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ABSTRACT. Stable RNA tetraloop motifs are found frequently in biologically active RNAs. These motifs
carry out a wide variety of functions in RNA folding, in RNARNA and RNA—protein interactions. A

great deal of knowledge about the structures and functions of tetraloop motifs has accumulated largely
due to intensive theoretical, biochemical, and biophysical studies on three most frequently occurring families
of tetraloop sequences, namely, the cUNCGg, the cGNRAg, and the gCUUGc sequences. Our knowledge
surely is not exhaustive, and efforts are still being made to gain a better understanding. Here we report
the NMR structure of a UCACGg tetraloop that occurs naturally within the cloverleaf RNA structure of
the 3-UTR of coxsackievirus B3. This tetraloop is the major determinant for interaction between the
cloverleaf RNA and viral 3C protease, which is an essential part of a ribonucleoprotein complex that
plays a critical role in the regulation of viral translation and replication. Our structure shows that the
CACG tetraloop is closed by a wobble@ base pair. The structure of the CACG tetraloop is stabilized

by extensive base stacking and hydrogen bonding interactions strikingly similar to those previously reported
for the cUUCGg tetraloop. Identification of these hallmark structural features strongly supports the existence
of an extended YNCG tetraloop family. The® base pair closing the stem and the A residue in the loop
introduce some small structural and themodynamic distinctions from the canonical cUUCGg tetraloop
that may be important for recognition by the viral 3C protease.

It has long been known that tetraloop structural motifs was shown that the second loop nucleotide interacts directly
occur frequently in biologically active RNA4L(2). Tetra- with the closing base pair of the stem by folding into the
loops carry out a variety of important functions, such as minor groove 28), providing a good explanation for the
directing correct folding of RNAs with complicated structures phylogenetically conserved@closing base pair.

(3, 4), mediating RNA-RNA tertiary interactions§—9), and Given the large number of possible sequence variations
serving as a recognition site for RNAprotein interactions  for tetraloop-closing base pair combinations, a number of
(10, 11). So far, three major families of tetraloops have been questions regarding stable tetraloop motifs remain to be
recognized, based primarily on their frequent appearance:answered. Do other stable tetraloop-closing base pair com-
the cUNCGg (N can be any type of nucleotide), the cGNRAg binations exist that do not conform, in sequence or in

(R is a purine), and the gCUUGc tetraloop families (low- structure, to the three previously recognized families? Can
ercase letters represent the closing base pairs, which are verthe three tetraloop families tolerate certain sequence devia-
conserved phylogenetically along with the tetraloop se- tions without losing their key structural features that define

quences, in uppercase letters). Subsequent studies showetthem as distinctive structural motifs? If sequence deviations
that these three families of tetraloop-closing base pair are tolerated in terms of maintaining structural integrity, how

combinations are thermodynamically very stalil@-(15). do they affect the thermostability and flexibility of the

High-resolution structures of several tetraloops are now tetraloop motifs? Are changes in the thermostability and
available as determined by NMRr X-ray crystallography:  flexibility of the tetraloop RNAs induced by sequence
UNCG tetraloops16—20), GNRA tetraloopsZ1—27), and variations related to biological functions? While high stability
CUUG tetraloopsZ8). While sequences and structural details is @ characteristic feature common in the three established
vary, some common structural features have emerged. Itclasses of tetraloop motifs, it is not difficult to envisage that
appears that all three tetraloop families are stabilized by ain certain cases reduced thermostability and enhanced
dense network of base stacking and hydrogen bonding

interactions. In the NMR structure of a gCUUGc motif, it ! Abbreviations: 5UTR, 5-untranslated region; CVB3, coxsackie-

virus B3; PV1, poliovirus type 1; HRV14, human rhinovirus type 14;
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Ficure 1: Thirty-eight-nucleotide RNA investigated by NMR in
this study. This sequence corresponds to the entire-skeop D
domain within the 5UTR cloverleaf RNA of coxsackievirus B3,
with two additional GC base pairs (GL38 and G2C37) added
for in vitro transcription by T7 RNA polymerase. High-resolution

structure determination was carried out for the 14-nucleotide hairpin

within the rectangle (from residue G14 to C27; numbering is
arbitrary starting from the first residue of the 38-nucleotide
construct). Another 38-nucleotide RNA that differs from the CVB3
construct by only one nucleotide (U19 vs C19 in CVB3) was also
studied. This corresponds to the most consensus-<dtsmp D RNA
sequence in enteroviruses and rhinoviruses.

flexibility (presumably induced by sequence variations)
would actually be required for formation of tertiary RNA
RNA interactions or RNA-protein recognition. A very

Du et al.

(Figure 1), shows that although uCACGg differs from the
cUNCGg sequences at the first nucleotide of the loop and
the closing base pair, its structure is nonetheless strikingly
similar to those of the cUNCGg tetraloops. Our structure
therefore not only provides unequivocal and timely support
for the extended YNMG tetraloop motif but also indicates
that the identity of the closing base pair is not restricted to
a Watson-Crick C-G pair as far as structural integrity is
concerned. The uCACGg tetraloop structural details also
suggest features that are important for its recognition by the
viral 3C protease.

MATERIALS AND METHODS

RNA Synthesis and Purificatioithe 38-nucleotide RNA
molecule with a sequence corresponding to the entire-stem
loop D domain of CVB3 (Figure 1) was transcribed using
T7 RNA polymerase and a synthetic DNA template, es-
sentially as described by Milligan et al33). The DNA
template consisted of a double-stranded 18 bp T7 promoter
sequence and a single-stranded coding sequence. T7 RNA
polymerase was overexpressedBscherichia colistrain
pAR1219 and purified by using an S-Sepharose column

recently published study has advanced our knowledge alongfollowed by a DEAE column. The transcription buffer

these directions29).

