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ABSTRACT

Structural characteristics of three RNA hairpins from
the internal ribosome entry site of poliovirus MRNAs
have been determined in solution by NMR. Complete
proton, phosphorus and carbon resonance assignments
were made for the three 16 nt hairpins. The loop
sequences, 5 '-AAUCCA , AAACCA and GAACCA, have
been shown to be essential for viral MRNA translation.
NOESY spectra for the three oligomers were very
similar indicating a common three dimensional struc-
ture. Stems were A-type duplexes with C3  '-endo sugar
pucker. In the loops, sequential base stacking interac-
tions were detected for all bases except between U8/A8
and C9, indicating a turn in the phosphodiester
backbone at this point. Only one nucleotide, U8/AS8,
had a sugar pucker which deviated appreciably from
C3'-endo. The final base in the loop, All, exhibited an
unusual gauche (-) gamma angle. An ensemble of 10
structures calculated for one hairpin using restrained
molecular dynamics shows that the first three bases of
the loop are turned so as to be exposed to the exterior
of the molecule, while the remaining three bases are in
an orientation approximating a continuation of the
stem helix. Structure calculations and NMR relaxation
measurements indicate that the loop apex is subject to
considerable local dynamics.

INTRODUCTION

conserved secondary structural elements which are essential for
ribosome recognition and binding-{).

Comparative sequence analysis of enteroviruses/rhinoviruses
(E/R viruses, a subfamily of the picornaviruses) has shown that
loops Il and VI are highly conserved. Sonenberg and co-workers
reported that loop Il in poliovirus is essential for initiation of
transcription ). Le and co-workers5{ have suggested that loop
VI participates in the formation of a pseudoknot structure based
on sequence comparisons of 22 strains of poliovirus, coxsackievirus
and rhinovirus. If present, the pseudoknot structure may serve as
a recognition site for components of the translation appatus (
Sequence comparisons of these two loops in 28 strains of
picornaviruses are described elsewhere (Klitek, submitted).

We have studied by NMR three RNA hairpins analogous to
loops Il and VI of the poliovirus IRES (Fid.) in order to
determine the structural features that might account for their
strong conservation. The hairpins studied were chosen to
encompass the variations encountered among members of the
poliovirus family. We relate general structural features of the
oligomers and sequence related differences. For one of the
oligomers, al3C-labeled sample was prepared allowing the
calculation of a structural model as well as measurements of
NMR relaxation parameters related to molecular motion.

MATERIALS AND METHODS
RNA preparation

The sequences of the RNA oligomers were based on the proposed

Translation of the majority of eukaryotic mMRNAs is initiated bysecondary structure of nucleotides 140-155 and 493-508 of the
a B cap dependent mechanism which involves the scanning of tieUTR in poliovirus type 2 Lansing PV2la and PVZs (The

5 untranslated region '(&JTR) by small ribosomal subunits. stem sequence of the hairpins was modified to improve transcription
Contrary to this, initiation of translation of some viral mMRNAs inyields and provide a constant structural context for studying

polioviruses does not require 'acap structure (AGpppN). The

differences in the loop sequence (Aig.The 16-base oligomers

initiation of viral genomic RNA translation has been reviewedvere prepared biosynthetically by DNA template driven T7 RNA
recently (,2). In members of thBicornaviridaefamily, such as polymerase transcription8), T7 polymerase was prepared
poliovirus, the 5UTR is approximately 740 nt long of which following the procedure of Wyatt and co-workef. (The
(450 are necessary for cap-independent translation. The terBscherichia colistrain BL21 harboring the plasmid pAR1219
ribosome landing pad) or internal ribosome entry site, IRES which carries the T7 RNA polymerase gene was kindly provided
(4), have been used to describe this region. The IRES hbg Wiliam Studier (Brookhaven National Laboratory, Upton, NY).

* To whom correspondence should be addressed. Tel: +1 514 496 2558; Fax: +1 514 496 5143; Email: kalle@bri.nrc.ca
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assignments to be obtained for this oligomer, including stereospe-
cific assignments of the HBIS' resonances. Chemical shift
tables for all three RNAs are available as supplementary material.
NOESY spectra were used for initial assignments. Aromatic-H1

resonances were assigned from sequential connectivities at long
NOESY mixing times. These assignments were confirmed and
extended using!H-13C correlation spectra at natur&fC
abundance to identify the different carbon tya&s H2 protons
were assigned from the Hdrotons using COSY-DQF and short

3 mixing time (40-60 ms) NOESY spectra. Comparison of
1H-31P-HETCOR spectra with the aromatic-sugar region of
NOESY spectra allowed assignment of the pi®tons. H4

