1Structural Effect of Complete [Rp]-Phosphorothioate andPhosphorodithioate Substitutions in the DNA Strand of a Model AntisenseInhibitor-Target RNA ComplexPatrick Furrer1�, Todd M. Billeci1, Alessandro Donati1�, Chojiro Kojima1, BoleslawKarwowski2, Agnieszka Sierzchala2ƒ, Wojciech Stec2, and Thomas L. James1*Keywords: Antisense; RNA¥DNA hybrid structure; phosphorothioate;phosphorodithioate; RNase H; multidimensional NMR1Department of Pharmaceutical Chemistry, University of California, San Francisco,California 94143-0446 USA.2Department of Bioorganic Chemistry, Centre of Molecular and MacromolecularStudies, Polish Academy of Sciences, 90-363 L�d«z Sienkiewicza 112, Poland.*Corresponding author.�Present Address: Department of Mathematics, Swiss Federal Institute ofTechnology (EPFL), 1015 Lausanne, Switzerland.�Present Address: Department of Chemical Sciences and Technologies, Pian deiMantellini, 44 53100, Siena, Italy.ƒPresent Address: Department of Chemistry and Biochemistry, University ofColorado, Boulder, Colorado 80309 USA.Abbreviations used: UV, ultraviolet; NMR, nuclear magnetic resonance; 2D, two-dimensional; NOESY, nuclear Overhauser effect spectroscopy; 2QF-COSY, doublequantum filtered corelation spectroscopy; FID, free induction decay; TPPI, timeproportional phase increment; RNase H, ribonuclease H.

2ABSTRACTChemically modified DNA oligonucleotides have been crucial to the success ofantisense therapeutics. Although such modifications are ubiquitous in the clinic,high-resolution structural studies of pharmaceutically relevant derivatives havebeen limited to only a few molecules. We have completed a high-resolution NMRstructural study of three DNA¥RNA hybrids with the sequenced(CCTATAATCC)¥r(GGAUUAUAGG). All hybrids contain an unmodified RNAstrand, whereas the DNA strand of each hybrid contains one of three different sugar-phosphate backbone linkages at each nucleotide: 1) phosphate, 2) [Rp]-phosphorothioate, or 3) phosphorodithioate. The UV and NMR melting profilesrevealed that the normal hybrid was more stable than the [Rp]-phosphorothioate,which in turn was more stable than the phosphorodithioate. Homonuclear two-dimensional nuclear Overhauser effect spectroscopy and double quantum-filteredcorrelation spectroscopy afforded nearly complete nonlabile proton assignments.The three molecules show nearly equivalent chemical shifts, with the exception ofH3’ protons, which are shifted downfield in a manner that appears correlated withthe degree of sulfur substitution at phosphate. All three hybrids exhibit unusuallybroad linewidths for deoxyribose protons H2’ and H2".Distance restraints were calculated from NOE cross-peak intensities via acomplete relaxation matrix approach using the program RANDMARDI. Detailedcomparison of interproton distances from each hybrid indicates that the threemolecules share a common structure, with neither strand in canonical A or B form.Correlation of R factors, calculated using the program CORMA with DNA H2’-baseand H3’-base distances, revealed a relative increase in the population of B-type sugarconformations for deoxyriboses in the AT-rich center of the hybrid sequence. Asribonuclease H activity varies sulfur substitution, these data suggest that factorsother than global structure may mediate ribonuclease H recognition of these species.

3INTRODUCTIONAntisense inhibitors are oligonucleotides with sequence complementarity tocellular mRNA or pre-mRNA targets. Binding of a DNA antisense inhibitor to itstarget RNA results in a DNA¥RNA hybrid, affording the sequence-specificinhibition of gene expression in vivo. Antisense inhibitors developed astherapeutics are targeted to RNA sequences implicated in disease. However,oligonucleotides with unmodified phosphodiester backbone linkages do not fulfillthe pharmacological requirements of effective membrane permeability, targetaffinity and stability to nucleases (Matteucci, 1996). As a result, all antisense agentscurrently in clinical trials have modifications of the sugar-phosphate backbone(Figure 1). Backbone modifications substituting one phosphate oxygen with sulfur([Rp]-phosphorothioate; Figure 1, 1b) or both phosphate oxygens by sulfur(phosphorodithioate; Figure 1, 1c) confer sufficient hydrophobicity to permitdelivery across the lipid bilayer membrane of cells. Phosphorothioates andphosphorodithioates also confer resistance to nucleases targeted to single-strandedDNA, thereby increasing the half-life of these oligonucleotides in vivo (Spitzer &Eckstein, 1988). Activity of the enzyme ribonuclease H (RNase H), which selectivelyhydrolyzes the RNA strand of DNA¥RNA hybrids, is a key component of thedominant antisense mechanism. Recruitment of RNase H is enhanced if the DNAstrand of DNA¥RNA hybrids contains more than 50% phosphorothioate-substituted nucleotides. As a result, phosphorothioates direct increased enzymaticdestruction of target mRNA, and may substantially increase the potency ofphosphorothioate-containing antisense drugs. In contrast, hybrids formed fromDNAs containing a sulfur atom substituted for the pro-S phosphoryl oxygen, such as[Sp]-phosphorothioate and phosphorodithioate analogs, show a relative decrease inboth susceptibility to RNase H digestion and thermal stability, key components ofeffective antisense inhibition (Lesser et al., 1992, Cummins et al., 1996, Ghosh et al.,1993).The pharmaceutical relevance of these modifications has provided some impetusto determine the role of structure in RNase H discrimination betweenphosphodiester, [Rp]-phosphorothioate, and phosphorodithioate linkages in theDNA backbone of DNA¥RNA hybrid substrates. The role of structural differencesin the relative stability of these analogs is also of interest. This paper is among theinitial attempts to understand the impact of complete [Rp]-phosphorothioate and

4phosphorodithioate modifications upon the structure of a model antisenseinhibitor-target RNA complex at high resolution. Recently, the solution structureof an eight-base-pair DNA¥RNA hybrid containing an enzymatically synthesizedphosphorothioate DNA strand, [Rp]-d(GCGTCAGG)¥r(CCUGACGC), was solvedand its structure compared with that of an unmodified analog (Bachelin et al., 1998).Both constructs were double-stranded helices consistent with the A family ofhelices, excepting DNA-strand sugar puckers and some helical parameters. Giventhe structural similarity of the [Rp]-phosphorothioate and its phosphodiester analog,Bachelin et al. suggested that phosphoryl group chirality alone could be key todifferences in RNase H activity: phosphorodithioate and [Sp]-phosphorothioate-modified hybrids, with a sulfur atom in place of the pro-S phosphoryl oxygen, maysubstitute less stable S--H hydrogen bonding interactions for more stable O--Hhydrogen bonds in the enzyme-hybrid complex (Fedoroff et al., 1993). However, theprecise factors mitigating RNase H recognition remain an open question.Particularly, the role of global conformation in RNase H recognition and thermalstability of phosphorodithioate and [Sp]-phosphorothioate-modified hybrids, forwhich high-resolution structures are unavailable, remains unknown.We have completed a high-resolution NMR structural study of three DNA¥RNAhybrids with the sequence d(CCTATAATCC)¥r(GGAUUAUAGG) containing thePribnow box sequence flanked on the 3’ and 5’ termini by two G¥C base-pair clamps(Figure 2). All hybrids contain an unmodified RNA strand, whereas the DNAstrand of each hybrid contains either global phosphate, [Rp]-phosphorothioate, orphosphorodithioate linkages at each deoxynucleotide (Figure 1). Selection of thePribnow box sequence for this study permitted comparison with a previouslyreported DNA¥RNA hybrid solution structure containing a single [Rp]-phosphorothioate modification (Gonz�lez et al., 1995). Two-dimensional nuclearOverhauser effect spectroscopy (2D NOESY) cross-peak intensities were integratedand distance restraints calculated via a complete relaxation matrix approach usingthe program RANDMARDI (Liu et al., 1995), and these data were coupled with Rfactor analysis using the program CORMA (James, 1991) to obtain a detailedcomparison of the interproton distances from each hybrid. These data, coupled withhybrid stability studies obtained via UV and NMR spectroscopy, were used todetermine the impact of sulfur substitution on hybrid structure, with the goal ofobtaining insights into how RNase H recognizes these therapeutically importantmolecules.

