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In order to understand how the chemical nature of the conformational constraint of the sugar moiety in
ON/RNA(DNA) dictates the duplex structure and reactivity, we have determined molecular structures
and dynamics of the conformationally constrainé@ 1azetidine- and '12'-oxetane-fused thymidines,

as well as their 24'-fused thymine (T) counterparts such as LNA-Tsatnino LNA-T, ENA-T, and
aza-ENA-T by NMR, ab initio (HF/6-31G** and B3LYP/6-31+G**), and molecular dynamics
simulations (2 ns in the explicit aqueous medium). It has been found that, depending upon whether the
modification leads to a bicyclic’' P'-fused or a tricyclic 24'-fused system, they fall into two distinct
categories characterized by their respective internal dynamics of the glycosidic and the backbone torsions
as well as by characteristidorth-Easttype sugar conformatioP(= 37° & 27°, ¢, = 25° + 18°) of the
1',2-fused systems, and (i) puMorthtype P = 19° + 8°, ¢, = 48° £ 4°) for the 2,4'-fused nucleosides.

Each group has different conformational hyperspace accessible, despite the overall similarity of the North-
type conformational constraints imposed by thg'1 or 2,4'-linked modification. The comparison of

pKzs of the 1-thyminyl aglycon as well as that of endocyclic sugar-nitrogen obtained by theoretical and
experimental measurements showed that the nature of the sugar conformational constraints steer the
physicochemical property Ka) of the constituent 1-thyminyl moiety, which in turn can play a part in
tuning the strength of hydrogen bonding in the basepairing.

Introduction sequence-specific control of gene expression by improving ON’s
stability to cellular nucleases and binding to target RNA or DNA
Chemical modifications of the sugar moiety of oligonucleo- with high specificity, thereby enhancing the overall efficiency
tides (ON) have shown its enormous potential to achieve the of the ON as an antisense, antigene, or RNAi agenBugar
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FIGURE 1. Molecular structures ofA) the 1,2-azetidine? and B) the

-oxetan¥®!! fused thymidines as well as of thé-@,4'-C-methylene

bridged nucleoside (LNA-F/BNA-T9) (F), 2-amino-LNA-T**15 (E), ENA-T*¢ (D), and aza-ENA-T" (C).

conformationally constrained oligonucleotides constitute a
subclass of its owd?6-8 offering a powerful handle to dictate
the stability of the homo/heteroduplex or triplex by restricting
the sugar pucker to a desired conformation.

Here we report a comparison of molecular structures and
dynamics of the conformationally constrained 1-thyminyl
nucleosides bearing (a) fused four-membered-azetidine and
1',2-oxetane modificatiorfs!! (azetidine-T and oxetane-T,
structuresA andB in Figure 1, respectively), (b) five-membered
2'-N,4'-C-methylene bridge locked nucleic acid-@nino-LNA-
T,15E in Figure 1) and 20,4-C-methylene bridge (LNA-
T/BNA-T,*213 F in Figure 1), and (c) six-membered-8,4'-
C-ethylene bridge (aza-ENA-¥,C in Figure 1) and 20,4'-
C-ethylene bridge (ENA-T518D in Figure 1). The study has

dynamics (MD) simulations (the latter employing explicit
aqueous medium and 2 ns simulation time).

Earlier enzymatic and kinetic studfes!171°2thave reported
mixed results regarding improvements in antisense properties
and target affinity (thermal stability) of duplexes and triplexes
containing theNorth type conformationally constrained,2 -
sugar fused oligonucleotidés!! Thus, the introduction of the
1',2-oxetane4%11and 1,2 -azetidine-modifietlpyrimidine and
purine nucleotides into antisense oligonucleotides (AON)/RNA
duplexes have shown sequence-specific target affinity. Com-
pared to the native counterpart, tig, for the AON/RNA
duplexes drops by —5 °C for each oxetane-Ty —3 °C for
each oxetane-&, —4 °C for azetidine-T/U, and te-2 °C for
azetidine-€ incorporation in the modified AONs. No,, drop

been performed using experimental NMR data and results of has however been observed for the oxetane-A and oxetéhe-G

ab initio (HF/6-31G** and B3LYP/6-31++G**) and molecular

(1) Zamaratski, E.; Pradeepkumar, P. |.; ChattopadhyayaRlochem.
Biophys. Method2001, 48, 189-208.

(2) Manoharan, MAntisense Nucleic Acid Drug De2002 12, 103—
128.

(3) Herdewijn, P.Biochim. Biophys. Actd999 1489 167—-179.

(4) Kurreck, J.; Wyszko, E.; Gillen, C.; Erdmann, V. Nucl. Acids
Res.2002 30 (9), 191+-1918.

(5) Koizumi, M. Biol. Pharm. Bull.2004 27 (4), 453-456.

(6) Meldgaard, M.; Wengel, . Chem. Soc., Perkin Trans.200Q
3539-3554.

(7) Takagi, M.; Morita, K.; Nakai, D.; Nakagomi, R.; Tokui, T.; Koizumi,
M. Biochemistry2004 43 (15), 4501-4510.

(8) Morita, K.; Yamate, K.; Kurakata, S.; Abe, K.; Imanishi, T.; Koizumi,
M. Nucleic Acids Symp. Se2002 2 (1), 99-100.

(9) Honcharenko, D.; Varghese, O. P.; Plashkevych, O.; Barman, J.;
Chattopadhyaya, J. Org. Chem200§ 71, 299-314.

(10) Pradeepkumar, P. I.; Cheruku, P.; Plashkevych, O.; Acharya, P.;
Gohil, S.; Chattopadhyaya, J. Am. Chem. Sc2004 126, 11484-11489.

(11) Pradeepkumar, P. |.; Zamaratski, E.; Foldesi, A.; Chattopadhyaya,
J.J. Chem. Soc., Perkin Trang2001, 2, 402-408.

(12) Koshkin, A. A.; Singh, S. K.; Nielson, P.; Rajwanshi, V. K.; Kumar
R.; Meldgaard, M.; Wengel, Jetrahedron1998 54, 36073630.

