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Abstract

A reduced dimensionality magic angle spinning solid-state NMR experimental protocol for obtaining chemical
shift correlation spectra of dipolar coupled nuclei in uniformly (3C, 13N) labelled biological systems is described
and demonstrated. The method involves a mapping of the evolution frequencies of heteronuclear 3C-1>N zero-
and double-quantum coherences. In comparison to a reduced dimensionality procedure involving the simultaneous
incrementation of two single-quantum chemical shift evolution periods, the approach described here could be po-
tentially advantageous for minimising the heat dissipated in the probe by high power 'H decoupling in experiments

requiring long #1 acquisition times.

Introduction

The introduction of techniques for inhibiting the spa-
tial averaging of weak homo- and heteronuclear di-
polar couplings between low y nuclei has made pos-
sible the assignment of resonances and measurement
of distances and torsion angles under magic angle
spinning (MAS) (Bennett et al., 1994; Griffin, 1998;
Dusold and Sebald, 2000; Baldus, 2002). This in
turn has opened up exciting possibilities for the struc-
tural characterisation of biomolecules in the solid-state
(Castellani et al., 2002; Rienstra et al., 2002), in
particular of systems that are not easily amenable to
solution state NMR investigations or X-ray crystallo-
graphy (Jaroniec et al., 2002b; Petkova et al., 2002).
As with solution state NMR, the pre-requisite for
any MAS solid-state NMR-based structural study is
the sequence specific assignment of resonances. To
this end, a variety of RF irradiation schemes have
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been introduced in the literature for obtaining ef-
ficient multi-dimensional chemical shift correlation
data in uniformly ('3C, N) labelled peptides/proteins
(Sun et al.,, 1997; Hong and Griffin, 1998; Hong,
1999; McDermott et al., 2000; Rienstra et al., 2000;
Detken et al.,, 2001; Pauli et al., 2001; Astrof and
Griffin, 2002; Petkova et al., 2003; Van Rossum et al.,
2003). As improved spectral resolution is obtained
with NMR data of higher dimensionality, typically
an n-dimensional NMR experiment is carried out to
correlate n different chemical shifts. For example, in
the MAS SSNMR study of peptides/proteins, one can
employ a 3D experiment involving the following mag-
netisation transfer pathways (Heise et al., 2002):
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for making resonance assignments. Two amide ni-
trogens (and hence, amino acids) are identified as
neighbours if the intra-residue B¢ (O cb, .., CO)
chemical shifts of one of the nuclei is the same as
the inter-residue 13C (C%, CP, .. ., CO) chemical shifts
of another. In the context of sequence specific reson-
ance assignments, the 13C < 13C transfer step is a
crucial element of the experimental protocol. Firstly,
possible assignment ambiguities are minimised if two
adjacent residues are linked at more than one '3C po-
sition and secondly, a knowledge of the side chain
carbon chemical shifts would also help in amino acid
type identification. However, as each of the evolution
periods of the indirect dimensions is sampled inde-
pendently in a conventional multi-dimensional NMR
experiment, increased spectral resolution in higher
dimensional NMR data is obtained at the expense
of increased data acquisition times. In this context,
to minimise data acquisition time, Szyperski et al.
(1993) and Simorre et al. (1994) have introduced in the
solution state NMR literature the so called ‘reduced
dimensionality’ (RD) experiments for correlating n
chemical shifts in an NMR spectrum of dimensions
less than n. For example, instead of the 3D experiment
mentioned above, one can implement a 2D RD ex-
periment in which the information about the chemical
shifts of the 1N and the carbon that is directly attached
to the nitrogen is contained in the w; dimension and
the chemical shifts of all '3C nuclei are contained in
the w, dimension. The utility of the RD experimental
protocol is well documented (Brutscher et al., 1994,
1995a, b; Szyperski et al., 1998, 2002; Xia et al., 2002;
Kim and Szyperski, 2003) and the RD approach has
also been recently adapted to MAS solid-state NMR
studies (Astrof et al., 2001; Luca and Baldus, 2002).
The simplest version of the RD approach involves sim-
ultaneous frequency labelling of two different spins
in a single indirect dimension of a multi-dimensional
NMR experiment and this can be accomplished by two
different methods.

