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ABSTRACT 

 

    Biological cell membranes are vital boundaries that separate the intracellular 

elements from the extracellular environments, and they are fundamental 

regulators of a number of cellular and physiological phenomena.  In fact, these 

biological processes are essentially based on biomolecular interactions within 

and between cells.  A significant number of biologically important protein-protein 

and protein-lipid interactions in life science, for instance, signal transductions (an 

essential molecular machinery for sensory systems), electron transport chains 

(an essential scheme for respiration systems) and photosynthesis (one of our 

primary sources of energy), all take place at the membrane interface of cells.  

Furthermore, more than 30% of the human genome and 50% of known drug 

targets are membrane-associated proteins.  Therefore, it is critical to establish 

techniques that will allow us to investigate these kinds of membrane complex 

systems and gain insights into biological phenomena for scientific and biomedical 

purposes.  Despite their importance there are very few reports on the atomic-

level structure and dynamics investigations of the combinatorial complexes 

composed of protein-protein interactions and protein-lipid interactions within 

bilayers.  The lack of success in this area of research is largely attributed to the 

challenges imposed by membrane proteins when examined with the most 

commonly used biophysical techniques such as X-ray crystallography, electron 

microscopy and Nuclear Magnetic Resonance (NMR) spectroscopy.  My 

dissertation concentrates on three novel components that will accelerate the 

understanding of these important and challenging systems.  The first element is 

to gain atomic-level structure and dynamics determination of biologically 

important systems by developing new solid-state and solution NMR approaches 

that enhance resolution and the sensitivity of spectra, allowing for the robust 

NMR experiments for samples that have higher molecular weight. The second 



 

xviii 
 

component pertains to the preparation of stable and well-behaved biologically 

relevant samples. The third is to retain the biological functions of membrane 

complex systems in order to investigate dynamical structure of membrane 

complexes.  The combination of these three approaches has already led, for the 

first time, to the determination of structural and dynamical interactions in an intact 

mammalian membrane protein complex, rabbit Cytochrome-b5, and Cytochrome-

P450, which metabolizes more than 50% of the pharmaceuticals in clinical use 

today.  
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Chapter I 

 

Introduction

 

 

I-1. Goals 

 

    The goal of this project was to develop new Nuclear Magnetic Resonance spectroscopy 

methodologies to investigate structures, dynamics and functions of membrane bilayers, 

membrane-associated proteins, membrane-protein interactions and membrane protein-

protein interactions.   The results demonstrate three novel concepts that will accelerate 

the understanding of these important and challenging systems.  The first element is to 

gain atomic-level structure and dynamics determination of biologically important systems 

by developing new solid-state and solution NMR approaches that enhance resolution and 

the sensitivity of spectra, allowing for the robust NMR experiments of samples that have 

a higher molecular weight. The second component pertains to the preparation of stable 

and well-behaved biologically relevant samples. The third is to retain the biological 

functions of membrane complex systems in order to investigate dynamical structure of 

membrane complexes.  The combination of these three approaches has already led, for 

the first time, to the determination of structural and dynamical interactions in an intact 

mammalian membrane protein complex, rabbit Cytochrome b5, and Cytochrome P450, 

which metabolizes more than 50% of the pharmaceuticals in clinical use today. 
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I-2. Membrane Biology 

 

    Biological cell membranes are vital boundaries that separate the intracellular 

elements from the extracellular environments, and they are fundamental regulators of a 

number of cellular and physiological phenomena.  In fact, these biological processes are 

essentially based on biomolecular interactions within and between cells.  A significant 

number of biologically important protein-protein and protein-lipid interactions in life 

science, for instance, signal transductions (an essential molecular machinery for sensory 

systems), electron transport chains (an essential scheme for respiration systems) and 

photosynthesis (one of our primary sources of energy), take place on the membrane 

interface of cells.  Furthermore, more than 30% of the human genome and 50% of known 

drug targets are membrane-associated proteins.  Therefore, it is critical to establish 

techniques that will allow us to investigate these kinds of membrane complex systems 

and gain insights into biological phenomena for scientific and biomedical purposes.  

Despite their importance, there are very few reports on the atomic-level structure and 

dynamics investigations of the combinatorial complexes composed of protein-protein 

interactions and protein-lipid interactions within bilayers.
1
  The lack of success in this 

area of research is largely attributed to the challenges imposed by membrane proteins 

when examined with the most commonly used biophysical techniques such as X-ray 

crystallography, electron microscopy and Nuclear Magnetic Resonance (NMR) 

spectroscopy.  While obtaining well-behaved biologically relevant samples of these 

systems is a main major bottle-neck for high-resolution structural studies, recent solid-

state NMR studies have demonstrated the feasibility of obtaining high quality structural 

information to understand the function of membrane proteins.
2
  In this thesis, I will 

demonstrate that solid-state NMR is capable of characterizing protein-protein interactions 

in lipid bilayers at a very high-resolution and for the first time, structural and dynamical 

interactions in an intact mammalian membrane protein complex, rabbit cytochrome b5 

(Cyt b5) and cytochrome P450 2B4 (Cyt P450), which is a medically and 

pharmaceutically interesting biomolecule, in a membrane bilayer were revealed. 

    Specifically, this dissertation concentrates on three novel components that will 

accelerate the understanding of these important and challenging systems.  (1) The first 
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element is to gain atomic-level structure and dynamics determination of biologically 

important systems by developing new solid-state and solution NMR approaches that 

enhance resolution and the sensitivity of spectra, allowing for the achievement of robust 

NMR experiments for complex biomolecules and samples that have higher molecular 

weight (Chapter II).  (2) The second component pertains to the preparation of stable and 

well-behaved biologically relevant samples of lipid bilayers (Chapter III).  (3) The third 

is to retain the biological functions of membrane complex systems during experiments in 

order to investigate dynamical structure of membrane complexes in a biologically 

relevant form (Chapter IV).  The combination of these three approaches has already led, 

for the first time, to the determination of structural and dynamical interactions in an intact 

mammalian membrane protein complex, rabbit Cytochrome b5 (Cyt b5), and Cytochrome 

P450 (Cyt P450), which metabolizes more than 50% of the pharmaceuticals in clinical 

use today and is an extremely challenging system for NMR spectroscopy because of its 

huge overall molecular weight (more than 200 kDa).  Additionally, these NMR 

methodological developments allowed us to gain novel insights into various different 

biological molecules and materials, such as cell membrane permeable pharmaceutical 

nanoparticles, liquid crystals, membrane associated proteins/peptides and lipid 

membranes.  The experimental details, significance, and future directions are discussed in 

this dissertation.    

  The vast majority of pharmaceutical compounds in use today are hydrophobic 

compounds that are broken down in the body to water soluble, extractable compounds by 

a superfamily of enzymes known as the Cyt P450.
3,4

  A single member of this family, Cyt 

P450 3A4, was found to metabolize more than 50% of current-day drugs.
3
  Other 

members metabolize a broad range of xeno- as well as endobiotic substrates.  Cyt b5 is a 

membrane-bound protein which modifies the metabolism of selected drugs by Cyt P450.
3
  

The electron transfer scheme in Figure I-1 shows the binding of Cyt P450 and Cyt b5  

changes the efficiency of Cyt P450‟s enzymatic activity.
5
  Remarkably, Cyt b5 enhances 

(or is even essential to) some catalytic reactions, but does not affect, or in some cases 

even inhibits, others.  Its suggested functions include direct donation of an electron to Cyt 

P450, fine-tuning of kinetic parameters by relaying electrons, or an allosteric effector 

function on Cyt P450.
7
 In order to understand the molecular mechanism by which Cyt b5 
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influences the oxidation by Cyt P450 in vivo, one must understand the structural details 

of the interaction between Cyt b5 and Cyt P450.   

 A model constructed from the solution NMR structure of the soluble domain of 

rabbit Cyt b5 is given in Figure I-2A.
6  

The 16.7kDa Cyt b5 contains 3 structurally distinct 

domains: a ~95 amino acid amino-terminal catalytic heme-containing soluble domain, a 

~25 amino acid carboxyl-terminal membrane-anchor domain and a ~14 residue linker 

region which connects the two.  The carboxyl domain is assumed to be a helix which 

spans the membrane.  When Cyt b5 is treated with proteases, the heme domain is released 

as a soluble protein which can no longer interact with Cyt P450, but still can react with 

the soluble protein, Cyt c.
8
  Our interest is in trying to understand why the membrane-

spanning domain is required for the interaction between Cyt b5 and Cyt P450.  
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Figure I-1. The electron transfer scheme and a molecular model of the Cyt b5, 

Cyt P450 and Cyt b5- Cyt P450 complex.
 9
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Figure I-2. (A) Molecular model showing Cyt b5 in the context of a DMPC 

bilayer; the transmembrane, linker, and heme-carrying soluble domains are evident.  

(B) Amino acid sequence of rabbit Cyt b5.  The amino acid residues in the predicted 

transmembrane region of the protein are underlined.
14
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    Since the full-length Cyt b5 and Cyt P450 are not amenable for structural studies using 

most common biophysical techniques, only the structures of the soluble domains these 

proteins have been solved using X-ray and solution NMR techniques.  However, Cyt b5 

lacking the transmembrane (TM) domain, neither interacts with nor influences the 

function of Cyt P450.  Therefore, while solving the high-resolution structure of the Cyt 

b5-Cyt P450 complex is very important, it has been proven challenging and impossible 

using common biophysical approaches.  On the other hand, it could be a suitable problem 

using solid-state NMR spectroscopy which has no fundamental restriction on the 

molecular size and phase of the sample.  Here, for the first time, the solid-state NMR 

investigation of membrane topology and dynamics of a Cyt b5-Cyt P450 complex in lipid 

bilayers was conducted.  Magnetically aligned bicelles are used in solid-state NMR 

experiments under static experimental conditions.   

 

 

I-3. NMR Spectroscopy Methodology Developments for Membrane Biology 

 

    Structural biology of membrane proteins has rapidly evolved into a new frontier of science.  

Although solving the structure of a membrane protein with atomic-level resolution is still a 

major challenge, Separated-Local-Field (SLF) NMR spectroscopy has become an invaluable 

tool in obtaining structural images of membrane proteins under physiological conditions.  

Among SLF experiments, PISEMA (Polarization Inversion and Spin Exchange at Magic 

Angle) pulse sequence is commonly used.  The advantages of PISEMA experiments are high 

resolution spectra in the dipolar coupling dimension, high scaling of dipolar couplings 

(scaling factor 0.816) and tolerance to RF field inhomogeneity.
17

   However, the major 

disadvantage of PISEMA is its 
1
H carrier frequency offset dependence because of the off-

resonance spin-locking of proton magnetization during t1 dimension.
 17

  In fact, this carrier 

offset gives artifacts in the PISEMA spectra.  For example, with an increase of the 
1
H carrier 

frequency offset value, the signal-to-noise ratio of the dipolar coupling spectra gets worse 

and the scaling factor increases. These problems are severe when the dipolar couplings are 
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smaller and for studies at higher magnetic fields.  Dipolar couplings are smaller when 

studying the nucleus is more mobile, so this is a particular problem in studying the soluble 

domain of Cyt b5. Since a uniformly labeled protein can have an amide-
1
H chemical shift 

span of about 15 ppm, this offset dependency of the sequence could provide inaccurate 

dipolar coupling values. Since PISEMA is one of the powerful sequences in the structural 

studies of aligned samples, it would be significant to find countermeasure to this problem.  

To overcome this difficulty, I have designed a broadband-PISEMA sequence in Prof. 

Ramamoorthy‟s lab using the average Hamiltonian theory.
18

  We have demonstrated that the 

newly developed sequence maintains the high-resolution nature of the on-resonance PISEMA 

sequence and at the same time overcomes the off-resonance effects.
18

  

We have further developed alternate pulse sequences that avoid the off-resonance pulses 

utilized in PISEMA.  As a result, we proposed a family of pulse sequences called HIMSELF 

(Heteronuclear Isotropic Mixing leading to Spin Exchange via the Local Field) as shown in 

Figure I-3.
19

  The unique feature of the HIMSELF sequences is that they utilize on-resonance 

spin-lock multiple pulse sequences to suppress 
1
H-

1
H dipolar coupling and chemical shift 

interactions.  Advantages of HIMSELF sequences are following; (i) because the pulses are 

applied on-resonance, the RF power required in HIMSELF is relatively low compared to 

PISEMA experiments using off-resonance pulses which require significant RF power in the 

low  nuclear channel for efficient spin exchange.  (ii) Resonance offset effects on both 

nuclei are suppressed.  (iii) Unlike PISEMA, HIMSELF sequences do not require fast 

frequency switching and therefore can be implemented in most commercial NMR 

spectrometers.  One of the HIMSELF sequences, based on a supercycle of WIM 

(Windowless Isotropic Mixing)
19

 pulse blocks, is intrinsically broadband and does not 

require 180° pulses to suppress offset effects. This is an advantage because 180° 

pulsesrequire high RF power. Based on experiments on a NAVL (N-acetyl-L-
15

N-valyl-L-

15
N-leucine dipeptide) test sample and simulations, this sequence is superior to all other 

sequences designed so far in these respects (Chapter II).  

 For NMR spectroscopy of membrane biophysics, the sensitivity enhancements are an 

important subject as well as resolution enhancements.  In spite of recent technological 

advances in NMR spectroscopy, its poor sensitivity continues to be a major limitation, 
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particularly for the structural studies of membrane proteins.  In the last part of Chapter II, we 

demonstrate the feasibility of very fast acquisition of two-dimensional spectra of 

antimicrobial peptides embedded in lipid bilayers.  A copper-chelated lipid embedded in 

bicelles is used to speed-up the spin-lattice relaxation of protons without affecting the 

spectral resolution and thus enabling fast data collection.  Our results suggest that this 

approach is effective on solid-state as well as solution NMR spectroscopy, using a very small 

amount (~3 mM) of copper-chelated lipid.  These results demonstrate that it is possible to use 

this approach in the structural studies of membrane proteins with nano-mole concentrations 

of labeled proteins using solid-state NMR spectroscopy and without the need for isotopic 

enrichment using solution NMR spectroscopy as shown in Figure I-4.   
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Figure I-3. 2D HIMSELF sequence. Phase and flip-angle of the flip-back 

pulse depends on the the spin-lock sequence used in t1.
19

  Use of WIM and a 

selection of the z-magnetization for t1 evolution gave excellent results. 



 

11 
 

 

 

 

 

 

 

 

 

 

 

  

Figure I-4. A Copper-ChelatedLipid Speeds Up NMR Measurements 

from Membrane Proteins. A 6.2-fold speed increase (left) and a 2.7-fold 

improvement in signal-to-noise ratio (right) for solid-state NMR experiments 

under magic-angle spinning and static conditions.  2D 
1
H/

1
H chemical shift 

correlation spectra of bicelles without [top] and with [bottom] a copper-

chelated lipid obtained under MAS using a homonuclear dipolar recoupling 

sequence. (left). 
15

N chemical shift spectra of magnetically aligned bicelles 

containing a 10% of uniformly-
15

N-labeled (only 70 nmoles) subtilosin A 

and with (red) and without (black) the copper-chelated-lipid (right). 
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I-4. NMR Spectroscopy on Membrane Bilayers 

 

    Lipids, when combined with detergents in specific ratios, form elongated, disc shaped 

or planar structures called bicelles (shown in Figure I-5). Bicelles spontaneously align in 

certain temperature ranges with an external magnetic field due to their elongated shape 

and the magnetic susceptibility of the phosphorous nuclei.  Magnetically aligned bicelles 

are becoming attractive model membranes to investigate the structure, dynamics, 

geometry, and interaction of membrane-associated peptides and proteins using solution- 

and solid-state NMR experiments. Recent studies have shown that bicelles are more 

suitable than mechanically aligned bilayers for multidimensional solid-state NMR 

experiments. In solid-state NMR studies, magnetically aligned bicelles have been 

previously used as model membranes and in solution NMR studies as an alignment 

medium to measure residual dipolar couplings in the structural studies of water-soluble 

proteins.
10

  Bicelles, composed of different types of combinations of lipids and a 

detergent, have been well characterized using 
31

P, 
2
H, 

13
C and 2D SLF experiments.

11
  2D 

HIMSELF and 2D SAMY spectra correlating the 
13

C chemical shifts and 
1
H-

13
C dipolar 

couplings of the components of bicelles demonstrated the feasibility of high-resolution 

experiments at a physiologically-relevant temperature without having to enrich with 
13

C 

isotopes.
12

  This remarkable advantage was later utilized to study the drug-membrane 

interactions using solid-state NMR spectroscopy (Chapter III).  The physicochemical 

properties and the size of bicelles have also been well documented in literature.
13

 Magic 

angle spinning solid-state NMR experiments have also utilized bilcelles to obtain spectra 

of uniformly labeled proteins with a resolution approaching solution NMR.
9
  Recent 

solid-state NMR studies have shown that it is also possible to obtain high-resolution 

spectra from peptides and proteins labeled with 
15

N isotope under static experimental 

conditions which allow the topology of the protein relative to the membrane to be 

determined.  We have used bicelles to align Cyt b5 and a complex of two different 

membrane proteins to study the structural interactions between them.   
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Figure I-5. A pictorial model of Cyt b5 in bicelles and 

31
P NMR spectra at 

different protein:lipid ratios. Bicelles without protein show two sharp lines in a 

static sample, one from the DHPC and the other from DMPC.
9
 At high concentrations 

of Cyt b5 the lines broaden as the phosphorous molecule are no longer appointing all 

in the same direction. An optimum concentration considering the degree of alignment 

vs.the  signal to noise ratio was found at 0.47% Cyt b5. 
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I-5. NMR Spectroscopy on Membrane Proteins 

Determination of the structure, dynamics and orientation of Cyt b5 in lipid bilayers 

    In order to determine the structure, membrane-orientation, and dynamics of rabbit Cyt b5 

in phospholipid bilayers, solid-state NMR static (under aligned sample conditions) 

experiments as well as MAS experiments on bicelles and also on unaligned multilamellar 

vesicles were performed.  To achieve this goal it was necessary to overcome the difficulties 

related to sample preparations, sensitivity and resolution of NMR experiments and resonance 

frequency offset effects.  

    In Professor A. Ramamoorthy‟s Lab, we have been using aligned bicelles for structural 

studies on membrane proteins under static conditions which have the advantage of preserving 

anisotropic spin interactions that can be used for structural information.  There are several 

advantages of using bicelles.  Bicelles are fully hydrated with excess water and remain stable 

for long time. Solution conditions, such as the buffer and pH used, can be adjusted. Unlike 

detergent micelles commonly used for solution NMR, the curvature and other physical 

properties of bicelles are relatively close to cell membranes. Therefore, physiologically 

relevant conditions for structural studies of membrane associated proteins can be achieved in 

bicelles.  Recent studies from our lab as well as others have shown that bicelles are suitable 

for multidimensional solid-state NMR experiments essential to solve the structure of 

membrane proteins.    

    After the sample conditions of magnetically aligned bicelles containing membrane proteins 

using 
31

P and 
15

N NMR experiments have been optimized, 2D Separate Local Field (SLF) 

experiments correlating the 
15

N chemical shift with the 
1
H-

15
N dipolar couplings of each 

amide site can be performed.  SLF spectra can be interpreted in terms of the molecular 

geometry or image.
14, 16

 For example, the SLF spectrum of a transmembrane helical protein 

can be used to interpret the tilt of the helix relative to the bilayer normal (Figure I-6).
14-16

  

This method has previously been used to determine several membrane proteins and peptides 

structures.
14,15

  However, in case of cytochromes, the size of Cyt b5-Cyt 450 system and 

presents substantial difficulties in assignment.  Furthermore, the soluble region of the protein 

is expected have high flexibility while the transmembrane region is expected to high low 
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flexibility.  A protein that differs in flexibility like this is difficult for solid-state NMR 

because the pulse sequences used are frequently sensitive to the timescale of the motion of 

the nucleus.  In order to solve the structure of Cyt b5 it will be helpful to make advances in 

the application of solid-state NMR to the study of membrane proteins with a soluble domain 

(Chapter IV). 

    While the membrane orientation of TM domains of Cyt b5 can directly be measured from 

the 2D HIMSELF spectra, assignment of resonances to amino acid residues would be useful 

to elucidate the role of individual residues on the interaction with Cyt P450 and their 

dynamics. 

(a) Resonance Assignments  

The assignment of resonances in the 2D HIMSELF spectrum from a uniformly 
15

N-

labeled Cyt b5 is an important step to understand Cyt b5 structure and function relationships 

(Figure I-7).   However, the resonance assignment using the „shotgun‟ approach
20

 might be 

difficult because the Pro residue in the transmembrane region could distort the helix.
9, 14

  In 

order to overcome this difficulty, a combination of the following approaches can be used.   

(i) H/D exchange to suppress amide-
15

N resonances from the soluble domain.   

    Due to the H/D exchange process, the use of D2O in the sample will convert amide-
1
H to 

amide-
2
H. Therefore, the resonances from amide-

15
N-

1
H of the soluble domain, which are 

exposed to the water phase in bicelles in the 2D HIMSELF spectrum can be suppressed and 

this procedure would leave the resonances from the TM domain of the uniformly 
15

N-labeled 

protein.  

(ii) Selective 
1
H magnetization transfer to 

15
N nuclei in the transmembrane domain.   

    The TM region of Cyt b5 is relatively more rigid than the soluble/linker region of Cyt b5.  

Therefore, it is possible to selectively prepare the transverse magnetization of 
15

N nuclei 

present in the transmembrane region.  We concluded that 
1
H-

15
N pairs in the rigid part of the 

molecule require a short contact time while those 
1
H-

15
N pairs in the water-soluble, less-rigid, 

domain requires a long contact time to prepare 
15

N magnetization.
14

  Therefore, we are able 

to selectively acquire the 
15

N peaks arising from the TM region by using a short contact time.   
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Figure I-6. PISA wheels are spectral patterns found in SLF spectra that correlate 
15

N chemical shift and 
1
H–

15
N dipolar coupling. PISA wheels are observed for 

uniformly 
15

N-labeled segments with α-helical secondary structure. From comparisons 

of simulated spectra vs. the experimental spectrum the tilt angle τ of a membrane-

bound α-helix with respect to the membrane normal can be determined.
9
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Figure I-7.  Two-dimensional 

1
H-

15
NHIMSELF spectrum of uniformly 

15
N-

labeled Cyt b5 in DMPC:DHPC bicelles. The spectrum shows well-resolved 

resonances and a clearly discernible PISA wheel pattern. The transmembrane α-helix 

is tilted 15° (±3°) withrespect to the bilayer normal, but indicates that it deviates from 

perfect α-helical geometry. 
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These spectral editing techniques will be extended to obtain 2D HIMSELF experiments 

to obtain the PISA wheel-type resonances arising from the transmembrane region (or 

soluble/linker region) of the uniformly 
15

N-labeled Cyt b5.   

(iii) Use of selectively labeled Cyt b5.   

    Cyt b5 with only certain amino acids labeled with the 
15

N isotope such as 
15

N-Ala (there 

are 9 Ala residues: 3 of them are expected to be in the TM region) or 
15

N-Trp (4 Trp 

residues: 3 of them are expected to be in the TM region) can be overexpressed and 

HIMSELF experiments on those samples can be conducted.  The methods which I mentioned 

above in (i) and/or (ii), distinguish Ala or Trp residues in the TM region of Cyt b5 from in the 

soluble/linker region.     

    There are a number of approaches to overcome the difficulties in assigning resonances 

from the TM region of Cyt b5.  Resonance assignments will also enable us to understand the 

role of the TM region of Cyt b5 in the catalytic function of Cyt P450.   

 

Characterization of the structure and dynamics of membrane-bound Cyt b5 in a complex 

with Cyt P450 

    Previously, high-resolution information on ligand binding to Cyt P450 BM-3 has been 

reported by means of solid-state NMR.
21

  Water-soluble truncated Cyt b5, which lacks the 

transmembrane domain, does not activate Cyt P450.  However, it does bind to Cyt C.   While 

structural studies on the Cyt b5-Cyt c complex have been done, there is no structural data on 

the Cyt b5-Cyt P450 complex, due to the difficulties in studying the complex by X-ray 

crystallography or solution NMR spectroscopy.  Solid-state NMR experiments on the Cyt b5-

Cyt P450 complex can be performed in order to obtain the first structural data on the Cyt b5-

Cyt P450 complex.  Experiments using published procedures
5,7

 suggest that the Cyt b5- Cyt 

P450 complex can be form on NMR samples  (Figure I-8).  

    The ultimate goal is to complete characterization of the structure, membrane-topology and 

dynamics of the Cyt b5-Cyt P450 complex and correlate the structural information with the 

functional data.   
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Figure I-8. Measurement of Complex formation between between Cyt P450 

2B4 and Cyt b5 as measured by a change in absorbance at 385 and 420  nm. 

Published experimental procedures were used in these measurements.
 5,7
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Chapter II 

 

Nuclear Magnetic Resonance Spectroscopy 
Method Developments for Membrane Biology

*
 

 

 

II-1. Summary 

    Narrowest heteronuclear dipolar coupling spectral lines provided by the two-

dimensional polarization inversion spin exchange at the magic angle (PISEMA) 

technique lead to the development and application of a series of multidimensional solid-

state NMR methods for the structural studies of biological solids.  Studies have shown 

that the measurement of structural and orientational constraints from uniformly labeled 

proteins using PISEMA is crucial, particularly in the structure determination of 

membrane-associated proteins.  Excellent line-narrowing efficiency, high scaling factor, 

and performance at various magic angle spinning (MAS) speeds and radio frequency 

(RF) power are the main advantages of PISEMA.  However, high RF power requirement 

and offset effects are the major limitations of this technique.  In this chapter, these 

difficulties and methods to overcome them are discussed for both static and MAS 

experimental conditions.  Experimental and simulated data to demonstrate the efficacy of 

newly developed PISEMA-type pulse sequences are also discussed. 

    The resolution of NMR spectra and sensitivity of NMR spectroscopy have been always 

important area of study.  In later part of this chapter, we described methodological 
                                                           
*

 This chapter is a version of manuscripts published in Handbook of Modern Magnetic Resonance 

(Chemistry section) edit by Graham Webb, Part 1, (2006)703-709., Chem. Phys. Lett., 407 (2005) 289-293., 

J. Am. Chem. Soc., 127(2005)6958-6959., Chem. Phys. Lett. 408 (2005)118-122., Chem. Phys. Lett., 

419(2006)167-173., Chem. Phys. Lett., 419(2006)533-536., J. Chem. Phys., 125(2006) 034507., J. Magn. 

Reson., 184(2007)228-235. and J. Am. Chem. Soc., 132(2010)6929-6931.  This study was supported by the 
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developments and experimental aspects of sensitivity and resolution enhancement of 

membrane lipid bilayers and membrane-associate peptides and proteins on NMR 

spectroscopy.  In particular, approaches to enhance the sensitivity and resolution and to 

quantify radio frequency heating effects on the natural abundance 
13

C and 
14

N NMR of 

DMPC/DHPC bicelles are discussed.   Sensitivity of 
13

C detection using the single pulse 

excitation, conventional cross-polarization (CP), ramp-CP, and NOE techniques are 

compared.  Our results suggest that the proton decoupling efficiency of the FLOPSY 

pulse sequence is better than that of continuous wave decoupling, TPPM, SPINAL, and 

WALTZ sequences for the studies of magnetically aligned bicelles.  A simple method of 

monitoring the water proton chemical shift is demonstrated for the measurement of 

sample temperature and calibration of the radio-frequency-induced heating in the lipid 

bilayer samples.  The possibility of using 
14

N experiments on bicelles is also discussed. 

    In spite of recent technological advances in NMR spectroscopy, its poor sensitivity 

continues to be a major limitation particularly for the structural studies of membrane 

proteins.  In the last part of this chapter, we demonstrated the feasibility of very fast 

acquiring multidimensional NMR spectra of an antimicrobial peptide (subtilosin A and 

MSI-78) embedded into bicelles.  A copper-chelated lipid embedded in bicelles is used to 

speed-up the spin-lattice relaxation of protons without affecting the spectral resolution 

and thus enabling fast data collection.  Our results suggest that for solid-state NMR 

spectroscopy experiments a 6.2-fold speed increase and a 2.7-fold improvement in signal-

to-noise ratio under magic-angle spinning and static conditions, respectively, on the other 

hand, for solution NMR spectroscopy experiments even a 2D SOFAST-HMQC spectrum 

can be obtained four times faster using a very small amount (~3 mM) of copper-chelated 

lipid using natural-abundance 
15

N nuclei on solution NMR spectroscopy.  These results 

demonstrate that it is possible to use this approach in the structural studies of membrane 

proteins using NMR spectroscopy.  Furthermore, NMR measurements are shown to be 

feasible even for nano-mole concentrations of a membrane-associated peptide.  
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II-2. A Family of Separated-Local Field Experiments for Structural Studies of 

Biological Solids 

 

    Accurate measurement of heteronuclear dipolar couplings is very important to 

determine the high-resolution structure, dynamics, and orientation of molecules using 

solid-state NMR spectroscopy.
1
  A variety of multiple pulse sequences have been used to 

suppress homonuclear 
1
H spin–spin interactions in a two-dimensional (2D) Separated-

Local-Field (SLF) experiment, which provides narrow heteronuclear dipolar coupling 

lines.
1
  The best sequence should satisfy following seven qualities: (i) completely 

suppress dipole-dipole interactions among I (usually high γ and/or highly abundant nuclei 

such as 
1
H and 

19
F) spins, (ii) have a large scaling factor (scaling factor = 1.0 represents 

0% reduction in the measured I-S dipolar coupling values) in order to measure small 

heteronuclear dipolar couplings as well as to resolve resonances from uniformly labeled 

proteins, (iii) have a short duration that can provide a large spectral width, (iv) be tolerant 

to pulse imperfections such as offset and RF field inhomogeneity, (v) require a low RF 

power to avoid sample heating, (vi) avoid rotor synchronization and be independent of 

the spinning speed of the sample for studies under MAS, and (vii) be easy to set up in 

most commercially available solid-state NMR spectrometers.  Among all the reported 

SLF sequences, polarization inversion spin exchange at the magic angle (PISEMA) 

(Figure II-1A and B) satisfies most of these requirements.
1-4

  An Flip-flop Lee-Goldburg 

(FFLG)-
 5-8

 or Phase-Modulated Lee-Goldburg (PMLG)-
9
 based PISEMA sequence 

efficiently suppresses 
1
H–

1
H dipolar couplings with a scaling factor of 0.816 and a short 

cycle time (16.33μs for a 50 kHz rf field strength), tolerant to most of the experimental 

errors, easy to set up, and can easily be modified to work efficiently under various 

spinning speeds without the need for rotor synchronization.
1,3

  In addition, the sensitivity 

enhancement offered by the polarization inversion, and the reduction of relaxation rates 

and suppression of I and S spin chemical shifts by the spin-locks during SEMA are other 

intrinsic benefits of the sequence.
1,2

  Therefore, the pulse sequence has been widely used 

for studies both under static (Figure II-1A)
1,10-15

 and MAS (Figure II-1B)
1,4,16

 

experimental conditions.  The SEMA sequence has also been utilized to develop several 

new solid-state NMR methods to study biological solids
17-23

.  Studies have shown that 
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replacing FFLG in SEMA with the Lee-Goldburg magic angle irradiation (LG), such as 

LG-PISEMA, LG-SEMA, or LG-CP, also provides heteronuclear dipolar coupling 

spectra with an identical scaling factor.
1,3,4,24

  In fact, LG-SEMA is routinely used to set 

up 2D PISEMA experiments
3
 and selective transfer of 

1
H magnetization to its 

dipolarcoupled heteronuclei such as 
13

C or 
15

N.
22,23,25

  The main advantages of LG-

SEMA are its short cycle time and the absence of phase transients.
1,3

  However, the 

extent of 
1
H homonuclear decoupling and tolerance toward RF field mismatch and RF 

field inhomogeneity by FFLGSEMA is far better than that of LG-SEMA.
3,24

 

 

II-2-1. Radio Frequency Resonance Offset Effect of SLF pulse sequences 

    There are some disadvantages that limit the application of PISEMA to investigate 

certain systems.  Studies have shown that the SEMA sequence is highly sensitive to I spin 

offset.
1
  Our simulations (data not shown) on a dipolar-coupled two-spin (I and S) system 

show that the offset dependency is identical for LG-SEMA and FFLGSEMA sequences 

as there is no homonuclear 
1
H dipolar couplings are included in the calculations.  Since 

the effective field direction of LG or FFLG is dependent on the offset value, the line-

narrowing efficiency decreases and the observed dipolar splitting increases with offset 

(Figure II-2A, plot A).  In addition, a strong zero-frequency peak appears as the off-

magic angle spin-lock of I spins eliminates the spin exchange among I and S nuclei 

(Figure II-3).  These effects are severe when a low RF power is used and also for 

experiments conducted at high magnetic fields.  For example, a span of ∼12 ppm for 

amide 
1
H chemical shift resonances makes it very difficult to satisfy the LG condition for 

all amide sites of a uniformly labeled protein/peptide.  As a result, the intensity, scaling 

factor, and line width are not uniform in a 2D PISEMA spectrum of a uniformly 
15

N-

labeled protein embedded in aligned lipid bilayers.  The offset effects are stronger for 

small 
1
H-

15
N dipolar couplings.  Thus it is difficult to accurately measure the 

1
H-

15
N 

dipolar couplings for the structural studies of membrane proteins.  Therefore, it is of 

considerable importance to develop new PISEMA-type pulse sequences that can 

overcome the above-mentioned offset effects. 
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Figure II-1. Timing diagrams for a family of SEMA sequences that can be used in 

the t1 period of 2D PISEMA: (A) SEMA, (B) SEMAMAS, (C) BB-SEMA-1, (D) 

BB-SEMA-2, (E) BB-SEMA-MAS, and (F) TANSEMA. LG stands for the Lee–

Goldburg magic angle irradiation. 
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II-2-2. Broad-Band PISEMA Solid-state NMR Spectroscopy 

    Studies have shown that the use of ramped spin-lock pulses
26

 during SEMA in the S 

spin channel or the newly developed SAMMY
27

 sequence reduces offset effects.  

However, the extent of line narrowing of the SAMMY sequence are smaller than that of 

the PISEMA sequence.  We recently proposed a modified PISEMA sequence (called BB-

PISEMA (Figure II-1C–E) that compensates the effects of offset.
28

  Introduction of 

simultaneous π pulses in the SEMA sequence suppresses the evolution of the 

magnetization under offset in the SEMA period of PISMEA.  This is reflected in the 

results shown in Figures II-2A (plots B and C) and II-3.  While the offset compensation is 

better for BB-SEMA-1 than BB-SEMA-2, line-narrowing efficiency may depend on the π 

pulse width.  The number of FFLG cycles in between the π pulses can be varied 

depending on the required dwell time.  The efficacy of SEMA (Figure II-1A) and BB-

SEMA (Figure II-1D) sequence was examined using 2D experiments on a single crystal 

(Figure II-2A) and simulations (Figure II-2B) using SIMPSON.
29

  Experimentally 

obtained dipolar coupling slices are given in Figure II-4.  Both the experimental and 

simulated data demonstrate that heteronuclear dipolar coupling spectra obtained using 

BB-PISEMA are less sensitive to I spin offset than those obtained with the regular 

PISEMA pulse sequence. 

    This is a significant improvement and therefore the BB-PISEMA sequence can be used 

in the structural studies of membrane proteins at high magnetic fields where there is a 

range of 
1
H chemical shifts.  

    Simulations suggest that the use of ideal π pulses provides a scaling factor of 0.816 and 

the deviation from ideality reduces the scaling factor of BB-SEMA (Figure II-1C).  

Nevertheless, our experimental results demonstrate that the scaling factor of BB-

PISEMA is 0.73 even for a π pulse width of 8.16 μs.  In theory, the scaling factor of BB-

PISEMA (SFBB-PISEMA) is given in a following equation:  

 

SFBB-PISEMA = sinm · (1-/c)  

                   = 0.816 ·(1-/c) 
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Figure II-2. Dependence of the simulated (a) and experimentally (b) measured 

heteronuclear dipolar couplings on the I spin carrier offset. Experimental data 

were measured from 2D PISEMA and BB-PISEMA spectra (data not shown) of n-

acetyl-l-
15

N-valyl-l-
15

N-leucine single crystal under the same experimental conditions. 

