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Abstract

We demonstrate improved 3D 13C–13C–13C chemical shift correlation experiments for solid proteins,
utilizing band-selective coherence transfer, scalar decoupling and homonuclear zero-quantum polarization
transfer. Judicious use of selective pulses and a z-filter period suppress artifacts with a two-step phase cycle,
allowing higher digital resolution in a fixed measurement time. The novel correlation of Cali–Cali–CX (Cali

for aliphatic carbons, CX for any carbon) reduces measurement time by an order of magnitude without
sacrificing digital resolution. The experiment retains intensity from side-chain carbon resonances whose
chemical shift dispersion is critical to minimize spectral degeneracy for large proteins with a predominance
of secondary structure, such as b-sheet rich fibrillar proteins and a-helical membrane proteins. We dem-
onstrate the experiment for the b1 immunoglobulin binding domain of protein G (GB1) and fibrils of the
A30P mutant of a-synuclein, which is implicated in Parkinson’s disease. Selective pulses of duration
comparable the rotor period give optimal performance, but must be synchronized with the spinning in non-
trivial ways to minimize chemical shift anisotropy recoupling effects. Soft pulses with a small bandwidth-
duration product are best for exciting the �70 ppm bandwidth required for aliphatic-only dimensions.

Introduction

Assignment and structure determination for
uniformly 13C- and 15N-labeled proteins by solid-
state NMR (SSNMR) have so far relied strongly
upon 2D 13C–13C homonuclear and 2D or 3D
NC¢CX and NCaCX heteronuclear correlation
experiments, which are necessary for the identifi-
cation of amino acid type and establishing
sequential connectivity (Sun et al., 1997; Hong,
1999; Rienstra et al., 2000; Pauli et al., 2001;
Franks et al., 2005). However, Ca and C¢ chemical
shifts are known to vary within amino acid residue
types based primarily on secondary structure
(Wishart et al., 1991). Therefore, helix-rich pro-

teins usually have limited backbone chemical shift
dispersion (Powers et al., 1992). Likewise, highly
b-sheet rich proteins such as fibrillar aggregates
tend to have modest chemical shift dispersion
(Antzutkin et al., 2002; Balbach et al., 2002;
Petkova et al., 2002). Spectral overlap is also ex-
pected for large proteins (>50 kDa). Therefore,
additional correlation schemes are desired to lift
spectral degeneracy in such proteins.

Homonuclear 13C–13C–13C 3D correlation
makes optimal use of the chemical shift dispersion
available from each backbone and side chain 13C
resonance. However, sampling the large band-
width (�200 ppm) required for all carbons results
in very long acquisition times. For example, an
experiment digitized in each indirect dimension
to 1 ppm, with a 2 s recycle delay and 2-step
phase cycle would require 7.5 days. Such long
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acquisition time is wasteful of instrument time in
the sampling-limited cases (Szyperski et al., 2002),
and even in sensitivity-limited cases it may be
preferable to break the whole experiment into
multiple short runs due to interruptions caused by
service outages and cryogen fills. Double quantum
evolution used in a previous study requires a long
phase cycle (16 steps) and hence further lengthens
acquisition time, though each peak is encoded with
at least two frequencies (Heise et al., 2005b).

In solution NMR, such problems have tradi-
tionally been solved by judicious choice of indirect
dimension aliasing (Kay et al., 1989; Bax et al.,
1991), so that, for example, carbonyl resonances
would appear near the aliphatic region. Unfortu-
nately in magic-angle spinning experiments, such
folding strategies are often complicated by mani-
folds of side bands that in general will arise in
inconvenient locations; to avoid these side bands
altogether requires relatively high spinning rates
that exclude the use of large volume rotors. Fur-
thermore, aromatic resonances in solid proteins
present an additional complication in 13C-detected
SSNMR experiments that is not typically
encountered in amide 1H-detected solution NMR.

Another approach often used in solution NMR
is to extend the digital resolution of processed data
sets with linear prediction (Barkhuijsen et al.,
1987). This strategy works well when time-domain
trajectories have high signal-to-noise ratio and
consist of a small number of frequency compo-
nents that are well-described by simple exponen-
tially damped cosine functions. Unfortunately in
SSNMR, the 13C line shapes in particular are
likely to be complicated both by scalar and resid-
ual dipolar contributions, and the sensitivity is
relatively low. These facts have impaired the
application of forward linear prediction methods
to SSNMR 3D data.

Therefore improved methods for addressing
this spectroscopic problem are required. Here we
demonstrate that the use of band-selective coher-
ence filters greatly improves the achievable digital
resolution for 3D homonuclear SSNMR experi-
ments. Specifically, Cali–Cali–CX correlation,
where Cali refers to all aliphatic and CX to all 13C
resonances, saves digitization time by a factor of
�9 by reducing the required bandwidth. More-
over, we show that two-step phase cycles are suf-
ficient to suppress all significant artifacts, even
without gradients, which are not yet commonly

available on SSNMR probes. We show that this
experiment preserves the chemical shift dispersion
inherent to broadband pulse sequences, but at a
greatly reduced experiment time: complete 3D
data sets are acquired within 14 h on a 750 MHz
instrument with 1 ppm digital resolution in the
indirect dimensions and 1.5 s recyle delay.

