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Abstract: The usefulness of the "NMR-window III" approach (see ref. 2e) has been demonstrated through the use of
the deuterio isotopomeric 12mer oligo-DNA. duplex obtained from protected partially deutcrated 2'(R/S),3',5'(R/S)-2H;3-
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were compared with those of the natural counterpart (duplex II) and deuterium-labelled 12mer duplex IH (prepared earlier
by the "NMR-window II" approach, ref. 2e), and the results can be summarised as follows: (i) The simplification of the
crosspeak pattern in H1'-H2'/2" and H4'-H5'/5" areas in the DQF-COSY specira reduces the speciral crowding, thereby
allowing a precise extraction of the coupling constants. (ii) The deuterio isotopomeric mixture of DNA duplex I provide
hitherto unavailable nOe data sets which are sensitive to the conformational changes of the sugar moiety or the
backhone. (iii) The extractable number of nOe constraints based on fully resolved crosspeaks and free from spin
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suggesting the usefulness of the nOe crosspeaks in the semi-quantitative approach for the NMR-constrained structure
refinement. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Specific isotope labelling technologics! with 13C and 15N has proved to be an important tool to

understand how the structure and dynamics of a biopolymer and its complexes dictate specific biological
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2H in nucleoside residues have paved the way for selective non-uniform labelling of oligo-DNA and RNA with

these building blocks at specific sites of interestZ. The non-uniform deuterium labelling (i.e. the "NMR-window I

RNAs2¢ have been solved.
We here illustrate the application of our new "NMR-window III" concept to demonstrate the improvement
of the number of NMR constraints through a comparative study on the deuterio isotopomeric Dickerson-Drew

P SRy | R B TR I TP S
DNA dodecamer- [d ble-underlined nucleotides are of

type A and B deuterated blocks according to the "NMR-window III" concept as schematically shown in Fig. 1 in

the preceding paper?) in comparison with its natural counterpart (II) as well as with an analogous duplex

0040-4020/98/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
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[d(CIG2C3GAASASTTT8CIG 10CLIGI2)], (IIT) deuterium labelled according to the "NMR-window II"
concept?® (the specific site of incorporations of of 2'(R[~15%])/S[~85%]).3'.4'([~65%],5',5"-2Hs-B-D-2'-

deoxyribonucleoside blocks2¢ are shown by bold-underlined letters). It has been shown that (i) an unambiguous
determination of the homo- and heteronuclear vicinal coupling constants has been achieved by elimination of large
H2'-H2" and H5'-HS5" geminal coupling constants, and that (ii) the deuterio isotopomeric mixture of DNA
duplex I provides hitherto unavailable nOe data sets such as H5'/HS5"-H2", H4'-H2", H4'-H5'/H5", H1'-HS’',
H1'-HS", H1'i-HS5'j+1, H1'j-H5"i+1, H1'{-H4'j, H1'{-H4'{+1, arom-H5'/H5", which are sensitive to the
conformational changes of the sugar moiety or the backbone. The extractable number of nOe constraints based on
fully resolved crosspeaks for deuterio isotopomeric dodecamer I are 308, whereas they are only 188 for the
natural counterpart, suggesting the usefulness of the "NMR-window IIT" approach in the semi-quantitative 3D-

structure refinement procedure!!.
Results and Discussion

(A) The conformational analysis of torsion angles.
In oligonucleotides, accurate homonuclear 3Jyy coupling constants provide information about sugar pucker and

C4'-C5' torsion, whereas the heteronuclear 3Jyp coupling constants give information about the phosphodiester
backbone torsions. In this work, we show that an isotopomeric mixture of partially-deuterated nucleosides

provides more unambiguous homonuclear 3Jgyg2, 3Jg1H2" 3JHaHs and 3Jgagst and heteronuclear 3Jpyyqy,

Jpys and 3Jpys- based on routine DQF-COSY experiment compared to the natural counterpart2.,

