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Abstract: Hydrogen bonds play a key role in the stabilization of protein and nucleic acid secondary structure.
Currently, most of the experimental evidence for the interaction of hydrogen bond donor and acceptor atoms
is indirect. Here we show that scalar couplings across the hydrogen bond are observable for\Watson

base pairs in*®N-labeled RNA. These scalar couplings correlate the imino ddprnucleus and the
corresponding acceptd?PN nucleus on the complementary base. The two-baéadcouplings between the

N3 of uridine and the N1 of adenosine, and between the N1 of guanosine and the N3 of cytidine, have values
of approximately 7 Hz as determined by a novel quantitafre®rrelation experiment for the 69-nucleotide

T1 domain of the potato spindle tuber viroid. In contrast, for non-Watsenick base pairs the hydrogen

bond acceptor is usually not a nitrogen, but an oxygen atom, and thus, the twahiapnduplings are not
observed.

Hydrogen bonds play a key role in the stabilization of protein evidence for individual hydrogen bonds. Such parameters
and nucleic acid secondary structure and in modulating the speednclude the following: (i) the reduced hydrogen exchange rates
and specificity of enzymatic reactiotis? Very few experi-  with the solvent:S (ii) the primary isotope shifts for substitution
mental parameters exist that provide direct evidence of indi- of the hydrogen bonded proton Byl and®H;®7 (iii) the isotropic
vidual hydrogen bonds, and thus, identify all atoms involved proton chemical shif;(iv) the isotropic nitrogen chemical shft;
in the hydrogen bond, i.e., the donor atom, the acceptor atom, (y) the size of the electric field gradient at the position of the
as well as the hydrogen atom itself. Usually the existence of proton as observed by tAel quadrupolar coupling constaki!

hydrpggn bonds IS |nf.erred. a posteriori from the spatial and (vi) the size of the proton chemical shift anisotrépi?
proximity and relative orientation of the hydrogen bond donor,
the hydrogen, and the hydrogen bond acceptor once the structure : : :
of a biomolecule has been solved by either X-ray crystallography ggg Uv\gdtﬁepr\'; GNg'Ssen)’ Siooﬁdé,’igpé%t?g (fﬂ‘;’;“l%a 21, 287-386.
or NMR. A number of NMR observables provide indirect ) Gu,?nars’soh,'e_;Wennpe%m,'o,_'_; Ega, W.; Forsen, £hem. Phys.

Lett. 1976 38, 96—-99.
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Figure 1. Pulse sequence of the quantitatidey HNN-COSY
experiment. Narrow and wide pulses correspond to flip angles of 90
and 180, respectively. RF power levels for high-power pulses are 29
(*H) and 5.8 kHz ©N). Low-power!H pulses are applied at a field
strength of 200 Hz. Carrier positions aid,O (*H), 185 ppm {*N),

and 153 ppm C). Garp decouplingB, = 2.5 kHz) was applied
during thet; period on thé"*C channel. Delaysd = 2.25 ms;T = 15

ms; {2 = 2.5 ms;® = 0.25 ms;¢¢ = 2.25 ms;¢¢ = 0.5 ms. Unless
indicated, all pulses are applied along thaxis. Phase cyclingp, =

XY, =% =Y, ¢2 = Re, mReWith Re = (y, =X, =Y, X); ¢3 = Rs, Rs, =Ry,

—Rs with R = (=Y, X, ¥, —X); Acg. = X, =Y, —X, Y. Quadrature
detection in the; dimension was achieved by simultaneously incre-
menting¢: and¢, in the States-TPPI manner. Gradients are sine-bell
shaped, with an absolute amplitude of 25 G/cm at their center and

(+), 0.2 +), 0.4 (+), and 0.101 ms-f).

Here we report the direct observation of hydrogen bonding
in Watson-Crick base pairs by a cross hydrogen bond scalar
coupling between the iminéN atom of the donor base with
the hydrogen bond acceptdiN atom on the complementary
base. Thesélyy couplings yield valuable through-bond inter-
residue assignment information.