5RESULTS AND DISCUSSIONHybrid stability, chemical shift effects and dynamics.Using UV spectrophotometry, melting profiles were examined at low hybridconcentration (~3 - 6 mM). Under these conditions, a melting transition wasobserved at a higher temperature for the normal hybrid (21 �C) than for the [Rp]-phosphorothioate (18 �C). The least stable molecule was the phosphorodithioate(Tm = 7 �C). To observe a complete melting transition for the phosphorodithioate,additional UV melting experiments were required at higher hybrid concentrations(~ 43 mM). All melting transitions were monophasic, and presumably correspondedto a transition between helix and random coil. An attempt to increase the stabilityof the phosphorodithioate-modified hybrid was made by including MgCl2 in thesample buffer while keeping the concentrations of other buffer constituentsconstant. No increase in stability was observed up to a MgCl2 concentration of 40mM (data not shown).The Tm values for each hybrid were measured at concentrations consistent withthose employed for NMR experiments by acquiring spectra from single-pulse (90�pulse) NMR experiments at varying temperatures and monitoring the signalamplitudes of well-isolated peaks (Figure 3). The NMR profiles showed the sametrends as in the UV experiments:Tm(phosphodiester)>Tm([Rp]-phosphorothioate)>Tm(phosphorodithioate)The Tm values obtained under these conditions were approximately 33 �C, 29 �C,and 22 �C for the normal, [Rp]-phosphorothioate and phosphorodithioate,respectively. As with the UV data, all melting curves were monophasic.The inverse relationship between increasing sulfur substitution and duplexstability has been observed previously via low-resolution NMR studies of aphosphorothioate DNA duplex consisting of a random mixture of diastereomers(Jaroszewski et al., 1996). In these studies, the base pair lifetimes were considerablyshorter for phosphorothioates than for unmodified duplexes, providing a possibleexplanation for such stability differences. Other previous structure-stability studies

6also corroborate these findings (Freier & Altmann, 1997, Cummins et al., 1996,Koziolkiewicz et al., 1995).Proton chemical shifts were measured as a function of temperature using well-isolated adenine H2 proton peaks observed in one-dimensional NMR spectra andmonitored through the hybrid melting transition. The chemical shift variationwith temperature was determined to be about 0.002 ppm/�K. This relatively lowvalue characterizes the strand association-dissociation kinetics as a slow exchangeprocess compared to the NMR timescale. This slow exchange signature is commonto all three molecules, and therefore may be a feature of the Pribnow box sequenceitself. It has been reported that TA base steps in DNA duplex sequences mayproduce slow dynamic processes occurring on a timescale up to the order ofmilliseconds (Lingbeck et al., 1996), and T1r (spin-lattice relaxation time in therotating frame) measurements an a DNA duplex containing the Pribnow boxsequence revealed exchange on the ms-ms time scale which was particularlyprevalent in the AT-rich Pribnow box region (Schmitz et al., 1992). Attempts tocharacterize the dynamics of the phosphorodithioate-modified analog by exchangespectroscopy failed (data not shown), suggesting that the DNA¥RNA hybrids studiedhere may exhibit motions on a timescale even slower than that for DNA duplexes.Proton resonance assignments.The nucleotides in the three molecules are numbered as in Figure 2. Sequentialresonance assignments of the nonexchangeable protons were made independentlyfor each hybrid using 2D NOESY and 2QF-COSY data. Standard sequentialresonance assignment walks involving NOEs between ribose and base protons couldbe traced without interruption in the 2D NOESY spectra of each hybrid. Theunbroken walks and NOE cross-peak intensities for all three molecules wereconsistent with those expected for right-handed nucleic acid duplexes, especiallyDNA¥RNA hybrids (Gonz�lez et al., 1994, Lane et al., 1993). The chemical shifts ofproton resonances in the DNA strand and RNA strand of all three molecules aregiven in Tables 1a and 1b, respectively. The aromatic-H1’ region of the 100 msphosphorodithioate NOESY spectrum is given in Figure 4.

7Significantly, the chemical shift assignments of the central six base-pairs of thenormal hybrid, corresponding to the Pribnow box sequence, corroborated thosepublished for a DNA¥RNA hybrid containing the Pribnow box sequence with asingle [Rp]-phosphorothioate substitution (Gonz�lez et al., 1994). Although theunmodified and singly-substituted hybrid assignments were in good agreement, thiswas not the case for the hybrids containing complete [Rp]-phosphorothiote andphosphorodithioate substitutions. For these species a pattern was apparent: the H3’proton chemical shifts in the DNA strand (see Table 1a) were shifted downfield forthe [Rp]-phosphorothioate, and even further downfield for the phosphorodithioate,such that H3’-base walks completely overlapped the H2O resonance line to belocated just below the first H1’ resonances. Similar to the differences in hybridmelting temperature described above, this H3’ chemical shift displacement may becorrelated with the degree of sulfur substitution at the phosphoryl group. This effectlikely results from locally different electronegativities, as the H3’ proton is closest tothe locus of sulfur substitution. The chemical shift effect provided an additionalcheck of proton assignments, and may prove a useful tool to facilitate theassignment of NMR spectra of modified nucleic acids with novel sequences.Linewidths.The H2’ and H2" resonances of all three hybrid DNA strands were unusuallybroad. This linewidth broadening afforded near-complete overlapping of H2’-H2"NOE cross-peaks such that these peaks were unusable for distance calibrations.Further, 2QF-COSY cross-peaks involving these protons were too broad to permit anunambiguous sugar conformation analysis. Linewidths derived from gaussianlinefitting in the program SPARKY were collected and averaged 1) over all cross-peaks corresponding to a single proton, and 2) over the entire hybrid sequence (seeTable 2). The differences between the two strands are striking for the H2’-H2"signals, where average linewidths for the DNA are approximately twice that of theH1’ RNA linewidths. These unusually broad H2’ and H2" linewidths may possiblybe related to the strand association-dissociation reaction. Dynamic processes, such asthose derived from molecular flexibility, may also be involved.

8Relaxation time measurements and estimation of correlation time.The measurements of spin-lattice relaxation time T1 and spin-spin relaxationtime T2 utilized six well-isolated peaks corresponding to four adenine H2s and twothymine methyl groups. As expected, H2 protons have longer T1 values than theother protons (see Table 3) due to the limited local proton density. A globalcorrelation time tc was calculated from T1 and T2 values employing equation (3).An average tc value of 2.2 – 0.3 ns, assuming isotropic motions, was measured forthe phosphorodithioate hybrid, and served as input for subsequent MARDIGRAScalculations.From NOE experiments to distance restraints.We obtained distance restraints independently for the following 2D NOE datasets: normal hybrid, 150 ms; [Rp]-phosphorothioate, 150 ms and 300 ms;phosphorodithioate, 100 ms and 150 ms. One data set was selected for each molecule,on the basis of spectral signal-to-noise, overall spectral quality, and comparablemixing times. Distance comparisons were based upon 2D NOE spectra acquired at150 ms, 150 ms and 100 ms for the unmodified (309 interproton distances), [Rp]-phosphorothioate (212 interproton distances) and phosphorodithioate (249interproton distances), hybrids, respectively.Interproton distances can be a powerful probe of three-dimensional structure.However, there can be cases where immeasurably small changes in interprotondistances correspond to radically different molecular conformations. As a result, itis crucial to determine as many interproton distances as possible with the greatestaccuracy. To this end, all interproton distances were computed via a completerelaxation matrix approach using the program MARDIGRAS (Liu et al., 1992). Thismethod has the advantage of accounting for indirect magnetization transfer effects(spin diffusion), yielding accurate interproton distances from measured 2D NOEintensities. To account for complications in assessing distance bounds arising fromsignal-to-noise limitations and integration errors, the RANDMARDI option inMARDIGRAS was employed (Liu et al 1995).Integration errors were estimated from the relative differences in the volumes ofNOE cross-peaks on each side of the diagonal. For example, the normal hybrid

