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ABSTRACT OF THE DISSERTATION 

 

Development of Solid-state NMR Spectroscopy for Membrane Proteins and 

the Application to Vpu from HIV-1 

 

by 

 

Eugene Chun-Chin Lin 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2015 

Professor Stanley Opella, Chair 

 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a robust 

method to solve the structures of membrane proteins in their native bilayer 

environments. Two systems have been well established: oriented samples (OS) are 

referred to proteins incorporated in the magnetic aligned bicelles, and rotationally 

aligned (RA) samples are referred to proteins undergoing fast rotational diffusion in 

proteoliposomes. 1H-15N and 1H-13C dipolar couplings are measured as the angular 

restraints for the structure calculations. New separated-local-field experiment, Dual-
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PISEMO, is developed for OS solid-state NMR to measure 1H-13C dipolar couplings 

of the uniformly 13C labeled proteins, which provide both backbone and side-chain 

conformations. In order to obtain the full assignments and restraints in OS solid-state 

NMR, 1H-irradiations with mismatched conditions are implemented to improve the 

crucial step: the magnetization transfer between 15N and 13C. Non-uniform sampling 

(NUS) is an alternative approach to further the experimental time of high-dimensional 

solid-state NMR experiments. Compressed sensing (CS) is able to reconstruct the 

spectra with 25 ~ 33% of data with the optimized sampling scheme, and covariance 

spectroscopy provides promising results with alternative States sampling scheme, 

which requires 50% of data or less.  Viral protein “u” (Vpu) from HIV-1 is a type I 

membrane protein consisting of a transmembrane domain and a cytoplasmic domain, 

which are associated with different biological activities to enhance viral infectivity. It 

is essential to determine the three-dimensional structure of Vpu in order to understand 

its mechanisms in the molecular level and to develop new classes of anti-viral drugs. 

Magic-angle spinning (MAS) experiments providing high-sensitivity and high-

resolution spectra, are implemented to study Vpu incorporated into proteoliposomes. 

15N, 13C chemical shift and 1H-15N, 1H-13C dipolar couplings are measured and 

converted to equivalent structural restraints. 
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Chapter 1 Introduction to solid-state NMR and viral protein U (Vpu) 

1.1 Introduction 

Solid-state nuclear magnetic resonance (NMR) is the must suitable technique to 

determine the high-resolution, three-dimensional structures of non-engineered and full-

length membrane proteins presenting in the near-native environments, including the 

phospholipid bilayers, pH and temperature[1-8]. Membrane proteins play roles as 

receptors, transporters, and enzymes associated with biological membranes[9]. It is 

essential to understand the three-dimensional structures of proteins for interpreting and 

predicting the their functions, and discovering new drugs. 25% ~ 30% of proteins from 

the human genome are predicted as integral membrane proteins, which corresponds to 

about 6,000 proteins[10]. However, only about 500 unique membrane proteins are listed 

in the Protein Data Bank (PDB) according to the membrane protein database (Membrane 

Proteins of known 3D Structure, http://blanco.biomol.uci.edu/mpstruc/), and most of 

them are not from the human genome, indicating the needs for developing new 

technologies. G-protein coupled receptors (GPCRs) are the important receptors on cell 

surfaces, which are the targets of 30% of drugs[11]. C-X-C chemokine receptor type 1 

(CXCR1), one of GPCRs, has 350 residues and seven transmembrane domains, and the 

structure of CXCR1 has been solved by solid-state NMR[3], suggesting that this 

technique can be applied to 40K Da proteins at least. 

The overall goals of developing NMR techniques are improving the efficiency 

and obtaining more angular and distance restraints for the structure calculations. These 
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improvements are made by the developments of hardware (magnet, console and probe), 

pulse sequences, and techniques of signal processing. Alternatively, dynamics nuclear 

polarization (DNP)[12-14] is an emerging technique to enhance the signals with 

polarizations from electrons, but more efforts are required to make DNP feasible under 

physiological conditions.  

Two non-uniform sampling (NUS) methods were implemented to speed up the 

two- or higher-dimensional experiments by reducing the samplings in the indirect 

dimension (second or higher dimensions). Compressed sensing (CS)[15-19] has been 

successfully applied to magnetic resonance imaging (MRI) within this decade. We 

introduce CS to solid-state NMR, and improved the accuracy and the reproducibility of 

the reconstructions significantly by adding the uniform sampling region in the optimized 

sampling schemes. Covariance (COV) spectroscopy was first applied to two-dimensional 

infrared (IR) spectroscopy[20; 21], and then it was also applied to NMR 

spectroscopy[22-24]. COV gives better resolution and signal-to-noise (S/N) ratios in the 

indirect dimension comparing to traditional Fourier transform (FT) spectroscopy. 

Alternative States sampling scheme is proposed to further reduce the experimental time 

for COV NMR spectroscopy by 50% or more. These two methods can be generally 

applied to the two main techniques in solid-state NMR: oriented sample (OS) solid-state 

NMR[4; 7] and magic-angle-spinning (MAS) solid-state NMR[1; 2; 5]. 

The conventional strategy to solve the protein structures by OS solid-state NMR 

is measuring all the angular-dependent 1H-15N heteronuclear dipolar couplings and 15N 

chemical shift anisotropies (CSAs) from the 15N labeled proteins, and the backbone 

structures are determined from these angular restraints.  Uniformly 13C labeled proteins 
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allow us to characterize the side-chain conformations of proteins and provide stronger 

signals; however, 13C homonuclear dipolar couplings result, which shorten the correlation 

time of the signals and reduces the resolution and S/N ratios. The Dual-PISEMO pulse 

sequence was developed for uniformly 13C labeled samples; it suppresses both 1H and 13C 

homonuclear dipolar couplings, and simultaneously measures 1H-13C heteronuclear 

dipolar couplings. To fully assign the signals and measure all the restraints in a protein 

requires heteronuclear correlation experiments. The magnetization transfer between 15N 

and 13C is the crucial step. For the S = 1/2 nuclei, dipolar couplings are the major 

interactions in the solid-state NMR. 15N-13C dipolar couplings are relatively weak 

compared to other interactions in the spin system, and result in the inefficient 

magnetization transfers. 1H-assisted 15N/13C transfer is introduced in to OS solid-state 

NMR, and provides a complementary method to the conventional magnetization transfer 

between 15N and 13C. 

Rationally aligned (RA) solid-state NMR is applied to determine the structure of 

the viral protein U (Vpu) from HIV-1, which is composed of 81 amino acids, and has one 

helix in the transmembrane domain and two helices in the cytoplasmic domain. Vpu is 

relative dynamic comparing to other membrane proteins studied by solid-state NMR[3; 

25-27], due to the fact that two-third of the protein is exposed in the cytoplasm, and this 

character could be related to the multiple functions of the cytoplasmic domain[28-33]. 

Even though Vpu is a small protein, it has been reported that several downmodulation 

mechanisms are induced by Vpu to interfere the immune system[28-37]. To solve the 

structure of Vpu, the proteins are reconstituted in the proteoliposomes, and the spectra are 
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acquired when the proteins are undergoing fast rotational diffusion along the bilayer 

normal[1; 5; 8].  

 

1.2 Internal spin interactions in solid-state NMR  

NMR spectroscopy mainly relies on the phenomenon that states of nuclear spins 

split under the magnetic field, known as Zeeman effect, which is proportional to the 

magnitude of the magnetic field and the gyromagnetic ratio of the nucleus. The energy 

gaps caused by Zeeman effect are in the radiofrequency range, and therefore, we can 

manipulate the spin states with sequences of radiofrequency pulses. When the motions of 

the samples are slower than the timescale of NMR, we consider them to be in the solid-

state regime. Nuclear spins are sensitive to their environment, so by measuring the 

interactions of spins it is possible to acquire structural or dynamic information.  The 

interactions for S = 1/2 are important for most biological systems, and by considering the 

natural abundance and the amounts in the biological samples we refer to 1H as abundant 

spins, and 13C and 15N as dilute spins. 

Chemical shifts are determined by the electron densities of the molecular 

structures, which provide the shielding for the nuclei to resist external magnetic field. In 

solution NMR, the isotropic chemical shift is the only part surviving from the averaging 

of fast tumbling. He frequencies are characteristic for different types of residues. 

Chemical shift anisotropies (CSAs) are observable when the isotropic tumbling rates are 

slow, which provides the angular-dependent restraints for determine the orientations of 

the residues.   
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J-coupling is the interaction correlated the nuclear pair through chemical bond. It 

is relatively small and is only observed when the tumbling rate is fast enough (i.e. 

solution samples), or the local structures are highly dynamic in the solid-state samples. 

Dipolar coupling reflects the distance of the nuclear pair and the angle between 

the nuclear pair and the magnetic field. Heteronuclear dipolar couplings are negligible 

based on secular approximation in the laboratory frame, and only the homonuclear 

dipolar couplings are observable. 1H homonuclear dipolar couplings are detrimental to 

the qualities of the spectra due to their strong interactions; and therefore, the goal is to 

remove these interactions in most situations. To build up heteronuclear dipolar couplings 

we need to bring them into the same rotation frame with the radiofrequency irradiations. 

Heteronuclear dipolar couplings are utilized to transfer the magnetizations when the spin 

temperatures are different. As the spin temperatures reach the equilibrium, oscillations of 

heteronuclear dipolar couplings provide the angular information in solid-state NMR. 

 

1.3 Signal processing in NMR 

Modern NMR spectroscopy relies on Fourier transform (FT) to increase both 

resolution and sensitivity, and window functions, zero filling, and linear prediction[38] 

are routinely used in FT-NMR spectroscopy to further improve the qualities of spectra. 

Linear prediction is applied to the truncated signals, which predict the signals from the 

sampled ones, and gives promising results when the S/N ratio is high. Non-uniform 

sampling (NUS) is an alternative way to speed up the experiments by reducing the 

samplings in the indirect dimensions, and several methods, such as, maximum entropy 
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reconstruction (MaxEnt)[39-41], multi-dimensional decomposition (MDD)[42; 43], 

compressed sensing (CS)[15-19], etc., have been applied to reconstruct the NMR signals. 

CS has been rapidly developed for magnetic resonance imaging (MRI) in this decade, and 

has been applied to NMR spectroscopy as well. CS only works well for sparse data, 

which is suitable for high-resolution NMR spectra, and for the non-sparse data, CS also 

works in their sparse representations, for instance, the frequency domain of wavelet 

transform. It has been shown that CS reconstructs a four-dimensional solution NMR 

experiment with 0.8% of data. Covariance (COV) spectroscopy[22-24] is another way to 

generate high-dimensional spectra, especially for homonuclear correlation spectra. 

Instead of transforming the signals from time domain to frequency domain, COV treats 

the time domain signals as trials, and obtains the correlations from statistical methods. 

The qualities of COV spectra are highly depend on the direct dimension, which usually 

has higher resolution and S/N ratio. Since the growth of experimental time is non-linear 

when we expand the dimensions of the NMR experiments, these NUS methods are 

necessary for high-dimensional experiments.  

 

1.4 Oriented-sample (OS) solid-state NMR 

Solid-state NMR origins from the stationary samples, such as single crystals and 

powder, and accompanying with the discovery of magnetically aligned biological 

samples, for instance, Pf1 and fd bacteriophages[44-46], bicelles[47], and 

macrodiscs[48], it has been applied to solve the structures of membrane proteins[4; 7]. 

OS solid-state NMR measures 15N CSAs and 1H-15N dipolar couplings of the 15N-labeled 
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proteins, and these tensors provide the angular restraints for the structure calculations. 

Separated-local-field (SLF) experiments have been developed for this purpose, such as, 

PISEMA[49; 50], SAMMY[51; 52], PISEMO[53], etc.. The concept of SLF experiments 

is removing the 1H homonuclear dipolar coupling and observing the heteronuclear 

couplings by matching the rotating frames in the indirect dimension, and measures the 

CSAs in the direct dimension. The removal of 1H homonuclear dipolar couplings is the 

key in SLF experiments. Several approaches are utilized in SLF experiments to bring the 

nuclei to the magic angle (54.7°) in the spin space in order to remove dipolar couplings: 

the Lee-Goldberg (LG)[54] condition refers to applying a continuous wave to the nuclei 

with an offset, which makes the overall effect of irradiation at the magic angle. LG 

irradiation is implemented in PISEMA. The magic angle can also be created with 

different combinations of the pulses. “Magic sandwich”[55], and multi-pulse[56] belonge 

to this category, and they are implemented in SAMMY and PISEMO, respectively. The 

assignments of signals are made by combining fitting of “PISA wheel”[57-59] and 

selectively 15N labeled amino acids, and to increase the resolution or obtain more angular 

restraints three-dimensional SLF experiments and shiftless spectroscopy[60] have been 

developed.  

 

1.5 Rotationally aligned (RA) solid-state NMR 

The unoriented samples, such as, proteoliposomes, all possible orientations are 

presented, and therefore, they give broad signals in chemical shift and dipolar coupling 

dimensions, called powder pattern. 1H-15N or 1H-13C dipolar powder patterns from 
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proteins are highly similar, due to the powder averaging and the similarities of bond 

lengths, so the structure information is difficult to obtain under this condition. However, 

when the proteins are undergoing fast rotational diffusion (~106 s) about the bilayer 

normal[61], chemical shift and dipolar tensors perpendicular to the bilayer normal are 

averaged, and result in reduced chemical shift and dipolar powder patterns. Reduced 

dipolar powder patterns only depend on the bilayer normal, so the angular restraints are 

available under this condition. Series of symmetry-based pulse sequence[62-64] are 

introduced to recouple CSAs or heteronuclear dipolar couplings, and assignments are 

feasible with NCACX and NCOCX experiments or dipolar assisted assignment protocol 

(DAAP)[65]. RA solid-state NMR has been used to solve the 7-transmembrane protein, 

CXCR1 (350 residues)[3], showing the power of this technique. 

 

1.6 Viral protein U (Vpu) 

Viral protein U (Vpu) is one of the accessory proteins from HIV-1, which consists 

of one helix in the transmembrane (TM) domain and two helices in the cytoplasmic 

(Cyto) domain. Here we focus on NL4-3 strain, which belongs to group M and subtype 

B, and has 81 amino acids. Vpu has been reported to downmodulate several proteins to 

interfere immune system, such as, CD4[29; 66; 67], BST-2[28; 33], NTB-A[37; 68-70], 

CCR7[35], etc. The free form of CD4 can active the immune system, and CD4 can also 

bind to glycoprotein, gp160, which is the precursor of gp120. gp120 is found on the 

surface of HIV virus particles and is able to interact with the CD4 on the T-cells for 

transfection. BST-2 (also named tetherin, HM1.24, or CD 317) has 

glycophosphatidylinositol (GPI anchor) to hinder the mature virus particles and prevent 
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the virus release. One of the mechanisms to promote NK-cell degranulation is the 

coactivation of NTB-A and NKG2D protein complex on the surface of NK-cell. Once 

NTB-A is downmodulated, the survival rate of infected T-cell increases significantly. 

Downregulation of CCR7 by Vpu was reported recently, and CCR7 plays an important 

role to home naïve T-cells to peripheral lymphoid organs.  

To summarize theses interactions in the molecular level, we know that: (1) A14, 

A18, and W22 in the TM domain are the key residues to interact with the TM domains of 

CD4, NTB-A, BST-2, and CCR7, and the interactions of BST-2 and NTB-A have been 

confirmed by NMR experiments. These TM/TM interactions retains the downmodulated 

proteins in the cell organelles, for instance, CD4 is retained in endoplasmic reticulum 

(ER) and NTB-A, BST-2, and CCR7 are retained in trans-Golgi network (TGN). (2) S52 

and S56 are the phosphorylation sites in the cytoplasmic domain, and once they are 

phosphorylated, cytoplasmic domain can recruit the ubiquitin-ligase complex to lead 

CD4 and BST-2 to proteasomes and lysosomes for degradations, respectively.  (3) The 

leucine motif in the third helix can recruit adaptor protein 1 (AP1) and results in the 

mistraffic of BST-2 between TGN and endosomes. 
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Chapter 2 1H-13C Separated Local Field Spectroscopy of Uniformly 13C Labeled 

Peptides and Proteins 

 

2.1 Abstract 

By incorporating homonuclear decoupling on both the 1H and 13C channels it is 

feasible to obtain high-resolution two-dimensional separated local field spectra of 

peptides and proteins that are 100% labeled with 13C. Dual-PISEMO (Polarization 

Inversion Spin Exchange Modulated Observation) can be performed as a conventional 

two-dimensional experiment, or with windowed detection as a one-dimensional 

experiment that offers flexibility as a building block for Shiftless and other 

multidimensional triple-resonance experiments with the inclusion of 15N irradiation. The 

triple-resonance MAGC probe used to perform these experiments at 500 MHz is 

described. 

 

2.2 Introduction 

Extending the scope of uniform labeling with 15N from molecular biology [71] to 

NMR spectroscopy [72] has opened up many opportunities for structural studies of DNA 

as well as proteins. The further extension of uniform labeling to include both 13C and 15N 

has led to the wide spread implementation of triple-resonance 1H/13C/15N experiments in 

solution-state NMR [73] and in magic angle spinning (MAS) solid-state NMR [74] of 
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proteins. In contrast, there have been few applications of 1H/13C/15N triple-resonance 

experiments to stationary solid samples, single crystals, or uniaxially aligned samples 

[75]. The principal reason is that the tight network of 13C-13C homonuclear dipole-dipole 

couplings in molecules where all carbon sites are 100% labeled with 13C interferes with 

most solid-state NMR experiments, including the direct detection of single-line 13C 

resonances and the evolution of 1H-13C dipolar couplings in various separated local field 

(SLF) spectroscopy [76]. These coupling undoubtedly interfere with a wide variety of 

other experiments as well.  

We have made some progress in developing triple-resonance experiments for 

stationary samples by implementing homonuclear 13C-13C decoupling in indirect 

dimensions [77] and through the use of tailored 13C labeling [78] to minimize the number 

of directly bonded pairs of 13C nuclei with strong homonuclear dipole-dipole couplings. 

In this article we describe further development of 1H/13C/15N triple-resonance 

experiments for solid-state NMR of stationary samples that involves the use of pulse 

sequences that integrate homonuclear 13C-13C decoupling into the previously described 

PISEMO (Polarization Inversion Spin Exchange Modulated Observation) version [53] of 

SLF experiments. By simultaneously employing both 1H-1H and 13C-13C homonuclear 

decoupling in the pulse sequence, experiments can be performed on 100% uniformly 13C 

labeled samples. Further, these experiments have the option of enabling the 13C 

magnetization to be detected in the windows of the multiple-pulse cycle, reducing the 

dimensionality and serving as an essential building block for Shiftless NMR experiments 

where heteronuclear dipolar couplings provide all of the frequency dimensions [60]. 
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The dipole-dipole couplings between two nuclei are manifested as doublets in 

solid-state NMR spectra when they are either spatially isolated [79] or when homonuclear 

decoupling procedures [54; 56] are applied. Pulse sequences that perform homonuclear 

decoupling without removing the chemical shift or heteronuclear dipolar interactions are 

of particular interest for structural studies, since the principles of selective averaging 

enable the measurement of structural constraints. SLF experiments in particular provide a 

powerful approach to obtaining distance and/or angular constraints for structure 

determination, since the heteronuclear dipole-dipole couplings associated with sites with 

resolved chemical shifts are measured [76]. For studies of proteins it is essential to use a 

high resolution version of SLF spectroscopy, such as PISEMA (Polarization Inversion 

Spin Exchange at the Magic Angle) [50], SAMPI4 [80], or PISEMO (Figure 2.1.A) [53] 

experiments because they provide narrow linewidths in both the chemical shift and 

heteronuclear dipolar coupling frequency dimensions. The vast majority of applications 

of these experiments have focused on isolated 1H-15N amide and 1H-13Cα sites in the 

backbone of proteins where the heteronuclear dipolar couplings of these two-spin 

systems are observed as doublets; the pulse sequences perform homonuclear 1H-1H 

decoupling, and the homonuclear couplings among the 'dilute' 15N or 13C sites are 

negligible and can be ignored. Because the bond lengths are constant, the angular 

dependence of the frequency splittings between the doublets provides valuable input for 

structure determinations in oriented-sample (OS) solid-state NMR [27; 81; 82].  

In order to integrate 1H/13C/15N triple-resonance spectroscopy into OS solid-state 

NMR of 13C and 15N labeled proteins, it is essential to deal with the 13C-13C homonuclear 

dipole-dipole couplings. 13C-detected versions of solid-state NMR experiments are of 
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particular interest because of the potential for increased sensitivity over the more 

commonly employed 15N-detected experiments. We are taking two distinct approaches in 

our studies of proteins. In one approach, tailored isotopic labeling [78] is employed, since 

this can provide samples where 13C sites are not bonded to other 13C nuclei, and hence do 

not have strong homonuclear dipole-dipole couplings. It has the advantage that it does 

allow for direct 13C detection. However, it has several disadvantages. With most 

metabolic labeling schemes based on incorporation of specifically 13C labeled precursors, 

for example glycerol, multiple samples are required in order to obtain signals from all 

carbon sites in the protein, and the limited number of vicinal 13C labeled sites reduces the 

opportunities for homonuclear correlation experiments. Experiments can be performed on 

samples with about 25% of the carbon sites randomly labeled with 13C, since on a 

statistical basis there are few pairs of 13C bonded to each other in this situation, and all 

sites are equally represented in the spectra. However, not only does this suffer from an 

absence of vicinal 13C labeled sites for making spectral correlations, but also, the overall 

dilution of the 13C reduces the sensitivity to approximately one-fourth of what it would be 

if the same sites were 100% labeled with 13C. Since the increase in sensitivity from direct 

13C detection compared to 15N detection is about four-fold under comparable conditions, 

the dilution effectively cancels out any gain in sensitivity from the direct 13C detection. 

