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ABSTRACT. Methyl phosphonate oligonucleotides have been used as antisense and antigene agents.
Substitution of a methyl group for oxygen in the phosphate ester backbone introduces a new chiral center.
Significant differences in physical properties and hybridization abilities are observed betwegyatig R

S, diastereomers. Chirally pure methylphosphonate deoxyribooligonucleotides were synthesized, and the
solution structures of duplexes formed between a single strand heptanucleotide methylphosphonate, d(Cp
CpuweApmeApmeAPmeCpueA), hybridized to a complementary octanucleotide, d(TpGpTpTpTpGpGpC), were
studied by NMR spectroscopy. Stereochemistry at the methylphosphonate center for the heptanucleotide
was either RORpRpRpRpRp {Rtereocisomer) or RpRpRpSpRpRp &ereoisomer, although only one

of the six methylphosphonate centers has thst&eochemistry). The results show that the methylphos-
phonate strands in the heteroduplexes exhibit increased dynamics relative to the DNA strand. Substitution
of one chiral center from Rto S, has a profound effect on the hybridization ability of the
methylphosphonate strand. Sugars in the phosphodiester strand exhiitdG sugar puckering while

the sugars in the methyl phosphonate strand exhibit an intermediag@d® puckering. Bases are well
stacked on each other throughout the duplex. The hybridization of the methylphosphonate strand does
not perturb the structure of the complementary DNA strand in the hetero duplexes. The sugar residue 5
to the S chiral center shows A-form sugar puckering, with &€hdo conformation. Minor groove width

in the R, stereoisomer is considerably wider, particularly at thev® S, site and is attributed to either

steric interactions across the minor groove or poorer metal ion coordination within the minor groove.

Methylphosphonate oligonucleotides (MPOaije known synthesis in cell-free and cell-culture assays. Uncharged
to be attractive analogues for use as antisense, antigene, anfPOs are not recognized by cellular nucleases, enter animal
aptamer oligonucleotides because of their nuclease resistanceells rapidly without utilizing the DNA receptors, and
(1—4), easier penetration into cells due to the absence of specifically inhibit expression of target genes, distinguishing
negative chargel( 5—7), and ability to hybridize with even a single mismatck8), MPOs complementary to the
complementary oligonucleotides and polynucleotides( initiation codons of rabbit globin mMRNA have been shown
6). MPOs are among the first modified oligonucleotides to inhibit globin synthesis by preventing translati® @lbeit
reported to be used as antisense molecules to inhibit proteinnot by an RNaseH hydrolytic mechanism. Reduced levels
of viral DNA indicated antiviral activity of methylphospho-
(E;T&% S'fg‘nvéaé Ssggggg)edt rl]ré pvfil/félg% NFﬁzr%aGtifgrr“t(ﬁi%%) '\:r'fd"'ts;] , nate oligonucleiotides complementary to the acceptor splice
Sealy and Smith Foundation grants to D.G.G., J. Soros GrantsJunCt'.On in HSV'l"nfeCt.ed cells_?(). Redycthn 'm'mycand
N-RC6000 and N-RC6300 to A.V.L.. Building funds for the UTMB ~ protein levels were achieved with a chimeric MPO antisense

NMR facility were provided by NIH (1CO6CA59098). targeted to the initiation codon. However, cell proliferation

* Coordinates are available from the Protein Data Bank (PDB): 1K1R was not affected 10). Antigene, triple-stranded-forming
(for R isomer) and 1K1H (for S isomer). " .

*To whom correspondence should be addressed: E-mail david@ Methylphosphonate _O!IgOhU_ClEQt_IdGS targeted to acetyltrans-
nmr.utmb.edu. Fax: (409) 747-6850. ferase mRNA, specifically inhibits protein synthesisl)

_®Sealy Center for Structural Biology and Department of Human \pQOs have also been successfully used to map the phosphate
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IlNnstitute of Bioorganic Chemistry. contacts that are critical for thfe RNA recogn_it_ion py HIV-1
UPresent address: Department of Chemistry, McGill University, regulatory proteinsl2) and to identify the critical interac-
Montreal, PQ, Canada. i ) __ tions in thetrp-repressor-operator complex3d).
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of Manchester, M13 9PL, U.K. Replacing one of the phosphoryl oxygen atoms at the
! Abbreviations: DMT, dimethyl trityl; DQFCOSY, double- phosphorus with a methyl group neutralizes the charge and

guantum filtered correlation spectroscopy; MP, methyl phosphonate; ; ; ; ;
MPO, methyl phosphonate oligomers: PD, phosphodiester: NOESY. introduces a new chiral phosphorus center, either in the R

nuclear Overhauser effect spectroscopy; MD, molecular dynamics: OF S configuration (Figure 1). These two stereoisomers differ
r-MD, restrained MD; PME, Particle Mesh Ewald. in physical properties and hybridization ability with comple-
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Ficure 1: Chemical structure and stereochemistry of theaRd
S, isomers of the methylphosphonates.

Thiviyanathan et al.

presently known about oligonucleoside methylphosphonate
structures in detail. Crystal structures of dinucleosides
containing a single phosphonate center have been reported.
A crystal structure of a dinucleoside d(ApT) containing S
chiral center exhibits an unstacked, extended conformation
(22) and d(CpG) with an R center exhibits a stacked
conformation 23). Recently, a high-resolution proton NMR
study of a DNA-RNA hybrid containing R MP centers at
alternating positions in the DNA backbone was reporg). (

It was shown that the unmodified RNA strand manifested
inter-proton distances typical for A-helix. However, the DNA
strand nucleosides were in neither the standard A- nor B-type
conformation. The experimental data revealed that the sugar
rings exhibit either an E-type conformation or a rapid

mentary DNA and RNA strands. Most studies carried out conformational exchange between N- and S-type conforma-

so far indicate that the Rdiastereomer forms more stable
complexes as compared tp Bastereomery, 14—16). Free

tions. So far, no experimental data has been reported for the
S, MPOs.

