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ABSTRACT  

 

The M2 proton channel from Influenza A is an established drug target, with multiple functions during the 

viral lifecycle.  Amino acid mutations, in the residues lining the channel pore, have rendered M2 resistant 

to previously licensed inhibitors. Given the propensity for genetic reassortment of Influenza A and history 

of pandemics due to emergence of novel human strains, M2 has been subject of numerous structural 

characterization efforts.  Attempts at rational drug design targeting M2 proton channel have been impeded 

by the limited number of experimental techniques having capabilities for elucidating atomic level interactions 

of the protein-ligand complexes in a native-like membrane mimetic environment.  Solid State Nuclear 

Magnetic Resonance (ssNMR) is a technique that has all of these capabilities for structural characterization 

of membrane protein drug targets in lipid bilayers.  Coupling ssNMR with Computer Aided Drug Discovery 

(CADD) is the precise approach needed to decrease time and resources required to generate novel 

therapeutics. Here, we present a first structural characterization of the full length wild type M2 channel in 

complex with inhibitor, and of the S31N mutant in the apo and drug-bound state.  Through the use of diverse 

ssNMR experiments we tested stereoselectivity of drug binding in the channel pore, structural changes due 

to mutation, and characterized novel inhibitor interactions.  Molecular Dynamic simulations were performed 

by our collaborators and were in good agreement with our experimental findings.  Together these results 

deepen our understanding of the atomic level interactions stabilizing wild type inhibitors in the channel pore, 

and structural changes in the mutant leading to loss of compound efficacy.  Most importantly, specific 

interactions described herein are essential for successful outcomes from structure based CADD and can 

be used in future computational efforts.  
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CHAPTER ONE 

 

SOLID STATE NMR IN DRUG DISCOVERY 

 

1.1 Membrane Protein Drug Targets 

Complexity of cellular plasma membranes varies between organisms.  A unifying feature is lipid 

diversity, with eukaryotic plasma membranes containing hundreds of different lipid species (10, 11).  These 

lipids are asymmetrically, yet non-randomly distributed between two leaflets and are intercalated with 

peripheral and integral membrane proteins (IMPs) (12, 13).  The resulting, dynamic lipid bilayer structure is 

a semi-permeable, stable barrier with a wide range of significant physiological functions, including signal 

transduction, selective passage of solutes, molecular recognition and ion regulation.   Diverse functionality 

of the plasma membrane is allotted by many types of lipid bilayer associated proteins and their 

conformational topologies. For instance, cell signaling is achieved by the extracellular protein domains, 

whereas selective filtration is performed by ion channels and pores.  While, cytosol facing fragments 

facilitate cytoskeletal anchoring and trigger intracellular pathways. About 25% of the sequenced genome 

encodes for membrane proteins (14, 15).  It is then not surprising that from ~88% of licensed therapeutics 

targeting protein gene products, 50-60% were found to exert their effects on membrane protein drug targets 

(16, 17).  The DrugBank database(18, 19) was recently examined by Schlöth and co-workers to evaluate 

current trends in drug discovery and clinical trial targets (5).  Although a new pattern in therapeutic 

development has emerged due to substantial innovations within the biotechnology sector, the 10 largest 

drug target categories are still heavily represented in clinical trials by membrane protein drug targets.  It 

can be seen in Figure 1.1 which summarized the findings: that Rhodopsin family G protein-coupled 

receptors (GPCRs) make up the largest group of drug targets for both established drugs and novel 

therapeutic targets in clinical trials.   Defects in GPCR function often leads to different disease states, 

including hypertension, congestive heart failure, stroke and cancer (20).    

A large fraction of other biologically relevant targets are not being exploited as aggressively as 

GPCRs.  Over a third, shown in Figure 1.1 are made up by ion channels (89/284).  Ion channel abnormalities 

are detrimental to human physiology, leading to cystic fibrosis, epilepsy and paralysis, to name a few (21).  
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Due to unique properties of the cellular membrane, ion channels and other integral membrane proteins are 

not easily amenable to structural characterization. Thus, less than 3% of all protein data bank (PDB) 

deposited structures determined to date, are of membrane proteins (http://blanco.uci/edu/mpstruc/).  With 

a substantial fraction of those 3% made up by water soluble domains of IMPs.    

 

1.2 Lipid Bilayer Properties Create a Unique Solubilizing Environment 

 Lipid composition of cellular membranes imparts unique biophysical properties to the environment 

housing IMPs (22, 23).  All membrane lipids are amphipathic, and when placed in an aqueous environment 

self-assemble into an energetically favorable lipid bilayer state.  This assembly exposes only charged or 

polar lipid head groups to the aqueous environment, while shielding the hydrocarbon tails(24). As previously 

Figure 1.1 Drug targets in clinical trials.  The 10 largest drug-target categories 
shown in blue, whereas the number being targeted in clinical trials shown in red. 
The largest group representing both categories is made up of Rhodopsin family 
G protein-coupled receptors.  This Information was summarized by Rask-
Andersen and co-workers following comprehensive analysis of the DrugBank 
database(5).  Copyright @ Annual Reviews.  No permission for reprint necessary. 
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mentioned, lipidomics of eukaryotic cells have shown great diversity in lipid types, with variability in both 

the head group region as well as the length and saturation of fatty acyl chains(12).  Notably, the composition 

varies at different lifecycle stages and is dependent on external environment, which regulates fatty acid 

biosynthesis (25).  However, it has been shown that membrane protein functionality is retained in a variety 

of lipid compositions, as a selected evolutionary trait, as long as general biophysical properties 

characteristic of lipid bilayers are still present(26). Phosphatidylcholine (PC) is the most abundant lipid in a 

eukaryotic cellular membrane(12).  An example of the PC molecule with its amphipathic features is shown 

in Figure 1.2.  PC contains a diacylglycerol (DAG) backbone with a phosphate esterified to a choline.  PC 

lipids make up 75%-100% of the lipid bilayer in samples prepared for Solid State NMR experiments 

discussed in this dissertation.     

 

 

Figure 1.2 Amphipathic nature of a phospholipid molecule.  1, 2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) is shown by formula (A) and as a space-filling model (B).  The hydrophilic region 
is a composed of choline, phosphate and glycerol, while the hydrophobic domain is made up of two fatty 
acyl chains.   
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General biophysical properties of the lipid bilayers include: the presence of hydrophilic and 

hydrophobic domains, dramatic gradients in both the dielectric constant and lateral pressure profile across 

the bilayers.  Following lipid self-assembly, the resulting structure has depth dependent distribution of forces 

acting in the plane of the bilayer.  Areas of positive and negative pressure create substantial local transverse 

stresses and a lateral pressure profile.  While the local lateral pressure varies with lipid bilayer depth, the 

bulk value can reach hundreds of atmospheres  (27, 28).  A simplified schematic of the lipid bilayer 

correlating lateral pressure profile to depth in the bilayer is shown in Figure 1.3 (B, C).  This figure also 

shows dielectric constant values for different regions of the bilayer and the extracellular aqueous 

environment (Figure 1.3 A).  For instance, the charged lipid head group has a dielectric constant value of 

~160-240.  A stark contrast with the 80-120 fold different value spanning ~25 Å of the hydrophobic core 

(Figure 1.3) (23, 29, 30). Consequently, integral membrane proteins are stabilized by a very different set of 

intermolecular interactions than water-soluble counterparts.  This is reflected in the structural features of 

IMPs, discussed below. 

 

Figure 1.3 Schematic illustration of the lipid bilayer (B), dielectric gradient (A) and the lateral 
pressure profile (C).  Simplified lipid bilayer illustration (left) and lateral pressure profile �� (right), showing 
pressure variation as a function of position (z) in the lipid bilayer.  Negative lateral pressure in the lipid 
interfacial region and positive lateral pressure in the hydrophobic core. 
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1.3 Membrane Protein Structure is Influenced by the Environment 

Membrane proteins can be categorized as integral and peripheral. IMPs completely traverse the 

bilayer, while peripheral proteins have bilayer surface associated domains.  In the case of IMPs, two 

secondary structures for the transmembrane domain satisfy stringent hydrogen bonding requirements 

imposed by the low dielectric environment: alpha helical and beta sheet (31).   For the purpose of this 

dissertation the discussion will focus on the alpha helical conformation. 

 Transmembrane α-helices possess high degree of uniformity due to strength of hydrogen bonding 

in a low dielectric environment(8).  Furthermore, amino acid composition and hydrogen bonding patterns 

also accommodate unique molecular interactions of the hydrophobic dimension.  Indeed, the prevalence of 

highly polar, charged residues in water soluble helices is significantly reduced, while the side chains of 

weakly polar amino acids frequently back-hydrogen bond to the backbone in transmembrane helices (23, 

32). Hydrogen bonds are shortened due to dominant electrostatic contribution. An eloquent investigation of 

the bond angles by Rose and co-workers demonstrated this phenomenon (33).  

 Lastly, peptide planes in membrane alpha helices are almost parallel to the helical axis, with 

peptide plane tilt angles of 8.2° (8, 34).  This tilt angle is greater for water-soluble proteins, where exposed 

oxygens from the backbone carbonyl groups can readily form hydrogen bonds with surrounding waters or 

a more hydrophilic interior of a protein.   Figure 1.4 demonstrates torsion angles (ϕ, φ) and peptide plane 

angles (δ) for globular α-helical proteins, with a Ramachandran-δ diagram depicting sensitivity of δ to φ, ϕ 

variations.  As shown in Figure 1.4, torsion angles between water-soluble and membrane protein helices 

differ by 5°, leading to the change in the peptide plane tilt angle.  This difference is sufficient to conceal 

backbone polar groups from the hydrophobic interstices of the lipid bilayer. This intricate network of forces 

and interactions must be experimentally replicated to avoid environmentally induced structural distortions.  

Through the years significant efforts with a variety of membrane mimetics have led to a set of guidelines 

for recognizing non-native structures (22, 23).  Specifically, an example of environment induced structural 

distortion and abrogated drug binding site was noted during solution NMR investigation(4). 
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1.4 Nuclear Magnetic Resonance in Drug Discovery and Design 

 A number of excellent reviews have described utility of Nuclear Magnetic Resonance in Drug 

Discovery and Design (35-37).   While its use in the past decade has evolved, it remains a robust technique 

in high-throughput screening, structure-based, and fragment-based drug discovery. A diverse array of NMR 

experiments allows for characterizations of structure and dynamics, distance measurements in the inhibitor 

binding site, evaluation of protein-ligand interactions, as well as hit and lead validation.  Most importantly, 

obtained structural information has atomic level resolution and can be further coupled with computational 

approaches for lead optimization.  Unfortunately, the application of Solution NMR in drug discovery has 

been limited by the size and solubility of the molecular complexes.  Smaller water soluble drug targets 

tumble sufficiently fast on the NMR timescale to average anisotropic interactions (discussed in detail in 

Figure 1.4 Peptide plane tilt angles and the Ramachandran-δ diagram.  Peptide plane tilt angles 
(δ) are compared for a water-soluble α-helix (A) and a membrane protein α-helix (B). δ is defined as 
the angle between the peptide plane normal n and the helix axis h-90°. δ depends on φ,ϕ backbone 
torsion angles.  This relationship is plotted in a Ramachandran-δ diagram, where δ from helices with 
uniform torsion angles is mapped onto backbone torsion angle plots(C).  Mean values for α-helixH20 : 
ϕ=-θη°, φ=-40°, δ=11.9°; α-helixmembrane  ϕ=-θ0°, φ=-4η°, δ=8.2°.  Smaller δ value for membrane 
proteins and 5° difference between torsion angles generates peptide planes with minimized carbonyl 
exposure to the acyl lipid chains. (8) Copyright @ Elsevier.  Reprinted with permission.   
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Chapter 2) and give rise to well resolved spectral peaks.  Large molecular size or aggregate formation 

precludes collection of well resolved data sets due to substantially broadened linewidths.  To circumvent 

solubility challenges associated with the use of Solution NMR for structural characterization of IMPs, 

micelles prepared from different types of detergents have been used to solubilize IMPs (38).   

1.5 Detergent Induced Structural Distortions Leading to Loss of Drug Binding Site  

 In 2008, Schnell and Chou published a structure of drug bound M2 ion channel from Influenza A 

viral particle (PDB:2RLF, (4).   In this study, a truncated M2 protein was solubilized in dihexanoyl-

phosphatidyl-choline (DHPC) detergent micelles, and characterized following addition of known inhibitor 

molecules.   Experimental results via direct NOE measurements supported a novel location for the drug 

binding site, while the previously observed pore localized location was notably absent in this study.  In fact, 

a number of independent investigations previously confirmed the pharmacologically relevant binding site in 

the channel pore (39-41). Upon closer examination of detergent solubilized M2 (18-60) structure (PDB: 

2RLF) pore narrowing was noted, abrogating this drug binding.  Three M2 structures determined in liquid 

crystalline bilayer environments had significantly larger helical tilts than 2RLF, and two of the structures 

studied in the presence of inhibitor, presented pore-bound drugs (3, 40, 42). A comparison between two of 

the structures is shown in Figure 1.5.  Detergent solubilized M2 (PDB: 2RLF) can be seen in c and d, while 

ssNMR structure from liquid crystalline bilayers is displayed in e and f. To illustrate differences in helical 

tilts and changes to the pore size, two views of each protein are shown as well.  Additionally, lipid facing 

location of the drug in the detergent solubilized structure can be seen in c and d (space filling view).  It is 

important to note that the drug is lipophilic with a partition coefficient of 27 in detergent micelles.  A fraction 

of the drug would be expected to be localized in the detergent head group region, observed in this structure. 

Hydrophobic mismatch is a well-documented phenomenon, stemming from a difference in length between 

membrane spanning region of IMPs and hydrophobic thickness of the bilayer mimetic(13).  In the case of 

M2 solubilized in DHPC, it appears that the protein undergoes length adjustment in response to a mimetic 

environment that forms a prolate ellipsoid.  Reduced tilt angle of the helices allows for the monomers to 

fully span the hydrophobic domain while retaining channel symmetry and minimizing energetically 
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unfavorable exposure of nonpolar residues.   Resulting in a distorted, non-native helical structure of M2, 

and loss of the native binding location. 

 

 

Figure 1.5 Structures of the M2 proton channel from Influenza A virus. Perpendicular view 
shown on top and parallel to the pore axis (bottom).  The hydrophobic interfacial regions are 
pale yellow bands underlying the two structures and in between hydrophobic region of the 
bilayer. 2RLF determined with solution NMR in DHPC micelles(4) (c,d) and 2L0J from SSNMR 
experiments in liquid crystalline lipid bilayers (e,f) (3).   Solution NMR structure also displays 
inhibitor molecules on the lipid surface (space filling view) (c,d); His37 is shown in space filling 
view for 2L0J (e,f). (9) Figure copyright @ Elsevier.  Modified from original figure and reprinted 
with permission.   



   

9 

 

1.6 Solid State NMR in Drug Discovery 

 Evolving trends in Drug Discovery and Development are influenced and driven by big pharma with 

an emphasis on speed and profit.  While considerable drug design is still pursued with structure-based 

approach, the role of ssNMR in therapeutic development is not ubiquitous, despite its ability to be a powerful 

tool in structural characterization of otherwise challenging systems.  Already, a number of studies have 

demonstrated its utility(43).  For instance, precise distance measurements were collected with ssNMR on 

Taxol bound microtubules (44). Inability of microtubules to form crystals prevented use of X-Ray 

Crystallography on this system in the past.  Another investigation successfully determined the distances 

between an antibiotic and bacterial cell wall also using the ssNMR approach(45). 

 In this work, structural characterization in a native-like environment is coupled with the tremendous 

advances in ssNMR Spectroscopy and Computer Aided Drug Design.  The Chapters ahead aim to 

demonstrate the strategy in minimizing the cost and time associated with drug discovery, through the 

combination of these powerful methods in practice.   

1.7 M2 and S31N Mutants 

The aforementioned M2 proton channel from Influenza A virus functions at multiple stages of the 

viral lifecycle, and as such is an excellent drug target(46). Amino acid mutations, in residues lining the 

channel pore, have rendered M2 resistant to previously licensed inhibitors, amantadine and rimantadine. 

Given the propensity for genetic reassortment of Influenza A and history of pandemics due to emergence 

of novel human strains, M2 has been the subject of numerous structural characterization efforts (3, 6, 40, 

42, 47, 48).  It is also worth mentioning that the emergence of H1N1 strain in 1918, also known as the 

Spanish flu, caused ~50 million deaths worldwide (49, 50). Modern day treatments include three licensed 

therapeutics, all of which act upon neuraminidase, an Influenza A surface associated protein (51, 52).  

World Health Organization has identified oseltamivir an essential drug, presumably in preparedness for a 

major outbreak(53).  As in the case of M2 channel blockers, strains resistant to neuraminidase inhibitors 

are rapidly emerging.   Seasonal vaccinations are used preventatively, but this approach suffers from 

dramatically low effectiveness rate.  The Advisory Committee on Immunization Practices scored vaccine 
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effectiveness of 18% against Influenza A H3N2 in 2014-2015 flu season(54).  The first advisory by the CDC 

in Influenza A prevention is to avoid contact with the sick and minimize exposure to dead infected poultry.  

In continuous drug development efforts, the M2 proton channel continues to be a relevant drug 

target despite developing rapid inhibitor resistance under drug selection pressure.  This tetrameric channel 

is conserved and co-evolves with Influenza A surface associated glycoprotein, Hemagglutinin (55, 56).  In 

addition, only three M2 mutants persist in the absence of drug pressure, with the mutations lining a 

pharmacologically relevant drug binding site(57).  The S31N mutant is the most prevalent in the clinical 

setting and has gained attention as an important target as well.  Both wild type M2 and S31N mutant are 

characterized in this dissertation.    A general consensus exists that an initial step toward design of novel 

mutant inhibitors is to gain further understanding into the stabilizing, high affinity intermolecular protein-

ligand interactions in the wild type M2 channel.   
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CHAPTER TWO 

 

PRINCIPLES OF NMR SPECTROSCOPY  

 

2.1 Introduction  

Through the years Solution Nuclear Magnetic Resonance (NMR) has played an important role in 

the Drug Discovery Process.  From hit generation using High Throughput Screening (HTS) or Fragment 

Based Drug Design (FBDD) to optimization of pharmacokinetic properties, NMR experiments provide 

important atomic-resolution, structural information with regard to protein-ligand interactions of water-soluble 

proteins(35).  Unfortunately integral membrane proteins (IMPs), making up more than 60% of drug targets, 

are not easily amenable to structural characterization with solution NMR.  As a result of aggregation in 

aqueous solution, IMP’s tumbling is inherently slow, which leads to line broadening and loss of spectral 

resolution(58).  To circumvent the rotational correlation time problem, IMPs have been reconstituted into a 

number of membrane mimetics.  Early efforts focused on solubilizing membrane proteins in detergent 

micellar environment(59).  While rotational correlation time on the nanosecond timescale is recovered with 

this technique, structural distortions are common(23).  For instance, previously established inhibitor binding 

site, in the M2 proton channel of Influenza A virus, was abrogated upon reconstitution of the M2 channel 

into dihexanoyl-phosphatidyl-choline (DHPC) detergent micelles(4). Non-micellar membrane mimetic 

alternatives have been introduced in place of detergents.  

