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Summary of Contents  
 

Solved the first crystal structure of a protein-calixarene 

complex (at 1.4 Å resolution). The results provide exact 

structural information on the amino acid preference of the 

anionic p-sulfonatocalix[4]arene (sclx4) for the lysine-

rich cytochrome c.1 This work featured on the front cover 

of Nature Chemistry (July 2012 issue). The rich class of 

structurally well-defined calixarenes have been studied for 

several decades and some of their water-soluble derivatives 

are well known for their complexation ability of various 

proteins.2 However, despite great efforts no crystal structure could be obtained until now. 

The detailed data analysis of an NMR titration of 15N-labelled cytochrome c with the 

calixarene revealed the presence of two or more binding sites, with mM affinities. The 

results from both techniques agree on the binding epitopes and the prediction of at least 

two binding sites on the protein surface. A cytochrome c mutant was also co-crystallised 

with sclx4 for comparison and the large crystals were electrochemically characterised.3  

In order to further substantiate the potential of sclx4 as a protein surface binder, 

the crystal structures of the calixarene complexed to lysozyme in its native form and in a 

modified form were solved to 1.7 Å and 2.2 Å, respectively.4 In the native form, the 

calixarene generates a tetrameric protein assembly and exhibits a preference for arginine. 

The structure of the modified protein complexed with sclx4 provides the first 

structural example of a synthetic molecule binding dimethyllysine. This interaction is 

significant as it resembles the naturally occurring aromatic protein cage, essential for 

gene expression. The results are important because the solved structures present valuable 

models for the structure-aided design of artificial receptors to target the protein surface. 
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Protein-protein interactions 
This thesis focuses on protein surface binding by small molecules and its influence on 

protein self-assembly. Despite differences in the size and chemical composition of small 

molecules,1 the molecular recognition features that influence protein-small molecule 

binding are similar to protein-protein complexation.2-4 Therefore, the interface features 

that govern protein-protein interactions are firstly addressed. The rationale and strategies 

for investigating protein surface binders that exploit these features are described. 

Proteins are the primary molecular machines that work in concert to control the 

cell. Specific protein-protein interactions provide distinct biological functions as part of a 

vast array of cellular networks. For example, cytochrome c shuttles electrons from 

cytochrome reductase to cytochrome c oxidase resulting in the conversion of molecular 

oxygen to water, a crucial stage of the respiratory chain.5 Protein interactions with 

receptor tyrosine kinases mediate the signalling pathways that govern cell proliferation, 

differentiation and survival.6 Specific protein-protein interactions can also lead to disease. 

For example, the p53 protein, which functions in maintaining cellular homeostasis, is 

inhibited when it is bound by the MDM2 proto-oncoprotein.7 Subsequntly, p53 induced 

apoptosis is prevented and cell proliferation proceeds, leading to tumour development.  

Most proteins adopt a unique native conformation resulting in the decoration of 

their surfaces by various polar, charged, aromatic and aliphatic side chains. These diverse 

amalgamations of hydrophobic and hydrophilic surface patches are influential for protein-

protein interactions.8-12 For example, the composition of hydrophobic residues determines 

whether the complex will be transient or permanent and the arrangement of polar residues 

influence the specificity of the interaction.10 Some protein interactions involve binding to 

a defined cavity or groove, for example an α-helical recognition cleft (Figure 1A).13 

However, the majority of protein-protein interactions occur via surface patches. The 

binding sites are primarily composed of a hydrophobic core and a hydrophilic rim.10 

Transient protein complexes, such as redox protein complexes, involve a buried surface 

area of ~500 Å2.9,14,15 The interfaces are flat, poorly packed and have low geometric 

complementarity, a feature that favours non-specific binding and fast dissociation. At the 

other extreme, permanent protein assemblies have much larger interfaces in the range of 

2000-5000 Å2 (Figure 1B).16 The interfacial residues are closely packed, allowing the 

complexes to assemble more tightly resulting in high affinity binding. These proteins may 

undergo large conformational changes as a result of complexation. For example, CDK2 
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kinase undergoes domain and loop movements upon cyclin A complexation, resulting in 

the activation of the kinase.17 An α-helix belonging to CDK2 kinase rotates about its axis 

and contributes to the interaction interface, which has an area of 3400 Å2. The “standard” 

buried surface areas for protein complexes is ~1600 Å2, for which the interfacial residues 

are loosely packed and experience small conformational changes on binding. As the 

physicochemical composition of protein surfaces governs complex formation, these 

regions are important targets for manipulating protein complexes.  

 

     
Figure 1. Examples of high affinity protein interfaces. (A) A surface representation of Bcl-xL protein in 

complex with Bak BH3 peptide (PDB ID 2lp8).18 The Bak BH3 peptide (cyan cartoon) binds at an α-helical 

recognition cleft. (B) The electrostatic surface representations of cyclin A fragment (left) and cyclin-

dependent kinase (right) are shown (PDB ID 1fin).17 The complex of the cyclin A fragment with cyclin-

dependent kinase was opened to reveal the large, continuous interfaces. The red, blue and white surfaces 

correspond to the anionic, cationic and uncharged residues, respectively. 
 

Designed modulation of protein character  
A balance between structure and noncovalent interactions determines protein behaviour 

and the global organisation of biomolecules.19 Modulating protein properties can lead to 

altered interaction behaviours. Covalent or noncovalent strategies are used to achieve this 

and the overall effects can influence the formation or inhibition of protein complexes. As 

a result, the designed modulation of protein properties has numerous applications in the 

fields of therapeutics,20,21 biosensors22,23 and nanomaterials.24-26 Protein solubility is a 
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good starting point for modification as it can be used to promote assembly or to transport 

and extract proteins. This will be discussed.   

 

Covalent modification of proteins 

Detailed studies of protein interfaces aid the understanding and prediction of molecular 

recognition events.27,28 This knowledge has facilitated the design and engineering of 

proteins that interact in a specific manner. For example, proteins were designed to self-

assemble by introducing additional hydrophobic residues at the contact interface that 

would incur symmetry in the assembly.26 Symmetry at the interface was important for the 

global structure design. The protein-protein interfaces were predominantly hydrophobic 

and the side-chain mobility was restricted to reduce the entropic cost of association and 

stabilise the assemblies. By using size exclusion chromatography and dynamic light 

scattering the designed global structures were observed. At near atomic resolution the 

crystal structures showed minute deviations (< 3 Å) from the designed template, 

suggesting that high precision is difficult to achieve. 

The genetic fusion of protein subunits that self-assemble into well-ordered 

structures is another strategy developed to control and stabilise protein complexes.29 The 

domains of trimeric bromoperoxidase protein and dimeric M1 virus matrix protein were 

rationally selected for such a study.30 In the crystal structure the two protein domains, 

which were fused by a nine-residue helical linker, self-assembled as a three-dimensional, 

12-subunit protein cage. This self-assembling cage displayed the designed tetrahedral 

geometry with minute deviations from perfect symmetry. Such structures have great 

potential as biomaterials with specific structural and functional properties.  

In nature proteins are also covalently modified to alter interaction behaviours. For 

example, the posttranslational modification of histone proteins by arginine or lysine 

methylation alters the structure of chromatin and ultimately gene expression (Figure 2).31 

Although lysine side chain methylation doesn’t change the overall charge on the residue, 

it does increase the cationic propensity of the Nε, promoting its ability to make cation-π 

interactions.32 Lysine methylation is routinely used as a rescue strategy to crystallise 

proteins that are otherwise intractable to crystallization.33,34 This modification can reduce 

protein solubility and, therefore, increase the likelihood of self-assembly which is 

essential for protein crystallization.  
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Figure 2. Posttranslational modifications of histones in nucleosome core particles alter interaction 

behaviour. (A) The nucleosome core particle (PDB ID 1aoi) consists of eight histone proteins (surface 

representation) around which a DNA superhelix is wrapped (ribbon traces for the 146-bp DNA 

phosphodiester backbones). Part of the histone tail peptide protruding out of the assembly is visible. (B) 

The nucleosome, rotated by 90º, is shown as part of a model of chromatin that condenses for chromosome 

formation. Engineered histone tail modifications are highlighted as methylated (Me), phosphorylated (P), 

and acetylated (Ac).  

 

Cysteine is a good target for covalent modification owing to its strongly 

nucleophilic side chain sulfhydryl. Disulfide bonds occurring between two cysteine 

residues have been exploited to lock proteins into particular conformations and to 

contribute to protein stability.35 Cysteine residues have also been used to cross-link 

proteins for crystallization as the larger protein complexes have been shown to crystallise 

more readily than their monomeric counterparts.36-38 A cysteine mutant of OmpF porin 

was covalently modified with a dibenzo-18-crown-6 derivative.39 The crystal structure 

shows the cysteine-linked dibenzo-18-crown-6 derivative partly block the central pore, 

which otherwise serves as an ion conductance pathway.  

 

Noncovalent modification of proteins by small molecules 

Protein surface recognition by small molecules presents a valuable technique for altering 

protein properties and has great potential for therapeutic intervention.20,21,40 As a result, 

intense interest has been applied in the identification of synthetic molecules that target 

protein surfaces. X-ray analysis of co-crystals shows the locations for ligand binding on 

the target protein and the features of the binding sites that favour complexation. However, 

there is a paucity of high resolution crystal structures of the resulting complexes (Table 

1). There are many different approaches used to design protein binders. Here, molecular 

mimicry is discussed as one such approach. This involves the design of ligands that 

mimic the interactions observed at specific protein-protein interfaces. Three approaches 
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used to design protein surface binders through molecular mimicry are described in 

context of the different ligands: 

• Type 1 involves targeting recognition clefts (Figure 3). 

• Type 2 involves binding small surface-displayed recognition sites (Figure 4).  

• Type 3 involves binding large surface patches.  

 

Table 1: Crystal structures of protein-small molecules complexes. 

Ligand Protein Binding feature PDB Reference 

Oligoamide foldamer α-carbonic anhydrase Active pocket and protein 
surface 

4mty 41 

Cryptophane α-carbonic anhydrase Active pocket and protein 
surface 

3cyu 42 

Molecular tweezers 14-3-3α  Lysine side chain 4hqw 43 

Cucurbit[7]uril Insulin N-terminal phenylalanine 3q6e 44 

Cyclam Lysozyme Tryptophan and aspartate 1yik 45 

Xylyl-bicyclam Lysozyme Tryptophan and aspartate  2h9k 46 

18-crown-6 RbmA Lysine 4bei 47 

Sclx4 Cytochrome c Lysine 3tyi 48 Chapter 2 

Sclx4 Cytochrome c R13E Lysine 4n0k 
 

Chapter 2 

Sclx4 Lysozyme Arginine  4prq Chapter 3 

Sclx4 Lysozyme-KMe2 Dimethyl lysine and 
arginine  

4pru, 
4noj 

Chapter 4 

Cavitein Peptide Covalent complex - 49 

Tetra(4-sulfonatophenyl)-
porphyrin 

 Concanavalin A 
 

Hydrophobic and polar 
residues 

1jn2 50 

Tetra(4-sulfonatophenyl)-
porphyrin 

Agglutinin Polar residues 
Hydrophobic patches 
and/or polar residues 

1pxd, 
1rir, 
1rit 

51 
52 

Pyrene tetrasulfonic acid Pyruvate kinase 
 

Arginine 3is4  
 

40 

Suramin Nucleocapsid protein Lysine and arginine  4j4v 53 
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Type 1: Targeting recognition clefts using Foldamers 

Certain protein folds present recognition clefts amenable to rational ligand design. For 

example, Bcl-xL has an α-helical recognition cleft on its surface that the α-helix of the 

Bak protein BH3 domain binds (Figure 1A).13 The interaction results in the inhibition of 

apoptosis and, therefore, presents an important target for therapeutic intervention. Based 

on this interaction site, an oligoamide foldamer was rationally designed to specifically 

bind the cleft.54 The α-helix mimic possessed a rigid, preorganised structure containing 

functional groups that would promote protein interactions. The mimic was shown to 

interfere with Bcl-xL complexation by BH3, thereby suggesting a potential route for 

rational drug design. 

α-carbonic anhydrase II is an important enzyme for drug intervention as its ability 

to interconvert CO2 and HCO3
- is crucial to a variety of physiological processes.55 The 

enzyme’s active site is located in a deep binding pocket that contains a catalytically 

essential Zn2+ coordinated by three histidine residues and is a target for inhibitor design. 

The affinity of helical aromatic oligoamide foldamers for α-carbonic anhydrase II have 

been investigated by circular dichroism.41 The foldamers were designed to bind deep 

inside the binding pocket via an N-terminal sulfonamide group that coordinates the Zn2+. 

A crystal structure shows how the N-terminus portion of one particular foldamer binds in 

such a manner (Figure 3). The remainder of the foldamer protrudes from the protein 

surface, adopts a right-handed conformation and assembles with the second foldamer-

protein complex. Foldamer-foldamer stacking contributes to stabilisation of dimer. 

Similarly, the crystal structure for α-carbonic anhydrase II complexed by 129Xe-

cryptophane shows the benzenesulfonamide tail of the ligand binding the active site.42 

The bulky cryptophane moiety, which has a 129Xe encapsulated for Nuclear Magnetic 

Spectroscopy (NMR) detection, is present nestled at the upper edge of the cavity 

mediating protein-protein interfaces.  
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Figure 3. The crystal structure 

of the α-carbonic anhydrase-

foldamer complex.41 One 

portion of the ligand binds the 

binding pocket and the 

remainder projects out and 

binds another foldamer-protein 

complex. The protein chains are 

grey cartoons and the foldamers 

are green or blue spheres. 

 

Type 2: Binding small surface-displayed recognition sites 

Ligands that exclusively target small binding sites in the form of solvent exposed residues 

also have great potential as interaction inhibitors. Arginine and lysine are particular good 

targets as are typically displayed on protein surfaces.56,57 They have long alkyl changes 

that can make hydrophobic interactions and positively charged functional groups that can 

hydrogen bond, make charge-charge and cation-π interactions. These features distinguish 

both cationic residues from other residues (Figure 4), making them available for rational 

ligand design. Furthermore, owing to their role at protein-protein interfaces58,59 and their 

susceptibility to posttranslational modification31 these residues are important targets for 

therapeutic intervention.  

 

Type 2: Binding small surface-displayed recognition sites using Molecular Tweezers 

A molecular tweezers having aromatic side walls and two peripheral anionic phosphonate 

groups was shown to specifically bind cationic amino acids.60 The binding event involves 

threading a lysine or arginine side chain through the ligand cavity. A combination of van 

der Waals and electrostatic interactions are observed between the cationic residues and 

the molecular tweezers. Developing on this observation, the ligand was rationally applied 

to a system involving the 14-3-3α adapter protein.43 The protein-molecular tweezers 

complex inhibited 14-3-3α protein interactions with two partner proteins, C-Raf and 

ExoS. Furthermore, the molecular tweezers was shown to specifically bind one lysine 

side chain on the protein by X-ray crystallography (Figure 4).  
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Figure 4. Small surface displayed targets for protein surface recognition. (A) Arginine and lysine residues. 

(B) The bisphosphonate molecular tweezers (illustrated) specifically binds one lysine on the 14-3-3α 

adapter protein.43 

 

Type 2: Binding small surface-displayed recognition sites using Cucurbit[n]urils 

Cucurbit[n]urils, the cyclic macrocycles possessing hydrophilic rims and hydrophobic 

cavities, can also bind small recognition sites. Isothermal titration calorimetry (ITC) 

showed cucurbit[7]uril bind insulin in a 1:1 stoichiometric ratio.44 The N-terminal 

phenylalanine, as well as two phenylalanines and four tyrosine residues displayed on the 

protein surface are suitable binding sites. However, ITC measurements showed no 

measurable binding of cucurbit[7]uril to the insulin variant lacking N-terminal 

phenylalanine. The crystal structure of the cucurbit[7]uril-insulin complex shows the N-

terminus unfolded and the ligand incorporating the N-terminal phenylalanine residue in 

its cavity. Furthermore, a two adjacent cucurbit[7]urils were observed at protein-protein 

interfaces. Cucurbit[7]uril also binds lysine and arginine amino acids and shows enhanced 

selectively for their methylated counterparts, in particular trimethylated lysine 

(LysMe3).61 Cucurbit[8]uril induces the self-assembly of caspase-9 by binding two N-

terminal phenylalanines in its cavity.62 On cucurbit[8]uril-assisted  homodimer formation, 

caspase-9 is enzymatically active and can be switched off by the addition of a PheGlyGly 

peptide, which competes for cucurbit[8]uril binding. Therefore, the macrocycle can be 

used as a molecular switch to control this enzyme’s activity. 

 

Type 2: Binding small surface-displayed recognition sites using Cyclams 

Cyclams are fourteen-membered tetraamine macrocycles known for their ability to 

complex various cations including transition metals.63 Xylyl-bicyclam, which consists of 
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two cyclam rings connected by phenylenebismethylene linker, is a potent inhibitor of 

human immunodeficiency virus (HIV) replication.64 This anti-HIV activity is thought to 

involve the cyclams binding the carboxylate groups of asparate and glutamate. The 

crystal structures of the Cu-cyclam and Cu2-xylyl-bicyclam with lysozyme, show a 

portion of the cyclam ring between the indole side chains of two tryptophan residues.45 

For the Cu-cyclam complex, additional interactions involve hydrogen bonds between two 

cyclam NH’s and the side chain of asparate. For the Cu2-xylyl-bicyclam complex 

additional interactions occur between the asparate side chain and Cu.  

 

Type 2: Binding small surface-displayed recognition sites using Crown Ethers 

Another class of small molecules that target specific solvent exposed residues and 

modulate protein properties is the crown ethers.65,66 For example, 18-crown-6 transports 

the water-soluble cytochrome c into organic solvents.67 Four 18-crown-6 molecules can 

simultaneously bind the protein through lysine residues.68 Complexation of cytochrome c 

by 18-crown-6 in methanol allows its chemical activation at −40 °C.69 Dicyclohexano-18-

crown-6 also binds cytochrome c and transfers it into an organic, poly(ethylene glycol)-

rich phase.70 The crown ether derivative displays a preference for cytochrome c over the 

other cationic proteins that display significantly fewer lysines. This residue preference 

and resultant altered solubility property enabled cytochrome c separation from a mixture 

of proteins of a similar size and pI. 18-crown-6 co-crystallizes the RbmA protein almost 

immediately after experiment preparation.47 The crystal structure of RbmA-ligand 

complex shows the 18-crown-6 at a protein-protein interface (Figure 5). The primary 

interaction involves the incorporation a lysine side chain in the central pore of the 18-

crown-6 and this is conducive to protein self-assembly.  

 
Figure 5: Crystal structure of 

RbmA with 18-crown-6.47 Two 

18-crown-6 molecules, nestled at 

the centre of the protein assembly, 

each entrap a lysine side chain. 

Chain A and B are represented as 

cartoons and coloured grey and 

cyan, respectively. The lysines 

and ligands are sticks.  
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Type 2: Binding small surface-displayed recognition sites using Calixarenes 

Synthetic agents that present a scaffold amenable to modification can be tuned to 

complement small surface-displayed recognition sites. For example, the calix[n]arenes 

are cup-shaped molecules belonging to a family of macrocyclic compounds.71 The upper 

and lower rims of the calixarene are amenable to countless modifications and the cavity 

can incorporate guest molecules of appropriate size.72-77 A survey of the Cambridge 

Crystallographic Data Centre shows a wealth of structures involving the water soluble p-

sulfonatocalix[n]arene (sclxn). Significantly, these structures include sclxn complexed 

with cationic functional groups, ammonium and guanidine (Figure 6). These complexes 

suggest that sclxn is suitable for protein surface binding via lysine and arginine residues. 

 

 
Figure 6. Crystal structures of sclxn complexed with a variety of ammonium and guanidine cations. Sclx4 with 

(A) norspermidine and (B) metformin.78,79 Sclx6 with (C) dimethylammonium and dimethylformamide and 

(D) leucine.80,81 Sclx8 with (E) dimethylammonium and dimethylformamide and (F) 1,2-cis-

cyclohexanediammonium.82,83 
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Sclx4 is the most widely studied compound in the calixarene family.84 Since the 

structure solution of the sclx4-sodium salt, the calixarene has shown great potential for 

self-assembly.85 Sclx4 can self-assemble as bilayers in an antiparallel (up-down) fashion, 

such that the hydrophobic layer is separated from a hydrophilic layer containing the guest 

molecules. In an up-up arrangement mediated by Na+, pyridine N-oxide and lanthanide 

ions, sclx4 self-assembly can be spherical or extend to helical tubular structures.86 Crystal 

structures also show sclx4 self-assembled with biorelevant molecules,84 including 

acetylcholine,87 oligoammonium cations78 and chlorhexidine.88 Crystal structures have 

been determined for sclx4 complexed with the cationic amino acids histidine,89 lysine,90 

and arginine91 and also the hydrophobic amino acids alanine, phenylalanine and 

tyrosine.89 The upper rim sulfonates and lower rim hydroxyl substituents enable sclx4 to 

interact through both polar and charge interactions. The aromatic nature of the calixarene 

core means that hydrophobic and cation-π interactions are also viable. These chemical 

properties explain why sclx4 can bind amino acids, which fit the cavity. Sclx4-amino acid 

complexes have also been studied in solution.92-94 In water (pH adjusted to 1 and 5) sclx4 

binds lysine and arginine in a 1:1 ratio.92,93 Significant perturbations for the 1H on the Cδ 

and Cε of lysine and also for the 1H on the Cδ of arginine suggest that this portion of the 

amino acids are included in calixarene cavity. The complexes can be inhibited by salt 

addition pointing to a strong electrostatic contribution to the interactions. Methylation of 

these side chains increases the binding affinity ~ 70-fold for lysine modified to 

trimethyllysine and 3-fold for arginine that has been dimethylated, in neutral phosphate-

buffered solutions.95 The increased tendency to cation-π, which is associated with the 

increasing number of methyl groups on the lysine, is expected to be the major contributor 

for sclx4 complexation. 

Interaction affinities are influenced by the symmetry of sclx4.76 For example, both 

NMR and ITC experiments show that a calixarene possessing three sulfonates and one 

phenyl group at the para position displays µM affinity for the LysMe3 amino acid in 

phosphate buffer, pH 7.4. The affinity is almost twice that of the parent compound, sclx4. 

NMR spectroscopy showed significant upfield chemical shifts for the 1H on the LysMe3 

Cα indicating CH-aromatic contacts between this 1H and the appended phenyl group. 

Introducing amino and carboxy substituents on this phenyl group significantly reduced 

LysMe3 binding. These electron-withdrawing groups are considered to inhibit interactions 

through weakened CH-π interactions. 
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Sclx4 alters the behaviour of bovine serum albumin. Complexation of the protein 

by sclx4 results in aggregation.96 Although the 67 kDa protein is acidic, it has 59 lysines, 

23 arginines and 17 histidines.97 Electrostatic interactions involving arginine- and lysine-

rich surface patches are likely to be responsible for the binding event. Electrospray 

ionization mass spectrometry shows sclx4 bind bovine serum albumin at three sites, while 

the larger sclx6 and sclx8 bind at one site.98  

The varying affinity of sclx4 for different amino acids was exploited for a 

substrate-selective supramolecular tandem assay. The calixarene was used to monitor the 

hydrolysis of arginine to ornithine, which was catalyzed by arginase.99 Sclx4 has a higher 

affinity for the substrate, arginine (Kd ~0.2 mM), than the product, ornithine (Kd ~2.0 

mM). Therefore, the depletion of the substrate over the course of the reaction allows the 

fluorescent dye to bind to the sclx4 cavity (Kd ~16.7 µM), which in turn decreases the 

fluorescence. During the enzymatic reaction, the sclx4-dye complexes reduce the 

fluorescence response. Similarly, cucurbit[7]uril was applied in a supramolecular tandem 

assay to monitor the oxidation of cadaverine to 5-aminopentanal by diamine oxidase.99  

The combined readouts of different calix[n]arenes as dye-displacement sensors 

can also be exploited to discriminate posttranslational modifications of cationic residues 

on histone tail peptides.100 Sclx4, sclx6 and a calix[4]arene, having three sulfonates and 

one Br at the para position, were used with two fluorescent dyes to produce a pattern of 

signals that is unique to each analyte and their concentrations. Solutions containing 

unmodified, trimethylated and acetylated Lys9 on the histone H3 tail peptides were 

screened. The unmodified and both modified Lys9 forms could be distinguished by virtue 

of their fluorescent fingerprints. The method was also used to resolve the location of 

trimethylated lysine residues in the peptide. These experiments demonstrate that small 

molecules that distinguish small solvent-exposed recognition sites are useful chemical 

sensors.  

Lipid monolayers doped with different combinations of para substituted 

calix[4]arenes distinguished proteins based on their displayed surface residues.101 For 

example, both basic histone H1 and cytochrome c interacted with monolayers containing 

tetraphosphonate calix[4]arenes. However, when anilinium calixarene halfspheres were 

introduced into the monolayer, histone H1 preferentially interacted with the surface 

compared to cytochrome c. Carboxylic acid calix[6]arene derivatives were also 

incorporated into supported lipid films.102 Electrochemical impedance spectroscopy 

showed cytochrome c binding the film with Kd of 66.1 nM, however, films lacking the 
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calixarene showed no binding. Bovine serum albumin (pI ~5.6) made diminutive 

interactions highlighting the importance of complementing charge.  

Similar to the crown ethers, a carboxylic acid derivative of calix[6]arene 

solubilised cytochrome c into chloroform.103 In H2O2 supplemented chloroform, 

cytochrome c displayed enzymatic activity by catalysing the oxidation of 2,6-

dimethoxyphenol. To demonstrate that the calixarene preferentially binds the lysine 

residues of cytochrome c, these side chains were guanidylated. The modified protein, 

possessing more guanidine groups than amino groups, was more difficult to solubilise 

than the native protein. In a related study, the calix[6]arene separated cytochrome c from 

solutions containing lysozyme.103,104 Calix[4]arenes with two or four carboxylphenyl 

groups at the para position bind cytochrome c in a 1:1 manner in dimethylformamide.105 

The affinity is greater for the tetra-substituted calix[4]arene than the di-substituted 

calix[4]arene, emphasizing the electrostatic contribution to association. Calix[4]arenes 

bearing one methylenebisphosphonic acid at the para position bind tyrosine phosphatase 

1B via arginine and lysine residues.106 The IC50 value of 1.2 µM is indicative of a high 

affinity complex, however, increasing the number of methylenebisphosphonic 

substituents weakens the interaction.  