In order to achieve these gains, we have found it
necessary to restrict phase cycles to two steps.
Narrower band selectivity for CaACOACX was
previously demonstrated (Straus et al., 1996), by
employing a pair of soft (Gaussian) and hard p
pulses in the middle of indirect evolution periods.
This sequence achieved both band selectivity and
homonuclear J-decoupling, and could be used for
Cali–Cali–CX correlation in the limit of larger
bandwidth pulses; however, as originally published
a minimum of four steps were required in the phase
cycle, and we have not yet found a satisfactory
solution for a two-step phase cycle in this sequence,
because the soft p pulses in the two indirect
dimensions need to be phase cycled independently.
Instead, we achieve excellent artifact suppression
with a two-step phase cycle in our implementation
by using a soft p=2 pulse followed by a z-filter to
selectively destroy CO for the t1 dimension and the
soft-hard p pair for the t2 dimension.

The second issue that arises in the context of
band-selective 13C experiments is the interference
between soft pulses and magic-angle spinning
(MAS). Selective pulses under MAS have been
employed for homonuclear decoupling (Straus
et al., 1996), spin-state selection (Duma et al.,
2003a; Duma et al., 2003b), and selective REDOR
(Jaroniec et al., 2001a, 2001b). Most of these
applications were performed at �500 MHz and so
the effects of CSA were small, although two recent
reports recognized relative phase differences of
spinning center band and side bands due to selec-
tive pulses (Igumenova and McDermott, 2003;
Veshtort and Griffin, 2004). In applications at
higher B0 field, the effects of chemical shift
anisotropy (CSA) must be accounted for more
explicitly. Recently it was found that for the soft-
hard p pair, the soft pulse width needs to be of
duration ðnþ 1=2Þ � sR, where n is an integer and
sR the rotor period, in order to preserve the
intensity of the center band; in the limit where n is
approximately 10, many soft pulses shift rotational
echoes by sR=2 (Li et al., 2006). This is typical of
narrow-band selective soft pulses. However, in the
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current study more complicated dependence is re-
ported for pulses of duration comparable to the
rotor period, which is necessary to excite the
�70 ppm aliphatic chemical shift region at high
magnetic fields. This aspect of soft pulses under
MAS is still not fully understood, and we leave the
theoretical treatment and design of new soft pulses
that compensate for the MAS dependence as
future work. Here we focus on the empirical
characterization of soft pulses, originally devel-
oped for solution NMR, in order to choose the
best conditions for the band selective Cali–Cali–CX
3D magic-angle spinning experiments.

Materials and methods

Uniformly 13C,15N-labeled protein GB1 was pre-
pared and packed into a 3.2 mm thin wall rotor
according to Franks et al. (2005); in the central
80% length of this 36 ll rotor, �22 mg of total
material was packed, which was approximately
two-thirds protein by mass, for a total of 15 mg
(2:5 lmol) of GB1.

The A30P mutant of a-synuclein cDNA con-
struct was expressed in E.coli BL21(DE3) compe-
tent cells and grown in Luria broth at 37 �C. At
OD600=0.70, the cells were pelleted and resus-
pended into 1 l M9 minimal media containing 2 g
13C-glucose, 1 g 15N NH4Cl, and

13C, 15N-Bioex-
press (Cambridge Isotopes) at 10% of the recom-
mended dose (Holdeman and Gardner, 2001). At
OD600=0.7, protein expression was induced by the
addition of IPTG. After 3 h, purification was
performed by thermal lysis in the presence of
strong base and protease inhibitors, followed by
precipitation with (NH4)2SO4, and hydrophobic
interaction and gel exclusion chromatography, as
described in detail elsewhere (Kloepper et al.,
2006, in press). Sample purity was confirmed by
gel electrophoresis and mass spectrometry. Solu-
tions containing 1 mM aS, 0.10 mM EDTA,
0.02% NaN3, 1% fibril seeds, and 50 mM phos-
phate buffer (pH 7.4) were incubated with agita-
tion (250 rpm) at 37 �C. Fibrils were separated
from solution by ultracentrifugation and packed
directly into a 3.2 mm thin wall rotor; the gelati-
nous sample contained around 5 mg protein and
large amount of water.

All experiments in this study were carried out
on a 750 MHz Varian Inova spectrometer

