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Abstract: Thermodynamic and structural properties of a chemically modified DNA—RNA hybrid in which
a phosphodiester linkage is replaced by a neutral amide-3 linkage (3'-CH,-CONH-5') were investigated
using UV melting experiments, molecular dynamics simulations in explicit water, and continuum solvent
models. van't Hoff analysis of the experimental UV melting curves suggests that the significant increase of
the thermodynamic stability of a 15-mer DNA—RNA with seven alternated amide-3 modifications (+11 °C)
is mainly due to an increased binding enthalpy. To further evaluate the origin in the observed affinities
differences, the electrostatic contribution to the binding free energy was calculated by solving the Poisson—
Boltzmann equation numerically. The nonelectrostatic contribution was estimated as the product of a
hydrophobic surface tension coefficient and the surface area that is buried upon double strand formation.
Structures were taken from 10 ns molecular dynamics simulations computed in a consistent fashion using
explicit solvent, counterions, and the particle-mesh Ewald procedure. The present preliminary thermodynamic
study suggests that the favorable binding free energy of the amide-3 DNA single strand to the complementary
RNA is equally driven by electrostatic and nonpolar contributions to the binding compared to their natural
analogues. In addition, molecular dynamics simulations in explicit water were performed on an amide-3
DNA single strand and the corresponding natural DNA. Results from the conformations cluster analysis of
the simulated amide-3 DNA single strand ensembles suggest that the 25% of the population sampled
within 10 ns has a pre-organized conformation where the sugar C3' endo pucker is favored at the
3'-flanking nucleotides. These structural and thermodynamic features contribute to the understanding of

the observed increased affinities of the amide-3 DNA—RNA hybrids at the microscopic level.

Introduction

more recent modifications. While significant information has

During the past two decades, widespread interest in antisensg?®€n collected about the chemical types of modifications
therapeutics has led to the design of structurally diverse that 1ead to improve duplex formation, little is known about
oligodeoxynucleotides which possess increased thermodynamidh® structural basis for the enhanced affinities. In general,
and biochemical properties. The heterocyclic bases, the deoxy-RNA—RNA duplexes are more stable than corresponding
ribose sugar, and the phosphodiester linkage of the DNA strandPNA—DNA and DNA—RNA duplexes though the melting

have each undergone chemical modificatibfhosphorothio-
ates? 2'-O-alkyl3 and 2-O-[2-(amino)-2-oxoethyl] nucleotides,
2'-F-arabinoside substitutioAgyclohexenyl sugar replacemént,

temperatures vary greatly with sequerié&The increased sta-
bility of RNA duplexes has been attributed to several structural
features among which the most notable is the improved base

and base alkyl substitutions such as a C5-methyl on pyrimi- stacking interactions that result from an A-form geométjjhe

dineg? or unsaturated propyne grodphighlight some of the
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presence of a'zhydroxyl group in RNA largely accounts for
the quite different conformations of DNA and RNA duplexes
in solution by biasing the sugar toward a'@®do pucker-
type), which results in the duplex preferably adopting the A-form
geometry. Oligodeoxynucleotides prefer d €2do sugar pucker
(Stype), which is thought to impart a less stable B-form geom-
etryl®3 A correlation between the electronegativity of the
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substituent at '2position of the sugar and the conformation of

phosphodiester DNA amide-3 DNA

the sugar pucker have been observed, suggesting that the amount

of C3 endo conformer increases linearly with the electronega-
tivity of the 2-substituent3 Moreover, the influence of the
2'-O-methylation due to conjunction of both electronegative

2'-substitution and steric effects stabilizes the sugar residues in

their high C3 endo conformation in a RNA.RNA duplex and
DNA—RNA hybrids!#15Methylation of the 20H group shows
that it has a negligible effect on the conformation of RNA
duplexes® In addition, the RNA duplex is further stabilized
by a network of hydrogen bonds between water and thle C2
hydroxyl groups.” DNA—RNA duplexes are usually less stable
than RNA.RNA duplexes and, depending on their sequences,
more or less stable than DNA duplexX&g° The structure of a
hybrid duplex is intermediate between the A- and B-form
geometries, which may result in poor stacking interactions. The
stability of a DNA—RNA hybrid is central to antisense therapies,
as the mechanism requires binding of a modified DNA to an
mRNA thereby selectively inhibiting the synthesis of the target
protein. To effectively inhibit the mRNA transcription, the
antisense DNA should have a very high binding affinity for
the complementary mRNA. Furthermore, the modified DNA
RNA hybrid structure should be unperturbed relative to the
unmodified DNA-RNA duplex in order to invoke RnaseH

(@] base
(0] x
ca , S'end
8 c1 residue i
g ™ “,
~SC3
base
3'end
residue i+1

DNA.RNA
5-d(TpTpTpTpTpMpTpMpTpMpTpMpTpMpT)-3’
3-r(ApAPAPAPAPG pAPGPAPGPAPGPAPGPA)-5'

amide-3 DNA.RNA
5-d(T*TpT*TpT*MpT*MpT*MpTp*MpT*MpT)-3'
3-r(APAPAPAPAPGPAPGPAPGPAPGPAPGPA)-5
Figure 1. Natural phosphodiester linkage and the amide-3 linkage proposed
as a substitute for the phosphodiester in antisense oligonucleotides. The

recognition and thereby induce subsequent degradation of themodified strand has two types of residues: resijie which the amide-3

RNA strand. Generally, it appears that oligodeoxynucleotides
favoringN-type sugar conformation display an increased helical
thermostability relative to the native DNA, when hybridized
with complementary RNAs. Although structures of nucleic acids
that favorN-type conformation nucleotides have been deter-
mined, little is known about their features underlying increase
in their thermostability.

In the present work we were interested in chemically modified
oligonucleotides in which the natural phosphodiester linkage
found in DNA is substituted by amide linked units producing
chimeric molecules that bind to RNA targets with greater
stability compared to their wild-type DNA counterpaff. 22
In particular, amide-3 modified backbone nucleic acids are
analogues of DNA in which the natural phosphodiester linkage
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linkage is attached to C3and residue + 1, in which the amide-3 linkage
is attached at C5* denotes the amide-3 linkage, p denotes the phosphodi-
ester linkage, and M denotes the 5-methylcytosine.

found in the physiological nucleic acids are replaced with an
uncharged “peptide-like” backbone (Figure 1).

It has been demonstrated that one DNA strand with one such
amide-3 modified backbone linkage can recognize a RNA single
strand and forms a duplex which mimics the behavior of the
natural DNA-RNA hybrid. The replacement of a phosphodi-
ester linkage in 2deoxyoligonucleotides by an amide bond
provides at0.4°C increase in thermal stability per modification,
compared to an unmodified DNA oligonucleotide control of the
same sequence and length hybridized with '@OB RNA
strand?® The higher binding affinity has been partially attributed
to the absence of a gauche effect between the oxygen atoms of
—0—-C4—-C3—-03— of the native phosphodiester linkage,
causing a C3endo sugar pucker of residugwhich in turn
may give the oligomer a favorable A-form like geometry (Figure
1).23 Moreover, it has been suggested that the amide-3 backbone
exists in a conformation pre-organized for the binding to the
complementary RNA. To understand the relative binding affinity
and specificity of the amide-3 modified DNA for the RNA
target, it is important to understand their structure, dynamics,
relative flexibility, binding free energies and hydration pattern
compared to the natural DNARNA duplex. Theoretical
calculations, particularly molecular dynamics (MD) simulations
have proven to be powerful techniques for the structural study
of modifiec?12425and unmodified duplexe®, 2° triplexes, and
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22, 4187-4194.
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Biophysics Marcel Dekker: New York, 2001; p 441463.
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1997, 18, 1955-1970.
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other forms of nucleic acid®¥-32 Previous MD simulations of ~ which might be important for understanding the features
a 14-mer DNA with seven alternated amide-3 backbone linkagesunderlying the improved binding characteristics of this chemi-
hybridized with the complementary-@H RNA performed with cally modified oligonucleotide to complementary RNA.

