
ABSTRACT 

KOROLOFF, SOPHIE NATACHA. Sensitivity Enhancement and Spectral Editing for Solid-

State NMR of Oriented Membrane Proteins. (Under the direction of Dr. Alexander 

Nevzorov). 

 

 Solid-state Nuclear Magnetic Resonance (ssNMR) of oriented membrane proteins 

(MPs) in lipid bilayers is capable of providing structural and dynamic information at nearly 

physiological conditions. However, utilization of high-power radiofrequency (rf) irradiation 

for purposes of magnetization transfer and/or proton decoupling may give rise to sample 

heating and its subsequent degradation. Here we have employed and optimized the Repetitive 

Cross-Polarization (REP-CP) sequence to study the magnetization transfer efficiency at low rf 

powers, and compared its performance with single-contact Hartmann-Hahn Cross-Polarization 

(CP) and adiabatic transfer (ad-CP). It has been found that employing the REP-CP sequence 

at 19 kHz instead of the commonly used 50 kHz can enhance the 15N signal detection by nearly 

30% as compared to the already published REP-CP and 60% as compared to the widely used 

CP-MOIST sequence. It was determined that low-power REP-CP sequence surpasses all of the 

previous CP schemes in polarization transfer efficiency in addition of having the tremendous 

advantage of decreasing the rf powers by a factor of seven, therefore preserving the biological 

sample. Furthermore, Paramagnetic Relaxation Enhancement (PRE) effects by adding a free 

radical into the bicelle sample allowed for a dramatic three-fold signal enhancement when 

coupled to the low-power REP-CP at 19 kHz. We have also addressed the problem of spectral 

crowding in assigning NMR spectra of oriented membrane proteins. Resolving 

multidimensional spectra is challenging for large membrane proteins as the main NMR peaks 

and their cross correlations often overlap, thus making the assignment task almost impossible. 

We developed a method aimed at selectively exciting a region in the spectrum followed by 



magnetization transfer only to the nearby residues in a polypeptide chain, thus establishing a 

‘seed step’ for its spectroscopic assignment. We have demonstrated the method on a N-acetyl-

leucine single crystal, and subsequently applied it to Pf1 coat protein reconstituted in 

magnetically aligned bicelles. Addressing two of the most critical problems in ssNMR of 

oriented MPs such as low sensitivity and spectral crowdedness, paves way to new 

methodologies for structure determination of MPs in their biological environments. 
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Figure 3.4. A. 31P spectrum for the Pf1 inserted into bicelles containing a 2% molar ratio of 

free radical to the lipids and 3 mM of Yb3+ lanthanide ions. B. 31P spectrum of the same sample 

after adding 3 extra mM of Yb3+ and doing a few temperature cycles. ................................ 94 

Figure 3.5. A. Experimental optimization of the z-filter length for REP-CP sequence at 50 kHz 

and B. experimental optimization of the number of CP-MOIST contacts for REP-CP sequence 

at 50 kHz for Pf1 in flipped bicelles. ...................................................................................... 96 

Figure 3.6. Experimental optimization of the CP contact time for REP-CP sequences acquired 

on Pf1 in tilted bicelles containing a free radical at a B1 rf field of 50 kHz (green), 35 kHz 

(red), 25 kHz (blue) and 19 kHz (black) with five CP-MOIST contacts ranging from 10 to 400 

µs and separated with a 0.15 s z-filter. 1024 scans and a 150 Hz exponential line broadening 

were used. ............................................................................................................................... 97 
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block at 35 kHz was implemented and 2048 scans, 104 t1 points and a 1 second recycle delay 
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Figure 4.1. Envelops of few main selective pulses (left) and their resulting excitation profiles 

(right) centered on the offset frequency after Fourier transform. Those pulses were taken from 
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Figure 4.2. Simulations of the excitation profiles for a A. single and C. double selective 

truncated Gaussian pulse at 6% applied for respectively 2.1 ms with a maximum amplitude of 

645 Hz and 1.2 ms at 911 Hz, and their corresponding experimental 1D 15N spectra (in red) 

respectively B. and D. acquired on a 0.7 mg NAL crystal and overlapped to a fully excited 
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Figure 4.3. 1D selective 15N spectra overlapped with fully excited spectra (in black) for A. 18 

mg NAL crystal, and B. Pf1 in bicelles. Two different truncated gaussian pulses at 6% 
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Figure 4.4. A. 1D selective 15N spectrum (red) using a 1.2 ms truncated Gaussian at 6% pulse 

with a maximum rf amplitude of 911 Hz with double phase selectivity superimposed with a 
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CHAPTER I 

INTRODUCTION 

 

 

1.1. MEMBRANE PROTEINS 

 1.1.1. Significance and challenges 

 Proteins can be organized into three main families: fibrous, globular and membrane 

proteins (MPs). The first two categories are mainly water-soluble and can easily be crystalized 

for X-ray crystallography or solubilized for solution NMR spectroscopy, which has already 

lead to the determination of more than 110,000 structures in the Protein Data Bank (PDB). By 

contrast, the third family of MPs contributes to over 30% of all genes encoded in the animal 

Figure 1.1. Representation of a cell membrane constituted of a phospholipid bilayer, glycolipids, cholesterols and 

proteins (Taken from the website: http://www.nature.com/scitable/nated/topicpage/protein-function-14123348). 
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and human genomes [1] and represents about 25% of the total number of proteins. MPs are 

either bound to or embedded within a cell membrane (Figure 1.1) and are responsible for cell 

metabolism and signaling, cell-cell and cell-ligand interactions, membrane receptor and 

transport channel of ions or molecules. Due to their biological significance, they constitute 

targets of over 50% of the pharmaceuticals nowadays [2] and MPs are mainly hydrophobic 

and form α-helices or β-barrels in the transmembrane (TM) domain. Elucidating their tertiary 

structure, dynamics, folding, aggregation, stability and orientation would greatly facilitate 

better drug design and would offer insight into their function within the membrane. 

Unfortunately, even though the determination of their structure is following an exponential 

trend for the past 30 years (Figure 1.2), only 630 unique MPs structures [3] have been resolved 

to this day, mainly due to the difficulty of obtaining high-quality samples for further structural 

studies.  

 

Figure 1.2. Progress in structure determination of membrane proteins to date 

(Taken from the website: http://blanco.biomol.uci.edu/mpstruc/). 
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 1.1.2. Methodology for MPS structure determination 

 Various analytical methods help providing detailed structure and dynamic information 

of those membrane proteins (MPs) either in a crystal form or in their biological environment; 

however, these techniques have significant limitations. 

 X-ray crystallography can resolve MPs primary structures at atomic-level resolution 

but some concerns may be raised regarding their biological relevance because MPs require the 

presence of lipids and a pure and homogeneous sample is not always obtainable [4] or when 

obtained, may contain a misfolded or inactive form of the protein. 

 MPs are also often analyzed by liquid-state NMR either as solubilized in a detergent 

[5] or inserted in a lipid membrane environment such as micelles [6], small isotropic bicelles 

or large vesicular assemblies (liposomes) [7]. Nevertheless, the micelles have significant 

curvature which is too pronounced to mimic correctly the cell membrane, whereas liposomes 

have a very slow molecular tumbling, which results in broad spectral lines when solution NMR 

methods are applied.  

 In view of the above, solid-state NMR (ssNMR) is probably the most versatile tool to 

determine the three-dimensional structure of MPs in their native-like conformation because 

they can be analyzed as virus particles [8] or inserted inside lipid bilayers [9, 10]. The MPs of 

which the structure was resolved using those methods include gramicidin [11], AchR M2 

domain [12], M2 domain of the influenza A virus [13], fd phage [14], Pf1 phage [8], Pf1 coat 

protein [15], phospholamban [16], Vpu [17] or MerF [18]. Two distinct ssNMR techniques are 

commonly employed. The first one, ssNMR at the magic angle spinning (MAS), averages out 

the anisotropic interactions (dipolar couplings and chemical shifts anisotropy) by spinning the 

sample around an axis tilted at the magic angle (54.7º) with respect to the external magnetic 
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field B0. This clever technique allows acquisition of solution-like NMR spectra. The second 

method, ssNMR of oriented samples (OS), involves either mechanically orienting the sample 

on glass plates [19] and anodized aluminum oxide (AAO) nanopores [20] or magnetically 

aligning it in the external magnetic field [21] in a phage form or inserted in a magnetically 

oriented bilayer. This “immobilization” of the MPs in the external magnetic field allows the 

observation of the anisotropic parameters that are normally averaged out by the fast tumbling 

in solution NMR or MAS. Even though the spectral lines are broader in this case, the entire 

spectral range extends over tens of kHz, from which information on the MPs dynamics, 

structure and orientation can be extracted.  

 1.1.3. Identification of the problem 

 Structural characterization of membrane proteins in their native-like lipid environment 

is of crucial interest in Biochemistry aimed at better understanding of their behavior, folding, 

insertion in the membrane and interaction with their environment. Unfortunately, two main 

problems arise with ssNMR experiments on oriented samples. The first one is a relatively low 

sensitivity of the detected nuclei (usually 13C or 15N). The second is the difficult task for peak 

assignment of crowded spectral regions.  

 Several techniques can be used in attempt to counter those issues. First, isotopic spin 

labeling is usually employed to bring the population of the observed spins close to 100%. 

Second, the “shotgun” approach consists of spin labeling only certain residues in order to 

acquire less crowded spectra [22]. Even though this technique is very expensive and time 

consuming, it is the most widely employed one as a starting point for peak assignment. Third, 

improving spectrometers and probes for sensitivity enhancement can be a long (but rewarding) 

process. Fourth, using external molecules such as free radicals for Paramagnetic Relaxation 
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Enhancement (PRE) [23] and/or Dynamic Nuclear Polarization (DNP) is an emerging 

developing field, which may also be, arguably, the most interesting one [24]. Fifth, probably 

the easiest technique to gain sensitivity is to develop advanced pulse sequences though 

quantum and thermodynamic-bounds on spin dynamics can severely limit polarization 

transfer. 

 1.1.4. Goals and systems of interest 

 In this present Dissertation, various pulse sequences have been developed for three 

different systems exhibiting different degree of motional dynamic: a static N-Acetyl Leucine 

crystal (NAL) (Figure 1.3.A), a semi-dynamic filamentous virus bacteriophage Pf1 (Pf1 phage) 

(Figure 1.3.B) and the dynamic Pf1 coat protein reconstituted in magnetically aligned lipid 

bilayers (Pf1 in bicelles) (Figure 1.3.C). The phage and Pf1 peptide were synthesized in-house 

following the protocol in Appendix 1-A and reconstituted in lipid bilayers following the 

protocol presented in Appendix 1-B. 

 

 The Pf1 coat protein is a relatively small peptide of 46 amino acids (4.6 kDa) which 

structure has already been determined in virus particle (phage) [8] and lipid bilayer [25], thus 

A. C. B. 

Figure 1.3. Representation of the three systems studied in this work: A. NAL crystal, B. Pf1 phage, and 

C. Pf1 in DMPC/DHPC bicelles (B and C taken from the publications (Opella, 2008) and (Park, 2010)). 
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making it a good candidate for pulse sequences development. It exhibits two helical domains, 

of which one is a 23 amino-acid transmembrane (TM) α-helix (residues 23-45) tilted of about 

24-30° with respect to the bilayer normal. 

 Phospholipid membranes play an essential role for recreating the native-like 

environment in which the MPs will behave as closely as they do in the cell membrane. Oriented 

bicelles consist of a mixture of long and short-chain phospholipids obtained at a ratio 𝑞 =

 
𝑛𝑙𝑜𝑛𝑔

𝑛𝑠ℎ𝑜𝑟𝑡
  greater than 2.5 so that the bicelles spontaneously orient in the external magnetic field 

B0 (Figure 1.4).  In the present work, DMPC/DHPC lipid bilayers will mainly be used at a ratio 

q of 3.2 leading to an orientation of their normal perpendicular to the external magnetic field 

[26]. As a result, MPs can be inserted in those bilayers and magnetically oriented for structural 

analysis. 

 

 

 

Figure 1.4. Membrane mimetic systems and their alignment depending on the q ratio of long-chain to 

short-chain lipids: micelles (q=0), small isotropic bicelles (q≤0.5), bicelles (q=3) and bilayers (q>3.5). 

(Taken from the publication (De Angelis, 2005)). 
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1.2. SOLID-STATE NMR: PRINCIPLES AND METHODS 

 1.2.1. Hamiltonian and density matrix evolution 

Numerical solutions of the many-spin density matrix equation were obtained using a 

MATLAB script (Appendices of Chapters 2 and 4). The spin coordinates were taken from an 

ideal poly-alanine α-helix tilted of 30º with respect to the B0 field, and the dipolar couplings 

were scaled by -0.4 to account for the perpendicular orientation and uniaxial rotation [17] of 

the protein in bicelles. Up to twelve spins were used for the simulations. 

In solid-state NMR, the total energy of the system can be described by the following 

Hamiltonian in the laboratory frame: 

𝐻 =  𝐻𝐼
𝑍 +  𝐻𝑆

𝑍 +  𝐻𝐼
𝑟𝑓

+ 𝐻𝑆
𝑟𝑓

+ 𝐻𝐼𝐼
𝐷 + 𝐻𝑆𝑆

𝐷 + 𝐻𝐼𝑆
𝐷      (Eqn. 1.1) 

with HZ, Hrf and HD being respectively the Zeeman, rf and dipole-dipole interactions. 

In the rotating frame, the spin system evolves during the cross-polarization under the simplified 

Hamiltonian operator, in which the chemical shift anisotropy (CSA) is neglected: 

𝐻 =  𝜔𝐼𝐼𝑥
𝑡𝑜𝑡𝑎𝑙 +  𝜔𝑆𝑆𝑥

𝑡𝑜𝑡𝑎𝑙 +  ∑ 𝑎𝑖𝑗 [𝐼𝑧
(𝑖)

𝐼𝑧
(𝑗)

−  
1

2
(𝐼𝑥

(𝑖)
𝐼𝑥

(𝑗)
+ 𝐼𝑦

(𝑖)
𝐼𝑦

(𝑗)
)]

𝑁𝐼

𝑖<𝑗

+ ∑ ∑ 𝑏𝑘𝑙𝑆𝑧
(𝑘)

𝐼𝑧
(𝑙)

𝑁𝑙

𝑙=1

𝑁𝑆

𝑘=1

  

           (Eqn. 1.2) 

Before the application of any rf pulse, the initial magnetization of the system is described by 

the normalized density matrix ρ(0):  

𝜌(0) =  
𝐼𝑥

(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

2𝑁−2          (Eqn. 1.3) 

which is then evolved in time under the exponential Hamiltonian operator: 

〈𝑆𝑥
(𝑘)〉 = 𝑇𝑟𝑎𝑐𝑒 (𝑆𝑥

(𝑘)
 𝑒−𝑖𝐻𝑡 𝜌(0) 𝑒𝑖𝐻𝑡)      (Eqn. 1.4) 

The real part of Sx(t) represents the 15N magnetization at any given time t during the pulse 

sequence and is plotted to visualize the efficiency in transferring polarization to the 15N spins. 
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 1.2.2. One-dimensional pulse sequences for detection of the low-gamma spins 

  1.2.2.1. Hartmann-Hahn cross-polarization 

 NMR experiments involving the low-γ nuclei in proteins generally suffer from poor 

sensitivity due to their small gyromagnetic ratios, low natural abundance and dilution relative 

to the strongly proton-coupled surrounding system. The most widely used sequence to 

overcome this difficulty, the Hartmann-Hahn Cross-Polarization (HHCP or CP) scheme [27], 

allows the magnetization to flow under the Hartmann-Hahn matching conditions from the 

abundant spins I (often 1H) to the rare spins S (usually 13C or 15N) (Diagram 1.1.A). During 

the pulse, both spins are spin-locked which consists of applying a strong continuous B1 

radiofrequency (rf) field to the magnetization already tilted in the transverse (xy) plane, with 

the phase and Larmor frequency corresponding to the magnetization of those spins, so that 

polarization appears to be locked along the “static” B1 field in the rotating frame, and is no 

Diagram 1.1. Pulse sequences for A. CP and B. CP-MOIST. 
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longer affected by the external magnetic field B0. As a result, relaxation processes are 

eliminated (except for the spin-lock relaxations or T1ρ). 

  1.2.2.2. Spin temperature hypothesis 

 The cross-polarization fundamental principle and theoretical enhancement factor are 

derived below from a thermodynamics point-of-view by considering the spin temperature 

hypothesis. 

During the spin lock (SL), the thermal contact between the spins I and S is possible 

only if the Hartmann-Hahn matching conditions are satisfied:  

𝛾𝐼 𝐵1𝐼 =  𝛾𝑆 𝐵1𝑆         (Eqn. 1.5) 

Before the 90º pulse, the Boltzmann equilibrium distribution in the high-temperature 

approximation is:  

𝑁↓

𝑁↑
=  𝑒𝑥𝑝 (

− ħ 𝜔0

𝑘 𝑇𝑆
)  ≈ 1 −  

ħ 𝜔0

𝑘 𝑇𝑆
        (Eqn. 1.6) 

By setting the following conventions: 

𝛽𝑆 =  
ħ

𝑘 𝑇𝑆
 ;     ∆𝑁 =  𝑁↑ −  𝑁↓ ; 𝑁↑/↓ ≈  

𝑁

2
 (1 ±  

𝛽𝑆 𝜔0

2
)             (Eqn. 1.7-1.9) 

The magnetization of the I spins before the 90° pulse can be written, at the inverse lattice 

temperature 𝛽𝐿 as: 

∆𝑁 = 𝑁 
𝛽𝐿 𝜔0

2
          (Eqn. 1.10) 

After the 90° pulse and SL, a new Boltzmann distribution of the I spins is quickly established 

such that: 

∆𝑁 = 𝑁 
𝛽𝐼 𝜔1𝐼

2
          (Eqn. 1.11) 

Since the difference in populations, ΔN, is initially preserved, we get:  

𝛽𝐿 𝜔0 =  𝛽𝐼 𝜔1𝐼.         (Eqn. 1.12) 
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Therefore,    

𝛽𝐼

𝛽𝐿
=  

𝑇𝐿

𝑇𝐼
 =  

𝜔0

𝜔1𝐼
=  

𝐵0

𝐵1𝐼
         (Eqn. 1.13) 

The I spins are now at a very low temperature relative to the lattice temperature TL, as given 

by the ratio 
𝐵0

𝐵1𝐼
. 

The main assumption for the Hartmann Hahn process is that during the SL by B1S, the S spin 

temperature becomes equal to that of the I spins: 

𝛽𝑆 =
𝐵0

𝐵1𝑆
 𝛽𝐿          (Eqn. 1.14) 

And, thus, under the Hartmann-Hahn condition the two spin systems thermally equilibrate, and 

assuming that the abundant spin temperature does not change during the equilibration as NI >> 

NS, we finally obtain: 

𝛽𝑠′ = 𝛽𝐼 =
𝐵0𝛽𝐿

𝐵1𝐼
= (

𝛾𝐼

𝛾𝑆
) 

𝐵0

𝐵1𝑆
 𝛽𝐿       (Eqn. 1.15) 

Therefore, the theoretical efficiency of CP is equal to the quotient of the gyromagnetic ratios: 

γ𝐼

γ𝑆
  which is about 10 when the I and S spins are 1H and 15N, respectively. In reality, however, 

the quantum-mechanical and thermodynamics bounds result in a considerably lower 

enhancement. In addition, rf mismatches, protein dynamics, loss of spin-lock, relaxation 

processes, and sample heating reduce the CP efficiency even further. A multitude of CP 

schemes have emerged to try to overcome those experimental limits such as, for example, 

ramp-CP [28], CP with mismatch-optimized IS transfer (CP-MOIST) [29, 30] (Diagram 

1.1.B), repetitive CP (REP-CP) [31] or adiabatic CP [32, 33], enhancing the low-γ nucleus 

signal but still struggling to overcome the thermodynamic limits. Those techniques will be 

discussed further in the following Chapter. 

 



 

11 

 

 1.2.3. Two-dimensional pulse sequences for structure determination 

  1.2.3.1. Separated local field sequences 

 Multidimensional Separated Local Field (SLF) experiments [34-37] are capable of 

indirectly measuring the 1H-15N dipolar coupling of the protein amide sites which depends on 

the angle between the N-H bond and the external magnetic field as well as the bond length, 

adding an important dimension to the 2D experiments (Equation 1.16). 

            

  

 The PISEMA sequence (Polarization Inversion Spin Exchange at the Magic Angle) 

(Diagram 1.2) [35] was introduced in 1994 and was the first powerful tool for high resolution 

solid-state NMR of MPs. It combines polarization inversion of the S spins (15N in this work) 

with the flip-flop Lee-Goldburg homonuclear decoupling on the abundant I spins (1H spins). 

Therefore, only the IS heteronuclear dipolar couplings are evolved during the t1 period and the 

two-dimensional spectrum obtained displays the 15N chemical shifts in the direct dimension 

versus the 1H-15N heteronuclear dipolar couplings in the indirect dimension. However, the 

PISEMA sequence is sensitive to the choice of the 1H carrier frequency and suffers from 

Diagram 1.2. Pulse sequence for the 2D SLF PISEMA 

experiment. (Taken from the publication (Opella, 1994)). 

𝑑𝑁𝐻 = − 
𝜇0

4𝜋
 

𝛾𝐻𝛾𝑁ħ

𝑟
𝑁𝐻

3  
1

2
 (3𝑐𝑜𝑠2𝜃𝑁𝐻 − 1)                     (Eqn. 1.16) 
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unstable performances when the 1H range of frequencies is too broad, which is often the case 

for MPs refolded in their native like environment. To counter this defect, the SAMPI4 

sequence (Diagram 1.3) [37] based on the Average Hamiltonian Theory (AHT) was 

implemented and a “magic sandwich” scheme replaced the frequency-switched Lee-Goldburg 

irradiations and proved to be less sensitive to the 1H carrier frequency, as long as the span of 

frequencies was not too spread.  

  1.2.3.2. Magnetization transfer for cross correlations 

 Sequences involving spin diffusion are an additional support for the peak assignment 

task. Proton Driven Spin Diffusion (PDSD) [38, 39] allows the short-range 15N-15N spin-

exchange between close coupled sites to occur through space by using very long mixing times 

(few seconds). The Cross Relaxation Driven Spin Diffusion (CRDSD) [40] enhances the 

previous method by transforming the long mixing time into a low spin-lock rf field applied to 

the 15N, forcing the magnetization to transfer during the SL. In addition to being faster, it allows 

for cross-correlations between more distant sites (up to 5 Å). Nevertheless, those two methods 

rely heavily on the direct 15N-15N dipolar coupling which becomes very small as the distance 

Diagram 1.3. Pulse sequence for the 2D SLF SAMPI4 

experiment. (Taken from the publication (Nevzorov, 2007)). 
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between spins increases (inversely proportional to the cube of the distance). An alternative 

sequence using proton mediated polarization transfer via the proton bath under 10-20% 

mismatched Hartmann-Hahn (MMHH) conditions [41] relies essentially on the strong 1H-1H 

dipolar couplings to transfer magnetization from a 15N site to its 15N neighbors and can perform 

at least up to 6.7 Å. When the MMHH is implemented with the SAMPI4 sequence (Diagram 

1.4.B) in the so-called spin-exchanged SAMPI4 (Figure 1.6, bottom, blue spectrum), cross-

peaks arise in the 2D SLF spectrum between 15N sites close in space and permit to walk down 

the protein backbone when overlapped to the SAMPI4 spectrum (Figure 1.6, bottom, red 

spectrum). 

Diagram 1.4. Pulse sequences for A. 15N-15N exchange with mismatch Hartmann-Hahn, 

B. spin exchange SAMPI4 and C. 15N-15N exchange using proton-driven spin diffusion 

experiments. (Taken from the publication (Tang, 2012)). 
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 An additional set of 2D experiments is often required due to the lack of enough 

resolution in the previous SLF experiments. It also adds another dimension by plotting the 15N 

chemical shifts in both dimension and acquiring cross-peaks off-diagonal when 15N spins are 

coupled (Figure 1.6, top). The pulse sequence can either include a PDSD period of a few 

seconds after the evolution of the CS in the indirect dimension (Diagram 1.4.C) or force the 

transfer of magnetization through a much shorter MMHH period (Diagram 1.4.A). 

  1.2.3.3. Methodology for structure determination and spectroscopic assignment 

 From the SAMPI4 spectrum of Pf1 in bicelles (Figure 1.5, bottom, red), a “wheel” can 

be drawn through the successive amino-acids. This PISA (Polarity Index Slant Angle) wheel 

[8] (Figure 1.5) and the resulting dipolar waves profile [42] are highly characteristic of TM α-

helices and give specific information on their tilt angle from the membrane normal and their 

deviation from an ideal helix (kinks, periodicity, etc.). 

Figure 1.5. PISEMA spectra calculated for a 19-residue α-helix with regular 3.6 residues per turn 

and uniform dihedral angles (φ = -65°, ψ = -40°) at tilt angles varying from 0° to 90° relative to 

the bilayer normal. (Taken from Dr. Wenxing Tang’s dissertation). 
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 The aim of ssNMR applied on oriented MPs is to define their tertiary structure from a 

rigorous attribution of the experimentally resolved resonances of the backbone (shotgun 

approach, 15N-15N CS correlations, SLF and spin-exchanged SLF experiments) followed by 

computational calculations to determine the protein structure. Nevertheless, NMR data of large 

proteins or clusters of proteins can easily become unusable due to peaks overlapping as a result 

of poor spectral resolution. 

Figure 1.6. Top: 15N-15N spin correlation spectrum with mismatch Hartmann-Hahn, and 

bottom: SAMPI4 (red) and spin-exchange SAMPI4 (blue) spectra overlapped for structure 

determination of the Pf1 coat protein. (Taken from the publication (Tang, 2012)). 
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1.3. SUMMARY OF RESEARCH AND OBJECTIVES 

 The aim of this Dissertation is to develop a methodology to improve the two mains 

issues in ssNMR of membrane proteins which are the low sensitivity of the observed dilute 

spins and the crowdedness in multidimensional spectra which make the peak attribution 

process difficult, and therefore hurdle the structure determination of biological 

macromolecules. 

 The second Chapter will focus on applying and developing cross-polarization schemes 

using low-power B1 rf field on a fully 15N-labelled Pf1 protein reconstituted in an oriented lipid 

bilayer. Indeed, hydrated samples are difficult to stabilize as they usually degrade fast due to 

rf heating during the NMR acquisition and other intrinsic problems such as impurities in the 

sample. The adiabatic CP sequence [33] as well as an improved version of the REP-CP 

sequence [31] will be investigated at lower rf powers. 

 The third Chapter will incorporate the Paramagnetic Relaxation Enhancement (PRE) 

effect that a free radical have on its surroundings to the low-power REP-CP sequence in order 

to i) enhance the cross-polarization scheme, and ii) decrease the recycle delay between each 

transient therefore leading to an impressive signal gain per unit time. The technique will be 

applied to Pf1 in oriented bilayers with their normal perpendicular or parallel to the external 

magnetic field B0. 