1 I

10 51 127 189 237 469 583

At Cc AVCc ARCOC.‘. assignments were obtained by comparison of thesttfar
A A A A M region of the 400 ms NOESY with the 'H&4 region of the
i f (i g (é i‘ (;’J 1H-13C HMQC spectra and the HB5' protons were assigned
U A G.G Gj: C non-stereospecifically by comparative analysis of NOESY,
G:C U: A G,: C, COSY-DQF, HMQC and HETCOR spectra. The sugar resonance
140G ¢ Cyss 430G Cso4 S'G,: C,fy assignments of3C-labeled sample of RLP1 were confirmed
o : using HCCH-COSY, HCCH-TOCSY and 3D-HCP (carbon—
) : A6, U8 RLPI phosphorus) spectra3-17).
Loop III Loop VI A6, A8 RLP2 Two methods were used for the stereospecific assignment of the
G6, A8 RLP3 H5' (pro-S) and H5 (pro-R) resonances of RLP1. For residue

. o ~ Al1, the signs of the G445 and C4-H5" two bond coupling
pae 1. Proposed Sf\l‘?oﬁdf‘rggtrl“g)‘”g of the poliovirus type 2 Lansigeonstants were measured by an HSQC-30 experiment (a fully

- , redrawn from NiIchols al . Sequences of terminal Ioops from . f . :
domains Il and VI are shown along with the three RNA oligomers studied. gcl)'l;glgﬂlsHeS)?ig dlrt]hvghrfggtrl;]i?uggzl gf{ﬁgﬁhx?ggﬁéauﬁdaﬁh

. L . H4—H5’ couplings were measured by a directed-HCC-TOCSY-

Ir_1|t|al NMR s_amples_ were prepared from transcription reactions cH-g.cosy experiment1@). These couplings were then
V‘{h'Ch were primed with 5 mM rGMP. As this led to a mixture Ofiyterpreted to give the stereospecific assignments as described by
5" monophosphorylated and triphosphorylated RNAs, IGMP Wagineset al (19). For the remaining residues, the large chemical
omitted from later reactions. &C labeled sample of RLP1 was gpift difference between H&nd H3 allowed the assignments to
prepared from a 30 ml transcription containing 4 mM uniformiyye  mage using the recently described correlation between
13C labeled rNTPs. Uniforml§°C labeled nucleoside triphos- H5/H5" and C5chemical shifts19).

phates were prepared as described from high molecular weighpposphorus assignments of unlabeled samples were made usin
cellular RNA (L0,11). Purification was done on 20% polyacryl- 31p 14 hetero-TOCSY-NOESY spectr&@) and H-31P-HET- )

amide gels containing 7 M urea. The desired bands were viewgghr spectradl). Assignments of th&3C-labeled sample were
by UV shadowing, excised and electroeluted and the RNAgrried out using a P(CC)H-TOCSY experiméra).(
concentrated on a 3000 MWCO Centricon micro-concentrator

(Amicon). Final sample concentrations were 0.6 mM (RLP1),

0.3 mM (RLP2) and 2 mM (RLP3) for unlabeled samples and 1 mMMMR constraints

for 13C labeled RLP1 inBOOuI volumes. Buffer conditions for , _ _

all experiments except exchangeable proton spectroscopy wEHe—H2 coupling constants in unlabeled samples were measured

100% D0, 10 mM sodium phosphate, pH 6.4 (uncorrected fopY comparing COSY-DQF and NOESY crosspeaks as described
deuterium), 25C. by Poulsen and co-workera3). Values forfdyz_pa, 3ha—Hs

and 3}4_ng were estimated directly from a phosphorus
decoupled COSY-DQF spectrum. Proton—proton coupling constants
in the 13C labeled RLP1 sample were extracted from a
All experiments were run on a Bruker DRX 500 spectrometedfirected-HCC-TOCSY-CCH-E.COSY spectruii,@4). Although
equipped with &H/13CAP triple resonanoey, zgradient probe. it was reported that the HH2 and H4-H5/H5" coupling data
Proton resonances were referenced to the water resonancéhquld be extracted from two separate experiments with different
4.7 p.p.m. at 25C. Carbon chemical shifts were referenced to thd OCSY mixing times, we found that one 3D experiment using a
proton spectrum using the ratio of the gyromagnetic moments.5 ms 4 kHz TOCSY spinlock was sufficient to obtain the
(YN = 3.97693404) obtained from a sample of tetramethylsilari@quired information for the entire spin system.

