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ABSTRACT. Structural features of a 19-nucleotide RNA hairpin loop&&CGUACGUUUCGUACGCC-

3), a loop motif which occurs in eukaryotic 18S rRNA, have been derived using multidimensional
heteronuclear NMR spectroscopy in combination with local conformational analysis and torsion angle
distance geometry followed by restrained energy minimization. A method to obtain bothfae and

8Jcaps coupling constants from a set of spin-echo difference constant time HSQC spectra is introduced,
and it is shown how these couplings can be assigned to the backbone Aragids. A total of 280
distance constraints as well as 132 homo- and heteronuclear three-bond scalar coupling constants were
derived from the NMR data. The structure which has been determined is a pentaloop rather than a triloop
with no base pairing between G8 and C12. G8 is pointed to the minor groove where it forms a base
triplet with C7-G13 that is further stabilized by hydrogen bonding to thiey2iroxyl group of C7. C12

is directed to the major groove where its conformation is stabilized by hydrogen bonding between O2
and HO2. The NMR data suggest two possible, interconverting conformations with stacking of bases
U10-G8 or U11-C7. Overall, the loop provides a variety of interaction sites for RNA or protein interactions.

Besides its role in information transfer, RNA is associated tertiary structure (Cate et al., 1996). The traditional view
with regulatory functions or catalytic activity, with these of RNA hairpins in which the stem was considered to be
functions carried out either by the RNA alone or in highly structured and the loop disordered is contradicted by
conjunction with associated proteins. Unfortunately, three- many hairpin structures solved recently (Cheong et al., 1990;
dimensional structural information obtained for RNA is Heus & Pardi, 1991b; Varani et al., 1991; Puglisi et al., 1990;
limited so far. X-ray diffraction techniques require ordered Hoffman et al., 1993; Mirmira & Tinoco, 1996; Fountain et
crystals of adequate size, which has so far been possible foral., 1996; Szewczak et al., 1993; Laing & Hall, 1996; Orita
tRNAs and small RNA fragments as well as recently for the et al., 1993; Pley et al., 1994a). Although some hairpin loops
hammerhead ribozyme (Pley et al., 1994b; Scott et al., 1996)have conformational flexibility (Jaeger & Tinoco, 1993;
and the group | ribozyme domain (Cate et al., 1996). The Colvin et al., 1993), such loops can take up a distinct
structures of small secondary structural motifs such as hairpinstructure by interaction with either a protein, as has been
loops, bulges, internal loops, or pseudoknots have beenshown for internal loops (Aboul-ela et al., 1995; Allain et
obtained by solution NMRspectroscopy [for reviews see, al., 1996), or an RNA molecule (Gregorian & Crothers, 1995;
e.g., Moore (1993), Shen et al. (1995), and Feigon et al. Marino et al., 1995a).

(1996)]. The size of the RNA molecules studied by NMR 1, yhe hairpin structures of 16S-like rRNAs investigated

has recently been extended to approximately 40 nucleotides,, \yojters (1992), tetraloops are preferred to 60% in bacteria
by the introduction of isotope labeling (Wyatt et al., 1991; '\ 2 much lesser degree (46%) in eukaryotes. Triloops

Nikonowicz et al., 1992 I_Batey et al, ?992) qnd the occur less frequently but are still quite common; e.g., the
development of NMR experiments appropriate for ISotope- family is found in 3% of the tight loops in 16S rRNA
labeled RNA molecules (Dieckmann & Feigon, 1994; Pardi, in bacteria and in about 12% of these in eukaryotes, mainly

1995; Moore, 1995; Varani et al., 1996). with the loop sequences UUU and UCU. The most abundant

Hairpin loops are among the most abundant structural _ . - ; -
. ; . : triloop sequence, UUU, combines preferentially with G\G
elements in RNA. They provide nucleation sites for RNA as nearest neighbors in bacteria and with_CG in

folding (Uhlenbeck, 1990; Woese et al., 1990), occur at eukaryotes. In the latter, the number of continuous base pairs

&iﬂscrrgte'?nns tear;g'r::aatéoges'itnevsél\%gvi'gitié?ﬁzfaciiro':tg{ alfli'&n adjacent to the loop exceeds four. As investigated by Woese
P ' et al. (1990) in bacterial 16S rRNA, the hairpin loop at

T This work has been supported by Deutsche Forschungsgemeinschaﬂ‘POSltl0n 83 Escherichia colinumbering) occurs mainly as

Grant Br 1487/1 and by the Fonds der Chemischen Industrie. a tetraloop, but additionally the triloop UUU sequence has
® Abstract published imdvance ACS Abstract€ctober 15, 1997. arisen independently several times.

1 Abbreviations: COSY, correlated spectroscopy; CT-HSQC, con- . . 5
stant time heteronuclear single-quantum coherence; E.COSY, exclusive With the advent of isotop&C/**N-labeled RNA and the

COSY: NMP, nucleoside'Smonophosphate; NMR, nuclear magnetic  recent advances in NMR spectroscopy, we decided to try to
resonance; NOE, nuclear Overhauser effect; NOESY, NOE spectros-obtain a detailed structure of a hairpin loop with & 5

copy; NTP, nucleoside 'Sriphosphate; TOCSY, total correlation _ i ; [P
spectroscopy; WATERGATE, water suppression by gradient-tailored CGUUUCG-3 loop motif, in which the UUU loop is in the

