
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 27 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Nucleosides, Nucleotides and Nucleic Acids
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597286

Differentiation of Isomeric Purine and Pyrimidine Mononucleotides by
Fast Atom Bombardment Tandem Mass Spectrometry
Terence J. Waltona; Dipankar Ghoshb; Russell P. Newtona; A. Gareth Brentonb; Frank M. Harrisb

a Biochemistry Research Group, School of Biological Sciences, University College of Swansea,
Swansea, U.K. b Mass Spectrometry Research Unit, University College of Swansea, Swansea, U.K.

To cite this Article Walton, Terence J. , Ghosh, Dipankar , Newton, Russell P. , Brenton, A. Gareth and Harris, Frank
M.(1990) 'Differentiation of Isomeric Purine and Pyrimidine Mononucleotides by Fast Atom Bombardment Tandem
Mass Spectrometry', Nucleosides, Nucleotides and Nucleic Acids, 9: 7, 967 — 983
To link to this Article: DOI: 10.1080/07328319008045212
URL: http://dx.doi.org/10.1080/07328319008045212

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597286
http://dx.doi.org/10.1080/07328319008045212
http://www.informaworld.com/terms-and-conditions-of-access.pdf


NUCLEOSIDES & NUCLEOTIDES, 9 ( 7 ) ,  9 6 7 - 9 8 3  ( 1 9 9 0 )  

DIFFERENTIATION OF I S W E K I C  PTJRINE AND PYRIMIDINE 

SPECTRCMETKY 
M)NONUCLEOTIDES BY FAST ATCM BWARDMENT TANDEM MASS 

Terence .I W a l  ton*+, Dipaykar Ghosh I ,  Russel I P i -  Newtori '* 
A .  Gareth Brenton and Frank M. H a r r i s  . 

-'Hiochemistry Research Group, School of I3iologir:aI Sciences, arid -'Mass 
Spectrometry Research Unit, University College of Swansea. Swansea SA2 
8PP,  U.K. 

Abstract: The use of positive ion fast atom bombardnient mass -analysed 
ion kinetic energy (F'AWMIKE) spectroscopy to differentiate the 2 ' , 3 ' -  
and 5'-monophosphate isomers of adenosine, guanosine and cytidine is 
described. 

Early attempts 

spectrometry employ 

der ivat izat ion of f 

compounds, met wi th 

to d i f f e r en t i a t  e i some r i c mononuc 1 eo t i d e s by mass 

ng electron impact ionization, which requ red 

ee nucleotides to yield sufficiently vola ile 

only limited success, allowing the ti'--mono- 

nucleotides to be distinguished from their 2 ' -  and 3'-isomers, but not 

allowing the latter two isomers to be distinguished (1.2). Ilevelopments 

in 'soft' ionization techniques have more recently significantly 

increased the sensitivity of the mass spectrometric analysis of such 

nucleotide derivatives ( 3 ) .  However a major  advantage of 'soft.' 

ionization procedures such as fast atom bombardment-mass spectrometry 

(FAE-M$) 

mo 1 ecu 1 e s 

advantage 

spectrome 

s that it permits analysis of many thermaIly labile arid polar 

without derivatization, and this has already been used t,o 

in riucleotide studies ( 4 - 7 ) .  In addition tandem mass 

ry procedures involving collisionally activated dissociation/ 

mass analysed ion kinetic energy spectroscopy (CN)/MIKES) of ions 

generated by fast atom bombardment have been developed. Such t,echniques 

offer a number of  advantages in analysis of  tissue extracts ( 8 ) ,  of 
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968 WALTON ET A L .  

which two are of particular value. Selection of an appropriate 

characteristic ion in the FRB mass spectrum for subsequent CAD analysis 

constitutes an effective separation procedure and often allows 

subsequent analysis of the compound of interest free from interference 

by either other c:omponents of the extract. Secondly for many different 

types of biochemically significant, molecules CADIMIKES has been shown tci 

have the capacity to distinguish isortierit: structures (6,9). This is r i f  

particular value in tne nucleotide field. where positive ion FAB in 
conjunction with Clu>/ MIKES has been used to distinguish isomeric 2 '  , 3 '  - 

and 3 '  ,5'--cyclic nucleotides and thus to est,abl ish unambiguously the 

natural oixurrence of a number of  3 '  .5'-.cyclic riuc:leot.ides in animal and 

plant tissue ( 6 ,  1 0 - 1 2 ) .  In the case of non-cyclic nucleotides, i t  has 

been established thiit. 3 ' -  anti 5'-isomers of purine and pyrimidine 

ribomononucleotides and deoxyr iboinononucleo t ides  can generally be 

distinguished by C N )  of the anion (M-.H)- generated by negative ion FAR. 