(i) Influence of deuterium on the determination of proton-proton coupling constants. We have not observed any
geminal H/D coupling in any of our partially-deuterated building blocks or in the 12mer duplex in 1D experiments

even at higher temperature. This is apparently owing to the strong effect of scalar relaxation of the second kind?2

of 2H, which decouples the splitting of !H by 2H. It is known that the contribution of the scalar relaxation of the
second kind to the transverse relaxation could be eliminated by the deuterium decoupling with large field

strengths?!. Indeed, in 1D H spectra for partially-deuterated nucleoside the narrowing (25% of linewidth, about
0.5-0.8 Hz) of 2' or 5' protons (i.e. geminal to deuterium) in 2',5"-partially-deuterated nucleoside blocks (see the
preceding synthetic paper) has been observed upon application of deuterium decoupling. Nevertheless, for the
same deuterated nucleosides we did not observe any noticeable difference in the linewidth of the 1'-2' or 4'-5'
crosspeaks in the DQF-COSY or E-COSY spectra collected with 4Kx1K data sets (obtained with and without
deuterium decoupling). The same result was also obtained in DQF-COSY experiments for duplex (I). Hence, we
conclude that proton-deuterium interaction is negligible for the determination of vicinal proton -proton coupling
constants. Nevertheless, all experiments performed in this paper (see below) have been carried out with the
deuterium decoupling on, which is also beneficial for the suppression of HDO resonance.

(ii) The extraction of 3Jyw2 and 3111112 for determination of sugar conformation in DNA. We have shownZ2¢
that the incorporation of a 2'/2"-deuterio isotopomeric mixture of building blocks into an oligo-DNA allows

extraction of both 3Jy;gy and 3Jyg gy~ from the DQF-COSY spectra (Fig. 1) in a straightforward manner with
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Figure 1: Expanded H1’ - H2'/H2" [located on up diagonal: panels (A}, (C) and (E)], and H2'/H2" - H1" regions [located on down
diagonal: panels (B), (D) and (F)] of the DQF-COSY spectra of the natural Dickerson's dodecamer II [panels (A), (B)], its deuterated

analogue ITI, [d(CIGPC3GAASACTTT3CIGI0C!IG12)), [panels (C), (D)) and the deuterium labelled duplex I [panels (E), (F)]. The

assignments of the crosspeaks are labelled by name of nucleoside and its sequential number in duplexes. The crosspeaks H1’-H2’ and
H1’-H2" are connected by solid lines.

n

—

~1



14518 1. V. Maltseva et al. / Tetrahedron 54 (1998) 14515--14528

?\)
:-
N)

H2'
and (ii) the increase of T of H1' and H2" in the partially-deuterated residue, which decreases the linewidth with
an overall increase of the crosspeak intensity owing to the elimination of a number of relaxation pathways

[compare Fig. 1(B) for natural dodecamer II with Fig. 1(F) for the deuterated counterpart I]. The reduction of the

linewidth (A) in deuterated compounds (I and III) compared to the natural counterpart [compare Fig. 1(A), (C)

and (E)] shows that 3Jj'5 > A and 3Jj. 2 2 A, thereby allowing more accurate estimation of these coupling

constants through the cross-section of the crosspeaks in the F2 dimension. Thus the method of Kim and
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splittings of the absorptive and dispersive signal are used, not the knowledge of the linewidth5:6, which is
impossible to obtain in case of natural counterpart because of the complex coupling pattern. The simplification of

crosspeak pattern resulting from 3Jy1'go» doublet causes the increase of the intensity of the crosspeak that, in

turn, allows a quantitative determination of 3J41'H2» through a simulation procedure with higher precision (~0.2
Hz) of the fit to the coupling. Moreover, the equally well resolved H1'-H2' and H1'-H2" crosspeaks located
above and below the diagonal in DQF-COSY spectra [Fig. 1(E) and 1(F)] allow a straightforward estimation of
the experimental error in the determination of the J-coupling, which has been a problem in case of the natural
oligonucleotides where the crosspeaks located above the diagonal could be reliably used for the determination of

3¥u1uy and 3Ju1aae (below the diagonal. the crossneaks are comnlicated bv the nassive counlings). Obviouslv

JH1'g2 and 2lgpype (below the diagonal, the crosspeaks are complicated by the passive couphings). Obviously
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crowding in this area which in turn allows an unambiguous extraction of the 3Jyj;g2' and 3Jg o+ for large DNA

molecule to elucidate the conformation of the sugar moiety.