To deal with the large possibility of sequence variations,
Proctor and co-workers used in vitro selection to identify
stable tetraloop motifs from a six-nucleotide RNA hairpin
loop library 9). Besides the established cUNCGg and
gCUUGc motifs (the GNRA motif was not found presumably
due to inefficient PCR), previously unknown motifs cUNAGg,

typically contained 80 mM Tris (pH 8.1), 10 mM DTT, 1
mM spermidine, 300 nM template DNA, and various
amounts of MgGl, NTPs, and T7 RNA polymerase for
optimum vyields. The transcription reaction mixture was
incubated fo4 h at 37°C. The RNAs were precipitated with

3 volumes of ethanol and dissolved8 M urea. The desired
products were separated on 20% (w/v) 19:1 polyacryamide

cCNAGg, and cCNCGg were found to be almost as stable gels containig 8 M urea. The RNA band was visualized by
as the cUNCGg motif. Furthermore, structural similarity UV shadowing and excised from the gel, and the RNA was
between the newly identified motifs and the established extracted by electroelution using an Elutrap apparatus from
cUNCGg motif was inferred from similarities in circular ~ Schleicher & Schuell. The RNA was further subjected to
dichroism and NMR spectra. A phylogenetic analysis of repeated ethanol precipitation and then passed through a
rRNA sequences revealed that many of the newly identified Sephadex G25 gel filtration column. The fractions containing
motifs are at least as common as the gCUUGc motif. The RNA were combined and lyophilized. The purified RNAs
authors therefore proposed the existence of an extendedvere finally resuspended in NMR buffer that typically
family of cUNCGg-like tetraloop motifs with a sequence of contains 25 mM sodium phosphate (pH 6.0) and 25 mM
cYNMGg (Y is eithe a C or a U, N is anyype of nucleotide, sodium chloride. The RNA solution was heated to @D
and M is eithe a C or an A).Although this proposal was and slowly cooled to room temperature before being
strongly supported by the data presented, no high-resolutiontransferred to the NMR tube. Final RNA concentrations were
structure of any of the newly identified sequences was 1—2 mM. Unlabeled and doubRfC- and'*N-labeled RNA
determined. In the CACG and CAAG sequences, NMR samples for another construct that differs from the CVB3
analysis was complicated by the presence of a duplex (dimer)sequence only at one position (U19 vs C19) were also
conformation 29). prepared in the same way as outlined above. This RNA
Here we report the NMR structure of a 14-nucleotide RNA corresponds to the consensus sequence found in enteroviruses
hairpin with a CACG tetraloop sequence and an uncommon and rhinoviruses.
U-G closing base pair. This RNA sequence occurs as the NMR SpectroscopyAll NMR experiments were performed
apical D-loop within the so-called stentoop D domain of on Varian Inova spectrometers operating at 600 MHz for
the cloverleaf RNA found at the'intranslated region (5 protons. Spectra were processed with NMRPipe/NMRDraw
UTR) of coxsackievirus B3 (CVB3) genomic RNA (Figure (33) and analyzed with SPARKY (Goddard and Kneller,
1). This D-loop RNA is the most important determinant for UCSF). The two-dimensional (2D) and three-dimensional
a regulatory interaction between the stelmop RNA D (3D) spectra utilized the StateIPPI method 34) for
domain and viral protein 3C (the viral proteas&p); A guadrature detection. Homonuclear 2D NOE spectra in a 90%
corresponding D-loop with the uUGCGg sequence in po- H,O0/10% DO buffer were recorded at 5 or 1 using
liovirus type 1 (PV1) was also found to be important for SSnoesy 35). The spectral width was 12 500 Hz in both
interaction between the PV1 stertoop D RNA and the dimensions; the mixing time was 150 ms, and the relaxation
cognate viral protein 3CD (fusion of viral protease 3C and delay was 1.5 s, with 600 FIDs of 2048 complex data points
the viral RNA-dependent RNA polymerase 303)1). being collected. Homonuclear 2D NOE, DQF-COSY, and
The structure of the 14-nucleotide RNA CVB3 hairpin, TOCSY spectra in 100% f® were recorded at 3TC, with
determined in the context of the entire stelmop D domain low power presaturation for suppression of the residual HDO
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signal. The spectral width was set to 6000 Hz in both Francisco (UCSF)] were chosen for further refinement via
dimensions. Typically, COSY and TOCSY spectra were restrained molecular dynamics using CNS. The 10 structures
recorded with 512 FIDs of 2048 complex data points, and a with the lowest total energy comprise the final structure
relaxation delay of 1.5 s. A 60 ms clean-MLEV-17 isotropic ensemble. All molecular graphics were generated using
mixing sequence was used for TOCSY. 2D NOE spectra MidasPlus 88) or Chimera 89) from the Computer Graphics
were recorded with a relaxation delay of 3.0 s and mixing Laboratory (UCSF).

times of 50, 100, 200, and 300 ms, with 600 or 700 FIDs of

2048 complex data points being recorded. 2D HMQC RESULTS

experiments, with very low power water presaturation during ) o

the relaxation delay, were performed to obtain the natural- _ Choice of Sequence for Structure Determination by NMR
abundance one-bordH—13C correlation of the unlabeled The structure of the 14-nucleotide CVB3 apical uCACGg

RNAs (CVB3 construct). Spectral widths were 5500 and tetraloop was determined in the context of a longer (38-
3500 Hz for the'H dimension andC dimension, respec-  nucleotide) NMR construct corresponding to the entire stem

tively, and thel3C carrier frequency was set at 120 ppm. loop D domain in CVB3 (Figure 1). Our long-term goal is
The one-bondH—13C coupling constant was set to 165 Hz to study the structure and interaction with 3C/3CD protein
as a compromise between aromatic and ribose moieties0f the stem-loop D RNA domain of enteroviruses and

Extensive heteronuclear NMR spectra were acquired with 'hinoviruses. Consequently, the 38-nucleotide sequence
the doubly labeled consensus RNA. shown in Figure 1 was chosen. In view of the recently

UV Melting StudiesUV absorbance melting studies were published observation that short sequences (12-nucleotides)

performed using a Cary 3E UWisible spectrophotometer cqntaining cCACGg and gCAA_Gg sequences_exist as a
with a heating rate of 1.6C/min. The RNA concentration mixture of monomeric and dimeric duplex forms in solution
was varied from 3 to 30@M. (29), we decided to study the D-loop tetraloop motif structure

NMR-Derived Restraints Distance restraints between within a longer NMR construct. In_ this context, the .38_
nonexchangeable protons, obtained from 2D NOE cross—pealpUdeOt_IOIe CV_B3 sterloop D RNA 'S mostly monomeric
intensities (50, 100, 200, and 300 ms mixing times) recorded n SO.IUt'On as judged by nondenaturing electrophoresis, UV
in DO buffer, were assigned to four categories: very strong melting, and NMR spectroscopy.