In the first approach (as employed by, e.g., As-
trof et al., 2001 and Kim and Szyperski, 2003), two
single-quantum coherences of spins S; and S, are sep-
arately created at two different time intervals and are
allowed to evolve with the same indirect dimension
time variable #1. The resultant signal detected in the
acquisition dimension #, would be modulated by the
two single-quantum evolution frequencies €21 and ;.
If quadrature detection in the indirect dimension is
effected on only one of the spins, say S, then the res-
ultant spectrum in the w; dimension would consist of

a doublet centred at €21 and separated by 2€2,. Consid-
ering uniformly labelled peptides, the RD correlation,
for example, of the chemical shifts of the backbone
5N and 13C*/'3C’ nuclei with those of the side chain
carbons could involve a magnetisation transfer path-
way of the type PN (1) — B3C/13C’ (1)) — B3P,
13CY, ... (7). The second approach to RD chemical
shift correlation involves the creation of a two spin co-
herence of the type S1,S2, and the mapping in a single
time period #; the evolution frequencies of both the
double and zero quantum coherences represented by
the term S1,S2, (Szyperski et al., 1993; Simorre et al.,
1994). Considering once again the chemical shift cor-
relation of the backbone >N and '3C%/!3C’ nuclei and
the side chain carbons, an RD experiment based on
the second approach would involve a magnetisation
transfer pathway of the type 15Nx13Cx () — 13Cﬁ,
13CY, ... (). Both RD schemes could be equally ef-
fective in generating the desired chemical shift correl-
ation data. However, in situations where long (¢1)max
acquisition times are needed for improved spectral res-
olution, the second approach involving only a single #;
evolution period may be preferable for minimising the
heat dissipated by high power 'H decoupling typically
employed in solid-state NMR studies. Hence, an RF
pulse scheme based on the second RD approach will
be highly valuable in MAS NMR structural studies of
uniformly labelled peptides/proteins and it has been
recently implemented (Figure 1) in our laboratory. The
details of the RF pulse sequence are given below.
After cross polarisation from 'H, the RF pulse
scheme shown in Figure 1 employs the REDOR pro-
cedure, as in the 2D N(CO)CA and 3D N(CA)CB
sequences of Hong (1999), for the conversion of the
single-quantum coherence 13Cy to the anti-phase op-
erator term '3C,15N,. The phases of the 90° RF
pulses applied to the carbon and nitrogen spins at the
end of the REDOR mixing period are chosen such
that the anti-phase operator term is converted to the
heteronuclear two spin coherence I5SN, 3¢, and al-
lowed to evolve in #1. At the end of the #; evolution
period, the N,!13C, term is converted back to the
single-quantum coherence '3C, >N, and subsequently
refocussed by the second REDOR sandwich to the
13C, term. Broadband RFDR with adiabatic inversion
pulses (Heise et al., 2002; Leppert et al., 2003) is
then employed for effecting longitudinal magnetisa-
tion transfer from 'N-connected '>C spins to other
13C nuclei. A short RFDR mixing time ensures that
the magnetisation transfer takes place only among 3C
nuclei in spatial proximity (e.g., one-bond distance).
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Figure 1. RF pulse sequence for reduced dimensionality chemical shift correlation in uniformly labelled peptides or proteins under magic angle
spinning. Open and filled rectangles represent 180° and 90° pulses, respectively. Hatched rectangles indicate refocussing pulses that can be
either broadband or band selective. RFDR with adiabatic inversion pulses is employed to induce polarisation transfer from I5N attached 13C
nuclei to other carbons. For RFDR mixing, the 13¢ carrier is switched at point a from the value employed during #{ to the middle of the 3¢
spectral range. Phase cycling employed: ¢1 = (v, —y): 02 = —y: 03 = 04 = X1 s = (¥, y. =y, —¥): b6 = (4(y). 4(=y)): &7 = (B(x). 8().
8(—x), 8(=¥)); drec = =X, X, X, =X, X, —x, =X, X), (=Y, ¥, ¥, =¥, ¥» =y, =V, ¥), (¥, =X, =X, X, =X, X, X, =X), (¥, =Y, =Y, ¥s =V, ¥,
¥, —y). Phase sensitive 2D spectra with w; quadrature detection only in "°N is obtained by incrementing the phase ¢5 while for quadrature
detection in both the heteronuclei, 4 data sets were collected by independently incrementing the phases ¢5 and (¢, d3, ¢4), as per States et al.
(1982).
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Figure 2. Conventional one-bond (A) and RD dimensionality (B) 2D I5N-13C heteronuclear chemical shift correlation spectra of histidine.
The RD spectrum (zoomed plot) was collected employing a spinning speed of 11 kHz, 128 #| increments, 44 kHz spectral width in w{, 32 scans
per t] increment, 2 s recycle time, RFDR mixing time of 1.82 ms and with w; quadrature detection only on I5N. Resonance assignments given
in the spectral projections are as per Sun et al. (1997). The 13¢C carrier position employed in the #; dimension of the RD spectrum is indicated
by an arrow in the le spectral projection (top). Peaks marked with an asterisk are spinning sidebands. RFDR mixing is achieved employing a
(0°, 240°, 240°, 60°, 0°) phase cycle (Tycko et al., 1985; Leppert et al., 2003) with cagauss adiabatic inversion pulses (Kupce and Freeman,
1996; Leppert et al., 2002, 2003) of 91 s duration (42 kHz y H;) and having a sweep width of 80 kHz. Spectral cross sections shown were
taken at the positions indicated in the RD spectrum.
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Figure 3. RD ISN-13¢C correlation spectra (aromatic region) of histidine without (B) and with (C) RFDR mixing. For comparison, the con-
ventional one-bond heteronuclear spectrum is given in Figure 3A. The 13¢C carrier position employed in the #; dimension is indicated in the
projected BCRD spectrum (arrow). The RD spectrum (zoomed plot) was collected employing a spectral width of 11 kHz in w{ and an RFDR
mixing time of 1.36 ms. All other parameters employed were as in Figure 2.

