
ABSTRACT 

KNOX, ROBERT WADE. Proton-Mediated Magnetization Transfer in Solid-State 
NMR of Oriented Membrane Proteins: Quantum Mechanical Studies and 
Applications to Spectroscopic Assignment and Distance Measurements. (Under the 
direction of Professor Alexander A. Nevzorov). 

Sequence-specific assignment of NMR spectra of oriented biological 

macromolecules is the most essential step towards their structure determination. 

Spin diffusion methods can be used to facilitate the assignment process using the 

backbone walk between the adjacent spin sites. Proton-mediated transfer under 

mismatched Hartmann-Hahn (MMHH) conditions drives rapid spin diffusion, thereby 

speeding up the build up of NMR cross peaks in comparison with the widely used 

Proton Driven Spin Diffusion. Optimal experimental conditions can be established for 

short-range (i, i+1) correlations along the backbone, and long-range correlations can 

be filtered out using larger mismatch amplitudes. A strategy is presented for 

sequence-specific resonance assignment of oriented membrane proteins using Pf1 

bacteriophage as an example. Various 2D NMR experiments have been performed 

that correlate 1H-15N dipolar couplings with 15N chemical shift anisotropy, and spin-

exchanged versions of these experiments have been used in combination with 15N-

15N correlation spectra for assignment. A single, uniformly labeled sample can be 

used for assignment; however under some circumstances a selectively labeled 

sample may be needed to initiate the assignment process. Experimental behavior of 

the MMHH exchange can be accurately predicted and optimum mismatch conditions 

can be established through many-body spin dynamics simulations. Asymmetry of the 

bi-directional spin exchange has been explained by dipolar truncation effects and 



reproduced in the simulations by considering spin systems with competitive 

magnetization transfer pathways. Many-body spin simulations have been further 

employed for the in-depth theoretical studies of the MMHH mechanism. Mismatched 

Hartmann-Hahn conditions serve to decouple all but the strongest heteronuclear 

dipolar couplings belonging to the amide 15N and its associated amide proton, 1H. 

These predominant heteronuclear couplings act as a tether between the dilute spin 

reservoir and the proton bath. Relatively large homonuclear dipolar couplings drive 

the exchange throughout the system according to an average pathway, which is well 

correlated with the 15N-15N dipolar couplings, despite the magnitude of these 

couplings being too small to directly provide the magnetization transfer. Thus, the 

transfer efficiency of MMHH can be correlated to structural constraints in the form of 

15N-15N distances. Moreover, the distance binning can be performed with fewer 

MMHH experiments than PDSD. These types of correlations are potentially 

applicable to the study of more complex systems such as oligomeric states of 

membrane proteins. Many body spin simulations are shown to correlate the transfer 

amplitudes to interhelical contacts and distances up to 8 Angstroms. These types of 

cross-corelations have been difficult or impossible to achieve in the past due to the 

prohibitively long mixing times inherent to PDSD. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Method overview and system of interest 

 

The study of biological macromolecules is of principle interest to modern science.  

One of the primary roadblocks to analyzing the functions of these complex systems 

is determination of their three-dimensional structures. Several powerful techniques 

have been developed over past decades for the purpose of determining the 

structures and dynamics of proteins, DNA, and RNA (Arora and Tamm 2001).   

X-ray crystallography (XRC) has contributed more than 78,900 structures to the 

Protein Databank (www.pdb.org) as of the time of this writing and is capable of 

achieving high resolution for crystallized proteins (Arora and Tamm 2001). However, 

while being the leader in macromolecular structure determination, XRC suffers from 

a few limitations. Proteins generally serve a non-static purpose in biology and, are 

therefore inherently non-static when functionally relevant. In XRC, dynamic regions 

may experience one of the two possibilities: they would either enter an energetically 

favorable conformation at the instant of nucleation, or the regions would become 

blurred with atoms being trapped in the possible locations within the range of 

dynamics. Under biological conditions, different areas of a protein of interest may 

experience a number of environments even for a single species. Therefore, no given 

individual medium may allow the protein to take on its entire, fully relevant 
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conformation and the solved diffractions may not truly represent a functional 

structure (Ostermeier and Michel 1997; Byrne and Iwata 2002). Membrane proteins 

are an excellent example of this type of complex structures, which are problematic to 

study with x-rays because they inherently have a property gradient across their 

backbone from their hydrophobic to hydrophilic regions (Caffrey 2003). 

 

 
Figure 1.1:  Representative cartoons of structures and assemblies discussed in the 
text. A) Slice of a membrane bilayer depicting protein insertion, function and 
interaction with other important membrane species such as carbohydrates. Cartoon 
credit to Wolfe S.L., Molecular and Cellular Biology, Wadsworth Publishing 
Company, 1993.  B) Cartoon representation of bilayers, micelles and liposomes, 
credit to Mariana Ruiz Villarreal (http://en.wikipedia.org/wiki/Micelle). 



 

3 

Membrane proteins represent one of the three general classes of proteins: fibrous, 

globular and membrane proteins. They serve a variety of cellular functions such as 

(Almen et al. 2009): 1) act as a receptor interfacing extra-cellular and intra-cellular 

environments dictating cellular response to stimuli, 2) provide selective ion and 

molecular transport across the membrane, 3) mediate inter-cellular recognition and 

interaction. In terms of their principle importance to society, membrane proteins also 

represent the targets of an estimated half of all pharmaceuticals (Overington et al. 

2006) and approximately one quarter (20-30%) of the human genome is responsible 

for the encoding of membrane proteins (Krogh et al. 2001; Hopkins and Groom 

2009). 

Numerous modern crystallization techniques utilizing micelles and detergents have 

made studies of membrane proteins possible with XRC. However, their applicability 

has been limited, and relatively few structures have been solved using these 

methods in more than a decade of research (Caffrey 2003). Solution-state NMR has 

also proven to be useful in the study of membrane proteins. Large, spherical 

assemblies such as micelles and liposomes can tumble rapidly in aqueous solutions 

if the complex is sufficiently small to achieve a correlation time fast enough to 

average out the dipolar and quadrupolar interactions within the protein inserted into 

the micelle or liposome (Watts and Spooner 1991). Liposomal constructs having the 

appropriate hydrocarbon length for protein insertion tend to be too large to achieve 

appropriate correlation times for solution NMR, and consequently, micelles are more 

typically used. Micelles still suffer from improper curvature relative to the native lipid 
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structures and bicelle constructs (Lindberg 2003; Barany-Wallje et al. 2004) and 

many membrane proteins may require a bilayer environment in order to adopt their 

true native conformation (Sanders and Landis 1995; Chou et al. 2002). Bilayer 

constructs (bicelles) are much too large in order to tumble in solution-state NMR 

experiments; however, their geometry is appropriate for alignment in a magnetic field 

(large elongated structure). Therefore, membrane proteins may be inserted and 

aligned using bicelles as a supramolecular assembly (De Angelis et al. 2006). 

Solid-state NMR consists of two approaches for studying membrane proteins under 

these conditions: magic-angle spinning NMR and oriented sample NMR. Both 

methods have yielded numerous structures in the protein database, and some 

studies have even considered hybrid approaches of the two methodologies for the 

studies of membrane proteins (Mote et al. 2013).  

Magic-angle spinning involves a physical tilting of the sample to an angle of 54.74° 

and then fast spinning about the tilt axis. This fast spinning accomplishes averaging 

of anisotropic interactions such as the secular parts of the chemical shift anisotropy 

and dipolar interactions and, if the spinning is sufficiently fast, can yield isotropic 

chemical shifts and line widths on the order of high-resolution solution NMR (Levitt 

2008). In studies of membrane proteins, spinning is typically on the order of several 

kHz (Cady et al. 2010; Vogel et al. 2011; Yan et al. 2013). Both MAS and OS NMR 

suffer from RF heating issues, however friction from spinning may contribute as well 

in magic angle spinning, though the contribution is expected to be small (Thurber 

and Tycko 2009). Magic-angle spinning is a powerful and highly utilized technique 
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for structure determination of biological macromolecules and, specifically, of 

membrane proteins and warrants more discussion beyond the scope of the present 

thesis.  

However even under the context of very narrow lines obtainable under MAS, there 

exists a niche for an alternative method where: 1) the dipolar couplings would be 

directly/indirectly measured and used as structural constraints and 2) experiments 

would be carried out at more consistent temperatures. 

Oriented sample NMR utilizes large assemblies, which are macroscopically aligned 

with respect to the applied magnetic field, B0. Systems of interest (e.g. membrane 

proteins) can be inserted into or attached to such assemblies in a predictable 

manner such that it is also aligned in the magnetic field. Under this method, 

chemical shift anisotropies and heteronuclear dipolar couplings are measured and 

correlated in two-dimensional experiments (Thiriot et al. 2004).  

OS ssNMR has been used to solve a number of protein structures of interest 

including: M2 domain of the influenza A virus (Wang et al. 2001), Pf1 phage coat 

protein (Thiriot et al. 2004), phospholamban (Traaseth et al. 2006), Vpu (from HIV-1) 

(Park et al. 2006), and MerF (De Angelis et al. 2006). Discussion found within the 

rest of this text will center on oriented sample NMR and its associated techniques, 

though some may apply to MAS and solution-state NMR as well. 
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1.2 Hartmann-Hahn cross polarization 

 

Sensitivity is one of the most intensive roadblocks in all nuclear magnetic resonance 

experiments. Spins of interest such as 15N and 13C (especially in the context of 

biomolecules) suffer from relatively low gyromagnetic ratios, meaning their intrinsic 

polarizability under an applied magnetic field is low, thus resulting in poor signal 

intensity relative to the background noise if direct detection is attempted. However, 

in 1962 S. R. Hartmann and E. L. Hahn proposed a breakthrough cross polarization 

technique. Namely, if the following condition, 

                                                                                                 (Eqn. 1.1) 

is met, polarization will transfer from abundant, high-gyromagnetic ratio I spins (1H in 

discussions relevant to this text) to a dilute, low-gyromagnetic S spins (13C or 15N) 

(Hartmann and Hahn 1962).  

Theoretical enhancement of dilute spin magnetization can be given by a 

thermodynamic argument, where initial magnetization on the I spins is given by: 

                                                                                       (Eqn. 1.2) 

A B1I
 RF field is then applied along the y-axis inducing a 90° rotation of 

magnetization from the z-axis to the x-axis, where magnetization is subsequently 

spin-locked by the same field B1I (but now applied along the x-axis) and a new spin 

temperature, TS, has been reached, such that: 

                                                                                       (Eqn. 1.3) 
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Under the assumption of a sufficiently large B1 field, the spin lock conserves the total 

magnetization, and the new spin temperature is related to the lattice temperature by 

the ratio of the longitudinal and transverse magnetic fields (From Eqns. 1.2 and 1.3): 

                                                                                                (Eqn. 1.4) 

After thermal mixing along the x-axis under the conditions described in Eqn. 1.1, it 

may be expected the spin temperature of the I and S spins has come to an 

equilibrium temperature, and, when I is sufficiently abundant, the magnetization on 

the S spin is approximated as: 

                                                                (Eqn. 1.5) 

Therefore, the signal enhancement on the S spin corresponds to the ratio of the 

gyromagnetic ratios of the I spins and the S spins, thus making NMR study of dilute 

low gamma spins possible. The thermodynamic argument shown here is limited, 

however, to I spins being either directly and significantly coupled to the S spins, or 

so strongly coupled amongst themselves that spin diffusion occurs orders of 

magnitude faster than the mixing time scale and the thermodynamic limit of transfer 

is never expected to be reached in experiment (Nevzorov 2011). Over the past few 

decades, many improvements have been made to traditional cross polarization 

(Pines et al. 1973) including frequency modulated CP (Kim et al. 2004), CP MOIST 

(Levitt et al. 1986; Levitt 1991) and B1 ramped CP experiments (Metz et al. 1994), to 

name a few. In recent years, a repetitive cross polarization (REP-CP) technique has 

been introduced using short contact times separated by a short wait time, during 

which protons re-equilibrate with the magnetic field (Tang and Nevzorov 2011). This 
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repetitive scheme circumvents an appreciable rotating frame relaxation (T1ρ) of the 

protons during the contact time by offsetting loss of signal with regain of signal along 

the z-axis by longitudinal relaxation during the wait time. Furthermore, if contact 

times are used on the order of the transient oscillation periodicity between the amide 

15N and the amide 1H sites (given by 1/aIS, where aIS is the coupling constant 

between the I and S spin), maximum transfer can be attained and significant (up to 

80%) signal enhancements can be obtained (Tang and Nevzorov 2011). 
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Figure 1.2:  Progression of cross polarization schemes. A) Classic CP experiment as 
performed in (Hartmann and Hahn 1962; Pines et al. 1973). B) CP-MOIST phase 
alternations are used to refocus magnetization according to (Levitt et al. 1986; Levitt 
1991). C) Repetitive cross polarization as implemented in (Tang and Nevzorov 
2011). 
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1.3 Pf1 structure and the “Shotgun” approach 

 

Analyzing resonance patterns of biomolecules generated with solid state NMR can 

be a complicated endeavor. Spectral line widths can be sufficiently broad yielding 

significant overlapping of peaks and, depending on the size of the aligned domain of 

the protein or complex under study, as well as the type of nuclei (13C versus 15N), 

one has at least as many resonances as the number of residues in the protein. In 

order to use the measured site-specific data in such crowded spectra, sequence 

specific assignment must first be achieved. The “shotgun” approach (Marassi and 

Opella 2002) has traditionally been the method of choice for assigning spectra of 

uniformly isotopically labeled biomolecules. 

In application of the shotgun approach, two-dimensional experiments measuring 1H-

15N dipolar coupling constants in the indirect dimension and correlating them to 

chemical shift anisotropy measured in the direct dimension are used to derive 

orientation-based structural constraints. Two primary pulse approaches are used to 

indirectly measure heteronuclear dipolar couplings: PISEMA (Wu et al. 1994) is 

primarily used for resolving dipolar splitting of coupling constants significantly greater 

than frequency offsets (typically >5kHz) and SAMMY (Nevzorov and Opella 2003) or 

its improved version SAMPI4 (Nevzorov and Opella 2007) yielding narrower line 

widths where the dipolar couplings are much smaller than the available B1 RF field 

strengths (typically >50 kHz).  
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The orientation dependence inherent to measured heteronuclear dipolar couplings 

combined with the structural periodicity of alpha helical proteins gives rise to a PISA 

wheel (Polarity Index Slant Angle) pattern, where resonance positions are shifted 

along the circumference of a “wheel” according to the 3.6 residue periodicity of the 

alpha helix (Marassi and Opella 2000; Nevzorov and Opella 2003; Thiriot et al. 

2004). PISA wheels are then combined with plotted dipolar waves under the 

assumption of a purely helical fold and selectively labeled versions of spectra. 

Figure 1.3 shows a series of spectra reported by Thiriot et al. 2004 exemplifying the 

use of the “shotgun” approach on pf1 coat protein magnetically aligned with virus 

particles. Figure 1.3A is an overlay of the two types of experiments used to acquire 

the uniformly labeled spectra. Two experiments were required because of the large 

range of proton chemical shifts. The upper left section of Figure 1.3A represents the 

PISEMA (Wu et al. 1994) experiment used to show couplings >5 kHz while the lower 

right section represents the SAMMY (Nevzorov and Opella 2003) spectrum used to 

elucidate the peaks from the N-terminal residues and sidechains. Figures 1.3B and 

1.3C represent the application of PISA (Polarity Index Slant Angle) wheels 

characteristic of α-helices in solid-state NMR. Figure 1.3D shows the spectra of 9 

selectively labeled experiments used in conjunction with the PISA wheels and 

dipolar coupling sinusoids (Mesleh et al. 2002; Mesleh and Opella 2003) in order to 

assign all resonance peaks in Figure 1.3A (Thiriot et al. 2004).  

Three distinct sections of the helical structure can be seen with small kinks centered 

around Q16 and A29 with the Q16 kink being more pronounced (Thiriot et al. 2004). 
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Structural coordinates from 1 of the 116 structures (RMSD of 0.6 Å) generated by 

the study (PDB ID 1ZN5) are used in the calculations presented in the following 

Chapters. 
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Figure 1.3:  Uniformly and selectively labeled spectra as reported by Thiriot et al in 
2004 for calculation of the structure of pf1 coat proteins. A) Fusion of the two-
dimensional PISEMA (upper triangle) and SAMMY (lower triangle) spectra of the 
uniformly labeled sample. B) Same as (a) except after two days of D2O exchange. 
C) PISA wheels applied to (A) and (D) spectra of selectively labeled samples of pf1 
coat proteins. Figure taken from Thiriot et al. 2004. 
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1.4 Magnetization transfer under Mismatch Hartmann-Hahn conditions and 

Proton-Driven Spin Diffusion 

 

Spin diffusion techniques involve the transfer of magnetization from one spin to 

another spin via internuclear interactions (dipolar couplings). Spin diffusion 

techniques can be used in studies of biomolecules with OS ssNMR in order to 

transfer stored coherent information during the evolution of an indirect dimension to 

a new spin site for the direct detection. This is usually achieved under abundant spin 

decoupling giving rise to spectral connectivity peaks (cross peaks) between spins 

that are relatively near each other in space depending on the spin diffusion method 

selected (Cross and Opella 1983; Marassi et al. 1999).  

Proton driven spin diffusion (PDSD) was the first of the diffusion methods to be 

implemented with biomolecules for the purpose of assignment (Marassi et al. 1999). 

However, with PDSD, magnetization is stored along the longitudinal axis and 

exchange rates are on the order of seconds even for the elucidation of relatively 

short distances (Mote et al. 2011). Mixing times on the order of the recycle delay of 

the experiment (typically 2-6 seconds) significantly add to the overall experiment 

time, which can already be days or even weeks depending on the amount of sample 

available. 

Cross relaxation driven spin diffusion (CRDSD) has demonstrated a great potential 

on crystal systems of N-acetyl-valyl-leucine of elucidating contacts up to 5 Å (Xu et 

al. 2008) and 6.8 Å (Traaseth et al. 2010). Mixing times on the order of 1 to 25 ms 
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are used under the condition of weak B1 spin lock on the dilute spin channel. High 

field RF spin locks cannot be used, however, as they prevent diffusion amongst the 

nuclei. Only sufficiently low B1 fields corresponding to average dipolar couplings 

between the nuclei drive the spin exchange. Rotating-frame spin-lattice relaxation is 

defined as the loss of magnetization under spin-lock conditions along the axis of 

spin-lock as a result of motions on the micro- to millisecond time scale (within a few 

orders of magnitude of the inverse amplitude of the RF field) (Fares et al. 2005). The 

prevalence of these motions in biological systems and insufficient spin locking have 

prohibitive effects for study of densely coupled membrane proteins in comparison 

with immobilized and relatively proton sparse crystals (Traaseth et al. 2010).   

The major focus of the present research will be proton-mediated spin diffusion 

under mismatched Hartmann-Hahn (MMHH) dual channel spin lock conditions, 

representing an oriented sample NMR analogue to proton assisted recoupling (PAR) 

experiments in MAS (Lewandowski et al. 2007; De Paepe et al. 2008; Lewandowski 

et al. 2009). MMHH has been shown to elucidate long-range correlations as far apart 

as 6.8 Å (Nevzorov 2008; Nevzorov 2009; Traaseth et al. 2010) over mixing times as 

short as several milliseconds. However, the underlying mechanisms of the MMHH 

and PAR MAS techniques are distinctly different from each other. The mechanism 

for the MMHH mixing will be discussed extensively in the following Chapters. Briefly, 

it involves the creation of the dipolar order of energy of the proton dipolar network 

from the Zeeman order of the low spin, which is subsequently converted back into 

the Zeeman (i.e. observable) order of the distant low spin. Proton mediated spin 
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diffusion has the potential to utilize the vast proton dipolar network to facilitate 

exchange between weakly coupled dilute nuclei without using weak B1 field spin 

locks on the order of the system’s associated rotating frame relaxation as in CRDSD 

and without the long mixing times associated with PDSD. Shown in Figure 1.5 are 

the 15N correlation spectra of a single N-acetyl-L-leucine (NAL) crystal [structure 

previously determined by XRC (Allen 2002)] as reported in (Nevzorov 2008) and in 

(Nevzorov 2009). A single NAL crystal contains 4 different molecular orientations 

and a distance greater than 6.5 Å separates the individual 15N sites. As can be seen 

from Figure 1.5, MMHH indeed establishes long-distance intermolecular correlations 

between all four spin sites, thus demonstrating its potential for NMR spectroscopic 

assignment and distance measurements in aligned membrane proteins.    

     

 

Figure 1.4: A) Typical pulse sequence of a S-S chemical shift correlation spectrum 
generated with PDSD. B) CRDSD version of (A). C) MMHH version of (A) used to 
generate Figure 1.5A (Nevzorov 2008). D) Heteronuclear correlation pulse sequence 
with MMHH spin exchange used to generate Figure 1.5B (Nevzorov 2009). Note in 
the case of PDSD tmix is in seconds while in CRDSD and MMHH tmix is in 
milliseconds. 
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Figure 1.5: A) 15N-15N homonuclear correlation exchange spectrum of NAL 
generated using mismatched Hartmann-Hahn conditions reported in (Nevzorov 
2008). B) 1H-15N hetero nuclear correlation exchange spectrum of NAL generated 
using mismatched Hartmann-Hahn conditions reported in (Nevzorov 2009). 
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CHAPTER 2 

ESTABLISHING INTRAMOLECULAR CONTACTS VIA THE MMHH METHOD IN 

ORIENTED BIOLOGICAL NMR SAMPLES 

 

*This chapter is based on the publication “A resonance assignment method for 

oriented sample solid-state NMR of proteins” authored by Robert Knox et al. 

published in the Journal of the American Chemical Society (2010). 

 

2.1 Abstract 

 

A general sequential assignment strategy for uniformly 15N-labeled uniaxially aligned 

membrane proteins is proposed. Mismatched Hartmann-Hahn magnetization 

transfer is employed to establish proton-mediated correlations among the 

neighboring 15N backbone spins. Magnetically aligned Pf1 phage coat protein was 

used to illustrate the method. Exchanged and non-exchanged separated local field 

spectra were acquired and overlaid to distinguish the cross-peaks from the main 

peaks. Most of the original assignments from the literature were confirmed without 

selectively labeled samples. This method is applicable to proteins with arbitrary 

topology and will find use in assigning solid-state NMR spectra of oriented 

membrane proteins for their subsequent structure determination.   
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2.2 Establishment of (i, i+1) spin correlations in oriented samples for their 

NMR spectroscopic assignment  

 

Improved sample preparation methods and implementation of experiments yielding 

high-resolution separated local field (SLF) spectra leaves obtaining sequence-

specific assignments of resolved resonances as a principal roadblock to atomic-

resolution structure determination. The shotgun approach (Marassi and Opella 2002) 

simultaneously assigns spectra and measures structural constraints, relying on the 

preparation of multiple selectively isotopically labeled samples, and is restricted to 

residues in regular secondary structures (α-helix or β-sheet). The ability to utilize 

uniformly labeled samples for all steps of the structure determination process 

presents a tremendous advantage over the shotgun approach in terms of time and 

financial expense. The use of dilute-spin-exchange to identify signals from proximal 

sites has been demonstrated for virus particles and membrane proteins (Cross and 

Opella 1983; Marassi et al. 1999) but is limited by requirement of intervals several 

seconds long for significant spin-exchange to occur among the weakly coupled 

nuclei. As an alternative to the recent cross-relaxation driven method (Xu et al. 

