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NUCLEOSIDES AND NUCLEOTIDES, 2(5), 465-478 (1983)  

ISOLATION AND IDENTIFICATION OF 5'-14ETHYLTLIOADENOSINE 

SULFOXIDE FRON 1 I W  URINE 

* 
John S. M i l l s ,  Gordon C .  Mills and David J. ElcAdoo 

Division of Biochemistry, Department of Human Bio log ica l  
Chemistry ,G Genetics,  and t h e  Marine Biomedical I n s t i t u t e ,  
Universi ty  of Texas Medical Branch, Galveston, Texas 77550 

Abstract  - An adenine nucleoside i s o l a t e d  from human u r i n e  has  been 
i d e n t i f i e d  by mass spec t r a  and other  techniques a s  Sf-deoxy-5'-rnethyl- 
thioadenosine su l fox ide .  Elevated l e v e l s  (3-5 nmols/pmol c r e a t i n i n e )  
were noted i n  two ch i ld ren  wi th  severe combined immunodeficiency. 

INTRODUCTION 

Inhe r i t ed  de f i c i ency  of adenosine deaninase 

usua l ly  r e s u l t s  i n  a syndrome of s eve re  coribj.r.ed 

immunodeficiency. Less seve re  imunode i i c i enc ie s  

r e s u l t  from purine nucleoside phosphorylase o r  

OH OH purine 5 ' -nucleot idase d e f i c i e n c i e s .  However, 

0 t& 
Q 

CH3-S-CH2 0 

most immunodeficient c h i l d r e n  have no demon- 

s t r a t e d  metabolic de fec t .  I n  an at tempt  t o  es- 

t a b l i s h  evidence of o t h e r  metabolic d e f e c t s  i n  

FIG.  1. 5'-Methyl- 
thioadenosine 
sulfoxide.  

t hese  ch i ld ren ,  w e  have evaluated u r ina ry  exc re t ion  l e v e l s  of many pu- 

r i n e  and pyrimidine nucleosidesl .  

procedures, w e  have i s o l a t e d  an unknown adenine nucleoside.  This con- 

pound w a s  e l eva ted  i n  two of s i x  p a t i e n t s  with severe combined immuno- 

de f i c i ency ,  and appeared t o  have s i m i l a r  chromatographic p r o p e r t i e s  t o  

those found f o r  an unknown adenine nucleoside by Hirschhorn, e t  a1.2.  

Ymre r ecen t ly ,  while  extending these  
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466 MILLS, MILLS, AND MC ADO0 

They noted  e l e v a t e d  l e v e l s  of t h e i r  n u c l e o s i d e  i n  u r i n e  of f o u r  adeno- 

s i n e  deaminase d e f i c i e n t  c h i l d r e n .  Mass spec t romet ry  s t u d i e s  of  our  

i s o l a t e d  nuc leos ide  provided  s u f f i c i e n t  i n fo rma t ion  t o  sugges t  t h e  iden- 

t i f i c a t i o n  of t h e  compound a s  5 ' -methyl t l i ioadenos ine  s u l f o x i d e .  The 
i d e n t i t y  was confirmed by a d d i t i o n a l  chromatographic  and chemica l  s t u d i e s  

w i t h  t h e  a u t h e n t i c  compound. These s t u d i e s  a l s o  showed t h a t  our  adenine  

nuc leos ide  was d i s t i n c t  from t t i a t  of Iiirscliliorn, e t  a 1 . 2 .  

MATERIALS AND METHODS 

Chemicals and S o l u t i z .  

Ana ly t i c  grade  i o n  exchange r e s i n s  (BGl-X4 and AC50-X4, 200/400 

mesh) were ob ta ined  from Eio-Rad L a b o r a t o r i e s .  :XAD-4 (20/50 mesh) w a s  

ob ta ined  from Mal l inckrodt  Chemicals Works. Chloroace ta ldehyae  w a s  p r e -  

2ared from t h e  d i m e t h y l a c e t a l  d e r i v a t i v e  as desc r ibed  p r e v i o u s l y 3 .  

Orc ino l  w a s  r e c r y s t a l l i z e d  from t o l u e n e  p r i o r  t o  use .  5'-Deoxy-5'- 

methylthioaderiosine ("A), t h i o d i g l y c o l ,  2'-O-methyladenosine, adeno- 

s i n e ,  and adenos ine  deaminase (Type I from c a l f  i n t e s t i n a l  mucosa) w e r e  

ob ta ined  from Sigma Chemical Co. 

fox ide  (FCA-sulfoxide) w a s  p repared  w i t h  a y i e l d  of ga. 100% by o x i d i z -  

i n g  ETA witli  H 0 4 ,  fo l lowed by c a t i o n  exchange chromatography (IIC1 elu- 

t i o n )  t o  p u r i f y  t h e  MTA-sulfoxide. Its i d e n t i t y  as t h e  s u l f o x i d e  of 

MTA was confirmed by t h e  molecular  weight of  313 ob ta ined  by C I  mass 

s p e c t r a  (Fig.  3 ) .  A l l  components of b u f f e r s  were r e a g e n t  g rade ,  and  

t h e i r  pH v a l u e s  r e f e r  t o  pH a t  23°C. 

(prepared  from sodium a c e t a t e  and a c e t i c  a c i d ) ,  t h e  l i s t e d  c o n c e n t r a t i o n  

r e f e r s  t o  t h e  a c e t a t e  c o n c e n t r a t i o n .  The sodium b o r a t e  s o l u t i o n  

(0.010 M) was prepared  from Na2B407.10 H20 (3.81 g / l i t e r ) .  The an-mo- 

nium a c e t a t e  + a c e t i c  a c i d  e l u e n t  used f o r  c a t i o n  exchange chromatog- 

raphy w a s  p repared  from acetic a c i d  and ammonium hydroxide  w i t h  t h e  

c o n c e n t r a t i o n  of t h e  l a t t e r  determined by t i t r a t i o n  w i t h  H C 1 .  

