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NUCLEOSIDES & NUCLEOTIDES, 4 ( 3 ) ,  347-376 (1985) 

FAST ATOM BOMBARDMENT MASS SPECTRA OF NUCLEOSIDES. COMPARISON WITH 
ELECTRON IMPACT AND CHEMICAL IONIZATION MASS SPECTRA 

Debra L;  Slowikowski and Karl H. Schram', Department o f  Pharmaceutical  
Sciences,  College of Pharmacy, Universi ty  of Arizona, Tucson, AZ 85721 

Abstract .  The fast atom bombardment (FAB) mass s p e c t r a  of t h e  e i g h t  
major nucleosides  found i n  RNA and DNA, pseudouridine and 2',3'-Q- 
isopropyl idene adenosine are descr ibed and compared t o  El, C I ,  and 
desorpt ion chemical i o n i z a t i o n  (DCI) s p e c t r a  reported i n  t h e  l i t e r -  
a t u r e  o r  obtained i n  t h i s  l abora to ry .  J C ' J J  5 ~ ~ 5 '  J r rlifi ) r f T '  f -- 
FAB s p e c t r a  are reported.  The FAB s p e c t r a  are s imple and provide 
unambiguous molecular weight information along with s t r u c t u r a l l y  
s i g n i f i c a n t  fragment ions.  Mechanisms of  ion formation are thought t o  
c l o s e l y  p a r a l l e l  those suggested earlier t o  be ope ra t ing  i n  t h e  C I  
mode. Advantages and disadvantages o f  FAB r e l a t i v e  t o  t h e  s t anda rd  
i o n i z a t i o n  modes are discussed.  

INTRODUCTION 

The r ecen t  i n t roduc t ion  o f  fas t  atom bombardment (FAB)' as an 

i o n i z a t i o n  technique i n  maas spectrometry has proven t o  be o f  

fundamental s i g n i f i c a n c e  in t h e  a n a l y s i s  of thermally l a b i l e  and /o r  

nonvo la t i l e  molecules.2 93 
plasma deso rp t ion  (PD)5 have been used with g r e a t  success  t o  o b t a i n  

mass s p e c t r a  o f  samples i n t r a c t a b l e  t o  t h e  more classical e l e c t r o n -  

impact (EI)  and chemical i o n i z a t i o n  (CI) modes, t h e s e  methods are 
experimental ly  complex and r e q u i r e  expensive modif icat ions t o  e x i s t i n g  

mass spectrometers.  I n  c o n t r a s t ,  sample preparat ion6 and in s t rumen ta l  

modif icat ions are r e l a t i v e l y  s imple with FAB and r e s u l t s  have been 

shown t o  be  r e a d i l y  r ep roduc ib le  between l abora to r i e s . ?  These and 

o t h e r  advantages8 make FAB a method o f  general u t i l i t y  with p a r t i c u l a r  

a p p l i c a t i o n  t o  t h e  mass s p e c t r a l  a n a l y s i s  of h igh ly  p o l a r ,  thermally 

l a b i l e  molecules of biochemical and biomedical i n t e r e s t .  

Although f i e l d  deso rp t ion  (FDI4 and 252Cf- 

The production o f  normally i n t e n s e  protonated molecular i o n s  

coupled with t h e  formation o f  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  

is an a d d i t i o n a l  important f e a t u r e  o f  FAB mass spec t r a .  The 

combination o f  molecular weight and s t r u c t u r a l  information i n  t h e  same 
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348 SLOWIKOWSKI AND SCHRAM 

spectrum has been used t o  sequence oligopeptidesg-11 and f o r  t h e  

c h a r a c t e r i z a t i o n  o f  o l igosaccha r ides ,  12, l 3  s t e r o i d  s u l f a t e s 1 4  and a 
number of o t h e r  compound c l a ~ s e s . ~ * 3  

Application o f  FAB t o  t h e  a n a l y s i s  of n u c l e i c  a c i d  components has 

a l s o  received some a t t e n t i o n ,  but  no t  t o  t h e  degree evidenced i n  o t h e r  

areas, e.g., peptides.  The s t r u c t u r e  determinat ion of isomeric  2'- 

deoxydinucleoside monophosphate sa l ts  using p o s i t i v e  and nega t ive  i o n  
FAB i n  conjunction with MIKES has been described.15 

has a l s o  appeared desc r ib ing  t h e  p o s i t i v e h e g a t i v e  ion FAB s p e c t r a  o f  

some di- ,  t r i -and modified nuc leo t ide  phosphates. 16 The i d e n t i f i c a -  

t i o n  of t h r e e  a l k y l a t e d  nuc leo t ide  adducts formed i n  t h e  r e a c t i o n  o f  

guanosine-5'-monophosphate with t h e  ant i tumor agent  phosphoramide 

mustard u t i l i z e d  FAB ion iza t ion .  '7 
molecules containing a nuc leo t ide  p o r t  ion i n  t h e i r  s t r u c t u r e s  have 

a l s o  been analyzed using FAB. l 5 , I 6 ,  18 t19  
sequence data  on high molecular weight oligodeoxynucleotides a r e  

a v a i l a b l e  using nega t ive  ion FAB20 and a method has been descr ibed f o r  

determining t h e  number o f  a c t i v e  hydrogens p re sen t  i n  nuc leo t ides  (and 

o the r  compound c l a s s e s )  using deuterium labeled g l y c e r o l  as t h e  

matrix.21 

dinucleoside monophosphates have been descr ibed.  22 

A brief r e p o r t  

Other b i o l o g i c a l l y  important 

Molecular weight and 

More r e c e n t l y ,  t h e  FAB s p e c t r a  o f  10 mononucleotides and 11 

In  c o n t r a s t  t o  t h e  l i t e r a t u r e  desc r ib ing  t h e  u t i l i t y  o f  FAB i n  

t h e  a n a l y s i s  of nuc leo t ides  and o l igonuc leo t ides  is t h e  pauc i ty  of 
data  concerning t h e  FAB s p e c t r a  o f  nucleosides .  Only one b r i e f  

mention of t h e  pos i t i ve /nega t ive  ion  s p e c t r a  of  guanosine and 

deoxyguanosine has appeared i n  t h e  l i t e r a t u r e 2 2  and a r ecen t  paper 

mentions t h e  use of low and high r e s o l u t i o n  FAB i n  t h e  s t r u c t u r e  

confirmation of s y n t h e t i c  py r id ine  nucleoside analogs.23 

during preparat ion of t h i s  manuscript  a paper appeared desc r ib ing  t h e  

s p e c t r a  of nucleosides obtained using FAB combined with MS/MS 

a n a 1 y ~ i . s . ~ ~  

t h e  present  work are i n  agreement with t h i s  l a t te r  r epor t .  

F i n a l l y ,  

A number o f  t h e  conclusions a r r i v e d  a t  independently i n  

The v o l a t i l i t y  limits exh ib i t ed  by many n a t u r a l l y  occurr ing and 
s y n t h e t i c  nucleoside analogs has long been recognized as a major 
l i m i t a t i o n  i n  t h e  mass s p e c t r a l  a n a l y s i s  o f  t h i s  class o f  
compounds25~26 and e l e c t r o n  impact i o n i z a t i o n  may o r  may no t  provide a 
usable  spectrum. I n  SUcceSSful cases, E I  is seen t o  provide a wealth 
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NUCLEOSIDES. FABMS vs. E I ,  C I ,  AND D C I  349 

of s t r u c t u r a l l y  d i agnos t i c  i ons  and some i n d i c a t i o n  of molecular 
weight, i f  not  d i sp l ay ing  t h e  molecular ion i t se l f ,  and t h e  mechanisms 
of fragmentation i n  t h e  E I  mode have been, f o r  t h e  most p a r t ,  well 
e ~ t a b l i s h e d . ~ 5 , ~ ~  
nucleosides  has a l s o  been i n v e s t i g a t e d  and found to  provide informa- 
t i o n  (molecular weight) complementary t o  t h a t  provided by EI .27  
However, t h e  mass s p e c t r a l  a n a l y s i s  of t h e  less v o l a t i l e  o r  thermally 
l a b i l e  members o f  t h i s  compound c l a s s  r e q u i r e s  e i ther  d e r i v a t i z a t i o n  
t o  form a more v o l a t i l e  analog28 o r  i o n i z a t i o n  by FD29,30, PD3’ o r  
desorpt ion chemical i o n i z a t i o n  ( ~ ~ 1 1 3 2 - 3 4  i n  order  t o  ob ta in  usab le ,  
s t r u c t u r a l l y  r e l evan t  mass spec t r a .  

