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NUCLEOSIDES & NUCLEOTIDES, 8 ( 2 ) ,  185-200 (1989) 

PHOSPHATE-MODIFIED OLIGolr(UcLE0TIDES. THE SYNTHESIS, 
STEREOCHEMISTRY AND Eco R I  ENDONUCLEASE SUBSTRATE ABILI ' IY 

OF DECAWCLEOT I DES d ['333AlTGCJ BEAR I NG ALTERED I NTERWEOT I DE 
PHOSPHATE FUNCTION BETWEEN A AND A ' 

Maria KoziolKiewicz, Bogdan UznansKi, Wojciech J.SteC* 

Po l ish  Academy o f  Sciences, Centre o f  Molecular and Macrm lecu la r  
Studies, Department o f  Bioorganic Chemistry. 90-362 Lodz, Boczna 5, 

PO I and 

Abstract: An interaction &?tween Eco RI endonuclease and decadeoxyribo- 
nucfeot/de GGG4A7TaX i s  followed by mans o f  oligonucleotide analogues 
bearing m d i f  ied internucleotide phoSphdte fUnCti#S WldgrnsY &oth ade- 
11os1ne resimes. wni i e  an u-si&yi group at: this PhcWPhae, despi te the 
"sidew of rn al&ylat ion, cwrpletcly prevents DWI fr# hydrolysis, a 
ptiosptmrothioate function replacing phosphate a t  the w s i  t ion &etween A 
and A moieties controls the hydrolysis in  terms o f  the ahqolute confi- 
guration a t  phosphorus. The fact, that the RP- i smr  o f  d[ccc; l r (S lAnaxJ 
possessing sulphur atan directed "inward" LM14 is hydrolyzed by Eco RI 
endonuclease may indicate, that the pro-S oxygen at  th is  Part icular 
phosphate i s  involved in  an interaction w i t h  magnesiun ion, a necessary 
factor for executive action o f  th is  enmuclease. 

It i s  wel l  establ ished tha t  Eco R I  endonuclease recognizes the ca- 

nonical sequence 5'...GMlTC...3' Of duplex Dr-M and in t.he Presence o f  

magnesiun cat ions cleaves the internucleotide bond between G and A leav- 

ing the fragnents ... G and pAArrC ...' . The inportance o f  the recogni- 

t i o n  sequence GAAlTC and the influence of a l t e ra t i on  of the bases within 

th is sequence (Eco R I *  a c t i v i t y )  and in flanking posi t ions on the sub- 

s t r a t e  s e l e c t i v i t y  o f  this enzyme have been also extensively studied In 

a nunber of research eStablistTIEnts3~4. The Concept o f  "aIKy1ation in- 

terference" introduced by Gi lber t5  and applied in studies on Eco R I  

endonuc I ease emphas i zed the p a r t  i c i pa t  i on o f  i nternucl eo- 

t i d e  phosphates in interact ions w i t h  this Protein. It has been estab- 

l ished tha t  phosphates in posi t ions marKed w i t h  t r iang les  (Fig.1) are 

involved in interact ions w i t h  Protein. 

by Modr i ch6, 
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186 KOZIOLKIEWICZ, UZNANSKI, AND STEC 

5' A A G A A T T C T C  
A A A  1, 

T T C T T ' A A G A G  v v v  5' 

F I G .  1 

The striking feature o f  these findings is the observation, that alW- 
lation of the phosphate binding both adenosine moieties does not inter- 
fere witn ma-protein interaction, Which indicates that this particular 
phosphate is not involved in tne process of rec&i t ion o r  binding of 
the protein. Although fundamental Studies by Rosenberg e t  a1.7 and Jen- 
Jacobson e t  a1.8 increased the UnderStanding of the process of DNA- 

ECO R I  interaction, these, I iKe those of nouricn6, have k e n  performed 
in the absence o f  magnesiun ions, an essential factor for the process of 
M cleavage by this enzyme. 

Being involved in the Studies on the synthesis and stereochemistry 
o f  pnosphate-moclified oltgonucleotrde analogues, we have obtained tne 
&caner d[GGGMTTccc] (1) and two pairs o f  its anatogues. One has an 
ethy \ ated phosphate f unct i on wetween adenos i nes d [GGGA (0) (CEt 1 ATKXCl 
a) and the other one contains a pnospnorotnioate function in the same 
posit ion d[GGuI(S)ATTocC] (2). Since the replacement o f  one of two non- 
bridging oxygens at this particular phosphate wrth the ethoxy group (3) 
or with sulphur (3) expresses the stereogenicity of the phOSPhOrUS atom, 
diasteremric species have been synthesized and the absolute Configura- 
tion nas been elucidated for each individual diasteremr of 2 and 3. 
The a s s I g m t  of absolute configuration at the P-chiral atUn in modi- 
fied oligonucleotides allows one to establisn the orientation of the al- 
Kyl or  Sulphur substituent in the DNA molecule. The modified linkage in 
B-DNA can nave either an "inward" oriented alkyl (SUlPhUr) substltuent 
(Rp configuration), which is directed toward the major groove, o r  an 
"Outward" oriented substituent (Sp configuration) which i s  directed to- 
ward the solvent. The spatial orientatton of the substltuent mod1fY1ng 
the intemucleotide band may be important for  ONA-Eco RI interactions 
whtch have w e n  reporte&i' to occur In the I M J O r  groove of DNA.  la- 
Stet-eanerS nave to be considered as DNA analogues with a cancelled ne- 
gative charge at the MosPhate in question, while diastereomers of  3, 
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PHOSPHATE-MODIFIED OLIGONUCLEOTIDES 187 

