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ABSTRACT. The 3 noncoding region of the picornaviral genome begins with a cloverleaf which is required
for viral replication, due at least in part to an interaction with the viral RNA polymerase as part of a
fusion with the predominant viral protease. The necessary region of the cloverleaf has previously been
narrowed to a highly conserved steioop. The solution structure of a 14-nucleotide RNA hairpin, which

is part of the conserved stertoop from human rhinovirus isotype 14, is presented here. The secondary

structure of the hairpin is identical to predictions:
sequence UAU. However, the fold of the triloop is
closing base pair of the stem, and deviations from

a five base pair stem is bounded by a triloop with
novel, with stacking of the second loop base onto the
A form geometry are introduced into the stem regions

bordering the triloop, particularly on the€ 8ide. These deviations and the associated triloop structure
could help to explain the distinct sequence conservation and mutational analysis data observed for the
stem region of the hairpin, as compared to a second sequentially similar stem in the intaclosigm

Human rhinoviruses are members of the picornavirus

family, which encompasses 230 or so isotypes including the

hepatitis A virus, poliovirus, and other enterovirusés. (
Genetic information is carried as a single-stranded small
(~7000-8500 bases) RNA molecule. The viral genome is
replicated directly by a viral-encoded RNA-dependent RNA
polymerase (RDRP or 303)without an intermediate DNA
step. The 5cloverleaf from the noncoding region of the viral
genome [Figure 1(a)] is necessary for viral replicati@n (

6) although it is not capable of attracting the isolated 3D
protein (RDRP). Instead, it interacts with the 3C protein,

the protease which is responsible for most of the cleavage

events that reduce the viral polyprotein to its individual
constituents. During part of the viral life cycle, the 3C

protease remains fused to the 3D polymerase, and thus % 3% 2% ¢

recruitment of 3C also brings 3D to the-8overleaf. The
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1 Abbreviations: 3C, protease 3C from picornavirus; 3D, protein
3D which is the RNA-dependent RNA polymerase from picornavirus;
3CD, fusion of 3C and 3D proteins; RDRP, RNA-dependent RNA
polymerase; HRV14, human rhinovirus isotype 14; NCR, noncoding
region; HPLC, high-performance liquid chromatography; NMR, nuclear
magnetic resonance; fid, free induction dechyjongitudinal relaxation
time; T,, transverse relaxation time; NOE, nuclear Overhauser effect;
NOESY, nuclear Overhauser effect spectroscopy; DQF-COSY, double
guantum filtered correlation spectroscopy; TOCSY, total correlation
spectroscopy; HMQC, heteronuclear multiple quantum coherence;
HETCOR, heteronuclear correlation; UV, ultraviol&(°;7, change
in free energy under standard conditions af@7AH?®, change in free
energy under standard conditiondS°, change in entropy under
standard conditiong,, melting temperaturéyanp, three-bond scalar
coupling between proton a and proton b.
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Aside from the 5-cloverleaf, most of the remainder of the[§CR
comprises the independent ribosomal entry site. (b) An expansion
of the third hairpin loop from the 'Ecloverleaf (nucleotides 46

72), renumbered from 1 to 27. Conserved nucleotides are in
boldface. Nucleotides which when mutated abrogate 3C binding
are marked by an asterisk (*). Nucleotides which when mutated
do not substantially interfere with 3C binding are marked by a
dagger (T). See Discussion for further definition of mutants. The
present study was performed using nucleotide2® (darker
shading) with an additional' @langling A for stem stability (4).

region of the 5cloverleaf necessary to attract 3C or the 3CD
fusion has been narrowed to a single stdoop [27
nucleotides in HRV14, Figure 1(b)J( 8). The possibility

of blocking viral replication has made this interaction a target
of considerable interest.
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A secondary structure prediction of this conserved stem VNMR (Varian Inc.) or nmrPipe 15), and visualized and
loop points out several interesting characteristics, including analyzed with NMRDraw 15), NMRview (16), and Felix
the presence of GUAC self-complimentary sequences in stem(MSI Inc.). In general, spectra of nonexchangeable protons
I and stem Il, a U-rich 3< 3 internal loop, and a 3-nucleotide  were recorded at 25C and exchangeable protons at@©.
UAU hairpin loop. Various double and multiple base substi- One-dimensional spectra of nonexchangeable protons were
tutions @), together with sequence conservation analysis, obtained with the watergate solvent suppression sch&mge (
suggest that the most important determinants of 3C proteasewhile exchangeable protons were observed using a binomial
binding are carried in the stem region, in particular stem | 1331 solvent suppression pulse sequent8).(*H T
[Figure 1(b)]. This is an intriguing finding for two reasons. relaxation rates were determined ig@using the inversion
First, RNA protein contacts are thought to occur mostly recovery method.
through single-stranded or distorted helical RNA regions [for ~ Most two-dimensional NMR spectra were acquired with
a review, see 9)], and so the 3C/RNA complex could a 100% DBO sample, and the residual HDO resonance was
represent a novel RNA/protein binding motif. Second, stem suppressed by low-power presaturation. The only exceptions
| appears to be more critical for 3C binding, despite the fact were NOESY spectra, which were recorded both with the
that the base sequences of stem | and stem Il are very similarD,O and with the HO samples. The ¥0 NOESY (9) was
Distinctions could reflect differences in the three-dimensional acquired with a 120 ms mixing time at°@, and the HO
structure or accessibility of the two stem regions. The peak was suppressed by a combination of soft @lses
presence of the UAU triloop is also of interest. To this point, and z-gradient pulses during the mixing time, to observe
the three-dimensional structure of an RNA triloop with a broadened resonanceX). A total of 256t; increments were
purine at the second position has not been reported. Sinceacquired, with 4096 data points and 32 scans per fid, spectral
purines have a higher propensity to stack than pyrimidines widths of 12 500 Hz in each dimension, and a recycle time
(20), a novel triloop fold might be expected. The influence of 3 s. DO NOESY spectra were acquired with mixing times
that this sort of triloop might have upon the stability and of 50, 75, 100, 120, and 400 ms at 26. Spectra were
conformation of the adjoining stem region is also unknown. recorded with standard (96t;—90°—mix—90°—acquire)

