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SWMARY 
An enzymatio method is desoribed whioh makes it possible 

to synthesize labelled pyrimidine deoxyribonuoleotides from 
oorresponding labelled ribonuoleotides using the RDP-reduotase 
system of ether-treated E. ooli El25 oells. Ether-treated oells 
have been used f o r  the first time f o r  preparative enzymatio 
synthesis of labelled biologioally aotive oompounds. 

INTRODUCTION 

Enzymatio synthesis provides an unique tool for the produotion 

of oomplex biologioally aotive oompounds with several labelled 

atom f r o m  simple labelled substrates. Methods are known for 

obtaining highly labelled ribonuoleotides from labelled nuoleio 

aoid bases and labelled D-ribose using enzymes f r o m  the purine and 

pyrimidine salvage pathways [1,2,31. Deoxyribonuoleotides are 

synthesized in mioroorganisms by a direot reduotion of the 

oorresponding ribonuoleotides 14.51. The reaotion is oatalyzed by 

different enzymes: in E. ooli by RDP-reduotase (EC 1.17.4.1 ) (6.71 
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and in some other mioroorganism by RTP-reduotase (EC 1.17.4.2) 

[5]. Ribonuoleoside diphosphate serves as a substrate for 

RDP-reduotase and ribonuoleoside triphosphate for RTP-reduotase. 

The synthesis of labelled dATP from labelled ATP US- 

RTP-reduotase f r o m  Laotobaoillus leiohmannii was desoribed [31. 

However, the prooedures of the isolation of both these reduotases 

are laborious and t h e  oonsuming, their aotivity in orude extraots 

and partially purified preparations is low [8,4,51. The treatment 

of oells by ether makes them permeable to nuoleotides and preserves 

some intraoellular struotural features needed for optimal aotivity 

of the RDP-reduotase system [9,101. The paper desoribes the 

enzymatio synthesis of labelled pyrimidine deoxyribonuoleotides 

from the oorresponding labelled ribonuoleotides using RDP-reduotase 

system of ether-treated E. ooli oells. 

Tritium-labelled /1* ,5,5 ,6-'H/CDP, -CTP, -UDP, -UTP (70-80 CUmM 1 
and tritium- and oarbon-14-labelled /5,6- 3 H,U1-14C/CTP, -UTP (48 

Ci/mM) were obtained from simple labelled preoursore using 

the polyenzymatio preparation from E. ooli B 121. 

TTP and dithiothreitol were purohased from Serva. Creatine 

phosphate and oreatine phosphokinase (2.7.3.2) were from Reanal, 

apyrase (3.6.1.5) and alkaline phosphatase (3.1.3.1 ) - from Sigma. 

E. ooli El25 strain with inoreased RDP-reduotase aotivity was a 

generous girt of Prof. J.A. Fuohs [Ill. E. ooli El25 oells were 

treated with ether as desoribed by Vosberg and Hofrman-Berling [lo]. 
Labelled oytosine and m o i l  deoxynuoleotides were synthesized 

at 37 C in a reaotion mixture, whioh oonsisted of 0.04 Y Tris-HC1, 

pH 8.4, 10 ndy MgC12 and 0.12 ml/ml (2.4 mg proteidml) 

ether-treated oells. Saturating oonoentrations of CDP and UDP - 
O.~XIO-~Y were used (as reported [9,111, I$, for both substrates are 
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nearly 0.1X10-3M using ether-treated oells 1. The reducing power 

f o r  the reaotion was aupplied by a 10-fold molar exoess of 

dithiothreitol to oorresponding ribonuoleotide. The cell debris was 

removed by oentrifugation, the supernatant was plaoed in boiling 

H20 for 3 min and protein was removed by oentrifwtion. In the 

preparative-soale syntheais an additional filtration with CF25 or 

CF50 Amicon filters was performed t o  remove even trace amounts of 

proteins from the resultant supernatant. 

