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ABSTRACT. An important step in the substrate recognition ofXteurosporavarkud Satellite (VS) ribozyme

is the formation of a magnesium-dependent loop/loop interaction between the terminal loops-ef stem
loops | and V. We have studied the structure of stéoop V by nuclear magnetic resonance spectroscopy
and shown that it adopts a U-turn conformation, a common motif found in RNA. Structural comparisons
indicate that the U-turn of sterrloop V fulfills some but not all of the structural characteristics found in
canonical U-turn structures. This U-turn conformation exposes the Wagick faces of the bases within
stem-loop V (G697, A698, and C699) and makes them accessible for interaction with-kiem|.

Using chemical-shift mapping, we show that magnesium ions interact with the loop of the isolated stem
loop V and induce a conformational change that may be important for interaction with-kieml. This

study expands our understanding of the role of U-turn motifs in RNA structure and function and provides
insights into the mechanism of substrate recognition in the VS ribozyme.

The VS ribozyme originates from the 881-nucleotide!(nt) a)
Varkud Satellite (VS) RNA, which was initially isolated from 620 meemeemmemceeeeeececeeeeeeae- -
the mitochondria of certain isolates bfeurospora(1). In £, :;?f;:ifﬁ LG, v v
these m_ltochondrla, the VS nbo_zyme is mvolve_d in RNA ¢-¢ > 5.9  cuchaavusuceuhecasuuQ)y
processing as part of its replication cyc®.(Both in vivo G-C Ibe-c  u liibiiil LI
. . . . . G-C G.C GACUUUAAC GUALUUGUCA

and in vitro, the VS ribozyme is a catalytic RNA capable of ¢ ¢ G-C oo € Ug, 780
site-specific cleavage and ligation reactiohs3—5). Frag- hog -~ o .y’
ments of~120-180 nt derived from the natural VS RNA ¢ A 620-6 " ko 'iZSA'“
undergo cleavage at a specific phosphodiester bond between la 6-¢ O G0 70 Vi

T 650 - 740
G620 and A621 4). The secondary structure of the VS 5 suantctocent CoctMsuatoasunUsats

ribozyme containing the minimal contiguous sequence for LLITLL LT Lol L

1l IR
r._,M“(_?"‘,‘(_?_ﬂ:GUU(Z:G CC.CGAACACGA ?ACG GUUA%IGACUGA

cleavage consists of six helical subdomains\(l) (Figure 3 I 7 e BE L
la): stem-loop | forms the substrate domain, and stem
loops II-VI comprise the catalytic domairg). In vivo, the b) A
VS ribozyme likely acts in cis, since stertoop | is found 7
5' of the catalytic domain on the same RNA chain. In vitro, U U700
695U — A
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Il Universitede Montrel. Sequence and secondary structure ofNkarosporaVs ribozyme.
1 Abbreviations: nt, nucleotide; SL5, steffoop 5; 2D, two- The cleavage site is indicated by the arrowhead. The interaction

dimensional; 3D, three-dimensional; HSQC, heteronuclear single between stemloops | and V is indicated by a dashed line, and
quantum coherence; CT-HSQC, constant-time heteronuclear singleresidues involved in this interaction are circled. Upon interaction
quantum coherence; COSY, correlated spectroscopy; E.COSY, exclu-with stem-loop V, stem-loop | (subdivided into la and Ib)
sive correlated spectroscopy; TOCSY, total correlation spectroscopy; undergoes a structural change from an inactive to an active
MQ, multiple quantum; HETCOR, heteronuclear correlation; NOE, conformation. (b) Sequence and secondary structure of the-stem
nuclear Overhauser effect; NOESY, nuclear Overhauser effect spec-loop V (SL5) RNA used for NMR study. Wild-type and mutant

troscopy; CPMG, CarrPurcel-Meiboom—Gill method; HMQC, nucleotides are represented by upper and lower cases, respectively.
heteronuclear multiple quantum correlation; TROSY, transverse relax-

ation optimized spectroscopy; CSA, chemical-shift anisotropy; PDB, . . .
protein data bank: RMSD, root-mean-square deviation; rRNA, ribo- Stém-loop I'and the catalytic domain can also be synthesized

somal RNA. as separate RNA fragments, and the catalytic domain can
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perform cleavage in trans with multiple turnovei®.(The
products of the VS ribozyme cleavage reaction haved
and 2,3'-cyclic phosphate termini as found for other small

Campbell and Legault

important hydrogen bond between one of the nonbridging
oxygens of this phosphate and U696 H3, although direct
divalent metal-ion binding proposed at this phosphate could

catalytic RNAs, such as the hammerhead, hairpin, and HDV also explain the loss of cleavage activity2( 20).

ribozymes {).
The VS ribozyme differs from other small catalytic RNAs
in its mode of substrate recognition. Most ribozymes

recognize their substrate primarily via base-pairing interac-

Like many other ribozymes, tHéeurosporaVs ribozyme
provides a useful model system for studying the relationship
between RNA structural motifs and their implication for
RNA function 6, 8, 21). It is now well understood that

tions between single-stranded regions of the catalytic domainfunctional RNAs, including ribozymes, adopt complex three-
and the complementary single-stranded regions of the dimensional structures, which involve elaborate arrangements

substrate. In the case of tiNeurosporaVs ribozyme, the
catalytic domain recognizes its hairpin substra)etiirough
tertiary interactions§, 9). The best-characterized interaction
is a loop/loop interaction between steibops | and V, which
was identified from mutagenesis and structural probing
experimentsg). This interaction, also termed the kissing or
pseudoknot interaction, involves Watse@rick base pairing
between nucleotides G630, U631, and C632 in steap |
and nucleotides C699, A698, and G697 in stdoop V (see
Figure 1a) 8). Formation of this tertiary interaction is
important for efficient cleavage and ligation by the VS
ribozyme 6, 8).

It has been shown that the interaction of stdoop | with
stem-loop V causes a conformational change in the stem
loop | substrate (Figure lap,(10). This conformational
change can be triggered not only by the full catalytic domain
but also by an isolated stentoop V RNA (5, 10). Upon
binding to stem-loop V, stem-loop | is converted from an
“unshifted” to a “shifted” conformation in which nucleotides
623-625 in helix Ib shift their base-pairing partners from
nucleotides 634636 to nucleotides 635637, leading to a
rearrangement in the cleavage site internal Idg)p $tenm—
loop | RNA mutants that cannot undergo this conformational
change are not cleaved by the VS ribozyme, whereas-stem

loop | mutant substrates that can adopt the shifted conforma-

tion are active in the cleavage reactididy, The loop/loop
interaction and the conformational change in stdoop |

are both dependent on the presence of magnesium ns (
8, 10).