(13) Obika, S.; Nanbu, D.; Hari, Y.; Morio, K.-I.; In, Y.; Ishida, T.;
Imanishi, T.Tetrahedron Lett1997 38 (50), 8735-8738.

(14) Singh, S. K.; Kumar, R.; Wengel, J. Org. Chem1998 63 (26),
10035-10039.

(15) Singh, S. K.; Kumar, R.; Wengel, J. Org. Chem1998 63 (18),
6078-6079.

(16) Morita, K.; Takagi, M.; Hasegawa, C.; Kaneko, M.; Tsutsumi, S.;
Sone, J.; Ishikawa, T.; Imanishi, T.; Koizumi, Bioorg. Med. Chen003
11, 2211-2226.

(17) Varghese, O. P.; Barman, J.; Pathmasiri, W.; Plashkevych, O.;
Honcharenko, D.; Chattopadhyaya,JJAm. Chem. SoQ006 128 (47),
15173-15187.

modifications in the AONSs.

Incorporation of the five- and six-membereti42bridged
ENA-T,16.18] NA-T/BNA-T, 1213and their 2N analogues (aza-
ENA-T17 and 2-amino-LNA-T*413 into DNA or RNA strand
showed, compared to the native, improved target affinity toward
complementary RNA and DNA. AONs containing ENA-T and
aza-ENA-T7 have shown an increase of thermal stability of
the AON/RNA duplexes by+3.5 to+5.2 °C per modification
which is as high as that of the isosequential LNA{AT,, =
Tm (modified) — Ty (native), ATy ~ +3.5 to +5.2 °C per
modification) and 2amino-LNA-T1415(AT,, ~ +6 to +8 °C
per modification). Toward complementary DNAthe AONs
containing 2-0,4'-C-ethylene- and '2N,4'-C-ethylene-bridged
thymidines exhibited a moderate increasetd to +5 °C per
modification.

Generally, the 24'-LNA/ENA-type modifications seem to
show systematic increase in the thermal stability of AON/RNA
and AON/RNA duplexes and triplexes and decrease in the AON/
DNA stability 81521.22However, the total effect of the chemical

(18) Morita, K.; Yamate, K.; Kurakata, S.-1.; Watanabe, K.; Imanishi,
T.; Koizumi, M. Nucleosides, Nucleotides Nucleic AcRB03 22, 1619.

(19) Amirkhanov, N. V.; Pradeepkumar, P. |.; Chattopadhyayal. J.
Chem. Soc., Perkin Tran2002 2, 976-984.

(20) Pradeepkumar, P. I.; Amirkhanov, N. V.; Chattopadhyay@rg.
Biomol. Chem2003 1, 81—92.

(21) Morita, K.; Hasegawa, C.; Kaneko, M.; Tsutsumi, S.; Sone, J.;
Ishikawa, T.; Imanishi, T.; Koizumi, MBioorg. Med. Chem. Let2002
12, 73-76.

(22) Koizumi, M.; Morita, K.; Daigo, M.; Tsutsumi, S.; Abe, K.; Obika,
S. i.; Imanishi, T.Nucl. Acids Res2003 31, 3267-3273.
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TABLE 1. Experimental 3Jyy Vicinal Proton Coupling Constants10121417.21Corresponding ab Initio and MD (Highlighted in Blue) ¢ n
Torsions, and Respective Theoreticatdy y Obtained Using the Haasnoot-de Leeuw-Altona Generalized Karplus Equation*#45 Taking into
Account the # Substituent Correctiona?

Vicinal o/ o/
f;::g:’g““f;’ cﬂz;tl(i):g Torsion (dyx) cﬁg’ eli?’ f‘;fn% b ﬁlgo), dhust ©), exp. A i{gm
AzetdineT | Jnzms | H2-C2-C3-H3' | 5.75| 560 3522 | 256£1356] 36510366 0.15
A) Tsme | H3-C3-C4-H& | 759 | 831| -15298 | -152.0+195 | -1499t0-150.0 | -0.72
OxctaneT | Jnsms | H2-C2-C3-H3' | 427| 3.6 2327 | 362295 26110463 | 041
(B) Teme | H3-C3-C4-H& | 862| 800| -163.13| -1604+ 124 | -1483 t0-1484 |  0.62
e | H2-C2-C3-H3' | 3.77] 39 2969 |  435:56] 48710489 -0.13
Aza-ENA-T [ Jpone | H7-CT-C6-H6 | 7.6 67 4137 |  423:82] 43810440 046
©) Ve | HI'-CT-C6-H6 | 1137] 130 15812 | 1525+ 80| 1725101764| -1.63
wrne | HI'-CT-C6-H6" | 504 | 47 2001 | 361:80| 4260428 034
Tiems | H2-C2-C3-H3' | 3.19| 3.0 5116 | 493:50]  51.0t051.1| -0.01
ENA-T e | HT-CT-C6-H6 | 791 | 7.50 3792 |  30.0:80| 40210404 | 041
D) Turme | HI'-CT-C6-H6 | 1130 | 11.70 15684 | 1554+87| 1608t0161.0| -0.40
Twrme | HT'-CT-C6-H6" | 5.12| 380 3839 | 38383 18210484 | 132

a Optimized parameters MY (Naming (1.305) and Qe (1.480) are employed for constrained heterocycles containipgod Naz«type atoms resulting in
group electronegativities of Cbeing 0.408 and 0.369 for the H-3H-4' vicinal proton couplings in azetidine-T and oxetane-T, respectiVelywerage
rmsd between experimental and calculated couplings was 0.56 Hz.