 

Type 3: Binding large surface patches using Calixarenes 

The large size and relatively flat nature of many protein interfaces requires a ligand 

design that matches these surfaces. Calixarenes that complement both the electrostatics 

and structural features of the target protein have great potential as modulators of protein 

behaviour. While sclx4 and sclx6 form 1:1 complexes with amino acids, the calix[8]arenes 

having a larger, more flexible cavity show great potential for targeting larger surface 

patches. The 1:2 complexes sclx8 makes with amino acids lysine and arginine 

preliminarily suggests this.93 

Another approach for targeting bigger binding sites involves adorning 

calix[4]arenes with large substituents. For example, a calix[4]arene derivative consisting 

of a constrained anionic GlyAspGlyAsp loop at the para position was tested as a binder 

for cytochrome c (Figure 7).107 The ligand design was inspired by the antibodies that 

complex protein surfaces, therefore, both the charge and interfacial area were factored. 

Formation of the protein-calixarene complex inhibited cytochrome c reduction by 

ascorbic acid. Furthermore, a fluorescence titration with the calix[4]arene derivative was 
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shown to disrupt the complex formed between cytochrome c and its natural redox partner, 

cytochrome c peroxidase.108 The calixarene bound cytochrome c in a 1:1 binding mode 

with an affinity of ~0.3 nM in 10 mM phosphate buffer, pH 6.0. These experiments 

exemplify the potential of the calixarene as a modulator of both protein-protein 

interactions and protein function. Non-denaturing gel electrophoresis show that the 

calix[4]arene, which also complements the cationic surface of α-chymotrypsin, disrupts 

the protein from its 1:1 complex with trypsin.109 However, the calix[4]arenes having 

GlyAspGlyTyr or GlyLysGlyLys loops show little or no inhibition of the α-

chymotrypsin-trypsin complex, respectively. 

 

 
Figure 7. Designed molecular mimicry for binding large protein surfaces. (A) Electrostatic surface 

representation of the opened cytochrome c-cytochrome c peroxidase complex reveals complementary 

surfaces (PDB ID 2pcc).9 (B) Calix[4]arene decorated with GlyAspGlyAsp loops at the para position was 

designed to mimic the binding site of cytochrome c peroxidase.107 The anionic ligand competes with the 

partner protein for cytochrome c complexation.108 

 

A calix[4]arene possessing four guanidiniomethyl substituents at the para position 

was designed to complement the “hot spot” glutamates of the p53 tumour suppressor 

protein.110 Using Molecular Dynamics (MD) and NMR the calix[4]arene was shown to 

bind the p53 R337H mutant. Interactions occurred between the guanidine substituents and 

glutamates, as well as the conical calix[4]arene core, which inserted into the hydrophobic 

cleft formed between two monomers (Figure 8). The calix[4]arene-protein interactions 

resulted in the stabilisation of an otherwise unstable p53 mutant in water, pH 7. Similarly, 

a calix[6]arene derivative having six imidazole groups was designed to bind the same p53 
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R337H glutamates.111 In vitro assays show the calix[6]arene stabilise the protein and 

enhance the transcriptional activity under physiological conditions.  

 
Figure 8. Guanidocalix[4]arene-p53 R337H 

complex determined by MD.110 Figure is 

copyright of  (2008) National Academy of 

Sciences, USA. Two calixarenes bearing 

guanidine groups bind the tetramerisation 

domain, making charge-charge interactions 

with Glu336 and Glu339. The lower rim of 

the ligand fits into the hydrophobic pocket of 

the protein.  

 

Voltage-dependent potassium channels consist of a tetrameric assembly with a 

central pore that conducts K+ across the cell membrane.112 MD and electrophysiology 

assays demonstrate that a calix[4]arene having guanidines at the para position bind these 

channels.113 The interactions were similar to the p53 R337H-calix[4]arene complex. For 

example, the cationic substituents of the calix[4]arene complemented the predominantly 

negatively charged surface patch of the channel. Moreover, the calix[4]arene core and 

lower rim hydroxyls bound the central, conical pore. As a result of the protein-

calix[4]arene complex, the channel’s function was inhibited.  

Calix[4]arenes having lower rim substituents that mimic the antiparallel β-sheet 

structure and are terminated with cationic substituents have shown antitumor activities.114 

The agglutination assay has shown that the calix[4]arene with tetra-amine terminated 

substituents inhibits cell proliferation in a dose-dependent manner.115 It does so by 

binding human galectin-1. NMR spectroscopy shows that the calixarene binds one region 

on the protein surface and this causes the perturbation of the residues located in the 

carbohydrate binding region, which prevents carbohydrate binding. 

 

Type 3: Binding large surface patches using Porphyrins 

Porphyrins, which are large, rigid, planar molecules can bind large surface patches and 

modulate protein behaviour. The porphyrin scaffold consists of a hydrophobic core that 

can be tuned at its periphery to match specific surfaces. For example, the tetra-phenyl-

porphyrin scaffold bearing different anionic and hydrophobic groups, mimics the 

interaction interface of cytochrome c peroxidase that binds cytochrome c (Figure 9).116 
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Fluorescence quenching of the porphyrins, caused by cytochrome c binding in 5 mM 

phosphate buffer at pH 7.4, indicated the formation of 1:1 protein-porphyrin complexes. 

The porphyrin possessing 8 phenyl groups and the highest net charge (-8) displayed the 

greatest affinity, Kd ~20 nM, for cytochrome c in this study. 

The interactions involving cytochrome c and a tetra-phenyl-porphyrin bearing 

four anionic TyrAsp substituents cause the protein’s denaturation temperature to 

decrease.117 Acetylation of all the cytochrome c lysine Nε greatly reduced the interactions 

indicating that the complementing surface charges are required for complex formation. 

The larger tetra-biphenyl-porphyrin bearing 16 carboxyl groups is a more potent binder 

(Kd ~0.67 nM) and denaturant for cytochrome c.118 Both porphyrins make 1:1 complexes 

with cytochrome c. However, the larger, more anionic porphyrin has a significantly 

higher affinity due to its increased size and charge. Proteins of a similar size and having a 

lower pI than cytochrome c experienced significantly weaker binding by the tetra-

biphenyl-porphyrin. This suggests that complementary charges are required for complex 

formation. Additionally, cytochrome c denaturation could be reduced through salt 

addition, further highlighting the electrostatic contribution to protein binding.  

NMR spectroscopy was used to map interactions between cytochrome c and two 

anionic porphyrins onto the protein surface, in 25 mM potassium phosphate and 50 mm 

NaCl, pH 6.0.119 The porphyrins possessed either four propionic acid or 

dicarboxylatophenyl substituents. Although the data for both porphyrins point to a single 

binding event, the interactions are dynamic and extend across a large patch that covers 

about half of the protein surface. The dicarboxylatophenyl substituted porphyrin 

displayed ~ 5 fold higher affinity for cytochrome c than its propionic acid counterpart. 

Porphyrins can also be used to differentiate proteins based on their surface 

properties,120  in a similar manner to the substrate-selective calix[n]arene assays. Owing 

to the spectroscopic properties of porphyrins, their association with protein causes 

fluorescence changes. Statisical treatment of the FRET-binding patterns enabled the 

identification of various proteins and protein mixtures. For example, the acidic ferrodoxin 

can be distinguished from cytochrome c. The paramagnetic iron in both proteins show 

distinct fluorescence quenching when specific porphyrins strongly bind the protein 

surfaces. Lysozyme can be distinguished from the acidic α-lactalbumin as the association 

of specific porphyrins at the protein surfaces changes in the environment of the 

fluorophore and, in turn, its fluoresence.  
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Porphyrins have also been used to exploit the four-fold symmetry of potassium 

channels (Figure 9).121 For example, porphyrins bearing cationic substituents were 

designed to interact simultaneously with all four subunits of the channel via glutamate 

side chains, similar to the calix[4]arene. Competitive binding assays and 

electrophysiological assays showed that the interactions between a cationic porphyrin and 

the potassium channel partially blocked K+ conductance and were reversible. Negatively 

charged porphyrins showed no interaction. The data provides a guide for the design of 

therapeutics that aim to hamper cell secretion by disrupting the function of potassium 

channels. 

 

 
Figure 9. The exploitation of symmetry for molecular mimicry. (A) The crystal structure of the potassium 

channel tetramerisation domain. K+ (purple sphere) binds the centre of the pore. Three protein chains are 

grey cartoons and the electrostatic surface of the forth chain is shown. (B) The porphyrin matches the four-

fold symmetry of the channel and complementary cationic substituents drive complexation.121  

 

Type 3: Binding large surface patches using Polymers 

Bisphosphonate co-polymers can distinguish protein surfaces by virtue of their cationic 

residue composition.122 For example, arginine-rich lysozyme binds the co-polymer 

containing bisphosphonate, alcohol and dodecyl substituents in a ratio of 3:1:1, with a 

100-fold higher affinity (Kd value of 25 nM) than cytochrome c.123 As the proteins share 

similar sizes and pI, the selectively for lysozyme over cytochrome c is attributed to the 

polymer’s preference for binding arginine side chains. Interactions between the solvent-

exposed bisphosphonate head of the co-polymer and arginine residues lead to multiple 

protein molecules binding one polymer strand. 
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Type 3: Binding large surface patches using Dendrimers  

Dendrimers are another group of well-defined molecules that are used for protein surface 

recognition. The ligands have an inner core that is repeatedly branched to complement to 

the size of protein surfaces. Dendrimers with bisphosphonate substituents bind the 

surfaces of basic proteins.124 An octameric dendrimer forms strong complexes with small 

basic peptides and tightest binding, on the µM scale, is observed for histone H1. No 

interaction could be detected for the anionic ovalbumin or carbohydrate anhydrase. 

Carboxylate dendrimers that closely match the size of the natural interaction interfaces of 

cytochrome c and chymotrypsin have the greatest affinity for binding these protein 

surfaces and inhibit protein-protein interactions.125 

 

Subject of this thesis  
There are numerous examples of protein-small molecule complexes showing altered 

protein properties, from solubility to modified interaction behaviours. The majority of 

these investigations lack structural data, which is required to thoroughly characterise 

precise binding interactions (Table 1). Although calixarenes are good protein binders and 

modulators of protein behaviour, there is no crystal structure showing exactly how a 

calixarene complexes proteins. Therefore, this thesis focused on the ability of sclx4 to 

bind protein surfaces in three model systems. The goal was to establish the binding mode 

and precise structural information for protein complexation using X-ray crystallography. 

Protein-small molecule co-crystallization and crystallography were central to this thesis. 

Therefore, Chapter 1 describes the crystallization methods used and provides an overview 

of the data collection strategy right through to structure solution.  

 

Model proteins  

The two proteins used were lysine- or arginine-rich. The systems provided opportunities 

to identify, characterise and rationalise the observed interaction epitopes and finally to 

compare the results obtained for each system (Discussion).  

In this work the first target protein used was Saccharomyces cerevisiae 

cytochrome c (cyt c). It is primarily known for its function in the mitochondrion 

supporting ATP synthesis, however, it also presents a crucial trigger for apoptosis.126 Cyt 

c is a useful model protein for the ease at which it can be over-expressed and purified.127 
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Moreover, the interactions with protein partners have been well studied and its crystal 

structure is known.9,128,129 

Cyt c consists of a 108 amino acids with a molecular weight of ~13 kDa. The 

protein is redox active by virtue if a single haem group covalently attached by Cys14 and 

Cys17. Importantly, cyt c is cationic (pI >10). Of the 34 protonatable residues, 16 are 

lysines, 3 are arginines and 4 are histidines.130 Most of the cationic residues are located in 

a broad patch in the vicinity of the exposed haem edge of cyt c (Figure 10). This patch 

contributes to the binding site in protein–protein interactions through electrostatic steering 

and interactions with the complementing surfaces of its partner proteins.14,128,129,131-133 

The complexes formed by cyt c and sclx4 are described in Chapter 3. Both NMR and 

crystallography were used to study the complexes. Recalling that cyt c is lysine-rich, the 

system addressed three central points: (i) are lysines specifically involved in interactions 

with sclx4, (ii) what is the contribution of electrostatic interactions, and (iii) what is the 

structure of the sclx4 binding site(s)? An Arg13Glu (R13E) mutant of cyt c was also co-

crystallized with sclx4 for comparison (Chapter 2). The larger size of these crystals 

inspired their electrochemical characterisation (Chapter 3). Therefore, the crystals were 

grown on modified Au electrodes and characterised by using cyclic voltammetry. The 

project was carried out in collaboration with Prof. Lisdat and Dr. Sven Feifel in TH-

Wildau.  

 
Figure 10. Small surface-

displayed recognition sites for 

sclx4 binding. (A) Surface 

representation of cyt c (grey) 

with lysine and arginine 

residues shown as orange and 

purple spheres, respectively. 

The exposed haem is shown as 

dark grey spheres. (B) Side on 

and top down views of sclx4. 

Sclx4 is represented as spheres. 

 

Hen egg white lysozyme was the second model protein. Lysozyme catalyses 

bacterial cell wall degradation and specifically hydrolyses the β-(1,4)-linkages 

between N-acetylmuramic acid and N-acetyl-d-glucosamine in peptidoglycans.134 It was 
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the first enzyme to have its three-dimensional structure solved by X-ray 

crystallography.135 Although its biological function has been elucidated, lysozyme is 

better known for the ease at which it crystallizes. Therefore, it has been used in numerous 

systems that study protein crystallization37,136 and was engineered into the b2-adrenergic 

receptor to facilitate crystallization of the membrane protein.137 

Lysozyme consists of 129 amino acids and has a molecular weight of ~ 14 kDa. 

Of the 27 protonatable residues, 11 are arginines, 6 are lysines and 1 is histidine, inferring 

a net positive charge (pI >9).138 Lysozyme was chosen as a model protein as it is arginine-

rich. Therefore, it is an interesting comparison for the lysine-rich cytochrome c. The 

lysozyme-sclx4 complex is described in Chapter 4. Crystallography was used to study the 

complexes and identify the features that promote complexation of an arginine-rich protein 

by sclx4.  

Sclx4 displays highest affinity for dimethyllysine, over lysine and arginine side 

chains.95,139 The lysine residues and N-terminus of lysozyme were dimethylated to yield 

lysozyme-KMe2, the third model protein. Lysozyme-KMe2 is arginine-rich and the 

modification doesn’t change the net charge, therefore, it is a good model protein for 

testing the selectively of sclx4. The crystal structure of the protein and sclx4 is described 

in Chapter 5. The system investigated three central points: (i) does sclx4 have a preference 

for the dimethylated lysine residues, (ii) do other cationic side chains contribute to the 

association of lysozyme-KMe2 and sclx4 and (iii) do dimethylated lysine residues modify 

protein self-assembly? Overall, the three model systems have a similar size and charge 

but differ in the proportion of cationic residue types providing distinguishing interaction 

opportunities for sclx4.  
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Chapter 1:        

Co-crystallization and X-ray crystallography of 

protein-small molecule complexes  
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Abstract 
Model systems using cytochrome c or lysozyme are important for investigating protein-

small molecule complexation. As small molecules can alter the solubility of proteins, the 

co-crystallization method, but moreover the crystal structure solution are valuable for 

understanding the recognition sites involved in self-assembly. In this chapter the 

application of crystallization and crystallographic methods for the analysis of a variety of 

protein-small molecule complexes is described. The data collection protocol employed at 

the European Synchrotron Radiation Facility, beamline ID23-2, right through to structure 

solution are described.  
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Introduction 
X-ray crystallography is a powerful tool for visualizing protein structure at atomic 

resolution. The first step to determine an X-ray crystal structure of a protein is often 

deemed to be the most difficult. It requires the growth of sufficiently large, diffraction 

quality protein crystals. That is to say, the molecules must have an ordered arrangement 

that extends over a long range in 3 dimensions. Protein crystallization is burdened by an 

entropic penalty due to the incorporation of molecules into the crystal lattice.140,141 This 

involves the loss of rotational and translation freedom of the molecules. Flexible loops 

and side chains trapped at protein-protein interfaces during crystal contact formation also 

have reduced flexibility, thus presenting an additional entropic cost.  

The tendency of proteins to avoid crystallization is attributed to evolutionary 

design.142 For example, globular proteins are believed to have evolved to avoid 

aggregation through a ‘surface-entropy shield’ consisting mostly of lysine and glutamate 

residues. Lysine residues are the most solvent-exposed residues in proteins with 68 % and 

26 % being completely or partly exposed, respectively.56 Due to the high conformational 

entropy of the solvent-exposed lysine residues, they are routinely mutated or covalently 

modified to promote the nucleation of proteins that are otherwise intractable to 

crystallization.33,34,143 Mutating this residue to small amino acids that have lower 

conformational entropy helps achieves this.143 Lysine side chains are also regularly 

methylated to reduce protein solubility and promote protein crystallization.33,34 The use of 

small molecules as precipitants is also important for crystallization.40 For example, 18-

crown-6 promoted the crystallization of the RmbA protein by binding lysine side 

chains.47 The small molecules tested for their ability to co-crystallise lysine-rich 

cytochrome c are discussed.  

 

Principals of protein crystallization 
The crystallization phenomenon is composed of two steps, nucleation and crystal 

growth.144 Nucleation is the phase transition achieved by moving from an undersaturated 

solution to a supersaturated solution. Consequently, a cluster is formed creating two 

phases, the cluster and the mother solution. Crystal growth can subsequently occur via the 

mass transport of solute molecules towards the cluster surface followed by adsorption and 

incorporation into the lattice. 
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The varying degrees of saturation are distinguished by the phase diagram (Figure 

1A).144 The four unique zones are the undersaturation, metastable, nucleation and 

precipitation zones. The undersaturation zone is characterised by fully solubilised protein 

and is devoid of any precipitate. The area of lowest supersaturation, the metastable zone, 

is associated with crystal growth and stability. Spontaneous nucleation occurs in the 

nucleation or labile zone. The precipitation zone is the region of highest supersaturation 

in which undesirable protein precipitation or liquid-liquid phase separation occurs. 

Although supersaturation is important for crystal growth, the rate at which supersaturation 

occurs is also crucial to the process.145 The crystallization method employed, be it vapour 

diffusion, batch or counter diffusion, governs the path taken through the solubility 

zones.146,147 The hanging drop vapour diffusion method is central to this thesis. In this 

technique µL quantities of the protein solution and the reservoir solution are combined in 

a drop that hangs from a cover slide (Figure 1B). Equilibration between the drop and the 

reservoir solution is the driving force for achieving supersaturation and, in turn, 

nucleation.  

 

 
Figure 1. Protein crystallization involves a phase transition achieved by decreasing 

protein solubility. (A) A phase diagram depicting different solubility zones. Varying a 

parameter such as pH or precipitant concentration affects the protein solubility. (B) A 

scheme for the hanging drop vapour diffusion method. Water vapour diffuses out (arrows) 

of the drop allowing equilibration with the reservoir solution. As a result of this diffusion 

the protein concentration increases moving towards supersaturation and crystallization. 
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The effects of precipitants 
The solutions used for crystallization typically consist of a homogenous protein sample in 

pure water or at low salt concentration. The protein solubility must be reduced to 

overcome natural protein-protein repulsions that exist in monodisperse protein solutions 

and for a new phase to appear. This phenomenon is characteristic of all protein 

crystallization experiments.144  

Intermolecular forces govern crystallization, therefore, the process is sensitive to 

physical and chemical properties. Precipitants are selected to drive the phase transition. 

For example, the ionic strength of the solution is a crucial factor for modifying protein 

solubility.148-150 At low ionic strength, termed salting-in, the solubility of the protein 

increases.148 This is attributed to the association of the ions (from the salt) with the 

protein surface, which subsequently shields water molecules from those surface areas. 

Alternatively, increasing the ionic strength, or salting-out, involves the saturation of the 

protein surface by salt ions that interact with the solvent, resulting in decreased protein 

solubility.  

pH is an important factor for crystallization as the protein’s surface charge 

distribution and, in turn, the intermolecular interactions change with pH.151 The pH values 

that maintain the folded structure of the protein can only be used for crystallization. The 

protein’s isoelectric point (pI) is usually the protein’s lowest solubility. Therefore, buffers 

that operate in the pI range are useful for crystallising proteins. When the pH is less than 

the side chain’s pKa, the functional group is protonated and when pH is greater the side 

chain is then deprotonated. At pH > 4 acidic side chains are deprotonated and at pH < 6, 

10 and 12 the side chains of histidine, lysine and arginine are protonated, respectively. 

For co-crystallization experiments the protein surface charge distribution should 

complement the charge of the ligand. 

Organic polymers are also useful precipitants. For example, poly(ethylene glycol) 

(PEG) is recommended as an initial trial reagent for protein crystallization.152 McPherson 

has shown that screens prepared with varying concentrations of a given PEG size 

crystallized 13 out of 22 proteins. PEG–protein interactions are usually repulsive and both 

PEG and protein molecules compete for water. This leads to crowding effects that 

promote protein-protein interactions.153  

Metal ions are useful promoters of protein self-assembly.154 As a result, they are 

used to promote crystal growth by bridging and stabilising intermolecular contacts.155 For 
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example, crystals of plastocyanin could only be grown in conditions containing Zn2+.156 

The crystal structure shows Zn2+ at protein interfaces coordinating a histidine residue on 

one molecule and two aspartates on another. Lysozyme and the maltose-binding protein 

were engineered to possess metal-binding sites.157 The protein variants yielded crystals 

upon metal coordination. The location of the metal-binding sites was shown to affect the 

oligomeric assemblies and the crystal packing. 

Small molecules that specifically bind protein surfaces can have substantial affects 

on protein solubility and subsequently, the crystallization behaviour.158 For example, 

protein binding by small synthetic molecules can modify the surface charge distribution. 

This was demonstrated by the small molecule pyrenetetrasulfonic acid, which promoted 

the crystallization of Leishmania mexicana PYK.40 The presence of the ligand in the 

crystallization buffer induced crystal growth. In the crystal structure, pyrenetetrasulfonic 

acid was observed stacked between the arginine side chains of two protein molecules 

acting as ‘molecular glue’. Charge-charge interactions were observed between the 

arginine side chains and the ligand sulfonates. 

Protein-small molecule co-crystallization 
The two main strategies for obtaining protein-small molecule crystals are the soak-in and 

co-crystallization methods.159,160 As coined by Emil Fischer, many protein-ligand 

complexes may be considered as a ‘lock-and-key’.161 This analogy highlights the 

specificity of a ligand binding an enzyme via insertion into a binding pocket. The soak-in 

method takes advantage of this phenomenon and is typically employed to screen a variety 

of ligands for one binding site. Crystals containing 4-anilinoquinazolines bound to cyclin-

dependent kinase 2 were obtained using the soak-in method.162 Crystals of the apo-protein 

are a prerequisite for soak-in method and the crystals were soaked for 24 hours with an 

excess of each ligand prior to data collection. The solvent channels, accounting for the 

bulk solvent of crystals, present a route for the ligand to the binding site.163,164 Therefore, 

the binding site, which is typically well-characterised, must be solvent exposed in the 

structure. Ligand binding, however, can induce conformational changes that damage the 

crystal lattice and lead to crystal cracking or dissolution.  

Tumour-necrosis factor (TNF) exists as a trimer and is a key factor in 

inflammatory responses.165 Fragment screening identified a class of small molecules that 

bind and disrupt the TNF complex (Kd ~13 µM).20 Preliminary efforts to soak-in one 
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small-molecule inhibitor of TNF into the crystals resulted in crystal cracking. These 

challenges were overcome using the co-crystallization method. For this method, the 

ligand and protein are premixed prior to preparing crystallization experiments. The 

structure of the TNF-inhibitor complex showed a TNF dimer with the small molecule 

bound at a protein-protein interface, a binding site that is otherwise completely buried in 

the TNF trimer complex. 

Crystal structures for the protein ProX from Archaeoglobus fulgidus, show the 

conformational changes that occur on ligand binding.166 The free ProX has an open 

conformation. Co-crystallization experiments were prepared for ProX with 

trimethylammonium, glycine betaine and proline betaine. The resultant crystal structures 

show a closed conformation and the box-type binding site is formed by the rearrangement 

of the two protein domains. Therefore, the co-crystallization method is useful as the 

protein-ligand complex has the ability to form prior to crystallization. As a result, the 

crystal structure is more likely to display the preferred conformation and interaction 

site(s), which may not have been available using the soak-in method.   

Ligands selected for co-crystallization 
The capacity of four synthetic ligands to alter the crystallization behaviour of one or two 

cationic proteins was tested. All the ligands are water soluble and possess features that 

complemented the protein surface of cytochrome c (cyt c).130 For example, each ligand 

has a hydrophobic core and an anionic periphery. However, the size, structure and charge 

of the ligands vary (Figure 2). Therefore, the ligands have different tendencies to make 

noncovalent interactions and this was expected to influence complex formation. 
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Figure 2. The ligands used for co-crystallization. (A) p-sulfonatocalix[4]arene, (B) p-

sulfonatocalix[8]arene, (C) meso-tetra(4-sulfonatophenyl)-porphyrin and (D) tris-indole ligand.  
 

p-sulfonatocalix[4]arene (sclx4) was the first small molecule tested by co-

crystallization experiments. The molecule was selected primarily for its ability to bind 

cationic residues and incorporate guest molecules in its cavity.90,93 p-

sulfonatocalix[8]arene (sclx8), which can bind two amino acids simultaneously,93 was 

also chosen as a contender for co-crystallization experiments. The greater negative charge 

was expected to enhance cyt c complexation and the size was expected to complement a 

larger interface.  

Owing to its water solubility and commercial availability tetra(4-sulfonatophenyl)-

porphyrin (TPPS4) is among the most commonly studied porphyrins. The four crystal 

structures in the PDB demonstrate the self-assembly propensity of TPPS4.50-52 In each 

structure the porphyrin pairs are sandwiched between protein monomers, mediating the 

crystal-lattice interface. TPPS4 can also self-assemble in a cooperative manner with a 
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lysine-rich peptide, driven by complementary charges.167 As TPPS4 is a planar molecule, 

it was thought to present an interesting comparison for the cup-shaped molecule, sclx4. 

Small molecules implemented in molecular recognition studies of protein-ligand 

complexes are often designed taking inspiration from nature.3 For example, a tris-indole 

ligand was designed to mimic the aromatic cages that bind trimethylated lysines.168 The 

host is a flexible, indole-based structure with mM affinity for trimethylated lysine in 

phosphate-buffered D2O. There is no structural information showing the tris-indole ligand 

binding protein surfaces. Therefore, co-crystallization trials were prepared with the tris-

indole ligand to study its capacity to bind the cationic surface of cyt c. 