(iii) The extraction of 3Jyss, 3Tuans 3Jpue, JpHs and 3Ipps to estimate the backbone conformation. The
determination of homonuclear 3Jy4's and 3Jgq'Hst in an oligo-DNA molecule with middle to large size has
posed a considerable challenge because of the severe increase of the resonance overlap of H4' to H5'/5"

compared with H1' to H2'/2". The use of 13C labelling at C-5' of an oligo- RNA7-8 or DNA%10 is one of the
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J-couplings are derived from the crosspeak pattern that correlates carbon with a two- bond away proton. The
multiplet patterns of crosspeaks from C2'-H1' and C5'-H4' give the sum? of the 3Jy1'yy + 3Jg1'H2" and 3JgeHs

+ 3Juags- couplings, respectively. To extract information from these crosspeaks, thegeminal H5'- H5" and/or

R4
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construction of an oligo-DNA. Here, we have shown that the homonuclear 3Jgays and 3Jygqys+ coupling

constants could be determined from routine DQF-COSY experiment. In Fig. 2, the expanded parts of H4'-HS5'/5"
area of the DQF-COSY spectra with phosphorus decoupling [Fig. 2(A) and (B)] and without phosphorus

decoupling [Fig. 2(C) and (D)] are presented. It is noteworthy that for purine nucleotide residues (AS, AS, G2,
G*, G!0and G!?) in duplex (I), the H4'-H5' and H4'-H5" crosspeaks are well dispersed because of the large
downfield shift of H-4'
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Figure 2: Expanded H4’-H5'/HS5" regions of the DQF-COSY spectra of duplex I with 31P decoupling [panels (A), (B)] and without
[panels (C), (D)]. The crosspeaks are labelled by name of nucleoside and its sequential number. The H4’-H5’ and H4'-H5” crosspeaks
in panels (A) are connected by solid iines. In boxes (a) and (b) in paneis (A) and (C), the cross sections through the crosspeaks at the
arrows near the boxes are presented. In boxes (a) and (b), the splitting between positive and negative components is indicated by
dashed lines and the corresponding coupling constants responsible for this splitting are indicated.

resonances in comparison with H5' and H5". For pyrimidine residues (1“7, IS, g3, g9 and C!1), except for the
8" and t

crosspeaks have appeared close to the diagonal. Nevertheless, in 2D DQF-COSY experiment with 1K increments
in F1 dimension, these peaks also could be resolved [Fig. 2(A), (B)] successfully. The pattern of H4'-HS' and
H4'-H5" crosspeaks in the DQF-COSY spectra with phosphorus decoupling is expected to be a simple doublet
with antiphase component because of the elimination of the geminal H5'-H5" coupling constant [see Fig. 2(A),
the cross-section through crosspeak is presented in the panel (a) of Fig. 2(A)]. These crosspeaks carry straight

information about 3Jg4'H5 and 3Jg4-gs- which could be extracted by either simulation of the crosspeak or through
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the analysis of the cross-section of the crosspeak. The pattern of the H4'-H5' and H4'-H5" crosspeaks in the
NNE_MNCV crantra withAant mhacnhamic dansiinling 10 svnna ,.,\...‘.‘ mntad nwd Tanlo Lla ne
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[see Fig 2(C)] because of the presence of heteronuclear passive 3Jpga:, 3Jpus, Jpus» for crosspeaks located
above and below the diagonal areas, respectively. The cross-section through this crosspeak in the F2 dimension
is presented in the panel (b) of Fig. 2(C). The difference between outer antiphase lines relates the information

abont the eum of the 3Tn..n—m + 3]1—““' and 3Teramren L 3Inra [for the crosspeaks above the diasonall and K} S
WAL 41y CRALGE Y14 11D ¥ JER4 pivie Ll \J UL’UY\‘(—L“L ﬂs IECAl | Qi an ﬂ’

+ 3Jpus and 3Jqays + 3Ipus-[for the crosspeaks below the diagonal].

(iv) The extraction of 3J3;p.13¢ coupling. Another application of deuterated nucleoside with natural abundance
carbon is based on the analysis of the shape of }H-13C(2’) crosspeak in the foiding HSQC experiment to analyze

3J31p-13C. In Fig 3(A), the folding HSQC experiment!2 with 2H decoupling on duplex (I) is presented. The

elimination of geminal coupling in the sugar benefits to the increasing of intensities of 1H-13C(2’) crosspeaks
what is clearly observed on Fig 3(A). This experiment also provides an unique opportunity for the determination

of :’J31p_13c(2’] which is very important for distinguishing between By and By type of sugar conformation of
DNA. Our data show that the 3J31p.13¢( (2'] for 12mer investigated in this work are well below the linewidth of
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(B) The dipole-dipole relaxation in the partially-deuterated DNA duplexes containing
deuterated nucleotide blocks [2'/2"(R/S),3',5'/5"(R/S)-2H 3].
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the intensity of the crosspeak (ajj) to intensity of the corresponding diagonal peak (aji) is linearly proportional

both to the mixing time (1) in which the magnetization transfer is taken place and to the cross-relaxation rate