nature of a modified residue on the thermal stability the BNA/ Rigidity of the conformationally constrained nucleotides influ-
LNA and ENA duplexes and triplexé&svaries, and it depends  ences structural and conformational preorganization of modified
not only on the type of sugar constraints but also on the nature ON single strand?~3> This may influence not only stability of

of the nucleobas¥.12 Thus, in general, the stability of the AON/  their duplexes with complementary DNA or RNA stré#ktp0.35.36
RNA duplexes change in the following order: thymity? < but also recognition by and interaction with the target enzyme,
cytosinyl912 < adeninyt®12 ~ guaninyl1?12 Other important such as RNase H in the antisense actf8i%3738or the
factors in the observed variation of the thermal stability of AON/ recruitment of endonucleases in the RISC complex in RAI
RNA (DNA) duplexes are the position of the modification site or, alternatively, control the stability toward endo-/exo-
in the AON strand and the sequence content around the modifiednuclease$816:18.2+23.33,37.40 Thys, a conformationally con-
nucleotide> 7182523 McTigue et aP* have shown the substantial ~ strained nucleotide may be able to tune the dynamics of the
dependence of the LNA-modified DNA/DNA duplex stability double-stranded homo and heteroduplexes to steer the substrate
on the neighboring sequence for all of the LNA bases which specificity in the antisendé®38or RNAI action31:41-43

resulted* in the somewhat unexpected conclusion that LNA

purines contribute significantly less enhanced stability than do Results and Discussion

pyrimidines. LNA-A in particular had been shown to have the  parametrization of the Haasneate Leeuw+Altona general-

smallest effect of the four; and in terms AfT,, the average
stability increments were ordered LNA-ATy, = 2.11+ 1.30
°C)?* < LNA-G (ATp = 2.834 1.75°C)** < LNA-T (ATm =
3.21+ 1.41°C)** < LNA-C (ATm = 4.444 1.46°C)*
Physicochemical properties of the constraing®-land 2,4'-

ized Karplus equatidtt*® has been performed to refine and

(30) Crooke, S. TAnnu. Re. Med.2004 55, 61—-95.

(31) Fire, A.; Xu, S.; Motegomery, M. K.; Kostas, S. A.; Driver, S. E.;
Mello, C. C.Nature 1998 391, 806.

(32) Isaksson, J.; Acharya, S.; Barman, J.; Cheruku, P.; Chattopadhyaya,

fused nucleosides (Figure 1), studied here as a monomer units,. Biochemistry2004 43 (51), 15996.

are expected to have profound effect on the properties of ON

where the modified nucleotides could be incorporafedt

(23) Hamada, M.; Ohtsuka, T.; Kawaida, R.; Koizumi, M.; Morita, K.;
Furukawa, H.; Imanishi, T.; Miyagishi, M.; Taira, KAntisense Nucleic
Acid Drug Dev. 2002 12, 301.

(24) McTigue, P. M.; Peterson, R. J.; Kahn, J. Blochemistry2004
43 (18), 5388 -5405.

(25) Helene, CEur. J. Cancerl99], 27, 1466.

(26) Vasquez, K. M.; Wilson, Jrends Biochem. Sci998 23, 4.

(27) Chech, T. R.; Zaug, A. J.; Grabowski, PCEIll 1981, 27, 487.

(28) Kruger, K.; Grabowski, P. J.; Zaug, A. J.; Sands, J.; Gottschling,
D. E.; Chech, T. RCell 1982 31, 147.

(29) Schubert, S.; GQuD. C.; Grunert, H. P.; Grunert, H.; Erdmann, V.
A.; Kurreck, J.Nucl. Acids Res2003 31, 5982.
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(33) Surono, A.; Van Khanh, T.; Takeshima, Y.; Wada, H.; Yagi, M.;
Takagi, M.; Koizumi, M.; Matsuo, MHum. Gene Ther2004 15, 749.

(34) Berger, |.; Tereshko, V.; Ikeda, H.; Marquez, V. E.; Egli, Nucl.
Acids Res1998 26 (10), 2473-2480.

(35) Egli, M.; Minasov, G.; Teplova, M.; Kumar, R.; Wengel,Chem.
Commun2001, 651-652.

(36) Isaksson, J.; Plashkevych, O.; Pradeepkumar, P. |.; Chatterjee, S.;
Barman, J.; Pathmasiri, W.; Shrivastava, P.; Petit, C.; Chattopadhyaya, J.
J. Biomol. Struct. Dyn2005 23 (3), 299.

(37) Yazbeck, D. R.; Min, K.-L.; Damha, M. Nucl. Acids Res2002
30 (14), 3015-3025.

(38) Brenda, F. B.; Brett, P. MBiochem. Biophys. Acti999 1489(1),
3—-18.

(39) Hannon, G. JNature2002 418 244-251.

(40) Yagi, M.; Takeshima, Y.; Surono, A.; Takagi, M.; Koizumi, M.;
Matsuo, M.Qligonucleotide2004 14, 33.
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extract structural information from the NMR data ¢f2-fused strained compounds as well as ENA-T and aza-ENA-T yielded
LNA-T, ENA-T, 2'-amino-LNA-T, and aza-ENA-T nucleosides  1.305 and 1.480 as the group electronegativities {24 (Nlamino
(compoundsA—F in Figure 1), employing ab initio and and Qye respectively. The use @gfsubstitution correction lead
molecular dynamics (MD) methods as well as experimental to electronegativities of C@roups of azetidine- and oxetane-T
vicinal proton coupling constantdJj 4) (collected in Tables 1 to become 0.408 and 0.369, respectively. Other group elec-
and 2, Figure 2, and Figure S11 in the Supporting Information) tronegativities were kept unmodified, and their respective
from NMR experimentd?12.14.17.21 standard valué8 were as follows: C1(0.738), O4 (1.244),

A. Generalized Karplus Parametrization. The assignments  C3 (0.162), C2 (0.099), O3 (1.3 for OH), C4 (0.106), C5
from reported®121417.211D and 2D NMR spectra as well as  (0.218). Average root-mean-square difference (RMSd) between
the experimental coupling constants of compouAdsD in calculated and observed experimental vicinal coupling con-
Figure 1 have been used to optimize the group electronegativity stants was 0.56 Hz for the set of compounds used for the
parameter of the Haasneede Leeuw-Altona generalized parametrization.