 

Standard protocols: From co-crystallization to crystallography and 

structure solution 

Co-crystallization  

The hanging drop vapour diffusion method was implemented for all crystallization 

experiments. All trays were incubated at 20 °C, unless otherwise stated. Two approaches 

were used for preparing co-crystallization experiment drops. One approach involved the 

addition of 1 µL of each protein and ligand to 1 µL of reservoir solution. The second 

approach involved premixing the protein and ligand solutions and allowing protein-ligand 

complexes to preform, similar to the TNF-inhibitor co-crystallization method.20 The 

experiment drops were then prepared by adding 2 µL of the protein-ligand solution to 1 

µL of reservoir solution. These two approaches for preparing crystallization drops can 

affect crystal growth. For example, premixing the protein and ligand solution prior to 

drop preparation improved crystal growth for a cyt c mutant with sclx4 (Figure 3). For all 

initial co-crystallization experiments the ligand concentration was 10-fold higher than the 

protein concentration. Control drops were essential to confirm that the observed 

precipitates and crystals were a result of ligand-protein interactions, rather than a 

precipitant effect. Therefore, the control drops were prepared by substituting the ligand 

component of the crystallization drops with water.  
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Figure 3. Cyt c R13E crystals that grew with 10-fold excess of sclx4. (A) Depressed faces observed on the 

crystal surfaces are characteristic of the experiment drop preparation. The experiment drop was prepared by 

combining equal volumes (1 µL) of reservoir solution, cyt c R13E and sclx4. (B) Crystals that display 

smooth surfaces and many of the crystals are symmetrical. Mixing cyt c R13E and sclx4 prior to addition to 

the reservoir solution significantly improved the appearance of the crystals.  
 

Preliminary crystallization trials used PEG 8000 as the sole precipitant. The PEG 

concentrations were 0-30 % or 0-50 %. The crystallization trials typically incorporated 

either a salt or buffer over the same PEG range. Different combinations of buffers and 

salts were screened to identify conditions that favoured protein crystallization. Typically, 

the effects of 50 mM sodium cacodylate pH 6 and/or 50mM NaCl were tested in 

preliminary optimisation experiments. When sufficiently large crystals were obtained, an 

oil barrier was frequently employed to improve the appearance of the crystals, in 

anticipation of X-ray diffraction experiments. This slows down the rate of diffusion and, 

in turn, the approach of supersaturation and crystallization.146 The rate of equilibration is 

influenced by the oil type and thickness. 200 µL of paraffin oil gently placed above the 

reservoir solution was common practice. Crystal growth can also be improved by filtering 

the crystallization solution. When sufficiently large crystals were obtained (typically 

greater than 10x10x10 µm) the crystals were brought to Trinity College Dublin and 

harvested in the Khan or Caffrey lab. 

 

Crystal cryo-protection and harvesting 

All crystals were cryo-protected to minimize ice formation during harvesting and to 

reduce radiation damage during data collection. The cryoprotectant solutions were 

prepared with up to 20 % of glycerol and 80 % reservoir solution. In advance of 

harvesting the cryoprotectant alone was tested in a loop under a 100 K liquid nitrogen 

stream for ice formation. If ice appeared, the concentration of glycerol was increased by 
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5 % and the test repeated. If glycerol wasn’t compatible with the reservoir solution as a 

cryoprotectant, the glycerol was substituted for another antifreeze.  

Typically, 1 µL of cryoprotectant agent was added to the crystallization drop, 

which was allowed to equilibrate for up to 1 minute. Introducing the cryoprotectant into 

the mother liquor can induce osmotic shock in the crystal, resulting in its defragmentation 

or dissolution. Therefore, the crystal behaviour was monitored during the equilibration 

process. Intact crystals or sufficiently large fragments were rapidly transferred to fresh µL 

aliquots of cryoprotectant and again allowed to equilibrate for up to 1 minute. The 

crystals were then harvested, ideally one crystal per nylon loop. The loop matched the 

crystal size. The crystal-containing loop was plunged into liquid nitrogen and transferred 

to a vial submerged in liquid nitrogen for storage.  

 

Preliminary X-ray diffraction experiments 

As mosaicity and twinning are limiting factors in data processing when possible the 

diffraction quality of the crystals was tested on an in-house X-ray source in the Khan lab. 

The crystals were flash-cooled under a stream of nitrogen gas at 100 K and diffracted at 

1 ° and 180 ° with an exposure time of 2 minutes. The diffraction patterns were visually 

inspected and their suitability for further X-ray diffraction experiments assessed (Figure 

4). The data were also integrated to make a preliminary assessment of the space group, 

the unit cell parameters and the resolution limit. A significant deviation in the unit cell 

parameters from the known protein structure indicated altered crystal lattice packing, 

hinting at a possible new protein-ligand complex. Isotropic crystals were saved for 

diffraction at synchrotron sources to obtain higher resolution data.  

 
Figure 4. A region of an X-

ray diffraction pattern of a 

protein crystal. Two 

patterns are observed 

overlapping. Below the 

intense rows of spots, 

weaker spots are visible 

(arrow), indicative of 

macroscopic twinning. 
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Data collection at the European Synchrotron Radiation Facility 

Complete data sets were collected at synchrotron sources including the European 

Synchrotron Radiation Facility (ESRF), Diamond Light Source, SOLEIL, the Swiss Light 

Source and the Advanced Photon Source. As data collection protocols vary from user to 

user, the following focuses on the approach implemented at the ESRF beamline ID23-2 

with Dr. Valerie Pye for diffracting crystals of proteins of known structure.  

The MxCube package was used to select and mount a crystal from the basket and 

to centre the sample. Crystals that were not tested on an in-house X-ray source were 

rotated and diffracted at 1 ° and at the 90 ° offset angle for diffraction characterisation. 

The software EDNA was employed to determine the crystal symmetry, the unit cell 

parameters and the resolution limit. The signal/noise was also assessed. EDNA 

subsequently generated a data collection strategy to maximise both the resolution and 

completeness of the data set. Typically, extra data was collected to compensate for 

potential data lost due to spot overloads and overlaps.  

 

Data processing and reduction 

The Collaborative Computational Project (CCP4) is an integrated suite of programs 

used to determine macromolecular structures by X-ray crystallography, and other 

biophysical techniques.169 The following programs, with the exception of Molprobity, 

were run through the CCP4 suite. 

MOSFLM was used to process the data sets and to produce a sorted MTZ file 

containing reflection indices, their intensities and standard deviations.170 The first step, 

called Indexing, uses the Fourier-based data processing suite algorithm to generate a list 

of possible lattices. The calculation is based on two frames and the solution with the 

highest symmetry and lowest penalty was selected. The mosaicity estimate must be less 

than the degree of rotation. A good agreement between the “Spot finding” prediction and 

those observed on the diffraction pattern indicates the reliability of the assigned space 

group obtained from indexing. With no discrepancies or challenges a subset of frames 

from the dataset are used for the cell refinement step. If no significant problems are 

encountered the whole dataset is integrated (but unmerged) to generate an output file in 

the CCP4 mtz format for data reduction. 
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The program Pointless was used to score all of the possible Laue groups 

consistent with the crystal class.171 This involved matching potential symmetry equivalent 

reflections in the diffraction pattern. 

Scala was used to scale symmetry-related intensities together and produce 

statistics on the data quality.171 Scaling tries to make symmetry-related and duplicate 

measurements of a reflection equal. It does so by modelling the diffraction experiment as 

a function of the incident and diffracted beam directions in the crystal. This makes the 

data internally consistent. The statistics detailed in the Scala log file indicate the overall 

quality of the data. The Scala output mtz file was used for further reduction. 

The program Matthews was implemented to determine the solvent content of the 

unit cell.163,172 This information is crucial for molecular replacement, performed with 

Phaser.173 The structures described in this thesis were all solved with Phaser, using a 

coordinate file. The PDB file was edited prior to use to contain only the chain that is in 

target structure. Water molecules, various ligands and additional chains, were deleted 

from the coordinate file. Phaser uses the initial model as the search model to be 

positioned in the unit cell using rotation and translation functions. Low resolution data is 

adequate to position the structure in the right place and high resolution data provides 

sufficient difference density to orient and refine the structure. An output coordinate file 

with the molecule correctly positioned was subsequently generated. In conjunction with 

this, the experimentally phased electron density map was released as an output mtz file. 

At this point the agreement between the maps and the crystal packing were manually 

inspected in COOT for the correct solution. The molecular replacement statistics detailed 

in the Phaser log file were also checked.  

Structure refinement is an interactive and iterative process, the objective of which 

is to best fit a model to an electron density map. Using the molecular graphics program 

COOT, the maps were interpreted and the structure was rebuilt to best fit the map.174 The 

modified structure was refined using Refmac5 and a new map was calculated from that 

model.175 More building into the new map was done and the refinement repeated. In 

addition to fitting the structure to the density map, a close inspection of the chemical 

environment of the residues is important during the building process. Therefore, a 

detailed residue-by-residue analysis was carried out. The atom occupancy, which is the 

fraction of the atom present at a specific site, is an important factor during structure 

refinement. For example, decreasing the occupancy of an atom increases its temperature 

factor. The effects can be observed in the mtz file as the amount of electron density at that 
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point lessens. The R-value and R-free indicate the model quality. The R-value provides 

an indication of the agreement between the observed and calculated structure factor and 

the R-free is calculated using a partial dataset that is not used in the refinement of a 

structure. Both values, expressed as a %, should be as low as possible and similar. 

Typically, as a last step in the refinement procedure, anisotropic data refinement was used 

for data better than 2 Å, to improve the R-value and R-free.  

Structure validation was performed using MolProbity.176 The program assesses 

covalent geometry, dihedral angles and chirality. The MolProbity results may indicate 

that structure rebuilding is required. The Ramachandran plot,177 as generated in COOT or 

MolProbity, was also used to assess the structure quality. It shows the distribution of 

torsion angles of a protein structure and highlights the residues present in sterically 

disallowed conformations. The solved 3D structures were deposited in the Protein Data 

Bank. 

Co-crystallization results  
Saccharomyces cerevisiae cyt c was used as a model protein for co-crystallization 

experiments with sclx4, sclx8, TPPS4 and the tris-indole ligand. Crystals were obtained for 

cyt c in the presence of three of the ligands.  

Cyt c crystals grew readily in drops prepared with 10-fold excess sclx4, for which 

PEG was the sole precipitant. Optimisation of these conditions yielded the growth of high 

quality diffraction crystals (Table 1). Subsequently, co-crystallization experiments 

extended to an Arg13Glu (R13E) mutant of cyt c (Figure 3). Co-crystallization trials of 

cyt c R13E and sclx4 were prepared with the known crystallization conditions for the wild 

type. Significantly larger crystals of the mutant, which were visible by eye, grew rapidly 

(overnight) in a broader PEG range of 18-32 %. The size of the crystals and ease of 

crystallization suggested that the mutation and, in turn, the decrease in the net charge of 

the protein, facilitated assembly. The crystal structures for cyt c and cyt c R13E with sclx4 

were solved (Chapter 2).  

Sclx4 co-crystallization experiments were also carried out with hen egg white 

lysozyme (Table 1). High quality diffraction crystals of native lysozyme grew from drops 

containing similar conditions to cyt c-sclx4 crystals and the structure was solved (Chapter 

4). The lysine residues and the N-terminus were dimethylated in lysozyme, to yield 

lysozyme-KMe2.178 Crystallization trials were repeated with sclx4 and lysozyme-KMe2 
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crystals using the known cyt c-sclx4 co-crystallization conditions. Crystals grew within 

minutes in a significantly broader PEG range, 0-35 %, and at different ionic strenghts. 

The crystal structure was solved (Chapter 5). 

 
Table 1. Sclx4-protein co-crystals and the conditions used. 

 

Cyt c-sclx4: Crystals of cyt c grew in the presence of sclx4. The 

crystallization drop was prepared by combining 1 µL of 

reservoir solution, 1 µL of 1.7 mM cyt c and 1 µL of 17 mM 

sclx4. The reservoir solution contained 26 % PEG 8000, 50 mM 

NaCl, 100 mM MgCl2 and 50 mM (CH3)2AsO2Na pH 6. 200 µL 

of paraffin oil was placed on top of the reservoir solution. 

 

Cyt c R13E-sclx4: Large crystals of cyt c R13E grew in the 

presence of sclx4. The crystallization drop was prepared by 

combining 1 µL of reservoir solution and 2 µL of the complex 

solution, prepared by combining equal volumes of 1.8 mM cyt c 

R13E and 17 mM sclx4. The reservoir solution contained 20 % 

PEG 8000, 50 mM NaCl, 100 mM MgCl2 and 50 mM 

(CH3)2AsO2Na  pH 6. 200 µL of paraffin oil was placed on top 

of the reservoir solution. 

 

Lysozyme-sclx4: Cubic crystals of lysozyme grew over 4 

weeks. The crystallization drop was prepared by combining 1 

µL of each the reservoir solution, 1.4 mM lysozyme and 17 mM 

sclx4. The reservoir solution contained 24 % PEG 8000, 50 mM 

NaCl, 100 mM MgCl2 and 50 mM (CH3)2AsO2Na pH 6.3. 

 

Lysozyme-KMe2-sclx4: Plates grew in clusters overnight in 

similar conditions to the cyt c and native lysozyme-sclx4 

crystals. The crystallization drop was prepared by combining 1 

µL of each the reservoir solution, 0.5 mM lysozyme and 4.3 

mM sclx4. The reservoir solution contained 18 % PEG 8000, 50 

mM NaCl, 100 mM MgCl2 and 50 mM (CH3)2AsO2Na pH 6.3. 

 

 

Sclx8 did not co-crystallise cyt c in known crystallization conditions for sclx4. 

Reducing the sclx8 concentration to 5-fold excess of the protein concentration, to 

compensate for the net charge of the ligand, did not yield crystals. Increasing the ionic 

strength, changing the buffer and further decreasing the sclx8 concentration, promoted 
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crystallization. Over several weeks, thin plates grew from a single nucleation site (Table 

2).  

Crystal growth was most challenging with TPPS4. Combining equal 

concentrations of the ligand and cyt c caused shock precipitation during crystallization 

drop setup. Despite changing the reservoir solution components, the ligand concentration 

had to be greatly reduced to prevent the precipitation of cyt c and favour crystallization 

(Table 2). However, defined protein crystals were not obtained. 

The known cyt c-sclx4 crystallization conditions were also used for preliminary 

co-crystallization trials for cyt c and tris-indole. However, the conditions yielded two 

distinct volumes. A red gel was observed at the centre of the drops surrounded by a halo 

of crystallization solution. Decreasing the ligand concentration resulted in 

microcrystalline precipitates. Changing the buffer and altering the salt components 

resulted in the growth of clusters of needles in drops containing 25-150 mM NaCl (Table 

2). The needles did not diffract.  

 
Table 2. Crystals and precipitates obtained for cyt c co-crystallized with sclx8, TPPS4 and tris indole. 

 

Cyt c-sclx8: Dense semi-crystalline precipitates appeared after 

~48 hours from which small plates of cyt c grew over 6 weeks. 

The crystallization drop was prepared by combining 1 µL of 

reservoir solution and 2 µL of complex solution, prepared by 

combining equal volumes of 1.0 mM cyt c and 2.0 mM sclx8. 

The reservoir solution contained 25 % PEG 8000, 50 mM NaCl, 

200 mM MgCl2 and 50 mM Tris-HCl pH 7. 

 

Cyt c-TPPS4: Crystalline precipitates obtained during co-

crystallization trials. The crystallization drop was prepared by 

combining 1 µL of each the reservoir solution, 1.0 mM cyt c and 

0.4 mM TPPS4. The reservoir solution contained 50 mM NaCl 

and 50 mM Tris-HCl pH 8. 

 

Cyt c-tris-indole ligand:  Clusters of needles obtained after 2 

weeks. The crystallization drop was prepared by combining 1 µL 

of reservoir solution and 2 µL of the complex solution. The 

complex solution contained equal volumes of 0.5 mM cyt c and 

0.4 mM tris-indole ligand. The reservoir solution contained 40 % 

PEG 8000, 150 mM NaCl and 50 mM NaAc pH 4.5. 200 µL of 

paraffin oil was placed on top of the reservoir solution. 

 



 

Protein-small molecule co-crystallization and X-ray crystallography  

 

 

39 

Discussion  
Obtaining structures of protein-ligand complexes is challenging. The first task is to 

identify the conditions that yield crystals. These conditions then provide a starting point 

for optimizing crystal growth so that diffraction quality crystals can be obtained. The 

number of variable parameters for obtaining protein crystals is extensive and the greatest 

ambition is to arrive at crystal growth using the least amount of time and material. PEG is 

a useful reagent for preliminary crystallization trials152 and yielded cyt c crystals in the 

presence of sclx4. Interestingly, the conditions that yielded high quality diffraction 

crystals of sclx4 with cyt c also produced crystals of sclx4 with cyt c R13E, lysozyme and 

lysozyme-KMe2. Therefore, sclx4 can crystallise proteins of similar size and pI (Table 3). 

Despite each ligand having complementary features for binding the surface of cyt c, the 

cyt c-sclx4 co-crystallization conditions did not transfer to the three ligands and new co-

crystallization conditions were required.  

 
Table 3. Summary of the co-crystallization and structure solution for each ligand. 
Protein Ligand Crystals Diffraction Quality Structure Solved 
Cyt c Sclx4 Yes Yes Yes 
Cyt c Sclx8 Yes No No 
Cyt c Tris-indole Yes No No 
Cyt c TPPS4 No No No 
Cyt c R13E  Sclx4 Yes Yes Yes 
Lysozyme Sclx4 Yes Yes Yes 
Lysozyme-KMe2  Sclx4 Yes Yes Yes 
 

All of the ligands have an aromatic core and are decorated with an acidic 

periphery. Crystals obtained for sclx4 and the tris-indole ligand, were suitable for testing 

via X-ray diffraction (Table 3). Sclx4 best supported crystal growth while TPPS4 was the 

most challenging to co-crystallise. Sclx4, sclx8 and the tris-indole ligands all share a 

similar feature in that they possess, or can adopt, a cavity to contain a guest. Sclx4 has the 

least flexibility. Therefore, co-crystallization with sclx4 is believed to have the least 

entropic cost. Conversely, sclx8 and the tris-indole ligand are extremely flexible. For 

example, the crystal structures of sclx8 show two extreme conformations, one of which is 

an almost planar macrocyclic ring and the other displays an up-down double cone 

conformation.83 TPPS4 displays a high level of rigidity, however, the molecule lacks a 

cavity to entrap side chains. Therefore, both an an acidic periphery and a pre-defined 

cavity are influential for co-crystallization with cyt c.  
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Chapter 2:       

The complexes of cytochrome c and p-

sulfonatocalix[4]arene  
 

This work was published in part as McGovern, et al. Protein camouflage in cytochrome 

c–calixarene complexes. Nature Chemistry 2012, 4, 527-533. 
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Abstract 
Cationic residues of proteins present crucial markers in numerous cellular recognition 

events such as chromatin remodelling. As a result, efforts have focussed on the 

identification of synthetic molecules that target these residues. Calixarenes present a rich 

class of structurally well-defined molecules that can be conformationally fixed and 

functionalized in countless ways. Although these molecules have been studied for several 

decades now, with applications suggested in medicinal diagnostics and therapy, very little 

is known of their complexation ability with proteins. In this study we showed that the 

water-soluble p-sulfonatocalix[4]arene binds to cytochrome c by using NMR 

spectroscopy. The calixarene was observed sampling lysine-rich regions on the protein in 

a dynamic manner. X-ray crystallographic analysis of the co-crystal confirms the 

presence of distinct binding locations for the calixarene on the protein surface. Each site 

involved the entrapment of a lysine side chain. In addition to providing valuable 

information on protein recognition, the data also indicate that the calixarene is a mediator 

of protein–protein interactions. Thus, suggesting potential applications for generating 

assemblies and promoting crystallization.  
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Introduction 
Ligands that mediate protein interactions are essential for a wealth of applications such as 

programming cells, biosensor design and promoting protein crystallization.120,179,180 

Protein complexation by small molecules is particularly useful for identifying the point(s) 

of functionality, such as the sites that determine protein solubility. Studying these 

interactions at the molecular level allows a detailed assessment of the basic principles that 

trigger the recognition events.  

Protein folds, such as α-helical recognition clefts, present a prominent feature that 

is readily targetable for the design of high-affinity ligands.54 Saccharide binding by 

integral membrane proteins involves the saccharide burying into a binding pocket.181 

Many protein surfaces, however, lack such binding pockets. These surfaces are large, flat 

and relatively featureless, thus rendering the design of specific, high affinity ligands 

challenging. Nonetheless, the difficulties associated with the identification of protein-

surface binders can be overcome through the characterisation of protein-protein 

interfaces. For example, small-molecules that complement protein surface properties are 

emerging as important modulators of protein–protein interactions.3,108,119 Molecules that 

specifically target small epitopes, such as lysine and arginine side chains, also have 

potential as generic surface binders.43,122,182 Lysine recognition in particular, is important 

considering its susceptibility to posttranslational modification, crucial for chromatin 

remodelling.183 

Calix[n]arenes possess numerous protein binding possibilities via the upper and 

lower rims, in addition to being able to bind a guest in the cavity.89,94,110,113 Sclx4 can 

complex various amino acids and peptides.89,93,100 The crystal structure of sclx4 with 

lysine is of particular importance.90 The sclx4 complexes are defined by the positioning of 

the amino acid side chain in relation to the calixarene cavity. For example, the complexes 

formed by the inclusion of a lysine side chain in the cavity of sclx4 are described endo 

(Figure 1, lysines coloured orange). Here, the endo bound molecule makes a salt bridge 

interaction with two sulfonates on the calixarene, which are 2.9-3.1 Å from the Nε of 

lysine. The lysine carboxyl group makes van der Waals contact with three sulfonates, two 

of which belong to the same sclx4. When the interaction occurs with the exterior of the 

calixarene, the binding is exo. In the same crystal structure, two lysine molecules interact 

exo to the calixarene. One lysine does so by traversing an aromatic ring of sclx4 such that 

the Nε makes a hydrogen bond with an sclx4 hydroxyl group (Figure 1, lysines coloured 
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blue). The amino and carboxyl groups are each 3.2 and 4.3 Å to the nearest sulfonate. The 

side chain of the second lysine molecule is fully extended and is above the plane to two 

sulfonates on the sclx4 (Figure 1, lysines coloured green). Now, the Nε makes a salt bridge 

with two sclx4 sulfonates and the terminal amino and carboxyl groups are 3.0-3.1 Å from 

another sulfonate.  

 

 
Figure 1. Sclx4-lysine crystal structure showing amino acid binding exo and endo to the calixarene.90 The 

endo interaction is characterised by the enclosure of a lysine side chain (orange) in the cavity of the 

calixarene. The lysine Nε makes salt bridges with two sclx4 sulfonates from within the cavity. Two lysine 

molecules bind exo to the calixarene. These amino acids are fully extended and traverse the plane of a sclx4 

aromatic ring (blue) or two adjacent sulfonates (green). One lysine Nε makes a hydrogen bond with a sclx4 

hydroxyl group and the other makes a charge-charge interaction with the sulfonates on two sclx4. 
 

Although several labs have studied protein-calixarene interactions,101,104,105,110,184 a 

detailed solid-state characterisation of such a complex had not been reported. X-ray 

crystallography and NMR spectroscopy were used to investigate the complexes formed 

between sclx4 and Saccharomyces cerevisiae cytochrome c (cyt c). The protein was 

chosen as a model protein due to its surface features, which are akin to histones. The 

lysine-rich surface of cyt c lacks features such as a binding cleft, which could 

accommodate a small molecule binder. The interaction properties of cyt c with proteins 
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have been extensively characterised on account of its importance for redox processes and 

apoptosis.14,128,185,186 Cyt c has mM-µM affinity for different protein partners and, as a 

result, is considered a pseudospecific binder.14 The interactions of cyt c with small 

molecules have been extensively characterised.105,118,187,188 Anionic porphyrins make 

dynamic complexes with cyt c by having low specificity and affinity for the protein 

surface.119 Carboxylphenylcalix[4]arenes make 1:1 complexes with cyt c and the 

affinities that increase 16-fold for calixarenes possessing four rather than two carboxyl 

groups.105 Here, we demonstrate at atomic resolution how the simple sclx4 binds cyt c and 

camouflages the protein resulting in altered interaction properties. 

 

Results and Discussion 

Solution state characterisation of cyt c-sclx4 complexes 

Isotopically enriched cyt c was titrated with µL aliquots of sclx4 and monitored by 2D 1H, 
15N heteronuclear single quantum coherence (HSQC) spectroscopy. Notable chemical 

shift perturbations occurred during the titration with sclx4. Increasing chemical shift 

perturbations as a function of the sclx4 concentration were observed and indicated that 

ligand-free and ligand-bound forms of cyt c were in fast exchange on the NMR time 

scale. Of 37 resonances with a significant perturbation (1HN > 0.04 ppm or 15N > 0.4 

ppm), nine are assigned to lysine residues, suggesting a preference for binding by this 

side chain. The largest perturbation (0.30 ppm at 50 mM NaCl) was observed for the 1HN 

of Lys87 (Figure 2A). Mapping the chemical shift changes to the surface of cyt c revealed 

a broad patch in the region of the known protein-binding site (Figure 2B).128  

In addition to providing structural information, the NMR data was used to 

calculate binding affinities. For resonances that experienced a significant chemical-shift 

change binding curves were prepared by plotting Δδ as a function of the ligand 

concentration for a total of sixteen 1HN resonances. Both hyperbolic and sigmoid curves 

were observed (Figure 2) and reliable fits were generated using models that accounted for 

cooperative binding.113 The Hill coefficients (n) were calculated to determine the degree 

of cooperativity between the two (or more) sites. The results revealed two regions, one 

centred on Lys4 and the second focused on Lys87. The average Hill coefficient and 

binding affinity at the Lys4 site was n = 1.62 (± 0.04) and Kd = 0.82 (± 0.04) mM, 

respectively. A larger Hill coefficient (n =2.45 ± 0.08) and lower affinity of 1.58 (± 0.08) 
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was measured for the Lys87 site. The differing affinities and degrees of cooperativity 

provide evidence that cyt c has two or more sclx4 binding sites.189 

 

Figure 2. (A) Plot of the chemical shift perturbations measured for cyt c backbone amides in the presence 

of a 5-fold excess of sclx4. Cyt c residues are numbered from -5 to 103. Blanks correspond to proline 

residues 25, 30, 71 and 76, and unassigned Gly84. (B) Space-filling representation of cyt c highlighting the 

sclx4 binding surface. Residues for which the amide resonance had a significant chemical shift (Δδ 1H > 

0.04 or 15N > 0.4 ppm) are coloured blue. The haem edge is black. Binding isotherms were obtained by 

plotting Δδ as a function of [sclx4]. While all of the data were collected during a single titration there are 

clear differences in the curvature. (C) A cluster of residues in the vicinity of Lys4 have binding curves that 

appear hyperbolic while (D) a second cluster around Lys87 have sigmoid binding curves. 

