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Abstract

The dynamics of the nucleobase and the ribose moieties in a 14-nt RNA cUUCGg hairpin-loop uniformly
labeled with '3C and '*N were studied by '*C spin relaxation experiments. R, R, and the BC-{"H} steady-
state NOE of C4 and Cy/ in pyrimidine and Cg and Cy/ in purine residues were obtained at 298 K. The
relaxation data were analyzed by the model-free formalism to yield dynamic information on timescales of
pico-, nano- and milli-seconds. An axially symmetric diffusion tensor with an overall rotational correlation
time 7. of 2.31+0.13 ns and an axial ratio of 1.35+0.02 were determined. Both findings are in agreement
with hydrodynamic calculations. For the nucleobase carbons, the validity of different reported '*C chemical
shift anisotropy values (Stueber, D. and Grant, D. M., 2002 J. Am. Chem. Soc. 124, 10539-10551; Fiala
et al., 2000 J. Biomol. NMR 16, 291-302; Sitkoff, D. and Case, D. A., 1998 Prog. NMR Spectroscopy 32,
165-190) is discussed. The resulting dynamics are in agreement with the structural features of the cUUCGg
motif in that all residues are mostly rigid (0.82<5%><0.96) in both the nucleobase and the ribose moiety
except for the nucleobase of U7, which is protruding into solution (S*=0.76). In general, ribose mobility
follows nucleobase dynamics, but is less pronounced. Nucleobase dynamics resulting from the analysis of
13C relaxation rates were found to be in agreement with '°N relaxation data derived dynamic information
(Akke et al., 1997 RNA 3, 702-709).

Introduction system type relaxation behavior (Lipari and

Szabo, 1982a; Peng and Wagner, 1992; Ishima and
Nagayama, 1995; Farrow et al., 1995). Using these
formalisms, amide nitrogen relaxation can be
translated into dynamic parameters, providing one
dynamic probe for each residue in a protein.

In contrast, in oligonucleotides, due to imino
hydrogen exchange with water, NH moieties are
only observed for nucleotides involved in hydro-
gen bonding. Typically, only one NH moiety is
present in each base-pair, while dynamic residues
or non-canonical regions such as loops or bulges
*To whom correspondence should be addressed. E-mail: cannot be investigated by N relaxation. In
schwalbe@nmr.uni-frankfurt.de addition, even if a NH moiety can be detected, SN

In proteins, residue specific dynamic information
is routinely extracted from "N NMR relaxation
parameters. Relaxation of the backbone amide
nitrogens can be described to a good approxima-
tion in the context of an isolated I-S spin system,
with S signifying the nitrogen and I the directly
attached proton. A number of formalisms have
been derived for the interpretation of autocorre-
lated relaxation parameters relying on I-S spin
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relaxation can only report on nucleobase dynamics,
whereas no dynamic information on either the
ribose ring or the backbone can be obtained.

In contrast, '°C relaxation can in principle report
on the dynamics of both the ribose and the nucleo-
base moiety in all nucleotides. However, unless
labeling schemes at specific positions are employed,
only Cg and C, in adenine and Cg in guanine are
located within isolated CH groups. For the
remaining "°C sites, relaxation does not follow I-S
spin system relaxation. Therefore, the effect of
neighboring '*C nuclei has to be considered, both in
the experimental schemes and in the dynamic anal-
ysis. So far, efforts to obtain quantitative dynamic
information on oligonucleotides from '*C relaxation
data have been aimed at ensuring an isolated I-S
spin system type relaxation behavior. This comprises
of selective labeling of specific '*C sites (Olsen et al.,
1982; Schmidt et al., 1983, 1987; Williamson and
Boxer, 1989; Gaudin et al., 1995), uniform partial
13C enrichment (Kojima et al., 1998; Boisbouvier
et al,, 1999), measurements at '*C natural abun-
dance (Lane, 1991; Borer et al., 1994; Spielmann,
1998) or restriction of the dynamic analysis to the
isolated C, and Cg spins in uniformly labeled sam-
ples (Hall and Tang, 1998). However, for small
systems with rotational correlation times of up to
4 ns, the C—C dipolar contribution is small com-
pared to the C—H contribution, and the various C—H
moieties in a uniformly labeled compound can, to a
good approximation, be treated as I-S spin systems
(Paquet et al., 1996; Boisbouvier et al., 2003).

Apart from the deviation from I-S spin system
type relaxation, the paucity of information on the
13C chemical shift anisotropy (CSA) in oligonu-
cleotides constitutes an obstacle in the routine
dynamic interpretation of '*C spin relaxation, in
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which an axially symmetric CSA with its unique
principal axis oriented collinear with the I-S bond
vector is assumed. However, both for the ribose
and the nucleobase carbons, fully anisotropic and
non-collinear chemical shift tensors have been
consistently reported (Dajaegere and Case, 1998;
Boisbouvier et al., 2000; Fiala et al., 2000). In the
case of the ribose carbons, the CSA amounts only
to around 30-60 ppm and the contribution of the
CSA relaxation mechanism is therefore minor com-
pared to the C-H dipolar mechanism even at high
magnetic fields. Thus, the error introduced into the
model-free analysis is small and can be neglected
(Boisbouvier et al., 2003). In contrast, in the nucleo-
bases the carbon CSA is much larger, indicating that
CSA relaxation cannot be neglected for the aromatic
carbons. So far, only one quantitative dynamic study
on RNA has been reported on C, and Cg spins in
adenine and guanine, which utilized the CSA-value
obtained for Cg in thymine (Williamson and Boxer,
1989) for both spins. However, recently reported
nucleotide CS-tensors obtained from DFT calcula-
tions (Fiala et al., 2000) and from solid state investi-
gations on mononucleoside powders (Stueber and
Grant, 2002) report significant differences between
the different aromatic carbon sites.

