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Introduction

In nuclear magnetic resonance (NMR) structural studies
of macromolecules in solution, magnetic interactions
between nuclei, known variously as spin—spin couplings,
scalar couplings, or J-couplings, can provide information
about molecular bond geometry. Among measured
J-couplings, vicinal 3J-couplings, which involve nuclei
separated by three bonds, are generally the most structur-
ally informative. Vicinal couplings can be correlated, using
theoretical relations derived by Karplus,! to the dihedral
angle between the terminal bonds. In RNA oligonucleo-
tides, vicinal 3J(H,H), 3J(H,C), 3J(H,P), and 3J(C,P) couplings
can be used to define the dihedral angles which determine
sugar pucker, glycosidic bond angle, and phosphodiester
backbone angles (Figure 1). Additionally, YJ(H,C) and
2J(H,C) couplings can be qualitatively related to sugar
pucker and can provide in certain instances stereospecific
assignment of geminal proton resonances. Here we present
an overview of recent NMR methods developed to mea-
sure J-couplings in 13C,15N-labeled RNA. The importance
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of dihedral restraints in RNA structure determination is
also discussed.

Background

As shown in Figure 1, the nucleotide phosphodiester
backbone in RNA is defined by a total of six backbone
torsion angles (o, B, v, 0, €, £). The glycosidic bond that
links the ribose and base is defined by the torsion angle
%, and the ribose sugar geometry is defined by the five
endocyclic torsion angles (vo through wv,). For steric
reasons, the phosphodiester backbone torsion angles are
normally found in one of the three staggered conforma-
tions (gauche™, gauche, or trans) and the glycosidic bond
angle y is found in either the syn (0—90°) or anti (180—
270°) conformation relative to the ribose. Since the ribose
is a closed ring, the magnitudes of the five endocyclic
torsion angles are all interrelated. The ribose geometry
can therefore be defined in good approximation by two
parameters, the pseudorotation phase angle, P, and the
pucker amplitude, vmax.2 FOr energetic reasons, the ribose
ring is never planar, but rather puckers in either an
envelope (E) or twist (T) form. In the pseudorotation cycle,
the ribose pucker is most often found in either the C2'-
endo (South, P = 137—-194°) or C3'-endo (North, P = —1—
34°) region, which are its lowest energy states.3 RNA
backbone torsion angle definitions and values for the two
common helical geometries, A-form and B-form, found
in RNA are given in Table 1.

The sugar pucker and backbone torsion angle, 6 (C5'—
C4'—C3'—-03"), can be determined by measuring a series
of 3J(H,H) and 3J(H,C) scalar couplings (Table 2). 3J(H1',-
H2") and 3J(H3',H4') couplings are both sensitive to
whether the ribose sugar is in one of the two preferred
conformational states, C3'-endo or C2'-endo (Figure 2).
For the C2'-endo sugar pucker, the 3J(H1',H2') coupling
is expected to be relatively large (8—10 Hz) while the
3J(H3',H4") coupling is expected to be small (<2 Hz). The
opposite behavior is observed for these couplings in a C3'-
endo sugar pucker. In contrast, the magnitude of the
3J(H2',H3') coupling constant is about the same in these
two states. Intermediate couplings are normally inter-
preted to indicate conformational heterogeneity between
two or more sugar pucker states in fast exchange, and the
relative equilibrium populations are then estimated from
the size of the couplings. However, the unambiguous
determination of the conformational equilibrium between
two conformers requires the determination of five pa-
rameters: the pseudorotation phases P' and P!, the
amplitudes vmax' and vma'', and the relative populations.
Thus, the possibility of an unusual sugar conformation
cannot be excluded with only three 2J(H,H) couplings. The
distinction between a multistate equilibrium and a unique
conformation can be made in principle by measuring
additional 3J(H,C) couplings.#® 2J(C1',H2'), 2J(C2',H3"),
2)(C3',H2"), and 2)(C4',H3') couplings (Figure 2) can also
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FIGURE 1. Schematic of the torsion angles (o, 3, v, 9, €, &, vo—s, and y) that define the nucleotide backbone geometry in RNA, where B is
one of the four different aromatic bases, guanine, adenine, cytosine, and uracil, that are shown. (Adapted from ref 3, p 14).

