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Application of Nuclear Magnetic Resonance Spectroscopy to the Structure Determination 

of the Integral Membrane Proteins of the Mer Operon 

 

by 

 

Stanley Casimir Howell 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2007 

Professor Stanley Opella, Chair 

 

 Efforts at elucidating the structural biology of membrane proteins represent an 

ongoing challenge to conventional methods of structure determination.  The emergence 

of new methods for the measurement and application of orientational restraints have 

offered new avenues of pursuing the determination of membrane protein structures.  

Presented in this thesis is the evolution of experimental and computation methods 

necessary to extend NMR based structure determination methods to the polytopic Hg2+ 

transport proteins of the mer operon.  Primary structural efforts are focused upon the bi-
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spanning protein, MerF, using solution-state NMR methods on protein reconstituted into 

isotropic and weakly aligned micelles and solid-state NMR methods on protein 

reconstituted into statically aligned bicelles.  The application of the methods developed 

for MerF are applied to a tri-spanning chimeric protein, MerTf, to extend the NMR based 

methodology toward the structure determination of the principal Hg2+ transporter, MerT. 
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1 Introduction 

 
1.1  Introduction to Membrane Proteins 

 In the field of structural biology, which has grown by leaps and bounds as the 

methods of structure determination have grown into maturity, membrane proteins 

continue to present a daunting challenge for structure determination methods (Torres et 

al., 2003).  Despite being implicated in many of the biochemical pathways of the cell, 

serving as the conduits into and out of the cell, effectively representing a third of the 

genome, and being heavily targeted for pharmacological drug development, membrane 

proteins continue to be severely underrepresented in the structures deposited in the 

Protein Databank. 

 The meager representation of membrane protein structures is certainly not without 

cause.  Most membrane protein systems encounter difficulties with the attempt to apply 

conventional structure determination paradigms, which have been developed and proven 

to be highly successful for the structure determination of soluble, globular proteins 

(Seddon et al., 2004).  Though variable between the prominent experimental techniques 

used to determine protein structures, any initiative to determine a protein structure 

requires the ability to generate substantial quantities of highly homogeneous protein 

(Page et al., 2006).  Membrane proteins are notorious for exhibiting either cellular 

toxicity or a tendency to misfold when forced into overexpression (Miroux and Walker, 

1996).  The need to maintain either the membrane some type of amphiphile for 

membrane proteins to adopt a native fold complicates the translation of folded, functional 

membrane protein into conditions amenable to structure determination methods.  For 

1 
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NMR based structure determination, the increased size of the molecular ensemble of the 

protein and amphiphile may increase the correlation time to the point that the established 

solution-state NMR may no longer be effective.  For crystallographic based structure 

determination, the addition of membrane or membrane mimetic tends to inhibit crystal 

formation due to the intrinsic disorder observed in membranes.  Nonetheless, significant 

progress has been made in the development of alternative crystallographic conditions, 

such as utilization of lipid cubic phases, has made the routine crystallization of GPCRs a 

tenable reality (Rosenbaum et al., 2007).  Improvements in cryo-EM technologies and 

image processing have allowed cryo-EM to encroach upon structural resolution typical of 

x-ray structures.  Coupled with the ability to potentially circumvent the crystallization 

problem, cryo-EM shows the potential to have profound ramifications on how membrane 

proteins are characterized (Chiu et al., 2005).  NMR has also undergone major 

advancements in its application to macromolecular structure determination.  In solution-

state NMR, the push to the limits of magnet technology to perform spectroscopy at very 

high fields, the proliferation of cryo-probes, and the development of pulse sequences to 

ameliorate the effects of correlation time offer an unprecedented increase in spectral 

resolution, sensitivity, and the ability to pursue large proteins or ensembles without 

drastically impeding the ability to extract useful structural information (Fernandez and 

Wider, 2003).  In solid-state NMR, the application to high MAS spinning rates, 

development of alignment methods, and the continuous development of pulse sequences, 

have driven spectral quality to levels typically observed only under isotropic conditions 

(Luca et al., 2003; McDermott, 2004; Hong, 2007). In the following chapters, the 

utilization and application of these advances in NMR spectroscopy will be  
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described in their application toward the goal of membrane protein structure 

determination. 

 Membrane proteins of known structure can be divided into two families; 

structures predominantly α-helical in the segments associated with the interior of the 

membrane or structures primarily β-sheet in character arranged to form a β-barrel 

(Tusnady et al., 2004).  Shown in Figure 1.1 are some representative structures of 

membrane proteins, which have been determined to high precision using either X-ray or 

solution-state NMR methods.  With respect to structure determination of membrane 
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proteins using NMR methods, the structures determined for β-barrel proteins have rapidly 

surpassed the number and complexity of the structures of α-helical proteins solved using 

analogous techniques (Arora and Tamm, 2001).  NMR based structure determination of 

β-barrel membrane proteins have two distinct spectral advantages over α-helical 

membrane proteins.  Due to the electronic structure of the β-sheet, the observed 

resonances inhabit a very large spectral space, limiting the problems and ambiguities, 

which arise from spectral overlap.  Secondly, the dense network of hydrogen bonds 

between the β-sheets gives rise to a wealth of medium and long-range NOE contacts 

making the determination of a global fold very tenable.  α-helical proteins, on the other 

hand, exhibit a very limited spectral diversity, creating complications in obtaining 

resonance assignment as well as impairing the ability to extract interactions to be used as 

structural restraints.  Due to the dynamic properties of the α-helices in most lipid 

mimetics, NOE contacts, the primary source of structural restraints under conventional 

solution-state NMR structure determination methods, are typically not observed between 

the transmembrane helices, with the exception of recent efforts to extract NOEs between 

protons attached at the extremity of the sidechains (Henry and Sykes, 1994).   

 

1.2  Application of NMR Techniques to Determination of Membrane Proteins 

 Through the use of relatively low power radiofrequency pulses to excite nuclear 

spins, NMR stands apart from the other techniques applied to the determination of protein 

structures as being a non-destructive structural probe.  While most elements contain 

NMR active isotopes, the nuclei most common in biomolecules all contain NMR active 
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isotopes:  1H, 2H, 3H, 13C, 14N, 15N, 17O, 31P and 33S.  Among these nuclei, only 1H and 

31P have the highly favorable properties of existing at high natural abundance, 99.98 and 

100% respectively, and are spin-½ nuclei, which simplify spectral interpretation due to 

the loss of a term in the nuclear spin Hamiltonian.   Due to the high carbon and nitrogen 

content of biomolecules, proteins are typically grown in chemically defined media to 

allow for the enhanced labeling of the spin ½ isotopes of these nuclei which occur in low 

natural abundance: 13C 1.07%, 15N 0.36% (Lide, 2007).  Inverse to the practice of 

biosynthetic enrichment of NMR active nuclei, the high abundance of 1H as well as the 

high occurrence, 7.8 hydrogen atoms per amino acid, reducing the level of 1H 

incorporation is preferable to reduce spectral complexity or disrupt the dense proton 

dipolar network present in most biomolecules.  The reduction of 1H isotopic levels is 

typically achieved by three methods depending upon the 2H incorporation patterns 

desired.  Extensive deuterium incorporation can be accomplished using a chemical 

defined media composed of deuterium-enriched nutrients.  A limited replacement of 

exchangeable protons can be accomplished by exploiting the labile nature of select 

protons, which can undergo chemical exchange with a D2O.  Specific deuteron 

incorporation can be accomplished through the inclusion of specifically labeled substrates 

to be incorporated at the time of protein synthesis (Matthews, 2004).  The negligible 

differences between the NMR active isotopes and the natural abundance isotopes rarely 

induce any structural perturbance making them ideal structural probes; however, 

extensive incorporation of 2H has been shown to lead to a weakening of the hydrogen 

bond networks and lead to changes in protein stability or structural disruption under 

extreme cases (Krantz et al., 2000).   
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Advances in NMR spectroscopy have continued to improve spectral resolution 

and sensitivity and allowed the size and complexity of biomolecules amenable to 

structural studies by NMR to continue to increase.   The evolution of multiple 

dimensional spectroscopy and higher sensitivity can routinely exploit the unique resonant 

properties of each nuclear probe in the protein, allowing the extraction of site-specific 

information at the atomic level across virtually all sites simultaneously.  Through the 

continued evolution of multiple-pulse NMR spectroscopy and the history of strong 

correlation between experimental and theoretical NMR, the ability to manipulate the 

nuclear spin interactions through complex excitation schemes allows diverse structural 

information to be extracted from the NMR observables.  The diversity of terms in the 

nuclear spin Hamiltonian and the interactions measurable via NMR gives rise to 

observables ranging from several Hertz to hundreds of Megahertz.  The dominant of 

these interactions is observed in the range of Larmor frequencies, arising from the nuclear 

magnetic moment often related to gyromagnetic ratio of the nucleus (γ) in an applied 

magnetic field (B0).  The Larmor frequencies spectrally segregate the different nuclei and 

allow the type of nuclei to be predicted based upon the resonant frequency and the 

strength of the applied field:  at 2.35T, 1H resonates at100MHz, 13C at 25.15MHz, and 

15N at 10.14MHz.  From the base Larmor frequency, effects arising from the local 

electronic environment influence the chemical shielding tensor, allowing the observed 

chemical shifts for each nuclei to relate information regarding bond order, and molecular 

geometry as well as the chemical nature of neighboring nuclei.  The magnetic properties 

of each nuclear spin allow for the through space or bond coupling of neighboring nuclei.  

Under conditions where the internuclear vector remains static over the timescale of the 
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NMR experiment, this interaction is dominated by the dipolar coupling, which can be 

tens to hundreds of kilohertz depending upon the spin pair and the distance of separation.  

In the presence of molecular alignment, the dipolar coupling can also be used to relate the 

orientation of the internuclear bond vector with respect to the applied magnetic field (B0).  

Under isotropic conditions, the dipolar couplings motionally average to zero, allowing 

weaker interactions, NOEs and J-couplings, to be observed and related to through space 

or through bond interactions of neighboring nuclei.   

Structure determination by NMR has been strongly based upon the application of 

1H-1H nuclear Overhauser effect (NOE) interactions observed in protein samples under 

isotropic conditions, which can be related to internuclear distance restraints (Wüthrich, 

1986).  While NOEs are readily observable between closely linked sites in the linear 

sequence for most proteins, the ability to define a global fold from NOE data relies upon 

the measurement of NOEs between sites that are distant in the linear sequence.  α-helical 

proteins exhibit short-range NOE contacts and can be useful for defining secondary 

structural elements; however, the longer-range NOE contacts between helical segments, 

essential for defining the gross protein fold, are rarely observed.  In solid-state NMR, the 

magnitude of other interactions dwarf the NOE, making the application of chemical shift 

anisotropy and dipolar couplings far more viable as a means of obtaining structural 

information. 

 Due to the limited effectiveness of conventional NOE-based structure 

determination methods on membrane proteins under isotropic conditions, anisotropic 

interactions under conditions of alignment were pursued to offer a means of obtaining 

sufficient structural restraints to define a complex fold.  Through the measurement of 
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similar interactions, there exists a possibility to achieve a common ground between 

structure determination methods applied using solution-state NMR experiments on 

weakly aligned samples and solid-state NMR experiments on aligned samples.  

Effectively, the interactions being measured, either the residual dipolar coupling under 

weak-alignment or the static or scaled dipolar coupling under aligned conditions, are the 

same interactions but modulated by the mode of alignment.  For both solution and solid-

state NMR experiments, the interactions involving the amide sites in the protein have 

been primarily pursued as a means to initially define a backbone structure.  Structurally 

the peptide plane, containing the Cαi-1, C’i-1, Oi-1, Ni, and Cαi, does not show significant 

variation of the observed bond lengths and angles.  As such the protein backbone 

structure can be represented by a collection structurally equivalent peptide planes linked 

by the two torsion angles defining the connection between peptide planes; Φi is the 

dihedral describing the rotation about the Ni-Cαi bond defined by C’i-1-Ni-Cαi-C’i and Ψi 

is defined as the dihedral describing the rotation about the Cαi-C’i bond defined by Ni-

Cαi-C’I-Ni+1 (Cavanagh, 1996).  Due the relatively planar geometry of the peptide plane, 

definition of the orientation of a bond vector contained within the peptide plane would 

effectively allow the orientation of the peptide plane to be determined.  Due to the weaker 

interactions observed between low γ nuclei (13C and 15N) the other bond vectors co-planar 

with the peptide plane are generally not routinely applied.  Instead, the nuclei of the 

amide sites, 1HN and 15N, offer several desirable features.  Nitrogen exists as a relatively 

dilute spin, occurring only once in most amino acids and otherwise significantly distant 

from the nearest neighbor effectively eliminating the need to decouple neighboring 15N 

nuclei.  The sparseness of the 1HN/15N spin pair results in a reduction of the spectral  
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complexity facilitating the process of resonance assignment and the extraction of spectral 

parameters.  The 1HN-15N internuclear vector can be directly related to the orientation of 

the peptide plane, shown in Figure 1.2.A.  In solid-state NMR on aligned samples, the 

magnitude of the alignment gives rise to a large chemical shift anisotropy range arising 

from the orientation of the interaction of the magnetic shielding tensor with the applied 

field (B0).  The CSA tensor is typically represented by the three principal components of 

a second rank tensor defined such that the σ22 vector is orthogonal to the peptide plane 

and the σ11 component is separated from the H-N bond by the angle β, which has been 

shown experimentally to vary from 15-20° (Figure 1.2.B) (Cornilescu and Bax, 2000). 

 The utility of these interactions are only as useful as the ability to generate an 

alignment and measure the anisotropic interactions.  In solution-state NMR samples, the 

choice of lipid mimetic is biased toward reconstituting the membrane protein into the 

smallest possible ensemble and are typically limited to micelles formed from detergents 

or lipid/detergent mixtures (Page et al., 2006).  A mimetic which gives rise to a large 

ensemble will suffer from an increased correlation time and the subsequent spectral  
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problems, which may compromise resonance assignment and the measurement of precise 

interactions.  The small protein-detergent complexes tend to exhibit isotropic behavior, 

which is advantageous for the purpose of improving spectral quality and facilitating 

resonance assignment; however, in order to extract anisotropic restraints, additional 

ordering which prevents the complete motional averaging of the anisotropic interactions 

must be reintroduced.  This weak alignment is introduced through steric interactions with 

deformed polyacrylamide gels, shown in Figure 1.3.A and B (Sass et al., 2000a; Chou et 

al., 2001; Ishii et al., 2001a; Jones and Opella, 2004).  In Figure 1.3.A, a formed 

polyacrylamide gel is cast and desiccated.  The desiccated gel is then added to a protein-

detergent solution and the sample volume is restricted with a fitted glass plunger to a 

length shorter than the initial gel length.  As the gel rehydrates from the protein-detergent 
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solution, the protein-detergent complexes diffuse into the cavities of the expanding gel.  

Due to the axial compression, the cavities in the polyacrylamide gel matrix inhabited by 

the micelles tend to be uniformly deformed and will give rise to weak residual anisotropic 

interactions.  In Figure 1.3.B, an alternative mode of inducing alignment is shown.  A 

hydrated gel containing the protein-detergent micelles is forced into an NMR tube with 

significantly narrower radial diameter.  The stretching of the polyacrylamide gives rise to 

deformed cavities rotated 90° from the cavities formed by compressing the acrylamide.  

In solid-state NMR, the choice of lipid mimetic is chosen to be immobile on the NMR 

timescale, which makes large lipid structures capable of forming extended bilayers 

preferable, which is also beneficial in the goal to recreate the native membrane 

environment.  Initial efforts on preparing statically aligned samples for solid-state NMR 

structural studies involved the deposition of membranes on glass plates which were 

mechanically aligned in the spectrometer with the bilayer normal parallel to the applied 

field (Marassi et al., 1997; Park et al., 2003); more recent structural studies have 

extensively utilized bicelles as the preferred membrane mimetic (De Angelis et al., 2005).  

Bicelles are binary mixtures of a short chain detergent (micelle forming) and long chain 

lipid (bilayer forming) which will spontaneously, or when weakly stressed by thermal 

cycling, form a morphology that spontaneously aligns in the presence of a magnetic field 

with extended bilayers perpendicular to the applied field (Figure 1.3.C) (Sanders and 

Schwonek, 1992; Sanders et al., 1994; Howard and Opella, 1996; Prosser et al., 1996; 

Bax and Tjandra, 1997; De Angelis et al., 2004).  The bicelles can then be titrated with a 

lanthanide, which has been shown to bind to the headgroup of the amphiphiles, and 

induce a re-ordering of the bicelle such that the normal of the bilayers are parallel to the 
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applied field (Figure 1.3.D) (Prosser et al., 1996).  Though the illustration of the bicelles 

are shown as a disk-like morphology as initially predicted, recent efforts at elucidating 

the nature of bicelles suggest a far more complex morphology (Gaemers and Bax, 2001; 

Glover et al., 2001; Luchette et al., 2001; van Dam et al., 2004).  In the following 

chapters, the application of these alignment methods for the measurement of anisotropic 

interactions and subsequent utilization in structure determination will be explored several 

membrane proteins derived from the metallo-transporters of the mer operon. 

 

1.3  Introduction to the Bacterial Mercury Detoxification System 

 In order for organisms to be capable of performing the diverse chemical reactions 

necessary to maintain life, the elemental diversity of organisms is increased beyond the 

elements typically associated with amino and nucleic acids:  C, H, O, N, P, and S.  Most 

prolific of these additional elements are the small alkali and alkaline earth metals:  K+, 

Ca2+, Mg2+, and Na+ (Barton et al., 2007).  The alkali metals, Na+ and K+, are known to 

serve their biological function while still existing either as loosely bound ligands or free 

ions, and are regularly utilized to maintaining osmotic balance, intracellular pH, and 

energetic and solute transport.   The alkaline earth metals, Ca2+ and Mg2+, are shown to 

be vital in regulating metabolic rates and stabilizing biomembranes by acting as the 

counter-ion for the negative charges found on ionized phosphate moieties on the 

membrane surface.  These essential metals are typically found at molar levels around 1% 

of the total elemental composition of the cell, approximately at the levels observed for S 

and P.  In addition to these four metals, a multitude of transition metals exist at much 

lower concentrations than the alkali metals, approximately 100-1000 fold less, and are 
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generally exploited for their redox activities and their ability to perform very unique 

chemistry:  Zn, Fe, Mn, Co, Ni, Cu, Mo, W, and V.  Since most of these metals are toxic 

to the cell at high levels, the cellular metal ions primarily exist bound to reactive sites in 

biomolecules and are not allowed to exist as free ions.  The cellular levels of these trace 

metals are rigorously maintained through regulated transport systems and function 

through the coordination of the influx and efflux components.  Many metal ions, besides 

the thirteen found to have defined biological roles, can exhibit some type of bioactivity.  

Not surprisingly, most of the highly biologically detrimental elements are found to be 

transition metals.   

As a response to environmental exposure of toxic materials, the adaptability of 

many bacterial organisms have allowed for the development of additional biochemical 

pathways to combat the presence of toxic materials both environmental as well as 

intracellular.  Due to the need to have available specific essential metal ions while 

preventing over-accumulation and subsequent toxicity, essentially all bacteria contain 

genes for toxic metal ion resistance.  Bacteria have been shown to possess specific genes 

evolved to bestow resistance to some of the common toxic metal ions: Ag+, AsO2
-, 

AsO4
3-, Cd2+, Co2+, CrO4

2-, Cu2+, Hg2+, Ni2+, Sb3+, TeO3
2-, Tl+ and Zn2+ (Silver, 1996; 

Silver and Phung le, 2005), which enter the cell through the metabolic pumps for uptake 

of cationic and anionic nutrients.  Most detoxification systems contain a combination of 

sequestration and efflux components, which utilize an energy dependent efflux system, 

either as an ATPase or chemiosmotic, to effectively pump out the toxic metals against a 

concentration (Rosen, 2002; Kramer et al., 2007).  Among the well-characterized heavy  
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metal resistance systems, the system observed in bacteria giving resistance to mercuric 

ions employs a radically different strategy. 

 Bacterial mercury resistance is primarily bestowed through a gene cluster located 

on a transmissible DNA segment, either a large plasmid or transposon (Barrineau et al., 

1985).  The mer operon stands out among other bacterial metal resistance systems as the 

only identified system that results in transformation of the toxic target, Hg2+, rather than 

merely shuttling the ion out into the extracellular space.  Generally the genetic 

organization of the characterized mer operons is similar between both Gram-negative and 

Gram-positive bacteria as is the mechanism of resistance (Barkay et al., 2003).  Shown in 

Figure 1.4 is a schematic of a generic mer operon.  The mer operon functions under the 

control of a regulatory protein, MerR, located at the start of the mer operon though coded 

divergently with the rest of the operon.  MerR is initially transcribed under it own 

promoter and then acts as a transcriptional activator-repressor of the remaining genes in 

the mer operon.  The MerR protein binds as a homodimer specifically to its cognate DNA 

sequence located at the operator of the mer operon and recruits RNA polymerase to form 
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a non-transcribing pre-initiation complex.  The MerR protein upon binding Hg2+ 

undergoes an allosteric change, which allows transcription of the genes downstream from 

the operator.   At the end of the mer operon, a second protein, MerD, which demonstrates 

similar binding to the mer operator though at a lower affinity than MerR, serves as an 

antagonist for MerR transcriptional activation.  The mode of resistance bestowed by the 

mer operon, once the gene products have been produced, acts upon mercuric ions, which 

have permeated the outer membrane and entered the periplasmic space.  In the periplasm, 

the small globular protein existing as a homodimer, MerP, recruits the free mercuric ions.  

MerP has been shown to binds the Hg2+ through the use of two cysteine thiol groups 

arranged in a –CXXC- motif and shuttles the coordinated Hg2+ ion to an integral 

membrane mercury transporter embedded in the inner membrane (Lund and Brown, 

1987; Hamlett et al., 1992; Steele and Opella, 1997; Liebert et al., 2000).   Four families 

of IMPs have been identified in the characterized mer operons, ranging from 2 to 4 

predicted transmembrane elements:  MerE, MerF, MerT, and MerC.  Across the mer 

operons, MerT, a tri-spanning, 116 residue protein, is considered to be the principal 

mercury transporter and has been shown to be an essential component in most mer 

operons capable of bestowing mercuric resistance.  The extent to which the other IMPs, 

MerF and MerE, are capable of functioning independently of MerT has not yet been 

conclusively determined.   Similar to MerP, these transport proteins are defined by sets of 

conserved cysteines, implicated in the coordination of mercury.  Once the mercury has 

been transferred from MerP to a transmembrane, transport protein and moved across the 

membrane, the Hg2+ is released to a mercuric reductase, MerA.  The mercuric reductase 

then reduces the Hg2+ to elemental mercury, Hg0.   The elemental mercury is then  
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passively eliminated from the cell and rapidly partitions to the atmosphere, due to the low 

aqueous solubility (60µg/L in water at 25°C) and high vapor pressure (0.31atm at 25°C)  

of the elemental mercury (Barkay et al., 2003; Lide, 2007). 

 The method utilized by the mer operon is seemingly paradoxical, facilitating the 

uptake of a toxic material that ultimately must be eliminated.  However, in the context of 

cellular biochemistry, the reduction to a benign, highly volatile monoatomic gas 

represents a significantly lower expense than the production of synthetically and energy 

intensive disposal chelators like metallothionine and hydroxamate, typically used in 

maintaining homeostasis of other potentially toxic metals (Rosen, 2002).   The 

commitment to a dedicated mercury uptake system, using interacting components serve 

to facilitate and control transmission of Hg2+ to the reductase, streamlining the resistance 

response while the reducing the competition between essential cellular thiols and the 

reductase for the Hg2+, ultimately minimizing the amount of collateral cellular damage 

that would occur from allowing the passive diffusion of Hg2+. 

 The structural understanding of the individual elements of the mer operon has 

been steadily making progress over the last few years and the determined structures are 

illustrated in the context of mercury detoxification pathway (Figure 1.5).  The structure of 

the 72-residue globular, periplasmic scavenger protein, MerP, was solved in several 

forms using solution-state NMR techniques (PDB: 1AFI, 1AFJ, 2HQI, as well as through 

X-ray crystallography at 2.0Å resolution (PDB: 1OSD) (Steele and Opella, 1997; Qian et 

al., 1998; Serre et al., 2004).  The central component of the mer operon, the mercuric 

reductase, a 120kDa homodimer, was recently solved using x-ray crystallography at 1.6A 

resolution (PDB: 1ZX9 1.90Å, 1ZK7 1.60Å) (Ledwidge et al., 2005).  A notable under- 
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representation in the structures of the mer proteins is the four proteins implicated in 

translocation of mercury across the inner membrane.  Excluding the studies to be 

described in the following chapters, the structural studies on the integral membrane 

proteins of the mer operon have been limited to mutagenic studies to elucidate 

functionally significant sites, interaction studies with peptide fragments of soluble 

domains, and two hybrid systems to look at interaction of the fragments of the reductase 

with the principal transporter in the native bilayer (Morby et al., 1995; Rossy et al., 2004; 

Schue et al., 2007).  The structural representation of these proteins is generally limited to 

topological predictions based upon hydropathy or transmembrane propensity.   

 The focus of the following chapters will be an attempt to extend NMR based 

methods to move beyond the simple topological cartoons representing the mer transport 

proteins in Figure 1.5.  These models have already diverged from the standing models 

based heavily upon hydropathy with the placement of both cysteine pairs on the 

cytoplasmic face of the inner membrane (Veglia and Opella, 2000; Wilson et al., 2000).  

Shown in Figure 1.6, are linear cartoons of the four mer transport proteins.  The grey 

boxes represent segments that are predicted to be transmembrane based upon TMHMM 

prediction (Kahsay et al., 2005).  Among the proteins of the mer operon, there exists a 

common theme of cysteines implicated in mercury binding, and the four mer tranporters 

continue the theme of cysteine pairs, shown as red circles on the linear sequences.  Three 

of the four proteins show two sets of cysteine pairs, only MerE contains a single cysteine 

pair.  The role of cysteine, though the thiol group, in the coordination of metal ions is 

well established, structural and kinetic studies on small peptides have revealed a strong 

dependence upon the specificity of metal binding and the strength of binding depending  
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upon the cysteine motif present (DeSilva et al., 2002).  Given that MerT is unequivocally 

the principal mercury transporter of the mer operon; MerT serves as a baseline for 

evaluating the motifs observed in the other mer transporters.  Mutagenic studies on the 

cysteines of MerT have revealed significant disruption of mercury resistance when the 

first set of vicinal cysteines, C24 and C25, are replaced by serines and only a moderate 

decrease in resistance when the second pair of cysteines, C76 and C82, were replaced 

with serines (Morby et al., 1995).  Due to the observed significance of the vicinal 

cysteine motif in MerT, MerF, with two sets of vicinal cysteines: C21, C22, C71, and 

C72, and a topology resembling MerT for the first two TMDs, would be expected to be 

the most similar to MerT of the remaining three mer transporters.  MerC has the 

distinction of the only transporter besides MerT found to exist as the sole transporter in a 

functional mer operon and has been shown to function as a mercury transporter, though 

not as efficiently as MerT.  The cysteine motifs present in MerC, -CXXC- and –CX4C-, 

are well conserved in the identified MerC genes but are significantly different than the 
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motifs observed in MerT (Hamlett et al., 1992).  The remaining mer transporter, MerE 

differs from the other three due to the occurrence of only a single cysteine pair, occurring 

in a –CPC- motif typically associated with Cu2+ binding rather than mercury (DeSilva et 

al., 2002; Dutta et al., 2007). 

 Of the mer transporter proteins, progress in the structural understanding of the 

principal mercury transporter, MerT, offers the greatest potential for revealing the 

intricacies of mercury translocation from the periplasmic scavenger, MerP, to the 

cytoplasmic mercuric reductase, MerA.  Both of these proteins have given evidence of 

direct interaction with MerT (Morby et al., 1995; Schue et al., 2007).  Due to difficulties 

encountered in working with the MerT protein as well as limitations in the spectroscopic 

methods being applied toward structure determination of membrane proteins, MerF was 

chosen as an initial proving ground for extending the NMR methods beyond simple 

monotopic or amphipathic protein systems.  The similar topological features and presence 

of a common vicinal cysteine pair created the possibility that the structural and functional 

insight gleaned on MerF could be readily translated onto the MerT protein.  In the 

following chapters, the expansion of NMR methods for the structure determination of 

membrane proteins across a diverse set of membrane mimetics will be explored, spanning 

spectroscopy performed on rapidly reorienting isotropic samples to samples effectively 

immobilized on the NMR timescale.  The challenges of applying sparse anisotropic 

restraints to generate the compact topologies exhibited by a folded polytopic membrane 

proteins will be explored and applied to the structure determination of the MerF protein 

and to a tri-spanning chimeric protein, designed by fusing elements of MerF and MerT to 
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serve as a stepping point to expand the developed methods to the principal mercury 

transporter, MerT. 

 
 
 
 
 
 
 
 



2 Structure Determination of the Bi-spanning Core of MerF in 
Micelles 

 

2.1 Introduction to Structure Determination Using Solution-State NMR 

Techniques 

 Over the last two decades, the application of NMR for the structure determination 

of biomolecules has rapidly grown and offers several distinct advantages over alternative 

means of structure determination.  Similar to the other methods, NMR offers the 

possibility to observe proteins at physiological conditions; however, unlike the other 

prominent methods, NMR offers the possibility to explore the structural features under 

conditions that preserve the dynamic nature of both the protein and the membrane 

environment. 

 Due to the necessity of an amphiphile to maintain the fold of membrane proteins, 

solution-state NMR of membrane proteins has been limited by the available choices of 

membrane mimetics, which can still allow the spectroscopy to be effectively performed.  

Early studies on membrane proteins using solution-state NMR attempted to circumvent 

the problems of maintaining an encapsulating amphiphilic layer through the use of 

organic solvents such as TFE (Opella et al., 1994; Dmitriev et al., 2004).  More recent 

attempts have relied strongly upon the use of detergents to stabilize the fold of the 

membrane protein (Krueger-Koplin et al., 2004).  However, not all detergents are created 

equal, and the ability to effectively reconstitute a membrane protein often will be highly 

sensitive to the choice of detergent.  The physical properties of the different detergents 

can give rise to large molecular ensembles with unfavorable correlation times that 

22 
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compromise the ability to measure interactions vital to extracting structural restraints and 

may give rise to non-native structures due to the high curvature of the micelle surface 

(Chou et al., 2002).  Due to the observance of structural lipids (Hunte, 2005), the doping 

of detergents with bilayer-forming lipids to form mixed-micelles or isotropic bicelles has 

also garnered appeal as presenting an environment more analogous to the native bilayer 

(Chou et al., 2004).  In general, any membrane mimetic shown to form an extended 

bilayer cannot be used to obtain structural information of an embedded integral 

membrane protein using solution-state NMR techniques due to the size of the final 

ensemble. 

