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ABSTRACT. G-U pairs occur frequently and have many important biological functions. The stability of
symmetric tandem & motifs depends both on the adjacent Wats@nick base pairs, e.g.,6 > 5'C,

and the sequence of theGpairs, i.e., 5UG-3 > 5-GU-3, where an underline represents a nucleotide

in a GU pair [Wu, M., McDowell, J. A., and Turner, D. H. (199Bjiochemistry34, 3204-3211]. In
particular, at 37°C, the motif 5-CGUG-3 is less stable by approximately 3 kcal/mol compared with
other symmetric tandem ‘G motifs with G-C as adjacent pairs:'-6&GUC-3, 5-GUGC-3, and 5-
CUGG-3. The solution structures of (GAGUGCULINd r(GGCGUGCG)duplexes have been determined

by NMR and restrained simulated annealing. The global geometry of both duplexes is close to A-form,
with some distortions localized in the tandemUGpair region. The striking discovery is that in
r(GGCGUGCC) each GU pair apparently has only one hydrogen bond instead of the two expected for

a canonical wobble pair. In the one-hydrogen-bond model, the distance between GO6 and UH3 is too far
to form a hydrogen bond. In addition, the temperature dependence of the imino proton resonances is also
consistent with the different number of hydrogen bonds in thd @air. To test the NMR models, U or

G in various GU pairs were individually replaced by3-methyluridine or isoguanosine, respectively,

thus eliminating the possibility of hydrogen bonding between GO6 and UH3. The results of thermal melting
studies on duplexes with these substitutions support the NMR models.

Knowing the elements of three-dimensional structures for (15). The GU pair also has an important function in the P1
RNA would greatly help to understand the molecular basis helix of group | introns, where a highly conserved3air
of RNA stability and function. A particularly interesting facilitates formation of the active tertiary structure by
motif is the GU pair. It is the most common base pair providing a guanosine amino group to form hydrogen bonds
besides the WatserCrick base pairs and accounts for about (16). When other possible pairs are substituted in this
50% of non-WatsorCrick base pairs and mismatches position, only CA, presumably having similar geometry as
(1—4). The GU pair was first hypothesized by Crick)(to a GU pair, is tolerated in terms of the binding of substrate
explain codon degeneracy.-& pairs are also frequent in  to ribozyme and fidelity of splicing1(7). G-U pairs are also
tRNA structures &, 7). They are often found in the middle thought to have functions important in RNA editing8].
of acceptor stems and are often important in the recognition Clearly, the GU pair has important biological functions.

of tRNA by its cognate synthetas8-10). One example is The thermodynamic stabilities of symmetric tandertG
the G3U70 pair in the acceptor stem of tRNA from motifs depend both on the adjacent Wats@rick base pairs,
Escherichia coli(11, 12). The acceptor identity is retained j.e., 3G > 5C > 5U > 5'A, and on the sequence of the
only if the G'U pair is replaced by other wobble paits3(  G-U pairs, i.e., 3JG3 > 5GU3, where here and henceforth
14), and the single @J pair is sufficient as the identity site an underline designates symmetric tander @airs (19,
20). The thermodynamic data are particularly unusual for
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Table 1: Free Energy Increments (kcal/mol) at°&7for
Symmetric Tandem & Motifs in RNA Duplexe$

G-U pairs
adjacent 5UG3 5'GU3
base pairs 3GUS 3UGSE
—4.1% (AUGGUCAU)
5G —4.9 (AUGUGCAU) —4.7(CGGGUCCG)
3C —4.8 (GAGUGCUC) —4.2 (GAGGUCUC)
—3.44(CUGGUCAG)
5C —4.2 (GCUGGC) —1.3'(GUCGUGAC)
3G —4.1°(GGCUGGCC) —0.8'(GGCGUGCC)
5U —2.9'(CGUUGACG) —0.3'(CCUGUAGG)
3A —2.F (GGUUGACC)
5A —2.19(GGAUGUCC) —0.1(GGAGUUCC)
3uU —1.6 (CCAUGUGG) 0.5 (CCAGUUGG)

@ Increments (given in kilocalories per mole) are defined as in the
following example for 5GUGC3: AG3/(5'GUGC3) = AG®3#(5 GA-
GUGCUC3) — AG°3/(5'GAGCUC3) + AG’3(5'GC3). Values of free
energy increments are listed next to the sequence containing the tande

G-U motifs. Data for duplexes are from cited references, and values

for the last term are from ref 78.Reference 77¢Reference 57.
d Reference 208 Reference 19.Reference 58.

Chart 1

G,A,G,UG,CU,Cq G,G,C,GU,GC,Cq
CyU,CGUG:A,G, CiC,GUG,C,G,G,

and 3-GUGC-3 occur 33 and 24 times, respectively, while
5'-CGUG-3 and 3-GGUC-3 occur only three and two times,

respectively. To determine if context affects the structures

of tandem GU pairs, NMR structures have been determined
for duplexes r(GAGUGCUG) (Chart 1, structure 1) and
r(GGCGUGCC) (Chart 1, structure II). To further investi-
gate the origin of stability differences in-Q pairs, N3-
methyluridine (mU) or isoguanosine (iG) were individually
substituted for U or G, respectively, in-G pairs in various
RNA duplexes. The results of the NMR and substitution
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purchased from GLEN Research. Oligonucleotides were
synthesized by-cyanoethyl phosphoramidite chemistB4(

25) with an Applied Biosystems DNA/RNA synthesizer,
model 392. Removal from the CPG support and amino
deprotection were done by treatment with ethanolic ammonia.
Silyl deprotection was accomplished by incubation with
freshly ma@ 1 M triethylaminohydrogen fluoride at 5%

for ~50 h. Samples were desalted by dissolving in 5 mM
ammonium bicarbonate at pH 7 or deionized water at pH 4
and passing through a C-18 column (Waters). Oligonucle-
otides were purified by TLC on Si500F plates (Baker) with
the solvent 55:35:10 1-propanol/ammonia/water. The duplex
r(GGCGUGCC) was purified further by HPLC on a C-18
reverse phase column (Supercosil) using 50% acetonitrile
as mobile phase. Purity for all the duplexes w&83% as
determined by HPLC with a C-8 reverse-phase column
(Hamilton) and 50% methanol as mobile phase or with a
C-18 reverse-phase column (Supercosil) and 50% acetonitrile

"s mobile phase.

NMR Spectroscopyligonucleotides were dialyzed against
0.1 mM NaEDTA for 24 h and then water for 24 h. After
this, oligomers were dissolved in 80 mM NaCl, 10 mM
sodium phosphate, and 0.5 mM MBDTA at pH 7.0 and
lyophilized to dryness twice with 99.96%,0 and one final
time with 99.996% BRO. The oligomers were then dissolved
under dry argon in 99.996%,D for nonexchangeable proton
and phosphorus spectra. The final strand concentrations were
approximately 3.5 and 2.5 mM for r(GAGUGCULCand
r(GGCGUGCC), respectively. For exchangeable proton
spectra, the oligomers were dissolved in 90%2H 0% D,O
and the final strand concentrations were approximately 1.5
and 0.5 mM, respectively.