the AMBER force field where electrostatic interactions were
modeled with a distance-dependent dielectric constant thus
lacking detailed interatomic interactions with water molecules (i) Experimental Section.Synthesis of the Amide-3 Oligonucleotides.
and counterions. The latter study reported that the modified Amide-3 backbone modified building blocks were synthesized accord-
sequences might assume different conformations that allow foring to a reported procedufe Corresponding phosphoramidites were
standard WatsonCrick base pairing with a complementary efficiently incorporated into oligonucleotides using solid-phase syn-
RNA strand without major strain or steric hindrarfdeTo thesis?GOIigonucIeotidgs were synthe_sized on an Expedite Model 8909
complement these earlier studies and to examine the effect’\UCleic Acid Synthesis System using ol scale. The standard
of the inclusion of explicit water, counterions and a different protocol was modified in the detritylation cycle. The oligomers were

| | - h f ind cleaved from the support and unprotected by treating the controlled
ong-range electrostatic treatment, we report here four in epen'pore glass support with concentrated ammonia overnight. Molecular

dent MP simulations of 10 ns each _in Whic_h DNA_' RNA,  weights were determined by mass spectroscopy. Unprotected oligomers
counterions, and solvent are treated in atomic detail and thewere synthesized DMT-on and were purified by preparative C-18

long-range electrostatic interactions are treated by particle-meshreverse phase HPLC. The separation method allowed simultaneous
Ewald summation under periodic boundary conditions. More- purification, desalting and removal of the DMT.

over an estimate of the differences in binding free energies of UV Melting Experiments and Thermodynamical Profiles of Duplexe
the natural and amide-3 modified DN/ARNA hybrids was Formation Unmodified DNA and 20-Me RNA were obtained from
investigated by combining the explicit molecular dynamics Eurogentec. Thermal denaturation profiles were measured with a Cary

simulations with continuum solvation models based on previous 300 Bio spectrophotometer with the use of quartz microcuvettes of 1
approache® cm optical length. The temperature of the cell holder containing the

. . . cuvettes was heated at 9Q for 15 min and decreased from 90 to 0
In this paper, we report the relative thermal stability of ¢ yjith a rate of 0.5C/min. The absorbance at 260 nm was measured
duplexes formed by a natural 15-mer DNA strand and a every 0.5 min from 75 to 105C and half-dissociation evaluation was
modified 15-mer DNA strand with seven alternated amide-3 performed. Concentrations of the unmodified DNRNA duplex and
linkages hybridized with complementary-@-Me RNA frag- the amide-3 modified backbone DN/ARNA duplex were 1.38 and 1.02
ments. We have carried out systematic studies of molecular«M respectively in a buffer with 10 mM NacCl, 10 mM potassium
dynamic simulations of (i) a 15-mer DNARNA duplex with phosphate, at pH 6.0. The concentration of the DNA single strands
seven alternated amide-3 backbone modifications, (ji) a 15-mer Was determined using the extinction coefficient of 117.6'én* for
native DNA—RNA hybrid of the same sequence, (iii) a 15-mer the nonmodified strand anq was 112.I’l\¢m*1fortr_1e amide-3 DNA
DNA single strand with seven amide-3 alternated backbone strand. The 20-Me RNA single-strand concentration was determined

- . . . using the extinction coefficient of 191.2 M cm™1. The midpoint of
modifications, and (iv) a 15-mer native DNA single strand and this absorption versus temperature profile is defined as the melting point

have compared their structural, dynamic and solvation properties t ) ‘refiecting the temperature at which equal fractions of oligonuc-
in water. For the native and modified DNARNA hybrids, the leotides are paired and single stranded under equilibrium. The UV
starting conformation was set as a canonical A-form. For each melting curves were analyzed to obtain van't Hoff transition enthalp-
single strand, the starting conformation was helicoidal with all ies3” The analysis required converting the experimental absorbance
of the bases stacked sequentially on the top of each other. Theversus temperature into a melted fractmwersus temperature curve.
electrostatic contribution to the binding free energies was This conversion is accomplished graphically by taking the ratio at
computed using both a finite-difference Poiss@oltzmann each temperature of the height between the upper baseline and the
model, and the nonelectrostatic contributions to the binding free &XPerimental curve and the height between the lower and upper
energies were estimated with a solvent accessible surface aregazie)“r:\jj‘ecular Dynamics Simulations. Initial Structures, One
dependent term. For the energetic analysis, structures were takergequence of native DNA d(T1pT2pT3pT4pTSpMBpT7pM8pTIp-
as snapshots from nanosecond length molecular dynamicsy)1o,711 pMm12pT13pM14pT15) and one modified DNA with seven
simulations computed in a consistent fashion in explicit solvent, 5 emated amide-3 backbone linkages d(T1*T2pT3*T4pT5*M6pT7*
applying the particle mesh Ewald method and the CHARMM  \igpT9*M10pT11*M12pT13*M14pT15) complemented with 4@-
force field. The results provide a picture of the flexibility of Me RNA single strand were considered in this study where p stands
both duplexes and single strands in explicit water on the for the natural phosphodiester linkage, * stands for the amide-3 linkage
nanosecond time scale and a physical interpretation for theand M stands for 5-methylcytosine. Two additional single DNA strands
origins of the relative stabilities of the natural DN/RNA and with identical sequences and lengths i.e d(T1pT2pT3pT4pT5pM6p-
the amide-3 modified backbone DN/RNA hybrids. They also ~ T7PM8pT9pM10pT11 pM12pT13pM14pT15) and d(T1*T2pT3*T4p-
allow us to gain insight into the induced changes in nucleic 12 M6pT7*M8pT9*M10pT11*M12pT13*M14pT15) were also con-

acid structures due to the amide-3 backbone modifications sidered. Cytosines were replaced with 5-methylcytosines in the oli-
" godeoxynucleotides since they increase the DA hybrid binding

energy due to beneficial hydrophobic interactions of the C(5)-methyl

Materials and Methods

(29) Cheatham, T. E., lll.; Kollman, P..Al. Mol. Biol. 1996 259 434—444. . 10 . PR
(30) Feig, M. Zacharias, M. Pettitt, B. MBiophys. J2001, 81, 352-370. groups in the duple_zx structurég 'The__ch0|c9 pf polypyrlmldlne_
(31) Spackova, N.; Berger, I.; SponerJJAm. Chem. So@001, 123 3295 sequences was motivated by the simplified building block synthesis of
3307. T*T and pT*M dimers. The choice of using-®-Me substituted RNA
(32) Beveridge, D. L.; McConnel, K. Curr. Opin. Struct. Biol200Q 10, 182— P P g
196.
(33) Norberg, J.; Nilsson, LAcc. Chem. Re®002 35, 465-472. (35) De Mesmaeker, A.; Lesueur, C.;\Berre, M.-O.; Waldner, A.; Fritsch,
(34) Kollman, P. A.; Massova, |.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; V.; Wolf, R. M. Angew. Chem. Ed. EngEngl. 1996 35, 2790-2794.
Lee, M.; Lee, T.; Duan, Y.; Wang, W.; Donini, O.; Cieplak, P.; Srinivasan, (36) For synthesis of nucleotides see ref 14 in De Mesmaeker A.; Lebreton, J.;
J.; Case, D. A.; and Cheatham, lll, T. &cc. Chem. Re£00Q 33, 889— Hoffmann, P.; Freier, S. MSynlett.1993 9, 677-697.
897. (37) Marky, L. A.; Breslauer, K. JBiopolymers1987 26, 1601—1620.
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was dictated by the greater resistance of the corresponding nucleotidesat 300 K, i.e., thermalization. Second, the whole system, including the
to nucleas® and also by an easier solid-phase synthesis compared tosolute, counterions and water molecules, was subjected to 500 steps
the natural RNAS No experimental structures of the 15-mer DNA of energy minimization to remove close contacts. Last, positional
RNA oligonucleotides considered in the present work have been restraints were added to the oligonucleotides atoms and gradually
successfully obtained so far. Consequently, one starting structure wasreduced over 50 ps of MD at 300 K. Unrestrained simulations of the
considered for each system and was built with the settings of the unmodified DNA-RNA hybrid, the amide-3 modified DNARNA
Biopolymer module of Insightll (Accelrys, San Diego) with standard hybrid, the unmodified DNA single strand, and the amide-3 modified
A-type parameters and all sugars in teype conformation. single strand were continued for 10 ns each. The coordinates were
Setup of Selated SystemsEach oligomer was neutralized with  written every 0.001 ps and stored for subsequent analysis. The resulting
ammonium counterions according to the number of charged phos- trajectories were analyzed using the CHARMm module of Insightll.
phate groups. The counterions were initially placed at positions of The standard helicoidal parameters were deduced using the FREEHE-
low electrostatic potential. The electrostatic potential due to the LIX98 program?® All calculations were performed on a Silicon
oligomers was calculated at the positions of the water oxygen atoms Graphics Origin2000 fitted with 8 SGI/R10000 processors using the
by solving the Poisson equation as implemented in the Delphi MPI version of CHARMm program. Each simulation demanded
module of Insightll assuming dielectric constantsef 1 inside the approximately 90 s of CPU time per psec of simulation time on one
oligomers ande = 80 outside. The water oxygen atom position processor.
with the lowest potential was replaced by a counterion. The electro- (i) Cluster Conformations Analysis. The cluster analysis was
static potential calculation was then repeated including the first performed for the natural and amide-3 modified backbone single strands
counterion. This process was repeated until the number of counterionsusing a method derived from a previous wéfkor each simulation,
necessary to neutralize the structure was positioned. Each structure wag500 structures were extracted from the last 5 ns of the trajectory at
immersed in a periodic orthorhombic box of TIP3 water molecules of 0.002 ps intervals for analysis. The clustering was performed in
47 x 47 x 92 A3° Water molecules that were closer than 2.8 A from Cartesian space. For each structure, a least-squares translational and
any atom of the solute molecule or counterion were deleted. Each unit rotational fit was performed with the heavy atoms of residued 4

cell includes the DNA-RNA hybrid or the DNA single strand, NFi and the atom positional root-mean-square difference (RMSd) for this
counterions and about 6,500 water molecules for a total of about 20,- set of atoms was calculated. Terminal residues were not taken into
500 atoms. account, as they tend to have more freedom of motion. The number of