9afforded 309 integrated resonances, 230 of which could be integrated on both sides ofthe diagonal. The relative differences gave a skewed distribution of integrationerrors, with values ranging from 0 % to 90%. The mean value for these data was16%, the median 9.5%, and the standard deviation 17%. Based on these calculations,we used an integration error of 20% in subsequent RANDMARDI calculations,corresponding to a value slightly higher than the mean integration error calculatedfor the normal hybrid data. Due to the sixth-root relationship between integrationvolumes (intensities) and distances, this 20% average error of integration istranslated by RANDMARDI into fluctuations around the average distances of3.2–1.9% (median at 2.6%). In other words, a 20% integration error used withRANDMARDI limits interproton distances to a precision better than 0.1 �.Comparison of interproton distancesAverage interproton distances from the three hybrids were computed via eitheran interproton rmsd or an average relative difference (see equations 4 and 5 in theMaterial and Methods section). Table 4 summarizes the results of this comparison.Analysis of interproton distances based on the rmsd or relative average differencesrequires considerable caution, however: these indicators may not be sensitive toindividual differences which computations based on averages will not reveal. As aresult, relative distance differences were also calculated and compared for all threemolecules.The above distance comparison protocol was applied to the phosphorodithioatedistances computed using RANDMARDI analysis of NOESY cross-peak intensitiesfrom spectra acquired with mixing times of 100 ms and 150 ms. This calculationprovided a reference for rmsd and relative difference measurements. The two datasets have 179 interproton distances in common, with an rmsd of 0.3 �, a relativedifference of 7.7%. Fifty-seven distances differed by more than 10% and 13 distancesdiffered by more than 15%. This defines the experimental accuracy limit, providinga threshold below which interproton distance differences between the three hybridscan be considered insignificant.Another method for estimating the accuracy of this method could be based on ananalysis of the starting-structure dependence of calculated distances. The starting

10structure simulates missing experimental intensities at the beginning of eachMARDIGRAS calculation. As the number of experimental intensities increases, theinfluence of the starting model decreases. Also, increased accuracy is positivelycorrelated with an increase in the number of experimental intensities. To measurethe effect of starting structure on distance calculations, the distance comparisonprotocol described above was applied to the interproton distances outputs fromRANDMARDI calculations using different starting models. Four starting modelstructures were utilized for RANDMARDI calculations. The Pure-A, Pure-B, Mixedand singly-substituted [Rp]-phosphorothioate starting structures (see Materials andMethods) minimally impacted interproton distance calculations. The average rmsddeviation for interproton distances of the phosphorodithioate data set (249distances), using Pure-A and Pure-B as starting models (the A-form and B-formdouble helices) was 0.28 �. This defines the accuracy limit to be closer to 0.3 �,rather than the 0.1 � limit calculated for mixing time effects. An rmsd betweeninterproton distances with a value below this threshold would be insignificant.These results suggest that, above a 0.3 � limit, it is possible to compare interprotondistances from three macromolecules without interference from systematic errorsderived from the choice of starting structure. However, as a general rule, it isprobably wise to carefully examine the effect of starting structure when studies ofthis type are performed.Among the three pairwise comparisons, the most accurate, in terms of thenumber of common distances available from RANDMARDI, was that between theunmodified and phosphorodithioate data, with 169 common interproton distances,among which only 7 differ by between 10 and 16%. Thus, 162 of the distances incommon differ by less than 10%. The majority of the largest differences (>10%) maybe assigned to overlapping cross-peaks in either one of the spectra which posesignificant integration problems.The pairwise comparisons with the [Rp]-phosphorothioate data show a littlelarger rmsd (0.22 and 0.25 �), with significantly more candidates with larger distancedifferences (11 for the unmodified hybrid and 24 for the phosphorodithioate (seeTable 4). However, the differences between the three molecules lie at the limit ofthe ~ 0.3 � accuracy limit. Thus, the differences between these molecules, if any, aretoo subtle to be quantified given the accuracy limit of the distance comparisonmethod. Using the alternate pairwise distance comparisons, all exhibit an average

11interproton distance rmsd smaller or no larger than the typical rmsd due to startingstructure dependence. In summary, we were not able to identify any interprotondistances differing by more than 10% between two molecules which could not beattributed to starting structure dependence or peak overlap when individual spectrawere examined.Analysis of the DNA¥RNA hybrid structure.Now that our three molecules have been shown to possess a common structure,the most accurate data set of the three, that of the normal hybrid (with 309 distancerestraints) can be analyzed in detail. Although refinement of this structure is still inprogress, useful insights can be gleaned when interproton distances are considered,notably those discriminating A and B-type helices.On the DNA strand, the H3’-base intraresidue and H2’-base interresidue distancesshow a peculiar profile, with distances about 1 � larger at the center of the sequence(A4-T5-A6-A7) than at either end of the molecule (Figure 5a). The same pattern isexhibited for H1’-base intraresidue distances, with larger values in the center of theDNA strand (from 3.4-3.8 �) than at its ends (from 3.1 to 3.4 �). The H1’-H4’intraresidue (2.9–0.2 �) and H2"-base intraresidue (3.3–0.5 �) distances are typical ofcanonical B-DNA; however, the H2’-base intraresidue (2.7–0.2 �), H3’-baseinterresidue (3.5–0.3 �) and H2"-base interresidue (2.9–0.2 �) distances all showdistances between those typical of canonical A and B forms. The single DNA H2-H2sequential distance (A6-A7, 3.7 �) clearly typifies B-DNA (3.6 �), compared to A-DNA (4.8�). However, the sequential H5-Me (C2-T3, 3.4 �) or Me-H5 (T8-C9, 3.9 �)connectivities usually absent in B-form helices, clearly suggest either a noncanonicalconformation or some degree of conformational averaging in the DNA strand.On the RNA strand, the H1’-H3’ intraresidue distances are particularly short,ranging between 2.6 and 3.1� (both A and B-forms should be 3.6 �). Whereas H3’-base intraresidue and interresidue distances exhibit typical A-form values, otherdistances like H2’-base intraresidue (3.3–0.3 �) and interresidue (2.6–0.1 �) distancesindicate that the RNA conformation is not purely A-form. Surprisingly in the H1’-base sequential distances, the characteristic canonical B-form distance of 3.4 � isaccommodated by both the DNA strand (3.3–0.3 �) and the RNA strand (3.3–0.1 �),substantially deviating from the 4.6 � value typical of A-form.

12Cross-strand distances are more difficult to analyze in terms of A- versus B-formcharacteristics. For DNA duplexes, typical cross-strand NOEs involving H2s on onestrand and H1’s on the other strand are a clear signature of A-type DNA. ForDNA¥RNA hybrids, these distances are usually observed (Gonzalez et al., 1994,Mujeeb et al., 1997) and provide valuable restraints for structure refinement. Forthese hybrids, these cross-strand distances were shorter when the H2 was on theDNA strand (about 3.2 �), and slightly longer when the H2 was located on the RNAstrand (A4H1’-A18H2=3.6 �, A6H1’-A16H2=3.9 �).Rx factor analysis.Sixth-root R factor calculations were carried out for the normal hybrid using fourdifferent starting models (see Materials and Methods). Global Rx factors measuredfor the four starting structures were 0.14, 0.11, 0.10 and 0.09 with the Pure-A, Pure-B,MIXED and CONTROL starting structures respectively, suggesting that our hybrid isbetter fitted with a mixed A-form RNA strand and B-form DNA strand than withpure A-type or B-type double helices. As these structures have not been refined, theglobal Rx values can only be compared qualitatively. However, these global Rxfactors can be decomposed into local intraresidue (n=168) and interresidue (n=141)observables, as well as into per-residue factors. From Figure 4a, where intraresidueRx values are plotted for every nucleotide, the Pure-A starting model fits the RNAstrand better than the Pure-B, except for residue U15. This behavior reverses on theDNA strand, where the Pure-B model agrees well with the data for A4 and T5. ThePure-B model is in significantly better agreement with the structure than Pure-A forall residues except for C1. As the MIXED model takes advantage of being closer to Band A in the DNA and RNA strands, respectively, it manifests better Rx factors bothlocally and globally. For the interresidue distances, the poor fit betweenexperimental data and the Pure-A model along the RNA strand is largely improvedby the MIXED model. Here again, the Pure-B is strongly preferred on the DNAstrand, as well as for the U14-U15 on the RNA strand, which confirms theintraresidue U15 preference for B-type conformation.In summary, analysis of interproton distances and Rx factors suggests that theDNA strand is more B-like and the RNA strand more A-like. This heterogeneity of

