimers examined.55 

The coupling of negat ive ion FAB with CA MS/MS has produced 
abundant sequence information during t h e  a n a l y s i s  o f  two 
tetraoligodeoxynucleotides .59 The appearance o f  dimer and trimer 

fragment i o n s  al.lowed deduction of t h e  sequence o f  t h e  tetramer. I n  

a d d i t i o n ,  ions were observed f o r  each o f  t h e  monomeric anion s p e c i e s ,  
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- 5' 
-H 2407 1 1 7 4  1885 - 1581 - 1292 - 9 6 3  650 346 m /z - .- 

I 
I I I I I I I I I I I 

J J m/z 330- 6 1 9  - 923  1212' 1 5 4 1 J  1 8 5 4 '  2158- (  -H 2407 
1' 

FIG. 10 Fragment i o n s  (3 '  and 5 '  s e r i e s )  observed f o r  an oligodeoxy- 
nuc leo t ide  (octamer) i n  negat ive ion FAB (adapted from Ref. 
58). 

i.e., (dAMP-HI-, (dGKP-HI- and (TMP-HI-, as well as t h e  base an ions ,  

B-, and 2- and 3-monophosphate anions o f  2-hydroxymethyl-3- 

hydroxydihydrofuran, a decomposition product of t h e  suga r  phosphate 

group. A preference fo r  s p e c i f i c  base e l imina t ion  was evidenced i n  

t h e  CA mass spectrum o f  d(TACC) i n  which cy tos ine  and thymine losses 
were dominent. S ince  rearrangement r e a c t i o n s  are diminished i n  CA 

experiments,  t h e  assumption was made t h a t  t h e  cy tos ine  and thymine 

bases i n  d(TACC) Were sites o f  i n i t i a l  protonat ion.  The s t r u c t u r e  o f  

d(TACC-H)- was, t h e r e f o r e ,  pos tu l a t ed  t o  con ta in  3 nega t ive ly  charged 

phosphodiester func t ions  and t h e  2 protonated bases.  The i n t e n s i t y  o f  

t h e  3I-series of sequence i o n s  r e l a t i v e  t o  t h e  5 ' - s e r i e s  va r i ed  

s i g n i f i c a n t l y  i n  t h i s  s tudy and again raises t n e  ques t ion  o f  t h e  

u t i l i t y  o f  ion i n t e n s i t y  i n  d i s t i n g u i s h i n g  theze two series. The 

a n a l y s i s  of t h e  samples as t r i e thy lamonium salts should,  however, be 

noted. Although one r e p o r t  has evaluated t h e  FAB mass s p e c t r a  o f  a 

number o f  inorganic  s a l t s , 6 0  t h e  effect o f  va r ious  c a t i o n s ,  p re sen t  

as a sample salt or  as a component i n  a b i o l o g i c a l  matrix,  on t h e  

appearance o f  t h e  FAB mass spectrum has not  been s tud ied  In  d e t a i l .  

The d i r e c t  a n a l y s i s  o f  p ro tec t ed  o l igonuc leo t ides  by nega t ive  ion 
FAB has a l s o  been described.61 The advantage o f  using FAB mass 
spectrometry t o  c h a r a c t e r i z e  t h e s e  in t e rmed ia t e s  used i n  t h e  

preparat ion of s y n t h e t i c  ol lgodeoxynucleot ides  o f  def ined sequence is 
t h a t  time consuming depro tec t ion  s t e p s ,  required by o t h e r  methods o f  
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a n a l y s i s  c u r r e n t l y  i n  use ,  are el iminated.  The mass s p e c t r a  produced 
using FAB i o n i z a t i o n  for the a n a l y s i s  o f  ol igodeoxynucleot ides  
containing monomethyoxytrityl and p-ni t rophenylethyl  p r o t e c t i n g  groups 
(d i s so lved  i n  t h i o g l y c e r o l )  provided molecular weight information and 
fragment ions pe rmi t t i ng  t h e  assignment o f  s t r u c t u r e  t o  these 
compounds.61 A comparison o f  t h e  p o s i t i v e  and nega t ive  ion  s p e c t r a  o f  
ol igodeoxynucleot ides  containing a v a r i e t y  o f  t h e  p r o t e c t i n g  groups 
commonly used i n  t h e  s y n t h e s i s  of longer  chains  has been made.62 The 
o l igonuc leo t ides  examined i n  t h i s  s tudy were divided i n t o  three 