The simulated data in (a), (b), and (c) were obtained using the PISEMA, BB-SEMA-1, 

and BB-SEMA-2 sequences, respectively. (c) Variation of the scaling factor with the 

ratio of the RF power used for the π and LG pulses in the BB-PISEMA. In all the 

simulations, 100 kHz RF field was used for LG and the π pulse in BB-SEMA-2. The 

πgulse power was varied in (c). 
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Figure II-3. Simulated I –S dipolar coupling spectra of an aligned two-spin 

system with a dipolar coupling constant of 10 kHz at I spin carrier offset frequencies 

of 0 and 10 kHz. Note the appearance of the zero-frequency peak and the increase in 

the dipolar splitting in LG- and FFLG-based PISEMA sequences. Offset effects are 

stronger when the I –S dipolar coupling is small. On the other hand, BB-PISEMA 

spectra are independent of the I spin carrier frequency. 
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Figure II-4. 
1
H–

15
N dipolar coupling spectra obtained at different 

1
H offset values 

from PISEMA (A) and BB-PISEMA (B). Sites A and B correspond to a 
15

N chemical 

shift value of 83.7 and 102.2 ppm, respectively. In addition to the increase in the 

observed dipolar coupling values, S/N is significantly decreases with the offset value in 

PISEMA spectra. On the other hand, BB-PISEMA spectra are to a large extent 

independent of the offset values. 
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where m is magic angle,  is  pulse width and c is the SEMA block, RF cycle time (c 

= SEMA time + 2).  Simulated results from an unoriented dipolar-coupled two-spin 

system are given in Figure II-5.  Recently published CSA values were used in the 

simulations
30-36

.  FFLG-PISEMA provides better power line shapes than the LG-

PISMEA sequence.  However, the line shapes from both LG- and FFLG-based PISEMA 

sequences are dominated by the zero-frequency peak due to I spin offset effects.  On the 

other hand, BB-PISEMA significantly suppresses the offset effects (Figure II-5).  Offset 

effects of SEMA-MAS (Figure II-1B) can also be compensated using a pair of π pulses as 

shown in Figure II-1E (data not shown).  While the BB-SEMA-based sequences are 

efficient in compensating the I spin offset effects even when low power π pulses were 

used, the performances of these sequences are dependent on the S spin offset values as 

shown in Figure II-6 (plot B).  As shown in Figure II-6 (plot C), this effect can be 

overcome by using high power π pulses in BB-SEMA sequences.  The spin dynamics and 

the performance of this new pulse sequence can be analyzed using average Hamiltonian 

and density matrix approaches.  Several such studies reported the theoretical details of the 

offset effects under heteronuclear spin exchange process under static and MAS 

conditions.
24,37-39

 

    The on-resonance performance of the PISEMA sequence is impressive even when low 

power is used for the FFLG sequence.
1,27,28

  For example, as low as a 40-kHz RF field in 

the 
1
H channel can be used at 400 MHz to obtain high-resolution 

1
H-

15
N dipolar spectral 

lines for a peptide embedded in bilayers.
28

  However, the requirement of RF power in the 

S spin channel is quite demanding as it has to match the effective field in the 
1
H channel 

for static conditions:  Brf,S = (B
2

 rf,S+ B
2

off,I)
1/2

 .  In addition, under MAS, the power 

requirement is increased by the spinning speed (Figure II-1B and E); this means for 

experiments under fast MAS and/or at high magnetic fields, this requirement will be quite 

challenging to satisfy.  This problem is also significant for wet biological solids such as 

lipid bilayers as these samples are power loss and are highly sensitive to RF heat.
40-42

  For 

example, even in the above-mentioned peptide example, ∼1 kW RF power is required in 

the 
15

N RF channel.
40

  Therefore, it is essential to overcome these difficulties in order to 

use PISEMA-type experiments on membrane proteins. 
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Figure II-5. Simulated I –S dipolar coupling spectra of an unoriented two-spin 

system with a dipolar coupling constant of 10 kHz at 0 and 6 kHz I spin carrier offset 

values. The strong zero-frequency peak in LG-PISEMA (both on- and off-resonances 

of I spin) and FFLG-PISEMA makes it difficult to measure the powder lineshape, 

whereas BB-PISEMA is tolerant to offset effects. The intensity of the zero-frequency 

peak depends on the span of the CSA values used in simulations. 
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Figure II-6. Variation of simulated 
1
H–

15
N dipolar coupling values as a 

function of 
15

N offset in PISEMA (A) and BB-PISEMA sequences (B and C). A 

100 kHz rf field was used for LG in all cases, while the πpulse power was 100 kHz 

for (B) and 500 kHz for (C). 
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II-2-3. PITANSEMA Pulse Sequence for Low Power Solid-state NMR 

Spectroscopy 

    In order to overcome the high RF heating effect on solid-state NMR, we demonstrated 

the utility of time averaged nutation (TAN)
43

 concept for the reduction of RF power in 

SEMA experiments.  The TANSEMA
44

 pulse sequence shown in Figure II-1F drastically 

reduces the RF power required in the S spin channel.  The values of t1 and t2 can be 

varied to obtain the desired effective nutation field in the 
1
H channel.  For example, 

PITANSEMA experiments even with a 11-fold reduction in the 
15

N RF power, as 

compared to the regular PISEMA experiment, on a single crystal sample resulted in 2D 

spectra with line widths as good as that of PISEMA.
44

  Use of supercycles and ramped 

spin-locks further improved the efficacy of the PITANSEMA sequence.  This sequence 

has also shown to be effective for liquid crystalline samples.
44,45

 Figure II-7.  However, 

our simulations show that the measured dipolar splitting is offset dependent as shown in 

Figure II-8.  Simulated I-S dipolar coupling PITANSEMA spectra of an aligned two-spin 

system for various I spin carrier offset values showed increase in the zero-frequency peak 

and the dipolar splitting like the PISEMA sequence.  Research in Professor A. 

Ramamoorthy laboratory to improve the efficacy of PITANSEMA is in progress. 

 

II-2-4. PITANSEMA-MAS Pulse Sequence for Low Power Solid-state NMR 

Spectroscopy 

    The time average nutation (TAN) concept can be applicable for solid-state NMR 

experiments under magic angle spinning as well.  This technique, polarization inversion 

spin exchange at the magic angle-magic angle spinning (PITANSEMA-MAS), combines 

the advantages of time averaged nutation (TAN) and SEMA concepts.
44,45

  The efficiency 

of the sequence is examined numerically and experimentally on several solids.  Our 

results suggested that the proposed PITANSEMAMAS technique requires an order of 

magnitude less RF power to spin-lock the low  nuclei than the standard PISEMA 

experiment.      RF pulse sequences for the spin exchange (or polarization transfer) via the 

heteronuclear (I and S) dipolar coupling are sketched in Figure II-9.  The spin-locks 

suppress the chemical shift interactions of both nuclei, FFLG sequence suppresses the I-I 

dipolar interaction,
5-8

 and when the effective field strength of the spin-locks match (for  
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Figure II-7. 2D PITANSEMA spectrum of TMAPB at 130 °C. An experimentally 

measured scaling factor of 0.6 was used. 1 = 10 s, 1 = 15 s, 128 t1 increments, 16 

scans, and a 3 s recycle delay were used. 
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Figure II-8. Variation of simulated I –S dipolar splitting as a function of I (A) 

and S (B) spin carrier offset frequency in PITANSEMA with θ1 = π and θ2 = π/2; 

where θ1 and θ2 are the effective nutation angles during the 1st and 2nd halves of the 

TANSEMA sequence, respectively (Figure II-1E). Note that these angles are equal 

(i.e. θ1 = θ2) in PISEMA and therefore the time average nutation for SEMA is zero. 
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example in the SEMA sequence given in Figure II-9A), spin exchange between the 

strongly coupled I and S nuclei are enabled.  These sequences significantly suppress weak 

heteronuclear interactions and lead to a high-resolution dipolar coupling spectrum.
1,3,46

  

In a 2D experiment like PISEMA, following the initial preparation of magnetization (i.e., 

cross polarization with -x phase spin-locks from I to S and a 35.3y
o
 pulse to flip back the 

Ix magnetization to the magic angle), these sequences in Figure II-9 are employed in the 

t1 period.  SEMA sequences for static and MAS conditions are given in Figure II-9A,B, 

respectively.  To avoid the averaging of the heteronuclear dipolar interactions under fast 

MAS, in SEMA-MAS (Figure II-9B), the difference in the two spin-lock field strengths 

is matched to the spinning sidebands: Beff,I - Brf,S = nr; where Beff,I is the effective spin-

lock field strength,  (Brf,I 
2
 + Boff

 2
)
1/2

, in the I channel, Boff is the offset frequency, Brf,S is 

the RF field strength in the S channel, and r is the spinning speed.  The extent of 

recovered I-S dipolar coupling is higher when n = ±1 sideband than n = ±2 or ±3.  The 

splitting between the two singularities in a dipolar-coupled spectrum obtained using 

SEMA-MAS is DIScosm, where DIS is the I-S dipolar coupling and m is the magic angle. 

    To reduce the required RF field strength in the S spin channel, the TAN and SEMA 

concepts were used to obtain the TANSEMA
44,45

 sequence (Figure II-9C).  In this 

sequence, the unequal 1 and 2 durations generate an effective nutation field (BTAN) in the 

I channel that is matched with the S spin-lock field strength: Brf,S = {(1- 2)/(1 + 

2)}Beff,I.  This TANSEMA sequence for static experiments is modified for studies under 

MAS (TANSEMA-MAS) as shown in Figure II-9D.  In TANSEMA-MAS, the matching 

condition for an effective spin exchange is given as {(1- 2)/(1 + 2)}Beff,I - Brf,S = nr 

with n = ±1.  The values of 1 and 2 can be chosen to alter the scaling factor of the pulse 

sequence as shown in Figure II-9E.  Supercycles can also be constructed to overcome 

some of the experimental problems, such as RF field inhomogeneity or offset, and to 

match the desired extent of recovered I and S dipolar coupling as explained for the static 

case.
44

    This TANSEMA-MAS sequence (Figure II-9D) drastically reduces the required 

RF power as compared to the sequence given in Figure II-9B. 
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Figure II-9. RF pulse sequences for the spin exchange at magic angle (SEMA) via 

the heteronuclear (I and S) dipolar coupling. (A) SEMA, (B) SEMA-MAS, (C) 

TANSEMA and (D) TANSEMA-MAS pulse sequences. (E) Variation of the scaling 

factor of the PITANSEMAMAS as a function of c/LG for a time averaged factor, (1 - 

2)/c, of 1/3; c is a cycle time of TANSEMA-MAS and LG is the 2 duration of the 

LG sequence. An RF field strength of 62.5 kHz for FFLG and an NH dipolar coupling 

of 10 kHz were used in the simulation. BTAN is the effective nutation field, r is the 

spinning speed, and LG stands for Lee–Goldburg. 
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    All experiments were carried out on a Chemagnetics/Varian Infinity 400 MHz and a 

Varian INOVA 800 MHz spectrometers at room temperature.  A 5 mm HXY and a 2.5 

mm HCN triple resonance probes were used in 400 and 800 MHz, respectively.  Powder 

samples of n-acetyl-D,L-
15

N-valine (NAV), natural abundance D,L-alanine and 2-
13

C-

leucine were used.  All the experimental conditions are given in the figure caption.  All 

simulations were carried out using SIMPSON
29

 on a PC.  Two spins (
1
H and 

15
N with a 

dipolar coupling constant of 9.8 kHz or 
1
H and 

13
C with a dipolar coupling constant of 20 

kHz) and 376 crystallite orientations were considered in the simulations.  All other 

parameters were as used in the experiments.  Simulated 
1
H–

13
C dipolar coupling spectra 

obtained using the PITANSEMAMAS sequence are given in Figure II-11 for various 

spinning speeds and for matching with the first (n = ±1) and second (n = ±2) sidebands.  

While the scaling factor of the sequence is independent of the spinning speed, it 

decreases with the increasing |n| value with an optimum line shape for the n = ±1 

condition.  Sidebands can be seen for slow spinning speeds. 

    2D PITANSEMA-MAS experiments with various values of the scaling factor were 

carried out at many different spinning speeds.  While the pulse sequence recovered 
1
H–

15
N dipolar coupling under various spinning speeds, the magnitude of the recovered 

interaction depended on the i values (Figure II-9E).  Sample spectra obtained from the 

NAV powder sample are compared with simulations in Figure II-11.  These results 

indicate that the experimental and simulated results are in good agreement.  

Experimentally measured dipolar splittings for various experimental conditions (such as 

i values, RF power and spinning speed) are identical.  The spinning sidebands can be 

seen for spectra obtained with a large scaling factor.  As shown in Figure II-11B, the 

resolution can be enhanced using a super cycle.  Except for the scaling factor, the line 

shape obtained from a PITANSEMAMAS experiment was similar to that obtained using 

PISEMA-MAS.  However, it is important to note that the RF power used in a 

PITANSEMA-MAS experiment (at a 7 kHz spinning speed) was ~11 times less than that 

of PISEMAMAS.  This factor increased when the spinning speed increased, as a high RF 

power is essential to match the +1 spinning side band.  Use of +2 sidebands not only 

decreased the extent of recovered dipolar coupling but also increased the RF power 

needed in the experiment. 
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Figure II-10. Simulated PITANSEMA-MAS spectra for various spinning speeds 

and spinning sideband-matching condition. Nutation angles of 1.5 and 0.75 with 

an 
15

N
1
H dipolar coupling of 9.8 kHz were used. Scaling factor (SF) for each 

condition is given. 
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Figure II-11. Experimental (A, B and C) and simulated (D, E and F) 
1
H–

15
N 

dipolar coupling spectral lines obtained using the 2D PITANSEMAMAS sequence 

(Figure II-9D) under 7 kHz MAS. Experimental spectra were obtained from an n-

acetyl-D,L-
15

N-valine powder sample. A 50 kHz RF field for the preparation period, a 

62.5 kHz RF field with an offset of 44.19 kHz for FFLG in the t1 period, and a 62.5 

kHz TPPM decoupling of protons during the 
15

N signal acquisition were used. Other 

experimental parameters include a 0.5 ms cross-polarization time, 64 t1 experiments, 4 

scans and a 4 s recycle delay. (1, 2) Values of (30.76 s, 15.38 s), (23.08 s, 11.54 

s) and (15.38 s, 7.69 s) were used to obtain spectra (A and D), (B and E) and (C 

and F), respectively. Scaling factors of 0.232, 0.361 and 0.470 were used for (A and 

D), (B and E) and (C and F), respectively. The dashed line spectrum in B was obtained 

using 3-cycles while all other spectra (solid line) were obtained using 1-cycle of 

TANSEMA-MAS. 
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   Similar experiments were also carried out on natural abundance alanine and 2-
13

C-

leucine powder samples.  A 2D PITANSEMA-MAS spectrum of alanine along with the 

dipolar coupling slices is given in Figure II-12.  The dipolar coupling is measurable for 

both the sites even though a zero-frequency peak is present.  The measured C-H dipolar 

coupling provides an accurate measurement of the bond length.  The zero-frequency peak 

could be attributed to the 
13

C magnetization that does not participate in the spin exchange 

process during the t1 period of the sequence in addition to the contribution from the 

isotropic peak.  The results obtained from alanine suggested that the sequence is efficient 

and can be used to measure inter-nuclear distances in natural abundance samples.  

Therefore, this sequence can be applied to study biological and liquid crystalline 

materials that are sensitive to RF heat without the need for isotope enrichment. 

    Experiments and simulations were performed on a 2-
13

C-leucine powder sample to 

examine the effects of offset frequencies of 
1
H and 

13
C resonances and the results are 

given in Fig. 5.  The results suggest that the scaling factor of the sequence depends on the 

proton offset frequency while it is relatively less sensitive to 
13

C offset.  The dependence 

on the 
1
H offset is not surprising as off resonance irradiation is used to suppress the 

1
H-

1
H dipolar couplings in the FFLG sequence.  On the other hand, it is interesting to note 

the tolerance of the sequence towards 
13

C offset even though very low RF power was 

used in the PITANSEMA experiment.  However, PISEMA-MAS is relatively less 

sensitive to offset effects than PITANSEMA-MAS (Figs. 5B,D).  These effects can be 

understood using the theoretical analysis of the spin dynamics related to an off resonance 

heteronuclear coherence transfer process.
24,45,38,39

  

    Since the heteronuclear dipolar coupling Hamiltonians for SIi and SIj in an SIn system 

do not commute, the smaller couplings are suppressed by SEMA.
1,45

  This is an 

advantage in the structural studies of proteins as one interested in measuring the dipolar 

coupling between the directly bonded amide 
1
H and 

15
N spin pairs by suppressing the 

coupling between remote protons and 
15

N.  However, in several other systems such as 

liquid crystalline materials, measurement of small dipolar couplings is important.  Recent 

studies have showed that it is difficult to measure small dipolar couplings in the presence 

of large dipolar couplings.
46,47

  For this kind of systems, which contain smaller dipolar  
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Figure II-12. 2D Experimental PITANSEMA-MAS spectrum that correlates the 
13

C isotropic chemical shift and 
1
H–

13
C dipolar coupling of natural abundance 

D,L-alanine powder sample. The 
1
H–

13
C dipolar coupling slices extracted from the 

2D spectrum are given for the methyl (21.4 ppm) and alpha (50.5 ppm) carbons. (1, 

2) Values of (23.08 s, 11.54 s) with a scaling factor of 0.36 were used. All other 

experimental conditions were as given in Figure II-11. 
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Figure II-13. Experimental (A and C) and simulated (B and D) values of the 
1
H–

13
C dipolar coupling as a function of offset frequencies of 

13
C (A and B) and 

1
H (C 

and D) resonances. Solid and dashed lines are for PITANSEMA-MAS and 

PISEMAMAS, respectively. All other experimental conditions were as given in Figure 

II-12. In the simulations, an RF field strength of 62.5 kHz for FFLG and a dipolar 

coupling of 20 kHz were used. 
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couplings, we developed new approach.  This approach is discussed in details in Chapter 

III and IV. 

 

II-2-5. Heteronulcar Isotropic Mixing Separated-Local-Field NMR Spectroscopy 

    The structural and dynamics investigations of rigid solids and anisotropic liquids have 

been greatly advanced by solid-state NMR techniques probing heteronuclear dipolar spin 

interactions such as 
1
H-

13
C dipolar couplings.

1-4
  Highly resolved 

13
C spectra can be 

recorded at natural abundance and are assigned by routine NMR methods.  The problem 

of signal overlap in dipolar spectra of complex chemical systems is solved by using two-

dimensional (2D) Separated-Local-Field (SLF) spectroscopy.
5
  SLF methods based on 

the heteronuclear spin exchange in the rotating frame,
6-12

  SELF (Spin Exchange via the 

Local Field), have been applied to the studies of thermotropic liquid crystals,
9,10,13-15

 lipid 

bilayers,
16,17

 and biological membranes.
1,3

  Typically, in SELF, the dipolar couplings are 

monitored through the oscillations of spin-locked components of the magnetizations 

taking place when two radio-frequency (RF) fields are matched at the Hartman-Hahn 

(HH) conditions.
18

  In stationary samples, the superior dipolar resolution is achieved 

when SELF is combined with the efficient homonuclear proton decoupling.  Most 

popular technique of this kind, polarization inversion spin exchange at the magic angle 

(PISEMA) experiment,
7
  employs off-resonance flip-flop, frequency- and phase-switched 

Lee-Goldburg homonuclear decoupling.
19,20

  However, this approach is highly sensitive 

to the interfering effect of the 
1
H chemical shift term.

21
  The problem can be partly solved 

by intercalating the original sequence with the repetitive refocusing 180
o
 pulses, which 

however requires high power pulses and the spin dynamics is complicated due to effect of 

the finite pulse width.
22,23

  In other approach, the technique has been suggested which 

uses on-resonance magic sandwiches at the proton frequency and HH-matched irradiation 

in carbon channel.
11

  While the technique is robust towards to chemical shift and 

frequency offset terms, the dipolar resolution suffers. 

    In this part of the chapter, we propose an alternative SELF approach to measure the 

dipolar couplings in anisotropic oriented media.  It is based on the windowless isotropic 

mixing (WIM) sequences
24

 and employs the heteronuclear polarization exchange 

between z-components of the 
1
H and 

13
C magnetizations.  In contrast to Hartmann–Hahn 
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cross polarization (HH-CP), where only spinlocked component of the spin-magnetization 

is transferred, isotropic mixing sequences allow for the transfer of any magnetization 

component of one nucleus to the corresponding component of its dipolar coupled partner.  

Heteronuclear isotropic mixing leading to spin exchange via the local field (HIMSELF) 

provides the dipolar resolution comparable to that of other advanced SELF methods, but 

preserves high robustness towards chemical shifts and frequency offsets.  The method is 

especially competitive for accurate measurements of motionally reduced dipolar 

couplings.  

    The 2D WIM-z SELF sequence is shown in Figure II-14a.  During the variable 

evolution period t1, WIM24 sequence, which consists of on-resonance 90
o
 backto-back 

pulses in ±x, ±y directions of the rotating frame,
24

 is applied simultaneously to proton (I 

spins) and carbon-13 (S spins) nuclei.  This results in coherent polarization transfer 

between z-components of I and S spin magnetization with the oscillation frequency 

determined by the heteronuclear spin coupling.  The 

homonuclear dipolar spin interaction and chemical shift evolution are suppressed during 

WIM24 irradiation.
24

  Following the 90
o
 pulse, the 

13
C signal is acquired in the presence 

of TPPM proton heteronuclear decoupling.
25

  Alternatively, the evolution of the proton 

magnetization during t1 can be encoded in the detected 
13

C signal using the 
1
H-

13
C HH-

CP as shown in Figure II-14b.  In the sequence of Figure II-14c, the initial I and S spin 

polarizations are prepared to be aligned in opposite directions to achieve polarization 

inversion (PI) that would enhance the sensitivity.  The WIM24-based spin exchange 

experiments can also be performed in a more conventional way by employing the 

polarization exchange in the transverse plane as shown in Figure II-14d. 

    WIM24 cycle eliminates the homonuclear dipolar interactions and suppresses the 

chemical shift evolution.
24

  When WIM24 sequence is applied to Ii-S spin system 

synchronously in two frequency channels, the spin evolution is, in the lowest order 

average Hamiltonian theory,
26,27

 governed by the isotropic mixing Hamiltonian of the 

form 

  

  (1) 
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where IS
i
 =  2(d IS

i
 + JIS

i
/2), and d IS

i
 and JIS

i
  are the direct dipolar and scalar coupling 

constants, respectively.  This Hamiltonian allows for coherent polarization transfer 

between the corresponding spin components I and S ( = x,y,z).  For the 
1
H-

13
C 

spin pair, the signal s(t1,t2 = 0) detected in the sequence of Figure II-14a as a function of 

the mixing time is given by 

 

(2) 

 

After Fourier transform in the t1 dimension, the doublet with a dipolar splitting of 2IS/3 

is resulted.  The zero frequency component can be eliminated by adjusting the initial 

conditions.  Using the z-polarization inversion step, accomplished as in the sequence of 

Figure II-14c, the density matrix at the beginning of the evolution period is (0,0) = -Iz + 

Sz and the signal is given by  

 

(3) 

 

Thus, non-oscillating part is removed and the amplitude of the informative oscillating 

term is doubled. 

    For the fast rotating CH2 methylene group with the equivalent couplings, it has been 

shown
28

 that under WIM24 irradiation the time-dependent term of the signal is given by 

 

(4) 

 

which leads to a dipolar doublet with the splitting of IS. 

    In Figures II-15a and b the SIMPSON
29

 numerical simulations of the frequency offset 

effect on the dipolar splitting in the 
13

C-
1
H spin pair are compared for WIM24, PISEMA 

and the BB-PISEMA (offset refocused PISEMA) sequences.  Both for the smaller, dCH = 

2 kHz, and larger, 10 kHz, dipolar coupling constants the offset is best suppressed by the 

WIM24 sequence.  In the conventional PISEMA, strong offset effect is resulted from the 

lowest (first) order contribution of the chemical shift term in the average Hamiltonian
21,22

 

and is essentially independent of the B1 field amplitude.  In WIM and BB-PISEMA  
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Figure II-14. Radio-frequency pulse sequences for the spin exchange via the local 

field using the homonuclear decoupling windowless isotropic mixing sequences 

(HIMSELF). In WIM-z experiment, the spin exchange during WIM24 irradiation (t1 

period) takes place between the z-components of the spin magnetization. The z-

magnetization of either S or I spin is encoded in the detected signal, as shown in the 

schemes (a) and (b), respectively. In the PIWIM-z experiment (c), the polarization 

inversion is used to prepare the two magnetizations in opposite directions in order to 

enhance the sensitivity of the experiment. In the scheme (d), the experiment involving 

the transverse magnetizations (along y-axis) during SELF is shown. 
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sequences, the chemical shift contribution is the second order effect ~( × c)
2
, where c 

is the RF cycle time and  is the chemical shift, and it can be further reduced by 

increasing the RF field strength. 

    The simulated dipolar spectral shapes for fast rotating methylene group CH2 obtained 

with the WIM sequence are shown in Figure II-15c.  Spectra calculated without (top 

spectrum) and with accounting for the homonuclear proton coupling and chemical shift 

(bottom spectrum) exhibit essentially the same dipolar splittings. 

    The performance of the new technique was experimentally demonstrated on a sample 

of the thermotropic discotic liquid crystal hexahexyloxy-triphenylene (THE6); see the 

molecular structure in Figure II-16.  THE6 forms a hexagonal columnar mesophase in the 

temperature range from 64 to 97 
o
C, where the molecules arranged in the columns 

undergo fast rotation around the molecular symmetry axis.
30

  Experiments were 

performed on a stationary sample at the temperature of 85 
o
C.  The mesophase sample 

was prepared by slow cooling from the isotropic phase in the presence of the strong 

magnetic field of the spectrometer.  This procedure resulted in the macroscopically 

oriented sample with the columnar axes distributed in a plane perpendicular to the field 

direction.
30

 

    NMR experiments were carried out at a magnetic field of 9.4 T on a Chemagnetics 

Infinity-400 spectrometer equipped with 6 mm double-resonance magic-angle spinning 

probe used in a static sample mode.  Length of 90
o
 radio frequency pulses during WIM 

irradiation was adjusted to 4.0 s. The RF field strength was set to B1/2~ 50 kHz for 

proton-carbon HH-CP and proton heteronuclear decoupling. 

    Spin exchange during a variable contact time of WIM irradiation results in a time 

domain spin magnetization that oscillates with a frequency determined by the 

heteronuclear coupling constant. In the experimental results shown in Figure II-16, left 

column, the carbon-13 z-magnetization was followed by employing the pulse sequence 

given in Figure II-14a.  The time domain signals can be monitored separately for each in-

equivalent site in the THE6 molecule because the 
13

C chemical shift lines are well 

resolved as shown in Figure II-17.  In this experiment the equilibrium carbon 

magnetization has been suppressed by a train of saturation pulses, therefore the initial 

signal intensity is essentially zero.  After several milliseconds of contact time the thermal  
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Figure II-15. Simulated frequency offset dependences of the normalized 

dipolar splitting /0, where 0 is the splitting at zero offset, for PISEMA 

(dashed line), Broad-band PISEMA (dotted line), and PIWIM-z (solid 

lines) experiments. (a) Coupling constant dCH = 2 kHz, (b) dCH = 10 kHz. RF 

field B1/2 = 62.5 kHz. In the refocused PISEMA, the 180
o
 pulses were 

inserted after every second SEMA block in (a) and after each SEMA block in 

(b). In (c), the simulated CH2 WIM-z spectra are shown for dCH(1) = dCH(2) = 7 

kHz, dHH and frequency offsets are zero for the spectrum on the top while dHH = 

10 kHz and 
1
H offsets dH(1,2) = 4 kHz for the bottom spectrum. 
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equilibrium between I and S spin systems is reached, resulting in a constant 

magnetization level. 

    With the polarization inversion step prior to the WIM-z irradiation, as implemented in 

the sequence of Figure II-14c, the evolution starts from the maximum 
13

C magnetization, 

the amplitude of the dipolar oscillation is effectively doubled, and the equilibrium state is 

close to zero.  This experiment is demonstrated in the right column of Figure 16.  The 

signals in both columns in Figure 16 for each individual carbon site are plotted on the 

same vertical scale, thus allowing for the comparison of the signal intensities obtained in 

two experiments. 

    Similar time domain signals were also obtained in the experiment with the transverse 

spin magnetizations exchange using the sequences of Figure II-14d.  However, the decay 

times were shorter which resulted in a lower dipolar resolution in the Fourier transformed 

signals.  Moreover, the 2D Fourier transform spectra displayed phase distortions and 

artifact peaks. 

    In contrast, highly resolved dipolar doublets with pure absorption line shapes were 

obtained in the experiments with the exchanging z-magnetizations.  In Figure II-17, the 

contour plot of the 2D local field spectrum, acquired using the sequence of Figure II-14c, 

is shown with the cross sections along the dipolar dimension plotted to the right. 

    In the columnar phase of the THE6 sample, as a result of the molecular rotation around 

the molecular symmetry axis and the orientation of the director perpendicular to the 

external magnetic field, the dipolar couplings are reduced by about factor of 4 as 

compared to that of the rigid C-H bond aligned along the magnetic field.  Therefore, the 

t1 increment time corresponding to complete WIM24 RF cycle provides the spectral 

window sufficient to record the dipolar spectra without aliasing.  The two-fold increase of 

the spectral window can be obtained by setting the t1 increment to half of the WIM24 

cycle.  Essentially the same dipolar spectral shapes in the THE6 sample were resulted 

from the experiments with full and half of WIM24 cycle increment. 
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Figure II-16. The time evolution of the carbon-13 z-magnetization as obtained 

with WIM-z (left column) and PIWIM-z (right column) experiments in the THE6 

sample in the columnar mesophase at 85 
o
C. The decays for in-equivalent carbon 

sites are shown. The zero-time signals in the right column were normalized to one and 

the corresponding signals in the left column are plotted on the same vertical scale. The 

molecular structure of the THE6 is shown on the top. 
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    The experimental frequency offset dependencies of the spectral splittings are shown in 

Figure II-18.  Clearly, in the broad offset range of ±8 kHz the effect is small in agreement 

with the simulation results.  The deviation from the theoretically predicted symmetric 

dependence about zero offset is due to experimental RF pulse imperfections. 

    In addition to efficient suppression of the chemical shift and the frequency offset terms, 

WIM24 has the practical advantage of easy set up.  There is no requirement for the fast 

frequency switching capability of the spectrometer hardware and extra delays between 

pulses are avoided, in contrast to PISEMA-type sequences. Scaling factor of 2/3 (~ 0.67) 

is comparable to that in the BB-PISEMA technique (e.g., scaling factor is 0.73 for 

sequence with the 180
o
 pulse after each SEMA block). 

    Super-cycling of the basic WIM sequence is possible to further suppress the effects of 

the pulse imperfections.  For example, we found empirically, that the transverse 
13

C 

magnetization created during WIM-z irradiation due to RF non-idealities is compensated 

by overall 180
o
 shifts of the 

13
C field or both, 

1
H and 

13
C fields, in alternated scans. 

    The potential disadvantage of WIM-based SELF technique is that the truncation of 

weak remote dipolar interactions by the strong ones is not that efficient as in the HH-CP 

type methods.  However, this effect was not observed in our experiments on liquid crystal 

with motionally reduced dipolar spin couplings.  Also, in preliminary experiment 

performed on a single crystal sample of n-acetyl-L-
15

N-valyl-L-
15

N-leucine the resolution 

of the 
15

N–
1
H dipolar couplings was very similar to that in PISEMA experiment. 
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Figure II-17. Contour plot of the 2D separated local field spectrum, acquired in 

the THE6 sample in the columnar mesophase at 85
o
C using the PIWIM- z 

sequence of Figure II-14c. Cross sections along the dipolar dimension are shown to the 

right and the chemical shift spectrum is on the left. 
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Figure II-18. Experimental 
13

C and 
1
H frequency offset dependences of the 

13
C–

1
H dipolar splittings in the THE6 sample obtained in PIWIM-z experiments. 
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II-3. Sensitivity and Resolution Enhancement in Solid-state Spectroscopy of 

Bicelles 

 

    The molecular aggregates formed by phospholipids in aqueous solution, which usually 

exist as bilayers in the form of vesicles, gels, or lamellae, are often used as models for 

cell membranes.  Although the disordered multilamellar vesicles have extensively been 

used in NMR studies, the 

macroscopically oriented phases have the advantage of preserving anisotropic spin 

interactions that offer a wealth of information about the molecular geometry and 

dynamics.
1
  Therefore, considerable efforts have been devoted to develop magnetically 

oriented phospholipid bilayers.
2-9

  While several studies have reported on the preparation, 

characterization, and applications of bicelles,
4-6,8

 a systematic optimization of solid-state 

NMR experiments on bicelles is lacking. 

    Since molecules embedded in bicelles are dynamic, the molecular motion could 

degrade the efficiency of solid-state NMR pulse sequences.  For example, it is difficult to 

establish an experimental condition that efficiently transfers magnetization from protons 

to carbons (or other low sensitive nuclei) at all sites of a molecule, and also for all 

molecules, in a bicelle sample. A short contact time crosspolarization (CP)
10

 sequence is 

more efficient for rigid parts of a molecule than for mobile regions, as heteronuclear 

dipolar couplings in the latter case are averaged by the motion.
11,12

  On the other hand, a 

long contact time or the NOE (nuclear Overhauser effect)-type magnetization transfer 

may be better for mobile sites of a molecule.
13

  In this section, we have compared the 

efficiencies of different methods to enhance the sensitivity of 
13

C signal from bicelles. 

    The use of high RF (radio frequency) decoupling field strengths is necessary to achieve 

line-narrowing in most solid-state NMR applications.
14, 15

  Proton decoupling in the form 

of multiple pulse sequences is commonly used to record signals of less sensitive nuclei 

(such as 
13

C and 
15

N).  An actual RF power required to accomplish an efficient proton 

decoupling depends on the design of a decoupling pulse sequence.  The use of high RF 

field strengths, which becomes important for experiments at high magnetic fields, 

however, generates sample heating because of the RF power dissipation within the 

sample.  A majority of biological samples are very susceptible to RF-induced heating, 
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because of the interaction of fast oscillating fields with ions in salty samples and/or the 

electric dipolar moment of the molecules in dielectrics.
16-19

  These effects are a major 

concern in the application of multidimensional SLF (Separated-Local-Field)
20,21

 

experiments to static samples such as bicelles.  Since most physicochemical properties of 

biological molecules depend on the sample temperature, an adequate temperature control 

during NMR experiments is, therefore, important. The RF heating effects are not 

typically measurable from the readings of a variable-temperature control unit of an NMR 

spectrometer, and therefore they must be properly calibrated and corrected prior to an 

experiment.  In this section, we propose a simple method to measure the sample 

temperature during solid-state NMR experiments on bicelles.  The efficiency of various 

proton-decoupling sequences and the requirement of the RF field strength are also 

analyzed in this study. 

 

II-3-1. Experimental Procedure 

Materials. 

    1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and 1,2-dihexanoyl-sn-

glycero-3-phosphatidylcholine (DHPC) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL).  DMPC and DHPC with a molar ratio (q = DMPC:DHPC) of 3.5:1 was 

dissolved in chloroform.  The solvent was slowly evaporated under a stream of nitrogen 

gas at room temperature and completely removed by overnight lyophilization.  A 100 

mM Hepes buffer at pH 7.0 was added to obtain a concentration of 37.5% (w/w) 

phospholipids to solution.  Peptide was cosolubilized in chloroform along with the lipids 

at the desired molar ratios, while an appropriate amount of YbCl3 salt was added to the 

HEPES buffer to yield „flipped‟ bicelles.
66,67

  The sample was vortexed until all of the 

lipids were solubilized in the HEPES buffer.  The solubilized sample was gently 

sonicated in an ice-cold water bath.  The final sample was obtained by several freeze and 

thaw cycles until a clear transparent solution was formed. 

NMR measurements. 

    All NMR experiments were carried out on a Chemagnetics/Varian Infinity-400 MHz 

solid-state NMR spectrometer using a 5 mm custom-modified doubleresonance magic-

angle spinning probe under static sample conditions.  About 100 mg of sample was 
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loaded in a 5 mm NMR glass tube of 4 cm length and was closed tightly with a Teflon 

tape and a cap.  The sample was equilibrated prior to the measurement for about 1 h in 

the magnet at 37 
o
C.  All experiments were performed at 37 

o
C.  Phosporus-31 chemical 

shift spectra were recorded to test the magnetic alignment of bicelles.  A ramped-CP
44

 

sequence with a contact time of 5 ms was used to record the 1D 
13

C chemical shift 

spectra under proton decoupling using various decoupling sequences for a comparative 

study.  A 5 s 
1
H 90

o
 pulse, a recycling delay of 7 s, a 25 kHz spectral width, and an 

acquisition time of 41 ms were used.  Data were processed without any line broadening.  

For the NOE enhancement, protons were irradiated using a 1 kHz RF field during the 

recycling delay.   

    To record signals of 
14

N NMR spectra the quadrupole echo sequence
68

 was used with 

the pulse length of 4.4 s and an echo-delay of 1 ms.  With this long delay the 

interference effect of the probe acoustic ringing, which is severe at the 
14

N resonance 

frequency of 29 MHz, was negligible.  No influence of the proton decoupling on the 
14

N 

spectral shape was observed.  Hence, spectra presented here were acquired without the 

proton decoupling.  Up to 4000 scans were accumulated with a repetition delay of 0.2 s. 

 

II-3-2. Sample Heating due to RF Irradiation 

    To assess the sample heating induced by the high frequency 
1
H decoupling (≥ 100 

MHz), we used the high sensitivity of the water proton chemical shift to the sample 

temperature.
22,23

  Figure II-19(a) shows the temperature dependence of the water proton 

chemical shift.  The slope is 0.010 ± 0.001 ppm/
o
C (or 4.0 ± 0.4 Hz/

o
C at a magnetic field 

of 9.4 T), which is similar to the value reported for the pure water.
22

  The experimental 

setup used in this study resulted in a line width of 23 Hz, thus providing an accuracy of 

about 0.6 
o
C in the sample temperature measurement.  To measure the RF-induced 

sample heating, an RF irradiation emulating the heteronuclear decoupling sequence was 

applied at the proton resonance frequency and, after a short magnetization recovery 

period, the proton FID signal was recorded following a /2 pulse.  A 40 ms RF irradiation 

time corresponding to the 
1
H decoupling time in 

13
C experiments was used.  A delay of 

200 ms after the decoupling pulse required for the magnetization recovery was chosen 

sufficiently short to avoid significant heat dissipation in the sample before acquiring the 
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spectrum.  For each measurement, 16 transients with a delay of 5 s were accumulated 

preceded by 16 dummy scans to ensure a steady state sample temperature. The heating 

effect in the bicelle sample versus the RF field strength is presented in Figure II-19(b).  In 

agreement with theory,
24,25

 a second power dependence of the heating effect on the RF 

power was observed. The temperature gradient in the sample volume induced by the RF 

irradiation was estimated from the increase in the linewidth of the 
1
H2O peak.  The results 

are also included in Figure II-19(b).  In principle, the average temperature shift can be 

corrected by adjusting the setting on the temperature control unit. On the other hand, the 

temperature gradient within the sample and the heating during the decoupling pulse 

cannot be dealt with in that way. 

