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ABSTRACT: The three-dimensional solution structure of the RNA self-complementary dufffgaeScs

was derived from two-dimensional NMR and the iterative relaxation matrix approach. Each GA mismatch

forms two hydrogen bonds: A-NH6 to G-O6 and A-N1 to G-NH1 (imino). This GA structure differs

from the sheared tandem GA structure #fessccs Which also has two hydrogen bonds: A-N7 to

G-NH2 and A-NH6 to G-N3 [SantalLucia, J., Jr., & Turner, D. H. (198)chemistry 3212612~
12623], although the only difference between the two sequences is the order of the two GA mismatches.

Inspection of three-dimensional structures indicates that substitgfii§ for 5eey makes GA
mismatches unable to have stable sheared conformations. This may explain wB§Sthenotif is
rarely observed in nature, whereg&s is common.

Little is known about the interactions that determine the
structures and stabilities of non-Watse@rick paired regions NG TN NG
in RNA. A particularly interesting non-WatserCrick motif T /) 7\l
is the tandem GA mismatch. Inspection of known RNA S E A
secondary structures (Gutell et al., 1992, 1993) indicates that —<

the symmetric motif jcencs occurs often naturally, /

whereas3oeas? and Juaave, Where X and Y form Wat- Imino Hydrogen-bonded

son—Crick pairs, are rare. All have similar thermodynamic Conformation

stabilities, with 5 osace being the most stable (Walter et al., /

1994). The GA mismatches iBSoncs form sheared pairs \ 7’

with hydrogen bonds from A-N7 to G-NH2 and A-NH6 to “\ /A \“

G-N3, whereas the GA mismatches in the other motifs form G\ ~ )\H

pairs with hydrogen bonds from A-NH6 to G-O6 and A-N1 _ |

to G-NH1 (imino) (see Figure 1). The NMR structures of \

(GGCGAGCC) (SantaLucia & Turner, 1993) and (GCG- \( T

GACGC) (Wu & Turner, 1996) suggested that overlap of o Sheared

partial charges between mismatches and adjacent base pairs Conformation .

may be responsible for the different conformations. Here FIGURE 1: Two known hydrogen-bonding patterns of GA mis-
matches in a GA tandem: (top) imino hydrogen-bonded conforma-

we .report the NMR structur(_e of (G_G@GGQO‘W COM- — tion; (bottom) sheared conformation.

parison. The results combined with molecular modeling )

suggest the hydrogen-bonding pattern in the AG maotif is column (Hamilton) and was greater than 99%. The RNA

determined by steric interactions, helical handedness, andvas dialyzed against 0.1 mM EDTA and then doubly distilled

the number of possible hydrogen bonds. Thus several factorsvater for 24 h each, dried by evaporation, and dissolved in

must be considered in modeling three-dimensional structuresl-> MM EDTA, 10 mM sodium phosphate, 0.1 M NaCl, and

of RNA from sequence. 0.5 mM TSP [3-(trimethylsilyl)propionate, as an internal
reference for proton spectra], pH 7. The sample was
MATERIALS AND METHODS lyophilized to dryness and then lyophilized twice from
99.96% DO and once from 99.996% 0. Under dry
Oligonucleotide Synthesis and PurificationGGCAG- nitrogen, the sample was dissolved in 0.35 mL of 99.996%

GCC was synthesized and purified as described previouslyD,O (or in 0.315 mL of HO and 0.035 mL of BO, for
for GCGGACGC (Wu & Turner, 1996). The purity of the  experiments in 90% ¥ and 10% BRO) and placed in a
rGGCAGGCC was checked by HPLC on a C-8 analytical microvolume NMR tube (Shigemi Inc.). The strand con-

centration was 4 mM.

* This work was supported by NIH Grant GM 22939. NMR. NMR spectra were acquired on Varian VXR-500S

* Coordinates and NMR-derived restraints have been deposited inand Unity-500 spectrometers and analyzed on a Sun 4/260
the Brookhaven Protein Data Bank (PDB ID code 1IMWG). computer running Varian VNMR software and a Silicon
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® Abstract published iridvance ACS Abstractépril 1, 1997. the hypercomplex method (States et al., 1982). All proton
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and phosphorus chemical shifts are referenced to TSPrestraints per strand. The converged structures were submit-

[3-(trimethylsilyl)propionate] and phosphate buffer, respec- ted to an RMA (relaxation matrix approach) calculation, and

tively. more accurate distance restraints were derived and used for
Imino proton spectra were recorded in 90%+and 10%  the further refinement of the structures with the simulated

D,0O with the 131 solvent suppression scheme (Hore, 1983) annealing protocol. This process was repeated Riftlctors

with 12000 Hz sweep width. One-dimensional NOE no longer decreased, indicating the best match between

experiments were acquired by irradiating for 1.25 s with a experimental NOESY spectra and theoretical NOESY spectra

low-power decoupler setting prior to the read pulses. The back-calculated from the refined structure. Some representa-

maximum excitation was adjusted to 12.5 ppm with the first tive R-factors are

nodes at 20.1 and 4.9 ppm.

