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Abstract 
 

Proton detection in solid state NMR is continuously developing and allows one to gain 
new insights in structural biology. Overall, this progress is a result of the synergy 

between hardware development, new NMR methodology and new isotope labeling 
strategies, to name a few factors. Even though current developments are rapid, it is 

worthwhile to summarize what can currently be achieved employing proton detection 
in biological solids. We illustrate this by analysing the signal-to-noise ratio (SNR) for 

spectra obtained for a microcrystalline a-spectrin SH3 domain protein sample by (i) 

employing different degrees of chemical dilution to replace protons by incorporating 
deuterons in different sites, by (ii) variation of the magic angle spinning (MAS) 

frequencies between 20-110 kHz, and by (iii) variation of the static magnetic field B0. 
The experimental SNR values are validated with numerical simulations employing up 

to 9 proton spins. Although in reality a protein would contain far more than 9 protons, 
in a deuterated environment this is a sufficient number to achieve satisfactory 

simulations consistent with the experimental data. The key results of this analysis are 
(i) with current hardware, deuteration is still necessary to record spectra of optimum 

quality; (ii) 13CH3 isotopomers for methyl groups yield the best SNR when MAS 

frequencies above 100 kHz are available; and (iii) sensitivity increases with a factor 
beyond B0 3/2 with the static magnetic field due to a transition of proton-proton dipolar 

interactions from a strong to a weak coupling limit.  
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Introduction 

 
Proton spins have the highest gyromagnetic ratio, and therefore the highest magnetic 

moment, among all stable isotopes across the periodic table, resulting in maximum 
sensitivity in NMR spectra. For the same reason, proton experience the strongest 

dipole-dipole interactions in solids. Unless averaged by fast tumbling in solution, 
dipolar fields cause a fast decay of transverse proton magnetization and induce broad 

lines, resulting in little information in the spectra. Dipolar interactions can be decoupled 

if solid samples are rotated at an angle of arctan!√2$ with respect to the magnetic 

field[1, 2], under the assumption of sufficiently fast rotation. Unfortunately, sufficient 

rotation rates are not achievable and residual homogeneous interactions remain. 
Faster spinning leads to better averaging and yields narrower lines in proton NMR 

spectra. Although well-known, the advantages of proton detection were “rediscovered” 

in biological solids only 20 years ago [3, 4] [5-8] . Correlation spectra of unprecedented 
quality were obtained by means of chemical dilution of the proton dipolar coupling 

network. The reduction in sensitivity due to the replacement of protons with deuterons 
is compensated by the enhancement in resolution, with the result that signal-to-noise 

ratio (SNR) increases by a factor of %!!
!"
&
#
$ due to proton detection, where gH and gX are 

the gyromagnetic ratios of proton and X nucleus, respectively. Despite the difficulties 
in expressing proteins in deuterated media, challenges in back protonation at 

exchangeable sites for a variety of systems, and the lack of weak long range proton 

contacts in highly deuterated samples, this strategy led to a revolution in biological 
solid-state NMR[9] [10]. 

 
Similarly, high-resolution spectra can be recorded for methyl protons in perdeuterated 

peptides and proteins. To achieve this, bacteria that over-express the protein are 

grown in a medium containing amino acid precursors such as pyruvate [11] or α-

ketoisovalerate [12] that allow selective labeling of methyl groups in aliphatic side 

chains. Alternatively, randomly protonated (RAP) protein samples can be obtained by 

growing bacteria in a medium containing 2H,13C labeled glucose in the presence of 

varying amounts of H2O (5-20 %) [13]. 

 
The strict requirement for a high degree of deuteration was able to be relaxed as faster 

spinning MAS probes became available. 1H,15N correlation spectra recorded at a MAS 
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frequency of 60 kHz[14] using samples that contain 100 % protons at exchangeable 

sites have similar quality to spectra that are obtained from 20 % back-exchanged 
samples at 20 kHz MAS[15, 16]. In 2016, the first structure of a fully protonated protein 

was determined employing a probe that achieved a MAS frequency of 110 kHz. Proton 
detection has become a popular tool [17-20] for investigating large biomolecules in 

recent years, and new strategies ranging from hardware development to isotope 
labelling have been developed. A wide variety of supramolecular assemblies[21, 22] 

such as amyloid fibrils [23-29], membrane proteins, ribosomal subunits[30] and viral 
capsids [31-33] have meanwhile been studied with atomic resolution employing 

proton-detected MAS solid state NMR. 
 

Clearly, an MAS frequency of 110 kHz MAS is not sufficient to overcome the dipolar 

coupling network[34] among protons in the complete absence of chemical dilution. 
Therefore, the quest for higher MAS frequencies continues [35, 36]. However, 

increasing MAS frequency forces the use of smaller rotor volumes, translating into a 
smaller number of spins and reduced absolute sensitivity. Higher static magnetic fields 

increase the sensitivity of the experiment due to the increased population differences 
between the nuclear spin states and detection of a higher frequency NMR signal. In 

addition, frequency differences between resonances increase with higher B0 fields, 
which in turn weakens the effect of dipolar coupling among protons. Therefore, it is 

cumbersome to quantify and compare effects such as variations in sensitivity of 
spectra recorded using spectrometers that operate at different fields or that are 

equipped with probes using different rotor sizes. 

 
The aim of this review is to highlight what can currently be achieved by solid-state 

NMR employing commercially available resources such as optimal hardware, isotope 
labelling schemes and methodology, and to discuss limitations that could be 

addressed in the future.   
 

Andreas et al. acquired high resolution proton spectra of a fully protonated 
microcrystalline GB1 protein sample [37]. The experiments were performed at a B0 

field of 23.5 T, corresponding to a 1H Larmor frequency of 1 GHz, employing an MAS 

frequency of 100 kHz. The data were subsequently used to calculate two protein 
structures de novo with high precision. However, at a B0 field of 500 MHz, and 

employing the same MAS frequencies, a poor spectrum for a fully protonated SH3 
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domain sample is obtained[38]. We address here the question of which isotope 

labelling strategy, MAS frequency and B0 field should be employed to yield spectra of 
optimum quality for biomolecules.  

