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Hydrogen bonds are of fundamental importance for the
formation of functional nucleic acid structures. In double-
helical DNA hydrogen bonding occurs according to the
classical Watson—Crick base-pairing scheme. In contrast,
hydrogen bonds in RNA are much more diverse with respect
to their donor and acceptor groups. Most importantly, non-
canonical hydrogen bonds deviating from the Watson—Crick
scheme are the basis for the intricate, globular proteinlike
folds observed in functional RNA molecules such as tRNAs,
self-splicing introns, ribozymes, riboswitches, and ribosomal
RNA:s.

These hydrogen bonds also involve donor and acceptor
groups on the Hoogsteen and sugar edges of the nucleobases
as well as the 2’-hydroxy groups of the ribose and the oxygen
atoms of the phosphate backbone. Hydrogen bonds including
the negatively charged oxygen atoms of the phosphate
backbone as acceptor groups are particularly strong.!! They
are very important as an alternative to cation binding in
neutralizing the negative charge of backbone phosphate
groups and thereby reducing the electrostatic repulsion
between closely approaching backbone segments in complex
RNA structures. Accordingly, many of the recurring three-
dimensional folding motifs of functional RNAs are stabilized
by conserved “signature” hydrogen bonds involving back-
bone phosphate groups as hydrogen-bond acceptors. Classical
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examples are the “U-turn” motif initially identified in the
anticodon and T-loops of tRNAs, where a hydrogen bond
between the U imino proton and the phosphate of the (N+3)
nucleotide stabilizes a sharp turn in the RNA backbone; the
ultrastable GNRA tetraloop with a bifurcated hydrogen bond
between the G amino and imino groups and the phosphate
backbone; or the sarcin/ricin internal loop motif.?!

The analysis of RNA structures has been revolutionized
by the realization that hydrogen bonds in RNA and DNA can
be directly detected using NMR spectroscopy owing to the
presence of through-hydrogen-bond scalar couplings between
nuclei of the hydrogen-bond donor and acceptor groups as a
result of their partially covalent nature.”! NMR spectroscopy
experiments linking individual donor and acceptor groups
were initially developed for NH---N-type hydrogen bonds in
Watson-Crick and noncanonical base pairs and later
extended to the characterization of NH---O=C and OH--N-
type hydrogen bonds in RNA.* In many cases the informa-
tion obtained from such experiments alone is sufficient to
derive the secondary structure and gain insight into the
tertiary folding of RNAs."

For proteins binding to cofactors containing phosphate
groups, such as guanosine triphosphate and flavin mononu-
cleotide, it has been shown that hydrogen bonds between
backbone amide or amino acid side chain hydroxy groups and
the phosphate group can also be detected by NMR spectros-
copy.’! Similar observations have been reported for small
organic phosphate receptor molecules.”! Surprisingly, for
RNA no NMR spectroscopy experiments have been reported
to date for the direct identification of hydrogen bonds
involving phosphate groups as the hydrogen-bond acceptor,
despite their importance in the stabilization of RNA non-
canonical structure elements.

Herein we demonstrate that OH--O=P, NH:--O=P, and
NH, -O=P hydrogen bonds typical for different noncanonical
structure elements in RNA can be readily detected by NMR
spectroscopy in solution, as they give rise to sizeable scalar
2 J.» couplings between the donor-group protons and the *'P
nuclei of the phosphate backbone. We used two model
systems for our experiments—a 27 nt synthetic neomycin
sensing riboswitch in complex with ribostamycin, and a 14 nt
RNA containing a stable UUCG-tetraloop (nt = nucleotide).
High-resolution 3D structures have been reported for both
systems.[®!

The NOE-based structure of the riboswitch RNA
revealed two intertwined structural elements known to
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Figure 1. Left: Secondary structure and numbering scheme of the 27 nt
neomycin riboswitch when bound to ribostamycin. Right: Long-range
WATERGATE "H,*'P HSQC spectrum recorded on the RNA-ribostamy-
cin complex at 5°C using “H-labeled RNA. At the left side, the full 1D
*P spectrum of the RNA is shown, and the relevant *'P assignments
are indicated."” The two observed correlations correspond to the
presence of hydrogen bonds between the A16-2'-OH and the U18
phosphate group and the U14-NH and the of A17 phosphate group.
The section of the NOE-based 3D structure, including the bulged-out
base motif (A16-A17-U18) and the U-turn motif (U14 to A17), is
shown as an inset. Functional groups predicted to be involved in
hydrogen bonds to backbone phosphate groups are colored according
to atom type (H white, N blue, O red, P yellow), and the proposed
hydrogen bonds are indicated by dashed red lines.

contain hydrogen bonds with backbone phosphate groups as
acceptors: a bulged-out base motif (Figure 1, A16-A17-U18)
often stabilized by a hydrogen bond between the 2'-OH group
of nucleotide N and the 5-phosphate group of nucleotide
N+2 and a “U-turn” motif (Figure 1, U14-U15-A16-A17)
with a hydrogen bond between the U imino group and the
phosphate group of nucleotide N+3.2+

For both motifs, the NOE-based structure already sug-
gested the presence of the respective hydrogen bond on the
basis of distance and bond-angle criteria. Furthermore, both
the A16-2'-OH and the U14-NH proton can be detected in
standard NMR spectra, even at room temperature (Figures S1
and S4 in the Supporting Information). Their protection from
fast exchange with the bulk solvent as well as their downfield
chemical shifts (A16-2-OH 6=7.7ppm, Ul4-NH 6=
10.8 ppm) also agree with their involvement in stable hydro-
gen bonds.