It has been postulated from mutagene8)safid nucleotide
analogue interference mapping (NAIM)Y 12) experiments
that stem-loop V forms a U-turn motif, which facilitates
its binding to stem-loop I. U-turns were originally identified
in the anticodon and {C loop of tRNA (13). They now

of double-helical subdomaing4, 22). It is not always clear,
however, how individual RNA motifs allow proper orienta-
tion of these various subdomains, participate in tertiary
interactions, and interact with metal ions to provide the
unique organization of chemical groups at the active site of
ribozymes. In this paper, we present the solution NMR
structure of a stemloop V RNA in the absence of
magnesium ions and show that it adopts a U-turn motif. By
comparing the structural characteristics of this U-turn motif
with that of canonical U-turn structures selected from the
structural database, we observe that the stlmop V RNA

is missing a few important structural characteristics of
canonical U-turn structures. Interestingly, the stdoop V
bases that are involved in the loop/loop interaction have their
Watson-Crick faces accessible for base pairing with stem
loop I. Using chemical-shift mapping, we find that magne-
sium ions interact with the U-turn of stentoop V, likely
producing a conformational change in this loop. We discuss
our findings in terms of the structural characteristics of U-turn
motifs and in terms of substrate recognition by the VS
ribozyme.

EXPERIMENTAL PROCEDURES

Sample PreparationThe 17-mer SL5 RNA was synthe-
sized in vitro by use of T7 RNA polymerase, a double-
stranded synthetic oligonucleotide template modified with
C2-methoxyl at the last two 'Enucleotides of the coding
strand (Macromolecular Resource®3,(24), and unlabeled,
5N-labeled, o**C/*5N-labeled nucleoside triphosphates. T7
RNA polymerase and isotopically labeled nucleoside triph-
osphates were produced according to published procedures
(25, 26). SL5 was purified by denaturing 20% gel electro-
phoresis, dephosphorylated at itsefid with calf alkaline

constitute a common structural motif found in a large number Phosphatase (Roche Molecular Biochemicals), and further

of RNAs, including the hammerhead ribozymbd), 23S
rRNA (15), U2 snRNA (16), and HIV genomic RNA 17).

purified by DEAE-Sephacel chromatography (Amersham
Biosciences) Z7). The RNA sample was concentrated and

Some of the structural characteristics of U-turns are a UNR the buffer was exchanged in Centricon-3 ultrafiltration
sequence, a sharp turn in the direction of the RNA backbonedevices (Millipore, MA) with NMR buffer S (10 mM Tris-

after the U, formation of hydrogen bonds between't{O2
and R N7 and between U H3 and R-ghosphate, and
stacking of bases after the W3 18, 19). The residues U696,
G697, and A698 of sterloop V constitute a UNR sequence,

di1, pH 7.0, 50 mM NaCl, 0.2 mM EDTA, and 0.05 mM
NaNs) in 90% HO and 10% DRO. For studies in BO, the
RNA samples were transferred to 99.996%0by multiple
cycles of lyophilization and resuspension i The

and mutational studies of these residues have lead to the idegoncentration of the NMR samples ranged from 0.8 to 3.4

that stem-loop V forms a U-turn motif §). NAIM interfer-
ence data indicate that substitution of tHeQH group of
U696 by a 2-H leads to decreased activity of the VS
ribozyme, possibly due to the removal of an important
hydrogen bond between U696-QH and A698 N7 in the
U-turn of stem-loop V (11, 12). Similarly, phosphorothioate
substitution of A698 3phosphate leads to decreased activity
of the VS ribozyme, possibly due to the removal of an

mM SL5 as determined from the absorbance at 260 nm and
using a coefficient of 4@g/mL per OD unit. Before each
set of NMR experiments, the RNA sample was heated to 95
°C for 2 min and then immediately cooled in iced water.
NMR Spectroscopyll NMR experiments were conducted
at 5, 15, and 25C on Varian'"%Inova 600 or 800 MHz
spectrometers equipped with pulse-field gradient units and
actively shieldedz gradient probes, either #{*3C/*°N}
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Table 1: Structural Statistics

distance restraints
no. of NOE-derived distance restraints
from standard NOESY spectra
internucleotide
intranucleotide
from 2D 'H—'N CMPG-NOESY spectra
hydrogen-bond restraints
dihedral angle restraints
sugar puckerd)
backbone)
total no. of restraints
RMSD from experimental restraints
NOE (A) (none> 0.1 A)
dihedral (deg) (none 5°)
RMSD from idealized geometry

0.0026+ 0.0003
0.027+ 0.015

bonds (A) 0.003 929+ 0.000 018

angles (deg) 0.957 896 0.000 907

impropers (deg) 0.360 246 0.000 880
heavy-atom RMSDs to the minimized average structure (A)

overall (residues 691705) 0.90+0.14

stem (residues 691695 and 70%705) 0.46+ 0.07

loop (residues 696700) 0.53+ 0.05

triple-resonance probe or'al{*®N—31P} indirect detection
probe. Assignments dH, °C, 5N, and3'P nuclei in SL5

were obtained from two-dimensional (2D) and three-

were separated into four ranges: strong{B® A), medium
(1.8-4.1 A), and weak (1.85.5 A), based on the intensities
of peaks observed at a mixing time of 90 ms, and very weak

dimensional (3D) homonuclear and heteronuclear NMR (1.8-7.0 A), for signals observed only at mixing times
experiments. All nonexchangeable protons and their attachedgreater than 90 ms. The distance restraints obtained from
carbons were assigned from the following experiments the 2D'H—1*N CPMG-NOESY were given ranges of either

collected at 25C in D,O: 2D H—13C CT-HSQC 28, 29);
2D H—15N MQ-(HC)N(C)H (30); 3D HCCH-COSY 81);
3D HCCH-TOCSY 81); and a 3D *C-edited HMQC-

1.8-5.5 or 1.8-7.0 A on the basis of cross-peak intensities.
The distance restraints were calibrated on the basis of the
cross-peaks intensities and by comparison with NOE cross-

NOESY 32). The exchangeable protons and their attached peaks involving protons separated by known intraresidue
nitrogens were assigned from the following experiments distances. Two-dimensional HNN-COSY spectra were col-

collected at 25C in H,O: imino- and amino-optimized 2D
IH—15N HSQC @3); 2D H(NCCC)H for uracil and cytosine
residues 34); 2D H(NC)-TOCSY-(C)H for guanosine resi-
dues 85); 2D (H)N(C)-TOCSY-(C)H for adenosine residues
(36); 2D 'H—15N CPMG-NOESY 87); and a 2D*H—H
flip-back watergate NOESY38, 39). A 2D 'H—1*N HMQC
optimized for transfers vid = 7.0 Hz @0) was collected at
25°C in D,O for assignment of uridine N3 nitrogens. A 2D
IH—31P HETCOR 1) spectrum was also collected in®
at 25°C for the assignment of the&P resonances. Distance
restraints were obtained from a 2B—'H flip-back water-
gate NOESY spectrum collected in,® at 25°C with a
mixing time of 400 ms38, 39), 2D 'H—'N CPMG-NOESY
spectra collected at 5 and 2& in H,O with mixing times
of 150 ms 87), and 3D**C-edited HMQC-NOESY spectra
(32) collected in BO at 25°C with mixing times of 90 ms

lected to detectJyy couplings across hydrogen bonds in
Watson-Crick base pairs42, 43). Because of the strong
NMR evidence (NOESY and HNN-COSY) for the formation
of the A-U and G-C WatsonCrick base pairs in the stem
of SL5, canonical distance restraints were employed to define
the hydrogen-bonding pattern and planarity of the first five
base pairs in the stem of SL5 (residues 6894 and 702
706). We obtained limited NOE data for the U695-A701 base
pair; therefore, in this case, only the U695 N3 to A701 N1
distance was defined (2.820.1 A) on the basis of the HNN-
COSY data. Sugar pucker conformations were derived from
2D DQF-COSY, 3D HCCH E.COSY4¢), and 2D*H-13C
CT-TROSY experiments46). All the sugar puckers except
for the loop residues 697700 were set to C3&ndo § =

