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ABSTRACT

Intramolecular dynamics of guanine and uracil bases in a 14-nt RNA hairpin including the extraordinarily stable UUCG
tetraloop were studied by >N spin relaxation experiments that are sensitive to structural fluctuations occurring on a
time scale of picoseconds to nanoseconds. The relaxation data were interpreted in the framework of the anisotropic
model-free formalism, using assumed values for the chemical shift anisotropies of the '°N spins. The rotational
diffusion tensor was determined to be symmetric with an axial ratio of 1.34 + 0.12, in agreement with estimates based
on the ratio of the principal moments of the inertia tensor. The model-free results indicate that the bases of the G-U
pair in the tetraloop are at least as rigid as the interior base pairs in the stem, whereas the 5’'-terminal guanine is more
flexible. The observed range of order parameters corresponds to base fluctuations of 19-22° about the y torsion
angle. The results reveal dynamical consequences of the unusual structural features in the UUCG tetraloop and offer
insights into the configurational entropy of hairpin formation.
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INTRODUCTION group of the C in position three. The second and third

The RNA sequence CUUCGG is an abundant struc- nucleotides (U-C) assume unusual torsion angles, in-
tural element of extraordinarily high stability (Tuerk cludmg the extended 2'-endo ribose .Conformatlon; the
et al, 1988; Antao et al., 1991; Antao & Tinoco, 1992) v torsion angle of the fourth nucleotide (G) adopts the
that has been proposed to function as a nucleation site /4% conformation (Cheong et al., 1990; Varani et al.,
for RNA folding and as a protein recognition site (Tuerk 1991 Allain & Varani, 1995). The base of the U in po-
et al.,, 1988; Varani, 1995). The underlined UUCG se- sition two appears to be largely disordered, and does
quence forms a tetraloop, and the bracketing nucleo- not provide any stabilizing intgractions (Cheong etal,
tides form a closing base pair that occurs with high 1990; Varani et al., 1991; Allain & Varani, 1995). The

frequency (Varani, 1995). Solution NMR studies of the characteristic structure of the tetraloop, rather than the
UUCG tetraloop have revealed a compact structure stability per se (Selinggr et al., 1993), prevents reverse
that exhibits extensive base stacking and a large num- ~ franscriptase from reading thr.ough the sequence (Tuerk
ber of additional favorable intramolecular interactions. €t al-, 1988) and imparts resistance against nucleases
The U-G base pair (with the G in syn conformation) (Adams & Stern, 1990). N .

between the first and last tetraloop nucleotides in- ‘The UNCG and GNRA families of stable RNA hair-
volves both base-base and base-sugar hydrogen bonds. ~ Pins (Where N is any nucleotide and R is purine) have
A kink in the phosphodiester backbone between the ~ VETY .smrular overa.ll folds (Cheong gt al., 1990; Heus &
first and second nucleotides (U-U) provides the requi- Pardi, 1991; Vargm et al., 1991; Allain & Varani, 1995).
site strand reversal, and is stabilized by hydrogen bonds However, the biological roles of these two sequences

between a phosphate oxygen and the exocyclic amino ~ @PP€ar different. GNRA loops often are involved in
tertiary interactions in larger RNAs and also function

. _ as protein binding sites, whereas UNCG loops have
Reprint requests to: Arthur G. Palmer III, Department of Biochem-

istry and Molecular Biophysics, Columbia University, 630 West 168th not ‘been' observed yet in t?rtiary RNA Cont'a.CtS/ and
Street, New York, New York 10032, USA; e-mail: agpé@columbia.edu.  are implied less frequently in protein recognition (Va-
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rani, 1995). These differences have been attributed to
distinct dynamical properties of the two sequences:
the GNRA family appears more flexible and tolerant
of conformational changes important for molecular rec-
ognition (Varani, 1995). In keeping with this hypoth-
esis, UNCG tetraloops are more stable than GNRA
tetraloops (Antao et al., 1991; Antao & Tinoco, 1992).
The thermodynamics of UUCG tetraloop formation in-
volve negative values of both AH and AS that are
roughly twice as large as those for moderately stable
tetraloops, e.g., UUUU (Antao & Tinoco, 1992). Fur-
thermore, estimates based on nearest-neighbor effects
(Freier et al., 1986) suggest that AH and AS of UUCG
tetraloop formation are of larger magnitude than the
values expected for the same sequence forming a ter-
minal mismatched duplex.

