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ABSTRACT OF THE DISSERTATION 

 

Conformational Dynamics of Interleukin-1beta and Protein-Membrane Interactions 

by 

William David Anderson 

Doctor of Philosophy in Chemistry 

Professor Patricia A. Jennings, Chair 

 

Interleukin-1β is a cytokine central in the immunological response to injury and infection.  

While the structure is well known, the i) modulating effects of point mutations upon function and the ii) 

process of post-translational export remain poorly understood.  In the first part of the dissertation, the 

effects of several mutations important in protein folding and function, are examined.  Water specific 

NMR experiments show the sites of hydrogen-bound water molecules in the β-trefoil fold of IL-1β.  

The structural hydration of several mutants with varying functional and folding propensities was found 

to be the same as wild-type, showing that the structural water interactions are robust.  The 

conformational dynamics of the wild-type and two destabilized Thr-9 mutants were further explored 

using native state hydrogen exchange (NHX) NMR spectroscopy.  The NHX experiments highlight the 

destabilizing effects of the T9Q and T9G mutations, yet the residue specific nature of NMR 

spectroscopy allowed the mapping of destabilizing, non-destabilizing, and hyper-stabilizing effects 

across the IL-1β protein to sites distal from the mutation.  These results are discussed in light of 

computational modeling of the T9G mutation. 
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 In the second part of the dissertation, protein-lipid interactions are explored, beginning with 

the novel finding of a weak but highly specific interaction between IL-1β and phospholipid bicelles in 

solution. NHX NMR spectroscopy shows the destabilization of IL-1β in the presence of bicelles.  A 

combination of chemical shift analysis, heteronuclear 1H-15N NOEs, and paramagnetic relaxation 

enhancement identified a contiguous surface on one side of the molecule as the putative site of 

interaction with bicelles.  These results represent the first structural evidence of a membrane-protein 

interaction of IL-1β, and are discussed in light of the hypothesized non-classical secretion of IL-1β.  

Finally, we have implemented transferred cross-saturation NMR experiments using the transmembrane 

Pf1 filamentous phage coat protein in isotropic bicelles.  Protein residues can be localized to the core of 

the bicelle or the aqueous interface via selective pre-saturation of the ω-methyl or choline-methyl 

protons, respectively.  Methyl-proton specific TCS in isotropic bicelles is an effective and simple 

method for characterizing the transmembrane region of proteins. 
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Chapter 1  

Introduction to the Dissertation 
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Interleukin-1β 

The family of interleukin-1 proteins is an important constituent of the immune system in 

higher eukaryotes.  Interleukin-1 was originally identified over sixty years ago as a component of 

granulocytic secretory fluid, and as an endogenous pyrogen that produces acute fever (Atkins, 1960).  

The IL-1 proteins have since been found to induce a multitude of immunological, inflammatory, 

metabolic and hematopoietic effects in vivo.  In humans, the interleukin-1 system of cytokine signaling 

revolves around the activity of the homologous messenger proteins, interleukin-1α and interleukin-1β. 

Interleukin-1 signaling 

Interleukin-1β and it’s homologue, IL-1α are expressed by over twenty cell types in response 

to a variety of stimuli such as exogenous microbial products and endotoxins, and endogenous 

substances such as thrombin, complement component proteins, hormone metabolites, and other 

cytokines [for review see (Dinarello, 1991; Dinarello, 1994; Dinarello, 1996; Dinarello, 2000)].  

Interleukin-1β signaling is predominately extracellular, and occurs via a Toll-like cell surface receptor, 

IL-1R1, whereas it’s homologue IL-1α is predominantly intra-cellular and binds a soluble receptor 

protein, IL-1R2 (Dinarello, 1994).  Depending on the host cell type and the degree of IL-1β induction, 

extracellular interleukin-1β signaling can have a variety of biological effects. These effects are 

generally grouped into three categories: immunological, pro-inflammatory, and protection against 

disease (Dinarello, 1991).  

While IL-1α and IL-1β are key components of the immune response, the widespread 

downstream effects of IL-1 signaling in the human body can and do result in a variety of illnesses 

(Dinarello, 1996).  Interleukin-1 has been studied for several decades as a causative agent in the 

development and progression of toxic septic shock, in part due to the pro-inflammatory and pyrogenic 

effects of IL-1β in response to infection (Dinarello, 1996; Dinarello, 1997; Dinarello, 1999).  In another 

example, the painful and debilitating swelling of rheumatoid arthritis is a direct result of increasing 

amounts of IL-1β produced by autoimmunity in joint tissues (Dingle, 1984; Dinarello, 1997; Dinarello, 
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2000).  Following this discovery, clinical researchers began developing a treatment based on blocking 

IL-1β receptor binding using the receptor antagonist protein IL-1ra,  marketed under the commercial 

name, anakinra (Dinarello, 1993; Dinarello, 1994; Bischoff, 2003).  Interleukin-1β also has 

tumorogenic  effects, and plays a role in the development of H. pylori induced gastrointestinal cancer 

(Go, 2003; Hartland, Newton et al., 2004; Kim, Cho et al., 2006), and in the progression of tumor 

metastasis (Apte, Dotan et al., 2006).  A final example of IL-1β in human disease is the finding that in 

high levels, IL-1β is cytotoxic to pancreatic β-islet cells that produce insulin, and has been implicated in 

the progression of type 1 diabetes mellitus (Suarez-Pinzon, Strynadka et al., 1996; Giannoukakis, 

Rudert et al., 2000).  All of these disease states have a common denominator: the up-regulation of IL-1β 

switches the healthy responses of the immune system into the causative agent of illness.   

This knife’s edge between health and illness in the interleukin-1 system has resulted in the 

evolutionary development of a simple yet effective mechanism for interleukin-1 signaling and down-

regulation.  The basic IL-1 system is comprised of the two agonist proteins, IL-1α  and IL-1β, the two 

receptors, IL-1R1 and IL-1R2, a receptor accessory protein, IL-1RAcp, and the inhibitory interleukin-1 

receptor antagonist protein, IL-1ra.  All three cytokines, IL-1α, IL-1β, and IL-1ra are capable of binding 

either IL-1 receptor.  In order to promulgate signaling through the cell membrane, IL-1β must induce a 

conformational change in the extracellular domain of the receptor.  One effect of IL-1β signaling is the 

down-regulation of agonist proteins and the up-regulation of the receptor antagonist.  The IL-1ra protein 

displaces the agonist molecule, and stops the signal cascade.  This simple negative feedback loop 

provides a robust means of controlling IL-1 activity and the associated immune responses.  However, 

while the basic on/off  mechanism of IL-1 signaling has been elucidated to a large degree, questions 

still exist surrounding the molecular mechanisms of  signaling modulations that lead to the wide range 

of activity, especially at levels beyond simple agonist-receptor recognition. 
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The structure of IL-1β 

All three IL-1 cytokines, IL-1α, IL-1β and IL-1ra, are single domain, globular proteins and 

share a β-trefoil fold and high sequence homology.  The β-trefoil fold of IL-1β is shown in Figure 1-1 in 

both the three-dimensional representation and a flat, splayed diagram.  The β-trefoil fold was originally 

described for the Kunitz-type soybean trypsin inhibitors (Sweet, Wright et al., 1974).  The fold is 

comprised of twelve β-strands in three pseudo-symmetric βββ-loop-β trefoil units.  In each unit, the 1st 

and 4th β-strands are antiparallel and take part in a six-stranded β-barrel motif.  The 2nd and 3rd strands in 

each trefoil unit form an anti-parallel pair joined by a short turn or loop.  The β-turn-β pairs of each 

trefoil unit form one third of a capping motif on one end of the β-barrel.  The splayed diagram is 

classically used to highlight the three distinctive trefoil units of the β-trefoil fold. 

As a structural consequence of being part of a six-stranded β-barrel, the adjacent barrel strands 

exhibit a large angle relative to the barrel axis, a property called high shear (Murzin, Lesk et al., 1994; 

Murzin, Lesk et al., 1994).  The higher the shear value, the less overlap between adjacent strands, and 

as a result fewer inter-strand hydrogen bonds exist.  At the same time, the strands alternate sequentially 

back and forth between the barrel and cap ends of the molecule.  The high shear and back-and-forth 

alternating motif result in the divergence of the contiguous barrel strands and fraying of the hydrogen 

bonding interactions at the ends of the β-barrel.  In IL-1β, this divergence leaves large spaces in the 

hydrogen bond network between adjacent barrel strands and between the cap and barrel (Murzin, Lesk 

et al., 1992).  However, nature has provided an ingenious solution to stabilize the β-trefoil fold of IL-1β 

despite the strained structural geometries: hydrogen bonding to intercalated water molecules.  Previous 

structural studies of IL-1β have indicated the presence of β-strand bridging protein-water hydrogen 

bonds (Finzel, Clancy et al., 1989; Priestle, Schar et al., 1990; Clore, Wingfield et al., 1991; 

Veerapandian, 1992).  The determination of the precise water-protein interactions in solution is 

discussed in Chapter 2. 
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Figure 1-1  Representative views of the β-trefoil fold of IL-1β. 

Two different structural representations of the IL-1β β-trefoil fold used in this dissertation are 
described.  The β-strands forming the β-barrel motif  are colored blue and those in the β-hairpin cap 
motif are in red.  In a) the 3-dimentional structure of IL-1β  from NMR spectroscopy (PDB 6I1B) is 
shown.  In this side view of the protein, the β-barrel is on the bottom, the hairpin cap on top, and the 310 
helix juts to the right.  The open end of the barrel is on the bottom.  In this orientation, the strands 
comprising the 1st trefoil unit are to the right, those of the 2nd trefoil unit in front, and those of the 3rd 
trefoil unit to the left.  In b) the flat or “splayed” diagram of the β-trefoil fold is shown.  This 
representation highlights the pseudo three-fold symmetry of the β-trefoil fold.  The strands comprising 
the barrel radiate from a central point representing the open end.  The strands in the hairpin cap are 
shown with their approximate β-hairpin structure around the circumference of the diagram.  Several 
sites of water-protein hydrogen bonds are represented with dotted lines and a filled circle for a water 
molecule.  The three trefoil units are numbered and several sites important to activity are labeled.  The 
inter-strand hydrogen bonds and all other water-protein interactions have been removed for the sake of 
clarity in this simple reference diagram. 
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Structural determinants of IL-1β receptor binding 

A number of protein mutagenesis studies have identified residues in IL-1β important for 

binding the IL-1R1 receptor (Labriola-Tompkins, Chandran et al., 1991; Grutter, van Oostrum et al., 

1994).  These residues are found in discontinuous regions of the IL-1β sequence, and form two distinct 

sites of interaction, site A and site B.  The extracellular portion of the IL-1R1 receptor is comprised of 

three immunoglobulin-like domains, numbered 1, 2 and 3, with 3 nearest the transmembrane helix.  The 

IL-1β residues of site A contact the first and second Ig-like domains of the IL-1R1 receptor.  The 

residues in biding site B contact the third receptor domain, which is separated from the first and second 

by a flexible linker.  The interactions at site B in interleukin-1β are centered around a β-bulge loop 

between the fourth and fifth β-trands.  This β-bulge loop and the accompanying protein-receptor 

interactions are absent in the IL-1ra antagonist protein, and the loop is therefore also called the receptor 

trigger loop (Schreuder, Tardif et al., 1997).  Crystallographic studies of IL-1β and IL-1ra with the 

cytoplasmic domain of IL-1R1 have shown that binding to site B in IL-1β results in movement of the 

third Ig-like domain in relation to the first and second, an effect absent in the binding of the antagonist 

protein to the receptor.  This difference accounts for the primary on/off switch in IL-1β signaling.  The 

crystal structures of IL-1β and IL-1ra bound to the IL-1R1 receptor are shown in Figure 1-2. 

However, it has also been shown that mutation of a single surface threonine residue of IL-1β, 

that does not contact the receptor surface, can alter the binding and activity of the IL-1β/IL-1R1 

interaction.  Mutation of the threonine residue to a glycine (T9G) reduces activity by half without 

affecting the receptor binding affinity in vivo.  At the same time, a less radical substitution with a polar 

glutamine side-chain (T9Q) fully abolishes receptor binding in vivo.  The work of Simon and co-

workers led to the identification of the T9G mutant as a receptor antagonist molecule (Simon, Kumar et 

al., 1993).  At the same time, X-ray crystallography of the T9G IL-1β protein showed that there was 

minimal perturbation of the native fold (Camacho, Smith et al., 1993) while previous work in our 

laboratory showed that mutation of this surface threonine residue markedly decreases the stability and 

cooperativity of unfolding of the IL-1β protein (Covalt, Roy et al., 2001).  A study by Heidary and co-

workers on destabilizing mutants of the surface exposed His-30 residue in IL-1β found that the 
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mutations affected the opposite side of the molecule (Heidary, Roy et al., 2005).  Taken together, these 

findings suggest the presence of a more subtle mechanism modulating IL-1β/IL-1R1 activity, based not 

upon structure but rather the stability and/or dynamics of the Il-1β proteins with side-chain mutations at 

surface-exposed sites.  This idea of dynamic modulation of activity forms the basis of work presented in 

this dissertation, and our examination of and findings for the Thr-9 mutant IL-1β proteins will be 

discussed in Chapters 2 and 3.   
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Figure 1-2  IL-1β and IL-1ra bound to the cytoplasmic portion of IL-1R1. 

The allosteric mechanism of IL-1R1 activation by IL-1β binding is apparent when comparing the 
crystal structures of IL-1β (blue) and IL-1ra (red) bound to the cytoplasmic domain of the IL-1R1 
receptor protein (green).  The Ig-like domains of IL-1R1 are numbered.  The “trigger loop” contacts are 
in binding site B, indicated above, and result in a “closed” conformation of the receptor domains when 
bound to IL-1β.  The receptor adopts an inactive, “open” conformation when bound to IL-1ra.  As will 
be discussed later, mutagenesis outside the receptor binding sites results in signal modulation via long-
range interactions. 
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Protein-membrane interactions 

Non-classical secretion of IL-1β 

While the functionality of IL-1β and it’s homologues has been well studied over the last fifty 

years, the processes surrounding the maturation and  secretion of IL-1β have been more challenging to 

unravel.  IL-1β is initially translated as a 31 kDa zymogen, pro-IL-1β.  The search for a the pro-IL-1β 

specific protease culminated with the discovery of the interleukin converting enzyme, which was later 

renamed caspase-1 in light of recent discoveries in Cys-Asp protease biochemistry(Fantuzzi and 

Dinarello, 1999).  Caspase-1 cleaves the pro-IL-1β polypeptide in two places, resulting in the 17 kDa 

mature IL-1β protein and two smaller N-terminal sequences.  Folding studies of the mature IL-1β 

sequence have shown that it folds via an intermediate state, with a fast first folding phase on the 

millisecond timescale, then an relatively sluggish folding phase with a time constant on the order of 

minutes (Heidary, Gross et al., 1997).   

At the same time, IL-1β lacks a leader sequence for insertion into the endoplasmic reticulum 

(ER).  Classically, protein secretion begins via translation into the ER using an N-terminal signal 

peptide (Schatz and Dobberstein, 1996).  After traversing the ER membrane, proteins reside in cellular 

compartments with the same topology as the extracellular space.  After processing in the ER and Golgi 

organelles, these proteins exit the cell through exocytosis of secretory vesicles (Keller and Simons, 

1997).   

Those cellular secretion processes that circumvent the ER-Golgi pathway are called 

unconventional or non-classical secretion pathways (Cleves, 1997; Nickel, 2003; Nickel, 2005).  Four 

distinct pathways have been described in the literature for ER-Golgi independent secretion of cytosolic 

proteins.  Two of these pathways utilize the intracellular endosomal vesicle system, including 

lysosomes (Clark and Griffiths, 2003; Stinchcombe, Bossi et al., 2004) and multivesicular exosomes 

(Stahl and Barbieri, 2002; Stoorvogel, Kleijmeer et al., 2002).  In the former case, the lysosomal 

vesicles release their contents into the extracellular space following fusion with the plasma membrane, 

and in the latter, exosomes exit the cell via membrane fusion and the contents are liberated as the 
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exocytosed vesicles break up.  Two more unconventional export pathways exist, including the direct 

translocation of cytosolic proteins across the cell membrane via transporter proteins and membrane 

blebbing, in which the secreted protein is released in microvesicles shed directly from the plasma 

membrane.   