NMR spectra were collected on Varian VXR-500S and
Varian INOVA-500 spectrometers and processed with Varian
and Felix software (MSI, Inc). Two-dimensional spectra were
recorded in phase-sensitive mode by the Stalttesberkorn
method 26). Proton and phosphorus chemical shifts were

studies suggest a model in which the relatively less stableeferenced to the internal EDTA and the phosphate in the

G-U pairs have only one hydrogen bond each.

MATERIALS AND METHODS

RNA Synthesis and PurificatiofProtected isoguanosine
(iG) was synthesized from 2,6-diaminopurine riboside with
some modifications of the original procedur@4(29. To

buffer, respectively.

The one-dimensional exchangeable proton spectra were
acquired with a binomial 1:3:3:1 pulse sequerd for H,O
peak suppression. The sweep width was 12 000 Hz. Pulse
delays were calculated to achieve a signal-to-noise maximum
at 12 ppm, which is in the imino proton resonance region.

convert 2,6-diaminopurine riboside into isoguanosine, the One-dimensional nuclear Overhauser effect (NOE) experi-

substrate was treated with lithium nitrite in the presence of
acetic acid. Substitution of the sodium nitrite in the original
procedure by lithium salt simplified purification because the

ments were performed by irradiation for-2 s at low level
power. To minimize spillover effects, the off-resonance
irradiation field of the control spectrum was offset from the

lithium salt is methanol-soluble. Isoguanosine was obtained resonance frequency potentially exhibiting spillover by the

in 67% vyield. The 6-amino group of isoguanosine was
protected with dimethylchloromethyleneammonium chloride
(22, 23) followed by protection of the 'Shydroxyl with
dimethoxytrityl chloride. After column purification, theé-5
O-dimethoxytrityl-6-N-[(dimethylamino)ethylidene]amino]-
isoguanosine was obtained in 84% yield for the last two
reactions. After treatment wittert-butyldimethylsilyl chlo-
ride in the presence of imidazole, thesdlylated isomer of

difference of the on-resonance saturation frequency and the
resonance frequency potentially exhibiting spillover.
NOESY spectra in BD were acquired at 150 ms mixing
times at O or 5°C. A total of 200 free induction decays
(FIDs) were acquired with 1K complex points and 10 000
Hz spectral width. For each FID, 3®B4 scans were
averaged. The read pulse was a symmetrically shifted soft
pulse with excitation maximum at the imino proton resonance

protected isoguanosine was obtained in 45% yield. This lastregion @8). Data were apodized with phase-shifted sine-

derivative was transformed into the@hosphoramidite with
60% yield @4).
Phosphoramidite dfi3-methyluridine (mU) was purchased

bell squared functions.
NOESY spectra in BD were acquired at 60, 100, 150,
250, 350, and 400 ms mixing times at 28 or 2 A total

from ChemGenes. Regular RNA phosphoramidites were of 256-512 FIDs were acquired with 2K complex points
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and 5000 Hz spectral width. For each FID,-328 scans Rife et al. B6) proposed a slightly more sophisticated model
were averaged. In some spectra, the residual HDO resonancéo get the restraints for. and & angles from®'P chemical
was attenuated by low-power presaturation during the recycleshifts. All 3P resonances in this study are within 1 ppm of
delay, which was set to 2.5 s. Data were apodized with phase-each other and resonate as expected for the A-form confor-
shifted sine-bell squared functions. mation. Thus thex and & angles were restrained t6 &

Double quantum filtered correlation spectroscd®QF- 15C°.
COSY) spectra were recorded over spectral widths of 2000 The dihedral angle§ (P—O5 —C5 —C4') were restrained
and/or 4000 Hz at 25 or 3. For each spectrum, 512 FIDs  from semiquantitative estimates @15 and®Jp_ps. These
were collected with 2K complex points and 96 scans per 3P—'H coupling constants were estimated from HETCOR
transient. The recycle delay was set to 2.5 s. Data were zero-experiments and were either absent or very weak, as expected
filled to 4K complex points in the t2 dimension and apodized for regular A-form helices witt§ in the trans (180+ 30°)
with phase-shifted sine-bell squared functions. conformation 87).

H—231P heteronuclear correlated (HETCOR) spectrawere The dihedral angley (O5—C5—-C4—C3) were re-
acquired with the pulse sequence described by Sklenar etstrained from semiquantitative estimates of @15 and
al. (29) with spectral widths of 1000 or 2000 Hz in tAE 8Jua—-nsr coupling constants obtained from DQF-COSY
dimension and 2000 or 1200 Hz in ti& dimension. A experiments. In regular A-form heliceg,is in the gauche
total of 64-128 FID’s with 200 scans/FID were collected conformation and both couplings are very small, whereas in
in 1K or 2K complex points. The recycle delay was set to the trans or gaucheconformations, either of the couplings
2.0 or 2.5 s. Data were apodized with phase-shifted sine-is large. The coupling constam@y—ns and3Jus—ns Were
bell squared functions. often very small or absent and therefore the corresponding

Generation of Distance Restrainttterproton distance  torsion angles were restrained to°68 30°. If any of the
restraints between nonexchangeable protons were obtainedoupling constants were large, howevewas not restrained.
from the intensities of their NOE cross-peaks in 2D NOESY  The dihedral angles (C4 —C3—03 —P) were restrained
spectra in RO at 60, 100, and 150 ms mixing times and are from semiquantitative estimates of thguz_p coupling
available as Supporting Information. The volumes of the constants from HETCOR experiments. Strong sequential
pyrimidine H5-H6 cross-peaks, which correspond to a correlation of (—1)C3—(n)P was always observed. This is
distance of 2.45 A, were averaged and used as the internaconsistent with trans and gaucheonformations. The
reference. Distances were usually given a limit#e20%. gauche conformation, however, is usually associated with
Partially overlapped or noisy peaks were given a limit of the C2-endo sugar pucker as predicted from steric consid-
+30%. Severely overlapped or very noisy peaks were given erations 88). Nucleotides with C3endo sugar pucker and
a limit of £40% or an upper limit distance of 6 A. A lower gauche conformation have never been observed and thus
limit distance of 1.6 A was given if error limits allowed a are considered forbiddeB89). Therefore, if the sugar pucker
smaller distance. If two peaks were almost completely was clearly C3endo, as indicated by the weak or absent
overlapped, the peaks were treated as a single peak. Thédl'—H2' coupling constant, the dihedral angke was
calculated lower limit was used as the lower limit for each restrained as trans-(L30° + 30°).
of the distances. Hydrogen-bonded atoms of the Watson  The sugar pucker defines the final torsion angléC5 —
Crick base pairs were given the following restraints in C4—C3—03). It can be restrained by the magnitude of the
angstroms: for G-C pair, 2.813.01 for GO6 to CN4, 2.85 8Jur—-nz scalar coupling. For C2ndo sugar pucker, the
3.05 for GN1 to CN3, and 2.762.96 for GN2 to CO2; for coupling constant is small<3 Hz), resulting in a weak or
A-U pair, 2.72-2.98 for AN1 to UN3 and 2.853.05 for absent HE:-H2' cross-peak in the DQF-COSY spectrum. For
ANG6 to UO4; for GU pair, if used, 2.76:3.05 for GO6 to C2-endo sugar pucker, the coupling constant is larg8 (