excitation; 11-mer, 5GGCGUUUCGCC-3 15-mer, 5GGCACGU-  context of CGCG. This sequence motif occurs frequently
UUCGUGCC-3; 19-mer, 5>GGCGUACGUUUCGUACGCC-3 in ribosomal RNA (Wolters, 1992), and a very similar loop
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(5'-GGUCUCC-3) forms the E-loop ofE. coli 5S rRNA 5uM EDTA, 50 uM NaN;, 10 mM sodium phosphate, pH
(nt 85-91). In addition, medium resolution structures of 6.0, and different concentrations of NaCl. Final yields
5'-UU(UCU)GA-3 (Puglisi et al., 1990) and' 85C(UUU)- (incorporation of nucleotides into the purified RNA) were
GC-3 (Davis et al., 1993) triloop motifs have previously approximately 3.5% fot°N-labeled 11-mer, 2.5% fo{*N-
been obtained by hydrogen and phosphorus NMR. The largelabeled 15-mer, 2% fot*N-labeled 19-mer, and 1.5% for
number of scalar coupling constants and NOEs which could °N/*3C-labeled 19-mer. A BD sample of the'>N/3C-
be determined using heteronuclé#- and**C-edited NMR labeled RNA 19-mer was prepared by lyophilizing the sample
data, together with 3D structure determination by local three times from 99.9% f®. The lyophilized material was
conformational analysis and distance geometry with subse-then dissolved in 99.995%,0D. The final concentration of
guent energy minimization, indicated that theC55UUUCG- the 15N/*3C-labeled 19-mer was 0.5 mM.
3' loop motif adopts a pentaloop conformation differing from  NMR SpectroscopyNMR experiments were performed
all previously studied triloop hairpin molecules. on Varian 600 UnityPlus or 750 INOVA spectrometers. One-
and two-dimensional experiments were processed with the
MATERIALS AND METHODS program VNMR (Varian). Three-dimensional experiments
Sample Preparation Three RNA oligonucleotides,’5 were processed with the program PROSA fiaut et al.,
GGCGUUUCGCC-3(referred to as 11-mer), &5GCACG- 1992) on Sun or Silicon Graphics workstations. Subse-
UUUCGUGCC-3 (15-mer), and 5GGCGUACGUUUC- quently, two- and three-dimensional spectra were analyzed
GUACGCC-3 (19-mer), were prepared hwn uitro tran- using the program XEASY (Bartels et al., 1995). The
scription with T7 RNA polymerase from synthetic DNA multidimensional NMR experiments which were acquired
templates with a double-stranded promotor region (Milligan are given in the text, and the details of the acquisition and
et al., 1987). DNA oligonucleotides were synthesized using processing parameters are given in Table 1 in the Supporting
phosphoramidite chemistry. Prior to transcription the pro- Information.
motor strand was annealed to the template strand by heating Distance Restraints Upper limit distance constraints for
5 uM template strand, M promotor strand, 6 mM MgG) the nonexchangeable hydrogens were calculated from NOE
1 mM spermidine, and 40 mM Tris-HCI, pH 8.1, for 3 min  cross peak volumes using the isolated spin pair approxima-
at 95°C and slowly cooling the mixture to room temperature. tion with the program CALIBA (Gutert et al., 1991).
I5N- and *N/*3C-labeled nucleotides were prepared by Averaged cytosine and uracil H36 cross peak volumes
growth of E. coli strain MRE600 on M9 media containing of stem nucleotides were taken as references with a fixed
[¥5N] ammonium chloride ¥ 98%, ISOTEC and Cambridge distance of 2.42 A for the 2D, 'H) NOESY spectrum
Isotope Laboratories) or'iN] ammonium chloride/fC] (Kumar et al., 1980) and the 30°C, 'H, 'H) NOESY
glucose (99%, Cambridge Isotope Laboratories) as the solespectrum (Norwood et al., 1990) of the aromatic region. The
nitrogen/carbon source, respectively. Subsequently ribo-ribose-optimized 3D¥C, H, 'H) NOESY spectrum was
somes were isolated and rRNA extracted, followed by calibrated using H:-H2' cross peaks of the stem nucleotides
enzymatic digestion of the RNA to NMPs and phosphory- (C3-endo ribose conformation) with a reference distance of
lation to NTPs (Wyatt et al., 1991; Nikonowicz et al., 1992; 2.8 A. Mixing times of 80 and 100 ms were used for 2D
Batey et al.,, 1992; Gne et al.,, 1996b). Transcription and 3D experiments, respectively, to minimize spin diffusion
reactions were incubated overnight at 7 [40 mM Tris- effects. The relaxation delay w# s for the 2D experiment,
HCI pH 8.1, 1 mM spermidine, 80 mg/mL poly(ethylene corresponding to approximatelyT3 as measured from
glycol), 28 mM MgC}, 20 mM dithiothreitol, 600 nM DNA standard inversion recovery experiments. A relaxation delay
template, 4 mM each NTP, 0.1 mg/mL T7 RNA polymerase] of 6 s is prohibitively long for a 3D experiment. We
using either’>N- or 5N/**C-labeled NTPs. Afterward the therefore used only 2.5 s, which is slightly longer than the
solution was extracted with phenol/chloroform, and the longitudinal relaxation time of the slowest relaxing hydro-
nucleic acids were obtained by ethanol precipitation. The gens. The influences of the relaxation delay and of the
final 1°N-labeled 11-mer and 15-mer products were purified relative calibration of the three spectra were examined by
by reversed-phase ion pair chromatography (Pingoud et al.,comparing the scaled volumes for cross peaks which could
1989) on a preparative Vydac protein and peptide C18 be measured in all the different spectra. The deviation of
column equilibrated with 50 mM potassium phosphate and cross peak volumes in the different spectra to the mean value
2 mM tetrabutylammonium hydrogen sulfate, pH 5.9 in varied from aboutt20% for strong cross peaks t680%
water. The RNA was eluted using an acetonitrile gradient. for the weakest cross peaks, which is the order of magnitude
The collected product was lyophilized and the salt removed expected for error margins of intensities between differently
with a Centricon-3 microconcentrator (Amicon). Traces of processed spectra obtained for close mixing times (Schmitz
tetrabutylammonium hydrogen sulfate were removed by & James, 1995). The average volumes were taken for the
subsequent precipitation of the RNA with 5 volumes of 2% conversion of cross peak volumes to distance constraints with
lithium perchlorate in acetone. THeN- or 1°N/**C-labeled the program CALIBA (Gutert et al., 1991). For the input
19-mer was purified by preparative acrylamide gel electro- to the DIANA structure calculations, the usual pseudoatom
phoresis under denaturing conditions (7 M urea). The corrections for nonstereospecifically assigned hydrogens were
product was cut from the gel, electroeluted (Bio-Rad, Electro applied (Guntert et al., 1991). NOEs involving exchangeable
Eluter), and precipitated with ethanol. The final RNA hydrogens observed in the 200 ms NOESY experiment in
products were dialyzed with a Centricon-3 microconcentrator H,O were interpreted more conservatively. Strong and weak
first against 100 mM NacCl, 10 mM EDTA, 50M NaNs, cross peaks were given upper bounds of 5 and 7 A,
and 10 mM sodium phosphate, pH 6.0, to remove traces ofrespectively. No lower limits were used for the NOE-derived
divalent impurities (Puglisi & Tinoco, 1989) and second distance constraints (Varani et al., 1996). Hydrogen-bonding
against the final NMR buffer containing 90%&/10% DO, constraints were introduced for the base pairs-G28 to
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C7—G13, for which the NH and NKresonances fulfilled  magnetization (Vuister et al., 1993). We accounted for this
the criteria described by Allain and Varani (1995). These by increasing by+1 Hz the possible range of the scalar
were introduced as upper limits between heavy atoms of 3 coupling constants determined as described above.
A and an additional lower limit constraint of 9.1 A between Dihedral Angle Constraints Scalar coupling constants and
N1 and N9 atoms of the two bases involved in the hydrogen NOE distance constraints were translated into dihedral angle
bonding. restraints by local conformational analysis (Ohlensgaia
Scalar Coupling Constants2D (*3C, 'H) HCCH-E.COSY, unpublished results; see acknowledgment). In short, a grid
3D (*H, 3C, H) HCCH-E.COSY, and 3D, 3C, H) search which varied the angl8sy, o, v1, v2, §, ande with
“directed” HCC-TOCSY-CCH-E.COSY experiments 10° step size was performed over all possible conformations
(Griesinger & Eggenberger, 1992; Olsen et al., 1993; of a mononucleotide. Scalar coupling constants were
Schwalbe et al., 1994; Schwalbe et al., 1995; Marino et al., translated into dihedral angle restraints using Karplus curves
1996) were acquired, and tB&;4 coupling constants were  from Altona (1982) forJyyw> and3Juznz, from Altona and
measured as displacements of the multiplet components inSundaralingam (1973) f60uzns and3Juansms', from Lee
the direct dimension, neglecting the small contributions of and Sarma (1976) fotJpus/ms, from Mooren et al. (1994)
the nonconnected transitions. To account for this, the scalarfor 3J,3p, and from Plavec and Chattopadhyaya (1995) for
coupling constants were given an error margin of at least 3Jc2p and 3Jcqp. For each conformation a target function
+1 Hz. To restrict the backbone torsion angfesnd e, similar to the one used in the program DIANA (@ert et
heteronucleafJsy and 3Jcr coupling constants were mea- al., 1991) was evaluated. NOE, van der Waals, and dihedral
sured. A standard 20C, 'H) HSQC experiment (Boden-  angle violations contributed to this target function. Confor-
hausen & Ruben, 1980) without phosphorus decoupling mations which had target functions below a threshold of
provided3Jyzp , 3Jusp , and3Jys-e coupling constants via the  0.01-0.2 A2 were stored. The region containing all dihedral
typical E.COSY pattern due to the associatkg couplings angles which were found in the accepted conformations was
(Schmieder et al., 1992). The additiondkc couplings used as the dihedral angle restraint in the subsequent distance
observed in the present experiment were not removed bygeometry structure calculation. This procedure also gave
using constant time experiments (Santoro & King, 1992; stereospecific assignments for some of thé 8 hydro-
Vuister & Bax, 1992) due to the limited sensitivity at long gens. For residues in which thé Bydrogens were not

