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ABSTRACT

Recent studies on uniformly modified oligonucleotides
containing 3 '-NHP(O)(0O)0-5' internucleoside linkages
(3' amidate) and alternatively modified oligonucleotides
containing 3 '-O(0O)(O)PNH-5' internucleoside linkages
(5' amidate) have shown that 3 ' amidate duplexes,
formed with DNA or RNA complementary strands, are
more stable in water than those of the corresponding
phosphodiesters. In contrast, 5 ' amidates do not form
duplexes at all. There is no steric reason that the 5 '
amidate duplex should not form. We demonstrate that
these differences arise from differential solvation of
the sugar—phosphate backbones. By molecular
dynamics calculations on models of 10mer single-
stranded DNA and double-stranded DNA—-RNA mole-
cules, both with and without the phosphoramidate
backbone modifications, we show that the single-
stranded 3 ' amidate and 5' amidate backbones are
equally well solvated, but the 5 ' amidate backbone is
not adequately solvated in an A-form duplex. These
results are supported by quantum chemical free
energy of solvation calculations which show that the 3 '
amidate backbone is favored relative tothe 5 ' amidate
backbone.

INTRODUCTION

the single-stranded state, but tiBNA backbone is inadequately
solvated in a DNA-RNA A-form duplex. Hence, there should be
a solvation free energy penalty to fornian®NA—-RNA duplex
compared to a'BnDNA-RNA duplex.

Both the unmodified and the phosphoramidate-modified
oligonucleotide backbones contain hydrophilic moieties which
try to maintain contact with the solve8}.(For example, both the
3 and 5 oxygen of the unmodified backbone are expected to be
hydrogen bonded to water in both the single-stranded and double-
stranded forms. When an amino group (NH) is substituted for
either the 3or 5 oxygen, it would be energetically favorable for
both the nitrogen and the hydrogen to be solvated. As will be
demonstrated below, a solvent accessible surface area calculatior
suggests that solvation of thé &mide cannot occur in d 5
pnDNA-RNA duplex. This means that formation of tHe 5
amidate duplex entails the loss of favorable solvent interactions,
and for this reason duplex formation should be energetically
unfavorable.

By molecular dynamics calculations on models of 10mer
single-stranded DNA and double-stranded DNA-RNA com-
plexes, both with and without the backbone modifications, we
will show that the backbone solvation-hypothesis is correct.
These results will be further supported by quantum chemical
solvation free energy calculations.

MATERIALS AND METHODS

Several single-stranded (ss) DNA and double-stranded (ds)

Synthetic oligonucleotides have recently attracted consideraidNA—RNA oligomers were simulated using molecular dynamics

interest for their therapeutic and diagnostic potential. Rece(¥iD). Three 10 bp DNA-RNA duplexes-pBDNA-RNA,
studies (12) have focused on uniformly modified oligonucleotides5’pnDNA-RNA and an unodified phosphodiester pair DNA—
containing 3NHP(O)(0O)0-5 internucleoside linkages, where RNA, all with the sequence [d(TTTTTTTTTT)]—were built in the
NH is substituted for O in the Position along the backbone, canonical A-form using the program QUANTA4.0/ CHARMmM22
henceforth referred to as @nidate or PnDNA; and modified (4). These were phosphate terminated at then8ls. Three
oligonucleotides containing-8(0O")(O)PNH-8 internucleoside single-stranded DNA molecules were built exactly like the duplexes,
linkages, where NH is substituted for O in thedsition, called except that the complementary RNA strand was discarded. The
5 amidate or NDNA. These studies have shown thatphosphoramidate groups have not been parameterized for the
3'pnDNA-RNA duplexes are more stable in water than thoS8HARMmM22 force field; instead we used the default choices that
formed by the corresponding phosphodiester duplexes, bQIJANTA4.0 provided for the bonded interactions, which
5'pnDNA-RNA duplexes fail to form2]. There is no apparent assigned the nitrogen atom type NT (sp3 nitrogen) and the
steric reason that theépBDNA duplex should not form. We phosphorous type PO3 (sp3 phosphorous). The resulting P—N
hypothesize that these differences arise from differential solvationlménd length of 1.67 A is in close agreement with the average value
the alternative backbones. More precisely, we suggest that thie1.662 A for N-P bonds in the Cambridge Crystalographic
3'pnDNA and 5nDNA backbones are equally well solvated indatabase5). Analysis of this bond length during the dynamics
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Figure 1. The sugar—phosphat&8 (left), 3pn (middle) and native (right) linkages which form the backbone of the DNA molecules. These structures have beer
geometry-optimized in the gas phase by quantum chemistry while constraining two bond-vectors (indicated by arrows) as occurred after 40 ps of molecular dynz
simulation.

