Recent Advances in RNA Structure

Determination by NMR

Recent progress in RNA structure determi-
nation by nuclear magnetic resonance (NMR)
spectroscopy has led to the solution of the
structure of a number of new RNA and RNA-
ligand complexes. In addition, recent advances
in isotopic labeling and the introduction of
through-bond experiments to assign bases and
phosphate backbones raise the hope of solving
even larger and more complicated structures.
The limiting step is still the gathering of a large
number of nuclear Overhauser effect (NOE)
and torsion restraints. Additional sources of
information for the structure determination of
larger RNA molecules have recently become
available, and it is now possible to supplement
NOE and J-coupling data with the measure-
ment of dipolar couplings and cross-correlated
relaxation rates in high-resolution NMR spec-
troscopy. The high quality of current structures
of small- to medium-sized RNAs can be exam-
ined, and the prospects for solving larger RNA
structures to equivalent levels of resolution can
be assessed.

The recent proliferation of complete RNA
structure determinations using NMR spectros-
copy isin part aresult of the availability of rapid
and simple methods for isotopic labeling of
RNA molecules with either 13C or N, which
permit heteronuclear experiments to be per-
formed that resolve the severe spectral overlap
inherent in the proton spectra of RNAs (Batey
et al., 1992, 1995; Nikonowicz et al., 1992).
The rapid development of pulse sequences tai-
lored for RNA spin systems has facilitated
many structure determinations, and it is now
possible, in principle, to obtain complete se-
quential assignments of RNAs using only
through-bond coherence transfer experiments.
The process of solving a high-resolution RNA
structure by NMR can be subdivided into three
major steps as outlined in Figure 7.7.1. In the
present discussion, the focus will be on steps II
and 11, addressing basic issues related to NMR
data accumulation and structure calculation.

After sequence-specific assignments of
RNASs are obtained, the structure determination
is based on collecting sufficient numbers of
proton-proton distance restraints utilizing nu-
clear Overhauser effect correlation spectros-
copy (NOESY) experiments. Potentially, these
short-distance restraints between pairs of pro-
tons (<6A) can be complemented with torsion

angle information accessible through J-cou-
pling constants. New experiments to measure
orientational rather than distance dependent
dipolar couplings, as well as cross-correlated
relaxation rates, have been developed provid-
ing additional structural information (Reif et
al., 1997; Tjandra and Bax, 1997a). In addition,
NMR experiments have been introduced that
allow the direct identification of donor and
acceptor nitrogen atoms involved in hydrogen
bonds (Dingley and Grzesick, 1998). These
recently introduced parameters are especially
important for structure determination of RNA
due to the low proton density, and because a
significant number of protons are potentially
involved in exchange processes. There have
been several recent reviews of RNA NMR
methodology (Dieckmann and Feigon, 1994;
Pardi, 1995; Wijmenga and van Buuren, 1998;
Marino et al., 1999), including an exhaustive
review by Varani et al. (1996). These reviews
give an overview of the structure determination
process including resonance assignment, iso-
topic labeling patterns, NOE identification,
coupling constant measurement, and a discus-
sion of recently solved structures. The determi-
nation of oligonucleotide structures by NMR
is also discussed in UNIT 7.2.

ISOTOPIC LABELING OF RNA

In order to perform a wide variety of hetero-
nuclear NMR experiments, isotopic enrich-
ment of RNA samples with NMR-active '3C
and N nuclei is required. This greatly simpli-
fies the resonance assignments and signifi-
cantly extends the size limitation for structure
determination of RNAs by NMR. Carbon and
nitrogen cannot be readily studied with high-
resolution NMR techniques at natural abun-
dance as the '>C isotope is NMR inactive and
the '“N isotope possesses an electric quad-
rapole moment. Isotopic labeling techniques of
RNAs will not be discussed in great detail,
because optimized protocols for the prepara-
tion of labeled nucleotides have already been
published (Batey et al., 1992, 1995; Nik-
onowicz et al., 1992); however, the standard
method for preparation of isotopically labeled
RNA is in vitro transcription from synthetic
DNA oligonucleotide templates using T7 RNA
polymerase and isotopically labeled nucleotide
triphosphates (NTPs). Labeled NTPs can be
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Figure 7.7.1 Schematic protocol for RNA structure determination using heteronuclear NMR
spectroscopy. Depending on the observed quality of the various NMR experiments, not all methods
for the resonance assignment might be needed. Traditionally used restraint files consist of experi-

mental distances and J-couplings only.

isolated from bacteria grown on '*C- and/or
> N-enriched media (Batey et al., 1992, 1995;
Nikonowicz et al., 1992). The advantage of
enzymatic RNA synthesis is that uniform iso-
topic enrichment is relatively inexpensive and
easy to accomplish; however, the disadvantage
is the lack of selectivity in labeling. Chemical
synthesis of RNA, on the other hand, has more
potential for applications where selective label-
ing is desired. Methods for chemical synthesis
of isotopically labeled RNA, however, are not
as straightforward and are relatively expensive.
Nevertheless, there has been recent progress in
chemical synthesis methods, and they may be-
come more utilized in the near future (Foldesi
etal.,, 1992, 1996; Quant et al., 1994; SantalLu-
cia et al., 1995; Tolbert and Williamson, 1996;
Zhang et al., 1998).

ASSIGNMENT OF RNA NMR
RESONANCES

Before starting the detailed and time-con-
suming investigation of a chosen RNA by
NMR, it is extremely important to optimize the
sample conditions for data acquisition from the
various required NMR experiments. It is criti-
cal to determine at the outset if the system is
suitable for a high-resolution NMR structure
elucidation.

The imino proton region of the proton NMR
spectrum of an unlabeled RNA sample in H,O
provides a sensitive diagnostic for this purpose.
A sample imino proton one-dimensional (1-D)
spectrum for a correctly folded 30-mer RNA is
shown in Figure 7.7.2. In this spectrum, one
peak appears for each Watson-Crick base pair
in the molecule. Since the imino protons ex-
change rapidly with the bulk H,O, the spectrum
was recorded with a jump-return echo sequence
that avoids presaturation, while providing the
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Figure 7.7.2 Imino proton region of HIV-2 TAR RNA (inset) from a jump-return echo 1-D experi-

ment recorded in 90% H,0/10% D,0 at 298 K. Conditions used are 10 mM sodium phosphate
buffer (pH 6.4), 50 mM sodium chloride, and 0.1 mM EDTA. The concentration is ~3.0 mM RNA in

500 pL.

most efficient water suppression (Sklenar and
Bax, 1987). The sample conditions to be sur-
veyed are summarized in Figure 7.7.1. The goal
is to obtain the narrowest linewidth and best
chemical shift dispersion for the observable
imino protons that report on secondary struc-
ture formation. A number of factors contribute
to the imino proton linewidth, which are typi-
cally on the order of 10 to 30 Hz; most impor-
tant is the rate of exchange with the solvent.
The complex kinetics of base-pair opening and
imino proton exchange in nucleic acids have
been extensively reviewed in the literature and
are beyond the scope of this unit (Gueron and
Leroy, 1995).

Assignment of RNA resonances has histori-
cally been achieved through identification of
sequential base to ribose NOE patterns seen in
helical regions of nucleic acid structure, in
analogy to the procedure originally utilized for
DNA studies in the 1980s (Wiithrich, 1986).
With the advent of isotopic labeling for RNA,
the basic NOE assignment approach was in-
itially expanded to include multidimensional
(3-D and 4-D) versions of the standard NOESY,
correlation spectroscopy (COSY), and total
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correlation spectroscopy (TOCSY) 2-D experi-
ments, which simplified assignment and iden-
tification of NOEs (Nikonowicz and Pardi,
1992, 1993; Pardi and Nikonowicz, 1992). The
NOE-based approach, however, relies on as-
sumptions about structure and assignments and
is somewhat susceptible to errors from struc-
tural bias. A methodology that achieves sequen-
tial assignment via unambiguous through-bond
correlation experiments, as is the case for pro-
teins, would be more ideal. The easiest exten-
sions of homonuclear experiments, applicable
with labeled samples, are one-bond heteronu-
clear single quantum coherence (HSQC)- or
heteronuclear multiple quantum coherence
(HMQO)-type experiments, where the proton
resonances are separated in two-dimensional
spectra according to the direct bound heteronu-
clei, e.g., PN or 13C. These experiments utilize
large '"H-"N or 'H-'3C one-bond couplings
rather than relatively small multiple-bond "H
homonuclear scalar couplings for magnetiza-
tion transfer. The resulting two-dimensional
HSQC or HMQC correlations between 'H and
13C or PN spins are integral components of all
multidimensional NMR experiments. The dra-
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Figure 7.7.3 (Top) The aromatic region of a '3C-HSQC experiment of HIV-2 TAR RNA. Partial
assignments are given in less crowded regions of the spectrum. The corresponding region from a
1-D "H NMR spectrum recorded in 99.9% D,0 at 298 K is shown on top. H,3C correlations arising
from H2 and C2 resonances of adenosines are not shown. Correlations that arise from C6 carbon
resonances in pyrimidines are split in the carbon dimension due to the homonuclear 1Jcc coupling
constant evolution to the C5 resonance. (Bottom) Ribose region of a 13c-HsQcC experiment of
HIV-2 TAR RNA. Nonspecific assignments for the different one-bond correlations are given. The
corresponding region from a 1-D "H NMR spectrum recorded in 99.9% D,0O at 298 K is shown on
top. The aromatic H5 protons of pyrimidines that overlap with the H1’ proton region are not visible
in the 'H,"3C correlations, because the corresponding C5 resonates outside the depicted carbon
spectral region. Further differences between the 1-D and 2-D experiments arise from incomplete
suppression of the HDO and EDTA proton resonances.
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matic gain in resolution for RNA proton reso-
nances bound to carbon is demonstrated in
Figure 7.7.3, top panel, for the aromatic 'H,'3C
region and in Figure 7.7.3, bottom panel, for
the ribose 'H,'3C spectral region. There has
been a proliferation of recent experiments that
correlate RNA proton resonances through the
heteronuclear spin systems of the base, the
ribose ring, and phosphate backbone. Those
experiments can be considered as extensions of
basic two-dimensional HSQC or HMQC cor-
relations.