    In the 
13

C experiments presented below, a 20 kHz proton- decoupling field was 

typically used. This resulted in an increase of the average sample temperature by about 2 

o
C.  A comparable effect is also expected due to the RF irradiation of protons during the 

indirect period (t1) of a 2D experiment.  For example, the popular PISEMA (polarization 

inversion spin exchange at the magic angle) experiment
13,26-28

 and other rotating-frame 

SLF experiments
29-35

 for the measurement of the heteronuclear dipolar coupling utilize a 

high RF power in the t1 period. On the other hand, the effect of the RF irradiation on the 

13
C channel (for example, as applied in a cross-polarization sequence, and also during the 

evolution period of rotating-frame experiments) was found to be negligible.  This stems 

from less power losses at a lower RF frequency
24

.  Generally, experiments at a higher 

magnetic field lead to more significant sample heating due to a higher resonance 

frequency
24

 and also due to wider signal dispersion by the chemical shift which requires a 

stronger RF field for effective decoupling of protons.  The amount of heating may also 

depend on the sample size and geometry,
36,37

 sample composition,
17,19,38

 RF coil 

design,
37,39,40

 and the flow-rate of the heating/cooling gas.
24

 Therefore, the calibration of 

the RF heating effect on each sample is required for an experimental set-up.  Finally, we 

note that the recent developments in the probe and coil design minimizing the electric 

field inside the sample provide a significant reduction of sample heating.
40
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Figure II-19. The heating evaluation due to R.F. induced 

heating. (a) Variation of the chemical shift of water protons in a 

bicelle sample with the temperature.  The proton chemical shift 

of water was set at 4.6 ppm at 25 
o
C. (b) Open symbols represent 

the heating effect versus the R.F. field strength.  The line is the 

fit to a second power dependence.  Solid symbols represent the 

temperature gradient in the sample volume induced by the R.F. 

irradiation. 
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II-3-3. Signal Enhancement 

    In NMR spectroscopy of low-gamma nuclei in liquids, the common approaches for 

sensitivity enhancement are J-coupling mediated polarization transfer using the INEPT 

(insensitive nuclei enhanced by polarization transfer) sequence
41

 and heteronuclear cross-

relaxation under the condition of saturating 
1
H RF field using NOE.

42
  In solids, on the 

other hand, CP in the rotating frame
10

 is the most popular technique, which is also 

frequently used in anisotropic biological samples.  However, the motional averaging in 

bicelles reduces C-H dipolar couplings, as compared to rigid solids, and results in an 

increased sensitivity to the Hartmann–Hahn mismatch
43

 of RF fields during CP.  Hence, a 

ramp-CP sequence
44

 is advantageous to overcome the Hartmann–Hahn mismatch.
10,43

  

On the other hand, high molecular mobility may favor the NOE approach,
45

 which 

becomes efficient when the correlation time of the motion is small compared to the 

inverse of resonance frequency.  The INEPT transfer is not practical in static anisotropic 

samples, since the JCH couplings are unresolved in the presence of strong residual 

heteronuclear dipolar interactions.  (INEPT, however, has been employed in lipid bilayer 

samples under the MAS condition, when dipolar couplings are suppressed by the sample 

spinning.
45

) 

    In Figure II-20, 
13

C chemical shift spectra obtained by single pulse excitation (SPE), 

conventional CP,
10

 ramp-CP,
44

 and NOE
45

 techniques are compared.  Overall, the ramp-

CP
44

 provides the largest enhancement factor (of about three with respect to SPE) in our 

sample for most of the sites.  The optimal contact time in CP strongly differs for various 

sites in the molecule resulting in a non-uniform enhancement.  NOE is superior only for 

the most mobile groups, the c and C14 sites of a lipid molecule. 

 

II-3-4. Heteronuclear Decoupling 

    Since RF heating is a problem for NMR studies on bicelles, it is important to 

effectively utilize the RF power of pulse sequences.  A long data acquisition under proton 

decoupling, needed to obtain a high-resolution 
13

C chemical shift spectrum of bicelles, is 

an obvious heat-generating part of an experiment and therefore needs to be optimized.  It 

is known that the RF power needed to achieve efficient heteronuclear spin decoupling 

depends on the design of a decoupling sequence.
46

  A careful choice of the decoupling 
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scheme is, therefore, important to obtain highly resolved 
13

C spectra at a limited RF 

power level.  We examined the performances of decoupling sequences that are frequently 

used in studies on biological samples and liquid crystals.  In particular, we investigated 

the efficiencies of TPPM (two pulse phase-modulation),
47

  SPINAL-64 (small phase 

incremental alternation),
48

 WALTZ-16 (wideband alternating phase low-power technique 

for zero residue splitting)
49

 and FLOPSY-8 (flip-flop spectroscopy)
50

 schemes, and 

compared them to a conventional continuous wave (CW) decoupling.  The 
13

C chemical 

shift spectra acquired using different decoupling schemes are presented in Figure II-21.  

The 
1
H RF field strength was 20 kHz and the decoupler frequency was set to obtain the 

best resolution in the most crowded 
13

C spectral region, 30– 36 ppm, by applying a CW 

irradiation.  For the acyl chain 
13

C signals, the performances of TPPM, SPINAL-64, and 

FLOPSY-8 decoupling sequences are comparable and significantly better than CW and 

WALTZ sequences.  Excellent resolution was achieved using the FLOPSY-8 pulse 

sequence scheme, which was originally designed for the broadband homonuclear cross-

polarization in liquids,
50

 but was also used for heteronuclear decoupling in lyotropic 

liquid crystalline systems.
51

  Compared to the SPINAL-64 decoupling, use of the 

FLOPSY-8 sequence improved the spectral resolution for the head group and glycerol 

carbons; in particular for g2, g3, and b sites (Figure II-21).  In addition the FLOPSY 

sequence is relatively easy to set up since it requires only adjusting the single parameter, 

the 180
o
 pulse length, and is very tolerant to the miscalibration of the pulse length. 

    Figure II-22 compares the 
13

C chemical shift spectra of a bicellar sample obtained at 

different RF power levels using the FLOPSY-8 decoupling.  Notably, an RF field 

strength as low as 16 kHz is sufficient to achieve adequate resolution comparable to that 

obtained using other sequences at much higher fields.  It is interesting to note that very 

strong decoupling fields, up to 80 kHz, were commonly employed in similar systems.
45

  

It should be pointed out that a previous study on magnetically aligned bicelles containing 

a peptide suggested that a SPINAL-16
48

 decoupling sequence provided a better 

decoupling performance than other decoupling sequences analyzed,
52

 however, the 

performance of the FLOPSY sequence was not examined in that study.  Our results 

suggest that broadband sequences like FLOPSY can provide significant advantage in 

bicellar systems. 
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Figure II-20. Comparison of the 
13

C spectra of 

DMPC/DHPC bicelles at 37
o
C measured with different 

sensitivity enhancement techniques: (a) 90
o
 single pulse 

excitation (SPE), (b) NOE, (c) constant amplitude CP, and (d) 

ramped amplitude CP. Signals from DHPC detergent, observed 

most clearly in NOE and SPE spectra, are indicated by asterisks. 

The molecular structure of DMPC is shown at the top. 
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Figure II-21. 
13

C spectra of DMPC/DHPC bicelles at 37
o
C 

measured with different heteronuclear decoupling sequences. 
The proton decoupler RF field strength was set at 20 kHz. The RF 

decoupler frequency was set to a value that resulted in an optimal 

resolution for the crowded chain-carbon region when CW irradiation 

was used. The pulse durations were optimized for WALTZ-16 and 

FLOPSY-8 sequences, while both pulse durations and RF phase 

shifts were optimized for TPPM and SPINAL-64 schemes. The 

spectral region containing signals from the lipid head group and 

glycerol sites is expanded for an easy comparison of spectra 

obtained using the FLOPSY and SPINAL decoupling sequences. 
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II-3-5. Nitrogen-14 NMR Spectra of Bicelles. 

    The electric field gradient around the 
14

N nucleus, and hence the quadrupole coupling, 

is considerably reduced due to the near-tetrahedral symmetry of the choline groups of 

DMPC and DHPC molecules.
53-57

  The dynamics of the lipid head group further reduces 

the quadrupole coupling to about 20 kHz.  Therefore, the detection of 
14

N in bicelles 

requires neither extremely short pulses nor a wide spectral window. 

    Nitrogen-14 spectra of aligned bicelles are given in Figure II-23.  Two sets of narrow 

doublet peaks are observed in the spectra.  The doublet with a larger quadrupole splitting 

arises from DMPC as it is similar to the spectra obtained from mechanically aligned 

DMPC or POPC bilayers,
54

 while the doublet with a smaller splitting corresponds to the 

DHPC molecule.  Flipped bicelles
58

 are characterized by the orientation of the bilayer 

normal along the external magnetic field.  As demonstrated in Figure II-23b, in a flipped 

bicelle sample the quadrupolar splittings are nearly doubled compared to that of 

unflipped bicelles in correspondence with the direction of the alignment. 

    As seen from spectra of bicelles containing ligands, 
14

N is very sensitive to the ligand–

lipid interactions that alter the electric field gradient surrounding the 
14

N nucleus.  For 

example, the presence of an amphipathic, a-helical antimicrobial peptide, MSI-78,
59

 

significantly reduces the quadrupole splitting of DMPC (Figure II-23d and e).  Since 

MSI-78 is cationic with a net charge of +9 and interacts with the lipid headgroups, it 

could interfere with the cross-linking of lipids.  This would enhance the symmetry of the 

positively charged choline group and therefore reduce the quadrupole splitting.  Similar 

effects have been utilized in probing the interaction of antidepressants with membranes in 

mechanically aligned bilayers.  A sample spectrum of bicelles containing an 

antidepressant, desipramine, is given in Figure II-23c, which shows the expected 

reduction in the 
14

N quadrupole splitting.
54

  Interestingly, the presence of an anionic lipid, 

DMPG, slightly increases the quadrupole coupling of DMPC as well as DHPC while the 

line width depends on the concentration of salt in the sample (Figure II-23f and g).  

While more experimental analyses are needed to understand the observed changes in the 

14
N quadrupole coupling, these results suggest that 

14
N NMR spectroscopy of 

magnetically aligned bicelles can be used as a „voltmeter‟ to measure the interaction of 

ligands with membranes.  It should be mentioned here that the measurement of the 
14

N  
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Figure II-22. 
13

C spectra of DMPC/DHPC bicelles at 37
o
C 

obtained using the FLOPSY-8 proton-decoupling sequence at 

different decoupling power levels. 
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quadrupole coupling of the choline group was recently utilized to understand the 

membrane-interaction of charged molecules such as antimicrobial peptides in 

mechanically aligned bilayers and also in multilamellar vesicles under static and MAS 

conditions.
60-62 

 

 

 

 

 

 

 

 



 

68 
 

 

 

Figure II-23. 
14

N quadrupole coupling spectra of magnetically aligned 

DMPC:DHPC bicelles, q = 3.5, showing the influence of admixing 

different substances: (a) Pure DMPC:DHPC bicelles; (b) in the presence of 

Yb
3+

 ions, resulting in „flipped‟ bicelles; (c) 2.0 mol% desipramine; (d) 2.0 

mol% MSI-78; (e) 0.5 mol% MSI-78; (f) 20.0 mol% negatively charged lipid 

DMPG in the presence and (g) absence of 150 mM NaCl. 
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II-4. Use of a Copper-Chelated Lipid Speeds Up NMR Measurements from 

Membrane Proteins 

II-4-1. Use of Copper-Chelated Lipids on Solid-state NMR Spectroscopy 

    Atomic-level structure and dynamics are essential for understanding the function of 

membrane proteins and their roles in biological processes and for the development of 

compounds to treat related diseases.  While these are challenging tasks for most 

techniques, recent studies have demonstrated that solid-state NMR spectroscopy is 

promising, as it neither requires a single crystal nor imposes a restriction on the 

molecular size to be investigated.  Membrane proteins reconstituted in lipid bilayers are 

commonly used in solid-state NMR studies.
1
  The key difficulties that limit the high-

throughput application of solid-state NMR spectroscopy are (1) the requirement of a large 

amount of sample and/or a long data collection time to enhance the signal-to-noise ratio 

(S/N), (2) radio frequency (RF)-induced sample heating (due mainly to the long 

measurement time) that may denature expensive membrane proteins labeled with isotopes, 

(3) the need for stable NMR probes and electronics, and (4) the demand for the 

continuous availability of a spectrometer.  Therefore, the development of new approaches 

to speed up solid-state NMR measurements is essential.  Previous studies successfully 

utilized copper salts and Cu-EDTA in crystalline samples at lower temperature
2
 and Gd-

DTPA in glycosphingolipid bilayer samples.
3
  However, the presence of excess water and 

molecular mobilities in fluid lamellar-phase membranes complicates the direct utilization 

of paramagnetic ions.  In this study, we overcome this limitation by using a copper-

chelated lipid to significantly enhance the sensitivity of an NMR experiment on lipid 

bilayers under either aligned static or unaligned magic-angle spinning (MAS) conditions. 

 

II-4-2. Experimental Procedure 

Protein Expression Protocol. 

    In this study, we used an antimicrobial peptide subtilosin A embedded in bicelles as a 

test sample to demonstrate the efficiency of paramagnetic-doping to speed up solid-state 

NMR measurements.  Subtilosin A is a 35-residues (a molecular weight of 3398.9 Da)  



 

70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-24. An amino acid sequence of a cyclic antimicrobial peptide, subtilosin 

A. 
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cyclic antimicrobial peptide produced by Bacillus subtilis bacteria.  As shown in Figure 

II-24, this cyclic peptide has 3 unusual chemical bonds (three cross-links between 

sulphurs of cysteine and the a-positions of amino acids are linked by a chemical bond 

between residues (bonds in blue color): Cys-4 and Phe-31, Cys-7 and Thr-28, and Cys-13 

and Phe-22) that render rigidity to the structure of the peptide.  Our previous solid-state 

NMR studies have reported the mechanism of action of subtilosin A.
4
 

    For this study, 12 to 14 % 
15

N isotope labeled Subtilosin A was produced from 

fermentations of Bacillus subtilis, isolated and purified as reported elsewhere.
4
  A 

filtersterilized 10 mL of 0.15 M [
15

N] NH4NO3 in 10 mL water and 0.5 mL of 1 M 

CaCl2·H2O were used instead of 0.5 mL of 1 M Ca(NO3)2·4H2O in the original procedure.  

MALDI TOF mass spectroscopy was applied to analyze the percentage of 
15

N 

incorporation in subtilosin A as described previously.
4
  Labeled [

15
N] NH4NO3 was 

purchased from Cambridge Isotope Laboratories (Andover, MA). 

 

Preparation of Bicelles for Solid-state NMR Experiments. 

    In this study, to demonstrate the efficiency of paramagnetic effects in reducing the 

spin-lattice relaxation (T1) of protons, we used magnetically-aligned bicelles as a model 

membrane.  As mentioned in the main text of the manuscript, the use of copper-EDTA 

resulted in sample heating that interfered with the alignment of bicells as observed from 

the broadening of 
31

P spectral lines.  Therefore, we decided to develop alternate 

approaches to optimize the sample preparation conditions that suit for solid-state NMR 

measurements.  We found that the use of a copper-chelated phospholipid (DMPE-DTPA : 

1,2-ditetradecanoyl-sn-glycero-3- phosphoethanolamine-N-diethylenetriaminepentaacetic 

acid) in magnetically-aligned bicelles (Figures II-25 and II-26) offer several advantages: 

(a) since copper is chelated to a lipid (Figure II-25) that mixes well with other 

components of bicelles without altering the properties of bicelles, about 10 times lower 

concentration of copper was sufficient for our studies; (b) devoid of free copper ions in 

the sample considerably reduced sample heating and enabled fast data collection from 

aligned bicelles.  Bicelles composed of a phospholipid (DMPC : 1,2- dimyristoyl-sn-

glycero-3-phosphocholine) and a detergent (DHPC : 1,2-diheptanoyl-snglycero- 3-

phosphocholine) with and without a chelated lipid were prepared as outlined below.  
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Figure II-25. The structure of a copper-chelated lipid (A) The structure of DTPA 

that is commonly used as chelating metal ions. (B) The structure of DMPE (1,2-

ditetradecanoyl-sn-glycero-3-phosphoethanolamine) lipid. (C) The structure of 

DMPE-DTPA, which is the combination of DMPE and DTPA. 
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Figure II-26. A model depicting lipid bilayers with copper-chelated DMPE-

DTPA and a cyclic antimicrobial peptide Subtilosin A. 
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DMPC, DHPC and DMPE-DTPA were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL).  All other chemicals are purchased from Sigma-Aldrich (St. Louis, MO). 

    DMPC/DHPC bicelles were prepared as follows (Figure II-27).  40 mg DMPC and 7.6 

mg DHPC corresponding to a q ratio, q = [DMPC]/[DHPC] = 3.5 were cosolubilized in 

chloroform.  Chloroform was removed under a stream of N2 gas to form a lipid film on 

the walls of a glass tube, which was kept under vacuum overnight to remove all residual 

solvent.  In the glass tube, 111.9 μl of 100 mM HEPES buffer, pH 7.0 was added to the 

lipids.  The resulting viscous mixture was homogenized by gently sonication in an ice 

bath for 30 minutes, and >4 freeze/heat cycles between liquid nitrogen and 40 °C of 

water.  The resulting turbid gel is still viscous, but the viscosity was slightly reduced at 

5 °C.  Once a satisfactory mixing of the components was reached, the sample was 

transferred to a 5 mm NMR glass tube.  It was sealed using a Teflon tape and was capped.  

The degree of alignment was measured using 
31

P-NMR and the alignment was found to 

be stable after 1 h of equilibration.  A previous study showed that a ytterbium-chelated 

phospholipid (DMPE-DTPA:Yb
3+

) can be incorporated into DMPC/DHPC bicelles and 

aligned under an external magnetic field such that the average bilayer normal is parallel 

to the magnetic field due to the magnetic susceptibility of the chelated lanthanide ions.
6
  

In this study on bicelles with copper-chelated phospholipids, the spontaneous magnetic 

alignment was achieved at 37 
o
C and the average bilayer normal of bicelles is 

perpendicular to the magnetic field. 

    Bicelles containing 
15

N-labeled Subtilosin A were prepared by mixing 48 mg of lipids 

(0.316 mg of DMPE-DTPA, 40 mg of DMPC and 7.65 mg of DHPC) with 2 mg of 12-

14% 
15

N-labeled Subtilosin A.  The bicelles/peptide mixture sample making procedure 

was the same as that of pure bicelles except that 0.136 mg of Cu(NO5)2 was added in the 

bicelle/peptide mixture before adding 100 mM HEPES buffer (pH 7.0) as shown in 

Figure II-27.  DMPC/DHPC bicelles with 30 mM Cu-EDTA samples were prepared in 

the same manner except that Cu-EDTA was added to DMPC/DHPC bicelles before 

adding 100 mM HEPES buffer, pH 7.0. 
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Figure II-27. Preparation of DMPC:DHPC bicelles containing 
15

N-labeled 

Subtilosin A and copper-chelated lipids for solid-state NMR experiments. 
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Figure II-28. A coppor-chelated lipid enhances S/N of ssNMR spectra. 

(A) Representation of lipid bilayers containing a paramagnetic copper-chelated lipid 

and subtilosin A. Subtilosin A is a 35-residue cyclic antimicrobial peptide (Figure II-

24) that has been shown to interact with lipid bilayers with the membrane orientation 

depicted in (A).4 (B) 
15

N spectra of aligned 7:3 DMPC/DHPC bicelles containing 12-

14% uniformly 
15

Nlabeled (only 70-82 nmol) subtilosin A (red) with and (black) 

without the 2.56 mM copper-chelated lipid. The spectra were obtained on a 400 MHz 

Varian NMR spectrometer using a ramped-amplitude cross polarization (ramp-CP) 

sequence
5
 with a contact time of 0.8 ms under static conditions at 37 °C. The S/N 

dependence on the contact time and the recycle delay were optimized (Figures II-30 

and II-31). While the total data collection time was 8 h for both spectra, the recycle 

delay was different for samples without (2 s) and with (1 s) the copper-chelated lipid. 

The transfer of the paramagnetic effect in T1 reduction for nuclei in the membrane via 

proton spin diffusion is also indicated in (A). 
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Figure II-29. 
31

P NMR spectra of q = 3.5 

DMPC/DHPC bicelles with (A) 3.85 mM Cu DMPE-

DTPA, (B) 2.56 mM Cu DMPE-DTPA, and (C) 1.92 

mM Cu DMPE-DTPA. (D) Copper free DMPC/DHPC 

bicelles. 
31

P spectra were acquired after a 90
o
 RF pulse by 

decoupling protons using TPPM pulse sequence under 

static condition at 37 
o
C. 
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Figure II-30. 
1
H inversion recovery experiments of 

15
N-labeled Subtilosin A in q = 

3.5 DMPC/DHPC bicelles: (A) without and (B) with 2.56 mM Cu DMPE-DTPA at 

37 
o
C. Inversion recovery times are indicated for each spectrum. 
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Figure II-31. The recycle delay dependence of U-
15

N Subtilosin A in q = 3.5 the 

DMPC/DHPC bicelles (A) without and (B) with 2.56 mM Cu DMPE-DTPA at 37 
o
C. The recycle delay times in the experiments are indicated in the figure. The total 

experimental time for each spectrum was 8 hours. 
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II-4-3. Solid-state NMR Results 

    Magnetically aligned bicelles6 composed of a lipid [1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC)], a detergent [1,2-dihexanoyl-sn-glycero-3-phosphocholine 

(DHPC)], and subtilosin A
4
 (Figure II-24) were used to demonstrate the paramagnetic 

effect of Cu
2+

 in reducing the spin-lattice relaxation time (T1) and the recycle delay of 

NMR experiments in membranes. Cu
2+

 ions were introduced in bicelles either by adding 

Cu-EDTA or a copper-chelated lipid (Figure II-28A and Figures II-25 – II-27).  
31

P NMR 

experiments were performed to optimize the alignment of the bicelles (Figure II-29).  
15

N 

spectra of uniformly 
15

Nlabeled subtilosin A embedded in bicelles are shown in Figure II-

28B.  T1 values of 
1
H and 

13
C nuclei in DMPC and 

15
N nuclei in subtilosin A were also 

measured (Figure II-32).  These results suggested that a 2 s recycle delay provided the 

maximum S/N for the sample in the absence of Cu
2+

.  On the other hand, the presence of 

2.56 mM copper-chelated lipid in bicelles reduced the T1 of protons by a factor of 10, and 

therefore, ∼0.2 s recycle delay would have been sufficient.  However, RF heating and 

dehydration or denaturing effects (including degradation of the magnetic alignment and 

protein stability) due to a very short recycle delay forced us to use a longer recycle delay.  

Nevertheless, it was found that a 1 s delay was sufficient to avoid RF heating, thus 

allowing 2-fold faster data collection.  The experimental results given in Figure II-28B 

suggest a ∼2.7-fold increase in the S/N due to the use of the copper-chelated lipid in 

bicelles.         

    Our results suggest that while the use of Cu-EDTA also decreased the T1 values 

effectively (as shown in Figure II-32B), it was ineffective in enhancing the S/N in 

comparison with the immobilized Cu-chelated DMPE lipid (Figure II-32F-H) and also 

resulted in more RF heating (Figure II-32E) due to the presence of mobile Cu
2+

 ions; the 

heating effects were also observed in the 
31

P spectra (Figures II-33 and II-34).  The use of 

∼15-fold less [Cu
2+

] in the chelated form is of considerable advantage for NMR studies. 

     Since magnetic alignment of the bicelles is not needed and the sample temperature can 

be lowered in MAS experiments, the use of Cu-DMPE-DTPA-containing bicelles can be 

extended for MAS experiments. Two-dimensional (2D) MAS experiments were 

performed on such bicelles (Figure II-35).  An RF-driven dipolar recoupling (RFDR) 
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technique was used during the mixing period to recouple the 
1
H-

1
H dipolar couplings.

7
  

Cross-peaks connecting dipolar coupled protons can be seen in the spectra.  While the 

spectra of bicelles without (Figure II-35A) and with (Figure II-35B) the copper-chelated 

lipids have similar overall S/N, the intensities of some of the peaks are different.  The 

proximity of the Cu
2+

 ion broadens peaks associated with the lipid headgroup, whereas 

the intensities of peaks from the hydrophobic acyl chains are enhanced.  Since no 

decoupling was used in these experiments, the much reduced RF induced heating of the 

bicelles enabled a further reduction in the recycle delay period to 0.2 s, unlike in the static 

experiment of Figure II-28.  Therefore, a 6.2-fold overall reduction in the 2D experiment 

time was achieved. 

    In this study, we have shown that the inclusion of Cu
2+

 ions in bicelles results in a 10-

fold T1 reduction.  It has also been demonstrated that the challenges posed by the 

molecular mobilities and presence of bulk water can be overcome by using a copper-

chelated lipid.  About 2.7-fold increase in S/N of spectra for static experiments and 6.2-

fold decrease in MAS experimental time were achieved.  While this enhancement is not 

as dramatic as that reported for crystalline solids,
2
 given the tremendous challenges in the 

investigation of fluid membranes, this S/N enhancement is significant and will be of 

considerable use in structural studies of membrane proteins.  For example, satisfactory 

completion of a typical 2D experiment used to study aligned lipid bilayers containing an 

15
N-labeled membrane protein takes ∼3 days time.  The use of Cu-DMPE, on the other 

hand, could enable the completion of such experiments in <1.5 days.  There are a number 

of membrane disrupting/permeating systems (such as antimicrobial peptides, toxins, 

amyloid peptides, and fusion peptides) whose concentration cannot be increased, as they 

result in nonlamellar conditions; such systems tremendously benefit from the use of the 

approach proposed in this study to reduce the amount of peptide/protein used in the 

experiment.  Interestingly, further reduction in the measurement time would be possible 

in the following cases: (a) lowering the sample temperature to avoid heating, as in MAS 

experiments on frozen samples; (b) use of efficient electric-field-free probes;
8
 (c) use of 

bicelles that align at low temperatures (as shown in Figure II-36); and (d) use of 

cryoprotectants.  Therefore, we believe that the approach presented in this study will have 

a broad impact on structural studies of a variety of membrane-associated peptides and 
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proteins that are scarcely available, quite unstable, and/or for which production could be 

very expensive. 
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Figure II-32. NMR relaxation measurements on bicelles and 
15

N-labeled 

subtilosin A for the evaluation of the paramagnetic doping effect with (A) 2.56 

mM copper-chelated lipid and (B) 30 mM Cu-EDTA. (C) Difference in spin-lattice 

relaxation rates with (R1) and without (R1′) copper-chelated lipid. Labels I and II 

correspond to 
15

N signals from the rigid transmembrane (78.3 ppm) and flexible 

membrane-surface (112.6 ppm) regions, respectively. (D) Difference in signal 

intensities obtained from bicelles with and without copper-chelated lipid. (E) Data 

showing RF-induced heating of bicelles measured as explained in Figure II-33. (F-H) 

Comparison of 
13

C CP signal intensities measured for bicelles with (E) no copper, 

(blue) 30 mM Cu-EDTA, and (red) 2.5 mM Cu-DMPE-DTPA. 
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Figure II-33. (A) Variation of the proton chemical shift of water as a function of 

sample temperature measured using the pulse sequence given in (B). The proton 

chemical shift of water was set at 4.6 ppm at 25 
o
C. (B) A 

1
H pulse sequence for 

evaluating RF-induced sample heating in well hydrated samples. τ1 = 20 ms, τ2 = 200 

ms, recycle time = 4 s, 20 dummy scans, and 20 scans were used to generate each data 

point in (A). 
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Figure II-34. The recycle delay dependence of 
31

P NMR 

spectra of q = 3.5 DMPC/DHPC bicelles at 37 
o
C. The 

recycle delay times in the experiments are indicated in the 

figure. The total experimental time for each spectrum was 24 s. 
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Figure II-35. 
1
H/

1
H 2D chemical shift correlation spectra of bicelles without (A) 

and with (B) 2.56 mM copper-chelated lipid obtained under 5 kHz MAS with total 

data collection times of 11 and 1.77 h, respectively. A 6.2-fold reduction in data 

collection time with a similar S/N ratio was made possible by the use of the copper-

chelated lipid, as can be seen from the 1D spectral slices taken at (top) 1.34 and 

(bottom) 3.25 ppm with (red) and without (black) the copper-chelating lipid. An 

RFDR
7
 sequence with a 100 ms mixing time and a 100 ms low-power pulse for water 

saturation at 35 °C was used; 512 t1 experiments with 32 scans were used, with 

recycle delays of 0.2 s (with copper-chelating lipid) and 2 s (without). 
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Figure II-36. (A) The recycle delay dependence of 
31

P NMR spectra of 

magnetically aligned DMPC/POPC/DHPC bicelles at 20 
o
C. The recycle delay 

times are indicated. (B) 
31

P NMR spectrum of DMPC/POPC/DMPE-DTPA/DHPC 

bicelles at 20 
o
C. The total experimental time for each spectrum was 24 s for spectra in 

Figure II-34 (A). On the other hand, 10 transients were accumulated with a 6 s 

recycling delay for spectra in Figure II-34 (B). 
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II-4-4. Use of Copper-Chelated Lipids on Solution-state NMR Spectroscopy 

    High-resolution structural and dynamical studies of membrane proteins and peptides 

are becoming increasingly important as the ability to visualize atomic-level details 

provides powerful insights into their functional properties.  Despite the challenges posed 

by membrane proteins, NMR spectroscopy has been successfully utilized recently to 

provide a wealth of atomic-level resolution structural and dynamical information from a 

variety of model membranes.
9
  However, in spite of the recent technical advances, 

relatively poor sensitivity of NMR spectroscopy continues to be a major bottleneck for 

high-throughput applications.
10

  Specifically, stringent requirements on the quantity and 

stability of a sample and the long data acquisition process are not suitable for most 

membrane proteins that are scarcely available and/or their production could be very 

expensive.  It is also not desirable to enhance the S/N by increasing the concentration of 

membrane active molecules such as antimicrobial peptides, amyloid peptides, toxins, and 

fusogenic peptides as they may oligomerize to disrupt the membrane.
11

  The mandatory 

requirement for isotopic labeling of membrane proteins further limits NMR applications, 

as there are numerous molecules that cannot easily be biologically obtained.  Therefore, 

there is considerable interest in the development of novel approaches to study unlabeled 

proteins and also to speed up the NMR data acquisition process.  To overcome these 

difficulties, here we demonstrate an approach for NMR structural studies of a membrane 

protein embedded in bicelles without the need for isotopic enrichment by speeding up the 

spin-lattice relaxation process for protons.  Our experimental results show that it is 

possible to obtain high-resolution multidimensional spectra from a membrane-associated 

peptide (MSI-78
12

, Figure II-37) at natural-abundance of 
15

N and the data can be 

collected four times faster, even when the SOFAST-HMQC
13

 experiment is employed, 

using isotropic bicelles containing a copper-chelated lipid. 

    Since the curvature of micelles has been thought to play a role on the structural folding 

of certain membrane proteins, and the presence of lipids in bicelles
14

 makes them better 

model membranes, we chose to use bicelles to investigate the paramagnetic effect of Cu
2+

 

for fast NMR data acquisition.  Isotropic bicelles composed of DMPC, DHPC, and MSI-

78 were used in NMR experiments.  Since free Cu
2+

 could interact with the protein and 

also could result in RF-induced heating, a Cu
2+

-chelated DMPE lipid was used in this  
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Figure II-37. Amino acid sequence of MSI-78 (also known as pexiganan).  
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Figure II-38. Full-width at half-maximum (FWHM) and 
1
H NMR spectra of 

DMPC/DHPC isotropic bicelles (q = 0.5) for different concentrations of a copper-

chelated lipid, Cu
2+

-DMPE-DTPA, at 35 
o
C. The close resemblance of spectra for 

different Cu
2+

-DMPE-DTPA concentrations suggests that there is no change in the 

bicellar properties of the samples due to the presence of Cu
2+

 ions. The chemical 

structure of DMPC is shown at the top.  All measurements were carried out on a 400 

MHz Varian solid-state NMR spectrometer.  
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Figure II-39. Full-width at half-maximum (FWHM) of amide-NH resonances 

observed from 2D SOFAST-HMQC experiments of a 9.3 mM unlabeled-MSI-78 

embedded in DMPC/DHPC isotropic bicelles (q = 0.5) without Cu
2+

-DMPE-

DTPA (black) and with 2.96 mM Cu
2+

-DMPE-DTPA (red) at 35 
o
C.  Spectra were 

obtained from a 900 MHz Bruker NMR spectrometer using a cryoprobe.  Each 2D 

SOFAST-HMQC spectrum was obtained from 64 t1 experiments, 256 scans, and a 

100 ms recycle delay.  The final 2D data matrix size after zero-filling was 2048 × 

2048.  2D data were processed using TOPSPIN 2.1 (from Bruker).  Squared sine-bell 

function was employed in both dimensions with a /4 shift.  Resonance assignment 

and volume fit calculations were performed using SPARKY 3.113. 
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~0.1 s and its presence did not alter the DMPC:DHPC bicellar properties and had no 

significant effect on the line width of observed peaks from both lipids and peptide present 

in bicelles (Figures II-38 and II-39). 

 

II-4-5. Experimental Procedure 

A Membrane-associated Antimicrobial Peptide MSI-78 (also known as pexiganan). 

    In this study, an antimicrobial peptide MSI-78 reconstituted in DMPC:DHPC isotropic 

bicelles (DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DHPC: 1,2-dihexanoyl-

sn-glycero-3-phosphocholine) was used as a model system to demonstrate fast 

multidimensional heteronuclear NMR measurements at natural-abundance of membrane 

proteins.  A copper-chelated lipid was used to speed up the spin-lattice relaxation time 

(T1).  MSI-78 is a 22-residues (a molecular weight of 2477.20 Da), linear, cationic 

antimicrobial peptide (Figure II-37).  This peptide was designed, synthesized and donated 

by Genaera Corporation.  Details on the synthesis and purification of MSI-78 is reported 

elsewhere (W. L. Maloy, U. P. Kari, Biopolymers. 37, 1995, 105-122.).  3D structure of 

dimeric form of MSI-78 embedded in DPC micelles (Figure II-40B) determined from 

solution NMR experiments has been reported.
15

  As shown in Figure II-37, MSI-78 was 

designed to exhibit an amphipathic -helical structure between residues 4 and 19 

(highlighted in red) in a membrane environment whereas it is unstructured in solution.
15

  

Solid-state NMR studies reported the lipid-peptide interactions, membrane-associated 

structure, and its mechanism of membrane disruption of MSI-78.
12,16

   

 

Preparation of Isotropic Bicelles with a Chelated Lipid for Solution NMR 

Experiments. 

    Since isotropic bicelles tumble fast enough to result in narrow spectral lines and used 

in structural studies of peptides and proteins, DMPC:DHPC bicelles with q ratios 0.5 and 

0.25 (q ratio = [DMPC]/[DHPC]) were used in this study for solution NMR 

measurements.  A copper-chelated lipid was inserted in these bicelles to accelerate the 

spin-lattice relaxation rate (R1 = 1/T1) of protons so that the recycle delay after signal 

acquisition can be shortened for fast data collection.  As mentioned in the main text of the 

manuscript, the use of copper-EDTA requires a significant amount (> 30 mM) of  
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Figure II-40. A four-fold increase in the sensitivity of 2D SOFAST-HMQC 

experiments.  (A) 2D SOFAST-
1
H/

15
N-HMQC

13
 spectrum of a 9.3 mM (unlabeled) 

MSI-78 (also known as pexiganan) incorporated in DMPC/DHPC isotropic bicelles 

(q=[DMPC]/[DHPC]=0.25, DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, 

DHPC: 1,2-dihexanoyl-sn-glycero-3-phosphocholine) containing a 2.96 mM copper-

chelated DMPE lipid.  (B) 3D structure of MSI-78 embedded in bicelles along with its 

amino acid sequence. Previous studies have shown that the potent antimicrobial 

peptide, MSI-78, is unstructured in solution and forms a helical dimmer in a 

membrane environment.
15

  Solid-state NMR studies have shown the membrane-

surface association of this peptide and its ability to function by forming toroidal 

pores.
16

 The effect of a Cu
2+

-chelated DMPE on the bicellar properties of 

DMPC:DHPC system and the paramagnetic ion induced shortening of spin-lattice 

relaxation time (T1) were examined using a series of 
1
H NMR experiments (Figures II-

41 and II-42). (C) Signal-to-noise ratio obtained from 2D SOFAST-HMQC spectra of 

a 9.3 mM unlabeled MSI-78 in q=0.5 isotropic bicelles without copper-chelated lipid 

(black) and with a 2.96 mM copper-chelated lipid (red). S/N ratio and line widths were 

also measured for amide-NH resonances observed in 2D 
1
H/

15
N SOFAST-HMQC 

spectra and are compared in Figures S6 and S7.  Further increase in the concentration 

of Cu
2+

 either did not increase the S/N or resulted in undesirable effects like line 

broadening (Figure II-43).  (D) 1D 
1
H chemical shift projection spectrum obtained 

from 2D SOFAST-
1
H/

15
N-HMQC spectra that were obtained with no copper (black) 

and a 2.96 mM Cu
2+

-DMPE-DTPA (red).  All spectra presented in this study were 

obtained from a 900 MHz Bruker NMR spectrometer at 35 
o
C using a cryoprobe.  

Each 2D SOFAST-HMQC spectrum was obtained from 64 t1 experiments, 256 scans, 

and a 100 ms recycle delay; the total data collection time (including the acquisition 

time and delays in INEPT) was ~54 min.  The final 2D data matrix size was 2048 X 

2048 after zero-filling in both dimensions.  2D data were processed using TOPSPIN 

2.1 (from Bruker).  Squared sine-bell function was employed in both dimensions with 

a shift of /4. Resonance assignment and volume fit calculations were performed 

using SPARKY 3.113. 
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Figure II-41. Spin-lattice relaxation rate (R1) of protons from DMPC/DHPC 

isotropic bicelles (q=0.5) for different concentrations of a copper-chelated lipid, 

Cu
2+

-DMPE-DTPA at 35 
o
C.  The R1 values were determined from 

1
H-spin-inversion 

recovery experiments and the estimated error from the best-fitting of experimental data 

is about 0.05. One-dimensional 
1
H chemical shift spectrum of DMPC/DHPC isotropic 

bicelles with 0 mM Cu
2+

-DMPE-DTPA at 35 
o
C (bottom right).  The chemical structure 

of DMPC is shown at the top.  These measurements were performed on a 400 MHz 

Varian solid-state NMR spectrometer. 
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Figure II-42. Experimentally measured spin-lattice relaxation rate (R1) values of 

protons from DMPC/DHPC isotropic bicelles (q = 0.5) containing a 2.57 mM 

Cu
2+

-DMPE-DTPA at different temperatures.  The R1 values were determined from 
1
H-spin-inversion recovery experiments and the estimated error from the best-fitting of 

experimental data is about 0.05.  The chemical structure of DMPC is shown at the 

top.  All spectra were obtained from a 400 MHz Varian solid-state NMR spectrometer. 
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paramagnetic ions to speed up the spin-lattice relaxation rate, because the freely diffusing 

copper-EDTA molecules in the solution are inefficient in augmenting the T1 process.
19

  

Therefore, in this study, we demonstrate an approach to enhance the paramagnetic effect 

on T1 reduction for solution NMR measurements by homogeneously mixing a 

significantly smaller amount of paramagnetic ion-chelated phospholipid (DMPE-DTPA : 

1,2-ditetradecanoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic 

acid (Figure II-25)) in the lipid bilayer.  Solid-state NMR studies evaluating the 

paramagnetic relaxation enhancement effects on rigid solids have been reported 

elsewhere.
18

  

    Three main advantages of using a copper-chelated lipid are:  (i) approximately a 10-

times lower paramagnetic ion concentration was sufficient to accelerate the spin-lattice 

relaxation rate (R1) than previous reports
18

;  (ii) a paramagnetic ion chelated lipid (Figure 

II-25) can be mixed homogeneously without altering the properties of other components 

of bicelles used in NMR experiments in this study; (iii) the significant reduction in the 

amount of the copper-chelated lipid considerably reduces the sample heating effect due to 

radio-frequency field and enable us to collect NMR data faster.   

