J. Am. Chem. So@000,122,10109-10114 10109

Geometry and Strength of Hydrogen Bonds in Complexes of
2'-Deoxyadenosine with'2Deoxyuridine

Anita Dunger, Hans-Heinrich Limbach, and Klaus Weisz*

Contribution from the Institut fuChemie, Freie Uniersita Berlin, Takustrasse 3,
D-14195 Berlin, Germany

Receied February 28, 2000. R&sed Manuscript Receed June 28, 2000

Abstract: NMR studies have been performed on the associatior,Bf@-O-acetyl-2-deoxyuridine with a
2'-deoxyadenosine derivative in solution. Using a CDZIPFR; solvent mixture, measurements at very low
temperatures allowed the observation of individual complexes in the slow-exchange regime. From 2D NOE
connectivities of the imino proton resonances at 125 K the predominant species could be assigned to-a Watson
Crick geometry. However, concentration-depend€ht chemical shifts of specifically labeled uridine and
adenosine nucleosides indicate a considerable population of Hoogsteen base pairs at ambient temperatures.
These results together with a more downfield chemical shift of the WatSoick bound imino proton point

to a stronger hydrogen bond in Watse@rick when compared to Hoogsteen base pairs.

Introduction Crick geometry as is mostly found in DNA and RNA oligomers

The specific association of nucleobases driven by hydrogen Put are rather hydrogen bonded in a Hoogsteen configuration.
bonding is not only fundamental to such important biological A More stable Hoogsteen orientation was also obtained from
processes such as replication and transcription but also a majof@iculations in the gas pha¥:but other theoretical investiga-
determinant of nucleic acid structure. Thus, Wats@nick tions yielded four nearly isoenergetic orientations for theTA
pairing between the adenine (A) and the uracil (U) or thymine base paif° Howgver, because of the speuah;ed environment
(T) base constitutes a structural key element in most double- ©f the crystal or in the gas phase, no conclusions can be drawn
stranded RNA and DNA. However, owing to their multiple S to the preferred geometry under solution conditions. Previous
proton donor and acceptor sites, base pairing schemes involvingStudies on the association of A with U or T nucleobases have
two hydrogen bonds other than a canonical WatsBrick considerably contributed to our current understanding of base
geometry are conceivable for A and U(T). In fact, duplex DNA Pair stabilities in nonpolar or_moderately pol_ar solvefts.
with reversed WatserCrick! or Hoogsteen hydrogen bondifg' However, they failed to unambiguously determine the preferred
has been shown to form under appropriate conditions. But geometries due to their inherent limitations. Thus, IR measure-
knowing the relative stability and the preferred conformation ments ofpen suffer from poor r.esolu@lon pf V|br.at|ona| papds
of such complexes is important not only for understanding and pOSS|bI_e vibrational coupling. _L|keW|se, W|t_h coexisting
nucleic acid structure but also for the rational development of COMPIexes in fast exchange and without a precise knowledge

new technologies which are based on molecular recognition. ©f the hydrogen-bonding perturbation on the electron distribu-

These include the use of DNA specific ligands such as antisensel®" NMR chemical shift data do not permit a rigorous analysis

and antigene oligonucleotidesr the design of self-assembling 1N terms of specific geometries at ambient temperatures.

molecules and synthetic host compounds which utilize AU(AT) Consequently, preferred configurations of AU or AT base pairs

base pairs as organizational or recognition elenénts. could only be indirectly inferred from the available solution
An early crystal structure of 9-ethyladenine and 1-methyl- dat@ and have provided a qualitative picture at most.

uracil demonstrated that the bases are not arranged in a Watson W€ have recently employed a NMR technique at very low
temperatures with a deuterated Freon mixture CRICIBF;
* To whom correspondence should be addressed.
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observed and unambiguously characterized in solution for the
first time. We now present NMR studies on the association of

adenosine and uridine derivatives at low and ambient temper-
atures to further explore the strength and preference of hydrogen
bonding in the formed heterocomplexes.

Methods

NMR experiments were performed on a Bruker AMX500 spectrom-
eter. Temperatures were adjusted by a Eurotherm Variable Temperature
Unit to an accuracy of=1.0 °C. *H chemical shifts in chloroform at
293 K were referenced relative to CHGbn = 7.24 ppm) and in a
Freon mixture relative to CHCHHoOw = 7.13 ppm). FofN chemical
shifts an external reference BNH,Cl in 10% HCI was useddy = 0
ppm). Signal integrals were determined with a Lorentzian curve fitting
routine of the UXNMR software package. Concentration-dependent
chemical shifts were fitted with an appropriate equation by employing
the MarquardtLevenberg algorithm. Electrostatic potentials were
calculated with PC SPARTAN Pro V1.0.1.