(188.5 MHz 13C frequency) with VNMR 6.1C
software (Varian NMR, Palo Alto, California).
Each of the three channels was equipped with a
waveform generator (WFG) capable of dividing
radio frequency (RF) amplitude into 1024 steps.
During the soft pulses, the RF amplitude was
appropriately attenuated before feeding to the
WFG for fine adjustments of the pulse shape. An
actively biased transmit-receiver switch (Warner
Harrison, Medfield, MA) was employed to provide
optimal linearity in the transmitter response at low
power; this circuit consists of a PIN diode circuit
biased by a DC voltage, cascaded semi-rigid quar-
ter wavelength cables, and an integrated GaAsFET
preamplifier. The insertion loss was within mea-
surement error the same for pulses ranging from
100 mV to �100 V peak amplitude; for the high
power pulses the forward power was measured with
)50 dB attenuation through a directional coupler
resulting in�200 mV peak measured voltages. The
correlation between forward power and c B1

nutation frequency on the 13C channel of the probe
was approximately 1 V per 1 kHz. The shaped
pulses were created using Pbox library within the
VNMR software. A BalunTM (Varian NMR)
1H–13C–15N triple resonance 3.2 mm probe was
configured in 1H–13C double resonance mode,
which we observed to have �30% higher 13C sen-
sitivity than in 1H–13C–15N triple resonance mode.
Sample spinning rates were typically 12.5 kHz.
TPPM decoupling was employed with a moderate
power of 70 kHz (Bennett et al., 1995). Hard p
pulses were 2:5 ls for both 1H and 13C. For the
13C–13C 2D, the indirect dimension had 50 kHz
spectral width and was digitized to 10 ms. For the
3D experiments, tangent ramped Hartman-Hahn
cross polarization condition (70 kHz on 1H,
70 kHz on 13C, with ±7 kHz ramp on 13C, carrier
at 175 ppm) was chosen to maximize aliphatic sig-
nals (Hediger et al., 1994). The spectral width of
12.5 kHz was used for Cali dimensions. The indirect
dimensions were digitized to at least 5 ms (i.e.,
1.06 ppm), principally limited byRF heating effects
in this probe; higher digital resolution could be
achieved with probes incorporating scroll resona-
tors (Stringer et al., 2005). Each spectral dimension
was zero filled to 20 ms prior to further processing
with NMRPipe software (Delaglio et al., 1995).

The Cali–Cali–CX pulse sequence is shown in
Figure 1 along with the 2-step phase cycle. The
soft-hard p pair is used for in-band selection of
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the aliphatic region in the t2 dimension; the un-
wanted C¢ magnetization is canceled by alter-
nating the phase of the soft p pulse between x
and y in successive scans (Straus et al., 1996). If
the soft-hard p pair is also applied to the t1
dimension for Cali selection, the soft p pulses
need to be independently phase cycled to avoid
the unwanted C¢–Cali–CX pathway, resulting in a
minimum of 4-step phase cycle for the whole
sequence (Straus et al., 1996). Our sequence in
Figure 1 achieves 2-step overall phase cycle by
completely destroying undesired C¢ magnetization
before the t2 evolution period. The hard p=2
pulse restores coherence back to the longitudinal
direction, followed by a soft p=2 pulse to selec-
tively excite the C¢ region, which is then deph-
ased during the z-filter. The dephasing of
transverse C¢ requires 10 ms for a normal z-filter
where no 1H power is applied, but only 1 ms if
the 1H channel is irradiated with m1 ¼ mR rotary-
resonance condition to recouple 1H–13C dipolar
interaction (Oas et al., 1989), where m1 is RF
strength and mR is sample spinning frequency.
This z-filter is therefore seamlessly integrated into
the dipolar assisted rotational resonance
(DARR) mixing period that requires the same
irradiation power on 1H channel (Takegoshi
et al., 2001).

The carrier frequency is placed in the C¢ region
and jumps to the middle of aliphatic region during
the soft p pulse in t2 evolution by phase modula-
tion (in steps of 15� or less). Without the frequency
jump, the sequence correlates Cali–C¢–CX.

Results

Performance of soft p and p=2 pulses under MAS

The performance of the soft-hard p pair is char-
acterized for in-band selection in Figure 2. It has
been recently reported for rSNOB (Kupce et al.,
1995) pulses of duration �1 ms, efficient refocus-
ing of the soft-hard p pair required the duration of
the soft pulse to be (n+0.5) * sR, where n is integer
and sR the rotor period; numerical simulations
showed that the soft p pulse caused the rotational
echo to shift by half a rotor period (Li et al., 2006).
Consistent with this previous result, in Figure 2(a)
for rSNOB, at long pulse widths ([560 ls) the
refocusing efficiency of the C¢ center band is nearly
constant for the soft pulse alone and exhibits
minima at n�sR and maxima at ðnþ 0:5Þ�sR for
soft-hard pair. However, for shorter pulses, the
efficiency for the soft pulse alone starts to oscillate
with period of 2�sR, having maxima at 2n�sR and
minima at ð2nþ 1Þ�sR. The efficiency for the soft-
hard pair exhibits shallower valleys at 2n�sR and
deeper valleys around ð2nþ 1Þ�sR; meanwhile
pulse width values for the best efficiency shift to-
ward 2n�sR. For a simple Gaussian pulse (Bauer
et al., 1984) the same phenomenon is observed
except for a shorter threshold pulse width
(� 400 ls, data not shown). For REBURP (Geen
and Freeman, 1991) in Figure 2(b), the transition
takes place at a much longer pulse width
(>1.5 ms).

