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NUCLEOSIDES & NUCLEOTIDES, 15(6), 1237-1251 (1996) 

SYNTHESIS AND PROPERTIES OF DNA DUMBBELLS CONTAINING 
CHEMICALLY ACTIVE SUBSTITUTED PYROPHOSPHATE 

INTERNUCLEOTIDE GROUPS 

Svetlana A.Kuznetsoval*, Marta Blumenfeld, Marc Vasseur arid Zoe 
A.Shabaroval 

GENSET, I rue R. et S.Delaunay, 75011 Paris, France and Joint Laboratory 
G ENSET-Laboratory of Chemistry of Nucleic Acid, Moscow State University, 
Moscow 119899, Russia 

Abstract: DNA dumbbells with substituted pyrophosphate groups at a definite 
position of the sugar-phosphate backbone were synthesized by condensation of 
terminal 5'-phosphoiiio1ioester- and 3'-metliylphosphodiester groups in nicked 
dumbbells. N-(3-diniethylaminopropyl)-N'-ethylcarbodii1iiide was used as a 
condensing agent. An efficient method for producing extended oligonucleotides 
carrying an 0-methyl-substitued 3'-phosphate group was developed. Properties 
of the modified DNA-dumbbells were investigated. The substituted 
pyrophosphate group in  the DNA dumbbells was efficiently cleaved under the 
action of N-niethyliinidazole or ethylendiarnine aqueous solutions at pH 8.0. 

INTRO D U CTl ON 

Synthetic analogs of D NA-recognizing proteins substrates with 

modifications in the sugar-phosphate backbone have already found a wide use in 

studies of proteins active centers topography and molecular mechanisms of 

DNA-protein Synthetic DNA duplexes with a substituted 

pyrophosphate group in the place of the natural phosphodiester bond in a 

recognition site have recently been proposed as substrate analogs5, 6. The 

anhydride bond was shown to be reactive in compounds of such a structure. 

T ~ L L S  DNA duplexes with a substituted pyrophosphate group proved to be stable 

i n  aqueous buffer solutions at pH 6.0-8.5 for several days. At the same time they 
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1238 KUZNETSOVA ET AL. 

wer c touiid to iiiteract efficiently with iiucleophilic reagents, naniely pnniai-y and 

secoiidqi aiiiiiie\, including riucleopilic groups of basic aiiiiiio 

acidsS 7 lie reaction proceed? by the inecliaiiisni of nucleophilic cubstitution at  

tlie pliospliorus atom and results 111 the formation of a covalent bond betweeii n 

part of the oligonucleotide and a nucleophilic reagent 

0 0 0 0 
RjO 1' 0 P OR2 -+ R1O P 0 > U  P OR2 

xo r o  H' xo 0 
NuH 

where R1, R l  are oligonucleotides, X is a noiinucleotide substitute, N u H  is tlie 

nucleopliilic agent. 

This property led to the design of substrates capable of cross-linking witli 

proteins. Affinity reageiits were coiistructed for probing active centers of a set of 

D N A  recogniziiig proteins. TIiey were constructed from DNA duplexes u i t l i  the 

substituted pyropliospliate group in a recognition site. These reagents have 

already been applied successfully to affinity labeliiig of restnctioii/modificatioii 

enzynies EcoRI, Rsi-I7, restriction endoiiuclease €ccoRI I x  arid traiiscription factor 

HYFIy .  For exaniple, i n  case of transcription factor HNFl  it has been sliowii 

that DNA substrates with tlie substituted pyrophosphate group can directly 

modify iiot only the active center of the protein obtained by genetic eiiginecriiig 

hu t  also H N F l  froin a rat liver cell extract. Therefore we believc tliat such 

coinpouiids can be used as inhibitors of a variety of enzymes and regulatory 

protciiis, i n  biological studies and as potential drugs for medical treatnieiit of a 

wide nuige of disexes. iiicludiiig cancer and AIDS. However. synthetic D N A  

duplexes Iiave a Iiigli sensitivit). to cell enzyines wliicli greatly limits their ~ i se  for 

these purposes. Several approaches are currently used to stabilize D h A  

fragiiiciits, iiicludiiig inodificatioiis at I ' and 2'-liydroxyl groups'?-. 

