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Abstract
Given that solid-state NMR is being used for protein samples of increasing molecular weight and complexity, higher-
dimensionality methods are likely to be more and more indispensable for unambiguous chemical shift assignments in the 
near future. In addition, solid-state NMR spectral properties are increasingly comparable with solution NMR, allowing 
adaptation of more sophisticated solution NMR strategies for the solid state in addition to the conventional methodology. 
Assessing first principles, here we demonstrate the application of automated projection spectroscopy for a micro-crystalline 
protein in the solid state.
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Introduction

Solid-state NMR has been bestowed with manifold inno-
vative possibilities and developments over the last years. 
One important achievement is the detection of protons as a 
routine approach for chemical shift assignments, structure 
calculation, as well as characterization of dynamics (Vasa 
et al. 2018b). Owing to an increase in sensitivity and the 
facilitated tailoring of multi-dimensional sequences effec-
tively dispersing chemical shift degeneration, target proteins 
in solid-state NMR have become more and more demanding 
and complex (Quinn and Polenova 2017). Higher-dimen-
sionality (dimensionality larger than 3) has played a role 
for novel solid-state NMR sequences only in recent years, 
facilitated by non-uniform sampling approaches (Hyberts 
et al. 2010, 2012; Hoch et al. 2014; Palmer et al. 2015) in 
four dimensions. As such, through-space correlations for 
structure elucidation (Huber et al. 2012; Linser et al. 2014; 
Shi et al. 2015) as well as backbone assignment experiments 

have been bestowed with four dimensions, enabling unam-
biguous assignment of increasingly large spin systems (Vasa 
et al. 2018b; Fraga et al. 2017; Zinke et al. 2017; Xiang 
et al. 2014, 2016). Prospectively, four dimensions will have 
an increasing likelihood to fail for solid proteins exceeding 
50 kDa, however, due to increasing signal overlap as well as 
assignment ambiguities associated with the linewidths usu-
ally found for solid preparations. As such, higher-dimension-
ality techniques will be increasingly sought. Pulse sequences 
in which more than four nuclei could be encoded without 
additional transfer pathways are already up and (reliably) 
running, for example the HNcacoNH (Xiang et al. 2015), 
which we have used very successfully in four dimensions 
(Vasa et al. 2018b) and which has also been suggested on the 
basis of CC-INEPTs in 3D (Andreas et al. 2015).

Reconstructing higher-dimensionality spectra with more 
than four dimensions on the basis of non-uniform sampling 
(NUS) methods used in the solid state has so far been chal-
lenged by missing NMRpipe scripts as well as the increasing 
hardware and computation time requirements for reconstruc-
tion and data storage. One way of implementing multiple 
dimensions with a low burden of spectral reconstruction is 
the concept of projection reconstruction (PR) originally pro-
posed by Kupce and Freeman (2004) or the related approach 
by Hiller and Wüthrich (automated projection spectroscopy, 
APSY), which relies on geometric analysis instead of full 
reconstruction of all the dimensions (Hiller et al. 2005, 
2008b). Both methods trace back to the projection cross-
section theorem proposed by Nagayama et al. (1978), which 
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states that a cross-section in the two-dimensional time–space 
running through the origin with an angle α (the time incre-
ment of one of the two indirect evolution periods being 
multiplied by cos α and the increment of the other one by 
sin α) Fourier-transforms into the corresponding projection 
in frequency space. PR methods determine those frequen-
cies correlated in a higher-dimensionality experiment by a 
number of lower-dimensionality projections, normally 2Ds, 
of different orientations, which are obtained by simultane-
ous incrementation of the various indirect evolution periods 
in different ratios, while the direct acquisition dimension 
is constant. The orientation of the planes and thereby the 
ratio of the indirect dimensions A and B in a multidimen-
sional space depends on the Euler angles and as such on the 
dimensionality of the original experiment (Kupce and Free-
man 2004; Hiller et al. 2005; Nagayama et al. 1978). As all 
planes, except the orthogonal ones, run through two indirect 
dimensions simultaneously, each time increment requires 
multiple phase increments to obtain quadrature detection 
of the signal. In case of a 3D experiment, combining two 
phases required for each one of two evolution periods results 
in four differently modulated FIDs S1–S4.

