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The first step in a solution structure determination of a
biomolecule involves assignment of the NMR spectrum.
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Figure 1. (A) The magnetization transfer pathway employed by

Through-bond experiments have become the dominant methodthe HNC-TOCSY-CH experiment. (B) Sequence and secondary struc-

for resonance assignment’8€/A°N-labeled proteing. Isotopic
labeling of RNA-3 and DNA* has led to analogous through-
bond assignment techniques in nucleic acids including (i)
correlation of the sugar spin systems, (ii) intranucleotide
correlation of sugar and base resonances, and (iii) correlation
sugar and phosphate resonances on neighboring reSidiese

we present novel 2D and 3D HNC-TOCSY-CH NMR experi-
ments for correlating the amino nitrogen resonances to the H8-
(C8)—H2(C2) resonances in adenines bases. We recently
demonstrated improved solution structure determinations of
RNA by detection of NOEs involving exchange-broadened
amino protons on adenine and guanine bas&s. make use of

these new NOE data, one must assign the amino nitrogens. The ™~

through-bond experiments presented here not only allow

unambiguous resonance assignment of adenine amino nitrogens®

but also represent a superior method for correlating adenine H8
and H2 resonances than previously published techniGles.
High-sensitivity HNC-TOCSY-CH spectra are presented for two
isotopically labeled RNAs, a 30-nucleotide lead-dependent
ribozyme known as the leadzyfhand a 48-nucleotide ham-
merhead ribozymesubstrate comple}.11

The HNC-TOCSY-CH experiment employs the magnetization
transfer pathway schematically illustrated in Figure l1a using
the pulse sequence given in Figure 2. The experiment starts
on the amino protons, and magnetization is transferred to the
amino nitrogen by aH—15N cross-polarization sequen&el*

ture of the3C/*°N-labeled leadzym&.(C) The hammerhead com-
plex consisting of a!®C/*®N-labeled ribozyme and &°N-labeled
substratd?1

rec

™

13

I|E2@ARP-1;

%/ARP/- 3

I
b y
kil

b2y

%

t

)

8 |/ DIPSES

@ |
Figure 2. The 2D (H)N(C)-TOCSY-(C)H experiment used to connect
amino nitrogen N6 to H2 and H8 resonances. Thed@@l 180 pulses

are indicated by filled and open rectangles, respectively. All pulses
have phase= x unless otherwise indicated. The phase cycle;iss

20), 2-y); 2=, —Y; ¢ = 4), 4(-Y); ¢4 = 8(X), 8(=X) and receiver
=X, 2(—X), X, =%, 2(X), —x. A 7.48 ms DIPSI-3* (utilizing a R, —R

half supercycle) at a RF field strength of 1.9 kHz was used for the
H—1%H hetero-TOCSY period. Th®N—13C transfer was performed
with a 44.9 ms DIPSI-3 sequence at a RF strength of 1.9 kHz. A 37.8
ms FLOPSY-8 sequen®eat a RF strength of 5 kHz was used during

In most nucleic acids the amino proton resonances in adenineghe **C homonuclear TOCSY period. The delagquals 1.25 ms. At

have very large line widths>80 Hz) because of rotation of
the amino group. This exchange broadening leads to inefficient
transfer!H magnetization to the covalently boudeN by a
standard INEPT procedure. However, as previously discussed,
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point b, water flip back is achieved with a 2.9 ms selective E-BURP
pulse'®2 A WATERGATE sequencé partially concatenated with the
last INEPT period is used to suppress the residual water signal. Two
1.55 ms soft square pulses are applied at the water frequency during
this WATERGATE sequence. During the detection perid@,and'>N
GARP1 decoupling is applied at RF fields of 1.6 and 1.14 kHz,
respectively. ThéH frequency is set to 7.2 ppm for thid—5N hetero-
TOCSY period and shifted to 4.9 ppm at point a. Tk frequency is

set to 81 ppm during thB#H—15N hetero-TOCSY period and shifted to
195 ppm at point a. Th&C frequency is positioned at 161 ppm for
the 1N —13C hetero-TOCSY period and is shifted to 145 ppm at point
a for thel®*C-TOCSY period and to 142 ppm for the acquisition period.
All gradients were applied along theaxis: gl= 12 G/cm, g2= 24
G/cm, and g3= —32 G/cm. The gradient times for g1, g2, and g3 were
300, 300, and 45@s, respectively. Each gradient was followed by a
recovery time of 20Qus.