5'-Deoxy-5'-methylthioadenosine sul-  

2 2  

For  t h e  sodium a c e t a t e  b u f f e r  

A n a l y t i c a l  Methods. 

A G i l f o r d  spec t rophotometer  (Model 222) was used f o r  spec t ropho to -  

rietric measurements, w h i l e  an  Aminco-Bowman spec t ropho to f luo romete r  

was used f o r  f l u o r e s c e n c e  measurements. The o r c i n o l  r e a c t i o n  f o r  

r i b o s e  w a s  c a r r i e d  o u t  w i t h  h e a t i n g  i n  a b o i l i n g  water b a t h  f o r  20 

minutes  us ing  t h e  orcinol-FeC1 -I iC1 r eagen t  prepared  a s  d e s c r i b e d  by 3 
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5'-METHYLTHIOADENOSINE FROM HUMAN URINE 46 7 

Brown5. 

Acid h y d r o l y s i s  of  adenine  nuc leos ides  t o  form aden ine  w a s  c a r r i e d  o u t  

u s ing  e i t h e r  HC1 or p e r c h l o r i c  a c i d .  Adenine format ion  w a s  measured 

by de termining  sample absorbance  a t  2 7 5  and 260 nm a f t e r  v a r i o u s  t i m e  

i n t e r v a l s ,  and comparing t h e  absorbance r a t i o s  t o  known v a l u e s  (adeno- 

2751260 s i n e  A 

of 14.4 a t  260 nm w a s  used f o r  de t e rmin ing  t h e  c o n c e n t r a t i o n  of MTA- 

s u l f o x i d e ,  KTA and adenos ine .  The t ine r e q u i r e d  f o r  50% h y d r o l y s i s  

(tL2 va lue )  was determined by p l o t t i n g  t h e  l o g  of the nuc leos ide  concen- 

t r a t i o n  a g a i n s t  t h e  t i m e .  Although t h e  t!5 v a l u e  is independent  of sub- 

s t ra te  c o n c e n t r a t i o n s ,  t he  l a t t e r  were v a r i e d  i n  d i f f e r e n t  exper iments  

frcci 15 t o  70 pM. D i f f e r e n t  tempera tures  and a c i d  c o n c e n t r a t i o n s  f o r  

t he  h y d r o l y s i s  were used as i n d i c a t e d  i n  Table 2. 15ttieno d e r i v a t i v e s  

of adenine  nuc leos ides  were produced by incuba t ion  of samples w i t h  

ch loroace ta ldehyde  as desc r ibed  p rev ious ly3 .  

c l e o s i d e s  a s s u b s t r a t e s  f o r  c a l f  i n t e s t i n a l  adenos ine  deaminase were 

s t u d i e d  a t  pH 7.3 i n  0.034 PI T r i s  b u f f e r  a t  23'C by measuring t h e  de- 

c r e a s e  i n  sample  absorbance a t  265 nm. 

from 1 2  t o  60 pM. The d i f f e r e n c e  i n  t h e  m i l l i m o l a r  absorbancy of 

adenosine and i n o s i n e  a t  t h i s  wave l e n g t h  i s  8.5.  

t i o n s  as r e q u i r e d  f o r  rechromatography w a s  c a r r i e d  o u t  w i th  a 

1 .3  x 30 c m  XAD-4 column a s  desc r ibed  p rev ious ly6 .  

Color y i e l d  w a s  measured w i t h  t h e  spec t rophotometer  a t  670 nm. 

= 0.60) .  A mil l imo la r  absorbancy = 0.40, adenine  A 
2751260 

A c t i v i t y  of aden ine  nu- 

S u b s t r a t e  c o n c e n t r a t i o n s  v a r i e d  

D e s a l t i n g  of so lu -  

Kass Spectrometry.  

Aqueous samples c o n t a i n i n g  s. 1 i l g / p l  of n u c l e o s i d e  were t r a n s -  

f e r r e d  t o  t h e  g l a s s  i n s e r t  of t h e  mass spec t rometer  probe and evapo- 

r a t e d  t o  d ryness  i n  a vacuum d e s i c c a t o r .  $:ass s p e c t r a  were o b t a i n e d  on 

a Finnigan 4000 mass spec t romete r ,  u s i n g  an  i o n i z i n g  v o l t a g e  of 70 e V .  

Flethane w a s  used a s  t h e  chemica l  i o n i z a t i o n  gas.  The emiss ion  c u r r e n t  

was 1 amp f o r  e l e c t r o n  i o n i z a t i o n  ( E I )  and 0.3 aap f o r  chemica l  i on iza -  

t i o n  (CI).  The e l e c t r o n  m u l t i p l i e r  v o l t a g e  w a s  900 v o l t s .  The sample 

was in t roduced  v i a  a vacuum-lock d i r e c t  i n s e r t i o n  probe. The probe  w a s  

heated r a p i d l y  t o  350 'C and s p e c t r a  were taken  when t o t a l  i o n  produc- 

t i o n  reached a maximum. 

I s o l a t i o n  o f  "A-sulfoxide from Urine.  

The procedure f o r  s e p a r a t i o n  of MTA-sulfoxide from u r i n e  involved  

an i n i t i a l  s e p a r a t i o n  of u r i n a r y  nuc leos ides  from u r i c  a c i d  and o t h e r  
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468 MILLS, MILLS, AND MC ADO0 

organic  a c i d s .  This w a s  achieved by passage of t h e  u r i n e  (20-30 nl) 

through an AGl-X4 anfon exchange column, formate form (1.5 x 16 cm). 

