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Abstract 

BIOPHYSICAL STUDIES OF MOLECULAR RECOGNITION IN PERIPHERAL AND 

INTEGRAL MEMBRANE PROTEINS 

by 

Xudong Guan 

Advisor: Professor Ruth E. Stark 

The molecular interactions of peripheral and integral membrane proteins with ligands and model 

biological membranes play important roles in the regulation of human nutrition, cell signaling, 

and other physiological processes.  In the current study, we have used solution- and solid-state 

nuclear magnetic resonance (NMR) and computational modeling methods to study the 

interactions of fatty acid-binding proteins (FABPs) with ligands and membrane mimetics, and to 

examine the conformation of a transmembrane peptide fragment of the Ste2p G protein-coupled 

receptor (GPCR) in lipids.   

Computational docking with NMR-derived restraints has been used to identify critical ligand-

protein electrostatic interactions in both an intermediate singly-liganded state and the double-

liganded liver fatty acid-binding protein (LFABP).  The model structure for a R122L/S124A 

LFABP mutant reveals that two charged residues are required to ensure that the first oleate 

ligand adopts an orientation and conformation favoring binding of the second ligand within the 

protein cavity.   A detailed model for the ligand binding process is proposed based on the 

analysis of these docked structures and solution-state NMR structures determined previously.   
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A new isotropically tumbling bilayered micelle (bicelle) system composed of 

dimyristoylphosophatidylcholine (DMPC) and 1,2-di-O-hexyl-sn-glycero-3-phosphocholine 

(DIOHPC) has been assessed as a membrane-mimetic medium and used to probe molecular 

interactions with two FABPs.  Rat intestinal fatty acid-binding protein (IFABP) and LFABP 

were titrated with the bicelles, with site-specific changes monitored by chemical shift 

perturbations.  Contrasting transfer mechanisms for fatty acids between FABPs and membranes 

were differentiated based on their respective chemical shift perturbations, and site-specific 

information was deduced about the IFABP-membrane interaction.   

Additionally, both solution- and solid-state NMR have been utilized to investigate a double 

transmembrane peptide (TM1TM2) from the Ste2p GPCR in phospholipid environments. A 

solution-state NMR interaction study of the 15N alanine-labeled peptide with DMPC-sodium 

docecylsulfate detergent mixtures demonstrated successful reconstitution into a helical 

conformation, whereas solid-state NMR experiments on TM1TM2 in DMPC multilayers 

permitted assignment of some signals by residue type. 
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1.2 BINDING OF FATTY ACIDS WITH RAT LIVER FATTY ACID-BINDING PROTEIN 

Rat liver fatty acid-binding protein (LFABP) is a 14-kDa cytosolic protein that is expressed at 

high levels in the small intestine and the liver11.  Compared with other fatty acid-binding proteins 

(FABPs), the ability to bind more than one ligand molecule12 within its cavity makes LFABP 

nearly unique in this protein family.  The structures of the doubly liganded (holo) protein have 

been solved by both X-ray and solution NMR, showing that one ligand is bound deeply inside 

the cavity while another is located close to the surface4, 6.  Recently a singly-liganded state was 

observed for LFABP using 15N heteronuclear single quantum coherence spectroscopy (15N 

HSQC) during the investigation of the ligand binding process by NMR titration13.  Mutation 

experiments and computational calculation have suggested that residues arginine 122 and serine 

124 play important roles in altering the binding behavior of the protein14.  In the study of the 

binding process of R122L/S124A mutant, there was no evidence indicating the presence of a 

second ligand14.    

To obtain more detailed insight into binding phenomena in LFABP, computational docking with 

NMR-derived restraints has been employed to study the ligand binding and modeled structures 

have been generated for both singly-liganded LFABP (intermediate state) and the R122L/S124A 

LFABP mutant.  The structural model of the intermediate state, together with previously solved 

NMR structures of apo- and holo-LFABP, provide a comprehensive picture of this binding 

process, testing the contention that the binding site deep inside the protein cavity is occupied first.  

Comparison of the modeled structures of intermediate states with the R122L/S124A mutant can 

reveal why the arginine 122 and serine 124 residues are crucial for the binding and provide a 

rationale for the effect of the mutations on the binding ability of LFABP. 
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1.3 NEW MEMBRANE MIMETICS AND INTERACTIONS BETWEEN FABPS AND MEMBRANES 

Bilayered phospholipid micelles (bicelles) have drawn substantial attention as membrane 

mimetics for NMR structural studies of membrane-associated amphiphiles and proteins since the 

1980s15.  The ability to maintain planar bilayers makes bicelles better membrane mimetics than 

micelles, which may better preserve the native conformation of the polypeptide under study.  

Bicelles can be aligned with respect to the external magnetic field or tumble isotropically in 

solution, depending on the ratio of long chain to short chain lipids (q). The high-q bicelles have 

been used widely as aligned media to measure the residual dipolar couplings of soluble proteins 

for NMR-based structure refinement15-17, whereas the low-q isotropically tumbling bicelles have 

made it possible to conduct high resolution solution-state NMR studies of peptides18 and 

transmembrane proteins19-21.  Dimyristoylphosphatidylcholine (DMPC) and 

dihexanoylphosphatidylcholine (DHPC) are commonly used lipids for bicellar media, but the 

longterm stability of DMPC-DHPC bicelles has been questioned because their carboxy-ester 

bonds are susceptible to acid- and base-catalyzed hydrolysis in aqueous solution16, 22.  Ether-

linked lipids were then introduced to enhance bicelle stability over a wide pH range23. 

The mechanism involved in fatty acid transport between membranes and FABPs has been 

proposed to occur by either direct collisional or diffusional mechanisms24-27.  A collision-

mediated process in which the FABPs and the acceptor membrane are in direct contact occurs for 

intestinal FABP (IFABP), adipose FABP (AFABP), heart FABP (HFABP), kidney FABP 

(KFABP), and cellular retinol-binding protein type I (CRBP I)27, whereas diffusion of ligand 

through the aqueous phase and subsequent association with the acceptor membrane occurs for 

liver FABP (LFABP) and cellular retinol-binding protein type II (CRBP II)24, 27-31.   
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Herein, we have used NMR methods to investigate the stability, aggregate size, and phospholipid 

organization for a DMPC-DIOHPC bicelle, a new isotropically tumbling phospholipid system 

that may serve as a membrane-mimetic medium for studies of iLBPs and other peripheral 

membrane proteins.  The application of the DMPC-DIOHPC bicelle as a membrane mimetic has 

also been explored by monitoring the interactions with each of two FABPs that have contrasting 

fatty acid transfer mechanisms.  In this work we critically evaluate the formation and promise of 

a stable isotropically tumbling bicellar complex for high-resolution NMR spectra and structural 

studies of peripheral membrane proteins.  Titrations of LFABP and IFABP with bicelles could be 

monitored through chemical shift perturbations of the 15N HSQC NMR spectra.  These 

experiments tested whether mechanisms of membrane interactions with LFABP and intestinal 

fatty acid-binding protein (IFABP) could be differentiated according to the magnitude and spatial 

distribution of their respective chemical shift perturbations, and whether site-specific information 

could be obtained about the collisional interactions. 

 

1.4 DOUBLE TRANSMEMBRANE PEPTIDE STUDIED BY SOLID-STATE NMR    

G-protein coupled receptors (GPCRs) are a family of integral membrane proteins that share a 

common structural motif containing 7 transmembrane helices.  As important targets for drug 

design, almost half of modern drugs in the pharmaceutical industry are based on GPCRs32.  

Despite the functional importance of this protein family, molecular-level structural information 

about GPCRs is severely limited.  One fruitful approach to obtain structural information about 

GPCRs uses peptide fragments that can be reconstituted in a fully functional form33.   
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The Saccharomyces cerevisiae GPCR, Ste2p, is involved in the regulation of the mating process 

in Saccharomyces cerevisiae.  The structures of the first two transmembrane domains, TM1TM2 

[Ste2p (G31-T110)] have been solved in LPPG micelles34 and TFE/water35 by solution-state 

NMR.  In a complementary fashion, solid-state NMR techniques may allow the structural study 

of transmembrane peptides and proteins in a lipid bilayer environment36-44.  In the current study, 

the reconstitution of the TM1TM2 peptide in dimyristoylphosphatidylcholine-Sodium 

dodecylsulfate (DMPC-SDS) was evaluated by solution-state NMR.  Solid-state NMR was also 

used for a preliminary study of TM1TM2 in a lipid bilayer, a more native-like environment, to 

obtain information on the maintenance of its helical structure. 
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CHAPTER 2 INVESTIGATION OF THE LFABP LIGAND BINDING PROCESS BY 

NMR TITRATION AND DOCKING METHODS 

 

2.1 INTRODUCTION 

Rat liver fatty acid-binding protein (LFABP) is a 14-kDa cytosolic protein expressed abundantly 

in the small intestine and the liver11.  Compared with other fatty acid-binding proteins (FABPs), 

the ability to bind more than one ligand molecule12 within its cavity makes LFABP nearly unique 

in the intracellular lipid-binding protein family.  Both X-ray and solution NMR structures of the 

holo protein show that one ligand is bound deeply inside the cavity while the other one is 

situated close to the surface4, 6.  Using an NMR titration to investigate the ligand binding process 

of LFABP, we recently observed a singly-liganded state using 15N heteronuclear single quantum 

coherence NMR spectroscopy (15N HSQC)13.  It has also been found that binding sites deep 

inside the protein cavity are occupied prior to binding sites close to the protein surface.  To 

clarify the description, we refer to the first ligand as the one bound inside the protein cavity and 

the second ligand as the one lying close to the protein surface.   

To understand the binding process of LFABP, both mutations45, 46 and computational studies 

have been done to elucidate the driving force behind it.  A Multi-Conformational Continuum 

Electrostatics (MCCE47, 48) calculation14 suggested that R122 and S124 promote the ionization of 

the carboxylate group of the first ligand.  The R122L/S124A mutant of LFABP was constructed 

and the binding properties were tested in our group14, revealing that the binding affinity of the 

first ligand drops significantly after the mutation.  In addition to that, there is no evidence 

indicating the presence of a second ligand in the holo form of the mutant.  The mutational study 

supports the hypothesis that residues arginine 122 and serine 124 play important roles in altering 
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perturbation (CSP) and intermolecular nuclear Overhauser effect (NOE) restraints.  The 

structural model of the singly-liganded protein reveals the conformation and binding sites in the 

intermediate state, whereas the structural model of R122L/S124A LFABP shows the change in 

ligand binding behavior upon mutation.  The analysis of these computational models, together 

with the previously determined apo- and holo-protein structures, provides a comprehensive 

picture of this binding process.  It is also shown why the arginine 122 and serine 124 residues are 

crucial for binding and how the mutation affects the binding process for R122L/S124A LFABP. 
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2.2 HIGH AMBIGUITY DRIVEN BIOMOLECULAR DOCKING (HADDOCK) 

The docking of wild-type LFABP and the R122L/S124A mutant with oleate was performed 

using the software HADDOCK2.1 (High Ambiguity Driven biomolecular DOCKing).  

HADDOCK is a protein-protein or protein-ligand docking approach based on biochemical and/or 

biophysical interactions.51  The software was originally designed for protein-protein docking and 

later expanded to protein-DNA/RNA, protein-peptide and protein-ligand applications.  The 

advantage of this docking approach is that it does not rely solely on the combination of 

energetics and shape complementarity typical of most docking software.  HADDOCK also 

makes use of biochemical and biophysical information obtained from experimental data, for 

example, chemical shift perturbation effects measured by solution-state NMR.  In addition to that, 

CNS1.352 is loaded as structure calculation software, making it very convenient to load NMR-

based restraints obtained from chemical shift perturbation and intermolecular NOE data.   

There are three stages comprising the HADDOCK protocol: rigid body energy minimization, 

semi-flexible simulated annealing, and final refinement with explicit solvent51, 53.  During each 

stage of docking, a specific number of structures are generated and sorted by their HADDOCK 

scores.  Then the top HADDOCK-ranked structures are selected and sent to the next stage to 

continue the docking process.  The HADDOCK score used to rank and select solutions during 

different docking stage is calculated as described by Tomaselli et al.53 as a function of van der 

Waals energy, electrostatic energy, Ambiguous Interaction Restraints (AIR) energy, buried 

surface area, and desolvation energy terms at different docking stages. 
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2.3 NMR DATA BASED RESTRAINTS 

As noted above, HADDOCK is able to incorporate some experimental results, especially NMR 

data, during the docking process.  Herein we use both chemical shift perturbations and 

intermolecular NOEs to define restraints for the docking process.   

 

2.3.1 Chemical shift perturbation 

Chemical shift assignments of apo-, holo- and sgl-LFABP (sgl-LFABP refers to singly-liganded 

LFABP) were obtained from Dr. He’s previous work13; chemical shift assignments of apo- and 

holo-R122L/S124A LFABP were made by Dr. Estephan14.  Chemical shift perturbations at each 

polypeptide backbone site of wild-type LFABP were obtained from Dr. He’s titration work13 and 

replotted.  Chemical shift perturbation arises from the change in magnetic (chemical) 

environment of particular residues upon addition of ligands, indicating either the binding 

interface or global conformational changes54.  An example of a 1HN and 15N chemical shift 

perturbation plot comparing the wild-type forms of apo- and sgl-LFABP appears in Figure 2.2. 

Chemical shift perturbations for each backbone cross peak were calculated with the following 

equation: 

=ࡺିࡺࡴ∆  (ሾ(࢕࢖ࢇ)ࡺࡴࢾ − ሿ૛(࢒ࢍ࢙)ࡺࡴࢾ + ቄሾ(࢒ࢍ࢙)ࡺࢾି(࢕࢖ࢇ)ࡺࢾሿ૟.૞ ቅ૛)૚/૛  as recommended55.  If the 

chemical shift perturbations are larger than the sum of the average CSP and standard deviation, 

those residues are considered to have significant perturbation as indicated by red bars in Figure 

2.2.  As the chemical shift difference reflects a change in magnetic environment, those residues 

with large chemical shift perturbations are viewed as likely binding sites of the ligand in this 

singly-liganded state if they are clustered spatially to form a protein-ligand binding interface.  
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NMRPipe57, and processed data were analyzed with NMRViewJ58 (One Moon Scientific, Inc., 

Westfield, NJ). 