 Finally, the fourth Chapter will introduce an implementation of the 2D SLF sequences 

by adding a selective pulse to facilitate the spectroscopic assignment process for crowded 

spectral regions. Two pulse sequences will be developed on a 15N-doped crystal sample and 

then applied on the oriented Pf1 protein with the aim of decreasing the number of cross-

correlation peaks. A new pulse sequence emerged which will allow the cross-peaks to appear 
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as main peaks which will facilitate the protein backbone walk and therefore eliminate any 

potential peak attribution errors. 
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APPENDIX 1-A 

Expression and purification of Pf1 coat protein. 

This protocol was adapted from Dr. Opella’s lab [8] by Dr. Erica Vogel & Sophie Koroloff, 

then further adjusted by Deanna Tesch. The amounts used are to prepare 200 mL of Pf culture 

which yields about 20-25 mg of lyophilized Pf1 peptide. 

Solutions and compounds 

 Pseudomonas Aeruginos (P.A.) in glycerol stock 

 Luria Broth (LB) (autoclaved) 

 Na2HPO4.7H2O (autoclaved) 

 KH2PO4 (autoclaved) 

 NaCl (autoclaved) 

 15NH4Cl (>99% pure) 

 MgSO4.7H2O at 0.25 mg/mL (sterile filtered, 0.22 μm) 

 CaCl2.2H2O at 0.25 mg/mL (sterile filtered, 0.22 μm) 

 Dextrose at 0.5 g/mL (autoclaved) 

 Thiamine hydrochloride at 0.1 g/mL (sterile filtered, 0.22 μm) 

 MEM vitamin (sterile filtered, 0.22 μm) 

 Polyethylene glycol (PEG) 

 Tetrafluoroethylene (TFE) 

 Trifluoroacetic acid (TFA) 

 Hard agar (HA) (autoclaved): 0.67 g beef extract + 1 g peptane + 3 g agar in 200 mL 

R.O. water 

 Soft agar (SA) (autoclaved): 0.17 g beef extract + 0.25 g peptane + 0.25 g agar in 50 

mL R.O. water 

 

Pf liquid culture expression (make fresh before each expressions in the following paragraph) 

 100 µL of P.A. + 3 mL of LB 

 Incubate at 37°C / 250 rpm / 24 h 

 Pour HA into 5 plates until it hardens 

 Add 0.4 mL of P.A. to 20 mL of SA and transfer 4 mL into each plates until it hardens 

 Spread 0.5 mL of Pf liquid culture from previous batch into each plate 

 Incubate at 37°C / 0 rpm / 24 h 

 Scrap SA into one 50 mL cone tube 

 Centrifuge at 21°C / 3,000 rpm / 30 mins (repeat the process another time) 

 Sterile filter (0.22 μm) the new Pf liquid culture (S.N.) & measure A260 / A280 / A270 

 Store in fridge at 4°C for up to 2-3 months 
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Pf1 expression and purification 

-------- BSL-2 requirements 

 100 µL of P.A. + 3 mL of LB 

 Incubate at 37°C / 250 rpm / 6 h 

 Transfer 1.5 mL of culture to 10 mL Pf1 medium 

 Incubate at 37°C / 250 rpm / 17 h 

 Transfer 5 mL of culture in 15 mL tube 

 Centrifuge at 4°C / 3,000 rpm / 30 mins 

 Resuspend pellet in the 200 mL Pf1 medium 

 Incubate at 37°C / 250 rpm / 4-6 h, until OD600 = 0.35-0.45 

 Add 1mL of freshly prepared Pf liquid culture 

 Incubate at 37°C / 250 rpm / 22 h 

 Transfer culture to 4 tubes of 50 mL 

 Centrifuge at 4°C / 3,000 rpm / 30 mins 

 Pour supernatant into 4 new tubes  

 Centrifuge at 4°C / 3,000 rpm / 30 mins 

 Transfer supernatant to bottle of 8 g of PEG and 6 g of NaCl  

 Store in fridge at 4°C overnight 

 Transfer culture to 4 tubes of 50 mL each  

  Centrifuge at 4°C / 3,000 rpm / 30 mins 

 Pour supernatant into 4 new tubes 

 Centrifuge at 4°C / 3,000 rpm / 30 mins 

 

-------- End of BSL-2 requirements 

 Resuspend pellet from the 8 tubes in 8 mL of R.O. water  

 Transfer into 2 filtration units (10,000 kDa MW) 

 Centrifuge at 21°C / 3,000 rpm / 30 mins or until about 1 mL is left 

 Repeat filtration about 5-6 times with  2-3 mL of R.O. water  

 Centrifuge at 21°C / 3,000 rpm / 30 mins or until about 1 mL is left 

 Resuspend each pellet in 2 mL of R.O. water 

 Transfer to tared Eppendorf tubes and lyophilize overnight 

 Weigh amount of Pf1 phage in each Eppendorf tubes 

 Resuspend each lyophilized powder with 1 mL of TFE/TFA  

 Vortex and centrifuge at 21°C / 12,000 rpm / 20 mins 

 Transfer supernatant to new tared Eppendorf tubes 

 Lyophilize overnight 

 Weigh amount of Pf1 phage in each Eppendorf tubes 

 Add 1 mL of R.O. water 

 Vortex and centrifuge at 21°C / 12,000 rpm / 20 mins 

 Discard water and repeat process a few times 

 Lyophilize overnight  

 Add few hundreds of µL of TFE/TFA and lyophilize (to expend the powder) 
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APPENDIX 1-B 

NMR sample preparation. 

The Pf1 in bicelles samples were prepared from lyophilized powders of Pf1 and lipids 

(purchased from Avanti Polar Lipids). Here is the protocol to prepare a sample of 180 µL: 

 Dry 41.679 mg of DMPC and 8.721 mg of DHPC in chloroform in two Eppendorf 

tubes under a slow N2 flow under the hood. 

 Close the tubes with parafilm, pokes holes and place in the -80°C freezer. 

 Lyophilize until completely dry (overnight). 

 Add 180 µL of 0.2 M HEPES buffer (pH = 7.0) to the Eppendorf with DHPC. Do a 

few cycles of temperature, alternating every few minutes between an ice bath at 0°C, 

a quick dip in liquid N2 and a water bath at 45°C. 

 Transfer the solution to the Eppendorf tube containing about 4.5 mg of Pf1 in powder 

form. Repeat a few cycles of temperature until the sample is homogeneous. 

 Transfer the solution to the Eppendorf tube with the DMPC powder and do about 8-

10 cycles of temperature until the sample is homogeneous and behaves as follow: 

liquid at 0°C and gel-like at 45°C. 

The sample should be transferred at 0°C using a pipette tip and 5 mm NMR glass tube formerly 

kept on ice. Once the sample is transferred, close the tube with the black rubber part taken from 

a 1 mL syringe (washed with water and ethanol and dried) and in which a hole was poked. 

Place the NMR tube again on ice before pushing the cap completely and making sure no air 

bubbles are trapped in the sample. Seal the tube with Teflon tape and introduce the sample into 

the NMR probe. 
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APPENDIX 1-C 

Standard pulse programs in TOPSPIN 2.0. 

The various pulse sequences used in this entire document were written by previous group 

members using the Topspin software and can be found on the computer of the 500 MHz Bruker 

spectrometer, under the folder C:/Bruker/TOPSPIN/exp/stan/nmr/lists/pp/. Because those 

programs are standards in our lab, only their names is displayed.  

Pulse programs for optimization 

 pl1 optimization (Hartmann-Hahn matching conditions): hxlgcp with POPT on pl1 

 90° optimization: hxlgcp_hot90 with POPT on p30 

Common 1D pulse sequences 

 31P pulse sequence: p31_bicelles 

 CP: Same as CP-MOIST with no phase change (ph2 = ph4 = 0) 

 CP-MOIST: hxlgcp_spinal (ph2 = 0 & ph4 = 2) 

 REP-CP: multi_cont_spinal_v2 

Common 2D pulse sequences 

 SAMPI4: sampi4_multicont  

 Spin-exchanged SAMPI4: NN_TSAR2d_sammy_multicont  

 NN exchange: NN_TSAR2d_multicont 

 PDSD: NN_PDSD_multicont 
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CHAPTER II 

REPETITIVE CROSS-POLARIZATION AT LOW RF B1 FIELDS 

 

* This Chapter is based on the publication entitled “Optimization of Cross-Polarization at Low 

Radiofrequency Fields for Sensitivity Enhancement in Solid-State NMR of Membrane 

Proteins Reconstituted in Magnetically Aligned Bicelles” authored by Sophie N. Koroloff & 

Alexander A. Nevzorov, published in the Journal of Magnetic Resonance 256 (2015) p.14-22. 

 

2.1. ABSTRACT 

 Solid-State NMR generally uses relatively high radiofrequency (rf) B1 fields (45 kHz 

or more) to circumvent the strong anisotropic interactions which usually broaden the spectra. 

Therefore, any hydrated sample in ssNMR such as the membrane proteins refolded into 

magnetically oriented lipid bilayers becomes very sensitive to the amount of deposited rf 

power. Among the few methods discussed in Chapter I to enhance NMR sensitivity, the most 

common uses the cross-polarization (CP) scheme in order to transfer magnetization from the 

high to the low-gamma spins (usually 1H to 15N or 13C). However, thermodynamic limits are 

quickly reached after a single contact which hampers down the transfer of magnetization. This 

Chapter will discuss the benefit of employing multiple equilibrations re-equilibrations between 

the high and low-gamma spin reservoirs as well as using rf powers as low as 19 kHz amplitudes 

for the repetitive CP scheme. A signal enhancement of 30% was obtained with the REP-CP 

sequence at 19 kHz as compared to the first published REP-CP (Tang et al., 2011) and an 

appreciable 60% enhancement as compared to the most widely used CP-MOIST sequence. 
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2.2. INTRODUCTION 

 Following the groundbreaking work on cross-polarization (CP) [1] under the 

Hartmann-Hahn conditions [2], a wide variety of schemes have been developed to further 

improve the magnetization transfer from the protons to the dilute spins (generally 13C or 15N). 

Few of the notable examples include: adiabatic CP [3, 4], CP-MOIST [5, 6], CP with phase 

inversion [7], ramp-CP [8], variable-amplitude CP [9], frequency-modulated CP [10], selective 

excitation RELOAD-CP [11], CP-COMPOZER [12] and, finally, the Multiple-Contact CP 

(MC-CP) or repetitive CP (REP-CP) [13-16]. Most of the above magnetization-enhancing 

sequences use a unique CP contact; whereas it was demonstrated recently [14-16] that it is not 

feasible to transfer the maximum possible magnetization from the high- to the low-gamma 

spins in a single step (even of several milliseconds). This problem arises mainly because of the 

thermodynamic limits caused by the finite ratio between the number-densities of the high- and 

low-gamma spins, the Hartmann-Hahn mismatches caused by the inhomogeneity of the radio-

frequency (rf) fields, and the short spin-lock relaxation times T1ρ (few milliseconds) inherent 

to the liquid-like bilayers and uniaxially rotating membrane proteins [17]. In addition, 

substantial heating of the sample would further decrease the transfer efficiency if the spins are 

irradiated for too long. Hence, CP-MOIST and ramp-CP remain the most widely employed 

enhancement methods. 

 By contrast, the REP-CP sequence (Diagram 2.1.B) is based on a repetition of much 

shorter (few hundreds of microseconds) CP-MOIST contacts (named ‘CP contacts’ in this 

Chapter for convenience), each separated by multiple equilibration-re-equilibration between 

the two spin reservoirs in order to repolarize the proton bath by spin diffusion. Those short 

repetitive CP contacts during the preparation period help overcoming the above 
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thermodynamic and quantum-mechanical bounds. Each short CP contact is followed by a -π/2 

flip back pulse to bring back both spins to the z-axis in order to re-equilibrate the lattice 

temperature during the z-filter. The 1H amide donates most of its polarization to the 15N spins, 

therefore enabling for a fast re-equilibration through proton-driven spin diffusion. The proton 

spins are then flipped back to the (xy) plan and another spin-lock allow the spin temperature 

of the dilute spins to equilibrate again with that of the proton bath. Assuming that the two spin 

systems are at thermodynamic equilibrium at all time, the energy in the doubly tilted rotating 

frame is conserved after each contact. Many-spin simulations have shown that the transfer of 

magnetization reaches a quasi-stationary limit and converges to around 0.84 [18]. In addition, 

the thermodynamic bounds of 88% would therefore result in a single CP contact being able to 

transfer at most 74% of the overall possible magnetization. Adding the Hartmann-Hahn 

mismatches and loss of spin-lock due to short T1ρ, the theoretical gain factor for the REP-CP  

sequence was estimated to be 1.35 relative to a single-contact CP. Experimentally, the REP-

CP sequence was demonstrated to increase the signal-to-noise ratio by almost 100% as 

compared to the conventional CP scheme and by up to 45% as compared to CP-MOIST when 

applied to membrane proteins reconstituted in magnetically aligned bicelles [14].  

 Magnetization enhancement techniques based on the adiabatic transfer [19-21] 

represent a very attractive alternative to the Hartmann-Hahn cross-polarization since the 

former is based on applying relatively low powers to achieve the polarization transfer between 

the two spin baths. The adiabatic sequence transfers the Zeeman order of the high-γ nuclei (1H) 

to the heteronuclear dipolar order (used as a storage reservoir) and then transferred back to the 

Zeeman order of the low-γ nuclei (13C or 15N). The adiabatic sequence (Diagram 2.1.A) can 

transfer magnetization using much lower rf B1 fields. A simplified thermodynamics treatment 
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predicts a much greater gain (εad-CP) as compared to the CP sequence (εCP) [1] yielding an 

enhancement equivalents to the square root of the ratio of the numbers of I spins (1H) and S 

spins (15N):  

𝜀𝑎𝑑−𝐶𝑃 ≈  √
𝑁𝐼

𝑁𝑆
 ∗  𝜀𝐶𝑃          (Eqn. 2.1) 

Where, NI and NS represent the numbers of 1H and 15N spins while γI and γN are the 

gyromagnetic ratios of the 1H and 15N spins, respectively. The adiabatic CP sequence can be 

implemented in the rotating frame using rf amplitude sweep on one or both nuclei: AJCP in 

the liquid-state via the J-couplings [3] or ADRF/ARRF in the solid-state via the dipolar bath 

[1, 3, 22-24]. Alternatively, the adiabatic transfer can occur in the laboratory frame by using a 

rf frequency sweep on one or both nuclei (ADLF/ARLF) [20, 25]. The adiabatic contact can 

be established simultaneously or sequentially with shapes of ramps such as linear, semi-linear 

or semi-Gaussian [3, 4, 25]. However, the enhancements obtained experimentally are only in 

the range of 30-140% as compared to CP [21, 26, 27]; whereas higher gains are expected from 

the thermodynamic considerations [1]. This limitation may be caused by the restricted number 

of protons that predominantly contribute to the adiabatic transfer as well as the fundamental 

bounds on spin dynamics under unitary evolution as discussed by Sørensen and Levitt [28-30]. 

Furthermore, there is still a need to quantitatively assess and optimize the efficiency of the 

adiabatic transfer for the dynamic oriented samples such as membrane proteins reconstituted 

in fluid-like bilayer environments [31]. 

 In the present Chapter, two sensitivity-enhancement pulse sequences are compared 

(adiabatic CP and REP-CP), both theoretically and experimentally, when applied to rigid 

solids, semi-rigid, and dynamic protein systems. The first part of the Chapter employs the 
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adiabatic CP sequence for the NAL crystal, Pf1 phage, and the dynamic Pf1 coat protein 

reconstituted in oriented DMPC/DHPC bicelles. The second part focuses on the re-

optimization of the REP-CP sequence for the NAL crystal and Pf1 in bicelles at high B1 rf 

amplitudes of 50 kHz. Finally, in the third part of the Chapter, the REP-CP sequence and its 

applications are studied at lower B1 rf fields (as low as 12 kHz) in Pf1 in bicelles. The use of 

much lower rf powers could help minimizing the heating deposited into the sample, which may 

cause Hartmann-Hahn mismatches of the rf magnetic fields and affect the sample stability.  

 

 2.3. MATERIALS AND METHODS 

 2.3.1. NMR samples 

N-Acetyl-Leucine crystal (NAL). 

 A single 15N-labeled NAL crystal of 0.7 mg (prepared in-house) was used as a static 

model. The four sharp lines in the 15N spectrum correspond to the four different N-H amide 

bond orientations in the unit cell. The chemical shifts and 1H-15N dipolar couplings can vary 

from an experiment to the other due to the slight difference in orientation of the crystal inside 

the magnet if it was removed and reintroduced later. 

Pf1 bacteriophage (Pf1 phage). 

 A sample of 170 µL of uniformly 15N-labeled Pf1 bacteriophage at 40 mg/mL was used 

as a semi-dynamic oriented model protein system (purchased from Hyglos GmbH, 

Regensburg, Germany, and later expressed in-house, following the protocol in Appendix 1-A). 

Pf1 coat protein reconstituted in a lipid bilayer (Pf1 in bicelles). 

 About 4.5 mg of uniformly 15N-labeled Pf1 coat protein obtained from the Pf1 

bacteriophage were reconstituted in 175 µL of DMPC/DHPC bicelles in 0.2 molar HEPES 
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buffer at pH = 7.0 containing 0.05 % w/v of NaN3 to prevent bacteria growth.  The total w/v 

ratio was 28% for the lipids, the lipid molar ratio q was 3.2 and the lipid-to-protein ratio was 

about 60:1. The lipids were purchased from Avanti Polar Lipids. 

 2.3.2. NMR spectroscopy 

 The NMR experiments were performed on a Bruker Avance II spectrometer operating 

at a 1H Larmor frequency of 500 MHz and using the TopspinTM 2.0 software. The NMR 

samples were sealed with Teflon tape in a 5 mm glass tube and introduced horizontally in a 

static triple resonance 1H/15N/31P Bruker 5 mm round-coil E-freeTM probe. The temperatures 

were set to 25ºC for the NAL crystal (ambient temperature), -4ºC for Pf1 phage (yielding the 

best phage alignment) and 37ºC for Pf1 in bicelles (optimal bicelle alignment as monitored by 

31P NMR linewidths). Due to the non-linearity of the amplifiers, the various B1 rf fields were 

experimentally determined by calibrating the 90° pulse lengths for the 1H and 15N channels 

yielding the values of 5 µs or 50 kHz B1 field, 9.67 µs at 25 kHz, 13.3 µs at 19 kHz and 19.5 

µs at 12 kHz (Appendix 2-A).  

 2.3.3. Data processing 

 All data were processed using the Bruker Topspin 2.0 software. The NAL crystal 

spectra exhibit four well-resolved peaks, which allows to directly compare the signal-to-noise 

ratios by selecting the noise level between 600 to 250 ppm. For the one-dimensional spectra 

of Pf1 phage and Pf1 coat protein in bicelles containing many overlapping peaks, the spectra 

were instead integrated from 300 and 0 ppm and from 150 to 50 ppm, respectively, with the 

noise level selected between 600 to 300 ppm for the Pf1 phage and 600 to 200 ppm for Pf1 in 

bicelles. The 1D spectra are displayed with a linebroadening (LB) of 0 Hz for the crystal and 

Pf1 phage and 50 Hz for Pf1 in bicelles.  
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 2.3.4. NMR pulse sequences  

 The adiabatic sequence (ad-CP) (Diagram 2.1.A) utilized in the Chapter consists of two 

simultaneous linear rf amplitude sweeps since no particular advantages were observed when 

employing simultaneous semi-Gaussian ramps or sequential ramps of various shapes. A 

decreasing ramp on the 1H spins from 100 to 0% and a concurrent increasing ramp on the 15N 

spins from 0 to 100% were implemented. The ad-CP sequence was experimentally optimized 

with a contact time of 25 ms at 24/24 kHz (corresponding to 1H/15N maximum rf field 

amplitudes) for the NAL crystal and 1 ms at 19/25 kHz and 11/23 kHz for Pf1 phage and Pf1 

in bicelles, respectively. 

 Subsequently, the repetitive cross-polarization (REP-CP) pulse sequence (Diagram 

2.1.B) used in this Chapter is based on the repetition of five CP-MOIST contacts separated by 

a 0.15 s z-filter [32]. The length of those contacts, as well as the B1 field were, on the other 

hand, modified. 

 Finally, the REP-CP sequence was investigated using lower B1 rf amplitudes of 50, 25, 

19 and 12 kHz (Diagram 2.1.C). The 90° pulse and Hartmann-Hahn matching conditions 

optimizations are shown for each field in Appendix 2.A. A constant z-filter of 150 ms and five 

CP-MOIST repetitions were used at those fields.  

 The 1H decoupling during the 10 ms acquisition was applied at 50 kHz and a recycle 

delay of 6 second was used. All other parameters appear in the captions of each figures. 
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 2.4. RESULTS AND DISCUSSION 

 2.4.1. Adiabatic cross-polarization 

Static system: NAL crystal. 

 The adiabatic cross-polarization sequence (ad-CP) was experimentally optimized on 

the NAL crystal by setting various rf maximal amplitudes for the linear ramps and varying the 

CP contact times. The best ad-CP spectrum was then compared to REP-CP and CP-MOIST 

spectra (Figure 2.1.A). The integral intensities for each single peak of CP-MOIST (dashed 

Diagram 2.1. Pulse sequences for A. adiabatic cross-polarization, B. repetitive cross-polarization and 

C. low-power repetitive cross-polarization. The two dashed red boxes are identical and were added 

to facilitate the ‘reading’ of the differences between the high and lower power REP-CP sequences. 
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black spectrum) were set to the absolute value 1, resulting in an adiabatic signal enhancement 

(red spectrum) of 2.72 / 2.43 / 1.72 and 2.01 for the four 15N resonances from left to right, 

referred as peak #1 to peak #4, respectively. The average signal enhancement is about 2.2 and 

differs from the theoretical maximum enhancement expected of 3.9 (Equation 2.1). It is also 

worth noting that the four peaks are enhanced by a different factor which is mainly due to the 

four distinct orientations of the 1H-15N amide bonds in the external magnetic field B0, which 

result in different dipolar couplings. Therefore, the adiabatic transfer is not experienced in the 

same way by the four 15N sites. Instead of the 15 1H surrounding each 15N site and expected to 

participate in the adiabatic transfer, it is found experimentally that the transfer involves only 

three (3) to eight (8) 1H spins, considering the transfer to be purely adiabatic and in accord 

with the spin temperature hypothesis. Indeed, a signal enhancement of 2.72 would involve only 

7.4 1H spins, rounded to eight for practicality and calculated from Equation 2.1 as NI = NS * 

εad
2. In the same manner, the three other 15N sites would involve six, three and four 1H spins, 

from left to right, respectively. In addition, it is important to take into account the relaxation 

time of the dipolar bath Td which might decrease the efficiency of the polarization transfer by 

inducing losses during the storage phase.  

 Numerical simulations of the many-spin density matrix were calculated (Figure 2.1.B 

and 2.1.C) using a Matlab script (Appendix 2-D) by simulating the adiabatic transfer of 

polarization between the 1H to the 15N spins, considering up to 12 spins, of which one is the 

15N site and the other ones are the tightly coupled surrounding protons. Simulations of the CP 

sequences were also included for calculation of the theoretical enhancement. The first 

simulation utilizes the same experimentally optimized parameters, i.e. rf maximum amplitudes 

at 24 kHz on both spins, a 25 ms ad-CP contact time and two linear rf ramps (Figure 2.1.B). 
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The simulated quantum-mechanical enhancement factor is only of 1.8 over the CP sequence 

and was obtained by the ratio of the finale 15N polarization acquired with the ad-CP sequence 

(Sf.ad-CP) over the theoretical finale polarization of the 15N spins by a single CP sequence (Sf.CP) 

leading to an enhancement ε of Sf.ad-CP / Sf.CP = 1.45/0.8 = 1.8). This result is, unfortunately, 

not consistent with the theoretical value of 3.9 obtained from purely thermodynamic 

considerations (Equation 2.1). Interestingly, this result matches the minimum enhancement 

Figure 2.1. A. Adiabatic CP (red), REP-CP (green) and CP-MOIST (black) spectra overlapped for the NAL 

crystal. An adiabatic contact time of 25 ms was applied and the 1H/15N RF ramps were experimentally 

optimized both at 24 kHz. The REP-CP sequence was acquired with 6 contacts of 300 us each and a 2 second 

z-filter. The CP-MOIST sequence was run at high rf powers with a 1 ms CP contact. The experiments utilized 

64 scans at a B1 rf field of 54.7 kHz.  B.-C. Spin dynamics simulations for the CP and adiabatic CP in an 

ideal polyalanine α-helix performed for 6 to 12 spins using 50 kHz for CP and 24 kHz for both rf ramps and 

1000 increments for a total adiabatic CP contact time of (B) 25 ms (same as the experimental parameters on 

NAL, spectrum shown on the left) and (C) 5 s (best simulation for an optimal polarization transfer). 
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obtained experimentally for the 3rd peak in the NAL crystal spectrum of 1.72 and would suggest 

that only three 1H spins are involved in the adiabatic process for this specific 15N site if the 

thermodynamic hypothesis is correct (√3 ≈ 1.7). A second ad-CP simulation was 

computationally optimized yielding an optimal enhancement factor of 2.8 relative to the CP 

sequence (ε = 2.2 / 0.8). The best sequence also uses both maximum B1 rf amplitudes at 24 

kHz with a CP contact time of 5 seconds (Figure 2.1.C). It is interesting to note the close 

agreement between the computationally optimized and best experimental enhancement 

obtained on the 1st peak and equal to 2.72. This factor suggests that eight 1H spins might be 

involved in the transfer (√8 ≈ 2.8). Unfortunately, it is impossible to experimentally implement 

the ad-CP sequence with a 5 seconds CP contact due to the relaxation of the dipolar bath as 

well as the long rf irradiations which could damage NMR probe and the sample. 

To summarize at this point, the theoretical enhancement factor of 3.9 is neither reached 

by experiments (yielding the values between 1.72 and 2.72) nor by simulations (1.81 to 2.75) 

which is consistent with the results found in the literature. Nevertheless, the many-spin 

quantum mechanical simulations accurately predicted the experimental enhancement factor 

range for the NAL crystal. In addition, the adiabatic transfer efficiency seems to depend 

strongly on the amide bond orientation, in other words, on the main dipolar coupling values. 

Instead of the 15 1H surrounding the 15N spin expected to participate in the adiabatic transfer, 

it was found, both experimentally and with simulations that, indeed, the transfer involves less 

1H spins (between three to eight) if we consider the transfer to be purely adiabatic and 100% 

efficient. In addition, one needs to take into account the probable relaxation time of the dipolar 

bath which might be short enough to induce magnetization loss during the “storage” phase. 

Another plausible explanation for this limited transfer might arise from limited applicability of 
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a purely thermodynamic treatment to the description of adiabatic transfer of magnetization 

between finite spin systems.  

Dynamic systems: Pf1 bacteriophage and Pf1 coat protein in bicelles. 