reveals a slightly shorter average length of £.635 A. Allthe  three simulations we employed larger spheres of 2500 water
partial charges are the default CHARMm22 charges expect forolecules with a weaker retaining force of 4 kcaif55.2 A,
the backbone N—H moiety where we assigned —0.56 and 0.1 chéfigea total number dfB200 atoms. The MD simulations provide
units to the N and H respectively. The net charge on the N-H @fcords of all the atomic coordinates over a sampling period of
—0.46 is thus identical to the charge on thé @& O3 We 120 ps. In this investigation our trajectories have been collected
confirmed heavy atom relative charges in the phosphoramid@ring dynamics where the number of atoms, the total volume
group by comparison with the Natural Atomic Orbital Populatiomnd the temperature have been held constant (NVT ensemble).
analysis of the gas phase Hartree—Fock wave function (see beloufier the initial construction and minimization the simulations
The MD partial charges are roughly half the values predicted Ryere carried out in the following steps.
theab initio calculation. . 1. With the oligomer (ss or ds) held fixed the water was heated
Using the program X-PLORE), a sphere of radius 48 A of anq cooled twice from 20 to 300 K over equal intervals totaling
TIP3P (7) water molecules was added within 2.6 A of the solutg ps. This reduces equilibration times for the whole systém (
oligomer molecules. In all we built six molecular systems, three 5 \with no atoms held fixed, 400 steps of conjugate gradient
with DNA-RNA duplexes and three with single-stranded DNA,inimization were applied and heating from 0 to 300 K was

all at the center of a sphere of water molecules. Each total systgm .\ niished by periodicallv rescaling the velocities over a period
consisted of 6150 atoms, includingl 750 water molecules. The f 10 pgl y periodicaly "9 velocties ov pert

original water density was maintained by applying a 49.2 R3a. Double-stranded oligomers: 120 ps NVT dynamics.

repulsive spherical shell having a harmonic force constant of . : X : .
20 kcal/&. (This has turned out to be stronger than necessary; th%t)"ﬁér;%'ﬁgsg?g?ﬁ?eogggfnrs{o4g§§ E\ggg ggrglgsé écr)illc())(\j/v edby:

edge of the droplet remaifiB.5 A from the shell due to surface i Cooling of entir tem to 300 K over 20 riod
tension.) The SETTLE algorithn8)(was used to maintain the () 0oling ot entire system to ove pS period.
(iii) 120 ps NVT dynamics.

internal equilibrium of each water molecule for improved ener ; . . . .
conserva’fi]on P g;Il'he simulated annealing steps (i) and (i) move the single-stranded

Since each phosphate group along the backbone carrieD¥A rapidly away from the strained helical form and into an
formal charge of —1, each oligomer had a net chargewhere ~ €duilibrium (melted’) configuration. L
n is the number of bases in each case. For the six systeméll molecular dynamics and energy minimizations were
described above, counter-ions were not included because tt&ried out by the CCEMD prograrti(13) which employs the
require a long equilibration time in the presence of explicit watdt@rameters and force fields used in the CHARMm22 program
(more than 50 ps)9), and a comparative study done in theand associated RTF topc_JIogy flleﬂx. AIong 12Aelectrostat_|c
absence of explicit water found that inclusion of counter-ions digHtoff for all atoms was included via a shifted-force potential as
not significantly alter the resulting DNA structural properties oflescribed elsewher&g16), according to a recent implementa-
timescales <100 p4(@). To test our assumption that on a 100 pdion (17). This avoids the artifact of local heating where the cutoff
timescale counter-ions will not affect the essential behavior of tiegcurs. The dynamics are accomplished by Verlet integration
water vis-a-vis the DNA—but may in fact may give rise towith time steps of 1.0 fs. All analyses of the dynamics are
non-equilibrium behavior of the DNA—we also simulated a 10meaveraged over three 40 ps consecutive trajectories, i.e., a total of
duplex of BpnDNA-RNA, a 10mer of unmodified phosphodiester1200 structures. The simulatiomith counter-ions were run for an
DNA-RNA, and a single-strande¢pBDNA 10mer. For these additional 40 ps.
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Figure 2.Canonical A-form DNA-RNA, where the complementary RNA strand is not shown. lptheI8A strand (left) the'3N atoms (blue) along the backbone
are visibly exposed and accessible to the surrounding solvent. In contra$t,atends along the backbone of th@EDNA strand (right) are unexposed to the solvent.
The arrows indicate several backbone nitrogens.

Figure 3. Melted DNA strands in the absence of a complementary strand. Nredins (blue) along the backbone of tiE®NA strand (right) are now visibly
exposed to the surrounding solvent, as are'thbaBoms of the 'pn DNA strand (left). The arrows indicate several backbone nitrogens.

