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S UMM A RY 

The purified nucleoside phosphotransferase of carrot, ~xhich has been deprH ed of most  
of the contaminat ing phosphomonoesterase, is a versatile enzyme permitt ing ~h(, 
conversion to the 5' nucleotides of unusual nncleosides, such as the Nbo.~ddes of puri::c, 
2,6-diaminopurine, and 5-bromouracU, and the glncoside or arabfi~o~;Jde of a.denk}e. 
I t  is, moreover, able to use cyclic or 2' nucieotides as phosphate accepto>:, a:s shown 
by  the production of adenosine f ,5 ' -dJphosphate  and the cyclic adeno:sMe (2',3'), 
5 '-diphosphate.  The latter is hydro]yzed by alkali to the 2',5'- and 3',5'-dip]rasp]rotes 
of adenosine. 

INTRODUCTION 

The purification of the nucleoside phosphotransferase of plant  tissu<a aP, ~mzy,nc: 
catalyzing the formation of 5' nueleotides through the transfer of organJc;~!iy bound 
phosphoric acid to the 5' position of deoxyribo- or rJbonueleosJde~ ~ ]u~s recent];- 
been described in detail 2, a This has made possible a. brief investigation of t:~e svnti~e- 
sizing potential  of this enzyme. We s tudy  here the ability of severa] up, usual ]me]co-- 
sides, and even of nucleotides, to act as phosphate acceptors. Some of the: findings 
have been ah-eady mentioned in a preliminary note ~. 

E X P E R I M E N T A L  

Mate~'ials 

A nucleoside phosphotransferase preparation of carrot, purilied (stc_:p VI in ~ 
previous publication -~) and deprived of phosphonaonoesterase b).: t rea tment  wi,!: 
Celite a, was used in all experiments. 

The following nuc]eosJdes were ki~2dly given us by Dr. G. B. Br~ow>: of the S]oaJ?- 
Kettering Insti tute,  New York:  9-,8-I)-ribofnranosylpurine (nebu]arJne)&':; 9-~->- 
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arabofuranosyladenineT; 9-~-D-glucopyranosyladenineS, 9, and 2,6-diamino-9-/3-D-ribo- 
furanosylpurine ~°. All other nucleosides and nucleotides were commercial products. 

Procedures 

The previously described s tandardmethod  for the assay of enzymic activity was 
employed, with sodium monophenylphosphate (IOO/,moles/ml) as the donor and a 
nucleoside or nucleotide (2o/,moles/ml) as the acceptor in o.I M acetate buffer of 
pH 5.2 (protected with o.ooI % of ethyl mercurithiosalicylate) 2. In addition to the 
procedures previously applied for the isolation and estimation of the products 2, a a 
mixture of 79 vol. saturated ammonium sulfate, 19 vol. water, and 2 vol. isopropanol n 
was used for the chromatographic separation of the 2'- and 3'-adenylic acids and of 
the 2',5'- and 3',5'-diphosphates of adenosine. 

RESULTS AND DISCUSSION 

Some unusual nucleosides as acceptors 

The versatility of the purified nucleoside phosphotransferase of carrot is ex- 
emplified in Table I which gives a qualitative survey of the production of the 5'- 
phosphates of several unusual nucleosides. Before being subjected to the action of 
the enzyme, the acceptors were all shown to be homogeneous chromatographically, 
and the appearance of a second adsorption zone served as indication of phosphate 
transfer. Purine riboside and adenine arabinoside were phosphorylated within 2 h 
of incubation; the other acceptors required longer periods. 