Chemical i o n i z a t i o n  o f  t h e  more v o l a t i l e  free 

The a b i l i t y  t o  ob ta in  mass s p e c t r a l  data on l a r g e  biomolecules 
con ta in ing  nuc leo t ide  components and t o  sequence DNA and RNA fragments 
is of fundamental importance. However, a number o f  s i t u a t i o n s  r e q u i r e  
t h e  a n a l y s i s  of t h e  more basic s t r u c t u r a l  u n i t s .  Examples inc lude  t h e  
c h a r a c t e r i z a t i o n  o f  s y n t h e t i c  nucleoside analogs,  t h e  i d e n t i f i c a t i o n  
and q u a n t i t a t i o n  of nucleosides  possessing chemotherapeutic a c t i v i t y  
and 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  nucleosides  obtained from n a t u r a l  
sources  and i s o l a t e d  e i ther  a s  a n a t i v e  nucleoside o r  der ived from 
hydrolysis  o f  l a r g e r  u n i t s .  I n  o rde r  t o  determine t h e  u t i l i t y  o f  FAB 
i n  providing s t r u c t u r a l l y  informative mass s p e c t r a  o f  nucleosides  and 
t o  o f f e r  a b a s i s  f o r  comparison w i t h  s p e c t r a  obtained using E I  and/or 
C I ,  t h e  p o s i t i v e  and negat ive ion low r e s o l u t i o n  FAB s p e c t r a  o f  t h e  

e i g h t  major nucleosides  found i n  RNA and DNA, and some c l o s e l y  related 

analogs,  have been examined. I n  t h i s  prel iminary account no a t t empt  
has been made t o  optimize experimental  cond i t ions  and fragmentation 

mechanisms o r  ion s t r u c t u r e s  are suggested based on known pathways 
observed and e s t a b l i s h e d  using E I  and C I .  

Experimental 
Nucleosides 1-10, the  g l y c e r o l  and t h e  s u l f o l a n e  used f o r  t h e  

sample matrices are commercial products  purchased from Vega 
Biochemicals, Tucson, Arizona o r  from Sigma Chemical Company, St. 

Louis,  Missouri. 
Mass s p e c t r a  were obtained using a Varian MAT 311A mass 

spectrometer f i t t e d  w i t h  an Ion Tech 11NF saddle  f i e l d  gun. Xenon was 
used as t h e  primary beam gas  and t h e  atom gun was operated a t  8 kV 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
3
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



350 SLOWIKOWSKI AND SCHRAM 

p o t e n t i a l  with 1 mA emission cu r ren t .  Samples (1-5 ug) were d i s so lved  

i n  g lyce ro l  (5-10 u l )  on t h e  s t a i n l e s s  steel  probe t i p ,  and s p e c t r a  

were acquired a t  ambient temperature with a scan r a t e  o f  25 

seddecade .  This slower scan rate is recommended t o  p re se rve  a good 

s igna l /no i se  r a t i o  and t o  prevent i on  s ta t is t ics  from e l i m i n a t i n g  low 

abundance peaks. 35 

The acquired s p e c t r a  were processed by s u b t r a c t i o n  o f  t h e  peaks 

due t o  t h e  presence of t h e  g l y c e r o l  matr ix  using a Varian SS200 d a t a  

system. 

Resul ts  and Discussion 

P o s i t i v e  Ion 

The p o s i t i v e  ion FAB mass s p e c t r a  o f  t h e  major r ibonucleosides  

found i n  RNA, i .e.,  adenosine (11,  guanosine (21, u r i d i n e  ( 3 )  and 

c y t i d i n e  (4), and t h e  major 21-deoxyribonucleosides o f  DNA, i.e., 2'- 
deoxyadenosine (51, 2'-deoxyguanosine (61, 2'-deoxycytidine (7)  and 

thymidine (81, were examined. Pseudouridine (9) and 2',3'-0- 

isopropylidene adenosine (10) are a l s o  included t o  i l l u s t r a t e  t h e  

behavior o f  a C-nucleoside and a v o l a t i l e  nucleoside d e r i v a t i v e .  

Adenosine (1) is used as a model compound f o r  t h e  purine nucleosides  

s i n c e  good mass s p e c t r a  of t h e  underivat ized sample a r e  obtained i n  

FAB, C I  and E I  a l lowing comparison of t h e s e  t h r e e  i o n i z a t i o n  modes, as  
shown i n  Figure 1. Likewise,  thymidine (8) is t h e  model compound f o r  

pyrimidine deoxynucleosides and t h e  mass s p e c t r a  o f  8 a r e  displayed i n  

Figure 2. 

The major f e a t u r e  o f  t h e  p o s i t i v e  ion FAB s p e c t r a  o f  both t h e  
r ibos ides  and deoxyribosides is t h e  s i m p l i c i t y  o f  t h e  s p e c t r a  and t h e  

predominance o f  t h e  MH+ and (B+2H)+ i 0 n s . 3 ~  

assignment is unambiguous i n  a l l  cases, with i d e n t i f i c a t i o n  of t h e  MH+ 
ion being confirmed by t h e  appearance o f  one o r  more g l y c e r o l  adduct 

i ons ,  (MH+C)+, separated by 92d beginning from t h e  MH+ ion.  Unlike 

C I ,  peaks 2d above t h e  expected value of MH+ and (B+2H)+ i o n s  i n  

pyrimidine nucleosides27 are absent  i n  FAB. The r e l a t i v e  i n t e n s i t i e s  

o f  t h e  MH+ ion i n  FAB as compared t o  E I  and C I  methods are shown i n  

Table 1. The increased i n t e n s i t y  of t h e  MH+ i on  observed using FAB 

r e l a t i v e  t o  t h e  o the r  "softg1 i o n i z a t i o n  methods o f  C I  and DCI  may be 

Molecular weight 
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Fig. 1 .  Mass spectra of adenosine ( 1 )  i n  a )  FAB, b) C I  and c )  EI 
ionization modes. 
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Fig. 2.  Mass spectra of thymidine (8) i n  a)  FAB, b) CI and C )  EI 
ionization modes. 
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NUCLEOSIDES. FABMS vs. E I ,  C I ,  AND D C I  353 

ascribed t o  t h e  method of i o n i z a t i o n ,  t h e  absence o f  thermal 
decomposition, o r  both. 

The a b i l i t y  o f  FAB t o  provide molecular weight information on 
samples not amenable t o  s tandard E I  and C I  techniques is most c l e a r l y  
evidenced i n  t h e  s p e c t r a  o f  compounds 2 and 6. 
circumstances,  both o f  these nucleosides  undergo ex tens ive  p y r o l y s i s  
during heat ing of t h e  d i rec t  i n s e r t i o n  probe, which, i n  t h e  case o f  2, 

renders  t h e  spectrum e s s e n t i a l l y  u s e l e s s  f o r  molecular weight 
assignment.37 

17 t o  53% r e l a t i v e  i n t e n ~ i t y 3 ~ ' 3 ~  w i t h  other s t rong  ions  pe rmi t t i ng  
i d e n t i f i c a t i o n  o f  t h e  aglycone m/z 152, (B+2H)+ and sugar  (m/z 133, 
S+) components o f  t h e  nucleoside.  Attempts t o  o b t a i n  the mass 
spectrum o f  6 using E I ,  C I  and f i e l d  i o n i z a t i o n  ( F I )  have proven 
unsuccessful.  A mass spectrum o f  6 has been obtained,  however, u s ing  
a s p e c i a l l y  prepared probe i n  t h e  D C I  mode.32 The MH+ ion observed 
using these cond i t ions ,  a l though r e a d i l y  i d e n t i f i a b l e ,  was very weak 

(0.62% R I )  and was accompanied by presumably thermally derived i o n s  a t  
MH+-18 and MH+-36. The D C I  spectrum is dominated by low mass i o n s  
r e l a t e d  t o  t h e  suga r  i on  (S+, m/z 117, 83%) by l o s s  o f  one (m/z 99, 
50%) and two (m/z 81, 100%) molecules o f  water. The use  o f  DCI  has 
t h e  s i g n i f i c a n t  disadvantages t h a t  t h e  MH+ ions are t r a n s i e n t ,  
experimental  cond i t ions  a r e  no t  ye t  s tandardized,  and t h e  technique 
has not  been widely used f o r  t h e  a n a l y s i s  o f  n u c l e i c  acid components. 

Under ordinary 

Desorption C I  has  provided MH+ i o n s  of 2 ranging from 

I n  c o n t r a s t ,  t h e  p o s i t i v e  ion FAB mass s p e c t r a  o f  2 and 6 provide 

i n t e n s e  MH+ ions al lowing unambiguous molecular weight assignment. A 

r ecen t  paper has a l s o  demonstrated i n t e n s e  MH+ (70% R I  f o r  2 and 50% 
R I  f o r  6) and (B+2H)+ ions (100% R I  f o r  both) f o r  2 and 6,22 
comparable i n  r e l a t i v e  i n t e n s i t y  t o  t h e  r e s u l t s  i nd ica t ed  i n  t h i s  
s tudy ,  t hus  again i l l u s t r a t i n g  t h e  i n t e r l a b o r a t o r y  r e p r o d u c i b i l i t y  o f  
FAB r e s u l t s .  I n  add i t ion ,  the  i o n s  generated using FAB a r e  very long 
l i v e d  and are t h u s  amenable t o  o the r  mass s p e c t r a l  procedures,  
including high r e s o l u t i o n  mass m e a ~ u r e m e n t s 3 ~  and metastable  i o n  
analyses.  35 

Cytidlne ( 4 )  and a number o f  c y t i d i n e  analogs are another  class 
of nucleosides  which provide weak o r  nonexis tent  molecular i o n s  under 
normal E I  conditions.39 
o r  t h e  use o f  DCI33 have been shown t o  produce MH+ ions  f o r  4 ranging 

Proper choice o f  reagent  gas i n  t he  C I  mode27 
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SLOWIKOWSKI AND S C H W  354 

Tabla 1: Comparative intensities of the molecular or HH+ ion and significant fragment 
S OM using FIB, CI and EI techniques in the positive ion mode.a 

ASSICNKENT: 
m+b,c B+44d &30e &2H S+ OTHER 
BIZ (SRI) m/z (SRI) a h  (SRI) m/z (SRI) m/z (SRI) m/z (SRI)  

Idmosine (1 ) 

Uridine ( 3 )  

Cytidlne ( 4 )  

Deoxyadenoslne (5)  

Daoxyguanoslna (6)  

Dwrycytldine ( 7 )  

Thymidine ( 8 )  

Pseudouridins (9) 

CI 
EI 

FIB 
CI 
EI 
DCI 

I 

F I B  
cx 
EI 

FIB 
CI 
EI 

FA0 
CI 
EI 

PA0 
CI 
EI 
DCI 

FA0 
CI 
EI 

FIB 
CI 
EI 

F I B  

CI 

EI 

" (100) 
" (78) 

152(100) 

- 
152(100) 
" (47) " (100) 
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NUCLEOSIDES. FABMS vs. EI, CI, AND DCI 355 

Toblo 1 NotOS: 

a) EI and CI i n t o n s i t y  n l u o a  f r o m  reference 47 .  

b) 

a)  

d )  

e )  

f )  IQtrix is a u l f o l m o  (SF). 