although retaining the charge, due to tne Known Susceptibility of oxy- 
gen to magnesium, possess a preselected "side" of interaction with the 

metal Ion. It was expected, that experlments on the substrate activlty 

of each diasteremr ,2 or 3 for Eco R I  endonuclease may clarify the 

function o f  tnls particular pnospnate in tne process o f  cleavage o f  in- 
ternucleottde W n d  between G and A ("sc~ssrle bond") Catalyzed by this 

enzyme. 

EXPER I MENTAL 
synthesis o f  base-protected 5 ' -~-2 ' -deox~r ibonuc1eoside 

3 ' - [ 0 - 2 - c y ~ ~ t h y l  -N, N-di iSQPrQPyl )ph~SPhQ~~id~  teS 

 he synthesis of these cmpounds was performed as described pre- 
v I ous 1 Y9 

Synthesis o f  5'-LWT-N -&nzoyI-2*-de~xyadenosine 3'-[O-ethyl- 

-N, N-di iSop#pyl) PhosPhoranidl te 

This reagent was synthesized according to our procedure Presented 

previously'o. Its analysis was performed by means of E I - ~ ~ S S  spectrmt- 

ry and 31P-NMR. El-MS detected the followlng fragnent-ions: m/z, 303 

(DMT), 240(ANBz +W) , 105(BZ). 31P-MlR chemical shifts obtabned for thl3 

compound Were a6 follows: (pfX"lt In Cl42cI2 wlth 10% V/V c&, 85% H3P04 

as an external standard) 153.1, 152.8, 47:53. 

Synthesis of  3'-0-~2'-deoXY~denosYl~-5~-t?-I2'-deox~adenos~ll-O- 

ethyl phosphate dCA[O)[Zt)AJ 

s t ereanem 

ma the separation of dia- 

~ ' - H O - C I A ~ ~  bound to LCA CPG (Vega, 1 cm01) was treated'' on a com- 
mercially available Applied Biosystems Inc. c o l m  with a 220 p i  aceto- 
nitri le solution of 5'-DMT-dANBz 3'-(O-ethyl-NDN-di is0propyI)phosptwr- 

anidite (17 mg, 20 cmol) and 1H-tetrazole (4.2 mg, 60 wl) for 3 min. 
After oxidation [O.lH iodine solution in 2,6-1utidine/water/MF (1O:l: 

40 v/v/v) 1 ml, 1 mini and detritylation CCHCI&XXmi/cH$I2 (3:97 v/v) 
2 ml, 1 min.J steps, tne cleavage of tne synthesized dinucleotide from 

the support was carried out by treatment with 25% aq. W4OH for 2h at 

25OC. Deprotect ion of the bases was aCh ieved by additional treatment 

wi th 2 5 % ~ .  NH~OH for 48h at 25OC. Purification and separation o f  

dCA(0) (C€t)Al into its diastereomers was performed by means of HPLC on a 
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188 KOZIOLKIEWICZ, UZNANSKI, AND STEC 

ODS-HypersiI colum (30 cm x 4.6 mn) Under isocrat ic conditions, G i g -  

H$ (12:88), flow-rate o f  1.5 ml/min. Diasterecmer "fast"-d was eluted 

a t  8.6 min.  and i t s  counterpart  slow"-^ was eluted a t  9.6 min. 

Synthes is  of 3' -0- (2* -de~xyadenosy I )  -5' -0- (2* -deoxyadenosy I ) -0- 

ethyl PhOSmoWthioate dCA(S) ( m t ) A l  (3 and the separation o f  

di as tt?tWmWs 

The synthesis of  t h i s  cccrpound was performed as described above f o r  

- 4 w i t h  the fOllOWrng modification: regular oxidat ion by means O f  O.1M 

iodine solut ion in 2,6-1utidine/water/MF (10:1:40) was replaced by 

treatment of the intermediate phosphite t r i e s t e r  w i t h  a saturated solu- 

t ion o f  elemental sulphur in lu t id ine (1 m l ,  16h, 25OC). After washing 

o f  the co lum content wi th  pyridine (5 mi) and CH3CN (3 ml) 5'-DMT 

d[A(S)(C€t)A) was cleaved fm the support by treatment o f  the C o l m  

contents w i t h  25% aq.)rH40H for  2h a t  25%. Additional treatment o f  the 

l iberated 5'-DMT _S w i t h  25% aq.Ni4OH ( f o r  48h a t  25%) was Used t o  de- 