2008), a proton-mediated dilute-spin exchange experiment (Nevzorov 2008) (also 

referred to as mismatched Hartmann-Hahn, MMHH) has been implemented having 

the potential to accelerate data acquisition. The latter method is based on the 

transfer of magnetization between the low-gamma spins via the proton bath under 

mismatched Hartmann-Hahn (MMHH) conditions. 15N-15N correlations for distances 
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of up to 6.7 Å have been identified (Nevzorov 2008) in crystallized acetylated 

peptides. In principle, the method is applicable to any dilute spin system bridged by 

a strong proton dipolar network (e.g., amide backbone 15N spins) thus providing a 

strategy for sequential assignment of resonances in OS solid-state NMR of proteins. 

Cross peaks are established within a few milliseconds dramatically shortening the 

overall experiment time compared to conventional dilute spin exchange (Cross and 

Opella 1983; Marassi et al. 1999) experiments based on direct homonuclear spin 

diffusion (Suter and Ernst 1985). Figure 2.1 shows the pulse diagrams of 

experiments used to generate the respective spectra in Figure 2.2. Spectra shown in 

Figure 2.2 are an experimental comparison of the three methods demonstrating the 

differences in cross peak evolution between proton driven spin diffusion (PDSD), 

cross relaxation driven spin diffusion (CRDSD) and mismatched Hartmann-Hahn 

(MMHH). PDSD involves storing magnetization along the z-axis (direction of the B0 

field) where homonuclear magnetization exchange occurs slowly exchanging indirect 

dimension coherences between Zeeman reservoirs. After a long mixing period, a 

90°Y pulse of intensity B1 is used to create observable transverse magnetization 

along the x-axis. CRDSD utilizes a relatively weak (but >∆ƒ) B1 spin-lock field only 

on the 15N channel in order to drive exchange of information. MMHH adds irradiation 

along the 1H channel at the RF amplitude offset from the Hartmann-Hahn match by 

ΔωIS = (ωI-ωS). 
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Figure 2.1:  15N-15N spin-exchange pulse sequences used to generate the spectra 
represented in Figure 2.2 A, B and C respectively. The t1 dimension is evolved under 
the conditions of proton decoupling to indirectly measure chemical shift anisotropy 
followed by a mixing scheme for the diffusion of coherence measured during the 
indirect dimension. Parts of the pulse sequence corresponding to spin diffusion are 
indicated by the red boxes.  
 

A 

B 

C 
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Figure 2.2: Alternative methods for magnetization transfer among dilute 15N spins. A) 
PDSD experiment. All magnetization is stored along B0 where homonuclear spin 
exchange occurs relatively slowly. Mixing time selected to be 1 second to conserve 
overall experiment time against the MMHH experiment in (C) and the CRDSD 
experiment in B. B) CRDSD experiment. A weak B1 field is applied along the 15N 
channel for 5 ms after a 1 second z-filter. C) 15N-15N spin exchange MMHH 
experiment with 1 second z-filter and 5 ms mixing period used in tandem with the 
PISEMA exchange spectrum to resolve cross peak ambiguities. Red boxes indicate 
connectivity’s used to resolve such ambiguities. 
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The MMHH method can be utilized to incorporate the heteronuclear dipolar 

couplings (Nevzorov 2009) by including either the PISEMA (Wu et al. 1994) or 

SAMPI4 pulse sequence as the indirect dimension (Nevzorov and Opella 2007), 

thus yielding a spin-exchanged high-resolution SLF spectrum. Solid-state NMR 

spectra of the Pf1 coat protein structure in magnetically aligned bacteriophage 

particles and of the membrane-bound form reconstituted in magnetically aligned 

bicelles have been previously measured and assigned (Thiriot et al. 2004; Thiriot et 

al. 2005; Opella et al. 2008) and, therefore can be used as a model system to test 

the applicability of the MMHH method to biological samples. Figure 2.3A shows the 

PISEMA (Wu et al. 1994) spectrum of uniformly 15N-labeled Pf1 bacteriophage. The 

PISEMA spectrum is overlaid with its magnetization diffused version acquired using 

the pulse sequence shown in Figure 2.4A. In the case of the Pf1 bacteriophage 

spectra, PISEMA has been used instead of SAMPI4 in order to measure larger (> 5 

kHz) dipolar couplings due to relatively low radiofrequency B1 fields (< 50 kHz) 

available on the spectrometer. For the spin-exchanged spectrum of Figure 2.3A, the 

proton mismatch amplitude was set at 10 kHz above the Hartmann-Hahn condition 

during the exchange period. Irradiation time was set to 4 ms, and a 1 sec z-filter was 

incorporated in order to eliminate residual proton magnetization as well as to allow 

cooling of the probe to prevent sample heating. This mismatch amplitude was found 

to be near optimal for the magnetization transfer among the backbone 15N spins. In 

contrast, a 6 kHz mismatch amplitude was previously found to be optimal for the 

more distant 15N spins in a NAL crystal (Nevzorov 2008) (separated by as much as 
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6.7 Å as opposed to about 2.8 Å for the 15N spins in adjacent residues in an α-helix). 

By overlaying the spectra with and without spin-exchange in Figure 2.3A it is 

possible to distinguish the cross peaks from the main peaks, and establish 

sequential connectivity among the latter. For clarity, the results for residues A29-

L30, Y25-I26, I32-L33, L38-I39, are highlighted; many others are established by the 

displayed data. It can also be seen in Figure 2.1C, the homonuclear exchange 

spectra were used in conjunction with Figure 2.3A in order to assign certain residues 

which had similar dipolar couplings with their adjacent residue (red boxes were 

again used to demonstrate these connectivities). Notably, these assignments are in 

agreement with those obtained previously by using a combination of the selective 

isotopic labeling and the “shotgun approach” (Thiriot et al. 2005). 
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Figure 2.3:  A) PISEMA spectrum of Pf1 phage (magenta) overlaid with the spin-
exchanged PISEMA spectrum (grey) acquired using the pulse sequence shown in 
Figure 2.4A. Aquired on a Bruker Avance II spectrometer operating at 500 MHz 
[Temperature = -3°C, 64 scans, 50 kHz B1 field, 80 t1 points and 1000 scans, 64 t1 
points, 4 ms contact and 10 kHz mismatch]. Red boxes (shown for most not all) 
establish the connectivites between adjacent amide sites. B) SAMPI4 spectrum of 
Pf1 coat protein reconstituted in magnetically aligned bicelles (magenta) overlaid 
with its spin-exchanged SAMPI4 spectrum (gray). Acquired on a Bruker Avance II 
spectrometer operating at 700 MHz [32 scans, 50 kHz B1 field, 82 linear t1 points 
and 1000 scans, 82 t1 points, 50 kHz B1 field, 5 kHz mismatch]. 



 

29 

                 

 
Figure 2.4:  Spin-exchanged SLF pulse sequences for spectroscopic assignment in 
solid-state NMR spectra of oriented samples. The t1 dimension is evolved using 
either (A) the frequency-switched Lee−Goldburg scheme or (B) SAMPI4. This is 
followed by the Z filter and the proton-mediated spin exchange, during which the 
proton RF amplitude is set at 10−25% above the Hartmann−Hahn matching 
condition. 
 
 

To demonstrate the feasibility of applying the MMHH method to membrane proteins, 

the membrane-bound form of the uniformly 15N-labeled Pf1 coat protein was 

reconstituted into magnetically aligned bicelles as previously described (Opella et al. 

2008; Park et al. 2008). Figure 2.3B shows the SAMPI4 spectrum of Pf1 coat protein 

in bicelles processed by the Maximum Entropy Method (Jones and Opella 2006) 

(MEM) in magenta. The SAMPI4 spectrum is overlaid with its exchanged version 

processed by MEM (gray lines) and acquired using the pulse sequence in Figure 
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2.4B. Due to the perpendicular orientation of the bicelle normal relative to the 

magnetic field, here dipolar couplings are scaled by approximately a factor of -0.4 

compared to the magnetically aligned Pf1 phage. Therefore, the MMHH amplitude 

was reduced to about +4 kHz retaining the same average Hamiltonians resulting in 

the maximum magnetization transfer as in the case of magnetically aligned phage. 

Connectivity between the same residues as in Figure 2.1C and Figure 2.3A are 

shown, consistent with earlier assignments demonstrating MMHH spin exchange 

can be applied to assign protein spectra in lipid bilayer environments. Combination 

of MMHH spin-exchange and high-res SLF spectroscopy accelerates assignment 

and analysis of OS solid-state NMR spectra of uniformly labeled proteins. The 

method can be applied for various alignment media including magnetically oriented 

bacteriophage and membrane proteins in bicelles. Moreover, this purely 

spectroscopic technique is applicable to proteins of arbitrary topology. While 

selective labeling and the “shotgun” approach are still invaluable tools for the initial 

steps of assignment and eliminating potential ambiguities, this further development 

of the method improves the practicality of determining the 3D structures of 

membrane proteins in their native phospholipid bilayer environment. 
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CHAPTER 3 

A SPECTROSCOPIC ASSIGNMENT TECHNIQUE FOR MEMBRANE 

PROTEINS RECONSTITUTED IN MAGNETICALLY ALIGNED BICELLES 

 

*This chapter is based on the publication entitled “A spectroscopic assignment 

technique for membrane proteins reconstituted in magnetically aligned bicelles” 

authored by Wenxing Tang, Robert Knox and Alexander Nevzorov in the Journal of 

Biomolecular NMR. 

 

3.1 Abstract 

 

Traditional spectroscopic assignment method in OS NMR that uses the "shotgun" 

approach, though effective, is quite labor- and time-consuming as it is based on the 

preparation of multiple selectively labeled samples. Here, this is demonstrated by 

using a combination of the spin exchange under mismatched Hartmann-Hahn 

conditions and a recent sensitivity-enhancement REP-CP sequence, spectroscopic 

assignment of solid-state NMR spectra of Pf1 coat protein reconstituted in 

magnetically aligned bicelles can be significantly improved. This method yields a 2D 

spin-exchanged version of the SAMPI4 spectrum correlating the 15N chemical shift 

and 15N-1H dipolar couplings, as well as spin-correlations between the (i, i 1) amide 

sites. Combining the spin-exchanged SAMPI4 spectrum with the original SAMPI4 

experiment makes it possible to establish sequential assignments, and this € 

±
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technique is generally applicable to other uniaxially aligned membrane proteins. 

Inclusion of a 15N-15N correlation spectrum into the assignment process helps 

establish correlations between the peaks in crowded or ambiguous spectral regions 

of the spin-exchanged SAMPI4 experiment. Notably, unlike the traditional method, 

only a uniformly labeled protein sample is required for spectroscopic assignment 

with perhaps only a few selectively labeled "seed" spectra. Simulations for the 

magnetization transfer between the dilute spins under mismatched Hartmann Hahn 

conditions for various B1 fields have also been performed. The results adequately 

describe the optimal conditions for establishing the cross peaks, thus eliminating the 

need for lengthy experimental optimizations. 

 

3.2 Introduction 

 

Magnetically oriented bicelles (Sanders et al. 1994; Glover et al. 2001; De Angelis 

and Opella 2007) provide a high degree of macroscopic alignment thus yielding 

sharp resonance lines that can be used for structure determination of bicelle-

reconstituted membrane proteins. Moreover, bicelles provide a native-like 

environment for the embedded proteins including complete hydration, high lipid-to-

protein ratios, and a near-physiological temperature range. In their natural aligned 

state, the DMPC/DHPC bicelles orient so the membrane normal is perpendicular to 

the aligning magnetic field (B0). It is possible to ‘flip’ the bicelles with the addition of 

lanthanide ions (Prosser et al. 1996), thus making the bicelle normal parallel to the 
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external magnetic field. Unflipped bicelles yield sharper resonance lines due to the 

fact that the range for motionally averaged dipolar couplings and proton chemical 

shift anisotropy is narrower at the perpendicular orientation, thus making proton 

decoupling more efficient and the effect of the mosaic spread less pronounced. Here 

the structural information is provided by the uniaxially averaged chemical shift 

anisotropies and dipolar couplings due to the fast rotational diffusion of membrane 

proteins about their alignment axis (the bilayer normal) (Park et al. 2006a; Nevzorov 

2011). Previous studies (Park et al. 2006a; Cady and Hong 2009) have estimated 

the correlation time of the uniaxial diffusion to be on the microsecond time scale. 

Pf1 coat protein is composed of 46 amino acids (4.6 kDa), and is the major protein 

of Pf1 bacteriophage. It has a relatively simple structure: two alpha-helices 

connected by a loop with the Q16–A46 region spanning the membrane (Park et al. 

2010). In its membrane-bound form, it assists the virus exit from the infected 

bacterial cells and its assembly by coating the phage virion (Nambudripad et al. 

1991). The structure of Pf1 coat protein reconstituted in magnetically aligned bicelles 

has been recently reported (Park et al. 2010). Two-dimensional solid-state 15N NMR 

spectra of Pf1 were found to contain resolved resonances for the residues Q16–A46 

(Park et al. 2010). Spectroscopic assignment of the 15N NMR spectra has been 

accomplished by detecting the positions of the resonances for selectively labeled 

samples followed by the application of the “shotgun” approach (Park et al. 2010). 

The latter still remains the current principal assignment method in OS NMR as it 

provides nearly absolute assignment. However, it is generally restricted to the main 
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secondary-structure elements such as alpha-helix (Marassi and Opella 2000; Wang 

et al. 2000) and beta-sheet (Marassi 2001). In addition, this method requires 

preparation of multiple selectively labeled samples, making it time consuming and 

expensive. A purely spectroscopic method of assignment utilizing uniformly labeled 

samples would greatly increase the value of OS NMR for structure determination of 

membrane proteins of arbitrary topology. A method involving cross-referencing of 

the anisotropic chemical shifts at the perpendicular and parallel sample orientations 

has been proposed (De Angelis et al. 2006; Lu et al. 2011). However, this method 

requires the knowledge of the corresponding isotropic chemical shifts for each 

residue, thus necessitating additional solution NMR experiments. Alternatively, 

proton-driven spin diffusion (PDSD) (Suter and Ernst 1985) can be used to establish 

cross-correlations between the neighboring spins, thus providing a spectroscopic 

assignment method similar to those routinely used in solution and MAS NMR. In 

recent years, various spectroscopic methods based on dilute spin exchange 

(Marassi et al. 1999; Xu et al. 2011) have been implemented to establish sequence-

specific resonance assignments. Very recently, the 15N OS NMR spectrum of 

sarcolipin has been assigned in “flipped” bicelles (Mote et al. 2011), where the 

membrane normal is parallel to the external magnetic field. In order to achieve 

higher spectral resolution, a 3D pulse sequence employing PDSD was utilized. 

However, the PDSD-based methods suffer from the requirement of long mixing 

intervals (up to several seconds) in order to establish detectable spin-exchange 

signals among the weakly coupled dilute 15N nuclei, thus potentially resulting in 
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missing cross peaks. As an alternative to circumvent the above issue, an analog of 

the proton-assisted recoupling experiment (Lewandowski et al. 2007) has been 

developed for aligned samples (Nevzorov 2008) with the potential of providing a 

general spectroscopic assignment method in OS NMR. This method is based on the 

transfer of the magnetization between the rare spins (15N or 13C) under mismatched 

Hartmann-Hahn (MMHH) conditions. The magnetization transfer utilizing MMHH 

conditions is accomplished with the assistance of the proton spin bath, and does not 

depend on the direct coupling between the low spins (Nevzorov 2008). Under the 

MMHH conditions, the Zeeman order of energy for an 15N spin is transferred into the 

dipolar order of the proton bath and then back to the Zeeman order of the 

neighboring 15N spins (Khitrin et al. 2011), thus establishing cross peaks in a 

multidimensional NMR spectrum. Based on the results obtained for an n-acetyl 

leucine (NAL) single crystal, this scheme is capable of establishing correlations 

among the dilute spins (15N) separated by as far as 6.7 Å. Such ability would be of 

great value for the spectroscopic assignment of solid-state NMR spectra of oriented 

membrane proteins. Additionally, the contact time in the MMHH scheme is only up to 

several milliseconds, dramatically shortening the overall experiment time as 

compared to PDSD-based spin exchange. Furthermore, the MMHH method has 

been extended to the measurement of heteronuclear dipolar couplings by inclusion 

of the SAMPI4 pulse sequence (Nevzorov and Opella 2007) in the indirect 

dimension, thus yielding a spin-exchanged high-resolution separated local-field 

spectrum (Nevzorov 2009 and Knox et al. 2010). In a previous study, the MMHH 
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method has demonstrated its applicability for the uniformly labeled Pf1 phage when 

the axis of the sample alignment is parallel to the magnetic field (Knox et al. 2010). 

In principle, the method is applicable to any macroscopically aligned dilute-spin 

system bridged by a strong proton dipolar network, thus providing a general strategy 

for the sequential assignment of resonances in NMR spectra of oriented membrane 

proteins. 

In the present work, the MMHH technique is applied to establish spin-correlations for 

membrane proteins at the perpendicular uniaxial alignment provided by magnetically 

oriented bicelles. Three (3) 2D experiments have been performed using the bicelle-

reconstituted Pf1 coat protein, including a 15N–15N correlation spectrum, a SAMPI4 

spectrum (Nevzorov and Opella 2007) correlating the 15N chemical shift and 1H–15N 

dipolar couplings, as well as the “spin-exchanged” version of the SAMPI4 spectrum 

(Nevzorov 2009). Inter-residue cross peaks have been established by cross-

referencing of the three spectra. Inclusion of the REP-CP pulse sequence (Tang and 

Nevzorov 2011) increases the signal-to-noise ratio in these experiments, and makes 

it possible to detect all the cross peaks for the alpha-helical transmembrane region 

(I22–M42). Detailed many-spin simulations have been performed to establish 

optimal Hartmann-Hahn mismatch for the amide backbone 15N spin correlations. 
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3.3 Materials and methods 

 

A uniformly 15N-labeled Pf1 phage sample was provided by Hyglos GmbH 

(Regensburg, Germany) at ca. 40 mg/mL concentration of the protein. A predefined 

amount of the phage was dissolved in 1 mL of TFE (50 %)/TFA (0.1 %) to precipitate 

the DNA, followed by lyophilization of the soluble fraction to purify the protein. 

Approximately 6 mg of the lyophilized protein was reconstituted in 180 µl solution of 

DMPC/DHPC (at q = 3:1 molar ratio) bicelles as previously described by Opella and 

co-workers (De Angelis and Opella 2007). Alternatively, an ether-linked version of 

DHPC, 6-O-PC, can be used which yields no significant differences in the observed 

spectra, but a much longer lifetime of the sample (Aussenac et al. 2005; De Angelis 

and Opella 2007). The lipid-to-protein ratio was maintained at approxiamately 55:1, 

and the optimal sample temperature T = 38 °C was found according to the linewidths 

of the 31P NMR lipid spectra to determine the best bicelle alignment (results not 

shown). All experiments have been performed on a Bruker Avance II spectrometer 

operating at 500 MHz 1H frequency and running Topspin™ 2.0 software. A static 

Bruker 5 mm round-coil E-free™ probe was utilized in all experiments. 

Pulse sequences used in the assignment process are shown in Figure 3.1. 

Figure 3.1A depicts the homonuclear 15N–15N exchange experiment. Here the cross-

polarization part is first applied to enhance sensitivity either by means of a single 

contact CP or repetitive CP (REP CP) followed by evolution of 15N chemical shift 

anisotropy under the conditions of proton decoupling. The proton magnetization is 



 

39 

subsequently flipped along the z-direction, and an alternating 90° −y/x pulse on the 

15N site selects either the real or imaginary component of the chemical shift 

evolution. A wait time of typically less than one second is applied to eliminate any 

residual proton magnetization along the x-axis (the z-filter). The proton-mediated 

transfer is achieved when the 15N spins are brought back along the x-direction 

followed by simultaneous RF irradiation on both channels, with the RF amplitude on 

the 1H site being higher than the Hartmann-Hahn match. Finally, the 15N chemical 

shift is detected under the conditions of proton decoupling. 
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Figure 3.1: Pulse sequences used for NMR spectroscopic assignment of Pf1 coat 
protein reconstituted in magnetically aligned DMPC/DHPC bicelles. A) 15N–15N 
correlation pulse sequence utilizing MMHH (Nevzorov 2008; Knox et al. 2010). B) 
Spin-exchanged SAMPI4 pulse sequence (Nevzorov 2009). C) 15N–15N correlation 
pulse sequence utilizing PDSD (Marassi et al. 1999). Either conventional cross-
polarization, CP, or REP-CP (Tang and Nevzorov 2011) can be used to enhance the 
initial 15N magnetization. A 5 ms contact time was chosen for all the MMHH-based 
experiments, whereas a mixing time of 3 s was used for the PDSD experiment. For 
further details of the pulse sequences cf. the text. 
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A 2D pulse sequence for high-resolution SLF (separated local field) spectroscopy 

that simultaneously establishes internuclear correlations is depicted in Figure 3.1B. 

As in Figure 3.1A, CP is used to enhance the magnetization on the 15N side. The 

SAMPI4 pulse sequence (Nevzorov and Opella 2007) is applied to evolve the 

heteronuclear dipolar couplings. After the z-filter, the stored 15N magnetization is 

brought back along the x-axis, and the mismatched Hartmann-Hahn scheme is 

applied to establish inter-residue correlations. Finally, the 15N chemical shift is 

detected (again under proton decoupling).  

Figure 3.1C shows the pulse sequence for the homonuclear exchange involving 

PDSD; it could also be thought as a variant of the sequence of Fig. 1A with a longer 

z-filter and without RF assisted spin exchange under MMHH conditions.  Also after 

the established mixing time a 90ºY is applied to the 15N channel, exciting observable 

transverse magnetization. 

All many-spin simulations were performed using a custom script written in MATLAB 

(Mathworks, Inc.). The data have been processed using NMRPipe (Delaglio et al. 

