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Summary

The NMR conformation of a carbocyclic analog of the Dickerson-Drew dodecamer [d(CGC-
GAAT*T*CGCG)], containing 6'-a-Me carbocyclic thymidines (T*) has been determined
and compared with that of its X-ray structure. The solution structure of the 6’-a-Me carbo-
cyclic thymidine modified duplex has also been compared with the solution structure of the
corresponding unmodified Dickerson-Drew duplex solved by us under the same experimen-
tal conditions. The NMR structures have been based on 24 experimental distance and torsion
constraints per residue for [d(CGCGAAT*T*CGCG)], (1) and on 21 constraints per residue
for the natural counterpart. In general, both final NMR structures are more close to the B-
type DNA. The cyclopentane moieties of the carbocyclic thymidine residues adopt C1'-exo
B-DNA type puckers (the phase angles P = 136-139° and the puckering amplitudes ‘¥ = 36-
37°) that are close to their previously published crystal C1”-exo or C2"-endo puckers. The
main differences between the two NMR structures are for $(T*8) and €, E(T*7) backbone
torsions (27-50°), for basepair twist for the 7-8 and 8-9 basepair steps (5-6°), tilt for the 8-9
step (7°), roll for the 7-8 step (7°), shift for the 7-8 step (0.9A) and slide for the 9-10 step
(0.6A). The relatively small deviations of helical structure parameters lead to structural iso-
morphism of these duplexes in aqueous solutions (atomic RMSD = 1.0A). The difference of
the minor groove widths (less than 0.7A) in the core part of the modified duplex in compar-
ison with the native one is much smaller than the difference between the X-ray structures of
these duplexes. A detailed comparison of NMR and X-ray structure parameters showed sig-
nificant monotonic differences (0.9-2.54) for all basepair slides in both duplexes. Deviations
between NMR and X-ray structure parameters for the modified duplex were also found for
basepair tilt of the 4-5 step (13°), rolls for the 8-9 and 10-11 steps (16° and 19°), twist of the
3-4 step (8°) and shift of the 9-10 step (0.9A).

Introduction

Owing to the insufficient stability and cellular penetration properties of natural
oligo-DNA and -RNA, the chemically modified oligonucleotides (1,2) (and refer-
ences therein) have played an important role in the design of the antisense and anti-
gene therapy (3). Three important features in these chemically modified oligonu-
cleotides are that they should bind strongly to the opposite strand, show resistance
to the nucleolytic degradation and, ideally, should penetrate into the cell more eas-
ily than the natural counterpart. Although many modified oligonucleotides have so
far been prepared and their binding data to the opposite DNA or RNA strand have
been reported, very little information (4-6) is however available regarding how the
structure of these covalently modified duplexes changes in aqueous solution vis-a-
vis their natural counterpart, or what are the quantitative structural differences
between thie solution and the solid state structure of these modified duplexes.

Although the introduction of 6’-o-methyl-2’-deoxy-carbocyclic or 6’-a-hydroxy-
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548 " 2"-hydroxy-carbocyclic thymidine residues in the DNA duplex reduces the melting
point of the duplex from 0.1° to 1.9° per modification depending on the sequence,
Denisov et al. we chose to study oligonucleotides containing carbocyclic analogs of 2"-deoxyri-
bonucleotides because of the following reasons (1,2,7): (i) they exhibit greater
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Figure 1: The structure of the 6’-a-Me carbocyclic . . e 1 o
y resistance to the enzymatic cleavage of the glycosidic linkage, (ii) they show

thymidine with atomic numbers (panel A) and the . .
atomic charges (panel B) resulting from the Gaussian improved resistance to cellular nucleases, and most importantly (iii) the X-ray

94 and RESP programs (see experimental part). crystal structure of two self-complementary DNA duplexes containing 6"-o-
methyl- and 6’-o-hydroxy carbocyclic thymidines are available (2,7), which would
enable us to compare their structures with those of the solution structures. The
absence of stereoelectronic anomeric and gauche effects (8) renders the five-mem-

" Tablel
Proton and phosphorus chemical shifts (ppm) for duplexes (1) and (2) at 20°C=.

Residue Duplex  H6/H8 H5/Me/H2 HIU’ H2 H2” H¥ H4’ H5'/H5” Hypu
Cl 1 77 598 5.83 205 249 478 414 3.80 -
(2) 7.72 5.99 584 - 205 249 479 415 3.80 -

G2 )] 8.03 - 598 274 281 506 443 418,406 408
2 8.04 - 5.98 276 281 506 444 418,407 408

C3 ¢ 7.38 '5.45 567 202 241 491 424 426,420 416
2 7.36 5.46 5.68 193 236 489 422 425,420 4

4 (D 795 - 5.63 277 289 510 442 419,409 -39
2) 7.95 - 5.53 273 286 509 441 420,408 -399

AS @)) 8.10 7.49 6.15 269 303 514 4351 4.29 4.30
2) 820 7.31 609 279 303 516 455 4.28 4.13

A6 ¢ 8.20 7.75 595 271 253 511 448 4.31 425
2) 821 7.71 6.25 265 302 5.1l 4.56 4.35 4.29

T*7 n 7.20 1.50 4.35 223 191 471 204 420,403 350
T7 2 7.20 1.35 600 207 266 491 430 444,427 443
T*8 (@) 742 1.58 464 212 232 472 201 416,405 303
T8 (2) 7.46 1.62 619 225 264 499 430 428,420 436
6 n 7.56 5.68 5.83 209 250 489 423 420,416 -382
2) - 71.56 571 5.75 215 250 497 424 426,420 - 427

G10 n 7.99 - 5.93 270 278 505 444 419,410 4M4
) (2) 800 - - 594 271 276 508 445 424,413 388

Cl11 n 740 550 582 198 240 489 423 427,419 410
2 - 742 5.53 5.84 199 241 489 425 428,421 407

Gl12 1 8.02 - 6.23 270 245 475 425 4.15 391
(2) 8.03 - 624 269 245 477 426 4.16 -3.93

aProton chemical shifts for H6” and 6’-Me in duplex (1) are 1.48 and 1.00 (T*7), 1.99 and 1.16 ppm (T*8). The
chemical shifts of imino protons for G2, G4, G10, T*7/T7, T*8/T8 are 13.17, 12.84, 13.00, 13.68, 13.58 ppm
for duplex (1) and 13.15, 12.78, 12.98, 13.76, 13.89 for duplex (2) at 15°C.

bPhosphorus chemical shifts (for 5'-phosphate groups) are referenced to external trimethyl phosphate
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bered cyclopentane ring more flexible. Recent studies (2,7) of the X-ray structure
of DNA duplexes showed that these carbocyclic residues can adjust smoothly to
the geometrical constraints exerted by the furanosyl phosphate backbones and they
are fully compatible with B-form DNA, with a slight enlarging of the minor groove
in the former, which is relatively devoid of water molecules in the core, in part due
to the bulky hydrophobic methyl groups (2).