energy molecular dynamics decomposition calculations have There are few structures of modified backbone duplexes.
indicated the origin of structural interactions and physical For monothiophosphates, RNA/DNA hybrid backbone du-

properties responsible for the differential stability gfdnd
S, diastereoisomersl{). Steric, electrostatic, and solvent

plexes show little perturbation from RNA/DNA normal
backbone duplexes. In contrast both monothiophospRaje (

interaction effects are believed to contribute to the increasedand dithiophosphate DNA26) mixed backbone DNA/DNA

stability of the R diastereomer. Destabilizing steric effects
originate from three groups: for the 8omer, the C2and
C3 carbons (in the Xirection) and hydrogens unfavorably
interact with the methyl group of MP, and the 'Gigar (in
the 3 direction) carbon and hydrogen destabilize the R

duplexes show helical distortions, forming A-like character
near the thioate substitutions. The only other structural study
of a duplex containing chirally pure multiple MP centers in
a duplex suggested distortion by the MP, although a 3D
structure was not reporte@4).

isomer. Measurements of melting temperatures of the Theoretical calculations predict higher stability fog R
duplexes formed by diastereomers with complementary diastereomeric duplexes compared to thesémer, and they

normal DNA revealed stabilization by Rinkages, and

predict the Risomer to exhibit greater hybridization strength.

tion of a single B center by an Scenter in a heptamer
heteroduplex DNA decreased tiig by 3 °C. Similar results

demonstrate evidence to support the theoretical calculations
that the R and § isomers exhibit different hybridization

were obtained for methylphosphonate/RNA heteroduplexes strengths. We also present the first NMR evidence to support

(Vyazovkina and Lebedev, unpublished data).
Molecular dynamics calculationd ) indicated that the
S, MPOs perturb the conformations around the®3 and

the structural differences between two diastereomeric MPO
duplexes. These are formed by individual diastereomers of
heptanucleoside methylphosphonate d(CpveAPmeAPme-

glycosyl bonds, resulting in a d_ec_rease in stacking interac- Ap,,.CpyeA) in absolute configurations RpRpRpRpRpRp and
tions. The R isomers behave similar to_normal phosphate RpRpRpSPRpPRp with complementary phosphodiester oc-
diester duplexes since the methyl group is further away from tamer d(TpGpTpTpTpGpGpC). These sequences were cho-

the sugar. Neithershor R, MPOs seem to significantly alter

sen for comparison with the phosphodiester DNA duplex,

the base-paired phosphodiester conformation. Since theq(CpCpApApApCpAYd(TpGpTpTpTpGpGpC), used as a
introduction of an MP group introduces a new chiral center, model oligomer in a number of physical chemical studies

an oligonucleotide witiN methylphosphonates will create

2N different diastereoisomers. To increase the hybridization

reported earlierZ7).

to target sequences for antisense or antigene applicationsMATERIALS AND METHODS

and minimize nonspecific effects, synthesis of diastereo-

merically pure MPOs is preferred.

Synthesis of Stereospecific Diastereomers of DNA Meth-

Several methods have been reported for the synthesis andlPhosphonate HeptameglPOs were synthesized based on
purification of stereoisomerically pure MPOs. Methods @ Procedure described by Miller for solid-phase synthesis
include the chromatographic separation of the diastereoiso-(28) and modified for liquid phase2@—31) using the triester

mers (9), block coupling of diastereomerically pure di-
nucleoside MPOs1(, 13), and recently the kinetic resolution
based on P(lll) chemistry2(Q). However, almost all of these

studies reported so far are on MPOs with alternating

method. Diastereomers of heptanucleoside MPOs were
synthesized by a block coupling of diastereomerically pure
MPs.

Methylphosphonic bis(imidazolide) in acetonitril2d( 32)

phosphate and methylphosphonate and centers. Recently was used as a combined phosphonylating/condensing reagent
reported the synthesis of several specific diasteromers of thefor the coupling reaction. All reactions were carried out under

hetero-oligonucleoside methylphosphonate gCmveApPwe-
ApueAPmeCPueA) (21).

dry argon.
The MPO tetramer (DMT)C*aeC*pumeA*pP meA*(AC) Was

To better understand the effect of stereochemistry on the synthesized as follows: DMT-protected MP nucleotide C*
stability of oligonucleoside methylphosphonate duplexes, was coupled with dimer A*p.A*-Ac in Rp-configuration
structural studies are required. Unfortunately, very little is to yield trimer C*pueA*pmeA*-Ac in R Ry-configuration.
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Coupling of this trimer with another monomer (DMT-C*) dissolving lyophilized oligonucleotides in the following
yielded the tetramer. Diastereomers were separated frombuffer: 100 mM NaCl, 10 mM NabPOy/NaHPQ,, 0.1 mM
racemic mixtures using silica gel chromatography after each EDTA, pH 7, prepared in 99.9%,0. The final concentra-
coupling step. The absolute configurations of the new tions of samples were 1.8 mM for the duplex ¢RERRRR-
asymmetric centers of trimer and tetramer were assigned bydiastereomer and 2.2 mM for the duplex offBR,S;R,R-

partial acid hydrolysis as described previousBO)( In diastereomer. TSP was used as an internal standard and set
accordance with the results reported by us and several otheto 0.00 ppm for all temperatures studied. In this paper, the
groups 4—6, 21, 29), the R, configuration was assigned to heteroduplex containing allfhiral centers will be referred

the fast eluting isomer. as the R isomer, and the duplex with the fifth position
The racemic mixture of heptamer (DMT)GiEC*Pwve- substituted with Scenter will be referred to as thg Somer

A*p meA*P veA* P MeC*PeA*(AC) was prepared by block  (even though it has only one, 8enter, all others being R

coupling of individual diastereomers of tetramenRGR,- isomers).