The ad-CP sequence was then optimized experimentally for both Pf1 phage and Pf1 in 

oriented bicelles samples (Figure 2.2). Surprisingly, the ad-CP contact time was found optimal 

at only 1 ms. The ad-CP sequence leads to a signal enhancement, as compared to CP-MOIST, 

of 60% for Pf1 phage and 70% for Pf1 in bicelles. That would correspond to about three 1H 

spins involved in the transfer. In addition, the REP-CP sequence at high rf powers (green 

spectra) seem to perform as well as the ad-CP sequence at low rf powers (red spectra) but with 

the tremendous advantage of being much easier to implement on the spectrometer. Therefore, 

the ad-CP sequence, while employing low rf powers, does not offer a real advantage over REP-

CP. On another note, this transfer cannot be regarded purely as adiabatic because a 1 ms contact 

would be too short for an ideal adiabatic mixing. The dynamics of the Pf1 protein and its very 

short T1ρ relaxation times might impose the upper limit for the “adiabaticity” character of the 

transfer. Consequently, the performance of the REP-CP sequence at lower rf fields was 

investigated as it would appear, from the ad-CP studies, that using low rf powers could lead to 

the same results as REP-CP at high-powers when applied to more dynamic sample. In addition, 

using less rf powers would lower the sample heating that could degrade the delicate bicelle 

samples.  
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 2.4.2. Repetitive cross-polarization at 50 kHz rf amplitudes 

 In this Section, the repetitive cross-polarization (REP-CP) sequence has been 

experimentally re-optimized at high radiofrequency (rf) amplitudes of 50 kHz on the NAL 

crystal and Pf1 in bicelles samples. Then, the REP-CP sequence will be simulated and 

experimentally improved at lower B1 rf fields of 25, 19 and 12 kHz. 

NAL crystal. 

 The crystal, which has little to no dynamics, was expected not to be affected by the 

REP-CP sequence. Indeed, the larger dipolar couplings, longer T1ρ and reduced rf 

inhomogeneity in the much smaller crystal sample already leads to a very efficient single CP 

Figure 2.2. Adiabatic CP (red), REP-CP (green) and CP-MOIST (dashed black) spectra overlapped for A. Pf1 

phage and B. Pf1 coat protein reconstituted in bicelles. An adiabatic CP contact time of 1 ms was experimentally 

optimized for both samples and the 1H/15N rf ramps were optimized at 19.3/24.8 kHz for Pf1 phage and 

11.3/23.2 kHz for Pf1 in bicelles. The REP-CP sequences were ran at 50 kHz with 5 contacts of 200 µs each 

and a 0.5 s z-filter. The CP-MOIST sequences were ran at 50 kHz with a 1 ms CP contact. The experiments on 

Pf1 phage were acquired with 64 scans and a B1 rf field of 48.4 kHz. The experiments on Pf1 in oriented bicelles 

were carried out with 512 scans and a B1 rf field of 50.7 kHz. 
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contact. The CP sequence (consisting of a single contact with a constant rf phase), the CP-

MOIST sequence and the REP-CP sequence were performed and the CP contact length was 

varied from 20 to 80 µs (Figure 2.3.A). While the REP-CP optimization display oscillations as 

a function of the contact time, the two other cross-polarization sequences (CP and CP-MOIST) 

do not exhibit any oscillations. This specific behavior is therefore linked to the essential feature 

of the REP-CP sequence, alternating with contacts between the spin baths to transfer 

polarization and re-equilibration periods as well as phase switch during the CP-MOIST 

contact. One can also observe that the optimal contact time for the three sequences is 52 µs. 

The four peaks corresponding to four different N-H bond orientations are affected differently 

when using a single contact. While the two peaks on the left, corresponding to the two larger 

dipolar coupling values (about 8 kHz) are being easily polarized during the single exchange, 

the two other sites are not uniformly polarized and would require using either a longer CP 

contact time (100 µs or more) or a repetition of shorter CP contacts with intermittent re-

equilibration periods. However, extending the contact time for a single contact would decrease 

the magnetization on the two peaks on the left, due to their short T1ρ, making a single contact 

less efficient. On the other hand, the REP-CP sequence gives homogeneous results when 

repeating short CP-MOIST contacts. The best spectrum for each sequence at 52 µs contact 

time and 128 transients were overlapped (Figure 2.3.B), demonstrating the efficiency of 

employing five CP contacts instead of a single contact which allows to surpass the quantum-

mechanical limits of the exchange and force more transfer between spins. 
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Pf1 in bicelles. 

 The magnetization transfer efficiency of REP-CP is essentially linked to the CP contact 

time, the number of contacts and the z-filter length. Those two last parameters are highly stable 

over the change of the others. Indeed, the z-filter needs to be long enough to allow the proton 

bath to re-equilibrate, but also be as short as possible to avoid lengthening the acquisition time. 

Figure 2.3. A. Experimental optimization of the CP contact time for the REP-CP (red), CP-MOIST (black) 

and CP (blue) sequences acquired on the NAL crystal at a B1 rf field of 50 kHz, 2 scans and a LB of 0 Hz. 

Five CP-MOIST contacts ranging from 20 to 80 µs each and separated with a 0.15 s z-filter were used for 

the REP-CP sequence. A single CP-MOIST or CP contact ranging from 20 to 80 µs was implemented. B. 

Superposition of the best spectra for REP-CP (red), CP-MOIST (black) and CP (blue) sequences with CP 

contact time of 52 µs, 2 scans and a LB of 0 Hz. 
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In addition, only a fraction of the overall magnetization is transferred in a single CP contact, 

so as much as 4-5 CP contacts are needed to reach the thermodynamic limits. Finally, the third 

parameter, the CP contact time, was initially thought to have less influence on the transfer 

efficiency as the magnetization that is not transferred during one of the CP contact should 

somehow be retrieved during the next CP contact, after the 1H bath is fully “re-charged”. A 

detailed experimental optimization of the CP contact time was performed on the REP-CP 

scheme on Pf1 in bicelles. The contact times were varied from 50 to 400 µs by increments of 

10 µs (Figure 2.4.A). Interestingly, the 15N intensity profile slightly oscillates and seems to 

decay, demonstrating the importance of the optimization for the CP contact times and the need 

to keep them short enough because of the relaxation phenomena. The optimal CP contact was 

found to be of only 120 µs, instead of the 300 µs published at first. This thorough optimization 

of the REP-CP sequence leads to a signal enhancement of up to 33% for some peaks and an 

overall integral signal gain of 22% over the first REP-CP sequence (Figure 2.4.B) while 

decreasing the overall contact time between the two spin reservoirs by 60%. While REP-CP at 

300 μs was giving about the same enhancement than ad-CP, this new REP-CP at 120 μs gives 

a tremendous 30% enhancement as compared to ad-CP, adding another reason to favor REP-

CP over ad-CP for the highly dynamic membrane proteins reconstituted in magnetically 

aligned bicelles. 
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 2.4.3. Repetitive cross-polarization at lower rf amplitudes 

The much higher 1H-15N dipolar couplings in the NAL crystal (more than twice those 

of Pf1 in bicelles) yield to an inefficient transfer of polarization if the rf amplitudes are lower 

Figure 2.4. A. REP-CP spectra acquired with five CP-MOIST contacts from 50 to 400 µs each on Pf1 

in bicelles. A 0.15 second z-filter, 256 scans, a B1 rf amplitude of 50 kHz and a 150 Hz exponential LB 

were used. B. Optimized REP-CP spectrum (red) acquired with five CP-MOIST contacts of 120 µs each 

overlapped with REP-CP acquired with the old parameters (green) using five CP-MOIST contacts of 300 

µs each, CP-MOIST (black) and CP (dashed line) on Pf1 in bicelles. A 0.15 s z-filter was used in the 

REP-CP sequences and all the spectra were acquired with B1 rf amplitudes of 50 kHz, 128 scans and 

processed with a 50 Hz exponential LB. CP and CP-MOIST used a CP contact of 1 ms. 
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than 50 kHz (Appendix 2-A). While loss of a half of the signal can be observed when the rf 

field is lowered from 50 to 25 kHz for the NAL crystal and Pf1 phage (Appendix 2-A), with a 

complete loss of signal at 12 kHz, this phenomenon is not observed for Pf1 in bicelles, thus 

explaining why lower rf fields could only be used for the Pf1 in bicelles. Because of the lower 

dipolar couplings for Pf1 in bicelles (less than 4 kHz), it is possible to transfer magnetization 

between the 1H spins to the 15N spins using much less than 50 kHz rf amplitudes. Quantum 

mechanical simulations run on an ideal Ala α-helix (comparable to Pf1 structurally) are also in 

agreement (Figure 2.5) and show the REP-CP sequence to be efficient even at the B1 

amplitudes as low as 12 kHz by transferring about 90% of polarization. Note that the 

normalized thermodynamic limit is represented by the upper dashed line and five successive 

CP contacts were used for REP-CP (single through five contacts shown in red, light blue, green, 

dark blue and violet, respectively). The final normalized magnetization intensities on the 15N 

spins are reported at the bottom right of each simulations. Similarly to the experiments, the 

simulations show the same trend as for an almost equal magnetization transfer at 50 and 25 

kHz at 99 and 97%, while about 12% of magnetization is lost at 12 kHz. Contrarily to CP 

which can only transfer a maximum of about 80% of magnetization (Figure 2.5, top line), the 

simulations on REP-CP (Figure 2.5, bottom line) demonstrate than after only two CP contact, 

most of the magnetization has been transferred to the 15N spins and adding a few more contacts 

ensures that the gain of polarization converges close to 100%. 
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The REP-CP sequence was experimentally investigated at the B1 rf amplitudes of 25, 

19 and 12 kHz. After re-optimizing the Hartmann-Hahn matching conditions for each field 

(Appendix 2-A), the CP contacts were varied from 50 to 400 µs in steps of 10 µs (Figure 

2.6.A). As observed before, the CP contact time is the most important parameter in the overall 

sequence optimization. The optimal contact times were determined to be 120 µs at 50 kHz 

(black spectra) and 25 kHz (green spectra) rf B1 amplitudes, 150 µs at 19 kHz (red spectra) 

and 220 µs at 12 kHz (blue spectra). As much as the CP contact time is essential for the REP-

CP sequence, the B1 rf field is also quite important. Rather wavy intensity profiles were 

obtained with the wave shape profiles becoming more pronounced as the rf powers are 

lowered. Those oscillation patterns have frequencies of 15.4, 8.0, 6.3 and 4.2 kHz at rf B1 fields 

Figure 2.5. Quantum mechanical simulations for the CP sequence (1st row) and REP-CP sequence (2nd row) 

at B1 rf field of 50 kHz (left column), 25 kHz (middle column) and 12 kHz (right column). The final 

magnetization on the 15N spin is reported on the bottom right of each graph. 12 spins were used for the 

simulations. CP schemes use a unique 1 ms CP contact while REP-CP use five contacts of 120 µs each (color 

code from 1st to 5th contact: red, light blue, green, dark blue and purple). 
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of 50, 25, 19 and 12 kHz, respectively. Those frequencies roughly correspond to one-third of 

the B1 rf field applied during the cross-polarization block and appear to be the result of the 

combination of the MOIST scheme with the repetitive CP (as confirmed by the simulations, 

see below). This observation was also supported by carrying out experimental optimization of 

the contact time for CP-MOIST only and for REP-CP using a single CP contact with no phase 

switch (Appendix 2-A). The oscillation pattern is present only when REP-CP and CP-MOIST 

are used in combination with each other. In addition, the deletion of the MOIST element in the 

REP-CP sequence leads to a 25% overall decrease in the spectral intensity (Appendix 2-A).  
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To further investigate the oscillatory profile observed while decreasing the rf 

amplitudes, spin dynamics simulations of the REP-CP sequence were performed (Figure 2.7) 

Figure 2.6. A. Experimental optimization of the CP contact time for REP-CP sequences acquired on Pf1 in 

bicelles at a B1 rf field of 50 kHz (black), 25 kHz (green), 19 kHz (red) and 12 kHz (blue) with five CP-

MOIST contacts ranging from 10 to 500 µs (up to 950 µs) each and separated with a 0.15 s z-filter. 256 

scans and a 150 Hz LB were used. B. Superposition of the best REP-CP spectra for each B1 rf field: 50 kHz 

(black), 25 kHz (green), 19 kHz (red) and 12 kHz (blue) with CP contact time of 120 µs, 120 µs, 150 µs and 

220 µs, respectively. A 0.15 s z-filter, 5 CP-MOIST contacts, 128 scans and a LB of 50 Hz were applied. 



 

48 

  

(Script provided in Appendix 2-D). The B1 rf field, the number of CP contacts, their length and 

the z-filter duration were varied and in the same way as observed experimentally, the number 

of CP contacts and the z-filter length do not have a major influence on the sequence (results 

not shown). As long as there are enough contacts with a z-filter long enough to re-polarize the 

1H spins of the amide sites by spin diffusion from the proton bath, there is no need to further 

optimize those parameters. By contrast, the B1 rf field amplitude and CP contact time were 

found to be the most critical parameters. A total of 200 magnetization build-ups per simulation 

were generated in order to obtain the curve representing the magnetization transferred on the 

15N spins as a function of the CP contact time (from 10 µs to 1 ms). Ten spins were included 

in the simulation as well as five CP contacts separated by a 150 ms z-filter. The spin-lock phase 

change during the MOIST pattern was also introduced in the simulations. The simulations 

display wavy intensity profiles with a periodicity proportional to two-thirds of the B1 rf field 

strength, as opposed to one-third observed experimentally. The numerical simulations have 

also demonstrated direct correlation between the oscillation frequency and the number of phase 

switches within the MOIST block (results not shown). The oscillations frequency is 

proportional to the rf field amplitude divided by the number of phase switches. For instance, 

five subdivisions of the MOIST block would lead to the oscillation frequency proportional to 

B1/5 (taken in Hz) and seven subdivisions to oscillations proportional to B1/7. It should be 

emphasized that these oscillations are not linked to either the protein orientation or the dipolar 

couplings since no differences were observed when rotating the spin coordinates. These 

oscillations are, therefore, distinct from the transient oscillations [33], which are dependent on 

the strength of the dipolar couplings. This interesting phenomenon deserves further 
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investigation as higher-order coherences, e.g. the dipolar order of energy, may be generated 

from the Zeeman order, thus resulting in a drop of the observed single-quantum coherence. 

As the best spectra for each rf field were overlapped for Pf1 in bicelles (Figure 2.6.B), 

a noticeable signal enhancement as compared to the spectrum at 50 kHz is observed at 19 kHz 

of more than 20% (with a maximum peak height enhancement of 30%). About 13% signal 

Figure 2.7. Simulations for the REP-CP sequence with contact times ranging from 10 µs to 1 ms at B1 rf 

amplitudes of A. 50 kHz, B. 25 kHz, C. 19 kHz and D. 12 kHz. A total of 200 15N magnetization build-up 

simulations were generated per simulated curve and 10 spins were included. The REP-CP sequences uses five 

CP-MOIST contacts and a 150 ms z-filter.  The oscillations of the transferred magnetization as a function of 

the single-contact CP time correlate with the amplitudes of the used B1 field. 
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enhancement was obtained at 25 kHz and by contrast, as much as 19% of the signal is lost at 

12 kHz as compared to REP-CP at 50 kHz. Several observations can be drawn from all those 

data. First, the much smaller dipolar couplings of the dynamic Pf1 in the bicelles sample (less 

than 4 kHz) partially explains why spin-locking (and, consequently, cross-polarization) still 

occurs at 25, 19 and 12 kHz. Second, the important gain in signal at 19 kHz as compared to 50 

kHz could be explained because there is about seven times less rf power applied at 19 kHz (25 

W vs 160 W), which presumably leads to less sample heating and a more homogeneous rf 

field. This, in turn, leads to better Hartmann-Hahn matching conditions and a more efficient 

CP transfer. In conclusion, the REP-CP-enhanced ssNMR spectra can be acquired at 19 kHz 

rf field strengths and give much better results than at 50 kHz. This low-power REP-CP displays 

a maximum signal enhancement of up to 53% for some peaks and an overall gain of 38% over 

the previously published REP-CP. 

 

 2.5. CONCLUSIONS 

The results obtained in this Chapter on the Pf1 protein reconstituted in bicelles for the 

various modifications of CP including CP-MOIST, adiabatic CP and REP-CP at high and low 

rf powers are summarized in Figure 2.8. The 15N signal intensities relative to the best CP-

MOIST sequence are, from left to right: A) CP with 200 μs contact time, B) CP-MOIST with 

200 μs contact time, C) best CP-MOIST at 160 μs contact time, D) adiabatic CP with linear 

ramps at 25 kHz maximal rf amplitudes for 1 ms, E) REP-CP at 50 kHz and 300 µs contact, 

F) REP-CP at 12 kHz and 220 µs contact, G) REP-CP at 50 kHz and 120 µs contact, H) REP-

CP at 25 kHz and 120 µs contact and finally, I) REP-CP at 19 kHz and 150 µs contact. The 

red dots represent the percentage gain in the integrals for each spectrum acquired with 128 
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scans as a function of the integral of the 3rd CP-MOIST spectrum taken as a reference (C) 

(Appendix 2-A, table 2-A.1). The blue diamonds represent the percentage signal enhancement 

of the main sequences as compared to CP-MOIST, when acquired with the same experimental 

time of 12 minutes and 45 seconds, therefore using 128, 124, 116 and 116 scans for the 

sequences B), C), G) and I) respectively (Appendix 2-A, table 2-A.2). While the adiabatic CP 

gave a better enhancement in the more static samples such as the NAL crystal and Pf1 phage, 

the five REP-CP sequences displayed in this diagram on the Pf1 in bicelles yielded better 

results than any other CP schemes, which is closely correlated to the shorter CP contact time 

Figure 2.8. Chart summarizing and comparing the integrated 15N intensities for the various CP, CP-MOIST, 

adiabatic CP and REP-CP at high and low rf powers discussed in this chapter when applied on Pf1 coat protein 

reconstituted in magnetically aligned perpendicular bicelles. The red circles correspond to the 15N spectra 

acquired with 128) transients and the blue diamonds compare the spectra acquired with the same experimental 

time of 12 min 45 sec (with 128, 124, 116 and 116 scans for the experiments B, C, G, and I, respectively).  
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and 1H T1ρ relaxation in the dynamic bicelles samples. In fact, the shorter the contact, the less 

amount of magnetization on the protons is lost due to the T1ρ relaxation phenomenon, which 

presumably leads to a better CP efficiency. 

In this Chapter, the possibility of using pulse sequences at lower B1 fields for studies 

of oriented membrane proteins by ssNMR was demonstrated. Indeed, the smaller residual 

dipolar couplings for MPs reconstituted into perpendicular bilayers allow the REP-CP scheme 

to be much more efficient at 19 and 25 kHz than it is at 50 kHz, which leads to up to a 8-fold 

decrease in powers, thus providing a great advantage for hydrated biological samples which 

are extremely sensitive to the rf heating. The best REP-CP sequence was optimized at 19 kHz 

using five 150 µs CP-MOIST contacts separated by 150 ms z-filter. The signal was enhanced 

by more than 30% as compared to the previously published REP-CP [32] and as much as 80% 

compared to the widely used CP-MOIST when comparing the experiments at same number of 

transients. At identical experimental times, the signal enhancement is still quite large, with up 

to a 60% gain [34]. Finally, compared to the adiabatic CP sequence, the REP-CP at low powers 

is much easier to implement on commercially available spectrometers as only a simple 

optimization of the CP matching condition at 19 kHz as well as the CP contact time 

determination is necessary. The number of CP contacts needed does not change at lower 

powers and the z-filter also stays similar (results not shown). The low-power REP-CP is 

directly extendable to 2D experiments in order to study more accurately the signal 

enhancement for each resolved peak as will be implemented in the following Chapters.  
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APPENDIX 2-A 

Experimental NMR calibrations and supplementary NMR data. 

Calibrations of the matching conditions and the 90° pulse at rf amplitudes of 25 kHz 

Calibrations of the matching conditions and the 90° pulse at rf amplitudes of 19 kHz 

Figure-appendix-2-A.1. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set at 

7 dB (25 kHz). Right: Optimization of the 270° pulse at 25 kHz. 

Figure-appendix-2-A.2. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 10 dB (19 kHz). Right: Optimization of the 270° pulse at 19 kHz. 
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Calibrations of the matching conditions and the 90° pulse at rf amplitudes of 12 kHz 

 

REP-CP at 50, 25 and 12 kHz for the NAL crystal and Pf1 phage 

 

Figure-appendix-2-A.3. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 13 dB (12 kHz). Right: Optimization of the 270° pulse at 12 kHz. 

Figure-appendix-2-A.4. REP-CP spectra acquired at B1 rf fields of 50 kHz (red), 25 kHz (green) and 12 kHz 

(blue) for A. the NAL crystal and B. Pf1 phage. 64 scans, 5 CP contacts and a 0.2 s z-filter were used. 
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Absence of oscillations for the REP-CP without MOIST and CP-MOIST sequences 

 

 

 

 

Figure-appendix-2-A.5. A. Experimental optimizations of the CP contact time for REP-CP (red), REP-CP 

without MOIST (blue) and CP-MOIST (black) sequences acquired on Pf1 in bicelles at a B1 rf field of 25 kHz 

and with CP contact times ranging from 20 to 600 µs each and separated with a 0.15 s z-filter. 256 scans and 

a 150 Hz exponential LB were used. Both REP-CP experiments utilized five CP contacts with a 0o-180o-0o 

spin-lock phase for the REP-CP with MOIST and 0o-0o-0o for the REP-CP without MOIST. The third 

experiment uses a single MOIST contact. B. Superposition of the REP-CP spectra with MOIST (red) and 

REP-CP without MOIST (blue) at 50 kHz using 5 CP contacts of 120 µs each, 128 scans and a LB of 50 Hz. 
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Table 2-A.1. Table summarizing the integrals, % increase from CP-MOIST and absolute intensities for each CP sequence acquired with 128 scans and 

integrated from 150 to 50 ppm 15N chemical shift range in Figure 2.8.  

 A B C D E F G H I 

Sequence 

CP 

50 kHz  

200 µs 

CP-MOIST 

50 kHz 

200 µs 

CP-MOIST  

50 kHz 

160 µs 

Adiabatic-CP 

25 kHz 

1 ms 

REP-CP 

50 kHz 

300 µs 

REP-CP 

12 kHz 

220 µs 

REP-CP 

50 kHz 

120 µs 

REP-CP 

25 kHz 

120 us 

REP-CP 

19 kHz 

150 µs 

Experiment # 53 55 528 58 511 464 510 512 514 

15N signal integral 3093408 5601800 6209260 8054044 8687036 8616344.22 9450253 10637462 11383362 

% increase from CP-MOIST -50.2 -9.8 0 29.7 39.9 38.8 52.2 71.3 83.3 

15N signal intensity 49.82 90.22 100.00 129.71 139.90 138.77 152.20 171.32 183.33 

 

Table 2-A.2. Table summarizing the integrals, % increase from CP-MOIST and absolute intensities for each CP sequence acquired for 12 minutes and 45 

seconds and integrated from 150 to 50 ppm in Figure 2.8.  

 

 

 

 

 B C G I 

Sequence 

CP-MOIST  

50 kHz 

200 µs 

CP-MOIST 

50 kHz  

160 µs 

REP-CP  

50 kHz 

120 µs 

REP-CP  

19 kHz 

150 µs 

Experiment # 55 532 531 529 

# of scans 128 124 116 116 

15N signal integral 5601800 6326855 8998467 10119599 

% increase from CP-MOIST -11.5 0 42.2 59.9 

15N signal intensity 88.54 100.00 142.23 159.95 
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APPENDIX 2-B 

Location of the NMR data. 

All of the experimental data are located on the computer of the 500 MHz spectrometer in the 

folder C:/Bruker/TOPSPIN/data/nmrsu/nmr/.  

Figure 2.1: Adiabatic CP on NAL crystal 

/Adiabatic-CP/: ad-CP: #45 / REP-CP: #441 / CP-MOIST: #43 

 

Figure 2.2: Adiabatic CP on Pf1 phage and Pf1 in oriented bicelles 

A. /Adiabatic-CP/: ad-CP #32 / REP-CP: #427 / CP-MOIST: #30 

B. /Adiabatic-CP/: ad-CP #25 / REP-CP: #419 / CP-MOIST: #26 

Figure 2.3: Optimization of REP-CP at 50 kHz on NAL crystal 

A. /NAL_18mg/: REP-CP #403-998 / CP-MOIST # 22-999 / CP # 23-998 

B. /NAL_18mg/: REP-CP #403-1 / CP-MOIST # 22-1 / CP # 23-1 

Figure 2.4: Optimization of REP-CP at 50 kHz on Pf1 in bicelles 

A. / REP_CP_low_power /: Oscillations at 50 kHz #503-999 

B. / REP_CP_low_power /: CP #53 / CP-MOIST #55 / REP-CP 300 us #511 / REP-

CP 120 us #510 

Figure 2.6: Optimization of REP-CP at 50, 25, 19 and 12 kHz on Pf1 in bicelles 

A. /REP_CP_low_power/: 50 kHz #503-999 / 25 kHz #507-999 / 19 kHz #509-999 / 

12 kHz #463-999 & #466-999 

B. / REP_CP_low_power /: 50 kHz #510 / 25 kHz #512 / 19 kHz #514 / 12 kHz #464 

Figure 2.8: Chart summarizing the results for this chapter 

128 scans: / REP_CP_low_power /: A: #53 / B: #55 / C: #528 / D: #58 / E: #511 / F: 

#464 / G: #510 / H: #512 / I: #514 

 12’45”: / REP_CP_low_power /: B: #55 / C: #532 / G: #531 / I: #529 

 

Figure-appendix 2-A.1 to 2-A.3: Calibration of the matching conditions and the 90° pulse 

/REP_CP_low_power/: 25 kHz: #49-999 & #50-999 / 19 kHz: #51-999 & #52-998 / 

12 kHz: #36-999 & #35-998 

 

Figure-appendix 2-A.4: REP-CP at 50, 25 and 12 kHz for NAL and Pf1 phage 

A. /Adiabatic_CP/: 50 kHz #433 / 25 kHz #438 / 12 kHz #439 

B. /Adiabatic_CP/: 50 kHz #427 / 25 kHz #428 / 12 kHz #429 
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APPENDIX 2-C 

Pulse programs in TOPSPIN 2.0. 

The following codes for the pulse sequences introduced in this Chapter were written using the 

Topspin software and can be found on the computer of the 500 MHz Bruker spectrometer, 

under the folder C:/Bruker/TOPSPIN/exp/stan/nmr/lists/pp/. The codes shown here were cut 

to display only the relevant parts which are the programing of the pulse sequences as well as 

the phases used. For the full versions, see folder. The names of the programs are in italic. 