13the two strands has been observed previously in backbone-modified andunmodified DNA¥RNA hybrids (Lane et al., 1993, Mujeeb et al., 1997). However, incontrast to a similar DNA¥RNA hybrid (Gonz�lez et al., 1995) with all distancerestraints compatible with riboses in the N-type (C3’-endo) domain, the RNAstrands here exhibit some average interproton distances clearly inconsistent withpure N-type puckering modes. These include 1) H1’-base interresidue distanceswith values typical of B-form, and 2) H1’-H4’ intraresidue and H2’-base inter- andintra-residue distances for which RANDMARDI accurately excludes both the A- andB-type conformations. The H2’-base interresidue, H1’-base intraresidue and H3’-base intraresidue DNA distances lend support to the hypothesis that the centralTATAAT DNA bases are closer to B-type nucleotides than the terminal bases,observed previously in MD-tar simulations in water for a similar sequence(Gonzalez et al., 1995). Significantly, these effects have been correlated with thedecreased minor groove width of DNA¥RNA hybrids relative to DNA duplexes, aswell as extensive deoxyribose repuckering, hypothesized to play a role in recognitionof hybrids by the enzyme RNase H.It is somewhat apparent how both [Rp]-phosphorothioate-containing hybrids andunmodified hybrids could serve as RNase H substrates, given the substantialstructural similarity of all three molecules as determined by these methods.However, it is much less clear why phosphorodithioate-containing hybrids faremuch more poorly as RNase H substrates, given these species share a structuresimilar to that of phosphorothioate-containing and normal hybrids. It is possiblethat dynamic processes, binding thermodynamics, and stabilization of the transitionstate mediated by sulfur could play some role. Additionally, the possibility of subtle,yet functionally significant structural differences beyond the detection limit of thismethod must not be ruled out.ConclusionsWe have examined how global [Rp]-phosphorothioate and phosphorodithioatesubstitutions affect the stability and structure of a model antisense DNAoligonucleotide hybridized with its RNA target. The three DNA¥RNA hybridsstudied showed differences in thermal stability via both UV and NMR spectroscopy.The stability decreases with the degree of sulfur substitution in the DNA backbone.The H3’ chemical shift of the deoxyribonucleotides in each hybrid was shifted

14downfield in a manner that correlated with the degree of sulfur substitution at thephosphoryl moiety. The hybrids also showed unusually broad DNA H2’ and H2"linewidths, suggesting some exchange.A detailed comparison of accurate interproton distances calculated with theprogram RANDMARDI allowed us to conclude that, within the accuracy of ourexperimental method (0.3 �), our three molecules share a common structure. Thesalient features of this structure have been studied by qualitative comparison oflocal sixth-root R factors with model structures, as well as a quantitative analysis ofinterproton distances for the unmodified hybrid. Neither the RNA nor DNA strandis in canonical A or B form. The NOE-derived interproton distances, 2QF-COSYdata and local Rx values clearly suggest that the DNA strand manifestsconformational flexibility, with a larger percentage of B-form characteristics at theAT-rich center of the DNA strand. The 2QF-COSY data are mostly consistent withRNA sugars in C3’-endo conformations (except G11), as already observed for high-resolution solution structures of other hybrids with partial modification of the DNAstrand (Gonzalez, 1994, Mujeeb, 1997). Several interproton distances located in theRNA strand deviate from canonical A form. Importantly, these effects have beencorrelated with the decreased minor groove width of DNA¥RNA hybrids relative toDNA duplexes, as well as extensive deoxyribose repuckering, hypothesized to play arole in recognition of hybrids by the enzyme RNase H. The noncanonical hybridstructure may also play a role in recognition by this enzyme. Although thesubstantial structural similarity of all three molecules suggests how both [Rp]-phosphorothioate-containing hybrids and unmodified hybrids could serve as RNaseH substrates, it remains unclear precisely why phosphorodithioate-containinghybrids should fare much more poorly as RNase H substrates than analogs quitesimilar in conformation. More detailed studies will be required to gain furtherinsights into RNase H-substrate recognition.MATERIALS AND METHODSSample preparation.The [Rp]-phosphorothioate and phosphorodithioate DNA oligomers weresynthesized as described (Ohrustec et al., 1995, Stec et al., 1995). The unmodifiedDNA strand was synthesized via standard phosphoramidate chemistry, and theRNA strand synthesized using a method reported previously (Scaringe et al., 1990).

15Crude oligonucleotides were purified by HPLC in three steps. First was a reversed-phase step using a C18 column with elution via gradient of 5-40% acetonitrile in 100mM triethylammonium acetate increased linearly over 30 minutes. The secondpurification step utilized a Mono Q anion exchange column (Pharmacia LKBBiotechnology). Finally, a gel filtration step with a G3000 (Tosoh) column (21.5 mmi.d. X 600 mm) was performed using a flow rate of 6 ml/min. Samples werereconcentrated by lyophilization and/or using MACROSEP 1K membranes withcentrifugation overnight. The buffer used for all experiments was 0.1 mM EDTA,100 mM NaCl, 20 mM sodium phosphate, pH 6.5. To form the hybrids for NMRexperiments, the DNA and RNA strands were mixed in a 1:1 stoichiometry, heatedto 330 �K, and slowly cooled to room temperature for annealing in an insulatedbottle (total cooling time ~3 hours). Final hybrid duplex concentrations were about3 mM. Two to three steps of further lyophilization were then followed in order toexchange water for D2O. The phosphorodithioate sample was filtered through a z-spin membrane before placement in a 5 mm Shigemi NMR tube.UV melting profiles. Melting profiles were acquired on a CARY 118 spectrophotometer bymeasuring the absorbance at a wavelength of 260 nm as a function of temperature.Samples were heated at a rate of 0.2 �K/minute. Absorbance data were collected at0.2 degree intervals with a signal averaging time of 1-2 seconds. Hybridconcentrations for the UV measurements were in the range of 0.5 - 1 O.D. measuredin quartz cuvettes with a path length of 1 cm. The sample buffer employed in UVmelting studies was identical to that used in NMR experiments (vida supra).Melting transitions for the phosphorodithioate sample were also acquired using ashorter path length cuvette (1 mm instead of 1 cm) to increase the meltingtemperature sufficiently to observe a complete transition curve. We also attemptedto increase the stability of the phosphorodithioate-modified hybrid by increasing theconcentration of MgCl2 in the sample buffer, up to a MgCl2 concentration of 40 mM,while the concentrations of other buffer constituents were held constant.NMR experiments.The NMR experiments were performed at 500 MHz for the phosphorodithioatehybrid and 600 MHz for the unmodified and [Rp]-phosphorothioate hybrids, using

16either a General Electric GN-500 or a Unityplus 600 NMR spectrometer. The NMRdata were processed using the program NMRPipe (Delaglio et al., 1995) on SiliconGraphics workstations, and the files imported into our locally developed NMR dataanalysis program SPARKY for assignment and integration. All 2D NMRexperiments were performed in D2O containing 0.5 mM sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 for chemical shift reference.Pure absorption-phase 2D NOE spectra were acquired in hypercomplex mode witha spectral width of 5,000 Hz in both dimensions and 2048 X 512 data points along thew2 and w1 dimensions, respectively. The phosphorodithioate spectra were acquiredwith a spectral width of 4,000 Hz. Sixteen free induction decay signals (FIDs) wereacquired for each t1 value using a repetition delay of 10 s. The data were apodizedwith a parametric sine-bell function which was applied sharply for assignmentpurposes and somewhat more mildly for integration. The solvent signal wassuppressed by polynomial subtraction, and zero-filling was applied to achieve a finalfile size of 2K X 2K. Baselines were corrected by fitting with a 5th order polynomialequation.Pure absorption-double-quantum-filtered COSY (2QF-COSY) spectra were acquiredin TPPI mode, with 2048 X 512 points, and a spectral width of 5,000 Hz in bothdimensions. The number of scans was 64, the repetition delay was 3 s, and sharpapodization parameters were used during data processing.Spin-lattice relaxation times (T1) were measured via the inversion-recoverymethod using 14 delays between 200 ms and 10 sec. Each FID was repeated 16 times,with a repetition delay of 10 sec. Spin-spin relaxation times (T2) were measured viathe spin-echo method, using 9 delays between 10 and 200 ms. Each FID was repeated16 times, with a repetition delay of 10 s. Six isolated cross peaks were monitored formeasuring T1 and T2, and their line heights M plotted and fitted using the programKaleidagraph with the following exponential decay laws:M=M0*(1-2*exp(-t/T1))(1)M=M0*exp(-t/T2)(2)where t represents time and T1, T2 and M0 are the parameters to fit.

