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Summary of Contents 

 

Supramolecules such as calixarenes, cucurbiturils and foldamers are rapidly emerging 

as tools for protein assembly. This thesis builds on past successes with some of these 

scaffolds. Previously, sulfonato-calix[4]arene was shown to recognize and assemble 

the lysine-rich cytochrome c (cytc).1 Here, we tested calix[4]arenes with different 

upper or lower rims. A phosphonatomethyl derivative demonstrated enhanced 

selectivity for lysine2 whereas a lower rim oxomethylcarboxylate yielded a 

honeycomb network of cytc.3 A comparison of these structures highlighted how 

different substituents alter the recognition and the assembly-inducing behaviour. In 

related experiments a co-crystal structure revealed a surprising assembly of 

sulfonato-calix[8]arene and a cationic porphyrin.4 

Inspired by the interactions of calixarenes with cytc, the sulfonato-

calix[4]arene (n= 4, 6, 8) series was co-crystallized with another cationic protein ς the 

small antifungal protein from Penicillium (PAF). It was an exciting and a rewarding 

project to solve the crystal structure of PAF for the first time.5 X-ray and solution-

state studies enabled us to compare the influence of increasing calixarene size and 

charge on recognition and assembly.  

Another interesting project was to elucidate crystallographically the protein 

binding of a tether-free foldamer.6 The complex of a quinoline foldamer and cytc 

yielded a remarkable biohybrid assembly with chiral resolution of the foldamer helix 

handedness. NMR and CD experiments suggested differences in the solution state 

recognition processes.    
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Proteins are ubiquitous and the most versatile building block across all life forms.1,2 

Their role in modulating dynamic cellular processes, as well as maintaining functional 

and structural integrity, is imperative for the living cell.3,4 Nature employs a bottom-

up approach to constitute proteins (transcription and translation) in which usually 

the primary structure determines the tertiary structure,5,6 and higher order 

quaternary structures occur via homo- (collagen) or hetero- (hemoglobin) oligomeric 

assembly.7,8 Non-covalent interactions between the monomers serve to stabilize 

these structures.2,9 Compared to a single protein unit, self-assembled structures 

exhibit improved stability, mechanical strength, and better regulation of function /  

biological activity.2,3 Thus, strategies to achieve a similar level of complexity and 

sophistication in fabricated protein nanostructures has been a major research focus 

of recent decades. 

 

Owing to their biocompatibility and safety, proteins are attractive candidates 

for biomedical applications.10-12 Various protein-based materials have been designed 

that rely on protein engineering / fusions,13-16 metal-coordination17 or coiled-coil 

subunits18 that yield unique architectures. The use of supramolecular ligands to 

fabricate protein assemblies is a rapidly emerging field. The ease of synthesis and 

availability of a range of customizations offer vast possibilities in structural design 

that can be explored with different proteins. For example, synthetic receptors 

including calixarenes,19,20 cucurbiturils,21 pillararenes,22 and molecular tweezers23 as 

well as ligands such as foldamers24 are useful builing blocks to direct different types 

of protein assembly. 

 

Protein struture determination 

Advances in bioinformatics, biotechnology and analytical tools have enhanced 

the understanding of protein structures, folding and interactions.25,26 However, 

protein structure determination remains pivotal to elucidate how proteins mediate 

their function.5,27 X-ray crystallography,28 solution- and solid-state NMR,29,30 as well  
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as cryo-Electron Microscopy31 have significantly promoted structure determination 

of numerous proteins. X-ray crystallography alone accounts for ~90 % of the 

structures in the Protein Data Bank (PDB).5 However, the stochasticity of obtaining 

diffraction-quality crystals27 renders the crystallization process a major bottleneck to 

structure determination.32,33  Numerous strategies have been developed to 

overcome the crystallization bottleneck. Protein truncation,34 lysine mutagenesis / 

methylation,35 protein fusion,36 and chaperones37 have improved crystallization of 

various recalcitrant proteins. High-throughput gene synthesis and automated protein 

purification and crystallization (structural genomics) has facilitated the discovery of 