The column w a s  washed with 200 m l  of water, an6 t h e  combined washes 

were concentrated to G. 20 m l .  For removal of salts ,  t h e  combined 

washes were app l i ed  t o  a 1 . 3  x 30 cm XAD-4 colunn with e l u t i o n  of nu- 

c l e o s i d e s  using 19% e thano l  a s  descr ibed p rev ious ly .  A s h o r t  anion ex- 

change column (AGl-X4, C1- form, 1 x 6 cm) operated a t  p€i 10, was  u t i -  

l i z e d  t o  sepa ra t e  nuc leos ides  t h a t  were an ion ic  a t  pH 10 from those 

t h a t  are n e u t r a l  a t  t h a t  pH7. The uncharged nuc leos ides ,  i nc lud ing  

MA-sulfoxide, were sub jec t ed  t o  c a t i o n  exchange chromatography 

(AG50-X4, I1 form, 0.50 x 40 c m  column) us ing  g rad ien t  e l u t i o n  with 

HC1 (0 +. 1.5  N ) .  

NTA-sulfoxide and 1-methylguanine8. P r i o r  t o  rechromatography, H C 1  w a s  

removed from t h e  appropr i a t e  pooled f r a c t i o n s  by n e u t r a l i z i n g  wi th  NaOH 

and removal of the N a C l  on an XAD-4 column. 

solvent  evaporat ion,  f r a c t i o n s  con ta in ing  MTA-sulfoxide were a p p l i e d  t o  

an AG50-X4 c a t i o n  exchange column (NH 4- form, 0.5 x 40 em). 

was c a r r i e d  out  by g rad ien t  e l u t i o n  with a pH 4.4 ammonium a c e t a t e  

bu f fe r .  A t  t h i s  pH, 1-methylguanine w a s  e l u t e d  ahead of MTA-sulfoxide, 

and the  l a t te r  compound had c o n s i s t e n t  absorbance r a t i o s  (2401260,  

250/260, 2751260, 2901260)  throughout t h e  peak. Af t e r  removal of t h e  

ammonium a c e t a t e  b u f f e r  on an X A D - 4  column, t h e  i s o l a t e d  MTA-sulfoxide 

w a s  used f o r  t h e  a d d i t i o n a l  s t u d i e s  descr ibed below. 

6 

+ 
The las t  peak i n  t h e  A260 e l u t i o n  p r o f i l e  contained 

A f t e r  concen t r a t ion  by 

E lu t ion  4 

Using the  i s o l a t i o n  procedure descr ibed above, u r i n a r y  l e v e l s  of 

KL4-sulfoxicie of 5 .0  and 2.9 nmols per  pmol  c r e a t i n i n e  w e r e  found i n  

two c h i l d r e n  with seve re  combined innnunodeficiency (JRG and LLA, r e f  1). 

Corresponding l e v e l s  i n  s i x  normal c h i l d r e n  were 0.34 f 0.Z (man f s.d.). 

PH 10 Anion Exshange Sepa ra t ion  with Borate.  

The  pH 10 anion exchange s e p a r a t i o n  p rev ious ly  used i n  t h i s  labo- 

r a t o r y 7  has  been modified i n  o rde r  t o  r e t a i n  uncharged nucleosides  con- 

t a i n i n g  a r i b o s e  moiety with f r e e  hydroxy groups i n  t h e  2 '  and 3' posi-  

t i ons .  A n  AG1-X4 column, 1.0 x 5.5 c m ,  C1- form i s  used. Pretreatment  

of t h e  column i s  a s  follows: 

(pH l O . O ) ,  (b) ,  5 m l  of H20, and ( c ) ,  10 m l  of 0.010 M sodium tetra- 

bo ra t e ,  The sample, which should con ta in  on ly  a small amount of salts, 

is  ad jus t ed  t o  pH 10.1 - 10.5 wi th  NaOH. 

( a ) ,  20 nl of 0.10 M N a C 1  + 1.5 mM N H 4 0 H  

A f t e r  t h e  sample has  passed 
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5'-METHYLTHIOADENOSINE FROM HUMAN URINE 469 

through t h e  column, t h e  r e s i n  is washed with two 25-nil p o r t i o n s  of 

water. Bound nucleosides  are e l u t e d  with 25 m l  of a 0.092 M, pH 5.2 

sodium acetate b u f f e r  followed by 25 m l  of 11 0. 2 
Nucleosides which are uncharged a t  pH 10 and which c o n t a i n  deoxy- 

r i b o s e  as t h e  sugar moiety (e.g. ,  deoxyadenosine), o r  which con ta in  

Z'-O-rnethyl groups on t h e  r i b o s e  (e .g . ,  2 '0-nethyladenosine) are no t  

r e t a i n e d  by the  r e s i n  and are p resen t  i n  t h e  column wash. Adenosine 

and MTA-sulfoxide are e l u t e d  when t h e  pH f a l l s  t o  a va lue  where t h e  

bo ra t e  complex i s  no longer  ionized.  

bu f fe r  e l u a t e  and i n  t h e  subsequent water wash. 

procedure i s  u s e f u l  only f o r  compounds with no charge a t  pH 10. 

compounds with pk, va lues  of 10 o r  less (e .g . ,  guanosine) are r e t a i n e d  

by t h e  anion exchange column a t  pH 1 0  e i t h e r  w i th  o r  without bo ra t e .  

They appear i n  t h e  sodium a c e t a t e  

This  b o r a t e  complexing 

Enol ic  

Separat ion and Analysis  of Urinary IDA. 