The oonversion of ribonucleotide to the corresponding 

deoxyanalogue was monitored by analyzing samples of the reaotion 

mixture with apyrase. After enzymatio hydrolysis with apyrase, 

synthesized deoxyribonuoleoside monophosphate was separated from 

corresponding ribonuoleoside monophosphate on PEI-oellulose TLC 

plates (Merk) developed with 0.15 M LiCl saturated with borio aoid 

and neutralized with NH40H. This assay, which is desoribed above, 

measures the sum of all deoxyribonuoleoside phosphates formed from 

oorresponding ribonuoleoside phosphate and does not distinguish 

between the various deoxyribonuoleoside phosphates, sinoe 

deoxyribonuoleoside tri- and diphosphates are broken down by 

hydrolysis t o  monophosphates. The degree of phosphorylation of the 

sum of ribo- and deoxy-ribonuoleotides was determined by developing 

PEI-oellulose TLC plates with 1 Y NaC1. 

The distribution of radioactivity over TLC plates was determined 

by a BERTHOLD Li3 2832 radio-TLC analyzer. Radioactivity was 

measured by a sointillation oounter with 30% registration 

effioienoy in dioxane sointillator. 

Purifioation of the labelled deoxyribonuoleotide was performed 

using ion-exohange DEAE-cellulose-HCOS chromatography (linear 

gradient 0.05 - 0.3 M triethylanunonium bicarbonate, pH 8.6). 

The synthesized preparations were analyzed by HPLC on a CHROM-5 

ohmmatograph with a Separon SGX C,8 oolumn eluted with 2% 

aoetonitrile in 0.1 M triethylmonium bioarbonate, pH 7.0. 
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RESULTS AND DISCUSSION 

ENZYMATIC SYNTHESIS OF DEOXYCYTIDINE PHOSPHATES. We have found 

that ether-treated E. ooli El25 oells exhibit high 

dephosphorylating aotivity. This 

faot has not been reported in ao 

literature. Only 40% of oytidine 

phosphates were present as CDP 

after 30 min. of inoubation, the 40 

others degraded to CMP and oytidhe. 

The deorease of ether-treated oells 

oonoentration led to the deorease of a 

the dephosphorylation rate, but the 

rate of reduotion also dropped. It % 

was not possible to exoeed the 40% 

oonversion of CDP-to-dCKP reduotion. ,o 
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Fig.7 Time oowse of CTP ( A ) ,  CDP 0 

(B) and CMP (C) oontent before ( - )  
and after the addition of oreatine 
phosphate and orea t ine % 

phosphokinase. The molar ratio 
oreatine phosphate/CTP was varied 
as follows: I / I ( +  1; 2 / 1 ( +  1; 3/1 'O 

( + ) ;  4 / 1 ( - )  and 5 / 1 ( *  1. The 
arrow indioates the time of the a a o 4 0 L Q m ~  
oreatine phosphate addition. t mla 

40 

a 

After aubstitution of CDP for CTP, the rapid breakdown of CTP to 
CDP and CMP ooourred and after 20 min of houbation the CTP pool 

was completely exhausted (Fig.1). Meanwhile, the CDP oontent 

remained on the high level of 70-80% between 5 and 20 min of' 

inoubation. CTP was therefore ohosen as a substrate. The t h e  

oourse for the amount of dCMF' formed proved to be very close with 

the time oourse with CDP as a substrate, exoept that the amount of 

oytidine formed did not exoeed 10%. The reduotion stopped 

apparently as a result of the CTP-to-CKP breakdown. It was, 
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therefore, deoided to add to the reaotion mixture, whioh oontained 

CW-kinase and different dephosphorylating enzymes of ether-treated 

cells, an ATP-regenerating system, suoh as oreathe phosphate + 
kinase. We hoped that this might result in the inorease of the 

diphosphate level of oytidine phosphates. Fig.1 shows the ti.qIe 

o w e  of oytidine mono-, di- and triphosphates oontent during 40 

m i n  of inoubation and after addition at that moment of different 

quantities of oreathe phosphate + kinase. We oonoluded that the 
maximum inorease in CDP oontent ooours within 20 min after the 

addition of the equholar oreathe phosphate/ATP ratio. 