ca t egor i e s :  f u l l y  p ro tec t ed  (5*-dimethoxytr i tyl ,  3'-cyanoethyl 
chlorophosphate) ;  p ro t ec t ed  (5 ' -dimethoxytr i tyl)  w i t h  3'-chlorophenyl 

phosphate anion terminat ion,  as t h e  triethylammonium sa l t ;  and 
protected 3'- terminating (5'-hydroxyl, 3'-O-benzoyl t e rmina t ion ) .  The 

p o s i t i v e  ion spectra of the  f u l l y  p ro tec t ed  samples gave weak MH+ and 
(M+Na)+ ions and l imited sequence information. The nega t ive  ion 
a n a l y s i s  produced weak (M+Cl)- and very weak (M-H)' i ons  and a s t r o n g  
(M-CH2CH2CN)- ion  bu t  displayed sequence information. The presence o f  
t h e  ch lo r ine  i s o t o p e  p a t t e r n  was h e l p f u l  i n  s p e c t r a l  i n t e r p r e t a t i o n .  
Phosphate ion fragments containing t h e  5 l -p ro tec t ing  group were 
s i g n i f i c a n t l y  more i n t e n s e  than t h e  3l-series. The second group o f  
d e r i v a t i v e s  containing the  3'-chlorophenyl phosphate group showed 
e x c e l l e n t  s e n s i t i v i t y  i n  t h e  nega t ive  ion mode with both 3'-and 5 ' -  
i ons  series being observed. Loss of t h e  5 ' -protect ing group a l s o  
produced prominent i ons  which complicated the  i d e n t i f i c a t i o n  o f  
sequence ions.  Negative ion a n a l y s i s  was t h e r e f o r e  p r e f e r r e d  i n  t h e  

l a s t  group of compounds. Both the  3'-  and 5'-  series of i o n s  were 
present  w i t h  t h e  3'-benzoyl con ta in ing  series,  i n  g e n e r a l ,  being 
dominant. By no t ing  t h e  presence o f  t h e  3I-and 5l-series o f  i ons ,  t h e  
sequencing o f  a d e r i v a t i z e d  oligodeoxynucleotide may be performed by 
scanning only about half of t h e  t o t a l  molecular weight range, provided 
t h e  t o t a l  molecular weight is known. 

Because o f  t h e  s i m p l i c i t y  o f  t h e  spectrum and fragmentat ion,  t h e  

negat ive ion mode has  been t h e  most commonly used method i n  t h e  FAB 
a n a l y s i s  o f  o l igonuc leo t ides .  However, a disadvantage o f  d e t e c t i n g  
negat ive ions  is t h a t  the  s e n s i t i v i t y  is s i g n i f i c a n t l y  lower,  r e l a t i v e  
t o  t h e  p o s i t i v e  ion  mode, on many mass spectrometers ,  i nc lud ing  the  

instrument  i n  t h i s  l abo ra to ry .  For most a p p l i c a t i o n s ,  t h e r e f o r e ,  t he  
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HO 

1 ON - 
a 

a' 

b 

C 

d 

d '  

e 

f 

g 

PROPOSED 
IDENTITY 

pApA +2H 

pApAp +2H 

ApA *2H 

b - H20 
PAPA +H -134 

pApAp+2H-2(134) 

pAp +2H 

e - H20 

pA*?H or 

Ap+ZH 

cA 

FIG. 11. Fragmentation observed f o r  2 l , 5 l -o l igoadeny la t e s :  trimer 
co re  (upper) and trimer monophosphate (lower) a s  t h e  free 
a c i d s  i n  p o s i t i v e  ion FAB (adapted from Ref. 45). 

mass spectrometer i n  t h i s  l abora to ry  has been operated i n  t h e  p o s i t i v e  
ion mode. Although t h e  s p e c t r a  are d e f i n i t e l y  more complex than t h e  

negat ive ion  s p e c t r a ,  t h e  information con ten t  appears  t o  be g r e a t e r  i n  

t h e  p o s i t i v e  ion mode. An example is t h e  a n a l y s i s  o f  a series o f  