indirect acquisition times. stereospecifically assigned, the dihedral angle constraints
3Jczp and®Jcqp are associated with small four-bond scalar include the dihedral angle ranges obtained for each of the
couplings and are themselves small in the cas&lgf or possible stereospecific assignments. Additionally dtzend
show couplings to two phosphorus atoms simultaneously ¢ angles were restrained (to 120°) to exclude the trans
(3Jcap except for the 3terminal residue). To determifié:,p conformation if the3P chemical shift of the involved
and3Jc4p a set of spin-echo difference 2B°C, *H) CT- phosphorus did not show large downfield shifts (Gorenstein,
HSQC spectra (Vuister et al., 1993) with constant times of 1984; Varani et al., 1991).
1/Jcc, 2cc, and 30cc were analyzed. Fodczp the relative Structure Calculation and AnalysisThe input for the first

difference in signal volumes of the HZ22 cross peaks  distance geometry calculations with the program DIANA
between3'P-decoupled and'P-coupled spectra was em- (Guntert et al., 1991) consisted of NOE derived upper limits,
ployed to derive scalar coupling constants as described byhydrogen-bonding constraints, constraints for the ribose ring
Legault et al. (1995). The HE2 cross peak of C19 was to obtain proper ribose geometries, and dihedral angle
used to evaluate the minimal errors for the relative signal constraints derived from the local conformational analysis
volumes. The HA4 cross peak volumes are influenced of scalar coupling constants and intranucleotide NOEs as
by two passive scalar couplings in tB#-coupled spectra  described above. Several rounds of structure calculations
versus the!P-decoupled spectra because &4coupled to and NOESY cross peak assignments using the program
the B phosphorus as well as thé Bhosphorus via three  ASNO (Gintert et al., 1993) were performed. After structure
bonds. The relative cross peak volumes & Vaecoup= calculation with the full data set, close hydrogégtydrogen
cosr 2Jcap3zCT) cos(rIcapsCT), WhereVeoup andVyecoupdre contacts in the loop region which were not defined by
the cross peak volumes in tléP-coupled and decoupled restraints were found. We therefore checked all hydregen
spectra, respectively, and CT is the constant time used. Thehydrogen distances smaller tha A in a set of 2Gstructures
experimental ratio o¥coufVaecoupCOrresponds to an allowed  for the existence of cross peaks in the NOE spectra. If no
area on &Jcgpz, 3Jcaps hyperplane which depends on the cross peak was found, this distance was introduced as a “non-
constant time. The intersection of all allowed areas provides NOE” (Schmitz & James, 1995) distance restraint with a
the possible values 88csps and3Jcsps. To determine which  lower bound of 3 A. In total, 38 lower limit constraints were
of the two 3Jcsp coupling constants is to the' Znd 3 introduced for residues C#G13. In the final round of the
phosphorus, respectively, we recorded a standard 3D HCPDIANA structure calculation, all measured upper distance
experiment (Heus et al., 1994) in which the signal intensity limits, lower distance limits for the loop region, the dihedral
of the H4C4'P peak is dependent on the size of théRC4  angle constraints mentioned above, and stereospecific as-
scalar coupling. By qualitatively comparing the cross peak signments obtained for some of the stem nucleotides from
intensities of the peaks to the' phosphorus and '3  the local conformational analysis process were used. Starting
phosphorus, thélcsp coupling constants could be ascribed with 300 randomized conformers, five REDAC cycles
to the torsion angleS or e. Systematic errors in the (Guntert & Wiuthrich, 1991) were performed in which the
determination of these coupling constants with spin-echo maximal target function value per residue for locally ac-
difference CT-HSQC experiments could arise from improper ceptable segments was seflig.* = 0.6 A2 and T+
inversion of theé’P 180 pulse and be due to faster relaxation = 0.4 A2, for minimizations 2-4 and 5,6, respectively. At

of antiphase®*C magnetization compared to in-phaS€ least 30 structures with acceptable local target functions were
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required in order for the observed torsion angles to be D Dy
included as angle constraints in subsequent REDAC cycles. A D 5’% Dy Dy
In the final cycle only the experimentally measured dihedral ¥
angle constraints were used. D

The 15 DIANA conformers with the smallest target 1[

function values were subjected to restrained energy mini-
mization using the program AMBER 4.1 (Pearlman et al., UM + CCEC0QUGTEGS

1995) with the AMBER all-atom force field (Cornell et al.,
1995). A flat-bottomed potential for a fulfilled distance limit/
dihedral angle range and subsequent parabolic curvature up
to 0.5 A or 10 above the limit followed by a linear increase
was used for both distance a%d dihedral restraints with force y ]
constants of 25 kcal/(mol 4 and 50 kcal/(mol rat, GIGICIACIAY,
respectively. A distance-dependent dielectric constasat of 3
=r was employed. The negative charges on the phosphate

 on the phe | :
groups were reduced te0.2, and no explicit counterions Uu ‘.’;U v o
M

were used. Nonbonded interactions were cut off at 12 A.
Steepest descent minimization was performed until the
difference in the norm of the gradient for successive steps € M TN Y
was within 0.1 kcal/(mol A) followed byAconjugate gradient |
minimization until a 0.05 kcal/(mol A) difference. To )
represent the solution structure of the RNA 19-mer, the M| 2
resulting 15 energy-refined structures were used. Structures
were analyzed using the programs XAM (Xia, 1992) and
MOLMOL (Koradi et al., 1996). The latter program was
also used to generate figures showing the structures and ,
torsion angles. 13.5 13.0

RESULTS . . . .
FicUrRE 1: Imino region of one-dimensiondH NMR spectra of
Preparation of Monomeric Stenioop Structures Due the (A) 11-mer, (B) 15-mer, and (C) 19-mer RNA molecules

to the self-complementarity of the stem sequence, smallrecorded in 90% kD/10% DO with binomial water suppression.

o ; Conditions are 10 mM phosphate, pH 6.0,°’ZD[except (C) at 30
hé.“.rpm loops may ?ltematlvely f.orm duplex Stru_CtureS' °C], and RNA concentrations of 1.35, 0.6, and 1.6 mM for the
Initial NMR observations of the imino hydrogen region for 11 imer 15.mer, and 19-mer, respectively. The sequences and

the 11-mer indicated formation of three UU base pairs secondary structure models for the three molecules are shown with
(Figure 1A and unpublished results), which suggested thateach spectrum. In (A) resonances corresponding to monomer and
this loop motif can alternatively form a duplex structure with ?é?gg:ﬁgg;e;gi] rggggjdljr'vrllch%aDr’ar((:etSeF?i?s,(t:itgl(\ell%hzﬁgéid;?lfﬂgimer
three consecutive UU base pairs. A_IthOUQh imino hydrogen gbserved in 2DPN, 1H) correlation spectra confirm the assignment
resonances of the monomeric species can also be observeg these uridine resonances (data not shown).

for the 11-mer as shown in Figure 1A, it was not possible

to find conditions with sufficiently high RNA concentration  potential WatsonCrick base pairs in the stem region (e.g.,
under which no duplex resonances were observed. Indeedsix sharp imino resonances and eight potential base pairs
although the proportion of the monomeric stelmop species  for the 19-mer; Figure 1C). Although fraying of the base
in the NMR samples could be increased to as much as 90%pair at the end of the stem region commonly leads to the
by rapid quenching of the sample temperature from 90 to 0 nonobservation of one imino hydrogen resonance for stem
°C, for the 11-mer rapid equilibration led to re-formation of regions, the consistent nonobservation of two imino hydrogen
the predominant dimeric species within about 0.5 h. Even resonances was a first indication that theC&UUUCG-3

the extension of the stem region by two base pairs was notmotif forms a pentaloop independent of stem lengths 4f
sufficient to obtain exclusively the monomeric species as base pairs.