 
Sensitivity of a proton detected experiment  

Following the notation of Ishii and Tycko[39], the signal-to-noise ratio (SNR) [40, 41] 
for unit time of a proton-detected 1H-X (where X can be 15N or 13C) HSQC-like 

correlation experiment [42] can be described as: 

 !!
"
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Here S(t1, t2) is a non-negative envelope function, w(t1, t2) is an apodization window 

function, which in the case of a matched filter becomes equal to S(t1, t2). R is the 
repetition rate of the experiments, and t2max is the length of the acquired time domain 

signal.  <x(t1,t2)> denotes the time average of x over time intervals [0, t1max] and [0, 

t2max].The ((!
)!
) term contains various hardware- and sample-dependent factors and 

can be defined as: 

 (!
)!
= %*+!,-!

./
&
0/2

𝜂𝑀3             Eq. [2] 

where  𝜔3 	= 	−𝛾3𝐵4 is the Larmor frequency of protons. 𝜂, V, and 𝑄3 are the filling 

factor, volume and quality factor of the RF coil [43] for proton detection, respectively, 

and T is an effective temperature for the total noise arising from the different hardware 
components, which is dependent on several factors such as the temperature of the 

detection coil and noise temperature of the preamplifier. For an HSQC-like experiment, 

𝑀3 =	
5$!!

$ℏ$7%8&
9./

	 , where f denotes the (assumed identical) magnetization transfer 

efficiencies from 1H-X before evolution in the indirect domain (t1) and X-1H before signal 

detection (t2). Nx denotes the number density of X spins. Assuming that 〈𝑆(𝑡0, 𝑡2)〉 	=
	〈𝑆(𝑡0)〉〈𝑆(𝑡2)〉, 〈𝑤(𝑡0, 𝑡2)〉 	= 	 〈𝑤(𝑡0)〉〈𝑤(𝑡2)〉 and that the window functions represent 

matched filters in both dimensions, the relative sensitivity of two HSQC experiments 
can be expressed as: 
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Here 𝑋D0 , 𝑋D2  denote the sets of parameters employed in experiments s1 and s2, 

respectively, and  𝑊3 	= 	 (2𝜋𝑡2EFG〈𝑆(𝑡2)〉2)H0  is analogous to the proton linewidths, 
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assuming Lorentzian lineshapes. It is convenient to include linewidth instead of the 

shape envelope function in the indirect dimension in [Eq. 3] too: 
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where 𝑡IEFG and  𝑊I	can be estimated from an X- (15N or 13C in this review) detected 

1D spectrum for resolved resonances. The last term in [Eq. 4] is dependent on 
hardware. This makes it challenging to compare the SNR for experiments recorded 

employing different spectrometers.  

 

In solution-state NMR, 0.1% ethylbenzene in CDCl3 is employed as a SNR standard 

[44]. For solid-state NMR, nothing similar has been widely adapted. Bryce and co-
workers have suggested glycine, adamantane or polydimethylsilane as a sensitivity 

standard in the solid state[45] [46]. More recently, endohedral fullerenes such as 
H2@C60 have been proposed[47]. There, ortho H2 molecules can be incorporated with 

~ 100% yield inside stable fullerene cages. The proton spin density is thus well 
characterized [48, 49]. As the partially averaged dipolar coupling between the two 

protons is typically less than 1 kHz [47], it is possible to average out the remaining 
dipolar coupling with relatively slow MAS (< 10 kHz). The proton chemical shift of -7.25 

ppm can also be used as a secondary or primary chemical shift reference for 13C or 1H 
respectively. Solid sensitivity standards have the disadvantage that the error bar 

associated with the variable amount of material packed into the rotor is comparatively 

large. Small molecules in solution would in principle be better suited to quantifying the 
SNR for solid-state NMR. The volume of a rotor is well defined, and the concentration 

of a solution is easily quantified. Furthermore, the sensitivity is not affected by 
insufficient decoupling or magic angle misadjustment. Tight sealing of the rotor is, 

however, an issue. It has been shown for protein complexes in solution [50, 51] that 
this problem can be overcome. We suggest to use a 5 mM glucose solution in D2O as 

a standard to determine the absolute sensitivity of a 1H detected experiment for a 
MAS probe. To quantify the relative sensitivity with respect to a single pulse reference 

experiment, we employ a 2H,13C,15N labeled fMLF sample which is commercially 
available. This allows indirect specification of the decoupling performance, the magic 

angle setting, the rf homogeneity of the probe and the transfer efficiencies of a 

particular triple resonance experiment [52-57] [58]. 
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Factors affecting proton linewidth 

The proton linewidth is determined by both homogeneous and inhomogeneous 
contributions. The homogeneous part arises from both coherent and incoherent 

effects. The homonuclear dipolar Hamiltonian is a homogeneous interaction in the 
sense of Maricq and Waugh and does not commute with itself at different times [59] 

for more than a pair of protons. As a consequence, proton coherences dephase quickly 
in a spin echo experiment. Faster sample spinning reduces this coherent 

homogeneous contribution to the linewidth by yielding more efficient averaging of 1H, 
1H dipolar interactions. The incoherent effects are due to relaxation. 

