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ABSTRACT. High-resolution 2D NMR spectra of the duplex CGCGAATTCGCG with deoxyribose sugars
but with the normal phosphodiester linker replaced by ah-N35 phosphoramidate (NP) group have

been used to establish a solution structure for the duplex. Distance, angle, and base pair hydrogen-
bonding constraints were used to refine the structure by use of the iterative relaxation matrix approach
(IRMA). The phosphoramidate NH proton signal could be observed in DMSO at low temperature but
not in H,O and BDO. For this reason, the structure was refined with-tiH in each of the two possible
low-energy configurations. The structure with the nitrogen lone pair located between the nonbridging
oxygen atoms of the'§phosphate group consistently had the lowest energy and RMSD values, consistent
with an X-ray analysis of the same duplex [Tereshko, V., Gryaznov, S., and Egli, M. (7998n.

Chem. Soc. 12(®69-283]. In the refined structure, the sugars are in th&d@lo conformation with

the change from the normal Gndo conformation of deoxyribose apparently being driven by the gauche
effect and the change in electronegativity from th@ 8 the 3NH group. In agreement with preliminary
studies [Ding, D., Gryaznov, S. M., Lloyd, D. H., Chandrasekaran, S., Yao, S., Ratmeyer, L., Pan, Y.,
and Wilson, W. D. (1996Nucleic Acids Res. 2854—360], the backbone conformation in the NP duplex

is very close to classical A-form values. Comparison of phosphodiester and phosphoramidate structures
suggests that their backbones have global conformations that are primarily a function of the low-energy
state of the sugar ring. A somewhat more complex situation arises when base pair conformation is analyzed
with many of the base pairs having a conformation between those of classical A- and B-form helices.
The effects of the 'Zubstituent are obviously important in specifying the final conformation of the stacked
bases in either an A-form or B-form helix. Itis clear, however, that conversion of the normal phosphodiester
of DNA into a phosphoramidate linkage yields a nucleic acid that behaves much more like RNA than
DNA, and it has been shown that NP sequences can bind to RNA-directed proteins [Rigl, C. T., Lloyd,
D. H., Tsou, D. S., Gryaznov, S. M., and Wilson, W. D. (198ipchemistry 36650-659].

Antisense therapeutic strategies have recently producedUnmodified RNA of same sequence generally forms more
very promising results in clinical trials and are attracting stable duplexes with the target sequence than DNA. These
considerable attentiori{-5). The antisense method of drug results suggest that oligonucleotides which prefer an A-type
development offers the promise of highly specific targeting conformation in the single-stranded state should provide
and a resulting decrease in toxicity relative to other drugs pronounced enhancements of stability of duplexes with target
that are generally available. The target of the antisenseRNAs, and they have sparked a search for second generation
agents is a single-stranded section of a cellular RNA, antisense agents with satisfactory nucleic acid modifications
typically a messenger RNA. Such RNAs have a structural that prefer C3endo sugar geometries.

preference for A-form helical regions with sugars in d-C3 As part of the search for nuclease-stable linkages that form
endo conformation®). First generation antisense oligo-  gong duplex complexes, phosphoramidate derivatives have
nucleotides such as phosphorothioates and methylphosphopaap, synthesized.§). Although the P3— N5' phospho-
nates, based on deoxyribose sugars, exist predominantly i migate linkage yields unstable duplexas)( oligonucle-
C2-endo conformations and prefer a B-form helix typical ytijes with the internucleoside N3- P5 phosphoramidate

of DNA (7—11). These first generation agents generally |, 546 (Figure 1) form very stable duplexes and triplexes
form complexes with target RNAs that are less stable than iy, complementary nucleic acid phosphodiester and phos-
similar complexes with unmodified DNA7( 8, 12-14). phoramidate strand47—21). Since the N3— P5 phos-

" This work was supported by NIH Grant GM-54896. The NMR phoramidate (NP) monoester internucleoside linkage is not
instruments were purchased through funds from the NSF (STI 9214443) chiral, is nuclease resistant, and has the same formal charge
and the Georgia Research Alliance. as phosphodiesters, it provides a very attractive backbone

. ggg:g%msf;tgejﬁs,g?;?;e should be addressed. for development of antisense therapeutics. Initial tests of a

SLynx Therapeutics Inc. Present address: Geron Corp., 230 Phosphoramidate oligomer as an antisense agent have
Constitution Drive, Menlo Park, CA 94025, produced very favorable resultd?). Preliminary NMR
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. sequence CGCGAATTCGCG and compare the structures to
o5 Y\%"‘ ,«‘c3 literature results for the same sequence as phosphodiester
W o N N DNA (30, 3) and RNA @2), as well as to results of solid
state £2) and modeling analysi®8) on the NP backbone.

w o 6\0 MATERIALS AND METHODS
5
H

Isomer 1: X = lone pair, Y = H Samples. The N3 — P5 phosphoramidate dodecamer
NP-DNA Isomer 2: X = H, Y = lone pair duplex np(CGCGAATTCGCG)and dinucleoside dTnpT

FiGURe 1: Structure (left) of the N3— P5 phosphoramidate- ~ Were synthesized, purified, and characterized as previously
modified backbone and the two low-energy configurations (right) described 18). The sample was dissolved in 0.6 mL of
of the N3 — P35 group. Isomer 1: %= lone pair, Y= H. Isomer 99.96% DO, lyophilized several times, and finally dissolved
2: X =H, ¥ = lone pair. The angle (C3-N—P—O5) of the i3 99.996% DO for NMR experiments. Exchangeable
nucleic acid backbone isgn the diagram as usually observed in . . o o
nucleic acid duplexes. In natural DNA and RNA, the NH is replaced proton spectra were obtained in 90 /907110_/0 DO (V).
by O3. Spectra for the dodecamer were collected in-dnmM (per