The second approach is to implement pulse sequences that incorporate 13C-13C 

homonuclear decoupling at critical evolution periods [53; 60; 77; 83-85], and this is the 

subject of this article. 
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2.3 Results 

The PISEMO pulse sequence diagramed in Figure 2.1.A differs from the original 

version [53] in that each cycle has four windows, instead of two, on the 13C channel. The 

additional windows enable direct 13C detection of frequency oscillations due to the 

evolution of the 1H-13C dipolar couplings with high sensitivity without degrading the line 

width of the signals in the dipolar coupling frequency dimension of the spectrum. 

Following conventional spin-lock Hartman-Hahn matched cross-polarization transfer of 

magnetization from 1H to 13C in the preparation period [86], both the 1H and 13C 

magnetization are spin-locked by the radiofrequency pulses to allow heteronuclear 

magnetization exchange during the evolution period. On the 1H channel, an eight-pulse 

cycle is applied, the first half of which is a four-pulse WaHuHa cycle (X, -Y, Y, -X) [56], 

and the second half is a phase inverted four-pulse WaHuHa cycle (-X, Y, -Y, X). This 

eight-pulse cycle can be viewed as a "flip-flop" WaHuHa cycle, analogous to the 

irradiations applied in PISEMA [50] or SAMPI4 [80]. We have obtained similar results 

using other eight-pulse cycles such as MREV8 [87] and HW8 [88]. In general, these 

experiments are limited to eight-pulse cycles because the cycle times of longer pulse 

sequences prohibit the measurement of the largest 1H-13C heteronuclear dipolar couplings 

present in stationary solid samples. The original PISEMO pulse sequence was designed 

for the situation most commonly encountered in studies of proteins, where 1H is the only 

type of abundant spin present, and one or a few 1H are strongly coupled to a single 

spatially isolated 13C or 15N; as a result, only the effects of the multiple-pulse 

homonuclear decoupling sequence on the 1H channel were taken into account in its 

design.    
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Figure 2.1 Timing diagrams for pulse sequences.  
A. 1H/13C (with 15N decoupling) PISEMO. B. 1H/13C (with 15N decoupling) Dual-
PISEMO. C. 1H/13C (with 15N decoupling) Window-detected PISEMO. D. 1H/13C (with 
15N decoupling) Window-detected Dual-PISEMO. CW refers to continuous wave 
irradiation. SPINAL-16 refers to modulated irradiation [21].  
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For spin systems with two different types of abundant spins coupled to each other, 

as in 100% uniformly 13C labeled proteins, where both the 1H and 13C spins are regarded 

as 'abundant', it is essential to apply multiple-pulse sequences capable of performing 

homonuclear decoupling on both 1H and 13C channels. This is accomplished in the D-

PISEMO pulse sequence diagrammed in Figure 2.1.B where the flip-flop WaHuHa 

sequence (Y, -X, X, -Y, -Y, X, -X, Y) is applied on the 13C channel and MREV8 (Y, -X, 

X, -Y, Y, X, -X, -Y) is applied on the 1H channel. Similar results can be obtained by 

applying the MREV8 cycle to the 13C channel while applying the flip-flop WaHuHa 

cycle to the 1H channel. Other combinations are also possible. In all the experiments, 

continuous irradiation at the 15N frequency provides heteronuclear decoupling from both 

the 1H and 13C spins. 

Comparisons among spectra obtained with the pulse sequences diagrammed in 

Figure 2.1 demonstrate the critical features of D-PISEMO applied to 100% uniformly 13C 

labeled peptides and proteins. These pulse sequences can be used to detect 13C chemical 

shifts (Figure 2.1.B) in two-dimensional experiments, or 1H-13C heteronuclear dipole-

dipole couplings (Figure 2.1.D) in a one-dimensional version.  Conventional single-

contact spin-lock cross-polarization was used to obtain the 1H and 15N decoupled one-

dimensional 13C NMR spectra in Figure 2.2.A and 2.2.D. The spectrum in Figure 2.2.A 

consists of four single-line resonances, one from each unique site in the unit cell of a 

single crystal where there is only one 13C labeled site in each molecule of the model 

peptide 15N, 13Cα N-acetyl-leucine (NAL). In contrast, the spectrum shown in Figure 

2.2.D, which was obtained from a 100% uniformly 13C labeled single crystal of the model 

peptide N-acetyl-valine (NAV), is poorly resolved with broad, overlapping resonance 
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intensity due to the effects of the homonuclear 13C-13C dipole-dipole couplings. By itself, 

the comparison between the one-dimensional spectra in Figure 2.2.A and 2.2.D 

demonstrates why it is essential to incorporate homonuclear 13C-13C decoupling into 

experiments that are to be applied to 100% uniformly 13C labeled stationary samples.  

Homonuclear decoupling in solids is generally accomplished with either multiple-

pulse sequences, such as WaHuHa [56], or continuous off-resonance (Lee-Goldburg) 

irradiation [54]. Previously, we demonstrated that resonances with different 13C chemical 

shifts could be resolved in samples by applying 13C-13C homonuclear decoupling in the 

indirect dimension of experiments performed with direct 15N detection [77], since only 

heteronuclear 1H and 13C decoupling is required during data acquisition to obtain high 

resolution spectra with single-line resonances. However, our goal is to utilize direct 13C 

detection in order to gain sensitivity and flexibility in experimental design, and this 

requires the use of homonuclear decoupling during data acquisition in order to obtain 

high-resolution 13C NMR spectra. Moreover, the same 13C-13C homonuclear couplings 

that result in poor spectral resolution, as in Figure 2.2.D, interfere with the evolution of 

1H-13C heteronuclear dipolar couplings in SLF experiments performed on samples that 

are 100% uniformly labeled with 13C [89]. 

PISEMO yields two-dimensional SLF spectra with resolution and sensitivity 

similar to those obtained using the original PISEMA experiment with the benefit of 

increased bandwidth, which is a significant advantage for experiments performed at high 

fields.  We have shown that PISEMO can be performed with either direct 13C detection as 

a two-dimensional experiment, or with indirect 1H detection as a one-dimensional 

experiment, depending on whether the observation windows in the multiple pulse 
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sequence are used to detect the magnetization as it is transferred in an oscillatory manner 

between the 1H and 13C nuclei [53]. The frequency of the oscillations can be used to 

measure the magnitudes of individual heteronuclear 1H-13C dipolar couplings. The D-

PISEMO variant presented here effects both homonuclear 1H-1H and homonuclear 13C-

13C decoupling during the heteronuclear 1H-13C spin-exchange period. Passive 15N 

heteronuclear decoupling is applied through continuous irradiation when necessary in 

molecules labeled with 15N in addition to 13C. This enables D-PISEMO to be performed 

with direct 13C detection in either a one- or two-dimensional experiment, considerably 

increasing its flexibility and potential applications. 
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Figure 2.2 13C-detected PISEMO and D-PISEMO single-crystal spectra.  
A. - C. were obtained from a 15N, 13Cα N-acetyl leucine (NAL) single crystal. D. - F. 
were obtained from a 100% uniformly 15N, 13C labeled N-acetyl valine (NAV) single 
crystal. A. One-dimensional 1H and 15N decoupled 13C NMR spectrum obtained by cross-
polarization. B. and E. Two-dimensional PISEMO spectra. C. and F. Two-dimensional 
D-PISEMO spectrum. The 1H carrier frequency was set at 4.7 ppm for all spectra; the 13C 
carrier frequency was set at 50 ppm for A. - C. and at 100 ppm for D. - F. All spectra 
were acquired with 4scans, 64 t1 points and 512 t2 points. The dwell times were 36 µs and 
20 µs for t1 and t2 dimensions respectively. The cross-polarization time was 1 ms and the 
recycle delay was 6 s. The experimental data were zero filled to 512 and 1024 data points 
in t1 and t2 dimensions and were multiplied by a sine bell window function prior to 
Fourier transformation. 
 

The two-dimensional SLF spectra in Figure 2.2.B and 2.2.C are very similar; they 
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interactions. In both spectra, a doublet due to heteronuclear 1H-13C dipole-dipole 

coupling is associated with each 13C resonance resolved by its chemical shift that is 

observed in the one-dimensional spectrum. The dipolar coupling spectra in Figure 2.3.A 

and 2.3.B are associated with the 13Cα resonance marked with an arrow in Figure 2.2.A. 

The frequencies of the signals, their line widths, and their intensities are essentially the 

same whether the spectra were obtained with the original version of PISEMO or D-

PISEMO, demonstrating that for spatially isolated 13C sites it is not necessary to apply 

homonuclear decoupling on the 13C channel. In contrast, the situation is quite different 

for experiments performed on similar but 100% uniformly 13C labeled samples. There are 

substantial differences between the spectra obtained with PISEMO (Figure 2.2.E and 

Figure 2.3.C) and D-PISEMO (Figure 2.2.F and Figure 2.3.D). Although it is somewhat 

difficult to visualize in the contour plots that include overlapping patterns from carbons 

bonded to between zero and three hydrogens, the PISEMO spectrum (Figure 2.2.D) is 

clearly much more complex and has more spectral artifacts, especially for resonances 

with relatively small dipolar couplings than the D-PISEMO spectrum (Figure 2.2.F). The 

arrow in Figure 2.2.D marks the frequency for a single 13Cα resonance, as identified by 

analysis of individual spectral slices through the 1H-13C heteronuclear dipolar coupling 

dimension. 
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Figure 2.3 One-dimensional slices along the 1H-13C dipolar coupling dimension from 
PISEMO and D-PISEMO single-crystal spectra. 
They correspond to a selected 1H-13Cα dipolar coupling. A. and B. are associated with the 
resolved peak marked with an arrow in Figure 2.2.A., 2.2.C. and 2.2.D. are associated 
with the partially resolved13Cα peak at 75 ppm marked with an arrow in Figure 2.2.D.  
 

The spectral slices associated with the position of the arrow in Figure 2.2.D 

shown in Figure 2.3.C and 2.3.D are dramatically different. Only with D-PISEMO is it 

possible to resolve and measure the splitting of the 1H-13C dipolar coupling doublet 

without distortions due to broadenings, splittings, and spectral artifacts emanating from 

the presence of 13C-13C dipole-dipole couplings. The sensitivity is dramatically improved 

as well, demonstrating that D-PISEMO enables the measurement of individual dipolar 

couplings in 100% uniformly 13C labeled peptides.    
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Figure 2.4 One-dimensional 1H-13C dipolar coupling spectra of window-detected 
PISEMO and the projections of D-PISEMO.  
A. and C. are projections of two-dimensional spectra. B. and D. are window-detected 
one-dimensional spectra. A. and B. were obtained from a 15N, 13Cα N-acetyl leucine 
(NAL) single crystal. C. and D. were obtained from a 100% uniformly 15N, 13C labeled 
N-acetyl valine (NAV) single crystal. uniformly 15N, 13C NAV single crystal.  
 

In the window-detected version of the experiment (W-PISEMO) diagrammed in 

Figure 2.1.C individual data points are acquired at the designated intervals of each 

WaHuHa cycle. Plotted as a function of time, these intensities constitute a dipolar free 

induction decay that can be subsequently Fourier transformed to yield a one-dimensional 
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coupling frequencies, it corresponds to the projection of the two-dimensional spectrum 

along the dipolar coupling frequency axis. As illustrated in Figure 2.4, the projections of 

the two-dimensional spectra (Figure 2.4.A and 2.4.C) are similar to the spectra obtained 

using the window-detected version of the same pulse sequences (Figure 2.4.B and 2.4.D, 

respectively). Although many sites in the uniformly labeled NAV single crystal 

contribute to the one-dimensional spectrum obtained with WD-PISEMO, the strong 

intensity and evidence of many individual splittings demonstrate that the experiment can 

deal with the network of 13C-13C homonuclear couplings. As Shiftless NMR spectra, the 

spectral resolution in Figure 2.4.B and 2.4.D result entirely from the 13Cα sites having 

different 1H-13Cα heteronuclear dipolar coupling frequencies. Neither the 1H nor the 13C 

chemical shift interactions affect these spectra. Notably, it is feasible to obtain a high-

resolution shiftless NMR spectrum even in situations where the sites have identical 

chemical shifts or the spectral resolution is limited by magnetic field inhomogeneities or 

instabilities. The feature illustrated here is that the one-dimensional projection derived 

from a two-dimensional experiment (Figure 2.4.A and 2.4.C) can be replicated (Figure 

2.4.B and 2.4.D) in an experiment with reduced dimensionality. The windowed versions 

of D-PISEMO (Figure 2.1.B) can also be used as building blocks for more complex 

multidimensional experiments, in particular new classes of Shiftless NMR experiments. 

To demonstrate applicability to a 100% uniformly 13C labeled residues in a protein, the 

NMR spectrum in Figure 2.5.B is a slice taken from a two-dimensional spectrum 

obtained with D-PISEMO. The sample is fd bacteriophage that is aligned by the magnetic 

field of the NMR spectrometer. The coat protein contains uniformly 13C leucine residues. 
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The doublet in Figure 2.5.B is from the 1H-13C dipolar coupling associated with the 

leucine residue whose 13Cα resonance is marked by the arrow in Figure 2.5.A.   

 

 

Figure 2.5 D-PISEMO spectrum of uniformly 13C, 15N leucine labeled fd bacteriophage.  
A. One-dimensional 13C chemical shift spectrum. B. One-dimensional 1H-13Cα dipolar 
coupling slice taken from a two-dimensional D-PISEMO spectrum. The spectra were 
obtained from the coat protein labeled 100% uniformly at its two leucine residues in fd 
bacteriophage magnetically aligned at 65 °C. The slice of the peak marked by the arrow 
(50 ppm) corresonds to a 13Cα resonance. The two-dimensional NMR spectrum was 
acquired with 128 scans, 12 t1 points, and 512 t2 points. The dwell time was 36 µs and 20 
µs for t1 and t2 dimensions, respectively. The cross-polarization time was 1 ms and the 
recycle delay was 6 s. The experimental data were zero filled to 512 and 1024 data points 
in t1 and t2 dimensions and were multiplied by a sine bell window function prior to 
Fourier transformation. 
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2.4 Discussion 

Separated local field spectroscopy is a particularly powerful experiment because it 

provides direct measurements of heteronuclear dipolar couplings associated with 

individual atomic sites in molecules as complex as proteins. When the 1H and dilute spin, 

either 13C or 15N, are directly bonded, which fixes their internuclear distance, then the 

frequency of the dipolar coupling provides a strong orientational constraint for structure 

calculations. The chemical shift of each resonance provides a complementary 

orientational constraint. In this type of spectroscopy, the resolution also results from 

difference in orientations rather than chemical environments. 

In order to extend the method beyond the 15N amide backbone sites of proteins it is 

essential to utilize 13C labeling and 1H/13C/15N triple-resonance experiments. Although 

now in routine use in solution NMR and MAS solid-state NMR, these experiments 

require substantial development for applications to proteins in OS solid-state NMR. The 

combination of many 13C-13C dipole-dipole couplings in tight networks, the wide 

frequency range for isotropic chemical shift, and the wide frequency ranges for carbonyl 

and aromatic carbon chemical shift anisotropy make these challenging experiments. 

In this article, we demonstrate the feasibility of simultaneously applying homonuclear 

dipolar coupling to the 1H and 13C nuclei to reveal individual dipolar couplings associated 

with single resonances. The use of D-PISEMO provides substantial improvements in both 

resolution and sensitivity by performing homonuclear 13C-13C decoupling. It can be 

performed as a conventional two-dimensional experiment, or with windowed detection as 

a one-dimensional experiment that offers flexibility for Shiftless and other 

multidimensional triple-resonance experiments on peptides and proteins. 
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2.5 Methods 

2.5.1 NMR spectroscopy 

The NMR experiments were performed on a Varian Inova spectrometer with 1H, 

13C, and 15N frequencies of 500.125 MHz, 125.76 MHz, and 50.68 MHz, respectively. In 

all experiments, the measured B1 field was 50 kHz for the 1H and 13C channels, and 30 

kHz for the 15N channel. The 1H chemical shift frequencies were referenced to the water 

as 4.7 ppm (25oC). The 13C chemical shift frequencies were referenced to the 13CH2 

resonance of adamantane as 38.47 ppm and the 15N chemical shift frequencies were 

referenced to a 15N labeled ammonium sulfate as 26.8 ppm, all as external references. 

The windows between the multiple pulses can be utilized for signal acquisitions, and it is 

possible to acquire multiple sample points within each window. However, in these early 

experiments the observed signal-to-noise ratios are limited by practical aspects of 

optimizing analog and digital filters for windowed detection in multiple-pulse sequences. 

The numbers shown in Figure 2.1.C and 2.1.D represent the timing of the data 

acquisitions in the windows, and the delay between the last pulse and acquisition is 2.6 µs 

which is limited by probe ringing. Two free induction decays (FIDs) were acquired in 

each window-detected experiment. The sample points acquired in the first and the third 

windows are taken as the data points in the first FID, and these points correspond to the 

odd and even t1 dwells in PISEMO or D-PISEMO experiments. Similarly, the second 

FID is constituted from the sample points obtained in the second and the fourth windows. 

Because of the change in effective B1 field, the two FIDs are added together after 

applying a 45° phase correction to the second FID. This results in an increase in the 



27 

	
  

signal-to-noise ratio of approximately 20%. The scaling factors of W-PISEMO and WD-

PISEMO are the same to those observed for PISEMO and D-PISEMO (0.67).  

 

2.5.2 Triple-resonance NMR probe 

A home-built triple resonance probe was constructed specifically for these 

experiments using design principles consistent with applications to lossy biological 

samples [90].  It has an outer coil that is a modified Alderman Grant coil (MAGC), which 

operates at the proton (1H) tuning frequency, and an inner solenoid coil that generates an 

orthogonal B1 field.  A similar double-resonance probe utilizing MAGC and solenoid 

coils has been previously described [91], and the probe described here is an extension of 

this design with the incorporation of a third channel.  In this triple resonance version of 

the probe, the inner 5 mm ID solenoid coil is double-tuned to the 15N and 13C frequencies.  

The resulting cross-coil probe pictured in Figure 2.6 offers several advantages over a 

more traditional modified Cross-Waugh circuit [92], in which a single solenoid sample 

coil is triply tuned, as used in our previous studies [93] and designs from other 

laboratories [94; 95].  The main advantage of the MAGC is the dramatically reduced 

radio frequency (RF) heating that results from the low inductance of the MAGC. The low 

voltage drop across the leads of the coil significantly decreases the scalar electric field 

across the sample volume, which is the principal mechanism of sample heating during 

high frequency RF irradiation.  Furthermore, the low inductance and relatively low filling 

factor ensure that the MAGC 1H tuning frequency and resonance Q factor are not 

significantly altered by the introduction of high dielectric, lossy biological samples that 

are extensively hydrated, such as the bacteriophage particles in aqueous solution in 
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Figure 2.5. The separation of the 1H tuning circuit and coil assembly from the low 

frequency coil and circuit enables the choice of a solenoid inner sample coil of optimal 

inductance and filling factor for the 13C and 15N frequencies.  A seven turn solenoid coil 

provides optimal inductance of the inner coil, and along with the simplified double 

resonance inner coil tuning circuit, we were able to obtain a significant increase in 

sensitivity compared to similarly constructed Cross-Waugh style single solenoid coil 

probes, which typically utilized a five or six turn 5 mm ID coil to ensure adequate 1H 

performance in a triple tuned configuration.  The 15N and 13C channels of the probe are 

isolated using a pair of band stop filters containing a significant amount of inductance 

(L4 and L6 in Figure 2.6).  This provides a durable double tuned inner coil circuit that 

can withstand high power irradiation on one of the low frequency channels while 

observing the other.  The probe performance is summarized in Table 2.1.  The 

disadvantage of this design is that the low inductance and reduced filling factor of the 

outer MAGC make it rather insensitive for direct proton observation.  This is not an issue 

in the class of experiments described in this article, since they are focused on direct 13C 

detection. 



29 

	
  

 

Figure 2.6 Photograph and circuit diagram of triple-resonance MAGC probe. 
Right: Photograph of the triple-resonance probe used in these experiments. Left: Circuit 
diagram for the triple-resonance MAGC probe pictured. L1 represents the outer 9 mm ID 
Modified Alderman-Grant Coil and L2 is the seven turns 5mm ID inner solenoid coil. 
The values of the capacitors are:  C1 = 2.7 pF, C3 = 6.8 pF, C4 = 6.8 pF, C5 = 6.8 pF, C7 
= 12 pF, C8 = 12 pF, C9 = 12 pF, C11 = 6.8 pF, C13 = 33 pF, C15 = 12 pF, C16 = 56 pF, 
C17 = 6.8 pF, C20 = 56 pF. The capacitance C6* is 8.19 pF total integrated into the 
MAGC and consists of three parallel strings of four series ceramic chip capacitors. 
Capacitors C2, C10, C12, C14, C18 and C19 are variable capacitors with a range of 1-10 
pF. Inductors L4 and L6 are 8 turn and 5 turn 8 mm coils respectively. 
 

Table 2.1 Summary of probe performance. 
Channel             Nutation frequency,RF Power      RF Homogeneity (A810/A90)X100% 

1H                      71 kHz, 109W                  73% 

13C                     55 kHz, 99W                   70% 

15N                     55 kHz, 280W                  70% 

 

2.5.3 Samples 

The preparation of uniformly 13C leucine labeled fd bacteriophage for high 

resolution NMR spectroscopy followed previous methods [27]. The samples for the solid-
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state NMR experiments were 5-mm o.d. thin-wall glass tubes containing 180 µl of 50 

mg/ml solutions of bacteriophage in 5 mM sodium borate buffer, pH 8.0. Under these 

conditions, the bacteriophage particles align with their long axis parallel to the direction 

of the applied magnetic field. All of the isotopically labeled compounds and media 

described in this article are from Cambridge Isotope Laboratories (www.isotope.com). 

 

 Chapter 2, in full, is a reprint of the material “1H-13C separated local field 

spectroscopy of uniformly 13C labeled peptides and proteins” as it appears in J. Magn. 