In these CAD spect.ra, the relative intensity of t,he peak represent ng 

l o s s  of the protonated heterocyclic base moiety from the parent an on 

was observed to be generally, though not. invariably, characteristic f o r  

each isomer (13). In cxintrast., the CAI) spectra obtained from the 

quasiniolecular ion (m)+ geriarat,ed by positive ion FN( of nucleoticies 

show prominent peaks representing ions containing the heterocyclic base 

moiety which arise by fragmentation of the ribose ring system. These 

fragmentations, termed S and S (SCHEME l), were of considerable 

diagnostic vaiue in assigning structures of nucleosides subst.ituted in 

the ribose moiety (14), as is Lhe case i n  the isomeric nucleoside 

munuphrisphates. iiere we describe the app1ii:ation of  positive ion f a s t  

atom bombardinent combined with CADD/MIKES t o  the analysis of the 2 ' - ,  

3 ' - arid 5 ' --monophosphat.es of adentis irie, guanos ine and cyt i d  i tie anti 

present data which allows differentiation O F  each nucleotide isomer. 

1 

MATERIALS AND MEI'HODS 

Prec acid ( 2 ' - ,  :i' and 5 '  AMP and 2 '  and 3 '  C M F ) ,  monosodium salt 

( 3 '  G M P )  and disodium s a l t  (5'--CMP, and 2 ' -  and 5' GW) forms of 

nucleotides were obtained from the Signs Chemical Co. (Poo lo ,  U . K . )  with 
the exception of 3 ' M P  (monosodium salt) which was from Hoehrinyer 

M;lnnheim (Lewes, 1 J . K . ) .  
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FAB TANDEM MASS SPECTROMETRY 969 

Positive FAR mass spectra were obtained on a VC: 2.43-2F mass 

spec: t r ume t. e r under cond i t i on s p r ev i ou s i y s pe I: i f i ed ( 6 ,10 , 1 1 ,15 ) . 
Solutions of nucleotides in the range 5 ug/ul to 25 ug/ul were made up 

in y1ycerol:water ( t : l  v:v) and 3 1 1 1  placed on the FAB target. [Jnder 

t .he (Jperating conditions employed sample 1 ifetime varied from 90 sec: t o  

5 minutes. CAD spectra were generated by using N as collision gas in 

the second fieldbfree region gas cell at a pressure of 800 uPn ( 6  uTorr) 

indicated on an external i o n  gauge.. MIKE spectra were obtained by 

selecting a specific protonated ion and scanning the electric sector 

under data syst,em control. For scans over small  vol tago ranges sample 

wils replenished when necessary and up to s i x  sweeps accumulated. 

General Features of Positive Ion I$'AH Spectra 

FN3 mass spectra were determined on i s o m e r i c  purine and pyrimidine 

nucleotides at the level of the free acid. monosodium s a i t ,  o r  disodium 

s a i t .  Tile spectra in all cases contained in atiditi.on to the matrix 

derived ions (m/z 9:) [Grollj+.  m/x i 15 [(;roNa['-, m/z  .I85 [Gro H]', m/z 

2 0 7  [Gro N a \ + ,  m / z  2 7 7  [ G r o 3 H i t  m/z  2 9 9  [Gro Na! ', arid m / z  369 [Gro HI ' )  

relatively few prominent nucleotide derived peaks. As expected in the 

case of nucleotides analysed as the free acid, the ion [ B H 2 ] + ,  derived 

Prom the heterocyciic base moiety of each nucleotide (m/z 136 adenosine 
niic 1 eo  t ides , m/ z J 12 cy t i tf i ne - 2 ' . and cyt id i ne 3 ' -phosphate ) was 

generally intense, whilst the most intense sample-related peak at high 

mass corresponded to the protonated molecular ion [MH]' (m/z 348 for  

2 

2 3 

each adenine nuc:Ieotide, m/z 324 f o r  2 ' -  and 

accompanied by its abundant glycerol adduct 

adenine nucleotide; m/z 416 2'- and 3'-QMP). 

nucleotides determined at the level of their 

corresponding to the sodium adduct i o n  [BHNa 

3'-ChP) which was 

on [MiroH]' (m/z 4 4 0 ,  each 

In the spectra of 

sodium salts. the peak 
' (m/z 174 2'-, 3'- and 5 ' -  

guanosine monophosphate. m/z 134, 5'-cytidine monophosphate were 

generally significantly stronger than the corresponding protonated base 

peak. [ B H l l f ,  whilst in the high mass region peaks to sodium contajning 

species dominated the spectra (m/z 408 and m/z 430. disodium 2'- and 5'- 

guanosine monophosphate [MNa 1' and [MNa 1 '  respectively; m/z 368, 
3 
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970 WALTON ET A L .  