(For experiments with higher dimensionality the number of 
phase combinations required is doubled for each additional 
dimension.) The sums and differences of these FIDs, i.e. the 
combinations S1–S4 and S2 + S3, as well as S1 + S4 and S2–
S3, can then be Fourier-transformed into projection spectra 
as a set of the + α and the − α plane (Kupce and Freeman 
2004).

In APSY, after peak picking in such spectra, a list con-
taining all potential (but not necessarily existent) underlying 
shift combinations that would give rise to the projections 
obtained is created from a subset of these and then verified 
by successively taking into account additional projections. 
A peak in the reconstructed multi-dimensional space is 
considered to be real when a certain parameter called “sup-
port”, which is the count of projections that do support the 
candidate peak to be real, is above a certain threshold. For 
more details see works by Hiller et al. (2005, 2008b). The 
final list of verified multi-dimensional shift combinations 
can then be used by automated backbone assignment rou-
tines like MARS (Jung and Zweckstetter 2004), CYANA/
FLYA (Schmidt and Güntert 2012), UNIO/MATCH (Volk 
et al. 2008) or GARANT (Bartels et al. 1996; Christian et al. 
1997), which has been demonstrated both for backbone and 
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sidechains (Volk et al. 2008; Krähenbühl et al. 2013; Fiorito 
et al. 2006; Gossert et al. 2011; Hiller et al. 2008a). In solu-
tion, APSY has been successfully applied for proteins up to 
38 kDa using deuteration and TROSY approaches (Krähen-
bühl et al. 2013).

Whereas sharp line widths are normally obtained in liq-
uid-state NMR for small or medium-sized proteins due to 
motional averaging, solid-state NMR generally suffers from 
broader homogeneous line widths. In addition, sample het-
erogeneity can increase both line widths and signal overlap. 
Unfortunately, the effective line width in tilted projections 
is always broader compared to conventional or orthogo-
nal projections (Kupce and Freeman 2004). Therefore, the 
application of APSY in the solid state seems not obvious. 
Here we show that projection reconstruction is possible for 
solid-state NMR, even though peak widths are larger than 
for most solution NMR spectra. On this basis, a range of 
possible solid-state NMR strategies emerge that may aid 
solving upcoming challenges brought upon by future solid-
state NMR targets.

Experimental

All NMR spectra were recorded on a micro-crystalline sam-
ple of the SH3 domain of deuterated and 100% exchange-
able-proton back-exchanged chicken α-spectrin, recom-
binantly produced using 13C6, 2H7-glucose, 15NH4Cl, and 
D2O and doped with 75 mM Cu-edta as described concep-
tually previously (Linser et al. 2007). After filling the sam-
ple into a 1.3 mm rotor with fluorinated rubber plugs NMR 
spectra were recorded at a rotor frequency of 50 kHz MAS 
at approximately 15 °C effective temperature on a Bruker 
NEO spectrometer with a proton Larmor frequency of 
700 MHz. Under such conditions, assuming sufficient dura-
tion of evolution periods, the SH3 domain sample provides 
linewidths on the order of 40–100 Hz for protons and around 
15–20 Hz for nitrogens. All magnetization transfers were 
enabled by dipolar methods (CP (Hartmann and Hahn 1962) 
and BSH-CP (Chevelkov et al. 2013) for heteronuclear and 
homonuclear transfers, respectively), with settings similar as 
described earlier (Vasa et al. 2018a). All experiments were 
acquired with 12 different values for the angle α as shown in 
Table 1, each α being associated with a + α and a − α projec-
tion. Including the two orthogonal planes, this results in sets 
of 22 spectra for each experiment.