Materials

reverse Watson-Crick

Dunger et al.

Watson-Crick Hoogsteen

" U

reverse Hoogsteen

Figure 1. Possible base pairing geometries of uridine and adenosine

Reagents of the highest quality available were purchased from Sigma-derivatives.

Aldrich, Deisenhofen, Germany. [3N]-3',5'-Diacetyl-2-deoxyuridine
was prepared from unlabelet@oxyuridine as described previously
and 7-deaza‘aleoxyadenosine (Zleoxytubercidin) was obtained from
Berry & Associates, Inc., Ann Arbor, MFNH,Cl was purchased either
from Chemotrade, Leipzig (95% of label), or Deutero GmbH, Kastel-
laun (99% of label). All reactions were controlled by TLC on silica
gel plates (Merck silica gel 60:F). If necessary, solvents were dried
by standard procedures prior to use. The deuterated Freon mixture
CDCIR,/CDF; was prepared as descriBédnd handled on a vacuum
line which was also used for the sample preparation.
[7-1°N]-2'-Deoxyadenosine [7-1°N]-2'-Deoxyadenosine was syn-
thesized with minor modifications according to literature procedtfres.
Starting with 4,6-diaminopyrimidine [AN]-adenine was prepared in
three steps. Subsequent conversion of the adenine base to the deoxy-
ribonucleoside was carried out by an enzymatic transglycosylation
reaction using thymidine as the glycosyl donor.
[8-D]-2'-Deoxyadenosine 2'-Deoxyadenosine (2 g, 8 mmol) was
dissolved in RO (30 mL) and heated to 10C. After 6 h H/D exchange
was found to be complete by NMR.
O-Silylation of 2'-Deoxyribonucleosides.The nucleosides were
O-silylated with triisopropylsilyl chloride essentially as describ&the
dry 2-deoxyribonucleoside (0.5 mmol) was mixed with DMF (1 mL),
imidazole (204 mg, 3 mmol), and triisopropylsilyl chloride (290 mg,
1.5 mmol). The reaction mixture was stirred for several hours at room
temperature, subjected to column chromatographyA%€,Cl,/MeOH
8:2), and finally purified by HPLC (Si© CH,Cl,/MeOH 95:5).

NH chemical shift 6/ ppm

Figure 2.
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Imino proton chemical shift of'¥F'-di-O-acetyl-2-deoxy-
uridine (filled circles) and ‘¥ -di-O-acetyl-2-deoxy-4-thiouridine (open
squares) as a function of the3-diacetyl-2-deoxyadenosine concentra-

tion in CDCk at 293 K. Adenosine in the binary mixture was present

Results

NMR Measurements at Ambient Temperatures. The

in a 50-fold and 35-fold excess, respectively. Lines represent the least-
squares fit.

adenine and uracil base in nucleosides can associate in foumridine and 2deoxy-4-thiouridine {"°U) we measured con-
different geometries with two connecting hydrogen bonds. centration-dependent imino proton chemical shifts of the pyri-
Depending on the use of the N-1 or N-7 nitrogen of adenine as midine base in a mixed chloroform solution (Figure 2). The
proton acceptor, WatsetCrick and Hoogsteen arrangements sulfur atom in the 4-thio analogue was shown to be inferior to
are formed, respectively. Likewise, substituting the O-4 with oxygen as hydrogen bond acceptor and is not expected to be
the O-2 carbonyl oxygen of the pyrimidine base as proton significantly involved in hydrogen bondirfgwhile the forma-
acceptor in a hydrogen bond to the adenine amino group resultstion of U, (°U,) homodimers and AbJ(Athi°U,) trimers can

in the formation of reverse configurations (see Figure 1).