configuration) and trimer (FR, -configuration). The separa- NMR Experiments and Data Analysi®ne- and two-

tion of the racemic mixture of heptanucleoside methylphos- dimensional proton and phosphorus NMR spectra were
phonates was done after complete deprotection and purificationrecorded with the two MPO samples. Two-dimensional
by RP-HPLC. Deprotection was achieved by treating with proton NOESY and TOCSY experiments were acquired at
0.5 mL of pyridine (in 80% acetic acid) at 2€ for 60 min 750 MHz on Varian UnityPlus instrument equipped with
and an acetonitrile/water gradient was used for RP-HPLC. pulsed field gradients. Two-dimensional NOESY data were
Affinity chromatography on a silica column (Lichrosorb- collected in hypercomplex mode34) at different NOE
NH,) with covalently attached complementary phosphodi- mixing times (from 80 to 500 ms) and at different temper-
ester DNA, d(TpGpTpTpTpGpGpC), was used for separation atures (from 5 to 35C). The acquisition parameters for the
(6). The separation was performed on a thermostated column2D NOESY experiments were as follows: 7900 Hz spectral
(4 x 200 mm) using a linear gradient of increasing column width, 5 s relaxation delay, 0.26 s acquisition time, 8 scans/
temperature. The total yield after purification was 8 increment, and 518 increments. Two-dimensional TOCSY
of the RpRpRpRpRpR diastereomer and 16QJ4 of the spectra were recorded with 30 and 80 ms spin-locking mixing
RpRpRpSpRpPR diastereomer. Purity of the synthesized MPOtimes at 5, 15, and 25C, with 2048 x 512 points and a
strands was tested by micro column reversed-phase HPLCspectral width of 7600 Hz in both dimensions. The relaxation
and'H and3P NMR. Stereospecificity of the phosphonate delay was 6 s. DQFCOSY experiments were acquired at
centers in the MPO strands was confirmed by partial 600 MHz under hypercomplex phase-sensitive m&#.
hydrolysis of the strands as described earl9).( A homospoil (HS-90-HS) pulse was applied at the beginning

Synthesis of Deoxyribooligonucleotideeoxyribooligo- of the pulse-sequence to compensate for the short relaxation
nucleotide d(TpGpTpTpTpGpGpC) was synthesized by the delay time. One- and two-dimensional NOESY data were
triester method in the liquid phase with the use of standard collected on the samples in@ to observe the amino and
reagents: 2,4,6-triisopropylbenzenesulfonyl chloride and imino exchangeable protons. One-dimensional proton spectra
1-methylimidazole. After complete deprotection using dilute in H,O were collected as a function of temperature. One-
ammonia (30 min) and diethylenediamine (8 h at room dimensional phosphorus and two-dimensidfaf'P HMBC
temperature) 33), oligonucleotides were purified by ion- experiments were done at 162 and 240 MHz on Varian
exchange and RP-HPLC. All reactions were carried out under UnityPlus instruments using either a broadband Nalorac or
dry argon, and the solvents were distilled from calcium Varian probe optimized for phosphorus and proton detection.
hydride. Acquisition parameters for the two-dimension#t-3'P

UV Melting ExperimentsMelting experiments were car- HMBC experiment were 256 increments with 16 scans/
ried out using a custom-made microscale instrument basedincrement and 2K points, 6269 Hz sweep width, and 1.8 s
on the Milichrom-2 spectrophotometric detector (PO-Nauch- relaxation delay. One-dimensional phosphorus spectra were
pribor, Orel, Russia). Stoichiometric amounts of component collected with 34K points and 256 scans, and a spectral
oligomers, calculated from optical density measurements, window of 26 936 Hz. All NMR data were processed using
were mixed and dissolved in a buffer containing 10 mM VNMR (Varian) software. The NOESY and TOCSY data
sodium phosphate (pH 7.0), 1 mM EDTA, and either 100 were processed with 90shifted sign bell apodization
mM or 1 M NaCl. Concentration of the double-stranded function in both dimensions. A sine bell deconvolution
DNA duplex was 15«M. Samples were heated from 2 to function was used to suppress the residual HOD signal. The
80 °C at a rate of approximately 0.3C/min, and the time domain data were zero-filled to increase spectral
absorbance (at 280 nm) was recorded approximately everyresolution in both dimensions.
0.2 °C. Melting temperatures were determined as the Distance Calculations and Structure Refinem@&tarting
maximum point on the first derivative A4ddT) vs temperature  model coordinates were constructed using the xLEAP suite
(T) curves. in the molecular mechanics/dynamics program AMBERS5.0

NMR Samples Preparatiofror both samples, an equimo- (36) and were subjected to energy minimization to remove
lar ratio mixture (calculated using optical density measure- any unfavorable van der Waals contacts. The starting
ments) of the two component strands, d{E&PpPveApPne- structure was placed in a rectangular box, providing at least
ApmeApveCpveA) and d(TpGpTpTpTpGpGpC) (with the 10 A of explicit TIP3P water moleculeS7) around each
methylphosphonate chain in configuratiopgRER,R,R,R or DNA yielding approximately 4692 water molecules. To
RpRpR:S:RpR) were mixed together, and the stoichiometric neutralize the negative charges on phosphates, ‘8idies
ratio was monitored by the integration of NMR signals of were placed around the charged phosphate groups in the
protons from each strand. The complexes were prepared byphosphodiester strand. Constant pressure was maintained
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with isotropic scaling. The water box was first subjected to Table 1: Melting Temperatures of the Duplexes of Individual

a series of equilibration MD runs while holding the solute piastereomers of Methylphosphonate Heptamer d(CCAAACA) with
fixed (38). Position constraints on solute molecules were Complementary DNA; d(TGTTTGGC)

gradually relaxed during the equilibration steps as well as T (°C)

the final refinement runs. These steps were performed using

the particle mesh Ewald (PME) method to calculate elec- diastereomer 0-1 M Nacl 1M Nacl
trostatic interactions39). The resulting structure was used SESESE 2(7)'5 28
as the starting structure for the subsequent rounds of  RsrRRS 25 24
refinement using r-MD. RSRSRS 23