 

Co-crystallization and crystallography 

The hanging drop vapour diffusion method was used for of cyt c-sclx4 co-crystallization 

trials at 20 °C. Crystallization drops containing 5.7 mM sclx4 in 10-fold excess of cyt c 

were prepared with poly(ethylene glycol) (PEG) as the sole precipitant. These conditions 

yielded red crystalline precipitates from which cyt c crystals grew in 26-30% PEG over 

two weeks (Figure 3). Preliminary diffraction experiments showed that the crystals 

diffracted (to 5 Å) and were anisotropic. The introduction of cacodylate buffer, NaCl and 
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MgCl2 into the crystallization conditions helped the growth of more uniform crystals and 

an improvement in the physical appearance of the crystals was evident. Although the 

diffraction quality of the crystals improved, the crystals were still anisotropic. An oil 

barrier prepared with 200 µL of parafin oil was required to obtain isotropic, diffraction 

quality crystals. Control drops lacking sclx4 were also prepared. Importantly, cyt c 

remained fully soluble in the control, indicating that the calixarene was neccessary in the 

crystallization event. 

 

 
Figure 3. Cyt c crystals grown with 10-fold excess of sclx4. (A) First hits were obtained in drops prepared 

with 30 % PEG 8000. The presence of (B) 50 mM sodium cacodylate pH 6-7, in addition to (C) 50 mM 

NaCl and (D) 100 mM MgCl2 significantly improved the crystallization. (E) An oil barrier was necessary 

for obtaining diffraction quality crystals. 

 

High quality diffraction data were obtained for the cyt c crystals and solved with 

the P212121 space group to a resolution of 1.4 Å (Table 1). The unbiased electron density 

(calculated with phases prior to the addition of the ligand to the model) clearly showed 

the presence of sclx4 (Figure 4). The structure was solved with two protein molecules and 

three sclx4 (Figure 5). The two protein molecules are labelled chains A and B. The 

prominent feature of the crystal structure is that all three sclx4 bind the cyt c surface via a 

lysine side chain endo to the cavity. This observation supports the NMR data showing the 

presence of two or more binding locations for the calixarene on the protein surface and a 

preference for lysine residues.  

 

Cyt c R13E-sclx4 crystallization and X-ray crystallography 

After the identification of suitable crystallization conditions for cyt c with sclx4, 

crystallization trials were prepared with the Arg13Glu (R13E) mutant of cyt c. Large 

crystals of the mutant, visible by eye, grew rapidly (overnight) in a broader PEG range of 

18-32 %. The size of the crystals and ease of crystallization suggested that the decrease in 

the net charge of the protein facilitated assembly. 
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High quality diffraction data were also obtained for the cyt c R13E crystals, and a 

structure was solved to a resolution of 1.1 Å with the same space group as the wild type 

(Table 1). Similar to the wild type, the unbiased electron density, which was calculated 

with phases prior to the addition of sclx4 to the model, indicates the presence of sclx4 

(Figure 4). Both cyt c and cyt c R13E share the same protein assembly and sclx4 binding 

sites, despite the reduction in net positive charge (Figure 5).  

 

 
Figure 4. Unbiased electron density maps indicate the presence of a sclx4 molecule at A.Lys89. (A) The 

maps were calculated at a resolution of 1.1 Å (for cyt c R13E) and (B) 1.4 Å (for the wild type) before the 

addition of sclx4 to the cyt c model and contoured at 2σ. The side chain of Lys89 is shown as sticks. 
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Table 1. Crystallographic data for cyt c-sclx4 complexes 
 Cyt c-sclx4 Cyt c R13E-sclx4 
   
Space group P212121 P212121 

Cell constants 

a = 36.04 Å 
b = 55.32 Å 
c = 117.42 Å 
α = β = γ = 90º 

a = 36.11 Å 
b = 55.78 Å 
c = 119.08 Å 
α = β = γ = 90º 

Resolution, Å 
30.19-1.40  
(1.42-1.40) 

15.39-1.05  
(1.08-1.05) 

Wavelength, Å 1.13 0.87 

Unique reflections 47,260 113,051 

Multiplicity 4.3 (2.3) 6.0 (5.4) 

I/σ 15.8 (2.4) 9.1 (1.8) 

Completeness, %  98.7 (90.6) 94.9 (100) 

Rmerge,b % 4.4 (29.9) 11.3 (96.2) 

Solvent content, % 45.4 46.70 

Rfactor, % 17.7  15.70 

Rfree, % 19.9  17.98 

rmsdc bonds, Ǻ  0.01 0.01 

rmsdc angles, ° 1.24 1.27 

# molecules in asymmetric unit   

   Protein 2 2 

   Ligand 3 3 

   Solvent 395 348 

Average B factors, Ǻ2   

   Protein 14.32 9.38 

   Ligand 19.80 13.86 

   Solvent 30.19 21.00 

Ramachandran analysisd   

   % residues in favoured regions 98.1 97.64 

   % residues in allowed regions 100 100 

aValues in parentheses correspond to the highest resolution shell; bRmerge = ∑hkl ∑i |Ii(hkl) !"
〈I(hkl)〉|/∑hkl ∑iIi(hkl); croot mean square deviation calculated from the B values of all 
non-hydrogen protein  atoms; dCalculated with MolProbity.176 
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An overview of the lysine-sclx4 binding sites 
All three calixarene binding sites share similar features as they each entrap a lysine side 

chain. One sclx4 binds Lys89 in chain A and the other two sclx4 bind Lys4 and Lys22 in 

chain B (Figure 5). The Cγ, Cδ and Cε atoms of the side chain are confined in the 

calixarene cavity while the amino group projects up into the plane of the sulfonates. The 

lysine amino group and the other polar groups of the protein make at least one 

noncovalent bond with the sulfonate bearing rim, and are described in detail below. The 

architecture of the sclx4–lysine complex mimics the structural features of the solid state 

complex with the amino acid lysine (Figure 1) described in the introduction.90 P212121 

symmetry operations were applied to the asymmetric unit of the cyt c crystal structure to 

generate assemblies and examine the contribution made by crystal packing neighbours. At 

each binding site sclx4 was present at protein-protein interfaces making contacts with 2-4 

cyt c molecules. In all binding sites at least two lysines are contributed by neighbouring 

molecules and bind exo to sclx4.  

Water molecules are observed in abundance at the sclx4 binding sites and appear 

to play a role in the coordination environment of the lysine side chains. All three 

entrapped lysine side chains are partially solvated. A total of 16 water molecules make 

van der Waals contact with the sclx4 sulfonates and hydroxyls. The water molecules play 

a significant role in bridging interactions between the polar groups of sclx4 and cyt c via 

hydrogen-bonding. Overall, the cyt c-sclx4 interfaces are charge rich and heavily solvated. 

 

Lys89-sclx4 binding site 

The sclx4 binding site at Lys89 in chain A (A.Lys89) involves numerous noncovalent 

interactions. In the bent conformation, Lys89 makes intermolecular salt bridges with two 

sclx4 sulfonates (Nε-O 2.8 and 2.9 Å) and an intramolecular salt bridge with Asp93 

(Figure 6A). The backbone amide of Lys89 and the side chain -NH2 of Asn92 each make 

a hydrogen bond with one sulfonate. Lys5 also makes a salt bridge with a sulfonate. Other 

noncovalent bonds include cation-π interactions with the Cε of Lys89. The distances from 

the Cε to all of the carbon atoms in the three closest phenyl rings are 3.6-4.5 Å. As part of 

gene expression, cation-π interactions are crucial to the binding of methylated lysine side 

chains by the aromatic pockets of chromodomains.190,191 Lysine binding by the calixarene 

displaces the water molecules that occupy the calixarene cavity.85,192 Therefore, the 

hydrophobic effect may be expected to contribute to binding. Furthermore, the entropy 
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gain of the liberated waters may be counterbalanced by the entropy loss of the confined 

lysine side chain. A total of three lysine side chains, contributed by chain A, make water-

mediated salt bridges to the sulfonates. Alternative conformations are observed for the 

side chains of Lys-2 and Lys5. Both conformers of Lys5, but neither of the Lys-2 

conformers, make a salt bridge with a sulfonate. These observations suggest a 

counterbalance between the different energetic contributions to binding.  

Another interesting feature of this binding site is that the calixarene is positioned 

between two protein chains. Chain A of a crystal packing neighbour contributes Lys4 and 

Lys100 to the interaction site (Figure 6B). These lysine side chains traverse the aromatic 

region of sclx4, are within van der Waals distance and both Nε are positioned at sulfonates 

allowing a direct or water-mediated salt bridge. The Cδ and Cε of Tyr97 offer a partial 

positive charge to the A.Lys89 site. All four hydroxyls at the A.Lys89 binding site make 

van der Waals contacts with the methyl side chain of an alanine residue. This is an 

interesting feature as it might be expected that polar side chains would exclusively bind to 

the sclx4 hydroxyl rim, which has one deprotonated hydroxyl group.85 The crystal 

structure indicates otherwise.  

 

 
Figure 6. Two perspectives of the A.Lys89 binding site. (A) The intramolecular and intermolecular salt 

bridges Lys89 makes to Asp93 and to two sclx4 sulfonates, respectively, are shown. Additional salt bridges 

with sclx4 are shown. The crystal packing neighbour (also chain A) that surrounds the calixarene is shown 

as a transparent surface. (B) Residues (shown as sticks) from the chain A crystal packing neighbour 

(cartoon) offer additional noncovalent interactions to the site. Water molecules are omitted for clarity. 
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Lys4- and Lys22-sclx4 binding sites 

Sclx4 binds B.Lys4 side chain in a similar manner to A.Lys89. The Lys4 Nε makes a 

hydrogen bond to a water molecule, in addition to making a salt bridge to a sulfonate. The 

backbone amide of Lys4 makes a hydrogen bond to another sulfonate and the side chain -

OH of Ser2. The interaction network is, in part, mediated by Ser2 which makes hydrogen 

bonds with a sulfonate and the backbone amide of Lys5 through its side chain -OH. Lys5 

and Lys100 offer additional noncovalent interactions with the sulfonates. The side chain 

Nε of Lys5 makes a direct salt bridge with a sulfonate and a water molecule, 3.3 Å from 

the side chain Nε of Lys100, completes the contacts with two sulfonates (3.0 and 3.4 Å 

apart).  

Three additional protein chains assemble around the sclx4 (Figure 7A) such that 

approximately 30 % of the surface area of the calixarene is solvent accessible. These 

crystal packing neighbours contribute 5 lysine side chains to the calixarene binding site. 

Interestingly, Lys54 and Lys73 make van der Waals contact from the alkyl portions of the 

side chains and the sclx4 phenyl rings. The Cε of Lys54 makes a salt bridge with a 

sulfonate. The sclx4 hydroxyl-bearing rim is heavily solvated and makes van der Waals 

contact with the carbonyls and one backbone amide of crystal packing neighbours. 

Although the side chain of crystal packing neighbours Lys55 is in the vicinity of the sclx4 

hydroxyls, the side chain Nε makes a cation-π interaction with the phenyl side chain of 

Tyr74. 

The noncovalent interactions are less numerous at B.Lys22-sclx4, in comparison 

to the other two binding sites. This binding site involves a salt bridge between the lysine 

side chain Nε and two sclx4 sulfonates (3.3 and 3.6 Å apart). The side chain Nε of Lys22 

is also solvated by three water molecules and the backbone amide makes hydrogen bond 

with one sulfonate. Only His33 offers additional interaction with sclx4. The His33 side 

chain Nε2 makes a salt bridge to a sulfonate. Crystal packing neighbours offer 

substantially more noncovalent bonds as sclx4 interacts with three additional cyt c 

molecules (Figure 7B). Three lysine side chains interact via cation-π, hydrophobic effects 

or a water-mediated salt bridge. As observed at the A.Lys89 binding site, all sclx4 

hydroxyl groups make van der Waals contacts with the methyl side chain of an alanine 

residue at the B.Lys22 site. In general, the protein-calixarene contacts are fewer in chain 

B than in chain A, which has an interface ~100 Å2 larger (Table 2).  
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Figure 7. (A) Crystal packing neighbours at B.Lys4 involves three additional protein chains. (B) Crystal 

packing at B.Lys22 involves two additional protein chains. Chain B is represented as green cartoons and the 

lysine side chain and sclx4 are sticks. Crystal packing neighbours are grey spheres. 

 
Table 2. Interface size and polar interactions in cyt c–sclx4 complexes.  

Protein 

site* 
sclx4 

Interface 

area 

(Å2)† 

Total 

area 

(Å2)‡ 

Hydrogen 

bonds§ 
Salt bridges¶ 

Cation-

π¦ 

LysineII 

 

Water 

molecules# 

 

     Direct Water    

A.Lys89 1 320 520 2 3 2 2 4 16 

A1  200  - 1 1  2  

          

B.Lys4 2 230 560 2 1 3 3 2 13 

B1  160  1 - -  1  

A2  140  - - -  1  

A3  30  - - -  -  

          

B.Lys22 3 210 590 - 2** - 2 1 11 

B2  200  1 - -  2  

B3  180  - - 1  1  
*P212121 symmetry operations used to generate the neighbouring protein chains: A1, x–½, –yþ½, –z; B1, –

x, y–½, –z–½; A2, –x, y–½, –z–½; A3, –xþ½, –y, z–½; B2, x–1, y, z; B3, –x–1, y–½, –z–½. †Surface area 

(reported to the nearest 10 Å2) of the protein or ligand that becomes inaccessible in the complex. ‡Surface 

area of sclx4 that becomes solvent inaccessible in the total complex, which includes all of the 

neighbouring protein chains. §Number of hydrogen bonds between sclx4 and the protein. ¶Defined as 

‘Direct’ (Lysine Nζ to sulfonate O <3.5 Å, unless otherwise stated) or ‘Water’ mediated, in which a water 

bridges the oppositely charged groups. ¦Total number of lysine side chains making cation-π with sclx4. 
IITotal number of lysine side chains in contact (including van der Waals) with sclx4. #Number of water 

molecules hydrogen-bonded to sclx4. **One salt bridge involves His33 Nε2.  
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Charge-charge interactions and the location of the sclx4 binding sites 

Charge-charge interactions were expected to have a significant part in the binding 

affinities as cyt c has a net positive charge (+11) and sclx4 a net negative charge (-5) at 

pH 7. Despite a reduction in the net positive charge for cyt c R13E to +9 crystal growth 

was better for the mutant. Analysis of the crystal lattice shows Glu13 positioned at 

solvent channels, similar to Arg13 in the wild type. Leu9, Lys11, Thr12 and Phe82 

suround the Arg13/Glu13 residue. The reduced positive charge of the mutation may 

facilitate the incorporation of cyt c R13E molecules into the lattice more easily then the 

wild type. The chemical shift perturbation experienced by Arg13 was below the assigned 

cut off in solution. Therefore, both the NMR data and the crystal structures suggest that 

the residue is not a major contributor for cyt c complexation by sclx4. 

NMR samples with cyt c were prepared in 20 mM phosphate buffer and 50 mM 

NaCl. Samples lacking NaCl displayed larger chemical-shift perturbations and lower 

dissociation constants, which had decreased by a factor of 1.6 (Table 3). Therefore, there 

is a charge-charge contribution to cyt c-sclx4 complex formation. Sclx4 sulfonates are 

known to coordinate Na+ ions85 and this may have contributed to the effect. The 

incorporation of NaCl and MgCl2 into the crystallization screen was essential for 

improving crystal growth. This may also be an electrostatic screening effect whereby the 

rate of protein complexation and calixarene-assisted self-assembly are reduced. 

Although nine lysines, Arg91 and His33 had a significant perturbations, the acidic 

calixarene does not exclusively target basic side chains. In the crystal structure, A.Lys89 

makes a salt bridge to Asp90 and is flanked by the acidic side chains of Glu88 and Asp93. 

However, Lys2, Lys4, Lys5 and Lys87 are within the Debye radius.193 These side chains 

contribute an overall positive charge to the site. The Lys4 binding site in chain B offers 

the most positive charge owing to Lys5, Lys89, Lys100 and only one acidic residue 

(Asp93). The different charge distributions of the Lys4 and Lys87 binding sites correlates 

with the higher and lower binding affinities that were determined for each site, 

respectively. 
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Table 3: Salt dependence of the dissociation constant (mM). 

Group 1HN resonance 50 mM NaCl 0 mM NaCl 

A  Ala3 0.91 (0.03)  0.55 (0.03) 

 Lys4  0.78 (0.04) 0.53 (0.03) 

 Ala7  0.60 (0.02) 0.35 (0.02) 

 Phe10  0.75 (0.06) 0.43 (0.05) 

 Lys100 1.08 (0.05) 0.65 (0.04) 

    

B Lys72  1.65 (0.15) 0.98 (0.12) 

 Lys86 1.44 (0.05) 0.91 (0.03) 

 Lys87 1.60 (0.03) 1.04 (0.04) 

 Glu88 1.44 (0.09) 0.86 (0.08) 

 Arg91 1.84 (0.08)  1.06 (0.06) 

The Kd values (errors in parentheses) were determined according to Figure 2 for 

titrations performed in the presence or absence of NaCl. Groups A and B correspond to 

clusters of resonances with similar curves (Figure 2). 

 

The location of the lysine residues is also expected to contribute to sclx4 binding. 

Lys4 is positioned at the positive dipole of an α-helix. Although Lys5 and Lys100 

immediately flank the residue, Lys4 may be described as being positioned at the apex of 

the three residues as it projects out furthest from the protein surface. The position of one 

of the sulfonates at the Lys4 site neatly coincides with a SO4
2- anion observed in the 

original cyt c structure (Figure 8).130 In both cases, a similar binding geometry is 

observed. Two hydrogen bonds are formed between the sulfonate/sulfate oxygens and the 

amide of Lys89 and the hydroxyl of Ser2. Additionally, the Cα of Ser2 makes a weak 

hydrogen bond with the nearest O atom on the sulfonate and sulfate, which are 3.6 Å and 

3.4 Å apart, respectively. The backbone amide of Ala3 hydrogen bonds the sulfate and 

this interaction is lost the calixarene-binding site. Importantly, this sclx4/sulfate binding 

site is likely to be optimised for anion recognition as it possess the CαNN motif that 

recognises sulfate ions.194,195 Lys87 is the first residue positioned at the positive dipole of 

its α-helix, similar to Lys4. Therefore, it may be considered as the most sclx4-accessible 

lysine side chain in the region. Although Lys-2, Lys5 and Lys89 flank Lys87, these 

residues can make intramolecular salt bridges with neighbouring Glu88, Asp09 and 

Asp93. A trade-off between intramolecular and intermolecular salt bridge formation may 
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be required to allow complexation by sclx4. Lys22 is flanked by His33, Arg38, Glu21 and 

C-terminal Glu103 and is positioned at a protein-protein interface in the original cyt c 

structure.130 During the titration with sclx4 Lys22 had a negligible perturbation (note that 

the measured chemical shift perturbation for Lys22 was below the cutoff; Figure 2). 

Therefore, binding at this site may be a feature of crystallization rather than a site 

optimised for anion recognition. 

 

 
Figure 8. Cyt c-sulfate (PDB 1ycc) and sulfonate binding sites at Lys4 showing lysine side chain 

rearrangement. (A) One sclx4 sulfonate at Lys4 coincides with the sulfate anion and makes two hydrogen 

bonds with the backbone amide of Lys89 and the hydroxyl of Ser2. Lys100 is involved in the binding, 

making a water-mediated salt bridge with the sulfonate. (B) The sulfate anion, 3.8 Å from the Cε of Lys4, 

hydrogen bonds the hydroxyl of Ser2 and the backbone amides of Lys89 and Ala3. Lys100, pointing away 

from the site, is not involved in anion binding. The residues, sclx4 and sulfate are represented as sticks. 
 

Solid- and solution-state complexes. 

Although the observations made by crystallography support the NMR data, there are 

notable differences in the experimental parameters as a result of the different techniques. 

Considering the dynamic nature and low interaction affinities, the sclx4-mediated cyt c 

assemblies, observed in the crystal lattice, cannot occur in solution. The contacts arose 

from crystallization conditions containing 26% PEG 8,000 and approximately 4-fold the 

ionic strength used for the NMR study. Therefore, as the protein concentration is less and 

there is no PEG, higher-order complexes are expected to have only a transient existence, 

if any, under the conditions used for NMR.  

The presence of three different sclx4 binding sites in the crystal structure raises the 

question of whether all sites can be occupied simultaneously in a single protein chain. 

Simultaneous binding of sclx4 at Lys89 and Lys4 would involve van der Waals contact 
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between the sulfonate groups. Therefore, concurrent binding is hindered by electrostatic 

constraints. The Lys22 site can be occupied simultaneously with Lys89 or Lys4. From 

NMR analysis, the two clusters of residues around Lys4 and Lys87 indicate a cooperative 

process with tighter binding in the Lys4 region (Table 3). In the crystal structure the side 

chain -OH of Ser2 hydrogen bonds both the backbone amide of Lys4 and one sulfonate, 

possibly accounting for the high Δδ observed for this resonance. In solution it also 

appears that binding occurs at Lys87 rather than Lys89.  

An analysis of all of the protein–sclx4 contacts in the structure using crystal 

packing neighbours reveals a total of nine cyt c-sclx4 complexes (Table 2, see Methods). 

Of these nine binding sites five calixarenes bind with contact areas of ≥200 Å2. This 

consistent with the surface observed by NMR mapping. The broad patch suggests the 

dynamic nature whereby the sclx4 might explore the surface of cyt c prior to adopting one 

or more stable configurations. This broad binding site is also observed in the cyt c-

porphyrin complexes.119 Similar to the calixarene, 18-crown-6 interacts with lysine-rich 

peptides in dynamic manner moving between different binding sites on the peptide.196 

 

Conclusions  
Small-molecule ligands that bind to and camouflage protein surfaces have considerable 

potential for modifying protein interaction properties. The molecular tweezers that binds a 

lysine side chain on the 14-3-3α protein inhibits binding by two partner proteins.43 

Calixarenes and crown ethers alike have been used for protein separation by modifying 

protein surface properties.70,187 Cyt c can be solubilised in organic solvent by calixarene 

derivatives.103,104 Similarly, sclx4 alters the solubility of cyt c allowing crystals to grow 

from PEG-only containing solutions. The crystal structure of the cyt c-sclx4 complex 

shows the ligand binding the protein surface and, in turn, affecting its solubility. 

Similarly, calixarene derivatives are used as additives to promote membrane protein 

crystallization.197 

The presence of sclx4 at protein-protein interfaces (Figure 7) supports the potential 

role as ‘molecular glue’. Crystals could not be obtained in drops lacking sclx4. 18-crown-

6, which is also found at protein-protein interfaces, entraps a lysine side chain, like the 

calixarene.47 Pyrenetetrasulfonic acid and tetra(4-sulfonatophenyl)-porphyrin have 

previously been identified as having this ‘molecular glue’ role.40,50 The methylation of 
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lysine side chains or their mutation to alanine are two strategies used to promote the 

crystallization of otherwise tricky proteins.34,198 However, the noncovalent modification 

of protein surfaces to promote crystallization provides an alternative route for 

crystallising proteins. 

The generation of multimolecular complexes via noncovalent interactions is 

important for the design of modulators of protein self-assembly. Sclx4 is observed at 

protein-protein interfaces demonstrating the potential of the calixarene to generate protein 

assemblies. Similarly, phthalocyanine tetrasulfonate alters the aggregation of α-

synuclein199 and macrocycle cucurbituril induces tetramerisation of a fusion protein 

containing the N-terminal PheGlyGly motif.200 

The calixarene makes low affinity interactions with two positively charged 

regions on the surface of cyt c. Using 1H, 15N-HSQC experiments heparin sulfate was 

shown to bind the positively charged N-terminal region of the TSR domain of the TRAP 

protein.201 In this system heparin is hypothesised to behave as a charged cluster and 

interacts with the protein surface with low affinity (0.5 mM). Sclx4, which is conceptually 

related to the charged heparin cluster, might act as a molecular mimic for such heparin 

binding proteins.  

Sclx4 selectivity is expected to be higher on lysine-sparse surfaces or with proteins 

bearing methylated lysines, as they exhibit a greater affinity for sclx4.95 Reducing the 

symmetry of sclx4 by substitution of one of the sulfonates has shown potential for altering 

guest affinities.76 Reducing the sclx4 symmetry may also be useful for increasing the 

specificity for protein surface binding. Alternatively, increasing the cavity size may 

enhance specificity. In this instance, the ligand might encapsulate a larger, more unique 

patch on the protein surface. The cyt c-sclx4 complexes present a valuable template for 

tuning the specificity and affinities of protein-calixarene interactions, with applications 

extending from crystallization to histone recognition. 

Experimental 

Sclx4 synthesis 

The synthesis (by direct ipso-sulfonation of the tert-butyl-calix[4]arene) and 

characterisation of p-sulfonatocalix[4]arene72 was performed by Dr. Nicholas Power.  

 



 

Chapter 2 

 

 

60 

Protein production and purification  

Saccharomyces cerevisae cyt c and cyt c R13E were expressed in the cytosol of 

Escherchia coli BL21 (DE3), transformed with the vectors pBTR1 and pBTR1-R13E, 

respectively.127,202 The vectors contained the ampicillin resistance gene and expression 

cultures were supplemented with 75 µg/mL carbenicillin. Unlabelled cyt c and cyt c 

R13E were produced in Terrific Broth medium (12 g/L N-Z amine, 24 g yeast extract and 

5 g/L NaCl) containing 20 mM sodium citrate and succinate salts.203 Cyt c and cyt c 

R13E were purified by ion exchange chromatography and size exclusion 

chromatography, according to published methods.127,204 The protein purity was assessed 

by SDS-PAGE and the concentration was determined by UV/Vis spectroscopy, assuming 

an extinction coefficient of ε550 = 27.5 mM-1 cm-1 for reduced cyt c. 15N-labelled cyt c 

was expressed and purified by Dr. Peter Crowley. Cyt c R13E was expressed and purified 

with Madeleine Mallon.  