We herein report the solution conformation of the modified dodecamer [d(CGC-
GAAT*T*CGCG)], (1) with 6’-a-Me carbocyclic thymidines (T*, see Figure 1A)
by NMR and molecular modeling and its comparison with the native Dickerson-
Drew duplex [d(CGCGAATTCGCG)], (2). We also show the structural differ-
ences between the solid state and the solution structures of the modified dode-
camer [d(CGCGAAT*T*CGCG)), (1), as was previously done for the natural
Dickerson-Drew dodecamer duplex (4,9,10).
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Results and Discussion
(A) Resonance Assignment

The assignment of the non-exchangeable proton resonances in NOESY spectra of
duplexes (1) and (2) was carried out in the usual sequential manner (11,12), which
is normally used for right-handed DNA (Figure 2). The DQF-COSY and TOCSY
spectra were also used to assign the sugar protons. The assignment of proton sig-
nals for natural duplex (2) is the same as in previously published works
(4,9,10,13,14). The proton chemical shifts of both duplexes are presented in Table
1. The proton chemical shifts for duplexes (1) and (2) are significantly different for
HU’, H2” of A6 and H2"” of T*7. These H2” proton signals have been shifted
upfield by 0.5-0.7 ppm in the modified duplex (1), possibly due to the absence of
the negatively charged O4” sugar oxygen in the neighbouring residues. A few inter-

Figure 2: Expanded plots of NOESY spectra of
duplex (1) (panel A, 600 MHz, 150 ms mixing time)
and duplex (2) (panel B, 500 MHz, 200 ms) at 20°C.
The assignments are shown in the NOESY spectra
through H1’-H6/H8-H1’,, ,, pathway (solid lines)
and also through similar pathways for H3" and H4’
(dashed lines). The intraresidue H2'-H6/H8 and
H2"-H6/H8 crosspeaks are connected by solid lines,
and the intranucleotide crosspeaks are labeled by the
residue name and number. The letters a, b, ¢ and d
in panels A and B correspond to the H5-H6 cross-
peaks for Cl, C3, C9 and Cl11, the letters e and f
show the interstrand crosspeaks for H2(AS)-HI
(C9) and H2(A6)-H1’ (T*8/T8), and the letters g, h
and i mark interresidue intrastrand crosspeaks
H8(G2)-H5(C3), H6(T8)-H5(C9) and HS(G10)-
HS5(C11), respectively.
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strand crosspeaks were found: H2(AS5)-H1’(C9), H2(A6)-H1’(T8/T*8) and
H2(A6)-6'Me(T*8) (Figures 3A and 3B).

The assignment of the imino protons was done from a NOESY spectrum by using
the crosspeaks of NH(G) with NH,(C) or NH(T) with H2(A) of complementary
basepairs, as well as by crosspeaks between imino protons for neighbouring base-
pairs (11,12). The chemical shifts of the imino protons are presented in Table I
(footnote). Only one of the imino protons is significantly shifted (i.e: T*8 by 0.3
ppm upfield) (Figure 3C) in duplex (1) in comparison with the native duplex (2),
which simply could be due to the change of the chemical environment specially
near carbocyclic moieties.

The sugar ring pucker and backbone f, yand ¢ torsions were initially constrained by
the observed 3y, 3Jyp and 3Jp in conjunction with the observed nOes (vide infra).

(B) Sugar Ring Pucker

The conformation of all sugar rings in both duplexes was determined from 3Jyy
coupling constants obtained from DQF-COSY experiments (Table II). The 3J;-»and
3] -~ in unmodified nucleotides were determined from H1’-H2” crosspeak splittings
(15) and the 3),3 , 3,3 and 3], were extracted from sums of couplings (16), 2,
Y.~ and Y. These coupling constants were refined by spectral simulations with the
help of the NMRSIM program (v. 2.5, Bruker). A similar procedure of extracting
coupling constants for both carbocyclic thymidines was initially applied to HI1'-
H2//H2"/H6 crosspeaks (Figure 4). It is noteworthy that the 3]y, and 3J,-p~ for the
carbocyclic moieties are much larger than for the corresponding natural counterpart
since the electronegativity of the 6’-methine moiety is smaller than that of 04’. This
electronegativity effect is accounted for by the PSEUROT program (17-19).

Table II
Coupling constants (Hz)a in duplexes (1) and (2) at 20°C and calcuiated best sugar puckers.
Residue Duplex Jpp Jipr Jpz  Jpy Jyo JesHes T’ Ps© Y€ %S
Cl (1 94 53 59 25 33 84 52 1352 419 81
(2) 95 53 56 20 32 80 64 1364 414 84
Q2 (@)} 99 56 48 05 15 - 25 1638 358 97
(2 98 56 - - - - 34 - - 95
C3 1) 95 56 55 15 25 338 42 1458 368 88
2) 98 56 57 L5 33 - 58 1336 392 88
-1 §)) 98 59 4.8 05 15 34 o2l 1694 353 97
2) 96 52 50 05 15 - 40 1589 359 96
A5 ()] 98 59 51 1.0 17 30 18 1614 351 94
2 99 60 58 10 1.8 35 26 1512 330 95
A6 - (@) 99 58 53 1.0 18 29 29 1552 350 94
(2) 99 55 55 1.0 21 35 23 1470 362 93
T*7 (D 1.5 175 50 05 15 35 6.0 1383 370 100
h (2) 97 60 60 15 30 39 23 1364 353 90
T*8 (1) 110 85 50 05 15 30 35 1369 332 100
T8 (2) 99 60 5.7 10 26 30 26 141.3 45 93
(64 @) 94 53 55 10 23 36 35 146.1 363 91
2) 96 52 53 1.0 30 32 51 1373 400 89
G10 n 99 56 48 05 15 - 25 1638 358 97
(2) 98 53 - - - - 42 = = 90
Cit (H 95 56 55 1.0 23 - 35 1474 352 91
2 9.8 53 57 15 33 - 5.1 1328 410 88
GI2 (1) 9.5 52 51 29 26 29 d 1496 434 80
2 93 55 53 25 2.5 31 d 151.1 39.8 82

a+(.5Hz for J,- or J,-~ and +1.0 Hz for other coupling constants. Values of J,, J ¢ and Jg.y. in duplex (1)
are 10.5, 7.5 and 5.0 (T*7); 9.5, 8.0 and 5.0 Hz (T*8), respectively.

The Jy;p coupling constants were extracted from DQF-COSY spectra for duplex (1) and were taken from pre-
vious work (Sclenar & Bax, 1987) for duplex (2).