The new NMR experiments for resonance
assignment can be conceptually organized into
four classes (Fig. 7.7.4 and Table 7.7.1). Con-

ceptually, the names given to the through-bond
correlation experiments are derived from the
series of nuclei through which magnetization
istransferred during the experiment. The nuclei
that undergo chemical shift evolution during
the experiment are given in capital letters, sugar
and base resonances are specified using sub-
scripted lower case letters, and intervening nu-
clei, through which magnetization is trans-
ferred but which are not directly observed, are
enclosed in parentheses. For example, the
H (CNyCp)Hy, experiment shown in Figure
7.7.4, panel C, correlates the H1” sugar proton
(H,) viatransfer of magnetization to the directly
attached C1” sugar carbon (C;). Subsequently,
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Figure 7.7.4 Schematic of coherence transfer for through-bond assignment experiments. (a) HCN
correlation experiments for assignment of the base resonances. Closed and open arrows show
HC-TOCSY-CNH and HNC-TOCSY-CH experiments, respectively. (b) HCP experiments for se-
quential ribose-ribose assignment. (¢) HCN experiments for intranucleotide correlation of base and
ribose resonances. Closed arrows show the sequential Hg-to-H,, correlation. Open arrows show
one of the out-and-back experiments (HsCsNyp). See Table 7.7.1 for a more complete listing of all
types of experiments. Numbering conventions are included for each of the base and ribose

positions.
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Table 7.7.1 Through-Bond Correlation Experiments for Assignment of RNA Resonances

Experiment Nucleotide Coherence pathway

Reference

Base-base (carried out in H,0, 3C/PN-labeled sample)

H(NC)-TOCSY-(C)H Guanosine I HT T 1
H1(t1)>N1—-C6/C2—C8—HS(t2)

H(C)-TOCSY-CH Adenosine 1 T T 1
H2/H8(t1)—>C2/C8—C4/C6—C8/C2(t2)—H8/H2(t3)

(H)N(C)-TOCSY-(C)H Adenosine  HT HT T I
H6—N6(t1)—C6—C8/C2—HS8/H2(t2)

H(NCCC)H Uridine I HT 1 I I

H3(t1)—>N3—C4—C5—C6—H6(12)

Cytosine HT HT 1 I I
HA(t1)—N4—C4—C5—C6—H6(12)
HC-TOCSY-(CN)H?  Purine I T 1 I
HS/H2(t1)—C8/C2(12)—C6—N6/N1—H6/H 1 (13)
H(C)-TOCSY-(CN)H? Guanosine I T HT I
H8(t1)—>C8—C6—N1—HI1(t2)
Uridine I HT I
H6(t1)—C6—N3—H3(12)
Base-sugar (preferably carried out in D,0, 13C/'>N-labeled sample)
H,(C,N,Cy)Hy? All 11 I I
HI1'(t1)=>C1’—>N9/N1—C8/C6—H8/H6(12)
H,CN,? All I I 11
H1’—C1’(t1)>N9/N1(t2)—»C1’—H1'(t3)
H,C,Ny/ All I I I I
H8/H6—C8/C6(t1)—NI/N1(12)—C8/C6—HS/H6(13)
H,C,(N,Co)Hs All I I I I
HI'(t1)—>C1l’(2)—>N9/N1—C8/C6—H8/H6(t3)
H,C,N, Purine I I I I
HI'>C1(t1)—N9(12)—C1'—H1/(13)
H,C,(Np)C,, Purine I I I I I I
HI’'—C1'—N9—C8(t1)—=NI—C1'(12)—H1(13)
H,N,Cy Purine I I I

H8—NI(t1)—>C8(t2)—HS8(t3)
Phosphate-backbone (preferably carried out in D50, 13C-labeled sample)

HCP All I 1 I I

H4' —C4'—P(t1)—C4 (i+1)(£2)—H4 (i+1) (£3)
HCP-CCH-TOCSY  All I 1 I T I

H4' —C4'—P(t1)—C4(i+1)—>C 1 (i+1)(22)—H (i+1Y(t3)
P(CC)H-TOCSY All I T HT

P(t1)—>C4 (i,i+1)—>C1’Gi+ )—H(L,i+1)(t2)
P(H)H-TOCSY All HT T

P(t1)—>H3/4/5(1,i+1)—>H1'/2'/314°/5(1,i+1) (12)
Sugar-sugar (preferably carried out in D,0, ’C-labeled sample)

HCCH-COSY All I I I
HI1-5'—C1-5"(t1)—C(i£ 1) (£2)—H(i+ 1) (3)

HCCH-TOCSY All I T I
HI1-5'—C1-5'(t1)—C(i£n)’ (£2)—H(i+n) (t3)

HCCH-fdTOCSY Al I T I

H1-5"—C1-5(t1)—>C(i+n)’(t2)—>H(i+n)'(t3)

Simorre et al. (1996a)
Legault et al. (1994);
Marino et al. (1994a)
Simorre et al. (1996b)
Simorre et al. (1995)
Simorre et al. (1995)
Fiala et al. (1996)

Sklenar et al. (1996)

Sklenar et al. (1996)

Sklenar et al. (1993b)
Heus et al. (1994);

Marino et al. (1994b)
Heus et al. (1994);

Marino et al. (1994b)
Farmer et al. (1993)
Farmer et al. (1994)
Farmer et al. (1994)

Farmer et al. (1994)

Heus et al. (1994);
Marino et al. (1994b)
Marino et al. (1995)
Wijmenga et al. (1995)

Kellogg (1992)

Kay et al. (1990)
Fesik et al. (1990)

Hu et al. (1998);
Schwalbe et al. (1995)

“The letter above the arrow indicates the type of coherence transfer method used: I - INEPT, T-TOCSY, HT-Hetero-TOCSY. In parentheses are the (tq,

ty, t3) dimensions for which chemical shift is detected.

b Experiment titles have been slightly altered in order to be presented in a uniform fashion. Parentheses indicate a nucleus that coherence is transfered

through, but the chemical shift is not detected.
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magnetization is transferred via 'Jyc couplings
to the N9 (for purines) or N1 (for pyrimidines)
nitrogens (Ny), and further to the directly at-
tached C8 (for purines) or C6 (for pyrimidines)
base carbons (C,). Finally, magnetization is
transferred to the base protons (Hy, H8/H6 for
purines and pyrimidines, respectively) for de-
tection (t1 chemical shift evolution period).
Thus, the Hy(C,N,Cp)Hy, experiment is a two-
dimensional experiment correlating sugar to
base protons. The C,N,Cy, pathway for mag-
netization transfer is required to connect the Hg
and Hy, but is not directly recorded in the
experiment.

The HCN class correlates the protons of the
bases (both exchangeable and non-exchange-
able) to one another via Joc and Jcn couplings
(Sklenar et al., 1987; Simorre et al., 1995,
1996a,b; Fiala et al., 1996), while another
HCN class correlates the base resonances
(H8/H6) to the ribose H1” proton through the
intervening carbon (C8/C6/C1”) and nitrogen
(N9/NT) resonances (Farmer et al., 1993, 1994;
Sklenar et al., 1993a,b). An HCP class of ex-
periments correlates the sugar resonances of
sequential nucleotides through the phosphate
backbone (Heus et al., 1994; Marino et al.,
1994b, 1995; Varani et al., 1995; Wijmenga et
al., 1995). Finally, the extended versions of

homonuclear COSY and TOCSY experiments
utilizing large one-bond Jyc and 'Jc coupling
constants for the coherence transfer between
ribose proton and carbon resonances comprise
the HCCH class. Heteronuclear chemical shifts
relevant for the experiments discussed below
are summarized in Table 7.7.2.

Base HCN Correlation Experiments

A set of HNCCH- and HCCNH-TOCSY
experiments have been developed that correlate
the exchangeable imino and amino proton reso-
nances with the nonexchangeable base reso-
nances for the complicated spin systems of all
four nucleotides (Sklenar et al., 1987; Simorre
et al., 1995, 1996a,b; Fiala et al., 1996; Woh-
nert et al., 1999). In contrast to the poor chemi-
cal shift dispersion of the different ribose pro-
tons, the imino proton resonances show reason-
ably good dispersion mainly due to varying
hydrogen-bonding networks and stacking ef-
fects of base pairing in RNAs as shown in
Figure 7.7.5. Unfortunately, amino groups fre-
quently undergo rotation around the carbon-ni-
trogen bonds, which can result in intermediate
exchange for the attached NH, proton reso-
nances, resulting in a broad linewidth, as can
be seen in Figure 7.7.6.

Table 7.7.2 Heteronuclear Chemical Shifts in Nucleotides

Atom(s) Chemical shift range
Carbon

Purine C5 ~120 ppm
Purine C8 ~140 ppm
Purine C2,C4,C6 ~150-160 ppm
Pyrimidine C5 ~100 ppm
Pyrimidine C6 ~145 ppm
Pyrimidine C2,C4 ~155-170 ppm
Ribose carbons ~70-90 ppm
Nitrogen

Purine N9 ~170 ppm
Purine N7 ~220-240 ppm
Guanosine N1 ~145-150 ppm
Guanosine N2 ~70-80 ppm
Guanosine N3 ~160-165 ppm
Adenosine N1 ~220 ppm
Adenosine N3 ~215 ppm
Adenosine N6 ~80-90 ppm
Pyrimidine N1 ~145-150 ppm
Uridine N3 ~150-160 ppm
Cytosine N3 ~195-200 ppm
Cytosine N4 ~95 ppm
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Figure 7.7.5 Assignments of the imino region of the HIV-2 TAR argininamide complex from a
jump-return HMQC experiment recorded in 90% H,0/10% D,0 at 298 K. The terminal 5°G-C3’ G16
imino resonance as well as the U40 imino resonance from the base-pair that terminates the upper

stem are missing due to unfavorable exchange properties with the solvent.