be neglected by using a large excess of adenosine, the

To obtain reliable association constants for base pair forma- association constant for adenosine self-pairing was initially

tion between di-O-acetylated-8eoxyadenosine with 2leoxy-
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determined by concentration-dependent measurements of the
adenine amino proton chemical shift and found to be 2.3 M
(not shown). Although small, this self-association was explicitly
taken into account for fitting the experimental data of the
mixture. Also, knowing the limiting chemical shift of the imino
proton in a monomer a— 0 from the self-association studies

on the uridine derivatives leaves only two adjustable parameters
for the fitting procedure, namely the association constant for
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Figure 3. 7-15N (squares) and 3N (circles) chemical shift as a Tt
function of concentration in a 1:1 mixture of,3-diacetyl-[745N]-2'- 17 15 13 11 ppm
deoxyadenosine and,3-diacetyl-[34°N]-2'-deoxyuridine in CDG at Figure 4. 'H NMR spectra of a mixture of' & -di(triisopropylsilyl)-
293 K. Note that the solid lines do not represent fitted curves and only 2'-deoxyadenosine and,3-di-O-acetyl-2-deoxyuridine in Freon show-
connect experimental data points. ing the imino proton spectral region as a function of temperature.

the heterodimer formation and the limiting chemical shift of Substituting acetyl with triisopropylsilyl protecting groups has
the imino proton in a heterodimer at infinite concentration. The peen found advantageous for enhancing adenosine solubility in
association constant thus obtained from the least-squares fitihis solvent especially at lower temperatures. Nevertheless, upon
amounts toKay = 70 mol* for AU base pair formation,  decreasing the temperature of a 1:1 mixture bE &li(tri-
COﬂSIdel’ab|y hlghel‘ than the equﬂlbl’lum COﬂStant measured fOI‘ isopropylsi|y|)_2_deoxyadenosine and the protectédjeoxy_
the uridine homoassociatiénWith the ""°U derivative the ridine, the purine nucleoside partially precipitates leaving the
association constant was determined to be 37-fnabout half highly soluble uridine in excess. In Figure 4, imino resonances
the value found for the AU base paiKay is in excellent  of an A + U mixture in Freon are plotted as a function of
agreement with previously determined values of AU base pair emperature. As has been observed for the homoassociation of
formation* However, even given the different base substituents e rigine derivatives, the imino signal shifts downfield upon
and slightly different temperatures in our study the association cooling due to increased formation of hydrogen-bonded com-
constant for adenosinghiouridine dimerization is considerably plexes. Below the coalescence point at 163 K individual imino
smaller when corglpared to a value of about 90 Theéported  oonances in slow exchange on the chemical shift time scale
from IR method§._ . . . appear in the'H NMR spectrum. Apparently, these include
The concentration-dependéht chemical shift of the imino signals of imino protons in AU complexesaHind Hs at 15.1
proton dloes not allow any evaluation of predomingr]t painng 54143 ppm and resonances & higher field, which can be
geometries because of fast exchange between individual COM-attributed to the homodimers of excess uridine by comparison

ﬁleézzs'adtesgriofé .:If(z) \;Vri\ggnuas&g tiﬂ?gg?:{-f:ifod de c)fwith previous experiment&? Signal integration at 138 K gives
u ' ' : : u lati an intensity ratio lH:Hg of about 4.5:1.

base pairs at room temperature can be obtained. In Figure 3, ) . i
Assignment of the AU imino protons to Watse@rick or

the 1N chemical shift of a 1:1 mixture of di-O-acetylated - i !
[7-15N]-2'-deoxyadenosine and [3N]-2'-deoxyuridine in chlo- ~ Hoogsteen geometries should be easily accomplished through

roform is plotted as a function of nucleoside concentration. As ‘H—*H NOE contacts of the imino resonances at low temper-
expected for an imino group involved in a hydrogen bond, the atures. From Figure 1 it becomes apparent that for the Watson
uridine 345N resonance is shifted downfield upon increasing Crick configuration NOE cross-peaks are expected between the
the nucleoside concentration. Concomitantly, a smaller but hydrogen-bonded imino and H2 and amino protons of adenine.
nevertheless pronounced upfield shift of the adenosid@7-  On the other hand, in addition to the iminamino contact there
nitrogen indicates its participation as acceptor in a hydrogen is @ close spatial proximity between the imino and the adenine
bond. Apparently, Hoogsteen-type base pairs are formed inH8 proton in a Hoogsteen base pair. Note thét-'H NOE's
significant amounts at room temperature. However, because thedo not easily allow one to distinguish between normal and
influence of base pair formation on the!SN chemical shiftis ~ reverse geometries. As seen from Figure 5 (left), adenosine H2
not known in detail, the relative population of Hoogsteen and H8 protons are clearly resolved at higher temperatures.
geometries cannot be quantified by the availdbi: data. Unfortunately, the two signals broaden and merge around the