Table 1. Definition of the Ribose and Phosphodiester Backbone Dihedral Angles of a Nucleotide Subunit in RNA
and the Idealized Torsion Angles Found in A-Form and B-Form Helical Geometries3

A-form value (deg)

B-form value (deg)

angle definition
o 03'j-1—Pi—05'i—C5%'; 292
B Pi—05'i—C5'i—C4'; 178
y O5'i—C5'{—C4'{—C3'; 54
o] C5'i—C4'i—C3'i—03; 82
€ C4'i—C3'i—03'i—Pi+1 207
¢ C3'i—03'i—Pit1—05'i41 289
Vo C4'-04'-C1'—-C2 5.8
v 04'-C1'-C2'-C3 —26.2
V2 C1'-C2'-C3'-C4' 36.5
V3 C2'—-C3'—C4'-04' —33.0
V4 C3'—-C4'-04'-C1' 16.8
% (pyrimidine) 04'-C1'-N1-C2 202
% (purine) 04'—C1'—N9—C4 202

gauche™ 314 gauche™
trans 213 trans
gauchet 36 gauche™t
gauche*t 157 gauche™t
trans 155 trans
gauche™ 264 gauche™
C3'-endo —4.2 C2'-endo
C3'-endo 24.9 C2'-endo
C3'-endo —34.9 C2'-endo
C3'-endo 33.3 C2'-endo
C3'-endo -18.3 C2'-endo
anti 262 anti

anti 262 anti

Table 2. 23 and 3J Hetero- and Homonuclear Coupling Constants Associated with the Ribose Pucker and
Backbone Torsion Angles in RNA

angle 3J coupling constants 2J coupling constants

B 3J(H5'®Pro-S) p) 3J(H5'®Pro-R) p) 3J(C4',P) 2J(C5',P)

y 3J(H5'(Pro—S), H4') 3J(H5'Pro—R), H4') 3J(C3',H5'(Pro=S)) 23(C5',H4") 23(C4',H5'(Pro=s))
3J(C3',H5'(Pro—R)) 23(C4',H5'(Pro—R))

€ 3J(H3',P) 3J(C4',P) 3J(c2',P) 2J(c3',pP)

” 3J(H1',H2) 3J(H1',C3) 3J(C3',H1") 2J(C2',H1) 2J(C1',H2")

V2 3J(H2',H3) 3J(C1',H3) 3J(C4',H2") 2J(C3',H2) 2J(C2',H3)

v3, O 3J(H3',H4") 3J(C5',H3) 3J(C2',H4) 2J(C3',H4) 2J(C4' \H3)

% (pyrimidine) 3J(H1',C6) 3J(H1',C2) 3J(H6,C1') 2J(H1',N1) 2J(H6,N1)

% (purine) 3J(H1',C8) 3J(H1',C4) 3J(H8,C1) 2J(H1',N9) 2J(H8,N9)

be used to determine the sugar pucker due to their
pseudo-Karplus dependence on vy, v,, and v3.46 In addi-
tion, certain 1J(C,H) coupling constants”® can be related
to the sugar pucker.

The glycosidic torsion angles, y (04'—C1'—N1-C2) in
pyrimidines (cytidine/uridine) and y (0O4'—C1'—N9—C4)
in purines (guanosine/adenosine), are defined by two
3J(C,H) couplings (Table 2). The 3J(H1',C) couplings to the
C8,C4 carbons in purines and to the C2,C6 carbons in
pyrimidines all depend on y, although all are relatively
small (1-5 Hz) in magnitude. In pyrimidines, the 3J(H1',-
C2) coupling is found to be ~2 Hz smaller than the 3J(H1',-
C6) coupling for the anti configuration, while the opposite
is true for the syn case. In purines, the 3J(H1',C4) coupling