UN3 and 2.76-3.05 for GN1 to UO2 30, 3J. Hz), resulting in a large cross-peak. The sugar pucker can
Generation of Torsion Angle Restrainta. principle, all also be confirmed by the Mi3H4' coupling constant, since

nonphosphate backbone torsion angles can be constrainefor C3-endo sugar puckebJuz—ns is also large 40).

with semiquantitative estimates f coupling constants Structure ModelingThe structure modeling was carried

obtained from DQF-COSY anéH-3'P HETCOR experi-  out with Biosym’s Discovery program package running on
ments. The appropriate Karplus equatiofhs f-c-1 = 10.2 a Silicon Graphics ONYX workstation. Calculations used
cog 0 — 0.8 cosh (32, 33 andJy—c-o-p = 15.3 cod 6 — the Amber95 force field41). A cutoff value of 12 A was
6.1 cost + 1.6 34)] used to convert thd-coupling constants  used for van der Waals interactions. The cell multiple method
to torsion angles have up to four values. By use of multiple (Discover 95.0/3.00 user guide) was used to treat electrostatic
couplings that depend on the same torsion angle, it is ofteninteractions. A distance-dependent dielectric constant of 2
possible to determine a torsion angle range consistent withwas used to mimic solvent dielectric effects. Flat-bottomed
the data. All torsion angles were given broad limits. The quadratic penalty terms for distances and torsion angle
determination of the torsion angles is described below. restraints with force field constants of 25 kcal/(rfol) and

The phosphate torsion angles(O3 —P—05—C5) and 25 kcal/(molracf), respectively, were added to the force field.
£ (C3—-03—-P-085), cannot be determined directly froin In all of our structure modeling, the full scaled van der
coupling data but can be somewhat restrained indirectly from Waals and electrostatic interactions of the AMBER95 force
31p chemical shifts. A trans conformation for eitheior & field (41) were used along with the NMR restraints. There
around a phosphorus will result in a large downfield shift of are discussions in the literature about the treatments of
its resonance3b). Therefore, if a resonance #P is within electrostatic interactions36, 42, 43. It is believed that
the range expected for the A-form conformation, the trans inclusion of the electrostatic interactions in the structural
conformation fora. and& angles can be excluded. Recently, modeling of E73, an RNA oligonucleotide containing the
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sarcin/ricin loop (SRL) from rat 28S rRNA, made the final For r(GGCGUGCGC) no NOEs are observed between the
structure more similar to the crystal structure of the same resonances of the -G pair and its adjacent G-C pair. This
sequence3p). In our modeling, inclusion of electrostatic is expected because alGpair does not typically stack to
terms was necessary to generate structures that satisfied ththe 5 side of the G 49); thus the distance from G4H1 to
NMR restraints and belonged to the A-form family. The G6H1 is expected to be about 5 A. Therefore, the imino
effects of the charges on the phosphate group were alsoproton assignments of the Watso@rick pairs were obtained
investigated and were found to have little effect when the from a 2D NOESY experiment in 4, in which the read
charges were between0.6 and—1.0. This includes the  pulse was replaced by a symmetrically shifted soft pu28g (
value of —0.7 found to be optimal by Rife et al3§). No Following the connectivity for a G-C pair, i.e., from GH1
constraint was applied to force hydrogen bonding betweento H5 of the complementary GL(), the resonances at 13.40
G and U in the GU pairs during the calculation. We and 12.98 ppm were assigned to G2H1 and G6H1, respec-
attempted to force two hydrogen bonds in theJGair for tively (Figure 2). The chemical shifts assigned to G1, G2,
r(GGCGUGCC) with a force field constant of 100 kcal/ and G6 for (GGCGUGCG)are similar to those assigned
(mol-A?) and had essentially the same structure. for the corresponding nucleotides in r(GEGGCC), (50),

The following were used as starting structures: (1) A-form as expected.
duplex, (2) B-form duplex, (3) duplex with two separated,  There are weaker NOEs between G4H1 and U5H3 for
A-form single strands, and (4) a duplex with an A-form r(GGCGUGCC) compared with the NOEs between G5H1
single strand and a B-form single strand. Ten structures wereand U4H3 for (GAGUGCUG) (Supporting Information).
usually created from each starting structure. As shown in Figure 2, G4H1 and U5H3 of ((GGCGUGEC)

Structure modeling was accomplished by restrained mo- have much larger cross-peaks with water (5.08 ppm) than
lecular dynamics and energy minimization. First, 400 steps Other imino resonances in this duplex. In contrast, for
of energy minimization were performed to bring the molecule "(GAGUGCUC), all the imino protons have weak cross-
into a reasonable conformation. Second, the dynamics werePeaks with water (data not shown). Surprisingly, the NOESY
done by jumping the temperature to 1000 K and then ramping SPectrum of (GAGUGCUG)in H,O (data not shown)
it down gradually to 300 K in 550 ps. No substantial ~contains strong cross-peaks of amino and imino protons of
difference was found between longer and shorter dynamicsG3- These cross-peaks can be seen even &C23hese
runs. After this, restrained energy minimization was per- Cross-peaks suggest strong hydrogen bonds and correlate with
formed until either the calculation reached the small deriva- the favorable stability of SGUGC-3 in this duplex.
tive of 0.01 A1 kcal/mol set in the structure modeling Assignment of Nonexchangeable Protons and Phosphorus.
protocol or the calculation repetition number reached 40 000. Chemical shifts of all assigned proton and phosphorus
Finally the restraints were turned off and a new round of fesonances are given in Supporting Information. The base
energy minimization was performed. This last step had a (H8/H6/H2/HS5) and sugar Hrotons were assigned on the
negligible effect on the structures. basis of stgndard connectivitie40f from NOESY spectra

Thermodynamic Measurement®ligonucleotides were shown in Figure 3 for r(GAG_UGCUQ)and n F!gure 4 for
melted in a buffer system of 1.0 M NaCl, 20 mM sodium (GGCGUGCQ). The asglgnments were confirmed by t.he
cacodylate, and 0.5 mM MBEDTA at pH 7.0 on a Gilford H5—H®6 cross-peaks, V\_/hlch were confirmed by the splitting
250 spectrometer with a heating rate of°C/min. The of these cross-peaks in NOESY and DQF-COSY spectra.
extinction coefficient was calculated according to the nearest- ' € W eak cross—p_eaks betweegHS and (1_1.)H53./ H6 also
neighbor model 44, 45) by assuming mU and iG equal to confirmed the_aSS|gnments. The resonance in Figure 3 at 7.57
U and G, respectively. Thermodynamic parameters for ppm Yvas aSS|gned.to A2ZH2 from cross-peaks to Gl
duplex formation were calculated by two methods: (1) by C8H1 on the opposite strand. Overall, the cross-peak patterns

fitting the shape of each melting curve to a two-state model @1d intensities in the base to H5/Hegion for both duplexes
(46) and (2) by plotting the reciprocal of the melting Verify that the structures are generally A-form and all
temperatureTy, versus InCr, whereTy andCr are melting nucleotides have anti glycosidic torsion anglb§)(

temperature in kelvins and total strand concentration, re- The sugar protons (H2H3, H4', and some of H5and
spectively 47). H5'") were assigned from a combination of NOESY and