duplex) solution containing 7.5 mM phosphate, 0.01 mM
studies and CD experiments have suggested that duplexe&DTA, 100 mM NaCl, pH 7.0. Proton NMR spectra for
from NP strands adopt an A-form helical conformatiag)( the dinucleoside TnpT with a linking phosphoramidate group
Since the NP backbone is based on deoxyribose sugars, thignd terminal deoxyribose were obtained in DMSO and in
is a surprising finding since no mixed-sequence deoxyribose D20. Experiments were done at 2& unless otherwise
phosphate based duplex has an A-form structure underindicated.
standard solvent and temperature conditions. In additionto NMR Experiments All NMR spectra were acquired with
the NMR and CD results, an A-form structure for the a Varian Unity Plus 600 MHz spectrometer. The NMR data
phosphoramidate duplex is also supported by recent X-raywere processed with Vnmr or were transferred to a Silicon
crystallographic 22) and unrestrained molecular dynamics Graphics workstation and processed with Felix 95.0 software.
(23) results. The A-form structure offers an explanation for 1D spectra were collected with a spectral width of 5000 Hz
at least part of the enhancement in stability of-RRA and 32K data points. The 1D exchangeable proton spectrum
heteroduplexes in antisense applications. in H,O was collected with the Binom pulse sequengs) (

The finding of a nuclease-stable A-form nucleic acid strand at 2°C.
with low toxicity has also suggested the possibility of =~ NOESY spectra in 99.996%;:D at six mixing times (50,
preparation of RNA exogenous decoys as antiviral agents75, 100, 150, 200, 300 ms) were recorded with spectral
(21). Regulation of replication in HIV-1, for example, widths of 5100 Hz in both dimensions, 2048 complex points
requires binding of two trans-acting proteins, Rev and Tat, in the acquisition dimension, and 2%Gincrements. For
to two respective cis-acting RNA binding sites, RRE and each increment, 24 scans were collected with a relaxation
TAR (reviewed in ref24—27). These regulatory proteins delay of 5 s. Data were zero-filled to 2K points in both
provide tight control over HIV-1 replication and efficient dimensions. NOESY spectra atG in 90% HO/10% DO
use of the limited nucleotide sequences in the viral genome.with mixing times of 100, 200, and 300 ms were collected
The key roles of these viral proteins make them attractive with the WATERGATE pulse sequenc84) over spectral
targets for drug intervention, but there are as yet no good widths of 14 000 Hz inD; and 7198 Hz irD, and 4096t,
clinical candidates that target Rev or Tat. Endogenous complex points with 112; increments, each the average of
therapeutic RNA or decoys, produced in vivo through genetic 112 transients. The number tfincrements in 2D experi-
manipulation, have been successfully designed to mimic thements was selected to optimize the S/N ratio with acceptable
structure of the RRE or TAR duplex structures that bind Rev resolution. After zero-filling a data set of 4k 4K was
or Tat 28, 29. This mimicry enables the decoy to compete obtained.
with the natural RNA as it attempts to interact with specific ~ TOCSY experiments (40 and 120 ms isotropic mixing
proteins within the cell. Conversion of this approach to times) were recorded with spectral widths of 5800 Hz in
exogenous RNA decoys offers an attractive strategy for both dimensions with 56 scans pgrincrements and data
antiviral drug development, and initial results suggest that sizes of 2048 points i, and 256 int;. Data were zero-
the method can be successfully applied to the RRE-Rev andfilled to 2K x 2K. The DQF-COSY was collected with 4096
TAR-TAT complexes of HIV-1 21). data points int; and 256 data points ity, and data were

