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a b s t r a c t

Assignment of proteins in MAS (magic angle spinning) solid-state NMR relies so far on correlations
among heteronuclei. This strategy is based on well dispersed resonances in the 15N dimension. In many
complex cases like membrane proteins or amyloid fibrils, an additional frequency dimension is desirable
in order to spread the amide resonances. We show here that proton detected HNCO, HNCA, and HNCACB
type experiments can successfully be implemented in the solid-state. Coherences are sufficiently long
lived to allow pulse schemes of a duration greater than 70 ms before incrementation of the first indirect
dimension. The achieved resolution is comparable to the resolution obtained in solution-state NMR
experiments. We demonstrate the experiments using a triply labeled sample of the SH3 domain of
chicken a-spectrin, which was re-crystallized in H2O/D2O using a ratio of 1/9. We employ paramagnetic
relaxation enhancement (PRE) using EDTA chelated CuII to enable rapid data acquisition.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Solid-state NMR is more and more becoming a standard tech-
nique for protein structure determination without the molecular
weight limits that solution-state NMR suffers from. The combina-
tion of magic angle spinning (MAS) solid-state NMR [1] and Cross
Polarisation (CP) [2] paved the way for investigations of larger spin
systems. Methodological and conceptual improvements, however,
are still necessary for a straight forward and routine application
of solid-state NMR to biological matter. Nevertheless, its applica-
bility to a wide range of candidates for biomolecular investigation
like uniformly isotopically enriched membrane proteins [3–6] or
proteins forming aggregates [7–12] has been demonstrated.

Usually, assignment of proteins in the solid-state is based on
correlations among heteronuclei like 13C or 15N, employing NCACX
or NCOCX type experiments [13–15]. This strategy relies on well
dispersed resonances in the 15N dimension. Protons, which are
excessively used in solution-state NMR because of their high gyro-
magnetic ratio, normally do not play a big role in solid-state NMR
except for providing starting points for magnetization transfer
prior to CP. In conventional solid-state NMR, 1H detection is usu-
ll rights reserved.
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ally less favorable, as large dipolar couplings lead to substantial
line broadening. We and others showed that this disadvantage
can be circumvented by a reduction of the samples’ proton density
[16–23]. This allows to detect protons with high sensitivity and
resolution. Effective proton dilution, i.e., re-crystallization of the
perdeuterated protein in H2O:D2O at a ratio of 1:9, combined with
fast (�20 kHz) MAS has been shown to result in 1H line widths in
the order of 20 Hz [24]. Despite the high degree of deuteration, the
T1 relaxation times of the residual protons are still reasonably
short. This resolution at hands, a large variety of experimental pos-
sibilities are emerging, including the localization of water mole-
cules [25], determination of 1H,1H long range distances [16,26]
and access to clean backbone relaxation parameters [27–31]. In
addition, deuterons allow to probe dynamic properties of amino
acid side chains [32,33].

In addition, this labeling scheme opens up new ways for res-
onance assignment. We demonstrate in this article that slightly
modified solution-state pulse sequences like HNCO [34,35],
HNCA [34,35], and HNCACB [36] can be successfully applied
to micro-crystalline samples in the solid-state. Pulse sequences
in which magnetization is mediated through bonds via scalar
couplings become more and more important for solid-state
NMR [37–39], as only chemically bonded atoms are correlated
to each other resulting in clean correlation spectra. The inclu-
sion of the 1H chemical shift in the assignment process yields
a better chemical shift dispersion of the amide moiety and de-
creases the number of ambiguously assigned residues. We ex-
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pect that, this way, the reliability of chemical shift assignment
and, thus, the quality of structure determination in solid-state
NMR can be significantly improved.

2. Methods

As a model system, we use a micro-crystalline samples of the
SH3-domain of a-spectrin. Triply labeled protein was recombi-
nantly expressed, purified as described before [24]. Crystallization
was performed by pH-shift using a 5 mg/ml protein solution in a
crystallization buffer containing H2O:D2O at a ratio of 1:9. Para-
magnetic relaxation enhancement (PRE) was used in order to de-
crease the recycle delay of the experiment [40,41]. For that
purpose, [Cu(edta)]2� was added upon crystallization at a concen-
tration of 75 and 150 mM as described earlier [41]. Crystals were
packed by centrifugation into 3.2 and 4 mm rotors, respectively.