17A single correlation time tc can be estimated from measured T1 and T2 accordingto the following formula (Suzuki et al., 1986):

τ c = 2ω T13T2

(3)where w = 2p x represents the spectrometer frequency.Starting model structures.Four starting models were used for MARDIGRAS calculations. Two of these,designated hereafter as Pure-A and Pure-B, were constructed as canonical A-formand B-form double helices, respectively. A third starting model, designatedhereafter as the MIXED model, was constructed using an A-form RNA strand and aB-form DNA strand. These three models were made using the NUCGEN module ofthe AMBER suite of programs (Pearlman et al., 1991), and energy-minimized withthe SANDER module of AMBER via 400 conjugate gradient steps followed by 100steps using the steepest descent method. A distance-dependent dielectric constantwas used to mimic bulk solvent effects and solvating cations were added ashexahydrated sodium. The fourth starting model for our experiments wasgenerated from the published solution structure of the DNA•RNA hybridd(GCTATAApsTGG)•r(CCAUUAUAGC), which contained a single [Rp]-phosphorothioate modification and a sequence which differed slightly from ours atthe termini (González et al., 1995, PDB accession number 219d). To generate astarting model from this structure, we replaced three base-pairs to give the correctsequence and energy minimized in the neighborhood of the substitutions.From 2D NOE intensities to distance restraints.Once assigned, NOE cross-peaks were integrated with gaussian fitting using theprogram SPARKY. Some peaks were integrated by fitting with an ellipse in caseswhere the baseline was not amenable to gaussian fitting and/or the peaks were ofrelatively low intensity. Cross-peaks on both sides of the diagonal were integratedwherever possible, and the average of the two intensities was used in subsequentMARDIGRAS calculations. The differences between the volumes across the

18diagonal served as an estimate of integration error. For intensity normalization, wecompared two different protocols available within the MARDIGRAS program: 1)normalization using fixed intensities, and 2) normalization using all intensities.Using normalization against fixed intensities, the ten Me-H6 and H5-H6 distancesin the molecule were set as fixed reference distances with values of 2.46 Å and 2.98Å, respectively. Alternatively, normalization against all intensities utilized the sumof all distances as a reference. The results of our comparisons between the threemolecules were negligibly affected by choice of normalization protocol. To accountfor the effects of spectral noise and integration errors, we employed theRANDMARDI option in MARDIGRAS (Liu et al., 1995). Fifty MARDIGRAS cycleswere run for every NOE dataset. A three-state jump model was adopted for methylproton internal motions (Liu et al., 1992).RMS-mardi calculations. To compare MARDIGRAS (or RANDMARDI) lists ofinterproton distances from the different hybrids, we built a program whichevaluates the lists of n distances present in two output files and calculates the root-mean-square deviation between them (rmsd/Å), as well as their average relativedifference (ardiff /%), according to the following formulas:

rms = da (j)- db(j) ( )2

j=1,n∑ n (4)

ardiff = 100n ⋅ 2⋅da (j)- db(j) da (j)+ db(j)

j=1,n∑(5)ωηερε δα ανδ δβ ρεϕερ το τηε ϖαλυεσ ϕορ τηε σαμε ιντερπροτον διστανχε ιν εαχη οϕ τωολιστσ α ανδ β. Τηε προγραμ αλσο προδυχεσ α λιστ οϕ τηε διστανχεσ ωηιχη διϕϕερ βψ μορετηαν α υσερ-δεϕινεδ ϖαλυε ωηεν τηε τωο λιστσ αρε χομπαρεδ. Τηισ αλγοριτημ ωασεμπλοψεδ ιτερατιϖελψ. Ατ εαχη ρουνδ, ουτλψινγ δατα ωερε ρεασσεσσεδ, ανδ ειτηερρεασσιγνεδ ορ ρε-ιντεγρατεδ. Τηισ μετηοδ προϖεδ μοστ υσεϕυλ ϕορ τηε ιδεντιϕιχατιονοϕ μισασσιγνμεντσ, ανδ περμιττεδ τηε χριτιχαλ ρεεϖαλυατιον οϕ τηε ιντεγρατιον οϕ λοωιντενσιτψ πεακσ, ασ ΜΑΡΔΙΓΡΑΣ χαν βε σενσιτιϖε το τηισ σουρχε οϕ ερρορ.Ρξ Φαχτορ Χαλχυλατιονσ. Τηε χομπλετε ρελαξατιον ματριξ προγραμ ΧΟΡΜΑπερμιτσ χομπαρισον οϕ εξπεριμενταλ 2Δ ΝΟΕ ιντενσιτιεσ ωιτη ϖαλυεσ χαλχυλατεδ ϕορ α

19γιϖεν στρυχτυρε. Τηε ϕιτ οϕ εξπεριμενταλ ανδ χαλχυλατεδ ιντενσιτιεσ ισ ρεϕλεχτεδ ιν τηετερμ Ρξ, α ρεσιδυαλ ινδεξ αναλογουσ το τηε χρψσταλλογραπηιχ Ρ ϕαχτορ ωειγητεδαχχορδινγ το τηε σιξτη-ροοτ δεπενδενχε οϕ 2Δ ΝΟΕ ιντενσιτιεσ ον διστανχε (ϑαμεσ,1991):

RX = a0 (i)6 - ac(i)6

i∑ a0 (i)6i∑

(6)ωηερε αο ανδ αχ αρε τηε οβσερϖεδ ανδ χαλχυλατεδ ιντενσιτιεσ, ρεσπεχτιϖελψ. Τηε Ρξϖαλυεσ ωερε χαλχυλατεδ υσινγ αλλ ϕουρ σταρτινγ μοδελσ. Τηε Ρξ ϖαλυεσ ϕορ εαχηινδιϖιδυαλ ρεσιδυε, σεπαρατινγ ιντραρεσιδυε ορ ιντερρεσιδυε οβσερϖαβλεσ, ωερεχομπυτεδ το ασσεσσ τηε χονϕορματιοναλ πρεϕερενχεσ οϕ ινδιϖιδυαλ νυχλεοτιδεσ.

20ΑΧΚΝΟΩΛΕΔΓΜΕΝΤΣ Τηε αυτηορσ ωιση το τηανκ Ηε Λιυ, Νιχκ Υλψανοϖ ανδ Μαρχο Τονελλι ϕορ τηειρϖαλυαβλε ασσιστανχε ωιτη ΜΑΡΔΙΓΡΑΣ ανδ ΡΑΝΔΜΑΡΔΙ χαλχυλατιονσ. ΔαϖιδΚονερδινγ γενερουσλψ ασσιστεδ υσ ιν γενερατινγ σταρτινγ μοδελ στρυχτυρεσ. ΤομΓοδδαρδ προϖιδεδ ϖερψ υσεϕυλ μοδιϕιχατιονσ οϕ τηε προγραμ ΣΠΑΡΚΨ. Φιναλλψ, ωεωιση το τηανκ Ανωερ Μυφεεβ ανδ Πετερ Λυκαϖσκψ ϕορ σηαρινγ τηειρ ινσιγητ ανδεξπερτισε. Ωε αχκνοωλεδγε υσε οϕ τηε ΥΧΣΦ Χομπυτερ Γραπηιχσ Λαβορατορψ, ωηιχηισ συππορτεδ βψ α γραντ ϕρομ τηε Νατιοναλ Ινστιτυτε οϕ Ηεαλτη (ΡΡ01081). Τηισ ωορκωασ συππορτεδ βψ Νατιοναλ Ινστιτυτε οϕ Ηεαλτη γραντ Νο. ΓΜ39247 (το Τ.Λ.ϑ.), τηεΠολιση-Αμεριχαν Μαρια Χυριε-Σκλοδοωσκα Φυνδ ΙΙ γραντ Νο. ΜΖ/ΗΗΣ-95-228 (τοΩ.ϑ.Σ.), α ΧΝΡ (Νατιοναλ Ρεσεαρχη Χουνχιλ)-ΝΑΤΟ γραντ, νοτιχε οϕ χομπετιτιον215.28/16 (το Α.Δ.), ανδ α Σωισσ Νατιοναλ Σχιενχε Φουνδατιον (Φονδσ ΝατιοναλΣυισσε δε λα Ρεχηερχηε Σχιεντιϕιθυε) ϕελλοωσηιπ (το Π. Φ.).