1995).  
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3.4 Results and discussion 

 

3.4.1 Simulations of spin dynamics for perpendicular bicelles 

 

A theoretical framework for the magnetization exchange between two dilute spins 

surrounded by a proton bath under mismatched Hartmann-Hahn conditions has 

been previously described (Nevzorov 2008, 2009; Traaseth et al. 2010). Such a 

framework allows for theoretical simulations of the mismatch conditions, thus 

considerably shortening or removing the need for experimental optimizations. Using 

the crystal structures of NAL (Nevzorov 2009; Traaseth et al. 2010) and NAVL 

(Traaseth et al. 2010) simulations have been shown to accurately describe the 

experimental behavior such as the cross-peak intensity as a function of the B1 field 

mismatch between the proton and 15N RF fields, 15N spin-lock RF field strengths, 

and the total irradiation time. Experiments performed on single crystals and the 

simulations demonstrate the capability of establishing cross peaks between the 

dilute spins separated by as far as 6.7 Å (Nevzorov 2008), which may give rise to 

long-distance (e.g. i, i + 2) correlations in the spin-dense protein backbones and 

multiple cross peaks, thus potentially making the use of MMHH method difficult for 

sequence-specific assignment. Contrary to this expectation, however, it was shown 

experimentally (Knox et al. 2010), that the cross-peak resonances for a uniformly 

labeled sample generally follow the (i, i + 1) pattern, thus making the MMHH scheme 

suitable for spectroscopic assignment. Here we have performed detailed many-spin 
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simulations in order to optimize the experiment for the case of Pf1 coat protein 

reconstituted in bicelles, and to explore the potential evolution of the long-range 

cross peaks using the spectroscopic assignment and structural coordinates from 

previous studies (Thiriot et al. 2005; Opella et al. 2008; Park et al. 2010).  

Briefly, the spin system evolves under the Hamiltonian (Nevzorov 2008): 
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where the homonuclear dipolar coupling part of the Hamiltonian is given by: 
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And the magnetization transferred to the k’th nitrogen spin is obtained by using a 

trace metric expression: 

€ 

x
(k )S = Trace x

(k )S − iHte ρ(0) iHte( )                                                                              (Eqn. 3.3) 

where the initial density matrix corresponds to the “normalized” magnetization at the 

starting spin (denoted as the first nitrogen), and is given by: 

€ 

ρ 0( ) = x
(1)S
N −22

                                                                                                       (Eqn. 3.4) 

Two or three (NS  = 2, 3) nitrogen (S spins in Eqns. 3.1-3.4) were considered in the 

simulations; NI is the total number of protons (I spins). The radiofrequency (RF) 

irradiation amplitudes of the low gyromagnetic ratio (S) spins and high gyromagnetic 

ratio (I) spins are given by ωS and ωI, respectively. The interaction constants 

between the S-spins and NI protons are given by akn, and bij describe the 

interactions among the protons. To calculate the interaction constants, the atomic 
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coordinates were taken from the three-dimensional structure of Pf1 coat protein 

(PDB ID 1ZN5) (Thiriot et al. 2005). Only the transmembrane residues were 

considered (from I22 to M42 in the present simulations), and the effect of the 

perpendicular orientation and uniaxial rotation in bicelles was treated by scaling the 

dipolar couplings by −0.4 (Park et al. 2006). The amide protons and the alpha-

protons were always included, and the other protons were retained if their dipolar 

couplings to the nitrogen spins of interest were greater than a certain cutoff value 

(generally around 100 Hz, depending on the residue) to yield the desired number of 

protons for the simulation (NI = 10 in the present study, thus making it a system of 

up to N = 13 spins total). The magnetization transfer amplitudes were calculated at 

various values of ωS and ωI for the mixing time of 10 ms (sufficient to achieve a near 

quasi-stationary equilibrium for the transfer). The magnetization amplitudes were 

normalized relative to the main peak intensity in the absence of the exchange, cf. 

Eqn. 3.4. The transfers were calculated starting at each amide nitrogen in the 

sequence of Pf1 corresponding to the transmembrane region, (i.e. from I22 to M42) 

and the transfer profiles were then averaged across the entire structure. The 1H spin 

lock values were varied from −10 to +10 kHz relative to the 15N spin lock. 

Figure 3.2A shows the simulations for the values of ωS/2π equal to 20, 40, and 

60 kHz. Here, only isolated pairs of the nitrogen spins were considered at a time 

(NS  = 2). The transfers calculated for the (i, i + 1) and (i, i + 2) magnetization 

pathways are shown in Figure 3.2A for the various values of ωS. The isolated-pair 

simulations predict that the average (i, i + 2) transfer intensity is about half of that for 
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the (i, i + 1) cross peak (at its maximum value), which would imply that the 

experimental conditions can be adjusted accordingly by varying the mismatch RF 

amplitudes to minimize the evolution of long-range interactions. Moreover, a slight 

increase in the optimal transfer efficiency with decreasing 15N spin-lock B1 RF field 

has been observed in simulations as in the previous crystal studies (Traaseth et al. 

2010). 

Furthermore, an important theoretical observation is unequal intensities of the cross 

peaks, which can be explained by spin competition owing to the non-commuting 

character of the dipolar interaction terms involved in the Hamiltonian, Eqn. 3.1. For 

instance, the amide nitrogen spin of residue L38 competes with that of A36 for the 

polarization originating at G37, while G37 competes with I39 for the polarization from 

L38, which can result in different cross peak intensities for the bi-directional 

exchange between the corresponding pairs of residues. The spin competition can be 

further used to explain the low probability of occurrence of long-range (e.g. i, i ± 2) 

correlations, considering that the (i, i ± 2) spin system would have to compete with 

the more preferential (i, i + 1) and (i, i − 1) transfer pathways. A series of simulations 

were run to explore the above effects of spin competition along the backbone of Pf1. 

However, within the computer memory limitations, only a single competing spin 

could be considered in addition to the main transfer pathway (yielding a N = 13 spin 

system total).  
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Figure 3.2:  Simulations of the efficiency of magnetization transfer between the rare 
15N spins under MMHH conditions. A) N = 12 simulations including single pairs of 
amide 15N spins for Pf1 reconstituted in bicelles (coordinates for residues I22–M42 
taken from PDB ID 1ZN5) comparing the (i, i + 1) and (i, i + 2) magnetization 
exchange pathways at 20, 40, and 60 kHz 15N spin-lock B1 fields (red dotted lines). 
Values were averaged across the transmembrane region. B) 3-15N spin (N = 13) 
simulations examining the effects of spin competition on long-range (i, i + 2) 
magnetization transfer in the presence of a more preferential (i, i + 1) pathway. The 
(i, i + 2) magnetization transfer between two representative residues A36 and L38 (in 
the presence of a competing nitrogen spin at G37; gray line) is compared to the 
A36–G37 (i, i + 1) transfer (black line). The efficiency of the (i, i + 2) transfer in the 
presence of the competing (i, i + 1) pathway is even lower than in (A). C) 3-15N spin 
(N = 13) simulations comparing the magnetization build up and demonstrating the 
effect of competing spins on (i, i + 1) and (i + 1, i) cross-peak intensities as a 
function of the RF amplitude mismatch. Transfer from the nitrogen spin at G37 to 
that of L38 (in the presence of A36; black line) and transfer from L38 to G37 (in the 
presence of I39; gray line) have been considered. A36–G37 transfer from (B) is also 
shown here (black dashed line) to compare it to L38–G37 transfer. 
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Figure 3.2B shows the intensity profiles calculated for the (i, i + 2) transfers from 

residue A36 to L38 (gray line) in the presence of the competing (i, i + 1) pathway for 

the transfer from A36 to G37 (shown by the black line). It can be seen that the more 

predominant (i, i + 1) pathway substantially lowers the efficiency of the long distance 

(i, i + 2) transfer, thus making the differences between the (i, i + 1) and (i, i + 2) cross 

peaks even more pronounced than in Figure 3.2A. This theoretical result shows that, 

for a uniformly 15N labeled protein, most if not all of the crosspeaks are expected to 

be for a (i, i ± 1) transfer, thus making the MMHH scheme suitable for the sequential 

assignment of 15N amide backbone resonances. Moreover, unequal intensities can 

be expected even for the (i, i ± 1) cross peaks, which may be due to different spin-

density distributions of the side-chain protons participating in the MMHH transfer. To 

illustrate this effect, the profiles shown in Figure 3.2C contain a representative (i, 

i + 1) magnetization transfer from residue G37 to L38 in the presence of the 

competing (i, i − 1) transfer to the amide nitrogen of A36 (black line), and from 

residue L38 to G37 in the presence of the amide nitrogen from residue I39 (gray 

line). As can be seen, the presence of a competing pathway may result in slightly 

unequal intensities of the cross peaks that are symmetrically positioned with respect 

to the main diagonal in a homonuclear spin-exchange spectrum. In addition, shown 

in Figure 3.2C by the black dashed line is the same A36-G37 transfer as in 

Figure 3.2B but now it is to be compared to the L38–G37 transfer. It can be seen 

that even at optimal MMHH conditions, the latter has a much lower intensity (about 

12 %) as compared to the A36–G37 transfer (about 20 %). This unequal intensity of 
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the cross peaks is fully supported by the experimental observations (see below). 

Such an intensity contrast can be used in disambiguation of the cross peaks during 

the assignment process. 

 

3.4.2 Experimental Results 

 

Figure 3.3A shows the 15N–15N correlation spectrum of uniformly 15N–labeled Pf1 

coat protein reconstituted in magnetically aligned DMPC/DHPC bicelles acquired 

using the pulse sequence of Figure 3.1A (cf. figure captions for detailed listings of 

the experimental parameters). Figure 3.3B (red contours) shows the SAMPI4 

(Nevzorov and Opella 2007) spectrum. The SAMPI4 spectrum is overlaid with its 

spin-exchanged version (blue contours) acquired using the pulse sequence shown in 

Figure 3.1B. The t1 dimension of the latter is evolved using SAMPI4, followed by the 

z-filter and the proton-mediated MMHH spin exchange, during which the proton RF 

amplitude is set above the Hartmann-Hahn matching condition (Knox et al. 2010). 

The choice for the optimal mismatch conditions is provided by the simulations as 

discussed in the previous section according to the results in Figure 3.2A. From the 

simulations, the optimal mismatch amplitude to evolve the (i, i + 1) correlations was 

found to be at 5–6 kHz above the exact Hartmann-Hahn match. Overlaying the 

spectra with and without spin exchange in Fig. 3.2B allows for the cross peaks to be 

distinguished from the main peaks, and the sequential connectivity among the latter 

to be established. Note that the exchanged SAMPI4 spectrum exhibits somewhat 
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broader linewidths in the dipolar (indirect) dimension than the SAMPI4, which may 

be due to the more prolonged sample heating during the MMHH exchange (5 ms). 

This, in turn, may change the B1 RF fields at the sample making the homonuclear 

decoupling during the dipolar evolution somewhat less efficient. In addition, some 

broader peaks may be due to the overlapping cross- and main-peaks. 
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Figure 3.3: Spectra of Pf1 coat protein reconstituted in magnetically aligned 
DMPC/DHPC bicelles at T = 38 °C. A) Experimental 15N–15N spin correlation 
spectrum: 512 scans; MMHH at 45.5 kHz 15N B1 RF field and 51.5 kHz 1H B1 field, 
0.5 s Z-filter and 5 ms mixing time; 64 complex t1 points; B) Experimental SAMPI4 
spectrum (red) overlaid with its spin-exchanged version (blue). SAMPI4: 128 scans, 
45.5 kHz B1 field (for CP match and decoupling), 80 real t1 points (red contours); 
Spin-exchanged SAMPI4: 1024 scans, MMHH at 45.5 kHz 15N B1 RF field and 
51.5 kHz 1H B1 field, 0.5 s z-filter and 5 ms mixing time; 80 real t1 points (blue 
contours). A single-contact CP of 1 ms, 10 ms total acquisition time in the indirect 
dimension, and a 6 s recycle delay were used in all experimental spectra. Darker 
shadows of blue in the spectra indicate higher intensity of the resonance lines, 
whereas lighter shadows correspond to less intense areas. C) Digitized version of 
the 15N–15N spin correlation spectrum. D) Digitized version of the SAMPI4 spectra. 
Cross-referencing among the three experimental spectra allows one to obtain 
connectivities between the consecutive residues as shown by the red boxes. For 
clarity, a representative assignment pathway for residues V35–M42 is shown in the 
digital versions of the spectra (C) and (D).  
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As can be seen from Figure 3.3 (where the red boxes are used to depict the i, i + 1 

connectivities) many of the spectral assignments can be established by associating 

the cross peaks with the corresponding main peaks. For clarity, the results for the 

sequential residues V35–A36, A36–G37, G37–L38, L38–I39, I39–Y40, Y40–S41 

and S41–M42 are highlighted. Figures 3.3B and 3.3D show digitized versions of the 

experimental spectra of Figures 3.3A and 3.3B to facilitate the visualization of the 

assignment process. It is important to note that the combination of the homonuclear 

15N–15N spin-exchange spectrum (Figures 3.3A and 3.3B) and the spin-exchange 

SAMPI4 spectrum (Figures 3.3C and 3.3D) assists in resolving ambiguities when the 

main peaks in the latter spectrum have similar dipolar couplings. Furthermore, 

unequal relative intensities of the cross peaks can further aid in their disambiguation 

(see simulations in Figure 3.2C). For example, there are several assignment 

possibilities for the cross peak of G37, since there are three (3) main peaks that 

have the same dipolar couplings in the SAMPI4 spectrum (at around 2.1 kHz). 

However, upon the cross-referencing of the corresponding chemical shifts and the 

stronger cross peak in the 15N–15N exchange spectrum, only one possibility remains, 

which leads to the assignment: A36–G37 (at 94.8 and 64.6 ppm, respectively). All 

the other possibilities are ruled out. Note that the simulations of Figure 3.2C also 

predict that the intensity of the cross peak corresponding to the A36–G37 transfer is 

greater than that for the L38–G37 transfer, which may point at a role of the side-

chain protons in the (i, i + 1) MMHH transfer. This strategy, however, requires 

absolute assignment of at least one “seed” residue; in the present illustrative case 
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the previously established assignment for G37 has been used (Opella et al. 2008; 

Park et al. 2010). Alternatively, a single selectively labeled spectrum including all 

Alanines, Glycines, and Leucines could be used to immediately assign the residues 

A36–G37–L38 (there is only one such combination in the primary sequence for the 

Pf1 coat protein). This would serve as a starting point for the assignment; such a 

choice for the selective labeling is clearly sequence-dependent. Notably, these 

assignments are in agreement with those obtained previously using a combination of 

selective isotopic labeling and the shotgun approach (Opella et al. 2008; Park et al. 

2010), and the cross-peaks generally follow the (i, i + 1) connectivity pattern. A 

similar process can also be applied to the remaining residues in the transmembrane 

domain, including Y25–G28 and others (cf. Figure 3.3C). However, since the peaks 

for G28 and A29 have nearly identical 15N chemical shifts, detection of the cross 

peaks between these two residues using the two-dimensional spectra is not feasible, 

which breaks down the continuity of the assignment process. Therefore, complete 

assignment of NMR spectra of oriented membrane proteins would likely require 

performing 3D double-resonance experiments, as done routinely in MAS and liquids 

NMR. 

To further improve the quality of the spectra, the newly established REP-CP 

sequence (Tang and Nevzorov 2011) can be employed to significantly (up to 40 %) 

increase the signal-to-noise ratio for the highly dynamic membrane proteins 

reconstituted in perpendicular bicelles. Moreover, with the enhanced signal-to-noise 

ratio, much longer (up to 20 ms) acquisition intervals in the direct dimension can be 
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used to help eliminate the spectral crowdedness near the diagonal region in the 

homonuclear spin-exchanged spectra. As can be seen from Figure 3.4A, the 

resonance lines in the 15N–15N correlation spectrum are much narrower than those 

obtained in the previous spectra (cf. Figure 3.3A), hence making the cross-peak 

detection more reliable. A side-by-side comparison was performed between two 

spin-exchange experiments involving either MMHH (Figure 3.4A) or PDSD 

(Figure 3.4B) during the mixing period (with the pulse sequence for the latter shown 

in Figure 3.1C). For the MMHH spin-exchange experiment, 512 scans at 5 ms 

contact time with a z-filter of 0.5 s were used. For the PDSD spin-exchange 

experiment, 256 scans and a mixing time of 3 s were utilized. In both experiments, 

80 complex t1 points, five repetitive contacts, and a 6 s recycle delay were 

employed. During the MMHH exchange, the absolute Hartmann-Hahn match 

amplitudes were lowered to the value of about 20 kHz, following the previous studies 

(Traaseth et al. 2010; Khitrin et al. 2011), while the B1 amplitude mismatch for the 

protons was still kept at 5 kHz. An additional benefit of lowering the B1 amplitudes is 

a reduced sample heating during the MMHH exchange and the subsequent 20 ms 

acquisition under the conditions of proton decoupling. A comparison of Figure 3.4A 

and 3.4B shows that the MMHH method yields a better resolution for both the main 

and cross peaks, especially near the main diagonal. The signal-to-noise ratio for the 

well-resolved representative cross peaks was estimated to be between 3:1 and 5:1 

in both spectra. However, upon closer examination of the PDSD spectrum, it 

becomes evident that some of the cross peaks, such as that corresponding to G37–
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L38, are not evolved at all when using the PDSD method. In addition, the main 

peaks corresponding to the more dynamic N-terminal region are entirely missing in 

the PDSD spectrum, cf. Figure 3.4A and 3.4B. 
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Figure 3.4: A) comparison between a 15N–15N MMHH spin-exchange spectrum at 
512 scans, 20 kHz 15N B1 RF field and 25 kHz 1H B1 field, and 0.5 s z-filter; and B) 
15N–15N PDSD spectrum: 256 scans and 3 s mixing time. The REP-CP pulse 
sequence with 5 contacts of 300 µs length each was used to enhance magnetization 
on the 15N spins (Tang and Nevzorov 2011), 80 complex t1 points, 20 ms total 
acquisition time in the direct dimension, and a 6 s recycle delay were used in both 
spectra. In part b, the peaks are slightly broader, and some of them (both the main 
and cross-peaks) are missing in the spectrum. 
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Figure 3.5: A zoomed-in view of the symmetrized 15N–15N MMHH exchange 
spectrum from Figure 3.4A overlaid with the simulated crosspeaks (red crosses) 
calculated using the chemical shifts from the main peaks of the SAMPI4 spectrum 
(Figure 3.3D) and the previous assignment (Opella et al. 2008; Park et al. 2010). All 
simulated cross-peaks have underlying intensity, which proves the correctness of 
the previous assignment. Moreover, the cross-peaks generally follow the (i, i + 1) 
connectivity pattern. 
 
 

Shown in Figure 3.5 is a symmetrized 15N–15N correlation experiment of Figure 3.4A. 

Red crosses show the simulated cross peaks whose chemical shifts are taken from 

the corresponding SAMPI4 spectrum (the main peaks of Figure 3.3D) using the 

previous assignment (Opella et al. 2008; Park et al. 2010; Lu et al. 2011). As can be 

seen from Figure 3.5, all simulated cross peaks have an underlying experimental 
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intensity, which in turn, proves the correctness of the previous assignment (Opella et 

al. 2008; Park et al. 2010; Lu et al. 2011). However, there are also additional weaker 

cross peaks that may correspond to the long-distance (i.e. i, i + 2) correlations; the 

cross peak between G37 and I39 is one such example. It should be noted that these 

extra peaks may not evolve when using higher B1 RF fields and mismatches (cf. the 

simulations in Figure 3.2A and the experimental spectrum of Figure 3.3A); this issue 

merits further investigation. 

 

3.5 Conclusions 

 

Oriented-sample solid-state NMR represents a powerful technique for the structural 

studies of the conformations of membrane proteins in their native-like, fully hydrated 

lipid environment. In the present work, a purely spectroscopic method for 

establishment and validation of the NMR assignments for membrane proteins 

reconstituted in magnetically aligned bicelles has been presented. The quality of the 

spin-correlation spectra previously obtained for Pf1 reconstituted in magnetically 

aligned bicelles (Knox et al. 2010) have been significantly improved. Furthermore, 

an assignment strategy for the uniformly 15N labeled Pf1 phage coat protein 

reconstituted in perpendicular bicelles has been provided by using three 2D 

experiments that could greatly reduce the number of selectively labeled samples 

utilized in the assignment process. The general applicability of the proton-mediated 

magnetization transfer under the MMHH conditions (Nevzorov 2008; Knox et al. 
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2010) for establishing predominantly the (i, i + 1) spin correlations has been 

demonstrated. Many-spin simulations accurately predict the optimal mismatch B1 

field amplitudes without the necessity of running lengthy experimental optimizations. 

The sample of Pf1 coat protein reconstituted in perpendicular bicelles provides 

sufficient resolution to resolve nearly all of the sequential cross peaks in the 

transmembrane region. Moreover, sensitivity enhancement afforded by the REP-CP 

sequence allows one to perform longer (up to 20 ms) acquisitions in the 

homonuclear 15N–15N exchange experiments. Since the MMHH exchange is driven 

by the dipolar couplings, its use is primarily restricted to the more rigid regions of the 

protein. Furthermore, the ability of the MMHH scheme to establish correlations 

among the dilute spins separated by as far as 6.7 Å (Nevzorov 2008, 2009; Traaseth 

et al. 2010), may make it possible to elucidate the intermolecular contacts between 

the transmembrane alpha-helices, which calls for further investigation. The method 

has confirmed the previous assignment for the transmembrane region (Opella et al. 

2008; Lu et al. 2011) that was performed using multiple selectively labeled samples. 

Notably, the present assignment method allows one to use a uniformly 15N labeled 

sample, with perhaps only a few selectively labeled “seed” spectra to initiate the 

assignment process. However, for structure determination and complete NMR 

assignment for membrane proteins of more complex topology, doubly labeled 

samples and 3D pulse sequences incorporating the MMHH spin exchange may be 

necessary. Recent studies (Lin and Opella 2011) correlating the 13C and 15N spins 

via the MMHH mechanism are especially encouraging in this regard. 
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CHAPTER 4 

QUANTUM-MECHANICAL STUDIES OF PROTON-MEDIATED 

MAGNETIZATION TRANSFER IN ALIGNED PROTEINS 

 

4.1 Magnetization transfer pathways between backbone 15N spins in 

macroscopically aligned protein samples under MMHH conditions 

 

As has been shown in the previous sections, the new proton-mediated dilute-spin 

diffusion experiment (Nevzorov 2008) based on the MMHH conditions can be 

utilized as an purely spectroscopic method for the sequence-specific assignment of 

aligned proteins in ssNMR (Knox et al. 2010). The transfer of magnetization between 

low gamma spins (15N) under mismatched Hartmann-Hahn (MMHH) conditions 

causes cross peak build up in two-dimensional spectra used to confirm the 

assignment of pf1 bacteriophage previously determined by the shotgun approach 

(Marassi and Opella 2002). The assignment strategy relies on the cross peaks being 

products of an exchange between the i’th 15N in the protein backbone and the 

adjacent 15N in the sequence, i.e. i+1 (Knox et al. 2010). However, it has also been 

shown in the case of a single NAL crystal cross peaks can evolve from interactions 

between spins separated by as far apart as 6.7Å (Nevzorov 2008; Nevzorov 2009) 

corresponding to long-range interactions such as i,i+4 (the i’th 15N spin and the 15N 

spin 4 residues up the backbone). Consequently, multiple exchange possibilities 

must be considered between both the adjacent and long-range spin-spin correlations 
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to understand the magnetization transfer pathways from both an experimental and 

theoretical perspective. The 3D structure of pf1 has been established by OS ssNMR 

(Thiriot et al. 2004), and its assignment has been confirmed using MMHH spin 

diffusion techniques (Knox et al. 2010), thus making it an ideal system to study from 

a theoretical perspective. The goal behind the simulations is threefold. The first goal 

is to assess the magnitude of the proton-mediated transfer across all potential 

correlations pertinent to an alpha helical structure (for one helical turn). The second 

goal is to find optimal mismatch conditions for the intensity and resolution of all 

desired cross peaks. Finally, seek to understand relationships between the contact 

times, mismatches, dipolar couplings, and cross peak evolution to derive structural 

implications from each of these parameters such as distance information.  