Karplus equatioff-4> for the endocyclic nitrogen atom {) B. Molecular Structure of the Conformationally Con-
connected to C2n azetidine-, aza-ENA-, and-2mino-LNA- strained 1',2- and 2,4-Fused NucleosideslUPAC recom-
types of modifications as well as for the endocyclic oxygen mended definitions of torsional angles are used throughout the
(Ooxe) in the 1,2-bridged-oxetane-type and the-Q,4-C- text (see Figure S10 in SI).

methylene(ethylene) ring the ENA- and LNA-type nucleosides. 1. Sugar Pucker.Direct effect of the chemical modification
The full set of these compounds (Table 1) has been employedof sugar moiety by bridging Cland C2 or C2 and C4 atoms

in the least-square fitting numerical grid procedure to obtain is the restriction of the internal dynamics of this moiety (see
optimized Karplus parameters using a set of experimédtal Tables 1 and 2, Figure 2, and Figure S11 in the Supporting
coupling constants and corresponding torsions from the ab initio Information) which locks the sugar moieties into tNerth-
calculations. Experimental NMR data have been further ratio- Easttype conformation in the '2'-fused azetidine and oxe-
nalized using structural information from (i) 6-31G** Hartree tane-T and to the relatively puidorth type C3-endoin the
Fock optimized ab initio gas-phase geometries by GAUSSIAN 2',4'-bridged LNA, ENA, and their 2amino analogues (Table
9876 (ii) NMR constrained molecular dynamics simulation 2, Figure 2). Compared to the ENA, LNA, and thefranino
which consisted of 0.5 ns (10 steps) simulated annealing (SA) analogues, the’ P'-fused azetidine and oxetane modifications
followed by 0.5 ns NMR constrained simulations at 298 K to impose weaker constraints on the sugar pucker resulting in
yield NMR defined molecular structures of the compouAds higher dynamics of the sugar moiety and broader conformational
in Figure 1; and (iii) 2 ns constraints-free MD simulations of hyperspace accessible. Thus, the spreads of the pseudorotational
all compounds in question. The MD simulations were performed phase anglesP)®° of the 1,2-fused systems are higher, and
using AMBER 77 force field, and explicit TIP3 aqueous the puckering amplitudesp,)>° are lower compared to those
medium (see details in Experimental Section). Relevant vicinal of the 2,4'-fused ENA- and LNA-type counterpart®,= 42—
proton3Juy pz, 3z 1z, anduz pa coupling constants have been  44°, ¢y = 29-34° vs P = 12—19°, ¢ = 46° (ENA-T), 56°
back-calculated from the corresponding theoretical torsions (LNA-T) (Table 2, Figure S11 in Sl). Higher variations Bf
employing Haasnoetde Leeuw-Altona generalized Karplus  (20—27° vs 5-8° in LNA-T and ENA-T) as well as higher

equatiort*45 taking into accoung substituent correction amplitude of motion ofpm (9—18° vs ~3° in LNA-T and ENA-
. T) along the MD trajectories indicated broader and uniquely
J=P, Co§(¢) + P, cosgp) + P;+ defined (although overlapping with that of the ENA-T and LNA-

AT 4 P coXEd + P.lAydrl T) conform_ational hyperspace availablt_a. Higher rigidity a_nd,

Z( 1Py + Ps oS (i + Pel A1) correspondingly, relatively lower dynamics of the sugar moiety
group __ A, a—substituent__ f—substituent _ in 2',4-fused systems are indirectly confirmed by virtually

whereAy; A P 2 A%, and theAy identical averag® and¢n, obtained for the LNA-T and ENA-T

from ab initio and MD simulations, while the difference-e10°

in P and¢n, has been observed for thg2-fused systems.

are taken as Huggins electronegativiti2sSpecifics of the
endocyclic heteroatoms in our set of compounds required re-
parametrization of the group electronegativities f@sd{Naming . ; -
and Qe atoms which has been achieved by solving the 2. Backbonel Torspn Anglesy and 0. Dur.|ng the first 0.6
generalized Karplus equati#fs parametrized by, = 13.70, ns (_)f the MD S|mulat|on_s th_e backbomeforsmns app,eared to
P,= —0.73,Ps = 0.00,P, = 0.56, Ps = —2.47,Ps = 16.90, be in gaucheconforr_ngtlon in both the'2- and 2,4'-fused

systems (61for azetidine and oxetane, 68r ENA-T and 2-
amino ENA-T, 66 for LNA-T and Z-amino LNA-T, Table 2).
However, longer MD simulations revealed thatorsion in the
(41) Hutvagner, G.: Zamore, P. Bcience2002 297, 2056. LNA- and ENA-type modified nucleosides tends to undergo
(42) Novina, C. D.; Sharp, P. Alature 2004 430, 161—164. sudden and apparently reversible (LNA-T) or irreversible (aza-
(43) Xia, J.; Noronha, A.; Toudjarska, |.; Li, F.; Akinc, A.; Braich, R.;  ENA-T, 2-amino-LNA-T) transition tuning into trans'/trans™

Frank-Kamenetsky, M.; Rajeev, G. K.; Egli, M.; Manoharan, @hem. +jt — : ; : .
Biol. 2006 1 (3), 176-183. (t*/t 7) conformation. Energetically this transition appeared

Pz = 0.14 (parameters from ref 45) for the set of the observed
vicinal coupling constants of the oxetane and azetidine con-

(44) Altona, C.; Sundaralingam, M. Am. Chem. Sod.972 94 (23), favorable as the average total energy of the system decreased
8205-1822. by 1—3 kcal/mol in LNA-T, Z-amino-LNA-T, and aza-ENA-T
19E(;(115)36Ha2a75£130_02t,7g.2A. G.; de Leeuw, F. A.A. M.; Altona, Tetrahedron  compounds (Figure S11 in SI). However, this decrease is much

(46) Frisch, M. J. et al.Gaussian 98 (Résion A.§; Gaussian, Inc: lower th_an the amplitude O_f energy ﬂUCtuat'_OﬂK_]-S keall
Pittsburgh, PA, 1998. mol) during the MD runs which probably explains the abruptness

(47) Case, D. A;; et alAMBER 7 University of California: San of such transition. Ngz gauche/trandransition has however

Francisco, 2002. H f i - _ 19" -
(48) Jorgensen, W. L. Chandrasekhar, J.: Madura, J. D.: Impey, R. W.: been observed in the simulations df2l-oxetane- and ']2

Klein, M. L. J. Chem. Phys1983 79, 926-935.
(49) Huggins, M. L.J. Am. Chem. S0d.953 75, 4123. (50) Cremer, D.; Pople, J. A. Am. Chem. Sod975 97, 1354-1358.
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Azetidine-T
(A)