In this study, we have determined the structure of a 14- pulse sequence with similar parameters as tj@ NOESY,
nucleotide RNA hairpin representing the hairpin loop and except the spectral widths were reduced to 6000 Hz in each
the adjoining stem from sterloop d of the 5-cloverleaf of dimension. DO NOESY spectra were also recorded at 0,
HRV14 [Figure 1(b), darker shading]. The predicted second- 20, and 35°C to assist in assignment of resonances and
ary structure holds: five WatserCrick base pairs are  NOEs.
detected in a largely A form geometry. The UAU triloop The DQF-COSY spectrunm2{) was recorded at 25C,
adopts a novel conformation, with the central adenosine basewith the standard (96-t;—90°—90°—acquire) pulse se-
stacked upon the closing-G base pair of the stem. The quence. A total of 512; increments were acquired, with
requirements of triloop formation also appear to have 4096 data points and 64 scans per fid and a recycle time of
introduced deviation from A form geometry in the adjoining 0.55 s. The spectrum wd%¥ broad-band-decoupled during
stem, particularly 3to the triloop. The triloop structure and t;, and3'P Waltz-16 decoupled during acquisition. TOCSY
stem distortions could help to explain the nonequivalence spectra 22, 23 with mixing times of 70 and 200 ms were

of stem | and stem Il in 3C binding. recorded at 20 and 25C, using the standard (96t:—
MLEV —acquire) pulse sequence. A total of 4QQincre-
MATERIALS AND METHODS ments were acquired, with 4096 data points and 16 transients

per fid and a recycle time of 3.3 or 4.3 s. Spectral widths

RNA Preparation.The oligoribonucleotide 'SGGUAC- were 6000 Hz in each dimension for the DQF-COSY and
UAUGUACCA-3 (referred to as 14mer, molecular mass ~ TOCSY spectra. A natural-abundani$'*C-HMQC spec-
4431.7 Da) was purchased from Dharmacon (Lafeyette, CO)trum (24—27) was acquired with spectral widths of 5000
after chemical synthesis, gel electrophoresis, and HPLCand 10560 Hz in the proton and carbon dimensions,
purification. The 2o-ester protectionl(1—13) was removed respectively. A total of 60 increments were acquired, with
with 100 mM TEMED-acetate (tetramethylethylenediamine), 2048 data points and 512 scans per fid and a recycle time of
pH 3.8, as described by the manufacturer. The oligomer was3 s. AlH—3!P HETCOR spectrum2@) was acquired with
further purified with ethanol precipitation and gel filtration, spectral widths of 5000 Hz itH and 800 Hz ir#'P. A typical
and buffer-exchanged to 90 mM NaCl, 10 mM sodium data set consisted of &8 increments with 2048 points and
phosphate, 0.1 mM EDTA, pH 7.0. For NMR studies, the 256 transients per fid and a 22.5 s recycle time.

oligomer concentration was brought to 1.5 mM, angDH All two-dimensional data sets were apodized with & 27
was replaced by either 100%,0 (DO sample) or 10%  shifted sine bell squared function in both dimensions. For
D,0/90% HO (H,O sample). coupling constant extraction, DQF-COSY and HETCOR

Thermodynamic Measuremenfsbsorbance versus tem-  spectra were reprocessed with an unshifted sine bell squared
perature was measured at 280 nm with a heating rate of 1.0function, and the method of Kim and Prestega28) (was
°C/min on a Gilford 250 spectrophotometer. The absorbanceemployed.
versus temperature profile was fit to a two-state model using NMR-Derived Structural ConstraintsNOE-based esti-
the MeltWin 3.0 Programl{). Oligomer concentration was  mates of the distance between nonexchangeable protons were
varied over a greater than 100-fold range from 3.4 to 370 derived from NOESY cross-peak volumes at mixing times
UM. of 50, 75, and 100 ms using an isolated spin approximation.

