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A B S T R A C T

The feasibility of applying the spin-echo based diagonal peak suppression method in solid-state MAS NMR ho-
monuclear chemical shift correlation experiments is demonstrated. A complete phase cycling is designed to 
generate sine- and cosine-modulations of the chemical shift difference between the spin-diffused signals, 
enabling the quadrature detection in the indirect dimension. Meanwhile, all signals not involved in polarization 
transfer are refocused at the center of the indirect dimension. A data processing algorithm is developed to extract 
and suppress these spin-echo refocused signals without affecting nearby spin-diffused cross peaks. The processed 
spectrum is then converted into a conventional two-dimensional homonuclear chemical shift correlation spec-
trum, free of diagonal peaks. The effectiveness of this method is illustrated using a uniformly 13C-labeled Fmoc- 
leucine sample and a sample of human Atg8 homolog LC3B, directly conjugated to the amino headgroup of 
phosphatidylethanolamine (PE) lipids in liposomes.

1. Instruction

In recent decades, solid-state magic-angle-spinning (MAS) NMR has 
rapidly emerged as a powerful technique for studying insoluble proteins. 
Among the most routine experiments, 13C–13C homonuclear correlation 
spectroscopy provides essential long-range carbon‑carbon distance re-
straints for the structural determination of uniformly 13C and 15N 
labeled proteins. However, strong autocorrelated signals, or diagonal 
peaks, are inevitably present and typically more intense than cross peaks 
in 13C–13C homonuclear chemical shift correlation NMR spectra. These 
diagonal peaks arise not only from the 13C-labeled proteins under 
investigation but also from natural abundance 13C signals in membrane- 
mimetic environments and lipids, which are essential and integral 
components of membrane proteins. While cross peaks contain valuable 
information about distance restraints among nuclei, the strong diagonal 
peaks provide little additional information and often obscure nearby 

weak cross peaks. Additionally, the intense diagonal signals often cause 
t1-noise and other artifacts in the indirect dimension [1,2]. Therefore, 
suppressing diagonal peaks in the homonuclear correlation spectra is 
critical for revealing these useful but buried cross peaks for structural 
studies.

Double-quantum (DQ) coherence is known to be effective for 
selecting coupled spins while removing all uncoupled signals, such as 
those from natural abundance isotopes or from membrane-mimetic en-
vironments and lipids that support membrane proteins [3–6]. For 
instance, the DQ filtered correlation spectroscopy (DQF-COSY) can be 
used to obtain correlations between coupled spins in a system, effec-
tively eliminating unwanted background signals from uncoupled spins 
[7], but their diagonal peaks remain. INADEQUATE [7] is another 
method utilizing DQ filtering to obtain the connectivity between 
coupled spins in DQ-SQ (single-quantum) correlation spectra, while also 
suppressing those unwanted background signals from uncoupled spins. 
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This method is very effective for those spins that are in close approxi-
mate, even if their chemical shifts are identical, but not for those spins 
that are in a longer range, thus incapable of obtaining long-range dis-
tance restraints between the labeled 13C sites necessitated for NMR 
protein structural elucidations. Through-space 13C–13C spin diffusion 
[8–11] remains to be an effective way to obtain such long-range distance 
restraints.

Recently, Xue et al. [12] utilized different signals from cross polar-
ization (CP) steps in each scan, i.e., the CP-transferred signals that 
participate in spin diffusion process through 1H and the CP-non- 
transferred signals that do not involve in spin diffusion. Subtracting 
these two signals leads to partial attenuation of the diagonal peaks 
without affecting the sensitivity of the cross peaks. On the other hand, 

based on the spin-echo based diagonal peak suppression (DIPS) method 
proposed in solution NMR [13], a sophisticated phase cycling scheme 
[14] has been used in solid state MAS NMR spectroscopy to select a sine 
modulation of the chemical shift difference between the spin-diffused 
signals in the indirect (i.e., t1) dimension, while completely suppress-
ing all autocorrelated peaks. Fourier transform of the sine-modulated 
signals results in a spectrum with pairs of positive and negative peaks 
positioning symmetrically at the chemical shift difference between the 
correlated sites with respect to the spectral center in the indirect 
dimension. This spectrum can be reconstructed into a standard chemical 
shift correlation spectrum free of diagonal peaks after a post-processing 
procedure [15]. However, the presence of the positive and negative 
peaks may lead to signal cancellation from different pairs of the spin- 
diffused signals, particularly in crowded 2D spectra of proteins.