Reson. 206(1):105-111 by Lin EC, Wu CH, Yang Y, Grant CV, and Opella, SJ. The 

thesis author was the primary author of the paper. 
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Chapter 3 1H Assisted 13C/15N Heteronucealer Correlation Spectroscopy in Oriented 

Sample Solid-State NMR of Single Crystal and Magnetically Aligned Samples 

3.1 Abstract 

1H-irradiation under mismatched Hartmann-Hahn conditions improves the 

efficiency of selective 15N/13C transfers in triple-resonance heteronuclear correlation 

spectroscopy (HETCOR) on stationary samples of single crystals and aligned samples of 

biopolymers. Sensitivity is improved by taking advantage of the 13Cα and 15N labeled 

peptides and proteins with 13C detection. The similarities between experimental and 

simulated spectra demonstrate the validity of the recoupling mechanism and identify 

opportunities for applying these methods to membrane proteins in phospholipid bilayers. 

 

3.2 Introduction 

Solid-state NMR spectroscopy is playing an increasingly important role in the 

determination of the structures of proteins in biological supramolecular assemblies, such 

as membrane proteins in phospholipid bilayers[96-99], coat proteins of virus 

particles[100], aggregates of amyloid proteins[101], etc. Oriented Sample (OS) solid-

state NMR is particularly well suited to molecular assemblies that can be mechanically or 

magnetically[102] aligned in the field. This allows angular constraints to be derived from 

the measured frequencies relative to a single external axis, which fully defines the 

alignment tensor, unlike the situation for residual dipolar couplings (RDCs) in solution 
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NMR where determination of the alignment tensor can be a major source of error [103]. 

Significantly, since each measurement is independent of the others on the molecule, any 

experimental errors in the measurements of frequencies or uncertainties in the 

magnitudes or molecular orientations of the spin-interaction tensors do not accumulate. 

This results in high-resolution and accurate structure determinations.  

OS solid-state NMR has been successfully applied to DNA, membrane proteins, 

and viral coat proteins, primarily through the use of uniform and selective 15N labeling. 

15N labeling of biopolymers has many advantages[104]. Uniform 15N labeling is easy and 

inexpensive to implement by expressing the protein or nucleic acid of interest in bacteria 

grown on chemically defined media where there is only a single source of nitrogen, 

typically a salt of ammonia. Since no nitrogens are directly bonded in biopolymers, and 

in the critical polypeptide backbone of proteins each amide nitrogen is separated from 

another by two carbon atoms and three bonds, homonuclear 15N/15N decoupling is not 

necessary at any stage of the experiments because of the combination of the low 

gyromagnetic ratio and spatial separation of nitrogen atoms. Many double-resonance 

1H/15N experiments have been developed to measure frequencies from the three spin-

interactions available at a single 15N labeled site: 1H chemical shift, 15N chemical shift, 

and 1H/15N heteronuclear dipolar couplings[50; 105-107]. A number of assignment 

schemes have been developed based on both through-space interactions and the regularity 

of structural and spectral features that accompany the mapping of the structure onto the 

spectra by the anisotropic spin-interactions in the secondary structures of the α-helix and 

β-sheet[108; 109]. Recently, through-space methods of identifying proximate nuclei have 

been improved by invoking assistance from a third spin[110] . 
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In order to further advance OS solid-state NMR methods, triple-resonance 

experiments on 13C and 15N double labeled samples are an essential next step. This would 

enable spectroscopic interrogation of essentially all sites in a biopolymer. Since all 

backbone sites of a protein would be labeled it offers the possibility of systematic 

assignment schemes, and with 13C detection higher sensitivity. However, in fully labeled 

biomolecules there is a significant problem. The 13C form a dense network of 

homonuclear dipole-dipole coupled nuclei that interfere with most multi-dimensional 

solid-state NMR experiments as well as 13C detection. We have taken two approaches to 

ameliorating these difficulties. One is to use ‘tailored’ 13C labeling through judicious 

choice of 13C-containing precursors in the growth media[111]. This enables either 

uniform dilution of the 13C nuclei or high levels of labeling at selected sites where nearby 

carbons are unlabeled. The strong homonuclear dipole-dipole couplings are attenuated by 

the effect of the dilution on their spatial proximity. The second approach is to develop 

NMR experiments that incorporate homonuclear decoupling on both the 1H and 13C 

channels[112]. The implementation of triple-resonance experiments provides 13C 

chemical shift, and 1H-13C angular constraints that complement those from 15N especially 

since some of them are out of the peptide plane, and as a result add unique information to 

the structure calculations. Moreover, 13C detection offers increased sensitivity compared 

to the corresponding 15N detection. 

Cross-polarization (CP) between abundant spins and dilute spins has been 

demonstrated successfully both in magic angle spinning (MAS) and stationary solid-state 

NMR experiments. The magnetization can be transferred from 1H to either 15N or 13C 

easily because of the strong dipolar couplings, up to 11 kHz or 22 kHz in peptides, 
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respectively. In the basic cross-polarization experiment introduced by Waugh and 

coworkers[113], the observed signals are enhanced by up to ten- or four-fold for 15N and 

13C, respectively[114]. Here we are interested in using these large initial increases in 

magnetization to enable subsequent transfers to provide additional frequency dimensions 

for resolution, and to initiate the development of systematic assignment methods for OS 

solid-state NMR.  

The first goal of the pulse sequence is to transfer magnetization from the initially 

polarized dilute spin to the second type of dilute spin. In general, this is referred to as 

double-cross-polarization (DCP)[115], although the details of the spectroscopy can vary 

significantly among the pulse sequences used to carry out this procedure. In the simplest 

example, the magnetization can be transferred from 1H to 15N, and then from 15N to 13C; 

alternatively, the magnetization can be transferred from 1H to 13C, and then from 13C to 

15N. In general, the efficiency of the magnetization transfer between dilute spins (15N and 

13C) is low due to the relatively small dipolar couplings between these two nuclei, which 

are generally less than 1 kHz because of their relatively low gyromagnetic ratios.   

Here we demonstrate that it is possible to obtain two-dimensional 13C/15N 

HETCOR spectra for all directly bonded pairs of 15N and 13Cα in the backbone of a 

peptide or protein. Ideally, we would like all of the correlation resonances to have equal 

intensity, however, for now we have to settle for reliable detection of the correlation 

resonances for all pairs of 15N and 13Cα in the peptides or proteins. Since the input for the 

structure calculations is in the form of the orientationally-dependent frequencies, not 

intensities or line shapes, this is much less of a handicap than in other classes of 
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experiments, such as spin-exchange where the intensities of the off-diagonal peaks are 

important. 

Longer mixing times generally improve the extent of magnetization transfer, 

especially when the dipolar couplings are small. However, the longer mixing times can 

also result in non-selective magnetization transfer or spin diffusion, depending on the 

various laboratory and rotating relaxation times. For solid-state NMR of stationary 

samples, selective magnetization transfers between 1H and 15N or 1H and 13C are feasible 

when the homonuclear 1H/1H dipole-dipole couplings are strongly attenuated, allowing 

individual heteronuclear dipolar couplings to dominant during specified time intervals of 

multi-dimensional experiments. Polarization inversion spin exchange at the magic angle 

(PISEMA)[50], SAMMY,[105] and related pulse sequences are able to decouple the 

homonuclear 1H dipolar networks and selectively transfer the magnetization between 1H 

and 15N[116; 117]. Alternatively, dipolar-based INEPT[118], also is effective for 

transferring magnetization when the 1H network of homonuclear couplings is suppressed. 

However, during many trials, we were unable to obtain efficient magnetization transfer 

between 15N and 13C using this family of pulse sequences. In contrast, spin-lock on both 

15N and 13C with matched continuous wave irradiation does transfer magnetization 

between coupled 15N and 13C sites. 

Third-spin assisted polarization transfer (TSAR) has been proposed as a method 

to recouple dilute spins under MAS condition[119]. However, instead of spinning the 

sample, the offsets can be created under the mismatched Hartmann-Hahn conditions 

between the abundant and dilute spins[110] that effect recoupling in stationary solid-state 

NMR experiments, as shown in the following equations: 
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ΔωI is the mismatched Hartmann-Hahn condition that makes the Hamiltonians 

significant when the mismatch is small. The first term, the recoupling term, recouples two 

dilute spins by the 1H, and therefore, the 1H dipolar network is used to create couplings 

among dilute spins. It is this alternative pathway that provides an opportunity to transfer 

magnetization when the dipolar couplings between dilute spins are weak. The second 

term, the equilibrating bath term, enable the equilibration of the spin temperature among 

the spins. For spin diffusion driven by this mechanism[110], 15N is polarized to achieve 

higher spin temperatures, and then, a z-filter is applied to eliminate any residual 1H 

magnetization that could result in non-selective transfer. Hence, the spin temperature is 

always higher for the 15N spins, and that drives the magnetization to redistribute to the 

proton bath and results in decreasing the transfer efficiencies. The third term can be 

neglected when the lattice sum of each dilute spin is equal; otherwise, the magnetization 

will be brought to the orthogonal frame according to the commutator. This term could 

decrease the transfer efficiency in the heteronuclear correlation experiments, because it is 

difficult to make the lattice sums of 13C and 15N equal to each other. Spin diffusion 

experiments among 15N in OS solid-state NMR with 1H-irradiation under mismatched 

Hartmann-Hahn conditions show that even if several different spin dynamics are 
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involved, the recouping term still can assist the magnetization transfers. The 

Hamiltonians also suggest the feasibility of heteronuclear correlations in triple-resonance 

experiments on stationary samples. Here we demonstrate 13C-detected HETCOR 

experiments where the 15N/13C transfer is assisted by 1H-irradiation under mismatched 

Hartmann-Hahn conditions. In addition, we show that the enhancement of signal 

intensities and the selectivity depend upon experimental conditions.   
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Figure 3.1 Timing diagrams for the pulse sequences.  
A. 15N-13C dipolar coupling / 13C chemical shift or 15N-13C dipolar coupling / 15N 
chemical shift separated-local-field (SLF) experiment. B. 15N/13C HETCOR experiment.  
C. 15N/13C HETCOR experiment with 1H-irradiation. SLF experiments provide the local 
fields (dipolar couplings) affecting on the observed spins in the t1 dimension, and the 
pulse scheme in the t1 dimension can be modified for different demands (1H-15N, 1H-13C, 
or 15N-13C dipolar couplings). Therefore, the chemical shifts acquired in the t2 dimension 
can be resolved by these two-dimensional experiments[76; 89]. CW refers to continuous 
wave irradiation and SPINAL-16[120] refers to the modulation used for heteronuclear 
decoupling. Pre-saturation is accomplished with thirty 90° pulses separated by 200 µs 
delay. The z-filter is 5 ms. Mix time for 1H/15N cross-polarization is 1ms, and for 15N/13C 
cross-polarization is 1ms or 3ms. 
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3.3 Results and Discussion 

Improvement in 13C/15N heteronuclear correlation spectra results from 1H-

irradiation under mismatched Hartmann-Hahn conditions.  This is demonstrated with two 

samples, and all experiments are performed under stationary conditions. One sample is a 

single crystal of 15N, 13Cα N-acetyl-leucine (NAL), which as four unique molecules in its 

unit cell. The other sample is selectively 15N, 13Cα alanine-labeled Pf1 bacteriophage coat 

protein in magnetically aligned virus particles. There are 8 alanine residues in the protein 

sequence. 

 

Figure 3.2 15N-13C SLF spectra of a 15N, 13Cα NAL single crystal.  
A. 15N decoupled 13C NMR spectrum. B. 13C decoupled 15N NMR spectrum. C. 13C-
detected 15N-13C heteronuclear dipolar coupling SLF spectra. D. 15N-detected 15N-13C 
heteronuclear dipolar coupling SLF spectra. The observed 15N-13Cα heteronuclear dipolar 
couplings are: ~0 Hz (pair 1); 200 Hz (pair 2); 374 Hz (pair 3); and 451 Hz (pair 4). 
 

One-dimensional 13C and 15N NMR spectra obtained by conventional spin-lock 

cross-polarization are shown in Figure 3.2.A and 3.2.B; the four resolved resonances in 

each spectrum correspond to the four molecular orientations in the unit cell of the single 
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crystal. The 15N-13C heteronuclear dipolar coupling doublets generated in the t1 

dimension by the separated-local-field (SLF) experiment using the pulse sequence 

diagramed in Figure 3.1.A are shown in Figure 3.2.C and 3.2.D. Both the chemical shift 

and heteronuclear dipolar coupling frequencies depend on the angles between 15N-13Cα 

bonds and the magnetic field. As a result, the 15N and 13Cα sites in a single peptide plane 

have the same 15N-13C dipolar coupling. By matching the 15N-13C dipolar couplings in the 

15N- and 13C-detected 15N-13C dipolar coupling SLF spectra, all four resonances in the 

15N and 13C one-dimensional spectra can be correlated. The 15N and 13Cα pairs are 

identified in Figure 3.2. The 15N-13Cα dipolar couplings are 200 Hz, 374 Hz, and 451 Hz 

for pair 2, pair 3 and pair 4, respectively. These doublets show the 15N-13C dipolar 

couplings are small, as predicted for the peptide system. The 15N-13Cα dipolar coupling of 

pair 1 is below the resolution limit of this particular experiment, and therefore we classify 

the heteronuclear dipolar coupling of this pair to be ~ 0 kHz.  

The conventional 15N/13C HETCOR experiments were performed using the pulse 

sequence in Fig. 1B. 15N and 13C are pre-saturated to ensure that the magnetization is 

transferred from other spins without interference from residual magnetization. The 

magnetization is first transferred from 1H to 15N, and the 15N nucei then evolve according 

to their chemical shift interactions by removing heteronuclear dipolar couplings. 

Subsequently, a 5ms z-filter is applied to remove any residual 1H magnetization. The first 

90° pulse brings the 15N magnetization to the z-axis, and is alternated between –Y and –X 

phase to achieve quadrature detection in the t1 dimension; the second 90° pulse brings 

the magnetization back, and is alternated between Y and –Y phase to suppress the effects 

of probe ringing. The magnetization is subsequently transferred with the continuous wave 
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irradiation applied on the 15N and 13C channels simultaneously, and 13C chemical shifts 

are detected in the t2 dimension.  

 

 

Figure 3.3 Traditional and 1H mismatched irradiation (lower mismatch condition) 
HETCOR spectra. 
A. 13C-detected 15N/13C HETCOR spectrum of a 15N, 13Cα NAL single crystal. B. 13C-
detected 15N/13C HETCOR with 1H-irradiation at 40 kHz. The one-dimensional spectra 
aligned on the top and side are the same 13C and 15N CP spectra shown in Figure 3.2.A 
and B, respectively. Note in Figure 3.3.B that the signal from pair 1 is detectable only in 
the presence of 1H-irradiation. The experiments were performed with 1ms (shown) and 
3ms 15N/13C mixing time with similar results.  
 

 

Three resonances shown in Fig. 3.3.A were obtained in the regular 15N/13C 

HETCOR experiment with 1ms 15N/13C mixing time. The missing resonance corresponds 

to resonance 1, which has ~ 0 kHz 15N-13C dipolar coupling. Notably, no magnetization 

transfer is observed for pair 1 even with the mixing time extended to 3 ms.  
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Figure 3.4 One-dimensional spectral slices along the 15N chemical shift dimension from 
the two-dimensional spectra shown in traditional and 1H mismatched irradiation (lower 
mismatch condition) HETCOR spectra.  
A. 15N/13C HETCOR. B. 15N/13C HETCOR with 1H-irradiation at 40 kHz. From top to 
bottom, the slices correspond to pairs 1 to 4, respectively. In Figure 3.4.A, the measured 
signal-to-noise ratios are 36 (pair 2), 83 (pair 3) and 111 (pairs 4). In Figure 3.4.B, the 
measured signal-to-noise ratios are 17 (pair 1), 18 (pair 2), 18 (pair 3) and 74 (pair 4). 
Reductions in some signal intensities result from competing pathways. The narrow 
single-line peaks and the flat baselines demonstrate that the transfer from 15N to 13C is 
selective. 
 

Four resonances are present in Figure 3.3.B with 1H-irradiation at 40 kHz during 

the 15N/13C mixing period (Figure 3.1.B). Slices through all the resonances in the t1 

dimension are shown in Fig. 4. The experimental results on the single crystal are fully 

consistent with the described model: 1H-irradiation provides another pathway to transfer 

the magnetization from 15N to 13Cα via the proton bath. The weaker intensities of the pair 

2 to pair 4 imply that the other two terms (Equation 3.2 and 3.3) are involved as well and 

result in loss of signal intensity. The benefit of 1H-irradiation is shown on pair 1. 

Although, there are other processes competing with recoupling, the experimental results 

show that recoupling can drive the magnetization transfer without direct dipolar 

couplings. Non-selective transfer from the proton bath when 1H-irradiation is applied can 
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be ruled out by inspecting the slices in Figure 3.4, since the sharp peaks and flat baselines 

show only that a specific frequency is transferred.  

 

 

Figure 3.5 HETCOR spectra at higher mismatched condition with different mixing time. 
A. and B. 15N/13C HETCOR spectra obtained with 1H-irradiation of 60 kHz with 1ms and 
3ms 15N/13C mixing times, respectively, of a 15N, 13Cα NAL single crystal. One-
dimensional spectra on the top and the side are the 13C and 15N CP spectra shown in 
Figure 3.2.A and 3.2.B. Strong inter-molecular correlations in a single crystal are 
achieved only under the higher mismatched condition. 
 

Recoupling has been shown to assist the 15N/13C transfers when the mismatches 

are lower than the Hartmann-Hahn condition by 10 kHz. According to the Hamiltonians, 

the same effect should occur when the mismatch is higher as well. The stronger 1H-

irradiation brings the 1H magnetization into the rotating frame more efficiently, and 

should provide superior recoupling; once the proton bath recouples the dilute spins, all 

the correlations between 15N and 13C should be observed in the HETCOR spectra. 

However, we only observed the intra-molecular correlations in the 15N, 13Cα NAL single 

crystal sample in the presence of 1H-irradiation at 40 kHz. When the field strength of 1H-

irradiation was increased to 60 kHz not only the intra- but also some inter-correlations 

were observed in the spectra (Figure 3.5.A). Comparing the spectrum in Figure 3.3.B, the 
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only difference is the strength of 1H-irradiation, and it shows that the recoupling 

efficiency is improved by increasing the strength of the B1 field. All the correlations 

expected in the unit cell were observed when mixing time was extended to 3ms (Figure 

3.5.B).  

 

 

Figure 3.6 Simulations of the transfer efficiencies between 15N and 13C with various 15N-
13C heteronuclear dipolar couplings. 
A. Conventional 15N/13C CP transfer. B. 15N/13C CP transfer with 1H-irradiation at 59 
kHz (solid line) and 43 kHz (dash line). C. Logarithmic plot of enhancement by 1H-
irradiation. D. Mismatched profile of 1H-irradiation. A. - C. the 15N-13Cα dipolar 
couplings were simulated for 0 (red), 100 (blue), 300 (green), 1000 (black) Hz with all 
other parameters kept the same. The buildup curves were sampled every 500 ms, and the 
lines connecting between the data points show the tendencies. D. The simulation was 
done when 15N-13Cα dipolar coupling equal to zero, and the strength of 1H-irradiation was 
varied from 0 kHz to 100 kHz. 
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Simulations of the magnetization transfer in a 15N, 13Cα NAL peptide were carried 

out with SIMPSON 3.0.1[121]. To simplify the spin system, only 1H nuclei attached to 

the 15N, Cα, Cβ, and N-methyl groups were considered, and only the 15N/13C mixing 

period was simulated to evaluate the transfer efficiency. In the simulations, a 1kHz 15N-

13C dipolar coupling was considered to be the best case. The regular 15N/13C transfer 

(Figure 3.6.A) is sensitive to 15N-13C dipolar couplings because they provide the only 

transfer pathway. The typical CP buildup curve[122] is observed in the simulation when 

the 15N-13C dipolar coupling is strong; the intensities increase proportionally to the 

magnitudes of the dipolar couplings, and the dipolar modulation also causes the 

oscillations in the magnetization buildup curve. The transfer efficiencies are poor when 

the 15N-13C dipolar couplings are small. However, in the presence of 1H-irradiation 

(Figure 3.6.B), no matter the magnitude of the dipolar couplings, they tend to have 

similar transfer efficiencies. This demonstrates that the transfer mechanism is dominated 

by recoupling with the proton bath. The data in Figure 3.6.C show that transfers for weak 

15N-13C dipolar couplings benefit from 1H-irradiation, but that it can decrease the 

efficiencies for strong 15N-13C dipolar couplings. The mismatched profile (Figure 3.6.D) 

was simulated under the small dipolar coupling condition. Two local maxima show up 

asymmetrically when mismatched conditions are about ±10 kHz, which is similar to the 

simulations of 1H-irradiation assisted 15N spin diffusion, where the optimal mismatched 

conditions occur at ± 8%[110]. Both the experimental results and simulations suggest that 

the optimal conditions for 1H-irradiation lie between ±5 kHz and ±15 kHz, mainly 

depending on the properties of the proton dipolar network. Better transfer efficiency can 

be observed at the higher mismatch condition because of the larger 1H magnetization in 
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the rotating frame. In practice, the higher mismatched condition drives the inter-peptide 

correlations that distribute the magnetizations to the proton bath and more distant dilute 

spins. As a result, the transfer efficiencies would be decreased as shown in Figure 3.5.  

 

Figure 3.7 HETCOR spectra of selectively 15N, 13Cα alanine-labeled Pf1 bacteriophage. 
The protein has eight alanine residues. A. Two-dimensional 15N/13C HETCOR without 
1H-irradiation. B. Two-dimensional 15N/13C HETCOR with 1H-irradiation at 33.8 kHz. C. 
Two-dimensional 15N/13C HETCOR with 1H-irradiation at 67.7 kHz.  The slices shown in 
panels A., B., and C. were taken from 53.7 ppm in 13C chemical shift dimension, 
corresponding to A29. D. This spectrum is a superposition of the spectra in panels 
A.(red), B.(blue), and C.(green); it displays all of the 15N/13C correlations in the alanine-
labeled Pf1 bacteriophage, and demonstrates the possibility of observing all 15N/13C 
correlations regardless of the strength of their heteronuclear dipolar couplings by 
obtaining spectra under several different transfer conditions.  
 