NMR Spectroscopyll NMR experiments were performed  Cross-peak volumes were integrated using Felix and buildup
on a Varian INOVA 600 MHz spectrometer, processed with rates compared to H5H6 (2.45 A) cross-peaks and scaled
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Ficure 3: Imino region of 10'H NMR at five temperatures. Peaks

proton_s. After di_st_ances were d_erived in this manner, the between which intrachain NOEs were observed are connected by
potential W.ell minima and maxima were set 10 9_0% and dashed arrows above the°® spectrum. Broadening of thesG
130% of this distance, and the upper bound was increasedg,s and U peaks at higher temperatures indicates either exchange
to 140% or 150% in cases of overlap, up to a maximum of with solvent or conformational exchange on a millisecond to
6 A. The absence of a sequential NOE between U15(H6) microsecond time scale.
and A14(H2) was used to derive a lower bound constraint
of 5.0 A NOEs inv0|ving exchangeab|e protons were EXChangeable Proton Resonance ASSignment and Inter-
interpreted conservatively as distance constraints with lower Pretation.The imino proton regions of one-dimensiorill
and upper bounds of 1.8 and 5.0 A, respectively. NMR spectra of the oligomer at differgnt_ temperatures are
Structure DeterminatiorStructural modeling, calculations, Shown in Figure 3. There are seven imino protons in the
visualization, and analysis were performed using Insight 1l 14mer, five of which produce observable resonances. As-
2000 and Discover (MSI, Inc.) running on an SGI work- Signing the two missing peaks to U13 and U15 of the loop
station. The AMBER force field was used for all calculations (later confirmed), the pattern of sequential imifimino
with full-scale van der Waals and electrostatic interactions. NOES in the HO NOESY spectrum at €C (denoted above
A 12 A cutoff was used for nonbonding interactions. Force the 5°C spectrum in Figure 3) divides the peaks into two
constants for distance and dihedral restraints were set to 253roups: G8/G9/U10 and G16/G17. G9 was identified by
kcal/A and 25 kcal/(motac?), respectively. Four hundred Virtue of its NOEs to both G8 and G10. G8 and G16 were
cycles of restrained energy minimization were followed by initially differentiated from U10 and U17 on the basis of
5 ps of restrained molecular dynamics starting with random chemical shift. These assignments were confirmed, and
velocities and ramping down from 1000 to 298 K. After amino and H2 protons were assigned by analysis of NOEs
another 80 000 cycles of restrained energy minimization, from cytosine amino protons to the base-paired guanidine
10 000 cycles of nonrestrained energy minimization were imino protons, and from uridine imino protons to the base-
performed to provide an energy-minimized structure. paired adgmne amino and H2 p(otons. The G8 amino protons
were easily observed and assigned due to the presence of

the 3-dangling A, which increases the stability of the
terminal base pair32).

Thermodynamics of Hairpin FormatioBecondary struc- Most resonances in Figure 3 shift by less than 0.1 ppm
ture prediction suggests that the 14mer forms a single-stem from 5 to 35°C, a characteristic which is shared by the
loop with a three-member hairpin turn. The predicted stability nonexchangeable resonances (data not shown). Together with
is AG°s; = —5.0 kcal/mol via a nearest-neighbor free energy the UV melting curve (Figure 2), this suggests that there is
calculation using mfold version 3.03Q, 31). The UV little conformational variation over this temperature range.
absorbance as a function of temperature for the 14mer isThe broadening with temperature observed for the G8 and
shown in Figure 2. A characteristic melting profile is G16 imino protons is consistent with positioning at the stem
observed, with aTl,, of 71 °C. The concentration inde- terminal and closing base pair, whereas G9 and U10 are less
pendence of this curve (data not shown) indicates that thebroadened due to internal positioning. Somewhat surpris-
14mer is unimolecular in aqueous solution. The melting ingly, the intensity of the U17 imino peak is approximately
profile also confirms that the 14mer is conformationally half of the intensity of the remaining imino peaks, even at 5
stable over the temperature range used for NMR study (0 °C. This could indicate either partial accessibility to solvent
35 °C). The experimentally derived thermodynamic param- and subsequent exchange withbHor a dynamic transition
eters for hairpin formation ardH® = —53.0 + 1.9 kcal/ on the millisecond to microsecond scale. The absence of ob-
mol, AS’ = —153.98+ 5.4 eu, andAG°3; = —5.3 4+ 0.2 served peaks for the imino protons of U13 and U15 suggests
kcal/mol. a lack of stable hydrogen bonding for these loop nucleotides.

RESULTS
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Table 1: H, 13C, and®'P Chemical Shift Assignmerstgppm)