 Historically, solution-state NMR has benefited from the rapid motional averaging 

inherent in the isotropic liquids.  The complete motional averaging of many of the 

dominant nuclear spin interactions drastically simplifies the observed spectra and gives 

rise to the sharp resonances characteristic of isotropic liquids.  Due to the motional 

averaging of dipolar interactions, the high γ nuclei, 1H, can be exploited for improved 

sensitivity.  At the heart of most solution-state NMR experiments, the Insensitive Nuclear 

Enhanced by Polarization Transfer (INEPT) allows magnetization to be efficiently 

relayed between nuclei through the J-couplings of the nuclei, allowing the correlation of 

multiple nuclei.  This ability to relay magnetization between nuclei serves as the basis for 

the host of robust experimental methods developed to correlating adjacent nuclei for the 

purpose of obtaining resonance assignment, such as HNCA, HNCO, HNCOCACB, etc 

(Cavanagh, 1996).  For structure determination, the ability to measure nuclear 

Overhauser effects has provided an avenue to define dense networks of 1H-1H and 

ultimately can be used to define a global fold.  Like all internuclear interactions, the  
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magnitude of the NOE interaction is dependent upon the distance between the two nuclei  

(r-6) and is difficult to observe at distances greater than 5Å for 1H-1H interactions 

(Gardner and Kay, 1998).  Generally NOE interactions are classified based upon their 

relation to the linear sequence:  short-range NOEs, arising from intra-residue or from 

adjacent residues, medium-range between 3-10 residues distant, and long-range greater 

than 10 residues distant.  The intensity of the NOE is then used to define the spatial 

separation between the two nuclei.  In order to define a protein fold, the long-range NOE 

contacts are significantly more valuable than the abundant short and mid-range NOEs.  

Shown in Figure 2.1 are the representations of GB1 structure determined by x-ray 

crystallography and solution-state NMR techniques (Gronenborn et al., 1991; Gallagher 

et al., 1994; Bouvignies et al., 2006).  In Figure 2.1.B, the blue lines represent fifteen 

NOE contacts measured for a single residue and are effectively repeated across all sites of 

the protein.  This results in a total of 671 NOE contacts used to define the structure 

(Gronenborn et al., 1991).  Shown in Figure 2.1.C is a second structure of GB1 solved 
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using anisotropic interactions (Bouvignies et al., 2006).  Rather than the hundreds of 

NOEs measured, attenuated anisotropic interactions were reintroduced by weakly 

aligning the protein and dipolar interactions between the 1H-15N spin pair were measured.  

The use of orientational restraints coupled with molecular modeling offers the potential to 

significantly reduce the amount of structural information necessary to define a fold, while 

preserving the structural features of the fold.  Additionally, orientational restraints offer a 

means of structure determination when a conventional NOE based approach proves to be 

inadequate.  The failure of membrane proteins in micelles to give discretely observable 

interhelical NOEs offers a unique opportunity for the application of orientational 

restraints.  The primary anisotropic interaction focused upon in study of MerF in SDS 

micelles will be the residual dipolar interaction between 1HN and 15N sites measured 

under weak alignment induced by the diffusion of the micelle in a strained 

polyacrylamide gel matrix (Figure 1.3.A).  Similar to the limitations of measuring NOEs, 

the measurement of RDCs is also highly dependent upon the ability to observe and 

measure discrete resonances in order to give accurate measurement of the RDC.  In cases 

where resonance overlap occurs (greater than 25% of the peak volume), the error of the 

measured coupling should either be considered immeasurable or treated with an extended 

error tolerance.  The limited occurrences of the 1H/15N spin pair and isolation from other 

1H/15N sites creates an ideal environment for measuring these interactions.  Under 

conditions of a well-behaved protein system, adequate spectral resolution giving discrete 

resonances for all sites can be obtained in a 2-dimensional spectrum correlating 1H and 

15N chemical shifts.  Unfortunately, the doubling of resonances, which would occur 

during 15N chemical shift evolution from the introduction of the residual dipolar  
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couplings, will reduce the spectral resolution and increase the number of overlapped 

resonances.  To ameliorate the negative effects of resonance splitting while still limiting 

the experiment to 2-dimensions, the use of an In-Phase, Anti-Phase (IPAP) based 

experiment allows the each component of the doublet splitting to be separated in different 

spectra, effectively restoring the resolution observed in the uncoupled isotropic spectrum 

(Ottiger et al., 1998; Ding and Gronenborn, 2003).  The differences between the two 

spectra corresponds the sum of the 1H-15N RDC and the 1JNH-coupling.  Though the 1JNH-

coupling is considered to be approximately 94Hz for the purposes of transfer, the RDC 
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and J-coupling in the IPAP-HSQC experiment are disentangled by comparing the 

splitting observed in the isotropic sample, which allows measurement of the J-couplings 

for all resolved sites, prior to inducing weak alignment.  Shown in Figure 2.2.A, are the 

overlayed IPAP-HSQC spectra collected on MerFt in micelles under isotropic conditions.  

Each set of splitting can be correlated based upon their common 1H chemical shift and a 

1H-15N HSQC.  The IPAP-HSQC experiment repeated on the sample once the 

compressed gel has fully re-hydrated.  An expanded view of the spectra collected under 

isotropic and weakly aligned using SAG is shown in Figure 2.2.B.  The splitting 

measured under weak alignment can be subtracted from the corresponding isotropic 

splitting to obtain the RDC.  In the following chapter, the measurement and application of 

anisotropic interactions, in the form of 1H-15N RDCs, will be applied toward the structure 

determination of the bi-spanning core of the MerF protein.   

 

2.2 Design of MerF Analogues to Aid in Structure Determination 

With only 81 residues, two trans-membrane helices, and a small inter-helical loop, 

the limited structural complexity of MerF represented an amenable application of current 

methods of obtaining resonance assignment and represents an attainable increase in the 

complexity of proteins currently undergoing structure determination in the laboratory.   

 Initial attempts were made to express the full-length MerF protein with a 

cleavable N-terminal Trp(∆LE) fusion to facilitate inclusion body formation during 

protein expression and allow for affinity purification through an N-terminal polyhistidine 

tag preceding the fusion protein (Ma et al., 2002; Park et al., 2003).  With the application 

of this fusion system, MerF could be produced and purified to allow in adequate 
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quantities for structural study.  The original studies of MerF revealed that the protein 

tended to have a very limited lifetime before succumbing to aggregation and ultimately 

precipitation (Opella, 1997; Veglia and Opella, 2000; Mesleh et al., 2003).    The sample 

degradation could be delayed though the addition of large amounts of reducing agent, 

suggesting that the primary cause of aggregation was though disulfide bond formation 

between the four cysteines in the MerF sequence.  The inability to maintain the free thiols 

in the MerF samples becomes evident in the original NMR experiments conducted on 

MerF, where the spectra show signs of increased spectral overlap and resonance 

broadening from incomplete cysteine reduction or oxidation of the reducing agent over 

the course of the experiments (Veglia and Opella, 2000).  Additionally, the spectral 

overlap observed in the center of the spectra was believed to be due to the narrow 

resonances from highly mobile, unstructured segments near the N- and C- termini.  

 The development of MerF analogues was initiated on the premise that the features 

producing the undesirable behaviors of MerF could be modified without disturbing the 

overall fold of the protein, enabling rapid structure determination and translation onto the 

full-length, wild-type protein.  The first MerF analogue was 60-residue polypeptide 

designed from the core of MerF, designated MerFt.  The boundaries of the MerFt 

sequence were designed off consensus predictions on the hydrophobic domains of MerF 

to reduce the spectral overlap caused by the terminal unstructured regions.  At the N-

terminus, plots of hydropathy and transmembrane probability suggested the start of the 

first helix to be near residue 13 (Figure 2.3).   The boundary of the C-terminus was 

defined by the interest in maintaining the residues of the second potential metal binding  
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site in this truncated MerF analogue.  In order to eliminate the dependence on a reducing 

agent to prevent aggregation, extensive cysteine to serine mutations were introduced.  

Serine was chosen as a cysteine substitute so that the protein would continue to contain 

an isosteric sidechain with a polarity similar to the original cysteine but without the 
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propensity to form disulfide bonds.  In order to incorporate these extensive changes as 

well as to enhance the ability of the protein to be expressed, the MerFt gene was 

synthesized to allow the DNA sequence to be codon optimized for expression in E coli 

(Shpaer, 1989; Holler et al., 1993).  The synthetic gene was inserted into a commercially 

available pET-based vector, pET31(+)b , to allow the protein to be expressed with an N-

terminal KSI and C-terminal polyhistidine-tag.  The second MerF analogue, designated 

MerFm, restored the N- and C-terminal truncations in MerFt to produce a polypeptide of 

similar length to the wild-type MerF while still containing extensive cysteine to serine 

mutations. 

 Expression of the MerF analogues, MerFt and MerFm, was performed using two 

strains of laboratory E. Coli, C41(λDE3) (Miroux and Walker, 1996) for uniform 

labeling and BL21(λDE3) pLysS for selective labeling.  The use of the C41 cell line 

ultimately gave the greatest levels of protein expression; however, the cell line exhibited 

a slower growth rate than traditional BL21 cells.  For the application of strategies for the 

incorporation of labeling at a selective amino acid sites, bacteria are given an amino acid 

supplement containing a minimal amount of one labeled amino acid as well as an 

optimized amount of the nineteen other unlabeled amino acids.  Fidelity and efficiency of 

labeling is accomplished by expressing the protein before inter-conversion of the amino 

acids can occur.  The use of C41 cells for the incorporation of selective labeling required 

longer growth periods relative to BL21 cells and resulted in lower levels of levels of 

specific incorporation due to inter-conversion of unlabeled amino acids. 

Purification of MerF analogues have been previously described in detail (Howell 

et al., 2005) and benefits from the propensity of the KSI fusion to form inclusion bodies 
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during protein expression and the general insolubility of membrane proteins in the 

absence of an amphiphile.  The inclusion bodies, insoluble masses of protein, are highly 

enriched in the expressed fusion and can be readily separated from the soluble proteins in 

the cell by centrifugation after cell lysis.  Mild detergents, incapable of solubilizing the 

fusion, are used to further remove some of the contaminant proteins also found in the 

inclusion bodies.  The denaturant, Gu-HCl, is used to solubilize the protein component of 

the inclusion bodies and allow for separation of the protein from cellular debris and other 

intractable aggregates by centrifugation.  The denaturant solubilized fusion can then be 

further purified using the C-terminal histidine tag by nickel metal affinity purification 

(Hochuli et al., 1987).  This histidine rich tag tightly binds the fusion protein to the 

immobilized Ni-NTA resin allowing the contaminant protein to be washed away.  The 

fusion protein can then be released from the Ni-NTA resin by saturating the resin binding 

sites with imidazole or using pH to change the protonation state of the histidines to 

reduce the binding affinity to the immobilized nickel.  The fusion can then be easily 

separated from the denaturant and imidazole by simple dialysis and the protein reduced to 

a powder by lyophilization.  The N-terminal KSI fusion and C-terminal histidine tag are 

separation from the MerF analogues through the use of cyanogen bromide cleavage under 

acidic conditions (Gross and Witkop, 1962), which selectively cleaves the peptide bond 

after methionines that were engineered to flank the MerF analogues.  The protein is 

precipitated by neutralization of the acidic solution, excess salts are dialyzed away from 

the protein, and the protein is reduced to a powder by lyophilization.  The final stage of 

purification separates the MerF analogue from the KSI and histidine tag and is 

accomplished by size exclusion chromatography run in the presence of detergent.  This  
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chromatography allows the size of the molecular ensemble to influence the migration rate 

of the proteins through a gel matrix, allowing adequate resolution of each discrete protein 

band due to the difference in the fragment sizes:  KSI – 12.5kDa, MerFm – 8.7kDa, 

MerFt – 6.4kDa, histidine tag – 1.1kDa.  After separation, fractions containing the MerF 

analogues are precipitated by dialysis of the detergent and dried by lyophilization for 

storage until needed.   
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The results presented in this chapter reflect NMR data collected in SDS micelles.  

Reconstitution of the protein into SDS micelles for structural study using solution-state 

NMR techniques is accomplished by adding a solution of preformed micelles at 

concentrations above the CMC of the detergent to the powdered protein (Henry and 

Sykes, 1994).  The protein-detergent solution is briefly sonicated using a bath sonicator 

to facilitate protein incorporation into the micelles.  In order to obtain resonance 

assignment of the backbone amide sites, two labeling strategies were utilized.  For the 

majority of NMR experiments, the protein was labeled by growth in chemically defined 

M9 media with 15N AMS as the sole nitrogen source.  These samples were used in the 

majority of experiments that will be described in the following sections and were 

adequate to obtain resonance assignment of the helical segments and interhelical loop of 

both MerFt and MerFm using a 2D 1H-15N HMQC-NOESY experiment to obtain 

sequential assignments (Shon and Opella, 1989; Lee et al., 2003).  The terminal 

segments, either due to spectral crowding in MerFm or inefficient NOE transfer, required 

the application of triple resonance experiments.  Sample labeling for triple resonance 

experiments was achieved by growth of bacteria in chemically defined M9 media with 

15N AMS as the sole nitrogen source and 13C glucose as the primary carbon source.  

Through the use a 3D HNCA experiment, which correlated 1H-15N-13Cα(n and n-1) 

chemical shifts, the increased dimensionality and transfer mediated by J-couplings 

confirmed assignments based on NOE crosspeaks observed in the HMQC-NOESY and 

allowed complete assignment of terminal segments (Sattler et al., 1999). Shown in Figure 

2.4(A-C), the comparative spectra of the wild-type MerF with the two MerF analogues, 
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MerFt and MerFm, reveal a significant increase in the spectral resolution of the two 

analogues as well as a large degree of spectral similarity of the two analogues with the 

wild-type protein.  The ability of the two samples, shown in Figure 2.4.B and C, to be 

prepared without the inclusion of a reducing agent increases the sample lifetime to 

months or years before spectral degradation is noticeable, whereas the wild-type sample 

shown in Figure 2.4.A will show a diminishment in spectral quality from sample 

degradation within days.  Direct comparison of the chemical shift differences observed in 

the spectra of the two analogues, shown in Figure 2.4.D, illustrate the preservation of the 

core structure between the MerFt and MerFm.  While the terminal domains proximal to 

the sites of truncation exhibit minor chemical shift perturbance, the core of the protein 

shows only minor fluctuations in the chemical shift indicative of a significant structural 

similarity between the two proteins (Zuiderweg, 2002).  The postulate that the core 

segment of MerF, containing both TMDs, is uninfluenced by the presence or absence of 

the terminal segments is essential to the application of data collected on both protein 

constructs to a single family of solutions representing the core structure of MerF. 

 

2.3 Structure Determination of MerF Using Residual Dipolar Couplings 

 The ability to extract useful structural information from residual dipolar couplings 

requires either the ability to treat all couplings within a given structure as being rigid with 

respect to all other points within the structure or the ability to understand and model 

independent modes of dynamic motion and correlate these motions to the attenuation of 

the observed residual dipolar couplings (Hus et al., 2000; Tolman, 2001; Tolman, 2002).  

The treatment of  protein segments experiencing different dynamic regimes is an area of  
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active research in the field; however, the greatest success is seen correlating differences 

in RDCs to established structures to predict areas of dynamics (Lakomek et al., 2006).  

For the goal of de novo structure determination, where there is no firsthand knowledge 

regarding the details of dynamic motions, the ability to utilize RDCs for structure 

determination is coupled with the ability to define segments of the protein moving as a 
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single, correlated structural element.  In membrane proteins, the segment of protein 

interacting with the ensemble of lipids or detergents generally exhibits lowest level of 

dynamic behavior.  The incorporation of these segments into the hydrophobic core of the 

micelle and exclusion from the solvent make these segments readily identifiable by their 

resistance to H/D exchange when deuterium is introduced as the chemically 

exchangeable solvent, D2O.  Shown in Figure 2.5.D is the fractionation profile for MerFt 

in micelles.  Individual fractionation factor (χ) were obtained for each residue by plotting 

the normalized peak intensities as a function of the molar fraction of H2O and fitting the 

expression: 

11)( 1 +
−

=−

X
XyC χ        Eq 2.1  

Where y is the peak intensity, C is a normalization constant for the intensity of the peak 

referenced to the spectrum collected in 10% H2O, and X is the mole fraction of 1H/2D in 

the sample.  The value of χ is equivalent to the slope of the line describing this 

relationship (Veglia et al., 2002).  Segments of the protein showing small fractionation 

factors are highly resistant to exchange and suggest the location of the two TMDs of 

MerFt, observed to be at residues 26-34 and residues 50-64.  Another strong indicator of 

the transmembrane helices is the periodic oscillation observed in the measured RDCs due 

to the helical structure and previously described by Dipolar Waves (Mesleh et al., 2003; 

Mesleh and Opella, 2003).  Helical segments were predicted using a sliding window 

fitting algorithm to the experimental RDCs as described previously (Mesleh and Opella, 

2003).  For each window of five residues, a simple sinusoid with a periodicity of 3.6 was 

fit to the experimental data, and the RMSD between the calculated sinusoid and the 
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experimental data was calculated and then correlated to the modulus residue number of 

the set.  When the RMSDs are plotted as a function of the residue number, the regions 

having low scores are identified and fit as single sinusoids.  Regions predicted to be 

helical are re-fit to a single sinusoid while maintaining an RMSD of less than 1.5Hz to 

the experimental data.  Larger RMSDs can be indicative of helical deviation from 

ideality, such as kinks and curvature.  From the use of Dipolar Waves, two segments in 

MerFt are predicted to be helical, residues 27-39 and residues 50-66, as indicated by the 

red sinusoids plotted against the residue number correlated dipolar couplings in Figure 

2.5.A.  The comparison of the Dipolar Wave predictions to the H/D fractionation reveals 

that both sets of experiments highlight the same regions of the spectrum allowing the 

prediction that these two segments represent the helical TMDs of MerFt.  Moving beyond 

a simple sinusoid, the segments of the protein indicated as helical can be fit to an 

expression allowing the parameterization of the alignment tensor.  Using the previously 

described equations relating the geometry of the helix to the alignment frame: 
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Where δ is the angle between the H-N bond and the helix axis, θ and φ are the angles of 

between the H-N bond and the alignment frame, θav and φav are the angles of between the 

helix axis and the alignment frame, Da is the magnitude of alignment, R is the  
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rhombicity, ρ and ρ0 are the polarity of the helix as function of residue number 

(ρ=2πn/3.6) or the first point in the helix respectively (Ulrich and Watts, 1993; Mesleh 

and Opella, 2003).  Using fixed sets of Da and R, the values of θav and φav and ρ0 are 

optimized to provide calculated fits to the experimental data.  The RMSD between the 

calculated fits and the experimental data are correlated into a 2-dimensional grid defined 

by the values of Da and R (Clore et al., 1998).  The global RMSD minimum observed in 

Da/R gridspace is used to define the alignment tensor for subsequent calculations.  In the 

RDC data for MerFt, the alignment was parameterized by magnitude of alignment (Da) of 

-9.15Hz and a rhombicity (R) of 0.25.  Using the globally optimized values of Da and R, 

the values of θav and φav and ρ0 are optimized.  Due to the symmetry related degeneracy, 

there exist four orientations of each element within an order frame, which are consistent 

with any single dataset illustrated in Figure 2.6.B and related by the following 

transformations:  (θav, φav, ρ0), (θav, φav+180, ρ0), (180-θav, 180-φav, ρ0+180), (180-θav, 
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360-φav, ρ0+180).  Given the fact that there are two independent helical segments defined 

by the Dipolar Waves, the inherent degeneracy of the ensemble based upon a single RDC 

dataset results in 4n (16) possible orientations of the two helices with respect to the 

alignment frame, where n=the number of helices.  Due to the symmetry related 

degeneracy, the angular relation between the two helices in each of the sixteen models 

can be mapped to three other models in the set by simple transformations in polar space.  

By adjusting the focus to the solution of the relative orientation between the two helices 

rather than relation back to the alignment frame, the number of possible orientations is 

reduced to 4n-1 (4).  Shown in Figure 2.8.A1-4, two of the possible orientations (A2 and 

A4) have the helices propagating in an anti-parallel manner and reflect the necessary 

topology to span the bilayer twice.  The other two models (A1 and A4) have the helices 

propagating in a parallel manner representing an unfeasible topology for a protein that 

spans the bilayer twice. 

In order to resolve the degeneracy illustrated by the four possible models, a 

second 1H-15N RDC dataset at a different alignment was sought.  Conventional 

techniques of obtaining a second non-degenerate RDC dataset can utilize a second type 

of alignment media; however, the disruptive nature of detergents primarily limits the 

choice of alignment media to polyacrylamide gels.  Through comparison of RDC dataset 

collected on MerFt and MerFm, a difference was noticed in the alignment, creating the 

possibility that combining the RDC data measured on the two protein constructs would 

be capable of resolving the angular degeneracy.  In order to validate the application of 

RDCs for two distinct proteins in determining a common fold, the primary concern that 

each protein adopts a common fold must be addressed.  Isotropic chemical shifts have  
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been shown to be very sensitive to local conformation changes.  In the evaluation of the 

structural similarity of MerFt and MerFm in micelles, the extent of chemical shift 

difference between the two protein constructs was evaluated.  Shown in Figure 2.7.A are 

the 1H and 15N chemical shift differences for the backbone amide sites of MerFt and 

MerFm.  The terminal regions surrounding the sites of truncation show some chemical 

shift differences and suggest that structural differences may exist between the terminal 

regions of MerFt and MerFm.  The effects of the truncations upon the protein structure do 

not appear to propagate into the TMDs.  The core of the protein, residues 24 to 67, shows 

very limited chemical shift differences and is suggestive of a common structure.  The 1H-

15N RDCs for MerFt and MerFm measured in compressed gels are shown Figure 2.7.B 

and C respectively.  Sites missing from the RDC plots either correspond to the four 

proline sites occurring at residue 4, 25, 49, and 74, or resonances which were more than 

25% overlapped, preventing the accurate measurement of the coupling.  As for MerFt, the 

dynamics of the protein were assessed based upon the 1H-15N NOEs observed.  Both sets 

of 1H-15N NOE data observed for MerFt and MerFm are shown in Figure 2.7.D and E.  

The plots of NOEs reveal that the level of dynamics across the core of the protein in each 

construct is similar as well as a common segment of high dynamics following the second 

TMD.  Unlike MerFt, MerFm gives non-zero couplings and positive 1H-15N NOE 

suggesting the presence of a stable N-terminal segment.  

The absence of chemical shift differences, similar dynamic properties of the core 

region, and similar H/D fractionation factors between the two protein constructs was the 

basis of the assumption that the bi-spanning core of the protein was unchanged between 

the constructs and that RDCs measured for each construct could be applied toward the  
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determination of a common structure.  As for the RDC data collected upon MerFt, the 

RDCs measured for MerFm were fit to a Dipolar Wave parameterized by a simple 

sinusoid.  The helical regions in MerFm were observed to be residues 30-38 and residues  

51-66; the shortness of the first helix relative to MerFt is due to couplings excluded due 

to resonance overlap.  Parameterization of the alignment through Da/R grid fitting 

resulted in values of  –8.21Hz and 0.14 for Da and R respectively.  The difference 

observed in the values of R for the two RDC datasets and the visual indication of the 

relative amplitude change between the two helical segments suggest that the variance of 

the alignment may be enough to resolve some of the orientational degeneracy.  Shown in 

Figure 2.8 are the eight possible orientations of the two helical elements relative the first 

helix for the two RDC datasets.  The orientations for MerFt (A1-A4) are matched with 

the most similar orientations for MerFm (B1-B4).  Based upon the level of experimental 

error and uncertainty in the parameterization of the alignment tensor, an uncertainty of 4° 

for θav and φav has been assumed.  Even given a generous 20° uncertainty in the 

determination of the orientation in the alignment frame, only the solutions shown in 

A1/B1 and A4/B4 are within a reasonable error limit to be consistent between the two 

datasets.  Given that the topology of MerF is predicted to be a bi-spanning membrane 

protein, the solution shown in A1/B1 reflects an extended conformation and does not 

represent a viable solution; however, additional experimental evidence was sought to 

exclude this possible conformation.  The fold shown in A4/B4 should have the N-

terminal and C-terminal segments in proximity on the same face of the micelle, whereas 

the orientation shown in A1/B1 would have the N- and C-termini separated by a  
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significant distance.  In order to exploit this difference, a single cysteine was re-

introduced at residue 72 of MerFt.  The single cysteine was reacted with MTS-EDTA to 

create a covalently attached chelation site at the C-terminus (Iwahara et al., 2003; 

Ikegami et al., 2004; Pintacuda et al., 2004).  To the chelation site, the paramagnetic ion, 

Mn2+, was stoichiometrically added to induce a paramagnetic relaxation enhancement 

(PRE).  Any NMR observable nuclei close spatially to the Mn2+ will be relaxed through 

the paramagnetic center, which will result in increased resonance broadening.  

Observation of resonance broadening in resonances associated with the N-terminus 

would be indicative of the conformation shown in A4/B4, whereas the conformation in 

A1/B1 should show little or no changes at the N-terminus.  Shown in Figure 2.9.A-C are 
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residue correlated plot of the normalized resonance intensity for the C72-EDTA modified 

protein, the empty red circle represents an unchelated site and a filled circle represents 

the chelated Mn2+.  In the absence of paramagnetic agent (Figure 2.9.A), the resonance 

intensity resembles the plot previously used to assess backbone dynamics (Figure 2.4.C), 

coupled with only limited chemical shift changes localized to the C-terminus, suggesting 

that the introduction of the EDTA probe has not introduced any significant structural 

disturbance.  With the addition of Mn2+ to a 1:1 ratio with the protein (0.8µM), 

significant changes due to the chelation of the paramagnetic ion to the protein are 

observed in the plot of resonance intensity (Figure 2.9.B).  Most notable is the 

broadening of resonances beyond measurement for residues 19-24 supporting the model 

shown in A4/B4.  In order to exclude the possibility that the observed PRE was from 

unassociated Mn2+, a five fold molar excess of EDTA was added to either chelate free 

Mn2+ or compete for the Mn2+ chelated at residue 72.  In the case of the free Mn2+, there 

should be minor spectral changes; however, the observed resonance intensity (Figure 

2.9.C) reverts to the intensity shown in A, suggesting that the observed interaction is 

arising from a strongly associated Mn2+ rather than transient interactions of free Mn2+.  

This result is consistent with the effects observed by using contrast agents, which show 

negligible effects at the concentration for which the chelated Mn2+ gave pronounced PRE 

and require substantially greater concentrations to exhibit similar effects.   Shown in 

Figure 2.9.D-F are the normalized resonance intensity plot of a titration of MerFt with 

Gd3+ chelated in DTPA (Oxenoid et al., 2002). 

Three-dimensional protein structures were calculated from the experimental data 

using a basic two stage simulated annealing protocol in the program XPLOR-NIH 
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(Schwieters et al., 2003a).  In the first stage, an extended template with favorable 

covalent geometry was annealed against dihedral angle restraints (Φ=-62°, Ψ =-41°) 

having a force constant of 300 kcal / K in the regions of the protein found to be α-helical 

based on the periodicity of their Dipolar Waves.  The protein was subjected to 10 ps of 

dynamics at 3000 K with an error bound of 1º, applied to dihedral angle restraints during 

dynamics to promote formation of the helical secondary structural elements.  During this 

initial phase of hot angle dynamics, only the dihedral potentials are evaluated.  The 

dihedral limits were maintained through slow cooling to minimize helical distortion not 

evident from the Dipolar Wave fitting. In order to facilitate the transition at the 

boundaries of the helices, the first and last set of Φ and Ψ torsion angles were given an 

error bound of 5º. During the cooling phase, the 1H-15N residual dipolar couplings were 

introduced as a harmonic restraint with the force constant linearly increased from 0.01 to 

7 kcal / Hz K as the temperature was lowered to 25 K in steps of 12.5 K over 120 ps with 

a fixed error bound of 1.05 Hz per coupling, as described in the rdcpot module of 

XPLOR-NIH (Schwieters et al., 2003a).  Data from the multiple alignments were 

incorporated using a separate pseudo atom for each alignment and included an 

independent weighting term to compensate for the different magnitudes of alignment for 

each dataset.  The resulting structures were then evaluated against the input restraints to 

test for violations.  Accepted structures contained no violations of the Dipolar Wave 

dihedrals for the helical segments greater than 10° and no residual dipolar coupling 

violation greater than 1.05Hz. 

In order to improve the convergence of the structures defined by the residual 

dipolar coupling datasets, two additional restraints were applied during the simulated 
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annealing protocol.  Due to the inclusion of a Van der Waals potential to prevent spatial 

overlap, the resultant structures tend to expand the distance between atoms.  In 

attempting to define a helix-packing interface without interhelical restraints, the VDW 

potential biases the structure calculation away from conformations exhibiting a close 

helix-helix interface.  Exclusion of the VDW term results in a large number of steric 

clashes for virtually all calculated structures.  In order to limit the effects of the VDW 

potential, a supplemental radius of gyration term (Rgyr), which reflects the packing 

tendencies of secondary structure elements, is frequently applied in order to improve the 

quality of structures calculated for soluble proteins from NMR data (Kuszewski et al., 

1999).  The radius of gyration term is modeled upon the expression fit to a collection of 

structures determined both the NMR and X-ray crystallography: 

Rgyr = 2.2(N0.38)       Eq 2.3 

Where N is the number of residues confined by the radius of gyration.  Similarly to 

improve the quality of the calculated structures, a Rgyr potential was applied in the 

calculations of the structure of the MerF core at a force constant of 50 kcal mol-1 Å-2.  

Due to the fact that the radius of gyration was initially parameterized from globular 

proteins, the Rgyr tendency of helices in a membrane environment may not be adequately 

represented by the above function.  In order to explore the values of Rgyr, which give rise 

to acceptable helix packing distances, the Rgyr was arrayed across a range of values.  

Optimization of the Rgyr term was performed by arraying both the residues directly 

affected by this potential and the magnitude of the radius in order to minimize structural 

distortion away from the experimental data. Rgyr values, between 8 Å and 30 Å, were 

tested, and the statistical information on the population of structures generated for each 
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value were included in the Supplemental Data of the manuscript on the MerF structure in 

micelles(Howell et al., 2005). Across the values of Rgyr evaluated, two values gave rise to 

substantial populations of accepted structures: Rgyr = 8.5Å and 15.5Å.  Structures from 

the Rgyr optimization were spatially profiled using the DEFINE STRUCTURE program 

(Richards and Kundrot, 1988), which has previously been utilized in database analysis of 

membrane proteins of known structure (Eilers et al., 2000). Parameters derived from the 

DEFINE STRUCTURE program are based upon analysis of the Cα distance matrix 

generated from the Cartesian coordinates of the calculated structures and are listed in the 

Supplemental Data.  DEFINE STRUCTURE analysis of the Rgyr optimization failed to 

associate the helices for the second population of acceptable structures at Rgyr=15.5Å and 

the closest helical contact (based upon the Cα distance matrix) for the Rgyr=15.5Å 

population was ~20Å. The ensemble of structures generated with this Rgyr, while 

satisfying the experimental restraints within the acceptance criteria, also exhibited a 

general lack of convergence with respect to relative helical tilts and phases, and gave the 

largest deviation from the relative helical tilts compared to the Dipolar Wave analysis of 

the helical segments. The results of the first population at Rgyr=9.5Å gave an axial helical 

separation of 7.1±1.1Å. Previous analyses of the crystal structures of membrane proteins 

have determined two major distributions of axial separation, one centered at 7.3Å and 

another at 10.8Å (Eilers et al., 2000).  Further modification of the Rgyr term showed that 

the accepted structure generated using an Rgyr=8.43Å gave a higher level of convergence 

while still giving an axial helical separation of 7.1Å.  This distance can be related back to 

parameterized expression for Rgyr by a minor modification: 

Rgyr = 2.2(N0.38)-1       Eq 2.4 
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Where N is the number of residues confined by the radius of gyration.  For the structures 

of the MerF core in micelles, an Rgyr=8.43Å was applied through all stages of the 

structure calculation. 

