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Determination of the Conformation of the 2’0OH Group in RNA by
NMR Spectroscopy and DFT Calculations**
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In contrast to DNA, RNA exhibits pronounced functional,
structural, and chemical diversity, which has been considered
essential for the evolution of the RNA world." The presence
of the 2’0OH group induces a change in the predominant sugar
conformation and provides catalytic activity, but at the same
time it reduces the chemical stability of RNA. 2'OH groups
are involved in hydrogen-bonding interactions in noncanon-
ical regions and are responsible for the formation of a well-
ordered water network spanning the minor groove of the
RNA helix.?! Tt is therefore of considerable interest to
determine experimentally the conformation of the 2'OH
group.

Molecular dynamics (MD) simulations suggest three
preferred orientations for the 2’OH group in the C3'-endo
sugar conformation (Figure 1), while for the C2'-endo sugar
conformation exclusively O3’-domain orientations are pre-
dicted.P! Experimental determinations of this exocyclic tor-
sion angle pose a serious challenge in RNA structure analyses,
because the hydrogen atoms of 2’OH groups are only visible
in electron density maps derived by X-ray crystallography at
resolutions <1 A and therefore their positions generally
remain undetectable. Neutron diffraction is an alternative
method for proton detection but reports are sparse, especially
for large RNAs. Recent low-temperature NMR spectroscopic
studies enabled conformational analyses involving the 2’OH
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Figure 1. a) Representation of the sugar and nucleobase conforma-
tions by two exemplary structures with C3’-endo/anti and C2'-endo/syn
conformations. b) The 2’OH orientation. The structure represents the
three favored orientations of the 22OH group (highlighted in green) in
which it points towards O3’, O4', or the nucleobase domain. Con-
formational wheels represent the distribution of the torsion angles
6(H2’-C2'-02’-2’0OH) for sugars identified in MD simulations.?!

proton.”! Such studies rely on limited chemical exchange of
the hydroxy group with the solvent. 220OH groups of nucle-
otides in noncanonical regions of RNA are, however, in rapid
exchange with hydrogen atoms of the solvent and the
corresponding signals cannot be detected. Therefore the
direct measurement of structural parameters restraining the
exocyclic torsion angle remains impossible.

Based on the interpretation of 'J(C,H) coupling constants
we suggest here a general method for the conformational
analysis of sugar pucker modes and nucleobase orientations
as well as for the determination of 2’OH group conformations
in large RNAs. In contrast to *J(H,H) coupling constants,
which are typically well approximated by a conformational
dependence on a single torsion angle (Karplus relationship),
'J(C,H) coupling constants are sensitive to C—H bond
lengths,! which in turn are influenced by local conformations
and thus depend on multiple torsion angles™™® As a
consequence, 'J couplings are generally difficult to translate
into conformational information.

The present work was inspired by reports from several
groups, in which the influence of hyperconjugative effects
(n—o*/0—0c* donation) on 'J(C,H) coupling constants in
ethanol and methylamine was demonstrated.”) Based on
these findings we anticipated that the lone electron pairs of
the 20OH group in RNA should exert a corresponding
influence on the 'J(C,H) coupling constants of the adjacent
bonds at C1' and C2' ring positions in a systematic and
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predictable way. By mapping this dependence it should be
possible to determine the conformation of the 2’OH group.

In order to dissect the multiple conformational depend-
encies of 'J(C,H) in RNA, we compared experimental NMR
data with predictions from DFT calculations. Firstly, DFT
calculations of 'J(C,H) scalar coupling constants in nucleo-
tide-like model structures were performed to confirm their
dependence on different sugar and nucleobase conforma-
tions. Secondly, the influence of 2’OH group orientations for
fixed sugar and nucleobase conformations was investigated by
systematic scans of the 2’OH group orientation. The results
revealed in fact that the sugar puckers and the nucleobase
conformations, as well as the 2’OH group orientations all have
an appreciable influence on 'J(C,H) coupling constants.
However, for known sugar and nucleobase conformations,
2'0OH group orientations can be determined precisely solely
by interpretation of J(C,H) coupling constants. This is
possible even for residues whose 2’OH proton cannot be
detected by NMR spectroscopy owing to exchange with
solvent H,0 or D,0. 'J(C,H) coupling constants can generally
be measured at high resolution with high sensitivity so that
the procedure suggested here is applicable also to large
RNA:s.