NOESY spectra in 100% £ were acquired at 3% with _ z |Alheo . pexPy
mixing times of 50, 100, 150, 250, and 400 ms and at@G0 R = APt
with a mixing time of 400 ms. NOESY spectra with five Z

different mixing times at 353C were used for quantifying

i ; i i theo __ pexpi
NOE cross peaks and calculating distance restraints in _ me|A AT

structural modeling. Suppression of the residual HDO 2 szAexpt
resonance was achieved by low-power presaturation during
the relaxation delay. For each FID, 32 transients were |A“‘e°— Aexp[l
acquired with 2048 complex points over a spectral width of R, = Z
4000 Hz. A total of 256 complex FIDs were collected for ZO,5(|A”“°"1 + |A)
each NOESY spectrum.
Separate DQF-COSY spectra were collected &3%ith zr | Atheo _ AT
spectral widths of 4000 and 700 Hz in both dimensions and R,= m -
at 40°C with spectral widths of 2000 Hz in both dimensions. > T X 0.5(A™9 + |ATPY)
A H—3P HETCOR spectrum at 3% was collected using
the pulse sequence described by Sklenar et al. (1986), with \/2(|Amec11/e — |Aexp[11/6)2
a spectrum width of 2000 Hz in thi#1 dimension and 750 Ry =
Hz in the3P dimension. Z|A‘3Xpt|l/6
Restraint Generation and Structural Modelin@ihedral
angle restraints were derived by measuridgoupling \/Z[T (|Athec1 16 _ |ASP 1/6)]2
constants from DQF-COSY anth—3'P HETCOR spectra Ry = m
at 35°C (Varani & Tinoco, 1991).J-coupling constants were zrm|Ae’<p‘1 16

measured by fitting the antiphase cross peaks automatically
using Felix software. Dihedral angle (torsion angle) re- whereA®® andA°are the NOE intensities of experimental
straints were derived from three-boddoupling constants  and theoretical NOE matrices amg is the mixing time.
using Karplus equationsdyccx (Hz) = 10.2 co$ 6 — 0.8 Each RMA calculation started with building a theoretical
cosf (Davies, 1978; Hosur et al., 1988) adgtop (Hz) = relaxation matrix based on isotropic tumbling with a cor-
15.3 cod 6 — 6.1 cosf) + 1.6 (Lankhorst et al., 1984). The relation time of 2.5 ns (determined by optimizing the match
bound widths of dihedral angle restraints were calculated between experimental and theoretical NOES) and interatomic
from errors ofJ measurements. distances in the converged structures from the previous
Initial distance restraints between nonexchangeable protonssimulated annealing refinement. Then theoretical NOE
were obtained by measuring the 100 ms NOESY cross-peakintensity matrices for each mixing time (50, 100, 150, 250,
volumes, comparing with the cytidine HH6 (2.45 A) 400 ms) were computed from the eigenvalues and eigen-
cross-peak volumes, and scaling by®1lsing the isolated  vectors of the theoretical relaxation matrix. The theoretical
two-spin approximation. The bounds were set20% of and experimental NOE matrices were merged, and the
the distances. In large molecules like (r~GGCAGGEC) merged NOE matrices were back-transformed to new
however, the two-spin approximation can introduce errors relaxation matrices. The average back-calculated relaxation
in distances, especially long distances (Boelens et al., 1988;matrix elements were used to derive refined distance
Gorenstein et al., 1990; Nikonowicz et al., 1991), since restraints. In all cases, these refined distance restraints were
indirect magnetization transfer via other protons (i.e., spin given error limits of+20%.
diffusion) can contribute to NOE intensities. The iterative  Simulated annealing and IRMA calculations were per-
relaxation matrix approach (IRMA; Boelens et al., 1988) formed using Discover software within Biosym Insight I
takes spin diffusion into account by numerically solving for on a Silicon Graphics workstation. Calculations employed
the entire spin-relaxation network, thus providing more distance and dihedral angle restraints and the Amber force
accurate distance restraints than the isolated two-spin ap-ield (Weiner et al., 1986) in vacuum, excluding counterions,
proximation. During this iterative process, the distance solvent molecules, and electrostatic charge interactions.
restraints are refined, and differencd&féctors) between  Covalent bonding terms included deformation energies of
the experimental NOE intensities and back-calculated NOE bond lengths, bond angles, and torsion angles, with force
intensities serve as the criteria for convergence of the constants depending on the type of bonds, angles, and
structure. dihedral angles. Nonbonding terms included van der Waals
A-form and B-form duplexes were used as starting energies with a Lennard-Jones function and an atom pair
structures and refined with a simulated annealing protocol distance cutoff of 12 A. Energy terms for distance restraints
using 35 dihedral angle restraints and 114 initial distance and dihedral angle restraints were added to the force field,



Structure of (rGGCAGGCQG)
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Ficure 2: 500 MHz proton NMR and 1-D NOE difference spectra
of 4.0 mM (rGGCAGGCQC) at 20°C in 0.1 M NaCl, 10 mM
sodium phosphate, and 1.5 mM EDTA in 90%Mand 10% RO,
pH = 7. The off-resonance spectrum is on the top. Difference

spectra between off-resonance and on-resonance spectra acquir
with 1.25 s saturation at 12.00, 12.83, and 13.35 ppm are on the
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Imino proton assignments were based on sequential NOEs,
G2H1-G6H1-G5H1, and on NMR melting experiments.
Imino proton resonances of the terminal G1 and mismatched
G5 are broader than those of the internal G2 and G6,
indicating dynamics of terminal and mismatched base pairs.
Both the chemical shift of G5H1 and the strong NOE from
G5H1 to A4H2 indicate the GA mismatches have an imino
hydrogen-bonded conformation (Figures 1 and 2).

All the nonexchangeable protons were assigned on the
basis of careful comparisons amohgneasurements, DQF-
COSY,H—3%P HETCOR, and NOESY spectra with differ-
ent mixing times and at different temperatures, using
strategies described by Varani and Tinoco (1991) (see
Supporting Information foff; relaxation times and the 1-D
proton spectrum at 38C; see paragraph at end of paper
regarding Supporting Information). Chemical shift assign-
ments of protons and phosphorus at®8are summarized
in Table 1.

