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Abstract: We have recently shown that hairpins containing 2',5'-linked RNA loops exhibit superior
thermodynamic stability compared to native hairpins comprised of 3',5'-RNA loops [Hannoush, R. N.; Damha,
M. J. J. Am. Chem. Soc. 2001, 123, 12368—12374]. A remarkable feature of the 2',5'-r(UUCG) tetraloop
is that, unlike the corresponding 3',5'-linked tetraloop, its stability is virtually independent of the hairpin
stem composition. Here, we determine the solution structure of unusually stable hairpins of the sequence
5'-G1G2A3C4-(UsUsC7Gg)-Go(U/T10)C11C12-3' containing a 2',5'-linked RNA (UUCG) loop and either an RNA
or a DNA stem. The 2',5'-linked RNA loop adopts a new fold that is completely different from that previously
observed for the native 3',5'-linked RNA loop. The 2',5'-RNA loop is stabilized by (a) U5-G8 wobble base
pairing, with both nucleotide residues in the anti-conformation, (b) extensive base stacking, and (c) sugar—
base and sugar—sugar contacts, all of which contribute to the extra stability of this hairpin structure. The
U5:G8 base pair stacks on top of the C4:G9 loop-closing base pair and thus appears as a continuation of
the stem. The loop uracil U6 base stacks above U5 base, while the cytosine C7 base protrudes out into
the solvent and does not participate in any of the stabilizing interactions. The different sugar pucker and
intrinsic bonding interactions within the 2',5'-linked ribonucleotides help explain the unusual stability and
conformational properties displayed by 2',5'-RNA tetraloops. These findings are relevant for the design of
more effective RNA-based aptamers, ribozymes, and antisense agents and identify the 2',5'-RNA loop as
a novel structural motif.

Introduction Hairpin motifs found in ribosomal RNA generally contain
o o ) . four loop residues. The consensus sequences (GNRA) and
RNA hairpins exhibit structural motifs that display an array (UNCG) (N = any nucleotide; R= purine base) occur quite
of important biological functions. They serve as nucleation sites frequently in 16S and 23S rit;osomal RNAs. and UUCG and
for tertiary RNA folding}-* as protein-binding site’; as GCAA are especially favorelf. Messenger RNAs with the
recognition signals for interaction with other nucleic adids, sequence repeats6(UUCG)G-3 are unusually stable (“extra-
and as templates for reverse transcription termingtiém.  gtaple”) and their folded structure prevents reverse transcriptase
addition, they protect mRNA against nuclease degradétwn,_ read througH:1-12 Loop structure and its contribution to the
property that has been exploited to alter the rate of degrada“onthermodynamic stability of hairpins have been described in

of antisense oligonucleotides in cells. detail-71%.13as a means of understanding RNA tertiary folding.
For instance, the loop (UUCG) displays the extrastability by
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* Department of Chemistry, McGill University. Interactions:
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Harvard University, Cambridge, MA. W~ :
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Table 1. Thermodynamic Parameters of Hairpins?

Tn AH° AS°® AG°3
code hairpin (°C)  %H (kcal/mol) (eu) (kcallmal)
RRR GGAC(UUCG)GUCC 718 85 —534 -1548 -54
RRR GGACUUCGGUCC 69.3 9.6 —556 —162.1 -—53
DDD ggac(uucg)gtcc 56.2 11.3-36.6 —111.1 -21
DRD ggac(UUCG)gtcc 546 11.5-36.0 —109.8 -1.9
DRD ggac{UUCG)gtcc 614 126 —39.9 -1194 -29

a Adapted from ref 18. Measurements were made in 0.01 lyHR&,
and 0.1 mM NaEDTA, pH 7.0; oligonucleotide concentration wast.5

uM. Values represent the average of at least five independent measurements,

Error in Ty, is within +£1 °C. Errors in thermodynamic parameters are within
+7.5% for AH° and AS’ and +£0.20 kcal/mol for AG°37. Percentage
hypochromicity (%H) was calculated from UV absorbances of the hairpin
(Ag) and fully denatured species} using the following equation: ¥ =

(As = Ao)lA.