imino amino
residue  H1/3 H2/4/6 H8/6 (C8/6) H5/2 (C5/2) HiC1) H2' H3' H4' H5'/5'" b 31p
G8 12.28 6.25/8.08 8.17 (138.6) — 5.97 (93.4) 4.97 4.62 4.50 4.16/4.01 -
G9 13.14 6.09/NA 7.48 (136.7) — 5.85 (93.3) 454 4.63 4.18 NA -0.21
ui10 13.63 —d 7.78 (141.4) 5.19 (103.1) 5.55(93.7) 4.52 4.58 4.50 4.16 —0.68
All — 6.33/8.29 8.10 (141.9) 7.21 (83.9) 6.04 (93.1) 4.38 4.70 452  4.16/4.08—0.33
C12 - 6.71/7.88 7.39 (140.4) 5.03 (97.7) 5.59 (92.3) 4.39 4.67 4.40 4.07 -0.51
ui13 NA — 7.90 (144.0) 5.90 (105.4) 5.94 (90.3) 4.44 4.58 4.37 4.15/4.07 0.25
Al4 - NA 8.10 (130.5) 8.08 (85.3) 5.68 (91.0) 4.44 4.57 411  4.17/4.01 —0.57
uis NA — 7.81 (144.0) 5.85 (105.8) 6.01 (89.6) 4.33 476 4.39 3.92/3.80 0.71
G16 12.89 6.32/8.27 8.23(138.4) - 5.77 (94.1) 4.87 4.74 4.28 3.92/3.80 0.16
u17 13.40 - 7.92 (143.8) 5.30 (103.7) 5.76 (88.5) 4.65 4,59 4.49 NA 0.51
A18 - 6.48/8.09 8.28 (139.9) 7.11 (83.5) 6.10 (92.9) 4.49 4.78 456 4.39/4.25-0.33
C19 = 6.98/8.37 7.61 (140.8) 5.26 (97.1) 5.40 (93.5) 4.22 4.39 4.50 4.08 —0.67
C20 - 6.97/8.23 7.62 (140.8) 5.42 (98.0) 5.48 (94.0) 4.42 4.45 4.38 4.21/4.08—-0.58
A21 = NA 8.04 (140.2) 7.37 (84.5) 6.00 (92.0) 4.07 4.32 4.27 3.80 —-0.24

a ExchangeabléH resonances were assigned &) other resonances at 26. For referencing ofH shifts, the HO resonance of a sample not
containing RNA was measured at 5.02 and 4.79 ppm vs TSP at 0 atd,2Bspectively. The D resonances of the RNA samples at 0 and 25
°C were then referenced to these valués.chemical shifts were referenced via indirect calibrati®, 63, and3'P was referenced to 85%PiO,.
bH5 and H3' resonances were not stereoassigned.isiisted as downfield by convention onlyNA: not assigned due to overlap or exchange
with solvent.? (—): there is no such atom for this resid¥&nderline: chemical shift could not be measured accurately due to overlap.
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Ficure 4. Portion of the NOESY spectrum demonstrating sequen-
tial resonance assignment strategy. Peaks representing intra- 0.4
nucleotide H8/H6-H1' NOEs are labeled. Solid lines connect these
peaks to the sequential H8/H&(1)—H1'(i) NOE peaks. Ht- .
H2(adenosine) NOE peaks are connected to the above NOE peaks on -
by dashed lines, and labeled in a smaller font. a go Y5
Nonexchangeable Proton Resonance Assignriiaetbase 4.8 4.5 4.4
to H1' and H5 region of a 400 ms NOESY spectrum is shown H (ppm)

in Figure 4. Assignments of nonexchangeable protons were
made using standard procedures, and are reported in Tabl&'GURES: Portion of &H,3P-HETCOR spectrum. H3—1)—P()
1. To overcome spectral overlap, some chemical shift Icross-peaks are labeled. The't@e)—P(Ge) at the far right is

. . . . abeled as G16
assignments were confirmed by comparison with NOESY
spectra at various temperatures. DQF-COSY and TOCSY the sequential HE—1)—P() correlations, which are labeled
spectra were also used. The H2 protons of A11l, A18, and in the figure. Most of the phosphorus resonances are observed
A21 were distinguished from other base protons by their between—0.8 and 0.0 ppm, which is typical of base-paired
characteristically lond; relaxation times and NOESs to base- stem regions33). The 3P nuclei of U13, U15, G16, and
paired uridine imino protons as discussed above. FurtherU17 resonate between 0.0 areD.8 ppm, indicating a
confirmation of the adenine H2 assignments was obtained backbone conformation in this region which is not consistent
from a natural-abundanéel,*3C-HMQC spectrum. Adenine  with A form geometry. The values of the U13, U15, and
C2 nuclei resonate far downfield and are well separated from G16 chemical shifts are not surprising due to their presence
other®3C resonances. NOESs to the A14 H2 proton were not in the 3-nucleotide turn, while the extreme shift of U15 is
observed in the NOESY spectrum. However, by elimination evidence for a strong element of irregularity at this position.
of the other H2 proton resonances in the,'*C-HMQC However, the position of the U17 phosphorus resonance adds
spectrum, the A14 H2 chemical shift could be assigned. The further support to the possibility of a local distortion of the
large dispersion of carbon chemical shift also helped to helical stem. The inclusion of the AF4P resonance within

complete and confirm assignments of 'Hirotons, other
sugar protons, and H5 protons of cytosine and uridine.
3P Resonance Assignment and Interpretatidhe H-

the —0.8 to 0.0 ppm range indicates that the backbone
between U13 and Al4 is oriented differently than in other
regions of the loop3'P chemical shifts can be influenced