Here, we revisit the spin-echo based method and design another set 
of phase cycling to select a cosine modulation of the chemical shift 
difference between spin-diffused signals in the t1 dimension. As a result, 
quadrature detection of the chemical shift difference between the spin- 
diffused signals in the t1 dimension is achieved through the hypercom-
plex method by combining both sine and cosine modulations. This 
approach ensures that all spin-diffused cross peaks in the resulting 
spectrum are positive, while all autocorrelated signals are refocused, as 
in the standard spin echo experiment, and appear at the zero-frequency 
along the t1 dimension. Furthermore, an algorithm for a post data pro-
cessing protocol is developed to remove these spin-echo refocused sig-
nals, resulting in complete removal of diagonal peaks in the 
reconstructed spectra. A uniformly 13C, 15N labeled Fmoc-valine sample 
and a sample of human Atg8 homolog LC3B, directly conjugated to the 
amino headgroup of phosphatidylethanolamine (PE) lipids in liposomes, 
were used to demonstrate the suppression of diagonal peaks in the 
13C–13C correlation spectra and to evaluate the performance of this 
method in comparison with the standard 13C–13C correlation spectra.

Table 1 
Phase cycling used in Fig. 1c to generate the pure sine and cosine modulations of 
the chemical shift difference between two spin-diffused spins.

To generate sine 
modulation

φ1 1 3
φ2 1 1 1 1 3 3 3 3 2 2 2 2 0 0 0 0
φ3 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 3 3 3 3 3 3 3 3 2 2 

2 2 2 2 2 2
φ4 2 2 0 0
φ5 0
Receiver 1 3 3 1 3 1 1 3 1 3 3 1 3 1 1 3 3 1 1 3 1 3 3 1 3 1 

1 3 1 3 3 1

To generate cosine 
modulation

φ1 1 3
φ2 1 1 1 1 3 3 3 3 2 2 2 2 0 0 0 0
φ3 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 3 3 3 3 3 3 3 3 2 2 

2 2 2 2 2 2
φ4 1 1 3 3
φ5 1
Receiver 0 2 2 0 2 0 0 2 0 2 2 0 2 0 0 2 2 0 0 2 0 2 2 0 2 

0 0 2 0 2 2 0

Here 0, 1, 2, and 3 represent the phase direction of x, y, − x, and − y, respectively.

Fig. 1. (a) Pulse sequence used for standard 13C–13C correlation experiments in solid-state NMR and (b) its resonance pattern in a 2D spectrum. (c) Pulse sequence for 
diagonal peak suppression scheme in solid-state NMR and (d) its 2D resonance pattern. Here, DARR refers to dipolar assisted rotational resonance irradiation during 
the mixing time for enhancing 13C–13C spin diffusion; “DEC” represents decoupling irradiation. The open rectangle in 1H channel and solid rectangles in 13C channel 
stand for 90o pulses. While ΩI and ΩS represent two 13C signals that correlated with each other. The complete phase cycling designed to select the chemical shift 
difference terms is listed in Table 1.
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2. Methodology

Fig. 1a shows the pulse sequence for standard 13C–13C chemical shift 
correlation experiments in solid-state NMR. After enhanced through 
cross polarization from 1H, the 13C magnetization evolves under high- 
power 1H decoupling for a period of time t1, followed by a 90◦ pulse 
to flip the magnetization from the xy plane to the z-axis. Along the 
longitudinal axis, the 13C–13C spin diffusion is enhanced through dipolar 
assisted rotational resonance (DARR) [9,16] during a mixing time of 
tmixing to transfer the 13C magnetization from one site to others. The 
magnetization is brought back to the xy plane at the end of the mixing 
time by the second 90◦ pulse for detection under high-power 1H 
decoupling. Here we use an I–S two-spin system for simplicity to illus-
trate the correlation between the I and S spins where their respective 
chemical shifts are ΩI and ΩS. Assuming no J-coupling is present be-
tween these two spins, the I and S magnetizations evolved at different 
stages in the pulse sequence can be described as follows:

After cross polarization, we have
(a): IX + SX
When evolving for the t1 period under their respective frequencies, 

these magnetizations become
(b): IXcos(ΩI t1)+ IYsin(ΩI t1)+ SXcos(ΩSt1)+ SYsin(ΩSt1)
Applying a 90◦

y (i.e. φ2 = y) to flip IX and SX components to the z- 
axis, we obtain

(c): − IZcos(ΩI t1)+ IYsin(ΩI t1) − SZcos(ΩSt1)+ SYsin(ΩSt1).
During tmixing, the magnetizations along the z-axis are diffused be-

tween I and S, while the magnetizations remaining in the xy-plane will 
eventually be dephased (or suppressed through the phase cycling). Thus, 
we have

(d): − (CIIX + CI→SSX)cos(ΩI t1) − (CSSX + CS→IIX)cos(ΩSt1).
Here, Cj→k is the transfer coefficient from j to k spin during the 

mixing time, while CI and CS stand for the self-transfer coefficients for 
the I and S spin over the mixing time, which depend on their spin-lattice 
relaxation times as well as the amount of magnetizations diffused away 
from I to S and from S to I, respectively. After the second 90◦, the I and S 
spins evolve under their respective chemical shifts during the detection 
in the t2 dimension, the observed signals can be represented, when using 
the quadrature detection in the t1 dimension, by: 

s(t1, t2) = CIe− iΩI t1 e− iΩI t2 +CS→Ie− iΩSt1 e− iΩI t2 +CI→Se− iΩI t1 e− iΩSt2

+CSe− iΩSt1 e− iΩSt2
(1) 

Clearly, the CI and CS terms exhibit their own chemical shift modu-
lations in both t1 and t2 dimensions, corresponding to the diagonal peaks 
after Fourier transform. In contrast, the CI→S and CS→I terms carry 
different chemical shift modulation in the t1 and t2 dimensions, leading 
to the cross peaks between the I and S spins, as illustrated in Fig. 1b.

The pulse sequence we designed to suppress diagonal peaks is shown 
in Fig. 1c. After the second 90◦ pulse, the evolution for another t1 period 
generates time modulations for various frequencies: ΩI, ΩS, ΩI + ΩS, 
ΩI − ΩS, and 0 (i.e., ΩI − ΩI or ΩS − ΩS). With two additional 90◦ pulses 
at the end of the second t1 period, we can select either a sine or a cosine 
modulation for the chemical shift difference ΩI − ΩS, as detailed in 
Supplemental Information:

(sg): CI→SSYsin((ΩI − ΩS)t1 )+ CS→IIYsin((ΩS − ΩI)t1 )
(cg): CIIX + CI→SSXcos((ΩI − ΩS)t1 )+ CSSX + CS→IIXcos((ΩS − ΩI)t1 )
Therefore, with the hypercomplex method, the observed signals 

during the t2 detection period are 

s(t1, t2)=CIe− iΩI t2 +CS→Ie− i(ΩS − ΩI)t1 e− iΩI t2 +CI→Se− i(ΩI − ΩS)t1 e− iΩSt2 +CSe− iΩSt2 .

(2) 

Clearly, the CI and CS terms are independent of t1, implying that the 
spin-echo refocused diagonal peaks appear at the zero-frequency in the 
t1 dimension. While the spin-diffused CI→S and CS→I terms appear at the 
positions of their chemical shift differences in the F1 indirect dimension, 
representing the cross peaks between the I and S spins. Unlike the sine 

modulation of ΩI − ΩS that leads to a pair of peaks positioning at the 
frequency of ±(ΩI − ΩS) with opposite signal intensities in the F1 
dimension [14], this hypercomplex method allows to obtain all positive 
peaks with their distinct positions at (ΩI − ΩS) and (ΩS − ΩI), as illus-
trated in Fig. 1d. While the diagonal peaks are spin-echo refocused and 
should be symmetric with respect to the center in the F1 dimension. We 
refer this quadrature detected diagonal peak suppression DARR scheme 
as QDDIPS-DARR in the following discussion.