The base H8/H6/H2 to HHS5 region of a 150 ms NOESY
spectrum is shown in Figure 3. H%16 cross peaks of C3,
C7, and C8 were identified because of their existence in the
same regions of DQF-COSY spectra (data not shown). All
the base H8/H6 and sugar Hgrotons are assigned from
the straightforward sequential NOE connectivity pathway H8/
H6(n)—H1'(n)—H8/H6(n+1) (Petersheim & Turner, 1983;
Hare et al., 1983; Wuthrich, 1986) as delineated in Figure
3. The resonance left at 7.62 ppm is assigned to A4H2 on
the basis of its longT; relaxation time of 6.0 s. The
assignment of A4H2 was confirmed by its strong sequential
NOE to G5H1 and medium interstrand NOE to G6H1
(Wuthrich, 1986; Varani & Tinoco, 1991). Since H5b16
cross peaks are the strongest in this region, there is no syn

e%chosyl conformation. Sequential H8/HH{-H8/H6(n+1)

connectivity in 400 ms NOESY spectra confirms the assign-

bottom. The saturated resonances are indicated by arrows whilements of base protons (see Supporting Information). Ob-
the observed NOEs are designated by asterisks. The secondargervation of weak sequential H)—H1'(n+1) connectivity

structure of (IGGCAGGCG)is shown at the top of the figure.

using flat-bottomed quadratic potentials. The force constants 551 —GaHT
for distance and dihedral angle restraints were set to 50 kcal/ H2'

(mol A?) and 50 kcal/(mol rad). The simulated annealing

protocol consists of a combination of restrained molecular

dynamics (rMD) and restrained energy minimization
(rEM): (a) 100 iterations of rEM; (b) 6 ps of rMD at 1000
K, with restraint terms increasing from 0.05 to 1 (full value),

nonbonding terms increasing from 0.001 to 0.1, and covalent

bonding terms increasing from 0.1 to 1 (full value); (c) 7 ps
of rMD with temperature decreased from 1000 to 300 K

gradually and nonbonding terms increasing from 0.1 to 1

(full value); (d) 3 ps of rMD at 300 K; (e) 500 iterations of
rEM; and (f) 2 ps of rMD at 300 K to prevent the molecule
from being trapped in a local energy minimum; and (g) 2000
iterations of rEM.

RESULTS

Resonance AssignmentEhe 1-D imino proton spectrum
and NOE difference spectra at 20 are shown in Figure 2.

in 400 ms NOESY spectra confirms the assignments ¢f H1
protons, although the connectivity is interrupted at the
step (see Supporting Information).

proton resonances are assigned on the basis of short
mixing time (50, 100, and 150 ms) NOESY spectra where
spin diffusion does not significantly contribute to NOE
intensities (Neuhaus & Williamson, 1989). The sugar t&¢/H1
H5 region of a 150 ms NOESY spectrum is shown in Figure
4. Each sugar Hlproton is closer to the H2roton of the
same sugar than any other sugar proton regardless of sugar
pucker. Thus the eight strongest peaks in this region are
the HI—H2' cross peaks (Figure 4). The chemical shift
degeneracy of G5SHAC8H1 and C3HYC7HI was partially
resolved in the 400 ms NOESY spectrum at°&) which
facilitated the assignment of these 'Hzotons. Eight H2
resonances are thus assigned and confirmed by sequential
H8/H6(n)—H2'(n)—H8/H6(n+1) NOE connectivities delin-
eated in the sugatH8/H6/H2 region of the 150 ms NOESY
spectrum in Figure 5. The alternating weadtrong NOE
intensity pattern indicates an overall A-form geometry for

the stem portion of the duplex. The weadtrong pattern is

Single imino resonances are observed for each of the fourreversed at the mismatch region, however, where the A4H8
guanine imino protons of IGGCAGGCC. Since —IGGCAG- A4H2' cross peak is bigger than the A4HZ55H8 cross

GCC can form a self-complementary dupleRS&a2Sce

peak, and both of them are of medium intensity. This

each imino resonance is attributed to two imino protons suggests deviation from A-form geometry at the A4 nucle-

which have identical chemical shifts. This is consistent with

otide and A4-G5 juncture. H2assignments of G1, A4, and

2-fold symmetry in the average three-dimensional structure. C8 were confirmed by intrasugar HIH2' scalar cross peaks
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Table 1: Proton and Phosphorus Chemical Shift Assignments (ppm) of (rGGCAGGCE)°C?

base H8/H6 H2/H5 H1 H2' H3' H4' H5'/H5" b imino® phosphorus
G1 7.93 né 5.67 4.88 452 4.28 3.97/3.88 12.50 na
G2 7.46 na 5.86 451 459 452 4.54/4.14 13.35 —2.16
C3 7.67 5.27 5.45 4.06 4.66 4.38 4.63/4.13 na —2.61
A4 8.27 7.62 6.10 4.88 4.84 452 4.52/4.19 na —-2.39
G5 7.22 na 571 4.67 4.23 4.59 4.30/4.22 12.00 =177
G6 7.16 na 5.81 4.48 455 4.47 4.52/4.11 12.83 —-2.33
C7 7.72 5.25 5.44 4.20 4.46 4.38 4.54/4.06 na —-2.82
Cc8 7.63 5.48 5.70 4.03 4.16 4816 4.46/4.03 na —2.33

aChemical shifts are relative to TSP for proton and to phosphate buffer for phosphorus resoh@heel3 and H3' assignments are not
stereospecific¢ Exchangeable proton chemical shifts are given for@09 Not applicable® For the related sequence, (GGCGAGgG)8H4
was originally assigned to 4.55 ppm (SantaLucia & Turner, 1993). The correct assignment is 4.16 ppm, consistent with that observed for
(rGGCAGGCC).
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AdH1 ! c3HL FiGurRe 4: SugarH1/H5 region of the 150 ms NOESY of
| \ J (rGGCAGGCC) at 35°C in 100% DBO. Assignments for th®,
6.0 5.5 5.0 dimension are on the right axis. The rest of the assignments are
DI (ppm ) for the D; dimension.