is found to be ~2 Hz smaller than 3J(H1',C8) coupling for
the anti configuration, and again the opposite is true for
the syn case.®° The torsion angle y (O5'—C5'—C4'—C3')
can be determined from 3J(H4',H5'(Pro—9)), 3j(H4',H5'(Pro—R)),
2)(C5',H4"), 2)(C4' ,H5'(Pro=9)) and 2)(C4',H5'(Pro=R)) cou-
pling constants (Table 2). The combined analysis of these
couplings can also provide stereospecific assignment of
geminal H5' protons. Each of the three staggered rotamers
associated with the torsion angle y has a unique 3J(H,H)
and 2J(C,H) coupling constant signature (Figure 3). For
the gauche* rotamer both the 3J(H4',H5'(Pro—=S)) and
3J(H4',H5'(Pro—=R)) couplings are relatively small (<3 Hz).
In contrast, for the gauche~ rotamer a relatively large
3J(H4' ,H5'(Pro=9)) coupling is expected, while for the trans
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FIGURE 2. (A) Karplus curves relating 3J(H1' H2"), 3J(H2' H3'), and
3J(H3',H4') couplings to the pseudorotation phase angle, P. (B)
Schematic of the two energetically preferred ribose conformations
(C2-endo and C3'-endo) and the 3J(HH) and 2J(CH) coupling
constants expected for the vy, v,, and v3 angles in these conforma-
tions.

rotamer a relatively large 3J(H4',H5'(Pro=R)) coupling is
expected. The sign and magnitude of 2J(C4',H5'(Pro—S)),
2)(C4',\H5'(Pro—R)) " and 2J(C5',H4') couplings can also be
used to assign the torsion angle about y and stereospe-
cifically assign the H5' resonances.®11 For the gauche*
rotamer, the 2J(C4',H5'(Pro—9)) coupling is expected to be
negative and the 2J(C4',H5'(Pro—R)) and 2J(C5',H4") cou-
plings are expected to be positive, for the trans conformer,
the 2)(C4',H5'(Pro=9)) coupling is expected to be positive
and the 2J(C4',H5'(Pro=R)) and 2J(C5',H4') couplings are
expected to be negative, and for the gauche~ conformer,
all 2)J(C,H) couplings are expected to be negative. 3J(C3',-
H5'(Pro=9)) and 3)(C3',H5'(Pro—R)) couplings can also be used
to determine the conformation about the y angle; how-
ever, these couplings are quite difficult to measure.*
The torsion angle g (P,—0O5'—C5'—C4') can be deter-
mined by measurement of 3J(H5'(Pro—S) P), 3)(H5'(Pro—R) p),
and 3J(C4',P) couplings (Table 2). For the torsion angle 3,
the three classic staggered rotamers each have unique
3J(H,P) and 3J(C,P) coupling constant signatures (Figure
4). In the trans conformation, both the 3J(P,H5'(Pro—R)) and
3)(P,H5'(Pro=9)) couplings are small and the 3J(P,C4')
coupling is large. If § is not trans, either the 3)J(H5'(Pro—9) P)
or 3J(H5'(®Pro—R) P) coupling is large and stereospecific
assignment of the H5' proton resonances is necessary to
distinguish between the two gauche conformers. In both
the gauche rotamers, the 3J(P,C4") coupling is expected
to be small and therefore cannot be used to distinguish
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FIGURE 3. (A) Karplus curves relating the 3J(H4',H5'®=R)) and
3J(H4' H5'®Pro—S)) couplings to corresponding torsion angles for the
backbone angle y. (B) The three energetically preferred rotamer
conformations (gauche™, trans, and gauche™) about y and the
expected 3J(H4'H5'Pro=R)) 3 J(H4' H5'(Pro=S)) 3 J(C4' H5'(Pro—R),
3J(C4 H5'Pro=3)), and 3J(C5',H4') coupling constants for each of these
conformations.

between these conformations. For the torsion angle ¢
(C4'—C3'—03'—Pp41), only two of the three classic stag-
gered rotamers are normally populated, gauche~ and
trans, due to steric restrictions. For both the trans and
gauche~ conformers, the 3J(H3',P) heteronuclear coupling
is similar (~5 Hz). The two 3J(C,P) coupling constants
3)(C2',P) and 3)(C4',P), however, can be used to distinguish
the two conformers. The 3J(C4',P) coupling constant is
expected to be large for ¢ in the trans conformation and
small for ¢ in the gauche~ conformation, while the
opposite behavior is expected for the 3)J(C2',P) coupling
(Figure 5).