15N, 13Cα alanine-labeled Pf1 bacteriophage was used to demonstrate the 

feasibility for the applications to aligned protein samples. The experiments were 
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performed at a relatively low temperature, to ensure that a single conformation of the 

protein was present. [123] All the resonances were assigned by comparisons to previous 

results. Signals from seven out of the eight alanine residues were observed with the 

regular HETCOR experiment (Figure 3.7.A). A7, A11, and A21 are strong and well 

resolved. A29 is merged with A21, and A34 and A36 are relatively weak comparing to 

the other peaks. The signal from A46 is not observed. With 1H-irradiation at a lower 

mismatched condition of 33.8 kHz, two changes are apparent in the spectrum in Figure 

3.7.B: the signal from A34 is increased by 50%, and the signal from A46 can be 

observed. For the higher mismatched condition at 67.7 kHz, A34 still gains 50% 

enhancement, while A21 is significantly reduced, which distinguishes between A21 and 

A29 in Figure 3.7.C. Other peaks were reduced in intensity in the presence of 1H-

irradiation, which serves to reinforce the agreement between the single crystal spectra 

and simulations. The superimposed spectrum shown in Figure 3.7.D contains all 

resonances that are expected from 15N, 13Cα alanine-labeled Pf1 bacteriophage. Thus, be 

performing multiple experiments with varying strengths of 1H-irradiation, it is possible to 

detect all 15N/13C correlation peaks from a protein, despite their widely varying 

magnitudes of heteronuclear dipolar couplings. 

 

3.4 Conclusions 

13C-detected triple-resonance experiments provide spectra with higher sensitivity 

and more correlation resonances, as long as they performed under several different 

conditions of 1H radiofrequency irradiations. The frequencies of the 15N/13C correlation 
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resonances provide valuable constraints for the calculation of protein structures in OS 

solid-state NMR. Moreover, 15N/13C transfer can be used as a filter to eliminate 

interference from natural abundance signals from the lipids[111]. 1H-irradiation under 

mismatched Hartmann-Hahn conditions assists magnetization transfer from 15N to 13C. 

The experimental results obtained on single crystal and aligned protein samples, and 

simulations demonstrate the validity of the recoupling mechanism. The transfer 

mechanism relies primarily on the 1H dipolar network, which is well-suited for OS solid-

state NMR experiments, because the dipolar couplings are not averaged out by molecular 

or spinning motions. The spin dynamics are complex once the spins are recoupled by 1H-

irradiation, and therefore, some of the transfer efficiencies may be lost, especially when 

the 15N-13C dipolar couplings are large. However, this method is a complementary to 

other procedures because of the improved transfer efficiencies for small 15N-13C dipolar 

couplings. Both mismatched conditions are used in order to enhance the intensities of 

different signals. Combined with conventional spin-lock CP transfer, these experiments 

have the potential to correlate essentially all of the nearby residues in a protein, providing 

the basis for a systematic assignment method and the simultaneous measurement of both 

the 13C and 15N chemical shift frequencies.  

 

3.5 Methods 

3.5.1 15N, 13Cα NAL single crystal spectra 

The NMR experiments were performed on a Varian Inova spectrometer with 1H, 

13C, and 15N frequencies of 500.125 MHz, 125.76 MHz, and 50.68 MHz, respectively. A 
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home-built modified Alderman Grant coil (MAGC) triple-resonance probe[112], which 

was designed for the lossy biological samples, was used for these experiments.  All the 

spectra were obtained at room temperature. The 1H carrier frequency was set at 4.7 ppm; 

the 13C carrier frequency was set at 54.94 ppm; and the 15N carrier frequency was set at 

79.26 ppm. 13C- and 15N-detected spectra were acquired with 512 and 1024 complex 

points in the direct dimensions, respectively. CP spectra were acquired with 64 scans and 

40 µs dwell time. 15N-13C dipolar coupling SLF spectra were acquired with 4 scans, 100 

µs dwell time and 96 points in the indirect dimension, and 40 µs dwell time in the direct 

dimension. HETCOR spectra were acquired with 4 scans, 100 µs dwell time and 192 

complex points in indirect dimension, 40 µs dwell time and 512 complex points in the 

direct dimension. Mixing time of 1H/15N and 1H/13C CP was 1ms, and 15N/13C CP was 

1ms or 3ms. For all the experiments the recycle delay was 6 s. Pre-saturation consisted of 

thirty 90° pulses with 200 µs delay in between, and the z-filter delay was 5 ms. The 

strength of the continuous wave decoupling on 15N and 13C channels was 40 kHz, and all 

other irradiations were performed at 50 kHz, except for the variable 1H-irradiation during 

15N/13C mixing period. The experimental data were zero filled to 512 and 1024 data 

points in the indirect and direct dimensions, respectively, and were multiplied by a sine 

bell window function prior to Fourier transformation.  

 

3.5.2 15N, 13Cα alanine-labeled Pf1 bacteriophage spectra 

The phage sample was prepared as described previously[124]. The final phage 

sample was diluted to 40 mg/ml with sodium borate buffer (pH=8), and the final volume 

was 150 µl.  The spectra were obtained at -2°C to ensure that the coat protein was in its 
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‘low temperature’ conformation. The 1H carrier frequency was set at 4.7 ppm; the 13C 

carrier frequency was set at 100 ppm, and the 15N carrier frequency was set at 213 ppm. 

HETCOR spectra were acquired with 400 scans, 100 µs dwell time, 32 complex points in 

the indirect dimension, and 25 µs dwell time and 256 complex points in the direct 

dimension. Mixing time of 1H/15N CP was 1ms and 15N/13C CP was 3ms. The recycle 

delay was 4 s. All other conditions were the same as described above for the single 

crystal. 

 

3.5.3 Simulations 

Only the 15N/13C mixing period was simulated to evaluate the transfer efficiency. 

The simulations were carried out with SIMPSON 3.0.1. The model was based on the 

single crystal structure[110]; however, the spin system was simplified to 15N, 13Cα, the 1H 

attached to the N, Cα, Cβ, and N-methyl group. Euler angles “β” in the input file were 

manually adjusted to 90° for 1H-15N, 1H-13Cα and 15N-13Cα dipolar couplings, and 

therefore, the dipolar couplings can be varied without angular considerations. For all the 

simulations, 1H-15N and 1H-13Cα dipolar couplings were 12.18 and 22.80 kHz according 

to the bond lengths. 15N-13Cα dipolar couplings were adjusted manually according to each 

case. 15N/13C mixing period was 3 ms for the mismatched profile simulation. 

 

 Chapter 3, in full, is a reprint of the material “1H assisted 13C/15N heteronuclear 

correlation spectroscopy in oriented sample solid-state NMR of single crystal and 

magnetically aligned samples” as it appears in J. Magn. Reson. 221(1):37-44 by Lin EC,  

Opella SJ. The thesis author was the primary author of the paper. 
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Chapter 4 Sampling Scheme and Compressed Sensing Applied to Solid-State NMR 

Spectroscopy  

 

4.1 Abstract 

We describe the incorporation of non-uniform sampling (NUS) compressed 

sensing (CS) into Oriented Sample (OS) Solid-state NMR for stationary aligned samples 

and Magic Angle Spinning (MAS) Solid-state NMR for unoriented ‘powder’ samples   

Both simulated and experimental results indicate that 25% to 33% of a full linearly 

sampled data set is required to reconstruct two- and three-dimensional solid-state NMR 

spectra with high fidelity. A modest increase in signal-to-noise ratio is accompanies the 

reconstruction.    

 

4.2 Introduction 

NMR spectroscopy has intrinsically low sensitivity. As a result, long periods 

(days – weeks) of signal averaging are often required to obtain signals in 

multidimensional experiments on proteins and other biopolymers that can be confidently 

identified above the noise level. However, progress is being made along several avenues 

to improve the sensitivity of the NMR experiments and decrease the amount of time 

required for signal averaging, including the use of very low probe and sample 

temperatures[125], dynamic nuclear polarization (DNP)[12; 14], and shortening the 

recycle delay by reducing T1 of the detected magnetization[91]. However, these 
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approaches may be inapplicable to some samples, especially proteins and their 

complexes, because of the destabilizing and denaturing effects of adding chemicals or 

freezing the samples. For example, membrane proteins must reside in liquid crystalline 

phospholipids under physiological conditions of temperature and pH in order to function 

and adopt their native structures.  Alternatively, several spectroscopic approaches 

generally referred to as non-uniform sampling (NUS) are being developed to improve 

sensitivity that do not require perturbation of the sample or its environment [13].  

The most general approach to increasing the efficiency of NMR experiments is to acquire 

less data. Either lengthening the sampling interval or truncating the acquisition time in 

the indirect dimensions can reduce the experimental time, but at the cost of lower 

resolution or aliasing of signals. Here we describe a NUS scheme that consists of random 

sampling grids that can minimize these disadvantages for applications to solid-state NMR 

of stationary, aligned samples as well as unoriented ‘powder’ samples undergoing magic 

angle spinning. The archetypical examples are single- and poly- crystalline samples of 

small molecules, such as model peptides. However, our primary motivation is to improve 

the sensitivity of structure determination proteins in biological supramolecular 

assemblies, such as virus particles and membranes using orientated samples (OS) solid-

state NMR and rotationally aligned (RA) solid-state NMR, which involve stationary and 

spinning experiments, respectively. 

The free induction decays (FIDs) are the directly or indirectly observed time 

dependent signals that decrease in intensity over time due to relaxation. Traditionally, the 

intensities in the form of voltages at audio frequencies are measured at regular intervals 

in order to accommodate the requirements of the fast Fourier transform algorithm, which 
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enables the analysis of signals in the frequency domain instead of the time domain where 

they are acquired. The most commonly used approach to reducing the number of data 

points collected in the indirect dimension of a multidimensional experiment is to perform 

uniformly distributed random sampling, for example under-sampling the signal in the 

indirect dimensions and reconstructing the spectra by numerical methods. Linear 

prediction (LP)[126] and maximum entropy (MaxEnt)[38; 40; 41; 127] are widely 

applied to multi-dimensional NMR signal reconstructions, and recently maximum 

entropy interpolation (MINT)[128; 129] has been applied successfully in MAS solid-state 

NMR experiments. LP extrapolation is applicable when the signal-to-noise ratio is high 

or the signals are not highly truncated, otherwise the signal processing creates artifacts or 

decreases resolution[38]. To avoid these issues and provide high quality reconstructions, 

NUS and MaxEnt or MINT can be combined. Other approaches are proposed to 

reconstruct the spectra without using entropy as constraint, such as, projection-

reconstruction (PR)[130; 131], multi-dimensional decomposition (MDD)[42; 43], 

GFT[132], non-uniform Fourier transformation (nu-FT)[133], spectroscopy by 

integration of frequency and time domain information (SIFT)[134-136], among others.  

Compressed sensing (CS) [18; 19; 137], a method under rapid development in the fields 

of imaging and signal reconstruction, has been successfully applied to MRI [16; 17]. 

Recent applications of CS in solution NMR experiments [15; 138-141] have shown that it 

requires less data than MaxEnt for comparable results, and has better performance on 

weak signals [138]. Remarkably, this method has been used to reconstruct three- and 

four-dimensional solution NMR data sets with only 0.8% sampling [141]. The underlying 

principle of CS is that if the data set is sparse enough, then very limited information is 
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sufficient to reconstruct the whole data set with high fidelity. Consequently CS is well 

suited for NMR spectroscopy because experimental NMR data can be treated as sparse, 

although there are significant quantitative differences between the data from solution 

NMR and solid-state NMR experiments. Here we describe the adaptation and steps 

towards optimization of CS for the stationary sample and MAS solid-state NMR. 

Non-uniformly distributed data sampling has several advantages. First of all, it 

can be tailored to emphasize the early, more intense portion of the FIDs, where the 

signal-to-noise ratios are the highest.  Several schemes have been proposed for solution 

NMR conditions [142-146]. Even though these methods are robust, they still have higher 

risks of distortions for sampling the signals in solid-state NMR experiments due to the 

generally faster signal decay in the time domain. Among these methods, the sine-

weighted Poisson-gap sampling method[144] appears to be closest to the requirements 

for solid-state NMR. Here we demonstrate the effects of varying the most relevant 

parameters, such as the sampling percentage, uniform sampling region, and the 

exponential decay weighting function in order to tailor the NUS schemes for solid-state 

NMR experiments [146]. Sampling percentage refers to the ratio of non-uniformly 

sampled points (Figure 4.1.B) to the uniformly sampled points (Figure 4.1.A). The 

uniform sampling region is set in the beginning of the free induction decays. An 

exponential decay weighting function modulates the random sampling in order to 

minimize sampling the low signal-to-noise ratio region, as shown in Figure 4.1.B. We 

optimized the NUS schemes for oriented samples, such as single crystals of model 

peptides and magnetically aligned proteins, and then extended the schemes to unoriented 

‘powder’ samples of model proteins and proteins undergoing magic angle spinning.  
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Figure 4.1 Illustrations of sampling schemes. 
A. Uniform sampling scheme (regular experiments). B. Non-uniform sampling (NUS) 
scheme consisted by a. the uniform sampling region and b. the sampling region that the 
sampling probabilities are modulated by an exponential decay weighting function. 
 

A sparse data set refers to the situation where only a few basis functions have 

non-zero coefficients in a defined space. Under this condition, it is possible to use only a 

small amount of information to reconstruct the entire data set; therefore, the concept is 

referred to as compressed sensing[19]. Theoretically, using l0 norm minimization it is 

feasible to find the sparest solution (the original data) subjected to the constraints (the 

limited information obtained). However, l0 norm minimization is a NP-hard (non-

deterministic polynomial-time hard) problem, which means that the upper bound of 

computational time is the polynomial expression of the size of input; as a result, it is not 

possible to solve this problem efficiently. Instead, l1 norm minimization is used to obtain 

an approximation of the solution.  By applying Fourier transformation to these data, high-

resolution spectra can be obtained from sparse data. 

Based on the properties of NMR signals, we can solve the minimization problem 

by using a Lagrange multiplier, as shown in Equation 4.1. 

1

2
2wSFx y xλ− −

        Equation 4.1 
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F is the discrete Fourier transform operator; S is the under sampling operator; w is 

the weighting; x is the solution, y is the observation, and λ is Lagrange multiplier. In 

terms of NMR spectroscopy, y is the FID measured in the time domain, x is the 

reconstructed signal in the frequency domain, S is the NUS scheme, and w is the decay 

rates of the signals. w should be estimated from the knowledge, and the NUS schemes are 

generated with the same conditions. Since the reconstructed space is larger than the 

sampling space, the under sampling operator is applied first so that both dimensions are 

in agreement, as shown in the first term in Equation 4.1.  Iterative soft thresholding 

(IST)[18; 137] is applied to efficiently solve this minimization problem. The thresholding 

is adjusted during each iteration, and only signals with intensities higher than the 

thresholding are included in the reconstruction.  

 

4.3 Results 

Compressed sensing was originally developed for sparse data. It is highly 

effective with solution NMR spectra because the resonance line widths are often <20 Hz 

and spread over a range of ~10 kHz. In contrast, in solid-state NMR spectra, individual 

signals and the dipolar doublets generated in separated local field experiments usually 

have much broader line widths, between 200 Hz and 400 Hz, spread over a similar 

frequency range.    

We randomly generated one-dimensional FIDs from five or ten frequencies. Each 

example consisted of forty different FIDs with a decay rate corresponding to 400 Hz ± 

100 Hz line widths of signals observed in solid-state NMR spectra. These decay rates 
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correspond to typical sold-state NMR signals, and once CS is demonstrated to work 

under these conditions it is likely to work with narrower line width signals (sparser data) 

obtained with improved experiments and instrumentation, and in favorable cases. The 

FIDs consist of 128 points with a dwell time of 40 µs. Various amplitudes of noises were 

added to each FID. In addition to a noiseless spectrum, we obtained spectra with signal-

to-noise ratios of 32, 16, 8, 4 and 2. Fifty NUS schemes were randomly generated under 

each set of conditions, which were varied by the parameters listed above. Sampling 

percentages of 50%, 33%, 25%, 20%, 15%, and 10% were applied to the128 points in the 

time domain.  The uniform sampling regions were 75%, 50%, 25%, 10%, and 0% of the 

sampling size. The exponential decay rates of the weighting functions were chosen to be 

1, 2, 3, 4 and 5-times the decay rates of original FID. Taken together a very large number 

of tests were performed in this semi-empirical analysis; 150 NUS schemes with different 

parameters were randomly generated fifty times, and were applied to eighty spectra with 

six different signal-to-noise ratios.   We evaluated the performance of reconstructions by 

l2 norm (L2) as indicated in Equation 4.2 [146], 

2

i
i ix y−∑

         Equation 4.2
 

where yi and xi are the intensities in the noiseless and reconstructed spectra respectively at 

the frequency i. 
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Figure 4.2 The performance evaluations of sampling schemes. 
The values shown in the figure are the averages of every fifty NUS schemes generated by 
different conditions that are applied to the simulated spectra. Lower L2 values indicate 
higher similarities between the reconstructed and noiseless spectra. A. The qualities of 
reconstructions with various sampling percentages under different S/N ratios. It shows 
that the reconstructions have similar tendencies to the ideal signal if the signals have S/N 
ratios ~10, and the errors of reconstructions increase much faster if the sampling 
percentage lower than 20%. B. The qualities of reconstruction by adding uniform 
sampling region for 33% and 25% sampling. The reconstructions are improved by adding 
for 10% to 25%uniform sampling region. The error bars indicate the standard deviations 
of L2, which are significantly improved by introducing uniform sampling region, 
implying the qualities reconstructions are more stable.      
 

The forty simulated spectra that were generated were used to evaluate the overall 

performance of each NUS scheme. The averaging of L2 was determined by comparing 

the noiseless and reconstructed spectra (Figure 4.2.A). Since the primary goal of this 

development is to reduce the experimental time while preserving the quality of the 

experimental data, we first investigated the percentage of under-sampling that could be 

tolerated by CS with solid-state NMR signals. The probability of the random sampling is 

modulated by an exponential decay function with the decay rate of 400 Hz. The 

relationships between sampling percentages under different signal-to-noise ratios in terms 

of L2 are shown in Figure 4.2.A. The trends of L2 rising with decreasing sampling 

percentage were observed for spectra with signal-to-noise signal ratios > 4. As expected, 
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larger errors were apparent when the signals were generated with fewer restraints. The 

results suggest that to obtain a reliable reconstruction, the lowest signal-to-noise ratio that 

is viable is ~ 10. The growth rates of L2 are faster when the sampling percentage is < 

20%, suggesting that to maintain the quality of reconstructions, at least 20% of the 

original data is needed. These results have been confirmed under other spectroscopic 

conditions where most reconstructions were performed with at least 20% of the full data 

set [15; 138]. 

The performance of NUS schemes is improved by incorporating a uniform 

sampling region at the beginning of the FID because this is where the signal-to-noise 

ratios are highest. The first few points are especially important, especially when the total 

number of sampled points is very limited. The uniform sampling regions examined 

ranged from 0% to 75% of the sampled data, and this provides similar results to both 

“Poisson-Gap Sampling”[144] and  “Non-uniform weighted sampling”[147]. Figure 

4.2.B shows that including 10% and 25% uniform sampling regions improves L2 by 10% 

to 20%. As the uniform region becomes a larger percentage of the data, the effect of its 

inclusion becomes similar to truncation, and the reconstructed spectra lose resolution, 

which is reflected in the case of 25% sampling with 75% uniform sampling region. The 

standard deviations of L2 were significantly reduced by the inclusion of the uniform 

region at the beginning of the FID, demonstrating that the stability of reconstructions is 

improved.   
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Figure 4.3 Best and worst reconstructed spectra of 25% sampling with 0% to 50% 
uniform sampling region on the spectra with S/N ratios equal 16 and 8. 
These spectra are chosen from fifty reconstructions of a selected simulated spectrum, and 
the criterion is based on L2, which is shown on each spectrum. The regular spectra shown 
in the left column for comparing the qualities of spectra acquired with the same amount 
of time. 25% sampling with S/N=16 should be compared to the regular spectrum with 
S/N=8, and 25% sampling with S/N=8 should be compared to the regular spectrum with 
S/N=4. Most of the peaks can be reasonably identified after the improvement. 

 

One of the simulated spectra and its “best” and “worst” reconstructed spectra are 

compared in Figure 4.3. In order to investigate the limits of this approach to NUS, we 

examined reconstructions of 25% sampling with 0%, 10%, 25%, and 50% uniform 

sampling region for the signals with signal-to-noise ratios equal to 16 and 8, as shown in 
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Figure 4.3 based on the L2 behaviors shown in Figure 4.2.B. From the analysis of L2, we 

find that 25% sampling and a signal-to-noise ratio of ~ 8 are about the minimums for 

reliable reconstructions, thus spectra obtained under these conditions are most sensitive to 

improvements due to variations in the sampling scheme. By adding the uniform sampling 

region, even the most difficult cases can be improved. The resolutions degrade slightly 

when the uniform sampling region increases, and, therefore, we find that 10% or 25% 

uniform sampling regions give the best results. Generally speaking, the signals can be 

identified with reasonable confidence, and the spectral resolution maintained even in the 

low frequency region (<2 kHz) in separated local field (SLF) spectra. Simulated spectra 

that would require the same amount of experimental time but have different signal-to-

noise ratios are also provided for comparisons of the quality of reconstructed spectra.  

As is well known, the signal-to-noise ratios can be doubled by a four-fold increase 

of experimental time. Conversely, using one quarter of the experimental time gives one 

half of the signal-to-noise ratio. Therefore, we compare spectra with signal-to-noise ratios 

of 4, 8, and 16 obtained with uniform sampling to equivalent spectra obtained with 

between 8 % and 25% non-uniform sampling.  The reconstructed spectra all have higher 

signal-to-noise ratios than the uniformly sampled spectra acquired in the same amount of 

experimental time. In addition, two- to five-fold increases in the decay rates from the 

weighting function were tested, but the reconstructions were not improved even with the 

addition of uniform sampling regions at the beginning of the FIDs. 