The threshold pulse width appears to correlate
with the bandwidth-duration product (WT) and
attenuation factor D, the power needed relative to a
rectangular p pulse of the same width: WT=0.9
and D=)7.7 dB for Gaussian p pulse truncated at
1%, WT=1.85 and D=)13.5 dB for rSNOB, and
WT=4.88 and D=)21.9 dB for REBURP, with
the WT values taken directly from the Pbox library
and D values calculated from the pattern files
generated by Pbox. As the B1 field increases,
HORROR (Nielsen et al., 1994) and/or rotary
resonance recoupling (Oas et al., 1989) conditions
may be encountered. For example, with a 320 ls
pulse width, the maximum B1 fields were 3.8, 7.4,
and 19.4 kHz for the Gaussian, rSNOB, and
REBURP shapes, respectively. Therefore, the
simplest approach to minimize interference effects
is to use Gaussian pulses, but this solution still does
not avoid the resonance conditions and gives a

Figure 1. Band selective 3D Cali–Cali–CX pulse sequences used
in this study. Filled and open narrowbars represent hard p=2 and
p pulses, respectively; filled and open shaped pulses represent soft
p=2 and p pulses, respectively. Carrier frequency is placed at
175 ppm, and jumps to 45 ppm during the soft p pulse using
phase modulation. Two-step phases are noted beside the pulses.
Quadrature detection of the indirect dimensions is achieved by
varying phases of the receiver and the post-evolution hard p=2
pulses according to the TPPI-States protocol (Marion et al.,
1989). TPPM proton decoupling (Bennett et al., 1995) and
DARR homonuclear mixing (Takegoshi et al., 2001) are
employed. The same pulse sequence can be used for Cali–C¢–
CX experiment by omitting the frequency jump.
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significant excitation far from resonance, unlike
the more ideal rSNOB and REBURP profiles.
Refocusing efficiencies for peaks spanning the
whole aliphatic region are shown for rSNOB and
REBURP in Figure 2(c) and Figure 2(d), respec-
tively. The 2�sR periodicity is also visible but much
weaker than in the C¢ region, due to the smaller
aliphatic CSA. For the 3D experiments, 120 ls
rSNOB was chosen for uniform refocusing
efficiency of 87±3% for the whole aliphatic region.

The relation of excitation efficiency of soft p=2
pulses to pulse width is shown in Figure 3. The
efficiency is close to constant for relatively long
pulses for 3p=2 sinc (one lobe on each side,
WT=1.42) (Hutchinson et al., 1978), eSNOB
(WT=1.42) (Kupce et al., 1995), 3p=2 Gaussian
(1% truncation, WT=1.4) (Emsley and Boden-
hausen, 1989), and EBURP2 (WT=4.6) (Geen
and Freeman, 1991). For the former three, the
efficiency experiences a minimum when the pulse
width is sR and 2�sR for EBURP2. Gaussian cas-
cades G4 (WT=7.47) (Emsley and Bodenhausen,
1990) and broad band excitation pulses made of
cosine series (having large WT ‡9, efficiency plot
not shown) (Abramovich and Vega, 1993) have
more complicated dependence and inferior effi-
ciency in the range investigated (below 1.2 ms).

For the C¢ excitation by soft p=2 pulses, we
found that the 3p=2 sinc and eSNOB pulses
achieved close to 100% efficiency at their optimal
pulse widths. The 3p=2 sinc has a pure phase
excitation profile due to a favorable trajectory
similar to that for the 3p=2 gaussian (Emsley and
Bodenhausen, 1989). From 220 to 370 ls, the
excitation efficiency of the 3p=2 sinc has near
constant efficiency and 320 ls could be used for
24 ppm bandwidth.

Figure 3. Soft p=2 pulse performance at 12.5 kHz MAS rate
(80 ls rotor period). The excitation efficiency of an on-
resonance C¢ peak at 175 ppm is shown.

Figure 2. Characterization of selective p pulses with the protein GB1 at 12.5 kHz MAS rate (80 ls rotor period). (a) C¢ center band
refocusing efficiency of rSNOB soft p (dotted line) and soft p-hard p pair (solid line); the on-resonance efficiency (at 175 ppm) is
plotted. (b) Repeat (a) for REBURP soft pulse. (c) Refocusing efficiencies in aliphatic region for rSNOB soft p-hard p pair, with carrier
positioned at 45 ppm. (d) Repeat (c) for REBURP. The � 10 ls offset from integer rotor periods of the local minima in (a) and (b)
includes � 6ls hardware delay in the WFG and power level resetting and part of the finite pulse width for the hard p pulse (5 ls).
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The selectively excited C¢ signal was then
dephased by the z-filter, retaining close to 90% of
the aliphatic signal intensity. Similar efficiency can
be achieved by p=2 sinc, which is also able to
completely remove C¢ this way; its phase distortion
in C¢ excitation does not present a problem here
since C¢ signal is destroyed.

Cali–Cali–CX 3D experiments

Figure 4(a) is a13C–13C 2D spectrum acquired
with 20 ms DARR mixing. Figure 4(b) shows the
F2=54.6 ppm plane of a Cali–Cali–CX, which is
completed in 14 h with 1 ppm digitization in the
indirect dimensions. Compared to the 2D spec-
trum, the plane of the 3D has only a small fraction
of peaks. Therefore it is much easier to identify
peaks belonging to a same residue; peak assign-
ments are performed as consistent with previous
work (Table 1 in Franks et al., 2005). This plane
resolves several alanines in the C b diagonal and C
a–C b cross peaks, methionine a through c, lysine a
and b (K4 peaks appear weak only because they
are not centered on this plane). The resolution in
the C¢ region is very good due to the large C¢
dispersion for these residues.