As each recording of a plane involves four FIDs per time 
increment to enable quadrature detection in the two indirect 
evolution periods, the number of increments in the (single) 
indirect dimension present has to be chosen twice as high as 
desired in an individual dimension of a 3D experiment. In 
accordance with each plane being acquired with 320 indirect 
and 2048 direct points set, 80 time increments were obtained. 
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Indirect-dimension time increments in the hCONH, hCANH, 
hCOcaNH and hCAcoNH were 280, 200, 180 and 200 µs, 
respectively, for 13C and 360 µs for 15N, resulting in a spec-
tral width of 20.2 ppm, 28.3 ppm, 31.5 ppm, 28.3 ppm and 
39.1 ppm, respectively. This results in a t1max of 23 ms, 16 ms, 
14 ms, 16 ms and 29 ms, respectively, as of the maximal-
incrementation case obtained in orthogonal planes. The 
3D-hCANH and hCONH were acquired with 8 scans, while 
the 3D-hCAcoNH/hCOcaNH pair was acquired with 16 scans 
for each FID—resulting in an experimental time of 37 min, 
38 min, 61 min, and 73 min, respectively, for any non-orthog-
onal pair of angles of the four experiments. In the orthogonal 
projection planes the number of scans was halved compared 
to the non-orthogonal planes (half experimental time). This 
yields a total experimental time of 13.3 h for the hCONH, 13 h 
for the hCANH, 25.5 h for the hCOcaNH and 21.4 h for the 
hCAcoNH experiment.

APSY acquisition was done by a TopSpin macro (kindly 
provided by Sebastian Hiller), which controls the projection 
angles setup and acquisition of the corresponding projections. 
The 3D pulse programs for APSY were modified according 
to TopSpin 2.X. After acquisition of all the planes, we used a 
simple self-written TopSpin macro to sort and recombine the 
acquired FIDs in such a way that projections are obtained in 
quadrature mode (See Eqs. 1–4). These modified FIDs were 
processed by standard 2D processing tools in TopSpin. All the 
subsequent steps, i.e. peak picking and geometric analysis of 
peak positions, are done by APSY-related scripts (including 
GAPRO for geometric analysis) that were kindly provided by 
Sebastian Hiller. These do not run in TopSpin and are used 
via the command line in Linux. The actual analysis, i.e. peak 
picking and analysis of peak positions, runs in less than one 
minute on modern notebooks.

Results

We reconstructed a set of 3-dimensional experiments 
required for backbone assignment of proteins, namely (CP-
based) hCANH and hCONH (Zhou et al. 2007), as well as 

fully dipolar hCOcaNH and hCAcoNH (Xiang et al. 2016) 
experiments, on the basis of 2-dimensional H(N/C) projec-
tions. The established pulse sequences were modified for the 
existing APSY routine (Hiller et al. 2005) by implementing 
two sorts of changes to standard solid-state NMR sequences. 
On one hand, the pulse sequence header required for auto-
mation of projection angle determination was added to the 
sequence. On the other, the acquisition loops were adapted 
for four phases for each time increment for all non-0° and 
non-90° planes to obtain States quadrature detection in both 
indirect dimensions. As such, all increments were recorded 
using phase-sensitive incrementation by 90° shifts of each 
CP spin lock before any of the indirect time evolutions, con-
sequently yielding four FIDs per time increment. Processing 
to complex projection spectra at ± α angles was achieved as 
described by Kupce and Freeman (2004), by simple addition 
and subtraction of the individual FIDs and sorting the result-
ing FIDs into separate data sets for plus and minus angles.

Figure 1 exemplifies the orientation of different planes in 
three-dimensional frequency space. The orthogonal planes, 
i. e. projections with α = 0° or α = 90°, correspond to pro-
jections of the F3/F2 and F3/F1 planes in a conventional 
experiment and therefore should look the same compared 
with conventional projections (or conventional 2D spectra). 
The front plane (α = 0°) displays the NH plane with 1H as 
the direct dimension. The top plane (α = 90°) corresponds to 
the H/Cα plane. Both projections share the direct dimension.