21ΡΕΦΕΡΕΝΧΕΣΒαχηελιν, Μ., Ηεσσλερ, Γ., Κυρζ, Γ., Ηαχια, ϑ. Γ., Δερϖαν, Π. Β., Κεσσλερ, Η., (1998)Νατυρε Στρυχτ. Βιολ. 5, 4429-4443.Χυμμινσ, Λ., Γραϕϕ, Δ., Βεατον, Γ., Μαρσηαλλ, Ω. Σ., & Χαρυτηερσ, Μ. Η. (1996)Βιοχηεμιστρψ 35, 8734-8741.Δελαγλιο, Φ., Γρζεσιεκ, Σ., ςυιστερ, Γ. Ω., Ζηυ, Γ., Πϕειϕερ, ϑ., Βαξ, Α. (1995) ϑ. Βιομολ.ΝΜΡ 6 227-293.Φεδοροϕϕ, Ο. Ψ., Σαλαζαρ, Μ., Ρειδ, Β. Ρ. (1993) ϑ. Μολ. Βιολ. 233, 509-523.Φρειερ, Σ. Μ., Αλτμαν, Κ.-Η. (1997) Νυχλ. Αχιδσ Ρεσ. 25 4429-4443.Γηοση, Μ. Κ., Γηοση, Κ., Δαηλ, Ο., & Χοηεν, ϑ. Σ. (1993) Νυχλειχ Αχιδσ Ρεσ. 21, 5761-5766.Γονζ�λεζ, Χ., Στεχ, Ω., Κοβψλανσκα, Α., Ηογρεϕε, Ρ. Ι., Ρεψνολδσ, Μ., & ϑαμεσ, Τ. Λ.(1994) Βιοχηεμιστρψ 33, 11062-11072.Γονζ�λεζ, Χ., Στεχ, Ω., Ρεψνολδσ, Μ., & ϑαμεσ, Τ. Λ. (1995) Βιοχηεμιστρψ 34, 4969-82.ϑαμεσ, Τ. Λ. (1991) Χυρρ. Οπιν. Στρυχτ. Βιολ. 1, 1042-1053.ϑαροσζεωσκι, ϑ. Ω., Χλαυσεν, ς., Χοηεν, ϑ. Σ., & Δαηλ, Ο. (1996) Νυχλειχ Αχιδσ Ρεσ. 24,829-834.Κοζιολκιεωιχζ, Μ., Κρακοωιακ, Α., Κωινκοωσκι, Μ., Βοχζκοωσκα, Μ., & Στεχ, Ω. ϑ.(1995) Νυχλ. Αχιδσ Ρεσ. 23, 5000-5.Λανε, Α, Εβελ, Σ., & Βροων, Τ. (1993) Ευρ. ϑ. Βιοχηεμ. 215, 297-306.Λεσσερ, Δ. Ρ., Γραφκοωσκι, Α., Κυρπιεωσκι, Μ. Ρ., Κοζιολκιεωιχζ, Μ., Στεχ, Ω. ϑ., &ϑεν-ϑαχοβσον, Λ. (1992) ϑ. Βιολ. Χηεμ. 267 24810-24818.Λινγβεχκ, ϑ., Κυβινεχ, Μ. Γ., Μιλλερ, ϑ., Ρειδ, Β. Ρ., Δροβνψ, Γ. Π., & Κεννεδψ, Μ. Α.(1996) Βιοχηεμιστρψ 35(3), 719-34.Λιυ, Η., Τηομασ, Π. Δ., & ϑαμεσ, Τ. Λ. (1992) ϑ. Μαγν. Ρεσον. 98, 163-175.

22Λιυ, Η., Σπιελμανν, Η. Π., Υλψανοϖ, Ν. Β., Ωεμμερ, Δ. Ε., & ϑαμεσ, Τ. Λ. (1995)ϑουρναλ οϕ Βιομολεχυλαρ ΝΜΡ 6, 390-402.Ματτευχι, Μ. (1996) Περσπεχτιϖεσ ιν Δρυγ Δισχοϖερψ ανδ Δεσιγν 4, 1-16.Μυφεεβ, Α., Ρεψνολδσ, Μ. Α., & ϑαμεσ, Τ. Λ. (1997) Βιοχηεμιστρψ 36(9), 2371-2379.Οκρυσζεκ, Α., Σιερζχηαλα, Α., Φεαρον, Κ. Λ., Στεχ, Ω. ϑ. (1995) ϑ. Οργ. Χηεμ. 60, 6998-7005.Πεαρλμαν, Δ. Α., Χασε, Δ. Α., Χαλδωελλ, ϑ. Χ., Σειβελ, Γ. Λ., Σινγη, Υ. Χ. Ωεινερ, Π., &Κολλμαν, Π. Α. (1991) ΑΜΒΕΡ 4.0, Υνιϖερσιτψ οϕ Χαλιϕορνια, Σαν Φανχισχο.Σχαρινγε, Σ.Α., Φρανχκλψν, Χ., & Υσμαν, Ν. (1990) Νυχλ. Αχιδσ Ρεσ. 18, 5433-5441.Σχημιτζ Υ., Σετησον, Ι., Εγαν, Ω., & ϑαμεσ, Τ. Λ. (1992) ϑ. Μολ. Βιολ. 227, 510-531.Σπιτζερ, Σ., & Εχκστειν, Φ. (1988) Νυχλ.Αχιδσ Ρεσ.16(24),11691-11704.Στεχ, Ω. ϑ., Γραφκοωσκι, Α., Καρωοωσκι, Β., Κοβψλανσκα, Α., Κοζιολκιεωιχζ, Μ.,Μισιυρα, Κ., Οκρυσζεκ, Α., Ωιλκ, Α., Γυγα, Π., & Βοχζκοωσκα, Μ. (1995) ϑ. Αμ.Χηεμ. Σοχ., 117, 12019-12029.Συζυκι, Ε., Πατταβιραμαν, Ν., Ψον, Γ., & ϑαμεσ, Τ. Λ. (1986) Βιοχηεμιστρψ 25, 6854-6865.

23 Ταβλε 1 α: Χηεμιχαλ σηιϕτσ (ππμ) ϕορ ασσιγνεδ προτονσ ιν τηε νορμαλ ηψβριδ ΔΝΑστρανδ. Ιϕ τηε χηεμιχαλ σηιϕτ οϕ τηε σαμε προτον διϕϕερσ βψ μορε τηαν 0.1 ππμ ιν τηε[Ρπ]-πηοσπηοροτηιοατε ορ πηοσπηοροδιτηιοατε αναλογσ, τηε ϖαλυεσ ϕορ εαχη αρερεπορτεδ ιν ιταλιχ ανδ βολδ ιταλιχ, ρεσπεχτιϖελψ.ΒασεΗ1∋Η2∋Η2∀Η3∋Η4∋Η5/Μ7/Η2Η6-Η8Χ15.845.835.732.562.624.624.895.064.115.997.98Χ26.035.935.902.422.552.552.694.774.995.184.244.324.345.647.787.988.07Τ36.035.915.872.482.714.935.055.194.301.621.731.717.65Α46.232.572.874.925.065.254.437.048.138.198.31Τ55.852.222.584.885.025.184.234.274.341.337.25Α66.002.642.775.005.065.214.414.536.518.02Α76.162.522.804.824.965.174.417.657.88Τ85.912.222.322.342.544.794.915.054.211.207.25Χ96.055.945.812.252.564.734.835.004.255.447.537.637.67Χ106.142.102.274.484.054.144.175.397.477.657.75

24 Ταβλε 1 β: Χηεμιχαλ σηιϕτσ (ππμ) ϕορ ασσιγνεδ προτονσ ιν τηε νορμαλ ηψβριδ ΡΝΑστρανδ. Ιϕ τηε χηεμιχαλ σηιϕτ οϕ τηε σαμε προτον διϕϕερσ βψ μορε τηαν 0.1 ππμ ιν τηε[Ρπ]-πηοσπηοροτηιοατε ορ πηοσπηοροδιτηιοατε αναλογσ, τηε ϖαλυεσ αρε ϕορ εαχηρεπορτεδ ιν ιταλιχ ανδ βολδ ιταλιχ, ρεσπεχτιϖελψ. Α δαση δενοτεσ αν υνασσιγνεδ πεακ.Α βλανκ σπαχε δενοτεσ αν ιναππλιχαβλε ασσιγνμεντ.ΒασεΗ1∋Η2∋Η2∀Η3∋Η4∋Η5/Μ7/Η2Η6-Η8Γ115.405.314.734.43-4.147.78Γ125.774.694.614.487.40Α135.934.594.52-4.677.797.78Υ145.424.384.394.435.047.59Υ155.654.674.624.475.608.07Α165.924.454.614.556.918.18Υ175.344.394.494.395.087.63Α185.984.654.724.476.888.08Γ195.454.394.35-4.044.217.13Γ205.814.034.19-4.017.28