In this report, the dynamic properties of C¢ and
Csg in the nucleobase moieties of pyrimidine and
purine residues, respectively, and of Cy in the
ribose moiety (Figure 1a) of all residues of a uni-
formly '*C/"°N labeled 14-nt cUUCGg hairpin
(Figure 1b) have been investigated. C;/ as well as
Cs possess only one adjacent carbon spin, from
which they are sufficiently well resolved in order to
allow for a selective excitation as required for C—C
decoupling in general as well as in R;,-experi-
ments. In addition, due to their similar resonance
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Figure 1. (a) Investigated '*C sites (grey dots) in purines and pyrimidines and (b) secondary structure of the 14-nt RNA.



frequencies, Cq and Cg can be addressed within the
same experimental scheme.

Theoretical section

Relaxation of a '>C spin is dominated by the
dipolar interaction with its directly attached pro-
ton and by its own chemical shift anisotropy
(CSA). The dependence of the spin-lattice (R;),
the spin—spin (R,) autocorrelated relaxation rate
and the "*C-{'H} steady-state NOE for an isolated
C-H spin system on the two relaxation mecha-
nisms have been developed (Abragam, 1961) and
can be found e.g. in Akke et al. (1997).

Autocorrelated relaxation parameters can be
interpreted in the context of the model-free ap-
proach (Lipari and Szabo, 1982a, b), which results
in the generalized order parameter S* as a measure
for the spatial restriction of the internal motion
and an effective correlation time 7. defining the
timescale of internal motion. The formulae for
isotropic and anisotropic diffusion are given in
Akke et al. (1997).

Although in the model-free analysis no specific
motional models are assumed a priori, the order
parameter can be interpreted within the context of
specific models for the underlying dynamic pro-
cesses. Thus, in cases of independent motions of
either the base or the ribose moiety, the S°
parameter associated with a C-H vector can be
translated into the amplitude of the motion around
the glycosidic torsion angle x through application
of the Gaussian axial fluctuation (GAF) model
(Briischweiler and Wright, 1994). The GAF de-
scribes a Gaussian distribution of bond vectors on
the surface of a cone. The S parameter and the
angle f between the C—H vector and the cone-axis
define the amplitude of axial fluctuation:

S? =1 — 3sin’p

x[cos%(l — e’“i) + %sinzﬂo — e‘“’i)]
(1)

In Equation 1, f§ is the angle between the C—H
vector and N;/Ng—Cy, the director axis of the
cone, and 0’3 is the standard deviation of the
fluctuation in the azimuthal angle, corresponding
to the fluctuation in y.
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Experimental section
Sample preparation

The uniformly '*C/'"°N labeled 14-nt RNA
(5"-PO; GGCACUUCGGUGCC-3; bold residues
constitute the loop) was purchased from Silantes
GmbH (Munich, Germany). The concentration of
the NMR sample was 0.7 mM in 20 mM KH,PO,/
K,HPO,, pH 6.4,0.4 mM EDTA and 10% v/v D,O.

NMR spectroscopy

All NMR experiments were carried out on a
600 MHz Bruker spectrometer equipped with a
5mm '"H{"*C/"®N} Z-Grad TXI probe. '°N R,
R, and PN-{'H} steady-state NOE data were
obtained from the pulse sequences hsqctletf3gp-
si3d, hsqctretf3gpsi3d.2 and invnoef3gpsi com-
prised in the Bruker pulse sequence library (Kay
et al., 1992; Farrow et al., 1994; Mulder et al.,
1998; Korzhnev et al., 2002). °C R,, R;, and
BC-{'H} steady-state NOE data were obtained
using '*C modifications of the pulse sequences
used for the "N relaxation measurements. The
carrier frequency was set to 139 ppm for the
aromatic carbons and 89 ppm for Cy.. The spec-
tral width was 5 ppm for the base and 6 ppm for
the ribose moiety. About 64-100 complex points
were acquired in the indirect dimension. Off-res-
onant carbon Q3 pulses (512 us) were applied
during carbon evolution with an offset of
—7500 Hz or —5000 Hz in order to suppress the
LJ(Cs, Cg) and "J(Cyr, Cy) coupling, respectively.
During the chemical shift evolution periods, long
range Cg, C4 and Cg, C4 couplings were assumed
to be negligible. Relaxation delays of 2 s were
applied between the scans for the R; and R,
measurements, 5 s were used for the NOE. R,
and R,, data were obtained with 8, the NOE with
16 scans for each f;-increment. R;- andR;,-sub-
spectra with varying relaxation delays were ac-
quired in one interleaved pseudo-3D experiment.
The NOE experiments were also recorded inter-
leaved, with alternating proton-presaturated and
non-presaturated spectra. While in the latter case,
a relaxation delay of 5s was used, proton-pre-
saturation was applied for 3 s subsequent to a 2 s
relaxation delay in the presaturated spectra. The
interleaved spectra were separated by a Bruker
standard macro.
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For the acquisition of R; relaxation rates, the
relaxation delay Ty was set to 10, 50, 100, 200, 400,
700 ms, 1 and 1.5s. Spectra with 7,=150 and
400 ms were recorded twice for error determination.

R, rates were acquired as described (Mulder
et al., 1998; Korzhnev et al., 2002). Random length
proton decoupling pulses were applied during the
carbon spin-lock period (option d in Korzhnev
et al., (2002)). Adiabatic Mulder pulses (Mulder
et al., 1998) were used to rotate the carbon mag-
netization into the transversal plane. A spin-lock
field of 3.6 kHz with an offset of 2000 Hz was
applied for the variable relaxation delay (1 =12,
24, 36, 48, 64, 80, 104, 128 ms). Duplicate mea-
surements were carried out for 7y =24 and 80 ms.

Data analysis

The data were processed on a Silicon Graphics
computer (Origin2000) using Bruker NMRSuite
(XwinNMR 3.5) programs and analyzed in
Felix2000 (msi). R; and R, relaxation decays were
fitted from peak heights to monoexponential two-
parameter functions using macros provided by
Palmer and co-workers (Stone et al., 1992).

The measured RJ%* rates contain spin-lock
offset and spin-lock power dependent contribu-
tions of R; and R,. From R'f}fas and R, R, can be
extracted following Equation 2.

RS — Rycos?0

R
: sin’0

2)

In this, 6 is the angle of the effective spin-lock
field with the B, field for each nucleus defined
according to:

0=tan"! (é) (3)

in which v is the spin-lock field strength and ¥ is
the resonance offset from the spin-lock carrier,
both in Hertz.