The question is whether these spin-echo refocused peaks can be 
extracted through data processing and subsequently suppressed in the 
QDDIPS-DARR spectrum. To address this, we have developed a data 
processing algorithm, as illustrated in Fig. 2, to directly extract the di-
agonal peaks from the QDDIPS-DARR spectrum and then completely 
subtract them. The process begins by taking a slice along the F1 
dimension from the F2 dimension. Because any diagonal peaks are ex-
pected to appear along the zero-frequency line in the F1 dimension, this 
selected slice is first examined whether there exists any signal above the 
noise level in the spectral center. If not, the process moves onto the next 
F2 slice. If yes, this zero-frequency peak likely contains a diagonal peak 
and possible cross peaks that locate near the diagonal peak. The spin- 
echo refocused diagonal peak exhibits a symmetric lineshape and can 
be characterized by two parameters: the linewidth and the Gaussian/ 
Lorentzian ratio. In contrast, the characteristics for any possible cross 
peaks, such as lineshapes and peak positions, are unknown. Thus, we do 
not intend to fit all peaks in the vicinity of the center of the F1 dimen-
sion. Instead, we try to extract only the diagonal peak and then subtract 
it from the selected slice.

The key challenge in this process is to differentiate the diagonal peak 
and any possible cross peaks. To address this, we simply sum the selected 
slice with its flipped counterpart. Since the diagonal peak is symmetric 
but the cross peaks shift from one side to another side upon flipping the 
slice, i.e., from (ΩI − ΩS) to (ΩS − ΩI), such a summation doubles the 
intensity of the symmetric diagonal peak while leaving the cross-peak 
intensities unchanged, provided that their linewidths at the half- 
height are smaller than the chemical shift separation between the 
cross peaks and the diagonal peak. Therefore, the diagonal peak be-
comes more prominent in this summed slice, allowing us to focus on the 

Fig. 2. Data processing flowchart to extract the symmetric spin-echo refocused 
diagonal peaks and subtract them from the QDDIPS-DARR spectrum.
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top portion of the zero-frequency peak to generate a diagonal peak 
through the lineshape fitting without needing to count for any under-
lying cross peaks. It is to note that even if the cross-peak linewidths are 
larger than their chemical shift separation from the diagonal peak, their 
intensities will only be summed partially, such that the relative intensity 
of the diagonal peak over the cross peaks still increases in the summed 
slice. In the extreme case where the cross peaks are completely over-
lapped with the diagonal peak, this summation does not change the 
relative intensities between them, which, in principle, requires a fitting 
that models a diagonal peak with three variables (linewidth, intensity, 
and Gaussian/Lorentzian ratio) and all cross peaks, each with four 
variables (position, linewidth, intensity, and Gaussian/Lorentzian 
ratio), which is highly challenging due to the unknown nature for the 
cross peaks. Nevertheless, as long as the diagonal peak is more intense 
than the cross peaks, this simplified fitting process that we propose here 
should still be valid.

Once the diagonal peak is extracted, we can subtract it completely 
from the selected slice, so that this slice contains no diagonal peak 
anymore. By repeating this process over the entire F2 dimension, we can 
obtain a QDDIPS-DARR spectrum free of diagonal peaks. Lastly, we use 
the same data reconstruction procedure as in [14] to transform the 
QDDIPS-DARR spectrum into a standard homonuclear correlation spec-
trum with no diagonal peaks.

3. Experimental

13C labeled Fmoc-leucine was purchased from Cambridge Isotope 
Laboratories, Inc. and used without further purification. All NMR ex-
periments were carried out on a Bruker Avance III 600 MHz NMR 
spectrometer operating at the resonance frequency of 600.13 MHz for 
1H and 150.82 MHz for 13C using a NHMFL 3.2 mm low-E double- 
resonance biosolids MAS probe [17]. The sample spinning rate was 

controlled by a Bruker pneumatic MAS unit at 12.5 kHz ± 3 Hz. The 13C 
magnetization was enhanced by cross-polarization (CP) with a contact 
time of 1 ms, during which a 1H spin-lock field of 50 kHz was used and 
the 13C B1 field was ramped from 38 to 56 kHz. The 13C 90o pulse length 
used was 3.0 μs. A SPINAL64 decoupling sequence [18] with a 1H B1 
filed of 78.0 kHz was used during the t1 and t2 dimensions. During the 
mixing time of tmixing = 50 ms, a 1H B1 field of 12.5 kHz was applied for 
the DARR irradiation to enhance the 13C–13C spin diffusion. The spectral 
widths for the t2 and t1 dimensions were 100 and 50 kHz, respectively. 
3072 data points were acquired in the t2 dimensions. In the t1 dimen-
sion, 1200 points were obtained in both DARR and QDDIPS-DARR ex-
periments so that both DARR and QDDIPS-DARR experiments has the 
same t1 acquisition time. 32 scans were used in both experiments. The 
data were zero-filled to a 4096 × 8192 matrix before Fourier transform 
and no window functions were used in both dimensions in the data 
processing. The 13C chemical shifts were referenced to the carbonyl 
carbon resonance of glycine at 178.4 ppm, relative to 4,4-dimethyl-4- 
silapentanesulfonate sodium (DSS).