Low-Temperature NMR Measurements. To gain further coalescence temperature preventing an unambiguous resonance
insight into the presence and population of AU pairing assignment at lower temperatures. Thus, to exclude any potential
geometries, low-temperature NMR measurements have to beNOE contact between H8 and Hoogsteen bound uridine imino
performed on the complexes in a deuterated Freon mixture. protons, the adenosine derivative was selectively deuterated at

(14) Nagel, G. M.. Hanlon, SBiochemistryl972 11, 823-830. |lt:| ,Eil-'\;jloRsmon. No residual H8 resonance was ob_served in t_he

(15) Kyogoku, Y.: Lord, R. C.; Rich, AProc. Natl. Acad. Sci. U.S.A. spectrum at 203 K after deuteration as illustrated in
1967, 57, 250-257. Figure 5 (bottom right).
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M A U S i 2'-deoxyadenosine in Freon showing the imino proton spectral region.
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Figure 5. 'H NMR spectra of a mixture of 'F-di-O-acetyl-2- be observed possibly due to its low intensity. Also, low-

deoxyuridine with nondeuterated (left) and 8-deuterated (righ)-3 temperature NMR measurements dvf-methyl-2-deoxy-
di(triisopropylsilyl)-Z-deoxyadenosine in Freon. Base and sugar proton adenosine suggest a significant line broadening at decreasing
spectral regions are shown at 138 (top) and 203 K (bottom) with adenine temperature of the adenine H8 resonance when compared to

H2, H8 and uracil H6 protons indicated. adenine H2 further obstructing observation of a potential
Hoogsteen imino-H8 contact.
3 %}Nm A tentative assignment of resonancgtd a Hoogsteen bound
Q& H2 imino proton is supported by low-temperature measurements
R on a mixture of 2deoxyuridine with 7-deaza-2leoxyadenosine

: (Figure 7). Again, separate imino signals between slowly

L exchanging hetero- and homodimers appear in the spectra below
the coalescence temperature at 173 K. However, only a single
imino resonance at 15.5 ppm downfield shifted with respect to
the signals of the homodimers is observed in theNMR

e 6 spectrum for the heterodimer between the 7-deaza-analogue and
e b ~He uridine. Clearly, substituting N7 with CH in 7-deaza-2
deoxyadenosine eliminates the Hoogsteen hydrogen bond ac-
r13 ceptor site leaving only the possibility of forming a Watson
Crick base pair.
© - He Discussion
@ 933 ;1: Geometry of AU ComplexesThe results obtained from the
A one- and two-dimensional NMR experiments described above
, : : : . : : unambiguously show that the Watse@rick AU base pair
15 13 11 9 ppm predominates at low temperatures with a population of about
Figure 6. Portion of a 2D NOE spectrum of 8-di-O-acetyl-2- 80%. Although there is no observable NOE contact, assignment
deoxyuridine and 8-deuterated ,®-di(triisopropylsilyl)-2-deoxy- of the low-intensity resonancegHo an AU imino proton in a
adenosine in Freon showing cross-peaks of imino and base protons.Hoogsteen configuration is clearly indicated by its absence for
The spectrum was acquired at 125 K with a 50 ms mixing time. the associates formed by U with 7-deaza-A. Note also that

changing a WatsonCrick for a Hoogsteen base pair requires

A portion of a 2D NOE spectrum of a mixture of-2 the disruption of both hydrogen bonds in the cyclic dimers
deoxyuridine with the 8-deuterated adenosine nucleoside at 125whereas homodimers of uridine can interconvert via the
K is shown in Figure 6. Whereas imino resonances of uridine asymmetric O204 homodimer by breaking only one hydrogen
homodimers K clearly exhibit strong exchange cross-peaks at bond at a time. Consequently, the temperature-dependent imino
this temperature, no exchange cross-peaks for the two downfieldproton spectra in Figure 4 illustrate that homodimers of uridine
shifted imino resonancesaHand H; are observed. However, a  are in much faster mutual exchange at a given temperature than
strong cross-peak of resonancg iust originate from a NOE AU heterocomplexes which are already in slow exchange at
contact to H2 and unambiguously identify an imino proton < 138 K as evidenced by signalspHand Hs. This is also
engaged in a AU WatserCrick hydrogen bond. Additional ~ demonstrated by the presence and absence of exchange cross-
weaker cross-peaks connect this imino signal with the two peaks for the homo- and heterodimers in the 2D NOE spectrum
adenine amino resonances whose identification is based onacquired at 125 K.
deuterium exchange experiments. Corresponding cross-peaks Population differences between Watsdbrick and Hoogs-
having the same intensity within experimental error are also teen geometries appear to diminish at higher temperatures. The
observed in a 2D NOE experiment with a nondeuterated 15N chemical shift of adenine N-7 used as a probe for Hoogsteen
adenosine nucleoside (spectrum not shown). Although anhydrogen bonding in the fast exchange limit depends on both
additional NOE contact to adenine H8 is expected for a the population of Hoogsteen base pairs and the nitrogen
Hoogsteen bound imino proton in the nondeuterated sample,chemical shift difference in a monomer and a N-7 hydrogen-
no NOE cross-peak to the imino resonanggsitil4.3 ppm could bonded dimer. Thus, without knowledge of the N-7 limiting
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chemical shifts the Hoogsteen population can be only qualita- Table 1. *H Chemical Shifto (ppm) and'Juy in Hz of the Uridine
tively evaluated on the basis of the concentration-deperifent K’&'”O G_rou%'rt‘ '”d_'V'd(;J‘?" H°Fm°‘ ar’\‘/lq ?eterodémerssi W'”& N
chemical shift of the purine base. The available data at 293 K ‘/A2€N9sine Determined in a Freon Mixture under slow Exchange