protect the bases. Separation into diastereuners o f  5'-DMT d[A(S) (OEtIAl 

w a s  achieved on an ODS-Hypersi 1 colum under isocrat i c  conditions, 

CH3CN-HS (42:58), f low-rate of 1.5 mlmin. The " f a s t " - i S m r  o f  the 
5'-DMT der ivat ive of d[A(S) (OEt)A] was eluted a t  7.0 min ,  whi le the 

w*slown-isOmer was eluted a t  9 . 3  min. Tne d e t r i t y l a t i o n  was achieved DY 

treatment o f  each diasterecmer of  5'-DMT dCA(S) (C€t)Al w i t h  a Solution 

o f  CH~~J/H~~/CH+XXH (30:40:30) ( 1  m i ,  ~ h ,  25%). A f t e r  d e t r i t y ~ a t i o n  

the solutions of each d i a s t e r e m r  were evaporated and the residues were 

pur i f ied  on an ODS-Hypersil c o l m  W i t h  20% aq.W+. Under these condi- 

tions both d i a s t e r e m r s  o f  d[A(S)(OEt)A] (5) were eluted a t  6.75 m i n  
g iv ing " fast "4er ived 5 and wsloww -derived 5. 

ConVer-SrOn O f  d[A(SJ ( E t ) A ]  (9 rnt0 3'-0-(2'-dc?0XY~denOSY/l- 

-5'4- (2'-deoxyadenOsrl) phOsphOrOthlOate d[A(SIAI (31 
To a solut ion o f  each lndivldual d l a s t e r m r  o f  dCA(S)(OEt)Al (1  

A260 unt t  o f  substrate dlSSOlVed In 100 P I  ai3aJ) a m l x t u r e  o f  PhSH/ 

Et3N/dtoxane (1:2:2 v/v, 1 0 0  v ) )  was added and the reactlon mlxture was 

kept a t  SOOC f o r  6h. men 200 p i  of  a 0.8 M aqueous solution o f  CH~COOH 
was aoded and the mixture was extracted Wlth ai$l2 (3x1 ml) .  The aque- 

ous layer was evaporated, and tne resulting restdue was dissolved In a 

solut ion o f  CH3CN-H@ (1: l  v/v) ,  and analyzed by means o f  HPLC on an 
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PHOSPHATE-MODIFIED OLIGONUCLEOTIDES 189 

ODS-Hypersil colurn w i t h  tne l i nea r  gradient 0-304 CH$N aq., fX/min a t  

a f low-rate o f  1.5 ml/min. mder these condit ions "fast"-derived gave 

"slowH-eluted d[A(S)A] (2) (9.2 min) , and "slow"-derived 5 was converted 

t o  "fast* '-eluted d[A(S)A] (8 .0  min). Products o f  d e a l w l a t i o n  w i t h  ms- 
were indentif ied by co- in ject ion w i t h  genuine Samples o f  d[A(S)AI 12. 

Conversion of  d[A(SI [ E t ) A I  (9 into d[A(O) (CIEt)A] (2) 
To a so lu t ion  o f  each diastereaner o f  5 C1 A260 u n i t  o f  substrate 

dissolved in 100 uI of CH3aJ-H$ (I:+)] 10 y l  of  30% H& was added. 

A f te r  48h a t  roan temperature the react ion mixture was analyzed by means 
o f  HPLC using the condit ions described above f o r  the separation o f  3. 
HPLC analysis proved the conversion of  "fast"-derived 2 and "SIOW"- 

derived t o  "fast"-eluted and nslow**-eluted d[A(O) (C€t)Al (3) , respec- 

t i v e l y .  The products o f  oxidat ion o f  d[A(S)(CEt)A]  w i t h  H202 were iden- 

t i f i e d  by co- in ject ion w i t h  genuine sample o f  d[A(O) (C€ t )A l .  

Synthesis of diasteremrs of  d[Gt%4(01 (CYt)ATTCCC) (3 
The synthesis was ca r r i ed  out under condit ions o f  the standard pro- 

tocol  11 using protected 2~-deoxynucleoside 3*-(0-2-cy~0ethyl-N,N-di iso- 

propy1)phosphoranidites w i t h  one exception: in the Cycle fo l low ing  the 

formation o f  internucleotide O-(2-cyanoethyI)phospnate between A and TI 

the regular 5' -DMT mdemz 3' - [P C ~ ~ C H ~ C N )  (N i - ~ r z )  I reagent. was rep1 a- 

ced by 5 a - w  mueNBz ~ ' - [ P ( o c # ~ )  (Ni-Pr2)J9. A f te r  a standard WOW-UP, 

the 5'-DM der iva t ive  o f  decanucleotide g was obtained, and i t s  f u r the r  