monitored by the characteristic sharp uridine imino reso- Resonance AssignmentSlonexchangeable hydrogen and
nances in the upfield imino region (15-mer, Figure 1B). For carbon resonances of the RNA 19-mer were assigned in four
the 15-mer, the monomeric species obtained by rapid steps: First, individual ribose spin systems were identified.
quenching of the sample temperature was observed toSecond, base hydrogen/carbon spin systems were determined.
equilibrate to a substantial proportion of dimeric species Third, base and ribose spin systems were linked. Fourth,
within about 20 h. Only the introduction of two further stem nucleoside spin systems were mapped onto the sequence.
base pairs was observed to result in pure hairpin conforma- Ribose hydrogen and carbon spin systems have been
tion under conditions of 10 mM sodium phosphate buffer at identified by a strategy similar to that described by Ni-
pH 6.0 with RNA concentrations of up to 1.6 mM (19-mer, konowicz and Pardi (1993). Hydrogens were linked to the
Figure 1C). For the 19-mer, following quenching from 90 attached carbon by standard 2BQ, 'H) HSQC (Boden-

°C, no formation of a dimeric species was observed over a hausen & Ruben, 1980) and constant time HSQC (Santoro
period of several months. For all three different RNA & King, 1992; Vuister & Bax, 1992) experiments. By using
molecules, the number of sharp imino hydrogen resonanceschemical shift arguments (Varani & Tinoco, 1991) as well
observed in the NMR spectra of the monomeric stem loop as the different number of carbecarbon one-bond interac-
was always two less than suggested by the number oftions, 1, 2/3, 4, and 5 resonances can be distinguished.

'H ppm
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FiGure 2: Identification of the ribose ring system of U9. Strips are taken atithé3C chemical shifts of each hydrogenarbon pair in

the ribose ring in methylene-filtered, methylene-selected 3D HCCH-TOCSY or 3D HCCH-COSY experiments. The shifts of the ribose
ring hydrogens are marked by thin lines in the dimension. The identified signals are marked by thick vertical lines. The chemical shift
positions of the strips are given at the top of the strip for the carbon plane and at the bottom for the hydrogen positiondimtieasion.

All 19 of the CIHY1' cross peaks were individually resolved detailed description of this approach as applied to the 19-
for this hairpin. The CH groups of individual ribose rings mer studied here, see Ramachandran et al. (1996). For the
were linked using methylene-filtered/methylene-selected 3D through-space approach via NOESY spectroscopy (Varani
HCCH-TOCSY and 3D HCCH-COSY experiments (Fesik & Tinoco, 1991; Moore, 1995), a 400 ms 2DBH( 'H)
et al., 1990; Kay et al., 1990; Bax et al., 1990; Clore et al., NOESY experiment (Kumar et al., 1980) as well as a 400
1990; Pardi & Nikonowicz, 1992). A typical set of strips ms 2D {H, H) purine/pyrimidine-selective NOESY experi-
from methylene-filtered/methylene-selected 3D HCCH- ment (Ramachandran et al., 1997) was recorded. The latter
TOCSY and 3D HCCH-COSY experiments is shown in experiment provides NOE subspectra for NOEs arising from
Figure 2 for the ribose resonances of residue U9. Using thesepurine H8 and pyrimidine H6 hydrogens, respectively,
procedures all ribose hydrogen and carbon resonances fothereby simplifying the sequential assignment procedure. For
the 19-mer could be unambiguously assigned. a detailed description of this approach applied to the present
Base hydrogens were linked via a 2D HCCH-COSY 19-mer, see Ramachandran et al. (1997).
experiment (Kay et al., 1990; Clore et al., 1990; Bax et al.,  The chemical shifts of the nonexchangeable hydrogens are
1990; Pardi & Nikonowicz, 1992) optimized for magnetiza- given in Table 2 in the Supporting Information and the
tion transfer between H5 and H6 in the case of pyrimidines heteronuclear shifts in Table 3 in the Supporting Information.
and via a 2D HCCH-TOCSY experiment (Legault et al., Some carbon resonances for residues G8, C12, G13, and U14
1994; Marino et al., 1994a) for the correlation of H2 and (Table 3, Supporting Information) were found to have
H8 hydrogens in adenosine. The attached carbon resonancelroader line widths, particularly for carbons of the ribose
could be determined from thé3C, *H) HSQC experiment.  rings, in the standard HSQC and other experiments. These
Ribose and base spin systems were linked using 82D (  broader resonances, which were found for residues at the
!H) HCN experiment (Sklenar et al., 1993). The experiment, boundary between the stem and loop, remained broad over
which was carried out in a nonselective fashion, provided the temperature range-27 °C. The broader line widths
H1' to aromatic hydrogen (H6 or H8) links for 14 out of the prevented the correlation of the U14 phosphorus resonance
19 residues. as well as the C12 and G13 N1/N9 base nitrogens to the
Sequential assignments were obtained using two indepen-attached carbons, therefore preventing the assignment of
dent strategies. In the through-bond approach residues arg¢hese resonances.
linked via the intervening phosphorus resonance (Heus et Exchangeable hydrogens were assigned on the basis of
al., 1994; Marino et al., 1994b, 1995b; Tate et al., 1995). 2D (*H, 'H) WATERGATE-NOESY and 2D N, 'H)
Here we used a new experiment, HC(N/P)-CCH-TOCSY WATERGATE-HSQC experiments (Lippens et al., 1995;
(Ramachandran et al., 1996), which provides valuable Grzesiek & Bax, 1993) at 8C. Imino and amino hydrogens
information on base types via tHéN chemical shifts that  generally resonate in distinct spectral regions”(hvigh,
can be used for the clarification of ambiguous sequential 1986; Varani & Tinoco, 1991). Th¥N chemical shift of
assignments in the HCP-CCH-TOCSY subspectrum. For athe attached nitrogen provides additional information due to
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- FIGURE 4. Determination ofJyy, 3Jyp, and3Jcp scalar couplings.
(A) Typical cross peaks for the determination of &g, couplings.
9.0 The first cross peak is taken from the 2D HCCH-E.COSY, the next
L [ N _ two are from the 3D HCCH-E.COSY, and the last two are from
130 - S | O3 [ M Ha Hao | W o b ] 617 the 3D HCC-TOCSY-CCH-E.COSY experiment. The vertical
- dimension is thé3C dimension, showing the large associatés,
- coupling. The scalar couplings are measured in the fithl
" - dimension. (B) Cross peaks from a standard HSQC experiment
3 S I I without phosphorus decoupling for the determinatiorf3f and
14.0 3Jcp scalar couplings. Here the three-bond couplings are associated
135 13.0 with smaller two- or four-bond couplings. Because other residues
H ppm have two such couplingdJcsp could only be determined for the

Ficure 3: NOEs to imino hydrogens as observed in the 2B, ( 3-terminal residue.