MD Simulation MethodologyAll MD simulations reported in this structures satisfying the similarity criterion set to RMS® A for the
work were performed using the CHARMm module of Insightll heavy atoms was determined in the pool of 2500 structures. The
(Accelrys, San Diego) and the CHARMM27 force field for nucleic ~ structure with the highest number of neighbors (i.e., structures
acids**41Force field parameters for the amide-3 backbone modification Satisfying the similarity criterion) was taken as the central member of
were abstracted directly whenever possible from the all-atom CHARMM the first cluster. All structures belonging to the first cluster were

nucleic acids and proteins séfs#? Existing CHARMM atom types ~ removed from the pool. The number of neighbors was computed again
were assigned to the “peptide-like” backbone atoms (see Supportingwith the remaining structures. The structure with the highest number
Information Figure 1). The charges on the additionaOZH; groups of neighbors becomes the central member of the second cluster. The

replacing the C20H groups of the RNA strandsHQ.1) were set to process is iterated until all structures were assigned to a cluster. A
maintain the neutral overall charge balance in the sugar consistent withdetailed description of the clustering method can be found else-
the CHARMMZ27 force field for nucleic acids. Parameters for am- where?’

monium were adapted from the OPLS force field of Jorgetfsamd (iv) Binding Free Energies Analysis of Natural and Amide-3

from the methylammonium parameters from CHARMM25 and tested Modified DNA—RNA Hybrids. The total free energy can be estimated
by solvation free energy calculatioffsAll simulations were performed ~ from the molecular mechanical energy, the solvation free energy, and
in the isothermic isobaric ensembl€ £ 300 K, P = 1 atm). Long- the vibrational, rotational, and translational entropies for the DNA,
range interactions were treated using the particle-mesh Ewald (PME) following previously developed metho#s™ Solute entropies contribu-
method** The PME charge grid spacing wd A and the charge grid tion to the free energies is one of the most difficult terms to estimate
was interpolated using the cubic B-spline (order 4) at 8hA direct in this model. Solute entropies have been estimated by different methods
space cutoff. Constant temperature and pressure was maintainedharmonic and quasiharmonic approximations) and indicated to be
throughout the simulations using the Hoover algorithm. A time step of dependent on the number of snapshots used and the portion of tra-
0.002 ps was used to integrate the equation of motion with a nonbondedjectory analyzed. Since the principal difference between the natural
pairlist update frequency of 0.020 ps. All bonds involving hydrogen DNA—RNA and the amide-3 modified backbone lies in the phos-
atoms were constrained with the SHAKE algoritfgefore beginning phate-phosphate repulsions, which are greater in the natural
the production run, the following thermalization and equilibration DNA—RNA hybrid as 15-mer amide-3 DNARNA has five neutral
protocols were applied. First, the water molecules and the counterionslinkages replacing five phosphodiester linkages, we investigated the
in the periodic box and the lattice parameters were energy-minimized binding free energies difference of both double strands. Consequently,
with the oligonucleotides fixed, followed by 50 ps of MD simulation  the binding free energy was approximated based on the assumption
that the amide-3 DNA, natural DNA, and the complementary RNA

(38) Uhlmann E.; Peyman, AChem. Re. 199Q 90, 544-579. ) conformations are the same in the double strand and in the dissociated
(39) é%g’f]nlsgeé‘é V7Vé? gggggassekar, J;; Madura, J.; Irnpey, R.; Kelid, Rhys. form thus neglecting the rotational, translational and vibrational entropy
(40) Foloppe, N.; MacKerell, Jr., A. DI. Comput. Chen200Q 21, 86-104. contributions. The binding free energ\@"™) between the two

(41) MacKerell, A. D.; Banavali NJ. Comput. Chen200Q 21, 105-120. complementary strands is calculated as the sum of the Coulomb and

(42) MacKerell, A.-D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.; Evanseck, . . . .
J.D.; Field, M. J.. Fischer, $.; Gao, J.; Guo, H.; Ha, S.; Joseph-McCarthy, Van der Waals DNA-RNA interaction energies and the difference
D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C., Michnick, S.; Ngo,
T.; Nguyen, D. T.; Prodhom, B.; W. E.-Reiher, Ill, Roux, B.; Schlenkrich,  (46) Dickerson, RNucleic Acids Resl998 26, 1906-1926.
M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, M.; Wiorkiewicz-Kuczera, (47) Hamprecht, Fred A.; Peter, Christine; Daura, Xavier; Thiel, Walter; van
J.; Yin, D.; Karplus, M.J. Phys. Chem. B998 102, 3586-3616. Gunsteren, Wilfred FJ. Chem. Phys2001, 114, 2079-2089.

(43) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, (48) Srinivasan, J., Cheatham, T. E., Cieplak, P., Kollman, P. A.; Case, D. A.
M. J. Chem. Phys1983 79, 926-935. J. Am. Chem. S0d.998 120, 9401-9409.

(44) Feller, S. E.; Pastor, E. W.; Rojnuckarin, A.; Bogusz, S.; Brooks, B. R. (49) Jayaram, B.; Sprous, D.; Young, M. A.; Beveridge, DJLAmM. Chem.

)

Phys. Chem1996 100, 17011-17020. Soc.1998 120: 10629-10633.
(45) Ryckaert, J. P.; Ciccotti, G.; Berendsen, JJGComput. Chenll977, 23, (50) Cheatham, T. E., Srinivasan, J., Case, D. A.; Kollman, RJ.Aiomol.
327-341. Struct. Dyn 1998 16, 265-280.
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between the solvation free energies of the double strands and the 0.02
dissociated system: 0
binding __ ~Coul dw
AG™M=E OU(DNAfRNA) +E (ONA-RNA) T -0.02 |
I I I
AG® V(double strand) AG* V(DNA) - AG™ V(RNA) 8 _0.04
2 .

where the subscript “DNA-RNA” refers to the intramolecular DNA -0.06 |
RNA interaction energy terms, and the subscripts “double strand”,
“DNA” and “RNA” refer to the solvation free energies of the double -0.08
strand, DNA single strand and RNA single strand, respectively. We 01 ‘
applied the same force field and parameter set used in the MD o 20 40 60 80
simulations to compute the Coulomb enerdf¥") and the van der Temperature (°C)
Waals energy &™) but without cutoff for nonbonded interactions. Figure 2. UV melting profiles (260 nm) obtained for the unmodified

The solvation free energy\G**") was estimated from the electro-  DNA—RNA (solid line) and the amide-3 modified backbone DNRNA
static solvation energyAGP®) and the nonpolar solvation energy (dashed line). The melting temperatur@s) are 43.6°C &+ 0.7 and 54.2