U cC U C U C
U G U G U G
c—g C—G c—g
a—t A—U a—t
g—c¢ G —C g—¢
g—=¢ G —C g—=¢
s' 3 ' 3 s 3
DRD RRR DRD

Figure 1. Schematic representation of the three hairpin sequences under

study. HairpinDRD contains a 25'-RNA loop and DNA stem; hairpin
RRR, the same '25-RNA loop but with an RNA stem; and hairpDRD
serves as a control sequence and contains the ndt¥eRNA loop with

a DNA stem. Capital letters represent RNA residues, small letters rep-
resent DNA residues, and capital italicized letters represgBt-RNA
residues.

sequence GGAC[UCG)GUCC (where the italicized residues
are 2,5-linked nucleotides) exhibits exceptional stabifity®
The stability of this hairpin molecule (Table 1) was identical
to that of the native '3'-linked hairpin. This is remarkable in
view of the structural and conformational differences between
2' 5-RNA and 3,5-RNA20 and the fact that's'-linked RNA

is inferior to native RNA with respect to duplex stabil®y.23
We also noted that the extrastability imparted by th&CG)
loop was independent of the composition of the sté#i.
Hairpins containing alUCG) loop and DNA:DNA, RNA:
RNA, or 2,5-RNA:2',5-RNA stem duplexes were extrastable
relative to hairpins of purportedly normal thermodynamic
stability. This contrasted the behavior of the native (UUCG)

Experimental Section

Sample Preparation.Oligonucleotides in this work were synthesized
as described previousf/using an Applied Biosystems (381A) syn-
thesizer and utilizing LCAA-controlled pore glass (500 A) as solid
support. Monomer coupling times were 10 min (RNA 6/52RNA
monomers) and 2 min (DNA monomers). Extended coupling times were
used for rG 2 or 3-O-phosphoramidite (15 min) and dG monomers
(3 min). The concentrations of monomers were 6.05.7 M (RNA)
and 0.1 M (DNA). The activator solution consisted of 0.5 M
4,5-dicyanoimidazole/acetonitrile for DNA},8'-RNA, and 2,5-RNA
synthesig? Following chain assembly, the CPG support was treated
with aqueous ammonia/ethanol (3:1.5 mL total volume) for 48 h at
room temperature. After centrifugation, the supernatant was collected,
and the solid support was washed with ethanol. The supernatant and
ethanol washings were combined and evaporated to dryness under
vacuum. The pellet obtained was treated with ME{F at room
temperature for 48 B The reaction was quenched by addition of
deionized double distilled water, and the resulting solution was
lyophilized to dryness under vacuum. The oligomers were purified by
anion-exchange HPLC (Protein Pak DEAE-5PW column-Waters, 22.5
mm x 150 mm) using a linear gradient of@20% LiCIO, in H,O (1
M) with a flow rate of 5 mL/min at 55C. The oligonucleotides were
then desalted by using reversed-phase chromatography on a Sep-Pak
cartridge?® The overall isolated yields as well as % purity are given in
the Supporting Information (Table A).

The samples were then dissolved in 0.3 mL of 100%Dr 9:1
H.O/D;0, vlv, (for imino-proton spectra) to a final concentration of
1.5 mM. The solutions contained 0.1 mM EDTA sodium salt, and the
final pH was adjusted to 7.0 with 100 mM NaOH.

NMR Spectroscopy.The NMR spectra were recorded on a Bruker
DRX-500 spectrometer equipped witBt/**C/P triple resonancex(

Y, 2) gradient probe operating at a 500.13 MHz proton frequency. Proton
chemical shifts were measured relative to internal DSS, and phosphorus
resonances were indirectly referenced to 85% ®).?7:28

NOESY experiments were performed in@at 15°C for all three
hairpins and additionally at 25C for the hairpinDRD using mixing
timesty, of 70, 200, and 300 ms. The volumes of cross-peaks of NOESY
spectra were calculated using XWINNMR (Bruker). NOESY experi-
ments in 9:1 HO/D,O (v/v) were performed at 3C with a mixing
time of 180 ms. DQF-COSY spectra were collected with phosphorus
decoupling (final data size of 8 Kk 2 K points). Proton MLEV-17
TOCSY experiments were performed with a mixing time of 84 ms.
1H,%3C-correlation HMQC spectra were recorded using GARP hetero-
nuclear decoupling®Jch = 180 Hz). Inverse H,P-HetCOSY spectra
were collected with final spectral sizes of 2:)K 1 K data points.

Structural Modeling. The starting coordinates @RD and RRR

loop, which was extrastable only when the stem was duplex hairpins under study were generated using Sybyl 6.5 software (Tripos

RNA (Table 1). To provide structure-based reasoning for the
exceptional stability of hairpins with'%'-linked loops and

Inc.) from bothA- and B-type DNA structures. The X-PLOR 3.843
packagé with a nucleic acid all-hydrogen force field was used for

elucidate their general features, we investigated the three-hairpin molecular modeling.

dimensional structure of the',3-RNA (UUCG) loop within
the context of RNA and DNA stem hairpins via high-resolution
NMR. We report here the solution structure 6/52RNA loop
hairpins RRR and DRD, simultaneously with NMR analysis
of a 3,5-RNA loop hairpinDRD (Figure 1).