ΨŎǊȅǎǘŀƭƭƛǎŀōƭŜΩ ǇǊƻǘŜƛƴ ŎƻƴǎǘǊǳŎǘǎΦ38-41 Sparse matrix screens have made it possible to 

screen hundreds of crystallization conditions within a short time span.42 Classic 

seeding or microseed matrix screening (MMS) technique have also been used to 

promote /  optimize crystal growth.43,44 In parallel to these approaches, the use of 

additives or small molecules όάǎƛƭǾŜǊ ōǳƭƭŜǘǎέύ in the crystallization mix has had some 

success in protein crystallization. 45-47   

 

ΨaƻƭŜŎǳƭŀǊ gƭǳŜǎΩ 

Crystallization additives are typically small compounds bearing multiple polar / 

charged groups, which can interact (hydrogen bonds /  salt bridges) with two or more 

neighbouring proteins.45,46 In recent years, this approach was extended to synthetic 

receptors / ligands that are significantly larger than the original additives. For 

example, calixarenes,19,20,48-57 cucurbiturils,21,58,59 molecular tweezers23,60,61 and 

others have been investigated (Figure 1; Table 1). Their structural framework 

(hydrophobic cavity and polar substituents) allows the receptors to establish a wide 

range of non-covalent interactions (protein recognition) and intermolecular contact 

formation (assembly / crystallization) with the protein. These ligand-bound regions 

on the protein surface ōŜƘŀǾŜ ŀǎ ΨǎǘƛŎƪȅ ǇŀǘŎƘŜǎΩ ǘƻ form interfaces with the 

surrounding proteins and dictate assembly, thus giving rise to the name Ψmolecular 

glueΩ.62-64 ¢ƘŜǎŜ ΨƎƭǳŜǎΩ Ŏŀƴ ōŜ ŜƳǇƭƻȅŜŘ ǘƻ ŜȄǇƭƻǊŜ ƴŜǿ Ƙƻǎǘ-guest 

chemistries,21,48,61 recognition modes,65 supramolecular assemblies,24 porous  
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frameworks,19 or to improve resolution.66 Further, functionalization of the scaffold 

offers the benefit of tailored interactions with the protein of interest. These ligands 

can be easily synthesized and/or are commercially available (Table A1; Appendix). 

While the differences in structural framework, conformation, charge, size, and 

solubilitydiversify these compounds, their ability to promote protein-protein 

interaction / crystal growth unifies them.  

 

 

Figure 1. Representative molecular glues highlighting the diversity of chemical 

structures. 

 

Here, 15 categories of glues and their representative examples are discussed 

briefly (Table 1). The focus is on X-ray crystal structures in the Protein Data Bank 

(PDB) where the ligand was co-crystallized with the protein. Protein ς ligand 

complexes obtained by soaking have been omitted.  

 

Table 1: X-ray crystal structures of molecular glue ς protein assemblies. 

Ligand and MW (Da) Ligand 

code 

Protein PDB 

code 

Ref 

calixarenes     

sulfonato-calix[4]arene (745) T3Y cytc 3TYI 48 

  lysozyme 4PRQ 49 

  lysozyme-Kme2 4N0J 50 

  PAF 6HA4 55 

bromo-sulfonato-calix[4]arene 
(743) 

6VB cytc 5LFT 52 

phenyl-sulfonato-calix[4]arene 
(741) 

6VJ cytc 5KPF 52 

phosphonatomethyl-calix[4]arene 

(800) 

8TE cytc 5NCV 53 
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Oxomethylcarboxylate-sulfonato-

calix[4]arene (1076) 

LVT cytc 6SUY 57 

phosphonato-calix[6]arene (1117) 7AZ cytc 5LYC 51 

sulfonato-calix[6]arene (1117) FWQ PAF 6HAH 55 

  cytc 6RGI 56 

sulfonato-calix[8]arene (1489) EVB cytc 6GD9 19 

  PAF 6HAJ 55 

sulfonato-calix[4]arene mono-

PEG (1508) 

B4T cytc 6EGY 54 

sulfonato-calix[4]arene di-PEG 
(1918) 