With nearly all carbons included in each
dimension, the chance of degeneracy is greatly
reduced. For instance, out of the 10 threonines in
the GB1 sequence, 3, 4, and 1 of them appear in
the Ca, Cb, and Cc planes of Thr18, respectively
(Figure 5). For residues with short side chains,
such as several Thr, Val and Ala residues, nearly
the whole spin systems appear in a single plane,
with intensities varying according to the coherence
pathway. Among the T18 peaks, T18CaACcAC¢ is
the weakest, since it has the longest polarization
transfer pathway. T18CbACcACa and T18CcA
CcACa peaks are stronger due to their shorter
transfer pathways.

The lysine spin system is in general difficult to
identify completely in CC 2D spectra because
of degeneracy with leucines and other lysines.
However, the task is simplified by the Cali–Cali–CX
3D spectrum since all carbon sites provide some
dispersion. Spin systems of all six lysines in GB1
can be identified and the K13 network is illustrated
in Figure 6. Empirically the DARR mixing facili-
tates magnetization transfer in 5–6 ms per step
through the covalently bonded nuclei. The second
mixing time of 20 ms allowing 3- to 4-bond

transfer was chosen for long side chain residues
like lysine, leucine, etc; longer mixing time may
result in less intense 1- and 2-bond correlations.

However, if inter-residue correlations are
sought, mixing times of 100 ms or longer can be
used, as previously demonstrated in 13C–13C 2D
experiments (Castellani et al., 2002; Zech et al.,
2005). The interpretation is greatly simplified with
the 3D spectra. For example, Figure 7 is the Cali–
Cali–CX 3D spectrum of GB1 acquired with
100 ms DARR mixing for the second polarization
transfer. The F1 plane centered at A20 Ca chemical

Figure 4. 13C–13C 2D and Cali–Cali–CX 3D spectra of GB1 at
750 MHz. (a) 13C–13C 2D acquired in 1 h with 10 ms evolution
time and 50 kHz spectral width in the indirect dimension, 15 ms
evolution in the direct dimension, and 20 ms DARR mixing. A
dotted line is drawn at F1= 54.6 ppm. (b) The F2= 54.6 ppm
plane of a Cali–Cali–CX 3D spectrum acquired in 14 h with 5 ms
evolution time and 12.5 kHz spectral width in each indirect
dimension and 10 and 20 ms DARR for the first and second
mixing periods, respectively. Sample spinning speed was
12.5 kHz, recycle delay was 1.5 s, and temperature was
regulated at 0�C. Each dimension of all spectra was zero filled
to 20 ms resolution and apodized with 25 and 50 Hz line
broadening for 2D and 3D, respectively. Contours separated by
a factor of 1.2 starting from 15 and 6 times the root mean
square (r.m.s) noise level for 2D and 3D, respectively.
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shift (Figure 7(a)) shows inter-residue CaACa

cross peak between A20 and E19. The G38 plane
in Figure 7(b) shows cross peaks from G38 Ca to
N37 Ca, V39 Ca and Cc1, and D40 Ca and Cb.

Application of the Cali–Cali–CX 3D experi-
ment to a-synuclein fibrils is shown together with
a13C–13C 2D spectrum for comparison in
Figure 8. For this gelatinous sample containing a
large amount of water, the experiment was car-
ried out at low temperature ()50 �C) so that the
side-chain dynamics were minimized, to enable
efficient hetero- and homonuclear polarization
transfer. This is an example of a sensitivity-lim-
ited experiment: the whole 74-h acquisition was
broken in two identical runs, which were co-ad-

ded. The A30P synuclein sequence is abundant in
several amino acids: 10 Thr, 15 Lys, 18 Glu, 18
Gly, 18 Ala, and 19 Val. Many of these amino
acids are in similar chemical environments within
seven imperfect 11-mer repeats (Clayton and
George, 1998). These properties result in a 2D
13C–13C spectrum with substantial overlap
among these residues. With improved resolution
in the Cali–Cali–CX 3D, amino acid types can be
easily identified: threonines in Figure 8(i), valines
in (h) and (c), glutamines and a helical alanine in
(g), b-turn alanines in (f), b-sheet alanines in (e),
and lysines/leucines in (d). In combination with
established 3D methods (Sun et al., 1997; Hong,
1999; Rienstra et al., 2000; Pauli et al., 2001;

Figure 6. Representative long side chain residues in Cali–Cali–
CX 3D spectra of protein GB1. The spin system of residue K13
is traced by a network of lines. (a) Cb plane at F2=39 ppm. (b)
Cc plane at F2=26 ppm. (c) Cd plane at F2=30 ppm. (d) The
transfer pathway for peak CeACdACa. See Figure 4 for data
acquisition and processing details.