1 3 .  formatioii of liairpiii  structure^'^. I s ,  iiitroductiorl of miiiiliairpins witli 

;ibnormally high tlieriiiostability aiid resistance to exoriucleases at the ends of 

oligoiiucleotide16, and cyclic 

DNAs18. Tlie first approach involves cheiriical modification of separate groups of 

as well as the construction of DNA du~iibbells~ 
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CHEMICALLY MODIFIED DNA DUMBBELLS 1239 

DNA atoms. It is a cumbersome procedure and requires an elaborate chemical 

synthesis and purification. We believe that the inore attractive is the second 

method. It involves the use of hairpin DNA structures obtained by a standard 

synthesis on an automatic synthesizer. However Chu aiid OrgeIl5 have shown 

that DNA dumbbells exhibit a much greater stability to the nuclease degradation 

than do DNA duplexes with a hairpin structure. 

This work deals with the syntliesis and properties of modified DNA 

dumbbells which are analogs of HN F1 transcription factor substrates and 

contaiti a cheinically active substituted pyrophosphate group in the recognitioii 

site of HNFI .  

MATERIALS AND METHODS 

Olinonucleotides 

Oligoriucleotide synthesis was performed by G ENSET (Paris, Fratice), 

using an autoniated DNA synthesizer (Applied Biosystems 394/8). 

Oligonucleotides with the 3'-terminal phosphate group were obtained by the 

phosphoratnidite nietliod using the 5'-phospliotylatioti reagent as described in7. 

5'-phosphate oligonucleotides were synthesized using 5'-phosphate-On 

cyanoethyl phosphoramidite (Clontech) as a phosphorylating reagent. 5'-end 

labeling of oligonucleotides was carried out by a statidard procedure using T, 

polynucleotide kiiiase and Y ~ ~ P - A T P I ~ .  The oligoiiucleotides used in this study 

are depicted iti FIG. 1. 

Svnthesis of oligonucleotides carrvinn an O-niethvl-substituted 3'-~hosvliate 

group (3'-O-methvl esters). 

The synthesis of 3'-O-inetIiyl esters of the oligonucleotides was performed 

as fo l lowi~g The 3'-phosphorylated oligoriucleotides (0.001 -0.02 pmol) were 

incubated for 12 11 at 4OC iu 110 p1 of a mediuiii containing 0.25M MES, pH 

4.5, 0.5M MgC12, 35% CH30H and 1 1  nig (57.4 pinol) of N-(3- 

diriietkylaminopropyl)-N'-ethylcarbodii~iiide (EDAC). Following the incubation, 

the oligonucleotides were recovered by precipitation with 10 volumes of 2% 
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1240 KUZNETSOVA ET AL. 

H N F l  

FIG. 1. Sequences of deoxyoligoiiucleotides used in this work. 
Horizontal lines iiidicate the recognition site of HNFl;  arrows iiiark the site of 
the oligonucleotide junction; dashed lines mark diagraiiinlic representation of 
the modified DNA dumbbells and DNA duplex (IIIa) where modified fragments 
arid nucleotides facing the nick are indicated. For sequences (Ja) and (Ib) see 
(I), for sequeiices (Ila) and (Ilb) see (II) ,  for sequence (Illa) see ( I l l ) .  
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CHEMICALLY MODIFIED DNA DUMBBELLS 1241 

LiC104 in acetone and further reprecipitated three times by resuspension in 2M 

LiCIO, and addition of 10 volumes of acetone. The 3I-O-methyl esters of the 

oligonucleotides were isolated by reverse-phase HPLC on a Delta Pak 300 A 

column (3,9x150 nun, particle size 7 p), using a linear gradient of acetonitrile in 

0.1 M triethylammonium acetate buffer, pH 7.0. 

After the isolation the 3'-O-methyl esters of the oligonucleotides were 

desalted by niultiple evaporation to dryness from 50% ethanol at 5OoC. 

Synthesis of DNA dumbbells containing the substituted pvrophosphate group 

A mixture of the 5'-P- and 5'-32P-phosphorylated 3I-O-methyl esters of the 

oligonucleotides (oligonucleotide concentration per monomer was 1 0-3 M) in 

0.05 M MES-buffer, pH 6.0, 0.02 M MgC1, was incubated at 95OC for 2 rnin 

and slowly cooled for several hours. Then EDAC was added to the 

concentration of 0.2M. The reaction was carried out in  the dark for 16 h at 4OC. 

