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Abstract A newly implemented G-matrix Fourier trans-
form (GFT) (4,3)D HC(C)CH experiment is presented in
conjunction with (4,3)D HCCH to efficiently identify
"H/"3C sugar spin systems in '°C labeled nucleic acids.
This experiment enables rapid collection of highly resolved
relay 4D HC(C)CH spectral information, that is, shift
correlations of '*C—"H groups separated by two carbon
bonds. For RNA, (4,3)D HC(C)CH takes advantage of the
comparably favorable 1’- and 3'-CH signal dispersion for
complete spin system identification including 5'-CH. The
(4,3)D HC(C)CH/HCCH based strategy is exemplified for
the 30-nucleotide 3’-untranslated region of the pre-mRNA
of human UlA protein.
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Abbreviations

GFT G-matrix Fourier transformation
r.f. Radio-frequency

RNA Ribonucleic acid

The resonance assignment of nucleic acids is a prerequisite
for their three-dimensional (3D) structure determination
and depends critically on the sugar spin system identifi-
cation (Varani et al. 1996). For nucleic acid molecules with
more than about 15 nucleotides, 13C/ISN—labeling is often
required for resonance assignment based on heteronuclear
NMR spectroscopy. Such stable isotope labeling can be
accomplished either enzymatically (Nikonowicz et al.
1992; Pardi 1992; Batey et al. 1992, 1995; Varani et al.
1995, 1996; Price et al. 1998; Masse et al. 1998) or by use
of solid-phase synthesis for DNA (Kojima et al. 2001). The
"H and "°C resonance assignment of the sugar resonances
not only provides an increased number of '"H-'H upper
distance limit constraints obtained from heteronuclear
resolved nuclear Overhauser enhancement spectroscopy
(NOESY), but also allows one to derive (1) dihedral
angle constraints from *Jyyyy scalar couplings measured in
B3C-resolved in-phase [lH,lH]-COSY (Grzesiek et al.
1995) for studying sugar conformations (Varani and
Tinoco 1991; Szyperski et al. 1998; Fernandez et al. 1999),
(2) dihedral angle constraints from 3Jcp and *Typ couplings
measured (Pardi 1992; Legault et al. 1995; Marino et al.
1994; Schwalbe et al. 1995; Varani et al. 1995, 1996;
Ramachandran et al. 1996; Szyperski et al. 1997; Hoog-
straten and Pardi 1998; Szyperski et al. 1999) to constrain
the conformation of the phosphate backbone (Pardi 1992;
Varani et al. 1995, 1996; Szyperski et al. 1997, 1999), and
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Fig. 1 Secondary structure (on the left) and tertiary structure (on the
right) of the 30-nucleotide binding site within the 3’-untranslated
region of the pre-mRNA encoding U1A protein, from previous NMR
studies by (Gubser and Varani 1996) Note that C31 and C32 within
the wild-type RNA sequence were deleted). On the right, the
phosphate backbone is represented by a ribbon, and the sugar and
bases are represented as ball and sticks colored in red and grey,
respectively. The positions of the 5" and 3’ terminal nucleotides G19
and C50, of U30 located immediately upstream to the deletion, while
G25, for which NMR signals are shown in Fig. 4, is labeled. The GFT
NMR experiments presented in this paper enabled nearly complete
spin system identification of the sugar resonances

(3) orientational constraints from residual dipolar '*C—'H
couplings to refine the structure (e.g. Bayer et al. 1999; Wu
et al. 2003).

3D HCCH (e.g. Nikonowicz and Pardi 1993; Latham
et al. 2005) and H(CC)CH (Nikonowicz and Pardi 1993)
experiments are most popular for sugar spin system iden-
tification. Furthermore, 4D HCCH can provide the four-
dimensional spectral information which is often required to
resolve the shift degeneracy encountered for ribose spins in
RNA. However, the associated long minimal measurement
times result in sampling limited data acquisition (Szyperski
et al. 2002). The same holds for hypothetical 4D HC(C)CH
yielding ‘relayed’ shift correlations of '*C—'H groups
separated by two carbon bonds.