 

Protein crystallization 

The hanging drop vapour diffusion method was used for all crystallization trials at 20 °C. 

Drops were prepared by combining 1 µL solutions of each oxidised cyt c (1.7 mM) and 

sclx4 (17 mM) with the reservoir solution in a ratio of 1:1:1. Control drops were prepared 

by combining 1 µL solutions of oxidised cyt c (1.7 mM) and distilled water with the 

reservoir solution.  

For the preliminary screen the reservoir solution contained only PEG 8000 and the 

concentration ranged from 10-50 %. Drops prepared with 30 % PEG yielded dense red 

crystalline precipitates, from which red crystals grew over a period of several days. The 

addition of 50 mM sodium cacodylate, pH 6 followed by 50 mM NaCl and 100 mM 

MgCl2 to the crystallization solution significantly improved crystal growth and the 

diffraction quality of the crystals. A 200 µL oil barrier, prepared with paraffin oil, was 

applied to further improve crystal growth by slowing down the rate of diffusion, yielding 

isotropic, diffraction quality crystals. 

Cyt c R13E-sclx4 co-crystallization trials were prepared using the known 

crystallization conditions described above and 0-30 % PEG 8000. The experiment drops 

were prepared by combining 1 µL volumes of oxidised cyt c R13E (1.8 mM) and sclx4 

(17 mM) with the reservoir solution. Large red crystals, visible by eye, grew in drops 

containing ~20 % PEG and smaller crystals grew with ~30 % PEG. Combining equal 
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volumes of cyt c R13E (1.8 mM) and sclx4 (17 mM) in a complex solution and 

subsequently preparing experiment drops with 1 µL of the reservoir solution and 2 µL of 

the complex solution, significantly improved the physical appearance of the crystals.  

 

Data collection and X-ray structure determination 

Cyt c crystals were transferred to a cryoprotectant solution containing 20 % glycerol and 

80 % of a 26 % PEG 8000 solution and flash-frozen under a stream of nitrogen gas at 100 

K (X-stream 2000). Intensity data were collected (φ scans of 1 ° over 200 °) to a 

resolution of 1.4 Å from a single crystal on beamline ID23-1 at the European Synchrotron 

Radiation Facility (ESRF), Grenoble, France.  

Cyt c R13E crystals were transferred to a cryoprotectant solution composed of 

20 % glycerol and 80 % of the reservoir solution (18 % PEG 8000, 100 mM MgCl2 and 

50 mM sodium cacodylate pH 6) and flash-frozen under a stream of nitrogen gas at 100 K 

(X-stream 2000). Intensity data were collected (φ scans of 1 ° over 133 °) to a resolution 

of 0.9 Å from a single crystal on beamline ID23-2 at the ESRF, Grenoble, France.  

All diffraction data was collected and processed with MOSFLM170 and scaled 

with SCALA.171 Data collection and refinement statistics are given in Table 1. Initial 

phases for molecular replacement of the crystal structure were carried out using PHASER 

and the coordinates of cyt c (PBD ID 1ycc) were used as a search model. The coordinates 

of the chain A cyt c (PBD ID 3tyi) were used as a search model for cyt c R13E. 

REFMAC,175 in the CCP4 suite, and COOT175 were implemented for structure refinement 

and manual rebuilding, respectively. Crystal packing interfaces were analysed using the 

Protein Interfaces, Surfaces and Assemblies service (PISA) at the European 

Bioinformatics Institute205 and figures were prepared in PyMol.206  

From the high quality diffraction data obtained for the cyt c crystals, sclx4 is 

shown to bind Lys89 with 100 % occupancy and the other two binding sites with 85 %. 

Sclx4 occupies all three sites of cyt c R13E with 100 % occupancy. This discrepancy is 

considered to be a product of the crystallization drop setup. Therefore, premixing the 

protein and sclx4 prior to addition to the experiment drop, improves not only crystal 

growth but also the overall quality of the structure.  
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NMR spectroscopy 

For NMR studies the typical cyt c concentration was 0.25 mM. For the high ionic strength 

studies 20 mM KPi, 50 mM NaCl, 0.1 mM sodium ascorbate (as a reductant) and 10 % 

D2O at pH 6.0 were used, whilst for the low ionic strength studies 20 mM KPi, 0.1 mM 

sodium ascorbate and 10 % D2O at pH 6.0 were used. Ascorbate was added to avoid 

paramagnetic effects of the haem iron in the NMR spectra. 2D 1H, 15N HSQC spectra 

were obtained at 303 K with spectral widths of 14.1 ppm (1H) and 40.0 ppm (15N) on a 

Varian 500 MHz NMR system spectrophotometer. The spectra were analysed in CARA 

(http://www.nmr.ch/) and the perturbations were normalized for each backbone 

resonance. The NMR experiments were designed and executed by Dr. Peter Crowley. 

 

Binding isotherms 

Binding isotherms were made by plotting the magnitude of the chemical shift change (Δδ) 

as a function of the calixarene concentration. The data was fit (nonlinear least squares in 

Origin) to a one-site binding model, for which Δδ and [calixarene] were the dependent 

and independent variables, respectively. The dissociation constant and maximum 

chemical-shift change (Δδmax) were the fit parameters. The curves were fit simultaneously 

to a single Kd value and Δδmax was varied for each resonance. For residues in which 

cooperative binding occurred Hill plots were made. Fitting was also performed using a 

Hill model,113 which includes a third parameter n, the Hill coefficient: 

 

Δδ = Δδmax x [sclx4]n/(Kd
n + [sclx4]n) 
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Chapter 3:      

Electron transfer in cytochrome c-calixarene 

crystals: An electrochemical study  
 

Manuscript in preparation  
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Abstract 
The self-assembly of biomolecules, such as cytochrome c, on electrode surfaces has 

facilitated the development of biosensors. However, the greatest challenge is increasing 

the local protein concentration at the electrode surface to achieve higher sensitivity for 

electrochemical detection. Recently we showed that the “molecular glue” p-

sulfonatocalix[4]arene is a useful promoter of protein crystallization. Here we present the 

data for large cytochrome c crystals grown by the calixarene on modified Au electrodes 

and are visible to the naked eye. The cytochrome c crystals were characterised by cyclic 

voltammetry and revealed profiles different to the conventional monolayer. An 

electrochemical cell solution that was similar to the mother liquor, in which the crystals 

grew, was required to ensure crystal stability during the measurements. The highest 

concentrations of electro-active cytochrome c, which ranged from 7200-13000 pmol/cm2, 

were detected at the lowest scan rates. An analysis of the crystal structure provides 

evidence for interprotein electron transfer through the calixarene mediated cytochrome c 

assembly.  
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Introduction 
Cytochrome c is an important mediator within the mitochondrial electron transfer chain 

and its interactions with redox partners are well characterised.9,14,129 Owing to its redox 

activity cytochrome c is routinely used for biosensor construction.23,207-209 This typically 

involves immobilising the protein on gold electrode surfaces functionalised with self-

assembled monolayers (SAMs).210 SAMs are densely packed ω-functionalised 

alkanethiols onto which cytochrome c adsorbs to form monolayers and electron transfer 

through these monolayers is influenced by the SAM composition.211,212 The ω-functional 

group influences the orientation of cytochrome c molecules on the SAM and this affects 

the electron transfer rate.213 The alkanethiols chain length also affects the electron transfer 

rate.214 Electron transfer through cytochrome c monolayers is diffusionless, however, the 

molecules possess some mobility that can allow subtle changes of the protein’s 

orientation.211 This effect was apparent in the c-type cytochromes of Geobacter 

sulfurreducens.215 The redox potentials of the bacterial cells was influenced by the SAM 

composition suggesting that electron transfer is governed by orientation changes of the c-

type cytochromes. 

The low protein concentration of the monolayer, typically ~ 10 pmol/cm2, limits 

the sensitivity of electrochemical detection. Therefore, the construction of complex 

protein assemblies is required to improve biosensor design. The layer-by-layer adsorption 

technique offers a route to increasing the protein concentration in a controlled manner via 

the formation of polyelectrolyte mediated protein multilayers.216,217 Polyaniline sulfonic 

acid (PASA), DNA and silica nanoparticles have been used to generate cytochrome c 

multilayers on modified Au surfaces.218-220 Up to 15 electro-active layers of cytochrome c 

were assembled by using PASA and the electrochemical response increased per layer as a 

result of direct interprotein electron transfer.22  

Protein crystals are a good source of highly concentrated protein assemblies. 

Despite the assembled molecules lacking mobility, electron transfer has been measured in 

redox protein crystals by using spectroscopic methods.221-225 The contribution of the 

orientations and structures of cofactors to the rate of electron transfer has been 

examined.224 The electrochemical characterisation of protein crystals is limited with only 

one report made by using cyclic voltammetry (CV).226 The method involved transferring 

cytochrome c crystals to a fluid cell and fixing the crystals in a polypyrrole film. 
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Voltammograms for the immobilised crystal were similar to that of the cytochrome c 

monolayer prepared in the cell.  

Previously, we demonstrated that p-sulfonatocalix[4]arene (sclx4) is a useful 

molecular glue for cytochrome c crystallization.48 Therefore, we sought to investigate if 

sclx4-mediated cytochrome c assemblies, for which the crystal structure is known, could 

replace the PASA-cytochrome c multilayer systems used for electrochemical 

characterisation (Figure 1). The calixarene and PASA are similar because both have 

aromatic and sulfonated portions. Protein crystal structures are useful for gauging 

interprotein electron-transfer by analysing the distances between redox centres.227 The 

Saccharomyces cerevisiae cytochrome c Arg13Glu mutant (referred to as cyt c in this 

chapter) was used for co-crystallization experiments with the calixarene on electrodes. 

This mutant yields significantly large crystals, visible by eye, by comparison to the wild 

type. Co-crystallization with the latter is typically slower and yields smaller crystals. The 

cyt c crystals grown on SAM-modified Au electrodes were detected by using CV. A 

combination of the electrochemical cell solution and applied current influenced crystal 

stability. The standard electrochemical cell buffer (5 mM potassium phosphate, pH 7) was 

not suitable for scan rate dependency studies as it promoted crystal dissolution. Therefore, 

altered crystallization conditions that did not compromise the crystals were used for the 

CV measurements. A clear dependence of the redox signal intensity on scan rate is 

apparent and an analysis of the cyt c-sclx4 crystal structure suggests that electron transfer 

is mediated by protein-protein interactions. 

 

 
Figure 1: (A) Cyt c-sclx4 crystals on a Au electrode and the calixarene used to grow the crystals. (B) An 

illustration showing the multilayer PASA-cyt c assemblies on a SAM-modified Au electrode. PASA is 

represented as lines mediating the cyt c layers. 
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Results and Discussions 

Cyt c-sclx4 crystallization on electrodes 

Au wires with a diameter of 0.5 mm were used for preliminary crystallization and 

electrochemical characterisation (Figure 2). Both the bare and modified forms of the 

electrode surfaces were used. For the modified surfaces, a SAM was prepared consisting 

of 1:3 Mercaptoundecanoic acid/Mercaptoundecanol (MUA/MU) on the Au surface. On 

top of this a cyt c monolayer was prepared (Au-SAM-monolayer). Co-crystallization 

trials were prepared directly onto the electrode surface and a 10-fold excess of sclx4 was 

required for crystal growth. 

 

CV measurements of cyt c-sclx4 crystals on Au wires 

The electrochemical cell was set up by gently submerging a Au wire electrode containing 

the analyte (cyt c monolayer or crystals) in 1 mL of 5 mM potassium phosphate (KPi), pH 

7. As protein crystals are fragile the transfer of the crystals from a PEG/salt solution to a 

phosphate-buffered solution is expected to induce osmotic shock, a precursor to crystal 

damage. As a result, crystal deterioration was to some extent unavoidable. The 

submersion of crystal-containing electrodes into the cell buffer resulted in some crystal 

displacement and/or dissolution. 

 
Figure 2: Cyt c crystallization 

on Au wires. (A) Cyt c crystals 

on a Au wire. (B) Crystals were 

grown on the loop-end of a Au 

wire, which was suspended over 

a 100 µL reservoir solution in a 

sealed micro-centrifuge tube. 

 

Initial experiments were on electrodes that had a SAM, a cyt c monolayer and 

crystals. Measurements made at 100 mV/s yielded a voltammogram consisting of a single 

pair of reduction-oxidation peaks, which were characteristic of cyt c. The reduction and 

oxidation peaks were shifted to the right and left, respectively. The cathodic-to-anodic 

peak separation was large (0.2 V) at 100 mV/s by comparison to the monolayer only, 

which was 0.05 V at 100 mV/s. The peak intensities for first measurement of the 
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electrode containing crystals were significantly large compared to the Au-SAM-

monolayer electrode (Figure 3A). Repeating the measurement with the crystal-containing 

electrode over 100 scans showed a steady decline in peak heights and this is consistent 

with the crystal degradation observed over during the experiment (Figure 3B). No redox 

peaks were detected for crystals grown on bare Au wires, indicating no electro-activity. 

Therefore, a SAM was essential for the detection of electro-active crystals.  

 

 
Figure 3: (A) Voltammograms of a cyt c monolayer (black) and crystals (blue) on modified Au electrodes. 

(B) The intensity of the redox signal decreased over 100 scans for the crystals. The scan rate was 100 mV/s. 

 

Cyt c-sclx4 crystallization on Au planar electrodes  

After identifying that cyt c could be crystallized on Au wires and detected by CV, the 

method was transferred to Au planar electrodes with a diameter of ~ 0.7 cm. The 

advantage of using a planar surface meant that the surface coverage of the crystals could 

be determined. The protocol was further altered by excluding the cyt c monolayer on 

which crystallization was initially performed. The advantage of this was that the amount 

of detectable electro-active cyt c would correspond exclusively to the crystallized protein. 

The signals could not be confused with some phenomenon such as the rearrangement of 

the cyt c monolayer, which may occur during the crystallization process. The SAMs were 

essential for crystal detection. Therefore, crystallization experiments were prepared on 

SAM-modified Au electrodes (Au-SAM). Crystals grew directly on the modified 

electrodes in drops containing a 10-fold excess of sclx4. The Au-SAM electrodes 

containing the crystals (Au-SAM-crystals) were transferred to a electrochemical cell 

containing 5 mL of 5 mM KPi, pH 7. 
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CV measurements of cyt c-sclx4 crystals on Au planar electrodes  

A Au-SAM-crystal electrode was used for preliminary experiments and the crystals 

covered 0.06 % of the surface. CV experiments were made in the range of 10-1000 mV/s 

and for each scan rate a single pair of reduction-oxidation peaks characteristic of cyt c 

was observed. The reduction and oxidation peaks were shifted to the right and left, 

respectively. The cathodic-to-anodic peak separation was largest (0.3 V) at a 1 V/s scan 

rate and smallest (0.1 V) for 10 mV/s. The first and final measurements were made at 10 

mV/s and a comparison of each showed a decrease in signal by the last measurement 

(Figure 4A). The greatest amounts of detectable cyt c were at the lowest scan rates 

suggesting a slow electron transfer process (Table 1). In the final measurement, the 

concentration of electro-active cyt c was ~ 17000 pmol/cm². This is a decrease of ~ 50 % 

with respect to the first measurement and is consistent with severe crystal degradation 

observed over during the experiments. Both the buffer and the electric field are expected 

to cause crystal deterioration. To investigate crystal dissolution, cyt c crystals were 

transferred to 5 mM KPi, pH 7 and monitored. Gradually, over the course of an hour, 

fractures were observed throughout the crystal leading to degradation and dissolution 

(Figure 4B). This process was accelerated under an electric field and is likely due to the 

rapid influx of ions through the crystal channels, resulting in lattice breakages. Therefore, 

efforts focused on overcoming this challenge by adapting the cell solution. 

 

 
Figure 4: (A) Voltammograms of the first (black) and final (blue) measurements of the Au-SAM-crystal 

electrode at 10 mV/s. The redox peak intensities are less for the final measurement. (B) Photograph of a cyt 

c crystal showing fractures. The photograph was taken 30 minutes after transferring the crystal to 5 mM 

KPi, pH 7. 
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To improve crystal stability during the experiments a CV cell solution was 

prepared to match the crystallization solution. The electrochemical cell solution contained 

50 mM NaCl, 100 mM MgCl2 and 24 % PEG 4000 and was adjusted to pH 7. Preliminary 

experiments for an Au-SAM-crystal electrode involved scan rates of 10-1000 mV/s. As 

observed for the electrode characterised in KPi buffer, the greatest concentration was 

detected at the lowest scan rate (Table 1). A comparison of the first and final 

measurement at 10 mV/s showed an increase by almost 10 fold in the amount of electro-

active species on the electrode surface (Figure 5). This suggested that the crystals 

required a period of equilibration prior to making measurements. Therefore, the Au-

SAM-crystal electrodes were incubated for 10 minutes in the cell solution prior to making 

any measurements. 

 
Table 1. Cyt c concentration (Γ) determined for Au-SAM-crystal 
electrodes at different scan rates. 
Scan rate (mV/s) Γ (pmol/cm2) 
 5 mM KPi pH 7 Crystallization 

solution 
10 (first scan) 32325.92 6187.55 
1000 5481.26 1842.70 
100 9726.42 7196.87 
50 12049.76 6403.91 
10 (final scan) 16865.60 58518.48 

 
 

Figure 5: Voltammograms of the 

first (black) and final (blue) 

measurements of the Au-SAM-

crystal electrode in 50 mM NaCl, 

100 mM MgCl2 and 24 % PEG 

4000, pH 7. The crystal coverage 

was 0.12 %. Larger, better-

defined redox peaks are observed 

for the final measurement. The 

scan rate for both measurements 

was 10 mV/s. 
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Reproducibility of scan rate dependency measurements 

Three Au-SAM-crystal electrodes (electrode I, II and III) were subjected to a scan rate 

dependency study. Prior to making any CV measurements, photographs were taken of 

each electrode (Figure 6) and the surface coverage of the crystals was determined. Each 

Au-SAM-crystal electrode was subsequently incubated for 10 minutes in the cell solution. 

The scan rates used for the study were 2-1000 mV/s. Measurements were also made 

before and after the study at 10 mV/s. Photographs were taken of each electrode after the 

experiments to assess crystal intactness.  
 

 
Figure 6: Au-SAM-crystal electrode (A) before and (B) after the scan rate dependency study. Crystals 

that dissolved during the experiment are circled.  

 

The voltammograms for the Au-SAM-crystal electrodes at each scan rate showed 

a single pair of reduction-oxidation peaks, characteristic of cyt c (Figure 7A). The anodic 

peak potential was shifted to the right in each measurement. The anodic and cathodic 

peak currents measured for the redox couple increased linearly with increasing scan rate 

from 2 to 1000 mV/s (Figure 7B). The formal potential (Ef) of the Fe2+/Fe3+ haem couple 

of cyt c varied from electrode to electrode and scan rate to scan rate. Typically, the largest 

potentials were observed at 1 V/s. The potentials of the Au-SAM-crystal electrodes at 100 

mV/s (Ef = 0.05-0.04 V) were higher than the Ef values of the Au-SAM with a cyt c 

monolayer measured in the same conditions and at the same scan rate (Ef = 0.03-0.02 V). 

This Ef difference between the crystals and the monolayers hints towards an electron 

transfer process more complicated than that observed in the monolayer. Additionally, the 

peak separations suggest slower electron transfer process than observed for the Au-SAM-
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monolayer. The concentration of electro-active cyt c was determined for each electrode at 

each scan rate.  

 

 
Figure 7: (A) Voltammogram measured for electrode I at 100 mV/s in the crystallization solution. (B) 

The dependence of the catalytic current on the √scan rate for I (Inset). 

 

 A comparison of the first and final measurements shows an increase in the 

concentration of electrode I (Table 2). This is more substantial in electrode II. However, 

the inverse is observed for electrode III. A possible explanation for these deviations for 

each electrode is that no two crystallization drops can be made absolutely identical. For 

example, convection effects in the vapour diffusion method can cause differences in the 

kinetics to reach equilibrium. The crystal coverage difference per electrode also reflects 

the variability of the crystallization method.  

 
Table 2. The cyt c concentration (Γ) determined for electrodes I, II and III at 10 mV/s. 

Electrode I (first) I (final) II (first) II (final) III (first) III (final) 

Γ (pmol/cm2) 3206.4 3538.5 3857.9 6230.2 5440.1 3984.5 

 

 

Overall, the results showed that the highest concentrations were detected at the 

lowest scan rates (Table 3). An increase in the scan rate reduced the amount of cyt c 

measured suggesting that the electron-transfer rate within the crystals is sensitive to the 

scanning speed. Similar effects were observed for the Au-SAM-crystals measured in KPi 

buffer and a similar trend occurred in the PASA-cyt c multilayer systems, for which 

protein-protein electron transfer within the assembly is the ultimate pathway.228  
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Table 3. The cyt c concentration† (Γ), formal potential (Ef), peak-to-peak separation (ΔEp) and the peak width at 

half peak height (δavg) determined for the three Au-SAM-crystal electrodes. 

Scan rate (mV/s) 

 1000 500 200 100 50 30 20 10 5 2 

Γ (pmol/cm2) 

I 472.99 615.97 905.44 1197.31 1643.98 1580.76 1982.22 2881.46 4107.72 7311.48 

II 1564.41 2037.72 2787.04 3289.31 3347.39 2804.22 3209.15 5306.59 8033.91 12783.42 

III 1307.35 1448.93 1711.31 1902.65 2097.42 2741.13 3167.82 3286.42 4527.38 8525.37 

Ef (V vs. Ag/AgCl2) 

I 0.095 0.075 0.055 0.051 0.052 0.048 0.046 0.058 0.053 0.053 

II 0.125 0.089 0.063 0.051 0.051 0.051 0.051 0.051 0.051 0.051 

III 0.061 0.044 0.038 0.040 0.037 0.040 0.040 0.039 0.044 0.049 

ΔEp (V) 

I 0.190 0.150 0.110 0.102 0.080 0.056 0.072 0.040 0.058 0.054 

II 0.250 0.180 0.126 0.102 0.078 0.058 0.018 0.038 0.032 0.056 

III 0.120 0.090 0.052 0.040 0.022 0.028 0.028 0.026 0.048 0.062 

δavg (V) 

I 0.19 0.19 0.18 0.17 0.17 0.15 0.15 0.14 0.14 0.12 

II 0.24 0.23 0.19 0.16 0.14 0.13 0.12 0.12 0.09 0.23 

III 0.16 0.14 0.10 0.13 0.12 0.13 0.12 0.15 0.15 0.16 
†0.46 %, 0.16 % and 0.11 % of the surface was covered by crystals for electrode I, II and III, respectively. 

 

Some protein dissolution from the crystals on the electrodes was expected to occur 

due to the transfer of the electrodes into the cell. As a result, it was essential to prove that 

the detected redox peaks corresponded to the crystals and not to protein that had dissolved 

from the crystals. To assess the effect of crystal dissolution the Au-SAM-crystal electrode 

was removed from the electrochemical cell solution after the scan rate dependency study 

and replaced by a Au-SAM. Importantly, the cell solution itself was not exchanged. 

Redox peaks characteristic of cyt c were barely visible in the voltammogram measured 

with the Au-SAM (Figure 8). This suggests that the cyt c molecules in the crystals are the 

key contributors to the redox signal observed in the Au-SAM-crystal voltammograms. 
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Figure 8. (A) Voltammogram of a Au-SAM-crystal electrode measured in crystallization solution. (B) 

Voltammogram of a Au-SAM electrode measured in the same solution after the scan rate dependency study 

with (A). Redox peaks are barely visible for the Au-SAM electrode. The scan rate was 100 mV/s. 

 

Cyt c solution and monolayer profiles 

As a standard experiment cyt c was characterised in the crystallization solution using a 

Au-SAM electrode. Operating in the 50-200 mV/s range a single pair of redox peaks was 

observed for 0.5 µM cyt c. However, at higher scan rates, 500-1000 mV/s, noise 

interfered with cyt c detection. Increasing the protein concentration improved the 

voltammogram resolution (Figure 9A). The highest concentration of electro-active protein 

was determined from the lowest scan rate. For 20 µM cyt c at 2 mV/s this was ~22 

pmol/cm2 and at 1 V/s only ~1 pmol/cm2 was detected. Importantly, the addition of 0.5-

100 µM sclx4 to the solution did not affect the voltammograms. Furthermore, no redox 

peaks were visible in the assigned potential range for an Au-SAM electrode in the 

crystallization solution containing 200 µM sclx4. Therefore, sclx4 was not responsible for 

the Au-SAM-crystal voltammograms. 

Cyt c monolayers were prepared on Au-SAM electrodes and characterised in 24 % 

PEG 4000, pH 7. This modified form of the crystallization solution was used as the 

presence of NaCl and MgCl2 depleted the concentration of cyt c in the monolayer. This 

observation is a result of the competition between the SAM and the cell solution for cyt c, 

which is attributed to charge-charge interactions. A single pair of redox peaks was 

observed and the peak separations were ~ 0.04 V from which 7.1-9.0 pmol/cm2 of electro-

active cyt c was determined (Figure 9B).  
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Figure 9: (A) Voltammogram of a cyt c solution. The measurement was made using a Au-SAM electrode 

and the crystallization solution in the electrochemical cell contained 20 µM cyt c. (B) Voltammogram of 
cyt c monolayer prepared on a Au-SAM and characterised in 24 % PEG 4000, pH 7. The measurements 

were made at 100 mV/s. 
 

Communication with sulfite oxidase 

In the presence of a substrate, high current outputs can be induced and detected by CV. 