Micelles, bicelles, liposomes, lipid bilayers and nanolipoprotein particles(60) are shown in Figure 

2.1, to illustrate structural differences between these systems.  Solid state NMR spectroscopy of liposome 

and lipid bilayer reconstituted IMPs have shown that structural integrity is maintained in this environment 

(3, 22, 61).   Presumably due to optimal mimicking of the cellular membrane properties such as: hydrophobic 

thickness, low dielectric constant, water concentration gradient, lateral pressure profile and variability in 

lipid order(23).  Furthermore, aforementioned structural differences due to solubilizing environments have 

been confirmed with a  structural validation technique (62).  Characterizing protein-ligand interactions with 

SSNMR experiments, using proteoliposomes or lipid bilayers captures crucial information at atomic 
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resolution.  In this chapter, theory behind these experiments is introduced, illustrating its utility at drug 

discovery targeting membrane proteins.  

 

2.2 Fundamentals of NMR  

2.2.1 Nuclear Spin 

Many texts have excellent discussions on classical and quantum mechanical treatment of NMR 

Theory (63-65).  A brief introduction of NMR fundamentals is presented here.   The simplest case can be 

described by a classic vector model. Consider a sample of non-interacting, randomly oriented nuclei, placed 

in a magnetic field B0.  Effect of the applied magnetic field on the nuclei bath induces alignment, described 

as bulk magnetization.  

Figure 2.1 Schematic representation of membrane mimetics used to solubilize membrane proteins.  
Bicelle (a), liposome (b), detergent micelle (c), nanolipoprotein (d), lipid bilayer (e).   



   

13 

 

� = ∑ � � = � × � 
Where μi is magnetic moment of ith nucleus, which is a product of a gyromagnetic ratio and spin angular 

momentum.  This bulk magnetization precesses about the fixed B0 at the Larmor frequency, wo:  

= × �  

To describe the energy of this system, and properly evaluate multidimensional SSNMR experiments, we 

use a quantum mechanical description.  In this case, the spin system is described by a nuclear spin 

wavefunction (ψ), which is the solution to the time-dependent Schrodinger equation:  

|  >≅ − � | > 

The energy of the interaction between the isolated spin and the static magnetic field is represented by the 

energy Hamiltonian ̂, also known as the Zeeman interaction.  

̂ = −̂ × �̂ = − ℏ̂ �  

Where the nuclear magnetic moment operator ̂  is a product of the gyromagnetic ratio (�), reduced Planck’s 

constant, and the nuclear spin operator ̂ = ̂ , ̂ , ̂ . For spin ½ systems, such as 13C or 15N nuclei used 

in isotopic labeling of biological systems, the Hamiltonian term has two possible eigenstates with energies Ε�= ±�ℏ /2 and is represented by: 

= − � ℏ [ − ] 
The population of each state at equilibrium follows the Boltzmann distribution, with transition energy 

between states of = ℏ� .  The population of each eigenstate � is given by �, 

� = (−� / )∑ − ′ /′  

Of course, in an actual sample we must consider an ensemble average of all the spins in the system and 

their eigenstates interacting with each nucleus, in addition to the static and externally applied magnetic 

field.  The full Hamiltonian representing a spin system is made up of several terms: 
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̂� � = ̂ + ̂ + ̂ � + ̂ + ̂ �� + ̂  

̂  is the Zeeman Hamiltonian, ̂  energy arises from applied radiofrequency fields used to alter spin state 

energy. Spin-spin interaction is described by J-, Dipolar- and Quadrupolar-Coupling Hamiltonians.   

Together with the chemical shift anisotropy Hamiltonian, these terms describe sources of magnetic field 

internal to the spin system.   

2.2.2 Nuclear Spin Interactions 

Zeeman term dominates the total spin Hamiltonian, however chemical shift, dipolar and 

quadrupolar Hamiltonian operators, describe structurally significant interactions and have a discernable 

effect on the spin state of the system. 

 

Figure 2.2 Illustration of the chemical shielding tensor σ, depicted as an ellipsoid.  Both principal 
axis frame (PAF) and laboratory frame with external magnetic field along the z axis are shown here.  In 
magic angle spinning experiment, the rotor is spun around angle � = . °. 
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Chemical Shift 

Resonance frequency observed in the NMR spectrum reports on the structural details of the nuclei 

of interest.  The electron cloud surrounding the nucleus is a source of secondary magnetic field due to its 

interaction with static  and applied RF pulses.  This secondary magnetic field is also known as the 

chemical shielding interaction, which modulates resonance frequency and the observed chemical shift of 

the nucleus.  The Hamiltonian for this term acting on spin I, is given by the following equation:  

̂ = − ℏ⃗ ∙  � ∙  �̂  

Where � is second rank tensor describing asymmetric distribution of the electron cloud around the nucleus. 

The size of the shielding and the tensor is dependent on the orientation and bonding connectivity of the 

nucleus. Orientation dependence of the shielding is evaluated for � by a 3x3 matrix in a laboratory frame 

of reference.   

� = [� � �� � �� � � ] 
In the case of static magnetic field along the z axis with �̂  (0,0,1), the truncated Hamiltonian is represent 

below. 

̂ = − ℏ⃗ ∙  �  ∙  �̂  

and the resulting resonance frequency due to effect of the secondary magnetic field:  = − � �  

This can be further simplified if we transform the system into a principal axis frame (PAF).   Orientation of 

this frame is fixed with respect to the nucleus and reports on the electronic structure of the molecule. If � is 

evaluated in the principal axis frame (PAF), defined with the static magnetic field Bo being along the z axis, 

off diagonal elements vanish and � is simplified to:  

� = [� � � ] 
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Choosing the axis in the PAF yields three principal values of the shielding tensor along the diagonal.  The 

resulting chemical shift resonance frequency is:  

� = � +  �� = − � − ∆{ � −  + � �} 
Where the principal axis values are represented by three terms describing the isotropic component �� �, 

the anisotropy ∆ and the asymmetry  of the spin system.  

� = (� �� + � �� + � ��) 

= � �� − �  

= (� �� − � ��)/� �� 

The shielding tensor for a system under spinning conditions at the Magic angle (discussed later in the 

chapter) is shown as an ellipsoid in Figure 2.2.  The shielding tensor for a static spin system is dominated 

by the anisotropic term.  In the static case, all molecular orientations are present.  Each orientation gives 

rise to an individual frequency, the sum of which yields a broad powder pattern.  Any structural information 

would be lost, unless we deliberately prepare uniformly aligned samples.  Uniform orientation with respect 

to the z axis preserves important structural information about 15N anisotropic chemical shift tensor and the 

15N-1H dipolar coupling interaction.  15N chemical shift tensor elements are shown for clarity in Figure 2.3.  

Dipolar Coupling   

This term is rich with structural information for a given spin system.  Dipolar Hamiltonian for two 

spins I and S, is dependent of the distance and angle between the two nuclei.  This scenario is shown in 

Figure A.5 and the equation for the heteronuclear dipolar coupling Hamiltonian is given below, where d is 

the dipolar coupling constant.   

̂ℎ � = − � � − �̂�̂� 

= � ℏ���
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Figure 2.3 Amide 15N Chemical shift tensor in the molecular frame within the C-N-H peptide plane 
(a).  15N Chemical shift tensor in the principal axis frame (PAF), Euler angles represent rotations between 
the molecular frame and PAF.  (Hou et al., 2010) Copyright © Royal Society of Chemistry. Reprinted by 
permission of Royal Society of Chemistry.   

 

2.3 Solid State NMR Techniques to Remove Sources of Homogeneous Broadening  

High sensitivity, optimal spectral resolution and fast sampling times are necessary prerequisites for 

efficient investigations of protein ligand interactions in Biomolecular ssNMR.  Exceptional advancements 

have been made in technique development, allowing for application of ssNMR to investigate intricate 

biological systems.   

2.3.1 Sources of homogeneous line broadening in ssNMR 

 In addition to nuclear spin interactions, the physical state of the sample dictates line shapes and 

linewidths that are experimentally observed.   Packed in the sample rotor, proteoliposomes assume all 

possible orientations with multiple anisotropic interactions.  Signal broadening due to homogeneous line 

broadening, and spectral overlap preclude obtaining a high resolution spectrum and obscure structurally 

relevant information.  While in solution NMR spectroscopy free tumbling on the nanosecond timescale 

averages out these interactions, in solids additional sample manipulation is required.  This can be achieved 

by spinning the sample in space, or rotating the spins with radiofrequency (RF) pulses. 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCNnx6I2qvcgCFQzVHgod4OMKsA&url=http://pubs.rsc.org/en/content/articlehtml/2010/cp/c0cp00795a&psig=AFQjCNH11a_g9y8p9jzs-3pHv0pq-VfM8Q&ust=1444752882497948
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  Effect on the Hamiltonian terms following application of RF pulses and sample spinning is shown 

in Figure 2.4, as well as time dependence of the terms.  To avoid spin recoupling due to interference effects, 

experimental set up requires a large difference in frequency between spinning and pulse irradiation of the 

sample.  Under high RF power irradiation, first the spin Hamiltonian is truncated (Fig. 2.4 a).  Followed by 

averaging of the space Hamiltonian with sample spinning.  Low power decoupling with high spin rate 

scenario is shown in Figure 2.4 (b) Sample spinning and high power decoupling, introduced here and 

discussed in more detail in the next sections, have been instrumental in making SSNMR experiments 

routine in structural characterization of membrane proteins and protein-ligand interactions.  

 

 

 

 

 

Figure 2.4 Sequential averaging of the Hamiltonian by space and spin rotations. In (a) the 
Hamiltonian is first averaged in spin space and then in real space by MAS while in (b) the 
Hamiltonian is first averaged by MAS and then in spin space. A prerequisite for such a treatment 
is that the two averaging processes happen on different time scales. (Ernst, 2003)  Copyright © 
Elsevier.  Reprinted with permission from Elsevier.   
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2.3.2 Magic Angle Spinning  

Spinning the sample about an axis which makes an angle R=54.7° with respect to B0, removes 

chemical shift anisotropy and some of the multispin dipolar coupling interactions.  Chemical shift anisotropy 

under MAS spinning averages the frequency to: 

 

= � − ∆{ − + � �} −  

 

Setting R, the angle between applied field and the spinning axis to 54.7°, results in − = .  

Subsequently chemical shift anisotropy term vanishes and broadening due to anisotropy is eliminated if the 

spin rate exceeds anisotropy term, with the isotropic component remaining.  An example of this 

phenomenon is presented in Figure 2.5 for glycine and alanine powder samples.   

 

 

Figure 2.5 13C spectra of [2-13C] alanine (a) and [2-13C] glycine (b) at 

different MAS frequencies without proton irradiation.  (Ernst, 2003)  
Copyright © Elsevier.  Reprinted with permission from Elsevier.   
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Narrowing of the signal clearly correlates to an increase in the spinning frequency. It is worthwhile to 

mention that the spinning rate must be greater than the broadening observed in the spectrum.   Routinely 

used spinning rates are on the on the order of tens of thousands Hertz. MAS at this frequency alone is not 

sufficient to remove strong homonuclear 1H-1H dipolar couplings, although recent advancements in probe 

development have been pushing the limits with fast MAS (≥100kHz).  Line broadening due to remaining 

dipolar couplings is still evident for both of the samples and must be addressed with a secondary technique.   

2.3.3 High-power decoupling  

Variable power RF pulses can be used to minimize the spin Hamiltonian and remove the remaining 

dipolar coupling interaction, Using this approach leads to a gain in signal and narrowing of the linewidths, 

as shown in Figure 2.6. In solution NMR, low power RF is sufficient to remove J-coupling constants on the 

order of 200Hz. As previously mentioned, low RF power decoupling under fast spinning conditions has 

been recently made possible in solid systems as well.  For the purpose of this discussion we will focus on 

high power RF irradiation of the sample to remove 1H-13C and 1H-15N dipolar couplings from our nuclei of 

interest.  SSNMR experiments introduced in this chapter were performed with RF fields varying from 50-

100 kHz.   

 

Figure 2.6 13C spectrum of a uniformly labeled dipeptide (I-Val-L-Phe) recorded 

without proton decoupling (a) and with (b) at an MAS frequency of 28kHz. .  
(Ernst, 2003)  Copyright © Elsevier.  Reprinted with permission from Elsevier.   
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As with the use of MAS, signal intensity and linewidth appearance improves with increasing field strength. 

We are however limited in the RF field strength due to long acquisition times under decoupling, at the limit 

of instrumentation hardware and risk of sample heating.   

2.3.4 Cross polarization  

Previous discussions presented the network of strongly coupled spins as a hindrance to obtaining 

optimal spectral resolution.  Indeed, minimizing their effects with MAS or high power decoupling resulted in 

dramatic improvement to spectral appearance.  Another essential technique in SSNMR focuses on taking 

advantage of the 1H spins surrounding the nuclei of interest.  Gyromagnetic ratios introduced in 2.2.1 are 

an intrinsic property, which varies for each nuclei.  Small gyromagnetic ratios that are characteristic of 13C 

and 15N nuclei, generate weak signals and poor sample sensitivity.  Sensitivity of the large gyromagnetic 

ratio of abundant 1H nuclei are harnessed, through the use of cross polarization sequence, to increase the 

sensitivity of low gamma nuclei, like 13C.  During a cross polarization sequence, magnetization is transferred 

from abundant spins (S) to rare spins (I).  This is achieved with RF irradiation of both nuclei for a specific 

time, indicated as contact time in Figure 2.7. This creates a Hartmann-Hahn matching condition, where the 

resonance frequencies (w) of two nuclei species is equated to the same value, �� = � . 

 

 

Figure 2.7 Basic cross polarization pulse sequence 
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2.4 Recovering Structural Information Under Magic Angle Spinning  

 

2.4.1 Recoupling techniques  

Reintroducing averaged dipolar couplings and CSA, through the use of specialized pulse 

sequences is routine in SSNMR.  Structural information with regard to bond connectivity, distance 

separation of two nuclei or peptide plane geometry is contained in those terms.  Recoupling through the 

use of time dependent RF pulses under MAS can be homonuclear or heteronuclear in nature, and involve 

directly bonded nuclei as well as those separated by a certain distance in space.  Experiments introduced 

here report on structure, conformational changes due to drug binding and distances between the drug and 

binding pocket of M2.  This section also gives a brief review of the pulse manipulation to recover structural 

information.    

2.4.2 Heteronuclear Recoupling  

Rotational Echo Double Resonance Experiment (REDOR) is useful in determining unambiguous 

distances between two selectively, isotopically labeled heteronuclei (66).  Distances can be measured in a 

REDOR experiment without having to introduce site-directed spin-labeling, such as that used in Electron 

Paramagnetic Resonance (43).  This is highly advantageous for evaluation of protein-ligand interactions in 

the drug binding pocket of interest.  In which case, modifications to the protein structure could introduce 

artificial steric hindrance to the binding site or generate non-native interactions.   

Like many other SSNMR experiments, REDOR employs cross polarization and heteronuclear decoupling 

to increase the sensitivity of the experiment. In addition, there is a refocusing pulse on the detected nuclei 

to increase spin coherence during acquisition.  In fact those are the only RF pulses utilized in the first 

experiment.  REDOR is made up of two steps.  The first spectrum obtained, involves only those nuclei and 

pulses mentioned above, and is known as the full echo S0 spectrum.  Then the experiment is repeated, this 

time with introduction of rotor-synchronized RF pulses on the second nuclei of interest.  Carefully timed 

pulses produce a non-averaged heteronuclear dipolar coupling Hamiltonian (Section 2.2.2).  A variant of 

REDOR pulse sequence is shown in Figure 2.8.  Heteronuclear dipolar coupling interaction leads to a 
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decreased signal intensity in the new S, dipolar dephased spectrum.  The REDOR experiment is repeated 

with and without the dephasing pulses while increasing the experimental mixing time.  

 

 

Percent dephasing is plotted as a function of time and is directly related to the strength of dipolar coupling 

in Hz and the distance separating two nuclei.     

= � ℏ���
 

Simulated dephasing curve for a 2H-13C dipolar interaction on the order of 50Hz is shown in Figure 2.9, for 

a distance of 4.54Å.   

2.4.3 Homonuclear Recoupling 

 Instead of recoupling the dipolar interaction to attenuate the detected signal, 13C-13C correlation 

experiments utilize magnetization transfer to build up peak intensity signals in a 2D spectrum. 

Figure 2.8 Basic REDOR pulse sequence. 
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Magnetization can be transferred through J-couplings and dipolar couplings, leading to sequential 

assignments as well as interhelical restraints.  While the list of polarization transfer schemes is extensive 

and keeps growing, the basic premise of the experiment is shown in Figure 2.10, using PARIS pulse 

sequence as an example (Weingarth et al., 2009).  In addition to cross polarization and decoupling, 13C-

13C correlation experiments contain a recoupling segment for magnetization transfer through the 13C spin 

network.  Duration of the recoupling time (tmix) can be varied from less than 10ms to greater than 800ms.  

At short mixing times, signals arising from 13C nuclei on the same residue can be seen in the 2D spectrum.  

Longer mixing times of 500-800ms give rise to interhelical contacts, which usually are manifested as weaker 

intensity cross peaks.  