Holooular ion spmiea i n  CI is W': 

Mothano u d  M r-ont P a  in CI mode unless  o t h e n i s e  n0t.d.  

In tho d w g  sor loa ,  tho  ion corresponding to the  &bU ion is the  h.28 ion. 

The r o l a t i v o  contributions of BHsC2H5 an4 B-CHzO to tho b30 ion i n  the C I  mod. 
(mothu~o) wo not ourrontly known. 

y 2  

oA5 
I I Hoce-iJ 

3, R3= H, R4=OH 
8, Rs=CHa,Q=H 

0 
II 

HN 

Hot@ 
HO CH 

? 

CH, /L\ CH, 

19 
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35 6 SLOWIKOWSKI AND SCHRAM 

i n  r e l a t i v e  i n t e n s i t y  from 2% ( C I ,  CH4) t o  100% ( D C I ,  NH3). The 

p o s i t i v e  i o n  FAB mass spec t rum o f  4 and t h e  deoxy ana log  7 y i e l d  

s t r o n g  p ro tona ted  molecu la r  i o n s  and g l y c e r o l  adduc t  i o n s  a l lowing  t h e  

d i r e c t  and s imple  de t e rmina t ion  of molecular  weight.  Thus, p o s i t i v e  

i o n  FAB prov ides  molecu la r  weight i d e n t i f i c a t i o n  of ribo- and 

deoxyr ibonucleos ides  n o t  a v a i l a b l e  u s i n g  s t a n d a r d  E I  and C I  

c o n d i t i o n s ,  and t h i s  t echn ique  shou ld  prove e s p e c i a l l y  v a l u a b l e  i n  t h e  

mass s p e c t r a l  a n a l y s i s  of guanine  and c y t o s i n e  t y p e  nuc leos ides .  

Cleavage o f  t h e  g l y c o s i d i c  bond is t h e  most prominent 

decomposition pathway observed i n  t h e  mass s p e c t r a  of n u c l e o s i d e s  

us ing  e i t h e r  E125 o r  C127, and t h i s  f r agmen ta t ion  a l s o  produces  t h e  

base  peak i n  t h e  s p e c t r a  of  n u c l e o s i d e s  ana lyzed  u s i n g  p o s i t i v e  i o n  

FAB. S i s s i o n  of t h e  base-sugar  bond wi th  t r a n s f e r  o f  e i t h e r  one o r  
two hydrogens from t h e  ca rbohydra t e  t o  t h e  aglycone40 i n  E I  y i e l d s  

both  t h e  (B+H)+. and (B+2H)+ i o n s ,  r e s p e c t i v e l y .  S t r u c t u r a l  

c o r r e l a t i o n s  i n d i c a t e  t h e  p re sence  o f  a p u r i n e  base  o r  2I-deoxy s u g a r  
f a v o r s  fo rma t ion  o f  a more i n t e n s e  (B+H)+. i o n  w h i l e  t h e  (B+2H)+ i o n  

p r e v a i l s  i n  t h e  mass s p e c t r a  o f  py r imid ines  and some r i b ~ s i d e s . ~ ~  
I o n i z a t i o n  by C I  o r  FAB, however, produces o n l y  t h e  (B+2H)+ ion .  
Thus, some s t r u c t u r a l  i n fo rma t ion  is l o s t  r e l a t i v e  t o  t h e  EI spec t rum 
s i n c e  t h e  t y p e  of base  o r  s u g a r  is n o t  obvious  from t h e  i n t e n s i t y  of 

on ly  t h e  (B+2H)+ ion. 

Fragmenta t ions  i n  t h e  C I  mode proceed from t h e  p ro tona ted  

molecular  i o n  MH+ where t h e  p ro ton  is de r ived  from t h e  r e a g e n t  g a s  

wi th  t h e  s i t e  o f  p r o t o n a t i o n ,  on t h e  base  or s u g a r ,  de t e rmin ing  t h e  

subsequent  r o u t e  of f r a g m e n t a t i ~ n . ~ T  

decompositions i n  FAB proceed from t h e  p ro tona ted  molecu la r  i on  b u t ,  

i n  t h i s  case, t h e  p ro ton  is d e r i v e d  from t h e  sample matrix,  g e n e r a l l y  

g l y c e r o l .  Fragmenta t ions  i n  FAB may t h u s  be  more c l o s e l y  r e l a t e d  t o  

s o l u t i o n  chemis t ry ,  and i n  f a c t ,  t h e  p o t e n t i a l  u t i l i t y  of  FAB 

measurements f o r  t h e  d i r e c t  s t u d y  of s o l u t i o n  chemis t ry  h a s  p r e v i o u s l y  

been ~ u g g e s t e d . ~ ’  1 4 2  However, d e s p i t e  d i f f e r e n c e s  i n  t h e  s o u r c e  o f  
t h e  added p ro ton ,  c e r t a i n  p a r a l l e l s  between t h e  FAB and C I  s p e c t r a  may 

be noted: ( 1 )  fragment i o n s  i n  FAB are p o s t u l a t e d  t o  be  t h e  r e s u l t  of 
gas-phase unimolecular  decomposi t ion  r e a c t i o n s  a r i s i n g  from t h e  

p ro tona ted  molecular  i o n , 8 , 4 3  and t h e s e  gas-phase p r o c e s s e s  are 

envis ioned  as o c c u r r i n g  j u s t  above t h e  sample matrix s u r f a c e ; 3 5  

I n  a similar manner, 

( 2 )  a 
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NUCLEOSIDES. FABMS vs. E I ,  C I ,  AND D C I  357 

more e l a b o r a t e  ion-molecule charge-cascade concept  has  r e c e n t l y  been 

proposed which seems t o  account  f o r  t h e  CI - l ike  n a t u r e  o f  FAB 

s p e c t r a , 4 4  i .e.,  t h e  obvious  s i m i l a r i t y ,  a s i d e  from i n t e n s i t y  

d i f f e r e n c e s ,  between t h e  even-e l ec t ron  i o n s  p r e s e n t  i n  FAB mass 
s p e c t r a  and t h o s e  i o n s  observed  i n  C I  mass s p e c t r a  u s i n g  methane; 

a c o r r e l a t i o n  h a s  been e s t a b l i s h e d  between t h e  s o l u t i o n  h y d r o l y s i s  o f  

t h e  g l y c o s i d i c  bond of n u c l e o s i d e s  and t h e  gas-phase c l eavage ,  i n  t h e  

absence  of s o l v e n t ,  o f  t h e  base-sugar bond i n  t h e  G I  mode, t h a t  is, 
bo th  l i q u i d  and gas-phase h y d r o l y s i s  exper iments  y i e l d  t h e  same 

q u a l i t a t i v e  r e s u l t  concern ing  g l y c o s i d i c  bond s t a b i l i t y  of 

nuc leos ides .45  There fo re ,  t h e  assumption is made t h a t  t h e  

f r agmen ta t ion  mechanism proposed i n  C127 are g e n e r a l l y  a p p l i c a b l e  t o  

decomposi t ions  observed  i n  t h e  p o s i t i v e  i o n  FAB mass s p e c t r a .  

( 3 )  

Formation of t h e  (B+2H)+ i o n  i n  C I  p roceeds  from t h e  p r o t o n a t e d  

molecular  i o n  by t r a n s f e r  of a s u g a r  hydroxyl  hydrogen t o  t h e  b a s e ,  

concomitant w i t h  g l y c o s i d i c  bond c leavage .  The s i t e  o f  i n i t i a l  
p r o t o n a t i o n ,  w i th  t h e  p ro ton  being de r ived  from t h e  r e a g e n t  gas, is 

dependent on t h e  ag lycone  b u t ,  acco rd ing  t o  s o l u t i o n  h y d r o l y s i s ,  is 

presumably N1 f o r  a d e n 0 s i n e . 4 ~  

f o r  (B+2H)+ i o n  p roduc t ion  i n  C I  f o r  adenos ine .  

s u g a r  hydroxyl hydrogen and n o t  a carbon bound hydrogen h a s  been  

e s t a b l i s h e d  and t h e  use  of deuter ium l a b e l e d  r e a g e n t  gas27 allows 

d i s c r i m i n a t i o n  o f  r e a g e n t  gas vs .  OH hydrogens. Whether o r  n o t  t h e  

same mechanism is o c c u r r i n g  i n  FAB remains t o  b e  de te rmined .  S i n c e  

FAB is similar t o  s o l u t i o n  chemis t ry ,  t h e  s o l v e n t  m a t r i x  i n  FAB may b e  

t h e  s o u r c e  o f  a l l  l a b i l e  p r o t o n s ,  as is normally observed  i n  s o l u t i o n  

h y d r o l y ~ i s . ~ 5  Fur thermore ,  acco rd ing  t o  t h e  ion-molecule charge-  

cascade  phenomena mentioned above, t h e  ma t r ix ,  having t h e  h i g h e r  

c o n c e n t r a t i o n ,  is i o n i z e d  by c o l l i s i o n s  wi th  t h e  bombarding g a s  and 

t h e  r e s u l t i n g  cha rge  is t r a n s f e r r e d  t o  t h e  sample upon c o l l i s i o n  w i t h  

a sample molecule.  44 However, deuter ium l a b e l e d  g l y c e r o l  canno t  be 

used t o  conf i rm t h e  mechanism s i n c e  r a p i d  H-D exchange o c c u r s  i n  t h i s  

p r o t i c  so lven t* l  and d i s c r i m i n a t i o n  o f  ribose OH vs .  s o l v e n t  hydrogens 

is l o s t .  