For the dihedral angles o (O3'n+1—P,—05'—C5') and ¢
(C3'—=03'—Pp4+1—05'141), information about the dihedral
geometry cannot in practice be obtained from J-couplings.
Frustratingly, these dihedral angles are also poorly defined
by nuclear Overhauser enhancement (NOE) distance
measurements. In previous NMR studies and quantum
mechanical calculations, the 3P chemical shift has been
correlated with the conformation about a and g.1213
However, since chemical shifts can be affected by more
than bond geometry, the use of 31P shifts in defining o
and ¢ requires great caution.

3J(H,H) Coupling Constants

The measurement of 3J(H,H) coupling constants in RNA
using *H NMR methods was limited in the past due to
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FIGURE 4. (A) Karplus curves relating the 3J(H5'®ro—R)p),
3J(H5'®Pro=9) P and 3J(C4',P) coupling constants to corresponding
torsion angles for the backbone angle . (B) The three energetically
preferred rotamer conformations (gauche™, trans, and gauche™)
about 5 and the expected 3J(H,P) and 3J(C,P) coupling constants
for each of these conformations.

both difficulties in resolving ribose proton resonance
and broad proton line widths. Initial attempts to deter-
mine 3J(H,H) couplings were made by analysis of the
in-phase passive and anti-phase splittings observed in
double-quantum filtered correlation spectroscopy (DQF-
COSY) and primitive exclusive correlation spectroscopy
(P.E.COSY)*> spectra. The 3J(H,H) couplings were esti-
mated from the separations observed in the multiplets of
the correlated cross-peaks with weak or absent peaks
indicative of small couplings on the order of the line
width.

Recently, access to uniformly 13C,'5N labeled RNA
oligonucleotides'®~18 has allowed the development of
multidimensional double and triple resonance NMR
experiments for determining J-couplings. With uniform
13C labeling of the ribose sugar, 3J(H1',H2"), 3J(H2',H3"),
and 3J(H3',H4") couplings, which define the ribose con-
formation, and 3J(H4', H5'(Pro—R)) and 3J(H4', H5'(Pro—9))
couplings, which define the angle y, can now be measured
using a proton—carbon—carbon—proton exclusive cor-
relation spectroscopy (HCCH-E.COSY) experiment.19:20
The HCCH-E.COSY experiment allows the measurement
of both the magnitude and the sign of these 3J(HJi]',H-
[i+1]) couplings. In the experiment, three mutually
coupled spins, HI[i]', C[i]' and H[i+1]', which can be
represented by an “E.COSY triangle” (Figure 6A), are used
to generate a cross-peak that is located at the chemical
shift of C[i]' and split by the relatively large Y(H[i]',C[i]")
coupling (~160 Hz) in one dimension and located at the
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FIGURE 5. (A) Karplus curves relating the *J(H3',P) and 3J(C2'P)
couplings to the corresponding torsion angles for the backbone angle
. (B) The three energetically preferred rotamer conformations
(gauche™, trans, and gauche™) about ¢ and the expected 3J(H3',P)
and 3J(C2',P) coupling constants for each of these conformations.

chemical shift of H[i+1] and split by the small 3J(H[i]’,H-
[i+1]) coupling in the second dimension (Figure 6A). The
resulting cross-peak structure resolves the small 3J(H[i]',H-
[i+1]") couplings so that these couplings can be accurately
measured. The HCCH-E.COSY can be measured as either
a two- or three-dimensional (2D or 3D) experiment, where
the third dimension is chosen on the basis of the relative
resolving power of the correlated 1H and 13C resonances.
The HCCH-E.COSY has been shown to have sufficient
resolution and sensitivity to measure a rather complete
set of 3J(H1',H2') couplings in moderately sized RNAs
(Figure 6B).20