¢From program PSEUROT (17-19) or by the equatxon(16) %S = (- - 9.8)/5.9 for G2 and G10 in duplex (2).
dCoupling constant does not exist.
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! The phase angles of pseudorotation (P) and the puckering amplitudes (‘¥') for sugar

moiceties were obtained from the PSEUROT program using vicinal coupling con-
stants in each sugar ring (17-19). This program uses a linear relationship to trans-
late endocyclic torsions to proton-proton torsions. Parameters for such a relation-
E  ship was hitherto unavailable for carbocyclic nucleosides. Hence, we have per-
. formed a series of ab initio (HF/6-31G¥) calculations to-derive these parameters,
just in the same way as we performed earlier for 4’-thionucleosides (20). The set of
12 ab initio calculations was carried out by fixing the torsions v, and v, in such a
way that the puckering amplitude in all starting structures was 45°, while the phase
angle of pseudorotation (P) was incremented in 30° steps from 0° to 330°. The
seven proton-proton torsions 0y, 012, O127 O3 Pyv3, O3y, Gy and the three
endocyclic torsions vy, v, and v, were obtained from the resulting energy-opti-
mized structures. The resulting linear equations (Figure SA) are as follows: ¢¢ =
-126.9+1.054vy, Oy = 122.241.091vy, &yrpr = 1.8+1.060v), ¢y = 2.9+1.126v,,
Opry = 122.141.115V,, O34 =-125.1+1.088v; and ¢4 = 129.1+1.032v,,. These the-
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Figure 3: Schematic views of the interresidue dis-
tance constraints, based on NOESY experiments,
used in the structure refinement of duplexes (1)
(panel A) and (2) (panel B). Panel C shows the com-
parison of 1D NMR spectra for exchangeable imino
protons of duplexes (1) and (2) at 15°C.
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Figure 4: Expanded plots of DQF-COSY spectra oretical investigations also showed that the 6-a-Me carbocyclic thymidine pucker
(600 MHz) for duplex (1) at 20°C. Experimental has two low-energy minima near P = 180° (South range) and near P = 60° (North-
(pancls A and C) and best-fit simulated (using of the  Baqt range) with 1 keal/mol energy preference for the former (Figure 5B). Running
NMRSIM program) spectra (pancls B and D) are  pqp(jROT with the seven experimental 33 I for carbocycli
presented for H1-H2"/H2"/H6 crosspeaks of T*7 RS S gy GO NI GURELS oy (LG aE
(panels A and B) and T*8 (panels C and D) residues. thymidines and the above parametrization gave us the Pg and ¥ values of sugar
puckers in the C1”-exo range that are practically the same as for the unmodified
thymidines as seen in Table IL This is also consistent with the X-ray crystal struc-
tures (2,21) for carbocyclic thymidine moieties in duplex (1) and the natural coun-

terpart in duplex (2).

It was found that for the major conformer (>88%) Py varies between 133° and
164°, while Wy varies between 32° and 43° for practically all sugar and carbocyclic
residues in both duplexes (1) and (2) (the minor conformer has not been modelled
in this work). During DNA structure refinement, the geometry of the sugar rings
were kept near the experimentally (using NMR-PSEUROT) determined P- and -




values by constraining the endocyclic v; and v, torsions calculated from the P and
¥ values (Table II) with a flat bottom harmonic potential. The v; and v, torsions
were allowed to vary +7° to take into account the errors in *Jyy coupling constants.

All sugar ring coupling constants could not be extracted for residues G2 and G10
in duplex (2) but we observed more than 90% of South-type conformation(16) for
these residues (Table II) and have therefore constrained their sugars to P =
148°+15° and ¥ = 38°+6° in our molecular modeling.

A
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(C) Backbone B, yand € Torsions

(i) B torsions: Initially, the B torsion angles were estimated using the linewidths of
NOESY crosspeaks of H6/H8 to H5/H5” in accordance with a literature procedure
(22). Since these linewidths were found to be less than 28 Hz including the natur-
al linewidth (4-6 Hz), we considered P to be 180°£75°. In order to confirm this pre-
liminary qualitative conformational hyperspace for B, we performed H,C-correla-
tion experiments for the determination of the vicinal 3]y .p coupling constants (23)

Figure 5: Panel A shows the calculated dependency
of the proton-proton torsion angles on the corre-
sponding endocyclic torsion angles (v,-v,) for the
carbocyclic thymidine on the pseudorotation itinet-
ary. The equations of the least-square best-fit straight
lines through the points are summarized in the text.
Panel B shows the dependency of the energy of these
optimized conformers on the phase angles.



which gave us a more precise estimation of the f3 torsion. Unfortunately, the 3Jcy p
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values for both 3’- and 5’-phosphates were very similar, hence we could only get
Denisov et al the sums of 3J 4 ps- and 3'_IC4'-P3' coupling constants for each unmodified nucleotide
- (21-24 Hz). For carbocyclic T*7 and T*8 thymidines, the sums of 3¢y ps- and 3y py
coupling constants were less than 15 Hz, which is apparently more difficult to use
because of the change of a-substituent effect from 04’ to the 6"-methine group in
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Figure 6: Panels A, B and C show expanded plots of H,P-correlation and one-bond H,C-correlation (HSQC) spectra (at 600 MHz for protons) for duplex (1) at
20°C. In panel A, the H3’-P® crosspeaks are labeled by the residue name and number (italic font), the H4'-P$? crosspeaks are marked by the residue name and
number (plain font) and the letters correspond to crosspeaks H5/H5"-P» for T*8 (a, b) and G12 (¢). The small arrow indicates the low intensity H4"-PS cross-
peak (at d2.0 & d-3.0) for T*8. The positive component of the crosspeaks are shown by dashed line and the negative component by the solid line. The box in panel
A shows two projections through T*7 crosspeak, one for experiment with double-homonuclear decoupled (at H2’, H2” and H4’) showing (Q2) the enhancement
- of intensity because of elimination of the passive coupling, and the other without the homo decoupling showing (Q1) broadened peak from which no coupling con-
stant can be derived. In panel B, the crosspeaks C4'-H4" are labeled by the residue name and number. In panel C, the crosspeaks C2’-H2’ and C2’-H2" are con-

nected by solid lines and are labeled by the residue name and number.
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the carbocyclic moieties. Taking the 13C natural linewidth (4 Hz) of the unmodified
nucleotide moieties into account, we could estimate values of 3J,. p constants for
unmodified nucleotides to be 8 Hz as a lower limit, and therefore, we finally con-
strained the B torsions to 180°+40° using a flat bottom harmonic potential. The B
torsions were derived using Karplus equation modified by Plavec et al. (24) and
Lankhorst et al. (25). Individual 3] ps- coupling constants could however be
obtained for terminal C1 (10.2 Hz) and G12 (9.8 Hz) residues.

Data for the P torsion angle in the carbocyclic residues was obtained through the
H,P-correlation experiment (Figure 6A). We observed strong crosspeaks between
H4' and PS) for all nucleotide residues, except for the T*8 residue, suggesting a
four-bond W-type (26, 27) coupling pathway for H4” and P, which means that
H4', C4’, C5’, 05" and PO for all residues are coplanar except for those of the T*8
residue. It is likely that we do not see the crosspeak for the T*8 residue because the
intensity of the crosspeak in our H,P-correlation experiment (Figure 6A) depends
on two factors: (i) During the first INEPT step of the pulse sequence, the polarisa-
tion transfer is less effective due to small 4Ty, p coupling constant, which decreas-
es the intensity of the crosspeak (27). (ii) It is also conceivable that there is a can-
cellation of the intensity because the linewidth of the phase and antiphase compo-
nents are broader than the actual coupling constant. This means (28) that the P tor-
sion for T*8 residue is out of the usual range of 180°+40°. Strong H5'/H5"-P&"
crosspeaks (with more than 8 Hz of vicinal Jyp constant for the upfield H5/H5”
proton, Figure 6A) were detected for T*8 residue that also indicates (22) that the
torsion for T*8 is not in the usual B-DNA range of 180°+40°.