p u r i f i c a t i o n  was performed by means o f  HPLC on Waters PBondapaK C18 co- 

lum (30 anx7.8 mn) w i t h  the gradient 5-30% CH3CN-O.lM t r i e t n y l m n i u n  

bicarbonate (TEAB), pH 7.4 (exp.0.25) f o r  20 min ,  fol lowed by isocra t ic  

separation, a t  a f low-rate o f  3.5 m l h i n .  Under these conditions, the 

separation of 5'-DMT d[GGGA(o) ( C € t ) A l T E C l  i n to  i t s  d i a s t e r e m r s  was 

achieved: "fast"-LMT was eluted a t  18.5 min and "slow"-DMT was elu- 

ted  a t  20.0 min. Separated diastereomers were d e t r i t y l a t e d  [by treatment 

w i t h  20% aqueous solution of  W~CJXIH 120 min, 25OC)I , and then repea- 

ted ly  p u r i f i e d  on UBondapaK c18 c o l m  w i t h  the l i nea r  gradient 5-30% 

CH3CN-O.lM TEAB, PH 7.4, 1.25%/min a t  a f low-rate o f  3.5 mlmin. It ap- 

peared tha t  "fast"-DMT gave   slow"-^ (retent ion time 11.0 min) and 

fran "slow"-DMT "fast"-2 (retent ion time 10.5 min) was obtained. Both 
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KOZIOLKIEWICZ, UZNANSKI, AND STEC 190 

"fast"-DMT and "slow"-DMT contained ca. 15Z o f  decamer W-J* , Whicn 

was inseparable dur ing the cnranatography o f  5 ' - m  der ivat ives.  m- 
pound j was separated from the diastereaners o f  2 a f t e r  tne d e t r i t y l a -  

t i o n  step by means o f  HRC.  

Synthes/s and separation o f  drasterecmers of  the d e c m r  

dcKm ( S I A T T a w  (21 
A 0.5 ml scale synthesis was performed analogously as was de3Ct-i- 

bed for d e c m r  d"GA(0) (C€t)AlTCCC]. However, during the  cycle, fur 

a d d r t r o n  o f  the Second UA residue w i t h  the use o f  2'-deoxyadenosyl 3 ' -  

(0-ethyl-N,N-di isopropyl)pnosphor~idite, the caw ing  step was fol lowed 

by su1phurat)on w i t h  a saturated so lu t ion  o f  elemental sulphur In 2,6- 

l u t i d tne  ( 1  m i ,  i6n, 25OC). A f t e r  washing of the c o ~ u m  w i t h  py r iu ine  

(5 m l )  and C l i p 4  (3 ml)  the regular synthesis was continued. Standard 

cleavage from the support, and base-dewotection, gave the decaner 

d[GGGA(S) (CEt)ATTCCCI which was analyzed by means o f  HPLC as tne 5'-DMT 

der ivat ive,  as described above fo r  5'-DMT a[GGGA(O) (C€t)AlTCCCl (g).  
P a r t i a l l y  separated diastereomers were d e t r i t y l a t e d  (20% aq. U-i3CCOH, 

20 mln) and once more appl ied t o  the bJ8ondapaK c1fj co lum,  Under the 

condit lons described above f o r  the  HPLC analysis o f  5'-Ho 5 complete 

separat i on o f  d[GEGA(S) (CEt)AlTcXZ] di a s t e r e m r s  (1) was achieved: 

" f a s t l ' - ~  ( f rom "slow"-DMT-J) was e lu ted  a t  12.4 m i n  and "slow"-J ( f rom 

"fast"-DMT-J) was e lu ted  a t  12.8 m in .  Dealkylat ion o f  each d i a s t e r e m r  

o f  1 was Carried out w i t h  concentrated m n i a  (0.5 ml o f  25% aq.~i~oH, 
48h, 55OC) and 95% removal o f  the e thy l  group was acnieved. Extention o f  

the time o f  m n i o l y s i s  t o  60h gave complete Uealkylatton of  the Sub- 

s t ra te .  The HPLC analysis, performed under C O r i d i t i O n S  described fo r  

preparation o f  the 5'-m) de r i va t i ve  o f  1, allowed us t o  obtain " fas t " -  

derived 2 and "slow"-derived 3 ( re ten t ion  t ime 8.8 m in ) .  

Tm m a S U m t S  

About 0.5-0.7 A ~ M )  u n i t  o f  1 and o f  eacn d i a s t e r e m r  o f  and 5 we- 

r e  separately dissolved in 

* Formed dur ing the a i ka l  

means of  25% m. NH4CH. 

the b u f f e r  containing 10 tW-l Tris-C1 (pH 7.6), 

ne deprotection o f  nucleobase amino groups DY 
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PHOSPHATE-MODIFIED OLIGONUCLEOTIDES 191 

TABLE 1, Tm values f o r  decanucleotides J ,  3 and 3 

Conpound no. Tm COCI 

1 47.0 
v a s t  -zz 46.5 

Vast"-derived 3 47.0 
"31 ow" -g 39.5 

"slow--derived 2 46.5 

80 m N ~ C I  and 20 m H g a 2  (1  m l ) .  TM melt ing temperature (T,) was m a -  

Sured spectrofotunetrically using a Specord M40 (Carl-Zeiss, Jena) a t  
XmX=258 MI. The T,,, values f o r  d e c m r  1 and i t s  analogues anu are 

presented in Table 1. 