86° + 10°). They torsion angle restraints were derived from
comparative analyses of NOE da#0). The y angles for

and 180 ms. The hydrogen-bond restraints were determinedall the residues except the loop residues-6800 were set

from 2D HNN-COSY spectra collected at 28 (42, 43).
Restraints for thed torsion angle were obtained from
experiments collected at 2% in D,O: 2D DQF-COSY,
3D HCCH E.COSY 44), and 2D'H—*C CT-TROSY for

to the gauche conformation = 60° + 20°).
Three-dimensional structures were calculated with re-

strained molecular dynamics and simulated annealing in

X-PLOR—NIH 2.0.6 (60, 51) by a modified version of a

measurement of CSA-dipolar cross-correlated rate constantgreviously reported protocadb®). The experimental restraints

(at 600 and 800 MHz)45). All spectra were processed with
the NMRPipe/NMRDraw packaget) and analyzed with
NMRView (47). *H, 3C, and >N chemical shifts were
referenced at 25C to an external standard of 2,2-dimethyl-
2-silapentane-5-sulfonic acid (DSS) at 0.00 pptB)( and
31p chemical shifts were referenced atZ5to an external
standard of 85% phosphoric acid at 0.00 ppm.

Structure CalculationThe distance restraints from the 2D
IH—'H NOESY and 3D"*C-edited HMQC-NOESY spectra

described in Table 1 were used along with restraints to
maintain the covalent structure and stereochemistry of the
RNA. The CHARMM force field was used with the ribose
bond angles modified to prevent flattening of the ring. The
same reduced force field was used at all steps except for the
first energy minimization. This force field consists of bond,
angle, improper (stereochemical), and repulsive van der
Waals energy terms and NOE and torsion angle pseudoen-
ergy terms. Electrostatic contributions were not included in
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the force field. Initial structures were generated by random- residues based on the changes in Bétrand*3C chemical

izing the backbonedo| £, v, 0, ¢, and {) and y angles
followed by an energy minimization with a force field that

shifts; two apparenKy values were therefore obtained for
each HSQC signal. All binding curves were fitted by the

included bond, angle, improper, and repulsive van der Waalsleast-squares analysis function of GRACE (http://plasma-
energy terms. A first cycle (29 ps) of high-temperature gate.weizmann.ac.il/Grace/).
dynamics (3000 K) was used to introduce the NOE and Relaxation Measurement$he °C T;, measurements on
torsion angle pseudoenergy terms, gradually increasing thethe aromatic C6/C8 carbons were performed &0/*°N-
weight on the van der Waals energy term and gradually labeled SL5 in 10 mM Trish;, pH 7.0, 50 mM NaCl, 0.2
transforming the X-PLOR pseudoenergy NOE term from a mM EDTA, 0.05 mM NaN, and 100% RO. Measurements
soft to a square well. The system was then slowly cooled were performed at 600 MHz and 2% with the pulse
(3000 to 300 K in 6.25 ps) and energy-minimized. A second sequence from Yamazaki et ab§j. Nine different spin-
cycle (10 ps) of high-temperature dynamics (3000 K) was lock delaysT were used: 4, 8, 12, 16, 24, 32, 40, 48, and
then used in which the weight on the torsion angle pseu- 60 ms. FOIT <20ms,20ms< T <40ms,40ms< T <
doenergy term was reduced, slowly increased, reduced again60 ms, andl = 60 ms,k = 0, 1, 2, and 3H 180 pulses,
and then slowly increased up to its final value. The system respectively, were applied during th¥ spin-lock interval
was subsequently cooled very slowly (3000 to 300 K in 12.5 according to the schem@&/[2k) — *H 180° — T/(2K)]kk=o in
ps) and energy-minimized. This second cycle helps to order to prevent cross-correlation effects that can lead to
improve the percentage of accepted structures. Starting fromoverestimation of3C Ty, values 69). The 1*C carrier was
a set of 100 structures with randomized torsion angles, 61 positioned in the center of the C6/C8 region (139.7 ppm),
structures satisfied the experimental restraints (no distanceand a spin-lock power of 3.8 kHz was used. At the largest
violation > 0.1 A and no torsion angle violation 5°). From offset for C6 and C8 resonances, which range from 135.8 to
these 61 structures, the 10 lowest-energy structures werel43.6 ppm, the tip angle of the spin-lock axis was.81
selected for further analysis and used to calculate an averagdRelaxation times were extracted by nonlinear curve fitting
structure that was minimized against experimental restraints.of the maximum signal intensity from the 2D spectra by use
All structures were visualized with MOLMOLS5@) and of GRACE (http://plasma-gate.weizmann.ac.il/Grace/). A
analyzed with MOLMOL and CURVES54). two-parameter fi{ () = [Ace(—t/T1,)]} of the experimental
Metal-lon Binding StudiesTwo 1.0 mM samples offC/ decay curve gave low correlation coefficients, likely because
15N-labeled SL5 in NMR buffer A (10 mM Trish;, pH 7.0, of poor signal-to-noise at the longer spin-lock delays. A
0.05 mM NaN, and 50 mM NacCl) and in 100% JO were three-parameter fitl(t) = [Ae(—t/T4,)] + A} was therefore
titrated with metal salts, one with 99.995% MgCSigma— employed 60), and in all cases the correlation coefficients
Aldrich) and the other one with NaCl. The titrations were of the fit were>0.99. Reported error bars are taken from
both carried out by adding an increasing amount of a the uncertainties in the nonlinear fit.
concentrated salt solution directly to the NMR sample. For RESULTS
the MgCib titration, the magnesium ion concentrations were
0, 0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 5.0, 10, 20, 30, 40, 50, and Conformation of SL5To gain insights into substrate
130 mM. For the NacCl titration, the sodium ion concentra- recognition by the VS ribozyme, we synthesized a 17-
tions were 50, 100, 150, 250, 350, and 500 mM. Chemical- nucleotide RNA fragment of sterloop V, termed SL5
shift changes were monitored at each salt concentration by(Figure 1b), for NMR structural determination. Based on the
collecting 2DH—3C CT-HSQC spectra2Q). To remove secondary structure of the VS ribozymé),(SL5 was
the ambiguity in chemical shift assignments at high salt designed to form a hairpin structure that retains the natural
concentrations, completel and'*C assignments were redone sequence within its five-member terminal loop and its three
for SL5 at 40 mM MgC} (D. Campbell and P. Legault, closing base pairs (Figure 1b). The first three base pairs of
unpublished data). To quantify the chemical-shift changes the stem were mutated to increase yields of in vitro
[Ar in parts per million (ppm}- 0.05 ppm], the following transcription by T7 RNA polymerase2d). It has been
equation was usedAr = [(An)? + (RAC)Y2, whereAy is previously determined that the identity of the nucleotides in
the 'H chemical-shift changeAc is the 13C chemical-shift the stem of helical domain V is not important for catalytic
change, andR is a scaling factor calculated as the ratio activity as long as base pairing is maintainéy (n addition,
between théH and'3C chemical-shift ranges for a particular  chemical modification experiments indicate that SL5 (Figure
type of 'H/13C pair 65). The change in chemical shift as a 1b) is capable of shifting the conformation of an isolated
function of MgCk concentration was plotted for all tHel/ stem-loop | to its active conformation in the presence of
13C pairs that had @t value > 0.3 ppm at the end of the  Mg?" (A. Andersen, R. Collins, and P. Legault, unpublished
titration. These binding data were used to calculate apparentresults) (0). To clearly understand the effect of Ffgon
Kgs for magnesium-ion binding. Assuming fast exchange and complex formation, we decided to first determine the
a 1:1 stoichiometry, the apparekits were calculated by  structure of SL5 in the absence of fcand then investigate
fitting the following equation: Agss = (A7)/(2[RNA]+)- the effect of M@* on the SL5 structure, which may or may
{(Mg]+ + [RNA]T + Kg) — (([Mg]+ + [RNA]T + Kg)? — not require complete structure determination in the presence
(4[Mg]+[RNA]1))¥%, whereApsis the observedH or 13C of Mg?". The buffer conditions (10 mM Trish;, pH 7.0,
chemical-shift change at each MgQ@oncentrationAr is 50 mM NacCl, and 0.05 mM Na})l chosen for structure
the total change idH or 13C chemical shift, and [Mg]and determination are therefore compatible with catalysis, but
[RNA]+ are the total concentrations of magnesium ion and only after Mg* is added ).
RNA, respectively %6, 57). ApparentKys were calculated To ensure that SL5 forms a hairpin and not a duplex under
from resolvedH—'3C CT-HSQC signals that belong to loop NMR conditions, SL5 was first analyzed by equilibrium