Solvation energy phase’ energy was calculated with a polarizable continuum solvent
model (PCM) coupled to the Hartree—Fock/6-31G* wave function,
The actual free energy of solvation cannot be reliably calculate@ing the Gaussian 94 ‘scrf=SCIPCM’option. In the PCM model,
from the MD calculations because of inaccuracies in the empiriafle solvent is treated as an unstructured continuum outside the
force fields and the large fluctuations in the total energy of theolvent-accessible surface of the solute and is characterized only by
system. Althoughb initio quantum chemical calculations cannot beits dielectric constant which is 78.5 for water #t@5Although the
applied to the full DNA oligomers used in the MD simulationsPCM models are too simple to predict absolute solvations with high
representative fragments of the oligomers can be studiedalisingaccuracy, relative PCM solvation energies can be accurate to within
initio methods. To this end, using structures from the 40 ps time sigfkilocalorie per mole for similar solutes.
of the MD simulations for each of the three DNA-RNA oligomers
(phosphodiester,'&midate and "samidate), we excised a small regyLTS
segment of the DNA strand that includes two adjacent bases and the
backbone atoms linking them. We then replaced the pendant baSpace-filled models of the canonical forms of timBNA-RNA
with a hydrogen to yield 32 atom (diester) or 33 atom (amidatend SpnDNA—-RNA duplexes are shown in Figu?e These
fragments (Figl), which are small enough to permit the applicatiorstructures are the A-form for DNA—RNA duplexes. The comple-
of accurateb initio quantum chemical methods. In order to providenentary phosphodiester RNA strand has been removed for better
meaningful relative energies, these structures must be minimizééwing of the modified DNA strand. Although theN8 atoms
within the quantum chemical framework to remove any large forcéblue) are quite exposed along the backbone, tNeafoms are
in the MD structures. Since a full minimization would lose alldeeply buried in a chasm formed by the sugars, the phosphates
conformational constraints imposed by the double helix, wand the bases. Thé&8 atoms become exposed to the solvent,
constrained the bond vectors linking thead 4 carbons on the however, when the single-stranded oligomer has been allowed to
deoxyribose groups to have the same relative positions aodme to equilibrium with the solvent. FiguBeshows a space-
directions as in the original MD configuration. (Constrained bondlled model of the ‘melted’ single strands after 40 ps of dynamics
vectors indicated with black arrows in Flg) [during stage 3b (i) above]. The increased flexibility of the
With the constraints just described, the three structures westigomer #iows more favorable electrostatic interactions between
optimized at the Hartree—Fock level of theory using a 4-31G* badise solvent and thé-Bl atoms.
set. All calculations were performed with Gaussian 94. At theseThese observations concur with direct measurements of the
optimized structures, the ‘gas-phase’ energies were calculated usitgmic solvent accessible surface (SAS) areas. In FHpwre
Hartree—Fock with a larger 6-31G* basis set and the ‘aqueoysesent SAS results for the first 40 structures obtained at 1 ps
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Figure 4. The total solvent accessible surface aré ¢hthe nine nitrogens (N) for @nd 5 single-stranded (ss) and double-stranded (ds) amidates over the first
40 ps of MD simulation. The average values for a single nitrogen are in parenthegpin(théllegend.
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Figure 5.Unnormalized radial distributioggr) of water protons around the phosphodiester oxygens and phosphoramidate nitrogens. Distributions are averaged ov
all nine linkages and averaged over 1200 different conformations in the course of a 120 ps free dynamics simulation.

intervals from each trajectory. The average solvent-exposed afsssuming the amidate substitution affects only the backbone—
for a single ds '8N is only 0.3 & while the solvent accessible solvent interaction, the differential free energy of solvation for the
surface areas for the other amino nitrogens are a factor of 10 higldercamer will be in the order of 20 kcal/mol. The phosphodiester
In Tablel we present the results from the quantum chemicddackbone fragment has a solvation energy 0.8 kcal/mol greater
calculations on the amidate and phosphodiester linkages shotluan the nDNA fragment. It should be understood, however,
in Figurel. The 3pnDNA fragment has a 2 kcal/mol lower (morethat a 1.0 cal/mol predicted solvation energy difference is close
negative) free energy of solvation than thmnBNA fragment. to the expected resolution of the simple PCM solvation model.
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Figure 6. Unnormalized radial distributiongr) of water protons around the phosphoramidate nitrogens as in Figure 5.