Interleukin-1β has been detected in the lumen of intracellular vesicles by protease protection 

experiments following gradient centrifugation of activated monocytes (Rubartelli, Cozzolino et al., 

1990).  The subcellular vesicles were identified as endolysosomes based on immunological detection of 

cathepsin D and Lamp-1, traditional markers of late endosomes and early lysosomes.  It is hypothesized 

based on these findings that following stimulation, endolysosomes containing IL-1β fuse with the 

plasma membrane and release the cytokine into the extracellular space as shown in Figure 1-3. 

However, the question remains of how IL-1β translocates into endolysosomes in the first place.  

It has been shown that IL-1β secretion is inhibited by the drug glyburide, a potent inhibitor of the of the 

ABC1 family of ATP-dependent membrane transporter proteins (Hamon, Luciani et al., 1997).  

However, this may be an indirect effect; the ABC1 transporters are known for the membrane transport 

of cholesterol, and it is difficult to reconcile that these proteins could transport two classes of molecules 

that differ in size by several orders of magnitude.  Instead, changes in the molecular make up of the 

endolysosomal membrane via ABC1 transporter inhibition might effect direct translocation of IL-1β 

across the endolysosomal membrane.  This idea has recently been strengthened by the finding that 

phospholipases A and C2, whose activities alter cell membrane morphology, up-regulate secretion of 

IL-1β in vivo (Andrei, Margiocco et al., 2004). 

An intriguing possibility thus remains, that IL-1β traverses the endolysosomal membrane 

directly.  There are several lines of evidence which support this possibility.  Recent, it has been shown  

that this pro-IL1β polypeptide is sensitive to solvent exchange, and is therefore at least partially 

unfolded (Hailey, K. and Jennings, P., unpublished results), perhaps releasing sites normally protected 

in mature, folded IL-1β to interact with the endolysosomal membrane.  At the same time, it has been 

shown that the interleukin-1 converting enzyme that cleaves the pro-protein to form the mature 
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sequence is located in endosomal vesicles as well (Andrei, Margiocco et al., 2004), arguing that 

membrane translocation must occur prior to cleavage of pro-IL-1β. 
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Figure 1-3  Endolysosomal model of IL-1β maturation and secretion. 

After transcription and translation of the pro-IL-1β polypeptide (1 & 2) it enters the endolysosomal 
pathway (3), is post-translationally cleaved to the mature polypeptide by caspase-1 (ICE) (4), and the 
folded protein exits into the extracellular space (5).  The membrane transport and the sequence of 
folding events in vivo are poorly understood.   
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Elucidating protein-membrane interactions using NMR spectroscopy 

NMR spectroscopy is emerging as one of the most powerful and versatile tools for studying 

the interactions between proteins and phospholipid membranes.  For many years now, both solid-state 

NMR of lipid bilayers and solution NMR of lipid-solubilized polypeptides have dominated the 

methodology for examining protein-membrane interactions.  This research has laid the foundations for 

the recent explosion in the methods for isolating and preparing NMR samples and the development of 

novel strategies for both solid-state and solution NMR of membrane proteins.  At the same time, 

advances in NMR spectroscopy, including TROSY (Pervushin, Riek et al., 1997; Pervushin, 2000) and 

perdeuteration strategies (Pervushin, Riek et al., 1997; Pervushin, 2000), have expanded the intrinsic 

molecular size limit of NMR studies, and have made possible the study of increasingly larger and more 

complex protein systems.  Extending the size limits of NMR spectroscopy has been especially 

important in the arena of membrane-bound proteins, as the protein-lipid aggregate system can be up to 

an order of magnitude larger than the peptide alone. 

 Another advance in NMR studies of membrane proteins has been the development of soluble 

membrane systems that better represent the situation in living cells.  While detergent and phospholipid 

micelles work well for the solubilizing of hydrophobic polypeptides and in the resulting studies of 

peptides and proteins, they also suffer from extensive exchange processes due to the amphipathic nature 

of the constituent lipids and unnaturally large curvatures of the lipid aggregates.  The first makes it 

difficult to study intermediate to slow exchange processes between lipid and protein molecules, while 

the second can and does cause unnatural structural deformations in the native structure of bound 

protein.  The development of mixed micelle, or bicelle, lipid aggregates in solution has helped to 

overcome these limitations, and provided a new system for the study of membrane proteins (Vold, 

Prosser et al., 1997; Luchette, Vetman et al., 2001). 

Bicelles are prepared from a mixture of short chain and long chain lipid molecules (Sanders 

and Landis, 1995).  Most commonly, the short chain constituent is 1,2-dihexanoyl-sn-glycero-

phosphocholine (DHPC), a six-carbon chain,  and the long chain constituent is 1,2-dimyristoyl-sn-
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glycero-phosphocholine (DMPC), a sixteen carbon chain.  Theoretical and experimental studies of 

bicelle morphology have shown that at low concentrations of total lipid, CL ≤ 15% and a molar ratio of 

[DMPC]/[DHPC], q ≤ 1.5, bicelles exhibit a disc like superstructure, shown in Figure 1-4, consisting of 

a round DMPC bilayer in the center surrounded by a DHPC rim (Vold, Prosser et al., 1997; Glover, 

Whiles et al., 2001; Luchette, Vetman et al., 2001; Prosser, Evanics et al., 2006), and exhibit isotropic 

behavior at low concentrations in solution.  The size of the bicelle discs can be estimated based on the 

molar ratio of long- to short-chain lipids, designated as the q-value.  Thus, isotropic bicelles in solution 

provide a naturalistic and size-tunable system for the examination of protein-membrane interactions via 

solution NMR.  In Chapter 4, the interactions between the mature IL-1β polypeptide and isotropic 

bicelles are investigated.  In Chapter 5, the model system of Pf1 filamentous phage coat protein in 

small, isotropic bicelles is used to investigate the efficacy of using transferred cross-saturation from 

lipid methyl protons to protein amide groups to directly probe the protein-membrane interaction using 

NMR spectroscopy. 
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Figure 1-4  Ideal bicelle morphology. 

Simple diagrams of ideal mixed phospholipid bicelles in aqueous solution, showing a cross-section on 
the left and a side view on the right.  The two phospholipid domains, the rim with short-chained DHPC, 
and the planar core with the long-chained DMPC, are separated by dotted lines.  The relevant radii used 
to approximate bicelle size are indicated.  Using DMPC, the radius r is assumed to be 20 Å. 
  

 

 



 

 

 

 

Chapter 2  

Structural waters play a role in maintaining the 

β-trefoil fold of Interleukin-1β despite mutations 
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Introduction 

Though it is one of the simplest molecules known to science, water has proven to be one of the 

most intriguing.  Among the many properties of the universal solvent that make it a building block of 

biological systems is the ease and complexity of hydrogen bond formation with itself and virtually any 

polar molecule found in living organisms.  While the majority of these interactions are non-specific, 

such as those in the hydration shell around a protein, a subset of water interactions provide structural 

cohesion between intra- and intermolecular contacts in proteins.  It is these interactions, formally 

labeled structural water interactions, which are at the center of this study. 

Previously, structural water interactions have been observed in a variety of proteins.  Among 

the most well studied are those found in bovine pancreatic trypsin inhibitor (BPTI) (Berndt, Beunink et 

al., 1993; Brunne, Liepinsh et al., 1993) and collagen (Renou, Alizon et al., 1983; Melacini, Bonvin et 

al., 2000; Uedaira, 2001).  Both of these proteins have served as a test bed for techniques to locate and 

measure the properties of structural water interactions with peptide chains.  Two of the most effective 

techniques for such studies have been protein crystallography and NMR spectroscopy.   

X-ray crystallography has laid crucial foundations in structural biology, and while it provides 

images of unparalleled detail, they are static; the molecules are trapped in a lattice.  Furthermore, X-ray 

crystallography suffers from two physical limitations in regards to protein hydration: the inability to 

directly observe hydrogen atoms and the alteration of molecular motions due to crystal packing. For 

example, water molecules exchange rapidly, even in protein crystals, thus minimizing their contribution 

to diffraction.  Alternatively, solution NMR spectroscopy can provide a picture of structural water 

molecules thanks to the ease of detecting proton resonances, efficient methods for measuring relaxation 

processes, and the presence of a more naturalistic sample state.  However, NMR techniques suffer from 

low signal to noise and chemical shift degeneracy, and previous insights have been tempered by these 

limitations. 

The human cytokine, IL-1β, has proven a valuable model system for analyzing structural 

protein-water interactions.  IL-1β has been studied by both crystallographic and NMR spectroscopic 
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techniques since the late 1980s.  Research into the hydration of IL-1β has followed a progression during 

which the interaction sites and functionality of structural waters have been debated.   

In this study, we have applied recent developments in the NMR spectroscopy of protein-water 

interactions to identify and assess the importance of structural water molecules in IL-1β.  Using the 

wild-type protein, we present an updated model of the structural hydration of IL-1β using sensitivity 

enhanced NMR methods.  At the same time, these NMR methods were applied to several mutant 

constructs of IL-1β, each distinct in protein folding and function.  Our results highlight the resilience of 

the structural water interactions across all IL-1β proteins studied here, and we posit that the structural 

water molecules are central in maintaining the β-trefoil fold of IL-1β despite major perturbations to the 

protein that affect folding and function.  We also discuss the evolution of the structural water debate 

surrounding IL-1β and the importance of water-protein interactions in general. 
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 Methods and Materials 

Hydration NMR 

NMR experiments to probe structural water-protein backbone interactions were performed 

using signal enhanced, quadrature-free, constant-time pulse sequences. The two-dimensional 1H-15N 

FHSQC (Mori, Abeygunawardana et al., 1995) and three-dimensional, water-selective QF-CT-soft-

NOESY-WFB-FHSQC and QF-CT-soft-ROESY-WFB-FHSQC pulse sequences were used as 

previously described (Melacini, Boelens et al., 1999), except for the replacement of the first 180°x 13C 

decoupling pulse in the 3D experiments with a composite 90°y-180°x-90°y pulse to reduce offset 

effects.  Data was collected for 1024(ω1) x 66(ω2) x 128(ω3) points using 8 scans per transient for all 

3D hydration experiments. The slice at the water frequency from the 1H2O (ω3) dimension was 

extracted for analysis. 

All observable water-amide contacts were detected using a water-selective QF-CT-soft-

NOESY-WFB-FHSQC pulse-sequence.  Both chemical exchange and cross-relaxation contribute to 

signal in the NOESY experiment.  These contributing processes are differentiated using the ROESY 

experiment: the signal is positive for chemical exchange, and negative for cross-relaxation.  Also of 

concern is relayed cross-relaxation of labile surface protons in the vicinity of buried amide moieties.  

These interactions also result in negative ROEs, but can be identified using the previously determined 

structure of IL-1β (PDB 6I1B).  This is especially facile in the IL-1β system due to the prevalence of 

previous work on the water-protein interactions, as discussed below. 

 

 



21 

 

Results 

Folding and activity of the IL-1β mutants 

The three mutant IL-1β proteins used in this study are all unique in the effect of the mutation) 

on protein folding and/or function, as measured previously by our group and several other groups.  

First, all of the mutants studied here show perturbations in protein folding compared to the wild-type.  

The two Thr-9 mutants, T9Q and T9G, exhibit a 2-3 kcal/mol destabilization compared to the wild-type 

protein (Covalt, Roy et al., 2001).  This change is in part due to decrease β-propensities upon 

substitution of the threonine residue.  In the case of the F42W/W120F mutant, the protein stability was 

unaffected, but the folding kinetics changed from wild-type, resulting in faster folding.  This change has 

been attributed to increased hydrophobic interactions in the hydrophobic core of the β-barrel (Heidary 

and Jennings, 2002).   

In addition to changes in folding stability, the Thr-9 mutants exhibit functional disruptions to 

receptor binding and signal transmission in vivo (MacDonald, Wingfield et al., 1986; Simon, Kumar et 

al., 1993).  The T9Q mutation abolishes binding of IL-1β to the IL-1R1 receptor, thus abolishing 

functional signaling.  At the same time, the T9G mutant retains wild-type receptor binding affinity, yet 

inhibits signaling up to fifty percent.  The uncoupling of receptor binding and signaling has been 

hypothesized to result from changes in the structural hydration of the Thr-9 mutants (Camacho, Smith 

et al., 1993).  The results of this study contradict that hypothesis.   

Detecting structural water interactions in IL-1β via NMR 

Shown in Figure 2-1 are the spectra used to identify structural water-protein backbone 

interactions in this study.  In the 1H-15N FHSQC spectrum of wild-type IL-1β, all of the amide 

correlations are observed, with the exception of prolines which lack a H-N bond, and the first two N-

terminal residues.  This spectrum provides a protein fingerprint, and allows for the residue specific 

identification of hydration sites in IL-1β.  The second spectrum is the 1H-15N plane of the CT-QF-WFB-

soft-NOESY experiment extracted at the water frequency, 4.71 ppm in 1H2O(ω3).  The use of a shaped 
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Gaussian pulse provides initial water-specific proton excitation, followed by the cross-relaxation 

mixing time and a signal enhanced FHSQC, resulting in the following time evolution of the signal: 

1H2O(t1)  1H(τmix)  15N(t2)  1H(t3) 

Both dipole-dipole cross-relaxation and proton chemical exchange processes are active during 

the mixing time, with comparable spin-lattice relaxation rate constants for all solvent-amide 

interactions.  The NOESY experiment provides a map of all possible water-protein interactions, 

regardless physical basis of the interaction.  The final diagnostic spectrum is the CT-QF-WFB-soft-

ROESY experiment, where again the 1H-15N plane is extracted from the water frequency for 

comparison to the assigned fHQSC.  In the ROESY experiment, direct dipole-dipole cross-relaxation 

between solvent and the protein backbone with correlation times greater than ca. 10 ns (Otting, Liepinsh 

et al., 1991; Wuthrich, Otting et al., 1992) result in one set of resonances while chemical exchange 

results in resonances with the opposite sign.  Thus, cross-relaxation and chemical exchange processes 

are differentiated.   

In Figure 2-1, the resonances arising from direct ROEs between solvent and protein amide 

protons are labeled.  In the analysis of the ROESY data, there are a few points to consider.  First, as 

with all cross-relaxation based methods of detecting water-protein interactions, relayed cross-relaxation 

in which labile side chains can exchange protons with solvent and engage in direct side chain-amide 

cross-relaxation with nearby residues, causes spurious signals in the ROESY spectrum.  However, these 

interactions can be deduced from the three-dimensional structure of IL-1β.  Nearby serine, threonine, 

and histidine side-chains can be identified for each observed resonance in the ROESY spectrum, and 

those signals culled from the hydration results.  Second, the remaining residues can be assumed to be 

within 5 Å of the interacting water, with an interaction correlation time of not less than tens of 

nanoseconds, and likely on the order of milli- to microseconds (Otting, Liepinsh et al., 1991; Wuthrich, 

Otting et al., 1992; Denisov, Peters et al., 1996).  These distance limits for the observation of ROEs 

means that a stable water-backbone interaction taking place with the amide, the carbonyl, or an adjacent 

residue.  As for this degeneracy, we are fortunate to have previous studies to draw upon, the published 

results of which are shown in Table 2-1.  
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(b) 

(c) 

(a) 

Figure 2-1  Detecting structural waters in IL-1β. 