Three suoh portion6 of oreathe phosphate were added to the 

reaotion mixture every 20 min to maintain a high CDP level durhg 

inoubation time. As a result the CDP+dCDP oontent was kept on the 

level of 6040% of the initial CTP oontent. After 80 min the yield 

of deoxyoytidhe phosphates reaohed 85% ( F i g . 2 ) .  Fig.3 shows that 

it is mostly dCDP. Inoubation for extra 30 min with oreatine 

phosphate/CTP ratio of 25:l led to a 80% yield of dCTP (Fig.3). 

dCuP and deoxyoytidine were obtained with the 90% yield by 

t t t t nth 
FQ.2 Time oourse of dCIB Fig.3 Time oowse of CMP+dCKF 
(*), (deoxy)oytidine (+) (+), CDP+dCDP (-1 and 
and CMP (-1 oontent after CTP+dCTP (t) oontent. Arrows 
dephosphorylation using hdioate instants of time of 
apyrase. Arrows indioate the oreathe phosphate 
instants or time o r  the addition. 
oreatine phosphate addition. 
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enzymatio hydrolysis of dCDP or dCTP with apyrase and alkaline 
phosphatase respeotively. 

The reduoing power of the reaotion oan be supplied by 

dithiothreitol. It was shown that the yield of deoxyoytidine 

phosphates levelled off at the dithiothreitol/CTP ratio of about 

1O:l. 

RDP-reduotase is allosterioally oontrolled by deoxynuoleoside 

triphosphates and ATP: ATP and TTP serve as positive effeotors, and 

dATP serves a8 a negative effeotor [6,91. Thus, ATP stimulates 

aotivity optimally at 10% in ether-treated oells [91. We, 

however, did not observe any inorease in the rate of CDP reduotion 

in the presenoe of ATP, probably, due to a high dephosphorylating 

aotivity of ether-treated E. ooly El25 oells. In addition, possible 

reduotion of ATP may result in a strong inhibition of RDP-reductase 
by deoxyadenosine phosphates formed. We did not examine TTP 

beoause of its high price and nearly complete oonversion of CTP 

into its deoxyanalogue even in the absenoe of the effeotor. 

Fig.4 shows the preparative run of cWl ' ,5,5',6-'H/CTP (70 Ci/mM, 

8.2 pM) synthesized from /1',5,5',6-3H/CTP (72 Ci/mM, 10 pM). 

mflP P P W  

Fig.4 The preparative DEAE-oellulose run of the CTP-to-dCTP 
reduction produots (---- radioactivity, - optical density). 

Retention times of CTP and dCTP in our chromatographic conditions 

were equal, but analysis of fractions 66-78 by HPLC indicated that 

lmly dCTP was contained in these fractions. Thus, DEAE- cellulose 

chromatography alone is sufficient to isolate the synthesized 

product due to the complete CTP-to-dCTP conversion. 
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ENZYhfATIC SYNTHESIS OF DEOXYURIDINE PHOSPHATES. Experiments on 

the uridine phosphate reduction were carried out taking in to  

aooount the results obtained on the reduotion of oytidine 

phosphates. UTP was w e d  as a substrate, and in the absence of 

positive effeotors the yield of deoxyuridine phosphates did not 

exoeed 40%. A n  optimal stimulation of UDP reduction with purified 

proteins of RDP-reduotase was reported at oonoentrations of ATP - 

10-3M and TTP - 10% 161. For the reasons mentioned above, ATP was 

not used as an effector. Addition of lo-% TTP resulted in some 

increase (up to 60% of the yield of deoxyuridine phosphates), 

while further increase of the TTP concentration up to 

resulted in decrease of the yield down to 20%. It is difficult to 

give an unambigious interpretation of these data beoause the 

addition of TTP influences numerous enzymatic transformations. For 

example, the UDP-to-UTP phosphorylation by nucleoside diphosphate 

kinase of ether-treated E. ooli El25 oells may be responsible f o r  

the deorease of deoxyuridine phosphates yield with inoreasing TTP. 
Moreover, TTP as well as UTP, serves as a substrate f o r  

dephosphorylating enzymes of ether-treated E. ooli El25 oells. This 
may deorease the rate of the UIPP-to-UDP breakdown, as we have Been 

in our experiments. The obtained data indioate that nearly 75% of 

TTP degrades to TDP and TMP within the first 20 min. Thus, the 

stimulating aotion of TTP manifests itself only at the beginning of 

the incubation. Nevertheless, the addition of portions of TTP 

during incubation did not inorease the yield of deoxyuridine 

phosphates. 