: : . COSY spectra40, 52). Almost all HI—H2' cross-peaks in
Contour Map of Potentials and Electrostatic Interaction ) NI .
: i . . this study are missing in the DQF-COSY spectra, suggesting
Calculations Electrostatic interaction calculations were based

on Coulomb’s law with a dielectric constant of 1. The partial tehx?:te Tigitisstjhgea’r;efrl;?nalllnnfcelggg dgoi?:ggg::or;; sfj)n:r
charges used in all the calculations were taken from the P k 9 g

Amber95 force field 41) and only the atoms on the bases has a fairly high fraction of CQen,do conformation. The
: . : usually large cross-peaks of HB4' also reveal the pre-
and the Clatoms were taken into consideration.

dominant C3endo sugar pucker for all nucleotides.

RESULTS Three-Dimensional ModelsThe restraints used in the
structural modeling for (GAGUGCUgaNd r(GGCGUGCG)
Assignment of Exchangeable Proton Resonariéigsire are supplied as Supporting Information and are summarized
1 shows imino proton spectra for r(GAGUGCUCand in Table 2. Ensembles of converged structures are shown in

r(GGCGUGCC,). Assignments were obtained from a series Figures 5 and 6. The average RMSDs of all the structures
of 1D and 2D experiments in 40 by standard procedures with the average structure are 0.20 and 0.41 A for
(40) (Supporting Information). As is commonly observed, r(GAGUGCUCY) and r(GGCGUGCQG) respectively. Indi-

the imino protons of the & pair are shifted upfield, with  vidual average RMSDs for each base pair are also shown in
GH1 around 11 ppm, further upfield shifted than UHIB) Table 2. The all-atom pairwise RMSD between the two G
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Ficure 1. Imino proton spectra as a function of temperature for (a) r(GAGUGGEGY (b) (GGCGUGCG) Assignments are shown
on top of the plot. In each plot, the temperatur&sS)(are designated to the left. For clarity, the temperature step in panel a is smaller than
in panel b.

U pairs of r(GAGUGCUC) and r(GGCGUGCQG)is 0.93 helical twist angle between the two- & pairs is large. In
A. The value is 0.68 A if only the bases are compared. The r(GGCGUGCC), however, the helical twist angles between
helical parameters for the two duplexes, as well as standardadjacent G-C and ®& pairs are large, and the twist angle
A-form and B-form values, are reported in Supporting between the two &J pairs is small. This is consistent with
Information. All these parameters are close to A-form. The previous observations on-G and GT pairs in RNA and
most definitive criterion to distinguish A-form from B-form  A-form DNA, respectively $5—61). This is because the-G
helices is the displacement from the helical axis4 A U or G'T pair tends to overlap extensively with the pair 3
for A-form but ~0.8 A for B-form) (38, 42). Examination to its G, whereas overlap is minimum with the pdit&its
of this helical parameter clearly reveals these structures areG (62). Thus the Gs of the @ pairs in (GAGUGCUC)
A-form. The predominance of C&8ndo sugar puckersis also overlap extensively with the adjacent C in the same strand
consistent with A-form structure. Evidently, the insertion of and also cross-strand overlap with each other (see Figures
the GU pairs has little effect on the global geometry of the 7b,c), whereas in r(GGCGUGCKLhhe ring of the G in a
duplexes. The effects are localized in thdJair regions. G-U pair overlaps almost completely with the adjacent U in
Thus the structures are consistent with the nearest neighbothe same strand (see Figure 7f). This is a common feature
model commonly used for predicting RNA stabiliy3, 54). for tandem GU pairs in RNA and tandem G pairs in
Despite global similarities to A-form, examination of the A-form DNA, in both solution and crystal structures (31,
helical parameters reveals some special structural features55—59, 61). A common consequence of destacking between
For example, in r(GAGUGCUG) the helical twist angles  the two base pairs in a step (Figure 7c,e) is that the interstrand
between adjacent G-C and-& pairs are small, and the P—P distance is usually shorter than standard A-form.
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the Converged and the Average Structures for r(GAGUGG@Y
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85 80 7.5 7.0 65 60 55 (GGCGUGCC)
D2 {ppm) _

Ficure 2: Portion of 150 ms 2D NOESY spectrum irp®l for
r(GGCGUGCC) at 0°C showing the imino to amino proton region.

no. of restraints in structural modeling
r(GAGUGCUC) r(GGCGUGCC)

D1 dimensional assignments are designated to the left. Some (distance 182 166
important assignments are labeled. Note the large cross-peaks to dihedral 100 100
H-0 in the D2 dimension from G4H1 and U5HS3. hydrogen bonding 16 18
N average RMSD for individual base pairs and the whole molecules
a8 B r(GAGUGCUC) r(GGCGUGCC)
\ G1-c8>® 0.30 G1-C8 0.60
| A2-U7 0.12 G2-C7 0.48
‘ G3-C8 0.09 C3-G6 0.25
: 0~ U4-G5 0.16 G4Uy 0.22
; comrane Gonlaord e G5U4 011  U5G4 0.24
‘ 0 UaHE-Uake L C6-G3 0.08 G6-C3 0.22
! % " N u7-A2 012  C7-G2 0.34
4 5‘3 0 C8-G1 0.35 C8-G1 0.55
fooi ] “T W whole molecule 0.20  whole molecule 0.41
c8 5 —%= q C6HS-CoHO o
‘ cors-CaHe ‘ N a Average RMSD is given in angstromsPrime designates the
: opposite strand.
1 &1 ifl‘%)' 2 é @
A‘AZ 5 U7H5-U7H6 . . .
= v Watson-Crick geometry than the ® pair in r(G-

6.03 5.94 585 576 5.67 558 549 540 GCGUGCC).