(0 p.p.m. for both nuclei). Phosphorus chemical shifts were Semi-quantitative measurements of proton phosphorus and
referenced in a similar manner to 85% phosphoric acid (0 p.p.&&rbon phosphorus coupling constants were used for generating

NMR spectroscopy

31p) usingy/y = 2.47031216. backbone angle dihedral constraints as described by Varani and
co-workers {2,25). Very weak or absent crosspeaks in the
Resonance assignments HP-HETCOR (proton—phosphorus)1j or 3D-HCP (carbon—

phosphorus) spectra314) were assumed to reflect a coupling
NMR assignments were made using a combination of homonucleanstant of <5 Hz. Values for large sequentiatPi@ouplings
and heteronuclear techniques. The synthesis of a uniféf@ly were estimated by subtracting the passive-H2 and H3-H4'
labeled sample of RLP1 allowed more complete chemical shifbuplings from the H3P crosspeak multiplet width in the
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HP-HETCOR spectrum @). The relative intensities of the' @@  H4'-H5" couplings, the gamma angles for all nucleotides except

and C2-P crosspeaks in the HCP experiment were used to assi§hl were constrained to tigauché+) range (6@ 20 degrees).

a lower limit of 5 Hz to the more intense peak. StrongA constraint of 27@ 30 degrees was applied to the A11 gamma

intranucleotide P-C4&ross peaks was interpreted to represent angle. Epsilon angles were constrainedttarssrange, 21@ 40

P-C4 coupling constant of the order of 5 Hz or greater. Additionalegrees, for all nucleotides.

dihedral constraints for structural modeling were derived from In the first stage of refinement, 40 ‘randomized’ structures were

NOESY cross peak intensities (to constrain the glycosidic angigenerated by forcing random 3, y, € and{ dihedral angles of

X), and from phosphorus chemical shifisahd( angles) 26). the six loop nucleotides. This procedure involved 250 steps of
NOESY crosspeaks were classified into four groups represeetiergy minimization, 1.5 ps of dynamics at 300 K followed by

ing distance ranges based on a visual inspection of th&B0 steps of energy minimization. Subsequent stages were similar

intensities. Strong (1.8-3 A) and medium (2—4 A) ranges wete those described previously by Tinoco and co-work)s A

used for peaks detectable at 60 ms NOESY mixing time. Weakmulated annealing stage was carried out for 13 ps at 1000 K

(35 A) and very weak (3-6 A) classifications were applied tasing only NOE derived distance constraints. The repulsive-only

peaks only detectable at 400 ms NOESY mixing time. The broadn der Waals forces and a soft square well NOE potential were

distance ranges for weak and very weak NOEs were used to allshewly increased during this period. The resulting structures were

for the effects of spin diffusion at long NOESY mixing times. then subjected to additional simulated annealing, 6 ps at 1000 K,

) using a square well NOE potential, with the gradual introduction
Structural modeling of RLP1 of the dihedral angle constraints, followed by cooling to 300 K.

The program MC-SYM version 1.27) was used to generate a The protocol was completed with a final minimization (1000 steps)

folded starting structure using the assumption of an A type he ring which attractive van der Waals and electrostatic terms
for the stem nucleotides, G1-C5 and G12—C16. The input filkere introduced.

consisted of explicit base pairing and stacking terms to generate .

an A type helix for the stem nucleotides. Terms permitting a large€laxation measurements

degree of sampling were used for the loop nucleotides. A setpfoton T, data were generated by a series of inversion-recovery
44 distance constraints derived from the NOE data was used&g_l%]_HgQC experiments. Peak intensities were fit to a single
reduce the number of solutions generated. One of the &Rponential using the Marquardt—Levenberg algorithm (GNU-
structures generated by the MC-SYM run was used as an ingtQT v. 3.5).1H-13C heteronuclear NOEs were measured by
structure for a four stage structural refinement protocol usingbmparing two constant-time reverse INEPT experiments with
X-PLOR, version 3.842@). The nucleic acid all hydrogen force and without proton saturation. The two expefiments were

field provided with the program was used for all calculationsacquired in interleaved fashion with careful attention to maintaining
Electrostatic and attractive van der Waals terms were off for albnstant levels of radio frequency heating.

but the final minimization. A harmonic potential was used to

restrain the first four base pairs of the stem to A-type geometyesyLTs

generated by MC-SYM in the first two stages of the refinement

protocol. For the remaining two stages, the observed NOEs al¥changeable proton spectra

standard A type helix dihedral angleS)((a 190+ 30,8 180+ 30,  1permq)| denaturation studies by 1D spectroscopy showed that all
y 60+ 20, 210+ 40, 190+ 30, X 210+ 30) were used (0 00 RNA hairpins became single-stranded between 65 and
constrain the stem nucleotides (G1-A4 and U13-C16). 70°C. This is consistent with UV studies performed on
A total of 149 NOE constraints were used in the structurgsg_jgno-fold more dilute samples (Kliretkal, submitted) and
calculations: 91 for nucleotides C5-G12 (of which 45 Werg,grms that the hairpins form intramolecular hairpins. In each

interresidue NOEs), and a less comprehensive set of 39 for {ligse the number of NMR imino proton resonances was consistent
remaining stem nucleotides. The five base pairs in the stem WEIEh the formation of 5 base pairs in the stem.