The signals visible in non-orthogonal projections (Fig. 1 
right) consist of a mixture of the individual heteronuclear 
frequencies, such that their chemical shift in the indirect 
dimension depends on the angle α, as it is reflected in 
Eqs. 1–4. As the GAPRO algorithm performs a geomet-
ric reconstruction of peak positions, a plain peak list is 
the output. Figure 2 displays the overlaid HN shift corre-
lations from peak lists reconstructed for the different 3D 
experiments employed in this work after GAPRO analysis. 
The HN peaks group well, indicating that the reconstruc-
tion performs reliably for different experiments in terms of 
chemical-shift accuracy. The number of peaks obtained, 
however, slightly differs among the four experiments for dif-
ferent reasons: on one hand, different numbers of peaks are 
indeed expected from the kind of experiment. E.g., the H/N 
correlations of arginine and glutamine side chains are not 
visible in hCANH and hCOcaNH but show up in hCONH 
and hCAcoNH. On the other hand, however, reconstruction 
success is dependent on the separation of peaks in the vari-
ous projections (see below). Figure 2b gives examples for 
residues in crowded regions as well as for weak peaks that 
are not found in APSY although they are detectable in the 
conventional 3D experiment.

Table 2 shows the number of peaks that were recon-
structed by APSY in comparison to a dataset of experiments 
acquired conventionally. For all experiments ≥ 90% of the 

Table 1   List of angles α used for APSY on micro-crystalline SH3

For each non-orthogonal angle two sets of spectra are obtained, cor-
responding to the plane with an angle ± α. The angles were chosen to 
be equally distributed between 0° and 90°

α in ° # of angles Spectra 
per 
angle

0 1 1
90 1 1
38.9, 58.2, 21.9, 72.8, 11.4, 81.2, 

5.8, 50.4, 28.2, 45.0
10 2
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peaks could be reconstructed. The missing peaks are located 
in overlapping regions or are derived from residues particu-
larly affected by multiple magnetization transfer. As can also 
be seen in Fig. 2 (peaks outside groups of crosses), a small 
number of peaks can be considered as artifacts. Among all 
peaks in all experiments their relative number is small (ca. 
2.5%).

For isolated peaks, where the belonging of each peak 
is clear, we calculated the average deviation among the 

Fig. 1   Exemplary representation of projection planes. Shown in blue 
are the α = 0° and α = 90° planes, representing the HN and the HCα 
projections, and indicated in red are the ± projections of an arbitrary 

angle 0° < α < 90°. One such projection is depicted on the right. All 
axes are shown in the frequency domain, 0 Hz representing the car-
rier frequency, rather than in ppm

Fig. 2   a Overlay of H/N correlations from predicted peak positions of 
all acquired experiments after GAPRO analysis. The number of peaks 
varies among the experiments for different reasons. (See the text.) 
The peak positions, however, show reasonably high precision (aver-
age deviations of 0.005  ppm and 0.03  ppm for 1H and 15N, respec-
tively). Highlighted by red circles are artifact peaks (peaks not show-
ing up in the conventional 3D experiment). Black circles highlight 

examples for crowded regions that lead to difficulties for correct shift 
determination. b Overlay of 2D H/N projection of a conventional 
hCONH experiment (blue) and a 2D hNH experiment (red) with the 
corresponding APSY hCONH peaks (black crosses). In the zoomed 
spectral regions, correct analysis of the peak positions is more chal-
lenging due to spectral crowding or inefficient magnetization transfers

Table 2   An overview of the total number of peaks reconstructed by 
APSY in comparison with conventional experiments

Although on average 6% of the peaks expected are missing, APSY 
generally detects peaks correctly in the solid-state NMR context. The 
missing peaks can be considered as overlapping or weak

hCANH hCAcoNH hCONH hCOcaNH

APSY 50 52 61 51
Conventional 53 58 66 51
Fraction 94% 90% 92% 100%
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different experiments to determine the precision of the anal-
ysis. As already indicated visually in Fig. 2a the precision 
among different experiments is generally high, which is an 
important prerequisite for automated assignment. The aver-
age deviation among reconstructed shift values belonging to 
the same peak over all isolated peaks in the H/N projections 
and all acquired experiments is 0.005 ppm for the 1H dimen-
sion and 0.03 ppm for the 15N dimension, i.e., below the FID 
resolution in both cases. Whereas both dimensions show 
high precision for isolated and well-defined peaks, for peaks 
in more problematic crowded regions a deviation cannot be 
defined as it is not clear which actual peak a reconstructed 
shift belongs to.