The HCN correlation experiments differ in
the exact mechanism of magnetization transfer,
but predominantly rely on one-bond heteronu-
clear coupling constants to transfer magnetiza-
tion from protons to the heteronuclei of the ring,
and homonuclear '3C-TOCSYs to transfer
magnetization across the ring. There are two
important issues which impinge upon the sen-
sitivity of these experiments. One is the chemi-

cal shift differences between the carbon reso-
nances in the ring. The efficiency of homonu-
clear BC-TOCSY transfers relies on the elimi-
nation of chemical shift differences as achieved
by the spin-lock mixing schemes. The large
bandwidth of carbon resonances associated
with the different bases require radio frequency
(rf) powers beyond current instrumental limi-
tations for efficient carbon spin lock. Therefore,
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Figure 7.7.6 Residue-type specific assignments of the amino region of the ¢, boxB RNA hairpin
complexed to a 19—amino acid bacteriophage N peptide (Cilley and Williamson, 1997) from an
HSQC experiment recorded in 90% H,0/10% D,0 at 298 K. In the case of cytidine amino residues
involved in base-pairing interaction, the rotation around the C-N bond is sufficiently slow to observe
two distinct proton resonance frequencies; however, the amino resonances of base-paired guanos-
ines and adenosines are generally not observable due to intermediate exchange at 298 K. The only
observable resonances are those of unpaired purine residues. Only one proton resonance is
observable, indicative of fast exchange on the NMR time scale.
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magnetization is usually transferred via smaller
two-bond carbon-carbon (2J¢¢) coupling con-
stants (C8-C4-C6 for purines and C6-C4 for
pyrimidines), which require long spin-lock
mixing times for transfer and loss of sensitivity
due to fast carbon transverse relaxation. Alter-
natively, sequential homonuclear insensitive
nuclei enhanced by polarization (INEPT)
transfers (C4-C5-C6) can be used rather than a
13C-TOCSY H(NCCC)H for pyrimidines (Si-
morre et al., 1995). For purines, a broad-band
spin-locking scheme (Mohebbi and Shaka,
1991) can be used to increase the efficiency of
one-bond carbon-carbon transfer and decrease
mixing times (Simorre et al., 1996a,b). Ade-
nines have a network of homonuclear 2J¢ and
3Jce couplings, allowing the assignments of
nonexchangeable H2 and HS base proton reso-
nances using HCCH-TOCSY experiments (Le-
gault et al., 1994; Marino et al., 1994a). Mag-
netization between the H2 and H8 protons can
be transferred through the intervening carbon
using a broad-band spin-locking scheme (Mo-
hebbi and Shaka, 1991).

Another factor, which decreases the sensi-
tivity, is rotational exchange broadening of exo-
cyclic amino protons on adenine, guanine, or
cytosine. More efficient 'H,!>N-transfer tech-
niques than the standard INEPT procedure have
to be used when proton resonances are broad-
ened by rotational exchange (Mueller et al.,
1995). In addition, the nitrogen linewidths are
narrower than the corresponding protons un-
dergoing chemical exchange as shown in Fig-
ure 7.7.6, and detection of nitrogen chemical
shift rather than proton is more efficient (Si-
morre et al., 1995, 1996b). The extra sensitivity
gained by optimization is offset by increased
experiment time for acquiring a separate data
set for each nucleotide. Nevertheless, the added
sensitivity probably will be essential for assign-
ing the resonances of many larger RNAs.

Base-to-Ribose Correlation
Experiments

An important application of '3C/!’N-label-
ing of RNA is through-bond intranucleotide
correlation of base-to-ribose resonances, which
historically has been achieved through NOE
transfer. There are now many published experi-
ments for achieving this through bond transfer
(Farmer et al., 1993, 1994; Sklenar et al.,
1993a,b), which are reviewed by Dieckmann
and Feigon (1994) and Pardi (1995). A simple
sequential INEPT transfer procedure with non-
selective pulses can be used to provide sugar-
to-base correlations. Branching coherence
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transfer pathways occurring due to Jyc cou-
plings of similar size and thus correlating
NO/N1 to C8/C6 as well as C4/C2 resonances
in purines and pyrimidines, however, reduce
the sensitivity of the basic approach. In addi-
tion, small one-bond 'Jxc couplings result in
relatively inefficient magnetization transfer.
Therefore, selective carbon pulses have been
cleverly utilized to direct coherence predomi-
nantly along the desired pathways. Separate
optimized sequences are often required be-
cause of sensitivity and overlap problems
(Farmer et al., 1994). Acquiring several experi-
ments detecting different heteronuclei (C8/C6,
N9/N1, or C1”) may resolve overlap problems
for larger RNA molecules. The experiments
which will provide the best resolution may vary
for different RNA molecules and can be best
determined empirically from 2-D 'H-13C or
TH-15N HSQCs of the base and C1’/H1’ reso-

nances.

Phosphate Backbone HP and HCP
Correlation Experiments

In order to link the resonances of each ri-
bonucleotide sequentially without the use of
NOEs, magnetization must be transferred
through the phosphate backbone. For unlabeled
RNAsS, a number of relatively efficient 'H,3!P-
multidimensional correlation schemes are
available for sequential assignment of 3'P and
ribose 'H resonances. Magnetization can be
transferred from excited 3'P resonances to the
3Jup scalar coupled ribose protons for detection
using either COSY (Sklenar et al., 1986) or
heteronuclear TOCSY (Kellogg, 1992) transfer
steps. The resulting two-dimensional
H3’/H5’/H5”, 3!P-correlations can be concate-
nated with homonuclear 'H,'H NOESY or
TOCSY experiments to transfer magnetization
to potentially better-resolved resonances like
H1’ or aromatic H8/H6 resonances (Kellogg
and Schweitzer, 1993). A straightforward ap-
proach for 3C-labeled RNAs is HCP correla-
tion via sequential INEPT transfers (i.e., '"H —
13C — 31p —» I3C — !H; Heus et al., 1994;
Marino et al., 1994b) correlating nuclei of ad-
jacent nucleotides i and i + 1. This approach
has two limitations for complete assignment of
RNA molecules over ~20 nucleotides. One is
severe overlap due to poor spectral dispersion
of C4’;;;; and P; resonances, particularly in
A-form helical regions. Second, the better-re-
solved C3’-P;-C5’;,; connectivity requires a
separate HCCH-TOCSY experiment to con-
nect the C3” and C5” resonances on the same
nucleotide. Subsequent experiments, HCP-
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CCH-TOCSY (Marino et al., 1995) and
P(CC)H-TOCSY (Wijmenga et al., 1995), re-
solve both problems by combining the HCP and
HCCH-TOCSY experiments and thus resolv-
ing relevant correlations on the well-dispersed
C1’/H1’ resonances. However, it is not clear
whether these experiments will be generally
useful for RNA molecules larger than ~30
nucleotides (~10 kDa), particularly with the
severe line broadening of 3'P resonances at
higher molecular weights and higher mag-
netic fields.

Ribose-to-Ribose HCCH Correlation
Experiments

The information obtained from homonu-
clear 'H, "H-COSY and -TOCSY experiments
can be obtained more readily using HCCH-
COSY and -TOCSY experiments on ribose
rings uniformly labeled with '3C, which allows
magnetization transfer and chemical shift evo-
lution on the C1’ to C5” carbons (Fesik et al.,
1990; Kay et al., 1990; Pardi and Nikonowicz,
1992; Nikonowicz and Pardi, 1993; Pardi,
1995). The assignment of the severely over-
lapped ribose proton resonances is facilitated
through the additional carbon dimension,
which provides better shift dispersion. Further-
more, the magnetization transfer through the
ribose proton spin systems was hampered due
to the small 3Jyy-vicinal coupling, present in
most commonly populated A-form RNA, cor-
relating the H1” and H2’ resonances. HCCH-
type experiments overcome this problem by
making use of large and uniform one-bond 'Jyc
and 'Joc coupling constants for more efficient
coherence transfer. In contrast to vicinal 3J
couplings, one-bond couplings are, in general,
much less biased due to different conforma-
tions present in various structural motifs, thus
facilitating resonance assignments based on
through-bond correlation experiments. The
HCCH-type experiments transfer magnetiza-
tion from the excited sugar protons to the di-
rectly attached carbons. Neighboring carbon
resonances can be correlated through scalar
Jcc coupling constants utilizing either COSY,
relayed-COSY, or TOCSY (Fesik et al., 1990)
mixing schemes. Forward-direct TOCSY pro-
vides the best sensitivity for magnetization
transfer through the whole ribose J¢¢ coupling
network (Schwalbe et al., 1995; Hu et al.,
1998). Finally, all schemes transfer magnetiza-
tion back to the protons for detection.

Unlike triple-resonance experiments used
for proteins, some of the triple-resonance ex-
periments for RNA are not mandatory prereq-

uisites for assignments and structure determi-
nation. The HCN experiments for correlation
of the base resonances are the most likely to
succeed with medium-sized RNA molecules
(30 to 40 nucleotides, ~10 to 15 kDa) due to
less spectral overlap and the relatively long
relaxation times of the base resonances. Com-
plete through-bond assignment will probably
not be feasible for many medium-sized RNAs,
since the HCP experiments are most suscepti-
ble to relaxation problems. A hybrid approach
with HCN and NOESY experiments will likely
be the optimal compromise. The HCN experi-
ments can unambiguously determine the in-
tranucleotide correlations within and between
the base and ribose resonances, which will
significantly reduce the ambiguity present in
the complete NOES Y-based assignment proce-
dure.

Even assuming no problems due to relaxa-
tion, it does not appear that there will be a
simple and quick procedure for assignment of
RNA molecules. Neglecting the problems with
sensitivity or overlap, complete assignment
with only through-bond methods still requires
a large number of experiments, if all of the
optimized sequences are performed (~4 experi-
ments for the bases, ~3 experiments to correlate
the base resonances to the ribose, and ~2 to 3
experiments to correlate the ribose resonances).
This results in a very rough estimate of ~20
days measurement time (assuming an average
of two days measurement time per experiment)
for an RNA sample, with sample concentra-
tions in the mM range and a molecular weight
between 10 and 25 kDa, carried out on spec-
trometers with at least 500 MHz proton reso-
nance frequency. Nevertheless, this is around
the same number of experiments and days of
measurement time that have been required for
many RNA structures solved by the NOE-based
method, since multiple samples with different
specific labeling patterns (see below) were re-
quired to resolve ambiguities in the sequential
NOEs (Battiste et al., 1995; Cai and Tinoco,
1996; Dieckmann et al., 1996; Mao and Wil-
liamson, 1999; Mao et al., 1999). Despite
roughly the same number of experiments,
analysis of the spectra for the through-bond
experiments should hopefully be quicker and
should lower the potential for misassignment
inherent in the NOE method.