The second term used to improve structural convergence was the inclusion of 

supplemental dihedral angular restraints for the interhelical loop.  The supplemental 

dihedral angle restraints were generated from 15N and 13C chemical shifts using the  

Torsion Angle Likelihood Obtained from Shift and Sequence Similarity (TALOS) 

program (Cornilescu et al., 1999) and implemented with the dihedral angles derived from 

the Dipolar Wave analysis at a reduced force constant of 30 kcal / K and an increased 

error bound of 50º. The inclusion of these restraints, though not assessed in the 

acceptance of structures, improved the convergence of the structure calculations, 

especially for the non-helical residues in the loop region.  

 

2.4 Structural Significance of MerF Core and Concluding Remarks 

Shown in Figure 2.10 are the models generated based upon the residual dipolar 

couplings measured on MerF in micelles (PDB: 1WAZ).  Previous models of MerF were 

heavily based upon the observed hydropathy.  The anomalous nature of the hydropathy 

around the first TMD as well as an attempt to generate a convenient model to explain the 

protein functionality lead to substantial differences among the early models of the protein 

(Veglia and Opella, 2000; Wilson et al., 2000; Mesleh et al., 2003).  Many of the models 

attempted exploit the location of the first metal binding site in the middle of a 

hydrophobic segment to position the site in the middle of the bilayer offering some 

explanation of how mercury translocation occurred by passage between the metal binding  
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sites.  All of the NMR observables, the Cα chemical shift index (Wishart and Sykes, 

1994), the Dipolar Wave fits of the 1H-15N RDCs, H/D exchangeability, and 

paramagnetic mapping support the definition of the two α-helical segments of MerF 

containing residues 27-39 and 50-66.  While the two metal binding sites were not 

included in the model, either due to structural divergence due to the truncations used in 

MerFt or the level of dynamics preventing the application of the measured RDCs, the 

exclusion of the metal binding sites from the core structured domain and the localization 

of both to a common face of the micelle (or bilayer) contests the earlier models 

attempting to present the MerF protein as a relay of cysteine pairs spanning the bilayer.  
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The H/D exchangeability observed in the segments containing the metal binding sites and 

the susceptibility of both sites to PRE effects when measured in the presence of a contrast 

agent strongly suggest that both sites are either directly exposed to solvent or located at 

the interfacial region of the micelle.   

While the structure determination of the MerF core in micelles clearly represents 

progress in the understanding of the MerF protein, the nature of the structure also raises 

additional questions.  Given that both sites proposed as the principal metal binding sites 

are located to a common face of the bilayer and that the common face projects into the 

cytoplasmic space, the question of where and how the mercuric ion is passed from the 

periplasmic space, across the membrane, and to these strong binding sites remains.  In the 

process of utilizing paramagnetic agents to map the protein surface, evidence of how 

MerF first interacts with the mercury was revealed.  In the use of MerFt-C72, MTS-

EDTA cysteine modification, and the Mn2+ chelation, an unexpected paramagnetic 

broadening was observed for the interhelical loop region (Figure 2.9.B) such that the 

protein behaves like it were surrounded by a contrast agent (Figure 2.9.F).  An 

explanation of this unexpected broadening observed in the loop region is the presence of 

a second Mn2+ binding site in the loop capable of binding Mn2+ with a similar affinity as 

the MTS-EDTA tag.  In examining a titration of MerFt, which due to the extensive 

cysteine mutations and the absence of the EDTA tag should be inert, a similar PRE 

induced by Mn2+ binding as well as Cu2+ is observed.  There exist several cases, where a 

divalent cation, have been shown to be strongly coordinated by acidic and alcoholic 

sidechains.  The presence of two tyrosines and a aspartic acid in the loop region, as well  
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Table 2.1 
Statistics for the MerF core in micelles 

Restraint    
Dihedral Dipolar Wave 60  

 TALOS 16  
    

1H-15N RDC MerFt 41  
 MerFt 31  
    

Rgyr  1  
    

Accpetance   Tolerance 
Dihedral Dipolar Wave 60 10° 

1H-15N RDC MerFt 41 1.05Å 
 MerFt 31 1.05Å 

as the observed PRE effects strongly implicate the loop as being the first site metal 

binding that the mercuric ion visits during the translocation across the membrane.   

In addition to the structure of the MerF core in micelles representing significant 

progress in the structural elucidation of the mechanism of bacterial mercury transport 

within the mer operon, the structure also represents a significant milestone in membrane 

protein structure determination by NMR techniques.  The structure represents the first 

structure of a polytopic membrane protein determined solely by NMR derived 

orientational restraints.  The structure represents a distillation of the minimal amount of 

data and structural restraints necessary to define a high-resolution structure of a protein of 

the given complexity.  Shown in Table 2.1 is the tally of restraints that were necessary to 

define the structure.  As was previously indicated, additional experimental data was used 

to reinforce the predicted topology of the protein.  In the absence of this additional 

topological data, a diverse set of structural families of extended templates, analogous to 

the topology shown in Figure 2.8.A1 and B1, would co-exist with the family of structures 

shown in Figure 2.9.A.  The convergence of the structures also benefits from the length 

of the interhelical loop and the effect of the VDW repulsion term upon this short loop.  
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The application of different protein constructs to modulate the alignment of membrane 

proteins in strained polyacrylamide gels opens the possibility of designing soluble 

domains to use as alignment tags to aid in membrane protein structure determination.   

With respect to existing structures of membrane proteins, the structure determined 

for the core of MerF contains several notable features.  Based on the periodicity of the α-

helix observed in the RDCs, MerF contains two helical segments, encompassing residues 

27 – 39 (13 residues) and residues 50 – 66 (17 residues), in micelles. Both helical 

segments of MerF have proline residues, which are associated with helix distortions 

(Cordes et al., 2002), at their N-terminal ends. Since prolines are imino acids, they do not 

have a backbone amide site for the measurement of 1H-15N dipolar couplings. However, 

in situations where a proline is located in the middle of a helix, Dipolar Waves 

corresponding to distinct helical segments can be fit to residues on both sides, generally 

exhibiting differences in the observed phasing or amplitude of the dipolar oscillations that 

are characteristic of a kink (Mesleh and Opella, 2003). Attempts to extend the Dipolar 

Waves beyond the proline residues in both helices of MerF, in particular at T24, V26, and 

L48, gave evidence of substantial distortions.   Although some evidence of periodicity 

could be found in the segment before the first helix, residues G14-F23 have dynamic 

properties, fractionation factors, and near-zero residual dipolar couplings that are 

inconsistent with the presence of a stable helix. A short stretch of residues in the 

interhelical loop before the start of the second helix, Y45-L47 or V46-L48, also displays 

some evidence of periodicity; however, such small stretches are generally artifacts 

resulting from over parameterization, and are not considered to be part of the helix as 

defined by fits to Dipolar Waves. The program DEFINE STRUCTURE generally finds 
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somewhat longer trans-membrane helices (24- 40, 49-67). The discrepancies between the 

helical lengths predicted by Dipolar Wave Fitting and DEFINE STRUCTURE arise from 

the high sensitivity of the wave fits to deviations in the periodicity of helices (Mesleh and 

Opella, 2003). Helices with between 13 and 36 residues are found in the other membrane 

proteins with their structures determined (Bowie, 1997), and the average length of helices 

that appear to span the hydrophobic portion of bilayers is 17.3 residues (Morby et al., 

1995). The analysis of the MerF structure with DEFINE STRUCTURE assigns lengths of 

16 residues, spanning 26.94 Å, and 18 residues, spanning 27.42 Å, to the two helices, 

based upon distances between the first and the last Cα in the helix. Using either the more 

conservative values determined by fitting Dipolar Waves to the RDCs (13 residues and 

17 residues) or those from a structural analysis (16 residues and 18 residues), the lengths 

of the helices of MerF are capable of spanning the bilayer, though not likely to be 

extending significantly beyond the bilayer. 

 The structure determination of the core segment of MerF in micelles exclusively 

through the use of anisotropic interactions serves to illustrate the powerful contribution 

that these interactions can make toward the challenge of determining protein structures.  

Though these interactions are inherently degenerate, the application of RDCs measured 

upon a single internuclear vector, H-N, at two different alignments can be used to reduce 

this degeneracy for fragments of known structure, allowing the possibility of directing 

these values toward the determination of a unique protein structure.  The structure of the 

MerF core helical hairpin demonstrates that NMR can be applied to the determination of 

three-dimensional structures of polytopic membrane proteins, and has served to 
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drastically redefine the paradigm of understanding the structural biology behind the 

mercury transporters of the mer operon family. 

 

A part of the work presented in Chapter 2 was published as “NMR structure 

determination of a membrane protein with two transmembrane helices in micelles: MerF 

of the bacterial mercury detoxification system” by Howell, SC., Mesleh, MF., and 

Opella, SJ., Biochemistry, 2004, 44(13), 5196-206. 



3 STRUCTURE DETERMINATION OF THE BI-SPANNING 
CORE OF MERFT IN ALIGNED BICELLES 

 

3.1 Introduction to Structure Determination using Solid-State NMR Techniques 

 Similar to solution-state NMR techniques, solid-state NMR has experienced 

significant progress over the last two decades.  Historically, the concept of high-

resolution solid-state NMR spectroscopy would have been considered unattainable.  The 

retention of anisotropic interactions typically disordered with respect to the applied field, 

the short spin-spin relaxation times, and the long spin lattice relaxation times inherent to 

most solids produced a conception that solid-state NMR could at best give low resolution 

spectral data at a high cost of spectrometer time.  Given that there are systems of interest, 

which are not amenable to other means of extensive structural characterization, such as 

solution-state NMR or x-ray crystallography, solid-state NMR has continued to evolve 

within its own niche.  While solution-state NMR benefits rapid molecular correlation in 

the form of narrow linewidths, the spectral resolution comes with the cost of averaging 

out a number of nuclear spin interactions.  Solid-state NMR preserves this wealth of 

structural information and undoubtedly has always had the potential to surpass the limited 

interactions attainable under isotropic conditions. With the advent of magic angle 

spinning (MAS) and methods of ordering samples immobilized on the NMR timescale, 

the ability to do high resolution solid-state NMR became a tenable reality.  MAS accepts 

that most samples will contain multiple molecular orientations, which will give rise to 

broadened resonances and exploits an angular dependence to modulate the anisotropic 

56 
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conditions.  The magnitude of a dipolar interaction, defined by the orientation with 

respect to the magnetic field, are shown in the following relation: 

1cos3
8

2
32

0 −= θ
π

γγµ
r

D JI
ij

h       Eq 3.1 

Where µ0 is the permittivity of free space, ħ is Planck’s constant, γI and γJ are the 

gyromagnetic ratios of the two nuclei, r is the distance between the two spins, and θ is the 

angle between the internuclear vector and B0 (Levitt, 2001).  At the angle of 54.74°, the 

angular dependence reduces the term to zero, giving rise to the term magic angle.  A 

similar effect is observed on the chemical shift anisotropy.  By spinning a sample along 

an axis at this magic angle at frequencies greater than the anisotropic interactions and the 

spectral window, the anisotropic interactions can be effectively suppressed giving rise to 

an isotropic spectrum, analogous to spectra observable using solution-state NMR 

techniques on an isotropic solution.  In practice, the ability to rotate samples fast enough 

to effectively average out all anisotropic interactions has only recently been achievable 

for biologically significant spin-½ nuclei due the very high spinning frequencies 

necessary to overcome the strong 1H-1H dipolar interactions (Schnell and Spiess, 2001).  

While MAS spinning alone improves spectral quality by either attenuating or removing 

the anisotropic interactions, significant efforts have additionally been made in the 

development of elegant pulse sequences to reintroduce these anisotropic interactions 

through RF manipulation while preserving the spectral qualities achievable under MAS 

(Hafner and Demco, 2002).   

An alternative to using mechanical rotation to attenuate anisotropic interactions is 

to induce ordering within a sample.  If all of the molecules of a sample are statically 
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oriented in a common manner to the applied field, the broad distribution of resonances 

observed for a random distribution will coherently add into a discrete resonance.  In 

addition to improving spectral resolution, alignment now allows the correlation of 

magnitudes of the CSA and dipolar couplings to orientation of the nuclei with respect to 

the applied field.  These interactions can then be converted into structural information 

based upon their relation to the molecular frame (Figure 1.2). 

 In the structural study of membrane proteins, solution-state NMR studies are 

restricted to the use of membrane mimetics which form ensembles small enough to have 

favorable correlation times (Krueger-Koplin et al., 2004; Page et al., 2006).  This 

dependence on correlation time biases studies away from bilayer forming mimetics, 

which is ultimately counterproductive to the study of membrane proteins in conditions 

similar to the native membrane.  In solid-state NMR, the observance of the anisotropic 

interactions is dependent upon a slow reordering time, making the larger ensembles 

capable of forming extended bilayers preferable to the smaller isotropic mimetics.  In 

order to extract orientational information from the anisotropic interactions, there is a need 

to utilize a membrane mimetic, which can be aligned in a defined manner with respect to 

the magnetic field.  Historically alignment of membrane proteins in bilayers has been 

accomplished by co-deposition of lipid bilayers and protein dissolved in organic solvent 

onto glass plates (Marassi et al., 1997; Park et al., 2003).  With the removal of the organic 

solvent and rehydration of the lipid, bilayers are formed extending along the surface of 

the glass plate with the normal of the bilayer perpendicular to the plate.  Stacks of the 

glass plates are then sealed and mechanically oriented with the bilayer normal parallel to 

the applied field.  More recently, binary systems of a detergent and lipid, bicelles, have  
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been shown to form a phase containing bilayers and capable of spontaneously aligning 

when placed in a magnetic field (Sanders et al., 1994; Howard and Opella, 1996; De 

Angelis et al., 2004).  The spontaneous alignment of bicelles align with the normal of the 

bilayer perpendicular to B0; however, the addition of a paramagnetic lanthanide, which 

binds to the surface of the bicelle, induces a realignment of the bicelle such that the 

bilayer normal will align parallel to B0.  A number of detergent and lipid pairs have been 

shown to exhibit the property of forming bicelles and show a dependence upon the molar 

ratio of the detergent and lipid and the lipid percent composition of the sample.  For the 

purposes of structural characterization, the bicelle system employed utilizes 14-OPC as 

the lipid and 6-OPC as the detergent at a “q” (molar ratio of lipid to detergent) of 3.2 and 

a total lipid content of 28%.  Shown in Figure 3.1 are 15N uniformly labeled spectra 

collected on MerFt across the range of membrane mimetics being utilized in the structural 

studies of MerF.  In Figure 3.1.A and B, the representative 1H-15N HSQC spectra of 

MerFt collected under isotropic conditions in SDS micelles and 6-OPC/14-OPC bicelles 

(q=0.25, 7.5%) respectively.  Isotropic chemical shifts used in structure calculations for 

interpreting the 15N CSA are taken from the spectrum of MerFt in SDS micelles (Howell 

et al., 2005).  In Figure 3.1.C, a 1H-15N SAMPI4 (Nevzorov and Opella, 2003a; Nevzorov 

et al., 2007) spectrum of MerFt in 6-OPC/14-OPC perpendicularly aligned bicelles is 

shown.  For the purposes of structure calculation, resonances from a reference spectrum 

of a 15N uniformly labeled sample collected on a perpendicularly aligned bicelle.  In 

Figure 3.1.D, a 1H-15N SAMPI4 spectrum of the MerFt sample shown in Figure 3.1A 

after realignment by the addition of Yb3+.  Though generally not used to extract the 

spectral parameters used in structure calculation, the parallel bicelles serve several 
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purposes.  The larger spectral range of the parallel bicelles can allow degenerate 

resonances, overlapped in the perpendicular bicelles to be resolved and can help to extend 

the lower limit of measurable dipolar couplings.  The comparison of resonances 

measured in parallel and perpendicular bicelles can be correlated to isotropic chemical 

shifts allowing transfer of resonance assignments made using solution-state NMR.  In the 

following chapter, the application of solid-state NMR to the structure determination of 

MerFt in aligned bicelles will be described. 

 

3.2 Assignment Strategies for Obtaining Backbone Assignments of 

Proteins in Aligned Bicelles 

The resonance assignments of MerFt in aligned bicelles were obtained largely 

from comparisons among spectra obtained from uniformly 15N, selectively 15N, and 

selectively 13C’,15N labeled samples. The principles of the shotgun assignment method 

(Marassi and Opella, 2003) could be applied to the helical residues even though the 

protein has two trans-membrane helices because the resonances from the two helices are 

nearly completely resolved, and occur in well-defined, albeit overlapping PISA wheels. 

PISA wheels are the wheel-like pattern arising from the projection of the periodic 

structure of an α-helix into the 15N CSA and 1H-15N dipolar coupling frequency space 

(Marassi and Opella, 2000).  In addition to showing a correlation of the helix angle 

relative to the external field and the distribution of resonances, the PISA wheel also 

serves as a basis for making resonance assignment for helical segments once the phasing 

of the helix has been established (Marassi and Opella, 2002; Marassi and Opella, 2003).  

Selectively labeled samples were prepared through the biosynthetic incorporation of 15N  
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labeled Ala, Ile, Leu, Phe, Pro, Thr, Tyr, Val, (Gly/Ser), (Gln/Asp), and (Asp/Gln) 

(Figure 3.2). Due to difficulties incorporating some selective labeling schemes without  

the aid of auxotrophic strains, samples selectively containing Gly, Gln, or Asp labels 

were not able to be prepared with high fidelity; therefore, the resulting scrambled labeling 

patterns were evaluated using solution-state NMR techniques to determine the disposition 

of the scrambling and then compared to spectra of selective labels present in the 

scrambled spectra.  The difference in the extent of the labeling between the two types of 

residues was sufficient to infer Gln and Asp assignment by comparison of intensities of 

the Gln/Asp and Asp/Gln samples.  Comparisons of spectra obtained in perpendicular 

and parallel bicelles (Figure 3.1.C and D respectively) contributed to the assignment 

process by identifying a number of resonances that are partially overlapped in the spectra 

of perpendicular bicelles. Finally, the complexity of some selectively labeled samples 

required the assignment of some residues to be based on the observation of a splitting 

during 15N chemical shift evolution using proteins doubly selectively labeled with 13C’ 

and 15N (Figure 3.3) (Cross and Opella, 1985; Sinha et al., 2005).  15N labeled sites 

preceded by an amino acid labeled with 13C’ would give rise to a splitting from the 13C’-

15N dipolar coupling when acquired in the absence of 13C decoupling. 

In the spectra observed for MerFt, a single resonance is observed for each labeled site, 

suggesting that the protein is homogenously reconstituted into the bilayer of the bicelle.  

The limited spectral intensity within the range of isotropic chemical shifts (105-125 ppm) 

suggests that the protein likely adopts a stable structure in phospholipid bilayers.  

Whenever resonances were spread across the full 15N and 1H chemical shift ranges in 

spectra of selectively 15N labeled samples, the measurements were repeated using both 
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PISEMA (Wu et al., 1994) and SAMPI4(Nevzorov and Opella, 2003a; Nevzorov et al., 

2007) at several different 1H resonance offset frequencies to ensure that the same scaling 

factor was effective for all of the dipolar coupling measurements.  While the sensitivity 

of the scaling factor to offset was a known and established limitation of the PISEMA 

experiment, the SAMPI4 experiment has been shown to be insensitive to 1H resonance 

offsets (Nevzorov and Opella, 2007) eliminating the need to stitch together PISEMA 

spectra acquired at several 1H offset frequencies in order to accommodate anomalous 

dipolar couplings.   

Given the number of resonances expected for the MerFt protein and the 

distribution of resonances in the observed spectra, the conformation of MerFt appears to 

effectively segregate the majority of resonances from the terminal and loop region away 

from the resonances of the TMDs.  The segregation of signals from residues in trans-

membrane helices and those in irregularly structured loop or terminal segments into two 

distinct spectral regions is sufficient to assign some resonances in the spectra of 

selectively labeled samples. The MerFt sequence contains only two phenylalanine sites.  

Based upon the structure of MerFt in micelles, one site is in the N-terminal segment (F23) 

and the other is in a transmembrane helix (F54). The observation of two discrete 

resonances in the phenylalanine spectrum, of which only one resonance falls within the 

spectral space of the TMDs, allows the two sites to be specifically assigned.  Notably, the 

identification of the resonance of F54 also serves to index the phasing of the second 

transmembrane helix. The relatively well-defined wheel-like pattern of resonances in the 

PISEMA spectrum in Figure 3.2.A can be fit to the spectral patterns created by an 

idealized helical structure; the mapping of the idealized PISA wheels onto the 
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experimental spectra allows an initial approximation of the tilt angles of the TMDs 

(Marassi and Opella, 2000). Shown in Figure 3.2.A is a PISA wheel defined by an 18° tilt 

angle of an helix trace defined by fixed dihedral angles (Φ =-61, Ψ -45).  For the 

purposes of interpreting the MerFt spectra, PISA wheels using a common tilt angle were 

applied.  Resonances from the Ile, Leu and Val residues could be readily identified by 

comparison of the spectra obtained from the selectively and uniformly 15N labeled 

samples. Guided by the amino acid sequence, two ideal PISA wheels (with the same tilt 

angles) were generated by simultaneous least-square fitting to the resonances from the 

Phe, Tyr, Ile, Leu, and Val residues in the trans-membrane helices. The resonances once 

fit to a PISA wheel then define the phase of the PISA wheel and hence can be used to 

predict the spectral location of other resonances in the helical segment.  The assignment 

of resonances to specific residues in the loop and terminal segments of MerFt was 

facilitated by the elimination of resonances due to the prior assignment of the helical 

region of the spectrum. Some resonances could be assigned in the N-terminal region due 

to the existence of only a single possibility for the type of amino acid after the resonances 

from the helical residues were assigned: I13 and F23. 

Comparisons with constructs of MerF containing different N-terminal sequences 

helped discriminate among possibilities when there was more than one residue of a type 

in the loop or terminal segments. Due to the previous study of MerF in micelles, the loop 

region was shown to be stable between the protein constructs, while the N-terminal 

segments exhibited some structural disturbance.  After resonance assignment of the 

transmembrane segments, two valine sites remained unassigned:  one site was in the N-

terminal segment and the other site was in the loop region.  Comparing the valine spectra 
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observed for MerFt and MerFm, one of the valine sites showed a significant resonance 

shift and was assigned to the N-terminal V18; the remaining resonance showing only 

minor differences was assigned to the loop V46.   

Although, the majority of resonances could be assigned in a straightforward 

manner using double-resonance experiments on selectively and uniformly 15N labeled 

samples, a few assignments required the use of 13C’ and 15N double labeled samples. 

Double selective labeling can be used to identify 15N-labeled Y in an XY pair when X is 

13C’ labeled (Figure 3.3.A) (Cross and Opella, 1985). Whenever the XY pair appears in 

the primary sequence, the one-dimensional 15N spectrum of a 13C’ X-labeled and 15N Y-

labeled sample has a doublet due to the 13C’-15N dipolar coupling. This splitting, which is 

less than 2.6 kHz and varies with the orientation of the XY peptide plane in the magnetic 

field, can be removed by the application of 13C decoupling during acquisition of the 15N 

chemical shift evolution.  Through the use of double selective labels, the 15N resonance of 

L43 can be unambiguously assigned by comparing the spectra of (13C’ Tyr, 15N Leu)-

labeled MerFt acquired without (Figure 3.3.B) and with (Figure 3.3.C) 13C decoupling 

during data acquisition. The spectrum obtained with 13C decoupling was 

indistinguishable from that obtained from a sample labeled only with 15N Leu (Figure 

3.3.D). The spectra of several of the double-labeled samples acquired without 13C 

decoupling showed only a broadening or other distortion of the corresponding 15N 

resonance. This can be attributed to a combination of an orientation of the peptide plane 

that yields a small C’-N coupling and only partial labeling with 13C.  However, as long as 

there is a discernable difference between spectra obtained without and with 13C 

decoupling during data acquisition the resonance assignments can be made with this  
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approach. Samples of MerFt were prepared selectively 13C’, 15N double-labeled with 

(13C’ Tyr, 15N Leu), (13C’ Val, 15N Leu), (13C’ Leu,15N Leu), (13C’ Gly, 15N Tyr), and 

(13C’ Pro, 15N Ala).   

The assignment of the tyrosine resonances combined elements of both the double- 

and triple resonances methods described above. The two-dimensional spectrum of 15N 

Tyr labeled MerFt shows three discrete resonances and the protein sequence contains 

three tyrosine sites. The resonance from Y60 can be assigned by inspection, since the 

resonance occurs in the second TMD and there exists only a single resonance in the TMD 

spectral region.  The remaining two resonances in the spectrum, corresponding to 

residues 42 and 45, are both in the interhelical loop. Through the use of a 13C’ Gly, 15N 

Tyr double selective label, the two resonances could be resolved.  Since only one GY pair 

occurs in MerFt, Y42 could be differentiated from Y45 by the presence of a 13C’-15N 

splitting. 

The final method applied to obtain resonance assignment exploited the ability to 

modulate the alignment of a bicelle through the addition of small amounts of lanthanide.   

Since the change in alignment is 90° relative to the applied field, the following relation 

can describe the spectral differences observed in the chemical shift: 
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isoiso σσσσ      Eq 3.2 

Where σiso is the isotropic chemical shift, σ║ is the chemical shift observed in 

parallel bicelles, σ┴ is the chemical shift observed in perpendicular bicelles, and S║ and 

S┴ are the order parameters observed for each alignment (De Angelis et al., 2006b).   

 



 69

Table 3.1 
Tyrosine Resonance Assignment Using Isotropic Chemical Shift Mapping 
Assigment  Experimental  Calculated 
  2(σ1

┴ - σ2
┴) 3(σ2

iso - σ1
iso) σ2

║ - σ1
║ 

Y42 σ1
┴ = 132ppm 16±3 -9±4 7±5 

Y45 σ2
┴ = 124ppm    

Y42 σ1
┴ = 124ppm -16±3 9±4 -7±5 

Y45 σ2
┴ = 132ppm    

An uncertainty of ±1  ppm is assumed on all measurements. 
 

Since a change in the order parameter is generally not observed through the addition of 

lanthanide, the ratio of order parameters reduces to one.  In spectra containing degenerate  

resonances for which there exists a definitive resonance assignment of the isotropic 

resonances, the above relation can be extended to include a set of chemical shifts: 

    2     Eq 3.3 ||
1

||
21221 )(3)( σσσσσσ −=−+− ⊥⊥ isoiso

Through the measurement of the difference between the observed resonances in 

the perpendicular bicelles and assigned isotropic chemical shifts, a prediction can be 

made regarding the separation of the resonances observed in the parallel bicelles (De 

Angelis et al., 2006b).  To illustrate the application of chemical shift comparison, the  

tyrosine label was used due to the presence of two similar resonances in the loop and 

previous determination using a double selective label of 13C’ Gly and 15N Tyr.  In 

perpendicular bicelles, two resonances are observed at 132 and 124ppm.  Based upon 

previous solution state studies of MerFt in micelles, the two isotropic chemical shifts of 

the two tyrosines were known (σisoY42=119.7ppm and σisoY45=116.9ppm).  The two 

possible assignments of the two resonances were tested and the distance between the 

resonances in the parallel bicelle were predicted and summarized in Table 3.1. 
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While the attempt to examine relative peak position effectively eliminates the 

problems that may arise from misreferenced spectra, it creates ambiguity as illustrated 

with both possible resonance assignments giving rise to resonances separated by 7ppm.  

The use of relative peak differences also effectively limits the application of resonance 

assignment by isotropic chemical shift mapping to sets no larger than pairs.  Due to the 

differences observed in dipolar couplings, through the use of 2D SAMPI4 and PISEMA 

spectra, resonances in perpendicular bicelles can be correlated to the corresponding 

resonance in the parallel bicelle and the set can be used to predict a corresponding 

isotropic chemical shift.  The evaluation of isotropic chemical shifts calculated from the 

two bicelle alignments and assayed in a site by site basis against the isotropic chemical 

shifts observed in micelles offers a far more reliable means of obtaining resonance 

assignment, so long as care is taken to ensure compatible spectral referencing, and will be 

illustrated in the resonance assignment of the larger MerF proteins. 

 

3.3 Structure Calculation of Proteins in Aligned Bicelles 

Prior to structure calculation, the resonance assignments made across a multitude 

of spectra are mapped back to a common uniformly labeled spectrum aligned in 

perpendicular bicelles.  In the case of MerFt, the spectrum to which assignments were 

mapped was created by splicing together spectra collected on a 15N labeled sample using 

two different experiments:  PISEMA (>105ppm) and a SAMPI4 (<105ppm).  In the cases 

where the observed dipolar couplings were less than 500Hz, half the value of the 

coupling measured on the correlated resonance observed in the perpendicular bicelles 

was used.  The chemical shift values of the two prolines are both mapped to the single 
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resonances observed for the 15N proline labeled spectrum.  The experimental dipolar 

coupling frequencies are shown in Appendix 3.1 and serves as the restraints calculation 

of the three-dimensional structure of MerFt using the previously described structural 

fitting algorithm (Nevzorov and Opella, 2003b), modified for the application of data 

collected in perpendicular bicelles (Ramamoorthy, 2005).   By taking into account the 

bicelle order parameter, S, arising from the fast restricted “wobble” motion of bicelles, a 

simple set of relations can be used to relate the measured anisotropic interactions in 

bicelles to the previous convention of bilayers deposited on glass plates with the bilayer 

normal parallel to the applied field: 

bilayerbicelle

bilayersobicelle
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     Eq 3.4 

Where σiso is the isotropic chemical shift for a given resonance, S is the bicelle order 

parameter, σx are referenced shifts, and νx is the frequency of the dipolar couplings for 

the respective alignment systems (Ramamoorthy, 2005). For the ease of implementation 

in the existing structural fitting algorithm, chemical shifts and dipolar couplings 

measured in the perpendicular bicelles are related to the values, which would be observed 

in aligned bilayers.  In order to improve the structure calculation, explicit values of σiso 

were taken from the previous MerFt resonances assignments in micelles rather than 

applying a generic σiso = 121ppm derived from the principal components of the applied 

chemical shift tensor.  The structure is calculated by iteratively finding solutions for the 
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peptide plane orientations of adjacent residues obtained from the alignment frequencies 

while searching over a defined range of dihedrals (Φ and Ψ) as previously described 

(Nevzorov and Opella, 2003b). The fitting is accomplished by minimizing the difference 

between the experimental and calculated frequencies using a closed-form expression, 

relating 15N chemical shift and 1H-15N heteronuclear dipolar coupling for the neighboring 

amide sites in terms of peptide plane rotations within the angular space of Φ and Ψ 

(Nevzorov and Opella, 2003b).  Polytopic membrane proteins present a more complex 

situation for structure calculations than the earlier monotopic examples mainly because 

the proteins contain a much larger number of resonances occurring in regions not 

associated with a defined secondary structure element for which the Ramachandran 

dihedral space cannot be restricted to a limited range of solutions for the torsion angles Φ 

and Ψ. Mapping of the spectra onto a three-dimensional backbone structure is not unique, 

and structures showing diverse features can still be consistent with a given set of 15N 

chemical shifts and 1H-15N dipolar couplings. A possible avenue for resolving structural 

degeneracy is through the incorporation of additional experimental measurements into the 

structure calculations; however, the level of development of additional experiments to 

measure additional anisotropic interactions and correlate the interactions to specific sites 

are not routinely available for protein structure determination.  Through the inclusion of 

additional pseudo-restraints, the structures generated explicitly from 1H-15N dipolar 

couplings and 15N chemical could be converged to unique families of solutions.   