) A N Conditions
point to a significant contribution of N-7 as hydrogen acceptor - - -
in AU complexes in line with previous studies suggesting that homodimet heterodimer with A
both Watsonr-Crick and Hoogsteen sites have about equal geometry 6 (*H) Jun geometry o (*H) Dy
affinity for uracil binding!#16:17 02-04 1236 91 WatsonCrick 15.10 80

There is no easy way to discriminate between AU base pairs 04—-04 12.24 91 WatsonCrick 14.3-14.9 85.2-86.4
with the 2-carbonyl or the 4-carbonyl oxygen of the pyrimidine 02-02 11.84 91 Hoogsteen 14.32 84
base engaged in hydrogen bondingHy-*H NOE experiments. ~ ©2-04 11.72 91 Hoogsteen 13838 85.8-87.0
Previous'3C NMR studies pointed to a participation of both aFrom ref 9. Data of AT base pairs in an intramolecular DNA
carbonyl groups as proton acceptdhut 170 NMR chemical triple helix were taken from ref 24.

shifts in AT base pairs were interpreted in favor of reverse

geometried? In the present studies no additional imino proton | ! 4el. the hvd bond hould i
resonances which may be attributed to coexisting normal and &'ectrostatic mode, the hydrogen bond energy should increase

reverse geometries are observed at low temperatures for the AUAS the donor becomes more acidic and the acceptor becomes

complexes. This may result from (i) the participation of only more _basmhdue to anhlnc(;ease in gartlal positive andﬁ%arlual
one uridine carbonyl in hydrogen bonding forming solely one negative charge on the donor and acceplor, respectively.

type of geometry or (ii) to corresponding resonances being Correspo.ndllngly, the qbserved ordefHfNMR chemlcal Sh'f.ts
isochronous and therefore not resolved. The latter possibility is fo'r the U imino protqn in the heterogomplexes 1S fully consistent
not only supported by the equal participation of both uridine with the electrostatic potentlal-derl\_/e_d_ negative _charge on the
carbonyls as proton acceptor in the uridine homodifosit acceptor atom as obtained from ab initio calculations at the HF/
also by the association constant found for base pair formation 6-31G(d) level of the 1-methylated purine base: N-1 (7-deaza-
between adenosine and uridine as well as adenosine and® = N-1(A) > N-7 (A?' . .
4-thiouridine. Thus, the equilibrium constant for adenosine Recently, two-bond internucleotide scalar couplirfs

uridine dimerization as found by concentration-dependent ac:joss a Eydrotg);en bobnd :\%\é\gati:ﬁmk ctj)age pﬂirs of RNA
chemical shifts is larger by a factor of 2 when compared to the a1d DNA have been observetand extended to the Hoogsteen

association constant as determined for the adeneditibio- base pairs of a DNA trlple heli In addition to a strong
uridine complex. Disregarding large differences in stability for correla_lthn between the_ size %NN and the'H chemical shift

the individual base pairs, the statistical disadvantage of forming of the imino proton, a similar but inverse depender)cy was also
only reverse base pairs with the 4-thio analogue may accountfoundszr the covalentiys sca]ar couplmg of th.e imino group
for the different association constants, provided that both donor=* Thus, a more downfield chemical shift observed for
carbonyls of uridine participate about equally in hydrogen the Watson-Crick bound imino protons is generally associated