The structural basis for these exciting applications of N3 zero-filled to 4Kx 1K. All of 2D NMR data were acquired
— P53 phosphoramidate duplexes is not yet fully developed, in the phase-sensitive mode using the Stataberkorn
and it is essential to obtain a detailed solution structure of a method and were apodized with a sine-bell function shifted
phosphoramidate duplex to evaluate its relationship to by 9C°.
classical A- and B-form helical structures, the region of RNA  To assign the phosphorus resonances, a nonselective
binding proteins that could be targeted with NP decoys, and proton-detecteéH—3'P heteronuclear correlation experiment
the molecular basis for the helical structure of this deoxyri- (35) was carried out with 2048 complex points over a spectral
bose-based backbone. The sequence CGCGAAT(U)T(U)-width of 1120 Hz in the proton dimension and 512 data
CGCG has been analyzed in detail by X-ray and NMR points over a spectral width of 1480 Hz in the phosphorus
methods as both DNA3Q, 31) and RNA @2). The DNA dimension. A selectiveH—23P heteronuclear correlation
sequence forms a B-type helix while the RNA is an A-form. experiment using an IBURP-shaped pul36) (was used to
We report here the solution structure of an NP duplex of determine H3-P coupling constants. The data were ac-
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quired using the StatesTPPI method of phase cycling and minimize the structure based on the 204 refined distance
were apodized with a sine-bell function shifted by-90 restraints per duplex, as well as 90 torsion angle restraints,
Restraint Generation. Initial NOE distance restraints 27 exchangeable proton distance restraints, 32 hydrogen-
involving nonexchangeable protons were obtained from the bonding distance restraints, and 52 nonexchangeable proton
cross-peak volumes in 2D NOESY spectra at all mixing distance restraints from partially overlapped cross peaks.
times. The volumes of 204 clearly resolved NOESY cross  Different initial structures and structure refinement pro-
peaks were obtained by directed integration using the “box tocols were used to ensure that the same final structure was
method” in the Felix software. Distances were calculated obtained on approach from different starting directions. In
from the volumes with the cytidine H5H6 (2.48 A) cross the first protocol two starting structures were built with the
peak as referenc&7). The initial NOE distance restraints Insightll software package from classical A- and B-form
were derived from NOE buildup rates. Initial buildup rates coordinates for the np(CGCGAATTCGC@GJuplex with the
were obtained by fitting the NOE volumes as a function of N3’ — P53 modified backbone. Because there could be two
mixing times to a second-order polynomial. The initial isomers at the phosphoramidate group (Figure 1), based on
bounds were set t230%. For the overlapped cross peaks, the different orientations along which hydrogen is attached
the total volume was determined and individual peak volumes to the backbone nitrogen, four initial structures have been
were approximated by dividing the total volume by the generated: A-form isomer 1, A-form isomer 2, B-form
number of cross peaks that overlapped. The distance boundésomer 1, and B-form isomer 2. The four initial structures
of 52 overlapped cross peaks were estimated on the basis ofvere subjected to rMD and rEM: (a) 2000 cycles of
these volumes. Because of the approximation involved, the conjugate gradient rEM, (b) 100 ps of rMD at 300K with a
bounds for these distance restraints were set to 30% and werastep size of 1 fs, (c) 500 iterations of steepest rEM, and (d)
kept constant during structure calculations. 2000 iterations of conjugate gradient rEM. The restraints
A total of 27 NOEs involving exchangeable proton were kept throughout the calculation. The multiplication
resonances were classified as strong (cross peaks appear ifactors for force constants of covalent and restraint terms
100 ms NOESY spectrum), medium (appear in 200 ms but were set to full scale, and-4 nonbonding terms were set
not 100 ms spectrum), or weak (only appear in 300 ms to 0.5. The force constants for NOE and torsion angle
spectrum) on the basis of visual inspection of intensities from restraints were set to 20 kcal/(m8P) and 30 kcal/(mol
NOESY spectra at 100, 200, and 300 ms and correspondingracf), respectively. This protocol was combined with RMA.
to 2—3.5, 2-4.5, and 2-6 A distance-bound ranges. Atotal This process was repeated until the best match between
of 32 Watson-Crick hydrogen-bonding restraints on the 12 experimental NOESY and theoretical NOESY spectra back-
base pairs were included based on 1D and 2D imino peakscalculated from the refined structure was obtained. Four final
in H,O. Restraint ranges are on the basis of base-pairstructures were obtained after final energy minimization in
structural information ). Torsion angle restraints were this protocol, two from isomer 1 and two from isomer 2.
obtained from coupling constant analysis as described below. To more widely sample conformational space, a second
Structure Calculations.Structure calculations were per- protocol with high-temperature simulated annealing was
formed on a Silicon Graphics computer using the NMRchi- used. In this protocol two average structures, one from
tect and DISCOVER (Version 2.9) modules within the MSI averaging of the two final structures of isomer 1 and another
software package. Calculations employed the AMBER force from averaging of two final structures of isomer 2, were used
field in a vacuum, excluding counterions and solvent as the starting structures. The procedure was (a) 500 cycles
molecules. The charges around phosphate groups wereof steepest decent rEM without nonbonding, electrostatic,
reduced as previously described to more accurately mimicand torsion angle restraints terms and with small distance
the solvent and charge environment of the nucleic acid restraint terms; (b) 12 ps of rMD at 1000 K with small
backbone 38). The bond lengths and bond angles of the distance restraint terms (multiplication factor 0.3), very small
phosphoramidate group were determined initially from ab torsion angle (0.01) and nonbonding (0.05) terms, and no
initio calculations 89) and later from a crystal structur@?) electrostatic terms; (c) 8 ps of rMD with temperature
of the same NP duplex when the crystal structure becamegradually decreased from 1000 to 300 K and nonbonding
available. Nonbonding terms included van der Waals terms increasing from 0.05 to 0.40, distance restraint terms
energies with a Lennard-Jones function and an atom pairincreasing from 0.3 to 1.0, torsion angle restraint terms
distance cutoff of 12 A. A distance-dependent dielectric increasing from 0.1 to 0.8, and no electrostatic term; (d) 3
constant of 4 was used in calculation of the electrostatic ps of rMD at 300 K with full value restraint terms, the-4
energy term. The energy terms for distance and torsion anglenonbonding term at 0.5, and no electrostatic term; (e) 500
restraints are calculated with flat-bottomed quadratic poten- iterations of steepest decent rEM with full scale values for
tials. nonbonding and restraint terms; (f) 3 ps of rMD at 300 K to
The iterative relaxation matrix approach (IRMAN) was prevent the molecule from being trapped in a local energy
used to generate more accurate distance restraints usingninimum; (g) 500 iterations of steepest decent rEM; and
methods similar to those recently described for RNA)( (h) 2000 iterations of conjugate gradient rEM. Thirty-two
and DNA @2) structures. During the IRMA process, the structures were generated during step b of the simulating
204 distance restraints from well-resolved cross peaks wereannealing protocol, 16 from isomer 1 and 16 from isomer
refined, and differences between the experimental NOE and2; they were then refined by combining IRMA with the above
back-calculated NOE intensities serve as criteria for con- protocol. The structures were analyzed through inspection
vergence of the structure. As part of each IRMA cycle, a of their geometriesR-factors, energies, and restraint viola-
protocol including restrained molecular dynamics (rMD) and tions. Five structures from isomer 1, and five from isomer
restrained energy minimization (rEM) was executed to 2, with reasonable geometries, lowfactors, energies, and
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Ficure 2: One-dimensional proton NMR spectrum in the imino
region of N3 — P5 phosphoramidate CGCGAATTCGCG in 90%
H,0/10% DO at 2°C. The assignments for unmodified DNB1)
and RNA @2) with same sequence are shown for comparison.
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nucleosides. A 1D proton NMR spectrum along with a 1D

NOESY slice along the water resonance in the DMSO
solvent is shown in Figure 3. The peaks in Figure 3B are
in-phase with water, indicating a very fast exchange rate for
the NH proton with water, and this observation explains why
the NH protons are not observed in®solutions of TnpT

or in the dodecamer duplex spectra.

Phosphorus signals for np(CGCGAATTCGGQG)ere
assigned from nonselectiv85) and selective36) proton-
detectedH—S'P heteronuclear correlation experiments through
connections to ‘Jrotons (Figure S2, Supporting Information
and Table 1). Fouf'P signals overlap at approximately 1.3
ppm (Table 1). Relative to phosphodiester DNA, there are
large downfield shifts{5 ppm) for NP phosphorus signals
and large upfield shifts for the MJroton signals. The
difference in H3 chemical shifts can be seen directly by
comparing the H3chemical shift for G12 (with a'30H) in
Table 1 to the H3chemical shifts for all other residues in
the duplex. Although chemical shifts depend on several

smaller restraint violations were selected, and the final faciors, the significant upfield shift of the H3ignals on
structures for isomer 1 and isomer 2 were obtained by sypstitution of the ® for a 3NH is expected for the switch

minimizing the average structures.
During the IRMA calculations, a series Bffactors were

from the more electronegative oxygen to the NH grdtip-
3P coupling constants were extracted from a selectilre

derived in each cycle, representing differences betweensip heteronuclear correlation experiment (Figure S2, Sup-
experimental and theoretical NOE intensities. The most porting Information) and are also given in Table 1.