We unambiguously verified the presence of hydrogen
bonds between these two protons and phosphate backbone
groups by detecting long-range hydrogen-bond-mediated
scalar couplings between the protons of the hydrogen-bond
donor groups and the *'P nuclei of the acceptor groups in a
simple 2D WATERGATE 'H,*'P HSQC experiment with an
extended INEPT delay (35-70 ms) for magnetization transfer
between 'H and *'P recorded on a deuterated but otherwise
unlabeled sample (see the Experimental Section) at 5 or
20°C. The resulting spectrum clearly showed two correlation
signals connecting the resonance of the A16-2'-OH proton
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with the UI18 phosphate group and the U14-NH proton
resonance with the A17 phosphate group (Figure 1; for *'P
assignments, see Figure S2 in the Supporting Information).
Besides the scalar couplings across the hydrogen bonds, cross-
correlated relaxation between the P.H dipolar interaction and
the *'P chemical shift anisotropy might also contribute to the
magnetization transfer observed in this experiment. However,
since this additional mechanism of magnetization transfer
also requires close spatial proximity between the proton and
the phosphate group tantamount to hydrogen-bond forma-
tion, it even contributes favorably to the signal-to-noise ratio
in this experiment.

Alternatively, we recorded a non-refocused Carr—Purcell-
Meiboom-Gill (CPMG) echo 'H;P HSQC experiment
where 'H,*'P antiphase magnetization is recorded during ¢,
(Figure S3 in the Supporting Information). This experiment is
conceptually very similar to an experiment proposed by
Hennig and co-workers for detecting 2'-OH--N-hydrogen
bonds.*®! It yielded the same correlations as the standard
HSQC experiment (Figure S3 in the Supporting Informa-
tion).

To quantify the */yp couplings, we compared signal
intensities in 1D *'P{'H} spin-echo experiments (Figure 2a)
with and without proton decoupling using a variable spin-
echo delay. For these experiments, a deuterated sample was
advantageous, as unwanted magnetization transfer between
P nuclei and ribose protons across covalent bonds as well as
3P relaxation by dipolar interactions with protons are mini-
mized, thus allowing longer dephasing periods. Special care
was taken to suppress scalar couplings to the residual ribose
RNA protons by selective 'H decoupling (Figure 2, Figure S5
in the Supporting Information) as well as contributions of
cross-correlated relaxation between the P,H dipolar interac-
tion and the *'P chemical shift anisotropy to the measured
scalar coupling. The */y;p scalar couplings across the A16-2'-
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Figure 2. Quantification of scalar 2, couplings for OH--O=P and
NH---O=P hydrogen bonds in the neomycin riboswitch. a) Pulse
sequences for cross- and reference spectra of 1D *'P{'H} spin-echo
experiments. Narrow and wide black bars denote hard 90° and 180°
pulses, respectively, open semiellipses pulse field gradient pulses. The
shaded semiellipses in the cross experiment are selective 'H 180°
pulses targeted at the ribose protons. The phase cycling was ¢, =x,
—X; ¢, =x, X, —X, e =X, —X, —X, X. Sine-shaped gradients of 1 ms
duration with amplitudes of 11 Gem™ (g;) and 22 Gem™' (g,) were
used. b) Signal intensity data for the A17 (black) and the U18 (gray)
phosphorous resonance with variable spin-echo delays. The data were
fit using the equation I/l,=cos(mJ7) to obtain the *J,,, values given in
the text.
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OH--U18 phosphate and the U14-NH:-A17 phosphate
hydrogen bonds are (1.8 +0.06) and (2.2 +0.07) Hz, respec-
tively. Thus, their size is similar to the ?"J;;p coupling constants
found between protein functional groups and the phosphate
groups of tightly bound cofactors.”! The measured scalar
couplings in this experiment might actually be smaller than
the true coupling, since chemical exchange between the
proton in the hydrogen bond and the water protons in
principle leads to self-decoupling. However, an 'H-detected
spin-echo experiment, which is not affected by self-decou-
pling, yielded only a slightly larger value of (2.5 +0.09) Hz for
the /35 coupling constant between the U14-NH and the A17
phosphate group (Figure S6 in the Supporting Information).