T A B L E  I 

PHOSPHATE TRANSFER TO SEVERAL NUCLEOSIDES* 

Nucleoside as accep*or 

Absorbance ratios 
Relative 

chromatographic Nucleoside Nucleotide 
position o/ 

nucleotide** dz~o A~o A~o A2:,o A~o A29o 
A2Go A2~o A~.r,o AgGo A26o A=8o 

9-fl-D-ribofuranosylpurine 0.47 0.74 0.26 0.06 0.74 0.32 o.15 
9-a-L-araboturanosyladenine  o.62 o.84 o.24 o.o45 o.84 o.23 o.o35 
9-f l -D-glucopyranosyladenine 0.52 0.85 o.19 o.oI 7 0.86 o.15 0.025 
2,6-diamino-9-f l-D-ribofuranosylpurine o.52 1.14 o.79 i .oo i . lO o.8I i .oo  
5-bromo-3-/~-D-ribofuranosyluracil  o.47 o.5o 1.83 1.45 o.47 i .9I 1.41 

* I n c u b a t i o n  a t  3 °o unde r  s t a n d a r d  condi t ions  ( ioo #moles  pheny lphospha t e ,  20/~moles  ac- 
ceptor  per  ml  of o. i  l]~ r ace ta te  buffer of p H  5.2). Af te r  c h r o m a t o g r a p h y  in the  i sobu tyr ic  a c i d -  
a m m o n i m n  i sobu ty r a t e  solvent ,  the  r ema in ing  nucleoside and the  newly  formed nucleo t ide  were 
e lu ted  wi th  o.oi  N HC1 and the  e lua tes  r e a d  in the  spec t rophotomete r .  

** W i t h  the RF of the  cor responding  nucleoside  t a k e n  as i .oo. Uridine  S - p h o s p h a t e  had, under  
these  condit ions,  a r e l a t ive  RE va lue  of o.5o wi th  respect  to uridine.  

Adenylic acids as acceptors 

The nucleoside phosphotransferases of plants have been shown to transfer 
phosphate specifically to the 5' position of the acceptor 1,12 The extensive purification 
of the transfer enzyme of carrot, resulting in the removal of most of the phospho- 
monoesterase activity 2, a, made possible the study of the behavior of nucleotides as 

B i o c h i m .  B i o p h y s .  d c l a ,  4 ° (196o) 2o6-21o 
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phospha t e  accepters .  The  two isomeric adeny]Jc acids h a v m g  a fre,t .5'-hydro:<yi , :.e~., 
the  X- and  the  3 ' -phospha te s  of adenosine,  were inves t iga ted .  

The  resuJts are summar i zed  h~ "~-~'zd}le I I .  2'-aoenync~ ~ acid fu<~ct op.s as accepter  
(Expt .  z), ]TIOlTe than  .,.o" o,o of the  m~cleotide be ing  conver ted  !:e adenos ine  / .  ,v~e'-D _.. 
phospha te ;  a.t t he  same t ime a. s:,nall a m o u n t  of adenosine,  i>roc]uccd ~-,,~ flw 4 .... 

r,l -. pl~osphorylat ion of the  m'-c..~ ptor. , gives rise to son]<: .) -ade;~.vt~c. :eJd by  p]:ospLate 
t ransfer .  3 ' -adeny]Jc acid behaves  d i f ferent ly  (Expt .  e) '  Jt does riot accept  p}>os~.fha.te 
d i r e c t ] y - -  adenosine ,3',.5'-diphosplmte- cou]d not  be de tec ted -  l::.v t ~,~4 .... ~,)" ]:+~ ~ n>oTre 
] r a p i d l y -  t h a n  tee  2' 5comer, it is, v.,iv ad.enosJn,.h cos~vcrted to <--a<ie av]Jc ~,c~._< "4 }n 

' ¢ I F  . . ~  I s ignif icant  yie ld  (z 5 <7,;[). In  the  abse~ce of p h e n y l p h o s p h a t e  as tl-~e monet ~...;j}-t+ 3 ) ,  

the  m i x t u r e  of ~' ' ~ " . . ,  " :~ - and 3 -a.lenvEc adds produces !)o1:i~ - '  " -  and ~:(ienosme 
~ f  t • q t . ~ a ,5 -d~pho..phate;  the  3 nuc l eodde  ;,.cts as the p}~osphale donor  z*~o L% ~. the ss.:>c 