(o)) between observed spins i and j. This dependence is presented by the first term in equation (1) and only valid

at very short mixing time for the fully protonated DNA:
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where, the (Gjj) is related to the inverse sixth power of the distance (rjj) between proton i and j, and proportional
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for all protons and rj; is obtained from the ratio of two cross-relaxation rates, one of which is unknown but the

other is obtained from a reference crosspeak with a fixed distance such as H5-H6. The main limitation of this
method is the influence of the spin diffusion [i.e., the second term in eqn (1)] involving protons in the spatial

proximity. In this case, the direct dipolar interaction between spins i and j competes with indirect pathways where
trancfar talac nlare thranoh a third enin which ic lnrated olncer ta enin 1 than tha diract enin i Thic citnatinn ic
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Figure 3: Comparison of two [1H,13C]- H§QC spectra with deuterium decouphng [panel A] and without [panel (B)] of duplex (I).
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Both panels A and B show the H2VH2"-13C(2) region, but only the H2"-13C(2" crosspeaks are observed (marked by the residue
number) because H2' has been replaced by 2H in all 2'(R/S),3',5'(R/S)- 2H,-2-deoxynucleosides. The projection through the H2"™

13C(2') crosspeak in F1 dimension has been shown, only as an example, for 2G resxdue (apart of of the signal of G residue is also
seen) in panel Al in deuterium decoupled mode showing that the pseudosinglets for J31P By are “visible because this coupling

constant is less than the linewidth of the resonance (<2 Hz). In panel B, there is only 31P decoupling applied (no deuterium

thacab T P I I & ¥ P Y1 & 4

decoupling), thereby allowing us to observe the 13C(2)-2H splitting in the methylene tripiet for 2G residue.

ot ~2e 14 L1

Another limitation of the two-proton approximation is the assumption

3 1
the gemina

of a single isotropic correlation time. (ii) To overcome the above spin diffusion problem, a second method has
been developed which relies on the solution of the relaxation matrix describing all dipolar interaction of a full spin

system!3. To obtain a well-defined structure by this method, accurate NOE distance constraints are preferable.
(iii) The third approach to obtain distance constrains is semi-quantitative, in which a large number of nOes are
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used in the form of crosspeak intensities which are categorised as strong (1.8-3.0 A), medium (1.8-4.0 A), week
(1.8-5.0 A) or very weak (1.8-7.0 A)2e.16,
All these approaches have been used in the determination of the structure of DNA and RNA. It has been

however shown!! for RNA that structures calculated from a dataset of large number of unprecise distances are
more accurate than those based on fewer and precise distances.

Recently2¢ we have attempted to solve some of these issues by developing new deuterium isotope labelling
techniques for non-uniform labelling of the oligo-DNA or RNA. We have also shown2e that in a partially-
deuterated isotopomeric oligo-DNA with 2H in 2' and 2" positions, the intraresidual spin-diffusion and the
relaxation pathways can be eliminated allowing extraction of accurate intraresidual distances (H1')i-(H4'); and
(H2");-(H4")i which are very sensitive to the sugar conformation. In our "NMR-window TI" approach, relaxation
pathways between H2'-Aromatic (Ar), H1'-H2', H3'-Ar, H1'- H3', H2'-H3' and H2'-H2" can be eliminated,
enabling2¢ ys to quantitatively estimate the build-up curves for the (H2"-Ar); crosspeaks depending upon the
mixing time (T,), which are known to be affected by spin-diffusion through the H2'-Ar and H2'-H2" pathways.

This data allowed us to obtain the nOe distance constraints with improved precision, and could be readily used
either by two-proton approximation method or by full matrix relaxation analysis. Nevertheless, the most serious
disadvantage of this deuteration approach is that it reduces the number of nOe constraints for natural protonated
DNA which already has a low density of protons relative to proteins.