The success  of t h i s  procedure depends upon t h e  s t ronge r  r e t e n t i o n  

of PEA compared t o  o t h e r  nuc leos ides  on an  anion exchange column. 

r e t e n t i o n  appears  t o  be due t o  adso rp t ion  t o  t h e  column, s i n c e  none of 

t he  nucleosides  are charged a t  t h e  pH used f o r  e l u t i o n .  Thiodiglycol ,  

0.10% (v/v) is added t o  t h e  sample p r i o r  t o  a p p l i c a t i o n  t o  t h e  column 

and t o  t h e  s o l u t i o n s  used f o r  e l u t i o n .  

(1.25 cm x 8.7 cm) is  p r e t r e a t e d  wi th  ( a ) ,  20 m l  of 0.10 M N a C l  + 1 .5  mEI 

NH40H (pH 10.0),  and (b ) ,  10 m l  of 0.010 M sodium t e t r a b o r a t e .  

(2-4 ml) i s  d i l u t e d  t o  10 m l  wi th  B 0 and t h e  pH i s  ad jus t ed  t o  10.2 - 2 
10.4 wi th  NaOH. The sample i s  app l i ed  t o  t h e  column and washed on with 

a few ml of water. E lu t ion  i s  c a r r i e d  ou t  w i t h  20 m l  of 0.092 M sodium 

a c e t a t e  bu f fe r  (pH 5.2) i n  a closed mixing r e s e r v o i r  and 30 m l  of t h e  

same b u f f e r  i n  t h e  upper r e s e r v o i r .  

ed wi th  a flow rate of =. 1 .2  ml/min. 

emptied, g rad ien t  e l u t i o n  is begun by a d d i n g  100 m l  of 10% (v/v)  

e thano l  t o  t h e  upper r e s e r v o i r .  E4ost of t h e  nuc leos ides  are e l u t e d  

r a p i d l y  from t h e  column as soon as t h e  pH f a l l s ,  b u t  t h e  MTA i s  re- 

t a i n e d  and e l u t e d  i n  a symmetrical peak as t h e  e t h a n o l  concen t r a t ion  is 

g radua l ly  increased (Fig. 5). For t h e  f luo rescence  a s say  of t h e  KCA 

peak, an 0.80 m l  a l i q u o t  of each f r a c t i o n  was added t o  0.20 m l  of 

0.092 PI, pli 5.2 sodium acetate b u f f e r ;  0.50 ml of 0.09 M ch lo roace ta l -  

dehyde w a s  added and samples were heated a t  8OoC f o r  40 minutes.  

This  

A n  A G l - X 4  column, C 1 -  form 

Urine 

F r a c t i o n s  of E. 5 m l  are c o l l e c t -  

When t h e  upper r e s e r v o i r  has  
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470  MILLS, MILLS, AND MC A D O 0  

Procedures f o r  Rechromatography of PEA-sulfoxide. 

Procedure A. The sample was a p p l i e d  t o  an AG50-X4 column, H+ form, 

0.50 cm x 40 cm. The HTA-sulfoxide w a s  e l u t e d  by g r a d i e n t  e l u t i o n  w i t h  

75 m l  of H 0 i n i t i a l l y  i n  t h e  c losed  mixing r e s e r v o i r  and 1 . 5  N H C 1  i n  2 
t h e  upper r e s e r v o i r ,  

r a t e  o f  s. 0.25 ml/min. 

F rac t ion  volumes were 3.5 - 4.0 m l  w i th  a f low 

Procedure B. The sample w a s  a p p l i e d  t o  an AG50--X4 column, NI14+ 

form, 0.50 c m  x 40 cm. The column was e q u i l i b r a t e d  wi th  t h e  i n i t i a l  

e l u t i n g  b u f f e r  p r i o r  t o  sample a p p l i c a t i o n .  E l u t i o n  w a s  c a r r i e d  o u t  

wi th  75 m l  of 0.105 N a c e t i c  a c i d  + 0.045 M ammonium a c e t a t e  i n  t h e  

c losed  mixing r e s e r v o i r  and 0.70 N a c e t i c  a c i d  + 0.30 PI ammoniumacetate 

i n  t h e  upper r e s e r v o i r .  F r a c t i o n  volumes were 3.0 - 3 . 5  m l  w i th  a f low 

r a t e  of 0.20 mllmin. 

Procedure C. Samples (10-20 m l )  were a p p l i e d  t o  an XAD-4 column, 

1 .3  cm x 30 cm. A f t e r  washing t h e  column wi th  50 m l  of w a t e r ,  e l u t i o n  

was begun wi th  1 9 %  ( v / v )  e t h a n o l .  F r a c t i o n  volumes ranged from 10 t o  

5 ml. w i t h  f low rates ranging  from 1.0 t o  0.50 ml/min. 

RESULTS 

-__ I d e n t i f i c a t i o n  of I s o l a t e d  Adenine Nucleos ide  as MTA-sulfoxide. 

The E I  and C I  mass spec t romet ry  s t u d i e s  on t h e  i s o l a t e d  and 

a u t h e n t i c  M'JA-sulfoxides are shown i n  F igs .  2 and 3 .  The E I  mass spec- 

trum f o r  adenos ine  is  inc luded  f o r  comparison. 

