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SUM M A R  V 

The Wational Academy of Science-National Research Council 
Cormittee on Specif ications and Cr i ter ia  fo r  Biochemical Cow 
pounds i s  considering the  problems involved i n  preparing spe- 
c i f ica t ions  f o r  labelled biochemicals. The Subconnittee on Nu- 
c leo t ides  and Related Conpounds has examined methods .for speci- 
f i c  a c t i v i t y  measurement. We f ind  t k c t  the spec i f i c  ac t i v i t y  o f  
14C-tabeZled purines and pyrimidines can be detem'ned accurate- 
l y  and precisely by mass spectrometry. Moreover, from the known 
fragmentation patterns and the i so topic  abundance of carbon-14 
i n  the fragments, the posit ion o f  the labelled atoms can o f ten  
be established and the labell ing pattern i n  "uniformly labeZZed" 
conpounds described. In tm o f  the f i v e  compounds tes ted ,  the 
spec i f ic  ac t i v i t y  determined by mass spectmmetry uas 20% 

her than the  quot?d value. 

hig- 

INTRODUCTION 

A s u b s t a n t i a l  f r a c t i o n  of chemical, b io logica l ,  and medical research 

i s  today c a r r i e d  out  with the a i d  of rad io iso topes  and l a b e l l e d  compounds. 

Unfortunately, a long  with t h i s  boon have come problems assoc ia ted  with 

q u a l i t y  c o n t r o l  i n  t h e i r  preparat ion,  p u r i t y ,  and t h e  s t a b i l i t y  of these 
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compounds, which have been conunented on l'rom t i m e  t o  Lip .?  by unhbppy 

u s e r s  (1-j). A s tudy  of j00 r ad iochemica l  shipments  recei-vrd a t  L t i c  warn-r- 

Lambert Research I n s t i t u t e  uncovered 10 c a s e s  uf c l r a r  e r r o r  ( 6 ) ,  aiiii i n  a 

survey of workers a c t i v e l y  engaged i n  t h e  use  of l a b e l l e d  n~olecuJ.es made by 

t he  ILlPAC Cummission un A n a l y t i c a l  Radiocheiiustry and Nu3:lrar M a t e r i a l s  (7) 

70% of t h e  r e sponaen t s  i n d i c a t e d  t h a t  t hey  had a t  some time fcunu the p u r i t y  

i n s u f f i c i e n t  for. t h e i r  i n t ended  use .  The conc lus ion  f r e q u e n t l y  a r r i v r d  a t  

is  t h a t  t h e  u s e r  ought  t o  p r a c t i c e  ,defensive q u a l i t y  c o n t r o l  and from his 

own t e s t s  d e c i d e  whether t h e  m a t e r i a l  i s  s u i t a b l e  or no t .  While some lab-  

o r a t o r i e s  may be a b l e  to coifunit time and f a c i l i t i e s  to a t r . ; t i ng  program, 

the  IWAC survey showed t h a t  on ly  about  2:$ c f  t h e  l a b o r a t o r i e s  r e p o r t i u g  

made i t  a p r a c t i c e  t o  always ana lyze  t h e i r  shipnients,  so i t  appears  t h a t  

for most u s e r s  d e f e n s i v e  q u a l i t y  c o n t r o l  is i m p r a c t i c a l ,  1101' shou ld  i c  

r e a l l y  be necessa ry .  For  t h e s e  r easons  Lhe N a t i o n a l  Academy o f  Sc ien .  

N a t i o n a l  Research Counc i l  Committee on S p e c i f i c a t i o n s  and C r i t e r i a  i'or 

Biocherrical  Compounds, whicL has  been a c t i v e  for some y e a r s  i n  p r e p a r i n g  

s p e c i f i c a t i o n s  f o r  u n l a b e l l e d  compounds, nab become i n t e r e s t e , j  i n  l a b e l l e d  

compounds, and a g e n e r a l  d i s c u s s i o n  of some o f  t h e  yob le ins  i s  inc luded  i n  

t h e  Committee 's  most r e c e n t  p u o l i c a t i o n  ( 6 ) .  The Sub: c omiiiLtt:e on Nuc leo t id r s  

and Re la t ed  Compounds has  been c o n s i d e r i n g  such in fo rma t ion  as is a v a i l -  

a b l e  conce rn ing  t h e  p r e p a r a t i o n ,  p u r i t y ,  arid a p p l i c a t i o n s  o f  l a b e l l e d  

r iucleic  a c i d  d e r i v a t i v e s  (9), and the  problems encoun te red  by bv th  users 

arid n a n u f a c t u r e r s .  We have focussed  on Lhe s p e z i f i u  a?  t i v iLy  teasiir'ement 

or' C - l abe l l ed  bases  and n u c l e o s i d e s  because t h e  quoted s p e c i f i c  a c t i v i t y  

is used f r e q u e n t l y  t o  q u a n t i t a t i v e l y  c a l c u l a t e  t h e  number of gtioles o f  t he  