important R-factors are defined aB; = Y |Aheo — Aexpy/
erth, Rz — Ztm|Atheo_ Aequ/Zthexpt' R7 — Z|Atheo_ Aexpl]/
> 0.5(AMeo+ ASPY) andRg = 5 ty|AlNe — AS®)/S 1,,0.5( Aheq
+ |A=PY), where APt and A"e° are the NOE intensities of
experimental and theoretical NOE matrixes d@pds the

Force Field Modifications. New parameters for the
phosphoramidate group must be added to the AMBER force
field (44) for rMD and rEM calculations involving the NP
group. Calculations were done with optimum bond lengths
and angles determined from ab initio calculatioB8)(and

mixing time. The iterative process was repeated until the oy an X-ray structure of the np(CGCGAATTCGGG)
R-factors did not change significantly. 'I_'he final structures duplex @2). Very similar final structures were obtained with
were used to back-calculate the theoretical NOESY spectraghe wo parameter sets. The stretch, bend, and torsion force

using the Model module in Felix 95.0 with a mixing time of

constants were assigned to the NP group by analogy with

0.3 s and an isotropic correlation time of 3 s. The correlation ¢ phosphate constants in AMBER4. The bond stretch
time was determined by fitting the NOEs of the cytosine tgrce constants for the NQ-P and CT-NQ bonds (Table 2)

H5—H6 proton pairs over a series of mixing times3).

RESULTS

Resonance Assignmentsonexchangeable proton signals
for np(CGCGAATTCGCG) have been previously assigned
(18). A 1D spectrum in the imino region is shown in Figure
2 along with published assignments for DN21j and RNA

were set slightly higher than in the unmodified backbone in
order to model the possible conjugation in the NP gr&#g). (
The angle bending force constants are taken from the
AMBER values for the phosphodiester group (Table 2). The
torsion force constants forxXNQ—P—X and X—CT—NQ-X
bonds were set t¥;, = 0.5 withn = 3.

NMR-Based Structural Constraints. Torsion Angld®r-

(32) of corresponding sequence for comparison. Exchange-sion angle restraints for thbackbone angles can be derived
able proton signals for the imino and observable amino from P—H5'/H5" coupling constants4b). Since all cross-
protons were assigned from 2D NOESY spectra obtained in peak intensities from PH5',H5" are very weak iftH—3'P
90% H0O/10% DO (v/v) (Figure S1, Supporting Informa-  heteronuclear correlation spectra (Figure S2, Supporting
tion) and are listed in Table 1. Phosphoramidate NH Information), angles must be trans for nucleotides G2 to
resonances were not observed under these conditions.  G12 @5). A gauché or gauche 5 angle would result in a
To investigate the phosphoramidate NH signals, proton significantly larger coupling constant for either-PI5' or
NMR spectra of TnpT in DMSO were obtained and revealed P—H5" in the heteronuclear experiment in contrast to what
three exchangeable upfield resonances (5.4, 6.2, and 6.6 ppmis observed. All3 angles were restrained to 180 30°,
as well as the downfield imino proton signals that are not which is the range of both classical A-form and B-form
observed in BO. The peak at 6.2 ppm is much broader structures, in the rMD calculations. Tlxebackbone angles
than the other exchangeable signals at'@5but becomes  can be derived from H4H5' and H4—H5" couplings 45).
much sharper as the temperature is decreased. A DQF-Unfortunately, the cross peaks in this region from the DQF-
COSY spectrum at 1%C revealed a cross peak between the COSY spectra were heavily overlapped, and it is impossible
H3' proton of the Tnp nucleotide and the 6.2 ppm signal, to get precise H4H5',H5" coupling information. The
thus assigning the 6.2 ppm resonance to the phosphoramidat&8 OCSY spectra at different mixing times (40 and 120 ms)
NH proton. The signals at 6.6 and 5.4 ppm were assignedreveal that there are cross peaks fromi-H34' but not from
to the 8 and 3 hydroxyl protons, respectively, on the basis H3'—H5',H5" in all nucleotides (see Figure S3, Supporting
of NOESY spectra and analogy with phosphodiester di- Information). The H4-H5',H5" couplings must then be
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Table 1: Assignment (in ppm) of Proton and Phosphorus Signals and Phosph@&fuBroton Coupling Constants (in Hz2) of the
Phosphoramidate-Modified d(CGCGAATTCGGCSE)

H6/H8 HI H2' H2" H3' H4' H5'/H5" H5/CH3 H2 imino amino sip Jp-Hz
C1 8.19 5.80 2.70 2.34 3.68 3.93 4.03/4.07 6.03
G2 7.98 5.99 2.70 2.40 3.86 4.04 4.13/4.24 13.13 ~1.3
C3 7.85 5.71 2.74 2.30 3.69 4.00 4.10/4.23 5.34 6.67/8.42 1.14 12.5
G4 7.64 5.90 2.70 2.40 3.73 4.03 12.03 ~1.3
A5 7.90 6.10 2.89 2.42 3.79 4.08 4.10/4.25 7.16 6.57/7.88~1.3
A6 7.64 6.01 2.71 2.46 3.56 4.08 7.72 6.85/8.15 1.28 12.5
T7 7.59 5.67 2.55 2.32 3.62 4.02 4.06/4.22 1.18 14.12 0.59 13.1
T8 8.10 5.84 2.59 2.32 3.80 4.00 4.11/4.23 1.56 13.62 0.85 14.7
C9 8.02 5.69 2.59 2.31 3.70 3.97 4.09/4.23 5.62 6.62/8.35 1.47 13.0
G10 7.77 5.84 2.58 2.30 3.73 3.98 4.07/4.18 12.77 1.67 12.6
Ci11 7.78 5.70 2.58 2.43 3.70 4.00 5.26 6.80/8.50 0.99 14.0
G12 7.78 6.18 2.32 2.42 4.54 4.12 12.98 ~1.3

aNonexchangeable proton assignments were froni8efmino and amino protons were assigned on the basis of 1D Binom and 2D NOESY
watergate experiments at’Z. 3P chemical shifts were assigned on the basis of thkd? HHETCOR experiment at 28C and referenced to TMP.
P—H3' coupling constants were extracted from a selectivtePHHETCOR experiment at 25C.