To assign the intermolecular NOE data, chemical shift assignments are needed for both proteins 

and ligands.  Chemical shift assignments of wild-type LFABP in the singly-liganded state and 

for the holo-R122/S124 LFABP were made by Dr. He and Dr. Estephan,14 respectively.  

Chemical shift assignments of oleate in different samples were based on a previous assignment 

of oleate in pH 7.0 phosphate buffer59 and titration of LFABP with 13C-labeled long-chain fatty 

acids, including oleate60.  The assignment of oleate is illustrated by a 13C HSQC spectrum for the 

singly-liganded state (Figure 2.3).  It can be seen from the spectrum that many proton signals are 

overlapped with each other in the 1H dimension, which could cause ambiguity when assigning 

intermolecular NOE data.  Although, for example, proton signals of P and Q are overlapped with 

protons C-F/K-N, fortunately those signals that are overlapped in the 1H dimension have 

corresponding 13C signals that can be resolved along the 13C dimension.   

In order to make more definitive assignments, the intermolecular NOE data were analyzed with 

the following strategy: 1) examine the 13C dimension of 13C-filtered NOE spectra of the 13C 

labeled protein sample and 13C labeled oleate samples side by side to identify those signals 

present in both datasets; 2) assign the signals to protein based on 1H and 13C chemical shifts in 

the protein-filtered NOE spectrum; 3) assign the signals to oleate based on 1H and 13C chemical 

shifts in oleate-filtered NOE spectrum.  In this way, several intermolecular NOE signals could be 

assigned unambiguously.  For example, Figure 2.4 shows the assignment of one set of 

intermolecular NOEs for singly-liganded LFABP.  13C-edited NOE experiments for both oleate 

labeled (A) and protein labeled (B) samples show NOE cross peaks between 1.77 ppm (oleate) 

and 0.84 ppm (LFABP).  The peak with a 13C chemical shift of 29.6 ppm and a 1H chemical shift 
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of 1.77 ppm can be assigned to carbon and hydrogen G or J of oleate based on spectrum A; the 

peak with 13C chemical shift of 27.0 ppm and 1H chemical shift of 0.88 ppm can be assigned to 

Cδ and Hδ of Leucine 50 of the protein based on spectrum B.  Thus an intermolecular NOE can 

be deduced between hydrogen G/J of oleate and Hδ of Leucine 50 in LFABP.  A summary of the 

intermolecular NOE assignments for sgl-LFABP is reported in Table 2.1. 

 

Table 2.1. Intermolecular NOE assignments for  sgl-LFABP 

Oleate LFABP 

HA I41.HD11, I109.HG21, I109.HD11 

HG/HJ L50.HD11, L50.HD21, L71.HD11, V83.HG21, T93.HG21 

HH/HI L71.HD11, L71.HG21, V83.HG11, V83.HG21, T93.HG21 

HP L50.HD11, I59.HB 

HQ I59.HD11, L71.HB2, E72.HB2 

HR Y54.HD1, M74.HG2 
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Figure 2.3. Molecular structure and assignment of 13C HSQC spectrum of 13C labeled oleate with 

unlabeled LFABP in the single-liganded state. (The proton chemical shift of H and I is 5.1 ppm.) 
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Figure 2.4. Intermolecular NOEs between LFABP and oleate in the singly-liganded state.  13C-

filtered NOE spectra of (A) unlabeled LFABP with 13C labeled oleate; (B) 13C labeled LFABP with 

unlabeled oleate. 

 

2.3.3 Definition of AIRs and unambiguous distance restraints 

Ambiguous Interaction Restraints (AIRs) are introduced by HADDOCK as the driving force for 

the docking process, and defined between residues from the protein/ligand interface with “active” 

and “passive” residues.  Typically the active residues are defined as residues with experimentally 

observed chemical shift perturbations, while the passive residues refer to residues surrounding 

these active residues.  In our case, active residues of LFABP are defined as those protein sites 

that are identified from either CSP or intermolecular NOE data in the presence of ligands.  

Passive residues of LFABP are defined as those residues close to active residues in the three-

dimensional structure, which could possibly interact with ligand.  The passive residues are 

chosen from the residues inside the protein cavity that have atoms within a 5 Å range from atoms 

of the active residues. For oleate the whole molecule was defined as one active residue.  An 
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example of AIRs definition for the binding of singly-liganded LFABP is shown in Figure 2.5.  

Active residues (red) were defined based on the composite chemical shift perturbation of amide 

proton and nitrogen (CSPHN+N) nuclei from the apo- to sgl- protein  and intermolecular NOE data 

in sgl-LFABP (Figure 2.4), while passive residues (yellow) are defined as residues surrounding 

them structurally.  As we know the ligand is bound inside the protein cavity in this singly-

liganded state, the active and passive residues were filtered so that only those residues inside the 

cavity were retained in the AIRs definition.  In general an upper limit of effective distance is set 

between any atom m of active residue i of protein A and any atom n of both active and passive 

residue k of protein or ligand B.   
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The effective distance is defined using the equation51 above, where Natoms indicates all atoms of a 

given residue and Nres indicates the sum of active and passive residues for a given protein or 

ligand.  In our case, the ligand is dealt with as a single residue as noted above.  Therefore, two 

types of effective distances are defined: effective distances between every active residue of 

protein and ligand (protein as A, ligand as B); the effective distance between ligand and all 

active/passive residues of the protein (ligand as A, protein as B).  The restraint for maximum 

effective distance was set to 4.0 Å for our docking procedures.  Beside AIRs, another important 

driving force we used for docking is unambiguous distance restraints, defined with a maximum 

distance (carbon-carbon distance) of 8.0 Å between a pair of atoms from protein and ligand 

based on the intermolecular NOE assignments as discussed in Section 2.3.2. 
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2.4 DOCKING SETUP 

To set up the protein-ligand docking with HADDOCK, we need the molecular coordinates for 

proteins and ligands, several restraints including AIRs, and definitions of semi-flexible and fully 

flexible segments.   

For molecular coordinates, ensembles of 10 NMR structures of the protein (holo-LFABP (2JU8)4 

with ligand omitted and apo-R122L/S124 LFABP14 ) were used as the starting structures to 

account for loop flexibility.  The oleate coordinates were generated from PRODRG server62 

(http://davapc1.bioch.dundee.ac.uk/prodrg/).   

The AIRs and unambiguous distance restraints were defined as discussed in Section 2.3.3.  

Dihedral angle restraints were predicted by TALOS+61 using the HN, HA, CA, CB, and N 

chemical shift assignments to preserve the integrity of secondary structures in the protein.  An 

additional distance restraint with an upper limit of 3.0 Å between the center of mass of protein 

(Cα only) and oleate (all heavy atoms) was used during the initial rigid body docking stage to 

make sure that the ligand entered the protein cavity.   

To account for conformational changes in the protein, fully flexible segments were defined based 

on the chemical shift perturbations of the protein backbone (CSPHN+N and CSPCA), while semi-

flexible segments were defined to cover all residues defined in AIRs and the fully flexible 

residues.   

The OPLSX nonbonded parameters (slightly modified from the Optimized Potentials for Liquid 

Simulations (OPLS) force field63)  with a 8.5 Å distance cut-off from the parallhdg5.4.pro 

parameter file64 were used to calculate the nonbonded energies.   
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During the three stages of the docking process, 4000 structures were generated in the rigid body 

stage, among which 400 top-scoring HADDOCK structures were refined by following semi-

flexible simulated annealing.  Finally the 200 top ranking structures from the semi-flexible 

refinement stage were selected for water refinement, in which the model structures are refined 

with an explicit solvent layer (8 Å for water)51. 

 

  



20 
 

2.5 ANALYSIS OF DOCKING RESULTS 

Model structures calculated after the final water refinement stage were analyzed to choose the 

best docking results.  First the pairwise RMSD (ligand RMSD) matrix over all model structures 

was generated.  Ligand RMSDs were calculated by superimposing the protein backbones first 

using the PROFIT program (Martin, A. C. R., Profit. http://www.bioinf.org.uk/software/profit).   

After the RMSD matrix was generated, it was used to cluster the docking solutions based on the 

algorithm of Duara.65  A script searches through the RMSD matrix for groups of structures with 

a ligand RMSD less than a preset cut-off, placing the group with the maximum number of such 

structures into cluster1.  The same procedure is applied to the remaining structures until the 

number of structures that are found to fit with each other is less than a pre-set minimum 

requirement (at least four structures per cluster in our case).  Ultimately, more than 50% of the 

calculated structures must be clustered and each cluster should contain at least 4 structures.   

After clustering the structures, all the clusters were ranked based on the average HADDOCK 

score of their 4 top ranking structures.  The best 4 structures were chosen from the cluster with 

the best average HADDOCK score to represent the docking results.  Finally, the quality of the 

chosen structures was evaluated with PROCHECK66. 
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2.6 DOCKING RESULTS 

To gain a comprehensive understanding of the binding process of LFABP with fatty acids, 

docking calculations were conducted for doubly liganded wild type LFABP (wt-LFABP), singly 

liganded wt-LFABP, and liganded R122L/S124A mutant.  

 

2.6.1 Docking of wt-LFABP with two ligands 

Docking of wt-LFABP with two ligands was done to test the feasibility of applying HADDOCK 

in this LFABP/oleate system, as both NMR and crystal structures of holo-LFABP are available.  

It was also used to optimize the docking parameters to be used in docking of a single ligand with 

wt-LFABP and the R122L/S124A mutant. 

Docking was set up as discussed in Section 2.4 with AIRs, unambiguous distance restraints, 

dihedral angle restraints and center of mass restraints.  Herein, the two oleate ligands were 

docked into the protein cavity simultaneously as reported for the docking of liver bile acid 

binding protein with bile acids53.   

After three docking stages, 200 model structures were generated.  165 of 200 structures were 

grouped into 10 clusters with a 2.5 Å RMSD cutoff for the two ligands after fitting of the protein 

backbone.  Clusters ranked with the average HADDOCK score of the best 4 structures in the 

cluster are listed in Table 2.2 together with the ligand RMSDs, van der Waals energy (EvdW), 

electrostatic energy (Eelec) and buried surface area (BSA).  
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Table 2.2. Cluster statistics for the four best structures from wild-type LFABP docked with two 

oleate ligands 

1 van der Waals energy (EvdW), electrostatic energy (Eelec) and buried surface area (BSA) 

 

It is evident from Table 2.2 that clusters 1 and 2 have similar HADDOCK scores (-125.7 and -

122), both of which are much better than other clusters (higher than -115).  Comparing the best 

structures of cluster1 and cluster2, the ligands occupy similar binding sites and adopt similar 

conformations as shown in Figure 2.6.  In both cluster 1 and cluster 2, the first ligand occupies a 

binding site deep inside the protein cavity and exhibits a ‘U’ shaped conformation, while the 

second ligand is bound at a binding site close to the protein surface with an extended 

conformation.  Nonetheless, slight differences in the aliphatic tail orientation of the second 

ligand can be seen in these structures.  Similar results were reported in our previous NMR 

structural study, which noted two major conformations for the second ligand4.  This phenomenon 

is likely to arise from the lack of restraints in the aliphatic tail region of the second ligand, which 

Cluster#  HADDOCK score  rmsd Nstruc EvdwW
1 Eelec

1  BSA1  

 clust1  -125.7 ± 0.6  2.1 ± 1.2  78  -45.3 ± 1.0  -242.9 ± 12.9  1700.8 ± 56.1 

 clust2  -122.0 ± 5.2  1.9 ± 1.1  21  -48.6 ± 2.9  -203.5 ± 22.2  1651.0 ± 69.8 

 clust5  -114.8 ± 2.0  2.1 ± 1.3  8  -45.1 ± 5.2  -207.7 ± 6.9  1696.5 ± 69.6 

 clust4  -113.2 ± 4.1 1.5 ± 0.9 15  -45.9 ± 5.1  -212.5 ± 23.7  1619.7 ± 58.5 

 clust3  -112.5 ± 1.7  1.7 ± 1.0  17  -45.9 ± 2.8  -214.9 ± 12.8  1734.9 ± 28.6 

 clust7  -107.5 ± 2.5  1.6 ± 1.0  5  -45.6 ± 5.0  -182.9 ± 18.3  1607.7 ± 33.5 

 clust8  -102.9 ± 8.8  1.9 ± 1.1  5  -38.4 ± 2.7  -208.6 ± 22.6  1655.1 ± 33.4 

 clust9  -102.7 ± 2.3  1.6 ± 0.9  5  -40.6 ± 1.9  -201.4 ± 16.3  1544.1 ± 37.6 

 clust6  -100.6 ± 3.0  2.2 ± 1.3  7  -43.0 ± 2.7  -185.9 ± 21.3  1594.8 ± 75.7 

 clust10  -100.5 ± 5.0  1.8 ± 1.1  4  -44.2 ± 4.8  -166.4 ± 49.0  1605.0 ± 41.8 
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may in turn reflect its flexibility.  Cluster 1 was used to present the docking results, as it has a 

greater population and is slightly favored as judged by its lower HADDOCK score.   