62 

	
  

 

Figure 4.4 Illustrations of two-dimensional sampling schemes. 
A. Regular sampling scheme B. Truncated sampling scheme (10% of regular sampling 
scheme) C. NUS scheme (33% of truncated sampling scheme).  

 

Similar results were obtained with more crowded spectra (10 dipolar doublets 

with line widths of 400 ± 100 Hz span spread over +/- 10 kHz). We found the optimal 

conditions to correspond to 33% sampling with a 25% uniform sampling region at the 

beginning of the FID. However, 25% sampling is also adequate to provide reliable 

reconstructions. The same methods used to optimize the two-dimensional NUS schemes 

were applied to three-dimensional schemes. In practice, it generally takes too long to 

sample the whole space (Figure 4.4.A) in these higher-dimensional experiments. 

Therefore, the typical strategy is to truncate the sampled space (Figure 4.4.B) to 10% - 

25% of the full space to perform the experiments within a reasonable amount of time, and 

then use LP to improve the resolution of the signals. Taking this into consideration, we 

designed the sampling percentage for two-dimensional NUS schemes based on the 

truncated space instead of the whole sampling space (Figure 4.4.C). The optimized two-

dimensional NUS schemes correspond to 25% - 33% sampling with 12.5% uniform 

sampling region over a 15% truncated space. 
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Figure 4.5 15N-detected SLF spectra of Pf1 protein in DHPC/DMPC bicelles.  
A. Fully sampled spectrum with 80 t1 points. Reconstructions from B. 50%, C. 33% and 
D. 25% sampling. Lagrange multiplier is 0.01. The slices are extracted from 81 ppm. 

 

The optimization NUS schemes is illustrated with SLF spectra obtained using the 

SAMPI4 experiment on the membrane-bound form of uniformly 15N labeled Pf1 coat 

protein in DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) / DHPC (1,2-

dihexanoyl-sn-glycero-3-phosphocholine) bicelles. The sensitivity (signal-to-noise ratio 

~10) and line widths of spectra are similar to those in the simulations. The SLF spectrum 

was acquired with 80 t1 points, shown in Figure 4.5.A, to which was applied Fourier 

transformation in the t1 dimension without additional processing. The reconstructions 

from 50%, 33%, and 25% NUS with a 20% uniform sampling region are shown in Figure 

4080120160

10

5

0
4080120160

15N
- 1H

 D
ipolar Coupling (kH

z)

15N Chemical Shift (ppm)

A B

C D

10

5

0



64 

	
  

4.5.B, 4.5.C, and 4.5.D, respectively. All the reconstructions yield well-resolved spectra, 

which suggests that the optimized NUS schemes are applicable to SLF experiments of 

membrane proteins in phospholipid bilayers. 

 

Figure 4.6 13C/13C correlation spectra of MerF protein in 14-O-PC liposome with 20ms 
mixing time. 
A. Fully sampling Fourier transform spectrum with 64 scans. Reconstructions from B. 
50%, C. 33% and D. 25%  sampling also with 64 scans.  
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Figure 4.7 Slices extracted from 59 ppm and 179 ppm in the t2 dimension from the 
13C/13C correlation spectra of MerF protein in 14-O-PC liposome. 
From the bottom to the top, regular experiment, reconstructions from 50%, 33%, and 
25% respectively, where the strongest peaks are normalized. The average signal to noise 
ratios of cross peaks in 50%, 33%, and 25% sampling spectra are 1.48, 0.90, and 0.78 
folds relative to the regular spectrum, respectively. 
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Figure 4.8 Correlation plots of the intensities between regular and reconstructed spectra 
of the 13C/13C correlation spectra of MerF protein in 14-O-PC liposome. 
All the intensities are normalized to their own spectra. A. Correlation plots of diagonal 
and cross peaks.  B. Correlation plots of cross peaks. 
 

Using a 20% uniform sampling region, we demonstrated the application of NUS 

with two-dimensional 13C/13C correlation experiments on the membrane protein MerF in 

aligned bicelles. 96 t1 complex points were acquired in the conventional 13C/13C 

correlation experiment (Figure 4.6.A) and 48, 32, and 24 t1 complex points were acquired 

in the NUS experiments, shown in Figure 4.6.B, 4.6.C, and 4.6.D, respectively. No 

significant differences were observed between the regular and reconstructed spectra.  We 
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CO spectral regions in Figure 4.7, where the strongest peaks are normalized. The signals 
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percentages. When the sampling percentage is < 25%, the line shapes are simplified, 
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spectroscopy for protein structure determination is that it is based on frequency 
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regular signals and even provide improved signal-to-noise ratios [148]. However, fine 

structure of the signals is lost as the sampling percentage is reduced. These effects are 

caused by over-compression, which means that either the sampling percentage is too low 

or the information in a crowded region is too large to compress. To compare the 

reconstructed and regular spectra, we measured the intensities of 61 diagonal and cross 

peaks, and plot the correlations in Figure 4.8. The overall (diagonal and cross peaks) 

correlations show very high fidelity between reconstructed and regular spectra, which are 

insensitive to the sampling percentages. For the cross peaks, the high correlations (~0.9) 

are found with 33% and 50% sampling, but decrease to about 0.8 for 25% sampling. The 

average signal-to-noise ratios of cross peaks in 50%, 33%, and 25% sampling spectra are 

1.48, 0.90, and 0.78, respectively, relative to the regular spectrum, which reflects the 

impact of T2 on the signal-to-noise ratios due to the relative increase in noise towards the 

end of the FIDs. The results are consistent with the sensitivity enhancement equation in 

that the maximum enhancement is achieved when the maximum acquisition (tmax) is 

1.26T2 [148]. In this experiment T2 is about 3ms and tmax is 3.8ms for 50% sampling, and 

the largest enhancement is obtained under these conditions. Another way to evaluate the 

sensitivity of NUS schemes has been proposed according to the sampling points, spectral 

widths and T2 [149]. The “relative sensitivity” of these three sampling schemes (50%, 

33%, and 25%) are 0.58, 0.46 and 0.38, and the “peak-to-side-lobe ratio” of them are 

6.61, 5.13, and 5.97. Even though, the signal-to-noise ratios decrease slightly, the overall 

performance of the experiments is still improved when the savings in total experimental 

time is taken into account. 
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Figure 4.9 Three-dimensional HETCOR-SAMMY spectrum and its reconstructed spectra 
of 15N-labeled NAL single crystal. 
A. Conventional three-dimensional HETCOR-SAMMY spectrum (32 t1 complex points, 
96 t2 points). B. Reconstructed three-dimensional HETCOR-SAMMY spectrum 614 
points (20%). C, and D. are the two-dimensional planes extracted from the 1H chemical 
shift at 12 ppm in A.,and B., respectively.   
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(NAL) at an arbitrary orientation. 20% of the sampling points (614 points) were selected 

based on the same rules as employed in the two-dimensional NUS schemes, and the size 

of the uniform sampling region is 20% of the selected sampling points. 20% NUS spectra 

show comparable results with the fully sampling spectra; however, compared to the 

performance in solution NMR experiments, there should be opportunities for further 

optimization [141] even for the broader line widths encountered in solid-state NMR 

spectra. 

 

 

Figure 4.10 Three-dimensional HETCOR-SAMMY spectrum and its reconstructed 
spectra of 15N-labeled pf1 coat proteins. 
A. Conventional three-dimensional HETCOR-SAMMY spectrum (20 t1 complex points, 
32 t2 points, and 40 scans). B. Reconstructed three-dimensional HETCOR-SAMMY 
spectrum (212 points, and 40 scans). C. Reconstructed three-dimensional HETCOR-
SAMMY spectrum (212 points, and 120 scans). D, E., and F. are the two-dimensional 
planes extracted from the 1H chemical shift at 9.5 ppm in A., B., and C., respectively.   
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4.4 Discussion 

In practice, the usual strategy to efficiently obtain the data in multidimensional 

NMR experiments is to highly truncate the indirect dimensions, and then apply LP to 

recover some of the lost resolution.  If necessary, further resolution is obtained by adding 

dimensions to the experiments; however, the line widths are sacrificed in order to acquire 

a three- or four- dimensional spectrum within a reasonable amount of time. We 

performed the NUS version of the experiment by sampling 33% of the full set of data 

points experiment in two ways: by reconstructing the spectrum with the same number of 

scans, which means we only utilize one-third of the experimental time required for the 

spectra shown in Figure 4.10.B and 4.10.E (40 scans, 4 s recycle delay); and by 

reconstructing the spectrum with three times the number of scans which means we utilize 

the same amount of the experimental time but each data set has 1.7 times the signal-to-

noise ratio shown in Figure 4.10.C and 4.10.F (120 scans, 4 s recycle delay). In both 

cases spectra with improved resolution were obtained.  

CS was originally proposed to reconstruct sparse data. In NMR spectroscopy, 

sparse data most closely resemble solution NMR spectra, which have signals with 

relatively high signal-to-noise ratios and narrow line widths spread over a large frequency 

range. We investigated the performance of CS for solid-state NMR studies of proteins 

with broader line widths and a wide range of signal-to-noise ratios, which is challenging 

because the conditions are not ideal for CS, and the sizes of datasets available for 

processing are limited. To optimize the NUS scheme, knowledge of the line widths and 

signal-to-noise ratios of both conventional and reconstructed spectra are required. 

However, in most cases these can be quickly measured or estimated from preliminary 
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experiments on the same or similar samples. The results show that CS can provide 

reconstructions in two- and three- dimensional experiments using 25% - 33% sampling 

for spectra having signal-to-noise ratios ~ 10. The splitting artifacts are especially 

prominent in the low sensitivity and highly under-sampled experiments[137]. With these 

parameters the vast majority of signals are faithfully reproduced, although a few may be 

ambiguous following the reconstructions because of variations of the intensities. 

However, in terms of efficiency, only 25% - 33% of experimental time is required to 

obtain spectra with similar (or even higher) signal-to-noise ratios.  In the future, wavelet 

transforms can be implemented [17], which transforms the spectral signals to the 

frequency domain and is advantageous for crowded spectra and solid-state NMR 

experiments associated strong spin interactions, such as dipolar coupling networks among 

like spins. 

Using CS under optimized conditions it is possible to increase the efficiency, 

resolution, and signal-to-noise ratio of solid-state NMR spectra on stationary and 

spinning samples. 

 

4.5 Experimental Methods 

The generation of simulated FIDs, NUS schemes, and spectral reconstructions 

were performed with MATLAB (Mathworks, http://www.mathworks.com/) scripts. The 

IST algorithm is based on the pseudo-code proposed by Drori[18]. The direct dimension 

of the spectra was first processed with NMRpipe[151], and then, the indirect dimensions 

were reconstructed using the IST algorithm. 
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The two-dimensional NUS magic angle spinning solid-state NMR experiments 

were performed with a home-built 1H/13C/15N triple resonance probe at 800 MHz 13C/13C 

correlation experiments utilized the dipolar assisted rotational resonance (DARR) pulse 

sequence[152] for mixing, and we also implemented the repetitive cross-polarization 

(REP-CP) contacts via equilibration-re-equilibration of the proton bath [153; 154] to 

improve 1H/13C magnetization transfer. A 60-residue truncated construct of a mercury 

transport protein, MerFt, [155] was incorporated into 14-O-PC proteoliposomes at pH=6. 

The protein to lipid molar ratio was 1:68, and the MAS rotors contained a total of ~2 mg 

protein. All the spectra were acquired with 20 ms mixing at 5°C and a spinning rate of 

11,111 Hz.   

Stationary sample solid-state NMR experiments were performed using a home-

built 1H/15N double resonance probe on a Bruker Avance spectrometer 

(http://www.Bruker-Biospin.com) at a 1H resonance frequency of 700 MHz Two-

dimensional SLF and three-dimensional NUS HETCOR/SLF[150] experiments were 

performed with B1 field strength of 50 kHz at 42 °C, and 1H and 15N carrier frequencies 

of 9 ppm and 100 ppm, respectively. 512 complex points were acquired with dwell time 

of 40 µs in the direct dimension. The sample consisted of 3 mg of the membrane-bound 

form of the uniformly 15N-labeled 46-residue coat protein of bacteriophage Pf1 

incorporated into q = 3.2 DMPC/DHPC bicelles[156] (q is the molar ratio of long chain 

to short chain lipids) . 
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 Chapter 4, in full, is a reprint of the material “Sampling Scheme and Compressed 

Sensing Applied to Solid-State NMR Spectroscopy” as it appears in J. Magn. Reson. 

237:40-48 by Lin EC, Opella SJ. The thesis author was the primary author of the paper. 
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Chapter 5 Covariance Spectroscopy in High-Resolution Multi-dimensional Solid-

state NMR 

  

5.1 Abstract 

Covariance spectroscopy (COV), a statistical method that provides increased 

sensitivity, can be applied to two-dimensional high-resolution solid-state NMR 

experiments, such as homonuclear spin-exchange spectroscopy. We proposed the 

alternative States sampling scheme to the experimental time by 50%. By combining COV 

with other processing methods for non-uniform sampling (NUS), many different three-

dimensional experiments can be performed with substantial increases in overall 

sensitivity. As an example, we show a three-dimensional homonuclear spin-exchange / 

separated-local-field (SLF) spectrum that enables the assignment of resonances and the 

measurement of structural restraints from a single experiment performed in a limited 

amount of time.  

 

5.2 Introduction 

There are many advantages to performing three- and higher dimensional 

experiments in NMR spectroscopy. This is an area that is well developed for high-

resolution solution NMR, but has lagged somewhat for solid-state NMR, especially of 

proteins, largely because of the broader widths of single-line resonances and the complex 
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line shapes of powder patterns, and the generally lower signal-to-noise ratios of the 

spectra. For example, a three-dimensional combination of homonuclear spin-exchange 

and separated-local-field (SLF) spectroscopies can provide many distance and angular 

structural restraints, and full or partial resonance assignments in a single experiment[27; 

82; 157; 158]. Therefore, it has the potential to accelerate and improve protein structure 

determination by solid-state NMR. However, using conventional uniform sampling (US) 

of the time domain signals in three dimensions, it often requires many days of signal 

averaging to perform. To reduce the total amount of time required to perform three- and 

higher-dimensional NMR experiments, several methods of processing US[126] and non-

uniform sampled[15; 19; 40; 41; 43; 136; 159; 160] (NUS) signals have been proposed as 

replacements for conventional Fourier transformation of complete US free induction 

decays (FIDs). However, most of these methods require a minimal signal-to-noise ratio 

>10 for successful spectral reconstructions, and even this modest ratio may not be readily 

available for many of the protein samples of greatest interest. In addition, sparse data sets 

are typically required to avoid the introduction of spectral artifacts. 

Here we describe applications of covariance (COV) spectroscopy to reconstruct 

spectra whose resonances have signal-to-noise ratios <10 and relatively broad linewidths. 

These include the use of sampling schemes based on the States method[161], which has 

the further benefit of reducing the time spent acquiring signals in half. We also 

demonstrate that it is possible to combine the NUS method of Compressed Sensing 

(CS)[15; 19] with COV to reconstruct a three-dimensional homonuclear spin-exchange/ 

separated-local-field spectrum with only 11.7% sampling compared to 100% US 

sampling without losing resolution, and with a diagonal in only one of the two-
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dimensional spectral planes. The COV and CS processing were performed using Matlab 

(Mathworks, http://www.mathworks.com) scripts.    

COV[22-24; 162; 163] is a statistical method that generates the indirect dimension 

according to the covariance of the direct dimension, saving the time required to acquire a 

full data set in the indirect dimension. The spectrum is generated according to Equation 

5.1 [23]:  

Cij =
1
N1

S k, i( )− S i( )( ) S k, j( )− S j( )( )
k=1

N1

∑
     Equation 5.1

 

N1 is the number of point in indirect dimension, S is the one-dimensional 

frequency spectrum at evolution time tk for the indirect dimension, i and j are the indices 

of the frequencies, and the angle bracket of S is the average over time tk at frequency ωi. 

It has been shown that the covariance of a frequency pair represents the off-diagonal 

element in a two-dimensional Fourier transform spectrum[23; 24], and the variance of 

each frequency represents the diagonal element. The frequency evolutions in the t1 

dimension are treated as trials to find correlations between signals. Some advantages are 

immediately apparent. The spectral width and the resolution of the indirect dimension are 

identical to those of the direct dimension, however they are independent of the dwell time 

and N1 for isolated cross-peaks because the covariance matrix is symmetric and 

calculated from the data acquired in the direct dimension. Therefore, baseline and phase 

corrections, apodization, or other signal processing methods are not required in the t1 

dimension. The noise level in the t1 dimension is only weakly dependent on N1, and 

mostly determined by the data in the t2 dimension[162]. Consequently, high-resolution 

homonuclear correlation spectra can be obtained with a quite small value of N1, as long 
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as N1 is large, which can be verified ‘on the fly’[164]. COV spectra can be obtained from 

either homo- or hetero-nuclear correlations, with the latter referred to as indirect 

covariance NMR spectroscopy[22]. 

We acquired the 15N/15N homonuclear spin-exchange spectrum of the 46-residue 

membrane-bound form of uniformly 15N-labeled Pf1 coat proteins in macrodiscs, which 

consist of a phospholipid bilayer surrounded by a ‘belt’ protein[48]. Macrodiscs are large 

enough to magnetically align the protein-containing bilayers and to ‘immobilize’ the 

proteins in all directions while still enabling them to undergo rapid rotational diffusion 

about the bilayer normal. Both macrodiscs and bicelle samples have excess water present, 

therefore the proteins and lipids are fully hydrated. Moreover, macrodiscs possess the 

additional advantages over bicelles in that they are  “detergent-free” and therefore have 

less potential to cause distortions of the protein structures [48]. Protein-containing 

bilayers aligned on glass plates also do not have detergent present, but are more difficult 

to keep fully hydrated due to heating from the radiofrequency irradiations. 

 

5.3 Results and discussion 

According to Equation 5.1, a homonuclear two-dimensional correlation spectrum 

can be obtained even when N1 = 1; however, due to the absence of sufficient evolution 

for statistical verifications, the correlations will be incorrect. Similar situations (Figure 

5.1.E and 5.1.H) are found for highly truncated sampling (Figure 5.1.B).  
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Figure 5.1 Sampling schemes, simulate spectra and experimental spectra of covariance 
NMR spectroscopy.  
A., B., and C. are schematic diagrams of the sampling schemes. A. Conventional 
sampling. B. Highly truncated sampling. C. Alternative States sampling. D., E. and F are 
the simulated spectra generated from A., B. and C. sampling schemes, respectively. G., 
H., and I. are the 15N/15N homonuclear spin exchange spectra of the membrane-bound 
form of uniformly 15N-labeled Pf1 coat protein in magnetically aligned (with the normal 
perpendicular to the field) macrodiscs, which are reconstructed by the sampling schemes, 
A. to C., respectively. R and I represent the real and imaginary points in the indirect 
dimension, and the filled and unfilled circles indicate the sampling and non-sampling 
points. 96 complex points were acquired in the regular covariance spectrum and 48 
complex points were taken for demonstrating other sampling schemes (B and C). 3mg of 
15N-labeled Pf1 coat proteins were incorporated into 30mg DMPC (1,2- dimyristoyl-sn-
glycero-3-phosphocholine) macrodiscs at pH 4.9[48]. The protein spectra were obtained 
by the conventional homonuclear PDSD (proton-driven spin diffusion) spin-exchange 
with a 3 sec mix time at 30°C, and the strength of B1 field was 50 kHz. 1024 complex 
points were acquired with 20µs dwell time in the direct dimension, and 96 complex 
points were acquired with 100µs dwell time in the indirect dimension. The spectrum 
resulted from 500 scans of signal averaging for each time domain point. The experiments 
were performed on a Bruker Avance spectrometer with 1H and 15N frequencies of 699.70 
and 70.90MHz by the home-built double-resonance MAGC probe. 
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To reduce the experimental time without building up incorrect correlations, we 

alternately sample real and imaginary parts of the signals (Figure 5.1.C) because when 

COV is applied with the States method, the sign does not rely on quadrature detection. In 

this way it is possible to both maintain spin evolution and reduce the experimental time 

by 50%. To demonstrate the idea, we randomly generated six 15N resonances with 

different chemical shifts (23.4, -40.9, -34.6, -23.4, -7.7, 27.9 ppm), with 100 Hz line 

widths at a field strength corresponding to a 1H resonance frequency of 700 MHz. 

Notably, one pair of resonances is symmetric about the carrier frequency. We calculated 

48 complex points with 100 µs dwell time in the indirect dimension as a conventional 

sampling scheme, and 24 complex points under the same conditions as an example of a 

highly truncated scheme. The signals were generated according to the alternative States 

sampling scheme. These simulated signals were processed with COV. Comparing to the 

covariance spectra with reasonable sampling points (Figure 5.1.D), the highly truncated 

sampling (Figure 5.1.E) results in artifacts due to the short evolutions. In contrast, the 

alternate (Figure 5.1.F) States sampling provides only the correct correlations. 