1H) NOESY experiment in kD at 5°C with a mixing time of 200 a3 ; 0 3 i
ms. In the right part of the figure NOESs to imino protons as well possible*J; couplings and 60% ofJpy and Jcp coupling

as hb protons are shown schematically for the helix region of the constants could be determined. The main reason for not
19-mer. obtaining a scalar coupling constant was overlap even in 3D
spectra. This was especially a problem for t#H5/H5"
the fact that guanosine and uridine imino nitrogens as well scalar couplings in the stem region due to the minimal
as cytosine, adenosine, and guanosine amino nitrogens tendispersion of the C4chemical shifts for these resonances.
to resonate in different spectral regions (Nikonowicz & Pardi, Especially for residues C12 and G13, no or only very weak
1993). Therefore, exchangeable hydrogen resonances wereross peaks could be observed, presumably as a consequence
tentatively assigned to hydrogen and base types from theof the larger carbon line widths leading to magnetization
2D (**N, H) WATERGATE HSQC spectrum. Sequence- losses during thé3C—3C COSY or TOCSY transfers.
specific assignments were then obtained from the 20 ( 3Jczp and 3Jcep Were measured from a set of spin-echo
H) WATERGATE NOESY experiment with a mixing time  difference 2D {3C, 'H) CT-HSQC spectra (Vuister et al.,
of 200 ms (see Figure 3) using standard proceduréshfigh, 1993) acquired with constant times 0844, 2/Jcc, and 3lcc
1986; Varani & Tinoco, 1991; Nikonowicz & Pardi, 1993). and with and withouBP decoupling (Legault et al., 1995).
NOE interactions between guanosine imino hydrogens andThe H4C4 cross peak volumes are influenced by two
H1' hydrogens as described by Heus and Pardi (1991a) werepassive scalar couplings in tl#P-coupled spectra versus
also used for assignment. The observed NOE connectivitiesthe 3'P-decoupled spectra because G4coupled to the 5
provide clear sequential assignments and unambiguouslyphosphorus as well as Bhosphorus via three bonds. The
establish WatsonCrick base pairing from base pairs G2  3Jc4p couplings were extracted from theoretical plots (Figure
C18 to C7+G13 (Figure 3). The imino resonances of the 5) of VeoudVaecoup= C0ST3JcarsCT) cOS(r3IcapsCT), where
loop uridines 9-11, which gave broad resonances near30.5 Vcoup and Veecoup @re the cross peak volumes in th-
11.0 ppm (Figure 1), could not be sequentially assigned duecoupled and -decoupled spectra, respectively, and CT is the
to the lack of observable NOEs as a consequence of fastconstant time used. Using this new approach for the
exchange with solvent. For G1 and G8 no imino resonancesdetermination ofJcsp couplings, it was possible to measure
and for C12 no amino resonances could be detected. No70 scalar coupling constants which defingar e.
evidence for base pairing of G8 to C12 has been found. The Inter-Hydrogen Distances and Dihedral Constraintdp-
assignments for the exchangeable hydrogens and theiper limit distance constraints were extracted from a 2 (
attached nitrogens are shown in Tables 2 and 3 in the!H) NOESY spectrum, a 3DC, 'H, H) NOESY experi-
Supporting Information, respectively. ment optimized for the ribose region in the first two
Coupling Constants.Homonuclear®Jyy coupling con- dimensions, and a 3D%C, 'H, 'H) NOESY experiment
stants (Griesinger & Eggenberger, 1992; Olsen et al., 1993;optimized for the aromatic region in the indirect dimensions
Schwalbe et al., 1994, 1995; Marino et al., 1996), as well as as described in Materials and Methods. The intranucleotide
8Jen and 3Jcp coupling constants (Bodenhausen & Ruben, NOEs and scalar coupling constants were converted into the
1980; Schmieder et al., 1992), were measured in the typicaldihedral angle constraints given in Table 6 in the Supporting
E.COSY patterns as displacements of the multiplet compo- Information by use of local conformational analysis (Ohlen-
nents in the direct dimension (Figure 4). About 70% of all schlayer, unpublished results; see Acknowledgment). Due
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Ficure 6: (A) Distribution of the DIANA target function values,

T, among the 300 calculated conformefg), T@, T®), T®), andF

are the target function values after the first conjugate gradient
minimization of the variable target function, the second, third, and
fifth minimization, which used redundant dihedral angle restraints
(REDAC), and the final target function calculated with the initial
set of experimentally determined angle constraints, respectively.
(B) Number of locally acceptable fragments, for each residue
after each step in the DIANA calculations using REDAC. The
symbols refer to the same runs as in (A). Redundant dihedral angle
restraints were only introduced if more than 30 conformers with
locally acceptable residues were found (dashed line).

Un @’

P8 P7 P11 P12

FicurRe 5: Determination ofJcsp . (A) H4'C4 regions of the spin-
echo difference CT-HSQC spectra recorded at the constant times

given above the spectra. The upper spectra were acquired without . . . .
the phosphorus scalar coupling and the lower spectra with the INtranucleotide constraints, 80 sequential constraints, 16 long-

passive scalar coupling of the Gd phosphorus during the constant  range constraints, and 16 hydrogen-bonding constraints. A
time. The spectra are phased such that the spectra without thetotal of 129 angle restraints were obtained from the local
phosphorus coupling have positive @4 peaks. The spectra at  conformational analysis and 30 angle constraints from the

one constant time are plotted at the same threshold. In the first : : : )
spectrum the resonances for which fidgsp couplings could be phosphorus chemical shifts (Table 6, Supporting Informa

determined are marked by the residue type and number. (B) Contourtion). The total number OT constraints, 455, corr_esponds to
plots of the relative peak volum&s,./Vaecoupas a function of the  an average of 24 constraints per nucleotide residue.

two scalar coupling constanfScsps and 3Jcsps. The plots are ih At : ;
calculated for 23.8 ms (left), 47.6 ms (middle), and 71.4 ms (right) .ﬁf]trBTX:\rliDgt?rTlr:atltonﬂ—hfgénlal structutre fa(;CU|$rt:0;()so
constant time periods, respectively. (C) Determination of the two wi ] (Glntert et al., ) were started wi

scalar coupling constant&lesps and3Jesps for C7 (left) and U11 randomized conformers. The course of the DIANA structure
(right). The thick lines border the allowed combinations of scalar calculation is documented in Figure 6A. The first conjugate
coupling constants obtained from the 23.8 ms spin-echo difference gradient minimization of the variable target function did not

spectra, the thin lines those obtained from the 47.6 ms spectra, an ; :
the dotted lines those from the 71.4 ms spectra, respectively. The esult in structures which could be regarded as converged

intersections of the three areas are shaded and show the allowedUe to high residual target function values (see cdi¥en

combinations of the two coupling constants. The maximal ranges Figure 6A). We therefore applied the REDAC strategy
for each of the coupling constants are indicated by dashed lines.(Gintert & Wiithrich, 1991) in which dihedral angle con-

Note that the two Coupling constants can be interchanged. (D) CrOSSStraints are derived from |0ca||y acceptab|e fragments_ As

peaks in the ¢ planes from a 3D HCP experiment shown for the S
same residues C7 and U11. The horizontal and vertical dimensionsShOWn in Figure 6B, large numbers of calculated conformers

correspond to phosphorus and hydrogen frequencies, respectivelyWith locally acceptable fragments for all residues are obtained
If 3Jcaps and3Jcaps have sufficiently different magnitudes (as for ~only after several REDAC cycles. Judged on the basis of
U11), the different intensities of the P,Q44' cross peaks can be  low final target function values, this strategy allowed a
used to specifically assigidcaps and*Jcaps to the dihedral angles  gyfficient number of converged structures to be obtained.
f ande. Residual constraint violations had small magnitudes and were
few in number (Table 1). The low target function values
to the large number of scalar coupling constants obtainedwhich were obtained also indicate that there were no severe
(Tables 4 and 5, Supporting Information) and due to the inconsistencies in the input data.
additional use of NOE distance information, the allowed The RMSD values to the mean structure of the 15
dihedral angle ranges could be restricted to relatively distinct conformers with the lowest target functions were 1408.36
regions. The final set of distance constraints included 184 A for residues 218, 0.67+ 0.26 A for the helical region
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Table 1: Structural Statistics of the 15 Best DIANA Conformers Representing the Solution Structure of the RNA 19-mer
parameter DIANAP DIANA and AMBER?¢

