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NMR INVESTIGATIONS OF THE SOLUTION CONFORMATIONS OF 
DEOXYNUCLEOTIDYL (3  -5 ) ARABINONUCLEOSIDES 

S .  H. Graya'', C. F .  Ainsworth,b C. L. Bell,a 

b 
S.  S .  Danyluk,b and M. MacCoss 

a Department of Medicinal Chemistry and Pharmacognosy, 
College of Pharmacy, Health Sciences Center, 

University of Illinois at Chicago, 
Chicago, Illinois 60680, and 

bDivision of Biological and Medical Research, 
Argonne National Laboratory, 

Argonne, I11 inois 60439 

Abstract: The solution conformations of all eight 

deoxynucleotidyl(3'-5')arabinonucleosides containing 

9-B-Q-arabinofuranosyladenine and 1-B-Q-arabinonfuranosyl- 

cytosine have been analyzed by NMR methods and compared to 
dinucleoside monophosphates containing the corresponding 

deoxyriboside units. 

The detailed molecular mechanism of action of  the inhibition 

of  DNA polymerase by the triphosphates of the arabinonucleosides, 

1-~-D_-arabinofuranosylcy tos ine  (AraC) and 9-B-g-arabinofurano- 

syladenine (AraA) , remains to be elucidated*-*. One 

po s s i b le me c hani sm4 -6 invo lve s inco rpo rat ion o f the 

arabinonucleotide into the 3' terminus of a growing DNA chain, 

providing a poor primer for the incoming deoxynucleoside 

triphosphate and therefore slowing chain growth. This study 

describes the solution conformations of all eight possible 
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48 2 GRAY ET A L .  

dXparaAi'.- and dXparaC" dinucleoside monophosphates and compares 

their conformations with those of the corresponding dXpdA9; 

(or dC) dimers. The arabino-containing dimers can be considered 

as the simplest models of a DNA chain after terminal arabino- 
nucleotide incorporation. Evaluation of the solution 

conformation of these dimers could give valuable insight into 

how the arabinonucleotides inhibit DNA polymerases. 

1 The H-NMR parameters obtained from the computer 

simulated spectra are shown in Tables 1 and 2 .  As an example, 

Figure 1 shows the spectral simulations for dAparaA. Based on these 

data, a pseudorotational analysis of  the deoxynucleotidyl 

fragment of each dimer was performed with methods developed by 

Lee et al.' and Ezra et a1.'. 

3E-type conformers in the dX portion of the dXparaA (or araC) 

dimers was calculated. The results, listed in Table 3 ,  

indicate that 3E populations range from 26-42%) distinctly 

higher, in all cases except for dGparaC, than the 

corresponding fragment of the dXpdA (and dC) dimersg. 

largest increase in the 3E population occurred in the dimers 

that contained dC as the 3'-nucleotidyl unit: a 27% change 

(33% to 42%) for the transition from dCpdC to dCparaC and a 

36% change (28% to 38%) for the transition from dCpdA to 

dCparaA. Interestingly, the smallest increases were observed 

when purine was the 3'-nucleotidyl unit, implying that the 

conformational changes may well be sequence dependent. In all 

cases, except Tp-containing dimers, the % 3E of the dX portion 

increased upon dimerization, consistent with previous data on 

deoxydinucleoside mono phosphate^^ and ribodinucleoside 
monophosphates'. 

The percentage population of 

The 

$;Abbreviations f o r  dinucleoside monophosphates follow IUPAC-IUB 

guidelines. 
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DEOXYNUCLEOTIDYL(3'-5')ARABINONLJCLEOSIDES 485 

Full spectrum in D20 

Spectral expansion 

31P-decoupled spectrum 

(I > A V L  

Simulated 
I 

4, I , , , , I , , , , I , , , , I , , ), L 
5.0 4.9 4.8 4.1 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 PPM 

A similar analysis of the arabinosyl portion of each 

dimer is not straightforward because of the configurational 

differences of the arabinose sugar and the electronegativity 

effects of the Z'-hydro~yl~~-~~'~'. 

that 52'3' for the arabino portion of  the dXparaA (or araC) 

dimers is much greater than the corresponding 52'3' for the 
3'-terminus of the dXpdA (or dC) dimers with the differences 

ranging from 1.1 Hz (a 24% increase) f o r  dAparaC to 3 . 2  Hz 

(a 78% increase) for dGparaA. These differences are greater 

However, Table 2 indicates 
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486 GRAY ET AL. 

TABLE 3. STACKING PROPERTIES OF THE 
DEOXYNUCLEOTIDYL(3'-5')ARABINONUCLEOSIDES IN SOLUTION 

a b 3E Deoxyribose Ring Backbone 

Nuc leo t ide  (X3E)' D i m e r  Monomerd Ke en  %u+ %Bt BPH 

TparaC Tp- (27) 31 33 0.44 61 -- +40° 
64 72 --- -paraC -- ---- 

TparaA Tp- (24) 28 33 0.38 63 -- +44* 

dAparaC dAp- (26) 27 23 0.37 73 -- +47O 

80 78 --- -paraA -- ---- 

71 72 --- -paraC -- ---- 

dAparaA dAp- (22) 26 23 0.35  76 -- 549 O ---- 93 89 --- -paraA -- 

dCparaC dCp- (33) 42 35 0.72 62 -- +42O 
69 75 --- -paraC -- ---- 

dCparaA dCp- (28) 38 35 0.61 64 -- +43O 
89 82 --- -- - -__ -paraA 

dGparaCf dGp- (31) 28 26 0.39 56 -- +45O 
75 74 --- -paraC -- ---- 

aComputer by u s i n g  J 1 ' 2 '  + J314' = 10.8 Hz f o r  3 ' - n u c l e o t i d y l  u n i t  
bRotomer e q u a t i o n s  used:  y+ = [13.7 - (54'5' + J4'5")]/9.7; 