As described in the “Experimental” section the hCANH 
experiment (22 2D planes) was recorded in ca. 12.5 h ini-
tially. A conventional 3D experiment with the same maxi-
mum incrementation (t1max of 29 ms and 16 ms in the 15N 
and 13C dimension, respectively) would require ca. 78 h, 
however, in praxis not so many increments would necessar-
ily be acquired (see below). We are comparing experiments 
with a comparable number of scans, since the experimental-
time considerations are most sensible with respect to the res-
olution-limited regime. The number of projections necessary 
depends on several factors, including sensitivity and num-
ber of expected peaks (Hiller et al. 2008; Hiller and Wider 
2012). As such, no general rule can be provided. In solution, 
5D APSY experiments have successfully been recorded with 
18 different 2D projections (Hiller et al. 2008; Hiller and 
Wider 2012). Therefore, we assumed that no more than 20 
projections (plus 2 orthogonal planes) should be required for 
3D spectra with on the order of 55 expected peaks. To find 
out how much further we could decrease the APSY record-
ing time, we reduced—exemplarily for the hCANH—the 
number of projections used for reconstruction in a stepwise 
manner. The number of peaks found for the initial set of 22 
projections was used as reference. These results are summed 
up in Table 3.

As shown in Table 3, the number of projections in our 
55-residues case can be reduced to ten non-orthogonal (plus 
two orthogonal) planes with only a slight effect on the num-
ber of identified peaks. (For less than ten non-orthogonal 
planes the results obtained were no longer reasonable.) For 
isolated and well-defined peaks, the reconstruction is still 
robust and accurate, as indicated by the RMSDs (chemical-
shift deviation from the reference peak position in conven-
tional data) for all dimensions (Table 3, bottom). These are 
on the order of the FID resolution and do not significantly 
vary between the different sets of projection planes. There 
are, however, some peaks whose reconstruction success does 
vary between conditions. These peaks represent the broad 
and weak ones in the conventional data set or such that suf-
fer from overlap. In the case of 16 non-orthogonal projec-
tions more peaks than in the reference are found. The case of 

reducing projections reveals the problem of reconstructing 
peaks in strongly overlapping regions and broad peaks.

This difficulty can also be seen in Fig. 3, which shows the 
overlaid H/N (left) and H/Cα peak positions for the differ-
ent completeness levels of hCANH input data in a pictorial 
way. Thus, it is possible to get reasonable results (accurate 
reconstruction) of the more unproblematic peaks even with 
less projections. In most cases, however, this comes hand in 
hand with an increased number of artifact peaks. Therefore, 
a high number of projections is indeed better in resolving 
overlapping regions and eradicating false peaks. The high 
accuracy is nicely represented by cross overlap in Fig. 3.

To obtain the best agreement with the untruncated data 
set, we had to slightly optimize the GAPRO parameters in 
each case, as is listed in the lower part of Table 3. Reasonable 
starting values for the parameters rmin and Δν correspond to 
the FID resolution in the indirect and direct dimension. The 
starting value for the support parameter Smin1,2 can be set to 
the dimensionality of the experiment, as it is recommended by 
the APSY program suite. As one can see from Table 3, how-
ever, the optimal support is significantly higher in our case. 
This indicates that for our conditions, noise and most artifacts 
are very well distinguished from actual peaks. However, one 
will find an increased number of artifacts when the support is 
set too low, or, conversely, the number of correct peaks will 
drop when the support is set too high. In the minimal-data 
case, the number of used projection planes and the support has 
increased from ca. 30% to over 50%. Therefore, it seems help-
ful to set the support and the matching tolerance high enough, 
as artifacts can be hard to distinguish from correct peaks, at 
least without a reference. (Usually, a reference 2D spectrum 
does exist.) In any case, when complementary experiments are 

Table 3   Completeness of reconstructed peaks in the hCANH experi-
ment for different numbers of projection planes employed