G-matrix FT (GFT) projection NMR spectroscopy (Kim
and Szyperski 2003; Atreya and Szyperski 2004, 2005,
2006) enables to rapidly obtain highly resolved, high-
dimensional NMR spectral information so that sampling
limited data acquisition can be avoided. Moreover, GFT
NMR solely relies on the linear combination of time
domain data which are then Fourier transformed. Hence, in
contrast to other approach for sparse time domain sampling
(Kazimierczuk and Orekhov 2011; Holland et al. 2011;
Hyberts et al. 2012; Mobli et al. 2012) employment of a
non-linear algorithm to reconstruct frequency domain
spectra is not required. In this communication, we present a
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strategy for the identification of sugar spin systems in
nucleic acids based on GFT (4,3)D HC(C)CH/HCCH,
where (4,3)D indicates a reduction of dimensionality from
4D to 3D and the underlined letters indicate the nuclei for
which the chemical shift evolution periods are jointly
sampled (Kim and Szyperski 2003; Atreya and Szyperski
2005). The strategy was exemplified for the 30-nucleotide
binding site of human UlA protein within the 3’-untrans-
lated region of its pre-mRNA (Gubser and Varani 1996;
Fig. 1): the constant-time 2D [13C,1H] HSQC spectrum
(Santoro and King 1992; Vuister and Bax 1992) exhibits
the characteristically limited chemical shift dispersion of
the sugar resonances observed for RNA (Fig. 2) where
(nearly) complete identification of sugar spin systems can
evidently greatly benefit from 4D HCCH and HC(C)CH
spectral information.

The radiofrequency (r.f.) pulse scheme of sensitivity
enhanced (Kay et al. 1992) (4,3)D HC(C)CH is shown in
Fig. 3. A scheme without sensitivity enhancement may be
preferred for very large RNA molecules and is provided in
Fig. S1 of the Supplementary Material along with corre-
sponding implementations of (4,3)D HCCH (Figs. S2 and
S3). When compared with (4,3)D HCCH, an additional
13C_13C polarization transfer step is introduced for (4,3)D
HC(C)CH (Table 1). Frequency labeling on the first and
third '*C spin then results in the desired shift correlations
of "*C—'H moieties separated by two carbon bonds. Prod-
uct operator calculations (Cavanagh et al. 2007; see Sup-
plementary Material) performed using the program POMA
(Giintert et al. 1993; Giintert 2006) yield the dependence of
the '3C-"3C polarization transfer amplitudes (Table S1) on
the constant time delay T (legend of Fig. 3), and thus
approximate relative peak intensities. In turn, this allows
tuning of the delay T to ~ 1/3.125*Jcc (Joc = 40 Hz) such
that the relative intensities of the desired HCCH and
HC(C)CH relay peaks are both about equally intense (note
that for uniform '*C T, relaxation times the ratios of the
amplitudes of HCCH and HC(C)CH relay peaks are not
affected; see Supplementary Material).

Phase sensitive joint sampling of 'H and '*C chemical
shifts in the GFT dimension is accomplished by co-incre-
menting their respective chemical shift evolution periods
where 'H shift evolution can be scaled (by a factor ‘«’;
Fig. 3) relative to '*C (Kim and Szyperski 2003; Szyperski
and Atreya 2006) to adjust signal dispersion and/or to
minimize signal loss due to transverse 'H-relaxation and
passive 'H-'H scalar couplings. For the same reason,
evolution of 'H shifts is implemented in a semi-constant
time manner (Grzesiek and Bax 1993). G-matrix transfor-
mation results in two sub-spectra comprising of peaks at
0;:Q("C) £ «*Q('H), and 3D (H)C(C)CH (recorded with
the pulse scheme of Fig. 3 while omitting the 'H chemical
shift evolution during #,) yields central peaks at mI:Q(BC).
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Fig. 2 Constant-time 2D [°C,"H] HSQC spectrum recorded in
45 min at 25 °C and a 'H resonance frequency of 750 MHz for the
~1 mM solution of the 30-nucleotide RNA molecule of Fig. 1.
Spectral regions containing peaks arising from given '*C-"H sugar
resonances are indicated and boxed

The new experiment (Fig. 3) enables rapid recording of
highly resolved 4D HC(C)CH spectral information. (4,3)D
HC(C)CH was acquired along with (4,3)D HCCH as
described in Eletsky et al. (2005) but with delays adapted
for nuclei acids (Figs. S2, S3) for a 1.0 mM solution of the
U-"3C/"N labeled 30-nucleotide 3'-untranslated region of
pre-mRNA of protein UIA dissolved in 100 % “H,O
containing 10 mM phosphate buffer at pH = 6 (Gubser
and Varani 1996; sequence GGCAGAGUCCUUCGG
GACAUUGCACCUGCC). The spectra were acquired
(Table 2; relaxation delay between scans: 1 s) at 25 °C on
a Varian INOVA 750 spectrometer equipped with a con-
ventional "H{'3C,'>N} probe. Since acquisition parameters
were matched to enable efficient combined interactive
spectral analysis, the measurement times were 15 h for
both (4,3)D HC(C)CH and (4,3)D HCCH (Table 2). The
factor scaling 'H relative to '>C shift evolution (Fig. 3) was

set to k = 1, so that ®;:Q(**C) £ Q('H) was measured
along the GFT dimension. The spectra were processed
using NMRPipe (Delaglio et al. 1995) and analyzed using
XEASY (Bartels et al. 1995).