 

In the solid state, homogeneous contributions originating from the strong proton dipolar 

coupling network typically determine the proton linewidth. Contributions to the 

inhomogeneous linewidth arise from B0 inhomogeneity and the anisotropy of bulk 
magnetic susceptibility (ABMS) [60, 61]. ABMS yields slightly different chemical shifts 

for the same chemical site in different crystallites in a powdered sample. The 
contribution from ABMS cannot be completely averaged by MAS. In fortunate cases, 

an ABMS contribution of ~ 0.2 ppm [62] in the proton spectrum of a crystalline protein 
can be expected [63], which is less than the homogeneous linewidth. In solution, 

contributions originating from sample heterogeneity, anisotropy of the bulk magnetic 
susceptibility and instrumental instabilities are typically negligible compared to the 

homogeneous contributions from relaxation. 

 

 

Due to the homogeneous nature of the dipolar Hamiltonian, the description of the 
proton environment in a real sample is challenging. A given proton experiences many 

internuclear interactions of different magnitudes. The contribution to linewidth depends 
on the relative orientation of the dipolar coupling tensors with respect to one another. 

Zorin et. al [64] [65, 66] have introduced the concept of an effective dipolar coupling 

 𝑑;::,K = %L%!!
$ℏ

9*
&@∑ 8 0
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.NK                       Eq. [5] 

where dRSS refers to the root mean square of the dipolar couplings of a particular proton 

j to all neighboring protons. Hodgkinson et al have included the effect of the 
orientations of the coupling tensors in the description of the linewidth [62].  
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It is not practical to describe the many different proton environments in a protein 

sample using a single descriptor dRSS. A couple of theoretical approaches have been 
introduced to evaluate the quality of proton detected NMR spectra under MAS: (i) 

Extensive numerical simulations employing increasing computational power and 
advancements in calculation methods, and (ii) calculation of second moments of 

proton spectra.     
 

Estimation of the proton line width using SPINACH simulations involving up to 
48 protons 

One bottleneck in exact numerical simulations of proton lines in the solid state is the 
computational power needed for large spin ensembles. Recently, the Fokker-Planck 

formalism [67] has been applied to calculate 1H spectra of the β-L-Asp-L-Ala dipeptide 

as a function of MAS frequency in the range 15-120 kHz. In the simulations, 48 protons 
[68] were accounted, for representing one unit cell, and periodic boundary conditions 

were assumed to generate relevant proton-proton dipolar interactions within the spin 
system. Application of state space restrictions, where all multi-spin components 

involving more than 3 spins are ignored, allowed the problem to fit into the memory of 
a high-performance supercomputer (12 processors) resulting in a calculation wall-time 

of 6-10 days per single proton spectrum. As relaxation was ignored in the simulation, 
only the homogeneous part of the apparent transverse relaxation time constant ( T2’ ) 

coming from dipolar interactions could be extracted. 

 

The site-specific proton transverse relaxation time T2′ was measured in spin echo 

experiments at a B0 field of 850 MHz for MAS frequencies in the range of 30 kHz to 

100 kHz and correlates well with the simulations [68]. The variation of 1H T2′ with MAS 

frequency was fitted using a linear-quadratic model. Isolated spin pairs exhibiting a 

strong dipolar interaction with large chemical shift differences yield a 0
+.$

 dependence 

(where wr is the MAS frequency expressed in rad s-1). On the other hand, isolated 

protons show a 0
+.

 dependence. In addition, rigid CH2 groups in small organic 

compounds that have a large ABMS show a decrease in line width by a factor of 2 

when the MAS frequency is increased from 100 to 141 kHz.  
 

Estimate of the proton line width via the second moment approach 
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Recently, the proton line width under MAS was estimated [69] using the semi-analytical 

method of second-moment calculations assuming a Gaussian lineshape, following the 
approach introduced by van Vleck [70]. The second moment does not require 

knowledge of matrix elements of Hamiltonians as it only depends on the traces of the 
dipolar coupling tensors. The calculation of the second moment is therefore 

computationally economical. Whereas a 12-spin simulation employing the Liouville von 
Neumann equation requires ~ 17-18 hours using 12 processors, the second moment 

calculation can be performed in ~ 20 minutes for a spin system with 200-250 spins. 
The simulated linewidths agree very well with the experimental linewidth in deuterated 

100% back-exchanged ubiquitin, while the agreement is worse in the fully protonated 
protein. However, only information about linewidths is available from this approach and 

therefore important details about spin dynamics cannot be obtained. 

    
Estimate of the proton linewidths of methyl groups via 9-spin SIMPSON 

simulations in a deuterated environment 
 

The central questions that we address here are (i) how does the SNR for proton 
detection vary as a function of the MAS frequency and the external B0 field for a model 

protein, and (ii) which isotope labelling scheme yields the optimal SNR for a given set 
of experimental conditions? 

 
We focus here on 1H,13C correlation experiments on the methyl groups. Methyl groups 

are important reporters of structure [71-73] as they mostly appear in the hydrophobic 

core region of a protein. Methyl groups have little chemical shift dispersion and have 
the highest proton density of all functional groups in a protein. Therefore, inter- and 

intra-methyl dipolar couplings are the most difficult to average out by MAS. Figure 1 
shows a residue-specific comparison of the dRSS values for methyl and backbone 

amide protons of the a-spectrin SH3 domain. High dRSS values result in short T2’ 
relaxation times and therefore larger proton linewidths. This was also observed in the 

pioneering work of Andreas et al. [74].  
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Figure 1. 1H, 1H effective dipolar couplings dRSS for amide and methyl protons in α-spectrin SH3 
(PDB ID: 2NUZ) for protonated (red) and deuterated (black) samples. dRSS was calculated 
considering all protons within a radius of 10 Å. Adapted with permission from ref 38, Nature 

Publishing Group. 
 

The methyl proton density can be varied by selectively incorporating the isotopomers 
13CHD2, 13CH2D and 13CH3 in valine and leucine residues, while the rest of the protein 
is perdeuterated. It is ideally possible to apply similar strategies to label other amino 

acids containing methyl groups. However, this has not been discussed in this review. 
 