In practice, the HCCH-E.COSY experiment does not
provide sufficient resolution to measure most 3J(H[i]',H-
[i+1]) couplings since they are derived from (C2',H3),
(C3',H2"), (C3',H4"), (C4',H3"), and (C4',H5") cross-peaks,
which are overlapped either mutually or with (C2',H2"),
(C3',H3"), and (C4',H4") cross-peaks. To increase resolu-
tion, these J-couplings can be measured using a “directed”
HCC-TOCSY—CCH-E.COSY experiment.11.21.22 The di-
rected HCC-TOCSY—CCH-E.COSY experiment, which is
an obligatory 3D experiment, achieves higher resolution
and sensitivity by employing an extremely selective mag-
netization transfer step between the H1' proton and the
C[i],H[i+1] HCCH—-COSY cross-peaks within the ribose
ring.?2 As a result, the experiment yields only the (C1',-
H2"), (C2',H3'), (C3',H4'), and (C4',H5) HCCH-COSY
cross-peaks that are resolved in the third dimension by
the H1' proton chemical shift (Figure 7).
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schematic of the expected cross-peak multiplet pattern. (B) The C2',H1' region of the 2D HCCH-E.COSY experiment of a uniformly *3C,!5N
labeled 19-mer RNA hairpin with the 3J(H1',H2') coupling constants and resonance assignments indicated.
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FIGURE 7. Slices taken in the H1" dimension of nondirected (A)
and directed (B) 3D HCC-TOCSY—CCH-E.COSY experiments on a
uniformly 3C,®N labeled 19-mer RNA hairpin. The directed HCC-
TOCSY—CCH-E.COSY experiment is implemented with constant time
and TOCSY mixing delays that are optimized for maximal transfer of
the C1' magnetization to C2' and C3' carbons. Panel C shows traces
through the C3',H4' cross-peak together with couplings derived using
a fitting procedure described in ref 20.

NJ(H,C) Coupling Constants

3J(H,C) and 2J(H,C) coupling constants have been mea-
sured in RNA using E.COSY2324 methods. Using a 30%
randomly 13C labeled RNA oligonucleotide, 3J(H,C) and
2J(H,C) couplings have been measured using X-filtered
nuclear Overhauser spectroscopy (NOESY) and total cor-
relation spectroscopy (TOCSY) experiments where 13C-
decoupling was left out in either H dimension to generate
the desired E.COSY multiplet pattern.#¢ The dilute isotopic
labeling of 30% was used to simplify the cross-peak
pattern and to reduce the influence of passive 13C—13C
splittings. Although successful in measuring a number of
couplings, these X-filtered experiments suffer significantly
from insensitivity and cross-peak overlap. More recently,
a set of experiments based on CH-selective HSQC cor-
relation have been used to measure a more complete set
of 2J(C4',H5') couplings.1? As in the HCCH-E.COSY, three
mutually coupled spins, H[i]’, C[i]’, and C[i+1]', which can
be represented by an E.COSY triangle (Figure 8A), are used
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pattern. (B) A C5'H5' cross-peak from a 2D HSQC experiment
performed on the uniformly *3C, 5N labeled 19-mer RNA hairpin with
3J(C4'H5') couplings and resonance assignments indicated.

to generate a cross-peak that is located at the chemical
shift of C[i]' and split by the relatively large 2J(C[i]’,C[i+1]")
coupling (~40 Hz) in one dimension and located at the
chemical shift of H[i]' and split by the small 2J(HJi]',C-
[i+1]) coupling in the second dimension (Figure 8A). The
resulting cross-peak structure which is generated again
allows the resolution and accurate measurement of the
small 2J(H[i]',C[i+1]') couplings (Figure 8B). A 3D version
of the CH-selective HSQC pulse sequence can be imple-
mented using the evolution of an additional resonance
that is correlated by an additional transfer step.