Two flat bottom harmonic potentials were used for the B(T*8) torsional constraints
to allow two different regions (105-135° and 225-255°, see Table III). Initially,
small energy barriers separated the two allowed ranges (3-5 kcal/mol). The barrier
heights were increased in later cycles of the MD-refinement.

" Table III

NMR-based backbone torsion angle constraints (°) and the width of the flat bottom (in°) of the con-

straining harmonic potential used in minimization and MD calculations.
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Duplex (1) Duplex (2)

Residue B ; Y € B Y €

C1 - - 170+ 40 - - 170 £ 40
Q2 180 + 40 60x 40 170+ 40 | 180+ 40 60f 40 170% 40
C3 180 + 40 60+ 15 170+ 40 | 180+ 40 60% 40 170% 40
(¢’ 180 £ 40 60X 15 170%x 40 | 180X 40 60% 40 170+ 40
A5 180 + 40 60t 15 170+ 40 | 180X 40 60% 15 170% 40
A6 180 £ 40 60t 15 170+ 40 | 180+ 40 60X 15 170% 40
T*7/T7 180 + 40 60+ 15 170+ 40 | 180+ 40 60% 15 170 40
T*8/T8 | 105-135,225-255 60+ 15 170+ 40 | 180+ 40 60% 15 170% 40
(6% 180+ 40 60+ 15 170+ 40 | 180+ 40 60+ 15 170% 40
G10 180 £ 40 60+ 40 170+ 40 | 180+ 40 60+ 40 170+ 40
Cl1 180 £ 40 60+ 40 170+ 40 | 180+ 40 60+ 40 170 40
G12 180 £ 40 60 + 15 - 180+ 40 60+ 15 -

(ii) ytorsions: Constraints for the y torsion angles were derived from the sum of the
Jae.yy and Jye s coupling constants (22), which were available from 3., of sugar
ting coupling constants in phosphorus decoupled DQEF-COSY spectra (Table II), or
from NOESY crosspeak linewidths of the H6/H8-H4’ together with comparing
NOESY volumes between H6/H8 - H5/H5” and H6/H8-H1’ crosspeaks (22). The
Y. of sugar ring coupling constants were less than 4 Hz for all nucleotide residues
(except for the terminal C1 residue) which is consistent with a y range of 60°+15°.
For residues in which Y, of sugar ring coupling constants could not be used (G2,
Gl10, C11 in duplex (1), and G2, C3, G4, G10 and C11 in duplex (2), see Tables II
and ITT), we have used the linewidths of aromatics to H4” (10-13 Hz), as well as the
volumes of H6/H8-HS/H5” crosspeaks, which are smaller than the volumes of
H6/H8-H1’ for NOESY spectra at 150 ms mixing time (Figure 2). This allowed us to
put constraints for the g torsion angles to 60°+40° (flat bottom harmonic potentials).
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(iii) € torsions: The € torsion angles have been measured from the
coupling constants (29) (Table II), which lie in the range of 2-6 Hz.
of coupling constants were determined from the comparison of H3"
splittings in DQF-COSY spectra with and without phosphorus
have also extracted 3Jy.p from H,P correlation experiment by the r
passive coupling constant by double homonuclear decoupling, which
with the range of 3J;3._p from 2-6 Hz. These values of 3]y p allo
the € torsions to 170°+40° (flat bottom harmonic potentials) consisten
phosphate conformation (15,22). The B,-type phosphate conforr
verified by the measurement of 3], vicinal coupling constants it
lation spectra (Figure 6C), which was found to be close to zero
Assuming 3]y p is near 1 Hz (which is impossible to estimate
of our correlation experiments because of interference with the p
constants of 2y, 4o~ as well as natural linewidth problem) for B
Hz for By-type (30), our experimental values suggest a clear pre
type conformation for all nucleotide residues. In Figure 6B, we sho
3Jc4-p coupling constants in the H,C-correlation spectra for compz
3cy.p region (Figure 6¢), showing that the 3], p coupling cons

non-zero (~4-10 Hz), wheras the latter is very close to zero. Itis 1
31P signals for T*7, T*8 and C-9 of duplex (1) are shifted downfield
(Table II), which suggests (26) a By-type conformation for these re
3Jcy.p coupling constant measurement in fact contradicts this. The
sion constraints are summarized in Table III.

(D) NMR Constraint Set

In order to find structures that are consistent with the experiment:
restrained molecular dynamics (MD) calculations were performed. Th
distance constraints (304 intra-, 164 interresidual and 6 interstrand
and 390 NOE distance constraints (250 intra-, 136 interresidual and
for duplex (2) were used (Figures 3A and 3B). They were generatec
plete relaxation matrix analysis using the RANDMARDI program (3.
used 66 constraints for the B, ¥ and € backbone torsion angles (Tab
constraints for endocyclic sugar torsion angles for both duplexes.
NMR structures have been based on 24 experimental distance
straints per residue for duplex (1) and 21 constraints per residue fo
Since we have observed the NMR signals for exchangeable imino pr
3C) involved in hydrogen bonds, we have also employed 32 di
defining these Watson-Crick basepairing interactions. In addition,
constraints (¢(C2Py-N3Py-N1Pu-C6Pv) = 180°+20°, ¢(C2Py-C4Py
180°+20° and ¢(N3Py-N1Pu-C6Pu-C2Pu) = 180°+20°) were used to €
able degree of planarity within the basepairs (4, 33) due to the rather
atures (800 K) used during the MD simulations. :

All experimental constraints were applied as flat bottom harmon
identical force constants for the lower bound and upper bound violat
constants employed for the constraint potentials were as follows: (i) All
straints (RANDMARDI derived and for Watson-Crick H-bonds) used
1.A-2 in the initial cycles of MD-refinement and 30 kcal.mol-.A-2 during
(ii) B, Y and € backbone torsional constraints used 50 kcal.mol-!.rad-2 d
cycles. (iii) v3 and v, sugar torsional constraints used 50 kcal.mol-L.
initial cycles of MD-refinement and 100 kcal.mol-!.rad-2 during later
torsional base-pair planarity constraints were only used during later
refinement with 20 kcal.mol-!.rad-2 force constants.

(E) Final Structures of MD/RANDMARDI Refinement

4))

and X-ray structures (2,21) of both duplexes were used as the starting structures.

Canonical A- and B-type DNA conformers (Arnott coordinates from AMB.
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Figure 7: The superimpositions of the final
nine individual structures (panels A and B)
for duplexes (1) and (2). Panel C shows the
superimposition of the final average struc-
tures of duplexes (1) (magenta) and (2)
(yellow). Panel D shows the superimposi-
tion of the final average NMR structure
(magenta) and the X-ray structure (yellow)
of duplex (1). Figure 7 continued on the
following page.
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Figure 7 Continued: An expanded part of
panel C is shown in panel E, and an expand-
ed part of panel D is shown in panel F.