NMR experiments were carried out under MAS (14 and 24 kHz,
as indicated in the respective figures) using Bruker Avance spec-
trometers operating at 1H Larmor frequencies of 400, 600, and
700 MHz. In all experiments, 15N chemical shift is evolved in a con-
stant-time manner during the reverse INEPT step in which the
15N,13C scalar coupling is refocused. Pulse programs were adapted
from Bruker standard programs employing the sequences sug-
gested by Kay, Bax, Müller and co-workers for HNCO [34,35], HNCA
[34,35], and HNCACB [36] (Fig. 1). Modifications of the pulse
schemes involve simplified solvent suppression due to the little
amount of residual water in the micro-crystals. Soft rectangular in-
stead of shaped pulses were used in the case of on-resonance 13C
selective irradiation in order to cut down the length of the overall
sequence. Scalar heteronuclear decoupling during acquisition was
applied using a RF field strength in the order of 2 kHz. A RF field
strength of 4.2 kHz was employed for 1H DIPSI-2 decoupling during
periods of transverse 15N and 13C magnetization. The recycle delays
of the experiments were set to 1.3 times 1H T1. The increments in
the indirect dimensions were adjusted to yield spectral windows of
12, 25, and 70 ppm for CO, Ca, and Ca/b, respectively. Unless stated
otherwise, the chemical shifts were evolved to a maximum acqui-
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Fig. 1. (A) Pulse sequence for the HNCO/HNCA experiment. Schemes for HNCO and HNCA
to 13Ca in the latter experiment. (B) Pulse sequence for the HNCACB experiment. Experim
refocusing the H,N antiphase coherence of the initial INEPT using the DIPSI-2 scheme. In
HNCACB, T and D were set to 12.4 and 3.6 ms, respectively. On-resonance selective pu
rectangular pulses, while 13C off-resonance pulses (13Ca/13CO in the HNCO/HNCA and
acquisition was achieved using WALTZ-16, adjusting the 15N RF field to 2 kHz.
sition time of tmax
1 ¼ 15;9; and 8 ms for CO, Ca, and Ca/b, respec-

tively. The 15N spectral width was set to 27 ppm. s and D were
adjusted to 2.3 and 3.6 ms. T was set to 12 ms (HNCA and HNCO)
or 12.4 ms (HNCACB), respectively. The nominal sample tempera-
ture is indicated in the respective figures. The effective sample
temperature is higher as MAS results in an additional temperature
increase of around 12 and 25 �C in the case of 14 and 24 kHz spin-
ning, respectively.

3. Results and discussion

Employing PRE, we could reduce the recycle delays in the
experiments to 840 and 300 ms for samples containing 75 mM CuII

(sample A, packed into a 3.2 mm rotor) and 150 mM CuII (sample B,
packed into a 4 mm rotor), respectively. Nevertheless, the overall
acquisition times amounted to approximately 2 days (HNCO, sam-
ple A) and 2 days (HNCA, for sample B), and 4.5 days (HNCACB,
sample B) due to the reduced proton abundance, resulting in an
approximate signal-to-noise ratio of 45:1, 25:1, and 16:1, respec-
tively. Recently, Rienstra and co-workers introduced a proton de-
tected CON(H)H experiment in the context of determination of
1H,1H distances [23]. The CON(H)H yields similar connectivity
information as the HNCO, but relies on dipolar interactions to
transfer magnetization. Fig. 2 represents a projection of the 3D
HNCO spectrum onto the 1HN, CO plane. The excellent resolution
allows to easily identify the different residues without having to
struggle with signal overlap even in the 2D experiment. Signal-
to-noise amounted to 15% compared to a standard HSQC. Given
the fact that 15N T2 is in the order of 100 ms [28], one would expect
the HNCO peak intensity to be in the order of around 35% com-
pared to the HSQC correlation experiment. We attribute the dis-
crepancy between the observed and theoretically expected HNCO
intensity to poor RF inhomogeneity of MAS solid-state probes
and to partial recoupling of the 1H,15N dipolar interactions during
the DIPSI-2 decoupling periods.

Fig. 3 represents 1HN,13Ca strips of sequentially neighboring res-
idues in the 3D-HNCA spectrum extracted at the indicated 15N
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are identical except for the 13C carrier frequency, which is set to 13CO in the first and
ents were performed in an out-and-back manner. 1H decoupling was applied after

the HNCO/HNCA experiment s and T were set to 2.3 and 12.0 ms, respectively. In the
lses (13CO/13Ca in the HNCO/HNCA and 13Ca,b in the HNCACB) were applied as soft

13CO in the HNCACB) were implemented as Q3 shapes [42]. Decoupling during
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Fig. 2. 2D projection onto the 1H,13CO plane of the HNCO experiment recorded at
400 MHz 1H Lamor frequency and 24 kHz spinning. High resolution is even obtai-
ned in the 2D projection due to the small proton line width. Exponential line bro-
adening of 5 Hz was used for processing in the 1H dimension. The indirect
dimension covers a spectral width of 12 ppm and was incremented to a maximum
evolution time of 14.5 ms.
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chemical shifts. The HNCA experiment was recorded for sample B
(4.0 mm, 150 mM CuII). The MAS frequency was adjusted to
14 kHz. In principle, similar results were obtained for sample A,
which was packed into a 3.2 mm rotor. Compared to an HSQC, an
average intensity of approximately 7% was obtained. Compared
to an HNCO, the efficiency of the HNCA is reduced by a factor of
two due to the distribution of magnetization among two coupling
Fig. 3. Backbone walk extracted from an HNCA experiment recorded for the a-spectrin
frequency to 14 kHz. The 13C dimension was incremented to a maximum evolution time
achieved after an experimental time of 3.5 days. The nominal set temperature was adju
assigned except those in the flexible loop and at the N-terminus of the protein.
partners ðCa
i and Ca

i�1Þ and due to the smaller 1J-coupling. In the
HNCA, all residues show two peaks, originating from the amino
acid (i) and (i � 1). As the 2JNC coupling of approximately 7 Hz is
slightly smaller than the 1JNC coupling (�11 Hz), signals stemming
from the inter-residual correlation tend to be slightly less intense,
giving hints for the assignment process.