Following the #; evolution period, the spin system is
kept in the PN_13C, state for a short duration t,. This
ensures that the total delay between the REDOR mix-
ing periods equals an integral number of rotor cycles
and thereby achieves efficient reconversion of the anti-
phase coherence *C, >N, to the in-phase term 13Cy
(Hong and Griffin, 1998; Jaroniec et al., 2002a). At
the end of the #; period additional coherences of the
type 15Nx13Cy, etc. would also be present (Simorre
et al., 1994). To obtain 2D cross peaks without any
phase distortion (Simorre et al., 1994) the phases of
the 90° RF pulses applied to the carbon and nitrogen
spins at the end of the #; evolution period are chosen
such that only the 15NX13CX is converted back to a
13C single-quantum coherence and that the contribu-
tions to the observed signal from the other terms are
eliminated. As the two spin coherence SN, B¢, is
essentially a combination of heteronuclear zero- and
double-quantum coherences (I;,r I, I;{ Iér , etc.), the
evolution of this coherence in #; would result in a
modulation of the signal detected in the acquisition di-
mension by the zero- and double-quantum frequencies
(2N — Qc¢) and (2N + Qc), respectively. If quad-
rature detection in the indirect dimension is effected
only on one of the spins, say "N, then the result-
ant spectrum in the w; dimension would consist of a
doublet centred at 2N and separated by 2Q2c. We have
assessed the efficacy of the RD approach presented
here by acquiring 2D spectral data from a uniformly

13C and N labelled undiluted sample of histidine that
has been employed as a model system in several recent
MAS NMR investigations (Michal and Jelinski, 1997,
Sun et al., 1997). The spectra were collected at room
temperature employing a wide bore 500 MHz Varian
UNITY /NOVA solid-state NMR spectrometer equipped
with a5 mm DOTY supersonic triple resonance probe
and waveform generators for pulse shaping. Other
relevant details are given in the figure captions.
Figures 2A and 2B show a conventional MAS 2D
ISN-13C heteronuclear correlation spectrum of histid-
ine recorded at a spinning speed of 11 kHz and a
corresponding RD spectrum obtained employing an
RFDR mixing time of 1.82 ms. Resonance assign-
ments are indicated in the spectral projections and a
few representative cross-sections are also given. The
RD spectrum was collected by keeping the '3C car-
rier approximately at the centre of the spectral range
in both the dimensions. In view of the short REDOR
mixing times employed, the >N-13C RD correlation
spectrum shows, as in Figure 2A, only cross peaks
arising from short range (one-bond) heteronuclear di-
polar interactions. Cross peaks in the RD spectrum
appear as doublets in the w; dimension with the sep-
aration between the doublets corresponding to twice
the offset of the 13C resonances from the '3C carrier
frequency. Each of the w; spectral doublets is centred
at the corresponding >N chemical shift position seen
in the conventional ’N-13C correlation spectrum (Fig-
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Figure 4. Zero-quantum RD I5N-13C correlation sub-spectra (aromatic region) of histidine obtained with RFDR mixing times of 1.36 ms (B)
and 3.2 ms (C). For comparison, the conventional one-bond heteronuclear spectrum is also given in Figure 4A. Four data sets were collected by
independently incrementing the phases ¢5 and (¢ ¢3, ¢4) according to the States procedure. Other parameters employed were as in Figure 3.