4. Results and discussion

Fig. 3a shows the 13C CPMAS NMR spectrum of the Fmoc-leucine 
sample. The isotropic chemical shifts for the six labeled 13C carbons in 
the leucine group (i.e. C′, Cα, Cβ, Cγ, Cδ1, and Cδ2) were uniquely 
assigned: δC′ = 176.0, δCα = 54.2, δCβ = 49.6, δCγ = 27.5, δCδ1 = 27.1, and 
δCδ2 = 23.4 ppm as labeled in the spectrum. With a mixing time of tmixing 
= 50 ms used in the experiments, spin diffusion takes place among all 
carbons, as shown in the 13C–13C correlation spectrum (c.f. Fig. 3b). For 
instance, the cross peaks at upper-left (δCα, δC′) and lower-right (δC′, δCα) 
correspond to the correlation between the two diagonal peak positions 
of Cα and C′. In particular, the protonated Cγ carbon and the methyl Cδ1 
carbon, whose chemical shifts differ only by 0.4 ppm, are differentiated 

Fig. 3. (a) 1D 13C CPMAS spectrum of the Fmoc-leucine sample. (b) 13C–13C correlation spectrum. (c) QDDIPS-DARR spectrum.
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through the dipolar dephasing experiment [19], as shown in Fig. S2. The 
cross peaks between these two carbons appearing at (δCγ, δCδ1) and (δCδ1, 
δCγ) are so close to the diagonal axis, thus forming a typical butterfly 
pattern as indicated in the zoom-in spectrum.

Fig. 3c shows the 2D QDDIPS-DARR spectrum, where the cross peaks 
appear at their chemical shift difference positions and the autocorre-
lated peaks are located along the zero-frequency line, i.e., at the center 
in the F1 dimension. As an example, the cross peaks at (δCα, δC′) and (δC′, 
δCα) in the standard DARR spectrum (c.f., Fig. 3b) appear at (δC′-δCα, δC′) 
and (δCα-δC′, δCα) as indicated in the QDDIPS-DARR spectrum. Since the 
autocorrelated peaks are the spin-echo refocused signals, they should be 
symmetric along the zero-frequency line as long as their cross peaks, if 
any, are outside the spin-echo refocused peak range. For instance, as 
shown in the insert of Fig. 3c, the (0, δCδ2) peak at 23.4 ppm is symmetric 
because the cross peak (δCδ2- δCδ1, δCδ2) is at − 3.7 ppm, far away from 
the (0, δCδ2) peak range. However, when the cross peaks are close to the 
zero-frequency line, the peaks at the zero-frequency line become 
asymmetric. As shown in the zoom-in spectrum of Fig. 3c, due to the 
nearby cross peaks at (δCγ-δCδ1, δCγ) and (δCδ1-δCγ, δCδ1), a small shoulder 
appears in the positive part of the F1 dimension along δCγ and in the 
negative part along δCδ1. Therefore, our task is to extract the symmetric 
diagonal peaks of (0, δCγ) and (0, δCδ1) from these asymmetric peaks 
around the zero-frequency line, so that we can suppress the symmetric 
diagonal peaks and thus fully discover the cross peaks (δCγ-δCδ1, δCγ) and 
(δCδ1-δCγ, δCδ1). A MATLAB program has been written to implement this 
data processing algorithm, as detailed in Fig. 2.

Here, we use the δCγ peak as an example to illustrate this process. The 

enlarged QDDIPS-DARR spectrum in Fig. 4a shows only the δCγ and δCδ1 
region, where the asymmetry is apparent due to the presence of cross 
peaks between the two resonances. The slice taken along the δCγ peak at 
27.5 ppm (c.f., Fig. 4a) from the QDDIPS-DARR spectrum is shown in 
blue in Fig. 4b, while its flipped counterpart is shown in red. Clearly the 
selected slice and its flipped slice differ due to the presence of the cross 
peak at (δCγ-δCδ1, δCγ). Adding them together doubles the symmetric 
diagonal peak but not the cross peak, making the diagonal peak more 
distinguishable in the summed spectrum (black in Fig. 4b) than in the 
selected slice (blue) taken directly from the QDDIPS-DARR spectrum. 
Therefore, the symmetric diagonal peak (dashed line in Fig. 4c) can be 
obtained by fitting the top portion of the summed spectrum with a 
minimum influence from the cross peaks, which are buried in the base of 
the summed spectrum. In general, the lineshape for the diagonal peak is 
comprised of Gaussian and Lorentzian components: 