    Isotropic bicelles containing a longer acyl chain phospholipid (DMPC : 1,2-

dimyristoyl-sn-glycero-3-phosphocholine used in the present study) and a detergent 

(DHPC : 1,2-diheptanoyl-sn-glycero-3-phosphocholine used in the present study) with 

and without DMPE-DTPA chelator lipid were used in this study.  DMPC, DHPC and 

DMPE-DTPA were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).  All other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification.  

    DMPC/DHPC isotropic bicelles were prepared using the following procedure.  In the 

case of q=0.5, 55.0 mg of DMPC and 73.6 mg of DHPC lipid mixture and in the case of 

q= 0.25, 33.5 mg of DMPC and 89.5 mg of DHPC lipid mixture were cosolubilized in 1 

ml of chloroform.  Subsequently, chloroform was removed under a stream of N2 gas to 

form a lipid film on the walls of a glass tube and the lipid film was kept under vacuum 

overnight to remove all residual solvents.  The q=0.5 lipid films were solubilized into 366 

μl of a 10 mM phosphate buffer at pH 7.4 (the q = 0.25 lipid films were solubilized into 

350 μl of a 10 mM phosphate buffer).  These transparent hydrated lipid mixtures were  
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Figure II-43. Signal-to-noise ratio (A) and Full-width at half-maximum (FWHM) 

values (B) obtained from 2D SOFAST-HMQC experiments on q=0.5 isotropic 

bicelles containing a 6 mM unlabeled MSI-78 without Cu
2+

-DMPE-DTPA (black), 

and with a 2.96 mM Cu
2+

-DMPE-DTPA (red), 5.89 mM Cu
2+

-DMPE-DTPA (blue) 

and 11.7 mM Cu
2+

-DMPE-DTPA (green) at 35 
o
C.  (C) One-dimensional 

1
H chemical 

shift projections from 2D SOFAST-HMQC spectra.  Spectra were obtained from a 900 

MHz Bruker NMR spectrometer using a cryoprobe.  Each 2D SOFAST-HMQC 

spectrum was obtained from 64 t1 experiments, 256 scans, and a 100 ms recycle delay;  

the total data collection time (including the ~71 ms acquisition time and RF-free 

delays in the INEPT sequence) was ~54 min.  The final 2D data matrix size was 2048 

X 2048 after zero-filling in both dimensions.  2D data were processed using TOPSPIN 

2.1 (from Bruker).  Squared sine-bell function was employed in both dimensions with 

a /4 shift.  Resonance assignment and volume fit calculations were performed using 

SPARKY 3.113. 
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then vortexed and homogenized by gentle sonication in an ice bath for 30 minutes, and 

>4 freeze/heat cycles between liquid nitrogen and 40 °C of water.  Once a satisfactory 

mixing of the components was completed, the sample (~330 μl) was transferred to a 5 

mm Shigemi NMR glass tube.  The isotropic bicelle formation was examined using 
31

P-

NMR experiments after 30 minutes of incubation at 35 
o
C in the NMR magnet. 

    Isotropic bicelles containing MSI-78 were prepared by mixing 130.2 mg of lipids (in 

the case of q ratio = 0.5, 1.65 mg of DMPE-DTPA, 55.0 mg of DMPC and 73.6 mg of 

DHPC) with 11.60 mg of (unlabeled) MSI-78.  To prepare bicelles containing the copper-

chelated lipid, 0.349 mg of Cu(NO5)2·2.5H2O was added (for q ratio = 0.5 case) to a 

mixture of isotropic bicelles, peptide, and the chelator lipid after adding a 10 mM 

phosphate buffer at pH 7.4. 

 

II-4-6. Solution-state NMR Results 

    Sensitivity of 2D 
1
H/

15
N SOFAST-HMQC experiments on bicelles containing MSI-78 

was compared for various concentrations of Cu
2+

-chelated DMPE in Figure II-40 (and 

also in Figure II-43).  Our results suggest that, in addition to the T1-shortening due to 

SOFAST effects, the presence of Cu
2+

 ions further decreased the T1 values of amide-

protons from MSI-78.  As a result, the presence of a 2.96 mM Cu
2+

 was sufficient to 

increase the S/N by factor of 2 for all residues or to reduce the experimental time by a 

factor of ~4.  Experiments were also performed on bicelles prepared with different 

concentrations of Cu
2+

-chelated DMPE.  Interestingly, 2.96 mM Cu
2+

-chelated DMPE 

provided the highest sensitivity (Figure II-43).  This is in agreement with an optimum T1 

reduction observed for bicelles containing 2.96 mM Cu
2+

-chelated DMPE. 

    Since SOFAST-based experiments have limited applications due to the use of selective 

excitation RF pulses, regular 2D 
1
H/

15
N HSQC experiments were performed on bicelles 

containing MSI-78 with no 
15

N labeling to measure the paramagnetic ion induced 

sensitivity gain for various concentrations of Cu
2+

-chelated DMPE.  Remarkably, bicelles 

containing the Cu
2+

-chelated DMPE provided HSQC spectra with a reasonable S/N 

within 2 hours of experimental time, whereas there was no peak observed from a sample 

containing no paramagnetic ions (Figure II-44).  To determine the optimized 



 

99 
 

experimental conditions, a series of 2D HSQC experiments was performed by keeping 

the total experimental time constant and varying the recycle delay.  Results compared in 

Figure II-44 (and in Figure II-45) indicate that a 100 ms recycle delay is sufficient to 

obtain the best S/N.  We also found that the 2D 
1
H/

15
N HSQC-TROSY experiment to 

work well on the same sample that was used to obtain results given in Figure II-44.  As 

expected spectral lines observed in the 2D TROSY-HSQC spectrum (data not shown) 

were narrower than that observed in the regular HSQC spectra (Figure II-44).  It is also 

worth mentioning that we were able to obtain a 2D 
1
H/

13
C HSQC spectrum (data not 

shown) from the bicelles sample containing a copper-chelated-DMPE; this was expected 

as a natural-abundance 
13

C-detection based experiment is more sensitive than a natural-

abundance 
15

N-detection based experiment. 

    Since it is common to use isotropic bicelles with a q ratio <2, the effects of copper-

chelated-DMPE on bicelles with q=0.25 and 0.5 were determined (Figure II-47).  While 

experiments on both these samples provided excellent S/N, as seen in Figure II-47, 

q=0.25 bicelles provided better spectral resolution than that of q=0.5 bicelles.  This could 

be attributed to the faster tumbling rate of q=0.25 bicelles than that of q=0.5 bicelles.  

These results suggest that the use of isotropic bicelles containing copper-chelated-DMPE 

would enable the fast acquisition of multidimensional spectra of membrane-associated 

proteins or peptides.   

    It should be noted that the measurement of functionally important data from model 

membranes containing membrane active peptides demands the use of a very low peptide 

concentration that makes NMR measurements to be difficult.
11

  This becomes even more 

challenging when isotopically-labeled peptides are unavailable;  this is unfortunately the 

case for a significant number of interesting systems such as mammalian membrane 

proteins and small peptides that lyse bacteria.  It has been proven to be expensive to 

biologically obtain most membrane-associated peptides and proteins.  Therefore, 

structural studies on such systems are often restricted to unlabeled peptides or site-

specifically-labeled peptides.  On the other hand, results presented in this study 

demonstrate the feasibility of NMR structural studies at natural-abundance of membrane-

associated peptides and therefore could be useful to overcome the above-mentioned 

challenges.  We note that previous studies have reported NMR spectra of short peptides  



 

100 
 

 

 

 

 

Figure II-44. 2D 
1
H/

15
N HSQC experiments with a 100 ms recycle delay provided 

the optimum S/N.  2D HSQC spectra of q=0.5 isotropic bicelles containing a 9.3 mM 

unlabeled MSI-78 and a 2.96 mM copper-chelated lipid obtained by setting the total 

data collection time to 53 min with (A) 100 ms and (B) 600 ms recycle delays.  (C) A 

comparison of the signal-to-noise ratio against recycle delay for selected peaks from 

2D HSQC spectra;  since the S/N observed for longer recycle delays was poor as seen 

in (B), only those peaks that had reasonable S/N are included in this plot. Our results 

indicated that there was no significant line broadening due to the paramagnetic effect 

was observed in any of the above-mentioned spectra (Figures II-38, II-39, II-46). 

Other experimental and data processing details are as mentioned in the Figure II-40 

caption.  
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Figure II-45. A comparison of the signal-to-noise ratios against recycle delay 

from 2D HSQC spectra of 9.23 mM MSI-78 embedded in q = 0.5 DMPC/DHPC 

bicelles containing 2.96 mM Cu
2+

-DMPE-DTPA cheated lipid.  Each 2D 
1
H-

15
N 

HSQC spectrum was obtained from 64 t1 experiments and the number of scans were 

adjusted to keep the total experimental time at 53 min.  Other experimental and data 

processing details are as mentioned in Figure II-40 of the main text. 
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Figure II-46. Full-width at half-maximum (FWHM) values obtained from 2D 

SOFAST-HMQC spectra of a 9.23 mM unlabeled-MSI-78 embedded in 

DMPC/DHPC isotropic bicelles containing a 2.96 mM Cu
2+

-DMPE-DTPA at 35 
o
C:  

q=0.5 (black) and q=0.25 (red).  All spectra were obtained from a 900 MHz Bruker 

NMR spectrometer using a cryoprobe.  Each 2D SOFAST_HMQC spectrum was 

obtained from 64 t1 experiments, 256 scans, and a 100 ms recycle delay.  The final 2D 

data matrix size was 2048 × 2048 after zero-filling in both dimensions.  2D data were 

processed using TOPSPIN 2.1 (from Bruker).  Squared sine-bell function was 

employed in both dimensions with a /4 shift.  Resonance assignment and volume fit 

calculations were performed using SPARKY 3.113. 
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at natural-abundance but these studies used either high concentration of a water-soluble 

protein or long data acquisition and therefore such studies have not been common.
17

 

    Several solution and solid-state NMR studies on the successful use of paramagnetic 

salts to shorten the proton T1 value of water-soluble systems have been previously 

reported.
18

  The high concentration of paramagnetic salts (for example ~30 to 50 mM 

concentration) used in these studies are not suitable for membrane systems as the mobile 

paramagnetic ions are ineffective in shortening T1 value of membrane embedded 

molecules and they could also result in RF heating and power lossy effects.
19

  On the 

other hand, our approach effectively reduces the required concentration of the ion 

required to speed-up the T1 process, and also renders the preparation of bicelles without 

altering their properties.  The 4 times faster data acquisition than the SOFAST-based 

NMR experiments could be valuable to study various biochemical processes.  Though 

line-narrowing instead of line-broadening due to the presence of Cu
2+

 was observed in 

our study (Figure II-39), a systematic analysis of the changes in T2 values could be useful 

to determine the topology of a membrane protein as demonstrated in a previous study 

using Gd(DOTA).
20
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Figure II-47. Isotropic bicelles with q=0.25 provided higher resolution and 

sensitivity than that of q=0.5.  (A) A comparison of 2D SOFAST-
1
H/

15
N-HMQC 

experiments of 9.3 mM unlabeled MSI-78 reconstituted in q=0.5 (dark) and q=0.25 

(red) isotropic bicelles with a 2.96 mM Cu-DMPE-DTPA. Each 2D HSQC spectrum 

was obtained from 64 t1 experiments and 256 scans.  Other experimental and data 

processing details are as mentioned in Figure II-40 caption.  Signal-to-noise ratio (B), 

1D 
1
H chemical shift projections (C), and expanded amide-proton chemical shift (7.5 

to 8.5 ppm) regions (D) obtained from 2D SOFAST-HMQC spectra are compared. 
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Chapter III 

 

Nuclear Magnetic Resonance Spectroscopy on 
Membrane Bilayers

†
 

 

III-1. Summary 

    Magnetically aligned bicelles are increasingly being used as model membranes in 

solution- and solid-state NMR studies of the structure, dynamics, topology, and 

interaction of membrane-associated ligands, peptides and proteins.  These studies 

commonly utilize the Separated-Local-Field pulse sequences such as PISEMA, 

HIMSELF, SAMMY and PELF to measure dipolar coupling and chemical shift, the two 

key parameters used in subsequent structural analysis.  The results presented in this 

chapter demonstrate that the PISEMA-type and other rotating-frame pulse sequences are 

not suitable for the measurement of long-range heteronuclear dipolar couplings, and that 

they provide inaccurate values when multiple protons are coupled to a 
13

C nucleus.  

Furthermore, we demonstrate that a laboratory-frame Separated-Local-Field experiment 

is capable of overcoming these difficulties in magnetically aligned bicelles.  An extension 

of this approach to accurately measure 
13

C-
31

P and 
1
H-

31
P couplings from phospholipids, 

which are useful to understand the interaction of molecules with the membrane bilayers, 

is also described.  In these two dimensional experiments, natural abundance 
13

C was 

observed from bicelles containing DMPC and DHPC lipid molecules.  As a first 

application, these solid-state NMR approaches were utilized to probe the membrane 
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interaction of an antimicrobial peptpide, MSI-78, and an antidepressant molecule, 

desipramine, and their locations in the membrane bilayers. 

    Bicelles of various lipid/detergent ratios are commonly used in nuclear magnetic 

resonance (NMR) studies of membrane-associated molecules without the need to freeze 

the sample.  While a decrease in the size (defined at a low temperature or by the q value) 

of a bicelle decreases its overall order parameter, the variation of lipid dynamics with a 

change in the lipid/detergent ratio is unknown.  In this study, we report a thorough 

atomistic level analysis on the variation of lipid dynamics with the size and hydration 

level of bicelles composed of a phospholipid, 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), and a detergent, 1,2-dihexanoyl-sn-glycero-3-phosphocholine 

(DHPC). Two-dimensional (2D) separated-local-field NMR experiments were performed 

on magnetically aligned bicelles to measure 
1
H-

13
C dipolar couplings, which were used to 

determine order parameters at various (head-group, glycerol, and acyl chain) regions of 

lipids in the bilayer.  From our analysis, we uncover the extreme sensitivity of the 

glycerol region to the motion of the bicelle, which can be attributed to the effect of 

viscosity because of an extensive network of hydrogen bonds.  As such, the water-

membrane interface region exhibits the highest order parameter values among all three 

regions of a lipid molecule.  Our experimental results demonstrate that the laboratory-

frame 2D proton-detected-local-field pulse sequence is well-suited for the accurate 

measurement of motionally averaged (or long-range) weak and multiple 
1
H-

13
C dipolar 

couplings associated with a single carbon site at the natural abundance of 
13

C nuclei. 

 

III-2. High Resolution Two Dimensional NMR Spectroscopy to Measure the 

Membrane-Ligand Interactions  

 

    While structural studies using solution NMR and crystallography have provided 

significant insights into the functional aspects of water-soluble molecules, extension of 

such studies to membrane-associated molecules has been a challenge.
1
  However, a great 

deal of progress in obtaining high-resolution structures of membrane proteins using 

crystallography and solution NMR methods has recently been made.
2-9

  These pioneering 

advances strongly rely on the preparation of samples that satisfy the requirements of the 
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chosen method.
3,5

  For example, crystallography requires a single crystal that provides 

high quality diffraction data, while solution NMR experiments need well-behaved 

protein-containing micelles that can tumble rapidly enough to provide high-resolution 

spectra.  These requirements are difficult to satisfy for most membrane-associated 

systems.  In addition, such samples are not suitable to measure protein-membrane 

interactions at a high resolution, which determine the properties of molecules 

embedded in the cell membrane.  This is unfortunate since the structure, dynamics, 

folding, and function of a significant number of proteins in the human genome are 

controlled by their ability to interact with the cell membrane.  Therefore, it is highly 

valuable to measure the membrane interaction of such molecules, and it is also essential 

to develop biophysical techniques that can deliver such information for any membrane 

protein.  Recent studies have shown that solid-state NMR spectroscopy of phospholipid 

bilayers is well-suited for such measurements.
5,10-20

 

    Lipid bilayers in the form of either unaligned multilamellar vesicles (MLVs) or aligned 

samples are typically used for solid-state NMR studies.  MLVs are used under static 

sample conditions to measure the anisotropic interactions like chemical shift, dipolar 

coupling, and quadrupolar coupling which are useful to characterize the dynamics of a 

protein and to determine various properties of lipid bilayers including phase, domains, 

and curvature strain.
21,22

  MLVs are also used under magic angle spinning (MAS) 

conditions to obtain high-resolution spectra that can be utilized to determine the high-

resolution structure of embedded proteins/peptides.  However, recent studies have shown 

that such structural studies require either low water content and/or frozen samples to 

suppress molecular dynamics that degrade the spectral resolution.
18,19

  On the other hand, 

macroscopically oriented bilayer samples have been used under well-hydrated conditions 

to determine the backbone conformation, dynamics, and topology of transmembrane 

proteins.
5,10-14,23

  Such samples have also been used to determine the structure and 

function of membrane-permeating peptides.
21,22,24-26

  In these studies bilayer samples are 

prepared either by mechanical alignment using glass plates or by magnetic alignment.  

While the preparation of an aligned sample depends on the physicochemical properties of 

a protein present in the sample, use of well-aligned samples has the unique advantage of 

preserving anisotropic spin interactions, which are highly informative in the structural 
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studies.  Recent studies demonstrated that the magnetically aligned bicelles are more 

suitable than mechanically aligned samples for the structural studies of membrane 

proteins.
5,13,27

  The major advantages of using bicelles are that they occupy less volume, 

which reduces the radio frequency (RF) coil size and thereby the RF power requirement, 

are relatively easy to prepare, and are stable for a long time.  Therefore, considerable 

efforts have been devoted to develop magnetically aligned bicelles for structural 

studies.
27-34

 

    Bicelles are aggregates composed of short- and long-chain phospholipids in an 

aqueous buffer that exhibit a liquid crystalline phase macroscopically orientating in the 

presence of an external magnetic field.  The shape and size of these aggregates is 

controlled by the molar ratio, q, of long-chain lipids to short-chain ones.  At a high q > 

2.5 value, the phase can be described as perforated, dynamical lamellar bilayers.
35

  

Decreasing the q value produces the disc-shaped bicelle morphology where a flat bilayer 

composed of long-chain lipids is surrounded on the perimeter by short-chain molecules.
30

  

Bicelles can be prepared with any desired degree of ordering: highly oriented aggregates 

are used in solid-state NMR studies, while weakly aligned bicelles are employed as an 

alignment medium for structural studies on weakly aligned biomolecules using solution 

NMR methods.  Several studies have reported on the preparation, characterization, and 

applications of bicelles,
28-34

 and recent publications demonstrated the usefulness of 

bicelles for structural studies of proteins using heteronuclear dipolar couplings.
27,36,37

 

    One of the most popular approaches to measure heteronuclear dipolar couplings is the 

2D separation of heteronuclear dipolar interactions according to chemical shifts.  Since 

dipolar couplings correspond to local magnetic fields in the molecule, this class of 

experiments is referred to as Separated-Local-Field (SLF) spectroscopy.
12,38,39

  Dipolar 

couplings between directly bonded 
1
H-

13
C spin pairs as well as generally weaker dipolar 

interactions between remote spins can be accessed depending on the experimental design.  

Large 
13

C chemical shift dispersion provides a high chemical resolution, which simplifies 

the assignment and allows for the separation of dipolar coupling multiplets.  There are 

several experimental protocols for SLF spectroscopy which differ in the details of the 

preparation and evolution periods, while in all cases the 
13

C signal is observed during the 

detection period t2 as it evolves under the 
13

C chemical shift interaction and in the 
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presence of 
1
H decoupling.  These general protocols are applicable to both the stationary 

and MAS sample.
12,39

  In the present study, we have compared three different 2D 

approaches for the measurement of 
13

C-
1
H dipolar interactions from the lipid molecules 

in aligned bicelles containing DMPC and DHPC molecules under static conditions. 

    Our results suggest that the PISEMA (polarization inversion and spin exchange at the 

magic angle)
40-42

 and other rotating-frame pulse sequences are not suitable for the 

measurement of long-range heteronuclear dipolar couplings, and they provide inaccurate 

values when multiple protons are coupled to a 
13

C nucleus.  Instead, a 2D PELF (Proton 

Evolved Local Field) sequence,
43

 which is a laboratory-frame Separated-Local-Field 

experiment, is capable of overcoming these difficulties in magnetically aligned bicelles.  

These results are directly transferable to 2D SLF studies of 
15

N nuclei, where they are 

typically applied for structural measurements on uniformly 
15

N labeled membrane 

proteins.  Furthermore, with a simple modification in the 2D PELF sequence, we 

demonstrate that, in addition to 
1
H-

13
C couplings, remote 

13
C-

31
P and 

1
H-

31
P couplings 

from phospholipids can be measured in bicelles.  It should be mentioned here that the 2D 

PELF pulse sequence has been used in previous studies to obtain high-resolution SLF 

spectra of solids by overcoming the difficulties found when multiple protons are coupled 

with a 
13

C nucleus.
43

 

    Since lipids play important roles in the folding and function of membrane-associated 

molecules, these experiments will be useful to measure the dynamics and conformation 

of lipid molecules.  Such measurements also provide insights into the function of 

membrane-permeating peptides such as antimicrobial, toxin, fusion, and channel-forming 

molecules.  Similar information has previously been obtained in 
2
H NMR studies of 

deuterated lipids
44

 and proton spin diffusion measurements.
45,46

  The approach proposed 

in the present study, besides avoiding the isotopic labeling, benefits from the higher 

chemical resolution and a more straightforward signal assignment.  In contrast to 
2
H 

NMR, our results show that the structural information obtained in 
13

C spectra is not 

limited to the orientation of a single bond C-H vector.  Couplings between remote 
13

C 

and 
1
H spins and between 

13
C and 

31
P nuclei are also accessible.  These solid-state NMR 

approaches are presently being utilized to understand the membrane interaction of a 

variety of molecules including antidepressants, dendrimers, proteins, and polypeptides.  
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As an application, the topology of an antidepressant molecule, desipramine, determined 

from these measurements is presented in this section. 

 

III-2-1. Experimental Procedure 

Sample Preparation. 

    1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and 1,2-dihexanoyl-sn-

glycero-3-phosphatidylcholine (DHPC) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL). DMPC and DHPC with a molar ratio (q = DMPC/DHPC) of 3.5:1 were 

dissolved in chloroform.  The solvent was slowly evaporated under a stream of nitrogen 

gas at room temperature and completely removed by overnight lyophilization.  A 100 

mM HEPES buffer at pH 7.0 was added to obtain a concentration of 37.5% (w/w) 

phospholipids to solution.  The sample was vortexed until all of the lipids were 

solubilized in the HEPES buffer.  The solubilized sample was gently sonicated in an ice-

cold water bath.  The final sample was obtained by several freeze and thaw cycles until a 

clear transparent solution was formed. Bicelles containing desipramine were also 

prepared using the above-mentioned procedure. 

NMR Measurements.  

    NMR experiments were carried out on a Chemagnetics/Varian Infinity-400 MHz solid-

state NMR spectrometer using a 5 mmdouble-resonance magic-angle spinning probe 

under static sample conditions.  About 100 mg of sample were loaded in a 5 mm NMR 

glass tube of 4 cm length, and the tube was closed tightly with Teflon tape and a cap.  

The sample was equilibrated for about 1 h in the magnet at 37 °C prior to the 

measurement.  
31

P NMR spectra were recorded using Hahn-echo experiments with a 90° 

pulse length of 5 s and under a 30 kHz continuous wave proton decoupling.  A ramped 

cross-polarization (ramp-CP)
47

 sequence with a contact time of 5 ms was used to record 

the 1D 
13

C spectra under proton decoupling using various decoupling sequences for a 

comparative study, while the FLOPSY (flip-flop spectroscopy)-8
48

 multiple pulse 

sequence was used in other experiments as it provided the best resolution.  2D 
13

C spectra 

were obtained using 128 t1 experiments, 64 scans, a 5 s recycling delay, and a 20 kHz 
1
H 

decoupling.  All measurements were performed at 37 °C. 
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III-2-2. Orientation of Bicelles in the Magnetic Field. 

    To obtain a highly resolved 
13

C NMR spectrum of stationary bicelles, it is essential to 

align the sample in the magnetic field of the spectrometer.  The degree of alignment of 

bicelles was examined by recording the proton decoupled 
31

P chemical shift spectra.  

Figure III-1 shows the 
31

P chemical shift spectrum of a 3.5:1 DMPC/DHPC bicelle 

sample at 37 °C, referenced by setting the isotropic chemical shift peak observed at 10 °C 

to 0 ppm.  Two peaks in the spectrum are assigned to DMPC (-11.4 ppm) and DHPC (-

4.4. ppm) molecules in the sample as indicated based on previous studies on bicelles;
30

 

the ratio of signal intensities equals the DMPC/DHPC molar ratio.  The frequency 

position (-11.4 ppm) and a narrow line width (100 Hz) of the DMPC resonance in the 

spectrum suggest that the bicelle sample is well aligned with the bilayer normal (or the 

bicelle axis) perpendicular to the external magnetic field of the spectrometer. 
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Figure III-1. 
31

P Chemical Shift NMR spectra of 

bicelle samples with different concentrations of 

MSI-78 peptide: (a) 0 mole %, (b) 0.5 mole % and 

(c) 2.0 mole % MSI-78.  Spectra were obtained by 

acquiring the FID after a /2 (90
o
) R.F. pulse in the 

presence of 10 kHz proton decoupling.  64 transients 

were accumulated with a recycle delay of 3 s.  The 

chemical shift scale was referenced by setting the 

isotropic peak observed at 10
o
C to 0 ppm. 
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III-2-3. Two Dimensional Separated-Local-Field Experiments. 

    In the conventional SLF sequence,
39

 the 
13

C transverse magnetization evolves under 

multiple 1H-
13

C heteronuclear dipolar couplings during the evolution period t1 (Figure 

III-2a). In the proton-evolved local-field (PELF) experiment,
43

 on the other hand, the 
1
H 

transverse magnetization evolves under the local field of 
13

C spins during t1 and is 

subsequently transferred to carbons for detection (Figure III-2b).  In the case of rare 

carbon-13 spins (spin S) coupled with abundant protons (spins I), the heteronuclear 

dipolar interaction term of the spin Hamiltonian can be written as  

 

(1)  

 

where IS
(i)

 = 2dIS
(i)

 = -(0/4)(ISħ/ri
3
) is the dipolar coupling constant. Since the 

Hamiltonians for individual IS couplings commute, the time evolution of the transverse 

magnetization is calculated by successive action of individual dipolar coupling terms on 

the density operator.
39

  The structure of the modulation experienced by evolved spins is, 

however, different in conventional SLF and PELF experiments.  In the conventional SLF 

sequence, where an S spin evolves in the presence of local fields, the relevant term of the 

density operator contributing to the detected signal is given by  

 

(2) 

 

On the other hand, in the case of a PELF experiment, where each evolving spin I
(i)

 is 

subject to the evolution under the heteronuclear coupling to a single S spin, the relevant 

density operator has the form 

 

(3) 

 

Therefore, the dipolar coupling dimension of the conventional 2D SLF spectrum, where 

each additional proton contributes with a successive first-order splitting, has a more 

complicated multiplet-type structure.  In contrast, the dipolar coupling dimension of the 

2D PELF spectrum is  
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Figure III-2. Experimental protocols of 2D experiments used for the 

measurements of heteronuclear dipolar couplings and the corresponding 

simulated dipolar coupling spectra for a three-spin system CH2 with dCH(1) = 20 

kHz and dCH(2) = 4 kHz. (a) SLF; (b) PDLF; (c) Rotating-frame SLF. 
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governed by a simple two spin interaction and presents a superposition of dipolar 

coupling doublets. 

    In rotating-frame local field experiments (Figure III-2c),
12

 the dipolar couplings are 

monitored through oscillations resulting from the coherent spin exchange in the rotating 

frame.  In the presence of the spin-lock RF fields matched at the Hartmann-Hahn 

condition
12,39

 the heteronuclear dipolar coupling Hamiltonian is given by the flip-flop 

terms  

 

(4) 

 

The noncommuting nature of the individual terms in this Hamiltonian results in the 

truncation of small heteronuclear couplings, and therefore the resolution of large dipolar 

coupling is enhanced.
12

  This effect is well demonstrated in experiments that employed 

rotating-frame local field pulse sequences like PISEMA,
40

 SAMMY,
49

 BB-PISEMA (i.e., 

broadband-PISEMA), 
50,51

 PITANSEMA (Polarization Inversion Time Averaged 

Nutation Spin Exchange at the Magic Angle),
52,53

 and HIMSELF (heteronuclear isotropic 

mixing leading to spin exchange via the local field).
54-56

  Experimental and simulated 

results suggest that the dipolar coupling resolutions in all these methods are comparable 

when there are only a few protons in a spin cluster. 

    Efficient homonuclear 
1
H decoupling during the evolution (or t1) period of an SLF 

sequence is important for an accurate measurement of heteronuclear dipolar couplings. 

The windowless sequences BLEW-n
57

, WIM (windowless isotropic mixing)-24,
58

 LG 

(Lee-Goldburg),
59

 FFLG (Flip-Flop Lee-Goldburg
60

 or Frequency Switched Lee-

Goldburg
61

), and magic echo sandwiches
62

 have been employed to achieve adequate 

resolution in the rotating-frame SLF experiments.  The uses of FFLG decoupling and 

magic echo sandwiches were named as PISEMA
40

 and SAMMY,
49

 respectively.  

Recently, WIM-24
54

 and BLEW-type
55

 sequences have also been introduced in such 

experiments.  The unique feature of WIM and BLEW spin-locking is that they create an 

isotropic mixing dipolar coupling Hamiltonian, and therefore the corresponding 2D 

sequences are called HIMSELF.
54-56
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    In a PELF experiment, where each pairwise 
13

C-
1
H spin interaction in a 

13
CHn spin 

system results in a separate doublet, the observed dipolar splitting  is related to the 

coupling constant d simply by  = 2kd; k = 0.42 is the scaling factor of the homonuclear 

decoupling sequence BLEW-48.  This value was calibrated using a 2D 
1
H/

13
C HETCOR 

experiment and closely matched the theoretically predicted value of 0.424.
57

  Therefore, 

the measurement of heteronuclear dipolar couplings is straightforward using this 2D 

experiment.  In contrast, in a 2D PISEMA spectrum, such a simple relationship holds 

only for the case of an isolated 
13

C-
1
H spin pair or for a CH2 group with two equivalent 

C-H dipolar couplings (scaling factors are, respectively, k = 0.79 and  2 × 0.79, in the 

case of BB-PISEMA).  Generally, for a CH2 spin system the two dipolar couplings are 

entangled in the spectral splitting,  = 2k(d1
2
 + d2

2
)
1/2

, and cannot easily be extracted 

from PISEMA and other rotating-frame experiments.  For a rapidly rotating CH3 methyl 

group, the theory predicts that the dipolar coupling PISEMA spectrum exhibits three 

different dipolar splittings: 2kdCH3, 2 3kdCH3, and 4kdCH3.  Numerical simulations 

performed using the SIMPSON program
63

 for a three-spin H-C-H system are given in 

Figure III-2.  The dipolar coupling constants d1 = 20 and d2 = 4 kHz were used in the 

simulations.  Increasing the number of remote protons deteriorates the resolution of large 

dipolar coupling spectral lines in the conventional SLF and to a lesser extent in rotating-

frame SLF while it is essentially unaffected in PELF.
43,56,64

  In the PELF experiment, a 

short contact time of the CP step suppresses signal from weak dipolar couplings, while a 

very long contact time could allow contributions from very remote spins which could 

result in doublets with very small splittings or an unresolved zero-frequency peak in the 

dipolar coupling spectrum.  Therefore, a careful choice of contact time allows us to 

maximize the resolution in the 2D PELF spectrum. 

 

III-2-4. Two Dimensional 13C Separated-Local-Field Experiments on Oriented 

Bicelles. 

    In this section, we demonstrate and compare the 2D dipolar coupling spectra obtained 

using SLF, PELF, and PISEMA techniques.  The details of the pulse sequences can be 

found elsewhere.
12,39,40,43

  For the PISEMA experiment the frequency offset-compensated 
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modification of the basic sequence (called the broadband-PISEMA)
50,51

 was used to 

suppress the effects of the chemical shifts and the proton resonance frequency offsets.  

    A 2D PELF spectrum that correlates the 
13

C chemical shift and 
1
H-

13
C dipolar 

couplings is shown in Figure III-3a.  Also shown is the 1D 
13

C chemical shift spectrum of 

DMPC/DHPC bicelles along with the assignment of peaks to DMPC carbons.  The 2D 

spectrum exhibits highly resolved doublets in the indirect frequency dimension 

corresponding to the combined dipolar and scalar interactions between directly bonded 

13
C-

1
H spin pairs.  A number of doublets with small splittings arising from dipolar 

couplings between remote spins are also seen in Figure III-3a.  Some of the heavily 

overlapped signals in the chemical shift dimension, from C4 to C11 sites of acyl chains of 

DMPC, are resolved in the 2D spectrum.  The resolution of this group is increased at a 

higher temperature as shown in Figure III-3b.  Representative slices along the dipolar 

coupling dimension of the PELF spectrum are displayed in Figure III-4 (middle column).  

These spectral slices are compared with the corresponding slices obtained from 

conventional 2D SLF and PISEMA spectra.  As expected, peaks in the conventional SLF 

spectrum are very broad.  PELF provides a resolution which is better than or comparable 

to PISEMA.  The inner doublets with smaller splittings in the PELF spectrum are due to 

couplings between remote spins.  If assigned, these splittings could provide additional 

valuable structural constraints.  The dipolar splitting values obtained from three different 

2D experiments are, in general, in good agreement.      

    Experimental dipolar coupling spectra were simulated using the SIMPSON program. 

Simulated and experimental dipolar coupling spectra for C2 and  carbons of the DMPC 

molecule are given in Figure III-5.  Coupling constants used in the simulations are d1 = d2 

= 1.7 kHz for C2 and d1 = 1.15 and d2 = 0.26 kHz for  (as given in Table 1).  For an 

easier comparison the frequency axes in the figure were corrected with the scaling factor 

of the corresponding pulse sequence, 0.42 (for SLF and PELF) and 0.79· 2 (for BB-

PISEMA).  Only couplings to directly bonded protons are accounted for in the 

simulations. All coupling constant d (d = [DCH + JCH/2]) values are given in Table III-1, 

where JCH and DCH are the scalar coupling constant and motionally averaged dipolar 

coupling constant, respectively. 
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Figure III-3. (a) A 2D PDLF spectrum of DMPC/DHPC bicelles 

at 37 °C. 64 scans were accumulated for each of 200 points in the t1 

dimension with an increment time of 384 s. The contact time for the 

CP transfer was set to 3.0 ms. Proton RF field during the t1 evolution 

corresponded to 31 kHz. A 1D 
13

C chemical shift spectrum is shown 

at the top with assignments of peaks to individual carbons of the 

DMPC molecule. (b) Part of the PDLF spectrum in DMPC/DHPC 

bicelles at 50 °C demonstrating the increased dipolar resolution in the 

crowded spectra range between 31 and 34 ppm. Corresponding part 

of the PDLF spectrum obtained at 37 °C is also shown for 

comparison. 
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    Generally, C-H dipolar and scalar (or J) couplings are entangled in the observed 

splittings.  The contribution from the J-coupling is significant for a directly bonded C-H 

spin pair, particularly in the highly mobile terminal groups of the lipid molecule.  While 

the value and sign of J-coupling is known from other NMR studies, the ambiguity of 

extracting the dipolar coupling remains since the sign of the dipolar coupling term is 

generally not obvious.  Geometry arguments can be invoked to solve this issue.
65

  In 

addition to 
13

C-
1
H couplings, 

13
C-

31
P dipolar couplings of phospholipids can be 

accurately measured from the 2D PELF spectrum.  Since different 
13

C-
31

P multiplets, 

overlapped in a 1D 
13

C spectrum, are well separated in the 2D spectrum due to the 

difference in the 
13

C-
1
H coupling values for different carbon sites, the resolution is 

increased and the peak assignment is straightforward.  (Another way to separate the 
13

C-

31
P multiplets is to perform the conventional 

13
C-

31
P 2D Separated-Local-Field 

experiment in the presence of proton heteronuclear decoupling.
66

  This, however, requires 

a 
13

C/
31

P/ 
1
H triple channel probe.) 

    For most of the CH2 sites, the spin couplings estimated from the splittings in PISEMA 

spectra under the assumption of equivalent dipolar couplings, d1 = d2, are in agreement 

with those measured directly from PELF spectra.  An exception is, however, found in the 

case of the â-carbon coupling. This is because the specific average orientation of the -

CH2 segment with respect to the main molecular rotational axis results in inequivalent 

13
C-

1
H dipolar couplings.  From the two distinct doublets observed for this site in the 

PELF spectrum, the spin couplings are estimated to be d1
(PDLF)

 = 1.15 and d2
(PDLF)

 = 0.26 

kHz.  Hence, the apparent coupling constant in the PISEMA experiment is calculated to 

be (d1
2
 + d2

2
)
1/2

 = 1.18 kHz, which is consistent with that estimated from the experimental 

PISEMA splitting (see Table III-1). 