(AGnonpolay: °C + 0.6, respectively.
solv __ PB nonpolar Table 1. Thermodynamic Stability of DNA—RNA Hybrids: Effect
AGTT=AGT+AG of Amide-3 Modifications at 298K
The electrostatic contribution to the solvation free enery@T) was DNA-RNA AGy AHy TASy T
calculated using the nonlinear Poissd@oltzmann method % and amide-3 17 —903 —76 53.4 (0.6)
using the UHBD prograrf This method approximates the electrostatic natural -14 —87 -73 41.9(0.7)
solvation free energyAGP®) as the reaction field energy of removing D -3 -6 -3 +11.5

a solute from vacuum to watét An external dielectric of 80 was used ] ] ]
to simulate the aqueous environment, while the interior of the *AIS defined as (amide-3 DNARNA) — (natural DNA-RNA). Energy

oligonucleotides was simulated by a dielectric constant of 1, 2, and 4. values are in kcal/mol.
Different solute dielectric constants were used in order to evaluate which
value better captures the electronic response of the macromotécule.
We employed a physiological 150 mM salt concentration to calculate
salt effect on the solvation free energiégtomic charges for natural
and amide-3 modified backbone DNA and RNA are the same as those
used in the molecular mechanical energy calculatférfS We applied UV Absorbance Melting Curves. The helix-to-coil transition
the van der Waals radii parameter set for atomic radii as in CHARMM27 of antiparallel amide-3 DNARNA and unmodified DNA-

force field#%-42 and used a probe radius of 1.4 A to define the dielectric RNA hybrids were characterized by UV melting curves
boundary. The radii for hydrogen atoms are set to zero, and a reentrant .
surface was used for the dielectric boundary. For the UHBD calculations monitored by the ab.so'rba'nce \{alue at 26,0 nm. The two cqrves
a grid spacing of 0.5 grid/A, in which the longest linear dimension of follow the _Char‘?Cte”St'C sigmoidal b_eha_v'or for the unfoldl_ng
the solute occupied 80% of the lattice was used. The boundary potential®f @ nucleic acid duplex as shown in Figure 2. Reproducible
was calculated using the Debyeluckel approximation for half number ~ Melting curves were obtained for each type of duplex. The
of the boundary points. The boundary potential of the rest was melting temperaturel,, was obtained from the maximum of
interpolated from the nearest grid points. A total of 300 linear iterations the first derivative of the absorbance with respect to the absolute
followed by 2000 nonlinear iterations were performed for each snapshot temperature. The measured thermal stability of the two duplexes
to reach convergence, as further judged by the root-mean-squareshows that the modified DNARNA duplex with seven
deviation (RMSD) between successive iterated potential maps being gjternated amide-3 modifications in the DNA strand comple-
less than 10" I . mented with a 20-Me RNA strand is more stabld = 54.2
es:i':]ztr;%nzglar contribution to the solvation free energy.{§aa) was °C + 0.6) compared to the natural DNARNA (T, = 43.6°C

+ 0.7) by about 12°C.

AGhonpolar— y Sy + b, Thus, the amide-3 backbone modifications in the DNA strand
results inATy, per modification of about 1.5C, whereATy, is
wherey = 0.00542 kcal/A, b = 0.86 kcal/mol, and is the solvent  the difference between the melting temperature of the amide-3
accessible surface ar#aThe water-accessible surface agawas modified and unmodified DNARNA hybrids. van't Hoff
calculated by rolling a 1.4 A probe on the protein van der Waals surface analysid’ was used to determine the transition enthalpies

Wh'.l.ioifgm'c radii were taken from the set of van der Waals atomic AHy for the helix-coil transition of each duplex from the shape
radii. Snapshots from the MD trajectories of the natural and amide-3 . \ .
of the melting curves. van’t Hoff plots of melted fractian

modified backbone DNARNA hybrids with water and counterions
removed were considered for the binding free energy calculations. A VErsus temperature were constructed for the two duplexes from
the UV absorbance melting curves (see Supporting Information

total of 1000 snapshots were selected at 2 ps intervals from each of
the last 2 ns trajectory.

Results

(51) Warwicker, J.; Watson H..GJ. Mol. Biol. 1982 157, 671-679. Figure 2).

(52) Sharp, K. A.; Honig, BJ. Phys. Cheml199Q 94, 7684-7692. . . . . .

(53) Sharp, K. A.; Honig BAnnu. Re. Biophys. Biophys. Cheml99Q 19, The underlying assumption when applying this graphical
301-332. i i i

(54) Davis M. E.; Madura J. D.; Luty, B. A.; MacCammon. J. A.Comput. evalyatlon Of. t,he thermoqynamlc parameters is that the DNA
Chem 1991, 12, 909-912. melting transition occurs in a two-state manner. These graphi-

(55) Honig, B.; Nicholls, A.Sciencel995 268 1144-1149. i H H

(28) Sham’ v.'Y.: Chu. 7. T. Warshel A. Phys. Chem. B997 101, 4458 cally evaluate:d thermodynamlc parameters are summarized in
4472, Table 1. van’'t Hoff enthalpies and extrapolatA® values

(57) Sharp, K. A.; Honig, BCurr. Opin. Struct. Biol.1995 5, 323-328. B ; ;

(58) Sitkoff, D.; Ben-Tal, N.: Honig, BJ. Phys. Chem1996 100, 2744 determined from the UV melting studies on the duplexes
2752.check indicated that the increased thermodynamic stability of the
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Table 2. Average RMS Difference (A)2

heavy base sugar Phos amide-3

Versus Averaged Structure
amide-3 1.4(04) 11(03) 14(04) 18(0.5 1.4(04)
natural 14(0.3) 1.0(.2) 1.3(0.3) 1.7(0.4) -

Versus A Form
amide-3 2.0(0.5) 1.5(0.4) 2.1(0.5) 2.5(0.5) 1.8(0.4)
natural 1.7 (0.3) 1.3(0.3) 1.6 (0.3) 2.1(0.4) —

a Averages over the final 4 ns were included. RMS fluctuations are in
parentheses.

amide-3 DNA-RNA is due to an increased binding enthalpy
as compared to the unmodified DNARNA hybrid.

DNA—RNA Modified and Unmodified Duplexes. (a)
Analysis of the MD TrajectorieAll trajectories started from
the A-type conformation. These simulations were extended to
10 ns to ensure that the last 4 ns of the trajectories were properly
converged for the analysis. Average root-mean-square differ-

; i4a.2 Figure 3. Average structures over the last 4 ns of (a) the unmodified BNA
ences (RMSd) and RMS fluctuations (RMSH) for the amide-3 RNA hybrid and (b) the amide-3 modified DNARNA. The two structures

and natural DNA-RNA hybrids simulations are prgsented iN" are homomorphous with A-type geometries. The RMSd between the amide-3
Table 2. In both cases the averaged conformations and theand the unmodified DNARNA MD-averaged structures and the A-form

canonical A conformations are used as reference states. Tablénitial structures are 2.0 and 1.7 A respectively. Overall, the hybrid duplexes
2 reveals _differ_ences between the amide-3 and natural BNA n]at\;]?;;'ggf’g Bql'\lngR%%O(‘j’Sp?:;p.;.tﬁetg%:gter_%dggg’gngr ;?S:)e&gg(ages
RNA hybrids with respect to the reference structures. in Figure 1) is pointing toward the major groove.
The RMSd of both natural and amide-3 DNARNA hybrids
are smaller when the reference state was the averaged structurthe unmodified DNA-RNA, and NDB (Nucleic acids Data-
versus the canonical A form. In addition the natural DNA  bank) reported DNARNA for polypyrimidine—polypurine
RNA hybrid is closer with respect to the canonical A form structure$-62 The MD simulations satisfactorily reproduce a
compared to the amide-3 DNARNA hybrid with RMSd of variety of helicoidal parameters of the hybrid polypyrimidine
1.7 and 2.0 A, respectively, for all heavy atoms. The RMSd of polypurine structures.
the bases and phosphates from the natural and amide-3 modified Base StackingAnalysis of the unmodified and amide-3
DNA—RNA hybrids simulations with respect to the MD- DNA—RNA MD-averaged structures shows that the structures
averaged structure were similar with the differences between sampled during the dynamics correspond to an A-form double
those moieties being of 0.7 A, while the amide-3 backbone helix (see Figure 3) with global twist angles in the range of
RMSd with respect to the MD-averaged form were of 1.4 A 31.9 + 2.1° and 34.8+ 3.1° respectively. The number of
with the amide-3 backbone variations, less than the phosphategesidues per turn for the unmodified and amide-3 DNRNA
(1.8 A). This observation indicates that the structural properties hybrids is 5.8 and 5.4 respectively indicating that the amide-3
of the amide-3 backbone differ in modified DNARNA versus alternated backbone modifications lead to a slightly underwound
the natural hybrid DNA-RNA with a phosphodiester backbone.  structure compared to the natural one. The twist angle changes
Calculations of the root-mean-square fluctuations (RMSf) dramatically along the sequences of both unmodified and
from their MD-averaged structures give an estimate of the modified DNA—RNA duplexes as shown in Figure 4. The TpT
differences in local flexibility due to chemical differences of and CpT steps have an average twist value of about82n
the backbone (Table 2). The RMS fluctuations for the bases, excluding the two residues at the &nd 3-ends. A lower twist
sugars and phosphate groups are similar for the natural andvalue is observed at the C6pT7 step of the natural DIRNA
modified DNA—RNA with slightly large fluctuations for the  duplex (average about 28
individual moieties in the modified DNARNA hybrid (by 0.1 Higher twist values are observed for the CpT steps of the
A). Differences in the RMSf between the individual moieties amide-3 modified DNA-RNA duplex (average about 36
in both oligonucleotides indicate that the motions of the bases, compared to the natural DNARNA duplex. Interestingly, the
phosphate and sugars are relatively independent. twist values between the amide-3 steps are similar to the twist
(b) Structures AnalysisAverage StructuresAverage struc- values between two corresponding consecutive base pairs in the
tures of the unmodified and amide-3 DN/ARNA hybrids were natural DNA-RNA, indicating that the amide-3 backbone
calculated over the last 4 ns of the trajectories (Figure 3). The modification induces a change in the twist of the steps below
two structures are almost homomorphous with geometries closeand above but not in the step connected by the amide-3 linkage
to the A-type. Helicoidal parameters describe the relative itself. Overall, the introduction of amide-3 modifications slightly
orientation of bases with respect to either a global helical axis decreases the stacking between consecutive bases as reflected
or locally adjacent base pait3®® Table 3 reports selected by a slight increase in the global twist angle found for the
helicoidal parameters and corresponding standard deviationsaveraged amide-3 DNARNA as compared to the unmodified