2.5 Structural Information from Static ssNMR 

So far the discussion has focused on ways to remove sources of line broadening effects, such as 

chemical shift anisotropy and dipolar coupling.  This was achieved through the use of sample spinning and 

radiofrequency pulses.  It was the physical state of the sample that gave rise to a powder pattern spectrum. 

Figure 2.9 REDOR dephasing curve. S/S0 as a function of 
experimentally varied evolution time. 
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The powder pattern being a superposition of anisotropic resonance frequencies.  While sample 

spinning averaged the CSA Hamiltonian, it also lead to loss of valuable structural information.  Altering 

sample preparation for static SSNMR spectroscopy retains 15N amide chemical shift anisotropy and 15N-1H 

dipolar coupling.  Lipid bilayer preparations, housing the protein of interest, can be deposited onto a solid 

glass support.  Under optimal hydration conditions, uniform alignment of the protein in liquid crystalline 

bilayers gives rise to a single 15N resonance frequency and dipolar coupling for a single labeled site.  Integral 

membrane proteins are predominantly alpha helical in structure, and N-H bonds in helical proteins are 

almost parallel to the helical axis.  15N CSA and 15N-1H correlation report on peptide plane geometry and 

orientation of the helix relative to the bilayer normal of the lipid membrane. Furthermore, 15N CS and 15N-

1H dipolar coupling only depend on the tilt and rotation angle of the helix, when the torsion angles are fixed.   

This gives rise to a unique wheel-like pattern of signal peaks, called Polarity Index Slant Angle (67, 68).    

Polarization inversion spin exchange at the magic angle (PISEMA) is an example of a static separated local 

field SSNMR experiment(69)  Pulse sequence for this experiment is shown in Figure 2.11.  This static 

SSNMR experiment also relies on cross polarization from high gamma 1H bath to the low gamma 15N nuclei 

and 15N acquisition under heteronuclear decoupling.  However, off resonance proton irradiation (+LG, -LG) 

Figure 2.10 PARIS xy pulse sequence. An example of a sequence used for 13C-
13C magnetization transfer through recoupling. 
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before acquisition, produces significant line narrowing in the second dimension.  Tremendous advantage 

in using oriented sample static SSNMR is reduced number of restraints required for structural calculation.   

 

 

Figure 2.11 Standard PISEMA sequence 
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CHAPTER THREE 

WILD TYPE M2 IN COMPLEX WITH INHIBITORS 

3.1 Introduction 

Results from the SSNMR experiments that were introduced in Chapter 2, are evaluated here to 

characterize protein-ligand interactions in the binding pocket of the full length M2 proton channel.  The goal 

of this study was to determine intermolecular forces between the wild type inhibitor and M2, which confer 

exceptional stability to the drug in the channel. Previous experimental investigations of truncated M2 protein 

in complex with the drug, provided some insight into the location of the molecule in the channel, and 

directionality of its functional groups (39, 40, 47, 48). Aforementioned studies established that M2 mediated 

proton conductance across the viral membrane was inhibited in the drug bound state (7, 48, 70-74). To 

date the exact mechanistic details of inhibition remain unknown.   We set out to determine conformational 

changes induced by drug binding, the distance between the drug and the backbone atoms in the full length 

channel, and stereoselectivity of protein-ligand interactions. Rosetta Ligand (75) Molecular Dynamic 

simulations were performed to evaluate enantiomeric specificity, and were in good agreement with the 

experimental results. Together these findings deepen our understanding of the atomic level interactions 

stabilizing wild type inhibitors in the channel pore, and how the structural changes in the mutant lead to loss 

of compound efficacy.  Most importantly, protein-ligand interactions described herein is essential for 

successful outcomes from structure based Computer Aided Drug Discovery (CADD) and can be used in 

future computational efforts.   

3.2 Binding Pocket of M2 

It is important to describe the binding pocket of M2 before proceeding with discussion of our experimental 

design.  Two inhibitor binding sites have been experimentally characterized in the wild type M2, in the N-

terminal region of the channel pore and at the C-terminal region of the pore at lipid interface.  Lipid facing 

site at D44 is only present when M2 is solubilized in detergent micelles, or under high inhibitor concentration 

in lipid bilayers (4, 42, 48).  The pore localized binding pocket has been shown to be functionally relevant 

in both M2 transmembrane domain (TMD, residues ~22-46), and M2 conductance domain (CD, residues 
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~22-62) (6, 39-42, 74).  This is also the region of persistent amino acid mutations, L26F, V27A, A30T and 

S31N, shown in Figure 3.1. 

 

In addition to identification of the primary binding site, several protein-ligand interactions have been 

proposed as well.  The M2 proton channel is inhibited by adamantane analogues, amantadine and 

rimantadine (70).  Early M2/drug models suggested that the polar amine moiety of the inhibitor molecule is 

located in the vicinity of the S31 hydroxyl group(76, 77).  Indeed, a Rotational Echo Double Resonance 

experiment on the TM region of M2 oriented the amantadine amino group towards the C-terminus. In this 

investigation Cady et al. observed a dipolar interaction between the methyl group of rimantadine and Cα of 

G34 (39).  Static deuterium experiments showed a time-averaged tilt angle of 13° for the rimantadine 

relative to the channel axis(39), and a recent study by Griffin and co-workers proposed formation of a 

Figure 3.1 Persistent amino acid mutations for M2 from 

Influenza A. Side view of wild type M222-62 (PDB depost 
2L0J)(3).  One of the helices was removed for clarity.   L26, 
V27, A30 and S31 shown as red sticks.   
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hydrogen bond between the polar amine group and the carbonyl oxygen of A30(41).   Inhibitor molecule is 

shown in the channel pore based on the findings described above (Figure 3.2).   

 

 

 

 

3.3 Wild Type M2 Inhibitors 

A brief description of the licensed wild type inhibitors is provided here.  Structural variation between 

these compounds is shown in Figure 3.3, while quantification of their biological activity is listed below. Both 

drugs are available as oral formulations and are easily absorbed in the GI tract.   

Figure 3.2 Pharmacologically relevant drug binding site in M2. 

Side view of M222-62 (2L0J)(3) in complex with rimantadine, only 
residues 26-35 are shown.  Polar amine is shown in blue in 
Rimantadine structure.  One of the helices removed for clarity.  V27 
and G34 side chain heavy atoms shown as spheres, S31 side 
chain sticks.  (Illustration to show the general consensus in the 
literature about location of the drug in the binding pocket)  
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3.3.1 Amantadine  

1-adamantamine hydrochloride was initially introduced in 1964, as a prophylactic agent for 

treatment of Influenza A viral infection(78). It has an IC50 of 16.1uM and pKa of 9.0.   

3.3.2 Rimantadine  

Rimantadine hydrochloride (α-methyl-1-adamantane-methylamine hydrochloride) is an 

adamantane analogue.  With an IC50 of 10.8uM and pKa of 10.4.  Rimantadine molecule has a chiral center 

at C2.  Enantiomers of rimantadine are displayed in Figure 3.3. These small molecules are shown with 

deuterated methyl groups, to illustrate isotope placement for distance measurements.  Since all the 

measurements were carried out at pH 7.5, we assume that the polar amine is in the charged state.  

Deuterated compounds were generously provided by Professor Dudley and Tae Batsomboon.   

 

Figure 3.3 Amantadine (1), (R)-Rimantadine (2), (S)-Rimantadine (3) 

 

3.4 M2 Mutants: Introduction 

Mutant strains of M2 are not susceptible to amantadine and rimantadine.  Most recently, the S31N 

mutation had the highest prevalence rate of 95% during a large scale sequencing analysis of globally 

circulating viral strains(79).  Effect of mutations on the channel pore is shown in Figure 3.4.  Lack of clinically 

active drugs poses a real threat due to segmented nature of the viral genome.  The propensity for genetic 

reassortment and emergence of a pandemic strains, suggests an urgent need for discovery of novel 

inhibitors.  Indeed, significant efforts have been aimed at drug design targeting mutant strains, and 
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structural characterization of protein ligand interactions in truncated forms of the wild type protein.  

Unfortunately, to date there are no clinically active inhibitors, despite several compounds showing efficacy 

in biophysical assays.  

 

Figure 3.4 Top down view of the three M2 variants.  Mutagenesis to wild type M222-62 (PDB: 2L0J)(3) 

introduced in PyMOL.  Backbone of each is illustrated as a cartoon, with selected side chains shown as red 

spheres.  Valine side chain (V27) is shown for wild type M2, alanine sidechain is shown for V27A (A27) and 

Serine at position 31 is shown for S31N. Space filling representation is used to highlight effect of mutation 

on the size of the channel pore. 

 

3.5 M2 Domains 

One of the challenges that SSNMR spectroscopists face when working with biological systems is 

lack of spectral dispersion resulting in spectral overlap following isotopic enrichment of 13C and 15N nuclei.  

As already mentioned, M2 in complex with wild type inhibitors has been characterized in the truncated form, 

largely to remove some of this spectral complexity.  Some have worked with the transmembrane domain 

of M2 and introduced selectively, isotope-labeled sites through chemical peptide synthesis (39, 40, 47). In 

fact, peptide synthesis provides the most direct route for site specific labeling, however the technique has 

its limitations. It is usually used to produce peptides on average, 25-50 amino acids in length. Others have 

taken advantage of recently devised labeling schemes for recombinant protein expression in work targeting  
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Figure 3.5 Bubble diagram for M2. The amino acid sequence for M2 showing the transmembrane helical 
stretch, the amphipathic C-terminal helix and the N- and C-termini. In addition well known mutants are 
shown in red. It should be pointed out that while we refer to this as a wild type protein it has two mutations 
– C19S,C50S so as to avoid most cross linking potential. 

 

the M2 conductance domain (48). Interestingly biophysical assays have found slight differences 

between the TMD and CD forms of M2.  Oocyte assays have shown decreased proton conductance for the 

TMD form of M2 (80).  Here, we pursued structural characterization of protein-ligand interactions between 
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the full length wild type M2 and rimantadine molecules in the native-like environment of the lipid bilayer.  

Each domain is illustrated in the bubble diagram of Figure 3.5. 

3.6 Experimental Design 

 

3.6.1 Labeling scheme M2FL 

13C,15N-labeling scheme for full length M2 was based on previous observations for the conductance 

domain. In the presence of rimantadine the S31 site in M2CD of the wild type channel undergoes a 

significant isotropic 15σ chemical shift perturbation, of ˃ηppm(48).  Rimantadine binding to the M2 channel 

in vitro can be monitored through chemical shift observation of this residue, using NCA SSNMR 

experiments.  Simultaneous 13C,15N-Ser,Gly labeling allowed us to monitor drug binding in the channel 

pore, as well as to proceed with distance measurements between the drug and the backbone atoms.  The 

experimental plan included the following steps: determine if the drug is binding to the channel pore, evaluate 

stereoselectivity of rimantadine enantiomers, and proceed with distance measurements.    

3.6.2 S31N M2 NCA  

There are thirteen serine residues in the full length protein.  Of these, six are in the N-terminus, one 

each in the TM and amphipathic helices and five in the C-terminus.  To confirm the assignment of the S31 

resonance in the apo preparation a spectrum of the S31N mutant was prepared and the NCA experiment 

was recorded.   

3.6.3 Evaluate differential binding of Rimantadine enantiomers 

Antiviral activity and protein-ligand interactions of rimantadine hydrochloride (α-methyl-1-

adamantane-methalamine hydrochloride), in complex with the M2 proton channel from Influenza A virus, 

have always been evaluated for the racemic mixture of the drug.    Characterizing protein-ligand interactions 

for each enantiomer separately can identify if rimantadine binds stereoselectively to the M2 proton channel.  

In addition, the extent of binding for each enantiomer can suggest potential differences in pharmacological 

properties, and elucidate key protein-ligand interactions at the binding interface.  Higher affinity for a binding 

site and the extent of binding report on stereoselectivity and structural complementarity for chiral molecules.  
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3.6.4 M2-Rimantadine Distance Quantification 

The sample containing the rimantadine enantiomer exhibiting higher affinity for the binding pocket 

was subsequently screened using a REDOR experiment.  Methyl deuteration of the drug allowed us to 

measure the dipolar interaction between rimantadine and backbone atoms of M2.  Observation of the 13C-

labeled glycine residue eliminated spectral ambiguity, due to possible overlap. The 13C chemical shift of 

Glycine Cα has a uniquely resolved value between 40-50ppm.  One does not need to worry about overlap 

from natural abundance 13C signal from the lipid acyl chains or signal from other residues.   

3.6.5 Rosetta Ligand and MD Simulations  

A distance derived from the REDOR experiment was used as one of the parameters for docking 

the drug in the channel with Rosetta Ligand.  Once docking was finished, Molecular Dynamics simulations 

in a hydrated lipid bilayer were done to evaluate stabilizing interactions, such as hydrogen bonding.  

 

3.7 Experimental Procedures 

3.7.1 Protein expression, purification and reconstitution of FL M2  

The protocol for overexpression and 13C,15N-reverse labeling  of M2 followed several published 

reports (81) . The plasmid encoding M2FL (Cys19,50 Ser) or S31N (Cys19,50Ser) and N-terminal His6-tag 

was transformed into E. Coli strain BL21 (DE3)–RP codon plus for expression.  A single colony was used 

to inoculate 50mL of ampicillin (100ug/mL) supplemented LB medium.  Following overnight growth of LB 

(18hours) at 37°C and 250rpm, 25mL were transferred into 700mL of M9 minimal medium.  In addition to 

M9 salts, the medium contained 2g/L of 13C glucose and 1g/L of 15NH4Cl.  M9 culture was grown at 37°C 

until OD600~0.7. Then 300mL of M9 with all unlabeled, natural abundance amino acids except serine and 

glycine were added to the 700ml of bacterial culture, and grown at 22C° until OD600~0.75.  Protein 

expression was induced with IPTG at a final concentration of 400uM.  To decrease amounts of anticipated 

isotopic scrambling from glycine and serine to other amino acids, expression was done at 22°C for 16 

hours. 

Harvested cells were re-suspended in 70ml of 20mM Tris, 500mM NaCl pH8.0, supplemented with 

benzonase nuclease (Novagen) and stirred for 30minutes.  Cell lysis was performed with multiple French 
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Press cycles.  Membrane fraction and inclusion bodies were collected with ultracentrifugation at 200,000g, 

and solubilized overnight with 3% empigen.  Following another round of ultracentrifugation harvested 

supernatant was loaded on a 5mL nickel affinity column. During the purification on AKTA-FPLC (GE 

Healthcare) the column was washed twice with 20mM Imidazole and 60mM Imidazole and once with 0.5% 

OG.  After the detergent exchange step, M2 full length was eluted with 20mM Tris, 500mM NaCl, 500mM 

Imidazole, 0.5% OG at pH 8.0.  Typical yield was 20-30mg/L.   

3.7.2 Proteoliposome preparation FL M2, S31N M2 FL 

M2FL was reconstituted in DMPC/DMPG (4:1 molar ratio) liposomes at pH 7.5. Proteoliposome 

suspension was dialyzed against 10mM Tris buffer at pH 7.5 for five days in a 3.5kDa MWCO tubing.  Daily 

buffer changes accompanied dialysis for complete removal of OG detergent.  Last dialysis buffer also 

contained 2G of Amberlite. Proteoliposomes were collected with ultracentrifugation at 400,000g for 12 hours 

at 8°C.  For the samples containing 8 drug per tetramer of methyl deuterated rimantadine, the pellet was 

re-suspended in Tris 5mM pH 7.5 buffer, briefly sonicated before addition back of 500uL of the supernatant, 

supplemented with rimantadine.  After brief sonication to ensure adequate access of the drug to M2 

channels localized in all leaflets of multilamellar liposomes, this suspension was agitated overnight at room 

temperature.  To collect rimantadine containing proteoliposomes, the suspension was again 

ultracentrifuged.  To achieve uniform hydration throughout the sample, the pellet was left in the centrifuge 

tube at 0°C, for several days before transfer to 3.2mm thin-wall MAS rotor.    

3.7.3 Drug addition to proteoliposomes 

For the samples containing rimantadine, the drug was added to the channel in an 8:1 ratio.  

Aqueous solution of rimantadine was added to the proteoliposome suspension, quickly sonicated and 

equilibrated at 30°C overnight.    

3.7.4 SSNMR samples and spectroscopy (NCA/REDOR) 

NCA Magic Angle Spinning (MAS) SSNMR experiments were implemented on a Bruker Avance 

600MHz NMR Spectrometer with an NHMFL 3.2mm low-E-field (Low-E) triple resonance probe (82, 83). 

The 13C chemical shifts were referenced using the published shifts of adamantane relative to DSS for 13C 

referencing(84) and 15N chemical shifts were calculated with IUPAC relative frequency ratios between the 
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DSS (13C) and liquid ammonia (15N) (85, 86) .  Spectra were acquired at MAS frequency of 10-12 kHz and 

a calibrated temperature sample temperature of -30°C.  24-30 points were collected in the 15N dimension 

for an acquisition time of 5-6.25ms, while in the direct dimension the acquisition time was 10.2ms.  92 kHz 

of proton decoupling was used in all experiments.  To get one bond 15N-13C correlation a mixing time of 

5ms was used.  Spectra were processed with Topspin. 

3.7.5 Multispin 13C-2H REDOR for measuring long distances 

13C-detected and 2H-dephased REDOR experiments were carried out at MAS frequencies of 5 kHz.   

A REDOR pulse sequence contained a selective 13C pulse to suppress 13C-13C scalar coupling.  Multiple 

composite 2H pulses of 10us were applied to obtain dipolar dephasing.  REDOR experiments were 

performed using the same spectrometer and triple resonance probe as discussed above for the NCA 

experiments.  Due to direct 13C detection we did not need to lower the temperature, in order to increase 

signal to noise.  Thus avoiding line broadening frequently observed below the phase transition of the lipids.   

3.7.6 REDOR Data Processing 

For a single isolated spin pair, dipolar coupling interaction is represented by the following equation, 

previously introduced in Chapter 2.   �� = + c�� ̅ � /  

Where spin-1 deuteron causes three lines of equal intensity at 0 and ± ̅ .   

In our experimental design, 13C spin of G34Cα experienced dipolar field from the 3 deuterons of rimantadine 

methyl group.  To account for multispin interaction, we simply take a product of the spin pair dephasing 

0 ^
.  Due to the drug undergoing fast uniaxial diffusion in the channel pore and overall symmetry in the 

methyl group of rimantadine, we assume a negligible difference in the distances between each deuteron 

and G34Cα.  An excellent discussion of the multispin REDτR is provided by Hong and Schmidt-Rohr in 

Accounts of Chemical Research(87).  