31p HETCOR experiment enabled assignment of the phos-by a number of factors, including backbone dihedral angles,
phorus resonances (Figure 5). The strongest cross-peaks arsolvent accessibility, hydrogen bonding, and other electro-
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2 3 U17—-A11 imino—H2 NOEs were observed. Hence, Wat-
» €12 - 5.6 son—Crick hydrogen bond restraints were applied to the five
base pairs of the sten84). The NOE walk traced out in

3 Figure 4 is typical of the connectivities in an A form helix,
with the exception of the missing connectivities from U13

8% A14 —_
g

E 58 2 through U15. The A21(H2)G8(HZ1) NOE is consistent with
XI

G16

Be
1]

§ stacking of the A21 base onto the &20 base pair. The

3 A11(H2)—-A18(H1) and Al18(H2»A11(Hl) NOEs are
A21 | further confirmation of A form geometry. However, A form
% U1s ¥ p 6o geometry in the form of backbone dihedral angle constraints
- was imposed only on three base pairs {G&, G9C19,
U10-A18) due to detected irregularities in the remaining
'H (ppm) portion of the stem (see below).

Ficure 6: H1'—H2' region of the DQF-COSY spectrum. Visible Hairpin Loop NOEsThe weak U13(H5)C12(H2) and
cross-peaks indicate relatively largénz values, suggesting at U13(H6)-C12(HT) NOEs (estimated distances of 5.5 and
least partial C2endocharacter. 4.0 A, respectively) are the only interresidue NOEs to U13,
suggesting that the U13 base is extruded from the interior
of the loop. The intermediate U15(H+G16(H8) NOE
(~3.5 A) involving the U15 sugar is the only internucleotide
NOE observed to U15, suggesting that the U15 base is also
. extruded. Together with the observation of A14(H8)
Sugar PuckerIn the DQF-COSY spectrum (Figure 6),  ¢1541) and A14(H4)—G16(H2) NOEs (approximately 4.3
the HI—H2' multiplet patterns of the three nucleotides in 44 o A, respectively), the data suggest that extrusion of

the hairpin loop (U13, Al4, U15) exhibit doublet patterns o ;13 and U15 bases allows the A14 base to stack onto
with 3Jyry = 6—8 Hz. These large couplings indicate a the C12G16 base pair

predominantly C2endosugar conformation (S type), which . . . . :
was used to derive a constraint with a lower bound of 90 Evidence of Stem DistortioiDespite the presence of five

and an upper bound of 16%or the & dihedral angle (C5- base pairs, there exists considerable evidence of departure

) ; ; from ideal A form geometry. Thélyny values for G16
C4—-C3-03). The G16(HY resonance is also doublet with : .
ez = 5.4 Hz, and the A21 and C12 cross-peaks have and C12 of 5.4 and 2.5 Hz, respectively (see Figure 6),

couplings of approximately 2.5 Hz. These intermediate valuesindicate a.t least partial population of a '%d.o sugar
sugges% an eptg)uilibrium )E)etween '@shdo and C2-endo conformation, particularly for G16. Th&P chemical shift

conformations, and sé was loosely restrained to between of U17 (attached to the "fend of the U17 ribose) is

70° and 165. The absence of peaks from the rest of the anomalously downfield-shifted (Figure 5). As discussed

base-paired stem is likely due to very small couplings and above, the strength of the U17(H8B16(HT) NOE suggests

is consistent with a C&ndo(N type) pucker, and thus the a backbone irregularity may exist l_)etween G16 and U17.

remainingd dihedral angles were restrained to betweeh 70 Furthermore, only two of the four typical A form NOEs were

and 110. obser\r/]ed bﬁtweean G16 sugar rp:rtlator:s and ﬁJl? base pr)]rotons.
. : Together, these data suggest helical irregularities in the two

Glycosidic Torsion Anglesin the 100 ms NOESY : . ;
spec)tlrum collected at 2% ?data not shown, refer to Figure base pairs closest to the hairpin loop, particularly near the
4), nearly all of the base to H]:ross-peaks7 are far weaker G16 sugar and U17 base. No such irregularities were found

than the cytosine and uridine intranucleotide-H¥6 cross- associated with the three terminal base pairs.
peaks, indicating that the glycosidic torsion angles are in
anti conformations. Note that the peak labeled U13 overlaps PISCUSSION
with the U13(H5-H6) NOE, and the area labeled by C19
and C20 contains four NOEs [C19(H&11'), C20(H6)- Analysis of Calculated StructureStructures were calcu-
C19(HI), C20(H6-H1'), C20(H6-H5)]. These peaks are lated using the energy minimization and molecular dynamics
resolved at lower temperature, and anti glycosidic torsion protocol described under Materials and Methdd®E and
angles are confirmed. However, the U17 peak overlaps with dihedral angle constraints were not violated past a threshold
the U17(H6)-G16(HI) NOE. These two NOEs are partially ~ value of 0.1 A or 2, respectively, in any of the calculated
resolved at OC, revealing that the U17(H6)G16(H1) NOE structures or the minimized average structure. Figure 7(a)
is approximately half the intensity of the U17(H615) NOE, shows the superposition of the 15 calculated structures, and
while the U17(H6-H1') is considerably weaker. Therefore, Figure 7(b) shows the energy-minimized structure. The
the U17 glycosidic bond is also anti, but a backbone RMSD per nucleotide is given in Table 2.
irregularity may exist between G16 and U17. Dihedral angle  Five Watson-Crick base pairs are present, connected by
restraints were not constructed from glycosidic bond infor- a three-nucleotide loop, as is consistent with the input
mation. constraints. The positions of the terminal three base pairs of
Secondary Structurdive Watsonr-Crick base pairs were  the stem, together with A21, are defined to an average RMSD
detected by virtue of the following: (a) five observable imino of 0.27 A, whereas the loop and the closing two base pairs
peaks; (b) the chemical shift values of these peaks; (c) five (C122G16, A11:U17) are less well-defined. This is in part
cross-strand imineamino NOEs (G8C20, G3-C19, U106~ due to the A form constraints applied to the well-defined
A18, Ul7-All, G16-C12). In addition, U16-A18 and base pairs, but also reflects the larger number of inter-