from the MD-averaged structures of the amide-3 DNANA, DNA—RNA hybrid.
(59) Dickerson, RJ. Biomol. Struct. Dynanil989 6, 627—634. (61) Xiong, Y.; Sundaralingam, MNucleic Acids Re200Q 28, 2171-2176.
(60) Hartmann, B.; Lavery, RQ. Re. Biophys.1996 29, 309-368. (62) Conn, G., Brown, T., Leonard, Glucleic Acids Resl999 27, 555-561.
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Table 3. Relative Orientation of Bases with Respect to Global Helical Axis or Locally Adjacent Base Pairs@

rise incl roll twist X-disp slide
MD Simulation
amide-3 2.6 (0.8) 8.3 (18.0) 7.4 (3.7) 34.8(3.1) —1.3(3.0) —2.2(0.1)
natural 2.9(0.1) 16.0 (7.0) 7.0 (3.6) 31.9(2.1) —4.6 (0.5) 0.004 (0.06)
NBD Survey

DNA.RNAP 34 14.0 8.1 31.2 —-4.0 15
DNA.RNAC 3.3 10.4 5.4 29.1 —4.6 1.7
DNA.RNAd 3.1 8.0 4.2 30.6 —4.2 1.8

2 All parameters were calculated for the 7 central base paitM3pT*M gpTo*M 1gpT11 over the last 4 ns with FREEHELIX98.NBD structures
are from DNA-RNA hybrids with purine-rich and pyrimidine-rich strands for comparison with the present W@ukstal structure of the
hybrid d(CTCTTCTTC).r(GAAGAAGAG)! c©Crystal structure of the hybrid d(GCTTCTCTTC). r(GAAGAGAAGE). 410 NMR structures of
r(GAAGAGAAGC).d(GCTTCTCTTC)® Averaged values as in NDB databank base.
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Figure 4. Global twist along the sequence frorménd to 3-end for the FRERERS8FSER 8 E g E g

MD-averaged structures of the unmodified (solid line) and amide-3 (dashed . .
line) DNA—RNA duplexes.- indicates a dimer connected either by an Figure 5. Amplitude pseudorotation angles along the DNA sequence from

amide-3 linkage or by a phosphodiester linkage, p indicates a dimer 5_’—end to 3en_d for the MD—a\(eraged structures of the unmodified (solid
connected by a phosphodiester linkage. line) and amide-3 (dashed line) of the DNARNA duplexes. 5 and
3'-end residues are not shown.

Backbone Conformational Flexibilityro gain deeper insight
into the relative flexibility of the hybrid duplexes, we compared
the amide-3 DNA and unmodified DNA dihedral angles sampled
during the MD simulations. Most backbone angles for the
DNA strand in the unmodified DNARNA reside in the
normal ranges for right-handed duplex structures as propose
for the solution structures of DNARNA hybrids with all-
pyrimidine and all-purine strand$8* Two different confor-
mations were found which can be distinguished by their
o (03—P—-05-C5), f (P-O5—-C5—-C4) andy (O5—-C5~—
C4—C3) backbone angles (Figure 1). The preferred backbone
conformation of the DNA strand of the unmodified DNARNA
duplex is gauche-/trans/gauchas found in both canonical A-
and B-DNA. We observed a spontaneous flippingxof3 and
y to trans/gauche/trans, corresponding to that proposed for
the experimental structure of poly dT.poly rA hybritds®> The
o,  andy backbone angles of the phosphodiester linkages of
the amide-3 DNA strand are in a predominant gauch@ns/
gauche- as found in the DNA of the unmodified DNARNA
duplex, whereag and {-angles in the same linkages sample
each a unique range of values trans and gatchespectively,
for both unmodified and modified duplexes. However, the
£-angles of the modified DNA strand display a broad distribution
near gauche compared to the unmodified strand. Moreover,
rare spontaneous flips aoft, ¥ from gauche-/gauche- to
gauche-/trans were observed in the phosphodiester linkages.

The amide-3 linkages are characterized by the{C6 —C7 —
N5'—CB), 5 (C7—N5—-C5—-C4) andy (N5 —C5—-C4—-C3)
backbone angles (Figure 1). The trans conformation of the
a-angle is imposed in the amide-3 linkage. Théackbone
O[angles are found trans whergaangles display broad distribu-
tions near—12C°. The preferred conformation of the amide-3
backbone is then trang—120°/trans. Spontaneous flipping of
thep, ¢-angles from—120°, —120° to gauche-, gauche- were
observed during the simulation run. Th ¢-angles also
sampled another stable conformation trans/gattct@related
with a change in the sugar pucker from'@®do to C2endo.
The broader distribution of th@, y ande backbone angle values
found for the amide-3 DNA strand as compared to the
unmodified DNA strand indicates an overall greater flexibility
for the modified DNA within the corresponding duplexes. The
o, B, C-angles of the predominant conformations of tte02

Me RNA complementary strand of the unmodified and amide-3
DNA—RNA hybrids are gauche/trans/gauche and thee,
d g-angles—12C°/gauche-, indicating that there are not significant
changes in thes,  backbone angles of the'-©-Me RNA
regardless the complementary DNA strand nature.

Furanose Ring PuckerEhe average sugar pucker amplitudes

for the unmodified DNA-RNA duplex vary from 41 + 5° to

43° + 5° along the oligomer whereas the amide-3 DNRNA
duplex amplitudes vary from 37 5° to 4% + 5° indicating
that in both duplexes the sugar conformation samples the C3
endo region toward Cdxo. Again, the sugar pucker values
change dramatically along the sequence as shown in Figure 5.

(63) Gyi, J. I.; Lane, A. N.; Conn, G. L.; Brown, Biochemistry1998 37,
73-80

(64) Sanghéni, S. R.; Lavery, Rlucleic Acids Resl994 22, 1444-1449. B i ;
(65) Zimmermann, S. B.; Pheiffer, B. Hhroc. Natl. Acad. Sci. U.S.A981], The sugar pucker amplitudes of the residues l_ (Fl_gure 1)
78, 78-92. have a low average value of 38ompared to residuag46°).
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0.1 . ‘ ‘ Table 4. Energies Contributions to the Free Energy of Binding of
0.08 - 2 C3'endo ] the Amide-3 Modified Backbone and Natural DNA—RNA Hybrids@
0.06 [ ] amide-3 DNA-RNA natural DNA-RNA
0.04 1 [AGnonpolar(dNA-RNA)J 31(0.2) 31(0.3)

> 0.02 - C2%endd AEMpna-rRuaD —96 (10) —87(10)

E 0 : [AECU pya—rnayLd=1 1955 (27) 3653 (49)

3 o1 : : : [AGpglly —1973 (37) —3657 (59)
5008 P ] [AGeied NIy —18(7) -5(7)

0.06 - ] AECU ona—ray 2 978 (13) 1826 (24)

0.04 ] mGPBD:Z —983 (19) —1823 (28)
0'02 I ] AGeending L, -5(4) 34

. 0! . ‘ [AECU pna—rNa)d=a 489 (7) 914 (12)