2 ,5' -01igoadenylate trimers. 45 I n t e r e s t  i n  t h i s  class o f  compounds 

stems from t h e i r  suspected r o l e  as interferon inducers  and t h e i r  

p o t e n t i a l  u t i l i t y  as anti tumor and a n t i v i r a l  agents.  Positive ion FAB 

a n a l y s i s  of a number o f  t hese  samples con ta in ing  va r ious  mod i f i ca t ions  

i n  t h e  aglycone, suga r  and phosphate groups showed the presence o f  
extensive fragmentation (See Figure 11) .  Although complex, t h e  mass 
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spectrum displayed c l e a r l y  recognizable  i o n s  r ep resen t ing  t h e  

important f e a t u r e s  o f  t h e  s t r u c t u r e .  For example, d i f f e r e n c e s  i n  t h e  

observed fragmentation of t h e  t r imer  co re  versus  the  t r i m e r  
monophosphate r e f l e c t e d  t h e  presence of t h e  a d d i t i o n a l  5 '  -phosphate i n  
t h e  la t ter .  Ion series a and d i n  t h e  trimer co re  are seen as a' and 

d' i n  t h e  trimer monophosphate. I n  t h e  case o f  t h e  d and d'  
series, ion d r ep resen t s  t h e  dimer fragment (PAPA) with a l o s s  of one 
adenine base whereas ion  d' r e p r e s e n t s  t h e  dimer monophosphate 
fragment (pApAp) w i t h  a loss of two adenine bases. 

- I V .  CONCLUSIONS 

F a s t  atom bombardment i o n i z a t i o n ,  although still i n  its infancy,  
has a l r eady  been recognized as a powerful technique i n  t h e  mass 
spectral a n a l y s i s  o f  n u c l e i c  acid components. The most s t r i k i n g  

f e a t u r e s  of FAB inc lude  t h e  a b i l i t y  t o  analyze p o l a r  n o n v o l a t i l e  
compounds, such as nuc leo t ides ,  d i r e c t l y  and t o  produce s i g n i f i c a n t  

molecular ion s p e c i e s  accompanied by important fragments providing 
sequence o r  s t r u c t u r a l  information. The use o f  a u x i l i a r y  techniques 
i n  conjunct ion w i t h  FAB, i.e., c o l l i s i o n a l  a c t i v a t i o n  o r  l i nked  
scanning, a l lows t h e  e f f e c t i v e  s e p a r a t i o n  o f  t h e  s o l v e n t  o r  b i o l o g i c a l  
matr ix  ions  from sample ions and enhances t h e  i n t e g r i t y  of t h e  

s p e c t r a l  r e s u l t s .  The sequencing o f  unprotected o l igonuc leo t ides ,  up 
t o  t e n  r e s idues ,  w i th  FAB has a l s o  been remarkable and has widened t h e  

domain of FAB u t i l i z a t i o n  t o  t h e  areas of DNA research and gene 
manipulation. F i n a l l y ,  r ecen t  advances i n  in s t rumen ta l  design should,  
i n  t h e  near  f u t u r e ,  provide t h e  means f o r  t h e  a n a l y s i s  o f  samples w i t h  

molecular weights i n  t h e  5,000-10,000 da l ton  range us ing  e i ther  on- 
l i n e  o r  o f f - l i n e  mass s p e c t r a l  procedures.  The most dramatic  o f  t h e s e  

developments has been t h e  extension o f  t h e  ope ra t ing  mass range of 
magnetic s e c t o r  instruments  and t h e  use of FAB as an i o n i z a t i o n  
technique i n  LCMS. The a p p l i c a t i o n  of FAB mass spectrometry t o  
s o l v i w  chemical, biochemical and medical problems relating t o  t h e  

s t r u c t u r e  and funct ion o f  nuc le i c  acid components has j u s t  begun. 
S i g n i f i c a n t  con t r ibu t ions  by t h i s  new mass spec t romet r i c  t o o l  may be 

expected t o  cont inue i n  t h e  fu tu re .  

T h i s  work supported i n  part by N C I  Grant CA-24690. 
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