These experimental spectra were then used to validate numerical simulations, which 
were then themselves used to predict the maximum achievable SNR for a particular 

set of experimental parameters such as MAS frequency, B0 field and methyl 
isotopomer employed.    

 
Figure 2A shows 1H,13C correlation spectra for fully protonated and partially deuterated 

samples of a-spectrin SH3 domain recorded at 500 MHz and 106 kHz MAS. The 

deuterated sample was selectively 13CH3 methyl protonated at valine and leucine sites. 

Several cross peaks in the fully protonated sample, those originating from V53g1, V9g1 

and V23g1, are broadened beyond detection. In addition, the cross-peak intensities in 

the 13CH3 sample vary significantly, by almost one order of magnitude.  If the dipolar 
couplings amongst protons were fully averaged out by rapid tumbling or MAS, one 

would expect the cross-peak intensities to be equal. The mean SNR in the selectively 
13CH3 labelled sample is ~ 2.2 times (Figure 2D) higher than that for the fully protonated 

sample, while the ratios of the average 1H and 13C linewidths in the protonated and 
13CH3 labelled samples are ~ 2.9:1 and ~ 2.4:1, respectively (Figures 2C and E). 

Although de novo structure determination from fully protonated samples is possible for 
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favorable cases [74, 75], it is clear that spectra recorded with MAS frequencies of the 

order of 100 kHz are still broadened by proton-proton dipolar interactions and can be 
improved by deuteration.  

 

 
Figure 2. Comparison of methyl spectral properties for protonated and selectively protonated 

microcrystalline SH3. Selective methyl labelling was achieved using α–ketoisovalerate in the 

bacterial growth medium [76]. A) 1H,13C correlation spectra for protonated SH3 (left) and methyl 

protonated SH3 (right). B) 1D traces along the 1H and the 13C dimension for protonated (red) 

and LV labelled SH3 (black) for selected residues. C) Methyl cross peak intensities for a 

protonated and LV labelled SH3 D) Proton line width of for protonated and α–keto labelled SH3. 

E) Carbon line width of for protonated and LV labelled SH3. All experiments were recorded at 

a magnetic field strength of 11.75 T, corresponding to a 1H Larmor frequency of 500 MHz. The 

MAS rotation frequency was set to 106 kHz. Figure adapted with permission from ref 38, Nature 

Publishing Group. 
 

Numerical simulations using SIMPSON [77, 78] were employed to get a better 
understanding of the lineshapes and intensities of cross peaks as functions of the MAS 
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frequency, B0 field or the chemical shift difference of methyl groups, and the proton 

density. As a result of recent developments in SIMPSON, it is possible to implement 
simulations in Hilbert space without any approximations to the spin dynamics for up to 

10-12 spins [78]. First, we consider the proton spectrum of a single 13CH3 group. The 
three protons of a methyl group are chemically equivalent, but magnetically 

inequivalent due to the different orientations of the dipolar coupling tensors.  
 

Due to methyl group rotation, the dipolar couplings among protons are scaled by a 
factor of ½[3 cos2θ-1]=-1/2 for θ = 90.0°, where θ is the angle between C-H dipolar 

coupling and the the methyl rotation axis (along the C-C bond). The resulting effective 
dipolar coupling is on the order of ~ -10.5 kHz. In the static case, the spectrum for an 

isolated methyl group is relatively narrow thanks to the intense central line (Figure 3A). 

By contrast, the spectrum is broadened beyond detection for two mutually coupled 
methyl groups (Figure 4A). Under MAS, the proton spectrum for a single methyl group 

simplifies further and the center band intensity approaches its maximum at around a 
MAS frequency of employed 40 kHz as seen in Figure 3C.  

 

 
Figure 3. 1H spectra simulated for an isolated methyl group. A) Static methyl proton spectrum 
featuring a sharp centre peak with dipolar Pake pattern at the baseline (inset) B) 1H spectra 
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under MAS of an isolated methyl group. C) MAS rate dependent 1H centre band intensities. In 
all subspectra, a spectral window of 2 kHz is shown. Figure adapted with permission from ref 

81, ACS. 
 

For a methyl group interacting with a second methyl group, a MAS frequency of more 
than 110 kHz is necessary to yield maximum intensity (Figure 4C). For interacting 

methyl groups, the proton spectrum varies depending on the relative orientation, 
chemical shift difference and distance between the two methyl groups. The 

dependence of the intensity of the proton spectrum on the relative orientation of their 
dipolar coupling tensors for a pair of methyl groups is shown in Figure 5. Consideration 

of dRSS fails to take all these factors into account. Assuming an orientation of the 2 
methyl groups similar to that shown in Figure 5C, a 1H chemical shift difference of 200 

Hz and a dipolar coupling of 2 kHz, the MAS dependence of the calculated intensities 
of the proton lines (shown for one of the two methyls) is as shown in Figure 4B,C. The 

broad feature observed in the static spectrum averages out as a function of the MAS 

frequency. From the comparison of the proton spectra calculated for a single methyl 
group and a pair  (Figure 6), it is clear that a MAS frequency of 70 kHz is sufficient to 

eliminate the broad feature at the base of the center band, whereas at a MAS 
frequency of 5 kHz, the broadening is significant. At 110 kHz MAS, the peak intensity 

of the center band approaches its maximum without notable changes in the proton 
linewidth.   
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Figure 4. 1H lineshapes simulated for a methyl group interacting with a second methyl. Methyl-

methyl interactions introduce a homogeneous Hamiltonian in the sense of Maricq and Waugh 

[79]. In the simulation, a chemical shift difference of 200 Hz, an inter-methyl proton-proton 

dipolar coupling constant of 2000 Hz, and the perpendicular orientation of the effective C-H 

vectors (as shown in Figure 5C) have been assumed. Qualitatively similar behavior is obtained 

for other orientations. A) The static proton spectrum is very broad with significant intensity over 

a range of 40 kHz. B) Under MAS, the intensity of the powder pattern is distributesdinto a 

spinning sideband manifold, with more intensity accumulating in the centre band at faster 

spinning. C) 1H methyl spectra at different MAS frequencies, focusing on the centre band. 