Table 3: Number and Type of Distance and Torsion Angle
Restraints Used in the Structure Calculation

distance 315
NOE nonexchangealile intraresidue 140
interresidue 112

B interstrand 4
exchangeable intra base pair 14
intra base pair 13
hydrogen 32
bonding
torsion angle 90

3-OH(dnpT)

a204 restraints from well-isolated NOE cross peaks were refined
during IRMA calculation. 52 from overlapped NOE cross peaks were
used as distance restraints that were kept constant in the calculation.

ppm
FiGURe 3: (A) One-dimensional proton NMR spectrum of dTnpT .
in DMSO at 15°C. (B) One-dimensional NOESY slice along the ~conformations are C3&ndo, andé angles for C1 to C11
water resonance. The NOESY spectrum was obtained with a mixing residues were restrained to 8015°, the C3-endo value.

time of 300 ms in DMSO at 13C. The torsion anglest and ¢ are related to the phosphorus
chemical shift values in unmodified DNA4%). A small
range of chemical shifts (about 1 ppm or less) centered at
—4.4 ppm has been used to exclude the trans conformation.
In the DNA with phosphoramidate modifications, the phos-
phorus resonances are centered at approximately 1 ppm

Table 2: Nonstandard Force Field Parameters for the
Phosphoramidate Backbone in the Calculaftons

bond parameters
K, [kcal/(molA3)] bond length (A)

NQ-P 367 1.609 within a chemical shift range of only 1.1 ppm (Table 1),
CT-NQ 367 1.437 suggesting a tight range of and¢ angles in the normal A-
H=NQ 434 0.998 and B-form conformational range. Theangles, which are
P—0S 230 1.591 . ; ; . ;
angle parameters not (_jl_rectly involved in bonding to the l_\lP nitrogen _of the
K, [keal(mokrad)] angie vaiue (deq) modified backbone, can, thus, be restrained-1@C° which
TN %0 11191 covers both A and B conformations. Since theangle
CT—CT—N8 80 111.91 involves direct bonding of the phosphoramidate N, it was
SoNRh 199 12033 not restrained. The torsion angién unmodified DNA can
NQ—P-Os 100 _ 104.67 been derived from H8) — P(n+ 1) J-couplings (Table 1),
dihedral parameters but thee angles were not restrained here because we do not
Vi (kcal/mol) r (deg) n yet have Karplus parameters for the NP group.
:'(\'; :,\'76, 8:% 8 § NMR-Based Structural Constraints. Interproton Dis-

tances. Proton—proton distance restraints were generated
as described in Materials and Methods, and all constraints
used in the structure calculations are listed in Table 3. No
planarity constraints were introduced in the refinement.

be gauché and ally angles were loosely restrained to 40 Structure Calculations.As described in Materials and
40°, as in classical A- and B-form conformations. The  Methods, different structure calculation protocols were used
torsion angles are extremely important for specifying the with different starting structures to ensure that the same final
deoxyribose conformation and were determined on the basisstructure was approached from different regions of confor-
of deoxyribose coupling patterns in DQF-COSMB) spectra. mational space. In first structure calculation protocol, four
The fact that there are no cross peaks for-H12' in the initial structures, two from the classical A-form with isomer
nucleotides from C1 to C11 strongly indicates that the sugar 1 and isomer 2 and two from the classical B-form DNA with

a Atom type of nitrogen in phosphoramidate linkage is NQ.

weak in order to prevent coherence transfer fromtd315 ,-
H5". In this case the predominant conformation fomust
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FIGURE 4: Superpositions of the five best calculated structures 6f-N®5 phosphoramidate DNA from isomer 1 (A) and isomer 2 (B).
Energy-minimized final structures from both isomers are shown superimposed in (C).

both NP isomers, were generated in Insightll. The four isomer 1 structure is significantly lower than for the isomer
structures were submitted to rMD and rEM with IRMA for 2 structure after rEM<234.8 kcal/mol from isomer 1 vs
refinement. Over the course of five IRMA iterations, —214.6 kcal/mol from isomer 2). The two energy-minimized
convergence was indicated by the leveling offRsfactors. final structures are shown superimposed in Figure 4C. The
The two resulting structures from isomer 1 overlapped with overlap of the two structures is excellent for the central 10
a heavy atom pairwise RMSD of 0.77, while the two base pairs, but there is more variation in the terminal base
structures from isomer 2 overlapped with a RMSD of 0.85. pairs. An additional comparison is provided in Figure 6
In a second protocol, two average structures, one from where the energy-minimized isomer 1 structure is compared
averaging of two structures of isomer 1 and another from to structures for classical A and B duplexes of the same
averaging two structures of isomer 2, were submitted to high- sequence as well as to the Egli crystal struct@® 6f the
temperature simulated annealing (SA) in order to search wideNP duplex.

regions of conformational space. Structure refinement was
done with rMD, IRMA, and final rEM (see Materials and
Methods). Structures for refinement were periodically
selected from the ensemble generated during 12 ps of
molecular dynamics with very small restraints at 1000 K,
16 structures from isomer 1 and 16 from isomer 2. Because
of the high temperature and small restraints used, the 32

structures provide very different starting conformations for oo : : e
. . angle violations for either final structure within the bounds
refinement, and they were submitted to the next cycle

separately. Five iterations through the refinement protocol that were used in the structure calculations described above.

