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Phosphorothioate Substitution Can Substantially Alter RNA Conformation®
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ABSTRACT: Phosphorothioate substitution—interference experiments, routinely used to stereospecifically
identify phosphoryl oxygen sites that participate in RNA—ligand binding and RNA-directed catalysis,
rest in their interpretation on the untested assumption that substitution does not alter the conformation of
the modified molecule from its biologically active state. Using NMR spectroscopy, we have tested this
assumption by determining the structural effect of stereospecific phosphorothioate substitution at five
positions in an RNA hairpin containing the binding site for bacteriophage MS2 capsid protein. At most
sites, substitution has little or no effect, causing minor perturbations in the phosphate backbone and
increasing the stacking among nucleotides in the hairpin loop. At one site, however, phosphorothioate
substitution causes an unpaired adenine necessary for formation of the capsid protein—RNA complex to
loop out of the RNA helix into the major groove. These results indicate that phosphorothioate substitution
can substantially alter the conformation of RNA at positions of irregular secondary structure, complicating

the use of substitution—interference experiments to study RNA structure and function.

The chemical modification of biological molecules at
specific functional groups is a useful and widespread
technique for studying macromolecular structure and function
(1). Phosphorothioate modification of RNA molecules, in
which one of the two phosphoryl oxygen atoms is replaced
with a sulfur atom, can be used to identify phosphate sites
important for RNA—ligand binding or RNA-directed cataly-
sis. Although the van der Waals radii, bond lengths, and
electrostatic charges of sulfur and oxygen atoms are very
similar, the different charge distribution and polarizability
of phosphorothioates can alter the strength of ionic and
hydrogen bonds and thus alter RNA—ligand affinities.
Alternatively, functionally important sites can be identified
by the inability of iodine to cleave phosphorothioates
protected by bound ligands. Phosphorothioate substitution—
interference experiments have identified specific RNA phos-
phoryl oxygen sites involved in the coordination of catalytic
and structural metal ions (2—6) and in the formation of direct
contacts with specific proteins (7, 8).

Central to the interpretation of chemical modification—
interference experiments is the assumption that modification
does not significantly alter the conformation of the modified
molecule from its biologically active state. To date, however,
this assumption has been directly tested for phosphorothioate
substitution only in helical DNA molecules, where substitu-
tion has at most minor effects. Crystal structures of unmodi-
fied and phosphorothioate-modified DNA duplexes are very
similar (9). Uniform or single-site substitutions in the DNA
strand of DNA:RNA hybrid duplexes have little effect on
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FIGURE 1: (A, left) Sequence of the RNA hairpin used in this study,
containing the binding site for phage MS2 capsid protein. A
indicates the first nucleotide of the translation start codon of the
MS?2 replicase gene. Phosphorothioates in the SRNA hairpin are
located 5' to every adenine residue. (B, right) Rp and Sp phosphoro-
thioate stereoisomers. Only the Sp stereoisomer is a substrate for
T7 RNA polymerase, which incorporates 5'-at-thio-NTPs with
inversion of configuration. All phosphorothioates in the SRNA
hairpin are of the Rp stereoisomer.

overall duplex structure but cause adjacent deoxyribose
sugars to populate to a greater extent the C3'-endo confor-
mation (/0, 11). Similar patterns are seen for both the Rp
and Sp stereoisomers (Figure 1), suggesting that the chirality
of the phosphorothioate makes little difference (/7).
Despite these studies, little is known about the effects of
phosphorothioate substitution on the conformation of RNA
molecules, which more often contain functionally important
regions of single-stranded and irregular secondary structure
that might be more easily disrupted by chemical modification.
To assess the degree to which phosphorothioate substitution
alters the conformation of RNA, we have determined the
solution structure of an RNA hairpin containing the binding
site for bacteriophage MS?2 capsid protein and the structure
of the same hairpin in which the phosphates 5’ to all five
adenine nucleotides have been replaced by Rp phosphoro-
thioates (Figure 1). Two of these substitutions are in regions
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of helical duplex, two are in the hairpin tetraloop, and one
is adjacent to an unpaired adenine residue between the upper
and lower helices.

MATERIALS AND METHODS

All enzymes were purchased (Sigma) except for T7 RNA
polymerase, which was prepared as described (/2). Deoxy-
ribonuclease I type II, pyruvate kinase, adenylate kinase, and
nucleotide monophosphate kinase were obtained as powders,
dissolved in solutions of 15% glycerol, 1 mM dithiothreitol,
and 10 mM Tris-HCI, pH 7.4, and then stored at —20 °C.
Guanylate kinase and nuclease P, were obtained as solutions
and stored at —20 °C. Unlabeled 5'-nucleoside triphosphates
(5'-NTPs) and 5'-a-thioadenosine monophosphate (Sigma),
phosphoenolpyruvate (potassium salt) (Bachem), and 99%
['*N]ammonium sulfate and 99% ['*C]glucose (Cambridge
Isotope Labs) were obtained as powders.

Preparation of RNA Samples. Phosphorothioate-modified
and unmodified RNA molecules (Figure 1) were prepared
by in vitro transcription using T7 RNA polymerase and
synthetic DNA templates (/3). Isotopically enriched 5'-NMPs
were prepared as described (/4), sequentially eluted from
an anion exchange column using a stepped gradient of formic
acid (/15), and converted to 5'-NTPs. 5'-a-Thio-AMP was
enzymatically converted to 5'-a-thio-ATP as described (/6).
Unlabeled all-phosphate-containing RNA hairpin (0RNA)!
was prepared from 20 mL transcription reactions using 4
mM 5'-NTPs, and phosphorothioate-containing RNA hairpin
(sRNA) was prepared using 4 mM 5'-{GTP, CTP, and UTP}
and 4 mM 5'-a-thio-ATP. Isotopically labeled RNA was
prepared similarly except that the transcription volumes were
16 mL and the concentration of NTPs was 3 mM. RNA
molecules were purified by passage through 20% (w/v)
preparative polyacrylamide gels, electroeluted (Schleicher &
Schuell), and precipitated with ethanol. The purified oligo-
nucleotides were dissolved in 1.0 M NaCl, 20 mM potassium
phosphate, pH 6.8, and 20 mM EDTA and dialyzed
extensively against 10 mM NaCl, 10 mM potassium phos-
phate, pH 6.8, and 0.05 mM EDTA using a Centricon-3
concentrator (Amicon Inc.). Samples were diluted with buffer
to a volume of 250 uL, lyophilized to powders, and
resuspended in 250 uL of either 99.96% 2H,0 or 90% 'H,O/
10%H,0. Samples contained 110—130 Az OD units in 250
uL (2.5—3.0 mM).