(ppn) .
I (e Temperature Dependence of Imino Proton Resonances.
"G inthe HBINGIH2 i Ha/HTrogions. Inanucledit base 10 sugar <. diferent hydrogen-bonding patterns forlGpairs in
. o the models for (GAGUGCUG)and r(GGCGUGCG)sug-
H1' cross-peaks are labeled with the base number. — . —
P gested there could also be different patterns for exchange of

The striking difference between the two NMR structures imino protons with water. To test this, imino proton spectra
is the hydrogen bonding patterns of theUdpairs (Figures ~ Were measured as a furjctlon of temperature (Figure 1). For
8b,c). In (GAGUGCUC), two hydrogen bonds are observed "(GAGUGCUC}, the imino proton resonances of thelG
as expected for the @ pair. In (GGCGUGCG) however, pairs d|sap_pear z_it almost the same temperature as those of
only one three-centered hydrogen bond is seen. The distanc&Vatson-Crick pairs (Figure 1a). For (GGCGUGCLhow-
between G406 and U5H3 in r(GGCGUGG® about 3.4 ever, the imino proton resonances of th&J®airs dlsap_pear
+ 0.1 A, too far to form a hydrogen bond. A three-centered at 10-15°C lower temperature than those of WatsdZrick
hydrogen bond has been shown to be weaker than a two-Pairs (Figure 1b). This is consistent with less favorable
centered hydrogen bon@3). Fewer hydrogen bonds in the hydrogen bonding in the ® pairs of (GGCGUGCG)
5'-CGUG-3 motif can rationalize its decreased stability NMR structural models have been reported previously for
relative to 5-GGUC-3, 5-GUGC-3, and 5-CUGG-3. two duplexes with the '85GU-3 motif. One, r(GGAG-

Shown in Figure 9 is the juxtaposition of a G-C pair and UUCC), has a relatively unstablé-&U-3 motif, while the
the GU pairs in r(GAGUGCUC) and r(GGCGUGCQG) in other, r(GAGGUCUQC), has a relatively stable’&U-3
which the Gs are superimposed. The distances ¢fa@d motif (Table 1). Both NMR models had-G pairs with two
N1 of U relative to Cland N1 of C are 1.36 and 1.34 A, hydrogen bonds57, 58). For (GGAGUUCC), He et al.
respectively, for (GAGUGCUG) The distances are 1.09 (20) reported that the imino protons for the:\& pairs
and 0.55 A, respectively, for (GGCGUGGELhowever. disappear between 15 and 3D, whereas those for Watsen
Clearly, the GU pair in (GAGUGCUC) deviates more from  Crick pairs are still present at 3C. Measurements of imino
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Ficure 5: Converged structures of r(GAGUGCUC)

. Ficure 6: Converged structures of r(GGCGUGGC)

proton spectra of (GAGGUCUg# s a function of temper- -
ature, however, show that the resonances for imino protons Thermodynamics of U (N3-Methyluridine) and (Isogua-
in G-U and WatsorCrick pairs disappear at almost the same nosine) iGU Pairs. The above results suggest that the
temperature (Table 3). sequence dependence of symmetric tandebhyir stability

The protocol used previouslp®) for structure determi-  is correlated with a difference in the number of hydrogen
nation of r(GGAGUUCQC) and r(GAGGUCUQ, differed bonds in the @J pair, particularly whether there is a
from the protocol used here for r(GGCGUGGCand hydrogen bond between UH3 and GO6. Formation of this
r(GAGUGCUC}). For example, the previous protocol used hydrogen bond can be prevented by substituting muU for U
the AMBERS6 force field §4), and the force constants of oriG for G (see Figure 8d,e). The thermodynamics of forma-
the van der Waals and electrostatic interactions were scaledion for RNA duplexes with mU or iG substitutions, as well
during molecular dynamics. To see if differences in the as two WatsorCrick duplexes, are listed in Table 4. The
protocols for generating structural models lead to the stabilities for duplexes with and without the substitutions
difference in GU pair geometry, we used the protocol are compared in Table 5. The change in stability for each
described here for (GGCGUGCGyith the published NMR  substitution, AAG® 37, along with the presumed number of
restraints to model the structures for r(GGAGUUg@hd hydrogen bonds in each-3 pair in the parent duplex are
r(GAGGUCUCY}. In the new model for r(GGAGUUCG) also listed in Table 5. When mU and iG substitutions are
there is only one hydrogen bond in eachUair, and the  made in motifs thought to have one hydrogen bond p&f G
violations of NMR restraints are similar to those observed pair, the change in stability is less than when substitutions
with the published model. Evidently, the NMR data are are made in motifs having two hydrogen bonds pdd @Gair.
consistent with either a one- or two-hydrogen-bond model, Electrostatic CalculationsOn the basis of previous NMR
raising the possibility of an equilibrium between the two and thermodynamic studie§7, 58, 65), it was proposed
structures. In the new model for (GAGGUCU{owever, that electrostatics play an important role in RNA structure
there are still two hydrogen bonds in eachlGpair. and stability. Figure 10 shows contour plots of electrostatic

For comparison, imino proton spectra as a function of potentials for the base pair steps between adjacent G-C and
temperature were also measured for r(GGCUGGCRH G-U pairs for the duplexes (GAGUGCUELANnd (GGCGU-
r(GGUUGACC}). As shown in Table 3, the resonances from GCC). The numbers beneath each plot are the electrostatic
the imino protons of @J and Watsonr-Crick pairs disappear  energies between the base pairs as calculated with Coulomb’s
at essentially the same temperature for both duplexes. Thislaw. The geometries in the left two plots were taken from
is consistent with the favorable free energy increments of the NMR-models reported here, whereas the right two plots
—4.2 and—2.2 kcal/mol, respectively, determined for the were constructed by flipping the adjacent G-C pairs in the
tandem GU motifs in these duplexes (Table 1). NMR models. By comparing the overlap patterns and
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FiIGUre 7: Stacking patterns of {ec) r(5GAGUGCUC3), and (d-f) r(5'GGCGUGCC3J, showing some of the internal base steps: (a)
5-AG-3, (b) 5-GU-3, (c) 5-UG-3, (d) 5-GC-3, (e) 83-CG-3, (f) 5'-GU-3, where underlined bases are inlGpairs. The left base pairs

in each step are shown in black. The solid dots designate thatGrs.
e,

7 s

Ficure 9: Juxtaposition of @J and G-C pairs designated by gray
and black structures, respectively. Gs in each pair are superim-
posed. The geometry of each\&Gpair is taken from the NMR
model of the motif listed below the pair. The geometry of the G-C
pair is taken from G2-C7 of the NMR model for (GGCGUGGC)

®, N9/N1; O, CT.

Table 3: Temperatures at Which Imino Proton Resonances
Disappear in Different Duplexes in NMR Buffer

sequence GU WatserCrick Tl
i@ e Duplexes with Stable &) Motifs

FIGURE 8: G-U pair geometry in (a) crystal structure of ((GUAU- GAGUGCUC ~50 ~50 50
GUA)IC (9); (b) NMR model of r(GAGUGCUC) (c) NMR GGCUGGCC ~66 ~68 65
model of (GGCGUGCG) in which only one hydrogen bond is GGUUGACC ~51 ~51 51
seen; (d) GmU pair; (€) iGU pair. In the NMR models, hydrogen GGAUGUCC >50 >50 52
bonds are shown by dotted lines. Some other distances are shown GAGGUCUC ~A45 ~A43 47

in angstroms by broken lines. Duplexes with Unstable ® Motifs®
GGCGUGCC ~35 ~50 56
calculated values in the same row, one finds that flipping GGAGUUCC 15-30 >30 39

the adjacent base pair causes little electrostatic change for aSample concentrations range from 0.5 to 3.5 mM and the NMR
the B-GUGC-3 geometry, whereas a large effect is seen buffer contains 80 mM NacCl, 10 mM sodium phosphate, and 0.5 mM
for the 3-CGUG-3 geometry. This calculation suggests that EDTA at pH 7.0. Temperatures are given in degrees Cel8iasfer-

