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The intermolecular hydrogen bonding O---H distance in crys
talline 3 (2.19 A) is also unusually long. Hydrogen-bond angles 
C=O---H and N - H - - -O in the crystalline triamides (127-131° 
and 165-175°, respectively) fall in the ranges commonly observed 
for these structural parameters,4 except for the distinctly nonlinear 
intermolecular N—H—O angle in 3 (142°). The atypical ge
ometry of the intermolecular amide-amide hydrogen bond in 3 
apparently results from an attraction between 0(8) and one of 
the hydrogen atoms on C(IO) of the hydrogen-bonded partner. 
This O---H distance is 2.34 A, significantly smaller than the sum 
of the oxygen and hydrogen van der Waals radii, and within the 
separation range that has been associated with C—H---O hy
drogen bonds in crystal structures.6 

The energetic factors leading to the two different types of 
solid-state triamide conformations are not clear because in a crystal 
lattice (as in the core of a folded protein) one sees only the final 
energetic compromise achieved as many noncovalent interactions 
compete to achieve optimal configurations.7,8 The amide-amide 
hydrogen-bonding patterns vary between the extended and folded 
crystal conformations, but the intermolecular aromatic-aromatic 
interactions resulting from the lattice packing of these two types 
of conformations are similar. Small polycyclic aromatic hydro
carbons generally adopt "herringbone" crystal-packing patterns,9 

and in the crystal lattices of both 2 and 3, the aromatic rings 
congregate in local herringbone arrays with a thickness of two 
aryl moieties (i.e., one face of each aromatic ring engages in an 
aromatic-aromatic interaction). 

The adoption of an extended conformation by 3 in the solid state 
is striking because IR measurements suggest that 3 in dilute 
CH2Cl2 solution (like 2 and 4) exists predominantly in a folded 
form containing the nine-membered-ring hydrogen bond.20,10 

Triamides 2-4 remain largely intramolecularly hydrogen bonded 
in CH3CN; at 10 mM, each triamide shows a major N-H stretch 
absorption at a position similar to that observed for the intra
molecularly hydrogen bonded N-H stretch in CH2Cl2." Tri
amides 2-4 also show a minor shoulder in the range 3360-3390 
cm"1 in CH3CN, which we assign to an amide proton hydrogen 
bonded to solvent nitrile." In DMSO, only a single N-H stretch 
absorption is observed for each triamide. These absorptions are 
> 15 cm"1 below the hydrogen-bonded absorptions observed in 
CH2Cl2 and CH3CN, suggesting that the amide protons are largely 
engaged in N—H---O=SMe2 rather than intramolecular N— 
H- - -O=C hydrogen bonds. 

The nine-membered-ring hydrogen-bonded conformation fa
vored by this family of triamides is related to 0-turn conformations 
commonly observed in peptides and proteins.12 ]8-Turns often 
contain 10-membered-ring amide-amide hydrogen bonds, but the 
average geometry of these intramolecular interactions is poor 
because the conformational preference of the dipeptide segment 
that links the hydrogen-bonding groups constrains the donor proton 
to lie outside the plane of the acceptor amide (defined by the atoms 
N-C=O). 4 The smaller ring size in our triamides allows a more 
planar (i.e., more favorable) hydrogen-bonding arrangement. The 
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intramolecular hydrogen bonding in solution must result from the nine-mem
bered-ring folding pattern. 

(11) In CH3CN, at room temperature, there is no significant intermole
cular hydrogen bonding among dissolved amides at 10 mM: Gellman, S. H.; 
Dado, G. P.; Liang, G.-B.; Adams, B. R. J. Am. Chem. Soc, in press. 
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37. 1. 

malonyh/V-methyl-amino acid subunit therefore represents a 
potential alternative to the natural dipeptide subunit at residues 
/ + 1 and / + 2 of a /3-turn.13 This possibility is particularly 
intriguing in the context of recent efforts to stabilize synthetic 
proteins through the incorporation of unnatural "template" sub
structures.14 

The amide-amide hydrogen-bonding patterns manifested by 
1-4 in the solid state provide an interesting test of the rules for 
hydrogen bonding in organic compounds recently proposed by 
Etter,la because these triamides have greater conformational 
freedom than many of the examples discussed by Etter. Amide 
carbonyl-amide proton pairing is maximized in all four cases, in 
accord with Etter's predictive guidelines. However, 1 represents 
an exception to Etter's second general rule ("six-membered-ring 
intramolecular hydrogen bonds form in preference to intermole
cular hydrogen bonds"), since in this case a nine-membered ring 
and an intermolecular hydrogen bond are formed instead of a 
six-membered ring plus a second inter- or intramolecular hydrogen 
bond. Our earlier study of 1 in methylene chloride indicated that 
conformations involving the six-membered-ring hydrogen bond 
predominate at room temperature in solution, but give way to the 
more enthalpically favorable nine-membered-ring folding pattern 
at lower temperatures.20 