7F




Their atomic RMSD (for all heavy atoms) before the MD/RANDMARDI refine-

ment procedure were 6.2A between A- and B-type DNA, 1.3-1.4A between B-type 559
DNA and the respective X-ray structure, and 5.8-6.0A between A-type and the cor- £

responding X-ray structure. For both natural and modified duplexes, three separate The Solution Comfor, mation
wleulations were carried out from each of the three starting structures, by using of a Car. bocyclic Analog of
different random number seeds for the assignments of the initial velocities in MD the Dickerson-Drew
calculations (4). Dodecamer

All nine final individual structures for duplex (1) were converged to an RMSD of
023-0.56A. These nine structures are superimposed in Figure 7, and the ranges of

Table IV
The ranges of torsion angles and phase angles of pseudorotation (P) for the final individual NMR structures® and X-
ray structures (in parenthesis)® of duplexes (1) and (2).
“All 9 final individual NMR structures of duplexes (1) and (2) were used for determination of ranges of torsions and
phase angles in both strands. The central values of these ranges with corresponding deviations are shown.

"The X-ray structure parameters in the parenthesis are for first and second strands, respectively. The X-ray structures
with codes BDLOO1 and BDLS79 were taken from NDB (see text).

_Duplex Residue o B Y € ¢ X P

i - Cl - 3 = D05xct 4. 281 +.37.73234 + 6 127 + 4
3 - - (220, 209) (181, 204) (251, 275) (141, 189)

1H @ @80ES5 T 180 £S5 49 4 0182 H8 1957 + 9 958 +:4 156 £ 4

(34, 298) (140, 159) (211, 46) (193, 194) (221, 234) (280, 258) (193, 152)
e P87 L 176 3. 61 E 4T A8t 2. £ 2 038 13 129 + 2
_ (309, 301) (150, 145) (54, 65) (182, 189) (263, 281) (223, 221) (109, 45)
1H o 292 +3 175+2 45+2 181 £4 253 +4 251 +£3 155 1
(280, 280) (194, 189) (66, 72) (161, 181) (265, 255) (254, 260) (147, 159)
1 A IR0 £ 3 e 188t 0. 53 4] 185 D 14269 £D 2380 +3 - 150 + 2
; (289, 286) (204, 188) (58, 56) (185, 198) (257, 263) (262, 254) (172, 175)
1 A6 PR S 70 T 3 et O S D ) S5 043 g e ] )

(289, 289) (186, 188) (51, 44) (215, 189) (225, 255) (265, 260) (163, 161)

) T+ 2861 L8] 1N 70 £ ST 0 Il EuD B 904 T ¥:230 £ 6 138 + 4
(299, 286) (153, 168) (43, 49) (249, 257) (189, 189) (274, 261) (147, 154)

(1)  T*8 A0S 13600, 050 -+ 0§ 189 4 3k 273 ka3 2231 £ 6 132 £ 8
(277, 283) (157, 140) (45, 49) (323, 140) (105, 299) (257, 239) (142, 111)

(1) 9 293 +5 184 +2 53+3 188+3 274+4 225+5 14316
(195, 271) (211, 216) (61, 57) (73, 194) (76, 266) (229, 268) (16, 164)

(1 G10 OR6 LIR854 3 B30 i Pl BLIEEES 9SS R T a5k S 150 £ 2
(229, 290) (160, 176) (61, 51) (250, 199) (178, 210) (258, 281) (164, 152)

(1 Cl1 993 40 1R £.3 s 56000 14 a3 0g6. £ 30 0025 NS ¢ 140 5
(292, 310) (156, 142) (49, 49) (174, 180) (278, 285) (263, 223) (176, 65)

(1 Gl2 950 F et 4 5] % 3 . : 246 £+ 6 139 + 4
(264, 274) (190, 174) (59, 57) 3 £ (259, 220) (101, 31)

(2) Cl E g s 195 +3 287 +3 233 +6 122 £ 3
- i 5 (219, 201) (216, 235) (255, 232) (161, 153)

(2) Q2 D5t 5 i ilT5 .3 38 i 4w 80T s 040 4 9 1056 S - 143 + 7
(294, 309) (170, 164) (40, 49) (174, 178) (262, 267) (249, 244) (140, 128)

(2) 3 P95 F 0 7P LAy pA ¥ 5 RFAE DRl gl 035 3140 .0

(297, 297) (172, 169) (59, 60) (183, 175) (272, 274) (225, 226) (93, 68)

(2) *4 283 3 - 18] £ 3 45ed 4 B89 1LIR W OS] 4 9nOS0 4 460 D
(297, 291) (181, 171) (57,73) (205, 174) (207, 262) (267, 245) (166, 149)

(2) AS 203 9 86k 4 SO 3 L RO Dl DS 4 043 B3l S50+ 3
(317, 303) (143, 190) (52, 54) (180, 177) (268, 263) (234, 254) (129, 169)

(2) A6 293 F+H3. 183 b0 85 @ IRR L3 067 T g 04D £ 4 148 & 4
(287, 303) (180, 186) (66, 48) (174, 174) (272, 259) (238, 252) (127, 147)

(2) T7 291+ 47 0 74 16N ERg e ARG g oS D 995k D 120 ]
(303, 302) (181, 174) (52, 60) (174, 179) (274, 272) (233,229) (101, 116)

(2) T8 296 121744 2 156 3 840 soT] ok 95 901 4+ 3 13] + 2
(301, 301) (173, 179) (64,55) (171, 179) (271, 266) (234, 240) (116, 130)

(2) 9 290 2 o ¢ 185 Hw3 . 57 £ B 83 3 eagn - 40§ 030 43 138 + 6
(301, 301) (181, 185) (61, 45) (203, 183) (266, 274) (240, 246) (140, 114)

(2) G10 280 +3 182 +4 45+3 188 +4 248 +6 246 +4 146 * 3
(293, 293) (169, 179) (47,50)  (257,260) (150, 172) (270, 272) (146, 156)

(2) Cll1 291 23182+ 3 5563 SI84E 08 093 0 943 £ 4 14] + 2
(286, 288) (139, 139) (56,45) (198, 186) (270, 263) (235, 235) (147, 117)