monosodium 3'-guanosine monophosphate; m/z 346, 368 and 390 disodium 

5'-cytidine-phosphate). I n  the spectrum derived from each nucleotide 
sodium sait there was in addition a peak corresponding to the protonated 

molecular ion [MK]+ of the free acid form [m/z 364 guanosine 
nucleotides; m/z 324 cytidine nucleotides]. A s  expected, the relative 

intensities of the characteristic ion peaks in the FAB mass spectra 
alone were insufficient to differentiate between each isomeric form. In 

order to assess the value of tandem mass spectrometry in 
differentiating the isomeric nucleoside monophosphates, the protonated 

molecular ion of the free acid ( [ M H f )  generated by the FAB ionization 

process was selected with the magnetic sector ilnd subjected tct 

CAD/MIKES analysis. I t  seemed probable that this generally abundant 

ion ( d z  348 adenosine monophosophate isomers, m/z 364 guanosine 

monophosphate isomers and m/z 324 cytidine monophosphate isomers) would 

represent the ion of lowest relative molecular mass whose CAD process 

might reflect the influence of the phosphate group esterified in each 

set of isomers at C-2', C-3' or  C - 5 '  OF the ribose ring. and in which 

effects of sodium and glycerol on the CAD process were precluded. 

CAD/MIKES ANALYSIS 

Isomeric Adenosine Nucleotides 

For each adenosine nucleotide, as exemplified by 2'-AMP ( F I G .  la), 

the largest peak in the MIKE spectrum obtained by CAD of the ion at m/z 

348 generated by FAB ionization occurred at m/z 136 and is assigned to 
the ion formed by cleavage of the glycoside bond with hydrogen transfer 

and charge retention on the heterocyclic system ( I ,  SCHEME I ) ,  which 

was also the major fragmentation process during CAD/MIKES analysis of 

adenosine-3',5'-cyclic monophosphate (5). 

This very irrt,eiisr inti w;as acc.oingilr~ied by a series o f  proiniiient ioiis 

( F I G .  l a )  the  masses o f  w l i i c h ,  i i i  t.he rangr  m i 7  160  -265 ,  were cons i s t en t  

with the  presence of a l l  o r  part of  the ribotide moiety i n  their 

structure, suggeslitig t.hat this series, includiiiy the S and S 

fragment ions (13), would be of particular value in dist ingiiishing the 

i somer ic  nucleotides. The MIKE s p e c t r a  over t h e  corresponding voltage 
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FAB TANDEM MASS SPECTROMETRY 971 
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FIG. 1. MIKE rpectra of the proionated motccular Ion of 

( a )  6r (d) rdcnorlnc 2-monophorphatc ( m / z  348). 

suanoalnc 3'-monophorphatc (dt 3 6 0 ,  ( c )  cytldlne 5 ' -  

monophorphatc ( m / t  3 2 0 .  (c) adcnoilne 3'-monophorphale (m/t 

348)  and ( f )  adenorlnr S'-monopho#phatc ( d r  348). 
vilucr of malor pcakr arc Indlcatcd. 
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The m/r 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
4
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



"Yr H 

\ 
I \ 

\ 
\ I 

H 
0 

no-+o 

Haon 

-- ---L --- 

\ 

\ 
\ IS?, IIW 111A 

'1V L3 NOLlVfi ZL6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
4
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FAB TANDEM MASS SPECTROMETRY 973 

range  w"re t h e r e f o r e  redet.r!rniined ( F I G .  I d - f ) ,  the sample b r i t i p  

rvplcr i is l lcd R S  n e c e s s a r y .  For e a c h  isonlei. the S ioii a t  m / z  1 6 4 ,  

formed by c leavage  o f  t h e  r i h n t i r i e  r i n g ,  gave r i s e  t,o t h e  l a r g e s t  pcak 

i r i  t h i s  i3rgiioii of tlie slrt?ctriini ( 1 1 ,  S(;llk;~W: 1 ) .  T h e  p r i l k  dire Icr t l i c  S 

fragineii t  ion d e r i v e d  h y  c l e a v ; i g ~  o f  ttic r i b o t i d e  r i n g  ( 1 1 1 ,  SCHEME 1 )  c \ t  

ni/z 1 7 8  W R S  s i p o i f i c n n t l y  l a r g e r  i n  ttic s p e c t r a  o f  3'-A\P at id  5 '  AMp 

than  i n  t h a t  o f  2'--tlhlp. which is  c o n s i s t e n t  w i t h  t h e  1ocat.ioii o f  t h e  

pliosphati:  e s t e r  groiip a t  C - 2 '  of t l i s  r ibos t !  system, mi a i ia logous  

t l i f f c r e t i c e  aga in  having  bet:n obscrvtvi  i r t  the s p e c t r a  o f  3',5'-cyclic ILW 

;tiid 2',3'- c y c l i c  AMP ( 5 ) .  The spuctriini of each  isornei- c o i i t n i n e d  a 

proiiiiiient pi.;ilc a t  m,/z 250,  coltsisterit w i t h  ;I fi.;iyment a r I s i t i y  try 

e l i n i i i i a t i o a  of  phosphoric nc-id from t h e  par,t.nt i o i i  t o  y i e l d  t h e  i s o n w r i c  

striic:tiirc:s ( V a  ( Z ' - A W ) ,  Vb ( 3 '  -AMP) and Vc: ( 5 '  .WP) shown i n  SCHEMI: 1 .  

