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Abstract 

Recently, proton-detected magic-angle spinning (MAS) solid-state nuclear magnetic resonance (NMR) 

spectroscopy has become an attractive tool to study the structure and dynamics of insoluble proteins 
at atomic resolution. The sensitivity of the employed multidimensional experiments can be 

systematically improved when both transversal components of the magnetization are transferred 

simultaneously after an evolution period. The method of preservation of equivalent pathways has 

been explored in solution-state NMR; however, it does not find widespread application due to 
relaxation issues connected with increased molecular size. We present here for the first time 

heteronuclear transverse mixing sequences for correlation experiments at moderate and fast MAS 

frequencies. Optimal control allows to systematically boost the signal-to-noise ratio (SNR) beyond the 

expected factor of √2 for each indirect dimension. In addition to the carbon-detected sensitivity-

enhanced 2D NCA experiment, we present a novel proton-detected, doubly sensitivity-enhanced 3D 

hCANH pulse sequence for which we observe a 3-fold improvement in SNR compared to the 
conventional experimental implementation. The sensitivity gain turned out to be essential to 

unambiguously characterize a minor fibril polymorph of a human lambda-III immunoglobulin light 

chain protein that escaped detection so far. 
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Nuclear magnetic resonance (NMR) is a versatile technique with a wide range of applications in 

chemistry. In structural biology, solid-state NMR has recently reached a similar level as solution-state 

NMR and has been used recently to determine the structure of insoluble proteins such as amyloids 
fibrils,1,2 cytoskeleton associated factors,3 phage coat or tail spike proteins,4,5 and membrane 

proteins.6,7 This advance has been enabled by the recent progress in sample preparation including 

various isotope labeling strategies,8 development of fast magic-angle-spinning (MAS) hardware9 

yielding more efficient averaging of anisotropic interactions,10 and the availability of ultrahigh 
magnetic fields resulting in increased resolution and sensitivity.11 In analogy to solution-state NMR, 

numerous proton-detected multidimensional solid-state NMR experimental schemes have been 

developed12–14 to increase the effective resolution and to resolve the massive overlap of resonances in 

large protein systems. However, sensitivity remains the major obstacle for a broader applicability, in 
particular in the solid-state, due to the integrated loss of sensitivity in the multiple magnetization 

transfer elements in high-dimensional pulse schemes. Evolution periods are used to encode the 

chemical shift information of a particular nucleus (spin I) into the phase of the coherence, reflected by 
the two transverse magnetization components directed along the x and y axes (Figure 1). 

Conventionally, only one magnetization component is selected and transferred to the coupled nucleus 

(spin S), while the second component is not recovered. Chemical shifts are encoded in modulations of 

the signal amplitude. This selection results in a reduction of the signal-to-noise ratio (SNR) by a factor 

of 2("#$)/' in a general N-dimensional correlation experiment. In solution-state NMR, ‘sensitivity-

enhanced’ implementations of 2D experiments have been developed, where both transverse 
magnetization components are transferred from spin I to S. There, the chemical shift information is 

encoded in modulations of the signal phase. This technology has been denoted ‘preservation of 

equivalent pathways’ (PEP)15 or ‘coherence order selective’ (COS)16 transfers. In the heteronuclear 
correlation experiment, two successive INEPT-like refocusing elements are used. To transfer both the 

x and y component, one component is intermittently stored as longitudinal magnetization while the 

other component is preserved as multiple-quantum coherence.17 The duration of such a PEP/COS 

transfer scheme is increased by a factor of two which yields a loss of intensity due to relaxation 
especially for large protein complexes. As a consequence, the SNR in a doubly sensitivity-enhanced 3D 

HNCO experiment recorded for the protein rhodniin (103 amino acids) is improved only by a factor of 

1.22 instead of the expected two-fold gain.18 Similar homonuclear correlation experiments (TOCSY) 

can make use of an isotropic mixing Hamiltonian that is active during the spinlock transfer.19  
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Figure 1. Principle of sensitivity enhancement. (A,B) Two components have to be acquired in the 

indirect evolution period for each 𝑡$ increment to yield sign discrimination of frequencies and phase 
-sensitive spectra.20 In the States acquisition scheme,21 the cosine and sine modulated signals (FID 1 

and FID 2) are obtained by transferring the real and imaginary component sequentially. In 

sensitivity-enhanced experiments, two phase-modulated FIDs are recorded that are associated with 

echo 𝐹( and anti-echo 𝐹# pathways,16 (that can be discriminated by the 180°-pulse p). The two FIDs 
are added and subtracted to yield the cosine and sine modulated signals with a two-fold higher 