(1.8-3.0 A), strong (1.8-4.0 A), medium (1.8-5.0 A), and Besides the CVB3 constructs, another 38-nucleotide RNA
weak (1.8-6.0 A). NOE cross-peaks appearing only in the With a UUACGg D-loop sequence was also made. This
300 ms mixing time Spectrum were classified as very weak construct, which differs from the CVB3 construct Only at
with an upper bound of 7 A. Distance restraints involving the first nucleotide of the D-loop, represents the phyloge-
exchangeable protons were assigned to three conservativéetically most conserved steftoop D sequence found in
categories with upper bounds of 3.5 (strong), 5.0 (medium), €nteroviruses and rhinovirusex) (we refer to this sequence
and 6.0 A (weak). Hydrogen bond restraints were imposed s the consensus construct). The CVB3 and consensus
on base pairs established by the observation of imino protonconstructs both yielded excellent NMR spectra. A doubly
resonances and internucleotide NOEs characteristic of basé’C- and™N-labeled sample was prepared for the consensus
pair formation. These restraints were based on the standardonstruct, and nearly completél, **C, and**N chemical
base pair geometry of nucleic acids and given a range ofShIft assignments were obtained. While the structure of the
+0.2 A. Dihedral angle restraints for the ribose sugar entire stem-loop D domain will be reported elsewhere at a
conformation were based on analysis of the 2D DQF-COSY later time on the consensus sequence, we focus our presenta-
spectra. Sugars showing a strong Hi2' cross-peak were  tion here on the structure of the apical uUCACGg tetraloop
restrained to C2endo. Those with no COSY and TOCSY of the CVB3 sequence. Two sets of high-quality NMR
cross-peaks were interpreted as-€8do, with the exception ~ spectra of closely related sequences has greatly facilitated
of G23, which was left unconstrained. Although the glyco- the assignmgnt processes by resolving spectral overlaps and
sidic torsion angley) of G22 is established as being in a cross-validating assignments.

syn conformation on the basis of NMR data, it is not Assignment of Exchangeable Proton Resonankssign-
constrained. Instead, distance constraints between the Hlment of exchangeable proton resonances was started from
and H8 protons of G22 were given an upper bound of 2.6 A analysis of the imineimino proton region of a 2D NOE
due to the extremely intense NOE, sufficient to keep the spectrum recorded at & in a 90% HO/10% DO buffer
glycosidic torsion angle in synconformation. The backbone  (Figure 2). Except G1 and G2, all of the G and U residues
dihedral anglesy, S, d, €, and ¢ for all of the tetraloop predicted to form a standard Watse@rick G-C or A-U base
residues and the U1823 closing base pair were not pair in the helical stem yield observable imino proton
restrained. Loose A-form backbone dihedral angles constrainsresonances and sequential NOE cross-peaks in a region from
(£10°) were applied to residues in the stem regions (614 ~12.4 to~13.6 ppm (within the typical chemical shift range
Al17 and U24-C27). for imino protons involved in standard Watse@rick-type

Structure CalculationsStructure calculation and refine- hydrogen bonding). Seven upfield-shifted imino proton
ment were performed using DYANA 1.8¢) and CNS 1.1 resonances were also observed betwe@®8 and~11.8
(37). Using DYANA, 200 random initial structures were ppm, indicating that there are seven imino protons involved
generated and subjected to simulated annealing in torsionin non-Watson-Crick-type hydrogen bonding. These imino
angle space, followed by variable target function minimiza- resonances were assigned to U30, U13, G22, U28, U11, U18,
tion. Twenty DYANA structures with the lowest target and G23 (from upfield to downfield). Strong cross-peaks
function values and correct chirality [checked by the program between two pairs of U residues indicate formation of two
CHIRANO by N. Ulyanov, University of California, San  U-U base pairs (U130 and U13U28) in the pyrimidine-



4376 Biochemistry, Vol. 42, No. 15, 2003 Du et al.

13 12 1" 10 1.0 106 8.5 8.0 75 7.0 6.5

- 3i0-11 ( |
30-31 \, o
10 ] -9 13— .-10

1g8-22

22-23
N

- 3.0

1 11-31

"H (ppm)

w, -

32-33

3-315 Gi f,
G14
1-3} G3IL °
i F1-3205  m14-15
0

G35 G15
U3zl %)

) "23-.."1: 2
v 3 ~b U1ls
e

|

18-24

! U24 Ul 15-16 23-24

13 12 1 10
- "H (ppm)

;- "'H (ppm)

T ITT

Ficure 2: Section of the 2D NOE spectrum (150 ms mixing time)
showing NOE cross-peaks between imino protons of the 38-
nucleotide CVB3 stemloop D RNA in 90% HO/10% DO solvent
and 25 mM sodium chloride, 25 mM sodium phosphate buffer (pH
6.0) at 5°C. Three sequential NOE walks were established: from 1
G22 to the U13U28 base pair, from G7 to the U4130 base pair, saams
and between G35 and G3. Of particular interest for the CACG .
tetraloop structure are NOEs arising among G22 H1, G23 H1, and N
U18 H3. These NOEs indicate the existence of a {&G2XB closing -
base pair and the involvement of the G22 H1 proton in a stable B—
non-Watson-Crick-type hydrogen bond. 1

T

Ji
|

rich symmetric mismatched region of the stem. Chemical N
shifts of U18 and G23 imino resonances are too close to | st
each other, preventing unambiguous identification of a cross- '
peak between them. However, in the consensus construct, @~ "H (ppm)

U18 and G23 imino resonances are well-separated, so aFIGURE 3: Dense network of NOEs from residues in the tetraloop

strong cross-peak was observed between them, indicating egitc;]n tobse'r:\_/ed in gthﬁgsEeC“O”S _OLFhet same 2D NOE Spectrum
; : as at In Figure Z. S are Inaicate Yy Crossings o e
the existence of a U&23 wobble base pair. horizontal and vertical grid lines, which represent chemical shift

Assignment of the imino proton resonances proves the values of the resonances. Assignments for the horizontal lines are
formation of the predicted base pairs in this construct. Of indicated by the column of atom names near the left edge of the

particular interest to the apical D-loop structure is the figure, with arrows pointing to the right. Assignments for the vertical
observation of slowly exchanging imino resonances from lines are indicated in two places. The three exchangeable protons

: . (C19 2-OH and C21 H41 and H42) are indicated at the upper-
U18, G23, and G22. While observation of U18 and G23 right corner with arrows pointing downward. The five aromatic

imino resonances can be explained by the formation of aHe and H8 protons (C19 H6, A20 H8, C21 H6, G22 H8, and G23
U18-:G23 wobble base pair (later confirmed by structure H8), as well as the imino proton of G22 (G22 H1), are indicated at

calculation), a WatsonCrick C19G22 base pair is unlikely ~ the bottom-left corner with arrows pointing upward. The observation

to be responsible for observation of the G22 imino resonance.2f 622 H1, C19 20H, and C21 H41 and H42 resonances indicates
that these protons are involved in stable hydrogen bonds. Note that

First of all, the G22 imino resonance is shifted way upfield 5 |arge number of inter-residue NOEs are detected from G22 H1
from other imino resonances involved in standard Watson and C19 20H to various partners in the tetraloop, suggesting that

Crick base pairs. Second, unlike other imino resonanceshydrogen bonds involving these two protons play a central role in
involved in standard WatserCrick base pairs, the G22  the structure of the tetraloop.