The ahiindn~icc!  of t h i s  i o i i  r e l a t i v ~  t o  t h e  ion  a t  m/z  1 6 4  is  

b i g t i i f i c a i t t l y  lower i n  t h e  s p e c t r u m  of  5' - - iLi l?  t h a n  i n  t hose  of  tht? 2 '  

, i i t d  3 ' - i sornc?rs ,  a i id  t h i s  i s  c o i l s i s t e n t  w i t h  thr. p r o b n b l e  r u l a t  i v e  

s t a h i  I i t  i c s  of  t h e  proposed  s t  ri1ctui .cs  for tlie i someric  inns a t  in!z 2 5 0  

y i c l d e d  by encl i  n u c l c o l - i d e ;  i n  t l i ~  case  of 5 ' - A i i P  t h i s  c o n t a i n s  i i i i  

exocyoi i c  doiibli: bond sys tem ( s t r r i c t . u r e  V c ,  SCIIFXE 1 )  whi 1st  l.host: 

a r i s i i i g  f rom ? f t ( :  2 ' - -  i. i I id 3 '  isrimcir.; ( : c i ~ t t k [ i t i  i i ~ i  t?ntlocyc:l i c  d o i i h l ( ?  bnrld 

(Vt i  at id  Vb, r c b s p e c t i v c l y ,  SCIIBiW.: 1 ) .  'l'he spectra of  2 '  AMP a r i d  ; I '  AMF 

a r c  f u r t h e r  c h a r x i  t . i ' ix :r .d  by t h e  prtrsence  of  f i\7e prmir iv i i t  peaks a t  m/7, 

1 9 0 ,  m / z  2 0 2 ,  tii,'% 213, m / z  219 a n d  in,'% ?5R ( F I G .  I d  d i i d  I c )  w1iii.h 

e s s e i ~ l  i a l l y  ahsf-lilt, f r o i n  t h o  s p e c ~ t i ~ i i i i ~  uC S ' . A W  ( F I G .  I f ) ,  t h u s  ;111owirig 

i l i e  5 '  isorncr t l J  br r e a d i l y  d is t i t ig i i i . ;hed  froru i? i the! .  i t s  2' i)r  :>' 

i so int ir .  T!ie spec:trwn o f  3 ' - - M i '  inas be dif ' fcrrr i t  ia trd  froin I1l;it o f  2 '  

hllP by tlif? p r e s a l i c e  i 1 1  t h e  fornivr o f  a p i ~ ( i i n i i i c ! n t  IJf:ijk a t  ni,'z ZTr(;, 

a s s i g i i w i  I (1 i o i i  st r i ic t . i i i ,e  I X ,  S(:IIbM; 1 ,  w11i~: l i  i s  r i o t  o h s r ~ ~ ~ t ~ t l  i i i  ~ I I P  

s p e c t r u m  of 2 ' - M  ( F I G .  Id and l e ) .  F u r t h e r  to  t h i s  p o i n t  of a b s o l u t e  

d i f f e r e n c e ,  d i f f e r e n t i a t i o n  o f  t h e  2 ' -  a n t i  3 ' -  isomers i s  f a c i i i t a t e d  by 

c o n s i d e r a t i o n  of  t h e  r e l a t . i v e  i n t ; e a s i t i e s  of t h e  f o u r  key ions.  I n  the 

spectruni of  3 ' . - M P  t h e  p a t t e r n  i n  t h e  r e l a t i v e  i n t e n s i t y  o f  the ions a t  

m/z 1-78, m/z .19U, m/z 2 0 2  anti m / z  25tI (5.8:1.8::.0:3.3) i s  q u i t e  

d i s t i n c t  Ercim t h a t  of t h e  same i o n s  i n  t.he s p e c t r u m  of 2 ' - W  

( 1 . 3 : 1 . 9 : 1 . 0 : 2 . 8 ) .  I n  t ,h i s  s e r i e s  t h e  i o n s  at, m/z 318 and m/z 2 5 8  show 

part. i i:u I a r  i y mar keci d i f ferctnc;es i ri C lit: i r r e  i a t .  i ve aburidaric: i 6:s wh i c h  c a n  

be r a t i o n a l i z e d  i n  terms of t h e  i s o m e r i c  riboLide r i n g  s t r u c l u r e s .  
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974 WALTON ET AL.  