. " =
bonding to adenosine. In fact, the slightly distorted line shape W't.h a strongeP"Jyy but a weakefJyy coupling N Watsor
as is observed for the imino signahHt 125 K (see Figure 4) Crick when compared to Hoogsteen AT base pairs. These scalar

indicates the superposition of nearly isochronous resonances CUPIing constants can provide additional information on the

These may not only include Watsefrick imino protons in proton Iocalizqtio_n in a hydrogen bqnd and a decrease in the
normal and reverse geometries but also imino protons in AU "Jnn coupling indicates a gradual shift of the proton from the

base triplets. The formation of such ternary complexes by the donor to the acceptor atom with a concomitant lengthening of
simultaneous occupation of both Watse@rick and Hoogsteen the covalent N-H bond_ and asilzortenmg of the donor and
sites was already demonstrated in 1957 by the observation ofacceptor heavy atom ‘1‘“?‘”& - .
three-stranded polynucleotides containing one adenine and two By using selectively*N imino Iabeled uridine nupleggldes,
uracil residue® and was later shown to also occur for the free W€ have measuredly scalar couplings for the individual

bases in nonaqueous solutions based on NMR experiments am{ilridine homodimers and for the heterodimers with adenosine

on a combination of near-infrared spectroscopy with vapor '_P tbklle flow eﬁchan.ghe tr1eg(|jme. Ttr:e.res(sju]lts arz_lf’ Ltj)mmarlz.ed.m
pressure osmometi:16 able 1 together with the data obtained from ase pairs in

. ” . !
Hydrogen Bond Strength. Comparison of our data at low the DNA triplex®* Clearly, a decrease in th& coupling
and ambient temperatures indicates an increasing preference o?P”Stf‘”é Co”?'i‘lteshw':;‘/a down_ﬁEIdA Sht')ﬂ of the_ |m|rr11c_)bproton
the Watsonr-Crick configuration upon cooling. Such a situation signal. Especially the gtsarCnc. U base pair exhibits a
must arise from a larger heat of formatieAH® for a Watson- significantly reducedH—N coupling of 80 Hz as compared

; to 91 Hz in the uridine homodimers. In agreement with the
Crick as compared to a Hoogsteen arrangement of AU com- . .
plexes. Strictly speaking, this heat of formation is the entire chemical shift data, NHN hydrogen bonds of the Hoogsteen

enthalpy difference between solvated dimers and monomers,type appear to be weaker witftd coupling of 84 Hz but are

but assuming only small differences between the enthalpy of  (21) Smirnov, S. N.; Benedict, H.; Golubev, N. S.; Denisov, G. S.;
solvation for the AU base pairs, differences-\H° can be Kreevoy, M. M.; Schowen, R. L.; Limbach, H.-kCan. J. Chem.1999
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nevertheless noticeably stronger than hydrogen bonds formedbonding. The results obtained for the free base pairs of adenosine
in the self-associates. Interestingly, there is a good qualitative and uridine nucleosides in solution demonstrate that a Watson
agreement between the data on the isolated AU base pairs andCrick geometry as found in genomic DNA is favored with
the AT base pairs of the DNA triplex in aqueous solution. respect to its energy of hydrogen bond formation. It may be
However, in addition to the more downfield imino proton argued that interactions in aprotic solvents are quite different
chemical shifts and the smallédyy scalar couplings there is  from water, the biologically relevant solvent. However, base
also a more pronounced difference in both NMR parameters pairs in a double helix are efficiently screened from the aqueous
between the_WatsofCrick and Hoogsteen geometry of _the free  environment by the sugaphophate backbone and may only
AU base pairs. Clearly, the nature (T vs U) and environment gxnerience a moderately polar microenvironment. It is expected
of the hydrogen bonded bases are different in the oligonucleotide ihat such low-temperature NMR experiments will yield not only
and additional contributions from stacking and steric effects of 5 ,qre detailed knowledge of the interactions in biological
the sugar-phosphate backbone may further influence pairing ,5cromolecules but also a wide variety of different hagtest

geometries. Moreover, in contrast to the slowly exchanglng I0\_/v- complexes which rely on the specificity and affinity of hydrogen
temperature complexes, NMR parameters of the ollgonucleotldebonol interactions

strictly reflect averages of fast exchanging hydrogen bonded
and small amounts of non-hydrogen bonded bases which may
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nucleobases through specific hydrogen bonds have provided new
insight into the geometry and relative strength of hydrogen JA000718E

By employing low-temperature NMR techniques even weak