constrained with 19 pseudo NOE constraints (three for the A NOESY spectra, recorded in,®, were used to assign the

EaKNand frc])ur for faCh G %air),iﬁsgng i\i/\sltancct—:‘r? of 291‘&02,{ exchangeable protons. Complete connectivities for the stem
etween heavy atoms and L. £ 8.5 DEWeen the Imino proton ying protons were obtained for all three oligomers. Amino

donor and acceptor. In addition, four negative NOES Werg g involved in base pairing were assigned from imino—amino
included, imposing a minimum distance of 4.5 A for C9H6 1Qrrelations. RLP1 and RLP3 both showed an extra imino
UBH6, COH6 to UBH] UBHG to A7H8, and UBHE to ATH1  oshnance from a loop nucleotide. Based on chemical shifts, these

These NOEs were justified by the fact that no NOEs betwe : .
these protons were detected in any of the NOESY spec?rgbre assigned to the U8 imino proton of RLP1 (10.62 p.p.m.) and

. e G6 imino proton of RLP3 (9.89 p.p.m.). Aside from chemical
recorded and thatherprotons did show NOES to these protonse, -nange with solvent and intrabase imino—amino crosspeaks, no
Their inclusion improved the rate of convergence in the ear

stages of the structure refinement. Six very weak NOEs were a QESY crosspe_ak_s were obs_erved for these resonances. The
included between C5H5 and the N1, C2, N3, C4, C5 and ence of other imino protons in the loop and the large linewidths

. ; ; the amino resonances limited the usefulness of NOESY spectra
ﬁltgngfu?ﬁé%d:hs{ﬁrgeégﬁ é'%%i‘;lrrem effect responsible for the 5 for structural characterization of the RNA hairpins.

All sugar puckers were constrained td-€8do conformation,
with the exception of U8. Theeand{ angles for nucleotides C5
to G12 were constrained ta:QL20 degrees to exclude tinens  Strong overall similarities were evident in the NMR spectra of the
conformation. Beta angle constraints of #880 degrees were three hairpins and chemical shifts were generally similarZ}-ig.
imposed for all nucleotides. On the basis of the smalttBland ~ Unusual upfield proton chemical shifts were observed for the H5

Non-exchangeable proton spectra



2132 Nucleic Acids Research, 1997, \Vol. 25, No. 11

and H6 protons of C5 for all three oligomers. We attribute this to
a ring current effect exerted by the first loop nucleotide, A6
(RLP1 and RLP2), or G6 (RLP3@). The size and sign of the
shift suggests that the C5H5 proton must be nearly centered unde
the base of residue 6. In all three hairpins, the A11 aromatic angl :
A1l HY chemical shifts were consistently downfield. 79
The one nucleotide change at position 8 (RLP1 to RLP2)
produced only subtle changes in the NMR spectra, whereas more

cs@

= P
T

.\‘

<

significant differences were observed when nucleotide 6 wag = etz H ' of 7.4
changed from A to G (RLP2 to RLP3). In RLP3, the H8 resonance ) | "o 16 BUS é
of G12 was shifted downfield by 0.4 p.p.m. The RLP3 C5 N I - -7.6 &
aromatic protons showed smaller upfield chemical shifts compared T g' R AdH2}b =
with the large shifts observed in RLP1 and RLP2 and the H1 c10 lj IRSE| Bu13 78
resonance of G12 was markedly broadened. We suspect that this "%1}1 |

broadening may be due to slow conformational averaging. 1 '

At short NOESY mixing times, the stem nucleotide resonances ) o . 8.0
displayed correlations typical of A-type helices. Sequential AllH2 :
H2'-H6/H8, H3-H6/H8 and H2—H1 intranucleotide H6/H8—H3 SR | o [8.2
correlations and an interstrand A4H2—C14NOE were observed T ‘ ‘ : : : @68
in all cases except where spectral overlap hindered unambiguoud i ©s
assignment. Weaker NOEs, including sequenti&HHP correla- 70