For further defining the structure of the MerFt in aligned bicelles, the two types of 

supplemental constraints incorporated into the structure calculations are based on 

Ramachandran plots derived from high resolution crystal structures of globular proteins  
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and on the helix-helix packing arrangements observed in membrane protein crystal 

structures. The recently compiled individual Ramachandran (RAMA) plots for prolines, 

glycines, pre-prolines, and the general type including all other residues are a substantial  

improvement over previously available plots (Lovell et al., 2003). The contour plots 

defining the Ramachandran dihedral space were derived from high-resolution protein 

structures excluding the secondary structure regions (i.e. α-helix and β-sheet). The 

Ramachandran plots are highly effective in limiting the torsion angle space 

(combinations of Φ and Ψ) available for the loop residues, ultimately resulting in 

improved structural convergence. For the helical regions the structural solutions were 

sought within pre-defined limits relative to the ideal values, Φ = -61°, Ψ = -45°, with an 

error limit of 10° (Hildebrand et al., 2004; Thiriot et al., 2004). The N-H bond length was 

fixed at 1.5Å in all calculations, including Dipolar waves, and three sets of 15N chemical  
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shift tensors were applied based upon the residue type: for non-glycines (σ11=64 ppm, 

σ22=77 ppm, σ33=222 ppm), for glycines (σ11=41 ppm, σ22=64 ppm, σ33=215 ppm), and 

for prolines (σ11=38 ppm, σ22=127 ppm, σ33=231 ppm) (Waddell et al., 2005). The  

proline residues are a special case both because their 15N chemical shift tensor is 

significantly different from that of an amide nitrogen in a peptide bond and the absence 

of an N-H bond to provide a second orientational restraint from a dipolar coupling. The 

angle between the N-H(R) bond vector and the σ33 component of the 15N chemical shift 

tensor was 18.5° for all non-proline residues and 20° for proline residues (Figure 3.4). 

The second type of supplemental restraints was terms to define the extent of helix 

packing and applied as a filter of structures after calculation.  Helix packing in membrane 

proteins can be parameterized by δ and r, which are defined in Figure 3.5. The parameter 

δ describes the relative displacement of the two trans-membrane helices in the z-direction 

and reflects hydrophobic matching (Park and Opella, 2005). Specifically, the term 
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restricted the extent of vertical displacement between the Cα of the first hydrophobic 

residue of the first helix and the Cα of the last hydrophobic residue of the second helix to 

±δ(Å). Since the distance between the α-carbons of any two adjacent residues is 3.8 Å, 

which can be regarded as a rather large displacement, δ = ±1.5 Å was selected as the 

maximum allowed deviation. The choice of δ was derived from the analysis of the thirty-

five trans-membrane helices in bacteriorhodopsin (Luecke et al., 1999) (PDB 1C3W, 7 

TM helices), halorhodopsin (Kolbe et al., 2000) (1E12, 7TM helices), a photosynthetic 

reaction center (Katona et al., 2003) (1OGV, 10TM helices), KcsA (Zhou et al., 2001) 

(1K4C, 2TM helices), and Ca ATPase (Toyoshima et al., 2000) (1SU4, 9 TM helices). 

These examples were chosen because their crystallographic z-axes are coincident with 

the normal to the membrane plane, enabling the z-positions of the Cα atoms to be directly 

examined.  The Cα atoms of the highly hydrophobic residues (Ile, Val, Leu, Phe, Trp) 

located near the ends of the trans-membrane helices could be simultaneously confined 

between two bounding planes which are roughly 3 Å apart and which lie in the 

membrane interface region. Moving the planes up or down by as little as 1 Å would cause 

hydrophilic residues to appear. Moreover, the corresponding bounding planes on the 

other side of the membrane could be found by a simple translation in the z-direction by 

21 Å - 23 Å, which corresponds to an average depth of the hydrophobic membrane 

interior. Among the few exceptions were lysines whose side chains may snorkel.  Based 

upon the Dipolar waves fits, the first residue of the first helix was defined as Val 26 and 

the last residue of the second helix was defined as Ile 62. 

In addition to the z-filter, an additional distance restraint was applied to reflect 

lateral helix packing.  Based upon the earlier solution study as well as the spectroscopic  
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results in aligned bilayers, there exists a strong probability that the two TMDs settle into 

some compact, associated form.  In order to reflect this helix association, solutions were 

filtered by restricting the amount of distance allowed between the Cα of the middle  

residues in each helix to between 8 Å and 15 Å (Reddy and Blundell, 1993; Bowie, 

1997). Based upon Dipolar waves, G32 was defined as the center of the first helix and 

G56 was defined as the center of the second helix. 

The final element that influences the structural convergence observed in the 

models created by structural fitting is the thresholds of acceptable tolerances.  In the 

sequential fitting of each peptide plane, values of Φ and Ψ are varied until the difference 

between the experimental and the calculated 15N chemical shift and 1H-15N dipolar 

coupling are beneath a threshold value.  Ideally, the allowable error threshold should be 

related to the uncertainty in the measurement of the interactions and the relation of the 

interactions to the molecular frame.  In the structural fitting of the MerFt anisotropic 

interactions measured in aligned bicelles, the thresholds were varied depending upon the 

segment of the protein.  The limits for the error applied during structural fitting of the set 
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of 15N chemical shift and 1H-15N dipolar couplings are listed in Appendix 3.1.  For the 

transmembrane segments, an error of 100 or 750Hz was applied to most resonances.  For 

the loop region, the error was reduced to 100Hz.  In an attempt to maintain restricted 

thresholds throughout the structural fitting, three points required significant relaxation of 

the thresholds in order to prevent failure of the structural fitting algorithm.  Ultimately to 

allow for structural fitting, three pseudo values were applied:  S37 (88.3ppm, 2949Hz), 

G56 (79.8ppm, 2556Hz), and K65 (86.3ppm, 3893Hz).   

The calculated three-dimensional backbone structure of residues 27 – 68 of MerFt 

is illustrated in Figure 3.6 (PDB 2H3O).  Several thousand structures that satisfy both the 

NMR data and the Ramachandran restraints were calculated in this way. The application 

of the δ-restraint on V26 and I62 selects roughly one out of every ten structures, and the 

further application of the weak distance restraints on residues G32 and G56 results in a 

close set of about 20 structures having RMSD of ~1.5 Å for residues 27 – 68 of MerFt. In 

order to include all possible torsion angle solutions consistent with the experimental data, 

as the structural fitting progressed from residue to residue, the starting Φ and Ψ values for 

the loop residues were randomized within ±180°. Significantly, the resulting calculated 

structures were not highly sensitive to minor changes of parameters or small deviations of 

the spectral frequencies, within the limits of the experimental measurements. For 

example, imposing the helix packing constraints with other pairs of residues, such as L27 

and A61 (for δ) or V33 and I55 (for r) yields structures that are essentially 

indistinguishable filters the same models as shown in Figure 3.6. 
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3.4 Concluding Remarks 

The initial structure determination of the core of MerFt in aligned bicelles served 

as a proving ground for expanding structure determination methods based upon solid-

state NMR experimental data and represents the first structure of a bi-spanning protein 

solved using only 15N CSA and 1H-15N dipolar couplings.   The extension of structure 

determination methods to proteins of increased structural complexity using conventional 

NMR techniques requires the resolution of two issues.  The first is obtaining adequate 

spectral resolution to define and extract precise and accurate measurements, and the other 

is a means to obtain extensive resonance assignment in order to apply the spectral 

measurements to structure determination.  The structural study on MerFt was one of the 

first efforts to revisit the application of large “q” bicelles to give static alignments of 

membrane protein(Howard and Opella, 1996).  Relative to the previously utilized 

standard of bilayers deposited on glass plates, the aligned bicelles offer remarkable 

improvements in spectral quality.  In order to obtain complete resonance assignment, the 

previously utilized shotgun assignment strategy in conjunction with selective labeling 

was expanded to compensate for the increased spectral complexity.  Two additional tools 

for obtaining resonance assignment of statically aligned samples were employed.  While 

each amino acid may have a high occurrence within a given protein sequence, the 

occurrence of a specific amino acid pair will naturally have a lesser occurrence in the 

protein sequence.  Through the introduction of a second label at the 13C’ site in 

conjunction with conventional 15N labeling, the second amino acid of specific amino acid 

pairs can be identified when the preceding amino acid is 13C’ labeled and the second 

amino acid is 15N labeled due to the presence of a splitting arising from the 13C’-15N 
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dipolar coupling observed during 15N chemical shift evolution.  The second tool for 

resonance assignment exploited the ability to sample two alignments with the bicelles.  

Through the change in alignment, the change in chemical shifts observed in both 

alignments can be related to the isotropic chemical shift.  The isotropic chemical shifts 

related to the shifts observed in the two alignments should be analogous to the chemical 

shifts observed in micelles or other isotropic media, where specific resonance 

assignments can be robustly determined using conventional solution-state NMR 

correlative techniques.  Therefore solution-state NMR resonance assignments can be 

relayed to facilitate in making solid-state assignments.  With resonance assignment, 

structure determination using the previously described structural fitting algorithm is 

possible.  Due to the degeneracy inherent in the measured interactions and the modes of 

alignment, in order to obtain a convergent structural family, the structural fitting 

algorithm was expanded to include additional empirical restraints.  The first additional 

restraints directly influenced the structures generated and were in the form of updated 

Ramachandran maps serving as a basing of restricting the Φ and Ψ space search by the 

algorithm for non-helical segments.  The second type of additional restraints were in the 

form of post-calculation structural filters designed to screen for structures that satisfied 

hydrophobic matching and helix packing conditions.  With the additional restraints, a 

family of structure for the helical core of MerFt, residues 27-68 could be determined from 

the 15N chemical shifts and 1H-15N dipolar couplings.  
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A part of the work present in Chapter 3 was published as the following three articles: 

“Structure determination of a membrane protein with two trans-membrane helices in 

aligned phospholipid bicelles by solid-state NMR spectroscopy” by  De Angelis, AA., 

Howell, SC., Nevzorov, AA., and Opella, SJ.  J Am Chem Soc, 2006, 128(37), 12256-67. 

“Assigning solid-state NMR spectra of aligned proteins using isotropic chemical shifts” 

by De Angelis, AA., Howell, SC., and Opella, SJ., J Magn Reson, 2006, 183(2), 329-32. 

“SPINAL modulated decoupling in high field double- and triple-resonance solid-state 

NMR experiments on stationary samples” by Sinha, N., et al., J Magn Reson, 2005, 

177(2), 197-202. 

 
 



4 Structure and Dynamics of the Terminal Domains of MerF 

 

4.1 Design of MerF Analogues to Elucidate Terminal Domains 

The initial studies of MerF in micelles utilized two protein constructs, MerFt and 

MerFm.  Evidence of divergence near the sites of the two truncations was found (Howell 

et al., 2005).  The differences prevented attempts at using both constructs to extend the 

structure of the core domain into the terminal segments.  A strategy of reintroducing the 

truncated segments one at a time was utilized to facilitate spectral assignment and 

structure determination of the terminal segments.  An additional benefit of incrementally 

reintroducing the terminal segments was found in the ability to evaluate the constructs for 

interactions between the two termini. 

 To assess the properties of the termini of MerF, four constructs were evaluated.  

The linear sequences for the MerF constructs are compared in Figure 4.1.  Two proteins 

were previously utilized to determine the structure of the core domain of MerF:  MerFt, 

residues 13-72, and MerFm, residues 2-81.  Two additional proteins were constructed by 

sub-cloning from the parental MerFm sequence:  MerF2-72, residues 2-72, and MerF13-81, 

residues 13-81.  Each of the four protein constructs was prepared with cysteine to serine 

mutations at residues 21, 22, 71, and 72.  Unless otherwise indicated, the protein 

constructs containing cys-to-ser were utilized to facilitate spectral interpretation and 

structure determination.  All protein constructs were cloned into the pET31(+)b vector to 

utilize expression with a removable N-terminal KSI fusion and C-terminal polyhistidine 

tag to improve protein expression levels and facilitate protein purification as previously 

described (Howell et al., 2005).   

81 
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4.2 Dynamic Properties of MerF in Micelles 

Structure determination of the N-terminal segments was based upon extending the 

pre-existing core structures.  From the original experiments utilizing MerFt and MerFm, 

the majority of assignments had either already been completed or were readily 

interpretable due to the limited chemical shift differences observed between the 

homologous domain of each protein construct.  Shown in Figure 4.2 (A-D) are 

representative 1H-15N HSQC spectra for each of the protein constructs in SDS micelles.  

Comparing the 1H-15N HSQC spectra of each protein construct, the preservation of most 

spectral features, representative of the 40-residue helix-turn-helix core, is evident.  There 

are no increases in spectral linewidths or doubling of observed resonances in each of the 

spectra, which could be indicative of additional sample heterogeneity or the propensity of 

the micelles to support higher oligomeric states.  Based upon gel shifts observed using 

SDS-PAGE and retention times during gel-filtration purification of the proteins, no 

higher order oligomers were evident for the protein in isotropic micelles.  Isotropic  
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chemical shifts have been previously shown to be highly sensitive to structural changes 

and able to act as an index of structural homology between proteins, when assessed by 

directly correlating the chemical shifts between the protein samples or when evaluating 

between different protein constructs.  For each of the MerF constructs, chemical shift 

differences give a means for evaluating the structural differences induced by the 

truncation of the terminal domains.  The localization of these truncation induced 

structural changes are illustrated in the comparison of the two additional constructs 

containing either a N- or C-terminal truncation to the doubly-truncated MerFt and the 

full-length MerFm.  Shown in Figure 4.2 (E-H) are maps of the magnitude of chemical 

shift difference of the MerF2-72 and MerF13-81 proteins relative to MerFt and MerFm.  In 

MerF13-81, the mapping of chemical shifts against the shifts of MerFt (Figure 4.2.E) 

reveals the anticipated deviations at the C-terminus and the negligible changes at the N-

terminus.  Relative to MerFm (Figure 4.2.F), significant differences at the N-terminus are 

apparent, whereas the intact C-termini in each construct appear to be highly homologous.  

This comparison of chemical shifts between the three constructs:  MerF13-81, MerFt and 

MerFm, would suggest that in an SDS micelle, the ability of the intact C-terminus to 

interact with the truncated N-terminal segment is limited, and the C-terminal segment 

still adopts a conformation highly homologous to the conformation observed in the full-

length protein.  The mapping of the chemical shifts of MerF2-72 to the shifts of MerFt 

(Figure 4.2.G) reveals the anticipated divergence of N-terminal resonances while 

exhibiting strong similarity between the truncated C-termini.  Relative to MerFm (Figure 

4.2.H), the entire length of the protein shows minor chemical shift difference, with only a 

modest increase at the C-terminus.  This comparison between the three constructs:   



 86

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 87

MerF2-72, MerFt, and MerFm, indicates that in an SDS micelle, the intact N-terminus 

adopts a different conformation than the truncated N-terminus.  The convergence of 

chemical shifts shown for the C-terminus of MerF2-72 and MerFm would suggest the 

ability of the intact N-terminus to influence the truncated C-terminus, driving it to 

conformation more homologous to the form found in the full-length protein. 

In addition to chemical shift comparisons, another critical feature to be evaluated 

for structure determination utilizing anisotropic interactions is the extent of motional 

averaging experienced by the protein.  Since the anisotropic interactions are limited to the 

1HN and 15N spin pairs, the 1H-15N heteronuclear NOE experiment offers a powerful 

means of assessing local backbone motions (Farrow et al., 1994; Lee et al., 2003).  

Across all the MerF constructs, the common topology of the proteins is reflected in the 

observed NOEs.  Previously, for the structure determination of the core of MerF, the 

large, positive and similar intensities of the NOEs observed for the segment of the protein 

spanning both TMDs was used to rationalize the treatment of RDCs in that segment using 

a common alignment.  This region of limited backbone dynamics from residues 24 to 67 

is evident in all four MerF constructs.  In the N-terminal segment preceding the bi-

spanning core, residues 17-23, all of the protein constructs show some minor evidence of 

increased backbone dynamics.  For protein constructs containing a truncated N-terminus: 

MerFt and MerF13-81, the beginning of the polypeptide shows evidence of significant 

backbone dynamics.  For the protein constructs containing an intact N-terminus:  MerF2-

72 and MerFm, the initial segment of the N-terminus, residues 2-16, shows evidence of 

reduced dynamics analogous to the rigidity observed for the bi-spanning core.  At the C-

terminus, the NOEs reveal a common feature of enhanced dynamics in the segment 
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following residue 67.  Essentially the entire segment of either the intact or truncated C-

terminus is highly dynamic, with only a small segment, residues 75-77, common between 

both protein constructs containing an intact C-terminus, showing evidence of reduced 

mobility.   

 The application of RDCs for de novo structure determination requires that the 

segments containing the measured couplings are undergoing correlated molecular 

motions.    In order to extend the structure of MerF beyond the previously determined 

core domain, datasets containing rigid, structurally homologous segments at unique 

alignments must be obtained (Figure 4.3).  Based on the 1H-15N NOEs observed for the 

C-terminal segments, the dynamic motion of the C-terminus prevents the analysis of the 

measured RDCs.  At the N-terminus, the decreased NOEs observed for the segment 

containing residues 17-23 may give rise to attenuated RDCs; however, in the context of 

the current study, this dip in the 1H-15N NOE plot is not treated as an increase in 

dynamics.  The remainder of the N-terminus, residues 2-16, should not give attenuated 

RDCs and can be fit to a common alignment frame as the bi-spanning core. 

 An integral component of applying multiple RDC datasets to the structure 

determination of the MerF core in micelles, utilizing the MerFt and MerFm proteins, was 

the ability of each protein to adopt a unique alignment in strained polyacrylamide.  The 

difference observed in the alignment of the two proteins is likely due to the change in the 

overall molecular shape, arising from the different structural properties of the truncated 

and the intact N-terminus.  From the interpretation of the dynamic data collected on each 

of the proteins, little structural information was expected to be available for the truncated 

N-terminus or the C-terminus, neither the intact nor the truncated form.  This 
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interpretation of these segments as regions of enhanced dynamics is again repeated in the 

attenuation of the RDCs to near zero coupling values for the segments containing 

residues 13-24 for a truncated N-terminus and residues 70-81 for the C-terminus.  In 

extending the structure of MerF to include information contained in the structured 

domain seen in the intact N-terminus, the ability to achieve a unique molecular alignment 

for each protein containing a structured N-terminus is necessary to resolve the 

degeneracy inherent in the RDC data.  Several unique features are apparent in the 

residual dipolar coupling sets measured for the protein constructs with an intact N-

terminus.  Previously used to assess the alignments observed for MerFt and MerFm, the 

relative magnitudes and phasing of the Dipolar Wave fits to the transmembrane segments 

were able to assess similarity or differences in the protein alignments (Mesleh and 

Opella, 2003; Howell et al., 2005).  Comparing the relative, average magnitudes of the 

Dipolar Wave fits, MerF2-72 produces wave fits to the two helices with approximately the 

same magnitude, whereas MerFm produces wave fits with the magnitude of the first helix 

being approximately double the magnitude of the second.  Comparing the phasing of the 

Dipolar Wave fits of the two helices, the first transmembrane domain fits to a similar 

phase but gives approximately an 180˚ phase difference in the phasing observed for the 

second helix.  For the application of the two RDC datasets to extending the structure of 

MerF, the greatest difference between the two residual coupling datasets, collected on 

proteins containing intact N-termini, is the drastic difference in the magnitudes of RDCs 

measured for the N-terminal resonances.  The couplings for MerF2-72, effectively span the 

full breath of couplings strongly suggest the existence of a rigid segment existing in the 

same correlation regime as the bi-spanning core and surrounding micelle.  A notable 
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point of concern regarding the RDC dataset collected for MerF2-72 is the low quality of 

the Dipolar Wave fit of the couplings for the transmembrane segments.  The poorness of 

fit, assessed by the RMSD of the Wave to the experimental points, could be indicative of 

helical deviation from ideality or could be reflecting the level of precision of the 

measurements due to the broad linewidths in the IPAP-HSQC spectra used to measure 

the couplings (Ding and Gronenborn, 2003).  

 Incorporation of the residual dipolar couplings observed for the N-terminal 

residues of protein constructs containing an intact N-terminus was similar to the method 

previously described for the structure determination of the bi-spanning core of MerF in 

micelles.  In order to parameterize the alignment tensor for the sparse dipolar coupling 

dataset, helical segments of the protein and the N-terminus were subjected to iterative 

fitting the observed couplings to a simple sinusoid over a two dimensional grid space 

defined by the magnitude and rhombicity of the alignment (Mesleh and Opella, 2003; 

Howell et al., 2005).  Each structure element defined to be rigid were independently fit 

and used to compile a composite grid surface of the alignment.  Previously, only helical 

segments were used to parameterize the alignment; however, from the magnitude and 

range of the N-terminal MerF2-72 data, parameterization of the alignment from the helical 

segments alone would give rise to a biased an alignment tensor, potentially with a 

significant number of couplings observed for the N-terminal segment outside of the 

defined alignment tensor space.   As a result composite alignment tensors were calculated 

for the protein constructs being used: MerFm (Da=-7.14, R=0.33) and MerF2-72 (Da=-

9.69, R=0.65).  Due to the inability to measure RDCs for several N-terminal sites due to 

resonance overlap, only the couplings for residues 10-67 were incorporated in the 
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structure calculation.  In order to improve convergence of the structure of the core 

domain, RDCs from residue 26-64 of MerFt, as previously parameterized, were included 

in the structure calculation.  The inclusion of MerFt RDC data was based upon previous 

efforts determining the core of MerF, which illustrated that the truncation effects 

observed in MerFt were not propagated into the core helical hairpin.  Additional 

convergence of the core domain was achieved by applying a radius of gyration over the 

transmembrane segments as well as weak torsion angle restraints for the interhelical loop 

as previously described.  

Structure calculation was performed with a similar protocol previously used to 

calculate the core (Howell et al., 2005), with the principal modifications to allow for the 

incorporation of additional RDC datasets.  An extended template of the peptide generated 

from the defined topology definitions in XPLOR-NIH (Schwieters et al., 2003a) were 

annealed against dihedral angular restraints having a force constant of 300 kcal / K in the 

helical regions predicted by Dipolar Wave analysis of the RDCs.  The dihedral restraints 

were restricted by an error bound of 1˚ during 10ps of hot dynamics at 3000 K to promote 

the formation of the helical segments of the protein and maintained during slow cooling 

to minimize helical distortion under the applied RDCs.  The RDCs were introduced 

during the slow cooling using a linearly increasing force constant as the temperature was 

decreased to 25 K in steps of 12.5 K over 120 ps.  Due to the anticipated increased error 

in the protein constructs with an intact N-terminus arising from increased linewidth and 

decreased resolution, the couplings from MerFm and MerF2-72 were fixed with an error 

bound of 1.50 Hz while the MerFt couplings remained at 1.05 Hz as previously described.   
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The generated structures were tested for divergence from the experimental restraints, and 

structures showing divergence of greater than 10˚ from the Dihedral angular restraints 

generated by Dipolar Wave fitting, 1.25 Hz deviation from couplings obtained from 

MerFt, and 1.90 Hz deviation from couplings obtained from MerFm and MerF2-72 were 

rejected.  The ensemble of structures determined shown in Figure 4.4, displays a 

convergence of the core domain similar to the previously obtained using MerFt and 

MerFm is obtained; however, some divergence of the angle and phasing between the two 
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structures is discernable.  For the segment containing residues 10-24, the ensemble shows 

divergence of the random coil structures at the N-terminus.  The inability to fit the 

observed RDCs of the N-terminus to secondary structure elements eliminates the option 

of restricting the dihedral space for the segment, which would aid in limiting the 

conformational space sampled by the peptide during structure calculation and would 

result in reduced family of structures.  The divergence of the structures for the N-terminal 

segment illustrates the limitation of obtaining structural convergence using multiple 

alignments while measuring a single spin-pair interaction.  Convergence of this N-

terminal segment could potentially be improved by collecting additional RDC 

measurements at non-degenerate alignments or by incorporating additional anisotropic 

interactions.  While there exists a number of methods for modulating the alignment of a 

soluble protein, the ability of some detergents to disrupt several of the common types of 

alignment media limits the number of available methods for inducing weak alignment.  

One of the common methods for further modulating the alignment of a membrane protein 

in a micelle is through the introduction of charged groups into the gel matrix; however, 

due to the use of a charged detergent in the studies of MerF, application of charged gels 

either fail to give alignment or give anomalous RDCs, gauged by the inability to fit 

Dipolar Wave to known TMDs.  Incorporation of additional anisotropic interactions has 

shown promise for soluble proteins; however, due to the increased linewidths typically 

observed for membrane proteins, the ability to accurately measure additional residual 

dipolar interactions is restricted to directly bonded spin systems containing a proton.  

Within the emphasis of elucidating a methodology for the rapid backbone determination, 

the measurement of 1Hα-13Cα RDCs has been shown to be experimentally possible, 
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albeit with an additional cost to obtain resonance assignment of the Hα and Cα 

resonances and the necessity to measure using a 3D experiment due to limited chemical 

shift dispersion (Ulmer et al., 2003).  Current structure calculation methods, developed 

for the implementation of 1H-15N RDCs, have shown signs of frustration during the 

simulated annealing when mixed RDC types are utilized.  The routine implementation of 

RDC datasets from multiple spin-pair types will greatly benefit from a paradigm shift in 

the approach currently used for structure calculation, as is reflected in a number of 

emerging computational methods designed to utilize residual dipolar couplings as 

structure restraints (Valafar and Prestegard, 2004). 

 

4.3 Dynamic Properties of MerF in Aligned Bicelles 

 Based on the strategy applied to extending the MerF structure in micelles, the 

application of a step-wise reintroduction of the truncated segments was used to extend the 

protein structure in aligned bicelles.  Shown in Figure 4.5 are the 1H-15N SAMPI4 spectra 

collected in perpendicular, 14-OPC/6-OPC bicelles on the protein constructs used to 

extend the N-terminal structure by solid-state NMR experiments.  Direct comparison of 

MerFt (Figure 4.5.A) and MerFm (Figure 4.5.D) shows significant spectral differences, 

most notably in the number of resonances in the spectral region of 120-140 ppm present 

in the MerFt spectrum and absent in the MerFm spectrum.  In the previous study of MerFt 

in aligned bicelles, these resonances were assigned to residues at the N-terminus.  From 

the micelle studies of the MerF constructs, the N-terminus of MerF2-72 adopts a 

conformation homologous to MerFm and was anticipated to show similar behavior in 

bicelles.  This prediction is validated by the spectrum of MerF2-72 in aligned bicelles  
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(Figure 4.5.C), which could be mapped to the spectrum of MerFm.  However, unlike the 

behavior of MerF2-72 in micelles, a number of samples of MerF2-72 in aligned bicelles 

gave spectra highly homologous to MerFt after being spectrally analyzed several months 

after the sample was initially prepared (Figure 4.5.B).  The two spectra shown in Figures 

4.5.B and C were collected on the same protein sample under identical spectroscopic 

conditions but separated by three months time. 

Assignment of the larger MerF constructs in aligned bicelles utilized methods 

previously applied to other protein systems in the laboratory (Park et al., 2003; De 

Angelis et al., 2006a; De Angelis et al., 2006b).   Resonance assignment was achieved by 

the mapping of samples of diminished spectral complexity onto a template 1H-15N 

SAMPI4 (Nevzorov and Opella, 2003a; Nevzorov and Opella, 2007) spectrum collected 

on a uniformly 15N labeled sample in perpendicular, 14-OPC/6-OPC bicelles.  An 

overview of the experimental methods used to reduce the spectral complexity in order to 

facilitate resonance assignment will be described before the spectral disentanglement for 

MerF2-72 and MerFm is described.  One of the primary methods of simplifying spectra is 

to biosynthetically introducing 15N labeling by amino acid type.  In favorable cases, 15N 

selective labeling strategies can lead to specific resonance assignments.  As the 

complexity of the protein systems is increased, the extent of spectral segregation obtained 

by selective labeling and the ability to obtain discrete resonance assignment from 

selective labeling is diminished.  Shown in Figure 4.6.B, four valine sites are in the MerFt 

protein sequence, four sites are predicted to be in the first transmembrane segment and 

only one site is outside the transmembrane segments based on the structure observed in 

micelles.  The unique valine site allowed for specific assignment of valine 18 in MerFt  
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and the fitting of an ideal helix to the remaining four resonances not only allows for 

unique assignment based upon the pattern at which the resonances occur, but also allows 

for parameterization of the orientation of the first helix for prediction of the other sites in 

the first helix.   In moving to the larger protein constructs, the only observed resonances 

for valine sites are found in the spectral space associated with transmembrane helices.   

Additionally, for eight valine sites, only six distinct resonances are observed.  Similarly 

for the phenylalanine sites (Figure 4.6.C), only two sites are present in MerFt, and two 

discrete resonances are observed in the selectively labeled spectrum.  Of the two sites 

only one is predicted to be transmembrane, which allows for specific assignment as well 

as setting the phasing for the second transmembrane helix.  In the larger constructs, 

where three resonances are expected, only two resonances are observed in the spectra of 

MerF2-72 and MerFm.  Additionally, due to the propensity of integral membrane proteins 

to contain hydrophobic amino acids, some amino acid types such as leucine (Figure 

4.6.D), are still significantly populated in the selective label inhibiting resonance 

assignment. 

The application of double selective labeling, labeling one amino acid type with 

13C at the carbonyl position and a second amino acid type with 15N, provided resonance 

assignments through the observance of a splitting of the 15N resonance due to the 15N-13C 

dipolar coupling when the labeling pattern contained an 15N label amino acid preceded by 

an amino acid containing a 13C’ label (Cross and Opella, 1985; Sinha et al., 2005; De 

Angelis et al., 2006a).  The ability to obtain specific assignment through the use of 

double selective labeling provides a means to obtain specific resonance assignment as 

long as the labels can be introduced, the magnitude of the 15N-13C dipolar coupling is 
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large enough to give an observable splitting of the resonances, and the amino acid 

sequence of the protein does not contain large numbers of degenerate pairs.  

Unfortunately this spectral segregation is obtained at a very expensive cost of 

incorporating two isotopic labels into every sample as well as potentially leading to a 

significant increase in the number of samples necessary to obtain resonance assignment.  

Rather than increasing the number of labeling patterns necessary to extract specific 

assignments, a preferable method would allow for spectral simplification using either 

uniformly labeled samples or the typically single 15N selective labels, which have a 

greater probability of being effectively labeled and may be produced at a much lower 

cost.  Due to the wealth of structural previously obtained on the MerF constructs in 

micelles, exploitation of the properties of the proteins, such as H/D exchangeability and 

paramagnetic relaxation, offered the potential to obtain further spectral segregation and 

specific assignments from samples employing simple 15N labeling patterns. 

The ability of the amide hydrogen in a membrane protein to undergo exchange 

with the H2O and D2O can reflect several aspects of the protein’s topology.  The inability 

of a given segment to undergo exchange can be caused by inaccessibility of the solvent to 

a given segment of the protein; for examples, due to the segment be located at the interior 

of a folded domain, localization at a protein-protein interface, or localization in the 

membrane, and a gauge of the strength of the hydrogen bonds associated with the 

segment.  Previously, the exchangeability of the MerF constructs was assessed at the 1HN 

sites by exposing the protein to increasing concentrations of D2O (Veglia et al., 2002).  