The oligonucleotide material was precipitated with acetone, the reaction mixture 

was analyzed by electrophoresis in 15% polyacrylamide gel (PAGE). Reaction 

products were eluted from the gel with 2 M LiCIO,, precipitated with 5 volumes 

of acetone and reprecipitated by resuspention in 2 M LiC10, and addition of 10 

volumes of acetone. 

Synthesis of DNA dumbbells containing the uyrophosphate group 

Synthesis of DNA dumbbells with a pyrophosphate group was 

accomplished in conditions of the synthesis of the DNA dumbbells with the 

substituted pyrophosphate group using 5 ' -  and 3'-phosphorylated nicked DNA 

dumbbells (I)  and (11) as described above. 

Analysis of the modified DNA dumbbells with the pvrophosphate or substituted 

pvrophosphate groups 

Treatment with a mixture of phosphodiesterase and phosphatase 

The modified DNA dumbbells (0.1-0.5 nmol) dissolved in 10-30 pl of 

0.2M Tris-HC1 buffer, pH 8.5, 0.04M MgCl,, were treated with a mixture of 

alkaline phosphatase and snake's venom phosphodiesterase for 3 h at 37OC. The 

oligonucleotide tnaterial was precipitated with a 2% LiC104 solution in acetone 
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1242 KUZNETSOVA ET AL. 

and niialyLed by denaturing 15% PAGE. 0.05M Tiis-borate buffer, pH 8.5, 

0.001 M EDTA was used for PAGE. 

Treatment with N-inetliTvlimidazole (N-MeZm) or ethylendiainine (EDA) 

Tlie DNA dumbbells (0.1-0.5 nmol) were treated with a 0.4 M aqueous 

solutioii of N-Meliii. p H  8.0, or a 0.5 M aqueous solution of EDA, pH 8.0, for 

16 11 at 50°C. The oligonucleotide inaterial was precipitated with 2% LiCIO, in  

ncetoiie. reprecipitated two times and aiialyzed by 15% PAGE. 

N - M e l n i  treatineiit of a linear DNA dunlex with the substituted DvrophosDhate 

U I Q  

IIKA duplex l l l a  (0.2 iiinol) was treated with the 0.4 M aqueous solutioii 

of  N-Mel in  p H  8.0. for 16 h at 37' and 50°C. The reaction mixture was 

precipitated as described for the DNA dumbbells and analyzed by 20% PAGE. 

RESULTS AND I>ISCUSSION 

So far approaclics have been developed to obtaiii cyclic DNA, including 

dunibbells, botli by enzymatic methods using DNA-ligase' 20 arid by the 

clieiiiical ligatioii with the aid of different condensing agents, iiainely aqueous 

solublc carbodiimide'" 11, N-metliyliiiiida~ole and N-hydroxybenzotrinzole~s. 
'fliese approaches were used to synthesize a set of cyclic DNAs with tlie 

pliospliodiester'x~ or pyrophosphate'x internucleotide bond at tlie ligatioii 

i;ite. For the synthesis of DNA dumbbells with the substituted pyrophosphate 

group, clieniical ligation under tlie acrioii of EDAC was utilized. We liave 

slio\vii before5 that this nietliod was the best for the introduction of a substituted 

pyropliospliate group into linear DNA duplexes. The approach involves 

condensatioii of two oligoiiucleotides oii a complementary reinplate. Oiie of 

those oligoiiucleotides Iias a residue of a i l  aliphatic alcohol or an ainiiie at its 3'- 

elid pliosphate group, the other has an activated 5'-end phosphate group: 
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CHEMICALLY MODIFIED DNA DUMBBELLS 1243 

where straight lines designate oligonucleotides, X are residues of an aliphatic 

alcohol or an aniine, Y is the residue of EDAC. 

The efficiency of ligation varied in the range from 35 to 80% being 

dependent on the length and structure of the DNA duplex as well as on the 

nature of the nonnucleotide substituent5. 