The reliability of the docking results was checked by comparing the computed structures with 

results from solution-state NMR.  The overlay of the best docking structure with our 

experimentally determined NMR structure is shown in Figure 2.7.  The docked structure aligns 

very well with the NMR structure, with both ligands bound in the expected positions and 

adopting similar conformations to those found experimentally.  Structural statistics for wild type 

LFABP docked with two ligands are reported in Table 2.3.  Fitting with PROFIT, the best four 

docking structures in cluster 1 yield a ligand RMSD of 1.7 Å and protein backbone RMSD of 0.7 

Å.  When compared with the NMR structure, the docking results have a 2.5 Å ligand RMSD and 

a 1.1 Å protein backbone RMSD, validating this modeling approach as a tool to provide insight 

into binding sites and ligand conformations in our LFABP–oleate systems.  Moreover, the 

intermolecular energies obtained in the current docking runs are comparable to those reported for 

an analogous study of chicken liver bile acid binding protein (LBABP) with two molecules of 

bile acids53.  LFABP has better values of van der Waals energy (EvdW) and buried surface area 

(BSA), while LBABP has superior electrostatic energy (Eelec), possibly because the bile acids 

have two more polar -OH groups in addition to the carboxylate present in the oleate ligand of 

LFABP.  Finally, it should be noted that if HADDOCK fitting is attempted without using the 

unambiguous distance restraints defined from intermolecular NOE data, the conformation of the 

ligands is poorly defined due to the significant flexibility of oleate.  The quality of the model 

structures is improved in terms of ligand RMSD by including the unambiguous distance 

restraints.  
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Table 2.3. Structural statistics for the four best structures of cluster1 from wild-type LFABP 

docked with two ligands 

Ligand RMSD (Å) after fitting protein backbone with respect to       

 Best HADDOCK score ranking structure inside cluster  1.72 ± 0.99 

 NMR structure of dbl-LFABP    2.46 ± 0.12 

Backbone RMSD (Å) with respect to       

 Flexible interface backbone   0.62 ± 0.24 

 All backbone     0.70 ± 0.29 

 NMR structure of dbl-LFABP     1.10 ± 0.32 

Number of distance restraints       

 Total AIRs     13   

 number of AIR violations (>0.3 Å)    1   

 Total unambiguous restraints    45   

 number of unambiguous restraint violations (>0.3 Å)  0   

Intermolecular energies after water refinement      

 EvdW (kcal mol-1)     -47.5 ± 1.3 

 Eelec (kcal mol-1)     -215.5 ± 25.2 

 Buried surface area (Å2)    1654 ± 31 

RMSD from idealized covalent geometry      

 Bonds (Å)      0.004 ± 0.000

 Angles (º)      0.55 ± 0.01 

 Impropers (º)     0.46 ± 0.01 

 Dihedrals (º)     19.4 ± 1.3 

Ramachandran analysis        

 Residues in the favored region (%)   89.9   

 Residues in the additional allowed region (%)  5.2   

 Residues in generously allowed regions (%)  2   

  Residues in disallowed regions (%)     2.9     
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2.5.  Intermolecular NOEs were also used to define the unambiguous distance restraints as 

described in Section 2.3.3.  Docking results were analyzed as described in Section 2.5.  

Structural models generated after water refinement were clustered with a 1.8 Å ligand RMSD 

cutoff and a minimum of four structures per cluster.  135 of 200 structures were grouped into 10 

clusters as reported in Table 2.5.  Cluster1 was chosen to present the docking results, because it 

had the best HADDOCK score ranking and was the most populated cluster.  The four top 

HADDOCK-ranked structures of cluster1 are presented in Figure 2.8.  The ligands aligned with 

each other very well among the four structures, displaying a ligand RMSD of 1.3 Å and protein 

backbone RMSD of 0.7 Å.  The structural statistics for single ligand docking are reported in 

Table 2.6.  A ligand RMSD of 3.3 Å was found with respect to the first ligand in the NMR-

derived structure of the doubly liganded LFABP. 

Table 2.4. AIR definitions based on CSPHN-N and intermolecular NOEs for wild-type LFABP 

docking with a single ligand 

Active   Passive 

S39 CSP N61 

I41 NOE F63 

L50 NOE V79 

I52 CSP A81 

Y54 NOE/CSP M91 

I59 NOE F95 

L71 NOE S100 

T73 CSP F104 

M74 NOE R122 

V83 NOE 

T93 NOE 

I109 NOE/CSP   

 



 

 

Figure 2
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Table 2.5. Cluster statistics for the four best structures from wild-type LFABP docked with a single 

ligand 

Cluster#  HADDOCK score rmsd  Nstruc  EvdW  Eelec  BSA  

clust1  -88.4 ± 2.7  1.3 ± 0.7  45  -23.3 ± 2.2  -108.1 ± 5.2  854.8 ± 15.5 

clust2  -83.6 ± 0.5  1.2 ± 0.7  35  -20.2 ± 1.2  -107.9 ± 7.8  838.9 ± 7.0 

clust6  -80.0 ± 7.3  1.4 ± 0.8  6  -20.5 ± 2.6  -96.6 ± 9.3  860.3 ± 14.3 

clust3  -79.7 ± 0.7  1.5 ± 1.0  14  -21.1 ± 2.4  -119.3 ± 12.6  855.5 ± 11.6 

clust4  -73.2 ± 1.7  1.4 ± 0.8  11  -22.2 ± 0.6  -115.3 ± 4.3  878.5 ± 21.1 

clust7  -71.4 ± 6.0  1.3 ± 0.8  4  -20.2 ± 2.6  -100.8 ± 8.9  856.2 ± 21.3 

clust5  -70.1 ± 6.3  1.5 ± 0.9  8  -21.3 ± 3.7  -111.5 ± 6.8  867.1 ± 24.1 

clust9  -64.8 ± 2.5  1.4 ± 0.8  4  -21.1 ± 4.4  -92.3 ± 22.0  862.9 ± 19.9 

clust8  -63.0 ± 7.7  1.1 ± 0.7  4  -17.6 ± 1.4  -112.0 ± 9.8  839.4 ± 19.2 

clust10  -62.4 ± 2.0  1.0 ± 0.6  4  -20.5 ± 1.1  -104.6 ± 3.1  893.4 ± 12.3 
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Table 2.6. Structural statistics of the four best structures from wild-type LFABP docked with a 

single ligand 

Ligand RMSD (Å) after fitting protein backbone with respect to       

best HADDOCK score ranking structure inside cluster 1.25 ± 0.73 

first ligand in NMR structure of dbl LFABP 3.34 ± 0.47 

Backbone RMSD (Å) with respect to  

Mean flexible interface backbone 0.64 ± 0.27 

All backbone 0.66 ± 0.23 

NMR structure of dbl LFABP 1.25 ± 0.13 

Number of distance restraints 

Total AIRs 14

number of AIR violations (>0.3 Å) 1

Total unambiguous restraints 20

number of unambiguous restraint violations(>0.3 Å) 0

Intermolecular energies after water refinement 

EvdW (kcal mol-1) -23.3 ± 2.2 

Eelec (kcal mol-1) -108.1 ± 5.2 

Buried surface area (Å2) 854 ± 16 

RMSD from idealized covalent geometry 

Bonds (Å) 0.004 ± 0.000 

Angles (º) 0.60 ± 0.01 

Impropers (º) 0.55 ± 0.02 

Dihedrals (º) 19.7 ± 1.3 

Ramachandran analysis 

Residues in the favored region (%) 88.1

Residues in the additional allowed region (%) 10.4

Residues in generously allowed regions (%) 0.7

  Residues in disallowed regions (%)     0.9     
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2.6.3 Docking of R122L/S124A LFABP with a single ligand 

A similar procedure was applied to the docking of the R122L/S124A mutant LFABP with one 

ligand.  AIR definitions are listed in Table 2.7.  As we have less information about the binding 

sites of oleate in the R122L/S124A mutant, all residues that had significant chemical shift 

perturbation or observed intermolecular NOEs were defined as active residues.  Other than AIRs, 

other parameters for docking were set up in the same way as described for singly-liganded 

LFABP docking.  After docking, 158 of 200 structures were grouped in 10 clusters with a 1.8 Å 

ligand RMSD cutoff as reported in Table 2.8.  The four top HADDOCK-ranked structures in 

cluster1 were chosen to represent the docking results as done with singly-liganded LFABP.  As 

shown in Figure 2.9, oleate adopts a nearly linear conformation with its carboxylate group close 

to the portal helical region and its aliphatic tail buried deeply in the protein cavity.  Ligands fit 

with each other very well among the four docked structures, yielding a ligand RMSD of 1.3 Å.  

Compared with either oleate in the singly-liganded protein or the first ligand of doubly-liganded 

holo-LFABP, there are clear changes in ligand orientation and conformation for R122L/S124A 

LFABP.  The structural statistics for the docked R122L/S124A LFABP-oleate complex are 

summarized in Table 2.9. 



 

Figure 2

 

 

 

2.9. Four besst docked strructures of RR122L/S1244A mutant wwith oleate. 
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Table 2.7. AIR definitions for R122L/S124A LFABP docking with oleate 

Active   Passive 

V9 NOE Y7 

L24 NOE Q12 

L28 NOE F15 

G32 CSP L71 

S39 NOE E72 

L50 NOE M74 

Y54 CSP M91 

G55 CSP M113 

K57 CSP Y120 

I59 CSP  

F63 CSP 

T75 CSP 

V83 CSP 

T93 CSP/NOE  

F95 CSP 

I98 NOE 

I109 NOE 

N111 CSP 

L122 NOE 

A124 NOE 
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Table 2.8. Cluster statistics for the four best structures from R122/S124A LFABP docked with 

oleate 

Cluster#  HADDOCK score  rmsd  Nstruc  EvdW Eelec  BSA  

clust1  -88.7 ± 4.8  1.3 ± 0.8  78  -28.2 ± 2.8  -104.6 ± 11.5  913.8 ± 22 

clust3  -73.8 ± 3.7  1.2 ± 0.7  19  -22.6 ± 2.5  -64.1 ± 11.1  879.9 ± 27.9 

clust2  -72.7 ± 4.8  1.2 ± 0.7  20  -25 ± 3.5  -77.9 ± 30.5  902.9 ± 16.2 

clust4  -70.6 ± 3.3  1.4 ± 0.8  10  -28.2 ± 1.5  -50.6 ± 8.9  900.2 ± 34.5 

clust7  -67 ± 11.9  1.4 ± 0.8  5  -21.8 ± 3.1  -84.3 ± 22.8  861.5 ± 34.8 

clust5  -65.7 ± 1.7  1.2 ± 0.7  8  -24.8 ± 2.1  -42 ± 24.8  931.3 ± 26.9 

clust10  -63.2 ± 6.9  1.3 ± 0.8  4  -22.8 ± 3.6  -69 ± 40.6  877 ± 17.8 

clust8  -61.3 ± 7.6  1.2 ± 0.7  4  -25.1 ± 4.1  -62.2 ± 39.6  875.9 ± 46.6 

clust9  -59.7 ± 4.7  1.4 ± 0.8  4  -23.5 ± 5.7  -94.5 ± 28.8  854.8 ± 32.9 

clust6  -56.2 ± 3.4  1.5 ± 0.9  6  -23.4 ± 3.4  -32 ± 10.5  861.4 ± 69.3 

 

 

 

 

 

 

 



35 
 

Table 2.9. Structural statistics of the four best structures from R122L/S124A LFABP docked with 

one ligand 

Ligand RMSD (Å) after fitting protein backbone with respect to       

best HADDOCK score ranking structure inside cluster 1.31 ± 0.77 

Backbone RMSD (Å) with respect to  

Mean flexible interface backbone 0.84 ± 0.31 

All backbone 0.92 ± 0.36 

Number of distance restraints 

Total AIRs 25

number of AIR violations (>0.3 Å) 9

Total unambiguous restraints 18

number of unambiguous restraint violations(>0.3 Å) 0

Intermolecular energies after water refinement 

EvdW (kcal mol-1) -28.2 ± 2.8 

Eelec (kcal mol-1) -104.7 ± 11.5 

Buried surface area (Å2) 914 ± 22 

RMSD from idealized covalent geometry 

Bonds (Å) 0.004 ± 0.000 

Angles (º) 0.84 ± 0.03 

Impropers (º) 1.09 ± 0.02 

Dihedrals (º) 21.3 ± 1.2 

Ramachandran analysis 

Residues in the favored region (%) 86.7

Residues in the additional allowed region (%) 12.2

Residues in generously allowed regions (%) 0.2

  Residues in disallowed regions (%)     0.9     

 

 

2.6.4 Docking of R122L/S124A LFABP with two ligands 

The binding affinity of R122L/S124A LFABP was shown to decrease significantly with the 

mutation, but the stoichiometry of the R122L/S124A LFABP/oleate complex remained unclear 

and was deduced indirectly from chemical shift perturbation effects during a stepwise oleate 
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titration13.  Both the observation of a single set of signals for oleate in 13C HSQC and the weak 

binding measured for the first ligand suggest that there is probably no second bound ligand, but 

exchange averaging of the ligand resonances could undercut this interpretation.  The docking of 

R122L/S124A LFABP with two ligands was undertaken to investigate the capability of the 

double mutant to accommodate more than one ligand. 

As no distinct peaks could be observed for the putative second ligand, the intermolecular NOEs 

could not be assigned specifically to the first and second ligands.  Therefore no unambiguous 

distance restraints were used for the docking.  The AIRs were defined similarly to the docking of 

R122L/S124A mutant with one ligand, except that the two ligand molecules were defined 

ambiguously in AIRs to allow the program to choose the best conformation and binding sites for 

them.  All other setups were the same as before. 

A majority of the modeled structures generated from this docking calculation were found to 

accommodate one ligand inside the protein cavity and leave the other ligand exposed to aqueous 

solution.  Clearly it is unacceptable to have the whole molecule of the long-chain fatty acid 

remaining in the water.  As there is no distinction between the two ligands in the modeling setup, 

we take the docking results to indicate that R122L/S124A LFABP is not capable of binding more 

than one ligand. 