Experimental Section

NMR experiments were performed on a uniforriZ/*>N-enriched
69 nucleotide RNA oligomer (GGGUGUGUAG CCCUUGGAAC
CGCAGUUGGU UCCUCGGAAC UAAACUCGUG GuUuUCCU-
GUGG UUCACACCC). This oligomer comprises the left terminal
(T1) domain of the potato spindle tuber virildPSTVd). A 250uL
sample volume was used in a Shigemi microcell containing 1.6 mM
RNA oligomer, 100 mM NaCl, 10 mM Nai#PO/NaHPO,, and 95%
H,0/5% D,O at pH 6.0. All NMR data were acquired at 26 on a
Bruker DMX-600 NMR spectrometer equipped with a triple-axis pulsed
field gradient'H/*>N/*3C probehead optimized féH detection.

The quantitativelyy HNN-COSY experiment depicted in Figure 1
was used to measure homonuclé&—N J coupling constants on
the PSTVd T1 domain. The data matrix consisted of 26P% 1024*-

(o) data points (where* refers to complex points) with acquisition
times of 40 {;) and 77 mst). A total of 128 scans per complex
increment was collected.

The 2Juv HSQC experiment was recorded as a conventional
WATERGATE!® water flip-back® 1H—1N HSQC with the INEPT
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the 1N carrier at 215 ppm, and théC carrier at 154 ppm.
Simultaneoud®N and*3C decoupling was applied during data acquisi-
tion.

A 3D NOESY was recorded as'blc(t;)) —HMQC—3C(t;) —NOE—
IH(ts) experiment with optimized detection of imino-proton resonances
by water flip-backi® WATERGATE® and radiation dampiri§tech-
niques. The data matrix consisted of 48)(x 48*(t;) x 1024*(s)
data points with acquisition times of %), 12 (), and 68 mstg), and
an NOE mixing time of 80 ms. The total experimental time was 60 h.
TheH carrier was positioned on the;8 resonance, th&C carrier at
110 ppm, and théN carrier at 153 ppm.*N decoupling was applied
during data acquisition.

Data sets were processed using the program nmiPipeg peak
positions determined with the program PI®PPAmplitudes of the time
domain oscillations in the quantitatiday HNN-COSY data set were
determined by using the time domain fitting routine nlinLS contained
in the NMRPipé® package.

Results and Discussion

Homonucleadyy couplings involving the imind>N nuclei
in RNA were observed and quantified by using the quantitative
Jun correlation experiment depicted in Figure 1. The experi-
ment is conceptually similar to the quantitati¥dyya COSY
experimeng! The following product operator description will
be given for the uridine-adenosine (U-A) base pair (Figure 2A)
where N3 of U is the donor nitrogen, H3 of U the hydrogen
bond proton, and N1 of A the acceptor nitrogen. The analogous
description for the guanosine-cytidine (G-C) base pair is
obtained by interchanging the U-A nuclei H3, N3, and N1 with
the G-C nuclei H1, N1, and N3 (Figure 2B). Magnetization is
transferred from the imino proton of one base to its attached
nitrogen nucleus at poird to give an operator product of the
form 2H3N3,. Due to the observed scalar coupling between
the hydrogen bond donor and acceptor nuclei, part of this
magnetization is transferred onto tHé&N1 nucleus of the
opposing adenosine during the interval. 2At point b, this
magnetization is given as4H3,N3,N1,sin(2zJynT). Another
part of the magnetization remains on the im#SN nucleus of
the hydrogen donor base. The product operator for this part is
proportional to 2HIN3,cos(2zJuwT). During the variable delay
t1, the oscillations of both transverse magnetization terms are
measured leading to diagonal and cross-peaks ify theension
at the®N frequencies of the imino nitrogen N3 of uridine and
the hydrogen bond acceptor nitrogen N1 on adenosine. Sub-
sequently, both magnetization terms are refocused during the
second 2T interval to give 2HN3, at positionc. Therefore,
intensities for cross and diagonal peaks are proportional to
sir?(2zJnnT) and cod(2zIwnT), respectively.

The description so far has neglected relaxation effects.
Interference between dipetaipole interaction ané’N chemical

transfer delays set to 11 ms as a compromise between the fast relaxatiohift anisotropy (CSA) interaction gives rise to two different

of the 'H2 resonance and the optimal transfer time for the two-bond
IH2—N1 and'H2—'N3 couplings of 14.5 H2! The data matrix
consisted of 180%() x 1024*(t,) data points with acquisition times of