E n z m t i c  digestions of d[GGW(O) ( E t ) A m ]  (9 
Each diastereomer of  2 (0.25 A260 uni t )  was independently dissolved 

in 200 ~1 o f  the buffer containing 0.1M Tris-C1 (pH 8.5) and 15 I'M MgCI2 

and incubated w i t h  snaKe venom phosphodiesterase ( S V M )  (10 pg) f o r  

12h. and then w i t h  alKaline pnosphatase (AP) (1 yg) f o r  lh  a t  37%. 

After  the heat-denaturation of  the digestion mixture, HPLC .analysis on 
ODS-Hypersil colum was performed. Undigested dinucleoside *ethyl 

phosphate d[A(O)(OEt)A] was isolated and c m a r e d  by co-injection w i t h  a 

genuine s m l e  o f  t h i s  compound o f  Know absolute configuration a t  the 

P-atom. The digest o f  "fasto'-Z (obtained from "slow"-DMT g) contained 

the "SlOW"-eluted- isOmer o f  dCA(0) (OEt)AI (2) of  SP absolute configura- 

t ion,  while i n  the digest o f  the "slow"-2 (obtained from "fastn-DMT 2) 
the "fast"-eluted isomer o f  4 (Rp configuration) was  present. 

Enzymatic digestion of the d i a s t e r e m r s  of' dCaK441SIATn;T;CI 1J.l 

Each diastereomer of 3 (0.25 A260 uni t )  was separately diSSOlVed in 

200 pi  o f  the appropriate buffer f o r  SVPE and the digestion was carr ied 

out as described above. Independently, the digestion o f  each diastereo- 
mer was carr ied out wi th nuclease P1. About 0.25 A260 un i t  o f  the ol igo- 

mer dissolved i n  200 P I  of  the buffer containing O.1M Tris-CI (FH 7.2) 

and lm ZnCI2 was incubated with nuclease P l  (1  119) f o r  12h a t  37OC and 
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192 KOZIOLKIEUICZ, UZNANSKI, AND STEC 

then wlth alkal Ine pnospnatase f o r  lh at 37%.  he heat-denaturated dl- 
gestion mixtures were analyzed on an 00s-HypersIl colurm wlth a llnear 
gradient 0-30% ai$N-H$, l.O%/min at a flow-rate of 1.5 ml/mln. un- 
digested isomers of dlA(S)Al were canpared by co-InJectlon with a 
genuine sarple of dCA(SIA1 of Known absolute configuration, and by this 
means the absolute conflguratlon at tne P-atom in these 01 igomers was 
asslgned. "Fast"-derived 2 contained the "fast" Isomer o f  d[A(S)A] of RP 
conf I gurat I on, wh I I e "s I ow"-der I ved 3 coma i ned tne "5 I ow" i scxner of 
d [A (s) A) o f  sp abso 1 Ute conf i gurat I on. 

About 0.5 A260 Unit ( 3  m 1  ) of j, _2 or 3 was dissolved in 400 pl 

o f  the buffer containing 10 n" Tris-CI (pH 7.6), 80 IW NaCl and 20 mM 

MgC12. To this solution 10 pl  aliquot o f  Eco RI endonuclease solution 
(purchased from Bethesda Research Laboratories) was added (100 Units, 
0.2 of the protein, 3 pnol of the protein in its dimer form). The 50 

p1 aliquots of the digestion mixture were removed periodically, heat- 
denaturated and analyzed on a p8ondapak c18 colum with a linear 
gradient 5 2 0 %  CH3aJ - 0.1M TEAB (pH 7.4) lz/min at a flow-rate of 3.5 
ml/min under conditions allowing quantitation. In all analyzed incuba- 
tion mixtures one of two possible products was identified, nimely tri- 
nucleotide dlGGG1. Elution times for the undigested SUbStrateS and the 
products were as follows: 

d[CGGA(O) (OEt)ATTCCC] (g) ("fast") , ("slow") - no products 
(10.5 min) ( 1 1  .O min) 
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RESLlLTS AND DISCUSSION 

Synthesis of 01 igodeoxyribonucleotides bearing intemucleot ide 
0-ethyl phosphate or U-ethyl phosphorothioate function 