Inter-proton distances were derived from the integrated =~ SRSRSR 14.5 15
2D NOESY cross-peak volumes using the hybrid, complete gggsgg ig 5 14
relaxation matrix program MORAS3(, 41). NOE spectra SSSSSS 125
were simulated from starting model structures at 200 ms d(CCAAACA) 21 35

mixing time assqmirjg an isotropic Cor_rEIation time_ of 2.8° " aonly absolute configurations of asymmetric phosphonate centers
ns. This assumption is validated by previous calculatid@s (  are shown.

that indicated that linear DNA molecules with less than 13
base pairs behave isotropically. A hybrid of experimentally  The progress of the iterative refinement process to
determined NOESY cross-peak volumes and calculated convergence was monitored by several key indicators. The
NOESY volume matrix of starting geometry was built to rms error in the volumes was used as the first criteria for

approximate a complete experimental NOESY volume monitoring the refinements. The % rms(volume) is given by
matrix. The cross relaxation rate for each proton pair was

then calculated with multiple spin effects explicitly treated. a b\ 2
Inter-proton distances were calculated from the cross- o | 1N Ui — Y
relaxation rates assuming a simple isotropic spectral density 6 rms (volume)= 2 a
function. L W

Structure refinement was carried out in an iterative cycle
using a pertubational merging of experimental NOESY
volumes with the theoretical volume matrixd(Q; 41).
Approximately 50% of the available experimental volumes
were merged in the first iterative cycle and the amount
merged at each subsequent step was increased-by5p0
until the experimental data was completely merged.

The errors (i.e., uncertainties) in the calculated preton z“jg _ 0

i i
i

x 100%

wherea or b can be either the experimental or theoretical
2D volumes to give the % rms(exp) or % rms(the),
respectively.

An R-factor, similar to theR-factor used in X-ray
crystallography, was also used as a refinement criterion. The
R-factor is given by

proton distances were described using a flat-well energy

penalty function in which the width of the flat-well is defined

as a percentage of the equilibrium interproton distang¢é, zyg

For each of the starting structures the flat-well span was : I

decreased from an initial value at25% r;® to ca. 10%

while the distance restraint force constants were increasedWe have suggested that the % rms(volume) is a very useful

accordingly as the structures approached convergence. measure of quality of fit to the spectra since it weighs the
To ensure WatsonCrick base-pairing in the helix, percentage differences in the theoretical and experimental

hydrogen bond restraints at an equilibrium distance of 1.9 volumes for both large and small cross-peaks equally. Thus,

A (£0.19 A) were added between the base pairs. The forcethe % rms(volume) is more sensitive to weaker cross-peaks

constant on each hydrogen bond restraint was 15 kcal/molwhich correspond to longer range (e.g., interresidue) dis-

A2 Only one hydrogen bond restraint was applied to either tances. ThdR-factor is regarded as a poorer measure of the

AT (between N1 of A and H3 of T) or GC base pairs quality of the refined structure since it is often dominated

(between H1 of G and N3 of C) to allow propeller twist by the largest cross-peaks. Another figure of merit for the

between the base pairs during the refinement. quality of fit, the Q(1/6) factor @3), also appears to better
During r-MD, the nonbonded interaction cutoff distance reflect the quality of the structure since it weighs the weak

was set to 10 A and a distance-dependent dielectric constantross-peaks more heavily than fRéactor. TheQ(1/6) factor

was used with an integration time step of 1 fs. Coordinates is defined as

were stored every 50 steps. The charges at'thad 3 ends

of the DNA strands were modified to avoid nonphysical Zrm|(yf}‘)1/6 - (vfj’)1/6|
electrostatic interactions. T
For each iteration, the starting structure was first energy Q(1/6)=
minimized against the NOE restraints for 3000 steps followed Z(l/z)rml(vf}‘)l/6 + (US)MSI
T

by 8 ps of r-MD with temperature annealing (increased the
temperature from 298 to 600 K for 2 ps, cooled to 298 K RESULTS
over the next 3 ps, continued at 298 K for the last 3 ps).

The average structure from the last 3 ps of -MD was energy Measurements of Melting Temperaturéghe melting
minimized, and the resulting structure was used as the startinggemperatures were determined as the maximum points of the
structure for the next iteration of MORASS/r-MD. first derivative plots and are shown in Table 1. For the PD
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DNA duplex, the melting temperature showed significant T, 2
increase when the NaCl concentration was increased from
0.1 to 1.0 M. However, the melting temperatures did not

residue H8/H6 H5/H2/Me H1 H2" H2 H3 H4 P

change significantly for the hetero-duplexes containing Asgi%qme”t Olf%‘emicg'%higszfgrtgizs'iiogqse?%z
_I\/IPOs, when the salt concentratlon_ |s_|ncreased. The results , 808 611 276 289 502 446078
in Table 1 also show that the substitution @fc@nter for an T3 7.41 1.42 6.19 2.27 2.64 4.94 4.340.99