    These experiments were also performed on 3.5:1 DMPC:DHPC bicelles containing a 

designed antimicrobial peptide, MSI-78 (or commercially known as plexiganan) (two 

dimensional spectra data is not shown).  Previous studies have shown that this peptide 

has a broad spectrum of antimicrobial activity and is more potent than the naturally 

occurring magainins (magain2 and PGLa), forms an amphipathic -helical structure in 

lipid bilayers, and alters the conformation of the lipid headgroup upon binding.  

Representative dipolar coupling slices are given in Figure 3-4(A) to show the peptide- 
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Figure III-4. Representative slices along the dipolar coupling 

dimensions from SLF, PDLF, and PISEMA spectra. Frequency axes 

were corrected for the respective dipolar scaling factors k = 0.42 (SLF 

and PDLF) and 0.79   2 (PISEMA). 
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Figure III-5. Simulated (dashed lines) and experimental (solid lines) 
1
H-

13
C 

dipolar coupling spectra corresponding to C2 and  carbons of the DMPC 

molecule obtained using SLF, PDLF, and PISEMA pulse sequences. Only 

couplings to directly bonded protons are accounted for in the simulations. Frequency 

axes were corrected for the respective dipolar coupling scaling factors k = 0.42 (SLF 

and PDLF) and 0.79 (PISEMA). 
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a
 Absolute values of coupling constant |d| = [DCH + JCH/2], where JCH and DCH are the scalar 

coupling constant and motionally averaged dipolar coupling constant, respectively. 
b
 Full line 

width at half-maximum is given in parentheses. 
c
 d = Δν/(2k), where Δν is the spectral 

splitting and k = 0.42 is the scaling factor of the BLEW48 sequence. d = Δν/(2 2k) for CH2 

methylenes (except ) and d = Δν/(2k) for the CH pair (g2 site) and for the  site, where Δν is 

the spectral splitting and k = 0.79 is the scaling factor for the BB-PISEMA pulse sequence. 

 
Table III-1. 

1
H-

13
C Coupling Constants

a
 (Given in kHz) Measured from 

Magnetically Aligned DMPC/DHPC Bicelles (q = 3.5) at 37 °C Using Different 2D 

Solid-State NMR Techniques
b
 and Dipolar Couplings Measured Using the PDLF 

Technique from Bicelles (q ) 3.5) Containing 2 mol % and 10 mol % of Desipramine 



 

130 
 

induced changes in the structural order of the lipid.  The order parameters determined 

from the dipolar coupling values are given in Figure III-6(B).  All 
1
H-

13
C dipolar 

couplings are reduced, and therefore, the peptide binding increases the disorder in lipid 

bilayers even at 0.5 mole % peptide concentration.  On the other hand, this disorder is 

measurable using 
2
H experiments only for a concentration ≥ 1% of the peptide, as shown 

in a recent study.
71
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Figure III-6. (A) 
1
H-13

C dipolar coupling extracted from two dimensional PELF 

spectra from 3.5:1 DMPC:DHPC bicelles with 0 (bottom), 0.5 (middle), and 2 (top) 

mole % MSI-78. (B) The order parameter profile for DMPC determined from the 

dipolar coupling values. 

 



 

132 
 

III-2-5. Two Dimensional 13C-31P and 1H-31P Separated-Local-Field Experiments 

on Oriented Bicelles. 

    Other types of heteronuclear dipolar interactions, useful to quantify the order and 

conformation of the lipid headgroup and the glycerol moiety, are 
13

C-
31

P and 
1
H-

31
P 

dipolar couplings.  Some of the 
13

C-
31

P dipolar splittings can be identified in the 1D 
13

C 

spectrum (see Figure III-3, 1D spectrum on the top).  The splitting due to the 
1
H-

31
P 

dipolar interaction can be observed in a 2D experiment which correlates the 
1
H chemical 

shift and 
1
H-

31
P dipolar coupling evolution in the indirect dimension with the 

13
C 

chemical shift and 
13

C-
31

P dipolar coupling evolution in the direct dimension.  The RF 

pulse sequence is obtained from the 2D PELF sequence by removing the 
1
H refocusing 

pulse in the middle of the evolution period.  Note that no irradiation at the 
31

P frequency 

is required in this experiment.  Hence, a double resonance 
1
H-

13
C NMR probehead can be 

used.  (The decoupling of 
31

P spins to remove the coupling to 
31

P nuclei during the 

evolution and/or detection period may be useful to assist the spectral assignment.) 

    For a dipolar coupled heteronuclear three-spin system I-S-K (proton, carbon-13, and 

phosphorus-31 spin, respectively), the spin interaction Hamiltonians effective during the 

evolution (t1) and detection periods (t2) of this pulse sequence are 

 

(5) 

 

and 

 

(6) 

 

respectively.  Here, I and S denote the I and S spin chemical shift, and IK and SK are 

I-K and S-K dipolar coupling constants, respectively.  (J-couplings can be accounted for 

as additive constants to IK and SK).  During the I-S polarization transfer step, the spin-

locked component Ix or Iy is transferred to Sx for subsequent detection.  By performing the 

product operator calculation,
39

 the following observable time domain NMR signal is 

obtained  
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(7) 

 

After a double Fourier transformation, a 2D spectrum results with two peaks at frequency 

coordinates (I + IK, S + SK) and (I - IK, S - SK).  The projections on the 1 and 

2 frequency axes correspond to I-K and S-K dipolar coupling spectra, respectively. 

    In addition to providing the information on the 
1
H-

31
P dipolar couplings, this 

experiment increases the resolution of 
13

C-
31

P dipolar splittings as compared to the 1D 

13
C experiment.  This is because the different 

13
C-

31
P dipolar doublets overlapped in the 

1D 
13

C spectrum are well separated in a 2D plane due to the difference in the chemical 

shifts of protons to which a particular carbon is correlated.  

    Part of the 2D 
13

C-
1
H-

31
P correlation spectrum shown in Figure III-7 contains the 

resonances from the atoms in the head group and glycerol region. The 
1
H-

31
P couplings 

are easily recognized in the g2 and  signals, which appear as tilted doublets.  This tilt 

arises from simultaneous splittings by 
13

C-
31

P and 
1
H-

31
P interactions along the 

horizontal (direct dimension) and vertical (indirect dimension) axes, respectively.  

Similar splittings for the g3 and  sites were assigned by comparison to the peaks in the 

PELF spectrum.  Since in the PDLF spectrum the 
1
H-

31
P couplings are refocused at the 

end of the evolution period by the 
1
H 180° pulse, both doublet peaks are located on the 

same horizontal line in the bottom spectrum of Figure III-7.  Experimentally measured 

dipolar couplings are given in Table III-2.  Since 
13

C-
31

P and 
1
H-

31
P dipolar couplings are 

not between directly bonded nuclei, they could be very sensitive to the conformational 

changes in the headgroup region around the phosphorus site.  Therefore, the changes in 

the lipid headgroup conformation can be measured using this experimental approach.  

Spin pairs in the headgroup for which dipolar couplings were measured are indicated in 

Figure III-8(B). 

    Another significant advantage of this two dimensional NMR approach is in assigning 

and separating peaks in the 
13

C spectrum that otherwise overlap due to 
13

C-
31

P dipolar 

coupling.  This difficulty can be seen for g3 and  carbon sites, while the peaks from g2 

and  are assignable in pure bicelles but may not be possible in bicelles containing 

additives.  We expect this approach to be useful in the structural studies of membrane-

associated molecules and also in studies that utilize bicelles as an alignment medium. 
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    The 
1
H-

31
P dipolar couplings can also be measured in a more direct way by recording a 

2D 
31

P-
1
H PELF spectrum.  We performed such an experiment, and the dipolar coupling 

slices taken at the 
31

P resonances are shown in Figure III-9.  While the observed splitting 

for DMPC signal is generally consistent with the values given in Table III-2, the lines in 

Figure III-9 are broad and the individual dipolar coupling doublets are not resolved in 

contrast to the data from the 2D 
13

C-
31

P-
1
H experiment (Figure III-7). 

 

III-2-6. Topology of Desipramine. 

    An antidepressant, desipramine, was introduced into bicelles in order to study its effect 

on the heteronuclear dipolar couplings investigated above. DMPC/DHPC (q = 3.5) 

bicelles containing 2 and 10 mol % of desipramine were prepared.  
31

P chemical shift 

spectra (data not shown) were used to judge the alignment of samples as mentioned 

earlier, which were found to be of comparably high quality. 2D PELF experiments were 

performed on the desipramine/bicelle samples.  The 2D data (spectra not shown) 

consisted of well-resolved peaks, which enabled the measurement of 
1
H-

13
C dipolar 

coupling values for each carbon site; the values are given in Table III-1.  We have also 

performed similar experiments to understand the membrane interaction of polypeptides 

and proteins with bicelles (data not shown).  The presence of desipramine or other 

molecules did not alter the line width of dipolar spectral lines suggesting that the pulse 

sequence performs well when bicelles contain ligands such as drugs, peptides, and 

proteins.  Therefore, this method provides a straightforward and highly informative way 

to investigate the effect that such ligands have on lipid bilayer properties.  The 

experimental data obtained from desipramine-doped bicelles (Table III-1) consist of 

several interesting features that are worth noting. In the terminal carbons (C12, C13, and 

C14) of DMPC, the measured C-H dipolar coupling values decrease with the increasing 

desipramine concentration.  The response from carbons 2 to 11 of DMPC, as well as from 

the glycerol backbone carbons (g1 and g3), is more complex.  As a general trend, a slight 

decrease of dipolar couplings was observed in the sample with 2 mol % desipramine 

incorporated.  In contrast, when the desipramine concentration was increased to 10 

mol %, the 
1
H-

13
C dipolar couplings in this region generally are increased above the 

values observed in pure bicelles.  In the choline headgroup region, the  carbon site  
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Figure III-7. Contour plot of the headgroup and glycerol region of the 2D 
13

C-
1
H 

correlation spectrum (top). The tilted dipolar doublets are indicated by solid lines. 

The doublets are due to 
13

C-
31

P and 
1
H-

31
P dipolar interactions resulting in splittings 

of the 
13

C-
1
H cross-peaks along the horizontal axis and vertical axis, respectively. 

The experimental conditions are as mentioned for the PDLF spectrum in Figure III-3. 

Comparison to the 
13

C-
1
H PDLF spectrum (bottom) was used to assign the peaks. 
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Table III-2. 
13

C-
31

P and 
1
H-

31
P Dipolar Couplings (Given in Hz (10 Hz) Measured 

from Magnetically Aligned DMPC/DHPC Bicelles (q = 3.5) at 37 °C 
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Figure III-8. (A) A two dimensional correlation (Hetero Nuclear Correlation, 

HETCOR) spectrum of 
13

C chemical shift and 
13

C-31
P dipolar coupling (y-axis) 

with the 
1
H chemical shift and 

1
H-31

P dipolar coupling (x-axis) of 3.5:1 

DMPC:DHPC bicelles (left).  The 
1
H-31

P dipolar split peaks of , , g2, and g3 are 

connected by a green line.  (B) The measured 
1
H-31

P (blue) and 
13

C-31
P (red) dipolar 

couplings in DMPC lipid molecule are highlighted. 
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Figure III-9. Cross sections from the 2D 
31

P-
1
H PDLF spectrum at the chemical 

shift of the 
31

P resonance in DMPC and DHPC molecules. 64 transients were 

accumulated for each of 32 points in the t1 dimension with an increment time of 2300 

s. 
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shows a linear decrease of 
1
H-

13
C dipolar coupling, while the 

13
C-

1
H dipolar coupling 

increases with the desipramine concentration.  The  position shows a very slight increase 

in dipolar coupling, analogous to the  position.  The complex response of the upper acyl 

chain and the glycerol backbone regions of the DMPC bilayer to the incorporation of 

desipramine could be further confirmed by 
13

C-
31

P and 
1
H-

31
P SLF experimental results.  

The 
13

C-
31

P and 
1
H-

31
P dipolar coupling values measured from the desipramine/bicelle 

samples are given in Table 2.  For none of the observable carbon sites (, , g2, g3) was a 

linear change of the dipolar splitting with the desipramine content observed. 

    The above-mentioned experimental findings can be rationalized as follows.  The 

desipramine molecule consists of a hydrophobic tricyclic “core” segment and an aliphatic 

“side chain” that carries a positive charge on a secondary amine (Figure III-10).  An 

incorporation of this molecule into lipid bilayers has to accommodate the amphiphilic 

properties of the molecule.  Most likely, the bulky hydrophobic tricycle will partition into 

the hydrophobic portion of the lipid bilayer, while the hydrophobic polar side chain will 

reach (or “snorkel”) into the hydrophilic headgroup region of lipids.  An earlier 
14

N NMR 

study indeed found the desipramine molecule to be located near the headgroup region in 

lipid bilayers.
67

  Since the hydrophobic region of desipramine is bulky and rather short 

when compared to the DMPC molecule, such an arrangement in the interface between 

hydrophobic and hydrophilic bilayer regions will affect DMPC molecules in bilayers.  

Figure III-10 shows both molecules in comparison; striking differences in their size and 

shape are evident.  The presence of desipramine would most likely restrict DMPC 

molecules in their upper acyl chain and glycerol backbone regions, while the terminal 

segments of a DMPC molecule would experience a reduced steric hindrance resulting in 

an increased segmental mobility.  These considerations are in full agreement with the 

experimental data reported in this study.  An increase in the mobility in the terminal acyl 

chain carbons would result in decreased 
1
H-

13
C dipolar coupling values, as observed.  A 

strong interaction of desipramine with the upper acyl chain and glycerol backbone 

carbons of DMPC is reflected in the nonmonotonous response of the observed 
1
H-

13
C 

dipolar couplings (Table III-1), as well as 
13

C-
31

P and 
1
H-

31
P dipolar couplings (Table III-

2), to desipramine content. 
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    In the headgroup region of DMPC, the observed 
1
H-

13
C dipolar couplings can be 

interpreted in terms of desipramineinduced changes in the headgroup dynamics and/or 

conformation.  Any changes in the dynamics of the lipid headgroup would have the same 

effect on both  and  carbon sites, and the 
1
H-

13
C dipolar couplings at both sites would 

be expected to change in the same direction.  Therefore, the measured counterdirectional 

changes in the 
1
H-

13
C dipolar couplings at  and  carbon sites cannot be explained 

solely by the changes in the dynamics of the headgroup.  On the other hand, these results 

can be explained in terms of a conformational change in the phosphocholine headgroup 

of DMPC.  Previous NMR studies have shown that the addition of a cationic amphiphile 

to lipid bilayers can move the N
+
 end of the lipid‟s P

-
-N

+
 dipole toward the water phase 

of the bilayer, whereas an anionic amphiphile has the opposite effect.
9,68-70

  Since the 

desipramine side chain is positively charged, it could repel the N
+
 end of the P

-
-N

+
 dipole 

vector that would move the dipole toward the water phase of the bilayer.  This would 

alter the conformation of the phosphocholine headgroup of the DMPC molecule.  This 

interpretation is in excellent agreement with a previous 
14

N NMR study that reported a 

significant reduction in the 
14

N quadrupole coupling due to the electrostatic interaction 

between the positively charged N-H group of the drug and the C=O and P-O
-
 groups of 

the DMPC molecule.
67

  This interaction causes the lipid head group to move toward the 

water phase of bilayers, thereby increasing the symmetry at the 
14

N nucleus of the choline 

group and decreasing the quadrupolar interaction.
67

  In addition, our interpretation is in 

good agreement with previous 
2
H NMR studies that reported the effects of cations

68
 and 

cationic peptides
9,70

 on the conformation of the lipid headgroup. 
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Figure III-10. Molecular structures of desipramine (left) and DMPC (right). 
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III-3. Comprehensive Analysis of Lipid Dynamics Variation with Lipid 

Composition and Hydration of Bicelles Using NMR Spectroscopy 

    As we discussed in previous sections, bicelles are rapidly becoming an important class 

of biomembrane mimics used in the high-resolution structural studies of membrane 

proteins.
1-4

  Bicelles are a fascinating category of versatile and robust lipid assemblies 

that bridge the gap between micelles and lipid vesicles.  One of the often-exploited 

features of bicelles is their propensity to spontaneously align in the presence of an 

external magnetic field.
5-7

  This macroscopic alignment enables one to acquire high-

resolution solid-state nuclear magnetic resonance (NMR) spectra while retaining various 

essential anisotropic interactions, such as dipolar coupling, chemical-shift anisotropy 

(CSA), and quadrupole coupling, which are rich in dynamic and structural information.
8-

10
  The easy and quick preparation of bicelles, in conjunction with their excellent filling 

factor in a NMR RF coil for better sensitivity, enable one to address some of the complex 

problems related to biological membranes at atomic-level resolution.  The magnetic 

alignment of bicelles can be maintained over a reasonable range of physiological 

conditions, making bicelles an attractive class of model membranes for studies of 

structure, dynamics, molecular imaging, and functional properties of a variety of exciting 

biological systems, such as antimicrobial peptides, amyloid peptides, toxins, fusion 

peptides, membrane proteins, and membrane-binding pharmaceutical compounds.
10-13

 

    While bicelles display many features comparable to a lipid bilayer, they differ in 

several aspects, such as compositions and morphology.  Bicelles are primarily composed 

of a mixture of long- and short-chain lipids, such as 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) 

(Figure III-11).  They exhibit a wide spectrum of fascinating yet controversial 

morphologies, ranging from perforated lamellae to giant worm-like micelles, as dictated 

by sample conditions, such as the q ratio (q=[DMPC]/[DHPC]), temperature, and lipid 

composition.
14-18

  Over the years, the morphology of bicelles has been exhaustively 

investigated using 
2
H and 

31
P NMR spectroscopy.

6,19-21
  Despite the fact that bicelles have 

become an excellent platform for functional reconstitution of membrane proteins, a 

complete mapping of lipid dynamics that correlates all three regions (head-group, 

glycerol, and acyl chains) of bicelles as a function of the q ratio, temperature, and 
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hydration remains to be elucidated.  These parameters are essential for formulating a 

proper bilayer environment for relevant biological studies of membrane proteins.  In 

previous studies, the effect of hydration has shown to be highly critical in maintaining 

bilayer fluidity, which facilitates proper functioning of membrane proteins.
22,23

  For 

example, many signaling proteins rely on the membrane fluidity for signal transduction 

and domain formation in the plasmamembrane.
22

  In addition, q ratios and temperatures 

can strongly influence the dynamics of lipids in bicelles and may alter their interactions 

with other membrane constituents.  Therefore, to effectively use bicelles for NMR 

structural studies, an optimization of these parameters is essential and an understanding 

of how the three lipid regions are correlated with each other as a function of these 

parameters is an important first step in formulating a suitable bilayer environment for 

biophysical applications.
17,24-27 

 

    Separate-Local-Field (SLF) experiments, such as polarization inversion spin exchange 

at the magic angle (PISEMA), broadband PISEMA, heteronuclear isotropic mixing 

leading to spin exchange via the local field (HIMSELF), or heteronuclear rotating-frame 

leading to spin exchange via the local field (HERSELF), and SAMMY, which correlate 

heteronuclear dipolar couplings with chemical shifts while suppressing the dominant 

dipolar couplings among protons, are employed in solid-state NMR studies of membrane 

proteins embedded in aligned lipid bilayers.
9,10,28,29

  Experimentally measured 

heteronuclear dipolar couplings can provide atomic-level detailed information regarding 

segmental mobility and orientation of molecules.
9,10,30-32

  The order parameter gives a 

measure of the mobility of a chemical bond in a molecule with respect to a molecular 

frame and can be determined from the observed dipolar coupling  Dij  values using the 

following equation: 

 

(1) 

 

where (2) 

 

Dij is the static dipolar coupling between nuclei i and j, Sij is an order parameter (0   Sij   

1), and θ is the angle between the i-j internuclear vector and the external magnetic field  
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Figure III-11. Schematic representations of lamellar phase bicelles. (A) Schematic 

representation of the perforated lamellae morphology of magnetically aligned 

DMPC/DHPC bicelles consisting of both planar and high-curvature regions. DMPC 

and DHPC molecules are represented by the yellow and red colors, respectively. (B) 

Schematic representation of DHPC undergoing fast exchange between the planar and 

highly curved toroidal pore regions, as indicated by the arrows. 



 

145 
 

axis.  While most SLF pulse sequences can be used to measure dipolar couplings on 

aligned samples, rotating-frame pulse sequences, such as HIMSELF, have been shown to 

provide superior resolution in the heteronuclear dipolar coupling dimension of a 2D SLF 

spectrum and, hence, commonly used in the structural studies of membrane proteins.
11,12

  

On the other hand, these rotating-frame SLF sequences provide higher resolution by 

suppressing weak heteronuclear dipolar couplings, which are essential for the present 

study on bicelles.  To overcome this problem, a variation of a SLF pulse sequence called 

proton-evolved-local-field [PELF, also called as proton-detected local field (PDLF), but 

protons are not detected in the present study]
31

 experiment was successfully applied in a 

high-resolution NMR study of magnetically aligned bicelles and provided a 

comprehensive mapping of lipid dynamics at each carbon position, from the head-group 

to the acyl chains, in response to various ligands.
9,10

  It has been shown that this 2D PELF 

technique is capable of providing high-resolution 
13

C-
1
H dipolar coupling spectral lines at 

the natural abundance of 
13

C nuclei and also enables the measurement of multiple 

couplings associated with a single carbon site.
10

  Therefore, we chose to use this PELF 

technique for the present study to accomplish a complete mapping of lipid dynamics as a 

function of the q ratio, hydration, and temperature of bicelles.  Unlike the requirement of 

deuterated lipids for deuterium NMR studies, PELF measurement can be carried out on 

normal lipids with the natural abundance of 
13

C and can also be used to measure long-

range C-H dipolar couplings.
10,28

 

 

III-3-1. Experimental Procedure 

Materials.  

    DMPC and DHPC were purchased from Avanti Polar Lipids, Alabaster, AL, and used 

without further purification.  All other biochemicals and reagents used in this study were 

purchased from Sigma-Aldrich, St. Louis, MO.  

Preparation of Bicelles.  

    Bicelles were prepared with a desired amount of lipid in buffered D2O.  The ratio q 

was calculated as moles of DMPC per mole of DHPC.  A typical preparation involved 

dissolving the desired quantities of DMPC and DHPC in buffered D2O solution (10 mM 

Tris at pH 7.4 and 150 mM NaCl), followed by a series of cycles of freezing, thawing, 



 

146 
 

and gentle vortexing until a clear solution, was obtained.  The solution was then stored at 

4 
o
C for up to 24 h before use.  

NMR Spectroscopy.  

    NMR experiments were carried out on a Chemagnetics/Varian Infinity 400MHz solid-

state NMR spectrometer using a 5 mm double-resonance magic-angle spinning probe 

under static sample conditions.  About 150-200 mg of bicelles was loaded in a 

5mmNMRglass tube of 4 cm length, and the tube was closed tightly with a Teflon tape 

and a cap.  The sample was then equilibrated for about 30 min in the magnet at the 

desired temperature prior to signal acquisitions.  
31

P chemical shift spectra were recorded 

using the Hahn echo (90
o
-τ-180

o
-τ acquire) experiment with a 90

o
 pulse length of 5 μs, an 

echo delay of 100 μs, and under a 15-25 kHz continuous-wave proton decoupling.  A 

total of 32 transients were sufficient to acquire reasonable signal-to-noise ratio 
31

P 

chemical-shift spectra of well aligned samples, while about 64 scans were acquired for 

relatively poorly aligned samples.  The chemical-shift scale was referenced by setting the 

31
P chemical-shift peak from phosphoric acid (H3PO4) to 0 ppm at 37 

o
C.  A ramped-

cross-polarization (ramp-CP) sequence with a contact time of 5 ms was used to record the 

1D 
13

C chemical-shift spectra under proton decoupling using various decoupling 

sequences for a comparative study, while the flip-flop spectroscopy (FLOPSY)-8
48

 

multiple pulse sequence was used in our experiments because it provided the best 

resolution.  The 2D PELF spectra were obtained using 64 t1 experiments, 64 scans, a 5 s 

recycling delay, and a 20 kHz 
1
H decoupling. 

 

III-3-2. 31P Chemical-Shift Spectra of Magnetically Aligned Bicelles as a Function 

of the q Ratio. 

    
31

P NMR spectroscopy is a convenient and reliable tool commonly used to assess the 

quality of bicelles alignment and the angle between the bilayer normal and the applied 

magnetic field.
20

 Parts A and C of Figure III-12 show a series of 
31

P chemical-shift 

spectra as a function of the hydration and q ratio obtained at 35 
o
C, and Figure III-12B 

shows a series of 
31

P spectra obtained as a function of the temperature of the sample.  In 

these spectra, two well-resolved resonances corresponding to DMPC and DHPC were 

observed.  These spectra are typical of magnetically aligned bicelles, as shown in 
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previous studies.
6,20

  The low- and high-field peaks are assigned to DMPC and DHPC, 

respectively.  The chemical-shift frequency of the DMPC peak corresponds to the 

perpendicular shoulder of the 
31

P CSA powder pattern of DMPC in the liquid-crystalline 

phase, indicating that magnetic alignment of bicelles was indeed achieved.  The 

difference between the chemical-shift values of DHPC and DMPC is the direct 

consequence of the difference in their residual CSA spans.  DHPC molecules in bicelles 

are highly mobile compared to DMPC; DHPC molecules undergo a fast exchange 

between the planar regions and the toroidal-pore regions of bicelles, whereas the DMPC 

molecules are confined to the planar region of the bilayer as shown in Figure III-11. This 

mobility scales down the CSA of DHPC, leading to a smaller absolute chemical-shift 

value, as seen in Figure III-12.   

    
31

P chemical shifts of both DMPC and DHPC measured as a function of the q ratio, 

hydration, and temperature are consistent with the results reported in previous studies.  

With the increasing q ratio, the observed chemical-shift frequency of DMPC 

progressively increased from -11.25 to -13.46 ppm, while that of DHPC increased from -

5.31 to -6.79 ppm.  A similar but gradual trend was observed in the chemical-shift values 

of DMPC and DHPC as a function of the hydration level and temperature of bicelles.  

The chemical-shift values of both DMPC and DHPC decrease as hydration increases and 

plateau for hydration levels greater than 60%.  On the other hand, the 
31

P chemical shifts 

of both DMPC and DHPC increase as a function of the temperature and are consistent 

with previous studies.  The changes in the observed 
31

P chemical-shift value as a function 

of the q ratio, temperature, and hydration are a manifestation of the scaling of the bicelles 

order parameter Sbicelles.
6
  Sanders et al. first introduced the Sbicelles order parameter as a 

measure of the additional local “wobbling” effect experienced by a phospholipid within 

the bicelle relative to a unoriented bilayer.
6
  The Sbicelles parameter is calculated from 

the 
31

P residual CSA using the following equation: 

 

(3) 

 

where δobs is the observed 
31

P chemical-shift frequency, δiso is the isotropic chemical shift, 

and δ90 is the perpendicular edge frequency of the 
31

P CSA powder pattern spectrum of  
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Figure III-12. 
31

P chemical-shift spectra of magnetically aligned bicelles for 

various (A) hydration levels with q = 3.5 at 37
o
C, (B) temperatures with q = 3.5 

and 77% hydration, and (C) q ratios at 37
o
C with 77% hydration. 

31
P  pectrumof 

partially aligned bicelles is given at the bottom of A for  0%hydration (spectra of 

bicelles with 50 and 40% hydration levels are similar), and that of 

unalignedmultilamellar vesicles (MLVs) is given at the bottom of C for 63%hydration 

at 37 
o
C. The hydration level is given in (w/v)% of water. 
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unaligned DMPC in the liquid-crystalline phase.  Sbicelles values of bicelles are 

summarized in Tables III-3. 

    
31

P spectra at relatively low hydration levels show significant deviation from the 

typical 
31

P NMR spectrum of magnetically aligned bicelles.  Poor alignment of bicelles 

was observed at 50 and 40% hydration levels.  In these samples, a broad powder pattern, 

such as 
31

P line shape, was observed, indicating the presence of unaligned lipids.  Under 

these conditions, bicelles most likely exhibit an ellipsoidal morphology with a dispersion 

of 
31

P chemical shifts, which is commonly observed for bicelles at high q ratios.
21,33

  The 

lack of alignment at these hydration levels can be attributed to numerous factors; 

however, the most likely factor under these circumstances is the sample viscosity.  The 

kinetic of bicelles alignment is a function of two intrinsic parameters: the size of 

aggregates and the sample viscosity.  Because of low hydration levels for these samples, 

they exhibit the highest viscosity, preventing them from proper magnetic alignment and 

leading to a mosaic spread of bicelle orientations.  Therefore, a broad 
31

P chemical-shift 

spectrum was observed for these samples. 
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Table III-3. Sbicelle Order Parameter of DMPC and DHPC Molecules Determined 

from NMR Experiments on Magnetically Aligned Bicelles at Different 

Temperatures  

 

Table III-4. Sbicelle Order Parameter of DMPC and DHPC Molecules Determined 

from NMR Experiments on Magnetically Aligned Bicelles at Different 

Hydration Levels  

 

Table III-5. Sbicelle Order Parameter of DMPC and DHPC Molecules 

Determined from NMR Experiments on Magnetically Aligned Bicelles at 

Different q Ratios  
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III-3-3. Two Dimensional PELF Spectra of Magnetically Aligned Bicelles. 

    A 2D PELF experiment was used to measure 
13

C-
1
H dipolar couplings from 

magnetically aligned bicelles.  A typical 2D PELF spectrum that correlates 
13

C-
1
H 

dipolar couplings with 
13

C chemical shifts is shown in Figure III-13A for bicelles with q 

= 3.5 at 35 
o
C.  Each representative 

13
C-

1
H dipolar-coupling slice corresponds to a 

specific carbon site of a phospholipid in bicelles.  The 2D spectrum exhibits well-

resolved doublets in the indirect frequency dimension, corresponding to the combined 

dipolar and scalar couplings between 
13

C and 
1
H spins.  A 1D 

13
C chemical-shift 

spectrum of bicelles is also shown; a significant overlap of resonances, especially for the 

C4-C11 region of acyl chains, was observed.  Interestingly, these resonances are resolved 

in the 2D spectrum.  Because experimental conditions were optimized for the observation 

of resonances from DMPC, 
13

C NMR resonances from DHPC were not readily observed.  

In the PELF spectrum, multiplets with small splittings were observed because of 

interactions between 
13

C and remote protons.
9,10

 

    Interestingly, additional dipolar couplings were observed for carbons in the head-group 

and the glycerol moiety of lipids. A 2D 
13

C/
1
H heteronuclear chemical-shift correlation 

spectrum of bicelles is shown in Figure III-13B, with resonances only from the glycerol 

and head-group regions displayed.  The doublets observed in the spectrum are the direct 

consequences of the dipolar interactions between 
13

C-
31

P nuclei.
6,34,35

  The 
13

C-
13

P dipolar 

couplings were observed for carbons in these regions (that is for g1, g2, g3, C, and Cβ 

carbon sites) because they are geometrically in close proximity with the 
31

P nucleus of 

the phosphate headgroup.  However, for the Cγ of the choline head-group, no 
13

C-
13

P 

dipolar coupling was observed.  This is mainly due to the large distance separation 

between Cγ and 
31

P nucleus.  In general, dipolar couplings associated with the C and g3 

carbons are the largest among all measured. 

 

III-3-4. Lipid Order Parameters as a Function of the q Ratio. 

    Dipolar couplings are sensitive to the motional properties of lipids in a bilayer 

membrane and can provide valuable dynamic information.  The order parameter of C-H 

bonds (SCH) in the acyl  
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Figure III-13. (A) 
13

C chemical-shift spectrum (left), a 2D PELF spectrum 

(middle) that correlates the 
13

C chemical shifts (vertical dimension) and 
1
H-

13
C 

dipolar coupling (horizontal dimension), and individual 
1
H-

13
C dipolar coupling 

slices (right) of q = 3.5 magnetically aligned bicelles with 77% hydration level 

[given in (w/v)% of water] at 37
o
C. The details on the pulse sequence used in these 

experiments can be found elsewhere.
8
 The acquisition parameters used to obtain these 

spectra are 64 scans, 200 t1 points with an increment time of 384 μs, a recycle delay of 

5 s, a 31 kHz 
1
H RF field strength during t1, and a 3.0 ms CP contact time. (B) 

2DPELF spectrum showing distinct doublets for g2, C, and Cβ carbons because of 

residual 
13

C-
31

P dipolar couplings. 
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chains of DMPC can be determined from the residual 
13

C-
1
H dipolar couplings measured 

from 2D PELF spectra of bicelles.  PELF experiments were performed on bicelles under 

various conditions to understand the effects of the q ratio, hydration level, and 

temperature.  The data were processed and interpreted as discussed above.  The SCH 

values are given in Figure III-14 for all carbon sites of DMPC in bicelles for different q 

ratios, hydration levels, and temperatures.  Because the C-H order parameters are 

determined from the experimentally measured C-H dipolar coupling values, the accuracy 

of SCH values strongly depends upon the resolution of 2D PELF spectral lines in the C-H 

dipolar coupling dimension.  As can be seen from the spectral slices provided in Figure 

III-14, the lines are narrow, with the full width at half-maximum varying from ∼50 Hz 

(119 Hz after taking the scaling factor of the BLEW-48 multiple pulse sequence in the t1 

period into account) to 111Hz (264Hz after the inclusion of the scaling factor).  Therefore, 

the reported SCH values are of high accuracy. 

    Here are some common features among the plots of SCH values.  The magnitude of SCH 

homogenously decreases along the acyl chains of lipids, reflecting an increase in the 

overall motions down the acyl chains, which is consistent with previous 
2
H NMR studies.  

Similarly, the head-group moiety of lipids also displayed a similar trend.
19,36

  Because of 

the rapid rotation of the methyl group, the residual dipolar coupling associated with Cγ is 

projected along an additional director axis of motion defined by the methyl rotor, leading 

to a lower SCH value for Cγ relative to that of C and Cβ.  Interestingly, the order 

parameter associated with Cβ is significantly higher than that of C of the choline 

headgroup.  This can be attributed to a higher range of motions experienced by C, while 

themotions around the Cβ are restricted by the electrostatic interaction between the 

positively charged nitrogen and the negatively charged phosphate group. As such, this 

interaction will significantly hinder motions around the Cβ-N bond, leading to a higher 

order parameter, as observed for Cβ.  Furthermore, the order parameters associated with 

glycerol carbons display a gradual decrease from positions g3 to g1.  The glycerol section 

of a lipid bilayer is highly viscous because of an extensive network of hydrogen bonds 

near the water-membrane interface; this will considerably hinder the overall motions of 

the C-H bond at the g3 position, leading to a higher SCH value relative to that of g1, which 

is buried closer to the hydrophobic core of the membrane. 
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Figure III-14. Order parameter of bicelles. The order parameter profile determined 

from experimentally measured 
1
H-

13
C dipolar coupling values at different (A) q ratios 

at 37 
o
C with 77% hydration level [given in (w/v) % of water], (B) temperatures with q 

= 3.5 and 77% hydration, and (C) hydration levels with q=3.5 at 37
o
C. Selective 

regions of 2D PELF spectra for g3, g2, C, Cβ, Cγ, C3, and C13 carbons at two different 

temperatures of 37
o
C (black) and 45

o
C (red) are given in parts D-G. 
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    The dependence of SCH upon the q ratio and hydration level is gradual, but interestingly, 

only specific regions, in particular, near the water-membrane interface, are significantly 

affected.  In general, the SCH values vary proportionally to both the q value and the extent 

of hydration, indicating an overall increase in the Sbicelles value.  However, one should be 

cautious when examining the order parameter at a very low hydration level, for example, 

40%, because of the poor alignment of the bicelles (data not included).  Because of the 

rapid motion exhibited by the terminal methyl groups of the acyl chains and the head-

group, these regions are reasonably insensitive to the additional local “wobbling” effect 

in bicelles, as defined by the Sbicelle value.  Therefore, their SCH order parameters remain 

relatively constant as a function of both the q ratio and hydration level.  In contrast, the 

region near the water-membrane interface, where an extensive network of hydrogen 

bonds considerably hinders motions, will be particularly sensitive to the local wobbling 

effect of bicelles, leading to a gradual dependence of SCH upon the q ratio.  On the other 

hand, the dependence of SCH values upon the hydration level of bicelles is only moderate 

at best because all of the plots in Figure III-14C virtually overlap with each other. 

    Interestingly, the SCH values vary differently at different regions of the bilayer as a 

function of the temperature of bicelles: the SCH values of carbon sites in the acyl chains 

uniformly decrease as the temperature increases, while SCH values in the head-group and 

glycerol moieties increase as the temperature increases.  This could be a consequence of 

the dynamical difference exhibited at different regions of the lipid bilayer.  The SCH 

values homogeneously decrease in the acyl chain region as a function of the temperature, 

indicating an increase in the motion of acyl chains of lipids from the additional thermal 

energy.  In contrast, the SCH values of the head group moiety are inversely proportional to 

the temperature, which can be attributed to the combined effects of water dynamics and 

an increase in the Sbicelles order parameter value.  Representative PELF spectra for carbon 

positions g3, g2, C, Cβ, Cγ, C3, and C13 at 37 and 45 
o
C are shown in parts D-G of Figure 

III-14.  These spectra showa clear difference in the 
13

C-
1
H dipolar couplings at two 

different temperatures.  In addition, the increase in the 
13

C chemical shift of these 

resonances is indicative of an increase in their overall Sbicelles order parameter as the 

temperature of the sample increases.  The hydration shell close to the surface of the lipid 

bilayer is highly dynamic in nature: water molecules exchange rapidly between the bound 



 

156 
 

and free states.  The increase in temperature depletes this hydration shell around the 

bilayer because of an increase in kinetic energy, which prompts water molecules to be in 

the free state, leading to dehydration of the membrane surface.  Therefore, this effect can 

increase the ordering of the head-groupmoiety (particularly in the glycerol region) as 

evident in the raise of the SCH order parameter.
37-40

  In addition, an increase in 

temperatures also increases the value of Sbicelles, as evident in numerous studies in the past.  