B4X cytc 6EGZ 54 

18-crown-6 (264) O4B Pin1 3WH0 75 

  hemoglobin 3WHM 75 

  DNA mimic protein DMP19 3WUR 75 

  farnesyl diphosphate 

synthase 

5HXP 76 

  PI3-kinase C2 domain 6BTZ 77 

  biofilm scaffolding protein 

RbmA 

4BEI 78 

cryptophane A (1423) 1CR carbonic anhydrase II 3CYU 82 

cucurbituril     

cucurbit[7]uril (1163) QQ7 insulin 3Q6E 58 

  lectin RSL-Kme2 6F7W 21 

cucurbit[8]uril (1329) C8L adapter 14-3-3 and 

peptide 

5N10 59 

cyclodextrins     

-hcyclodextrin (973)  ACX starch binding SusE 4FEM 93 

-̡cyclodextrin (1135) BCD starch binding SusD 3CK7 92 

foldamers      

quinoline oligoamide (1337) Q4I carbonic anhydrase II 4LP6 100 

   5LVS 101 

   6Q9T 102 

sulfonated quinoline oligoamide 

(2060) 

L0T cytc 6S8Y 24 

fullerene  

C60 pyrrolidine tris-acid 

 

60C 

 

designed coiled coil 

 

5ET3 

 

103 

lanthanide complexes     

Eu-dipicolinate  PDC lysozyme 2PC2 104 

  thaumatin 2PE7 105 

Tb-crystallophore (556) 7MT bacteriophage tail protein 

pb9 

5MF2 108 

  diiron flavoprotein (FprA) 6FRN 66 

  Lysozyme 6F2I 66 

  protease 1 6F2F 66 

molecular tweezers (727) 9SZ adapter 14-3-3 5OEG 60 

  adapter 14-3-3 and 

peptide 

5M36 61 

naphthalene sulfonates     

orange G (408) ORA amyloid-ʲ ǇŜǇǘƛŘŜ 3OVJ 110 

ponceau S (673) QV7 pyruvate kinase 3QV7 112 

suramin (1297) SVR myotoxin II 1Y4L 113 



Introduction 

6 

 

 

  sirtuin homolog 5 2NYR 114 

  RNA polymerase (RdRp) 3UR0 115 

  ecarpholin S 3BJW 116 

  chromodomain CBX7 4X3U 117 

  myotoxin I 6CE2 118 

polyoxometalates     

12-polytungstate (2848) E43 hydrolase NTPDase1 4BVO 123 

Zr(IV)-substituted Keggin (2769) ZKG lysozyme 4XYY 125 

hexatungstotellurate (1615) TEW mushroom tyrosinase 4OUA 129 

  aurone synthase 4Z12 130 

  HSP70 nucleotide binding 

domain 

6G3R 131 

polyphosphates      

inositol-hexakisphosphate (660) IHP HIV-1 Gag protein 6BHR 134 

  PH-TH module of Btk 4Y94 137 

  arrestin-3 5TV1 138 

  DEAD-box ATPase 3RRN 139 

porphyrins     

tetrasulfonato-phenylporphyrin 

(939) 

SFP concanavalin A 1JN2 142 

  jacalin 1PXD 143 

  peanut lectin 1RIR 144 

uroporphyrinogen III (831) UP3 uroporphyrinogen III 

synthase 

3D8N 145 

pyrene derivatives     

pyrene-tetrasulfonic acid (522) PTK pyruvate kinase 3IS4 148 

methoxypyrene-trisulfonic acid 

(472) 

2M9 antibody (Fab) 4NJ9 159 

pyrenyl-acetamide (273) JPY adenylate kinase 3X2S 150 

rhodamine-sugar conjugates     

rhodamine-mannose conjugate 

(820) 

R3M Concanavalin A 4P9W 151 

 

Calix[n]arenes67 are well-established as supramolecular building blocks.68,69 The 

possibility of customizing these molecules makes them excellent candidates for 

molecular recognition.70-74 In particular, the anionic water soluble 

sulfonatocalix[n]arenes (sclxn)19,20,48-50,52,54-56have widely demonstrated their 

potential to recognize lysine and arginines on the protein surfaces and induce 

assembly. The first complex of sclx4 with cytc highlighted the participation of the 

ligand in numerous non-covalent interactions at the protein ς protein interface.48 