~ 5' 1! wiJ] be notJce:d t ime, the source of t]~¢ adenosine th; t t  ]s co.,~ve.rtcd to d~ >, ]son]i'.r. 
tha.t, had the specificity, of the enzyme  been unknown,  the co>',>~s{o'_~, nf < t:o ;)--- 

- c i :  ~ . . ,  l<  ¢ . 7< . adenyJJc acid cou]d have  !)~::en in t e rp re t ed  m. evid<ncc o~, 1~ ........... u~ :, phospha t e  
migra t ion .  1:11 these expe r imen t s  adenos ine  dJD]"o ~ : .  , . , ,:)]at, ~ ,  . was (~ l~," 5{eo~.:rabF.'. n , , ' , .  
the ot]]er products Ji] 111C ]soi)ut).'r;;U:e solvent syste~n, as ] t  mov¢(i . . . .  ,. n:o;c s.,o,,;}. 
than the adenyl ic  adds  

T A  131.]L ! ]  

A 1 )]tNVJLIC A CI ];)S A S PH OS PJ{ATE A CC]{PT()/{S 

A'o. (pc;' mi/ ." £; ~4 5 n 

[ 0 0  //,~ C1]ZV]]'.(3 
] o o  y m o l e s  p h e n T < i j g ] o s l ) ] m t c  

2o y m o } e s  ad~ n o s i n e  e'-pl~osj2ha,1:e 

! O0 /1~" (71"lZ]q3}C 
l e o  z m o ] e s  ] ]hcny}1)]~os l ) ]~ate  

so  y m o l e s  a d e n o s i n e  3 ' - p h o s p h a t e  

1 O0 l/~'~ @l]Z3qT](; 
2() m~<Jes  t t dcnos iv ,  e -~' phos] -£ ia , te  
2o  y m o l e s  a d e n o s i n e  3 ' - - p h o s p h a t e .  

A d e n o s i n e  ).:£ 

A d e n o s b s e  S - p h o s p h a t e  <:> 
Adenos}l;,. ." W . S ' - d i ? h o s l ? h ; ~ t c  o.5 

2\del ]OSi l ]6  l , ! 

A d e n o s i n e  5 '-7) ; o s p h a t e  'J.3 
A d e n o s i n e  / , 5 ' - d i p b o s p h a t e  c 

, k d e n o s J n e  o. 7 
, \ d e n o s J n e  . 0 ' - p h o s p h a t i c  ~,. 
/v.]enosin,c" s ' , < - d i n h o s p h a , ! : e  o 

o.6 ] - 4  

0 C ..:} O, t 
] . 2. £ .  2 ~ .  

. '.: 3 . 3  < 3  

1 .5  e.3 3.'~ 
( ) 0 O 

3 .5  3 -  S o ;'} 
o .3  r ~ 2.8 
O. t O, ~ ). n 

* T h e  i n c u l m t S o n  w a s  c a n ; i c d  o u t  a l  3o '  a n d  ? H  5.<< \ £  t h e  bcgJnn}r ;~ ~;i t b c  < ; x p e r i m e n t s  
11o]](3 (:)~ { ] ]e CO]]3t)OUIGdS ]]Si]G(] {~S p r o d u c t s  ".,,as jJl-ese?,L in  t h e  a s s a y  l n i × I x i r ~ s .  T ] ) 6  ~)rodu, c ts  ','.'ore 
sepal-a, t e d  o1~ S-Vh~ctman N o .  ] f i l t e r  ] )&pe r  ]1] t h e  i s o b u i : D r [ c  acki.  a, nli]lonJt:TT"~ ] s o b u t  ra, tc4 so}':e~ t ;  
t h e  e lua, tes J]] o.o~ A }J ( [ ]  " , 'ere c s t i m a , t e d  s ] g e c t y o l l h o t o m e t l - i c a ] ] y .  