LSDP(f1) = (1 − k)exp

[
− ln(2)(f1)2

(LW/2)2

]

+(k)
(LW/2)2

(LW/2)2
+ (f1)2, (3) 

where LW is the linewidth, k is the relative ratio for the Lorentzian 
component over Gaussian, and f1 represents the frequency in the F1 
dimension. Both LW and k are used as the variables in the lineshape 
fitting. The green dashed line in Fig. 4c shows the fitted diagonal peak by 
fitting the top region of the zero-frequency peak in the black spectrum 
(the sum of the selected slice and its flipped slice) within the range from 
− 0.89 to +0.89 ppm, about the linewidth at the half-height of the di-
agonal peak. This obtained diagonal peak was then scaled by 0.5 (due to 

Fig. 4. (a) QDDIPS-DARR spectrum of the Fmoc-leucine sample. (b) Slice (blue) taken along 27.5 ppm, its flipped slice (red), and the sum of them (black line); (c) 
Diagonal peak (green dashed line) obtained though fitting the top portion of the black spectrum. (d) Subtraction of the fitted diagonal peak (green dashed line) from 
the selected slice (blue), resulting in diagonal peak free spectrum (red line). (e) QDDIPS-DARR spectrum after subtracting the diagonal peaks. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the doubling of its intensity in the process) and then subtracted from the 
selected slice (blue), as shown in red in Fig. 4d. By applying this process 
across the entire F2 dimension, the diagonal peaks can be largely 
removed from the QDDIPS-DARR spectrum, as shown in Fig. 4e.

Once the diagonal peaks are removed from the QDDIPS-DARR spec-
trum, the standard 13C–13C correlation spectrum can be reconstructed 
using the same procedure as detailed in the reference [14]. Fig. 5 shows 
the reconstructed QDDIPS-DARR spectrum for the Fmoc-leucine sample, 
which shows the same pattern for the cross peaks but significantly less 
intensities for the diagonal peaks, as compared with the DARR spectrum 
in Fig. 3b.

Next, we applied this method to the 13C,15N labeled LC3B within 
liposomes. LC3B is a human homolog of the ubiquitin-like Atg8 protein, 
and its direct covalent conjugation to the amino headgroup of PE lipids 
in the autophagosomal membrane is a crucial step in autophagosome 
biogenesis during autophagy [20–23]. The LC3B-PE conjugate triggers 
the membrane expansion of the phagophore and serves as a marker for 
autophagic cargo. Here, 13C,15N-labeled LC3B was conjugated to PE in 
sonicated liposomes (POPC:DOPG:DOPE = 3:2:5, molar ratio) using an 
E1-like mouse Atg7 and an E2-like human Atg3 enzymes. Details about 