Our approach t o  the synthesis of  oligonucleotides containing an es- 

t e r i f i e d  internucleotide Dona a t  a preselected posi t ion is based on the 
modification o f  the phosphormidite method developed by CarUtherS 

et al.13. For the synthesis o f  oligonucleotide bound v ia  the 3*-oxyg3n 

of the nprimern nucleoside t o  a solid support we have used base-protec- 

teu nuc 1 eos i cie 3' - (0-2-cyanoetny I -N, N-Ui i sopropy I pnospnormi CI i tesg and 

the i r 3' - (0-ethy I -N, N-d i i Sopropy 1 ) phosphormi di t e  anal oguesfO. I f the 

oxidation o f  the internucleotide 0-ethyl phosphite function, usually 

performed by means of  iodine i n  a lut id ine/  water/rm (10:1:40) mixture, 

i s  replaced by sulphuration (0.4 H solut ion o f  elemental sulphur i n  2,6- 

lut id ine),  then oligonucleotides bearing 0-ethyl phosphorothioate func- 

t ions a t  preselected posit ions are available, Cleavage f ran the s o l i d  

support, removal o f  the 2-CYanOethYl phosphate protective groups, and 
base deprotection is achieved by treatment o f  tne oligonucleotide bound 

t o  the Support w i t h  25% W4OH f o r  48h at  25OC. However, 0-UealKylation 

( ~ ~ ~ 1 5 % )  was also observed. This undesired dealKylation was avoided when 

the time of  mmoniolysis was shortened t o  24n. With the presented m d i -  

f ications (vide supra) we were able t o  get decaners 5>-W-d[GG64(0) 

(OEt)AlTCCCJ and 5'-DMT- d[GGGA(S) ( O E t ) A l T W J .  Each product was i-la- 

ted and separated into diastereomeric species by means of  the RP-HRC 

technique (see Experimental). The separation o f  the d i a s t e r e m r s  o f  

5'-WdlGfXA(S) (C€t)AlTCCCl a1 lowed us t o  convert each d i a s t e r e m r  o f  

t h i s  c m u n d  into pure d i a s t e r e m r s  o f  5'-M)-d[GGGA(S)ATTCCC] by t re-  

atment w i t h  25% W40H a t  55OC f o r  Mlh. Since the mixture o f  diastereo- 

mers o f  3 appeared i nseparab I e Under RP-HPLC COnd i t i ons12, the approach 
presented in this paper of fers  a new way t o  prepare the d i a s t e r e m r s  

of the phosphorothioate analogues of  oligonucleotides. It should be 

pointed out that the conversion dCGGGA(S) (C€ t )A lTaX] -  d[GGGA(S)AlTC 

CCI i s  also possible by means o f  PhSH/Et3N/dioxane (50°C, Bh), but under 
these conditions dealKylation is not complete and there i s  the formation 

of sane side products resul t ing from DNA Chain cleavage. For the reasons 

presented below, we have also synthesized and separated into individual 

d i a s t e r e m r s  the modified dinucleotides (4) and (2). Individual dia- 
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s p  (slow) 
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OH OH 

(Sp)  slow ( R P )  fast 

SCHEME 1 .  
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s t e r e m r s  of compound 5 were dealkylated by means o f  PnSH/Et3N/dioxane, 
and, tn this way, diastereomers o f  d[A(S)Al were obtained12. 

A s s i g m n t  of absolute configuration a t  the s temgenic  phospho- 

rus atan In dCA(0) (CIEtlAl (3) and dC4(S1 ( E t l A I  @I 

m e  stereochemical correlation f o r  tne a s s i m n t  of the absolute 
conf tgurat ion at the P-chiral centres in d[A(O) (C€t)Al and d[A(S) (C€t)A] 
is  presented in Scheme 1. In this correlation, each diasteremr of 
U[A(s) (OEt)Al is ~ndependently converted into dCA(0) (0Et)AI and into 
d [A (S) A] . The convers ion 3-3 was ach i eved by st.ereospec i f i c ox i dat ion 
using 3% H e 2  in CH+N-H$ ( 1 : 1 )  at 25OC for 48h. Under these conditions 
50-60% of the substrate 3 is oxidized to 3. Independently, each diaste- 
r e m r  o f  u[A(S) (0Et)Al was exposed to tne actton o f  th 
dtoxane solution (1:2:2) at 50% for 6h12. T ~ I S  procedure 
obtain the indiv tdual dt astereomers of d[A(S)A] , of Known 
flguratlon on the bas13 of thetr reststance and suscept 
act ion 09 SVPDE and nuclease PI .  TM (Rp) -isuner of ~ [ A ( s  

OPhenOl/Et3N/ 
allowed us to 
absolute con- 
biltty to the 
A] (and other 

dlnUCleOSlQe phosphorothtoates) IS resistant to the actlon of nuclease 
PI, wnlle tne (sp)-lscmer IS reststant to the actron o f  ~ ~ ~ ~ ~ 1 4 1 1 5 .  

s I nce both react tons, PS-PO convers t on 10s 16 and phosphotr t ester 
dealKYlatlon by means of PnSH/Et3N 17, are Known to proceed Wlth reten- 
tlon of conftguratton at the phosphorus atom, It was possible to corre- 
late, by HPLC, the absolute conflguratlons at phosphorus tn 3 and 2 
W I  th those of each dlastereomer of d[A(S)Al. 