Figure 5. Representative short side chain residues in Cali–Cali–
CX 3D spectrum of protein GB1. The spin system of residue
T18 is traced by a network of lines. (a) Ca plane at
F2=61.8 ppm. (b) Cb plane at F2=70.7 ppm. (c) Cc plane at
F2=18.9 ppm. (d) The transfer pathways for two peaks
CaACc–C¢ and CbACcACa. See Figure 4 for data acquisition
and processing details.
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Franks et al., 2005), the 3D CCC experiment can
be utilized to perform unambiguous sequential
assignments. The efficient assignment of samples
such as A30P synuclein will be critical in order to
understand the polymorphisms in fibril samples
that can arise from differences in sample envi-
ronment or protein sequence (Heise et al.,
2005a).

Discussion

The NCC 3D experiment (Sun et al., 1997; Hong,
1999; Rienstra et al., 2000; Pauli et al., 2001;
Franks et al., 2005) uses ramped SPECIFIC CP
(Baldus et al., 1998) to transfer magnetization
from Ni to either Ca

i for intra-residue correlation
or to C¢i)1 for inter-residue connection. Magne-
tization is then propagated to other carbon sites
by homonuclear recoupling within residue i for
NCACX or i-1 for NC¢CX. It is not uncommon to
find two or more residues with degenerate 15N and
13Ca chemical shifts, and these residues fail to be
resolved in NCACX. Similar difficulty can also be
encountered for NC¢CX. Some of the side chain
13C sites still have a significant likelihood of non-
degenerate chemical shifts. Such chemical disper-
sion can be fully utilized in a13C–13C–13C 3D
spectrum to identify the whole 13C spin system for
a residue. The obtained chemical shifts can be used
to assist the sequential assignment process in
combination with 15N-based methods.

The NCC experiments usually have weak or no
intensity for 13C sites at the end of long side
chains, for two reasons: (1) usually only �50%
magnetization can be transferred from N to C a or
C¢; (2) short mixing times for the homonuclear

Figure 7. Cali–Cali–CX 3D spectra of GB1 with long mixing
time. (a) F1=50.9 ppm plane (b) F1=46.8 ppm plane of a Cali–
Cali–CX 3D spectrum acquired in 23 h with 8 ms evolution time
for the second dimension and 100 ms for the second DARR
mixing, processed with 100 Hz line broadening ()40 Hz expo-
nential, 140 Hz Gaussian). All other parameters are the same as
in Figure 4(b). Contours were separated by a factor of 1.15
starting from 5 times the r.m.s noise level.

Figure 8. Spectra of A30P mutant a-synuclein fibrils at )50 �C. (a) 13C–13C 2D spectrum acquired in 30 h with 25 ms DARR mixing,
10 ms evolution time in the indirect dimension, and processed with 25 and 40 Hz net line broadening direct and indirect
dimensions, respectively. Contours were drawn starting from 6 r.m.s noise lelvel, and separated by a factor of 1.1. (b)–(i) F1=21.7,
36.3, 42.3, 50.2, 52.5, 55.3, 60.2, 69.8 ppm planes of a Cali–Cali–CX 3D spectrum acquired in two 37-h runs, all parameters are the same
as in Figure 4(b) except for a longer recycle delay of 2 s. The 3D was processed with 100 Hz net line broadening in each dimension
()40 Hz exponential, 140 Hz Gaussian). Contours were drawn starting from 5 times the r.m.s noise level, and separated by a factor of
1.05.
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transfer (e.g. <20 ms DARR) are preferred for
most residues; longer mixing time may result in
polarization accumulation at the terminal site(s) of
side chain and leave very weak C a and Cb (e.g. for
valines). The mixing times optimized for short
chain residues are not long enough to populate the
far end of long chain residues. Even when a long
mixing time is used, the intensity could become too
weak for each site since the magnetization is dis-
tributed too sparsely. In a Cali–Cali–CX 3D
experiment, however, all 13C sites (except C¢) have
their own initial polarization instead of relying on
polarization arising from the backbone sites.
Moderate mixing times (�20 ms for transfer up to
4 bonds) work well for residues of short side-
chains, allowing the reconstruction of spin systems
of long side-chains by assembling several planes
(c.f. Figure 6).

In most of our experiments, relatively short
DARR mixing times ( £ 20 ms) have been used to
maximize the intensity of two- and three-bond
intraresidue correlations. However, if the inter-
residue contact information is desired, long mixing
times (>100 ms) can be utilized. With additional
resolution in the 3D experiment, these interresidue
peaks are relatively easy to identify, as in Figure 7,
and provide valuable correlations for establishing
sequential assignments. Other methods such as
RFDR, proton driven spin diffusion, and proton
mediated spin diffusion, can also be applied for the
second homonuclear mixing (Bloembergen, 1949;
Suter and Ernst, 1982, 1985; Kubo and McDowell,
1988; Bennett and Griffin, 1992; Heise et al.,
2005b).