Using the backbone structure of pf1 bacteriophage as reported in the protein 

database (PDB ID 1ZN5) along with the amino acid sequence, the side-chain atom 

coordinates have been first calculated as input for the simulations in order to get a 

complete picture of the proton network. Next, we consider a spin system consisting 

of two low gamma S spins (15N) and N I spins (protons). Under mismatch Hartmann-

Hahn conditions the system evolves with the Hamiltonian as: 

                         (Eqn. 4.1) 
 

where,                                                       

                                                              (Eqn. 4.2) 
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The observable transferred magnetization is given by the matrix trace expression: 

                                                                                       (Eqn. 4.3) 

where, 

                                                                                        (Eqn. 4.4) 

and, 

                                                                                                   (Eqn. 4.5) 

is the normalized initial density matrix.        

All simulations have been done utilizing the full exchange Hamiltonian for quantum 

systems consisting of up to 14 spins (two 15N and 10-12 protons). In the simulations 

we first select the residue with the initial magnetization and then evaluate the relative 

magnetization exchange pathway (i, i+n where n equals any nonzero integer). After 

the selection of the 15N spins, the script calculates the dipolar couplings between 

each of the two selected 15N nuclei and the protons along the entire structural 

backbone and chooses the 10 protons with the highest dipolar couplings to both 15N. 
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Figure 4.1: Various magnetization transfer pathways for (i, i+1) through (i, i+4) in the 
alpha-helical structure of Pf1 phage (PDB ID 1ZN5) shown by blue, yellow, green 
and red arrows. 
 
 
 
 

 

 

 

 

 
Figure 4.2: Magnetization transfer between the 15N spins via the proton bath using 
mismatch Hartmann-Hahn conditions. 
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Simulations were used to map the entire alpha helical domain of pf1 (residues 8 

through 40) for (i,i+n where n=1,2,3,4). In order to better visualize the exchange 

pathways, an example of each is shown in Figure 4.1 along with the backbone 

structure of pf1 as reported in the protein database (PDB ID 1ZN5). 

The first goal of the simulations was to evaluate the relative magnitude of 

magnetization transfer efficiency for the relevant exchange pathways along the 

entire backbone structure as a function of the RF amplitude mismatch on the high- 

and low-gamma RF channels. These simulations availed a perspective for analyzing 

both the structure as whole as well as the individual environments of each residue. 

Shown below in Figure 4.3 is a plot of the transfer efficiency versus the mismatched 

Hartmann-Hahn amplitude averaged across the helical domain for residue 8 through 

residue 40. The part of the plot labeled as -100% corresponds to no irradiation on 

the protons, 0% denotes the exact cross-polarization Hartmann-Hahn match, and 

+100% corresponds to twice the amplitude of the match set to 50 kHz in the 

simulations.   
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Figure 4.3: Expected magnetization transfer amplitude at various mismatch 
conditions for the (i, i+1), (i, i+2), (i, i+3), and (i, i+4) exchange pathways averaged 
over residues 8-40. The x-axis indicates the percentage mismatch on the proton 
radio frequency B1 field relative to the Hartmann-Hahn matching conditions.  
Exchange pathways for (i, i+1), (i, i+2), (i, i+3), and (i, i+4) and indicated by the blue, 
red, green and yellow lines respectively.  5 ms mixing time (MT) and 50 kHz B1. 
 
 
The figure establishes the (i,i+1) as the strongest pathway by far over longer range 

correlations (i,i+n) for n=2,3,4 and clearly shows ideal mismatch conditions for short 

range exchange at around +20% MMHH (+10 kHz). Interestingly, the (i,i+3) pathway 

appears to be much stronger than (i,i+2) despite the longer (by 0.53 Å)  average 15N-

15N distance and the (i,i+2) and (i,i+4) transfers have almost identical mismatch 

profiles. It should be noted that this pattern is correlated to the average 15N-15N 

dipolar couplings shown in Table 4.1 with the adjacent residue dipolar coupling 

being the highest by far followed by the (i,i+3) coupling and (i,i+2 and 4) being nearly 
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identical. The dipolar interactions depend on two factors: the inverse cube of the 

spin-spin internuclear distance r jk
-3 and the angular tensor (3cos(Θjk)2-1) where Θjk is 

the angle between the applied magnetic field and the rjk vector. This means that the 

15N-15N distance should be expected to be the primary factor that determines the 

transfer efficiency. However, when the distances are similar, the angular tensor will 

dominate. The proton environment is a significant contributor to the exchange 

mechanism as can be seen in Figure 4.4.  The figure demonstrates how the addition 

of a single new proton to the (i,i+1) exchange between two 15N nuclei gradually 

affects the transfer efficiency (relative to the initial intensity at the starting spin).  

 

Table 4.1:  Average 15N-15N dipolar coupling and 15N-15N distances across residues 
8-40.  Maximum transfer tends to correlate with 15N-15N DPC (Hz). 
 

 

 

 
 

The same effect can be seen in correlating the 15N-15N dipolar coupling and overall 

exchange efficiency. For instance, consider the average dipolar coupling values 

expressed in Table 4.1, the correlation between these values and average 

magnetization exchange transfer for each pathway at +10 kHz (20% MMHH in 

Figure 4.3) mismatch Hartmann-Hahn condition is very strong as shown in Figure 

4.5. The closeness of these ratios points towards the potential of 15N-15N coupling 

Pathway N-N DPC (Hz) N-N Distance (Å) 
(i,i+1) 30.80 2.78 
(i,i+2) 9.86 4.28 
(i,i+3) 15.25 4.81 
(i,i+4) 9.59 6.06 
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and thus distance being a strong indicator of the exchange, however as seen in 

Figure 4.4 the local proton network and especially the nearest proton neighbors are 

the driving force behind the spin diffusion.  

 

 

  

Figure 4.4:  Average dependence of the overall magnetization transfer on the 
numbers of proton spins considered.  Each case involves two 15N spins and n 
protons where n=2 through 10.  Despite the relative magnitude of the change in the 
system (adding 8 new spins) the overall change in the magnetization transfer 
efficiency is small, thus  demonstrating that the coupling to the nearest protons is the 
driving force behind the exchange.  Simulations were performed for the transfer at 
+10 kHz (20%) MMHH and 5 ms MT. 
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Figure 4.5:  Average transfer efficiency for each respective pathway correlated to 
average 15N-15N dipolar coupling. The (i, i+2) and (i, i+4) points are nearly 
superimposed. 
 

The final factor in the evolution of cross peaks is the experimental contact (mixing) 

time. During the MMHH mixing, the protons undergo constant irradiation at power 

levels corresponding to the selected experimental mismatch conditions. As shown 

above, ideal mismatch conditions fall in line with +20% MMHH. To maximize the 

desired transfer pathway, the appropriate irradiation duration should also be 

selected, which is also limited by the T1ρ time of the sample. Shown in Figure 4.6 is 

the fractional build up of cross peaks for mixing times ranging from 0ms to 8ms. The 

fraction is the ratio of the transfer efficiency at a given mixing time to the transfer 

efficiency at 20 ms mixing time well beyond when quasi-stationary equilibrium is 

achieved. The most notable feature of the plot is that the (i, i+1) transfer (markedly 

the strongest interaction) is almost 90% built up after only 3 ms of mixing while (i, 

i+3) requires 6 ms, (i, i+4) requires 7 ms, and (i, i+2) takes more than 8 ms of 
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contact in order to achieve 90% of their respective transfers (individual maxima 

shown in the M-pattern of Figure 4.3). The experimental significance of this fact is 

twofold. First this means that evolving short-range interactions for the purpose of 

purely spectroscopic sequence specific assignment requires shorter mixing times of 

around 3 ms (potentially even shorter at the loss of some of the weaker (i, i+1) cross 

peaks). Second, this means that one can design experiments for the purpose of 

selectively evolving cross peaks from long-range correlations. Once a sequence 

specific assignment has been achieved and short range cross peaks have been 

identified, the cross peaks from long-range spin-spin interactions can be potentially 

identified and studied for further structural resolution. 

 

 
Figure 4.6:  Mixing time based cross peak evolution for (i,i+1) in blue, (i,i+2) in red, 
(i,i+3) in green and (i,i+4) in yellow. Fractional Completion is the ratio of transfer 
efficiency at the marked mixing time to transfer efficiency at a mixing time of 20 ms.  
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The presence of a few theoretical outliers should also be noted. Residues such as 

A11, A29 and L33 demonstrate abnormal behavior where long-range correlations 

appear slightly stronger than short-range correlations, again possibly or partially due 

to the angular tensor of the secular dipolar coupling. In Chapter 3, 

competing 15N spins were considered to estimate the effect of dipolar truncation 

(Ramachandran et al. 2003; Pandey et al. 2013) on magnetization transfer between 

the 15N spins. Dipolar truncation is the idea that long-range exchange between two 

spins is expected to be significantly attenuated in the presence of a closer spin. 

Incorporating competing 15N spins is mathematically simplistic but requires an even 

more developed proton network in order to achieve an accurate stationary behavior 

of the system. However, adding more spins to the system exponentially increases 

the size of the matrix to be diagonalized, (2N by 2N where N is the number of spins). 

Proton-mediated magnetization transfer under the mismatched Hartmann-Hahn 

conditions has the potential to become a powerful technique. Experiments are highly 

customizable for the evolution of short range and long-range correlations within a 

single technique and pulse sequence. By adjusting the mismatch conditions and 

mixing times, interactions of various range can be selectively studied which makes 

the technique applicable to various membrane protein systems and secondary 

structures.  
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4.2 Description of the mechanism 

 

Proton-mediated magnetization transfer has been the subject of several studies, 

both theoretical and experimental. The first implementation of this type of scheme in 

oriented samples was on an acetylated Leucine crystal, which demonstrated the 

ability of establishing long-range contacts with mixing times on the order of 

milliseconds (Nevzorov 2008) at the appropriate mismatched conditions relative to 

the Hartmann-Hahn cross polarization conditions. The efficiency of proton-mediated 

transfer between dilute spins has been shown to correlate to a lopsided ‘M’ pattern 

where efficiency increases with the mismatch amplitude to a point, followed by a 

drop off in efficiency with further increase. However, a greater efficiency of the 

MMHH transfer is found by increasing the proton B1 field above the match, as 

opposed to below the match (Nevzorov 2009). The M-pattern results were 

expressed in theory as well as experiment and a good agreement was obtained. 

Asymmetrical exchange intensities in regard to the bi-directional pathways were 

explained by dipolar truncation (Ramachandran et al. 2003; Pandey et al. 2013) and 

subsequently by considering competitive exchange pathways (Tang et al. 2012). 

The maximum exchange efficiency was found to occur at smaller B1 fields both in 

spin dynamic simulations of crystals and in crystal experiments (Traaseth et al. 

2010) as well as spin dynamic simulations of Pf1 coordinates with the bicelle dipolar 

scaling (Tang et al. 2012).  



 

74 

 Despite significant theoretical and experimental studies of the parameter effects on 

spin diffusion, the explanation of magnetization transfer under the MMHH conditions 

has remained relatively qualitative. Previous discussions of the mechanism have 

asserted that because of the mismatch nature of the rotating frame fields 

experienced by the two Zeeman reservoirs of the protons and dilute spins, energy 

conserving flip-flops are forbidden and polarization is not expected to accrue in the 

Zeeman order of the protons (Khitrin et al. 2011). This leads to the conclusion that 

proton Zeeman order takes no part in the final density matrix and that the dilute spin 

Zeeman order is at equilibrium with the 1H-1H dipolar order. It has also been 

previously asserted in discussion of the mechanism that all 15N-1H dipolar couplings 

are significant to the exchange (Nevzorov 2008) and this fact has been 

substantiated by the effects of considering additional spins within the proton bath 

(Figure 4.4) even for the relatively weak 15N-1H couplings. 

MMHH and cross polarization are expected to be quantum-mechanically analogous. 

MMHH simply takes the mechanism one step further in the form of a reverse CP 

followed by another CP transfer, therefore the same condition of non-ergodicity 

shown in cross polarization (Nevzorov 2011) should be present and some form of 

the transient oscillations (Mueller et al. 1974) should also be observable given that 

communication between the nitrogen Zeeman order and the proton bath is still 

dictated by the 15N-1H dipolar coupling. 
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4.3 Quantum-mechanical simulations of the MMHH transfer 

 

4.3.1 The spin system 

 

Simulations within this section are aimed at proving a simple mechanism derived 

from a complex system by observing the effect on transfer efficiency of bulk scaling 

dipolar couplings. The spin system is defined by two 15N spins in a proton bath of ten 

1H spins. The structure of the system (i.e. spatial coordinates of the spins 

considered) is defined by a typical (i, i+1) magnetization exchange within an alpha 

helical fold. The corresponding nitrogen coordinates from residue G24 and residue 

Y25 were used to seed the spin system. Coordinates of the protons from the entire 

structure of Pf1 (PDB ID 1ZN5) were pruned to a desired number according to the 

strength of the 15N-1H dipolar couplings to the two 15N sites involved (dipolar 

couplings typically ≥100 Hz plus the amide proton). The structure-dependent dipolar 

coupling constants are first calculated and used when building the dipolar part of the 

Hamiltonian. A bulk scaling factor can be applied by taking the structurally calculated 

dipolar coupling constants of the 15N-1H couplings and 1H-1H couplings either as a 

whole or individually. A few results involve the singling out of specific dipolar 

couplings (15N-1H amide coupling) within their reservoir while zeroing out all other 

15N-1H interactions.  
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The initial density matrix, the Hamiltonian and the time evolution of the density 

matrix are as given in Eqn. 4.1-4.5 with the exception of two scaling factors in the 

Hamiltonian, A for 15N-1H couplings and B for 1H-1H couplings: 

                                                      (Eqn. 4.6) 

Simulations below are created by the varying of the dipolar scaling factors A and B. 

 

4.3.2 Results of the simulations 

 

Figure 4.7 shows the calculated build-ups of each individual Zeeman reservoir at 

cross polarization (ωS = ωI), +4 kHz mismatch (ωI - ωS = 4kHz) and +10 kHz 

mismatch. At reverse cross polarization conditions (transfer of polarization from 

dilute to abundant spins) the S-spin (15N) and I-spin (1H) Zeeman reservoirs interact 

according to a sum of transient oscillations of time-domain periodicity defined by the 

dipolar coupling constants of individual 15N-1H interactions in the same way as for 

the CP conditions (Nevzorov 2011). As mismatch values increase to their optimum 

magnitude, 15N-1H dipolar couplings of lower amplitudes are now less than the field 

difference between the Zeeman reservoirs (aij < ∆ω) and can no longer facilitate 

direct exchange between the two types of spins. In Figure 4.7, <Ix3> refers to the 

Zeeman build up on the proton spin identified as the amide proton of the nitrogen 

spin on which the initial magnetization is placed. At the optimum conditions for the 

exchange (+4 kHz, Figure 4.7B light blue line) the periodicity of the Zeeman build-up 

of the entire proton bath is defined by the oscillation between the polarized nitrogen 

€ 

H = Sω X
totalS + Iω X

totalI +A × ISH +B × IIH
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<Sx1> and its amide proton. At +10 kHz mismatch, the exchange has not been 

totally prevented, however, even the amide coupling has been largely decoupled as 

evidenced by the very small build up on the protons.  
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Figure 4.7:  A=1 and B=1; 15N total Zeeman compared to total magnetization built up 
on the entire bath and each individual proton take at cross polarization conditions 
(A), +4 kHz mismatch (B), and +10 kHz (C). At larger mismatch values the two 
Zeeman reservoirs become largely decoupled. Simulations were run at 10 µs time 
steps for full resolution of oscillations. 
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It should be noted that there is a second 15N-1H coupling constant not decoupled by 

optimum mismatch values belonging to the second nitrogen spin and its associated 

amide. Significant transfer does not build up on this proton as it is decoupled from 

and only indirectly communicates with the polarized nitrogen spin via homonuclear 

dipolar coupling to the first amide proton. This interaction is still mechanistically 

important, as without it, polarization transfer to the second nitrogen spin would 

depend on the predominately decoupled 15N-1H couplings of the surrounding 

protons. 

Contrary to the assumption that the 15N Zeeman order comes to a thermodynamic 

equilibrium with the 1H dipolar order alone, the total Zeeman order is almost entirely 

conserved (>99%), albeit some of it is transferred to the protons. Under this 

paradigm, the dipolar order acts more as a medium of set polarization capacity 

dependent on the magnitude of the dipolar constants associated with the order, 

rather than a vast reservoir of energy accumulation. Given such a minute portion of 

total polarization is present in the dipolar reservoirs, transfer of polarization through 

and out of the dipolar order is significantly fast relative to the occupation time of a 

quantum of energy within the order and purely thermodynamic assumptions of 

equilibrium between the reservoirs may be problematic as the system is non-ergodic 

in the same way as cross polarization (Brüschweiler 1997; Brüschweiler and Ernst 

1997). Non-ergodicity refers to the fact that even over infinitely long mixing times the 

protons will approach different quasi-stationary values and therefore equilibrium 
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values are based on the initial conditions and spatial arrangement of the spins 

(Nevzorov 2011). 
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Figure 4.8:  M-pattern effect of bulk dipolar scaling. A) 15N-1H couplings are held 
constant by scaling factor of A=1. 4 plots are shown at different values of B from 
Eqn. 4.1. B) 1H-1H coupling constants are held constant while varying the value of A 
from Eqn. 4.1. Simulations are in steps of 1 kHz. 0 kHz mismatch represents cross 
polarization conditions. 
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Figure 4.9:  A) Build up overlay of magnetization exchanged to the second nitrogen 
over a 25 ms mixing period at 4 kHz mismatch. A) The blue line reflects the build up 
using all interactions while the red line reflects build up zeroing all 15N-1H coupling 
constants except for the coupling between each nitrogen spin and its respective 
amide proton. B) Build up of magnetization for two scaling factors of 15N-1H 
couplings while removing the effects of 1H-1H couplings altogether (B=0). Even in 
the absence of 1H-1H couplings, some inefficient exchange is expected after a long 
series of transient oscillations (long according to typical mixing times), however 
significantly less than transferred with proton-proton coupling.  
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Figures 4.8 and 4.9 show the effects of bulk scaling dipolar reservoirs on M-patterns 

and buildups respectively. Optimum mismatch conditions are primarily decided by 

the magnitude of heteronuclear (15N-1H) dipolar couplings and will peak at mismatch 

conditions on the scale of the 15N-1H coupling constants of the nitrogen spins and 

their amides. The overall M-pattern, up to the optimum mismatch conditions, is 

heavily dictated by all of the heteronuclear couplings as previously asserted 

(Nevzorov 2009), however as seen in Figure 4.9A, the role of each individual 

interaction becomes less significant as mismatch amplitudes become larger 

depending on the magnitude of the interaction. This is an important observation as 

optimum mismatch conditions can be well estimated according to the experimental 

observables (15N-1H dipolar coupling from SAMPI4 or PISEMA 2D SLF experiments) 

without tedious optimization experiments. Furthermore, as shown in Figure 4.9B, 

15N-1H couplings do offer a pathway (albeit inefficient) of exchange even in the total 

absence of 1H-1H homonuclear couplings (B=0). The magnetization evolves 

transiently with a relatively large periodicity compared to oscillations in heteronuclear 

systems shown in Figure 4.8, eventually reaching a quasi-stationary value based on 

the time-averaged oscillation. In contrast, if heteronuclear couplings are reduced to 

zero, no exchange occurs regardless of the homonuclear couplings of the protons as 

the S- and I-spin Hamiltonians commute  (results not shown). 

Figure 4.8A gives the relationship between the M-pattern and the magnitude of 

homonuclear dipolar couplings. The 1H-1H homonuclear couplings do bare some 

impact on M-pattern, however relative to the scaling of heteronuclear coupling, the 
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impact is small and induces little broadening of the optimum conditions. Interestingly, 

other than the increase in magnitude of transfer going from B=0.5 to B=1, further 

increase in 1H-1H couplings facilitates no more total exchange. When B=0.5, 

homonuclear exchange is the rate-determining step of the mechanism, while once 

A=1, the build up of magnetization on the amide proton associated with the polarized 

15N is the rate determining step and diffusion amongst the protons is sufficiently fast. 

Even when 1H-1H couplings are tripled, no further increase in exchange is calculated 

at any mismatch condition. 
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Figure 4.10:  A) Simplified representation of the mechanism of magnetization 
exchange at cross polarization conditions. B) Mismatch conditions eliminate the 
effect of dipolar coupling constants of interactions lower in magnitude than the 
mismatch. C) 9 spin system showing the relevant interactions at mismatch 
conditions. 15N-15N coupling constants are still expected to be orders of magnitude 
too small to induce significant exchange. However, as shown in the next section, 
they can be descriptive of transfer efficiency and the overall geometry of the system 
behaves according to the angular restraint within the 15N-15N coupling. Protons that 
are very far apart are considered effectively decoupled. 
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4.4 Prospects for distance measurements using the MMHH method 

 

4.4.1 Introduction 

 

Proton driven spin diffusion experiments have been used to determine distance 

constraints from the time evolution of cross peaks (Zolnai et al. 1997). Under this 

approach, several experiments are run varying the PDSD mixing time and according 

to the build up rate cross peaks are placed into distance bins reflecting a range of 

distances for each site binned by distances of 2.5-4.5, 2.5-5.5, 2.5-6.5 and 2.5-7.5 Å 

(Castellani et al. 2002). MMHH efficiency has been shown to be more efficient for 

spin systems representing short-range exchanges than long-range exchanges (Knox 

et al. 2010; Tang et al. 2012). However, it has also been earlier established that (i, 

i+3) exchanges are expected to be more intense than (i, i+2) consistently across 

most residues (refer to Section 4.1 of this text), therefore a detailed description of 

the quasi-stationary behavior of MMHH between a multitude of sites within a realistic 

structure (such structure of a real protein) utilizing a high number of spins is 

desirable. The maximum number of spins available (N=14; limited by computational 

bounds based on density matrix size) is used in the simulations for the purpose of 

correlating to a structural constraint. According to the mechanism as discussed 

above, the interactions among the proton bath are responsible for the long distance 

transfer of polarization and therefore the geometry of the protons involved in the 

transfer is descriptive of the N-N spatial vector.  
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4.4.2 Simulations 

 

Simulations have been run using 14 total spins chosen as described throughout this 

text. Mixing times sufficient to achieve quasi-stationary equilibrium were used for the 

spin systems involved (25 ms for MMHH and CRDSD and 12.5 sec for PDSD). The 

initial density matrix, Hamiltonian and time evolution of the density matrix is as given 

in Eqns. 4.1-4.5 for MMHH. For CRDSD the same initial density condition is used as 

with MMHH. The Hamiltonian only differs from MMHH in that there is no irradiation 

on the protons. 

