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Abstract

Coherences were observed betw&d3 of cytosine and itsransamino proton (H42) using a modified gradient-

based heteronuclear single quantum coherence (HSQC) pulse sequence optimized for three-bond proton-nitrogen
couplings. The method is demonstrated with a 22-nucleotide RNA fragment of the P5abc region of a group | intron
uniformly labeled with1>N. Use of intraresidué®N3-amino proton couplings to assign cytosit3 signals
complements the recently proposggyHNN COSY [Dingley, A.J. and Grzesiek, S. (199B)Am. Chem. Soc.

120, 8293-8297] method of identifying hydrogen-bonded base pairs in RNA.

AbbreviationsHSQC, heteronuclear single quantum coherence; INEPT, insensitive nuclei enhanced by polariza-
tion transfer.

Recently, direct observation ofj)] couplings through Assignment of the cytosin®N3 signals relies on
hydrogen bonds has been reported for RNA (Dingley the previous assignment of the cytosine amino pro-
and Grzesiek, 1998) and DNA (Pervushin et al., 1998). ton resonances. These signals can usually be assigned
Correlation of hydrogen-bonded nitrogens gives im- via NOEs to H5 protons or to the imino proton of
portant constraints for structure calculations, but poses the hydrogen-bonded guanosine (Mueller et al., 1995;
the problem of assigning the nitrogens involved in Varani et al.,, 1996). Alternatively, the amino pro-
hydrogen bond formation. For.G base pairs (Fig- tons can be assigned from triple-resonance HNCCCH
ure 1A) the guanine imino nitrogen can readily be as- (Simorre etal., 1995) or HCCNH-TOCSY (Fialaetal.,
signed from one-bontH-1N correlation experiments ~ 1996; Sklenar et al., 1996) experiments which cor-
once the imino proton has been assigned. However, relate the amino H4 and base H6 resonances. The
to our knowledge, a method for assigning the cyto- relative merits of these sequences are discussed in the
sine 15N3 resonances in nucleic acids has not been review by Wijmenga and Van Buuren (1998).

reported. Here we present a new and easy method for  All experiments were done on a Bruker AMX
the unambiguous assignment of cytosiidl3 reso- 600 or DRX 500 spectrometer at 30. The 1°N-
nances by correlating them to intrabase non-hydrogen-labeled 22-nucleotide RNA (Figure 1B) was enzy-

bonded {rans) amino protons via a three-borfdyn matically synthesized from a synthetic DNA template
coupling. The correlations are observed for a 22- using T7 RNA polymerase (Wyatt, 1991) wifiN-
nucleotide RNA molecule using a modifiéti-1°N labeled NTPs. The RNA concentration was 2.2 mM in

HSQC pulse sequence (Mori et al., 1995). Other ni- 10 mM sodium phosphate (pH 5.6), 200 mM NacCl,
trogens have been correlated with non-exchangeable0.1 mM EDTA in 90% HO/10% DO. NMR data

proton resonances in RNA (Sklenér et al., 1994). were processed with Felix 95.0 (MSI Inc.). Proton
chemical shifts were indirectly referenced to DSS

*To whom correspondence should be addressed. E-mail: jgpel- using the water resonance (4_72 ppm). Nitrogen chem-
ton@lbl.gov
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Figure 1. (A) A G-C base pair with the atom numbering as recom-
mended by Markley et al. (1998). Open circles indicate base-pair
mismatches. (B) The 22-nucleotide RNA (P5ga) which is part of the
P5abc region of the group | intron frofietrahymena thermophila.
Almost completelH and 15N assignments have been obtained
(unpublished results).
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Figure 2. Fast HSQC (FHSQC) pulse sequence with a compos-
ite WATERGATE 3-9-19 pulse train (Mori et al., 1995). Unless
indicated, all pulses are applied along the x axig.and the re-
ceiver phase are cycled (%x). Narrow and wide pulses denote
9(° and 180 pulses, respectively. Gradients ,y,z), Gy(X,Y,z)
and Gg(x,y,z) were set to 5, 3.6 and 7.1 G/cm, respectively. The
WATERGATE delay$ was set to 312.4s (500 MHz), which cor-
responds to an excitation maximum at 8.00 ppra (& 18C°).

To obtain long-rangéH-1°N correlations, the delay in whichH
magnetization becomes antiphase with respect to nitrogehwas

set to 42 ms. Quadrature detection 4rig achieved by States-TPPI
modulation of the first nitrogen 90pulse (1) and the receiver
(Marion et al., 1989).

Gxy,z

ical shifts were indirectly referenced to ammonia
(Wishart et al., 1995).