Thus ,  i n  t h e  spec trum of  :<'-AMP ( F I G .  i c ? ) ,  and a l s i i  5'-AMP (FIG. I d ) ,  

t h e  re i i i t  i v e l y  h i g h  abutidant;e o f  t h e  S iriri a t  m/z 1 7 8  is  c o n s i s t e n t  

w i t h  t h e  ass ignment  o f  t h e  s t , ruc: ture  I I I  (SGIEME I )  r e t a i n i n g  t h e  f r e e  

hydroxyl  group from C - 2 '  of  t h e  r i b o s e  r i n g ,  w h i l s t  t h i s  ion  i s  of  

s i g n i i i c a n t l y  lower abundance iri  t h e  s p e c t r u m  of t h e  isomer c o n t a i n i n g  

phosphate  s u b s t i t u t i o n  a t  C - 2 ' .  C o n v e r s e l y  i n  2 ' - M '  t h e  i o n  a t  m/z 

2 5 % .  a s s i g n e d  s t r u c t u r e  V I I I  ( S C H M E  1) which c o n t a i n s  t h e  C - 2 ' -  

phosphate  e s t e r  g r o u p ,  i s  t h e  most abundant  ion  i n  t h i s  s e r i e s ,  b u t  wds 

t o t a l l y  a b s e n t  f rom t h e  speclriun of 5 ' - M  ( F I G .  l f ) .  The p r e s e n c e  of 

a s i g n i f i c a n t  bu t  r e l a t i v e l y  weak peak a t  m/z 25% i n  t h e  s p e c t r u m  of 3 ' - -  

AMP (FIC;. l e )  s u g g e s t s  t h a t  some m i g r a t i o n  of  t h e  3 ' - - p h o s p h a t e  e s t e r '  to 

t h e  a i i j a c e n t  (;- 2 '  hytiroxyl of  the  r i b o t i d e  s y s t e m  o c c u r s .  

I some r i c Guanos i ne Nuc 1 eo t i de  s .- 

rnJ trie g e n e r a l  f e a t u r e s  o f  the CAI)/MIKE s p e c t r u m  o b t a i n e d  €run1 tile i o r i  

a t  m/x 3 8 4  g e n e r a t e d  by FAE i o n i z a t i o n  o f  3 ' - g u a n o s i n e  monophosphate 

( F I G .  i h )  was t y p i c a l  of  each guartosirie n u c I e o t , i d e .  The peak a t  m/z 

i52, c:urresprintli.ng t o  t h e  protor l i l ted guanine base ( I ,  SCHEME 2 )  was 

e x t r e m e l y  l a r g e  ( F I G .  2 a - c ) ;  d i f f e r e n c e s  i n  t h e  p a t t e r n  of t h e  minor  

peaks i n  the mass r a n g e  rn/x 160 290 w e r e ,  however .  appiirorit i n  t h e  

s p e c t r a  of t h e  t h r e e  i somers  and this r a n g e  was r e e x a m i n e d .  The s p e c t r a  

d e t e r m i n e d  by narrow range  s c a n n i n g  ( F I G .  2a--c) c o n t a i n e d  a s e r i e s  of 

peaks due  to fragmont  i o n s  a r i s i n g  by c l e a v a g e  of t h e  r i b o t i c i e  r i n g ,  

ana logous  t o  t h o s e  o b s e r v e d  i n  t h e  s p e c t r a  o f  t h e  a d e n o s i n e  n u c l e o t i d e  

i 3 o r i w  r s , i n pa T t. i c I I  I a r t. he p r om i II 1: I I  t S f P i\giTie ti I' . i on peak a t in,/ ;! 1 8 0 

( I  I ,  SCIfFXE 2 )  and t h i ;  S Craymr~iiI---ioi~ pcitk ai- ni./z 1.91 ( I  I I ,  SCIIEhfE 2 ) .  

! ' I  t h o  casia o f  t ] ~ e  2 ' -  i s o i n r r ,  t h e  S fragrnerii, i o n  ti1 m/z 1 9 4  was of 

s i g i i i f i c u r i t  l y  l o w ~ r  abiindarice r r l i i t . iv t :  t o  t h a t  at iii/1z 180  (1;IG. 2 a - C )  

notisis!etit w i t h  thf: l u c a l  i o n  o f  t h e  phosphi t tc  g r o u p  a t  C - - 2 '  of  t h c  

rjtiosc- s ) , s l . e in  whi  1st tlic! c : o r ~ ~ e s p ~ ~ i i d i n g .  S fragiiwrit. ioti cor i ta i i r ing  t h e  C 

2 '  pliosj)hate gronp at. mi;! 27.1 ( I V ,  SCHEME 2 )  w a s  uf s i g r i j f i c i i i i t l y  higher  

rt:!ai.ive ohundaricr iri t.he spc!ct,riim o f  2 '  GMP t . h m  i u  the s p e c t r a  of  3 ' -  

i i t i d  5 '  -GW (di1t.a no1  shown) i n  il s i n i i 1 ; i I .  p i i f . t e r l i  l u  t h a t  Seen f O l .  t,he 