NMR Structure of the VS Ribozyme Sterhoop V RNA Biochemistry, Vol. 44, No. 11, 200%1161

U703 H3 G694 H1 G705 H1 G692 H1

” J\ JL K\J\ b)
146 F — C704 N3¢ H A 146
C702N3¢ : , G
151k T Co9tiNg : X {\\@S,H {151
156 - ' : P 3&; Jd ® 1156 =
] ! 1 pd
— 161 FU703N3 | ! i - -
E o1 ! ] : Upgs N3 UTO3NS = 161 9
a ' ! i _— : i —_— 3
= o0l ' G705IN1 : : ' Taee &
2190 Geoants ¢ GeozN1i : L8
= 201 | ! . P {201 2
g H p=N_ ! ! —
5 206 )/g, . b {2063
5 : Y GN— = : : 2
211 KJ ' 12
z . N i ; AB93 N3 <=
e ' <= A701 N3 i
216 .- ! ¢ 4218
21} B AOSBNI . AG93 N < 221
i ¥ : o
AB93 N1 _<q A "")’N A698 N1=A701 N1
226 | < {226
40 135 130 125 120 81 79 77 15 13

"H Chemical Shift (ppm) "H Chemical Shift (ppm)

FIGURE 2: Watson-Crick base pairs in SL5. (a) Two-dimensional spectrum of an HNN-COSY experiment used to2dgiemtuplings

across hydrogen bonds in Watse@rick base pairs. Thé&lyy coupling between the N1 of the purines and the N3 of the pyrimidines of
paired residues was detected via the intervening imino proton (inset). The 1D imino proton spectrum is shown above the 2D HNN-COSY
spectrum. (b) Two-dimensional spectrum of a modified 2D HNN-COSY experiment used to #gtecouplings across hydrogen bonds

in Watson-Crick A—U base pairs. Thélyy coupling between the N1 of the adenine and the N3 of the paired uridine was detected via the
nonexchangeable adenine H2 (inset). The spectra in panels a and b were collecté@ an2% 600 MHz NMR spectrometer, with SL5
samples containing (a) 90%,0/10% HO and (b) 100% BO.

ultracentrifugation. Ultracentrifugation studies indicated that guanine and uridine bases of the four internal base pairs in
this RNA forms a homogeneous sample of unimolecular the stem, C691-G705, G692-C704, A693-U703, and G694-
mass (-6 kDa; data not shown) at low concentratiornu{). C702. In addition, we obtained unambiguous evidence for
Native gel electrophoresis indicates that this conformation the formation of these base pairs from a 2D HNN-COSY
is stable at RNA concentrations of/®1—2 mM (not shown). spectrum collected to detetdyn couplings across hydrogen
The SL5 RNA also gave high-quality NMR data at high bonds in WatsorCrick base pairs (Figure 2a32). This
concentrations (0-83.5 mM), consistent with a single experiment provides correlations between the guanine or
conformation, and small aromatic proton line widths (255 uridine imino proton (G H1 or U H3), its bonded imino
Hz) were indicative of hairpin formation. In addition, nitrogen, and the imino nitrogen of the paired residue (C
formation of a duplex would likely result in stabilization of N3 or A N1). We obtained these correlations for the C691-
a U-U base pair; however, no evidence of such a base pairG705, G692-C704, G694-C702, and A693-U703 base pairs
has been obtained from the NMR data. Additional broader (Figure 2a). One limitation of this HNN-COSY experiment
signals were present in the NMR spectra when we omitted is that?Jyn couplings across hydrogen bonds can only be
to heat and immediately cool the sample prior to collecting detected if the intervening imino proton is observable.
the NMR data. It was concluded that the hairpin conforma- Therefore, it did not provide evidence for the U695-A701
tion of SL5 slowly interconverts to a duplex form over a base pair predicted from the secondary structure model
period of weeks. We therefore took the necessary precaution(Figure 1) 6). To verify the presence of this base pair, we
to collect the NMR data on the hairpin conformation used a modified version of the HNN-COSY experiment that

exclusively.
SL5 Structure DeterminatioThe NMR structure of SL5

allows detection ofJyn couplings across hydrogen bonds
in A-U base pairs via the nonexchangeable adenine H2

was obtained by standard homonuclear and heteronucleaFigure 2b) @3). For all adenine residues, this experiment

NMR methods with unlabeled®N-labeled, and3C/5N-

provides intrabase correlations between the adenine H2 and

labeled RNAs, as described under Experimental Proceduresthe adenine N1, N3, and N9 (not shown). For adenines in

Assignment of'H, 3C, N, and 3P nuclei in SL5 were

Watson-Crick A-U base pairs, this experiment also provides

obtained by standard methods and are summarized in Tablea correlation between the adenine H2 and the N3 of the

S1 (Supporting Information).