(2) G12 284.+ 4 179 + 2 4S5 &9 2 2 250 £ 5 136 + 1
(279, 295) (176, 171) (57, 47) - 3 (248, 225) (114, 35)
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their torsion angles and sugar puckers are presented in Table IV. The final 9 indi-
vidual structures are similar both in terms of potential energy (3737 kcal/mol) and
different R-factors(35): R = 0.314+0.005; R, = 0.396+0.004; R* = 0.056+0.001;
Rx, = 0.067+0.001 for NOESY at 150 ms. These final nine individual structures
were superimposed, averaged, symmetrized and energy minimized using the com-
bined average distance constraints obtained from RANDMARDI calculations to
give the final average structure for duplex (1). The same set of combined average
distance constraints was used for both strands for maintaining the 2-fold symmetry
of the duplex because we obtained only one set of NMR signals. The RMSD of the
average structure of duplex (1) with all 9 final individual structures varies from
0.22 to 0.37A. The same procedure gave us the final average structure for duplex
(2). The individual 9 final structures for duplex (2) are similar both in terms of
potential energy (3576 kcal/mol) and R-factor analyses for 150 ms NOESY: R =
0.294+0.005; R, = 0.324+0.006; R* = 0.053+0.001; R*, = 0.063+0.001. The
RMSD values for these 9 individual final structures of duplex (2) are in range of
0.19-0.55A (Figure 7), and RMSD of the final average structure of duplex (2) with
9 final individual structures were 0.23-0.48A. The atom coordinates of final aver-
age structures are deposited to the Protein Data Bank (PDB, Brookhaven National
Laboratory), and these NMR structures are shown in Figure 7. The PDB identifi-
cation codes are 1DAU and 2DAU for duplexes (1) and (2), respectively. .

(F) Structural Analysis and Features
(i) Comparison with Previous NMR Sructures

The RMSD for all heavy atom comparison of the final average structure {or duplex
(1) with canonical A- and B-type DNA gave values of 4.43A and 3.06A, respec-
tively, whereas a similar comparison with duplex (2) gave the corresponding values
of RMSD of 4.76A and 3.40A. The RMSD of our final average structure of natur-
al duplex (2) with an earlier NMR structure (4) of this duplex (code 171D at
Brookhaven PDB) is 1.72 A, but the main difference between our structure and the
previous structure is probably due to the absence of appropriate constraints for the
Y torsion angles in the latter. As a result, the NMR structure (4) has WA6) = 101°
and Y(T7) = 2°, which do not agree with our experimental data (Table III). The
atomic coordinates of other NMR structures (9,10) of Dickerson-Drew duplex (2)
are not presented in the Brookhaven PDB, but analysis of literature data showed
that experiments were carried out at different conditions (for example, our salt con-
centration is ten times higher than in the study of Nerdal er al. (9) and the molecu-
lar modeling was made without backbone torsion constraints from the NMR data
(10)). Nevertheless, some general features of our NMR structures were consistent
with those of the literature NMR structures: The twist between C3:G10 and G4:C9
or between central A6:T7 and T7:A6 basepairs (Figure 8) decreased due to the
interstrand steric hindrance between purines (36,37).

(ii) Comparative Analysis of Present NMR Structures

The RMSD for all heavy atoms between our structures for duplexes (1) and (2) is
1.02A, whereas exclusion of the terminal C1 and G12 residues gives an RMSD of
0.90A. The distances between 7'-carbon atoms of methyl groups within the strand
in duplex (1) are 5.2A, and they are 5.6A for the opposite strands. Detailed com-
parison of the backbone torsion angles, sugar puckers, minor groove widths (38)
and helical (local Cartesian) structure parameters (39) of final average structures of
duplexes (1) and (2) are given in Figure 8 and Table V. The most significant differ-
ences (27-50°) between backbone torsions were found for the B torsion of T*8 in
duplex (1) with T8 of duplex (2) and for the &, & torsions of T*7 in duplex (1) with
T7 of duplex (2), which are located at the site of duplex modification. Nevertheless,
the helical structure parameters (Table V) have relatively small deviations for con-
formations of duplexes (1) and (2), giving a structural isomorphism in agueous
solution. The basepair twist increased by 6° for the 4-5 and 8-9 basepair steps (i.e.




between T*8:A5 and C9:G4 basepairs) and it decreased by 5° for the 5-6 and 7-8
steps (T*7:A6 to T*8:AS5) for the modified duplex with respect to the native duplex.
Some differences between the helical parameters in the core parts of the NMR
duplexes (Table V) were also found for the basepair tilts for the 4-5 and 8-9 steps
(7°), basepair rolls for the 5-6 and 7-8 steps (7°), basepair shifts for the 5-6 and 7-
8 steps (0.9A) and basepair slides for the 3-4 and 9-10 steps (0.6A). The basepair
rises are very similar for both duplex structures. Deviations for helical parameters
involving the T*8 base can be more significant due to the fact that the pyrimidine-
pyrimidine 7-8 and 8-9 base steps show virtually no intrastrand base-base overlap
whereas the purine-purine and purine-pyrimidine steps exhibit a modest degree of |
intrastrand base-base overlap (4).

The difference of the minor groove widths in the core part of the modified duplex
in comparison with the native one is much smaller between the NMR structures
(less than 0.7A, Figure 8) than between the X-ray structures of these duplexes
(2.3A on average(2)). It is noteworthy that recently published theoretical calcula-
tions (40) of duplex (2) showed deviations of minor groove widths of more than 2A

during a 1 ns molecular dynamics simulation. The weaker thermal stability (T, is
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Figure 8: The panels show the backbone torsion
angles (o, B, v, &, 0), the glycosidic torsion angle (),
the phase angle of pseudorotation (P) for each
residue, the helical parameters for basepairs and the
minor groove widths in the core part of the final aver-
age structures of duplexes (1) (filled circles) and
duplex (2) (open circles). The minor groove width is
defined as the shortest phosphorus-phosphorus inter-
atomic distance across the groove less 5.8A to com-
pensate for the van der Waals radii of the two phos-

phate groups.
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lowered by 3-4°) of the modified duplex (1) compared to duplex (2) is probably not
due to the small changes of minor groove widths but due to the difference of duplex
hydrations at the core part, i.e. the release of water molecules in the vicinity of the
methyl substituents of the modified thymidine residues (2,41). ’

(iii) Detailed Comparison of NMR Structures with X-ray Structures

The discrepancy between NMR solution and crystallographic X-ray structures is
well known in literature most probably as a result of crystal packing forces
(4,9,10,42,43). The two strands are not identical (21,44) for crystal structures of
duplexes (1) and (2) in contrary to the symmetrical NMR structures, which is evi-
dent by asingle set of the NMR signals in the buffered aqueous solution (see exper-
imentals). The most significant asymmetric geometrical changes in backbone con-
formation was found for € and & torsions of duplex (1) probably due to the crystal
packing forces (2). Thus, this crystal structure has €(T*8) = 323° and £(C9) = 73°
for one strand whereas the same ¢ torsion angles for the second strand are equal to