In this work, we have studied the possibility to use the isotopomeric mixture of deuterated sugar moiety to
obtain more number of nOe constraints. Following conclusions can be drawn from a comparative analysis of
NOESY spectra of two types of partially-deuterated DNA duplexes I and III with their natural counterpart II:

(i) Fig. 4 shows the panels with expanded part of the NOESY spectra in Ar-HU', Ar-H3', Ar-H4', Ar-
55" [Figs. 4(A), 4(C) and 4(E)] and Ar-H2', 2" [Figs. 4(B), 4(D) and 4(F)] regions for all three types of
dodecamers. As expected, the Ar-H1' area of the three duplexes are very similar, the largest deviation of chemical
shifts of aromatic and H1' protons was not more than 0.01 ppm for the terminal residues suggesting that isotope-
induced chemical shift is negligible. This means that the information from one deuterated analogue to the other (or
to natural) can be easily extrapolated or superimposed. In the Ar-H2', H2" area, there is a clear change of the
intensity of crosspeaks in the deuterated residues compared to the natural counterpart. Note that in the deuterated
residues of duplexes I and II the intensity of peaks increases and the linewidth decreases because of the
elimination of the geminal coupling constant splitting of H2' and H2" resonances. The more dramatic change has

been observed for Ar-H3', Ar-H4', Ar-HS5'/5". Since 'H at C3' is substituted by 2H for all deuterated building
blocks, the crosspeaks for all nucleosides in Ar-H3' area in dodecamer I [Fig. 4(E)] and for four nucleosides in
dodecamer III [Fig. 4(C)] are absent. Instead, the dramatic improvement in the resolution of Ar-H4', Ar-H5'/5"
crosspeaks [Figs. 4(A), 4(C) and 4(E)] is observed. Indeed, for duplex I, all Ar-H4' and Ar-H5'/5" crosspeaks
are clearly resolved [Figs. 4(E)] compared with the natural counterpart [Fig. 4(A)]. It can be also noted that for
the nondeuterated residues in duplex III the Ar-H4' and Ar-HS'/5" areas are very poorly resolved, and hardly
could be used, partly because of broadening of Ar-HS5/5" by geminal H5'-HS" coupling compared to the
deuterated residues which have no H5'/5" protons [Fig. 4(B)].

(i) In Fig. 5, the panels with H1'-H3', H1'-H4', H1'-H5', H1'-H5" [Figs. 5(A), 5(C), 5(E)] and H1'-
H2', HI'-H2" [Figs. 5(B), 5(D), 5(F)] areas of the spectra are presented. In the HI'-H2'/H2" areas the
crosspeak intensities of deuterated residues are increased in a similar way as for those in Ar-H5'/H3" areas
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Figure 4: Expanded Ar-H1'/H3/H4’/H5'/HS5” regions [panels (A), (C) and (E)] and Ar-H2'/H2"” [panels (B), (D) and (F)] of the
NOESY spectra of the natural dodecamer II [panels (A) and (B)], and its deuterated analogues duplex III {panels (C), (D)] and I [panels
(E), (F)]. The connectivity pathways from the first (C1y to the last (G12) nucleosides are presented by solid lines for 5’ Ar(i)-H1'(i)) —
HT'G) - Ar(1+1) connectivities and by dushed lines for 5’Ar(i)-H3’ (1) — H3’(i) - Ar(i+1) and 5 Ar(i)-H4’ (1) = H4’(i) - Ar(i+1)
connectivities. The intraresidual crosspeaxs are Jabelled b Dy namc of nucleoside and its chucuudl number in uup xes. The Ar-H2' and

Ar-H2"” crosspeaks are connected by solid lines.
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Fieure 5: Exnanded H1'-H3'/H4A'/HS' /HS” fnannlc (AY (C) and (F\] and H1-H2’/H2” regions fnanpl: (R), (D) a

1815 Wy, () il

AU oy onpanutu

spectra of duplex I [panels (A), (B)] and its deuteraled analogues duplex III [panels (C), (D)) and I [panels (E), (F)]. 'I'héjconnecnvuy

pathways from C 1411 G12 pucleosides are presented by solid lines for S’"H1'-H4’(i) = H1'(i) - H4(i+1). The HI'-H2’ and HI’-H2”
crosspeaks are connected by solid lines and are labelied by name of nucleoside. The intraresidual H1'-H3" crosspeaks are labelied by
name of nucleoside and its sequential number in duplexes. The boxes inside panels (C) and (E) show the absence of these HI'-HY’
crosspeaks for the deuterated duplex III and duplex I, respectively. In panel (E) the interresidual H1'(i)-H5'(i+1) (labelled with small