R, center reduces the melting temperature of the hetero T4 7.54 172 6.17 221 262 492 4.171.25
duplex. Along with the number of the, Substitutions, the Z;56 ;-gg 172 3-553 22'5?5 22-635 ;‘r-gg j-s}ifl)-gg
position of t.he §subst|tyt|on also plays a significant role G7 781 ) 601 253 258 495 438108

in determining the melting temperature of the duplex. A g 7.76 591 624 227 235 455 4.120.53
sharp, significant increase i, for the duplex with SRSRSR Cc9 7.60 571 597 2.15 2.39 4.98 4.16
(14.5) compared to the duplex of RSRSRS {RBnplies a C10  7.44 573 536 200 210 506 4.19 3581

o o L All  8.16 7.62 596 2.69 2.83 5.38 4.47 36.03
structural transition. In pyrimidines, the substitution at C5 Al2 818 744 546 268 273 530 425 3505

is in close proximity to the S-methyl group (of the phos- A13 7.99 7.27 6.09 257 2.68 5.33 453 36.28

phonate) resulting in an adverse steric effel?)( In the C14  7.09 519 571 1.74 215 4.98 4.27 35.75
SRSRSR, there would be two cytosines with &nters Al5 812 6.27 2.43 266 4.65 421 35.72
whereas in the RSRSRS, there are no cytosines wjth S Assignment of Chemical Shifts for the R-Isomer®)

conformation, resulting in the formation of a more stable T1 7.63 179 584 225 244 4.86 4.22
complex. This may explain the increaselinbetween these % ?'22 143 %'12?5 22?; 22'%% i‘%@ i'g(l)'gg
two complexes. In 100 mM NacCl, the all;RIPO heptamer T4 758 167 6.19 227 2.65 4.94 4.231.24
was significantly more stable in a duplex with complemen- T5 7.38 174 580 206 235 4.88 4.120.89
tary DNA than the PD DNA duplex. These results show that G6 7.93 5.51 2.69 2.69 5.01 437131
it is possible for the all-R MPO diastereomers to invade a g; ;'gz 585 %0272 226215 22'63% ‘29575 ‘241%8'22
duplex PD DNA, as was the results found for the polyamide C9 7:64 5:86 5:97 2:15 2:39 5:01 4:16 ’

DNA (44). As would be expected for a neutral oligomer, c10 7.48 576  5.38 2.03 2.13 5.06 4.19 35.74

the melting temperatures for MPOs showed little dependence A1l 8.28 5.87 269 290 539 452 3555
on salt concentration. Al2 8.6 5.99 2.75 2.79 5.28 4.55 35.92
. Al3  8.04 6.07 257 2.71 5.28 4.53 35.82
Assignment of Nonexchangeable Protdbse to the loss cia  7.09 519 571 174 216 498 429 3548
of signal intensity at higher temperatures, the NOE spectra A15  8.12 6.29 241 2.66 4.65 4.21 36.10

collected at 5C were used to make sequential assignments. ~a assignment of P on the 'Sside of the residue’ These two
Nonexchangeable protons were assigned using the estabassignments are ambiguous.

lished sequential assignment strategy for nucleic acifs (
and are reported in Table 2. AIt_hp_ugh neither an A-form protons of thymidines and by their sequential NOESY cross-
nor B-form-type geometry was initially assumed, the se-

. . . X peaks to the Hlof the 3 residue.

quential assignment of this duplex followed that for a right- ) e ) )
handed helix. From the chemical shifts listed in Table 2, it can be noted

Sequential assignments were based on the arorridiic that the chemical shifts of H3®rotons for the_sugars in the
connectivities and were confirmed by the aromaticomatic MPO strands (for bOth duplexes) are Sh'f.ted downfield
cross-peaks and aromatic-#22"/H3' connectivities. Inter- ~ cOMpared to the H3shifts in the phosphodiester strand.
residue NOESY cross-peaks from the H5 of pyrimidines to Similar result_s were reported for he_ter_o-duplexes containing
the H6/H8 base proton of the<1) residue were also present. phosphorothloate e}nd phosphorodithioate stradals (I'h_e
Other sugar protons (M3H4, H5, and H5) were inde- chemlpal shifts of H4protons of the MPO strand also shn‘ted
pendently assigned from the 2D NOESY and DEFOSY downfield compared to the H4rotons of PD strand. Since
(and 2D TOCSY) spectra. The 50 ms mixing time NOE the H3 and H4 protons are closer to the backbone MP group
spectra were used to confirm the assignments of the Sugatcompar_ed to the other sugar protons, the downfield Sh'ﬁ may
protons using the intra-sugar NOESY cross-peaks. The € attributed to the presence of methyl group in the
assignments of individual sugar protons were confirmed by Phosphonate backbone.
the relative intensities of the intra-sugar cross-peaks in the The methyl protons of the MP group were assigned using
50 ms NOESY spectra. Weak sequential (dt—H1'(n+1) the *H-3P HMBC spectra. These methyl protons showed
connectivities were also observed and were used to confirmNOESY cross-peaks to the Hand H4 protons on the 5
the H1 assignments. Sugar Hand H2' resonances were Side of the phosphonate groups and'/HS" protons and
assigned by comparing the intensities of intra-sugar NOEs. weak NOESY cross-peaks to the 'H8otons on the ‘Sside.
Sugar H2 proton is closer to the Hbf the same sugar than  In the case of the sSisomer, a strong NOESY cross-peak
any other protons irrespective of the sugar pucker. THe-H1 ~Was observed between the methyl group of A12 and thie H3
H4' distance is shorter than the HH3' distances, irrespec-  0f A13, suggesting that this inter-proton distance is shorter
tive of the sugar pucker. The H4H5/H5" scalar cross-  for Syisomers compared to the distance found jisemers.
peaks were either overlapped or too weak to be seen due to Exchangeable Proton Assignmenfbe amino and imino
small coupling constants (less than 3 Hz). Stereospecific protons were assigned from the 1D and 2D spectra collected
assignments for the MB15" were not made. However, itis in H,O. In the 1D spectra collected as a function of
assumed that the HBesonate downfield from the H546). temperature, the imino signals disappear for boglafRd $