3.7.7 Temperature selection for SSNMR experiments   

 Temperature is an important variable to be considered and optimized when running SSNMR 

experiments.  In the past high power radiofrequency pulses induced sample heating and denatured protein 
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samples.  Carefully designed Low-E probes reduce heating at the sample, and allow for exceptional 

thermoregulation (82, 83).   Our proteins of interest are incorporated into a lipid bilayer environment, with a 

gel to liquid crystalline phase transition temperature defined by the lipid composition.  Manipulating 

temperature and physical state of the lipids can yield improved linewidths and signal-to-noise from our 

samples. For instance, reducing the temperature below the phase transition of the lipids can aide in 

minimizing protein dynamics and decreasing global rotational motion(88). Uniaxial rotational motion about 

the membrane normal is an intrinsic property of membrane proteins(89).  It is experimentally retained in 

oriented SSNMR experiments, by running the samples above the phase transition of the lipids.  Under 

spinning conditions, rotational motion can preclude collection of all the signals present in our sample.  

Protein dynamics can interfere with CP efficiency(90), or if the diffusion rate is comparable to the frequency 

of the observed signal can yield broadened linewidths (91).  An example of this phenomenon is shown in 

Figure 3.6. Above the phase transition of the lipids, dynamic residues of M2CD have a narrowed linewidth, 

when direct detection instead of a cross polarization pulse sequence is used.  This effect is even more 

pronounced when global rotation motion is hindered below the phase transition of the lipids.  Unfortunately, 

significant line broadening is also observed at -30°C.  This is likely due to freezing of the bulk water in the 

sample and induced conformational heterogeneity(92).  Temperature settings for all the experiments varied 

based on the nature of the experiment and required information to maintain a delicate balance of signal-to-

noise and linewidths.   

3.8 Rosetta Ligand and Molecular Dynamic Simulations 

For each rimantadine enantiomer, 30,000 docking poses were generated using the Rosetta ligand 

docking protocol. Docking poses were then selected based on three criteria: 1) the rimantadine amine 

should be oriented toward the center of the pore; 2) the distance between the rimantadine nitrogen atom 

and any of the four Ala30 backbone carbonyl oxygens should be within 2.8 +/- 0.3 Angstroms; 3) the 

distance between rimantadine CD3 atom and any of the four Gly34Ca should be within 4.6 +/- 0.3 

Angstroms. Then the filtered docking poses were ranked by the interfacial interaction energy between 

rimantadine and the protein, the top-ranking pose was selected for further restrained MD simulations. The 

M2-RMT complexes were inserted into a hydrated DMPC/DMPG bilayer. Position restrained simulations 
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were performed after energy minimization. In these simulations, both the positions of protein Ca atoms and 

the heavy atoms of rimantadine were restrained with force constants 0.2 and 1.0 kcal/mol/Angstrom^2, 

respectively. 

 

 

3.9 Differential Binding of Rimantadine Enantiomers to Influenza A M2 Proton Channel 

   To evaluate drug binding differences in vitro we tested each enantiomer in complex with the full 

length M2 channel. There are thirteen serine residues in the full length protein.  Of these, six are in the N-

terminus, one each in the TM and amphipathic helices and five in the C-terminus. Due to spectral overlap 

and ambiguity in resonance assignments previous investigations have focused on the shorter M2 channel 

constructs. Previously, the Cα chemical shifts obtained from M2CD studies in DτPC/DτPE bilayers for 

S31 reported 15N/13C chemical shifts of 113.9/63.2 (2), while preparations in DPhPC and in POPC lipids 

reported very similar frequencies (ref?). However, the Ser31 15N chemical shift changes by ~7ppm upon 

Figure 3.6 13C NMR spectral overlay of M2CD in DMPC/DMPG lipid bilayers.  Cross 
polarization (CP) pulse sequence at low temperature (-15C°) top, CP at high temperature 
(30C°) middle, and single pulse irradiation at high T (30C°) bottom spectrum.   
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binding amantadine (48) and consequently we have performed 15N/13Ca (NCA) experiments on the full 

length M2 (M2FL) channel in the absence (blue) and presence of the rimantadine enantiomers (green and 

red), while solubilized in DMPC/DMPG (4:1 molar ratio) liposomes at pH 7.5 (Figure 3.7).  To confirm the 

assignment of the S31 resonance in the apo preparation a spectrum of the S31N mutant is shown in Figure 

3.7, where it is seen that the resonance at 113.9/63.2 is absent in the S31N M2FL spectrum. In addition, 

S50 is shown here at 113.9/62.1 in the M2FL and together these S31 and S50 resonances strongly suggest 

α-helical conformations for both these serine resonances. Other serine sites in M2FL are likely to be in non-

helical regions of the protein as suggested by their overlapped and weak signal intensity between 55 ppm 

and 60 ppm in the 13C dimension. Such weak intensity is likely due to significant dynamics in the terminal 

domains of the protein.  

In the presence of (S)- and (R)-rimantadine, a new resonance is observed at 120/64 that is 

consistent with the Andreas et al. (48) study of the racemic mixture of rimantadine. This resonance is 

significantly stronger than the other 12 serines and in comparison to the unbound S31 resonance. 

Interestingly, the Gly34 resonance is also much more intense. Such cross-polarization efficiency suggests 

a more rigid structure for the bound state as previously suggested from M2TM studies upon drug binding 

(47).  This may be the result of a significant reduction in the hydration and potential proton exchange with 

water of the polypeptide backbone in the region of drug binding. When this phenomenon was not observed 

in studies of M2CD in DPhPC lipids, it was attributed to the imparted stability of the tetramer from additional 

residues in the amphipathic region(48).  Increased S31 cross peak intensity in DMPC/DMPG environment 

and inhibitor bound state, suggests otherwise.  Effect of lipid selection on structural stability may be 

important. For the (S)-rimantadine enantiomer an additional weak resonance is observed at 115/63ppm 

close to the frequencies of the unbound state and potentially in exchange with the bound state. 

Quantification of this peak is difficult due to the likelihood of different relaxation behavior, but despite the 

same 1:8 molar ratio of channel to drug for both enantiomers, the data suggests weaker binding for the 

(S)-rimantadine enantiomer of the channel, as evidence by free protein signal.  Unlike the S31N spectrum 

that shows a significant shift in the G34 15N resonance and broadened resonance that may conceal two 

resonances, the binding of rimantadine results in a much more modest shift in the 15N and 13C frequencies. 

The similar frequencies for S31 and G34 in the presence of (S)-rimantadine and (R)-rimantadine suggests 
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that the binding site and orientation of the drug in the pore is similar for the two enantiomers.  To further 

investigate protein-ligand interactions leading to differences in binding kinetics and conformational 

geometries, we pursued computational modeling of the enantiomers in complex with M2. 

 

 

Figure 3.7 Differential Binding of Rimantadine Enantiomers to Influenza A M2 
Proton Channel. Superimposed 2D ssNMR 15N-13C (σCα) correlation spectra of 
13C,15N-Ser,Gly labeled S31N M2 (black) and wild type channel in the absence of 
drug (blue); in the drug bound state with (S)-rimantadine (red) and (R)-rimantadine 
(green).  Inhibitor was added to the sample at 8 drug molecules per channel.  Slices 
are shown through the bound peak. 
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3.10 M2-Rimantadine Distance Quantification 

Once we saw clear differences in the binding of the two enantiomers, the sample containing (R)-

rimantadine was used for REDOR distance measurement experiments. 13C-detected REDOR signal from 

the protein backbone was monitored for attenuation due to dipolar interaction with CD3-Rmt.  Data 

interpretation, including simulation of the REDOR dephasing curve, was simplified in the absence of ligand-

free protein.  In the past, other groups have attempted to quantify signal fraction of the total intensity from 

non-interacting sites (93), however differences in dynamics give rise to varying linewidths and signal 

intensity.   This makes quantification of the bound signal fraction a formidable task.   

Since chemical shifts changes in the full length protein were comparable to those noted by Griffin 

and co-workers in conductance domain sample, we expected pore direction of the polar amine to be 

relatively unchanged.   It was positioned in the vicinity of G34Cα in the TMD of M2 by Hong and co-workers, 

who observed 0 value of 0.81 at 18.8ms mixing time(39).  Distance measurements in that investigation 

were hindered by experimental imperfections.  M2 TMD is known to be more dynamic and suffer from 

decreased stability, compared to the longer constructs by the amphipathic helices (~residues 47-62).  

Positively charged residues in this domain favorably interact with the phospholipid head-group region, at 

the lipid interface(3).  Protein dynamics have a tremendous impact on the success of the REDOR 

experiment.  Weaker dipolar couplings, correlating to larger distances, can only be observed at longer 

mixing times.  For dynamic, rapidly relaxing systems with a short T2, the signal decays rapidly and 

eliminates the possibility of deriving a distance from the full dephasing curve.   An alternative is the use of 

paramagnetic enhancement of T2 relaxation(94), or extensive signal averaging from 30k to 150k scans(39). 

As we expected for the full length M2, obtaining longer mixing times required significantly less 

signal averaging, 5k-25k scans.  A representative plot of the dephasing as a function of mixing time is 

shown in Figure 3.8.  Significant dephasing was observed from G34Cα-CD3 Rmt interaction, consistent 

with a distance of 4.54Å±0.04. These results are inconsistent with the deuterated methyl centered in the 

channel having an equal distance to each monomer (PDB: 2L0J used for fitting).  The data suggests that 

this distance reflects a sum of interactions between the channel and the drug.  Previous investigation by 

Griffin and co-workers observed a similar phenomenon in their work on M2CD in complex with rimantadine 

(41).  The data was fitted to multiple scenarios yielding distances of 4.8Å, 4.3Å and 4.0Å, with final value 
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of 4.5Å used as a restraint for final calculation of the drug positon in the channel.  Based on these results 

they proposed that the drug is hopping in the channel, between two or four helices.   

 

 

 

Our REDOR measurements placed the deuterated ethylamine moiety of rimantadine within 4.54Å 

of the G34Cα in the full length M2.  This value represents a sum of four, unequal monomer-to-drug distances 

contributing to the total dephasing seen at G34Cα. The data is a strong indicator that the position of the 

drug in the binding pocket is similar between the CD and the FL channel.  A striking difference can be seen 

in Figure 3.9, between the FL protein and M2TM.  In the shorter construct of M2, the difference in signal 

intensity at a mixing time of 18.8ms was 19%.  In the FL protein, the change in signal is more than double 

of that in TMD (Figure 3.9) at 15.2ms. This is strong evidence for a larger dipolar coupling interaction, and 

Figure 3.8 Drug-channel distance quantification in the full length M2. 13C-2H REDOR 
dephasing ( 0) as a function of dipolar evolution time for 13C-Ser,Gly wild type M2 FL in 

DMPC/DMPG lipid bilayers in complex with Rmt-CD3. Calculated dephasing for a sum of 
distances contributing to the total dephasing curve (solid red line) fitted to the experimental data 
points (solid red circles).  Error bars are± �. Simulated ( 0) trajectory for a distance of 3.5Å and 

5.35Å (black lines).   
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closer positioning between the backbone at G34 and methyl of Rmt in the M2CD and the FL channel.  The 

differences in the measured distances could arise from a larger pore radius in the TMD, drug positioning 

higher in the channel along the z axis, or the sum of the two variables.  Reduced rate of proton conductance 

in the TMD and larger conformational heterogeneity are consistent with a larger pore radius.  In light of 

these results, structural changes to the binding pocket of M2 due to the S31N mutation were evaluated for 

the M2CD.  This is further discussed in Chapter 4. 

  3.11 Rosetta Docking and MD Simulation  

Rosetta Ligand (75) was used for docking the enantiomers in the M2 channel (2L0J), employing 

distance restraints from our REDOR measurements of the M2FL in complex with (R)-rimantadine.  Position 

restrained MD Simulations used top ranking poses of the M2-(R)-or (S)-rimantadine from Rosetta Ligand 

docking.  MD simulations in hydrated DMPC/DMPG lipid bilayers showed marked differences in the 

hydrogen bonding pattern for the two enantiomer forms. A plot of these results is shown in Figure 3.10, 

where the percentage of simulation frames correlates to two types of hydrogen bonds and is depicted for 

Figure 3.9 13C-2H REDOR spectra of G34Cα, =0.55±0.05 at 15.2ms.  Intensity difference 

between the control So (black) and dephased spectrum S (red) shown as overlay.     
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both of the enantiomers.   Higher percentage of the frames for both protein-ligand and protein-water-ligand 

interactions is seen for (R)-enantiomer, and is indicative of the drug forming hydrogen bonds more readily. 

 

 

An example snapshot of the simulation is shown in Figure 3.11, illustrating that the polar amine 

group of (R)-rimantadine is interacting with three hydrogen bond acceptors, located on different monomers 

of M2.  One direct hydrogen bond is formed with backbone carbonyl oxygen of A30, while two water-

mediated bonds are formed with A30 and G34 carbonyl oxygen atoms of two other chains.  In contrast, (S)-

rimantadine only infrequently forms water-mediated hydrogen bonds with A30 and G34, and a direct bond 

is absent for this enantiomer (Figure 3.11)    Water is known to play an important role in imparting increased 

stability to protein-ligand interactions (ref).  Indeed, extensive hydrogen bonding networks at the protein 

interface yield energetically favorable arrangements.  For the enantiomers of rimantadine, this hydrogen 

bonding network is at play in stabilizing (R)-rimantadine in the binding pocket, and resulting in higher affinity 

for the channel compared to the (S) enantiomer. This could explain MD simulation results depicted in Figure 

Figure 3.10 Comparison of the hydrogen bonding network between the (R)- and (S)- form 
of rimantadine with M2.  “Ligand-Protein” denotes the formation of direct hydrogen bond 
between rimantadine and M2.  “Ligand-Water-Protein” denotes the formation of water-mediated 
hydrogen bond between rimantadine and M2.  The y-axis of the plot denotes the percentage of 
simulation frames in which specific type of hydrogen bond is formed.   
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3.12.  Here we evaluate population distribution of each enantiomer in the channel pore.  While each small 

molecule can be captured sampling all four helices of the channel, (R)-rimantadine has much weaker 

intensity for two of the sites.  These results indicate that (R)- rimantadine is more frequently found in only 

two positions, possibly stabilizing the dimer of dimers conformation, while (S)-rimantadine is sampling all 

four helices in the absence of added hydrogen bonding stabilization. Since Griffin and co-workers evaluated 

the racemic mixture of the drug, perhaps the peak doubling attributed by them to the drug hopping between 

two and four helices is the observation of the two enantiomers behaving differently at the binding site.     

 

3.12 Broader Implications of Results 

 

 Good agreement exists between MD simulations and experimental investigation with SSNMR 

experiments.  We observed differential binding of Rimantadine enantiomers to the full length Influenza A 

M2 proton channel using 2D NCA correlation experiments, and measured unequal distances between each 

monomer and rimantadine methyl with REDOR NMR.   Indeed, it was previously observed that rimantadine 

functional groups are not equidistant to each monomer of M2, while the drug is undergoing rapid diffusion 

Figure 3.11 Hydrogen bonding network for (R)- and (S)-rimantadine enantiomers. 
Representative structure showing (R)- and (S)-rimantadine (yellow) in a hydrogen bonding 
network with M2. Hydrogen bonds are shown as blue dashed lines.  Interaction is shown between 
the drug and three monomers, with each monomer identified in parenthesis.  Rimantadine, amino 
acid residues and water molecules shown as sticks, where Hydrogen atoms are white, Nitrogen 
blue, Oxygen red, and Carbon grey. No direct H-bonds are made between the (S)-rimantadine 
and M2.   
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in the channel pore.  However, those results were obtained on a truncated construct of M2 using racemic 

mixture of the drug.  In fact, all previous investigations of M2-rimantadine complex have always used 

racemic mixtures of this inhibitor. To our knowledge this is the first time that drug binding to the full length 

M2 channel was characterized for each chiral molecule.  In a collaborative study Zhou group performed 

MD Simulations to evaluate hydrogen bonding and drug position in the channel pore.  

 

 

 

  Distinct differences in the binding pattern were noted with multiple MD simulations. Evaluation of 

the hydrogen bonding patterns showed multiple direct and water-mediated hydrogen bonds for (R)-

rimantadine and no direct bonds for (S)-rimantadine. Furthermore, asymmetry in the rimantadine 

distribution for each enantiomer between the monomers of M2 provided evidence for structural perturbation 

of the channel. Suggesting that distorted helical structure does not undergo full relaxation on the timescale 

of rimantadine sampling other sites.  Together these results deepen our understanding of the atomic level 

interactions stabilizing wild type inhibitors in the channel pore, and structural changes in the mutants leading 

Figure 3.12 Projection of Rimantadine enantiomers onto the xy plane shown as a 2D scatter 
plot.  Population distribution as a function of enantiomer position relative to each monomer is 
obtained with MD Simulation.  The conformational space is divided into multiple regions.  Each 
dot represents enantiomer group position captured at each 40ns snapshot.   
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to loss of compound efficacy.  Most importantly, specific interactions described herein are essential for 

successful outcomes from structure based CADD and can be used in future computational efforts targeting 

the wild type channel and S31N M2.  Structural characterization of the binding site in S31N M2 is discussed 

next.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

48 

 

CHAPTER FOUR 

 

STRUCTURAL CHARACTERIZATION OF S31N M2 CONDUCTANCE DOMAIN  

  

4.1 Introduction  

 

In Chapter 3, we evaluated specific, non-covalent, intermolecular interactions between the 

rimantadine inhibitor and full length M2 proton channel.   Coupling Molecular Dynamics simulations with 

SSNMR results, allowed us to formulate a hypothesis about interactions inducing increased stability of the 

drug in the channel.  Specifically, the influence of the hydrogen bonding network on overall binding affinity, 

and decrease in affinity as a result of changes in interaction geometries.   The discussion in this Chapter is 

focused on characterization of structural changes in the S31N M2 mutant, which leads to loss of clinical 

compound efficacy.    Through the use of oriented SSNMR experiments we can probe backbone structure, 

as well as tilt and rotation of the backbone relative to the lipid bilayer.  Comparison of the oriented sample 

SSNMR results, with previously published PDB coordinates for the wild type M2 CD report on the similarities 

between the two structures.  Subsequent MAS experiments allowed us to examine side chain and backbone 

chemical shifts of S31N M2 and also compare them to the wild type channel.  Lastly, we again used the 

REDOR technique and an asymmetric isotope labeling strategy to resolve the position of N31 side chain in 

the channel pore.    