For DFT calculations the B3LYP/TZVP(+PCM:water)
level of theory was chosen after a careful series of benchmark
calculations of the NMR spin-spin coupling constants for
relevant model systems (see TablesS1 and S2 in the
Supporting Information). Then, for each nucleotide type,
four representative molecular models with the main con-
formations characteristic for RNA (C3’-endo/anti or syn, C2'-
endo/anti or syn) were constructed from the ribosome crystal
structure (pdb code: 2ffk)® and the previously solved high-
resolution 14-mer RNA solution structure (pdb code: 2koc)™!
for calculations of the 'J(C,H) coupling constants (see
Table S6 in the Supporting Information). Orientations of
the individual 2’OH groups were constrained in these
calculations to the O3’ domain with torsion angles 0 fixed at
100° for the C3’-endo and 160° for the C2'-endo conforma-
tion, respectively. The construction of the molecular models
and the constraints introduced for partial geometry optimi-
zations are described in detail in the Supporting Information.

Figure 2a shows a map of the resulting 'J(C,H) coupling
constants predicted for the four nucleobases assuming either a
syn or an anti orientation for both sugar conformations (C3'-
endo or C2-endo), respectively. The calculated data show
clearly that the sugar conformation has a significant effect on
both coupling constants, while the nucleobase conformation
(syn or anti) mainly influences 'J(C1’,H1"). With computed
coupling constants spanning a range of 14 Hz, a reliable
differentiation of the four conformations is possible by
comparison to measured J(C,H) coupling constants. We
therefore suggest the chart in Figure 2 a as a simple means for
determining RNA conformation and we tested it by analysis
of a 27-mer riboswitch RNA, the structure and dynamic
features of which were recently reported in an NMR
study.”*® The detailed results of this cross-validation are
presented in the Supporting Information (Figure S8). The
conformations of a total of 21 residues can be assigned
unambiguously by comparison with Figure 2 a. The remaining
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Figure 2. a) DFT-based 'J(C1’,H1’) and 'J(C2',H2') coupling constants
calculated for each nucleotide (cytosine, uridine, guanosine, adeno-
sine) adopting four mainly populated conformations defined by the
individual sugar puckers (C3’- and C2"-endo) and nucleobase orienta-
tions (anti and syn). b) Computed 'J(C,H) coupling constants for
residues C3 and U7 as a function of the torsion angle §(H2'-C2'-02'-
2'0OH). Experimental values for C3 and U7 of the 14-mer RNA are
indicated by dashed lines. Best fit between experimental and calculated
values is indicated by the colored circles. 2'OH orientations most
populated according to MD simulations are shadowed in gray.

five residues are characterized experimentally by averaged
coupling constants (Figure S9 in the Supporting Information),
which cannot be assigned to a single conformation. Indeed,
those residues are placed within the bulge region and at the 3'-
terminus of the RNA, and it is known from the original NMR
study that these residues exhibit higher flexibility."®

In a second set of DFT calculations, the dihedral angle
O0(H2'-C2'-02'-2’OH), which describes the orientation of the
exocyclic 2’0OH group, was varied from 0° to 340° in steps of
20°. Figure 2b shows the results obtained for a cytosine and
for a uridine model constructed from C3 and U7 in the 14-mer
solution structure (Figure 3 a), with the sugar in C3’- and C2'-
endo conformation, respectively, while the bases adopt anti
conformations. We observed that the orientation of the 220OH
group exerts considerable influence on the 'J(C,H) coupling
constants: 'J(C1’,H1") couplings vary by 6 Hz (Cyt) and 3 Hz
(Uri); 'J(C2',H2') couplings, with differences of up to 7 Hz
(Cyt) and 9 Hz (Uri), are even more sensitive. Agreement
between the experimental and computed 'J(C,H) couplings
for these residues in the 14-mer is found only for one
respective 2’0OH group orientation (Figure 2b); for both
nucleotides the same orientations had been derived from MD
simulations. !

Previously, comprehensive NMR measurements allowed
us to determine the high-resolution solution structure (0.3 A)
of a 14-mer UUCG hairpin RNA."! Analysis of homonuclear
couplings and cross-correlated relaxation rates revealed that
the sugar moieties of the stem nucleotides and of the
hydrogen-bonded loop nucleotides U6 and G9 adopt C3'-
endo conformations. The two loop nucleotides U7 and C8
adopt C2'-endo conformations and do not undergo conforma-
tional averaging on the NMR time scale (Figure 3a).[J The
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Figure 3. a,b) Secondary structure and conformation of the 14-mer
RNA: nucleobase orientations described by the torsion angle y, sugar
puckers described by P and v, [ and 27OH group orientations
described by the torsion angle 6 were extracted from 20 lowest-energy
structures. Loop residues with the unusual syn nucleobase orientation
for G9 and C2'-endo sugar conformation for U7 and C8 are highlighted
with gray shadows in (a), (c), and (d). Orientations toward O3’,
nucleobase, and O4' domains as predicted by MD simulations
(Figure 1) are shadowed in gray (b). c,d) Experimental (NMR) and
DFT computed 'J(H1',C1)/'}(H2/,C2') coupling constants. DFT com-
puted data for 'J(C1",H1’) are shown with and without a linear shift of
+3 Hz. The experimental 'J(C2',H2’) coupling of G10 is marked by an
asterisk (see text).