Base NH, groups are the third type of hydrogen-bond
donors occurring in RNA. An NH,--O=P hydrogen bond is
predicted to stabilize the structure of YNCG tetraloops based
on NOE-derived NMR and X-ray structures and rationalizes
the requirement for the C at position 3 of the consensus
sequence for these loops.’* <! To test if hydrogen bonds
with amino groups as the donor are also directly detectable by
scalar couplings across the hydrogen bond, we recorded a
long-range 'H,*'P HSQC experiment on a '*N-labeled 14 nt
RNA containing a UUCG tetraloop (Figure 3). Besides
numerous correlations between ribose protons and *'P
nuclei mediated by through-bond scalar couplings, the
resulting spectrum shows a correlation between the *'P
nucleus of the U7 phosphate group and a proton with a
chemical shift of 0 =6.8 ppm. This proton is nitrogen-bound,
since it appears as a doublet with a splitting of about 90 Hz in
the absence of "N decoupling and has been assigned pre-
viously to the C8 amino group. Thus, hydrogen bonds with
NH, groups as donor and backbone phosphate groups as
acceptor also give rise to measurable scalar couplings across
the hydrogen bond and can be identified directly by NMR
spectroscopy.

~— 54/ ppm

Figure 3. Left: Secondary structure and nucleotide numbering of the
14 nt RNA containing the stable UUCG tetraloop. Right: Long-range
WATERGATE "H,*'P HSQC spectrum recorded on the '*N-labeled RNA
at 5°C. At the left side, the full 1D *'P spectrum of the RNA is shown.
The *'P assignments were reported previously.'” The observed correla-
tion directly reveals the presence of the hydrogen bond between the
amino group of C8 and the U7 phosphate group highlighted in the 3D
structure of the UUCG tetraloop shown in the inset.
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Taken together, we show herein that all three types of
hydrogen bonds with phosphate groups as the hydrogen-bond
acceptor occurring in RNA result in measurable */ scalar
couplings across the hydrogen bond between the proton of
the donor group (OH, NH, NH,) and the *'P nucleus of the
acceptor. These hydrogen bonds are surprisingly easy to
detect even in unlabeled RNA samples by standard 'H,'P
correlation experiments requiring only moderate amounts of
measurement time, even when only standard room-temper-
ature NMR probes are available (Figure S7 in the Supporting
Information). Hydrogen bonds including backbone phos-
phate groups do not occur in regular secondary structure
elements such as A-form helices but only in long range
noncanonical interactions. This situation should in many cases
result in a good dispersion of the relevant *'P signals.
Therefore, donor and acceptor groups might often be
identifiable in a straightforward manner. Furthermore,
many recurring three-dimensional folding modules in RNA
are stabilized by unique types of hydrogen bonds to phos-
phate groups. Thus, we anticipate that the direct identification
of OH--O=P, NH:--O=P, and NH,--O=P hydrogen bonds by
the experiments described above will greatly facilitate the
rapid characterization of RNA tertiary structure by NMR
spectroscopy even in instances where only limited assign-
ments are available.

Experimental Section

The 27 nt neomycin riboswitch RNA was synthesized by in vitro
transcription using *H-labeled nucleotides (Silantes GmbH, Munich)
and purified as described.®™ A 0.9mm sample in NMR buffer
containing 25 mM potassium phosphate (pH 6.2) and 50 mm KCI in
10% (v/v) D,O was used for all NMR experiments. The 14 nt
tetraloop RNA was purchased from Silantes GmbH (Munich) in
13C,*N-labeled form. The sample concentration was 0.7 mm dissolved
in 20 mM potassium phosphate (pH 6.4) and 0.4 mm EDTA in 10 %
(v/v) D,O.

All 2D H,P correlation spectra were recorded on a Bruker
Avance 600 MHz spectrometer equipped with a 5 mm cryogenic HCP
z-gradient probe. Long range 'H*'P HSQC spectra were recorded
with an optimized INEPT transfer delay of 34 ms at 278 K. The
temperature was optimized for signal intensity of both the HN and
the 2'-OH resonance. A spectral width of 10 ppm in the indirect
3P dimension was recorded with 24 complex points and 256 transients
per increments in around 7 h. For the NH, group in the 14 nt RNA,
the "H,>P HSQC spectrum was recorded with a transfer delay of
30 ms, 20 complex ¢, increments, and 2560 transients per increment in
about 60 h. For the determination of the ?*Jy;, coupling constants for
the 27 nt RNA, quantitative spin-echo *'P 1D spectra were obtained
on a Bruker DRX300 spectrometer equipped with a 5 mm room-
temperature BBO z-gradient probe. Coupling evolution delays of 45,
60, and 75 ms were recorded in duplicate measurements with 45056,
67584, and 81920 transients, respectively. Band-selective 180° Q3
Gaussian cascade pulses with a band width of 860 Hz and duration of
2.8 ms were used for selective decoupling of ribose 2', 3', 4, and 5’
protons in the cross experiments and applied at 4.1 ppm.['¥ Spectra
processing and peak deconvolution was performed with Topspin2.1
software (Bruker Biospin). Curve fitting of deconvoluted signal
intensities was carried out using Origin8 (OriginLab).
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