Oxetane-T

Aza-ENA-T

2’-amino LNA-T

LNA-T
(F)

(B)
e

©

(E)

o

RMSd = 0.569
(0.194, 0.739)

RMSd = 0.527
(0.171, 0.687)

RMSd = 0.433
(0.092, 0.656)

RMSd = 0.462
(0.078, 0.646)

RMSd = 0.567
(0.100, 0.699)

RMSd = 0.628
(0.089, 0.629)

FIGURE 2. Superposition of 10 randomly selected structures during the last 400 ps of the unconstrained 2 ns MD simulations of azetidine-T,
oxetane-T, aza-ENA-T, ENA-T,’2amino-LNA-T, and LNA-T (compoundsX—F) in Figure 1). Total average rmsd (in A) are shown for all heavy
atoms (marked in black) as well as for the heavy atoms in sugar and piperidino moieties (in parentheses marked in red), and the base atoms (in

parentheses marked in blue).

azetidine-T nucleosides, while a sudde®0° flip occurred
during 2 ns simulations (Figure S11 in Sl) of ENA-7 (n

t*/t ~ conformation for~10 ps), aza-ENA-T (about 20% of the
time in MD simulation), LNA-T (about 10% of the simulation’s
time), and 2amino-LNA-T (almost 50% of the simulation’s
time). Attempts to revery gauche into y trans conformation
using the simulated annealing (SA) protocol with imposed NMR
constraints (simulation time of 10 SA steps plus following MD
simulation at 293 K was 1 ns) proved unsuccessful. Thus, in
case of amino analogues of ENA-T and LNA-T the most stable
conformation ofy torsion appeared to b&/t ~ contrary to
canonical gauché conformation observed for unmodified
nucleotides in polynuclotideX.

Another important backbone torsidrhas also been affected
by the sugar modifications which lead to a significant difference
(Table 2) of about 10between) torsions of LNA-T and ENA-T
nucleosidesd = 66° and 76, respectively, which is consistent
with 66° and 77 reported by Wengel et &k for LNA and
Morita et al’® for ENA). Least puckered in this series of
compounds 12'-fused azetidine and oxetane modified nucleo-
sides have been found rotated around thé-©8 bond even
further by 13 (6 = 89°). The amplitudes of fluctuation of the
0 torsion in the 12-constrained azetidine-T and oxetane-T

3. Glycosidey Torsions. Relative orientation of the nucleo-
base to the sugar moiety has been found to be greatly influenced
by the type of modification, with the' 2'-constrained and' 2'-
constrained nucleosides, forming two distinct groups. Ti#-1
fused four-membered azetidine and oxetane rings lead not only
to North-Easttype conformation of the sugar pucker but also
to a quite unusual near-27@syr/antit) orientation of the
glycoside characterized by bond torsipO4 —C1—N1—-C2)
which in LNA-T, ENA-T, and their 2amino analogues has been
found in the range of-160° + 11° (ENAs) and—167 + 9°
(LNAs). This anti~ orientation of the glycoside is contrary to
that observed in azetidine and oxetane modified nucleosides.
The magnitude of variation of the values is relatively high
(9—12)

in all considered modified nucleosides but nevertheless the
nucleobase conformation changes in a relatively narrow region
of correspondinganti- (ENA-, LNA-type) or sym (1',2-
bridged) orientation domain. Tteyrm orientation of nucleobase
in 1',2" azetidine and oxetane thymidines indicates that sugar
modification may cause a distortion of the typical Watson
Crick base pairing in the DNA and/or RNA duplexes, which is
probably leading to the observed thermal destabilization of the
duplexeg11.20

nucleosides during MD trajectories have been found to be as 4. pK, Variation of the 1-Thyminyl Moiety as a Result of

much as~15°, which is almost tripled compared to those of
the 2,4'-fused systems~6°, Table 2). These fluctuations of
theo torsion in the 12-fused nucleosides are also characterized
by sudden and frequent variations of upt420 (Figure S11

in Sl) along the respective MD trajectories, compared to the
maximum variations below 20n the 2,4'-fused systems (Table

2, Figure S11 in SI).

(51) Chatterjee, S.; Pathmasiri, W.; Plashkevych, O.; Honcharenko, D.;
Varghese, O. P.; Maiti, M.; ChattopadhyayaQig. Biomol. Chem2006
4, 1675-1686.

(52) Vanai, P.; Djuranovic, D.; Lavery, R.; Hartmann, Bucleic Acids
Res.2002 30 (24), 5398-5406.

Alteration of the Electronic Character of the Conforma-
tionally Constrained Endocyclic-Amino Group in the Sugar
Moiety. Results of the NMR titration experiments show that
the molecular nature of the sugar constraint has a profound
influence both on thelg, of the endocyclic-amino group in the
sugar moiety (2N analogues) as well as on th&of the N3

of the constituent 1-thyminyl moiety, depending both upon the
linkage sites (12'- vs 2,4'-fused) and the ring-size (4-, 5-, or
6-membered) of the sugar constraint (Table 3). The pH-
dependentH chemical shift measurements showed (Tables 3
and 4, Figure SS9 in Sl) that the endocyclic azetidine-amino
group in four-membered azetidine-T [compoufdn Figure

J. Org. ChemVol. 72, No. 13, 2007 4721
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TABLE 4. pKaand AG°xa of the 2-Amino Protonation and Thymidine N3 Deprotonation Calculated from Results of the Hill Plot Analysis of
2'-Amino-T, 1',2-Azetidine-T (Compound A in Figure 1), Aza-ENA-T (C), and 2-Amino-LNA-T (E) @