-180 -90 0 90 180 [AGpglda —488 (8) —906 (14)
mGe|ecb'"d'"9Q:4 1 (3) 8 (3)

pseudorotational angle (in degrees)

Figure 6. Histograms of the phase pseudorotation angles of (a) the natural  a a}| mean energies over 1000 structures are in kcal/mol. Values in
and (b) the amide-3 DNA strands sampled along the duplexes 10 ns-MD parentheses are standard deviations of the mean enetgieslefined as
simulations. The sugar puckers of the amide-3 DNA strand sample most (pNA—RNA) — (RNA.single strand+ DNA single strand) binding
exclusively theC3 endoconformation whereas the sugar puckers of the  energies.J0denotes an average over a set of snapshots along an MD
natural DNA strand sample bo83 endoand C2 endoconformations. trajectory. lon concentration: 150 mMMAGpgd= AG**pna-rNA) —
AGpnay — AGMgnp). AGeed Mg stands for the electrostatic contribu-
tion to the binding energy{AEC®pna—rnaC+ [AGes]

Overall, the simulations data indicate that the amide-3 sugar

puckers in the duplex are globally locked in the €8do confor- Ammonium Counterions. The simulations also provided a
mation whereas the natural DNA sugar puckers samples thejeajled description of the counterion structure and dynamics.
C3 endo and C2endo conformations as showed in Figure 6. r4fs hetween the phosphorus atoms of the phosphodiester linkage
Re&dueg C8, €10, C12, an.d C14 _sampled the G0 and the carbon atoms of the amide-3 carbonyl groups and the
conformation. In agreement with previous experimental re- nitrogen of the NH* indicate that when an ordered ammonium
16,66t i ' - i . . -
sults,>®it is observed that the'D-Me groups are locked into  gje oceyrs, the position of the first peak (near 3.8 A) does not
a single orientation (toward the minor groove), corresponding yepeng on the nature of the atom i.e., phosphorus or carbon of
to one of the three orientations adopted by th®B groups in 1,5 amide-3. However, the ordered ion sites found for the
the unmodified RNA. The puckering qmplltudes Of_ the RNA -y modified DNA-RNA with the highest degree of occupancy
complementary strands of the _unqulﬂ_ed gnd amide-3 DNA (coordination number of 0.5) were found disordered in the
are 43 + 5 and 4T + 5 respectively, indicating that there are .40 3 DNA-RNA simulation.
not significant changes in the sugar conformation of the (d) Binding Free Energies of Amide-3 DNRNA and
complementary RNA (C3_endo region). Natural DNA-RNA Hybrids.Further insight into the forces
(c) Sobent and Counterions Structurd/ater Mplecules. Th? involved in duplex binding can be obtained by analyzing the
average water structurg around th? unmodified and am'qe'Sbinding free energy contributions, which are listed in Table 4
DNA—RNA duplexes is characterized here by the radial ¢, ihe amide-3 and natural DNARNA hybrids. Comparing

distribution function ¢fr), which measures the probability of o \an der Waals/nonpolah B ona_rna) + AGnanpola) With
finding the oxygen atom of a solvent molecule at the distance o electrostatic AECo!!

_ + AGpg) contributions, we
r from a particular atonj of the duplex along the first 3 ns of ONA-FIA P

) : find that the association between the amide-3 DNA and the
each trajectory. The integrated value ¢f)corresponds to the complementary 20-Me RNA, and between the natural DNA
time-average, running coordination number of afofrhe radial

TR . . - and the complementary-©-Me RNA, is mainly driven by more
distribution function (rdf) around a particular atongives ¢ayoraple nonpolar interactions in the complex than in solution.

information about the stability of the water site. rdfs and 1.5 has been proposed as a general scheme for noncovalent
coordination numbers have been calculated for each of the Sever,ssociatiof? However. as indicated in the energy components

C7 atoms of the amide-3 modifications, and the phosphate ¢ ihe amide-3 and natural DNARNA hybrids, this driving
atoms of the seven alternated phosphodiester linkages of they, q is considerably weaker in the natural DNRNA as
amide-3 DNA-RNA duplex. These rdfs were compared with ¢ mnareq to the amide-3 modified DNARNA hybrid. The free

the corresponding phosphate atom rdfs of the unmodified energy penaltyAGeel"indis less for the natural DNARNA
DNA__RNA duplex_ (see Supportlng _Informat|on Figure 3). The than for the amide-3 DNARNA hybrid and, together with their
solvation structure is remarkably similar for all phospha’;e droups |arge van der Waals contribution consequently, leads to the
regardless of the presence of tHe &d S- flanking amide-3  pighest binding affinity in the amide-3 DNARNA hybrid.
modified linkages. The rdfs have a sharp peak at 2.9 A from P Although we cannot compare the computed binding free

atoms and a running coordination number of-125indicating  gnergies for the modified and natural DNARNA hybrids with

a structured site and a high degree of occupancy i.e52.5  he enthalpies differences from UV melting experiments, the
water molecules on average for both duplexes. The rdfs of the ;- 1ated value for binding of the amide-3 DNRNA hybrid
carbon atom C7of the carbonyl group which reflects the g predicted to be more stable by 22 kcal.motompared to
hydration of the amide-3 group have broader peaks and a lowery,e 4t ral DNA-RNA hybrid, and assuming that the dielectric

degree of occupancy with running coordination number of 1, ¢qngtant of the solute is 1 and a ionic strength of 0.15 M. When
indicating a single structured water at the amide-308) sites 5 giglectric constant of 2 or 4 is assigned to the solute, the
of the major groove.

(67) Miyamoto, S.; Kollman, P. AProc. Natl. Acad. Sci. U.S.A993 90, 8402
(66) Lubini, P.; Zurcher, W.; Egli, MChem. Biol.1994 1, 39—45. 8406.
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(b) DNA single strands. Initial structures are in the A-form.

calculated values for the binding of the amide-3 DNRNA

20
hybrid are predicted to be more stable by 17 and 16 kcaf:imol %
respectively. Overall, the calculated main contributors to the €
enthalpy difference observed between the natural and modified ';-’.,_

10 |

DNA—RNA hybrids are found equally driven by nonpolar
(about 9 kcal.moi! more favorable for the amide-3 DNA
RNA) and electrostatic (13, 8 or 7 kcal.mélmore favorable
for the amide3-DNA-RNA if the solute dielectric constant is 0
1, 2 or 4 respectively) interactions between complementary Cluster number
strands (Table 4). Figure 9. Percentage of members from the simulation in clusterdQl
Modified and Unmodified DNA Single Strands.(a) Analy- when the conformational clustering is performed over the last 5 ns
sis of the MD TrajectoriesThe rmsd of the unmodified and  correspond to the simulations of the natural and amide-3 DNA single strand.
amide-3 DNA single strands changed significantly with time, It':ﬁctcl:?essszsngjz'ce%t_e the percentage of structures from the total of 2500
indicating that the structures deviated from the respective starting

structures and thus spanned over a wide range of conformationgyercentages of members as a function of the similarity criterion,
during the 10 ns simulations (see Figure 7). The amide-3 DNA j e rmsd. Results suggest that the natural DNA single strand
retains a more conserved A-form structure for the first 1 ns, ¢onformations sampled a larger conformational space, i.e.,
stabilized for about 600 ps (average rmsd around 6 A) than proader rmsd distribution as compared to the amide-3 DNA
shows a sharply increased rmsd (9 A) which then remains stableingle strand. Cluster analysis of the trajectory of the amide-3
for the last 4 ns of the simulation (averaged rmsd around 7 A). modified backbone DNA single strand shows that the most
For the unmodified DNA single strand, the rmsd rises to 4 A gtaple conformation (first-ranked cluster; see Figure 10A) is
within the first 1000 ps and averages arduA in thefinal adopted 25% of the time during the last 5 ns of the simulation
stages of the simulation. as shown in the Figure 9. Such conformation is characterized
(b) Clustering Analysis of the Amide-3 and Natural DNA py a C3 endo sugar pucker phase for the bases T4 to T11
Single Strands Conformation#\ conformational-clustering  (except the base C10 which adopts d €2do conformation).
algorithm has been used to characterize the configurational spacevioreover, the amide-3 DNA single strand samples ca. half of
sampled in the simulations of the natural and amide-3 modified its time in the first 5 clusters (from the total of 18). Regarding
backbone simulations at 300K (see Materials and Methods). Thethe weight of the most populated clusters of the natural DNA
number of clusters of conformations from these two trajectories single strand, cluster number 1 contains approximately 12% of
was calculated as a function of time (not shown). The number the whole (2500) ensemble of structures, and the first 6 clusters
of clusters is approximately constant over the last 5 ns of the (from the total of 22) contain as much as 50% of the ensemble.
two independent trajectories, but there is no definite indication These numbers suggest that the most relevant parts of the
of convergence, i.e., of complete sampling of configurational conformational space accessible to the amide-3 modified
space. Nevertheless, the most relevant (probable) conformationsyackbone DNA single strand at 300 K have been already
(clusters), i.e., the conformations with lowest free energy, sampled within the 10 ns simulations, even if the complete space
sampled within the last 5 ns period were considered here for has not been sampled.
analysis. Although not representing significant clusters sampled during
The number of conformations sampled is larger in the the trajectories, the conformational space accessible to the
simulation of the natural DNA single strand (22 clusters) than amide-3 modified backbone DNA single strand includes sampled
in the simulation the amide-3 modified backbone DNA single conformations “hairpin-like”. Two different “hairpin-like” struc-
strand (18 clusters). This is further illustrated in Figure 8, where tures forming a loop of four bases are observed at taedbof
the clusters from the trajectories are decomposed in terms ofthe single strand stabilized either by the stacking between the
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Figure 11. Phase pseudorotational profiles of the residu@gashed line)
andi + 1 (solid line) (as defined in Figure 1) (a) in the alternated amide-3
modified DNA single strand over a 10 ns simulation and (b) in the native
DNA single strand.