The Au-SAM-crystal electrodes were tested as biosensors for sulfite detection, for which 

the crystals were mediators between an enzyme and the electrode. Sulfite oxidase (SO) is 

a molybdenum- and iron-containing enzyme that catalyses the oxidation of sulfite to 

sulfate at the molybdenum cofactor.229 From this reaction two electrons are transferred, 

one at a time, to the b5 haem of sulfite oxidase and subsequently onto cyt c, its natural 

reaction partner. As a result of its sulfite conversion ability, direct electron transfer from 

SO to electrode surfaces can occur, meaning it has potential applications in biosensor 

design.23,208  

SO communication with Au-SAM-crystal electrodes was investigated in a cell 

solution containing of 24 % PEG 4000, pH 7 and the scan rate was 5 mV/s. 1µM SO 

addition to the cell solution showed virtually no change in the voltammogram. However, 

the addition of 1 mM Na2SO3 resulted in a significant increase in the oxidation current, 

indicating the oxidation of sulfite to sulfate by SO. This is an interesting observation as 

cyt c mobility is diminished in the crystal. A similar trend was obtained with the Au-

SAM-monolayer electrodes (Figure 10). Cyt c immobilised on a SAM consisting of 

poly(2-methoxyaniline-5-sulfonic acid)-co-aniline polymers also showed a current 

increase with the enzyme and substrate.230 Importantly, the results for the crystal-

containing electrodes are preliminary and control experiments are required to investigate 

the validity of the reported voltammograms. Nonetheless, the data suggests that electron 
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transfer from the enzyme to immobilised cyt c molecules with reduced mobility can be 

achieved.  

 

Figure 10: (A) Voltammograms of the Au-SAM-monolayer electrode in the presence of 1 µM SO (black) 

and after the addition of 1 mM Na2SO3 (blue) to the cell solution. (B) Voltammograms of the Au-SAM-

crystal electrode with SO before (black) and after (blue) substrate addition. The scan rate was 5 mV/s. 

 

Electron transfer through cyt c crystals  

Electron transport from the electrode and into the crystals is apparent, however, the 

factors that control electron flow between the immobilised haem cofactors must be 

addressed. The conditions used to grow the crystals on Au-SAMs were the same as those 

used to grow cyt c-sclx4 crystals for diffraction. Therefore, the orientations of the cyt c 

molecules in the crystals were believed to be similar to the solved structure (Chapter 2). 

The P212121 symmetry operations were applied to the asymmetric unit of the cyt c crystal 

(PDB ID 4n0k) to generate assemblies and examine the contribution made by crystal 

packing neighbours. An analysis of the crystal packing neighbours shows that the shortest 

Fe-Fe distance is 23.7 Å (Figure 11). All other Fe-Fe distances in the crystal lattice are > 

30 Å. It is well recognised that electron transfer can occur over distances < 25 Å.231 

Significantly, similar distances were observed in redox active crystals comprised of both 

native and Zn-substituted tuna cyt c. The shortest Zn-Fe distance was 24.1 Å, suggesting 

that the protein-protein interfaces in crystals mediated interprotein redox reactions. In 

these crystals the electron transfer rate was faster for the oxidation step (2000 s-1) than the 

reduction step (320 s-1).222  
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Figure 11: (A) Cyt c-sclx4 assemblies 

generated by applying the P212121 

symmetry operations. Cyt c is 

represented as transparent surfaces and 

chains A and B are coloured cyan and 

grey, respectively. Haems are blue sticks 

and the calixarenes are purple lines. (B) 

The shortest distance between 

neighbouring Fe centres is 23.7 Å, 

represented by a dashed line. All other 

Fe centre distances are > 30 Å. 

 

Conclusions 
Protein crystallization on modified Au electrodes offers an alternative strategy to the 

layer-by-layer adsorption method for generating high protein concentrations. Cyt c 

crystals were grown and electrochemically detected on Au-SAM electrodes by using CV. 

The reported concentrations exceed those of multilayer assemblies, which are ~ 80 

pmol/cm2 for systems using poly(2-methoxyaniline-5-sulfonic acid)-co-aniline polymers 

or silica nanoparticles.220,232 The role of sclx4 was to promote crystallization and 

importantly the calixarene afforded no additional electrochemical properties in the 

applied potential range. This is similar to the PASA polyelectrolyte, which also does not 

contribute to the electron transfer process as it shows no redox activity.22  

The concentration of electro-active cyt c in the crystals is dependent on the scan 

rate. At lower scan rates higher concentrations of cyt c contribute to the current. For 

example, a concentration of ~ 1600 pmol/cm2 of cyt c was calculated from data collected 

at 1 V/s (Table 3). This value increased 8-fold when the scan rate was reduced to 2 mV/s. 

A similar observation was made with the cyt c-PASA multilayer systems and suggests 

that the rate of electron exchange between the cyt c molecules is slower than the applied 

scan rate.22 The distance between the metal centres influences electron transfer rates233 

and metal centres separated by 20-25 Å have rates in the µs-ms range.222,234,235 

Significantly, the Fe-Fe distance in the cyt c-sclx4 crystal is shorter than 25 Å and this is 

similar to the metal-metal separation in tuna cyt c crystals.222 The protein-protein 

interfaces in crystals mediate the interprotein redox reactions. 
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A major advantage of crystal systems is that the precise orientations and distances 

of the redox centres can be solved. The use of small molecules that act as molecular glue 

for redox protein crystallization presents a new perspective for generating highly ordered 

architectures for electrochemical characterisation. Therefore, the use of the co-

crystallization method might inspire the development of custom-designed structures for 

biosensing.  

 

Experimental 

Preparation of SAM and cyt c monolayers on Au electrodes 

Au wire and chip electrodes were incubated in 5 mM MUA/MU (1:3) in pure ethanol for 

48 hours allowing SAM formation.22 The Au-SAM electrodes were washed by gently 

dipping the electrodes in pure ethanol and then in 5 mM KPi, pH 7 or water. Cyt c 

monolayers were subsequently prepared on the SAM-modified Au electrodes by 

incubating the electrodes in 30 µM cyt c, 5 mM KPi pH 7 for 2 h. After cyt c monolayer 

formation, the electrodes were washed by gently dipping the electrodes in 5 mM KPi, pH 

7 or water.  

 

Cyt c-sclx4 co-crystallization on electrodes  

The hanging drop vapour diffusion method was used to grow crystals directly on the Au 

planar electrode surface, which was inverted over a 100 µL reservoir solution. Each 

electrode was incubated at room temperature in a sealed chamber. For crystallization on 

Au wires, the end of the wire was fashioned into a loop to hold the drop. The Au wire was 

suspended in a sealed micro centrifuge tube over a 100 µL reservoir solution (Figure 2). 

The reservoir solution contained 24 % PEG 8000, 50 mM NaCl and 100 mM MgCl2. 

Equal volumes of 1.7 mM of cyt c and 17 mM sclx4 were combined in a complex 

solution. Experiment drops were prepared by combining 2 µL of the complex solution 

and 1 µL of the reservoir solution. Control drops were prepared by combining 1 µL 

solutions of each 1.7 mM cyt c, water and reservoir solution. Crystals grew on both the 

Au chip and Au wire electrodes. The control drops were devoid of any precipitate.  
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Electrochemistry 

All electrochemical measurements were prepared using a homemade 1 mL cell using an 

Ag/AgCl/ 1 M KCl reference (Microelectrodes, Inc., Bedford, USA) and a Pt-wire 

counter electrode. The working electrodes were modified Au wires (diameter 0.5 mm, 

obtained from Goodfellow Bad Nauheim, Germany) or modified Au planar electrodes 

(diameter ~ 0.7 cm). The cell solution contained 24 % PEG 4000, 50 mM NaCl and 100 

mM MgCl2, pH 7, unless otherwise stated. Cyclic voltammetry experiments were carried 

out with a CH Instrument (Austin Texas, USA). The scan rates varied from 1000 to 2 

mV/s. For the scan rate dependency study the scan rates were 1000 mV/s, 500 mV/s, 200 

mV/s, 100 mV/s, 50 mV/s, 30 mV/s, 20 mV/s, 10 mV/s, 5 mV/s and 2 mV/s.  A potential 

range of -0.4 and +0.4 V vs. Ag/AgCl was applied. Data analysis was performed using 

CHI 604d software. Integration of the CV peak areas provided the electro-active surface 

concentration (Γ). 

 

Measurements with crystals, sulfite oxidase and Na2SO3 

CV was performed on Au-SAM-monolayer and Au-SAM-crystal electrodes in 24 % PEG 

4000, pH 7 at 5 mV/s. The buffer was supplemented with 1 µM human sulfite oxidase 

and the electrochemical response was assessed by CV. The solution was then 

supplemented with 1 mM Na2SO3 and CV performed. All the CV measurements were 

made at 5 mV/s. 
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Chapter 4:       

The crystal structure of lysozyme and p-

sulfonatocalix[4]arene  
 

Manuscript submitted 
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Abstract 
Crystal structures of co-crystallized protein-ligand complexes allow the identification of 

epitopes involved in recognition events. Here, the first crystal structure of hen egg white 

lysozyme in complex with p-sulfonatocalix[4]arene is reported. The calixarene shows a 

preference for the cationic side chain of arginine. The structure provides new information 

on protein recognition by the calixarene. The structure also shows how the crystallization 

agents cooperate with the calixarene to stabilise the protein complex. The self-organising 

principles that govern this complex formation are discussed. 
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Introduction 
The association of biological macromoleules into distinct levels of structural organisation 

is widespread in cellular systems. The size and shape of the protein, complementarities 

between surfaces, hydrophobicity, electrostatic interactions and conformational changes 

resulting from complex formation are important factors for governing assembly.19 These 

features have been exploited to gain control over protein self-assembly. For example, 

efforts have focused on designed protein-protein association via protein engineering.26,30 

This was demonstrated by the introduction of additional hydrophobic residues at the 

contact interface of L-rhamnulose-1-phosphate aldolase, which promoted self-assembly 

and stabilised the complex.26  

Small molecules present a noncovalent approach for promoting protein self-

assembly. Tetraarylporphyrin-β-cyclodextrin complexes have also been used to generate 

dimers of cytochrome c, by binding the protein surface.236 Cucurbit[8]uril induces protein 

tetramerisation by entrapping two phenylalanine side chains from the N-terminal 

PheGlyGly motif in its cavity.200 Small molecules that act as ‘molecular glue’ are also 

important for generating protein assemblies and promoting crystallization.40,47 

Pyrenetetrasulfonic acid was required to grow diffraction quality crystals of PYK.40 The 

crystal structure of the complex shows the ligand making salt bridges and cation-π 

interactions with an arginine side chain from two neighbouring protein chains. In this 

instance arginine may be considered as a valuable target for altering self-assembly.  

Arginine is important at protein-protein interfaces and those involved in cation-π 

interactions are especially common.59,237 Arginine recognition by the aromatic cage of 

chromodomain 2 involves cation-π interactions and occurs as part of chromatin structure 

regulation.238 The complexation of arginine by various small synthetic molecules, 

typically decorated with acidic groups, have been explored owing to its role in protein 

interactions.60,239-242 For example, a cyclophane host, which has well-defined hydrophobic 

cavity and peripheral carboxyl groups, binds arginine.240 A combination of cation-π, 

hydrophobic and electrostatic interactions between the host and guest contribute to the 

high affinity (−ΔG°= 5.0 kcal/mol) of the binding event. The arginine cork is a small, 

rigid, planar molecule with two peripheral carboxylates and displays µM affinity for 

arginine.241 The crystal structure of the arginine cork with N-ethylguanidinium shows one 

cation in the receptor cleft and a second cation binding one carboxylate.  
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Calixarenes have played an important role in various strategies from protein 

extraction into organic phase to self-assembly.70,96 p-sulfonatocalix[4]arene (sclx4) has 

demonstrated great potential as a protein surface binder via cationic amino acids.90,91,94,95 

As described in Chapter 2, sclx4 binds cytochrome c (cyt c) predominantly via lysine side 

chains. However, sclx4 is also an arginine binder91,243 and similar to the complexes 

formed with lysine,90 calixarene can bind arginine residues endo or exo. In aqueous 

solution at pH 8 sclx4 makes 1:1 complexes with dipeptides and tripeptides bearing 

arginine residues.243 To substantiate the potential of sclx4 as a protein surface binder and a 

mediator of protein-protein interactions we used X-ray crystallography. The structural 

consequences of the lysozyme-sclx4 complex are described.  

 

Results  

Crystallization and structure determination 

Lysozyme-sclx4 co-crystallization trials were prepared using the conditions that yielded 

diffraction quality crystals for the cyt c-sclx4 complex.48 The conditions were chosen as 

lysozyme and cyt c have similar pI values in the range of 10.5-11.136,244 Cubic crystals of 

lysozyme grew in drops containing 24-28 % poly(ethylene glycol) (PEG) within three 

weeks (Figure 1A). Larger crystals of different shapes were observed after three months 

in a drop containing 22 % PEG (Figure 1B). Control drops lacking sclx4 were devoid of 

precipitate and crystals. 

 
Figure 1: (A) A cubic crystal (10 µm 

length) which grew from 24 % PEG 8000, 

diffracted to 1.7 Å and belonged to P1211. 

(B) Other crystal forms belonged to P41212 

and P43212. Although these crystals grew 

from almost identical conditions (a 

difference of 2-6 % PEG), two months 

were required for crystallization and the 

structures lacked sclx4. 

 

Structural characterisation was achieved by X-ray crystallography. The larger 

crystals belonged to space groups P41212 and P43212 and diffracted to 1.2 Å, however, no 
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sclx4 was present in the asymmetric unit. In contrast, the largest of the cubic crystals 

diffracted to 1.7 Å and belonged to the monoclinic space group P1211 (Table 1). For this 

crystal structure, the asymmetric unit is composed of four molecules of lysozyme and five 

molecules of sclx4 (Figure 2). The four protein molecules are referred to as chains A, B, C 

and D. Five PEG fragments and three Mg2+ are also present in the asymmetric unit.  

 

Table 1. Crystallographic data for the complex of sclx4 with lysozyme. 
Space group P1211 
Cell constants a = 44.01 Å 

b = 81.75 Å 
c = 72.10 Å 
α = γ = 90º 
β = 105.37º 

Resolution, Å 81.75-1.72 (1.77-1.72) 
Wavelength, Å 1.00792 
Unique reflections-Corrected 1386759 (51142) 
Multiplicity 3.0 (2.6) 
I/σ 9.4 (1.8) 
Completeness, % 98.7 (94.9) 
Rmerge,b % 7.3 (55.6) 
Solvent content, % 43.86  
Rfactor, % 18.48 
Rfree, % 22.42 
rmsdc bonds, Ǻ  0.01 
rmsdc angles, °  1.12  
# molecules in asymmetric unit 
Protein 
sclx4 

PEG 
Mg2+  
Solvent 

 
4 
5 
5 
3 
322 

Average B factors, Ǻ2 
Protein  
sclx4 

PEG 
Mg2+   
solvent 

 
21.51 
19.70 
45.46 
28.88 
28.44 

Ramachandran analysisd 
% residues in favoured regions  
% residues in allowed regions  

 
98.8 
100.0 

aValues in parentheses correspond to the highest resolution shell; bRmerge = ∑hkl 

∑i |Ii(hkl) !"〈I(hkl)〉|/∑hkl ∑iIi(hkl); croot mean square deviation calculated from the 
B values of all non-hydrogen protein  atoms; d Calculated with MolProbity.176 
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Figure 2. Crystal structure of the lysozyme–sclx4 complex. The asymmetric unit comprises four molecules 

of lysozyme, five sclx4, five PEG fragments and three Mg2+ ions. Lysozyme is represented as transparent 

grey cartoons. Sclx4, PEG and arginine are shown as sticks and the Mg2+ ions are spheres. The sclx4 are 

coloured by binding site. The two calixarenes that bind the C-terminal Arg128 are coloured blue and the 

two calixarenes that bind PEG-Mg2+ at the centre of the assembly are orange. The sclx4 that binds PEG-

Mg2+ near the active site is coloured green. 

 

Molecular architecture of the lysozyme-sclx4 assembly 

The four lysozyme chains in the asymetric unit assemble as a dimer of dimers (Figure 2). 

Each chain contributes a 310 helix245 to the centre of the tetrameric assembly resulting in 

the formation of a channel. Pro79, Ser81, Ala82, Ser85, Ser86 and Asp87 protrude into 

the channel and either end is plugged by the hydroxyl-bearing rim of a pair of close-

packed calixarenes. The sulfonated sclx4 rims are surrounded by predominantly basic 
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protein surfaces. One of these sclx4 encapsulates the side chain of C-terminal Arg128 

from a neighbouring tetramer in the crystal packing environment. The adjacent sclx4 is 

bound to a PEG fragment, which forms a crown ether-like complex around a Mg2+ cation. 

A fifth sclx4 binds to a PEG fragment at the active site in chain B. In addition to protein-

sclx4 contacts, PEG-sclx4 and protein-PEG contacts are widespread in the structure.  

 

Sclx4-sclx4 packing 

The sclx4 pair plugs either end of the channel (Figure 3A and 3B). The packing motif 

consists of an up-up arrangement and is similar to but less pronounced than that observed 

in the sclx4-arginine crystal structure (Figure 3C).91 A phenyl ring from each sclx4 is 

positioned 4.0-4.1 Å to the nearest methylene bridge of the neighbouring sclx4. Two 

water molecules hydrogen bond two sulfonates, one contributed by each sclx4. The side 

chains of two N-terminal lysines form salt bridges to a sulfonate on each sclx4. The N-

terminal lysines and mediating water molecules work in concert to diffuse the dense 

negative charge of the sclx4 pair. Water molecules are significant players in the crystal 

structure of sulfonated azo dyes with cationic amino acids.246 The crystal structure of the 

Orange G dianion with lysine shows a water molecule make hydrogen bonds with two 

sulfonates, one from each Orange G molecule. On the opposite side of the sulfonates, the 

N-terminal amine of a lysine amino acid makes salt bridges with the same two sulfonates. 

This noncovalent network involving waters and a lysine amino acid is similar to the 

interactions that occur with the adjacent sulfonates of two close-packed sclx4. 

 

Arginine-sclx4 binding sites 

Both arginine-sclx4 sites involve the entrapment of C-terminal Arg128 (Figure 3). The Cγ 

and Cδ of Arg128 are in the calixarene cavity and make van der Waals contact with three 

sclx4 phenyl rings. The Arg128 guanidine group is projecting up, into the plane of the 

sulfonates. At the Arg128 binding site in chain A (A.Arg128), three sclx4 sulfonates make 

a total of four salt bridges with Arg128. Three water molecules make hydrogen bonds 

with the guanidine group. The backbone amide of arginine makes hydrogen bonds with a 

water molecule and a sclx4 sulfonate. Another water molecule hydrogen bonds both the 

backbone carbonyl and another sulfonate. These bridging water molecules interact with 

both the polar groups on the sclx4 and the protein surface and were previously observed in 

the cyt c-sclx4 structure.48  
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Figure 3. (A) An expansion of the crystal packing neighbours generated with the P1211 symmetry 

operations. The protein chains are represented as grey surfaces and ligands are spheres that are coloured as 

before. (B) The opposing sclx4-sclx4 pairs observed at the centre of the assembly are shown. The 

positioning of the sclx4-PEG complexes suggests one PEG fragment is entraped by the two calixarenes. (C) 

The crystal structure of D-arginine and sclx4 shows a similar packing arrangement for the calixarenes91  and 

(D) the crystal structure of sclx4 with 18-crown-6 and Na+247 is similar to the sclx4-PEG-Mg2+ complex.  

 

 

An analysis of crystal packing neighbours reveals two additional protein chains 

making noncovalent interactions with sclx4. The Cε1 of D.His15 hydrogen bonds the 

nearest sulfonate. The Nε of D.Lys1 makes a salt bridge with two O atoms on one 

sulfonate and a third to the neighbouring sclx4, which entraps a PEG fragment. The alkyl 

portion of the D.Lys1 side chain makes hydrophobic interactions with a phenyl ring from 

the adjacent sclx4-PEG-Mg2+ complex. These exo interactions involving a lysine side 

chain are also observed in the cyt c-sclx4 crystal structure (Chapter 2). An interesting 

feature of this binding site is that the interactions with His15 and Lys1 are mirrored at the 

adjacent sclx4-PEG-Mg2+ complex. Other noncovalent interactions supplied by crystal 

packing neighbours to the Arg128-sclx4 complex involve the Nδ of A.Asn74 and the 

backbone amide of D.Ile88, which hydrogen bond a sulfonate. The guanidine group 

D.Arg14 makes a salt bridge to one sulfonate. The Cβ of A.Asn65 and D.Ser86 are within 

4.2 Å of the nearest phenyl ring of and the Cδ of A.Pro79 is within 3.8 Å of a sclx4 

methylene bridge. All four sclx4 hydroxyl groups are solvated by a water molecule. One 

of the water molecules also makes a hydrogen bond with the amino-terminus of B.Lys1. 

The interactions in chain A are comparable to the B.Arg128 and the 670 Å2 interface area 

exists for both sites. This is the surface area of the sclx4 binding site that becomes solvent 
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inaccessible in the total complex and includes all of the neighbouring protein chains 

generated using P1211 symmetry operations. 

 

PEG-sclx4 binding sites 

In the asymmetric unit three sclx4 binding sites involve a PEG fragment bound within the 

sclx4 cavity. One PEG-sclx4 complex binds to the lysozyme active site (described in the 

next section).248 However, for the two other sites both calixarenes exist as part of the sclx4 

pairs. These sclx4 are characterised by the submersion of a portion of the PEG fragment 

into the cavity, which is wrapped around a Mg2+. The PEG fragment forms a crown ether-

like complex with Mg2+ in which the six O atoms coordinate Mg2+. The Mg-O bonds, in 

the 2.9-3.6 Å range, are considered relatively long in comparison to the crystal structure 

of 18-crown-6 with MgC12.249 The PEG-sclx4 complex is similar the complex of sclx4 

with 18-crown-6 (Figure 3D).247 In the crystal structure two calixarenes form capsules 

that contain the 18-crown-6 ether, which coordinates a central Na+. Two water molecules 

make hydrogen bonds with Na+ and two sulfonates. This differs to the PEG-sclx4 

complex, for which the Mg2+ makes direct electrostatic interactions with two O atoms on 

a sulfonate.  

The sclx4-protein interactions involving Lys1, His15 Asn74, Pro79 and Ile88 are 

similar to those observed at the Arg128-sclx4 binding site. The backbone amide of Val2 

makes a hydrogen bond to one sulfonate. In the Arg128 binding site the interaction is 

mediated by a water molecule. The only PEG-protein interaction at this site involves the 

guanidine group of B.Arg14, which makes van der Waals contact with the PEG fragment. 

In the context of crystal packing neighbours, the two PEG-sclx4 complexes oppose one 

another and may be anchoring the ends of one PEG molecule (Figure 3B). In doing so, 

order is induced in the two regions of the polymer.  

 

PEG-sclx4 binding at the active site 

The third PEG-sclx4 complex binds the surface of the lysozyme active site248 in chain B 

and is the only such site in the crystal structure. B.Arg61 and crystal packing neighbour 

A.Lys116 each make salt bridges with a sclx4 sulfonate (Figure 4). One sulfonate is 

positioned 2.4 Å and 3.2 Å from the backbone amides of B.Gly104 and B.Asn103, 

respectively. Chain A is the only crystal packing neighbour at the binding site. The 

hydroxyl group of A.Tyr23 and the Nδ2 of A.Asn106 make hydrogen bonds with a sclx4 
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sulfonate. The phenyl ring of A.Tyr23 partly stacks above a sclx4 phenyl. The lower sclx4 

rim is solvated by five water molecules. One water hydrogen bonds both the Nδ2 of 

A.Asn27 and a sclx4 hydroxyl.  

 
Figure 4. The sclx4-PEG-Mg2+ 

complex near the lysozyme 

active site. A PEG fragment, 

partially in the sclx4 cavity, 

adopts a crescent shape around 

Mg2+ (sphere), similar to the 

crown ether.247 The interactions 

involving the PEG fragment and 

both Mg2+ and sclx4 are shown. 

The PEG also makes 

noncovalent interactions with 

the side chains of Trp62 and 

Trp63. The Nε and Nη2 of Arg61 

make salt bridges with one 

sulfonate.  

 

The PEG fragment adopts a crescent shape around Mg2+ and, similar to the two 

other PEG-sclx4 binding sites, Mg2+ interacts with three PEG O atoms 2.8-3.4 Å apart 

(Figure 4). Mg2+ also makes a salt bridge with a sclx4 sulfonate and hydrogen bonds a 

water that also hydrogen bonds a sulfonate. A portion of the PEG fragment lies in the 

sclx4 cavity and is within van der Waals distance of two sulfonates. Part of the PEG 

fragment is above the plane of the B.Trp62 and B.Trp63 side chains and makes van der 

Waals contacts with B.Trp62. Interestingly, an NMR titration of lysozyme with PEG 

suggests that PEG preferentially binds the interaction site centered on Trp62.250 Out of all 

the residues, Trp62 and Trp63 display the largest chemical shift change in the presence of 

PEG, with a Kd value of 80 mM.250 Arg61 and Arg73, which surround Trp62, also display 

a significant chemical shift change during the titration. PEG binds hydrophobic surface 

patches251 and the side chains of B.Ile98, B.Trp62, B.Trp63 make the site hydrophobic in 

nature.  

The residues Asn59, Trp62, Trp63, Ile98, Ala107 and Trp108 are central to 

lysozyme activity.248 The artificial, molecular switch containing three bisphosphonate 

dianions, one glucosamine moiety and one unpolar dodecyl tail binds lysozyme tightly 
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(Kd = 30 nM) and inhibits its function.252,253 The glucosamine moiety was used as a 

substrate mimic to bind and block the active site. The bisphosphonate groups promote 

charge-charge interactions with the cationic protein surface similar to the sclx4 sulfonates, 

and the dodecyl tail favours hydophobic interactions similar to PEG. Lysozyme’s 

function was restored by the addition of polyarginine, suggesting a strong electrostatic 

contribution to binding.  

 

Lysozyme-anion binding sites 

Coupled with the known cyt c-sclx4 and the lysozyme-sclx4 complexes, the structures 

deposited in Protein Data Bank (PDB) provide a guide for the design of surface binding 

ligands. Of the 446 HEWL structures deposited in the PDB, three are binding sulfates, 

seven are binding sulfonates, seven are binding phosphates and one is binding a 

phosphonate (Table 2). The strategy of co-crystallising lysozyme with proteins, such as 

antibodies, is useful for investigating protein surface recognition at the complex 

interface.254-257 Four of the lysozyme-protein complexes listed in Table 2 show one 

phosphate ion254-258 and one sulfate ion259 at an interaction interface in the crystal 

structure. 

A superposition of the known cyt c-sulfate and cyt c-sclx4 binding sites highlights 

a CαNN anion binding motif260 that reorganises on sclx4 sulfonate binding (Chapter 2). 