Figure adapted with permission from ref 81, ACS. 
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Figure 5. Dependence of the 1H lineshape on the methyl-methyl orientation. Spectra are 

simulated for different geometrical configurations. In the simulation, 3 explicit protons for each 

methyl group (6 spins in total) are assumed. A MAS frequency of 50 kHz, a chemical shift 

difference of 200 Hz and an inter-methyl proton-proton dipolar coupling constant of 2 kHz are 

assumed. Spectral changes arise due to different arrangements of the intra- and inter-methyl 

dipolar coupling tensors, depicted with blue and green vectors for intra- and inter-methyl 

interactions, respectively. Figure adapted with permission from ref 81, ACS. 
 

 
Figure 6. MAS frequency dependence of the 1H lineshape for an isolated single methyl (red) 

and one of two interacting methyl groups (blue). In the simulation, a chemical shift difference 
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of 200 Hz, an inter-methyl proton-proton dipolar coupling of 2 kHz and the relative methyl-

methyl orientations of Figure 5C are assumed. Figure adapted with permission from ref 81, 

ACS. 

 

Next, we wanted to compare these simulations with experimental data. An α-spectrin 
SH3 sample was prepared using racemically labelled α–ketoisovalerate in the bacterial 

growth medium, implying a 50 % probability of incorporating 13CH3 either into the pro-
R or pro-S position for valine and leucine. The fact that the protonated methyl group is 

racemically incorporated into the side chain complicates the analysis. In the 
calculation, we have considered the two closest valine/leucine methyl groups in any 

given valine/leucine side chain pair, and have disregarded other configurations. This 
approach thus potentially overestimates dipolar interactions. Using the PDB structure 

(PDB ID: 2NUZ), all possible valine/leucine pair combinations found in the structure 

were analyzed. The simulated spectra obtained were subsequently averaged to yield 
the final proton spectrum for a given methyl group. Depending on the density of the 

dipolar coupling network, the search led to 4-17 variants per residue (for example, V44 

Hg1 yields 17 variants whereas L8 Hd1 yields only 4 variants in the search for nearest 

neighbours to yield a 9- spin system) in the SH3 domain. 
 

Figure 7A-E compares the simulations and experimental cross peak intensities for 

MAS frequencies of 70, 90 and 111 kHz. The 1H,13C correlation experiments were 
recorded employing INEPT-based polarization transfers[80, 81]. The T2' signal decay 

times in the INEPT based experiments were measured independently. Simulated and 

experimental intensities are related by the following formula 

             Eq. [5] 

where κj represents a global scaling factor that is the same for all cross peaks in a 

particular spectrum j recorded at a particular MAS rotation frequency. κj can be found 
from the correlation plot shown in Figure 7A-C. Δ refers to the total INEPT 

magnetization transfer delay, which was set to 7.9 ms in all experiments. 

INTj
exp (i) =κ j INTj

sim(i) e−Δ/T2 '
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Figure 7. Cross peak intensities in arbitrary units (au) are compared between simulation and 
experiments at MAS frequencies of 70 kHz(A), 90 kHz(B) and 111 kHz(C). Simulations were 

performed assuming an external magnetic field of 500 MHz. (D)-(E) L34d1 and V53g2 were 
chosen to show the agreement between experimental (red) and simulation (black) results. 
Closed and open symbols refer to simulations that were carried out assuming rigid side chains 
or accounting for dynamics, respectively. Order parameters for methyl dynamics were obtained 
from Asami et al [82]. (F) Characteristic MAS frequency νMAS(50) as a function of residue. νMAS(50) 
refers to the MAS rotation frequency that is needed to achieve 50% of the maximum intensity 
for a particular methyl group in the microcrystalline SH3 sample. The average characteristic 

MAS frequencies in the absence (black) and in the presence of dynamics (red) were (135.0 ± 
88.0) kHz and (104.0 ± 68) kHz, respectively, where uncertainties quoted are 2σ, and are 
indicated with a dashed line. Figure adapted with permission from ref 81, ACS. 

 

Residues such as L34d1 that experience weak local proton dipolar fields reach the 

maximum possible intensity at a lower MAS frequency (Figure 7D). On the other hand, 
residues that are buried inside the core of the protein and that experience strong proton 

dipolar interactions such as V53g2 require much higher MAS frequencies to yield the 

maximum intensity (Figure 7E). Of note, at a MAS frequency of 110 kHz V53g2 yields 

only ~40 % of the maximum possible intensity, whereas L34d1 yields ~80%, which 

also explains the large variation in cross peak intensities visible in the 1H, 13C spectra 

shown in Figure 2. 
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To define the MAS frequency that is needed to reach 50 % of the maximum intensity, 

we introduce the empirical parameter νMAS(50). νMAS(50) ranges from as low as 20 kHz 

(L34d2) up to 324 kHz (V53γ1), with an average value of 135.0 ± 88.0 kHz at an 

external magnetic field strength of 11.7 T (500 MHz) (Figure 7F). In the presence of 
side chain dynamics, 1H-1H dipolar couplings in the methyl groups are scaled. This 

results in an effectively reduced νMAS(50) value of (104.0 ± 68) kHz. 1H,13C order 
parameters were measured for methyl groups using a REDOR-based experiment [83].  