ure 2A). Besides the direct correlation peaks, addi-
tional cross peaks arising from RFDR mixing are also
seen in the RD spectrum. For the 1’N9-13C7-13C8 spin
network, as an example, all relevant features have been
indicated in Figure 2B. The spectral cross sections
shown in Figure 2 clearly show peaks arising from
13¢7 — 13C6 and 13C4 — 13C5 — 13C6 polarisation
transfers. In the RD spectrum given in Figure 2B, only
direct correlation peaks arising from 1°N1,3 « 13C2
heteronuclear dipolar interactions are seen. However,
as will be shown below, employing longer RFDR mix-
ing times it is also possible to link the '3C2 resonance
to the aromatic spin network of histidine. The correla-
tion patterns seen in Figure 2B are consistent with the
previously reported 3D PN-13C-13C data of histidine
(Sun et al., 1997).

It is worth noting that the '3C carrier position in
the w; dimension may be such that some of the cross
peaks in the RD spectrum may accidentally overlap or
unambiguous identification of symmetry related peaks
may become difficult. To reduce ambiguities in res-
onance assignments, it may be necessary to collect
the RD spectrum with more than one '3C carrier fre-
quency position in the w; dimension. Collection of
such RD data would result in spectra in which the
separation between the w; doublets vary without any
changes in their mean position. As an example, we
show in Figure 3 RD spectral data collected employ-
ing a different '3C carrier position compared to what
was used in Figure 2B. To provide better visual clar-

ity, only the aromatic region of the spectrum is shown.
Figure 3A shows the normal heteronuclear correlation
spectrum and Figures 3B and 3C show RD spectra
collected employing RFDR mixing times of zero and
1.35 ms, respectively. The effect of 13C carrier posi-
tion in w; and the efficiency of magnetisation transfer
from the >N attached '3C spin to other carbons can
be clearly seen. The RD spectra shown in Figures 2
and 3 were obtained by applying w; quadrature de-
tection only on the N nucleus. Hence, from the
frequency separation of the w; doublets it is not pos-
sible to obtain the sign of the '3C resonance offset.
This difficulty can be overcome either by keeping the
13C carrier frequency at one end of the spectral range
or by applying w; quadrature detection to both the
5N and 13C nuclei. The latter option would not only
permit the positioning of the >N and '3C carrier fre-
quencies at the centre of the spectral range but also
minimise spectral overlaps by allowing the decompos-
ition of the RD spectrum into two separate sub-spectra
containing either heteronuclear zero- (2N — Qc) or
double-quantum (2N + €2¢) cross peaks. With the RF
pulse sequence given in Figure 1 it is possible to ap-
ply @1 quadrature detection to both the heteronuclei
by independently incrementing the phases ¢5 and (2,
¢3, d4) according to States procedure (States et al.,
1982). Complex Fourier transformation of appropriate
linear combinations of the resulting four quadrature
components (I) cos(wn #1) cos(wc 1), (II) cos(wn #1)
sin(wc 1), (IIT) sin(wy #1) cos(wc t1) and (IV) sin(wy
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11) sin(wc t1) would then yield the desired zero- and
double-quantum RD spectra (Brutscher et al., 1995b).
As an example, we show in Figure 4 the zero-quantum
RD sub-spectra of the aromatic region collected at
two different RFDR mixing times. These spectra were
collected by keeping the '>C RF carrier in #; at the
same position as in Figure 3. The spectrum obtained
with an RFDR mixing time of 3.2 ms (Figure 4C)
clearly shows cross peaks arising from C2 <> C4 mag-
netisation transfer and enables the linking of the C2
resonance to the aromatic spin network of histidine.

In conclusion, from the RD spectral data presented
here, it is clearly seen that the RF pulse sequence given
in Figure 1 can be effectively employed for obtain-
ing chemical shift correlation data involving the N
and '3C backbone and side chain resonances of uni-
formly labelled peptides and proteins. Considering the
peptide backbone, the intra- and inter-residue correla-
tions and hence the sequential resonance assignments
can be obtained either in a single or two different ex-
periments depending on whether the 180° refocussing
pulses employed achieve broadband or band selective
excitation. A pre-requisite for the successful applic-
ation of the RD approach in sequential resonance
assignments studies is that the ’'N-13C cross peaks
in a conventional heteronuclear correlation spectrum
should not overlap in at least one of the dimensions.
At high magnetic field strengths it is conceivable that
RD experiments can be successfully employed in the
study of medium sized molecules or large proteins
with (segment) specific labelling. Astrof et al. (2001)
recently presented RD MAS NMR sequences based on
simultaneous incrementation of two single-quantum
evolution periods. The RD approach outlined here is
complementary to their study and could be useful in
experiments with long (#1)max.
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