~ h s o l u t e  configurat~on a s s ~ g m n t  In dCGGOI(0) [ E t ) A T m X ]  

The asstgnment of the absolute conftguratlons at the stereogenlc P- 

atom centres In "fast"- and "slow"-eluted dtasteremrs of Q[GGGA(O) 
(0Et)ATTCCCI (2) was performed after tandem SVPDE and alKaltne phos- 
PhataSe utgestton of each dtastereomer of p .  under the actton of SVPDE, 

only pnospnodtester mnus were cleaved, and frm tne enzymic utgest of 

each d~astereomer of  2, the correspondtng *'fast"- or "slow"-eluted 2 was 
recovered by means o f  RP-HPLC. Their tdentlflcatton was ascertatned by 
co-tnJectton wlth a genulne smpie of 3 prepared Independently. 

d Cm (0) ( E t )  A ~ ~ I  1 AP svpDE+ d[A(O)(OEt)AJ + 3G + 2T + 3C 
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196 KOZIOLKIEWICZ, UZNANSKI,  AND STEC 

5' -HO d [GGGA ( S )  (CEt ) AlTCCC] 5' -HO d [GGG4 ( S )  (Et ) AlTCCC] 
slow (SP) f a s t  (Rp) 

d CGGEA (S) ATTCCCJ 
slow-derived 3 (SP) 

d CA ( S )  A1 
sp (slow) 

dCGGG4(S)ATTocCl 
fast-der i Ved 3 (RP) 

SCHENE 2 .  

Thus, fran the enzymic digest o f  the "fast8'-2 diastereaner Sp ("SIOW") 

-4 - was Isolated, whi le RP ("fast")-l) was obtained from the digest o f  

**slow1*-2. I t IS evident t ha t  the absolute conf igurat ion a t  phosphorus in 

**slow"-eluted 2 IS Rp, While "fast"-eluted 2 has the Sp configuration. 

Absolute configuration a s s i g m n t  at P - a t m  centre in 

d CGGG4 (S) A TTCGCl (2) 
The assignments o f  the absolute conf igurat ions a t  ttM? stereogenic 

pn0SphOrUS a t m  in the dia3te~eGiIW-s o f  3, were p e r f o m d  a f t e r  dealky- 

l a t i o n  o f  S'-HO-L (see Experimental). A t t m t e d  degradation o f  each dia- 
s t e r e m r  of 3 by means o f  SvPDE and, independently, w i t h  nuclease P1, 

fol lowed by alKal ine phosphatase allowed us t o  assign the R p  configura- 

t i o n  f o r  "fast"-derived 3 and the Sp configuration f o r  "slow"- derived 

- 3, respect I ve l y (see Scneme 2) . 

Experiments wi  th Eco RI  enuonucIease 

Incubations of decimer d[GGGAAl-rCXG] ( t )  and i t s  0-ethyl es te r  (2) 
and phosphorothioate (3) analogues w i t h  Eco R I  endonuclease were per fo r -  

med a t  tSoC 1.e. 20-3eC below the mel t ing  temperature for  these dup- 

lexes in the incubation buffer.  Therefore, i t  was expected, t h a t  
under the experimental condi t ions employed, the modlf led 01 igomers 3 and 

- 3 e x i s t  in duplex f0tml9. Incubation o f  unmodified u e c m r  1 with the 

- 
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e n z m  f o r  24n resulted in the complete digestion o f  the Substrate, and 
the format ion o f  fragnents dCGGG1 and dCpAAlTCXX1. The hydrolysis o f  the 
R p  i s m r  of  3 W i t h  Eco R I  endonuclease, performed Under identical con- 

di t ions,  resulted i n  30% digestion of the substrate t o  d[GGGl and 

d[pA(S)ATTccC], while the Sp isomer o f  d [ ~ ( S ) A 7 T C C C l  was l e f t  intact 

(no traces of  ~[GGG] were detected). The lower ra te o f  the enzm-cata- 

lyzed hydrolysis of phospnorothioate analogues o f  DNA and oligonucleo- 
t ides has been observed earlier10120. The two-fold increase in Eco RI 

endonuclease concentration ( f rom 200 un i ts  of the enzyme11 A260 un i t  o f  

tne substrate t o  400 uni ts / l  A260 uni t )  did not cause any observable 

degradation of Sp-3. Tnis resu l t  suggests that the presence o f  pro-S ( i n  

terms of absolute configuration) oxygen attached t o  the negatively 

charged intemucleotide phosphate linking the two adenosine residues is 
the c r i t i c a l  structural requirement for Eco R I  endonuclease actlon. In- 

cubat ions o f  both diastereomers o f  dCGGGA(0) (0Et)ATTCCCI WI tn Eco R I  

restr ictase, under conditions where the urmodifted d e c m r  was comple- 

t e l y  digegted, allowed us t.0 uetermine that neither o f  t.nm was the Sub- 

s t ra te f o r  t h i s  enzyme. Thus, the presence of  the 0-ethyl group at  tne 
internucleotide IinKage between A and A caused c m l e t e  resistance of  

the modified d e c m r  t o  Eco R1 endonuclease action. 