Previous efforts at structural characterization of S31N M2 have produced conflicting results. Two 

of these studies were done using Solution NMR, with the protein reconstituted into dodecylphosphocholine 

(DPC) and 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) detergent micelles (95, 96).  As 

previously mentioned in Chapter 1, detergent environments can induce significant distortion to structures 

of alpha helical membrane proteins.  The third study using SSNMR proposed large scale deviations from 

the near four-fold symmetry of the wild type channel, where two of the helices are displaced and rotated(1).  

Non-native structures are often due to incorrect assignments or structural perturbations due to 

environmental influence.  Detergent induced distortions were extensively discussed in previous chapters.  

Specifically, variable hydrophobic thickness in the detergent micelles leading to tighter helical packing and 

narrowing of the channel pore.  Little is known about lipid to protein ratio (LPR) effects on helical packing 



   

49 

 

and resulting structural distortions due to protein-protein contacts at very small LPR values. Typical ratios 

used for SSNMR experiments vary with molar ratios ranging from 30 to 500.  One aims to minimize the 

LPR value to increase protein sensitivity and decrease experimental time.  In fact, it has been shown that 

decreasing LPR to 24-30 increases signal intensity, sharpens resonances and is experimentally suitable 

(2, 97, 98).  Decreasing LPR from 90 to 24 has had no impact on M2 structure and conformation(2).  For 

the conductance domain of M2 (residues 22-62) protein to lipid ratio of 1:24 (monomer/monomer) not only 

is a lipid annulus formed, but there are also bulk and nonannular lipids present in the sample.  Decreasing 

LPR to 7 eliminates the bulk lipid, and presumably retains just enough lipids for annulus formation.  

Structural distortions are likely to follow at such a low LPR value due to changes in the lateral pressure 

profile of the lipid and possible formation of protein-protein contacts.   Structural comparisons are made in 

this Chapter for S31N M2 CD in lipid bilayer preparations at an LPR of 24 and the recently published S31N 

M2 CD structure at an LPR of 7 (PDB: 2N70).   

4.2 Isotope Labeling Strategy  

4.2.1 Introduction  

The concept of isotope labeling was introduced in Chapter 3.  To monitor drug binding to the M2 

proton channel, and measure protein-ligand distance restraints, 13C- and 15N-enriched media was used for 

recombinant expression. This chapter presents results from very different NMR experiments, reflected in 

the diverse nature of labeling strategies that are used.  Labeling rationale and methodology are discussed 

below after a brief review of common techniques. 

 

4.2.2 Types of labeling  

Resonance overlap often precludes us from making site specific assignments.  In an effort to 

achieve optimal spectral resolution and gather important structural information, several labeling strategies 

have been devised.  Aforementioned 13C-glucose, 15N-ammonium chloride enriched media is used in 

uniform or reverse labeling techniques(81, 99).  In the latter, we also add natural abundance (1H,12C,14N) 

amino acids to enhance type-specific labeling.   Lower cost is an appealing feature of this approach, 

however isotope incorporation is typically less selective or altogether uniform.  To obtain site specific 

incorporation, 13C/15N-labeled amino acids of interest are added to the media in addition to unlabeled 
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background.  For both reverse and amino acid specific techniques, misincorporation of the isotope can 

happen due to metabolic conversion of amino acids in the biosynthetic pathway of Escherichia Coli(100).  

To minimize or avoid this phenomenon, duration of protein expression is shortened, and enzyme inhibitors 

can be utilized.  Also amino acid labeling is often chosen based on the known biosynthetic pathway end 

products.  Additional techniques include cell free methods(101), and segmental labeling, such as use of 2-

13C or 1-13C glucose(102).  Of course, one has to utilize chemical peptide synthesis to selectively label 

unique combination of amino acids.  Unfortunately, chemical peptide synthesis has the largest cost and 

limitations, in terms of yield after cleavage and purification.    

 

 

4.2.3 Oriented Sample Solid State NMR  

Amino acid specific labeling was used in preparation of oriented samples for SSNMR.  While a 

detailed discussion of NMR observables from static experiments follows in the next section, a brief 

introduction is given here to illustrate the labeling strategy.   Orientation-dependent 15N chemical shift and 

15N-1H heteronuclear dipolar coupling give rise to spectral resonance patterns, which can be used for 

evaluation and further experimental design.  These helical wheel projections for the transmembrane region 

of M2 are shown in Figure 4.1 Selection of residues for 15N-amide enrichment followed simple guidelines: 

to choose abundant residues with minimal propensity for isotope scrambling.  Fortunately, TM region of M2 

Figure 4.1 Helical wheel projection for M2 transmembrane region to illustrate isotopic 
labeling strategy used in oriented sample ssNMR.  Circles filled with color represent 
labeled sites in three different samples.  Valine residues are highlighted in purple (a), 
Isoleucine in red (b), and Leucine in blue (c).   
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is rich in Isoleucine (5), Leucine (6) and Valine (2) residues.  Isoleucine and Leucine residues are also 

present in the amphipathic helix of M2, allowing us to compare that region to the wild type M2 as well.   

4.2.4 Magic Angle Spinning 

Recently published structure of S31N M2 CD reported rather unusual backbone 13C,15N-chemical 

shifts for N31, Ile32 and Ile39(1).  Since chemical shift assignments for the residues spanning conductance 

domain of wild type M2 also have been published by our group(2), we proceeded with 13C,15N-Leu, Ile 

labeling for further comparison of the three data sets. 13C,15N enrichment of those sites was achieved in 

one expression cycle with isotope labeling of both amino acid types.  In addition, we were able to compare 

assignments of V27, A30, N31, and G34.  This peptide was previously chemically synthesized for distance 

measurement work and drug binding assay development.   

4.2.5 REDOR distance measurements 

13C-15N REDOR experiments were employed for evaluation of the asparagine side chain position, 

in S31N M2 CD.  As previously mentioned, REDOR experiments provide very accurate distance 

measurements between selectively labeled sites.  To date, there is a lack of consensus with regard to the 

position of the side chain, and its influence on the final structure. Recent investigation (2N70) placed two 

N31 side chains in the helical interface, with the remaining two pointing into the channel pore(1).  Both 

possibilities were experimentally tested here.  REDOR is a sensitive probe of heteronuclear distances, and 

here was coupled with specific isotope labeling strategies to evaluate the N31 side chain position.  In 

addition to very specific 13C and 15N segmental labeling of Alanine, Valine and Asparagine residues, 

asymmetric labeling was used as well.  In the asymmetric labeling approach, two separate labeling 

schemes are mixed in the final sample at a ratio of 50:50.   This experimental design allows one to measure 

distances between monomers and establish interhelical restraints. The first scenario places the asparagine 

side chain at the helical interface.  A ribbon diagram in Figure 4.2 was used to model the expected distance, 

based on our labeling design for S31N.  A distance of 3.2Å was probed with 13C-15N REDOR.  Two protein 

expression cycles produced: 13C-Val, Ala S31N M2 CD and 15Nd2-Asn S31N M2 CD were added together 

in equimolar quantities.  To evaluate the second possibility, we proceeded with asymmetric labeling of 

asparagine residues.  In this case, one protein expression batch was performed to produce M2 monomers 
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bearing 13C-labeled asparagine.  While second produced monomers with 15N enrichment of asparagine 

carboximide moiety. Again, equimolar quantities of each in methanol were mixed for REDOR experiments 

.    

 

4.3 Experimental Methods 

4.3.1 Protein expression, purification, cleavage and reconstitution 

The protocol for overexpression of wild type and S31N M2 CD followed several previously 

published protocols (2, 3). The plasmid encoding Maltose Binding Protein (MBP), N-terminal His6-tag, 

Tobacco Etch Virus (TEV) protease cleavage site and M2 CD (residues 22-62) fusion protein was 

transformed into E. Coli strain BL21 (DE3)–RP Codon Plus cells for expression.  A single colony was used 

to inoculate 50mL of ampicillin (100ug/mL) supplemented LB medium.  Following overnight growth of LB 

(15 hours) at 37°C and 250rpm, 25mL were transferred into 1L of LB medium (ampicillin 100ug/ml).  The 

Figure 4.2 Ribbon diagram of S31N M2 CD (PDB: 2N70).  Asparagine residue at position 
31 is highlighted on Chain A, Alanine 30 is shown on Chain B.  The distance between 15Nd2 
(carboximide) and A30Cβ is measured at 3.2Å.  These residues were chosen for 
asymmetric labeling and subsequent 13C-15N REDOR Experiments due to their proximity 
and minimal propensity for isotope mis-incorporation.   
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cells were pelleted at an OD600=0.7, resuspended in M9 salts and spun down again, to remove any 

remaining LB culture.  Finally, 2 cell pellets from initial LB media were resuspended in 1L of M9 culture, 

and grown at 37°C for 2.0 hours. Protein expression was induced with IPTG at a final concentration of 400 

μM, after the first 30 minutes at 37°C and 250 rpm.  

 Harvested cells were re-suspended in 120 mL of 20 mM Tris HCl, 500 mM NaCl pH 8.0 and stored 

at -80C°.  For purification, after thawing the pellet suspension was supplemented with 4 μL benzonase 

nuclease, 0.25 mg/mL lysozyme and stirred for 30 minutes at room temperature.  Cell lysis was carried out 

with six French Press cycles at 10,000 PSI.  Membrane fraction and inclusion bodies were collected with 

ultracentrifugation at 200,000g for 30 minutes. Collected supernatant containing fusion protein was 

supplemented with Imidazole to a final concentration of 20 mM, and loaded on a 20 mL nickel affinity 

column. During the purification using an AKTA-FPLC (GE Healthcare) the column was washed once with 

20 mM Imidazole, and once with 60 mM Imidazole.   

Final elution was done with 20 mM Tris, 500 mM NaCl, 500 mM Imidazole at pH 8.0.  Typical yield of the 

MBP/M2 fusion protein was 250-300 mg per liter of M9 media.   

 

Figure 4.3   S31N M2 SDS-PAGE gel. Purification of M2-MBP fusion 
protein, cleavage with TEV, and methanol extracted M2CD peptide.   
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Immediately following purification, M2 CD was cleaved from the MBP expression tag.  Cleavage 

was performed with TEV at a ratio of 1:2 molar ratio, and total protein concentration of 3 mg/mL.  High 

cleavage efficiency of >90%, was attained after 24-36 hours, when checked by SDS-PAGE.  Protein was 

precipitated with Trichloroacetic acid (TCA) and pelleted by centrifugation at 16,000g.   Pellet was washed 

at least three times with ultrapure water to remove traces of the TCA.  Protein pellet was vacuum dried 

overnight and then subjected to HPLC grade methanol for 30 minutes.  Hydrophobic M2CD extraction with 

methanol was terminated by another round of centrifugation at 16,000g.  

 4.3.2 Solid State NMR sample preparation 

 Organic solvent mediated protocol was used for protein reconstitution into DOPC/DOPE (4:1 molar 

ratio) liposomes at pH 7.5 as previously described(2).  Lipid to protein molar ratio (LPR) was 60:1 for 

uniformly, glass aligned samples and 30:1 for magic angle spinning experiments.  Chloroform lipid stocks 

were mixed in a round bottom flask (RBF). Lipid film formation was facilitated by a gentle stream of Nitrogen 

gas.  After the lipid film formation, the RBF was left under vacuum overnight to aid in removal of residual 

chloroform.  M2CD in methanol was added to the lipid film in RBF and gently agitated to solubilize the film.  

Again, the solvent was removed under Nitrogen gas and the lipid film was left under vacuum overnight.  

The protein-lipid film was hydrated with 20mM Tris HCl pH 7.η and left to “age” for three hours at room 

temperature and 150rpm.  To remove traces of organic solvent and to equilibrate pH, proteoliposomes were 

dialyzed against 5mM Tris HCl pH7.5 for 24 hours.  Final pellet was collected with ultracentrifuged at 

200,000xg for 2 hours.  For MAS samples, the pellet was left in the ultracentrifuge tube for several days at 

0°C, after which it was packed into the rotor.   For oriented sample SSNMR spectroscopy the final 

preparation step was different, to achieve uniaxial alignment of the protein in lipid bilayers.   After 

ultracentrifugation the pellet was resuspended in 5mM Tris HCl pH 7.5 buffer, to a final volume of 1200ul.  

Once it was well homogenized, it was very briefly sonicated in a bath sonicator (10seconds) and deposited 

onto glass slides.  30μL of the proteoliposome suspension was applied to each η.7mm x 12 mm x θ0μm 

(total 40 slides).  The slides were dehydrated in a sealed 98% relative humidity chamber at room 

temperature for about 16 hours.   Once a film was formed on the slides, they were re-hydrated with 1.5uL 

of ultrapure water.  Following hydration they were stacked and left to incubate in the hydration chamber for 

an average of 7 days.  Once stacked slides were no longer opaque in appearance, they were transferred 
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to a glass sample cell and sealed with beeswax.  The weight of the cell was monitored to assess potential 

hydration loss.  Mechanical alignment of membrane proteins for static SSNMR on glass slides has been 

successfully applied to many other systems in structure determination efforts (3, 7, 98, 103).   

4.3.3 Solid State NMR spectroscopy   

To measure anisotropic 15N chemical shifts and 1H-15N dipolar couplings SAMPI4(104) or 

PISEMA(105, 106) spectra were acquired at 720 MHz, utilizing a low-E 1H/15N double resonance probe.  

Acquisition took place at 303K, above the gel to liquid crystalline phase transition temperature of 

DOPC/DOPE lipids. Experimental parameters included a 90° pulse of 5ms and cross-polarization contact 

time of 0.9 ms, 4 s recycle delay and SPINAL decoupling sequence(107).  22-28 t1 points were acquired 

with 2048 transients. Spectral processing was done with NMRPIPE(108) and plotting with SPARKY.  15N 

chemical shifts were referenced to a concentrated solution of N2H8SO4, defined as 26.8 ppm relative to 

liquid ammonia.   

MAS experiments included previously mentioned REDOR, NCA and DARR pulse sequences.  All 

were performed at 600MHz, utilizing a low-E triple resonance probe, in a 1H-13C-15N or 1H-13C-2H 

configuration.   

 

4.3.4 PISA wheel simulation  

Oriented Sample SSNMR experiments were introduced in Chapter 2.   Important structural 

information is retained through uniaxial alignment of the protein with respect to the lipid bilayer normal and 

the magnetic field.   Static separated local field experiments (109), like SAMPI4 and PISEMA, correlate 

orientation dependent amide nitrogen chemical shift with heteronuclear 15N-1H dipolar couplings (104, 105).   

Each 15N-labeled site in the protein backbone can be observed as a unique resonance in the 2D spectrum.  

Uniform peptide plane geometry of alpha helical membrane proteins(8) gives rise to resonance patterns 

called Polarity Index Slant Angle (PISA) wheels (67, 68).   (Figure 4.4)  Orientation dependence of the NMR 

observables in SLF spectra leads to variability in the position of PISA wheel, which directly reports on the 

topology and secondary structure of the protein backbone.  At 17°, N-H bond vector in alpha helices is 

almost parallel to the helix axis and is a sensitive probe of orientation (110, 111)(Figure 4.5).  This can be 

further seen in Figure 4.θ (A), where PISA wheels were simulated for different helical tilt angles, .  The 
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value of the dipolar coupling is approximately maximal if the helix is parallel to the magnetic field and lipid 

bilayer normal, and decreases with increasing tilt angle. The exact position of each resonance can also be 

observed in the spectrum and simulated on the wheel.   Location of the resonance is dictated by the 

rotational orientation of the helix, ρ.  (Figure 4.θ (B)).  Two sets of peaks can be seen, where the helical tilt 

is fixed at 30°, while ρ is varied from 10° to 30°.  PISA wheels can be easily simulated by only varying ρ 

and , while other parameters are fixed.  The following values are included in the simulation.  Chemical shift 

tensor elements for the amide nitrogen:  � = . ppm, � = . ppm, � = . ppm.  Dipolar coupling 

value is maximal at �||=10.375kHz (67) and is calculated by the following equation � = �|| ∙ � −  

Figure 4.4 M2 PISA Wheel.  Helical wheel projection 
demonstrating principles of PISA wheels.  Residues on the 
wheel are separated by ~100° due to periodicity of 3.6 
residues/turn.   
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4.3.5 Structural validation technique 

Previous section focused on the evaluation of PISA wheel resonance patterns, which we observe 

for alpha helical membrane proteins in static SSNMR experiments.  Parameters were introduced which 

define the appearance of the wheel, and are used for wheel simulation and analysis.  Simulating a PISA 

wheel for a given site allowed us to simultaneously determine helical tilt and rotation angle for the helix, 

extracting orientation restraints for subsequent structure calculation.  Using a similar algorithm with the 

same underlying principles, we can evaluate a known structure based on the PDB coordinates. 

Figure 4.5 Peptide plane to illustrate SAMPI4/PISEMA NMR observables, 15N-1H 
dipolar coupling (�|| , and 15N anisotropic chemical shift tensor (� , � , � ).  
Transformation of the principal axis frame for each peptide plane to the helix axis frame 
allows calculation of the tilt ( ) and rotation angle (ρ) to be calculated with respect to Bo.  
The orientation of each amide bond can be determined with respect to the magnetic field 
vector (Bo).  For oriented bilayer samples in which the lipid bilayer normal is parallel to Bo, 
the orientation of each amide bond vector can be determined with respect to the lipid bilayer.  
Copyright @ Elsevier.  Reprinted with permission from Elsevier.   
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Torsion angles ϕ=-θ0° and φ=-45°.  Helical structure with 3.6 residues per turn, with ~100° per residue.    

. 

Figure 4.6 PISA wheels for various tilt angles for an ideal α helix.  (Degree of tilt shown 
above each wheel) (A); PISA wheel for a 30° tilt angle and two different rotation angles (solid 
dots), ρ=10° (black) and ρ=30° (grey).   
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  This validation technique allows us to quickly recognize structural distortions as a result of environment or 

incorrect assignments (9, 112).  The premise of this validation technique is to calculate 1H-15N dipolar 

couplings and 15N chemical shift anisotropy from the given PDB coordinates for N, H and Co atoms.  