Among the existing soft pulses developed for
solution NMR study, those having small band-
width-duration product are best suited for appli-
cation in MAS SSNMR. The efficiency of the Cali

selection is around 85% using currently available
soft pulses, for both the soft-hard p pair and the
soft p=2 plus z-filter approaches. The two selection
steps in the 3D experiment result in �30% inten-
sity loss. Before more efficient broadband selective
components can be designed, we need to better
understand the complicated dependence on pulse
width observed in this study on the basis of the
interplay among the soft pulse, CSA and sample
spinning. Theoretical treatments so far have only
been attempted for long pulse widths of integer
rotor periods (Igumenova and McDermott, 2003;
Veshtort and Griffin, 2004); these studies reveal

that both amplitude and phase of the soft pulse are
virtually modified by the CSA, rendering addi-
tional orientation dependence. Numerical simula-
tions have been used to show a half rotor period
shift by a soft p pulse in the long pulse limit (Li
et al., 2006). Theoretical treatment of short pulses
of non-integer rotor period duration will be
investigated separately to explain the phenomenon
observed here. Insights gained will enable im-
proved soft pulses to be specifically designed for
MAS SSNMR.

Nevertheless, in its optimal implementation so
far, the soft-hard p pair has �85% refocusing
efficiency. The initial signal loss in the first row of
the indirect dimension is justified when one
considers the slower decay in the J-decoupled
interferogram. The integrated intensities (reduced
by transverse relaxation time T2) are

I1 ¼
1

T2

Z tmax

0

ne�t=T2dt ¼ nð1� e�tmax=T2Þ ð1Þ

for J-decoupled experiments, where n is the refo-
cusing efficiency and tmax the evolution time, and

I2 ¼
1

T2

Z tmax

0

e�t=T2 j cosðpJtÞjdt

¼ gðtmaxÞ � gð0Þ

¼ 1

1þ ðpJT2Þ2
f1þ e�tmax=T2

� ½� cosðpJtmaxÞ þ pJT2 sinðpJtmaxÞ�g

ð2aÞ

for non-decoupled experiments when tmax £ 1/2J,
where

gðtÞ¼ e�t=T2

1þðpJT2Þ2
½�cosðpJtÞþpJT2 sinðpJtÞ� ð2bÞ

and

I2 ¼ �gðtmaxÞ þ 2g
1

2J

� �
� gð0Þ

¼ 1þ 2pJT2e
�1=2JT2

1þ ðpJT2Þ2
þ e�tmax=T2

1þ ðpJT2Þ2

� ½cosðpJtmaxÞ � pJT2 sinðpJtmaxÞ�

ð2cÞ

when 1/2J £ tmax £ 3/2J. Equations (1) and (2)
apply to glycine which has only C¢ and Ca cou-
pling JOa. For other amino acids, we also need to
consider Jab, the coupling between Ca and Cb. In
this case, when JOa is decoupled, the intensity is
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I01 ¼
1

T2

Z tmax

0

ne�t=T2 j cosðpJabtÞjdt ¼ nI2jJ¼Jab

ð3Þ

The non-decoupled intensity is

I02 ¼
1

T2

Z tmax

0

e�t=T2 j cosðpJOatÞ cosðpJabtÞjdt

¼ 1

2T2

Z tmax

0

e�t=T2 j cosðpJOatÞ þ cosðpJabtÞjdt

¼ 1

2

�
½gðtmaxÞ � gð0Þ�

����
J¼JOaþJab

þ ½gðtmaxÞ � gð0Þ�jJ¼JOa�Jab

�

ð4aÞ

for tmax � 1= JO a,

I02 ¼
1

2

�
½�gðtmaxÞ þ 2g

1

2JOa

� �
� gð0Þ� J¼JOaþJab

��

þ ½�gðtmaxÞ þ 2g
1

2JOa

� �
� gð0Þ�

����
J¼JOa�Jab

�

ð4bÞ

for 1=2JOa � tmax � 1=2Jab, and

I02¼
1

2

�
½gðtmaxÞ�2g

1

2Jab

� �
þ2g 1

2JOa

� �
�gð0Þ�

����
J¼JOaþJab

þ½gðtmaxÞ�2g
1

2Jab

� �
þ2g 1

2JOa

� �
�gð0Þ�

����
J¼JOa�Jab

�

ð4cÞ

1=2Jab � tmax � 3=2JOa.

Assuming T2=20 ms, JOa ¼ 55 Hz, and
Jab=35 Hz, the free induction decays and reduced
integrated intensities are plotted in Figure 9. For
both singly or doubly coupled Ca, as in
Figure 9(b) and Figure 9(d) for glycine and all
other amino acids, respectively, once the evolution
time is above a certain value, the intensity of the
decoupled experiment is higher than the non-de-
coupled version, even though the decoupling may
cause up to �20% (n ¼ 0:8) signal loss. The
intensity gain is most significant for evolution
time of 10–15 ms, at which the intensity curves of
the non-decoupled experiments plateau. For
example, at 12 ms the gain is 35–69% and
19–49% for singly and doubly coupled systems,
respectively, assuming n ¼ 0:8–1.0. The threshold

time strongly depends on the efficiency of the
selective decoupling component, but only weakly
on T2. As shown in Figure 9(e), for most T2 val-
ues, by acquiring 8 ms, refocusing loss of 20%
can be compensated. The Cali–Cali–CX 3D spec-
trum shown in Figure 7 used t2max=8 ms to take
this sensitivity advantage. One may also desire to
acquire to 12 ms to obtain extra resolution; this
digitization can be achieved within reasonable
experiment time with the sequence introduced
here using only 2-step phase cycle.