In uniformly isotopically enriched samples, it is
important to ensure that homonuclear Hartmann—
Hahn magnetization transfer to the adjacent as
well as remote carbon spin is minimized during the
spin-lock period of the R;, measurement. The
maximum amount of net Hartmann—Hahn mag-
netization transfer between two spins 1 and 2 is
given by Equation 4 (Bax and Davis, 1985):

errfgx = [J1’22{1 + cos(0; — 02)}2}/
X |i4(V]7eff - Vzﬁeff)z‘h]]’zz{l + COS(@I — 92)}2}

(4)

In this, J,, is the coupling constants between
spin 1 and 2, 6; is the spin-lock angle of spin 7 as
defined by Equation 3 and v, is the effective
field-strength experienced by nucleus i given by
(v + Qf)l/ 2 As apparent from Equation 4, the
Hartmann—Hahn transfer is most efficient between
spins with similar effective field strengths and high
coupling constants. In the 14-nt RNA, the highest
maximum Hartmann—Hahn magnetization transfer
is about 1.5%, between Cy and Cy of residue CS8, as
calculated from a coupling constant of 42 Hz, a
spin-lock field-strength of 3600 Hz and a difference
in effective field strengths of 1710 Hz. For long-
range carbon—carbon couplings between Cg and Cy,
Cs or Cg4 in purines or C4 and C4 or C, in
pyrimidines with coupling constants of around
4-12 Hz (Wijmenga and van Buuren, 1998), the
transfers are about one or two orders of magnitude
less efficient than the transfer between adjacent spin
pairs (Cy, Cy and Cg, Cs, respectively). Therefore,
the R, rates obtained in here can be considered
free of any Hartmann—Hahn contribution.

The model-free analysis of the relaxation
parameters has been carried out using the program
Modelfree 4.15 by Palmer and co-workers (Mandel
et al., 1995). Vibrationally averaged effective bond
lengths were used for the N-H (1.04 A; Case, 1999)
as well as for the C¢—Hs, Cs—Hg (both 1.08 A) and
the C—Hy/(1.09 A) bond. Model selection followed
the procedure recommended in Mandel et al.,
(1995) and is described in detail in annex I in the
Supporting Information. Diffusion parameter
optimization was carried out during an initial grid
search in Modelfree. The diffusion parameters ob-
tained from Modelfree were compared to hydro-
dynamic calculations performed with the program
hydronmr 5a (Garcia de la Torre et al., 2000).

Results and discussion

R, R, and NOE data for C;/, C4 and Cg of the 14-
nt hairpin at 298 K are shown in Figure 2a and
summarized in Table S1 in the Supporting Infor-
mation. Representative R; and R;, relaxation
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Figure 2. (a) Measured and ">C-{'"H} NOEs, R, and R, of C;/ (full diamonds) and C,/Cg (open diamonds) of the 14-nt RNA at 298 K
sorted by base type. Loop residues are shaded in grey. (b) R, (top) and R, (bottom) relaxation decay curves of Cs and Cg for residues
U7, G9 and G12. Peak heights (in arbitrary units) are plotted against the relaxation delay ty;. The curves represent monoexponential
two-parameter fits. Duplicate data sets acquired in order to obtain errors for the peak intensities are included in the graphs.

decay curves (Figure 2b) exhibit a monoexponen-
tial behavior for Cg as well as Cg¢ even at longer
relaxation delays indicating that contributions
from C—C cross relaxation remain negligible.

The carbon CSA

Three studies on '*C CS-tensors in nucleotide base
moieties have been reported to date, one in which
the CS-tensor has been determined from DFT
calculations based on chemical shift components
measured in mononucleosides by solid state NMR
measurements (Stueber and Grant, 2002) and two
exclusively relying on DFT calculations (Sitkoff
and Case, 1998; Fiala et al., 2000). In all three
studies, the CS-tensors of Cg¢ and Cg are oriented
with their most shielded component orthogonal
to the base plane. The two remaining components
are located within the base plane, with the most
deshielded component tilted away from the C-H
internuclear vector by around 30°. The anisotro-
pies of the three sets of C4 and Cg CS-tensors are
summarized in Table 1.

For all three sets of CSAs, the Cg values for
cytidine and uridine and the Cg values for adenine
and guanine are very similar. Furthermore, the
values of Cg are about 45-65 ppm larger than the

Table 1. CSA values for C¢ and Cg reported by Fiala et al.
(2000), Stueber and Grant (2002) and Sitkoff and Case (1998)

CSA [ppm]
Fiala et al.  Stueber et al. ~ Sikoff et al.
Cg  Adenine -123 -134 -114
Guanine -119 -134 -113
Cs Cytidine -184 -179 -157
Uridine -184 - -167

ones of Cg. The R; and R, relaxation rates
observed in the 14-nt RNA are on average about
20% larger for C¢ than for Cg (Figure 2). A dif-
ference of 45 ppm accounts for around 15%, a
difference of 65 ppm for almost 30% deviation in
the relaxation rates, indicating that the observed
differences between Cg and Cg relaxation rates can
be fully explained by the reported CSA values.
For the Cg sites of the purine residues, signifi-
cantly lower overall residual errors (y >=16.1) are
achieved in the model-free analysis with the CSA
from the solid-state NMR investigation (Stueber
and Grant, 2002) than when the CSAs of either
DFT-study are used (y *=23.0 (Fiala et al., 2000)
and y >=27.3 (Sitkoff and Case, 1998)). The Cg
CSA from the solid-state NMR investigation is
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—134 ppm for both adenine and guanine and
around 10-20 ppm larger than the CSAs from the
two DFT-studies, respectively. Also for Cg, higher
CSA values result in a better overall fit in the
model-free analysis. For uridine, no CS-tensor is
available from the solid-state analysis. However, if
the C4 CSA of cytidine is used, the overall x*-value
for the CSA values reported by Fiala et al. (2000)
and the solid-state NMR analysis are very similar
and significantly lower than for the CSAs from
Sittkoff and Case (1998). While the former two Cg
CSAs are very similar (=184 and -179 ppm,
respectively), the values reported by Sitkoff and
Case (1998) are again significantly smaller
(=157 ppm for cytidine, —167 ppm for uridine).
Since the CSA values from the solid-state NMR
analysis are in general in better agreement with the
data, they have been used for both C¢ and Cg in
the following.