This use of increasing D2O concentrations proved to a useful tool in readily identifying 

resonances in the transmembrane domains and giving evidence of condensed structures 
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existing outside of the membrane.  This application was designed to applying the 

differences in exchange properties to segregate the spectral properties of individual 

domains of the protein observed in solid-state NMR experiments on aligned bicelles.  In 

order to maintain consistency, three samples were prepared from equal aliquots of the 

sample parental batch of protein.  A baseline was established by using the conventional, 

fully protonated sample prepared using 100% H2O as the bulk solvent.  For the second 

sample, analogous to the H/D exchanged samples used for solution-state NMR 

experiments, the protein-bicelle solution was prepared initially using 100% H2O as the 

solvent.  The solvent in the sample was removed by lyophilization.  The dried sample 

was then carefully resuspended in 99% D2O in order to avoid disruption of the formed 

bicelles.  The third protein sample was initially prepared in 6-OPC micelles with 99.9%  

D2O.  Exchange of the protons for deuterons was accelerated with the addition of 

aqueous ammonia to a final concentration of 0.1M.  The exchange was allowed to 

continue until no amide protons were visible in the spectrum when quenched by lowing 

the pH to 5 and assaying by a 15N-filtered proton 1D experiment.  The fully exchanged 

sample was reduced under a stream of nitrogen and lyophilized to a powder to remove 

excess aqueous ammonia.  The dried protein-detergent sample was resuspended in 99.9% 

D2O.  Bicelles were formed by adding the micelle solution to 14-OPC liposomes in 

99.9% D2O and thermally cycling the mixture as previously described.  Extent of the 

exchange was re-confirmed by the absence of any observed resonances in 1H-15N CP 

experiment.  The bulk solvent of the sample was removed by lyophilization, and the dried 

sample was carefully resuspended in 100% H2O in order to avoid disruption of the  
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formed bicelles.  The results of two series of experiments utilizing this method of 

resonance segregation via exchange are shown in Figure 4.7.  In the spectra of the 

uniformly 15N labeled protein sample, subjecting the protein to the different solvent 

conditions clearly allows for a reduction of the spectral complexity relative to the fully 

protonated sample (Figure 4.7.C).  In the 99% D2O sample (Figure 4.7.D), the remaining 

resonances are from highly resistant amide sites in the protein, that are protected both by 

exclusion from the solvent as well as being locked in hydrogen bonding networks.  These 

remaining resonances can be correlated primarily to the second transmembrane helix and 

a few sites at the core of the first helix, both of which could be predicted from the H/D 

exchange behavior observed in micelles.  The fully deuterium-exchanged sample, which 

was back-exchanged into H2O (Figure 4.7.E), creates a contrast image to the 99% D2O 

sample allowing the segments capable of undergoing rapid chemical exchange to become 

reprotonated and thus visible in the NMR experiment.  In this spectrum, the resonances 

capable of being reprotonated are from solvent exposed domains, such as the termini, the 

interhelical loop, and notably the end of the first transmembrane helix.  In comparison to 

the exchange profile observed for MerFm in micelles (Figure 4.7.A), the exchange 

behavior observed in aligned bicelles could be predicted from the exchange profile in 

micelles.  This partitioning of resonances can be even more useful when applied to the 

resonances observed for a single selective label.  As the protein size and complexity 

increases, the ability to obtain resonance assignment merely from single 15N selective 

labels alone is reduced.  In the case of MerFm, the 15N labeled leucine sample is expected 

to give to 14 resonances scattered across three-quarters the length of the protein.  The 

high occurrence of this amino acid type in the sequence requires additional information to 
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correlate the observed resonances to specific sites.  The application of the differential 

exchange patterns to the leucine selective label effectively segregates the twelve observed 

resonances (Figure 4.7.F) into three exchange regimes. In 99% D2O, the four discrete 

resonances can be correlated to four sites at the core of each transmembrane helix: 

residues: 30, 31, 51, and 57 (Figure 4.7.G).  In the back-exchanged spectrum, nine 

resonances can be correlated to residues: 7, 8, 17, 20, 36, 39, 43, 47, and 48 (Figure 

4.7.H).  The third exchange regime exists as an intermediate exchange regime between 

the high stable sites existing under high D2O concentrations and resistant enough to 

prevent effective back exchange when H2O is reintroduced into a fully exchanged sample 

and can be extracted by comparing the resonances, which are either absent or weakly 

present in both exchange patterns. 

 Another tool for the segregation of resonances can be found in the application of 

paramagnetic contrast agents.  As shown from solution-state NMR studies on MerF, the  

contrast agent, Gd-DTPA, can be added to the solvent to map the topology of proteins 

(Oxenoid et al., 2002).  Areas of the protein unprotected by the bilayer will exhibit PREs.  

Shown in Figure 4.8 are 1H-15N SAMPI4 spectra of MerFt contrasted with Gd-DTPA.  A 

notable difference is observed between the applications of contrast mapping in the solid 

state against the previous application in solution.  Shown in Figure 4.8.B, the sample is 

titrated with the same concentration of Gd-DTPA, which give significant contrast effects.  

In the SAMPI4 spectrum, only minor broadening is observed, which could be caused by 

errors in experimental setup.  Increasing the amount of paramagnetic species to levels 

which would essential disrupt all observable signal in a solution-state NMR experiment, a 

more pronounced PRE effect, comparable to the solution state contrasting, can be  
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observed.   For comparison, the spectra of the H/D exchange are shown since both 

experiments should contain common features. 

 In order to exploit the differences in sequence composition of the three MerF 

constructs: MerFt, MerF2-72, and MerFm, spectral resonances observed in the selectively 

labeled samples were sorted based upon the presence or absence of resonances in the 

constructs and the extent of chemical shift differences for sites common to all of the 

protein constructs.  Based upon the behavior of the three protein constructs in micelles, 

the core of the protein, from residues 28 to 62 were expected to show negligible chemical 

shift differences in aligned bicelles.  Resonances, which could be mapped to a 

corresponding resonance in the spectra for each protein construct, were separated into a 

pool from which assignments for the two helices and interhelical loop were drawn.  The 

remaining resonances were placed in a separate set from which assignments for the 

terminal segments were drawn.   Unless otherwise stated, the spectral data obtained on 

MerFm is being used as a reference for generating resonance assignments in order to 

avoid confusion regarding the conformation of the N-terminus. 

 In the case of simple protein systems, resonance assignment of a 15N shift and 1H-

15N dipolar coupling correlated spectrum, using either PISEMA or SAMPI4, is typically 

initiated from an amino acid with a single occurrence, preferably predicted to exist within 

the transmembrane sequence.  This site provides the starting point from which to begin 

predicting assignments.  In the case of the MerF constructs, no such unique labeling site 

was accessible using available labeling methods.  Secondly, due to the existence of two 

interleaved transmembrane segments, the resonances with the spectral region inhabited 

by the TMDs would need to be separated in order to make accurate predictions regarding 
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the bulk parameters of the helices by PISA wheel fitting (θ, Φavg, and Ψavg) (Marassi and 

Opella, 2000).  In order to initiate assignment, the first challenge was to discover whether 

the two transmembrane helices could be separated in order to parameterize the observed 

helices, and the second was to establish the phasing of the helix so that explicit PISA 

wheels could be used to make specific resonances assignments.   Similar to the study of 

MerFt in aligned bicelles (De Angelis et al., 2006a), the phenylalanine sites provided a 

starting point:  MerFt contains two sites, MerF2-72 contains three sites, and MerFm 

contains three sites.   Of the phenylalanine sites, only one is predicted to be in a TMD 

(F54), one should show signs of chemical shift difference between the constructs (F23), 

and one should be unique to the constructs containing an intact N-terminus.  In 

examining the spectra for all three constructs, only one resonance is common to all three 

spectra, showing negligible chemical shift differences, and exists in the spectral region 

attributed to TMDs.  Flanking F54 in the linear sequence are two isoleucines of which the 

second TMD is rich.  Using the pattern of resonances observed in the isoleucine selective 

label, the helix parameterization is defined from fitting a PISA wheel to the pattern of 

resonances observed in the 15N uniformly labeled sample in 99% D2O (θ=22°, Φavg =-

60.7°, Ψavg =-44.7°, S=0.79) (Marassi and Opella, 2000).  F54 to set the phase of the 

helix, and the resonances of I53 and I55 could be readily assigned.  Additionally, using 

PISA wheel predictions, the remaining isoleucines in the second helix, I59 and I62 could 

also be predicted.  Next the predictions were mapped onto the remaining residue types for 

the segment previously defined by RDC measurements as being helical, allowing for 

prediction of the assignments for residues 50-62.  Attempting to extend the PISA wheel 

predictions beyond I62 failed to give predictions close to observed resonances, 
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suggesting that the helix was distorted or broken.  Independent structural fitting of the 

second TMD from residues 50-62 could fit an ideal helix to the experimental data within 

an RMSD of 150 Hz. 

 With the majority of resonances from the second TMD accounted, the remaining 

spectral intensity common to all three protein constructs and occurring in the spectral 

region ascribed to TMDs could be fit to a second PISA wheel.  In the fitting of the second 

PISA wheel, the order parameter used to fit the first PISA wheel was retained (S=0.79), 

and a reasonable fit was found to an ideal helix with θ=24°, Φavg=-57°, and Ψavg=-47°.  

The parameterization of the first helix was then applied to the valine selectively labeled 

sample containing 6 resonances to determine the best fit to the –26VXVX4V34V- pattern 

present in the in the first helix.  Due to the poor quality of fit, and the possibility that V26 

could be perturbed by P25, the fit was repeated to the –28VX4V34V- motif.  The phasing 

defined the valine resonances were used to predict V26 and was confirmed by the ability 

to find resonances close to the predicted values in the leucine spectrum for L27, L30, 

L31, L36, and L39 as well as I29, A38, and T40 in their respective selectively labeled 

spectra.   The resonance assignment for L31 was confirmed by the presence of a splitting 

observed in a 15N/13C’ leucine selectively labeled sample.  The limited spectral quality 

observed in the glycine selectively labeled hindered spectral interpretation, and the 

assignments of G32 and G35 were strongly influenced by mapping back to the uniformly 

labeled sample to validate the existence of a corresponding resonance and the PISA 

wheel fit recalculated using the glycine 15N CSA tensor components (σ11=41ppm, 

σ22=64ppm, σ33=224ppm).  The inability to introduce an isotopic label exclusively at 

serines, necessitated the use of a proprietary SLS media provided by Prospect Pharma 
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(Park et al., 2006; Sinha et al., 2007), which specifically introduced labeling at 15N/13C’ 

leucine and 15N serine.  Assignment of S37 was based upon exclusion of resonances due 

to leucines through comparison of the 15N/13C’ leucine and 15N serine spectrum acquired 

without 13C decoupling with 15N/13C’ leucine spectrum also acquired without 13C 

decoupling.  The remaining spectral density in the15N/13C’ leucine and 15N serine 

spectrum was assessed for the quality of fit to the PISA wheel prediction for S37 and 

evidence of splitting or broadening due to the preceding 13C’ of L36. 

 The assignment of the residues in the helical segments of the first and second 

TMDs significantly reduces the number of resonances remaining in the set of resonances 

present in spectra of all constructs and showing only minor chemical shift difference.  Of 

the remaining resonances, some of the selective labels initially heavily populated are 

reduced to unique resonances and allow for specific assignment, such as V46 and D44.  

In remaining selectively labeled spectra containing multiple resonances, the splitting 

observed for an unassigned leucine site in the 15N/13C’ leucine spectrum collected without 

13C decoupling allows for assignment of L48, due the coupling of the preceding 13C’ of 

L47.  The remaining resonances could be sorted based upon comparison of spectra 

collected before and after the addition of lanthanide to induce an alignment change.  

Comparisons were made upon selectively labeled spectra in order to reduce spectral 

complexity and facilitate determination of discrete resonance pairs for the parallel and 

perpendicular aligned spectra.  These resonance pairs are then used to predict the 

isotropic chemical shift of the pair.  The predicted isotropic chemical shifts are then 

correlated to the observed isotropic chemical shifts observed in isotropic, 6-OPC bicelles 

(q=0.2).  In order to improve correlation of the predicted isotropic chemical shifts derived  
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Table 4.1 
Resonance Assignment Through Prediction of Isotropic Shifts  
     
15N Tyrosine Resonances of MerFm 

 
15N 

σ║(ppm)  
15N 

σ┴(ppm) 
Isotropic Bicelle

Assignment 
Observed 

15N σiso(ppm) 
1║ 191.07 a┴ 129.48 Y42 118.30 
2║ 105.55 b┴ 121.68 Y45 115.35 
3║ 99.08 c┴ 84.58 Y60 119.60 

 
Y60 c┴ →1║  

σiso predicted 120.08 ppm 
σiso observed 119.60 ppm 
∆ σiso 34 Hz 

 
Predicted 

Assignment 
Y42 

a┴ → 2║ 
Y45 

a┴ → 2║
Y42 

b┴ → 3║
Y45 

b┴ → 3║  
σiso predicted 121.50 121.50 116.30 116.30 ppm 
σiso observed 118.30 115.35 118.30 115.35 ppm 

      
Predicted 

Assignment 
Y45 

b┴ → 3║ 
Y42 

b┴ → 3║
Y45 

a┴ → 2║
Y42 

a┴ → 2║  
σiso predicted 114.15 114.15 119.34 119.34 ppm 
σiso observed 115.35 118.30 115.35 118.29 ppm 

∆ σiso 313 731 425 142 Hz 
Spectral resonances are reference to DSS for isotropic bicelles and urea in DMSO for aligned bicelles.  σiso 

predicted is calculated based upon the following relationship: 

3
)2( || ⊥−

=
σσ

σ iso        Eq 4.1 

from solid-state NMR data and the measured isotropic chemical shifts measured using 

solution state experiments, a 1M urea solution in DMSO (76.3ppm) was used to reference 

the 15N chemical shifts (Wishart et al., 1995).  The results of the chemical shift 

predictions are shown in Table 4.1.  Based upon the quality of fit for the unaccounted 

tyrosine and leucine resonances, the assignments for Y43, Y45, L43, and L47 could be 

made.  Again, due to the limited spectral quality of the glycine spectrum, a prominent 

resonance present in all three protein constructs, giving allowable dihedrals to the 
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preceding and following residues when structurally fit, and could be mapped to 

resonances in the parallel and perpendicular aligned spectra, which give rise to the 

observed isotropic chemical shift, was assigned to G41.  The last of the resonances 

belonging to the set of resonances observed in spectra for all three protein constructs and 

showing limited chemical shift differences can be ascribed to resonances at the end of the 

second helix.  In the remaining set, a unique lysine site can be assigned to K65.  Using a 

relaxed interpretation of the PISA wheel used to predict the resonances in the second 

helix, the remaining pairs of alanines, arginines, and glutamines.  Since the majority of 

the resonances occur in a condensed spectral region, the application of the PISA wheel 

prediction to search for resonances close to the predicted frequencies increases the 

probability of mapping to resonances, which can be connected during structural fitting 

without incurring any unfavorable Ramachandran torsion angles. 

 With the assignments for the core of MerF, residues 26 to 70, the remaining 

resonances either are not present in all the spectra of all three protein constructs or show 

significant chemical shift differences.  A notable feature regarding this set of observed 

resonances, reflecting the structural nature of the terminal segments, is the fact that there 

are insufficient resonances to represent both the N- and C-termini in their entirety.  From 

the representation of the amino acids in the set and the known dynamic behavior of the 

first few resonances at the N-terminus and the C-termini, the observed resonances appear 

to be exclusively from the N-terminus.  Both F23 and A18 exist as unique sites in the 

remaining set of resonances; however, one threonine site shows only minor chemical 

shift difference between MerFt and MerFm and can be assigned to T24.  Due to the large 

number of remaining resonances still located in the spectral region inhabited by TMDs, 
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the approach of applying a generalized PISA wheel to the pattern, indexed by A18.  The 

reason from starting from the PISA pattern is to establish resonance predictions starting 

first at the most probable dihedral angles.  Using a PISA wheel fit to the bulk pattern of 

resonances (θ=24°, Φavg=-57°, Ψavg=-47°) to make resonance predictions, the assignment 

for I12-L20 could be obtained.  Due to the limited spectral quality of the glycine 

spectrum, a prominent resonance in the MerFm spectrum, able to be structurally fit using 

favorable dihedrals to the preceding and following residues and mapped to resonances in 

the parallel and perpendicular aligned spectra, was assigned to G14.  Similar to S37, S21 

and S22 were determined from a 15N/13C’ leucine and 15N serine labeled spectrum run 

without 13C decoupling.  The combined spectral density was segregated by comparison 

with a 15N/13C’ leucine labeled spectrum run with out decoupling.  Due to the behavior of 

surrounding sites, the two serine resonances occurring in the spectral region inhabited by 

TMDs were assigned to the S21 and S22 pair.  The resonances showing evidence of 

additional broadening was assigned to S21 due to the presence of a preceding 13C’ 

leucine label.  The remaining resonances in the N-terminus were initially believed to exist 

in a similar dynamic regime as the resonances at the C-terminus due to the limited 

number of discrete resonances observed in the selectively labeled, perpendicular aligned 

samples.  Due to the observed behavior of the N-terminus in micelles and more 

significantly the presence of a prominent unassigned resonance in the lysine selective 

label, the data available on the parallel aligned samples, valine and leucine, gave 

evidence of additional resonances coincident with assigned resonances in the 

perpendicular aligned spectra.  Resonance assignment for the remaining segments was 

based upon the label type, the observation of new resonances in the parallel aligned 
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sample with corresponding resonances in the perpendicular aligned sample, and the 

values of the predicted isotropic chemical shift to the observed shifts in micelles.  Using 

this comparison, resonances could be attributed to K3-V10.  Similar to the problem 

encountered with the other serine sites, the availability of only a 15N/13C’ leucine and 15N 

serine labeled spectrum run without 13C decoupling limited the resonance assignment of 

S11 to the remaining spectral density after comparison to a 15N/13C’ leucine spectrum run 

without 13C decoupling.  One of the three remaining resonances was assigned to S11 

based upon the ability of V10 and I12 to be structurally fit with favorable Ramachandran 

angles and the magnitudes of the observed anisotropic interactions.  The remaining weak 

resonances both show near isotropic chemical shift values and negligible dipolar 

couplings, consistent with trend observed in D69 and A70 suggesting enhanced mobility; 

however, the lack of any other distinguishing features prevents specific assignment of the 

two sites so they are not included in the assignment list (Appendix 4.1).  The final 

resonances in the protein sequence to be assigned were the proline residues.  Due to the 

cyclic nature of proline, the 1H-15N dipolar coupling cannot be measured and observing 

the 15N backbone site is complicated by the lack of a directly bonded proton.  Chemical 

shifts for the two prolines in the observable region of the spectrum were both attributed to 

the single resonance observed in the 1D 15N spectrum of the proline labeled sample.   

 Applying the measured 15N chemical shifts and 1H-15N dipolar couplings for 

determining the structure of the ensemble utilized the established structural fitting 

algorithm (Nevzorov and Opella, 2003b).   Structural fitting was performed using the 

interactions measured in the perpendicular aligned bicelles, applied a fixed 1HN-15N bond 

length of 1.07Å, a fixed order parameter (S=0.79), and three chemical shift tensors.  The 
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three chemical shift tensors were to account for the significant difference observed in the 

glycine and proline 15N CSA tensor; the first tensor was applied only to glycine chemical 

shifts (σ11=46ppm, σ22=66ppm, σ33=212ppm) (Straus et al., 2003) the second tensor was 

applied to the proline chemical shifts (σ11=38ppm, σ22=127ppm, σ33=231ppm) (Waddell 

et al., 2005), and a third tensor was applied to the chemical shifts of all remaining amino 

acids (σ11=56ppm, σ22=79ppm, σ33=224ppm) (Straus et al., 2003).  From the previous 

structure calculations performed on the MerFt core, the structural fitting performed on 

MerFm removed the previous filtering of structures based upon helix packing and 

hydrophobic match restraints.  Based upon uncertainty about where the two helices may 

come into contact and the anomalous helix length and exchange properties, there exists a 

possibility that either restraint could significantly bias the final set of “accepted” 

structures.  The other notable feature that defines the resultant structures is the error 

bounds defining the allowed deviation in Hz from the measured values.  The previous 

independent structural fitting of each helix set the allowable error for all sites attributed to 

each segment.  Thus the sites in the second helix, residues 50-62, were fit to 150 Hz 

error, and the first helix was set to 750 Hz.  The necessary allowable error for the second 

helix is believed to be beyond the level of experimental error; however, this may be due 

to a strained structure of the first helix, observed in the divergence of the structural fit 

under the restricted dihedral space necessary to maintain helicity from the measured 

values.  The robustness of the helical segments serves a gauge of the intrinsic 

experimental error associated with structural fitting.  The ability to fit each resonance in 

the second helix to a predictable structure element suggest that the necessary 150 Hz 

tolerance is a reflection of the site-to-site variations in the chemical shift tensor, 
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variations in hydrogen bonding, and the effects of minor dynamic averaging.  For the 

remaining sites of the protein, which cannot be fit to any a priori structure, the ability to 

fit the stable helices can serve as a baseline for the necessary tolerance assuming the 

segments are as well behaved and as stable as the helical segments.  In the structural 

fitting of the terminal and loop regions, the structural fitting tolerance was relaxed to 250 

Hz due to the expectation that these segments, lacking the extended and periodic 

hydrogen bonding network of the helices would have a greater propensity toward 

instability.  One hundred structures were calculated as a representative structural 

ensemble.  The removal of the structural filters for hydrophobic match and helix packing 

(De Angelis et al., 2006a)  produced structures representative of both the bi-spanning 

(helices anti-parallel) and the extended (helices parallel) topology. From the predicted 

topology of MerF, only the structures representative of the bi-spanning topology are 

retained (46 out of 100 models).  Within the bi-spanning topologies calculated, four 

distinct families of structures, defined by the relative helix orientation, are observed.  The 

structures related to the model shown in Figure 4.10.A are the most represented in the 

calculated structures (26 of the 46 bi-spanning models).  A common feature of the three 

smaller populations of structures is the presence of steric clashes between the two helices.  

Due to the absence of a steric repulsion term during propagation of the structural fitting 

algorithm, models that contain steric violations are not discriminated against.  The 

structures in the primary family of structures (Figure 4.10.A) do not display steric 

violations for residues 26-68, and as such at least represent a feasible model for the 

helical hairpin observed in MerF protein constructs containing an intact, extended N-

terminus.  The second structure shown in Figure 4.10.B are the structures produced by  
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structural fitting the data collected on MerFt, listed in Appendix 3.1.  The MerFt 

structures shown, 4 of the 100 calculated, were calculated using the data and error limits 

shown in Appendix 3.1 and the application of the distance filters previously described 

(De Angelis et al., 2006a). 

The spectral differences observed between the two conformations of MerF2-72 

(Figure 4.5.B and C) are strongly suggestive of a significant difference in the N-terminal 

structure.  In the case of condensed structures with torsion angles values falling in highly 

favorable regions of the Ramachandran (Lovell et al., 2003), the localization of the N-

terminal resonances in the region of 105-140 ppm, mapped onto the spectrum of MerF2-72  
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(Figure 4.9.A) and is representative of the N-terminal conformation sampled by MerFt, 

should correspond to a structure extending perpendicular to the membrane normal.  Due 

the to resonance properties and exchange behavior, this segment most probably  

exists at the bilayer interface and is stabilized by headgroup interactions.  In the case of 

the other conformation of MerF2-72 (Figure 4.9.B), homologous to the N-termini seen in 

MerFm and wild-type MerF where the N-terminal resonances are located in the region of  

75-105 ppm, a condensed structure with torsion angles falling in highly favorable regions 

of the Ramachandran space would correspond to a structure extending parallel to the 

membrane normal.  Based upon the H/D exchange behavior and the absence of any well-

defined helical segments, this N-terminal conformation is more likely to be extending 

away from the bilayer rather than turning and re-entering the bilayer.  While these two 

interpretations are highly probable, the interpretations are unfortunately also highly  

dependent upon the assumption that only restricted values of Φ and Ψ, similar to the 

restrictions necessary to maintain helicity, are present.  Based upon proteins of known 

structure, the segments not associated with secondary structure elements have the greatest 

tendency to inhabit less favorable regions of the Ramachandran space.  In order to 

prevent biasing of the structure determination, the structural fitting algorithm needs to be 

able to sample a much larger area of the Ramachandran space when fitting these non-

helical segments.  The cost of structural fitting over the larger dihedral space is structural 

divergence.  Shown in Figure 4.10.A and B are ensembles of the structures derived from 

structural fitting of the spectral data shown in Figure 4.9.A and B respectively.  The N-

terminal segments are given only minor dihedral restriction (Lovell et al., 2003) and the 

experimental data is fit to a fixed error bound of 250 Hz.  The N-terminal segments in  
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each of these conformation show significant structural divergence as well as a high 

tendency of sampling sterically unallowable conformations.    

With the completion of resonance assignment on the full-length protein, some of 

the spectroscopic and structural information determined for the previous MerFt core 

structure in aligned bicelles requires re-examination.  Exploiting the benefit of spectral 

dataset obtained on MerF2-72 and MerFm, resonance assignments were revised for the 

MerFt protein and are shown in Appendix 4.2. Between the two protein constructs, the 

difference between the frequencies associated with each resonance can be examined 

analogous to the previous comparison of chemical shifts observed in micelles.  Shown in 

Figure 4.11 are the difference between the 15N chemical shift and 1H-15N dipolar  

couplings observed in MerFt and MerFm using the initial set of assignments  



 119

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 120

(Figure 4.11.A) and the revised set of couplings (Figure 4.11.B).  While both sets of 

assignments exhibit behavior expected due to the N-terminal conformation change 

between the constructs, the revised set of assignments shown a much higher similarity for 

the core region of the protein, previously shown to be constant across the constructs in 

micelles.  With the revised resonance assignments, the overall profile of the difference 

plot begins to resemble the profile observed in the isotropic chemical shifts (Figure 

4.11.C).  Based upon the previous solution state NMR data, two molecular probes were 

used to test the topology of the protein as well as possibly detecting errors in resonance 

assignment.   

The first of these probes is the mapping of resonance assignments to the spectrum 

observed for the protein exchanged into 90% D2O (Figure 4.12.A).  Across all of the 

protein constructs, the resonances remaining after exchange were highly similar 

suggesting that the exchange resistant core of the protein was structurally preserved in all 

constructs.  When the assignments for the helical segments of the protein are mapped 

onto the exchanged spectrum, as indicated by red circles for the first helix and blue 

circles for the second helix, the non-exchangeable resonances are found to correspond to 

discrete, and continuous segments of the protein as shown in Figure 4.12.B.  Due to the 

use of cross-polarization, which can influence the observed peak intensity, the observed 

resonances are only indicated as being present by a bar correlated to the residue number; 

the amplitude of the bar does not correspond to the relative intensity of the observed 

resonance.  When compared to the remaining relative peak intensity of MerFm in micelles 

also exchanged in 90% D20 (Figure 4.12.C), the exchange resistant resonances observed 

in aligned bicelles correspond to the regions which are most exchange resistant in  
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micelles.  Another test of the topology and the resonance assignments is the mapping of 

the resonance assignments back to the spectrum observed in the presence of a 

paramagnetic contrast agent, Gd-DTPA.  Due to the more extensive mapping of MerFt in  

micelles using Gd-DTPA, the spectrum of MerFt in aligned bicelles in the presence of 

5mM Gd-DTPA was correlated to the revised resonance assignments for MerFt (Figure 

4.13.A).  The red circles superimposed upon the spectrum are representative of the 

resonance assignments for the first TMD and the blue circles represent the second helix.  

The resonances, which can be readily mapped to spectral density in the contrasted 

spectrum, are shown mapped onto the linear sequence in Figure 4.13.B.  The profiles of 

Gd-DTPA contrast in micelles and bicelles show some differences in the N-terminus.  

The retention of terminal resonances in the micelle profile may be an artifact of using 

relative peak intensity to quantify the remaining resonance rather than the true peak  

volume.  The amplitude of the bars in the plot is irrelevant because of the inability to 

quantify peak intensity obtained from cross-polarization.  Based on similarities between 

the H/D exchange data, two segments of the protein, corresponding to the two TMDs, are 

observed to be resistant and thus inaccessible to the contrast agent.  The difference 

between the H/D exchange and paramagnetic contrast profiles does offer insight into the 

organization of the protein as well.  There exists a notable difference in the definition of 

the first TMD as defined by these two bulk properties, suggesting that the protein adopts 

a conformation such that the first helix is at least partially accessible to the small solvent 

molecules but inaccessible to the much larger caged Gadolinium complex, Gd-DTPA.  

The similarity between the profiles given for the second helix using both experiments 

suggests that the depth to which D2O can permeate into the bilayer and the radius of  
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paramagnetic contact are similar, and the increased accessibility of the first helix to D2O 

is not merely a consequence of the lipid permeability, but rather a consequence of the 

overall structure of the protein.  Show in Figure 4.14, models of the two topological  

probes, Gd-DTPA and D2O, are shown relative to Hg2+.  Both models are optimized 

using an MM2 force field, the Gd-DTPA model is based upon an Os-DTPA in order to 

preserve relative atomic radius of the chelated metal and octahedral symmetry while still 

employing the limited atom tables available in the MM2 force field (Chembio3D Ultra11, 

Cambridgesoft).  Though it should be very similar, the actual Gd-DTPA complex may 

contain a slightly larger molecular radius.  Nonetheless, the relative size comparison of 

these two chemical probes relative to the Hg2+ ion does reveal an interesting feature.  In 

order for MerF to act as a metallo-transporter, two conditions must be met.  First, the 
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protein must be capable of allowing passage of the metal ion; this requires the formation 

of a channel large enough to allow the Hg2+ to pass from one face of the membrane to the 

other.  The crystal ionic radius of Hg2+(1.1Å) is similar to the minimum radius necessary 

to accommodate a water molecule (1.15Å) (Curry et al., 2001) allowing the ability of a 

D2O molecule to reach most amide sites along the first helix to be applied as a gauge to 

reflect the possibility that an Hg2+ ion could sterically pass through these regions.  The 

second condition necessary for the protein to function as a metallo-transporter is the 

ability to control transport and not function as a continuously open channel, which would 

destroy cellular homeostasis.  The small segment in the first helix not undergoing 

exchange with solvent may simply represent a segment of strong hydrogen bonding 

prevent exchange or may be reflecting the structural mechanism that the protein employs 

to prevent nonspecific transport.  This would reflect the need for an additional structural 

event necessary to open this bottleneck in the protein and allow passage of the mercury to 

continue through the membrane. 

 

4.4 Model of Mercury Translocation Facilitated By MerF Structural Transitions 

and Concluding Remarks 

 Through the effort to extend structure determination methods using NMR 

anisotropic interactions, a wealth of information has been gained regarding the nature of 

MerF.  The structures for the regions of the protein showing evidence of a stable structure 

have been determined in two different lipid systems.  The utilization of isotropic micelles 

allows the application of conventional solution-state NMR experiments, enabling rapid 

and definitive resonance assignments.  The application of weak alignment to allow re-  
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introduction of residual anisotropic interactions offer a means of obtaining structural 

information and the potential to generate defined structures with significantly less 

structural restraints than conventional NOE-based structure determination.  The 

utilization of aligned bicelles allow the protein to be incorporated into an extended lipid 

bilayer, which more closely resembles the environment seen by the protein under native 

conditions.  Due to current limitations in the techniques utilized to obtain resonance 

assignment on statically aligned samples, the ability to obtain useful structural 

information from the measured anisotropic interactions is hindered by the difficulty to 

correlate the measured interaction to a specific site in the protein.  Though not as trivial 
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as resonance assignment under isotropic conditions, resonance assignment for the stable 

segments of MerF could be determined to a reasonable confidence using alternative 

isotopic labeling strategies and exploiting the geometric properties of adjacent peptide 

planes when applicable.  With resonance assignments, the correlated 15N chemical shift 

and 1H-15N dipolar couplings offer two structural restraints from a single dataset, 

effectively acting similar to the collection of an RDC dataset at a second alignment.  