The spectrum of the membrane-bound form of the uniformly 15N labeled coat 

protein in aligned bilayers obtained with conventional sampling and processed by COV is 

shown in Figure 5.1.D. On larger membrane proteins, whose samples contain a smaller 

total amount of protein in the same volume, the sampling in the indirect dimension must 

be reduced in order to acquire the data for a two-dimensional spectrum with an adequate 

signal-to-noise ratio in a reasonable amount of time. The sensitivity enhancement by 

COV has been reported to be >20% when the dwell times of both dimensions are 
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identical[162; 163]. In our example, the signal-to-noise ratio resulting from COV is 

almost twice that from Fourier transformation. The dwell time in the direct dimension (20 

µs) is smaller than that in the indirect dimension (100 µs), which results in the better 

sensitive in the frequency domain, and this benefit is brought to the indirect dimension 

via COV. In this spectrum, the average signal-to-noise ratio of the resonances obtained 

after Fourier transformation is <10. Notably, other NUS methods generally fail for 

spectra with such broad line widths and limited signal-to-noise ratios. We applied the 

alternative States sampling that also reduces the experimental time required to obtain the 

same signal-to-noise ratio. The result in Figure 5.1.I shows that it is possible to 

reconstruct the spectrum with a similar signal-to-noise ratio, while highly truncating 

sampling (Figure 5.1.H) already started to generate artifacts.   
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Figure 5.2 The reconstructions and signal processing of 1H-15N/15N/15N three-
dimensional spectrum of a 15N-labeled NAL single crystal. 
A. The reconstructed 1H-15N/15N/15N three-dimensional spectrum of a 15N-labeled NAL 
single crystal. B. The same spectrum without diagonal noise, which was removed by 
subtracting their average value.  COV was applied to 15N/15N correlations for the 
reconstruction. 50 complex points were acquired using the alternate phase sampling 
scheme, which corresponds to 23.4% sampling, and the dipolar coupling dimension was 
reconstructed from 50% sampling (44 real points) by compressed sensing. The 
experiment was performed with 4 msec mix time under 38% MMHH conditions with a 
B1 field of 52 kHz. The dwell time in the direct dimensions was 20 µs with 1024 complex 
points, and the dwell time in the t2 dimension was 100 µs. The spectrum resulted from 8 
scans of signal averaging for each time domain point. The experiments were performed 
on a Bruker Avance spectrometer with 1H and 15N frequencies of 699.70 and 70.90MHz 
by the home-built double-resonance MAGC probe. 
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Figure 5.3 Spectral planes extracted from the there-dimensional spectrum of the 
resonances in 1H-15N/15N/15N three-dimensional spectrum of a 15N-labeled NAL single 
crystal. 
A. 192 ppm. B. 184 ppm. C. 157 ppm. D. 155 ppm. Artifacts generated in the SAMPI4 
experiments for the small dipolar frequencies are found in low dipolar coupling regions 
(near 0 kHz) in C. and D. The signal-to-noise ratio of the lowest contour in each spectrum 
is 6. The dash lines in the spectra indicate the slices shown on the sides. 
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Hartmann-Hahn (MMHH) spin diffusion for the homonuclear spin-exchange and 

SAMPI4 for measuring the heteronuclear dipolar couplings associated with individual 

chemical shift frequencies[165]. MMHH relies on the proton bath to assist spin-exchange 

among the dilute nuclei; therefore long-range correlations can be observed under this 

mechanism. Since the magnetizations tend to evenly distribute among the dilute spins via 

the proton bath, the magnetizations also have the opportunity to be deposited into other 

reservoirs of couplings, and it would make the spectra ambiguous for samples with weak 

signals[110; 166]. With this concern, we only applied MMHH to the single crystal 

spectrum, and applied a conventional homonuclear spin exchange (proton-driven spin 

diffusion, PDSD) to coat protein in bilayer samples. We reconstructed the 1H-15N dipolar 

coupling dimension and 15N/15N correlations by CS and COV, respectively, where the CS 

reconstructions are based on the NUS schemes that we previously optimized[160]. The 

reconstructed spectrum is shown in Figure 5.2.A, and the strong diagonal noise resulting 

from COV was readily removed by subtracting the average values (Figure 5.2.B)[167]. 

Spectral planes extracted from the three-dimensional spectrum for the four resonances are 

shown in Figure 5.3. They consist of doublets from the heteronuclear dipolar couplings 

associated with each of the resonances correlated via MMHH. 50% and 23.4% of points 

were sampled for the dipolar coupling and the indirect chemical shift dimensions, 

respectively, which results in 11.7% sampling compared to 100% US for the three-

dimensional experiment. The line widths and line shapes of the resonances in the 

reconstructed spectral planes are comparable to those obtained from the corresponding 

two-dimensional experiments.  
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In conventional two-dimensional NMR[50; 52; 110; 168-170] approaches to 

structure determination, at least two separate experiments would be needed in order to 

make resonance assignments and measure structural restraints. By combining 

homonuclear spin exchange and SLF spectroscopies, the correlations and measurements 

of dipolar couplings and chemical shifts are obtained from a single spectrum. Moreover, 

the covariance spectra have intrinsically high-resolution and sensitivity, which makes this 

a general approach that can be incorporated into a variety of higher-dimensional 

experiments. The combination of benefits has the potential to substantially shorten the 

total amount of time spent performing experiments and signal averaging while improving 

the quality of structural restraints in structure determination of biopolymers by solid-state 

NMR. It is particularly applicable to membrane proteins studied by oriented sample (OS) 

solid-state NMR in stationary, aligned samples or in unoriented samples undergoing 

magic angle spinning. 

 

 Chapter 5, in full, is a reprint of the material “Covariance Spectroscopy in High-

Resolution Multi-dimensional Solid-state NMR” as it appears in J. Magn. Reson. 239:57-

60 by Lin EC, Opella SJ. The thesis author was the primary author of the paper. 
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Chapter 6 Structural determination of Vpu from HIV-1 by NMR in membrane 

environments 

6.1 Abstract 

Viral protein U (Vpu) from HIV-1, a small membrane protein composed of an α-

helix in the transmembrane domain and two α-helices in the amphipathic cytoplasmic 

domain, downmodulates several cellular proteins, including, CD4, BST-

2/CD317/tetherin, CCR7, and NTB-A. It interferes immune system, and enhances viral 

release. It is essential to characterize the structure and dynamics of Vpu in order to 

understand the mechanisms of protein-protein the interactions, and potentially to discover 

antiviral drugs. In this article, we describe the investigations of cytoplasmic domain of 

Vpu and full-length Vpu in several lipid environments by NMR spectroscopy. Results 

from constructs suggest that results from the two helices in the cytoplasmic domain form 

a U-shape, although the length of inter-helical loop in the cytoplasmic domain and the 

orientation of the third helix vary with the lipid composition. The C-terminal helix is 

relative flexible and provides accessibility for potential interaction partners.      

 

6.2 Introduction 

Viral protein U (Vpu) is one of the “accessory” proteins encoded by HIV-1. It is 

dispensable for viral replication in vitro; however, it appears to have multiple biological 

functions that are crucial for viral infectivity in vivo. Vpu removes newly synthesized 

CD4 receptors from the endoplasmic reticulum (ER), and causes subsequent degradation. 
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Thus, it prevents CD4 from binding to the viral envelope (Env) precursor, gp160, and as 

a result enhances viral infectivity[31; 34; 67]. Vpu also enhances the release of newly 

formed virus particles by antagonizing the human immune restriction factor BST-

2/CD317 (tetherin), which otherwise prevents their release[33; 171; 172]. Recently Vpu 

has been shown to induce downmodulation of natural killer (NK) cell receptor NK, T-

cell, B-cell antigen (NTB-A), and prevent HIV-Infected cells from degranulation and 

lyses by NK cells[68; 69]. Vpu is also found to downregulate the chemokine receptor 

CCR7 from the cell surface, and subsequently reduce the ability of CD4+ T cells to 

migrate into the lymph nodes, where it helps with priming and assembly of immune 

responses[35]. 

Vpu is a small type I membrane protein, approximately 80-residues, which has 

two distinct domains, a hydrophobic transmembrane (TM) domain with helix-1 and an 

amphipathic cytoplasmic (Cyto) domain with helix-2 and helix-3. Loop-1 connects TM 

and Cyto domain and the loop-2 connects the two helices in the Cyto domain, and 

contains two conserved phosphorylation sites. These two domains are individually 

associated with the biological activities mentioned above that contribute to the 

pathogenicity of HIV-1 infection. Two constructs are discussed in the article: Cyto 

domain (28-81) of Vpu (VpuCyto), and full-length Vpu (VpuFull). 

The interactions of Vpu with BST-2, NTB-A and CCR7 have been mapped to the 

TM domains of each pair of proteins, VpuTM is shown to employ the A10, A14, A18 

and W22 helix face in the interactions by both biological and spectroscopic studies[35; 

68; 173]. Also, the single site mutation of W22L is shown to inhibit the ability of Vpu to 

downregulate CD4[66]. Helix-2 in Vpu, which is in the cytoplasmic domain is required 
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for CD4 binding[174], the conserved DSGXXS phosphorylation site in loop-2 acts as a 

molecular adaptor to recruit β-TrCP, linking CD4 and/or BST-2 to the β-TrCP /SCF E3 

ubiquitin ligase complex for degradation [31; 172; 175-180]. The tryptophan in the C-

terminal helix of VpuCyto has been identified as a key residue to contribute to virus 

release enhancement, primarily due to the ability of Vpu to displace BST-2 from the virus 

assembly site[181; 182].   

The structure of the TM domain of Vpu (VpuTM) has been well studied in 

various membrane systems including detergent micelles[183], lipid bicelles[184], lipid 

bilayers[65] by both solution and solid-state nuclear magnetic resonance (NMR) 

spectroscopy, whereas the Cyto domain has proven to be more difficult to study in large 

part because of its flexibility. Previously, the structure of Vpu39-81 from HIV strain 

HV1S1 has been studied in 50% TFE[185], aqueous solution[186] and DPC 

micelles[187] by solution NMR. Here, the structure and dynamics of VpuCyto from 

NL4-3 are characterized in both aqueous solution and isotropic DHPC micelles by 

circular dichroism (CD) spectroscopy, and solution NMR spectroscopy. The structure of 

VpuCyto in DHPC micelles is determined base on distance restraints obtained from 

paramagnetic relaxation enhancement (PRE) experiments and angular restraints obtained 

from residual dipolar coupling (RDC) measurements. In aqueous solution, VpuCyto is 

dynamically disordered; in contrasting DHPC micelles, it forms two helices in a U-

shaped arrangement.  Also, rotationally aligned (RA) solid-state NMR[1; 5; 8] 

experiments have been employed to study full-length Vpu in DMPC bilayers, which is a 

more biologically relevant membrane environment than micelles, and all the 

measurements are performed at 25 °C and pH 7.3, which are close to physiological 
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conditions. 15N, 13C chemical shift and 1H-15N, 1H-13C dipolar couplings were measured 

and converted to dihedral restraints and angular restraints for structure calculation. PRE 

effects were measured and used as additional distance restraints.  

  

6.3 Materials and methods 

6.3.1 Plasmids, Cells, and Reagents 

Vpu expression plasmids for NL4-3 VpuFull and VpuCyto constructs were 

prepared similarly to those previously described[96; 188]. Synthesized DNA 

corresponding to VpuCyto (Integrated DNA Technologies) was ligated into phLV vector 

for expression as a Trp-leader fusion. Synthesized DNA for the VpuFull sequence was 

inserted into pET31b(+) vector (Agilent Technologies) for expression as a KSI fusion. 

For both constructs, the methionines were mutated to leucine to assist protein 

purification, and were shown to have no effect on the properties of Vpu. Expression 

plasmids encoding mutant VpuCyto-L41C, VpuCyto-A74C and VpuFull-L41C were 

constructed using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent 

Technologies), and the primers were synthesized by Integrated DNA Technologies. 

BL21-CodonPlus competent cells were obtained from Agilent, and Overexpress 

C41(DE3) competent cells were obtained from Lucigen.  

The chelated manganese was prepared by adding manganese sulfate (MnSO4) to 

ethylenediaminetetraacetic acid (EDTA) (0.5 M) as a 2:1 molar ratio in 20mM HEPES 

pH 7.3 buffer, and a MnEDTA precipitate was formed overnight. The precipitated 

complex was centrifuged, washed with water and methanol, and dried by lyophilization. 
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The lipids 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) were purchased from Avanti Polar Lipids, Inc. S-(1-

oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate 

(MTSL), 5-DOXYL-stearic acid, free radical (5DSA), ascorbic acid and deuterium oxide 

(D2O) were obtained from Sigma. 13C-glucose and (15NH4)2SO4 were obtained from 

Cambridge Isotope Laboratories. TrisHCl buffer were obtained from Teknova, Inc. 

Dithiothreitol (DTT) and HEPES buffer were purchased from Invitrogen Corporation. 

 

6.3.2 Protein Expression 

The expression and purification of VpuFull, VpuCyto and mutants were 

performed similarly to the methods described previously[96; 188]. Briefly, the proteins 

were overexpressed in BL21-CodonPlus competent cells and Overexpress C41 (DE3) 

competent cells, respectively for VpuCyto and VpuFull in LB or minimal M9 growth 

media with (15NH4)2SO4 and/or 13C-glucose for preparation of unlabeled or isotopically 

labeled samples. The proteins were isolated using nickel affinity chromatography, and 

then separated from the fusion partner by cyanogen bromide cleavage, followed by 

reverse phase high performance liquid chromatography (HPLC) for final purification. 

The molecular weight of the purified protein was confirmed to be correct using SDS-

PAGE and Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. 

Milligram amounts of the isotopically labeled protein were obtained for the NMR 

experiments.  
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6.3.3 Sample Preparation 

Protein samples for solution NMR were prepared by dissolving purified and 

lyophilized VpuCyto protein powder in either aqueous solution with 10%(V/V) D2O with 

the pH adjusted to 3.0, or aqueous solution containing 100 mM DHPC with 10% (v/v) 

D2O with the pH adjusted to 4.0. For RDC measurements, DHPC containing VpuCyto 

was weakly aligned in vertically stretched 6% polyacrylamide gels, as previously 

described[189]. Proteoliposome samples for solid-state MAS experiments were prepared 

by first mixing purified lyophilized Vpu powder with DMPC powder (1:3.5 mass ratio) 

and dissolving in 10% SDS buffer to obtain a clear solution with 10mg/mL DMPC 

concentration. Then the sample was diluted 20-fold, and incubated at room temperature 

for 4 hours. Subsequently, SDS was removed from the solution by first dialysis against 

20mM HEPES, pH 7.3 buffer overnight, and then 5 days dialysis against 20 mM KCl in 

20 mM HEPES, pH 7.3. After dialysis, the proteoliposomes were collected by 

ultracentrifugation at 235,000 ×g for overnight at 15 °C. The concentrated 

proteoliposome sample was packed into a 3.2 mm MAS rotor for solid-state NMR 

experiments.  

To measure PRE, the cysteines in each of the mutants were covalently linked to 

(1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanesulfonate (MTSL) using the 

following protocol[190]. Purified, lyophilized mutant protein powder was dissolved in 8 

M urea in 20 mM TrisHCl, pH 8.0 with 20-fold molar excess of dithiothreitol (DTT) and 

incubated for 2 hours. Then the protein solution was run over a G10 desalting column 

pre-equilibrated with urea buffer to remove DTT. A 10-fold excess of MTSL dissolved in 

acetonitrile was added to the reduced protein, and the mixture was incubated in the dark 
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at room temperature overnight. Free MTSL was separated from MTSL-labeled protein by 

passing the sample through a G10 desalting column followed by dialyzed against water 

for a day. The protein precipitated during dialysis, and the MTSL-labeled protein was 

obtained by lyophilization. For solution NMR measurements, MTSL-labeled protein was 

refolded in 100 mM DHPC micelles with a final protein concentration of ~0.1 mM. For 

MAS experiments, MTSL-labeled protein was reconstituted into proteoliposomes with 

DMPC, as previously described. MTSL-labeled protein was reduced by addition a 10-

fold excess of ascorbic acid in either micelles or liposomes. 5SDA and/or MnEDTA were 

incorporated into either VpuCyto in 100 mM DHPC or VpuFull in DMPC 

proteolipsomes to a final concentration of 0.5 mM for 5SDA and 1 mM for MnEDTA 

respectively. 

 

6.3.4 NMR Spectroscopy and Data Processing 

The solution NMR experiments were performed on a Bruker AVANCE 600 MHz 

and a Varian 800MHz spectrometers equipped with a 5 mm z-axis pulse-field gradient 

and 1H/15N/13C triple resonance cryoprobes. All of the experiments were performed at 50 

°C. 1H-15N HSQC experiments were acquired with 2048 and 256 points in the direct and 

indirect dimensions, respectively. Triple resonance HNCA, HNCACB, HN(CO)CA and 

HNCO experiments were performed on uniformly 13C and 15N labeled protein for the 

backbone amide resonance assignments. The side-chain assignments were completed 

using HCC(CO)NH, CC(CO)NH and TOCSY-HSQC experiments. 1H chemical shifts 

were referenced to the H2O resonance frequency at 50 °C, 13C chemical shifts were 

referenced to TPS, and 15N chemical shift were referenced to AMS. 15N-edited NOESY-
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HSQC (mixing time, 120 ms) and 13C-edited NOESY-HSQC (mixing time, 120 ms) 

experiments were performed to collect distance restraints. 15N T1 measurements were 

recorded with relaxation delays of 20, 220, 420, 620, 820, 1020, 1320, and 1520 ms.15N 

T2 measurements were recorded with relaxation delays of 10, 30, 50, 70, 90, 130, and 170 

ms. Both T1 and T2 relaxation time were fitted and calculated using SPARKY (T. D. 

Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). 

Heteronuclear 1H-15N NOEs were obtained using a gradient sensitivity enhanced 1H-15N 

NOE experiment, recorded with and without 1H saturation after a relaxation delay of 4 s. 

The heteronuclear NOE values for each residue were calculated by comparing the peak 

intensities of cross-peaks in the presence and absence of 1H saturation. RDCs were 

measured with HSQC in-phase and anti-phase (IPAP) experiments.  

For solid-state MAS experiments, 13C-detected cross polarization (CP) spectra 

were acquired with MAS spinning speed of 5,000 Hz from 5 °C to 30 °C to determine the 

minimum temperature that allows VpuFull to undergo fast rotational diffusion about the 

bilayer normal, 13C/13C correlations were obtained with proton-driven spin diffusion 

(PDSD)[191] and dipolar-assisted rotational resonance (DARR)[152; 192] mixings, and 

13C/15N transfer were obtained with SPECIFIC-CP[193]. The 15N and 13Cα chemical 

shifts were assigned with 3D NCACX and NCOCX experiments. The 1H-13C and 1H-15N 

dipolar couplings were assigned base on a combination of assigned chemical shifts and 

3D SLF experiments including 1H-13C/N/Cα and 1H-15N/N/Cα, where R187
1 pulse 

sequences[194] were implemented to acquire heteronuclear dipolar couplings. All the 

experiments were performed at 700 MHz home-built triple-resonance MAS probe with 

Bruker Advance console. The details of solid-state NMR experiments are listed in Table 
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6.1. All of the NMR data were processed using NMRPipe[151] and analyzed with 

Sparky. All of the figures were prepared using Sparky. The resonance intensities and 

chemical shifts were extracted using Sparky.  

Table 6.1 The details of solid-state NMR experimentsa. 
 
Two-dimensional 13C/13C correlation  
PDSD / DARR Mixing time [ms] 50 / 200 
Acquisition time (t1 / t2) [ms] 2.6 / 12.9 
Carrier frequency (t1 / t2) [ppm] 40 / 100 
π/2 pulse (1H / 13C) [µs] 5 / 2.7 
CP contact time [µs] 400 
CP pulse shape (1H) Linear (100-50%) 
CP rf field strength (1H / 13C) [kHz] 70 / 100 
1H decoupling field strength (sw-TPPM) [kHz] 100 
Recycle delay (s) / number of acquisitions 2 / 1280, 3840 (PRE) 
Spectral width (F1 / F2) [kHz] 12.32 / 39.68 
 
Two-dimensional 15N/13Cα correlation  
Acquisition time (t1 / t2) [ms] 8.5 / 10.2 
Carrier frequency (t1 / t2) [ppm] 120 / 100 
π/2 pulse (1H / 13C) [µs] 5 / 2.7 
CP contact time (1H/15N) [µs] 1000 
CP pulse shape (1H) Linear (100-50%) 
CP rf field strength (1H / 15N) [kHz] 75 / 43 
SPECIFIC-CP contact time (15N / 13C) [µs] 4000 
SPECIFIC-CP pulse shape (13C) Linear (100-90%) 
SPECIFIC-CP rf field strength (15N / 13C) [kHz] 43 / 33 
1H decoupling field strength (sw-TPPM) [kHz] 100 
Recycle delay (s) / number of acquisitions 2 / 2624 
Spectral width (F1 / F2) [kHz] 2.84 / 50 
 
Two-dimensional 1H-13C/13Cα SLF  
Acquisition time (t1 / t2) [ms] 5.28 / 10.24 
Carrier frequency (1H / 13C) [ppm] 8 / 100  
π/2 pulse (1H / 13C) [µs] 2.7 / 5  
CP contact time [µs] 400 
CP pulse shape (1H) Linear (100-50%) 
CP rf field strength (1H / 13C) [kHz] 70 / 100 
R187

1 pulse length [µs] 5 
1H decoupling field strength (sw-TPPM) [kHz] 100 
Recycle delay (s) / number of acquisitions 2 / 512 
Spectral width (F1 / F2) [kHz] 30.03 / 100 
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Table 6.1 The details of solid-state NMR experiments, Continued. 
Two-dimensional 1H-15N/13Cα SLF  

Acquisition time (t1 / t2) [ms] 1.2 / 10.24 
Carrier frequency (1H / 13C / 15N) [ppm] 8 / 100 / 120 
π/2 pulse (1H / 13C / 15N) [µs] 2.7 / 5 / 5.8 
CP contact time (1H/15N) [µs] 1000 
CP pulse shape (1H) Linear (100-50%) 
CP rf field strength (1H / 15N) [kHz] 75 / 43 
SPECIFIC-CP contact time (15N/13C) [µs] 4000 
SPECIFIC-CP pulse shape (13C) Linear (100-90%) 
SPECIFIC-CP rf field strength (15N / 13C) [kHz] 43 / 33 
R187

1 pulse length [µs] 5 
1H decoupling field strength (sw-TPPM) [kHz] 100 
Recycle delay (s) / number of acquisitions 2 / 1216 
Spectral width (F1 / F2 / F3) [kHz] 10 / 50 
 
Two-dimensional TOBSY 13C/13C correlation  
Acquisition time (t1 / t2) [ms] 9.5 / 20.48 
Carrier frequency (t1 / t2) [ppm] 80 / 80 
π/2 pulse (1H / 13C) [µs] 2.7 / 5 
J-evolution period for 1H/13C transfer and refocusing [ms] 1 
Adiabatic pulse shape / pulse length tanh tan / 90  
TOBSY mixing period [ms] 11.34 
1H decoupling field strength (sw-TPPM) [kHz] 50 
Recycle delay (s) / number of acquisitions 2 / 64 
Spectral width (F1 / F2) [kHz] 26.32 / 50 
 
Three-dimensional assignments 15N/13Cα/13C 15N/13C’/13C 
Acquisition time (t1 / t2 / t3) [ms] 1.51 / 2.82 / 10.2 1.11 / 8.5 / 10.2 
Carrier frequency (t1 / t2 / t3) [ppm] 120 / 55 / 100 120 / 175 / 100 
π/2 pulse (1H / 13C / 15N) [µs] 2.7 / 5 / 5.8 2.7 / 5 / 5.8 
CP contact time (1H/15N) [µs] 1000 1000 
CP pulse shape (1H) Linear (100-50%) Linear (100-50%) 
CP rf field strength (1H / 15N) [kHz] 75 / 43 75 / 43 
SPECIFIC-CP contact time (15N/13C) [µs] 4000 4000 
SPECIFIC-CP pulse shape (13C) Linear (100-90%) Linear (100-90%) 
SPECIFIC-CP rf field strength (15N / 13C) [kHz] 43 / 33 43 / 33 
1H decoupling field strength (sw-TPPM) [kHz] 100 100 
DARR mixing time [ms] 20 20 
Recycle delay (s) / number of acquisitions 2 / 240 2 / 480 
Spectral width (F1 / F2 / F3) [kHz] 5.67 / 10.56 / 50 5.67 / 10.56 / 50 
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Table 6.1 The details of solid-state NMR experiments, Continued. 
Three-dimensional SLF 1H-15N/15N/13Cα 1H-13C/15N/13Cα 
Acquisition time (t1 / t2 / t3) [ms] 2.21 / 8.5 / 10.2 1.11 / 8.5 / 10.2 
Carrier frequency (1H / 13C / 15N) [ppm] 8 / 100 / 120 8 / 100 / 120 
π/2 pulse (1H / 13C / 15N) [µs] 2.7 / 5 / 5.8 2.7 / 5 / 5.8 
CP contact time (1H/15N) [µs] 1000 1000 
CP pulse shape (1H) Linear (100-50%) Linear (100-50%) 
CP rf field strength (1H / 15N) [kHz] 75 / 43 75 / 43 
SPECIFIC-CP contact time (15N/13C) [µs] 4000 4000 
SPECIFIC-CP pulse shape (13C) Linear (100-90%) Linear (100-90%) 
SPECIFIC-CP rf field strength (15N / 13C) [kHz] 43 / 33 43 / 33 
R187

1 pulse length [µs] 5 5 
1H decoupling field strength (sw-TPPM) [kHz] 100 100 
Recycle delay (s) / number of acquisitions 2 / 576 2 / 512 
Spectral width (F1 / F2 / F3) [kHz] 10.01 / 2.5 / 39.68 30.03 / 2.5 / 39.68 
	
  
aAll	
   the	
   experiments	
   were	
   acquired	
   with	
   10,000	
   Hz	
   of	
   spinning	
   rate,	
   at	
   25	
   °C.	
  