The combination of the NOESY and HNN-COSY experi-
ments 42, 43) gave direct evidence for base pairing in the
stem of SL5. We observed only four imino proton signals
in the 1D *H spectrum of SL5 (Figure 2a). We did not
observed the G690 imino proton at 26; this is typically

paired uridine. As expected, an A H2 to U N3 correlation
was not observed for A698 in the loop but was observed for
the well-defined A693-U703 base pair (Figure 2b). We also
observed a correlation between A701 H2 and a uridine N3
signal (Figure 2b). This N3 chemical shift was unambigu-
ously assigned to U695 N3 on the basis of a U695-N3

the case for the first G-C base pair of RNA stems due to U695 H5 correlation observed in a long-ran§fd—*°N

fraying of the base pair. On the basis of NOE connectivities,

HMQC (not shown) 40). The modified HNN-COSY spec-

the observed imino proton signals were easily assigned totrum helped confirm the presence of a Wats@rick U-A
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base pair between U695 and A701 in the absence of a G690

detectable imino proton for U695. 5
In addition to confirming base pairing in the stem, the
NMR data indicate that the residues in the stem (G690 ® H1/H2/H3/HATHS'IHS”
U695 and A701-C706) form a typical A-form helix. Intra- @ H1/H3/H2#/HA#/H6#
and interresidue NOE patterns are characteristic of A-form ® H5/H6/HS
helical geometry49). We analyzed three NMR experiments ® H2
to determine sugar pucker conformation: 2D DQF-COSY
for measurement o¥)y;—n> coupling constants, 3D HCCH  Ficure 4: Summary diagram of the interresidue NOEs used in
E.COSY for measurement &duy—ny and3Jyz—pa coupling f[he structure calculation of SL5. Dashed lines represent one or more
constants44), and 2D'H—13C CT-TROSY for measurement interresidue NOE(s) observed between two protons as defined in
of CSA-dipolar cross-correlated rate constads).(All three the legend.
experiments indicated that residues in the stem (G&8D5 U696 in a central location with respect to these following
and A701-C706) as well as residue U696 adopt d-€8do loop residues. Additional evidence for this turn is the absence
sugar pucker conformation. Comparative analyses of NOE of base-to-base NOEs between U696 and G697 (Figure 4),
data, also indicated that all residues in the stem (G690 suggesting that these bases are not stacked on each other.
U695 and A701-C706) as well as residue U696 have their The sequential ribose-to-base and base-to-base NOEs con-
y torsion angles in the gaucheconformation ¢1). The tinue from G697 through to C699, similarly to what is
combination of torsion angle and NOE data (not shown) observed for the base-paired stem. These data suggest that
indicated that the A-form helix topology extends to U696 G697 stacks on A698 and that A698 stacks on C699, but at
on the 53-strand of the RNA. For residues G69W700, the U700 there is a disruption of this pattern. Nonsequential
available NMR data indicated that theirs sugars exist as aNOEs between the ribose of C699 and the base of A701
mixture of rapidly interconverting C&ndo and C2endo combined with the absence of base-to-base NOEs between
conformers (not shown). Thereforg,ando torsion angles ~ C699 and U700 suggests that the base of U700 is somewhat
of only residues G696U696 and A701+C706 were con-  extruded from the loop (Figure 4). In addition, an NOE
strained for structure calculation. between the H4of A698 and the H1of U700 provides
NOEs that are not characteristic of A-form geometry were evidence that the ribose of U700 also adopts an unusual
observed in the loop of SL5 and represent important featuresposition within this loop.
of this loop, including the stacking pattern and the position A schematic of the observed NOEs summarizes the
of phosphate backbone reversal (Figures 3 and 4). Wedistance information used for structure calculation and
observed NOEs between H¥ U696 and the protons A698  provides an initial representation of the SL5 structure (Figure
H8, G697 H8, U696 H6, and C699 H5 (Figure 3a) and 4). In addition to NOE-derived distance restraints, we used
between H1of U696 and the protons A698 H8, A701 H2, hydrogen-bonding restraints from the HNN-COSY experi-
G697 H8, U696 H6, and C699 H5 (Figure 3b). These NOEs ments and torsion angle restraints (see Experimental Proce-
from U696 to residues G697, A698, C699, and A701 indicate dures) as input for structure calculation. Three-dimensional
that there is a sharp turn in the loop after U696, which places structures were calculated by use of restrained molecular
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a) A698

A698
C699 U696  (p99

U695
U700

Ficure 5: The loop of SL5 forms a U-turn motif. (a) Stereoview of the superposition of the 10 lowest-energy structures of SL5 on the
minimized average structure. The superposition was obtained by minimization of pairwise heavy-atom RMSD of each lowest-energy structure
to the minimized average structure (residues-6805). (b) Stereoview of the minimized average structure of the SL5 loop showing some
characteristics of U-turn motifs: the sharp turn in the backbone between U696 and G697; the short distance (2.8 A) between the U696
2'-OH and A698 N7 (dashed line); and the stacking of the three bases following the turn. For simplicity, only heavy atoms are shown in
panels a and b.

dynamics and simulated annealing. The 10 lowest-energyour NMR data, and only a few distance restraints were used
structures that satisfied our experimental restraints (noto constrain the U695-A701 base pair in the structure
distance violatior~0.1 A and no torsion angle violation5°) calculation. However, we find that this base pair adopts a
were retained for analysis. An average structure was calcu-canonical WatsonCrick U-A base pair that is stacked on
lated from these low-energy structures and was further the G694-C702 base pair and is part of the A-form helix.
minimized against experimental restraints. The structural On the 3-strand, base stacking is continuous within the base-
statistics (Table 1) indicate that the structure of SL5, paired stem only (A702C706), whereas on the-Strand
including its terminal loop, is well defined by the NMR data. base stacking extends beyond the stem residues (G690
The RMSD from the minimized average structure is 90  U695) through U696, the first member of the loop. U696 is,
0.14 A for the SL5 RNA (residues 691705) and 0.53+ however, not involved in any base-pairing interactions with
0.05 A for the SL5 loop (residues 69600). The superposi- U700 or other loop residues. Immediately after U696, there
tion of the 10 lowest-energy structures on the minimized is a sharp turn in the direction of the backbone of SL5 (Figure
average structure (Figure 5a) also illustrates that the overall5). The next three bases after the turn (G6€699) are all
precision of the SL5 structure is very good. stacked on each other and their Wats@rick faces are
SL5 Loop Forms a Loose U-Turn Motis predicted from exposed to the solvent. The final residue in the loop, U700,
the secondary structure moded),( SL5 forms a hairpin has its base completely extruded from the bases of the other
characterized by a six-base-pair stem and a five-memberedesidues in the loop and in the stem. As can be seen from
terminal loop (Figure 5). The SL5 stem adopts a typical the superposition in Figure 5a, the orientation of the U700
A-form helix. The U695 imino proton was not observed in base is not as well defined as that of other bases in the loop.
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Table 2: Characteristics of Canonical U-Turn Structures and Their Occurrence in SL5

U-turn characteristics occurrence in SL5
UNR sequence yes (U696, G697, A698)
noncanonical flanking base pair no (Flanking base pair is the WatSank U695-A701 base pair)
sharp turn in backbone yea @ngle in 10 lowest-energy structures: 1#67°)
stacking of bases immediately after turn yes (stacking of G697, A698, and C699)
stacking of U base and R-phosphate group no
H-bond between U'20H and R N7 yes (U696 G2A698 N7 distance range in 10 lowest-energy structures: -23943 A)
H-bond between U H3 and R-phosphate group no (U696 N\698 3-P distance range in 10 lowest-energy structures: -89198 A)

Table 3: Hydrogen-Bond Distances in the U-Turn of SL5 and in Selected Canonical U-Turn Structures from the PDB

RNA PDB entry U 02-R N7 (R) UN3-R 3-P (A)
SL%? 1TBK 3.43 8.65
loop 690 of eukaryotic 16S-like rRN66) 1FHK 2.75 4.42
HIV-1 A-rich loop® (17) 1BVJ 2.86 421
U2 snRNA (16) 2U2A 3.04 4.19
hammerhead ribozyrfié73) 300D 3.07 4.39
TyC anticodon loop of tRNA (yeast) (74) 1EHZ 2.37 4.17

aMimimized average structuré Best representative conformer in the ensemble of NMR structtidésay structure.