50- and 52-membered oligonucleotides were selected as initial 

oligonucleotides. They fonn the following structures in a aqueous buffer solution 

(FIG. I ) .  Initial nicked DNA dumbbells (I) and (11) contained the recognition 

site of the transcription factor HNFl ,  flanked on both sides by minihairpin 

structures 5' GCGAAGC 3' enhancing stability of the initial duplex16 (dumbbell 

I)  or by tetranucleotide sequences T, (dumbbell 11). In dumbbell ( I )  the 

substituted pyrophosphate group was introduced between nucleotides G and T 

of the upper chain of the recognition site since it was shown earlier that the 

interaction of HNFl  with a similar modified linear DNA duplex leads to cross- 

linking9. In dumbbell (I 1) the substituted pyrophosphate group was inserted 

between nucleotides T and T of the lower chain of the recognition site. 

We used a methoxy group as the nonriucleotide substituent. We have found 

before that the cleavage of a substituted pyrophosphate bond is faster when the 

riomucleotide substitute X is an alcoxy group13. Corisequently, the cross-linlung 

must also be more efficient iii this case. The inethoxy group was selected also for 

it had the lowest distorting effect on DNA structure as compared to other alcoxy 

groups. Initial oligonucleotides which formed nicked DNA dumbbells (I) and 

(11) were synthesized by the standard phosphoramidite method (see 

MATERIALS AND METHODS). 

The next stage involved Inethylation of the 3'-end phosphate group of 

compounds ( I )  and (IT). It was camed out in an aqueous buffer solution with 

excess of methanol under the action of EDAC. The reaction of the terminal 

phosphate group alkylation in oligonucleotides was developed by Ivanovskaya 

and coauthors24. The reaction routinely proceeds with a quantitative yield within 

4-S-hours. However we have shown that this is the case only for 

oligonucleotides up to 15- 17-niers. Methylation of phosphate group of more 
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1244 KUZNETSOVA ET AL. 

extended oligonucleotides followiiig the standard turned out to be ineffcieiit. 

The point is tliat addition of inethanol to  a salt solution of an oligonucleotide 

(iiietliylation buffer contains 1 M MgCI,) is a classical strategy for precipitating 

extended oligoiiucleotides but it fails to  precipitate short oligonucleotides. That 

is why a niajor portion of the oligonucleotide material precipitates, the amount 

of precipitate depending oil the oligonucleotide concentratioii. To avoid the 

precipitation we slightly clianged the metliylatioii procedure and adjusted i t  for 

extended (up to 52-iiier) oligonucleotides. B y  decreasiiig inethanol amount from 

50% to 35% and increasiiig the reaction time to 12 11, we managed to achieve a 
quaiititative traiisfomiatioii of 3'-phospliorylated oligonucleotides forming nicked 

DNA dumbbells ( I )  aiid (11) into correspoiidiiig niethyl esters (FIG.2). 

The substituted pyropliospliate group was introduced into tlie sugar- 

pliospliate backbone of tlie 3'-O-iiietliyl esters of DNA duiiibbells ( I )  aiid ( I  I )  

by coiideiisatioii of their 5'-pliosplionioiioester (for 5'-pliospliorylatioii see 

MATERIALS A K D  METHODS) aiid 3'-methylpliospliodiester groups uiider 

tlie action of EDAC. The reactioii was carried out in 0.05M MES, pH 6.0, 

coiitainiiig 0.02 M PVlgCl,, at 4°C for 16 11. Siiiiilar duiiibbells were syiitliesized 

as n control. They contailled a nonsubstituted pyropliospliate group at tlie saiiie 

sites. This group, unlike tlie substituted pyrophospliate group, is exceptionally 

stable a i d  get cleaved by ti-ifluoroacetic anhydride under severe coiiditioiis2'. 

'The iionsubstituted pyropliospliate group was synthesized by coiiderisation of tlie 

3'- m d  5'-end pliospliate groups of DNA dumbbells (1) aiid (11)  uiider the 

action of EDAC. F1G.3 presents an autoradiograni of tlie reaction iiiixtures after 

tlie syiitliesis of D N A  dumbbells ( la )  aiid (Ib). 111 botli cases clieinical ligatioil 

led to products with a liiglier electrophoretic mobility thaii that of the iiiitial 

coiiipouiids. The yields were 25 and 20%. respectively. A siinilar cliaiige I I I  the 

electroplioretic niobility was observed during the syntlicsis of tlie iiatut-a1 

pliosphodiester boiid i i i  DNA dunibbells with differeiit base sequence aild cliain 

Synthesis o f  D N A  duiiibbells (Ila) and (Ilb) followed a similar pattern. 