NMR Spectroscopy and Structure Calculations. All NMR
spectra were acquired at 500 MHz (Bruker, AMX) with a
'H-{X} reverse detection probe, except for 'H-{'*C-3'P}
triple resonance experiments which were acquired at 600
MHz (Varian, Unity Plus). Broadband decoupling of '3C and
5N resonances was achieved using GARP with yB, = 3125
Hz for carbon and yB, = 1570 Hz for nitrogen. Spectra were
collected in 90% 'H,O at 12 °C using binomial read pulses
with maximum excitation at 12.5 and 8.0 ppm. Experiments
in 2H,O were acquired at 27 °C with presaturation or spin-
lock pulses to suppress the residual HDO peak. Quadrature

I Abbreviations: NOE, nuclear Overhauser enhancement; NOESY,
NOE spectroscopy; DQF-COSY, double quantum filtered correlated
spectroscopy; 2D, two-dimensional; 3D, three-dimensional; HMQC,
heteronuclear multiple quantum coherence; MD, molecular dynamics;
NH, imino; NH,, amino; oRNA, all-phosphate RNA; sSRNA, phosphoro-
thioate-modified RNA.
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detection was achieved using the States-TPPI method, and
acquisition was delayed by a half-dwell in all indirectly
detected dimensions. Acquisition times for most two-
dimensional (2D) experiments were w; = 46—50 ms and
wy; = 168—228 ms and for most three-dimensional (3D)
experiments were wiy = 22—28 ms, wicsy = 20—36 ms,
and wiy = 168—228 ms. Typically, the data points were
extended by 33% using linear prediction for the indirectly
detected dimensions, and the data were apodized using 1
Hz line broadening and 65° shifted sinebell functions. 'H
spectra were referenced to the internal HDO resonance at
476 ppm at 25 °C. The '’C, N, and 3'P spectra were
referenced to external standards of TSP, NH,OH, and TMP,
respectively, which resonate at 0.00 ppm. All spectra were
processed and analyzed with Felix 97.0 (Molecular Simula-
tions, Inc.).

2D BC-"H HMQC and HSQC spectra were collected to
identify '3C-"H chemical shift correlations. 3D HCCH-COSY
and HCCH-TOCSY (24 ms DIPSI-3 spin-lock) experiments
optimized for polarization transfer through the ribose carbons
and a 2D '3C-'"H HCCH-TOCSY (52 ms DIPSI-3 spin-lock)
optimized for polarization transfer through the adenine bases
(oRNA only) were collected in 2H,O to identify ribose spin
systems and H§—H2 correlations, respectively (/7, 18). To
identify intraresidue base—sugar correlations, a 2D 'N-'H
HSQC experiment was acquired in 2H,O and optimized for
two- and three-bond correlations as reported (/9), except that
the ''N-'H anti-phase magnetization was refocused after the
t; evolution period to achieve cross-peaks that were in-phase
in w; and w, and to permit application of broadband "N
decoupling during the #, acquisition period.

2D NOESY and 3D '3C-edited NOESY experiments were
collected in 2H,O at 7, = 80, 90, 180, 360, and 400 ms to
obtain distance constraints for the nonexchangeable reso-
nances. 2D '3C-'H half-filtered NOESY experiments were
collected at 7,, = 180 and 400 ms to aid assignment of
adenine 'H resonances and to obtain internucleotide distance
constraints for the sSRNA hairpin. For the exchangeable
protons, 2D N-"H HSQC spectra were collected in 90%
"H,0 to identify SN-'H chemical shift correlations, and 2D
NOESY and 3D PN-edited NOESY experiments were
collected at 7,, = 220, 300, and 360 ms to obtain distance
constraints. 2D *'P-'H hetero-TOCSY-NOESY experiments
were acquired using unlabeled RNA samples to obtain *'P
resonance assignments.

Backbone dihedral angle constraints were derived from
spectra collected to measure 'H-'H, 3'P-'H, and '3C-3'P
coupling constants. Using unlabeled RNA samples, 3'P-
decoupled DQF-COSY experiments and *'P-'H HetCor
experiments with supression of 'H-'H passive coupling (20)
were collected in 2H,O with acquisition times of w; = 119
ms and w, = 408 ms and w; = 64 ms and w, = 408 ms,
respectively. Three-bond 3'P-'3C coupling constants were
derived from 2D "3C-'H HSQC spin—echo difference experi-
ments with and without 3P decoupling in #; (21). Two
separate spin—echo experiments were acquired for the SRNA
hairpin using *'P carrier positions centered at —3.5 and 52.0
ppm.

Interproton Distance Constraints. Semiquantitative dis-
tance constraints between nonexchangeable protons were
estimated from cross-peak intensities in 2D NOESY and 3D
13C-edited NOESY spectra at mixing times of 80, 90, 180,
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360, and 400 ms. Using the covalently fixed pyrimidine H5—
H6 distance (2.4 A) and the conformationally restricted
sugar HI'—H2' distance (2.8—3.0 A) as references, peak
intensities were classified as strong, medium, weak, or very
weak and their corresponding proton pairs given upper bound
distance constraints of 3.0, 4.0, 5.0, or 6.0 A, respectively.
Cross-peaks observed only at mixing times greater than 300
ms were classified as extremely weak and given 7.0 A upper
bound distance constraints to account for the possibility of
spin diffusion. To improve convergence of the calculations,
all distance constraints were given lower bounds of 0.0 A,
except for three extremely weak distances in the sRNA
molecule that were consistently too close in calculated
structures to be consistent with the observed NMR data.
These constraints were given lower bounds of 3.0 A.
Distance constraints involving exchangeable protons were
estimated from '"H-'H and 2D N-'H 220, 300, and 360 ms
mixing time NOESY spectra and were classified as either
weak, very weak, or extremely weak, except for the intra-
base pair distances A*U H2—NH, G:C NH—NH,, and G-U
NH—NH, which were classified as strong constraints. Intra-
residue sugar-to-sugar constraints were included in the
calculations only for distances involving H5'/H5"" atoms.