3J(H,C) coupling constants have also been measured
in RNA using the quantitative-J2> method. In a quantita-
tive-J type experiment, J-couplings are extracted from a
quantitative evaluation of cross-peak intensities generated
by the active J-coupling. For example, the size of 3J(H,C)
couplings, associated with the torsion angle y about the
glycosidic bond, has been determined using the relative
intensities of cross-peaks generated in a refocused het-
eronuclear multiple bond correlation (HMBC) experiment.
If the dependence of the relative transfer amplitude on
the active coupling constant is known in experiment, then
the size of the interesting coupling can be deduced by
comparing its cross-peak intensity with the intensity of a
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FIGURE 9. (A) Schematic of the multiplet pattern expected in the two P-FIDS—CT-HSQC experiments. (B) Traces of the C3',H3' cross-peak
in the P-FIDS—CT-HSQC experiment displaying the differences due to J(H,P) coupling evolution (the solid line is 3P decoupled, and the
dashed line is 3P coupled). Representative traces taken from the uridine residue in a 10-mer RNA with uniformly *3C labeled in the uridine
ribose moieties. (C) Fitting of the two rows extracted from the experiment according to ref 20.

cross-peak with a known coupling. 3J(H1',C8) and 3J(H1',-
C4) couplings in purines and 3J(H1',C6) and 3J(H1',C2)
couplings in pyrimidines have been determined using this
method by comparison of the cross-peak intensity of the
long-range C,H1’ correlation with the intensity of the C1',-
H1' cross-peak.10:20.26

3J(H,P) and 3J(C,P) Coupling Constants

The vicinal "J(H,P) coupling constants can be measured
in principle from the line splitting found in the correlated
cross-peaks of an *H,31P heteronuclear COSY experiment
(or so-called HETCOR experiment).2” However, cross-peak
overlap and complications due to additional homonuclear
couplings make interpretation of HETCOR cross-peak
multiplets difficult. More recently, "J(H,P) and "J(C,P)
heteronuclear couplings have been measured in uniformly
13C labeled RNA using both phosphorus-fitting of doublets
from singlets (P-FIDS)2%:28 and spin—echo difference?®
methods. In the P-FIDS method, the magnitude of the
J-coupling is calculated by comparison of peak multiplet
patterns in spectra collected with and without 3!P-
decoupling during either a constant time (CT) carbon
chemical shift evolution period or a proton chemical shift
acquisition period. Since spectra can be collected with 31P-
decoupling of either the carbon or proton chemical shift
evolution periods, the P-FIDS method allows both "J(H,P)
and "J(C,P) couplings to be measured. "J(H,P) and "J(C,P)
couplings are determined using a routine that fits 31P-
coupled cross-peaks to simulated cross-peaks generated
from a reference experiment, where 3'P-decoupling is
employed, and a trial J-coupling (Figure 9).

The spin—echo CT-HSQC experiment?® is a second
method that has been applied to quantitatively measure
3J(C,P) coupling constants in RNA.2031 In these spectra
the magnitude of the J-coupling is calculated by compari-
son of cross-peak intensity in spectra collected with and
without 31P-decoupling during the CT carbon chemical
shift evolution. In the 31P-coupled spectra, the cross-peak

intensity (1) is modulated according to cos(mlcpt), Where
Jep is the desired coupling and 7 a CT evolution period.
In the 31P-decoupled reference spectra, the cross-peak
intensity (1) is independent of the Jcp coupling.

One problem inherent in both of these methods is the
inability to obtain individual estimates for the 3J(C4';,P;)
and 3J(C4';,Pi+1) couplings because each C4' nucleus is
coupled to two 3P nuclei at the same time. Since only
the intensity or sum of the line-broadening can be
measured, only sums of couplings rather than individual
values can be obtained for the sequential 3J(C4';_1,P) and
the intraresidual 3J(P,C4') coupling constants. These cou-
plings can be deconvoluted from each other using a
recently developed quantitative-J HCP experiment (Figure
10).22 In the quantitative-) HCP experiment,3334 the
differential coupling dependence of the H4' — C4' — P;
and H4' — C4' — Pj;1 correlations can be used to
determine unique 3J(C4',P) couplings by comparison to a
reference experiment where both 3J(C4',P) couplings at-
tenuate the intensity of the H4',C4' cross-peak.