At high temperatures, the DHPC becomes miscible with DMPC, which reduces the 

surface area of perforations and local “wobbling” motions of the bicelle.  Therefore, a 

higher Sbicelles value or 
1
H-

13
C dipolar coupling is observed.  

    Interestingly, additional heteronuclear dipolar couplings, particularly 
13

C-
31

P couplings 

(DCP), are observed in the glycerol and head-group regions of the bicelle.  These 

couplings provide specific details regarding the motions and dynamics at the water 

membrane interface.  In general, the magnitude of DCP varies proportionally with the q 

ratio, as shown in Figure III-15, similar to that of 
13

C-
1
H dipolar couplings observed in 

this study, which is a manifestation of the global Sbicelles order parameter.  Furthermore, 

the effect of hydration has a rather complicated effect on the observed values of DCP, 

particularly at Cβ and g3 carbons, as shown in Figure III-16. 

    In general, an increase in the hydration level reduces the ordering of bicelles, 

particularly in the head-group region, and is consistent with previous 
2
H NMR studies.

40
  

The profound sensitivity of DCP at the Cβ and g3 carbon positions can be attributed to 

their local motions and dynamics.  Motions at the site of Cβ are highly restricted because 

of the electrostatic interactions associated with the P
-
-N

+
 dipole.  Therefore, any change 

in the ordering of this dipole will have a dramatic impact on the local dynamics around 

Cβ, which results in a notable change in its DCP value.  Furthermore, the sensitivity of 

DCP at the g3 position is attributed to the ordering of water at the membrane surface.  An 

increase in hydration reduces ordering of water at the bilayer surface and ultimately 

influences the local dynamics at the glycerol region, particularly near g3 because of its 

close proximity to the network of hydrogen bonding at the surface-membrane surface.  

Therefore, a change in the hydration of bicelles leads to a profound change in the value of 

DCP at the g3 position. 
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III-3-5. Discussion. 

    Dynamics of lipids in bicelles are crucial in producing a native bilayer environment for 

in-depth biophysical studies of membrane-associated amphiphiles, in particular, 

membrane proteins.  In previous studies, the basic dynamics of both head-group and acyl 

chains were extensively investigated using 
2
H NMR experiments.  However, the intricate 

relationship between the dynamics at different regions of the bilayer under various 

sample conditions remains an issue that requires attention.  In this study, we have 

revealed the complex influence of the q ratio, hydration level, and temperature on the 

motion of lipids in bicelles using both 
13

C-
1
H and 

13
C-

31
P dipolar couplings.  The order 

parameter, which is a measure of motions, was carefully extracted from the dipolar 

coupling for different regions of the lipid.  In general, the basic behavior of order 

parameters in the acyl chains as a function of the q ratio, temperature, and hydration is 

consistent with previous 
2
H NMR studies.  Surprisingly, the glycerol region of the bilayer 

is extremely sensitive to the conditions of bicelles compared to other regions of the 

bilayer.  Because of an extensive hydrogen-bonding network in the water-membrane 

interface, the motional freedom at the glycerol region is profoundly restricted, such that 

larger order parameters are observed in this region. 

    The phosphocholine head-group is highly flexible and exhibits a wide range of 

orientations that can be determined using 
13

C-
1
H dipolar couplings from different carbon 

positions, C, Cβ, and Cγ, along the phosphocholine moiety.  For a lipid molecule in the 

liquid-crystalline phase undergoing a rapid anisotropic rotation about its long axis, many 

anisotropic interactions, such as dipolar coupling and chemical-shift anisotropy, are 

projected along this director axis of motion and only the motionally averaged values of 

these nuclear spin interactions influence the observed NMR spectrum.  Interestingly, the 

motions of the phosphocholine moiety will have an additional averaging effect on the 

magnitude of nuclear spin interactions exhibited in the choline head-group.  Therefore, 

the 
13

C-
1
H dipolar couplings associated with C and Cβ are motionally averaged along 

two different director axes: the long axis of the lipid and an axis defined by the 

phosphocholine moiety.  For Cγ, its 
13

C-
1
H dipolar coupling is motionally averaged along 

an additional director axis defined by the methyl rotor.  The orientation of the different 

director axiswith respect to the external magnetic field is shown in Figure III-17. 
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Figure III-15. Plot of experimentally measured 
13

C-
31

P dipolar couplings from 

magnetically aligned bicelles at 37
o
C with 77% hydration level [given in (w/v) % of 

water] and q ratios (black circle) 2.7, (red circle) 3.5, and (green inverted triangle) 4.3 

at g2, g3, C, and Cβ carbons. 
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Figure III-16. (A) Plot of experimentally measured 
13

C-
31

P dipolar couplings 

as a function of the hydration level [given in (w/v)%of water] for (black circle) 

g2, (red circle) g3, (blue square) C, and (green square) Cβ carbons from bicelles 

with a q ratio of 3.5 at 37 
o
C. (B) 2D 

1
H/

13
C chemical-shift correlation spectrum 

that shows the dipolar couplings among 
13

C and 
31

P nuclei at 40% (red) and 70% 

(black) hydration level [given in (w/v)% of water]. Line broadening because of 

poor alignment of bicelles at 40% hydration and a significant increase in 
13

C-
31

P 

dipolar couplings at a higher hydration level are evident from the 2D spectrum. 
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    The angle of the phosphocholine head-group with respect to the surface of the bilayer 

is summarized in Tables III-4 for different q ratios, temperatures, and hydration levels.  

    The average angle    between the phosphocholine moiety with respect to the bilayer 

surface is ∼30
o
 and is consistent among the series of q ratios, indicating that changes in 

the observed dipolar couplings in the head-group moiety are indeed due to the Sbicelles 

order parameter and not because of the reorientation of the headgroup.  Furthermore, the 

values of    that we obtained from measured dipolar couplings are consistent with 

observations reported in the literature.
35,37,39,41

  Because of the dynamic nature of the 

phosphocholine head-group, the value of    is not unique, rather a collection of values 

is observed; however, the head-group prefers to be in close proximity to the bilayer 

surface because of an electrostatic interaction associated with the P
-
-N

+
 dipole.  This 

result is consistent with the crystal structure of POPE and small angle neutron scattering 

studies, where the P
-
-N

+
 dipole is seen to be approximately perpendicular to the bilayer 

normal.
39,42

  Interestingly, the effect of temperature has a minimal impact on lipid head-

group orientations.  The value of   , defined as the angle between the choline lipid 

head-group and the bilayer surface (Figure III-17), does not significantly vary with 

temperature.  Therefore, the increase in the observed dipolar couplings in C and Cβ 

positions is a consequence of an increase in the Sbicelles order parameter.  Similar trends 

are observed for the effect of hydration on the head-group moiety.  The values obtained 

for    are constant among various hydration levels, indicating the changes in the 

dipolar couplings are due to an increase in the ordering of the head-group region.  At the 

lowest hydration level of 50%, which corresponds to 37 water molecules per lipid, the 

surface of the bilayer still remains properly hydrated and well above the critical number 

of 25 water molecules per lipid; in fact, only when the number of water molecules per 

lipid is < 18 should one expects a reorientation of the head-group moiety.
40

  Therefore, at 

these hydration levels, it is not surprising that the orientation of the lipid head-group 

remains relatively constant. 
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Figure III-17. Orientation of the choline head-group of DMPC is represented, by 

two angles υ and υ + θ, with respect to the director of the lipid (d) and the external 

magnetic field axis (B0). The relationship between υ and  is j = 90
o
 - ; υ is the angle 

between the bilayer surface and the choline lipid head-group. 
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Table III-6. Angle  (in Degrees) Calculated from Experimentally Measured 
13

C-
1
H Dipolar Couplings at Different Carbon sites of DMPC Head-Group in Bicelles 

of Different q Ratio 

 

Table III-7. Angle  (in Degrees) Calculated from Experimentally Measured 
13

C-
1
H Dipolar Couplings at Different Carbon sites of DMPC Head-Group in 

Bicelles of Different Temperatures 

 

Table III-8. Angle  (in Degrees) Calculated from Experimentally Measured 
13

C-
1
H Dipolar Couplings at Different Carbon sites of DMPC Head-Group in 

Bicelles of Different Hydration Levels 
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    Both the q ratio and the hydration level exert similar effects on the dynamics of 

bicelles: they mainly influence the global Sbicelles order parameter.  This order parameter 

influences each region of the bilayer equally; most changes observed in the dipolar 

coupling as a function of either the q ratio or hydration level can be attributed to a change 

in this parameter.  In contrast, the influence of the temperature has a differential effect on 

the dynamics of lipids at different regions of the bilayer.  The SCH order parameter scales 

inversely with the temperature as motions in the acyl chains increase.  The increase in the 

thermal kinetic energy translates to a higher degree of overall motion in the acyl chains, 

leading to a significant decrease in the order parameter.  Interestingly, the head-group and 

glycerol regions respond slightly different from that of acyl chains for a change in the 

temperature.  The increase in temperature causes an increase in ordering of these regions 

and can be attributed to the dehydration effects with increasing temperature.  It would be 

interesting to use the measured C-H dipolar couplings and the C-H order parameters to 

probe the dehydration induced by ligand binding to membrane bilayers.  For example, 

such measurements will be useful in understanding the membrane fusogenic activities by 

viral peptides
43

 and also the membrane-disrupting mechanisms by antimicrobial 

peptides
44

 or amyloid peptides.
45
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Chapter IV 

 

Nuclear Magnetic Resonance Spectroscopy on 
Membrane Proteins

‡
 

 

IV-1. Summary 

    Structural biology of membrane proteins has rapidly evolved into a new frontier of 

science.  Although solving the structure of a membrane protein with atomic-level 

resolution is still a major challenge, Separated-Local-Field (SLF) NMR spectroscopy has 

become an invaluable tool in obtaining structural images of membrane proteins under 

physiological conditions.  Recent studies have demonstrated the use of rotating-frame 

SLF techniques to accurately measure strong heteronuclear dipolar couplings between 

directly bonded nuclei for the structural determination of membrane proteins.  In this 

chapter the structure and dynamics determinations of cytochrome b5 and cytochrome 

P450 membrane protein complex, using newly developed SLF techniques, which we 

already discussed in previous chapters, are discussed.     

 

IV-2. Solid-State NMR Reveals Structural and Dynamical Properties of a 

Membrane-Anchored Electron-Carrier Protein, Cytochrome b5 

    The vast majority of pharmaceutical compounds in use today are hydrophobic 

compounds. The human metabolism oxidizes them to water-soluble, excretable 

compounds by a superfamily of enzymes known as the cytochromes P450 (Cyt P450).
1
  

These enzymes are sometimes referred to as “Mother Nature‟s blowtorch” because they 
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are such strong and versatile oxidizing agents.  Cytochrome b5 (Cyt b5) is a membrane-

bound protein which enhances the efficiency of the metabolism of selected drugs by Cyt 

P450, by donating an electron to Cyt P450.
2,3

  Besides augmenting drug metabolism, Cyt 

b5 is also essential for the biosynthesis of testosterone and numerous unsaturated lipids 

which are necessary for maintaining the integrity of cellular membranes.
3
  In order to 

understand the molecular mechanism by which Cyt b5 increases the efficiency of 

oxidation by Cyt P450 in vivo, one must understand the structural folding of Cyt b5 that 

enables it to interact with Cyt P450. 

     Full-length rabbit Cyt b5 is a 16.7 kDa protein consisting of three domains: a 95 amino 

acid amino terminal heme-containing domain, a 25 amino acid carboxyl terminal 

membrane anchor domain, and a 14 amino acid linker region which connects the former 

two.
3,4

  Figure IV-1A shows a model constructed from the solution NMR structure of the 

soluble domain of rabbit Cyt b5;
5
 the full amino acid sequence is given as Figure IV-2.  

Because of the difficulties in preparing suitable samples of full-length Cyt b5, X-ray
6
 and 

solution NMR
5,7

 studies reported the structure of the water-soluble domain of Cyt b5 that 

lacks the transmembrane domain.  Remarkably, the soluble domain alone is not able to 

fulfill its physiological functions.
3,8

  Hence, it is vital to investigate the role of the 

membrane-bound domain and the linker region in the function of Cyt b5 in order to fully 

understand the interaction with Cyt P450.  A determination of the three-dimensional 

structure, dynamics, and the relative orientation of these domains in a membrane 

environment will shed light on how Cyt b5 carries out its function.  Here, we revealed the 

first solid-state NMR investigation of the membrane topology and related dynamic 

properties of full-length rabbit Cyt b5 in a membrane environment. 

    Lipid bicelles
9
 were prepared from dimyristoylphosphatidylcholine (DMPC) and 

dihexanoylphosphatidylcholine (DHPC) in a 3.5:1 molar ratio; Cyt b5 was added in 

different amounts as described in the Supporting Information.  The bicelle samples were 

magnetically aligned with the bilayer normal perpendicular to the external magnetic field 

for solid-state NMR experiments.  The quality and extent of magnetic alignment of the 

bicelles containing various concentrations of Cyt b5 were examined using 
31

P chemical 

shift spectra of samples (representative spectra are given as Figure IV-3).  Bicelles 

containing high concentrations (>0.5 mol %) of protein did not align well, while they did 
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align well upon lowering the protein concentration and are suitable for solid-state NMR 

studies.  At the end of the experiments, the 
15

N NMR spectra and the molecular weight of 

Cyt b5 were checked to rule out protein degradation. 

    
15

N chemical shift spectra of uniformly 
15

N-labeled Cyt b5 in aligned DMPC:DHPC 

bicelles show a strong dependence of the spectral line shape on experimental conditions 

(Figure IV-1).  The 
15

N cross-polarization (CP) spectrum obtained at 0.8 ms contact time 

(Figure IV-1D) displays the strongest overall intensity and most likely contains signal 

from the entire protein.  It may be expected that the transmembrane (TM) domain of Cyt 

b5 is relatively more rigid on the NMR time scale, while the water-soluble domain is less 

rigid.  Therefore, it should be possible to distinguish resonances from these two regions 

based on the difference in 
15

N-
1
H dipolar coupling values.  Indeed, we have obtained 

markedly different 
15

N spectra when the CP contact time was varied to control the extent 

of magnetization transfer from 
1
H to 

15
N nuclei (Figure IV-1C-E).  The spectra suggest 

that a shorter contact time of 0.1 ms is sufficient to transfer magnetization from 
1
H to 

15
N 

in the rigid residues as found in the TM domain.  These experimental conditions result in 

resonances in the 40-90 ppm range (Figure IV-1E).  Interestingly, the signal in the 100-

130 ppm region is suppressed to a great extent.  On the other hand, since a longer contact 

time transfers magnetization to all parts of the molecule due to 
1
H spin diffusion, the 

spectra at 3 ms (Figure IV-1C) and 0.8 ms (Figure IV-1D) contact time contain peaks in 

the entire 
15

N chemical shift frequency range.  Hence, we presume that the signal 

appearing between 100 and 130 ppm originates from the less rigid residues in the soluble 

domain.  This supposition is confirmed by a RINEPT (refocused insensitive nuclei 

enhanced by polarization transfer) experiment
10

 shown in Figure IV-1B.  Since no 

decoupling pulses were employed during the evolution and refocusing delays of the 

RINEPT sequence, the 
15

N transverse magnetization evolves under the motionally 

averaged 
1
H-

15
N and 

1
H-

1
H dipolar and 

1
H-

15
N scalar couplings.  The time delays in the 

RINEPT sequence were experimentally optimized to obtain the signal from the less rigid 

residues found in the soluble domain of the protein.  Interestingly, the RINEPT sequence 

significantly suppressed the peaks from the TM domain that resonate between 40 and 90 

ppm.  This is mainly because the transverse magnetization from the TM region dephases  
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Figure IV-1. Molecular model and 
15

N NMR spectra of uniformly aligned 

DMPC:DHPC bicelles containing 
15

N-labeled Cyt b5. The model (A) shows Cyt b5 

in the context of a DMPC bilayer; the transmembrane, linker, and heme-carrying 

soluble domains are evident. The 
15

N RINEPT spectrum (B) shows spectral intensity 

only in the 100-130 ppm region, consistent with a high mobility of the soluble 

domain. In the RINEPT sequence, 2.6 and 1.3 ms were used in the first (before the 

pair of 90° pulses) and second (after the pair of 90° pulses) delays, respectively. This 

spectral region (100-130 ppm) also shows peaks in cross-polarization (CP) spectra at 

3.0 ms (C) and 0.8 ms (D) contact times. At a short contact time of 0.1 ms (E), 

however, spectral intensity is mostly observed in the range from 40 to 90 ppm. This 

spectral component is most likely from the relatively immobile transmembrane 

domain. A D2O exchange experiment (F) with a 0.8 ms contact time confirms this 

spectral assignment. 
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Figure IV-2. Amino acid sequence of rabbit cytochrome b5, predicted 

transmembrane domain is underlined. 
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Figure IV-3. Proton-decoupled 
31

P-chemical shift spectra of 3.5:1 

DMPC/DHPC bicelles containing different concentrations of Cyt b5. (A) 

Pure bicelles without Cyt b5 show a high degree of alignment as suggested by 

the narrow lines for DMPC (a peak observed in the high field region) and 

DHPC (a peak observed in the low field region), while addition of 1:86 Cyt 

b5:DMPC (B) completely prohibits any macroscopic orientation. At 1:170 Cyt 

b5 content (C) macroscopic alignment is observed, albeit broadened lines 

indicate a low degree of alignment. Only when Cyt b5 content is further 

lowered to 1:212 (D), a macroscopic alignment comparable to that observed 

for pure bicelles (A) can be achieved. 
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relatively quickly in the evolution and refocusing periods of the RINEPT sequence due to 

relatively strong 
1
H-

15
N and 

1
H-

1
H dipolar couplings. 

    Amide protons can be exchanged with deuterons when exposed to D2O, thus 

suppressing the 
15

N signal from water-exposed protein domains.
11

  This approach was 

utilized to suppress amide 
15

N signals from the Cyt b5 
15

N spectrum.  The 
15

N CP 

spectrum of bicelles, where water was exchanged with D2O, is given in Figure IV-1F.  It 

contains peaks from the TM region (40-90 ppm) but not from the soluble domain (100-

130 ppm) of the protein, again supporting our assignment.  These 1D spectral editing 

approaches demonstrate that the dynamics of the transmembrane and soluble domains are 

very different and that it is possible to differentiate between the resonances from these 

domains, which is highly valuable to interpret data from PISEMA
12

 (polarization 

inversion and spin exchange at the magic angle)-type experiments in terms of structure 

and geometry of Cyt b5. 

    Two-dimensional Separated-Local-Field spectra, which correlate 
15

N chemical shift 

with 
1
H 

15
N dipolar coupling, were recorded on well-oriented bicelles and are given in 

Figure IV-4.  A HIMSELF
13

 (heteronuclear isotropic mixing leading to spin exchange via 

the local field) sequence based on the PIWIMz (polarization inversion by windowless 

isotropic mixing) pulse scheme was used, which we recently found to give better 

resolution when compared to the more commonly employed PISEMA sequence.
12

  Figure 

IV-4A shows that the 1D spectral region assigned to the TM anchor region of the protein 

assumes a distinct circular PISA (polarity index slant angle)-wheel pattern
14

 when 

expanded into the second dimension of 
1
H-

15
N dipolar coupling, indicative of -helical 

conformation.  Spectrum Figure IV-4A also proves that the signal from the soluble 

domain, although resonating in the 100-130 ppm region characteristic for isotropic 
15

N 

chemical shifts, shows clearly resolved residual 
1
H-

15
N dipolar couplings.  This suggests 

that the soluble domain is weakly aligned.  When performed in combination with the 

abovementioned spectral editing techniques, the 2D HIMSELF experiments demonstrate 

that it is possible to obtain the resonances from the transmembrane helical region alone 

by suppressing most other resonances from Cyt b5 (Figure IV-4B,C). 

    Spectral simulations were carried out to infer the tilt of the TM -helix from the 

observed PISA wheel. The dispersion of resonances in the PISA wheel is consistent with 
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a 15(±3)° tilt of the TM helix relative to the bilayer normal.  However, no single PISA 

wheel could give a satisfactory fit to all resonances present in the circular pattern, 

indicating that the helical TM domain may not be a perfect -helix.  The Pro-116 residue 

located in the middle of the TM region could induce a kink in the helical structure, which 

may be responsible for this observation of an imperfect PISA wheel.  Further 

experimental studies are in progress to completely assign the spectrum. 

 

IV-2-1. Experimental Procedure 

Protein Expression Protocol. 

    
15

N labeled full length rabbit cytochrome b5 was expressed in E.coli C41 cells using 

the pLW01 plasmid (Bridges A.; Gruenke, L.; Chang, Y. T.; Vakser, I. A.; Loew, G.; 

Waskell, L. J. Biol. Chem. 1998, 273, 17036).  The cells were grown from a single 

colony in LB medium to an OD of 1 at 600 nm. The culture was diluted 100-fold into 10 

ml of 
15

N-Celtone medium.  This culture was grown at 35° C with shaking at 250 rpm 

until an OD of 1 at 600 nm was achieved.  The cells were pelleted and resuspended in 10 

ml of fresh 
15

N-Celtone medium.  The resuspended cell culture was added to the final 1 L 

of culture medium.  The final culture medium contained 880 ml of 
15

N-Celtone solution, 

112 ml of M9 solution, 2 ml of glycerol, 2 g of [
15

N] ammonium sulfate, 0.24 mM 

carbenicillin, 1 mM CaCl2, 10 mM MgSO4, 10 μM FeCl3, 25 μM ZnSO4, 20 μM MnCl2, 

250 μM δ-aminolaevulinic acid and vitamin mix (25 μg of biotin, choline chloride, folic 

acid, niacinamide, D-pantothenate, pyridoxal-HCl, riboflavin and 250 μg of thiamine).  

Optimal expression was achieved with a 100 mL culture volume in a 500 mL Erlenmeyer 

flask.  The flask was incubated at 35 
o
C with shaking at 250 rpm until the OD at 600 nm 

was 1.2.  Isopropyl β-D-thiogalactopyranoside was added to a final concentration of 10 

μM, and incubation was continued for 20 h, at which time the cells were harvested.  

Purification of the 
15

N cytochrome b5 was performed as described previously (Mulrooney, 

S. B.; Waskell, L. Protein Expr. Purif. 2000, 19, 173). 
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Figure IV-4. 
15

N-HIMSELF spectra of U-
15

N-Cyt b5, recorded with a CP contact 

time of 0.8 ms (A) and 0.1 ms (B). (C) Recorded after the water in the bicelle sample 

was replaced by D2O, suppressing the spectral contributions of the soluble domain. 
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Bicelles Preparation Protocol.  

    40 mg DMPC and 7.6 mg DHPC corresponding to a molar ratio of 

q=[DMPC]/[DHPC]=3.5 were cosolubilized in chloroform. Solvent was removed under a 

stream of N2 gas to give a lipid film on the walls of a glass vessel, which was kept under 

vacuum overnight to remove all residual solvent.  The lipid film was then scratched off 

the glass and transferred to the 5 mm NMR tube that was used for the experiments.  In 

the NMR tube, 53.5 μl of 50 mM HEPES buffer, pH 7.4, with 10% glycerol content was 

added to the lipids.  The resulting mixture of extreme viscosity was homogenized by 

vortexing, 30 min sonication in an ice bath, and 4 freeze/heat cycles between liquid 

nitrogen and 50°C.  The resulting turbid gel is still extremely viscous, but viscosity is 

slightly reduced at 0°C, as is common for all bicellar preparations.  Protein was added in 

the final step of the preparation.  Adding 89.3 μl of 3.0 mM cyt b5 solution 

corresponding to 4.3 mg or 268 nmol protein resulted in a protein:DMPC ratio of 1:220.  

Because of extreme viscosity, in some samples mechanical mixing with a sterile needle 

was necessary to mix both phases.  Once a satisfactory mixing of the components was 

reached, the sample tube was sealed and the sample transferred to the magnet for 

subsequent NMR experiments.  Quality of orientation was measured using 
31

P-NMR and 

was found to be stable after 1 h of equilibration. 

 

PISA wheel Best-Fit Details. 

    Best-fit analysis of PISA wheel patterns was done using a home-written software 

routine.  The positions of all clearly resolved peaks were extracted as pairs of 
15

N 

chemical shift and 
1
H-

15
N dipolar coupling values.  These pairs were fit to PISA wheels 

predicted from geometrical calculations.  The formulas used for the calculation of 

predicted PISA wheels are those given in A. Ramamoorthy et al., Ann. Rep. NMR 

Spectrosc. 2004, 52, 1-52.  The best-fit helix tilt was found to be 15.3° at a molecular 

order parameter of Smol=0.88.  The corresponding PISA wheel is included in the 

HIMSELF-spectrum given above.  From calculating PISA wheels at slightly differing tilt 

angles, the error in the fit was estimated to be ±3°. A recent paper from our lab discusses 

the error in the measurement of the tilt angle (A. Ramamoorthy, S. K. Kandasamy, D. K. 

Lee, S. Kidambi, and R. G. Larson, Structure, Topology and Tilt of Cell-Signaling 
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Peptides Containing Nuclear Localization Sequences in Membrane Bilayers Determined 

by Solid-State NMR and Molecular Dynamics Simulation Studies, Biochemistry 2007, 46, 

965-975). 

 

IV-2-2. 31P-NMR Spectra of Cyt b5 bicelles samples.  

    Proton-decoupled 
31

P-chemical shift spectra of 3.5:1 DMPC/DHPC bicelles containing 

different concentrations of Cyt b5 (Figure IV-3).  (A) Pure bicelles without Cyt b5 show a 

high degree of alignment as suggested by the narrow lines for DMPC (a peak observed in 

the high field region) and DHPC (a peak observed in the low field region), while addition 

of 1:86 (Cyt b5:DMPC) (B) completely prohibits any macroscopic orientation.  At 1:170 

Cyt b5 content (C) macroscopic alignment is observed, albeit broadened lines indicate a 

low degree of alignment. Only when Cyt b5 content is further lowered to 1:212 (D), a 

macroscopic alignment comparable to that observed for pure bicelles (A) can be achieved. 

 

IV-2-3. Comparison of Two Dimensional HIMSELF and PISEMA Spectra. 

    The frequently used 2D PISEMA pulse sequence is very sensitive to the proton 

frequency offset in the indirect dimension (that is the heteronuclear dipolar coupling 

frequency dimension).  At on-resonance frequency of protons, PISEMA provides the best 

resolution.  However, the dipolar coupling spectral lines are not as narrow at off 

resonance as they are at on-resonance.  The presence of an offset distorts the spectral 

lines in two ways: (1) increases the scaling factor, which makes the measured dipolar 

coupling values larger; (2) line narrowing by PISEMA is not efficient, which results in 

broad dipolar coupling lines.  In addition, the PISEMA technique does not enable the 

measurement of small dipolar coupling values in the presence of large dipolar couplings.  

These disadvantages of the PISEMA sequence become obvious when experiments are 

performed on a uniformly labelled protein, where the proton offset problem is 

unavoidable.  To demonstrate these points, we have carried out experiments on an n-

acetyl-L-valyl-L-leucine single crystal (Figure IV-5) and also on aligned DMPC/DHPC 

bicelles containing Cyt b5 (Figure IV-6).  2D HIMSELF and PISEMA data obtained 

under the same experimental conditions are also given below for comparison.  As the 

data suggest the HIMSELF experiment, unlike the PISEMA method, overcomes the 
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proton off resonance problem and also performs well for small heteronuclear dipolar 

couplings.  This enables the measurement of motionally averaged 
1
H-

15
N dipolar 

couplings from the soluble domain of Cyt b5 using the HIMSELF sequence. 
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Figure IV-5. 2D HIMSELF (red color) and PISEMA (dark color) spectra of an 
15

N-labeled n-acetyl-L-valyl-L-leucine single crystal. The dipolar coupling spectral 

slices clearly demonstrate the better performance of HIMSELF over PISEMA. 
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Figure IV-6. 2D HIMSELF (left; the same spectrum as given in Figure IV-4) and 

PISEMA (right) spectra of 3.5:1 DMPC/DHPC bicelles containing uniformly 
15

N-

labeled Cyt b5; other experimental details are as given in the main text of the paper. 

The dipolar coupling values appear different in these two spectra because the scaling 

factor for the PISEMA pulse sequence is larger due to proton offset effects as 

mentioned above. The simulated PISA wheel (red dashed lines) is shown in the 

HIMSELF spectrum. 
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IV-3. Proton-Evolved Local-Field Solid-State NMR Studies of Cytochrome b5 

Embedded in Bicelles, Revealing both Structural and Dynamical Information 

    Membrane proteins, which constitute a third of all proteins in nature, regulate and 

direct a host of important cellular processes, ranging from transport of nutrients to 

generation of energy.  Membrane proteins exhibit molecular motions on a wide range of 

time-scales under physiological conditions and insight into their motions is the key to 

understanding their functions. 

 Molecular motions on the order of milliseconds are frequently observed in many 

essential and fascinating biological processes ranging from ligand binding to enzyme 

catalysis.
1-4

  Fast time scale side-chain dynamics can provide clues into the mechanism 

by which ions migrate through membrane protein channels.  Many membrane-associated 

enzymes, such as microsomal cytochrome P450, exhibit dynamic structural plasticity that 

enables the binding of substrates with various sizes and stereochemistry.
5,6

  Over the 

years, significant efforts have been devoted to understand the intricate molecular 

dynamics of soluble proteins; however, complete characterization of membrane protein 

dynamics continues to be a challenge.
7-14

 

    In principle, solid-state NMR spectroscopy is a versatile tool for probing molecular 

dynamics occurring on time scales that vary from picoseconds (bond libration) to days 

(protein aggregation).  These motions often influence various NMR observables such as 

chemical shift anisotropy, dipolar coupling and quadrupole coupling.  Standard high-

resolution solution NMR techniques have provided valuable insights into membrane 

protein structure-function relationships, but information regarding protein dynamics in 

lipid bilayers remains elusive.
7-11,15

  The slow tumbling rate of most lipid membrane 

systems leads to various undesirable line broadening effects that make solution NMR 

techniques not applicable.  Therefore, most solution NMR studies of membrane protein 

are restricted to proteins reconstituted in detergent micelles in cases where they may 

retain their functions and tumble rapidly enough to average out various undesirable line 

broadening effects. However, the dynamics observed in these systems can be different 

from those in a lipid bilayer environment. Solid-state NMR can overcome the undesirable 

line broadening effects associated with membrane proteins in lipid bilayers.  High-

resolution solid-state NMR requires the sample to be mechanically aligned or spun at the 
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magic angle (54.7°) relative to the external magnetic field direction to suppress the line-

broadening effects associated with nuclear spin interactions and allows for the 

reconstitution and study of membrane proteins in their native environment.
16-19

 

    Separated-Local-Field (SLF) spectroscopy of aligned samples holds a great promise as 

a practical tool for studying membrane proteins in lipid bilayers.
20-23

  Alignment media 

used for membrane protein structural studies can be made to closely mimic the native 

membrane and experiments can be carried out under physiological conditions.
13,24-26

  

Indeed, SLF has been successful in providing detailed structural information of -helical 

membrane proteins in well-hydrated bilayer environments.  A typical SLF spectrum 

correlates heteronuclear dipolar couplings between low-γ nuclei and their directly bonded 

1
H nuclei (such as 

15
N-

1
H) with the CSAs of the low-γ nuclei (

15
N, in this case).  

Importantly, these NMR observables are sensitive to the whole body motions of a protein, 

and are therefore capable of providing detailed dynamical and structural information.
27-29

  

In order to extract dynamical and structural information from an SLF spectrum, one must 

be able to accurately measure a broad range of dipolar couplings between directly bonded 

spin pairs. However, in most commonly used rotating-frame SLF protocols, such as 

heteronuclear isotropic mixing spin exchange via local field (HIMSELF), polarization 

inversion spin exchange at the magic angle (PISEMA), and SAMMY, various weak 

heteronuclear dipolar couplings are effectively suppressed in favor of simple spectral 

line-shape and improved resolution in the indirect dipolar coupling dimension.
30,31

  

Laboratory-frame SLF experiments such as proton-evolved local field (PELF) provide 

high sensitivity and resolution for loop regions, soluble domains, and mobile parts of 

membrane proteins such that structural and dynamical information can be extracted from 

these regions in a SLF spectrum.
31,32

  Also, PELF is capable of resolving a broad range of 

dipolar couplings from directly bonded spin pair, which is absolutely necessary for 

determining both dynamics and structures of membrane proteins.  Despite these unique 

advantages, applications of PELF in structural biology remain to be established. 

    In the present work, we demonstrate the use of the PELF method to extract dynamical 

and structural information from cytochrome b5 (Cyt b5), a membrane-anchored protein.  

Cytochrome b5 consists of a transmembrane domain near the C-terminal, a water-soluble 

heme-containing domain, and a linker region that connects these two domains.  
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Functional studies have shown that the length of the linker region is crucial for 

cytochrome b5 to interact with and donate an electron to activate cytochrome P450.
33

  In 

the present study, a mutant of cytochrome b5 (mutant- Cyt b5), which lacks eight residues 

in its linker region, is used to demonstrate the efficiency of the PELF sequence.  The 

amino acid sequence of a wild-type rabbit cytochrome b5 is given in Figure IV-7.  A 

previous solid-state NMR study revealed the various domains of this protein display 

motions occurring on a wide range of time scales.
23

  Since the mutant protein used in this 

study lacks eight residues in the linker region, the motion of the soluble domain should be 

significantly reduced such that small, yet measurable, dipolar couplings can be observed.  

Therefore, it is an ideal system to firmly establish and demonstrate the effectiveness of 

using the PELF sequence to study the structure and dynamics of membrane proteins in 

magnetically aligned bicelles. 

 

IV-3-1. Experimental Procedure. 

Materials.  

    DMPC and DHPC were purchased from Avanti Polar Lipids, Alabaster, AL, and used 

without further purification. All other biochemicals and reagents used in this study were 

purchased from Sigma-Aldrich, St. Louis, MO.  

 

Preparation of Bicelles.  

    Bicelleswere prepared with a desired amount of lipid in a buffer. The ratio q was 

calculated as moles of DMPC per mole of DHPC.  A typical preparation involved 

dissolving the desired quantities of DMPC and DHPC in a buffer solution (10 mM Tris at 

pH 7.4 and 150 mM NaCl), followed by a series of cycles of freezing, thawing, and 

gentle vortexing until a clear solution, was obtained.  The solution was then stored at 4 
o
C 

for up to 24 h before use.  

 

NMR Spectroscopy.  

    NMR experiments were carried out on a Chemagnetics/Varian Infinity 400MHz solid-

state NMR spectrometer using a 5 mm double-resonance magic-angle spinning probe 

under static sample conditions.  About 150-200 mg of bicelles was loaded in a 5mm 
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NMR glass tube of 4 cm length, and the tube was closed tightly with a Teflon tape and a 

cap.  The sample was then equilibrated for about 30 min in the magnet at the desired 

temperature prior to signal acquisitions.  
31

P chemical shift spectra were recorded using 

the Hahn echo (90
o
-τ-180

o
-τ acquire) experiment with a 90

o
 pulse length of 5 μs, an echo 

delay of 100 μs, and under a 15-25 kHz continuous-wave proton decoupling.  A total of 

32 transients were sufficient to acquire reasonable signal-to-noise ratio 
31

P chemical-shift 

spectra of well aligned samples, while about 64 scans were acquired for relatively poorly 

aligned samples.  The chemical-shift scale was referenced by setting the 
31

P chemical-

shift peak from phosphoric acid (H3PO4) to 0 ppm at 37 
o
C.  A ramped-cross- 

polarization (ramp-CP) sequence with a contact time of 5 ms was used to record the 1D 

13
Cchemical-shift spectra under proton decoupling using various decoupling sequences 

for a comparative study, while the flip-flop spectroscopy (FLOPSY)-8
48

 multiple pulse 

sequence was used in our experiments because it provided the best resolution.  The 2D 

PELF spectra were obtained using 64 t1 experiments, 64 scans, a 5 s recycling delay, and 

a 20 kHz 
1
H decoupling. 

 

Simulations and Data Analysis. 

    Numerical simulations were performed using the program SPINEVOLUTION.
39

  The 

simulated spectra and CP buildup curve were plotted using SigmaPlot 9.0.  The details of 

the simulation are described in the Results section below.  All numerical simulations 

were performed on a 2.0 GHz Intel Quad Core HP desktop running Windows Vista. 
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Figure IV-7. Amino acid sequence of a full-length wild-type rabbit cytochrome 

b5. High-resolution structures of the soluble domain of the protein have been reported 

from solution NMR and X-ray crystallography studies, whereas the structure of the 

full-length protein is unknown as it has not been amenable for studies using high-

resolution methods. Secondary structures such as -helix (blue) and -sheet (green) 

are indicated based on previous studies. The eight amino acids that were deleted from 

the linker region of the wild-type cytochrome b5 to obtain a mutant are shown in red. 
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IV-3-2. Theory of Two Dimensional Proton-Evolved Local Field (PELF). 

    A typical PELF radio frequency (RF) pulse sequence is given in Figure IV-8.  In the 

PELF sequence, the transverse magnetizations of protons evolve under heteronuclear 

dipolar coupling (with an evolution frequency ΩIS) during the incrementable t1 period, 

while chemical shifts of protons and 
1
H-

1
H homonuclear dipolar couplings are 

suppressed.
32,34,35

  After the t1 period, the transverse 
1
H magnetization is transferred to the 

rare nucleus (referred to as X, often either 
13

C or 
15

N) for detection as shown in Figure 

IV-8. 

    Since there is no homonuclear dipolar coupling between rare X nuclei and each 
1
H spin 

is coupled to a single X nuclear spin, for every resolvable X resonance, either a single 

doublet corresponding to a single 
1
H-X dipolar coupling or a simple superposition of 

doublets corresponding to different sets of 
1
H-X pairs is observed in the indirect 

frequency dimension of a two-dimensional (2D) PELF spectrum.  The elegant PELF 

technique thereby avoids the complicated multiplet-type spectral pattern typically 

observed in the indirect dimension of other SLF sequences where X spin transverse 

magnetizations are allowed to evolve under the dipolar couplings to many 
1
H nuclei.