Equat ion  1 i l l u s t r a t e s  t h e  mechanism 

The t r a n s f e r  of a 

Although t h e  e x a c t  mechanism o f  fo rma t ion  is u n c l e a r ,  t h e  (B+2H)+ 

ion  is t h e  base  peak i n  t h e  FAB mass s p e c t r a  o f  a l l  n u c l e o s i d e s  

examined, excep t  9. A s  shown i n  Tab le  1 ,  ana logous  r e s u l t s  are 
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358 SLOWIKOWSKI AND S C H W  

Eq. 1 Formation of t h e  (B+2H)+ i o n  from MH+ f o r  adenos ine  i n  CI.27 
The same mechanism is thought  t o  be  o p e r a t i n g  i n  FAB. 

ob ta ined  us ing  C I  (CH4) and, i n  t h e  case o f  t h e  pyr imidine  nucleo- 
s i d e s ,  E I .  The C-nucleoside,  9, shows a suppres sed  (B+2H)+ i o n  i n  

E I , z 6  CI,27 and FAB r e f l e c t i n g  s t r o n g e r  C-C v s .  C-N bond s t a b i l i t y  and 

t h u s ,  decreased  g l y c o s i d i c  bond c leavage .  S i m i l a r  r e s u l t s  have been 

observed us ing  FAB MS/MS.24 

Although t h e  FAB s p e c t r a  o f  n u c l e o s i d e s  are dominated by t h e  MH+ 

and (B+2H)+ i o n s ,  o t h e r  fragment i o n s  o f  d i a g n o s t i c  v a l u e  a r e  a l s o  
observed. A s t r u c t u r a l l y  u s e f u l  i o n  g e n e r a l l y  p r e s e n t  i n  t h e  E I  and 

C I  mass s p e c t r a  of  bo th  r i b o s i d e s  and 2 , -deoxyr ibos ides  a p p e a r s  a t  M- 
89 ion  ( E I )  o r  MH-90 ( C I ) ,  and r e p r e s e n t s  l o s s  o f  ca rbons  3' th rough 

5 ,  wi th  r e t e n t i o n  of  a hydroxyl h ~ d r o g e n . ~ 5 , ~ 7  T h i s  i o n ,  commonly 

r e f e r r e d  t o  as (B+44)+ f o r  r i b o s i d e s  and (B+28)+ f o r  2'-deoxy- 

r i b o s i d e s ,  25 is a base-conta in ing  fragment impor t an t  i n  de t e rmin ing  

t h e  s i t e  o f  s u g a r  m o d i f i c a t i o n  i n  n u c l e o s i d e s  o f  unknown s t r u c t u r e .  

The assignment of  t h i s  i o n  i n  an  E I  spec t rum is  unambiguous, bu t  

c a u t i o n  should  be used i n  a s s i g n i n g  a s t r u c t u r e  o r  r e l a t i v e  i n t e n s i t y  

t o  t h i s  i o n  i n  t h e  C I  mode because  o f  t h e  fo rma t ion  o f  B + r e a g e n t  g a s  

adduct  i ons .  For example, t h e  use  o f  i s o b u t a n e  g a s  i n  C I  l e a d s  t o  a 

(BHWC3H7)+ adduct  i on  which occur s  a t  t h e  same nominal mass as t h e  

(B+44)+ ion27 of  r i b o s i d e s .  

n u c l e o s i d e s  examined e x h i b i t e d  (B+44)+ i o n s ,  ana logous  t o  t h e  s p e c i e s  

observed i n  t h e  C I  s p e c t r a ,  excep t  t h a t  r e a g e n t  g a s  a d d u c t s  a r e  n o t  

p re sen t .  Gene ra l ly  base -con ta in ing  fragment i o n  i n t e n s i t i e s ,  such  as 

(B+44)+, are g r e a t e r  i n  E I  t han  i n  C I  due t o  t h e  high-energy i o n i z a -  

t i o n  i n  E I .  I n  FAB, r e l a t i v e  i n t e n s i t i e s  of  t h e  (B+44)+ i o n  a r e  a l s o  

less than  t h o s e  observed i n  E I ,  a t  least  f o r  t h e  p u r i n e  n u c l e o s i d e s .  

R e l a t i v e  i o n  abundance va lues  of t h e  ( B + 4 4 ) +  i o n  f o r  t h e  py r imid ine  

I n  t h e  FAB mass s p e c t r a ,  all o f  t h e  
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NUCLEOSIDES. FABMS vs. E I ,  C I ,  AND D C I  359 

nucleosides ,  3, 4 and 8, however, are wi th in  2% of t h e  i n t e n s i t i e s  

seen i n  E I .  

The mechanism f o r  t h e  formation of  t h e  (B+44)+ ion i n  E I  pro- 

ceeds from t h e  odd-electron molecular ion v i a  r a d i c a l - s i t e  d i r e c t e d  

cleavages,  and d i f f e r s  i n  r i b o s i d e s  vs.  deoxyribosides .25 

c o n t r a s t ,  t h e  decomposition i n  C I  o r i g i n a t e s  from a protonated 

molecular ion and occurs by successive cha rge - s i t e  i n i t i a t e d  
cleavages,  i d e n t i c a l  i n  t h e  r i b o s i d e  and deoxyribosides ,  as i n d i c a t e d  

i n  Equation 2.27 
proposed t o  be t h e  e t h e r  oxygen of t h e  

suga r  i n  both E I  and C I  is i n i t i a t e d  by a b s t r a c t i o n  o f  a suga r  
hydroxyl hydrogen by t h e  base. 25 127 

I n  

Although t h e  s i t e  o f  i n i t i a l  p ro tona t ion  i n  C I  is 

fragmentation o f  t h e  

Electron impact induced decomposition o f  t h e  (B+44)+ ion l e a d s  t o  

even e l e c t r o n  i o n s  a t  m/z 148 and 121 i n  t h e  mass spectrum o f  adenine 

nucleosides  as shown i n  Eq. 3.25 
ion ,  is formed by expu'lsion o f  CHO. and H *  r a d i c a l s  from t h e  suga r  

while t h e  m/z 121 is produced by e l imina t ion  o f  HCN from t h e  m/z 148 

i 0 n . ~ 5  In  FAB, only t h e  isopropyl idene d e r i v a t i v e  10 d i s p l a y s  a 
(B+14)+ ion while  both 1 and 10 show t h e  m/z 121 peak with r e l a t i v e  

i n t e n s i t i e s  of 3 and 4%, r e spec t ive ly .  

t h e  1 ' -  and 4 l -pos i t i ons  o f  t h e  sugar  r i n g  and confirms t h e  assignment 
o f  t h e  (B+H)+* and (B+2H)+ ions.  Th i s  ion has been shown25 t o  c o n s i s t  

of t h e  aglycone, t h e  C-1' and 0-4' p o s i t i o n s  o f  t h e  carbohydrate  r i n g  

and a hydrogen t r a n s f e r r e d  t o  t h e  base from t h e  2'-hydroxyl group. 

Decreased abundance of t h e  (B+30)+ ion  is t h e r e f o r e  observed i n  t h e  E I  

s p e c t r a  o f  2 '-deoxyribosides and o t h e r  nucleosides  l ack ing  a 2'-OH 
group. The pa ren t s  of t h i s  ion are t h e  M+. (EI) o r  MH+ ( C I )  ions .  

The mechanism o f  formation o f  t h e  (B+30)+ ion i n  C I  is similar t o  t h a t  

proposed f o r  E I  except t h a t  h e t e r o l y t i c  r a t h e r  than homolytic bond 

cleavages occur. Fragmentation o f  t h e  suga r  with concomitant loss of  

water r e s u l t s  i n  gene ra t ion  of t h e  (B+30)+ i 0 n . ~ 7  
same mechanism is thought t o  be  ope ra t ing  i n  FAB and is i l l u s t r a t e d  i n  

Equation 4. A p a r t i c u l a r  advantage of FAB over C I  i n  i d e n t i f i c a t i o n  

o f  t h e  (B+30)+ ion is t h e  absence of p o t e n t i a l l y  i n t e r f e r i n g  reagent  

gas  adduct ions.  I n  t h e  case where methane is t h e  C I  reagent  gas ,  t h e  
(BH0C2H5)+ adduct i on  f a l l s  a t  t h e  same nominal mass as t h e  (B+30)+ 

ion. 