31 (1) and 77 msth). A total of 192 scans per compléxincrement

was collected. The total measuring time was 13.2 h. The experiment
was performed with théH carrier positioned on the @ resonance,
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relaxation ratesR, + n andR, — #, for the two components
HoNy and HNy of the *N—!H doublet?>~2* The nitrogen
antiphase magnetization at time pagn2H3,N3, is identical to

the operator difference HBI3, — H3sN3,. Due to the different
relaxation rates of the two components, the magnetization at
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Figure 3. QuantitativeJyv HNN-COSY spectrum of the uniformly
(>95%)3C/*N-enriched 69-nucleotide T1 domain of the PSTVd RNA.
Positive contours depict diagonal resonances, negative contours (dashed
lines) correspond to cross-peaks resulting from scahr-'°N mag-
netization transfer. Resonances are labeled with currently available
assignment information. Two weak intranucleotide correlations between
Figure 2. Hydrogen bond patterns and nomenclature for (A) U-A, the N3 and N1 nuclei of uridine are marked with asterisks.
(B) C-G, and (C) U-G base pairs.

15N resonances to the adjacéntorrelatedN nuclei, the pulse

time pointc has decayed to expéR,T)[H3uN3yexp(—4,T) — scheme is called quantitatiigy HNN-COSY.
H3;N3,exp(4;T)]. Therefore, the absolute amplitude of thesH3 Figure 3 shows the results of a 12.3 h quantitatikg HNN-
N3, component at time poirtis a factor exp(§T) larger than  cosy experiment for the T1 domain of PSTVd. A total of 6
the amplitude of the H3N3, component. This factor is  correlations are observed between the uridine imino groups and
approximately 78 at 25°C for the 69 nucleotide RNA domain 15\ resonances between 220 and 225 ppm, whereas 12 correla-
used in this study. tions are observed between the guanosine imino group®isnd

Pervushin et a4 have shown that magnetization of the type resonances between 195 and 200 ppm. Additionally, two weak
H3sN3, can be transferred into K83 magnetization by using  correlations are observed from the imino groups of uridine to
the TROSY pulse sequence. Compared to a conventionall®N resonances at approximately 147 ppm (Figure 3, asterisks).
reverse INEPT step where bottx and f-components of the  The latter two correlations were assigned to intraresidue two-
15N doublet are refocused into kiBiagnetization, this approach  bond transfers from the N3 to the N1 nucleus of uridine.

results in a factor of 1/(% exp(=8yT)) loss in the intensity of Initially the correlations to resonances below 195 ppm were
the H3N3; line as compared to the K3ne containing both  highly unexpected and their assignment was unclear. Based
nitrogen components. In the present situation, this loss is on the chemical shifts of the cross-peaks, intraresidye
overcompensated by the increaJedf the H3N3s magnetiza-  correlations to N2, N3, N7, and N9 of guanosine or to N1 of
tion resulting from destructive interference between the dipolar uridine can be excludetl Besides such intraresidue correlations,
and the proton CSA relaxation. This increase in imino proton the closest nitrogen nuclei for the imino nitrogens are the
T is approximately 30% at 25C for the PSTVd T1 domain.  hydrogen bond acceptdPN nuclei on the opposing base for
The sequence of pulses between time poirasdd is similar Watsonr-Crick base pairs. The observed chemical shift range
to the TROSY sequence resulting in detection of imino proton of 195 to 200 ppm for the guanosine cross-peaks corresponds
magnetization of the form HBI3; at pointd. However, the  closely to the values reported for tH&\3 nucleus of cytiding.
inclusion of appropriate water flip-back pulses protects the There are no othe¥®N nuclei resonating near this frequency.
magnetization of the imino protons against magnetization loss In contrast, for the uridine cross-peaks between 220 and 225
due to the fast exchange with the watérAdditionally, the ppm assignment is possible to either €3 or 15N 1 frequen-
original phase cycling scheme for selection of the, k& cies of adenosine, as the reported values for both nuclei are in
component has been replaced by the selection gradiergads close proximity to this chemical shift ran§eThe chemical shift

G7. As the experiment correlates frequencies of imiht- of both of these!®>N nuclei is strongly influenced by the
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Figure 4. Establishment of cross hydrogen bond assignments for the U329-A32 base pair of the T1 domain of the PSTVd RNA. Resonances are
labeled with currently available assignment information. (A) Region of the gquantitativéiNN-COSY spectrum depicting interstrandl3—

15N3(U) to 13N1(A) correlations. (B) Region of the two-borin HSQC experiment correlatintH2 frequencies of adenosine to the intraresidue

15N1 and!*N3 frequencies. (C) Cross section taken at48 frequency of U329 (13.56 ppm) from*&C-edited 3D NOESY spectrum recorded

in H,0. This cross section establishes the connectivity betd8nof U329 and thé H2—13C2 frequency pair of the opposing A32.