25Ταβλε 2: Λινεωιδτη μεασυρεμεντσ (Ηζ) ϕορ χροσσ-ρεσονανχεσ ινϖολϖινγ νον-λαβιλεπροτονσ ϕρομ τηε πηοσπηοροδιτηιοατε 2Δ ΝΟΕΣΨ δατασετ ατ 100 μσ μιξινγ τιμε ανδΤ=20 °Χ. Εαχη ϖαλυε ισ αν αϖεραγε οϕ αλλ χροσσ-πεακσ ασσιγνεδ ϕορ τηε χορρεσπονδινγπροτον. Αϖεραγε ϖαλυεσ ϕορ τηε ΔΝΑ ανδ ΡΝΑ στρανδσ αρε ρεπορτεδ ιν βολδϕαχε.ΒασεΗ1∋Η2∋Η2∀Η3∋Η4∋Η6/Η8Η5/Μ7/Η2Χ121.132.954.233.720.517.714.6Χ227.052.040.134.8-22.414.2Τ318.244.527.528.028.218.113.4Α415.543.837.530.613.812.810.7Τ519.341.038.830.216.917.511.8Α618.136.643.031.314.716.19.9Α716.152.825.925.519.618.912.3Τ817.052.940.823.722.716.512.9Χ919.743.113.425.236.526.216.9Χ1016.237.836.517.524.525.415.7ΔΝΑΑϖγ.18.8±3.443.7±7.035.8±11.128.1±5.221.9±7.219.2±4.313.2±2.2Γ1114.519.526.220.514.2Γ1211.018.524.525.616.1Α1312.422.820.2-15.611.2Υ1414.935.029.6-22.116.1Υ1512.424.031.218.722.614.5Α1612.631.432.530.315.79.3Υ1712.419.130.8-22.316.4Α1812.616.124.723.315.510.4Γ1913.520.026.1-13.6Γ209.717.415.0-12.2ΡΝΑΑϖγ.12.6±1.522.4±6.226.1±5.423.7±4.517.0±3.913.0±3.0

26Ταβλε 3: Ρελαξατιον ανδ χορρελατιον τιμεσ ϕορ τηε πηοσπηοροδιτηιοατε. Ρελαξατιοντιμεσ ωερε οβταινεδ υσινγ ινϖερσιον-ρεχοϖερψ εξπεριμεντσ ϕορ Τ1 ανδ σπιν-εχηοεξπεριμεντσ ϕορ Τ2. Τηε σιξ πεακσ υσεδ ωερε ωελλ-ισολατεδ ιν 1Δ σπεχτρα, περμιττινγαχχυρατε ρελαξατιον τιμε μεασυρεμεντσ ανδ α γοοδ εστιματε ϕορ τηε χορρελατιον τιμευσινγ εθυατιον (3). Βασε ΠροτονΤ1/μσΤ2/μστχ/νσΑ4Η23.6842.4Α6Η23.9772.6Α16Η23.61072.1Α18Η24.3942.5Τ3ΧΗ31.8592.0Τ5ΧΗ31.7761.7<τχ>=2.2±0.3

27Ταβλε 4: Χομπαρισον οϕ νορμαλ, [Ρπ]-πηοσπηοροτηιοατε, ανδ πηοσπηοροδιτηιοατειντερπροτον διστανχεσ. Λιστσ οϕ ιντερπροτον διστανχεσ προδυχεδ βψ ΡΑΝΔΜΑΡΔΙ αρεχομπαρεδ βψ χομπυτινγ τηε ρμσδ (�) βετωεεν προτονσ ιν τωο λιστσ, τηειρ αϖεραγερελατιϖε διϕϕερενχε, ανδ τηε νυμβερ οϕ ιντερπροτον διστανχεσ διϕϕερινγ βψ μορε τηαν10%. Τηε ρεϕερενχε χορρεσπονδσ το α χομπαρισον οϕ 100 μσ ανδ 150 μσ σπεχτρα οϕ τηεσαμε μολεχυλε (πηοσπηοροδιτηιοατε; σεε τεξτ).ΣτατιστιχαλΠαραμετερΡεϕερενχεΧομπαρισονΝορμαλ ϖσ.[Ρπ]Νορμαλ ϖσ.Διτηιοατε[Ρπ] ϖσ.ΔιτηιοατεΝο. ΧομμονΔιστανχεσ175148169132ΡΜΣΔ (�)0.310.220.180.25Αϖγ. Ρελ. Διϕϕ. (%)7.74.944.135.87>10%5711724

28Ταβλε 5: Εξπεριμενταλ ιντερπροτον διστανχεσ (�) ϕορ τηε υνμοδιϕιεδ ηψβριδ.Αϖεραγε ϖαλυεσ ϕορ τηε ΔΝΑ ανδ ΡΝΑ στρανδ αρε γιϖεν σεπαρατελψ ϕορ εαχη τψπε οϕιντερπροτον διστανχε, ωιτη χανονιχαλ Α- ανδ Β-ϕορμ ϖαλυεσ ταβυλατεδ ϕορχομπαρισον. Ιντρα-ρεσιδυε ανδ ιντερ-ρεσιδυε διστανχεσ αρε λαβελεδ ιντρα ανδ ιντερ,ρεσπεχτιϖελψ. Στανδαρδ δεϖιατιονσ αρε αδδεδ ωηεν στατιστιχαλλψ ρελεϖαντ. Τηε ΡΝΑανδ ΔΝΑ στρανδσ χονταιν σομε διστανχεσ τψπιχαλ οϕ χανονιχαλ Α-ϕορμ ανδ Β-ϕορμ,ρεσπεχτιϖελψ, συχη ασ τηε ΔΝΑ Η2∀-βασε ιντρα-ρεσιδυε ανδ τηε ΡΝΑ Η3∋-βασεδιστανχεσ. Ηοωεϖερ, οϖεραλλ τηε αϖεραγε διστανχεσ δεϖιατε διστανχε ϕρομ βοτη Α ανδΒ ϕορμ ρεϕερενχεσ, συγγεστινγ α χονϕορματιον τηατ μαψ βε χηαραχτεριζεδ ασ νειτηερ Β-ϕορμ, νορ Α-ϕορμ.ΔιστανχεΔΝΑ Αϖγ.ΡΝΑ Αϖγ.Α-ΔΝΑΒ-ΔΝΑΗ1∋-Η4∋ ιντρα2.9±0.23.13.32.8Η2∋-βασε ιντερ2.8±0.32.6±0.12.03.9Η2∋-βασε ιντρα2.7±0.23.3±0.33.82.2Η3∋-βασε ιντερ3.5±0.32.9±0.23.04.6Η3∋-βασε ιντρα3.1±0.32.8±0.12.84.5Η2∀-βασε ιντερ2.9±0.2-3.82.1Η2∀-βασε ιντρα3.3±0.5-4.53.5Η1∋-βασε ιντερ3.3±0.33.3±0.14.63.5Η2-Η2 ιντερ3.7-4.83.6Η5-Η5 ιντερ-3.53.74.7Η5-Με ιντερ3.4-3.34.7Με-Η5 ιντερ3.9-4.3-