However, in all 10 final structures and in the minimized for canonical U-turn structures, whereas the U N3 td R 3
average structure (Figure 5b), the U700 base bulges out ofdistance is much longer than the range observed for canonical
the loop and stacks on théphosphate group of C699. With ~ U-turn structures. In summary, SL5 forms a U-turn motif
the exclusion of the U700 base from the interior of the loop, but lacks some of the structural characteristics found in
it seemed possible for the C699 base to stack on the A701canonical U-turn structures. We are referring to the U-turn
base and form a base-pairing interaction with U696. How- of SL5 as a loose U-turn motif to emphasize the contrast
ever, this is not the case in any of the 10 lowest-energy between its structure and that of the more compact backbone
structures. Instead, the C699 base is angled toward the baséld adopted by canonical U-turn structures.
of A701, and C699 is too far from U696 to form any base-  Effect of Metal lons on the SL5 RNA Structuiée
pairing interaction with this residue. catalytic activity of the VS ribozyme requires the presence
The overall geometry of the SL5 loop resembles that of a of metal ions. Certain divalent and monovalent salts support
U-turn motif. The characteristics of a canonical U-turn catalysis to various degrees, with magnesium being the most
structure are a UNR sequence fJuracil, N = any base, likely catalytically active biological cation6@, 63). It has
and R= purine), a non-WatsonCrick base pair involving  been shown that magnesium ions are necessary for formation
the nucleotide 5of the UNR sequence, a sharp turn in the of the loop/loop interaction between stefioops | and V
backbone after the U, stacking of the baséof3the U, (8, 10). In stem-loop V, the B-phosphate of C699 has been
stacking of the U base with theé-phosphate group of the implicated in direct divalent metal-ion coordination from
R, and two hydrogen bonds involving the U residds, ( manganese rescue of phosphorothioate inhibitkf). \We
18, 19). These hydrogen bonds are between the'\OH therefore used chemical-shift mapping to investigate the
and the R N7 and between the U H3 and th@losphate  effect of MgCh on the structure of SL5 and to possibly
group of the R. The U-turn characteristics of SL5 are identify Mg?"-binding site(s). A Mgd titration was per-
summarized in Table 2. In SL5, the UNR sequence is formed under the same conditions used for structure deter-
represented by U696, G697, and A698. As opposed tomination by several additions of concentrated Mg@i
canonical U-turn structures, the nucleotide U69%bthe achieve final MgCJ] concentrations ranging from 0 to 130
UNR sequence forms a Watse@rick U-A base pair with mM. After each MgCJ addition, a 2D'*H—%3C CT-HSQC
A701. We observed a sharp turn in the backbone after U696,(28, 29) spectrum was collected to monitor chemical-shift
which is characterized by an unusual value of dh®rsion changes. Almost all the peaks observed intHe-13C CT-
angle of G697 (116 7° in the 10 lowest-energy structures). HSQC spectrum were affected by addition of Mg@ls
The three bases immediately after the turn (G697, A698, andillustrated for the H6-C6/H8-C8 region (Figure 6a).
C699) are stacked on each other. However, the base of U696Changes iftH and3C chemical shifts attain their midpoint
does not stack with the phosphate group of A698. As for around 2-3 mM MgCl, and in most cases only small
the two hydrogen bonds that are known to stabilize the U-turn changes are observed between 30 and 130 mM. Native gel
motif, only one is present in SL5. The distance between U696 electrophoresis experiments of SL5 at 40 mM Mg@tlicate
2'-OH and A698 N7 is 2.77 A in the minimized average that SL5 remains in a hairpin conformation at high MgCl
structure, which is indicative of a hydrogen bond. However, concentrations (not shown); therefore the observed chemical-
U696 H3 and the sphosphate group of C699 are 8.65 A shift changes do not result from duplex formation. Total
apart in the minimized average structure and are clearly notchanges intH and *C chemical shifts A1) between 0 and
close enough to form a hydrogen bond with each other. We 130 mM MgCh were calculated for all the well-resolved
have compared the heavy-atom distances that are charactepeaks in the¢H—1C CT-HSQC spectrum (Figure 6b).
istic of U-turn motifs in SL5 with those of a few selected To ascertain that the chemical-shift changes were not
canonical U-turns in other RNA structures (Table 3). The U simply a result of increased ionic strength, (ve compared
02 to R N7 distance of SL5 is close to the range observed the total changes in chemical shifts obtained at 130 mM
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Ficure 6: Effect of magnesium ions on SL5 RNA. (a) Overlay of
the H6-C6/H8—C8 region of 2D'H—13C CT-HSQC spectra of SL5
at selected points of the Mgglitration. Spectra are shown for O
mM (black), 0.5 mM (purple), 1.0 mM (green), 2.0 mM (blue), 3.0
mM (yellow), 5.0 mM (pale violet), 10 mM (pale blue), 30 mM
(orange), 50 mM (gray), and 130 mM (red) MgPeak labels are
adjacent to the last point of the MggQitration. These spectra were
collected in 100% BO at 25°C on a 600 MHz NMR spectrometer.
(b) Chemical-shift changegd\¢ values) after addition of 130 mM
MgCl, for the resolved peaks from tAEl—13C CT-HSQC spectra.
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FIGURE 7: Histogram ofT;, values for purine C8 and pyrimidine

C6 base resonances in SL5 RNA. The values for G692 and G705
are not reported because of spectral overlap, which prevented
accurate analysis. Open bars and shaded bars indicate purine and
pyrimidine residues, respectively. The horizontal dashed lines
indicate the range of values observed in helical regions, excluding
the terminal base pairs.

MgCl, in NMR buffer that contained 50 mM NaCl € 0.44

M) with those obtained in NMR buffer supplemented with
450 mM NaCl ( = 0.50 M). Although chemical-shift
changes were observed in the presence of 500 mM NacCl
(Figure S1, Supporting Information), the magnitude of these
changes was usually smaller, particularly for loop residues,
than what we observed with 130 mM Mgh the presence

of 50 mM NacCl (Figure 6b). These results indicate that the
observed chemical-shift changes may be partially due to ionic
strength effects but that specific magnesium-ion binding must
be inferred to explain the larger chemical-shift changes
observed with magnesium ions.