AAG®pk,
Compounds AG pka , AG k. | (base-pairing
pK, (2'-amino) pKa (V) ) energy) LkJ
(2'-amino) kJmol™! kJ mol™! mol]
[o]
\fkm
"N N/Ko 5.99 (0.02) 342 9.52 (0.02) 543 33.0
4 3 1
OH NH,
o)
\EKNH
NG N/J\O 6.07 (0.03) 34.6 9.14 (0.02) 52.4 31.1
4 3.0 SAr
OH HN
[e]
\fkm
s o N/Ko 6.17 (0.02) 352 9.50 (0.01) 542 329
sy S
¢ OH NH
(]
NH
w LI
s o N o | 6.69(0.02) 382 9.60 (0.02) 54.8 335
4 3 1
¢ OFNH

aBase-pair free energhAG°«a is estimated as a difference IG°a of the hydrogen bond donor amtiG°pka of acceptor (ribo-adenosine). The
AAG’xkarepresents the average of the base-pairing energy values calculated frdfa tedues obtained from the Hill plot analysis. ThesA&G°ka values
are to be compared tAAG°xa Of the native deoxy-T:ribo-A base pair equal to 36.4 kJ Thdt AAG®pka(base-pairing energyy AG°pa(donor-T) —
AG°ka(acceptor-A). A more positive value &AG°a indicates less strong base-pairing. To estimateAA&° k,, the acceptor's Iga of 3.73 AG°pka =
21.3 kJ mot?) was used as obtained for thg53-bis-ethylphosphate ribo-adenosftie.

12 i
PRalexp) =A*pKa(calc) +B 7
10 | aza-ENA 7 aza-El
) 2-amino-LNA
azetidine—l/"- 2'-amino-LNA azetidine-T
8 - 4

aza-ENA - 4 aza-ENA
7/ )

2"-amino-LNA

azetidine-T

. A
6 | 2-amino-LNA g,
azetjdine-T

HF: A = 0.2623 (+ 0.0120), B= 2.5683 ( + 0.2534)

pK, (from NMR)

4 R =0.99582, R’ = 0.99166
B3LYP : A = 0.4995 (+ 0.0475), B= 1.4505 ( + 0.6274)
2 R =0.98240, #* = 0.96512

5 10 15 20
pK, (from ab initio)

FIGURE 3. Correlation between calculated and experimenkal gf
endocyclic amino groups in azetidine-T (compouAd (n Figure 1),
aza-ENA (), and 2-amino-LNA (). B3LYP/6-3++G** (red
triangles, dash-dotted red line) and HF/6-31G** (blue circles, solid blue
line) levels of ab initio calculations have been employed.

25 30

1] has X, of 6.06, which is 0.5 K, units more acidic compared
to that of piperidino-amino group in aza-ENA-TKp6.66) C),
whereas the pyrrolidino-amino group in-@nino-LNA-T (E)
has a K, of 6.17. Thus, as the ring-size decreases from

6-membered (aza-ENA-T) to 5-membered-&nino-LNA-T)
to four-membered (azetidine-T) the basicity of the of the
endocyclic-amino group decreases, which in turn causes a
decrease in the basicity of tihNé(T) (Figure 3, Table 3, Figures
S9a,b in Sl): K, 0f N3in aza-ENA-T> pK, of N3in 2'-amino-
LNA-T > pK, of N3 in azetidine-T. Clearly, the more basic
character of the piperidino-amino group in aza-ENA-T compared
to pyrrolidino-amino group in "2amino-LNA-T is a result of
weaker inductive effect of O4n the former compared to that
in the latter®®

Interestingly, although the endocyclic&mino group in 12-
azetidine-T is a secondary amine, it shows thg of primary
amine of 2-amino-T (Table 4, Figure 9a,b in Sl). The measured
pKa of endocyclic 22amino group in 2amino-LNA-T is also
close to that value being only 0. Kpunit more basic than that
of the endocyclic amino in '2-azetidine-T while K, of
endocyclic 2-amino group in aza-ENA-T is found to be 0.51
pKa unit more basic than that of th&-@mino in 2-amino-LNA-
T. Overall the endocyclic O4nd the 1-thyminyl moiety have
a net electron withdrawing effect on th&pof the fused
azetidine, which can be concluded comparing tkg pf the
endocyclic amine protonation of azetidine- K@= 6.07, Table
4, Figures 9a,b in SI) to that of alkyl-azetidine (azelnidipifie)

(53) Sandstim, A.; Kwiatkowski, M.; Chattopadhyaya, Acta Chem.
Scand.1985 B39 273-290.
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(pKa = 7.89) which is 1.82 [ (AAG®pka = 10.9 kJ mot? or
2.6 kcal mof1) unit more basic.

The nucleobaselas in the 2-N-modified nucleosides are
found to be correlated with the<gs of the endocyclic ' 2amino
group (Table 4). Interestingly, the size of the fused ring of the
N-heterocycle (and correspondingly the flexibility of the fused
system) is correlated with theKp of the endocyclic amine or
the N3 of 1-thyminyl base (Table 4), showing that thipof
the endocyclic amine decreases as the ring size ofNhe

Plashkevych et al.

different and indeed are very specific within these two groups
of modified nucleosides.

(2) The 1,2- versus 24'-constrained nucleosides share within
the respective group not only intrinsic properties of the modified
sugar moiety (preferred sugar pucker) but also molecular
properties of the aglycon reflected in specific glycosigeand
the backbone torsionsy (and d) as well as in distinctive
dynamics pattern. All available data indicate that th& fused
conformational constraints give to the nucleoside more flexibility

heterocycle becomes smaller. The same trend is predicted (Tabléhan that of the 24'-fused conformational constraints (Table

3) for the endocyclic 20xygen containing nucleosides where
the HF/6-31G** calculated nucleobas&gs are as follows:
oxetane-T (9.05B < azetidine-T (K4 9.17) A < LNA (pKa
9.28)F < ENA (pK49.37)D < 2'-amino-LNA (pK; 9.46)E <
aza-ENA (K, 9.66) C, which is consistent with the experi-
mental K;s available so far (Table 3). The calculatad,pf

Né of the 1-thyminyl moiety in the endocyclic’-®xygen
containing nucleoside&—F in Figure 1 show consistently
relatively lower K, values (up to 0.5 I8, units) compared to
that of the nitrogen-containing analogues. This is in line with
the expected less constraining ability of nitrogen atom, having
relatively lower electronegativity, resulting in higher amplitude
of internal motions (Tables 3 and 4, Figures S9ab in SI)
compared to that in the'2ndocyclic oxygen analogues.