NOE MEASUREMENT

The end goal of NMR analysis is usually a
structure determination. Despite the method
used for assignment of resonances, the main
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source of structural data is still obtained from
NOEs, which provide distance restraints for
pairs of hydrogen atoms in the RNA molecule.
Only short proton-proton distances in the range
<6 A are accessible through NOESY experi-
ments. The intensity of NOESY cross peaks is
approximately proportional to the inverse of the
averaged distance to the power of six, <1/rij6>,
assuming an isolated pair of proton spins i and
j- This assumption, however, is usually not
valid, which complicates the quantitative treat-
ment of NOESY cross-peak intensities. Poten-
tial problems with interpretation of obtained
NOESY cross-peak intensities in terms of 'H-
'H distances in structure calculations arise
mainly from a phenomenon called spin diffu-
sion. Spin diffusion causes a breakdown of the
isolated spin pair approximation, because other
nearby protons provide competing indirect
pathways for observing the direct NOE be-
tween the two protons. Spin diffusion effects
play a role especially when longer NOESY
mixing times (>100 msec) are used. This usu-
ally leads to damped NOESY cross-peak inten-
sities that build up through the direct pathway,
resulting in underestimated interproton dis-
tances. Additionally, multistep transfer path-
ways can occur, resulting in false NOE assign-
ments. For example, the imino protons of gua-
nines might show spin diffusion—mediated
NOEs to the nonexchangeable aromatic H5 and
H6 protons of cytidines in Watson-Crick base
pairs through the cytidine amino protons. How-
ever, in an early stage of the assignment proce-
dure based on NOESY correlations, spin diffu-

sion pathways can aid the identification of spin
systems. Thus, for assignments, it is recom-
mended to analyze NOESY spectra acquired
with shorter (~50 msec) and longer (~150
msec) mixing times. The classification of NOE
cross peaks for the structure calculation is dis-
cussed in more detail below. Sequential assign-
ment of RNA proton resonances can be
achieved for lower-molecular-weight systems
(<10 kDa) by identification of NOE patterns
seen in A-form helical regions. Homonuclear
'H-"H NOESY in H,O and DO solution both
potentially contain valuable through-space cor-
relations for the sequential assignment of adja-
cent nucleotides. Sequential walks using non-
exchangeable ribose and aromatic protons can
be achieved in canonical A-form helix through
the combined analysis of intraresidual H1’-to-
H6/HS (3.5 and 3.7 A, respectively) and inter-
residual H1’-to-H6/H8 NOEs (4.3 A). The rele-
vant distances are illustrated in Figure 7.7.7.
Additionally, the short interresidual distances
between the H2 ribose and aromatic H6/H8
proton resonances (1.7 A) as shown in Figure
7.7.7 give rise to strong NOE cross-peaks.
NOESY data recorded in H,O potentially re-
veal sequential connectivities between imino
protons of residues i andi+ 1 (5.2 A). Addi-
tionally, interresidual imino proton to H6/H8
aromatic proton NOE cross-peaks (4.3 and 4.4
A, respectively) might be observable. However,
the NOE-based approach is limited and suscep-
tible to errors from structural bias. Most of the
expected A-form sequential through-space

Figure 7.7.7 Classical sequential assignment pathway for A-form helical RNA using intra- and
interresidual correlations between H1’/H2’ (i) and H6/H8 (i,i+1) nonexchangeable proton reso-
nances from NOESY experiments. NOESY cross-peaks due to interresidual H2’ (i) to H6/H8 (i+1)
correlations are usually strong (dyy ~ 1.7A), while intra- and interresidual correlations connecting
H1’ (i) and H6/H8 (i,i+1) protons give rise to weaker cross-peaks (dyy = 3.5A or 4.3A).
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connectivities are either missing or altered in
noncanonical loop or bulge regions.
Identification of NOEs can be aided by re-
solving the '"H-"H NOE connectivities that are
essential for determining the structure into
three and four dimensions through detection of
the heteronuclear (!13C/'5N) chemical shifts of
the proton-attached nuclei (Nikonowicz and
Pardi, 1992, 1993). Even with the extra dimen-
sions in 3-D NOESY-HSQC or 4-D HMQC-
NOESY-HSQC experiments, overlap can still
be severe for medium-sized RNAs (~30 to 40
nucleotides). An approach to aid in the identi-
fication of NOEs that has been very successful
is selective isotopic labeling of RNA with either
heteronuclei (13C/15N) or deuterium (CH).
13C/15N-labeled nucleotides can be separated
and used individually in in vitro transcriptions
with other unlabeled nucleotides (e.g.,
['3C]GTP plus unlabeled ATP, CTP, and UTP)
to produce RNA molecules selectively labeled
atonly one nucleotide (Nikonowiczetal., 1992;
Batey et al., 1995). There are two advantages
to selective labeling for identification of NOEs.
First, reduced overlap in 3-D NOESY experi-

ments, which permits unambiguous identifica-
tion of more NOEs. Second, isotopic filtering
experiments (Otting and Wiithrich, 1989a,
1990) can be performed to help resolve intranu-
cleotide from internucleotide NOEs (Battiste et
al., 1995). The introduction of residue-specific
13C-labeling in conjunction with isotopic filter-
ing makes it possible to distinguish between
different classes of NOEs, namely '3C-'H to
13C-H, 12C-'H to '2C-'H, and '>C-'H to 13C-
'H, respectively. This is a particularly powerful
approach that can also be utilized for sequential
assignment of RNA where the through-bond
methods described above are not successful. A
similar approach has also been used with RNAs
containing site-specific labels produced syn-
thetically at the C8/C6 positions of the base
(SantalLuciaetal., 1995; Cai and Tinoco, 1996).
One additional labeling methodology that has
been developed is specific labeling of a short
segment of nucleotides within a larger RNA
sequence (Xu et al., 1996). Depending on the
RNA being studied and the structural questions
being addressed, each of these specific hetero-
nuclear labeling methods will greatly assist in
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Figure 7.7.8 Effect of specific deuterium labeling on RNA NOESY spectra. (A) NOESY spectrum
of unlabeled TAR RNA (30 nucleotides) in D,O. (B) Same region for d4-TAR RNA which has
deuterium labels at the 3", 4’, 5, and 5” positions of the ribose ring. A dramatic reduction in spectral
overlapis evident, and an unusual 2’-2” NOE is observed that could not be identified in heteronuclear

NOESY experiments of 13C-labeled TAR RNA.
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the assignment and structure determination of
medium-sized RNA molecules. In general for
medium to large RNAs, several labeled samples
are required to obtain unambiguous assign-
ments.

Another way to remove or filter proton reso-
nances is to specifically substitute them with
deuterium. An advantage of deuteration, not
present with specific 13C/'">N-labeling, is the
decreased relaxation times of protons in RNAs
with reduced proton spin density. In addition,
any 13C atoms attached to deuterium will have
better relaxation properties with respect to the
3BC-"H moieties, and !3C-13C transfers are more
efficient (Dayie et al., 1998). Therefore, spe-
cific deuterium labeling should greatly aid in
the study of larger RNA molecules. Two pro-
tocols have been published for specific deute-
rium labeling. One uses a combination chemi-
cal/enzymatic synthesis approach (Tolbert and
Williamson, 1996), while the other uses all
chemical synthesis (Foldesi et al., 1992, 1996;
Glemarec et al., 1996). Figure 7.7.8 shows an
example of the filtering affect on a NOESY
spectrum of specific deuterium labeling of a
30-nucleotide RNA at the 3’, 4, 5’, and 5”
positions of the ribose ring (Tolbert and Wil-
liamson, 1996). In addition to the reduction in
overlap, the relaxation times of the remaining
protons in the proton-depleted environment
were increased ~2-fold. The disadvantage of
deuterium labeling is the greatly reduced 'H-'H
NOE-based information content essential for
the structure determination. These disadvan-
tages may in part be compensated because high
degrees of deuteration allow longer NOESY
mixing times to be used (>150 msec), since
potential spin diffusion pathways are limited.
This possibly extends the observable 'H-'H
distance in NOESY experiments to ~7 A, thus
adding rare long-range information for the
structure determination, as has been shown for
highly deuterated proteins. It is also possible,
however, to make multiple samples with differ-
ent deuteration patterns to circumvent this
problem (Tolbert and Williamson, 1996). Al-
ternatively, since many of the NOEs between
the base and sugar protons that define the con-
formation of the helices are redundant, the
reduced NOE data set from one specific deu-
teration pattern may still be useful for deter-
mining qualitative structural models of larger
RNAs.

A number of protons involved in relevant
interactions in nucleic acids are often not ob-
servable due to exchange processes. An experi-
mental approach to improving the sensitivity of
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NOE:s to amino protons in RNA has been de-
veloped (Krishnan and Rance, 1995; Mueller
et al., 1995). As was noted above, similar con-
cepts have also been utilized to improve the
sensitivity of through-bond experiments for as-
signment of base amino protons (Simorre et al.,
1995, 1996b). Easier assignment and identifi-
cation of amino proton NOEs, which are often
difficult to observe, has the potential to greatly
increase the quality of structure determinations.
This is particularly true for RNA-protein inter-
actions, since amino protons line the grooves
where proteins often make specific contacts.
RNA structure tends to be very dynamic and
flexible, and itis very common to observe NMR
resonances that are broadened by conforma-
tional exchange.

HYDROGEN BONDS IN RNA NMR
STRUCTURES

Some of the most important interactions
within RNA structures are hydrogen bonding
interactions. These can now be directly deter-
mined unambiguously by NMR even in the
case of the noncanonical base-pairing interac-
tions that are the most biologically interesting
and novel aspects of RNA structure. The exist-
ence of scalar couplings due to hydrogen bonds
between imino proton donors and acceptor ni-
trogens in Watson-Crick base-pairs of RNA
was recently shown (Dingley and Grzesiek,
1998). Hydrogen bonds have a partially cova-
lent character that gives rise to scalar spin-spin
couplings of the 2"Jyy and ™y type, which
are an important additional NMR parameter for
the structure determination of biomacro-
molecules in solution. In early stages of a struc-
tural study, these HNN-COSY-type experi-
ments allow the rapid identification of basic
secondary structural elements such as A-form
Watson-Crick duplexes in RNA. The imino
resonances of base-paired guanosines and urid-
ines can be directly correlated with their ac-
ceptor nitrogens, N3 for cytosines and N1 for
adenines, respectively, as shown in Figure
7.7.9. The corresponding 2"y coupling con-
stant values across the hydrogen bonds are
surprisingly large and on the order of 6 Hz
(Dingley and Grzesiek, 1998; Pervushin et al.,
1998a). Before the recent advance in measuring
these scalar couplings, it was only possible to
obtain indirect evidence for Watson-Crick base
pairing in the A-form helix by the observation
of upfield-shifted imino resonances, along with
anetwork of cross-strand NOEs indicative of a
typical base pair.
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Figure 7.7.9 Direct observation of scalar cross-hydrogen bond 2hJNN coupling constants in the
HIV-2 TAR argininamide complex at 298 K in H,O using a quantitative J-correlation HNN-COSY
experiment. Assignments for all observable imino resonances that are involved in Watson-Crick
base pairs in HIV-2 TAR are given. Sequence and secondary structure of HIV-2 TAR is shown. The
sequence is identical to HIV-1 TAR except for the deletion of the C24 bulge nucleotide.