In the case of Cy, different CSA values have
been reported and a dependence on ribose puck-
ering has been determined. While 30 ppm
(Dajaegere and Case, 1998) or 45 ppm (Fiala
et al., 2000) have been determined for the Cy/-sites
in the Cy-endo conformation, 60 ppm have been
reported for Cy-endo (Dajacgere and Case, 1998).
In the solid-state NMR investigation, CSA values
between 29 and 44 ppm have been obtained
(Stueber and Grant, 2002). The smaller CSA of the
aliphatic as compared to the aromatic carbon is
reflected in the smaller R; and R, values of Cy
compared to Cq and Cg (Figure 2b).

Although, due to the lower CSA-values, devi-
ations from the actual values have a smaller effect
on the Cp compared to the Cg and Cg relaxation
data analysis, the CSA for this site has been
optimized as well. An overall improvement is
achieved with CSA-values of 45 ppm as compared
to 30 ppm (x> of 35.9 compared to 49.5). In con-
trast to a number of other residues, U7 and C8,
which are in Cy-endo conformation, do only show
very small improvements when fitted with a CSA
of 60 ppm as compared to 30 ppm (3> of 0.67
compared to 1.15). Therefore, a CSA of 45 ppm
has been used for all residues irrespective of their
ribose pucker.

The C—H distance

Commonly used C-H bond lengths are 1.09 and
1.08 A for Cp and C4/Cg (Bryce et al., 2004),

respectively. However, more detailed studies car-
ried out by (Case, personal communication) indi-
cate, that zero-point motion averaged C—H bond
length are actually about 0.02-0.03 A longer
(1.118 A for longer by Cy, 1.100 A for Cs and
1.103 A for Cg). Incorporation of these bond
lengths into the dynamic analysis yields order
parameters ranging from 0.826 to 0.974 for Cy
and from 0.759 to 0.979 for C¢ and Cg, respec-
tively, for the shorter bond lengths. Higher S°-
values between 0.863 and 1.106 and between 0.813
and 1.052 are obtained for Cy and Cg/Cg, respec-
tively, for the fully zero point motion corrected
dipole lengths. By definition, the order parameters
cannot exceed unity. While in case of the aromatic
carbons, it could be argued that their CSA might
be underestimated, for Cy;» the CSA relaxation
mechanism constitutes only a minor contribution
to overall relaxation and therefore this site repre-
sents a better probe for the relevance of the dif-
ferent bond lengths. Therefore, dipole lengths of
1.09 and 1.08 A have been used in here for Cy; and
Cs/Cs, respectively. From this analysis, the reason
for the inconsistency between the fully zero-point
averaged bond lengths remains unclear.

The diffusion model

Hydrodynamics calculations using the program
hydronmr (Fernandes et al., 2002) indicate that an
axially symmetric diffusion model is sufficient to
describe the 14-nt RNA (moments of inertia 1.00,
0.98 and 0.50). Therefore, diffusion model selec-
tion comprised the comparison between an iso-
tropic and an axially symmetric model using the
program Modelfree (Mandel et al., 1995). Since the
structure of the investigated 14-nt RNA has not
been solved so far, C—H vector orientations for
calculation of the axially symmetric diffusion ten-
sor were obtained from a 14-nt RNA molecule
with the loop residues and the loop closing base-
pair from the X-ray structure (Ennifar et al., 2000)
attached to a canonic A form stem of appropriate
sequence. Separate fits were carried out for the
nucleobase and the ribose carbon relaxation data.
Due to their increased mobility, the C;. data of the
two terminal residues as well as the Cq data of U7
were only included into the fitting procedure after
diffusion model optimization.

An axially symmetric diffusion model consis-
tently yielded smaller residual errors than an



isotropic one. An overall rotational correlation
time of 2.44 ns and a diffusion anisotropy of 1.32
were determined from the analysis of the C;/ data.
For the Cy¢/Cg data, a similar diffusion anisotropy
(D)L =1.37) but a slightly lower correlation time
(t.=2.18 ns) were obtained. These values are in
good agreement with hydrodynamic calculations
using the program hydronmr (t.=2.47 ns; D)), =
1.40). For both the Cy and the C4/Cg data, the
unique principal axis of the diffusion tensor is tilted
20-30° from the one of the hydrodynamic tensor.

The data is furthermore consistent with an
earlier dynamic study carried out on the 14-nt
RNA at 278 K based on '°N relaxation rates, in
which an anisotropy of 1.34 has been reported
(Akke et al., 1997). However, in order to compare
the '*C and '°N data at the same temperature, the
respective relaxation data (Table S2, Supplemen-
tary Material) have been obtained for the N; and
N3 spins of residues G2, G9, G10, Ul1l and G12 at
298 K. These data resulted in a correlation time of
2.21 ns and an anisotropy of 1.33.

Model-free analysis

The results of the model-free analysis of the '*C
relaxation data are summarized in Table 2. Mod-
el-free parameters are given for an isotropic as well
as for an axially symmetric diffusion model. In the
following, C4 and Cg will be considered reporters
on the flexibility of the entire nucleobase moiety,
while Cj» dynamics will be treated as reflecting the
mobility of the whole ribose moiety. It has to be
kept in mind, however, that any given I-S vector is
sensitive to a different degree to different motions
depending on their relative direction, signifying
that one vector alone can never supply complete
motional information on any system.