The HF/6-31G** calculated and experiment#ljvalues have
however been found to be linearly correlate’l € 0.991,
pKa(expt)= A x pKy(calcd)+ B; Figure 3) with the K, scaling
factors (see Experimental Sectioh}= 0.2623 (std err. 0.0120)
andB = 2.5683 (std err. 0.2534) and the max absolute error of
0.28 K4 units (abs errors 0.04;0.17,—0.05, 0.28, 0.01;-0.11
for the azetidine-T (Rland N9, aza-ENA-T (N and Ny,
2'-amino-LNA-T (N°® and Niming, respectively).

These new correlation coefficients have been able to repro-

duce the experimentakps of nucleobases (derived from NMR
titrations) as well as thelas of the endocyclic ’2amino groups
with abs. error 0of<0.2 K, units (Table 3). It is noteworthy
that the correlation coefficients derived in the earlier Wwérk
have been underestimating thi€,p of the endocyclic 2amino
groups by~2 pK, units compared to the experimental values
(Table 3, K4 values in parentheses).

Increase of the size of basis set and of the correlation level

to B3LYP/6-3H+G** has improved the overall correlation
between theoretical and experiment#Lp resulting in scaling
factorsA = 0.4995 (std. err. 0.0475) ar@l= 1.4505 (std. err.
0.6274), which however are still far away from those in the
ideal combination oA = 1 andB = 0. The drastic change of
the correlation coefficients which is found depending on the
size of the basis set and the level of simulations, demonstrate

the deficiencies of the adopted correlation scheme employing

pKa scaling factors (see Experimental Section for details) and
highlights the need to exercise caution in its application.

Conclusions

(1) Comparison of the '12'- and 2,4'- conformationally

constrained nucleosides show that despite the overall chemical

similarity of the North-type sugar conformational constraints
imposed by the respective modifications, the actual internal
dynamics and conformational hyperspace are distinctively

(54) Koike, H.; Kimura, T.; Kawasaki, T.; Sada, T.; Ikeda, T.; Sanbuis-
sho, A.; Saito, HAnnu. Rep. Sankyo Res. L&f02 54, 1-64.
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2, Figure S11 in SI).

(3) High amplitude and range of dynamics of the important
backbone torsio indicate that 12'-fused nucleosides have
higher flexibility of the backbone compared to thgd42fused
counterparts which is an important property to engineer in the
oligonucleotides in order to exploit their physicochemical
properties for the conformational control of duplex and/or triplex
formation, or to achieve specific interaction of a modified ON
with enzymes or other ligands. Thus, the replacement of the
2'-O- by the 2-N- atom in the ENA and LNA analogues is found
to influence profoundly the backbone tuning torsjoto unusual
transconformation (Table 2, Figure S11 in SI) which potentially
can lead to backbone transitfinto noncanonicad/y substate.

(4) The two types of conformational characteristics in the
North-constrained nucleoside blocks can be correlated with the
footprints produced by the RNase H cleavage reaction of the
heteroduplexes11205(j) 1',2'-fused nucleosides with less rigid
andNorth-Easttype constraintP = 37° £ 27°, ¢y = 25° +
18°), such as oxetane-T and azetidine-T blocks, showed poorer
affinity to the target RNA compared to that of the native
counterpart and produce local RNARNA mimics (hence, not
cleaved by RNase H) resulting in a gap of the cleavage pattern
of only five nucleotides in the ON/RNA duplexa!!.20.56.57
On the other hand, a more rigid puderth-type 2,4'-fused sugar
constrained ENA- and LNA-types as well as thei-N2
analoguesRk = 19° £ 8°, ¢pm = 48° + 4°) introduced into ON
showed a higher affinity to the target RNA; this transformed
the local structure more RNARNA type and hence showed a
stronger resistance to RNase H cleavage, exhibiting3 6
nucleotide gap$?

(5) It has been found that the basicity of the endocyclic 2
amino group in all furanose fused conformationally constrained
nucleosides is both site- and ring-size dependent, which has
distinct influence on the basicity of Nof the constituent
1-thyminyl moiety. Thus, the chemical nature of the confor-
mational constraints in the sugar moiety can remarkably steer
the physicochemical property, such as thg pf the constituent
1-thyminyl moiety, which, along with other factéP$8can play
a vital role in tuning the strength of the basepairing.

Experimental Section

A. Ab Initio and MD Calculations. CompoundsA—F (Figure
1) have been simulated to investigate intrinsic dynamics and to
build up their molecular structures using the following protocol:
(i) Acquire 6-31G** Hartree-Fock optimized ab initio gas-phase

(55) Acharya, P.; Cheruku, P.; Chatterjee, S.; Acharya, S.; Chatto-
padhyaya, JJ. Am. Chem. So2004 126, 2862-2869.

(56) Pradeepkumar, P. I.; Chattopadhyayd, Chem. Soc., Perkin Trans.
2001 2, 2074-2083.

(57) Pradeepkumar, P. I.; Zamaratski, E:Jdesi, A.; Chattopadhyaya,
J. Tetrahedron Lett200Q 41, 8601-8607.

(58) Shan, S.-O.; Herschlag, Proc. Natl. Acad. Sci. U.S.A996 93,
14474-14479.
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geometries and atomic charges to derive force field parameters fordiscussion, see Liptak and Shiéld& and references therein). We

MD; (i) refine the Karplus parameters with the help of the NMR-
derived and ab initio derived torsions; (iii) analyze the full

have therefore adopted an empirical correction scheme similar to
that of Klicic and co-workef and used by us earlf@remploying

conformational hyperspace using 2 ns MD simulations of the a set of 24 compounds altogether in the dataset (A, G, C, T, U

compoundA —F (Figure 1); (iv) derive initial dihedral angles from
the observedly 1 using Haasnoetde Leeuw-Altona generalized
Karplus equatior#4> (v) perform NMR constrained molecular

native nucleobases and deoxy-A,G,C,T and ribo-A,G,C,U nucleo-
sides), to compensate for deficiencies in both HF/6-31G** ab initio
and solvation models with reasonably good correlation (with errors

dynamics (MD) simulation (0.5 ns, 10 steps) simulated annealing of up to 0.5 K, unit) to experimental i§, values via the following