Shown in Figure 4.15 is the collection of structures determined from the measurement of 

anisotropic interactions either under weakly aligned conditions or statically aligned 

bicelles.  This collection of structures is both a roadmap of the progress of extending 

structure determination to more complex membrane proteins as well as an illustration of 

the caveats and limitations of the current level of the methodology.  The structures shown 

in Figure 4.15 are all calculated from experimental data using tolerances to account for 

the level of anticipated experimental error, which additionally serve as a basis for 

accepting the calculated structures.  From the behavior of the proteins, each of these 

structure determinations should contain a common core structural element.  One of the 

hallmarks of progress is the ability to define and relate this common structural element 

between the different experimental methods.  Unfortunately, direct structural comparison 

of the segments common between structures reveals a significant amount of divergence 

(backbone RMSD >5 Å).  This divergence is more than is exhibited in the families of 

structures calculated using each method.  An alternate means of assessing the 

experimental methods is by subjecting a structure generated solely form solid-state 

anisotropic interactions to a rigid body fitting of the experimentally determined residual 

dipolar couplings.  If a common structural element exists, searching the five parameters  
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defining the alignment: Da, R, and the three Euler angles, a fit giving low RMSD 

between the experimental and the simulated couplings should be found.   In Figure 4.16, 

the model generated from the structural fitting of the anisotropic interactions, 1H-15N 

chemical shift and 15N CSA, measured on MerFm in perpendicular bicelles (Figure 

4.15.E) was fit as a rigid body using the MODULE program to the 1H-15N residual 

dipolar coupling data collected on MerFt (Figure 2.5.A), first across all coupling, then 

across the core domain (residues 26-67), and lastly to just the two helical segments 
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(Dosset et al., 2001).  The structural data for MerFt is shown for the fit optimized for the 

helical segments, despite the presence of known N-terminal dynamics and structural 

differences, for the clean and complete set of couplings available for the core segment 

due to the limited number of resonances and superior spectral quality.  Shown in Figure 

4.16.A, the experimentally measured RDCs, indicated by black dots, are overlayed with 

the couplings simulated from the MerFm solid-state model, indicated by a bar to show a 

potential 1.5 Hz error limit.   The bar plot beneath indicates the difference between the 

experimental and the simulated couplings.  At the N-terminus, the significant difference 

is expected due to both the structural and dynamical differences between the two 

constructs.  Within the helical regions, the quality of fit between the experimental and 

simulated shows a significantly improved correlation relative to the terminus.  Most of 

the resonances for the two helices fall within the 1.5Hz error bars.  This similarity 

indicates that the current structure calculation, performed using solid-state anisotropic 

interactions, results in a structure which preserve the relative angle and relative phasing 

between the two helices, a feature not directly encoded in the solid state measurements 

due to the axial symmetry of the alignment.  In the interhelical loop, a significant amount 

of deviation exists between the simulated and experimental couplings.  Due to the choice 

of membrane mimetic, the interfacial region presented to the loop is significantly 

different for the sterically large, zwitterionic headgroups of the bicelles and the hard, 

anionic sulfate headgroups of the micelles and could readily induce structural changes 

which would account for the differences observed in the RDCs.  Already the ability to 

exploit the two alignments of bicelles to extract the isotropic chemical shifts has 

promoted the direct utilization of solution-state NMR data to be applied to facilitate 
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solid-state resonance assignment.  The next logical evolution is to find a means of 

harvesting what commonly applicable structural restraints, acquired under solution or 

solid-state conditions, to the common goal of improving the quality the resultant 

structures.  The tendency of alignment tensors under weak alignment to have greater 

asymmetry than the alignment used in aligned bicelles allows preservation of relative 

angular information.  The alignment tensor of the bicelles may suffer from axial 

symmetry (R=0); however, the ability to relate the alignment frame to the bilayer aids in 

the understanding of the significance of the global fold with respect to the bilayer.    The 

application of both solution and solid-state NMR restraints to a common structure 

determination problem will undoubtedly result in an improved structure over what would 

be possible by either technique alone. 

 Behind the goal of structure determination is the desire to extract a greater 

understanding of protein function.  From the structure studies conducted on the MerF 

analogues using both solution and solid-state NMR techniques, an interesting story for 

MerF emerges.  Though not extensively shown at this juncture, the spectral data collected 

to data suggest that the wild-type MerF (Figure 4.5.E) is highly homologous to the 

conformation exhibited by MerF2-72 and MerFm (Figure 4.5.C and D respectively) and for 

the purposes of discussing the functional significance of the structural studies are 

considered to be equivalent.  From the perspective of protein functionality, the 

appearance of two structural distinct yet highly stable states is intriguing.  Initially the 

differences observed in MerFt and MerFm observed in micelles was dismissed as merely a 

structural disturbance due to truncation.  The increased dynamics of the constructs 

containing a C-terminal truncation and the observance of a single state for each of the 
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protein constructs suggested that this conclusion is likely correct in the micelle.  In the 

bilayer environment of the aligned bicelles, a substantially different view emerged.  

Rather than a truncated N-terminus flopping loosely in the solvent, the truncated N-

terminus gave evidence of rigidity and propagation along the bilayer surface.  

Additionally, the intact N-terminus gave rise to significantly different spectral properties, 

affirming the rigidity of the N-terminal segment but supporting a conformation that 

extends away from the bilayer.  While these two N-terminal conformations could be 

considered to be structural artifacts arising from the C-terminal truncation, the ability of 

the MerF2-72 construct to sample both conformations revealed that the basis for the 

structural transition is not dependent upon the length of the N-terminus, but implicated 

the involvement of the C-terminus in stabilizing the extended N-terminus.  The C-

terminus, unlike the N-terminus, exhibits similar properties in both micelles and bicelles.  

While all models place the N- and C-termini at the same face, how the highly mobile C-

termini could be implicated in stabilizing the extended N-terminal conformation without 

becoming rigid is not clear.  The lack of any N-terminal exhibited in the MerF13-81 

construct, containing an intact C-terminus and a truncated N-terminus, would suggest that 

any influence of the C-terminus is either occurring earlier than residue 13, which would 

only be possible if the C-terminus was fully extended, or the stability of the extended N-

terminal construct exhibited by the full-length proteins involves both N-terminal 

interactions before residue 13 and the intact C-terminus.  Due to the occurrence of the 

first cysteine pair in the N-terminal segment, this conformational flexibility was 

considered to be the reflection of a possible mechanism for either mercury binding or 

mercury release from the cysteine pair.  Titrations with Hg2+ on protein constructs with 
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cysteine pairs failed to give any evidence of a mercuric-ion induced conformational 

change nor was a change observed with subsequent stripping of bound mercury by the 

titration of free cysteine.  While the N-terminal conformational changes do not appear to 

be implicated in the ability of the protein to bind Hg2+, the transition could still be 

implicated in the release of mercury from the cystosolic cysteine to the mercuric 

reductase, MerA.  The presence of an extended N-terminal segment, as observed for the 

full-length MerF constructs prevent access of MerA to the cysteine sites; however, 

transitioning the N-terminal segment down into the amphipathic conformation exhibited 

by MerFt would improve access to the cysteine sites as well as possibility changing the 

affinity of the first cysteine pair by applying torsional strain.  A strained cysteine pair 

would explain the ability of the mercury to transfer from a tight coordination to the 

vicinal set of cysteines to the pair of separated cysteines in the reductase. 

 Significant progress has been made in the structural understanding of MerF due to 

the application of NMR based structure determination methods.  The previous models of 

MerF, based upon the hydropathy and transmembrane propensity, have been shown to be 

biased both by the anomalous sequence composition of the N-terminus and by the desire 

to show models that placed the MerF cysteine pairs at or near opposite faces of the 

bilayer (Veglia and Opella, 2000; Wilson et al., 2000).   All structural data suggests that 

both of the cysteine pairs see a common face of the bilayer, most probably the 

cytoplasmic face.  The interaction of the interhelical loop with divalent cations would 

suggest that the presence of a third, periplasmic mercury binding site.  The ability to 

observe to distinct structural states for the N-terminus is demonstrated in the spectral 

properties shown in aligned bicelles.  While general predictions can be made upon the 
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disposition of these segments, the limitations of only two anisotropic interactions per 

peptide plane for random coil structures becomes evident, as shown in the divergent 

structures for the N-terminal segments (Figure 4.10).  The ultimate assessment of the 

significance of these terminal segments must be made in the context of the whole protein.  

In looking at the structures determined for proteins that enable the transport of materials 

across the bilayer, the establishment of a channel or pore structure is necessary 

topological feature.  The limited, two spanning elements of the MerF monomer are 

inadequate to perform these tasks without the formation of a higher order oligomer.  The 

existence of the stable, extended N-terminal structure already suggests the presence of 

oligomer formation in the bicelle, otherwise such an extended structure would give 

evidence of greater mobility.  The assessment of the transition of the N-terminus from 

extended to amphipathic, needs to be explored in the context of the functional unit and 

may yet be affirmed as being functionally significant. 

 

4.5 Materials and methods 

Materials.  

Enzymes were purchased from New England Biolabs (www.neb.com) unless 

otherwise noted, and the oligonucleotides were synthesized by Integrated DNA 

Technologies (www.idtdna.com). Plasmid DNA of pET-31(+)b and bacterial strain 

BL21(λDE3)pLysS were purchased from Novagen (www.emdbiosciences.com). 

Bacterial strain C43(λDE3) was obtained from Avidis (www.avidis.fr). 15N2-ammonium 

sulfate, 15N-labeled amino acids, 13C’-15N-labeled amino acids, 13C’-labeled amino acids, 

and d25-sodium dodecyl sulfate were obtained from Cambridge Isotope Laboratories 

http://www.neb.com/
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(www.isotope.com).   1,2-di-O-hexyl-sn-glycero-3-phosphocholine (6-OPC) and 1,2-di-

O-tetradecyl-sn-glycero-3-phosphocholine  (14-OPC) were purchased from Avanti Polar 

Lipids (www.avantilipids.com).  Gd-DTPA was purchased from Sigma-Aldrich 

(www.sigmaaldrich.com).  Labeling of 15N-serine, 13C’-15N-leucine was performed using 

an SLS media provided by Prospect-Pharma (www.prospectpharma.com).  

 

Cloning, Expression, and Purification of MerF Constructs.  

The construction of the coding sequences for MerFt and MerFm was previously 

described (Howell et al., 2005).  Generation of the MerF2-72 and MerF13-81 sequences was 

prepared by subcloning from the MerFm sequence.   All sequences were inserted into the 

pET31(+)b vector, which contains a 125 residue N-terminal KetoSteroid Isomerase (KSI) 

fusion for direction of protein expression to inclusion bodies and a C-terminal 6X His-

Tag for affinity purification. Protein expression and purification was performed as 

previously described (Howell et al., 2005).   

 

Solution-State NMR Sample Preparation.  

All solution-state NMR samples were prepared by solubilizing the lyophilized 

protein in the SDS-containing NMR Buffer (90%H2O/10%D2O, 500mM SDS, 10mM 

sodium phosphate, 1mM sodium azide, pH 6.0) to produce a 450 µL sample volume and 

1mM protein concentration.  The protein-containing micelles were incubated at 40°C for 

30 min with intermittent bath sonication, and microcentrifuged at 13,000 rpm for 15 min 

to remove any undissolved protein or other debris.  

http://www.avantilipids.com/
http://www.sigmaaldrich.com/
http://www.prospectpharma.com/
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Protein-containing micelles were weakly aligned in stressed polyacrylamide gels. 

Separate samples were aligned in a 6% polyacrylamide gel using the method of 

compression to induce alignment in the isotropic samples (Sass et al., 2000b; Ishii et al., 

2001b).  A solution containing 30% w/v Acrylamide and 0.8% Bis-Acrylamide was 

diluted with deionized H2O and polymerized by addition of TEMED and APS in a long 

glass tube with a 3.5 mm inner diameter. Following polymerization, the gel was squeezed 

out of the glass tube and washed in deionized water overnight to remove any 

unpolymerized acrylamide and unreacted TEMED/APS. The gel was then cut to 2.6 cm 

in length and dried overnight at 42 °C. The dried gel was then added to a solution of 

protein-containing micelles in a Shigemi (www.geocities.com/~shigemi/) NMR tube with 

an inner diameter of 4.2 mm, and the plunger was set to restrict the expansion of the 

length of the polyacrylamide gel to 1.8 cm.  Induction of weak alignment in the samples 

was confirmed in a light microscope by optical bi-refringence prior to initiating NMR 

experiments. 

 

Solid-State NMR Sample Preparation.  

Aligned perpendicular bicelle samples for solid-state experiments were prepared 

using 1,2-di-O-hexyl-sn-glycero-3-phosphocholine (6-OPC) and 1,2-di-O-tetradecyl-sn-

glycero-3-phosphocholine (14-OPC) at a “q” of 3.2 and a lipid content of 28%(w/v).  The 

lyophilized protein was dissolved in 80% TFE and 20% chloroform, dried to a film under 

a stream of nitrogen, and placed under hard vacuum overnight.  Quantification of protein 

was performed using the absorbance of the protein dissolved in organic solvent at 280nm.  

Typical bicelle samples contained 3.75-5mM protein concentration.  The dried protein 
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was combined with a 40 µL solution containing 9.5mg of 6-OPC micelles in de-ionized 

H2O and allowed to solubilize overnight.  The protein-micelle solution was added to a 40 

uL solution containing 46.48mg of 14-OPC, pre-formed as liposomes in de-ionized H2O.  

The combined solutions were thermally cycled between three temperatures: 42°C, 0°C 

and 5°C, to induce bicelle formation.  Vortexing of the solution at 42°C and 5°C during 

the first 10-15 cycles improved sample mixing and facilitated the bicelle formation.  

Bicelle solutions were adjusted to a pH of 6 and diluted to the final volume of 200uL to 

give a 28%(w/v) lipid composition.  An aliquot of the bicelle sample, 170µL was 

transferred to a 5mm X 15mm, flat-bottomed glass tube and sealed with a rubber plug for 

the NMR experiments.  Parallel bicelle samples were prepared by the addition of 100mM 

YbCl3 to the formed perpendicular bicelles until a final concentration of 1.5mM YbCl3 

was attained.  Samples of the wild-type MerF were prepared with nitrogen degassed 

solvents and included 25mM DTT to limit spectral degradation from disulfide formation 

between the cysteines.   

Perpendicular bicelle samples for D2O exchange were prepared initially as 

perpendicular bicelles in H2O.  After bicelle formation, the sample was frozen in liquid 

nitrogen and lyophilized.  The lyophilized samples were reconstituted in 99% D2O and 

solubilized using gentle mechanical agitation with a seal glass capillary and brief bath 

sonication at 5°C.  Back-exchanged samples were prepared from the protein filmed from 

organic solvent by resuspending the protein in 6-OPC micelles in 99.9% D2O.  Extensive 

exchange was achieved by the addition of concentrated aqueous ammonia to a final 

concentration of 0.1M.  The sample was dried to a film under a stream of nitrogen and 

lyophilized.  Micelles were resuspended in 99% D2O, combined with 14-OPC liposomes 
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in 99%D2O, and thermally cycled between three temperatures: 42°C, 0°C and 5°C, to 

induce bicelle formation.  Vortexing of the solution at 42°C and 5°C during the first 10-

15 cycles improved sample mixing and facilitated the bicelle formation.  The formed 

bicelles were lypholized to remove the D2O.  The lyophilized samples were reconstituted 

in H2O and solubilized using gentle mechanical agitation with a seal glass capillary and 

brief bath sonication at 5°C.   

Paramagnetic contrasting of perpendicular bicelles was performed by the addition 

of 500mM Gd-DTPA in de-ionized water to the formed perpendicular bicelles.  Mixing 

of the sample was performed using a sealed glass capillary immediately after addition of 

the contrast agent and 15 minutes of vortexing at 5°C once the sample tube was resealed. 

 

NMR Spectroscopy.  

The solution-state NMR spectra shown were primarily obtained on a Bruker 

(www.bruker-biospin.com) DMX 600 MHz spectrometer using a triple-resonance 

1H/13C/15N TXI cyro-probe equipped with three-axis pulsed field gradients. The 

dynamics experiments to measure 1H-15N NOE interactions were performed on a Bruker 

DMX 500 MHz spectrometer  using a triple-resonance 1H/13C/15N probe equipped with a 

z-axis pulsed field gradient. All HSQC NMR experiments were performed at 50 °C using 

a 1.5 second recycle delay, except for the measurement of relative HSQC peak intensity 

where a 3 second recycle delay was applied. The chemical shifts are referenced to the 

1H2O resonance set to its expected position of 4.534 ppm at 50° C (Cavanagh et al., 

1996). The standard fHSQC experiment was used for isotropic samples with 1024 points 

in t2 and 256 in t1 (Mori et al., 1995). 1H-15N heteronuclear NOE measurements were 
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made using difference experiments with and without 3.0 sec of saturation of the 1H 

resonances between scans (Farrow et al., 1994). Backbone 1HN and 15N resonance 

assignments were made using a two-dimensional HMQC-NOESY experiments 

performed with a 150 millisecond mixing time and by comparison to the previously 

reported chemical shifts for MerFt and MerFm (Shon and Opella, 1989; Lee et al., 2003).  

Measurements of the 1H-15N residual dipolar couplings were made using a sensitivity 

enhanced version of the IPAP experiment (Ding and Gronenborn, 2003) acquired with 

1024 points in the t2 and 512 points in the t1. The contribution to the 1H-15N splitting from 

the isotropic scalar coupling was determined by performing the same experiment on an 

isotropic micelle sample, and subtracting the value of the isotropic J-coupling obtained 

from that measured for the weakly aligned gel sample. 

 The solid-state NMR experiments shown were obtained on a Bruker Avance 700 

MHz spectrometer using a double resonance 1H/15N probe using a single, 5mm solenoid 

coil built in house.  All experiments were performed at 42°C using an 8 second recycle 

delay.  The 15N chemical shifts are referenced to the resonance of 1M urea in DMSO set 

to its expected position of 76.3ppm (Wishart et al., 1995), which places the H2O 

resonance observed in the bicelle samples at 4.5ppm when using the indirect chemical 

shift ratio of 0.101329118 for relating 15N-1H (Wishart et al., 1995).   All spectra 

collected on perpendicular bicelles utilized the SAMPI4 experiment (Nevzorov and 

Opella, 2007).  Samples using parallel bicelles were acquired using both SAMPI4 

(Nevzorov and Opella, 2007) and PISEMA (Wu et al., 1994) to validate the larger 

couplings which can mis-evolve under weak B1 fields.   All data shown were acquired at 

a B1 field of 50±1kHz.  15N offset frequencies were placed at 120 ppm for spectra 
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acquired on perpendicular bicelles and 150 ppm for spectra acquired on parallel bicelles.  

1H offset frequencies were placed at 9.0 ppm for spectra acquired on perpendicular 

bicelles and 4.5 ppm for parallel bicelles.  Uniformly 15N labeled SAMPI4 spectra were 

acquired with 1024 points in t1 and 84 points in t2.  Selectively labeled SAMPI4 spectra 

were acquired with 512 t1 points and 32-48 t2 points.     

NMR data were processed using the NMRPipe software package (Delaglio et al., 1995). 

Spectra were assigned, peak intensities measured, and peak volumes integrated using the 

program Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, 

San Francisco).  

 

Analysis of Residual Dipolar Couplings.  

The analysis of the experimentally measured RDCs was performed using in-house 

written scripts in MATLAB. Helical regions were identified by applying a sliding 

window fitting algorithm to the experimental RDCs as described previously (Mesleh and 

Opella, 2003). For each window of five residues, a simple sinusoid of periodicity 3.6 was 

best fitted to the experimental data, and the RMSD between that sinusoid and the 

experimental data calculated. When the RMSDs are plotted as a function of residue 

number, then regions having low scores are identified as helices and are fitted as single 

sinusoids. Helices have RMSDs below the experimental error of ~1.5 Hz; higher scores 

are generally interpreted as deviations from ideality such as kinks and curvature (Mesleh 

et al., 2003; Mesleh and Opella, 2003). Simple fitting of an expression relating the 

orientation of the helix to the amplitude, average value, and phase of the sinusoid is an 

initial step towards structure determination, and precisely determines the relative 
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orientations of helices to within four degenerate solutions (Mesleh et al., 2003). Data 

from at least two different alignments of the protein are essential for resolving among the 

orientational ambiguities and obtaining unique structural solutions (Ramirez and Bax, 

1998; Hus et al., 2000). 

Two helical regions of the protein were observed for the four protein constructs. 

The first segment between residues L30 to A38 and the second segment between residue 

A53 to R64 can be fit to Dipolar Waves having RMSD values of less than 1.3 Hz, 

slightly lower than the experimental error.  Protein constructs containing a truncated N-

terminus can be fit to slightly longer helical segments. Values of Da and R were 

determined by directly fitting the expression describing the sinusoidal oscillations for 1H-

15N couplings for helices to the experimental data, and the values that optimized the fit to 

the data from both helices of the same sample were chosen.  Values of the Da and R for 

the four protein constructs are summarized in Table 4.2. 

Table 4.2:  Parameterization of the alignments observed 
                  for the MerF proteins in 6% PAG 
Protein Da (Hz) R 
MerFt -9.15 0.25 
MerF13-81 -4.17 0.25 
MerF2-72 -9.69 0.65 
MerFm -7.14 0.33 

 

Protein structures were calculated from the experimental data using a basic 

simulated annealing protocol in the program XPLOR-NIH (Schwieters et al., 2003b) 

previously described in the determination of the MerF core (Howell et al., 2005). An 

extended template with favorable covalent geometry was annealed against dihedral angle 

restraints having a force constant of 300 kcal / ° K in the regions of the protein found to 
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be α-helical based on the periodicity of their Dipolar Waves. First, the protein was 

subjected to 10 psec of dynamics at 3000 K. The harmonic restraints for the 1H-15N and 

1H-13C residual dipolar couplings were introduced with the force constant linearly 

increased from 0.01 to 7 kcal / Hz K as the temperature was lowered to 25 K in steps of 

12.5 K over 120 psec. A radius of gyration term (Rgyr) was applied at a force constant of 

50kcal mol-1 Å-2 (Kuszewski et al., 1999), and additional optimization of the Rgyr was 

performed to improve convergence.  Data from three constructs: MerFt, MerF2-72, and 

MerFm, were incorporated using a separate pseudo atom for each alignment and 

weighting each dataset equally. Supplemental dihedral angle restraints for the loop were 

generated from 15N and 13C chemical shifts determined on MerFt using the TALOS 

program (Cornilescu et al., 1999) and implemented with the dihedral angles derived from 

the Dipolar Wave analysis at a reduced force constant of 30 kcal / ° K. The inclusion of 

these restraints improved the convergence of the structure calculations, especially for 

non-helical residues. Sidechain conformations were restrained using a database potential 

of mean force to maintain realistic geometries (Kuszewski and Clore, 2000). The 

accepted structures have dihedral angles deviating by less than 10° for the helices.  As 

previously described, RDC  restraints from MerFt were applied with a fixed error bound 

of 1.05Hz during simulated annealing but relaxed to 1.25Hz for the acceptance of 

structures.  Due to the anticipated error in the protein constructs with intact N-terminus 

arising from the increased linewidth and decreased resolution, the couplings of MerFm 

and MerF2-72 were applied with a fixed error bound of 1.50Hz during the simulated 

annealing protocol and evaluated at 1.90Hz for the acceptance of structures.   
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Analysis of 15N CSA and 1H-15N Dipolar Couplings.  

The analysis of the experimentally measured 15N and 1H-15N dipolar coupling 

correlated spectra was performed using in-house written scripts in MATLAB (Nevzorov 

and Opella, 2003b; Thiriot et al., 2004; Ramamoorthy, 2005; De Angelis et al., 2006a).  

The order parameter of the aligned bicelles was taken to be 0.79, based upon the previous 

structural study of MerFt in aligned bicelles (De Angelis et al., 2006a).  Initial 

parameterization of the two helical segments was found by iteratively fitting the 

resonance patterns observed in 15N uniformly labeled samples to continuous PISA wheels 

by arraying the values of the tilt angle and the torsion angles Φ and Ψ to establish a 

starting point of making resonance prediction.  The determination of the helix phasing 

allowed the transition of general traces to discrete PISA wheels.  The phasing of the PISA 

wheel could be determined when a specific resonance assignment could be obtained from 

selective labeling.  In the absence of a specific assignment to set the helix phase, the 

PISA wheels were indexed by fitting the unassigned resonances of a single amino acid 

type based upon the occurrence in the linear sequence as previously described (De 

Angelis et al., 2006a).  Resonance assignment of the resonances in the helical segments 

were fit based upon the parameterized PISA wheels and the application of shotgun 

assignment using the resonances observed in selectively labeled samples (Marassi and 

Opella, 2002; Marassi and Opella, 2003). 

Structural calculation using residue correlated 15N shifts and 1H-15N dipolar 

couplings were based upon previous applications of the structural fitting algorithm 

(Nevzorov and Opella, 2003b; De Angelis et al., 2006a).  The error limits for the 

structural fitting of the helical segments were determined by independent fitting the 
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individual helices.  The second helix could be fit using only a 150Hz error bound, but the 

first helix required that the error bounds be relaxed to 750Hz.  To prevent overfitting the 

data, the loop and terminal regions were fit using a 250Hz error bar.  A complete listing 

of the structural restraints and error bounds are in Appendix 4.1.  Structural fitting of 

helical segments were restricted to Φ=-61.7±10° and Ψ=-61.7±10°.  The torsion angles 

for non-helical residues were restricted using the precompiled Ramachandran maps 

previously described. (De Angelis et al., 2006a).  Final structures were not subjected to 

the previously described, δ and r, distance filters; however, structures which contained 

steric clashes in the core structure or failed to have the bi-spanning topology were 

discarded.   

Rigid body fitting of the model generated by structural fitting of the 15N shifts and 

1H-15N dipolar couplings measured on aligned, perpendicular bicelles to the 

experimentally determined 1H-15N RDCs measured on MerFt in SDS micelles using 

solution state NMR techniques was performed using MODULE (Dosset et al., 2001).  

The core structure of the helix-turn-helix, residues 27-66, of the solid-state model was fit 

to the corresponding experimental RDCs by floating the values of Da, Dr, and the three 

Euler angles used to define the alignment relative to the molecular frame.  The 

parameterized alignment was then used to simulate the values of the RDCs for the solid-

state model. 

 



5 Structure Determination of a Tri-Spanning Integral Membrane 
Protein 

 

5.1 Comparison and Design of Fragments and a Chimeric Protein for 

Developing a Model of the Structure of MerT 

In the application of the methodologies developed in the preceding chapters to 

membrane protein systems of greater complexity, the next protein targeted for structure 

determination in the mer operon was MerT.  As previously indicated, MerT, found in 

plasmid R100, contains 116 residues and is predicted to contain three transmembrane 

segments (Lund and Brown, 1987).  MerT also has the distinction of being the postulated 

as being the principal mercury transporter in the mer operons.  Most functional mer 

operons capable of bestowing mercury resistance contain MerT.  Deletion studies to 

create MerT knockout genotypes show a diminished mercury resistance, while 

constitutive expression of MerT induces a mercury hypersensitive phenotype (Morby et 

al., 1995).   Similar to MerF, the protein contains two pairs of cysteines.  Like MerF, the 

first pair of cysteines, residues 24 and 25, is vicinal; however, the second pair of 

cysteines, residues 76 and 82, is separated in a conserved K77PGEV81 segment, which is 

predicted to be located in the intrahelical loop between the second and the third 

membrane spanning segments.   As was previously observed for MerF, the presence of 

the cysteine pairs also created the same sample stability and inhomogeneity problems, as 

shown in the limited spectral dispersion and missing resonances observed in the 1H-15N 

HSQC spectrum of MerT in micelles shown in Figure 5.2A. 

144 
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Several of the strategies applied to MerF were extended to a tri-spanning protein 

system.  The mutagenesis of all cysteine sites to serines has been shown to result in 

greatly improved sample stability and homogeneity, allowing the samples to remain 

soluble through the long NMR experiments.  Mutagenesis of the cysteine sites in MerT 

illustrated that the initial pair of cysteines, residues 24 and 25, were essential to preserve 

wild-type activity of MerT as assayed by a coupled mercury volatilization assay.  The 

second pair of cysteines, while not essential to preserve in vitro activity, is located within 

a fragment, which has been shown to interact the mercuric reductase, MerA.  From these 

two insights into the functionally significant areas of MerT, constructs to model the 

structure of MerT were designed. 

Drawing upon the previous improvements in the levels of protein expression 

observed for the codon optimized MerF containing extensive cysteine to serine 

mutations, the construction of a gene to express a codon-optimized, cysteineless MerT 

construct, MerTm, was designed.  In order to facilitate gene construction due to 

limitations in the length of synthesizable oligonucleotides, the gene for MerTm was 

designed for insertion into a plasmid in two pieces; one fragment encoded the predicted 

helical hairpin and the other fragment encoded for the interhelical loop and third 

transmembrane domain.  Each double stranded fragment from created by a set of 

mutually priming long oligonucleotides and were designed with three unique restriction 

endonuclease sites:  AlwNI and XhoI to allow the fragments to be inserted into a 

pET31(+)b vector andexpressed independently and an internal SacII site to allow both 

fragments to be combined to give the full MerTm gene (Figure 5.1).  The segregation of 

the MerTm gene into two fragments, also allowed for the replacement of the helical  
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hairpin from MerT with the MerF2-72 to create a novel, chimeric MerT-like protein, 

MerTf.  Sequence alignment and comparison of the two helical hairpins for MerT and 

MerF show a 31.3% identity and a 62.5% similarity for the predicted transmembrane 

segments (Figure 5.2.F) (Huang and Miller, 1991).  This high level of identity and 

similarity, as well as the similarity in the topological predictions for the two segments, 

suggested the possibilitythat the two domains might share common structural features.  

Additionally, the wealth of structural information previously determined for MerF could 

potentially be translated directly toward accelerating structure determination of the  
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tri-spanning MerTf.  Comparison of the spectral features between the tri-spanning 

proteins could then be used to simplify the process of determining the structure of MerT. 

The initial studies conducted toward establishing a structural model of a tri-

spanning protein were focused upon the chimeric protein, MerTf.  The decision to focus 

upon this protein target was motivated by the potential for the application to studies of 

MerT, as well as to direct comparisons of the protein expression and sample properties.  

Both tri-spanning proteins gave much lower levels of expression than were previously 

seen for the MerF constructs, approximately 0.5mg/L of MerTm and 0.7-1.2mg/L of 

MerTf after purification.  In an attempt to boost protein yields, as well as to reduce 

spectral complexity, the independent fragments of MerT2-66, MerF2-72, and MerT73-116 

were expressed.  The propensity of MerT2-66, as well as an extended construct (MerT2-82), 

to aggregate and precipitate both in micelles and bicelles also contributed to the decision 

to focus the initial structural studies on MerTf.   

Preparation of samples used in the structure determination of MerTf was 

analogous to the methods previously described for MerF (Howell et al., 2005).  Protein 

expression for uniform 15N samples utilized the C41(λDE3) cell line to enhance yields, 

and selectively labeled samples were prepared using the BL21(λDE3)pLysS cell line to 

maintain expression levels while minimizing isotopic scrambling.  All protein constructs 

were co-expressed with an N-terminal KSI fusion and a C-terminal 6X histidine tag and 

were predominantly expressed as inclusion bodies.  All inclusion bodies were purified 

using Ni-NTA affinity chromatography under denaturing conditions, 6M Gu-HCl.  The 

KSI fusion was separated from the targeted protein construct using CNBr cleavage under 
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acidic conditions, and the fragments were separated using size exclusion chromatography 

performed in the presence of detergent.   