A B C

Figure 10. (A) The most relevant (probable) conformation (first-ranked
cluster) is adopted 25% of the time during the last 5 ns of the simulation
of the amide-3 modified backbone DNA single strand. Only the center of
the cluster is showed for clarity. Most of the bases adopt&Baendo
conformation. (B) Two conformations of the amide-3 DNA single strand
rarely sampled during the 10 ns trajectory. The stacking interaction between
the bases T1 and C6 stabilized the loop. The structures are colored accordinghe histograms for the amide-3 residuesnd residues + 1

tho éhe atOfb" tlépes- (C)bThe “hamg'”;e;]ﬁglgtgre iS_Stabi"éet?‘ béfgo fand the corresponding nucleotides in the native DNA single
T}:IL ;%%e?heoc:]thz.r ?Jz‘t:)weeetr\:v fr?: amideCiStcgrbony?T}iI:{:\ggeza‘P3*T4ean(d zhcé S_trand for all confo_rmatlons sampled alo_ng_ each 10 ns _SImUIa_
amide-3 NH group of the T1*T2 linkage. tion. In both profiles there are two distinct peaks in the
distribution of the pseudorotational angles indicating that the
bases T1 and C6 (Figure 10B) (with five consecutive bases i.e.,sugar pucker in solution is free to convert from the A-form’(C3
T1, C6, T7, C8 and T9 remaining stacked) or by two intramo- endo) to the B-form (C2endo) and vice versa. For the amide-3
lecular hydrogen bonds: one formed by the NH group of the DNA single strand, the shape of the profiles differ from the
amide-3 linkage between T1 and T2 with the'(@©®8) group native DNA profile indicating a different behavior of the sugar
of the amide-3 linkage between T3 and T4; the second hydrogenmoieties.
bond is formed between the NH of C6 base ring and the C(O)  The introduction of seven alternated amide-3 modifications
of T1 base (Figure 10C). The bases T3, T4, and T5 of the |ed to a preference for the C8ndo sugars at the residues i in
amide-3 DNA single strand remained stacked in both “hairpin- agreement with previous experimental studies on an 8-mer
like” conformations. In the unmodified DNA single strand, the amide-3 modified DNA-RNAZ® (see Figure 11A). As a
first breakage of a base stacking was observed after 250 psreference, Figure 11B indicates the sampling of structures with
between T11 and C12. Local disorders due to the breakage ofmixed C2 endo/ C3 endo sugar puckers as expected for the
base stacking were found in a few places and no significant natural DNA single strand.
amount of base stacking is observed throughout the first 5 ns  g|gpal and Local Flexibility of Single Strands. Monitoring
trajectory. The transition from a stacked conformation t0 an of the end-to-end distance is a good indicator of the molecular
unstacked conformation was monitored using the distance gjobal flexibility. The time evolution of the end-to-end distance
between the glycosidic nitrogen atoms of two subsequent basesyas calculated by monitoring the distance betweeha@dms
as a function of timé?%9 of each single strand (see Figure 1). No significant difference
It was found that the *CpT dimers in the amide-3 DNA single  was found in the end-to-end distance fluctuations for the natural
strand have less propensity to form unstacked states compare@nd amide-3 DNA single strands during the dynamics (last 5
to the corresponding pCpT in the natural DNA single strand. ns). The average end-to-end distances and standard deviations
Amide-3 dimeric units in the DNA modified single strand gre 43.94+ 8.2 and 44.7+ 5.9 A for the amide-3 DNA and
showed better stacking compared to the corresponding naturahatural DNA single strands, respectively. Calculated fluctuations
DNA dimeric units, i.e., pT3*T4, T4pT5, pT7*C8, C8pT9, and  were normalized by the corresponding average distances and
C12pT13 dimers remained stacked during the first 5 ns run were compared directly. It was found that the normalized
whereas the corresponding dimer units in the natural DNA freely fiyctuation is lowest for the natural DNA (0.13) and larger for
rotated to the unstacked conformation. Notably, dimer units the amide-3 DNA (0.19).
pT3*T4, TApTS and pT7*C8 correspond to the “hairpin-like”  rpe gmayl difference found in the global dynamic behavior
conformations sampled by the amide-3 DNA single strand. 46 not facilitate conclusions about differences in the relative

(c) Structure Analysis-uranose Ring Puckethe effect of g 0pa] flexibility of the natural and amide-3 DNA single strands.
the amide-3 backbone modification on the pseudorotational Features of the Single Strand Coiled StatesThe radius of

?ngﬂ]e prof_|(lje '2 ewgen(t:ed lngCZm_p arllngtthe dpucl::k_er dlsltrllbl:]t'on gyration is useful to characterize the shape of the conformations
or the amide-s and natura singie strands. Figure L1 shows adopted by the natural and amide-3 DNA single strands during

(68) Norberg, J.; Nilsson, LBiophys. J1994 67, 812-824. the trajectories. Figure 12 shows the probability distribution of
(69) Norberg, J.; Nilsson, LChem. Phys. Lettl994 224, 219-224. the gyration radius along the dynamics for the natural and the
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Figure 12. Probability distribution of the gyration radius along the
dynamics for the unmodified (solid line) and the amide-3 (dashed line) DNA
single strands.

amide-3 DNA single strands. It was found that the unmodified
DNA adopts considerably extended conformations while the
amide-3 DNA single strand adopts more compact coiled
conformations in agreement with the conformational cluster
analysis. This difference is consistent with the fact that the

electrostatic repulsion between phosphate groups in the natural

DNA forces the DNA to maintain an elongated conformation
while the absence of such repulsion in the amide-3 DNA single
strand allows the modified DNA to adopt a more globular
conformation.

(d) Sobent and Counterions Structure Around Single Strands.
Water Molecules. rdfs between the amide-3 atoms (i.¢.a08
N5 atoms in Figure 1) of the amide-3 single strand DNA and

the oxygen atoms of the water molecules indicate that one

ordered site occurs on the oxygen atom’ ©OBeach amide-3
with the position of the first peak at 2.4 A from the oxygen
atom O8 of the carbonyl group with a degree of occupancy of

1 water molecule. In contrary, no stable sites were found in the

neighborhood of NH groups of the amide-3 linkages. rdfs

Analysis of thermal melting curves using the van't Hoff
relationship allows the evaluation of nucleic acids stability and
thereby allows evaluation of the consequence of chemical
modifications on the oligomer structure. The differential melting
curve can be robustly fit to only three parameters, two of which
are the underlying physical constants of melting temperature
(Tm) and van't Hoff enthalpy AH\4). van't Hoff analysis of

the unmodified and amide-3 DNARNA hybrids shows that

in the present experimental conditionst,y values are—87

and —93 kcal/mol, respectively. Free energy and entropy
changes corresponding to these transition enthalpies were then
determined by using the Gibbs equation to calculate the
corresponding terms at 298K. van't Hoff enthalpies and
extrapolated\G values determined from the UV melting studies
on the duplexes indicated that the increased thermodynamic
stability of the amide-3 DNA-RNA is mainly due to an
increased binding enthalpy as compared to the unmodified
DNA—RNA hybrid.