In order to delineate the relationships between the
structures, thermodynamic stabilities, and biological
functions of tetraloops, structural studies must be com-
plemented by characterization of equilibrium confor-
mational fluctuations. Measurement of nuclear spin
relaxation by NMR spectroscopy is a powerful ap-
proach for studying conformational fluctuations at
atomic resolution (Kowalewski, 1989, 1991). A number
of methods have been developed to interpret spin re-
laxation data in terms of intramolecular dynamic pro-
cesses (London, 1980; Heatley, 1986). Currently, the
most common treatments for globular macromolecules
are the model-free formalism (Lipari & Szabo, 1982)
and the spectral density mapping procedure (Peng &
Wagner, 1992; Farrow et al., 1995; Ishima & Nagayama,
1995). The former parameterizes the amplitudes and
time scales of intramolecular motions with minimal
specification of a particular motional model. The latter
evaluates the spectral density function directly at cer-
tain discrete frequencies. The amplitudes of the bond
vector reorientations provide an estimate of the con-
figurational entropic contribution to molecular pro-
cesses, such as folding and ligand binding (Akke et al.,
1993; Yang & Kay, 1996). Previous spin relaxation stud-
ies of nucleic acid dynamics generally can be divided
into two categories that depend on the size and shape
of the molecules. Large DNA duplexes have highly
anisotropic geometries and undergo collective bend-
ing and twisting motions of the helix that require the
molecules to be modeled as flexible rods, reviewed in
Robinson and Drobny (1995). In contrast, shorter du-
plexes and hairpins are compact molecules for which
overall and internal motions are essentially decou-
pled; consequently, the intramolecular dynamics can
be analyzed successfully using the model-free ap-
proach (Williamson & Boxer, 1989; Borer et al., 1994;
King et al., 1995) or simple physical models (Wang
et al., 1994; Gaudin et al., 1995).

The recent development of techniques for the prep-
aration of RNA molecules uniformly enriched with
>N and *C spin-1/2 stable isotopes (Batey et al., 1992,

703

1995; Nikonowicz et al., 1992; Varani et al., 1996) have
made possible the study of RNA by multidimensional
heteronuclear NMR methods (Nikonowicz & Pardi,
1993; Pardi, 1995; Varani et al., 1996). In addition to
simplifying structure determination, isotopic labeling
makes possible the characterization of intramolecular
dynamics by heteronuclear spin relaxation experi-
ments (King et al., 1995).

The 14-nt hairpin GGCACUUCGGUGCC (Fig. 1)
forms an integral part of a 40-nt ATP-binding aptamer,
the structure of which was determined recently in so-
lution by NMR methods (Jiang et al., 1996). As an
initial stage in characterizing the role of conforma-
tional dynamics in structure, stability, and function of
RNA motifs, the internal dynamics of guanine and
uracil bases in the 14-nt hairpin have been character-
ized on a picosecond to nanosecond time scale using
>N spin relaxation NMR spectroscopy. The paucity of
information on the chemical shift anisotropies of base
imino '°N spins renders the absolute quantifications of
structural fluctuations uncertain, but useful informa-
tion on the relative motional amplitudes of individual
nucleotide bases is obtained. The results provide in-
sights into entropic contributions from changes in con-
formational fluctuations to the process of hairpin
formation, and form the basis for further studies on
the sequence- and context-dependent dynamics of RNA
motifs.

RESULTS AND DISCUSSION

The 14-nt hairpin contains five guanines and three ura-
cils. Spin-lattice (R;) and spin-spin (R;) relaxation rate
constants and {'H}-">N NOEs were obtained for seven
of these nucleotides. Data were not obtained for U7 (in
position two of the loop), which has few interactions
with the rest of the nucleotides, and whose imino pro-
ton is in fast exchange with solvent protons. The re-
laxation parameters are presented in Table 1. Parameter
values range from 1.90-2.20 (mean = 2.04 * 0.11) s™!
for Ry, 5.70-6.40 (mean = 6.19 =+ 0.23) s~ ! for R,, and
0.71-0.75 (mean = 0.74 * 0.01) for the NOE.