I n  t h i s  pape r  t h e  a-t n o t a t i o n  f o r  backbone t o r s i o n  a n g l e s  i s  u s e d l l .  

t $ = [ 2 5  - ( 5 ' P  + 5"P) ] /20 .8  

The u s u a l  Klyne-Prelog conven t ion  f o r  t o r s i o n  a n g l e  n o t a t i o n  i s  adherc 
to a 1 s o . l 2  
BPH r e f e r s  t o  t h e  d i h e d r a l  a n g l e  
P-O3'-C3'-H3' and i s  c a l c u l a t e d  a s  i n  R e f .  9. 
C F i g u r e s  i n  p a r e n t h e s e s  a r e  t h e  X3E f o r  t h e  dX p o r t i o n  of  t h e  

co r re spond ing  dXpdA ( o r  dC) d i m e r s ,  t a k e n  from R e f .  9. 

K = 2Ez3E,  X,/X = Keq 
dData t a k e n  from Ref .  9 .  e 

eq 

fData  f o r  dGparaA n o t  shown; spectrum was n o t  s i m u l a t e d .  
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DEOXYNUCLEOTIDYL(3'-5')ARABINONUCLEOSIDES 48 7 

than those expected for electronegativity changes alone. Such 

increases in J2'3' are consistent, qualitatively, with a 

greater value of 3E for the arabino portion of  the dXparaA 

(or araC) dimers than for corresponding dXpdA (or dC) dimers. 

Such increases in % 3E values in dimers have been associated 

with increases in the amount of base stackingg'18, although 

Doornbos et a1.17 has shown that in oligomers containing araA 

alone, "mixed-stacked states" (stacks containing some 

combination of  N-type (3E) and S-type (2E) sugar puckers), are 
common. 

The dXparaA (or araC) dimers exhibited an average OPH 
value of f44O (Table 3 ) ,  somewhat higher than that found for 

the corresponding dXpdA (or dC) dimersg. This indicates that 

the intranucleotidyl phosphate backbone conformation is more 

loosely held in the araA- or araC- containing dimers. 

Furthermore, the $y bonds showed conformational proclivities 
L 

for P L Y i  domains, indicating that significant stacking 

interactions occur in the araA-containing dimers. The 

lower values for the corresponding araC-containing dimers 

indicated less stacking interaction while retaining a clear 

preference for N-type sugar pucker17. 

Examination of the chemical shift differences between the 

sugar protons of the dX portion of the dXparaA (or araC) 
dimers and those of the corresponding dXpdA (or dC) dimers 

(see Table 1 )  reveals interesting trends. In particular, the 

dXparaA dimers show large downfield shifts (0 .08  to 0.47 ppm) 

for H2' and H2" of the dX portion relative to the 
corresponding resonances in the dXpdA series, while the shift 

changes for the other protons are small. To examine this 

observation more closely, the 'H-NMR spectra of the dimer 
dAparaA was examined over a range of temperatures and 

concentrations and the shift of H2' of the dA portion was 
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488 GRAY ET A L .  

carefully monitored. As the temperature increased to about 

4OoC the resonance moved upfield. Above 4OoC the shift was 

reversed, and a downfield trend was observed. These data are in 

contrast to the other resonances in the molecule (and the 

trend usually seen €or most dimers and trimers1"'lg), which show a 

downfield trend as the temperature is increased. 

Consideration of  all of  these facts led to the conclusion that 

the conformational equilibrium in the dXparaA (or araC) dimers 

is perturbed from that usually associated with the 

corresponding dXpdA (or dC) dimers. This perturbation may be 

due (i) to an increased contribution of the "loop-stack" (see 

Ref. 16 for a description of this conformational possibility, 

designated stack I1 in Ref. 16, which would place the 

2'-hydroxyl of the arabinose moiety in close proximity to the 

H 2 '  and H2" of the dX moiety and could account for the 

selective deshielding of these resonances); (ii) to increased 

contributions of other, less-stacked conformational forms, or 

(iii) to a combination of "mixed-stacked states"17. An 

unequivocal resolution of this structural problem awaits a 

detailed pseudorotational analysis of the arabino portion of-' 

the dimers13-14 and a complementary CD study of the type 

described by Altona and co-~orkers~~-~~'~'. 

outside the scope of this work, but the observation is 

significant: a change in the normal conformational properties 

of a growing DNA chain would undoubtedly lead to a slowing of 
chain elongation upon the addition of an arabinoside at the 

3'-terminus. Whether such changes would occur on the enzyme 

surface is open to conjecture, but the general observations 

detailed herein are consistent with the biochemical 

observations '6. 

Such a study was 

EXPERIMENTAL SECTION 

Synthesis of all eight dXparaA and dXparaC dimers 

. lH-NMR spectra were has been reported elsewhere10'20'21 
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recorded in the Fourier Transform mode on a Varian HR-220 

spectrometer equipped with a Nicolet FT accessory and a 20K 
data system. Unless otherwise stated, spectra were measured 

on samples with a concentration of 0.01-0.015 M at 20fZ°C, and 

chemical shifts are reported relative to sodium-3-(trimethylsilyl)- 

proprionate-2,2,3,3-d4 (TSP). Computer simulation of the 

spectra was achieved by using a Nicolet 1090 computer and the 

ITRCAL simulation programs giving accuracies of  k0.1 Hz for 

coupling constants and 20.005 ppm for chemical shifts. 
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