' _ _ _awi o : ence 20° It has previously been reporte@() that imino resonances
5-GUGC-3 and 8-CUGG-3 will assume similar geometries for G-U pairs also disappear at lower temperatures than those for

with Sim”ar ene_zrg_etics, WherGQSG@GG and 5'G@c' Watson-Crick pairs for the duplexes ((GUCGUGALHNnd r(CCU-
3" will not. Similar calculations on the NMR-derived GUAGG). ¢ Melting temperature calculated at ¥(M strand concen-
structural models for 'sGGUC-3, from the literature %7) tration in 1 M NaCl from thermodynamic parameters determined by

or from the protocol described here, give more favorable optical melting.

electrostatic interactions by 2.8 and 5.1 kcal/mol, respec-

tively, for the B-GG-3 steps relative to the 10.8 kcal/mol interactions and electrostatic components of the stacking
calculated for the model with one hydrogen bond pedG interactions in 5GGUC-3 also appears to be more favorable
pair in Figure 10. The sum of the hydrogen-bonding for the NMR models with two hydrogen bonds pettlpair
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Table 4: Thermodynamics of Formation of Self-Complementary RNA Duplexes

1/Tw versus InCr) parameters melt curve-fitting parameters
sequence _AG°37 _AH°37 —AS’37 TMa —AG°37 —AH°37 _AS°37 TMa
(5—3) (kcal/mol) (kcal/mol) [(cal/(K-mol)] (°C) (kcal/mol) (kcal/mol) [(cal/(K-mol)] (°C)
Duplexes with A-mU/GmU Pairs
GAGmUACUC 3.1 52.7 159.9 22.6 3.6 47.4 141.4 23.8
GGCAmUGCC 6.6 54.3 153.7 425 6.8 57.7 164.1 42.9
GAGGmUCUC 3.7 51.5 154.2 254 3.8 49.8 148.1 25.8
GAGmMUGCUC 2.8 44.6 134.8 17.9 2.7 50.9 155.5 19.6
GGAGmUuUcCC 3.6 59.3 179.6 26.7 3.9 56.1 168.3 27.4
GGAmUGUCC 25 63.5 196.6 22.1 3.1 54.2 164.8 22.9
GGCGAnUGCC 7.1 59.0 167.2 44.7 7.3 60.6 172.0 45.2
GGONUGGCC 6.6 59.6 171.2 41.6 6.5 51.7 145.9 42.2
Duplexes with iGU Pairs
GAGUIGCUC 5.3 50.0 144 .4 34.4 5.2 58.2 170.8 34.7
GAGIGUCUC 5.2 51.6 149.8 33.8 5.1 57.1 167.8 33.9
GGAUIGUCC 5.2 53.7 156.2 34.5 5.3 61.1 180.2 34.9
GGAIiGUUCC 4.8 68.8 206.5 33.0 5.0 61.7 182.7 33.6
GGCUGGCC 8.1 71.0 202.5 48.2 8.0 66.3 187.8 48.5
GGAGUGCC 7.9 60.4 169.2 48.9 8.0 64.3 181.3 48.8
Duplexes with only WatsonCrick Pairs
GAGUACUC 9.7 70.0 194.3 55.9 10.2 79.5 223.3 55.9
GGCAUGCC 13.3 82.2 222.0 68.8 14.0 90.2 245.7 68.6

2 Calculated for an oligomer strand concentration of“18I.

Table 5: Comparison of Stabilityof Self-Complementary Duplexes with and withd@-methyluridine or Isoguanosine Substitutibns

G-U pairs GmU/A-mU pairs iGU pairs
sequence  no. of Trd sequence Trd sequence Td
(5 —3) HBS  AG®  (°C) (5—3) AG® (°C) AAG®™® (5—3) AG® (°C) AAG®®
set | GAQJUGCUC 2 -94 516 GAGNUGCUC -—-28 179 6.6 GAGIGCUC —-53 344 4.1
GAGGUCUC 2 —8.8 49.1 GAGGIUCUC —-3.7 254 5.1 GAGSUCUC -52 338 3.6
setll GGAJGGCC 2 —13.1 659 GG&GUGGCC -6.6 423 6.5 GGCIGCC  —8.1  48.2 5.0
GGGGUGCC 1 —9.7 55.0 GGC®UGCC -—7.1 447 2.6 GGGUGCC —-7.9 489 1.8
setlll GGAUGUCC 2 -84 49.0 GGAUGUCC —-25 221 5.9 GGAWGUCC —5.2 345 3.2
GGAGUUCC 1 —6.4 40.2 GGAGUUCC —-3.6 26.7 2.8 GGAGUUCC —-48 330 1.6
control  GGCAUGCC 2 —13.3 68.8 GGCAMUGCC -6.6 425 6.7
GAGUACUC 2 —9.7 559 GAGnUACUC -—-31 226 6.6

a AG°® andAAG? in kilocalories per mole at 37C.  The GU/mU, A-U/mU and GU/iG-U pairs are underlined, and the positions of substitutions
are shown in bold. In each set of the duplexes, the only difference is the sequence afitheifS. Values are from Tj; versus In Cr) plots. For
sequences not listed in Table 4, reference are given in Talsidldmber of hydrogen bonds proposed in éJGr A-U pair. ¢ Calculated for an
oligomer strand concentration of OM. ¢ AAG°3; (kcal/mol) is the free energy difference between a substituted and regular sequence.

than for the model with one hydrogen bond petUQair. that, in databases of known secondary structute®)( 5'-
This may explain why 5GGUC-3 has a structure that differs CUGG-3 and 3-GUGC-3 occur 33 and 24 times, respec-
from 5-CGUG-3. tively, while 5-CGUG-3 and 3-GGUC-3 occur only three

and two times, respectively.
There is evidence suggesting that the stability differences

Much is not understood about the relationships between @M0Ng duplexes containing symmetric tandent(airs
sequence, stability, structure, and function of RNA. Studies arise from local effects. For example, thermodynamic studies

of small motifs in oligoribonucleotides are a first step toward ©n these duplexes showed that the free energy increments
for tandem GU pair motifs are mostly independent of the

understanding these relationships. It was reported previously ) - ) )
that the thermodynamics of duplexes with symmetHGS- base pair compositions for nonadjacent base pairs (Table 1).
iany It is also found that introduction of symmetric tandemJG

3 motifs do not fit into the nearest-neighbor moday - .
Nevertheless, if these duplexes are divided into two groups, P&irs has little effect on the overall backbone geometry of

DISCUSSION

one with 3-GGUC-3. and the other with 5CGUG-3. 5- the helices§7—59). Finally, imino protons of the relatively
UGUA-3 and B-AGUU-3'. either group can fit into the  less stable tandem-G motifs exchange with water at lower
nearest-neighbor model. This suggests that #@&5-3 motif temperatures than the surrounding Wats@nick base pairs,

may have different structures in different contexts. Nearest- Whereas those of the more stable tandent Gnotifs
neighbor analysis has shown thaBsUG-3 is about 3kcal/  €xchange with water at the same temperature as the sur-
mol less stable on average than the other symmetric tandenfounding Watsor Crick base pairs (Table 3).