IH magnetization for exchange-broadened resonances can be
efficiently transferred td5N by either a cross-polarization or a
CPMG-INEPT sequenc&'>16 Here, alH—1°N cross-polariza-

tion sequence transfers magnetization from the amino exchange-
broadened protons to the amino nitrogen. The nitrogen is then
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frequency labeled during the evolution period after which a
13C—15N cross-polarization sequence transfers magnetization
from N6 to C6. A 13C TOCSY sequence then transfers
magnetization among all the carbons in the adenine ring. The
carbon magnetization is transferred by INEPT to H8 and H2
for detection, with a flip-back WATERGATE sequence used B
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The 2D spectrum for the leadzyme (Figure 1B) is shown in He@
Figure 3A, where the adenine amino nitrogen resonances show
connectivities to both their H2 and H8 resonances. Six of seven AL24
adenine amino nitrogen were observed in the leadzyme. As
previously reported, additional structural constraints were
obtained in the leadzyme through observation of NOEs to 0°
exchange-broadened amino protons in a PN-correlated T T
NOESY spectruni. This procedure requires assignment of the ' : r
amino nitrogen resonances; therefore an important application A A16 =
of the HNC-TOCSY-CH experiment is unambiguous assignment Hy
of adenine amino nitrogens. As illustrated in Figure 3A, the Hg o 0 A8 o H2
amino nitrogens were unambiguously assigned because the H2 Hg H e Hy
and H8 resonances have been previously assigned in the 00, L
leadzymé-11 The only adenine that was not observed in the ST o
leadzyme was A25. This adenine is involved in a protonated A18 A12
At—C base pair and exhibits dynamics on the microsecond Hg He
timescalé®1® which may lead to low sensitivity in the HNC- g 0" 2
TOCSY-CH spectrum. Vv
This HNC-TOCSY-CH experiment was designed to correlate A4
the adenine N6 and H8 resonances. However as seen in Figure 2
3A each adenine N6 resonance shows cross peaks to both its 85 8_'0 7.0
H8 and H2 resonance, which means that this experiment also 1H (ppm)

efficiently correlates adenine H2 and H8 resonances. HCCH- Figure 3. (A) The 2D (H)N(C)-TOCSY-(C)H spectrum of the 1.8 mM

TOCSY experiments have been previously used to correlate | : o
- SC/*5N-labeled leadzyme (Figure 1B). The H2 and H8 frequencies in
36 - 8 -
adenine H2 and H8 resonances0-labeled RNAS:® How w, are correlated by their shared N6 frequencywinfor all adenine

ever the sensitivity of the HCCH-TOCSY experiment is much nucleotides except A25 (see text). Spectral widths in‘theind *°N
Iowe_r than the HNC'_TOCSY'CH experiment because the_ former dimensions were 6000 and 2750 Hz, respectively. Quadrature detection
::%?Jsltr:rslt?\?v%r:g;?&ltlr:tr'::ietrrg:;%?hoz:vgﬁrsér?\llliﬁab gﬁwgggg in w; was obtained with the TPPI-States metBddhe total experi-

¢ - il ol C mental time was 19 h with 80 compléxpoints, 512 complek points,
g%uF;,hhnc?vfsor:ﬁfaanZLDT(OI—Ilyll\JI?g?t'?(t)T:SS I??é%ﬁedszzgi:g\%wbﬁlaﬂf (36)0 scans p?r)FID, and a relz;lxation delayhof 1s. (hB) '(I;hebZD (H)N-

- - C)-TOCSY-(C)H spectrum of a 1.5 mM hammerhead ribozyme
hammerhead ribozymesubstrate complex (Figure 1C). We substrate complex (Figure 1C). The ribozymé3s/5N-labeled, and
were unable to observe any HRI8 correlations using a 2D the substrate i¥N-labeled. The spectrum was acquired with the same
HCCH-TOCSY experiment on the hammerhead due to'fist parameters as the leadzyme except that 392 transients and 100 complex
relaxation. However many H2H8 correlations are observed ti points were acquired for a total experimental time of 24 h. (C) A
with the 2D (H)N(C)-TOCSY-(C)H experiment including all  [**C(w3), *H(w3)] plane at the"*N(w1) frequency of Az in the 3D
three adenines in the GAAA tetraloop. As seen in Figure 3B, (H)N(C)-TOCSY-CH spectrum of the hammerhead. The experiment
the H2 resonances for 4, and A3 have similar chemical ~ Was acquired with 44 complex points, 44, complex points, and 512
shifts in the hammerhead. To resolve this ambiguity we ac- s points in 44 h. The pulse sequence is similar to that in Figure 2
quired a 3D N, 13C, H) (H)N(C)-TOCSY-CH on the ham-  €xcept that & evolution period was included in the first INEPT
merhead. Figure 3C shows one 2D plane of this 3D Spectrumzonowmg the FLOPSY-8 sequence (see Supporting Information). The
which contains the C8 and C2 resonances farA These spec-  -.C carrier was set to 149.5 ppm just after the FLOPSY-8 sequence.
tra on the hammerhead ribozyme show that the HNC-TOCSY- The relaxation delay was 1.1 s, and 16 transients were acquired for

. . each FID. The spectral width in tHéN dimension was 1500 Hz, and
CH experiment can be successfully applied to larger RNAs. the other parameters were the same as those for the 2D experiment.

The HNC-TOCSY-CH experiment represents an efficient tpeiscasn-lapeled RNAs were synthesized as previously desciped.
procedure for identifying adenine resonances in isotopically a spectra were collected at 1% on a Varian Unityplus 500 MHz

labeled RNAs. This adenine-specific experiment complements spectrometer and processed on a Silicon Graphics computer with the
recently reported uridine-specific and cytidine-specific HNC-  program FELIX 2.35 (Biosym Inc.).

CCH experiment8® These three base-specific experiments
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