Predicted chemical shifts and dipolar coupling values can then be compared.  A simple example of this 

approach is shown in Figure 4.7 for the wild type M2 CD structure (PDB 2L0J) (3).  Chemical shift and 

dipolar coupling values were back calculated from the PDB coordinates for M2 CD region Isoleucine, 

Leucine and Valine residues.   The inset illustrates actual structural assignments for the M2 CD structure 

in liquid crystalline DOPC/DOPE bilayers, investigated with SSNMR (3).  In a more comprehensive 

evaluation, chemical shifts were predicted and compared for M2 structures obtained with other techniques 

as well(9).  X-ray crystal structure in detergent based crystals (PDB: 3BKD)(6), and solution NMR structure 

with M2 CD reconstituted into DHPC detergent micelle environment (2RLF)(4) were both used for 

comparison.  A dramatic difference can be seen between observed oriented SSNMR data for 2L0J and 

predicted resonance frequencies for 2RLF and 3BKD (Figure 4.8).  Large changes in the resonance 

frequencies for solution NMR structure suggest a 16° difference in the tilt angle of the channel at the N-

terminus of the TM region, as well as a loop instead of the kink between the TMD and amphipathic helix 

observed in 2L0J.  A similar picture is seen for the crystal structure, where symmetry of the tetramer is 

abrogated due to environmental influences.  Jointly these results highlight the applicability of this approach 

for structural validation. 

 4.4 Results  

4.4.1 Oriented sample SSNMR S31N M2 CD  

When we set out to record spectra of S31N M2 CD oriented samples, we anticipated PISA wheel 

similarity to the wild type channel (PDB: 2L0J), with possible changes due to N-terminal modifications.   Any 

structural changes to the protein backbone as a result of S31N mutation would be immediately evident in 

the helical wheel projections, since the resonances are remarkably sensitive to local structural 

perturbations.  To rule out structural influence of membrane mimetic, sample conditions such as pH, LPR, 

temperature and lipids were unchanged between wild type M2 and S31N.  To capture much of the PISA 

wheel resonances, abundant residues were chosen for 15N backbone amide enrichment.  By selecting 15N-

label Isoleucine, Leucine and Valine 68% of the transmembrane region and 30% of the amphipathic helix 
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were sampled.  Labeled amino acids spanned residues 26-58, from the first turn of the alpha helix at the 

N-terminus to the end of the amphipathic helix at the C-terminus. This labeling strategy allowed us to 

evaluate tilt and rotation angles for the TMD region and amphipathic helix of S31N M2 CD in liquid 

crystalline DOPC/DOPE bilayers.  For comparison, resonance frequencies for these sites were also 

predicted from the PDB coordinates for the wild type M2 CD (PDB: 2L0J)(3) and recently published S31N 

M2 CD structure (PDB: 2N70) (1).  The latter structure was only characterized using MAS SSNMR 

experiments with protein solubilized in DPhPC lipids at a much smaller protein to lipid ratio of ~1:7.   

Surprisingly significant structural perturbations with highly unusual chemical shifts were noted for this 

structure.  Altered helical packing in this structure has significant implications for the channel’s functional 

mechanism and drug binding site.  Previously, electrophysiology experiments have shown very similar 

proton conductance rates for the wild type M2 and S31N (113),  This indicates lack of structural changes 

in the vicinity of the residues involved in proton conductance, such as His37.  

 

Figure 4.7 Comparison of predicted and observed (inset, PDB 2L0J) OS ssNMR data from 
wild type M2.      Predicted and observed (inset) 15N-Chemical shift and 15N-1H Dipolar Coupling 
Correlation (PISEMA) spectra of the M2 CD in liquid crystalline DOPC/DOPE lipid bilayers. 
Predicted frequencies are shown for Isoleucine, Leucine and Valine residues of M2 CD (only TM 
region shown for clarity).  Inset figure reprinted with permission from AAAS.  
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Figure 4.8 Structural validation technique. Structures of the M2 proton channel from Influenza A 
with side view (a,c,e) and parallel (bottom) to the pore axis (b,d,f).  Hydrophilic, lipid interfacial region 
is shown in pale yellow.  X-ray crystal structure (PDB: 3BKD)(6) of the TM domain obtained from 
detergent based crystals (a,b); rimantadine bound solution NMR M2 CD structure in DHPC micelles 
(PDB: 2RLF)(4) (c,d); ssNMR structure from lipid crystalline DOPC/DOPE bilayers (PDB: 2L0J) (A) 
; Comparison of predicted resonance frequencies for the structures in A. (B)  Observed resonance 
frequencies for S31, H37, W41, L43, L46, F47, F55, L59 (red) from M2 CD ssNMR structure (2L0J); 
2RLF resonances in purple; 3BKD in green.  3BKD is an asymmetric structure, multiple shades of 
green are used to color code different helices. Copyright © Elsevier.  Reprinted with permission from 
Elsevier.   
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Overlays of the observed and predicted PISA wheels are shown in Figure 4.9 and 4.10.  In both 

figures observed resonance frequencies for S31N M2 CD are shown in color: Isoleucine in red, Leucine in 

blue and Valine in purple.  The spectra reveal well resolved resonances with the same dispersion as the 

wild type M2 CD, with exception of Leu26.  Leu26 is in the first turn of the TM helix, in the highly dynamic 

N-terminus segment, and is likely absent from the spectrum due to inefficient cross polarization.  Indeed, 

strong isotropic signals at ~120pppm in the 2D spectra of Leucine and Valine are absent in the Isoleucine 

spectrum, confirming poor CP of the dynamic residues.   Observed resonance frequencies for S31N M2 

CD are quite similar to the anisotropic chemical shifts and dipolar interaction predictions for the wild type 

M2 CD. It can be seen in Figure 4.9 that tilt and rotation angles between the two channels are relatively 

unchanged. Tetramer symmetry is retained otherwise we would see a doubling of the resonances, and 

each monomer is also made up of transmembrane and amphipathic helices.  Larger dipolar coupling 

interaction for Ile42 at ~8.5kkHz is consistent with a kinked transmembrane helix, previously characterized 

for both TMD and CD constructs of the wild type channel.  To put these results in perspective, calculations 

were repeated for the recently published S31N M2 CD structure (2N70).   

When S31N M2 CD in our studies is compared to the predicted resonance frequencies for S31N 

M2 CD in PDB: 2N70, helical wheel projections for the two systems are very different (Figure 4.10).  

Calculated PISA wheels for 2N70 structure reflect displacement and rotation of the two helices that were 

selected for the prediction. For clarity only the distorted chains are represented in this spectral prediction.  

Rotation angles between the two structures differ by ~40° in the N-terminal region, accounting for the Val27 

and Val28 deviation from experimental results.  Spectral intensity representative of rotated helices is absent 

in our preparation of S31N M2 CD further confirming presence of a symmetric structure.  

 4.4.2 Probing backbone and side chain structure of S31N M2 with MAS SSNMR 

Discussion of the results in the previous section demonstrated how orientation dependence of the 

NMR observables in static SSNMR is rich with structural information. Coupling static SSNMR with structural 

validation allowed us to characterize key structural features of the channel, which are virtually unchanged 

in S31N CD from the wild type M2 CD protein. 
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Figure 4.9 Comparison of observed S31N M2 CD and wild type (PDB 2L0J) OS ssNMR 

data.  15N-Chemical shift and 15N-1H Dipolar Coupling Correlation (PISEMA) spectra of S31N 
M2 CD in liquid crystalline DOPC/DOPE lipid bilayers.  Resonance frequencies are shown for 
Isoleucine (red), Leucine (blue) and Valine (purple) residues of S31N M2 CD.  Predicted 
residues are shown as dots and indicated with their respective assignments. Representing 
observed resonance frequencies used to define the 2L0J structure, also studied in 
DOPC/DOPE lipid bilayer environment at protein to lipid molar ratio of ~1:90 (monomers). 
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Figure 4.10 Comparison of observed S31N M2 CD and predicted S31N M2 CD (PDB: 

2N70) (1) OS ssNMR data.  15N-Chemical shift and 15N-1H Dipolar Coupling Correlation 
(PISEMA) spectra of S31N M2 CD in liquid crystalline DOPC/DOPE lipid bilayers shown for 
Isoleucine (red), Leucine (blue) and Valine (purple).  Residues shown as black dots 
represent predicted resonance frequencies from the S31N M2 CD structure studied in 
DPhPC lipid bilayer environment at protein to lipid molar ratio of ~1:7 (monomers) or 1:1 
P/L by weight.  Residues predicted for the TM region only.    
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Channel symmetry is retained as evidenced by one set of helical wheel projections in 2D spectra for all of 

the 15N-labeled sites.  Consequently, we can hypothesize with regard to the mutation induced structural 

changes in the binding pocket of M2.   

Oriented SSNMR results depict the absence of helical distortion or splaying necessary to accommodate a 

carboxyimide side chain of asparagine in the helical interface.   The data suggests that N31 of each 

monomer is a channel lining residue, leading to increased polarity and occupied space.  Steric hindrance 

in the binding pocket prevents the drug from accessing protein-ligand interactions we illustrated in Chapter 

3.  However, this appears to have limited the impact on the backbone conformation.  MAS SSNMR 

experiments were employed to further characterize the backbone and side chain conformations of the S31N 

mutant.  As mentioned in Chapter 2, homonuclear and heteteronuclear correlation experiments are robust 

in deciphering alpha helical, beta sheet and random coil conformations from solution NMR-like chemical 

shift assignments. Importantly, we again have a tremendous advantage in having access to assignments 

for the wild type M2 residues(2). 

Figure 4.11 13C-13C chemical shift correlation spectra of 13C,15N-Ile, Leu S31N M2 CD 
(residues 22-62).  Collected on a liposomal preparation at pH 7.5 and 10ms mixing time.  The 
assignments were adopted from JACS, for the wild type M2 CD(2).   
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2D 13C-13C correlation spectrum (Figure 4.11) and NCA data sets (Figure 4.12, 4.13) were recorded 

for the S31N M2 CD and S31N M2 TMD in DOPC/DOPE liposomal preparations.  Again, membrane 

mimetic and experimental conditions were kept constant with wild type protein preparations. To increase 

the number of sampled residues, 13C,15N-selective Isoleucine and Leucine labeling was used for the 

conductance domain of S31N M2. Another sample was prepared to make the assignment of N31 residue, 

previously not evaluated in our group with SSNMR.  Due to concerns for misincorporation of 13C,15N atoms 

during recombinant expression of S31N M2, 13C,15N-Asn labeled sample was chemically synthesized.  In 

addition to the asparagine labeling, 13C,15N enrichment was introduced at V27,A30 and G34 of S31N TMD 

(residues 22-46).  These sites have well resolved 13C and 15N chemical shifts for OS and MAS SSNMR, 

and were subsequently utilized for identification of novel S31N inhibitors with SSNMR. Also, these are key 

residues in protein-ligand interactions as we demonstrated in Chapter 3.  Lastly, chemical shift assignments 

for S31N M2 CD structure (PDB: 2N70) had some very unusual values for Asn31, Ile 32 and Ile39 for two 

of the chains in the structure.  Comparison was made between our experimental results for those sites and 

the wild type channel (PDB: 2L0J) as well as the S31N M2 CD (PDB: 2N70).     

 Figure 4.11 displays 13C-13C correlation spectral regions of aliphatic-aliphatic and aliphatic-carbonyl 

cross peaks at a short mixing time of 10ms.  A short mixing time ensures intra-residue magnetization 

transfer, while longer times begin to introduce inter-residue cross peaks.  The latter are useful as distance 

restraints in structural calculations.  To characterize backbone and side chain conformations we focus on 

intra-residue cross peaks of Ile and Leu sites.   Due to selective 13C-labeling we have excellent spectral 

dispersion between the two amino acid types.  For instance 13C chemical shift of the Ile backbone Cα is 

~θηppm, while Leu Cα is ~η8ppm.  Although unique assignments could not be made, despite 1.η ppm 

average 13C linewidths.  So when evaluating each cross peak in the spectrum, we assume that the 

resonance cluster represents all the residues for a given amino acid label.  For example, Ile Cα 

(θθ.0ppm)/Cβ (37.9ppm) cross peak arises from the contribution of five Ile residues in the transmembrane 

region and one site in the amphipathic helix. Due to increased dynamics of the amphipathic helix, cross 

peak intensity would likely be weaker for this site. There appears to be no significant change between 13C-

Ile, Leu assignments for the wild type channel and cross peaks observed here for the S31N M2 CD.  

Interestingly, 13C chemical shift assignments by Griffin and co-workers included Ile32 Cα (θ1.4 ppm)/Cβ 
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(41.3 ppm) and Ile39 Cα (θ0.4 ppm)/Cβ (37.2 ppm) for the pair of displaced and rotated helices.  Those 

peaks are notably absent in our 13C-13C correlation spectrum.    

  

  

 

2D NCA data sets were collected to confirm the absence of those unusual resonances for transmembrane 

helical structure and to characterize the backbone conformation of the S31N M2 CD and TMD.  Strong 

intensity in Figure 4.12 can be seen for previously assigned transmembrane domain Ile 65-66ppm/118-

122ppm; and Leu residues at 58ppm/118-119ppm.  These are super helical 13Cα chemical shifts indicative 

of the peptide plane having only one helical peptide bond.  In this spectra as well, the unusual 13Cα values 

of 60.4 and 61.4 are absent.  Weaker cross peaks present in the 2D spectrum are consistent with either 

more dynamic residues in the amphipathic region or misincorporation (“scrambling”) of the isotopes to other 

amino acids during recombinant protein expression.  Typically the labeling efficiency is much worse for the 

sites with unintended enrichment due to isotopic scrambling and the intensity is indeed much weaker in this 

spectrum.   To remove any spectral ambiguity and generate chemical shift assignment for the N31 site we 

used 13C,15N-V27,A30,N31,G34 sample, prepared with chemical peptide synthesis.  Well-resolved cross peaks  

Figure 4.12 2D ssNMR 15N-13C (NCα) correlation spectra of 13C,15N-

Ile,Leu labeled S31N M2 CD (residues 22-62) at pH 7.5.   
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for those residues can be seen in the N-Cα correlation spectrum of S31σ M2 TMD (Figure 4.13).  

Assignments for the backbone atoms are remarkably similar to the wild type M2 CD, and are listed for 

comparison in Table 1. A single cross peak from N31 at 115.5/57.6 is also consistent with an alpha helical 

conformation.  Interestingly, the σ31 Cα cross peak is much weaker in intensity (Figure 4.13) despite 

experimental observation at -10C°.  Such weak intensity is likely due to significant dynamics at this residue, 

fast relaxation and inefficient cross polarization.  A second cross peak for N31 at 110.8/54.7, which was 

seen in a DPhPC preparation of S31N M2 CD by Griffin and co-workers is not observed in Figure 4.13 (1).   

In parallel to the 13C-13C and 15N-13C correlation experiments we pursued REDOR NMR to measure 

distances between the N31 side chain and its neighboring residues.  Discussion of the results follows in the 

next section.   

4.4.3 double-quantum REDOR NMR of S31N M2 CD  

Distance measurements between the asparagine side chain and its neighboring residues required a specific 

isotope labeling strategy and careful planning of experimental design. As previously mentioned in this 

Chapter three labeling schemes were used to prepare two samples with asymmetric 13C, 15N-labeling. 

Figure 4.13 2D ssNMR 15N-13C (NCα) correlation spectra of 
13C,15N-VANG labeled S31N M2 TMD (residues 22-46) at pH 
7.5. 
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 N Cα 

V27 122.1 67.2 

V27’ 122.3 66.3 

A30 118.6 55.3 

A30’ 119.3 55.8 

σ31’ 115.5 57.6 

G34 107.1 48.2 

G34’ 107.7 48.0 

 

 

Both of the samples contained 15Nd2 (carboxamide) –labeled Asn31 S31N M2 CD. Figure 4.2 depicts the 

first sample in which 15N-labeled Asn31 is in equimolar quantity with 13C-Val,Ala S31N M2 CD.   

For this scenario S31N M2 CD structure from the DPhPC preparation was used to predict dipolar 

interactions. Interhelical heteronuclear distance between the N31 side chain 15σ atom and Cβ of A30 was 

predicted to be 3.2Å, with the side chain rotated away from the channel pore. Figure 4.14 shows the REDOR 

control (S0) and dephased (S) spectrum of 13C-labeled Valine and Alanine S31N M2 CD, measured with 

double quantum REDτR σMR.  Ala30Cβ exhibited no dephasing at 8ms of mixing time, indicating that 15N-

labeled asparagine is outside of the 2N70 predicted 3.2Å interaction.  For comparison, an expected 

dephasing at 2Å would be 87%, at 4Å-15% and at 6Å-1%(43).  

Our second sample was prepared with 13C4-Asn31 and 15Nd2-Asn31 S31N M2 CD in equimolar 

quantities as well.  In the case of this sample, 13C-detection of Asn31 side chain carbons was not feasible.   

Despite meticulous experimental design, which included selective labeling and optimization of temperature 

Table 4.1. 13C Chemical Shift comparison between wild type M2 CD 
and S31N M2 TMD. Resonance assignments for V27, A30, N31(S31N) 
and G34 in the TM domain of S31N M2 and CD domain wild type M2.  
Both in DOPC/DOPE bilayers at pH 7.5. S31N assignments indicated 
with prime.   
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and spinning speed, the signal decayed at 3ms of mixing time.  Carbonyl unlabeled 13C4-Asn was used in 

specific labeling of S31N M2 to remove 13C-13C scalar coupling and lengthen T2 relaxation time.  Sample 

temperature was lowered to -10C° in an effort to decrease some of the dynamics and lower spinning rate 

was used to make the recoupling pulses more efficient.  Unfortunately, dynamics at this site, previously 

noted in Figure 4.13, precluded observation of 13C-Asn31 and further distance quantification.   1D 13C signal 

decay from 1ms to 3ms is included in the Appendix to illustrate this phenomenon.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Implications for Drug Discovery 

This chapter presented a comprehensive data set for structural characterization of S31N M2 CD.  