imino resonance gives no strong cross-peaks to a pair of

amino resonances. These NMR data clearly indicate that G22the resonance at 6.72 ppm to thehgdroxyl (2-OH) proton
does not form a WatserCrick base pair with C19 in the of C19, and we assigned a pair of resonances at 6.40 and
CVB3 D-loop structure. This is in contrast to the structure 7-21 ppm to the amino (H41 and H42, respectively) protons

of a gCUUGC tetraloop in which the first and last loop ©0f C21. As noted previouslyl@), the small chemical shift
nucleotides form a standard Watse@rick C-G base pair  difference between C21 H41 and C21 H42 resonances is a

(29). good indicator of their involvement in novel (non-Watsen
With the imino resonances assigned, it was straightforward Crick) hydrogen bonding. Assignment of the C193H was

to assign cytosine amino proton resonances on the basis oprimarily based on its very intense NOEs to'Hihd H2

their strong NOEs to the base-paired guanidine imino protons of C19 (Figure 3). A number of other NOEs to H6

protons. No irregularity was seen for residues in the stem of C19, HI, HZ, H4', and H8 of A20, H6 of C21, and imino

region. What drew our special attention was the observation protons of G22 and G23 were also observed. It is relatively

of a number of slowly exchanging resonances betwe@:3 rare to detect 2hydroxyl protons in NMR due to their rapid

and ~7.3 ppm (Figure 3). On the basis of similarities to exchange with solvent. The presence of a Ct8y2iroxyl

previous studies on the cUUCG( tetralodg)( we assigned  resonance and the many associated NOEs suggest that this
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Ficure 4: Section of a 2D NOE spectrum (200 ms mixing time) of the 38-nucleotide CVB3-dtap D RNA in D,O solvent and 25

mM sodium chloride, 25 mM sodium phosphate buffer (pH 6.0) af@0Although very extensive assignments were obtained for the

whole molecule, only cross-peaks arising from the apical D-loop hairpin (residues@% are labeled. Two sequential NOE walks are

clearly established: one from G14 to C21 (red) and the other from G23 to C27 (blue). NOE cross-peaks from the CACG tetraloop and the
U18-G23 closing base pair are labeled in green. Note the very unusual chemical shifts of GRB44Ippm) and G22 H35.65 ppm).

The exceptional spectral dispersion, especially for resonances from the tetraloop region, enabled the assignment of a large number of NOEs
without ambiguity.

hydroxyl group is involved in a stable hydrogen bond that to residues in the tetraloop and closing base pair. They neatly
is of key importance to the tetraloop structure. match those unusual chemical shifts we observed in the
Assignment of Nonexchangeable Proton Resonadses. UUACGg tetraloop of the consensus construct, and those
signment of nonexchangeable proton resonances was greatlypreviously reported for a gUUCGc tetraloap(-18) and a
facilitated by the excellent spectral dispersion despite the gUACGg tetraloop 20). Since unusual chemical shifts are
relatively large size (by NMR standard) of the molecule. very sensitive indicators for unusual local structure, observa-
Figure 4 shows the base (H2/H6/H8) to'Hihd H5 region tion of a similar set of unusual chemical shifts in each one
of a 200 ms mixing time 2D NOE spectrum recorded at 30 of the uCACGg, uUACGg, gUUCGc, and gUACGc tetra-
°C in 100% BO buffer. Two H1—-H6/H8 NOE sequential  loops suggests that these tetraloops should be structurally
walks are shown for residues within the apical D-loop (from very similar.
G14 to C27), one from G14 to C21 and the other from G23  Glycosidic Torsion Angles and Sugar Conformatiolms
to C27. No NOE between C21 and G22 was observed in all of the 2D NOE spectra with different mixing times (50
this region. A NOE between G22 H&nd G23 H8 was 300 ms), the intraresidue H1H8 NOE cross-peak from G22
detected thanks to the very unusual chemical shift of the has a stronger intensity than any of the pyrimidine-HH5
G22 H3 resonance (5.65 ppm). Assisted by assignments NOE cross-peaks, indicating that the glycosidic torsion angle
obtained for the consensus construct in which heteronuclearof G22 is in thesyn conformation. All other glycosidic
NMR data were available, we were able to assign almost all torsion angles are in thanti conformation.
of the nonexchangeable protons in the tetraloop hairpin  Within the apical D-loop, only A20 and C21 showed
(Table 1 of the Supporting Information). strong H1I—H2' COSY cross-peaks, indicating that the sugar
Besides G22 H3 many other protons yielded unusually puckers of A20 and C21 adopt predominantly the-&2do
shifted resonances. These include C19 (3284 ppm), A20 conformation. No other residue in the D-loop hairpin (G14
H2' (5.09 ppm) and H8 (8.72 ppm), C21 H@B.78 ppm) C27) yielded an observable HIH2' COSY cross-peak.
and HB3/H5" (3.62/2.84 ppm, assignments are not stereospe-Overlapping of G23 Hland H2 proton resonances made it
cific), and G23 H1(4.47 ppm). Some of these resonances impossible to determine the sugar conformation of this
shifted to regions typically reserved for other classes of residue on the basis of analysis of COSY and TOCSY
protons. Real identities of these protons were revealed byspectra. Other than that, the absence ofHH2' COSY and
the chemical shifts of the attachééC obtained in a 2D  TOCSY cross-peaks indicates predominantly-&3dosugar
natural-abundancé3C HMQC experiment. All of these  conformations. For residue G22, a strong COSY cross-peak
unusual chemical shifts are associated with protons belongingwas unambiguously identified between 'Hd H4 due to
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Table 1: Structure Determination Statistics for the uCACGg of C19 2-OH. Analysis of the DYANA structures confirms