Hydrogen Bonding Constraints. Watson—Crick base pairs
were identified using two criteria: the observation of a
significantly downfield shifted NH or NH, proton resonance
and the observation of strong G*C NH—NH, or A-U H2—
NH NOEs. The wobble G+U pair was identified by observa-
tion of a strong NOE between guanine and uridine NH
resonances. Hydrogen bonds were introduced as distance
restraints of 3.1 & 0.5 A between donor and acceptor heavy
atoms and 2.15 £ 0.35 A between acceptor and hydrogen
atoms. Individual hydrogen bonds were also constrained to
be roughly linear (180 =+ 40°). Constraints identified in this
way were included in the calculations for base pairs
G-16"C+5,G-15"Ut4, G-12°C13, A—13° U2, U—12° A4, C9°G 2,
and Cfg'G73.

Dihedral Angle Constraints. Constraints on the ribose ring
and backbone dihedral angles were derived from semiquan-
titative measurements of 3Jy—p, *Ju—p, and 3Jc—p couplings
(20, 21). Sugar pucker conformations were determined from
3Jur—n2 couplings in 3'P-decoupled 2D DQF-COSY spectra.
Residues with couplings >7 Hz were constrained to the C2'-
endo conformation through three of the torsion angles in the
ribose sugar ring (22). Independent confirmation of sugar
pucker conformation was provided by the observation of
weak (<5 Hz) *Juy—ns couplings, C3' resonances shifted
downfield to 76—80 ppm from the main cluster at 70—72
ppm, and C4' resonances shifted downfield to 85—86 ppm
from the main cluster at 82—84 ppm (23). Residues with
weak (<5 Hz) 3Jyr—n couplings and large (>5 Hz) 3Jus—na
couplings were constrained to the C3'-endo conformation.
Residues with intermediate 3Jg;—g» couplings were left
unconstrained to reflect the possibility of conformational
averaging.

Dihedral angle constraints for the y torsion angles were
derived from 3Juy—pns and *Juy—us couplings in the DQF-
COSY spectrum and intraresidue H4'—HS' and H4'—HS"
cross-peak intensities in a 80 ms mixing time 3D NOESY-
ctHSQC spectrum. For residues in which H4'—HS5' and H4'—
H5" peaks in the DQF-COSY spectra were clearly absent,
representing couplings <5 Hz, v was constrained to the
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gauche™ conformation (60 4= 20°) (22, 24). For residues with
only weak or unobservable *Jus—ps or 3Juy—pns» couplings
or with unequal H4'—HS5" and H4'—HS5"" NOE intensities, y
was left unconstrained to reflect the possibility of confor-
mational averaging.

Dihedral angle restraints for the  and € torsion angles
were derived from 3Jp_ps, 3Jp-ps', and 3Jp_pzy couplings
measured in 2D 3'P-"H HetCor spectra and 3Jp_co couplings
measured in 2D ctHSQC spectra. § was constrained to the
trans conformation (180 4 20°) for residues in which P—HS5'
and P—HS5" peaks in the HetCor spectra were clearly absent,
representing couplings <5 Hz (22, 24). For residues in which
P—H5' and P—HS5" peaks could be observed,  was left
unconstrained to reflect the lack of stereospecific assignments
and the possibility of conformational averaging. € was
constrained to the trans conformation (—145 £ 20°) for
residues with 3Jp_p3 > 5 Hz and *Jp_c» < 5 Hz and to the
gauche™ conformation (—100 = 25°) for residues with 3Jp_p3
> 5 Hz and 3Jp_cy > 5 Hz (22, 24). Residues with 3Jp_p3'
> 5 Hz but for which 3Jp_c» could not be measured, or for
which 3Jp_co and 3Jp_cy couplings were inconsistent with a
single conformation, were loosely constrained to include both
conformations (—120 4 45°). No dihedral angle constraints
were used for the backbone angles o and { or for the
glycosidic angle y.

Structure Calculations. All calculations were carried out
on Silicon Graphics Indy workstations using X-PLOR 3.851
(25). The dihedral angles of a model structure (generated
using Insight II, Molecular Simulations, Inc.) were random-
ized to generate 30 starting structures which were used in a
simulated annealing/restrained molecular dynamics (rMD)
routine (22). The force field was modified to include
phosphorothioate functional groups (26). The calculation
protocol was divided into two stages: global fold and
refinement. The global fold step consisted of 1000 cycles of
unconstrained conjugate gradient energy minimization, 7 ps
of rtMD at 1000 K using only hydrogen bond and NOE
constraints, 22 ps of tMD at 1000 K during which repulsive
van der Waals forces were introduced, 4 ps of rMD at 1000
K during which the f, v, €, and sugar ring dihedral
constraints were slowly introduced, 28 ps of rMD while
cooling to 300 K, and 1000 cycles of constrained minimiza-
tion. The structures were then refined using all constraints
and attractive van der Waals potentials for 1000 cycles of
constrained minimization, 5 ps of tMD at 300 K, and another
1000 cycles of final minimization. To determine the con-
sistency of the NMR data with different possible ribose ring
puckers of the bulged adenine nucleotide, two additional sets
of calculations were performed for each oligonucleotide: one
with the A_jo sugar constrained to the C3'-endo conformation
and one with the A_jy sugar constrained to the C2'-endo
conformation. All calculated structures were viewed using
MidasPlus (UCSF) and Insight II. Coordinates and experi-
mental constraints for the phosphate and the phosphorothio-
ate-modified RNA molecules have been deposited at the PDB
as 1DOU and 1DOT, respectively.