>

tions were also observed throughout the stem nucleotides of eag
oligomer.
Sequential NOEs were also observed for all of the loop
nucleotides. The recurrence of sequentidlH®-aromatic and '
H2'-H1' NOEs suggested that base stacking interactions were
continuous from G1 to U8 or A8 on theskle, and from C16 to
C9 on the 3side. Although a number of NOEs were identified
between nucleotides 8 and 9, the consistent absence of sequential
U8HZ or ABHZ-C9HZI correlations was interpreted as an
interruption in base stacking interactions. The three hairpins
showed medium to strong intranucleotide H6/8—INDEs
within the loop at short NOESY mixing times (40—60 ms). These
NOEs are generally associated witH-€2do sugar pucker. The
fact that none of the FHH2 coupling constants was consistent
with CZ-endo conformation suggests that these NOEs arise from ‘ ‘ ‘ ' ‘ :
conformational averaging in the loop sugars. Three non-standargcC

g ppm

NOEs were observed for RLP1, A1THE12H1, A11H2—A6H1 7.0

and A11H2-A6H2, each of which was included in the structure — | fics

calculations as a very weak NOE. | F7.2
The NOEs identified for the three hairpins showed strong

similarities. The results for the aromatic and,HH2 and H3 | o l74

protons are presented schematically in Figus®me differences — | 1 " 9

were observed, as described below; however, the overal " —~M§ | g

resemblance of the NOE patterns implies that the three oligonuclea- ATH2 1 |AdH2 @ 76 o

tides adopt a common three dimensional structure. Two non- : 1l \$_70 -

structural sources of differences in the NOE tables are sample {~ cio X 1C15 Quis eigg

concentration and chemical shift overlap. At 2 mM, RLP3 was | | /Cl4

three times more concentrated than RLP1 or RLP2 and clearly - A8H2 8.0

gave more numerous and stronger NOEs. It should be noted, v ! I L4

however, that the relative strengths of most of the critical cross ‘[ Ii] |

loop NOEs observed for RLP3 (see below) was such that thein @ “ATIH2 o 82

detection would have been possible at concentrations in the ' ‘ ‘ ‘ ‘ ‘ '
. : . . 60 58 56 54 52 50 48
0.5-1 mM range. €asionally, chemical shift degeneracies also
prevented the identification of NOEs. For example, due to the
overlap of the G12H8 and U13H6 resonances in RLP3 at all

temperatures studied, only two sequential NOEs could bEigure 2. Aromatic to H5/H1region of 400 ms NOESY spectra i Solid
assigned between these nucleotides lines trace the sequential base to sugaceinectivities. Dashed lines indicate

L . adenosine H2 to sugar Hibnnectivities.d) RLP1, p) RLP2, €) RLP3. The
The most significant NOE related differences between the thrégoss.1oop A11H2-GEHNOE of RLP3 is boxed in (c). This NOE is present

oligomers were the non-sequential ‘cross-loop’ NOEs of Allin the 60 ms NOESY spectrum (data not shown) and critically defines the
Several interesting long range NOEs involving this nucleotideosition of the two bases (Fig. 7).

lg ppm
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V™ i N

A
Va? 47

G1 273 8lumm [T 75 % C16

RLP1 RLP2 RLP3

Figure 3. Schematic representation of the 16mer hairpin loops, summarizing the observed NOEs. The four line styles correspond in order of decreasing thickne
strong, medium, weak and very weak NOEs, as defined in the text. For clarity, only NOEs involving aromatick2icbHA3 protons are shown.

0.6 < these HFH5" protons were assigned independently using two
ra(!5 g and three bond J couplings (Materials and Methods). Assignments

N

made usingH-13C correlation spectra are a timely improvement
over Shugar and Remin’s rul83j as they account for cases
where H5 protons resonate upfield of Hprotons. Stereospecific
*Gl2 assignment of A1l was critical for identification of the unusual
gauché-) backbone dihedral angfe