For more details on the parameters see Hiller et al. (2005, 2008b) and 
Hiller and Wider (2012)
a Smin1,2: minimal support needed for a peak candidate
b rmin: peak matching tolerance in the indirect dimension
c Δν: peak matching tolerance in the direct dimension
d Conventional 3D as reference for RMSD calculation

Number of planes 20 + 2 16 + 2 10 + 2 Conven-
tional 
3D

Peaks found 50 57 46 53
(GAPRO parameters:)
Smin1,2

a 7 7 7
rmin

b 50.0 Hz 40.0 Hz 55.0 Hz
Δνc 20.0 Hz 18.0 Hz 25.0 Hz
RMSDd 1H/ppm 0.034 0.033 0.036
RMSDd 15N/ppm 0.17 0.15 0.18
RMSDd 13C/ppm 0.18 0.19 0.19
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acquired, artifacts can be identified as peaks that appear only 
in one spectrum. As in solution, similar problems may occur 
for other GAPRO parameters as described in detail by Hiller 
et al. (2008b) and Hiller and Wider (2012).

Compared to the whole set with 20 non-orthogonal 
planes, the 10 + 2 set corresponds to an additional time sav-
ing of slightly less than a factor of two, as such resulting 
in an overall saving of 12 compared to the conventional 
experiment. In case the conventional 3D experiments were 
not acquired with such a high resolution and therefore long 
acquisition times (Under the conditions of this study, a more 
reasonable experimental time of 30 h would correspond to 
60 time increments in the 15N dimension and 40 time incre-
ments in the 13C dimension.), using APSY is still 2.5 times 
faster in spite of a significantly increased resolution. Again 
considering the hCANH, but now reducing the resolution 
of each indirect dimension by half (to 40 time increments 
corresponding to indirect acquisition times t1max of 14.4 ms 
and 8 ms for 15N and 13C respectively), we find no changes 
neither in the number of reconstructed peaks nor in their 
positions. This would allow to record the set of 22 spec-
tra, i.e. 20 non-orthogonal planes plus two orthogonal ones, 
in less than 8 h. Furthermore, GAPRO directly performs 
a peak picking and therefore manual and time-consuming 
peak picking may save time in more complicated data sets.

Discussion

The APSY method offers some advantages over other tech-
niques like Hadamard spectroscopy (Kupce et al. 2003) 
or NUS in the solid state. On the one hand, it does not 

require any kind of knowledge about the overall form of 
the spectrum, like regions without peaks. On the other 
hand, conventional FT-based processing routines can be 
used. There is no need for specialized NMRpipe scripts 
etc., however, the pulse program changes and processing 
features described need to be implemented. The underly-
ing GAPRO algorithm for creating the multidimensional 
peak list completes in < 1 min on modern computers, 
whereas e.g. NUS reconstruction by IST (Hyberts et al. 
2012) requires significantly more computation time for 
a comparable dataset on a conventional PC. Therefore, 
it is relatively easy and fast to optimize processing and 
GAPRO parameters for the projection planes of the under-
lying chemical shifts. Recombining the acquired FIDs to 
obtain ± angles in quadrature mode is currently the most 
time-consuming step of processing in our hands, which 
will be more pronounced when processing 4D, 5D, or 6D 
spectra. As APSY creates only peak lists and no generation 
of spectra is performed, APSY is predestined for the use of 
automated (backbone) assignment routines, in particular 
for high dimensionalities.

APSY can provide a significant saving of acquisition 
time already for low dimensional experiments. In general, 
the maximum time saving factor (for a 3D experiment) is

where 2(n + 1) corresponds to the number of individual pro-
jection planes with experimental time tAPSY each, obtained 
from n number of (positive) α values, and t3D corresponds 
to the experimental time of the conventional 3D experiment. 