Adiabatic CP with simultaneous ramps:  cp_ramp_both_channels 

1 ze  ;accumulate into an empty 

memory 

 

2 d1 do:f2 ;recycle delay, decoupler off in go-

loop 

; #include <p15_prot.incl>  

 ;make sure p15 does not exceed 10 msec  

 ;let supervisor change this pulseprogram if  

 ;more is needed 

#ifndef lacq /* disable protection file for long 

acquisition change decoupling power !!! or you 

risk probe damage */ 

  /* if you set the label lacq 

(ZGOPTNS -Dlacq), the protection is disabled */ 

 

#include <aq_prot.incl>  

  ;allows max. 50 msec acquisition 

time, supervisor 

  ;may change  to max. 1s at less 

than 5 % duty cycle 

  ;and reduced decoupling field 

#endif 

  1u fq=cnst21:f2 

  10u pl12:f2 pl1:f1 ;preselect pl12 drive 

power for F2, pl1 for F1 

  trigg   ;trigger for scope, 

(continued) 

 

 

10 usec 

  p3:f2 ph1  ;proton 90 pulse 

  0.3u 

  (p15:spf1 ph2):f1 (p15:spf0 pl2 ph10):f2 

 ;contact pulse with square or ramp 

 

  1u cpds2:f2   ;pl12 is used here 

with tppm, pl13 with cwlg, cwlgs 

   

  go=2 ph31    ;select appropriate 

decoupling sequence, cw or 

  ;tppm, both executed at power 

level 12, or lgs 

  ;executed at power level pl13 

  1m do:f2  ;decoupler off 

  wr #0   ;save data to disk 

HaltAcqu, 1m  ;jump address for 

protection files 

exit   ;quit 

 

ph0= 0 

ph1= 1 3 

ph2= 0 0 2 2 1 1 3 3 

ph10= 0 

ph31= 0 2 2 0 1 3 3 1 
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REP-CP 1D sequence at lower rf amplitudes:  multi_cont_spinal_v2 

The sequence is similar than the one used at high powers with the 90° (p3 & p5), the matching 

conditions (pl1 & pl2) and the CP contact time (p15) which need to be adjusted. 

1 ze 

 

2 d1 do:f2 

3 10u pl1:f1 pl2:f2 

  

  (p3 ph1 fq=cnst0):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph4):f1 (p15*0.33 ph4):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2 

  

4 (p3 ph5):f1 (p3 ph7):f2 

  (d4 p5 ph3):f1 (d4 p5 ph1):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph4):f1 (p15*0.33 ph4):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2 

lo to 4 times l20 

    

; detection 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 

exit 

 

ph1=1 3  

ph2=0 

ph3=1 

ph4=2 

ph5=3 

ph7=3 1 

ph10=3 

 

ph30=0 

ph31=1 3 
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APPENDIX 2-D 

MATLAB codes for spin dynamics simulations. 

Figure 2.1: Script for quantum mechanical simulations for the CP and adiabatic CP sequences 

on the NAL crystal 
 

PROGRAM CALLING MAIN FUNCTION AND PLOTING SPECTRA (see below, p. 66) 

 

% Main program which call the function to calculate the Hamiltonian for a 
% CP and Adiabatic CP contact between 1H and 15N for NAL crystal 
% SNK 7/4/2012 

  
clear 
close all 

  
tic 

  
% COEFFICIENTS TO CHANGE--------------------------------------------------

- 
Nt = 50; % Number of points used for the simulation  500 
%tau = 125e-6;  % tau = 125 us and 200 points => time = 25 ms 
cont_time = 5; % in seconds 
w1_H_cp = 100e3; % in Hz 
w1_N_cp = 100e3; 

  
w1_H_ad_cp = 24e3; 
w1_N_ad_cp = 24e3; 
%------------------------------------------------------------------------- 

  
%SETUP--------------------------------------------------------------------

- 
distance = [2.7 3.1 3.5 4.2 4.6];  
    % N=6 for r_jk < 2.7 
    % N=8 for r_jk < 3.1 
    % N=10 for r_jk < 3.5 
    % N=12 for r_jk < 4.2 
    % N=14 for r_jk < 4.6 
% 4th parameter: 0 for CP / 1 for Adiabatic CP 
%------------------------------------------------------------------------- 

  
% CALCULATION HAMILTONIAN-------------------------------------------------

- 
[H_cp_1] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(1),0); 
[H_cp_2] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(2),0); 
%[H_cp_3] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(3),0); 
%[H_cp_4] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(4),0); 
%[H_cp_5] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(5),0); 
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[H_ad_1] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(1),1); 
[H_ad_2] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(2),1); 
%[H_ad_3] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(3),1); 
%[H_ad_4] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(4),1); 
%[H_ad_5] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance(5),1); 
%------------------------------------------------------------------------- 

  
% PLOT-------------------------------------------------------------------- 
%t1=linspace(0,(Nt-1)*tau*1000, Nt); 
t1=linspace(0,cont_time, Nt); 

  
plot(t1,H_cp_1,': b'); 
hold 
plot(t1,H_cp_2,': r'); 
%hold 
%plot(t1,H_cp_3,': g'); 
%plot(t1,H_cp_4,': m'); 
%plot(t1,H_cp_5,': k'); 

  
plot(t1,H_ad_1,'- b'); 
plot(t1,H_ad_2,'- r'); 
%plot(t1,H_ad_3,'- g'); 
%plot(t1,H_ad_4,'- m'); 
%plot(t1,H_ad_5,'- k'); 

  
%hleg = legend ('CP 6 spins','CP 8 spins','CP 10 spins','Adiabatic CP 6 

spins','Adiabatic CP 8 spins','Adiabatic CP 10 spins','Adiabatic CP 12 

spins','Location','NorthWest') 
%hleg = legend ('CP 8 spins','Adiabatic CP 8 

spins','Location','NorthWest'); 
xlabel('time (ms)'); 
ylabel('Hamiltonian for 15N'); 
axis([t1(1), t1(Nt), 0, 2.5])  % ([xmin xmax ymin ymax]) 

  
%H_cp_2(Nt) 
H_ad_2(Nt) 
%print('Ham_max_H = ', H_cp_2 (Nt))  % Display in Matlab the last value 

for Ham. 
%print('Ham_max_H = ', H_ad_2 (Nt)) 
%------------------------------------------------------------------------- 
toc 
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MAIN FUNCTION TO CALCULATE THE HAMILTONIEN OF THE SYSTEM 

 
% Function to calculate the Hamiltonian for a CP and an Adiabatic CP 

contact  
% between 1H and 15N 
% SNK 7/4/2012 

  
function [G] = Final_Calculations 

(Nt,cont_time,w1_H_cp,w1_N_cp,w1_H_ad_cp,w1_N_ad_cp,distance,x) 

  

  
% SET UP with parameters sent to the function-----------------------------

- 
% w1 = 24 kHz 
%coeff_cp_H = 1; 
%coeff_cp_N = 1; 
%coeff_ad_H = 1; 
%coeff_ad_N = 1; 
tau = cont_time/Nt; 
%------------------------------------------------------------------------- 

  
% SETUP------------------------------------------------------------------- 
i=sqrt(-1); 
Iz=sparse(1/2*diag([1,-1])); % Sparse: Remove the zeros (i,j) i: row, j: 

column 
Ip=sparse([0,1;0,0]);  
Im=Ip';  
Iy=sparse(1/2/i*[0,1;-1,0]);  
Ix=sparse(1/2*[0,1;1,0]);   
diag1=diag([1,0,0,-1]); 
%-------------------------------------------------------------------------

- 

  

  
% CALCULATION OF THE INTERACTION MATRIX-----------------------------------

- 

  
P=[1,0,0,0;0,0,1,0;0,1,0,0;0,0,0,1]; 

  
%PROTON COORDINATES 
load ala.txt 

  
[Nmax, Mmax]=size(ala); 
pz=1; 
%the first spin is always Nitrogen 

  
X(pz, :)=ala(1, :); 

  
for k=2:Nmax 
    r_jk=sqrt((X(1, 1)-ala(k, 1))^2+(X(1, 2)-ala(k, 2))^2+(X(1, 3)-ala(k, 

3))^2);  % Calculate distance to Nitrogen (1st atom) 

     
    %if the distance between the Nitrogen and a Proton is less than 

"distance" Angstroms then the proton is included in the dataset 
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    if r_jk < distance 
        pz=pz+1; 
        X(pz, :)=ala(k, :);        
    end 
end 

  
N=pz;  % Total number of spins for calculation (take into account the 

Nitrogen) 

  

  
% SET UP------------------------------------------------------------------ 
gamma=2.675e8*ones(1, N);   % gyromagnetic ratio 1H 
gamma(1)=-2.713e7;  % gyromagnetic ratio 15N 
hbar=1.054e-34; 

  
W0=500e6;  % Magnetic field    
%w1=2*pi*24e3*ones(N,1); %PROTON RF AMPLITUDES DURING CROSS-POLARIZATION 

AND FS(Frequency-Switched) LEE-GOLDURG; 
w1_H=2*pi*w1_H_cp*ones(N,1); 
w1_N=2*pi*w1_N_cp*ones(N,1); 
w1_H_ad=2*pi*w1_H_ad_cp*ones(N,1); 
w1_N_ad=2*pi*w1_N_ad_cp*ones(N,1); 

  

  
for j=1:N-1 
    for k=j:N-1    
        r_jk=sqrt((X(j, 1)-X(k+1, 1))^2+(X(j, 2)-X(k+1, 2))^2+(X(j, 3)-

X(k+1, 3))^2);  
        cos_theta=(X(j, 3)-X(k+1, 3))/r_jk; 
        a(j,k)=1e-7*gamma(j)*gamma(k+1)*hbar*(3*cos_theta^2-1)/(r_jk*1e-

10)^3;  % Calcul couplage dipolaire     
    end 
end 

  
[a_max, N_max]=max(abs(a(1,:))); 
a(1,N_max)=1*a(1,N_max); 

  
%interactions between the low spin and high spins------------------------- 
offset=0; 
[Mpz, Npz]=size(offset); 
Nzf=1025; 
Npz=1; 

     
%random chemical shifts of protons---------------------------------------- 

  
cs_distr=10*[0, 2*rand(1, N-1)-1]; 

  
%sgm=2*pi*W0*1e-6*(offset(1)*[0, ones(1, N-1)]+cs_distr); %the 4th (3rd 

proton) spin is the closest 
sgm=1*2*pi*W0*1e-6*[0, -2, 1, 1, 1, -3, 2, 3, -1, -2, 1]; %the 4th (3rd 

proton) spin is the closest 
sgm=0*2*pi*50e3*ones(1,N); 
sgm(1)=0;  
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H2=kron(Iz,Iz); 

  
%H2=-1/4*(kron(Ip,Im)+kron(Im,Ip)); 
Hjk=kron(H2, speye(2^(N-2)));  % speye: sparse identity matrix 

  
Iyk=kron(Iy, speye(2^(N-1))); 
Ixk=kron(Ix, speye(2^(N-1))); 
Izk=kron(Iz, speye(2^(N-1))); 

  
Hsgm=sgm(1)*Izk; 
Ixtot=spalloc(2^N, 2^N, 2^N); % spalloc: allocate space for sparse matrix 
Iytot=spalloc(2^N, 2^N, 2^N); 
Iztot=spalloc(2^N, 2^N, 2^N); 
Hdiptot=spalloc(2^N, 2^N, 2^N); 

  

     
    for k=1:N-1         

         
        Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1)))); 
        Iyk=Pjk*Iyk*Pjk;   
        Ixk=Pjk*Ixk*Pjk; 
        Izk=Pjk*Izk*Pjk; 

          
        if k>1 
            Hjk=Pjk*Hjk*Pjk; 
        end 

     
        Hdiptot=Hdiptot+a(1, k)*Hjk; 
        if k==3 
            Hmax=a(1,k)*Hjk; 
        end 

               
        Hsgm=Hsgm+sgm(k+1)*Izk; 

         
        Ixtot=Ixtot+Ixk; 
        Iytot=Iytot+Iyk; 
        Iztot=Iztot+Izk; 
    end 

     
Hunlike=Hdiptot; 
H2=1*(kron(Iz,Iz)-1/2*(kron(Ix, Ix)+kron(Iy, Iy))); 

  
for j=2:N-1 

     
    Hjk=kron(speye(2^(j-1)), kron(H2, speye(2^(N-j-1))));   

     
    for k=j:N-1           
        if k>j      
            Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1))));            
            Hjk=Pjk*Hjk*Pjk;             
        end 

        
        Hdiptot=Hdiptot+a(j, k)*Hjk;  
    end 
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end 

  
lw=1; 
Sx=kron(Ix, speye(2^(N-1))); 

  
Sz=kron(Iz, speye(2^(N-1))); 

  
Htot=0*Hsgm+Hdiptot; 
%Htotcp=Htot+1*w1(1)*(1*Iztot+1*Sz); 

  
G=zeros(1, Nt); 

  
% Normalized initial density matrix--------------------------------------- 
rho1=Ixtot/2^(N-2); 

  
% HAMILTONIEN CALCULATION------------------------------------------------- 

  
t=tau*Nt; % Total contact time 
width=Nt/4; 
ramp=linspace(1, 0, Nt);  % Generate linearly spaced vectors. Nt points 

between 1 and 0 
points=linspace(1,Nt,Nt); % Nt points between 1 and Nt 

  

  
    % CP------------------------------------------------------------------

- 
     if x == 0    
        for n=1:Nt 
            G(n, 1) = trace(Sx*rho1);  
            %Htotcp = Htot + coeff_cp_H*w1(1)*Ixtot + coeff_cp_N*w1(1)*Sx; 
            %Htotcp = Htot + w1_H(1)*Ixtot + w1_N(1)*Sx; 
            Htotcp = Htot + w1_H(1)*Ixtot + w1_N(1)*Sx; 
            exHcp = expm(-i*full(Htotcp)*tau);  % Convert sparse matrix to 

full matrix 
            rho1 = exHcp*rho1*exHcp'; 
            [0 N n] 
        end 
     end 
    %--------------------------------------------------------------------- 

     

     
    % Adiabatic CP-------------------------------------------------------- 
    if x == 1 
        for n=1:Nt 
            G(n, 1) = trace(Sx*rho1);     
            %Htotcp = Htot + coeff_ad_H*w1_H_ad(1)*ramp(n)*Ixtot + 

coeff_ad_N*(1-ramp(n))*w1_N_ad(1)*Sx; 
            %Htotcp = Htot + w1_H_ad(1)*ramp(n)*Ixtot + (1-

ramp(n))*w1_N_ad(1)*Sx; 
            Htotcp = Htot + w1_H_ad(1)*ramp(n)*Ixtot + (1-

ramp(n))*w1_N_ad(1)*Sx; 
            exHcp = expm(-i*full(Htotcp)*tau);  % Convert sparse matrix to 

full matrix 
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            rho1 = exHcp*rho1*exHcp'; 
           [1 N n] 
        end 
    end    
    %--------------------------------------------------------------------- 

     
G = real(G(:,1)); 

  
%------------------------------------------------------------------------- 
end 
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Figure 2.5: Script for quantum mechanical simulations for the CP and REP-CP sequences at 

B1 rf field of 50 kHz, 25 kHz and 12 kHz 

 

% This program calculates the Hamiltonian of the 15N spins for the REP-CP 

sequence 
% taking into account the relaxation of the nitrogens during the z-filter 
% SNK 1/17/2013 

  
clear all  
tic 

  

  
% COEFFICIENTS TO CHANGE-------------------------------------------------- 
Nt = 50; % Number of points used for the simulation 
B1 = 50e3; %(in Hz) PROTON RF AMPLITUDES DURING CROSS-POLARIZATION AND 

FS(Frequency-Switched) LEE-GOLDURG; 
distance = 3.1; % Distance in Angstroms of the 1H to the 15N to take into 

account for the simulation  
    % (2 for 2 spins / 2.7 for 6 spins / 3.1 for 8 spins / 3.5 for 10 

spins / 4.2 for 12 spins / 4.6 for 14 spins) 

                 
% REP-CP pulse sequence 
Cont_time = 200e-6; % (in s) 
Rep = 5; %  Number of CP contacts 
z_filter = 0.15; % (in s) 

  
%Plot 
fig = 'T';  % (F: plot each curves following each other / T: plot the 

curves 1 by 1) 
%------------------------------------------------------------------------- 

  
% SETUP------------------------------------------------------------------- 
i=sqrt(-1); 
Ix=sparse(1/2*[0,1;1,0]); 
Iy=sparse(1/2/i*[0,1;-1,0]);  
Iz=sparse(1/2*diag([1,-1]));  % Sparse: Remove the zeros (i,j) i: row, j: 

column 
Ip=sparse([0,1;0,0]);  
Im=Ip';  

  
tau = Cont_time / Nt;  % Time per step 
%------------------------------------------------------------------------- 

  
% CALCULATION OF THE INTERACTION MATRIX----------------------------------- 
P=[1,0,0,0;0,0,1,0;0,1,0,0;0,0,0,1]; 

  
% PROTON COORDINATES 
load ala.txt 
[Nmax, Mmax]=size(ala); 
pz=1;  %the first spin is always Nitrogen 

  
% DISTANCE CALCULATION 
X(pz, :)=ala(1, :); 
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for k=2:Nmax 
    r_jk=sqrt((X(1, 1)-ala(k, 1))^2+(X(1, 2)-ala(k, 2))^2+(X(1, 3)-ala(k, 

3))^2);  % Calculate distance to Nitrogen (1st atom) 
    %if the distance between the Nitrogen and a Proton is less than 

"distance" then the Proton is included in the dataset 
    if r_jk < distance 
        pz=pz+1; 
        X(pz, :)=ala(k, :);     
    end 
end 

  
N=pz;  % Total number of spins for calculation (take into account the 

Nitrogen) 

  
% OTHER SETUPS 
gamma=2.67522e8*ones(1, N);  % gyromagnetic ratio 1H 
gamma(1)=-2.7126e7;  % gyromagnetic ratio 15N 
hbar=1.054e-34; 

  
% CALCULATION DIPOLAR COUPLING 
for j=1:N-1 
    for k=j:N-1     
    r_jk=sqrt((X(j, 1)-X(k+1, 1))^2+(X(j, 2)-X(k+1, 2))^2+(X(j, 3)-X(k+1, 

3))^2);  
    cos_theta=(X(j, 3)-X(k+1, 3))/r_jk; 
    a(j,k)=1e-7*gamma(j)*gamma(k+1)*hbar*(3*cos_theta^2-1)/(r_jk*1e-10)^3;     
    end 
end 

  
[a_max, N_max]=max(abs(a(1,:))); 
a(1,N_max)=1*a(1,N_max);  % ??? Doesn't do anything! 

  
% interactions between the low spin and high spins 
offset=0;  % purpose of it? 
[Mpz, Npz]=size(offset); 
Nzf=1025;  % ?? Not useful here 
Npz=1; % What's the need of it for later? Not used! 

  
% random chemical shifts of protons 
B0=500e6;  % Magnetic field 
cs_distr=10*[0, 2*rand(1, N-1)-1];  % CS between -10 and 10 ppm  but we 

don't use it later! 

  
sgm=1*2*pi*B0*1e-6*[0, -2, 1, 1, 1, -3, 2, 3, -1, -2, 1]; %the 4th (3rd 

proton) spin is the closest / Why only 11???  smg? 
%sgm=0*2*pi*50e3*ones(1,N); 
w1=2*pi*B1*ones(N,1); %PROTON RF AMPLITUDES DURING CROSS-POLARIZATION AND 

FS(Frequency-Switched) LEE-GOLDURG;  

  
H2=kron(Iz,Iz);  % Kronecker tensor product 
Hjk=kron(H2, speye(2^(N-2)));  % speye: sparse identity matrix 

  
Ixk=kron(Ix, speye(2^(N-1))); 
Iyk=kron(Iy, speye(2^(N-1))); 
Izk=kron(Iz, speye(2^(N-1))); 
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Hsgm=sgm(1)*Izk; % Hsgm??? 
Ixtot=spalloc(2^N, 2^N, 2^N);  % spalloc: allocate space for sparse matrix 

M = spalloc(m,n,nzmax) => all zeros 
Iytot=spalloc(2^N, 2^N, 2^N); 
Iztot=spalloc(2^N, 2^ N, 2^N); 
Hdiptot=spalloc(2^N, 2^N, 2^N); 

     
    for k=1:N-1         

         
        Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1))));  % P: 

permutation matrix?  Pjk: density matrix? Other??? 
        Ixk=Pjk*Ixk*Pjk; % P=P' 
        Iyk=Pjk*Iyk*Pjk;   
        Izk=Pjk*Izk*Pjk; 

          
        if k>1                     
            Hjk=Pjk*Hjk*Pjk;           
        end 

     
        Hdiptot=Hdiptot+a(1,k)*Hjk; 

         
        if k==3 
            Hmax=a(1,k)*Hjk; 
        end 

             
        Hsgm=Hsgm+sgm(k+1)*Izk; 

         
        Ixtot=Ixtot+Ixk; 
        Iytot=Iytot+Iyk; 
        Iztot=Iztot+Izk; 
    end 

     
Hunlike=Hdiptot; 
%interactions among abundant like spins 

  
H2=1*(kron(Iz,Iz)-1/2*(kron(Ix, Ix)+kron(Iy, Iy))); % ??? 

  
for j=2:N-1 

     
    Hjk=kron(speye(2^(j-1)), kron(H2, speye(2^(N-j-1)))); 

     
    for k=j:N-1         

              
        if k>j             
            Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1))));             
            Hjk=Pjk*Hjk*Pjk;             
        end      
        Hdiptot=Hdiptot+a(j, k)*Hjk;  
    end  
end 

  
lw=1;  % ?? 
Sx=kron(Ix, speye(2^(N-1))); 



 

74 

  

Sz=kron(Iz, speye(2^(N-1))); 

  
Htot=0*Hsgm+Hdiptot; 
%Htotcp=Htot+1*w1(1)*(1*Iztot+1*Sz); 

  
G=zeros(1, Nt); 
%------------------------------------------------------------------------- 

  
% RAMPS + REP-CP---------------------------------------------------------- 
ramp=linspace(1,1,Nt);  % Square ramp 

  
% REP-CP 
rho=Ixtot/2^(N-2); %normalized initial density matrix 

  
for j=1:Rep 
    for n=1:Nt 
        G(n,j)=trace(Sx*rho); 
        Htotcp = Htot + w1(1)*ramp(n)*Ixtot + ramp(n)*w1(1)*Sx; 
        exHcp=expm(-i*full(Htotcp)*tau); 
        rho=exHcp*rho*exHcp'; 
        [N j n]  % Print to keep track of where we are in calculation (# 

spins / # of REP-CP repetition / step #) 
    end    

     
    if j==1 
        Int=G(Nt,j); 
    else 
        Int=[Int; G(Nt,j)]; 
    end 

         
    rho=G(Nt,j)*Sx/2^(N-2)+1*Ixtot/2^(N-2);  % ?? 

     
end 
%------------------------------------------------------------------------- 

  
% PLOT all following each other------------------------------------------- 
% m  
if fig == 'F' 
    for j=1:Rep 
        if j==1 
            Signal=real(G(:,j)); 
        else 
            Signal=[Signal;real(G(:,j))]; 
        end 
    end 

  
    clf 
    t1=linspace(0,Rep*(Nt-1)*tau, Rep*Nt); 
    plot(t1, Signal, '- b') 
    hold on 

  
    xlabel('time'); 
    axis([t1(1), t1(Rep*Nt), -0.5, 1.5]) 

     



 

75 

  

    % Print the Intensity matrix  
    j=0.5; 
    for i=1:Rep 
        text(0.0002*Rep,j,sprintf('Int-%i =  %0.4f',i,real(Int(i)))) 
        j=j-0.1; 
    end 
%------------------------------------------------------------------------- 

  
% PLOT 1 by 1------------------------------------------------------------- 
elseif fig == 'T' 
    clf 
    t1=linspace(0,(Nt-1)*tau, Nt); 

  
    i = 1;     
    while i <= Rep 
        plot(t1, real(G(:,1)), '- r'); 
        hold on 
        if i>=2 
            plot(t1, real(G(:,2)), '- c'); 
            if i>=3 
                plot(t1, real(G(:,3)), '- g'); 
                if i>=4 
                    plot(t1, real(G(:,4)), '- b'); 
                    if i>=5 
                        plot(t1, real(G(:,5)), '- m'); 
                        if i>=6 
                            plot(t1, real(G(:,6)), '- k'); 
                        end 
                    end 
                end 
            end 
        end    
        i=i+1; 
    end 

  
    xlabel('time'); 
    axis([t1(1), t1(Nt), -0.5, 1.5]-) 

     
    % Print the Intensity matrix  
    j=0.5; 
    for i=1:Rep 
        text(0.0002,j,sprintf('Int-%i =  %0.4f',i,real(Int(i)))) 
        j=j-0.1; 
    end 
%------------------------------------------------------------------------ 
end 
toc  
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Figure 2.7: Script for quantum simulations of the oscillations for the REP-CP sequence at B1 

rf amplitudes of 50 kHz, 25 kHz, 19 kHz and 12 kHz 

 

%8/29/2014 
%ala.txt - coordinate file for alpha-helix 

  
clear all  
tic 

  

  
% Parameters to change---------------------------------------------------- 
%w_rf = 2*pi*12e3;  % RF frequency 
Npz = 50;  % Number of spectra to simulate 
distance = 2.7;  % (2.7 for 6 spins; 3.1 for 8 spins; 3.8 for 10 spins; 4 

for 12 spins) 

  
% REP-CP related parameters: 
%Nm1 = 5;  % Number of contacts 
mini = 10e-6;  % Minimum contact time 
maxi = 1000e-6;  % Maximum contact time 
time = linspace(mini, maxi, Npz);  % Contact time: 10us to 1000us 
d4 = 150e-3;  % Z-filter duration 

  
%phases for the dwells 
phase1=[0 0 0 3 1 1;  % 0 2 0: CP-MOIST / 0 0 0: NO MOIST 
        0 0 0 3 1 1]; % 0 2 0: CP-MOIST / 0 0 0: NO MOIST         
%------------------------------------------------------------------------- 

  
%filename = 'table_results.txt' 
%header = {'a','b','c'} 
%dlmwrite(filename,header) 

  

  
for rf=2:2:60 
    w_rf=2*pi*rf*1000; 
    for Nm1=1:1:6 

  
% RF amplitudes - first line 15N; second line - 1H 
fc = 1; % hot 90 factor 
w1 = w_rf*[1 1 1 fc 0 fc;  
           1 1 1 fc 0 fc];  

  
scf=1.0927; %scaling factor relative to the apparent dwell 
%PHASES, OFFSETS AMPLITUDES AND DURATIONS FOR THE PULSE SEQUENCE 

  
%fc=1; % hot 90 factor 
%rf amplitude 
%w_rf=2*pi*50e3; 
t90=pi/2/(fc*w_rf); 
%d4=150e-3; %z filter duration 

  
%proton offsets 
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dW=[0 0 0 0 0 0]; 

  
%%rf amplitudes - first line 15N; second line - 1H 
%w1=w_rf*[1 3 1 fc 0 fc; 
        % 1 3 1 fc 0 fc]; 

  
%Nm1=6; %number of contacts 
W0=500e6; %carrier frequency 

  
%LOADING PROTON COORDINATES 

  
load ala.txt 
[Nmax, Mmax]=size(ala); 
pz=1; 
%the first spin is always Nitrogen 

  
X(pz, :)=ala(1, :); 

  
%determining the size of the spin systems 
for k=2:Nmax 
    r_jk=sqrt((X(1, 1)-ala(k, 1))^2+(X(1, 2)-ala(k, 2))^2+(X(1, 3)-ala(k, 

3))^2); 

     
    %if the distance between the Nitrogen and a Proton is less than X 

Angstroms then the Proton is included in the dataset 
    if r_jk<distance  %(2.7 for 6 spins; 3.1 for 4 spins; 4 for 12 spins) 
        %r_jk 
        pz=pz+1; 
        X(pz, :)=ala(k, :); 

         
    end 
end 

  
N=pz; 