To exclude the possibility that the HADDOCK program is incapable of handling two ligands 

without unambiguous restraints for the LFABP-oleate system, the docking of wild-type LFABP 

with two ligands was repeated using similar settings to those described above for R122L/S124A 

LFABP.  No unambiguous distance restraints were defined using NOEs and only chemical shift 

perturbations were used to define AIRs, with no distinction made between the first and second 
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ligand.  The docking was successful in terms of putting two ligands into the protein cavity, even 

though the ligand conformations were not well defined.  To refine the conformation of the 

ligands, intermolecular NOE data are still necessary to be included as unambiguous distance 

restraints.  In fact, it has been shown that HADDOCK is capable of positioning two ligand 

molecules in the cavity of bile acid binding protein53.  It has also been reported that docking of 

LFABP with two ligands was successful using GLIDE67. 
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2.7 DISCUSSION 

2.7.1 Ligand binding of singly-liganded LFABP 

Based on previous NMR titration studies, binding sites were proposed for the singly-liganded 

state.  With additional intermolecular NOE data and using the HADDOCK method, we can 

confirm that in the singly-liganded state the ligand is situated inside the protein cavity and 

occupies a similar binding site to the first ligand in doubly liganded holo-LFABP.   

As shown in Section 2.6.2, model structures of singly-liganded LFABP were generated 

successfully.  Comparing the oleate in the docked structure of singly-liganded LFABP with the 

first ligand of holo-LFABP in previously determined NMR structures4, it is clear that the ligand 

in the HADDOCK model is bound deeply inside the protein cavity with a similar orientation.  

The ligand conformations are also in close agreement:  the ligand adopts a ‘U’ shaped 

conformation as shown in Figure 2.10 in both singly-liganded LFABP and the holo-protein.  

Despite the similarity, a slight difference in ligand binding can be seen.  The difference of ligand 

RMSD is about 3.4 Å between oleate in singly-liganded LFABP and the first ligand in the holo 

protein, while the ligand RMSD within the chosen cluster is 1.3 Å (Table 2.6).  Compared with 

the first ligand in the holo NMR structure, oleate is bound less deeply in the singly-liganded state 

and adopts a more extended conformation.  This result is reasonable, since without the presence 

of the second ligand, extra space is available in the protein cavity for the first ligand to “explore”.  

To enable binding of the second ligand, the first ligand must become somewhat more compact to 

provide additional space.  The final arrangement in holo-LFABP looks as if the first oleate is 

“pressed” by the second oleate, possibly providing a rationale for the lowered binding affinity of 

the second ligand.   
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observed in the holo-LFABP structures.  Contact between the two ligands has been reported in 

both crystal and NMR structures4, 6. 

 

2.7.2 Electrostatic interactions in the singly-liganded state 

In addition to the ligand conformation, the modeled structures can provide insight into the 

electrostatic contacts between ligand and protein in the singly-liganded state.  As shown in 

Figure 2.11, the distances between the carboxylate group of the oleate and residues S39, R122 

and S124 of wild-type LFABP are short enough (1.7, 1.8 Å) to form hydrogen bonds in the 

singly-liganded state.  Similar electrostatic interactions involving residues S39, R122 and S124 

have also been reported in both crystal and NMR structures4, 6.  It should be noted that although 

neither R122 nor S124 were defined as active residues in AIRs or involved in unambiguous 

distance restraints, the program still found them to be in contact with the oleate carboxylate 

group via electrostatic interactions.  As electrostatic interactions are normally stronger than 

hydrophobic interactions between protein and ligand, it may be proposed that those electrostatic 

interactions are key determinants of the binding site and orientation of the first ligand.  The 

importance of electrostatic interactions in the ligand binding process has also been implicated by 

MCCE simulations and supported by site-specific mutagenesis14.  Specifically, MCCE 

simulations suggested that residues R122 and S124 promote the ionization of the first ligand.  

Experimentally, production of the R122L/S124A double mutant showed that the binding affinity 

drops dramatically for the first ligand in the complex as compared with wild-type LFABP, even 

though the protein conformations remain similar to each other.14  The functions of arginine 122 

and serine 124 are discussed below in connection with the docking results for R122L/S124A 

LFABP.  
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2.7.4 Comparison of the binding process of wt-LFABP and the R122L/S124A mutant 

As mentioned above, the conformation and orientation of the first oleate change significantly for 

singly-liganded LFABP as compared with the R122L/S124A mutant complex.  It is clear that the 

binding properties are altered by the mutation, but to understand these changes and the functions 

of arginine 122 and serine 124, it was useful to make a close comparison of the modeled 

structures of wild-type LFABP and the R122L/S122A mutant, with each singly bound ligand.   

To evaluate the hypothesis that electrostatic interactions are the key determinants of 

conformational changes for the ligand in the protein cavity (Section 2.7.2), electrostatic plots of 

the cavity for both wild-type LFABP and the R122L/S124A mutant with one oleate bound are 

presented in Figure 2.13.  It is clear from the figure that the negatively charged carboxylate 

group of oleate is situated in a positively charged pocket deep inside the cavity in wild-type 

LFABP, coinciding with the locations of arginine 122 and serine 124 as pointed out in Section 

2.7.2.  The replacement of R122 and S124 with non-polar residues in the mutant alters the 

electrostatic environment of the protein cavity.  The positively charged region in the wild-type 

protein becomes nearly neutral in the R122L/S124A mutant, i.e., the environment is no longer 

favorable for a negatively charged carboxylate group, but is more amenable to hydrophobic 

contacts.  As a consequence, we expect the negatively charged carboxylate group to be pushed 

away from the protein cavity and the cavity to be occupied by the aliphatic tail of the oleate.  In 

fact that behavior is seen in the model structure of R122L/S124A mutant.  The orientation of the 

ligand has turned around, with the aliphatic tail in the protein cavity and the carboxylate group 

staying at the top of the protein cavity, near the positively charged residue lysine 57.  These 

observations further support the hypothesis that electrostatic interactions are the key 
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determinants of the conformation and orientation of the first ligand.  The importance of 

electrostatic interactions has also been reported in a docking study of bile acid binding protein53. 

Moreover, the conformational change introduced by this electrostatic interaction has a major 

effect on the potential of the protein to bind more ligands.  As seen for the wild-type LFABP 

(Figure 2.13), there is still room available in the protein cavity after the first ligand is bound (the 

red outline indicates where the second ligand will be).  Besides the available space, the presence 

of the aliphatic tail of the first ligand reduces the polarity of the protein cavity, making it more 

suitable for the aliphatic tail of the second ligand.  In fact, contact between the aliphatic tails of 

the two ligands has been deduced from both crystal and NMR structures of holo-LFABP4, 6.  This 

reasoning suggests that the binding of the first ligand in wild-type LFABP promotes the binding 

of the second ligand, in agreement with titration results showing that the ligand binding process 

is stepwise4.  When residues R122 and S124 are replaced with nonpolar residues, the less polar 

protein cavity no longer attracts the carboxylate group, allowing the turn in orientation of the 

first ligand.  In the modeled structure of the R122L/S124A mutant, oleate adopts a near-linear 

conformation with the carboxylate group at the top of the protein cavity.  The new conformation 

of the first ligand does not facilitate binding of a second ligand: the entrance of an additional 

ligand through the portal is blocked, and the polar region close to the helices is no longer suitable 

to accommodate the aliphatic tail of a second ligand.  Even though this polar area could provide 

favorable contact for the carboxylate group of the second ligand, the aliphatic tail would then be 

exposed to the aqueous solution, an energetically unacceptable arrangement. 

The importance of electrostatic interactions was also found in a docking study of LBABP bound 

to two bile acids53.  In the modeled structure of this LBABP complex the ligands were positioned 

in the protein cavity with H-bond/salt bridges formed by charged residues T72/D74/K76 for the 
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2.8 SUMMARY  

Modeled structures for singly-liganded LFABP and R122L/S124A LFABP have been generated 

with a docking calculation that incorporates both NMR chemical shift perturbation and 

intermolecular NOE data.  The model structures provide a better understanding of the binding 

process of LFABP with long-chain fatty acids.  As reported previously, binding is stepwise 

rather than simultaneous.  Based on the analysis of the model structures of wild-type LFABP and 

R122L/S124A LFABP, the binding process is proposed to occur as follows: the binding of the 

first ligand is induced mainly by electrostatic interactions between the carboxylate group of 

oleate and a positively charged pocket containing residues arginine 122 and serine 124.  The 

orientation and conformation of the first ligand are directed by these electrostatic interactions.  

Furthermore, the binding of the first ligand does not occupy all the space in the protein cavity. 

The available space together with the more hydrophobic interface provided by the aliphatic tail 

of the first ligand facilitate the binding of a second ligand with an orientation in which the 

aliphatic tail is buried in the protein cavity and the carboxylate group is close to the protein 

surface. 
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CHAPTER 3 PHOSPHOLIPID ORGANIZATION OF ISOTROPICALLY TUMBLING 

BICELLE SYSTEMS AND APPLICATION TO PROTEIN MEMBRANE 

INTERACTION 

(A portion of this chapter has been published as “Assessing the size, stability, and utility of 

isotropically tumbling bicelle systems for structural biology.” Wu, H.; Su, K.; Guan, X.; Sublette, 

M. E.; Stark, R. E., Biochim. Biophys. Acta (2010), 1798 (3), 482-8.) 

3.1 INTRODUCTION 

Bilayered phospholipid micelles (bicelles) have drawn substantial attention as membrane 

mimetics for NMR structural studies of membrane-associated amphiphiles and proteins since the 

1980s15.  The advantage of bicelles as membrane mimetics over micelles is that they maintain 

planar bilayers that closely mimic in vivo membranous structures and thus better preserve the 

native conformation of the polypeptide under study.  The phospholipid assemblies with 

disklike68, 69 or ‘Swiss cheese’ morphologies16, 70 are formed due to the segregation of the two 

lipid species, with long-chain lipids in the central planar region and short-chain lipids in the 

curved rim region68, 69, 71.  Depending on the ratio of long- to short-chain lipids (q), bicelles may 

tumble isotropically or be aligned with respect to a strong magnetic field.  Generally, bicelles 

will orient in the magnet when q is larger than 316, 17 and tumble isotropically when q is less than 

1.  

Dilute solutions of high-q bicelles have been used widely as aligned media to measure the 

residual dipolar couplings of soluble proteins for NMR-based structure refinement15-17.  Solid-

state investigations72-75 have typically made use of more concentrated preparations of these 

bicelles, for which the direction of magnetic alignment can be tuned by adding lanthanide ions76, 

77 that increase the spectral dispersion.  In a number of cases the low-q isotropically tumbling 
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bicelles have made it possible to conduct high resolution solution-state NMR studies of 

peptides18 and transmembrane proteins19-21 without compromising their biochemical activity; the 

small size and rapid tumbling of these assemblies permits acquisition of well-resolved NMR 

spectra, comparable to those seen in micelles19.  A bicelle organizational model has also been 

proposed for mixtures of long- and short-chain phospholipids, e.g. 

dimyristoylphosphatidylcholine (DMPC) and dihexanoylphospha-tidylcholine (DHPC), 

respectively.  In the bicelle thus produced, the two lipid species tend to segregate, with the long-

chain phospholipids located in a central planar region and the short-chain phospholipids 

concentrated in a curved rim region68, 69, 71 (Figure 3.2). One interesting feature of this system is 

that the two bicellar regions experience different magnetic environments and thus display distinct 

peaks in the 31P NMR spectrum68.  

DMPC and DHPC are commonly used lipids for bicelle media by many investigators. The long 

term stability of the DMPC-DHPC bicelles has been questioned because their carboxy-ester 

bonds are susceptible to acid- and base-catalyzed hydrolysis in aqueous solution16, 22.  Ether-

linked lipids such as 1,2-di-O-hexyl-sn-glycero-3-phosphocholine (DIOHPC) and 1,2-di-O-

tetradecyl-sn-glycero-3-phosphocholine (DIOMPC) have been introduced to enhance the 

stability of bicelles because they are more stable than ester-linked lipids DHPC and DMPC to 

acid- or base-catalyzed hydrolysis over a pH range from 2 to 1023.   

Fatty acid-binding proteins (FABPs) are a family of intracellular proteins which bind long-chain 

fatty acids (FAs) and other hydrophobic ligands.  FABPs act as FA transporters, transferring FAs 

to and from membranes and playing a role in the regulation of fatty acid metabolism.1  Despite 

amino acid sequence homology that ranges between 20 and 70% among FABPs, all of these 

proteins show a high degree of similarity with respect to their tertiary structures, sharing 
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structural features including a cavity formed by β-strands and a portal region consisting of two 

short α-helices located between the first and second of these β-strands3-10. 

It has been proposed that FABPs transfer fatty acids to membranes via either direct collisional or 

diffusional mechanisms24-27.  The FABPs and the acceptor membrane are in direct contact for the 

collision-mediated process, which occurs for intestinal FABP (IFABP), adipose FABP (AFABP), 

heart FABP (HFABP), kidney FABP (KFABP), and cellular retinol-binding protein type I 

(CRBP I)27, whereas diffusion of ligand through the aqueous phase and subsequent association 

with the acceptor membrane occurs for liver FABP (LFABP) and cellular retinol-binding protein 

type II (CRBP II)24, 27-31,  as shown in Figure 3.1.  

It has been reported that the portal helices are critical for the collisional process of fatty acid 

transfer, based on mutagenesis studies for HFABP, AFABP and IFABP28, 78, 79.  Positively 

charged lysine residues present in various helical regions were proposed to be important for 

regulating interactions of biological membranes with AFABP and HFABP28, 79.  Ionic 

interactions between IFABP and the membrane have been reported to be important by 

acetylation of surface lysine residues80.  The α-helical domain has also been shown to be 

responsible for the diffusion-mediated transfer mechanism of LFABP81.  Finally, the α-helical 

domain of IFABP was shown to be crucial for the collisional fatty acid transfer mechanism by a 

study of engineered α(I)LβIFABP78, 81.  
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potential to yield high-resolution NMR spectra for structural studies of peripheral membrane 

proteins.  Titrations of LFABP and IFABP with bicelles were monitored by chemical shift 

perturbations of the 1H-15N HSQC spectra.  Mechanisms of the membrane interactions with 

LFABP and IFABP were differentiated according to the magnitude and distribution of chemical 

shift perturbations, and site specific information about the collisional interactions was obtained.    
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3.2 MATERIALS AND METHODS 

3.2.1 Preparation of bicelle samples 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0) (DMPC, MW: 677.93), 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (6:0) (DHPC, MW: 453.25), 1,2-di-O-tetradecyl-sn-glycero-3-

phosphocholine (14:0) (DIOMPC, MW: 649.97) and 1,2-di-O-hexyl-sn-glycero-3-

phosphocholine (6:0) (DIOHPC, MW: 425.55) were purchased from Avanti Polar Lipids 

(Alabaster, AL) and used without further purification.  Research grade NaCl, KCl, CaCl2 and 

MgCl2 were purchased from Fisher Scientific (Fair Lawn, NJ). 