 

 
Figure 8. A) Simulated (black) and experimental (red) proton peak intensities for L34δ1 and 
V44γ2 in α-spectrin SH3 as a function of MAS frequency for CHD2, CH2D and CH3 labelled 
samples. Experimental intensities were corrected for the amounts of sample in the different 
rotors, employing a direct excitation 1D-13C experiment for quantification. Experimental 

intensities were scaled by the appropriate  κj [81]. B) Simulated proton lineshapes for the methyl 

groups L34𝛿1 and V44γ2. All simulations were carried out assuming a MAS frequency of 110 
kHz and an external magnetic field of 1 GHz. Intensities are normalized according to the 
numbers of protons. C) Simulated intensity ratios for CH3 vs. CHD2 labelled samples (black) 
and for CH2D vs. CHD2 labelled samples (red) calculated as a function of MAS frequency for 
the V44γ2 methyl group. V44γ2 is located in the core of the protein and experiences the highest 
local proton density. D) MASEQ as a function of residue. MASEQ represents the MAS frequency 
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that is necessary to achieve equal intensity in a CH3 labelled sample versus a CHD2 labelled 
sample (black), and CH2D labelled sample versus a CHD2 labelled sample (red). In all 
simulations, a B0 field of 1 GHz is assumed. Figure adapted with permission from ref 84, 

Springer.  

 

So far, we considered selectively methyl protonated samples. Given the fact that MAS 
frequencies on the order of 300 kHz are necessary to achieve 80 % of the maximum 

possible signal intensity on average, we also investigated how CHD2 (and CH2D) 
isotopomers compete with CH3 in terms of sensitivity. Despite the fact that there are 3 

protons in CH3, the corresponding signal can be broad and thus yield low SNR. 
 
13CH3 selective labeling is superior in terms of SNR when MAS frequencies over 100 
kHz are available. However, the situation changes for lower MAS frequencies. For 

example, methyl CH3 labeling yields 3-fold higher SNR for L34d1 (Figure 8A and 8B) 

in SH3 for all MAS frequencies above 70 kHz, whereas CH3 and CHD2 isotopomers 
for V44γ2 yield equal intensity only if an MAS frequency of 125 kHz is employed [84]. 

By contrast, CH2D isotopomers benefit in terms of SNR above a MAS frequency of 
175 kHz (Figure 8C). Using numerical simulations, we calculate the minimum MAS 

frequency where CH3/CHD2 or CH2D/CHD2 isotopomers yield equal intensity (Figure 
8D). On average, more than ~ 75 kHz MAS is necessary to yield higher SNR in SH3 

employing CH3 labelling, whereas MAS ~ 42 kHz is sufficient to yield equal intensity 
between CH2D and CHD2 isotopomers.   
This information is potentially of interest for the design of experiments involving very 

large protein complexes for which sensitivity is limiting, and for which an additional 

gain in sensitivity would be desirable [30, 85-87]. 

 

Next, we address the effect of the external B0 field on the SNR for 1H, 13C correlation 
experiments [88]. For the experiments, we employed a microcrystalline α-spectrin SH3 

sample that again was produced using racemically labelled α-ketoisovalerate to yield 
50% labelling each of the valine/leucine pro-R and pro-S methyl positions. The B0 

dependence is more complex than that predicted from Eq. [4], which simply represents 
the canonical B03/2 behavior.   
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Figure 9. (A) 1H,13C correlation spectra recorded at an MAS frequency of 90 kHz for a 
selectively valine and leucine methyl-protonated αSH3 domain sample, which is in either the 
pro-R and pro-S site. Measurements were performed at B0 fields of 500 MHz (red) and 1 GHz 
(black). (B) The SNR of the cross peaks increases from a mean of 35:1 to 76:1 when the field 
is increased from 500 MHz to 1 GHz. (C) Site-specific polarization transfer efficiencies εHCH = 

ε(H → C) × ε(C → H) for Hartmann−Hahn-based cross polarization transfers at 500 MHz and 
1 GHz. The transfer efficiencies are slightly higher at 1 GHz than at 500 MHz. (D) Proton 
linewidth as a function of residue. The mean linewidth (FWHM) at 1 GHz is slightly larger 
compared to the linewidth obtained from spectra recorded at 500 MHz. Figure adapted with 

permission from ref 88, ACS. 

 
1H,13C Correlation spectra for a CH3 labelled SH3 sample were recorded for B0 fields 
of 500 MHz and 1 GHz (Figure 9A). After measuring the peak heights, the SNR is 

compared (Figure 9B). On average, the SNR increases from 35 to 76, i.e., is ~2.2 times 
higher when experiments are carried out at 1 GHz compared to 500 MHz [88]. In 

addition to B03/2 (~ 2.8 times in this case), other factors that contribute to the SNR are 
the coherence transfer efficiency εHCH, the linewidths in the 1H and 13C dimensions and 

general contributions from hardware (Figure 9D). We find that εHCH and the 1H and 13C 
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linewidths are larger at 1 GHz than at 500 MHz (1 GHz: εHCH ~0.39, mean 1H FWHM 

~68.9 Hz, mean 13C FWHM ~21.4 Hz; 500 MHz: εHCH ~0.33, mean 1H FWHM ~61.1 

Hz, mean 13C FWHM ~14.8 Hz). For residues that are deeply buried inside the core of 
the protein (such as V9, V23 and V53) and that have in general a very low absolute 

sensitivity, the gain in SNR can exceed the prediction from Eq. [4] by ~2x at high B0 
fields (Figure 10). For other residues such as L10, L33 and L34, the agreement with 

Eq. [4] is excellent.   