Different calixarene functionalizations have been explored since then to determine 

the effect of substituents on recognition and assembly. For example, replacement of 

one sulfonate group with bromo or a phenyl group caused no significant changes in  
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recognition.52 On the other hand, a new binding site on cytc was identified when the 

upper rim was functionalized with phosphonatomethyl groups (Chapter 1)53 or the 

 sclx4 lower rim was PEGylated.54 Compared to these calix[4]arenes, an octa-anionic 

derivative of sclx4 with oxomethylcarboxylates at the lower rim induced a 

honeycomb network of cytc (~75 % solvent content; Chapter 2)57 which resembled 

that generated by sclx6 in complex with cytc (~65 % solvent content).56 In the latter 

case, the crystal structure revealed the ability of sclx6 to stabilize a partially unfolded 

loop.  This feature suggests a role for calixarenes as a trap to capture unfolded or 

intrinsically disordered protein. In contrast to sclx6, phosphonato-calix[6]arene 

(pclx6) facilitated a C2 symmetric dimer of cytc.51 Compared to these ligands the 

conformationally flexible sclx8 behaved quite distinctly with cytc (Figure 2D and 

3D).19 It was able to auto-regulate the assembly and disaasembly of a tetramer 

without the requirement of a competitive guest molecule. Remarkably, sclx8 was able 

to induce a high-porosity crystalline framework (~85 % solvent content). 

Furthermore, floppiness of the ligand enables it to mould to the protein surface and 

form large interfaces (~550 Å2) as a demonstration of ƛǘǎ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ǇǊƻǇŜǊǘȅΦ 

Also, it was interesting to learn that these porous cytc ς sclx8 assemblies could be 

modulated by the presence of an effector ligand.20  

 

In addition to cytc, sclx4 mediated recognition and assembly of other cationic 

proteins including lysozyme (tetramer)49 and dimethylated lysozyme (dimer).50 

Recently, sclx4, sclx6 and sclx8 demonstrated their ability to facilitate the crystal 

packing in a small antifungal protein from Penicillium (PAF) for which no crystal 

structure was reported (Chapter 4).55 Pure PAF failed to yield diffraction-quality 

crystals. These crystal structures highlight the role of substituents, charge, and ring 

size in influencing protein recognition and assembly. 

 

Crown ethers are small cyclic polyethers used as an additive to enhance protein 

rigidity, and stability. For example, 18-crown-6 has been employed for promoting the 

crystal growth of a wide range of proteins.75-78 Similar compounds such as cyclen79  
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(aza analogue of 12-crown-4) and cyclam80 have also been utilized as crystallization 

agents.  

 

Cryptophanes ŀǎ ΨŎƻƴǘŀƛƴŜǊsΩ of xenon ion is used for biosensing.81 The complex of 

this ligand with human carbonic anhydrase (HCA) illustrates its ability to target the 

active site of the protein. Also, its role in crystal packing was evident by its 

participation in establishing crystal contact.82  

 

Cucurbit[n]urils (CBn) are donut-shaped molecules composed of glycoluril units (n = 

5 to 8) linked by methylene bridges (Figure 1).83 The cyclic urea (of the glycoluril) and 

the methylene groups form the hydrophobic cavity, whereas the carbonyl groups  

decorate both the portals. While the low aqueous solubility of CB6 restricts its broad 

application, CB7 and CB884,85 have been used extensively.86 Considering molecular 

recognition, the small cavity of CB6 favours entrapment of an alkyl chain (1:1), CB7 is 

able to host one aromatic group (1:1)  whereas CB8  can host up to 2 aromatic guests 

(1:1:1 or 1:2).86,87 For example, CB7 encaged a N-terminal phenylalanine of insulin58 

whereas the larger CB8 in complex with 14-3-3 adapter protein facilitated 

dimerization. Moreover, with a larger cavity (relative to CB7) CB8 accommodated 

two N-terminal phenylalanine groups.59 In contrast, the complexation of CB7 to a 

dimethylated RSL illustrated CB binding to a surface-exposed lysine located on a loop 

region (Figure 2B and 3B).21 Here, CB7 facilitated a cage-like assembly similar to that 

of ferretin. In these cases, shape and charge complementarity between the host and 

the guest play an essential role in protein binding.88 Perhaps, the entrapped waters 

within the CB cavity also contribute towards protein ς ligand interaction as the 

release of waters (on guest complexation) yields complexes with higher affinities.89 
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Figure 2. Supramolecular protein assemblies exemplified by crystal structures of (A) 