Table 1. Quantum chemical calculations on the oligonucleotide fragments  conjectures. First, that thé @&d 5 amidate DNA single-strand

shown in Figure 1 oligomers are equally well-solvated; and second, that there are
: differences in the solvent-backbone interactions in than@
Aqueous Gas phase  Solv. energy Relative 5'DNA-RNA duplexes.
HF/6-31G*  HF/6-31G*  (ag.—gas)  solv. energy Molecular dynamics simulations of the single-stranded pnDNA
[Hartrees]  [Hartrees]  [kcalimol]  [kcal/mol] oligomers confirm the first of these two conjectures. The

structures in Figur2 and the SAS results for the amidate atoms

Native DNA —1140.222491 —1140.133878 —-55.61 0.0 . e . , e
atve show that, in their dissociated forms, both amidate-modified
3pnDNA  -1120.382294 -1120.294958-54.80 0.81 backbones have comparable solvent-exposed phosphoramidate
5pn DNA  —1120.384490 —1120.300668 —52.60 3.01 groups. Furthermore, the calculated radial distribution functions

for water molecules around the amidates show similar degrees of

A precise description of the solvation-backbone interaction C%{Vﬂtﬁ;—tzﬂlgzif:;yddg?%%%ggn(d':l%g); in the dissociated forms  of

be obtained from radial distribution functiog&) of the water In the duplex forms, however, this hydration symmetry

molecules in the vicinity of the relevant backbone atoms. IHisappears. The structures in Figeiend the SAS results for the

Dot prlons Il L e SACoge o show it n the dplx frms, e e i
computed from 1200 structures, obtained at 0.1 ps intervals in tﬁ kbones have very different solvent-exposed phosphoramidate

; , : i gn%ups. The SAS of thé Bitrogen is 10 times less than that of the
simulations of the six DNA and DNA-RNA complexes. The, ounterpart (Figh). The radial distribution functions presented

corresponding coordination numbers have also been comput?é . . ;
from the same simulations by counting the average number |8;%|gure6 show that the density of water protons around'thé 3

water protons within a 2.5 A radius of the chosen backboridoks very similar to those in the dissociated state, but there are
atoms. The 20. 5-O and 3N atoms all have coordination ©NlY 60% of the water protons around tHeN5 indicating its
numbers of 1.0 in both the ss and ds forms. while the 5 lower hydration. Thus, the MD simulations afubile-stranded

coordination numbers are 1.1 and 0.63 for the ss and ds forrﬂQ_PNA oligomers confirm our second conjecture.
respectively. In Figuréwe preseng(r) of water protons around he presence of sodium counter-ions does not change these

the 3-N and O5 atoms in the presence and absence of sodiufgSUltS, as can be observed in Figirdhe basic result, that
counter-ions. solvation of the BN increase is markedly stronger in the single-

stranded form remains unaltered, even though there is somewhat
DISCUSSION less sol\_/ation in bqth f_orms in the pregence.of counter-ions. We
emphasize that this differential solvation arises from the gross
We have hypothesized that the observed differences in hefituctural constraints of the A-forn+ 2ind 5pnDNA, and does
stabilities in the 3and 5 amidates are caused by differences imot depend on detailed structural or electronic differences
solvent—backbone interactions. The hypothesis depends on thetween the two forms. Hence, this result is expected to be robust
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Figure 7. Unnormalized radial distributiorgr) of water protons around th&h nitrogens and O%f the native DNA in the presence and absence dfidve.
Distributions are averaged from 160 ps trajectories for the simulations includimngnisia

to minor improvements in the parameterization of the moleculad
dynamics force field. 4

This study provides an interesting example of how a subtle
intermolecular effect—the differential solvation of a relatively small 5

Saenger,W. (1984#)rinciples of Nucleic Acid Structur8pringer—\Verlag,
New York,368.

Molecular Simulations Inc., 16 New England Executive Park, Burlington,
MA 01803-5297QUANTA version 4.0,994.

Allen,F.H., Kennard,O., Watson,D.G., Brammer,L., Orpen,A.G. and

moiety, the internucleoside phosphate group—can lead to a very Taylor,R. (1987)). Chem. Soc. Perkin Trans. 81.

pronounced effect on the structure and properties of large DNA
molecules. This effect highlights the crucial and delicate balance
hydrophobic and hydrophilic forces in stabilizing the double helix.

It is plausible that similar backbone solvation effects mediates
more subtle differences in helix stability. For example, a2
pronounced effect of the' Jphosphoramidate linkages in
d(CGCGAATTCGCG) is the 34 increase in its temperature of
dissociation, compared with phosphodiester DNA dup®x ( 11
Relating this difference to the thermodynamic stabiliy? 1),
however, reveals a stability difference of ohly.2 kcal/mol per
internucleoside linkage, which is well below the resolution of th
available methods for predicting solvation free energies. Neverthe-
less, changes in backbone solverteasibility should be con-
sidered in the investigation of all plwenena involving
conformational or chemical modification of nucleic acid polymer%i
and the stability of complexes they form.
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