.LQuiiti X h i r h  have undergone r e a c t i o n .  The conven t iona l  iiietnuds of  mras-  

li 

. . i , i . i ~  >p: i i ' ic  a c t i v i t y  from ihe h x c 1 i t L c  l ; . , ~ ~ ~ L t ~ g r a t i o n  rr i te  o f  a known 
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u s  tliat one shou ld  be a o l e  t o  e v a l u a t e  s p e c i f i c  a c t i v i t y  witis g r e a t  p re -  

~ i i i i m  and accuracy by mass spec t romet ry .  

EXPI3 INENTEJ, 

'The l a b e l l e d  compounds were se1ec teA from manufac tu re r ' s  c a t a l o g s  and 

purchased i n  t he  nornial Kay from rnaJor s u p p l i e r s .  

The Low r e s o l u t i o n  organi:  mass spec t romet ry  f a c i l i t y  a t  O a k  Ridge 

Na t iona l  Laboratory has  been d e s c r i b e d  i n  d e t a i l  e l s ewhere  (10). B a s i c a l l y ,  

the ins t rumen t  has  a s i n g l e - s t a g e ,  12-inch r a d i u s ,  90'magnetic a n a l y z e r ;  

ku09-volt  a c r e l e r a t i n g  p o t e n t i a l ;  e l e c t r o n  m u l t i p l i e r  detector . ;  and hea ted  

d i r e i , t - i n l e t  probe.  Both 15 and 70 e l e c t r o n  v o l t  i o n i z i n g  e n e r g i e s  were 

used.  Approximately 5 1-16 of t h e  s o l i d  compound were in t roduced  i n t o  t h e  

spec t romete r  w i t h  the  d i r e c t - i n l e t  probe and h e a t e d  t o  1 0 0 - l > O ° C .  

RESULTS AND DISCUSSION 

The riuni~eril lg scheme f o r  p u r i n e s  and p y r i m i d i n e s  which w i l l  oe re- 

ferred tu is as follows. 

y 2  

Adenine 

y 2  

C y t o s i n e  

Figure  1 is t h e  mass spectrum, w i t h  70 e l e c t r o n  v o l t  i on iz i !g  energy,  

f o r  c y t o s i n e  l a b e l l e d  a t  carbon 2 wi th  14C. The molecu la r  i o n  of u n l a b e l l e d  

c y t o s i n e  is  a t  m/e 111 and t h a t  o f  c y t o s i n e  w i t h  one carbon-14 atom is h t  

m/e 113. There a r e  n o  molecu la r  i o n s  a t  m/e 11j o r  g r e a t e r  t n a t  :annot be 

accounted f o r  by ''C c o n t r i b u t i o n  t o  t n r  x / e  113 i o n  ma r k n c t  no :racItcukL 
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FIG. 1. W S  SPECTRUM OF CYTOSINE-Z-14C (ORNL-DWG. 7 2 - t ~ ~ )  

with more than one l a b e l l e d  carbon. From the r e l a t i v e  i n t e n s i t i e s  a t  m/e 

111 and llj, k8.yk of t h e  molecules a r e  l a b e l l e d ,  and s i n c e  t h e  s p e c i f i c  

a c t i v i t y  would be 62.4 mCi/mmole i f  100% of the  molecules were l a b e l l e d ,  

the  s p e c i f i c  a c t i v i t y  of t h i s  prepara t ion  is 30.5 mCi/mmole (Table 1). 

By running r e p l i c a t e  samples we obtained a r e l a t i v e  s tandard  devia t ion  of 

avobt I$. Furthermore we can l e a r n  something about the p o s i t i o n  of the 

i z ~ ~ 1 1 e . i  :arocii because Che fragmentat ion p a t t e r n  of  cy tos ine  and most 

<;:.?I >>.:;ri:ies aria pyr ix ia ines  has oeen worked out  i n  d e t a i l  (11,U). Ions 

s u  :. c' ..: .:m -'7 i ' c s d i :  :m::, LCSS cf -N& r'ronl the  molecular ions .  P.11 tne  ~. .. 
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Table 1. Speci f ic  Act iv i ty  of Purines  and Pyrimidines by Mass 
Spectrometry 

Percent  of Spec i f ic  Act iv i ty ,  mCi/mole Compound 
Molecules Labelled Found Quoted 

Adenine-2-14C 37.3 (*0.5) 2j .3  19.8 

~ y t o s i n e - p - ~ ~ ~  48.9 (40.4) 9 . 5  25 

Thymine-2-14C ffi.1 (40.7) 53.7 53 

89.9 ( w . 6 )  56.1 56 
14 Adfaine-8- C 

100 302 2 67 
14 Adenine- C( U) 

90.8 (*LO) a 

a 9b.Bdp of carbon atoms labe l led  

o ther  ions represent  fragments from which carbon-2 of cy tos ine  has been l o s t .  