Qi 21 CEi0

palals (), ) ang

alphabetic latters) and H1’(i)-H5"(i+1) crosspeaks (labelled with small alphabetic latter with *) are indicated.
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Sinuptéil, it is clearly possible to

are clearlv distinsuishable in the spectra shown in Fig. 5(E) for duplex I by inlv not -___nl,g_“ L A
are clearly distinguishable in the spectra shown 1n kg, J(E) for duplex 1 but certair plex 11 ] (A)
and ITY IDiy &/(N1
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(iii) In Fig. 6, the panels with H3'/ H4'/ H5'/ H5" - H3'/ H4'/ H5'/ H5" [Figs. 6(A), 6(C), 6(E)] and H3'/
H4'/ H5/ H5" - H2'/ H2" [Figs. 6(B), 6(D), 6(F)] areas of the spectra are presented. Note that even though the
H3'-H4', H3'-H5'/5" crosspeaks are missing in H3'/ H4'/ HS'/ HS" - H3'/ H4'/ H5'/ H5" areas for deuterated
duplex I, this causes no harm because the information from those crosspeaks could not be extracted anyway in
the natural counterpart, duplex I1, or from the nondeuterated part of duplex III because of the line broadening
and severe spectral crowding in that region of the spectra. Instead, in the H5'/H5"/H4'-H2'/H2" area of duplex I
the conformation-sensitive H4'-H2" crosspeaks are clearly observable and could be used for unambiguous
integration of their nOe volumes. Moreover, H4'-H5'/HS" crosspeaks are also dlstmgulshable and those

r-rn TRT A %

above data show that the observed nOe crosspeaks in the diasteremeric mixture of oligo-DNA (duplex
I), although can not be used for full-relaxed NOESY matrix calculations!3, will be however immensely useful in

setting up qualitative nOe constraints!! as strong-medium-weck basing on their relative intensities.
Conclusions

Following are the conclusions of our analysis of DQF-COSY and 2D NOESY spectra of
deuteroisotopomeric mixture of duplex I [~85% of the total diastereomeric mixture for each sugar residue has

natural H2" in the o—face and ~15% natural H2' at the B-face, and the rest is 2H at C2'; the C5' has a 1:1

diastereomeric mixture of deuterio isotopomers; i.e. the total number of isotopomers: 124]:

(1) The advantages to perform the J-coupling analysis of isotopomers for reasonably large DNA duplex is
evident from the simplification of the crosspeak pattern through elimination of the large germinal 5°/5” and 2'/2”
coupling constants. It is noteworthy that we have not observed any geminal H/D coupling in any of our partially-
deuterated building blocks or in the 12mer duplex in 1D experiments even at higher temperature. This is
apparently owing to the strong effect of scalar relaxation of the second kind?? of 2H, which decouples the
splitting of 1H by 2H, thereby allowing us to determine the vicinal homonuclear coupling constants with higher
accuracy than in the natural counterpart.

(2) These deuterio isotopomeric mixtures of DNA provide more complete nOe information (with large
dataset) compared with the natural counterpart, and they can be used as distance constraints in a semi-quantitative

am‘:roach11 as strong-medium-week nOes, basin

m-week g on their relative intensities. The new nQOe dataset obtainable
from the our partially-deuterated 12mer compared to the native counterpart includes the nQOes which are indeed
sensitive to the conformation of sugar moiety or for the backbone conformation such as H5'/H5"-H2", H4'-H2",

H4-HS5/HS", HI'-HS', HI-HS", H1'\-H5'4;, HI'\-H5",;, HI';-H4', , HU'1-H4'%,, Ar-H57HS". Tt is
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Figure 6: Expanded H3/H4'/HS'/H5” - H3/H4'/H5' /H5” [panels (A), (C) and (E)] and H3/H4'/H5'/H5” - H2'/H2" regions [panels