FiIGURE 3: H8/H6/H2-H1'/H5 region of the 150 ms NOESY of : '
(rGGCAGGCC) at 35°C in 1000% DO. Assignments for the, constant is about 5 Hz regardless of sugar pucker:—H2

dimension are on the right axis. The rest of the assignments areH3' scalar cross peaks for G2, A4, and G6 can hardly be
for the D; dimension. Sequentia-H8/H6(n)—H1' (n)—H8/H6/ seen, since they are very close to diagonal peaks and

(n+1)— connectivities are shown in solid lines. overlapped with other peaks. H3f G2, A4, and G6 were,
however, identified in théH—3P HETCOR spectrum from
in the sugarH1'/H5 region of DQF-COSY spectra. In  their strong scalar coupling to the phosphorus of the adjacent
DQF-COSY spectra, weak HiH2' scalar peaks are observ- nycleotide on the'3ide. In thetH—31P HETCOR spectrum,
able only for G1, A4, and C8, suggesting G1, A4, and C8 H3'(n—1)—P(n) cross peaks are the strongest due to the large
have mixed C3endo and CZ2endo sugar puckers, with  coupling (about 10 Hz) between them, and som®-PH5'/
relative populations of 70% and 30% for ‘@hdo and C2 H5'/H4(n) cross peaks can be seen. Assignment of H3
endo, respectively. All the other nucleotides have predomi- resonances can be confirmed by their medium NOEs to H8/
nantly C3-endo sugar puckers (over 90% of the population). Hé of their own bases and the next base in thdiBection
Observation of mixed sugar pucker for G1, C8, and A4 in a 400 ms NOESY spectrum (Figure 5). 'Hésonances
suggests dynamics at the ends of the helix and in theere therefore assigned from H3H4' scalar cross peaks
mismatch region. With a®increase of the temperature to  jn the DQF-COSY spectrum (Figure 6). In the DQF-COSY
40 °C, most H1-H2' scalar cross peaks are faintly visible, spectrum, eight H5-H5" scalar cross peaks were found to
indicating the C2endo population increases with temperature have large coupling constants. It is hard to assign ea¢h H5
and the molecule becomes dynamic above®85 Thus  H5" pair to a particular sugar, however, since most of the
structure modeling was based on data atG5 H4'—H5'/H5" scalar cross peaks are either overlapped or
H3', H4', H5, and H5 resonances were assigned from too weak to be seen due to the small amplitude of the
DQF-COSY (Figure 6) andH—3P HETCOR spectra  coupling constants (less than 3 Hz). Observation ofP(
(Figure 7). The scalar connectivity H2H3'—H4'—H5'/H5" H5'/H5" scalar cross peaks intel—3'P HETCOR spectrum
in the DQF-COSY spectrum helps to identify sugar spin and H1(n)—H5/H5"(n and n+1), H8/H6()—H5'/H5""(n)
systems, though the connectivity is sometimes interrupted NOE cross peaks in 400 ms NOESY spectra helped to assign
by missing peaks due to overlap and small coupling H5' and HY' for all eight nucleotides, although assignments
constants. H2-H3' cross peaks can be easily identified from are not stereospecific so HE assumed to resonate down-
their characteristic thin pattern, since the HR3' J-coupling field from H5' (Varani & Tinoco, 1991). No distance
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phosphorus resonances are within 1.1 ppm, indicating that

FIGURE 5: Sugar-H8/H6/H2 region of the 400 ms NOESY of  double AG mismatches are incorporated into an A-form helix

(rGGCAGGCC) at 35°C in 100% BO. Assignments for th®, : : : : :
dimension are on the right axis. The rest of the assignments arerthqJt maj.or baCkbone. distortion. 3,1ASS|gnments o
for the D, dimension. The sequential H8/HBECH2' (n+1)—H8/ chemical shifts were confirmed by'l—'P hetero-TOCSY

H6(n+1) connectivities are shown in solid lines. NOESY experiment (data not shown), as described by
Kellogg et al. (1992).

Structural Modeling. Table 2 summarizes protefproton
and protor-phosphorus]-coupling constants measured in

- DQF-COSY andH—3'P HETCOR spectra, respectively. A
K total of 35 dihedral angle restraints per strand (Table 3) were
derived from thesd-coupling constants by solving Karplus
N equations (see Materials and Methods).
v Dihedral angles, v,, andd (=vs + 125°) were derived
g from J-coupling of H1I-H2, H2—H3', and H3—H4,
oo respectively. The errors @kcoupling measurements were
Y used to derive upper and lower bounds for these dihedral
Q angle restraints. On the basis of Karplus equations, usually
© one to four dihedral angles are consistent with a particular
K value. Thus dihedral angle restraints far v,, andd all
: have more than one range. Dihedral angle restraintg for
? ® were derived from PH5'/H5" couplings. Since none of
%4. < the P-H5' or P—-H5" couplings is more than 5.5 H2,angles
pes have to be trans for all seven nucleotides (from G2 to C8),
| - based on the plot of-coupling constants of PH5" and
SUE "“’:2( . 65”2;";2”2 Gs’jiq C;”Z’Z St :‘,’*g’ P—H5" with 8 (Wijmenga et al., 1993). Thg angles were
' ’ DI (ppm) ' derived from H4—H5" and H4—H5" couplings. Since the
. . sum of H4—H5' and H4—H5" J-coupling constants is less
GO at 357 In 100% BO. The inrasugar scalar HaF— . than 6 Hz for G2, C3, G5, G6, C7, and C8, will be the

H4' —H5'/H5" connectivities are shown in solid lines for all eight ~predominant conformation foy (Wijmenga et al., 1993).
bases. On the connectivity pathways, some of the cross peaks areThee angles were derived from I8)—P(n+1) J-couplings.

missing due to overlap and small coupling constants. Assignments f
are adjacent to the antiphase cross peaks. In the assignment notatio??ut of two ranges ok, trans and g, possible from the

a—bc, a represents the sequence number of the nucleotide, and Barplus equation_, gis ster_ically disallowed (Wijmenga et
and c¢ denote the protons for the cross peak. For exampl@28  al., 1993) ande is restrained to be trans for all seven

represents the C8HM3C8HZ cross peak. nucleotides from G2 to C8. The and{ angles are related

to phosphorus chemical shifts (Gorenstein, 1984). No
invo|ving H5/HE" protons was used in distance restraints quantitative relationship has been established, hOWeVer, SO
for simulated annealing due to the nonstereospecificity of they are not restrained. The glycosidic angig,is not
H5'//H5" assignments. The completeness of the assignmentd€strained.
of all the cross peaks in 400 ms NOESY, DQF-COSY, and A total of 105 NOE distance restraints (53 interresidue,
H-3Pp HETCOR spectra provides confidence in their 50 intraresidue, and 2 interstrand) were derived for each
accuracy and reliability. strand from a 100 ms NOESY spectrum. Eighteen hydrogen-
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Table 2: J-Coupling Constants (Hz) for rGGCAGGCLat 35°C?