However the yields of' clieiiiical ligation were Iiiglier, 45 and 25% respectively. 
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CHEMICALLY MODIFIED DNA DUMBBELLS 1245 

We attnbute tlie difference 111 the yields of chemical ligation products in  

dumbbells (1) and (11) to different distances between the sites of the 

lnteriiucleotide bond synthesis and the loops as well as to different nature of 

iiucleotides to be joii~ed'~. 
Yields of DNA dumbbells with the nonsubstituted pyrophosphate group are 

higher than yields of analogous DNA dumbbells with the substituted 

pyrophosphate group. This may be attributed to the different nucleophilicity of 

mono- and disubstituted phosphate groups involved in the reaction. 
DNA dumbbells (Ia), (Ib), (IIa) and (IIb) synthesized by chemical ligation 

proved to be stable to the action of snake venom phosphodiesterase and alkaline 

phosphatase. This confirms their cyclic structure. It was of special interest to 

study the reactivity of the substituted pyrophosphate group incorporated into the 

DNA dumbbells since the anhydride bond in trisubstituted pyrophosphates 

showed different activity in compounds of different nature. Thus the substituted 

pyrophosphate group incorporated into single-stranded oligonucleotides is stable 

enough in aqueous buffer solutions at pH 6.0-8.5. At the same time it is readily 

and quantitatively cleaved within several hours at 37OC by a 0.5M aqueous 

solution of EDA, pH 8.0, or by 0.4M solution of N-MeIm, pH 8.05. Linear 13- 

14-membered DNA duplexes with the substituted pyrophosphate group proved 

to be more stable than single-stranded oligonucleotides 8. 
The reactivity of DNA dumbbells (Ib) and (IIb) with a substituted 

pyrophosphate group was studied using EDA and N-MeIm as nucleophilic 

reagents. As a control we took an analogous linear 30-membered DNA duplex 

(IIIa) containinzhe substituted pyrophosphate group between nucleotides G 

and T (see FIG. 1) and DNA dumbbells (la) and (IIa) with the nonsubstituted 

pyrophosphate group. DNA duplex (IIIa) was synthesized as described in5. An 

autoradiogram of the reaction mixtures after aminolysis of compounds (Ia), (Ib) 

and (IIIa) by N-MeIm is shown on FIG. 4. Aminolysis of linear DNA duplex 

(IIIa) was carried out at 37OC and 50°C, aminolyses of the rest of the 

compounds were performed at 5OoC for 16 h. It is evident from the FIG. 4. that 

DNA dumbbell (Ia) with the nonsubstituted pyrophosphate bond is perfectly 
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1246 KUZNETSOVA ET AL. 

:i 0.014 

3 

FIG. 2. HPLC elution profiles of 
a) initial deoxyoligonucleotide 
(I) ,  b) the reaction mixture 
resulting from the synthesis of the 
3'-O-methyl ester of 
deoxyoligonucleotide ( I ) ,  c) the 
mixture of a) and b). Separation 
conditions see in MATERIALS 
AND METHODS. 

stable under these conditions. Yet the efficacy of cleavage of tlie substituted 

pyropliospliate group incorporated into DNA duplex (Illa) is 90% at 50'C and 

only 50% at 37OC. The efficacy of cleavage of tlie modified group i n  DNA 

dumbbell (117) is 40% at 50"C, i.e. tlic aiihydride bond is more stable i i i  tliis 

case, A11 autoradiograin of the I-eactioii mixtures formed by EDA treatmelit of 

coiiipouiids ( l a )  aiid (Ib) at 50'C is given on FIG. 5. As one can see oil the 

figure, aniiiiolysis of compound (Ib) is also about 40%. I I I  this case aminolysis 

produces ninitioet Iiylaiiiide of iiiitial nicked DNA duplex ( 1 ) .  'I'liis was 

coiifii-med by acid hydrolysis the phosplioamidate bond in tliis compound witli 
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, 
5.00 10.00 l S . 0 0  1 0 . 0 0  1J:W 30:OO IS 

n i n t t e s  

I 
5 .'oo ' 10100 ' 'i5:oo ' ' zo :c~o ' ' 'z5:oO' ' j o : o o  ' ' 'js100 

M!nutss 

Fig. 2. Continued 
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1248 KUZNETSOVA ET AL. 