Results were obtained while the channel was solubilized in a liquid crystalline lipid bilayer environment 

under an optimized protein to lipid ratio.  Carefully considered sample conditions preserved native-like 

helical membrane protein structure, as evidenced by retention of symmetry and lack of structural distortion.  

S31N M2 is also a tetramer, with a kinked transmembrane domain and an amphipathic helix.  The pore 

volume is decreased due to the bulky carboximide side chain of Asn31 replacing the hydroxyl group of 

Figure 4.14 13C-15N Double quantum REDOR on S31N M2 CD in DOPC/DOPE 
lipid bilayers, pH 7.5. 13C-detected dq-REDOR observing dipolar interaction 
between 13C-labeled Val27/28, A29/30 and 15Nd2-Asn.  Asymmetric labeling in 
the sample has 50:50 ratio of both labels.     
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Ser31.  However, significant dynamics are present at this site.  Accounting for comparable proton 

conductance rate in the mutant to the wild type channel despite decreased pore volume.  This pore filling 

mutation abrogates stabilizing protein-ligand interactions illustrated in Chapter 3, significantly altering the 

surface of the binding pocket.   

Observed helical tilt, rotation angle and chemical shift assignments reported on structural 

similarities between the mutant and wild type channel.   However, striking differences were seen between 

S31N M2 CD in DOPC/DOPE bilayers at a protein to lipid ratio of 1:24 compared to S31N M2 CD in DPhPC 

at protein to lipid ratio of 1:7 (PDB: 2N70).   While several excellent reviews have focused on the influence 

of membrane mimetic environment of integral membrane protein structure, little is known about structural 

artifacts at very small protein to lipid ratios. These results illustrate possible structural perturbations due to 

environmental influences of very small LPR. 
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CHAPTER FIVE  

SCREENING NOVEL INHIBITORS OF S31N M2  

5.1 Introduction  

 Despite decades of research to develop novel channel inhibitors of M2 mutants, no new drugs have 

been approved by the FDA (96, 114-118).  Largely this gap can be attributed to existence of several S31N 

structures, presenting non-native conformation characteristics, most likely due to variability in membrane 

mimetic environments.  Chapter 4 illustrated stark contrast between the two S31N structures due in part to 

variation in protein to lipid ratio.  In fact, all three S31N structures deposited into PDB to date have 

substantial variations in the drug binding site.  Lack of high-resolution, native-like S31N M2 structure and 

limited number of techniques for characterization of protein-ligand interactions has hampered structure 

based drug design efforts.  Previously, investigators have relied on cell plaque viral inhibition assays and 

two-electrode voltage clamp (TEVC) experiments to identify mutant inhibitors with IC50 values comparable 

to amantadine and rimantadine. While these techniques are excellent at functional characterization, they 

lack specific structural information.  Nonetheless, necessary pharmacophore properties of mutant inhibitors 

have been elucidated in multiple aforementioned screening efforts.  The resulting compounds all retain 

adamantane cage scaffold.  While the amine and ethylamine adducts of amantadine and rimantadine 

molecules are replaced with a hydronium group conjugated with a larger hydrophobic moiety. Preliminary 

structural characterization of protein-ligand complexes have been performed in detergent micelles(96) and 

lipid bilayers(119).  Here we present OS and MAS SSNMR results on S31N M2 TMD in complex with novel 

inhibitor molecules.  Alkyl- and aryl-substituted inhibitors were synthesized by Kolocouris and co-workers 

and subsequently screened in our group. Discussion of the findings follows below. Results pertaining to the 

alkyl-substituted molecules have been published in the Journal of Medicinal Chemistry(118).    

5.2 Experimental Design  

5.2.1 13C,15N-labeling strategy of S31N M2 Transmembrane Domain  

Drug binding in vitro can be detected by monitoring perturbations to the structure or chemical 

environment of the protein.  We have already shown in Chapter 3, how rimantadine binding to the full length 

M2 can be easily observed in a 2D NCA correlation spectrum when 15N chemical shift of Ser31 shifts by 
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>5ppm.  Alternatively, OS SSNMR can be used in identification of novel inhibitor compounds through PISA 

wheel comparison of apo and bound M2.  Several investigations from our group have previously shown 

that addition of amantadine to wild type M2 TMD induces a dramatic change in chemical shift and dipolar 

coupling values (Figure 5.1) (40, 47).  Residues in the C-terminal region of TMD appear at new resonance 

and dipolar coupling frequencies, consistent with an 11° decrease of the helical tilt angle relative to the lipid 

bilayer normal.  In amantadine bound state, two PISA wheels can be seen in Figure 5.1 C and F accounting 

for a kinked TM helix.   

 

Figure 5.1 2D 1H-15N OS ssNMR spectra of wild type M2-TMD in DMPC bilayers.  15N-
uniformly labeled samples (A-C), 15N-Ile M2 TMD (D-E). Data collected at pH 8.0 and 303K in 
the absence of amantadine (A,D blue) and in the presence of amantadine (C,F red).  
Superimposed spectra in B and F to show dramatic changes to the C-terminal residues, with a 
10° change in the PISA wheel. Copyright @ Elsevier.  Reprinted with permission.   
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Transmembrane domain of the wild type M2 protein is an excellent construct for preliminary 

characterization of drug binding.  Chemical peptide synthesis of the truncated protein produces ~500-

750mg per synthesis and permits site-specific 13C- and 15N-amino acid labeling.  Despite reduced proton 

conductance rate in the absence of stabilizing interactions from amphipathic helix, TMD remains drug 

sensitive and has been subject of multiple studies (39, 42, 80).   To identify novel S31N M2 channel 

inhibitors, protein-ligand complex formation was monitored with MAS and OS SSNMR. Two residue-specific 

13C,15N-labeled peptides were prepared for NMR experiments.  First, 13C,15N-V27A30N31G34  (VANG) S31N 

M2 TMD was synthesized with isotope enrichment to the key residues in the binding pocket of M2 (Figure 

5.2).  These sites give rise to excellent spectral dispersion in 13C-13C and 15N-13C correlation experiments 

owing to differences in their chemical shift values.  

 

Figure 5.2 Side view of wild type M222-62 (PDB : 2L0J)(3) with 

mutagenesis to S31. S31N mutation introduced in PyMOL for 
illustration of 13C,15N-labeling to V27,A30,N31 and G34 
residues (shown as red sticks)..  One of the helices was removed 
for clarity.    
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To monitor changes to the PISA wheel in the presence of inhibitor compounds, a 15N-V28,A30,I42 

(VAI-M2TMD) labeling scheme was utilized.   Residues 28 and 30 are in the N-terminal domain of the TMD 

and Ile42 in the C-terminal region, and hence the labels effectively sample both segments.  Resonance 

frequencies for these sites are well resolved in a PISA wheel (Figure 5.3) and are sensitive probes of the 

drug binding in the channel pore.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Aryl- and Alkyl-Substituted Adamantane Analogues Screened with NMR 

Adamantane analogues prepared by Kolocouris and co-workers and screened in this study, 

exhibited antiviral activity in tissue culture of S31N M2 /Influenza A/California/04/2009 (H1N1).  Seven of 

the compounds in Scheme 1 (6, 10, 11, 17, 20) are novel inhibitors, while eleven have been previously 

documented to be active against the wild type M2 (120-126).  All the compounds have a substitution in 

place of amine (1) or ethylamine (2) at C1 or C2. Heterocyclic, carbocyclic and alkyl functional moieties 

were used as substituents.   Compound activity was also tested with proteoliposome assays by Busath and 

co-workers (unpublished) before NMR experiments commenced.   

Figure 5.3 Helical wheel projection for S31N M2 transmembrane region. Figure 
illustrates isotopic labeling strategy used for oriented sample ssNMR drug screening study.  
Circles filled with color represent labeled sites 15N-V28,A30,I42 (VAI-M2TMD).   
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Scheme 1. Amantadine 1, rimantadine 2, and aminoadamantane derivatives 3-20. All but 1, 2, 13 and 14 
were found to be effective against H1N1 2009 Influenza A infection. Compounds bear a substitution at 
adamantane-C1 (1st and 2nd lines) or C2 (3rd and 4th lines).  Compounds synthesized by Kolocouris and 
co-workers.   
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5.3 Material and Methods 

5.3.1 Chemical synthesis and cleavage of M2 TMD  

15N labeled V28, A30 and Ile42 M2 TMD (22-46) and 13C,15N-labeled V27,A30,N31,G34 were 

synthesized using Fmoc (9-fluorenylmethoxycarbonyl) chemistry.  Fmoc-[15N]-Val, fmoc-[15N]-Ala, fmoc-

[15N]-Ile, fmoc-[13C, 15N]-Asn, fmoc –[13C, 15N]-Gly, were purchased from Cambridge Isotope Laboratory 

(Andover, MA). Solid-phase 0.25 mmol syntheses of M2 TMD were performed on an Applied Biosystems 

430A peptide synthesizer as previously described. The peptide was cleaved from the resin by the treatment 

with ice cold 95% TFA, 2.5% H2O, 1.25% ethanedithiol, 1.25% thioanisole and precipitated from TFA using 

ice cold ether.  Following centrifugation, the supernatant was discarded and the pellet was washed with 

cold ether again.  The precipitated peptide was dried under vacuum.  Peptide purity and identity was 

confirmed using ESI mass spectrometry (positive ion mode).   

5.3.2 Proteoliposome preparation  

15N-V28A30I42 S31N M2 TMD was co-dissolved in trifluoroethanol (TFE) with DMPC in a 1:30 

molar ratio.  The solvent was removed under a stream of nitrogen gas to yield a lipid film, and then dried to 

remove residual organic solvent under vacuum for 12 hours.  Thoroughly dried lipid film was hydrated with 

8mL of 10mM HEPES buffer at pH 7.5 to form multilamellar vesicles containing M2 TMD in tetrameric state.  

This suspension was bath sonicated, dialyzed against 2L HEPES 10mM pH 7.5 buffer for 1 day and 

centrifuged at 196,000xg to harvest unilamellar proteoliposomes. The pellet was re-suspended in a 1mL 

aliquot of the decanted supernatant containing compound 4, resulting in a 1:6 molar ratio of the M2 TMD 

tetramer to drug.  Following overnight incubation at 37°C, the pellet was deposited on 5.7x10mm glass 

strips (Matsunami Trading, Osaka, Japan).  The bulk of the water from the sample was removed during a 

two day period in a 98% relative humidity environment at 298K.  Rehydration of the slides, before stacking 

and sealing into a rectangular sample cell, generated 40-50% by weight water in the sample.   

5.3.3 Static ssNMR Spectroscopy of M2 TMD 

 PISEMA (105, 106) spectra were acquired at 720 MHz utilizing low-E 1H/15N double resonance 

probe.   Acquisition took place at 303K, above the gel to liquid crystalline phase transition temperature of 

DMPC lipids. Experimental parameters included a 90° pulse of 5ms and cross-polarization contact time of 
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1 ms, 4 s recycle delay and SPINAL decoupling sequence(107).  32 t1 increments were obtained for 

spectrum of 15N-V28A30I42 S31N M2 TMD with compound 4, and 9 t1 increment for the tetramer without the 

drug.  Spectral processing was done with NMRPIPE(108) and plotting with SPARKY.  15N chemical shifts 

were referenced to a concentrated solution of N2H8SO4, defined as 26.8 ppm relative to liquid ammonia.   

5.3.4 NCA MAS ssNMR  

13C-13C and 15N-13Cα correlation experiments were implemented on a Bruker Avance θ00MHz σMR 

Spectrometer with an NHMFL 3.2mm low-E-field (Low-E) triple resonance probe (82, 83). The 13C chemical 

shifts were referenced using the published shifts of adamantane relative to DSS for 13C referencing(84) and 

15N chemical shifts were calculated with IUPAC relative frequency ratios between the DSS (13C) and liquid 

ammonia (15N) (85, 86) .  Spectra were acquired at MAS frequency of 10-12 kHz and a calibrated 

temperature sample temperature of -10°C.  30 points were collected in the 15N dimension for an acquisition 

time of 5-6.25ms, while in the direct dimension the acquisition time was 10.2ms.  92 kHz of proton 

decoupling was used in all experiments.  To get one bond 15N-13C correlation a mixing time of 5ms was 

used.  Spectra were processed with Topspin. 

5.3.5 Functional Assays  

Biological testing was performed by Dr. F. Brent Johnson and Professor David Busath and his 

group at Brigham Young University.  The data is included here for completeness.   

Cells and media.  Tissue used for preparation of virus stock cultures, virus infectivity titrations, and 

miniplaque drug assays were Madin-Darby Canine Kidney (MDCK) cells (ATCC CCL 34).   The cell culture 

growth medium used was Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 

0.11 % sodium bicarbonate, 5% Cosmic calf serum (Hyclone), 10 mM HEPES buffer, and 50 µg/ml of 

gentamycin.  For culture of virus stocks and virus infectivity assays, 0.125 % bovine serum albumin (BSA, 

Sigma-Aldrich) was substituted for the Cosmic calf serum. 

Virus. Influenza A virus, the 2009 pandemic strain (Ia, CA, 07/2009), was provided by Dr. Don Smee, Utah 

State University.  Trypsin added to BSA-supplemented media for virus activation was TPCK-treated bovine 

pancreas trypsin (Sigma-Aldrich).  A virus stock culture (passage 1) was prepared in MDCK cells in a 150 

cm2 culture flask.   The cells were planted in growth medium and incubated until the cell monolayer was at 
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90% confluency.  The monolayer was washed with medium containing no serum (serumless medium), then 

renewed with BSA medium containing 2.5 µg/ml of trypsin.  The culture was infected with 1 mL of the virus 

inoculum obtained from Dr. Smee, then incubated at 330 C.  At 2 days post-infection the culture had reached 

complete cytopathic effect.  Detached cells and cell debris were removed by low speed centrifugation (600 

x g for 5 min.), the supernatant aliquoted in 1 ml quantities, then frozen at -800 C for storage.  For virus 

titration, aliquots of the stock were thawed and dilution series were inoculated in MDCK cultures in shell 

vials and virus-infected cells detected by immunofluorescence.  The anti-viral monoclonal antibody used 

for all immunofluorescence tests was FITC-labeled Influenza A Reagent produced by Light Diagnostics and 

obtained from Millipore. 

Miniplaque assay.  In cell culture, mini-plaques consist of single infected cells, double or multiple infected 

cells contiguously linked, that are observed microscopically and identified by immunofluorescence using 

FITC-labeled monoclonal antibody against viral protein.  Antiviral activity of test drugs were detected in 

cultures exposed to drug by assessing inhibition of viral protein synthesis (virus replication) as measured 

by reduction in number of mini-plaques.  The tests were performed in MDCK cells.  Cells were grown on 

12-mm glass cover slips in shell vials (Sarstadt) to a cell density of 80-99% confluency in 1 ml of DMEM 

growth medium per vial.  Prior to infection the cultures were washed with serumless media.  The serumless 

medium was replaced with 1 ml per vial of DMEM containing BSA at a concentration of 0.125%.  Test drugs 

at appropriate concentrations were added to the cultures and allowed to equilibrate with the media.  Stock 

virus was thawed and appropriate concentrations of virus (contained in BSA media) were then exposed to 

1.0 µg /ml of trypsin for 30 min at room temperature, then added to the cultures. Replicate cultures were 

included at each dilution step of test chemical.  Control cultures containing no antiviral drug were included 

in each assay.  The cultures were then incubated at 330 C overnight.  Cultures were washed with phosphate 

buffered saline (PBS) within the shell vials, fixed in -800 C acetone, then stained with anti-Influenza A, FITC-

labeled monoclonal antibody (Millipore, Billerica, MA, USA) .  Possible drug toxicity in culture was assessed 

by microscopic observation of cytologic changes and cell multiplication rates. EC50 determinations were 

carried out with a fluorescence microscope by counting miniplaques (clusters of infected cells, typically 1-

100 per cover slip) in a confluent MDCK monolayer on a cover slip at drug concentrations of 50 µM, 20 µM, 

10 µM, 5 µM, and, if necessary, 2 µM.  From two to four replicate cultures were included at each drug 
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concentration step.  Plaque counts, C (D), (including controls and weighted by the standard error of the 

count for each concentration), were fitted, using the Levenberg-Marquardt algorithm (in KaleidaGraph from 

Synergy Software, Reading, PA, USA), to the sigmoidal function: 

= + 5  

with D being the drug concentration and C0 and EC50 being free parameters. The standard error of the EC50, 

used as reported by the software, reflects the uncertainties due to variances in the counts at all 

concentrations, including the controls. 

 Resistance testing: Cultured MDCK cells bathed in 5 µM or 3 µM drug, respectively, were exposed 

to the usual quantities of virus.  After the cultures developed complete cytopathic effects, the cultures were 

terminated.  The medium, containing virus, was then collected by low speed centrifugation.  Dose-response 

curves utilizing the mini-plaque technique were performed on the recovered virus for determination of the 

EC50 against the potentially mutated virus. An increase represents resistance development. 

Peptide expression and purification for Liposome Assays: The M2 (22–62) construct used in these liposome 

assays included the transmembrane domain, with the S31N mutation installed by site-directed 

mutagenesis, and post-TM amphipathic helix. The construct, expressed in transfected E. coli BL21 (DE3), 

was comprised of an N-terminal 6-histidine tag followed by the large, soluble maltose binding protein, then 

a TEV-protease cleavage site, and finally the insoluble M2(22–62, S31N) peptide. The fusion protein was 

collected from the bacterial membrane fraction by solubilization with dodecylmaltoside, and purified via 

affinity chromatography with a Ni–NTA column. The peptide was cleaved from the fusion protein with TEV 

protease for 20 h. The reaction mixture was precipitated with trichloroacetic acid and lyophilized. The 

cleaved M2 (22–62) peptide was solubilized using methanol and the concentration determined by 

absorbance at 280 nm using a generic extinction coefficient (1 ml mg−1 cm−1). It contains a fragment of 

the TEV cleavage site (Ser, Asn, Ala) at the N-terminus, such that the total length is 44 amino acids, with a 

calculated molecular weight of 5014.9 Da. 
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Liposome preparation: Liposomes were prepared by mixing chloroform-suspended E. coli polar 

lipid extract (67% phosphatidylethanolamine, 23.2% phosphatidylglycerol, 9.8% cardiolipin, average 

molecular weight: 798 Da; Avanti Polar Lipids, Alabaster, AL, USA) with the methanol-suspended M2 (22–

62) S31N peptide. The solvent was evaporated under a steady stream of N2 gas and the resulting clear 

lipid film was placed in a vacuum for 1–2 h to remove any remaining traces of solvent. Internal buffer (50 

mM KCl, 50 mM K2HPO4, 50 mM KH2PO4, pH 8.0, 320 mτsm) containing 100 μM test compound (and 

<1% DMSO) was added to the thin film, vortexed to form liposomes with a composition of 0.1 mg protein: 

20 mg lipid: ml electrolyte, thrice immersed in liquid nitrogen, thawed at room temperature, and sonicated 

for 3 min, then extruded through a 200-nm pore-size polycarbonate filter (Liposofast membrane extruder, 

Avestin, Ottawa, Canada) at room temperature. After extrusion, samples were divided for matched-pair 

drug block assessment. Vesicle size and homogeneity were checked with dynamic light scattering 

(Brookhaven Instruments, Holtsville, NY, USA). 