Residues that were not assigned in the dipolar coupling based
original assignment [43,44] could so far not be assigned either, de-
spite the fact that the 2D 1H,15N correlation using INEPT for mag-
netization transfer yields more correlations peaks. Already in the
HSQC, the signal-to-noise of these residues is significantly reduced
compared to other correlations, which probably results from their
increased flexibility. Correlations involving these resonances could
not be detected in the 3D experiments due to further magnetiza-
tion decay in the course of the pulse sequence. We tried to circum-
vent this problem by variation of the sample temperature. Increase
of the temperature should enhance local motions and, thus, yield
line narrowing in cases where conformational exchange induces
line broadening. Problematic residues in this respect are residues
located at the N- and C-terminus, residues S36–N38 and the resi-
dues of the flexible loop region N47–D48. At low temperature
(Tnominal = 285 K), e.g., the C-terminal D62 has a significantly lower
intensity and is not observed in the HNCA, while we find an inten-
sity comparable to the other residues at 300 K. S36, on the other
hand, is not detectable in the HNCA at neither temperature, indi-
cating fast relaxation due to internal mobility. Similarly, K43 is
not observable at 14 kHz spinning and Tnominal = 285 and 300 K.
All residues (S36, K43, and D62), however, are observed in the
experiment performed at 24 kHz spinning (Tnominal = 275 K), which
yields an overall higher signal-to-noise ratio.

In the HNCACB, the (see Fig. 4) signal intensity is distributed
among four resonances in the 13C dimension. In addition, the
SH3 domain (sample B) in the solid-state at 700 MHz, adjusting the MAS rotation
of tmax

1 ¼ 9 ms. In the experiment, a signal-to-noise ratio of approximately 32:1 is
sted to 300 K. Strips display a representative part of the data. All residues could be



Fig. 4. Backbone walk through an HNCACB correlation experiment. Ca signals are represented in red (negative intensities), while Cb signals are colored black (positive
intensities). The experiment was recorded at 14 kHz MAS at 700 MHz 1H Lamor frequency, setting Tnominal to 295 K. The total experimental time amounted to approximately
4.5 days.
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overall signal-to-noise is reduced due to an additional relay step
from Ca to Cb implying a further 7 ms dephasing/rephasing per-
iod, during which transverse 13C magnetization can decay. The
overall duration of the sequence amounts to almost 70 ms prior
to acquisition of the first 13C increment. Compared to an HSQC
reference experiment, signal to noise is decreased to around
3%. Compared to the HNCA experiment, the longer sequence
and the distribution of magnetization among multiple carbon
resonances leads to some losses of resonances in the HNCACB.
Twelve out of the 59 residues are lacking one correlation peak,
mostly Cb

i�1. 5 residues are missing two resonances, either both
Cb correlations or both Ca/Cb correlations belonging to the amino
acid i � 1. In addition to the residues in the loop region, which
could neither be observed nor assigned in the past, we observe
a few weak signals in the HSQC that are, however, absent in
the HNCACB like R21, S36, T37, and K43. Nevertheless, a sequen-
tial walk is possible for the greatest part of the backbone, mak-
ing even the long HNCACB seem a generally applicable sequence
for MAS solid-state NMR. The assignment that we obtain from
scalar coupling based experiments compare well with the previ-
ously published chemical shifts of the SH3 domain of a-spectrin
[43,44].

Better resolution in the 13C dimension in the HNCA and
HNCACB can in principle be obtained if 2H,13C heteronuclear scalar
decoupling were implemented [45]. This is, however, not possible
in the current setup, as the employed probes are limited to triple
resonance experiments.
4. Conclusion

In this work, we demonstrated that an exclusively scalar cou-
pling based resonance assignment approach that relies on proton
detection of extensively perdeuterated proteins is feasible in
MAS solid-state NMR. In particular, we implemented HNCO,
HNCA, HNCACB type experiments using pulse schemes adapted
from solution-state NMR. Line widths for HN diluted perdeuterat-
ed samples are in the order of 20 Hz, providing 1H T2 relaxation
times sufficiently long for scalar transfers. Although relaxation
rates are still higher than rates obtained for small proteins in
solution, 3D out-and-back experiments can be performed with-
out complete loss of magnetization in the course of the pulse
scheme. In order to compensate for the reduced signal intensity
due to proton dilution, paramagnetic relaxation enhancement
(PRE) was used to cut down recycle delays and thus reduce
experimental time.
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