For a number of residues, the isotropic dif-
fusion model leads to more complicated mo-
tional models than the axially symmetric one.
Thus, additional chemical exchange terms are
required for the ribose moieties of A4, G9, G10
and Ull and for the base moiety of C8, whereas
these residues can be fitted to the simplest mo-
tional model (7.~0; Sj%= I; R.q=0) when aniso-
tropic diffusion is considered. Also for the base
moiety of U7, an additional R, term is re-
quired, while this moiety shows only fast time-
scale internal motion (z.>0) with the axially
symmetric diffusion model. The ribose moiety of
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this residue only exhibits slow exchange in the
more complicated diffusion model, whereas an
isotropic model requires an additional fast ex-
change term. In addition, for a number of resi-
dues, which exhibit slow exchange or picosecond
internal motion, the respective contributions are
higher in the isotropic as compared to the
anisotropic case. In all these cases, the neglect of
anisotropic diffusion is compensated by addi-
tional motional terms. On the contrary, the
bases of C5 and C14 reveal a more complicated
motional behavior, when an axially symmetric
diffusion model is employed. In this case, both
moieties require R.,.-terms in addition to pico-
second internal motion (z .>0). In conclusion,
this indicates that even in case of the small
anisotropy of the 14-nt RNA, the neglect of its
anisotropy can lead to significant misinterpreta-
tions of the relaxation data. Therefore, only the
axially symmetric diffusion model will be con-
sidered in the following:

The relaxation parameters of most of the sites
can be fitted to the simplest motional model.
While the 5’-terminal G1 shows a large R
contribution only in its ribose moiety, the 3’-
terminal Cl14 exhibits a millisecond chemical
exchange term and picosecond motions in its
base moiety as well as picosecond motions on a
slower time-scale and larger amplitude in its ri-
bose moiety. This signifies that the residues in
the terminal base pair are moving independently
from each other, with the 3’-terminus exhibiting
more extensive motion than the 5-terminus. In
contrast, the base moieties of the non-terminal
residues are in general more flexible than the
respective ribose moieties. Thus, slower time
scale motions are observed for the base moieties
of C5 and U7 (z.>0), while their ribose moieties
exhibit faster dynamics (te~ 0). A number of
ribose (G2, U7, C8, G12) as well as base (G2,
C5, G9) moieties exhibit chemical exchange
contributions in the range of 1-4 s™".

S%-values for the ribose and the nucleobase
moiety are shown in Figure 3 for an isotropic
(open diamonds) as well as an axially symmetric
diffusion model (grey diamonds). As expected, the
introduction of additional motional terms due to
the disregard of anisotropic overall motion results
in an overestimation of the extent of internal
motion. This is most prominent for the ribose
moieties of G1, G2, G9, G10, C8 and U7 and the



302

Table 2. Results of the model-free analysis of the 14-nt RNA. The results employing an axially symmetric model are shown in bold;
the ones using an isotropic diffusion model are given in italics. C—H distances of 1.09 A and 1.08 A have been used for C4/Cg and Cy,
respectively. The CSA values were —134 and —179 ppm taken for Cg and Cg¢ (Stueber and Grant, 2002), a CSA of 45 ppm was used for

Cy (Fiala et al., 2000)

Cs/Cg Cy

s? 7. [ps] Rex [s7'] 2 7 T [ps] Rex [s7']
Gl 0.893+0.053 0.907 £0.058 13.10+1.24

0.886 £0.067 0.835+0.054 14.99+1.17
G2 0.884+0.010 0.98+0.19 0.958+0.014 1.95+0.21

0.878+0.010 1.20+0.19 0.896+0.013 3.59+0.19
C3 0.959+0.009 0.951+0.004

0.961+0.005 0.963+0.012
A4 0.9114+0.008 0.974+0.005

0.912+0.005 0.939+0.014 0.76 +£0.18
C5 0.909 +0.006 70.96 + 8.40 1.04+0.17 0.947 +£0.005

0.933+0.005 121.59+17.56 0.946 +£0.005
U6 0.952+0.019 0.932+0.018

0.953+0.018 0.936£0.018
u7 0.759+0.005 18.01+1.42 0.918+0.029 2.52+0.46

0.706 +0.006 13.38+1.15 2.18+0.18 0.848 +£0.029 15.74+9.62 4.05+0.44
C8 0.901+0.009 0.902+0.029 3.82+0.42

0.845+0.005 2.37+0.16 0.850+0.027 5.18+£0.38
G9 0.819+0.005 2.15+0.12 0.943+0.005

0.830+£0.004 1.82+0.10 0.877+0.014 1.68+0.18
G10 0.908 +0.003 0.956 +£0.007

0.909+0.011 0.888+0.013 1.91+0.18
Ull 0.979+0.012 0.960 +0.004

0.984+0.008 0.920+0.011 0.92+0.15
GI12 0.868+0.011 0.941+0.013 1.82+0.17

0.866+0.016 0.928+0.012 2.18+0.17
Cl13 0.959+0.009 0.940 +£0.007

0.960+0.012 0.946 +£0.007
Cl4 0.909 +0.006 33.35+6.79 0.43+0.16 0.907+0.013 0.910+0.007 389.99+81.71

0.919£0.005 38.08+6.63 0.902+0.013 0.911+0.007 412.14+78.92

T 022.]8 ns; DH/l =137
T.=2.17ns

T 622.44 ns; DH/l =132
7 .=2.35ns

base moiety of C8. This emphasizes again the
importance of including diffusion anisotropy even
for molecules with small diffusion anisotropies.

For the axially symmetric diffusion model, the
following conclusions can be drawn about the
dynamics of the 14-nt RNA:

Order parameters range from 0.826 to 0.974 for
the ribose and from 0.759 to 0.979 for the nucle-
obase moiety. Average S*-values for Cp, Cq4 and
Cyg of the non-terminal stem-residues (residues 2—5
and 10-13) are 0.953+0.010, 0.952+0.026 and
0.895+0.018, respectively. Average order param-

eters for purine residues are about 0.06 or around
20% lower than for pyrimidines, indicating that
the former are more flexible. However, the
observed difference in average order parameters
could also be due to the deviations of the reported Cg
or Cg CSAs from the actual values. Either the Cg
CSA is overestimated or the Cg CSA underestimated.
Another potential source for the observed difference
in the S$*-values could be found in differences in C-H
bond vector lengths.