0.4 1

AGeG2e
0.27 e
Cloe

3[H5'1-5[H5"] ppm

Coupling constant analysis

001 Two methods were used for measurement of the-H#PL

Alle " coupling constants of RLP1 with very similar results (Taple
The HCC-TOCSY-CCH-E.COSY method.§24) has the
0275 63 64 65 66 advantage that very weak coupling constants can be measured bu
“C ppm requires uniformd3C labeling. In all three oligomers, most of the
loop nucleotides showed detectable DQF-COSY¥-HZ cross-
Figure 4. Correlation of H5-H5" chemical shift difference with CBhemical peaks which indicates deviation from'@®do sugar geometry.
e e s S o) o v v o -y None of e -y constants were characterstc of ful
WY g C2-endo pucker (8-10 Hz) which suggests that-eD8o-
reported by Griesinger and co-workers (16). C2-endo conformational averaging was taking place. For U8, the
possibility of a stable O4ndo conformation could be ruled out
were identified in RLP3. Medium range NOEs were observebly the absence of a strong'Hi4 NOE.
from A11H2 to G6H1and G6H2 and weaker mutual cross The values measured for RLP3 were very similar to those
strand H2—H1correlations were detected between All and Afeasured for RLP1 with the exception of residue All. The
(Fig. 2). One very weak A11H2—-G6H8 NOE was also observedneasuredp_n> of RLP3 were 4.9, 2.8, 2.3 and 4.5 Hz for A8,
The A11-G6 NOEs introduced the possibility of base pairin@9, C10 and A1l respectively. The larger coupling observed for
between these two nucleotides. The A7—A11 correlations observttl in RLP3 suggests that its sugar undergoes more conformational
would be expected for an A-type helix. This suggests that mveraging. Coupling constants of RLP2 were difficult to measure
RLP3, the stem helix continues into the loop region to include atcurately because of the lower sample concentration but were
least nucleotides G6, A7 and A11. Analogous NOEs were eithgualitatively the same as those of RLP1.
very weak or absentin RLP1 and RLP2. The presence of A7—Al1Preliminary assessment of the gamma dihedral angles was done
NOEs and the different ring current effect of A6 on the Chy inspection of the H5H5" crosspeaks of the phosphorus
aromatic protons, described above, suggests that RLP3 diffelscoupled COSY-DQF spectrum. For both RLP1 and RLP3,
slightly from RLP1 and RLP2 with respect to the positioning ohucleotide A1l exhibited a pronouncedH5" to H4 passive
nucleotides A6 and A7. coupling and a strong H45/H5" crosspeak. For RLP1, this
The H5 and H5 resonances of RLP1 were initially assignedcould be attributed to gauché¢-) y conformation for A11. This
stereospecifically using the correlation &fI5'/H5" and C5 conformation was confirmed by the presence of medium
chemical shifts described by Mariabal (18). Our data are in  A11H8-A11H35 and weak A11H8-A11H5NOES. For RLP3,
very good agreement with those reported previously when thige H3 and H3 resonances were degenerate (overlapped) which
downfield proton was assigned to'Htar all residues except A1l prevented exact determination of fckbone angle. However,
(Fig. 4). For A11, the chemical shift difference betweenail it seems likely that all three hairpins adopt a similar conformation
H5" is too small (0.1 p.p.m.) for a reliable attribution. Thereforeat A11.

N
N
.
‘-
"
D
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Table 1.Loop nucleotide coupling constants for RLP1

33H1-Hz (H2) Shz-Hz (H2)  3nz_hg (H2) 3ha-ns (H2)  3dg_ps (H2)
E.COSY COSY-DQF  COSY-DQF  E.COSY COSY-DQF  E.COSY E.COSY

A6 2.0 —d 45 - 8 1.2 0.3

A7 15 1.6 4.5 8.3 8 3.6 0.3

us 4.4 4.6 5 5.7 55 1.3 3.1

c9 2.4 2.3 4 5.0 7 0.6 1.3

Cc10 2.3 1.7 4 - 7 1.0 -

All 2.6 1.7 4 - 8 5.2 0.7

3Measured coupling constants (Hz) in directed-HCC-TOCSY-CCH-E.COSR, 25

bMeasured coupling constants (Hz) in COSY-DQF spectrumat 8. Materials and Methods).
CObserved splittings in COSY-DQF spectrum atG4
dCoupling not measured due to spectral overlap.

A

Figure 5. Calculated structures of the 16mer hairpin RL&1S@perposition of the 10 final structures (backbones only, in grey) and their calculated average structure
(in black). p) Detail of the six loop nucleotides and the closing base pair of the lowest energy structure viewed from the minor groove. The unusual alpha and gar
angles of A1l are clearly evident in the RNA backbone between A1l and)0Ziéw( of base stacking with the closing C5-G12 base pair and four of the six loop

nucleotides. The base of A7 turns out of the loop and while A11 makes close contacts with the sugar protons of A6 and A7. Stacking of A6 over C5 is respon
for the large upfield shift of the C5H5 and C5H6 protons.
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Examination of the curves generated from Karplus equatiossandard A-form RNA backbone geometry, in particuldrarcs
(25,34) reveals that a H4H5 coupling constant of 8-10 Hz conformations of the or { dihedral angles were observed. The
would be expected for this conformation. The measured couplisgcond side of the loop, comprised nucleotides C9 to All,
constant of 5.2 Hz for RLP1 suggests that conformationalpproximates the continuation of the helical stem in the 3
averaging is taking place. Averaging within the gamma angldirection.
range off240-300 degrees could account for the smaller than The gauch¢-) gamma angle conformation of A1l is accompa-
expected®l4_pg, While remaining consistent with the small nied by a shift of the alpha angle frggauché-) to gauché+).
H4'-H5" coupling constant and the NOEs from A11HS8. These two conformations afandy together avoid the awkward
Strong intranucleotide P-Ceross peaks could be observed in thébackbone twist that would result from one or the other
HCP spectrum of RLP1 for the loop nucleotides and the closirgpnformation alone. Surprisingly, this conformation differs very
C5-G12 base pair. The absence of strong intramoleculard®-H5little from standard A-type with respect to the phosphodiester
P-HS5' cross peaks in the HP-HETCOR spectrum suggestedbackbone. However, the lateral position of the base is modified.
coupling patterndip_.c4 > 5 Hz >3Jp_ng/Hs7) indicative oftrans  In RLP1, A11 adopts this conformation to permit it to complete
dihedralp angles. A similar approach was used to evaluate thethe loop and maintain the C9 to G12 base stacking seen in the
backbone angles. In this case, inspection of curves derived frotM@E data. This gamma angle conformation appears to be quite
the Karplus equations relatiRgry_p, 3Jco-p and334z.pto epsilon  rare. A search of the Protein Data Bank revealed that there are
(25) implied atrans dihedral angle conformation for these only three examples of this nucleotide conformation in deposited
nucleotides. RNA structures (F. Major, personal communication). Two were