Thermal Stability. UV melting studies were performed
using 2.2 uM RNA hairpin dissolved in NMR buffer (10
mM NacCl, 10 mM potassium phosphate, pH 6.8, and 0.05
mM EDTA). Aye absorbance spectra from 40 to 90 °C were
acquired (1.0 °C per minute) on a Pharmacia Ultrospec 2000
UV—Visible spectrophotometer equipped with a Peltier
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melting apparatus. The melting curves were acquired in
triplicate and were fit to a two-state model. Base proton
chemical shift transition midpoints (7¢s) were measured using
2D BC-'H ct-HSQC spectra collected from 25 to 70 °C at 5
°C intervals, except from 50 to 65 °C, where intervals were
2.5 °C. The temperature dependencies of the adenine H2
resonances of the SRNA hairpin were determined using one-
dimensional 'H spectra.

RESULTS

Resonance Assignments and Chemical Shifts. The 'H, 13C,
BN, and*'P resonances of the unmodified (0RNA) and
phosphorothioate-modified (SRNA) hairpins were assigned
using standard heteronuclear methods (27, 28). Resonances
of the SRNA adenine nucleotides, which are not isotopically
enriched, were assigned using '*C-'H filtered experiments
(29). The chemical shifts of most resonances differ only
slightly between the two molecules. Those resonances with
substantial differences are often adjacent to phosphorothioate
positions, probably reflecting the different chemical and
electrostatic properties of the sulfur atom (30, 37). For
example, the H3' resonances of G4, C_j;, C—g, U_s, and
G_; are shifted 0.15—0.35 ppm downfield, and the C3’
resonances of G4 and G_; are shifted ~1.0 ppm downfield.
The HS resonances of A—; and A—_; and the H4' resonance
of U_s are shifted ~0.25 ppm downfield, while the H4'
resonance of U_ is shifted ~0.3 ppm upfield. Some chemical
shift differences, however, are at sites further removed from
phosphorothioate positions and may reflect structural dif-
ferences between the two molecules. In the SRNA molecule,
for example, the most upfield H5'/H5" resonances of residues
C_ and U_s are shifted 0.2—0.3 ppm downfield, the C5’
resonance of C_g is shifted ~1.2 ppm downfield, and the
G-, NH resonance is shifted ~0.1 ppm downfield. In
addition, the G, NH resonance of the oRNA hairpin is
broadened, probably due to exchange with solvent, while
the corresponding resonance of the sSRNA hairpin is not
broadened (Figure 2). The differences in the G, and G,
NH resonances suggest that the upper and lower helices may
stack differently in the two molecules.

The 3'P resonances of phosphates in both molecules are
dispersed between —3.4 and —4.6 ppm, while those of
phosphorothioates resonate between 53.0 and 56.0 ppm
(Figure 3). In the oRNA hairpin, the most downfield *'P
resonance is that of P_;o, and the resonances of P_3, P_7,
P_4, and P+, are in the center of the main cluster at —4.0
ppm. In the SRNA hairpin, the relative positions of these
resonances change as P_jp and P_, are shifted >2 ppm
upfield from P_;3, P_7, and Py, (Figure 3). The phosphate
resonance of P_s is shifted ~0.4 ppm downfield in the
spectrum of the sRNA molecule, suggesting long-range
structural effects on the conformation of the loop sugar—
phosphate backbone by phosphorothioates P4 or P_7. The
other phosphate resonances differ <0.2 ppm between the two
hairpins.

Structure Calculations. The structures of the oRNA and
sRNA hairpins were calculated using a restrained molecular
dynamics routine starting from 30 structures with completely
random backbone dihedral angles. The calculations used a
total of 448 distance constraints and 45 dihedral angle
constraints for the oRNA hairpin and 313 distance constraints
and 48 dihedral angle constraints for the SRNA hairpin; 11
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'H (ppm)
FIGURE 2: (A, B) Central NH regions of "'N-'H HMQC spectra of
the (A) oRNA and (B) sRNA hairpins. The G_3 and G_; NH
resonances are nearly degenerate in the oRNA hairpin but are well
separated in the SRNA hairpin. The G, NH resonance is broadened
in the oRNA hairpin but not in the SRNA hairpin. (C, D) NH regions
of 'TH-'TH NOESY spectra of the (C) oRNA and (D) sSRNA hairpins.
Solid lines trace sequential NH—NH NOE correlations through the
bulge region. Dashed lines connect NH correlations of the NOESY
and HMQC spectra. The arrow indicates an inter-base pair NOE
between the G, and G_; NH resonances that is present only in
the spectrum of the SRNA hairpin. The G-;5s NH of both hairpins
resonate at 10.98 ppm and are not shown here.

Az
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FIGURE 3: One-dimensional 3'P spectra of oRNA (top) and SRNA
(bottom) hairpins. The 3!P resonances 5’ to each of the five adenine
nucleosides are labeled. The phosphorothioate resonances are shifted
~55 ppm downfield from the corresponding phosphates. The
positions of the 3'P resonances 5’ to A_jo and A_, relative to A4,
A7, and A_;3 differ between the oRNA and sRNA hairpins,
indicating possible differences between the RNA hairpin backbone
conformations.

oRNA and 13 sRNA converged structures were produced.
Structures were classified as converged if they were con-
sistent with the NMR data and maintained correct stereo-
chemistry. All converged structures violated less than 5 NOE
constraints by more than 0.1 A and none by more than 0.3
A, and when the structures were arranged in order of
increasing overall energy, the converged structures formed
a plateau with similarly low overall and constraint violation
energies (22). The heavy atoms of all 21 nucleotides of the
final converged structures superimpose on their average
structures with average RMSDs of 1.49 and 1.73 A, for the
oRNA and sRNA hairpins, respectively. Additional structure
calculation statistics are provided in Table 1.