;idt:iicis inch r i u c l p o t  i d t !  isoincirs, i\l $( I ,  j i i  411 ilrlill(lgolis m a i i r i e r  t o  t h e  

adenosine niicir?ot i d c s ,  tlict iori a r i s i n g  by 0 1  in i ina t ion  of  phosphoric  a c i d  

f i , o l i i  t l i e  guanosirrc. niir!i:ot ides ; i t  im'z 2f i6  was s i g n i f i c a r i t . l y  more 

I 
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too- 

- 
d, - 
8 -  
u z 

h J  2'-OMP 

m l r  364 

fdl ?'-CMP 

mla  324 

975 

E 
- 
= -  
- 
W 

c - 
5 

h -  

04 , I ,  , , , , 

I Id 3'-CMP 

mir  324 
213 

228 

O t , ,  , , , , 

- 
d, - 
W e 
c 

I 
Y 
1 .  

5 

Eleclrlc Sector V o l t a p e  

2 3 2  

268 

2 0 8  2 1 3  

63 

L 

203 

- 

Electric Scclor Vonape 

FIG. 2. MIKE rpectri of the protonatcd molecular Ion ( m / z  364) of 
(a) puinortne 2'-, (b) puanorlne 3'-, and (c) puanorlne 5 ' -  

monophosphate and of the protonated molecular Ion ( m / z  324) 
of (d) cytldlne 2'-, (el cytldlne 3'-, and ( f )  cytldlne 5 ' -  

monophorphste. The m / t  value of malor ptakr are Indlcated. 
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no b 
O.$-OH 

0 

\ 
\ 

1 m l r  !52 

CH=CH-OH 

111 m l i  104 

I 
o~p-o-cH=cH 

I V  mlz 1 1 4  

SCHEME 2 Fragmentation of guanosine mononucleotides. 

aburrdant, r f ~ l ; ~ t i v c  t o  ni,'z 1D0,  i!! the  case  of  t he  s p e c t r a  o f  the 2 ' -  i:nd 

3 ' - i s o m r r s  (Vir  and V h ,  SCIiOlF 2 )  t h a n  i n  t h a t  o f  t h e  5'-isomer ( V r ,  

'XJWME 2 ) .  Y i f e  s p c c t r i i m  O T  2'-(T\IF was r e a d i l y  d i s t ing i i i shed  f r o m  t h o s e  

of the  2 ' -  a n d  5'-isomors by compal.isork of the  r e l a t i v e  i n t e n s i t i e s  o f  

ilie ions  a t  m/7 ? G 5 ,  m / 7  180 itlid m,'z 193. 1 1 1  t h e  r a s p  o f  2 ' - - G W ,  the  

p e a k  a t .  m/z  1 6 5  i s  t he  l a r g e s t  i n  t h i s  s e r i e s  ( F I G .  2 a )  b u t  i s  v e r y  

slllall i n  t h e  S p e c t r i i  of  t he  3 '  aiid 5' -G>P ( F I G .  2b aiid 2 c ) ,  tlius 

en;thI i n p  2 ' - - G L W  t o  h e  d i s i  iitgiiished f r o m  e i  t l i u r  3 ' - -  01% 5'--I??W. The 

latter two i somers  may however be r e a d i l y  d i s t i ng i i i shed  by the presence 

o f  ij s e r i e s  o f  p e a k s  a t  m/z  2 3 3 ,  rn/z 2 1 7 ,  r d z  2 3 2  and m / z  2 3 5 ,  which  a r e  
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FAB TANDEM MASS SPECTROMETRY 977 

proniineiit iii the spectriim of 3'--GhP ( F I G .  2b) but are essent.ia1 ly absent 

f rom the spectrum of 5'-GMp ( F I G .  2c). The niosf prominent p e a k  i l l  this 

sequel ice in 3' -GM'  ciccuri ,ed a t  in/z 2 1 3 ,  and a sjgiiificarit i s o b a r i c  p e a k  

a l s o  p r e s e n t  i r i  tlie spectrmn of 2' GbP (FIG. 2b aiid 2 a ,  

r e s p e c t i v e l y ) .  Prcirninttitt p e a k s  a t  m/x 233 are! a l s o  p re sen t  i n  t,he 

s p e c t r a  of  Z'-. ai id  3 ' - M  ( F I G .  I d  and l e ) ,  w h i l s t  i n  t h r ?  c 

( F I G .  I f ) ,  Ili is  pi+nk wds a l s o  v e r y  srnd!i, slipporting t,he s t r i i c t i i r e s  

propciscd for tllesch fragllletlt ioirs ( \ ' I  ] ;I  i l r ld  VI I t ) ,  SCNEMF 1 and VJi.1 ;3nd 

Vlb, SCHf3lE 2) and  i h e i r  or'igiii f r o m  (hr!  conninii ribotide structures. 