(18) Hannoush, R. N.; Damha, M. J. Am. Chem. So@001, 123 12368~
12374.
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1204.

(20) Premraj, B. J.; Patel, P. K.; Kandimalla, E. R.; Agrawal, S.; Hosur, R. V.;
Yathindra, N. Blochem Blophys Res. Come@Ol 283 537 543.
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At the initial stage, 100 starting structures with a “randomized” loop
(half with canonicalA-type and half withB-type hairpin stem) were
generated by molecular dynamics without experimental constraints.
Subsequent stages of simulated annealing with NOE distance and
torsion angle constraints were similar to those described previ-

(24) Vargeese, C.; Carter, J.; Yegge, J.; Krivjansky, S.; Settle, A.; Kropp, E.;
Peterson, K.; Pieken, WNucleic Acids Res1998 26, 1046-1050.

(25) Gasparutto, D.; Livache, T.; Bazin, H.; Duplaa, A. M.; Guy, A.; Khorlin,
A.; Molko, D.; Roget, A.; Teoule, RNucleic Acids Resl992 20, 5159~
5166.

(26) Damha, M. J.; Ogilvie, K. KMethods Mol. Biol.1993 20, 81—-114.

(27) Trempe, J. F.; Wilds, C. J.; Denisov, A. Y.; Pon, R. T.; Damha, M. J,;
Gehring, K.J. Am Chem SoQOOl 123 4896—4903

(28) Denisov, A. Y.; Noronha, A. M.; Wilds, C. J.; Trempe, J. F.; Pon, R. T.;
Gehring, K.; Damha M. J\luclelc ACIdS ReQOOl 29, 4284—4293
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ously!516%°Global fold was reached by restrained simulated annealing Table 2. Coupling Constants (Hz)? and Calculated Sugar Puckers
at 5000 K, and the 20 most energetically favored structures with for Hairpins under Study

minimal number of structural violations were selected at this stage. south/
Subsequently, the following gentle refinement was accomplished from residue  hairpin Jvz iz Joy ey e Jwomw—p  NOIR
these structures by molecular dynamics simulation of 12 ps S5 psat g1 prp 97 53 55 <2 25 4 10/0
1000 K, 4 ps of cooling to 300 K, and then 3 ps at 300 K). During the RRR <2 4 8 8 0/10
last stage, NOE distance and hydrogen bond force constants were DRD 95 50 55 nd nd %2 100
gradually built up to final values of 3040 kcal/(mol &), and the G2 DRD 95 52 55 <2 <2 4 10/0
; ; ~ RRR <2 n.d. nd. &2 0/10
backbone torsion angle constants, to 60 kcal/(mof)raél distance
dependent dielectric constant was used to mimic the solvent. Final DRD sum=13.8 nd. nd. nd. &2 753
P i . . i A3 DRD 9.8 54 6 <2 25 4 10/0
ensemble of the 10 best structures (including structures which converged RRR <2 n.d. nd. 82 0/10
from bothA- andB-type starting models) have been deposited into the DRD 8.5 50 6 4 5 6 713
Protein Data Bank (PDB) under ID codes 1MEO for hairpiRD and C4 DRD 9.7 55 6 <2 35 4 10/0
1MEL1 for hairpinRRR. Global helical parameters for hairpin stem gsg <2 105 4 & g ”-d(-j 8;% ggo
; ; sum= 10. nd. nd. nd.
base. pairs were c.alculated u5|r.19 the CURVES 5.2 progtam. . US DRD 38 7 5 8 406
Distance restraints were derived from NOESY spectra at different RRR 3.0 7 nd. 82 37
mixing times by cross-peak volume integration, usingdhedistance DRD <2 5 9 7 0/10
relationship? and average cross-peak volume values for calibration for U6 DRD 6.0 5 3 8 9/1
H5—H6 in cytidines and uridinesd(= 2.45 A) and for Me-H6 in RRR 6.0 5 4 8 9/1
o _ : - ; ; DRD 8.4 5 <2 8 10/0
thymidines @ = 2.70 A). The distance constraints were given with
. c7 DRD 5.7 6 3 7 8/2
10% of lower and 15% of upper bounds. Sugar puckering was RRR 55 6 4 7 8/2
determined by the PSEUROT 3B progr&nfrom vicinal coupling DRD 8.1 45 <2 8 10/0
constants. The five torsion angles for hairpin sugars were constrained G8 DRD <2 45 85 8 0/10
(with £10° bounds) according tsouthor north sugar conformations RRR 3.5 7 6 7 317
determined frond-couplings. Backbone torsion angle constraints were DRD <2 5.5 < 3 4 0/10
set in both hairpins. Thg torsion angles were constrained using the G9 DRD 97 55 6 2 2 3 10/0
; - " . RRR <2 n.d. nd. &2 0/10
information about H3H5" —P and H4—P cross-peaks in H,P-HetCOSY DRD n.d. nd. nd nd nd 42 nd.
spectra. Th¢g angles were found to be in thiens conformation (180 T10 DRD 9.7 55 6 <2 <2 4 10/0
+ 60°) as determined by symmetry and the relatively low intensity of U10 RRR <2 n.d. nd. 82 0/10
the HB/H5"—P cross-peaks as well as detectaldlgy» W-pathway T1I0 DRD 4.6 72 8 5 6 5 416
coupling constant®3435The y angles were constrained (60 40°) ci1 ggg Zg 5.2 f-5 3 4d 85i 5 O?llclJ
using the sums oflusns and Juans: Which were available from DRD 458 75 8 5 n6. "6 206
phosphorus decoupled DQF-COSY spectra and the NOEHA/MHS8— C12 DRD sum=137  nd. nd. nd. 713
H4' cross-peak line width® The ¢ angles have been estimated from RRR 2.0 5 n.d. 0/10
the vicinal3Juz—p or 3Juz—p coupling constants (Table 2). These coupling DRD sum=13.3 nd. nd. nd. 6/4
constants lie in the range of-® Hz for all RNA stem and loop ' _ _
nucleotides, and angles (or C3-C2 —02 —P torsions for 25-RNA) aError is 0.5 Hz forJr> and Jy>» and is+1 Hz for other coupling