protonation state of the ba8é26 Upon protonation, upfield ~ PSTVd T1 domain are of rodlike or bifurcated foff12° Both
shifts as large as 6670 ppm have been observed for the N1 model types predict approximately 22 Watsdrrick base pairs
nucleus of adenosirf&® Despite this ambiguity in chemical (8 U-A and 14 G-C pairs) and-23 non-Watsonr-Crick base
shifts, the N3 nucleus of adenosine is separated by four chemicalpairs. Considering the possible loss of some of the cross-peaks
bonds (including the hydrogen bond) from the N3 nucleus of due to imino proton exchange with water, the observed 6 U-A
uridine, whereas the N1 nucleus of adenosine is separated byand 12 G-C correlations in the HNN-COSY experiment are in
only one chemical bond and one hydrogen bond. Therefore, reasonable agreement with this prediction.
and because of the analogy to the G-C base pair, we conclude To give further evidence that the magnetization transfer
that the correlations between the N3 nuclei of uridine to follows the expected behavior for a scalar coupling, the transfer
resonances between 220 and 225 ppm must be interpreted agme 2T in the HNN-COSY experiment was varied from 15 to
correlations to the hydrogen-bond€ti1 nuclei of the opposing 60 ms. Figure 5A shows cross-pead) énd diagonal peakd)
adenosine bases rather than to tHeN3 nuclei. intensities as a function of the transfer time for t3(U),

The assignments of the interresidue cross-peaks in the casé®N3(U), and®N1(A) nuclei of a UA base pair. A fit of these
of U-A base pairs are corroborated by two additional experi- intensities according tdexp(—4T/T,)sir’(22JT) for cross-peaks
ments: a three-dimension&C-edited NOESY and a two-bond  andAexp(—4T/T,)cos(22JT) for diagonal peaks yielded values
IH—15N-HSQC. Figure 4A shows the region of the U-A cross- for J of 6.78 Hz and foiT, of 70.6 ms. This extracteticoupling
peaks from the quantitative HNN-COSY experiment with the is in very close agreement with tdeoupling of 6.89 Hz derived
assignment of the U329-A32 correlation in the PSTVd T1 from a single HNN-COSY experiment with a transfer time 2
domain. The plane from the three-dimensiof&C-edited of 30 ms (see below). Clearly, the fit reproduces the experi-
NOESY (Figure 4C) taken at the frequency of the imiht3 mental points in a very satisfactory manner. Similarly, a plot
proton of U329 shows a strong NOE correlation to the H2 proton of atan(/14]*/3) versus the transfer tim€ (Figure 5B) shows
of A32. This cross-peak establishes the assignment of theexcellent agreement with the expected linear dependence.
H2—-13C2 frequencies of A32. Th&H2 frequency of A32 is Quantitative values for the observay couplings can be
correlated to thé®N frequencies of N1 and N3 of A32 by the  determined from the ratio of cross-peak to diagonal peak
two-bond'H—*N-HSQC experiment (Figure 4B). THEN1 intensitied! ([I/lq = tard(2zdwT)]) of a single HNN-COSY
frequency of A32 in this experiment is identical to tHeN1 experiment. Due to the partial cancellation of dipolar &
frequency observed for tH&i3(U329)-15N1(A32) cross-peak  CSA interactions, the line widths of the diagonal resonances in
of the HNN-COSY experiment in Figure 4A. For the other the HNN-COSY are considerably narrower than the line widths
five U-A cross-peaks of the HNN-COSY (Figure 4A), analogous of the cross-peaks (Figure 3). Therefore, approximating the
connections are observed between the urisiit®and adenosine  intensity ratios by peak amplitude ratios would introduce large
3N1 frequencies of the HNN-COSY, the adenosi2 and errors. Instead, the ratio of diagonal and cross-peak intensities
5N1 frequencies of the two-borH—'*N-HSQC experiment  was determined as the amplitude ratio of the time domain
(Figure 4B), and the uridintH3 and adenosintH2 correlations  oscillations for these resonances. These time domain amplitudes
of the 1%C-edited NOESY (data not shown). were derived from the data by using the time domain fitting