amplitude. Due to noise accumulation, the SNR is increased by a factor of √2. (C) Experimental 

spectra obtained for the two components recorded for the increment 𝑡$=0. For ramp-CP, only the 

cosine modulated FID contains signal (FID 1, black), while there is signal in both 𝐹( and 𝐹# FIDs after 

the TROP pulse (red). In addition, TROP benefits from compensation of rf inhomogeneities yielding 

improved efficiency. The spectra show the Cα resonances of a microcrystalline f-MLF peptide 
sample. Experimental details are provided in the Supporting information.  
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Most of the magnetization transfer techniques in solid-state NMR developed so far have been 

designed to transfer only a single component. It includes the most popular cross-polarization 

experiment employed as a standard building block in multidimensional experiments. The potential of 
sensitivity enhancement by the PEP scheme has been largely overlooked in solid-state NMR, with a 

few exceptions.22–30  Gopinath and co-workers25–27 presented sensitivity-enhanced experiments to 

measure dipolar couplings in static and oriented samples. In rotating solids, Tycko24 suggested a 

sensitivity-enhanced 2D carbon-carbon correlation experiment using a finite pulse radio-frequency-
driven recoupling31 at a MAS frequency of 25 kHz. Khaneja et al.28,29 introduced theoretically the so 

called 𝛾-preparation scheme that combines modulation of the coherence phase by chemical shifts with 

the crystallite orientation dependency during the magnetization transfer. Tošner et al.30 used optimal 

control to design an effective isotropic mixing Hamiltonian in a 13C homonuclear spin system. So far, 
however, there is no study in the literature devoted to sensitivity-enhanced proton detected 

heteronuclear correlations at fast MAS frequencies that yields significant gains in sensitivity routinely. 

In this communication, we introduce shaped pulses developed by means of optimal control for the 

simultaneous transfer of both transverse magnetization components in heteronuclear correlation 

spectroscopy. The duration of the transfer periods is the same as the duration of the magnetization 
transfer elements in the conventional counterparts. The Transverse mixing Optimal control Pulses 

(TROP) can be integrated into any multidimensional experiment and do provide a gain in sensitivity of 

>√2 per each indirect dimension. Data can be processed using standard NMR spectrometer software 

employing the already existing implementations from solution-state NMR. TROP elements were 

numerically optimized using the GRAPE algorithm32 implemented in SIMPSON33–35 as described in our 
previous studies.36,37 The optimization procedure accounts for spatial rf field inhomogeneity36,38 and 

allows the resulting pulse shapes to be adjusted to a particular MAS frequency of the experiment.37 

Possible imbalance of the 𝑥 and 𝑦 pathways is compensated by a two-step phase cycle.39 All details of 

the theory and the pulse sequence optimization are provided in the Supporting information. 

The sensitivity-enhanced 13C detected 2D hNCA experiment with 15N,13C TROP pulses yield a 1.6-1.8x 
higher sensitivity than the conventional 2D scheme at a MAS frequency of 20 kHz and using the 

tripeptide sample f-MLF (Figure 2A). In the reference experiment, a carefully optimized ramp-CP was 

used for the 15N,13C transfer. The PEP scheme provides √2 improvement and the remaining factor of 

about 1.2 is attributed to the higher transfer efficiency of the optimal control TROP pulses that account 

for inhomogeneous rf fields. For fast MAS (55 kHz), we implemented a 3D se-hCANH experiment with 
1H detection using 13C,15N and 15N,1H TROP pulses. Using a perdeuterated and amide proton back-
exchanged microcrystalline sample of the chicken α-spectrin SH3 domain, we find that the SNR 

increased by an average factor of 1.8±0.2 in se-hCANH spectrum compared to the conventional 

scheme with ramp-CP (1H,13C and 15N,1H) and tm-SPICE (13C,15N) transfer elements (Figure 2B,C; see 

also Supporting information). 

  



6 
 

 

 

  

  
Figure 2: Comparison of spectra obtained from multidimensional sensitivity-enhanced optimal-

control-based experiments (red) and their conventional counterparts (blue). (A) Carbon-detected 

2D se-hNCA spectrum of the f-MLF peptide acquired using a MAS frequency of 20 kHz. Insets with 
1D spectra show slices along the 13C dimension taken at the position indicated by the dashed lines. 