Effect of Phosphorothioate Substitution on Conformation
of the Bulge Region. NOESY spectra of the oRNA and sSRNA
hairpins are similar, but a few key differences indicate that
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Table 1: Summary of Experimental Distance and Dihedral Angle
Constraints and Refinement Statistics?

parameter oRNA sRNA

NOE distance constraints”

intraresidue 184 101

interresidue 264 212

mean number per residue 213 14.9
NOE constraints by category®

strong (3.0 A) 33 22

medium (4.0 A) 73 23

weak (5.0 A) 95 114

very weak (<6.0 A) 137 116

extremely weak (<7.0 A) 110 38¢
base pair constraints®

total 8 8
dihedral angle constraints/

ribose ring 21 21

backbone 24 27

mean number per residue 2.1 23
violations

average no. distance constraints >0.1 A$ 35+ 1 0.5

RMSDs for distance constraints (A) 0.015 0.010

average no. dihedral constraints >0.5° * 04+£0.1 0.2

RMSDs for dihedral constraints (deg) 0.056 0.055
RMSD from ideal geometry’

bonds (A) 0.004 0.004

angles (deg) 1.262 1.256

< Statistics are for oRNA and sRNA calculations with A—;q C3'-
endo and C2'-endo constraints, respectively. * Only conformationally
restrictive constraints are included. Intraresidue sugar-to-sugar con-
straints were included only for distances involving H5'/H5"" atoms.
¢ Cross-peak intensities were obtained from 2D NOESY and 3D 3C-
and ""N-edited NOESY spectra. Cross-peaks observed only at T, =
360 ms were classified as extremely weak. Cross-peaks involving
exchangeable protons were classified as weak to extremely weak, except
for intra-base pair AU H2—NH, G:C NH—NH,, and G-U NH—NH
NOESs, which were classified as strong. ¢ Three constraints were given
lower bounds of 3.0 A for atomic distances consistently too close to
be consistent with NOE data. ¢ Base pair constraints were applied for
the eight base pairs in the upper and lower stems (Figure 1) based on
the identification of NH—NH,, NH—H2, and NH—NH NOE cross-
peaks for G*C, U-A, and G-U base pairs, respectively./ Ribose sugar
puckers were centered about either ideal C2'- or C3'-endo conformations
or constrained to allow both conformations. Phosphate backbone torsion
angles y, 3, and € were restricted to t, g7, or g* conformations +25°
(32). ¢ A distance violation of 0.1 A corresponds to a 5.0 kcal energy
penalty. " A dihedral angle violation of 0.5° corresponds to a 0.003
kcal energy penalty. ' Calculated for minimized average structures.

phosphorothioate substitution has a substantial effect on the
conformation of the bulged A_;y nucleotide. For example,
there is an inter-base pair NH—NH NOE between G-, and
G- in the NOESY spectrum of the SRNA hairpin that is
absent from the corresponding spectrum of the oRNA hairpin
(Figure 2). Similarly, interresidue i — i+2 sugar to base
NOE:s between C—_;; and C—g are present only in spectra of
the SRNA hairpin, while sequential and cross-strand NOEs
involving the A_;p H2 atom are present only in spectra of
the oORNA hairpin. A summary of key NOEs is shown in
Figure 4. Together, these NOE data indicate that the A_jo
base is stacked between its flanking base pairs in the oORNA
hairpin and unstacked or extrahelical in the SRNA hairpin.

Alterations in the sugar—phosphate backbone accompany-
ing the change in A_;y conformation could not be detected
due to insufficient NMR data. The ribose conformations of
bulge region nucleotides (C—-;;, A-j9, C—9, G2, and G_),
determined from 3Jy;1» coupling constants and C1” and C3'
chemical shifts, are similar for the oORNA and sSRNA hairpins,
indicating that ribose sugar puckers are not significantly
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influenced by phosphorothioate substitution. The ribose of
A_jp adopts a conformation intermediate between C2'-endo
and C3'-endo while the ribose groups of the flanking base
pairs adopt the C3'-endo conformation. Strong P—HS5' and
P—H5" cross-peaks in 3'P-'H HetCor spectra indicate non-
trans conformations about 3 at P_;y in both the oRNA and
sRNA molecules, but lack of stereospecific H5'/HS" assign-
ments prevented the identification of constraints for this
torsion angle. Couplings between C—;; C2' and P—_;; are <5.0
Hz in both molecules, indicating trans conformations for the
C_y; € torsion angles. In the SRNA molecule, however, the
coupling between C_;; C4' and P_;; is also <5.0 Hz,
inconsistent with a single € conformation at this residue (22).
This torsion angle was left unconstrained in the structure
calculations.

Models of the oRNA and sRNA hairpins, calculated using
experimentally derived distance and torsion angle constraints,
confirm that the bulge region adopts substantially different
conformations in the two molecules. Figures 5 and 6 show
superpositions of the bulge regions from the converged
oRNA and sRNA structures. The conformations of the bulged
adenine and the two flanking base pairs are defined in both
hairpins by >90 constraints, primarily NOE-derived distances
(Table 1). The precision of the bulge region is the same for
both sets of structures (0.71 A RMSD), and the variabilities
of the bulged nucleotides’ positions also are about the same.
The somewhat poor superposition of the C_y*G—, base pair
flanking the 3’ side of the bulged nucleotide and the A—3°U,
base pair results from bends along the helix axes between
the upper and lower stems. However, it should not be
concluded that the presence of the bulged A-y nucleotide
directly leads to this bending since NMR methods define
the long-range structure (such as bending) of helical RNAs
less precisely than they define local structure (22). Figure 7
compares the bulge regions of the two molecules. In the
oRNA hairpin, the base of Ay intercalates between its
flanking C_;;*G_; and C_9*G_, base pairs, stacking into the
RNA helix directly between the pyrimidine rings of C_j;
and C_y. In the SRNA molecule, the Ay base occupies the
major groove, and its flanking base pairs stack against each
other.