  
%interaction parameters for NH system 
gamma=2.675e8*ones(1, N); 
gamma(1)=-2.718e7; 
hbar=1.055e-34; 

  
for j=1:N-1  
for k=j:N-1 

     
    r_jk=sqrt((X(j, 1)-X(k+1, 1))^2+(X(j, 2)-X(k+1, 2))^2+(X(j, 3)-X(k+1, 

3))^2); 

  
    cos_theta=(X(j, 3)-X(k+1, 3))/r_jk; 
    a(j,k)=1e-7*gamma(j)*gamma(k+1)*hbar*(3*cos_theta^2-1)/(r_jk*1e-10)^3; 

         
end 
end 

  
[a_max, N_max]=max(abs(a(1,:))); 
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a(1,N_max)=1*a(1,N_max); 

  
offset=0; 

  

  
%Npz=100; % number of spectra to simulate 

  

     
%random chemical shifts of protons 

    
cs_distr=10*[0, 2*rand(1, N-1)-1]; 

  
sgm=1*(0)*2*pi*W0*1e-6*[0, -2, -5, 5, 6, -3, 2, 3, -1, -2, 1, 1]; %the 4th 

(3rd proton) spin is the closest 

  

  
%SETTING UP AND CALCULATION OF THE INTERACTION MATRICES 
i=sqrt(-1); 
Iz=sparse(1/2*diag([1,-1])); Ip=sparse([0,1;0,0]); Im=Ip'; 

Iy=sparse(1/2/i*[0,1;-1,0]); Ix=sparse(1/2*[0,1;1,0]); 
diag1=diag([1,0,0,-1]); 

  
P=[1,0,0,0;0,0,1,0;0,1,0,0;0,0,0,1]; 

  
H2=kron(Iz,Iz); 
Hjk=kron(H2, speye(2^(N-2))); 

  
Iyk=kron(Iy, speye(2^(N-1))); 
Ixk=kron(Ix, speye(2^(N-1))); 
Izk=kron(Iz, speye(2^(N-1))); 

  
Hsgm=sgm(1)*Izk; 
Ixtot=spalloc(2^N, 2^N, 2^N); 
Iytot=spalloc(2^N, 2^N, 2^N); 
Iztot=spalloc(2^N, 2^N, 2^N); 
Hdiptot=spalloc(2^N, 2^N, 2^N); 

  
%interactions between the low spin and high spins 
    for k=1:N-1         

         
        Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1)))); 
        Iyk=Pjk*Iyk*Pjk;   
        Ixk=Pjk*Ixk*Pjk; 
        Izk=Pjk*Izk*Pjk; 

          
        if k>1 

                       
            Hjk=Pjk*Hjk*Pjk; 

             
        end 

     
        Hdiptot=Hdiptot+a(1, k)*Hjk; 
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        if k==N_max, Hmax=a(1, k)*Hjk; end      

         
        Hsgm=Hsgm+sgm(k+1)*Izk; 

         
        Ixtot=Ixtot+Ixk; 
        Iytot=Iytot+Iyk; 
        Iztot=Iztot+Izk; 
    end 

     
Hunlike=Hdiptot; 
%Hdiptot=Hmax; %if you want to retain maximum interaction only 
%interactions among abundant like spins 

  
H2=kron(Iz,Iz)-1/4*(kron(Ip, Im)+kron(Im, Ip)); 

  
for j=2:N-1 

     
    Hjk=kron(speye(2^(j-1)), kron(H2, speye(2^(N-j-1)))); 

     
    for k=j:N-1         

              
        if k>j 

             
            Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1)))); 

             
            Hjk=Pjk*Hjk*Pjk; 

             
        end 

        
        Hdiptot=Hdiptot+a(j, k)*Hjk;  
    end 

     
end 

  
Sx=kron(Ix, speye(2^(N-1))); 
Sy=kron(Iy, speye(2^(N-1))); 

  
P2=2*abs(Ixtot); 
Ix_max=kron(speye(2^(N_max)), kron(Ix, speye(2^(N-N_max-1)))); 
%normalized initial density matrix 

  
%time=linspace(10e-6, 2000e-6, Npz); 
for pz=1:Npz 

  
    %t_cycle=[[.33*time(pz) .33*time(pz) .33*time(pz)]/Nm1 1*[t90 d4 

t90]]; 
    t_cycle=[[.33*time(pz) .33*time(pz) .33*time(pz)] 1*[t90 d4 t90]]; 
    %t_cycle=[[.33*time(pz) .33*time(pz) .33*time(pz)]/Nm1 0*[t90 d4 

t90]]; 

  
%unitary transformations between two rotating frames arising in FSLG 

  
[M_cycle, N_cycle]=size(phase1); 
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exDtot1=speye(2^N); 
for m_cycle=1:N_cycle 

     
if phase1(1, m_cycle)==0, HrfX=Sx; end 
if phase1(1, m_cycle)==2, HrfX=-Sx; end 
if phase1(1, m_cycle)==1, HrfX=Sy; end 
if phase1(1, m_cycle)==3, HrfX=-Sy; end 
if phase1(2, m_cycle)==0, HrfH=Ixtot; end 
if phase1(2, m_cycle)==2, HrfH=-Ixtot; end 
if phase1(2, m_cycle)==1, HrfH=Iytot; end 
if phase1(2, m_cycle)==3, HrfH=-Iytot; end 

  

  
 H_cycle=dW(m_cycle)*Iztot+Hsgm+(-0.4)^1*Hdiptot+w1(1, m_cycle)*HrfX+w1(2, 

m_cycle)*HrfH; 
 [V,D]=eig(full(H_cycle)); 
 Prop_m=V*diag(exp(-i*full(diag(D))*t_cycle(m_cycle)))*V'; 
 %Prop_m=expm(-i*full(H_cycle)*t(m_cycle)); 
 exDtot1=Prop_m*exDtot1; 

  
end 

  
%clear Prop_m H_cycle HrfX HrfH Hjk Pjk Hsgm 

  
exDtot1_i=exDtot1'; 

  
flag=0; 
rho0=(Ixtot)/2^(N-2); 
for n1=1:Nm1 

     
    rho0=exDtot1*rho0*exDtot1_i; 
    G(n1,1)=trace(Sx*rho0); 
    G(n1,2)=trace(Ix_max*rho0); 

     
    %rho0=G(n1,1)*Sx/2^(N-2)+Ixtot/(1*2^(N-2)); 
    %rho0=rho0-1*P2.*rho0+(Ixtot)/2^(N-2); 

     
%     n1 
%     pz 

  
end 

  
G_plot(pz)=G(Nm1, 1); 

  
% Print on screen 
[N rf Nm1 d4 pz] 
end 

  

  
[Nt, Mt]=size(G); 

  
% Print to excel 
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%xlswrite( 

  
% Print to matrix 
if rf==2 && Nm1==1 
    table_results=[N,rf,Nm1,d4,real(G_plot)]; 
else 
    table_results = [table_results; N,rf,Nm1,d4,real(G_plot)]; 
end 

  
clf 

  
%plot(time, real(G_plot)); 
%axis([0, maxi, 0, 1]) 

  
%hold on 
%plot(real(G(:,2)), '-- g'); 

  
end 
end 

  

  
toc 
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CHAPTER III 

REPETITIVE CROSS-POLARIZATION AT LOW RF B1 FIELDS 

COMBINED WITH PARAMAGNETIC RELAXATION ENHANCEMENT 

 

* This Chapter is based on the publication entitled “Dramatic Three-fold Sensitivity 

Enhancement Obtained by Combining Low-Power Repetitive Cross-Polarization with 

Paramagnetic Relaxation Enhancement for Membrane Proteins Reconstituted in Magnetically 

Aligned Bicelles” authored by Sophie N. Koroloff, Deanna M. Tesch & Alexander A. 

Nevzorov, to be submitted in August 2016. 

 

 3.1. ABSTRACT 

 The previous Chapter has introduced pulse sequences utilizing lower radiofrequency 

(rf) B1 fields in order to transfer magnetization in a more efficient way during cross-

polarization, which allows at the same time to preserve the biological sample much longer. 

Recently, the use of a free radical in an oriented lipid bilayer has demonstrated the efficiency 

of paramagnetic relaxation enhancement (PRE) in magnetically aligned systems by decreasing 

the longitudinal relaxation time by a factor three, thus allowing the acquisition of about 74% 

more signal in the same experimental time. Proteins reconstituted in oriented lipid bilayers 

with their normal either perpendicular or parallel to the external magnetic field will be studied. 

This Chapter focuses on the combination of the two techniques in order to further improve the 

magnetization transfer during cross-polarization and obtain a tremendous 200% enhancement 

for unflipped bicelles and 160% for the tilted bicelles. The two-dimensional acquisitions also 

proved to give better results when incorporating the REP-CP block using lower radiofrequency 
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amplitudes as compared to REP-CP at 50 kHz or especially the widely used CP-MOIST 

scheme. 

 

3.2. INTRODUCTION 

 Solid-State NMR (ssNMR) on oriented samples (OS) has proven extremely useful for 

the structural studies of membrane proteins (MPs) [1-4]. However, the limited sample volume 

(few hundreds of microliters) in addition to the detection of low-gamma spins (generally 13C 

or 15N) renders the ssNMR technique quite insensitive. Increasing the number of scans per 

experiments would be a simple solution to enhance the NMR signal. But unfortunately, the net 

experimental time mainly consists of just waiting during the recycle delay between scans (up 

to 99%) [5] in order to completely relax all spins involved, due to the very long longitudinal 

relaxation times in macromolecules (a few seconds). A typical two-dimensional OS-NMR 

experiment which already takes up to few days would lead, if more scans are acquired, to 

extremely long experiments (a few weeks) which cannot be implemented due to the relatively 

short life of biological samples. Therefore, one of the main concerns in OS-NMR would be to 

be able to pulse faster and increase the ratio of the signal acquired over the waiting period, 

thereby shortening the overall time of multidimensional experiments. 

 The addition of unpaired electrons into the NMR sample was shown to greatly decrease 

the longitudinal T1Z and transversal T2 relaxation times [5, 6] through the Paramagnetic 

Relaxation Enhancement (PRE) effect which uses the electron-nuclear spin interactions (e.g. 

dipolar and Heinsenberg) [7, 8]. However, in addition of causing mild chemical shift changes 

due to the paramagnetic environment [5], the shortening of T2 also causes a broadening of the 

peaks [9] in multidimensional spectral acquisition which might actually worsen the resolution 
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of the final spectrum. Therefore, while the presence of unpaired electrons shortens the 

relaxation times, it is preferable not to use too much radical species in the sample. Due to 

sensitivity enhancement via accelerated acquisition [10] long-range properties such as 

electron-nucleus distances can be measured [11, 12]. It is then possible to extract structural 

and positional information [10, 13]. While most of the PRE studies have been performed in 

liquid-state NMR [6, 14-16] and ssNMR under Magic Angle Spinning (MAS) [9, 11, 17, 18], 

very little work was done in OS-ssNMR. A few years ago, paramagnetic metal-chelated lipids 

were included into a sample for the studies of PRE effects in ssNMR under MAS and OS-

NMR [19]. More recently, the addition of a 2% molar ratio of unpaired electron (5-DOXYL 

stearic acid) compared to the lipids was demonstrated to shorten relaxation times by a factor 

three, thus allowing for a 74% signal enhancement at constant experimental time when using 

the “optimal” relaxation delays [20].  

 The idea behind the first half of this Chapter is to combine the PRE effects due to the 

presence of a free radical with the low B1 rf field REP-CP sequence, introduced and developed 

in Chapter 2, in hope to improve even further the magnetization transfer from the protons to 

the 15N spins during the cross-polarization process. The effect of the radical on the REP-CP 

sequence will also be studied in order to discover the impact it can have on the short CP-

MOIST contact times and the z-filter length of the REP-CP sequence. The second half of the 

Chapter will focus on the same implementation of the low-power REP-CP sequence with a 

free radical in the NMR sample but this time, on tilted (or flipped) bicelles, having their bilayer 

normal parallel to the external magnetic field B0. The flipped bicelles were introduced by 

adding paramagnetic lanthanide ions (Yb3+, …) into the bicelles sample which will bind to the 

phosphate head groups of the lipids and change their magnetic alignment and therefore the tilt 
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angle of the bicelle [21]. One of the many advantages of studying membrane proteins 

reconstituted in those tilted bilayers is the much wider spectral chemical shift ranges because 

the interactions (CS, DC…) are twice as large as those in the unflipped (or “normal”)  bicelles. 

A higher spectral resolution is then expected.  Nevertheless, the addition of the paramagnetic 

ions is a concern with respect to their effect on both the embedded protein and lipids. It was 

shown recently that replacing the long chain lipid DMPC by a long chain lipid containing a 

biphenyl group in one of the acyl chains (e.g. TBBC) results in bicelles that are more stably 

aligned with their normal parallel to B0 and over a wider range of temperatures without the 

introduction of the paramagnetic lanthanide ions into the sample [22]. 

 

3.3. MATERIALS AND METHODS 

 3.3.1. NMR samples 

The Pf1 coat protein, expressed in-house (Appendix 1-A), was reconstituted in two 

different type of samples in this Chapter: one using normally aligned lipid bilayers, the other 

using an addition of paramagnetic compound to tilt the bicelles with a 90° angle. Both of the 

samples also contain a free radical to take advantage of the PRE effects. 

Pf1 coat protein reconstituted in a lipid bilayer (Pf1 in ‘normal’ bicelles). 

 The first sample was prepared in usual bicelles with their normal perpendicular to the 

external magnetic field. About 4.0 mg of uniformly 15N-labeled Pf1 coat protein were 

reconstituted with a 2% molar ratio of 5-DOXYL stearic acid (free radical) to lipids in 180 µL 

of DMPC/DHPC bicelles in a 20 mM HEPES buffer. The protocol to prepare those bicelles is 

similar to the one in Appendix 1-B except one step. Instead of drying under a flow of N2 the 
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DMPC lipids alone, one needs to add the 5-DOXYL solubilized in chloroform into the DMPC 

in chloroform and then dry them together. 

Pf1 coat protein reconstituted in a tilted lipid bilayer (Pf1 in flipped bicelles). 

The second sample was made with Pf1 inserted into flipped bicelles having their normal 

parallel to the external magnetic field B0. The flipped bicelles were prepared in the same way 

as the normal bicelles with radical (see previous paragraph), using 3.6 mg of Pf1 coat protein, 

170 μL of HEPES buffer, DMPC/DHPC lipids with a molar ratio q of 3.1. At the end of the 

bicelles preparation, 6 mM of YbCl3 were added [21] in a 10 µL volume from a 100 mM stock 

solution and few extra temperature cycles were needed to homogenize the sample. The final 

bicelles will be referred now as ‘flipped bicelles’ or ‘tilted bicelles’ with radical. 

 3.3.2. NMR spectroscopy 

The conditions are similar to Chapter 2 (c.f. ‘material and methods’). The temperatures 

were set to 37ºC and 40ºC for the normal bicelles and flipped bicelles, respectively. The various 

B1 rf fields were experimentally determined by calibrating the 90° pulse and Hartmann-Hahn 

matching conditions for the 1H and 15N spins (Appendix 3-A).  

 3.3.3. Data processing 

 All data were processed using the Bruker Topspin 2.0 software. The spectra were 

integrated from 150 to 50 ppm and from 250 to 50 ppm for the unflipped and flipped bicelles, 

respectively, with the noise level selected between 600 to 200 ppm and 600 to 250 ppm, 

respectively. The 1D spectra are displayed with a line broadening of 50 Hz. 

 3.3.4. NMR pulse sequences 

 The one-dimensional pulse sequences are similar to the ones used or developed in 

Chapter 2. The two-dimensional pulse sequences are based on the PISEMA sequence [23], 
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from which the SAMPI4 is a variation. The dipolar couplings and chemical shifts spread are 

twice as large for the tilted bicelles compared to the normal bicelles, which means the PISEMA 

sequence is more efficient over the large CS spread. On the other hand, the 2D spectra for the 

normal bicelles with radical were acquired using the SAMPI4 sequence. 

 

3.4. RESULTS AND DISCUSSION  

  3.4.1. Applications in normal bicelles 

  3.4.1.1. REP-CP sequence and its characteristics 

The REP-CP sequence at 50 kHz was first tested on the Pf1 coat protein in bicelles 

with radical to see if the presence of the radical impact the sequence (Figure 3.1). The CP 

contact time, number of contacts and z-filter length were varied from 60 to 300 us, one to eight, 

and 20 to 280 ms, respectively. The optimal parameters were found to be identical to the sample 

without radical, c.a. five CP-MOIST contacts of 120 µs with 0.15 second z-filter. This 

optimization demonstrates that the presence of the radical does not affect the REP-CP sequence 

behavior, and mainly shortens the longitudinal relaxation time, allowing to pulse faster 

between each acquisition. Even though the transversal relaxation time are shortened due to the 

electron-spin interactions, the B1 field is high enough to be able to spin-lock the signal during 

the very short CP contacts, thereby making the REP-CP sequence as efficient as without the 

radical. The oscillations in the intensity profile, when varying the contact time, have a 

periodicity of 60 µs (or 16.7 kHz), which corresponds exactly to a third of the B1 rf field, in 

agreement with the observations made in the previous Chapter.  
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  3.4.1.2. REP-CP vs CP-MOIST 

After proving that the radical has limited effect on the REP-CP sequence, the best 

spectra for each of the following sequences were overlapped (Figure 3.2): CP-MOIST (black), 

first published REP-CP (orange), optimized REP-CP at 50 kHz (blue), REP-CP at 19 kHz 

Figure 3.1. Optimization of the REP-CP sequence at 50 kHz for A. the contact time, B. the number of contacts 

and C. the z-filter length for Pf1 in normal bicelles with radical. 128 scans and a 100 Hz LB were used. 
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(purple), REP-CP at 50 kHz + radical (green) and REP-CP at 18 kHz + radical (red). Those 

spectra were acquired at the same experimental time of 14 minutes and 8 seconds, but with 

different numbers of scans of 140, 128, 128, 128, 698 and 698, respectively. The CP-MOIST 

sequence uses a little bit more scans than the REP-CP because of the single CP contact of 160 

µs, instead of the repetition of five CP contacts of 120 or 150 µs, thereby shortening the overall 

time per scan. The two best spectra acquired at 50 kHz and 18 kHz in the presence of radical 

allow one to pulse every 0.6 second [20] instead of the commonly used recycle delay of 6 

seconds. The experimental values of the S/N and the integral are summarized in Table 3.1. 

While the overall S/N ratios could be compared, those are not the best values to use as each 

peak is affected in a different way. Therefore, the calculated S/N does not reflect the 

enhancement for all peaks but generally only the highest peak. Instead, we chose to compare 

the overall integral of the signal which is more precise. Nevertheless, because the spectra were 

acquired with a different number of scans, those integral values had to be re-calculated to 128 

scans in order to compare the integrals at the same noise level. For example, the CP-MOIST 

was acquired at 140 scans while the published REP-CP at 50 kHz used 128 scans. In order to 

“re-size” the spectrum to fit the noise at 128 scans, the integral value for the CP-MOIST 

spectrum needs to be divided by the square root of the ratio of number of scans (140/128). An 

identical calculation was done for the REP-CP spectra using the effect of the radical and were 

weighed to 128 scans by dividing the integral values by sqrt(698/128) = 2.34. Finally, the 

percentage enhancement of those weighted integrals were compared to CP-MOIST and appear 

in the last column of Table 3.1.  
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As previously observed in the second Chapter, the REP-CP sequence at 18 kHz (purple) 

enhances the signal by 60% compared to CP-MOIST (black) at same experimental time. 

Adding paramagnetic species into the sample allows one to pulse much faster, resulting in an 

astonishing enhancement of 200% over the widely used CP-MOIST sequence. This impressive 

three-fold gain of signal-to-noise ratio means that the same amount of signal can now be 

acquired 9 times faster, making multi-dimensional experiments more feasible in the future by 

reducing weeks of experimental time to only a few days.  

 

Table 3.1. Table of integrals, signal-to-noise, % gain for S/N compared to CP-MOIST, integral weighed for 128 

scans and % gain of the weighed integral compared to CP-MOIST values for the six spectra acquired at identical 

experimental time: CP-MOIST, REP-CP at 50 kHz, re-optimized REP-CP at 50 kHz, REP-CP at 18 kHz, REP-

CP at 50 kHz and 0.6 s recycle delay and REP-CP at 18 kHz and 0.6 s recycle delay. 

 Integral S/N % gain (S/N) Scans Integral w. (/128) % gain (Int. w.) 

CP-MOIST 12992690 44.98 - 140 12423388 - 

Published 50 kHz 16062757 47.53 5.7 128 16062757 29.3 

Optimized 50 kHz 18138679 57.26 27.3 128 18138679 46.0 

REP-CP 18 kHz 19591739 63.45 41.1 128 19591739 57.7 

REP-CP 50 kHz + rad 77431459 98.49 119.0 698 33158488 166.9 

REP-CP 18 kHz + rad 87349316 108.58 141.4 698 37405613 201.1 
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Figure 3.2. Superposition of CP-MOIST (dashed back), first REP-CP (orange), re-optimized REP-CP at 50 

kHz (blue), REP-CP at 18 kHz (purple), REP-CP at 50 kHz with 0.6 s recycle delay (green) and REP-CP at 

18 kHz with 0.6 s recycle delay (red) spectra for the Pf1 in normal bicelles and a 2% of 5-DOXYL. 
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Following the promising results obtained in one dimension for the analysis of Pf1 in 

bicelles with radical, three 2D SAMPI4 experiments were acquired (Figure 3.3): one using 

REP-CP at 50 kHz and 6 seconds recycle delay, the second using REP-CP at 50 kHz and a 1.5 

second recycle delay and the third one using REP-CP at 18 kHz and 1.5 second recycle delay. 

Due to the high power decoupling during the signal acquisition, the optimal recycle time of 0.7 

second could not be used to avoid heating the probe and degrading the sample. The 

superposition of the three spectra acquired with the same number of scans and t1 points in the 

indirect dimension, demonstrates that the use of REP-CP at 18 kHz as well as decreasing the 

recycle delay between each scan from 6 seconds to only 1.5 second does not impact the spectral 

resolution. Indeed, each peak can be accounted for and no intensity is lost which means that 

the experimental time can be divided by a factor four while expecting the same signal intensity. 

Unfortunately, the results obtained in 2D were not as good as in the 1D cases, which could be 

explained by several factors. First, the recycle delay of 1.5 second, which was used instead of 

the optimal delay at 0.7 second to avoid heating the probe, prevented the acquisition of more 

scans. Second, the presence of the radical can broaden the peaks in the indirect dimensions, 

thus decreasing the signal-to-noise ratio for each peak. Third, the position of the radical in the 

sample can impact each residues in an inhomogeneous manner.  
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 3.4.2. Applications in tilted bicelles 

  3.4.2.1. Control of the sample alignment 

 The correct alignment of the bicelles in the external magnetic field B0 were controlled 

via the acquisition of a 31P spectrum after letting the sample aligned for a few minutes (Figure 

3.4.A). At first, only 3 mM were added to the sample but when measuring the chemical shifts 

and ratio of the two peaks corresponding to DMPH and DHPC, the spectrum was very similar 

to the one of a normal bicelle, albeit with much broader linewidths (LW = 480 Hz) due to the 

Figure 3.3. Superposition of SAMPI4 spectra acquired with the REP-CP block at 50 kHz and 6 s recycle 

delay (black), REP-CP at 50 kHz and 2 s recycle delay (blue) and REP-CP at 18 kHz and 2 s recycle delay 

(red). A total of 128 transients and 64 t1 points were acquired.  
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presence of 5-DOXYL radical and YbCl3,. The ratio of the DMPC to the DHPC peaks was 

2.6:1 with chemical shifts in the expected range of -5 to -15 ppm.  

By adding another 3 mM to the same sample followed by a few additional temperature cycles 

(45°C / liquid N2 / 0°C), it was possible to flip the bicelles into the desired configuration 

(Figure 3.4.B). The DMPC and DHPC peaks are switched and appear with a positive chemical 

shift and a ratio of about 2.8. The large broadening is due to the high amount of paramagnetic 

species present in the sample (YbCl3 and 5-DOXYL radical) which are closely positioned with 

respect to the phosphorus head groups of the lipids, therefore creating a lot of inhomogeneity 

while fastening the relaxations processes. This is the first time that a sample was measured in 

flipped bicelles with an additional radical. Indeed, previous work done in our lab has led to the 

conclusion that the presence of YbCl3 in the flipped bicelles does not produce the same effect 

as the more common paramagnetic species (5-DOXYL, TEMPOL, CAT-1, etc.) [20] which 

are known to shorten relaxation times. While the presence of YbCl3 changes the bicelle 

Figure 3.4. A. 31P spectrum for the Pf1 inserted into bicelles containing a 2% molar ratio of free 

radical to the lipids and 3 mM of Yb3+ lanthanide ions. B. 31P spectrum of the same sample after 

adding 3 extra mM of Yb3+ and doing a few temperature cycles. 
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orientation and 5-DOXYL reduces recycle delays, it would appear promising to create a 

flipped bicelle sample with biphenyl lipids in order to decrease the amount of external factors 

causing the spectral broadening.  

  3.4.2.2. REP-CP sequence and its characteristics 

 The REP-CP sequence was applied to the flipped bicelle sample with radical to develop 

a more efficient and faster cross-polarization pathway by using the effect that the paramagnetic 

compounds have on the protein. To do so, the main parameters of the sequence were varied, 

i.e. the number of CP-MOIST contacts (Figure 3.5.A), the z-filter length (Figure 3.5.B) and 

the CP-MOIST contact time (Figure 3.6, top spectra in green) at high B1 rf field (50 kHz). 

Surprisingly, the parameters of the REP-CP are very similar than for the normal bicelles (with 

or without radical) with a plateau reached for z-filter length greater than 0.12 second and for 

about four or more repetitive CP contacts. Therefore, the radical does not interact during the 

spin diffusion process, which allows the proton bath to re-equilibrate between each CP contact. 

On the other hand, the length of those CP contact is much shorter (60 µs vs. 120 µs as obtained 

previously). This shortening of contact time can be explained by the dipolar couplings which 

are twice as high for the flipped bicelles as for the normal bicelles.  

 While the presence of the radical does not influence the alignment of the bicelles and 

the REP-CP sequence at high B1 amplitudes, lower B1 fields were investigated (see Appendix 

3-A for the optimization of the 90° pulses and matching conditions). B1 rf amplitudes of 35, 

25 and 18 kHz were applied during the cross-polarization and the CP contact times were varied 

from 20 up to 400 µs while maintaining the number of contacts and z-filter constant, at five 

and 0.15 s respectively (Figure 3.6).  
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 Contrary to the observations in normal bicelles, there are negligible oscillations as a 

function of the contact time. In addition, the contact times are 50% shorter due to the reduced 

dynamics of the sample and higher dipolar couplings. The REP-CP sequence is not very 

effective at rf amplitudes of 19 kHz. Nevertheless, an enhancement of about 70% can been 

obtained by using the REP-CP block at 35 kHz as compared to CP-MOIST (Figure 3.8). 