31,32
  

In other words, after dipolar coupling between a rare X nucleus and the 
1
H nuclei has 

evolved for a period of t1, the relevant term of the density operator contributing to the 

detected signal is given as 

 

(1) 

 

    Magnetization transfer in a PELF pulse sequence can be accomplished by any of the 

following means, depending on sample conditions and the spin system dynamics: a 

standard cross-polarization (CP) scheme, a CP scheme based on the Lee-Goldburg 

homonuclear dipolar decoupling, windowless isotropic mixing (WIM),) composite zero 

cross-polarization (COMPOZER-CP, or insensitive nuclei enhanced by polarization 

transfer (INEPT)/refocused insensitive nuclei enhanced by polarization transfer 

(RINEPT).  The resolution and sensitivity of a 2D PELF spectrum critically depends on 

the details of the pulse sequence used to transfer the 
1
H transverse magnetization.

31,32
  For 

example, a short transfer time is required to suppress 
1
H spin diffusion, which manifests 
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as a broad zero-frequency peak in the indirect dipolar coupling frequency dimension that 

severely obscures the spectrum.
32

  Furthermore, for most solid-state systems the rapid 

rotating-frame relaxation (T1) of protons could hamper the efficiency of magnetization 

transfer, particularly in the standard CP sequence where the transverse magnetization is 

transferred from protons to less-sensitive nuclei like 
13

C or 
15

N.  Since for most systems 

the proton T1 (spin-lattice relaxation time) is much longer than T1, it is advantageous to 

use a magnetization transfer scheme whereby the transfer of magnetization occurs along 

the z-axis.  Currently, two schemes, WIM and COMPOZER-CP, can render such a 

magnetization transfer while providing homonuclear decoupling to dampen the 
1
H-

1
H 

spin diffusion process.
31,36

  It may be noted that the homonuclear decoupling of WIM 

sequence is more effective than that of the COMPOZER-CP.  Therefore, in this study, the 

performances of these two schemes (COMPOZER-CP and WIM) in PELF sequences are 

compared with that of the standard CP.  The other two magnetization transfer sequences, 

namely Lee-Goldburg-CP and INEPT, are excluded from this study.  Lee-Goldburg-CP is 

highly sensitive to the frequency offset and may not be appropriate as a general 

magnetization transfer protocol.
31

  Furthermore, magnetization transfer by INEPT 

sequences only occurs in highly mobile samples and is therefore limited in their 

applicability to only the mobile regions of membrane proteins.
23
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Figure IV-8. Radio frequency PELF pulse sequences for two-dimensional (2D) 

SLF spectroscopy of solids. In these pulse sequences, proton homonuclear decoupling 

in the t1 period is achieved using the BLEW-12 sequence and SPINAL-64 is used to 

decouple protons during acquisition. Proton transverse magnetization after the t1 period 

is transferred to X nuclei using the composite zero degree cross-polarization 

(COMPOZER-CP) or windowless isotropic mixing (WIM) pulse sequence. (A) or by 

the standard cross-polarization sequence (B). A supercycled COMPOZER sequence 

consists of a series of 360° pulses with phases x, -x, y, -y, -y, y, -x, x. The WIM 

sequence consists of a series of 90° pulses of phases -x, y, -x, -x, y, -x, x, y, x, x, y, x. 

Since the z-component of proton magnetization is transferred as the z-component of 
15

N or 
13

C spin magnetization under both WIM and COMPOZER-CP sequences, a 90° 

read pulse on the 
15

N or 
13

C channel is used for detection. 
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IV-3-3. Simulations of PELF Spectra under Different Magnetization Transfer 

Schemes. 

    The influence of magnetization transfer schemes on the resolution and sensitivity of a 

2D PELF spectrum, specifically in the heteronuclear dipolar coupling dimension, is 

investigated through numerical simulations on a hypothetical spin system defined in 

Figure IV-9 using the SPINEVOLUTION software.
39

  In this spin system, an NH group 

is weakly coupled to an neighboring proton such that it demonstrates the case of 

biomolecules embedded in the membranes and/or to reflect motionally averaged N-H 

dipolar couplings as found in relatively mobile regions of a protein. N-H dipolar coupling 

slices taken from the indirect dimension of the simulated SLF spectrum are shown in 

Figure IV-10.  As illustrated by our numerical simulations (Figures IV-10 and IV-11), not 

only the choice of the magnetization transfer scheme but also the duration of the 

magnetization transfer significantly influences the resolution of a PELF spectrum.  With 

a transfer contact time of approximately 250 μs, all of the magnetization transfer schemes 

give identical dipolar doublets corresponding to the large dipolar coupling (D1).  As the 

transfer time is increased, significant differences between the spectra are observed, which 

is a direct consequence of the differences among the magnetization transfer schemes 

employed (see Figure IV-11).  Figure IV-11 shows that the intensity of the strong dipolar 

coupling (the outer doublet in Figure IV-10) oscillates strongly as a function of 

magnetization transfer time when WIM or regular CP was used as a magnetization 

transfer sequence.  The WIM sequence offers the highest homonuclear decoupling and 

therefore allows for the detection and isolation of the weak dipolar coupling D2 in the 

presence of the strong coupling D1, which could be suppressed by the choice of an 

appropriate magnetization transfer time.  As the strength of the homonuclear decoupling 

decreases, the spectral resolution deteriorates because of the obscuring effect of spin 

diffusion.  Spin diffusion manifests as a zero frequency artifact in the indirect dimension 

(see E and F of Figure IV-10).  As a result, an intense central peak at the zero frequency 

is observed, obstructing the measurements of weak dipolar couplings.  Also, for a long 

contact time, D1 is more effectively suppressed when COMPOZER-CP or WIM 

magnetization transfer schemes are used, which is a consequence of the spin diffusion 

facilitated by the proton bath.  Therefore, the use of these magnetization transfer schemes  
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Figure IV-9. A schematic of a hypothetical spin system to evaluate the PELF 

pulse sequence. In this system, a 
15

N nucleus is strongly dipolar coupled to two 

nearby protons. The dipolar coupling values used in the simulations are D1 = 1750 Hz 

and D2 = 500 Hz. The 
15

N-
1
H dipolar couplings are arranged such that D1 > D2, and 

each of these protons is weakly dipolar coupled to a proton bath as indicated by the 

green arrows. 
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allow for broader optimal contact time conditions.  In summary, from these numerical 

simulations, we may conclude the following: (1) significant resolution is gained by using 

a magnetization transfer scheme that suppresses 
1
H-

1
H interactions, (2) the main 

contributors to the central peak observed in the 2D PELF spectrum using the 

COMPOZER-CP and the regular CP originate from the proton spin diffusion process, 

and (3) weak 
1
H-

1
H dipolar coupling ensures that the amount of 

1
H magnetization 

transferred to an X nucleus builds up steadily, which enables a broad range of transfer 

times to be used.  In contrast, when a 
1
H-

1
H dipolar coupling is completely eliminated, 

magnetization is transferred back and forth between insensitive X nuclei and sensitive 
1
H 

nuclei, and therefore the transfer time has to be carefully calibrated.  This makes PELF-

COMPOZER the most generally suitable technique for measuring weak X-
1
H dipolar 

couplings (X may be 
13

C or 
15

N).  Thus, in order to acquire a highly resolved SLF 

spectrum of an aligned membrane protein using the 2D PELF pulse sequence, one must 

use a magnetization transfer scheme that suppresses 
1
H-

1
H dipolar coupling interactions 

while using the shortest contact time that permits the observation of the desired range of 

dipolar coupling frequencies. 

 

IV-3-4. Application of PELF Techniques To Study the Structure and Dynamics of 

15N-Labeled Mutant-Cyt b5 in Magnetically Aligned Bicelles. 

    Low resolution and low sensitivity are often the major obstacles in solid-state NMR 

studies of membrane proteins.  The introduction of magnetically aligned bicelles as an 

alignment medium has dramatically improved the sample filling factor of the RF coil, 

reduced the sample preparation time, and improved the quality of alignment when 

compared to mechanically aligned glass plate samples.
24,40-42

  The use of bicelles has 

been shown to sufficiently improve the sensitivity and resolution of NMR spectra.  

Studies have shown that bicelles prepared with different q ratios can be used for solution-

like and solid-state-like NMR experiments, enabling the complete characterization of 

protein structure, protein dynamics, and protein-membrane interactions.
43,44

  Recently, 

the 2D PELF sequence was demonstrated to be well suited for structural studies of 

membrane-associated ligands in magnetically aligned bicelles.
44,45

  In the present work, 

we demonstrate the unique advantages of combining the PELF sequence with WIM or 
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COMPOZER-CP magnetization transfer scheme for structural studies of membrane 

proteins in aligned bicelles.  To this end, we have acquired a series of 2D PELF spectra 

of mutant-Cytb5 in magnetically aligned bicelles using WIM, COMPOZERCP, or ramp-

CP as the magnetization transfer step (Figure IV-12).  The contact time used in these 

experiments was optimized for the maximum signal intensity and spectral resolution. 

    In general, the 2D PELF sequence implemented with WIM or COMPOZER-CP offers 

a substantial improvement in resolution when compared to the one with ramp-CP.  The 

resolution gained using a PELF-COMPOZER or PELF-WIM sequence is due to the 

ability of COMPOZER-CP and WIM to suppress the 
1
H-

1
H dipolar interactions as well 

as the use of a short contact time, which effectively suppresses the contribution from 

remote spins due to 
1
H spin diffusion.

31
  The central bands (or the zero-frequency peaks) 

in these experimental spectra are effectively suppressed, suggesting a significant 

reduction in the spin diffusion process as is also illustrated in our simulations.  Therefore, 

clear dipolar coupling doublets are resolved in the indirect frequency dimension. On the 

other hand, the central bands severely obscure the spectrum when a regular CP sequence 

is used in the magnetization transfer step, making accurate measurements of the weak 

dipolar couplings difficult.  These experimental results are in good agreement with the 

numerical simulations for PELF-COMPOZER, PELF-WIM, and regular PELF protocols 

presented in Figures IV-10 and IV-11.  
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Figure IV-10. Numerically simulated PELF spectra under different 

magnetization transfer schemes. It should be noted that WIM is known for its 

efficient suppression of 
1
H-

1
H dipolar couplings and is better than the 

COMPOZERCP sequence. On the other hand, the regular CP sequence does not 

employ any special sequence to suppress 
1
H-

1
H dipolar couplings. Spectra A-C were 

simulated using a contact time of 250 μs and spectra D-F were simulated using a 

contact of 3 ms. 
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Figure IV-11. Simulated magnetization 

transfer efficiency as a function of transfer 

time by a regular-CP (A), COMPOZER-CP 

(B), and WIM (C) in a 2D PELF 

experiment. Details are discussed in the 

text. 
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    As shown in A and B of Figure IV-12 two sets of resonances with vastly different 

dipolar coupling values are clearly observed.  The magnitudes of their dipolar couplings 

indicate that they correspond to different regions of the proteins.
23

  The resonances with 

large dipolar couplings correspond to the membrane-spanning domain, while the small 

dipolar couplings correspond to a more mobile region of the protein, which probably lies 

near the membrane surface.  The spectral resolution of the transmembrane region in the 

PELF-COMPOZER and PELF-WIM is comparable to that obtained using the rotating 

frame sequences like HIMSELF and broad-band-PISEMA (BB-PISEMA).
23

  For dipolar 

couplings originating from the mobile regions of the protein, the gain in spectral 

resolution when either COMPOZER-CP or WIM is used as the magnetization transfer 

step (as shown in Figure IV-13) represents a remarkable improvement over previous 

PELF studies and demonstrates the effectiveness of this new approach.  Thus, these 

experiments demonstrate the practical application of the 2D PELF pulse sequence with 

the appropriate magnetization transfer scheme to accurately measure a wide range of 

heteronuclear dipolar couplings for membrane proteins embedded in magnetically 

aligned bicelles. 
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Figure IV-12. Two-dimensional PELF spectra of magnetically aligned bicelles 

containing a uniformly 
15

N-labeled cytochrome b5. Spectra were obtained using (A) 

WIM for 210 μs contact time, (b) COMPOZER-CP with an optimized contact time of 

240 μs, and (c) RAMP-CP with an optimized contact time of 800 μs. All PELF spectra 

were acquired using a 
1
H RF field strength of 41 kHz and SPINAL proton decoupling 

during acquisition. All spectra are shown at the same contour level for a direct 

comparison. 
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IV-3-5. Wobbling of the Transmembrane Helix of Cytochrome b5 and Its Influence 

on the Helical Wheel Pattern of Resonances. 

    The proposed average 13° tilt of the mutant-Cyt b5 transmembrane domain relative to 

the membrane normal determined from our PELF experimental data is illustrated in 

Figure IV-14A.  The resonances corresponding to the transmembrane region are 

dispersed in a circular pattern, which is unique to proteins with -helical secondary 

structure, and the best-fitting helical wheel projection circle is indicated in blue in Figure 

IV-14B.
46-48

  This is expected for the transmembrane helix of mutant-Cyt b5 since both 

mutant-Cyt b5 and the full-length Cyt b5 share identical amino acid sequences in their 

membrane-spanning domain.  Importantly, the degree of dispersion in the resonances of 

the helical wheel directly reflects the average tilt angle (τ) of the helix with respect to the 

bilayer normal.
46,47

  In Figure IV-14B, the PISA wheel of an ideal helix was empirically 

fitted with an average helical tilt angle of 13°, and the value of the overall order 

parameter (S) is estimated to be 0.42. However, no single helical wheel can provide an 

ideal fit to all the resonances presented in the circular pattern, which indicates non-

ideality of the transmembrane helix. A kink due to the Pro residue in the middle of the 

TM region could be the main reason for the observation of an imperfect polarity index 

slant angle (PISA) wheel.  Further experimental studies are required to completely assign 

the spectrum and determinate the origin of this imperfect helix. 

    Over the years, the structure of the membrane-spanning region of Cyt b5 has been a 

source of constant debate.
49,50

  It was proposed that the transmembrane domain of Cyt b5 

could adopt two conformations: a helical hairpin conformation or a membrane spanning 

-helix.  Fluorescence quenching and trypsin digestion assays show that the helical 

hairpin conformation is a “loose-binding” form of Cyt b5, which allows it to exchange 

between lipid vesicles and does not span the membrane.
51

  On the other hand, the “tight-

binding” form of Cyt b5 is believed to span the entire membrane and is firmly anchored to 

the lipid bilayer.
51

  Interestingly, the hairpin helical conformation can be converted to the 

membrane spanning form by increasing the temperature or adding detergents.
51

  In our 

case, mutant-Cyt b5 most likely incorporates into the bicelle assembly and spans the 

bilayer due to the presence of DHPC.  Also, the value of the overall order parameter is 

comparable to a single transmembrane helix spanning the whole bilayer as reported in the  
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Figure IV-13. A two-dimensional (2D) PELF-WIM spectrum of aligned bicelles 

containing a mutant of cytochrome b5 uniformly labeled with 
15

N isotope to 

compare the efficiencies of different PELF sequences. Sample N-H dipolar 

coupling slices extracted from 2D PELF spectra, that were obtained using PELF 

sequences constituted with different magnetization transfer schemes, are included on 

the right side for a comparison of the efficiency of PELF sequences. In all of these 

cases, PELF with WIM or COMPOZER-CP offers a significant improvement in 

resolution, particularly in the dipolar coupling dimension. The S/N (signal-to-noise) 

ratios in the dipolar dimension of WIM, COMPOZER-CP, and CP are 7.1, 7.5, and 8, 

respectively. The line-widths taken at half height in the dipolar dimension for WIM, 

COMPOZER-CP, and CP are approximately 150, 140, 400 Hz, respectively. 
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literature, which provides further evidence that the observed helix of mutant-Cyt b5 spans 

the membrane bilayer in bicelles.
25,42,52

  However, we were unable to resolve all of the 

resonances in the transmembrane region due to the broadening of resonances in the 

indirect dimension.  The resonances with small N-H dipolar couplings, as shown in green 

in Figure IV-14B, are probably from the portion of the soluble domain that lies near the 

membrane surface due to the absence of the eight-residue-linker; however, no satisfactory 

helical wheel fit can be obtained even though they are dispersed in an apparent circular 

pattern.  Therefore, more experiments using selectively labeled protein samples need to 

be carried out in order to accurately assign all resonances in the spectrum. 

    The influence of the whole-body motions of the helix can be extracted from careful 

analysis of the helical wheel even in the absence of spectral assignments.
27

  In a lipid 

bilayer system, an -helix often exhibits a wide range of motions ranging from long-axis 

rotation to the wobbling of the whole helix.  The amplitude of these motions often 

influences the magnitude of NMR parameters, particularly CSA and dipolar 

couplings.
27,53

  Recently, it was suggested that dynamical information could be extracted 

from careful analysis of the helical wheel with an appropriate dynamic model.
27,54,55

  

Therefore, this will be the focus of the analysis presented in this paper.  To model the 

motion of the whole helix, we invoke the diffusion in a cone model.  In this model, the 

director axis of the helix wobbles freely within a cone described by the semiangle (), 

and the wobble is axially symmetric with respect to the azimuthal angle ().  The 

resulting wobbling motion of the whole protein is shown in Figure IV-15B, and the best 

fit of our experimental data to our model is shown in Figure IV-15A.  Notably, the angle 

 is defined by the tilt angle (τ) of the helix.
56

  Also, we assumed that this wobbling 

motion and other collective local fluctuations is fast relative to the measurement time.  

The order parameter Scone for the diffusion in a cone model is given in eq 2.
56

  

 

(2) 

 

    To model the fluctuations in the helical director axis, a normal distribution function, 

given in eq 3, will be used, and the degree of fluctuation is estimated from the spread 

about the mean. In eq 3, 0 is the average tilt angle of the helix, σ is the standard  
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Figure IV-14. (A) Illustration of the proposed orientation of a mutant-Cyt b5 in 

magnetically aligned bicelles. (B) Two-dimensional SLF spectrum of a mutant-Cyt 

b5 embedded in aligned bicelles. Blue color represents the best fit for the helical wheel 

pattern of resonances from the transmembrane domain of the protein. The resonances 

in green represent the residues located near the membrane surface. 
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deviation, and  is the angle that varies between 0 to 90° with respect to the bilayer 

normal.
27

 

 

(3) 

 

    Importantly, the observed helical wheel will be the weighted average of all the 

probable orientations defined by the degree of fluctuation in the director axis of the helix. 

    A series of helical wheels, shown in Figure IV-16, was generated using the proposed 

model.  Our simulations show the position of the helical wheel is sensitive to the degree 

of helical tilt fluctuation, particularly when the degree of helical tilt is small.  In this case, 

small helical tilt fluctuations result in a significant change in the position of the helical 

wheel as shown in Figure IV-16A.  On the other hand, for helix with a large tilt angle, a 

sizable amplitude of tilt fluctuation is required to change the position of the helical wheel 

as shown in Figure IV-16C.  Furthermore, ambiguity can arise when dealing with helical 

wheels with small dipolar couplings and these cases are illustrated in panels D-F of 

Figure IV-16.  As the amplitude of fluctuations increases, helical wheels of different tilt 

angles will eventually overlap as shown in Figure IV-16F.  However, if the degree of 

fluctuation (σ) is much greater than the average tilt angle of the helix (0), this represents 

an unrealistic situation and should be ignored.  Therefore, from these simulations, our 

model has shown to be appropriate in extracting dynamical information regarding small 

amplitude in helical tilt fluctuations (0 ≥ σ) for helices with tilt angles in the range of 10-

30°.  This range of tilt angles is commonly observed in many transmembrane helices 

reported in the literature, which makes this model applicable to other helical membrane 

protein systems.
14,21,23,25,42

 

    When our model is incorporated into the fitting of the helical wheel as shown in Figure 

IV-15A, a detailed information regarding the dynamics of the membrane anchor emerges.  

If the fluctuation of the helical director axis, relative to the bilayer normal, is faster than 

its diffusion inside the cone, then we will observe only an average cone semiangle, which 

equals to the average tilt angle of the helix.  On the other hand, if the fluctuation of the 

helical director axis is slow relative to its diffusion inside the cone, then the helix can  
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Figure IV-15. (A) Fitting of the helical wheel pattern of resonances using the 

diffusion in a cone model. The open circles (O) denote the position of the observed 

resonances. The three PISA wheel fits were obtained using an average tilt angle of τ = 

13° and a chosen value of σ. In this case, the chosen values of σ are 1°, 8°, and 13° as 

indicated in the figure. (B) Diagram showing the wobbling motion of the helix in a 

lipid bilayer; where τ represents the tilt angle and σ represents the degree of fluctuation 

in the director axis. 
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sample a range of cone semiangles, resulting in a spread about the average helical tilt.  

These situations are illustrated in Figure IV-17. 

    The helical wheel that corroborates our experimental data, as illustrated in Figure IV-

15A, requires a spread of approximately 8° about the average tilt angle of the helix, 

which indicates the diffusion of the helix inside the cone is faster than the fluctuation in 

the helical tilt.  In our proposed model, the helix is wobbling in a cone defined by an 

average 13° tilt angle of the helix with an approximately 8° fluctuation in the helical tilt 

(σ).  Also, from the magnitude of dipolar couplings, the collective motions of the helix 

are estimated to be on the order of milliseconds.  This 8° fluctuation in the helical tilt 

defines an upper limit since the collective motions of the bicellar assemblies are 

incorporated into the current analysis as well.  When we extend our current model to the 

mobile region, no satisfactory helical wheel fit can be obtained. This result demonstrates 

the dynamics in the mobile region is significantly different from the transmembrane 

domain.  Due to the motional freedom in the mobile region, a greater range of motions 

can be afforded at various time scales, which dramatically increases the complexity 

required in our model for a proper description of this region.  Thus, despite this 

shortcoming, our proposed model corroborates well with experimental results for the 

membrane-spanning domain, providing meaningful insights regarding helical motions in 

a bilayer environment, which showed the possibility of extracting both structural and 

dynamical information from the helical wheel.  Our current dynamical analysis can be 

extended, with modifications, to include motions of two tightly bound helices in a lipid 

bilayer.  These systems are commonly observed in nature with profound biological 

implications.  For instance, the association of helices is commonly observed in 

macromolecular assembly such as viropins or between two cytochrome redox 

partners.
5,20,21,42

  Therefore, understanding the dynamics that takes place in these 

complexes will allow us to gain a better insight into the role of molecular dynamics in 

facilitating their biological functions. 
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Figure IV-16. A series of helical wheels simulated using the proposed model for 

cytochrome b5 associated with bicelles. (A-C) A series of helical wheels simulated 

with different degree of helical tilt angle fluctuations (σ), while keeping the average 

tilt (0) of the helix constant. The average tilt angles (0) used in the helical wheel 

simulations in A-C are 10°, 30°, and 45°. (D-F) A series of helical wheels simulated 

with different degree of helical tilt angles (0), while keeping the helical fluctuation 

(σ) constant. The constant helical fluctuation (σ) used in the helical wheel simulations 

in D-F are 5°, 10°, and 30°, and the helical tilt angle (0) varies from 10°, 30°, and 

45° in each of the panels D-F. (Note: If the helical fluctuation is greater than the 

average helical tilt, it represents an unrealistic situation and was excluded from 

simulations.) 
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IV-3-6. Further Application of PELF Technique to Other Systems and To Study 

Molecular Dynamics. 

    The resolution afforded using the PELF techniques described here can be extended to 

other spin systems, particularly the methyl groups.  Recently, 
13

C-labeled methyl groups 

have been demonstrated to be an exquisite NMR probe for investigating dynamics and 

structure and biological functions of large protein complexes.  The fact that Val, Ile, Leu, 

Ala, Met, and Thr constitute 30-45% of all the amino acids in membrane proteins means 

that the methyl group is becoming an important molecular probe for interrogating 

membrane protein structures and dynamics.
57-59

  However, the use of methyl 
13

C-
1
H 

dipolar couplings in SLF studies of membrane proteins remains a challenge due to the 

lack of dispersion in the methyl 
13

C chemical shifts as well as the complicated multiplet 

line shape in the indirect dimension due to the use of SLF sequences such as PISEMA, 

HIMSELF, and SAMMY.
57,60

  Therefore, the PELF methods implemented in the current 

studies can be used to simplify the complicated line shape in the indirect dimension, 

allowing for the accurate measurement of methyl‟s 
13

C-
1
H dipolar couplings.  The methyl 

13
C-

1
H dipolar couplings can provide dynamical information on a variety of biological 

systems.  For example, the association of two different helices of a membrane protein 

often restricts the methyl group rotation at the binding interface, resulting in an increase 

in the magnitude of methyl‟s 
13

C-
1
H dipolar couplings.  Therefore, through measuring the 

changes in the 
13

C-
1
H dipolar couplings, both the binding interface between two helices 

and the strength of their interactions at each methyl site can be deduced by comparing the 

order parameters of methyl groups as long as their resonances are resolvable.  

Furthermore, methyl 
13

C-
1
H dipolar couplings can provide structural constraints 

regarding the helical tilt similar to the recently proposed geometric analysis of labeled 

alanines (GALA) method that exploits the deuterium quadrupolar coupling of a CD3 

system.
61,62

  While the GALA method is successful in providing the tilt angle of a helix in 

both oriented and unoriented samples, it requires numerous selectively deuterated methyl 

samples for different Ala residues, which is not practical.
62

  The advantage of using the 

CH3 group is that multiple Ala methyl sites can be 
13

C-labeled and their 
13

C-
1
H dipolar 

couplings can be simultaneously measured using the PELF protocols, provided their 

resonances are resolvable.  Therefore, the PELF sequence can be extended to CH3 spin  
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Figure IV-17. Illustration of the importance of relative time scales in 

producing a motionally averaged PISA wheel spectrum. (A) When 

fluctuations of the helical tilt occur on a faster time scales than diffusion in a 

cone, only one cone semiangle (0) has to be considered in the calculation of the 

motionally averaged helical wheel. (B) When fluctuations of the helical tilt occur 

on slower time scales than diffusion in the cone, several cone semiangles have to 

be considered in the calculation of the motionally averaged helical wheel. 
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systems, providing both side-chain dynamics and structural constraints for refining 

protein secondary structures.
57

 

    The ability to measure a broad range of dipolar couplings allows not only for the 

determination of structures but also the understanding of protein dynamics at various time 

scales as illustrated in our studies.  Dipolar couplings can provide information on both the 

orientation of bond vectors and the amplitude of motions up to the millisecond time 

scale.
63-65

  Under the commonly used rotating-frame SLF pulse sequences, only motions 

in the range of 10
-4

-10
-5

 s are observed, which reflects the rotational diffusion of a 

transmembrane -helix.
53

  However, under the PELF approach, motions up to 10
-3

 s are 

revealed, thus, opening up a new avenue for probing protein dynamics via solid-state 

NMR experiments on aligned samples.  In fact, a complete mapping of protein dynamics 

is now possible, using a combination of relaxation and dipolar coupling measurements.
65

  

Currently, applications of SLF spectroscopy mainly focus on the determination of the 

transmembrane domain structures of membrane proteins.  Yet, in many cases, particularly 

for the case of membrane-associated receptors, a significant portion of the protein is in 

the cytoplasmic domain and conformational changes in one region of a protein can be 

propagated to another region through changes in protein motions such as those observed 

in dynamically driven allosteric interactions.
66

  Despite many advances in solid-state 

NMR methodology, the synergy of these conformational changes has so far not been well 

characterized.  Thus, the ability to produce a complete mapping of protein dynamics and 

their correlation with each other will allow for a better understanding of the intricate and 

enigmatic relationships between the structure of a protein and its biological functions. 

 

IV-4. The Dynamical Structure of a 73 kDa Membrane-associated 

Cytochrome b5-Cytochrome P450 Complex  

        The vast majority of pharmaceutical compounds in use today are hydrophobic 

compounds that are broken down in the body to water soluble, excretable compounds by 

a superfamily of enzymes known as the Cyt P450.
3,4

  A single member of this family, Cyt 

P450 3A4, was found to metabolize more than 50% of current-day drugs.
3
  Other 

members metabolize a broad range of xeno- as well as endobiotic substrates.  Cyt b5 is a 

membrane-bound protein which modifies the metabolism of selected drugs by Cyt P450.
3
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The molecular model shows the binding of Cyt P450 and Cyt b5, which changes the 

efficiency of Cyt P450‟s enzymatic activity (Figure IV-18A).
6
  A model constructed from 

the solution NMR structure of the soluble domain of rabbit Cyt b5 is given in Figure IV-

18B.
7  

Remarkably, Cyt b5 enhances (or is even essential) for some catalytic reactions, but 

does not affect or even inhibits others.  Its suggested functions include direct donation of 

an electron to Cyt P450, fine-tuning of kinetic parameters by relaying electrons, or an 

allosteric effector function on Cyt P450.
1,2

  In order to understand the molecular 

mechanism by which Cyt b5 influences the oxidation by Cyt P450 in vivo, one must 

understand the structural details of how Cyt b5 and Cyt P450 interact.   

    The 16.7kDa Cyt b5 contains 3 structurally distinct domains (Figures IV-18B and IV-

7): an ~95 amino acid amino-terminal catalytic heme-containing domain, a ~25 amino 

acid carboxyl-terminal membrane-anchor domain and a ~14 residue „hinge‟ or „linker‟ 

region which connects the two.  The carboxyl domain is assumed to be a helix which 

spans the membrane.  When Cyt b5 is treated with proteases, the heme domain is released 

as a soluble protein which can no longer interact with Cyt P450, but which can react with 

the soluble protein, Cyt c.
7
  Our interest is in trying to understand why the membrane-

spanning domain is required for the interaction between Cyt b5 and Cyt P450.   

    Since the full-length Cyt b5 and Cyt P450 are not amenable for structural studies using 

most commonly used biophysical techniques, only the structures of the soluble domains 

these proteins have been solved using X-ray and solution NMR techniques.  However, 

Cyt b5 lacking the TM domain neither interacts with nor influence the function of Cyt 

P450.  Therefore, while solving the high-resolution structure of the Cyt b5 - Cyt P450 

complex is very important, it has been proven to be challenging and not possible using 

commonly used biophysical approaches.  On the other hand, it could be a suitable 

problem that can be investigated using solid-state NMR spectroscopy as it has no 

fundamental restriction on the molecular size and phase of the sample.  Here, for the first 

time, we report the solid-state NMR investigation of membrane topology and dynamics 

of a Cyt b5-Cyt P450 complex in lipid bilayers.  Magnetically aligned bicelles are used in 

solid-state NMR experiments under static experimental conditions.  Magnetically aligned 

bicelles have been previously used as model membranes in solid-state NMR studies and 

also been utilized as an alignment medium to measure residual dipolar couplings in the  
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Figure IV-18. Structural models of Cyt b5 - Cyt P450 complex (A) and Cyt b5 (B) 

in membranes reconstructed from the original papers to give readers a graphical 

illustration of the protein-protein interaction and the predicted topology of Cyt b5. 
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structural studies of water-soluble proteins using solution NMR techniques.  Bicelles, 

composed of different types of combinations of lipids and a detergent, have been well 

characterized using 
31

P, 
2
H, 

13
C and 2D SLF experiments.  2D HIMSELF and 2D SAMY 

spectra correlating the 
13

C chemical shifts and 
1
H-

13
C dipolar couplings of the 

components of bicelles demonstrated the feasibility of high-resolution experiments at a 

physiologically-relevant temperature without having to enrich with 
13

C isotopes.  This 

remarkable advantage was later utilized to study the drug-membrane interactions using 

solid-state NMR spectroscopy.  The physicochemical properties and the size of bicelles 

have also been well documented in the literature.  Magic angle spinning solid-state NMR 

experiments have also utilized bilcelles, even high-resolution spectra of uniformly 

labeled proteins have been obtained.  Recent solid-state NMR studies have shown that it 

is possible to obtain high-resolution spectra from peptides and proteins labeled with 
15

N 

isotope under static experimental conditions.  In this study, we have used bicelles to align 

a complex of two different membrane proteins to study the structural interactions 

between them.  
31

P NMR data suggest that bicelles containing a complex of cyt b5 and 

Cyt P450 can be magnetically aligned at 30°C and even at higher temperatures.  But the 

stability of Cyt P450 is a concern for experiments at temperatures above 30°C.  In this 

study, using 15N NMR experiments, we have demonstrated that bicelles containing the 

Cyt b5-Cyt P450 protein complex are stable for solid-state NMR studies and provide 

remarkable resolution and sensitivity even for bicelles containing as low as a 

concentration of 1:536 protein:lipid molar ratio.  Most importantly, we have determined 

the tilt angle of the transmembrane domain of Cyt b5 from bicelles containing the protein 

complex.  The change in the mobility of Cyt b5 due to its interaction with Cyt P450 is 

presented using results from 2D HIMSELF, CP and RINEPT solid-state NMR 

experiments and simulations of experimental data. 

 

IV-4-1. Experimental Procedure. 

Expression and purification of Cyt b5. 

    
15

N labeled full length rabbit cytochrome b5 was over expressed in E.coli C41 cells 

using a pLW01 plasmid.
1
 After adapation of the cells in 

15
N-enriched  Celtone medium 
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(Spectra stable Isotopes), the cells were transferred into a  large volume of  the 
15

N-

Celtone culture (called Celtone-N).  The 
15

N-Celtone culture contained 880 mL of 

Celtone-N solution, 112 mL of M9 solution, 2 mL of glycerol, 2g of [
15

N] ammonium 

sulfate, 0.24 mM carbenicillin, 1 mM CaCl2, 10 mM MgSO4, 10 M FeCl3, 25 M 

ZnSO4, 20 M MnCl2, 250 M  -aminolaevulinic acid and vitamin mix (25 g of biotin, 

choline chloride, folic acid, niacinamide, D-panthenate, pyridoxal-HCl, riboflavin and 

250 g of thiamine).  Optimal expression was achieved with a 100 mL culture volume in 

a 500 mL Erlenmeyer flask.  The flask was incubated at 35 
o
C and spun at 250 rpm until 

OD at 600 nm reached 1.2.  Isoprppyl -D-thiogalactopyranoside (IPTG) was added to 

the final concentration of 10 M, and incubation was continued for 20 h at which the 

cells were harvested.  Purification of the 
15

N cytochrome b5 (Cyt b5) was performed as 

described previously.  Expression and purification of the cytochrome P450 2B4 (Cyt 

P450) were performed as described previously.
 

 

Preparation of bicelles.   

    40 mg DMPC and 7.6 mg DHPC corresponding to a molar ratio of q = 

[DMPC]/[DHPC] = 3.5 were cosolubilized in chloroform.  Solvent was removed under a 

stream of N2 gas to produce a lipid film on the walls of a glass vessel, which was kept in 

vacuum overnight to remove all residual solvent.  65 ml of 50 mM HEPES buffer, pH 7.4, 

with 10% glycerol content was added to the lipids film and transferred to the 5 mm NMR 

tube that was used for the experiments.  The resulting mixture of extreme viscosity was 

homogenized by vortexing, 30 min sonication in an ice bath, and 4 freeze/heat cycles 

between liquid nitrogen and 50°C. The resulting turbid gel is still extremely viscous, but 

its viscosity was slightly reduced at 0°C, as is common in all bicellar preparations. 

Protein was added in the final step of the preparation. Adding 55 ml of 2.0 mM cyt b5 (or 

Cyt b5-CytP450 complex) solution corresponding to 1.76 mg or 110 nmol protein 

resulted in a protein : DMPC ratio of 1:536.  And 35 ml of 50 mM HEPES buffer, pH 7.4, 

with 10% glycerol content was added further to the sample. Once the components were 

satisfactorily mixed, the sample tube was sealed and the sample was transferred to the 
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magnet for subsequent NMR experiments.  Quality of orientation was measured using 
31

P 

NMR and was found to be stable after 1 h of equilibration.  Since Cyt P450 is heat 

sensitive and unstable at higher temperatures, we performed all our solid-state NMR 

experiments at 30°C even though the bicelles containing the protein complex aligns at 

higher temperatures.   

 

Solid-state NMR experiments.   

    NMR experiments were carried using a Varian/Chemagnetics 400 MHz and a 5mm 

double-resonance MAS probe (at the University of Michigan), a Bruker 900 MHz and a 5 

mm double-resonance EFree static probe (at the Michigan State University, East Lansing), 

and a 900 MHz with a 5mm low-E double-resonance static probe (at National High 

Magnetic Field Laboratory (NHMFL) at Tallahasse).  
31

P NMR spectra were obtained 

using a spin-echo sequence from all of the above-mentioned NMR spectrometers before 

and after each 
15

N NMR experiment to confirm the lamellar nature of the sample.  All 1D 

15
N chemical shift spectra were obtained using a 400 MHz spectrometer.  A 62.5 kHz RF 

field was used for all pulses in the ramp-CP and RINEPT sequences except that an 80 

kHz RF field was used for the TPPM sequence to decouple protons.  1D 
15

N chemical 

shift spectra were also obtained from all spectrometers to optimize the signal/noise and 

resolution before setting-up a 2D experiment.  2D HIMSELF experiments were 

performed in all the spectrometers.   

    Since Cyt P450 is unstable at ambient temperatures and both proteins are sensitive to 

different conditions, samples were checked after each solid-state NMR experiment to 

make sure that the proteins were not denatured during experiments.  Indeed we observed 

that Cyt P450 in bicelles was unstable for temperatures higher than 37 
o
C, and therefore, 

we performed all our measurements at a lower temperature (30 
o
C) where the sample is 

still in the liquid crystalline phase and also quite stable for solid-state NMR experiments.  
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IV-4-2. 31P Chemical Shift Spectra of Magnetically Aligned Bicelles. 

    Proton-decoupled 
31

P chemical shift spectra of 3.5:1 DMPC/DHPC bicelles containing 

different concentrations of Cyt b5 are given in Figure IV-19.  Bicelles with Cyt b5-Cyt 

P450 complex show a high degree of alignment as suggested by the narrow lines for 

DMPC (a peak observed in the high field region), DHPC (a peak observed in the low 

field region) and a strong signal at 0 ppm from the phosphate buffer.  These results 

suggest that the presence of Cyt P450 does neither significantly alters the membrane 

environment nor the magnetic alignment of bicelles.  Therefore, the bicelles containing a 

complex of Cyt b5 and Cyt P450 is suitable for structural studies using solid-state NMR 

experiments. 

IV-4-3. 15N NMR of Bicelles Containing Cyt P450 and Uniformly-15N-Labeled Cyt 

b5. 