We compared properties of three bicellar systems, DMPC-DHPC, DIOMPC-DHPC, and DMPC-

DIOHPC. To prepare a DMPC-DIOHPC bicelle stock solution with cL = 25% (w/v of total lipid), 

the appropriate amount of DMPC was suspended in deionized water and then vortexed at room 

temperature to form a slurry.  An aqueous DIOHPC stock solution (0.5g/ml in water) was mixed 

with the DMPC slurry to achieve q = 0.5, and water was added to maintain an overall lipid 

concentration of cL = 25% (w/v).  The samples were vortexed, centrifuged and vortexed again, 

then heated briefly at 37 °C in a water bath and cooled down to 0 °C in ice water.  This protocol 

was repeated for at least 5 cycles until a clear, homogeneous bicelle solution was obtained.  

DIOMPC-DHPC and DMPC-DHPC bicelles were handled in the same fashion as the DMPC-

DIOHPC mixtures.   

Samples with q = 0.5 and a series of cL values were prepared for NMR studies by adding 

appropriate amounts of the 25% (w/v) bicelle stock solution and D2O, then diluting with water to 

a final volume of 500 μl and 10% D2O.  Selected samples contained various salts (NaCl, KCl, 

CaCl2 and MgCl2) that were added to yield final concentrations of 50, 100, 150, and 200 mM. 



53 
 

 

3.2.2 Preparation of Intestinal and Liver Fatty Acid-binding Proteins 

Rat intestinal fatty acid-binding protein (IFABP) and rat liver fatty acid binding protein (LFABP) 

were expressed and purified as described previously13, 82.  15N-enriched apo-IFABP and apo-

LFABP solutions were prepared in 50 mM NaH2PO4, 100 mM NaCl, 5μM EDTA, 0.02% NaN3, 

and 5% D2O at pH 7.0; a 25% (w/v) DMPC-DIOHPC stock bicelle solution in pure water was 

added directly to the protein solution to achieve a final bicelle concentration of 0.25~2.0% in a 

total NMR sample volume of 500 μl.   

 

3.2.3 Nuclear Magnetic Resonance Spectroscopy 

The 31P NMR data were acquired on Varian spectrometers at either the College of Staten Island 

or the City College of New York: a UNITYINOVA 600 instrument (Palo Alto, CA) equipped with 

an IDQG probe and operating at 1H and 31P frequencies of 599.497 and 242.856 MHz, 

respectively, or a VNMRS 600 spectrometer equipped with an IDQG probe and operating at 

599.761 MHz.  2D 1H-15N Heteronuclear Single Quantum Correlation NMR Spectroscopy 

(HSQC)83, 3D 15N-edited 3D Total Correlation SpectroscopY (TOCSY-HSQC) and 15N-edited 

3D Nuclear Overhauser Effect SpectroscopY (NOESY-HSQC)84 data were acquired on either a 

600 MHz or 700 MHz Bruker Avance spectrometer equipped with a cryoprobe at the New York 

Structural Biology Center.  One-dimensional 31P spectra were recorded at various temperatures 

using a proton-decoupled single pulse experiment with 32 – 1024 scans for total lipid 

concentrations of cL = 15% to 0.125%.  The spectra were recorded with 4096 complex points and 

a sweep width of 4882.8Hz (~20 ppm), producing a digital resolution of < 0.01 ppm/point or 
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2.39 Hz/point.  A solution of 85% H3PO4 was used as an external reference corresponding to a 

31P chemical shift of 0 ppm.  The data were processed with Varian VnmrJ software.  Two-

dimensional 1H-15N HSQC spectra were recorded with 512x128 complex points; 3D TOCSY-

HSQC and NOESY-HSQC were recorded with 512x32x96 complex points.  The 1H carrier 

frequency was set at the water peak (referenced to 4.629 ppm at 37 °C).  2D and 3D data were 

processed with NMRpipe57 and analyzed with NMRViewJ58. 

 

3.2.4 Modeling of Bicelle Size 

The bicelle organizational models proposed previously17, 85 were used to relate the phospholipid 

ratio in the aggregate to its diameter, allowing us to assess the robustness of the DMPC-DIOHPC 

bicelle under various experimental conditions.  Figure 3.2 shows a schematic representation of 

this bicelle system, where the long-chain phospholipids occupy the central planar bilayer region 

and the short-chain phospholipids are present in the curved micelle-like rim68, 76.  

Straightforward geometrical considerations provide a relationship between the molar ratio of the 

two components and the dimensions of the bicelle assembly: 

       q = [DMPC] / [DIOHPC] = (area of central plane) / (area of rim) = ܴଶ ሼሺܴߨ + ⁄ሽݎሻݎ2                            

(1), where R is the radius of the central planar region and r is the radius of the rim area.  The 

thickness of the DMPC bilayer h has been estimated as about 4 nm86.  As the radius of the DHPC 

micelles has been estimated to be 2 nm76, we use this value as an approximation for the ether-

linked DIOHPC case. 

The model was refined by accounting for both the partitioning of free-state DHPC monomers 

([DHPC]free) and DHPC molecules in the bicelle rim, and the distinctive head group areas of the 
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3.3 MORPHOLOGY STUDY OF THE DMPC-DIOHPC BICELLE 

3.3.1 31P NMR spectra of bicelle systems 

The chemical environment differences between bilayer and rim regions produce two peaks in the 

31P NMR spectrum of the q = 0.5 DMPC-DHPC bicelle system68, which allow us to assess the 

morphology of the bicelle under various conditions.  For the isotropically tumbling low-q 

DMPC-DHPC bicelle system, the spectrum typically shows the overlap of the two peaks (Figure 

3.3 (b)), which presents an obstacle to deducing bicelle size from peak integrations68.  Figure 3.3 

shows the 31P NMR spectra of four types of bicelle systems: (a) DMPC-DIOHPC, (b) DMPC-

DHPC, (c) DIOMPC-DHPC, and (d) a 1:1 mixture of (a) and (c).  Peaks in the 31P NMR spectra 

were assigned based on the integrals of their respective peak areas.  A summary of the chemical 

shift assignments appears in Table 3.1.  It should be noted that the chemical shifts of a given 

lipid in the different bicelle systems are consistent with each other.  For example, chemical shifts 

of DMPC remain between -0.160 to -0.156 ppm in samples (a), (b) and (d), indicating that 

DMPC exists in the bilayer region in each of these three bicelle samples.  Analogously, DHPC 

should be located in the rim area of the bicelle.   

The chemical shift difference between DMPC and DHPC is mainly induced by the segregation 

of phospholipids in planar bilayer or rim regions as reported68.  For the ether-linked lipids, 

DIOMPC and DIOHPC, an additional contribution to the chemical shift difference is introduced 

by the different chemical environment introduced by replacing ester bonds with ether bonds in 

either of the lipids.  It is also observed that the chemical shift difference between DIOMPC and 

DIOHPC is consistent and similar to the difference between DMPC and DHPC, about 0.08 ppm, 

implying that ether-linked lipids DIOMPC and DIOHPC exist in similar aggregation states to 

ester-linked lipids DMPC and DHPC in the bicelle systems, respectively.  In the bicelle systems, 
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the short-chain lipids DHPC and DIOHPC are always present in the rim region and long-chain 

lipids DMPC and DIOMPC are always present in the central planar bilayer region.   

As mentioned above, the peaks of DMPC-DHPC (b) overlap with each other, while the bicelles 

with ether-linked lipids, (a) and (c), display improved spectral separation.  The largest separation 

is observed for the DMPC-DIOHPC bicelle system (c), which combines the effects of 

differences in aggregation states and chemical structures.  The observed separation indicates that 

the difference between chemical environments of long-chain lipid and short-chain lipid was 

amplified by using the ether-linked DIOHPC to replace ester-linked DHPC.  The large separation 

of peaks in the DMPC-DIOHPC bicelle system enables us to obtain accurate integrals for bicelle 

size calculations.  It is also evident in Figure 3.3 (d) that the chemical shifts of the lipids are 

retained in the mixed sample of DMPC-DHIOHPC (a) and DIOMPC-DHPC (c).   

Table 3.1 31P Chemical shift analysis of phospholipids in different bicelle systems 

Chemical 
Shifts in 31P 
NMR (ppm) 

δDIOHPC 
 

δDIOMPC δDHPC δDMPC Difference between 
rim and bilayer region 

Difference between 
ester- and ether-

linked lipids 
ΔδDHPC-

DMPC 
ΔδDIOHPC-

DIOMPC 
ΔδDIOMPC-

DMPC 
ΔδDIOHPC-

DHPC 
(a) DMPC-
DIOHPC  

0.187   -0.159 0.078-
0.088 

0.077-
0.082 

0.263- 
0.270 

0.259-
0.270 

(b) DMPC-
DHPC  

  -0.081 -0.160 

(c) DIOMPC-
DHPC 

 0.110 -0.072  

(d) Mixture*  0.189 0.107 -0.073 -0.156 ~0.08 ~0.26/0.27 
*1:1 Mixture of samples (a) and (c) 
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3.3.2 Long term stability of the DMPC-DIOHPC bicelle system 

As mentioned above, the use of DMPC and DHPC has raised issues about long term stability due 

to the susceptibility to acid- and base-catalyzed hydrolysis of their carboxy-ester bonds16, 22.  

Ether-linked lipids DIOHPC and DIOMPC have been used to replace the less stable ester-linked 

lipids DHPC and DMPC to improve the stability of bicelles against hydrolysis over a wide pH 

range23.  For the DMPC-DIOHPC bicelle, the ether-linked DIOHPC is used to replace the ester-

linked DHPC, focusing on overcoming the hydrolysis of lipids in the more aqueous-accessible 

rim region of the phospholipid aggregate.  The ester-linked DMPC molecules are expected to be 

less water accessible, as they are packed more tightly in the central bilayer area compared with 

the DIOHPC in the rim and are shielded from water by the DIOHPC.  It has also been suggested 

that DHPC experiences more hydrolysis than DMPC in bicelle solutions16.  As the more 

aqueous-accessible rim region of the DMPC-DHPC bicelle is replaced by DIOHPC, which is 

resistant to chemical breakdown, we expect the hydrolysis of lipids in the DMPC-DIOHPC 

bicelle to be retarded compared with the DMPC-DHPC bicelle.  Successive NMR examination 

of the q = 0.5, cL= 2% w/v and q = 0.5 cL = 8% w/v DMPC-DIOHPC systems (3 months at room 

temperature, 2 years in a freezer at -20oC) gave 31P spectra that were unchanged and free from 

degradation products.  Thus their chemical stability is at least comparable to the DMPC-DHPC 

bicelle system under similar conditions16.  In our hands, hydrolysis products were observed by 

31P NMR for some DMPC-DHPC bicelle samples within a short time (~ 1 week).  In addition to 

the improvement in chemical stability of DMPC-DIOHPC compared with the DMPC-DHPC 

bicelle system, using DMPC instead of ether-linked DIOMPC saves about 10 times the cost in 

chemicals.  
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3.3.3 Concentration of short-chain lipid in solution 

The qeff and aggregate size for dilute bicelle solutions are affected by the partition of short-chain 

lipids between monomeric and bicellar locations, properties that have been addressed for the 

DMPC-DHPC bicelle system by determining the monomer concentration of DHPC by 31P NMR 

analysis68.  A similar approach is adopted here for the DMPC-DIOHPC bicelle system.  The 

observed chemical shift of DIOHPC can be expressed using the following equation68.  

௢௕௦ߜ = ൫ߜ௙௥௘௘ − ௕௜௖௘௟௟௘൯ߜ ௧௢௧௔௟[ܥܲܪܱܫܦ]௙௥௘௘[ܥܲܪܱܫܦ] +  ௕௜௖௘௟௟௘ߜ

where [DIOHPC]total and [DIOHPC]free are the total concentration and monomer concentration of 

DIOHPC, and δ is the chemical shift.  The chemical shifts of DMPC and DIOHPC as a function 

of total lipid concentration are presented in Table 3.2.  The chemical shift of DIOHPC remains 

constant in highly dilute solutions (0.25 and 0.125%), so that value may be taken as the chemical 

shift for the DIOHPC monomer, δfree = 0.373 ppm.  As δfree , δbicelle and [DIOHPC]free should be 

constant, a linear relationship between δfree and 1/[DIOHPC]total is expected, as verified in Figure 

3.4.  Based on the slope and intercept of the regression line, δbicelle and [DIOHPC]free can be 

deduced as 0.166 ppm and ~6 mM. 
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Table 3.2 Average 31P chemical shift of lipids in a DMPC-DIOHPC bicelle as a function of total 

lipid concentration 

cL Total lipids DMPC  DMPC DIOHPC DIOHPC

(%) (mM) (mM) δ (ppm) (mM) δ (ppm)

15 294.3 98.1 -0.155 196.2 0.172

10 196.2 65.4 -0.156 130.8 0.176

8 157.0 52.32 -0.155 104.64 0.179

7 137.3 45.78 -0.155 91.56 0.18

6 117.7 39.24 -0.156 78.48 0.182

5 98.1 32.7 -0.155 65.4 0.185

3 58.86 19.62 -0.156 39.24 0.2

2 39.24 13.08 -0.156 26.16 0.212

1.5 29.43 9.81 -0.158 19.62 0.23

1 19.62 6.54 -0.163 13.08 0.263

0.25 4.905 1.635 3.27 0.373

0.125 2.453 0.8175  1.635 0.373

 

 

3.3.4 Variation of [DIOHPC]free with temperature and total lipid concentration 

To evaluate whether the bicelle size is maintained over a range of temperatures that might be 

used in structural studies of biomolecules, the temperature dependence of [DIOHPC]free was 

evaluated by additional 31P NMR measurements made at 30 °C, 41 °C and 46 °C.  The modest 

changes in 31P chemical shift separations (no more than 0.025 ppm) argued for complete 

segregation of DIOHPC at the rim rather than miscibility in the planar region92-94, allowing us to 

determine the concentration of free short-chain lipid and bicelle size via Eqs. (2) and (3).  The 
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concentration of short-chain phospholipid monomers remained essentially constant at 5.7–6.5 

mM over this temperature range (data not shown), in accord with prior reports for DHPC.  For 

instance, dynamic light scattering has been used to show that the variation of hydrodynamic radii 

with cL for q = 0.5 bicelles is invariant to temperature, with a value of [DHPC]free at about 5 mM 

in the range of 25–37 °C91.  Analogous temperature invariance of small angle neutron scattering 

(SANS) profiles for q = 0.5 bicelles has been reported in the temperature range of 10–40 °C69.   