Since the experimental data indicate that the A_ o nucle-
otide in both molecules has a sugar conformation intermedi-
ate between C2'-endo and C3'-endo, the initial structure
calculations were performed with constraints allowing both
conformations. These calculations, however, produced oRNA
and sRNA structures with exclusively C3'-endo and C2'-
endo Ay conformations, respectively. To test the robustness
of the Ao base position with respect to sugar conformation,
the Ao sugar of each hairpin was explicitly constrained to
C2'-endo or C3'-endo in separate calculations. In the oORNA
hairpin, A_y C2'-endo constraints do not alter A_;p;—C_g
stacking, but the A_ o base tends to shift toward the minor
groove side of the helix, partially destacking from the C_j;
base. In the SRNA hairpin, A_y C3'-endo constraints only
slightly modify the stacking of the G_;*C-;; and G_,*C9
base pairs, but the Ao base shifts from being nearly planar
with the G_,*C_,; base pair and extends toward the hairpin
loop, parallel with the helix axis. This latter conformation
predicts several intense yet unobserved NOEs and so does
not adequately satisfy the experimental data. In both cases,
the calculations produce fewer converged structures. Thus,
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FIGURE 4: Schematic diagram summarizing several key NOEs identified in the bulge and loop regions of the (A) oRNA and (B) sSRNA
hairpins. Solid lines indicate NOEs identified in only one of the hairpins. Dashed lines indicate NOEs identified in both hairpins. Ribose
sugar conformations are indicated as C3'-endo (open), C2'-endo (filled), or mixed C3'/C2'-endo (hatched).

FIGURE 5: Stereo superposition of (A) the loop region (Cy—G4) and (B) the bulge region (A4—Cs and G,5—Ug) from the 10 lowest-energy
structures of the oRNA hairpin. Structures are from oRNA calculations with A—,y C3'-endo constraints. Only sugar and base heavy atoms
are shown. Heavy atom RMSDs between the overlain structures and the average structure are 0.40 and 0.71 A for the loop and stem

regions, respectively.

the principal structural features of the bulged A—j( nucleotide
are largely independent of its sugar conformation, but the
details of how the A_jy base is accommodated within the
helix differ.

Effect of Phosphorothioate Substitution on Conformation
of the Stem and Loop Regions. Nucleotides in the stem
(G-16—U-12, Ay1—Cys) and loop (C_s—G-3) appear to
accommodate phosphorothioate substitution without sub-
stantial change in conformation. In both the oRNA and sRNA
hairpins, sequential base to HI' NOEs are continuous at 7,
= 180 ms, but interresidue U_¢—U_s and U_s—A_, correla-
tions are weak, consistent with C2'-endo conformations for
U_¢ and U_s. Also in both molecules, a sequential A_4 H2
to G_3 H1' NOE suggests stacking of the A_s and G_; bases.
It is worth noting that an analogous NOE is not observed

for a similar hairpin in which the closing base pair of the
AUUA loop is G_g*C—_3, and on which the A_4 base does
not stack (32).

Few differences in the sugar—phosphate backbone of the
stem and loop regions could be detected from the available
NMR data. As in the bulge region, ribose conformations are
similar for both molecules. U_¢ and U_s adopt the C2'-endo
conformation, A4 adopts a conformation intermediate
between C2'-endo and C3'-endo, and all other residues adopt
the C3'-endo conformation. For both molecules, HetCor
spectra indicate non-trans conformations about 3 at P_,.
Interestingly, a correlation between P_4 and U_s5 H2' is
present in the HetCor spectrum of the oRNA hairpin but is
absent from that of the sRNA hairpin. This difference
suggests that the P_4 €,§ torsion angle pair adopts a more
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FIGURE 6: Stereo superposition of (A) the loop region and (B) the bulge region from the 10 lowest-energy structures of the SRNA hairpins.
Structures are from sSRNA calculations with A_jy C2'-endo constraints. Only sugar and base heavy atoms are shown. Heavy atom RMSDs
between the overlain structures and the average structure are 0.71 and 0.72 A for the loop and stem regions, respectively.

planar ‘W’ conformation (g~ ,t) in the oRNA hairpin than in
the SRNA hairpin. The different chemical shifts of the P
resonances indicate that the backbone conformation between
U_¢ and A_7; may be altered by the neighboring phospho-
rothioate substitution. The 0.4 ppm downfield shift of the
P_¢ resonance in the SRNA hairpin suggests that o or { at
this site tends to have more trans character (33), possibly
allowing the U_¢, A_7, and C_g bases to stack as they do in
the oRNA hairpin. Finally, at several stem positions, P—H4'
correlations suggest a t,g* conformation for the 3,y dihedral
angle pair for both molecules (22).

Figures 5 and 6 show the superpositions of the loops.
Unlike the bulge regions, the precision to which the loops
of the two hairpins are defined differ significantly—0.40 and
0.71 A RMSD for oRNA and sRNA, respectively. The
precision of the oRNA hairpin loop is similar to that achieved
for another RNA hairpin containing the AUUA nucleotide
sequence (32). The oRNA hairpin has ~4 more distance
constraints per loop residue than the SRNA, and several of
these constraints involve protons of nucleotides A—; and A_4.
The lack of isotopic enrichment of the adenine nucleotides
in the SRNA molecule and the terminal positions of A_7 and
A_4 in the loop presumably lead to the lower precision of
the sSRNA loop.

Figure 7 compares the loop regions from calculated
structures of the oRNA and sRNA hairpins. In both
molecules, the base of A_; extends across the major groove
and stacks on the C_g*G_3 base pair. The base of U_g stacks
on that of A_7, and the base of U_s extends into the major
groove away from the loop. Interestingly, the phosphorothio-
ate at P_; does not impair stacking of A_;. In many of the
converged structures, the base of A_4 is roughly coplanar
with the base of A_7, but there is no experimental evidence
for hydrogen bonds between the two bases (32). In the oRNA
hairpin, the helical twist between A4 and G_3 is discontinu-

ous, the A_4 base is recessed into the minor groove, and the
A4 2'-OH points into the major groove. In the SRNA hairpin,
the A-form helix of the upper stem continues into the loop,
allowing the A_, base to stack on G_3 with the A_4 2'-OH
pointing into the minor groove. Although the torsion angles
of the phosphate backbone within each family of calculated
structures are somewhat variable, the phosphate and the
phosphorothioate families have different configurations of
o, 3, and & at P_4. In the oRNA hairpin, these angles often
adopt the g /tt/g ,g" conformations, but in the SRNA
hairpin, these angles are more often g~,g.t. The geometry
of the lower stem in both molecules is very similar to that
of a standard A-form helix. The a and  torsion angles at
P_i5 and P4, were left unconstrained in all calculations and
usually adopt the A-form g~,g~ conformation in both
hairpins.