These obserlriIt  ions stlggest ttiat a l i  abundant m / x  213 ion lnily ttt> peIi*'I.ijI l y  

c h a r  ac t e r i s t i c of  2 ' . -  aiid 3 ' -pu r i ne nuc 1 e o  t. i dcs  , 

isomeric Cytidine N u c l e o t a  

In the CAD/MIKE spectra obtained from the protonated molecular ion 

at m/z 324 generated by FAB ionization of each isomeric cytidine 

mosonucleotide, represented by the spectrum of  5'--cytidine monophosphate 

( F I G .  l c ) ,  the most intense peak occurred at m/z 112, corresponding I;o 

the fragment ion arising by cleavage of the ylycosidic band with 

hydrogen transfer and charge retention on the pyrimidine base (I, 

SCHEME 3 ) .  This peak was ac:c:ompanied by significant peaks at. m/z 140 in 

the case of each isomer, arising by S -cleavage of the ribotide ring 

system (structure 11 ,  S C H W  3). The spectra of 3'- and 5'-CMP a l s o  

contained a significant S fragment-ion peak at m/z 154. assigned 
structure 1 1 1 ,  SCHEME 3 ,  whilst this peak was essentially absent from 

the spectrum of 2'-CMF'. This analogy to the fragmentation processes of 

the 2'-substituted purine nucleotides indicates that a weak fragment at 

[R+42]+ is generally characteristic of nucieoside 2'-monaphosphates. 

Additional points of difference between the spectra of these isomeric 

pyrimidine nucleotides were apparent in the mass range m/z 200 - m/z 
270, and this region wds reexamined by narrow range scanning. In this 

region a very st.rong peak at m/z 263, t o  which the intensity of other 

peaks could be related, was a comnon feature of each spectrum ( F I G .  Zd- 

f ) ;  since no analogous i o n  was observed in either set of purine 

nucleotide isomers, i t  is probable that this ion arises by cleavage of 

the pyrimidine ring. The spectrum of 2'--CMI-' in this region w a s  readily 

distinguished by the presence of a promirieiiL peak at m/z 234 ( F i G .  Zd) 
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/ 
. 

"d HO H 

o on 
o+on 
0 15 0 

O H  / 

't- 

I'-CY? rnl. 3 I I  \ 

j== 
I 

N "W o on 

I I'-CYP mlz I24 

\ 

/ 
/ 

/ 
/ 

I cn=cn-on 

111 rnl. 194 

/ 
I 

, HO OH 

' S - C Y P  mln 324 
/ 

I1 rnlt 1.0 / \ CHO 

SCHEME 3 Fragmentation of cytidine mononucleotides. 

which was absent f r o m  lhe speclra of 3' . and 5'-MP ( F I G .  2e and 2 f ) .  

The ion at m/z 234 may be assigned structure IV, SCHIME 3 corresponding 

t o  the S fragment ion and containing the vinyiic phosphate group, and 

i s  thus analogous to fragment VIII, SCHEME I, which i s  observed as a 
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FAB TANDEM MASS SPECTROMETRY 979 

strong ion at m/z 258 in the syeclrum of 2'-AMP (FIG. I d ) .  Thus the 

presence of the ion at. m/z 234. in conjunction with the absence of a 

peak at m/z 154 allows the MIKES/(:AII spectrum o f  2 ' - ( :hP  to be readily 

distinguished from those  of either 3 ' -  or  5 '  -mP. The spectrum of the 

3'--isomer may be clearly distinguished from that of the 3'-isomer by 

comparison o f  the abundance o f  t.he peaks a t  m / z  213, m/z 2 2 t i ,  m/z 232 

and m / z  268 relative to :he abundance o f  the peak at m/z 263 (F:G. 2e 

and 2f). In the case of 3 ' - M I '  the ion at m/z 233. arising by cleavage 

of the gigcosidic llnkoge wi1.h charge reLention on the rihoiide system 

(Vb. SCHEMI.: 3). was the most abundant ion i n  this region of the spec:l,runi 

and was of greater relative int.eiisity than the ion at m/z 263 ( F I G .  2e) 

wlierc?as t h h  frogmetiL ion a t  In/z 2i3 gave rise L r i  ii r e i a i  ivcly waiik 

fealure in the spectrum of 5 '  -(MP ( P I C .  2 f ) .  This uattern is thus  

consistent wilh lhat observed f o r  the adenosine and guanosine nucleotide 

isomers, and indicates that the reiative intensity of  the ion at m/z 213 

may be used generally to differentiate between isomeric 3'- and 5 ' - -  

nucleotides. This region of the spectrum of 5'-CMp was further 

charact.erized by the relatively high abundance of the ions at m/z 268 

and m/z 232 ( F I G .  2f), which although present in the spectrum of 3'-CMP 

were of niiich lower intensity relative to the ion at m/z 263 ( F I G .  2e). 