It was also of interest to establish the range of total lipid concentration over which the bicelle 

size is retained.  Subtracting [DIOHPC]free from [DIOHPC]total and calculating the effective q 

from Eq. (2), we find that qeff remains essentially constant at 0.5 when cL ≥ 98 mM (5% (w/v)).  

By comparison, cL must exceed 130 mM (7% (w/v)) for the DMPC-DHPC bicelle system in 

order to keep the qeff value constant at 0.568.  This result demonstrates an augmented versatility 

for bicellar media containing an ether-linked short-chain phospholipid, since it becomes possible 

to work with smaller amounts of lipid and either peptide or protein while still maintaining a 

small, rapidly tumbling bicellar structure and high-resolution NMR spectra. 

 

3.3.5 Influence of salts on DMPC-DIOHPC isotropic bicelle size 

Losonczi and Prestegard first reported the beneficial effects of ionic strength on the stability and 

lifetime of phospholipid bicelle preparations85.  It has also been reported that the size and 

magnetic field alignment properties of high-q bicelles are affected by both monovalent and 

divalent ions86, 95.  Nonetheless, it has been reported that trivalent lanthanide ions (e.g. Er3+, Yb3+, 

Tm3+, and Eu3+) do not influence the bicelle size despite their ability to change the orientation of 

liquid crystalline aggregates in the magnetic field76, 77.  To evaluate the effects of ionic strength 
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in our system, values of q were measured for DMPC-DIOHPC bicelle samples that contained 

four commonly used physiological salts (NaCl, KCl, CaCl2, and MgCl2), based on the 31P NMR 

peak integrals observed at different temperatures.  The results are summarized in Table 3.3.   The 

largest perturbation of bicelle size occurred upon addition of up to 200 mM NaCl to the cL = 2% 

bicelle at 25 oC.  The q value increased from 0.47 to 0.54, which corresponds to an increment in 

bicelle diameter from 9.2 to 9.8 nm (6.5%).  Considering the error involved in the measurements, 

no significant influence on bicelle size was observed for these salts present at concentrations up 

to 200 mM and at temperatures from 25 to 46 oC.   

 

Table 3.3 Values of lipid ratio (q) measured for DMPC-DIOHPC bicelles at different temperatures 

and salt concentrationsa 

Salt 

concentration KClb NaClc CaCl2b MgCl2b 

(mM) q at T (°C) q at T (°C) q at T (°C) q at T (°C) 

  25   37   46 25   37   46 25   37   46 25   37   46 

0 0.46 0.46 0.46 0.47 0.47 0.47 0.46 0.47 0.48 0.46 0.46 0.47 

50 0.49 0.46 0.48 0.50 0.46 0.49 0.48 0.48 0.47 0.48 0.48 0.48 

100 0.48 0.48 0.49 0.53 0.45 0.51 0.48 0.48 0.48 0.47 0.47 0.48 

150 d 0.54 0.45 0.52 d d 

200 0.48 0.48 0.49 0.54 0.47 0.51 0.46 0.47 0.47 0.48 0.48 0.48 
a The measured q value is derived from the integrals for DMPC and DIOHPC peaks in 31P NMR 
spectra; errors of 2% were estimated from duplicate measurements. 

b The mixture was prepared with cL = 10% (w/v), q = 0.5, 10% D2O. 

c The mixture was prepared with cL = 2% (w/v), q = 0.5, 10% D2O. 

d Not measured. 
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3.4 PROTEIN-MEMBRANE INTERACTION PROBED WITH DMPC-DIOHPC BICELLES 

As mentioned above, DMPC-DHPC bicelles have been used widely as membrane- mimetic 

media15.  The new DMPC-DIOHPC bicelle system was evaluated with LFABP and IFABP 

peripheral membrane proteins in terms of its utility as a model membrane for structural biology 

research.  The interaction between FABPs and the bicelle was monitored by 1H-15N HSQC of the 

proteins.  For example, an overlay of 1H-15N HSQC spectra for apo-IFABP alone and with 2% 

w/v DMPC-DIOHPC bicelles is shown in Figure 3.5.  Both spectra exhibit sharp resonances, 

excellent spectral resolution, and the high degree of chemical shift dispersion typical of β-sheet 

structures.  The high quality of the spectrum of IFABP with bicelle, and a solution that resisted 

precipitation for 45 days, indicate that the protein tumbles rapidly and does not form large 

aggregates.  Chemical shift changes for particular resonances reflect the interactions between 

protein and bicelle, to be discussed further below.  A single NH resonance appears for each 

observed backbone site, consistent with rapid exchange between bound and unbound states.   
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more global interaction of LFABP with the model membrane rather than a site-specific 

interaction.  In contrast, the residues of apo-IFABP that display significant chemical shift 

perturbations upon bicelle addition are located primarily in either the helices themselves or in 

close contact with the helices, indicating that the interaction between IFABP and the membrane 

is more specifically related to the helical region, especially the second helix.  It is notable that 

positively charged residues lysine 27 and 29 in the second helix have significant perturbations 

upon adding bicelles, especially K29 which is the most perturbed residue (0.595 ppm). Our 

hypothesis is that these residues could to be important in regulating interactions between IFABP 

and membranes, as proposed previously for AFABP and HFABP28, 79. 

The contrasting patterns of these interactions of LFABP and IFABP with the bicelle reflect the 

different mechanisms established for FABP-membrane interactions30.  IFABP obtains fatty acids 

from the membrane by a direct collisional mechanism, whereas LFABP interacts with the 

membrane and transfers fatty acids through a diffusion-driven mechanism1, 30.  The failure to 

observe specific interactions between LFABP and bicelles is in accord with the diffusional 

mechanism of LFABP-mediated fatty acid transfer to membranes.  Conversely, the observation 

of specific bicelle interactions located in the region of the IFABP helices supports the collisional 

mechanism of protein-membrane interactions, which is more site specific than the diffusional 

mechanism.  Moreover, the alpha helices of IFABP have been implicated in the collisional 

mechanism78, 99, validating the observation of chemical shift perturbations of IFABP with the 

DMPC-DIOHPC bicelle specifically in the helical region (Figure 3.11).   

Additionally, the difference in amplitude of the bicelle-associated chemical shift perturbations 

between LFABP and IFABP supports their contrasting ligand transfer mechanisms.  The average 

chemical shift perturbation for IFABP is about twice of that for LFABP (0.111 ppm vs. 0.056 
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ppm).  The larger average chemical shift perturbation suggests stronger interactions between 

IFABP and the bicelle as compared with LFABP, since the observed resonance positions are a 

weighted average between bound and unbound protein states.  It is reasonable as well to expect 

the stronger interaction of IFABP to be associated with its collisional membrane interaction 

mechanism and the mild interaction of LFABP to reflect the diffusional mechanism of fatty acid 

transfer to membranes.   

 

3.4.4 Possible protein-lipid binding 

It is essential to establish that our observations of chemical shift perturbations may be attributed 

to interactions between FABPs and the DMPC-DIOHPC bicelle, and to exclude the possibility of 

simply binding DIOHPC or DMPC monomers in either protein cavity.  This issue was addressed 

by independent experiments using DMPC and DHPC monomers: no chemical shift perturbation 

was found for LFABP with added DMPC and only small nonspecific perturbations were 

observed for DHPC82.  In our titration of IFABP with the DMPC-DIOHPC bicelle, there are 

almost no chemical shift perturbations at the first titration point, even though the amount of 

DIOHPC monomer would correspond to about 10 equivalents of protein.  This negative 

observation demonstrates that there is no interaction between lipids and protein until the amount 

of bicelle reaches a certain threshold.  As mentioned above, the short chain lipids exist mainly as 

monomer or micelle in a very dilute bicelle solution.  In other words, the interaction between 

protein and monomers is negligible.   

Figure 3.12 illustrates this argument by monitoring of the changes in HSQC spectra for residue 

T77 of IFABP.  When the bicelle concentration is low (0.25%), the peak moves very little (less 
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3.5 SUMMARY 

A new DMPC-DIOHPC isotropic bicelle system has been evaluated as a membrane- mimetic 

medium for biomolecular NMR and related structural biology research.  Compared with other 

similar systems, DMPC-DIOHPC isotropically tumbling bicelles exhibit improved hydrolytic 

stability and superior 31P NMR peak separation, allowing more accurate measurements of 

integrated signal intensities and associated sizes.  Moreover, the new system extends the range of 

experimental conditions over which constant size and aggregate organization can be maintained, 

including overall phospholipid concentrations down to cL of 5%, temperatures from 25 to 46 oC, 

and the presence of physiologically relevant salts at concentration up to 200 mM.  The q = 0.5 

DMPC-DIOHPC bicelle system shows potential as a versatile medium for high-resolution NMR 

studies of peripheral membrane proteins.  The bicelle interactions of intestinal and liver fatty 

acid-binding proteins that accomplish ligand transfer via different mechanisms have been 

differentiated according to the spatial distribution of their significantly perturbed residues and the 

overall amplitude of their chemical shift perturbations.  In addition, the interaction between 

IFABP and membrane via the collisional mechanism is proposed to be localized in the helical 

regions of the protein based on the chemical shift perturbation results, a result that supports the 

functional importance proposed for this portal region in AFABP and HFABP28, 79. 
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CHAPTER 4 SOLID STATE NMR STUDY OF A TRANSMEMBRANE PEPTIDE 

 

4.1 INTRODUCTION 

G-protein coupled receptors 

G-protein coupled receptors (GPCRs) are a family of integral membrane proteins which share 

the common structural motif of 7 transmembrane (TM) helices, illustrated in Figure 4.1 for the 

Saccharomyces cerevisiae GPCR (Ste2p)100.  GPCRs are involved in cell signaling and signal 

transduction for taste, smell, and light stimulation as well as many other cell signaling processes 

that are mediated by protein-ligand interactions101.  As important targets for drug design, almost 

half of modern drugs in the pharmaceutical industry target the GPCR proteins32.  Despite the 

functional importance of GPCRs, structural information on this protein family is rather limited 

because of the low protein expression levels and difficulty in generating crystals for X-ray 

crystallography for membrane proteins102.  Since the first crystal structure of rhodopsin was 

solved in 2000103, only a few additional GPCR crystal structures have been solved: the β1-

adrenergic G-protein-coupled receptor104, 105, the G protein-coupled chemokine receptor 

CXCR4106, the human β2-adrenergic receptor107-109, and the agonist-bound human adenosine A2A 

receptor110, 111.  There has also appeared one structure determination for a seven-helix 

transmembrane protein by solution NMR in a micelle112.  Compared with the number of GPCRs 

predicted in the human genome, the structural information on GPCRs is still severely limited.   
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step folding process mentioned above and argue that structural study of separated fragments can 

provide valid information for the intact GPCRs.  GPCR fragments have been used widely in 

structural studies due to the difficulty of obtaining stable preparations of the full-length GPCRs 

that are suitable for high-resolution structure determination.   

The Saccharomyces cerevisiae GPCR Ste2p plays a role in the regulation of the mating process 

in Saccharomyces cerevisiae by interacting with the pheromone polypeptide secreted from cells 

of the opposite mating type.  Fragments of Ste2p have been studied for many years to obtain 

structural information on Ste2p, and helical structures have been reported for synthetic single-

transmembrane domains117-120.  Moreover, NMR structures of first two transmembrane domains, 

TM1TM2 [Ste2p (G31-T110)] have been solved in LPPG micelles34 and TFE/water35 by 

solution-state NMR.   

 

Solid-state NMR applications to membrane proteins 

Solution-state NMR has developed into a standard method for protein structure determination121 

since the structure of proteinase inhibitor IIA from bull seminal plasma122 was determined.  

Recently developed solid-state NMR techniques make it possible to obtain structural information 

for peptides, amyloid fibrils, and membrane proteins36-39.  The spectral resolution and sensitivity 

of solid-state NMR spectra have been improved using a combination of high magnetic field 

strength and magic angle spinning (MAS)123 to average out the line broadening effects from 

chemical shift anisotropy (CSA) and strong dipolar coupling 36, 37, 39.   