Tetraloop that G22 OG6 is indeed the only reasonable choice. The
no. of NOE distance constraints d|§tance between C19 O@jd G22 06 is no more than 2.9.0
total 279 A'in all 20 of the best-scoring DYANA structures. Analysis
intranucleotide _ 104 of DYANA structures also identified C19 O2 as the only
!”temuc:em!ge sequential | 127 reasonable acceptor for G22 H1; the distance between C19
no'n;]f"mg‘éi%tr'];rgﬁ]?:%@“fge'gory 48 02 and G22 N1 is no more than 3.16 A (average distance
{,ery strong (1.8-3.0 A) 12 of 2.86 A) in all 20 of the best-scoring DYANA structures.
strong (1.8-4.0 A 42 Since the distance between C19 O2 and G22 N2 is also
medium (1-&5£ A) 123 reasonably short (average distance of 3.18 A), it is not
y:r?/km%f;?ic’&; 04) ﬁ impossible that C19 O2 is shared by G22 imino and amino
no. of mean NOE constraints per nucleotide groups for hydrogen bond formation, as seen in the previ-
all (G14-C27) 20 ously reported UUCG tetraloop structurds$,(19). Although
tetraloop region (U18G23) 27.5 the pro-R phosphate oxygen of A20 (A20 OP2) is slightly
no: 8; z%derggigﬁglgdc‘é%g?;?;ﬂf jg outside the hydrogen bonding distance range of the C21
no. of violations amino group £3.6 A betvx_/e_e_n A20 OP2 and C21 N4)3 it_
NOE violation>0.2 A 0 seems to be the only possibility. The other two groups within
angle violations>5 °C 0 5 A of C21 N4 are O2 and N3 of C19, but they are unlikely
meb"’:)”ngel‘ef'r?“t?]g f(rg“ covalent geometry 0.0013. 0.0005 to be the acceptor group because base stacking between C21
bond angg|es (deg) 0.588 0.007 and C19 is clearly seen in all initial DYANA structures.
impropers (deg) 0.31%0.015 One structure calculation was carried out with hydrogen
rmzﬁ' ggﬂ_mgza%s”umure (for heavy atoms) 0.84% 0.38 bonding restraints involving C19-DH, C21 H41/H42, and
tetraloop (U18-G23) 0.55+ 0.23 G22 H1 removed from the final restraint set. The average

structure of the ensemble calculated without these hydrogen
bond restraints is very close to the average structure of the

) ensemble calculated with the hydrogen bond restraint
The presence of this H3H4' COSY peak and the absence S . o ydrog straints

of a HI—H2' COSY peak make it particularly unequivocal (pairwise rmsd of O'ZZ_A)' _ .
that the sugar conformation of G22 is ‘@hdo Panels A and B of Figure 5 show the superimposition of

a set of 10 structures with lowest energy from CNS and the
minimized average structure of the CACG tetraloop hairpin.
Views of the tetraloop and the closing UGR®3 base pair

region are shown in panels A and B of Figure 6. In panels
C and D of Figure 6, the structure of the uCACG(g tetraloop
is superimposed with the crystal structure of a cUUCGg

the unusual chemical shift of the HBroton at 5.68 ppm.

The glycosidic torsion angles and sugar conformations we
observed in our u~CACGgq tetraloop are virtually identical to
those observed in the cUUCG( tetralodp20) comparing
residue by residue.

Structure of the uUCACGg Tetraloophe solution structure
of the uUCACGg tetraloop hairpin was calculated from NMR-
derived distance and dihedral angle constraints using thezezg;i I(r);)sp Q.9)tgnc|i the NMR structure of a CUACGg tetraloop
protocol described in Materials and Methods. Statistics for » [ESPECUVEy. o
the structure calculation and refinement are summarized in _Clearly, a U18G23 wobble base pair is formed at the base
Table 1. Thanks to the exceptional quality of the NMR of the tetralopp. The_ possibility of a reverse wobble U18
spectra (see Figures-2), several NOEs were identified, G23 base pair is basically ruleq out by the absence of NOI_E
especially in the tetraloop region (Table 1). These lead to cross-peaks between the G23 imino proton and the aromatic
very well-defined structures. During DYANA calculations, (H5 and H6) protons of U18. Although a-G wobble base
generic hydrogen bond distance restraints were applied onlyPair is not commonly found in stable tetraloop-closing base
to the canonical WatserCrick G-C and AU base pairs in pair combinations, the presence of such a base pair as the
the helical stem. No such restraints were used for the-U18 closing base pair in the CVB3 CACG tetraloop does not seem
G23 base pair or for the tetraloop. Analysis of the converged 10 prevent the CACG tetraloop from adopting a stable
best-scoring DYANA structures revealed that the orientation tetraloop-like structure.
and distances of the hydrogen bond-forming groups of U18 The first (C19) and last (G22) nucleotides of the tetraloop
and G23 are consistent with the wobble pair formation in form an unusual C1%22 base pair, with C19 in aanti
all structures. Therefore, hydrogen bond distance restraintsand G22 in ssynglycosidic conformation. The'zhydroxyl
for wobble pair formation and dihedral restraints for base group of C19 is involved in a hydrogen bond with O6 of
pair planarity were introduced during subsequent CNS G22, and the imino group of G22 makes another hydrogen
refinement. Protection of the C19-Bydroxyl proton (2 bond with O2 of C19. Formation of these two hydrogen
OH), the C21 amino protons (H41 and H42), and the G22 bonds satisfactorily explains the observation of the G22 imino
imino proton (H1) from rapid exchange (Figure 3) indicates and C19 hydroxyl proton resonances and the many NOEs
that these protons are involved in stable hydrogen bonds.they involve. While one of the amino protons of G22 could
The hydrogen bond acceptor group for each of these protonspossibly form a hydrogen bond with O2 of C19 (shared with
was clearly identified by the initial DYANA calculation, and the G22 imino proton), the amino group of C19 is exposed
hydrogen bonding distance restraints were consequentlyto solvent in the major groove side. Neither the amino protons
introduced during CNS refinement. Observation of a strong of G22 nor the amino protons of C19 produced observable
NOE cross-peak between C19QH and G22 H1 (Figure  resonances. Base stacking is seen between C19 and U18,
3) suggests that G22 06 is a good candidate for the acceptoand between G23 and G22.
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Ficure 5: NMR-determined structure of the D-loop hairpin RNA ol
(residues G14C27). (A) Superimposition of the 10 lowest-energy u18 G23

structures. (B) Minimized average structure, with color ramping Fgure 6: Structure of the CACG tetraloop region, including the

from the B3-end (red) to the '3end (blue). The ribbon traces the
backbone of the hairpin. The stem region (including the G238
base pair) adopts an overall-helical structure. An extensive

U18-G23 closing base pair, (A) looking into the minor groove and
(B) looking into the major groove~18C rotation from panel A).
The color scheme in panels A and B is as follows: @33 wobble

network of hydrogen bonding and base stacking interactions pase pair in green, C19 in red, A20 in blue, C21 in magenta, and

provides the stabilizing force for the CACG tetraloop motif (see  G22 in cyan. Hydrogen bonds other than Wats@nick base pairs

the text for details). are shown as yellow dotted lines. (C) Superimposition of the
UCACGg( tetraloop structure (minimized average structure of the

; ; 10 best structures) from the study presented here (in red) with the
The second nucleotide of the tetraloop, A20, is the most crystal structure of the cUUCGg tetraloop (in blue; PDB entry

flexible residue in the structures (Figure SA). Its base is 17y syperimposition is performed on all of the residues shown
flipped out into solution on the minor groove side. The except the second residue in the loop. The pairwise atomic root-
orientation of the base is such that the H8 proton edge is mean-square deviation (rmsd) calculated for the superimposed

closer to the minor groove surface, and the H2 proton ed(‘:]eresidues is 1.10 A. (D) Superimposition of the uCACGg tetraloop