The H2 resonances of adenines were assigned by theirsamples above 10C. For the § isomer, 5 imino proton
strong cross strand NOESY cross-peaks to base-paired imincsignals were observed af&. The imino protons of G6 and
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H1'—H2" scalar cross-peaks were observed for both the
phosphodiester and MP strands, suggesting that the sugars
A B in both strands exhibit B-form sugar puckering. However,
for the A-12 residue of the Ssomer, the HYH2' cross-
peak is very weak, indicating this residue shows some
A-form characteristics. The relative intensities of the NOESY
cross-peaks of intra and interresidue H8/H6 td &i2d H2'
further support the conclusion that the sugar residues in the
PD and MPO strands exhibit B-form sugar puckering while
the puckering is reversed for the A12 residue of thes@mer
sample. For the sugar residues in the MPO strand, scalar
peaks of equal intensity were observed betweehH'
J\/ and H2'—H3', indicating that these sugars exhibif @ndo
........................... or Oy’ endo sugar puckering with a pseudorotation ang)e (
3.3 380 857 354 383 38.0 35.7 354 ppm around 76
FiGurRe 2: One-dimensional'P NMR spectra of (a) gand (b) R Coupling constants for the sugar protons were estimated
isomer heteroduplexes. Only the phosphonate region of the spectrgyom the DQF-COSY spectra collected at & for both
is shown. The®'P spectra were collected at 162 MHz and at 25 th dth 8 Th l b
°C. Chemical shifts are referenced to 85%Pi®;, at 0.0 ppm. e R and the Hisomers. The coupling constants between
the H2 and H3 and the HZ and H3 protons also support
G7 residues were not seen. At@, the imino proton of the  the G/-endo sugar puckering in the MPO strand. On the basis
T1 residue disappears, and all imino signals disappeared abf the intensity of the NOESY cross-peaks between H8/H6
15 °C. In the case of Risomer, at 8°C all but the imino and their own H1 protons, it was determined that the
proton of G7 was observed. At &, imino protons of G2, glycosidic torsional angles are anti for all the residues, and
T3, T4, and T5 were seen. All imino signals disappeared at none exhibit a syn conformation.
23 °C. Three strong inter-strand NOESY peaks were Two-Dimensional NOESY as a Function of Temperature.
observed between T-imino protons and the H2 protons of Sequential H8/H6>H1' NOESY connectivities were ob-
the base-paired adenines. The NOESY cross-peak correserved for both phosphodiester and MPO strands for both
sponding to the terminal A:T basepair was not observed. isomers at 5C. The NOESY cross-peaks were sharp and
Assignment of Phosphorus Resonan&&schemical shifts ~ strong with the expected connectivity. However, as the
were assigned from the 2D HMBC spectra based on tHe H3 temperature increased, the sequential NOESY connectivites
and H4 sugar resonance assignments. The methyl groupsfor the MPO strand disappears, while the connectivities
of the MP were also identified using the HMBC experiment, remain for the phosphodiester strand. The H8AHA' region
as the®'P-'H coupling in MP is around 17 Hz. of the NOE spectra collected at different temperatures is
The 'H-3P HMBC spectrum showed six peaks in the shown in Figure 3. Normally, as the temperature of a nucleic
methyl region. The NOESY cross-peaks between the sugaracid duplex is raised close to the melting temperature, there
H3'/H4' and the methyl protons in the phosphonate group would be a general loss of NOESY connectivitfis is
were differentiated by their characteristic splitting (of 17 Hz) consistent with increased flexibility, increased populations
due to the adjacent phosphorus attached to the methyl groupof multiple conformations, and thus diminition of NOE
The 3P spectra were referenced to 85% phosphoric acid atvolumes. The Risomer showed loss of connectivity at the
0.0 ppm, which is 3.45 ppm upfield of trimethyl phosphate ends of the MPO strand consistent with end-fraying with
(TMP). The®P signals of the phosphate diesters resonate temperatures that approach the melting temperature of 30

between—1.4 and—0.5 ppm. At all temperatures, t#éP °C. However, the PD strand did not show as much loss of
chemical shifts of the phosphodiesters are dispersed withinconnectivity as expected. Even at 28 there remained
this 0.9 ppm range, which is typical for normal &nforma- significant connectivity and cross-peak intensity in the central

tion (48). The methylphosphonate phosphorus resonatesregion of the PD strand while no stable connectivity was

downfield between 35 and 37 ppm. The phosphorus of the detected in the MPO strand. For theiBomer, the NOESY

S, phosphonate center resonates further downfield comparedconnectivities in MPO strand disappear at 20. This

to the phosphorus atoms in thg RP (Figure 2). differential loss of NOESY connectivity within the PD and
The downfield shift of phosphorus resonances of phosphateMPO strands is even more pronounced for thesBmer.

diester oligonucleotides are interpreted as an indication thatThe S isomer, which has a melting temperature about 10

the phosphates contain a higher population of trarg)® °C lower than the R isomer, begins to lose NOESY

torsional angles (48). While such a correlation has not been connectivity in the MPO strand between 10 and®C5Also,

established for the phosphonates, the downfield shift of the the MPO strand cross-peaks had larger line widths than the

3P resonance suggests that thepBosphonate may exist ~ PD strand, suggesting an increased conformational flexibility.

more frequently in a B(e = trans) conformation. Molecular Accounting for the premature loss of NOESY cross-peak
mechanics calculations also revealed that the presenge of Sconnectivity in the MPO strand was not immediately obvious.
introduced a certain degree of restriction for the @3 The DNA strand was not self-complementary, thus, based
rotation with an increase in the barrier for thg-B on the primary sequence, it should not self-associate or form
transitions 18). a hairpin loop to maintain a stable structure. The chemical

Sugar Puckering and Glycosidic Torsional Angl@$e shifts of the cross-peaks in the base to' kidgion were
2D TOCSY spectra collected at“® were used to assign  similar across the temperature range, indicating that the
the sugar spin systems of each residue. The-+P' and duplex was stable throughout this “premelting” transition.
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Ficure 3: The H8 to H1region of the 2D NOESY spectra collected as a function of temperature. Columr, AsoiRer at 5°C (top),
15 °C (middle), and 25C (bottom). Column B is Sisomer at 5°C (top), 15°C (middle), and 25C (bottom). Dashed lines indicate
connectivity for the DNA strand and the solid lines for the MP strand.