Residues bound to structural waters are identified using three spectra: the a)1H-15N FHSQC and the 1H-
15N planes from the b) CT-QF-WFB-soft-NOESY and c) CT-QF-WFB-soft-ROESY spectra extracted 
from the water frequency in the second indirect dimension, 1H2O (ω3).  Positive absorptive signals are 
in black and negative in red.  The a) FHSQC spectrum identifies all observable amide resonances.  The 
plane from b) the NOESY experiment identifies all amide cross-relaxation sites with water, regardless 
of correlation time.  The amide signals that show inverted signal intensity in c) the ROESY experiment 
are labeled by residue in all three spectra.  These signals are indicative of structural water –protein 
interactions as discussed in the text.  Signals labeled with an asterisk (*) arise from chemical exchange 
relay with nearby, labile side-chain protons, as determined from the published structure of IL-1β. All 
spectra were acquired on a Bruker DMX 500 MHz spectrometer with 1024 (t1), 66 (t2), and 128 (t3) 
complex points as necessary. 
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Shown in Figure 2-2 and Table 2-1 are the resulting eight structural-water-protein interactions 

in IL-1β, as assessed using the CT-QF-WFB-soft-ROESY experiment, after culling of probable relayed 

chemical exchange signals and comparison to previous results.  The stable water-protein interactions 

can be grouped by the topology of the interaction.  The first grouping are intra-trefoil unit interactions 

which bridge the first, second, and fourth β-strands in each trefoil.  In the first trefoil, β-strands 1-4, we 

observe cross relaxation between water and  residues L10, L18, and V40.  Previous studies indicate the 

presence of two waters in the first trefoil, linking L18 L10 and V40 L10, which this data supports.  

In the second trefoil unit resonsances for L60, L69, F99 and V100 are observed.  These residues bracket 

the interaction of one water molecule with extened hydrogen bonding between L60 L69 and 

L60 F99, with a signal arising from cross-relaxation with the adjacent V100 amide proton.  In the 

third trefoil unit, we observe solvent cross-relaxation with F112 and I122.  Previous work identified the 

F112 I122 interaction, which we see, but also the interaction between I122 T144, which we do not 

see.  This interaction is lost because of the vanishingly weak 1H-15N correlation of T144 in the FHSQC 

portion of the experiment.  Without this resonance, it is assumed that the interaction occurs, as it has 

been observed in all X-ray studies.  These pseudo-symmetric intra-trefoil unit water-protein interactions 

are shown for each trefoil unit in an exploded view of the IL-1β structure in Figure 2-3 and account for 

four structural waters in IL-1β. 

The second group of structural-water interactions observed here are the interactions in the 

capping motif, on one end of the β-barrel.  The first water accounts for signals from four residues: A28, 

A127, N129, and M130.  This interaction, only seen in NMR studies, results from solvent extended 

hydrogen bonds through a single water molecule with A28 and N129 as proton acceptors and A127 and 

M130 as acceptors.  The final interaction observed here is the interaction bridging β-strands ten and 

eleven, from S125 M130. These interactions bring the toal to six structural waters observed directly 

using signal enhanced, water specific ROESY.   
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Table 2-1  Findings of structural water interactions in Interleukin-1β. 

 Finzel et 
al.a 

Priestle et 
al.b 

Clore et 
al.c 

Veerapandian et 
a.l.d Present study 

Year 1989 1989 1991 1992 - 
# of structural 

waters 7 9 9 9 8 

Method X-ray X-ray NMR X-ray & NMR NMR 
D A specific water-backbone interactions: 

4 46 + + ex o ex 

10 18 + + + + + 

26 126 o o + + o 

28/129 127/130 o o + + + 

40 18 + + + + + 

NA 57 + + Pro o Pro 

60 69 + + + + + 

60 99 o + + + + 

112 144 + + + + + 

125 130 o + + + + 

144 122 + + + + + 

Studies are as in references a) Finzel, Clancy et al. 1989, b) Priestle, Schar et al. 1990, c) Clore, 
Wingfield et al. 1992, and d) Veerapandian 1992. 
Symbols: D = amide proton donor, A = solvent proton acceptor, na = no acceptor site 
In the NMR studies, several interactions are effectively invisible due to 1) exchange broadening, 
marked “ex,” or 2) proline residues lacking an HN resonance, marked as “Pro” as discussed in the 
text. 
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(c) 

(a) 

 

Figure 2-2  Structural waters in wild-type IL-1β. 

The structural water interaction observed by NMR for wild-type IL-1β are indicated on the two-
dimensional splayed diagram.  Each residue is indicated by a circle, and the residues with observable 
cross-saturation ROEs to solvent are filled with cyan.  All waters used in our model of IL-1β are 
indicated by a “W” in panel (a).  The six structural waters (spheres) identified using NMR for IL-1β in 
this study are shown in the three-dimensional structure of the protein, with the same coloration as in 
Figure 1-1.  Panel (b) shows the side-view, with the cap motif above, and panel (c) shows the view 
down the β-barrel barrel from above the cap.  
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Figure 2-3  Symmetrical sites of structural hydration occur in each trefoil unit of IL-1β. 

The equivalent pseudo-symmetrical sites of protein-water interactions between the 1st, 2nd, and 4th β-
strand of each trefoil unit of IL-1β are shown.  The trefoil units are taken from the three-dimensional 
structure (PDB 6I1B) and are colored from blue to red from the labeled N- to C-termini, and the β-
strands are numbered.  The units are splayed out, as shown diagrammatically in Figure 1-1, and the 
intervening inter-trefoil unit loops are shown as dotted lines.  The structural water molecules are shown 
for the L10 L18 and V40 L18 interactions in the 1st unit, the L60 L69 & F99 interaction in the 2nd 
unit, and the F112 & T144 I122 interaction in the 3rd unit.   
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Structural-waters observed in IL-1β mutants 

The amide resonance assignments of the mutants were determined using multidimensional 

heteronuclear NMR techniques, as discussed in Chapter 6: General Methods.  The CT-QF-WFB-soft-

ROESY experiment used in conjunction with the 1H-15N FHSQC to identify the structural waters in 

wild-type IL-1β were applied to the three mutant proteins, T9Q, T9G and F42W/W120F.  As with the 

wild-type protein, the data for the T9Q and F42W/W120F mutants was acquired at 500 MHz (11.7 T) 

magnetic field strength while that of the T9G mutant was acquired at 600 MHz (14.1 T).  The water 

plane extracted at 4.71 ppm from the 1H2O (ω3) dimension in the hydration ROE experiment for each 

mutant is shown in Figure 2-4.  The narrower line-widths of the cross-peaks in the T9G experiment 

versus those of the other two mutants are due to the higher filed used, but do not alter the analysis or 

interpretation of the spectra.   

Both of the Thr-9 mutants display ROE cross-relaxation for each of the residues involved in 

structural water interactions in the wild-type protein:  L10, L18, A28, V40, L60, L69, F99, F112, I122, 

S125, A127, N129, and M130.  The only apparent differences are seen in the spectrum of T9G, 

acquired at a higher field strength, is improved signal to noise and spectral resolution.  As a result, 

several more relayed cross-relaxation peaks appear, including L80, G135, and T137, but no extra 

resonances that may arise from structural waters are present.  Therefore, while the Thr-9 mutants are 

characteristically less stable than wild-type IL-1β, the structural water-protein interactions are identical.   

The Phe-42/Trp-120 double mutant of IL-1β shows similarities to both the wild-type and 

mutant proteins as far as structural water interactions are concerned.  However, the ROE seen for V40 

in the other three proteins is absent in the F42W/W120F mutant.  The cross-peak intensity of the Val-40 

amide resonance is strong in the FHSQC (see Figure 6-5 in General Methods), so any stable water 

interaction should be observable.  Instead, a very strong ROE resonance appears for the side-chain NHε 

of the tryptophan residue substituted at position 42.  This resonance is labeled 42E in the CT-QF-WFB-

soft-ROESY plane in the bottom panel of Figure 2-4. 
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Figure 2-4  Hydration ROE spectra of IL-1β mutants T9Q, T9G, and F42W/W120F. 

Residues bound to structural waters in the T9Q (top), T9G (center), and F42W/W120F (bottom) 
muteins are identified in the 1H-15N plane of the CT-QF-WFB-soft-ROESY spectrum extracted from 
the water frequency in the second indirect dimension, 1H2O (ω3).  Positive absorptive signals are in 
black and negative in red.  The amide signals that show inverted signal intensity due to cross-relaxation 
with water in the ROESY experiment are labeled by residue.  These signals are indicative of structural 
water –protein interactions as discussed in the text.  Signals labeled with an asterisk (*) arise from 
chemical exchange relay with nearby, labile side-chain protons, as determined from the published 
structure of IL-1β. The T9Q and F42W/W120F spectra were acquired on a Bruker DMX 500 MHz 
spectrometer, and the T9G spectrum on a Bruker DRX 600MHz spectrometer, with 1024 (t1), 66 (t2), 
and 128 (t3) complex points.  The line-widths in the T9G spectrum are narrower due to acquisition at 
the higher magnetic field strength. 
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Discussion 

Another voice in the debate over structural-waters in IL-1β 

Since the original structures of IL-1β were published in the late 1980s (Priestle, Schar et al., 

1988; Finzel, Clancy et al., 1989), subsequent studies have sought to elucidate the sites and importance 

of the structural water-backbone interactions (Clore, Bax et al., 1990; Clore, Wingfield et al., 1991; 

Veerapandian, 1992; Ernst, Clubb et al., 1995).  These studies have suffered from different limitations 

of the methods available to the authors.  For example, in the X-ray crystallographic studies,  estimates 

range from seven to nine structural waters.  In another case, the original NMR measurements of the 

solvent-backbone interactions by Clore and co-workers suffered from low signal to noise and the 

overlapping of Hα resonances with the water resonance at 4.7 ppm, and resulted in the identification of 

11 structural waters in the β-trefoil fold of IL-1β, 7 of which were retained in the subsequent refinement 

of the model based on both crystallographic and NMR data.  It is not only the number of interactions 

that changes with each subsequent study, but also the precise hydrogen bond donor and acceptor 

patterns.  In the final analysis of the historical data on structural water interactions in IL-1β, several 

results have survived the gauntlet.  First, there are a series of symmetrical β-strand bridging interactions 

that occupy the same place in each trefoil.  These trefoil-based interactions connect the first, second, 

and fourth β-strands in each trefoil unit of IL-1β, and are shown separately in the exploded view of the 

IL-1β trefoils in Figure 2-3.  Second, the water interactions in the cap motif of the β-trefoil are 

observable only in solution.  Finally, two structural waters at the termini and another at proline 57 are 

observed only by crystallography, and are not observable using the methods described here via NMR.  

In the final summation, the model of IL-1β structural hydration should include these final three waters 

as well as the six others observed in this study, for a total of nine. 
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Structural-waters are an important constituent of the IL-1β fold 

Interleukin-1β is an all-β protein, but presents a geometrically strained topology.  As has been 

discussed previously, the six-stranded β-barrel has high shear values, and thus a less efficient hydrogen 

bonding capability compared to, for example, eight-stranded β-barrels seen in triosephosphateisomerase 

(TIM) (Murzin, Lesk et al., 1994; Murzin, Lesk et al., 1994).  At the same time, the barrel core 

surrounds an extensive cavity on the order of 100 Å3, and is capped at one end by a triplet of pseudo-

symmetric antiparallel β-strand pairs.  It is in the interface between the cap motif and the β-barrel that 

three symmetrical sites of structural water-protein interactions occur, bridging adjacent strands as the 

diverge, and enhance the hydrogen bond network.  

The structural waters observed in IL-1β are seen again in each of the three mutant IL-1β 

constructs studied here.  It is therefore probable that the water-backbone interactions, within the trefoil 

units and capping motif of IL-1β, provide structural integrity to the β-trefoil fold.  It might be expected 

that changes in stability and folding of the IL-1β molecule would radically change the stability of the 

structural water-protein interactions.  This is not the case.  The finding that all structural water 

interactions reoccur, with the same binding partners and the same through space ROESY signals, 

despite point mutations, argues for the overall stability of the ensemble averaged structure of the β-

trefoil fold of IL-1β.  However, this does not mean that the native state ensembles are the same for the 

wild-type and mutant proteins; merely that they all approach the same average structural parameters.  

This leaves room to consider the role of protein dynamics as a basis for the effects of the specific 

mutations upon IL-1β. 

The molecular basis for the wide variation between IL-1β variants 

The reasons behind the changes in folding and function resulting from these mutations are not 

due to alterations in the structural hydration of IL-1β.  Instead, the variations must be due to a more 

subtle phenomenon.  As an alternative to gross structural rearrangements accounting for the effects of 

mutation, variation in conformational dynamics, sometimes called breathing motions, in IL-1β might 

account for the effects of mutation.  This hypothesis is attractive for two reasons.  First, the β-trefoil 
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fold has a strained topology, necessitating the presence of the β-strand bridging solvent interactions.  

This strain may accentuate molecular motions in IL-1β, and provide a mechanism for modulating 

folding and function via natural mutation.  Along with strain, the resistance to overt structural changes 

demonstrated here suggests that the β-trefoil fold may provide an effective scaffold for functional 

variation through mutation.  This idea is supported by the wide range of functionality ascribed to β-

trefoil proteins (Burgess and Maciag, 1989; Scheel, Ziegelbauer et al., 1989; Murzin, Lesk et al., 1992; 

Dinarello, 1996; Hanakam, Albrecht et al., 1996).  In conclusion, the β-trefoil fold, including hydrogen 

bonded water molecules is robust to structural changes despite variations in stability, folding and 

function brought about by the mutations described here.  Multidimensional heteronuclear NMR 

spectroscopy proves to be an effective tool for dissecting the structural interactions in IL-1β, and will be 

shown in the next chapter to be an effective tool in determining the conformational dynamics of IL-1β. 
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Introduction  

The observed folding routes and native-state dynamics of the ubiquitous cytokine, interleukin-

1β (IL-1β), display strong topological components which influence the structure, function, and 

dynamics under a variety of circumstances in this β-sheet protein (Heidary, Gross et al., 1997; 

Clementi, Jennings et al., 2000; Roy and Jennings, 2003; Heidary, Roy et al., 2005; Roy, Chavez et al., 

2005; Gosavi, Chavez et al., 2006).  IL-1β adopts a β-trefoil fold, first characterized in soybean trypsin 

inhibitor (Sweet, Wright et al., 1974), which is comprised of three pseudo-symmetric beta-beta-beta-

loop-beta (βββLβ) folding units, termed trefoil units (Murzin, Lesk et al., 1992).  These units pack 

together to form the observed tertiary fold.  Six strands (β1, β4, β5, β8, β9, and β12) comprise the core 

β-barrel while the remaining strands form a cap of three β-hairpins (β2 and β3, β6 and β7, β10 and β11), 

effectively sealing one end of the barrel.   

A six-stranded barrel, such as that found in IL-1β, has a higher shear value than eight- or ten-

stranded barrels. As a result of the larger shear angle between the barrel axis and the component strands, 

adjacent β-strands diverge from one another and can no longer make direct hydrogen bonding 

interactions (Murzin, Lesk et al., 1992).  While the loss of direct hydrogen bonds between strands could 

alter the stability of the β-trefoil, solution NMR and crystallographic studies of IL-1β indicate the 

presence of bound water molecules that serve to extend the observed hydrogen bonding interactions 

between diverging strands (Priestle, Schar et al., 1988; Finzel, Clancy et al., 1989; Clore, Bax et al., 

1990; Clore, Wingfield et al., 1991; Veerapandian, 1992).  These water-mediated backbone interactions 

are thought to stabilize the β-barrel  and are distinct from disordered waters molecules at the protein 

surface (Levitt and Park, 1993; Csermely, 2001).  In support of the hypothesis that bound water 

stabilizes IL-1β, mutation of a surface threonine residue, Thr9 Gln (T9G), altered the observed 

kinetics, stability and cooperativity of the folding transition (Covalt, Roy et al., 2001) and appears to 

have disrupted one of the positionally stable water molecules that provides tertiary interactions between 

the barrel and cap as determined from X-ray analysis (Camacho, Smith et al., 1993). Interestingly, the 

IL-1β sequence variant, T9G, maintains high affinity binding to the IL-1 receptor, yet strongly inhibits 
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signaling activity.(Simon, Kumar et al., 1993) Taken together, these previous observations suggest 

possible changes in the structure of the mutant IL-1β, distal to the site of mutation.  