constants if it is not defined specially; na#.not determined; sun¥ (Ji2

were constrained to 248 50° from the Karplus equatioff.In contrast, + Juz). P Fractions (ratio) of sugar conformers.

the smallfJuz—p values observed for the DNA stem-3 Hz) suggest

ae value of 170+ 50°. Finally, glycosidic angles were not constrained DO by using the cross-peaks of complementary base pairs
in structure calculations but were fixed indirectlyanti-conformation which include NH(G) with NH(C) or NH(T,U10) with H2(A3)

by intranucleotide aromatic-sugar distance constraints. (Figure 2C). Signals of NK{C) were easily identified from their
strong cross-peaks with H5(C) of the same nucleotide residue.
Phosphorus signals were determined from strongH®3cross-

Resonance Assignments and Preliminary Structural Con- ~ Peaks in H,P-HetCOSY spectra. Proton and phosphorus
clusions. Assignment of nonexchangeable proton resonanceschemical shifts for all hairpins are given in the Supporting
in NOESY spectra of hairpin®RD, RRR, and DRD was Information (Table B). _
carried out in the standard manner employed for right-handed The 2,5-RNA (UUCG) loops in bothDRD and RRR
duplexes (Figure 2A and B$:32 DQF-COSY, TOCSY, and hairpins share similar chemical shifts and general NOE contacts
H,C-HMQC spectra based on differé€ chemical shifts for ~ (Figure 3A) demonstrating that they adopt a common, unusually
CZ/Cg, Cc4, and C5 were also used to assign sugar protons_ Unique structure that is distinct from that of the nati\’é’g
The adenine H2 resonances were confirmed by NOESY RNA loop. A strong NOE was detected between US and G8
interstrand H2(A3)-H1'(C11) cross-peaks. The sugar signals imino protons, and mediufweak NOEs of U5 and G8 imino
of HI'/H2'/H2" for the dG9 residue in hairpiDRD were signals with G9 imino proton as well as G8 imino proton with
strongly broadened at room temperature. Assignment of stemH1/H4/H5(U6) were found (Figure 2C). These confirm that
imino protons was made from NOESY spectra acquireda/H U5 and G8 loop residues formwobblebase pait* that appears

as a continuation of the stem. Unlike the native RNA loop

(30) James, J. K.; Tinoco, I, Xucleic Acids. Resl993 21, 3287-3293. structure}*~16 the glycosidic bond of G8 in'Z-RNA loop