Our study of the UTP dephosphorylation in ether-treated E. coli 

El25 cells in the presence of 10% TTP showed that it differs 

significantly f r o m  the CTP dephosphorylation. Fig.5 indicates that 

UTP degrades mainly to UDP. The UTP-to-UDP dephosphorylation 

levels off at about 70430% after 20 min of inoubation, while the 

UMP level does not exoeed 10%. So one oan use UDP, as well as UTP, 
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as a substrate due to the absepoe of UDP dephosphorylating enzymes 

in ether-treated E. ooli El25 oells. 

Fig.6 shows time oowses of the deoxyuridine phosphates 

interoonversion while UTP and different amounts of ether-treated E. 

ooli El25 oells were wed. One oan see that the inorease of the 

amount of ether-treated oells to more than 0.3 ml(6 mg of 

1WI 1 

x 

-UY 

0 1 0 l o s Q 4 0 I I Q 7 0  
mln 

Fig.5 Time course of UTP (-1; 
UDP (+ )  and UMp (+I oontent 
in the presenoe of lo-% TTP. 

x 

a a o a ~ ~ a i m u o i ~  
mln 

Fig.6 Time oourse of dUMP 
formation using 0.1 (+), 

0 . 3  (-) and 0.6 (+) ml 
of ether-treated oells in 
the standard reaotion 
mixture . 

protein/pnole UTP) does not result in inoreased yield of 

deoxyuridine phosphates. The yield of deoxyuridbe phosphates 

reached 55% after 60 min of incubation. Due to the action of 

nucleoside diphosphokinase and deoxyuridine triphosphate 

pyrophosphatase of ether-treated E. ooli El25 cells, essentially 

all of deoxyuridine phosphates produced in these assays were 

recovered as d W .  We did not succeed in obtaining dUDP and dUTP 

after the addition of ATP, ATP-regenerating system and the 

polyenzymatic preparation from E. coli [ 2  1, apparently, because of 

a low dW-kinase activity in E. coli. Deoxyuridine was obtained by 

enzymatic hydrolysis of dU" using alkaline phosphatase with the 

95% yield. 
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4nOl 
Ci/mmol 

72 
48 
70 
67 
81 

The described method provides an efficient synthesis of 

multiply labelled deoxyoytidine, deoxyuridine and their mono-, di- 

and triphosphates of high purity. The type of labels, the number of 
labels and their location in the synthesized molecule are defined 

by the labelled substrate. 

Our goal was to develop a series of preparative enzymatic 

syntheses of high speoifio radioaotivity deoxyoytidine, 

Labelled 
produot 

d/l ' ,5,5' ,6-3H/CTP 
d/5, 6-3H,U1 -14C/CTP 
d/1',5,5',6-3/CMP 
d/l ,5,5 , 6-3H/CRib 
d / l '  ,5,5' ,6-3H/W 

deoxyuridine and their phosphates multiple labelled with 'H and/or 

I4C. The results of several preparative syntheses are presented in 

Table 1. 

Ci/mmol 

70 
47 
67 
69 
78 

Table.1 The results of preparative enzymatic syntheses of 
labelled oytosine and uracil deoxynuoleotides and -nuoleosides. 

% 46 

82 97 
83 98 
94 99 
91 97 
48 97 

-- 

Labelled 
substrate 

/I ',5,5' ,6-3H/CTP 

d/l ' ,5,5' ,6-3H/CTP 
d/l 1,5,51,6-3H/CW 
/I * ,5,5' .6-3H/UTP 

/5,6- 3 H,U' -I 4C/CTP 

hol .Yeild 

* - radiochemica 

RC; 

Table 1 shows that the radioaotive yield of the preparations was 

no less than 48%. Their radiochemioal purity was above 97%. The 

speoifio radioactivity of the obtained preparations was equal to 

the specifio radioaotivity of the substrate. This indicates that 

the exogenous radioaotive (deoxy)ribonucleotides were not deluted 

by endogenous (deoxy)ribonucleotides of ether-treated oells. We 

conclude that ether-treated E. coli cells can be used to syhthesize 

enzymatioally a wide variety of labelled nucleio acid precursors. 
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