Figure 3.5. A. Experimental optimization of the z-filter length for REP-CP sequence at 50 kHz and 

B. experimental optimization of the number of CP-MOIST contacts for REP-CP sequence at 50 kHz 

for Pf1 in flipped bicelles. 



 

97 

 

  

Figure 3.6. Experimental optimization of the CP contact time for REP-CP sequences acquired on Pf1 in tilted 

bicelles containing a free radical at a B1 rf field of 50 kHz (green), 35 kHz (red), 25 kHz (blue) and 19 kHz 

(black) with five CP-MOIST contacts ranging from 10 to 400 µs and separated with a 0.15 s z-filter. 1024 

scans and a 150 Hz exponential line broadening were used.  
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  3.4.2.3. T1Z measurement for optimal recycle delay 

 The 5-DOXYL radical was added at a 2% molar ratio to the lipids in order to accelerate 

the acquisition times. As was demonstrated in the previous work on unflipped bicelles [20], 

the amount of radical introduced in the sample should be low enough in order not to perturb 

the surrounding 15N sites but high enough to decrease the proton longitudinal relaxation time 

T1Z from 1.4 second [24] to only 0.43 second, thus bringing down the optimal recovery time 

d1opt = 1.5 * T1Z [25] to 0.6 second. In the same way, the proton longitudinal relaxation time 

T1Z was experimentally determined for the flipped bicelles using a 15N inversion recovery 

experiment (Figure 3.7). The cross-over was determined at 0.4 s, making the relaxation time 

T1Z at 0.58 s (from the equation: 1 – 2*exp(-T0/T1z = 0)), and therefore the optimal recovery 

time was calculated to be of 0.7 second, the value which will be used in the remaining part of 

Figure 3.7. 15N-detected 1H inversion-recovery experiment for Pf1 in tilted bicelles containing a 2% 

molar ratio of 5-DOXYL stearic acid to the lipids. 256 scans and a 150 Hz LB were used. The 

crossover of 0.4 s corresponds to a T1z value of 0.7 s. 
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this Chapter, except for the two-dimensional spectra, acquired with a little longer recycle 

delays (1.0 to 1.5 s) to avoid over-heating the probe and the sample. 

  3.4.2.4. REP-CP vs CP-MOIST  

Comparison at same number of scans. 

 The spectra of Pf1 coat protein reconstituted in flipped bicelles acquired with 1024 

scans for CP-MOIST (re-optimized with a contact time at 80 µs), REP-CP at 50 kHz and REP-

CP at 35 kHz are superimposed in Figure 3.8. A considerable enhancement provided by the 

REP-CP sequence over the CP-MOIST sequence can be immediately seen, even in the case of 

flipped bicelles. This is the first time that the REP-CP sequence has been reported in such a 

system, as well as the first time it has been proven to be more efficient than CP-MOIST. The 

corresponding S/N ratios as well as the integrals are reported in Table 3.1 for the three spectra. 

The percentage enhancement of the REP-CP at 50 kHz over CP-MOIST is of 55%, while the 

gain of the REP-CP at 35 kHz is of 73% compared to the CP-MOIST. The gain of the repetitive 

CP at lower B1 fields over the single CP-MOIST contact is about the same as the gain observed 

in unflipped bicelles (80 %).  

 

Table 3.2. Signal-to-noise, integrals and percentage signal enhancement compared to CP-MOIST for the spectra 

acquired with 1024 scans for REP-CP at 35 kHz, REP-CP at 50 kHz and CP-MOIST at 50 kHz. 

 S/N Integral % gain/MOIST (Int.) 

REP-CP 35 kHz 40.61 69754349 73.23 

REP-CP 50 kHz 34.62 62257615 54.61 

CP-MOIST 27.46 40266551 0.00 
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Comparison at same experimental time. 

 The three pulse sequences (CP-MOIST, REP-CP at 50 kHz and REP-CP at 35 kHz) 

were compared at the same experimental time of 25 minutes and 39 seconds (Figure 3.9). The 

gain of the REP-CP sequence at 35 kHz as compared to 50 kHz as well as the short recycle 

delay of 0.7 second instead of the 6 seconds used for CP-MOIST allow for an impressive signal 

enhancement of 160% (Table 3.3). Those values are close to the 200% enhancement previously 

obtained on Pf1 in unflipped bicelles with the radical. The different dynamics of the Pf1 protein 

Figure 3.8.  REP-CP spectrum at 35 kHz spectrum (red) overlapped with REP-CP at 50 kHz (dashed green) 

and CP-MOIST (black) acquired on Pf1 in flipped bicelles with the same number of scans (1024). The two 

REP-CP experiments used a 0.7 second recycle delay (due to the presence of 5-DOXYL radical) while the 

CP-MOIST used a 6 seconds recycle delay.  The spectra are displayed with the same noise. 



 

101 

 

in the flipped vs. unflipped bicelles as well as unoptimized values of B1 amplitudes could 

explain why the enhancement is not as high as obtained before (25 kHz did give a loss of signal 

but any other amplitudes between 25 and 35 kHz have not been tested). 

 

Table 3.3. Signal-to-noise, integrals, integrals scaled to the same noise and percentage signal enhancement 

compared to CP-MOIST for the spectra of REP-CP at 35 kHz, REP-CP at 50 kHz and CP-MOIST at 50 kHz, 

acquired with 1172. 1172 and 256 respectively. 

 

 

 S/N Integral # of scans Int., scaled to 1172 scans % gain/MOIST (Int.) 

REP-CP 35 kHz 34.31 57750773 1172 57750773 160.0 

REP-CP 50 kHz 31.62 52463825 1172 52463825 136.2 

CP-MOIST 11.82 10381955 256 22213806 0 

Figure 3.9. REP-CP at 35 kHz spectrum (red) overlapped with REP-CP at 50 kHz (dashed green) and CP-

MOIST (black) acquired on Pf1 in flipped bicelles at the same experimental time of 25 minutes and 39 

seconds. The two REP-CP experiments used 1172 scans and a 0.7 second recycle delay while the CP-MOIST 

was acquired with 256 scans and a 6 seconds recycle delay. The spectra are displayed with the same noise so 

the CP-MOIST spectrum had to be scaled up by a factor sqrt (1172/256) = 2.1. 



 

102 

 

  3.4.2.5. 2D SLF PISEMA experiments  

Comparison at same number of scans. 

 A 2D PISEMA spectrum was acquired using each of the following cross-polarization 

schemes (Figure 3.10): CP-MOIST (black), REP-CP at 50 kHz (blue) and REP-CP at 35 kHz 

(red). All spectra were acquired with 256 scans and 64 t1 points in the indirect dimension. 

Those three 2D spectra were overlapped and displayed at the same level of noise. The signal 

to noise ratio for each peaks were also calculated by dividing the peak height by the noise level 

(Appendix 3-A, Table 3.4). The average S/N was found to be 11.8, 14.5 and 16.3 for CP-

MOIST, REP-CP at 50 kHz and REP-CP at 35 kHz, respectively. This corresponds to an 

average enhancement of 38% when using the low-power REP-CP implemented PISEMA 

Figure 3.10. Superposition of the PISEMA spectra acquired with CP-MOIST (black), REP-CP at 50 kHz 

(blue) and REP-CP at 35 kHz (red). 256 scans, 64 t1 points and a 3 second recycle delay were used. 
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sequence over the PISEMA sequence using only CP-MOIST. It was previously shown that the 

signal enhancement for the CP sequences in 1D were of 73%, which unfortunately is not 

observed in 2D. Nevertheless, at rf low-powers, the peaks of 2D PISEMA look much more 

homogeneous (when REP-CP is employed) than those from using CP-MOIST, especially for 

the lower dipolar couplings.  

Comparison at same experimental time. 

 Another set of PISEMA spectra were acquired with the same experimental time of 7 

hours and 1 minute (Figure 3.11). Only the PISEMA including the CP-MOIST (black) and 

REP-CP at 35 kHz (red) were compared. First, the level for the 2D cut was selected to be as 

close to the noise as possible for both spectra, even though they were acquired with different 

numbers of scans (Figure 3.11.A). Figure 3.11.B shows the two spectra with a cut level two 

times higher than the previous one. It is therefore obvious than the low-power REP-CP 

Figure 3.11. Superposition of the PISEMA spectra acquired at same experimental time (7 hours and 1 minute) 

with CP-MOIST (black) and REP-CP at 35 kHz (red). 64 and 186 scans as well as a recycle delay of 6 and 

1.5 s were respectively used. 64 t1 points were acquired. 
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implementing the PISEMA experiments give much better results and therefore would help the 

sample to be conserved for a longer period of time. 

  3.4.2.6. 15N-15N spin exchange spectra 

 To the best of our knowledge, no spin-exchange SLF spectra have been acquired on 

membrane proteins reconstituted into flipped bicelles due to the very low sensitivity of the 

technique, the long ‘waiting’ time required for spin diffusion (a few seconds) or the difficulty 

in optimizing the mismatch conditions for an optimal transfer of polarization. Due to the 

addition of the free radical and improved sample preparation, we were able to obtain a well 

aligned bicelles sample which lasted for a couple months. This allowed for the acquisition of 

two spectra at 10 (red) and 14 kHz (blue) mismatch for 5 ms (Figure 3.12). Each one of those 

spectra required 2048 scans, 104 t1 points in the indirect dimension and the use of REP-CP at 

35 kHz to enhance the polarization of the 15N spins as well as a 1 sec recycle delay, leading to 

experiments taking about 5 days each. This illustrates impossibility of acquiring well resolved 

spectra for samples without radical and/or using the PDSD mechanism, which could add up to 

8 seconds per scan, thus yielding the total experimental times of few weeks. Addition of the 

low-power REP-CP block also allows for further enhancement of polarization during the 

preparation time.  
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Figure 3.12. Superposition of 15N-15N spin-exchange spectra acquired with a mismatch of 5 ms at 10 kHz 

(red) and 14 kHz (blue). The powers on the 15N were set at 35 kHz and on the 1H at 45 kHz for the 10 kHz 

mismatch and 49 kHz for the 14 kHz mismatch.  The REP-CP block at 35 kHz was implemented and 2048 

scans, 104 t1 points and a 1 second recycle delay were used. 
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 3.5. CONCLUSIONS 

In this Chapter, we have demonstrated the efficiency of the REP-CP sequence over the 

widely used CP-MOIST sequence for NMR analysis of MPs in bicelles having their bilayer 

normals either perpendicular or parallel with respect to the external magnetic field. The 

addition of a free radical into the sample decreases the relaxation times and allows for faster 

acquisitions without affecting the REP-CP sequence, thus proving its robustness under various 

conditions. 

Moreover, the combination of REP-CP at lower B1 fields (18 kHz for the normal 

bicelles and 35 kHz for the flipped bicelles) with the PRE effect of the radical allow for an 

impressive signal enhancement, in the same experimental time, of more than 200% for the 

normal bicelles sample and 160% for the flipped bicelles sample. The results could be 

implemented in 2D SLF acquisitions in both SAMPI4 and PISEMA spectra. However, few 

limitations for the multidimensional sequences are to be taken into account: i) the decrease of 

T2 will undoubtedly lead to peak broadening resulting in a decrease of peak intensity, ii) the 

presence of radical affects NMR peaks in a different way but this can be countered by 

employing the repetition of short CP-MOIST contacts instead of a single CP contact. 

Putting the work reported in this Chapter into perspective, it would be interesting, at 

first, to reconstitute the pf1 protein into flipped bicelles made with lipids containing biphenyl 

groups (to reduce spectral broadening) and add a radical (5-DOXYL or others) in order to keep 

only one paramagnetic species in the sample. It is expected that the multidimensional spectra 

would lead to less line-broadening and, therefore, greater signal to noise ratio, therefore 

permitting to reduce considerably the experimental times or even to analyze very small 

amounts of protein on the order of one milligram or even less.  
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 The sensitivity gain due to the shortening of the recycle delay can be generally useful 

for NMR pulse sequence development on biological samples, especially those including spin 

diffusion or transfer under mismatched Hartmann-Hahn conditions. Indeed, the 

multidimensional spectra, can give an estimate about the performance of the sequence (and the 

sample quality) only after the acquisition of at least 20 points in the indirect dimension, which 

can sometimes take a few days.  
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APPENDIX 3-A 

Experimental NMR calibrations and supplementary NMR data. 

The following data show the calibrations of the matching conditions and the 90° pulse for each 

rf fields used in this Chapter, i.e. 50, 35, 25 and 19 kHz for both the unflipped and flipped 

bicelles. The data are located on the computer of the 500 MHz spectrometer in the 

/Bruker/TOPSPIN/data/nmrsu/nmr/Pf1_5doxyl_lowpower_repcp/. 

 

  

Figure-appendix-3-A.1. 31P spectrum for the DMPC/DHPC bicelles with their normal perpendicular to 

B0 and with a 2% molar ratio of 5-DOXYL stearic acid to the lipids. 
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Calibrations at 50 kHz for the unflipped bicelles  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calibrations at 19 kHz for the unflipped bicelles  

 

 

Figure-appendix-3-A.3. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 10 dB (19 kHz). Right: Optimization of the 270° pulse at 19 kHz in the normal bicelles. 

Figure-appendix-3-A.2. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 1 dB (50 kHz). Right: Optimization of the 270° pulse at 50 kHz in the normal bicelles. 
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Calibrations at 50 kHz for the flipped bicelles  

 

Calibrations at 35 kHz for the flipped bicelles  

 

 

Figure-appendix-3-A.4. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 1 dB (50 kHz). Right: Optimization of the 270° pulse at 50 kHz in the flipped bicelles. 

Figure-appendix-3-A.5. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) set 

at 3.93 dB (35 kHz). Right: Optimization of the 270° pulse at 35 kHz in the flipped bicelles. 
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Calibrations at 25 kHz for the flipped bicelles  

 

 

 

 

 

 

 

 

 

  

Figure-appendix-3-A.6. Left: Optimization of the rf powers on 15N (pl1) with the rf powers on 1H (pl2) 

set at 7 dB (25 kHz). Right: Optimization of the 270° pulse at 25 kHz in the flipped bicelles. 
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Table 3.4. Table of integrals and signal-to-noise values for the peaks in the 2D PISEMA (Figure 3.10) acquired 

with 256 scans for the sequence using CP-MOIST (black), REP-CP at 50 kHz (blue) and REP-CP at 35 kHz (red). 

Those values were extracted from the NMRPipe software after processing the data. 

 

  

 
CP-MOIST (/10^6) S/N REP-CP 50 kHz (/10^6) S/N REP-CP 35 kHz (/10^6) S/N 

Peak # Noise: 0.166214  Noise: 0.192454  Noise: 0.205569  

1 1.82 10.9 2.23 11.6 2.93 14.3 

2 1.95 11.7 2.99 15.5 3.67 17.9 

3a 2.04 12.3 3.32 17.3 3.46 16.8 

3b 1.83 11.0 - - - - 

4 1.89 11.4 2.81 14.6 3.79 18.4 

5 3.28 19.7 4.24 22.0 4.91 23.9 

6 2.58 15.5 3.51 18.2 4.44 21.6 

7 2.41 14.5 3.28 17.0 4.37 21.3 

8 2.21 13.3 3.49 18.1 4.14 20.1 

9 2.16 13.0 3.22 16.7 3.91 19.0 

10 2.03 12.2 3.51 18.2 4.22 20.5 

11 2.35 14.1 3.46 18.0 4.08 19.8 

12 1.38 8.3 1.93 10.0 2.54 12.4 

13 2.34 14.1 3.42 17.8 3.73 18.1 

14 2.24 13.5 3.23 16.8 3.99 19.4 

15 1.56 9.4 1.83 9.5 2.38 11.6 

16 1.49 9.0 2.3 12.0 2.59 12.6 

17 1.61 9.7 2.67 13.9 3.15 15.3 

18a 1.31 7.9 1.87 9.7 1.95 9.5 

18b - - 1.57 8.2 1.98 9.6 

19 1.01 6.1 1.25 6.5 1.59 7.7 

20 1.73 10.4 2.33 12.1 2.43 11.8 

Average  11.8  14.5  16.3 
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APPENDIX 3-B 

Location of the NMR data. 

All of the experimental data are located on the computer of the 500 MHz spectrometer in the 

folder C:/Bruker/TOPSPIN/data/nmrsu/nmr/Pf1_5doxyl_lowpower_repcp/. 

NORMAL BICELLES + RADICAL 

Figure 3.1: Optimization of the REP-CP sequence at 50 kHz 

A.  #528-999 / B. #527-999 / C. #526-999 

Figure 3.2: Superposition of the best 1D spectra 

 CP-MOIST: #505 / First REP-CP at 50 kHz: #500 / Re-optimized REP-CP at 50 kHz: 

#501 / REP-CP at 18 kHz: #514 / REP-CP at 50 kHz with radical: #503 / REP-CP at 

18 kHz with radical: #510 

Figure 3.3: Superposition of the SAMPI4 spectra 

 SAMPI4 at 50 kHz: #100 / SAMPI4 at 50 kHz with radical: #101 / SAMPI4 at 18 kHz 

with radical: #102 

TILTED BICELLES + RADICAL 

Figure 3.4: Control of the sample alignment 

31P spectrum with 3 mM of YbCl3: #212 / with 6 mM of YbCl3: #215 

Figure 3.5: REP-CP sequence and its characteristics 

A. z-filter optimization: #559-999 

B. # of contacts optimization: #534-999 

Figure 3.6: Optimization of REP-CP contact time at 50, 35, 25 and 19 kHz 

 50 kHz: #533-999 / 35 kHz: #571-998 / 25 kHz: #566-999 / 18 kHz: #565-999 

Figure 3.7: T1Z measurement for optimal recycle delay 

 #24-999 
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Figure 3.8: Comparison of REP-CP over CP-MOIST at same number of scans 

 CP-MOIST: #574 / REP-CP at 50 kHz: #573 / REP-CP at 35 kHz: 572 

Figure 3.9: Comparison of REP-CP over CP-MOIST at same experimental time 

 CP-MOIST: #581 / REP-CP at 50 kHz: #583 / REP-CP at 35 kHz: 586 

Figure 3.10: 2D PISEMA at same number of scans 

 CP-MOIST: #108 / REP-CP at 50 kHz: #107 / REP-CP at 35 kHz: #109 

Figure 3.11: 2D PISEMA at same experimental time 

 CP-MOIST: #111 / REP-CP at 35 kHz: #113 

Figure 3.12: NN spin-exchange 

 MMHH at 10 kHz: #334 / MMHH at 14 kHz: #336 

Figure-appendix 3-A.1: 31P spectrum for Pf1 in normal bicelles with radical #201 

Figure-appendix 3-A.2 to 3-A.6: Calibration of the matching conditions and the 90° pulse 

2. 50 kHz unflipped bicelles: #2-999 & #3-999 

3. 19 kHz unflipped bicelles: #8-998 & #9-999 

4. 50 kHz flipped bicelles: #20-997 & #21-999 

5. 35 kHz flipped bicelles: #22-998 & #23-999 

6. 25 kHz flipped bicelles: #18-999 & #19-999 
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APPENDIX 3-C 

Pulse programs in TOPSPIN 2.0. 

The following codes for the pulse sequences introduced in this Chapter were written using the 

Topspin software and can be found on the computer of the 500 MHz Bruker spectrometer, 

under the folder C:/Bruker/TOPSPIN/exp/stan/nmr/lists/pp/. The codes shown here were cut 

to display only the relevant parts which are the programing of the pulse sequences as well as 

the phases used. For the full versions, see folder. The name of the program are in italic. 

 

SAMPI4 including low-power REP-CP sequence:  sampi4_multicont_test_2 

1 ze  

;  t1incr 

 

2 d1 do:f2 

  10u pl21:f1 pl22:f2 

  1m rpp4 

  1m rpp5 

  1m rpp6 

  1m rpp7  

 

  (p25 ph1 fq=cnst0):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

 

  ; Multiple contacts with MOIST  

3 (p23 ph10):f1 (p23 ph9):f2 

  (d3 p25 ph8):f1 (d3 p25 ph1):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

 

lo to 3 times l22 

 

 

 

 

 

(continued 1)  

 

 

; re-equilibration of the protons before the 

SAMPI4 evolution 

 

(p23 ph10):f1 (p23 ph9):f2 

3u pl1:f1 pl2:f2 

(d6 p5 ph8):f1 (d6 p5 ph1):f2 

 

if "l20<1" goto 5 

 

; Magic Sandwich starts here 

;  3u pl21:f1 pl22:f2 

4 (p16 ph4):f1 (p16 ph4):f2 

  (p17*0.5 ph4):f1 (p3 ph6 ipp6 ipp4):f2  

  (p17*0.5 ph5):f1 (d4 p3 ph7 ipp7):f2 

  (p16 ph5):f1 (p16 ph5 ipp5):f2  

lo to 4 times l20 

 

;  3u pl1:f1 pl2:f2 

 

5 0.3u fq=cnst0:f2 

; detection 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 
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(continued 2)  

 

 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

 

ph4=0 2 

ph5=2 0 ; irradiation phases for the third part 

of the magic sandwich 

ph6=1 3 ; phases for the first +-90Y pulse on 

the high side 

ph7=3 1 

 

ph8=3 

ph9=3 1 

ph10=1 
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PISEMA including the REP-CP sequence:  piseme_rep-cp_spinal 

1 ze  

  t1incr 

 

2 d1 do:f2 

  10u pl1:f1 pl2:f2 

   

  (p3 ph1 fq=cnst0):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

 

  ; Multiple contacts with MOIST  

3 (p3 ph8):f1 (p3 ph9):f2 

  (d3 p3 ph11):f1 (d3 p3 ph1):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

lo to 3 times l22 

 

  (p35 ph2 pl16):f1 (p35 ph10 fq=cnst0):f2 

 

; FFLG spin exchange 

4 (p16 ph20):f1 (p16 ph22 fq=cnst22):f2 

  (p16 ph21):f1 (p16 ph23 fq=cnst23):f2 

  lo to 4 times l20 

 

0.3u fq=cnst0:f2 

; detection 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

(continued) 

 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

ph8=3 

ph9=3 1 

 

ph10=3 ; H compensation pulse 

ph11=1 

ph20=0 ; phase for X channel, 1st half 

ph21=2 ; phase for X channel, 2nd 

half 

ph22=0 ; phase for H, positive 

frequency shift 

ph23=2 ; phase for H, negative 

frequency shift 
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PISEMA including the low-power REP-CP sequence:  pisema_low_power_rep-cp 

1 ze  

  t1incr 

 

2 d1 do:f2 

  10u pl10:f1 pl20:f2 

   

  (p13 ph1 fq=cnst0):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

 

  ; Multiple contacts with MOIST  

3 (p13 ph8):f1 (p13 ph9):f2 

  (d3 p13 ph11):f1 (d3 p13 ph1):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

lo to 3 times l22 

  

 1u pl2:f2 

  (p35 ph2 pl16):f1 (p35 ph10 fq=cnst0):f2 

 

; FFLG spin exchange 

4 (p16 ph20):f1 (p16 ph22 fq=cnst22):f2 

  (p16 ph21):f1 (p16 ph23 fq=cnst23):f2 

  lo to 4 times l20 

 

0.3u fq=cnst0:f2 

; detection 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

(continued) 

 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

ph8=3 

ph9=3 1 

 

ph10=3 ; H compensation pulse 

ph11=1 

ph20=0 ; phase for X channel, 1st half 

ph21=2 ; phase for X channel, 2nd 

half 

ph22=0 ; phase for H, positive 

frequency shift 

ph23=2 ; phase for H, negative 

frequency shift 

 

 

 



 

122 

 

N-N spin-exchange with low-power REP-CP sequence:  NN_TSAR2d_multicont_lowpower 

1 ze 

 

"l7=0" 

 

;1m rpp7 

;1m rpp8 

;1m rpp13 

  

2 d1 do:f2 

3 10u pl1:f1 pl2:f2 

 

  (p5 ph1 fq=cnst0):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph4):f1 (p15*0.33 ph4):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2  

 

; Multiple contacts with MOIST  

4 (p3 ph12):f1 (p3 ph7):f2 

  (d3 p5 ph3):f1 (d3 p5 ph1):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph4):f1 (p15*0.33 ph4):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph2):f2 

    

 

lo to 4 times l22 

 

if "l7 < 1" goto 6 

; 15N CSA evolution 

;1u pl12:f2 

1u cpds2:f2 

d0  

1u do:f2 

 

; Quadrature Detection 

6 (p5 ph5):f1 (p5 ph7 pl2):f2  

 

7 10u pl14:f2 

 

0.3u fq=cnst25:f2 

 

; Y pulse 

  (d4 p5 ph3):f1 

  (p16 ph2 pl11):f1 (p16 ph8):f2 

(continued) 

 

 

0.3u fq=cnst0:f2 

; detection 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 zd ip5 

   

  lo to 2 times 2 

    

  1m rp5 

if "l7 < 1" goto 8 

 

  10u id0  

 

8 1m iu7 

   

  lo to 2 times l8 

exit 

 

 

ph30=0 

ph31=0 2 

 

ph1=1 3 ; H 90 

ph2=0 ; X initial CP 

ph4=2 ; H initial CP 

 

 

ph3=1 

ph5=3 

ph7=3 1 

ph8=0 2 

ph12=3 

ph13=3 1 
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CHAPTER IV 

SPECTRAL EDITING BY SELECTIVE EXCITATION 

 

* This Chapter is based on the publication entitled “Selective Excitation for Spectral Editing 

and Assignment in Separated Local Field Experiments of Oriented Membrane Proteins” 

authored by Sophie N. Koroloff & Alexander A. Nevzorov, ready for submission to the Journal 

of Magnetic Resonance in July 2016. 

 

 4.1. ABSTRACT 

Sequence-specific assignment in oriented-sample (OS) NMR is generally a 

complicated process due to insufficient spectral resolution and peak crowding, making the long 

and expensive “shotgun” method the only way to start the assignment process from well-

resolved “seed” residues.  

In this Chapter, a selective Gaussian pulse is introduced into separated local field 2D 

experiments, both with and without 15N-15N spin exchange. Selective transfer from 

spectroscopically excited ‘seed’ spin sites to their coupled spins, allows for the acquisition of 

much simpler 2D spectra and eliminate many ambiguities arising during the peak assignment. 

In addition, rearrangement of the blocks within the pulse sequence of the selective 2D spin-

exchanged SAMPI4 allows for the acquisition of cross-peaks evolved as ‘main’ peaks which, 

by a simple overlapping with the fully excited SAMPI4 spectrum, permits to attribute spin 

correlations among only the proximal sites. 
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4.2. INTRODUCTION 

 Sequence-specific NMR assignment employed by oriented-sample (OS) solid-state 

NMR (ssNMR) for structural and functional studies of MPs relies mainly on the “shotgun” 

method [26] as a starting point, which consists of isotopic labeling of one or few specific amino 

acids at a time, and which is generally limited to regular secondary structures such as α-helices 

[27, 28] or β-sheets [29]. While the “shotgun” method is effective in many cases, it is also quite 

time-consuming and expensive. An outstanding problem in OS NMR is, therefore, to achieve 

a complete assignment of the NMR resonances using a single, uniformly labelled sample 

purely by spectroscopic means.  