(31) Lavery, R.; Sklenar, HHURVES 5.2, Helical analysis of irregular nucleic e i i
acids Laboratory de Biochimie Theorique, CNRS URA 77: Paris, 1997. adc,)pts,theantl com_‘ormatlon._Furthermore, the aromatic to ?uQar
(32) Withrich, K.NMR of protein and nucleic aciddohn Wiley & Sons: New H1'/H2' NOE, typical of helical strands, shows that uracil U6

Results

York, 1986. ; ' H
(33) de Leeuw, F. A. A. M.; Altona, QQuantum chemistry program exchange, base Sta,CkS, above US base in th’équA |00p (Flgure,3A)'
No.463: PSEUROT 3Bndiana University: Bloomington, IN, 1983. Sequential intraloop contacts between-UB/—G8 residues
(34) Saenger, WPrinciples of nucleic acids structur&pringer-Verlag: New include few general NOEs: HU6)—H6/H5/H3(C7) and
York, 1984. : K ST
(35) Kim, S. G.; Lin, L. J.; Reid, B. RBiochemistryl992 31, 3564-3574. H3'(C7)—H8(G8). However, despite all structural similarities,
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Figure 2. Expanded plots of NOESY spectra at 500 MHz: (A and B) hain®RD andRRR in DO, 15°C, mixing timet, = 200 ms. The assignment
of oligonucleotide protons are shown by solid lines and nucleotide name with numbét.: H5—H6(C4,U5,U6,C7,U10,C11,C12) cross-peaks respectively.
The letter marksa andb: H2'—H8(G8) and HAG8)—HB8(G9) cross-peaks; (C) hairpdRD in H,O/D,0, 5 °C, with a 1D spectrum of imino protons at
the top; cross-peaks for amino protons of cytidine residues and G8 are labeled by marks in italic font.
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Figure 3. General inter-residue NOE contacts observed within the
superstable '5'-RNA loops in DRD and RRR hairpins in panel A.
Superimposition of 10 final individual structures (sugphosphate heavy
atoms only) and average minimized structure (with nucleotide bases) for
hairpin DRD in panel B and hairpirRRR in panel C.

the 2,5-RNA loops in hairpinsDRD and RRR still show a
minor difference which manifests itself in the G8 residue of
hairpin RRR sometimes existing in theynconformation.
Indeed, the intraresidual H8H1' and H3—H8 (or H2—H8)
NOE cross-peaks of G8 are of strong intensity at any mixing
time at low temperatures (Figure 2B), which cannot be realized
for a single loop conformation. This fact indicates that there
exists some degree of mobility in the G8-residue of hairpin
RRR.

Hairpin DRD (with a 3,5-RNA loop) exhibits unusual values
in H2'(U5), H4/H5'(C7), H3(G8), and HY5'P(G9) chemical
shifts which are strikingly similar to those observed for the
extrastable all-RNA hairpin RRR).14-16 With many other

11528 J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003

spectral features in common between loop®B&D andRRR
such as typical NOE cross-peaks (imino(&8)1'/H2'(U5),
H2'(U5)—H5(C7), etc),synconformation of G8, and other
spectral data (Table 2), we propose that the structure of the
native 3,5-RNA (UUCG) loop is conserved in both RNA and
DNA stem hairpins. This follows the same pattern for th&'2
RNA loop which also shows a conserved uniquely folded
structure in bottDRD and RRR hairpins.

Sugar Ring Conformation. Sugar conformations were
determined fron?Jyy data obtained from DQF-COSY experi-
ments (Table 2). Coupling constants» and J;»: were
determined from HEH2" or HI'—H2' cross-peak splittings,
whereaslyz, Jrg, andJz4 were extracted from the sums of
coupling constants as previously descriBe# The mole
fractions of conformerssputhinorth) were determined using
the PSEUROT prografwith a fixed puckering amplitude of
37° or using the equatidhfor cases ofl-coupling sum measured
only: %(south = (Jyy + Jirr — 9.8)/5.9.