Similarly, overlaying the crystal structures of the lysozyme-sulfate259 and lysozyme-sclx4 

complexes suggest that the Arg128 site is optimised for anion recognition (Figure 5). At 

the sulfate binding site, the guanidine groups of both Arg125 and Arg128 each make two 

salt bridges with the anion. The Arg128-sclx4 binding site involves the guanidine group of 

Arg128 only. Arg125, points away from the binding site and makes salt bridges with the 

side chain of Asp119 in a bidentate manner. The superposition of lysozyme-sclx4 and 

another lysozyme-sulfate crystal structure shows that the interactions made by Arg14 and 

His15 to one sclx4 sulfonate are echoed in the lysozyme-sulfate complex.261 This suggests 

a second site optimised for anion recognition. The Nε1 of B.Trp63 makes a hydrogen bond 

with one sclx4 sulfonate in another binding site. Similarly, trifluoromethanesulfonic acid 

is also reported to hydrogen bond the Nε1 of Trp63 in addition to the backbone amide of 

Asn59 and a water molecule via its sulfonate.262 In the trifluoromethanesulfonic acid 

complex, Arg61 is pointing away from the binding site and Trp62 pointing into it. In the 
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presence of sclx4 this is reversed and the Arg61 side chain points into the binding site, 

making three salt bridges to the sulfonate.  

 
Table 2: Polar interactions in lysozyme-anion complexes. 
PDB ID Anion Salt bridges¶ Hydrogen bonds§ Reference 

4glv Sulfate Nη1 of E.Arg14 Cε1 of E.His15 †† 

2gv0 Sulfate Nε of A.Lys97 
A.Gln124 Nε2, 
A.Ala88† and A.Gly1† 

backbone amides 
†† 

2i26 

Sulfate 1 
 
 
Sulfate 2 
 
Sulfate 3 

Q.Arg128 Nη1, 
L.Arg125 Nε 
 
Q.Arg125 Nη1 
 
Q.Arg14 Nε and Nη2 

- 
 
 
- 
 
Cε1 of Q.His15 

259 

1ps5 Sulfate 
A.Arg14 Nη1, 
A.His15 Nε2 

- 261 

4glv HEPES C.Arg21 Nη1 - †† 

3b6l Dodecyl sulfate A.Arg73 Nη2 
A.Asn77 Nδ2, 
A.Asn74 backbone amide 

263 

1b0d p-toluene sulfonate - A.Asn44 Nδ2 264 

2hub HEPES - 
A.Asp48 and A.Thr47 
backbone amides 

†† 

2q0m 
Trifluoro- 
methanesulfonic acid 

- 
Nε1 of X.Trp63, 
X.Asn59 backbone amide 

262 

3e3d HEPES A.Arg21 Nη1 and Nη2 A.Thr47 Oγ1 and backbone 
amide 

265 

3rz4 HEPES A.Arg21 Nη1 and Nη2 A.Thr47 Oγ1 †† 

4glv Phosphate G.Arg21 Nη1 - †† 

3m18 Phosphate B.Lys33 Nε - 257 

1zv5 Phosphate L.Arg.45 Nη1 and Nη2 - 256 

1zvy Phosphate B.Arg128 Nη1 
Cα of Gly126  
B.Gly126, B.Cys127 and 
B.Arg128 backbone amides 

256 

1rjc Phosphate B.Arg14† Nε Q.His15† Cε1 258 

1g7i Phosphate C.Lys13 Nε C.Leu129 C-terminal carboxyl 255 

1a2y Phosphate C.Lys13 Nε C.Leu129 C-terminal carboxyl 254 

4fjr Ribose-5-phosphate A.Arg125 Nη1 and Nη2 - †† 
¶Number of salt bridges between anion and the protein. Defined as anion O <3.8 Å. §Number of hydrogen 
bonds between th anion and protein. †Contacts observed by analysis of crystal packing neighbours. 
††Unpublished. 
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Figure 5. A comparison of the lysozyme-sclx4 and lysozyme-sulfate binding sites. (A) The Arg128 side 

chain, entrapped by sclx4, makes four salt bridges and one hydrogen bond with the sulfonates. The sulfonate 

that coincides with the sulfate makes two hydrogen bonds with the backbone amide and carbonyl of 

Cys127. (B) The sulfate makes hydrogen bonds with the backbone amides of Gly126, Cys127 and 

Arg128.259  Both Arg125 and Arg128 make salt bridges with the sulfate. The described residues (coloured 

grey) and calixarene (coloured blue) are shown as sticks and the sulfate is represented as spheres. 

 

Conclusions  
Similar to cyt c, lysozyme crystallized in PEG-containing solutions in the presence of 

sclx4. In the asymmetric unit the calixarene was present at five binding sites on the 

protein surface and each site involved extensive interactions with lysozyme. Therefore, 

the presence of sclx4 at protein interfaces validates its ‘molecular glue’ role. PEG and 

Mg2+ complexation by sclx4 resulted in the ordering of a portion of the polymer, which is 

expected to have a high entropic cost. An expansion of the crystal packing neighbours 

shows two opposing sclx4-PEG-Mg2+ complexes and the structure is reminiscent of the 

sclx4 capsule comprised of two calixarenes encapsulating a crown ether-Na+ complex.247  

Synthetic molecules have previously demonstrated the ability to bind N-terminal 

side chains. For example, cucurbit[7]uril selectively binds the N-terminus of human 

insulin.44 Similarly, methyl-β-cyclodextrin binds a glucose-dependent insulinotropic 

polypeptide.266 In the lysozyme-sclx4 crystal structure the calixarene binds C-terminal 

arginine. This is an interesting result for two reasons; firstly for the residue type 

(arginine) and secondly for the position near the C-terminus. We have previously shown 

with cyt c that sclx4 displays a preference for lysines (Chapter 2). Instead of binding Lys1 

of lysozyme, which is a highly cationic site due to the N-terminal amine, sclx4 entrapped 

the second last residue Arg128. This raises the question, are these differences a question 
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of probability? The contribution of the arginine side chain to the binding free energy in 

protein–phosphate complexes is considered to be much larger than that of a lysine side 

chain.267 This phenomenon is likely to be due to the “chelate effect” of the guanidine 

group, which can similarly occur in arginine-sulfate complexes. Sclx4 binds lysine side 

chains with a higher affinity than arginine in phosphate buffer solution.95 Nonetheless, the 

abundance of arginine side chains renders arginine binding more accessible. The 

attractive forces that drive salt bridge formation and, in turn, sclx4 complexation in this 

instance outweigh lysine entrapment.48 Binding to and ordering the flexible C-terminus is 

expected to have a high entropic cost, however, the site appears to be optimised for anion 

recognition. For example, the crystal structure of lysozyme with the shark single-domain 

antibody shows sulfate binding at the same site (Figure 5).259 Furthermore, proteins co-

crystallized with lysozyme in phosphate buffer also show a phosphate ion making a 

water-mediated salt bridge with lysozyme’s Arg128 (Table 2).251,252 This similarly hints 

at an anion recognition site.  

Water-soluble, flexible, linear copolymers that target specific surface patches are 

useful protein surface binders as they are capable of induced-fit.252 The bisphosphonate 

co-polymer, which complements both the surface and active site of lysozyme, acted as a 

molecular switch for protein function. The bisphosphonate and dodecyl portions may 

interact with the protein surface in a similar manner to the PEG-sclx4 complex at the 

active site, which involved a combination of electrostatic and hydrophobic interactions.  

Artificial symmetric scaffolds are useful regulators of protein interactions, 

extending to biosensor268-270 and chemical271,272 sensor design. The four-fold symmetry of 

calix[4]arenes has been exploited generate molecular capsules.74 Oppositely charged 

upper rims drive the association of anionic and cationic calixarenes. Similarly, the 

symmetry of calix[4]arenes was exploited to bind multiple protein domains 

simultaneously.110 In the lysozyme-sclx4 complex, the four-fold symmetry of sclx4 was 

useful for protein packing. Close-packed sclx4 pairs mediated the tetrameric interfaces 

(Figure 3A). The resultant lysozyme complex is similar to the proposed calix[4]arene-

assisted p53 tetramerisation domain structure.110  

Arginine is typically involved in cation-π interactions at protein-protein 

interfaces.59,237 However, attractive ionic interactions are influential for arginine 

complexation by particular ligands.40,60,239-241,273 Sclx4 bound arginine resulting in the new 

crystal packing arrangement for lysozyme involving a dimer of dimers. In this instance, 
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salt-bridges and not the cation-π effect are observed between Arg128 and the calixarene. 

Knowledge of anion binding sites in the protein can be used to identify where the 

calixarene is likely to bind. The crystal structure of lysozyme with sclx4 might guide 

designed ligand-assisted protein self-assembly. 

 

Experimental 

Lysozyme-sclx4 co-crystallization 

Hen white egg lysozyme, purchased from Sigma-Aldrich (62971 Fluka), was used 

without further purification. The hanging drop vapour diffusion method was used for 

crystallization trials at 20 °C. Drops were prepared by combining 1 µL volumes of 

lysozyme (1.4 mM), sclx4 (17 mM) and the reservoir solution. Control drops were 

prepared by substituting the addition of sclx4 with 1 µL of water. The crystallization 

conditions that yielded diffraction-quality crystals of the cytochrome c-sclx4 complex 

were used. The lysozyme-sclx4 structure was determined from a crystal grown in a 

solution containing 24 % PEG 8000, 50 mM NaCl, 100 mM MgCl2 50 mM sodium 

cacodylate pH 6.3.  

 

Data collection and X-ray structure determination  

Crystals were cryoprotected in µL aliquots of the reservoir solution supplemented with 

25 % glycerol and flash-frozen in liquid nitrogen (100 K). Diffraction data were collected 

on a Pilatus 6M detector , S/N 60-0106, Soleil, the French national Synchrotron Facility, 

Paris, France. Intensity data were collected (φ scans of 0.1° over 180°) to a resolution of 

1.7 Å from a single crystal. Data processing and scaling were performed in MOSFLM 

and SCALA, respectively.170,171  

The data collection and refinement statistics are given in Table 1. The structure 

was determined by molecular replacement in PHASER and the refinement and manual 

rebuilding were performed in REFMAC5 (as implemented in CCP4) and COOT, 

respectively.174,274 Coordinates for sclx4 were obtained from the PDB ID t3y and built into 

the model using COOT. Solvent molecules were placed automatically using ARP/wARP 

and refinement was continued until no features remained in the Fo − Fc difference 

maps.275 Molprobity was used to check the qualities of the structures prior to deposition 
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in the Protein Data ank [4prq].176 Protein-protein and protein-ligand interfaces were 

analysed in COOT and PISA.205  
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Chapter 5:      

Crystal Structure of dimethylated lysozyme and p-

sulfonatocalix[4]arene  
 

Manuscript submitted 
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Abstract 
Lysine methylation results in significant structural reorganisation of chromatin. As a 

result, great efforts are focused on designing molecules that bind methylated lysine side 

chains. The goal is to identify highly specific small molecules that can be applied to alter 

chromatin self-assembly in a controlled manner. Lysozyme was subjected to reductive 

alkylation so that all of the lysines were dimethylated. Crystals of the modified lysozyme 

grew within minutes in the presence of p-sulfonatocalix[4]arene. The crystal structure 

shows remarkable structural reorganisation compared to the native lysozyme-sclx4 

complex. Significantly, this is the first crystal structure showing the complexation of a 

dimethylated lysine residue by calixarene. The structure also shows that the cation-π 

interaction plays a crucial role in the binding event. 
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Introduction 
Chromatin is the biological material that is responsible for controlling all eukaryotic 

genetic information. Minor structural and chemical changes of histone proteins, via 

posttranslational modification, present triggers for chromodomain remodelling.31,276 The 

modifications including acetylation, methylation and phosphorylation are subtle. 

Nonetheless, they are crucial for promoting specific protein-protein interactions that are 

interpreted to provide numerous biological functions.238,277 Therefore, posttranslational 

modifications are the biological cues for chromatin function and as a result, much 

attention is focused on targeting these switches so that the ensuing cascade of reactions 

can be controlled. 

Nucleosomes are the fundamental building blocks of chromatin and consist of a 

core histone octamer around which DNA is wrapped.278 The posttranslational 

modification of histone proteins affects chromatin assembly and occurs at the flexible, 

charged N-termini that protrude out from the nucleosome assembly. The enzymes that 

recognise the modifications are highly specific.279,280 For example, methylated Lys9 in 

histone H3 is recognised by heterochromatin protein 1 (HP1), which manages the binding 

of other proteins and thus controls chromatin structure and gene expression.279 The 

protein domains that recognise and bind N-methylated lysine are described as an 

“aromatic cage” and consist of an ordered enclosure of aromatic side chains into which 

the lysine side chain inserts (Figure 1A).190,191 Cation-π interactions between the 

methylated side chain and aromatic cage, rather than the hydrophobic effect, are the 

major driving force for binding.281 Lysine side chain methylation shares a role with 

numerous cellular activities in addition to chromatin function. For example, the 

methylation of the C-terminus lysine of p53 tumour suppressor protein is important for 

regulating protein-protein interactions.7,282 Therefore, lysine residues bearing post 

translational modifications govern a variety of cellular activities and are important targets 

for therapeutic intervention.277,283 

Inhibitors that mimic the aromatic cage motif, owing to a predefined cavity and 

polar or charged periphery, have potential as modulators of protein behaviour. The 

molecular tweezers has mM affinity for lysine in 25 mM NaH2PO4, pH 7 (Figure 1B).60 

The affinity and selectivity of a synthetic receptor for trimethyllysine (LysMe3) is 

comparable to the native HP1 chromodomain (Figure 1C).182 The receptor named rac-

A2B, exhibits increasing affinity for higher lysine methylation states. This observation is 
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attributed to differences in the magnitude of the cation–π interactions and LysMe3 is 

expected to have an enhanced cation–π propensity over LysMe2, LysMe and lysine. p-

sulfonatocalix[4]arene (sclx4) has a dissociation constant (Kd) of 0.8-1.7 mM for lysine 

residues of cytochrome c in phosphate buffered solution, pH 6.0 (Figure 1D).48 Sclx4 also 

displays ~ 30 µM affinity for LysMe3 as the free amino acid and also as part the Arg-

LysMe3-Ser-Thr peptide in phosphate buffered solution, pH 7.4.95 The calixarene can 

discriminate between unmethylated, mono-, di-, and trimethylated lysines on a single 

histone tail sequence.100 Cucurbit[7]uril is a neutral non-aromatic host molecule (Figure 

1E) that exhibits large binding constants for LysMe3 and selectivity for lysine.61 The 

hydrophobic effect and ion–dipole interactions influence cucurbit[7]uril binding. The 

molecular tweezer60, rac-A2B182 and cucurbit[7]uril61 involve side chain threading 

through the cavity while sclx4 can entrap side chains48. Cucurbit[7]uril lacks the ability to 

make cation-π and charge-charge interactions, nonetheless, it follows the same trend as 

sclx4 and rac-A2B for binding LysMen. The affinity for interaction is LysMe3 > LysMe2 > 

LysMe > Lys. Significantly, this is similar to the recognition pattern of LysMen protein 

readers such as the chromodomain HP1.182 

 

 
Figure 1: A naturally occurring aromatic cage, which favours LysMe3 binding and the artificial mimics. 

(A) Structure of the BPTF PHD finger of NURF bound to the histone H3Lys4Me3 peptide (dark grey) with 

the aromatic pocket shown as purple sticks (PDB ID 2fuu).183 (B) Molecular tweezers,60  (C) rac-A2B182 

and (D) sclx4
95 can make cation-π interactions and salt bridge interactions with lysine side chains. (E) 

Cucurbit[7]uril binds LysMe3 with an affinity of ~6 µM and the hydrophobic effect contributes to the 

binding.61 
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The interactions of sclx4 were structurally characterised with both cytochrome c 

and lysozyme, in Chapters 2 and 4, respectively. The crystal structures showed extensive 

charge-charge interactions between sclx4 and the entrapped lysine and arginine side 

chains. The goal of this project was to substantiate the potential of sclx4 as a protein 

surface binder in a system containing LysMe2 and to further investigate its effect on 

protein self-assembly. X-ray crystallography was used to achieve this and lysozyme 

bearing LysMe2 was the model system. The structural consequences for sclx4-assisted 

assembly are described. 

 

Results and Discussion 

Rapid lysozyme-KMe2 co-crystallization  

Lysozyme was subjected to reductive alkylation resulting in the dimethylation of all the 

lysine residues and the N-terminus, yielding lysozyme-KMe2.284 The hanging drop vapour 

diffusion method was used for lysozyme-KMe2 co-crystallization with sclx4. 

Crystallization drops were prepared using the conditions used to grow both cyt c- and 

lysozyme-sclx4 crystals. Sclx4 addition to lysozyme-KMe2 resulted in immediate 

precipitation and crystals grew from these dense white precipitates. Rapid crystal growth 

occurred when the protein and ligand concentrations were decreased 10- and 100-fold, 

respectively. Furthermore, a precipitant such as PEG was not required for crystallization. 

The NMR and X-ray crystallographic data for the cyt c-calixarene complex suggested that 

sclx4 can camouflage and modify the protein surface.48 The impact of the protein surface 

camouflage scenario was tested using the crystallization setup with 20 µM lysozyme-

KMe2 and different sclx4 concentrations. The effects were tested with the crystallization 

solution containing 20 mM salt (NaCl or Na2SO4), 10 mM sodium cacodylate pH 6. 

Crystals grew overnight in all drops except those containing eight-fold excess sclx4. 

These drops initially yielded dense white precipitate from which crystals grew after 24 h. 

In NaCl, crystal growth improved when the sclx4 concentration was increased from 1 to 

20 µM (Figure 2). However, at two-fold the lysozyme-KMe2 concentration, protein 

crystallization declined. This might indicate that the larger number of ligands competing 

and roaming the protein surface make self-assembly more difficult. A similar trend was 

observed in Na2SO4. 
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Figure 2: Calixarene concentration influenced lysozyme-KMe2 crystal growth. The crystallization drops 

contained 20 µM lysozyme-KMe2, 20 mM salt and 10 mM (CH3)2AsO2Na, pH 6 and the sclx4 

concentration varied from 1-160 µM. The salt was NaCl (top panel) or Na2SO4 (bottom panel).  

 

X-ray crystallography 

X-ray crystallography was used for the structural characterisation of the lysozyme-KMe2 

crystals. The crystals belonged to space group P1211 and diffracted to 1.8 and 2.1 Å. The 

2.1 and 1.8 Å data sets were solved to 2.2 and 1.9 Å, respectively. For both crystal 

structures, the asymmetric unit is composed of two molecules of lysozyme-KMe2 and 

four molecules of sclx4 (Table 1). The two protein molecules are referred to as chains A 

and B. Two glycerol molecules are present in the asymmetric unit of the 2.2 Å structure. 

Five glycerol molecules, two Mg2+ ions, one Na+ and three Cl- are also present in the 

asymmetric unit of the 1.9 Å structure.  

 

Molecular architecture of the sclx4-assisted lysozyme-KMe2 assembly 

The self-assembly of the two lysozyme-KMe2 structures are similar and one of four sclx4 

mediates two lysozyme-KMe2 chains in the asymmetric unit (Figure 3). Sclx4 binds 

LysMe2 at position 116 and arginine at position 14 endo in both chains A and B. Subtle 

differences between the 1.9 and 2.2 Å structures arise from a selection of residues that 

occupy alternate conformations (Asn59, Arg68, LysMe297, Asn103 and Arg114). For 

example, Arg68 makes hydrogen bonds from the Nη1 to the backbone carbonyl of Ser100 

and from the Nη2 to the –OH of Tyr53 in the 1.9 Å structure. In 2.2 Å structure Arg68 

makes a hydrogen bond from the Nη1 to the backbone carbonyl of Asp101. Importantly, 

the residues that occupy alternate conformations do not affect the calixarene binding sites. 
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The following descriptions of the LysMe2 and arginine binding sites are based on the 1.9 

Å structure. 

 
 

Table 1. Crystallographic data for the lysozyme-KMe2 complexes with sclx4 at 1.9 and 2.2 Å.a 
 1.9 Å structure 2.2 Å structure 
Space group P1211 P1211 
Cell constants a = 45.85 Å 

b = 30.20 Å 
c = 94.21 Å 
α = γ = 90º 
β = 96.31º 

a = 44.04 Å 
b = 30.28 Å 
c = 95.01 Å 
α = γ = 90º 
β = 96.62º 

Resolution, Å 31.32-1.90 (1.95-1.90) 39.41-2.20 (2.26-2.20) 
Wavelength, Å 0.95372 1.033190 
Unique reflections 20709 (19591) 44504 (13557) 
Multiplicity 3.6 (3.5) 3.3 (3.3) 
I/σ 9.2 (2.6) 7.9 (3.7) 
Completeness, % 94.6 (90.1) 99.6 (98.9) 
Rmerge,b % 8.4 (41.1) 13.0 (73.4) 
Solvent content, % 45.02  49.53 
Rfactor, % 16.77 18.00 
Rfree, % 21.04 23.52 
rmsdc bonds, Å  • 0.01 0.01 
rmsdc angles, °  1.19  1.53 
# molecules in asymmetric 
unit 
Protein 
sclx4 

Na+ 
Mg2+  
Cl- 
Glycerol 
Solvent 

 
2 
4 
1 
2 
3 
5 
191 

 
2 
4 
- 
- 
- 
2 
97 

Average B factors, Ǻ2 
Protein  
sclx4 

Na+ 
Mg2+  
Cl- 
Glycerol 
Solvent 

 
13.12 
17.79 
16.85 
19.13 
18.12 
25.64 
23.75 

 
27.57 
33.56 
- 
- 
- 
38.37  
30.65 

Ramachandran analysisd 
% residues in favoured 
regions  
% residues in allowed regions  

 
97.95 
100.0 

 
98.0 
98.5 

aValues in parentheses correspond to the highest resolution shell; bRmerge = Σhkl Σi |Ii(hkl)!
[I(hkl)]|/Σhkl ΣiIi(hkl); croot mean square deviation calculated from the B values of all non-
hydrogen protein atoms; dCalculated with Molprobity. 
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The LysMe2 binding sites 

The LysMe2 binding sites are characterised by the inclusion of the side chain in the sclx4 

cavity. The Nε of A.Lys116Me2 (A.Lys116Me2 corresponds to dimethylated Lys116 in 

chain A) is 4 Å from the nearest sclx4 sulfonates. One methyl group is buried deep within 

the aromatic cage and is 3.8-4.1 Å from the centroids of each of the sclx4 phenyl rings. 

Lysine methylation polarizes the Cε-Nη bond, which increases the cationic character of 

the N-methylammonium group and its ability of the group to make CH…π interactions.58 

The Lys116 methyl group makes cation-π interactions with each of the calixarene phenyl 

rings. The second methyl group is positioned between two sulfonates. The Cη1 makes salt 

bridge interactions with two adjacent sulfonates. A water molecule, 2.7 Å away, hydrogen 

bonds the Nε of Lys116Me2, in addition to an O atom on two sclx4 sulfonates, completing 

the side chain-sclx4 interaction network (Figure 4A). The Lys116Me2-sclx4 binding site, 

including the interaction with a water molecule, is reminiscent of the structural features 

and noncovalent interactions that are observed in the structure of the PHD finger and the 

tail peptide of histone H3Lys9Me2 (Figure 4B).183,190 A glycerol molecule fills the space 

between chain A and sclx4. Each of the glycerol -OH groups is involved in hydrogen 

bonds with a sclx4 sulfonate or the protein. 

 

 
Figure 4: Aromatic cages that bind LysMe2. (A) One LysMe2 methyl group is buried in the sclx4 cavity and 

the other is in the sulfonate plane. A water molecule (red sphere) hydrogen bonds both sclx4 and LysMe2. 

Sclx4 is shown as purple sticks and the residues that make noncovalent interactions with sclx4, including 

those from a close-packed chain, are also sticks. The protein chains are coloured as in Figure 3. (B) The 

crystal structure of PHD finger with H3Lys9Me2 shows the histone LysMe2 in the aromatic cage.183 A water 

molecule coordinates both the glutamate and LysMe2 side chains and a similar interaction occurs in the 

sclx4-LysMe2 complex. The cage motif and LysMe2 are purple and grey sticks, respectively.  
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An expansion of the crystal packing neighbours shows two additional chains 

assembled around the calixarene (Figure 4). B.Lys33Me2 makes a salt bridge with a sclx4 

sulfonate. The Nε of B.Arg5 makes cation-π interactions with a sclx4 phenyl ring. The 

backbone amide of B.Gly71 hydrogen bonds a sulfonate and the Cα is 4.0 Å to the 

centroid of the corresponding sclx4 phenyl ring, making CH-π interactions. A sclx4 

methylene bridge is 4.5 Å from the centroid of the B.Trp123 phenyl ring. Two lower rim 

hydroxyl groups make a hydrogen bond with a water molecule.  

 

The arginine binding sites 

Sclx4 binds Arg14 endo in both chains and the protein-sclx4 interactions at both sites are 

similar. The Arg14 Cδ and guanidine group are in the plane of the sclx4 sulfonates and 

three sulfonates make a total of four salt bridges with Arg14 (Figure 5). Two water 

molecules solvate the arginine side chain and hydrogen bond three sclx4 sulfonates. The 

Cε of His15 makes a water-mediated hydrogen bond with a sulfonate on the calixarene 

that also makes a salt bridge with the Lys1 Nε. This interaction is similar to the native 

protein-calixarene structure, which involves a direct hydrogen bond between the His15 Cε 

and the sulfonate (Chapter 4). Although Arg128 doesn’t make contact with the sclx4 at 

the Arg14 binding site, the Nη1 is 6.0 Å from the nearest sclx4 sulfonate. This feature was 

is also observed at a phosphate binding site involving Arg14 and His15.254,255  

Two crystal packing neighbours are packed around the arginine-calixarene 

complex. The 310 helix245 that was the centre of the tetrameric assembly in the native 

lysozyme-sclx4 structure is packed up against one side of the calixarene (Figure 5). From 

this 310 helix the side chain –OH of Ser81 and both the –OH and backbone amide of 

Ser86 each hydrogen bond a sulfonate. The second crystal packing neighbour contributes 

mostly cationic residues to the binding site. For example, one LysMe296 methyl group 

makes a cation-π interaction with a sclx4 phenyl ring (the methyl is 4.1 Å from the 

centroid). The Nη1 and Nη2 of Arg21 make salt bridges with two lower rim hydroxyl 

groups. The Cε of Tyr20 is 3.9 Å from two sclx4 hydroxyls.  
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Figure 5: Two crystal 

packing neighbours are 

packed around the 

calixarene at the 

Arg14 binding site. 