(M f 1) C I  i on  and t h e  major 298 m/z  i o n  i n  E I  mass spec t romet ry  con- 

t a i n  i s o t o p i c  d i s t r i b u t i o n s  c h a r a c t e r i s t i c  of a compound c o n t a i n i n g  

s u l f u r .  The s p e c t r a  show peaks  a t  rnfz  296 ( C I  s p e c t r a )  and 298 ( E I  

s p e c t r a )  r e s u l t i n g  from l o s s  of H 0 and C11 as evidence  t h a t  314 is 

t h e  M + 1 molecular ion .  The E I  s p e c t r a  of NTA-sulfoxide shows t h e  

p a t t e r n  of adenine  base  a t  m/z 135 and 136, which a g r e e s  wi th  t h e  

u l t r a v i o l e t  abso rp t ion  s p e c t r a  (Table  1) showing t h a t  t h e  adenine  moiety 

is  n o t  modified.  The E I  s p e c t r a  a l s o  c o n t a i n s  a peak a t  m/z 164 i nd ica -  

t i v e  of (adenine-CHO)+ i o n  a s  w e l l  as t h e  peak a t  m/z 178 i n d i c a t i n g  

t h a t  the C Oi', group of tile r i b o s e  r i n g  i s  u n s u b s t i t u t e d .  The p resence  

of t h e  m/z 178 peak is  c o n s i s t e n t  w i th  t h e  observed format ion  of b o r a t e  

complexes by both adenos ine  and MTA-sulfoxide (Table  1). 

Both t h e  314 mfz 

2 3 

2 
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120 

MTA -SULFOXIDE lauthent icl  

1 ,,,, , , , , , , , , , ( ,  !,,,..,,.. I . . , ,  1, 
2 0 0  2 4 0  2 8 0  

8 7 - L  140 160 180 2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  300 

rn/z 

MTA-SU LFOXIDE isolated I 

I 

ADENOSINE 

(x5 )  

I 1  1 I ,.. i I1 

180 2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  300 
rn/z 

FIG. 2 .  CI mass s p e c i r a  of  ac:enosine and MTA-sulfoxides. 

Both t h e  m/z 164 and 178 peaks a l s o  are prominent i n  t h e  adenos ine  EI 

s p e c t r a ,  i n d i c a t i n g  t h a t  KTA-sulfoxide and adenos ine  are i d e n t i c a l  i n  

r ega rd  t o  t h e  aden ine  and C and C ca rbons  of t h e  r i b o s e .  MTA-sul- 

f o x i d e  i s  t h e  on ly  compound t h a t  has  t h e  proper  molecular  weight of 313,  

would be  expec ted  t o  undergo t h e  f a c i l e  l o s s  of a methyl group, conLains 

adenine  and r i b o s e  m o i e t i e s ,  and c o n t a i n s  a s u l f u r  atom. Moreover, t h e  

i s o l a t e d  compound has EI and CI s p e c t r a  t h a t  are i d e n t i c a l  with t h o s e  

of t h e  a u t h e n t i c  XTA-sulfoxide. The s l i g h t  d i s c r e p a n c i e s  i n  peak  

h e i g h t s  are w i t h i n  t h e  u s u a l  exper imenta l  v a r i a t i o n .  

1 2 

A s  f u r t h e r  proof of t h e i r  i d e n t i t y ,  t h e  i s o l a t e d  and a u t h e n t i c  

PITA-sulfoxides were sub jec t ed  t o  rechronatography i n  t h r e e  d i f f e r e n t  
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h 
L 
v) 
c 
4) 

c 

4) 
> 
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0)  

c) - 
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c - 
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MTA- SULFOXIDE 

I I  
QI > .- - 
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150 170 190 210 

/m+' 

m+29 
1 1 

isolated] 
/"+ 
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J--T-Ll 

2 90 310 330 350 
m/z 

FIG. 3. C I  mass s p e c t r a  of i s o l a t e d  and a u t h e n t i c  MTA-sulfoxides. 

systems a s  s h o ~ i i  i n  F ig .  4 .  In each  c a s e ,  t h e  i s o l a t e d  and a u t h e n t i c  

compounds w e r e  e l u t e d  i n  t h e  same p o s i t i o n .  

A d d i t i o n a l  P r o p e r t i e s  of MTA-sulfoxide. 

Add i t iona l  p r o p e r t i e s  01 i s o l a t e d  and a u t h e n t i c  samples of  MTA- 
___-- 

s u l f o x i d e  a r e  summarized i n  Tables  1 and 2 .  S p e c t r a l  r a t i o s  of t h e  

i s o l a t e d  and a u t h e n t i c  compounds a r e  t y p i c a l  of adenine  n u c l e o s i d e s  and 

c l e a r l y  show t h a t  t h e r e  are no s u b s t i t u t i o n s  on t h e  aden ine  moiety.  

Both t h e  a u t h e n t i c  and i s o l a t e d  compounds are r e t a i n e d  on t h e  pH 10 
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MTA S U L F O X I D E  l i s o l a t e d l  

A 2 6 1  0 A ,  5 0  , h:j 100 0 B 4 0  80 ::j 0 CA 5 0  100 

0.10 

0 

A MTA- SULFOXIDE lauthenticl 

M L  OF ELUENT M L O F  ELUENT ML OF ELUENT 

FIG. 4. Rechromatography of i s o l a t e d  and a u t h e n t i c  MTA-sulfoxides. 

A. Ca t ion  exchange, H C 1  e l u t i o n .  B. Cation exchange, ammonium 

a c e t a t e  + a c e t i c  a c i d  e l u t i o n .  C.  E l u t i o n  from XAD-4 resin.  

For d e t a i l s  see Methods. 

b o r a t e  an ion  exchange column, i n d i c a t i n g  t h a t  t h e  C OH and C OH groups 

oE t h e  r i b o s e  are f r e e  t o  form a b o r a t e  complex. Th i s  p r o p e r t y  c l e a r l y  

d i s t i n g u i s h e s  MTA-sulfoxide from 2‘-0-methyladenosine, w i t h  t h e  l a t t e r  

compound pass ing  through t h e  an ion  exchange column under t h e s e  circum- 

s t a n c e s .  Both t h e  i s o l a t e d  and a u t h e n t i c  MTA-sulfoxides form a n  e theno  

d e r i v a t i v e  wi th  ch loroace ta ldehyde ,  w i t h  e x c i t a t i o n  and emission spec t ra  

being i d e n t i c a l  w i t h  t h a t  o f  adenos ine3 .  

t h e  adenine  moiety h a s  no s u b s t i t u t i o n s  on t h e  amino group o r  on t h e  

N n i t r o g e n  of t h e  p u r i n e  r i n g .  