Our results indicate that the common triamide core of com
pounds 1-4 inherently favors a folding pattern containing a 
nine-membered-ring hydrogen bond, but that this intramolecular 
hydrogen bond is subject to disruption by environmental factors. 
The different packing patterns manifested among 2-4 suggest that 
it may be difficult to predict the structure-directing effects of 
hydrogen bonds formed by conformationally flexible molecules 
in crystals and other highly ordered states. This point is important 
in the context of current efforts to use hydrogen-bonding inter
actions to control supramolecular architecture in solids, liquid 
crystals, and large aggregates.15 
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In this communication we describe the synthesis, purification, 
NMR spectra, and structure of a dithiophosphate analogue of an 
oligonucleotide. Oligonucleotides and various analogues of oli
gonucleotides have been shown to exhibit antiviral activity. Thus 
addition of complementary "antisense" oligodeoxynucleotides to 
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cells in culture has been found to specifically inhibit expression 
of a number of genes (RSV, globin, VSV, HSVl, and c-myc, as 
well as HIV genes).1"5 Recent interest in the application of 
dithiophosphate oligonucleotides as antisense analogues has re
sulted in the development of thiophosphite triester,6"9 H-
phosphothioate,10 and phosphoranilidate" synthetic schemes. In 
contrast to the parent oligonucleotides, the dithiophosphate 
analogues have been shown to be nuclease resistant and appear 
to be even more effective as antiviral agents than the normal 
antisense oligonucleotide or the monothio analogue.12 However, 
no information is available on the structural perturbations created 
by the phosphorodithioate moiety in oligonucleotides. 

We report the first complete assignment of the 1H NMR 
spectrum of a dithioate analogue, the decamer d(CGCTpS2~ 
TpS2

-AAGCG) (pS2~ represents a phosphorodithioate replacing 
the 3'-thymidine phosphate). A preliminary model of the modified 
oligonucleotide has been determined in solution by using restrained 
molecular mechanics. In contrast to the parent phosphoryl de
camer, the dithiophosphate analogue exists as a hairpin loop in 
solution. 

Synthesis at the 10-Mmol level and purification of the dithio
phosphate decamer analogue of d(CGCTTAAGCG) possessing 
two dithiophosphate linkages in the two 3'-thymidine positions 
followed a manual modification'3"" of the solid phase support 
methodology7'16 using either deoxynucleoside 3'-0-(methyl 
phosphoramidites) (from Beckman) or deoxythymidine 3'-S-
(2,4-dichlorobenzyl) dimethylthiophosphoramidite. The thio-
phosphoramidite was synthesized as reported in ref 7. We have 
found that increased yields of the purified thiophosphoramidite 
syntheses are obtained by running the reactions and flash chro
matography column purification in an inert atmosphere dry box 
(similar improvement is found for the solid phase synthesis of the 
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hydroxide. The oligonucleotides were purified by C-18 reverse-phase HPLC 
with an acetonitrile/triethylammonium acetate (TEAA) gradient on a sem-
iprep Econosil Cl8 (Alltech) column. The TEAA buffer was a 0.1 M solution 
at pH 7.2. The sample was detritylated with 75% acetic acid for 10 min at 
room temperature followed by extraction with ether (five times). The decamer 
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was dissolved in a total volume of 600 nL of 99.96% D2O. The dithio-
phosphoryl analogue has been prepared in comparable yield to the parent 
decamer. 

(16) McBride, L. J.; Caruthers, M. H. Tetrahedron Lett. 1983, 24, 245. 

F2 
Cppnr* 

^ Q -

« b 

Gt H8 /CT H5 

» -
G2HS/C3H5 

O 

6.3 5.9 S.4 

Fl (ppm) 

Figure 1. Pure absorption phase 300-ms 'H/'H NOESY NMR spec
trum of duplex dithiophosphate decamer at 600 MHz, low salt, pH 5.2, 
ambient temperature, showing the base H8/H6 and deoxyribose Hl' 
region and the sequential connectivity. 

oligonucleotide analogue). The large downfield 31P shift (ca. 110 
ppm) of the dithiophosphate groups relative to the phosphate 
moiety (ca. -4 ppm) provides a convenient monitor of the success 
of the dithiophosphate analogue synthesis. The two dithio-
phosphoryl substitutions into the decamer show reduction in the 
number of phosphoryl-oligonucleotide signals with replacement 
by two new dithiophosphoryl signals at 111.2 and 109.8 ppm. 