The residues that 

interact with sclx4 are 

shown as sticks. 

Glycerol was present 

at the site but made no 

direct contact with the 

calixarene. The crystal 

packing neighbours are 

coloured green and 

lilac. 

 

 

Sclx4 binds arginine side chains endo in both the native lysozyme and lysozyme-

KMe2 structures. However, different binding modes are observed for the arginine residues 

(Chapter 4). In the crystal structure of the native lysozyme-sclx4 complex the Cγ to the 

guanidine of Arg128 are almost completely enclosed by the calixarene cavity, which has 

an elliptical cone conformation. The arginine Cδ to the guanidine is planar and sits into 

the long axis of the cone. The guanidine, pointing out of the plane of the sulfonates, 

makes salt bridge interactions and its upper face is solvent exposed. In the lysozyme-

KMe2 structure, sclx4 binds Arg14 and in this instance the Cδ to the guanidine are 

engulfed. The calixarene has a symmetrical cone conformation. The guanidine is in the 

plane of the sulfonates and makes both direct and water-mediated salt bridge interactions. 

Interestingly, the methyl C atom of Ala10 makes van der Waals contact with the Nη1 and 

Nη2 of Arg14 and also sulfonate group. Ala11 makes the same contact with another 

sulfonate group. This di-alanine shield caps the Arg14-sclx4 complex (Figure 5). This di-

alanine shield is absent in the Arg128-sclx4 binding site. 

  

Surface grooves influence sclx4 binding  

Of the six LysMe2 residues, the crystal structure shows that sclx4 preferentially binds 

Lys116Me2. An analysis of the lysozyme-KMe2 structure provides some rationale for this 

observation. The side chains of LysMe21, LysMe213, LysMe296 and LysMe297 are 
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present in protein surface grooves (Figure 6) and are involved in intramolecular 

interactions. Closely similar conformations are observed for the lysine side chains in the 

native lysozyme structure. For example, the side chains of LysMe296 and LysMe297 

expand across a continuous surface groove. LysMe296 is fully extended and the side 

chain Nε makes a hydrogen bond with the backbone carbonyl of His15. The LysMe297 

side chain is extended to a lesser degree than LysMe296. However, the side chain Nε 

makes two salt bridge interactions with the Oδ1 and Oδ2 of Asp101. The side chain of 

LysMe233 points out from the protein surface. However, the side chains of Phe34, Phe38 

and Trp123 conceal the alky portion of LysMe233 and only the dimethyl amino group is 

solvent exposed. Therefore, the steric accessibility of the LysMe233 side chain, similar to 

the other LysMe2 side chains, is likely to be too low for calixarene binding. The side 

chain of LysMe2116, which is flanked by Asn106, Arg112 and Gly117, projects out from 

the protein surface and is the most solvent-exposed. As a result, this residue is suitable for 

entrapment by sclx4. The hydrogen bond from Lys116 to Asn106 in the native protein is 

absent in the dimethylated protein. At the LysMe2116 binding site Asn106 hydrogen 

bonds two sclx4 sulfonates. Importantly, the LysMe2 intramolecular interactions in the 

lysozyme-KMe2 structure and sclx4 are echoed in the 1.8 Å crystal structure of lysozyme-

KMe2 (note that the side chain of Lys97 was not methylated).284  

 
Figure 6: A surface 

representation of the 

lysozyme-KMe2 

crystal structure 

(coloured grey). The 

LysMe2 side chains 

are present in surface 

cavities, with the 

exception of 

LysMe2116 (labelled). 

The LysMe2 residues 

are orange spheres and 

the sclx4 are omitted. 
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Discussion 
The observations made during the co-crystallization experiments hinted that the modified 

surface of lysozyme experienced different interactions with sclx4 compared to the native 

protein. For example, sclx4 caused the precipitation of lysozyme-KMe2, followed by 

crystal growth. This rapid crystallization event was not observed in co-crystallization 

experiments with native lysozyme. Furthermore, high ionic strength solutions (containing 

400 mM MgCl2) did not hamper crystal growth. Therefore, charge-charge effects were 

not considered a major driving force for co-crystallization. Crystals, which grew in the 

absence of PEG, hinted at a new assembly, as the native lysozyme-sclx4 complex 

involved PEG-sclx4 complexes mediating protein-protein interactions.  

The exciting feature of the lysozyme-KMe2-calixarene crystal structure is the 

Lys116Me2-sclx4 binding site, which involves one lysine methyl group buried deep inside 

the calixarene cavity. Sclx4 binds LysMe2 with a higher affinity than arginine in 

phosphate buffered solution, therefore, LysMe2 complexation was expected.95 An analysis 

of the crystal structure indicates that Lys116Me2 has the lowest steric hindrance out of all 

LysMe2 residues and this is likely to favour calixarene binding. At the Arg14-sclx4 

binding site, interactions with the calixarene extend to His15 and LysMe21. These 

residues were involved in the calixarene binding sites in the native lysozyme structure, 

suggesting that sclx4 preferentially binds this region. 

The crystal structure of the lysozyme-KMe2 complex with sclx4 demonstrates how 

small molecule assisted self-assembly can be influenced by a subtle chemical 

modification of the protein surface. The methylation of lysine side chains results in the 

alteration of two chemical properties. In the first instance, there is an increased 

hydrophobic propensity attributed to the additional methyl groups, which promotes the 

tendency to make hydrophobic interactions with nonpolar groups. Secondly, lysine 

methylation polarizes the Cε-Nζ bond causing the N-methylamino group to assume an 

enhanced cationic character.58,285 The four-fold symmetry of sclx4 was exploited to make 

four simultaneous cation-π interactions with one methyl group58 (Figure 3). The cation-π 

component determines the affinity (Kd = 10 µm) and specificity LysMe3 on the H3 

peptide with the HP1 chromodomain.281 Binding is concomitantly weaker for the LysMe2 

and LysMe peptides, while virtually no binding occurs with the unmethylated peptide. 

The peptide containing tert-butyl norleucine, instead of LysMe3, has a significantly lower 

affinity (Kd = 310 µm), than its trimethylated lysine counterpart. This underlines the 
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preference of the HP1 chromodomain to make cation-π interactions with LysMe3. It is 

likely that the energetic contributions that drive LysMe2 complexation by sclx4 are also 

dominated by cation-π interactions. 

The quest to control chromatin assembly has resulted in numerous solutions that 

resemble the chromodomain cage motif.61,100,182 The described crystal structure shows a 

small molecule, reminiscent of the cage motifs, binding a protein containing 

dimethyllysine for the first time (Figure 3). The histone H3 tail peptide binds the aromatic 

cage of HP1 chromodomain via LysMe29, however, the interaction does not occur when 

Lys9 is unmethylated.174 This is similar to unmethylated Lys116 that did not bind sclx4 in 

the native lysozyme structure. The LysMe2116-sclx4 complex may benefit the design of 

receptors for histone tails.  

 

Experimental 

Crystallization 

Hen white egg lysozyme, purchased from Sigma-Aldrich (62971 Fluka), was used 

without further purification. Formaldehyde, sodium borohydride and dimethylamine 

borane complex were obtained from Sigma-Aldrich. Reductive methylation of lysine 

residues was performed as per a previously published method.286 The degree of 

methylation was analysed by mass spectrometry, confirming that all sites, including the 

N-terminal amine, were dimethylated (Table 3). Trace amounts (less than 5 % abundance) 

of unmethylated or partially methylated species were also present. 

 

Table 3: Mass spectrometry data for native lysozyme and the lysozyme-KMe2.  

Native lysozyme Lysozyme-KMe2   

Measured 
mass (Da) 

Abundance 
(%) 

Measured 
mass (Da) 

Abundance 
(%) 

Mass difference*  
(%) 

No. of sites 
 

14302.2 100 14498.0 100 195.8 
7 sites 
dimethylated 

  14411.9 < 5 109.7 
4 sites 
dimethylated 

  14302.3 < 5 0.1 No reaction 
*Calculated by subtracting the measured mass of modified lysozyme from that of native lysozyme. 
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The hanging drop vapour diffusion method was used for crystallization trials at 

20 °C. The crystallization conditions that yielded diffraction-quality crystals of 

cytochrome c-sclx4 complex were implemented and the PEG range expanded. The 2.2 Å 

structure was determined from crystals grown in drops comprised of 1 µL volumes of 

lysozyme-KMe2 (0.5 mM), sclx4 (4.3 mM) and the reservoir solution. The reservoir 

solution contained 18 % PEG 8,000, 50 mM NaCl, 50 mM sodium cacodylate pH 6.3 and 

100 mM MgCl2. The 1.9 Å structure was determined from crystals grown in drops 

comprised of 1 µL volumes of lysozyme-KMe2 (0.5 mM), sclx4 (2.5 mM) and the 

reservoir solution. The reservoir solution contained 6 % PEG 8,000, 50 mM NaCl, 100 

mM sodium cacodylate pH 6.1 and 100 mM MgCl2. Control drops were prepared by 

substituting the addition of sclx4 with 1 µL of water. 

 

Data collection and X-ray structure determination 

Crystals were transferred to the corresponding reservoir solution supplemented with 25 % 

glycerol and flash-frozen under a stream of nitrogen gas at 100 K. Diffraction data was 

collected using a 10 µm minibeam at the X10SA beam line of the Swiss Light Source, 

Villigen, at 100 K. Intensity data were collected (φ scans of 0.5° over 180°) to a 

resolution of 2.1 Å from a single crystal. Data processing and scaling were performed in 

Xia2287 using XDS,288 XSCALE and SCALA.171 Intensity data were also collected (φ 

scans of 1 ° over 180 °) to a resolution of 1.8 Å from a single crystal on beamline BM14 

at the ESRF, Grenoble, France. Data processing and scaling were performed in MOSFLM 

and SCALA, respectively.170,171  

The data collection and refinement statistics are given in Table 1. The structures 

were determined by molecular replacement in PHASER and the refinement and manual 

rebuilding were performed in REFMAC5 (as implemented in CCP4) and COOT, 

respectively.174,274 Coordinates for sclx4 were obtained from the PDB ID t3y and built into 

the model using COOT. Solvent molecules were placed automatically using ARP/wARP 

and refinement was continued until no features remained in the Fo − Fc difference 

maps.275 Molprobity was used to check the qualities of the structures prior to deposition 

in the Protein Data Bank [ID 4pru and 4noj].176 Protein-protein and protein-ligand 

interfaces were analysed in COOT and PISA.205  
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Overview 
The co-crystallization capacity of several ligands (two calixarenes, a porphyrin and a tris-

indole ligand) was tested. p-sulfonatocalix[4]arene (sclx4) showed the greatest propensity 

to drive protein crystallization (Chapter 1). The ligands, which differ in size, structure, 

and chemical composition, are hypothesized to bind cytochrome c (cyt c) with different 

binding modes. From the analysis of the crystal structure of cyt c and sclx4 in Chapter 2, 

the ability of the ligand to entrap a lysine residue in a pre-defined cavity was considered 

to be an important factor for co-crystallization.48 Sclx4 has a preformed cavity by virtue of 

its fixed cone conformation, however, the sulfonatophenyl-porphyrin, which is also 

decorated with an acidic periphery, lacks this feature. The tris-indole and sclx8 can adopt 

different conformations in both the free and bound states and some of these structures 

contain cavities.82,168 The structural rearrangement of the tris-indole and calix[8]arene as 

well as the local rearrangement of flexible residues near the binding site(s) is expected to 

hamper co-crystallization as complexation is likely to have a high entropic cost. Other 

factors including the difference in the accessible surface areas are expected to contribute 

to the tendency of the ligands to co-crystallise cyt c. 

The two proteins crystallized with sclx4 have similar pIs and molecular 

weights.130,138 The types of cationic residues and their quantities differentiates the 

proteins. Arginine accounts for 61% of lysozyme’s basic residues and lysine accounts for 

70 % of cyt c’s basic residues. Typically, sclx4 binds the cationic residues that are present 

in the highest concentration. The small surface area and the amino acid composition is the 

reason for the high charge density of cyt c and lysozyme. This is expected to facilitate 

molecular recognition, as it is easier for the ligand to find arginine or lysine residues. This 

was demonstrated for the bisphosphonate polymers that bind cyt c more tightly than the 

trypsin, which is also a cationic and lysine-rich protein but is 22 kDa in size.122 

In the first model system explored, NMR and X-ray crystallographic data were in 

good agreement for the complexation of cyt c by sclx4 (Chapter 2). The NMR data point 

towards a dynamic ensemble, which involves sclx4 binding the protein surface through 

multiple binding sites centred on lysines. Hill coefficients suggest cooperative binding 

between cyt c and sclx4. Sclx4 alters the solubility of cyt c, thus facilitating protein 

crystallization from PEG only solutions. This is similar to the carboxylic acid derivative 

of calix[6]arene, which transferred cyt c into organic phase.103 Sclx4 promoted protein 



 

Discussion 

 

 

115 

self-assembly by grabbing lysine side chains. This phenomenon is comparable to the 

rapid crystal growth of RbmA by the 18-crown-6, which also involved the incorporation a 

lysine side chain in the central ligand pore.47 The R13E mutant of cyt c yielded large co-

crystals with sclx4, visible to the naked eye. The crystal structure of the complex shows 

that the calixarene interacts with the mutant via the same binding sites as the wild type 

complex. The R13E mutation, which is located at a solvent channel, may be conducive to 

self-assembly. 

The cyt c R13E-sclx4 crystals grown on SAM-modified Au electrodes were 

electrochemically characterised by using cyclic voltammetry (Chapter 3). The highest 

concentrations of electro-active cyt c were detected at the lowest scan rates. Similar 

results were obtained for multilayer cyt c assemblies.22,218 The analysis of the cyt c R13E-

sclx4 crystal structure showed that the closest haem groups were 23.7 Å apart suggesting 

that electron transfer required multiple steps and involved intervening amino acid side 

chains.231 Protein crystallization on modified Au electrodes offers an alternative strategy 

for generating high protein concentrations and the calixarene is useful for promoting 

protein self-assembly in a controlled manner. 

Co-crystallization experiments showed that sclx4 altered the solubility of 

lysozyme in a similar manner to cyt c, by promoting crystal growth from PEG containing 

solutions. Although sclx4 readily caused lysozyme precipitation, these precipitates did not 

yield crystals when the solutions lacked PEG. X-ray crystallography was used to 

investigate the lysozyme-sclx4 complex (Chapter 4) and showed lysozyme assembled as a 

tetramer with four sclx4 binding sites. A fifth site is also observed in one chain. At two 

binding sites the side chain of the C-terminal arginine is almost completely engulfed by 

the calixarene cavity. Two sclx4 entrap a PEG-Mg2+ complex. An expansion of the 

asymetric unit shows that the sclx4 binding arginine is packed up against one of these two 

sclx4-PEG-Mg2+ complexes. These close-packed calixarenes plug either side of the 

tetrameric assembly. Neighbouring tetramers are positioned such that two calixarene-

PEG-Mg2+ complexes oppose each other. The short PEG-PEG distance (4.4 Å) suggests 

that one PEG fragment interlaces two tetrameric assemblies (Chapter 4, Figure 3). The 

fifth sclx4 binds near the known lysozyme active site and a PEG fragment and Mg2+ are 

bound endo. Similar to the crystal structure of the cyt c-sclx4 complex, the calixarene is 

nestled at protein-protein interactions.  

Lysozyme possessing dimethyl lysine residues (lysozyme-KMe2) was used as the 

final model system (Chapter 5). Lysozyme-KMe2 crystallized rapidly (within minutes) in 
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the presence of sclx4 and PEG was not a prerequisite for crystal growth. The crystal 

structure shows two lysozyme molecules and four calixarenes, which bind Lys116Me2 

and Arg14 in both chains. One methyl group of Lys116Me2 is buried deep within the 

calixarene cavity making C-H···π interactions with the phenyl rings of sclx4.289 An 

analysis of the crystal structure suggests that Lys116Me2 is the most sterically accessible 

LysMe2 residue. This data may benefit the design of receptors for histone tails and/or 

inhibitors of chromatin remodelling processes.  

 

Sclx4 interactions 
Overall, the crystal structures of the protein-sclx4 complexes reveal three types of binding 

sites that can be distinguished by the endo residue (lysine, LysMe2 or arginine). The 

noncovalent interactions and the interface area vary at each binding site (Table 1). For 

example, the interface area of the sclx4-Arg14 complex in the lysozyme-KMe2 structure is 

40 Å greater than that of the Arg128 complex in the native structure. A greater portion of 

the Arg14 side chain is engulfed by the calixarene cavity and the sclx4 makes more 

noncovalent contacts with protein surface (Chapter 5). The interactions between the 

calixarene and the endo bound residue account for > 50 % of the protein surface area that 

becomes inaccessible in the complex, with the exception of the cyt c Lys89 binding site 

(Table 1). 

In general, more salt bridges are involved in the arginine-calixarene complexes 

than those containing lysine. This can be rationalised by the planar geometry and diffuse 

charge distribution of the guanidine group. The arginine Nε, Nη1 and Nη2 each make salt 

bridges with three calixarene sulfonates and this is similar to the sclx4-arginine amino 

acid crystal structure.91 The charge-charge contribution to arginine complexation by sclx4 

was suggested by using NMR as complex formation was inhibited in > 100 mM salt.92 

The lysine side chains and dimethylated side chains make salt bridges and cation–π 

interactions with the sclx4. Interestingly, a cation-π interaction occurs between the lysine 

Cε and sclx4 in the cyt c structure and a similar interaction between the lysine Cε and 

tryptophan side chain favours  β-hairpin folding.290 The NMR titrations carried out in the 

presence of 50 mM NaCl showed a reduction in the affinity of sclx4 for cyt c, which 

suggests that charge-charge interactions drive ligand binding in these complexes.48 

Interestingly, for lysozyme-KMe2 the rapid crystal growth observed in drops containing 
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up to 400 mM MgCl2 (in addition to 50 mM NaCl and 50 mM (CH3)2AsO2Na, pH 6), 

suggest that the charge-charge contribution to protein-calixarene complexation is low. 

Isothermal calorimetry experiments show that the increased methylation of lysine is 

accompanied mostly by favourable enthalpy changes on sclx4 complexation.95  

 
Table 1. Interface size and polar interactions in endo sclx4 complexes. 

Complex Binding Interface area (Å2) Hydrogen Salt bridges¶ Cation-  

 Site Protein† Residue†† bonds§ Direct Water π¦ 

Cyt c Lys89 320 150 1 2 2 3 

 Lys4 230 150 1 1 3 3 

 Lys22 210 150 - 1 - 3 

Lysozyme Arg128 230 170 1 4 2* - 

Lysozyme-KMe2 Arg14 270 150 - 4 4** - 

 LysMe2116 230 140 - 2 2 4 

Lysine amino acid90 Lys - 170 - 3¶¶ 1 - 

Arginine amino acid91 Arg - 160 - 6¶¶ 1 - 

†Surface area (reported to the nearest 10 Å2) of the protein that becomes inaccessible in the complex. 
††Surface area of the residue or amino acid that becomes inaccessible in the complex. §Number of 
hydrogen bonds between sclx4 and the residue. ¶Defined as ‘Direct’ or ‘Water’ mediated, in which a H2O 
bridges the oppositely charged groups. ¦Total number of sclx4 phenyl rings that make cation-π (Lysine Nζ 
to all C atoms in the phenyl ring < 4.7 Å). *Arg128 makes no water mediated salt bridges in chain B and 
**Arg14 makes 2 in chain B. ¶¶One salt bridge is made with the backbone amine of the amino acid. 

 

Prominent features of the sclx4 binding sites 
Several features of the calixarene binding sites are common to the crystal structures and 

may benefit the prediction of sclx4 interaction sites in other proteins. Firstly, cationic side 

chains are observed inside the ligand cavity and frequently outside the cavity. For 

instance, sclx4 binds Lys89 in the cyt c chain A and makes a salt bridge with the side 

chain of neighbouring residue Lys5. Secondly, the side chains must be sterically 

accessible for entrapment and this is likely to be the reason for the sclx4-LysMe2116 

complex. Thirdly, knowledge of anion binding sites in the protein can be used to predict 

where sclx4 is likely to bind. For example, Arg14 binding involves the insertion of a sclx4 

sulfonate into an adjacent anion binding motif, similar to the Arg128-sclx4 complex. 

Significantly, this binding site coincides with a known sulfate binding pocket.259 Finally, 

in all the crystal structures, the C-terminus features prominently in sclx4 binding. The N-

terminus is also a noticeable feature of sclx4 binding in the lysozyme and lysozyme-KMe2 
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structures. This is similar to cucurbituril, which binds to the N-terminal phenylalanine of 

insulin.44  

An analysis of the crystal structures shows that sclx4 binds the same sites in the 

chains A and B of both lysozyme and lysozyme-KMe2. Note that this is discounting the 

5th binding site near the active site in lysozyme-sclx4 structure. Interestingly, there are 

three unique binding sites in the asymmetric unit of the cyt c-sclx4 structure. The 

superposition of chain B onto chain A shows that the calixarenes that bind at A.Lys89 and 

B.Lys4 in close proximity (Figure 1). Unfavourable charge-charge interactions between 

the adjacent sulfonates (3.1 Å apart) might hamper simultaneous binding. Lys5 interacts 

with the calixarenes at both A.Lys89 and B.Lys4. In chain A two Lys5 conformers make 

salt bridges with a sclx4 sulfonate and one conformer makes an additional salt bridge with 

Asp90. In chain B Lys5 has one conformation, the interaction with Asp90 is lost and the 

lysine makes a salt bridge with a sulfonate. It is possible that the side chain rearrangement 

required for both binding sites to be occupied simultaneously hinders concurrent binding. 

This may provide a molecular basis for cooperative binding observed in solution by using 

NMR. The Lys22 site can be occupied simultaneously with Lys89 or Lys4. However, 

A.Lys22 from crystal packing neighbours binds sclx4-Lys89 complex exo and this may be 

the reason that sclx4 does not bind Lys89 and Lys22 concomitantly.  

 

 
Figure 1. (A) The superposition of cyt c chain B onto chain A shows the proximity of the sclx4 binding 

sites. (B) Lys5 has two conformations at the Lys89 binding site and makes salt bridges with the calixarene 

and Asp90. (C) One Lys5 conformation is observed when sclx4 binds Lys4. Lys5 makes one salt bridge 

with the calixarene via its Cε. Cyt c is represented as transparent grey surfaces. The calixarenes are yellow 

sticks. The discussed residues are shown as spheres and the salt bridges are dashed lines.  
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The protein-calixarene assemblies share several key characteristics. The most 

prominent feature is that sclx4 is always present at protein-protein interfaces. For 

example, in the cyt c structure the calixarene that binds Lys4 is surrounded by three 

additional close-packed protein chains from crystal packing neighbours. Although the 

global structures of the sclx4-mediated lysozyme and lysozyme-KMe2 complexes are 

significantly different, several cationic residues were observed in both structures making 

noncovalent interactions with the calixarenes. These are Lys1, Arg14, His15, Arg61, 

Arg112, Lys116 and Arg128. The four-fold symmetry of the calixarene is useful for 

protein packing and the lysozyme-sclx4 structure involves pairs of calixarenes at the 

tetramer interfaces. The complex is reminiscent of the structure proposed for the 

β−tryptase-calix[8]arene complex for which a cationic calix[8]arene binds the central 

pore of β−tryptase tetramer, inhibiting enzyme activity.291 

 

Sclx4 as a low and high affinity protein surface binder 
Protein surface interactions involving sulfated and sulfonated molecules are important for 

many biological applications and their affinities for protein surfaces vary. Sclx4 weakly 

binds cyt c, which involves charge-charge interactions. Similar to the cyt c-sclx4 

complexes, the anionic polysaccharide heparin sulfate, which is prevalent in the 

regulation of numerous physiological processes,292 weakly binds cationic protein surfaces 

(Kd = 0.5 mM).201 The polyanionic suramin is a competitive inhibitor of heparin binding 

and both protein-ligand complexes involve interactions between the ligand sulfonates and 

lysine and arginine side chains.201,293 As sclx4 is known to bind cationic surfaces it might 

have a potential application for systems involving heparin binding proteins. The analysis 

of the NMR data for cyt c and sclx4 have inspired a new concept called protein 

camouflage, whereby transiently interacting small molecules associate to and hide the 

protein surface (Figure 2). This is feasible as sclx4 has a low affinity for several binding 

sites on cyt c. Calixarenes camouflaging the cationic surface patches of cyt c are expected 

to hamper cyt c binding by natural protein partners, such as cytochrome c peroxidase. 

Electrostatic steering is conducive to cyt c-cytochrome c peroxidase complexation128  and 

the altered surface charge of cyt c, as a result of sclx4 binding, is expected to reduce the 

tendency of these proteins to associate.  
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Sulfonated ligands, such as heparin and phthalocyanine tetrasulfonate can affect 

the self-assembling ability of proteins.294 Sclx4 can assist this self-assembly feature in 

specific model systems, whereby the protein surface properties influenced self-assembly 

and co-crystallization. The rapid crystal growth of lysozyme-KMe2 by sclx4, which 

occurred within minutes, suggests that the calixarene has a greater affinity for this 

modified protein over native lysozyme. In low salt solutions lysozyme-KMe2 crystals 

grew with 20 µM protein when the sclx4 concentration was as low as 1 µM (Chapter 5, 

Table 2). This suggests that the calixarene has an affinity for lysozyme-KMe2 on the µM 

scale. Sclx4 has binds methyllysine amino acids with high affinity95 and recently its 

derivatives have been shown to disrupt H3K9Me3 binding by the chromodomain of the 

PHD2 finger.295 We show structurally that the interactions between LysMe2 and the 

calixarene are similar to those involving the natural aromatic cage motif (Chapter 5).  

Protein-calixarene interactions in model systems are important for elucidating 

recognition events on a molecular level. These might inspire applications in 

physiologically relevant systems. Calixarenes can alter protein properties, including 

solubility, aggregation and self-assembly through surface recognition. We show that the 

simple and symmetrical sclx4 is both a high and low affinity protein surface binder 

depending on the target surface and that it assists protein self-assembly. The solved 

crystal structures may help guide the next generation of anionic scaffolds that target 

specific protein surfaces and/or specific residues. One potential route could involve 

promoting the assembly of heterodimers by tuning the upper and lower calixarene rims to 

each complement a different target surface. This larger recognition capacity could lead to 

a range of possibilities for designing and generating complex protein assemblies mediated 

by calixarenes.  
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