One explanation of the selective loss of NOESY connectivity calculations using the iterative hybrid-matrix MORASS

in MPO strand was rapid exchange between several confor-program. A total of 249 restraints were used for theV®O

mations of the MPO strand. The°® NOESY data of the  duplex, and 243 restraints were used for thé®0 duplex.

S, isomer did show several extra low-intensity cross-peaks The quality of the refined structures was assessed by several

in the fingerprint (base to Hlproton) region. These low-  key indicators, which are summarized in Table 3.

intensity cross-peaks were not observed in the NOESY data The 2D NOESY volumes calculated based on the final

collected at higher temperatures 15 °C). averaged structure fit very well with the experimental 2D
Structure CalculationsDistance restraints obtained from NOESY volumes, indicating the high quality of the final

integrating the NOESY volumes were used in the structure structure and the refinement process. Significant deviations
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Table 3: Structure Determination Statistics

Rp isomer Sp isomer
SA AR SA 5AB

% RMS vol (exph 63.1 61.2+ 4.8 91.6 89.3:5.1
% RMS vol (theY 74.5 71.8+6.1 65.9 61.2- 6.5
R-factoP 0.3218 0.3213: 0.08 0.3682 0.3638 0.08
Q(1/6) factoP 0.0667 0.067% 0.007 0.0747 0.0764 0.007
energy (total) (kcal/mol) —329.6 —273.5

energy (constraint) (kcal/mol) 60.8 55.1

mean deviation from ideal covalent geometry
bond angles (deg) 4.1 4.3
bond lengths (A) 0.028 0.032

structure statistics
distance violations
>1.0A 0
>0.5A 1 2
>0.2 A 16

distance restraints
intraresidue 191 189
interresidue 138 132
hydrogen bond 5 5

a[SAValues for the 10 structures with lowest constraint enetgior definitions see Materials and Metho8©nly one hydrogen bond restraint
was used per base pair. No restraints were used for terminal base pairs.

between calculated and experimental NOESY volumes werein the MPO strand, whereas the line widths of sugars in the
seen for residues at the termini, where fraying of the strandsPD strand remain about the same. The unusual line broaden-
and the resulting dynamics are not accounted for in the ing can be explained by higher dynamics of the MPO strand
volume calculation. Though no dihedral restraints were useddue to rapid transition between multiple conformers in the
during the r-MD calculations, the sugar puckering and duplex. The deviation from £endo sugar puckering for
dihedral angles calculated for the final averaged structuressugars in the MPO strand also suggests that this strand might
agreed with the observations in 2D NOESY and the BQF  be experiencing higher dynamics compared to the PD strand.

COSY spectra. _ The 2D NOESY collected as a function of temperature
~ The stereoviews of the final averaged structures of the two shows that the MPO strand undergoes some dynamic changes
isomers are shown in Figure 4, and an ensemble of 154¢ higher temperatures, and the effect is more profound in
structures with lowest constraint energy is shown in Figure the S isomer. The fact that at high temperatures the NOE
5. The coordinates for the final structures are deposited atcross-peak walk is disturbed in the MPO strand and not on
the Protein Data Bank. the complementary DNA strand shows that the MPO strand
is still bound to the complementary strand even at temper-
DISCUSSION atures where few MP peaks remain. Sequential H8/H6 to
Structural Features of the Heteroduplexd@he overall H1' connectivites were observed for the PD strand even at

structures of the heteroduplexes are well defined as evidenced!l9her temperatures. The increased dynamics in the MPO
from the RMSD values and other parameters reported in Strand may be due to the increased hydrophobicity of the
Table 3. However, it should be noted that these structuresPhoSphate backbone due to charge neutralization by the
are calculated based on experimental data collected at lowMethyl substitution.
temperatures (8C), and the structures of the duplexes are  Differences in Hybridization Strength between theusd
very dynamic at ambient temperatures. In the final structures R, Isomers.A change in chirality at a single phosphonate
of both heteroduplexes, the bases are very well stackedcenter in the MPO strand shows profound effect on its ability
throughout the duplex. The observation of sequential aromatic-to hybridize with the target sequence, as evidenced from the
sugar proton NOESY cross-peaks for all residues in both 2D NOESY data presented here. Large-scale numerical
strands supports the base-stacking arrangement. Calculatedimulations showed that the charge neutralization and the
dihedral torsional angles and the results from the TOCSY increased hydrophobicity of the phosphonate backbone
and DQF-COSY data reveals that the sugars in the phos- significantly reduce the hydration of the phosphonate groups
phodiester strand exhibit;Gendo sugar puckering while the in MPOs @9). It is possible that the difference in the
sugars in the MPO strand are in an intermediate E-form hybridization stability between the,Rnd $ MPOs may be
exhibiting G,-endo sugar puckering. Stacking of bases on due to the difference in the hydration of the phosphate
each other in the PD strand (even at higher temperatures)hackbone between the two isomers. The hydration is affected
and the G-endo sugar puckering show that the base-pairing by the orientation of the methyl group that affects the
with the MPO strands causes no major perturbation in the accessibility to the major groove. In thg Bomer, the methyl
structure of the base-paired PD strand. group protrudes from the helix into the solution away from
Evidence for Increased Dynamics in the MPO Strand. the major groove, while in the ,Sthe methyl group is
With an increase in temperature, an increase in line widths oriented toward the major groove where unfavorable contacts
of the H2/H2" and H3 signals was observed for the sugars occur. This orientation in the ,Scould cause greater
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Ficure 4: Final averaged structures of (A) &omer and (B) Risomer heteroduplexes. The phosphorus atoms are shown in red, the
nonbridging phosphoryl oxygens are in yellow, and the methyl groups of the phosphonate centers are in cyan.