Abbreviations	
   used	
   in	
   the	
   table:	
   CP,	
   cross-­‐polarization;	
   PDSD,	
   proton	
   driven	
   spin	
  
diffusion;	
   DARR,	
   dipolar	
   assisted	
   rotational	
   resonance;	
   sw-­‐TPPM,	
   frequency-­‐swift	
  
two-­‐pulse	
   phased-­‐modulated;	
   SPECIFIC-­‐CP,	
   spectrally	
   induced	
   filtering	
   in	
  
combination	
  with	
  CP;	
  TOBSY,	
  through-­‐bond	
  correlation	
  spectroscopy.	
  
	
  
6.3.5 CD Measurement 

The secondary structures of VpuCyto in aqueous media and DHPC micelles were 

analyzed by CD spectroscopy in the far UV (176–260 nm) region. Lyophilized protein 

was dissolved in either H2O or 100mM DHPC to a final concentration of 1 mg/mL to 

obtain the spectra. Samples were transferred to a 0.1 mm path-length cell for data 

collection. (NSG Precision Cells, Inc., Farmingdale, NY) Data were collected on an 

AVIV model 2.98 at 25 °C, in 1.0 nm wavelength interval. Data was analyzed using an 

online server DichroWeb[195; 196]. 

 

6.3.6 Structure Calculation 

Structure calculations for VpuCyto in DHPC micelles were carried out using 

Xplor-NIH[16] ab initio simulated annealing protocol with two steps: (1) high 

temperature simulated annealing, and (2) refinement. The initial structures were 
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generated from a extended random coil base on dihedral angle restraints derived from 

TALOS+[197] and distance restraints derived from the NOE cross-peaks in the simulated 

annealing. Residual dipolar couplings as angular restraints and paramagnetic relaxation 

data as distance restraints were incorporated during the refinement step. Simulated 

annealing was performed with a starting temperature of 3500 K and cooling to 25 K in 

steps of 12.5 K. kdih = 400 kcal mol-1 rad-2. Knoe was rampped from 2 to 50 kcal mol-1 

Å-2. The refinement was performed with Xplor-NIH torsion angle molecular dynamics 

and experimental restraints included.  The temperature was cooled to 50 K from an initial 

value of 2000 K in steps of 12.5 K. kdih = 400 kcal mol-1 rad-2, knoe = 40 kcal mol-1 A-2, 

krdc was ramped from 0.2 to 2 kacal mol-1 rad-2. A total of 100 structures were generated 

in the refinement step, and the 20 structures with lowest-energy were used for analysis. 

For structure calculation of VpuFull in proteoliposome, a three-step process was 

employed, and the lowest structures were chose as the initial structure for refinement in 

the following step. Dipolar couplings and torsion angle were used in the initial 

determination, and distance restraints between the residues and the plane distance 

restraints[198] were added into the second and third steps, sequentially, where kdih = 400 

kcal mol-1 rad-2, 1H-15N krdc was ramped from 0.01 to 2 kacal mol-1 rad-2, and 1H-13C 

krdc was ramped from 0.01 to 1 kacal mol-1 rad-2, know was rampped from 2 to 40 kcal 

mol-1 Å-2, kplane was rampped from 0.01 to 5 kcal mol-1 Å-2. 

 



97 

	
  

6.4 Results and discussion 

Both uniformly 15N-labeled VpuCyto and VpuFull were reconstituted into 

100mM DHPC micelles. Well-resolved, fully assigned 1H-15N HSQC NMR spectra were 

obtained for both polypeptides (Figure 6.1.B and 6.1.C). The two spectra overlap to a 

great extent, indicating that the structure of VpuCyto construct is representative of the 

cytoplasmic domain of full-length Vpu.  
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Figure 6.1 Secondary and tertiary structure analysis of VpuCyto. 
A. Comparison of CD spectra of VpuCyto in aqueous media (dashed line) and 100 mM 
DHPC micelles (solid line). B. 1H/15N HSQC spectrum of VpuFull in 100 mM DHPC 
micelles. C. 1H/15N HSQC spectrum of VpuCyto in 100 mM DHPC micelles. 
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6.4.1 Secondary structure and dynamics of VpuCyto in aqueous media and DHPC 

micelles 

The secondary structure features of VpuCyto in aqueous solution and DHPC 

micelles were determined by CD and NMR spectroscopy. The CD spectrum of VpuCyto 

in aqueous media (Figure 6.1.A) shows 37.5% helical content, 10.2% strand content, 22% 

turns and 31% disordered region. In DHPC micelles, VpuCyto was estimated to be 81.8% 

helix and 12.7% disordered. Based on the CD data, VpuCyto appears to be 44.3% more 

helical in the presence of DHPC micelles. This indicates that the cytoplasmic domain is 

affected by the lipid environment, and not freely soluble in the aqueous environment. 

The secondary structure of VpuCyto in both conditions can also be confirmed by 

solution NMR experiments as well. VpuCyto in aqueous solution showed a relatively 

short T1 (from 690 ms to 1000 ms) and long T2 (from 210 ms to 600 ms), indicating that 

the protein is undergoing rapid reorientation, and the backbone is highly mobile. Also the 

negative 1H-15N heteronulcear NOE value throughout the protein sequence suggests that 

the internal motions of VpuCyto in aqueous media are fast.  However, T1, T2 and NOE 

showed non-uniform distribution, where the terminal and inter-helical loop region (51-

58) have longer T1, longer T2 and more negative 1H-15N heteronulcear NOE than the 

helical regions. The variation in T1, T2 and 1H-15N heteronuclear NOE agrees with CD 

data, suggests that there is a structural distinction between the helical regions and loop 

region in aqueous media, and the structure is not fully disordered. In contrast, the Cα 

chemical shift index has values around +1 ppm, which cannot be categorized as helix. In 

addition, TALOS+ only predict residue 62-70 as helix, and failed to predict any 

secondary structure for the rest of the protein due to the low order parameters. VpuCyto 
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may be in an intermediate state between well structured and fully disordered, with the 

helix-3 somewhat more structured.  

In DHPC micelles, plots of the relative intensity of resonances peaks in the HSQC 

spectrum, and the Cα chemical shift index (Figure 6.2.G and 6.2.H) indicate two distinct 

helical religions connected by a mobile inter-helical loop. These helical regions are also 

consistent with the RDC data acquired in a 6% polyacrylamide stretched gel. While 

incorporated into DHPC micelles, with the increase of the protein-micelles complex size, 

the mobility is drastically lowered as shown by the significant decrease of T2 relaxation 

(70 ms to 170 ms). In addition, same trends were observed for T1, T2 and 1H-15N 

heteronuclear NOE, suggesting a significant dynamic difference between the helical 

regions and the loop region. Overall, helices helix-3 and helix-2 exhibit similar restricted 

backbone dynamics, with similar values of 1H-15N heteronuclear NOEs, order parameters 

and 1H-15N HSQC peak intensities, in DHPC micelles. While residues at the N-, C-

terminus and loop are significantly more flexible, with smaller values of the 1H-15N NOE 

and greater peak intensities. 
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Figure 6.2 Secondary structure and dynamics of VpuCyto in aqueous and DHPC 
micelles.  
A. 1H/15N HSQC resonance intensity plot. B. Cα chemical shift index. C. 1H-15N 
heteronuclear NOE. D. T1 relaxation. E T2 relaxation. F. order parameters derived from 
TALOS+.  G. 1H-15N HSQC resonance intensity plot. H. Cα chemical shift index. I. 1H-
1N heteronuclear NOE. J. T1 relaxation. K. T2 relaxation. L. order parameters derived 
from TALOS+. A.-F. are obtained from VpuCyto in H2O. G.-L. are obtained from 
VpuCyto in 100 mM DHPC micelles. 
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6.4.2 Orientation restraints of VpuCyto derived from RDC measurements 

Residual dipolar coupling measurements not only provide reliable information on 

the secondary structure of the protein, but also relative orientations of the helical regions 

in the protein. As shown in Figure 6.3.A, residues in both N- and C-terminal and the loop 

regions have close to 0 Hz RDCs, which is an indication of the mobile properties of these 

regions. The RDC values of the helical region were fit by two separate dipolar waves 

with very different amplitude, indicating a considerable angle difference between the 

helices. These RDC values can be used as angular restraints in structure calculation[199]. 
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Figure 6.3 NMR measurements for structure calculation of VpuCyto in DHPC micelles.  
A. Residual dipolar couplings obtained from weakly aligned sample in 6% 
polyacrylamide stretch gel. B. A cartoon showing the location in secondary structure of 
VpuCyto where residues are mutated to cysteines and attached to MTSL, and the 
chemical structure of MTSL (red box) and its reduced form (black box). C. Overlap 1H-
15N HSQC spectra of L41C VpuCyto with MTSL label (red) and its reduced diamagnetic 
label (black). D. Intensity plot shows PRE intenisty ration (Ipara/Idia) for L41C VpuCyto. 
E. Intensity plot shows PRE intenisty ration (Ipara/Idia) for A74C VpuCyto. F. Strip plots 
from 3D 15N-edited HSQC-NOESY experiment showing long-range 1H-1H NOE between 
R48 and I60. 
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6.4.3 Distance restraints of VpuCyto derived from PRE measurements 

PRE provides an alternative source of long-range distance restraints for structure 

determination of helical membrane protein, which usually lack “long-range” 1H-1H NOE 

in micelles environment. For PRE measurements, first a paramagnetic probe is 

incorporated into the protein. Then the coupling of the electron to the nuclear spins 

contributes to the relaxation of the nuclear spin, which is inversely proportional to the 

distance between the electron and nuclear spin. MTSL is a widely used nitroxide spin 

label. It is covalently attached to the thio group of cysteine residue in the protein. The 

secondary structure and motion information were considered before determining the 

optimal place for spin labels throughout VpuCyto. Residues at three positions 41, 62 and 

74 locate at helix-2, helix-3 and the C-terminal region respectively were mutated to 

cysteine independently for MTSL attachment. 1H-15N HSQC spectra were collected on 

samples containing L41C-MTSL VpuCyto, S61C-MTSL VpuCyto and A74C-MTSL 

VpuCyto. In both of the L41C and A74C HSQC spectra, only residues near the mutation 

site showed small chemical shift changes compare to wild type spectra, which indicates 

that the mutation and the spin label did not change the protein structure dramatically. The 

S61C sample showed quite significant changes, so it was discarded for PRE 

measurement. The 1H-15N HSQC spectra (Figure 6.3.C) illustrate the overlapped spectra 

of the L41C-MTSL VpuCyto in red and it’s reduced in black. Residues close to the 

mutation sites L41C were broadened deyond detection. Observable reductions in 

intensity due to PRE were also observed for residue 67, 70, even they were not close to 

L41C in the sequence, which indicates they are close to L41 in the tertiary fold of the 
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structure. The normalized PRE intensity ratio versus residue number for L41C VpuCyto 

and A74C VpuCyto are plotted (Figure 6.3.D and 6.3.E), and it is obvious that when the 

spin label is added to L41C, not only residues near 41, but also those at helix-3 and near 

C-terminus were broadened. Similarly, for MTSL-A74C, not only the residues in C-

terminal region were broadened, the intensities of residues at the helix-2 were also 

significantly reduced. To ensure that the PRE effect is not intermolecular instead of 

intramolecular, protein concentration were limited to 0.1 mM during data acquisition; 

additionally, the intensity plot did not change significantly upon addition of unlabeled 

VpuCyto sample to the MTSL labeled sample, indicating that no internuclear PRE effect 

were observed in the first place.  

The MTSL samples provided 72 PRE restraints that were particularly useful in 

defining distances and orientations between helix-2 and helix-3 in VpuCyto. Distance 

restraints were calculated base on the measured peak intensity ratios (Ipara/Idia) as 

described by Wagner[190] and Liang[200], and only intensity ratios in the range of 15% 

to 85% were selected for distance measurement. The global correlation time of each 

residue (5 ns - 10 ns) was calculated based on T1 and T2 of the wild type VpuCyto in 

micelles[201; 202]. The calculated PRE distances were incorporated into the structure 

calculations with a lower bound of 4 Å and upper bound of 4 Å as compensation for the 

inaccuracy in correlation time and other measurements. 

 

6.4.4 VpuCyto backbone structure in DHPC micelles 

During the structure calculation of VpuCyto in DHPC micelles, torsion angle 

restraints were obtained from TALOS+ with chemical shift input of HN, N, CA, CB, C’ 
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and HA. Angular restraints were obtained from one RDC datasets with Da, Rh calculated 

by Xplor-NIH. Distance restraints were provided by 15N NOESY-HSQC NOE mainly for 

short range, and by PRE mainly for long range. Although torsion angle, RDCs, and NOEs 

provide sufficient information to anneal the VpuCyto to two helices, they are not enough 

to converge a set of structures to lower backbone RMSD. The inclusion of long-range 

distance restraints from PRE data was essential to produce the 3D structures. Ensembles 

of 20 lowest energy structures calculated with only dihedrals and NOEs (Figure 6.4.A), 

dihedral, NOEs and RDCs (Figure 6.4.B), and dihedral, NOEs, RDCs and PREs (Figure 

6.4.C) with decreasing ensemble RMSDs, are exampled in Figure 6.4. 

VpuCyto consists of two helices exhibiting a U-shape structure in DHPC micelles 

that are relatively well defined with an RMSD of 2.95 Å over all backbone atoms for a 

family of 20 VpuCyto structures (Figure 6.4.D). Disregarding the disordered terminal 

region, the helix-2-loop-helix-3 motif was well defined within the structure ensemble 

with 1.24 Å RMSD. The modest variations in the helices suggest that they are relatively 

rigid. The inter-helical loop itself appears to have RMSD of 0.7 Å. Along with a number 

of NOEs observed in residue 50-59 in the loop region, surprisingly it suggests that, the 

loop adopts as well defined structure. All the charged residues occur on either the end of 

the helices and the terminal region (Arg30, Lys31, Asp77, Asp80 and Asp81) or were 

restricted to the outer surface of the U-shape structure (Arg36, Arg40, Arg44, Gu65 and 

Glu69), presumably exposed to the aqueous media. The U-shape set of two helices also 

renders the more hydrophobic phase in the core of the structure.  
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Figure 6.4 Structure refinement of VpuCyto in DHPC micelles.  
Ensembles with 20 lowest energy structures obtained from A. Refinement with only 
chemical shift. B. Refinement with chemical shift and PRE. C. Refinement with both 
PRE and RDC. D. 20 lowest energy structure out of 100 from final refinement. E. The 
surface view of the lowest energy structure with acidic residues labeled red and basic 
residues labeled blue. F. 180o rotate through y-axis of E. 
	
  
 
6.4.5 Association of VpuCyto with the micelles 

The depth of micelle insertion of VpuCyto backbone amide sites is reflected by 

the distance-dependent broadening effects of MnEDTA and 5SDA (Figure 6.5.A, 6.5.B). 

MnEDTA is a bulky paramagnetic reagent restricted to the aqueous environment; when 

MnEDTA was added to VpuCyto incorporated in DHPC micelles, signals of residues that 

are accessible to MnEDTA in solution are broadened, and the corresponding intensities 

are lowered; residues associated with the hydrophobic region of the micelles are less 

affected. Signals of residues that are broadened by MnEDTA are colored red (Figure 
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6.5.C). Addition of MnEDTA results in complete disappearance of signals from both N- 

and C-termini due to their exposure in the aqueous solvent and MnEDTA. In addition, 

signals of residue 34-40 in helix-2 completely disappeared, suggesting that the N terminal 

half of the helix-1 is located outside the micelles. Notably, in the completely exposed C-

terminal region, resonances signals of W76 amide, it’s indole nitrogen and H73 amide are 

not completely elimination by MnEDTA, suggesting their partial insertion in the 

micelles. The aromatic side chains of tryptophan and histidine are frequently found 

inserted in membranes as a result of the dipole moment of their aromatic ring interacting 

with the PC head group.  Moreover, the loop region, believed to be highly mobile, is less 

broadened by MnEDTA than the terminal region. This suggests that the loop is more 

restricted in mobility as a result of partially micelle association, compared to the solvent 

exposed terminal region, and this finding agrees with what we observed in structure 

determination. The line broadening effects were not observed equally for both helices, 

and these in helix-2 were less affected, indicating that it is more structured and embedded 

in the center of the micelles. 5SDA is a fatty acid with an 18-carbon hydrophobic chain 

that has a nitroxide group labeled at the fifth carbon position close to the headgroup. 

When incorporated into the DHPC micelles, the 5SDA partitions to the hydrophobic 

interior of the micelles, and the spin label is at the center of the micelles. Thus, it can be 

used to probe the portion of protein embedded in the micelles.  Signals of residues that 

are broadened by 5SDA are colored yellow, and those less affected are colored blue in 

Fig 6.4.D. Apparently, opposite effects were observed compare to MnEDTA. The 

residues at helix-3 were slightly more affected than those of helix-2, and the C-terminal 

region seemed to be more affected than the N-terminal region, and W76 and especially its 
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indole signals are the most broadened among all the residues. This is evidence that W76 

is embedded in the micelles. Overall, line-broadening was invariant for VpuCyto in 

DHPC micelles with 5SDA compared to MnEDTA. The possible explanations are: (1) 

both DHPC and 5SDA are dynamic and undergoing rapid rearrangement, and it is 

possible that at the nitroxide group is not always inserted the center of the micelles but 

sometimes located near the head group region; (2) due to the amphipathic nature of 

VpuCyto, it is highly mobile and is not firmly embedded in the micelle, but more likely 

loosely associated with the micelles. Regardless of the protein dynamics, there is a 

consensus of the relative orientation of VpuCyto to the micelles (Figure 6.11.B).  

 

 
 
Figure 6.5 Micelles association of VpuCyto.  
A. 1H-15N HSQC resonances intensity change measured before and after addition of 
MnEDTA. B. 1H-15N HSQC resonances intensity change measured before and after 
addition of 5SDA. C. Residues colored according to the PRE effect observed upon 
addition of MnEDTA. D Residues colored according to the PRE effect observed upon 
addition of 5SDA. 
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As compared to the previous VpuCyto structure in DPC micelles[187], there are 

some major differences. First, both helices in DPC micelles are substantially shorter, 

science helix-2 spans from I39- E48, and helix-3 spans from Q61-R69; whereas in 

DHPC, helix-2 spans from R34-E50, and helix-3 spans from E57-L70. Correspondingly, 

the inter-helical loop in DPC micelles is much longer. Also, the inter-helical distance is 

shorter in DPC (7 Å) than in DHPC (9 Å). In addition, the relative orientations of the two 

helices in the two structures are also different. The differences may arise from the 

difference in sequence, as well as the difference of the micelle environment.  