residue H1-H2' H2'—H3' H3' —H4' H4'—HY' H4'—H5" H5—H6 H5—H5"
Gl 4.3+ 2.0 5.2+ 2.0 9.3+ 3.0 6.0+ 2.0 4.3+ 2.0 na 10.3: 3.0
G2 <2 overlap 9.1+ 3.0 <3 <3 na 11.2£ 3.0
C3 <2 5.0+ 2.0 9.7+ 3.0 <3 <3 7.2+2.0 10.2+ 3.0
A4 48+2.0 overlap 8.2+ 3.0 overlap overlap na 1256 3.0
G5 <2 49+2.0 14.7+ 3.0 <3 <3 na 10.3: 3.0
G6 <2 overlap 10.4+ 3.0 <3 <3 na 11.1+ 3.0
C7 <2 5.2+ 2.0 9.1+ 3.0 <3 <3 6.8+ 2.0 10.5+ 3.0
C8 42+2.0 5.9+ 2.0 <3 <3 7.0£2.0 10.5+ 3.0
5'-base H3-P P-H5 P—H5" P—H4' 3'-base

Gl 11.1+ 3.0 <5 <3 overlap G2

G2 10.5+ 3.0 <3 <3 5.3+2.0 C3

C3 11.8+ 3.0 <5 <3 overlap A4

A4 10.5+ 3.0 3.5+ 2.0 3.0+ 2.0 <3 G5

G5 10.7+ 3.0 <5 <3 overlap G6

G6 11.5+ 3.0 <5 <3 55+2.0 c7

c7 11.1+ 3.0 <5 <3 5.7+ 2.0 C8

a Proton-proton and protorphosphorus coupling constants were measured from DQF-COSYardP HETCOR spectra, respectively, at 35
°C.

Table 3: Dihedral Angle Restraints for tGGCAGGGQeg}y

residue «a B y v V2 o (v3+ 125) € ¢ $°
Gl na na nr nr 43 13,-40+ 13,1324+ 12,-132+ 12 60+ 42,—-120+ 34 —1204+50 nr nr
G2 nr 180+ 40 58+ 40 —32+26,152+26 nr 60+ 43,—120+ 36 —120+50 nr nr
C3 nr 180+ 40 58+40 —32+26,152+26 42+ 12,—42+12,131+11,—-131+11 60+ 39,—120+32 —120+50 nr nr
A4 nr 180+ 40 nr nr nr nr —120+50 nr nr
G5 nr 180+ 40 58+ 40 —32+ 26,152+ 26 42+ 12,—42+ 12,131+ 11,—-131+11 nr =120+ 50 nr nr
G6 nr 180+ 40 58+ 40 —32+26,152+26 nr 60+ 36,—120+ 27 —120+50 nr nr
Cc7 nr 180+ 40 58+ 40 —32+ 26,152+ 26 40+ 13,—40+ 13,132+ 12,—-132+12 60+ 43,—-120+36 —120+50 nr nr
C8 nr 180+ 40 58+40 nr 36+ 13,—36+ 13,136+ 11,—-136+ 11 nr na na nr
A-form¢ —68 178 54 —-25 38 82 —153 —71 —158

a Definition of dihedral angleso. = O3—-P—-05—-C5, f§ = P-O5—-C5—-C4, y = O5-C5—-C4-C3, v, = 04-C1—-C2—-C3, v, = Cl—
C2—-C3-C4,0 =C5-C4—-C3-03,v;=04—-C4—-C3—-C2, ¢ = C4—C3—-03-P, and; = C3—-03—-P-05. Abbreviations: na= not
applicable; nr= not restrained® Glycosidic angle® A-form values are from Saenger (1984).

bonding distance restraints (148 0.2 A) perduplexwere 0.65
used to maintain six WatserCrick GC base pairs. No
hydrogen-bonding restraints were imposed between mis-
matched G and A.
Both A-form and B-form starting structures were submitted

to simulated annealing with initial restraints. For each 0.60 1
starting structure, 15 structures were generated with the 1
simulated annealing protocol and randomized trajectories.
The resulting 30 structures overlapped well with a pairwise
rmsd of 0.81 A. IRMA was then performed on the ensemble
average of these 30 structures. Only 75 of 105 NOE distance
restraints were submitted to IRMA for refinement, since 30
distance restraints were derived from weak and partially
overlapped cross peaks. The resulting structure was then
taken through the simulated annealing protocol 10 separate
times. Atleast 8 of 10 resulting structures overlapped well.
IRMA was performed again on the ensemble average of well-
overlapped structures. Over the course of five IRMA
iterations, convergence of structure was indicated by the
leveling off of theR-factors (Figure 8), which means a best
fit between the final structure and experimental NOESY

) ) 0.45 ,
spectra. For the fifth refinement, the structure was taken 0 1 9 3 4 5
through the simulated annealing protocol 15 separate times.
The final structure is the average of these 15 final overlapped FlGURE 8 Rfactors decre;;:g ;rT;leveled off over the course of
structurgs (Figure 9) .WhICh have a pairwise rmsd of (.)'41 A. IRMA cycles. See Materials and Methods for definitionsRaf
Stereoviews of the final NMR structure are shown in two g, ‘g, R, Rs, andRs. IRMA was terminated after five iterations.
different angles in Figure 10. A major groove view is shown
in space-filling representation in Figure 11. The final IRMA In the final structure, all the distances and dihedral angle
refined distance restraints are summarized in Table 4. restraints were satisfied within 0.4 A and, 4espectively.