No interresidue correlations are observed in the HNN-COSY routine nlinLS contained in the NMRPipe packd§eFor the
for imino groups with proton chemical shifts upfield of 11.8 HNN-COSY experiment with a transfer tim&@ 2= 30 ms, values
ppm (Figure 3). This proton chemical shift range is usually for cross hydrogen borfdyy couplings were determined as 6.7
indicative of non-WatsonCrick base pairs, such as G-U base = 0.5 Hz ( = 6) for the observed U-A base pairs and as 6.3
pairs (Figure 2C). For these imino resonances, the lack of cross+ 0.2 Hz ( = 8) for the well-resolved resonances of the G-C
hydrogen bond>N—15N correlations is rationalized by the fact base pairs. The magnetization transfer in the HNN-COSY
that most non-WatsoenCrick base pairs contain hydrogen bonds experiment is affected to some extent by the finite strength of

from an imino hydrogen to an oxygen acceptor atom rather than — : : —
i i 27) Riesner, D.; Henco, K.; Rokohl, U.; Klotz, G.; Kleinschmidt, A.
to a nitrogen atom (Flgure ZC)', K.;(Do)mdey, H.; Jank, P.; Gross, H. J.;r®er, H. L.J. Mol. Biol. 1979
The secondary structures which have been proposed for the;33 g5—115.
(28) Steger, G.; Hofmann, H.;"Rsch, J.; Gross, H. J.; Randles, J. W.;
(25) Buchanan, G. WTetrahedron1989 45, 581-604. Sanger, H. L.; Riesner, DJ. Biomol. Struct. Dyn1984 3, 543-571.
(26) Wang, C.; Gao, H.; Gaffney, B. L.; Jones, R.JAAmM. Chem. Soc. (29) Gast, F.-U.; Kempe, D.; Spieker, R. L ;rgger, H. L.J. Mol. Biol.
1991, 113 5486-5488. 1996 262, 652-670.
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A) B) between dipolar/dipolar or dipolar/CSA Hamiltonians could lead
to magnetization transf&r 34 between thé®N nuclei adjacent
to the hydrogen bond. These effects are, however, considerably
smaller than the observed transfer rates of approximately 7 Hz.
For a three-spin system consisting of #8 and'>N3 nuclei
of uridine and thé>N1 nucleus of the opposing adenosine, the
possible values for the dipolar and CSA interaction energies
and the Larmor frequencies lead to cross correlated relaxation
rates between thHéN3(U) and the">N1(A) nuclei that are below
1 Hz for correlation times ranging from 5 to 40 ns. (A detailed
numerical calculation is given in the Supporting Information.)
The principal reason for this finding is that these cross
correlation effects must involve the rather small dipolar
couplings between theN3(U) and'®N1(A) nuclei or thetH3-
(U) and 3N1(A) nuclei. It is therefore concluded that such
“dynamic” J couplings cannot explain the observed phenomena
001 002 003 001 0.02 0.03 02 and that a conventional polarization of the electron cloud in
Ts] the hydrogen bond is the likely explanation for the observed
Figure 5. (A) Absolute values of cross-peak.(open circles) and trans hydrogen-bond scala_lr intgractions. A related interaction
diagonal peaklg, filled circles) intensities observed in the HNN-COSY meq'ated by sulfur eleqron'c PVb'ta'S has beer_] observed _between
experiment as a function of the transfer timieThe intensities were  amide protons ant*Cd in the iron-sulfur protein rubredoxiff?
derived for the correlation of th#43(U), 15N3(U), and*>N1(A) nuclei It should be noted that the observed couplings can compro-
of the U356-A343 or U356-A4 base pair (the assignment of A343 mise T, measurements for imin®N nuclei if the interstrand
versus A4 is currently ambiguous). The continuous lines show the result 23, couplings are not properly decoupled. On the basis of the
of a simultaneous fit by the function@xp(~4T/T;)sin(2JT) for cross- almost identical chemical structure, we expect similar cross
peaks andiexp(-4T/Tz)cog(22JT) for diagonal peaksTe = 70.6 ms,  hygrogen-bondduy couplings for WatsorCrick base pairs in
J=6.78 Hz). (B) Plot ofp = atan(l4/l{**) for experimental intensities 15N-enriched DNA. The HNN-COSY experiment is rather
(filled circles) shown in (A) versus the transfer tilieThe continuous e . . -
sensitive even for larger oligonucleotides and should provide

line corresponds to the theoretical dependenee27JT with the value . . ) .
of J derived from the fit in (A). valuable interstrand assignment information.

Intensity
[a/L(pVO”]Uele
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