Data analysis shows that the ribose sugars of U6 and C7
residues in all three hairpins adopseuth(C2-enddC1'-exg
pucker, while U5 and G8 exist predominantly innarthern
(C3-endqg pucker, a pattern that is similar to that observed in

(36) van Wik, J.; Huckriede, B. D.; Ippel, J. H.; Altona, @ethods Enzymol.
1992 211, 286-306.
(37) Rinkel, L. J.; Altona, CJ. Biomol. Struct. Dyn1987, 4, 621—649.
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Table 3. Structural Statistics for the 10 Final Individual Structures makes it more mobile in hairpiRRR compared to the same
of DRD and RRR Hairpins residue in hairpirDRD. The minor groove width of the RNA
parameter DRD RRR stem is 2-2.5 A bigger in comparison with that of the DNA
number of NOE distance restraints 152 120 stem (Table 5). As expected, the minor groove width and helical
intranucleotide 92 64 parameters of the RNA stem are closetype DNA, while
:ggegr:jﬁlgg“?eesidues i% Ef7 those of the DNA stem hairpin are closerBetype DNA.
torsion angle restraints 94 94 . .
hydrogen bond restraints 13 13 Discussion
b“iﬁg&ﬂfi?]”gg%éﬂwso) 8_1 (;F_i The ability of 2,5-linked nucleic acids to form hairpins, and
RMSD for all heavy atoms (A) particularly ordered loop structures, is largely unexplored. We
relative to the average structure: have recently shown that hairpin structures containing%-2
;g: fgﬁ?dﬁs'giﬁues 0'6:8:2 8:3}_8:2 linked RNA loop are more thermodynamically stable than
for loop CG residues 0-60.7 0.7-0.8 hairpins comprised of'®-RNA loopsi819 Inspection of the
average RMSD from covalent geometry: thermodynamic parameters revealed that a major determinant
ggg%‘se?dgetg)s A 2-%%302 2-2292 of loop stabilization is the enthalpy (versus entropy) of hairpin
impropers (deg) 0.74 0.55 formation, which indicates better stacking and pairing interac-
tions. The 25'-linked loop can promote double helix formation
2 Except for terminal G+C12 base pair (RMSD 0:50.8 A). between complementary strands that are normally incapable of

o ) . 51638 stable hybridization. For example, the52linked r(UUCG) loop
RNA hairpins with 3,5-linked (UUCG) or (GCAA) loops>'® can be used to induce the formation of a DNAS2RNA hybrid

The DNA stem sugar residues DRD exist predominantly in - giem18 Another interesting feature of thé,2-r(UUCG) tetra-
thesouthconformation (typicaB-form), while those of the RNA 505 s that, relative to the nativé,3-linked RNA tetraloop4-16
stem inRRR adopt thenorth pucker as for-type helices. By s stability is less dependent on sugar stem composition (DNA:
contrast, the majority of deoxyribose sugar©RD exist as a DNA, RNA:RNA, 2',5-RNA:2',5-RNA, etc). For example, the
mixture of north/southconformations, suggesting a significant T range of the 25-r(UUCG) loop-hairpins is 16C, while
degree of flexibility within the stem residues. This is further inai of the native 35-r(UUCG) loop-hairpins is 26C.19
corroborated by the average valueshf—p coupling constants Here, we show that the stablé,2-RNA (UUCG) loop

for _the DNA §t§_m in this hairpin (56_5 Hz, Table 2). It suggests (abbreviatedR) folds in a unique pattern that is conserved in
an incompatibility between the nativé,3-RNA (UUCG) loop both DRD and RRR hairpins. Its structure is completely

and the DN/T\. stem which might be re;pqnsible for the loss in different from that of the native' &-linked C(UUCG)G RNA
thermal s_ta_b_|l|ty observed for tHaRD hairpin (Table 1). DNA loop!4~16 and constitutes a novel RNA structural motif. Specif-
stem flexibility observed fobRD prevented us from obtaining ically, the 2,5-linked ((UUCG) loop is stabilized by a U5:G8

a dsetailed Spsti?I structure fgr;hislha_irpig. q . h wobble base pair and a stacking interaction between U5 and
tructure Refinement an nalysis. To determine the U6 (Figures 4 and 5). The U5:G8 base pair stacks above the

det;aﬂgd spanlal stlruc(;ures (,)f hallrplllmiD andRRR, fNMR;j h C4:G9 loop-closing base pair and thus appears as a continuation
restrained molecuiar dynamics calculations were pertormed. The ¢ y,o stem . Unlike the native’, 3 -RNA loop structure, G8 in

gtructgral statl_sucs O_f_X'PLfOE reglnen;_entl a}rzpr_zserllted in Table the 2,5-RNA loop is found in theanti-conformation while the
» and superimposition of the best final individual structures & 0 participates in loop stabilization. Furthermore, the

for both hairpins is shown in Figure 3B and C. Starting from amino group of the C7 base RRR contacts the phosphate