    Even though the high-resolution 
31

P chemical shift spectra suggest that the bicelles are 

magnetically aligned, it is important to examine the suitability of the sample for the 

structural studies of proteins using 
15

N NMR experiments.  For example, 
15

N experiments 

need to be performed to determine the alignment of proteins in bicelles, signal/noise ratio, 

and spectral resolution.  Two types of solid-state NMR experiments, namely CP (cross 

polarization) and RINEPT (refocused insensitive nuclei enhanced by polarization 

transfer), were performed to measure the chemical shifts of U-
15

N-Cyt-b5 from bicelles.  

15
N chemical shift spectra of uniformly-

15
N-labeled Cyt b5 in the absence (black) and the 

presence (red) of unlabeled Cyt P450 in bicelles are presented in Figure IV-20 (C-F).  

Narrow spectra lines, the signal/noise ratio, and the absence of a powder pattern in all 
15

N 

chemical shift spectra suggest that the Cyt b5 in both presence and absence of Cyt P450 is 

well aligned in bicelles and the sample is stable for long multidimensional experiments.  

Since bicelles are aligned with the lipid bilayer normal perpendicular to the external 

magnetic field direction, the 
15

N spectral lines appearing in ~40-90 ppm region can be 

attributed to the transmembrane region while the lines in ~100-130 ppm range arise from 

the soluble domain of Cyt b5.  As mentioned in our previous study on bicelles containing 

Cyt b5, the soluble domain of the protein is more mobile than the transmembrane domain 

of the protein.  Therefore, spectral editing is achieved via the RINEPT and the CP  
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Figure IV-19. Proton-decoupled 
31

P-chemical shift spectra of 3.5:1 

DMPC:DHPC bicelles containing a complex of 1:1 Cyt b5 and Cyt P450 show a 

high degree of alignment as suggested by the narrow lines for DMPC (a peak 

observed in the high field region), DHPC (a peak observed in the low field region) 

and a strong signal at 0 ppm is from the phosphate buffer: (A) bicelles with a ratio of 

1 : 536 Cyt b5 : DMPC at 30°C;  (B) bicelles with a ratio of 1 : 536 Cyt b5 : DMPC at 

37°C. 
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Figure IV-20. 
15

N chemical shift spectra (A-D) of uniformly 

aligned DMPC/DHPC bicelles containing a U-
15

N-Cyt b5 without 

(black) and with Cyt P450 complex (red) at 30°C.  Spectra were 

obtained using RINEPT (A) and ramped cross-polarization (B-D) 

experiments with a contact time of (B) 3.0 ms, (D) 0.8 ms, and (E) 0.1 

ms. The difference in the spectra not only reports on the variation in 

the mobilities of the three domains of the free Cyt b5 (black) but also 

on the Cyt b5 in the b5-P450 complex (red).  The 
15

N RINEPT spectra 

show spectral intensity only in the 100-130 ppm region, consistent 

with a high mobility of the soluble domain of Cyt b5.  In the RINEPT 

sequence, 2.6 and 1.3 ms were used in the first (before the pair of 90
o
 

pulses) and second (after the pair of 90
o
 pulses) delays, respectively. 
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sequences by varying the contact time.  Relatively mobile regions of the protein 

contribute to the RINEPT spectrum while relatively immobile regions of the protein 

contribute to the CP spectrum.  The presence of Cyt P450 significantly changed the 

observed spectral line shapes due to dynamical changes of Cyt b5, indicating that the 

protein-protein interaction is actually taking place.  In particular, the signal observed 

from the soluble domain (100-130 ppm) of Cyt b5-Cyt P450 complex is weaker than that 

from the free Cyt b5 in the RINEPT spectra (Figure IV-20C) and CP experiments at a 

longer contact time (Figure IV-20D).  On the other hand, for a shorter contact time the 

soluble domain signal is stronger (Figure IV-20E). 

IV-4-4. Two Dimensional HIMSELF spectra of Bicelles Containing Cyt P450 and 

Uniformly-15N-Labeled Cyt b5. 

    Two-dimensional HIMSELF
9
 (heteronuclear isotropic mixing leading to spin exchange 

via the local field) spectra, which correlate 
15

N chemical shift with 
1
H-

15
N dipolar 

coupling, were recorded on well-oriented bicelle samples containing Cyt b5 with and 

without Cyt P450 (Figure IV-21A).  The complete assignment of resonances in these 

spectra needs more experimental studies on bicelles containing Cyt b5 that are labeled 

with 
13

C & 
15

N isotopes and may be the use of deuteration.  While such studies are 

presently being carried out in our laboratory, there are some key features of the spectra 

that reveal the interaction of these two proteins and also on the structure and dynamics of 

Cyt b5.  Firstly, as demonstrated using spectral editing experiments on bicelles containing 

Cyt b5 alone, the circular helical pattern of resonances seen in the 2D spectra (see the 

expanded version in Figure IV-21B) arise from the transmembrane region of Cyt b5 even 

in the presence of Cyt P450.  Secondly, the observation of PISA (polarity index slant 

angle)-wheel pattern of resonances suggests that the α-helical geometry of the 

transmembrane region of Cyt b5 is not significantly altered by its interaction with Cyt 

P450.  Thirdly, signals observed in the 100-130 ppm 
15

N chemical shift region with 

reduced 
1
H-

15
N dipolar couplings in Figure IV-A can be attributed to the soluble domain 

of Cyt b5 and suggest that the soluble domain has a relatively weak alignment as 

compared to the transmembrane domain of the protein.  Interestingly, these reduced 

dipolar couplings become larger in the presence of Cyt P450.  This observation indicates 

that the interaction of Cyt b5 with Cyt P450 reduces the motion of the soluble domain of  
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Figure IV-21. A 2D 
15

N-HIMSELF spectra (A), and resonances corresponding to 

the transmembrane region of Cyt b5 (B), of magnetically aligned bicelles 

containing a U-
15

N-Cyt b5 (black) and the complex of U-
15

N-Cyt b5 with Cyt P450 

(red) at 30°C.  Experimental parameters used were: an RF field of 30 kHz, 0.5 ms 

cross polarization contact time, 48 t1 experiments with a dwell of 60 s, 10.24 ms 

acquisition time, 25 kHz SPINAL16 decoupling, 1k scans, and 2 s recycle delay. 
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Cyt b5.  Fourthly, the observation of a high-resolution spectrum from bicelles containing 

a ~73 kDa size membrane protein complex of Cyt b5-Cyt P450 is remarkable, which 

enables the development and applications of multidimensional solid-state NMR 

experiments to probe protein-protein interactions and structural studies without the need 

for freezing the model membrane samples. 

IV-4-5. Simulations of HIMSELF Spectra. 

    Spectral simulations were performed in order to determine the tilt of the 

transmembrane -helix from the observed PISA wheel in Figure IV-22.  Molecular order 

parameter could change the PISA wheel patterns.  Figure IV-22 shows the PISA wheels 

at three different tilt angles with various molecular order parameters.  Our simulations 

suggest that the molecular order parameter has less effect on the shape of the wheel 

pattern of resonances in a 2D PISEMA or HIMSELF spectrum of aligned bicelles 

containing a membrane protein. In addition, calculations show that for larger tilt angles 

respected to the membrane normal, the order parameter does not change the position of 

the PISA wheel much in the 2D HIMSELF spectra.  However, for a helix which has a 

small order parameter changes the size and frequency position of the PISA wheel in the 

spectra significantly, while for a helix which has a larger order parameter changes the 

size and frequency position of the PISA wheel in the spectra relatively less. Therefore, 

we have taken the influence of the order parameter into account in the PISA wheel 

analysis of our experimental data.   

    Based on the simulations, the smaller dipolar couplings observed from Cyt b5 and Cyt 

b5 - Cyt P450 complex (in the 80–110 ppm region) suggest that the partial alignment of 

the soluble domain of Cyt b5 and its high mobility with an order parameter less than 

about 0.5 and a tilt angle of ~80°.  On the other hand, due to the Cyt b5-Cyt P450 

complex formation, the soluble domain of Cyt b5 is relatively immobilized with an order 

parameter of 0.55. Therefore, the small dipolar couplings in ~80-110 ppm region for Cyt 

b5 become larger for the complex because of the direct interaction between soluble 

domains of Cyt b5 and Cyt P450. The PISA wheel analysis for Cyt b5 in bicelles at 30°C 

estimates a 14.0 (±3)° tilt of the TM helix relative to the membrane normal with a 

molecular order parameter of Smol=0.70. On the other hand, 16.0 (±3)° tilt with a 
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molecular order parameter of Smol= 0.8 are determined for Cyt b5-Cyt P450 complex in 

bicelles at 30
°
C.  The -helix is may be distorted due to the kink at Pro-116 in the middle 

of the TM region.
11

  Further experimental studies are in progress to assign the peaks in 

the 2D spectra and to determine the three-dimensional structure of the protein.  Therefore, 

the difference in the PISA wheel pattern of resonances in Figure IV-21 between Cyt b5 

and Cyt b5-Cyt P450 samples could be attributed to the structural changes due to Pro-116 

as well as due to the difference in the order parameter of the protein.  Interestingly, the 

increase in the molecular order parameter for the TM region of the Cyt b5-Cyt P450 

complex suggests the direct interaction of the TM domains of both proteins. 

IV-4-6. Discussion. 

    Protein science in the post-genomic era is beginning to direct its course towards the 

elucidation of protein-protein interactions.  Many biologically important protein-protein 

interactions, such as signal transduction, electron transport chain and photosynthesis, take 

place at the membrane interface of living cells.  Despite their importance and ongoing 

investigative efforts, there are very few reports on the protein structure determination of 

the combinatorial complexes composed of the protein-protein interactions and lipid 

bilayers.  The lack of success in this area of research is mainly because of the challenges 

imposed by membrane proteins to the most commonly used biophysical techniques such 

as X-ray crystallography and NMR spectroscopy.  While obtaining well-behaved 

biologically relevant samples of these systems is a main major bottle-neck for high-

resolution structural studies, recent solid-state NMR studies have demonstrated the 

feasibility of obtaining high quality structural information that could be used to 

understand the function of membrane proteins.  However, structural studies of a 

membrane protein complex using solid-state NMR techniques have been considered to be 

highly risky.  In this study, we have demonstrated that solid-state NMR is capable of 

characterizing protein-protein interactions in lipid bilayers at a very high-resolution.  For 

the first time in the literature, we report structural and dynamical interactions in an intact 

mamalian membrane protein complex, rabbit cytochrome b5 and cytochrome P450 2B4, 

in a membrane bilayer.    
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Figure IV-22. Sensitivity of PISA wheel patterns to the order parameter of the 

sample.  Simulated PISA wheel patterns are shown for different helical tilts from the 

membrane normal: 14.0° (A & D), 17.0° (B & E) and 80.0° (C & F).  The TM region 

of 2D 
15

N-HIMSELF spectra of (G) U-
15

N-cyt b5 and (H) the membrane protein-

protein complex U-
15

N-Cyt b5 with Cyt P450. 



 

223 
 

 Our experimental results reported in this study demonstrate that not only Cyt b5 

but also a complex of Cyt b5 and Cyt P450 can be prepared in bicelles, aligned in 

magnetic field for NMR studies, and high-resolution spectra and meaningful structural 

and dynamical information can be obtained.  While it is known that Cyt P450 is unstable 

at ambient temperatures and both proteins are sensitive to impurities and heat, it is 

remarkable that the bicelles containing the complex was quite stable under our 

experimental conditions even up to temperatures 30
o
C for more than two weeks.  The 

differences in the spectra obtained using CP and RINEPT pulse sequences, and with and 

without Cyt P450, provide a wealth of dynamical information about Cyt b5 as discussed 

below.  For example, the difference in the 
15

N chemical shift spectra (Figure IV-20) of 

aligned bicelles containing Cyt b5 with and without Cyt P450 suggests the interaction 

between these two proteins, which reduces the mobility of Cyt b5 in the presence of Cyt 

P450.  This further confirmed by the 2D HIMSELF data in Figure IV-21.  The 2D 

experimental data in combination with simulations reveal the changes in the mobilities of 

the soluble and TM domains.  The measured order parameter for the soluble domain of 

Cyt b5 slightly increases (by 0.05) due to its interaction with Cyt P450, whereas the order 

parameter of the TM domain is significantly increased (by 0.10).  These results suggest 

that the interaction between the TM regions is stronger than that between the soluble 

domains in the bicelles sample used for NMR experiments.  This explains why Cyt b5 

lacking the TM region does not influence the function of Cyt P450.  Here, Cyt b5 has a C-

terminal -helix TM domain, on the other hand, Cyt P450 has a N-terminal TM domain 

(data not shown).  The electric dipole moments of -helix might have an important role 

for the interaction of these two TM domains.  Structural models of Cyt b5 - Cyt P450 

complex based on biological assays and Solid-state NMR experiments are shown in 

Figure IV-23.  Interestingly, the interaction between the proteins neither significantly 

alter the helical structure of the TM domain of Cyt b5 nor does it significantly alter the 

geometry of TM helix.  This observation considerably simplifies our understanding on 

the interaction between the TM domains of the proteins.  Since the soluble domains of 

both the proteins are highly mobile in NMR time scale, the interaction between these two 

domains only slightly reduces the mobility of Cyt b5 in the presence of Cyt P450.  One 

possible role of the membrane anchor is that it restricts the motion of the Cyt b5 soluble 
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domain to those orientations that will result in a productive complex with Cyt P450.  Cyt 

P450 is believed to be rigidly anchored to the membrane and may, therefore, be limited in 

its ability to form a productive complex unless its binding partner is appropriately 

orientated.  More experiments are needed to completely characterize the structural 

changes and the changes in the dynamics of the proteins in the complex form at a higher 

resolution.  We expect the results reported here to open a valuable approach to structural 

and dynamical studies of membrane protein complexes using solid-state NMR techniques. 
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IV-5. References 

 

Figure IV-23. Structural models of Cyt b5 - Cyt P450 complex based on biological 

assays and Solid-state NMR experiments. 
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Chapter V 

 

Conclusions 

 

 

V-1. Conclusions  

 

    The goal of this project was to develop new Nuclear Magnetic Resonance spectroscopy 

methodologies to investigate structures, dynamics and functions of membrane bilayers, 

membrane-associated proteins, membrane-protein interactions and membrane protein-

protein interactions.  In order to accomplish this development following three novel 

concepts were discussed in this dissertation.  (1) The first element is to gain atomic-level 

structure and dynamics determination of biologically important systems by developing 

new solid-state and solution NMR approaches that enhance resolution and the sensitivity 

of spectra, allowing for the achievement of robust NMR experiments for complex 

biomolecules and samples that have higher molecular weight (Chapter II).  (2) The 

second component pertains to the preparation of stable and well-behaved biologically 

relevant samples of lipid bilayers (Chapter III).  (3) The third is to retain the biological 

functions of membrane complex systems during experiments in order to investigate 

dynamical structure of membrane complexes in a biologically relevant form (Chapter IV).  

The combination of these three approaches has already led, for the first time, to the 

determination of structural and dynamical interactions in an intact mammalian membrane 

protein complex, rabbit Cytochrome b5, and Cytochrome P450, which metabolizes more 

than 50% of the pharmaceuticals in clinical use today and is an extremely challenging 

system for NMR spectroscopy because of its huge overall molecular weight (more than 

200 kDa). 
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    The work described in Chapter II investigated the new developments of NMR 

spectroscopy methods for the structural and dynamical studies of membrane bilayers and 

membrane proteins.  I have highlighted the advantages and disadvantages of the 

commonly used PISEMA pulse sequence.  Recently developed (i) BB-PISEMA and 

HIMSELF to compensate the offset effects, (ii) PITANSEMA to overcome the high R.F. 

power effects and (iii) PELF to detect remote/smaller dipolar couplings are also discussed.  

I believe that these new sequences further widen the applications of PISEMA.  Some of 

the areas that benefit from these applications are the structural studies of weakly aligned 

molecules, bicelles, and liquid crystalline materials.  It is also possible to develop a 

variety of PISEMA-type pulse sequences by combining these new developments with 

indirect 
1
H detection, MAS, and gradients for various studies on both rigid and mobile 

biological solids.  Needless to mention that the optimization of phase, frequency, and 

width of R.F. pulses of SEMA for better performance could also provide fruitful results. 

    For dipolar recouplings under the solid-state Magic Angle Spinning conditions, I have 

demonstrated a low R.F. power pulse sequence, known as PITANSEMA-MAS, in which 

a combination of TAN and SEMA was used to recover the heteronuclear dipole–dipole 

interactions.  This sequence requires an order of magnitude less power than the PISEMA-

MAS sequence, while the spectral resolution and line shape are similar in both the cases.  

This sequence would be highly valuable for systems where the spin-locking of the 

transverse magnetization for heteronuclear coherence transfer is difficult.
1,2

 The 

experimental results suggest that the performance of the sequence is independent of the 

spinning speed and R.F. power whereas it depends on the offset frequency of protons.  

Since the efficiency of the sequence is not limited by the rotor synchronization, the 

sensitivity and resolution enhancements, rendered by the fast MAS can be retained in 

various multidimensional experiments.  In addition, our results indicate that the method 

can be used to measure heteronuclear distances even without the need for isotope 

enrichment.  The measured dipolar couplings can also be used to determine the structure 

and characterize the dynamics of rigid solids and mobile systems such as membrane 

bilayers and liquid crystalline materials.
3-6

 

     In order to compensate the offset effects I have demonstrated that the high 

performance 2D Separated-Local-Field experiments for accurate measurements of the 
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heteronuclear dipolar couplings can be designed by implementing the windowless 

isotropic mixing.  WIM24 sequence efficiently suppresses the chemical shift and 

frequency offset effects irrespective of the heteronuclear dipolar coupling value and 

therefore provides the uniform dipolar resolution in the broad dipolar coupling range.  

The experimental design is very flexible in terms of choosing the initial conditions and 

coherence transfer pathways.  In particular, high dipolar resolution and essentially 

artifact-free spectra are obtained with PIWIM-z sequence employing the coherent 

polarization transfer between z-component of the spin magnetizations.  The results of the 

new approach are comparable to other existing techniques in terms of dipolar resolution 

of large dipolar couplings but is superior for measurements of the motionally reduced 

dipolar couplings in the complex systems with a wide range of chemical shifts.  The 

method can be further extended and used as a building block in advanced multi-

dimensional NMR experiments.  It is anticipated that WIM based local field spectroscopy 

will find widespread use for the structural studies of liquid crystalline and biological 

samples.   Also, our results suggest that the isotropic nature of the effective Hamiltonian 

will be useful to transfer any component of the magnetization via heteronuclear dipolar 

couplings.  Like PISEMA, the main limitation of this technique is that it cannot be used 

to measure a smaller dipolar coupling in the presence of a larger dipolar coupling as the 

effective Hamiltonians do not commute.  Nevertheless, we expect that this sequence will 

be useful in the structural, geometrical and dynamical studies of aligned molecules such 

as lipid bilayers, bicelles and liquid crystalline materials 

    In this Chapter II, I also discussed various practical aspects of 
13

C and 
14

N NMR 

experiments in magnetically oriented bicelles.  We have demonstrated that R.F. heating 

effects in bicellar samples can easily be calibrated and taken into account by monitoring 

the water proton chemical shift.  This approach can be used for studies on other samples 

like mechanically aligned bilayers and multilamellar vesicles as well. We have also 

demonstrated that by applying advanced broadband decoupling sequences the required 

decoupling RF power can be considerably reduced and thus RF heating can be minimized. 

A comparison of various methods to enhance the sensitivity of experiments to detect less 

sensitive nuclei and to enhance the resolution of the chemical shift spectrum of less 

sensitive nuclei in bicelles is presented. Our results infer that 
14

N NMR experiments on 
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bicelles are easy to carry out with a standard commercial set-up. The detection of 
14

N 

nuclei could be used as a „voltmeter‟ to study ligand–membrane interactions. We believe 

that the results presented in this paper can be utilized in performing advanced 

multidimensional solid-state NMR experiments
7-9

 on bicelles containing peptides, 

proteins, drugs or other types of molecules. 

    The work described in Chapter III-2 investigated Carbon-13 NMR spectroscopy of 

lipid bilayers, when applied as a 2D SLF experiment, provides a number of important 

advantages over the traditional 
2
H NMR approach.  Advantages include a more 

straightforward signal assignment, accessibility of remote couplings and couplings to 

heterospins other than protons, and resolving the ambiguous splitting within the 

methylene groups.  Thus, the information content in the 2D spectrum that is useful for 

structural studies is increased dramatically.  Our results suggest that the 2D PDLF is the 

most efficient experiment on bicelles as compared to other separated local field 

techniques in terms of the resolution of the dipolar couplings.  However, BB-PISEMA or 

HIMSELF sequences provided the best resolution in rigid solids.  Since the spectral 

splitting in a spin cluster with multiple spin dipolar couplings behave distinctly in PDLF 

and PISEMA-type techniques, some ambiguity issues in assigning the dipolar doublets 

are resolved by comparing the data of these two experiments.  Therefore, a combination 

of PDLF with one of the rotating-frame experiments like BB-PISEMA or HIMSELF is 

highly recommended.  Our results also suggest that the 2D experiment can be used to 

measure the membrane interaction of ligands.  Interestingly, this approach does not 

depend on the molecular size, and therefore it should be useful in studying the interaction 

of membrane proteins with the lipid bilayer environment.  This approach will also be 

applicable to study the structure of 
13

C- or 
15

N-labeled proteins in bicelles.  In particular, 

the laboratory-frame SLF experiment like PDLF and its variants will be valuable in 

determining the structure and dynamics of soluble domains, loop regions, and mobile 

parts of membrane proteins. 

    The work described in Chapter III-3 investigated knowledge on the variation of lipid 

dynamics in bicelles is essential in the investigation of ligand-induced structural and 

dynamical disorders in membranes.  For example, bicelles are valuable in probing the 

mechanism of membrane disruption by antimicrobial peptides, toxins, amyloid peptides, 
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fusion peptides, dendrimers, and pharmaceutical compounds.
10-14

  In such studies, 

changes in the order at each carbon site have been shown to provide valuable insights 

into various important aspects of ligand-membrane interactions.   The depth of insertion, 

disorder/order induced by ligands near the lipid head-group or hydrophobic core regions 

of lipid bilayers, tilt of the lipid head-group, phase changes, and toroidal-pore formation 

are commonly characterized using order parameters measured from NMR experiments on 

bicelles.   In such analysis, caution must be exercised because dehydration effects and 

detergent-like behavior of peptides can be misinterpreted for a change in the size of the 

bicellar aggregates.   The unique way of preparing well-defined toroidal pores in bicelles 

is highly valuable to understand the mechanism of membrane disruption by a variety of 

systems, such as antimicrobial and amyloidogenic peptides. 

    The increasing popularity of bicelles in NMR studies of membrane proteins 

necessitates a better understanding of lipid dynamics in bicelles.  It is now possible to 

obtain a high-resolution solid-state NMR spectrum of a membrane protein embedded in 

magnetically aligned bicelles.   SLF experiments, such as PISEMA or HIMSELF, require 

a fine balance between motions of a protein in the membrane and the various anisotropic 

nuclear interactions.  Therefore, one of the avenues to fine tune this delicate balance is 

through manipulating the experimental conditions of bicelles.  Our series of 

comprehensive experiments shows that the q ratio greatly influences the overall ordering 

of bicelles and the motions of lipids relative to other experimental parameters, such as 

temperature and hydration.  As such, increasing the q ratio as a mean to exemplify 

dipolar couplings is a reasonable approach to improve spectral resolutions of a SLF 

spectrum.  Unfortunately, this approach may compromise the alignment of bicelles; 

however, bicelles have been shown to exhibit macroscopic alignment over a wide range 

of q ratios from 2.5 to 5.5.
15

  Therefore, there must exist a q ratio where experimental 

conditions, bicelles alignment, and spectral resolutions can be satisfied for a specific 

membrane protein.  Nevertheless, the use of bicelles in solid-state NMR studies of 

membrane proteins is a continuing endeavor that requires constant optimization of 

sample conditions. 

    The work described in Chapter IV-2 investigated a first structural study on holo Cyt b5 

in a membrane environment.  We found an -helical structure for the rigid 
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transmembrane region, with atypical geometrical imperfection due to the Pro residue, and 

very fast dynamics for the soluble domain.  We believe that the presented results point 

out a versatile way to investigate numerous structural and dynamic properties of Cyt b5 

and its physiologically important interaction with Cyt P450.  The successful 

demonstration of spectral editing approaches will significantly reduce the difficulties in 

the resonance assignment of Cyt b5.  Moreover, the combination of these unique NMR 

spectral editing methods will be applicable in the structural and dynamical studies of a 

large number of other membrane proteins, as well. 

    The work described in Chapter IV-3 demonstrated the practicality of using PELF pulse 

sequence to generate a complete mapping of dynamics by measuring dipolar couplings of 

directly bonded 
15

N-
1
H spin pairs of a membrane-anchored cytochrome b5 in 

magnetically aligned bicelles. The superiority in resolution of a PELF spectrum under 

WIM-CP or COMPOZER-CP sequence rivals that of conventional rotating frame SLF 

techniques such as SAMMY, BB-PISEMA, and HIMSELF.  Importantly, under our 

approach, an SLF spectrum of both transmembrane and mobile regions is recorded in a 

single experiment, allowing for a complete correlation of protein dynamics between the 

two regions.  The observed PISA wheel was fit using a dynamical model, which includes 

the whole-body motions of the helix. Using this approach, the helix is modeled as 

wobbling in a cone with an approximate 8° fluctuation in the tilt of the helix, which is 

estimated to be 13°. Importantly, this approach represents the first step in extracting the 

motions of a membrane protein from an aligned sample, allowing for a better 

understanding of the dynamics of a protein in a bilayer environment. Although this 

method is demonstrated successfully on a membrane protein, it can also be used for other 

aligned liquid crystalline materials. Finally, while this method of extracting dynamical 

information can be extended to the system of two binding helixes, MD simulations will 

be needed to include all the motions pertaining to such a complex in order to provide a 

proper and insightful description regarding its motions in membranes. 

    The work described in Chapter IV-4 demonstrated that solid-state NMR is capable of 

characterizing protein-protein interactions in lipid bilayers at a very high-resolution.  For 

the first time in literature, we report structural and dynamical interactions in an intact 
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mamalian membrane protein complex, rabbit cytochrome b5 and cytochrome P450 2B4, 

in a membrane bilayer.    

    Our experimental results demonstrate that not only Cyt b5 but also a complex of Cyt b5 

and Cyt P450 can be prepared in bicelles, aligned in magnetic field for NMR studies, and 

high-resolution spectra and meaningful structural and dynamical information can be 

obtained.  While it is known that Cyt P450 is unstable at ambient temperatures and both 

proteins are sensitive to impurities and heat, it is remarkable that the bicelles containing 

the complex was quite stable under our experimental conditions even up to temperatures 

30
o
C for more than two weeks.  This observation considerably simplifies our 

understanding on the interaction between the TM domains of the proteins.  Since the 

soluble domains of both the proteins are highly mobile in NMR time scale, the interaction 

between these two domains only slightly reduces the mobility of Cyt b5 in the presence of 

Cyt P450.  One possible role of the membrane anchor is that it restricts the motion of the 

Cyt b5 soluble domain to those orientations that will result in a productive complex with 

Cyt P450.  Cyt P450 is believed to be rigidly anchored to the membrane and may, 

therefore, be limited in its ability to form a productive complex, unless its binding partner 

is appropriately orientated.  More experiments are needed to completely characterize the 

structural changes and the changes in the dynamics of the proteins in the complex form at 

a higher resolution.  We expect the results reported here to open a valuable approach to 

structural and dynamical studies of membrane protein complexes using solid-state NMR 

techniques. 
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 APPENDIX                                                 

A. SIMPSON Simulation Input Files for 

Separate-Local-Field Spectroscopy 
 

 

A-1. SIMPSON Input File Examples 

 
 

(i) PISEMA (single crystal) 
 

spinsys { 

  channels 1H 15N 

  nuclei 1H 15N 

  dipole 1 2 10000.0 0 0 0 

} 

 

par { 

  method           direct   

  spin_rate        0.0 

  gamma_angles     1 

  crystal_file     alpha0beta0 

  start_operator   -I1y + I2x 

  detect_operator  I2p 

  proton_frequency 400e6 

  verbose          1101 

  np               4096 

 

  variable rf_H     75000.0  

    

  variable eff_H    sqrt(3.0/2.0)*rf_H 

  variable t_delay  0.0 

  variable rf_15N_1 eff_H     

  variable rf_15N_2 eff_H     

  variable tau1     1000000.0/eff_H     

  variable tau2     1000000.0/eff_H     

  variable Offset_1 (-rf_H/sqrt(2.0))+0 

  variable Offset_2 (+rf_H/sqrt(2.0))+0 

  variable X_Offset 10000 

  variable X_Offset_2 -(X_Offset)  

 

  variable Cycle    2 

  sw 1000000.0/((tau1+tau2)*Cycle) 
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  variable theta_m  (1000000.0/rf_H)*(90-54.73561032)/360.0 

 

} 

proc pulseq {} { 

  global par 

#maxdt 1  

 

reset     

pulse $par(theta_m) $par(rf_H) -x 0 x 

acq x 

 

for {set i 2} {$i <= $par(np)} {incr i} { 

offset $par(Offset_1)    $par(X_Offset)     

 pulse  $par(tau1) $par(rf_H)  y $par(eff_H)  x 

offset $par(Offset_2)    $par(X_Offset_2)     

 pulse  $par(tau2) $par(rf_H) -y $par(eff_H) -x 

 

offset $par(Offset_1)    $par(X_Offset)     

 pulse  $par(tau1) $par(rf_H)  y $par(eff_H)  x 

offset $par(Offset_2)    $par(X_Offset_2)     

 pulse  $par(tau2) $par(rf_H) -y $par(eff_H) -x 

acq x 

} 

} 

 

proc main {} { 

  global par 

 

puts "============================================================" 

puts " PISEMA April, 2011" 

puts "============================================================" 

set f [fsimpson]; faddlb $f 100 0; fsave $f $par(name).fid -binary; 

fft $f;  

fsave $f $par(name).spe -binary; 

} 

 
 

(ii) BBPISEMA (powder) 
 

spinsys { 

  channels 1H 15N 

  nuclei 1H 15N 

  dipole 1 2 10000.0 0 0 0 

} 

 

par { 

  method           direct   

  spin_rate        0.0 

  gamma_angles     1 

  crystal_file     zcw986              #for the powder pattern 

simulation 

  start_operator   -I1y + I2x 
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  detect_operator  I2p 

  proton_frequency 400e6 

  verbose          1101 

  np               4096 

 

  variable rf_H     50000.0  

  variable pi_rf_B  rf_H                #RF power of refocusing 

pulses  

   

  variable eff_H    sqrt(3.0/2.0)*rf_H  #Effective field 

  variable t_delay  0.0 

  variable pi       (1000000/pi_rf_B)/2 #refocusing pulse length 

  variable rf_15N_1 eff_H     

  variable rf_15N_2 eff_H     

  variable tau1     1000000.0/eff_H     

  variable tau2     1000000.0/eff_H     

  variable Offset_1 (-rf_H/sqrt(2.0))+0 # for the offset dependence 

  variable Offset_2 (+rf_H/sqrt(2.0))+0 # evaluations 

  variable Cycle    2 

  sw 1000000.0/((tau1+tau2+pi)*Cycle) 

 

  variable theta_m  (1000000.0/rf_H)*(90-54.73561032)/360.0 

 

} 

proc pulseq {} { 

  global par 

#maxdt 1  

 

reset 

pulse $par(theta_m) $par(rf_H) -x 0 x 

acq x 

 

for {set i 2} {$i <= $par(np)} {incr i} { 

offset $par(Offset_1)    0 

 pulse  $par(tau1) $par(rf_H)  y $par(eff_H)  x 

offset $par(Offset_2)    0 

 pulse  $par(tau2) $par(rf_H) -y $par(eff_H) -x 

offset 0  0 

pulse  $par(pi)  $par(pi_rf_B)  x $par(pi_rf_B)  y 

 

offset $par(Offset_1)    0 

 pulse  $par(tau1) $par(rf_H)  y $par(eff_H)  x 

offset $par(Offset_2)    0 

 pulse  $par(tau2) $par(rf_H) -y $par(eff_H) -x 

offset 0  0 

pulse  $par(pi)   $par(pi_rf_B)  -x $par(pi_rf_B)  -y 

acq x 

} 

} 

 

proc main {} { 

  global par 

 

puts "============================================================" 
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puts " BBPISEMA April, 2011" 

puts "============================================================" 

set f [fsimpson]; faddlb $f 100 0; fsave $f $par(name).fid -binary; 

fft $f;  

fsave $f $par(name).spe -binary; 

} 

 

 

(iii) PISEMA MAS at 14 kHz 
 

############################################################ 

# SPIN SYSTEM 

############################################################ 

spinsys { 

  channels 1H 13C 

  nuclei   1H 13C 

  dipole   1 2 -22000.0 0 0 0 

} 

############################################################ 

# end of SPIN SYSTEM 

############################################################ 

 

############################################################ 

# PARAMETERS 

############################################################ 

par { 

  method           direct   

  gamma_angles     1 

# crystal_file     alpha0beta0 zcw 4180 

  crystal_file     zcw376 

  spin_rate        14000.0 

  start_operator   0.577350269189*I1z - 0.816496580928*I1y + I2x 

  detect_operator  I2p 

  proton_frequency 400e6 

  verbose          1101 

  np               4096*2 

 

  variable X_Offset 0 

  variable I_Offset 0 

  variable eff_X_Mismatch 0 

  variable eff_I_Mismatch 0 

 

  variable rf_H          62500 

  variable rf_H_pract    rf_H + eff_I_Mismatch  

  variable Offset_H_1    -rf_H/sqrt(2.0)+I_Offset 

  variable Offset_H_2    +rf_H/sqrt(2.0)+I_Offset 

  variable rf_H_1_eff    sqrt(1.5)*rf_H 

  variable rf_H_2_eff    sqrt(1.5)*rf_H  

  variable tau1          (1000000/rf_H_1_eff) 

  variable tau2          (1000000/rf_H_1_eff) 

 

  variable taf           (tau1-tau2)/(tau1+tau2) 

  variable tauC_tauLG    (tau1+tau2)/(1000000/rf_H_1_eff) 
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  variable rf_15N_1      (rf_H_1_eff) + spin_rate + eff_X_Mismatch      

  variable rf_15N_2      (rf_H_2_eff) - spin_rate + eff_X_Mismatch      

  variable angle1        rf_H_1_eff*0.000001*tau1*360.0 

  variable angle2        rf_H_2_eff*0.000001*tau2*360.0 

  variable Cycle         1  

  sw                     1000000.0/((tau1 + tau2)*Cycle) 

} 

############################################################ 

# end of PARAMETERS 

############################################################ 

 

############################################################ 

# PULSE SEQUENCE 

############################################################ 

proc pulseq {} { 

global par 

maxdt 1.0 

reset 

acq x 

for {set i 2} {$i <= $par(np)} {incr i} { 

offset $par(Offset_H_1)                 $par(X_Offset)     

pulse  $par(tau1) $par(rf_H_pract)  y   $par(rf_15N_1)  x 

offset $par(Offset_H_2)                 $par(X_Offset) 

pulse  $par(tau2) $par(rf_H_pract) -y   $par(rf_15N_2) -x 

offset 0 0 

acq x }} 

############################################################ 

# end of PULSE SEQUENCE 

############################################################ 

 

############################################################ 

# MAIN PROCEDURE 

############################################################ 

proc main {} { 

global par 

puts "===== Start Main Procedure =================================" 

set f [fsimpson]; faddlb $f 100 0; fsave $f $par(name).fid -binary; 

fft $f;  

fsave $f $par(name).spe; 

puts "===== End Main Procedure ===================================" 

} 

############################################################ 

# end of MAIN PROCEDURE 

############################################################ 

 

 

(iv) HIMSELF (PIWIMz) 
 
spinsys { 

  channels 1H 15N 

  nuclei 1H 15N 

  dipole 1 2 10000.0 0 0 0 

} 
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par { 

  method           direct   

  spin_rate        0.0 

  gamma_angles     1 

  crystal_file     alpha0beta0 

  start_operator   I1x + I2x 

  detect_operator  I2p 

  proton_frequency 400e6 

  verbose          1101 

  np               4096*2 

   

  variable X_Offset 0 

  variable I_Offset 0 

  variable eff_X_Mismatch 0 

  variable eff_I_Mismatch 0 

 

  variable rf_H        100000.0 

  variable rf_H_pract  rf_H + eff_I_Mismatch   

  variable rf_X_pract  rf_H + eff_X_Mismatch 

       

  variable I_pulse     (1000000.0/rf_H)/4   

 

  variable Num_pulse   24 

  sw 1000000.0/(I_pulse*Num_pulse) 

 

#  variable theta_m     (1000000.0/rf_H)*(180-(90.0-63.1))/360.0 

 

} 

proc pulseq {} { 

  global par 

#maxdt 1  

 

reset  

#offset $par(I_Offset) $par(X_Offset)     

#pulse $par(theta_m) $par(rf_H_pract) -y 0 -y 

#acq x 

 

for {set i 2} {$i <= $par(np)} {incr i} { 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   x  $par(rf_X_pract)  x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   x  $par(rf_X_pract)  x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     
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pulse  $par(I_pulse)   $par(rf_H_pract)   x  $par(rf_X_pract)  x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   x  $par(rf_X_pract)  x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

 

offset 0  0 

 

acq x 

 

 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -x  $par(rf_X_pract) -x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -x  $par(rf_X_pract) -x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -y  $par(rf_X_pract) -y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -x  $par(rf_X_pract) -x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)  -x  $par(rf_X_pract) -x 

offset $par(I_Offset)  $par(X_Offset)     

pulse  $par(I_pulse)   $par(rf_H_pract)   y  $par(rf_X_pract)  y 

 

offset 0  0 

 

acq x 

} 

} 

 

proc main {} { 

  global par 

 

puts "============================================================" 

puts " HIMSELF (PIWIMz) April, 2011" 

puts "============================================================" 

set f [fsimpson]; faddlb $f 100 0; fsave $f $par(name).fid -binary; 

fft $f;  
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fsave $f $par(name).spe; 

} 
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