Figure 4 shows composite plots of [w;("*C;'H),05("H)]-
strips taken from relay (4,3)D HC(C)CH and (4,3)D HCCH
to exemplify the spin system identification for the ribose
moiety of G25. Comparison of signals observed in the two
(4,3)D experiments renders straightforward the peak iden-
tification starting with the '*C—"H shift correlations
observed in 2D ['*C,'H] HSQC (Fig. 2). Importantly,
(4,3)D HC(C)CH directly correlates comparably well
resolved 1’- and 3/-CH shifts through relayed peaks which
are not registered in (4,3)D HCCH. Hence, in contrast to
(4,3)D HCCH, the correlation of 1’- and 3’-CH shifts is not
impeded by 2/-CH shift degeneracy. Furthermore, (4,3)D
HC(C)CH allows (1) validation of 2’ and 4'-CH shifts
obtained from (4,3)D HCCH by detection of relay 2’ and
4'-CH peaks, and (2) the advantage of the comparably well
resolved 3'-CH shifts to correlate with 5-CH shifts.
Specifically, 5-CH shifts can be efficiently measured
by locating relay peaks at o;:Q('*C5) + Q('H5) or
0;:Q(°C5") £ Q('H5") and  [02:Q(13C3);05:Q("H3)]
after signal detection on "H3': in contrast to (4,3)D HCCH,
5'-CH shift assignments are not hampered by 4’-CH shift
degeneracy.

(4,3)D HC(C)CH/(4,3)D HCCH readily yielded nearly
complete ribose spin system identifications (97 % of all 'H
and '3C shifts have been measured; Table S2) for the
30-nucleotide RNA of the present study (Gubser and
Varani 1996; Fig. 1). The near completeness of ribose spin
system identification reflects the high yield of resolved
peaks detected on CH-moieties other than C5'H: 89 % (160
of 180)/88 % (212 of 240) of the expected relay peak/cross
peaks were detected and resolved, respectively, in (4,3)D
HC(C)CH/(4,3)D HCCH. In fact, the (4,3)D HC(C)CH
spectrum alone correlated according to spin system all
chemical shifts that were previously obtained (Gubser and
Varani 1996). Further, we measured the average signal-to-
noise (S/N) values for the different types of peaks (Table
S1). First, this analysis showed that relative peak intensities
are in agreement with product operator calculations (Tables
S1). Second, it revealed that the measurement time of 15 h
employed for (4,3)D HC(C)CH was adequate to obtain
workable S/N ratios for an RNA molecule of about 10 kDa
even without use of a cryogenic probe. Hence, the acqui-
sition of the conventional 4D congener would have been
highly sampling limited (the corresponding measurement
times with minimal spectral widths but the same maximal
chemical shift evolution times is about 5 days). In fact, the
higher sensitivity of (4,3)D HCCH when compared with
(4,3)D HC(C)CH would have allowed us to further cut
back its measurement time by, for example, single-scan
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Fig. 3 R.f. pulse scheme of sensitivity enhanced relayed (4,3)D
HC(C)CH for nucleic acids. Rectangular 90° and 180° pulses are
indicated by thin and thick vertical bars, respectively, and phases are
indicated above the pulses. Where no r.f. phase is marked, the pulse is
applied along x. High-power 90° pulse lengths are: 5 ps for 'H, 14 ps
for '*C. The 'H r.f. carrier is placed at the position of the solvent line
at 4.72 ppm. GARP (Shaka et al. 1985) is employed to decouple '*C
(r.f. = 2.5 kHz) during signal detection. A 909 — 1809 — 90? com-
posite pulse (Cavanagh et al. 2007) is used to achieve broadband
inversion of '*C during the transfer of polarization from 'H to '°C.
The 'H shift evolution during ; is implemented in a semi-constant
time manner with £(0) = 1.7ms, £(0) = 1us, £(0) = 1.7ms, and
At =kx11/2, A = A + A, AS = —1c# 11 /2] max (BC). K is the
scaling factor and was set to 1.0 (see also text). The delays are:
T=11ms, 1=29ms, TR2=r1+17=1 =1 =40ms,
75 = 1.4 ms and 6 = 1.0 ms, with T = 1/[3.125 Jcc] defining the