9 vz

4.8 4.2

static interactions. Direct interpretation of the chemical shifts
is therefore difficult, beyond the identification of unusual

regions and comparison with similar chemical shifts from
similar sequences.
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(a)

(b)

FIGURE 7: Stereoview of (a) a superposition of the 15 calculated structures. (b) The minimized average structure. Phosphate atoms are
drawn in red.

nucleotide NOEs involving the well-defined nucleotides. A Extrusion of the U13 and U15 bases allows the Al4 base
total of 17 internucleotide NOEs were observed to G16 or to stack upon the C1%16 base pair. The most variable
U17, compared with 25 to G9 or U10 from the opposite end positioning is for the U15 base, to which there were no
of the GUAC sequence. This asymmetry results largely from internucleotide NOEs detected. While the conformation of
covering of the GAC19 base pair with the G820 base pair,  the backbone allows the U15 base to approach the major
while C12G16 directly borders the hairpin turn. So while groove as if it might partially stack onto G16, it swings up
the GUAC sequence repeats, the structure is not symmetricand away, allowing Al4 to stack instead. The U15 base
As anticipated, the'adangling A21 base stacks onto the‘G8 approaches the A14 base in a perpendicular manner in most
C20 base pair. This results in sharpening of the imino proton of the calculated structures, but little evidence exists to
resonance of G8 (which might otherwise be unobservable),identify hydrogen bonds or other interactions which may
and is predicted to cause an increase in the stability of thesecure it in place. The U13 base is also extruded, but with
hairpin stem. a very different geometry. The backbone configuration results
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Table 2: Number of Restraints and Average RMSD (A) between from A form only slightly, with the most marked excursions

the Final and the Average Structures seen ino. andy, and slight shifts in the envelope of values
NOE dihedral for e and¢. The G16 and U1Z and( values are A form-
base intrafinter restraints RMSP RMSD? like, while they values cluster around a non A-like 180
G8 11/8 2 027 024 Thea andp patterns are different for the two residues. G16
G9 6/13 6 0.28 0.25 populates two rotamers fax (~—80°, +60°) and3(—90°,
u10 4/12 6 0.25 0.23 +60°). The values of these two angles are always of opposite
All 7114 2 0.34 0.29 sign (compensatory torsions). The Ug%alues are A-like
S% f{}zl 11 g_'gg fgsl with the exception of one structure, but theangles form
Ald 7/2 1 0.92 0.98 two clusters, one A-like{—80°) and the other in a region
u15 6/1 1 1.61 1.72 which is disallowed for A form{180C). An overall picture
G16 o7 1 0.55 0.52 emerges of a predominantly A-like stem from 6812
Xig gﬁg é 8'28 8';’2 [except C12f)] and A18-A21, with a three-nucleotide turn
c19 7/12 6 0.30 0.29 from U13-U15, and a distorted stem backbone, with
C20 4/10 4 0.21 0.19 possibly two conformers, at G16 and Ul7. The main
A21 7/5 1 0.30 0.29 distortions involve G16a,3,y and Ul7a,y. It should be
totaP 73/61 37 0.34 0.32 noted that no inconsistencies were found between the A form
totaf 2415 3 1.16 1.25 and Watsor-Crick constraints and the NOEs érdihedral
total 97i6% 40 052 052 angle constraints. Note also that the computed structures
2 All atoms were superimposetiBase-paired stem residues{(82, match NMR data which were not used to generate restraints.
16—20) were superimposeé Subtotal for stem bases{82, 16-21). The unusuat'P shifts for G16 and U17 match the irregulari-

d Subtotal for loop bases (335). ¢ All internucleotide NOEs involved L .
at least one stem nucleotidelhe boldfaced residues represent the €S in the backbone, and th# shifts for U13 and U15 are

hairpin loop residues. Dihedral restraints for A form geometry are Consistent with extrusion of these bases. All glycosidic bonds
included in the totals. Hydrogen bond distances for WC base pairs andare anti as predicted, except U15 which appears somewhat
the U15(H6) to A14(H2 non-NOE are not included. intermediate, reflecting again the total absence of inter-
nucleotide NOEs to the U15 base.