(SA) followed by 0.5 ns NMR constrained simulations at 298 K
using the NMR derived torsional constraints from step iv to yield

NMR defined molecular structures of the compounds in question.

correction scheme: Ky, (scaled)= A x pK, (calcd)+ B. Values
of AG¢(H") and AG(H™) were set t0—262.5 kcal/md* and
—6.28 kcal/mdi®>%8to be consistent with the analysis performed in

The geometry optimizations of the modified nucleosides have beenref 51.

carried out by GAUSSIAN98 program packéa@at the Hartree

C. pH-DependentH NMR Measurement. All NMR experi-

Fock level using 6-31G** basis set as well as employing Becke ments were performed using Bruker DRX-500 and DRX-600
three-parameter (exchange) Lee, Yang, and Parr (B3LYP) correla-spectrometers. The 1 mM NMR samples of tHeaghino-T (2-

tion density functional theory (DFT) and 6-3%G** basis set.

amino-2-deoxyribothymidine), 12 -azetidine-T A), aza-ENA-T

The atomic charges and optimized geometries from HF/6-31G** (C), and 2-amino-LNA-T (E) in Figure 1 were prepared in.D

simulations of compoundé&—F (Figure 1) have been used as
AMBER*’ force field parameters employed in the MD simulations.
The protocol of the MD simulations is based on Cheathan
Kollman’'s®® procedure employing a modified version of Amber
1994 force field as it is implemented in AMBER 7 program

solution with dpss = 0.015 ppm as internal standard. All pH-
dependent NMR measurements have been performed at 298 K. The
pH values [with the correction of deuterium effect] correspond to
the reading on a pH meter equipped with a calomel microelectrode
(in order to measure the pH inside the NMR tube) calibrated with

packagé’ Periodic boxes containing 707, 1125, 715, 715, 717, and standard buffer solutions (in#®) of pH 4, 7 and 10. The pD of

716 TIP3P8 water molecules to model explicit solvent around
azetidine-T, oxetane-T, aza-ENA-T, ENA-T, LNA-T, andanino-

the sample has been adjusted by simple addition of microliter
volumes of NaOD solutions (0.5, 0.1, and 0.01 M). The pH values

LNA-T nucleosides, respectively, were generated using xleap are obtained by the subtraction of 0.4 from corresponding pD values
extending 12.0 A from these molecules in three dimensions in both [pH = pD — 0.4]. All IH spectra have been recorded using 128 K

the NMR constrained and unconstrained MD simulations. SA data points and 64 scans.

protocol included 10 repeats of 25 ps heating steps from 298 to

400 K followed by fast 25 ps cooling steps from 400 to 298 K.
During these SA and NMR constrained MD simulations, torsional
constraints of 50 kcal mot rad 2 were applied. The constraints
were derived from the experimentdlyy w2, 3Jy2 1z, and available
3Ju7am7b,NHCOUPlING constants using Haasnede Leeuw-Altona
generalized Karplus equatitff> and parameters discussed in the

D. pH Titration of Aromatic Protons and p K, Determination
from Hill Plot Analysis. The pH titration studies were done over
the range of pH (1.8 pH < 12.2), with [0.2— 0.3] pH interval
for four 2-amino-containing nucleosides: théd&nino-T, 1,2-
azetidine-T A), aza-ENA-T C), and 2-amino-LNA-T (E). All pH
titration studies consist 0f20 — 30 data points and the corre-
sponding sigmoidal pH metric titration curves (Figures-SB in

text. Ten SA repeats were followed by a 0.5 ns MD run at constant g to determine the'2amino group protonationka as well as the

298 K temperature applying the same NMR constraints.

B. Method of pK, Calculations. To predict K, values of the
LNA-T, ENA-T, their nitrogen-containing analogues, as well as
of the azetidine- and oxetane-fused T reported eétlise have
carried out ab initio calculations utilizing (1) closed shell Hartree
Fock (HF) method employing 6-31G** basis set and (2) B3LYP
correlation DFT employing the 6-31+G** basis set to calculate
pKa values from the traditional thermodynamics cycle (1).

AGgys .
BH (gas) — B"(gas) + H' (gas)

T —AG4(BH) @

AGyq
BH(ag) — B'(ag) + H'(aq)

lAGs(B') lAGs(Hﬁ

pKa of N3(T) deprotonation (see Figure 9a,b in Sl). The pH-
dependent [over the range of pH 1x8H < 12.2, with an interval

of pH 0.2 — 0.3] *H chemical shifts ¢, with error4 0.001 ppm)

for all compounds have shown a sigmoidal behavior. Values of
the Kss have been determined from the inflection points of the
NMR titration curves as well as based also on the Hill plot analysis
using the following equation: pk log((1 — a)/a) + pK, where

o represents a fraction of the protonated species. The valae of
has been calculated from the change of chemical shift relative to
the deprotonated (D) state at a given phb(= dp — Oops. fOr
deprotonation, wheréqs is the experimental chemical shift at a
particular pH), divided by the total change in chemical shift between
neutral (N) and deprotonated (D) stater). So the Henderson
Hasselbach type equation can then be written as=gblg [(Ar —
Ap)/Ap] + pK, and the K, is calculated from the linear regression
analysis of the Hill plot.
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Supporting Information Available: The stack plots of the pH-
dependentH NMR chemical shifts of sugar and aromatic protons
for compoundsA—F (Figure 1) at 298 K (Figures SiS7). Full
records of references 45 and 46. NMR titration plots of pH vs
chemical shift of specified marker proton to obtak,f 2'-amine
protonation and Ig, of N2 deprotonations in'12'-azetidine-T, aza-
ENA-T, 2-amino-LNA-T, and 2amino-T as well as the results
of respective Hill plot analysis (panels-&, pH vs log[Ar — A)/
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A)) (Figures S8a,S8b). Frontier orbitals of the compouked- in
Figure 1 (Table S1). IUPAC definition of sugar and backbone
torsion angles as well as a section of a polynucleotide backbone
showing the atomic numbering and notation for torsion angles
(Figure S10). Dynamics of backbone, (0) and glycoside bond

(y) torsions (deg) (Figure S11). Parameters of the MD simulations
(Tables S2-S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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