By comparison with the mass spectrum of unlabe l led  cy tos ine  none of  these 

fragments contain carbon-14 and consequently t h i s  prepara t ion  was indeed 

l a b e l l e d  only a t  carbon 2. 

Mass s p e c t r a  f o r  two adenine prepara t ions ,  adenine-2-14C and 

14 adenine-8- 

(unlabe l led)  and 137 (having one 1 4 C  atom) and the s p e c i f i c  a c t i v i t y  was 

c a l c u l a t e d  from t h e i r  i n t e n s i t y  r a t i o  and i s  shown i n  Table 1. There are 

no doubly l a b e l l e d  molecules. The fragmentation p a t t e r n s  of these compounds 

a l s o  provide usefu l  information about the l a b e l l i n g  p a t t e r n .  Adenine frag-  

ments by successive l o s s e s  of HCN and, f o r  the unlabel led compounds, has a 

fragment a t  m/e 108 r e s u l t i n g  from loss of  carbon 2 as  HCN. The adenine- 

C, are shown i n  Figure 2. The molecular ions are a t  m/e 135 

809 

14 2- C preparat ion shows the mle 108 ion and no ion a t  m,e 110, dernon- 

s t r a t i n g  t h a t  a l l  t h e  carbon-14 had been l o s t  as  HCN and was o r i g i n a l l y  

present  only a t  carbon 2 ,  The adenine-& C preparat ion,  on the  ohter  hand, 14 
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FIG. i. tms  SPECTRUM OF "UNIFORMLY LABELLED" ADENINE ( 72-8232) 

those r e p r e s e n t i n g  loss of one carbon a t o m  (m/e l u - l l b ) ,  two ca rbon  atom 

(in;e 83-87), and t h r e e  carbon a tom (m/e 54-58) s t i l l  have 97% of t h e i r  

carDons labe l l rd ,  so t h a t  i n  t h i s  p r e p a r a t i o n  carbon-14 was randomly 

d i s t r i b u t e d  among: the f i v e  carbon atons i n  aden ine .  By convent ion,  random- 

l y  l a b e l l e d  compounds a r e  r e f e r r e d  t o  as uniformly l a b e l l e d .  The f a c t  is, 

however, t h a t  t h i s  p r e p a r a t i o n  and ~nany o t h e r s  which a r e  c a l l e d  "uniformly 

l a b e l l e d "  i n  t h e  accep ted  u s e  of t h e  term, is a c t u a l l y  a mix tu re  of molecules  

of d i f f e r e n t  i s o t o p i c  abundances o f  carbon-14 r a t h e r  t han  the  s i n g i t  rnolec- 

u l a r  s p e c i e s  t h a t  t h e  term "uniform" s u g g e s t s .  Th i s  problem has  been iiz- 
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cussed by Catch (13) b u t  we suspec t  i s  not  s u f f i c i e n t l y  appreciated,  and 

t n i s  adenine prepara t ion  is a good case  i n  point .  The adenine was prepared 

s y n t h e t i c a l l y  by condensation of f i v e  molecules of carbon-14 l a b e l l e d  

I'ormwide. If one assumes random combination of the  formamide molecules 

i t  is  poss ib le  t o  c a l c u l a t e  the  in te rmolecular  d i s t r i b u t i o n  of carbon-lh 

i n  the adenine as  a funct ion of the  i s o t o p i c  abundance i n  the  formamide. 