 

6.4.6 VpuFull undergoes fast rotational diffusion at 25°C 

Heteronuclear dipolar couplings are averaged when the samples are spinning at 

54.7°, the magic angle, and therefore, MAS solid-state NMR requires recoupling pulse 

sequences to measure the dipolar couplings. The heteronuclear dipolar couplings 

measured from the unoriented proteins are uninformative, because of the powder 

averaging and the bond lengths (amide bonds or C-H bond at Cα) are essentially 

identical. However, when the proteins are undergoing fast rotational diffusion about the 

bilayer normal, the tensors are partially averaged, resulting in a “reduced powder 

pattern”[61; 203-205], whose parallel edges reflect the dipolar couplings upon the 

magnetic field. In order to measure the angular-dependent heteronuclear dipolar 

couplings, it is necessary find the condition of fast rotational diffusion for the proteins, 

and this technique is known as rotationally aligned (RA) solid-state NMR. 
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Figure 6.6 1D 13C spectra of three constructs of Vpu.  
A, VpuTM. B. VpuCyto. and C. VpuFull. All the spectra were acquired at 5,000 Hz 
spinning rate at various temperatures. VpuTM is frozen below 15 °C and undergoing fast 
rotational diffusion at 25 °C.  
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A series of 13C CP spectra (Figure 6.6) were acquired at different temperature to 

find the minimum temperature for Vpu undergoing rotational diffusion with the low 

spinning rate (5,000 Hz) by observing the 13C’ sidebands. The results show that VpuTM 

has fast rotational diffusion when the temperature is higher than 25°C. On the other hand, 

no powder pattern is found even when VpuCyto is at 5°C, suggesting that the 

cytoplasmic domain is relatively dynamic. At high temperature, the ratios of the first left 

sideband to the signals of carbonyl carbon of VpuCyto is 0.5, which is relatively high 

comparing to VpuTM, showing the orientation of cytoplasmic domain is parallel to the 

lipid surface. By comparing the spectra of VpuTM, VpuCyto, and VpuFull, we find that 

the spectra of VpuFull are the combinations of the ones of VpuTM and VpuCyto. So, 

even the sidebands are not fully disappeared at high temperature in the spectra of 

VpuFull, we still can confirm that VpuFull is undergoing fast rotational diffusion at 

25°C. Moreover, the reduced dipolar powder patterns are measured by 1H-13C/13C and 

1H-15N/13C separated local field (SLF) experiments (Figure 6.7), provide direct evidence 

that Vpu is undergoing fast rotational diffusion at this temperature. Figure 6.8.A and 

6.8.B shows that we can obtain high-resolution 13C/13C and 13C/15N correlation spectra 

under these experimental conditions, and the spectral resolutions are further improved in 

three-dimensional experiments.  
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Figure 6.7 1H-13C/13C and 1H-15N/13C SLF spectra of VpuFull. 
A. 1H-13C/13C SLF spectrum. B. 1H-15N/13C SLF spectrum. The various dipolar couplings 
obtained from both experiments show that VpuFull is undergoing fast rotational 
diffusion, and single-site resolution is achievable when VpuFull is incorporated in 
proteoliposomes at 25 °C. 
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Figure 6.8 Correlation spectra of VpuFull.  
A. 13C/13C correlation spectrum obtained with 50 ms PDSD mixing. B. 15N/13C HETCOR 
spectrum, where the 15N/13C transfer is obtained from SPECIFIC-CP. Both experiments 
show single-site resolution is achievable when VpuFull is incorporated in 
proteoliposomes at 25 °C. C. 13C/13C TOBSY spectrum of VpuFull in proteoliposomes. J-
coupling based 13C/13C correlation spectrum indicates the mobile region of VpuFull. 
These resonances are contributed from about 30 residues, and they are partially assigned 
according to the chemical shifts and the cross-validations of L41C-MTSL and MnEDTA 
PRE experiments. The PRE experiments will be discussed in the following sections.  
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Table 6.2 List of chemical shifts and dipolar couplings of VpuFull in proteoliposomes. 
Residue 15N chemical 

shift (ppm) 
13Cα chemical 
shift (ppm) 

13C’ chemical 
shift (ppm) 

1H-15N dipolar 
couplings (kHz) 

1H-13C dipolar 
couplings (kHz) 

I8 119.52 65.30 175.90 8.5  
V9 119.93 66.80 176.69 8.5 18.1 
A10 116.54 55.39 175.62  15.2 
L11 119.26 58.53 176.15 7.7 17.7 
V12 119.70 66.77 175.68 10.6 6.9 
V13 120.64 66.66 175.57 4.5 12.9 
A14 121.48 54.52 176.03 3.5 14.5 
I15 115.91 63.85 176.20 7.4 17.6 
I16 122.12 65.29 176.00 9.2 18.6 
I17 121.84 65.05 176.14 4.3 16.4 
A18 121.44 54.31 177.07 9.5 5.9 
I19 116.00 64.61 176.98 10.3 18.3 
V20 122.70 66.74 175.87 4.8 17.1 
V21 120.20 66.56 175.67 4.5 14.6 
W22 121.45 56.54 177.27 8.2 15.3 
S23 118.8 60.19 175.99 9.1 15.0 
I24 115.36 64.66 176.99  14.9 
V25 121.10 66.96 176.59 6.0 16.9 
I26 120.79 64.54 176.03 8.4  
I27 122.04 66.56 175.75 8.6  
Q35 120.84 60.81 174.68 7.6  
R36 116.76 60.34 177.83  15.3 
K37 120.94 60.81 174.94 7.8  
I38 118.10 63.39 176.31  19.6 
D39 119.20 56.44 176.81   
R40 121.63 54.80 177.05 7.8 14.8 
L41 118.82 58.25 177.62 9.2 2.4 
I42 118.20 63.42 176.63 8.5  
D43 119.59 56.96 176.55 6.3 13.5 
R44 121.76 57.08 176.97 8.1 18.6 
L45 120.35 57.78 175.88 8.6 16.6 
I46 119.07 65.05 175.97 8.9 15.4 
E47 122.35 60.12 177.29 8.0 7.3 
R48 122.48 56.98 176.83 6.7 9.2 
E59 117.57 58.99 177.28   
I60 119.07 65.55 176.01 7.4 16.2 
S61 117.32 58.05 175.87 8.6 15.8 
A62 120.23 52.83 175.95 5.9 3.4 
L63 115.86 56.65 176.98  16.0 
V64 119.73 66.96 176.86 8.6 17.8 
E65 118.47 58.28 176.50 5.3  
L66 115.81 58.05 175.97 8.0 13.9 
G67 103.05 46.51 173.83 1.3  
V68 115.55 66.44 175.66 6.5  
E69 120.24 59.42 176.01 7.2 18.2 
L70 125.55 60.04 174.02 9.2 13.4 
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6.4.7 Secondary structures of VpuFull in proteoliposomes 

The mobile regions of Vpu are determined by TOBSY (total through-bond 

correlation spectroscopy)[206; 207], which is a J-coupling based 13C/13C correlation 

spectrum. J-coupling is relatively small in solid-state NMR, and it is only observed when 

the residues are mobile enough to average out the dipolar couplings. Complementarily, 

dipolar based NCACX and NCOCX experiments provides the information of immobile 

or structured parts of VpuFull, which allow us to assign the chemical shifts of 15N, 13Cα 

and 13C’, sequentially. In these assignment experiments, the magnetization is transferred 

from amide protons to 15N with CP, and then to 13Cα or 13C’ by SPECIFIC-CP, and the 

13C/13C correlations are achieved with DARR mixing. 

About 30 residues are found in the TOBSY spectrum (Figure 6.8.C) based on 

their chemical shifts. Even though site-specific assignments are infeasible due to the lack 

of assignment experiment, we narrow down the assignments by considering the dynamics 

studies of VpuCyto in micelles. Most of residues are found in the second loop and both 

termini, suggesting these regions are highly dynamic in the lipid bilayer environment. 43 

immobile residues are assigned by NCACX and NCOCX experiments (Figure 6.9.A), 

and their dipolar couplings are found from 1H-15N/15N/13C and 1H-13C/15N/13C three-

dimensional SLF experiments, consequentially. All the measurements of chemical shifts 

and dipolar couplings are listed in Table 6.2. Three dipolar waves are found in the plot of 

dipolar coupling versus residue number (Figure 6.9.B), which only exist when the 

secondary structures are helices. The length and tilting angle of helix-1 agrees with the 

previous findings[65; 183; 184; 208].  
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Figure 6.9 NMR measurements for structure calculation of VpuFull in DMPC 
proteoliposomes.  
A. Strip plots from NCACX (red) and NCOCX (blue) demonstrate the backbone walk on 
VpuFull. B. The dipolar couplings are measured according to the assignments. Three 
dipolar waves are found from the plot of 1H-15N dipolar coupling versus residue number, 
which confirms the helical characters in VpuFull. C. and E. The comparison of alanines 
(C.) and serines (E.) in L41C-MTSL VpuFull (red) and reduced L41C-MTSL VpuFull 
(black). D. and F. The comparison of alanines (D.) and serines (F.) in reduced L41C-
MTSL VpuFull (black) and reduced L41C-MTSL VpuFull presenting in MnEDTA 
solution (blue).  
	
  
	
    

A

B

10 20 30 40 50 60 70

ï��

0

10

-

65

60

55

50

45

I17 A18 I19 V20 V21 W22 S23 I24

175.5

121.8 121.4

175.2

121.4

176.1

122.5

175.5

121.5

174.9

121.6

176.8

118.8

172.2

129.0

172.2

1
3
C

 C
h

e
m

ic
a

l 
S

h
if
t 

(p
p

m
)

1
+
ï1

5
N

 R
D

C
s
 (

H
z
)

Residue Number

15N Chemical Shift (ppm)

13C Chemical Shift (ppm)

54 53 52 51 50 4954 53 52 51 50 49

20

19

18

17

16

15

13C chemical shift (ppm)

1
3
C

 c
h

e
m

ic
a

l 
s
h

if
t 

(p
p

m
)

C D

E F

S61

S52

S56

63 62 6163 62 61

58

57

56

S61

S52

S56

A7 A7

A74A74

A49 A49

54



118 

	
  

6.4.8 Tertiary structures of VpuFull in proteoliposomes 

Dipolar couplings and CSAs provide angular restraints to determine the 

orientations of secondary structures. However, we would obtain degeneracies from 

structural calculations only relying on the angular restraints. For instance, the two helices 

in the cytoplasmic domain could be linear or form a U-shape based on the analysis of 

dipolar couplings. Distance restraints provide valuable information to fully understand 

the relations between the secondary structures. In solid-state NMR, the distance restraints 

could be extract from spin diffusion with long mixing time. For instance, the correlation 

of serine pair is found in Mercury transporter protein F (MerF) with 200 ms DARR 

mixing[155].  

Since no significant correlations are found from 13C/13C correlation with DARR 

mixing up to 200 ms for VpuFull, two PRE approaches are applied to obtain the long-

range restraints: (1) MTSL is labeled on L41C VpuFull to probe the distances of neighbor 

nuclei. (2) MnEDTA is utilized to distinguish if the residues are exposed in the solution 

or embed in the lipids, which helps us to understand how the cytoplasmic domain of the 

full-length Vpu interacts with lipids. The intensities of the resonances from TOBSY 

spectra are varied based the different geometry information obtained from PRE 

experiments, and therefore, we can further assign the resonance for the mobile region 

site-specifically. For instance, A7, A49 and A74 are found in the TOBSY spectra (Figure 

6.8.C), yet they are ambiguous without assignment experiments. The intensities are 

reduced by L41C-MTSL, suggesting the helix-2 and helix-3 form a U-shape 

conformation, and these resonances are assigned according to the ratios of the L41C-

MTSL and its reduced form (Figure 6.9.C). On the other hand, A74 disappears from the 
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MnEDTA experiment showing (Figure 6.9.D), which indicates A74 is exposed to the 

solvent. Similarly, we can assign serines according to the changes of intensities when the 

Cyto domain is a U-shape (Figure 6.9.E). S61 is less affected from MnEDTA solution, 

suggestions that S61 in helix-3 may face to the lipids or slightly embeded into the lipids, 

and S52 and S56 are more exposed in the solution (Figure 6.9.F).  

Refined structures driven only from dipolar couplings give many possible 

conformations (Figure 6.10.A), where the relative orientations between helix-2 and helix-

3 are allowed to form either linear or U-shape. By considering the distant restraints obtain 

from L41C-MTSL VpuFull, the helix-3 is folded back, yet the relative orientation 

between cytoplasmic domain and membrane surface is still ambiguous  (Figure 6.10.B).   

Helix-3 is further confined around lipid surface by introducing the plane distance restraint 

that obtained from MnEDTA experiment (Figure 6.10.C). The RMSD of ten lowest 

structures shows that all the helices are well defined, whose RMSD are 0.48 Å, 0.31 Å, 

and 0.23 Å for helix-1, helix-2, and helix-3, respectively. Most of the variations come 

from the loop regions (loop-1 is 1.92 Å and loop-2 is 2.74 Å), and the RMSD of the 

structural region (7-70) is significantly improved and converges at 5.18 Å. Loop-2 found 

in VpuFull is longer and more flexible comparing to VpuCyto. Helix-3 was observed to 

have a high degree of flexibility, which may be attributed to fewer structural restraints 

imposed in the calculation or the intrinsic dynamics properties.  The relative mobility of 

helix-3 can be seen in the ten structures with the lowest energy.    
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Figure 6.10 Structure refinement of VpuFull in DMPC proteoliposomes.  
Ten lowest structures obtained in each step, and the structure with the lowest energy was 
used as the initial structure for the refinement in the next step. The restraints used in each 
step: A. 1H-15N and 1H-13C dipolar couplings and dihedral angles. B. Distance restraints 
driven from L41C-MTSL VpuFull and the restraints used in (A.). C. Plane distance 
restraints driven from MnEDTA experiment and the restraints used in (B.).  

A B C
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Figure 6.11 Structure comparison of VpuCyto and VpuFull.  
A. Cartoon representation of VpuFull in DMPC proteoliposomes. B. Cartoon 
representation of VpuCyto in DHPC micelles. C. Alignment of VpuFull and VpuCyto 
structures.  
 

6.4.9 Structure comparison of VpuCyto and VpuFull 

Both constructs have well-defined helix-2 and helix-3 (Figure 6.11). The lengths 

of both helices are longer in VpuCyto in DHPC micelles, and loop-2 is shorter and 

partially structured in VpuCyto. These features may be caused by the interactions with 

the short-chain lipids. Helix-3 partially inserts into micelles. It may stabilize itself and 

gain length. The insertion of helix-3 would also reduce the flexibility of loop-2 and result 
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in a structured inter-helical loop. In contrast, loop-2 is longer and flexible in VpuFull, 

which might make helix-3 movable on the hydrophobic/hydrophilic interface, and loop-1 

is also relative dynamic, which agrees the observation from N-terminal of VpuCyto. Both 

loops are crucial to make Vpu dynamic intrinsically. 

6.5 Conclusion 

NMR spectroscopy is a versatile technique that can be used to investigate 

structure, dynamics and interactions of membrane proteins in a variety of membrane 

environments with variable parameters ranging from lipid composition, temperature, and 

ion concentration to pH. Especially, with the advent of novel solid-state MAS 

experiments, structure determination of membrane proteins can be performed in 

phospholipid bilayer systems at physiological condition.    

In this article, two constructs of Vpu were studied by solution and solid-state 

NMR. The dynamics of VpuCyto were investigated in both aqueous solution and DHPC 

micelles by solution NMR. VpuCyto is believed to be in an intermediate state between 

fully structured and fully disordered in aqueous media, while in micelles two helices are 

distinguishable. The 3D structure of VpuCyto in DHPC micelles at pH 4 were obtained 

base on NMR measurements of chemical shift, NOE, RDC and PRE. In the structure of 

VpuCyto in DHPC micelles, helix-2 and helix-3 are found to adopt a U-shape. Loop-2 is 

partially structured, which could be caused by the interactions with the micelles, and both 

termini are highly mobile. On the other hand, the structure of VpuFull is solved in DMPC 

proteoliposomes at pH 7.3, which are close to the physiological conditions, by solid-state 

MAS NMR experiments. Isotropic chemical shifts, 1H-15N and 1H-13C dipolar couplings 
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and PRE distance restraints are measured for structural refinement. Three well-defined 

helices are obtained from TM and Cyto domain as expected. Helix-2 and helix-3 adopt 

are loose U-shape on the bilayer surface. Loop-2 is longer than it has been found in 

VpuCyto in micelles, leading to a longer inter-helical distance between helix-2 and helix-

3, as well as the increase in the flexibility of helix-3, which is wobbling on the lipid 

surface according to the ten lowest structures. 

Both TM and Cyto domains have biological functions. The TM/TM interactions 

of Vpu/BST-2 and Vpu/NTB-A have been study by NMR, which give promising results 

with the findings in the biological experiments. The studies of interactions of Cyto 

domain in the molecular level are still missed. To fully reveal the properties and 

functions in the molecular level, it will be worth to carefully study dynamics of the Cyto 

domain of full-length Vpu presenting in long-chain lipid, such as, nanodiscs, and study 

the interactions with its biological components by solution and solid-state NMR. 

 

Chapter 6 is currently being prepared for submission for publication of the 

material. 
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Chapter 7 Conclusion  

	
  
Solid-state NMR has solved several structures of membrane proteins in their 

native environments, such as, Vpu, P7, MerF, and CXCR1, showing this technique is 

proper and robust. Oriented-sample (OS) solid-state NMR gives high-resolution spectra 

based on the mechanically or magnetically aligned samples. Under this condition, 

separated-local-field (SLF) experiments, such as, PISEMA, SAMMY, PISEMO, etc., 

measure the heteronuclear dipolar couplings while 1H homonuclear dipolar couplings are 

suppressed in t1 dimension, and acquires chemical shift anisotropies (CSAs) in t2 

dimension. Heteronuclear dipolar couplings and CSAs are anisotropic tensors, which are 

treated as angular restraints during structure refinement. The heteronuclear dipolar 

couplings measured by OS solid-state NMR have larger scaling factors than the ones 

acquired in rotationally aligned (RA) solid-state NMR. In practical, large scaling factors 

result in more precise measurements, and this effect is eminent especially when dipolar 

couplings are small, for instance, 15N-13C dipolar couplings. Traditionally, these pulse 

sequences are applied to 15N-labeled samples to obtain the backbone structures, where we 

only need to suppress 1H homonuclear dipolar couplings.  

To further examine the side-chain conformations, it requires uniformly 13C-

labeled samples; however, both 1H and 13C homonuclear dipolar couplings would reduce 

the signals. Dual-PISEMO (D-PISEMO) has been introduced to address this issue, which 

employs multi-pulse on both channels simultaneously to remove the dipolar couplings. 

The line widths in the t1 dimension have been significantly improved in uniformly 13C-
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labeled NAL single crystal showing that homonuclear dipolar couplings are suppressed, 

and D-PISEMO also works on the biological samples. Moreover, we can acquire the 

signals during the windows between the pulses, called window-detection (WD), which 

offers the chance to directly observe dipolar couplings in one-dimensional experiments. 

Shiftless spectroscopy can utilize WD-PISEMO and applies to uniformly 13C-labeled 

samples in the future.  

Another challenge in solid-state NMR is to improve the efficiency of 15N-13C 

transfers due to their small dipolar couplings (<1 kHz). The irradiation of 1H with the 

mismatch condition during the cross-polarization (CP) between 15N and 13C causes the 

magnetization transfer through the 1H bath, and this mechanism has been demonstrated 

that the magnetization transfer can fully rely on 1H bath in the 15N, 13Cα-labeled NAL 

single crystal. We also showed that 1H mismatch irradiation is a complementary method 

to CP for biological samples.  

Non-uniform sampling (NUS) is an alternative approach to accelerate the high-

dimensional experiments. We introduce compressed sensing (CS) to solid-state NMR 

spectroscopy and improve the reproducibility of reconstructions by adding the uniform 

sampling region in the sampling schemes. CS is able to reconstruct most of high-

resolution spectra, for instance, homonuclear or heteronuclear correlation spectra, or SLF 

spectra. When the signal-to-noise ratio is higher than 10, CS can recover the spectra with 

25% ~ 33% of data. 

Instead of applying Fourier transform to the indirect dimension to obtain the high-

dimensional spectra, covariance (COV) NMR spectroscopy provides high-sensitivity and 

high-resolution homonuclear correlation spectra by calculating the covariance of the 
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frequency-domain signals in the indirect dimension. We proposed the alternative States 

sampling scheme to sample the signals between cosine- and sine-modulated signals, 

which could further reduce at least 50% of experimental time without raising artifacts. 

Vpu is one of the accessory proteins from HIV-1, consisting by 81 residues, 

which has one helix in the transmembrane domain and two helices in the cytoplasmic 

domain. The studies of solution NMR and biological experiments suggest that the 

cytoplasmic domain is highly dynamic and this effect could reduce the sensitivity and 

resolution in OS solid-state NMR. To deal with this problem, we use RA solid-state 

NMR to measure the perpendicular edges of the reduced dipolar powder patterns when 

the proteins are undergoing fast rotational diffusion presenting the proteoliposomes, 

which is equivalent to measurements of dipolar couplings from OS solid-state NMR, and 

they provide the restraints during the structure refinements. About 30 residues are found 

in the J-coupling based 13C-13C correlation spectrum, suggesting Vpu is partial dynamic, 

and based on the literatures and dynamic studies in solution NMR, we know that these 

residues are mainly from C-terminal, and the loop regions. To understand the tertiary 

structure of Vpu, we also use paramagnetic relaxation enhancement (PRE) experiments to 

probe the distances among the helices and the relative distances from the membrane 

surface. Three helices are obtained from the refinements, and the loop between the 

second and the third helix is floppy, which provides the flexibility of the third helix. 

From our results, the third helix could partially embed into or lying on the membrane, 

which could involve in binding to or recruiting its interaction partners. 

In summary, my thesis describes the method developments of solid-state NMR, 

from signal processing to pulse sequences, and also provides an application to solve 
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membrane protein Vpu by solid-state NMR. Understanding the structure of Vpu not only 

provides the biological insights, but also shows that solid-state NMR spectroscopy is a 

robust technology to solve the membrane protein structures with various sizes and 

dynamics. 
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