In an effort to determine if long-range changes in the structure and dynamics of IL-1β occur 

upon mutation of Thr-9, we employed a combination of chemical denaturation and native-state 

hydrogen exchange (NHX) NMR (Bai, Sosnick et al., 1995; Chamberlain, Handel et al., 1996; 

Englander, 2000) experiments on the wild-type (WT) and two Thr-9 mutants, Thr Gly (T9G) and the 

more conservative Thr Gln (T9Q).  As discussed in Chapter 2, the T9Q mutant does not bind the IL-

1R1 receptor, while the T9G mutant retains receptor binding but with the loss of activity, and gross 

structural rearrangements are not the likely cause of this difference.   

Equilibrium chemical denaturation of these three IL-1β proteins highlights the ensemble-

averaged global destabilization of the native-state and the concomitant breakdown of two-state, 

cooperative unfolding in the Thr-9 variants.  The backbone amide hydrogen-exchange rates provide 

residue-specific information on changes in solvent protection and local stability upon mutation.  

Comparison of wild-type IL-1β to both mutant proteins indicates select, local increases in amide proton 

exchange rates in up to half of the resolved amide proton resonances upon mutation. The remaining 

residues exhibit stability equal to or greater than that in wild-type.  The progression of destabilization 

appears to follow discrete pathways along the hydrogen bonds of the solvent-extended β-strand 

network.   

Theoretical modeling of the structural differences between T9G and wild-type IL-1β were 

performed in light of the experimental results.  In agreement with experiment, nonlinear,  normal mode 

analysis (NNMA) predicts a transfer of strain from the Thr-9 site to the diametrically opposite side of 

the barrel. Interestingly the barrel itself remains largely unaffected.  Both experimental and 

computational findings highlight the propagation of subtle, long-range interactions as an important, 

dynamic phenomenon in IL-1β, and as a possible reason for the functional and binding differences upon 

mutation of Thr-9.. 
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Methods 

Native-state hydrogen-deuterium exchange NMR 

The rates of residue-specific amide proton exchange with solvent were measured for WT, 

T9G, and T9Q IL-1β.  Protein samples for native-state hydrogen exchange (NHX) NMR were 

exchanged into 50mM sodium acetate-d3 in 99% D2O, pH* 5.4 using Quick Spin protein columns 

(Roche Diagnostics Corp., Indianapolis, IN).  1H-15N FHSQC (Mori, Abeygunawardana et al., 1995) 

spectra were acquired in series for each protein sample after a minimal preparation time (ca. 20 

minutes), and required 11 minutes for each spectrum, resulting in approximately 120 spectra in a typical 

24 hour experiment.  The resulting spectra were processed using a 90° sinebell2 window function, and 

the rates of amide proton exchange were determined from the signal decay as a function of time as 

previously described(Roy, Chavez et al., 2005), but using in-house Matlab™  scripts. A lower bound 

for the exchange rate was estimated for residues with ≤5% pre-exchange signal intensity in the first 

exchange spectrum (Kex ≥ 2x10-3s-1) and an upper bound for residues with ≥95% of pre-exchange signal 

intensity after 24h (Kex ≤ 6x10-7s-1). Solvent exchange protection factors for individual amino acid 

residues were determined from the measured exchange rates using sequence specific intrinsic exchange 

rates, as previously described (Bai, Englander et al., 1995; Roy, Chavez et al., 2005), for comparison 

between the WT and mutant forms.  

Non-linear normal mode analysis 

The normal mode analysis of the T9G mutant versus wild-type IL-1β was performed using the 

procedure of Miyashita et al.(Miyashita, Onuchic et al., 2003) An augmented model of wild-type IL-1β, 

WT*,  was created by using the wild-type solution structure (PDB 6I1B) and replacing the threonine 

side chain by a proton using the AMBER program (Case, Cheatham et al., 2005). The T9G model was 

built from the X-ray structure of the mutant (PDB 1HIB) and coordinates for missing residues were 

derived from the wild type structure of IL-1β. A difference vector was found for each atom between the 

two structures. A nonlinear path was explored between these two structures by iteratively allowing 

 



39 

 

atomic movement along the normal modes which have the highest overlap with the distance vector.  

The strain energy was summed over the path using the same spring constant for each bond or contact. 

Contact lists were created for each protein using CSU analysis (Sobolev, Sorokine et al., 1999). 
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Figure 3-1  Native-state H/D exchange spectra of IL-1β T9G. 

Over time, exchange of amide protons for deuterons results in signal attenuation with a residue specific 
rate constant for each amide resonance.  The T9G mutant is shown because, due to it’s decreased 
native- state stability, it shows the fastest signal decay of the proteins studied.  The initial cross-peak 
intensities are shown in 10%D2O solvent in panel a).  Two-dimensional 1H-15N FHSQC spectra 
acquired serially at b) 20 minutes and c) 12 hours after exchange into deuterated solvent highlight the 
difference in exchange rates across the polypeptide.  The residue cross-peaks are labeled in the last 
spectrum in this figure in which they are observable.  These exchange spectra were acquired using a 
600 MHz Bruker DRX spectrometer with a triple resonance TXI triple axis gradient probe.  1024 (t2 ) × 
64 (t1) complex points were acquired with 8 scans per t1 point, resulting in a total acquisition time of 11 
minutes per experiment and 120 experiments in a typical 24 hour study.   
 
 

 



41 

 

41 

 

  

 

  



42 

 

Results 

Mutation of the solvent-accessible surface residue, Thr9, in IL-1β affects the native structure 

(Camacho, Smith et al., 1993), folding (Covalt, Roy et al., 2001), and physiological activity (Simon, 

Kumar et al., 1993).  In the current study we address whether changes are related to changes in the 

conformational dynamics upon mutation.   

Equilibrium denaturation 

Previous equilibrium unfolding studies of wild-type and a number of mutant IL-1β proteins are 

consistent with a two-state unfolding mechanism and show similar values for the transitional slope, or 

m-value (Chrunyk, Evans et al., 1993; Finke, Roy et al., 2000; Heidary and Jennings, 2002; Heidary, 

Roy et al., 2005). However, substitutions of the solvent-accessible side-chain of Thr-9 deviate from this 

common observation. Both T9G and T9Q mutants exhibit a global decrease in thermodynamic stability 

compared to WT IL-1β, and decreased m-values (Covalt et al., 2001 and Figure 3-2). Previously, the 

change in m-values has been interpreted as evidence of decreasing cooperativity in the N U unfolding 

transitions of T9G and T9Q relative to the wild-type protein (Covalt, Roy et al., 2001).  

Here we have extended the thermodynamic analyses of the unfolding of these mutants using a 

three-state unfolding model, to gain a better indication of the physical basis underlying these 

observations. The following relationships were used to model the unfolding data (Pace, 1975; Finn, 

Chen et al., 1992): 

Fapp = KNU / (1 + KNU)   2-state   Eqn. 3-1 

Fapp = KNI(ZI + KIU)/(1 + KNI(1 + KIU)) 3-state   Eqn. 3-2 

KXY = exp(-(∆GXY + m(D)) / RT)     Eqn. 3-3 

At a given denaturant concentration, [D], Fapp is the apparent fraction of unfolded protein and 

KXY is the ratio of the species indicated, where U=unfolded, I=intermediate, and N=native. ZI relates the 

observed signal of the intermediate to those of the native and denatured species.  Herein, the N- and U-
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states are narrowly defined as spectroscopically homogeneous ensembles, whereas the I-state(s) are 

undefined, and merely inferred to allow analysis of multiple apparent unfolding transitions. 

Deviations from sigmoidal, two-state unfolding behavior are observed for both mutants.  Both 

mutants exhibit an initial, steep transition like that in the WT protein, but then display a shallower 

second transition before reaching an unfolded baseline.  Data fitting using the 2-state model of Equation 

3-2 show marked deviations for the Thr-9 mutants.  An intermediate state parameter is needed to better 

fit the mutant unfolding curves in Figure 3-2.  The improvement using the 3-state model is shown for 

the T9G mutant in the inset.  However, in the absence of a flat intermediate baseline during unfolding, 

which would be indicative of a homogeneous intermediate species, the thermodynamic parameters 

derived from the 3-state fit exhibit large numerical errors. Nevertheless, the slope (m) and midpoint 

(CM) of each transition still provide a robust measure for comparing the stability of the various states in 

unfolding between the wild-type and Thr-9 mutants (Pace, 1975; Finke and Jennings, 2002), and are 

presented in Table 3-1. 
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Figure 3-2  Equilibrium chemical denaturation of wild-type IL-1β and Thr-9 mutants. 

The unfolding curve for wild-type IL-1β ( ) fits a 2-state unfolding model (dotted line) well.  The 
more complex unfolding reaction of the T9Q ( ) and T9G ( ) mutants fit well to a 3-state model 
(solid lines).  The inset shows the improved residuals of the 3-state model (solid line) versus the 2-state 
model (broken line)for the T9G mutant. 
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Table 3-1  Unfolding parameters for IL-1β wild-type and Thr-9 mutants using best fit 
models. 

m-value 

(kcal·mol-1·M-1) 

CM a 

(M) 

IL-1β Transition 1 Transition 2 Transition 1 Transition 2 

WT b 5.4 ± 0.1 NA 1.4 NA 

T9Q c 5.8 ± 0.4 1.6 ± 1.5 1.1 1.9 

T9G c 6.8 ± 0.4 3.5 ± 1.3 1.0 1.3 

a)   CM values are taken directly from the midpoints of the fitted transition(s) in Figure 3-2. 
b)   Best fit to a two-state model using equations 3-1 and 3-3. 
c)   Best fit to a three-state model using equations 3-2 and 3-3. 
NA: Parameter did not improve fit and was not used in the model. 
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Assessment of the native fold 

In order to determine whether mutations on the surface of the β-barrel disrupt the native 

structure of IL-1β, 1H-15N NMR spectroscopy was used to assess the global fold of T9G and T9Q 

relative to WT. The 1H-15N cross-peaks of the IL-1β backbone resonances in an HSQC spectrum have 

chemical shift dispersion indicative of specific secondary and tertiary interactions, and a pattern unique 

to the protein structure.(Roy and Jennings, 2003; Heidary, Roy et al., 2005; Roy, Chavez et al., 2005)  

Heteronuclear 1H-15N FHSQC spectra were collected for each mutant protein, shown in Figure 3-3. To 

allow the comparison of the global folds, backbone resonance assignments for T9G and T9Q were 

determined (see Methods).  

The 1H-15N FHSQC spectra shown in Figure 3-3 show chemical shift dispersion and patterns similar to 

WT IL-1β.  This indicates that the global β-trefoil fold is intact for both mutant proteins. The 

accompanying plot shows the absolute change in chemical shifts for both mutants versus wild-type.  In 

each case, several residues local to the Thr9 mutation show changes from WT amide chemical shifts.  In 

the T9Q mutant, these include residues 8-10 in the first β-strand, 37 within the 310 helix, 40-42 in strand 

four, and 147-151 in the C-terminal strand. All these residues are found in the first β-trefoil unit or the 

C-terminal strand, adjacent to the site of mutation. The T9G protein (shown previously to retain the β-

trefoil fold in crystallographic studies(Camacho, Smith et al., 1993)) also has differences at residues 8, 

9, 37, 40, 148, 150 and 151.  In addition, changes are seen for Q15, H30, L31, Q32 and Q39 located in 

nearby turns, as well as S17, L18, V19, and L29, all located in the first β-hairpin motif.   
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Figure 3-3  Changes in δHN upon mutation of Thr-9 in IL-1β. 

The changes in amide chemical shifts due to mutation of Thr-9 to Gln or Gly are limited to regions local 
to the site of mutation.  The 1H-15N FHSQC spectra of the a) T9G and b) T9Q mutant proteins were 
acquired with 1024 (t2) × 128 (t1) complex points.  The absolute chemical shift changes versus wild-
type IL-1β are plotted for both mutants over the IL-1β sequence in panel c) as indicated.  The arrows 
along the bottom indicate secondary structures adjacent to the mutation site in the first β-strand (β1).  
From right to left, they indicate β1, β2, β3, the 310 helix, β4, and β12. 
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Native-state solvent exchange rates 

Including all 1H-15N FHSQC cross-peaks, there are 110, 109 and 101 observable amide signals 

in WT, T9Q and T9G, respectively.  Representative time-dependent hydrogen/deuterium exchange 

spectra are shown in Figure 3-1 for the least stable protein in this study, T9G.  The decay of HN cross-

peak volumes over time was fit in order to derive solvent exchange rates and protection factors using 

previously described techniques (see Methods).  Residue specific exchange rates and protection factors 

were determined for all three proteins. 

Protection factors quantify the stability of specific residues to solvent exchange. A residue 

specific protection factor, PF, is related to the residue’s native state thermodynamic stability, ∆G, as 

follows:(Bai, Milne et al., 1994) 

∆G = -RT ln (PF)       Eqn. 3-4 

R is the gas constant and T is temperature in degrees Kelvin.  Likewise, upon mutation, the 

change in the residue specific free energy of solvation is directly proportional to the natural logarithm 

of the ratio of the mutant and wild-type protection factors for a given residue: 

∆∆Gsol = -RT ln (PFmut/PFWT)     Eqn. 3-5 

The changes in residue specific protection factors are graphed in Figure 3-4 for both mutants.  

An observable change in the protection factor upon mutation is defined as a factor of two, such that for 

ln 2 ≥ ln (PFmut/PFWT) ≥ ln 0.5 the protection is deemed within experimental error.  According to 

Equation 3-5, the results as presented in Figure 3-4 are directly proportional to the residue specific 

change in the free energy of solvation upon mutation.  Therefore, upon mutation, a value greater than 

the aforementioned limits indicates hyper-stabilization, while values less than the limits indicate 

destabilization of the residue.  For clarity, especially for unchanged probes, the results are mapped to 

the structural representations of IL-1β in Figure 3-5 and Figure 3-6.  

 Both proteins exhibit extensive destabilization towards solvent exchange compared to the 

wild-type protein.  Between the mutants, T9G elicits evidence of greater destabilization than T9Q, as 

shown by the larger negative amplitudes seen for the glycine mutant.  Using Equation 3-5 the mean 
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change in free energy per residue for T9Q is -1.5 kcal·mol-1, while that for T9G is -2.7 kcal·mol-1.  

Importantly, both the equilibrium unfolding and NHX results explicitly show the greater stability of the 

native ensemble of T9Q over that of T9G, and of WT IL-1β over both mutant proteins.  However, NHX 

shows variations in local destabilization.  Upon mutation of Thr9 to glutamine, only 27% of the probed 

sites are destabilized versus WT.  There also exist four hyper-stabilized sites, at V47, F99, F117, and 

Y121.  In the T9G protein, only 44% of the available probes show decreased protection factors, and 

again, F117 is stabilized compared to WT IL-1β.
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Figure 3-4  Protection factor changes upon mutation of Thr-9 in IL-1β. 

The change in amide proton exchange rates upon mutation of Thr-9 to a) Glu and b) Gly are shown in 
plots of the natural logarithmic ratios of mutant to wild-type protection factors along the IL-1β 
sequence.  A minimum measurable change in protection is defined as greater than a factor of two upon 
mutation, shown by dotted lines in this figure.  Residues with protection factor changes beyond this are 
colored, red for decreased protection and blue for increased.  While they make up a large portion of the 
total number of probes for comparison, residues that exhibit no change are difficult to view in this 
representation, but are clearly visible in the structural representations of IL-1β below. 
 

 



52 

 

Figure 3-5  Protection factor changes mapped to the structure of IL-1β. 

The changes in protection factors in IL-1β upon mutation to a) T9Q or b) T9G are shown mapped to the 
structure of IL-1β (PDB 6I1B).  Changes in protection factors are shown for all residues available 
between the mutant and wild-type proteins as follows: red, destabilized; yellow, unchanged; blue, 
hyper-stabilized.  The site of mutation is shown with the Thr9 side-chain.  The Cα atoms in residues 
displaying changes are shown as spheres for ease of viewing.  The residue showing hyper-stabilization 
in both mutants is F117, at the interface of the β-barrel and trefoil cap, horizontal in this view. 
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Figure 3-6  Protection factor changes mapped to IL-1β 2° structure. 