2 3 

This  r e a c t i o n  i n d i c a t e s  t h a t  

1 
MTA-sulfoxide produces l e s s  c o l o r  (absorbance a t  670 nm) i n  t h e  

o r c i n o l  r e a c t i o n  f o r  r ibose -con ta in ing  compounds than  does  adenos ine  

(Table 2) ,  a l though  t h e  a b s o r p t i o n  s p e c t r a  of t h e  p roduc t s  of t h e  two 

compounds (and MTA) w i t h  o r c i n o l  are i d e n t i c a l ,  w i t h  a maxima a t  6 7 0  nm. 

Although a l l  p u r i n e  r ibonuc leos ides  r e a c t  w i t h  o r c i n o l  under t h e s e  c i r -  

cumstances,  t h e  amount of c o l o r  produced under s t a n d a r d  c o n d i t i o n s  

v a r i e s  cons ide rab ly .  Consequently,  t h i s  tes t  shows t h a t  t h e  a u t h e n t i c  

and i s o l a t e d  M”A-sulfoxides have t h e  same c o l o r  y i e l d  a t  670  nm w i t h i n  

exper imenta l  e r r o r .  Ne i the r  a u t h e n t i c  o r  i s o l a t e d  MTA-sulfoxide nor 
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474 MILLS, MILLS, AND MC ADO0 

TABLE 1. Comparison of Other P r o p e r t i e s  of I s o l a t e d  and Authentic 
MTA-Sulfoxide 

Spec t r a l  r a t i o s  i n  1 N EC1 pH 10 Borate Formation 
anion of etheno 

exchange d e r i v a t i v e  * - 240 250 275 290 column 
260 260 260 260 

I s o  l a  t ed 
MTA-Sulfoxide .46 .85 .43 .03 Retained Yes 

MA-Sulfoxide .45 .85 .43 .03 Re t a i n  e d Y e s  
Authentic 

j; 
40 min. heat ing a t  80°C with chloroacetaldehyde 

TABLE 2 .  

Adenosine 

MTA 

Authentic 
MTA-Sul f oxide 

I s o l a t e d  
MTA-Sulfoxide 

Comparison of P r o p e r t i e s  of Adenine Nucleosides 

t& f o r  a c i d  hydrolysis  

Orcinol  Subs t r a t e  
r e a c t i o n  f o r  80°C 80°C l0O0C 

f o r  adenosine H C 1 ,  I iCl ,  Pe rch lo r i c  

% :! min . min . min . 
ribose//  deaminase 0.25 N 1.1 N a c i d ,  0 .1  N 

100 100 32 2 2.2** 1 4  

5 3  o* 71 5 5 

68 0" 486 5 32 74 49 

76 0" 501 f 37"** 
* 
No deamination i n  24 h r  under cond i t ions  where 99% of adenosine w a s  

deaminated i n  one min. 
** 

Standard e r r o r  (SE)  was c a l c u l a t e d  from t h e  equation: 

1-r2 where b = s lope ,  and r = c o r r e l a t i o n  c o e f f i c i e n t .  b 
*** 

p > 0.75 when compared t o  a u t h e n t i c  MTA-sulfoxide. 

"Expressed a s  p e r  c e n t  of co lo r  y i e l d  of adenosine with 20 ndn hea t ing  
a t  100°C. 
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5’-METHYLTHIOADENOSINE FROM HUMAN URINE 475 

0 .4  

‘260 

0.2 

0 

MTA showed t h e  s l i g h t e s t  a c t i v i t y  w i t h  c a l f  i n t e s t i n a l  adenos ine  de- 

aminase. 

Adenosine and deoxyadenosine are r e a d i l y  deaminated by adenos ine  de- 

aminase and many modified adenos ines  ( e .g . ,  2’-O-methyladenosine and 

N”-methyladenosine) a r e  s lowly  deaminated by t h i s  enzyme2. MTA-sul- 

fox ide  proved t o  be much more resistant t o  a c i d  h y d r o l y s i s  t h a n  adeno- 

s i n e  o r  I D A  (Table 2 ) .  The same r e l a t i v e  bond l a b i l i t i e s  were noted  

i n  bo th  HC1 and 

and a u t h e n t i c  MTA-sulfoxides were i d e n t i c a l  w i t h i n  expe r imen ta l  e r r o r .  

The ra te  of h y d r o l y s i s  of t h e  pu r ine - r ibose  bond has been shown by 

o t h e r s  t o  change w i t h  v a r i o u s  s u b s t i t u e n t  groups on t h e  r i b o s e  moiety’’. 

This  appears  t o  be t r u e  of most 5 I - s u b s t i t u t e d  a d e n o s i n e s l O .  

p e r c h l o r i c  a c i d s .  The bond l a b i l i t i e s  of t h e  i s o l a t e d  

A i r  Oxida t ion  of MTA t o  NTA-Sulfoxide. 