resulted in leveling off oR-factors. A more rigorous test of structural accuracy is back-
Based on analysis of their geometriBsfactors, energies, calculation of NOESY spectra from the final structures and
and restraint violations, five optimum structures from isomer comparison of calculated and experimental NOESY spectra.
1, which overlapped with a average heavy atom RMSD of Figure 7 shows comparisons of representative regions of
0.46, and five from isomer 2, which overlapped with a experimental and back-calculated 300 ms NOESY spectra
average heavy atom RMSD of 0.65, were selected. Figurefrom final isomers 1 and 2. The excellent match between
4 shows the superpositions of five structures from isomer 1 experimental and back-calculated spectra indicates that the
(Figure 4A) and five structures from isomer 2 (Figure 4B) final structures not only satisfy the proteproton distance
and indicates that the same conformation is approached fromrestraints but also are consistent with the entire proton
very different regions of conformational space. The five relaxation network that generates the time-dependent NOESY
structures from isomer 1 and, separately, the five from isomer spectra. The back-calculated spectra for both isomer 1 and
2 were averaged to give two ensemble averages. Energyisomer 2 match the experimental results quite closely, and
minimization calculations were then performed on the two- in all spectral regions, the experimental and back-calculated
ensemble average of structures to give a single final structurespectra are in excellent agreement. The back-calculated
for isomer 1 and another for isomer 2. The energy for the spectra for classical B-form and A-form structures as well

Structure Analysis The nucleotide chirality was checked
using the method of Schultze and Feigot6)( and no
chirality changes occurred during the calculations. Figure
5 shows a plot of restrained distances versus actual distances
for the final isomer 1 and 2 structures. The great majority
of distances and all distances with the largest NOE values
satisfy the restraints withie=20%. There are no torsional
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Ficure 5: Final structure for isomer 1 (second to left, from Figure 4C), the NP crystal stru@®réh{rd to left), and classical A-form
(right-most) and classical B-form (left-most) structures built in Insightll.

as for the crystal structure2®) of the same sequence are which were calculated for all well-resolved cross peaks from
also shown in Figure 7 for reference. It is clear that both the NOESY spectra (Table 4). THevalues of the final
classic B-form and A-form duplex structures yield NOESY structures, independent of the calculation protocols, are the
plots that differ significantly from the experimental spectrum lowest, indicating overall good agreement between the final
and that the B-form duplex is the most different from the structures and NMR data. The backbone, glycosidic torsion
experimental structure. Although the final structure is much angles (Table S1, Supporting Information) and helical
closer to the A-form than to the B-form helix, there are parameters of final structures were analyzed using the
several spectral regions where the experimental and back-NEWHEL93 program of R. E. Dickerson. The helical
calculated spectra from the A-form have different numbers parameters base pair inclinatioadisplacement, rise, and
of cross peaks, as well as cross peaks with obvioustwist have characteristic values for the A- and B-helical
differences in intensity. structures, and these values are plotted in Figure 8 for the
Back-calculated NOESY spectra (Figure 7) for the crystal final isomer 1 and isomer 2 structures shown in Figure 4C.
structure are also in good agreement with the experimentalValues for the same helical parameters are also plotted in
2D plots and are much closer to the experimental spectraFigure 8 for the classical A- and B-helical forms as well as
than to those for either the classical A-form or B-form for crystal structures of the phosphodiestg®)(and phos-
spectra. Inthe aromatic to HRI2" cross-peak region, which  phoramidate Z22) dodecamer duplexes for comparison.
is a good monitor of similarity of backbone geometry, the
experimental and crystal NOESY plots are in excellent DISCUSSION
agreement. In the aromatic to H&gion, which is a good Oligomers with N3— P5 phosphoramidate linkages have
monitor of helix characteristics, as well as backbone geom- shown extremely promising properties as “second genera-
etry, all but one of the experimental cross peaks are tion” antisense therapeutic agents, as potential antigene agents
represented in the NOESY plot for the crystal structure. The through their ability to form very stable triplexes with DNA
T8H1 — C9H6 (5.84— 8.02 ppm) cross peak is missing in  duplexes, and as decoys for RNA-binding proteits«(23).
the crystal spectrum, and several cross peaks, such as thén an effort to better understand the structural basis and
ASH2 — C9HI (7.16 — 5.69 ppm) that monitor helix interaction principles responsible for the favorable properties
parameters, minor groove topology in this case, differ of the phosphoramidates, several structural studies have been
significantly in intensity between the experimental and crystal carried out. We have reported a preliminary NMR and CD
NOESY plots. The results of these small differences can analysis of the self-complementary NP duplex, np(CGC-
also be observed as slight structural differences between theGAATTCGCG), (18), and the same duplex has been studied
solution and X-ray models (Figure 5). by molecular dynamics method®3) and by X-ray crystal-
Another test for the quality of the final structures is based lography @2). Our high-resolution solution structure re-
on the fourR-factors described in Materials and Methods, ported here agrees with the preliminary NMR results and
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5 mental NOESY spectra (Figures 6 and 7). All structure
calculation protocols, whether starting from classical B- or
A-helical families or from randomized helical structures from
high-temperature SA, converged to the same limiting final
ensemble of solution structures that are best visualized by
the superimposed calculated structures shown in Figure 4A,B.
In our NMR analysis of the NP duplex in,B®, we were
unable to locate the NH protons of the phosphoramidate
group that directly define isomers 1 and 2 (Figure 1). To
obtain additional information about these protons, we col-
lected spectra of the TnpT phosphoramidate-linked dinucle-
otide in DO, H,O, and DMSO. The NH proton cannot be
seen in either BD or H,O but is observed as a broad peak
in DMSO near room temperature, and the signal sharpens
as the temperature is decreased (Figure 3). It is clear from
these results, however, that the NH proton of NP exchanges
with residual water in the DMSO very rapidly and exchanges
much faster than the'®H, 3-OH, or imino protons. It is
thus impossible to directly fix the orientation of the phos-
phoramidate group protons from NMR spectra igOHor
D,0, and we carried out the structure determination calcula-
tions with starting structures that are in both possible isomeric
states of the NP group (Figure 1). For all of the methods
that we have used, the global final structures calculated from
isomer 1 and isomer 2 are quite similar, as can be seen by
from the superimposed final structures in Figure 4C. The
final structure from isomer 1 has lower energy and RMSD
values than the final structure from isomer 2. The X-ray
crystallographic analysis of the np(CGCGAATTCGGG)
duplex yielded structures for three very similar duplexs3.(
2 1 H-bonds are observed between-N groups and chloride
2 3 4 5 ions in the crystal. These H-bonds specify the orientation
NOE Distance (A) of the phosphoramidate group as isomer 1 (Figure 1) in the
FiGure 6: Correlation between the center of the experimental crystal asin the 'OW'e”efgy solution conf_ormatmn.
distance restraints and the actual distance from final structures of The final structures obtained from all refinement methods
N3 — P5 phosphoramidate DNA isomer 1 (A) and isomer 2 (B). with NMR constraints are clearly in the global A-form helical
conformation (Figures 5 and 7). A more quantitative analysis
with both calculated?3) and solid state22) structures that  of the structure is provided by the backbone torsion angles
the NP duplex is in a global A-form state. There are, in Table S1 and the plots of helical parameters in Figure 8.
however, very interesting and important differences among Backbone angles for both A- and B-helical structures have
the three structures. There are also significant differencessimilar torsion angle values fax, 3, v, € and ¢ (6), and
between the solution structure and the classical A-form values in the expected range are found for all of these angles
conformation, and the similarities and differences for all of except those influenced by terminal effeetsg of C11, and
these helical duplexes will be presented below. o of G12 of strand 2 in the NP duplex, Table S1). The
The structure determination protocols used in our work and y angles for the A- and B-forms are significantly
were designed to sample a wide range of conformational different, and all of the values for the NP duplex fall in the
space to generate an ensemble of structures that is consistemainge expected for an A-form helix. Itis clear from analysis
with the NMR data and that incorporates spin diffusion of the NP duplex backbone structure that it falls into the
effects by relaxation matrix calculations (IRMA). The A-form helix family.
possibility of starting structure dependency in the IRMA A somewhat more complex picture of the structure is
calculations was minimized by carrying out the refinement obtained from analysis of helical parameters (Figure 8). Base
procedure on a range of initial structures obtained from both pairs in the B-helical conformation intersect the helix axis
the A-form and B-form helical families and from randomized while, in the A-form, the base pairs are displaced into the
duplex structures generated by high-temperature SA. Onlyminor groove, and the-displacements for the NP duplex
those distances were refined by the IRMA procedure that are into the minor groove as expected for an A-conformation.
correspond to nonoverlapped NOE cross peaks. Other NOEAIthough the displacement for the NP duplex never reaches
distance and torsion angle constraints were incorporated intoas large a value as with the classical A-helix, it is very close
the restrained molecular dynamics and energy minimizationto the A-form value. Comparison to displacements for
calculations with larger boundaries appropriate for their crystal structures of the same sequence with phosphodiester
experimental errors. The converged structures haveRow (30) or phosphoramidate2@) backbones (Figure 8) clearly
values (Table 4), RMSDs, and constraint violations and demonstrates the effect of the backbone modification with
excellent agreement between back-calculated and experithe diester values in the B-form range while the NP duplex