DIANA target function (&)
upper limit violations
no.>0.2 A
sum of violations (A)
max violation (A)
lower limit violations
no.>0.2 A
sum of violations (A)
max violation (A)
dihedral angle violations
no.>5°
sum of violations (deg)
max violation (deg)
AMBER energy (kcal/mol)

RMSD values to mean structure

residues 218
backbone (A)
all heavy atoms (A)

helix (residues 27, 13-18)

backbone (A)

all heavy atoms (A)
loop (residues #13)

backbone (A)

all heavy atoms (A)

0.99+ 0.15 (0.72-1.20)

2.5+ 1.1 (1-4)
4.2-0.3(3.7-4.9)
0.32+ 0.08 (0.26-0.46)

0.1+ 0.2 (0-1)
0.9+ 0.2 (0.7-1.4)
0.12+ 0.03 (0.11-0.23)

0.3+ 0.6 (0-2)

22.8 6.2 (13.6-31.4)
3.9 1.2 (2.1-5.7)
15t 36 (—62 to 92)

0.9% 0.39 (0.45-2.15)
1.0% 0.36 (0.53-2.03)

0.74: 0.27 (0.34-1.28)
0.6% 0.26 (0.33-1.18)

0.75 0.20 (0.45-1.17)
0.9 0.26 (0.59-1.41)

2.3+ 1.6 (0-5)
5.0+ 0.5 (4.1-5.6)
0.32+ 0.09 (0.19-0.47)

0.0+ 0.0 (0-0)
0.06+ 0.04 (0.00-0.12)
0.05+ 0.03 (0.06-0.12)

1.1+ 1.3 (0-4)
46.3+ 9.7 (31.3-65.7)
5.9+ 1.4 (4.3-8.7)
—6944+ 12 (—715 to—679)

0.95+ 0.38 (0.47-2.09)
1.03+ 0.34 (0.58-1.95)

0.68+ 0.26 (0.33-1.23)
0.614 0.24 (0.29-1.11)

0.78+ 0.20 (0.44-1.10)
1.05+ 0.25 (0.65-1.41)

aThe numbers are given as average vatigtandard deviation. The minimum and maximum values for the 15 conformers are given in parentheses.
b Conformers before restrained energy minimizatio@onformers after restrained energy minimization with AMBER.

(residues 27, 13-18), and 0.99+ 0.26 A for the loop C o By d e vy
region (residues #13) calculated over all heavy atoms gw OQQE OO0
(Table 1). After restrained energy minimization with o O % 0 % GIOXN)
AMBER, the mean energy of the 15 DIANA conformers C:;% 8 o % 8 & % 8 %
was reduced by 709 kcal/mol, and the number and sum of AN OOOD
the violations were quite constant. The mean pairwise U S © % CXCINIVIVIN)
RMSD values between the corresponding structures before G e) @ % CINIUIVIM,
and after energy minimization were 0.360.07A for the 8‘2® QW 8 OV Q
heavy atoms of residues-48. These are relatively small u:; 8 g % % o % % % %
changes compared to the RMSDs observed between the Uy S0 EEDDOOO
different structures. To determine the influence of the NS INGICITNGIVIN)
electrostatic interactions on the restrained energy minimiza- 27 OO0 OOE
tion, the same minimization protocol was repeated with the Ut: 8 % % % 8 % % 8 %
distance-dependent dielectric constant set to an arbitrarily RSYSInlcic InlcIotn,
high value ¢ = 100Q), thereby scaling the electrostatic GO LOECLOOY
interactions so that they become negligible. With this G ) g WOOWOLO QW
approach the mean energy of the conformers was reduced G O0WOOLD

slightly less, by 615 kcal/mol. The mean pairwise RMSD A-RNA 8 8 8 8 8 8 8 % 8

values did not change, and the mean pairwise RMSD values B-DNA

between the corresponding structures before and after energy C a B v & & vy g

minimization were 0.5Gt 0.04 A for the heavy atoms of  Figure 7: Torsion angles in the 15 final structures. Dial plots for

residues 218. These results indicate that the inclusion of each torsion angle in the structure are shown. Each line represents

the electrostatic interactions did not lead to major changesthe torsion angle of one of the 15 structures. For comparison, torsion
in the structures. angles typical for A- and B-form helices are shown.

Structure of the 19-mer Stem RegioA superposition of
the helix region (residues-2 and 13-18) of the RNA 19- agree with an A-form helical conformation being adopted
mer is shown as a stereoview in Figure 8A. Although by the stem nucleotides. The helix has 11.0 base pairs per
residues 1 and 19 showed reasonably well restricted dihedrakurn on average, close to the 10.9 for A-form RNA. The
angles (Figure 7), these residues showed the typical frayingrise and slide values are also close to those expected for
observed for base pairs at the ends of helical regions andA-form RNA. The roll and tilt values show larger deviations
have therefore been omitted from Figure 8A. Typical between different base pair steps as well as from the ideal
A-form characteristics such as the deep major groove canA-form. The larger scattering of the values between
be observed. All nucleotides of the helix region are in-C3 individual structures suggests that these parameters are less
endo conformation with the glycosidic angles being in the well defined by the applied constraint set. In Figure 7 the
anti range. Helical parameters for base pair steps have beetorsion angles in the 15 conformers are shown. Although
determined with the program rna from Babcock et al. (1993) these are local parameters, they clearly show the character-
and are shown in Table 2. The helix parameters essentiallyistics of an A-form helix. Most stem nucleotides adopt a
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Table 2: Helical Parameters for Base Steps in the Helix Region of the 19(Residues 27 and 13-18)

base step helical twist (deg) rise (A) slide (deg) roll (deg) tilt (deg)

G2-C18/C3-G17 32.8+2.8 3.1+ 0.1 —-1.0+0.2 121421 1.8+ 0.9
C3-G17/G4-C16 31.1+ 0.9 3.1+ 0.1 -1.1+0.2 17.7£5.0 -03+14
G4—-C16/U5-A15 35.1+ 1.3 3.1+ 0.1 —-1.24+0.2 5.6+ 2.4 -3.1+1.0
U5—-A15/A6—-U14 30.6+ 1.4 2.8+ 0.1 -1.4+0.1 129+ 5.4 —29+22
A6—U14/C7-G13 33.1+ 2.9 3.1+ 0.1 —-0.7+£0.1 —22+26 7.4+1.3
average 32.%1.8 3.0+ 0.1 -1.1+03 9.2+ 7.6 0.6+ 4.3
A-form 32.7 2.8 -15 —-0.4 13.0

aThe parameters (meat standard deviation) were calculated using the program rna (Babcock et al., 1993). The parameters are given as
described by the EMBO guidelines (Dickerson, 1989). Standard A-form parameters were taken from Wu and Turner (1996).

rather small torsion angle range in all structures. For someof C12 is better defined and is apparently stabilized by a
residues, e.g., G4, A6, and A15, for which theorsion angle hydrogen bond between O2 and the MOfthe same residue
could not be restricted to the-sc region using local (Figures 8C and 9).

conformational analysisy torsion angles in the ap range
could also be found to fulfill all the experimental constraints. DISCUSSION AND CONCLUSIONS

For these structureas is found to be in thetac rather than As has been observed by NMR for several hairpin loop
the typical—sc region, which means that thheandy angles motifs, e.g., the 5CUUG-3 tetraloop (Aboul-ela et al.,
are clearly correlated in the stem region. 1994), the 5CGGUUCG-3 motif (Sich et al., 1996), and