J-Coupling Constants and Dihedral Angle
Restraints

Torsion angles, which are consistent with the measured
J-couplings, can be determined using theoretical Karplus
relationships that have been empirically parametrized.
Karplus relationships have been parametrized for H—C—
C—H,C-C-C—H, C—-C—-0-P, and H—C—0O—P fragments
in nucleic acids.3>~37 For 3J-couplings between two pro-
tons in the ribose ring the best-fit Karplus relation (Figures
2 and 3) is35:38

3)(H,H) = 13.7 cos’¢ — 0.73 cos ¢ +
ziAxi{O-SG — 2.47 cos’(z;p + 16.9|Ax;)} (1)
where ¢ is the torsion angle and Ay and z; depend on the

electronic character and orientation, respectively, of non-
proton substituents on the carbon atoms with Ay = O,
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FIGURE 10. 2D cross-peak selected (A) and reference (B) HC(P) experiment applied to a 10-mer RNA uniformly *3C labeled in the uridine
ribose moieties. 2J(C3',P), 2J(C5',P), and 3J(C2',P) coupling constants together with resonance assignments and stereospecific assignments

are shown.

1.3; C, 04; N, 0.85; and P, —0.05 and z; = +1. For
3J-couplings between proton and carbon (C—C—C—H)
fragments the best-fit Karplus relation is53940

%)(C,H)=5.7cos’ ¢ — 0.6 cos ¢ + 0.5 2)

For 3J-couplings between proton and phosphorus and
carbon and phosphorus3741.42 the best-fit Karplus rela-
tions (Figures 4 and 5) are

%)J(H,P) =15.3cos’ ¢ — 6.1 cos ¢ + 1.6
3)(C,P)=6.9 cos® ¢ — 3.4 cos ¢ + 0.7

@)
(4)

Despite the availability of parametrized Karplus relations
for interpretation of 3J-couplings in nucleic acids, the level
of precision to which these relations have been param-
etrized for heteronuclear 3J-couplings is quite low. Ad-
ditional studies of model compounds, together with an
increase in the database of measured J-couplings in RNA,
will therefore be required to improve the precision to
which J-couplings can be fit.

Dihedral Angle Restraints in RNA Structure
Determination

NOE-derived distance restraints are the primary source
of structural information used in protein structure deter-
mination by NMR spectroscopy.*344 Using multidimen-
sional >N and 13C edited/selected NOESY experiments,
large NOE data sets are now routinely collected for
13C,15N-labeled proteins and complexes of 13C,'>N-labeled
proteins with nucleic acids, peptides, and other ligands.
These same NOESY experiments can be applied to 13C,'5N-
labeled RNA oligonucleotides.#® In contrast to proteins,
however, NOE data alone are normally not sufficient for
the determination of high-resolution structures of RNA.
This is because the proton density and thus the number
of NOE-derived distance restraints are lower in RNA
relative to proteins, while the number of backbone degrees
of freedom is higher. In addition, the dihedral angles that
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define the phosphodiester backbone and sugar conforma-
tions are essentially undefined by NOE data. J-coupling
constants, which can be related directly to phosphodiester
backbone and sugar dihedral angles using parametrized
Karplus relations, therefore provide more significant
restraints in the structure determination of RNA oligo-
nucleotides when compared with proteins.4¢ Recent NMR
structural studies*>47—49 of RNA and RNA—protein com-
plexes have to a large extent incorporated torsion angle
restraints, together with distance restraints based on
semiquantified NOEs, into distance geometry and re-
strained simulated annealing protocols to produce high-
resolution structures. Like NOEs, the torsion angle re-
straints have been implemented in most cases in a
semiquantitative fashion, usually restricting an angle to
one of the three possible staggered rotamer conforma-
tions. Nonetheless, even at this rather crude level of
implementation of the measured torsion angles, an effect
on both the precision and accuracy of the structures has
been observed.5%:51 The most dramatic effect of using
dihedral restraints in the NMR-derived structure calcula-
tions is improvement in the accuracy of the determined
structures. With a large number of NOE-derived distance
restraints, rather precise structures can now be deter-
mined. Nonetheless, in these families of structures, con-
vergence to the correct local dihedral geometry is generally
poor. When dihedral restraints have been applied in a
semiquantitative way to the refinement steps of these
structure calculations, however, the local dihedral geom-
etry converges to both the precise and more accurate
configuration.