Model Distance (A)

Model Distance (A)
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Table 4: R-Factors between the Experimental and Back-Calculated [€atUres and is closer to the conformation observed for the
NOE Intensities for Classical Structures, Final Structures in the First NP duplex in solution.

and Second Refinement Protocols, and the Crystal Strdcture The X-ray structure is essentially identical to the solution
R R R Rs structure in average values for the backbone angles and for
classical Aform 1030 0873 0866 0789 Dase pairrise, slide, and twist. Relative to the NMR results,
B-form 0667 0630 0.829 0.790 the solid state structure has a slightly largetisplacement

first protocol final  A-isomer 0.396 0383 0445 0431 (4.2 versus 3.5 A), larger inclination (14.7 vs 11.1 A), and
B-isomer ? 0.395 0382 0.443 0430 smaller major groove width (5.9 vs 7.0 A); e.g., the X-ray
A-isomer? 0.391 0.379 0.440 0.426  structure is somewhat closer to the classical A-form than
B-isomer2 0.396 0382 0445 0430  the NMR structure is. A back-calculated 2D NOESY

second protocol final isomer1 ~ 0.393 0.380 0.440 0.427 spectrum from the coordinates of the X-ray structure is shown
isomer2 0390 0378 0.440 0426 iy Figyre 7, and although the X-ray results do not produce

crystal structure 0519 0.494 0599 0577  as good a fit to the experimental solution data as the final
aSee Materials and Methods for definationsRaf R,, Ry, andRs. NMR structure (the X-ray structure has Rnvalue of 0.51