FIG.3. Electrophoretic analysis of the reaction mixtures after the synthesis of 
modified DNA dumbbells with pyrophosphate (Ia) and substituted 
pyrophosphate (Ib) bonds. 1 and 3 ,  nicked DNA dumbbells (la) and (Ib); 2 and 
4, reaction mixtures after the synthesis of (Ia) and (Ib). For structures see 
FIG. 1; for conditions see MATERIALS AND METHODS. The 32P-1abel was 
introduced into the 5'-end of deoxyoligonucleotides. 

FIG.4. Electrophoretic analysis of the reaction mixtures resulting from the 
0.4 M N-MeIm treatment of DNA dumbbells(Ia), (Ib) and DNA duplex (Ma). 
1 and 3, DNA duplex (IIIa); 2 and 4, the reaction mixtures resulting from the 
treatment of DNA duplex (IIIa) at 5OoC and 37OC; 5 and 8, nicked DNA 
dumbbells (Ia) and (Ib); 6 and 9, DNA dumbbells (Ia) and (Ib); 7 and 10, the 
reaction mixtures resulting from the treatment of DNA dumbbells (Ia) and (Ib) 
at 5 O O C .  For conditions see MATERIALS AND METHOD. The 32P-label was 
introduced into disubstituted phosphate of substituted or nonsubstituted 
pyrophosphate groups of the modified compounds. 
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CHEMICALLY MODIFIED DNA DUMBBELLS 1249 

1 2 3 4  5 

FIG.5. Electrophoretic analysts of the reaction mixtures resulting from 0,5 M 
EDA treatment of DNA dumbbells (Ia) and (Ib). 1 arid 4, nicked DNA 
dumbbells (la) aiid (lb); 2 and 5, DNA duinbbells (la) and (Ib), 3 and 6, the 
reaction iixxtures resulting from the treatnient of (la) and (lb). For conditiotis 
see MATERIALS AND METHODS. 

50% acetic acid for 2 11 at 5OoC. Similar results were obtained for compounds 

(Ila) and (Ilb). The data obtained attest that the substituted pyrophosphate 

group in DNA dumbbells is chemically active and interacts with nucleophilic 

agents in aqueous media at pH 8.0. However its reactivity is less than that of the 

substituted pyrophosphate group incorporated into linear DNA-duplexes arid 

especially than the reactivity of that group incorporated into single-stranded 

oligonucleotides. This may be associated with extra stability of such conipou11d~ 

due to the formation of a dumbbell structure and therefore with less accessibility 

of the disubstituted phosphorus atom for a nucleophilic attack. 

Hence, on the one hand, DNA dumbbells with a substituted 

pyrophosphate group are stable to cell exonucleases and on the other hand, they 

are capable of efficient interacting with nucleophilic agents i n  aqueous media. 

Thus DNA dumbbells with the substituted pyrophosphate group in the site of 

recognition of DNA binding proteins are promising reagents for probing active 

centers of these proteins and for revealing nucleophilic amino acids contacting 
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1250 KUZNETSOVA ET AL. 

directly \I. i t l i  tlie D N A  sugar-pliospliatc backbone. Tliey also iiiay be protiiisitig 

i i 11 1 i1iitoi.s of p rot c I I i factors. Furl I ie 1-1 i i o  re. we t I i i i i  k that 11 Y A du tiib be I Is with 

noiisubstituted p).i-opliospliate groups cat1 be used for probiiig electrostatic 

I> N A- p rot c i t i co i t act s a i  1 d reve a1 i i ig p rot e i 11 frag n i e I i t s i t i t Ii e active ce i i t e r t ti at 

are t-icli i i i  iiucleopliilic aiiiitio acids. 'I'liis suggestion IS based oti the fact that 

ititroductioii of tliis modification itito the DNA sugar-phosphate backbone gives 

rise to extra iiegative charge which i n  turn may lead to  enhanced binding of 

sucli aiialogs to positively charged iiucleophilic aniiiio acids. 

We p1311 to use the modified DNA dunibbells synthesized i t i  this work in 

H N  FI trailscriptioil factor studies. 
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