The phosphorus chemical shifts were limited to a range d&fom a crystal structure of transfer RNA wsfnglycosidic bases
approximately 1 p.p.m. for all three hairpins. Astrans (35), and the third was G28 (G&ndo, anti) from a recent
conformation of then or ¢ dihedral angles is known to be pseudoknot structure determined by NMR)(
accompanied by a large phosphorus shi}, (we conclude that .
all thea andZ dihedral angles are eitrgauche(+) orgauchg-). ~ Relaxation measurements

NMR relaxation measurements of RLP1 were carried out to
monitor the dynamics of the hairpin. Both the' kihgitudinal
Using the extensive set of dihedral angles and 149 NOfElaxation times (f) and the 1H-13C heteronuclear NOEs
constraints, an ensemble of structures were calculated for tlgowed increased mobility in the loop nucleotides and at the end
RLP1 hairpin. Of the forty starting structures with randomizedf the hairpin stem. Th#H-13C heteronuclear NOE experiment
loop backbone angles, ten converged from the rMD protocokas acquired twice with and without the addition of 1 mM EDTA.
Figure5a shows a superimposition of the backbones of these timthe absence of EDTA, the heteronuclear NOE was decreased
structures, together with an average structure calculated amidresidues G1 and G2 which we interpret as quenching by a
energy minimized using X-PLOR. The pairwise average r.m.s.dontaminating metal ion complexed to the tSphosphate.
for the ten structures was 1.68 A for the loop nucleotides arfspectral overlap prevented measurements for tHEHhtoms
1.49 A for the entire molecule based on the heavy atoms. Théresidues G3, C9, C10 and G16; however, the heteronuclear
ensemble had 16 NOE violations of >0.1 A, eleven of which wefdOEs of other carbons (data not shown) confirmed the local
in the 0.10-0.15 A range, and none over 0.3 A. No dihedral angfbility of the loop and terminal nucleotides.
constraint violations of >5 degrees were detected in any of the tef€omparison of the the average r.m.s.d. of tHea@ns in the
structures. Examination of the 10 structures confirmed that re@lculated ensemble of structures and the NMR relaxation
short distances between non-exchangeable protons were preganameters shows a clear correlation between molecular motion
which were not part of the NOE constraint set. The lowest energynd the degree of divergence in the structuresqyigesidue U8
structure of the ensemble had no NOE violations >0.1 A and stiows both the largest heteronuclear NOE (shortésEpiand
dihedral angle violations >5 degrees. the greatest disorder in the calculated structures.

The inclusion of a comprehensive set of backbone dihedrglISCUSSION
angle constraints did little to improve the efficiency of convergence.
The most probable explanation for this is that the generous rangj%%p base pairs
accompanying each constraint still permit wide conformational
sampling. However, given the current methods of RNA structurEhe long range NOEs between A11H2 and A6H2/Adeld us
determination by NMR, it would seem unreasonable to applp investigate the possibility of a mismatched A-A base pair
more stringent angle constraints based on experimental data sedfacent to the loop closing C-G pair. However, no NOEs
as31P chemical shifts and semi-quantitafi®-1H /13C coupling  suggesting hydrogen bonding were detected in NOESY spectra
constants. recorded in HO, nor were base—base interactions evident in any

Details of the loop and closing base-pair nucleotides of thaf the converged structures. Examination of the final structures
lowest energy structure are shown in Fidilrand c. The hairpin  did reveal at least two potential hydrogen bonds across the loop:
appears to be divisible in two parts of three nucleotides each. Tietween the A11N6 amino proton and A7Q2.4 A) and
first three nucleotides, A6-U8, are progressively turned awdyetween a C10N4 amino proton and one of the U8 phosphate
from the longitudinal axis of the molecule in the direction of thexygens [11.8 A). We were unable to obtain independent
major groove of the helix. These bases are exposed to the extedanfirmation of the existence of these hydrogen bonds; however,
of the molecule. All three nucleotides show characteristic sigiBey could be important in stabilizing the loop structure. An
of sequential base stacking, although U8 appears to be somewhatAll hydrogen bond might contribute stability in the absence
isolated. A turn in the backbone occurs between nucleotides U8 A6—A11 base—base interactions, and a U8-C10 interaction
and C9. This turn is accomplished without great deviation fromould stabilize the turn in the phosphodiester backbone.