 Proton-driven spin diffusion (PDSD) [30] can be efficiently used to correlate the 

neighboring spins. In addition, several methods based on dilute spin exchange [31, 32] have 

emerged with the purpose to assign sequence-specific resonances. A three-dimensional pulse 

sequence utilizing PDSD has been recently developed [33]. Despite the fact that those 

sequences are useful for detecting cross-correlations between the nearby spins, they have a 

disadvantage of requiring long mixing times (up to several seconds) in order to establish the 

cross-peaks, especially between the weakly coupled spins. In addition, routine acquisition of 

three-dimensional spectra in OS NMR still remains a challenge due to relatively low 

sensitivity. An alternative method involving proton-assisted recoupling originally developed 

for MAS [34] has been independently applied for aligned samples [35]. This method is based 

on the proton-mediated polarization transfer between the low-gamma spins under mismatched 

Hartmann-Hahn conditions (MMHH). Correlations between the weakly coupled 15N spins 

separated by up to 6.7 Å have been detected in a N-Acetyl Leucine (NAL) crystal [35]. The 

MMHH scheme can be combined with the SAMPI4 sequence [36, 37], which correlates the 
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15N chemical shifts with the 1H-15N dipolar couplings, thereby yielding additional internuclear 

cross-correlations [38]. The magnetization transfer under MMHH conditions has the advantage 

of being much faster than spin diffusion, (a few milliseconds vs. a few seconds) which greatly 

shortens the overall acquisition time. Nevertheless, the direct superposition of the SAMPI4 

and the spin-exchanged SAMPI4 spectra is not always sufficient to unambiguously assign all 

the peaks since the cross-peaks and main peaks often overlap with each other. Acquisition of 

a third spectrum, 15N-15N chemical shift spin-exchange, assists in the disambiguation of 

correlations in the crowded spectral regions [39]. However, some ambiguities associated with 

unavoidable spectral crowding in two dimensions may still remain even after acquiring the 

three independent spectra (i.e. SAMPI4, the spin-exchanged SAMPI4 and the homonuclear N-

N exchange).  

 Here we have implemented selective excitation in the spin-exchanged SAMPI4 

sequence. Highly selective composite pulses such as Gaussian [40], DANTE [41], Sinc [42], 

phase and/or amplitude modulated pulses, self-refocusing 270º Gaussian [43], Gaussian 

cascade [44], and others have been previously developed for manipulating selected 

spectroscopic regions, which can be successfully applied for spectral editing in 

multidimensional NMR experiments. OS NMR exhibits an exceptionally broad range of 

chemical shifts (100’s of ppm or several kHz), which makes selective excitation especially 

effective at B1 fields of as low as a few 100's Hz. The following two goals have been addressed 

here i) excitation of a selected region in the spectrum and ii) evolution of 'cross-peaks' as 'main 

peaks' by storing the magnetization of the excited spin site followed by nearest-neighbor 

magnetization transfer. Only the peaks that are spatially proximal to the excited site are evolved 

in the 2D spectrum, thereby simplifying crowded regions in the spectra. We have also found 
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that a 90º Gaussian pulse truncated at 6% (relative to its maximum height) can give an 

excitation profile with both positive and negative phases, which provides an additional contrast 

for the sequential assignment of resonances in the 2D SLF experiments.  

 

4.3. MATERIALS AND METHODS 

 4.3.1. NMR samples 

N-Acetyl-Leucine crystal (NAL).  

A single 15N-labeled NAL crystal of 18 mg (prepared in-house) was used to 

experimentally develop the selective pulse sequences in this Chapter. 

Pf1 coat protein reconstituted in a lipid bilayer (Pf1 in bicelles).  

Three samples containing 4.0 to 4.5 mg of uniformly 15N-labeled Pf1 coat protein 

(expressed in-house) (Appendix 1-A), were reconstituted into 180 µL of DMPC/DHPC 

bicelles in HEPES buffer (Appendix 1-B).   

 4.3.2. NMR spectroscopy 

The NMR experiments on the NAL crystal and one of the Pf1 in bicelles sample were 

performed on a Bruker Avance II spectrometer operating at a 1H Larmor frequency of 500 

MHz and using the TopspinTM 2.0 software (see “material and methods” in Chapter 2). The 

temperatures were set to 25ºC for the NAL crystal and 37ºC for Pf1 in bicelles.  

The experiments on the two last Pf1 in bicelle samples were performed on a Bruker 

Avance III spectrometer at the National High Magnetic Field Lab (Tallahassee, FL) operating 

at the Larmor frequency of 900 MHz for 1H and using TopSpinTM 3.1 software. The spectra 

were acquired at 37°C on a 5 mm static probe. [45] 
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 4.3.3. Data processing 

All the one-dimensional (1D) data were processed using the Bruker Topspin software. The 

two-dimensional (2D) spectra were processed using the NMRPipe software [46]. No line-

broadening (LB) was applied for the NAL crystal and a 50 Hz LB was used for the Pf1 in 

bicelle samples. For the NAL crystal spectra, the signal-to-noise ratios were compared by 

selecting the noise level between 600 to 250 ppm. For the 1D spectra acquired at 500 MHz of 

Pf1 in bicelles which contains many overlapping peaks, the spectra were instead integrated 

from 150 to 50 ppm, with the noise level selected between 600 to 200 ppm. 

 4.3.4. NMR pulse sequences  

The pulse sequences were written under the Bruker TOPSPIN software. The new 

sequences appear in the schemes of this Chapter and the programs are included in Appendix 

4-D. The parameters employed in this Chapter appear in the captions of the figures or in the 

tables of Appendix 4-C. 

 

4.4. RESULTS AND DISCUSSION 

  4.4.1. Selective one-dimensional experiments 

  4.4.1.1. Excitation profiles of the most common selective pulses 

Among the few 
𝜋

2
 pulses for selective spectral excitation developed over the past few 

decades, the most common are the DANTE [41], the Gaussian [40], the cascade Gaussian [44] 

and the e-BURP [47] pulses. The excitation profiles for those selective pulses centered on the 

carrier frequency are shown in Figure 4.1. The DANTE pulse consists of successive short hard 

pulses separated by waiting periods to dephase the unwanted magnetization from the 

deselected spins and is quite efficient in ssNMR under MAS because of the introduction of the 
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rotor periods to refocus the signal. On the other hand, the Gaussian and eBURP are part of the 

soft pulse family. Their amplitudes can get as low as a few hundreds of Hz applied during a 

much longer period of time (up to a few seconds). Those pulses are commonly used in solution-

Figure 4.1. Envelops of few main selective pulses (left) and their resulting excitation profiles (right) 

centered on the offset frequency after Fourier transform. Those pulses were taken from the publications 

(Bodenhausen, 1976) (Bauer, 1984) (Emsley, 1990) and (Geen, 1991). 
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state NMR but are challenging to implement in ssNMR due to the much higher powers needed 

to counter the anisotropic interactions. 

 The Gaussian pulse produces a less wavy profile in the resulting excitation window 

centered at the frequency of the selected peak as compared to the DANTE pulse or a soft 

rectangular pulse. The former provides narrower selectivity which can be adjusted by varying 

the maximum amplitude as well as its pulse length, while keeping the area under the curve 

constant and corresponding to a 90° pulse. When the rf field is lowered and the pulse length is 

extended, the excitation profile will become narrower and, therefore, more selective around 

the carrier frequency. The cascade Gaussian pulse looks even more appealing but could not be 

implemented on a ssNMR spectrometer due to the very low powers it requires. The following 

work in this Chapter will involve a single Gaussian pulse, truncated at 6% (so that the two 

wings of the pulse, which use negligible rf power, are eliminated to avoid the loss of 

magnetization). In addition, the Gaussian pulse is easy to implement and is already part of the 

toolbox in Topspin ‘shape pulse’ window. Furthermore, the pulse was monitored on the 

oscilloscope in order to control the experimental pulse intensity and shape, in order to obtain 

a real 6% truncation on the oscilloscope, one needs to program a 12% truncated Gaussian pulse 

on the software instead. In the presented experiments on the NAL crystal and Pf1 in bicelles, 

the overall length of the Gaussian pulse was kept under 5 ms due to the simultaneous spin-lock 

(or decoupling) at high-power on the proton channel, which causes substantial additional probe 

heating. 

  4.4.1.2. Simulations 

Before experimentally implementing the Gaussian pulse into the 1D and 2D sequences, 

simulations were done in order to estimate the window of selectivity depending on the 
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Gaussian pulse truncation level, its maximum amplitude and its length. A few restrictions were 

introduced in the simulations due to certain experimental limitations on the spectrometers. 

First, the Gaussian pulse could not exceed 5 ms due to the simultaneous decoupling at high-

power on the proton channel. Then, the Gaussian pulse needed to have a truncation level of at 

least 6%. Finally, B1 amplitudes smaller than few hundreds of Hertz could not be used (as the 

diodes on high-power amplifier simply would not open up at such low input powers). 

 

Figure 4.2. Simulations of the excitation profiles for a A. single and C. double selective truncated Gaussian 

pulse at 6% applied for respectively 2.1 ms with a maximum amplitude of 645 Hz and 1.2 ms at 911 Hz, and 

their corresponding experimental 1D 15N spectra (in red) respectively B. and D. acquired on a 0.7 mg NAL 

crystal and overlapped to a fully excited spectrum (dotted black line).  
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The 1D spectrum for the NAL crystal displays four well resolved peaks (Figure 4.2.B, 

dotted black spectrum). The leftmost peak in the spectrum at ca. 190 ppm (termed as peak #1) 

will remain the peak of interest for selective excitation. Its closest peak (#2), separated by a 

12.4 ppm gap, can be either completely suppressed or reversed, depending on the Gaussian B1 

field amplitude and pulse length employed. The Gaussian pulses were first optimized by 

simulations. The first pulse is truncated at 6%, has a length of 2.1 ms and a maximum B1 field 

at 645 Hz. This pulse is the most selective and allows for a perfect selectivity of the peak #1 

(Figure 4.2.A) while the other three are completely suppressed. This complete selectivity will 

be called “single selectivity”. The second Gaussian pulse is 6% truncated with a duration of 

1.2 ms with a maximum B1 field at 911 Hz. It allows one to conserve the signal on peak #1 

and invert the magnetization on peak #2 while dephasing the two other peaks. Such a pulse 

will be referred to as “double selectivity”. 

 In the same way, simulations were done on the Pf1 in bicelles samples by considering 

the rightmost peak in the spectrum, G37, at 64 ppm, the peak of interest. The closest peak to 

it, S41, is located 8.4 ppm apart, which requires to adjust characteristics of the Gaussian pulse 

somewhat differently in order to change the window of selectivity. It is, therefore, possible to 

either select only G37 or both G37 and reversed S41 while dephasing any other residual 

magnetization. 

  4.4.1.3. Experimental data 

 The selective 1D pulse sequence (Diagram 4.1) was written in Topspin software and 

included the REP-CP sequence as the magnetization enhancement block. The Gaussian pulse 

truncated at 6% was implemented as a -90° pulse on the selected frequency while the protons 

were simultaneously decoupled. This allows to bring back the selected 15N frequency on the z-
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axis while the other ones are dephased after the soft Gaussian pulse. The z-filter destroys any 

residual polarization and was kept at 0.25 second. Finally, a hard 90° pulse flips back the stored 

magnetization of the 15N spins to the (xy) plane for the FID acquisition. The experiments were 

performed on the 18 mg NAL crystal and Pf1 in bicelles and are in perfect agreement with the 

simulations of the Gaussian excitation profiles (cf. Figure 4.3). 

 

First, the carrier frequency was shifted to the exact offset of the leftmost peak, at 

50.7021118 MHz (175 ppm) in order to selectively excite the latter or at 50.6983943 MHz 

(~100 ppm) when selectively exciting the peak #4. The single phase selective pulse applied on 

the NAL crystal only preserves the peak #1 (Figure 4.3.A, red spectrum) while suppressing 

any other frequencies separated by more than 12 ppm from the offset (namely the three other 

peaks). The selective pulse employed was a Gaussian truncated at 6%, for 1.6 ms at a maximum 

B1 field of 911 Hz. The same observation could be done when the carrier frequency is shifted 

to peak #4 (Figure 4.3.A, blue spectrum). The selective pulse does not conserve 100% of the 

signal contrary to the simulations and about 20% is lost likely due to i) the short T1ρ resulting 

in a loss of spin-lock at the selected frequency and ii) the spin diffusion mechanism which 

Diagram 4.1. 1D pulse sequence including a - 
𝜋

2
 selective Gaussian pulse on the 15N spins 

while locking (or decoupling) the 1H spins. 

1H 

 

15N 
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could happen during the z-filter from the polarized spins to their surrounding (unpolarized) 

neighbors. 

The selective 1D Gaussian pulse was then implemented on the Pf1 in bicelles sample 

with the offset frequency placed on G37 at 50.695492 MHz (64 pm). A double phase selective 

pulse was employed for 3.2 ms at a maximum of 692 Hz which preserved the signal on G37 

and inverted the phase of its closest peak S41. Figure 4.3.B shows the results of selective 

excitation overlaid with the fully excited spectrum illustrating the double selectivity feature of 

the pulse. 

 

 

 

Figure 4.3. 1D selective 15N spectra overlapped with fully excited spectra (in black) for A. 18 mg NAL 

crystal, and B. Pf1 in bicelles. Two different truncated Gaussian pulses at 6% (exhibiting a single selectivity 

profile) were used for the crystal: a 1.6 ms pulse at 911 Hz (red spectrum) and a 3.3 ms pulse at 1,021 Hz 

(blue spectrum) with the carrier frequency centered respectively on peak #1 (50.702187 MHz) and peak #4 

(50.6983943 MHz). A single 3.2 ms pulse at a maximum amplitude of 692 Hz was experimentally 

implemented for the Pf1 in bicelles (red spectrum). About 50% of the residue G37 is positively selected and 

45% of S41 is inverted, the more dynamic region to the left is also excited at a smaller extend.  
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 4.4.2. Selective two-dimensional experiments  

  4.4.2.1. Goals and expectations 

 Multidimensional NMR spectra become quite crowded when analyzing larger proteins, 

therefore rendering the initiation for the peak assignment process difficult. The insertion of a 

selective Gaussian pulse to the 2D SLF sequence prior to the subsequent application of the 

SAMPI4 and/or MMHH blocks is expected to significantly facilitate the establishment of the 

initial 15N-15N connectivities. The following discussion focuses on the development of two 

pulse sequences correlating the 15N sites that are close in space by establishing either the 

proximal cross-peaks or the proximal main peaks in the 2D spectra. 

  4.4.2.2. Selective spin-exchanged SAMPI4: correlations through cross-peaks 

 The first sequence consists of implementing the selective Gaussian pulse in-between 

the SAMPI4 and MMHH blocks (Diagram 4.2) which allows for the evolution of all the 1H-

15N amide heteronuclear dipolar couplings (DC) in the indirect dimension before selecting a 

particular 15N spin with the Gaussian pulse. Then, the evolved magnetization is transferred 

from the polarized spin(s) to the coupled 15N spins during the MMHH block. The 15N chemical 

shifts (CS) are recorded in the direct dimension. All 2D resonances will therefore have the 

same DC as the initially selected site(s), while their individual CS’s will be evolved after the 

spin-exchange. This sequence was experimentally implemented using the double phase 

selective Gaussian pulse (Figure 4.4). Three spectra were acquired: a regular SAMPI4, a 

selective SAMPI4 (Diagram 4.5 without the MMHH block) and a selective spin-exchange 

SAMPI4 (Diagram 4.5). The superposition of the selective SAMPI4 and the control SAMPI4 

(Figure 4.4.A) confirms the dual selection in a two-dimensional acquisition previously 

observed in 1D spectra for both peaks: #1 (positive, green peak) and #2 (negative, red peak). 
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Finally, the selective SAMPI4 spin-exchanged spectrum, acquired with a mismatch of 8 kHz 

for 8 ms MMHH contact time, was superimposed with the selective SAMPI4 spectrum (Figure 

4.4.B) and revealed four positive (light-green) and three negative (orange) cross-peaks, 

correlated to peak #1 and peak #2. During the MMHH transfer, the phase of the signal is 

preserved, as given by the “color coded” peaks for an easy readout of the correlations. All 

cross-peaks have the same DC as the 15N sites from which their magnetization originated but 

their own 15N CS. As a result, the selective MMHH spectrum was simplified from the fully 

exchanged MMHH by decreasing the number of cross-peaks from 12 to 5 while discarding all 

peaks and cross-peaks directly related to peaks #3 and #4. Even though less cross-peaks appear, 

the same information is extractable when all 15N sites are coupled together. This process might 

not be very useful when applied to proteins with a small number of 15N sites, such as Pf1, but 

can become a useful tool to overcome spectral crowdedness for larger proteins. Nevertheless, 

limitations might arise when several 15N spins have almost the same CS values.  

1H 

 

15N 

Diagram 4.2. Selective spin-exchanged SAMPI4 pulse sequence revealing correlations between neighboring 

coupled 15N sites as cross-peaks. After charging the 15N bath through cross-polarization, the 1H-15N dipolar 

couplings (DCs) are evolved over the entire span of the 15N spectrum. Then, the selection of a specific 15N 

frequency is done with a - 
𝜋

2
 selective Gaussian pulse while locking (or decoupling) the 1H spins. Finally, the 

remaining magnetization is then transferred to the closest coupled 15N spins though the MMHH block. The 

correlations will appear as cross-peaks having the chemical shift of the directly detected 15N spins and the DC 

of the selected 15N site. 
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Figure 4.4. A. 1D selective 15N spectrum (red) using a 1.2 ms truncated Gaussian at 6% pulse with a maximum 

rf amplitude of 911 Hz with double phase selectivity superimposed with a fully excited spectrum (black) for 

the 0.7 mg NAL crystal. B. 2D SAMPI4 spectrum (blue) superimposed to a selective SAMPI4 spectrum (green 

= + intensity, red = - intensity) using the same Gaussian pulse as for the 1D. C. Selective spin-exchanged 

SAMPI4 (light green: +, orange: -) superimposed with the previous selective SAMPI4 (in B.). Cross-peaks 

are seen with a positive intensity if the magnetization was issued from the positively selected peak #1 while 

they appear negative when the signal originates from the negatively selected peak #2. All the parameters used 

can be found in table 2-B.1. 
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While the fully exchanged MMHH spectra display two cross-peaks per pair of correlated 15N 

spins (for example: residue i to i+1 and i+1 to i), and both of them are used to establish the 

connectivities, this selective sequence only displays one of the two cross-peaks, which could 

create confusion during sequential peak attribution in macromolecules. 

  4.4.2.3. Selective spin-exchanged SAMPI4: correlations through main peaks 

The second pulse sequence (Diagram 4.3) first selects the specific 15N spin before 

transferring magnetization to its coupled 15N spins under MMHH conditions and then evolves 

the dipolar couplings in the indirect dimension before recording the 15N CS. The resulting 

spectrum will display the proximal polarized 15N sites as main peaks in the spectrum. 

NAL crystal. 

Four SLF experiments were acquired on the 18 mg NAL crystal at an arbitrary orientation 

and their resulting spectra are overlapped in Figure 4.5. The fully excited SAMPI4 and spin-

exchanged SAMPI4 (referred as SAMPI4X for more convenience) are shown in Figure 4.5.A 

1H 

 

15N 

Diagram 4.3. Selective spin-exchanged SAMPI4 pulse sequence revealing correlations between 

neighboring coupled 15N sites as main peaks. After polarizing the 15N bath through cross-polarization, a 

specific 15N frequency is isolated with a - 
𝜋

2
 selective Gaussian pulse while locking (or decoupling) the 1H 

spins. Then, the selected spins transfer its magnetization to its closest coupled 15N spins under MMHH. 

Finally, the 1H-15N dipolar couplings (DCs) are evolved for the sole polarized 15N sites. The correlations 

will appear as main peaks having the chemical shifts and DC’s of the spectroscopically edited 15N sites. 
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and display four main peaks for SAMPI4 (red) and 16 peaks for SAMPI4X (gray) from which 

four are the main peaks and 12 are cross-peaks. During the MMHH block, the magnetization 

between the diluted 15N spins is transferred under the mismatched Hartmann-Hahn conditions 

using the proton dipolar bath by applying a rf irradiation on the two channels with a 10 kHz 

mismatch (relative to the Hartmann Hahn match) for a period of 10 ms. Here, the Zeeman order 

of the 15N spins is first transferred to the dipolar order of the 1H spins, and then transferred 

back to the Zeeman order of the neighboring 15N spins, thus resulting in cross-peaks in the 

MMHH spectrum. Polarization can be transferred to as far as 6.7 Å [35], even between 15N 

spins having extremely small homonuclear dipolar couplings. In the MMHH experiment 

(Figure 4.5.A, gray), the cross-peaks appear with the same dipolar coupling as the sites which 

the signal has originated from, but with the chemical shift of the observed final 15N sites. For 

example, the polarization from peak #1 (at ca. 175 ppm) is transferred to the three neighboring 

15N sites, and the cross-peaks all appear with the dipolar coupling of peak #1 (ca. 6.5 kHz) but 

with different chemical shift frequencies corresponding to the three adjacent sites. Since the 

spectrum contains 16 well-resolved peaks (4 main peaks and 12 cross-peaks), the NAL crystal 

can be used as a model system for sequence optimization. The black arrows demonstrate the 

way to “read” and attribute the cross-peaks. For instance, the magnetization originating from 

peak #1 and directly transferred to peak #2 appear as a cross-peak with the DC of peak #1 and 

CS of peak #2. In the same extend, the signal emerging from peak #2 and transferred to peak 

#1 appear this time as a cross-peak with the DC of peak #2 and CS of peak #1. The presence 

of those two specific cross-peaks indicate a strong coupling between peak #1 and peak #2. 

However, spectra often lack resolution and cross-peaks can either overlap with other peaks or 

disappear in the noise if not enough scans or material are used.  
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Figure 4.5 illustrates the method of establishing spatial proximity between the spin sites 

based on transferring the polarization originating from peak #1 to the coupled spins #2, #3 and 

#4 as ‘main peaks’ in the SLF spectrum (albeit with the intensity of the cross peaks). It is 

Figure 4.5. A. SAMPI4 spectrum (red) overlapped to a spin-exchanged SAMPI4 spectrum (grey) for the 

18 mg NAL crystal. The blue arrows show the connection through cross-peaks between peak #1 and peak 

#2. Every four peak is connected to the others and displays four cross-peaks. B. Selective SAMPI4 spectrum 

on peak #1 (red) superimposed to a selective spin-exchanged SAMPI4 (grey) on the crystal. Now, the peaks 

coupled to peak #1 are directly displayed as main peaks. The blue arrow shows the direct connection 

between peak #1 and peak #2. All the parameters of the experiments can be found in table 4-B.2. 
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entirely possible to selectively excite a different peak by moving the carrier frequency for the 

Gaussian pulse to its corresponding frequency and then obtain a selective spin-exchanged 

SAMPI4 spectrum with the magnetization originating from that peak (implemented in Figure 

4.6 for peak #4). The selective SAMPI4 spectrum (red) shows complete selectivity for peak #4 

while the selective MMHH spectrum (gray) displays the cross-peaks appearing now as peak 

#1, #2 and #3. However, since all the four 15N sites of the NAL crystal are coupled to each 

other, the selectively-evolved spin-exchanged SAMPI4 spectra are all expected to be similar 

in appearance (except for the relative intensities of the “main” vs “cross” peaks). 

 

 

Figure 4.6. Selective SAMPI4 spectrum on peak #4 (red) overlapped to a selective spin-exchanged 

SAMPI4 spectrum (grey) for the 18 mg NAL crystal. The SAMPI4 spectrum was acquired with 2 scans 

while the spin-exchange spectrum used 32 scans. Both experiments were done with 64 t1 points, a 3.3 

ms Gaussian pulse at 1,021 Hz maximum, and the 15N carrier frequency moved at 50.6983943 MHz. 
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Pf1 in bicelles. 

Proteins and macromolecules obviously have many more 15N sites involved, thus 

potentially creating very crowded spin-exchanged spectra. For example, Pf1 coat protein 

exhibits 20 well-resolved 15N resonances for its transmembrane domain in the 2D SLF (non-

exchanged) SAMPI4 spectrum, which could result to up to 60 peaks in the spin-exchange 

SAMPI44X spectrum (20 main and 40 cross-peaks), taking into consideration only the i to i±1 

spin exchange. For example, the cross-peaks arising from the magnetization transfer from G37 

to A36 are expected to be in the spectral region around 95 ppm and 2.7 kHz. Yet, a clustering 

of the main peaks with cross-peaks create a resolution problem (cf. Figure 1.6, bottom). The 

same phenomenon arises for the cross-peaks between S41 to M42 and S41 to Y40, in the region 

at 90-95 ppm and 3.3 kHz. In addition, it is sometimes possible to confuse weaker cross-peaks 

with noise, which could lead to erroneous peak attribution and therefore, subsequently 

incorrect structure determination. 

The residue on the far right, G37, at 64 ppm is distant from the rest of the rather crowded 

spectral area and is, therefore, a good candidate to start the assignment process. We have used 

the doubly selective pulse sequence in order to obtain a positive phase on the selectively 

excited G37 peak and a negative phase on the closest peak to it, S41, while eliminating all 

other 15N magnetization (Figure 4.7.A). As has been already demonstrated previously [40], the 

excitation profile of a Gaussian pulse after the Fourier transform has a sinc shape with 

alternating positive and negative intensity. It is possible to attenuate those oscillations by 

truncating the Gaussian pulse. Here, we chose again a 6% truncation level to achieve additional 

phase contrast in selectivity. The intensity of G37 is not entirely conserved by the selective 

pulse, with a loss of up to 25%. The relatively short T1ρ relaxation time for the 15N spins (4.3 
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ms) [24] can also explain a decrease in intensity due to the dephasing during the long soft pulse 

of 1.5 ms.  

The addition of the MMHH block allows to transfer the magnetization from the 

polarized 15N spins (G37, having positive intensity and S41, having negative intensity) to their 

strongest coupled 15N spins (V35/A36/L38 from G37 and Y40/M42 from S41) (Figure 4.7.B), 

by using the rf mismatch of 5 kHz and 6 ms exchange time. Because the dipolar couplings are 

being evolved after the MMHH transfer, the resulting spectrum contains the cross-peaks that 

are located at the positions of the main peaks. This leads to a much simpler spectrum and also 

alleviates assignment problems arising in the crowded fully excited spectrum. Moreover, the 

‘main peaks’ conserve the phase of the originating signal, providing additional editing features. 