                                                                                (Eqn. 4.7) 

And the Hamiltonian for PDSD is given by: 

  
                               (Eqn. 4.8)

  

The time evolution of the density matrix is the same as in Eqn. 4.4. 

Spin systems were selected to evaluate the spin exchange between isolated dilute 

spin pairs within the helical backbone of the transmembrane region of pf1 

bacteriophage reconstituted in bicelles (simulated by scaling dipolar couplings by -

0.4). Intramolecular distances corresponding to the (i, i+1) through (i, i+5) 

magnetization pathways are considered. 
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Figure 4.11: MMHH magnetization transfer simulations for the intramolecular 
transfer within an alpha-helical structure: 25 kHz B1 field on nitrogen spins, +4 kHz 
∆ω, 25 ms mixing time. Transfer efficiency between two nitrogen sites from PDB ID 
1ZN5 (residues 20-40) for (i, i+1) through (i, i+5) correlated against A) 15N-15N 
dipolar coupling magnitude in (Hz) and B) 15N-15N distance in (Å). 
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Figure 4.12:  Proton Driven Spin Diffusion simulations: 12.5 sec mixing time evolved 
under the Hamiltonian in Eqn. 4.8. Transfer efficiency of the magnetization exchange 
between two nitrogen sites from PDB ID 1ZN5 (residues 20-40) for (i, i+1) through (i, 
i+5) correlated against A) 15N-15N dipolar coupling magnitude in (Hz) and B) 15N-15N 
distance in (Å). 
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Figure 4.13:  Cross Relaxation Driven Spin Diffusion simulations: 5 kHz B1 field 
(determined by optimization calculation), 25 ms mixing time evolved under the 
Hamiltonian in Eqn. 4.7. Transfer efficiency of the magnetization exchange between 
two nitrogen sites from PDB ID 1ZN5 (residues 20-40) for (i, i+1) through (i, i+5) 
correlated against A) 15N-15N dipolar coupling magnitude in (Hz) and B) 15N-15N 
distance in (Å). 
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4.4.3 Distance measurement discussion 

 

Figures 4.11 through 4.13 show the correlations between transfer efficiency and two 

potentially useful structural constraints, otherwise not measurable: 15N-15N dipolar 

coupling and 15N-15N distance. Results for PDSD are consistent with the way PDSD 

is currently utilized within the field as discussed in Section 4.4.1. No distinct 

resolution between distances or couplings can be made within one experiment at 

quasi-stationary equilibrium and so multiple experiments must be run at different 

mixing times in order to resolve constraints and as a result refinement of the low end 

of the constraint is not possible (Castellani et al. 2002). Optimized MMHH and 

CRDSD experiments, on the other hand, offer resolution between both couplings 

and distances from Figure 4.11 and 4.13. Not only do the radiofrequency field-driven 

spin diffusion methods like MMHH and CRDSD offer significant reduction in 

experiment times for diffusion-assisted assignment spectra (Nevzorov 2008; Xu et 

al. 2008; Knox et al. 2010; Tang et al 2012), but also offer a potential reduction of 

the total number of experiments required for obtaining distance restraints. In this 

context CRDSD may seem a better option than PDSD and debatably better in 

practice than MMHH given that smaller B1 fields are utilized and there is no 

irradiation on the proton channel. However, the necessary low B1 fields may also 

represent a problem. A B1 of 5 kHz is used in the simulations above, taken from a 

series of optimization calculations (results not shown) and no appreciable transfer is 

expected at B1 fields over 8 kHz. Pf1 reconstituted in bicelles has 15N frequency 



 

92 

offsets up to 5 kHz within the transmembrane domain and therefore B1 fields of this 

magnitude may be insufficient to completely spin lock magnetization along the x-axis 

for the exchange. Further, rotating frame relaxation effects are more problematic at 

lower B1 fields (Fares et al. 2005) and signal loss may be too appreciable on a 

mixing time scale for quantitative analysis to be reasonable. MMHH has been shown 

to be slightly more efficient at lower B1 fields (Traaseth et al. 2010; Tang et al. 2012) 

however large B1 fields can be used at no significant intensity cost while 

circumventing significant relaxation (Tang et al. 2012). 

MMHH experiments exhibit a tighter correlation to simple structural constraints than 

both PDSD and CRDSD within a single experiment with the possibility of refinement 

through varying mixing times or by varying mismatch amplitude if desired. As in the 

case of structural constraints from PDSD experiments, accuracy of these models 

(especially for long-range measurements) will drastically increase by utilizing 

selectively labeled samples for elimination of dipolar truncation effects (Bayro et al. 

2009). These selectively labeled experiments could be performed in conjunction with 

assignment seeding selective spectra as suggested in (Tang et al. 2012). 

 

4.5 Oligomeric studies 

 

In recent years, the transmembrane domain of the Influenza A M2 proton channel 

has been the subject of several studies (Wang et al. 2001; Hong et al. 2009; 

Acharya et al. 2010; Sharma et al. 2010) together with its drug-bound structure (Hu 



 

93 

et al. 2007; Chou and Schnell 2008; Stouffer 2008; Cady et al. 2010). The M2 proton 

channel forms as a tetramer of four NMR-equivalent monomers, each with a 20 

residue transmembrane region (Sharma et al. 2010). The structure of the oligomer is 

an extrapolation of the NMR solution of the monomer translated and rotated such 

that the transmembrane regions’ polar residues occupy the pore (Sharma et al. 

2010). According to the solved structure of the M2 proton channel in hydrated 

bilayers deposited on glass plates (PDB ID 2L0J), it is expected that two residues 

(alanine 9 and isoleucine 14 within the transmembrane region) have a shorter 

interhelical distance (~6.5 Å) than intrahelical distance (~8.3 Å) and as a result, in a 

selectively labeled sample at mismatch amplitudes >2 kHz, no significant crosspeak 

intensity would result from the intrahelical exchange. 

In order to evaluate theoretically the potential of MMHH for obtaining intermolecular 

contacts between the two helices, the structural coordinates of the M2 proton 

channel were taken from PDB ID 2L0J. One helix was held fixed in space and every 

atom associated with the second helix was translated along a vector. Most 

translations considered were in the x, y, or x and y directions, with two translations 

over a short distance along z to allow for changes in membrane immersion depth. 

Shown below in Figure 4.15 is the transfer efficiency correlation to 15N-15N distance 

after translation of the helix. 15N-15N distances below 5.5 Å were not considered 

because this created a structurally and sterically impossible situation of protons from 

one helix passing within less than 2.5 Å of the polarized nitrogen on the other helix. 
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Figure 4.14:  A) Cartoon representation of the M2 proton channel of the Influenza A 
virus constructed in Pymol using PDB ID 2L0J. B) A comparison of the intra- and 
interhelical distances associated with the intra- and interhelical magnetization 
exchange in a selectively labeled sample of M2.  
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Figure 4.15:  Transfer efficiency plotted against N-N distance calculated after helical 
translation at 25 ms mixing time, A) 1 kHz mismatch, B) 2 kHz mismatch, C) 3 kHz 
mismatch, and D) 4 kHz mismatch. 
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Only the coupling constants between the spins associated with separate helices are 

adjusted by translation. As a result, the structural correlation is tight (Figure 4.15) 

relative to the broad model of a helical backbone with slightly varying torsion angles, 

and most significantly highly varying side chain proton structure. Figure 4.15 also 

shows a narrowing of the max the possible distance as mismatch amplitude is 

increased. At +4 kHz, any distances beyond 7 Å are not expected to be observable. 

In section 4.3 it was discussed the only contributing factors to the MMHH 

mechanism at sufficiently large mismatch amplitudes are the amide heteronuclear 

couplings and the structure of the proton bath. Under the assumption of a solved 

monomer, the majority of proton couplings can be projected according to known 

bond angles and distances, and HN dipolar couplings are measured by experiment. 

With this information, structural constraints can be derived from the cross peak 

intensity given that there is sufficient signal to detect the cross peaks. In some 

circumstances, as in the case presented here, the appearance of any contact is 

representative of a distance constraint of 5-8 Å, given that passing closer than 5 Å is 

expected to be unlikely, and beyond 8 Å little or no transfer should be measurable at 

any mismatch.  

Therefore, the MMHH transfer exhibits relatively strong correlation to desired 

structural constraints compared to methods already currently used to derive these 

constraints and behaves under a simpler set of interactions than PDSD. MMHH has 

an added analytical advantage of being utilizable for the exchange between any 

dilute spins within a protein structure and is not limited to homonuclear exchange in 
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the way PDSD is (Khitrin et al. 2011). Selective labeling schemes using both 13C and 

15N labeled sites are possible and therefore structural studies utilizing MMHH are 

only limited to what is chemically possible in the preparation of the sample. As 

discussed earlier in this chapter, the drug bound forms of complexes like the M2 

proton channel can be of interest and selective labeling could be used to evolve 

distance-reliant contacts between a spin site within the protein and a spin site on the 

drug molecule.  
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CHAPTER 5 

FUTURE DIRECTIONS 

 

5.1 Repetitive MMHH contacts for surpassing the quasi-stationary equilibrium 

and cross peak enhancement 

 

Spin diffusion pulse approaches have been well shown to be helpful in assignment 

of complicated spectra of biomolecules (Cross and Opella 1983; Marassi et al. 1999; 

Knox et al. 2010; Tang et al. 2012). In Chapter 4 of this thesis, application of various 

spin diffusion methods for detecting long-range contacts has been assessed. 

Elucidation of very weak exchange peaks becomes necessary in the study of spin 

diffusion at longer distances. These weak diffusion peaks not only build up slowly 

with time but also suffer from a small equilibrium value that cannot be increased 

regardless of mixing time and mismatch conditions. The first step in elucidating 

these long-range contacts would be to establish a method for breaking the typical 

quasi-stationary equilibrium. 

Repetitive cross polarization (REP-CP) has been proven to achieve nearly 

thermodynamic limit of polarization transfer from the abundant spins to the dilute 

spins (Tang and Nevzorov 2011) and greatly surpasses transfer limitations of a 

single contact cross polarization experiment. Cross polarization mechanisms and 

mismatched Hartmann-Hahn mechanisms are analogous, physically speaking in that 

each relies on 1H-15N and 1H-1H dipolar couplings to diffuse magnetization between 
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the spin sites under spin lock conditions. In simpler terms, MMHH simply utilizes B1 

field offsets between the two channels to vary the efficiency with which the Zeeman 

order is transferred between the heteronuclear sites. Under this regime, multiple 

contacts may be expected to surpass the limit of transfer of one contact.  

A few fundamental differences between the applications of the two (REP-CP and 

MMHH) experiments despite their similarities in mechanism should be considered as 

well. In REP-CP experiments the goal is to transfer as much polarization as possible 

to the S spin sites. Enhancement is achieved by tilting the I spin magnetization back 

to the z-axis and allowing it to re-equilibrate via 1H-1H spin diffusion and longitudinal 

relaxation (Tang and Nevzorov 2011). Here, total observable signal is limited only by 

the equilibrium polarization of the proton bath. Conversely, in the case of MMHH 

spin diffusion new Zeeman polarization cannot be introduced between contacts for 

cross peak enhancement because only the magnetization manipulated under the 

conditions of the indirect dimension would yield the exchange intensity. Therefore 

the only way to enhance cross peaks is by surpassing the quasi-stationary 

equilibrium and limiting loss of information to the protons. 

Chapter 4 contains a discussion of the evolution of site-specific 1H and 15N Zeeman 

reservoirs during the course of a MMHH experiment. Under typically “optimized” 

MMHH conditions according to maximum transfer per unit time, significant previously 

stored information is diffused to the proton bath. If a multiple contact regime is 

attempted under these conditions, information transferred to the proton bath during 

each individual contact will be lost during the wait time between contacts. For this 
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reason, it is necessary to employ increasingly large mismatch values so as to 

conserve correlation information stored on the 15N spin sites. As a consequence of 

large mismatch values relative to single contact optimum mismatches, the exchange 

during each contact would be slow. 

A series of spin dynamic calculations have been performed demonstrating efficiency 

comparison between PDSD, MMHH, PDSD followed by MMHH and repetitive 

MMHH. PDSD and MMHH calculations follow as described in previous chapters. For 

the other two, slight adjustments need to be made and a Hamiltonian will need to be 

included for the 90°Y pulses. The initial density matrix will be considered as all 

magnetization stored along the z-axis. 

                                                                                                   (Eqn. 5.1) 

Initially magnetization will evolve under the PDSD Hamiltonian for a time (tSD) 

                                   (Eqn. 5.2) 

Then a 90Y pulse will be applied of duration t90 under the Hamiltonian: 

                       (Eqn. 5.3) 

Frequency offsets are neglected under the assumption of high power RF pulses. 

The flip back Hamiltonian for a -90°Y involves only a change in the phase of ωS. And 

the Hamiltonian for MMHH is given by: 

                                     (Eqn. 5.4) 
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And the time evolved density matrix can be calculated as: 

 

€ 

ρ t( ) = −i MMH MMte −i 90H 90te −i SDH SDte ρ 0( ) i SDH SDte i 90H 90te −i MMH MMte               (Eqn. 5.5) 
 
Where ‘t’ is given by the sum of tSD, t90 and tMM. Looping this calculation into a 

repetitive scheme requires addition of a -90°Y pulse followed after mismatch 

Hartmann-Hahn mixing and either a terminal 90°Y pulse should be added to observe 

along x, or Zeeman populations can be observed along the z-axis, computationally. 

A pulse sequence diagram depicting the proposed REP-MMHH pulse sequence is 

shown in Figure 5.1 as it would be implemented in a 15N-15N correlation experiment. 

 

 

 
 
Figure 5.1:  Pulse diagram of the proposed REP-MMHH pulse sequence. 
Implementation is simple on spectrometers where MMHH have already been used 
since all that is required looping the segment of the pulse sequence already 
associated with MMHH driven spin diffusion N number of times. 
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Results from a few of the spin dynamic simulations used to evaluate the potential of 

REP-MMHH of enhancing crosspeaks are shown below. Simulations were done 

using the coordinates from 1ZN5 from the PDB with applied dipolar scaling of -0.4 to 

simulate the effect of bicelle reconstitution (Park et al. 2006). The exchange from 

G24 to Y25 was selected as a representative exchange system as this system’s 

build up profile is very consistent with the average.  
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Figure 5.2:  A) Build up of a single contact MMHH exchange after a 1 second z-filter 
at 4 kHz mismatch. Magnetization is totally built up between 20 and 25 ms at around 
22% transfer. B) Same as (A) with the exception of a 5 second z-filter. Increasing the 
duration of the z-filter had little impact on the maximum magnetization and this 
represents the limit of possible exchange for a single contact of PDSD followed by a 
single contact of MMHH. C) REP-MMHH after 0.5 second initial z-filter, 10 ms 
MMHH contact per contact separated by a 0.2 second wait time in between 
repetitive MMHH contacts at 4 kHz mismatch. D) Same as (C) except the mismatch 
value is shifted to 20 kHz. 
 

Figure 5.2 shows a representative set of results. Simulations were also performed 

varying MMHH mixing time per contact running from 2 to 10 ms per contact (only 

results from 10 ms per contact shown). Shorter contacts do not result in 

enhancement without more than 15 iterations, which is prohibitively too many 
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contacts as each contact is followed by a wait time on the order of tenths of a 

second. Figures 5.2A and 5.2B demonstrate the quantum limit of transfer under 

single contact conditions even with exceedingly long mixing times. In both cases 

exchanged magnetization has reached its quasi-stationary equilibrium by between 

20 and 25 ms and of magnitudes 22% and 23.5% respectively. Figure 5.2C shows 

the effect of using optimized transfer parameters according to a single contact. 

When the mismatch conditions were readjusted to much larger values (20 kHz) 

REP-MMHH enhancement can be attained. Large mismatches disallow build up of 

Zeeman polarization on 1H sites, even amide protons and at 100 ms of mixing still 

has not fully built up to its exchange potential. At 50 ms total mixing time Figure 5.2D 

has built up to the quasi-stationary limit of Figures 5.2A and 5.2B and is still rising. 

The transferred magnetization at 100 ms is 28.5% and even greater, a more than 

20% enhancement in cross peak intensity over the single MMHH contact. 

However, the mixing times of this duration may be prohibitive in systems where the 

rotating frame relaxation of the dilute nuclei is on the order of 10ms or shorter as is 

typical in magnetically aligned bicelles. Some of the issue of rotating frame 

relaxation is circumvented under the REP-MMHH regime because no significant 

Zeeman order builds up on the protons, where magnetization is subject to fast 

rotating frame relaxation on the order of milliseconds (Fares et al. 2005; Tang and 

Nevzorov 2011) in biological samples. However in systems where slow motions are 

restrained, rotating frame relaxation is slow or altogether negligible as can be seen 
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in crystal studies of NAVL where mixing times as long as 25 ms were used without 

significant relaxation effect (Traaseth et al. 2010). 

 

5.2 Selective excitation simulations and suggested applications to spin 

diffusion assisted assignment for the purpose of spectral editing 

 

Sequence-specific spectroscopic assignment of resonances evolved during 

multidimensional SLF NMR experiments on uniformly labeled membrane proteins 

reconstituted and magnetically aligned in bicelles has historically been carried out 

using laborious and expensive preparation of many selectively labeled samples in a 

methodology coined as the “shotgun” approach (Marassi and Opella 2003). This 

approach is well suited for establishing assignment of helical structures with a well-

defined periodicity by combining the selective labeling scheme with dipolar waves 

and PISA wheels using experimentally obtained orientation information (Marassi and 

Opella 2003).  

Assignment can also be established via purely spectroscopic methodologies using 

spin-spin correlation spectra obtained via dilute spin exchange introduced after the 

evolution of coherences in the indirect dimension (Tang et al. 2012; Knox et al. 

2010).  Correlation peaks demonstrate a backbone walk of connectivity between 

resonances associated with relatively short spin-spin distances (i, i+1) in the protein 

structure (Knox et al. 2010) and can be achieved at varying exchange efficiencies 

(Traaseth et al. 2010) through multiple schemes including proton driven spin 
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diffusion (PDSD) (Suter and Ernst 1985) and mismatched Hartmann-Hahn (MMHH) 

spin exchange (Nevzorov 2008; Nevzorov 2009).  

Utilizing spin-spin correlation spectra for spectroscopic assignment, however, 

introduces the problem of spectral crowding, particularly for the study of larger 

membrane proteins.  Analyzing the backbone walk of connectivity becomes difficult 

due to superimposition of correlation peaks with other correlation peaks or main 

peaks.  Selective excitation schemes allow for the targeting of specific frequency 

offsets, as well as offer phase separations of nearby resonances due to negative 

sideband excitation.   

 

5.3 Selective excitation schemes and excitation profiles 

 

The goal of this method is to apply a spectral editing approach to a single-sample 

resolution of assignment ambiguities.  Historically, several selective excitation 

schemes have been used for selective 90°Y pulses including: constant weak RF 

irradiation (Freeman and Wittekoek 1969), short regular repeating hard pulses 

(Bodenhausen et al. 1976), and Gaussian shaped pulses (Bauer et al. 1984).  

When considering selective excitation schemes a few logistical factors should be 

taken into consideration with the goal of sequential implementation of selective 

excitation followed by MMHH irradiation for cross peak elucidation.  Selective 

excitation requires constant decoupling irradiation along the abundant spin channel 

(typically 1H) during the course of implementation in double resonance experiments 
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regardless of the scheme, especially in tightly coupled systems such as membrane 

proteins. Combined with probe heating during MMHH irradiation, duration of the 

selective scheme is a strong factor requiring that t90 (defined here as total time 

required to completely excite a narrow band of frequency offsets) is sufficiently short 

such that together with the MMHH irradiation time tmix (typically 5-10ms) it would not 

result in heating of the sample and/or probe arcing.  

Furthermore, selective excitation tends to lead to some considerable secondary 

sideband excitation, creating some observable transverse magnetization at 

frequency offsets other than the targeted resonances. Typically this secondary 

excitation is sufficiently less intense than the on-resonance excitation, so that these 

peaks can be artificially filtered (by raising contour levels in 2D or being below noise 

in either 2D or 1D), however in the case of spin diffusion techniques on membrane 

proteins desirable cross peaks can be as weak as 1:20 (though not typical in 

assignment spectra of (i, i+1) cross peaks) (Knox et al. 2010; Tang et al. 2012) with 

respect to the main peak intensities without spin diffusion. With the goal of resolving 

assignment ambiguities, it is therefore desirable to implement selective schemes 

resulting in minimal secondary excitation. In the following sections, an evaluation of 

each of the commonly used selective schemes in the context of application to Pf1 

reconstituted in membrane proteins as this has been recently solved (Park et al. 

2010) and an evaluation of its resonance assignment with MMHH spin diffusion 

methods previously published (Knox et al. 2010; Tang et al. 2012) is presented. 
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Understanding the significance of the excitation profiles requires understanding of 

how the excitation is achieved in an NMR experiment. Experimentally, selective 

excitation is implemented by shifting the carrier frequency on resonance with a 

specific chemical shift and by lowering the RF power of the pulse. In the context of 

the figures shown below, selectivity refers to the targeted peaks at 0 ppm (on 

resonance) and all peaks outside the typical linewidth of the target resonance 

(typically <3 ppm or 150 Hz in the direct dimension for well aligned bicelle samples) 

are considered to be secondary excitation. 

 

5.3.1 Weak rectangular pulses 

 

Typically, uniform transverse excitation is achieved by a short burst of irradiation of 

duration, 

                                                                                              (Eqn. 5.6)  

such that the intensity of the applied B1 field is significantly greater than the 

frequency offsets (B1 >> ∆ƒ) of resonances. However in the case of weak 

rectangular pulses, the intensity of the B1 field is adjusted to be sufficiently small 

such that a narrow band of frequency offsets from the carrier frequency would result 

in observable excitation (Freeman and Wittekoek 1969). In the case of spin dynamic 

calculations either a single S-spin (non-abundant, low gyromagnetic ratio spins) at a 

given frequency offset or multiple low gyromagnetic ratio spins can be considered 

€ 

90t =
1
4 × 1B
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simultaneously with or without I-spins (abundant, high gyromagnetic ratio spins) and 

their associated couplings.   

For the simulations shown here, the interactions with or among the I-spins are 

neglected under the assumption that 1H channel decoupling is sufficiently complete 

as to not perturb the expected excitation profile. Direct 15N-15N homonuclear dipole 

coupling was also neglected as the coupling constants are between 1 and 2 orders 

of magnitude less than the weak RF pulses used. Excitation profiles are shown as 

observable transverse magnetization as a function of frequency offset (∆ƒ) 

converted into parts per million for ease in comparison with experiment.   