The first o f  t h e s e  ions ,  t h e  (B+14)+ 

The (B+30)+ ion provides  information concerning modif icat ions a t  

E s s e n t i a l l y  t h e  
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+ 
EH 
I 

HCH 
HC 

I 
R 

HO R 

MH' R:OH. riborider - - - - (B+44)' 
RzH,  2'-deoryribor1dci- - (B+28)'  

Eq. 2. Formation of the (B+44)+ and (B+28)+ Ions from MH+ i n  CI.27 
Analogous processes are suggested to occur during FAB 
ionization. 

Eq. 3 Decomposition of  the (B+44)+ ion in adenine nucleosides i n  
~1.25 

MH 

Eq. 4. Formation of the (B+30)+ Ion from MH+ In C . I . ~ ~  
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The (B+30)+ ion is p resen t  i n  t h e  s p e c t r a  o f  a l l  nuc leos ides  

examined using FAB i o n i z a t i o n .  A s  i nd ica t ed  i n  Table 1 ,  t h e  i n t e n s i t y  

of t h i s  ion is s i g n i f i c a n t l y  reduced r e l a t i v e  t o  t h e  i n t e n s i t y  

observed with E I ,  and i n  some cases C I .  

t h e  (B+30)+ ion  i n  FAB tends  t o  l e s s e n  t h e  c o n t r i b u t i o n  o f  t h i s  ion i n  
confirming assignment of t h e  (B+2H)+ ion.  
d e t e c t i n g  modif icat ions a t  t h e  l l-and 4 v - p o s i t i o n s  has not  y e t  been 

examined with FAB but r e s u l t s  comparable t o  C I  may be a n t i c i p a t e d  i n  

t h e  a n a l y s i s  o f ,  f o r  example, 4 I  - th ionucleosides .  47 

t h e  2' and 31 -pos i t i ons ,  however, were d i f f e r e n t i a t e d  wi th  FAB MS/MS 

da ta  using t h e  (B+30)+ ion i n  conjunct ion with t h e  (B+44)+ and (B+2H)+ 

ions.24 

The decreased i n t e n s i t y  o f  

The u t i l i t y  of t h i s  i on  i n  

Modif icat ions a t  

Analogous t o  E I ,  t h e  FAB s p e c t r a  of 2'-deoxyribosides displayed 

(B+30)+ ions  i n  decreased abundance compared t o  t h e  corresponding 

r ibos ides .  A more obvious d i s t i n c t i o n  o f  t h e  deoxy from t h e  r i b 0  

analogs is, however, r e f l e c t e d  i n  t h e  r e l a t i v e  i n t e n s i t y  of t h e  MH+ 

and (MH+G)+ where, i n  a l l  ca ses ,  t h e  deoxy series produce 

s u b s t a n t i a l l y  less i n t e n s e  adduct ions.  The r e l a t i v e  i n t e n s i t y  

d i f f e r e n c e  i n  t h e s e  ions  may be a r e f l e c t i o n  o f  t h e  increased l a b i l i t y  

o f  t h e  g l y c o s i d i c  bond o f  21-deoxynucleosides, r e l a t i v e  t o  r i b o s i d e s ,  

toward a c i d  hydrolysis .  If indeed t h i s  is t h e  case, rate c o n s t a n t s  

for t h e  a c i d  ca t a lyzed  cleavage o f  t h e  g l y c o s i d i c  bond o f  nucleosides  

should be a v a i l a b l e  using FAB i n  much t h e  same manner as has been 

descr ibed with CI.40 A l t e r n a t i v e l y ,  t h e  decreased i n t e n s i t y  o f  t h e  

(MH+G)+ ion may reflect  a decrease i n  adduct forming a b i l i t y  of t h e  

deoxy y= r i b 0  analogs,  i .e.,  t h e  presence o f  c i s  hydroxyls may permit 

formation o f  a more s t a b l e  complex with t h e  g l y c e r o l  matrix. 
P a r t i c u l a r l y  i n t e r e s t i n g  is t h e  comparison o f  t h e  E I ,  C I  and FAB 

s p e c t r a  o f  pseudouridine (9) where s i g n i f i c a n t  d i f f e r e n c e s  are 
observed depending on t h e  mode of i o n i z a t i o n .  

base peak i n  t h e  E I  spectrum o f  a nucleoside has g e n e r a l l y  been 

considered t o  be d i a g n o s t i c  o f  a C-nucleoside, lr8 a l though t h e  

p o s s i b i l i t y  o f  except ions t o  t h i s  llrulell have been suggested.  49 

Pseudouridine,  a n a t u r a l l y  occurr ing c o n s t i t u e n t  of t-RNA5O and a 
t y p i c a l  C-nucleoside, t hus  d i s p l a y s  t h e  (B+30)+ ion  as t h e  base peak 

i n  t h e  E I  spectrum.25 The base peak i n  t h e  C I  spectrum depends on t h e  

reagent  gas  b u t ,  i n  t h e  methane spectrum, is t h e  (B+44)+ ion at  m/z 

The (B+30)+ i o n  as t h e  
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362 SLOWIKOWSKI AND SCHRAM 

155.47 
diminished i n  i n t e n s i t y  r e l a t i v e  t o  t h e  E I  mode bu t  is sti l l  
s i g n i f i c a n t ,  appearing a t  m/z 141 wi th  a r e l a t i v e  i n t e n s i t y  o f  19%.27 
Fast  atom bombardment i o n i z a t i o n  o f  9 produces a spectrum dominated by 

t h e  MH+ ion which is accompanied by a f a i r l y  s u b s t a n t i a l  (m+C)+ Ion 

a t  m/z 337 (17%).  The (B+30)+ ion ,  however, is r e l a t i v e l y  in-  

s i g n i f i c a n t  (m/z 141, 8 % )  i n  t h e  FAB spectrum, and t h e  (B+44)+ ion,  

although present  as t h e  second most in t ense  peak, is of  only 29% 

r e l a t i v e  i n t e n s i t y  . 

The (B+30)+ ion i n  t h e  C I  (CH4) spectrum is considerably 

The obvious change i n  base peak with i o n i z a t i o n  mode probably 

reflects e i t h e r  d i f f e r e n c e s  i n  excess energy imparted to t h e  sample 

during i o n i z a t i o n  (EI s i g n i f i c a n t l y  g r e a t e r )  o r  v a r i a t i o n  i n  t h e  si te 
of protonat ion.  With methane as t h e  reagent  gas  i n  C I ,  e i t h e r  t h e  

sugar  o r  aglycone may undergo p ro tona t ion  with subsequent 

fragmentations reflecting t h e  "mixed" parents .  On t h e  o t h e r  hand, FAB 
appears t o  protonate  s i t e s  on t h e  h e t e r o c y c l i c  base t o  a much g r e a t e r  

ex ten t  than sites on t h e  sugar.  An example o f  t h e  p r e f e r r e d  

protonat ion s i t e s  i n  C I  vs. FAB is t h e  series o f  i ons  related t o  t h e  

e l imina t ion  of x-H20, where x = 1 ,  2 o r  3 molecules o f  water from t h e  

MH+ ion. While d i f f e r e n c e s  i n  t h e  E I  and C I  s p e c t r a  ( r e l a t i v e  t o  FAB) 

may be a t t r i b u t e d  t o  changes i n  t h e  probe temperature o r  hea t ing  rate, 
t h e  l o s s  o f  x.H20 molecules observed i n  t h e  FAB spectrum most l i k e l y  

represent  t r u e  fragmentat ions s i n c e  t h e  spectrum was obtained without  

probe heating. The most abundant i on  o f  t h i s  series, i n  a l l  t h r e e  

i o n i z a t i o n  modes, is t h e  (MH-2H20)+ o r  (M-2H20)+' peak. The 

(MH-2H20)+ ion a t  m/z 209 is, however, o f  s i g n i f i c a n t l y  greater 
i n t e n s i t y  i n  t h e  C I  spectrum (54%) compared t o  t h e  E I  (6s) and FAB 

(7%) modes. Whatever t h e  cause f o r  t h i s  change - thermal effects, 
d i f f e r e n c e s  i n  s i t e  o f  p ro tona t ion ,  t h e  energy content  o f  p recu r so r  

ions, o r  t h e  presence o f  s o l v e n t  i n  t h e  FAB mode - t h e  d i f f e r e n c e  is 
s t r i k i n g .  

Decomposition o f  m/z 209 i n  C I  and FAB may occur by a t  least two 

The lo s s  of an a d d i t i o n a l  water molecule from m/z poss ib l e  pathways. 

209 g ives  a highly conjugated fragment ion a t  m/z 191 t h a t  may undergo 
a r ing  expansion r e a c t i o n  t o  produce an aromatic  pyri l ium i o n ,  
i nd ica t ed  i n  Equation 5 ,  similar t o  t h e  well-documented t rop i l ium 
i 0 n . 5 ~  

and FAB, r e spec t ive ly .  

Re la t ive  ion abundance3 of t h e  m/z 191 ion are 4% and 1% i n  C I  
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OH 

Eq. 5. Proposed rearrangement r e a c t i o n  f o r  m/z 191 i n  9 wi th  C I  and 
FAB . 

A second fragmentation pathway a v a i l a b l e  t o  t h e  m/z 209 ion  is 
l o s s  of formaldehyde t o  form ion a a t  m/z 179 ion as shown i n  Equation 

6. I n t e n s i t i e s  o f  ion a, 203 i n  C I  and 83 i n  FAB, a r e  s i g n i f i c a n t l y  

increased over t hose  observed f o r  m/z 191, suggest ing t h a t  t h e  second 

pathway is t h e  p re fe r r ed  r o u t e  f o r  decomposition o f  m/z 209. High 

r e s o l u t i o n  and metastable  ion  s t u d i e s  w i l l  be necessary t o  confirm 

t h i s  proposal.  