The proton spectrum of the dithiophosphate decamer analogue 
(5 mM single strand) in 100 mM KCl, 25 mM phosphate, pH 
6.8 or 5.2 and ambient temperature, was assigned through analysis 
of two-dimensional TOCSY and NOESY spectra following the 
sequential assignment methodology.17"21 The 300-ms NOESY 
spectrum of the base to Hl' region illustrates the sequential 
assignments of each base proton (Figure 1; additional spectra not 
shown are available upon request to the authors). The base to 
Hl' connectivity along the entire backbone from Cl to GlO is 
clearly observed in the NOESY connectivity with interruption 
only for a missing T4 Hl'-T5 H6 cross peak. These assignments 
were confirmed in the base to H2'/H2" region. T5 H6 shows 
only cross peaks to its own methyl group and H2'/H2" protons 
and very weak (or absent) cross peaks to protons on neighboring 
nucleosides. Further nearly complete assignment of the spectrum 
through the sequential methodology was straightforward. 

A striking feature of the base to Hl' NOESY spectrum (Figure 
1) is the observed connectivity between A6 H8 and T4 Hl'. This 
type of connectivity does not exist in regular A or B DNA where 
the distance between bases i and i + 2 is too large. This con
nectivity clearly indicates an unusual structure that would place 
A6 H8 in close proximity to T4 Hl'. Recall also that T5 H5 had 
very few NOESY connectivities to its neighbors. These obser
vations are consistent with a structure in which the base of T5 
loops out in a possible single-strand hairpin loop or bulged duplex. 
In addition a NOESY spectrum in water shows only two peaks 
(ratio 1:2) at 13 ppm, suggesting that only C-G base pairs are 
present. 

The distances derived from the NOESY spectrum were used 
to model a structure for the decamer. The AMBER322 molecular 
mechanics/dynamics program was used for energy minimization 
of a model-built hairpin-loop decamer. A total of 100 NOESY 
distance constraints were then incorporated into the AMBER po-

(17) Scheek, R. M.; Boelens, R.; Russo, N.; Van Boom, J. H.; Kaptein, 
R. Biochemistry 1984, 23, 1371-1376. 
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mun. 1984, //9,663-670. 
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chemistry 1987, 26, 3817-3821. 

(22) Weiner, P. K.; Kollman, P. A. J. Comput. Chem. 1981, 2, 287-303. 
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Figure 2. Stereoview of the dithiophosphate decamer hairpin loop, refined by using NOESY distance-restrained molecular mechanics. The van der 
Waals surface of the sulfurs is shown as is the NOESY connectivity between the A6 H8 and T4 H l ' protons (dashed line). 

tential energy force field through addition of a flat-well poten
tial,23'24 and the structure was reminimized. Figure 2 shows the 
preliminary model derived from NOESY distance-restrained 
minimization. Refinement of the structure using restrained 
molecular dynamics and a relaxation matrix program (MORASS: 
multiple overhauser relaxation analysis and simulation25'26) to 
calculate volume and rate matrices as well as implement the hybrid 
matrix methodology is in progress.24,27"29 Partial refinement of 
the NOESY distance-constrained hairpin-loop model has reduced 
the RMS error between the theoretical and experimental NOESY 
volumes to ca. 60-90%. 

Thus, in contrast to the parent decamer sequence,30 which has 
been shown to exist entirely in the duplex B-DNA conformation 
under comparable conditions (100 mM KCl, 5 mM strand con
centration), the dithiophosphate analogue forms a hairpin. Po-
lyacrylamide gel electrophoresis shows that the dithiophosphate 
analogue runs faster than the parent duplex, thus consistent with 
the hairpin loop for the former. These results, as well as a com
parison of the calculated correlation times from the MORASS 
analysis (TC of 1.8 ns for the dithiophosphate decamer vs 3.0 ns 
for the unmodified decame*30), clearly rule out the bulge or 
base-paired duplex forms. However, at higher salt concentrations 

(200 mM), four 31P signals for the dithiophosphoryl groups of 
the dithiophosphate analogue are observed. The additional pair 
of 31P dithiophosphate signals at 108.6 and 108.2 ppm suggests 
that the dithiophosphate analogue forms a 1:2 mixture of duplex 
and hairpin-loop forms. This has been confirmed by analysis of 
the 'H 2D NMR spectra of the mixture, which clearly shows the 
expected connectivity and chemical shifts for both duplex and 
hairpin (Piotto and Granger, unpublished). 

The destabilization of the duplex form for the dithiophosphate 
is possibly attributable to unfavorable dithiophosphate electrostatic 
repulsion in the duplex form. In the hairpin the thymidine di-
thiophosphates do not interact with an adjacent phosphate group 
across the major and minor grooves. The P-S bond length is ca. 
0.5 A longer than the phosphoryl P-O bond length (based upon 
ab initio calculations with a 3/21G basis set; D. G. Gorenstein, 
unpublished), and the larger van der Waals radius for sulfur (see 
Figure 2) are presumably responsible for the increased electrostatic 
destabilization of the duplex form. 

These results demonstrate the importance of electrostatic in
teractions in the relative stabilization of duplex and hairpin DNA. 
It also raises potential implications for design of monothio-
phosphate and dithiophosphate antisense analogues. 
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