29ΦΙΓΥΡΕ ΧΑΠΤΙΟΝΣΦιγυρε 1 - Συγαρ-πηοσπηατε βαχκβονε μοδιϕιχατιονσ εξαμινεδ ιν τηισ στυδψ. Τηετηρεε μολεχυλεσ σηαρε τηε σαμε υνμοδιϕιεδ πηοσπηοδιεστερ ΡΝΑ στρανδ.Μοδιϕιχατιονσ (1β, 1χ) οχχυρ ον τηε ΔΝΑ στρανδ.Φιγυρε 2 - Τηε ΡΝΑ∞ΔΝΑ ηψβριδ σεθυενχε. Τηε χεντραλ Πριβνοω βοξ σεθυενχε ισϕλανκεδ ον τηε 5∋ ανδ 3∋ ενδσ βψ τωο Γ∞Χ βασε-παιρ χλαμπσ.Φιγυρε 3 - Ηψβριδ μελτινγ προϕιλεσ. Νορμαλιζεδ λινε ηειγητσ ιν 1Δ ΝΜΡ σπεχτραωερε μεασυρεδ υσινγ ωελλ-ισολατεδ Α6Η2 προτον σιγναλσ. Λινε ηειγητσ αρε πλοττεδ αϕυνχτιον οϕ τεμπερατυρε ϕορ τηε υνμοδιϕιεδ (σθυαρε), πηοσπηοροτηιοατε (τριανγλε)ανδ πηοσπηοροδιτηιοατε (διαμονδ) αναλογσ. Ασ τηε τεμπερατυρε εξχεεδεδ τηεμελτινγ ποιντ (Τμ), τηε Α6Η2 πεακ ιντενσιτψ δεχρεασεδ. Ρεδυχινγ τηε τεμπερατυρεβελοω Τμ, τηε ιντενσιτψ ρεαχηεδ α πλατεαυ. Χυρϖεσ σηοων αρε πολψνομιαλ ϕιτσ το τηεδατα. Δυε το τηε ϖαριατιον ιν νυχλειχ αχιδ χονχεντρατιον, Τμσ οβταινεδ βψ Υς διϕϕερβυτ, σηοω τηε σαμε οϖεραλλ τρενδ ιν ηψβριδ σταβιλιτψ.Φιγυρε 4 - Τηε 100 μσ ΝΟΕΣΨ σπεχτρυμ ϕορ τηε πηοσπηοροδιτηιοατε-μοδιϕιεδηψβριδ. Τηε βασε-Η1∋ ρεγιον ισ δισπλαψεδ, ωιτη ωαλκσ ϕορ τηε ΔΝΑ στρανδ ουτλινεδ βψα σολιδ λινεσ. Τηε ΡΝΑ στρανδ ωαλκ ισ ινδιχατεδ βψ α δασηεδ λινε. Σεϖεν στρονγ Η5-Η6 χροσσ-πεακσ αλσο ρεσιδε ιν τηισ ρεγιον. Σινχε τηε ΔΝΑ Η3∋ προτονσ ϕορ τηισπαρτιχυλαρ πηοσπηοροδιτηιοατε μολεχυλε ωερε στρονγλψ δοωνϕιελδ-σηιϕτεδ τοωαρδστηε Η1∋σ, ανοτηερ ΔΝΑ ωαλκ αλονγ τηε βασε-Η3∋ προτονσ χαν βε οβσερϖεδ. Ισολατεδχροσσ-πεακσ υπϕιελδ ϕρομ τηε βασε προτονσ χορρεσπονδ το σεθυεντιαλ ορ χροσσ-στρανδΗ2∋-Η1∋ χοννεχτιϖιτιεσ. Ιντρα-ρεσιδυε ριβοσε-βασε ΝΟΕσ οϕ τερμιναλ ρεσιδυεσ αρελαβελεδ.Φιγυρε 5 - Χομπαρισον οϕ ιντερπροτον διστανχεσ ασ α ϕυνχτιον οϕ βασε σεθυενχε.Ιντερπροτον διστανχεσ ϕορ τηε νορμαλ ηψβριδ (σθυαρεσ), τηε [Ρπ]-πηοσπηοροτηιοατε(τριανγλεσ) ανδ τηε πηοσπηοροδιτηιοατε (διαμονδσ) αρε πλοττεδ. Τηε ΜΙΞΕΔ μοδελδιστανχε ισ ινχλυδεδ ϕορ χομπαρισον (Ξ∋σ). Α. (τοπ πανελ) Τηε Η1∋-βασε ιντερρεσιδυεδιστανχεσ αρε ηομογενεουσ αλονγ τηε ωηολε μολεχυλε (ΔΝΑ=3.3±0.3 �,ΡΝΑ=3.3±0.1 �), συγγεστινγ Β-ϕορμ γεομετρψ ϕορ τηε ηψβριδ δυπλεξ (τηε χανονιχαλΒ-ϕορμ Η1∋-βασε διστανχε ισ 3.5�). Τηε νοτε τηατ τηε ΜΙΞΕΔ Α-ϕορμ/Β-ϕορμ μοδελ

30σηοωσ χανονιχαλ Α-τψπε γεομετρψ ιν τηε ΡΝΑ. Β. (χεντερ πανελ) Τηε Η2∋-βασε ιντερ-ρεσιδυαλ ιντερπροτον διστανχεσ σηοω α χλεαρ προϕιλε αλονγ τηε ΔΝΑ στρανδ. Τηισπροϕιλε μαψ βε χορρελατεδ το α λαργερ περχενταγε οϕ Σ-τψπε δεοξψριβοσεσ ιν τηε ΑΤ-ριχηχεντερ οϕ τηε ΔΝΑ στρανδ ρελατιϖε το τηε τερμιναλ βασεσ (σεε τεξτ). Τηε ΜΙΞΕΔ μοδελσηοωσ Η2∋-βασε σεθυεντιαλ διστανχεσ τψπιχαλ οϕ Α-τψπε γεομετρψ. Φορ τηε ΡΝΑστρανδ, τηισ διστανχε σιγνιϕιχαντλψ δεϖιατεσ ϕρομ τηε χανονιχαλ Α-ϕορμ (2.1�).Χ.⊇(βοττομ πανελ) Τηε Η3∋-βασε ιντρα-ρεσιδυε διστανχεσ σηοω α σιμιλαρ, τηουγη λεσσπρονουνχεδ, προϕιλε ασ ϕορ τηε Η2∋-βασε ιντρα-ρεσιδυεσ, χονϕιρμινγ τηε Β-ϕορμπρεϕερενχε ϕορ τηε ΔΝΑ χεντραλ βασεσ.Φιγυρε 6 - Ρεσιδυαλ Ρξ-ϕαχτορσ. Χονϕορματιοναλ πρεϕερενχεσ οϕ ινδιϖιδυαλνυχλεοτιδεσ αρε σηοων ϕορ τηε Πυρε-Α (βλαχκ βινσ), Πυρε-Β (ωηιτε βινσ) , ανδ ΜΙΞΕΔ(γραψ βινσ) μοδελ χονϕορματιονσ. Ον τηε ξ-αξισ, τηε νυμβερ(σ) οϕ τηε ρεσιδυε(σ)ινϖολϖεδ αρε ϕολλοωεδ βψ τηε νυμβερ οϕ εξπεριμενταλλψ οβσερϖεδ διστανχεσ υσεδ ιντηε Ρξ εστιματιον, γιϖεν ιν παρεντηεσεσ. Α γοοδ ματχη ηασ α λοω Ρξ ϖαλυε. Α. (τοππανελ) Ιντρα-ρεσιδυαλ Ρξ ϕαχτορσ, βεττερ-συιτεδ το ασσεσσ συγαρ χονϕορματιον, ινδιχατεχλεαρ πρεϕερενχεσ βοτη ϕορ Β-τψπε ΔΝΑ δεοξψριβοσεσ ανδ Α-τψπε ΡΝΑ ριβοσεσ. Β.(βοττομ πανελ) Ιντερ-ρεσιδυαλ Ρξ ϕαχτορσ χονϕιρμ τηε Β-τψπε πρεϕερενχε ϕορ τηε ΔΝΑστρανδ, βυτ ρυλε ουτ τηε Πυρε-Α χονϕορματιον ϕορ τηε ΡΝΑ στρανδ, ασ εξπεχτεδ ϕρομτηε πρελιμιναρψ αναλψσισ οϕ ιντερπροτον διστανχεσ (σεε τεξτ). 31 -ΨΞΠΟΒασε

Βασε

3∋5∋ΣΒαχκβονε Λινκαγε πηοσπηατε

[Ρπ]-πηοσπηοροτηιοατε πηοσπηοροδιτηιοατε

#1α1β1χΞΨΟΣΦιγυρε 1

3212345678910ΔΝΑ5∋-ΧΧΤΑΤΑΑΤΧΧ-3∋ΡΝΑ3∋-ΓΓΑΥΑΥΥΑΓΓ-5∋20191817161514131211Φιγυρε 2 33 00.5151015202530354045

Normalized Line HeightT/�CFigure 3 34

Figure 4

352.533.544.555.505101520Residue No.Distance (�)22.533.5405101520Residue No.Distance (�)2.52.72.93.13.33.53.705101520Residue No.Distance (�)Figure 5

360.000.050.100.150.200.250.300.351(11)2(9)3(16)4(11)5(12)6(12)7(8)8(10)9(13)10(16)11(4)12(6)13(3)14(4)15(6)16(6)17(5)18(7)19(4)20(5)Residue (No. of Distances)RX0.000.050.100.150.200.250.300.351-2(6)2-3(8)3-4(5)4-5(13)5-6(5)6-7(8)7-8(9)8-9(10)9-10(9)11-12(3)12-13(4)13-14(7)14-15(6)15-16(4)16-17(8)17-18(4)18-19(8)19-20(5)Residue Pair (No. of Distances)RXFigure 6 37