The largest Mg-dependent chemical-shift changes: (
> 0.3 ppm) were observed for SL5 loop residues, and these
changes were mapped on the structure of SL5 (Figure 6c).
All residues in the loop are affected by MgCiherefore it
is not possible to precisely map one or more2Myinding
sites by use of these chemical-shift changes. Furthermore,
the chemical-shift changes in the loop not only may be due
to the presence of one or more local charges but also may
result from conformational changes in the SL5 loop. Ap-
parentKys for magnesium ions were calculated on the basis
of Mg?*-dependentH and *3C chemical-shift changes for
the 34 resolved signals of the SL5 loop residues (4696
U700). We obtained an average appatén{to) of 2.4 +
0.5 mM for magnesium-ion binding to the SL5 loop.

Evidence of Internal Motion in the SL5 Loop frolC
Relaxation.Measurement of*C T, relaxation times has
proven useful to probe conformational dynamics in RNA
(64). It allows for identification of dynamics on the pico-
second to nanosecond time scale whigyvalues are larger
than those of rigid residues and for identification of dynamics
on the microsecond to millisecond time scale wiigrvalues
are smaller than those of rigid residues. To identify unusual

(c) Summary of the magnesium-ion binding data on the minimized motion in the SL5 RNA, particularly in its U-turn loop,
average structure of the SL5 loop. Significant chemical-shift changes gromatic3C (C6/C8)T,, relaxation times were determined

after addition of 130 mM MgGl(At > 0.3 ppm) were indicated by
a black sphere on the corresponding hydrogen atom (U696 H2
G697 H1; A698 HZ, H3, H4, and H8; C699 H1 H5, and H6;

and U700 HY).

for all resolved resonances in th#d—'3C correlation
spectrum of SL5 (Figure 7). The measufig values of all
C6 and C8 carbons in the SL5 stem, excluding those of
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terminal residues, vary from 18.3 to 26.9 ms. Thgvalues
for a particular carbon type (in this case C6 or C8) should

Campbell and Legault

a)
G6

be identical for all nucleotides that are rigid with respect to AT
the molecular frame. For SL5, we observed no difference
within experimental error between tfig, values of C6 and

C8 residues, indicating the presence of some internal motions
within the helical stem region. TheséC relaxation data
indicate that the stem of SL5 does not form a fully rigid
structure but may be best described by a semirigid body,
given the range of C6/C8, values and the high quality of
the NMR data for the stem residues. The molecular details
of the dynamics in the stem are unclear but may be related
to base-pair opening/closing within this small RNA with a
marginally stable secondary structure (see Conformation of A694
SL5 section).

The C6/C8Ty, values of most loop residues (U696, G697, agos
U700, and A701) fall within the range observed for the stem,
indicating that no unusual dynamics characterize these
residues. Indeed, the uniformity of the observed C6I¢8
relaxation times throughout the stem and part of the loop is
consistent with a well-ordered RNA structure where the
internal motions of most residues are essentially similar.
Although U700 is not as well ordered as other bases in the
loop (Figure 5a), no unusual dynamics are observed for this
base. For U700, the slightly lower precision in the relative
position of its base may simply result from the fact that only
a few NMR-derived restraints are expected for this extruded
base. Interestingly, a significant difference is observed
between the C6/C8,, values of residues A698 (3250.5
ms) and C699 (35.% 1.2 ms) in the loop and those of the
stem residues (Figure 7). These larger C6/IG8 values FIGURE 8: Other RNA loop structures with a UNA sequence. (a)
indicate that these bases are undergoing internal motion onRepresentative NMR structure of the UGAA tetraloop from the

G4 Co

G693

C252

the picosecond to nanosecond time scale. It is important toukaryotic 16S-like rRNA [PDB entry 1AFXGG)]. This loop does

note that A698 and C699 are involved in two of the three
base pairs that stabilize the loop/loop interaction with stem

loop | (8) and that their unusual dynamics may be important
for this tertiary interaction. More extensive relaxation studies
measuringTy, as a function of temperature and spin-lock
field (64) would be necessary to further characterize the

not form a U-turn motif. (b) Representative NMR structure of the
690 loop from theE. coli 16S rRNA [PDB entry 1IFHK §6)]. This

RNA loop forms a canonical U-turn structure with residues U692,
G693, and A694 representing the UNR sequence. (c) Terminal loop
of helix 15 from the 2.4 A X-ray structure of the large ribosomal
subunit ofH. marismortui This RNA loop forms a U-turn motif
with residues U253, C254, and A255 representing the UNR
sequence. As for SL5 RNA, this U-turn is closed by a Watson

motion of the A698 and C699 bases.

DISCUSSION

Stem-loop V performs at least two important functions
in the cleavage mechanism of the VS ribozyme. It partici-
pates in the recognition of stentoop | substrate via a tertiary
loop/loop interaction and activates this substrate for catalysis.
The stem-loop I/stem-loop V interaction involves the
formation of Watsonr-Crick base pairs between the stem
loop | residues G6306C632 and the stemloop V residues A
G697-C699. Formation of this loop/loop interaction is canonical U-turn structures.
essential for optimal catalytic activity of the VS ribozyme. The less compact U-turn fold of SL5 could be due to a
Our laboratory has initiated structural studies to better number of factors, including (1) the intrinsic nature of the
understand this RNA/RNA interaction, the effect of divalent SL5 loop sequence and (2) the buffer conditions under which
metal ions, and the conformational changes involved in the structure was determined. As will be discussed below,
formation of this interaction. Here we described the structure increased ionic stength or addition of divalent metal ions
of SL5 and we began to investigate the effect of magnesium could help stabilize a more compact U-turn fold. However,
ions on this RNA. We demonstrated that the loop of stem canonical U-turn structures can form in the absence of
loop V forms a U-turn motif in the absence of divalent metal divalent metal ions and at relatively low ionic strengiff)(
ions, as previously propose®)( Comparison of our SL5 It is important to point out that the UNR sequence may be
structure with canonical U-turn structures revealed that the necessary but is not sufficient for formation of the U-turn
SL5 loop lacks three of the seven structural characteristicsmotif. This point is illustrated by comparing two RNA
commonly found in canonical U-turns. Whereas canonical tetraloops with the same UGAA sequence (Figure 8a,b). In

Crick base pair (C252-G257) and does not share all the structural
charateristics of canonical U-turn structures.

U-turn loop structures are closed by a noncanonical base pair,
the loop of SL5 is closed by a Watsegrick U-A base pair.