ﬁ" and Ei-type st{rl:cturgs (?n overgll I;ZIl\/ISD of %'8 Atfor St%mth group linking U5 and U6, whereas the corresponding C7 residue
cavy a oms) with ran omly organized loop conformations, both j, ppg s exposed to the solvent, outside the loop (Figure 5).
hairpinsDRD andRRR were refined to an RMSD of 0-30.5 . L

The proposed conformation for the,2-RNA loop is in

A for stem residues (except of terminal base pair) as well as . . o
US and U6 nucleotides. The loop C7 residue and sugar strong agreement with the pattern of chemical base modifica-
' tion'® and correlates with thermal melting data. Changing the

phosphate part of G8 nucleotide in both hairpins are the most .
flexible with an RMSD of 0.6-0.8 A. This reflects big variations loop ba_se sequence fro_m WCG)G o C(UACG.)G In RRR
results in significantly diminished thermal stabilithT, = 7

of backbone tqrsmns between (.:7 and G8 |n. haiRiR (Tab_le °C, AAG°37 = 1.9 kcal/mol). This is further supported by the
4). The stacking between C4:G9 and U5:G8 base pairs was ) L -
NMR structure, which suggests the loss of a stacking interaction

o Sy o S s oo ety " PENEED US e U beses. However, Changig G Ty
' = 69.3°C) to CUUUG)G (T, = 68.0°C) does not affect the

andRRR, U6 base stacks with U5 base, thus contributing to thermal stability of the hairpin, which is consistent with the

stabilization of the loop and consequently the overall hairpin notion that the C7 base protrudes out into the solvent and does
structure. not participate in any loop stabilizing interactions. Mutating the
The final individual structures of hairpilSRD and RRR particip Y 100p:: 9 y 9
L G8 residue to a uracil (to yield the homopolymeridJCUU)G
were averaged, and energy minimized for the purpose of _ o o :
comparing helical parameters and stereoviews of both loop loop, Tm = 60.5°C) strongly destabilizes the native2-RNA
loop structure by abolishing U5:G8obblebase pairing. The

structures. As shown in Figure 4, both loop structures are very -
o . ' . . 7 same features were demonstrated for th&-BRNA loop hairpins
similar. The base of C7 is farther away from the G8 residue in with a DNA stem DRD).18

hairpinRRR (Figure 4). This probably affects the G8 base and . . .
The 2,5-RNA loop has two unpaired nucleotides, that is,

(38) Heus, H. A.; Pardi, ASciencel991, 253, 191-194. U6 and C7, that adopt theouth(C2-endg conformation. A
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Table 4. Ranges of Backbone? and Glycosidic Torsion Angles in the 10 Final Individual Structures of DRD and RRR Hairpins

residue hairpin o p y € ¢ 2
Gl DRD 160+ 4 -84+ 4 —119+7
RRR —1574+11 —69+8 —170+ 6
G2 DRD —83+4 —-161+4 57+ 3 174+ 3 —81+6 —126+ 3
RRR —74+10 —177+11 61+ 6 =171+ 2 —-80+6 —158+ 6
A3 DRD —78+8 —169+5 56+ 3 177+ 7 —80+t4 —119+4
RRR —98+ 11 —156+ 8 57+ 4 —146+ 8 —56+8 —158+ 6
C4 DRD —76+6 —175+4 55+ 3 171+ 6 —86+6 —120+5
RRR —67+7 168+ 9 58+ 2 —163+ 3 —69+3 —-161+2
U5 DRD —86+7 —168+9 56+ 3 —100+ 7 —94+5 —131+8
RRR —83+7 —176+6 61+ 3 —93+6 —-90+4 —141+3
U6 DRD —67+5 174+ 3 58+ 2 —157+3 —97+4 —-121+2
RRR —74+6 176+ 8 58+ 4 —170+ 4 —92+4 —1154+3
Cc7 DRD 180+ 5 117+ 2 77+ 3 —74+3 —-80+7 —1224+2
RRR 172+ 4 119+ 4 74+ 6 —121+53 21+ 81 —117+4
G8 DRD —544+5 161+ 8 61+2 —126+ 17 —68+ 6 —127+6
RRR —1244 52 171+ 21 64+ 3 —119+4+4 —93+ 12 —109+9
G9 DRD —90+ 14 —158+ 20 59+ 5 169+ 7 —-80+3 —121+8
RRR —68+ 10 163+ 12 58+ 3 —164+6 —73+4 —167+7
T10 DRD —83+7 —162+ 10 56+ 2 174+ 3 —85+4 —120+5
ul1o0 RRR —83+7 —163+ 6 56+ 5 —1414+11 —-76t£7 —154+5
Cl1 DRD —74+6 —175+4 57+ 2 170+ 2 —81+3 —120+ 3
RRR —66+5 150+ 7 65+ 4 —-167+ 3 —74+5 —156+ 4
C12 DRD —79+4 —166+ 4 55+ 2 —1154+3
RRR —73+8 =179+ 9 62+ 3 —150+ 6

aBackbone for 25'-links includes C2and O2 atoms instead of regular Cand O3 atoms (epsilon torsion is between'€&82 —02 —P atoms).