Structure calculations for RLP1
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H1-C1' NOE

C1' average RMSD
by !

I llll Figure 7.Schematic drawing of planar G-A base pad<Configuration of the
- " commonly observed two hydrogen bond paiy,qingle hydrogen bond base
Gl G 6 AIZI 1C9d All U3 GI5 pair proposed for G6-A11 of RLP3. Dotted lines denote putative hydrogen
ucleotide bonds which were set to 1.7 A. Arrows indicate the relative AH24GRI1
proximities for each configuration (see Figure 2). The drawing was generated
Figure 6. Comparison of measured relaxation parameters of RLP1 with with anti-glycosidic angle C3endo nucleotides, using Insight Il (Biosym
calculated average r.m.s.d. of @ioms of the 10 final structures) Apparent Technologies, Inc.).
T1 values for the Hiprotons. If) Heteronuclear NOEs measured on thé C1
carbons. Identical experiments were run with (black bars), and without (grey
bars) 1 mM disodium EDTA. Overlap of the'€d1’ crosspeaks of G3 and C10
and those of C9 and C16 in the/1C correlation spectra prevented the Loop mobility
extraction of proton Tand heteronuclear NOE values for these nucleotides.

(c) Calculated average r.m.s.d. for the @sitions in the structures presented \\jith less than six internucleotide constraints per nucleotide for
in Figure 5a. the loop and closing base pair region, it is perhaps not surprising
that a highly converged ensemble of structures was not generated.

In RLP3, the first loop base is guanine which could allowfwo factors may account for the lack of NOEs in the loop: sample
formation of a G-A base pair. Turner and co-workers haweoncentration and loop dynamics. At a sample concentration of
reported the presence of G-A base pairs in positions 1 and 60d6 mM, the vast majority of thdetectedNOEs were assigned,
45% of the hexanucleotide loops in ribosomal RNA and that thisut the possibility that other NOEs would be detectable in a more
base pairing contributes to overall loop stability)(A study on  concentrated sample cannot be ruled out. Attempts &8GD
the effects of the flanking sequences of G-A mismatches in dupledited NOESY experiments were not fruitful, due to an unfavorable
DNA concluded that the most common conformation comprisesignal to noise ratio. Nonetheless, it is unlikely that additional
GN2H amino-AN7 and AN6H amino-GN3 hydrogen bori#s (  medium to strong NOEs would be detected in a more concentrated
(Fig. 7a). Recent structural studies of a GUAAUA hexanucleotidsample. Exchange of the amino resonances with water impeded
loop reported this type of G-A pairing adjacent to the loop closirtge detection of any NOEs involving exchangeable protons in the
C-G base paiB@,40). The non-hydrogen bonded G imino protonloop, but this phenomenon should not show concentration
resonance was reported to resonate between 10.5 and 11 p.pdependence.

The chemical shift of the G6 imino proton of RLP3 (9.89 p.p.m.) An alternative explication for the small number of loop NOEs
is close to the reported value for G-A base pairs. No informative the intrinsic dynamic nature of the loop nucleotides. Figure
NOEs could be observed with this imino proton as it exchangethows the increase in heteronuclear NOE and the decrease in H1
rapidly with HO. Typical hydrogen bonding for a G-A base paifT1 which reflect increased molecular motion in the loop. Fast
(Fig. 7a) was not consistent with the relatively intenseénternal dynamics may well reduce the number of observable
Al11H2-G6H1/H2' NOEs observed at 60 ms NOESY mixingNOEs. In fact, the internal motions are such that the actual
time in DO. Rather, the NOEs are more consistent with thstructure of the loop may not be describable by a single
formation of a single hydrogen bond G-A base pair, involvingonformation. The intermediate sizes of the U8(HZ) and
G6N2H and A11N1, as shown in Figufle. This base pairing A11(H4—HS5) coupling constants are more likely the result of
mode would situate A11H2 closer to G6HiInd G6H2 (a  conformational averaging rather than the result of a static
distance of <4 A was estimated from the NOE intensities). Thstructure with energetically unfavorable sugar puckers and
single hydrogen bond might also account for the slight upfieldclipsedyangle geometries. Relaxation measurements of the type
shift of the G6 imino resonance (frdr0.5 to 9.89 p.p.m.). performed here are straightforward experimentally and provide

0.0
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an excellent means of monitoring dynamics which otherwise c®EFERENCES
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