 
Figure 10. 1D traces from 1H,13C correlation spectra along the proton dimension for the methyl 

cross-peaks L34d2, V44g1 and V53g1. Spectra were recorded at 1 GHz using a selectively 

valine and leucine methyl protonated aSH3 domain sample. The red arrow for V44γ1 highlights 
a broad component in the base of the peak. (B) Correlation of the experimental intensity at 1 
GHz (vertical axis) and the predicted intensity (horizontal axis) using intensity values obtained 

at 500 MHz and by using the relation 𝑆𝑁𝑅!"#$ = 𝑆𝑁𝑅%&&'#$ ∗ (
()(+)!""#$%∗()	(#)!""#$%
()(+)&'$%∗()	(#)&'$%

) 	∗

( /&'$%
/!""#$%

) ∗ 8!&&&
%&&

9
0/2

. For peaks with relatively high intensity, a good correlation is observed (the 

black dashed line plots  y = x). For peaks with relatively low intensity, however, the experimental 
intensities at 1 GHz are significantly higher than expected from the 500 MHz data (shaded 
region; magnified in the right-hand side panel, red, dashed line at y=2*x). Figure adapted with 

permission from ref 88, ACS. 
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In order to understand the origin of the gain in SNR at high B0 fields, we investigated 

the shape of the proton resonances in more detail. In simulations, we find that the 
proton resonances feature a narrow component, and a broad component at the base 

of the peak (Figures 5, 6). Due to the limitations in sensitivity, it is difficult to observe 
the broad features of the resonance experimentally. Phenomenologically, the decay of 

the resonance under the influence of the coherent part of the Hamiltonian is 

determined by a slow (𝑇2
OPQ,DRPS) and a fast (𝑇2

OPQ,5FD?) component which are weighted 

by p1 and p2, respectively. 

𝑆(𝑡) = C	𝑝0 × 𝑒𝑥𝑝 8−
?

/$
/01,2+'39 + 𝑝2 × 𝑒𝑥𝑝 8−

?
/$
/01,'4059I                   Eq. [6] 

with 𝑝! + 𝑝2 = 1       

 

The coherent processes are functions of MAS frequency, chemical shifts of protons, 
and the dipolar interaction between the nearest pair of protons, and give rise to a slow 

(𝑇2
OPQ,DRPS) and a fast decay (𝑇2

OPQ,5FD?) of the proton signal. Chávez et al. [89] have 

employed single mode Floquet theory to analyse the coherent linewidths of proton 
resonances for spinning solids that also show a complex dependence on molecular 

parameters. 
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Figure 11. A) Experimental 1H-T2’ decay curves for a few representative residues in the 
microcrystalline selectively CH3 protonated αSH3 sample Multi-exponential fits 
(monoexponential, solid black lines; biexponential, dotted red lines) are required to adequately 
describe the experimental data. B) SIMPSON simulations of 1H Hahn echo experiments for 

L34	𝛿1, V44g1, V53g2 assuming the exact geometry of the αSH3 domain (PDB ID: 2NUZ). For 
the simulations, 9 proton spins have been taken into account. The parameters p1 and p2 are 
employed to describe the simulations empirically. C) The slowly decaying component p2 is 
shown as a function of B0 and MAS frequency. D) Correlation of p1 and dHH/Δδ assuming a 

magnetic field strength of 1 GHz. Figure adapted with permission from ref 88, ACS. 

 
It is difficult to distinguish experimentally between the different coherent decay 

processes. However, SIMPSON simulations were again carried out assuming that a 

particular methyl group interacts with two neighbouring methyl groups. However, the 
SIMPSON simulations were again carried out assuming that a particular methyl group 

interacts with two neighbouring methyl groups. Simulations were performed as a 
function of the B0 field and the MAS frequency. Figure 11B shows the simulated 1H-T2’ 

decay curves for L34δ1, V44γ1 and V53γ2 at a MAS rotation frequency of 60 and 120 
kHz and for the static magnetic fields of 250 MHz, 500 MHz, 1 GHz and 2 GHz. As in 
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the experiment, the simulations show that magnetization decays bi-exponentially. 

Next, the simulations were fitted employing Eq. [6], but omitting the incoherent 
contribution that is proportional to p0. 

 
The B0 dependence of the slowly decaying component p2 in the simulated data of Fig. 

11B is shown in Figure 11C. At higher magnetic fields, chemical shifts are separated 
by greater frequency differences. The contribution of the slowly decaying component 

to the spin echo signal increases under these conditions. In particular, p2 increases 

from 0.19 to 0.64 for V53g2 when the magnetic field increases from 250 MHz to 2 GHz 

at a fixed MAS frequency of 120 kHz. Faster MAS facilitates averaging of proton-proton 

dipolar interactions. For V53g2, p2 has a value of 0.55 at a MAS frequency of 240 kHz 
and a static field of 500 MHz, while p2 is as low as 0.27 at a MAS frequency of 60 kHz 

at a static B0 field of 1 GHz.  L34d2 is a methyl group that is only weakly coupled with 

other protons. As a consequence, p2 already reaches a value of 0.9 at a MAS 
frequency and B0 field of 120 kHz and 1 GHz, respectively.  

We assume that the rapidly-decaying component depends on the proton-proton dipolar 
coupling dHH and the chemical shift difference to the strongest coupling partner Δδ. Of 

note, dHH is different from dRSS, as the latter denotes the root mean squared sum of all 
dipolar couplings. We have therefore represented p1 as a function of dHH/Δδ (Figure 

11D). In the simulation, a static magnetic field B0 of 1 GHz is assumed. We find that p1 
correlates well with dHH/Δδ. For dHH/Δδ <1, the rapidly-decaying component in fact 

vanishes. V53g2 is densely packed in the core of the α-SH3 domain. The closest 

methyl is V58g1. The two methyl groups exhibit a mutual dipolar coupling of 𝑑33/2𝜋	 
~ 2392 Hz, and a chemical shift difference of ∆𝛿 ~ 288 Hz at 1 GHz, yielding dHH/Δδ ~ 

9. The spin echo decay for V53g2 yields a significantly higher p1 ~ 0.7 compared to 

L34d2, for which dHH/Δδ is on the order of ~ 0.9 (p1 ~ 0.08; 𝑑33/2𝜋	 ~237 Hz, while ∆𝛿 
~303 Hz at 1 GHz). 
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Figure 12. (A) Simulated MAS frequency dependence of methyl proton intensities for L34d2, 