The changes in protection factors in IL-1β upon mutation to a) T9Q or b) T9G are shown mapped to the 
two dimensional, splayed diagram of showing the three β-trefoil units.  Each residue is represented by a 
circle and β-strands are identifiable as straight lines, with hydrogen bonds represented by arrows from 
proton donor to acceptor.  Barrel strand radiate from the center while the β-turns are on the perimeter.  
Changes in protection factors are shown for all residues available between the mutant and wild-type 
proteins as follows: red, destabilized; black, unchanged; blue, hyper-stabilized.  The site of mutation is 
marked with an asterisk and β-strand bridging structural waters indicated by a “W.” 
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Nonlinear normal mode analysis of T9G and IL1β 

To further investigate the nature of the dynamics that cause thermodynamic changes distal to 

the site of mutation,  we perform normal mode analysis using a nonlinear elastic model developed by 

Miyashita et al.(Miyashita, Onuchic et al., 2003) (outlined in the Methods Section). Two structures,  the 

T9G mutant, an experimental structure, akin to the open structure in Miyashita et al.(Miyashita, 

Onuchic et al., 2003), and a structure computed from the WT structure of IL-1β with Th-r9 

computationally mutated to Gly (named WT*), akin  to the closed structure, were employed. By 

following the iterative conformational changes between these two structures along the highest normal 

modes, we observe the build up of strain during the process. We interpret high-strain regions as those 

that are less stable upon mutation and more likely to rearrange to reduce strain in the mutant’s native 

ensemble.  

The results of these calculations were mapped to the structure of IL-1β for analysis in Figure 

3-7.  A higher strain is built up in the 310 helix and the terminal strands (residues local to the mutation) 

during the conformational displacement from T9G to WT* than on going from WT* towards T9G.  

However, we also find that strain is released in regions on the side of the β-barrel opposite to the 

mutation. Taken together, mutation of Thr-9 to glycine reduces strain in IL-1β and consequently also 

results in modulation of distal sites.  Finally, upon analyzing the differences between the contact maps 

of WT IL-1β and WT*, we find that the mutation mostly disrupts surface contacts and the structure of 

the barrel are preserved. The NNMA further underlines this observation and very little strain is built up 

in the core of the β-barrel. 
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Figure 3-7  Strain released upon mutation of Thr-9 to glycine. 

The strain released upon loss of the contacts associated with Thr-9 of IL-1β to glycine was calculated 
using non-linear normal mode analysis, and the results are mapped to the solution structure of IL-1β.  
The same view as in Figure 1-1 is shown in part a) and the view in b) is rotated around the vertical axis 
90 degrees to the right.  The atoms calculated colored green to blue based on the magnitude of strain 
released.  The side-chain of Thr-9 is colored pink for reference.   
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Discussion 

Overview of IL-1β 

The β-trefoil fold of IL-1β is comprised of twelve β-strands forming three pseudo-symmetric 

domains.  Non-sequential tertiary interactions are particularly important in maintaining the stability of 

the global fold.  Six strands (β1, β4, β5, β8, β9, and β12) form the anti-parallel β-barrel, while the other 

six (β2, β3, β6, β7, β10, and β11) form the cap at one end of the barrel.  The cross-strand arrangement 

of the β-strands forming the barrel diverges from optimal interaction geometries, straining canonical 

hydrogen bonding interactions.(Sweet, Wright et al., 1974; Murzin, Lesk et al., 1992)  In IL-1β and 

other β-trefoil proteins, as paired strands diverge from one another, the β-strands are bridged by interior 

water molecules to extend the hydrogen bonding network. 

Surface mutations dramatically affect IL-1β stability and folding cooperativity 

  IL-1β sequence variants often have stabilities different from that observed for the 

wild-type protein, but have similar m-values.(Chrunyk, Evans et al., 1993; Finke, Roy et al., 2000; 

Heidary and Jennings, 2002; Heidary, Roy et al., 2005)  However, the surface exposed sequence 

variants, H30A, H30D, T9G, and T9Q, do exhibit changes in the cooperativity of the unfolding 

transitions at equilibrium.(Covalt, Roy et al., 2001; Heidary, Roy et al., 2005)  Given the similar m-

values observed in the WT unfolding transition and in the low denaturant transition in both T9 mutants, 

the initial unfolding of the native ensemble is very similar in all three cases, and differs only in the 

native stabilities (CM-values). The presence of similar unfolding mechanisms is supported by the 

previous findings of comparable folding kinetics in all these proteins.(Covalt, Roy et al., 2001)  

However, the present work expands upon previous studies and we have shown that the breakdown in 

cooperativity in the T9 mutants is limited to high denaturant concentrations in the last 10-20% of the 

unfolding curve. 

Changes in the apparent m-value upon mutation may be interpreted as a distinct intermediate 

population.(Pace, 1975; Godbole, Dong et al., 1997)  However, the funnel theory of protein folding 
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(Onuchic and Wolynes, 2004) argues that at high denaturant concentrations the ensemble of states 

become very heterogeneous, making the formation of a distinct intermediate population highly unlikely 

in this case.  Alternatively, a change in m-value may result from changes in the cooperativity of the 

unfolding transition due induced strain that affects the network of interactions responsible for the 

cooperative nature of the equilibrium unfolding transition.(Covalt, Roy et al., 2001)  If some of the 

hydrogen bonding patterns that exist in the native state are removed, and those that remain are 

rearranged, the cooperativity of equilibrium unfolding will be altered by uncoupling regions of protein 

structure that were once coupled through a network of specific hydrogen bonding interactions.(Hilser 

and Freire, 1997; Whitten, Garcia-Moreno et al., 2005)  In effect, at high denaturant concentrations 

residual structures, uncoupled and meta-stable in the mutant proteins, would account for the lowered 

cooperativity.(Neri, Billeter et al., 1992; Saab-Rincon, Froebe et al., 1993)  The absence of a denaturant 

independent (a slope of zero) intermediate state in the equilibrium unfolding results suggests this latter 

case. Specific mutations of Thr-9 lead to a breakdown in the cooperativity of the equilibrium unfolding 

transitions and the stability of the native state in IL-1β.   

Relationship between stability and β-propensity 

Like helix propensity, β-propensity provides a measure of the relative tendency for amino 

acids to form specific secondary structure.  Several methods have independently confirmed the β-sheet 

forming propensity of threonine over glutamine, and both over glycine.(Kim and Berg, 1993; Minor and 

Kim, 1994)  The destabilization of the native-state in the Thr-9 variants indicates that threonine is 

preferable to either glutamine or glycine at this solvent exposed position. However, the magnitude of 

destabilization of the native fold does not correlate well with that seen in model proteins for β-

propensity.  The CM values for the native-state unfolding of the mutants are nearly identical as shown in 

Table 3-1.  Recent studies of β-propensity have highlighted the complex interplay between protein 

structure (Minor and Kim, 1994) and dynamics (Goehlert, Krupinska et al., 2004) that complicates the 

effect of point mutations upon β-propensity in β-sheet proteins, especially on edge strands ad β-barrels.  
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Therefore, alternate methods to measure such changes are necessary to better understand the underlying 

phenomena and their affect on protein folding, structure, and function. 

Importance of structural-waters in IL-1β  

The β-trefoil topology of interleukin-1β has an approximate internal three-fold axis of 

symmetry, which results in topologically equivalent sites among the three repeating units, despite little 

sequence homology.(Murzin, Lesk et al., 1992)  The symmetry is not ideal; the third “hairpin turn” of 

the cap is really a loop (residues 125 to 133) and the β-barrel strands diverge from optimal interaction 

geometries, necessitating bridging water molecules which can participate in an extended hydrogen 

bonding network. In the case of IL-1β, it has been argued in the context of folding that the protein has 

an inherently inefficient design, and that this sequence has been retained for reasons important to 

maturation, secretion and/or signaling (Heidary, Gross et al., 1997; Covalt, Roy et al., 2001; Finke and 

Jennings, 2002; Heidary and Jennings, 2002; Roy and Jennings, 2003)  As previously shown in Chapter 

2,  the structural waters are maintained in solution for all the IL-1β proteins used in this study. In this 

context, the β-strand bridging structural-water interactions take on enhanced importance in allowing IL-

1β to retain its native structure under a variety of conditions.   

Propagation of mutational effects via the solvent-extended 2° structure of IL-1β 

If the decrease in native stability is uniformly distributed across the molecule, we expect 

increases in the exchange rate of all available probes for the mutant protein relative to that observed for 

the wild-type protein.  However, if there is a specific transmission of effects on the β-sheet hydrogen-

bonding network upon mutation, as was observed for H30A IL-1β, then, as in the H30A variant, we 

expect a subset of residues to maintain wild-type or greater stability to solvent exchange.(Heidary, Roy 

et al., 2005) 

Changes in native-state protection factors of T9G and T9Q are mapped onto two- and three-

dimensional representations of the IL-1β molecule in Figure 3-5 and Figure 3-6, respectively.  The 

solvent-extended hydrogen-bonding network of IL-1β provides a convenient framework for 

understanding a possible mechanism for the transmission of effects across the β-trefoil fold in response 
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to mutation, while the structure of IL-1β highlights the locations in space of the residue-specific 

changes. 

 In the T9Q sequence variant the residues that display decreased protection from exchange can 

be traced from the site of mutation in strand β1 to the 1st β-hairpin (β2 and β3) and as far as the 3rd β-

hairpin (β10 and β11).  This pathway is bridged by structural waters at L18 L10, A28 M130 and 

S125 P131.  A second pathway is apparent from β1 through the L10 V40 water interaction to strand 

β4 and then directly across the barrel to strand β5. The same pathway is apparent in the T9G variant, but 

with further, possible effects to the second β-hairpin (β6 and β7) and the adjacent strand β8 through the 

water at residues L60, L69, and F99.  The putative pathways are also shown for the β-barrel and cap 

motif in Figure and Figure. 

While destabilization has a wide reach throughout the secondary structure of the Thr9 mutants 

in the native state, a remarkable number of residues retain WT or greater stabilities.  Stable residues 

occur in 73% and 56% of the available probes in T9Q and T9G, respectively.  The major differences 

between the two variants lies in the β4 and β8 barrel stands and in the 2nd and 3rd capping β-hairpins.  

All these regions show increases in relative stability in T9Q compared to T9G, except residues I122 and 

S123 which are destabilized in T9Q but not in T9G.  Also, the T9Q variant has a triad of aromatic 

residues that show greater stability to exchange than in WT IL-1β: F99, F117, and Y121.  This triad of 

residues forms in an interfacial space at the boundary of the hairpin cap and β-barrel (Figure 6a).  This 

triad is diametrically opposed to and 25 Å removed from the site of the Thr9 mutation.  Similarly, F117 

in the T9G protein (Figure 6b) also shows greater stabilization than the wild-type.  These results show 

that there are long-range compensatory effects upon mutation.  This finding is supported by computer 

modeling of the strain induced in the native structure by the T9G mutation. 
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Figure 3-8  Protection factor changes mapped to the β-barrel of IL-1β. 

The changes in residue specific protection factors upon mutation are shown for the strands comprising 
the β-barrel for the (a) T9Q and (b) T9G proteins.  The observable residues are shown in bold, with the 
same coloring as used in Figure 3-6.  The barrel strands are numbered using roman numerals along the 
edge.  The hydrogen bonds are indicated by dotted lines.  β-strand eight is shown twice for each 
diagram, at the top and bottom.  The strand bridging structural water interactions between 
thermodynamically altered sites are shown. 
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Figure 3-9  Protection factor changes mapped to the capping β-strands of IL-1β 

The changes in residue specific protection factors upon mutation are shown for the strands comprising 
the β-hairpin cap for the (a) T9Q and (b) T9G proteins.  The observable residues are shown in bold, 
with the same coloring as used in Figure 3-6.  The barrel strands are numbered using roman numerals 
along the edge.  The hydrogen bonds are indicated by dotted lines.  The strand bridging structural water 
interactions between thermodynamically altered sites are shown.  The pseudo three-fold symmetry of 
the cap is indicated. 
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Strain and the β-trefoil structure 

The β-trefoil structure has a barrel capped by a hairpin triplet. The residues in barrel topologies 

are highly interconnected because the ends of the protein chain are in contact. In addition, the six-

stranded barrel is a very strained structure.(Murzin, Lesk et al., 1992) One can imagine a barrel 

structure as being made up of two rings connected by multiple springs (Figure 10a). These springs may 

be tight or floppy, depending on the magnitude of strain within the structure. In such a model, one side 

of the barrel gets pinched when a residue in the center of a spring makes contact with residues on the 

rings. Consequently, the side of the barrel opposite to this residue becomes strained. When this residue 

is mutated to remove the contacts that create a pinch in the barrel, it releases the strain on the other side 

of the barrel and stabilizes residues on the opposing side. In IL-1β, evolution seems to have used this 

strain to create functional sites.(Heidary, Roy et al., 2005) 

An effect similar to the T9G mutation is expected when the protein is exposed to mildly 

destabilizing conditions.(Roy, Chavez et al., 2005) Strain in the barrel will be released due to the 

denaturing conditions and various residues at the interface of the cap and the barrel will be stabilized. 

We indeed observed such effects in  previous NMR studies of IL-1β. 

Structural plasticity and biological activity 

The consequences of substituting Thr9 with Gln and Gly in IL-1β have shown that there is a 

subtle interplay between residue stability, protein structure, dynamics and function.  In response to 

mutation at Thr9 there is destabilization throughout the structure and local structural rearrangements are 

seen near the site of mutation.  However, most residues retain wild-type or greater stability in these 

mutants, and residues distal to the site of mutation show increased stabilities.  In a previous study of 

point mutations in IL-1β, local changes propagated throughout the β-sheet network, effecting subtle 

rearrangements some distance from the site of mutation.(Heidary, Roy et al., 2005)   
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This structural plasticity is apparent in the current study of Thr9 mutants.  In comparing the 

Thr9 mutants to each other, the more stable T9Q mutant retains no viable in vivo binding or activity, yet 

the increased conformational exchange in the native ensemble of the T9G variant rescues receptor 

binding, although not signal transmission.  In this instance, the concomitant effects of destabilizing the 

native-state and increasing structural plasticity in response to the single glycine mutation have 

effectively produced an IL-1β antagonist protein.  It is interesting to note that the homologous 

interleukin-1 receptor antagonist protein, IL-1ra, has a disulfide bond (C69 and C116) at the same 

cap/barrel boundary site that displays hyper-stabilization in T9G (F117) and even more so in T9Q (F99, 

F117, Y121). This plasticity is reminiscent of allostery, where ligand binding affects a distal site, hence 

the term “allo” other-“steric” site.  Analogously, we have observed how alterations in side chains at the 

surface can influence distal sites, in the absence of ligand binding.  This long-range control of a binding 

interface is distinct from the classic allosteric mechanism and we propose the introduction of a new 

term, telesteric (“tele”-distant and “steric”-site) to describe the observation of a mutation of a particular 

side chain in exerting its influence distal to the site of mutation.  

In conclusion, we have sought to find a structural basis for the diverse effects observed upon 

mutation of the surface exposed Thr9 side chain in regards to the folding and function of IL-1β.  This 

work supports the modulations of interactions, both local and distal to the site of mutation, and 

highlights the complexities of strain and plasticity in this all-β protein.  Considering the central role of 

IL-1β in a myriad of cell-signaling pathways, further study into the intricacies of the native state 

ensemble is needed to address the molecular mechanisms of formation and activity in IL-1β. 
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Introduction 

β-trefoil proteins encompass a wide range of binding targets, including membrane receptors 

(IL-1β,α and ra; fibroblast growth factors 1 and 2 (FGF-1 and FGF-2) (Burgess and Maciag, 1989; 

Dinarello, 1996)), enzymes (Kunitz trypsin inhibitors (Murzin, Lesk et al., 1992)), and actin 

(hisactophilin (Scheel, Ziegelbauer et al., 1989)).  At the same time, several β-trefoil proteins 

demonstrate binding promiscuity, including FGF-2 and IL-1β, which bind to fibrinogen clotting factors 

(Sahni, Altland et al., 2003; Sahni, Guo et al., 2003), pro-IL-1α binding to membranes via 

myristoylation (Stevenson, Bursten et al., 1993), and hisactophilin binding to cell membranes 

(Hanakam, Albrecht et al., 1996).  In light of this promiscuity in β-trefoil binding interactions, we have 

pursued research into the interaction between IL-1β and phospholipid bilayers.   