Cycl ic  +7~tc/uoETcMs as accc#$oJ's 

\Vhen the cyclic nucleotides adenosine (X,3')-phosphate, mqdiuu (2',3' -p]iosph~1:< 
or cytidh~e (o~',3')-phos},hate wore incubated \vit}~ the el]zyme and } h{ n~lt)]~ospimtc, 
a new, more cloy,, ]y mov ing  product  appeared on the chromatograms J~_, the fi,sobut}, ral:c 
solvent. I t  had retained the spectra] characterist ics of the ])~'rc~t coml~,ound ar}d 
represented the 5'-phosphate derJvati~ e of 1:he cycl ic nucleotJde. ] h c  or.so of cycl ic 
adeny]ic ~-cid wc~s invest igated in more detail. The cycl ic adenoshvm (2',3'), 5'-all- 
phosphate also offered a. ~a.y to the preparat ion of adenosine 3';5'-dJphosp]] ~e >]Tich, 
as pointed out abo~e, cam~ot be pr,q>~red by direct phosphate trsn,,~fcr re. the 3' 
nucleoddc. 

1)g;oe;iT, t:sn. ]dTolP/71's.. ] ;& , .>,+o ~/] <> #,~'., ;~o5 z s  o 
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These transfer experiments with cyclic adenylic acid (barium salt) as the acceptor 
are shown in Table III. After incubation at 30° in o.I M acetate buffer (pH 5.2) 
for 24 h, portions were applied as stripes on Whatman No. I filter paper sheets and 
subjected to descending chromatography overnight in the isobutyric acid-ammonium 
isobutyrate solvent. The papers were dried in a vacuum over P205 and the slowest 
adsorption zone, which represented the diphosphate produced by the enzyme, was 
eluted with borate buffer of pH 7.o. Samples of the eluates served for spectroscopy, 
determination of inorganic phosphate, and for the determination of the ratio of 
organic phosphate to adenosine after hydrolysis with conc. HCIO~. It  will be seen 
that phenylphosphate and 5'-adenylic acid were about equally effective as phosphate 
donors, whereas 5'-uridylic acid was less active. 

T A B L E  I I I  

CYCLIC ADENYLIC ACID AS PHOSPHATE ACCEPTOR* 

Ademosine (2",3"), 5"-diphosphate produced 

Expt. Trans/er A denosine 
enzyme Donor i~moles]ml (2",3")_phosphat e Absorbance ratios 

as ucceptor Yield Molar ratio 
No. /2g/ml #moles/ml #mole/mI A~so A~so A2~o org. 

P/adenosine 
A~o A26o A26o 

i i o o  P h e n y l p h o s p h a t e  IOO 20 2.1 0.82 o.18 0.02 1. 9 
2 i o o  5 ' - A d e n y l i c  a c i d  20 20 2.0 o.81 o.21 o .o  4 2.2 
3 i o o  5 ' - U r i d y l i c  a c i d  20 20 1.2 0.79 o .20 o .04 1.9 

* I n c u b a t i o n  a t  3 °0  a n d  p H  5.2 fo r  24 h. See  t e x t  for  e x p e r i m e n t a l  d e t a i l s .  

The cyclic diphosphate is hydrolyzed by alkali to a mixture of the two isomeric 
adenosine diphosphates, viz., 2',5'- and 3',5'-diphosphate. A preparation of the cyclic 
compound, adenosine (2',3'), 5'-diphosphate, which migrated as a single component 
in both the isobutyrate and the ammonium sulfate-isopropanol solvent systems (see 
below), was dissolved in water (I mg/ml), cooled in an ice-bath, and made o.5 N 
with respect to NaOH. After 3o min, the mixture was neutralized and subjected to 
paper chromatography in the (NH4)2SO~-isopropanol solvent, with untreated cyclic 
adenosine diphosphate and adenosine 2',5'-diphosphate, produced by enzymic phos- 
phate transfer, as described before, as reference compounds. The treatment with alkali 
brought about the disappearance of }he cyclic diphosphate" it produced two new, 
faster-moving compounds of which one coincided in position with authentic adenosine 
2',5'-diphosphate. Since both products, which had typical adenosine spectra, con- 
tained two phosphate groups pe r adenosine, the slower-moving new compound must 
have been adenosine 3',5'-diphosphate. The results are summarized in Table IV. 