Fig. 5. Reconstructed QDDIPS-DARR spectrum of the Fmoc-leucine sample 
showing suppression of diagonal peaks. The diagonal axis is guided by the red 
lines. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 6. Experimental results of 13C,15N-labeled LC3B-PE in liposomes. (a) The standard DARR spectrum. (b) The reconstructed QDDIPS-DARR spectrum. (c) Slices 
taken along the red dashed lines indicated in the spectra. Both the standard DARR and QDDIPS-DARR spectra were recorded on a Bruker Avance III 600 MHz NMR 
spectrometer. The sample spinning rate was 12.5 kHz. The CP condition was the same as in Fig. 3. 128 scans were used to accumulate each of 1024 t1 increment. A 
20 ms mixing time was used in both experiments. A Gaussian window function (LB = − 30 Hz and GB = 0.1) was applied in both dimensions during the data 
processing. The asterisk in the slices indicate the positions of the diagonal peaks. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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the sample preparation, including protein expression and purification, 
are given in the Supplemental Material. The conjugated 13C,15N-labeled 
LC3B-PE in liposomes was subsequently packed into a rotor for solid- 
state NMR analysis. Fig. 6 shows the 13C–13C correlation spectra of the 
13C,15N-labeled LC3B-PE in liposomes. In the standard DARR spectrum 
in Fig. 6a, the strong diagonal peaks from the 13C-labeled proteins, as 
well as from natural abundance lipids, obscure cross peaks that are close 
to the diagonal axis, particularly in the sidechain carbon region between 
20 and 40 ppm and in the Cα region. For comparison, in the recon-
structed QDDIPS-DARR spectrum (c.f., Fig. 6b) the resonance patterns 
away from the diagonal axis remain the same, while almost no diagonal 
peaks are present along the diagonal axis. As a result, cross-peaks that 
are close to the diagonal axis can now be readily identified. Slices taken 
from the DARR and reconstructed QDDIPS-DARR spectra further illus-
trate that the strong diagonal peaks (indicated by the asterisks in Fig. 6c) 
in the DARR spectrum are markedly reduced in the reconstructed 
QDDIPS-DARR spectrum (c.f. Fig. 6d), while the off-diagonal peaks (i.e., 
the cross peaks) remain the same. It is to note that the cross-peak in-
tensities in the reconstructed QDDIPS-DARR spectrum appear to be lower 
than those in the DARR spectrum. As an example, the signal-to-noise 
ratio for the cross peak at (62.4, 70.7) ppm was measured to be 15.2 
and 7.6, respectively, from the standard DARR spectrum in Fig. 6a and 
from the reconstructed QDDIPS-DARR spectrum in Fig. 6b. This occurs 
because only 50 % of the spin-diffused signals remain in the sine and 
cosine modulations of the chemical shift differences in this spin-echo 
based diagonal peak suppression method, as indicated in Eqs. (7) and 
(14) in the Supplemental Material. Additionally, since the QDDIPS-DARR 
scheme uses two t1 evolution periods, signals with unfavorable T2* 
relaxation time may experience further reduction in the signal-to-noise 
ratio as compared to the standard DARR experiments.

It is to note that any pulse imperfections, offset effects, and instru-
mentation instability might produce artifacts or cause t1-noises in the F1 
dimension, as this proposed QDDIPS-DARR scheme uses a complete set of 
phase cycling steps to select the sine/cosine modulations in the t1 
dimension by canceling out many other unwanted signals. However, any 
artifacts or t1-noises should have limited impacts on the proposed di-
agonal peak extraction algorithm. This is because adding a slice and its 
flipped counterpart preserves the symmetry of a zero-frequency peak 
while enhancing the signal-to-noise ratio relative to any t1-noises. As a 
result, the diagonal peak can be reliably extracted and subsequently 
suppressed using our proposed fitting procedure. Furthermore, any t1- 
noises in the reconstructed QDDIPS-DARR spectrum could be suppressed 
through additional symmetric operation, similar to the method used in 
solution NMR [24,25]. Although such a symmetric operation is not 
common in solid-state NMR chemical shift correlation spectra, it offers a 
potential means for suppression of artifacts.

5. Conclusion

The quadrature detected spin-echo based diagonal peak suppression 
method, i.e., QDDIPS-DARR, has been proposed in high-resolution solid- 
state MAS NMR homonuclear chemical shift correlation experiments. A 
comprehensive phase cycling is designed to select the sine and cosine 
modulations of the chemical shift difference between the spin-diffused 
signals in the indirect dimension, allowing for quadrature detection 
through the hypercomplex method. Signals that do not participate in 
polarization transfers do not evolve in the indirect dimension and thus 
appear at the center of the indirect dimension. Furthermore, a post-data 
processing algorithm has been developed to extract the lineshapes of 
these spin-echo refocused signals and remove them from the center of 
the indirect dimension. The reconstruction of the resulting spectrum 
yields a conventional-like homonuclear correlation spectrum free of 
diagonal peaks. Experimental results demonstrate that over 99 % of the 
diagonal peak intensities could be suppressed, while approximately 50 
% of the cross-peak intensities remain in the reconstructed QDDIPS- 
DARR spectrum, with possibly further decrease due to the doubling of 

the t1 evolution time. Nevertheless, this efficient diagonal peak sup-
pression method offers the potential to identify cross-peaks close to the 
diagonal axis, such as between Cα resonances and between aliphatic 
carbons from different residues in proteins, in homonuclear chemical 
shift correlation spectra. This will be beneficial for resonance assign-
ments and structural characterizations [26,27].
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