This work is of central importance regarding the question of non-classical secretion of IL-1β in 

vivo (Nickel, 2003; Nickel, 2005), since interactions between IL-1β (and/or the proIL-1β precursor 

protein) and lipid membranes would support the model of direct translocation of the cytokine into 

secretory vesicles during maturation.  Recent developments in membrane mimetic bicelle media 

(Sanders and Landis, 1995; Vold, Prosser et al., 1997) in aqueous solution have allowed the 

measurement of potein-membrane interactions by a variety of solution NMR methods.   

Native-state HDX shows that the β-trefoil fold of IL-1β is thermodynamically destabilized in 

bicelles, and NMR spectra exhibit bicelle-dependent chemical shift changes for residues on one face of 

the IL-1β β-barrel.  These residues are localized in and around the N-terminus, a lysine-rich surface 

loop (85-99) that is also implicated in aggregation studies, and the adjacent β-bulge motif (48-55), 

important in signaling activity.  Experiments to further define the membrane interaction via changes in 

backbone dynamics and paramagnetic relaxation enhancement (PRE) were performed.  The 

consequences of our results for current models of IL-1β secretion via an endolysosomal pathway are 

discussed.  We hypothesize that the properties of mature IL-1β in bicelle media are a consequence of 

residual transmembrane activity of the pro-IL-1β polypeptide necessary for secretion in vivo. 
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 Methods 

Preparation of IL-1β with isotropic bicelles in solution 

Samples of IL-1β with isotropic phospholipid bicelles for NMR experiments were prepared 

using uniformly 15N-labeled interleukin-1β and a mixture of 1,2-dihexanoyl-sn-glycero-phosphocholine 

(DHPC) and 1,2-dimyristoyl-sn-glycero-phosphocholine phospholipids (DMPC) from Avanti Polar 

Lipids.  Labeled IL-1β was prepared in 25 mM sodium acetate-d3 buffer, pH 5.4, with 10% D2O.  

DHPC and DMPC lipids in chloroform were mixed in appropriate ratios and dried under a stream of 

nitrogen gas, and then lyophilized overnight.  The lyophilized lipids were re-dissolved in the aqueous 

protein sample, which was then subjected to five cycles of flash freezing in liquid nitrogen and thawing 

at room temperature.  In order to minimize the rate of protein aggregation in the sample, the 

concentration of IL-1β was limited to 500 µM and the concentration of lipids limited to 10% w/v with a 

molar ratio of DMPC to DHPC (q-ratio) between 0.2 and 1.0.  Previous experimental studies 

concerning bicelle morphology have shown that under these conditions of low q-ratio and lipid 

concentration, the lipids form disc shaped bicelle aggregates.  The radius of the disc can be determined 

base on the q-ratio of the lipids employed (Glover, Whiles et al., 2001). 

Paramagnetic relaxation enhancement 

 5 uM-2 mM MnCl2 was added to NMR samples of IL-1β in isotropic bicelles and the 1H-15N 

FHSQC spectra acquired on a Bruker DMX 500 spectrometer.  The addition of the paramagnetic Mn2+ 

ions (1µM to 2mM) to solution alters the magnetic susceptibility of the sample, and each sample had to 

be tuned and matched separately.  To assess the protection against the aqueous paramagnetic ions 

afforded IL-1β in the presence of bicelles, the experiments were repeated without lipids in solution, and 

the difference in cross-peak intensities with and without bicelles was measured.  The remaining signal 

was plotted versus the concentration of manganese ion, and a pseudo 1st order binding constant was 

determined using the Hill equation.  The change in the manganese binding constant for each observable 
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amide cross-peak upon addition of bicelles was used to assess the protection of sites in the protein in 

contact with the bicelles.   

Heteronuclear NOE 

 In order to assess the effect of bicelles interacting with IL-1β upon the backbone 

dynamics of the protein, heteronuclear NOE difference spectra were acquired with and without 

isotropic bicelles.  The on- and off-resonance versions of the experiment were interleaved at each point 

to minimize time-dependent errors, resulting in two transients per point.  The resulting dataset was 

deconvoluted into two 1H-15N HSQC spectra, one with proton-nitrogen dipolar coupling and one 

without.  The difference in intensities for each observable cross-peak were measured (the heteronuclear 

NOE) and used to assess changes in backbone dynamics for individual amino acids in IL-1β caused by 

interaction with isotropic bicelles.  Nuclear Overhauser enhancements of greater than 25% were 

deemed indicative of a change in backbone dynamics. 
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Results 

1H and 15N chemical shifts in bicelle media 

It was found in our initial NMR studies with interleukin-1β in isotropic bicelle media that the 

chemical shifts of a subset of residues show small but reproducible changes in the amide 1H-15N 

chemical shifts.  Shown in Figure 4-1 are the 1H-15N FHSQC spectra of IL-1β with and without bicelles, 

with q = 0.5 and CL = 5%.  Often when adjusting sample conditions, protein chemical shifts show small, 

concerted changes.  However, in this case it is only a small subset of resonances that exhibit amide 

chemical shift changes, and they are confined to specific regions of IL-1β.  In Figure 4-2, the 1H and 

15N chemical shift changes are plotted along the sequence of IL-1β.  The chemical shift changes are 

localized to residues in the terminal strands, R4, S5, D145, F146, and S152 in the β-bulge loop, F46, 

V47, Q48, G49, N53, and K55, and in the Lys-rich loop, V85, D86 Y90, K92, M95, E96, and F99.  

These residues form a grouping on one side of the IL-1β molecule.  The changes are mapped to the IL-

1β solution structure in Figure 4-3.  The changes observed under these conditions are representative of 

those seen with variation of CL between 3% and 15% w/v and of q between 0 (micelles) and 1.2.   

 



73 

 

 

 

 

 

 

Figure 4-1  Overlaid 1H-15N FHSQC spectra of IL-1β with and without bicelles, q=0.5. 

The assigned spectrum of IL-1β is shown in black.  The spectrum of IL-1β in the presence of 
DHPC/DMPC bicelles, q = 0.5 and CL= 5% w/v is shown in grey.  The chemical shift differences for all 
residues are plotted in Figure 4-2. 
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Figure 4-2  ∆δHN plotted versus the IL-1β sequence. 

The magnitudes of proton and nitrogen chemical shift changes between IL-1β with and without bicelles, 
q = 0.5, CL = 5% w/v is shown for the protein sequence.  The proton shifts are shown as positive 
magnitudes and the nitrogen as negative.  The secondary sequence of IL-1β is indicated along the 
ordinate.  The mean of the changes for all residues for each nucleus type are shown as dotted lines.  
Residues with values beyond the mean change are labeled by residue number. 
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Figure 4-3  Bicelle induced chemical shift changes mapped to the IL-1β structure. 

The residues exhibiting marked chemical shift changes as shown in Figure 4-2 are shown on the 
solution NMR structure of IL-1β.  The Cα positions of these residues are marked with spheres.  The 
upper view is the same as in Figure 1-1, and the bottom view is rotated 90 degrees around the horizontal 
such that the open end of the β-barrel is facing out of the page.  The polypeptide is colored from blue to 
red going from the N- to C-terminus.   
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HDX NMR shows global destabilization of IL-1β in isotropic bicelles 

In light of the chemical shift changed observed upon addition of isotropic DHPC/DMPC 

bicelles to IL-1β in solution, we proceeded to investigate the changes in the thermodynamics of the 

native-state of IL-1β in solution engendered by this putative interaction with bicelles.  However, simple 

chemical denaturation techniques are unfeasible in this case because chemical denaturants such as urea 

alter the physical characteristics of the phospholipid aggregates.  Instead we chose to apply the native-

state solvent exchange spectroscopy as an alternative route to elucidating changes in the native-state 

ensemble of IL-1β in the presence of bicelles.  As discussed in Chapter 3, the changes in protection 

factors can be used to derive the residue specific free energies of solvation.  By extension, the changes 

in free energy are directly related to changes in the  conformational dynamics of the native-state 

ensemble of IL-1β upon addition of bicelles. 

The NHX rates and protection factors were measured using the same protocol as in Chapter 3, 

except the data was acquired on a Bruker Avance 800 MHz spectrometer.  The logarithmic ratio of 

protection factors for IL-1β residues in the absence and presence of isotropic bicelles, q = 1.0 and CL = 

10% w/v are plotted along the amino acid sequence of IL-1β in Figure 4-4.  Changes were qualified as 

being greater than a factor of two between the residue-specific PF in the absence and presence of 

isotropic bicelles, as indicated by the dotted lines in Figure 4-4.  Out of 72 observable residues between 

samples with and without bicelles, 27 show increased solvent exchange/decreased protection, 2 exhibit 

decreased solvent exchange/increased protection, and the remaining 43 remain unchanged in bicelle 

media.  As with the Thr-9 mutants in Chapter 3, there is an overall increase in conformational dynamics 

of the protein upon deviation from the control, but on a local level, the changes run the gamut of 

thermodynamic possibilities.  Again, the native ensemble of the IL-1β β-trefoil fold is resistant to 

perturbation, but there remain a subset of residues that are modulated. 
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Figure 4-4  Change in PFs of IL-1β in bicelles, q=1.0. 

Solvent exchange spectroscopy was used to determine protection factors for IL-1β with and without 
bicelles.  Shown are the logarithmic ratios for these protection factors for each observable amide 
resonance.  
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Changes in backbone motions measured via heteronuclear amide NOE 

The NOE between the backbone amide nitrogen and the bonded amide proton provides a probe 

for detecting changes in the motions of this moiety.  The heteronuclear 1H-15N NOE was measured for 

the non-proline residues in IL-1β in the absence and presence of isotropic bicelles, q = 1.0 and CL = 

10% w/v.  The majority of residues remain the same, but for a small subset of residues the 

heteronuclear NOE is affected by the addition of bicelles to solution.  Shown in Figure 4-5, the residues 

that exhibit changes in the heteronuclear NOE greater than 25% are mapped to the solution structure of 

IL-1β.  As with the changes in 1H-15N chemical shifts discussed above, the alterations seen in the 1H-

15N NOE are localized to a small subset of residues localized to the lysine-rich loop, β-bulge, and 

terminal β-strands of Il-1β.  Residues that show decreased cross-relaxation include E50, V85, D86, 

F117, and K138, and for these residues the HN bond has lengthened on average, and these protons are 

less constrained in their motions.  On the other side, residues exhibiting increased cross-relaxation and 

thus more constrained motion in the presence of isotropic bicelles include R11, S52, S70, K91, K92, 

W120, and G139.   
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Figure 4-5  Localized changes in 1H-15N NOEs of IL-1β in the presence of bicelles. 

With the addition of bicelles to IL-1β in solution, several residues exhibit dramatic changes in the 
heteronuclear NOE for the backbone amide bond.  Residues are colored depending on the fractional 
change in the NOE as follows: red for 25%-50% decrease, cyan for a 25%-50% increase, and blue for a 
51%-100% increase.  NOE decreases indicate increased motions while NOE increases indicate 
decreased motions, as discussed in the text.  The top view is as in Figure 1-1 and the bottom view is 
from the bottom of the barrel, with the 1st trefoil unit pointing up.  The residues are labeled by one-letter 
code and sequence number. 
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Mn2+ paramagnetic relaxation 

The position of IL-1β with respect to the bicelles was investigated by observing the effects on 

the amide cross-peaks in the 1H-15N FHSQC spectra after the addition of paramagnetic ions in the 

absence and presence of bicelles.  With the spatial localization of Mn2+ to the aqueous fraction, we have 

succeeded in measuring  modulations of PRE upon IL-1β amide protons in the presence of bicelles.  

The PRE effect was quantified as a pseudo-first order binding constant for each residue, using the Hill-

relationship: 

∆I = [L]h/([L]h Kh)       Eqn. 4-1 

where ∆I is the change in cross-peak intensity upon addition of the paramagnetic ion, [L] is the 

concentration of paramagnetic ion, h is the Hill coefficient, and K is the observed binding constant for 

each observable residue.  The ratio of the binding constant for each residue in the presence and absence 

of isotropic bicelles was calculated and the results shown in Figure 4-6. 

The change in manganese ion induced relaxation for each observable site produces a spectrum 

of changes upon addition of bicelles to IL-1β.  These changes are the result of two processes.  First, the 

changes in the thermodynamics seen by HDX NMR, and by extension modulation of conformational 

dynamics can result in changes in surface exposure of putative manganese binding sites, either 

increasing or decreasing the observed relaxation effects.  Another possibility is that residues in IL-1β 

that interact with the bicelles are protected from the aqueous manganese ions, resulting in decreased 

PRE.  Thus, it is the decreases in manganese-induced PRE that indicates putative sites of interaction 

with the phospholipid membranes in solution.  These residues include V47, L73, and Q81.  These 

residues should be regarded as a minimal set, since efficient manganese binding in the absence of 

bicelles is a prerequisite for detecting solvent protection in the presence of bicelles in this manner.  

These residues are mapped to the solution NMR structure of IL-1β in Figure 4-7, and they reside on the 

same side of the molecule as the sites seen above by chemical shift and heteronuclear NOE analyses. 
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Figure 4-6  Mn2+ induced PRE of IL-1β in bicelles, q=1.0 

In this plot, the ratio of pseudo-first order Hill binding constants are shown for each observable amide 
cross-peak in the 1H-15N FHSQC of IL-1β in the presence and absence of isotropic bicelles.  The arrows 
at the left indicate increased (red) and decreased (blue) manganese PRE.  Residues V47, L73, and Q81 
show the largest negative deviations, indicative of protection from solvent as discussed in the text. 
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Figure 4-7  IL-1β interface with bicelles determined by Mn2+ induced PRE. 

The three residues showing the greatest protection from manganese induced PRE are shown in space 
filling representation.  The secondary structure of IL-1β is indicated, and is colored from blue to red 
from the N- to C-terminus.  This view is the same as the view in Figure 1-1. 
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Discussion 

The basis for studying the interaction of IL-1β with bicelles 

The present model of IL-1β maturation from a cellular zymogen to the mature extracellular 

signaling molecule lacks any mechanism for crossing the cell membrane.  Current thinking 

hypothesizes a non-classical secretion mechanism, in which the secreted protein circumvents the ER 

and Golgi organelles.  Recent publications have proposed the presence of an IL-1β specific transporter, 

but there is as yet no direct evidence for mediated membrane transport in this case.  Instead, this study 

explores the possibility of a direct membrane crossing function associated with IL-1β.   

Initial, unrelated work on measuring the residual dipolar couplings of IL-1β using bicelle 

alignment media resulted in the serendipitous finding of discreet chemical shift changes in the 1H-15N 

FHSQC spectrum.  Variations in chemical shifts are direct indicators of changes in the chemical 

environments of the observed nuclei.  Often when optimizing sample conditions, changes in pH, 

temperature, or buffer constituents induces changes in the observed chemical shifts for the protein under 

investigation.  However, these changes are usually seen across the entire spectrum of NMR resonance 

peaks, and usually progress in a certain direction, up- or down-field.  Such concerted changes are the 

result of global changes in the physical interaction of the protein with the surrounding environment.  

However, in the case of IL-1β with bicelles, only a few discrete changes are observed, and they are 

localized to a subset of residues on one side of the β-barrel, near the lysine-rich loop, residues 85-99.  

These changes in chemical shift remain as the concentration of lipids and the molar ratio of DHPC to 

DMPC phospholipids is varied, or stated differently, as the size of the bicelles is altered.  This initial 

hint of a specific bicelle interacting site on IL-1β led to further study. 