. . . . structure with the recent NMR structure of a cUACGg tetraloop
is fully exposed to solvent. While A20 H8 gives rise to (in blue; PDB entry 1MFJ). Superimposition was performed with

several internucleotide NOEs (Figure 3), the H2 proton seesg|| the residues that are shown. The calculated pairwise rmsd is
only one very weak NOE to its own HMproton (Figure 4). 1.52 A. For clarity, ribose protons are not shown in panels A and

Both Watson-Crick positions (N6 amino group and N1) of B, and only heavy atoms are shown in panels C and D.
A20 are readily available for hydrogen bond formation with
proteins or other RNAs that might interact with the CACG
tetraloop. As for the crystal structure of the UUCG tetraloop
(19), itis possible that A20 is stabilized by a hydrogen bond
between its 2hydroxyl group and N7 of G22. The distance
between O20f A20 and N7 of G22 is short in all refined
structures £2.9+ 0.1 A). Slightly rotating the 2hydroxyl

hydrogen bonding with proteins or RNAs that might
recognize the D-loop.

One similarity between A20 and C21 is implied by the
above description of the base orientations in A20 and C21.
Each has its hydrophobic side embedded in either the major
groove or the minor groove, and its hydrophilic side with
. el the Watson-Crick functional groups pointed into solution.
group around the C202 bond would suffice to putitinto 1 interesting similarity prompted us to look more carefully
a hydrogen bonding orientation with N7 of G22. at these two residues. It is very clear from our NMR data

The third nucleotide of the tetraloop, C21, is quite well that A20 and C21 are the only two residues within the hairpin
defined in our structures. It is positioned on the major groove D-loop that adopt the CzZndo sugar conformation. The
side, opposite A20. The sugar puckers of C21 and A20 areextended conformation of these two residues accounts for
both C2-enda Strikingly similar to the crystal structure of  reversal of the backbone direction. The bases of C21 and
the UUCG tetraloop, three different interactions stabilize A20 are placed in the major and minor groove, respectively,
C21. First, the C21 base is clearly stacked on the C19 basewith their hydrophobic sides facing each other across the
Second, the amino group of C21 is hydrogen bonded to thebackbone. NOEs from A20 H8 to H5 and H6 of C21 (Figures
pro-R phosphate oxygen of A20, which explains the protec- 3 and 4) reflect the proximity of A20 H8 to C21 H5/H6.
tion of C21 amino protons from rapid exchange with solvent. A20 H8—C21 H5 and A20 H8C21 H6 distances are
Finally, formation of a hydrogen bond between the C21 2 4.4 + 0.2 and 5.0+ 0.1 A, respectively, in our CACG
hydroxyl group and O2 of C21 is very likely based on the tetraloops (corresponding distances in the UUCG tetraloop
short distance+3.0+ 0.2 A) between O2and 02 of C21 crystal structure of 5.25 and 6.08 A, respectively). Consider-
found in all refined structures. Besides these three factors,ing the spatial and orientational relationship of A20 and C21,
we also noticed that the hydrophobic side of C21 (H5 and We surmise that hydrophobic interaction assists in retaining
H6 protons) is pointing toward the major groove, leaving the two residues on top of the tetraloop in position, and
the hydrophilic side [the three WatsefTrick positions (02,  thereby contributes to the overall stability of the tetraloop.
N3, and the amino group)] fully exposed to solvent (Figure
6B). Even after formation of the two hydrogen bonds DISCUSSION
involving O2 and the amino group described above, all three  The CACG Tetraloop Is Structurally a Member of the
Watson-Crick positions of C21 are still available for UNCG Tetraloop FamilyHere we have reported the solution
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structure of the apical D-loop RNA within the cloverleaf A
structure of coxsackievirus B3. Establishing the existence
of a U-G wobble base pair at the junction between the
A-form helical stem and the loop confirms that the apical
D-loop is indeed a tetraloop. The tetraloop is stabilized by
an extensive network of base stacking and hydrogen bonding
interactions, as well as hydrophobic contacts. Essentially all
key stabilizing interactions found in the UCACGGQ tetraloop g re 7: Structural model of a UCAAGY tetraloop calculated from
were basically identical to those previously identified in the a mock NMR data set (A) looking into the minor groove and (B)
cUUCGg tetraloop. The structural similarity between the looking into the major groove~180 rotation from panel A). The
UCACGg and cUUCGg tetraloops is at the atomic level; e.g., color schemes are as follows: UGR3 wobble base pair in green,
the identities of the characteristic set of hydrogen bond donor €19 in red, A20in blue, A21 in magenta, and G22 in cyan. Ribose
. . ? . protons are not shown for clarity.
and acceptor groups are virtually identical. This contrasts
somewhat with the cGNRAg tetraloop family, in which a H5 were deleted). Structure calculation was carried out using
network of heterogeneous hydrogen bonds was identified asthe same protocol with the mock NOE data set. The outcome
an important feature of the GNRA moti2§). The uCACGg was surprisingly good: a very decent structure was deter-
and cUUCGg tetraloop structures apparently exhibit a higher mined without distance violations bigger than 0.2 A and
degree of similarity than structures within the GNRA dihedral angle violations larger thaf. 3 aking a quick look
tetraloop family. at the CAAG tetraloop structure determined this way
The uCACGg tetraloop structure clearly adopts a UNCG- immediately provides a satisfactory explanation for the
like tetraloop structure in solution, although it does not nucleotide type preference at the third position. As shown
conform to the UNCG sequence in either identities of the in Figure 7, all of the interactions that involved C21 in the
first loop nucleotide or the closing base pair. We should CACG tetraloop structure find their equivalence in the
consider the uCACGg tetraloop structure as a member of CAAG tetraloop structure, without compromising any key
the UNCG tetraloop family, or perhaps more appropriately, structural feature in other parts of the tetraloop. Base stacking
the UNCG tetraloop family should be extended, as recently between A21 and C19 is seen. Hydrophobic interaction
proposed 29). between the bases of A21 and A20 is present. The amino
Structural Basis for the YNMG MotiEstablishing the  group of A21 is within hydrogen bonding distance of the
CACG tetraloop as a structural member of the UNCG pro-R phosphate oxygen of A20. An intraresidue hydrogen
tetraloop family no doubt provides the strongest possible bond is feasible between thé&t@ydroxyl and N3 groups of
support for the recently proposed YNMG tetraloop motif. A21 (N3—0O2 and N3-HOZ2 distances 0f~2.8 and~2.0
As demonstrated in the CUUG stable tetraloop struc@g (A, respectively) A G or a Uresidue cannot produce all of
it is quite possible for a standard Watse@rick C-G base these different interactions simultaneously in the third
pair to form between the first and last residues of a stable position of the tetraloop, given the availability and relative
tetraloop, leaving only two unpaired nucleotides (in this orientation of the functional groups in these two types of
sense, the CUUG tetraloop is actually a biloop). Interestingly, nucleotides.
this option is not taken by the uCACGg D-loop sequence of  The requirement foa G residue at the forth position of
CVB3. Instead, an unusual noncanonical base pair is formed.the YNMG motif can be enforced by the formation of the
Since the groups of the first loop nucleotide that participate three hydrogen bonds involving the imino proton, O6, and
in the novel hydrogen bonding interactions are tHe 2 N7 of G22 in the CACG tetraloop, and extensive purine
hydroxyl and the O2 groups, eitha C or Uresidue is fully purine stacking between G22 and G23.
functional. Our NMR structure determination and modeling studies
The second loop nucleotide is the least restrictive. Ac- reveal, at atomic resolution, the structural basis for the
cording to previously reported structures of UUCG-type recently proposed YNMG tetraloop motif. Our analyses
tetraloops and the CACG tetraloop structure we present heredemonstrate that extension of the UNCG stable tetraloop
two different interactions might be involved in stabilizing motif to the YNMG motif is strongly justified. Moreover,
the second loop nucleotide: a hydrogen bond between thewe have shown that a wobble-@ closing base pair is a
2'-hydroxyl group of this nucleotide and the N7 (or O6) viable alternative to the previously observedGCclosing
group of the G residue at the fourth position and a base pair for maintaining the distinctive structural features
hydrophobic interaction between the bases of this nucleotideof the tetraloop, although this deviation does cause distortion
and the third loop nucleotide. Neither of these interactions in the stem region and may also reduce the stability of the
requires a specific type of nucleotide, so there is no tetraloop motif ¢ide infra). It is possible that the structural
nucleotide preference for the second loop position. irregularity and decreased stability produced by the presence
Preference for eithea C or an Aresidue at the third of a U-G closing base pair is necessary for optimum
position of the putative YNMG tetraloop motif is not as biological function in some systems such as the D-loop
readily explained by available structures as are the first and RNAs of CVB3 and other related viruses. The stage is now
second positions. To find a feasible explanation, we per- set for further investigations into the sequence-dependent
formed a modeling study in which we substituted the cytosine variations in structural, dynamic, and thermodynamic proper-
residue at the third position of the CACG tetraloop with an ties of the YNMG tetraloop motif, and their biological
adenine. The NOE data set was modified accordingly to relevance.
reflect the change (NOEs to C21 H6 and H41/H42 were How Might the D-Loop RNA Be Recognized by 3C
changed to NOEs to A21 H8 and H61/H62; NOEs to C21 Proteas® The solution structure of the uCACGg tetraloop
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A B