To simultaneously eliminate aromatic and car-
bonyl signals using the soft p=2 and z-filter com-
bination demands large bandwidth (>80 ppm).
This requires eSNOB pulse as short as � 100 ls,
which unfortunately gives inefficient excitation due
to CSA recoupling (Figure 3). eBURP2 of
� 340 ls has good excitation efficiency for on-res-
onance signals, but the bandwidth is still not suf-
ficient (72 ppm). No other pulses examined meet
these requirements. It is possible to use two soft
p=2 pulses in series, or a cosine modulated soft p=2
pulse to cover both carbonyl and aromatic fre-
quencies, but this will result in additional signal
loss. Fortunately for the Cali–Cali–CX 3D as
implemented in Figure 1, it is adequate to remove
only C¢ in t1 because the majority of aromatic sig-
nal can be suppressed by the selective p pulse in the
t2 dimension, which selects only aliphatic signals.
Here is the analysis in detail: (1) both diagonal and
cross peaks of Carom(F1)–C

arom(F2) type, which are
the strongest contribution, are eliminated by the
soft p. (2) Spinning side bands of the Carom diag-
onal, which are usually very weak with the MAS
rates used in this study, will be aliased to the
diagonal of F1–F2 in the aliphatic region, assuming
rotor synchronized acquisition for the indirect
dimensions. Therefore such signals do not interfere
with aliphatic cross peaks. (3) The even weaker side
bands of cross peaks among the aromatic
resonances, if present, would have interfered with
aliphatic cross peaks. In fact, such aromatic cross
peaks can be effectively suppressed by shortening
the first homonuclear mixing time (e.g. 10 ms
DARR). This works since polarization transfer
within an aromatic ring is optimal at longer mixing
times, e.g., 50 ms (Franks et al., 2005). (4)
Carom(F1)–C

ali(F2) cross peaks, mainly
CcðF1ÞACbðF2Þ, will be preserved with Carom(F1)
folded into the aliphatic region. However, two facts
alleviated this problem. First, there are only a small
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percentage of residues in a sequence having aro-
matic side chain; second, they can be easily dis-
cerned by correlation to an unfolded aromatic
resonance in the direct dimension.

Conclusion

We have demonstrated a novel broadband selec-
tive 3D homonulcear correlation experiment Cali–

Cali–CX. Compared to the CX–CX–CX correla-
tion experiment that would require a week or more
under the assumptions described here, the reduced
bandwidth allows a complete data set with the
same digital resolution to be acquired within a half
to one day. This saves experimental time by an
order of magnitude in the sampling-limited cases,
without sacrificing resolution offered by aliphatic
carbon sites. For the sensitivity-limited cases, one
may consider using Cali–CX–CX, which allows a

Figure 9. Intensities for non-decoupled (solid line) andJOa-decoupled (dotted lines) experiments. (a) Free induction decays (FID) for
Glycine having only JOa interaction, (b) the corresponding reduced integrated intensities defined in Eqs. (1) and (2), (c) FIDs for all
other amino acids having both JOa and Jab interactions, (d) the corresponding intensities defined in Eqs. (3) and (4). (e) Dependence on
T2 relaxation time of the threshold evolution time at which the decoupled and non-decoupled experiments have identical integrated
intensity. The refocusing efficiencies n of the soft-hard p pair were 1, 0.9, and 0.8 for the three dotted lines from top down. JOa ¼ 55 Hz,
Jab ¼ 35 Hz, and T2=20 ms were assumed.
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complete data set to be acquired in 2–3 days, with
the benefit of less intensity loss by using only one
soft pulse. The Cali–Cali–CX experiment has been
performed on a model protein GB1 and a fibrillar
form of a-synuclein, which is implicated in Par-
kinson’s disease. The additional dimension lifted
degeneracy observed in 13C–13C 2D experiments.
Whole spin networks of residues with various side
chain lengths can be identified. Given long mixing
times and/or other mixing methods, the Cali–Cali–
CX experiment can provide sequential connectiv-
ity and structural constraints. For example, we
expect that combination with glycerol labeling
schemes will permit a large number of unique
13C–13C distances to be resolved; in this case,
mixing times of �50 ms and >200 ms would be
appropriate, and the selective pulses serve the
primary purpose of coherence selection and filter-
ing (Castellani et al., 2002). The Cali–Cali–CX
spectrum can be combined with NCaCX and
NC¢CX spectra to make sequential backbone and
side chain assignments.

We have found that under MAS, the soft p and
p=2 pulses exhibit a complicated dependence on
pulse width, especially in the short pulse limit that
is necessary to select �70 ppm region. Among the
existing pulses we have tested, those having small
bandwidth-duration product (such as Gaussian,
SNOB, and one-lobe sinc) yield the best perfor-
mance. Theoretical investigation of how MAS and
CSA affects performance of these pulses may di-
rect the design of new selective pulses that are
optimal for solid samples under MAS.
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