 

5.2 Assignment and Topological Determination of MerTf in Micelles 

Initial protein structure studies on MerTf were directed at the full-length 

polypeptide.   This chimeric protein, composed of segments based on the MerF and MerT 

proteins, was assembled to create a protein that contained the topology of MerT while 

also preserving the core structural domain of MerF.  A direct comparison of the predicted 

topological features of the proteins utilized in this study is illustrated in Figure 5.2.  In 

order to preserve the structural features of the MerF segment of MerTf, choice of 

amphiphile was restricted to SDS, the detergent for which the previous MerF structures 

were determined using solution-state NMR techniques.  In the process of sample 

optimization, the convergence of spectral properties of MerTf to the properties of the 

individually expressed domains became evident (Figure 5.3).  The ability to utilize the 

independently expressed domains of MerF2-72 and MerTin2, then subsequently map back 

to the full-length MerTf, greatly accelerated the process of spectral assignment and the 

interpretation of structural information.  The spectral similarity of the MerF2-72 fragment 

to MerTf effectively allowed for transfer of the resonance assignments previously 

determined, effectively reducing the assignment challenge to only the second half of the 

protein.  The extent of resonance overlap between MerTin2 and MerTf allowed the focus 

of spectral assignment to be on the smaller construct and then mapped, as the MerF2-72 

resonances, back to the full-length protein.  The ability to focus upon the smaller protein 

greatly facilitated and accelerated the process of resonance assignment for several  
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reasons.  As previously stated, the ability to produce large quantities of homogenously 

purified MerTf protein was inhibited by the low level of protein expression.  Utilization 

of the smaller MerTin2 protein resulted in approximately a 20-fold enhancement in the 

level of protein expression.  The ability to enhance the level of protein expression and 

utilize a small protein facilitates the NMR assignment process, which requires the 

application of expensive isotopic labeling schemes and can lead to further diminishment 

of protein yields.  Additionally, due to the limited size and complexity of the MerTin2 

segment, use of the MerTin2 segment for assignment purposes did not require preparation 

of 1H/13C/15N labeled protein to complete resonance assignment using conventional 

triple-resonance correlative methods.  Backbone assignments for 1HN and 15N could be 

obtained for the observed sequential 1HN -1HN NOE cross-peaks observed in 2D 1H-15N 

HSQC-NOESY experiments run at 125 and 175ms NOE mixing times (Shon and Opella, 

1989; Lee et al., 2003).  Ambiguities in the crowded spectral regions could be resolved 

by comparison to the spectra of selectively labeled samples prepared concurrently to aid 

in resonance assignment of the protein in aligned bicelles using solid-state NMR 

techniques.  A summary of the properties observed for MerTf is illustrated in Figure 5.4.  

For ease of describing the properties of the segments derived from either MerF or MerT, 

the segments are color-coded red and blue respectively though the observables are 

measured upon the single polypeptide, MerTf.  As was previously described for the 

studies on MerF, one of the principal assessments of the protein necessary for the 

application of anisotropic interactions is to define the segments of the protein 

experiencing similar regimes of dynamic motion and to determine whether these 

segments additionally undergo concerted motions.  The two observables, 1H-15N NOE  
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and relative intensity of HSQC cross-peaks, previous used in the assessment of the core 

of MerF were reapplied to MerTf and are shown in Figure 5.4.A and B.  The topological 

features of MerTf indicated by these two observables are similar.  At the N-terminus, a 

region of enhanced dynamics is indicated by reduction in the 1H-15N NOE and increase in 

the relative peak intensity.  The segment, from residue 10 to 65, shows only moderate 

fluctuations for MerF2-72 and MerFm.  The segment of MerTf, from residue 65 to 93, 

shows indication of enhanced dynamics, notably with the apex roughly at the point at 

which the two protein segments were spliced.  This site of high dynamics also coincides 

both with the second metal binding site and the segment shown to interact with the 

mercuric reductase, MerA.  The segment, from residue 93 to 108, corresponds to the 

predicted location of the third transmembrane segment and again shows a region of stable 

dynamics with NOEs of similar magnitude as the other two transmembrane segments.  

The final residues of the C-terminus following Pro109 show evidence of increased 

dynamics previously observed for termini.  The H/D exchange profile shown for MerTf 

reflects the extent of peak intensity change of samples measure in 90% and 10% D2O; 

strong intensity reflect sites undergoing significant amount of exchange.  Complete 

parameterization of the fractionation factors was not vital to the structure determination 

of the protein, and most of the information could be extracted from observing the extent 

of exchange at 90% D2O relative to the spectral properties observed in 90% H2O.  

Utilization of this single exchange point gives the ability to clearly distinguish 

transmembrane segments from terminal and interhelical segments in MerF and results in 

a significant reduction in spectrometer time.  As was previously shown for MerF, the 

residues in the center of the second transmembrane helix are highly resistant to exchange 
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and are the least perturbed in the entire protein.  The resistance to exchange for 

resonances from the third transmembrane helix also clearly indicated the presence of a 

solvent excluded, stable secondary structure element.  The first helix exhibits some 

surprising exchange properties.  As was previously observed in the studies upon the 

various MerF protein constructs, the first helix was clearly evident when exchanged into 

90% D2O, albeit showing notably higher levels of exchange than the second helix.  The 

exchange profile observed for MerTf shows a short segment of reduced exchangeability 

coincident with the least exchangeable segment of the first helix observed in any of the 

MerF protein constructs.  This change in the exchange properties of the first helix 

suggests some level of structural disturbance of the first helix arising from the addition of 

the third transmembrane segment, giving rise to either an increased solvent exposure or 

distortion of the helical hydrogen-bond network.   

In the observed RDCs for MerTf, many of the topological and structural features 

are clearly conveyed in the couplings (Figure 5.4.D).  From the Dipolar Waves, the 

periodic oscillation in the couplings arising from the helical structure is evident for all 

three transmembrane domains (Mesleh and Opella, 2003).  The interhelical loop between 

the second and third transmembrane domains, predicted to be highly dynamic from 1H-

15N NOE and relative HSQC peak intensity, shows the characteristic collapse of the 

dipolar couplings to zero due to motional averaging.  The magnitude of the motion-

averaged couplings can be seen steadily increasing from residue 80 to 90, which can be 

seen to clearly correspond to the trend shown in the 1H-15N NOE.  The relative stability 

of the helices can be seen reflected in the extent and quality of fit for the three sets of 

Dipolar Waves.  The longest continuous stretch of couplings fit to a sinusoid and with the 
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lowest RMSD corresponds to the second helix, previously shown to be the most resilient 

to H/D exchange.  The second continuous segment still with a low RMSD fit corresponds 

to the third transmembrane helix.  The punctuation of the third helix at the site of Pro109, 

suggested by the increase in the observed dynamic properties are starkly shown in the 

gross difference between the pattern of couplings observed for the third helix and the 

couplings following the proline which rapidly collapse to motion-averaged zero 

couplings.  The changes to the first transmembrane helix are also evident from the 

anomalously short set of couplings which could be fit to a Dipolar Wave and high 

RMSD, relative to previously studied MerF constructs containing the same protein 

segment.  Interpretation of the observed RDC dataset allows parameterization of the 

alignment frame of the protein in as well as prediction of the relative helix orientations.  

Because there is only a single RDC dataset of MerTf and the complexity and features of 

the protein, structural interpretation will be introduced later in the context of the solid-

state NMR results in aligned bicelles. 

 

5.3 Assignment and Topological Determination of MerTf in Aligned Bicelles 

Structural studies of MerTf in aligned bicelles were directed at utilizing the 

independent fragments, MerF2-72 and MerTin2, to reducing the spectral complexity in 

order to facilitate resonance assignment.  Sample preparation was modeled from the 

protocol previously applied to MerF in order to minimize extent of structural disturbance.   

From sequence composition, the MerF2-72 protein should best reflect the first half of the 

MerTf protein.  Unlike MerF2-72 but similar to both MerFm and wild-type MerF, MerTf 

shows no propensity to sample multiple N-terminal conformations across the range of  
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sample conditions and methods of lipid integration tested.  The attempt to find conditions 

leading to structural convergence resulted in a method of incorporating the tri-spanning 

protein into large bicelles resulting in samples with a high level of spectral similarity to 

the previously determined MerF2-72 and MerFm proteins.  While the choice of lipid and 

detergent for the formation of bicelles remained 14-OPC and 6-OPC and the initial 

refolding in 6-OPC micelles were preserved, the tendency for samples of MerTf to 

misfold, as indicated by aggregation, precipitation, or protein only partially incorporated 

into the bilayer, seemed to be promoted by elevated temperatures typically used to induce 
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bicelle formation.  Adjusting the protein reconstitution to maintain temperatures below 

35°C until the protein was incorporated into the detergent micelles, elimination of 

freezing cycles, and utilization of low temperature and low power sonication enabled 

bicelle formation in which MerTf was efficiently incorporated and could then be 

gradually raised and persist at 42°C for several weeks before sample degradation became 

evident.  In addition to the benefit of producing a sample with a prolonged lifetime, the 

benign reconstitution utilized for MerTf additionally showed a high level of spectral 

homology with MerFm.  The similarity between the spectral patterns of MerTf and MerFm 

observed in the 15N/1H-15N Dipolar Coupling correlated SAMPI4 experiment can be seen 

in the overlay of spectra shown in Figure 5.5.B, where the resonances colored black are 

observed for the MerTf protein (Figure 5.5.A) and the resonances colored red are 

observed for MerFm (Figure 5.5.C).  The extent of resonance overlap was further tested 

through comparison of individual selective labels for both MerTf and MerFm.  Shown in 

Figure 5.6 are a set of spectra collected upon MerTf and MerFm.  In the top row, the 

uniformly labeled protein samples are shown for MerTf (Figure 5.6.1A) and MerFm 

(Figure 5.6.3A), the overlay of these two spectra can be seen in Figure 5.5.B.  In the 

second and third rows of Figure 5.6, the spectra observed for the two most populated 

selective labels, leucine and valine, which together represent 29% of all sites in MerTf 

and almost 60% of the sites located in transmembrane segments.  For the leucine 

selective label, the MerTf spectra should contain 18 resonances (Figure 5.6.2A), of which 

14 sites originate from the MerF fragment (Figure 5.6.2C).  A high level of correlation of 

resonances observed in the MerFm spectra with the resonances in MerTf is observed in 

the overlay of blue digitized points representing the resonances observed in MerFm onto  
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the MerTf leucine spectrum (Figure 5.6.2B).  The same similarity in spectral features is 

noted in the valine selective label (Figure 5.6.3A-C).  In the comparison between the 

selective labels of MerTf and MerFm, a clear difference in the spectral quality is notable.  

The ability to observe spectra with resonances approaching the intrinsic linewidth, as 

observed in the MerFm spectra, requires sampling at a high level of signal to noise.  

Previous studies with the MerF proteins were routinely run at sample concentrations of 3-

5mM and could be successfully reconstituted at 13.5mM.  The instability of the MerTf 

prevented the successful reconstitution of samples at concentrations greater than 1.5mM.  

Due to sample and spectrometer instabilities, obtaining equivalent spectra for MerTf 

would require prohibitively long acquisition.  Spectra shown for MerTf are typically both 

sampled and processed in an attempt to clearly distinguish as many resonances from the 

noise as possible, rather than obtaining complete resolution of all resonances.  The 

success noted for the mapping of MerFm resonances onto MerTf, motivated that 

application of the MerTin2 fragment to obtain resonance assignment for the second half of 

MerTf.  The spectrum for MerTin2 in aligned bicelles is shown in Figure 5.5.D, and 

similar to MerFm, the overlay of MerTin2 with MerTf shows a high extent of resonance 

overlap, both in the helical region of the spectrum, as well as the region of the spectrum 

associated with the loop domain (105-130ppm).  Two selective labels for MerTin2 and the 

mapping of the resonances onto the corresponding MerTf spectra are shown in Figure 5.6.  

While the extent of resonance overlap for the selectively label spectra of MerTin2 is not as 

well as observed for MerFm, the resonances corresponding to the transmembrane domain 

still allow for effective mapping of resonances. 
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Resonance assignment of MerTin2 exploited the established methods of resonance 

assignment previously described on the MerF proteins.  The lower complexity of 

MerTin2, relative to MerTf or MerFm, simplifies resonance assignment of the 

transmembrane domain.  Fitting the gross pattern of resonances to a PISA wheel 

projection of an ideal helix describes the transmembrane helix of MerTin2 as being tilted 

at 16° relative to the bilayer normal parameterized by:  Φ=-65° and Ψ=–40°, shown as a 

projected PISA wheel on the uniform 15N spectrum of MerTin2 in Figure 5.5.D.  From the 

parameterization of the helix from the resonances observed in the uniform spectrum, a 

specific or pattern of resonances observed in selective label can be used to define the 

phasing of resonances around the PISA wheel.  In an attempt to initially define the 

phasing of the PISA wheel, the six valine sites observed in the transmembrane region of 

the selectively labeled spectrum were fit to an idealized helix. Due to uncertainty about 

the final set of valines, V111 and V112, the six valine resonances were also used to 

determine the lowest RMSD fit to an ideal helix containing the four valine site in the –

VXVXVXV- segment, which was clearly predicted to be helical from structural studies 

in micelles.  Both fits were in agreement and the determined phasing was used to predict 

the spectrum observed for an ideal helix containing residues 87 to 116, 16° tilt, Φ =-65°,  

Ψ = –40°, and phased to the valine fit.  These residue specific predictions were compared 

to the spectral information observed in spectra collected on 15N-leucine, 15N-alanine, 15N-

phenylalanine, and 15N-tyrosine selectively labeled samples.  The five selective labels 

chosen represent 58% of the resonances from MerTin2 and 16 of the 22 predicted 

transmembrane sites.  Based upon the quality of fit of the sampled selective labels, the 

resonance assignments of residues, for which a selective sample was not prepared, were 
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based upon the fitting of resonances observed in the uniformly labeled sample to the 

predicted PISA wheel.  In the selective labels used to assign the transmembrane segment 

as well as the spectral density remaining unassigned after mapping of resonances from 

the transmembrane segment, the general spectral localization of the loop resonances can 

be seen.  Unlike transmembrane or amphipathic helices, which inhabit very defined 

spectral space due both to the defined structure element and orientation, the lack of 

restriction effectively allows the resonances for the loop region to exist anywhere within 

the spectral space defined by the bicelle powder pattern.  The common resonances 

observed in the uniformly labeled spectrum of MerTin2 and MerTf, specifically for the 

resonances not assignable to the transmembrane domains, the spectral density for the 

loop region can be discerned.  These resonances occupy a curiously narrow region of the 

spectrum, clustered around the isotropic chemical shifts and giving relatively small 

dipolar couplings.  Due to limitations in the currently available methods of measuring 

dipolar couplings in aligned samples, accuracy of the observed couplings under 1 kHz is  

uncertain.  The probability of the loop to connect the two transmembrane segments while 

inhabiting this region of spectral space is very low and would require that the loop 

structural regularly contain unfavorable torsion angles.  Given the behavior of the loop 

region observed in micelles, the more probable explanation for the resonances inhabiting 

such a condensed spectral space is due to motional averaging of the 15N CSA and 1H-15N 

dipolar couplings.  As was previously observed for the C-terminus of MerF, highly 

dynamic segments can become effectively invisible due to the extensive collapse of the 

dipolar coupling.  The existence of spectral density as well as difference in the range of 

observed 15N chemical shift for the loop region versus the 15N chemical shift observed in  
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micelles (Figure 5.7) suggests that that the loop region is only partially averaged rather 

than being completely averaged.  The highest probability for the dynamic nature of the 

interhelical loop of MerTin2 and MerTf is that a gradient of dynamics exist across the 

loop.  The lack of any additional information regarding the type of motion that the loop is 

undergoing, with respect to rate and range of motion, prevents the interpretation of any 

measured coupling via structural fitting.  Additionally, if the dynamic behavior of the 

loop in micelles is reflective of the behavior in aligned bicelles, there exists a high 

probability that many of the resonances from residue 72-82 will behave similar to the 

termini of MerF and not be visible due to significantly averaged dipolar couplings.  This 

would be consistent with the limited spectral density observed in the isotropic chemical 

shift band for the 25 residues in the loop and additionally suggested by the lack of 
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spectral density readily ascribable to A73 and A74 in the selectively labeled 15N-alanine 

sample of MerTin2.   

 

5.4 Model of MerTf and Concluding Remarks 

 The construction of a model representative of MerTf was designed to provide a 

synergy of the structural data collected on the protein both in micelles and aligned 

bicelles.  The topology observed in both micelles and aligned bicelles contains several 

features not encountered in the structure determination efforts previously described, most 

notably the existence of a dynamic interhelical loop between the second and third 

transmembrane segments.  Previous applications of dipolar couplings as the primary 

source of restraint require that couplings are available for peptide plane.  Missing sites 

very quickly lead to divergence of the structural space that is defined by a set of 

couplings.  In the case of MerTf where the loop is predicted to be approximately 25 

residues, the conformational space that the ends of the unrestrained loop can inhabit 

ranges from ~9 Å, assuming the ends are close enough to allow the two helices to pack, 

up to ~90 Å, if the loop is fully extended.  This ambiguity in the conformation of the loop 

will ultimately prevent spatially positioning the third helix and the first two helices by 

anisotropic interactions alone.   

The differences in the modes of alignment between solution and solid-state NMR 

techniques have two valuable features.  Most obvious is the significant difference in the 

magnitude of the alignment.  The small magnitude of alignment allows for preservation 

of linewidths typical of isotropic samples and minimizes the need for continuous 

decoupling; however, the small couplings of weakly aligned samples can easily be 
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distorted by the ability to precisely measure the coupling.  The larger magnitude of the 

statically aligned sample containing strong dipolar couplings requires constant 

decoupling; however, due to the magnitude of the couplings, additionally interactions, 

which would not be measurable under weakly alignment, can still be observed and 

measured.  The other notable aspect defining the alignment is the symmetry of the 

alignment tensor.  In the weakly aligned samples, the methods of introducing weak 

alignment typically gives rise to an axially asymmetric tensor allowing the sign of the 

measured dipolar coupling to be preserved and the retention of relative inter-fragment 

angular information as demonstrated by the prediction of relative helix orientation from 

Dipolar Wave fitting.  In the statically aligned samples, the alignment is defined by an 

axially symmetric (R=0) tensor creating rotational degeneracy about the principal axis of 

the tensor.  Unlike weakly aligned samples, the principal axis of the alignment frame can 

be defined as perpendicular or parallel to the normal of the bilayer depending on the use 

of aligned, perpendicular or parallel bicelles respectively.  The ability to define orient 

segments with respect to the membrane can allow further spatial profiling in structure 

prediction through the alignment of predicted transmembrane segments such that the 

exposed hydrophobic domains would be excluded from solvent in a common band, which 

would represent the hydrophobic region of the bilayer.  One of the underlying goals of 

applying both techniques is to truly find a regime where the protein structure is preserved 

and accessible for study by both techniques.  In this way, one technique can complement 

the other and together a cohesive model of a protein can be constructed in the absence of 

extensive structural restraints. 
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This synergy between the studies of MerTf under isotropic and weakly aligned 

micelles and aligned bicelles are the basis for the approach used to generate a model of a 

MerT-like fold.  As shown in the data previously collected on MerTf in micelles, 

complete resonance assignment of MerTf in micelles, through the use of homologous 

fragments allowed for correlation of the observed residual dipolar couplings to the 

individual backbone amide sites (Figure 5.4.D).  Encoded in the observed residual dipolar 

couplings is the orientational information for each internuclear vector, which can be 

reduced to four discrete angular solutions for extended a set of couplings fitting a known 

structure.  Previously in MerF, the degeneracy of the two helical segments was reduced 

from sixteen to four angular solutions simply by considering only the orientational 

relation between structural elements rather than relating the orientation back to the 

alignment frame.  These four solutions could be reduced to two through the use of an 

additional residual dipolar coupling dataset and ultimately reduced to a single solution 

with the inclusion of topological filtering.  A similar strategy can be used to reduce the 

sixty-four possible solutions to sixteen, through focusing on orientation of the structural 

elements relative to the first.  These sixteen possible orientations can be assessed to 

define the relative angles between each of the helices and should be preserved in the final 

structure.  Based both upon the known topology of MerF and the predicted topology of 

MerTf, the sixteen possible orientations are effectively reduced to a set of four that reflect 

a reasonable topology of a protein capable of spanning the bilayer two or three times 

within the defined helices, shown in the alternating direction of helices in Figure 5.8.C.  

These four allowable solutions are represented in the panels shown in Figure 5.8.B 

without an “X” in the lower left corner.   
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While the helices shown are defined in angular space, the actual position of each 

helix can be freely translated in 3-dimensional Cartesian space.  The demonstration of 

showing the relative helical orientations is useful primarily for visualizing the assembly 

of helices and offering a cursory examination of the ability of the obtained data to give a 

convergent solution.  Ultimately, the goal of obtaining a unique structure from the 

anisotropic interactions measured requires the sampling of the conformational space of 

the segments connecting the helices both to define the structure of these areas and more 

importantly to provide spatial profiling for the assembly of each defined structural 

element into a cohesively defined tertiary fold.  The interhelical loop between the first 

and second transmembrane helix of MerF was previously shown to be definable, but the 

ability to define this loop region was dependent upon the loop region showing the same 

level of dynamics as the transmembrane segments and benefited from the inclusion of 

additional dihedral restraints based upon the observed chemical shift to obtain 

convergence.   In the case of the larger interhelical loop between the second and third 

helix, the evidence of increased dynamics and collapse of the observed residual dipolar 

couplings to near zero values prevents the application of the measured RDCs to define 

the loop structure or the spatial definition of the third transmembrane domain.  Insight 

into the spatial definition of the third helix with respect to the bi-spanning helical core 

was defined by the comparison of resonance perturbance of the MerF2-72 and MerTin2 

fragments in the presence and absence of the conjugate fragment.  The effect of the local 

electronic environment upon the observed chemical shift has been used as a sensitive 

gauge of protein surfaces and has been regularly applied in the structural study of MerF 

as a gauge of conformational changes.  The shift in a free protein fragment to the protein 
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forming a protein-protein interface should give rise to some change in the observed 

resonances.  Spectra of uniformly 15N labeled MerF2-72 were collected in the absence of 

unlabeled MerTin2, at a 1:1 molar ratio, and at a 5-fold molar excess of unlabeled MerTin2.  

In the spectrum containing a 1:1 ratio of unlabeled MerTin2 and 15N labeled MerF2-72, 

negligible differences between the spectra could be discerned.  As the molar ratio was 

increased to the 5-fold molar excess of unlabeled MerTin2 and 15N labeled MerF2-72, 

significant broadening of a limited set of resonances was observed.  When the resonances 

undergoing change with the addition of a molar excess of unlabeled MerTin2 are 

correlated to their assignments, a segment in the first transmembrane helix, residues 31-

36, containing a glycine rich face due to the –GXXG- motif would appear to be involved 

with an association of the third helix.  The lack of any other observable spectral changes 

would suggest that this would be a direct interaction of the first helix with the third helix 

rather than an induced change relayed through the second helix.  Additionally, the lack of 

spectral changes in the samples prepared with equimolar amounts of each protein could 

simply be due to the known ability of the detergent to oversolubilize proteins, thus 

interfering with intramembrane helix-helix interactions, as well as the high detergent 

concentration maintaining each protein fragment in individual micelles.  The inverse 

experiment using labeled MerTin2 and unlabeled MerF2-72 could also be performed; 

however, the extent of interaction observed in the 5-fold molar excess were less apparent 

than observed in the MerF2-72 fragment.  The segment of the protein showing the greatest 

increase in linewidth with the addition of unlabeled MerF2-72 was from residue 104-107.  

The presence of bulkier sidechains is a likely cause for the diminished spectral effects, 

effectively shielding the observed backbone amide sites, whereas the glycines in the first 
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helix would expose the backbone.  The observed residual dipolar couplings and 

resonance disturbances measured on the isotropic and weakly aligned samples provides 

two critical elements utilized in the construction of the MerTf model, the relative 

orientation of each of the structural elements with respect to each other and a contact 

surface between the first and third transmembrane helices. 

The solid-state NMR data collected on MerTf in aligned bicelles has the potential 

to provide complementary information to the data collected upon MerTf in micelles.  As 

was previously indicated in the studies on MerF in aligned bicelles, two sets of 

anisotropic interactions are simultaneously measured, the 1H-15N dipolar coupling and 

15N chemical shift anisotropy.  The ability to measure the 15N CSA and thus define the 

orientation of the 15N nuclei in the alignment frame, relative to the HN-N, N-Cα, and N-

C’ bonds, significantly limits the possible conformations that to protein can exist while 

satisfying the measured interactions.  Additionally, the ability to correlate the normal of 

the bilayer to the alignment frame ultimately allows for the protein structure to be 

considered in the context of the membrane into which it is inserted.  The measured 

interactions from the solid-state NMR experiments also contain two additional limitations 

not encountered in couplings measured under weakly aligned conditions.  While the sign 

of 15N CSA is known, the sign of the dipolar coupling is not known.  For couplings 

correlated to 15N chemical shifts approaching the edges of the powder pattern, the sign 

can be inferred based upon the 15N-CSA/1H-15N dipolar coupling correlated powder 

patterns; however, in the region encompassing the isotropic chemical shifts, the sign of 

the observed dipolar coupling is ambiguous.  The modes of alignment are axially 

symmetric introducing rotational degeneracy when defining the orientation of one 
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segment of the protein to a distant segment.  From the previous structure calculations 

performed on data collected upon MerF2-72 and MerFm, which strongly overlays with 

MerTf, the first helix is tilted 22.1° from the membrane normal and the second helix is 

tilted 159.6°(20.4°) from the membrane normal.  Structural fitting of MerTin2, which 

overlays with MerTf, shows a helix tilted at 20.1° relative to the membrane normal.  

While the information of the relative angle between each helical segment is lost due to 

the axial symmetry of the alignment, the relative angular information defined by the 

residual dipolar couplings can be used to assess the families of structures.  Due to the 

large expanse of mobile residues connecting the second and third TMD, structure 

calculations were performed independently upon the MerF2-72-like fragment and the 

MerTin2-like fragment.  A representative structure from the primary family of structures 

of the MerF2-72 like fragment and the single solution of the MerTin2-like fragment were 

rotated about the axis of symmetry created by the alignment tensor and translated to 

position the helix packing face observed in isotropic micelles and the relative helix angles 

from the residual dipolar couplings.   

The final model, shown in Figure 5.9, reflects a convergence of anisotropic 

interactions measured under weakly aligned and statically aligned conditions, applied to 

the structure determination of a single protein system incapable of being defined by the 

structural information measured by either technique alone.  While the model can serve as 

a starting point for creating experiments to complement and further define the observed 

fold, the ability to utilize the model to explain some the behavior exhibited by the protein 

in the course of structure determination and ultimately in the context of functionality 

requires augmentation of the model.  When examining the H/D exchangeability  
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properties of the protein, the current model cannot explain the differential exchange 

profiles for each of the three transmembrane segments.  However, in the context of a 

oligomeric complex defined by an inner pore ringed by the first transmembrane helix and 

ringed and structured by the second and third helix, the high exchangeability of the first 

helix and robustness of the other two becomes more understandable.  The existence of a 

channel or pore is also required for the transmission of the mercuric ion, weakly 

coordinated in the first interhelical loop by Y43, D44, and Y45, before passing through 

the membrane to the pair of vicinal cysteines at the start of the first TMD.  In moving 

toward a greater understanding of the mechanism of mercury transport controlled by this 

protein, the definition of the terminal segment, that show the capability to undergo a 
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major structural transition that propagates through the vicinal cysteine pair before being 

dampened by the first transmembrane domain, is vital to understanding the tertiary and 

ultimately the quaternary structure.  The primary conformation exhibited by all MerF 

proteins containing an intact N- and C-terminus contains a stable segment extending 

away from the bilayer and tethered by a less stable segment.  The re-stabilization of this 

N-terminal segment, as it moves away from the bilayer, strongly suggests extra-

membrane interaction with other neighboring subunits.  The ultimate transfer of the 

mercuric ion to the reductase is suggested to occur through an interaction of the reductase 

with the interhelical loop between the second and third transmembrane segments.  The 

further definition of the structural nature of the interhelical loop in the presence and 

absence of an interaction with MerA may offer insight in the recruitment of the reductase 

and the transfer of the mercuric ion off the transporter. 

 Building upon the structural studies of MerF in micelles and aligned bicelles, the 

preliminary model of MerTf draws upon the strengths of both solution and solid-state 

NMR techniques.  The sensitivity of the isotropic chemical shifts allowed for the 

extraction of contact shifts induced by the association of the third helix with the first 

helix, allowing the two segments to be spatially profiled in the absence of a structured 

connecting segment.  The use of resonance disturbance, using either fragment mapping or 

the introduction of a spin probe, gives the ability to extract long range interactions and 

offers a means to remove conformation ambiguity inherent in structures based upon 

limited orientational restraints.  Ultimately, the ability to observe long-range interactions 

is essential for being able to define a global fold when linkers connecting rigid segments 

show signs of dynamics.  Further evolution of the structure determination methods will 
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prove whether the MerTf protein offers ingress into the structure determination and 

functional understanding of mercury translocation across the membrane.  Similar to 

MerF, the ability to define the structure of the monomeric unit serves as a starting point; 

expansion to elucidate the nature of the protein’s role in the translocation of mercury 

across the inner membrane will involve extending the structural understanding of the 

protein beyond the monomeric unit. 

 

5.5 Materials and methods 

 Materials.  

Enzymes were purchased from New England Biolabs (www.neb.com) unless 

otherwise noted, and the oligonucleotides were synthesized by Integrated DNA 

Technologies (www.idtdna.com). Plasmid DNA of pET-31(+)b and bacterial strain 

BL21(λDE3)pLysS were purchased from Novagen (www.emdbiosciences.com). 

Bacterial strain C43(λDE3) was obtained from Avidis (www.avidis.fr). 15N2-ammonium 

sulfate, 15N-labeled amino acids, and d25-sodium dodecyl sulfate were obtained from 

Cambridge Isotope Laboratories (www.isotope.com).   1,2-di-O-hexyl-sn-glycero-3-

phosphocholine (6-OPC) and 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine  (14-

OPC) were purchased from Avanti Polar Lipids (www.avantilipids.com).   

 

Cloning, Expression, and Purification of the Constructs for the Structural Determination 

of a Tri-spanning MerT-like Protein.  

The construction of the coding sequences for MerTm, MerTin2 were constructed 

independent of the MerT parental cDNA to allow for additional genetic optimization and 

http://www.neb.com/
http://www.avantilipids.com/
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incorporation of extensive cysteine to serine mutations.  Due to limitations in the 

maximum size of oligonucleotide which could be synthesized, the MerTm gene was 

produced in two fragments, encoding residues 2-67 and residues 73-116 of MerT.  Each 

of these fragments contained three unique restriction endonuclease recognition sites for 

AlwNI, SacII, and XhoI.  The location of these recognition sites in each of the fragments 

is illustrated in Figure 5.1.  The AlwNI and XhoI sites allowed the genes to be 

incorporated into the pET31(+)b vector for expression as isolated fragments.  The 

inclusion of the SacII site was to allow the two fragments to be ligated to reproduce the 

full-lenth MerT gene containing extensive cysteine to serine mutations.  In order to 

exploit previous structural studies on MerF, the first half of the MerT gene, which is 

predicted by hydropathy and transmembrane propensity to contain two transmembrane 

segments was replaced by residues 2-72 of MerF containing extensive cysteine to serine 

mutations.  The insert for incorporating the MerF segment was prepared by subcloning 

the gene for MerF2-72 to incorporate a SacII recognition site.   This chimeric tri-spanning 

protein containing residues 2-72 of MerF and residues 74-116 of MerT with extensive 

cysteine to serine mutations will referred to as MerTf.  All sequences were inserted into 

the pET31(+)b vector, which contains a 125 residue N-terminal KetoSteroid Isomerase 

(KSI) fusion for direction of protein expression to inclusion bodies and a C-terminal 6X 

His-Tag for affinity purification. Protein expression and purification of the MerF2-72, 

MerFm, and MerTin2, MerT and MerTf were performed using methods previously 

described (Howell et al., 2005).   
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Solution-State NMR Sample Preparation.  