Table V

Structure parameters for basepairs of final average NMR structures and X-ray structures of duplexes (1) and (2)2.
Step Ist basepair 2nd basepair Duplex  Type Tilt Roll Twist Shift Slide Rise
1-2 C.G G.C (D) NMR -10.7 “12.1 370 023 0.13 343
X-ray -10 36 39.6 051 0.40 3.46
2 NMR -52 13.3 26.3 Q.11 -1.00 3.10
X-ray -35 6.1 426 039 0.36 3.40
2-3 G.C C:.G (1) NMR 23 46 38.1 0.13 0.76 333
X-ray 07 05 39.3 0.19 024 3.52
(2) NMR 12 109 36.8 0.22 -098 339
X-ray 10 53 36.0 0.49 0.26 3.50
3-4 C.G G:C 1 NMR -15 1.1 27.1 0.38 092 3.16
X-ray 36 6.1 349 0.15 0.96 3.50
(2 NMR 20 -39 24.3 037 -1.50 330
X-ray 31 88 26.8 033 0.83 327
4-5 G.C AT (1) NMR 9.0 89 39.2 -0.08 -1.15 3.62
X-ray -36 28 334 0.06 0.08 3.26
2) NMR 22 99 333 -0.05 -142 343
X-ray -33 20 404 0.06 0.12 329
5-6 AT AT (1) NMR -1.6 03" 28.8 0.36 0.87 337
X-ray 20 08 34.5 0.31 022 3.26
(2 NMR 0.9 6.2 339 .53 -1.22 3.46
X-ray -0.8 03 353 0.04 032 3.29
6-7 AT TA 1) NMR 00 24 23.5 0.00 -1.52 3.39
X-ray 44 79 28.1 -0.12 037 355
(2 NMR 00 22 24.5 0.00 -1.54 3.51
X-ray 20 -36 33.6 0.31 0.69 328
7-8 T:A T:A ¢)) NMR 1.6 03 28.8 -0.36 0.87 3.37
X-ray -1.7 57 35.8 -0.38 0.15 341
2 NMR 09 62 339 0.53 -1.22 346
X-ray 32 -0.1 352 0.16 0.19 3.29
8-9 T:A C.G (1) NMR 9.0 89 39.2 0.08 -1.15 3.62
X-ray 24 <12 46.6 -0.19 0.10 3.36
(2) NMR 22 99 33.3 0.05 -1.42 343
X-ray 09 -09 39.0 0.07 0.02 3.25
9-10 C:G G:C (D NMR 15 1.1 27.1 038 092 3.16
X-ray =25 76 28.6 0.51 0.80 3.31
(2 NMR 20 39 24.3 037 -1.50 3.30
X-ray 2.8 46 31.7 0.38 097 342
10-11 G:.C C:G @) NMR 23 46 38.1 -0.13 0.76 333
X-ray 05 -14.0 432 -0.86 0.58 3.60
(2) NMR -1.2 109 368 0.22 -0.98 339
X-ray 5.2 -13.5 384 -1.27 0.39 364
11-12 C:.G ‘ G.C ¢)) NMR 10.7 12.1 37.0 0.23 013 . 343
X-ray 69 12 329 0.84 0.81 3.60
2 NMR 52 133 . 263 0.11 -1.00 3.10
X-ray 33 -3.0 34.7 0.76 0.18 341

aTilt, roll and twist are in degrees; shift, slide and rise are in A (39). The X-ray structures with codes BDL001 and BDLS79 were

taken from NDB (see text).

i



140° and 194° respectively (2).

The RMSD for all heavy atoms of our NMR structures from the X-ray structures
(2,21) are 2.65A and 3.28A for duplexes (1) and (2) respectively. A detailed com-
parison of NMR and X-ray structure parameters are presented in Tables IV and V,
Figures 9 and 10. Deviations of more than 100° were found for backbone torsions
o, 1(C2), £E(T*8 and C9), phase angles P(C9 and GI12 in different strands) in the
modified duplex (1). The NMR and X-ray backbone torsion and phase angle para-
meters are closer to one another for the natural duplex (2), but some parameters
such as £,£(G10 in both strands) and P(C3 and G12 in second strand) have devia-
tions in the range of 70-100°. Though these big deviations prevented us from more
detailed analysis of backbone torsions, it is noteworthy that the B(T*8) torsions in
duplex (1) are similar for the X-ray and NMR structures (Figure 9).

The analysis of helical parameters for basepairs (Table V) showed that the most sig-
nificant differences between NMR and X-ray structures concern all basepair slides
(0.9-2.5A) in the core parts of both duplexes (Figures 9 and 10). These monotonic
changes of the basepair slides can most probably be responsible for the decrease of
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Figure 9: The comparison of the backbone torsion
angles (a, B, v, €, {), the glycosidic torsion angle (),
the phase angle of pseudorotation (P) for each
residue, the helical parameters for basepairs and the
minor groove widths in the core part of the final aver-
age NMR structure (solid lines) and the X-ray struc-
ture (dotted and dashed lines for first and second
strands) of duplex (1).
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Figure 10: The comparison of structure parameters
(as in Figure 9) of the final average NMR structure
(solid lines) and the X-ray structure (dotted and
dashed lines for first and second strands) of the nat-
ural duplex (2).

the minor groove widths of X-ray structures with respect to NMR structures
(Figures 9 and 10) and the significant atomic RMSD between NMR and X-ray
structures. It should be mentioned that the deviations in basepair slides were found
earlier for other B-DNA duplexes: negative average slide values are encountered in
the NMR structures, whereas positive average slide values were found for X-ray
structures (43). Deviations between NMR and X-ray structure parameters were also
found for the basepair tilt of the 4-5 step (13°), basepair rolls for the 8-9 and 10-11
steps (16° and 19°), basepair twist of the 3-4 step (8°), basepair shift of the 9-10
step (0.9A) in the core part of duplex (1) and for basepair rolls for the 2-3 and 10-
11 steps (16° and 23°), basepair twist of the 6-7 step (9°), basepair shift of the 10-
11 step (1.1A) in the core part of duplex (2). The deviations of basepair rises are
small (less than 0.4A) for both duplexes. The significant negative values (0.8-1.5A)
of basepair slides give both our NMR structures some features which are more typ-
ical for A-type DNA (33,43). Nevertheless, the other NMR structure parameters
such as South-type sugar puckers or the backbone torsions (especially § = 224-
287°) and the atomic RMSD between the A-type or the B-type DNA with the NMR
structures for both duplexes (1) and (2) (see above) show strong structural similar-
ity of the solution structures with that of the B-type.
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(iv) Comparative Thermodynamics of Duplexes (I) and (II)

The thermodynamics of the duplex (1) with hydrophobic 7-0-methyl group of Ty,
[AH® = -256 +2 kJ/mol, -TAS® = 198 2 kI/mol, AG°(298K) = -58 +2 kJ/mol] with
respect to the natural Dickerson-Drew dodecamer [AH® = -343 +3 kJ/mol, -TAS® = 269
+2kJ/mol, AG°(298K) = -74 +3 kJ/mol] are indeed very different under identical buffer
condition (1M NaCl, 200 mM NaH,PO,, 10uM EDTAO, pH 7.3). Although the struc-
tures of these two duplexes are very similar (m.s.d = 1A), the AG® (and the contribut-
ing AH® and -TAS®) of their thermodynamic stabilities are very different. The differ-
ence in the thermodynamics between duplexes (1) and (2) can be attributed due to the
absence of stereoelectronic gauche and anomeric effects (8) (and the steric contribu-
tion of the methyl group) in the former compared to the latter. It is also likely that the
net result of these counteracting effects [as well as the steric effect of 7°-o-methyl group
in duplex (1)] may culminate into enhanced hydrophobic effect displacing water mol-
ecules from the minor groove in duplex (1) compared to duplex (2). Attempts are now
being made to distinguish these stereoelectronic and steric effects (8) by comparison
with an identical duplex but with 2’-deoxyaristeromycin instead of Tye.