I n  a subsequent s tudy ,  w e  added MTA (0.28 p m o l s )  t o  30 ml of simu- 

l a t e d  u r i n e  (u rea  p l u s  s a l t s )  and u s i n g  t h e  i s o l a t i o n  procedure  f o r  

MTA-sulfoxide desc r ibed  above, recovered  527; of t h e  i n i t i a l  KCA as PlTA- 

su l fox ide .  W e  a l s o  confirmed t h e  presence  of MTA-sulfoxide i n  t h e  u r i n e  

of s u b j e c t  J R G  when t h e  a n t i o x i d a n t ,  t h i o d i g l y c o l ,  w a s  i nc luded  i n  t h e  

i s o l a t i o n  procedure,  a l though  t h e  amount of PITA-sulfoxide no ted  w a s  

less than  t h a t  found when t h e  o r i g i n a l  i s o l a t i o n  procedure  w a s  used. 

I d e n t i f i c a t i o n  of MTA i n  Urine.  

We a l s o  devised  a s e p a r a t i v e  procedure  f o r  KTA which inc luded  t h i o -  

d i g l y c o l  as a n t i o x i d a n t  (F ig .  5 ) .  Th i s  procedure i s  n o t  as s e n s i t i v e  

A (10%EtOH 

ML ELUENT 

R ~ 1 0 %  EtOH 

FIG. 5. Sepa ra t ion  and 
e 
I 

4 5 5  a n a l y s i s  of u r i n a r y  FITA. 

A. Known compounds i n  
30 

0 4 ml of s imula t ed  u r i n e  

15 (u rea  + s a l t s ) .  B. JRG 

D LL u r i n e  (2 ml).  F luores-  
= - 

cence w a s  measured a t  

425 nm wi th  e x c i t a t i o n  a t  280 nn (----) o r  305 nm (- -). Fluores-  

cence r ead ings  are c o r r e c t e d  f o r  t h e  i n i t i a l  f l uo rescence  of t h e  

f r a c t i o n s  from t h e  columns. For a d d i t i o n a l  expe r imen ta l  d e t a i l s ,  see 

Methods. 
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4 76 MILLS, MILLS, AND MC ADO0 

as t h e  i s o l a t i o n  procedure  used f o r  PITA-sulfoxide, and we were n o t  a b l e  

t o  i s o l a t e  and p u r i f y  t h e  MTA. Neve r the l e s s ,  w e  were a b l e  t o  d e t e c t  

Mi'A i n  t h r e e  of t h e  u r i n e  samples from immunodeficient c h i l d r e n ,  bu t  

t h e  amount of HTA found was on ly  s. 602 of t h a t  p rev ious ly  no ted  f o r  

IlTA-sulfoxide. The i d e n t i f i c a t i o n  of t h e  M A  i n  t h e s e  samples w a s  con- 

firmed by ox ida t ion  of t h e  PITA t o  XTA-sulfoxide w i t h  hydrogen pe rox ide ,  

followed by column chromatography of t h e  MTA-sulfoxide on a c a t i o n  ex- 

change column (ammonium acetate + a c e t i c  a c i d  e l u t i o n ) .  We were unable  

t o  d e t e c t  PITA by t h i s  procedure i n  normal u r i n e  samples, bu t  t h e  sen- 

s i t i v i t y  of t h e  a s say  w a s  l i m i t e d  by t h e  presence  of i n t e r f e r i n g  f l u o -  

r e s c i n g  materials. 

DISCUSSION 

We have i d e n t i f i e d  an  unknown adenine  r ibonuc leos ide  t h a t  i s  pre-  

s e n t  i n  inc reased  levels i n  two o f  s i x  s e v e r e  combined imuiunodeficiency 

p a t i e n t s  as MTA-sulfoxide. Although t h e  compound is  obv ious ly  t h e  

ox ida t ion  product of MTA, t h e  mechanism of o x i d a t i o n  i s  p r e s e n t l y  un- 

known. Three p o s s i b i l i t i e s  ex is t :  (a), o x i d a t i o n  by l i ve r  microsomes 

as a normal mechanism of b i o t r a n s f o r n a t i o n ;  ( b ) ,  au to -ox ida t ion  i n  v i v o  

by endogenous hydrogen p e r o x i d e ,  s u p e r o x i d e  o r  m o l e c u l a r  

oxygen; and ( c ) ,  ox ida t ion  t h a t  occu r s  du r ing  t h e  i s o l a t i o n  procedures  

used t o  p u r i f y  t h e  compound p r i o r  t o  i d e n t i f i c a t i o n .  A t  p r e s e n t ,  w e  

have no t  been a b l e  t o  e s t a b l i s h  which of t h e  above p o s s i b i l i t i e s ,  o r  a 

combination of them, is  r e s p o n s i b l e  f o r  ou r  f i n d i n g  of MTA-sulfoxide 

i n  u r i n e  by our  i s o l a t i o n  procedure .  

The s t u d i e s  on t h e  i d e n t i f i c a t i o n  of :ZTA i n  u r i n e  and on t h e  

o x i d a t i o n  of MTA t o  PITA-sulfoxide a r e  c o n s i s t e n t  w i th  t h e  i n t e r p r e t a -  

t i o n  t h a t  sone, bu t  n o t  a l l ,  of t h e  PEA-sulfoxide i s o l a t e d  from u r i n e  

i s  formed from MTA du r ing  t h e  i s o l a t i o n  procedure .  P r i o r  t o  t h e  

p re sen t  r e p o r t ,  n e i t h e r  MTA nor  MA-sul foxide  had been i d e n t i f i e d  i n  

u r ine .  Whether t h e  FWA-sulfoxide noted  i n  t h e  u r i n e  is exc re t ed  i n t o  

t h e  u r i n e  as MTA-sulfoxide o r  whether i t  i s  e x c r e t e d  a s  MTA and con- 

v e r t e d  t o  MTA-sulfoxide du r ing  the i s o l a t i o n  procedure ,  t h e  i s o l a t e d  

IITA-sulfoxide i s  s t i l l  c l e a r l y  a u r i n a r y  end-product of endogenous MTA. 