All solution-state NMR samples were prepared by solubilizing the lyophilized 

protein in the SDS-containing NMR Buffer (90%H2O/10%D2O, 450mM SDS, 10mM 

sodium phosphate, 1mM sodium azide, pH 6.0) to produce a 450µL sample volume and 

1mM protein concentration.  The protein-containing micelles were incubated at 40°C for 

30 min with intermittent bath sonication, and microcentrifuged at 13,000 rpm for 15 min 

to remove any undissolved protein or other debris.  

Protein-containing micelles were weakly aligned in stressed polyacrylamide gels. 

Separate samples were aligned in a 6% polyacrylamide gel using the method of 

compression to induce alignment in the isotropic samples (Sass et al., 2000b; Ishii et al., 

2001b).  A solution containing 30% w/v Acrylamide and 0.8% Bis-Acrylamide was 

diluted with deionized H2O and polymerized by addition of TEMED and APS in a long 

glass tube with a 3.5 mm inner diameter. Following polymerization, the gel was squeezed 

out of the glass tube and washed in deionized water overnight to remove any 

unpolymerized acrylamide and unreacted TEMED/APS. The gel was then cut to 2.6 cm 

in length and dried overnight at 42 °C. The dried gel was then added to a solution of 

protein-containing micelles in a Shigemi (www.geocities.com/~shigemi/) NMR tube with 

an inner diameter of 4.2 mm, and the plunger was set to restrict the expansion of the 

length of the polyacrylamide gel to 1.8 cm.  Induction of weak alignment in the samples 

was confirmed in a light microscope by optical birefringence prior to initiating NMR 

experiments. 

H/D exchanged samples were initially prepared in 90% H2O to allow initial 

spectral acquisition of the fully-protonated protein.  The sample was frozen in liquid 
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nitrogen and lyophilized to dryness.  The desired mixture of H2O and D2O was added to 

the protein-detergent film to restore the original volume and resolubilized by vortexing.  

Exchanged samples were spectral acquired an hour after re-introducing the solvent.    

 Observation of helix packing interfaces was performed using the two independent 

fragments, MerF2-72 and MerTin2.  In order to simply the observance of the subtle changes 

due to helix association in MerF2-72, uniformly 15N-labeled MerF2-72 was titrated with 

unlabeled MerTin2.  Labeling only the MerF2-72 minimized the change of resonance 

overlap obscuring any spectral changes originating from the interactions.  Monitoring 

changes in the third helix contained in the MerTin2 construct was performed by titrating 

uniformly 15N-labeled MerTin2 with unlabeled MerF2-72.  Distinct spectral changes in 

MerF2-72 and MerTin2 could be observed when the partner fragment was present at a 5-

fold molar excess. 

 

Solid-State NMR Sample Preparation.  

Aligned perpendicular bicelle samples for solid-state experiments were prepared 

using 1,2-di-O-hexyl-sn-glycero-3-phosphocholine (6-OPC) and 1,2-di-O-tetradecyl-sn-

glycero-3-phosphocholine (14-OPC) at a “q” of 3.2 and a lipid content of 28%(w/v).  The 

lyophilized protein was dissolved in 80% TFE and 20% chloroform, dried to a film under 

a stream of nitrogen, and placed under hard vacuum overnight.  Quantification of protein 

was performed using the absorbance of the protein dissolved in organic solvent at 280nm.  

Typical bicelle samples contained 3.75-5mM protein concentration, with the exception of 

MerTf samples, which could not be reconstituted at concentrations above 1.5mM.  The 

dried protein was combined with a 40µLsolution containing 9.5mg of 6-OPC micelles in 
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de-ionized H2O and allowed to solubilize overnight.  The protein-micelle solution was 

added to a 40uL solution containing 46.48mg of 14-OPC, pre-formed as liposomes in de-

ionized H2O.  The combined solutions were thermally cycled between three temperatures: 

42°C, 0°C and 5°C, to induce bicelle formation.  Vortexing of the solution at 42°C and 

5°C during the first 10-15 cycles improved sample mixing and facilitated the bicelle 

formation.  Bicelle solutions were adjusted to a pH of 6 and diluted to the final volume of 

200uL to give a 28%(w/v) lipid composition.   An aliquot of the bicelle sample, 170µL 

was transferred to a 5mm X 15mm, flat-bottomed glass tube and sealed with a rubber 

plug for the NMR experiments. 

  

NMR Spectroscopy.  

The solution-state NMR spectra shown were primarily obtained on a Bruker 

(www.bruker-biospin.com) DMX 600 MHz spectrometer using a triple-resonance 

1H/13C/15N TXI cyro-probe equipped with three-axis pulsed field gradients. The 

dynamics experiments to measure 1H-15N NOE interactions were performed on a Bruker 

DMX 500 MHz spectrometer  using a triple-resonance 1H/13C/15N probe equipped with a 

z-axis pulsed field gradient. All HSQC NMR experiments were performed at 50 °C using 

a 1.5 second recycle delay, except for the measurement of relative HSQC peak intensity 

where a 3 second recycle delay was applied. The chemical shifts are referenced to the 

1H2O resonance set to its expected position of 4.534 ppm at 50° C (Cavanagh et al., 

1996). The standard fHSQC experiment was used for isotropic samples with 1024 points 

in t2 and 256 in t1 (Mori et al., 1995). 1H-15N heteronuclear NOE measurements were 

made using difference experiments with and without 3.0 sec of saturation of the 1H 
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resonances between scans (Farrow et al., 1994). Backbone 1HN and 15N resonance 

assignments were made using a two-dimensional HMQC-NOESY experiments 

performed with a 150 millisecond mixing time (Shon and Opella, 1989; Lee et al., 2003).  

Measurements of the 1H-15N residual dipolar couplings were made using a sensitivity 

enhanced version of the IPAP experiment (Ding and Gronenborn, 2003) acquired with 

1024 points in the t2 and 512 points in the t1. The contribution to the 1H-15N splitting from 

the isotropic scalar coupling was determined by performing the same experiment on an 

isotropic micelle sample, and subtracting the value of the isotropic J-coupling obtained 

from that measured for the weakly aligned gel sample. 

 The solid-state NMR experiments shown were obtained on a Bruker Avance 700 

MHz spectrometer using a double resonance 1H/15N probe containing a 5mm single 

solenoid coil built in house.  All experiments were performed at 42°C using an 8 second 

recycle delay.  The 15N chemical shifts are referenced to the resonance of 1M urea in 

DMSO set to its expected position of 76.3ppm (Wishart et al., 1995), which places the 

H2O resonance observed in the bicelle samples at 4.5ppm when using the indirect 

chemical shift ratio of 0.101329118 for relating 15N-1H (Wishart et al., 1995).   All 

spectra collected on perpendicular bicelles utilized the SAMPI4 experiment (Nevzorov 

and Opella, 2007).  All data shown were acquired at a B1 field of 50±1kHz.  15N offset 

frequencies were placed at 120 ppm for spectra acquired on perpendicular bicelles and 

9.0ppm for the 1H offset frequencies  Uniformly 15N labeled SAMPI4 spectra were 

acquired with 1024 points in t1 and 84 points in t2.  Selectively labeled SAMPI4 spectra 

were acquired with 512 t1 points and 32-48 t2 points.     
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NMR data were processed using the NMRPipe software package (Delaglio et al., 

1995). Spectra were assigned, peak intensities measured, and peak volumes integrated 

using the program Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of 

California, San Francisco).  

 

Analysis of Residual Dipolar Couplings.  

The analysis of the experimentally measured RDCs was performed using in-house 

written scripts in MATLAB. Helical regions were identified by applying a sliding 

window fitting algorithm to the experimental RDCs as described previously (Mesleh and 

Opella, 2003). For each window of five residues, a simple sinusoid of periodicity 3.6 was 

best fitted to the experimental data, and the RMSD between that sinusoid and the 

experimental data calculated. When the RMSDs are plotted as a function of residue 

number, then regions having low scores are identified as helices and are fitted as single 

sinusoids. Helices have RMSDs below the experimental error of ~1.5 Hz; higher scores 

are generally interpreted as deviations from ideality such as kinks and curvature (Mesleh 

et al., 2003; Mesleh and Opella, 2003). Simple fitting of an expression relating the 

orientation of the helix to the amplitude, average value, and phase of the sinusoid is an 

initial step towards structure determination, and precisely determines the relative 

orientations of helices to within four degenerate solutions (Mesleh et al., 2003). Data 

from at least two different alignments of the protein are essential for resolving among the 

orientational ambiguities and obtaining unique structural solutions (Ramirez and Bax, 

1998; Hus et al., 2000).  Three helical regions of the MerTf were observed: the first 

segment between residues L30 to A38, the second segment between residue A50 to Q67, 
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and the third segment between 96 and 108.  These segments could be fit to Dipolar 

Waves having RMSD values of less than 1.3 Hz, slightly lower than the experimental 

error.   

 

Analysis of 15N CSA and 1H-15N Dipolar Couplings.  

The analysis of the experimentally measured 15N and 1H-15N dipolar coupling 

correlated spectra was performed using in-house written scripts in MATLAB (Nevzorov 

and Opella, 2003b; Thiriot et al., 2004; Ramamoorthy, 2005; De Angelis et al., 2006a).  

The order parameter of the aligned bicelles was taken to be 0.79, based upon the previous 

structural studies in aligned bicelles (De Angelis et al., 2006a).  Due to the spectral 

similarity observed between MerFm and MerTf, assignments made for the first half of the 

protein was made by mapping resonances to the uniformly 15N labeled MerTf in 

perpendicular bicelles.  Resonance assignment of the third transmembrane helix was 

made initially on MerTin2, by fitting a continuous PISA wheel to the resonances observed 

in the uniformly 15N labeled MerTin2 spectrum by arraying the values of the tilt angle and 

the torsion angles Φ and Ψ to establish a starting point of making resonance prediction.  

A PISA wheel giving the best fit to the experimental data was parameterized by a tilt 

angle of 18° , Φ=-61.7° and Ψ=-44.7°.   Phasing of the helix to allow prediction of the 

remaining resonances in the helix was made by simultaneously performing a least squares 

fit of the four valine resonances found to be in the helix region observed in micelles.  

Resonance assignment of the helical segment was based upon the parameterized PISA 

wheels and the application of shotgun assignment using the resonances observed in 

selectively labeled samples (Marassi and Opella, 2002; Marassi and Opella, 2003). 
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Structural calculation using residue correlated 15N shifts and 1H-15N dipolar 

couplings were based upon previous applications of the structural fitting algorithm 

(Nevzorov and Opella, 2003b; De Angelis et al., 2006a).  Due to the presence of an 

underfined segment between the second and third helices, the fragments were structurally 

fit independently.  Structural fitting of the fragment based upon MerF was preformed as 

previously described.  A complete listing of the structural restraints and error bounds are 

in Appendix 5.1.  Structural fitting of helical segments were restricted to Φ=-61.7±10° 

and Ψ=-61.7±10°.  The torsion angles for non-helical residues were restricted using the 

precompiled Ramachandran maps previously described. (De Angelis et al., 2006a).  Final 

structures were not subjected to the previously described, δ and r, distance filters; 

however, structures which contained steric clashes in the core structure were discarded.   

Structural fitting of the resonances in the third helix, residues 93-115, was performed 

using the structural restraints and error bounds in Appendix 5.1.  To generate a model of 

the tri-helical bundle, representative structures were chosen from the output of each 

structure calculation.  Orientation of the two segments made by allow free rotation about 

the z-axis and translation to position each segment to define a helix packing interface at 

residues 31-36 and 104-107 observed in micelles.  A favorable conformation satisfying 

these conditions was found without creating steric clashes and is shown in Figure 5. 



6 Conclusion 

 The research described in this dissertation described the application and 

development of techniques for both solution and solid-state NMR toward the structure 

determination of membrane proteins, namely the transport proteins of the mer operon.  

The challenge of being able to determine structural information on a membrane protein 

can be mitigated by the application of both solution and solid-state NMR techniques.  

Studies of α-helical membrane proteins under isotropic conditions, though suffering from 

broader resonances and limited spectral dispersion, can benefit from the robust methods 

of resonance assignment.  Through the use of residual anisotropic interactions induced by 

weak alignment, a wealth of structural data can be extracted from membrane proteins 

using solution-state NMR techniques.  Solid-state NMR has historically played a lesser 

role in protein structure determination than solution-state NMR due to the difficulties of 

obtaining the adequate spectral resolution to measure discrete interactions.  With the 

advent of high-resolution solid-state NMR, both MAS and static solid-state NMR based 

methods shown tremendous potential for contributing to the efforts to elucidate the 

structures and functions of proteins.  Membrane proteins have a unique place in solid-

state NMR, where the large molecular ensembles necessary to from an extended bilayer 

are not inhibitory to the spectroscopy. 

 The initial studies on MerF were focused upon applying existing solution-state 

NMR and RDC methods to determine the structure the protein in micelles.  Through the 

novel use of two protein constructs, which gave unique alignments in compressed 

polyacrylamide gels, the intrinsic degeneracy of the limited 1H-15N RDCs could be 

resolved and the core structure of MerF was determined.  Due to structural disturbances 
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and dynamics, the structure of the terminal segments could not be determined using the 

MerFt and MerFm constructs alone.  With the resonance assignments and core structure of 

MerF in micelles, the comparative structure of MerFt in aligned bicelles using solid-state 

NMR techniques was determined using 1H-15N dipolar couplings and 15N CSA based 

restraints.  Similar to the structure determination of MerF in micelles, the limited 

structural restraints introduced degeneracy into the structure calculation and were 

resolved by filtering the structures using database-derived parameters for the hydrophobic 

matching and interhelical distances between the two helices.  With the inclusion of the 

additional restraints, the core of MerFt was determined in aligned bicelles. 

 Extension of the MerF core into the terminal regions in micelles required more 

structural restraints than were initially available in the core structure determination using 

MerFt and MerFm.  To accomplish this goal, an additional protein construct was 

introduced, MerF2-72.  Similar to the common features exhibited by the core region of 

MerF in MerFt and MerFm, the limited chemical shift perturbance and similar dynamic 

properties allowed the entire length of MerF2-72 to be structurally related to MerFm.  

Though the alignment difference is not as pronounced between MerF2-72 and MerFm as 

between MerFt and MerFm, the RDCs for the terminal region do show significant 

differences and aid in limiting the possible N-terminal solutions.  The effectiveness of 

limited RDCs on defining an extended segment not adhering to any regular secondary 

structure is apparent from the high level of structure divergence exhibited by the N-

terminal structures.  No extension of the truncated N-terminal structure in micelles was 

pursued due to the evidence of backbone motion, which would compromise the 

application of the measured RDCs to defining structural restraints.  Extension of the 
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MerF core into the terminal regions also exploited the use of the additional protein 

constructs.  The application of the MerF2-72 protein revealed the unique feature of the 

protein construct being able to undergo an N-terminal structural transition from a 

confirmation resembling MerFm to a conformation resembling MerFt.  Though potentially 

functionally significant, the N-terminal transition has not been observed in any constructs 

containing intact C-termini nor induced by the binding of Hg2+ to protein constructs with 

the cysteine pair reintroduced.  Though resonance comparison across the protein 

constructs and the mapping of the topology using chemical probes, complete resonance 

assignment could be attained for the stable segments of the protein.  Structural fitting of 

an extended N-terminal segment not adhering to any regular secondary structure leads to 

convergence of the structures due to the limited ability of the 1H-15N dipolar couplings 

and 15N CSA to define a unique solution with the inclusion of reasonable tolerances.  

Through the adjustment of the previous application of structural fitting used to define the 

core of MerFt, removing the database derived distance restraints revealed the suppression 

of the major structural family.  The major structural family, when compared to 1H-15N 

RDCs measured on micelles, revealed the preservation of the relative helical angles and 

the relative phasing of the two helical segments. 

 The expansion of structure determination methods to a tri-spanning protein of the 

mer transport proteins involved the creation of a chimeric protein MerTf, containing the 

N-terminus through the second transmembrane helix of MerF and the interhelical loop 

and third transmembrane helix of MerT.  Structural studies on MerTf in micelles and 

aligned bicelles revealed the preservation of spectral properties of the independent 

fragments.  The application of homologous fragments allowed for rapid resonance 
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assignment due to the reduced spectral complexity and more robust nature of the 

fragments.  The subsequent mapping of resonance assignments back to the single 

polypeptide containing both segments allowed for measurement of the anisotropic 

interaction in micelles and aligned bicelles.  Unlike previous protein systems 

characterized using these methods, MerTf reveals a significant level of dynamics in the 

interhelical loop between the second and the third helices.  This dynamic segment 

prevents the previous method of spatial profiling of distant segments by the conformation 

of a rigid linker.  The definition the spatial relation between the bi-spanning segment and 

the last transmembrane segment was based upon to observance of resonance disturbance 

of the independent fragments when titrated with a molar excess of the conjugate fragment 

in micelles. 

 NMR continues to offer the ability to study protein systems in environments near 

their physiological conditions.  Historically, the ability to target membrane proteins for 

structure has been limited by the limitation of membrane mimetic and the number of 

interactions, which could be measured and related to structural restraints.  Structure 

determination methods employing anisotropic interactions offer a powerful tool for these 

protein systems.  The continued development of alignment media and pulse sequence 

development will continue to improve the repertoire of available interactions, which will 

serve to improve the quality and uniqueness of structures of membrane proteins possible 

using anisotropic interactions potentially limiting the structural ambiguity observed for 

non-regular structural elements as observed in the N-terminus of MerF.  However, the 

application of these methods in the structure determination of MerTf heralds the intrinsic 

limitation of applying these methods to protein systems containing discontinuous 
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segments.  In adapting these methods to be amenable to the structure determination of 

protein systems containing multiple subunits or domains connected by dynamic 

segments, the ability relate the local orientational restraints to the global perspective of 

the protein is necessary.  Chemical shift perturbance between independent fragments, as 

applied to MerTf, can be a powerful tool in probing surface contacts; however, it may not 

be generally applicable.  Paramagnetic mapping, using covalently attached probes, is 

becoming more prevalent in structural determination methods, and the development of 

probes with higher specificity (bi-functional) with less degrees of conformation freedom 

will allow more specific control of the observed PREs and PCS.  Additionally, the 

coupling of NMR to other experimental methods capable of generating a low resolution, 

global sense of a protein’s topology, such as cryo-EM, has the potential to radically 

change the nature of structure determination and allow the full realization of functional 

elucidation through structure determination. 
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Appendix 3.1 
Resonance Assignments for MerFt in Aligned Bicelles 

Residue 
Type 

Residue 
Number 

15N Shift 
(ppm) 

1H-15N  
DC (Hz) 

Fitting Tolerance 
(Hz) 

I 13 137.52 1428 0 
G 14 123.30 962 50 
T 15 129.58 1286 50 
T 16 135.64 1609 450 
L 17 135.54 1367 50 
V 18 137.52 1428 50 
A 19 138.67 1479 50 
L 20 133.60 1483 50 
S 21 128.95 1198 50 
S 22 125.40 1183 50 
F 23 122.68 994 50 
T 24 104.68 690 50 
P 25 110.00 0 50 
V 26 86.54 1890 1000 
L 27 84.95 3312 200 
V 28 93.37 3638 100 
I 29 93.52 2858 100 
L 30 84.65 2903 750 
L 31 86.34 3754 750 
G 32 87.96 3168 100 
V 33 94.08 2420 100 
V 34 85.87 3132 100 
G 35 88.08 3621 1200 
L 36 94.37 3206 750 
S 37 79.84 2556 750 
A 38 81.80 3557 750 
L 39 94.24 3853 750 
T 40 95.17 2709 100 
G 41 79.84 2556 100 
Y 42 132.42 1161 100 
L 43 119.20 367 100 
D 44 107.93 659 100 
Y 45 124.71 1239 100 
V 46 100.48 793 100 
L 47 84.28 3344 100 
L 48 109.45 1537 100 
P 49 110.00 0 100 
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A 50 113.13 852 100 
L 51 99.84 2948 100 
A 52 97.96 2901 750 
I 53 82.40 2457 750 
F 54 86.34 3754 120 
I 55 100.63 3395 100 
G 56 86.34 2949 750 
L 57 80.53 2920 750 
T 58 89.08 3946 750 
I 59 98.74 3146 750 
Y 60 84.47 2672 750 
A 61 79.97 3290 750 
I 62 94.24 3853 750 
Q 63 98.40 2540 100 
R 64 79.74 2735 750 
K 65 95.17 2709 100 
R 66 94.37 3206 100 
Q 67 97.58 2477 100 
A 68 79.97 3290 500 
D 69 114.53 1025 100 
A 70 123.94 380 100 
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Appendix 4.1 
Resonance Assignment for MerFm in Aligned Bicelles 

Residue 
Type 

Residue 
Number 

15N Shift 
(ppm) 

1H-15N  
DC (Hz) 

Fitting Tolerance 
(Hz) 

K 5 100.75 2312 250 
T 6 99.09 1312 250 
L 7 96.57 2244 250 
L 8 97.19 2663 250 
R 9 104.30 1846 250 
V 10 92.29 1639 250 
S 11 113.53 809 250 
I 12 91.01 3849 250 
I 13 104.43 2644 250 
G 14 83.50 2404 250 
T 15 93.31 3672 250 
T 16 97.87 1472 250 
L 17 88.38 1549 250 
V 18 91.93 2355 250 
A 19 107.50 1216 250 
L 20 96.01 2401 250 
S 21 96.94 2454 250 
S 22 87.32 3354 250 
F 23 100.75 2312 250 
T 24 119.67 296 500 
P 25 110.00 0 500 
V 26 82.21 2166 750 
L 27 85.72 3366 750 
V 28 92.45 2860 750 
I 29 90.81 2593 750 
L 30 84.48 2799 750 
L 31 99.33 3174 750 
G 32 100.75 2312 750 
V 33 91.09 1890 750 
V 34 85.51 2973 750 
G 35 95.95 2787 750 
L 36 97.99 2676 750 
S 37 90.92 1421 750 
A 38 87.56 3309 750 
L 39 92.01 3009 750 
T 40 75.86 3177 750 
G 41 84.18 3303 250 
Y 42 128.57 208 250 
L 43 85.65 3649 250 
D 44 109.99 1053 250 
Y 45 117.75 739 250 
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V 46 91.29 1495 250 
L 47 84.24 2935 250 
L 48 112.39 1111 250 
P 49 110.00 0 500 
A 50 82.40 3258 350 
L 51 93.31 3672 250 
A 52 96.69 2343 150 
I 53 80.85 2444 150 
F 54 85.72 3465 150 
I 55 99.33 3174 150 
G 56 87.78 2070 150 
L 57 79.30 2916 150 
T 58 88.88 3878 150 
I 59 95.98 2767 150 
Y 60 82.69 2656 150 
A 61 81.10 3539 150 
I 62 92.89 3555 150 
Q 63 95.98 2767 150 
R 64 84.09 2414 250 
K 65 92.45 2860 250 
R 66 90.92 1421 250 
Q 67 92.25 3342 250 
A 68 78.92 3307 250 
D 69 103.25 859 250 
A 70 120.42 175 250 

 

 

 

 

 

 

 

 

 

 



 192

Appendix 4.2 
Resonance Assignments for MerFt in aligned perpendicular bicelles 

 Original Revised   
Residue 
Number 

15N Shift 
(ppm) 

1H-15N 
DC(Hz)

15N Shift 
(ppm) 

1H-15N 
DC(Hz)

∆ 15N 
Shift(ppm)

∆ 1H-15N 
DC(Hz) 

13 137.52 1428 136.14 1479 1.38 51 
14 123.30 962 122.76 277 0.54 685 
15 129.58 1286 129.09 1409 0.49 123 
16 135.64 1609 136.14 1479 0.50 130 
17 135.54 1367 134.53 1402 1.01 35 
18 137.52 1428 134.08 1377 3.44 51 
19 138.67 1479 136.14 1479 2.53 0 
20 133.60 1483 132.40 1323 1.20 160 
21 128.95 1198 128.65 1035 0.30 163 
22 125.40 1183 119.89 1327 5.51 144 
23 122.68 994 119.58 1010 3.10 16 
24 104.68 690 105.70 1740 1.02 1050 
25 110.00 0 110.00 0 0.00 0 
26 86.54 1890 85.47 1698 1.07 192 
27 84.95 3312 84.19 3634 0.76 322 
28 93.37 3638 91.59 3260 1.78 378 
29 93.52 2858 92.62 2690 0.90 168 
30 84.65 2903 82.84 2754 1.82 149 
31 86.34 3754 98.87 3284 12.52 470 
32 87.96 3168 94.94 2136 6.98 1032 
33 94.08 2420 93.14 2321 0.94 99 
34 85.87 3132 84.62 3107 1.25 25 
35 88.08 3621 96.28 2845 8.20 776 
36 94.37 3206 97.84 2838 3.47 368 
37 79.84 2556 80.43 2236 0.59 320 
38 81.80 3557 79.71 3404 2.09 153 
39 94.24 3853 91.91 3168 2.33 685 
40 95.17 2709 96.28 2845 1.11 136 
41 79.84 2556 84.16 3225 4.32 669 
42 132.42 1161 131.75 1207 0.68 46 
43 119.20 367 84.19 3634 35.02 3267 
44 107.93 659 109.00 1047 1.08 388 
45 124.71 1239 126.19 1236 1.48 3 
46 100.48 793 92.52 2023 7.96 1230 
47 84.28 3344 84.62 3107 0.34 237 
48 109.45 1537 111.87 1063 2.42 474 
49 110.00 0 110.00 0 0.00 0 
50 113.13 852 107.49 1167 5.63 315 
51 99.84 2948 91.86 3718 7.98 770 
52 97.96 2901 96.61 2432 1.35 469 
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53 82.40 2457 82.27 2857 0.13 400 
54 86.34 3754 84.62 3107 1.72 647 
55 100.63 3395 100.46 3738 0.17 343 
56 86.34 2949 85.10 2231 1.24 718 
57 80.53 2920 78.51 2777 2.02 143 
58 89.08 3946 86.95 3926 2.13 20 
59 98.74 3146 98.87 3284 0.13 138 
60 84.47 2672 82.56 2610 1.91 62 
61 79.97 3290 79.15 3544 0.83 254 
62 94.24 3853 92.10 3772 2.14 81 
63 98.40 2540 96.28 2845 2.12 305 
64 79.74 2735 83.02 2462 3.29 273 
65 95.17 2709 91.57 2849 3.60 140 
66 94.37 3206 90.18 1661 4.19 1545 
67 97.58 2477 91.23 3510 6.35 1033 
68 79.97 3290 77.43 3233 2.54 57 
69 114.53 1025 104.18 728 10.35 297 
70 123.94 380 121.40 169 2.55 211 
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Appendix 5.1 
Resonance Assignment for MerTf in Aligned Bicelles 

Residue 
Type 

Residue 
Number 

15N Shift 
(ppm) 

1H-15N  
DC (Hz) 

Fitting Tolerance 
(Hz) 

K 5 100.75 2312 250 
T 6 99.09 1312 250 
L 7 96.57 2244 250 
L 8 97.19 2663 250 
R 9 104.30 1846 250 
V 10 92.29 1639 250 
S 11 113.53 809 250 
I 12 91.01 3849 250 
I 13 104.43 2644 250 
G 14 83.50 2404 250 
T 15 93.31 3672 250 
T 16 97.87 1472 250 
L 17 88.38 1549 250 
V 18 91.93 2355 250 
A 19 107.50 1216 250 
L 20 96.01 2401 250 
S 21 96.94 2454 250 
S 22 87.32 3354 250 
F 23 100.75 2312 250 
T 24 119.67 296 500 
P 25 110.00 0 500 
V 26 82.21 2166 750 
L 27 85.72 3366 750 
V 28 92.45 2860 750 
I 29 90.81 2593 750 
L 30 84.48 2799 750 
L 31 99.33 3174 750 
G 32 100.75 2312 750 
V 33 91.09 1890 750 
V 34 85.51 2973 750 
G 35 95.95 2787 750 
L 36 97.99 2676 750 
S 37 90.92 1421 750 
A 38 87.56 3309 750 
L 39 92.01 3009 750 
T 40 75.86 3177 750 
G 41 84.18 3303 250 
Y 42 128.57 208 250 
L 43 85.65 3649 250 
D 44 109.99 1053 250 
Y 45 117.75 739 250 
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V 46 91.29 1495 250 
L 47 84.24 2935 250 
L 48 112.39 1111 250 
P 49 110.00 0 500 
A 50 82.40 3258 350 
L 51 93.31 3672 250 
A 52 96.69 2343 150 
I 53 80.85 2444 150 
F 54 85.72 3465 150 
I 55 99.33 3174 150 
G 56 87.78 2070 150 
L 57 79.30 2916 150 
T 58 88.88 3878 150 
I 59 95.98 2767 150 
Y 60 82.69 2656 150 
A 61 81.10 3539 150 
I 62 92.89 3555 150 
Q 63 95.98 2767 150 
R 64 84.09 2414 250 
K 65 92.45 2860 250 
R 66 90.92 1421 250 
Q 67 92.25 3342 250 
A 68 78.92 3307 250 
D 69 103.25 859 250 
A 70 120.42 175 250 
S 71 ------ ------ ------ 
S 72 ------ ------ ------ 
A 73 ------ ------ ------ 
A 74 ------ ------ ------ 
S 75 ------ ------ ------ 
K 76 ------ ------ ------ 
P 77 ------ ------ ------ 
G 78 ------ ------ ------ 
E 79 ------ ------ ------ 
V 80 ------ ------ ------ 
S 81 ------ ------ ------ 
A 82 ------ ------ ------ 
I 83 ------ ------ ------ 
P 84 ------ ------ ------ 
Q 85 ------ ------ ------ 
V 86 ------ ------ ------ 
R 87 ------ ------ ------ 
A 88 ------ ------ ------ 
T 89 ------ ------ ------ 
Y 90 ------ ------ ------ 
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K 91 ------ ------ ------ 
L 92 98.969 2853 250 
I 93 87.443 2015 250 
F 94 80.376 3330 250 
W 95 96.036 3494 250 
G 96 87.443 2278 250 
V 97 79.762 3124 250 
A 98 95.574 3745 250 
V 99 95.1 2403 250 
L 100 79.958 2664 250 
V 101 81.365 3578 250 
L 102 95.461 2823 250 
V 103 93.416 2295 250 
A 104 79.963 2546 250 
L 105 82.595 3764 250 
G 106 94.921 2999 250 
F 107 84.941 1902 250 
P 108 ------ ------ ------ 
Y 109 99.607 3710 250 
V 110 95.709 2333 250 
V 111 83.069 2114 250 
P 112 ------ ------ ------ 
F 113 99.527 3360 250 
F 114 94.805 1932 250 
Y 115 94.805 1932 250 
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