The order parameters are depicted in the
context of the structure of the 14-nt RNA in
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Figure 3. (a) Order parameters for Cy (top) and C4/Cg (bottom) sorted by base type. Fits to an isotropic diffusion model are shown as
open diamonds; fits to an axially symmetric diffusion model are shown as grey filled diamonds. Horizontal dashed lines indicate the
average S° of the respective stem residues. '°N relaxation data derived order parameters with an axially symmetric diffusion model are
shown as black triangles. The data have been obtained with N-H distances of 1.04 A and N; and N3 CSAs of —130 and —100 ppm,
respectively. (b) Stereo view of the 14-nt RNA with the S>-values of C1» and C¢/Cs coded into bond thickness of the ribose and the base
moiety, respectively. In order to stress the differences in order parameters, bond thickness is proportional to the inverse ninth power of
S%. The hydrogen bond interactions stabilizing the loop-structure are: (i) GI(N,)-U6(0,); (i) GI(N;)-U6(0-); (iii) U6(Oy)-G9(Op);

(iv) C8(N)-U7(POP™); (v) C8(0)-C8(0s); (vi) U7(02)-GI(Oe).

Figure 4b. Apart from the 3’-terminal ribose and
the nucleobase moiety of U7, all base as well as
ribose moieties are more or less rigid. While the
ribose moiety of C14 at the 3’-terminus exhibits
considerably increased flexibility compared to the
stem residues, its nucleobase moiety is only
slightly more flexible than average. This indicates
that the base moiety of this residue is involved in
some stabilizing interaction like base stacking,
while its ribose moiety is less motionally re-
stricted. For the 5-terminal GI, errors of the
model-free analysis are high due to weak C; and
Cys resonances. However, also for this residue,

ribose flexibility seems to exceed nucleobase
dynamics.

While the terminal base-pair shows increased
flexibility, already the second stem base-pair
(G2-C13) exhibits average stem mobility in both
moieties, indicating that any terminal effects on
the flexibility are restricted to the closing base-
pair. The fourth base pair (A4-U11) constitutes
the most rigid one, although it is an A-U base
pair. The loop closing base pair (C5-G10) is
slightly more flexible, with all moicties being
rigid except for the base of CS5, which is slightly
less stable.
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In the loop, only the ribose moiety of G9 and
both moieties of U6 are as rigid as the stem resi-
dues. Whereas the nucleobase moieties of C8 and
G9 exhibit only slightly increased flexibility, U7 is
significantly more flexible (S*=0.706). Of the ri-
bose moieties, only U7 and to a slightly higher
extent C8 show increased dynamics.

Also shown in Figure 4a are the order
parameters obtained from the >N data at 298 K
fitted to an axially symmetric diffusion model
(black triangles). All residues can be fitted to the
most simple motional model. Order parameters
range from 0.905 to 0.955. An excellent agree-
ment between the '*C and the "N data is
observed for GI10 and GI12, and the order
parameters for G2 match as well although the
agreement is slightly worse. However, significant
differences are found for G9 and Ull. For the
latter, it has to be noted that only this one
pyrimidine residue could be investigated by '°N
relaxation analysis. Thus, the origin between the
two relaxation analyses is difficult to interpret in
this case. The most evident explanation is,
however, that the differences result from sys-
tematic errors arising from the choice in bond
length or CSA for either or both sets of relax-
ation data. Considering the observed differences
in C purine and pyrimidine C'*S*-values,
which can most likely be also attributed to
deviations of the employed from the actual
CSAs, it can be speculated that the Cq CSA is in
fact larger than assumed. An increased C¢ CSA
of about 20 ppm could decrease pyrimidine or-
der parameters by 20% to the level of both Cg
and "N S2-values.

The largest differences in the dynamic interpre-
tation of '*C and "°N relaxation data are observed
for G9. While the nucleobase of this residue
appears even slightly more flexible than the stem
residues in the '°C relaxation data analysis, it seems
to be the most rigid moiety in the 14-nt RNA from
the >N analysis. This latter result is in agreement
with the "N relaxation investigation reported ear-
lier (Akke et al., 1997). In this case, the difference in
order parameters between the two analyses is diffi-
cult to explain considering that a general agreement
in °C and "N derived S*-values is observed for
three other guanine residues, indicating a consis-
tency in the dipole lengths as well as CSAs. In the
internally rigid base moiety, differences in the flex-
ibility of the C—H and the N—H vectors have to be

due to their different orientation, which renders
them sensitive to different motions. The Cg—Hg and
the N;—H; vector are not parallel in the base plane
of guanine but form an angle of around 156°.
Therefore, the orientation dependent motional
sensitivity of the relaxation data could provide an
explanation for the differences in the order
parameters in this case. In addition, slightly differ-
ent tensor orientations have been obtained for the
13C as compared to the '°N data, resulting in dif-
ferent angles of the respective vectors with the
principal axis of the diffusion tensor. Another po-
tential source for the observed discrepancy between
the '*C and the '°N derived order parameters could
be found in the conformational dependence of the
CSAs. For Gy, which is in syn conformation
around the glycosidic torsion angle, significant dif-
ferences in I" (HgCg, No) dipole—dipole, CSA cross-
correlated relaxation rates compared to residues in
trans conformation have been observed (Duchardt
et al., in preparation). Since this cross-correlated
relaxation rate probes a rigid unit, deviation in it
have to arise from differences in the CSA of Ng or/
and Cg. This deviation of the CSAs for purines in
the syn conformation could provide an explanation
for the observed differences in '*C and '°N derived
order parameters in this case.

Motional implications

The cUUCGg motif is a highly abundant RNA
secondary structure motif of extraordinary
thermodynamic stability (7,,~70 °C; Varani,
1995). It has been extensively studied and charac-
terized structurally both by NMR spectroscopy
(Varani et al., 1991; Allain and Varani, 1995) and
X-ray crystallography (Ennifar et al., 2000; Nissen
et al., 2000; Wimberly et al., 2000). Its structural
features (Figure 4b) comprise base-pairing of the
two lower loop residues with the G at position four
in syn conformation. This base-pair is stabilized by
a bifurcated base-to-base as well as a base-to-ribose
hydrogen bond. The actual loop is formed by the
two apical residues, which adopt Cy-endo ribose
puckering and thereby extend the backbone across
the strands. The second loop residue is free from
any interaction with the other residues except for a
hydrogen bond between its ribose and the nucleo-
base moiety at loop position four, which has been
reported only for the X-ray structure (Ennifar
et al., 2000). The nucleobase of the cytosine at loop



position three forms an interresidual hydrogen bond
with the phosphodiester-backbone at position two
and an intraresidual base-to-ribose hydrogen bond.
In addition to hydrogen bonding, further stabiliza-
tion is obtained from extensive base-stacking of loop
residues three and one and the 5’-terminal partner of
the closing base-pair.