Loop Region A superposition of residues—3 of the the 8-CGUUUCG-3 motif studied here, there is a propensity
15 energy-minimized conformers is shown as a stereoview in solution to form duplexes containing bulges with unusual
in Figure 8B, C. Due to the observation of some broad lines base pairs. Furthermore, in X-ray crystallography it is often
as compared to resonances in the stem, which are probablybserved that hairpin loop motifs crystallize as duplex
due to conformational exchange processes with lifetimes of structures (Holbrook et al., 1991; Lietzke et al., 1996;&ru
microseconds to milliseconds (Jardetzky & Roberts, 1981), et al., 1996a). Several studies found in the literature address
the conformation determined for the loop region has to be this topic: e.g., Aboul-ela et al. (1994) have described
regarded as an average conformation. All glycosidic angles methods to distinguish monomer and dimer forms of the
in the loop region are in the anti range, but whereas valuestetraloop sequence CUUG ViaN-filtered NOE experiments.
around—130 are found for residues-911, they angle found This tetraloop sequence is a good example in which either
for all other residues is around165°, which is typical for hairpin loop or duplex conformations exist in solution
an A-form conformation (see Figure 7). Nucleotides U10 depending on the solution conditions. We have also shown
to C12 adopt C2endo ribose puckers, which is fully that the 5GUU-3 triloop motif with a stem length of four
consistent with the observédy, coupling constants (Table  nucleotides forms a duplex with three unusual base pairs at
4, Supporting Information). Nucleotides G8 and U9 are concentrations used for NMR spectroscopy, and alternative
found in the C3endo conformation in the final structures NMR methods to verify monomer or duplex formation by
although the®J,y coupling constants indicate that an equi- *N-labeled RNA molecules have been proposed (Sich et al.,
librium including a minor population of C2ndo conformers  1996). For the 5CGUUUCG-3 loop motif, the rapid
cannot be excluded for this more flexible structural region. interconversion of monomeric and dimeric forms of the 11-

The backbone of the loop shows an overall S-form shape, mer might be related to loegoop interactions such as those
as can best be seen from the top view of the loop in Figure observed in “kissing complexes” (Marino et al., 1995a) since
8C. At the base of the loop next to the helical stem, basesthree consecutive UU base pairs are present in the duplex
G8 and C12 do not form a WatsefCrick base pair (Figure  form (unpublished results). The structure of the UUU duplex
8B) but rather point in the direction of the minor and major for the 11-mer will be reported elsewhere. Our initial
grooves, respectively. G806 was found to be able to form motivation for investigating longer stems was the expectation
a hydrogen bond to G13H22 with a hydrogen bond distance that longer stems would lead to the ability to kinetically trap
between hydrogen and acceptor of 4179 A and a the monomeric stemloop in a sufficiently stable form by
hydrogen-donor-acceptor angle of 1:314.8. A further thermal quenching. Given that the same loop motif and
hydrogen bond between HO@f C7 and O4of G8 is found flanking base pairs were used throughout and that a pentaloop
in about half of the structures. The base of U1l is pointing seems to be formed in all cases (Figure 1), the observation
to the backbone above C7 and is in stacking distance to thethat longer stems led to decreased equilibrium concentrations
C7 base in many structures (see Figures 8C and 9A). Theof duplexes was unanticipated but would be consistent with
base of U10 points in the same direction as G8 and is in positive cooperative effects in the formation of longer helices.
stacking distance to the base of G8 in about half of the In the case of the present6GUUUCG-3 loop motif, we
structures (see Figures 8C and 9B). Only one of the stackinghave been able to obtain the 19-mer purely as a monomeric
interactions in the loop, G8-U10 or C7-U11, is found in the stem-loop species in solution under NMR conditions by
different structures, which suggests that two interconverting increasing the stem length.
conformations with alternate stacking interactions are pos- Two of the aims of the present study were (a) the
sible. This requires only moderate changes in the backbonedetermination of the structure of the-'8GUUUCG-3 loop
conformation of the loop (Figures 8C and 9). The most maotif by applying heteronuclear NMR techniques to obtain
exposed bases are U9 and C12. The base of U9 showeds many constraints as possible and (b) the evaluation of
only one NOE to the rest of the loop and has an undefined, local conformational analysis, torsion angle distance geom-
probably flexible conformation. The position of the base etry, and restrained energy minimization as tools for structure
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determination of RNA molecules. To obtain as many scalar ecules at present (see RMSDs in Table 1 and Figure 8).
coupling constants as possible, a method to determine bothHowever, these structures also reflect the local nature of most
3Jcap coupling constants from a set of spin-echo difference of the NMR constraints that can be obtained for oligonucle-
spectra (Vuister et al., 1993) and to assign them to the torsionotides; i.e., despite reasonable local conformations, the
anglesp ande by the use of a simple 3D HCP experiment structures tend to diverge over longer distances (Figure 8).
(Heus et al., 1994) was established. Compared to LegaultNonetheless, the present results indicate that torsion angle
et al. (1995) this method provides better restraint ranges for distance geometry together with the REDAC strategy is a
the two 3Jcsp coupling constants as well as the direct viable method to establish RNA structures with precisions
possibility to use the coupling in the restriction of specific comparable to results achieved with other structural com-
torsion anglesg ande, respectively. putation strategies.