The numbers show the gains in signal-to-noise ratio (SNR) (B) Peak-specific improvement of SNR in 

the proton-detected 3D se-hCANH spectrum recorded for a microcrystalline SH3 protein sample 

(perdeuterated and back-exchanged), setting the MAS frequency to 55 kHz. The dashed line 
represents the average SNR improvement by a factor of 1.8. The 3D spectrum in (C) is presented as 

a 2D taken at the 15N chemical shift indicated at the top. The data confirms that sensitivity 

improvements are feasible beyond the canonical factor of √2 per indirect dimension. Experimental 

details are given in the Supporting information. 
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To demonstrate that the approach is suitable for applications, we applied the sensitivity-enhanced 3D 

experiments to an amyloid fibril sample formed by the patient derived light chain antibody variable 

domain protein FOR005.40 Cryo-EM fibril reconstructions of this protein yield two different 
conformations41 which are distinct in the length of an ill-defined loop and which are populated at a 

ratio of approximately 2:1 (PDB ID 6Z10 and 6Z1I, Figure 3A). The first polymorph shows no defined 

density for residues R49-R60, while the region involving residues R49-N68 is not well resolved in the 

second polymorph. The two polymorphs occur in a single filament and are a consequence of so-called 
structural breaks. These structural breaks are thought to be related to amyloid fibril branching and of 

secondary nucleation,42 and are thus of high interest for the amyloid community. The solid-state NMR 

sample has been prepared using ex vivo seeds to imprint the native fibril structure on the biochemically 

produced isotopically labeled protein. It has been shown that the core of the solid-state NMR structure 
is highly similar to the cryo-EM reconstruction.43 In 13C based assignment experiments, no second 

polymorph could be detected so far. The heterogeneous region is close in space to the C-terminus 

which contains a triple glycine sequence element. The glycines pack against the polymorphic region 
and sense fibril polymorphism. In the proton detected 1H,15N correlation experiments (Fig. 3B) 

additional cross peaks are observed that could not be sequentially assigned so far due to lack of 

sensitivity. Figures 3C,D show comparison of the conventional and sensitivity-enhanced 3D hCANH 

experiments. The trace along the carbon dimension (Figure 3E) indicates that the sensitivity increases 
on the order of 3-fold in comparison to the conventional 3D hCANH experiment. While more work is 

necessary to yield a fundamental understanding of the structure and dynamics of this region in the 

amyloid fibril, our experiments provide the groundwork that will enable a detailed NMR spectroscopic 

characterization of these systems in the future.  

 

In this paper, we described multidimensional sensitivity-enhanced experiments for solid-state NMR 
applications on protein samples. While in liquids the magnetization transfer efficiency decreases 

exponentially with the molecular size due to increased relaxation in INEPT-like transfers, the 

polarization transfer efficiency in solid state is independent of the molecular size as the coherence 

lifetimes are not given by molecular tumbling. Our TROP transfer elements do not lead to any 

relaxation losses and yield enhancement factors higher than the canonical √2 for each indirect 

dimension. As such, they can be readily expanded to arbitrary dimensionality and are fully compatible 
with non-uniform sampling schemes. We foresee the importance of transverse mixing for 

implementation of just emerging44 5D spectra for which the SNR can be improved by a factor of 4 (a 

factor of 16 savings in the acquisition time). 
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Figure 3. Observation of a second polymorph in an AL amyloid fibril enabled by sensitivity 
enhancement. (A) Structural model of a FOR005 light chain amyloid fibril.41 The cryo-EM study 

reveals two polymorphs for residues R60-T69 within a single protofibril that are populated at a ratio 

of approximately 2:1 (indicated with a red shaded circle) (PDB ID: 6Z1O/ 6Z1I). Sequentially assigned 

residues are highlighted in grey. (B) Selected region of a 2D 1H,15N correlation spectrum highlighting 
cross peaks of glycine residues in the C-terminal region that yields two sets of resonances. The 

second polymorph is indicated with dashes. (C) Comparison of the sensitivity-enhanced (red) and 

conventional (blue) 3D hCANH correlation spectra, displayed as a 2D map with the collapsed 15N 

dimension. Contour levels are set to the equal noise level. (D) 3D hCANH specra presented as strip 
plots drawn for residues G100-T103 of the light chain antibody domain. (E) 1D traces through the 

102G’ peaks (indicated by dashed lines in D). Sensitivity enhancement is essential to observe 

unambiguously the second polymorph. In the sensitivity-enhanced experiment, the signal-to-noise 

ratio is improved by a factor of ca. 3 in comparison to the conventional acquisition scheme. 
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Supporting Information 

Calculation of TROP elements, pulse sequences, experimental details, and additional experiments 
using f-MLF sample. 
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