Table 1 Polarization transfer in (4,3)D HCCH and HC(C)CH
experiments

Linear combinations of
shifts in GFT dimension

Magnetization transfer pathways

(o1)
(4,3)D HCCH Q(*C®) £ Q('H®)
1@ _, Bo@ _, 1B3ab) _, 1y “HCCH peak”

Q3c®) £ Q('H®)
“Diagonal peak”
Q(IBC(u)) i Q(IH(a))
“HC(C)CH peak”
QB3c®) £ Q('H®)
“HCCH Peak”
Q3C®y + Q('H®)
“Diagonal Peak”

() () (1) (13)

(4,3)D HC(C)CH
lH(a) N 13c(a) N 13c(b) N 13C(c) N lH(c)

(1) (1) () (13)

acquisition, reduction of relaxation delay between scans, or
the use of other approaches for non-uniform sampling (e.g.
Atreya and Szyperski 2005; Hyberts et al. 2012; Mobli
et al. 2012). Finally, the '"H and '*C chemical shifts mea-
sured in (4,3)D HC(C)CH/HCCH (Table S2) are in
excellent agreement with those previously obtained with
the same NMR sample (Gubser and Varani 1996) but from
spectra acquired on a different spectrometer: the root-
mean-squared-deviation calculated between the previously
and newly measured 'H and '’C shifts is only 0.13 and
0.6 ppm, respectively.
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delay for Bc-B¢ polarization transfer with Joc = 40 Hz (see text).
In order to observe signals arising from CH- and CH,—moieties, the
'Jey-refocussing time for the initial INEPT and the delays of the
sensitivity enhancement scheme are set to a ‘compromise values’
accounting for a passive 'Jcy coupling in CHp-moieties (Cavanagh
et al. 2007). Pulsed z-field gradients (PFGs) are of rectangular shape,
and their duration and strengths are: Gy (1.0 ms, 13 G/cm); G,
(0.5 ms, 11 G/cm), G, (1 ms, 15 G/cm), G3(1 ms, 15 G/cm), Gy
(0.5 ms, 11 G/cm), G¢ (1.2 ms; 24 G/cm), Gy (0.3 ms; 24 G/cm).
Phase cycling: ®; = x; @, = x, —x; O3 = x, —x; Oy = x; Do = x,
—x. Quadrature detection in zz('BC) is achieved with sensitivity
enhancement (Kay et al. 1992; G is inverted with a 180° shift for @)
and in tl(]3 C;'H), @, is altered according to States-TPPI (Cavanagh
et al. 2007). The GFT NMR phase-cycle (Kim and Szyperski 2003) is
O, =x,y

Taken together, the (4,3)D HC(C)CH/HCCH based
strategy presented here promises to be of high value for
efficiently assigning the resonances of larger nucleic acid
molecules, including RNA und DNA as well as their pro-
tein complexes. In cases of very high shift degeneracy, it
may be advantageous to use a similar approach relying on
5D spectral information obtained, for example, from a
G’FT (Atreya et al. 2005) experiment such as (5,3)D
{HC}{CC}H.

Table 2 Acquisition parameters of (4,3)D HCCH and HC(C)CH
spectra

Experiment Indirect dimension: Sub-spectra Time
tmax(Ms) (h)
Number of complex
points
Digital resolution
(Hz/Pt)*
(4,3)D HCCH  o,("°C; 'H): 6.0(°C)y/  Q(°C) £ Q('H) 10
6.0 ("H); 60; 19.5 Q*0) 5
o,(30): 5.2 (30); (Central peaks)
32; 96
(4,3)D o,("*C; 'H): QPc) £ o('H) 10
HCOCH  6.030)6.0 ('H); 58;  Q(P0) 5
20 (Central peaks)
w,(*C): 5.2 (*C);
32; 96

2 Direct dimension as(*H): 57; 1024; 9
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Fig. 4 Superposition of contour plots for [o;('*C;'H),ms("H)]-strips
taken from relay (4,3)D HC(C)CH (peaks in red) and (4,3)D HCCH
(peaks in green) spectra recorded at 25 °C and 750 MHz 'H
resonance frequency for the 30-nucleotide RNA molecule of Fig. 1.
The strips were taken at ®,(*C) of G25 and are indicated at the
bottom of the right panel. The peaks marked with a **’ represent relay
peaks observed only in (4,3)D HC(C)CH. The linear combination of
shifts observed in a given set of strips is indicated on the top. In each
strip, the diagonal peak is indicated by the primed number of the
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