Rotational diffusion anisotropy

The diffusion tensor was calculated using Equation 5.
The F statistic comparing analyses including and ex-
cluding G1 indicates that exclusion of G1 improves the

5-GGCAC thy
ycceueGC

FIGURE 1. Diagram of the 14-nt hairpin. Base pairs in the stem are
indicated by solid vertical lines. The mismatched base pair between
U6 and G9 in the tetraloop is indicated by a dashed vertical line.
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TABLE 1. Model-free and relaxation parameters.

M. Akke et al.

Residue s? 7 (ps) 0 (°) Ry (s71) Ry (s7Y) NOE

G1° 0.74 = 0.01 — — 1.95 + 0.06 6.24 + 0.14 0.74 = 0.02
G2 0.787 = 0.003 — 56 = 8 2.09 + 0.02 6.40 = 0.03 0.750 = 0.006
U6 0.773 = 0.008 9+4 38 + 13 1.94 = 0.03 6.21 + 0.08 0.71 = 0.01
G9 0.807 = 0.002 4+2 79 =5 2.20 = 0.01 6.37 *+ 0.02 0.733 = 0.004
G10 0.776 = 0.003 - 80 +9 2.10 = 0.01 6.13 = 0.03 0.741 = 0.005
Ul1 0.760 * 0.004 — 79 + 5 1.97 = 0.02 5.70 = 0.03 0.741 * 0.005
G12 0.780 * 0.003 — 63 + 6 2.12 = 0.02 6.26 = 0.03 0.750 = 0.006

2G1 was optimized with an isotropic model using S? and a value for 7. = 5.7 = 0.2. This corresponds to a calculated

effective # = 31°, as discussed in the text.

rotational diffusion analysis (at the 90% confidence
level; p = 0.089). The local diffusion coefficient, D, for
G1 deviates from Equation 6, whereas the values of D
for the other bases adhere to the equation (data not
shown). Because G1 is the 5'-terminal base, the N-H
bond vector may sample a wide range of orientations
due to fraying of the duplex, and the orientation of
the bond vector in the molecular model may not be
accurate. Accordingly, G1 was excluded from the final
analysis to yield the ratio D,/D, = 1.34 * 0.12 and the
effective overall rotational correlation time 7. =
(6Djs,) "' = 5.4 = 0.1 ns [corresponding to D, = (2.77
0.11)-10” s~ 'and D, = (3.71 = 0.21)-10” s " !]. Jackknife
analyses (Mosteller & Tukey, 1977) indicated that the
reported uncertainties may be overestimated by 40-
50%. F-statistical testing indicates that the axially sym-
metric model is a significant improvement over the
isotropic model (p = 0.010), whereas the fully aniso-
tropic model is not significantly better than the axially
symmetric model. The axially symmetric model and
the value of D,/D, obtained here are in reasonable
agreement with estimates based on the principal mo-
ments of the inertia tensor. Discounting the effects of

G 4

G10

hydration, which tend to reduce the apparent rota-
tional anisotropy, the relative values of 1.00, 0.97, 0.42,
yield I,/I, = 0.43 and correspond to D,/D, = 1.54. As
noted below, the anisotropic distribution of N-H bond
vector orientations over the sphere in the RNA hairpin
and paucity of data results in relatively poor precision
for the principal components of the diffusion tensor.

Model-free analysis

Model-free parameters are summarized in Table 1, and
the order parameters are coded onto the structure in
Figure 2. Using the axially symmetric diffusion tensor
determined above, the relaxation data for six bases
were represented adequately by simple models for the
spectral density function. G2, G10, U11, and G12 were
optimized using S? only. U6 and G9 were optimized
using S? and 7,. The generalized order parameter for
G1 was optimized using the isotropic diffusion model
and 7. = (6D) ! = 5.7 ns derived from R,/R;. Using
the global values of D, and D,, this value of D implies
an effective polar angle § ~ 35°, compared to § ~ 51°
for G1 in the hairpin model. The values of S? vary