The problem i s  the  same as tak ing  f i v e  b a l l s  from a box containing both 

black and white b a l l s .  What is tile p r o b a b i l i t y  of  s e l e c t i n g  f i v e  black 

b a l l s ,  o r  f o u r  black and one white, e t c . ,  i f  there  are equal  numbers of 

black and white i n  tne box, twice as  many black,  a i d  so f o r t h ?  This  

c a l c u l a t i o n  w a s  made f o r  th ree  cases ;  50% i s o t o p i c  abundance of carbon-14 

i n  the formamide, 92% ( t h e  quoted value f o r  the i s o t o p i c  abundance in the  

tidenine), and 97$, which i s  c l o s e s t  t o  what we c a l c u l a t e  from t h e  mass 

spectrum; and i s  shown i n  Table 2 .  The d i s t r i b u t i o n  t h a t  we found i s  a l s o  

included i n  Table 2 and appears very reasonable  f o r  9b.@ l a b e l l i n g ,  s o  

w e  expect  t h i s  c a l c u l a t i o n  c o r r e c t l y  represents  the d i s t r i b u t i o n .  If the  

rab le  2. Label l ing P a t t e r n  i n  " U n i f o r d y  Labelled" Adenine 

Number of Percent  o f  T o t a l  Molecules 
Labelled Carbons 

32qba 97%a Found 

0 U 

0 

U 

J -0 

14.7 

04.3 
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formamide s t a r t i n g  mater ia l  were 50% l abe l led  then t h e  adenine synthesized 

would a l s o  be 50% l abe l led  and could be c a l l e d  "uniformly labe l led"  by 

cur ren t  def in i t ion .  B u t  3.l2',% of the molecules would have no carbon-14, 

15.62% would heve one carbon-14 atom, 31.25% would have two carbou-14 

atonis, and so f o t h .  It  i s  very unl ike ly  t h a t  the purchaser of such a 

,:ampound would understand t h a t  t h i s  d i s t r i b u t i o n  of  l a b e l  was implied by 

the term "uniformly labe l led ,  50% i so topic  abundance", p a r t i c u l a r l y  s ince  

the same nomenclature could a l s o  be appl ied t o  m a n y  o ther  d i s t r i b u t i o n s ,  

for instance a 1:1 mixture of f u l l y  labe l led  and unlabel led adenine, I t  is 

possible  of course t h a t  the l a b e l l i n g  p a t t e r n  is not  of any importance t o  

the  u s e r  - only he can say - but one should be aware t h a t  d i f f e r e n t  prep- 

a ra t ions  may have d i f f e r e n t  pa t te rns  of l a b e l l i n g  and t h a t  the term 

"uniformly labe l led"  does n o t  guarantee any p a r t i c u l a r  pa t te rn .  

Comparing the s p e c i f i c  a c t i v i t i e s  measured by mass spectrometry with 

the quoted values i n  Table 1, the  r e s u l t s  a r e  i n  reasonable agreement f o r  

three compounds b u t  our r e s u l t s  a r e  about 20$ higher  f o r  adenine-2-14C and 

cytosine-2-l'C. We think it l i k e l y  Lhat the  quoted values a r e  incor rec t  

becbuse of unlabel led impuri t ies  i n  t h e  preparat ions.  The mass spectro-  

metric value should be accurate  f o r  severa l  reasons. Since t h e  s p e c i f i c  

a c t i v i t y  is ca lcu la ted  from the i n t e r n a l  r a t i o  of molecular ions i n  a s i n g l e  

spectrum changes i n  the experimental condi t ions should have no e f f e c t ,  and 

the good prec is ion  of r e p l i c a t e  measurements bears t h i s  out .  We only measure 
i n t e n s i t y  
m/e r a t i o s  for  the molecular ions of the p a r t i c u l a r  compound of i n t e r e s t ,  

so  i t  i s  not l i k e l y  tha t  e i t h e r  l a b e l l e d  or unlabel led impuri t ies  would 

i n t e r f e r e  because t h e i r  molecular ions would almost c e r t a i n l y  have d i f f e r e n t  

m/e values. A s u b s t a n t i a l  impurity in the  sample t h a t  happened t o  y i e l d  a 

fragment with the proper m/e would i n t e r f e r e ,  but one would a l s o  expect 

t o  see o ther  extraneous fragments and we have not observed an?. 

For muse w i t h  access to mass spectrncietPr f a c i l i z i t ; ,  xf; .>.. , d _  c .  
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obtaining a mass spectrum i n  terms of mater ia l  consumed i s  small. A few 

micrograms of mater ia l  is  s u f f i c i e n t  f o r  r e p l i c a t e  determinat ions,  and for  

many nucleosides and bases t h i s  c o s t  i s  under $10. The added c o s t  t o  a 

manufacturer LO check each l o t  would be i n s i g n i f i c a n t .  Spec i f ic  a c t i v i t y  

measurement by mass spectrometry i s  probably l imi ted  t o  14C-labelled 

purines ,  pyrimidines, and t h e i r  nucleosides. Nucleotides, having ion ic  

phosphate groups, do not  usua l ly  give a good mass spectrum, and t r i t i a t e d  

compounds uay undergo i n t e r n a l  rearrangement . react ions within the mass 

spectrometer. 
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