G-U pair motifs with G-C as the adjacent pairs-GGUC- NMR structural models are reported here for r((GAGUG-
3, 5-GUGC-3, and 3-CUGG-3 (Table 1). We also noted CUC), and r(GGCGUGCG) These models can explain the
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Table 6: Comparison of Free Energy Increments for Symmetric
Tandem GU and A-U Motifst
. central pairs
adjacent S5'UG3’*% S'UA3'¢ 5'GU3" " §’AU3 ¢
‘ base pairs 3’GUS" 3’'AUS  AAGY 3'UG5 3'UAS AAGY
5'G —49 -5.8 0.9 —4.1 —58 1.7

3C
UG ue 5C —4.2 -5.5 1.3 -1.1 -53 4.2
G c c G ,
c G G c 3G
gl LU 5'U —-2.6 -32 0.6 -0.3 -3.8 35
(2.1) (2.9) A
5'A -1.9 -3.5 1.6 0.2 -3.0 32

U
aKilocalories per mole at 37C.  Averaged if applicable Calcu-
) lated from the nearest-neighbor parameters, e\’ (GUAC) =
AG°(GU) + AG°(UA) + AG°(AC). ¢ AAG is the difference between
G-U motifs and the corresponding A-U maotifs.
control, A-U pairs, each of which have two hydrogen bonds,

cu cu lost 6.74 0.5 kcal/mol, which is close to the loss for &

< ¢ R pairs with two hydrogen bonds. The loss of stability for G
vie uie U pairs with single hydrogen bonds may be due to steric
(23 (20-8) hindrance by the bulky methyl group, changes in solvation,
Ficure 10: Stacking interactions for steps dfGU-3/3'-CG-5 or other factors.
(upper left) and 5CG-3/3'-GU-5 (lower left) in NMR models
and for steps of 5CU-3/3-GG-5 (upper right) and 5GG-3/3'- The hydrogen bond between GO6 and UH3 of a wobble

CU-5 (lower right), modeled by flipping the G-C pairs of the NMR  G-U pair also cannot form in an i® pair (Figure 8e). Thus
models. Contours encircle regions of highly negative potential and the NMR models predict that the iG substitution should have
are drawn in the best plane through the middle of the stack of the 5 larger effect on duplex stability for the more stable tandem

two base pairs shown. The steps are boxed in the corresponding . . .
motifs shown beneath each plot, along with the eIectrostatich U motifs than for the less stable motifs. As shown in Table

interaction energies (kilocalories per mole) calculated according O, the data also fit this expectation. Motifs containingJG
to Coulomb’s law, with partial charges from Cornell et a1) pairs with two hydrogen bonds lost 46 0.8 kcal/mol on
The larger the interaction energy, the less stable is the motif. The average, while those with only one hydrogen bond lost 1.7

left base pairs in each motif are shown in black. + 0.1 kcal/mol on average. The loss of stability forlG

unusual sequence dependence of stability for symmetricPars with a single hydrogen bond may be due to steric
tandem GU motifs, and the temperature dependence of the hindrance between iGNH2 and UH3, changes in solvation
imino proton resonances (Tables 1 and 3). The key sugges2f Other factors.
tion is that there are different numbers of hydrogen bonds NearestNeighbor Analysis Is Also Consistent with the
in the GU pairs in different contexts. For (GAGUGCUL)  NMR Models A wobble GU pair has two hydrogen bonds,
two hydrogen bonds are seen in eacltu@air, i.e., GH1 to i.e., GH1 to UO2 and GO6 to UH3, and thus is expected to
UO2 and GO6 to UH3 (Figure 8b) In contrast, 0n|y one have similar Stablllty as an A-U pair. Table 6 shows a
three-centered hydrogen bond is seen for eadh @ir in comparison of the free energy increments of symmetric
r(GGCGUGCC), i.e., GH1 and GH2 to UO2 (Figure 8c). tandem GU motifs and their A-U counterparts. The-5
Such a three-centered hydrogen bond has been shown to b&GUC-3 motif and all the motifs with 5UG-3' have
weaker than a two-centered hydrogen bo68).(Although stabilities similar to those of their A-U counterparts, with
G-U pairs with different one-hydrogen-bond geometries are the GU motifs less stable by 1.2 kcal/mol on average. These
seen in other context81, 42 66), the one-hydrogen-bond ~ motifs are all thought to have -G pairs with wobble
scheme in an RNA helix has not been suggested previously.structures (Figure 8a,b). Motifs-£GUG-3, 5-UGUA-3,
Effects of N3-Methyluridine and Isoguanosine Substitution and 3-AGUU-3', however, are on average 3.6 kcal/mol less
The NMR models suggest that the stability differences Stable than their A-U counterparts. Since a hydrogen bond
between GU motifs (Tab|e 1) correlate with the number of in a helix typlcally contributes about 1 kcal/mol to Stablllty
hydrogen bonds in the @ pair_ In particu|ar, UH3 forms a (67), the further decrease in Stablllty of about 2.4 kcal/mol
hydrogen bond with GO6 in more stable tanderu@otifs, relative to A-U pairs is consistent with each of the twdJG
but does not in less stable motifs (Figure 8b,c). Replacing Pairs having only one hydrogen bond as suggested by the
uridine (U) withN3-methyluridine (mU) guarantees that there  NMR and molecular modeling studies and by the nucleotide
is no imino proton to form a hydrogen bond with GO6 @analogue replacement experiments.
(Figure 8d). Thus the NMR models predict that the mU  Imino Proton NMR The resonance of a hydrogen-bonded
substitution should have a larger effect on duplex stability proton is usually shifted downfield relative to a non-
for the more stable tandentG motifs than for the less stable  hydrogen-bonded proton. The chemical shift of the hydrogen-
motifs. As shown in Table 5, the data fit this expectation. bonded U4H3 in (GAGUGCUG) however, is only about
Motifs containing GU pairs with two hydrogen bonds lost 0.3 ppm downfield of the non-hydrogen bonded U5HS3 in
6.0 = 0.7 kcal/mol on average, while those with only one (GGCGUGCC), which resonates at 11.8 ppm. The small
hydrogen bond lost 2.4 0.1 kcal/mol on average. As a difference, however, is deceptive because the magnetic
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environments of the @& pairs in the two duplexes are because of their exchangeable nature, the imino and amino
different, and the chemical shift of UH3 in a-@& pair is protons fail to provide accurate distance restraints. Neverthe-
quite context-dependent. For example, neither the U9H3 less, structural modeling with molecular dynamics inevitably
proton in a GU pair of a UUCG tetraloop42, 68 nor the led to a three-centered hydrogen bond for thé& @airs in
U74H3 proton in a @J pair of Escherichia coli5S rRNA r(GGCGUGCC). Without employing molecular dynamics,
(32) is hydrogen bonded, but they resonate at 11.9 and 10.8however, it was possible to locate a reasonable A-form RNA-
ppm, respectively. Thus there is precedent for a non- like structure for (GGCGUGCG}hat contained &J pairs
hydrogen-bonded UH3 resonating at 11.9 ppm, as observedwith two-hydrogen-bonds and that did not have major
for USH3 in (GGCGUGCQG) violations with the NMR data. Thus we do not exclude the