Unfortunately, some hydrogen bonding in-
teractions are difficult to observe due to rapid
imino proton exchange; however, a modified
pulse scheme allows the observation of 2MIyy
couplings in the absence of detectable imino
protons (Hennig and Williamson, 2000). In-
stead of measuring the coupling by detection
of the imino protons, the 2"y couplings can
be observed via 2]y correlations with nonex-
changeable base protons. The experiment pro-
vides a sensitive measure of base-pairing inter-
actions, even in D,0O solution. This approach
has led to the conformation of the existence of
the U38-A27-U23 base triple in the HIV-2
transactivation response element (TAR)-argin-
inamide complex as shown in Figure 7.7.10.
Additionally, the chemical shifts of the unpro-
tonated base nitrogens, which can be correlated
to nonexchangeable aromatic protons via ZJyy
couplings in a reasonably sensitive manner,
might be useful to identify hydrogen-bonding
interactions (Sklenar et al., 1994).

Crystal structures of two different ri-
bozymes have highlighted the important struc-
tural role of 2’-OHs (Pley et al., 1994a; Scott et
al., 1995; Cate et al., 1996). Only a handful of
2’-OH protons have been observed by NMR,
thus making any direct evidence for hydrogen
bonding difficult (Allain and Varani, 1995).
However, hydrogen-bonding interactions have
been proposed based on a large number of
NOE:s in the region which localize possible

hydrogen bond acceptor and donor groups near
the 2’-OH, as in the GNRA structures (where
N is any nucleotide and R is a purine; Jucker et
al., 1996). One additional consideration is sug-
gested by the paromomyin-16S RNA structure,
where some potential interactions appeared
with heavy atom distances in the 4.0 to 4.5 A
range (Fourmy et al., 1996). This distance is
generally considered too long for a hydrogen
bond, but could possibly be due to a water-me-
diated hydrogen bond. These types of interac-
tions are very difficult to determine even in
protein NMR, where large hydrophobic cores
help protect single water molecules from ex-
changing with the bulk solvent (Otting and
Wiithrich, 1989b; Otting et al., 1991). The
structural role of 2’-OHs and water molecules
in RNA structure will be an important area of
future investigations.

MEASUREMENT OF BACKBONE
TORSIONS

Many of the interesting RNA structures
studied exhibit a wide variety of backbone
conformations, suggesting that torsion re-
straints will be important to define RNA struc-
ture. RNA backbone conformations are char-
acterized by six backbone torsion angles (o, B,
Y, 9, €, €) as illustrated in Figure 7.7.11. NMR
analysis of the backbone conformation is com-
plicated by the lack of useful "H-"H NOE dis-
tance restraints available that define the back-
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L
A Tazr T
. A B.
Mk A2
—— 1
, 14 T .
LN - un Lq*l.: L l-:]’. ]l - ; 10N
H a - + FH
p/ Y \ 1 [ :__:n..n
Gl I 1':"I"_1""F|".’€|”ﬂ””ﬂ'|j 'm 1 ..........L_.ﬁﬂ - TR T
el = -
AL sk .y u-.ﬁi. pE s * g ) B O AL
L
L
| e
am
AN a2 Ep ' i '
AdN1) ' - 4
o . v .
EXULYRY g 'i"r""??"' Leow ' "N [ppml
O TR A X N N £ Bl K AR %1 RZ
145, H2. ElE I, 15
1
I [ppm]

Figure 7.7.10 Direct observation of scalar cross-hydrogen bond 2hJNN and intraresidue 2JNN
coupling constants in the HIV-2 TAR argininamide complex at 298 K in D,O. (A) Quantitative
J-correlation 2JHN HNN-COSY spectrum. Assignments for all adenosine residues in HIV-2 TAR are
given on top of the spectrum. The corresponding H2 and H8 proton resonance frequencies are
highlighted by vertical wide and narrow dotted lines, respectively. Cross-peaks that are due to 2JNN
couplings have opposite signs and are shown in boxes. A dashed horizontal line connects the N3
resonance frequency of U23 as obtained from (A) 2JHN HNN-COSY and (B) "Jyn HMQC experi-
ments. Arrows point to the A20-U42 Watson-Crick base-pair correlation, the A22-U40 correlation,
and the A27-U23 correlation at the H8 proton resonance frequency of A27. Chemical shift regions
for the nitrogen and proton resonances giving rise to the observable correlations are given next to
the corresponding axis. Peaks marked with an asterisk are due to minor impurities from sample
degradation. (B) Identification of cross-hydrogen bond coupling partners using intraresidual "Jyy
HMQC correlations. Assignments for all uridine residues in HIV-2 TAR are given. Connectivities for
uridine residues are due to small intraresidue couplings (3JH5N1 = 4.5 Hz, 3JH5N3 = 2.5 Hz). The
corresponding H5,N1 and H5,N3 cross-peaks are connected by vertical solid lines. Chemical shift
regions for the nitrogen and proton resonances giving rise to the observable correlations are given

next to the corresponding axis.

bone torsions. Alternatively, vicinal 3J coupling
constants can provide useful structural infor-
mation about torsion-angle conformations (Wi-
jmenga and van Buuren, 1998; Marino et al.,
1999). Vicinal 3J couplings, involving nuclei
separated by three bonds, can be correlated to
torsion angles using empirical Karplus rela-
tions (Karplus, 1959). With the introduction of
isotopic labeling methods, a number of ap-
proaches have been developed that take advan-
tage of both 'H-3'P and '3C-3!P couplings to
measure these torsion angle restraints. Addi-
tionally, the ribose sugar pucker as well as the
glycosidic torsion angle x as shown in Figure
7.7.11 can be characterized utilizing vicinal
'H-'H and '3C-'H couplings.

Sugar Pucker and the 4 Torsion

The ribose sugar geometry is defined by five
alternating torsion angles (v through v, see
Fig. 7.7.11). Usually, the ribose sugar adopts
one of the energetically preferred C2’-endo
(South) or the C3’-endo (North) conforma-
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tions. A number of 'H,'H and 'H,!3C scalar
couplings are available to determine the sugar
pucker qualitatively, with a combination of
H1’-H2’ and H3’-H4’ coupling constants being
the most useful for smaller RNAs. The 3Jy /gy
vicinal coupling is >8 Hz for C2’-endo puckers
and ~1 Hz for the C3’-endo puckers, typically
found in A-form helices. The opposite behavior
is expected for the 3Jy3yy coupling constant
with C2’-endo puckers associated with small
and the C3’-endo puckers associated with rela-
tively large coupling constant values. The easi-
est method to measure the H1’,H2'/H3’,H4’
coupling constant is through the use of 2-D
TH-"H COSY experiments (Varani and Tinoco,
1991). The absence of a H1”, H2” COSY cross-
peak is often qualitatively interpreted as the
C3’-endo conformation; however, this ap-
proach may be misleading where broad lines
lead to the cancellation of the antiphase cross-
peaks. This pitfall, which becomes more and
more important with increasing molecular
weights associated with line-broadening ef-
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Figure 7.7.11 The six backbone torsion angles are shown on a segment of RNA. Individual torsion
angles are defined as follows: o (O3',.4-P ;- O5- C5%), B (P ;- O5’;- C5%- C4%), v (O5';- C5'- C4';-
CS’i), ) (CS’i- C4’i' C3’i- OS’i), € (C4,i' CS,i' OS,i'P i+1)1 € (CS’i- OS’i-P i+1'05’i+1 ), Vo (C4/'O4"C1 "C2'),
v4 (04’-C1’-C2’-C3’), v, (C1’-C2’-C3’-C4’), v3 (C2’-C3’-C4’-04’), v5 (C3’-C4’-04’-C1’),  (pyrimid-

ine) (04’-C1’-N1-C2), x (purine) (O4’-C1’-N9-C4).

fects, can be avoided with the use of the HCCH-
E.COSY (exclusive correlation spectroscopy)
experiment (Schwalbe et al., 1994), where even
small 'H-"H couplings can be measured. This
experiment will also be adversely affected by
broad lines, but because the measurement is not
based on the absence of a peak, a more defini-
tive measurement is possible. In the presence
of severe spectral crowding, the HCC-
E.COSY-CCH TOCSY experiment, a variant
which contains a TOCSY period to transfer
magnetization to the well-resolved C1’, im-
proves the spectral dispersion (Schwalbe et al.,
1995; Glaser et al., 1996). An alternative
method involves a collection of 'H-!3C coupled
HMQC-NOESY and HMQC-TOCSY spectra
that are collected such that the sign of a number
of 2Jcy and 3Jcy couplings can be determined
and used to define the sugar pucker as shown
in Table 7.7.3 (Hines et al., 1994). Often ribose
groups are found with homonuclear
H1’,H2’/H3’,H4’ coupling constants in the 3 to
6 Hz range, indicative of a conformation in
between the C2’-endo and C3’-endo puckers.
This mixed conformation is often left unre-
strained, since it is averaging between the two
major conformations (Aboul-ela et al., 1995;
Brodsky and Williamson, 1997).

% Torsion

Two heteronuclear vicinal 'H,'3C couplings
contain useful information about the glycosidic
torsion angle . The 3Jy.c couplings involving
the C4,C8 carbons in purines and the C2,C6
carbons in pyrimidines, respectively, all depend

on the Y torsion. The preferred orientation
around Y in A-form helix is anti, which makes
the base accessible for commonly found hydro-
gen-bonding interactions. The adopted confor-
mation in RNA around % strongly depends on
the corresponding sugar pucker with the C3’-
endo puckers associated with the anti orienta-
tion. However, the different anti and syn con-
formations around the glycosidic torsion can
usually be identified on the basis of intraresidual
sugar-to-base, H1-3’-H8/H6, NOEs. The dis-
tance between H1” and H8/H6 is shorter in the
syn conformation, a corresponding strong NOE
indicative for such a conformation.