Additional remarks 

The purified nucleoside phosphotransferase of plant tissues permits, as was 
pointed out before 2, the preparation of many otherwise inaccessible 5' nucleotides. 
This is exemplified by the description, in this paper, of the enzymic phosphorylation 
of several unusual nucleosides. It  is: also useful for the preparation of deoxyribo- 
nucleotides. The remarkable versatility of the transfer enzyme is likewise demon- 
strated by its ability to use nucleotides as acceptors. Derivatives that are normally 

Bioch im .  Bio])hys.  Ac la ,  4 ° (196o) 2 o 6 - 2 1 o  
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difficult  to  ob ta in ,  such as t h e  2 ' , 5 ' -  a n d  ' ~ '  " " " 3 ,a -d~phosI)h ate~- of aden osin e ........ comported; t~ 

] B1~d]Te of c o e n z y m e  I I  (TPN) a n d  c o e ~ z y m e  A, r e s p e c t i v e l y  ..... can be  p r e p a r e d  ~,~iI]~ " '~ ' 

eas t .  

T A B L ] 5  ]A: 

]]T-DJ{OJ,YSIS OF C;'CLIC /,..D]ENOSIb,'E (2',~'),.}~-DIPHOSI?H4.T]7: a 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
]{e la~ iz £ ~'lP ~ ";,:gd. A 5.~<~'&a; ce ~7~,q'os 

C o m p o u n d  be~ore R,~agi~,c % <)7 . . . . . .  T . . . . .  ,~g<>[er~" ;'o[£ ~ 
A .,s r, .,~, ~ A ~, # 0!¢" lgyd~'o{i,s~:s ** /?F** .~ga*'gi~e • ± __'22. P,<gd,*;o.~i~ze 

/ / t • i ] A d e n o s i n e  (2 ,3 ),5 -d]p,~oSl:]]a.l:e o .82  . . . . . . .  
A d e n o s i n e  2 ' , 5 ' - d i p h o s p ] m  ~,:e --- ~.7o 34- 0 .85  e .2o  e .o2  ?.J  
A d e n o s i n e  3 '  5 ' -d ip l~os ] ) lm!e  - -~ .3o 66 0 .82  (>.2z o .o  3 J:.8 

• I n  o. 5 A'  -X-aOJ-I fo r  3 ° r a in  a t  4 % See t e x t  fo r  cx j )e r J ,menta ]  de ia J ] s .  
l~.e a t ] v e  R F  vah~es  w i t h  t h e  ]e~: o[ 5 ' - a d e n y l i c  a c i d  take]?  a.s J:.o, in ~['*e ~ ~?];?oni~n2 s u l f a t e - .  

i s o p r o p a n o ] - w a t e r  s o l v e ~ t .  O ~ h e r  relati-,=e R v  v a ] u e s ,  in  l:he sa??~e s o l v e n t ,  w e r e :  ;vc lJc  a d e n o s b ? e  
(2 ' , 3 ' ) - phos l ?ha . t e  o .30  ; 3 ' - a d e n y l i c  a c i d  o . 5 0 :  2'-~.de]~_ylJc a c i d  7.0. Adenc ,  sJ~]<~ P-; ,5 '-dJphosp]-~atc 
p r o d u c e d ,  a s  des{ ' r ibed  abe ' , :e ,  b y  e n z y n s i c  p h o s p h a , t e  tra]~s:fer t o  e ' - a d c n y i i c  a . c fd  ! a .d  ~', r e l s t JvG 
R,~. o f  ] .67.  

• ** See ? ' a b l e  I I I  fo r  d a t s ,  
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