Molecular dynamics simulations combined with continuum
solvation methods have been used as a complementary technique
for better understanding the relative binding affinity and
specificity of modified and unmodified DNA single strands
hybridized with a 20-Me RNA and corresponding DNA single
strands in aqueous solution at=P1 atm and T= 300 K. We
have performed 10 ns unrestrained simulations of one natural
DNA—RNA duplex d(TpTpTpTpTpMpTpMpTpMpTpMpTp-
MpT).2'-O-Me-r(CpCpCpCpCpGpCpGp CpGpCpGpCpGpC)
and one DNA-RNA duplex with seven alternated amide-3
backbone linkages d(T*TpT*TpT*MpT*MpT*MpT*MpT*-
MpT).2'-O-Me-r(CpCpCpCpCpGpCpGpCpGpCpGpCpG pC).
The simulations have been carried out with explicit inclusion
of solvent and counterions and with the Particle Mesh Ewald
method for an accurate treatment of long-range electrostatic
forces. We have used the CHARMM27 force field for nucleic

between the phosphorus atoms of the amide-3 DNA single acid with the addition of the amide-3 linkage topolqu and
strand and the oxygen atoms of the water molecules show aParameters extracted from the CHARMMZ22 force field for

first peak of hydration near 3.8 A with a coordination number
of 1.5 as found for phosphorus atoms of the unmodified DNA

proteins. Experimental structures of the 15-mer natural and
amide-3 DNA-RNA hybrids considered in the present work

RNA. Thus, the presence of amide-3 linkages does not change@'® Not available so far. Experimental structural data on an
the shell of hydration of the phosphorus atoms compared to @Mide-3 modified oligonucleotide reported so far relates to the

the natural DNA single strand.

Ammonium Counterions. rdfs between the P atom (or the
oxygen atoms O8of the amide-3 carbonyl groups) and the
nitrogen of the ammonium indicate two ordered sites within
the time scale of the simulation i.e., pT9 and pT11 with the
first peak at 3.8 A with a coordination number of 0.5. No ordered
sites for ammonium were found coordinated to the amide-3
group.

Discussion and Conclusion

investigation of conformational changes on an 8-mer amide-3
modified DNA hybridized with the complementary-@-Me

RNA hybrid?® The single modification which was inserted in
the center of the duplex did not affect strongly the duplex
structure and the sugar of residug@ee Figure 1) was found to
adopt exclusively the C&ndo conformation. From the present
study, the replacement of seven phosphodiester linkages by
seven amide-3 backbone linkages preserves a A-type conforma-
tion close to the natural DNARNA hybrid. While sequence-
specific effects cannot be entirely ruled out, the analysis

We have used a combination of experimental and theoretical presented here, as well as other experiméhgaid theoretical

techniques to study the relative binding affinities of a DNA
RNA duplex with seven alternated amide-3 linkage€sqBl,—
CONH-5) and the corresponding natural DNARNA hybrid.

studied! on amide-3 modified deoxyribonucleic acids, confirms
that this conformational preference is driven by the amide-3
backbone linkage. Helicoidal parameters were calculated for the

We performed thermal dissociation measurements of the two present MD average DNARNA structures and compared to

DNA—RNA duplexes at pH 6.0 in 10 mM NaCl/10 mM

the crystal structures of the DNARNA hybrids. The MD

potassium phosphate buffer. The measurements indicate that theimulations reproduce satisfactorily the average helicoidal

amide-3 DNA-RNA duplex with seven alternated backbone
linkages is more stabld = 54.2°C 4 0.6) compared to the
natural DNA-RNA (T, = 43.6 °C + 0.7) by about 11°C.

parameters found in the available experimental data of a
polypyrimidine DNA complemented to a polypurine RNA.
Despite the fact that the theoretical models of both the natural
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and unmodified DNA-RNA hybrids appear to be globallyina to be significant different for the amide-3 and the natural DNA
A-form they are small differences in the DNA strands when single strands based on the cluster conformational analysis in
there are compared at the local level. The average twist angleexplicit water. In the assessment of the calculated binding free
between subsequent bases indicates a global unwinding of theenergies, it should also be noted that changes in internal energy
amide-3 DNA-RNA as compared to the natural DNARNA upon complex formation are neglected because of the use of
hybrid. Since the twist values between the amide-3 steps arestructures from a single MD trajectory for both complementary
similar to the twist values between two corresponding consecu- single strands. The use of individual MD simulations for each
tive base pairs in the natural DNARNA, the global unwinding single strand involved in the complex formation might be
must be a consequence of a change in the twist of the stepswarranted. As a preliminary study, the two major contributors
below and above but not in the step connected by the amide-3to the binding enthalpy were calculated in the present work.
linkage itself. Such observations might be explained by the Charge repulsion between phosphate groups on opposite strands
constrained planar (trans) conformation of the amide-3 linkage provides a significant unfavorable contribution to the free energy
and the fact that the residuies 1 andi + 2 have to compensate  of duplex formation at physiological ionic strengt®g! Thus,
one less degree of freedom. In summary, no overall global removal of negative charge on one strand is expected to increase
differences between the natural and amide-3 DNRNA duplex stability at physiological ionic strength as long as the
hybrids were observed as reflected in the similar RMS differ- effect of neutral charge is not offset by an unfavorable effect
ences as compared to the average structures or the canonicauch as pre-organization into a structure incompatible with
A-form initial structures. Local differences were observed where duplex formation. Such interactions are significantly lower in
motions of the amide-3 moieties are more flexible compared to the amide-3 DNA-RNA compared to the corresponding natural
the phosphodiester linkage also reflected by the broad distribu-duplex as seven negatively charged phosphodiester linkages have
tion of thep, y, ande backbone angle values. Finally, the double been replaced by neutral peptide-like linkages. The present
strand simulations indicated that the sugar pucker amplitudespreliminary thermodynamic study suggests that the more
of the residues are globally locked in the C2ndo conforma- favorable binding free energy of the amide-3 DNRNA hybrid
tion whereas the natural DNARNA samples the C&ndo and compared to their natural analogues might be equally due to
C2 endo conformations. The average water structure aroundmore favorable nonpolar and electrostatic interactions between
the unmodified and amide-3 DNARNA duplexes and the  complementary strands. A complete assessment of the free
unmodified and amide-3 DNA single strands, characterized in energies differences from the molecular mechanical energy
this work by the radial distribution functions suggest that the (Ewwm), the solvation free energ¥toivation, and the vibrational,
amide-3 DNA-RNA hybrid duplex may have less structural rotational, and translational entropies for the DNA, following
water molecules sites as compared to the correspondingpreviously developed methas®C is in preparation.
unmodified DNA-RNA duplex. This observation is consistent To the best of our knowledge, this study represents the first
with the fact that the number of water molecules systematically quantitative thermodynamic investigation of modified DNA-
linking opposite phosphate groups, which stitch the major RNA recognition. Taken together, these observations suggest
groove of two complementary strands together and thus stabilizethat amide-3 modified backbone DNA-RNA binding is governed
the natural A-form DNA-RNA dupleX8 are less in the amide-3 by a broad range of factors, including electrostatic interactions,
DNA—RNA duplex (eight vs fifteen phosphate groups). chemically induced structural modifications, i.e., A-form pre-
Two additional 10 ns unrestrained molecular dynamics organization of the amide-3 single strand in explicit water, and
simulations of the natural DNA single strand d(TpTpTpTpTp- solvation effects without structural alterations in the host RNA.
MpTpMpTpMpTpMpTpMpT) and the amide-3 modified back-  Such knowledge is required for the ultimate development of a
bone DNA single strand d(T*TpT*TpT*MpT*MpT*MpT* more rational approach to drug design.
MpT*MpT) were performed in the same conditions as the )
corresponding DNARNA double strands. For the amide-3 Acknowl_edgment. We acknowledge helpfultechnlcal support
DNA single strand, the cluster analysis of the configurational from Martin Diggelmann. R.F.-P. would like to acknowledge
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that the most stable conformation adopted 25% of the time €xperimental work. Use of a clustering program for conforma-
during the last 5 ns is characterized by d ©3do conformation tional analysis developed by M. Schaefer is gratefully acknowl-
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exhibits an A-type conformation in explicit water that was not Supporting Information Available:  Amide-3 backbone modi-

o_bservm_ad for the n_e_ttural PNA single strand in the preseqt fication parameters abstracted from the CHARMM27 force field
5|mul_at|o.ns. In addmon, t.h's result sugggsts that the entrppm for proteins and nucleic acids and representative plots of the
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with molecular dynamics simulations in explicit water. Changes
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