The initial density matrix can be described as the B0 field induced or cross 

polarization created and z-axis stored longitudinal magnetization such that: 

                                                                                                    (Eqn. 5.7) 

And the system will evolve under the Hamiltonian: 

                                                                             (Eqn. 5.8) 

The evolution of the density matrix in regard to time is then given by: 

                                                                                      (Eqn. 5.9) 

The expected proportion of total longitudinal magnetization tilted 90° in the rotating 

frame at a specific frequency offset ∆ƒk
 at a time t = t90 (sufficiently long as to induce 

maximum possible transverse excitation on resonance) is given by: 

                                                                                      (Eqn. 5.10) 
 

Figure 5.3 shows the excitation profiles generated over a spectral range of 50 ppm 

(2500 Hz) at four different field strengths.  Profiles were generated using 1-S spin 
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systems varying the frequency offset of the spin, and x-character magnetization was 

calculated as mentioned in Eqn. 5.10. The main weakness of weak rectangular 

pulses for selective excitation is the small number of adjustable parameters in the 

scheme.  This sinc-like excitation profile can only be adjusted by varying the strength 

of the B1 field. As a result, all excitation profiles generated by weak rectangular 

pulses share the same local maxima and minima and the profiles only vary in 

periodicity according to twice the strength of the B1 field (in Hz).  Such a restriction 

leaves little capability for tailoring the selective scheme for different membrane 

proteins and individual target resonances, and considerable secondary positive 

excitation results in this scheme being a poor choice for the purposes described. 
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Figure 5.3:  Excitation profiles of 4 different field strengths (B1) pulses along the y-
axis in the rotating frame applied uniformly over their durations (rectangular). 
Intensity is shown as percent of original longitudinal magnetization tilted to the x-axis 
by the end of the 90°Y pulse of length determined by the strength of the B1 field 
according to Eqn. 5.1. B1 field strengths and calculated pulse durations are shown 
to the right of each respective profile.  A spectral range of 50 ppm (2500 Hz ∆ƒ) is 
shown, consistent with the chemical shift ranges of Pf1 reconstituted in bicelles 
(Tang et al. 2012).  Red dotted line is used to emphasize a change in phase at 0. 
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5.3.2 DANTE pulse trains 

 

Pulse trains of equally timed and equally spaced short pulses (10s to 100s 

nanoseconds) separated by short (10s to 100s microseconds) have also been 

shown to achieve narrow band excitation in sequences referred to as DANTE 

(Bodenhausen et al. 1976). Selectivity is achieved in terms of the number of 

repetitions, with increasing numbers of steps resulting in narrower excitation bands 

(Figure 5.4) as well as the length of time between pulses (twait) with narrower 

excitation bands achieved at longer wait times (Bodenhausen et al. 1976). Another 

possible way of refining selectivity not originally discussed by the authors is by 

reducing the intensity of the pulse from a hard pulse train to a train of soft pulses 

(Figure 5.4). DANTE has the advantage of being more capable of tailoring than 

weak rectangular pulses since multiple factors affect selectivity. However, each of 

the adjustable parameters for customized profiles and increasing selectivity are the 

factors in determining the duration of decoupling. For instance at 50 kHz B1 fields, a 

pulse train of 100 steps and 10 µs wait period results in a total decoupling time of 1 

ms, only 4 µs of which was spent actually pulsing. Narrowing selectivity from this 

point requires significant increases to the pulse time making DANTE prohibitively 

long for the spectrometer used and system of study. DANTE further suffers from a 

similar limitation as weak rectangular pulses in that, in spite of being a pulse train, it 

is still a rectangular pulse and while selectivity can be achieved through multiple 
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methods, the issue of considerable positive secondary excitation across the spectral 

region of interest persists (Figure 5.4).  

Spin dynamic simulation of DANTE pulse trains is more complicated than the case 

of constant uniform irradiation over the duration of the pulse (Eqns. 5.7-5.10).  Two 

Hamiltonians in the rotating frame have to be considered, one for the pulse and one 

for the wait time.  These two propagators must be applied in sequence N times until 

tp * N = t90.  The first Hamiltonian involves application of a B1 field of strength ωS 

along the y-axis of the rotating frame as well as a ∆ƒ term along the z-axis: 

                                                                       (Eqn. 5.11) 

The second Hamiltonian is purely given by the free precession term: 

                                                                                      (Eqn. 5.12) 

It should be noted that heteronuclear dipolar coupling terms are neglected in both 

Eqns. 5.11 and 5.12 as in the case of Eqn. 5.8 because it is expected that complete 

1H decoupling is achieved for the duration of the train and 15N-15N coupling 

constants are expected to be small relative to ωS. With the initial density matrix 

being described as in Eqn. 5.7 the time-evolved density matrix will be described as: 

                                           (Eqn. 5.13) 

And observable transverse magnetization will be given as in Eqn. 5.10. 

The various profiles in Figure 5.4 were generated the same way as in Figure 5.3 and 

as described in the previous section. As discussed, DANTE has 3 adjustable 

parameters: wait time between pulses (tw), intensity of the B1 field, and the total 

number of iterations N all of which factor into the total duration of the pulse train (td). 
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Figure 5.4: Excitation profiles of 6 different sets of parameters demonstrating how 
their adjustment affects selectivity. Comparison of (A), (B), (C) and (E) demonstrates 
the effect of wait time on selectivity while (D) vs (E) and (F) vs (E) demonstrate the 
effects varying steps and varying the B1 field strength between a hard (E) and soft 
(F) pulse respectively.   
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As discussed in the caption, Figure 5.4 is an evaluation of the effect of varying the 

experimental parameters associated with the DANTE pulse train. No matter which 

parameter is adjusted, the net effect on selectivity and pulse duration is the same as 

demonstrated by the identical excitation profiles and identical pulse durations of 

Figures 5.4 B, D and F. It can also be noted upon comparison to Figure 5.3 that 

there is no advantage to using DANTE pulse trains over continuous weak irradiation 

as pulse schemes of identical duration have identical excitation profiles. DANTE may 

still hold some experimental advantages over continuous weak irradiation in that it 

may circumvent some relaxation effects by using hard pulses (in every case except 

Figure 5.4F), however it yields no spin dynamic advantage and in the same way as 

was discussed in regard to weak rectangular pulses for the purposes described in 

Section 5.3. 

 

5.3.3 Gaussian shaped pulses 

 

Gaussian shaped pulse envelopes have been demonstrated to be a method of 

achieving selective excitation while reducing secondary excitation more rapidly than 

rectangular pulses (Bauer et al. 1984). The authors show that because of the 

gradual rise and gradual fall of magnetization as opposed to continuous excitation at 

one frequency B1 field, at significant offsets  (maximum amplitude of 

the B1 field during the Gaussian envelope) magnetization trajectories rapidly return 

to their near longitudinal positions during the very low intensity B1 tails of the € 

Δf > 1
maxB
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Gaussian (Bauer et al. 1984). After consideration of the weaknesses of soft 

rectangular pulses and DANTE trains, Gaussian pulses offer the potential to resolve 

issues with significant secondary excitation however, the authors report prohibitively 

long durations for desired selectivity (Bauer et al. 1984). 

Spin dynamic approaches can be extended to Gaussian excitation applications for 

predicting excitation profiles in a similar way to soft rectangular and DANTE trains.   

The initial density matrix is again described as in Eqn. 5.7 and the Hamiltonian will 

be applied step-wise as in Eqn. 5.8 while varying ωS each step such that in the time 

domain B1 field intensity is in the shape of a Gaussian function. The parameters of 

the Gaussian pulse are based on the selected duration (td) and the truncation level 

(TL) as well as the B1 maximum amplitude. The number of steps (N) is also an 

adjustable parameter, however with the capability of modern spectrometers 

implementation of 100s or even 1000s of steps is feasible with step pulses on 10’s of 

nanoseconds. The Hamiltonian at each given step in time is given by:                                                                 

                                                              (Eqn. 5.14) 

where ωS(t) represents a Gaussian function of max intensity given in Eqn 5.15, 

centered at  and a peak width defined by  sigma: 

                                                                                                                           

                                                                                                                               (Eqn. 5.15) 
 

where,                                                                                            

                                                                                           (Eqn. 5.16) 
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The area under the pulse for the case of a 90°Y pulse must be exactly π/2 radians. 

Total pulse duration will be given by selection of a Truncation Level determined by a 

coefficient (C) of full width at half maximum of a Gaussian function defined by its 

standard deviation from maximum 

                                                                                            (Eqn. 5.17) 

Now, let us break up the duration of the pulse td into N steps of duration ts and the 

time evolved density matrix at each time step is: 

                                                             (Eqn. 5.18) 

The expected transverse magnetization at a time td = t90 will then be obtained from 

Eqn. 5.10.  

Figure 5.5 shows the relationships between adjustable parameters of Gaussian 

pulses and their associated excitation profiles. As shown in Eqns. 5.14-5.18 it is 

demonstrated the adjustable parameters are the number of steps (N), the maximum 

field applied , and the truncation level in the form of C above.  Previous 

studies have indicated the importance of extremely low truncation levels (<1% of 

max B1) (Bauer et al. 1984) and maximum number of steps possible on the 

spectrometer in order to preserve the favorable aspects of selective excitation with 

weak Gaussian pulses. Results in Figure 5.5 are contrary to this idea showing that 

the best way of reducing the total pulse time without significantly affecting the 

desired selectivity of the pulse is by increasing the TL. In the tails of a pulse with 

very low truncation levels, a significant amount of time spent pulsing is at extremely 
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low B1 fields. A C-value of 4 (TL = 6.25%) in Eqn. 5.12 reduces td by 50% versus a 

C-value of 6 (TL = 0.20%) while only affecting total area by <1.5% of total ideal area 

under the Gaussian. 
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Figure 5.5:  Excitation profile comparisons of 8 different excitation profiles. (A), (C) 
and (E) represent the effect of reducing the B1 field on selectivity as well as pulse 
duration (td). (B), (D) and (F) show the effect on the excitation side lobes of using 
high truncation levels. Truncation also greatly reduces td without affecting selectivity.  
(G) and (H) show that the number of steps has little to do with the performance of 
the pulse.  Using as few as 10 time steps has little impact on the profile. 



 

122 

Figure 5.5C shows the excitation profile induced by a Gaussian of maximum 

intensity B1=250 Hz at a recommended truncation level significantly less than 1% 

yielding total pulse duration of 2.8 ms. Truncation of the same Gaussian pulse to 

12.1% reduces total pulse duration to 1.6ms, a reduction of 43%. As a second 

benefit to significantly reducing the pulse duration, truncations of 6% or more 

completely eliminate secondary positive excitation.  It should be noted that, while not 

shown here, the truncations over 20% suffer from significant reductions in the total 

area, which results in appreciably reduced excitation on resonance as well as 

gradually increasing positive side lobes and selectivity loss.  

Based on the simulation results in the previous sections, soft rectangular pulses and 

DANTE trains seem to be inferior to the Gaussian pulses. While desirable selectivity 

and desirable pulse durations are achievable with these two methods, both suffer 

from an inability to reduce secondary excitation to a level suitable for use with spin 

diffusion experiments for the purpose of assignment. Gaussian pulses, however, can 

be tailored in a new way offering an ideal method for achieving excitation conditions 

favorable for spin exchange. The significant negative sideband can be used for 

phase contrast to simultaneous study two narrow bands of resonances appropriately 

spaced in the spectrum allowing the resolution of multiple ambiguities with a single 

well-tailored experiment.  
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5.4 Concluding remarks 

 

Intensive spin dynamic calculations have been presented here for the understanding 

of proton-mediated magnetization transfer under mismatched Hartmann-Hahn 

conditions. The RF mismatch amplitudes and mixing times can be appropriately 

adjusted such that only relatively short-range contacts are evolved, which would be 

appropriate for spectroscopic assignment as demonstrated for pf1 aligned with virus 

particles (Knox et al. 2010) and pf1 coat protein reconstituted in bicelles (Tang et al. 

2012). Spin dynamics have been shown to accurately predict spectral trends by 

considering dipolar truncation (Pandey et al. 2003) in the form of spin competition 

(Tang et al. 2012). As shown in Chapter 2 and 4, the transfer efficiency has a 

correlation with the homonuclear dipolar coupling between two sites and, in the case 

of intermolecular contacts between monomers, has a direct correlation with spin-spin 

distances.  

Selective labeling may be necessary in order to accurately evaluate peak intensities 

in the spin-exchange experiments for deriving structural constraints as a result of 

dipolar truncation and spin competition. Furthermore, site-specific rotating frame 

spin-lattice relaxation rates varying from spin to spin within the sample may 

introduce an element of uncertainty to analytical approaches for benchmarking the 

cross peak intensities in MMHH experiments. High B1 fields can be used to mitigate 

the effects of rotating frame relaxation with the relaxation rates decreasing according 

to the square of the intensity of the B1 field applied (Fares et al. 2005). 
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Pf1 phage is considered relatively simple to express and purify, and is very well 

studied via multiple methods and alignment media (Thiriot et al. 2004; Park et al. 

2009; Park et al. 2010; Knox et al. 2010; Tang et al. 2012). For this reason it is 

suggested as the system for performing future benchmarking experiments. 

Selectively labeled samples, labeled in such a way as to only include long-range or 

short-range interactions can be prepared. For a spin pair exchange to be considered 

sufficiently benchmarked, a distance of at least 9 Å should exist between the spin 

pair and the next labeled site to avoid spin competition between the two pairs.  

It may be tempting to use a NAVL crystal as the subject of study for structural 

constraint benchmarking intra- versus intermolecular correlation. However, inter-15N 

distances within the crystal are not sufficiently long as to preclude the long-range 

transfer at any experimental conditions and therefore the effects of dipolar truncation 

cannot be neglected in these crystals and extrapolation to biological samples should 

be treated with prejudice. Therefore, accurate benchmarking must be done on 

biological oligomers of known structure, for which M2 domain of Influenza A virus 

may be a good candidate.  

MMHH spin diffusion speeds up acquisition of spin exchanged correlation spectra 

using mixing times significantly shorter than PDSD. These contacts can be 

controlled through parameter adjustments determined according to the measurable 

heteronuclear dipolar couplings. MMHH also exhibits greater spin dynamic potential 

for evolving useful structural constraints than any other spin exchange method 
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currently known. Improvements in sensitivity, sample preparation, NMR probes, and 

data processing will continue to improve MMHH’s viability for study of biomolecules. 
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Appendix A 

Pulse program for PISEMA. 15N-1H dipolar couplings correlated under 

frequency-switched LG decoupling 

Program name: pisema_spinal 

;PISEMA based on the Magic-Sandwich Decoupling in the indirect dimension 
;Created 11/10/02 (alex nevzorov & dave jones) 
; Corrected 12/25/02 
; Corrected 01/16/03 based on ipp phase pointer commands as suggested by 
Jochem 
; includes last modifications such as 45-degree delta correction 
; no phase inversion during on the low side during the middle part 
; Corrected 01/17/08 to add spinal and get rid of extra 2 ms decoupling (AN) 
 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
"t1count=td1-1" 
 
define delay t1incr 
"t1incr=8*p3"  
;"in0=0.8165*t1incr" 
 
"p35=p3*35.3/90" 
"p16=3.26599*p3" 
"cnst22=176776.7/p3" 
"cnst23=-176776.7/p3" 
 
1 ze  
t1incr 
 
;  d1 do:f2 
2 d1 do:f2 
  10u pl1:f1 pl2:f2 
  (p3 ph1 fq=cnst0):f2 
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  (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 
 
  (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 
 
ph1=1 3 
ph30=0 
ph31=1 3 
ph2=0 
ph3=2 
ph10=3 ; H compensation pulse 
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 
 
;pl1 : f1 channel - power level for X pulse (default) 
;pl2 : f2 channel - power level for H pulse (default) 
;pl12: f2 channel - power level for H decoupling 
;pl15: power level for H decoupling 
;pl16: power level for X during SEMA 
;p3 : f1 channel -  90 degree high power pulse 
;p15 : cp time 
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;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;NS: 2 * n 
;DS: 0 
;l20 : number of points in the indirect dimension 
 
;cnst17 : decoupler frequency offset 
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Appendix B 

Pulse program for PISEMA with MMHH exchange. 15N-1H dipolar couplings 

correlated under frequency-switched LG decoupling 

Program name: NN_TSAR2d_pisema 
 
; NH-N correlation with TSAR 
; Created 08/17/09 (AN) 
; Uses PISEMA in the indirect dimension 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
"t1count=td1-1" 
 
define delay t1incr 
; "t1incr=8*p3"  
; "in0=1.0927*t1incr" 
 
"p35=p3*35.3/90" 
"p36=p3*54.7/90" 
"p37=p3*0.8165" 
"p16=3.26599*p3" 
"cnst22=176776.7/p3" 
"cnst23=-176776.7/p3" 
 
;"p32=p3*165.0/90.0" 
 
1 ze  
;  t1incr 
;  d1 do:f2 
 
1m rpp9 
1m rpp11 
 
2 d1 do:f2 
  10u pl1:f1 pl2:f2 
(p5 ph1 fq=cnst0):f2 
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  (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 
(p35 ph2 pl16):f1 (p35 ph13 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 
 
; TSAR 
; Flip-back pulses 
6 (p37 ph8):f1 (p36 ph9 fq=cnst0):f2 
 
7 10u pl1:f1 pl14:f2 
 
0.3u fq=cnst25:f2  
; Y pulse to return the N-magnetization along X 
  (d6 p5 ph10):f1 
  (p18 ph2):f1 (p18 ph11 ipp11):f2 
 
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 
 
ph1=1 3 
ph30=0 
ph31=1 3 
ph2=0 
ph3=2 
ph8=3 
ph9=3 
ph10=1 
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ph11=0 
 
ph13=3 ; H compensation 35.3 pulse 
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 
 
 
 
;pl1 : f1 channel - power level for X pulse (default) 
;pl2 : f2 channel - power level for H pulse (default) 
;pl12: f2 channel - power level for H decoupling 
;pl14 : power level during TSAR 
;pl16 : 15N power during FSLG 
;p5 : f1 channel first 90 degree pulse 
;p3 : f1 channel -  90 degree high power pulse 
;p15 : cp time 
;p16 : 2 * pi irradiation time for FSLG 
;p18 : total TSAR length 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;d6 : Z-filter length 
;NS: 2 * n 
;DS: 0 
;l20 : number of points in the indirect dimension 
;cnst25 : TSAR frequency offset 
;$Id: hxcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix C 
 
Pulse program for SAMPI4. 15N-1H dipolar couplings correlated using a 

SAMMY pulse sequence in the indirect dimension 

Program name: sampi4_hard_pulse 

; SAMPI4 followed by a hard pulse 
; Created 3/6/13 
; Uses SAMMY in the indirect dimension 
; SNK & RWK & AAN 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
"t1count=td1-1" 
 
"p16=p3*4-p3*0.5" 
define delay t1incr 
; "t1incr=8*p3"  
; "in0=1.0927*t1incr" 
"p17=p3*6-p3" 
 
"d4=p17*0.5-p3" 
 
;"p32=p3*165.0/90.0" 
 
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 
  (p15*0.33 ph3):f1 (p15*0.33 ph2):f2  
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  (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 (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 3 times l22 
 
if "l20<1" goto 5 
 
; 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 
 
5 (p3 ph8):f1 (p3 ph9):f2 
  d6 
 
;1u cpds2:f2  ; Decoupling starts for Gaussian pulse 
  ; Gaussian pulse 
  ;(p20:spf0 pl20 ph10):f1  
(p3 ph10):f1 
 
; 7 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 



 

137 

 
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 
 
;pl1 : f1 channel - power level for X pulse (default) 
;pl2 : f2 channel - power level for H pulse (default) 
;pl11 : nitrogen power during TSAR 
;pl12: f2 channel - power level for H decoupling 
;pl20: f1 channel power for selective Gaussian pulse 
;p5 : f1 channel first 90 degree pulse 
;p3 : f1 channel -  90 degree high power pulse 
;p15 : cp time 
;p16 : 2 * pi irradiation time for the magic sandwich 
;p17 : total length of the window INCLUDING the +-90Y pulses 
;p18 : total TSAR length 
;p20 : duration of the Gaussian pulse 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;d3 : delay between miltiple contacts 
;l22 : number of multiple contacts - 1 
;d6 : Z-filter length 
;NS: 2 * n 
;DS: 0 
;l20 : number of points in the indirect dimension 
;cnst17 : decoupler frequency offset 
 
;$Id: hxcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix D 
 
Pulse program for SAMPI4 with exchange. 15N-1H dipolar couplings correlated 

using a SAMMY pulse sequence in the indirect dimension 

Program name: NN_TSAR2d_sammy 

; NH-N correlation with TSAR 
; Created 05/06/09 (AN) 
; Uses SAMMY in the indirect dimension 
; Edited by SNK 11/27/2013: choice for 15N power added during MMHH (pl11) 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
"t1count=td1-1" 
 
"p16=p3*4-p3*0.5" 
define delay t1incr 
; "t1incr=8*p3"  
; "in0=1.0927*t1incr" 
"p17=p3*6-p3" 
 
"d4=p17*0.5-p3" 
 
;"p32=p3*165.0/90.0" 
 
1 ze  
;  t1incr 
;  d1 do:f2 
 
1m rpp9 
1m rpp11 
 
2 d1 do:f2 
  10u pl1:f1 pl2:f2 
  1m rpp4 
  1m rpp5 
  1m rpp6 
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  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 
 
; TSAR 
; Flip-back pulses 
6 (p3 ph8):f1 (p3 ph9 ipp9):f2 
 
  ; Y pulse to return the N-magnetization along X 
7 (d6 p5 ph10):f1 
  3u pl11:f1 pl14:f2 
  (p18 ph2):f1 (p18 ph11 ipp11):f2 
 
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 
 
ph1=1 3 
ph30=0 
ph31=1 3 
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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 
ph11=0 
 
;pl1 : f1 channel - power level for X pulse (default) 
;pl2 : f2 channel - power level for H pulse (default) 
;pl12: f2 channel - power level for H decoupling 
;pl14 : power level during TSAR 
;p5 : f1 channel first 90 degree pulse 
;p3 : f1 channel -  90 degree high power pulse 
;p15 : cp time 
;p16 : 2 * pi irradiation time for the magic sandwich 
;p17 : total length of the window INCLUDING the +-90Y pulses 
;p18 : total TSAR length 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;d6 : Z-filter length 
;NS: 2 * n 
;DS: 0 
;l20 : number of points in the indirect dimension 
;cnst17 : decoupler frequency offset 
 
;$Id: hxcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix E 
 
15N-15N 2D correlation spectrum with MMHH mixing 

Program name: NN_TSAR2d_spinal 

; NN correlation with TSAR 
; Created 02/18/08 (AN) 
; Uses SPINAL in the indirect dimension 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
 