FIGURE 2. Stereo view of the hairpin model.
The order parameters are coded onto the bases
using a continuous scale of bond thickness, with
52 = .74 (thin) for G1 to S? = 0.81 (thickest) for
G9. The N-H bond vectors of the characterized
spins are highlighted in black. The backbone
and ribose moieties, as well as the noncharac-
terized bases (U7 and the adenine and cytosine
bases) are depicted using thinner bonds. For
clarity, only heavy atoms are shown (except for
protons attached directly to the characterized
nitrogen atoms), and oxygens of the ribose rings
are omitted. The figure was prepared using
MOLMOL (Koradi et al., 1996), generously made
available by the laboratory of Professor K.
Wiithrich.
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between 0.74 and 0.81. The lowest value is obtained
for G1 and the highest value is obtained for G9, the
critical fourth nucleotide of the tetraloop. U6, which
forms a base pair with G9, has a value of 52 of 0.77,
similar to the values for bases in the stem (G2, G10,
U11, G12), which range between 0.76-0.79. As men-
tioned above, the ambiguity in the values of the °N
CSA in the imino groups obfuscates comparisons be-
tween order parameters for U and G nucleotides. The
order parameters obtained here agree with those re-
ported previously for nucleotide base C-H bond vec-
tors in short DNA duplexes, 52 ~ 0.7-0.8 (Borer et al.,
1994), and in the stem and terminal loop of a 29-nt
segment of the HIV-1 ATAR RNA, S ~ 0.6-0.9 (King
et al., 1995), but are significantly larger than those ob-
served in a DNA pentaloop, 5 ~ 0.5-0.65 (Williamson
& Boxer, 1989). Bases in the stem do not require an
effective correlation time constant for the internal mo-
tion, 7,, in the model-free optimization, whereas U6
and G9 do, suggesting that the time scale of base dy-
namics are different for the G-U pair in the tetraloop
and the stem base pairs. A similar pattern was ob-
served in ATAR RNA, where bases in the bulge and
loop had significantly higher internal correlation times
than those in the stem (King et al., 1995). More de-
tailed interpretation of 7, requires specification of a
motional model (Lipari & Szabo, 1982) and is not at-
tempted herein.

Base plane fluctuations

The mean value and standard deviation of the angle 8
between the N-H bond vector and the C;-N glycosidic
bond vector, as calculated for the hairpin model, were
59.0 = 1.8° and 70.68 * 0.03° for guanine and uracil,
respectively. Using these mean values, the range of
order parameters correspond to base plane fluctua-
tions around the y torsion angle of o, = 19-22°, as
obtained from Equation 7. These values should be taken
as upper bounds on the base plane fluctuations, be-
cause the effects of possible librational motions of the
N-H bond vector in the frame of the base plane have
not been considered prior to application of Equation 7;
o, may be decreased by ~4° if fast librations reduce
the time correlation function to 0.90-0.95, as is typi-
cally seen in molecular dynamics simulations (Palmer
& Case, 1992). The values of o, agree with previous
evaluations of y torsion angle fluctuations in nucleo-
tides. In a solid-state “H NMR study of purine motion
in a 12-base pair RNA duplex, the experimental data
were described best by the “restricted diffusion on a
cone” model (Wittebort & Szabo, 1978), using an am-
plitude of angular excursions Ay of 19 = 12° (Wang
et al., 1994). Thymine 13C, relaxation in a DNA do-
decamer in solution has been modeled by restricted
rotation around the C;-N; bond with Ay = 28° (Gau-
din et al., 1995). The y torsion angle is one of the major

705

determinants of nucleic acid structure (Saenger, 1984);
consequently, characterization of fluctuations around
this torsion angle is of particular relevance for im-
proving atomic descriptions of nucleic acid structural
dynamics.