(5)F =
t
3D

t
APSY

⋅ 2(n + 1)

Fig. 3   Comparison of reconstruction success for various levels of 
data completeness. The plots show a the shifts in the H/N plane and b 
in the H/C plane of a test hCANH experiment. Shifts are represented 
in orange (reference spectrum), blue (20 non-orthogonal projec-
tion planes), black (16 non-orthogonal projection planes), and green 

(10 non-orthogonal projection planes). Highlighted with red circles 
are artifacts that are found for different numbers of projections (see 
text). The accuracy and precision of peak positions remains high (see 
Table 3)
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The overall time saving, therefore, strongly depends on the 
number of acquired planes and the acquisition time in each 
of the indirect dimensions. As such, a specific factor for 
time saving depends on the requirements of the sample, and 
the number of projections has to be set individually. On the 
other hand, high resolution is achieved at a relatively lower 
cost than in conventional data acquisition. In theory, time 
savings of one order of magnitude can be easily obtained 
for three dimensions in the resolution-limited regime. This 
effect will be more pronounced when increasing the number 
of dimensions.

A major drawback of the (2D projection-based) APSY 
method is that the algorithm becomes less reliable when 
peak overlapping in any two-dimensional projections occurs. 
Obviously, however, such residues are also the ones where 
conventional experiments will have their shortcomings, and 
manual assignment will equally require complementary or 
higher-dimensionality experiments. Also for APSY, one can 
avoid this problem by using higher-dimensionality experi-
ments, as demonstrated for liquid-state NMR spectroscopy. 
Similarly, like for conventional spectroscopy, resolution 
problems can be further reduced in combination with spe-
cific labeling schemes (Krähenbühl et al. 2013; Gossert et al. 
2011). Generally speaking, well-resolved projection planes 
are required. Solid-state NMR tends to be associated with 
homogeneous and inhomogeneous line broadening, which 
exacerbates exactly this potential problem of overlapping 
peaks. On the other hand, owing to efficient magnetiza-
tion transfers irrespective of tumbling correlation times, 
the design of higher-dimensionality experiments has been 
shown to be facilitated (Vasa et al. 2018a; Fraga et al. 2017; 
Zinke et al. 2017). This is particularly important as APSY 
will rather suffer from low sensitivity than from overlap 
when using higher-dimensionality experiments (Hiller et al. 
2005). As such, APSY may represent an additional, valuable 
asset for many proteins of large effective molecular weight. 
By contrast, for inhomogeneous sample preparations, which 
can be tackled by conventional higher-dimensionality spec-
troscopy (Xiang et al. 2016) but for which proton line widths 
in the direct dimension are broad, it seems that APSY will 
remain challenging.

APSY does not analyze the intensity information or the 
contours of line shapes. For those cases it may be beneficial 
to use other sparse sampling methods, which each have their 
individual benefits and drawbacks, however. A general rule 
when to use which technique is difficult to set and strongly 
depends on the scope of the experiment as well as require-
ments. Nevertheless, APSY is one of those alternatives also 
for solid-state NMR and might offer the biggest time savings 
in particular for dimensions ≥ 3 if only chemical shifts are of 
interest. For a more detailed analysis of the several methods 
the authors would like to refer to (solution NMR) literature 
by Kazimerczuk et al. (2010) and Nowakowski et al. (2015). 

Besides the principle applicability of projection reconstruc-
tion for solid-state NMR demonstrated here, a vast space of 
far more complex experiments will open up by combination 
of methodology. The real advantages will come to play for 
the various higher-dimensionality experiments, which often 
no conventional alternative exists for to-date.

In conclusion, we have demonstrated the use of Auto-
mated Projection Spectroscopy (APSY) for solid-state NMR 
using proton-detected backbone assignment experiments 
on a small micro-crystalline protein. Despite the larger line 
widths in the solid state, APSY works reliably for most 
peaks and represents a viable direction for computer-aided 
signal assignment complementary to manual approaches. 
However, crowded regions cannot always be faithfully 
reconstructed even with high numbers of projection angles. 
Given that solid-state NMR spectra do have a higher ten-
dency for peak overlap, higher-dimensional APSY spectra 
than used here will be required already for lower-molecular-
weight proteins than for solution NMR APSY. Nevertheless, 
we think that APSY will be a complementary tool for those 
systems in solid state NMR that require higher-dimensional-
ity spectra due to spin system complexity. Even when using 
three-dimensional experiments, APSY offers a significant 
time saving and a suitable output for automatic assignment 
strategies. For higher dimensionality, it will thus represent a 
viable one out of a limited number of alternatives.
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