"t1count=td1-1" 
"l8=td1/2" 
"d0=in0-2u" 
; "cnst1=176776.7/p3" 
 
1 ze 
 
"l7=0" 
 
1m rpp7 
 
2 d1 do:f2 
3 10u pl1:f1 pl2:f2 
 
; MOIST  
  (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 
 
if "l7 < 1" goto 6 
; 15N CSA evolution 
1u cpds2:f2 
d0  
1u do:f2 
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; Quadrature Detection 
 
6 (p5 ph5):f1 (p3 ph7 ipp7):f2 
 
 
; Y pulse 
  (d4 p5 ph3):f1 
 
; 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 
 
;pl1 : power level for X during SAMMY 
;pl2 : power level for H pulse (default) 
;pl12 : power level for H decoupling 
;p3 : 90 degree hot 1H pulse  
;p5 : initial 90 degree 1H pulse 
;p14 : dwell time for the indirect dimension 
;p15 : mix pulse 
;p16 : TSAR length 
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;cnst0: set to 0  
;cnst1: 1H carrier upshift during TSAR 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;NS: 2 * n 
;DS: 0 
 
;$Id: hxlgcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix F 

15N-15N 2D correlation spectrum with PDSD mixing 

Program name: NN_PDSD_multicont 
 
; NN correlation with TSAR 
; Created 02/15/11 (AN) 
; Uses SPINAL in the indirect dimension 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
define loopcounter t1count 
"t1count=td1-1" 
"l8=td1/2" 
"d0=in0-2u" 
; "cnst1=176776.7/p3" 
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 cpds2:f2 
d0  
1u do:f2 
; Quadrature Detection 
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6 (p5 ph5):f1 (p3 ph7):f2 
0.3u fq=cnst25:f2 
; Y pulse 
  (d4 p5 ph3):f1 
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 
 
;pl1 : power level for X during CP 
;pl2 : power level for H pulse (default) 
;pl12 : power level for H decoupling 
;p3 : 90 degree hot 1H pulse  
;p5 : initial 90 degree 1H pulse 
;p14 : dwell time for the indirect dimension 
;p15 : mix pulse 
;cnst0: set to 0  
;cnst25: 1H carrier upshift during TSAR 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
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;d3 : relaxation delay between multiple contacts 
;d4 : Z-filter relaxation delay 
;l22 : number of multiple contacts - 1 
;NS: 2 * n 
;DS: 0 
;$Id: hxlgcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix G 

15N-15N 2D correlation spectrum with CRDSD mixing 

Program name: NN_CRPDD 

; NN correlation with cross-relaxation PDD 
; Created 05/02/08 (AN) 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
define loopcounter t1count 
 
"t1count=td1-1" 
"l8=td1/2" 
; "cnst1=176776.7/p3" 
1 ze 
"l7=0" 
1m rpp7 
1m rpp8 
 
2 d1 do:f2 
3 10u pl1:f1 pl2:f2 
 
; MOIST  
  (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 
 
; 15N CSA evolution 
4 (p14*0.5 ph2):f2 
  (p14*0.5 ph2):f2 
  lo to 4 times l20 
; Quadrature Detection 
  if "l7>0" goto 6  
  (p5 ph5):f1 (p3 ph7 ipp7):f2 
  if "l7<1" goto 7 
 
6 (p5 ph2):f1 (p3 ph7 ipp7):f2 
 
; Y pulse 
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7 (d4 p5 ph3):f1 
  (p16 ph2 pl11):f1 
 
; 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 
  "l7=1" 
  lo to 2 times 2 
  10u iu20 
  "l7=0" 
  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  
 
;pl1 : power level for X during SAMMY 
;pl2 : power level for H pulse (default) 
;pl11 : power during 15N cross-relaxation 
;pl12 : power level for H decoupling 
;pl14 : power level during TSAR 
;p3 : 90 degree hot 1H pulse  
;p5 : initial 90 degree 1H pulse 
;p14 : dwell time for the indirect dimension 
;p15 : mix pulse 
;cnst0: set to 0  
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;NS: 2 * n 
;DS: 0 
;$Id: hxlgcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix H 
 
31P 1D experiment under 1H decoupling 

Program name: p31_bicelles 

; Created 01/15/08(an) 
;Pulse on f1, decouple on f2 only 
 
#include <Avance.incl> 
 
1 ze 
2 d1 do:f2 
3 10u pl1:f1 pl2:f2 
  (p3 ph1):f1 
 
  1u cw:f2 
  (4u pl2 ph2):f2 
  go=2 ph1 
  3m do:f2 
  wr #0 
exit 
 
ph1=1 3 
ph2=0 
 
;pl1 : power level for X pulse (default) 
;pl2 : power level for H pulse (default) 
;pl14: power level for H mix 
;pl15: power level for H decoupling 
;p3 : 90 degree 1H pulse 
;p30 : 35.60 degree 1H pulse 
;p15 : mix pulse 
;cnst0: set to 0  
;cnst20: phase of compensation phase 
;cnst21: LG shift frequency 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;NS: 2 * n 
;DS: 0 
 
;$Id: hxlgcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix I 
 
2D selective SAMPI4 experiment 

Program name: sampi4_selective 
 
; SAMPI4 followed by Gaussian pulse 
; Created 3/5/13 
; Uses SAMMY in the indirect dimension 
; SNK & RWK & AAN 
 
#include <Avancesolids.incl> 
#include <De.incl> 
#include <trigg.incl> 
#include <tppm.incl> 
 
define loopcounter t1count 
"t1count=td1-1" 
 
"p16=p3*4-p3*0.5" 
define delay t1incr 
; "t1incr=8*p3"  
; "in0=1.0927*t1incr" 
"p17=p3*6-p3" 
 
"d4=p17*0.5-p3" 
 
;"p32=p3*165.0/90.0" 
 
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 
  (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 
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  ; Multiple contacts with MOIST  
3 (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 3 times l22 
 
if "l20<1" goto 5 
 
; 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 
 
5 (p3 ph8):f1 (p3 ph9):f2 
  d6 
 
1u cpds2:f2  ; Decoupling starts for Gaussian pulse 
  ; Gaussian pulse 
  (p20:spf0 pl20 ph10):f1  
 
; 7 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 
 
ph1=1 3 
ph30=0 
ph31=1 3 
ph2=0 
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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 
 
;pl1 : f1 channel - power level for X pulse (default) 
;pl2 : f2 channel - power level for H pulse (default) 
;pl11 : nitrogen power during TSAR 
;pl12: f2 channel - power level for H decoupling 
;pl20: f1 channel power for selective Gaussian pulse 
;p5 : f1 channel first 90 degree pulse 
;p3 : f1 channel -  90 degree high power pulse 
;p15 : cp time 
;p16 : 2 * pi irradiation time for the magic sandwich 
;p17 : total length of the window INCLUDING the +-90Y pulses 
;p18 : total TSAR length 
;p20 : duration of the Gaussian pulse 
;d1 : relaxation delay: 1.25 * T1(H1), but > 50 * aq 
;d3 : delay between miltiple contacts 
;l22 : number of multiple contacts - 1 
;d6 : Z-filter length 
;NS: 2 * n 
;DS: 0 
;l20 : number of points in the indirect dimension 
;cnst17 : decoupler frequency offset 
 
;$Id: hxcp,v 1.1.8.5 2000/05/08 14:07:35 eng Exp $ 
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Appendix J 

Table S1: Cross peaks from the N-N correlation experiment in Figures 3.3A 

and 3.3C 

Index CSA_X / ppm CSA_Y / ppm Comment 
1 100.252 80.091 26 to 25 
2 94.458 79.377 30 to 29 
3 94.458 93.396 28 to 29 
4 82.944 99.191 32 to 33 
5 82.944 83.811 34 to 33 
6 94.818 64.639 37 to 36 
7 94.818 99.462 35 to 36 
8 100.139 85.265 40 to 39 
9 100.139 90.982 38 to 39 
10 85.265 100.139 39 to 40 
11 85.265 73.001 41 to 40 
12 80.091 100.252 25 to 26 
13 80.091 89.784 27 to 26 
14 64.639 94.818 36 to 37 
15 64.639 90.982 38 to 37 
16 99.191 82.944 33 to 32 
17 99.191 97.967 31 to 32 
18 79.377 94.458 29 to 30 
19 79.377 97.967 31 to 30 
20 73.001 85.265 40 to 41 
21 73.001 93.976 42 to 41 
22 99.462 94.818 36 to 35 
23 99.462 83.811 34 to 35 
24 93.976 73.001 41 to 42 
25 83.811 82.944 33 to 34 
26 83.811 99.462 35 to 34 
27 97.967 99.191 32 to 31 
28 97.967 79.377 30 to 31 
29 89.784 80.091 26 to 27 
30 89.784 93.396 28 to 27 
31 90.982 100.139 39 to 38 
32 90.982 64.639 37 to 38 
33 93.396 94.458 29 to 28 
34 93.396 89.784 27 to 28 
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Appendix K  

Table S2: Main peaks from the SAMPI4 experiment in Figures 3.3B and 3.3D 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Index CSA / ppm DC / Hz Assignment 
1 100.252 -1128.645 Y25 
2 94.458 -1634.957 A29 
3 82.944 -2109.572 L33 
4 94.818 -2161.768 A36 
5 100.139 -2197.91 I39 
6 85.265 -2364.952 Y40 
7 80.091 -2624.857 I26 
8 64.639 -2722.601 G37 
9 99.191 -2990.646 I32 
10 79.377 -3094.715 L30 
11 73.001 -3307.684 S41 
12 99.462 -3369.772 V35 
13 93.976 -3719.332 M42 
14 83.811 -3788.857 A34 
15 97.967 -3821.15 V31 
16 89.784 -3881.893 V27 
17 90.982 -4097.554 L38 
18 93.396 -2978.368 G28 
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Appendix L 

Table S3:Cross peaks from the SAMPI4 exchange experiment in Figures 3.3B 

and 3.3D 

 
 
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Index CSA / ppm DC / Hz Comment 
1 100.252 -2624.857 26 to 25 
2 94.458 -3094.715 30 to 29 
3 94.458 -2978.368 28 to 29 
4 82.944 -2990.646 32 to 33 
5 82.944 -3788.857 34 to 33 
6 94.818 -2722.601 37 to 36 
7 94.818 -3369.772 35 to 36 
8 100.139 -2364.952 40 to 39 
9 100.139 -4097.554 38 to 39 
10 85.265 -2197.91 39 to 40 
11 85.265 -3307.684 41 to 40 
12 80.091 -1128.645 25 to 26 
13 80.091 -3881.893 27 to 26 
14 64.639 -2161.768 36 to 37 
15 64.639 -4097.554 38 to 37 
16 99.191 -2109.572 33 to 32 
17 99.191 -3821.15 31 to 32 
18 79.377 -1634.957 29 to 30 
19 79.377 -3821.15 31 to 30 
20 73.001 -2364.952 40 to 41 
21 73.001 -3719.332 42 to 41 
22 99.462 -2161.768 36 to 35 
23 99.462 -3788.857 34 to 35 
24 93.976 -3307.684 41 to 42 
25 83.811 -2109.572 33 to 34 
26 83.811 -3369.772 35 to 34 
27 97.967 -2990.646 32 to 31 
28 97.967 -3094.715 30 to 31 
29 89.784 -2624.857 26 to 27 
30 89.784 -2978.368 28 to 27 
31 90.982 -2197.91 39 to 38 
32 90.982 -2722.601 37 to 38 
33 93.396 -1634.957 29 to 28 
34 93.396 -3881.893 27 to 28 
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Appendix M 

Matlab script for reading in PDB coordinates from an excel file and calculating 

MMHH spin diffusion  

/Users/alex/Documents/MATLAB/Pf1_Spin_Diffusion_Build_Up.m 
 
CRDSD and PDSD are represented but commented out. Bulk scaling protocols used 
in Chapter 4 included but commented out. Hamiltonians for hard 90°Y flipdown and 
flipback pulses also commented out. 
 
clear all  
tic 
clc 
     
[A1, A2]=xlsread('1ZN5sc.xls'); %Excel file name 
  
%Constants and basic spin operators 
gammaI=2.675e8; %Proton gyromagnetic ratio (radians/second/Tesla) 
gammaS=-2.718e7; %Nitrogen gyromagnetic ratio (radians/second/Tesla) 
hbar=1.055e-34; %Plancks constant divided by 2*pi 
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]); 
  
%Reading the Excel file 
[N_max, M_max]=size(A1);  %Dimensions of Excel file 
  
col_i=5; %Column for X-coordinate 
col_f=7; %Column for Z-coordinate 
  
kbN=1; 
kbH=1; 
n_res=1; 
  
for n=1:N_max 
     
    symb=char(A2(n,3)); 
    res=char(A2(n,4)); 
    [M_symb, N_symb]=size(symb); 
     
    if N_symb==1 
    if symb(1)=='N' 
         
    B_N(kbN, :)=A1(n, col_i:col_f); kbN=kbN+1;  
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    end 
    end 
     
    if symb(1)=='H'  
     
     B_H(kbH, :)=A1(n, col_i:col_f); kbH=kbH+1; 
      
    end 
     
    if N_symb>1 & symb(2)=='H' 
         
         B_H(kbH, :)=A1(n, col_i:col_f); kbH=kbH+1; 
          
    end 
end 
%Finished reading the Excel file 
  
S1=32; %Residue number for 1st Nitrogen spin  
S2=33; %Residue number for 2nd Nitrogen spin 
  
%Indexing Protons and Nitrogen spins 
[N_atoms, Ma]=size(B_N); 
[H_atoms, Ma]=size(B_H); 
  
%Setting up for the WHILE loop (Any number larger than intended spin 
system)  
N=30; 
  
%Adds chosen Nitrogen spins to the coordinate profile 
X_N(1,:)=B_N(S1,:); 
X_N(2,:)=B_N(S2,:); 
  
%Establishes a changing cut off condition for proton selection 
raiseHz=0; 
  
%Trims the spin system to a set number of optimum spins 
while N>12  %Set to number of spins to be in final spin system 
     
    n_spins=3; 
    X=X_N; 
     
    for n=1:H_atoms 
        r_jk1=sqrt((B_N(S1, 1)-B_H(n, 1))^2+(B_N(S1, 2)-B_H(n, 
2))^2+(B_N(S1, 3)-B_H(n, 3))^2); 
        cos_theta1=(B_N(S1, 3)-B_H(n, 3))/r_jk1; 
         
        if abs(r_jk1-1)<1e-1, r_jk1=1.05; end 
     
        dip1=1e-7*gammaS*gammaI*hbar*(3*cos_theta1^2-1)/(r_jk1*1e-10)^3; 
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        r_jk2=sqrt((B_N(S2, 1)-B_H(n, 1))^2+(B_N(S2, 2)-B_H(n, 
2))^2+(B_N(S2, 3)-B_H(n, 3))^2); 
        cos_theta2=(B_N(S2, 3)-B_H(n, 3))/r_jk2; 
     
        if abs(r_jk2-1)<.1, r_jk2=1.05; end 
     
        dip2=1e-7*gammaS*gammaI*hbar*(3*cos_theta2^2-1)/(r_jk2*1e-10)^3; 
     
        if ((abs(dip1/2/pi)>20+raiseHz  && abs(dip2/2/pi)>20+raiseHz)  || 
abs(r_jk1-1.05)<1e-3 || abs(r_jk2-1.05)<1e-3)  
        [dip1/2/pi, dip2/2/pi];  
         
        X(n_spins,:)=B_H(n,:); n_spins=n_spins+1;  
        end 
    end 
     
    [N,M]=size(X); 
    raiseHz=raiseHz+0.1; 
     
end 
  
%Count spins 
[N,M]=size(X); 
  
%Assigns each set of coordinates a 'type' of spin 
gamma=gammaI*ones(1,N); 
gamma(1)=gammaS; 
gamma(2)=gammaS; 
  
%Calculates dipolar coupling values of each spin 
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; 
     
    if abs(r_jk-1)<1e-1, r_jk=1.05; end 
     
    a(j,k)=1e-7*gamma(j)*gamma(k+1)*hbar*(3*cos_theta^2-1)/(r_jk*1e-10)^3; 
     
end 
end 
  
%-0.4 scale factor for bicelles 
a=-0.4*a; 
  
%Scale H-H coupling 
%a(3:N-1,:)=0*a(3:N-1,:); 
  
%Scale N-N coupling 
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%a(1,1)=1*a(1,1); 
  
%Scale N-H coupling 
  
%a(1:2,2:N-1)=0*a(1:2,2:N-1); 
  
%a(1:2,2:3)=0*a(1:2,2:3); 
%a(1:2,4)=1*a(1:2,4); 
%a(1:2,5:6)=0*a(1:2,5:6); 
%a(1:2,7)=1*a(1:2,7); 
%a(1:2,8:N-1)=0*a(1:2,8:N-1); 
  
W0I=2*pi*500e6; %Proton carrier frequency 
W0S=2*pi*50e6; %Nitrogen carrier frequency 
  
%Randomized frequency offsets of protons 
sgm=0*W0I*1e-6*(5*(2*rand(1,N)-1)); 
  
%Frequency offsets of S1 and S2 spins 
sgm(1)=W0S*1e-6*(0); 
sgm(2)=W0S*1e-6*(0); 
  
%Setting up many body spin operators 
P=[1,0,0,0;0,0,1,0;0,1,0,0;0,0,0,1]; %Permutation matrix 
  
Iyk=kron(Iy, speye(2^(N-1))); Ixk=kron(Ix, speye(2^(N-1))); Izk=kron(Iz, 
speye(2^(N-1))); 
Imk=kron(Iz, speye(2^(N-1))); Ipk=kron(Iz, speye(2^(N-1))); 
  
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); 
Imtot=spalloc(2^N, 2^N, 2^N); Iptot=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); 
  
Hdpctot=spalloc(2^N, 2^N, 2^N); 
Hdpchomo=spalloc(2^N, 2^N, 2^N); 
Hdpchetero=spalloc(2^N, 2^N, 2^N); 
  
for k=1:N   
         
    if abs(gamma(k)-gamma(1))>1e-5 
         
        Ixtot=Ixtot+Ixk; 
        Iytot=Iytot+Iyk; 
        Iztot=Iztot+Izk; 
        Imtot=Imtot+Imk; 
        Iptot=Iptot+Ipk; 
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    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 
  
H2=kron(Iz,Iz)-1/4*(kron(Ip, Im)+kron(Im, Ip)); %Homonuclear dipolar 
operator 
H3=kron(Iz,Iz);                                 %Heteronuclear dipolar 
operator 
  
%Setting up DPC operators 
for j=1:N-1 
     
    Hjk=kron(speye(2^(j-1)), kron(H2, speye(2^(N-j-1)))); 
    Hjk3=kron(speye(2^(j-1)), kron(H3, 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; 
            Hjk3=Pjk*Hjk3*Pjk; 
             
        end 
         
        if abs(gamma(j)-gamma(k+1))<1e-5 
             
        Hdpchomo=Hdpchomo+a(j,k)*Hjk; 
        
        else 
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        Hdpchetero=Hdpchetero+a(j,k)*Hjk3; 
         
        end 
    end 
     
end 
clear H2 H3 Hjk Hjk3 Pjk P sgm gamma 
  
Hdpctot=Hdpchomo+Hdpchetero; 
clear Hdpchomo Hdpchetero 
  
%INVIDUAL SPIN OPERATORS 
Sx1=kron(Ix, speye(2^(N-1)));                 Sz1=kron(Iz, speye(2^(N-
1)));                 %Sp1=kron(Ip, speye(2^(N-1)));                 
Sm1=kron(Im, speye(2^(N-1))); 
Sx2=kron(kron(speye(2^1),Ix),speye(2^(N-2))); 
Sz2=kron(kron(speye(2^1),Iz),speye(2^(N-2))); 
%Sp2=kron(kron(speye(2^1),Ip),speye(2^(N-2))); 
Sm2=kron(kron(speye(2^1),Im),speye(2^(N-2))); 
  
%Occassionally useful operators 
%Ix1=kron(kron(speye(2^2),Ix),speye(2^(N-3)));    
Iz1=kron(kron(speye(2^2),Iz),speye(2^(N-3)));    
%Ip1=kron(kron(speye(2^2),Ip),speye(2^(N-3)));    
Im1=kron(kron(speye(2^2),Im),speye(2^(N-3))); 
%Ix2=kron(kron(speye(2^3),Ix),speye(2^(N-4)));    
Iz2=kron(kron(speye(2^3),Iz),speye(2^(N-4)));    
%Ip2=kron(kron(speye(2^3),Ip),speye(2^(N-4)));    
Im2=kron(kron(speye(2^3),Im),speye(2^(N-4))); 
%Ix3=kron(kron(speye(2^4),Ix),speye(2^(N-5)));    
Iz3=kron(kron(speye(2^4),Iz),speye(2^(N-5)));    
%Ip3=kron(kron(speye(2^4),Ip),speye(2^(N-5)));    
Im3=kron(kron(speye(2^4),Im),speye(2^(N-5))); 
%Ix4=kron(kron(speye(2^5),Ix),speye(2^(N-6)));    
Iz4=kron(kron(speye(2^5),Iz),speye(2^(N-6)));    
%Ip4=kron(kron(speye(2^5),Ip),speye(2^(N-6)));    
Im4=kron(kron(speye(2^5),Im),speye(2^(N-6))); 
%Ix5=kron(kron(speye(2^6),Ix),speye(2^(N-7)));    
Iz5=kron(kron(speye(2^6),Iz),speye(2^(N-7)));    
%Ip5=kron(kron(speye(2^6),Ip),speye(2^(N-7)));    
Im5=kron(kron(speye(2^6),Im),speye(2^(N-7))); 
%Ix6=kron(kron(speye(2^7),Ix),speye(2^(N-8)));    
Iz6=kron(kron(speye(2^7),Iz),speye(2^(N-8)));    
%Ip6=kron(kron(speye(2^7),Ip),speye(2^(N-8)));    
Im6=kron(kron(speye(2^7),Im),speye(2^(N-8))); 
%Ix7=kron(kron(speye(2^8),Ix),speye(2^(N-9)));    
Iz7=kron(kron(speye(2^8),Iz),speye(2^(N-9)));    
%Ip7=kron(kron(speye(2^8),Ip),speye(2^(N-9)));    
Im7=kron(kron(speye(2^8),Im),speye(2^(N-9))); 
%Ix8=kron(kron(speye(2^9),Ix),speye(2^(N-10)));   
Iz8=kron(kron(speye(2^9),Iz),speye(2^(N-10)));   
%Ip8=kron(kron(speye(2^9),Ip),speye(2^(N-10)));   
Im8=kron(kron(speye(2^9),Im),speye(2^(N-10))); 
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%Ix9=kron(kron(speye(2^10),Ix),speye(2^(N-11)));  
Iz9=kron(kron(speye(2^10),Iz),speye(2^(N-11)));  
%Ip9=kron(kron(speye(2^10),Ip),speye(2^(N-11)));  
Im9=kron(kron(speye(2^10),Im),speye(2^(N-11))); 
%Ix10=kron(kron(speye(2^11),Ix),speye(2^(N-12))); 
Iz10=kron(kron(speye(2^11),Iz),speye(2^(N-12))); 
%Ip10=kron(kron(speye(2^11),Ip),speye(2^(N-12))); 
Im10=kron(kron(speye(2^11),Im),speye(2^(N-12))); 
%Ix11=kron(kron(speye(2^12),Ix),speye(2^(N-13))); 
Iz11=kron(kron(speye(2^12),Iz),speye(2^(N-13))); 
%Ip11=kron(kron(speye(2^12),Ip),speye(2^(N-13))); 
Im11=kron(kron(speye(2^12),Im),speye(2^(N-13))); 
%Ix12=kron(kron(speye(2^13),Ix),speye(2^(N-14))); 
Iz12=kron(kron(speye(2^13),Iz),speye(2^(N-14))); 
%Ip12=kron(kron(speye(2^13),Ip),speye(2^(N-14))); 
Im12=kron(kron(speye(2^13),Im),speye(2^(N-14))); 
  