€ and [3 Torsions

Considering the torsion angle B, the three
low-energy staggered rotamers are charac-
terized by a unique combination of vicinal
'H3'P and '3Cj'P couplings. In a standard
A-form helix, [ is in the trans conformation (3
=180°) for which the 3Jpys and 3Jpys~are small
and the 3Jpcy and 3Jpyy are large, as summa-
rized in Table 7.7.3. Therefore, when one of the
two 3Jpys couplings is large, a gauche confor-
mation (§ = £ 60°) is present. This analysis of
3Jpys couplings can also easily indicate the
presence of conformational averaging as found
in the HIV-2 TAR-argininamide complex
where one of the nucleotides exhibited large
couplings for both the 3Jpys and 3Jpys~ (Brod-
sky and Williamson, 1997). A similar qualita-
tive analysis exists for the € torsion and associ-
ated staggered rotamers, which can be meas-
ured by monitoring the 3Jcyp, 3Jcop, and 3Jygzp
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couplings. However, the 3Jy3p coupling does
not change significantly for the different con-
formations and shows small values for both the
trans (¢ = 180°) and the gauche™ (¢ = —60°)
conformers. Thus, in order to unambiguously
define €, the 3Jyp and 3Jcyp need to be ana-
lyzed. The € torsion is in the frans conformation
in a standard A-form helix where the 3Jcyp
coupling is small and the 3Jcyp coupling is
large, as summarized in Table 7.7.3.

The € and P torsions can be determined by
measuring a variety of '3C,3'P and 'H,3'P scalar
couplings. Some of these torsions may be meas-
ured directly in 2-D 'H>'P heteronuclear
COSY (HETCOR) experiments (Sklenar et al.,
1986) and nonrefocused 'H,3!P HSQCs if the
phosphorus and proton resonances are suffi-
ciently resolved; however, both the ribose proton
and phosphorus resonances involved are gener-
ally overlapped for even moderate-sized RNAs.
Accurate measurements for 13C,3!P and 'H,3'P
couplings can be obtained from both phospho-
rus fitting of doublets from singlets (so called
P-FIDS) (Schwalbe et al., 1993) or spin echo
difference experiments (Legault et al., 1995;
Hoogstraten and Pardi, 1998b; Szyperski et al.,
1999). An extensive strategy has been intro-
duced based on the intensity of cross-peaks in
3-D HCP and HPCH experiments (Varani et al.,
1995). The intensity of cross-peaks in these spec-
tra are proportional to the 3Jpys, 3Jpys~, and 3Jpcy
couplings. This approach suffers from the po-
tential drawback that peak intensities may also
be affected by other factors, such as dynamics.
Recently, novel experiments for the measure-
ment of 3C,3!'P and 'H,3'P couplings using
intensity modulations of cross-peaks due to
coupling constant evolution in so-called quan-
titative J correlations have been introduced
(Clore et al., 1998; Richter et al., 1998).

v Torsion

Measurement of the ytorsion is difficult due
to the need for stereospecific assignments of
the H5” and H5” proton resonances. The two-
bond C4’,H5'/H5” couplings can be used in
conjunction with the vicinal H4", H5/H5" cou-
plings to define y (Hines et al., 1994; Schwalbe
et al., 1994). Some couplings may be obtained
from a collection of 'H,'3C coupled versions of
3-D 3C-edited TOCSY and NOESY spectra
(Hines et al., 1993, 1994). Unfortunately, both
the C4” and the H4” in A-helical RNAs are
extremely crowded, making correlations from
these to the C5’/H5’ region, also showing poor
dispersion, difficult. Therefore, experiments
similar to the HCC-E.COSY-CCH TOCSY,

Current Protocols in Nucleic Acid Chemistry

where the overlapped H4’-H5’ cross-peaks are
correlated to the C1’/H1’, may be particularly
useful if sufficient TOCSY transfer can be
achieved (Schwalbe et al., 1994). In A-form
helices, both the 3Jysps and 3Jyspus- scalar
couplings are small in the preferred staggered
gauche* (y = 60°) conformation. Table 7.7.3
indicates that when y changes to gauche™ (y =
—60°) or trans (Y= 180°) conformations, either
the 3Jaus or *Jiyus~ coupling becomes larger;
however, additional information is required to
determine the stereospecific assignment. The
sign of the 2JC4'H5" 2](;4’1.[5”’ and 2](;5'1_14' cou-
plings are very useful to help determine not
only the stereospecific assignments but also the
conformation as summarized in Table 7.7.3.

o and  torsions

Unfortunately, the o and C torsions are not
accessible by J-coupling measurements be-
cause the involved '°O nuclei have no magnetic
moment. Some groups have used 3'P or 3C
chemical shifts as a guide for loose constraints
on these torsions; however, the correlation be-
tween 3'P chemical shifts and the phosphodi-
ester backbone conformation is not well under-
stood in RNA. For example, in tRNA, a wide
range of phosphorus chemical shifts are ob-
served that are outside the ranges expected for
variation of the ot or { torsions, and other factors
may be major contributors to phosphorous
chemical shifts (Gueron and Shulman, 1975;
Gorenstein and Luxon, 1979; Salemink et al.,
1979). Furthermore, quantum calculations
have shown that counterions also affect the
chemical shift, further indicating that 3'P
chemical shifts may not be a reliable indicator
of the conformation (Giessner-Prettre and Pull-
man, 1987). The understanding of different
conformational contributions to the investi-
gated C3’, C4, and C5” '3C chemical shifts
remains incomplete (Xu et al., 1998); however,
the use of heteronuclear chemical shiftsin RNA
structure calculations might have a greater im-
pactin the future, especially in regions with low
density of traditional restraints such as dis-
tances and torsion angles. Until a more com-
plete chemical shift data base is created, re-
straints based on chemical shifts alone should
probably be used with great caution.

The Value of Torsion Restraints in
Structure Determination

In protein NMR, torsion restraints help in-
crease the precision of the structure, and it is
expected that the precision of nucleic acid
structures will also improve with the inclusion

Biophysical
Analysis of
Nucleic Acids

7.7.17

Supplement 2



Table 7.7.3 Backbone J-Couplings in RNA
Angle Rotamer 1J-Coupling J (Hz)
B trans® H5’ - P(i) 1-4
H5” - P@) 1-3
H4’ - P(i)® ~2
C4” -P(i) 8-11
gauche~ H5" - P(i) 1-3
H5” - PG) >15
C4" -P(1) <5
gauche* H5’ - P(i) >15
H5” - P@) 1-3
C4’ - P(i) <5
€ trans® H3’ - P(i+1) <5
C2’ - P(i+1) <5
C4’ - P(i+1) >10
gauche~ H3’ - P(i+1) <5
H2' - P(i+1)° 2-3
C2’ - P(i+1) >10
C4’ - P(i+1) <5
gauche* H3"-P(i+1) >15
H2" - P(i+1)° 2-3
C2' - P(i+1) <5
C4’ - P(i+1) <5
v gauche* H4' - HY 1-3
H4’ - H5” 3
C4’ - HY -
C4 - HY” +
C5" -H4 +
trans H4’ - H5’ 3
H4’ - H5” 9-11
C4’ - HY +
C4 - H5” -
C5 - H4 -
gauche™ H4’ - HY 9-11
H4’ - H5” 5
C4’ -H5' -
C4 - HY” -
C5 - H4 -
&¢ C3’ endo® H1’ - H2' ~1
H2’ - H3’ ~4
H3’ - H4 ~9
Cl’-H2 -
C2’ - H3¥ -
C3’ -H2 +
C4’ - H3 +
C2’ endo H1’ - H2’ ~8
H2’ - H3’ ~4
H3’ - H4 ~1
Cl’-H2' +
C2'-H3’ +
C3’-H2 -
C4’ -H3' -
“The preferred rotamer populated in A-form helix.
Recent Advances bThe 41 Ha'p coupling can reach measurable values, ~2 Hz, if  falls in the trans region and the
in RNA Structure corresponding torsion angle y adopts a gauche™ conformation.
Determination by “The *J5op coupling is ~2 to 3 Hz, if € adopts a gauche conformation.
NMR 4The characteristic sign patterns of involved 2JHC couplings contain particulary useful infor-

mation to restrict either the torsion 7y or the sugar pucker.
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of torsion restraints. J-coupling restraints can
be implemented in two different ways during
the structure determination. They can be intro-
duced qualitatively by restricting a torsion an-
gle in a loose manner (£30°) to one of the three
staggered rotamers along the phosphodiester
backbone or defining the preferred ribose sugar
pucker such as C2’-endo or C3’-endo. Alterna-
tively, vicinal J-couplings can be quantitatively
related to a certain torsion angle using parame-
terized Karplus relations (Karplus, 1959; Wi-
jmenga and van Buuren, 1998; Marino et al.,
1999). Preliminary studies indicate that only
mild improvement is obtained with sufficiently
large distance restraint data sets (Allain and
Varani, 1995; Brodsky and Williamson, 1997).
In fact, in the absence of any torsion restraints
other than the sugar puckers, a structure with a
root mean square deviation (rmsd) to the aver-
age of ~1.2 A can be defined with a large NOE
restraint set for a 30-nucleotide RNA (Brodsky
and Williamson, 1997). Inclusion of additional
torsion restraints results in a modest improve-
ment of the rmsd to ~1.1 A. Therefore, with a
sufficient number of NOEs the structure may
be reasonably well defined without torsion re-
straints that are increasingly difficult to meas-
ure for larger RNAs and RNA-protein com-
plexes.

NOVEL PARAMETERS FOR
LIQUID-STATE NMR STRUCTURE
DETERMINATION

In general, there is a practical difficulty in
defining RNA structures precisely by NMR
because NOE- and J-coupling-based structure
calculation relies on either short-range distance
(<6 A) or local torsion angle information. Thus,
RNAs often are elongated structures, that are
better approximated as cylindrical rather than
globular shapes. There is a lack of NOE infor-
mation between distant ends of the molecule
and, as a result, the relative orientations of
helical segments at opposite ends of the mole-
cule are poorly defined. There have been two
recent advances in methodology that may help
alleviate or overcome this shortcoming.