Although the exact quantification of motional
amplitudes based on model-free parameters is
hampered by uncertainties regarding the C-H
bond length as well as the carbon CSA, relative
amplitudes can be assessed. In addition, dynamic
information on both the ribose and the nucleobase
moiety allow the deduction of qualitative infor-
mation about the underlying motional processes.
In the following, motional implications of the
model-free parameters obtained on the cUUCGg
motif will be discussed in more detail:

The nucleobase moiety of residue U7 is the
most flexible site in the molecule. In addition, the
base moiety of G9 exhibits increased dynamics but
to a lesser extent. While the base moieties of these
two residues are flexible, their ribose moieties do
not exhibit increased dynamics. For U7, increased
flexibility of the nucleobase is in agreement with
the structure of the cUUCGg motif (Figure 3b),
since the nucleobase of U7 is not involved in any
stabilizing interaction. In contrast, the observed
dynamics of the G9 nucleobase is surprising, since
it is highly stabilized by three hydrogen bonds.
Furthermore, for its base-pairing partner U6 no
increased motions can be detected. Under the
assumption that nucleobase flexibility monitored
by the order parameters of Cq and Cg originate
exclusively from independent base motions around
the glycosidic torsion angle y, S*values can be
translated into a Gaussian distribution of motions
around the C—N; or C—Ny director axis mod-
eled by the GAF-model (Equation 1; Briischweiler
and Wright, 1994). The decreased S° values for
the nucleobases of U7 and G9 translate into ¥
angle fluctuation amplitudes of 23° and 16°,
respectively. In contrast, the average stem fluctu-
ation angles are 9°+1 for the pyrimidines and
12° £ 1 for the purines. This is in agreement with a
higher degree of spatial restriction of the pyrimi-
dines than the purines (Sdnger, 1984). This signi-
fies that the y angle fluctuations are only slightly
elevated for G9 as compared to the stem purines,
indicating that the increase in flexibility as com-
pared to the stem is small and could be displayed
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without structural disruptions. For U7, the base
fluctuation amplitudes are more than two times as
wide as for the stem pyrimidines. Given that the
base of U7 is not involved in any stabilizing
interactions but protrudes freely into solution, this
degree of restriction is surprising. However, the
rigidity of the U7 ribose moiety in combination
with the steric hindrances originating from the
surrounding loop structure might account for the
observed motional restriction.

Apart from the U7 and G9 base moieties, both
the base and the ribose moiety of residue C8
exhibit slightly increased flexibility. This residue is
stabilized by a hydrogen bond to the phosphodi-
ester backbone as well as base-stacking interac-
tions with U6. In addition, the base and the ribose
moiety are connected by an intraresidual hydrogen
bond. This hydrogen bond could be kept, if the
increased flexibility would be due to concerted
motions of the whole residue. Localized backbone
motions could result in concerted nucleobase and
ribose motions of residue C8 as suggested by the
similarity in the order parameters of the two
moieties. This is consistent with an increased
flexibility of the phosphorous of C8 compared to
the other loop residues as apparent from R;
relaxation measurements of *'P in the backbone
(Firtig et al., in preparation).

For the stem residues, significantly higher nu-
cleobase fluctuation amplitudes of 19-20° have
been reported in the earlier '°N relaxation study
(Akke et al., 1997). In this case, order parameters
ranged between 0.740 and 0.807, suggesting a much
higher degree of overall flexibility. However, in this
investigation, a shorter N-H dipole length, which
was not corrected for zero-point motion, was used.
This results in decreased order parameters and thus
higher y angle fluctuation amplitudes. Although
absolute motional amplitudes might be slightly
misjudged due to uncertainties in the C—H bond
lengths as well as the CSA-values, a tentative
interpretation of this result can be performed. A 9°
or 12° fluctuation of the nucleobase around y
corresponds to a translatory motion of Hg or Hg of
about £0.17 and +0.22 A, respectively. For H, in
adenosine, which is located at a larger distance in
respect to the director axis, the motion is increased
to +0.46 A. These fluctuations represent the
inherent limits of the precision to which an oligo-
nucleotide structure can be determined at room
temperature even in stably base-paired regions.
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Conclusions

The aim of this report was to provide sensible
probes for the residue specific dynamic investiga-
tion of RNA in general. In particular, these
dynamic probes were used to study the dynamics
of the abundant cUUCGg tetraloop motif at a
high level of detail.

Due to the multitude of carbon spins within
every RNA residue, '*C NMR relaxation presents
a versatile dynamic probe, in theory. In this report,
the relaxation of Cy in pyrimidines and Cg in
purines as well as Cy/ in all nucleotides has been
investigated as dynamic reporters for the nucleo-
base and the ribose moiety, respectively. The
quantitative dynamic interpretation of NMR
relaxation parameters is complicated mainly by the
uncertainties in the CSA and the C-H dipole
lengths. In case of the Cy carbons, the CSA is
small and possible errors due to conformational
dependence of the CSA as observed for the Cy-
endo compared to Cy-endo conformation do not
incorporate notable errors in the model-free anal-
ysis. With a CSA of 45 ppm for all residues, which
was shown to fit better than smaller values, satis-
fying fits and uniform order parameters could be
obtained along the sequence.