The development of new solid-state NMR techniques together with different isotopic labeling 

schemes e.g., reverse labeling, make it possible to conduct structural and dynamic studies of 
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transmembrane proteins in a lipid bilayer environment.  For example, partial site-specific 

assignments have been reported for the solid-state NMR spectra of uniformly [13C, 15N]-labeled 

light-harvesting complex 1, a 160 kDa integral membrane protein43 and uniformly [13C, 15N]-

labeled cytochrome bo3, a 144 kDa integral membrane protein124.  Besides assignment of the 

NMR spectra, solid-state NMR has also been applied to determine protein structures. The high 

resolution structure of microcrystalline GB1 was determined125 and refined with chemical shift 

tensor information,126, 127 and a solid-state NMR-based structure was reported for ubiquitin in a 

uniformly [13C, 15N]-labeled microcrystalline sample128.  Structural studies of transmembrane 

proteins with solid-state NMR have also been reported for the seven-helix integral membrane 

proton pump proteorhodopsin44 and the Ca2+-ATPase-bound phospholamban protein in lipid 

bilayers42. 

 

Sample preparation of membrane proteins for solid-state NMR 

A crucial aspect of successful solid-state NMR studies of membrane proteins is sample 

preparation.  The procedure for sample preparation can be divided into two stages: reconstitution 

of protein in lipids and sample precipitation. The transmembrane protein is first reconstituted in a 

lipid/detergent mixture in solution.  Then the detergent is removed, customarily by either dialysis 

or using Bio-beads.  Dialysis has been reported for solid-state NMR studies of DsbB41 and 

cytochrome bo3
124.  Bio-beads were used for sample preparation with proteorhodopsin44.  Finally 

the protein precipitates together with the lipids and is collected after ultracentrifugation to 

remove excess water.  In addition, a solid-state NMR study has appeared for the transmembrane 

protein cytochrome P450 (CYP) 3A4 reconstituted in nanodiscs, which yield narrow line widths 
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(~0.5 ppm)  and high sensitivity in 2D spectra40.  The interaction between protein and lipids in 

nanodisc has also been reported129.    

As mentioned above, the structures of TM1TM2 [Ste2p (G31-T110)] have been solved in both a 

LPPG micelle34 and TFE/water35.  Herein we describe a preliminary solid-state NMR study of 

TM1TM2 carried out in a native-like lipid bilayer environment, to obtain some structural 

information. 
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4.2 MATERIALS AND METHODS 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0) (DMPC, MW: 677.93) and 1,2-dihexanoyl-

sn-glycero-3-phosphocholine (6:0) (DHPC, MW: 453.25) were purchased from Avanti Polar 

Lipids (Alabaster, AL) and used without further purification.  Sodium dodecylsulfate (SDS) was 

purchased from Fisher Scientific (Fair Lawn, NJ).  [U-15N, 13C] glutamine was purchased from 

Isotec-Sigma-Aldrich (Miamisburg, OH).  TM1TM2 peptides with different isotope labeling 

schemes were provided by Ms. Leah Cohen (laboratory of Prof. Fred Naider, College of Staten 

Island).  The expression and purification of TM1TM2 have been described previously35. 

 

4.2.1 Sample preparation 

Preparation of TM1TM2 in lipid bilayers for solid-state NMR was conducted by first 

reconstituting the peptide in either phospholipid bicelles or a lipid-detergent mixture; then the 

short-chain lipid or detergent was removed by dialysis against a phosphate buffer.  The 

assemblies of peptide with phospholipids were precipitated from the solution and collected with 

an ultracentrifuge operating at 10,000g.  Finally the sample was packed into a 3.2 mm thin wall 

rotor (36 µL) for solid-state NMR experiments conducted with magic angle spinning.  For the 

samples prepared with isotropically tumbling bicelles, appropriate amounts of TM1TM2, DMPC 

(dimyristoylphosphatidylcholine), and DHPC (dihexanoylphosphatidylcholine) were dissolved in 

a 1:1 mixture of chloroform and methanol.  The solvent was evaporated under a stream of 

nitrogen gas to form a film in a small glass vial.  Finally the sample was hydrated with phosphate 

buffer in preparation for dialysis.  For samples prepared with a lipid-detergent mixture, 

TM1TM2 was dissolved in SDS solution with brief sonication and a hydrated DMPC slurry was 
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added.  A clear solution was formed by vortexing in preparation for dialysis.  The lipid-to-

peptide molar ratio was 70 to 80 in all samples. 

 

4.2.2 NMR spectroscopy 

The solid-state NMR data were all collected on either a Varian VNMRS 600 instrument (Palo 

Alto, CA) equipped with a BioMAS 1H-13C-15N 3.2 mm probe and operating at a 1H frequency 

of 599.497 MHz at the City College of New York or a 900 MHz Bruker Avance III spectrometer 

equipped with an HXY 3.2 mm probe at the New York Structural Biology Center.  All spectra 

were collected with a magic angle spinning rate of 13.3 kHz unless otherwise specified.  The 13C 

chemical shifts were referenced directly to the methylene carbon of adamantane at 40.48 ppm,130 

and 15N chemical shifts were referenced to 0 ppm based on a calculation from the frequency 

ratios of 15N and 13C, following IUPAC guidelines131 (see Appendix I).  The sample temperature 

under MAS conditions was calibrated using 207Pb NMR of a Pb(NO3)2 standard132, 133 by 

following the protocol described in Appendix II134.  TPPM decoupling135 at strengths of 100 or 

80 kHz was used for 600 MHz and 900 MHz spectrometers, respectively.  Experimental 

conditions were optimized with either a [U-15N, 13C] glutamine or a [U-15N, 13C] GB1 sample for 

1D and 2D experiments.  Solution state 1H-15N HSQC spectra were acquired on a Varian 

VNMRS 600 instrument (Palo Alto, CA) equipped with an IDQG probe and operating at 1H 

frequency of 599.497 MHz at The City College of New York.  2D data were processed with 

NMRpipe57 and analyzed with NMRViewJ58 (One Moon Scientific Inc.). 
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13C] glutamine.  The DCP pulse sequence in Figure 4.4 shows a polarization transfer from 1H to 

15N via CP in the first step, and polarization transfer from 15N to 13C via SPECIFIC CP in the 

second step.  For example, Figure 4.3 shows optimized NCA (a) and 13C CP spectra (b) of [U-

15N, 13C] glutamine.  It can be seen from the spectra that all 13C signals show up in the 13C CP 

spectrum (b), while only the CA signal appears in the NCA spectrum (a) upon band selective 

DCP transfer.  The signal intensity of CA in the optimized NCA spectrum is about 40% of the 

signal intensity in the corresponding 13C CP spectrum.  Similar experiments conducted with a 

microcrystalline GB1 protein sample give ~65% DCP efficiency (data not shown).  The lower 

DCP efficiency of glutamine is attributable to the slow relaxation rate.  The NCA experiment 

was set up with a MAS rate of 13.3 kHz.  Radiofrequency (rf) field strengths for SPECIFIC CP 

are 46.6 kHz in the 15N channel and 33.3 kHz in the 13C channel, namely 3.5 and 2.5 times the 

MAS rate, including a 10% ramp for the 13C channel and 100 kHz CW decoupling on the 1H 

channel during SPECIFIC CP.  The rf field strengths for SPECIFIC CP in 15N and 13C channel 

must be tuned carefully to achieve optimal spectral sensitivity. 
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4.3 RESULTS AND DISCUSSION 

As mentioned above, the peptide was reconstituted in either lipid bicelles or a DMPC/SDS 

mixture.  For the sample reconstituted in bicelles, the mass percentage of peptide in the final 

precipitate was low, probably because of the difficulty of removing DHPC by dialysis.  About 1 

mg of peptide is contained in the samples (30-35 mg total) that were packed into rotors.  The 

small amount of TM1TM2 results in low sensitivity for the solid state NMR experiments, 

making it impractical to collect multidimensional spectra.  For the peptide reconstituted in 

DMPC/SDS, about 3.5 mg of TM1TM2 in 35 mg of total sample can be packed into the 3.2 mm 

thin wall rotor.  The data discussed here are collected with those samples unless otherwise 

specified. 

 

4.3.1 Peptide-DMPC interactions 

To prepare a sample that will be suitable for solid state NMR, it is necessary to establish 

 that the peptide is reconstituted in the lipid-detergent mixture and folds into a well-defined 

helical structure.  The interaction between DMPC and the TM1TM2 peptide was investigated by 

monitoring the 15N HSQC spectra for 15N alanine-labeled TM1TM2 in SDS solution upon 

addition of a DMPC slurry.  The peptide-SDS solution remains optically clear when the DMPC 

slurry is added, indicating that DMPC has interacted with SDS and has the potential to interact 

with the TM1TM2 peptide.  It has been reported that TM1TM2 is soluble in SDS and maintains 

its helical structure as assessed by circular dichroism (CD)35.  It has also been shown that 

TM1TM2 in SDS displays reasonable resolution in the solution state 15N HSQC NMR spectrum, 

but the sample does not last long enough to collect 3D or 4D experiments for assignments and 
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structural studies35.  Herein we use SDS to dissolve TM1TM2 for the initial step of sample 

preparation, which does not require long term stability.   

15N HSQC spectra were collected with 15N alanine-labeled TM1TM2 at 49.0 °C.  Five isolated 

peaks appeared in the spectra corresponding to five 15N-labeled alanine residues in the peptide; 

the signals were assigned by comparison with published assignments for TM1TM2 in LPPG 

micelles34.  Figure 4.8 clearly shows that the peaks shift when even a small amount of DMPC is 

added into the system (1 mg, a DMPC-to-peptide ratio of ~17), indicating that the chemical 

environment has changed for the peptide.  Such peptide chemical shift perturbations confirm that 

DMPC participates in peptide-SDS assemblies and moreover, that it interacts with the TM1TM2 

peptide.  Furthermore, the observation of interactions even with modest amounts of DMPC 

indicates a preference of the peptide for the phospholipid as compared with the SDS detergent.  

When the amount of DMPC added to the solution is higher, the chemical shifts of the alanines 

become closer to the peptide signals in LPPG34.  Since the NMR structure of TM1TM2 has 

already been determined in LPPG34, it is reasonable to argue that upon interaction with DMPC 

the peptide has folded into helices, adopting a similar conformation to what was observed in 

LPPG.  In addition to the change in chemical shifts, a decrease in peptide peak intensity with 

increasing DMPC is evident from Figure 4.8.  The decrease in peak intensity is likely to be 

caused by line broadening that accompanies an increase in size of the TM1TM2/DMPC/SDS 

assemblies because of participation of DMPC.   
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4.3.3 2D 13C-13C and 13C-15N correlation experiments 

Further characterization of TM1TM2 in lipids was carried out using a 13C-13C correlation 

spectrum with DARR mixing.  The experiment was set up at -20 °C, 13.3 kHz MAS and using a 

15 ms DARR mixing time.  The spectrum of [U-15N, 13C] TM1TM2 in DMPC is shown in 

Figure 4.12.  Some signals may be assigned tentatively in terms of their residue types, such as 

Cα-Cβ correlations of alanine, valine, isoleucine, serine, threonine, and the Cα-C’ correlation of 

glycine.  The resolution of the spectrum is too limited for further assignment of the signals.  In 

addition to the 13C-13C correlation spectrum, the 2D 15N-13C correlation spectra, namely 

N(CA)CX and N(CO)CX, were collected.  Due to extensive signal overlap, the resonances could 

not be assigned.  The 2D N(CA)CX spectrum is shown in Figure 4.13 as an example:  most of 

signals overlap with each other in the NCA and N(CA)CO regions.  Only a few signals that are 

distant spectroscopically from the overlapped region (indicated by a dashed circle in Figure 4.13) 

can be resolved, possibly corresponding to the Cβ resonances of serine and threonine.  Based on 

the analysis of these 13C-13C and 15N-13C correlation spectra, the solid state NMR resolution for 

[U-15N, 13C] TM1TM2 in lipid bilayer media remains too limited to achieve full signal 

assignment.  The disappointing resolution of the spectra may be attributed to the conformational 

heterogeneity and flexibility of the peptide conformation in these lipid-rich model membrane 

protein systems.    
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4.4 SUMMARY 

A preliminary study of TM1TM2 structure was conducted with solid state NMR.  The peptide 

was reconstituted successfully into a helical conformation with DMPC/SDS in solution, as 

evaluated by solution state NMR.  The study of a 15N alanine-labeled peptide with DMPC/SDS 

hints that TM1TM2 folds into helical structures with a conformation similar to that determined in 

LPPG micelles34 based on the similarity of HSQC spectra.  Although well-resolved NMR spectra 

and reasonable sample stability could be achieved for 15N alanine-labeled TM1TM2 in 

DMPC/SDS, addition of sufficient DMPC to form a good membrane mimetic also results in 

formation of large aggregates and unacceptable line broadening, especially for a uniformly 

labeled sample.   

Solid state NMR experiments of TM1TM2 in DMPC multilayers show that some signals can be 

assigned by residue type, but further site-specific assignment was limited by the resolution of the 

spectra with [U-15N, 13C] TM1TM2.  The low resolution could be due to heterogeneity of the 

prepared sample and/or the intrinsic mobility of the peptide.  The sample preparation needs 

further improvement to make feasible a solid state NMR study of this peptide with lipids.  