0.55

R-factors

0.50
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FiGure 10: Stereoviews of the final average structure of (rGGCAGGGE}wo different angles.

Figure 12 shows the plot of restrained distances and actual A much more rigorous test of structural accuracy is back-
distances of the final structure. The great majority of calculation of the NOESY spectra based on the final
distances satisfy the restraints withit20% of the center of  structure. Figures 13 and 14 and Supporting Information
distance restraints. show comparisons of representative regions of experimental
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Ficure 11: Space-filling view from the major groove of the final
structure of (rGGCAGGCG) The AG tandem mismatches are
colored according to atoms.

and back-calculated 400 ms NOESY spectra. In general,
there is a good match between experimental and calculated
spectra. Most discrepancies can be attributed to lack of
restraints, potential dynamics, or the difficulty of comparing
three-dimensional data when presented as two-dimensional
contour plots. For example, in Figure 14, peaks for G1H8
to G1H4, H5', and HB' are larger in the measured spectrum
than in the calculated one. G1H4HS, and H5' are not

well defined since they have only 2, 0, and O restraints,
respectively. Moreover, since G1 is a terminal nucleotide,
it probably has dynamic motion which is not included in
the analysis. Dynamics in the GA mismatch may be
responsible for discrepancies involving G5 protons, G5H1
G6H8 (Figure 13) and G5H8G5H4 (Figure 14). The
peaks for G2H8 C3H5 and G2H8 G2HS5' are not seen in

the calculated spectra of Figures 13 and 14, respectively,
but are seen when the threshold is lowered. In general,
backbone and terminal nucleotides are the least well deter-
mined parts of the structure. Nevertheless, with few excep-
tions, the good match between experimental and back-
calculated spectra indicates that the final structure not only
satisfies the protonproton distance restraints but also is
consistent with the entire proton relaxation network that
generates the time-dependent NOESY spectra. The latter
criterion is much more rigorous and difficult to satisfy than
simple distance agreement.

The average pairwise rmsd of 0.41 A reflects good overlap
and quality of the final structures (Figure 9). Since NOEs
can be observed only for proton pairs within 6 A, NOE
distance restraints are short range and the errors accumulate

Table 4: Final Distance Restraints (A) for rGGCAGGE@) 35°C (Each Strand)
H2—-H8/H6

H1—H5 H2 —H5 H3—H5 H2 —H1' H3' —H1’ H4'—H1'
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H3—H8/H6

H1—-H8/H6
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3.0+ 0.6

23+04

45+1.0

55+ 15

3.0£1.0

3.0+ 0.5

c8

H2—H8  H5-H5

H8/H6-H5 H5-H8/H6 H2—HY'

H4—-H8/H6 HI-H5 H2-H5 HI-H1 H2-H1 H8/H6—H8/H6

444 0.7

inter HI-H8/H6 H2Z—H8/H6 H3—H8/H6
G1-G2

G2-C3
C3—-A4

4.0+0.8

4.1+ 0.7
55+15

55+15 3.8+0.7

55+15 27+06 55+15 4.0+08

25+04 2.9+ 05

23+04

3.7+ 0.6
3.9+038

26+04 45+10

45+1.0

41+1.0
4.3+0.8
55+ 15

55+15 3.7+0.6

55+ 15
55+15 3.9+0.7

40+£10 28+06 55+15

40+05
55+15

28+04
3.4+ 0.6
3.4+ 0.6

23+ 04
2.8+ 0.4
25+04

3.8+£0.7
3.1+ 05
3.9+0.8

A4—G5
G5-G6

3.8+ 0.7

45+ 1.0
45+ 1.0

45+ 1.6
55+1.5

55+1.5

40+ 15

2.8+ 0.5
2.8+0.5

2.1+ 04
2.3+ 0.4

41+0.7
3.3+ 0.6

G6—-C7
C7-C8

=

aPlus (1) two interstrand restraints, GEHRB4H2 = 3.9 + 1.4 A and G5H+A4H2 = 2.5+ 1.5 A, and (2) nine hydrogen-bonding restraints: £8.2 A. The total 114 distance restraints 50

(intraresidue}t+ 53 (interresidue)t- 2 (interstrand- 9 (H-bond). The 75 IRMA-refined distance restraints are shown in bold letters. The other restraints were not refined by IRMA.

et al.
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Ficure 13: Experimental (upper) and back-calculated (lower) 400

ms NOESY spectra of the base H8/H6/H2 to'#b region. Ficure 15: Structural comparison of the imino hydrogen-bonded
(experimental), reverse-sheared [by flipping A and G of GA
mismatches of (rGGCGAGCg)keeping the coordinates], and

along the helix. That is one reason the central base pairssheared [by forcing the G and A into the sheared conformation

overlap better than the terminal base pairs. A look at the With artifical restraints while maintaining the distance and dihedral

. . ) . angle restraints for WatserCrick GC pairs of {GGCAGGCG)
mismatch region of the final average structure in Figure 15 .5« mations for (rtGGCAGGCG) GA mismatch geometry is

(also see Supporting Information) indicates both GA mis- shown at the top with dotted lines indicating the hydrogen bonds.

matches form imino hydrogen-bonded conformations, and Below these are the 3-D structures of tandem AG mismatches and

each GA mismatch has two hydrogen bonds: A-N1 to two adjacent CG pairs with helix twist angles listed for each step.
. Stacking between two AG mismatches and between the AG

G-NH1 and A-NH6 to G-O6. In the average final structure, mismatch and CG closing base pairs is shown at the bottom with

these two pairs of atoms are both within hydrogen-bonding helical twist angles.

range: 1.97 A for AN1-GNH1 and 2.09 A for ANH6-GO6.