Correlations between structure,
stability, and dynamics

The present results provide information on the relative
amplitude of internal motions on a time scale of pico-
seconds to nanoseconds. The most significant results
concern the base pair in the tetraloop: G9 is the least
flexible base in the entire hairpin and U6 is approxi-
mately as rigid as bases in the stem. These observa-
tions complement the results from previous studies on
stability and structure of the UUCG tetraloop (Cheong
et al.,, 1990; Antao et al., 1991; Varani et al., 1991; Antao
& Tinoco, 1992; Allain & Varani, 1995). As discussed
above, UUCG tetraloop formation involves favorable
enthalpy and unfavorable entropy of unusually large
magnitudes. The structural basis for the favorable en-
thalpy of tetraloop formation is revealed by the recent
high-resolution NMR structure, which showed that the
U6 and G9 bases form a unique base pair, and are well
stacked onto the stem of the hairpin structure (Allain
& Varani, 1995). The base of G9 forms three hydrogen
bonds involving both the base and ribose moieties of
Ué: the exocyclic amino group as well as N;-H; of G9
interact with O, of U6, whereas O, of G9 interacts with
the 2'-hydroxyl group of U6; N3-Hj of U6 is not in-
volved in any hydrogen bonds. Comparisons of the
order parameters of G9, on the one hand, and the
mean of the internal stem guanines (G2, G10, G12), on
the other, yield insights into the molecular basis for the
thermodynamic stability of the UUCG tetraloop. A
higher degree of motional restriction may be a signa-
ture of more favorable interaction enthalpy. Thus, the
present results are in consonance with the thermo-
dynamic and structural data: the base of G9 is slightly
more restrained motionally than the corresponding
bases in the stem. Order parameters can be used to
estimate an upper bound on the change in free energy
and entropy (Akke et al., 1993; Yang & Kay, 1996) that
result from motional restriction. The small differences
in S? values between G9 and the stem guanines, and
between U6 and Ul11, indicate that the entropic pen-
alty associated with tetraloop formation arising from
changes in fluctuations of these nucleotide bases is
comparable to that of duplex formation. In contrast,
the ribose rings of the second and third nucleotides in
the tetraloop populate exclusively the C,-endo con-
former (Cheong et al., 1990; Varani et al.,, 1991), and
therefore appear to be quite rigid. Taken together,
these data may suggest that the unfavorable entropy
of forming the UUCG tetraloop involves larger contri-
butions from motional restriction of the backbone than
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the bases, relative to a duplex. Complementary data
on C (Borer et al.,, 1994; King et al., 1995) and *'P
(Schweitzer et al., 1995) spin relaxation in the ribose
moieties and phosphate backbone, respectively, will
be useful for further characterization of the backbone
fluctuations.

MATERIALS AND METHODS

Theory

Relaxation of an imino °N spin is dominated by the dipolar
interaction with the directly attached 'H spin and by the
chemical shift anisotropy (CSA). The spin-lattice, spin-spin,
and steady-state NOE relaxation parameters are given by
(Abragam, 1961):

Ry = (@*/9)[](wy — wn) + 3](wn)
+ 6] (wy + wn)] + c?J(wy), 1)

R, = (d*/8)[4](0) + J(wy — wn) + 3](wy)
+ 6](wy) + 6]/(wy + wn)]

+ (C2/6)[4](0) + 3]((‘)7\])] + Rexr (2)
NOE =1 + (d%4R)(yn/n)
X [6](wy + wn) — J(wg — wn)], 3)

respectively, in which d = pohynyu(rvi)/8m% ¢ = wyAo/
\V3; wo is the permeability of free space; h is Planck’s con-
stant; y;; and yy are the gyromagnetic ratios of 'H and N,
respectively; ryy = 1.01 A is the nitrogen-hydrogen bond
length, chosen slightly larger than the vibrationally aver-
aged values obtained using the AMBER or CHARMM po-
tentials (Cornell et al., 1995; MacKerell et al., 1995); wy and
wy are the Larmor frequencies of 'H and '°N, respectively;
R, is a parameter that accounts for possible contributions
from conformational exchange to the transverse relaxation
rate (Bloom et al., 1965); and Ao is the CSA, assumed to have
values of —130 and —100 ppm for guanine N; spins and
uracil Nj spins, respectively (see below). The dipolar inter-
action strengths for 3C-°N and 'H-'°N spin pairs have
the ratio dic/dén = y&(rnf)/ (YE{rnf) =~ 1%,; thus, the pres-
ence of 1°C nuclei in the doubly labeled sample does not
impact significantly on the relaxation measurements. The
amplitudes and time scales of the intramolecular motions
are determined from the relaxation data by using the model-
free formalism (Lipari & Szabo, 1982; Clore et al., 1990). In
the present case, the spectral density function accounts for
axially symmetric overall rotational diffusion and indepen-
dent internal motions of the N-H bond vector in the princi-
pal axis frame of the diffusion tensor (Halle & Wennerstrém,
1981; Lipari & Szabo, 1982; Schurr et al., 1994; Zheng et al.,
1995):