Watson-Crick positions (amino and N1) of A20 are
extended into solvent. The amino and N3 positions of G23
are also ready for hydrogen bonding (Figure 8A). On top of
the tetraloop structure, most of the backbone and phosphate
oxygen atoms are exposed to solvent on the distinctive
roofline of the tetraloop (Figure 8A,B). There is definitely
no shortage of readily available hydrogen bond donors and
acceptors on the accessible surface of the CVB3 tetraloop.
Revelation of these potential hydrogen bond formers also
suggests that YNMG tetraloops can not only serve as a stable
scaffold in RNA folding but also possess all necessary

FiGURre 8: Solvent-accessible surface of the CVB3 D-loop RNA  attributes to be active players in tertiary RNRNA and
hairpin. Hydrogen bond donor and acceptor atoms from the basesRNA—protein interactions

of the tetraloop region (U8G23) and the stem region (G4 ] o
A17 and U24-C27) are colored red and yellow, respectively. So far, we have focused mainly on the structural similari-
Phosphate oxygen atoms of the four looped nucleotides €C19 ties between the uCACGg tetraloop and the previously
G22) are colored cyan. All other atoms are colored blue. (A) geatermined prototypic cUUCGg tetraloop. Now we can
Looking into the minor groove. (B) Looking into the major groove contrast differences in structure and stability, which ma;

(~180 rotation from panel A). The viewing angles are roughly ‘ A . - ° Y, y
the same as in panels A and B of Figure 6. pertain to optimum biological functions of the D-loop RNA.

) ) ) To evaluate the functional roles of these deviations, we must
also sheds lights on how the apical D-loop RNA might be 5ccount for available phylogenetic data.

recognized by the viral 3C protease. First, since the uUCACGg
tetraloop has essentially all of the major structural features
that define a previously established ultrastable tetraloop
motif, it is very likely that some of these preformed features
are used by the 3C protease for recognition. The compact
and stable UUCG tetraloop resists read-through by reverse
transcriptase3). Given the extensive structural similarities
between the uCACGg and cUUCGgq tetraloops, it seems to
be too demanding for the 3C protease to dramatically
reorganize the existing interactions within the uCACGg
tetraloop upon binding, keeping in mind that the primary

biological function of 3C protease is not even as dedicated -
to RNA processes as those of reverse transcriptase. 52% A and 23% G at position 20, 73% C and 15% U at

Recently, the structure of the apical D-loop from human POSition 21, 85% G and 10% A at position 22, and 97% G
rhinovirus t,ype 14 (HRV14) was determined by NM&D]. at position 23 (position numbers refer to the arbitrary scheme

Unlike most D-loop hairpins, the HRV14 D-loop is a triloop used in this paper; only the two most frequent nucleotides

with the sequence cUAUgQ. It was shown that the A residue are listed). While the preference for a YNMG-type tetraloop