Indeed, the nearest-neighbor peaks with a positive phase (blue) originate from G37 and the 

negative phased ones (red) arise from S41. This facilitates interpretation of cross-connectivities 

between the spectral peaks. 
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Figure 4.7. A. Double-phased selective SAMPI4 (blue: positive intensity, red: negative intensity) of Pf1 in 

oriented bicelles acquired on a 900 MHz spectrometer. A 1D horizontal slice at the dipolar coupling of Gly-37 

shows the level of noise displayed in the 2D spectrum. A 1.5 ms Gaussian pulse at a maximum amplitude of 680 

Hz was utilized. 32 scans and 96 t1 points were used. B. Selective spin-exchanged SAMPI4 spectrum showing 

magnetization transfer from the Gly-37 (+) and Ser-41 (-) to their closest coupled neighbors. 2048 scans and 38 t1 

points were used. The carrier frequency was placed at 90.768842 MHz, on G37. The fully excited SAMPI4 

spectrum (grey) is overlapped with 16 scans, 96 t1 points and the carrier frequency at 90.77324 MHz. 
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4.5. CONCLUSIONS 

The selective SLF pulse sequences introduced in this Chapter were simulated and 

experimentally implemented on the static NAL crystal and dynamic Pf1 in bicelles. Variation 

in the Gaussian pulse parameters can either select a single frequency or create a double 

selectivity which can be obtained by changing the pulse length, amplitude and/or truncation 

level. We have demonstrated spectral editing features of these sequences on NAL single crystal 

as a model system. In addition, we have successfully implemented them in order to establish 

nearest-neighbor spin correlations in a biological sample of Pf1 reconstituted in magnetically 

aligned bicelles with the purpose of initiating the assignment process starting from selectively 

excited seed residue(s). These sequences pave way towards simplifying two-dimensional 

NMR spectra of more complex proteins when acquisition of their 3D spectra is not practical 

due to sensitivity restrictions. 
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APPENDIX 4-A 

Location of the NMR data. 

All of the experimental data are located either on the computer of the 500 MHz spectrometer 

in the folder C:/Bruker/TOPSPIN/data/nmrsu/nmr/ or on the Mac computer of the office 631 

in the folder C:/Desktop/Bruker900.  

Figure 4.2: Single and double selectivity for the NAL crystal on peak #1 

 B. /NAL5/: #85 and #532 / D. /NAL5/: #85 and #530  

Figure 4.3: Single selectivity for NAL on peak #1 or peak #4 and double selectivity for Pf1 in 

 bicelles on peak G37 (+) and S41 (-) 

 A. /NAL_18mg/: #7, #305-3 and #502 

 B. /REP_CP_selective_radical/: #408 and #625 

Figure 4.4: Selective 2D SLF with correlations through cross-peaks on NAL 

 A. /NAL5/: #901 and #526 / B. /NAL5/: #155 and #153 / C. /NAL5/: #153 and #157 

Figure 4.5: Selective 2D SLF with correlations through main peaks on NAL from peak #1 

 A. /NAL_18mg/: #107 and #124 / B. /NAL_18mg/: #145 and #148  

Figure 4.6: Selective 2D SLF with correlations through main peaks on NAL from peak #4 

 /NAL_18mg/: #153 and #154 

Figure 4.7: Selective 2D SLF with correlations through main peaks on Pf1 in bicelles 

 A. /Bruker900/ncsu02/: #102 / B. /Bruker900/ncsu02/: #100 and #103 
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APPENDIX 4-B 

Parameters for the NMR experiments. 
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Table 4-B.1. Experimental parameters for the selective excitation spectra acquired on the 0.7 mg NAL crystal on the 500 MHz spectrometer. 

 Experiments #85 #153 #155 #157 #526 #530 #532 #901 

 Notebook page NB2P10 NB2P9 NB2P9 NB2P9 NB2P8 NB2P10 NB2P10 NB2P8 
G

en
er

a
l 

p
a

ra
m

et
er

s 

90°(μs) / B1 field (kHz) 4.35 / 57.5 4.4 / 56.8 4.4 / 56.8 4.4 / 56.8 4.4 / 56.8 4.35 / 57.5 4.35 / 57.5 4.4 / 56.8 

Powers 1H / 15N (W) 156.8/190 156.8/180.5 156.8/180.5 156.8/180.5 156.8/180.5 156.8/190 156.8/190 156.8/180.5 

# scans 32 32 32 512 32 32 32 32 

# t1 pts - 64 64 128 - - - - 

Recycle delay (s) 6 6 6 6 6 6 6 6 

Acquisition time (ms) 10 10 10 10 10 10 10 10 

SFO2 1H (MHz) 500.276 500.278 500.278 500.278 500.278 500.276 500.276 500.278 

R
E

P
-C

P
 

b
lo

ck
 CP contact time (μs) 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

# CP contacts 1 1 1 1 1 1 1 1 

z-filter (s) - - - - - - - - 

M
M

H
H

 

b
lo

ck
 

1H / 15N B1 field (kHz) - - - 62.5 / 56.8 - - - - 

Powers 1H / 15N (W) - - - 189.8/180.5 - - - - 

Length (ms) - - - 5 - - - - 

Mismatch (kHz) - - - + 5.7 - - - - 

S
el

ec
ti

v
e 

p
u

ls
e
 Gaussian truncation (%) - 25 - 25 25 6 6 - 

Contact time (ms) - 1,950 - 1,950 1,950 1,200 2,100 - 

Maximal amplitude (Hz) - 1,303 - 1,303 1,303 911 645 - 

Power on 15N (mW) - 94.94 - 94.94 95 47.7 23.9 - 

SFO1 15N (MHz) 50.7021118 50.7021116 50.699 50.7021116 50.7021116 50.7021118 50.7021118 50.7021116 
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Table 4-B.2. Experimental parameters for the selective excitation spectra acquired on the 18 mg NAL crystal on the 500 MHz spectrometer. 

 Experiments #7 #107 #124 #145 #148 #153 #154 #305-3 #502 

 Notebook page NB2P49 NB2P51 NB2P52 NB2P53 NB2P54 NB3P13 NB3P13 NB3P11 NB2P50 
G

en
er

a
l 

p
a

ra
m

et
er

s 

90°(μs) / B1 field (kHz) 4.45 / 56.2 4.45 / 56.2 4.45 / 56.2 4.45 / 56.2 4.45 / 56.2 5 / 50 5 / 50 5 / 50 4.45 / 56.2 

Powers 1H / 15N (W) 156.8/181.4 156.8/181.4 156.8/181.4 156.8/181.4 156.8/181.4 156.8/114.5 156.8/114.5 156.8/114.5 156.8/181.4 

# scans 2 2 8 8 32 2 32 32 2 

# t1 pts - 128 128 64 64 64 64 - - 

Recycle delay (s) 6 6 6 6 6 6 6 6 6 

Acquisition time (ms) 10 10 10 10 10 10 10 10 10 

SFO2 1H (MHz) 500.2775 500.2775 500.2775 500.274 500.274 500.2755 500.2755 500.2755 500.2775 

R
E

P
-C

P
 

b
lo

ck
 CP contact time (μs) 1,000 1,000 1,000 1,000 1,000 60 60 60 1,000 

# CP contacts 1 1 1 1 1 7 7 7 1 

z-filter (s) - - - - - 0.5 0.5 0.5 - 

M
M

H
H

 

b
lo

ck
 

1H / 15N B1 field (kHz) - - 56.2 / 47.8 - 56.2 / 46.7 - 56.2 / 40 - - 

Powers 1H / 15N (W) - - 156.8/131.4 - 156.8/125.5 - 156.8/73.24 - - 

Length (ms) - - 8,000 - 10,000 - 10,000 - - 

Mismatch (kHz) - - -8.4 - - 9.5 - -10 - - 

S
el

ec
ti

v
e 

p
u

ls
e
 Gaussian truncation (%) - - - 6 6 6 6 6 6 

Contact time (ms) - - - 1,600 1,600 3,300 3,300 3,300 1,600 

Maximal amplitude (Hz) - - - 911 911 1,021 1,021 1,021 911 

Power on 15N (mW) - - - 47.7 47.7 47.7 47.7 47.7 47.7 

SFO1 15N (MHz) 50.702187 50.699 50.699 50.702187 50.702187 50.6983943 50.6983943 50.6983943 50.702187 
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Table 4-B.3. Experimental parameters for the selective excitation spectra acquired on Pf1 in oriented bicelles on the 500 MHz and 900 MHz spectrometers. 

 Folder REP_CP_selective_radical Pf1_bicelles4 Bruker900/ncsu02 

 Experiments #408 #625 - - #100 #102 #103 

 Notebook page NB3P54 NB3P54 - - - - - 

G
en

er
a

l 
p

a
ra

m
et

er
s 

90°(μs) / B1 field (kHz) 5.1 / 49 5.1 / 49 - - 4.9 / 51 4.9 / 51 4.9 / 51 

Powers 1H / 15N (W) 156.8/119.9 156.8/119.9 - - 180 / 251.2 180 / 251.2 180 / 251.2 

# scans 4096 4096 - - 16 32 2048 

# t1 pts - - - - 96 96 38 

Recycle delay (s) 3 3 - - 5 5 5 

Acquisition time (ms) 10 10 - - 10 10 10 

SFO2 1H (MHz) 500.279 500.279 - - 895.73508 895.73508 895.73508 

R
E

P
-C

P
 

b
lo

ck
 CP contact time (μs) 120 120 - - 120 120 120 

# CP contacts 5 5 - - 6 6 6 

z-filter (s) 0.15 0.15 - - 0.15 0.15 0.15 

M
M

H
H

 

b
lo

ck
 

1H / 15N B1 field (kHz) - - - - - - 26 / 20 

Powers 1H / 15N (W) - - - - - - 47 / 38.6 

Length (ms) - - - - - - 6,000 

Mismatch (kHz) - - - - - - - 6 

S
el

ec
ti

v
e 

p
u

ls
e
 Gaussian truncation (%) - 6 - - - 6 6 

Contact time (ms) - 3.2 - - - 1.5 1.5 

Maximal amplitude (Hz) - 692 - - - 680 680 

Power on 15N (mW) - 23.92 - - - 44.668 44.668 

SFO1 15N (MHz) 50.699 50.699 - - 90.77324 90.768843 768842 
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APPENDIX 4-C 

Pulse programs in TOPSPIN 2.0. 

The following codes for the various pulse sequences introduced in this Chapter were written 

using the Topspin software and can be found on the computer of the 500 MHz Bruker 

spectrometer, under the folder C:/Bruker/TOPSPIN/exp/stan/nmr/lists/pp/. The codes shown 

here were cut to display only the relevant parts which are the programing of the pulse sequences 

as well as the phases used. For the full versions, see folder. The program names are in italic. 

Selective 1D sequence: Selective_noMMHH_sammyv2 

1 ze  

  t1incr 

 

2 d1 do:f2 

  10u pl1:f1 pl2:f2 

  1m rpp4 

  1m rpp5 

  1m rpp6 

  1m rpp7  

 

  (p5 ph1 fq=cnst0):f2 

; REP-CP 

3 (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

 

4 (p3 ph8):f1 (p3 ph9):f2 

  (d3 p5 ph10):f1 (d3 p5 ph1):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

lo to 4 times l22 

 

; Gaussian pulse + x-lock on 1H 

5 (p20:spf0 pl20 ph8):f1 (p20 ph2):f2 

 

; z-filter 

6 (p5 ph9):f2  

  d6 

  (p5 pl1 ph10):f1 

 

; SAMPI4 

  1u pl1:f1 pl2:f2 

8 (p16 ph4):f1 (p16 ph4):f2 

  (p17*0.5 ph4):f1 (p3 ph6 ipp6 ipp4):f2  

  (p17*0.5 ph5):f1 (d4 p3 ph7 ipp7):f2  

  (p16 ph5):f1 (p16 ph5 ipp5):f2  

lo to 8 times l20 

 

; Acquisition 

9 0.3u fq=cnst0:f2 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

  lo to 2 times td1 

exit 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

 

ph4=0 2 

ph5=2 0 ; irradiation phases for the third part of the 

magic sandwich 

ph6=1 3 ; phases for the first +-90Y pulse on the high 

side 

ph7=3 1 

 

ph8=3 

ph9=3 1 

ph10=1 
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Selective SAMPI4 sequence:  Selective_noMMHH_sammyv3 

1 ze  

  t1incr 

 

; Set up 

2 d1 do:f2 

  10u pl1:f1 pl2:f2 

  1m rpp4 

  1m rpp5 

  1m rpp6 

  1m rpp7  

 

  (p5 ph1 fq=cnst0):f2 

  

; REP-CP 

3 (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

 

4 (p3 ph8):f1 (p3 ph9):f2 

  (d3 p5 ph10):f1 (d3 p5 ph1):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

lo to 4 times l22 

 

; Gaussian pulse + decoupling on 1H 

1u cpds2:f2 

5 (p20:spf0 pl20 ph8):f1 

1u do:f2 

 

; z-filter 

6 (p5 ph9):f2  

  d6 

  (p5 pl1 ph10):f1 

 

; SAMPI4 

  1u pl1:f1 pl2:f2 

8 (p16 ph4):f1 (p16 ph4):f2 

  (p17*0.5 ph4):f1 (p3 ph6 ipp6 ipp4):f2  

  (p17*0.5 ph5):f1 (d4 p3 ph7 ipp7):f2  

  (p16 ph5):f1 (p16 ph5 ipp5):f2  

lo to 8 times l20 

(continued) 

 

 

; Acquisition 

9 0.3u fq=cnst0:f2 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

 

ph4=0 2 

ph5=2 0 ; irradiation phases for the third part 

of the magic sandwich 

ph6=1 3 ; phases for the first +-90Y pulse on 

the high side 

ph7=3 1 

 

ph8=3 

ph9=3 1 

ph10=1 
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Selective spin-exchanged SAMPI4 with correlations appearing as cross-peaks 

selective_sammyv2_MMHH_test2 

1 ze  

  t1incr 

;  d1 do:f2 

2 d1 do:f2 

  10u pl1:f1 pl2:f2 

  1m rpp4 

  1m rpp5 

  1m rpp6 

  1m rpp7  

 

  (p5 ph1 fq=cnst0):f2 

 

  (p15*0.33 ph2):f1 (p15*0.33 ph3 

fq=cnst1):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

 

; Magic Sandwich starts here 

4 (p16 ph4):f1 (p16 ph4):f2 

  (p17*0.5 ph4):f1 (p3 ph6 ipp6 ipp4):f2  

  (p17*0.5 ph5):f1 (d4 p3 ph7 ipp7):f2  

  (p16 ph5):f1 (p16 ph5 ipp5):f2  

lo to 4 times l20 

 

;Gaussian pulse 

  (p20:spf0 pl20 ph8):f1 (p20 ph2):f2 

 

;z-filter 

  (p5 ph9):f2  

  d6 

  (p5 pl1 ph10):f1 

 

 

; MMHH - TSAR 

  1u pl11:f1 pl14:f2 

  (p18 ph2):f1 (p18 ph2):f2 

 

 

0.3u fq=cnst0:f2 

; detection 

  1u cpds2:f2 

(continued)  

 

 

 ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

ph8=3 

ph10=1 

 

ph4=0 2 

ph5=2 0 ; irradiation phases for the third part 

of the magic sandwich 

ph6=1 3 ; phases for the first +-90Y pulse on 

the high side 

ph7=3 1 

ph9=3 1 
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Selective spin-exchanged SAMPI4 with correlations appearing as ‘main’ peaks 

Selective_MMHH_sammyv3 

1 ze  

  t1incr 

 

; Set up 

2 d1 do:f2 

  10u pl1:f1 pl2:f2 

  1m rpp4 

  1m rpp5 

  1m rpp6 

  1m rpp7  

 

  (p5 ph1 fq=cnst0):f2 

  

; REP-CP 

3 (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

 

4 (p3 ph8):f1 (p3 ph9):f2 

  (d3 p5 ph10):f1 (d3 p5 ph1):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  

  (p15*0.33 ph2):f1 (p15*0.33 ph3):f2 

  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2 

lo to 4 times l22 

 

; Gaussian pulse + x-lock on 1H 

;5 (p20:spf0 pl20 ph8):f1 (p20 ph2):f2 

1u cpds2:f2 

5 (p20:spf0 pl20 ph8):f1 

1u do:f2 

 

; z-filter 

6 (p5 ph9):f2  

  d6 

  (p5 pl1 ph10):f1 

 

; MMHH 

7 1u pl11:f1 pl14:f2 

  (p18 ph2):f1 (p18 ph2):f2 

 

(continued) 

 

; SAMPI4 

  1u pl1:f1 pl2:f2 

8 (p16 ph4):f1 (p16 ph4):f2 

  (p17*0.5 ph4):f1 (p3 ph6 ipp6 ipp4):f2  

  (p17*0.5 ph5):f1 (d4 p3 ph7 ipp7):f2  

  (p16 ph5):f1 (p16 ph5 ipp5):f2  

lo to 8 times l20 

 

; Acquisition 

9 0.3u fq=cnst0:f2 

  1u cpds2:f2 

  ACQ_START(ph30,ph31) 

aq DWELL_GEN 

1m do:f2 

rcyc=2  

  1m do:f2 

  100m wr #0 if #0 iu20 zd 

   

  lo to 2 times td1 

exit 

 

 

ph1=1 3 

ph30=0 

ph31=1 3 

 

ph2=0 

ph3=2 

 

ph4=0 2 

ph5=2 0 ; irradiation phases for the third part 

of the magic sandwich 

ph6=1 3 ; phases for the first +-90Y pulse on 

the high side 

ph7=3 1 

ph8=3 

ph9=3 1 

ph10=1 

 



 

157 

 

APPENDIX 4-D 

MATLAB codes for spin dynamic simulations. 

Figure 4.2: Script for quantum simulations of the excitation profile for a 6% truncated 

Gaussian pulse  

 
clear all  
close all 

  
tic 
clc 

  
for MT= 1:3600 % ppm+1 

  
w1S_hard=2*pi*50e3;  %Would be Hard Pulse 
t90=pi/2/w1S_hard;      %t90 of Hard Pulse 
W0=50e6; %15N carrier frequency 

  
gammaH=2.675e8; 
gammaN=-2.718e7; 
hbar=1.055e-34; 

  
gamma(1)=gammaN; 
%gamma(2)=gammaN; 
%gamma(3)=gammaN; 
%gamma(4)=gammaN; 
%gamma(5)=gammaN; 

  
for pz=1:1 
%the 4th (3rd proton) spin is the closest 
sgm(1)=2*pi*W0*1e-6*((MT-1)*0.05); % 30 ppm spread 
%sgm(2)=2*pi*W0*1e-6*(2); 
%sgm(3)=2*pi*W0*1e-6*(5); 
%sgm(4)=2*pi*W0*1e-6*(10); 
%sgm(5)=2*pi*W0*1e-6*(20); 
%sgm(6)=2*pi*W0*1e-6*(22); 
%sgm(7)=2*pi*W0*1e-6*(30); 

  
N=1; 

  
%SETTING UP AND CALCULATION OF THE INTERACTION MATRICES 
i=sqrt(-1); 
Iz=sparse(1/2*diag([1,-1])); Ip=sparse([0,1;0,0]); Im=Ip'; 

Iy=sparse(1/2/i*[0,1;-1,0]); Ix=sparse(1/2*[0,1;1,0]); 
diag1=diag([1,0,0,-1]); 

  
P=[1,0,0,0;0,0,1,0;0,1,0,0;0,0,0,1]; 

  
Iyk=kron(Iy, speye(2^(N-1))); 
Ixk=kron(Ix, speye(2^(N-1))); 
Izk=kron(Iz, speye(2^(N-1))); 
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Hsgm=spalloc(2^N, 2^N, 2^N); 

  
Ixtot=spalloc(2^N, 2^N, 2^N); 
Iytot=spalloc(2^N, 2^N, 2^N); 
Iztot=spalloc(2^N, 2^N, 2^N); 

  
Sx=spalloc(2^N, 2^N, 2^N); 
Sy=spalloc(2^N, 2^N, 2^N); 
Sz=spalloc(2^N, 2^N, 2^N); 

  
%setting up many-body spin operators  
    for k=1:N   

         
        if abs(gamma(k)-gamma(1))>1e-5 
        Ixtot=Ixtot+Ixk; 
        Iytot=Iytot+Iyk; 
        Iztot=Iztot+Izk; 

         
        else 

             
        Sx=Sx+Ixk; 
        Sy=Sy+Iyk; 
        Sz=Sz+Izk; 
        end 

         
        Hsgm=Hsgm+sgm(k)*Izk; 

         
        if k<N 
        Pjk=kron(speye(2^(k-1)), kron(P, speye(2^(N-k-1)))); 
        Iyk=Pjk*Iyk*Pjk;   
        Ixk=Pjk*Ixk*Pjk; 
        Izk=Pjk*Izk*Pjk; 
        end 
    end 

  
            Sx1=kron(Ix, speye(2^(N-1))); 

             
            Sz1=kron(Iz, speye(2^(N-1))); 

 
%normalized initial density matrix 

  
%rho0=(Sz1+Sz2+Sz3+Sz4+Sz5+Sz6+Sz7+Sz8)/2^(N-2); 
rho0=Sz1/2^(N-2); 

  
area=w1S_hard/pi/2*t90;             %for simulation purposes is always 1 
area=1.5; 
%maxB1=2*pi*59.8; %set maximum intensity of B1 
maxB1=2*pi*911/3; 
%sigma=area/sqrt(2*pi)/maxB1;        %calculate sigma of a guassian with 

the same area as the hard pulse 
width=4;                            % a value of 4--> 6.25% a value of 5--

> 1.3%a value of 6--> .2% 
%tpulse=width*sqrt(2*log(2))*sigma;  %duration based on twice the full 

width at half maximum FWHM=2*sqrt(2*ln(2)) 
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tpulse = 1200e-6; % (us) 
sigma = tpulse / (width*sqrt(2*log(2))); 
%steps=tpulse/tstep;                 %calculate max number of steps with 

given time resolution 
steps=500;                         %set number of steps 
tstep=tpulse/steps;                %duration of each pulse step for a 

given 
%number of steps 
tmid=tpulse/2;                      %set position of the average intensity 

  
for tco=1:steps 
    t=tco*tstep; 
    w1S=maxB1*gaussmf(t+.5*tstep, [sigma tmid);  %gaussmf(variable, 

[variance mean])  
    H=Hsgm+w1S*Sy;  
    [V,D]=eig(full(H)); 
    clear H 
    exDtot1=V*diag(exp(-i*full(diag(D))*tstep))*V'; 
    clear V D 
    exDtot1_i=exDtot1'; 
    rho0=exDtot1*rho0*exDtot1_i; 

  
    [MT tco] 
end 

  
%tpulse 
%steps 
           X1(1,1)=trace(Sx1*rho0);        

            
           Z1(1,1)=trace(Sz1*rho0);          
end 

  
           X1v(1,MT)=real(X1(:,1))*100; 

            
           Z1v(1,MT)=real(Z1(:,1))*100; 

            
clear Hsgm Hjk Hjk3 Pjk Sx Sy Sz Iytot Iztot 
clearvars -except  X1v X2v X3v X4v X5v X6v X7v X8v Z1v Z2v Z3v Z4v Z5v Z6v 

Z7v Z8v MMHH MT nRob toc 
end 

  
M=linspace(0,160,3600); 
plot(M,X1v) 
hold on 
plot(-M,X1v) 
plot(M,0) 
plot(-M,0) 

  
toc 
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CHAPTER V 

SUMMARY AND PERSPECTIVES 

 

5.1. SUMMARY OF THE PRESENT RESEARCH 

 Membrane proteins (MPs), including membrane receptors and transport channels, are 

essential components of cell metabolism and signaling as well as cell-cell and cell-ligand 

interactions. Nowadays, over 50% of all pharmaceuticals are targeting MPs but only a few 

hundreds of those proteins have fully characterized 3D structures. Solid-state NMR on MPs 

embedded in magnetically oriented lipid bilayers has emerged as a powerful tool for structural 

and dynamic research on MPs. However, the lack of sensitivity for the detected low-gamma 

spins as well as spectral crowding poses several challenges for this analytical technique and its 

further development. In this present work, the issues of sensitivity, long multidimensional 

acquisition time, and spectral crowdedness have been addressed.  

 The second Chapter introduced the repetitive cross-polarization sequence and its 

application at lower rf B1 amplitudes to MPs in oriented lipid bilayers. Indeed, the use of high 

rf powers can reduce the efficiency of polarization transfer between the high- and low-gamma 

spins as well as degrade the sample over time by heat deposition. It has been demonstrated that 

the transfer of polarization is 60% more efficient at lower rf powers of ca. 19 kHz using a 

repetition of short CP-MOIST contacts instead of the conventional longer single-contact CP.  

 The combination of the low-power REP-CP sequence with the Paramagnetic 

Relaxation Enhancement by adding a free radical into the bicelle samples was studied in the 

third Chapter. Both perpendicular and parallel magnetically aligned lipid bilayers have been 

studied. More than a six-fold decrease in the recycle delay by adding a 2% molar ratio of 5-
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DOXYL stearic acid to lipids, combined with the 60% enhancement using lower rf powers 

during the cross-polarization phenomenon, led to an impressive three-fold signal enhancement 

for the bicelles at the perpendicular orientation with respect to the external magnetic field. In 

addition a substantial 160% signal enhancement was obtained at the parallel orientation. The 

results on the latter system are new since we report for the first time i) advantage of the REP-

CP sequence at 50 kHz over the CP-MOIST sequence, ii) an even greater enhancement using 

the REP-CP sequence at 35 kHz over 50 kHz, and iii) signal gain per unit time using the PRE 

effect in combination with the low-power REP-CP. 

 The fourth Chapter introduced a new type of 2D Separated Local Field experiments by 

rearranging the blocks within the pulse sequence and obtaining cross-peaks between the 

nearest-neighbors evolved as “main peaks”. Specifically, a small spectral window of 

frequencies was first selected and then the polarization was transferred to the coupled spins. 

The resulting correlations appear as main peaks instead of numerous cross-peaks which could 

lead to erroneous peak attribution.  

 This Dissertation, therefore, was primarily focused on methodology development via 

i) improving pulse sequences at lower rf fields, ii) using radical species to affect the protein 

spin relaxation, and iii) developing new sequences by adding selective pulses to enable 

spectroscopic editing. 
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5.2. IMPLICATIONS FOR FUTURE WORK 

 The substantial gain in sensitivity when using low-power sequences and free radicals 

in the sample could lead to new insights for membrane protein structure determination by solid-

state NMR. Quantities of MPs up to ten times smaller than before could be analyzed within 

the same experimental time. As was demonstrated, the 3-fold gain in sensitivity has led to the 

acquisition of 9 times less scans yielding the same signal intensity. For instance, a 1D 

experiment normally acquired for 14 minutes (e.g. a REP-CP with 128 scans at 6 sec recycle 

delay) would now only take about 1 minute and a half. Needless to say, the implications for 

acquiring multidimensional experiments could be tremendous, which could open a way for 

detecting three and even four spectral dimensions in the near future.  

 Such a gain in sensitivity has led to improved results and new insights for spin-

exchange sequences such as SAMPI4X, PDSD or NN spin-exchange under mismatched 

Hartmann-Hahn conditions. For instance, recent spin dynamics simulations have shown 

promising results for a repetitive mismatch scheme (by analogy with REP-CP), thereby 

enhancing cross-peaks intensity. A new sequence (currently under development) consisting of 

a constant irradiation of the 1H spins with a 10% mismatch and a repetition of short phase-

switched MMHH contacts (up to 100) during a few milliseconds has shown promising results 

leading to cross-peaks that are twice as intense as in the current spin-exchange experiments. 

 While the previous ideas have been developed on a simpler Pf1 coat protein in bicelles, 

the ultimate goal of OS ssNMR would be to analyze much larger proteins for which their 

dynamics and structures are yet to be determined. Those large proteins include, for instance, 

G-protein coupled receptors, proteorhodopsin family, and the acetocholine receptor of M2. 

  