As had been the case for the purine nucleotides. the ion arising by 

elimination of phosphoric acid from the cytidine nucleotides (m/z  226, 

structiires VIa..c, SClIUNE 3 )  was siKriificaritIy more prominent in the case 
of the 2' and :i'-isomers ( F I G .  2d and 2e) than for  the 5-isomer (FIG. 

2f). 

The obse rva t ions desc r i bet1 above i rid i (:ate that d i f f e r en t i at i on of 

the mononucleotide 2'-, 3 ' -  and 5'-phosphnte isomers can generally be 

based O R  the reliitive abundance of  ims i n  the CAD/MIKES spectrum 

arising by the three fragmentations designated F F2 and F 3  (SCHWE 4 ) .  
I 

In distinguishing 2' -mononuc:leotides from 3'- and 5 ' - -  

mononucLeotides. t.he reiative intensities of the ions  arising by the F 

fragmentation process is diagnostic. In the case of the 2'-isomer, the 
peak corresponding tn thls fragment ion, LHH-CH-CH--0--P--0 H I + ,  occurs 80 
mass units higher than the corresponding ion [BH-CH=CIiCO .HI yielded hy 
the 3'- and 5'-.isomers. I t  should be noted however t h a t  peaks 

I +  
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WALTON ET AL. 980 

corresponding to the 2'-isorner are seen in the spectra of the 3'-isoiner, 

and vice versa, possibly arising frommigration of the phosphate group 

to the adjacent hydroxyl function during analysis. Nevertheless, in the 

spectra of the 2'--isomer the peak corresponding t o  the phosphate 

containing F fragment ion is of much greater relative abundance than 

the peak corresponding to [BH-CH=-CH-OH]"-, whereas in 3 ' . -  and 5' -isomers. 

the ion corresponding to {BH--CB=CH-0--I-0 H ]+ i s  either a much weaker 

feature or  absent altogether. In the identification of 5'--nucleotides. 

the relative intensity of the F frabgnent ion (SCHKME 4 ) ,  corresponding 

to loss of phosphoric acid from the parent mononucleotide [MH-98]+ is a 

useful indicator, as this ion is generally of ltwer relative abundance 

in the spectra of 5'--nucleotides than in the spectra of the 2'- and 3 ' - .  

isomers. Further the CN)/MIKE spectra derived from 5'-nucleotides are 

also characterized by an absent (5'--AMP and 5'--CMP) o r  very weak (5-CMP) 

peak at m/z 213, formed from the ribotide system by process F (SCHEME 

4 ) ,  an analogous situation to that previously described for CAD analysis 

o f  the (M-H) anion of 5'-mononucleotides previously described (13). 

whereas the spectra of 2'- and 3'-isomers of each contain significant 

peaks at m/z 213. 

3 2  

3 

Currently nucleotide profiles are produced from hplc analysis, and 

due to the difficulty of separating 2'-, 3 ' -  and 5'-nucleoside 

monophosphates, there is  generally little or no attempt at establishing 

their isomeric composition. The tandem mass spectrometry procedure 

described above will enable more precise characterization of the 
nucleoside monophosphate isomer conlent in total nucleotidce fractions 
extracted from tissue, and direct, unequivocal identification of the 

monophosphate isomers of adenosine, guanosine and cytidine which have 

undergone prior separation by hplc. This will be of particular value 

not only in establishing detailed changes in tissue nucleotides, which 

are useful indices of metabolic state (16), but also i n  studies of 

cyclic nucleotide phosphodiesterases, such as the multifunctional 

phosphodjesterases found in mamnals which are capable of hydrolysing 
both 2',3'- and 3',5' cyclic nucleotide substrates to 2 ' - ,  3 ' -  and 5 ' -  

nucleotide products (17). 
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( a )  2'-NUCLEOTIDE 1' 

-I no n 

1 

H O  0 
0:b-OH Y 

CH3CH-0-P-OH 
I 

OH 

0 

en 1' (b) 3'-NUCLEOTIDE 

H O d -  - 

x n OH 
1 

i 
m / "  

c 

0 OH 

0 
H 

O:f-OH OrP-OH 
0 
n 

Cn=CH-OH 

( c )  5'-NUCLEOTIOE 
1 

cdH no OH 

/ $- -I 

-b 

FZ BH 1' 
- + -  Fa o:i.od.-- 0 - Fa 

HO , 'OH 

ti 
0 1' 

i" o:i-ow 
H O  OH 

c- 

&H=CH-OH 

SCHEME 4 Fragmentations which characterize 2 ' , 3 '  - and 
5 '  - isomers of nucleoside monophosphates 
(B = purine or pyrimidine base). 
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