Conclusion

The NMR structure of the carbocyclic modified oligonucleotide has mixed features
of both A- and B-type DNA, just as in the natural counterpart, but in general the
solution conformations are more similar to B-type DNA. Replacement of the sugar
oxygen O4’ by the C6’-carbon atom bearing an o-Me substituent does not consid-
erably change the conformation of the modified DNA duplex compared to the nat-
ural counterpart in aqueous solution. This is because of the fact that the absénce of
the stereoelectronic anomeric and gauche effects in the carbocyclic moieties of the
modified duplex allow them to take up the conformation of the natural furanose
dictated by the neighbouring natural nucleotides. This makes the carbocyclic
nucleotide an ideal mimic of the natural counterpart. The introduction of these car-
bocyclic moieties in the antisense DNA and RNA or in triplex DNA enhances the
stabilities of these modified nucleic acids against nucleases. It is expected that these
modified oligonucleotides will have improved lipophilicity, which may help their
penetration inside the cell in the antisense and antigene therapy.

Materials and Methods
(i) Sample Preparation

Syntheses of modified thymidines and the d(CGCGAAT*T*CGCG) oligonu-
cleotide containing these carbocyclic thymidines have been previously described
(1,2). For NMR experiments, the oligonucleotides were purified additionally by
successive passage through a column of Dowex 50 (Na+) resin. The NMR samples
(150 OD,, units) were twice lyophilized to dryness from D,O and dissolved in 0.6
mi of the buffer (0.1 M NaCl, 10 pM NaH,PO,, 10 mM EDTA sodium sait, pH 7.4)
in D,0 (99.96% D) or 9:1 H,O/D,0, v/v.

At UV concentration (1 uM per strand in the buffer: 0.1 M NaCl, 10 mM NaH,PO,,
pH 7.3), the transition temperatures (T,) for duplexes (1) and (2) are 44.1°C and
43.4°C. The difference between T,, values for duplexes (1) and (2) is very close to
previously reported values (2).

For the calculations of AH®, AS® and AG®, T,;s at five different oligonucleotide con-
centrations (8,12,16,20, and 24 uM total single strand concentration) were measured.

(ii) NMR Spectroscopy

The NMR spectra were recorded on Bruker DRX-600 and DRX-500 spectrometers
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operating at 600.13 and 500.13 MHz for protons. Phase-sensitive NOESY experi-
ments in D,0 (with mixing times of 70, 150, 200 and 300 ms) at 20°C and in water-
D,0 (9:1, v/v) with 160 ms mixing time at 5°C for both duplexes were performed
giving final spectra with 2Kx2K data points after Fourier transformation. The vol-
umes of all crosspeaks in the NOESY spectra were calculated using the AURELIA
(v. 2.1, Bruker) program. The DQF-COSY spectra were collected with and without
phosphorus decoupling giving final spectra of 8Kx1K. The COSY crosspeaks were
simulated using the NMRSIM (v. 2.5, Bruker) program taking the relaxation prop-
erties of the sugar protons into account to accomodate the linewidth problem. The
MLEV-17 HOHAHA experiment was recorded at a mixing time of 96 ms.
Relaxation delay for all these experiments was 3 s, the number of experiments were
512 and the number of scans were 64 or 128 for each FID. The inverse H,C-corre-
lation HSQC spectra were recorded with adjusting on gy to 145 Hz and GARP
sequence for heteronuclear decoupling, the number of experiments were 2K. The
inverse H,P-correlation spectra (27) were measured with adjusting on Jyp to 12 Hz,
the number of experiments and the number of scans were 256. Correlation time (T,
= 3.5 ns) was determined from H5-H6 NOESY crosspeaks for cytidines assuming

isotropic motion.

The vicinal 3], have been obtained from DQF COSY spectra obtained with and
without 3!P decoupling during aquisition time, and the projections in f2 dimension
through cross peaks H3’-H4’ (down diagonal) have been taken. The sum of multi-
ple splitting (£3") in spectra obtained without 3!P decoupling is equal to Z(Jyy +
J3p + J3y + Jyp) and with 31P decoupling 3'(31P) is equal to Z(Jyy + J3p+ J32),
Jyp has been determined as difference, £3’-X3’(31P) (see Figure 4, for example). In
the second type of experiment, the 31P-1H correlation spectra have been obtained
with double homonuclear decoupling on two frequencies: v, for H2" and H4" (Note
that the chemical shifts of H2’, and H4 are isochronous for T7, T8 residues, see
Table I) and v, for H2”. Taking the projection in 2 dimension through 3P cross-
peak the difference between positive and negative component of splitting represent

the active coupling J;-p (see Figure 6A).
(iii} Duplex Structure Refinement

The starting coordinates of the duplexes were generated using the AMBER (v. 4.1)
program (34, 45) from Arnott A- and B-DNA coordinates as well as from two X-
ray structures with codes BDL001 (21) and BDLS79 (2) from the crystallographic
Nucleic Acids Database (NDB, State University of New Jersey). Since the AMBER
force field does not contain charges for the carbocyclic residue it was necessary to
calculate them. To an X-ray structure (46) of carba-thymidine, a methyl group was
added, which was used as the starting geometry for our ab initio geometry opti-
mization. The Gaussian 94 program (47) was used for a geometry optimization
(HF/6-31G* level), and for a calculation of electrostatic potential at points in space
surrounding the molecule (using Merz-Kollman option and the 6-31G* basis set).
The atom centered partial charges were calculated by the RESP program (48) and
were averaged for few different sugar ring conformations (Figure 1B). The charges
on 3’- and 5"-hydroxyl groups were set to be the same as in the common nucleotide
residues (48) for consistency between the carbocyclic residues and the standard

nucleotides.

The structure refinement was done using an iterative scheme similar to the scheme
employed by Gorenstein et al. (49, 50). Each cycle of structure refinement involved
an energy minimization and MD simulation of 14 ps (6 ps at 800 K, cooling to 300
K over a 4 ps period and then 4 ps at 300 K) using the SANDER module of the
AMBER package. During the last 2 ps the atomic coordinates were saved at 250 fs
intervals, the eight collected conformers were averaged, and then energy mini-
mized. Distance constraints for AMBER were derived at each cycle from the exper-

‘imental NOESY volumes using the iterative hybrid matrix procedure MARDI-




GRAS / RANDMARDI (v. 5.1)(32, 51). The results were combined and averaged
for all interproton distances using the NOESY spectra in D,0 at different mixing
times. Five cycles of MD/RANDMARDI refinement were used for each duplex
starting structure. The constraints were weak (low force constants and wide flat
bottoms of the potential wells) during the initial cycles and stronger in the final
cycles in order to more gently force the molecule into the correct conformation.
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