For structure determination, the combined use of scalar NMR resonances with increased line widths, probably
couplings and NOEs in local conformational analysis has arising from conformational exchange processes with life-
been shown to provide a large number of dihedral angle times of microseconds to milliseconds (Jardetzky & Roberts,
restraints. These, together with NOE-derived distance 1981), are a commonly occurring feature of RNA structures
constraints, provided input data for distance geometry investigated by NMR. Varani et al. (1989) interpreted the
employing the program DIANA (Gutert et al., 1991), which ~ observed broad lines with a slow “breathing” mode of the
utilizes a variable target function algorithm (Braun & Go whole internal loop which they studied. Wu and Turner
1985) and works in dihedral angle space, with the advantage(1996) found broadened hydrogen resonances for ribose rings
that the covalent geometry is preserved during the entire at the mismatchstem junction of an imino hydrogen bonded
calculation. For DIANA calculations, a simple conjugate tandem GA mismatch. Broad resonance lines were also
gradient minimization of the variable target function was not observed for hairpin loop motifs such as the CUUG tetraloop
sufficient to obtain structures of the 19-mer RNA molecule (Jucker & Pardi, 1995) at the U7 to G9 residues located at
which could be regarded as converged structures, even wherthe 3 end of the loop at the steftloop boundary or in a
starting with a relatively large pool of 300 random conform- six-nucleotide RNA hairpin loop (Fountain et al., 1996). In
ers. Application of the REDAC strategy (Gtert & the 3-CGUUUCG-3 loop motif studied here, broadening
Wiithrich, 1991) did lead to structures with low target was observed for some of the carbon resonances at the-stem
function values and therefore good agreement with the loop boundary, with a more pronounced effect at thergi
experimental constraints. The problem of convergence in of the loop. These broad resonances are found predomi-
the calculation of nucleic acid structures has recently beennantly in the ribose/backbone region whereas the base
addressed by Stein et al. (1997). By using molecular resonances, except for a slightly broadened C8 resonance
dynamics in torsion angle space, they achieved dramatically of G8, show quite uniform carbon line widths. This suggests
increased convergence for DNA, whereas the use of Carte-that two or more slow exchanging species differing mainly
sian molecular dynamics and metrimatrix distance ge- in the backbone conformation near residues C12 and G13
ometry protocols were problematic. The success of the exist. Consequently, the present structure is less well defined
REDAC strategy compared to a simple conjugate gradientin this region. A variety of different torsion angles are found
minimization can be rationalized because, at low target levelsfor backbone angles of C12 and G13 (Figure 7), but there
in a DIANA calculation, multiple different local conforma- are no clear correlations between different backbone angles
tions may be found, some of which may be incompatible in the presently obtained structures. It is likely that the
with the long-range constraints taken into account at higher observed effects are connected with equilibria betweén C2
minimization levels (Guatert & Withrich, 1991). Similarly endo and C3endo puckering of the ribose rings and that
to § strands in a protein, cross-strand constraints in oligo- attempts to further interpret the NMR data might have to
nucleotides will have major influences on the local confor- deal with structural ensembles that explicitly include species
mation of the opposite strand. Another reason for the successwith different ribose puckering.
of the REDAC strategy may be related to the higher degree  Structures of related loop motifs such dd BJUCUGA-
of freedom in torsion angle space of a nucleic acid compared3' (Puglisi et al., 1990) or 'sSGCUUUGC-3 (Davis et al.,
to a protein. Whereas in a protein two torsion angles are 1993) were obtained by the use of hydrogen and phosphorus
sufficient to describe the backbone, assuming the peptidic NMR and provided medium resolution structures. In a recent
bond to be in a trans conformation, in nucleic acids six study of the E-domain fragment &. coli 5S RNA (Grine
torsion angles are involved, two of which, (&) are very et al., 1996b) with the loop motif 5SGUCUCC-3, the imino
poorly constrained by experimental data. Minimization at hydrogen and amino hydrogens of the residues directly
low target levels is therefore much more likely to lead to adjacent to the UCU loop as well as iminamino NOEs
conformations which do not fulfill the constraints at high were observed, indicating the formation of a Wats@rick
target levels. The higher dimensionality encountered for GC base pair. The striking difference between these loop
oligonucleotides is also a likely explanation for the need for motifs and the loop motif investigated in the present work
several cycles of REDAC, especially in finding loop is that the former motifs are real triloops closed by U-G,
conformations which fulfill all constraints (Figure 6). These C-G, or G-C base pairs, respectively, whereas the structure
considerations are supported by the observation that the sam@resented here is a pentaloop. This serves to emphasize the
global conformation can be found for different combinations context dependence of RNA structures. For example, the
of torsion angles as can be seen from the dial plots in Figurestructures of tandem GA mismatches depend on whether the
7; e.g., for residue U4 two different combinationscofind adjacent base pair is G-C or C-G (SantaLucia & Turner,
y torsion angles can fulfill the experimental constraints. The 1993; Wu & Turner, 1996). As has been shown for
precision of the structures obtained in the present study istetraloops (Tuerk et al., 1988), the closing base pair is very
among the better available NMR structures of RNA mol- important for the stability of the hairpin structure; e.g., the
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Ficure 8: Stereoview of the superposition of the 15 final structures. (A) ResiduesO0@2nd G13-C18 were fitted over all heavy atoms

to the mean structure. (B, C) €613, comprising the loop motif of the 19-mer. Heavy atoms of residues C7, G8 and C12, G13 were fitted
to the mean structure. (B) View of the loop looking from the helix axis. (C) Same as (B) rotated barb8@d thex-axis. Hydrogen bonds
observed in the loop are indicated by yellow lines.

5'-UUCG-3 tetraloop preferentially closes with a C-G rather that the UUU triloop can apparently be closed by a
than G-C base pair (Woese et al., 1990). The present andoyrimidine—purine base pair but not by a G-C base pair.
previous results (Davis et al., 1993) would seem to indicate However, since the related UCU loop can apparently be
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FIGURe 9: Stereoview of the loop region €13 of the 19-mer looking from the helix axis. Two representative structures are shown: (A)
structure with stacking interaction between the bases of C7 and U11; (B) structure with stacking interaction between the bases of G8 and
U10. The bases of residues C7, G8, U10, and U1l are marked by thicker lines. Observed hydrogen bonds are indicated by dashed lines.

closed by a G-C base pair in th&GGUCUCC-3 motif that two of the bases (U9 and C12) in the pentaloop are
(Grune et al., 1996b), different stacking energies (G on C highly exposed and show only minimal interactions within
versus C on G) as well as different steric requirements of the loop structure, and that two alternate stacking arrange-
the closing base pair may contribute to the difference ments (G8-U10 or C7-U11) are apparently possible, this loop
observed for the ' sCGUUUCG-3 motif. It is known that might be an example of a structurally more complex
the free energy of formation of a CG/GC base step is interaction site.

approximately—3.2 kcal/mol, whereas GC/CG and GG/CC

base steps have free energies of formation-6fkcal/mol ACKNOWLEDGMENT

Saenger, 1984), a difference which could contribute to . .

faxister?ce of a ;entaloop for thé-6GUUUCG-3 motif. we thgnk R. Lamprecht anq A. Figuth for help with the

Additionally, the G806-G13H22 hydrogen bond observed preparation of labeled nucleotides, H.-J. Leppert for extend-
' ing the VNMR—-PROSA interface, M. Semm for the

Ir:c:tri]flst);t::igecﬁptr?gIgots)ﬁiézrm‘?[ﬁe%tgriiﬁgtjy%LrJngg;nsbon d modification of MOLMOL for the preparation of torsion
angle plots, Dr. R. Glaser (ETHzurich) for providing a

donor. L . . .
. . . preliminary version of his new spectral analysis program
Although the UUU loop motif occurs quite frequently in SPSCAN which was used for the extraction of scalar

165-like rRNAs (Wolters, 199.2)’ the reasons for this remain coupling constants from E.COSY patterns, Dr. V. Soskic for
unclear. A possible explanation would be that these kinds . X : ;
) : : . establishing production of isotope-labeled RNA in our
of loops provide favorable interaction sites for RNA/RNA . . i
or RNA/protein interactions. This could explain why the laboratory, and Dr. M. Gime for help with the acquisition
P ! P Y MY ot some experiments. Collaboration with P:'ri@ert, M.

often oceur in .16.8 like rRNA ‘_’?”ab'e ha'fp'”s (Wplters, Billeter, and K. Withrich, ETH—Zrich, in the development
1992). The hairpin loop at position 8&.(coli numbering) ) i )

of software for local conformational analysis of oligonucle-
occurs to 45% as CUUG and to 36% as UUCG tetraloops _.. . .

otides (to be published) is gratefully acknowledged. The

(Woese et al., 1990) but is sometimes substituted by a UUU |~ .~ .. ; .
availability of the programs RNAfold (P. Schuster, University
loop. For both of these tetraloop structures, one of the U of Vienna) and ma (M. S. Babcock, University of New

bases in the loop does not show specific contacts within theJersey) is gratefully acknowledged
loop motif but may provide RNA/RNA or RNA/protein '
interaction sites (Jucker & Pardi, 1995; Varani et al., 1991). g ppORTING INFORMATION AVAILABLE

Given that the 5CGUUUCG-3 motif is the most common

UUU loop in eukaryotic 18S RNA, that in eukaryotic 18S Six tables showing (1) NMR acquisition and processing

rRNA it is associated with stems longer than four base pairs, parameters of all acquired experiments, (2) proton chemical
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shifts of the 19-mer, (3) heteronuclear chemical shifts of the Heus, H. A., & Pardi, A. (1991a). Am. Chem. Soc. 118360~

19-mer, (4) protorproton scalar coupling constants, (5)
proton—phosphorus and carbeiphosphorus scalar coupling

constants, and (6) dihedral angle restraints obtained by local

4361.

Heus, H. A., & Pardi, A. (1991b¥cience 253191-194.

Heus, H. A., Wijmenga, S. S., van de Ven, F. J. M., & Hilbers, C.
W. (1994)J. Am. Chem. Soc. 118983-4984.

conformational analysis (8 pages). Ordering information iS Hoffman, D. W., Colvin, R. A., Garcia-Blanco, M. A., & White,

given on any current masthead page.
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