  Liposome proton uptake assay: Liposomes were diluted 100-fold into 3 ml of external buffer (165 

mM NaCl, 1.67 mM sodium citrate, and 0.33mM citric acid monohydrate, pH 6.4, 320 mOsm), also 

containing test compound at a concentration of 100 μM, in a 1.η-dram vial. Because [K+] is zero in the 

external buffer, the injection of liposomes in internal buffer creates a 100× gradient in [K+] across the 

liposome membrane, which yields an electrical potential of −110 mV for a K+-selective membrane at room 

temperature (after compensating for K+ activity coefficients). A pH electrode (Accumet 13-620-293, Fisher 

Scientific, Houston, TX, USA) was used to measure proton movement into the liposomes throughout the 

experiment. The external buffer was acidified to a pH of ~6 with 0.1 M HCl under stirring after liposome 

dilution and allowed to equilibrate for 1 minute. Valinomycin (Sigma-Aldrich Corp.) in ethanol was then 

added to the solution to a concentration of 30 nM to render the membrane dominantly permeable to K+ and 

produce the membrane potential. Two minutes after valinomycin, CCCP (in ethanol) was added to a 

concentration of 1.θ7 μM. Two aliquots of 30 nEq HCl were then added, again at two minute intervals, for 

calibration of the earlier pH changes, and finally valinomycin and CCCP were again added in the same 

quantities and intervals as at first to evaluate the time course and size of the direct impact of the two 

compounds and their and their ethanol carrier on the bath pH after complete CCCP-gradient neutralization. 
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Experiments with drugs were compared to controls with protein and no drug, no protein and drug, and no 

protein/no drug. 

  The initial proton influx was determined by fitting the rise in external buffer pH after valinomycin 

addition with a least squares fit of a straight line, calibrated to account for buffer capacity with the back-

titrations. Up to 6 independent measurements with drug were averaged and normalized by the non-drug 

controls, which were grouped together from all experiments. Experiments with excessively permeable 

liposomes due to lipid oxidation, as judging from the total signal size (after considering post-hoc control 

artifacts), were excluded. 

5.4 Results  

 

5.4.1 Compound 8 binding to 13C,15N-VANG S31N TMD observed with MAS ssNMR 

 

To evaluate effect of drug binding on 13C,15N-VANG labeled S31N M2 TMD, we first performed 2D 

N-Cα correlation MAS SSσMR experiments.  Chemical shifts were collected for the free protein and for 

spiro[pyrrolidine -2,2’-adamantane] derivative (compound 8) S31N M2 TMD bound state.  Superimposed 

data sets in Figure 5.4 show N-Cα correlation cross peaks for the three pore lining, functionally important 

residues (V27,N31,G34) and A30, in the absence of drug (blue) and after addition of compound 8 (red).  

Notably, this adamantane analogue is active against the wild type channel and S31N M2.  An EC50 value 

of 7.θμM for 8 was obtained in proteoliposome assays, designed to measure proton uptake by S31N M2 

conductance domain (Table 5.1).   

Addition of the drug to the sample resulted in chemical shift changes for two of the residues in the 

binding pocket of the S31N M2 mutant, relative to the unbound state (Figure 5.4).  While Val27 and Ala30 

remain unchanged, cross peaks for Asn31 and Gly34 shift in the 15N dimension by 1.2ppm and 2.1ppm, 

respectively. Despite chemical shift changes at these residues, cross peak intensity is not increased as 

was observed for the wild type full length M2 in complex with rimantadine (Chapter 3). These results suggest 

that dynamics or conformational heterogeneity of these residues and specifically Asn31 remain unchanged 

in the presence of the drug. Dynamics of the channel can be influenced by imparted stability from inhibitor 

binding or significant reduction in the hydration due to drug induced desolvation of the binding pocket. 

Chemical shift perturbation to the key residues in the binding site confirm presence of the drug in the binding 
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pocket.  However, differences in appearance of the linewidths in wild type- and S31N M2 -inhibitor bound 

state illustrate possible variability in drug mode of action.   Next, we pursued OS SSNMR experiments to 

evaluate effect of drug binding on helical tilt and rotation angle of S31N M2.   

Table 5.1 In vitro testing of Scheme 1 compounds. aEC50 and its standard error from dose-response 
testing based on least-squares fitting of single-site binding curves. N is the number of assay counts fitted 
for each drug. NA: not active in initial screen using 100 µM. bH+ uptake rate by liposomes, comprised of 0.1 
mg M2 22-62 (S31N) and 20 mg lipid per ml electrolyte, is given as  %control ± S.D.(%control) (N) (with a 
drug-free control of 9.7±2.0 (40) H+/tetramer/s) at a dosage of 100 µM in the internal and external 
electrolytes. The S.D.(% control) was calculated using propagation of errors. cMinimum inhibitory 
concentration required to block viral infection in tissue culture by 50% in WT H3N2 influenza A. NS: Novel 
synthesis – no prior data for WT 

 

Scheme 1 

Compound # 

EC50 ±SE (µM) (N)a H+ Uptake Rate ±SE 

(%) (N)b 

MIC50 vs. H3N2 WT 

(µg/mL)c 

1 242  ± 91    (13) 77% ± 10%  (8)  

2 106  ± 41    (13) -  

3 15.4  ± 2.4   (16) 12% ±  5.5%  (5) 12.4(44) 

4 7.0    ±  1.2   (14) - ≥977 µM(52) 

5 0.79  ± 0.14 (18) 11% ±  15%  (3) 6(44) 

6 3.62  ± 0.49 (20) -  

7 15.6 ± 3.3   (13) -  

8 7.6   ± 1.8   (13) 6.4% ± 7.4% (6) >30(48) 

9 7.9   ± 1.5   (16) - 0.56(48) 

10 2.66  ± 0.33 (17) 11% ±  9%  (4) N.S. 

11 36.0  ± 17.1 (17) 17% ±  3.6% (6) N.S. 

12 19.8  ± 2.5   (15) 1.3% ± 2.5% (5) N.S. 

13 NA   

14 NA   

15 25.4  ±  3.0 (21) -  

16 4.71  ± 0.92 (20) 24% ±  6.9% (6)  

17 8.5    ±  0.6 (20) - N.S. 

18 8.0    ±  0.3 (21) - N.S. 

19 20.8  ±  1.7 (21) - N.S. 

20 8.6    ±  0.8 (21) - N.S. 

 

 

5.4.2 Compound 8 binding to 15N-V28A30I42 S31N TMD observed with OS ssNMR  

 In stark contrast to subtle 15N chemical shift changes in 2D N-Cα correlation experiments, dramatic 

difference in PISA wheel appearance of apo and bound state can be observed in OS SSNMR (Figure 5.5).  

Compound 8 shifts signals for three pertinent backbone amides in uniformly oriented membranes using 

SSNMR PISEMA experiments.  As previously discussed, 15N anisotropic chemical shifts and 15N-1H dipolar 
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interactions observed in these spectra are very sensitive to the orientation of their peptide planes relative 

to the lipid bilayer normal. In previous investigations with multiple site 15N-labeled samples of wild type M2 

TMD binding of amantadine to the channel was accompanied by an 11° kink in each helix of the WT M2 

tetramer(127) (Figure 5.1).   

The result was a change in helix tilt relative to the bilayer normal for the C-terminal half (residues 35-46) of 

the TM helix from 32 to 22° (47).  Here, the S31N M2 TMD is labeled at two sites in the N-terminal half 

(residues 28 & 30) and one site in the C-terminal half (residue 42) of the TM helix near the exit of the 

channel. The substantial changes in the resonance frequencies of these three sites upon binding compound 

8, suggests a change in the tilt angle of the entire TM helix while maintaining the rotational orientation of 

the helices constant. Consequently the residues facing the pore remain the same, but the interactions  

Figure 5.4 Superimposed strip plots from NCA spectra for VANG 
S31N M2TMD apo and in complex with compound 8.  2D NCA 
correlation spectrum of the channel in apo state (blue), after addition of 
compound 8 (red).  
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between helices that provide the tetrameric stability change substantially. Together, NCA and PISEMA 

experiments collectively demonstrate that the new inhibitor targeting S31N M2 does not bind to the channel 

pore in the same fashion as amantadine and rimantadine in wild type M2.   Further characterization was 

done to evaluate new inhibitor binding to the wild type M2 and compare compounds bearing different 

substituent groups.  First, we ruled out effect of non-specific hydrophobic interactions on the PISA wheel 

orientation.   

 

 

Figure 5.5 Superimposed PISEMA spectra of the S31N M2 transmembrane domain 
(residues 22-46), 15N labeled at residues 28, 30, & 42, in liquid crystalline DMPC lipid 
bilayers uniformly aligned on glass slides with (red) and without (black) compound 8.  
Based on the known structure and spectra of WT M2(7) the resonance assignments 
without drug have been made. The assignments with drug follow based on the rotational 
orientation of the helices. The sample composition is 1 mg drug:60 mg lipid:8 mg peptide 
(mole ratio 1:18:19) with 40-50% hydration. 
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5.4.3 Rule out spectral changes due to non-specific interactions 

Amantadine and adamantane analogue compounds partition into the lipid membrane and have varying 

degrees of lipophilicity.  Partition coefficient of amantadine and tilt angle of the adamantyl cage have been 

studied for this drug in various lipid compositions (39, 128-130). An EPR investigation of spin-labeled 

adamantane analogue in DMPC liposomes above the phase transition of the lipids, measured partition 

coefficient of 11.2. Whereas a solution NMR investigation showed that if the vesicle environment also 

contained detergent (bicelle), that number would more than double.   Position of the drug at the 

hydrophobic/hydrophilic lipid interface with the polar amine in the relatively hydrophilic region was 

established with SS NMR experiments coupled with molecular dynamic simulations(130).  Conclusion of 

that study also noted that a single homogenous dynamic population of the drug in the membrane does not 

tumble freely, cross the lipid bilayer center or induce nonbilayer DMPC phase at 30C°.  A spectral 

comparison of OS SSNMR results for S31N M2 TMD in the absence and after addition of amantadine to 

the sample showed little change to the resonance frequencies for S31N M3 peptide backbone(40).  

 

Figure 5.6 Superimposed PISEMA spectra of the S31N M2 transmembrane domain 
(residues 22-46), 15N labeled at residues 28, 30, & 42, in liquid crystalline DMPC lipid 
bilayers uniformly aligned on glass slides with (red) and without (black) amantadine.  
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 To rule out hydrophobic effects on PISA wheel pattern from non-specific interactions between excess of 

the drug in the lipid bilayer and S31N M2 protein, OS SSNMR experiments in the absence and with drug 

were repeated here.  Figure 5.6 displays superimposed PISEMA spectra of 15N-V28A30I42 S31N M2 TMD 

with and without amantadine in the sample preparation.   The drug is added to the channel at ~7 molecules 

per S31N tetramer making up less than 1 mol% of the lipid bilayer and consequently having no significant 

impact on S31N M2 structure.    

5.4.4 Characterize novel inhibitor induced structural changes in the wild type 15N-V28A30I42 M2 

TMD  

In previous sections we have shown experimental support for differential modes of drug action 

exhibited by wild type inhibitors of M2 and newly tested compounds in complex with S31N mutant.  For 

comparison, novel S31N inhibitors were also characterized in complex with the wild type channel using 

OS SSNMR technique.  PISEMA spectra of wild type 15N-V28A30I42 M2 TMD in complex with 

amantadine and compound 16 are compared in Figure 5.7.  Compound 16 is an 2-alkyl-2-adamantamine 

with an EC50 value  of 4.71μM when targeting S31N M2, and was previously observed to be active against 

wild type M2 (125).  Thus, it is a suitable compound for structural characterization of drug induced 

conformational changes. The effect of amantadine binding on the wild type M2 TMD is shown in Figure 

5.7a, and is consistent with previously published results(47).  In the presence of compound 16 (Figure 

5.7b) chemical shift and dipolar coupling changes are virtually identical to those induced by amantadine. 

These results imply the same drug induced, transmembrane configuration of wild type M2 in the presence 

of 16, as those seen for amantadine.  Similarities between the two data sets illustrate that these 

compounds behave in essentially identical fashion in the binding pocket of the channel. Although, to 

elucidate specific attractive interactions between adamantane analogues and the wild type channel, one 

would need to also evaluate isotropic site-specific chemical shifts and obtain distance measurements. 

5.4.5 Characterize novel inhibitor induced structural changes in S31N 15N-V28A30I42 M2 TMD  

  Having characterized drug induced structural rearrangement in the wild type channel and S31N 

mutant, we set out to detect binding differences in S31N M2 due to structural variability adamantane 

derivatives.  As can be seen in Scheme 1 and Table 1, comparable antiviral activity was seen for both 
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cyclic- and alkyl-substituted adamantane analogues. PISEMA spectra of S31N 15N-V28A30I42 M2 TMD in 

complex with compound 16 and compound 9 are compared in Figure 5.8.  Compound 16 (2-alkyl-2-

adamantamine) was evaluated in complex with M2 in the previous section.  Compound 9 is heterocyclic 

and has also shown in vitro activity against wild type M2 (123, 124).  Both inhibitors perturb anisotropic 

chemical shifts and dipolar coupling frequencies of S31N M2 TMD.  In fact, resonance frequencies are very 

similar for S31N M2 in the presence of these compounds, with exception of the linewidths as seen in Figure 

5.8.  The PISEMA spectra in the presence of heterocyclic substituted compound 9 (Figure 5.8a) presents 

with significantly narrower resonance linewidths compared to 16 (Figure 5.8b) or spectra in absence of 

drugs.  Narrow linewidths are consistently observed for structures with decreased dynamics due to 

increased stability or minimized conformational heterogeneity.  These results suggest that heterocyclic 

compound 9 would be a more potent blocker of S31N M2, and illustrate more stringent head group 

requirements in the binding pocket of M2 than in the wild type channel.   

5.5 Conclusion 

 The purpose of this study was two-fold.  First, we set out to demonstrate the use of SSNMR in drug 

discovery of membrane proteins.  The current view is that this methodology, like many other biophysical 

characterization methods, cannot compete with high throughput screening techniques.  However, SSNMR 

experiments presented here and in the previous chapters, provide crucial information about structure, 

dynamics and protein-ligand interactions that can be coupled with computer aided drug design in discovery 

of novel therapeutics.  Second, we were interested in characterizing differences in the mode of action of 

previously licensed inhibitors and new compounds in the wild type M2 channel as well as S31N mutant.  

The drugs tested here displayed comparable EC50 values and permitted us to do so.  Interestingly, these 

experiments were performed prior to structural characterization of S31N M2 (Chapter 4) and its protein-

ligand complex (Chapter 3).  In fact, these drugs were synthesized by Kolocouris and co-workers based on 

generalized assumptions regarding the structural change due to S31N mutation, without any native-like 

structural information.  An excellent review has recently suggested that: “one can fall easily to 

conformational bias causal relationships on too few observations, and multiplicity of protein-ligand 

interactions are often simplified in drug design”(131). Many of the compounds synthesized through the  
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Figure 5.7 Superimposed PISEMA spectra of the wild type M2 TMD, 15N labeled at 
residues 28, 30, & 42, in liquid crystallline DMPC lipid bilayers uniformly aligned on 
glass slides with (red) and without (black) amantadine (a); and compound 16 (b). 
The sample composition is 1 mg drug:60 mg lipid:8 mg peptide (mole ratio 1:18:19) 
with 40-50% hydration. 
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Figure 5.8 Superimposed PISEMA spectra of S31N M2 TMD , 15N labeled at residues 
28, 30, & 42, in liquid crystalline DMPC lipid bilayers uniformly aligned on glass slides 
with (red) and without (black) compound 16(a), and compound 9 (b). The sample 
composition is 1 mg drug:60 mg lipid:8 mg peptide (mole ratio 1:18:19) with 40-50% 
hydration. 



   

91 

 

years have been modeled on few observations about the M2 binding pocket.  Our experimental results 

further highlight the advantage of compound design based on structural information gathered in the native-

like environment of the lipid bilayer.  Through characterization of multiple protein-ligand complexes we have 

determined that head group substitution in adamantane analogues has minimal impact on the final 

conformation of the wild type M2 channel, as evidenced by the PISA wheel patterns (Figure 5.7).  In fact, 

previous publications have also reported channel inhibition in the presence of compounds with a wide range 

of structural diversity in the adamantane scaffold (116).   In Chapter 3, we have shown that (R)-rimantadine 

in the full length M2 is stabilized through multiple water mediated hydrogen bonds to the protein backbone. 

Thus, retention of the polar amine in the novel inhibitors preserves pharmacophore features of the wild type 

drugs and yields active antiviral molecules.  These results suggest that the largest contribution to the 

binding affinity is made by the polar amine functional group.  In Chapter 4, we elucidated mutation induced 

structural changes to the binding pocket which abrogates wild type inhibitor binding, since the drug can no 

longer access optimal interaction geometries for those bonds to form.   While novel inhibitors also must 

retain the amine moiety, it is likely that other terms and molecular interactions are weighted more heavily 

in their contribution to the overall binding energy.  Heterocyclic substituents on adamantane analogues 

tested, produced less dynamic and heterogeneous S31N structure (Figure 5.8) than alkyl groups.   

Together, these results identify approximate affinity contributions in the wild type and S31N M2 channel, 

which can be further used for ligand optimization in structure based drug design.   
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