Relative Orientations of Bond Vectors
Derived from Cross-Correlated
Relaxation

Cross-correlated relaxation rates have been
recently introduced to high-resolution NMR as
a tool for structure determination (Reif et al.,
1997). For RNAs, these rates are measured
using an experiment that belongs to the HCCH
class, and result in the precise determination of
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the ribose sugar pucker without the need of any
empirical Karplus parameterization (Felli etal.,
1999). For example, measurement of cross-cor-
related relaxation rates between neighboring
13C-H dipoles within the ribose ring can be
used to define the sugar pucker. The efficiency
of cross-correlated relaxation in this case de-
pends on Y4(3c0s20 — 1), where 0 is the projec-
tion angle between the two '3C-'H bond vec-
tors. Thus, cross-correlated relaxation is most
efficient for either a parallel (6 = 180°) or an
orthogonal (8 = 90°) orientation of the two
interactions and can also be zero in the case of
0 ~ 54.6°. The angle between '*C-'H bond
vectors can be readily determined from HCCH-
type cross-correlated relaxation measure-
ments, and the resolution of this experiment can
be further enhanced by combination with a
CC-TOCSY transfer (Richter et al., 1999). The
quantitative analysis of scalar J-couplings, es-
pecially in the case of homonuclear 3Jyy cou-
plings related to the ribose sugar pucker, be-
comes more and more difficult with increasing
molecular weight. In contrast, the efficiency of
cross-correlated relaxation pathways scales
linearly with the overall correlation time of the
molecule, which is related to its size. These new
methods that exploit cross-correlated relaxa-
tion as a tool for structure determination should
allow the characterization of conformations for
larger RNA molecules, where J-coupling
analysis is no longer feasible.

Residual Dipolar Couplings as a
Probe for Long-Range Interactions

In isotropic solutions, molecules are ran-
domly oriented such that all orientations of a
molecule with respect to the external magnetic
field are equally probable. Since molecules
undergo rapid random Brownian motion, dipo-
lar couplings are not directly observable in
NMR spectrabecause they are averaged to zero.
Over the past few years, methods have been
developed to create a slightly anisotropic envi-
ronment for molecules tumbling in solution.
This results in a small degree of alignment of
the molecule, and the dipolar couplings no
longer average to zero, while retaining the qual-
ity of high-resolution NMR spectra. The most
promising systems for NMR studies of partially
aligned systems redilute liquid crystalline
bicelles (Tjandra and Bax, 1997a) or bacterio-
phage solutions (Hansen et al., 1998a).

The reason for the preferred orientations of
these macromolecules is interactions between
the external magnetic field and orientation-de-
pendent anisotropic magnetic susceptibility in
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the molecules. The huge rod-like phages, as
well as the disk-like liquid crystalline bicelles,
populate the orientational space in a nonuni-
form manner, and can thus induce alignment of
dissolved RNAs. Bicelles used in high-resolu-
tion NMR studies are composed of mixtures of
phospholipids such as dimyristoylphospha-
tidylcholine (DMPC) and lipids with detergent-
like properties such as dihexanoylphospha-
tidylcholine (DHPC). They form an anisotropic
liquid crystalline phase when prepared at 10 to
30 weight % lipid in aqueous solution over the
20° to 40°C range of temperatures (Prestegard,
1998). The filamentous phage Pfl at concen-
trations between 10 and 60 mg/L also forms an
aligned medium. The degree of alignment of
the RNA molecule can be controlled by varying
the concentration of the phage or bicelle solu-
tion. Higher phage or bicelle concentrations are
associated with stronger alignments and pro-
duce larger residual dipolar couplings, while
lower concentrations correspond to lower de-
grees of ordering, reflected in smaller dipolar
couplings. There is a narrow useful range of
alignments suitable for high-resolution NMR
studies. Too much alignment gives larger dipo-
lar couplings, but also results in line broadening
to such an extent that high-resolution NMR is
not possible.

Dipolar couplings on the order of £10 to 30
Hz can be introduced using phages or bicelles
as cosolutes. In particular, dipolar couplings
contain valuable structural information for the
evaluation of the relative orientations of helices
in RNA molecules. The size of dipolar cou-
plings for an axially symmetric RNA molecule
depends on the average value of an orientational
function, %(3c0s20 — 1), and the inverse cubic
distance, 1/r3, between the coupled nuclei.
Here, the angle 6 characterizes the axial orien-
tation of the internuclear vector that connects
the coupled nuclei with respect to the principal
axis system of the molecular alignment tensor.
For a directly bonded pair of nuclei with known
distance, such as 'H-13C or 'H-15N in labeled
RNA, angular restraints can be extracted from
dipolar coupling data and incorporated during
the structure calculation (Tjandra et al., 1997).
Such one-bond dipolar couplings can be meas-
ured in a straightforward and sensitive manner.
The difference between scalar J coupling con-
stant values measured in isotropic and aniso-
tropic media gives the residual dipolar cou-
pling. The simplest method for the measure-
ment of these large one-bond couplings is the
HSQC experiments recorded without proton
decoupling. Several methods to measure Jyc

or Jyn more precisely have been published
(Tjandraet al., 1996; Tjandra and Bax, 1997b).

In addition, dipolar 'H,'H couplings are a
potentially valuable source of long-range dis-
tance information (Hansen et al., 1998b). The
transfer efficiency for dipolar couplings be-
tween protons falls off as a function of 1/13 as
opposed to the 1/r® dependence of the NOE.
Since those long-range interactions between
dipolar coupled protons are obtainable in a
straightforward manner, they can be measured
using either COSY or TOCSY transfer
schemes. Distances >5 A could be easily meas-
ured for a 16-mer DNA duplex (Hansen et al.,
1998b); however, since the interproton distance
is not necessarily known in advance, the inter-
pretation of the angular dependence for the
interproton interaction is more complicated
than in the case of the 'H-'3C or "H-'SN vectors.

RNA STRUCTURES

To generate a family of structures consistent
with the NMR data, structures are traditionally
refined against the distance and torsion re-
straints along with geometric and nonbonded
terms using restrained molecular dynamics cal-
culations (Briinger and Karplus, 1991; Nilges,
1996). A number of RNA structures have been
determined utilizing many of the heteronuclear
techniques discussed in this review. Many of
the problems in RNA NMR studies revolve
around the difficulty of gathering a large data
restraint set due to chemical shift overlap along
with dynamics issues. These issues also need
to be considered during the molecular modeling
process and for interpreting the resulting family
of structures. Furthermore, the paucity of pro-
tons along the backbone leaves few distance
restraints to define the many degrees of free-
dom of the RNA backbone. Neither distance
nor J-coupling-based NMR methods are avail-
able for the direct determination of the back-
bone angles o and {. In general, traditionally
applied restraints such as proton-proton dis-
tances or torsions accurately define local fea-
tures of RNA structures, whereas global fea-
tures like helical bending cannot be determined
precisely using these restraint sets; however,
parameters mentioned in the section above,
such as residual dipolar couplings, hold the
promise to provide global rather than local
structural information for RNA structure deter-
mination. The data sets traditionally used as a
restraint list in the structure determination in-
clude NOE and torsion restraints, and parame-
ters such as cross-correlated relaxation rates
and residual dipolar couplings have yet to be
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included in a published RNA structure deter-
mination.

Overall Quality of RNA NMR
Structures

In evaluating the quality of a family of RNA
NMR structures, a number of statistics can be
evaluated: rmsd, number of NOE and torsion
restraints, residual distance and torsion viola-
tions, and the largest distance and torsion vio-
lations. The distance restraints are further dis-
sected into the number of interresidue, in-
traresidue, and intermolecular NOEs. A listing
of RNA NMR structures is shown in Table 7.7.4
with the rmsd’s shown in the context of the
number of NOE and torsion restraints. The
local rmsd is given because the overall global
rmsd is usually in the 2.0 to 2.6 A range, which
might otherwise be indicative of poor conver-
gence. This is because almost every RNA struc-
ture studied includes a region which is poorly
defined, e.g., a disordered loop, terminal base
pair, or a nucleotide without any internu-
cleotide NOEs. This situation is comparable to
protein NMR and X-ray studies, which often
neglect the N- and C-terminal ends of proteins
because of the lack of structural data from these
regions. Therefore, the more useful rmsd to
consider includes only the region of interest and
is usually a more accurate description of the
quality of the structure than the overall global
rmsd. However, for RNA NMR studies, the
region that is defined as the structured “core”
can be a subjective decision, as the tendency is
to find a combination of nucleotides which will
give the lowest possible rmsd. One alternative
is to define the well-ordered region by using an
average standard deviation matrix which will
identify the ordered and disordered regions
(Kundrot, 1996).

All the structures listed in Table 7.7.4 have
low rmsd’s, indicating that a family of struc-
tures converged to a very similar structure, but
the crucial question is whether the structures
are accurate. This question was addressed in
great detail using synthetic sets of restraints as
derived from the ribozyme crystal structure
(Allain and Varani, 1997). As in all structural
biology techniques, correlations with other bio-
chemical and structural data are used to help
determine the accuracy of the structure. For
RNA NMR studies, it is possible to make mu-
tations of the RNA to determine whether any
specific nucleotide alters the structure or com-
plex, as has been done in a few cases (Puglisi
et al., 1995; Ye et al., 1995; Dieckmann et al.,
1996) to help support the proposed interactions.
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In addition, the GNRA tetraloops (where N is
any nucleotide and R is a purine) were first
determined by NMR (Heus and Pardi, 1991)
and have now been seen in both the Hammer-
head crystal and P4/P5/P6 IVS crystal struc-
tures (Pley et al., 1994a,b; Cate et al., 1996).
The GNRA tetraloops determined by NMR and
X-ray crystallography are extremely similar
and incorporate the same essential features.
Furthermore, RNA NMR studies have been
found to be very self-consistent, as all the gen-
eral features and many of the specifics were
very similar for the four structures that have
been independently solved by two research
groups.

Choosing a Molecular Modeling
Protocol

The goal of the molecular modeling calcu-
lations is to start from a sufficiently random
initial model and then explore as much confor-
mational space as possible. It is difficult to
assess whether the protocols currently used are
sampling all conformational space consistent
with the data; therefore, this is an area of much
study (Briinger and Karplus, 1991). Three ma-
jor types of initial models are predominantly
used as shown in Table 7.7.4: random coordi-
nates, random torsions, and distance geometry.
The major difference between these approaches
is the computational expense required to gen-
erate a family of structures. Generally, random
torsions offer high convergence rates in the
40% to 50% range (Aboul-ela et al., 1995;
Allain and Varani, 1995; Allain et al., 1996;
Jucker et al., 1996), while random coordinates
require significant sorting of the atoms and
generally generate lower convergence rates in
the 10% to 20% range (Puglisi et al., 1995;
Brodsky and Williamson, 1997). Distance ge-
ometry is an algorithm routinely used to sample
conformational space in protein NMR studies
with great success (de Vlieg and van Gunsteren,
1991). In RNA NMR studies, distance geome-
try has been found to be especially useful when
many long-range, global fold type of NOEs are
found as in peptide complexes and the highly
folded ATP aptamer (Battiste et al., 1996;
Dieckmann et al., 1996; Fan et al., 1996; Ye et
al., 1996).