The 22-nucleotide RNA molecule (P5ga) used in
our studies (Figure 1B) is part of the P5abc region of
the group | intron fronTetrahymena thermophilat
contains two GA base mismatches that bind Kig

bonded to adenine N1 and one adenine amino proton
is hydrogen-bonded to guanine O6 (Burkard et al.,
1999). This hydrogen bonding pattern is different from
that observed in the crystal structure of the P4-P6
domain (Cate et al., 1996).

The fast HSQC (FHSQC) as reported by Mori
et al. (1995) is useful for the study of exchangeable
protons and scalar-coupled nitrogens in aqueous so-
lutions with high sensitivity. An important advantage
of the FHSQC experiment over other gradient-based
HSQC methods is that water magnetization is returned
to the +z axis at the start of acquisition without the
need for water-selective flip-back pulses (Grzesiek and
Bax, 1993). Remaining water magnetization is sup-
pressed by a 3-9-19 WATERGATE (Sklenér et al.,
1993) sequence during tHéN-1H refocusing delay.
Detailed descriptions of the HSQC (Bax et al., 1990)
and FHSQC (Mori et al., 1995) experiments have
been reported. The pulse sequence used for observa-
tion of H4ASN3 correlations is shown in Figure 2.
The sequence is the same as for the FHSQC, except
that the delay during which protons become antiphase
with respect to thé>N3 nitrogens (2; INEPT de-
lay; Figure 2) was modified. For our 22-nucleotide
RNA fragment, maximum signal due to the long-range
proton-nitrogen couplings was achieved with the IN-
EPT delay set to 42 ms. Correlations between H4 pro-
tons and their directly attached nitrogeh¥\4) were
also observed; however, these signals were strongly at-
tenuated due to refocusing of the single-bond proton-
nitrogen coupling ¥ly\w = 91 Hz (Roberts et al.,
1981)) and due to proton-proton coupling between
H41 and H42. For larger RNA molecules, maximum
signal may be achieved with a shorter INEPT delay,
due to increased relaxation during this period. Alter-
natively, the two-bond°N4-1°N3 coupling 8un =
5.8 Hz (Riterjans et al., 1978)) might be used to
correlate!>N4 and!°N3 signals (Wijmenga and Van
Buuren et al., 1998; Majumdar et al., 1999). The long-
range FHSQC experiment is expected to be somewhat
less sensitive than the long-range HSQC (Sklenar
etal., 1994), which was used to obtain nitrogen to non-
exchangeable proton correlations in RNA, because of
the relatively large amino proton linewidths.

Figures 3B and 3D show portions of a long-
range FHSQC spectrum of the 22-nucleotide RNA

when the sequence is part of the larger P4-P6 domainacquired in 90% HO/10% D,O at 30°C. Cross peaks

in a crystal (Cate et al., 1996). Our NMR struc-
ture shows that these.& mismatches form imino

between cytosind®N4 nitrogens and their directly
attached protons are shown in Figure 3B. InCG

hydrogen-bonded base pairs (unpublished data). Inpase pairs (Figure 1A) one cytosine amino proton,

imino G-A mismatches the guanine H1 is hydrogen-

H41, is hydrogen-bonded to guanine O6 and typi-
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Figure 3. Expansion of ann HNN COSY spectrum of P5ga. Magnetization is transferred from the guanine imino proton to the directly
attached nitroge®N1 (A) and from1°N1 to the hydrogen-bonded cytosif@N3 (C). (B and D) Expansion of a long-range FHSQC spectrum

of P5ga. Cross peaks between cytoéiﬁ\sm and the hydrogen-bonded H41 and non-hydrogen-bonded H42 protons are shown (B). Correlations
between cytosind®N3 at about 197 ppm and H42 due to the three-bond coupling betwedratiseamino proton and®N3 (D). This allows
assignment of thd®N3 resonance involved in hydrogen bonding inCGhase pairs, provided the amino protons have been assigned. No
cross peaks betweeN3 and thecis H41 proton were observed. Thgy HNN COSY (Dingley and Grzesiek, 1998) pulse sequence was
slightly modified by replacing the original WATERGATE pulse train with a 1-1 jump and return water suppression sequence. The proton sweep
width was set to 12195.1 Hz (600 MHz) and the nitrogen sweep width was set to 7905.1 Hz. The proton carrier was cenj€reshatthée

nitrogen carrier was centered at 185 ppm. TR HNN COSY experiment was recorded with a 4.5 ms INEPT transfer time and 3Qns J
magnetization transfer time. The excitation maximum was set to 12.7 ppm. A total of 208 scans were signal averaged for each of 9y complex t
(15N) points. A total of 512 complex points were acquired in (&) dimension. A long-range FHSQC (B and D) was acquired at 500 MHz

with a proton sweep width of 10000.0 Hz and a nitrogen sweep width of 5473.4 HZHrbarrier was set to pD and thel®N carrier was set

to 146 ppm. Thé®N rf field strength was 6.8 kHz. Nitrogen decoupling was achieved by GARP (Shaka et al., 1985) modulation of a 3.8 kHz
rf field. A total of 48 scans were signal averaged for each of 112 complé)@lt\l) points. A total of 512 complex points were acquired in the

to (YH) dimension. The INEPT delay () was set to 42 ms.