_ 2 2 Aka
J(w) = g{sz |:k§0 1+ (‘DTk)Z]

n| & Ak
+(1—S)Em , @

k=0

M. Akke et al.

in which 7! = 6D, — k*(D, — D)), # = 7.1e/(Te + T4);
D, and D, are principal components of the diffusion tensor
parallel and perpendicular, respectively, to the unique axis;
7. is the effective correlation time for internal motions on a
fast time scale defined by (wy — wn)?72 << 1; Ap = (1/4) X
(Bcos?8 — 1)%; A; = 3sin?fcos?6; A, = (3/4)sin*8; 0 is
the angle between the N-H bond vector and the unique
axis of the diffusion tensor; and S? is the square of the
generalized order parameter characterizing the amplitude
of the internal motion. Generalized order parameters range
from zero for isotropic internal motions to unity for com-
pletely restricted motion in a molecular reference frame.
In the following, S? is referred to simply as the “order
parameter.”

The degree of rotational diffusion anisotropy can be de-
termined from the R,/R; ratios (Tjandra et al., 1995; Zheng
et al., 1995) or local diffusion constants D (Briischweiler
etal., 1995; Lee et al., 1997) for each spin; the latter approach
was used in the present study. Briefly, a set {D} is obtained by
fitting an isotropic diffusion model to the R,/R; ratios for
those bond vectors that experience only fast internal motions
of low amplitude (ie., 7. and 1 — S? are small). For low
degrees of anisotropy of an axially symmetric tensor (Briisch-
weiler et al., 1995; Lee et al., 1997):

D= (D, + D\\)/z
+ (D, — Dy)(as x + asy + ax32)%/2, ®)

in which e = (x, y, z) are the direction cosines of the N-H
bond vector in a molecular frame, as obtained from a model
structure of the RNA hairpin (see below); and a3 =
sin 6p cos ¢p, a3, = sin Opsin ¢p, and as3 = cos Op define the
orientation of the symmetry axis of the diffusion tensor in
the molecular frame. In the principal axis frame of the dif-
fusion tensor, Equation 5 reduces to:

D = Dy, — (3cos®> 8 — 1)(D, — D,)/6, (6)

in which D;, = 2(D, + D,)/3. Equation 6 provides a con-
venient way of evaluating the distribution of bond vector
orientations in the diffusion frame. Expressions for isotropic
and anisotropic diffusion have been given elsewhere (Briisch-
weiler et al., 1995; Lee et al., 1997).

Order parameters can be interpreted in terms of specific
motional models. A particularly useful interpretation of the
order parameters in the present system is given by the Gauss-
ian axial fluctuation (GAF) model (Briischweiler & Wright,
1994), which describes a Gaussian distribution of bond vec-
tor orientations on the surface of a cone:

$2 =1 — 3sin? B{cos? B(1 — exp[—oZ])
+ (1/4)sin? B(1 — exp[—4a'§])} @)

in which B is the (fixed) angle between the bond vector
equilibrium position and the director axis for the motion
(the axis of the cone), and o, is the standard deviation of
the fluctuation in the azimuthal angle. The GAF model is a
modification of the “restricted diffusion on a cone” model
(Wittebort & Szabo, 1978) to include a harmonic potential.
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In order to use the GAF model to relate the order parameter
of the imino nitrogens to fluctuations of the plane of the
pyrimidine or purine heterocycle, 8 is defined as the angle
between the imino ®N-'H bond vector and the C;-N gly-
cosidic bond vector, and o, is defined as the standard devi-
ation of the y torsion angle fluctuation. The angle B varies
slightly with glycosidic conformation (Saenger, 1984).