Possible measures to consider are as follows: (1) try other lipids instead of DMPC; (2) use Bio-

beads to remove the detergent used during reconstitution; (3) reconstitute the peptide in a 

nanodisc; (4) use reverse labeling or selective labeling to simplify and assign spectra. 
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CHAPTER 5 CONCLUSIONS 

 

Both X-ray and NMR structures of holo-LFABP show that two ligands are bound within the 

protein cavity 4, 6.  A singly-liganded state was observed for the LFABP binding with oleate and 

the binding process has been proposed to be stepwise rather than simultaneous based on an NMR 

titration study 13.  The singly-liganded LFABP and R122L/S124A mutant has been investigated 

with a docking calculation that incorporates both NMR chemical shift perturbations and 

intermolecular NOE data.  Modeled structures for singly-liganded LFABP and R122L/S124A 

LFABP have been generated successfully with the docking methodology.  The structural model 

of singly-liganded LFABP provides a better understanding of the ligand binding process of 

LFABP in comparison with previously determined apo- and holo-protein structures4.  The 

different binding behavior of the wild-type LFABP and R122L/S124A mutant indicates the 

importance of electrostatic interactions between the protein cavity and oleate in determining 

ligand orientation and conformation.  Based on the analysis of these NMR and modeled 

structures, binding is proposed to occur as follows: an electrostatic interaction between the 

carboxylate group of oleate and a positively charged pocket containing residues arginine 122 and 

serine 124 initiates the binding of the first ligand in a specific orientation, leaving space available 

in the protein cavity; the available space together with the more hydrophobic interface provided 

by the aliphatic tail of the first ligand facilitates the binding of a second ligand with an 

orientation in which the aliphatic tail is buried in the protein cavity and the carboxylate group is 

close to the protein surface.  Electrostatic interactions between residues R122, S124 and oleate 

are found to be crucial in determining the orientation and conformation for the first ligand, which 

then favors the binding of a second ligand. 
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A new DMPC-DIOHPC isotropic bicelle system has been evaluated as a membrane- mimetic 

medium for biomolecular NMR and related structural biology research.  Compared with other 

similar systems, DMPC-DIOHPC isotropically tumbling bicelles exhibit improved hydrolytic 

stability and superior 31P NMR peak separation, allowing more accurate measurements of 

integrated signal intensities and associated sizes.  Moreover, the new system extends the range of 

experimental conditions over which constant size and aggregate organization can be maintained, 

including overall phospholipid concentrations down to cL of 5%, temperatures from 25 to 46 oC, 

and presence of physiologically relevant salts at concentrations up to 200 mM.  The q = 0.5 

DMPC-DIOHPC bicelle system shows potential as a versatile medium for high-resolution NMR 

studies of peripheral membrane proteins, as illustrated by liver and intestinal FABPs.  The bicelle 

interactions of intestinal and liver fatty acid-binding proteins that accomplish ligand transfer via 

different mechanisms have been differentiated according to the spatial distribution of their 

significantly perturbed residues and the overall amplitude of their chemical shift perturbations.  

In particular, the interaction between IFABP and membranes via a collisional mechanism is 

proposed to be localized in the helical regions of the protein based on the chemical shift 

perturbation results, a result that supports the functional importance inferred for this portal region 

in AFABP and HFABP 28, 79. 

Preliminary structural characterization was carried out for the double transmembrane peptide 

TM1TM2 in membrane-mimetic media by solution- and solid-state NMR.  The reconstitution of 

the peptide into a DMPC-SDS lipid-detergent mixture has been evaluated by solution-state NMR 

using 15N HSQC.  The study of an 15N alanine-labeled peptide with DMPC-SDS indicates a 

preference of peptide to associate with DMPC and the adoption of a helical conformation 

resembling the structure reported in LPPG micelles34.  The solid-state NMR experiments in 
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DMPC multibilayers show that some signals can be assigned based on their residue types in a 

[U-15N, 13C] TM1TM2 sample.  Further assignment was limited by signal overlap and limited 

resolution of the spectra, which may be due to sample heterogeneity and/or mobility of the 

peptide in this lipid-rich mixture.  Redesign of the sample preparation protocol would be 

required for further solid state NMR study of GPCR peptide fragments in membrane-mimetic 

media.   
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APPENDIX I  A PRACTICAL CHEMICAL SHIFT REFERENCING PROCEDURE 

FOR SOLID-STATE NMR 

 

Chemical shift referencing can be achieved by internal referencing, external referencing, 

substitution methods, or referencing via direct measurement of the absolute frequency of the 

field-frequency/lock signal (normally from a 2H signal in the solvent)131.  All of these methods 

are used for solution-state NMR and the last one is adopted in all commercially available 

spectrometers.  That is why chemical shifts are always correct when the 2H solvent signal is 

locked properly.  The chemical shift for X nuclei is defined by the following equation: 

௑,௦௔௠௣௟௘ߜ = ൫జ೉,ೞೌ೘೛೗೐ିజ೉,ೝ೐೑೐ೝ೐೙೎೐൯൫జ೉,ೝ೐೑೐ೝ೐೙೎೐/ଵ଴ల൯  131     (1) 

Provided that the value υreference is determined, the chemical shift of the sample can be referenced.   

Modern NMR spectrometers include field-frequency locking and frequency synthesizers, which 

provide interrelated frequencies for all nuclei through a master lock frequency.  The frequencies 

are related by the Ξ value determined with the equation below: 

ߌ %⁄ = 100ቌ߭௑௢௕௦ ்߭ெௌ௢௕௦൘ ቍ 131      (2) 

The values of Ξ have been summarized in a set of IUPAC recommendations 131, so that 0 ppm 

frequencies ߭௑௢௕௦ for all nuclei can be calculated when the frequency of tetramethylsilane (TMS) 

is known, in another words when the proton spectrum has been referenced.  The ߭௑௢௕௦ in equation 

(2) is ߭௑,௥௘௙௘௥௘௡௖௘ in equation (1).  The lock system works in such a way that an additional field 
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is added on top of the external magnetic field to make sure the proton spectrum is referenced, 

and then the frequency of TMS is deduced.  Spectra of all other nuclei can be referenced from 

the 0 ppm frequency calculated by the  Ξ value. 

For solid-state NMR, chemical shift referencing is normally carried out by using the substitution 

method, which means spectra of the sample and reference compound are recorded individually.  

Nonetheless, it is difficult to find standard compounds for some nuclear species.  If several 

different nuclei will be examined in a given sample, it must be swapped out with standard 

compounds several times.  Moreover, some standard compounds have broad signals, introducing 

errors in chemical shift referencing.  Herein, we developed a practical and convenient chemical 

shift referencing procedure for MAS solid-state NMR, which borrows the idea of a field-

frequency lock from solution-state NMR. 

As mentioned above, all nuclei can be referenced correctly with Ξ values, if the proton spectrum 

is referenced with a proper lock setup.  As this method is based on the Ξ values, if a spectrum of 

any nucleus (not necessarily 1H) is referenced, the other nuclei may be referenced by a 

calculation, normally done automatically with a macro set of instructions by the manufacturer.  

Our goal in the current instance was to find an alternative way to do the field/frequency locking.  

This “pseudo locking” is done by adjusting ‘Z0’ according to the signal of the methylene group 

of adamantane, which is normally used for referencing solid-state 13C NMR spectra.   

The data collected in a Varian VNMRS 600 instrument are used to illustrate the procedure. To 

determine the relationship between the chemical shift difference and Z0 value, 13C NMR spectra 

of adamantane were collected at different Z0 values.  The changes in chemical shift were plotted 
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The procedure proposed here is easy to set up and convenient to use for referencing chemical 

shifts in MAS solid-state NMR without disturbing any system parameter.  The advantage of this 

method is that all nuclei can be referenced with one adamantane sample, which is also used for 

referencing in 13C NMR and shimming to optimize the lineshape (3 Hz line width at half height) 

for MAS solid-state NMR.  The reported precision of ±0.03 ppm for 13C chemical shifts that is 

achieved easily with external adamantane referencing 130, was confirmed by the independent 

measurements in the current work.  Referencing with Ξ values can be achieved to a precision of 

0.01 ppm for nuclei with high γ values (commonly observed nuclei such as 1H, 13C, 31P) and 0.5 

ppm for nuclei with very low γ values 131.  The ‘pseudo lock’ described herein does not account 

for the field drift as is done by the lock system in solution-state NMR; such effects are normally 

not a problem for broad solid-state NMR signals if the magnet is reasonably stable (<5 Hz drift 

per day), but precautions need to be taken for experiments that last more than a week. 
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APPENDIX II  TEMPERATURE CALIBRATION PROTOCOL FOR MAS NMR 

PROBES AT ARBITRARY SPINNING SPEEDS 

(Adapted from "A General Protocol for Temperature Calibration of MAS NMR Probes at 

Arbitrary Spinning Speeds" X. Guan and R.E. Stark, Solid State Nucl Magn Reson (2010), 38, 

74-76.) 

 

Temperature control is essential to many physical studies of thermosensitive samples such as 

biomolecules and engineered materials.  In both solution- and solid-state NMR, the disparities 

between the set temperature and the true sample temperature inside the probe are well known.  

Thus, careful calibration is required to obtain the desired value or range of sample temperatures 

for a particular investigation.  The 207Pb NMR resonance of lead nitrate (Pb(NO3)2) has become 

the accepted thermometer for calibration of sample temperature in magic-angle spinning (MAS) 

probes133, 144, 145.  If the MAS rate is varied, however, the heating effects due to friction between 

the bearings, the variable temperature (VT) gas, and the spinning rotor complicate the 

relationship between frictional heating and heat diffusion.  Thus to achieve comprehensive 

temperature calibration, an empirical approach may be preferred to an analytical formalism for 

description of the sample temperature as a function of both set temperature and MAS rate. 

To test this idea, we used a Varian VNMRS system equipped with a BioMAS probe (3.2 mm, 

3.0 - 13.3 kHz) and a FastMAS probe (1.6 mm, 15 - 35 kHz), each operating in a 14.1 T magnet.  

Both probes supply VT gas and bearing gas separately to achieve temperature regulation.  The 

VT gas flow rate was set to 40 liters per minute using an FTS low-temperature source running at 

-70 ºC, whereas the bearing and drive gas were both operated at ambient temperature.  For the 
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BioMAS probe, the drive gas pressure was set between 3 and 13 psi, whereas the bearing gas 

was varied between 11 and 20 psi.  For the FastMAS probe, the drive gas was varied between 3 

and 40 psi, the bearing gas between 5 and 15 psi.  The set temperature range was between -30.0 

and 45.0 ºC, controlled to within ±0.2 ºC.  The true temperature at each spinning condition was 

calculated based on the linear relationship between the chemical shift of lead nitrate and the 

sample temperature: δ(T) = -3714.6 ppm + (0.760 ppm/K) * T, where T is the temperature in 

degrees Kelvin144.  The chemical shifts of 207Pb were referenced to 0 ppm based on a calculation 

from frequency ratios of 207Pb and 13C, as recommended by IUPAC guidelines131.  The 13C 

spectrum was referenced directly to the methylene carbon of adamantane at 38.48 ppm130.  Using 

this method, the chemical shifts of lead nitrate were determined more conveniently and 

accurately than by analyzing the powder lineshape of a static sample to derive the isotropic 

chemical shift under ambient sample conditions132. 

 To illustrate the procedure, we focus mainly on trials with the FastMAS probe.  As expected, 

excellent linear correlations (R2≧0.9998) were observed between sample temperature (Ts) and 

set temperature (To) at each MAS rate (ωr) for both the BioMAS and FastMAS probes (Figure 

A.2) and as reported previously133, 144, 146.  Each of these relationships may be expressed as  

   Ts(To,ωr) = a(ωr) * To + b(ωr)       (1).  
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Ts(b) = 0.97 * To + 1.34 ºC * exp (ωr/7.53 kHz) - 0.77 ºC  (4). 

 

In practice, these results show, for instance, that a set temperature of -10 ºC for a delicate sample 

spinning at 10 kHz corresponds to -5.4 ºC in the BioMAS probe and -7.0 ºC in the fastMAS 

probe, respectively.   

Eqs. (3) and (4) add to the researcher’s physical insight by revealing the independent 

contributions of the set temperature (To) and MAS rate (ωr) to the sample temperature (Ts).  In 

the absence of MAS (ωr = 0), Eq (3) becomes Ts(b) = 0.98 * To + 0.30 ºC, resembling a typical 

equation used for temperature calibration of liquid-state NMR probes that are not equipped for 

MAS.  Conversely, the heating effect arising from MAS is reflected only in the intercept b(ωr).  

Although the frictional heating should be proportional to the square of the MAS rate (ωr), the 

heat generated is not absorbed completely by the rotor, but instead diffuses to some extent with 

the VT and bearing gases.  As a consequence, b(ωr) need not be proportional to the square of the 

MAS rate (ωr); in our trials an exponential growth provided the best empirical fit. 

Because the separate bearing and VT gas streams are directed at the drive tip and the central 

sample-containing part of the rotor, respectively, we expected that the main source of the 

frictional heating would involve the rotor and the VT gas.  This hypothesis was confirmed for the 

BioMAS probe: using an 8.0-kHz spin rate and temperature setting of 22 °C, we measured an 

essentially negligible 0.1 °C change in temperature when the bearing gas pressure was varied 

between 13.4 and 19.1 psi.  This negative result suggests that even in challenging spinning 

situations that require raising the bearing gas pressure by as much as 2-3 psi (e.g., thin-walled 

rotors, heterogeneous materials), its impact on frictional heating may be neglected.  However, 
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the flow rate and pressure of the VT gas should be kept constant.  For probes that use the bearing 

gas to regulate temperature, the operating pressure should be maintained at a constant value. 

Finally, the reliability of the sample temperatures (Ts) predicted from Eqs. (3) and (4) was 

assessed by comparing the measured sample temperatures for both BioMAS and FastMAS 

probes.  Figure A.4 shows an excellent correlation between the predicted and measured values, 

with slopes close to 1 (0.9985, 1.0023) and intercepts near 0 (0.0114, 0.0131).  The maximum 

deviations in our data sets were 0.56 ºC for the BioMAS probe and 0.79 ºC for the FastMAS 

probe, respectively, acceptable for most practical applications and superior to deviations of ±2 K 

reported about a decade ago146.  In addition to consistency, the excellent accuracy of our protocol 

is illustrated by the finding that under ambient conditions (room temperature of 20 ºC, no 

spinning), the predicted temperatures are 19.97 and 19.90 ºC for BioMAS and Fast MAS probes, 

respectively.  

In summary, these results demonstrate the feasibility of calibrating NMR sample temperatures 

for any MAS probe at spinning rates up to 35 kHz using Pb(NO3)2, using a method that is 

straightforward, reliable, and physically insightful.  The true sample temperature can be 

predicted accurately with an empirical equation based on set temperature and MAS rate, 

allowing us to adjust the sample temperature as desired for spectroscopic experiments and 

(bio)chemical materials of interest. 
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