The FAB mass spectrum o f  t h e  2 ' ,3 '-0-isopropylidene compound 10 

demonstrates t h e  a n a l y s i s  o f  a v o l a t i l e  d e r i v a t i v e  o f  a nucleoside.  

Many o f  t h e  important fragments i n d i c a t i v e  o f  t h e  isopropyl idene 

f u n c t i o n a l i t y  i n  E125 are a l s o  p re sen t  i n  t h e  FAB mass spectrum o f  10. 

As with free nucleosides ,  t h e  major fragmentation of 10 is g l y c o s i d i c  
cleavage producing t h e  (B+H)+* and (B+2H)+ i o n s  i n  E I .  S i m i l a r l y ,  FAB 

a n a l y s i s  a f f o r d s  t h e  (B+2H)+ ion as t h e  base peak i n  t h e  spectrum. 

Loss of a methyl r a d i c a l  from t h e  isopropyl idene func t ion  o f  t h e  

ion i n  E I  gene ra t e s  a highly s t a b i l i z e d  t e r t i a r y  carbonium ion ,  

designated ion b, a t  m/z 292.25 

nominal mass is present  i n  t h e  FAB spectrum, r ep resen t ing  loss of  a 
molecule of methane from t h e  MH+ i on ,  as shown i n  Equation 7. 

A low i n t e n s i t y  i o n  of t h e  same 

The l o s s  of acetone from t h e  isopropyl idene func t ion  o f  t h e  

molecular ion r e l a t e d  s p e c i e s  is observed i n  FAB and a s i m i l a r  l o s s  is 
evident  i n  t h e  E I  spectrum. The r a d i c a l  i on  c appearing a t  m/z 249 i n  

E I  is depicted s t r u c t u r a l l y  as a 2' , 3 ' - ep0x ide .~5  

corresponding loss o f  acetone from t h e  protonated molecular i on  y i e l d s  

m/z 250, an i on  which probably e x i s t s  as t h e  protonated 2' ,3 '-epoxide,  

c o n s i s t e n t  w i th  t h e  observat ion o f  predominantly even e l e c t r o n  ions  i n  

I n  FAB, t h e  
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m/r 209 m/z 179 
0 

Eq. 6. Proposed formation o f  i o n  a a t  m/z 179 from m/z 209 f o r  9 i n  
C I  and FAB. 

B 
I 

6 
I 

MH + 

m/z 292 
b 

Eq. 7. Proposed formation o f  i o n  b a t  m/z 292 from MH+ f o r  10 i n  
FAB . 

Eq. 8. Proposed mechanism o f  formation of ion c a t  m/z 250 from MH+ 
f o r  10 in FAB. 

FAB. A mechanism f o r  t h e  formation o f  ion c i n  FAB is proposed i n  
Equation 8. 

Fur the r  e l imina t ion  o f  t h e  5'-hydroxymethylene group from m/z 249 
by simple r a d i c a l  s i t e  d i r e c t e d  cleavage and e s t a b l i s h e d  f o r  10 by 

metastable  ion  a n a l y s i s  I n  E I ,  a f f o r d s  an abundant i on  d a t  m/z 218.24 

Ion d a l s o  appears  i n  t h e  FAB mass spectrum of  10 a t  m/z 218, but a t  a 
much lower i n t e n s i t y  than  t h a t  seen i n  E I .  The decreased i n t e n s i t y  may 

be a t t r i b u t e d  t o  t h e  occurrence o f  a proton t r a n s f e r  r e a c t i o n  i n  FAB 
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B B 

m h  250 
C 

m/z 218 
d 

Eq. 9. Proposed decomposition o f  i on  c t o  form ion  d a t  m/z 218 f o r  
10 i n  FAB. 

r e s u l t i n g  i n  t h e  loss of methanol t o  gene ra t e  ion d ,  depicted i n  
Equation 9, r a t h e r  than simple cleavage as i n  E I .  

The low i n t e n s i t y  of fragments i n d i c a t i v e  o f  t h e  isopropyl idene 

funct ion observed i n  t h e  FAB spectrum o f  10 obtained using g l y c e r o l  as 

t h e  matr ix  prompted t h e  i n v e s t i g a t i o n  of  s u l f o l a n e  ( t e t r ame thy lene  

su l fone ,  MW 120) a s  an a l t e r n a t i v e  so lven t .  The u s e  o f  a second 

so lven t  a l s o  s e r v e s  t o  v e r i f y  t h a t  t h e  i o n s  a s soc ia t ed  with t h e  

fragmentation o f  10 are, i n  f a c t ,  sample related and not  a r t i f a c t s  

produced from t h e  g lyce ro l .  The use of s u l f o l a n e  a s  a so lven t  f o r  10 

r e s u l t s  i n  an i n c r e a s e  i n  t h e  r e l a t i v e  s t r e n g t h  o f  t h e  FAB spectrum 

- vs. t h a t  obtained i n  g lyce ro l .  

s u l f o l a n e  may exp la in  t h e  increased i n t e n s i t y  o f  a l l  i o n s  observed i n  

t h e  FAB spectrum using t h i s  so lven t  3. g lyce ro l .  Although i d e n t i c a l  

condi t ions were used when s u l f o l a n e  was t h e  matrix, a p p l i c a t i o n  of 

a d d i t i o n a l  so lven t  was necessary during da ta  a c q u i s i t i o n  because of 

t h e  increased v o l a t i l i t y  of s u l f o l a n e  r e l a t i v e  t o  g l y c e r o l .  Adduct 

ion formation o f  s u l f o l a n e  (SF) with t h e  MH+ i o n ,  designated as 
(MH+SF)+, occurs analogous t o  t h e  (MH+G)+ ion with g l y c e r o l ,  and t h e  

(MH+SF)+ ion appears  a t  m/z 428 f o r  10. When compared t o  t h e  E I  
spectrum of 10, t h e  s u l f o l a n e  spectrum shows a two f o l d  i n c r e a s e  i n  

r e l a t i v e  i n t e n s i t y  f o r  a t  least two key fragments,  t h e  (B+30)+ and S+ 
ions.  

An enhanced s o l u b i l i t y  o f  10 i n  

The most d i s t i n g u i s h i n g  f e a t u r e  o f  t h e  FAB spectrum o f  10, 

however, is not t h e  presence o f  c e r t a i n  base fragments bu t ,  more 

important ly ,  a very prominent MH+ i on  (53% i n  g l y c e r o l  and 64% i n  

s u l f o l a n e ) .  I n  c o n t r a s t ,  t h e  molecular ion o f  10 i n  E I  is o f  

s i g n i f i c a n t l y  lower i n t e n s i t y  (2$),  d e s p i t e  t h e  enhanced v o l a t i l i t y  
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provided by t h e  isopropyl idene funct ion.  Analysis of t h e  isopropyl-  

idene r i b o s i d e  se rves  t o  i l l u s t r a t e  t h e  u t i l i t y  of FAB i n  examining 

d e r i v a t i v e s  of nucleosides  which mag be necessary in t e rmed ia t e s  i n  t h e  

syn thes i s  o f  new r i b o s i d e  analogs.  

Other base-containing fragments i n  E I ,  e.g., (M-CH20)+*, a 
s t r u c t u r a l  i n d i c a t o r  o f  t h e  5 l - f u n c t i o n a l i t y ,  t h e  (B+60)+ i o n ,  a 

r i b o s i d e  peak c o n s i s t i n g  o f  C-l1 and C-2' along with t h e  b a ~ e , ~ 5  and 

t h e  (B+41)+ ion ,  an i n d i c a t o r  o f  c y t i d i n e  analogs,39 are absen t  i n  C I  

and FAB mass s p e c t r a  of a l l  nucleosides  examined. Therefore ,  some 

s t r u c t u r a l  information is not  a v a i l a b l e  by t h e s e  modes of i o n i z a t i o n  

which is present  i n  t h e  E I  spectrum. 

Fragments i n d i c a t i v e  of pu r ine  base decomposition, as e s t a b l i s h e d  

i n  E I  based using metastable  anay l ses ,  deuterium l a b e l s  and analog 

comparison, a r e  a l s o  apparent  with FAB. Many o f  t hese  i o n s  a r e  

s i m i l a r l y  found i n  C I ,  but t h e i r  presence has not  been discussed i n  

previous l i t e r a t u r e .  Only ions  occurr ing above m/z 100 a r e  examined 

i n  t h e  p re sen t  work i n  order  t o  avoid t h e  extremely i n t e n s e  m/z 93 i o n  

of g lyce ro l .  Also, since FAB c h a r a c t e r i s t i c a l l y  produces i o n s  a t  

every I R ~ S S , ~ ~ ~  c a r e  must be taken i n  i n t e r p r e t i n g  low mass and low 
i n t e n s i t y  ions.  