For the aromatic carbons, which possess larger
CSAs, relaxation data analysis depends more
strongly on the incorporated CSA values. In here,
it could be shown, that CSA values of —134 ppm
for Cg and —179 ppm for C4 from a solid state
NMR investigation on mononucleotides (Stueber
and Grant, 2002) are the CSA-values reported in
the literature most suited for oligonucleotides in
solution. However, significantly lower order
parameters for the purines as compared to the
pyrimidines suggest that absolute as well as rela-
tive CSA values of C4 and Cg are still not optimal.
Comparison to '°N relaxation data indicates that
the C¢ CSA might be by around 20 ppm larger
than assumed. The dynamic analysis will therefore
benefit from a residue specific determination of
CS-tensors possibly directly on oligonucleotides
and in solution. This could be achieved by mea-
surement of the anisotropic chemical shift under
weakly aligning conditions in combination with
cross-correlated relaxation rates involving the
CSA of interest. Such investigations would allow
for the determination of possible conformational
CS-tensor dependencies. This could help to solve

local discrepancies in '*C and '°N derived order
parameters as observed for the nucleobase moiety
of residue G9 in the 14-nt RNA, which have been
attributed to the dependence of the Ny CSA on the
conformation of the glycosidic torsion angle y in
here. Furthermore, in the model-free analysis an
axially symmetric CS-tensor is assumed with its
unique main component oriented along the I-S
internuclear vector. From the available data (Fiala
et al. 2000; Stueber and Grant, 2002), all of the 3¢
tensors in nucleotides are, however, fully aniso-
tropic. Thus, in order to improve the analysis, the
anisotropy of these tensors has to be incorporated
into the model-free analysis.

In order to optimize dipole lengths, non zero-
point averaged and zero-point averaged bond
lengths have been compared both for C-H and
N-H vectors. For C-H vectors, fully zero-point
motion averaged dipole vectors (Case, personal
communication) examined in this report have
resulted in order parameters significantly higher
than 1. Therefore, non-averaged dipole lengths of
1.09 and 1.08 A have been used both for Cy and
Ce/Cs. It has to be noted, however, that for the
analysis of '’N relaxation data non-zero point
averaged bond lengths of 1.02 A result in signifi-
cantly lower order parameters than the ones obtained
from the '*C relaxation analysis using non-averaged
bond lengths. In contrast, zero-point averaged bond
lengths of 1.04 A (Case, personal communication)
yield similar order parameters than the ones obtained
from the '*C relaxation analysis.

In here, average order parameters of 0.944 +
0.012 for Cy and 0.938+0.029 and 0.881+£0.029
for Cg and Cg, respectively, have been observed.
The similarity in order parameters between the
ribose and the nucleobase moiety is in agreement
with recent molecular dynamics simulations
on RNA (Pan and MacKerell, 2003). Due to
differences in the incorporated CSAs and bond
lengths, a quantitative comparison to earlier
studies is difficult. For instance, average stem S°
values of 0.8 for C, and Cg in purine bases have
been reported at 298 K for the 16-nt iron
responsive element RNA hairpin (Hall and Tang,
1998). However, considerably larger CSA values of
—185 ppm and only slightly increased C-H dis-
tances of 1.09 A have been used for the purine C,
and Cy sites. Slightly higher stem S values of 0.6—
0.9 have been determined for the adenine C¢/Cg in
the 30-nt TAR RNA at 298 K (King et al., 1995)



with a CSA of 180 ppm for both sites, while the
dipole length is not mentioned in this case.

Apart from the consistency with earlier inves-
tigations on different RNA molecules, it could be
demonstrated that the order parameters obtained
from the '*C sites in nucleobases are in general in
good agreement with the ones from '*N relaxation
data acquired in here.

Optimized CSA values and bond lengths were
used to investigate the dynamics of every ribose
and nucleobase moiety of a 14-nt hairpin RNA
containing the cUUCGg motif with Cy as the
reporter for ribose and Cy4/Cg as a probe for the
nucleobase moiety.

A comparison between different diffusion
models demonstrates that the simplified model of
isotropic diffusion may lead to a significant over-
estimation of local flexibility in some cases even
for small RNA molecules like the 14-nt hairpin.
This is in agreement with an earlier '°N relaxation
data investigation on proteins (Tjandra et al.,
1995), where the relevance of a diffusion anisotropy
of only 1.2 could be demonstrated in the case of
human ubiquitin.

The comprehensive and exhaustive dynamic
investigation of the 14-nt RNA cUUCGg tetra-
loop presented here indicates that the extraordi-
nary thermodynamic stability of this RNA
secondary structure motif is also reflected in its
dynamic properties. Increased flexibility is local-
ized and of small amplitude. Thus, all residues are
rigid at room temperature except for the nucleo-
base of U7 and to a lesser extent the base moiety of
G9 and the base as well as the ribose moiety of C8.
These results are in general agreement with the
structure of the cUUCGg tetraloop, in which all
residues but the base moiety of U7 are involved in
stabilizing interactions.

The increasing interest in RNA dynamics is
demonstrated by the publication of two additional
NMR relaxation investigations on the cUUCGg
(Shajani and Varani, 2005; Vallurupalli and Kay,
2005) during the revision process of this manu-
script. Vallurupalli and Kay studied the relaxation
of C-D vectors in a partly deuterium enriched
sample of the 14-nt RNA investigated in here.
Although an intensive investigation was carried
out, probing all C-D vectors in the ribose, and
positions 5 and 6 in pyrimidines, the work was
restricted to H-C—C-D and H-C-D sites and no
information on purine base dynamics could be
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obtained. However, the dynamics of the remaining
sites are in general in agreement with the results
presented here in that the nucleobase of the second
loop residue is the only flexible moiety in this
molecule. The second study (Shajani and Varani,
2005) comprised the analysis of Cy» and Cs, Cg and
Cg relaxation of a larger RNA containing the
cUUCGg motif. While ribose dynamics are similar
to this report, base flexibilities differ. In this case,
the G at position 4 is the most flexible loop residue
and both uracil residues exhibit increased dynam-
ics, whereas the C at position 3 is the only rigid
loop residue. Unfortunately, the reasons for the
deviation between this analysis and the one pre-
sented here cannot be assessed, since in the former
report diffusion anisotropy has been neglected,
very different Cg and C4 CSA values have been
used and the incorporated C-H dipole lengths
have not been stated.
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