-hcyclodextrin and a starch-binding protein (PDB 4FEM),93 (B) cucurbit[7]uril clusters 

with a trimeric lectin (PDB 6F7W),21 (C) suramin and sitruin homolog 5 (PDB 2NYR),114 

(D) sulfonato-calix[8]arene and cytochrome c (PDB 6GD6),19 (E) porphyrin dimers 

with jacalin (PDB 1PXD),143 (F) dimers of a rhodamine-mannose conjugate and 

concanavalin A (PDB 4P9W),151 (G) polyoxotungstate with HSP70 nucleotide binding 

domain (PDB 6G3R).131 (H) crystallophore dimer with a di-iron flavoprotein (PDB 

6FRN),66 Independent protein chains in the asymmetric unit are rendered as grey, 

dark grey, cyan, or pale cyan ribbons. Ligands are shown as spheres. 

 

Cyclodextrins (CD), are donut-ǎƘŀǇŜŘ ƳƻƭŜŎǳƭŜǎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ʰΣ ʲ ŀƴŘ ʴ-CD 

ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ʰ-(1,4) linked glucopyranose subunits (Figure 1).90 They 

are similar to CBs in their shape and size but structural features distinguish them.91  

For example, OH groups in CD mainly interact via hydrogen bonds, whereas in CBs 

the carbonyl groups participate in charge-dipole interaction in addition to hydrogen 

bonds. Furthermore, in contrast to CDs, CB are symmetrical owing to the identical 

opening. Currently, cyclodextrins are not employed as nucleating agents. However, 

the ŀǎǎŜƳōƭȅ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ʰ ƻǊ ʲ-CD at the interface of starch utilizing systems  

ǎǳƎƎŜǎǘǎ ǘƘŜƛǊ ŦǳǘǳǊŜ ǇƻǘŜƴǘƛŀƭ ŀǎ ƛƴǘŜǊŦŀŎŜ ΨƎƭǳŜǎΩ όCƛƎǳǊŜ н!ύΦ92,93 In these structures, 

hydrogen bond interactions are the apparent mode of recognition (Figure 3A).    

 

Foldamers are supramolecules with a propensity to form stably-folded architectures 

in solution.94-96 ¢Ƙƛǎ ŦŜŀǘǳǊŜ ŎƻƳōƛƴŜŘ ǿƛǘƘ ǘƘŜƛǊ ǊŜǎŜƳōƭŀƴŎŜ ǘƻ ǘƘŜ ʰ-helix make 

them attractive candidates for protein recognition.97-99 The helical aromatic 

oligoamides have become popular owing to their stability, fold predictability and 

ease of synthesis / functionalization. Aromatic foldamers based on 8-amino-2-

quinoline carboxylic acid have been customized with amino acid analogues to 

enhance biocompatibility.100 Also, a tether functionality has been utilized to 

accomplish protein recognition.100-102 Recently, binding of a tether-free quinoline 

oligoamide to cytc was achieved (Chapter 5).24 Charge-charge interaction appeared  
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to facilitate protein interactions. This complex between the globular positively 

charged protein and a helical anionic synthetic ligand suggested the potential of 

quinoline-based foldamers to generate biohybrid assembly.   