b A-isomer 1, B-isomer 1, A-isomer 2, and B-isomer 2 represent the while the value for the NMR structure is 0.39), they differ
_final structures starting _from A-form isome_r 1, B-formisomer 1, A-form . ch less from the experimental results than do the classical
isomer 2, and B-form isomer 2, respecttiveiiRef 22 A-form back-calculated spectra. Clearly, minor conforma-
tional changes occur in the solution conformation as it
is more regular and in the A-form range. Base pair crystallizes. Itis important to emphasize that although the
inclination is another important characteristic of the helix solution and X-ray structures of the NP duplex were refined
conformation with base pairs in the B-form close to against different data sets, they are quite similar and are more
perpendicular to the helix axis while those in the A-form regular than the phosphodiester of the same sequence (Figure
are inclined approximately 2QFigure 8). The inclination  8). It appears that the NP backbone is preorganized into a
fluctuates along the NP duplex sequence but in general isvery stable A-form type helical conformation that provides
less than for an A-helix but generally has values closer to very strong interactions with other A-form helical nucleic
those expected for an A-form rather than a B-form helix. acids and maintains very similar structures in both the
Again, values from the crystal structures fall into the A-form solution and solid state.
range for the NP duplex with the diester structure having  The Kollman group has carried out unrestrained MD
larger variations but falling closer to the B-form prediction. calculations on the dodecamer with phosphodiester and with
The base pair rise, which is also significantly different for N3'—P5 linkages 23). The phosphodiester calculations
the A- and B-helical forms, provides a similar illustration included a term to incorporate the gauche effect between
with the NP duplex values falling between the A-form and the O3 and O4 oxygens while the NP calculations did not
B-form values, but closer to the A-form values (Figure 8). have a similar gauche effect term. Under these conditions
The helical parameters for the diester structure have averagehey obtain a B-form structure for the phosphodiester duplex
values that are close to the B-form predictions, but the valuesand an A-form for the NP duplex. The predictions with
have much larger variations than observed in the NP respecttoisomers 1 and 2 are less clear from the calculations.
duplexes. The helical twist in Figure 8 provides another Calculations starting with the A-form yielded a mixture of
example of this trend in helical parameter differences and poth isomers. Calculations starting from the B-form in
variation between the NP and diester duplexes. isomer 2 converted to an A-conformation while those starting
Other important and very different characteristics of the with isomer 1 did not reach the A-form. There is very
A- and B-helical states are the major and minor groove significant agreement between the global structures obtained
widths which are extremely important for protein and small by unrestrained MD and our structure obtained with NMR
molecule recognition of nucleic acid duplexes. The major constrains. With the constraints in place, however, we find
groove in the A-helix is much more narrow than in the thatisomer 1 (Figure 1) is the energetically favored config-
B-form while the minor groove is wider than in the B-helix. uration at the NP group. We do note fast exchange of the
As with other helical parameters described above, the grooveNH proton under standard solution conditions, however, and
widths of the NP duplex lie between the values for A- and it is possible that in solution there is a population of isomer
B-structures but are closer to the A-form value. The 2 in equilibrium with a more energetically favorable isomer
conclusion from this analysis is that the NP duplex has 1 structure under normal conditions. The most important
backbone and sugar conformations that are very similar to conclusion from both studies, however, is that a small change
those observed in classical A-helical structures while many in electronegativity of the '3 substituent can, through
of the helical parameters that characterize the global con-modification of the gauche effect, cause a shift in sugar
formational state fall between those observed for A- and conformational preference and, as a result, can cause major
B-helical conformations. The final NP duplex structure is changes in global helix conformation.
closer to the A-form conformation observed for some DNA  An important question that arises from the structural
sequences from X-ray studies than to the classical A- analysis is why the deoxyribose duplex with NP linkages
conformation of RNA. Egli and co-workergT) have, for prefers an A-type conformation? NMR and X-ray studies
example, compared the crystal structures of the CCCCGGGGon the sequence CGCGAA(T/U)(T/U)CGCG as DNA or
sequence as RNA and DNA A-type duplexes. Although both RNA indicate that the DNA duplex has a B-type conforma-
crystallize in the A-family, the RNA conforms closely to tion while the isosequential RNA has an A-type duplex
the classical prediction for an A-form helix, while the DNA  structure 80—32). The NMR solution structure presented
has less inclination, a wider major groove, and other similar here for the phosphoramidate duplex strongly supports our
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earlier conclusions from CD and preliminary NMR studies, energy drive that favors preorganization of eack\BI-
as well as modeling and X-ray crystallographic structures, substituted deoxyribose unit into a ‘@hdo conformation
which indicate that the NP duplex adopts an A-type helical and drives the backbone conformation of duplexes with this
structure both in solution and in the solid state. Ribose- linkage into the A-form. In DNA with a normal phosphodi-
type sugars with electronegative substituents at tipegtion ester linkage the sugars prefer the'@ado conformation
prefer the C3endo conformation range and lead to duplexes under typical solution conditions, and this leads to a backbone
that generally prefer an A-form conformatic®).( DNA with preference for the B-form conformation. Other factors are
an H substituent at the’' dosition has been found in both  clearly important in the final global conformation, however,
the A- and B-helical conformations, but in solution the and as described above, the NP duplex structure is closer to
B-form conformation is observed under a wide range of the conformation observed for some A-DNA sequences than
conditions for most sequenced).( Chattopadhyaya and co- to the classical A-conformation of RNA. The backbone of
workers have conducted an extensive analysis of substituenthe NP duplex is apparently strongly dictated by the sugar
effects at the 3position of 2,3-dideoxyribose and have conformation and is similar to the classical A-helix backbone.
found that with electronegative substituents the sugar prefersWithout the influence of the'’20H group, however, some
the S-conformational state but switches to an N-conforma- of the base pair conformational parameters fall between those
tional preference as the electronegativity is decrea48d ( for the A- and B-helical families (Figure 8) in both the
Our studies with the dinucleoside monophosphate d(TnpT) solution and X-ray structures.
agree with the strong influence of thé-fubstituent and In conclusion, the backbone conformation of the NP
demonstrate that the'-Beoxyribose substituted with d-3 duplex is apparently strongly dictated by the sugar confor-
NP group is strongly biased to the N-conformational region mation and is similar to the classical A-helix backbone.
by a combination of anomeric and gauche effe48.( These Without the influence of the’20H group, however, some
results indicate that substitution of the DNA phosphodiester of the base pair conformational parameters fall between those
by the N3 — PS5 phosphoramidate linkage converts the for the A- and B-helical families (Figure 8) in both the
nucleoside sugar pucker low-energy state from the S- to solution and X-ray structures. Both solution and solid state
N-conformation even in single strands. This is the result analysis of the NP duplex conformation are in agreement
expected from the interplay of gauche and anomeric sub-that substitution of the'30 for 3-NH results in an A-form
stituent effects in the sugar ring syste#8). It appearsthat  helical structure with an isomer 1 configuration at the
the sugar conformational preference provides a small freephosphoramidate NH groups. Although high-resolution
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information is available only on the sequence CGCGAAT-
TCGCG, CD spectra on other NP duplexes strongly suggest
that DNAs with this backbone prefer the A-form conforma-

tion for a wide range of sequencelsr( 23). From both the
conformational and molecular interactioBl viewpoints,
the conversion of the ©P—0 to the N-P—O linkage

produces DNA duplexes that behave much more like RNA
than DNA.
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One table providing backbone torsion angles, glycosidic

torsion angles, and pseudorotation phase angles for individual
nucleotides in the final isomer 1 and isomer 2 structures and 26-

three figures showing imineimino and imine-aromatic
regions of the 2D Watergate NOESY (Figure S1) of the NP
duplex, general and selectiel—3'P HETCOR spectra of

the

NP duplex (Figure S2), and the HH3'/H4'/H5',H5"

cross-peak region of the 2D TOCSY with mixing times of
40 and 120 ms (Figure S3) of the duplex (4 pages). Ordering
information is given on any current masthead page.
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