Sample optimization to minimize losses to aggregation 

The preparation of NMR samples of IL-1β in lipid bicelles presents two problems to 

overcome.  First, under destabilizing conditions, IL -1β has been shown to aggregate in solution.  At the 

high concentrations necessary for NMR spectroscopy and in the presence of phospholipids, protein 

aggregation of IL-1β occurs in only a few hours.  In order to minimize this reaction, the concentration 
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of IL-1β was limited to 500 µM.  A second problem arises because the aggregation of IL-1β is 

accentuated by the enhancement of hydrophobic interactions in the loop connecting strands β7 and β8, 

referred to as the Lys-rich loop.  As was shown, this loop is one of the main regions in IL-1β showing 

perturbations in the presence of bicelles.  This provides a second mechanism for enhancing IL-1β 

aggregation under the conditions of this study.  However, by keeping the total lipid concentration below 

10% w/v and the q-value at or below 1.0,  aggregation was retarded, and samples remained stable at 

room temperature for up to a month.  This is likely due to the limited interaction space available on the 

bicelle surface, shown earlier in Figure 1-4.  For large bicelles, multiple protein molecules may interact 

on one side of a bicelle, increasing the chances of aggregation initiating protein-protein binding events.  

Thus, the small isotropic bicelles used in this study minimize this eventuality. 

Observing the interaction of IL-1β with bicelles using NMR 

The observation of an interaction between IL-1β and phospholipid bicelles demonstrates the 

feasibility of using NMR spectroscopy to identify and characterize particularly weak interactions in 

membrane systems.  In this particular case, the results are consistent with a model of non-equivalent 

two site exchange between the membrane interacting and freely soluble states of IL-1β in the bicelle 

environment.  If the interaction between the protein and the membrane bilayers is sufficiently weak, the 

contribution of the bicelle interacting state will be small compared to that of IL-1β free in solution.  Due 

to the added complexity of the exchange relationship in this case, the observed alterations in chemical 

shifts are only a small fraction of the true difference between the chemical shifts of the membrane 

interacting and free states.  Interestingly, the chemical shift changes map to a specific surface of the IL-

1β molecule, shown in Figure 4-3, that includes the β-bulge loop, the adjacent lysine-rich loop, and the 

adjacent N- and C-termini.  

While the information content of the measured chemical shifts is limited, it provides a basis for 

interpreting the observed changes in protein stability, backbone amide motions, and Mn2+ induced 

paramagnetic relaxation of IL-1β in the presence and absence of isotropic bicelles.  Native-state solvent 

exchange shows that all the β-strands of IL-1β undergo increased conformational exchange dynamics in 

the presence of  bicelles.  NHX probes in the connecting loops retain wild-type like stability, or in the 
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case of I104 in strand-8 and F117 in the adjacent β8  β9 loop, increased protection from solvent.  At 

the same time, addition of bicelles to IL-1β results in changes in the motion of the backbone amide 

moieties, as seen by changes in the heteronuclear NOEs.  Again, both increased and decreased motions 

are observed upon addition of bicelles, but the affected residues are limited to the same region as 

mapped using 1H-15N chemical shift differences.  Interestingly, motional variances seem to occur in 

opposing pairs, including K138 (less ordered) and G139 (more ordered) and F117 (less ordered) and 

W120 (more ordered).  The lysine-rich loop includes V85 and D86 (less ordered), and K91 and K92 

(more ordered).  Finally, changes in the Mn2+ induced paramagnetic relaxation of IL-1β amide 

resonances (Figure 4-6) also in the presence and absence of bicelles result in enhanced relaxation on 

one side of the IL-1β, including V47 near the β-bulge, and L73 and Q81 in a surface exposed loop on 

the same side of the protein.   

Biological implications of IL-1β interactions with phospholipid bilayers 

The highly specific modulation of residues in the lysine-rich loop, β-bulge, N- and C-terminal 

sites argues that a bicelle-interacting activity intrinsic to the mature, folded IL-1β sequence exists.  But 

the small magnitudes measured in this study make it difficult to argue that this membrane binding 

activity has a distinct biological function in vivo.  Instead, recent investigations into unconventional 

secretion pathways associated with IL-1β provide a possible answer.  The endolysosomal model of IL-

1β secretion argues that both pro-IL-1β and caspase-1 exist in endolysosomal vesicles in vivo(Andrei, 

Margiocco et al., 2004).  Instead of membrane binding representing a distinct function of mature IL-1β, 

it may instead be a residual functionality left over from the pro-protein.  It has been hypothesized 

previously by Andrei and co-workers that the partially unfolded pro-IL-1β protein undergoes membrane 

transport, dependent upon changes in endosomal membrane integrity via modulation of calcium and 

potassium dependent protein lipase activity.  Current work is ongoing into the analysis of the pro-IL-1β 

polypeptide using mass spectroscopic and NMR techniques (Hailey, K, Roy, M, and Jennings, P, 

unpublished results).   
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Future of IL-1β and membranes 

While the study of protein-membrane interactions remains notoriously difficult, this work is an 

example of how far we have come.  The technical challenges of extending this type of research to the 

31 kDa, partially unfolded pro-IL-1β polypeptide are extensive.  However, preliminary work in this 

direction has already yielded results.  The purification and labeling of milligram quantities of pro-IL-1β 

using hyper-osmotic techniques has been shown to be quite efficient (K. Hailey and P. Jennings, 

unpublished data).  At the same time, assignment of the protein using perdeuterated samples and 

TROSY pulse sequences is progressing (M. Roy, K. Hailey, W. Anderson, and P. Jennings, 

unpublished data).  These successes also open up intriguing possibilities into using NMR to study the 

maturation of IL-1β from the pro-protein using caspase-1 in vitro  using bicelles or unilamellar vesicles 

via solution NMR.  This study is the first step in shedding light on the membrane interactions and non-

classical secretion mechanisms of the IL-1β system. 
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Introduction 

 NMR spectroscopy has proven to be an extremely powerful technique for the characterization 

of protein structure and dynamics in modern biology and chemistry investigations.  Yet one of the most 

daunting tasks of an NMR spectroscopist is studying membrane bound proteins, for two reasons.  First, 

such proteins are often difficult to express in quantities needed to make millimolar samples needed for 

low signal to noise NMR techniques.  Second, the insertion of a relatively tractable protein (~10-

30kDa) into lipid or detergent micelle/bicelles increases the size of the system under study, straining the 

size limits under which solution NMR spectroscopy presently operates.  However, recent work on 

bridging the gap between solid-state and solution NMR techniques has resulted in the development of 

stable membrane bilayers in size-tunable packages: so-called mixed micelles or bicelles.   

 The make-up and morphology of DMPC/DHPC bicelles was discussed in Chapter 1, and so 

only a few points remain to be made.  First, small isotropic bicelles can provide a very naturalistic 

membrane environment for the study of transmembrane proteins while keeping the size of the system 

tractable.  Second, the protons of the phospholipid molecules themselves can provide an efficient probe 

for measuring the insertion of the transmembrane domain(s) of such proteins.  The recent work by 

Shimada and colleagues (Takahashi, Nakanishi et al., 2000; Nakanishi, Miyazawa et al., 2002; 

Nakamura, Takahashi et al., 2005; Takahashi, Miyazawa et al., 2006) has opened the way to using 

cross-saturation transfer to measure the interaction between phospholipids and membrane bound 

proteins.  Finally, bicelles provide a stable platform wherein the long-chain DMPC molecules are not in 

exchange with solvent, such that longer timescale interactions (Glover, Whiles et al., 2001; Luchette, 

Vetman et al., 2001; Andersson and Maler, 2005; Prosser, Evanics et al., 2006), such as the transferred 

cross-saturation (TCS) of Shimada’s, can be used to probe the protein-membrane interaction. 

 In this study we have chosen to use the membrane bound coat protein from the filamentous 

phage, Pf1, as a model for testing the transfer of cross-saturation from the methyl protons of DMPC 

lipids in bicelles to the protein backbone amide protons.  We have found that selective pre-saturation of 

the ω-methyl or choline methyl protons using a WURST-2 pulse train results in spatial resolution 

between protein residues in the bicelle core and those at the bicelle surface, respectively.  The 
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selectivity of pre-saturation and the resolution of the TCS effect between lipids and the bound protein 

are shown.  TCS NMR proves to be an effective method for characterizing the insertion of the Pf1 coat 

protein into membranes and can be easily extended for use in other, larger systems. 
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Methods 

TCS NMR spectroscopy  

NMR experiments were performed at 313 K on either a Bruker DMX500 spectrometer using a 

TXI triple axis gradient probe or a DRX600 spectrometer using a cryoprobe.  The selective saturation of 

phospholipid 1H resonances was accomplished using a train of 50 ms WURST-2 inversion pulses with a 

peak RF amplitude of 10 Hz, and separated by 1 ms delays, immediately prior to the normal NMR pulse 

sequences.  The effective inversion bandwidth of the WURST-2 pulses was calculated as 0.2 ppm at 

500 MHz, and 0.17 ppm at 600 MHz.  For saturation of the terminal acyl-chain methyl (ω-methyl) or 

choline methyl protons in the head group, the on-resonance saturation frequency was set to 0.9 or 3.2 

ppm, respectively.   

For inspection of the one-dimensional proton spectrum of the lipid molecules, a 1H 1D-

watergate sequence with WURST-2 pre-saturation was used.  For experiments using Pf1 coat protein in 

isotropic bicelles, the 15N-1H FHSQC with selective WURST-2 pre-saturation was used.  Off-resonance 

irradiation 5 KHz up-field of the water frequency was performed as the control for non-saturated 

spectra. Acquisition times for interleaved on- and off-resonance 15N-1H FHSQC difference experiments 

were 12 h with a total inter-scan delay of 3 s and saturation times (Tsat) varying from 1-2 s.  The 

resulting 2D spectra were deconvoluted into on- and off-resonance spectra for analysis.  Difference 

spectra were created by algebraic subtraction of these two data sets.  Assignments for Pf1 coat protein 

in isotropic bicelles were kindly provided (Park, S.H. and Opella, S.J, personal communication). 
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Results 

Selective saturation of phospholipids methyl moieties using narrow-band WURST pulses 

The lipid molecules making up the isotropic bicelles used in this study have a well dispersed 1D 1H-

NMR spectrum at pH 6.7 and 313 K as shown in Figure 5-1.  The ω-methyl protons fatty-acid chains 

reside in the hydrophobic core of bicelles, whereas those of the choline head-group moiety are found at 

the bicelle surface (Sanders and Landis, 1995; Vold, Prosser et al., 1997; Glover, Whiles et al., 2001).  

These two types of methyl protons therefore provide us with probes at the center and edges of the lipid 

bilayer, respectively.  Selective saturation of either the ω- or choline methyl protons provides the means 

of accessing these spatial probes in relationship to the membrane-spanning Pf1 coat protein protein in 

this study. 

 Selective saturation was accomplished using a train of adiabatic WURST-2 inversion pulses 

prior to the 1D proton pulse sequence with water-gate solvent suppression. Shown in Figure 5-1 are the 

1D 1H-NMR spectra of the phospholipids under selective saturation at different spectral frequencies.  

While the protein is present in these samples, it’s spectral components are unobservable in these low-

sensitivity experiments. The specific methyl proton resonances are indicated, with an arrow above the 

up-field ω-methyl peak at 0.9 ppm and a filled circle above the choline methyl peak at 3.2 ppm.  The 

top panel in Figure 5-1 shows the phospholipid 1H spectrum with off-resonance saturation 5 kHz up-

field from the water frequency, resulting in the maximum intensity for all peaks.  Using a two second, 

on-resonance lipid saturation period at a frequency of 0.9 ppm, the middle spectrum shows the almost 

total (>95%) saturation of the ω-methyl proton signal, with no effect on the nearby methylene peaks at 

1.2 ppm.  The bottom spectrum  shows the effect of saturation at 3.2 ppm, resulting in the reduction of 

the choline methyl peak to less than 25% of the original intensity, again with no effect upon nearby, 

downfield peaks from the glycerol protons.  The more efficient saturation of the ω-methyl protons is 

due to solvent exclusion and limited mobility of these moieties in the bicelle core.  The greater relative 

mobility of the phospholipid head groups at the surface and diffusion effects with solvent limits the 

saturation of the choline methyl protons. 
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Figure 5-1  Saturation of phospholipid spins using WURST-2 pre-irradiation is highly selective. 

Shown are the 1D proton spectra of DMPC/DHPC bicelles using WURST pre-irradiation at various 
frequencies.  Water suppression was accomplished using a watergate sequence.  The top spectrum was 
acquired with off-resonance saturation at -5kHz.  The middle spectrum was acquired with saturation at 
1.9 ppm, virtually eliminating the ω-methyl resonance (▼).  The lower spectrum was acquired with 
saturation at 3.2 ppm, resulting in reduction of the choline-methyl resonance (●). The splitting of the 
up-field resonances is due to the chemical shift difference between DMPC and DHPC lipids. 
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Transferred cross-saturation from lipid methyl protons to Pf1 coat protein 

The extension of the TCS technique to Pf1 coat protein in small, isotropic bicelles (q = 0.3) was 

accomplished using a modified version of the TCS 15N-1H HSQC pulse sequence published previously 

(Takahashi, Nakanishi et al., 2000).  We used a similar WURST-2 pulse train as in the 1D 1H 

experiments, with cross-saturation times varying from 1.2-2 s, with the lipid excitation bandwidth 

limited to 0.2 ppm.  The off- and on-resonance versions of the experiment were interleaved and later 

deconvoluted into control and saturated spectra, respectively.  Figure 5-2 shows the normal 15N-1H 

FHSQC spectrum of Pf1 coat protein, without lipid saturation, as well as the difference spectra 

corresponding to saturation of the ω-methyl protons at 0.9 ppm  and the choline methyl protons at 3.2 

ppm.  In the original spectrum, all backbone amide cross-peaks are observable except for the N-terminal 

residues Gly-1 and Val-2,  and the C-terminal Ala-47.  

 In general, the 2D difference spectra demonstrate the different efficiencies of transferred cross-

saturation between the specific lipid methyl groups and the Pf1 coat protein.  The magnification of the 

baseline contour levels is indicated in comparison to the off-resonance 2D spectrum.  Specifically, the 

baseline intensity shown for the ω-methyl TCS experiment is one quarter of the original and that of the 

choline methyl experiment one-eighth, resulting in the corresponding spectral magnification.  This 

difference in sensitivity between the specific saturation experiments is a direct result of the higher 

saturation efficiency of the methyl protons in the bicelle core compared to those at the interfacial 

surface, as seen in Figure 5-1. 

The residual HN cross-peak intensities in the TCS experiments are plotted versus the amino-

acid sequence in Figure 5-3.  The saturation of the ω-methyl protons at 0.9 ppm shows strong 

transferred cross-saturation of all residues in the transmembrane helix, with less than 70% remaining 

intensity.  There are also weak effects at the ends of the helix (70-90% residual signal) and for several 

residues in the solvent exposed region (~90% of original).  The TCS effect is strongest between the 

tyrosine residues at positions 24 and 40.  Saturation of the choline methyl protons at 3.2 ppm results in 

weaker cross-saturation transfer phenomena, with maximum saturation of less than 50%.  This loss of 
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TCS efficiency is due to both the mobility of the solvent exposed residues, which limits contact with 

saturated choline methyl groups, and spin-diffusion with solvent.  While the former effect is a property 

of the system, the latter effect can be minimized by using highly deuterated solvent; in this case, 

70%D2O/30%H2O as shown in Figure 5-3c.  Using deuterated solvent, a TCS effect of greater than 50% 

could be achieved for residues bracketing the transmembrane helix.   In this case, the tyrosine residues 

show the strongest saturation, with lessening transferred cross-saturation of spins near the center of the 

transmembrane helix, in the core of the bicelle.  Again, the solvent exposed regions show minimal 

transferred cross-saturation effects. 
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Figure 5-2  2D 1H-15N TCS difference spectra of Pf1 coat protein in phospholipid bicelles. 

The spectrum in a) is the 1H-15N FHSQC with off-resonance WURST pre-saturation at -5 kHz.  Pre-
saturation was performed on-resonance at b) 0.9 ppm for the ω-methyl protons and c) 3.2 ppm for the 
choline methyl protons, and off-resonance for every other scan.  The interleaved on- and off- resonance 
data sets were deconvoluted and the difference spectra are shown.  Due to the weak overall signal, the 
difference spectra are multiplied by the factor in the bottom corners to elicit comparable signal intensity 
to the control spectrum. 
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Figure 5-3  TCS of Pf1 coat protein amide protons in isotropic bicelles.  