 

Fullerene (C60) directs the assembly of a coiled coil peptide to yield a honeycomb 

architecture. The dominant interaction in the complex appeared to be mediated by 

the fullerene wedged between two tyrosine residues provided by the adjacent 

tetramers.103       

 

Lanthanide complexes. Anionic organic chelates, rich in oxygen donor groups are able to 

entrap lanthanide cations (Ln3+) and rigidify the chelating ligand. A complex of 

tris(dipicolinate) and europium lanthanide was demonstrated to interact with proteins via 

electrostatic interactions.104-106 Functionalization of the tris(dipicolinate) with alkyl groups 

resulted in stronger protein interaction, and in one case identified a new binding mode.107 

Recent works have highlighted the use of the mono-cationic crystallaphore (Tb-Xo4) for 

mediating protein recognition and assembly.66,108 This ligand comprised a triazacyclononane 

macrocyclic scaffold functionalized with dipicolinate groups and coordinated to a terbium 

ion (Figure 1). Presence of the lanthanide ion make this compound a powerful phasing agent 

for crystal structure detrmination. TB-Xo4 improved crystallization probability and/or 

resolution in complex with various proteins including bacteriophage tail proteins (pb6, pb9), 

lysozyme, malate dehydrogenase, and a flavoenzyme FprA (Figure 2G and 3G). 
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Figure 3. Protein ς ligand molecular recognition details of (A-H) structures as per 

Figure 2. Independent protein chains are rendered in different colours to highlight 

the molecular glue effect. Ligands and key side chains are shown as sticks. (B) Sodium 

and (H) terbium ions are represented as spheres. 

 

 Molecular tweezers comprising alternatively fused norbornadiene and benzene 

rings hosts a belt-like electron-rich cavity (Figure 1).23,60,61,109 The central 

hydroquinone ring of the molecule is functionalized with phosphonate groups to 

enable the otherwise hydrophobic molecule to participate in electrostatic 

interactions. The lysine side chains (arginine to a lesser extent) can thread through 

the tweezer cavity and interact with the phosphonates and the aromatic rings can 

establish hydrophobic contacts. They are mainly known to modulate protein-protein 

interactions. For example, CLR01 binding either inhibited60 the interaction of the 14-

3-3 adapter protein with one partner protein or stabilized61the interaction with 

another.  

 

Naphthalene sulfonates have been utilized successfully to improve protein stability 

and crystallization. For example, the azo-based orange G dye acts as a filler between 

ǘƘŜ ŀƳȅƭƻƛŘ ʲ- or SOD1 peptide sheets and improved the crystal quality.110,111  Also, 

ponceau S dye has been observed to mediate crystal packing of pyruvate kinase.112 

An extensively investigated naphthalene sulfonate for its assembly-inducing 

behaviour in protein is suramin. It is an anionic, conformationally flexible linear 

molecule. As observed with sclx8,19,20 ǘƘŜ ΨŦƭƻǇǇƛƴŜǎǎΩ ŜƴŀōƭŜǎ ƛǘ ŦƻǊƳ ƭŀǊƎŜ ǇǊƻǘŜƛƴ ς

ligand interfaces (Figure 2C and 3C).113-118 The first crystal structure of a protein ς 

suramin complex reported more than a decade ago illustrated its potential to direct 

assembly.113 In addition to X-ray crystal structures, solution-state ITC or NMR studies 

also highlight their propensity to facilitate protein dimerization.114,116-118 

 

Polyoxometalates (POM) are octahedral anionic compounds comprising clusters of 

transition metal oxides (MO) such as vanadium, molybdenum and tungsten in their  



Introduction 

14 

 

 

high oxidation states.119-121 The versatility offered by their structure and chemistry 

has led to broad spectrum of applications.120,122,123 In particular they have been 

widely employed as phasing agents for X-ray structure determination owing to the 

presence of heavy atoms which result in strong anomalous scattering.124 The 

participation of different POMs for protein binding suggests their growing popularity 

as facilitators of protein packing.65,119,120 For example, Keggin,125 Wells-Dawson126,127 

and Anderson-Evans type (TEW).128 While Keggin and Wells-Dawson type have been 

exclusively studied in complex with lysozyme, the recognition and assembly-inducing 

properties of TEW have been illustrated with variety of proteins. For example, 

promoting heterogenous crystallization of an active and latent form of the enzyme 

mushroom tyrosinase.129 Also, it improved the crystallization behaviour of aurone 

synthase130 and HSP70 (Figure 2G and 3G).131 An interesting feature that aids it in 

recognition is its compact disc-shape which allows it to bind in the narrow protein 

cleft or pass through narrow channels.  