Determining Bounds for Distance
Restraints

A large difference in the number of NOEs
per nucleotide is seen in the structures summa-
rized in Table 7.7.4, in part because not all
NOEs are always included in the distance re-
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straint data set for molecular modeling calcu-
lations. These apparent discrepancies occur be-
cause, although some intranucleotide NOEs are
important in defining RNA structure, there are
a number of intraribose and intrabase NOEs
that do not contain any useful information,
either because the range of sugar puckers do
not change these distances significantly within
the precision that the restraints can be accu-
rately defined, or because the covalent structure
of the nucleotide itself defines the restraints.
The HIV-2 TAR argininamide NMR study did
not use intrabase H5-H6 and H5-H4 NOEs
(Brodsky and Williamson, 1997). Also, one of
the BIV Tat-TAR and one of the ATP aptamer
studies excluded many “conformationally un-
important” NOEs from the NOE restraint list,
thus accounting for the small difference be-
tween the total number of NOEs and internu-
cleotide NOEs shown in Table 7.7.3 (Puglisi et
al., 1995; Dieckmann et al., 1996).

Deciding what bounds to use for NOE re-
straints is a critical issue for RNA NMR struc-
tures. Modeling studies of protein structures
using both synthetic and real data have demon-
strated a correlation between the precision of a
family of structures and the accuracy to a target
structure (Liu et al., 1992). This correlation is
critically dependent on the accuracy of the
bounds used and the proper identification of
NOEs; however, it is unclear whether this same
correlation between rmsd and accuracy per-
tains to RNA structures which have fewer in-
terresidue NOEs and lack the global fold, long-
range NOEs often found in protein NMR stud-
ies. Unfortunately, the dynamic character of
many RNA molecules on the NMR time scale
prevents the accurate determination of tight
bounds. For RNA NMR studies, NOE con-
straints are often determined semi-quantita-
tively and placed into four categories: strong,
medium, weak, and very weak NOEs. Protein
NMR studies have shown that with a suffi-
ciently large restraint data set, a precise and
accurate family of structures can be determined
even when loose bounds are used (Liu et al.,
1992). The RNA NMR studies listed in Table
7.7.4 have used different upper and lower
bounds to define these categories. These differ-
ences lead to slightly different residual distance
violation statistics, which may or may not re-
flect the quality of the structure. Each research
group has used a slightly different methodology
to determine the NOE bounds which also
changes on a case-by-case basis depending on
the quality of the spectra. The P1 helix, HIV
TAR, and U1A studies set all the lower bounds
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to 1.8 A with upper bounds ranging from 3.0
A for the most intense NOEs to 7.0 A for the
weakest NOEs found in H,O experiments
(Aboul-elaetal., 1995; Allain and Varani, 1995;
Allain et al., 1996; Brodsky and Williamson,
1997). One of the reasons for this very conser-
vative approach is demonstrated by the extreme
case of the HIV TAR studies where a weak-
binding ligand caused a variety of conforma-
tional exchange issues. This precluded the use
of accurate tight bounds such that independent
groups used very conservative bounds (Aboul-
ela et al., 1995; Brodsky and Williamson,
1997); however, this approach may be too con-
servative in some cases, as much of the infor-
mation in the NOE data is not being used. An
alternative approach is to use slightly tighter
bounds where the lower bounds are set to 1.8,
2.5, and 3.5 A, with upper bounds of 2.5, 3.5,
and 5 A for the strong, medium, and weak
categories, respectively (Puglisi et al., 1995; Ye
et al., 1995, 1996; Fan et al., 1996; Fourmy et
al., 1996; Jucker et al., 1996). This strategy has
been used in a number of cases with water
NOESY spectra treated differently to account
for possible spin diffusion effects of close
amino protons. Both these approaches lead to
a family of converged structures as shown in
Table 7.7.4; however, when looser bounds were
used, a significant number of restraints were
used and thus presumably overcame the larger
conformational space allowed by each bound
as illustrated by the P1 helix, UIA, and HIV
TAR studies (Aboul-elaet al., 1995; Allain and
Varani, 1995; Allain et al., 1996; Brodsky and
Williamson, 1997). The danger of using tight
bounds is that errors can be made, some of
which may lead to the wrong structure or can
limit the rate of convergence, making the struc-
ture calculations difficult. Some techniques
have been developed to help limit the amount
of spin diffusion and therefore increase the
accuracy of tight bounds by limiting the effects
of spin diffusion, thus increasing the precision
and presumably the accuracy of the resulting
structures (Hoogstraten and Pardi, 1998a).

PROSPECTS FOR LARGE RNA
MOLECULES

Most NMR studies have focused on small
hairpin elements (~20 to 40 nucleotides) that
contain unusual base-pairing elements and/or
are the recognition sites for proteins or small
molecules. Expanding the size of RNA mole-
cules that can be studied by NMR to the 70 to
80 nucleotide range would greatly enhance the
ability to study biologically significant RNAs.
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The two significant technical problems that
must be overcome in order to study large mac-
romolecules are the chemical shift overlap in
spectra from the increased number of reso-
nances and the increased transverse relaxation
times that significantly reduce the sensitivity of
multidimensional heteronuclear experiments.
The first problem can be most easily overcome
by the selective segmental and/or type-specific
13C/1°N-labeling strategies outlined earlier,
though strategies that allow more flexibility in
the labeling patterns will probably be neces-
sary. The relaxation problem is more funda-
mental and is difficult to overcome, but prom-
ising strategies have recently been developed.

Utilizing TROSY in RNA Assignments
and Structure Determinations

A new class of NMR experiments based on
transverse relaxation-optimized spectroscopy
(TROSY) promises a several-fold increase of
the molecular size of RNA structures accessible
(Pervushin et al., 1997; Wiithrich, 1998). Dif-
ferent relaxation mechanisms usually contrib-
ute to the rapid decay of magnetization during
NMR experiments. The TROSY approach uses
interference effects between different relaxa-
tion mechanisms in a constructive manner, re-
sulting in partial cancellation of transverse re-
laxation effects, thus dramatically increasing
the sensitivity of NMR. The efficiency of this
mutual cancellation is a function of the spin
pairs studied, the molecular weight, and the
external magnetic field available. For example,
for a '"H-N spin pair in a molecule with a
molecular weight of 150 kDa, nearly complete
cancellation of magnetization decay can be
achieved with a 900 MHz (proton resonance
frequency) spectrometer, which will soon be-
come available. Basically all NMR experi-
ments that excite and detect imino proton reso-
nances in RNA potentially benefit from the
TROSY approach, which was originally pro-
posed for 'H-'N amide moieties in proteins.
Furthermore, recent experiments show signifi-
cant gains in sensitivity for '"H-13C moieties in
aromatic spin systems (Brutscher et al., 1998;
Pervushin et al., 1998b; Meissner and Soren-
sen, 1999a). These applications have an even
greater impact on the experiments commonly
used for the investigation of RNA by NMR,
because HCCH-type experiments for the as-
signment of the ribose resonances or HSQC-
type experiments for either ribose or base 'H-
13C spin pairs potentially benefit, opening the
field for NMR studies on larger RNA systems
in the future. Finally, most recent studies indi-

cate sensitivity gains for the collection of NOE
data, essential for a structure determination in
NOESY experiments (Meissner and Sorensen,
1999b, 2000; Pervushin et al., 1999).

Sensitivity Enhancement Through
Multiple Quantum Line Narrowing

Two approaches can be applied to obtain
one-bond 'H-13C correlations, HSQC or
HMQC experiments. Recent studies show that
the multiple quantum (MQ) experiments are
more sensitive for correlating carbon and pro-
ton nuclei in RNA (Marino et al., 1997). The
reason for this is similar to considerations given
in the previous section. The main sources of
relaxation for CH and CH, moieties are not
effective during multiple quantum evolution
times; thus, MQ lifetimes are increased with
respect to SQ (single quantum) coherences,
present in HSQC experiments. The enhance-
ment was demonstrated to be about a factor of
3 for a 36-mer RNA hairpin (Marino et al.,
1997). This encouraging result has implications
for through-bond assignment experiments,
mentioned in earlier sections. Optimized HCN
pulse schemes for the through-bond correlation
of ribose and base resonances utilizing MQ
instead of SQ evolution periods have been pro-
posed and show significant sensitivity gains,
essential for successful investigations of larger
RNA systems (Fiala et al., 1998; Sklenar et al.,
1998).

In addition, specific deuteration of ribose or
base resonances is likely to be beneficial. Full
sensitivity can be retained at a particular posi-
tion while still mitigating relaxation effects.
New labeling patterns that incorporate both 3C
and 2H will probably be needed, so that multi-
dimensional experiments can be performed to
resolve overlap problems. In addition, '3C la-
bels in the ribose ring, along with deuteration
of all the protons except at the H1” position, has
the potential to improve the feasibility of HCP
sequential assignment experiments for larger
RNA through increased efficiency of 3C-
TOCSY transfer (Dayie et al., 1998).

To achieve a level of precision equivalent to
that which has been commonly found in protein
NMR of medium-sized (<20-kD) proteins,
relatively more data is expected to be required
and used in the structure determination process
(Liu et al., 1992). Given the difficulties in
acquiring any data for larger systems, this pre-
sents a particularly difficult situation. In RNA
NMR, where good precision for even medium-
sized (<40 nucleotide) RNAs is a difficult and
tedious task, the challenge may be even greater.
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However, the new methods described above,
especially dipolar couplings, hold the promise
of great impact on the structure determination
of even larger RNA systems. Perhaps depend-
ence on other biochemical and biophysical
techniques like transient electric birefringence
and fluorescence resonance energy transfer
measurements to gain additional structural re-
straints to aid in the structure determination
process will become useful and necessary to
solve large RNA structures.
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