Figure 15 also shows the stacking between the adjacent CHfacilitates interstrand stacking between them. The GA

pair and GA mismatch and between the two GA mismatches. mismatch conformation in (rGGCAGGCLis totally dif-

Helical underwinding (2% between the two AG mismatches ferent from the sheared GA conformation in (rGGC-
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Table 5: Dihedral Angles of the Final Structure of (IGGCAGGE(@kg)

residue o p y 21 V2 o € ¢ X pa

Gl n& na 66.1 —28.8 45.1 62.7 —173.2 —65.1 -161.2 20.8
G2 —71.4 —180.3 57.0 —33.3 45.5 71.1 —171.0 —60.5 —166.4 12.3
C3 —74.6 —176.6 52.5 —36.9 47.7 62.5 —169.9 —61.3 —156.7 8.7
A4 =727 —185.1 49.8 —31.0 39.8 76.8 —173.5 —59.2 —152.2 5.8
G5 —73.3 —182.1 61.3 —35.8 48.3 64.4 —168.2 —58.4 —175.4 10.1
G6 -71.1 -172.7 53.4 -31.7 443 72.8 —169.9 —58.3 —160.0 141
Cc7 —73.6 —179.5 54.1 —39.2 46.6 71.8 —172.0 —57.2 —155.6 1.4
C8 —74.8 —181.1 51.6 —15.8 34.2 76.1 na na —164.3 32.3
A-form¢ —68 178 54 —-25 37 82 —153 —71 —158 18

a pseudorotation anglesNot applicablef A-form values are from Saenger (1984) and Roberts (1993).

Table 6: Helical Parametérfor Base Stegsin the Final Structure A-form) at the mismatch step. The expansion of the

of (IGGCAGGCC) backbone and decrease in helical rise propagate only to the
helical adjacent base pairs along the helix. This is consistent with

base  twist rise slide roll tilt  interstrand P-P the nearest-neighbor model often used for prediction of RNA
steps (deg) (A) (deg) (deg) (deg) distance(A) secondary structure based on thermodynamics (Turner et al.,

1 321 24 -18 30 05 17.3 1988).

2 359 29 -12 -21 -06 17.5

3 316 29 -1.3 10 -1.9 18.0 DISCUSSION

4 271 21 -23 6.0 01 18.9

5 3.7 29 -13 11 21 18.0 Many important RNA sequences are being discovered, but

6 358 29 -12 -24 05 175 little is known about structurefunction relationships in RNA

7 319 24 -18 30 -07 17.3

because only a few three-dimensional structures of natural

average 323 27 -16 14 00 178 RNAs or fragments thereof have been determined (Kim et
Aform 327 28 -15 -04 130 17.5 al., 1974; Robertus et al., 1974; Moras et al., 1980; Woo et
aThe parameters were calculated using NEWHEL92 from the al., 1980; Varani & Tinoco, 1991; Heus & Pardi, 1991;
Brookhaven Protein Data BankBase steps are defined a&—1 SantalLucia & Turner, 1993; Pley et al., 1994a,b; Scott et
—¢—2-¢—3—¢—4—R—5-¢—6-c—7—¢ °The interstrand phospho- g, 1995; Szewczak & Moore, 1995; Puglisi et al., 1995;
rus—phosphorus distance is defined as the distance betwEend Greenbaum et al.. 1995: Ye et al.. 1995 Allain & Varani

(10—n)P,n=2,3,4, ..., 8, e.g., G2PC8P, where the prime indicates

the opposite strand. 1995; Gubser & Varani, 1996). Despite this lack of structural

information, many RNAs are being considered as targets for
therapeutics (Mol & van der Krol, 1991; Agrawal, 1995). A

rational approach to modeling RNA structures and designing
gsuch therapeutics requires knowledge of the interactions that
are important for determining RNA structure and stability.
Tandem GA mismatches are an attractive motif for providing
information on these interactions because their structures and
stabilities are very sensitive to sequence, both in RNA
(SantalLucia et al., 1990; Walter et al., 1994; Wu & Turner,
1996) and in DNA (Li et al., 1991a,b; Cheng et al., 1992;
Li & Agrawal, 1995).

GAGCC) (Santalucia & Turner 1993) but similar to that
in (rfGCGGACGC) (Wu & Turner, 1996).

Torsion angles and helical parameters are shown in Table
5—7. (rGGCAGGCC)has an overall A-form geometry with
minor distortion at the mismatch region. Purifgurine GA
mismatches are incorporated into the A-form geometry
evolved for WatsorCrick purine-pyrimidine pairs. The
bulkiness of the two purines in the GA mismatches expands
the backbone at the mismatch region. This explains the long
interstrand phosphorugphosphorus distance of 18.9 A y
(compared to 17.5 A for A-form), the long interstrand' €1 The 3oeacs motif studied here is rare in natural second-
C1 distance of 13.0 A (compared to 10.9 A for A-form), ary structures of RNA (Santalucia et al., 1990), while the

and the short helical rise of 2.1 A (compared to 2.8 A for related 3Gaacy motif is common in nature. This natural

Table 7: Helical Parametérfor Base Pairs in the Final Structure of (GGCAGGEC)

interstrand

base propeller inclination buckle X-DSP cr-cr A° AL

pairs twist (deg) (deg) (deg) A distancé&(A) (deg) (deg)
G1-C8 -17.3 12.6 1.3 -3.6 10.9 57.6 49.8
G2-C7 -5.9 13.2 6.9 —-3.6 10.9 55.9 52.6
C3-G6 -11.8 12.6 2.7 -37 111 49.3 51.2
A4—G5 —6.6 10.7 —-6.7 -33 13.0 48.0 46.8
G5—-A4' —6.8 10.8 7.4 -3.3 13.0 47.4 47.1
G6-C3 —12.2 12.9 —2.4 -37 111 51.2 48.9
C7-G2 -5.7 134 —6.6 -3.6 10.9 52.5 55.8
C8-GI -17.7 12.6 -1.8 -3.6 10.9 49.5 57.5
average —10.5 12.3 0.1 -3.6 115 51.4 51.2
A-form —13.8 16.9 0.2 —4.4 10.9 52.2 52.2