 

Polyphosphates such as the inositol phosphates (IP)132-134 function as 

phosphorylating agents in various signalling cascades.135,136 Particularly, IP6 is known 

to induce assembly to achieve enzyme activation. For example, IP6 facilitated a dimer 

(PH-TH module),137 trimer (arrestin)138 or a hexamer (Gag construct of HIV-1)134 to 

regulate enzyme activity.  This ligand can also function as a tether between two 

proteins (PDB 3RRN).139 Similarly, polysulfonates such as heparin and heparin mimics 

(sucrose octasulfate) have also demonstrated their tendency to induce protein 

assembly.140,141  

 

Porphyrins such as sulfonatoporphyrins have been mainly investigated for their 

ability to facilitate assembly in lectins ς concanvalin A,142 jacalin (Figure2E and 3E),143 

and peanut.144 Interestingly, its complex with jacalin resulted in a high porous 

structure (~65 % solvent content). In all three porphyrin complexes the ligand formed 

dimers interacting via  -̄ˉ ǎǘŀŎƪƛƴƎ interactions and thus mediated crystal contacts. 

Other porphyrins highlighted in the PDB include uroporphyinogen III (facilitating  
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dimerization)145 and the cationic tetra N-methylpyridinium porphyrin (TMPyP; 

recognition of telomeric146 or DNA quadraplexes147).    

 

Pyrene and its derivatives have been employed to facilitate crystal packing via non-

covalent interaction148,149 or covalent conjugation.150 

 

Rhodamine-sugar conjugates comprise of a monosaccharide (glucose or mannose) 

tethered to rhodamine dye via an oligoethylene glycol (3 or 4 units) chain.151 

Complexation with a lectin concanavalin A gave rise to a highly porous crystalline 

framework (Figure 2F and 3F). The length of the linker determined the extent of 

porosity.151,152 For example, triethylene glycol linker resulted in a more porous 

framework (~69 % solvent content) compared to tetraethylene glycol (~40 % solvent 

content). In this case, it is noteworthy how a 'simple' structural modifications can be 

used to modulate protein frameworks. In a previous similar work a bivalent 

bismannopyranoside was utilized to direct the concanvalin A assembly into a pre-

designed diamond-like porous architectures.153 
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Scope of Thesis 

X-ray crystallography is considered the technique-of-choice for protein structure 

determination.5 However, the pre-requisite of obtaining diffraction-quality crystals 

renders protein crystallization a serious bottleneck. Previously, protein modification 

approaches were employed to overcome the issue.34-37 An alternate strategy to 

promote crystallization of recalcitrant proteins is to use additives/small molecules in 

the crystallization mix.45-47 To this end, advancements in supramolecular chemistry 

have availed numerous ligands / receptors (Table 1). In a protein ς ligand complex, 

these compounds are able to act as a ΨƎƭǳŜΩ ƻǊ a ΨbridgeΩ to interlink the neighbouring 

proteins and drive crystal packing. In many instances, such complexations have 

resulted in noteworthy assemblies.20,21,24,143,151  

The work presented in this thesis investigated the proclivity of five different 

calix[n]arenes and a sulfonated quinoline foldamer for protein recognition and 

inducing assembly. The phosphonatomethyl-calix[4]arene (Chapter 1) and the 

oxomethylcarboxylate-sulfonato-calix[4]arene (Chapter 2) exemplified the influence 

of ligand customizations on protein recognition and assembly. The complexation 

between a calix[8]arene and porphyrin revealed an alternating stacking assembly and 

the potential to generate other such hybrid architectures (Chapter 3). Further work 

evaluated the tendency of the sclxn ǎŜǊƛŜǎ ǘƻ ŀŎǘ ŀǎ ŀ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ŦƻǊ ŦŀŎƛƭƛǘŀǘƛƴƎ 

crystal packing of the Penicillium antifungal (PAF) protein (Chapter 4). The success of 

various sulfonate-bearing compounds (sclxn; suramin) in promoting protein 

assembly motivated us to test the crystallization propensity of a tether-free 

sulfonated quinoline foldamer with cytc (Chapter 5). This project was interesting as 

the previous protein ς foldamer complexes relied on a tether functionality to achieve 

protein assembly.  
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Model Proteins 

Cytochrome c and Penicillium antifungal protein were the two proteins used in the 

research work. The crystal structures enabled an in-depth analysis of the similarities 

as well as differences in the molecular recognition of the two Lys-rich cationic 

proteins. 