The magnitudes of the principal components of the °N
chemical shift tensor and the orientation of the tensor axes
with respect to °N-1H bond vector are of importance for the
relaxation of the >N spin. The chemical shift tensors for the
imino '°N spins in RNA molecules are not known. However,
the N chemical shift tensors have been determined for
nonglycosylated uracil by solid-state NMR methods and ab
initio calculations (Anderson-Altmann et al., 1995). The ex-
perimental results indicate that the Nj shift tensor is asym-
metric (nonaxial) with Ac = —95 ppm and an asymmetry
parameter of 7 = 0.82. The least shielded component is ori-
ented at an angle of 9° from the N-H bond vector. Further-
more, the ab initio calculations indicate that hydrogen bonding
increases the asymmetry (Anderson-Altmann et al., 1995). In
the sample used in the solid-state NMR study, the uracil
N;-H; imino group is hydrogen bonded to a carbonyl oxy-
gen of a neighboring molecule, whereas in RNA duplexes,
the hydrogen bonding partner of the imino group is a nitro-
gen atom (Saenger, 1984). Because N-H-N hydrogen bonds
are expected to be weaker than N-H-O bonds (Jeffrey &
Saenger, 1991), the asymmetry may be smaller in RNA than
in free uracil. In the present study, relaxation data were
interpreted under the assumptions that the chemical shift
tensors for N; in G and Nj in U are axially symmetric and
coaxial with the N-H bond vectors. A value of Ac =
—100 ppm was calculated from the principal components
of the shift tensor (Anderson-Altmann et al., 1995). Prelim-
inary studies, using cross-correlation relaxation experi-
ments (Tjandra et al., 1996), indicate that the absolute value
of Ao for guanine N spins is roughly 30 ppm larger than
for uracil N; spins (M. Akke & R. Fiala, unpubl.); conse-
quently, a value of Ac = —130 ppm was used for guanine
N;. The CSA mechanism is estimated to contribute ~8%
and ~12% of the total relaxation of U and G, respectively,
at a static magnetic field strength of 11.7 T. The error as-
sociated with neglecting the asymmetry of the shift tensor
is estimated to be less than 2% and 3% for U and G, re-
spectively, over the range n = 0-0.82 and o, < 30° as
gauged from calculations employing the GAF model
(Briischweiler & Wright, 1994) implemented for an aniso-
tropic shift tensor and isotropic overall rotational diffusion
(Denisov & Halle, 1995). Because the CSA appears to be
different for G and U, and the actual values are not known
precisely, comparisons of order parameters for different types
of nucleotides should be made with caution. Also, variations
in the magnitude of Ao arising from variations in local chem-
ical environment translate into slight differences, AS?, in the
values of S? (Tjandra et al., 1996). Numerical simulations
indicate that AS? = [0.0015-(Ac + 100)]S? over the ranges
$2 = 0.6-0.9 and Ac = —120 to —80 ppm, in which S? is
the order parameter obtained using Ac = —100 ppm. For a
20% variation in Ao, AS%/S? = 3%. Thus, the relative error
in comparisons of order parameters for nucleotides of the
same type is not affected critically by inaccuracies in the
value of Ac.
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Sample preparation

The 14-nt hairpin GGCACUUCGGUGCC was synthesized
by in vitro transcription from a DNA template with (°C,
>N)-labeled nucleoside triphosphates using T7 RNA poly-
merase and purified by gel electrophoresis (Batey et al., 1992;
Nikonowicz et al., 1992). The final sample concentration was
4 mM RNA, 10 mM sodium phosphate, and 0.2 mM EDTA,
dissolved 90% H,0/10% D,O at pH 6.7.