V44g1 and V53g1, assuming B0 fields of 500 MHz and 1 GHz, respectively. In the calculation, 

it is assumed that only valine and leucine methyl groups of aSH3 are labelled as 13CH3, while 
the rest of the protein is deuterated. As expected, a systematically higher signal to noise ratio 
is obtained for 1 GHz compared to 500 MHz due to the effect of static magnetic field. The 
percentages in figure B (𝜅3&4#$) indicate the fraction of the maximum achievable sensitivity 

obtained at a MAS frequency of 90 kHz (dashed lines). (B) 𝜅3&4#$ for each methyl group in a-
SH3 calculated for magnetic field strengths of 500 MHz (red) and 1 GHz (black). (C) Correlation 
of the characteristic MAS frequency necessary to obtain 80 % of the maximum achievable 

intensity 𝜈'56
(7&) versus the effective dipolar coupling dRSS at 500 MHz (left) and 1 GHz (right). The 

slope of the correlation plot decreases for higher fields, suggesting that high fields facilitate line 
narrowing by magic angle spinning. Figure adapted with permission from ref 88, ACS. 

 
Figure 12A shows the simulated signal intensities as a function of B0 and MAS 

frequency for a few representative residues. Obviously, higher intensities are obtained 

at higher magnetic field strengths. In order to appreciate how the intensity of a 
particular methyl group relates to the maximum possible sensitivity, we introduce the 

parameter κ90kHz. κ90kHz refers to the fraction of the maximum achievable sensitivity 
obtained at a MAS frequency of 90 kHz. Maximum achievable intensity is defined by 

the intensity at a given B0 field where all anisotropic interactions are completely 

averaged out by sufficiently fast MAS. For V53g1, κ90kHz amounts to ~ 33% at 500 MHz, 

while this value increases to κ90kHz ~ 40% at a field of 1 GHz. Similarly, κ90kHz is equal 
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to 87% and 93% for L34d2 at  B0 fields of 500 MHz and 1 GHz, respectively. On 

average, κ90kHz is on the order of ~ 54% at a B0 of 500 MHz, while increasing to ~ 61% 
at a B0 field of 1 GHz (Figure 12B). This indicates that high magnetic fields imply gains 

in sensitivity that are beyond the canonical B03/2 dependence. Figure 12C shows a 
correlation between the characteristic MAS frequency ν(80)MAS and the effective dipolar 

coupling dRSS for a-SH3. The characteristic MAS frequency is defined as the frequency 

which is required to obtain 80 % of the maximum intensity for a given methyl group. 
Again, higher magnetic fields facilitate MAS induced averaging of proton dipolar 

couplings. 
 

 
Conclusion 

The signal to noise ratio (SNR) is one of the principal factors determining the quality 
of NMR spectra. Sensitivity is a function of several important parameters, including the 

external magnetic field strength, the gyromagnetic ratio of the detected nucleus, and 

the linewidth, omitting for the moment the contributions from hardware components. 
Linewidths of resonances originate from homogeneous and inhomogeneous 

interactions, and change as a function of the MAS frequency, the homogeneity of the 
sample, and the strength of the dipolar coupling network among the protons. Using 

experiments employing different levels of deuteration and numerical simulations, we 
have shown that for a CH3 selectively protonated SH3 sample, MAS frequencies on 

the order of (135.0 ± 88.0) kHz at an external magnetic field strength of 11.7 T (500 

MHz) are necessary to yield at least 50 % of the maximum possible intensity in 1H,13C 

correlation experiments. Spectra obtained at higher B0 fields improve SNR by 

decreasing the ratio of the dipolar coupling to the chemical shift difference (dHH/Δδ), 
inducing a transition from a strong into a weak coupling limit. A quantitative description 

of the proton network around a given nucleus is difficult. dRSS contains information only 

on the magnitude of the dipolar coupling among all coupling partners. Numerical 
simulations have shown, however, that the proton lineshape depends heavily on the 

relative orientation of the dipolar coupling tensors.  
 

SNR can also benefit from cryogenically cooled solid state NMR probes[90], novel 
designs of MAS rotors[91] or RF coils[92] with enhanced quality factors producing 

homogeneous RF fields over sample volume, and faster MAS and higher B0 fields. The 
maximum MAS frequency is determined by the speed of sound on the surface of the 
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rotor in a particular medium. Helium-driven MAS rotors [93] are one possible way to 

achieve the same MAS frequency with larger volume rotors. This allows the possibility 
to employ more material for the NMR experiment at a given MAS frequency and thus 

increase sensitivity, in comparison to a setup in which nitrogen gas is used for sample 
rotation. With the recent installation of 28.2 T magnets (1H Larmor frequency of 1.2 

GHz), high B0 fields are becoming available for proton detected biological solid-state 

NMR experiments [94] [95]. It has been shown that the linewidths of amide and Ha 

protons in ppm decrease linearly with the field, reducing chemical shift overlap and 

facilitating resonance assignment. Due to the reduced values for dHH/Δδ at high fields, 
lines as narrow as a few Hertz are observed. It remains to be seen to which limits MAS 

rotation frequencies can be further increased. Certainly, biological solid-state NMR will 
benefit both from increases in external B0 field and improvements in magic angle 

spinning.  
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Glossary of Abbreviations: 
 
ABMS: Anisotropy of the Bulk Magnetic Susceptibility  
CP: Cross Polarization 
FWHM: Full Width at Half Maximum  
HSQC: Heteronuclear Single Quantum Spectroscopy  
INEPT: Insensitive Nuclei Enhanced by Polarization Transfer 
NMR: Nuclear Magnetic Resonance  
MAS: Magic Angle Spinning 
RAP: Reduced Adjoining Protonation  
SH3: Src-homology 3  
SNR: Signal to Noise Ratio  
 
 