nucleobase of residue G9 adopts an unusual syn conforma-
tion."”) In our previous work, NOE contacts of the 2’OH
group were analyzed to determine the preferred orientation
of the ribose moiety. The final structure bundle, which is
consistent with the NOE analysis, indicates that the 2’0OH
groups of the stem mainly adopt the O3’ domain orientation
and that the 2’0OH group of U6, which is located in the loop
region, is oriented towards the nucleobase domain (Fig-
ure 3b). For loop residues U7, C8, and G9 and the terminal
residues G1 and C14, NOE analysis could not be performed
since no NMR signals of the 2’OH protons could be recorded
owing to fast exchange with water. Hence, the 2’0OH group
orientations suggested for these residues in previous work
resulted solely from the ARIA force field refinement!!!!
without experimental constraints and are thus only weakly
defined.

The experimentally derived 'J(C,H) coupling constants of
the 14-mer RNA structure measured in H,O are depicted in
Figure 3c,d (Measurements in D,O resulted in identical
values; Figure S1 in the Supporting Information). 'J(C,H)
coupling constants cluster systematically around larger values
for C3'-endo and lower values for C2’-endo conformations. As
a notable exception, 'J(C1’,H1') for residue G9 does not
follow the trend for C3’-endo conformations. This deviation is
caused by the syn orientation of the nucleobase for G9.

We computed all coupling constants of the 14-mer RNA
by DFT employing molecular models for the individual
residues constructed from the high-resolution solution struc-
ture, constraining the 2’0OH groups to the experimentally
derived orientations (Figure 3; see the Supporting Informa-
tion for details). Figure 3¢ and d show that the computed
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'J(C,H) coupling constants reproduce the experimental data
very well, both in terms of the absolute values and in terms of
conformational dependence, with the only exception of G10
(marked with an asterisk in Figure 3d). We note, however,
that other data hint at the presence of additional conforma-
tional exchange phenomena of G10.'? In the observed range
of coupling constants (140-180 Hz), the average deviations
from experimental data amount to 4 Hz and 1.7 Hz for
'J(C1,H1") and 'J(C2',H2') couplings, respectively. A reduced
average error of only 1 Hz in 'J(C1’,H1") couplings is obtained
by application of an empirical constant linear shift of +3 Hz,
such that the maximum error for all coupling constants is 2.9
(G10 excluded).!” The combined DFT and NMR analysis
provides accurate information on 2’OH orientations of the 14-
mer RNA and makes it possible to determine the conforma-
tion of the 2’0OH protons that remain undetectable exper-
imentally. The results presented above (Figure 2b) demon-
strate that 'J(C,H) calculations based on systematic scans of
the torsion angle 6 in appropriately constructed molecular
models permit the unambiguous characterization of the 22OH
group.

In summary, we have investigated the conformational
dependence of 'J(C,H) coupling constants in RNAs as readily
measureable NMR parameters, and we have demonstrated a
marked dependence of 'J(C1,H1’) and 'J(C2,H2') on the
conformation of the sugar and the nucleobase, and the 2’0OH
group orientation. Experimental and theoretical results are in
very good agreement, which confirms the high accuracy of the
structure as well as the quantum chemical approach chosen.
We have shown that 'J(C1’,H1") and 'J(C2',H2') coupling
constants can serve as valuable probes for ribose and
nucleobase conformations in RNA molecules, and suggest
their use as a new tool for conformational analysis. For the
majority of nucleotides within an RNA molecule, the sugars
assume either a C3’-endo or a C2’-endo conformation, while
nucleobases can adopt anti and syn orientations."" The
qualitative interpretation of the 'J(C,H) couplings constitutes
areliable method to discriminate between the four conforma-
tional extremes with an accuracy sufficient for structure
calculation. Our procedure is particularly useful for the
structure determination of larger RNAs, since J(C,H)
coupling constants can be measured readily even without
the use of isotope-labeling techniques. The utility of this
approach is further demonstrated for the 27-mer riboswitch
RNA in an unambiguous conformational analysis of rigid
parts of the structure and identification of flexible regions. So
far, the conformational characterization of 2’OH groups—
which determine the unique conformational properties of
RNA compared to DNA—was possible only in rare cases. The
marked dependence of 'J(C,H) coupling constants on 2’OH
group orientations demonstrated here facilitates reliable
indirect determination of this elusive structural parameter
even under rapid-exchange conditions.
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