NMR spectroscopy

All NMR experiments were recorded on a Varian Unity Plus
500 spectrometer at a temperature of 273.0 * 0.1 K. Ry, Ry,
and NOE for the imino ®N nuclei were measured by two-
dimensional sensitivity-enhanced proton-detected heteronu-
clear NMR spectroscopy, using pulse sequences described
previously (Farrow et al., 1994). The R; and R; experiments
utilized relaxation delays of 68.9, 143.1 (X2), 233.2, 344.5,
487.6, 694.3, 1,038.8 (X2), 1,499.9 ms, and 33.7, 71.8 (X2),
115.8, 167.9, 231.7, 313.9, 429.7 (X2), 627.8 ms, respectively
(X2 indicates duplicate experiments). The NOE was mea-
sured from pairs of spectra recorded with and without pro-
ton saturation during the recycle delay. Proton saturation
during the NOE experiment was achieved by applying a
GARP-1 pulse train (Shaka et al., 1985), centered in the imino
region, with a field strength of 805 Hz for 5 s. The control
experiment without proton saturation used a recycle delay
of 6.5 s, with continuous wave 'H irradiation of 805 Hz field
strength, applied 200 ppm off resonance for the last 5 s. In all
experiments, the spectral widths were 2,000 Hz sampled over
64 complex points and 12,500 Hz sampled over 4,096 com-
plex points in the >N and 'H dimensions, respectively. The
spectra were processed by applying a convolution difference
filter to suppress the residual solvent signal (Marion et al.,
1989), followed by a cosine bell apodization function and
zero-filling once in the acquisition dimension; a Kaiser apod-
ization function over all 128 points followed by zero-filling
to 512 points were applied in the indirect dimension. A fifth-
order polynomial baseline correction was applied in the ac-
quisition dimension. Processing of spectra and evaluation of
peak intensities were performed using Felix 2.3 (MSI).

Data analysis

Relaxation parameters were determined from the peak heights
and uncertainties by nonlinear optimization using the
Levenberg-Marquardt algorithm (Press et al., 1986), as de-
scribed (Palmer et al., 1991). Peak height uncertainties were
determined from duplicate spectra for the R; and R, exper-
iments (Palmer et al., 1991; Skelton et al., 1993). Uncertainties
in parameter estimates were obtained from the covariance
matrices (Press et al., 1986), or using the jackknife procedure
(Mosteller & Tukey, 1977). The standard deviation of the
baseplane noise was used to determine the peak height un-
certainties for the NOE experiments. Uncertainties in the
NOE values were calculated by propagating the uncertain-
ties in the peak heights. The principal components, D, and
D,, and the orientation of the diffusion tensor in the molec-
ular frame are obtained by simultaneous optimization of
Equation 5 against all data pairs D and e. The determination
of the diffusion tensor is hindered somewhat because the dis-
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tribution of imino N-H bond vector orientations in the RNA
stem is centered in a plane roughly orthogonal to the stem
axis (Mackay et al., 1996; Lee et al., 1997), and because the
paucity of 'H-'"N spin systems in nucleotides offers few
data points for optimization. F-statistical testing was used to
evaluate the significance of the isotropic, axially symmetric
and anisotropic diffusion models. The NMR relaxation data
were interpreted within the model-free formalism (Lipari &
Szabo, 1982), using a version of the program Modelfree
(Palmer et al., 1991) that optimizes Equation 4 given the
fixed parameters, D), D,, and 6, as obtained from the rota-
tional diffusion analyses. Selection of models for internal
motions were performed using F-statistical testing as de-
scribed (Mandel et al., 1995). Statistical properties of the
model-free parameters were obtained as follows: 100 syn-
thetic sets of D, D,, and 8 were calculated from a corre-
sponding set of randomly distributed values of D. For each
simulated set of Dy, D;, and 6, model-free parameters were
determined and uncertainties were calculated from a set of
300 randomly distributed relaxation values (Press et al., 1986;
Palmer et al., 1991). The sample deviations of the model-free
parameters were taken as the weighted uncertainties of the
100 synthetic data sets.

Molecular modeling

The coordinates of the hairpin ACUUCGGU were obtained
from the high-resolution NMR structure 1hlx (Allain & Va-
rani, 1995) of the Protein Data Bank (Bernstein et al., 1977).
The additional three base pairs (5'-G-G-C, G-C-C-3’) of the
stem extension were built as a regular A-form duplex, linked
to the hairpin, and energy minimized while keeping the
coordinates of the eight nucleotides from 1hlx fixed, using
Discover /InsightIl (MSI). The resulting structure is very sim-
ilar to the corresponding sequence of 1hlx, as expected, with
the corresponding bases overlapping closely, and a RMSD
for the backbone heavy atoms of 1.47 A.
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