(B), (D) and (F)] of NOESY spectra of the natural duplex IT [panels (A), (B)], and its deuterated analogue III [panels (C), (D)] and I
[panels (E), (F)]. The H3'-H2' and H3’-H2" crosspedks are connected by solid lines and labelled by name of nucleoside. The
intraresidual H1'-H3’ crosspeaks are labelled by name of nucleoside and its sequential number in duplexes. The boxes inside panels (D)
and (F) show the absence of these H3’-H2’, H3’-H2” crosspeaks in the spectra of duplex III and duplex I, respectively. In panel (F)
there are well resolved H4'-H2” crosspeaks labelled by name and number of residue which could not be distiguishcd in corresponding
paneis (B) and (D) of naiural duplex II and labelled Iil, respectively. The boxes inside panels {C) and (E) show the absence of H3'-H4’
crosspeaks in the spectra of deuterated duplex III and duplex I, respectively. In panel (E) belonging to the spectrum of duplex I, the

crosspeaks H4’-H5’ and H4’-HS5” are indicated by small alphabetic latters and picked by arrows.
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of severe spectrai overiap. indeed, the observed crosspeaks in dupiex I are free from one of the strongest
pathway of spin diffusion, i.e. through geminal H2' and H2" and H5' and H5" protons, and their intensities are
linear upto the 300 ms of mixing time. The trustworthiness of this approach is higher with increasing of number

of nOe constraints!!. The estimation of number of possible nOe constraints based on fully resolved crosspeaks
(Figs. 4-6) for natural Dickerson-Drew dodecamer II and the analogous deuterium modified dodecamer I are 188

and 308, respective ly

Uy AL

(2 Tt thune ~laarly amargese fram onr ahovs waork that dantarin ientanamearie mivtire anf alicn NN A nravideg

{J) 1t Wius Ciary Cimeiges 1o Our aotve WOIK uldt GERICrio 1sOOpoMene miXwire G1 Cugl-wiNa PIoviaes

1 11 h S PR a1 'y 1, a4 : ! Yol a ~ ralaY«h %4 1 .
reliable data set both for determination of accurate torsional dngleb from the COSY -lype expenmcmh as well as

for the determination of spatial distances using the semi-quantitative approachll. Clearly, the use of the larger set
of experimental NMR constraints from deuterium modified oligo-DNA (compared to the native counterpart)
would enable structure elucidation of DNA molecules that would reflect more experimental NMR structure in
solution than the algorithm of the molecular mechanics forcefield.

7ry

= ~ 1 L. ™.
U ana Yi.il4 vz 10r “ri. e

PR Ak LN 17 MNAIY_ £~ 11T AA9 072 NATT, o
OpEr. Ll.[g L OUU. 1D IVIIIZ 106 *"I1, £444.70 IVIlZ 10T

spectrometer was equipped with a Bruker digital lock and with a switching 2H lock - 2H pulse device and with
inverse triple-resonance probehead for 'H, 13C and 31P (TXI). !H, 13C and 3!P pulses on this probehead were

armnbed u 7/ith a
utltlll\:u YY itii &

117 kH72 1797 FH7z and 154 H
i NitL, 117 L U LJT

o i N

performed using GARP!72 with a 4.17 kHz and 1.79 kHz field strengths. For the 90° and 180° 2H pulses the

probe power after the switching block was 6.4 W, which corresponds to 2.08 kHz applied field. 2H decoupling

XYL A Y rrv - o~

utilised a WALTZ16175 sequence using a 625 Hz field.

For HSQC12 18 experiment , the total measurement time was ~18 h: 1292 x 4K complex t1 and 2 points
were acquired with acquisition times of 0.077 and 0.170 s, respectively. The number of scans were 128 or 256.

The aynerimentc we na av cryo
LUC VAP LIS WOID pliiUninll Wil CAWbIVY 10

transformation led to a digital resolution of 1.03 Hz/point in F1 and 2.93 Hz/point in the F2 dimension.
19

Phase-sensitive NOESY experiments”” were performed at 20 ° ing the following parameters: mixing
time .25 5. 4K comnlex data noints in t~. 512 comnlex data noints in t. a relayation delav of 3 ¢ 2 cwean widt]
me V.25 s, 4K complex data points 1n tp, 512 complex gdata points 1n ¢, a relaxation delay of 3 s, a sweep width

of 10 ppm in both dimensions, acquisitions per FID was 64; a shifted squared sine-beli apodization function was
applied for both dimensions. The data were zero-filled in t; to give 2K x 2K complex data points. The residual

water resonance was saturated during the relaxation delay.

data sets for DQF- (‘0‘1‘«’20 tra were collected in the phase-sensitive mode

Two-dimensional

al with the

vy a

time-proportional phase incrementation with and without phosphorus decoupling, with deuterium decoupling2 1
Typically 4096 data points were collected for each 512 t values in DQF-COSY experiments. The 4096 x 512

data points were resolution enhanced by a shifted squared sine-bell window function in both the t; and t,
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