Expulsion of HCN from t h e  (B+2H)+ ion  produces a peak a t  m/z 109 

i n  t h e  FAB mass s p e c t r a  o f  t h e  adenosine analogs 1,  5 and 10, which 
corresponds t o  t h e  same n e u t r a l  l o s s  from t h e  (B+H)+- ion i n  t h e  E I  
mode.25 Guanosine analogs,  on t h e  o t h e r  hand, demonstrate a t  least  
t h r e e  base decomposition pathways i n  E I .  The usual  loss of t h e  amino 
funct ion as NH3 i n  E I  may occur i n  FAB y i e l d i n g  m/z 135 i n  2 and 6 
with r e l a t i v e  i n t e n s i t i e s  o f  4% and 25, r e spec t ive ly .  Another 

prominent E I  fragment i n  t h e  cleavage of t h e  guanine base is 
e l imina t ion  of cyanamide. 

i on  a t  m/z I f 0  which corresponds t o  t h i s  l o s s  from t h e  (Be2H)+ ion. 

Expulsion o f  HNCO c o n s t i t u t e s  a last base decomposition r o u t e  f o r  

guanine observed i n  E I  and an a p p r o p r i a t e  ion is a l s o  observed with 

FAB. 

m/z 108, while m/z 109 is generated i n  FAB from t h e  (B+2H)+ ion. I n  
each o f  t h e  t h r e e  above mentioned fragments,  r e l a t i v e  i o n  i n t e n s i t i e s  

of t h e  r i b o s i d e  as compared to  t h e  corresponding deoxy d e r i v a t i v e  a r e  

e s s e n t i a l l y  t h e  same. 

The FAB mass s p e c t r a  of 2 and 6 i n d i c a t e  an 

Fragmentation proceeds from t h e  (B+H>+* ion i n  E I  g i v i n g  r i se  t o  
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+ HOCH2 ..? 

0 

HO Hi) 

MH+ 5: m/r 117 

Eq. 10. Proposed formation of sugar  ion,  S+, from MH+ f o r  8 i n  FAB. 

Retent ion of charge by t h e  r i b o s e  moiety fol lowing g l y c o s i d i c  
bond rup tu re  r e s u l t s  i n  t h e  formation of sugar  i o n s  by many i o n i z a t i o n  

modes, i nc lud ing  FAB. Generally decreased abundance o f  suga r  i o n s  o f  

t h e  purine nucleosides  is observed i n  E I  and C I ,  r e s u l t i n g  from 

p r e f e r e n t i a l  p ro tona t ion  o f  t h e  base i n  t h e  e l ec t ron - r i ch  

p ~ r i n e s . ~ 5 , ~ 7  

pyrimidine nucleosides  is a l s o  observed i n  FAB, e s p e c i a l l y  i n  t h e  mass 
s p e c t r a  o f  u r i d i n e  and thymidine where S+ i ons ,  (m/z 133 (11%) i n  3 
and (m/z 117 (38s) i n  8 ,  are evident.  A p l a u s i b l e  mechanism f o r  t h e  

formation of S+ i ons  i n  C I  involves  suga r  p ro tona t ion  l ead ing  t o  

g l y c o s i d i c  bond cleavage with concomitant l o s s  o f  a base molecule. 27 
Again, t h e  FAB mechanism is probably somewhat analogous t o  t h a t  

proposed f o r  C I ,  al though t h e  proposed s i t e  of protonat ion may be more 

appropr i a t e ly  assigned t o  t h e  base,  as ind ica t ed  i n  Equation 10 f o r  

thymi d i n e  . 
a l r e a d y  been e s t a b l i s h e d  for C-nucleosides, 39 l i k e  9 ,  i n  EI25 and 
CI.27 
i n t e n s e  i o n  (16%) corresponding t o  (S-H20)+ a t  m/z 115. 

mass is co inc iden t  with a g l y c e r o l  p l u s  sodium adduct,  t h e  exact 
composition o f  t h e  m/z 115 ion must be confirmed by high r e s o l u t i o n .  

I n  t h e  case o f  10, t h e  suga r  i on  c h a r a c t e r i s t i c  o f  isopropyl idene 

d e r i v a t i v e s ,  occurs  a t  m/z 173 and is abundant only i n  t h e  u r i d i n e  

The t r end  o f  increased sugar  ion abundance i n  

Suppression o f  ions r e l a t e d  t o  g l y c o s i d i c  bond rup tu re  has  

However, t h e  FAB mass spectrum o f  9 e x h i b i t s  a r e l a t i v e l y  
* 

Since  t h i s  
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d e r i v a t i v e  i n  EI.25 The FAB mass spectrum o f  10 a l s o  demonstrates a 
weak sugar  ion a t  m/z 173 (1.3% RI), which is e a s i l y  d i s t i n g u i s h a b l e  
from background no i se  and is a l s o  p re sen t  i n  t he  spectrum using 

s u l f o l a n e  (3% RI). 

Negative Ions 

Apparatus f o r  ope ra t ion  of FAB i n  t h e  nega t ive  ion mode is 
commonly i n s t a l l e d  i n  conjunct ion w i t h  t h e  FAB source and vo l t age  
supply f o r  p o s i t i v e  ions.  Therefore ,  un l ike  E I  which r e q u i r e s  
extensive instrumental  modif icat ion,52 minor adjustments  make f e a s i b l e  
t h e  

seconds. S e n s i t i v i t y  i n  t h e  negat ive ion mode, however, is diminished 

a s  compared t o  t h e  p o s i t i v e  ion mode due t o  r epu l s ion  of t h e  nega t ive  

ions by a conventional secondary e l e c t r o n  m u l t i p l i e r  ope ra t ing  a t  

increased gain.  
s e n s i t i v i t y  have been descr ibed.  53 The prel iminary r e s u l t s  descr ibed 

below are t h e r e f o r e  not optimized because of t h e  c u r r e n t  l i m i t a t i o n s  
o f  t h e  instrument.  

following d i scuss ion  s i n c e  no r e p o r t s  on its u s e  i n  t h e  a n a l y s i s  o f  
nucleosides have appeared i n  t h e  l i t e r a t u r e .  

interchange of p o s i t i v e  t o  nega t ive  ion d e t e c t i o n  i n  a matter o f  

Modif icat ions t o  t h e  SEM t o  overcome t h i s  reduced 

Negative ion  C I  d a t a  was n o t  included i n  t h e  

Determination of t h e  molecular weight o f  a nucleoside i n  t h e  

negat ive ion FAB mass s p e c t r a  is based on t h e  presence of a s t r o n g  

(M-H)- ion. The (M-H)' i on  f a l l s  2d below t h e  MH+ i on  i n  t h e  p o s i t i v e  
ion FAB s p e c t r a  and Id below t h e  M+. ion i n  p o s i t i v e  ion E I  s p e c t r a ,  
thus y i e ld ing  complementary molecular weight information. 
r e l a t i v e  ion  i n t e n s i t i e s  i n  negat ive ion  E I  s p e c t r a  are p resen t  a t  a 

1-102 leve1,S2 r e l a t i v e  ion i n t e n s i t i e s  o f  t h e  molecular i on  s p e c i e s  
o f  nucleosides  i n  t h e  negat ive ion FAB s p e c t r a  are t y p i c a l l y  above 10% 

(See Table 2). I n  some cases, such as deoxyguanosine ( 6 ) )  t h e  (M-HI' 
ion i n  t h e  negat ive ion spectrum is over 20% higher  (66%) than t h e  MH+ 

i on  observed i n  t h e  p o s i t i v e  ion  spectrum (43% R I ) .  Adenosine, on t h e  

o t h e r  hand, shows a much less i n t e n s e  (M-H)' i on  (12% RI) i n  t h e  
negat ive ion mode, poss ib ly  owing t o  d i f f e r e n c e s  i n  b a s i c i t y  of t h e  

aglycones. 

Although 

The number of fragmentation pathways observed i n  t h e  nega t ive  ion  
FAB s p e c t r a  are decreased considerably compared t o  t h e  p o s i t i v e  ion 
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NUCLEOSIDES. FABMS vs. E I ,  C I ,  AND D C I  369 

s p e c t r a ,  a s i t u a t i o n  similar t o  t h e  pos i t i ve /nega t ive  r e l a t i o n s h i p  i n  

EI.52 
weight o f  t h e  nucleoside and t h e  free base can, however, a i d  i n ,  

c h a r a c t e r i z a t i o n  of t hese  s t r u c t u r a l  mo ie t i e s ,  and thus  complement t h e  

more d e t a i l e d  fragmentation obtained i n  t h e  p o s i t i v e  ion  mode. 

U t i l i z a t i o n  of a few prominent i o n s  i n d i c a t i v e  o f  molecular 

The primary fragmentation r o u t e  i n  t h e  nega t ive  FAB and E I  mass 
s p e c t r a  is production o f  t h e  base ion ,  B', fo l lowing cleavage of t h e  
g lycos id i c  bond.52 With t h e  exception o f  pseudouridine and 

dihydrouridine,  t h e  B- i on  is t h e  most i n t e n s e  peak i n  t h e  s p e c t r a  of 

a l l  free nucleosides  examined v i a  negat ive ion FAB o r  E I .  

observat ion is a t t r i b u t e d  t o  ex tens ive  charge d e l o c a l i z a t i o n  i n  t h e  

bases o f  t h e  pyrimidine and purine type.52 Assignment of t h e  molecular 

weight o f  t h e  base d i r e c t l y  from t h e  nega t ive  ion mass spectrum is, 
t h e r e f o r e ,  p o s s i b l e  using e i t h e r  FAB o r  E I .  However, when compared t o  

t h e  corresponding p o s i t i v e  ion s p e c t r a ,  FAB o f f e r s  t h e  d i s t i n c t  

advantage t h a t  t h e  base fragments B' and (B+2H)+ are t h e  most i n t e n s e  

peaks (1005) i n  both d e t e c t i o n  modes. Consequently, t h e  obvious 
d i f f e r e n c e  of 2d between t h e  i n t e n s e  base fragments i n  t h e  p o s i t i v e  

and nega t ive  ion  FAB spectra se rves  t o  e s t a b l i s h  t h e  i d e n t i t y  o f  t h e  

base fragment simply and quickly.  