in the U13 base projecting directly away from the loop =~ Comparison with Preiously Described RNA Triloop3he
interior, and it is constrained to approach the edge of the central triloop base, Al4, stacks onto the closing base pair
minor groove by weak U13(H5)C12(H2) and U13(H6)- of the stem, while the two U bases are extruded. In examining
C12(HI) NOEs. A potential U13(0%—C12(HO2) hydro- the structures of four RNA triloops discussed in the literature,
gen bond could contribute to the stability of this position, this appears to be a novel loop conformation. Although the
which leaves the U13 base relatively isolated and solvent- first and third positions in three of the triloops were also
exposed. While the orientation of the Al14 base is restricted occupied by U, the central position was occupied by either
to a plane which is nearly parallel to the GGA6 base pair U (35) or C (36, 37. Although stacking of the central base
plane, its exact position within that plane is not precisely onto the first loop nucleotide sugar was seen, weak NOEs
defined by the A14(H8}C12(HZ1) and A14(H4)—G16(H1) have been interpreted in terms of possible partial stacking
NOEs. Its position spreads out in this plane, in concert with (35), and in one case the first loop base was observed
variation in the U13 and U15 conformations, resulting in a extending down into the minor groove along the helical axis,
RMSD for A14 which is similar to the U13 value. approaching the stem base pairs from the e8@g (n none

The backbone dihedral angles are plotted in Figure 8. The of these cases was there strong evidence for stacking of the
boxes within each graph denote the dihedral constraints usedoop bases onto the stem bases. More recently, the structure
for the calculation. Recall th&dyy4> values were used to  of a triloop with sequence AUA was determine2B), and
constrain all 14 dihedral angles. G8 through A11 and U17 here the third loop base was seen to stack onto the closing
through C20 were constrained to a'@ doconformation, base pair, suggesting a preference for purine bases, or at least
and in fact converge to 8Gnuch more tightly than the 70 A, to stack in this manner. In this case, the first loop base
110 restraints require. U13, Al14, and UTbangles were  (also A) resides in a position where a minor rearrangement
constrained to 99165 (C2-endg, and 43 of the 45 triloop ~ might allow stacking onto the closing base pair, but this
0 angles converged to angles greater tharf 128e closing location is already occupied by the third loop base, perhaps
base pair (C1%516) and A21 were constrained only to70  forcing the first base to swing up and out toward the major
165 (C2-endoor C3-endq, yet each converges toward°80  groove. A structure of a triloop containing guanosine has
(C3-endg. Additional dihedral constraints arose from yet to appear.
enforcement of A form geometry from Gg(through A11- Each of the three UAU triloop sugars adopt primarily
(o) and from A18() through C20y), effectively covering C2-endoconformations, with averag®values above 120
the three terminal base pairs (&0, G9C19, U10A18). (Figure 8). Interpreting théJyrn> coupling constants via
However, the A21 angles, the regions of C20 not constrainedthe formula % C3endo= 114.9 — 14.5@u112) (39), the
(¢,6), and the A1l angles also converge to A form values. loop base coupling constants of 6.5, 6.1, and 7.7 Hz suggest
Note that the phosphate grouptd G8 is absent, and so G8 79, 74, and 97% Czndoconformation, respectively. This
o andf angles are nonexistent. The dihedral angles of the is consistent with the triloopJ,H> constants from the NMR
loop residues do not converge to A form geometry. The structures discussed abowgs( 36, 38, where the smallest
dihedral angles in this region are extremely variable from coupling was 5.8 Hz (69% C#2ndg, and the average
structure to structure, particularly at U15. The remaining coupling is approximately 7.3 Hz (91% CG&ndq. It appears
bases are C1&16 and U17 (partner of A11). C12 diverges that predominantly C2endoconformations may be highly
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Ficure 8: Backbone dihedral angle plots for the 15 calculated structures (x) and the minimized average structure (gray circles). The
shaded rectangle in the center of each plot delineates the loop residues. Nonshaded box regions represent dihedral angle restraints. Diagonally
shaded boxesx(and{) represent regions disallowed by dihedral angle restraints. The arrow to the left of each plot indicates the approximate

value typical of A form geometry.