In addition, the characteristic stacking of the U base and R
5'-phosphate group and hydrogen bond between U H3 and
R 3-phosphate group are not found in the U-turn of SL5.
We concluded that SL5 forms a loose U-turn structure in
comparison with the more compact backbone fold of
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the NMR structure of the eukaryotic 16S-like rRNB5j, a
UGAA tetraloop is flanked by a WatserCrick G-C base
pair (Figure 8a) and does not form a U-turn motif. Instead,
in this UsGgA7Ag tetraloop, U5 and G6 are stacked on each
other and on the'Sstrand, there is a turn in the backbone

Biochemistry, Vol. 44, No. 11, 20031167

istics in these two later cases is the absence of the non-
canonical closing base pair and of a hydrogen-bonding inter-
action between U H3 and R-Bhosphate group. The U253
N3—A255 3-P distance in the UCAC loop of 50S helix H25

is 6.79 A, and the corresponding distance in the UAAC loop

of 30S helix H26a is 6.59 A, more tha2 A longer than
what we measured for canonical U-turn structures (Table
3). Furthermore, in both cases, the relative orientation of the
hydrogen-bond donor and acceptor is not compatible with
Escherichia colil6S rRNA 66), a UGAA tetraloop forms hydrogen-bond formation (Figure 8c). For the SL5 loop, the
a canonical U-turn structure (Figure 8b). In thigBeeGsoz U696 N3-A698 3-P distance and their relative orientation
AcsgsAsosAs06 100D, residues U692, G693, and A694 represent are also incompatible with hydrogen-bond formation (Figure
the UNR sequence, with the sharp turn in the backbone after5 and Table 3). The missing hydrogen bond in these struc-
U692 and stacking of residues G693, A694, and A695 after tures has previously been recognized as the crucial interaction
the turn (Table 3 and Figure 8b). The loop is closed by a stabilizing the backbone reversal, because it had been found
noncanonical sheared G-A base pair between nucleotidesn all known U-turn structures and is analogoosaitG H1-
G691 and A696. These two examples demonstrate that thephosphate hydrogen bond in GNRA tetraloo9).(However,
UNR sequence UGA, as found in the SL5 loop, is compatible we find here that this hydrogen bond is not present in U-turns
with but not necessarily sufficient for formation of a with Watson-Crick closing base pairs. It is interesting to
canonical U-turn structure. How can we explain that this 690 note that, in WatsonCrick base pairs, the CxC1' distance

loop forms a U-turn motif and that the 16S-like rRNA UGAA  of the paired residues (10.4 A for A-U base pairs and 10.7 A
tetraloop does not? Of course formation of a loop with for G-C base pairs)/(l) is larger than that of many noncano-
reversal of strand orientation represents a topological problemnical base pairs, such as sheared G-A base pairs (8.47 A for
by itself, which results in added constraints to the phos- the sheared G691-A696 in Figure 8b). This shorterCil’
phodiester backbone. The size of the loop, stacking interac-distance of the closing base pair may better accommodate the
tions within and outside the loop, the geometry of the closing backbone constraints of the U-turn motif. Conversely, the
base pair, and the presence of modified residues or metallarger C1-C1' distance of WatsonCrick base pairs may
ions can all play a role in defining the most stable loop fold be incompatible with formation of the hydrogen bond be-
(65, 67, 68). In the cases of the 690 loop and the 16S-like tween the U H3 and R'ghosphate group, particularly for
UGAA tetraloop, the loop sequences are the same, thereforetetraloops when this hydrogen bond involves loop residues
the sizes of the loop are the same, and ionic conditions for directly adjacent to the WatserCrick closing base pair. A
structure determination are also comparable. This UGAA thorough analysis of all U-turn structures in the database
tetraloop does not form a U-turn motif, most likely because would be necessary to further support our hypothesis that
the backbone is restricted by the Wats@rick closing base U-turns closed by WatsoerCrick base pairs generally lack
pair and the adjacent helix, as well as by stacking interactionssome important characteristics of canonical U-turn structures.

after G, and the two following As (A7 and A8) are stacked
on each other and on thé-&rand (Figure 8a). In addition,
Us and A form a noncanonical ribosebase interactiongb).
Conversely, in the NMR structure of the 690 loop from

dictated by the closing base pafi5j. We therefore propose

that, in stem-loop V, the UGACU pentaloop structure allows
for formation of a U-turn motif but the backbone of this loop
closed by a WatsonCrick base pair is too constrained to

allow formation of a more compact backbone fold under the

conditions used for structural determination (Figure 5).
The closing WatsonCrick base pairs found in the UGAA

loop of 16S-like rRNA and in the VS ribozyme stertoop

V may hinder formation of a canonical U-turn structure, and

this may explain why in general U-turn loop motifs are closed

by noncanonical base pairg9). We have found only two

One important function of U-turns is to facilitate long-
range tertiary interactions by exposing to the solvent the
Watson-Crick faces of the bases locatedaster the turn.

In stem-loop V, the three bases after the turn (G697, A698,
and C699) are stacked on each other and have their Watson
Crick faces exposed to the solvent. Mutagenesis data suggest
formation of a three-base-pair antiparallel helical structure
between residues G63632 of stem-loop | and residues
G697-C699 of stem-loop V (8). Although the exact
conformation of this short helix remains to be determined,

it likely resembles that of an A-form helix. To further explore

examples in which a consensus UNR sequence forms athe compatibility of the SL5 structure for formation of the

U-turn motif closed by a WatserCrick base pair. In the
30S ribosomal subunit fronThermus thermophilysthe
UAAC RNA loop of helix H26a is closed by a C-G Watsen
Crick base pair and forms a U-turn motif (not showG3)(
In the 50S subunit frorklaloarcula marismortuithe UCAC
RNA loop of helix H25 is also closed by a C-G Watson
Crick base pair and forms a U-turn motif (Figure 8¢py
In this GsU255C254A255C25¢G257 loop, the UNR sequence

loop I/loop V interaction §), we superposed the heavy atoms
of nucleotides G697C699 with those of an equivalent
trinucleotide forming an ideal A-form helix (Figure 9). The
RMSD is 1.7 A for this superposition (Figure 9). Interest-
ingly, nucleotides G697C699 adopt a conformation that is
similar to an A-form helix and compatible with base-pairing
formation (Figure 9). Indeed, this superposition indicates that
only small displacements of the A698 and C699 bases would

corresponds to residues U253, C254, and A255, with the be necessary for formation of the modeled interaction (Figure
sharp turn in the backbone after U253 and stacking of 9). These small base motions could be easily achievable,
residues C254, A255, and C256 after the turn (Figure 8c). given the fast internal motion of the A698 and C699 bases
Similarly to the SL5 loop, the UAAC loop of 30S helix H26a  (Figure 7) and the availability of space. It is also likely that
and the UCAC loop of 50S helix H25 form U-turn motifs magnesium-ion binding brings the necessary conformational
but fail to meet all the characteristics of canonical U-turn changes in stemloop V, since magnesium ions stabilize the
structures (Table 3). The only missing structural character- tertiary interaction with stemloop | (10).
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Ficure 9: Model of the loop/loop interaction between stelmops
I and V. (a) Stereoview of the minimized average structure of SL5
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A701 H8 and C8 (Figure 6b) is consistent with magnesium-
ion-dependent base-stacking interactions between C699 and
A701. These conformational changes could help formation
of a more compact SL5 loop structure and stabilization of
structural features of canonical U-turn structures not present
in the magnesium-ion-free structure of SL5. NMR structure
determination of the MgJ-bound SL5 is currently underway

to further understand the effects of magnesium ions on the
structure of stemtloop V.
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