aThe parameters were calculated using NEWHEL92 from the Brookhaven Protein DatabBéekinterstrand C+C1' distance is between
two CI atoms of two paired bases4; and A, are defined as the angles between N9ACH' bonds and the C+C1 vector for each base pair,
with the subscripts 1 and 2 designating the left and right base, respectively, in column 1.
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selection is probably due to the hydrogen-bonding pattern allowing formation of a hydrogen bond between the exocy-
within the GA mismatches. The sheared GA mismatches clic NH, group of G and a nonbridging oxygen of the

in the 3SGA%S motif (Figure 1) have hydrogen-bonding phosphate 5of the A in the opposite strand. In addition,

positions available for formation of tertiary contacts. For the helical geometry of CGAG allows the formation of a
example, a base triple has been observed to a sheared GAlydrogen bond from the adenine amino to the G&/gen.
pair in the crystal structure dfhermus thermophiluserine ~ These hydrogen bonds presumably provide stabilization

tRNA (Biou et al., 1994). In the crystal structure of the energy that compensates for the helical distortion. Equivalent
hammerhead ribozyme, a tandem sheared GA mismatch ishydrogen bonds cannot be made with the she ' Agg

a binding site for a metal ion (Pley et al., 1994a). Such because, in the context of a right-handed helix, the over-
tertiary contacts are not possible with the imino hydrogen- winding by only 18 (=51° — 33°) at the 5oay step is not
bonding pattern in the three-dimensional structure found for enough to bring the phosphaté &f the A close to the

the 3Gaacs Motif studied here. Another tandem GA motif ~exocyclic NH group of the G in the AG mismatch. The
with imino hydrogen bonding (Wu & Turner, 1996), overwinding by 18 at the 3cas step and the underwinding
Yoness, also is rare in known secondary structures. An by 2% at the Saas Step also result in poor stacking at these

understanding of why some sequence contexts promote awo steps. Thus this potential sheared conformation of

biologically active tandem GA structure whereas others do 3caacs is also very unfavorable. A modeling study of GA
not would be a step toward modeling non-Wats@rick mismatches concluded that a sheared structure cannot ac-
regions in RNA. commodate a WatsetCrick pair 3 of A and still maintain

On the basis of NMR studies of the€SCA%2 and A-form geometry (Gautheret et al., 1994). This is consistent
5GGAC3 CASCS with the structures and models presented here. Preliminary

>caccs Motifs, it has been suggested that the opposite . ;
orientations of the CG base pairs induce different hydrogen- N_MR experiments on (CGC—A.GGCG}MG als_o consistent
with this idea, since the GA mismatches are imino hydrogen

bonding patterns in the mismatches because this minimize X

unfavorable interactions between the partial charges on thzbonded (SantaLuua,. 1991). o
GA mismatches and CG base pairs (Wu & Turner, 1996). A regsonable working hypothesis is that the structure of a
For the 5$2%3 motif determined here, no strong unfavor- A mismatch depends on at least three factors: (1)
able electrostatic interactions are present (see Supportingf €CIOStalic interactions between partial charges, (2) the

Inf tion). Thus there i ior electrostatic interacti umber of hydrogen bonds, inqludin_g hydrogen bonds to the
dr:s?;r\r/]slrilr?g)the irl:wsinoesrter l;itTj(;emajor electrostatic interaction backbone, and (3) backbone distortion. There have recently

_ ) been significant advances in the computational modeling of
The two potential sheared conformations for fGGCAG- pycleic acids (Ponnuswamy & Gromiha, 1994; Jiang et al.,
GCC), are compared with the experimentally observed imino 1994: York et al., 1995 Zichi, 1995: Cheatham et al., 1995:
hydrogen-bonded conformation in Figure 15. Maintaining gegarle & Williams, 1993). The structures and thermody-
the anti glycosyl angle for both G and A, there are two ways pamics of (GGCAGGCG) (GGCGAGCC), and (GCG-

to convertimino hydrogen-bonded GA mismatches into side- GACGC), provide good tests of these modeling parameters
by-side conformations (see left and right panels in Figure 3nq protocols.

15). The reverse-sheared structure shown on the left in

Figure 15 is generated by interchanging the A and G of the SUPPORTING INFORMATION AVAILABLE

mismatches in (rGGCGAGCg)(SantaLucia & Turner o . ]

1993), keeping the rest of the coordinates. In the reverse- One table off, relaxation times, one figure showing the

sheared structure, all the helical properties are basically thel-D 500 MHz proton spectrum and two figures showing 400

same as those of (IGGCGAGGC)Helical underwinding ms NOESY spectra in D at 35°C, three figures comparing

(18°) at the 28@% step facilitates intrastrand stacking. exper_lmental anq back—calcula?ed 400 ms.NOESY spectra,
5AG3 one figure showing a stereoview of 15 final overlapped

Helical overwinding (81) at the ;5:- step facilitates . ; X
interstrand stacking%J 'Ighe)re are no ﬁigﬁogen%onds howeverStrUCtures of GA mismatches, and one figure showing overlap

between the G and A of the mismatch. Presumably this of electrostatic potentials of AG mismatch with the adjacent

makes this potential structure unstable. The sheared structuré: G pair (9 pages). Ordering information is given on any

of (\GGCAGGCC) on the right in Figure 15 was created current masthead page.

by forcing t_he mismatched G and_A into the sheare_d structure REFERENCES

observed in (r”GGCGAGCG,)while keeping the six stem

base pairs in standard A-form geometry by using distance Agrawal, S. (1995Methods in Molecular Medicine: Antisense
and dihedral angle restraints observed for fGGCAGG{C)  TherapeuticsHumana Press, Totowa, NJ.

and then energy minimizing the structure. This geometry Allain, F. H.-T., & Varani, G. (1995)). Mol. Biol. 250 333-353.
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