In e a r l i e r  studies it has wen demonstrated that monophospnoro- 

thioate analogues o f  DN4 maring tne canonical Sequence ... GMlTc... are 

diastereoselectiveIY digested by Eco R I  endonuclease if phOSphOrOthiOate 
occupies preselected posit ions 218, 321 or 510. 

G 1 G 2 G 3 A 4 A 5 T 6 T 7 C 8 C 9 C  

I t  has wen also reported, that oligonucleotides wi th  phosphorothioates 

a t  posit ions 1,6,7 or 812 are substrates f o r  Eco R I  endonuclease, inde- 
pendently o f  the sense o f  c h i r a l i t y  a t  the phosphorus o f  the phosphoro- 
tnioate moiety. R m t e  control o f  the diastereoselectivi ty o f  Eco RI 

endonuclease towards DNn analogues Dearing Pnosphorothioate a t  pOsition 

2 nas k e n  confronted w i t h  tne conclusion22 that the protection of DNA 

by phoSPhorOthiOate against restr ictases i s  e f fect ive only if the pnos- 

W r o t h  i oate rep1 aces the "sc i 9s i 1 en Phosphate bonde2. Resu I t s  presented 

i n  this report indicate that the remote cwttrol of the diastereoselec- 
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t i v i t y  o f  the enzymatic Process operates also if the phosphorothioate 

replaces phospnate a t  the downstream posi t ion adjacent t o  the "scissi le"  

bond. 

Ethylat ion o f  phosphates a t  posit ions 1,2,3 o r  5 l  and, as shown in 
t h i s  report,  a t  posi t ion 4 (compound 21, effect ively hsnpers the process 

o f  cleavage of the internucleotide phosphate a t  posi t ion 3. Ethylat ion 

a t  Positions 7 and 8 causes dramatic decrease o f  tne ra te  oP release o f  
the dCGGG3 fragnent without any diastereoselection, which has been Ob- 

served i f  the phosphate a t  posi t ion 6 is ester i f ied l .  Most probably, 

such d r m t i c  e f fec t  o f  ethylat ion a t  pnospnate 7 and 0 on ECO R I  d i -  

gestion is  caused by the influence of the es ter i f ied  phosphates on the 

trirner d I W 1  Placed d i rec t l y  across the d s W .  The p o s s i b i l i t y  o f  such 

interactions between DNA fragnents which belong t o  d i f fe ren t  strands o f  

the duplex and the enzyme was suggested by Jen-JacobsonZ3. wether  

"ethyl-protection" resul ts  fran the e f fec t  of s t e r i c  hinderance and 

shielding o f  DNA fran Protein, o r  is due t o  conformational Change o f  

DNA, r e s t r i c t i n g  the formation o f  a DNA-protein "t ight interface", can- 

not be d e f i n i t e l y  Concluded. tiowever, it is  evident that the ethylat ion 

of phosphate a t  posi t ion 4, independently on the "side" of ethylat ion, 

protects the DNA f rom cleavage o f  pnosphate a t  posi t ion 3 by Eco R I  

restr ictase. Whether t h i s  protection i s  due t o  negative charge cancella- 

t ion,  Cannot be de f in i te ly  said. The fact ,  tnat only the R p  diastereomer 

of 3 re ta ins substrate a c t i v i t y  towards Eco R I  endonuclease, Supports 

the hypothesis tnat the charge a t  pos i t ion 4 i s  essential, and that  t h i s  

phosphate may be involved in the ccwlexat ion o f  magnesium cation, ne- 

cessary f o r  the cleavage o f  phosphate a t  posi t ion 3. In agreement w i t h  

Modricn's data6, t h i s  par t icu lar  phospnate may not be involved i n  d i rec t  
interaction witn protein. I f  the charge within the pnospnorothioate 
moiety i s  not symnetrically d is t r ibuted between the 0 and S a t ~ f f s ~ ~ ,  On- 

l y  the (Rp)-diastereomer, bearing a charged oxygen directed Outward o f  

tW DNA, i s  able t.0 interact wltn magne3iun ion, an4 the oligonucleo- 

t i d e  can achieve a Conformation appropriate for the executive action O f  

the enzyme. 

Results presented i n  t h i s  wow may be considerea as complementary 

t o  ear l  ie r  studies on "alKylat ion interferenceme. our approach d€WIOn- 

strates the usefulness o f  synthetic DNA analogues bearing phospnoro- 

thioates or t r ies te r  functions a t  preselected posit ions as too ls  f o r  the 
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further elucidation o f  the DNA-protein interactions fulfilling tne re- 
quirements of tne presence of  all components necessary fo r  tne executi- 
ve enzyme action. 
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