The temperature dependence of the imino resonances opossibility of having a two-hydrogen-bonded structure for
r(GGCGUGCC) is somewhat unusual. The line width of the GU pairs in (GGCGUGCG) While both one and two
an imino proton resonance can broaden if it is in conforma- hydrogen bond models are consistent with the NMR data,
tional exchange or in rapid exchange with bulk water. Under the energy calculations strongly favor the one hydrogen bond
extreme cases, the resonance disappears. It is a reasonabitaodel. Moreover, this model is consistent with the thermo-
assumption that exchange with water effectively takes place dynamics measured for duplexes withlz G-mU, and iG
only when the nucleotide is in an open st&#é, (70). Thus U pairs.
line broadening is common for terminal nucleotides, presum- Comparison with Preious ResultsA crystal structure
ably because of terminal fraying. The stability of the duplex, containing >GUGC-3 has been reported at 2.5 A resolution
however, is not usually affected since exchange can occur(73). Comparison of this structure with the NMR model
even if the base pair is only open a small fraction of time. reported here for'sGUGC-3 reveals similar geometry. For
It is also common that internal imino protons have different example, each @ pair in both structures has two hydrogen
lifetimes for the open stat&(). The difference is, however, bonds that are somewhat bifurcated, which means that the
not as drastic as observed here for (GGCGUGOEWhich displacement of the G in the-Q pair toward the minor
the imino protons from the ® pairs disappear more than groove leaves UO2 between GN2 and GH1 (Figure 8b).
15 °C lower than those from WatserCrick base pairs. Recently, Zhang et al78) reported NMR studies ofN
Moreover, those protons with short lifetimes usually are close chemical shifts for (GGCGUGCgand r(GGCUGGCQG)
to termini or some structural disruptions, with the shortest with atom-specific isotopic labeling. The only difference
lifetimes observed for protons closest to the structural between the two duplexes is the sequence of the tandem G
disruptions. For r(GGCGUGCGg)the imino resonances of U pairs. The thermodynamic stabilities of the two duplexes
base pairs adjacent to-G are strong, meaning there is no and the corresponding motifs,-6GUG-3 and 3-CUGG-
terminal or structural disruption near the\Gpairs. There 3, however, are very different (Tables 1 and 5). Zhang et
are rare examples in which an imino resonance disappearsl. (74) found an interesting difference between the two
15 °C lower than the rest of the imino resonanceég)( but duplexes in the temperature dependence of the chemical
the structural reasons and mechanisms have not beershifts of N2 of the G in the &J pairs. For r(GGCGUGCG)
elucidated. What is interesting about theddmino proton a transition was seen with increasing temperature. In contrast,
resonances reported here is that there is a strong correlatiorthe chemical shift as a function of temperature was just a
between the dependence of thdJGmino proton resonances  straight line with negative slope for r((GGCUGGGCIt is
on temperature and their corresponding thermodynamic possible that such a difference is caused by the different
stabilities. That is, whenever the- G pair is not stable, the  stacking of the @J pairs in the two duplexes. The structural
imino proton resonances disappear more thari@ @ower model obtained here, however, offers another explanation
than those from WatserCrick base pairs. for this difference. In the model of (GGCGUGGLCEHEANH2

For r(GGCGUGCQG), the resonances of the USH3 and is involved in a weak three-centered hydrogen bond (Figure
G4H1 imino protons have almost the same line widths and 8c). Therefore, when the temperature rises and the duplex
disappear at almost the same temperature even though U5H8lissociates, this hydrogen bond breaks, giving rise to a
is not hydrogen-bonded but G4H1 is. This is presumably transition in the chemical shift versus temperature plot. If
because U5H3 is located in the narrow and deep RNA major each GU pair in ((GGCUGGCGC) has two hydrogen bonds
groove, which prevents rapid exchange with water unlessas in the model for (GAGUGCUG) then the distance
the GU pairing is disrupted, at least a small fraction of the between U402 and G5NH2 is too far (2.4 A) to form a
time. This can also explain why the line widths for all the hydrogen bond (Figure 8b). Thus a similar transition is not
imino protons are similar below a certain temperature. In expected.
fact, the exchange cross-peak of G4H1 with water is slightly ~ Complexity of GU Pairs. G-U pairs comprise about 50%
weaker than that of USH3 (Figure 2). The NOEs between of the non-WatsorCrick base pairs and mismatches in a
G4H1 and U5H3 for (GGCGUGCgare weaker than those large set of known RNA secondary structurés-4). G-U
between G5H1 and U4H3 for r(GAGUGCUL(see Sup- pairs can form either one or two hydrogen bonds. One
porting Information). This is consistent with greater exchange structure of a @J pair with one hydrogen bond is shown in
with water of the GU pairs in r(GGCGUGCG)and with Figure 8c. Another structure is seen in the models of the
the longer distance from G4H1 to U5H3 (2870.1 A) in UUCG tetraloop42) and ofE. coli5S rRNA @31). Evidently,
r(GGCGUGCC) than from G5H1 to U4H3 (2.4- 0.03 A) the type of pairing is dependent on secondary and tertiary
in (GAGUGCUCY) (Figure 8b,c). context. The complexity of &J pairing will certainly affect

There are not many nonexchangeable protons that can bestudies of RNA structure and function.
used to establish definitively the structure and therefore the Why Do GU Pairs Adopt Different GeometriesPhe
hydrogen-bonding patterns of the-& pairs. Moreover, NMR and molecular modeling studies reported here suggest



Structures of Symmetric Tandem & Pairs

that the GU pairs in the 5CGUG-3 motif have one
hydrogen bond, whereas the&Gpairs in the 5GGUC-3
motif have two hydrogen bonds. There are at least two factors
that can favor the single hydrogen bond structure. As shown
in Figure 9, less distorted juxtaposition of thel&pair
relative to A-form is required to accommodate aJair

with one hydrogen bond. Second, the electrostatic interac-
tions between bases in thé-6GUG-3 motif with one
hydrogen bond may not be as unfavorable as those in the
same motif with two hydrogen bonds for eachUGpair.
Evidently, the favorable geometry for a-\& pair depends

on a combination of electrostatic interactions with adjacent
base pairs, hydrogen bonds within theUGpair, and
backbone distortions.

SUPPORTING INFORMATION AVAILABLE

Two tables of chemical shift assignments, four tables of
the restraints used in the structural modeling, four tables of
the helical parameters, two figures of 1D imino proton NOEs,
and two figures of NOESY spectra. This material is available
free of charge via the Internet at http://pubs.acs.org.
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