cally resonates at lower field than the non-hydrogen- was observed previously in 5-azacytidine. Pigsn42
bonded amino proton, H42. Hydrogen-bonded and coupling constant was measured to be 5 Hz, whereas
non-hydrogen-bonded protons are in slow exchange 3JysHa1 Was too small to be observed (Roberts et al.,
due to slow kinetics of rotation about the carbon- 1981). As expected, we therefore do not observe cross
nitrogen bond and therefore two resonances, one for peaks between H41 aféN3 in Figure 3D.
each type of proton, can usually be observed (Mc- To test whether the correlations in Figure 3D
Connel and Seawell, 1973; McConnell, 1984). The are actually due to exchangeable amino protons we
guanine and adenine amino protons in nucleic acids recorded an FHSQC spectrum in 100%®and could
are usually highly exchange-broadened by internal ro- not observe the correlations shown in Figure 3D. In ad-
tation about the carbon-nitrogen bond and often show dition we acquired a long-range FHSQC spectrum of
only a single resonance (McConnell, 1984; Mueller the 22-nucleotide RNA in 90% #D/10% DO with-
etal., 1995). out decoupling in4 and observed a splitting due to
The non-hydrogen-bonded cytosine amino protons 1Jyy of the H4215N3 cross peaks in the proton di-
show cross peaks to nitrogens resonating at aboutmension. This splitting corresponds to coupling of
197 ppm as shown in Figure 3D. From chemical shift H42 with its directly attached nitrogert®\4) and

considerations these nitrogens can only'#3 reso- further confirms our assignments. We also observed
nances of the corresponding cytosine. Aderlifél H8-15N7/1°N9 and H1-1°N9 correlations for purines,
nitrogens resonate near 224 ppm and guamid H6-1°N1 and H1-1°N1 correlations for pyrimidines,
nitrogens resonate near 137 ppm (Markowski et al., and H21°N1/A5N3 correlations for adenine in the
1977). We see cytosine amino H42 teN3 corre- long-range FHSQC. These types of cross peaks have

lations, but not cytosine amino H41 #6N3 cross been observed previously in long-range HSQC spectra
peaks (Figure 3D). According to the Karplus equa- (Sklenar et al., 1994).

tion, the three-bond coupling froA?N3 to thetrans We were prompted to look for methods of assign-
H42 proton should be larger than the coupling from ing 1°N3 cytosine signals in order to confirm base
15N3 to thecis H41 proton (Roberts et al., 1981). This  pairing patterns suggested by guanifibll to cyto-
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sine 15N3 correlations observed iny] HNN COSY
experiments. Thenyy HNN COSY experiment (Din-
gley and Grzesiek, 1998) correlates the guanine or
adenine®N1 nitrogens with its hydrogen-bonded cy-
tosine or uracil’®N3 via a J1n3 scalar coupling.
Intra-residue GHEPN1 signals and the correspond-
ing inter-residue GH1/&N3 obtained from thenk
HNN COSY experiment applied to P5ga are shown
in Figures 3A and C. Cytosine amino HaX4 and
H4/A°N3 correlations obtained from the long-range
FHSQC experiment are shown in Figures 3B and D.
As can be seen in Figures 3C and D, #38I3 reso-
nance provides a linkage between the guanine imino
(Jun HNN COSY) and cytosine amino (long-range
FHSQC)!H-1°N signals. Together, these data provide
for the unambiguous assignment of hydrogen-bonded
G-.C base pairs, whenever both the imino and amino
resonances are assigned.

With the present method we were able to assign
15N3 signals for three of the five Watson—Crick@
base pairs (C3, C9, C21) for the 22-nucleotide RNA
(Figure 1B). The closing & base pair (GIC22)
and the GC base pair next to the -& mismatches
(G4-C19) are in intermediate exchange, i.e. confor-
mational dynamics and/or exchange with the solvent
which leads to broad imino and amino proton res-

zur Forderung der wissenschaftlichen Forschung’ of
Austria, project Nr. J1499-PHY.
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