Effect of Phosphorothioate Substitution on RNA Stability.
The thermal stability of the two hairpins was investigated
using UV melting experiments to measure overall molecular
stability (7},) and using the temperature dependence of base
"H chemical shifts to assess the stability of specific nucle-
otides (T,s). The UV melting experiments yield 7o, values
of 60 and 65 °C for the oRNA and sRNA hairpins,
respectively (Figure 8). The increased stability of the SRNA
hairpin is unexpected, since Rp phosphorothioate substitution
in oligonucleotide DNA duplexes destabilizes the duplex and
decreases Ty, (30, 34).

In an effort to identify specific regions of the hairpin that
might be preferentially stabilized by phosphorothioate sub-
stitution, the temperature dependencies of adenine H2 and
pyrimidine H5 base chemical shifts were determined for both
hairpins. These chemical shifts are sensitive to the degree
of base stacking within the helix, but quantitative interpreta-
tion of the shifts can be complicated by chemical exchange
processes (35). In the oRNA hairpin, nucleotides near the 3’
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FIGURE 7: (A, B) Stereoview of the bulge and loop regions from minimized average structures of the (A) oRNA and (B) sSRNA hairpins.
View is into the major groove. A_j, is shown in red, C_;;*G_; and C_¢°G_; base pairs are shown in green, and A_; and A_, are shown
in blue. Positions of phosphorothioate substitution are shown in black, Rp oxygen atoms are shown in pink, and Rp sulfur atoms are shown
in yellow. Phosphorothioate substitution causes little or no change in the conformation of the stem and loop regions but extrudes Ao out
of the RNA helix into the major groove. This rearrangement dramatically alters the array of functional groups accessible at the surface of

the molecule.
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FIGURE 8: Overlay of the UV melting curves of the oRNA (dashed
line) and sRNA (solid line) hairpins. The 7,,’s of the oRNA and
sRNA hairpins are 60 and 65 °C, respectively. The uncertainty in
each value is £0.5 °C.

end of the loop have the lowest transition midpoints (7¢s),
indicating that this region is the least stable. The most stable
region is the center part of the lower stem. The SRNA hairpin
exhibits the same trend, but phosphorothioate groups in the
loop and stem slightly enhance the stability of adjacent
nucleotides, leading to T, values 3—5 °C higher than those
observed for the oRNA hairpin (Table 2).

The temperature dependencies of the oRNA and sRNA
Ao H2 resonances differ but are consistent with the NMR-
derived conformations of the A_;o bases. The chemical shift
of the oRNA A_ o H2 shifts downfield 0.21 ppm and has a
T.s of 59 °C, but the SRNA A_;o H2 resonance does not

exhibit a temperature-dependent chemical shift change. In
the sSRNA, the bulged adenine base is extrahelical, and its
H2 resonance is not expected to be influenced significantly
by ring currents of the flanking bases. However, since the
bulged adenine base of the oRNA hairpin stacks into the
helix, the chemical shift of its H2 resonance is expected to
change as the helix melts. Another difference between the
two molecules is that the H8 of G, and G-, in the sSRNA
hairpin each give rise to a pair of resonances differing by
~0.15 ppm at ~57 °C. This doubling of resonances is not
observed in the oRNA hairpin. Resonance doubling on the
partner strand could not be detected for either molecule,
although crowding could partially obscure doubling of the
C-i; and C—9 H6 and H5 resonances. The doubling of peaks
occurs near the T, of G-, and G, and is likely the result of
slow exchange of the phosphate backbone between two
conformations or partial local destacking around the bulge
just prior to melting.

DISCUSSION

We have found that phosphorothioate substitution sub-
stantially alters the conformation of an RNA hairpin contain-
ing the binding site for phage MS2 capsid protein. This
hairpin contains a single bulged adenine necessary for protein
binding that, in the unmodified form of the free RNA, stacks
into the helix between its flanking base pairs (Figure 7A).
When the phosphates 5’ to all five adenine residues in this
hairpin are replaced with Rp phosphorothioates, the bulged
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Table 2: T, Values for Resolved Adenine H2 and Pyrimidine H5 Resonances of the oRNA and sSRNA Hairpins®

Az U-2 Con Ao Coy Cg A U Us Ay A Us Cis Uiy Cis
oRNA 58 64 60 59 - 58 62 nc nc 58 59 - 60 54
sRNA - 65 65 nc - 64 63 nc nc — 64 — 63 61

@ (—) indicates that the resonance could not be identified unambiguously at elevated temperatures, and nc indicates that the chemical shift of the
resonance does not change with temperature. All resonances had chemical shift changes >0.2 ppm downfield, and all T values are £2.0 °C.

adenine is extruded into the major groove, and its flanking
base pairs stack against each other to close the gap (Figure
7B). This conformational rearrangement dramatically alters
the array of functional groups and electrostatic charges
accessible at the surface of the molecule. For example, the
major groove face of the cytidine 3’ to the extruded adenine
is buried entirely and shielded from potential interactions
with proteins or other ligands. While the MS2 capsid protein
makes no known contacts to this cytidine, the ability of
phosphorothioates to alter RNA conformation suggests that
the phosphorothioate substitution—interference experiments
commonly used to identify phosphate sites involved in
RNA—ligand binding may be vulnerable to conformational
artifacts.

Despite the large effect at the bulged adenine, most
modified sites accommodate phosphorothioate substitution
with little or no change in conformation. Substitution
increases the stability of adjacent A-form nucleotides and
increases the stacking between A_, and G_3; but does not
seem to affect ribose sugar puckers or the stacking of A_.
The minor effects seen are similar in magnitude to those
observed for substitutions in helical regions of DNA, which
cause adjacent deoxyribose sugars to populate the C3'-endo
conformation to a greater extent but leave the overall
structure largely unchanged (/7). These results suggest that
changes in conformation caused by phosphorothioate sub-
stitution are likely to be restricted to regions of nucleic acids
with irregular secondary structure.