disruption of the primary solvent shell and possibly reduce in the increase in the barrier for possible transitions between
the number of water molecules that would normally surround B, and B, type transitions 18).
the PD backbone4Q). The results from this study clearly establish that the
The DQF spectra also showed that the furanose ring of heteroduplex formed by the chirally purg RIPO is more
residue A12 in the gsomer shows gendo sugar puckering,  stable than that formed with the MPO with ong hiral
deviating from the rest of the sugars in the same strand. Thiscenter. Substitution of more,Renters with $centers will
remote conformational change in sugar puckering shows thefurther destabilize the binding of the MPO strand to the target
destabilizing effect of the gBubstitution. In DNA and RNA ~ DNA/RNA strand. Theoretical calculations revealed that the
duplexes, change in sugar ring puckering is often observedGibbs free energy change for hybridizatidX¥A\Gnyurig, Of &
at perturbed sites [e.g., bulges in the heBO). It is not single R to S, perturbation in the MPO:DNA duplex is 3.6
certain whether the change in sugar puckering is a cause okcal/mol @9). Therefore, to be used as effective antisense
a consequence of perturbation of the helix. and antigene therapeutic agents, it is preferable to make
Another difference observed between theeRd the § chirally pure MPOs with R phosphonate center.
chiral centers is the phosphate conformation. For the S  Strauss et al.¥1, 52) show that a racemic MPO mixed
isomer, a distinct downfiel&'P signal was observed for the MP/phosphate duplexes are80% less bent in solution (as
A13 phosphonate. In PD DNA, such shifts are interpreted measured electrophoretically) than purg RPO mixed
as a tendency of PO3 torsions to assume more trans duplexes. This indicated that $ends more than fsince
(extended B) conformations 48). Theoretical calculation  the racemic mixture contains both, Rnd § MP centers.
revealed that the presence gfiStroduces a certain amount However, as these authors note, the electrophoretic band for
of restriction to the phosphodiester-P3 rotation, resulting the racemate is not broader than the pupeM®O mixed
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Ficure 6: Plot of the minor groove distances measured between
the phosphorus atoms across the minor groove.

nate diastereomeric center at residue 13. As shown in Figure
6, the minor groove width (PP separation) is widest (15.0
A) for the R, isomer but is narrowest for the, Bomer (11.4
A) at this position. While in the Risomer the methyl group
is oriented toward the solvent, it is also pointed toward the
minor groove. For the Sisomer the phosphoryl group is
oriented toward the minor groove. One explanation (in
addition to the solvation argument previously discussed) for
these differences could simply be the greater steric bulk of
the methyl group oriented toward the solvent/minor groove
in the R, isomer. Alternatively, if sodium or other cations
are indeed bound in the minor groove as supported by recent
X-ray (54—56), NMR (57), and calculational53, 58) studies
of normal backbone duplex oligonucleotides, then only in
the case of the somer could the phosphoryl group of the
phosphonate help coordinate a metal ion across the minor
‘ groove to a phosphate on the opposing strand. Because the
Ficure 5. Overlay of 15 final structures with lowest constraint RP and $ isomers only dlffer atasingle phosphonate_ center,
energy for (A) $ isomer and (B) Risomer. with all of the others being the samg, Btereochemistry,
this single site has a profound effect not only on thePP

duplexes. This could be explained by the increased dynamicsseparation at site 13 but at all of the others as well. Thus, at
of the § duplex as shown in our present study. These the other positions, the minor groove of thg iSomer is
duplexes represent time-averaged structures, and ghe S0.5-1.0 A narrower than the Risomer, even though the
contains a higher population of bent duplexes. Strauss et al.stereochemistry of the phosphonates is the same at these other
suggested that the mixed MPO DNA duplexes are bent sites. This cooperative effect can be rationalized in terms of
predominantly through an asymmetric charge neutralization preferential binding of a metal ion into theg inor groove
(bending toward neutral MP patches). Our results suggestonly.
that in addition bending is also a dynamic effect introduced In support of the important role of bound metal ions in
by the helix destabilizing sSisomers. defining the structure of duplexeS3—58) and in particular

Role of Metal lons in Structural PerturbatioriBhe minor the minor groove width, we have recently completed the
groove width (P-P separation) for both hetero duplexes was structures of several duplexes with multiple substitutions of
found to be generally wider (Figure 6), varying between 12.3 dithiophosphates for normal backbone phosphates (D. Volk
and 15.0 A for the Risomer and 11.4 and 13.8 Aforthg S et al., unpublished). Like the methyl phosphonates, the minor
isomer) compared to the minor groove in B-form PD DNA grooves are considerably expanded, especially when two
(11.5 A). According to the electrostatic model proposed by dithioates are opposed across the minor groove. Dithioates
Wilson et al. 63), minor groove width is dramatically  coordinate metal ions such as sodium ions much poorer than
influenced by the coordination of monovalent cations within phosphates, and this increase in minor groove widthRP
the minor groove. The groove appears to widen as ions moveseparation increasing from 11.5 to 14 A) is such to convert
away from the minor groove and narrow as they move closer. a normal B-form duplex to one with A-like character. The
Due to the presence of the bulky, neutral methyl groups in subject of the importance of bound metal ions is still
the phosphonate backbone, there would be lesser interactionsontroversial $9), and studies of backbone-modified oligo-
between the Naions and the phosphate backbone resulting nucleotides such as the MPOs may prove critical in
in the widening of the minor groove. understanding these perturbations.

Significantly, the minor groove width differs substantially Perhaps the fluxional nature of binding metal ions into
between the Rand § isomers, particularly at the phospho- the minor groove of the Sisomer is also responsible for
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the greater dynamics of the Strand than the Rstrand. It

is clear that besides steric, electrostatic, and solvent interac-
tion effects that are believed to contribute to the structural

perturbations and increased stability of thediastereomer,

we need to be more aware of the important role played by

specifically coordinated metal ions in these structures.
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