preferred in order to accommodate triloop structures, and, distortions near the loop were also present in each of the
pertinently, to span the distance between tharil 3 stem triloop structures discussed above, and appear to be more
backbones with just three nucleotides: switching from-C3 common or more pronounced on thesdde in the NMR
endoto CZ-endocan increase the intrachainiP{P(+1) structures, including trang at the+1 (35) and+2 (35, 38§
distance from 5.8 to 7.0 A10). In the case of the present positions. The crystal structure shows a similar pattern of
study, two of the sequential phosphate distances in the triloopdistortion, although somewhat more equally distributed to
exceed 7.0 A. However, in the crystal structure discussedthe stem regions’sand 3 to the triloop, including trany
above 87), the second and third loop sugars occupy angles at the-1 and+2 positions. It is interesting to note
predominantly C3endoconformations, and the first loop that in each of these triloops, any detected trarengles
sugar is in an intermediate state. Returning to the presentwere found at thet1 pyrimidine or the+2 purine nucleo-
study, the only glycosidic bond in the UAU triloop to show tides. Trang angles in stem nucleotidestd tetraloops have
partial syn character was U15, the third loop base, and thisalso been reported (e.41—43).
may result simply from lack of data (no internucleotide NOEs ~ Stem-Loop Structure and RNA ReplicatioReferring to
to this base were observed). However, the two other triloop Figure 1(b), the following mutations8) of stem-loop d from
structures with well-determined loop base orientations have HRV do not interfere with the interaction between 3C and
third loop bases in a syr38) or in an intermediate3{7) the B-cloverleaf in vitro: (a) mutation of the UAU triloop
conformation. In addition, the first loop base glycosidic bond to AUA or GGG; (b) mutation of the stem Il U818 base
is also an intermediate state in the crystal structure. Onepair to CG; (c) reflection of the internal loop sequence, to
possible explanation for the disparities between the crystal place UUU on the 5strand and UCU on the' 3trand; (d)
and NMR structures is the nature of the closing base pair. “closing” of the internal loop with the multiple substitution
In the crystal structure, the triloop is closed by attUApair, U21A/U22G/U23A. The following mutations abrogate or
which has been shown to introduce a free energy penalty ofseverely impair 3C binding: (e) mutation of the 1426
+0.6 kcal/mol when compared with closure by other and U25A3 base pairs to &5; (f) a multiple mutation which
Watson-Crick pairs @0), whereas triloops in the NMR  eradicates base-pairing from G8 through C20, resulting in a
studies are closed by-G (36) or C-G (35, 38. single large loop extending from U5 through U23 (base
Stem Distortions Near the Loofghe evidence of stem  pairing may be present within the loop); (g) a global anti-
distortion in the regions bordering the UAU triloop, par- sense mutation of the stem, which effectively converts the
ticularly at the closing two '3bases, was discussed above. UAU triloop to AUA (previously shown to be benign above)
One notable feature is the presence of trarengles (see  and the internal loop from U-rich to A-rich. In addition, the
Figure 8) at thet-1, +2, and—1 positions (first and second analogous cloverleaf from poliovirus was able to bind
nucleotides 3 and first nucleotide '5to the triloop). Stem HRV14 3C protease8]. To convert from the HRV to the



Structure of an RNA Hairpin from HRV-14 Biochemistry, Vol. 40, No. 27, 200B063

poliovirus stem-loop d sequence, the following changes are is necessary for proper functioning of the stelmop, and
necessary: (h) mutation of the internal loop (U7C and that this can be accomplished through introduction either of
U21C); (i) mutation of the UAU triloop to a UGCG tetraloop; a triloop or of a reverse wobble closing base pair. (iii)
()) a stem Il alteration which converts the closing base pair Sequence conservation data may reflect not only the require-
to a reverse wobble (C12U). These results, together with thements for 3C binding, but other as yet unidentified functions.
higher sequence conservation of stem | vs stem Il among(iv) However, the in vitro mutational analysis does suggest
human rhinoviruses [Figure 1(b)], suggest that the GUAC that the 3C protease recognizes primarily the stem | region.
self-complimentary sequences in each stem play nonequiva-This is an intriguing concept, particularly in light of mutation
lent roles in 3C binding. This distinction is likely due to (d) above, which closes off the internal loop and presumably
differences in structure or accessibility. results in a stable nondistorted A form stem | helix (in fact,
The presence of the extra &&0 pair in stem Il could stem | and stem Il would merge). Most RN#Arotein
play a role in distinguishing the two stems. In addition to interactions would be expected to occur at or near single-
this pair, the 27mer contains four other@base pairs, each  stranded regions or distorted helical regions, for instance near
of which is part of a GUAC sequence (two pairs in stem | bulge loops 44—49), although examples have been seen of
and two in stem Il). Despite this homogeneity, the nearest- binding to the major groove of a mostly undistorted A form
neighbor environments of these four base pairs differ. The helix near a hairpin turn50, 5J). The fact that mutation of
G9-C19 base pair is likely the most stable, and adopts the U-A pairs in stem | to GG pairs [mutation (e) above]
canonical A form geometry in this study, in large part due abrogates 3C binding suggests either that 3C is capable of
to the presence of the @820 base pair. The GC27 base recognizing the nature of the bases within an essentially
pair is at the stem terminus, and should be relatively unstable.undistorted A form helix, or that 3C causes distortion or
In the context of the intact cloverleaf, the environment of partial unfolding of the helix. It is possible that the increase
this pair is certainly altered, bordering an AG mismatch pair in stability brought on by the addition of two hydrogen bonds
in HRV 14, and bordering a two nucleotide bulge and an [mutation (e)] affects the ability of 3C to distort or unfold
additional three base pair stem region in the poliovirus the helix, but it is also possible that theAJbase pairs are
cloverleaf. However, since these additional nucleotides arerequired for specific recognition once the distortion occurs.
not necessary for 3C binding in vitro, it can be assumed that A more complete understanding of this interaction awaits a
increased stability of the GC27 base pair is not necessary structural determination of the 3C protease/RNA complex.
for 3C binding, and indeed instability may be required. The
two remaining GC pairs, G16C12 and G24C4, would at ~ ACKNOWLEDGMENT
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