(A) c7 c7
Ue Ue
us G8§ us G8
c4 Gy 4 G9
B
®) c7 c7
U6 U6
Us G8 Us G8
c4 G 4 G9

Figure 4. Stereoview of the loop regions for average minimized structures
of hairpinsDRD andRRR (in panels A and B, respectively).

Table 5. Ranges? of Minor Groove Widths and Helical
Parameters for Stem Base Pairs in Average Minimized Structures
of DRD and RRR Hairpins and in Canonical A- and B-Types of
DNA

minor helical
groove X-displace- inclination rise twist
structure width (A) ment (A) (deg) A (deg)
DRD 7.7£02 —-26+0.2 7.7+£08 29+0.2 348t21
RRR 10.1+0.2 —24+0.8 13.0+1.8 26+0.3 39.8+24
B-type DNA 5.9 -0.7 —6.0 3.4 36.1
A-type DNA 11.1 —54 19.3 2.6 32.7

Figure 5. Stereoview of the native 5'-RNA (top) and 25-RNA (bottom)
loops inRRR (PDB ID code= 1HLX) andRRR hairpins. Hydrogen bonds
betweenwobblebase paired U5 and G8 iRRR are shown.

a Average values with corresponding deviations for the set of stem base
pairs are shown.

are characterized bgorth (C3-endg sugar puckers in both
similar sugar pucker is observed for the corresponding-3 motifs and, therefore, adopt the “compact” conformation in the
RNA loop residues (U6 and C7), yet the sugphosphate 3',5-RNA loop, whereas they are “extended” in tHeg52RNA
distances of individual nucleotides in this motif are quite loop. To summarize, the'®'- and 3,5-loop residues adopt,
different. A C2-endonucleotide has a “compact” shape 52 respectively, the UBxtended—U6(compact)-C7(compacty
RNA but is “extended” in 35-RNA .239These differences arise ~ G8(extended and U5(compact) U6(extended—C7(extended—
from a switch in the equatorial to axial placement of phosphate G8(compact) geometries. In both cases, the “extended” residues
groups linking C2-02 versus C3-03 bonds on a C2endo make it possible to bridge the stem to the loop without imposing
oriented sugar fram&.0n the other hand, U5 and G8 residues unfavorable steric constraints.
Despite a great degree of similarity between th& 200ps
(39) Premraj, B. J.; Yathindra, NI. Biomol. Struct. Dyn1998 16, 313-328. of bothRRR andDRD hairpins, some differences are evident
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in the backbone, particularly in the &, o torsional angles thermodynamic stability. Recent findings show thg&2RNA
between C7 and G8 and in tifea, 5 torsional angles between loops are significantly more resistant toward nuclease degrada-
G8 and G9 residues (Table 4). Also the calculated helical twist tion compared to '35'-RNA loops. In addition, the '5'-RNA
between the U5:G8 and C4:G9 base pairs is larger in the averagdoop structure is recognized by HIV-1 reverse transcriptase (RT)
structure ofDRD (48°) than inRRR (39°). The other helical and can act as a potent inhibitor of RNase H activity of HIV-1
parameters for these base pairs are virtually identical. TheseRT (ICso 30—50 uM) when present within the appropriate
differences in backbone angles and helical parameters betweerhairpin stem [Hannoush, R. N.; Min, K.-L.; Carriero, S.; Damha,
RRR and DRD allow the 2,5-r(UUCG) loop to maintain its M. J. In preparation]. This discovery may help in the design of
folded (extrastable) structure (Table 5). new RNA-based aptamers or ribozymes and identifies f3e 2
Our data show that the,3'-RNA loop in DRD exhibits the linked r(UUCG) loop as a novel RNA structural motif.
same NOESs as those observedRiR.1416 This suggests that
the loop structure remains the same irrespective of whether the Acknowledgment. This paper is dedicated to the memory of
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