in the loop stacked on top of the closing@ base pair, is evident,_ it is interesting to see that the $econd_ position is
leaving both U residues protruding into solution. No hydro- strongly biased t_oward purines and the third position rgrely
gen bonding interaction was confidently identified. Appar- S€€S an adenosine. Although the cUUCGg tetraloop is the
ently, the structure of the HRV14 triloop bears little similarity MOSt frequently occurringj and thermodynamically stable
to that of the CVB3 tetraloop we present here. 3C protease S€duénce in the YNMG family, it clearly does not enjoy its
from CVB3 recognizes several tetraloop-forming D-loop USu@l popularity among D-loop RNAs of the enteroviruses
RNAs from various other viruses, including poliovirus type @nd rhinoviruses. This is very intriguing and potentially
1 and human rhinovirus type 2, but not the D-loop RNA Significant.
from HRV14 @0). This suggests that some structural features ~ Among D-loop RNAs, a UG base pair is found predomi-
of the D-loop are indeed important for RN#Aorotein nantly, rather than a <G base pair, as the closing base pair.
interaction. This unusual tendency certainly deserves more attention. To
In the uCACGgq tetraloop, several functional groups in loop probe possible structural distortions induced by the presence
residues form stable hydrogen bonds that stabilize the of the UG wobble base pair, we used the program CURVES
structure. Does this leave the tetraloop structure inept in (41) to analyze the helical parameters of the stems, including
forming hydrogen bonds with its protein partner without the U-G wobble base pair. The most noticeable deviation
dramatic structural rearrangement? Not at all. Examination from A-helical structure occurred at the twist between U18
of potential hydrogen bond donor and acceptor groups revealsG23 and A17U24 base pairs. This step, which involves the
that several are exposed to solvent, ready to form hydrogenU18-G23 wobble base pair, was overtwisted b§4° (the
bonds with other RNA or protein molecules. On the major interbase pair twist at this step is 45t71.8° among the 10
groove side, the three Watsegrick positions (amino, 02,  ensemble structures). The interbase pair twist angle between
and N3) of C21, the amino and N3 groups of C19, the amino A17-U24 and U16A25 base pairs is also slightly increased
group of G22, and the O4 group of U18 are all fully (35.8+ 1.1°). Rise between A1T24 and U16A25 base
accessible. The surface of the major groove side of the pairs is 3.6+ 0.2 A, ~0.5 A greater than values observed
tetraloop is largely defined by these hydrogen bond-forming in other interbase pair steps. Concomitant with these twist
groups (Figure 8B). On the minor groove side, the two angle and rise deviations, different base pair stacking patterns

Analysis of 60 enteroviral and rhinoviral sequences has
shown that the entire stentoop D RNA enjoys a high
degree of sequence conservati@®)( The consensus se-
guence for the stemloop D domain is identical to the
naturally occurring sequence of CVB3 (Figure 1) except that
at the first position of the D-loop (position 19 in the diagram)
a U residue is found more frequently than a C. U and C are
the two most frequent nucleotides at this position, accounting
for 48 and 27%, respectively. The frequencies of nucleotide
usage at other positions of the tetraloop, including the closing
base pair, are as follows: 72% U and 27% C at position 18,



4382 Biochemistry, Vol. 42, No. 15, 2003 Du et al.

determined to be 64.5 and 658, respectively. Consistent
with previously reported result9, 30), these data indicate
that the stability of the CACG tetraloop is comparable to
that of the UACG tetraloop. We have not performed
systematic studies to investigate how identities of the closing
base pairs and sequence variation within the loop influence
the flexibility and thermostability of the D-loop RNAs, but
qualitative comparison of melting temperatures we measured
with those reported for the 5gagCACGcucc (69.8C) and
5'-ggagUACGcucc (70.9C) tetraloop minihairpins 29)
allows some conclusions. Since our measurements were
obtained for RNAs with much longer helical stems (our
ongoing study on the entire consensus stémop D RNA
revealed that the three mismatches are largetelical), the
lower melting temperatures suggest that tetraloop hairpins
found in most enteroviruses and rhinoviruses are less stable,
presumably due to the closing-@G base pair and the two
adjacent AU base pairs. In the loop, viral sequences also
maintain a bias for a purine residue at the second position,
although U is more favorable for thermostability.

. . . Apparently, high thermostability was not used as the
F|G_UR_E9: Different _base stackings seen in the C_VB3 D-loop RNA primary criterion by viruses in the evolution of D-loop
hairpin. (A) Very little overlap of the bases is seen between gaqences for protein binding. It is fully possible that the

U16-A25 (cyan) and A17U24 (red) base pairs. (B) Extensive base P :
stacking is seen with the A1@24 Watson-Crick base pair (red), reduced thermostability induced by sequence preference in

the U18G23 wobble base pair (blue), and the @322 novel base  the loop and the three adjacent base pairs is actually favored
pair (green). For clarity, sugar protons and backbone phosphateby the viruses for achieving optimum RN#rotein interac-
oxygen atoms are not shown. tion. In light of recent studies showing that sequence
o ) variations also affect the flexibility of the UNCG-type
are observed. As shown in Figure 9A, very little overlap of (¢ra100p motifs at temperatures well below their melting

the bases is observed between the 45 and A17U24 temperatures20, 42), it is conceivable that the preferred
base pairs. This may provide an explanation for the slightly ;4| sequences may also be more dynamically suitable for
higher value for the rise between these two base pairs-interacting with proteins.

Extensive base stacking is observed in the two successive . . .
steps among the WatsefCrick A17-U24 base pair, the In summary, this study together with all other available
wobble U18G23 base pair, and the noncanonical &’:122 structural, thermodynamic, and phylogenetic data leads to a

base pair (Figure 9B). Since the U2&5 and A17U24 base very interesting conclusion that may pertain to the mecha-
pairs are also highly conserved (the UAB5 pair is nism of molecular recognition between the D-loop RNA and

invariant; the A17U24 pair is 90% conserved, with the other viral 3C/3CD proteins. On one hand, most viral RNAs have

10% of the sequences switching to &Lpair), it is possible evolved to include the YNMG motif, one member of which
that the peculiar helical features (twist, rise, and base has one of the most stable RNA structures known. However,

stacking) observed in the three consecutive base pairsthiS most stable tetraloop (UUCG) has clearly not been

adjacent to the CACG tetraloop are defined by the sequence-Chosen, indicating that the maximum stability of the D-loop
specific combination of the base pairs and the tetraloop. 'S MOt required for optimum biological function. Why the
Because of the limited length of the stem helix, it is difficult MOre stable structure is avoided by the viral RNAs is not
to reliably calculate the groove widths with CURVES. Our Known conclusively at this point. It is, however, tempting
ongoing structure determination of the entire stdoop D to speculate that reduced thermostability and enhanced
domain of the most consensus sequence would reveal howdynamic flexibility produced by the preferred D-loop se-
the groove widths are affected by the presence of the U guences are critical for function. However, particular viral

wobble base pair and the pyrimidine-rich mismatches ap- S€quences that alter dynamic or thermodynamic properties
proximately half a helical turn away in the stem. also produce distinct structural variations in the second

position of the loop and the adjacent stem region that may
be important for function. It may be that only one of the
properties is important for proper function, but it is also
possible that the structural, dynamic, and thermodynamic
factors together are important.

Structural deviation from A-form helical conformation in
the stem region was also observed in the HRV14 D-loop
hairpin @0). It is possible that distortion in base pairs
adjacent to the loop is a common structural feature among
D-loop RNAs of enteroviruses and rhinoviruses that is
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SUPPORTING INFORMATION AVAILABLE

Proton chemical shift assignments of CBV3 steloop
D RNA from residue 14 to 27. This material is available
free of charge via the Internet at http://pubs.acs.org.
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