In areas of RNA molecules where the NOE density is
particularly sparse, the dihedral restraints have had a
larger impact on the precision of the structure. In these
poorly determined regions of the RNA structure, the
additional restraints have the expected effect of increasing
both the precision and accuracy of the backbone geometry
(Figure 11). still, however, the structural homogeneity is
usually still far less pronounced in these structural regions.
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Table 3. A Summary of NMR Methods Used To Determine 2J and 3J Hetero- and Homonuclear
Coupling Constants

experiment

measured coupling constants

HCCH-E.COSY

directed HCC-TOCSY—CCH-E.COSY
CH-selective CT-HSQC

quantitative HMBC
P-FIDS—CT-HSQC

spin—echo difference CT-HSQC
guantitative HCP

FIGURE 11. Two overlays showing the 19-mer 5'-GCACCGUUG-
GUAGCGGUGC-3' stem—loop from the four lowest energy structures
generated using (A) a full list of NOE restraints including NOEs
stereospecifically assigned to the H5' protons and (B) all NOEs
together with dihedral restraints. The pairwise rmsd calculated for
all heavy atoms in the loop region of the structure decreased from
3.6—5.0 A for the group of structures (A) calculated with only NOE
restraints to 1.3—1.9 A for the group of structures (B) calculated
with NOE and dihedral restraints.

Whether this is a faithful description of the structure in
solution or simply reflects a deficiency of data is not yet
well-known.

Conclusion and Future Prospects

A number of sensitive heteronuclear NMR methods have
been developed in recent years to determine J-couplings
for RNAs up to 30 nucleotides in size (Table 3). These
methods have allowed access to a more complete set of
J-couplings for RNA molecules in this size range and
thereby have provided additional torsion angle restraints.
To apply these methods to even larger RNAs where
chemical shift overlap becomes chronic, methods avail-
able for specific isotope labeling will have to be used.
In the future, a more rigorous treatment of averaged
J-couplings in structure calculations will also be required
to better represent conformational heterogeneity. Cur-
rently, torsion angle restraints are applied primarily in a
static fashion in RNA structure determination. One pos-
sibility will be to incorporate average J-couplings as time-
averaged restraints.52°3NMR methods are also being
developed to measure cross-correlated relaxation rates®*

3J(H1',H2)

3J(H1',H2'), 33(H2',H3'), 3J(H3',H4"), 3J(H5'(Pro-S), H4'), 3J(H5'(Pro—R), H4')
2J(C4',H5'(Pro-9)), 23(C4' H5'(Pro=R)) '23(C2',H1)

3J(H1',C2), 23J(H1',C4), 3J(HL',C8), 2J(H1',C6)

3J(H5'®Pro=9), P), 3](H5'®ro—R) P), 3J(H3',P), 2](C5',P), 2J(C3',P), 3J(C2',P)
23(C5',P), 23(C3',P), 2J(C2',P)

3)(C4',P), 2J(C5',P), 2J(C3',P), 3J(C2',P)

between C,H bond vectors and the 3P chemical shift
anisotropy (CSA) tensor. Such measurements may provide
for the first time a direct measure of the backbone angles
o and ¢. Last, exciting new NMR methods designed to
measure residual dipolar couplings in very slightly ori-
ented macromolecules are also currently being devel-
oped.55~57 These methods show great promise for provid-
ing the first NMR-derived information about long-range
structure and dynamics in RNA.
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