Possible Mechanisms of Phosphorothioate-Induced Con-
formational Change. We envision at least two possible ways
in which substitution could alter RNA conformation. First,
the large size of the sulfur atom may prevent the phosphate
backbone around P-j from adopting a geometry required
for the bulged adenine to stack into the helix. For example,
steric hindrance between the Rp sulfur atom and the adjacent
C3' or C5' atoms may prevent certain configurations of the
o and & torsion angles. These torsion angles cannot be
measured directly using NMR spectroscopy, but a and &
conformations have been empirically correlated in DNA with
the chemical shift of the intervening *'P nucleus (33). Similar
chemical shift correlations have not been derived for RNA
or for phosphorothioate-modified nucleic acids, but the
reversed resonance positions of P relative to P53, P_7,
and P4, in the oRNA and sSRNA molecules suggest that the
hairpins may have different a and { geometries. Indeed, these
angles tend to have different conformations in the calculated
structures of the two hairpins. This is consistent with quantum
mechanical free energy calculations which predict different
o and ¢ torsion angle conformations for phosphates and
phosphorothioates (36). It is also noteworthy that the
backbone around P_jy tends to have a more regular A-form
geometry in structures of the phosphorothioate-modified
hairpin than those of the unmodified hairpin. It is possible
that Rp phosphorothioate substitution destabilizes non-A-form

backbone geometries. If so, this would also account for our
observation that modification provides greater thermal stabil-
ity to adjacent A-form RNA nucleotides.

Alternatively, phosphorothioate substitution could alter
RNA conformation indirectly by modifying the hydration
pattern of the hairpin. RNA helices contain a network of
water molecules in the major groove connecting adjacent
phosphates through their pro-Rp phosphoryl oxygen atoms
(37). Although phosphorothioate substitution does not change
the net charge of the phosphate backbone, the different size
and polarizability of the sulfur atom may alter the organiza-
tion of bound water molecules in the major groove and
destabilize the stacked conformation of the unpaired adenine.
Organized water molecules have been shown to play an
important role in stabilizing the complex between home-
odomain protein MATo2 and its DNA recognition duplex
(38). Methylphosphonate substitution interferes with forma-
tion of the protein—DNA complex at discrete stereospecific
phosphoryl oxygen sites, some of which contact the home-
odomain protein only indirectly through bound water mol-
ecules. Although phosphorothioate substitution at these sites
does not affect the hydration network of the MATo2—DNA
complex, the cumulative effect of multiple substitutions in
a single molecule, such as in our study, may be sufficient to
affect the bound water structure of RNA.

Implications for Binding of Phage MS2 Capsid Protein
to Its RNA Operator. In light of the large effect phosphoro-
thioate substitution has on the conformation of the bulged
adenine, it is unusual that substitution at this site has no effect
on binding of the hairpin to phage MS2 capsid protein (7).
The bulged adenine plays a crucial role in formation of the
protein—RNA complex and is essential for protein binding
(39). In crystal structures of the complex, the bulged adenine
is looped out of the helix into the major groove and makes
several specific contacts in a pocket on the surface of the
protein (40). While there are no contacts to P_j, it is
reasonable to expect a conformational change of the sort
observed in our study to increase binding affinity by reducing
the amount of structural rearrangement within the hairpin
stem necessary to form the protein—RNA complex. The lack
of an observed effect might be due to sequence differences
between the RNA hairpin used in our study and those used
in substitution—interference experiments. The bulged adenine
in our hairpin is flanked by cytidine residues, while in most
hairpins used for phosphorothioate interference experiments
the bulged adenine is flanked by guanine nucleotides (7). It
is possible that the large conformational change we observe
is sensitive to this molecular context and would not occur
for different flanking base pairs. Alternatively, phosphoro-
thioate substitution at P_, could fail to alter binding affinity
because conformational rearrangement of the hairpin loop,
rather than the bulged adenine, is the rate-limiting step in
formation of the protein—RNA complex. This is supported
by the observation that a variant hairpin containing an
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unusual A-(A-U) bulge motif with a hydrogen bond to a
protonated adenine has a binding affinity that is unaffected
by pH (32), and by the observation that the variant AUCA
tetraloop binds nearly 100-fold more tightly than the wild-
type AUUA due to an intramolecular hydrogen bond that
stabilizes the protein-bound loop conformation (40).

Of the five phosphorothioate substitutions in the sSRNA
hairpin, only one has a measurable effect on binding affinity
(7). Substitution of P_; with Rp phosphorothioate increases
binding affinity 4-fold (7). Since the structure of this site in
the SRNA hairpin is virtually identical to that in the oORNA
hairpin and to that in the protein—RNA complex (40), our
data support earlier interpretations (47) that the increase in
affinity is due to reinforcement of an electrostatic interaction
between the Rp phosphoryl sulfur atom and Lys57 of the
capsid protein. Substitution of P_¢ with Rp phosphorothioate
or with phosphorodithioate increases binding affinity 20-fold
(41) despite the fact that there are no contacts between P_g
and the capsid protein in crystal structures of the complex
(40). In light of the results presented here, we propose that
the Rp sulfur atom destabilizes the conformation of the free
RNA, in which the base of U_¢ stacks on the base of A_4
with a non-A-form backbone geometry around P_¢, and thus
increases binding affinity by promoting faster rearrangement
between the free and bound conformations of the hairpin
loop.

CONCLUSIONS

Phosphorothioate substitution—interference experiments
are a useful and widespread way to identify specific
phosphoryl oxygen sites in nucleic acids that form direct
contacts with ligands such as proteins or divalent metal ions
and sites that participate in RNA-directed catalysis. We have
found, however, that phosphorothioate substitution can have
large effects on the conformation of RNA molecules. These
results suggest that phosphoryl oxygen sites identified by
substitution—interference experiments have the potential to
be false positives that are not directly involved with the
biological function of the RNA being studied. Instead,
substitution at these sites may alter the conformation of the
molecule from its biologically active state. Phosphorothioate
substitution appears to be less likely to alter conformation
in regions of regular duplex secondary structure, but the fact
that many of the functionally important regions of RNA
molecules have irregular or unusual secondary structures
complicates the use of substitution—interference experiments
to study RNA structure and function.
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