Pre-saturation of lipid methyl protons results in saturation of nearby protein protons via the transferred 
cross-saturation effect.  The effect of WURST irradiation of lipid a) ω-methyl and b) choline methyl 
protons on protein HN atoms in 10% D2O solution is shown.  The same experiment with pre-irradiation 
of the choline methyl protons in 70% D2O solution c) was performed to maximize transferred cross-
saturation at the membrane-aqueous interface.  The secondary structure of the Pf1 coat protein protein 
is shown at the top, with cylinders representing the solvent exposed helix and the longer transmembrane 
helix. 
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Broadening of Pf1 coat protein resonances in isotropic bicelles 

The dynamic properties of the Pf1 coat protein in small, isotropic bicelles provides a means to 

corroborate the protein-phospholipid interaction results observed via the TCS NMR scheme.  These 

dynamic properties are discussed in detail elsewhere (S. Park and S. Opella, manuscript in preparation), 

and can be applied to this study.  The transmembrane helix of the Pf1 coat protein exhibits slow 

rotational correlation times on par with the small isotropic bicelles themselves.  In comparison, residues 

in the solvent exposed loop and helix have much faster correlation times, akin to that found in small 

proteins.  The presence of different motional timescales for the protein in isotropic bicelles results in 

two subsets of cross-peaks in the 15N-1H FHSQC experiment: sharp, intense peaks from the solvent 

exposed residues and broad, weak peaks from the transmembrane region.   

In Figure 5-5, the signal/noise ratio of the amide cross-peaks  and 1H(ω2) line-widths are 

plotted over the protein sequence.  The transmembrane residues show a 4-5 fold decrease in the S/N 

ratios between residues Tyr-24 and Tyr-40, seen previously to have strong TCS following saturation of 

the lipid ω-methyl protons.  The 1H(ω2) line-widths show a concurrent increase for residues in this 

region.  These results corroborate the positioning of the trans-membrane helix of Pf1 coat protein 

observed using the TCS NMR in isotropic DMPC/DHPC bicelles. 
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Figure 5-4 1H-15N HSQC of Pf1 coat protein in isotropic bicelles, q=0.3. 

The 2D HSQC of the Pf1 coat protein in isotropic bicelles shows two sets of resonances with different 
line-broadening, the result of distinct motional timescales for different portions of the polypeptide.  
Cross-peaks are colored by intensity, from red to blue, to highlight the two levels of signal intensity in 
the spectrum. 
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Figure 5-5  Plot of cross-peak intensities and proton linewidths in bicelles, q=0.3. 

The amide cross-peak intensities (a) and amide proton linewidths (b) are shown from the spectrum of 
Pf1 coat protein shown in Figure 5-4.  The transmembrane region of the C-terminal α-helix , residues 
30-40, should be compared to the TCS effect shown in Figure 5-3 
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Discussion 

Measuring membrane insertion in isotropic bicelles 

 The transfer of cross-saturation to nearby spins has previously been used as an efficient 

method for probing the interactions of protein-protein binding and protein-nucleic acid binding 

(Takahashi, Nakanishi et al., 2000; Lane, Kelly et al., 2001).  With the advent of protein deuteration 

techniques and bicelles in solution, this technique can now be applied to the interactions between 

membranes and bound proteins.  Protein deuteration of carbon bound protons minimizes spin-diffusion 

losses by limiting the number of proton dipolar interactions that form the basis of this phenomenon.  At 

the same time, the long-chain phospholipids in isotropic bicelles are in slow exchange, providing a 

stable basis for the transfer of cross-saturation from the methyl protons to the protein amide protons.  

By minimizing both spin-diffusion and fast lipid exchange processes, TCS NMR is now feasible in 

these systems. 

 In this study, the small Pf1 coat protein was used as a model to test the efficiency of TCS 

NMR in isotropic bicelles.  The structural and dynamic characteristics of the protein in membrane 

bilayers have been determined previously (Schiksnis, Bogusky et al., 1987; Shon, Kim et al., 1991).  

The N-terminal helix is highly mobile and remains at the bicelle surface.  In comparison, the C-terminal 

transmembrane helix is non-mobile, residing in the membrane bilayer.  Shown in Figure 5-6, the TCS 

experiments performed here effectively identify the transmembrane helix via saturation of the ω-methyl 

protons in the bicelle core, as well as the putative limits of transmembrane insertion, as evidenced by 

the TCS effect upon saturation of the choline methyl protons of the phospholipid head-groups at the 

bicelle surface.   
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Figure 5-6  Sites of selective TCS mapped to the structure of detergent bound Pf1 coat protein 

The residues exhibiting cross-saturation during selective saturation of phospholipid ω-methyl (a) and 
choline methyl (b) protons in 10% D2O and of the choline methyl protons in 70% D2O (c) are colored 
based on the amount of signal intensity lost compared to saturation off-resonance.  The structure of the 
Pf1 coat protein in SDS micelles was kindly provided by Sangwon Lee of UCSD (unpublished data). 
The N-terminal amphipathic α-helix is horizontal and the C-terminal transmembrane helix is vertical.  
The colors are: yellow, >50% saturation; red, between 30% and 50% saturation; purple, from 10% to 
30% saturation; blue, 10% or less saturation; grey, no probe.  The approximate position of the lipid 
bilayer based on these results is indicated. 
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Increasing the resolution of the protein-membrane interaction 

 Another aspect of using the methyl selective lipid-protein TCS method is better resolution of 

the membrane insertion of the transmembrane α-helix of the Pf1 coat protein using a single NMR 

sample.  In comparison, the same data using nitroxyl phospholipids in the bicelles would require the use 

of two samples, say one with 5-doxyl-DMPC and another with 16-doxyl-DMPC.  Such methods are 

very useful, but consume much more protein due to the necessities of multiple sample preparations for 

each spatial location along the lipid chain, as well as samples needed to optimize the concentration of 

spin-labeled lipids used.  By using the TCS method, one needs only a single sample, perdeuterated as is 

now common in applying NMR methods to larger protein systems. 

 Another advantage is that there are no unnatural constituents in the TCS experiments.  The 

closer the experimental conditions approach the physical situation in vivo, the more readily applicable 

such findings can become.  It also leaves the door open for the addition of other natural substrates or 

ligands.  The judicious use of protonated or deuterated ligands in the lipid-protein TCS experiment can 

also enhance the investigational use of the methodology. 

 By using specific saturation of the ω-methyl and choline methyl protons of the phospholipids, 

it is possible to discern the residues in the center of the bilayer and those at the bilayer surface, as 

shown in Figure 5-6.  With this spatial resolution, it should be possible with minimal effort to examine 

the insertional properties of proteins such as the Pf1 coat protein in a variety of bilayer thicknesses and 

compositions. 

TCS methodology as a tool in the protein-membrane toolbox 

In conclusion, the lipid-methyl proton selective TCS experiment using isotropic bicelles is 

effective in measuring the insertion of protein regions into lipid bilayers.  The applications are limited 

only by the ability of investigators to optimize transmembrane protein systems.  If the protein proton 

resonances can be discerned, then this method is applicable.  With the advent of perdeuteration, 

TROSY methods(Pervushin, Riek et al., 1997), specific labeling of side-chains(Tugarinov and Kay, 
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2004), and the recent use of nickel ions to increase T1 relaxation but not T2 relaxation (Cai, Seu et al., 

2006), the expansion of this TCS method to larger membrane bound proteins is easily in reach. 
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Site-directed mutagenesis of IL-1β 

The IL-1β mutants used Chapters 2 and 3 were constructed by full plasmid PCR of the pET-

24d vector (Novagen) containing interleukin-1β sequence using the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene) and complementary primers containing the mutant sequence.  The T9Q 

and F42W/W120F constructs were made previously (Covalt, Roy et al., 2001; Heidary and Jennings, 

2002)  All proteins were transformed into BL-21(DE3) cells and analyzed using DNA sequencing core 

facilities at UCSD, and the purified proteins were checked using ESI mass spectrometry to ensure 

fidelity.   

Expression and purification of IL-1β 

 Expression and purification of soluble natural abundance and 15N/13C enriched IL-1β 

and mutant proteins were performed using published protocols (Heidary, Gross et al., 1997; Roy and 

Jennings, 2003).  A portion of the T9G and T9Q proteins remained in inclusion bodies, which were 

unfolded and refolded as previously described (Chrunyk, Evans et al., 1993; Finke, Roy et al., 2000) to 

procure soluble protein. E. coli lysate was pelleted and the soluble fraction was fractionated in two 

steps, using 50% and 80% ammonium sulfate.  The insoluble material was solubilized by dialyzing into 

25 mM ammonium acetate buffer, pH 5.4. Fast protein liquid chromatography (FPLC) of the proteins 

was performed on the filtered solution using a Resource S ion exchange column (Pharmacia).  Protein 

purity was assessed to be >99% using SDS-PAGE, and protein concentrations were determined by UV 

absorbance spectroscopy using ε280 = 10.61mM-1 cm-1. 

Equilibrium chemical denaturation 

Equilibrium chemical denaturation studies of the wild-type and mutant IL-1β proteins were 

performed as described previously (Finke, Roy et al., 2000; Covalt, Roy et al., 2001). The protein was 

equilibrated in varying concentrations of GdnHCL for 24 hours prior to analysis.  Fluorescence 

emission spectra were collected from 300-450 nm with excitation of the lone tryptophan residue at a 

wavelength of 293 nm on a Fluoromax-2 spectrofluorimeter (Jobin Yvon-Spex, Edison, NJ). The 
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integral of the emission spectrum was taken.  The apparent fraction of unfolded protein, Fapp, was 

plotted against denaturant concentration in order to compare the unfolding transitions of the mutant 

proteins to wild-type IL-1β. 

Fapp (D) = (Smax – S(D))/(Smax – Smin)    Eqn. 6-1 

Here, S(D) is the integrated fluorescence emission signal for a given denaturant concentration, [D], and 

at the maximum (Smax ) and minimum (Smin ). 

Preparation of IL-1β for NMR in solution 

Samples of the IL-1β proteins in solution were prepared for NMR spectroscopy using 

published procedures (Driscoll, Clore et al., 1990; Roy and Jennings, 2003).  The purified protein 

solutions were concentrated to ~10 mg/mL using Amicon CentriPrep 15 mL concentrators with 10 kDa 

cutoff membranes.  The resulting concentrate was exchanged into NMR buffer with 25 mM deuterated 

sodium acetate-d3, pH 5.4, and 10% D2O, using a PD-10 solvent exchange column (Pharmacia).  The 

eluant was further concentrated using 2 mL Amicon Centricon concentrators, until a final concentration 

of 0.5-1.2 mM IL-1β was achieved.  These samples could be used directly or be further processed for 

NMR experiments involving hydrogen/deuterium exchange, paramagnetic relaxation, or membrane 

lipids.  

Resonance assignment of IL-1β mutants 

 The heteronuclear 1H-15N assignments of the mutant IL-1β proteins were determined using the 

previously determined wild-type assignments (Clore, Bax et al., 1990; Driscoll, Clore et al., 1990) as a 

starting point.  Assignments were verified using a variety of multidimensional heteronuclear NMR 

experiments.  For the Thr-9 mutants, HNCA (Grzesiek, Dobeli et al., 1992; Schleucher, Sattler et al., 

1993; Kay, Xu et al., 1994) and CBCA(CO)NH (Kay, Xu et al., 1994; Muhandiram and Kay, 1994) 

experiments were acquired on a Bruker DRX 600 MHz spectrometer.  Strip-plots showing the back-

bone atom correlations for the T9G mutant are shown in Figure 6-1.  The fully assigned 1H-15N FHSQC 

spectra for the T9Q mutant is shown in Figure 6-2, and that of the T9G mutant in Figure 6-3.  For the 

F42W/W120F mutant, a HNCACB (Wittekind and Mueller, 1993; Muhandiram and Kay, 1994) out-
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and-back experiment was acquired on the recently installed Bruker Avance 800 MHz spectrometer.  

Strip plots for this mutant are shown in Figure 6-4, and the assigned 1H-15N FHSQC in Figure 6-5.   
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Figure 6-1  Strip plot of back-bone atom resonances in IL-1β T9G. 

Strips form the 1H(ω1)-13C(ω3) planes of the  CBCA(CO)NH (blue) and HNCA (red) are shown, 
representing the back-bone correlations used for assignment of the IL-1β T9G resonances.  The 
identities of the 13C peaks are labeled, with the 1H chemical shift, 15N chemical shift, and the residue 
identification labeled along the bottom.  This series of connectivities shows a discontinuity at Pro-78, a 
common consequence of the missing HNCA correlation due to the lack of an amide proton in the 
residue. 
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Figure 6-2  Assigned 1H-15N FHSQC of IL-1β T9G. 

Residue assignments are indicated using the sequence numbering and the one-letter amino acid code. 
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Figure 6-3  Assigned 1H-15N FHSQC of IL-1β T9Q. 

Residue assignments are indicated using the primary sequence numbering. 
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Figure 6-4 Strip plot of back-bone atom resonances in IL-1β F42W/W120F. 

Strips form the 1H(ω1)-13C(ω3) planes of the  HNCACB experiment are shown, representing the back-
bone correlations used for assignment of the IL-1β F42W/W120F resonances.  The 13C resonances 
display the characteristic negative Cβ (green) and positive Cα (red) intra- and inter-residue pairs, with 
the 1H chemical shift, 15N chemical shift of each plane, and the residue number labeled along the 
bottom.  The Cα correlations are marked by the yellow line while the Cβ correlations follow the blue 
line. 
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Figure 6-5  Assigned 1H-15N FHSQC of IL-1β F42W/W120F. 

Residue assignments are indicated using the primary sequence numbering. 
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Expression and purification of filamentous phage coat protein 

Pf1 filamentous bacteriophage is expressed via infection of Pseudomonas aeruginosa strain K 

host cells as previously described (Schiksnis 1987).  Uniform perdeuteration and 15N-labelling was 

accomplished by using minimal growth medium supplemented with 4 g/L glucose-d7 and 2 g/L 

(15NH4)SO4 (Cambridge Isotope Labs).  The host cells are pelleted out by low-speed centrifugation and 

the resulting supernatant is made 4% w/v PEG-8000 and 0.5 M NaCl. After 24 h at 4°C precipitated 

phage is pelleted, and resuspended in TE buffer (pH 8.0).  The suspension is clarified by centrifugation, 

and the phage precipitated again in the same manner.  The re-precipitated phage is pelleted and 

resuspended overnight in 5 mM borate buffer (pH 8.0) with 0.1 mM sodium azide.  To the phage 

suspension is added 0.5 g/mL CsCl (33% w/v), and the solution is ultra-centrifuged at 70 krpm for 5 h 

at 15°C using a Beckman-Coulter nvt90 rotor.  The visible, phage-containing band is removed and 

dialyzed against the borate buffer.  The phage is pelleted by ultracentrifugation at 50 krpm for 2 h at 

15°C on a Beckman-Coulter Ti70.1 rotor and the supernatant removed.  The nucleic acids are removed 

and the coat proteins disassociated by re-suspension in 50% TFE and 0.01% TFA in water.  The organic 

solvents are removed by blowing N2 over the sample, and the resulting monomeric Pf1 coat protein is 

lyophilized overnight and stored at -20°C. 

Preparation of Pf1 coat protein in isotropic bicelles in solution 

 1-2 mM Pf1 coat protein samples for NMR studies are made by solubilizing 3-5 mg of 

lyophilized protein in a solution of 100 mM DHPC in 90% H2O/10%D2O.  This results in a sample of 

Pf1 coat protein in DHPC micelles.  To produce isotropic bicelles in solution, the appropriate amount of 

lyophilized DMPC is solubilized into the protein/DHPC solution.  The theoretical radius of the bicelles 

is calculated using the q-ratio of [DMPC] to [DHPC] (Glover, Whiles et al., 2001).  All samples were 

adjusted to a pH of 6.7. 
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