The pre l iminary  s t u d i e s  on MTA i n  u r i n e  a r e  be ing  con t inued  i n  

o rde r  t o  dev i se  a more s e n s i t i v e  a s say  f o r  TEA, and one t h a t  might b e  

used f o r  i t s  d e t e c t i o n  i n  normal u r i n e .  A s e n s i t i v e  MTA as say  might 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
9
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



5'-METHYLTHIOADENOSINE FROM HUMAN URINE 477 

prove p a r t i c u l a r l y  u s e f u l ,  since a d e f i c i e n c y  of MTA phosphorylase  h a s  

been noted  r e c e n t l y  i n  some human tumor c e l l  l i n e s 1 * .  

I f  o x i d a t i o n  of MTA occur s  enzymat i ca l ly ,  t h e  MTA-sulfoxide should  

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

Th ioe the r s  have been shown t o  undergo s t e r e o s p e c i f i c  o x i d a t i o n  t o  

s u l f o x i d e s  by ra t  l i v e r  microsones i n  v i t r o 1 3 .  

had a s u f f i c i e n t  amount of ou r  i s o l a t e d  FTA-sulfoxide t o  compare i t s  

o p t i c a l  a c t i v i t y  w i t h  t h a t  of IDA-sulfoxide produced by chemica l  oxida- 

t i o n  of HTA. Consequently, w e  have n o t  beeil a b l e  t o  use  t h i s  unique 

p rope r ty  of an enzymat i ca l ly  produced compound as a means of c l a r i f y i n g  

t h e  mechanisr of i t s  product ion .  

A t  p r e s e n t ,  we have n o t  

NTA i s  a product  of polyamine s y n t h e s i s ,  be ing  produced i n  s t o i -  

c h i o n e t r i c  ainounts du r ing  t h e  b i o s y n t h e s i s  of s p e m i d i n e  and s p e r d n e .  

I n t r a c e l l u l a r  c o n c e n t r a t i o n s  of 3Ll appear  t o  be f a r  below t h o s e  of 

po lyanines  as a consequence of t;ie r a p i d  me tabo l i sn  of HTAI4. 

conver ted  t o  meth ionine  and adenine  by t h e  s u c c e s s i v e  a c t i o n  of ( a ) ,  

FiTA phosphorylase ,  ( b ) ,  an u n i d e n t i f i e d  enzyme which c o n v e r t s  5-methyl- 

t h i o r i b o s e  phosphate t o  2-keto-4-rL:ethylthiobutyrate1 5, and ( c )  , g l u t a -  

mine amino t rans fe ra se .  

incubated  i n  t h e  absence of Xgf+ i n  t h e i r  r a t  l i v e r  liorrogenate incuba- 

t i o n  system, an unknown compound acccmulated.  T h i s  compound may have 

been I? i I - su l foxide  s i n c e  it had an  iEf v a l u e  of 0.34 du r ing  pape r  chro- 

matography i n  b u t a n o i l a c e t i c  a c i d l w a t e r .  

an Xf v a l u e  of 0.36 f o r  XTA-sulfoxide 3y paper  chromatography us ing  t h i s  

same so lven t  system. These s t u d i e s  wouli  be c o n s i s t e n t  w i t h  t h e  poss i -  

b i l i t y  t h a t  l*XA-sulfoxide may be  produced endogenously.  

? E A  is 

Backlund, e t  a1.15 a l s o  c o t e d  tha t  when YTA w a s  

Schlenic, e t  a14 have r e p o r t e d  

Both t h e  unknown compound i d e n t i f i e d  by Ei rschhorn ,  e t  a1.2 and 

iWA-sulfoxidc are conver ted  t o  adenine  by a c i d  h y d r o l y s i s  and bo th  of 

t h e s e  compounds have chroRatographic  p r o p e r t i e s  t ha t  are s ini lar  i n  

many r e s p e c t s  t o  those  of 2'-O-nethyladenosine. 

form cocTlexes w i t h  b o r a t e  i n d i c a t i n g  t h a t  they  c o n t a i n  c i s - d i o l  groups, 

tiiey c l e a r l y  d i f f e r  i n  t h i s  r e s p e c t  from 2 ' -O-rr,etkyladenosine. tiowever, 

"A-sulfoxide is  c l e a r l y  d i s t i n g c i s h e d  fror.: t k e  unknown n u c l e o s i d e  of 

h l r schhorn ,  e t  a l .  by t h e  d i f f e r e n c e  i n  a c i d  l a b i l i t y .  They r e p o r t e d  

t h a t  t h e l r  d m o \ m  conpounc' WAS r.iuc;: x o r e  a c i d  l a b i l e  than  adenos ine ,  

whereas, >ELl-sulfoxide is hydroiyzed i n  a c i d  one-twelf t h  as r a p i d l y  as 

adenosine.  The two compounds cis0 I k f f e r  i n  s u s c e p t i b i i i t y  t o  deamina- 

S ince  bo th  compounds 

-.. 
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t i o n  by c a l f  i n t e s t i n a l  adenos ice  deaminnse. The adenine  r ibonuc leos ide  

of I l ir  scliliorn and co-workers was deaminated by adenos ine  deaminase,  

a l b e i t  more slowly than  adenosine.  We found no d e t e c t a b l e  deaminat ion  

of Ml'h-sulioxlde i n  2s lir under c o n d i t i o n s  where an e q u i v a l e n t  amount 

of adenos ine  w a s  comple te ly  deaminated i n  one minute.  These two 

d i f f e r e n c e s  i n  p r o p e r t i e s  c l e a r l y  i n d i c a t e  t h a t  t h e  aden ine  nuc leos ide  

of Hirschhorn, e t  a l .  is n o t  MTA-sulfoxide. 
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