%Loop for varying mismatch amplitude 
MAX=1; 
for MMamp=1:MAX 
  
w1I=2*pi*25e3;             %Proton RF field 
w1S=2*pi*25e3;             %Nitrogen RF field 
  
%MMHH=2*pi*((MMamp-1)*.5e3); %Mismatch RF intensity on Proton field 
MMHH=2*pi*((MMamp)*4e3); 
  
t90=pi/2/w1S;   %Duration of a 90 degree pulse for a given B1 
  
tCP=1e-4;       %Duration of CP contact 
  
%tMM=MMcontact*2e-3;        %Duration of MMHH spin lock if varied 
tMM=1e-3;                   %Duration of MMHH spin lock  
  
tzf=.5;                     %Duration of z-filter 
%tzf=zfcontact*.5;          %Duration of z-filter if varied 
  
tSD=.5;                    %Duration of PDSD mixing time after MMHH 
contact 
%tSD=.2*SDcontact;         %Duration of PDSD mixing time after MMHH 
contact if varied 
  
tCR=1e-3; 
  
%T1rho=4.5e-3; 
  
%Initial density matrix for MMHH or CRDSD 
rho0=(Sx1)/2^(N-2); 
  
%Initial density matrix for PDSD 
%rho0=(Sz1)/2^(N-2); 
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%Mismatched HH 
HMM=(w1I+MMHH)*Ixtot+w1S*Sx+Hsgm+Hdpctot;     
[VMM,DMM]=eig(full(HMM)); 
clear HMM 
lambdaMM=exp(-i*diag(DMM)*tMM); 
PropMM=lambdaMM*lambdaMM'; 
clear DMM 
Sx1=(VMM'*Sx1*VMM).'; 
Sx2=(VMM'*Sx2*VMM).'; 
  
%For study of proton Zeeman if desired 
%Ix1=(VMM'*Ix1*VMM).'; 
%Ix2=(VMM'*Ix2*VMM).'; 
%Ix3=(VMM'*Ix3*VMM).'; 
%Ix4=(VMM'*Ix4*VMM).'; 
%Ix5=(VMM'*Ix5*VMM).'; 
%Ix6=(VMM'*Ix6*VMM).'; 
%Ix7=(VMM'*Ix7*VMM).'; 
%Ix8=(VMM'*Ix8*VMM).'; 
%Ix9=(VMM'*Ix9*VMM).'; 
%Ix10=(VMM'*Ix10*VMM).'; 
%Ix11=(VMM'*Ix11*VMM).'; 
%Ix12=(VMM'*Ix12*VMM).'; 
  
%Cross Relaxation DSD 
%HCR=w1S*Sx+Hsgm+Hdpctot;     
%[VCR,DCR]=eig(full(HCR)); 
%clear HCR 
%lambdaCR=exp(-i*diag(DCR)*tCR); 
%PropCR=lambdaCR*lambdaCR'; 
%clear DCR 
%Sx1=(VCR'*Sx1*VCR).'; 
%Sx2=(VCR'*Sx2*VCR).'; 
  
%For study of proton Zeeman if desired 
%Ix1=(VCR'*Ix1*VCR).'; 
%Ix2=(VCR'*Ix2*VCR).'; 
%Ix3=(VCR'*Ix3*VCR).'; 
%Ix4=(VCR'*Ix4*VCR).'; 
%Ix5=(VCR'*Ix5*VCR).'; 
%Ix6=(VCR'*Ix6*VCR).'; 
%Ix7=(VCR'*Ix7*VCR).'; 
%Ix8=(VCR'*Ix8*VCR).'; 
%Ix9=(VCR'*Ix9*VCR).'; 
%Ix10=(VCR'*Ix10*VCR).'; 
%Ix11=(VCR'*Ix11*VCR).'; 
%Ix12=(VCR'*Ix12*VCR).'; 
  
  
%PDSD      
%HSD=Hdpctot+Hsgm; 
%[VSD,DSD]=eig(full(HSD)); 
%clear HSD 
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%lambdaSD=exp(-i*diag(DSD)*tSD); 
%PropSD=lambdaSD*lambdaSD'; 
%clear DSD 
%Sz1=(VSD'*Sz1*VSD).'; 
%Sz2=(VSD'*Sz2*VSD).'; 
  
%For study of proton Zeeman if desired 
%Ix1=(VSD'*Ix1*VSD).'; 
%Ix2=(VSD'*Ix2*VSD).'; 
%Ix3=(VSD'*Ix3*VSD).'; 
%Ix4=(VSD'*Ix4*VSD).'; 
%Ix5=(VSD'*Ix5*VSD).'; 
%Ix6=(VSD'*Ix6*VSD).'; 
%Ix7=(VSD'*Ix7*VSD).'; 
%Ix8=(VSD'*Ix8*VSD).'; 
%Ix9=(VSD'*Ix9*VSD).'; 
%Ix10=(VSD'*Ix10*VSD).'; 
%Ix11=(VSD'*Ix11*VSD).'; 
%Ix12=(VSD'*Ix12*VSD).'; 
  
%Proton 90 
%H90I=w1I*Iytot+Hsgm;   
%[V90I,D90I]=eig(full(H90I)); 
%clear H90I 
%eH90I=V90I*diag(exp(-i*full(diag(D90I))*t90))*V90I'; 
%clear V90I D90I 
%eH90I_i=eH90I'; 
  
%Double channel 90 
%H90=w1I*Iytot+w1S*Sy+Hsgm+Hdpctot;    
%[V90,D90]=eig(full(H90)); 
%clear H90 
%eH90=V90*diag(exp(-i*full(diag(D90))*t90))*V90'; 
%clear V90 D90 
%eH90_i=eH90'; 
  
%Double channel 90 flipback 
%H90=-w1I*Iytot-w1S*Sy+Hsgm+Hdpctot;    
%[V90,D90]=eig(full(H90)); 
%clear H90 
%eH90=V90*diag(exp(-i*full(diag(D90))*t90))*V90'; 
%clear V90 D90 
%eH90_i=eH90'; 
  
%BEGIN PULSE SEQUENCE 
  
rhot=VMM'*rho0*VMM; 
  
Count=25; 
  
for Contacts=1:Count 
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    rhot=PropMM.*rhot; 
     
    %If Relaxation is desired 
    %rhot=(ones(2^N)-2*abs(Ixtot+Sx1+Sx2)).*rhot+2*exp(-
tMM/T1rho)*abs(Ixtot+Sx1+Sx2).*rhot; 
    %rhot=(ones(2^N)-2*abs(Ixtot)).*rhot+2*exp(-
tMM/T1rho)*abs(Ixtot).*rhot; 
     
    %Zeeman Order 
    Zorder(Contacts,1)=real(sum(sum(Sx1.*rhot))); 
    Zorder(Contacts,2)=real(sum(sum(Sx2.*rhot))); 
     
    %Zeeman Order of the protons 
    %Zorder(Contacts,MMamp+2*(MAX+1))=real(sum(sum(Ix1.*rhot))); 
    %Zorder(Contacts,MMamp+3*(MAX+1))=real(sum(sum(Ix2.*rhot))); 
    %Zorder(Contacts,MMamp+4*(MAX+1))=real(sum(sum(Ix3.*rhot))); 
    %Zorder(Contacts,MMamp+5*(MAX+1))=real(sum(sum(Ix4.*rhot))); 
    %Zorder(Contacts,MMamp+6*(MAX+1))=real(sum(sum(Ix5.*rhot))); 
    %Zorder(Contacts,MMamp+7*(MAX+1))=real(sum(sum(Ix6.*rhot))); 
    %Zorder(Contacts,MMamp+8*(MAX+1))=real(sum(sum(Ix7.*rhot))); 
    %Zorder(Contacts,MMamp+9*(MAX+1))=real(sum(sum(Ix8.*rhot))); 
    %Zorder(Contacts,MMamp+10*(MAX+1))=real(sum(sum(Ix9.*rhot))); 
    %Zorder(Contacts,MMamp+11*(MAX+1))=real(sum(sum(Ix10.*rhot))); 
    %Zorder(Contacts,MMamp+12*(MAX+1))=real(sum(sum(Ix11.*rhot))); 
    %Zorder(Contacts,MMamp+13*(MAX+1))=real(sum(sum(Ix12.*rhot))); 
     
    Contacts 
     
    toc 
       
end 
  
%END PULSE SEQUENCE 
     
    toc 
    MMamp 
    Rvalue(1:Count,MMamp)=Zorder(1:Count,1); 
    Gvalue(1:Count,MMamp)=Zorder(1:Count,2); 
     
    clear Zorder VMM DMM rhot rho0 PropMM Sx1 Sx2 
     
    Sx1=kron(Ix, speye(2^(N-1))); 
    Sx2=kron(kron(speye(2^1),Ix),speye(2^(N-2))); 
     
    %Puts dipolar matrix in Hz 
    a=a/2/pi; 
end   
    toc 
     
 
 



 

166 

Appendix N 
 
Matlab script for reading in Influenza A M2 proton channel and calculating 

spin exchange after helical translation 

/Users/alex/Documents/MATLAB/M2_Helix_Translation_Spin_Diffusion 

Only the translation aspect of the script is shown. Transfer efficiency calculations 
and Hamiltonians are as in Appendix M after the while loop used for trimming of the 
spin system. 
 
clear all  
tic 
clc 
  
[A1, A2]=xlsread('2L0J_TM.xls'); %Excel file name 
  
%2L0J_TM 
%Helix 1 - 30 and 35 
%Helix 2 - 55 and 60 
%Helix 3 - 80 and 85 
%Helix 4 - 105 and 110 
  
%Constants and basic spin operators 
gammaI=2.675e8; %Proton gyromagnetic ratio (radians/second/Tesla) 
gammaS=-2.718e7; %Nitrogen gyromagnetic ratio (radians/second/Tesla) 
hbar=1.055e-34; %Plancks constant divided by 2*pi 
i=sqrt(-1); 
Ip=sparse([0,1;0,0]); Im=Ip'; 
Ix=sparse(1/2*[0,1;1,0]); Iy=sparse(1/2/i*[0,1;-1,0]); 
Iz=sparse(1/2*diag([1,-1])); 
  
%Reading the Excel file 
[N_max, M_max]=size(A1);  %Dimensions of Excel file 
  
col_i=5; %Column for X-coordinate 
col_f=7; %Column for Z-coordinate 
  
kbN1=1; 
kbN2=1; 
kbN3=1; 
kbN4=1; 
  
kbH1=1; 
kbH2=1; 
kbH3=1; 
kbH4=1; 
  
for n=1:N_max 
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    symb=char(A2(n,3)); 
    res=A1(n,4); 
    [M_symb, N_symb]=size(symb); 
     
    %Nitrogen Bins for 4 helices 
    if N_symb==1 && symb(1)=='N' && res<47   
        B_N1(kbN1, :)=A1(n, col_i:col_f); kbN1=kbN1+1;  
    end 
     
    if N_symb==1 && symb(1)=='N' && res>46 && res<72   
        B_N2(kbN2, :)=A1(n, col_i:col_f); kbN2=kbN2+1;  
    end 
     
    if N_symb==1 && symb(1)=='N' && res>71 && res<97   
        B_N3(kbN3, :)=A1(n, col_i:col_f); kbN3=kbN3+1;  
    end 
     
    if N_symb==1 && symb(1)=='N' && res>96   
        B_N4(kbN4, :)=A1(n, col_i:col_f); kbN4=kbN4+1;  
    end  
     
    %Proton Bins for 4 helices 
    if symb(1)=='H' && res<47 
        B_H1(kbH1, :)=A1(n, col_i:col_f); kbH1=kbH1+1; 
    end 
     
    if N_symb>1 && symb(2)=='H' && res<47 
        B_H1(kbH1, :)=A1(n, col_i:col_f); kbH1=kbH1+1; 
    end 
     
    if symb(1)=='H' && res>46 && res<72 
        B_H2(kbH2, :)=A1(n, col_i:col_f); kbH2=kbH2+1; 
    end 
  
    if N_symb>1 && symb(2)=='H' && res>46 && res<72 
        B_H2(kbH2, :)=A1(n, col_i:col_f); kbH2=kbH2+1; 
    end 
     
    if symb(1)=='H' && res>71 && res<97 
        B_H3(kbH3, :)=A1(n, col_i:col_f); kbH3=kbH3+1; 
    end 
     
    if N_symb>1 && symb(2)=='H' && res>71 && res<97 
        B_H3(kbH3, :)=A1(n, col_i:col_f); kbH3=kbH3+1; 
    end 
     
    if symb(1)=='H' && res>96 
        B_H4(kbH4, :)=A1(n, col_i:col_f); kbH4=kbH4+1; 
    end 
     
    if N_symb>1 && symb(2)=='H' && res>96 
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        B_H4(kbH4, :)=A1(n, col_i:col_f); kbH4=kbH4+1; 
    end     
end 
%Finished reading the Excel file 
  
res1=9; %Residue number for 1st Nitrogen spin within their respective 
helix 
res2=14; %Residue number for 2nd Nitrogen spin within their respective 
helix 
  
Pos1=B_N1(res1,:); 
Pos2=B_N2(res2,:); 
  
%XYZ Translation 
%dx12=Pos1(1,1)-Pos2(1,1); dy12=Pos1(1,2)-Pos2(1,2); dz12=Pos1(1,3)-
Pos2(1,3); 
%r12=sqrt(dx12^2+dy12^2+dz12^2); 
  
%XY Translation 
%dx12=Pos1(1,1)-Pos2(1,1); dy12=Pos1(1,2)-Pos2(1,2); dz12=0; 
%r12=sqrt(dx12^2+dy12^2+dz12^2); 
  
%X Translation 
dx12=Pos1(1,1)-Pos2(1,1); dy12=0; dz12=0; 
r12=sqrt(dx12^2+dy12^2+dz12^2); 
  
%Y Translation 
%dx12=0; dy12=Pos1(1,2)-Pos2(1,2); dz12=0; 
%r12=sqrt(dx12^2+dy12^2+dz12^2); 
  
%Unit Vector of r12 
UV12=[dx12/r12,dy12/r12,dz12/r12]; 
  
[nN1,mN1]=size(B_N1); [nH1,mH1]=size(B_H1); 
[nN2,mN2]=size(B_N2); [nH2,mH2]=size(B_H2); 
  
aa=-2; 
  
%Translate along the Unit Vector 
for n=1:nN2 
    B_N2(n,:)=B_N2(n,:)-aa*UV12;  
end 
  
for n=1:nH2 
    B_H2(n,:)=B_H2(n,:)-aa*UV12;  
end 
  
B_N=B_N1; 
B_N(nN1+1:nN1+nN2,:)=B_N2; 
  
B_H=B_H1; 
B_H(nH1+1:nH1+nH2,:)=B_H2; 
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%Indexing Protons and Nitrogen spins 
[N_atoms, Ma]=size(B_N); 
[H_atoms, Ma]=size(B_H); 
  
%Setting up for the WHILE loop (Any number larger than intended spin 
system)  
N=30; 
  
%Adds chosen Nitrogen spins to the coordinate profile 
X_N(1,:)=B_N1(res1,:); 
X_N(2,:)=B_N2(res2,:); 
  
%Establishes a changing cut off condition for proton selection 
raiseHz=0; 
  
%Number of Nitrogens in full Nitrogen list 
S1=9; 
S2=39; 
  
  
%Trims the spin system to a set number of optimum spins 
while N>13  %Set to number of spins to be in final spin system 
     
    n_spins=3; 
    X=X_N; 
     
    for n=1:H_atoms 
        r_jk1=sqrt((B_N(S1, 1)-B_H(n, 1))^2+(B_N(S1, 2)-B_H(n, 
2))^2+(B_N(S1, 3)-B_H(n, 3))^2); 
        cos_theta1=(B_N(S1, 3)-B_H(n, 3))/r_jk1; 
         
        if abs(r_jk1-1)<1e-1, r_jk1=1.05; end 
     
        dip1=1e-7*gammaS*gammaI*hbar*(3*cos_theta1^2-1)/(r_jk1*1e-10)^3; 
     
        r_jk2=sqrt((B_N(S2, 1)-B_H(n, 1))^2+(B_N(S2, 2)-B_H(n, 
2))^2+(B_N(S2, 3)-B_H(n, 3))^2); 
        cos_theta2=(B_N(S2, 3)-B_H(n, 3))/r_jk2; 
     
        if abs(r_jk2-1)<.1, r_jk2=1.05; end 
     
        dip2=1e-7*gammaS*gammaI*hbar*(3*cos_theta2^2-1)/(r_jk2*1e-10)^3; 
     
        if ((abs(dip1/2/pi)>0+raiseHz  && abs(dip2/2/pi)>0+raiseHz)  || 
abs(r_jk1-1.05)<1e-3 || abs(r_jk2-1.05)<1e-3)  
        [dip1/2/pi, dip2/2/pi];  
         
        X(n_spins,:)=B_H(n,:); n_spins=n_spins+1;  
        end 
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    end 
     
    [N,M]=size(X); 
    raiseHz=raiseHz+0.01; 
     
end 
 
Calculation proceeds from this point as in Appendix M. 
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Appendix O 
 
Appendix O: Matlab script for calculating excitation profiles for Gaussian, 

DANTE and weak rectangular 90 pulses 

/Users/alex/Documents/MATLAB/Selctive_Excitation_Profiles.m 
 
DANTE and weak rectangular commented out but represented. 
 
clear all  
tic 
clc 
  
for MT= 1:251 
  
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; 
  
for pz=1:1 
  
sgm(1)=2*pi*W0*1e-6*((MT-1)*0.2); 
  
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))); 
  
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); 
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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))); 
             
rho0=Sz1/2^(N-2); 
  
%Begin Gaussian 
             
area=pi/2;                          %for simulation purposes is always 
pi/2 
maxB1=2*pi*350;                     %set maximum intensity of B1 
sigma=area/sqrt(2*pi)/maxB1;        %calculate sigma of a guassian with 
the same area as the hard pulse 
width=3.5;                            %4--> 6.35% , 5--> 1.35%a ,  
5.17065--> 1% 6--> .203% , 6.3325--> .1% 
tpulse=width*sqrt(2*log(2))*sigma;  %duration based on twice the full 
width at half maximum FWHM=2*sqrt(2*ln(2)) 
steps=1000;                         %set number of steps 
tstep=tpulse/steps;                 %duration of each pulse step for a 
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given 
tmid=tpulse/2;                      %set position of the average intensity 
  
true_area=0; 
w1S_sum=0; 
  
for tco=1:steps 
  
t=tco*tstep; 
  
w1S=maxB1*gaussmf(t+.5*tstep, [sigma tmid]);   %gaussmf(variable, 
[variance mean]) 
w1S_sum=w1S_sum+w1S; 
  
if tco == 1 
    truncation=w1S/maxB1; 
end 
  
H=Hsgm+w1S*Sy;  
[V,D]=eig(full(H)); 
exDtot1=V*diag(exp(-i*full(diag(D))*tstep))*V'; 
exDtot1_i=exDtot1'; 
rho0=exDtot1*rho0*exDtot1_i; 
  
true_area=true_area+w1S*tstep; 
  
end 
           X1(1,1)=trace(Sx1*rho0);              
end 
           X1v(1,MT)=real(X1(:,1))*100; 
            
clear Hsgm Hjk Hjk3 Pjk Sx Sy Sz Iytot Iztot 
clearvars -except  X1v MMHH MT nRob toc tpulse truncation true_area area 
steps w1S_sum 
toc 
end 
  
tpulse=tpulse*10^6; 
truncation=truncation*100; 
A_ratio=true_area/area*100; 
w1S_average=w1S_sum/steps/2/pi; 
  
toc 
  
%End Gaussian 
  
%Begin DANTE 
%w1S=2*pi*50e3; 
%t90=pi/2/w1S; 
%Iterations=100; 
%tpulse=t90/Iterations; 
%twait=20e-6; 
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%t=0; 
  
%for tco=1:Iterations 
  
%Hpulse=Hsgm+w1S*Sy; 
%Hwait=Hsgm; 
  
%[Vpulse,Dpulse]=eig(full(Hpulse)); 
%[Vwait,Dwait]=eig(full(Hwait)); 
  
%exDtot1pulse=Vpulse*diag(exp(-i*full(diag(Dpulse))*tpulse))*Vpulse'; 
%exDtot1wait=Vwait*diag(exp(-i*full(diag(Dwait))*twait))*Vwait'; 
  
%exDtot1_ipulse=exDtot1pulse'; 
%exDtot1_iwait=exDtot1wait'; 
  
%rho0=exDtot1pulse*exDtot1wait*rho0*exDtot1_iwait*exDtot1_ipulse; 
  
%t=t+tpulse+twait; 
  
%end 
  
     
%           X1(1,1)=trace(Sx1*rho0);                 
%end 
  
%           X1v(1,MT)=real(X1(:,1))*100; 
            
  
            
%clear Hsgm Hjk Hjk3 Pjk Sx Sy Sz Iytot Iztot 
%clearvars -except  X1v MMHH MT nRob toc t tpulse twait 
%toc 
  
%end 
  
%toc 
  
%End DANTE 
  
%Begin Weak Rectangular 
  
%w1S=2*pi*76.0305; 
%t90=pi/2/w1S; 
%t=t90; 
%t=3.22710e-3; 
%H=Hsgm+w1S*Sy;  
%[V,D]=eig(full(H)); 
%exDtot1=V*diag(exp(-i*full(diag(D))*t))*V'; 
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%exDtot1_i=exDtot1'; 
%rho0=exDtot1*rho0*exDtot1_i; 
  
%t90*10^6 
     
%           X1(1,1)=trace(Sx1*rho0);                 
%end 
  
%           X1v(1,MT)=real(X1(:,1))*100; 
            
%clear Hsgm Hjk Hjk3 Pjk Sx Sy Sz Iytot Iztot 
%clearvars -except  X1v MMHH MT nRob toc 
%toc 
%end 
%toc 
  
%End Weak Rectangular 

 

 