Th i s  

Sugar ions ,  corresponding t o  S+ and (S-H20)+ i n  t h e  p o s i t i v e  ion  

mode, are not  observed t o  any apprec iab le  degree i n  t h e  nega t ive  ion  

mass s p e c t r a  using FAB or EI.52 

base,  r a t h e r  than t h e  suga r ,  is a r e s u l t  of s t a b i l i z a t i o n  by charge 

d e l o c a l i z a t i o n  and may exp la in  t h e  absence o f  suga r  i o n s  i n  t h e  

negat ive ion mode. 

S e l e c t i v e  charge r e t e n t i o n  on t h e  

A d i a g n o s t i c  fragment analogous t o  t h e  (B+44)+ ion  i n  t h e  

p o s i t i v e  ion mode is t h e  (B+42)- ion.  

u r i d i n e  i n  negat ive ion E I  i n d i c a t e s  t h a t  t h e  (B+42)' con ta ins  two 

carbons and t h e  2' oxygen o f  t h e  sugar ,52 analogous t o  t h e  (B+44)+ i o n  

i n  t h e  p o s i t i v e  ion  spec t r a .  Ion i n t e n s i t i e s  o f  t h i s  (B+42)' i on  in 
t h e  deoxyribosides are s i g n i f i c a n t l y  decreased o r  absent  i n  both t h e  

negat ive ion  E152 and FAB mass s p e c t r a .  Although r e l a t i v e  i n t e n s i t i e s  

of t h e  (B+42)' ion i n  t h e  corresponding r i b o s i d e s  are nea r ly  i d e n t i c a l  

using E I  o r  FAB, mechanisms f o r  t h e  formation of t h i s  i on  from t h e  

molecular ion s p e c i e s  are not  i d e n t i c a l  due t o  t h e  l a c k  of r a d i c a l  i on  

gene ra t ion  i n  t h e  FAB technique. General ly ,  t h e  pyrimidine r i b o s i d e s  

Data from i s o t o p i c  l a b e l i n g  of 
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370 SLOWIKOWSKI AND SCHRAM 

e x h i b i t  a more i n t e n s e  (B+42)' i on  than t h e  pu r ines ,  poss ib ly  due t o  

t h e  increased b a s i c i t y  i n  t h e  purines  which l e a d s  d i r e c t l y  t o  
formation o f  t h e  s t a b i l i z e d  B- ion. 

Another major fragmentation pathway i n  t h e  negat ive ion  E I  o r  FAB 
mass s p e c t r a  of adenosine is t h e  l o s s  of ammonia from t h e  B- ion 
y i e ld ing  m/z 117.52 Although t h i s  i on  is a l s o  formed from N6- 

methylated adenosine analogs by l o s s  o f  methylamine i n  t h e  negat ive 

ion E I  mode,s2 only adenosine was examined i n  FAB. 

t h e  m/z 117 ion f o r  adenosine i n  FAB is of t h e  same magnitude (10%) a s  

observed i n  E I  (12%). 

Although absent  from t h e  nega t ive  ion E I  mass ~ p e c t r u m , 5 ~  u r i d i n e  

The i n t e n s i t y  of 

d i sp l ays  an ion corresponding t o  t h e  l o s s  of 43d from t h e  (M-H)- ion  

i n  t h e  negat ive ion FAB spectrum. Presumably formed by a Retro-Diels- 

Alder mechanism with e l imina t ion  o f  HNCO, t h e  m/z 200 ion is observed 

i n  t h e  negat ive ion FAB spectrum with a r e l a t i v e  i n t e n s i t y  o f  7%. 

S i m i l a r l y ,  t h e  MS/MS negat ive ion FAB s p e c t r a  of u r i d i n e  and 4- 
t h i ~ u r i d i n e ~ ~  exh ib i t  very in t ense  ions c o n s i s t e n t  with t h e  l o s s  o f  

43d. from (M-HI-. S ince  t h e  l o s s  of HNCO was previously observed f o r  

pyrimidines only i n  p o s i t i v e  ion E I ,  t h e  presence of t h i s  ion i n  
negat ive ion FAB may rep resen t  an a d d i t i o n a l  s t r u c t u r a l  feature 

indicated by t h i s  i o n i z a t i o n  mode. 

Conclusions: 

The u t i l i t y  of p o s i t i v e  ion FAB mass spectrometry f o r  t h e  

a n a l y s i s  of nucleosides  is s u c c e s s f u l l y  demonstrated on t h e  e i g h t  

major ribo- and 2'-deoxyribonucleosides found i n  DNA and R N A ,  and two 

related analogs. 

FAB as compared t o  t h e  s tandard modes o f  E I  and C I  and t o  o t h e r  

desorpt ion i o n i z a t i o n  methods. 

A number of d i s t i n c t  advantages are i l l u s t r a t e d  by 

The production o f  i n t e n s e  !4H+ ions i n  t h e  s p e c t r a  o f  a l l  

nucleosides examined, i nc lud ing  t h e  more thermally l a b i l e  guanosine 

and c y t i d i n e  analogs,  is a major advantage o f  FAB. 

with g l y c e r o l  adducts o f  t h e  form (MH+Gn)+ s impl i fy  molecular weight 

determination. The (B+2H)+ ion ,  generated by g l y c o s i d i c  c leavage,  is 

t h e  base peak i n  a l l  FAB s p e c t r a  except f o r  t h e  C-nucleoside, 

pseudouridine. I n  a d d i t i o n ,  a number o f  s t r u c t u r a l l y  d i a g n o s t i c  

fragment ions ,  e.g., (B+30)+, (B+44)+ and S+, are observed with FAB. 

The MH+ ion along 
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NUCLEOSIDES. FABMS vs. EI, CI, AND D C I  37 1 

Mechanistic c o r r e l a t i o n s  between C I  and FAB are obvious due t o  
t h e  predominance o f  even e l e c t r o n  ions ,  among o t h e r  f a c t o r s ,  formed by 
these  two techniques.  However, t h e  production o f  c e r t a i n  base 

decomposition fragments, e s t a b l i s h e d  i n  E I  and suspected i n  FAB, may 

be an obvious advantage over  C I .  

Another d i s t i n c t  f e a t u r e  not  previously mentioned is a b i l i t y  o f  

FAB t o  analyze v o l a t i l e  d e r i v a t i v e s ,  such as t h e  2',3'-0- 
isopropyl idene r ibos ides .  S t r u c t u r a l l y  use fu l  i o n s  produced by FAB 

f o r  t h i s  class o f  d e r i v a t i v e  are c o n s i s t e n t  with those  ions  observed 

i n  E I ,  with t h e  exception t h a t  a much more i n t e n s e  molecular i on  

species is produced with FAB. 

The a n a l y s i s  of nucleosides  by nega t ive  ion FAB o f f e r s  s t r u c t u r a l  

information complementary t o  t h a t  obtained from p o s i t i v e  ion  s p e c t r a .  

Negative ion FAB s p e c t r a  are  simple,  e x h i b i t i n g  i n t e n s e  molecular i ons  

of t h e  type  (M-H)-, and some fragment ions ,  i .e.,  (B+42)- and B' ions.  

Consequently, molecular weight determinat ion is f a c i l i t a t e d  by 

comparison o f  t h e  negat ive ion with t h e  p o s i t i v e  ion spec t r a .  O f f  

s e t t i n g  t h e  advantage of s i m p l i f i e d  s p e c t r a  i n  t h e  negat ive ion  mode 

is t h e  loss i n  s e n s i t i v i t y  and some s t r u c t u r a l  information. 

Minimal instrument  adap ta t ion  f o r  FAB i o n i z a t i o n ,  simple sample 

p repa ra t ion  and reproducible  r e s u l t s  are a l s o  a t t r a c t i v e  f e a t u r e s  
inhe ren t  t o  t h e  FAB technique. The gene ra l  u t i l i t y  o f  FAB i n  t h e  mass 
s p e c t r a l  a n a l y s i s  of h igh ly  p o l a r ,  thermally l a b i l e  compounds makes 

a n a l y s i s  v i a  FAB of  prime s i g n i f i c a n c e  f o r  samples not amenable t o  E I  

o r  C I .  

A major disadvantage o f  FAB, however, is t h e  presence o f  ar t i fact  
peaks a r i s i n g  from t h e  matrix. The problem o f  matr ix  i n t e r f e r e n c e s  

may be circumvented by e i t h e r  using MS/MS,24 whereby matrix effects 

are t o t a l l y  e l iminated,  o r  by using d i f f e r e n t  matrix systems and 

comparing r e s u l t i n g  mass spec t r a .  

can be used t o  s u b t r a c t  i n t e r f e r i n g  matrix peaks from each s o l v e n t  

used without t h e  danger o f  e l imina t ing  important sample peaks. 

I n  t h e  l a t te r  case, a da ta  system 

I n  conclusion,  t h e  FAB technique o f  mass spectrometry is a 
valuable  t o o l  i n  t h e  a n a l y s i s  o f  nucleosides ,  y i e l d i n g  s t r u c t u r a l  
information comparable t o  E I  and C I ,  and protonated molecular i ons  o f  
higher  abundance than observed by t h e s e  s tandard methods. 
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