 

Cytochrome c (cytc)  

The Saccharomyces cerevisiae cytc is a highly water-soluble heme-containing 

metalloprotein located in the mitochondrial intermembrane space (Figure 4A).154 

Here, it acts as a carrier to transfer electrons from complex III to complex IV, which 

is a part of electron-proton energy transduction pathway.155 In this way, cytc 

contributes towards ATP synthesis.154 Also, cytc has been illustrated to bind inositol-

1,4,5-triphosphate receptors, which amplifies calcium signalling in apoptosis.154,156 

Thus, it acts as an intermediate in the apoptotic process. Its interactions with anionic 

partners is also well charcaterized. 19,20,48,51-54,56,155-158 Interestingly, cytc is classified 

as a moonlighting protein whose structure and function are determined by the 

conditions / localizations within the cell.154 

 

Cytc is a small ~13 kDa (108 residues) cationic protein (pI 9.5; Figure 4C). The 

cytc ŦƻƭŘ Ŏƻƴǎƛǎǘǎ ƻŦ ŦƛǾŜ ʰ-ƘŜƭƛŎŜǎ ƛƴǘŜǊŎƻƴƴŜŎǘŜŘ ōȅ ŜȄǘŜƴŘŜŘ Ҡ ƭƻƻǇǎΣ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ 

two-stranded anti-ǇŀǊŀƭƭŜƭ ʲ-sheets (Figure 4A).159 The heme group is covalently 

attached via thio-ether linkages of Cys14 and Cys17, and is completely buried into 

the hydrophobic pocket. Only the heme edge is partially solvent exposed (Figure 4C). 

Cytc has 34 protonatable residues: Asp (4), Glu (7), Lys (16), Arg (3), and His (4). 

Majority of the cationic residues are located in the large patch surrounding the heme 

edge, which can establish contacts with anionic ligands. In addition, the electron 

transfer capabilities has led to its application in fabricating biosensors.160,161 
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Figure 4. Two cationic proteins. Cartoon representations of (A) cytc and (B) PAF 

displaying all 16 and 13 Lys residues (sticks), repsectively. The disulfide bonds in PAF 

are represented in yellow. The electrostatic potential surface of (C) cytc and (D) PAF 

showing the cationic (blue) and the anionic (red) patches (ABPS Electrostatics, 

PyMOL). The heme edge of cytc (C) is shown as grey spheres. 
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Penicillium antifungal protein (PAF) 

We were motivated to study PAF162 owing to its similarity with cytc with respect to 

charge (cationic) and function (apoptosis). 163,164 PAF is a ~6.2 kDa (55 residue) highly 

cationic (pI ~9.0; Figure 4B and D) and water-soluble protein. They are potent agent 

against Aspergillus species and dermatophytes. It is postulated that PAF exhibits the 

antifungal activity via interaction with anionic partners on the cell membrane, 

resulting in cell permeation, and eventually cell death.163-165  PAF has 21 protonatable 

residues: Asp (7), Glu (1), Lys (13). The NMR structure166,167 had revealed that PAF 

consists of five ̡-strands connected by three small loops involving -̡turn motifs and 

a large loop. Each ̡-sheet is ŎƻƳǇƻǎŜŘ ƻŦ ŦƛǾŜ ŀƴǘƛǇŀǊŀƭƭŜƭ ʲ-strands and stabilised by 

three disulfide bridges (C7 ς C36, C14 ς C43, C28 ς C54; Figure 4B).  
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Protein ς ligand co-crystallization 

In a crystallization process,168 nucleation is the pre-requisite to crystal growth.169-171 

However, excess nucleation may lead to growth of numerous small crystals, which 

may not be of diffraction-quality (Figure 5A). Metastable zone is the optimal region 

for the growth of bigger diffraction-quality crystals (Figure 5A and 6A) and no further 

nucleation occurs in this region. In contrast, if the supersaturation is too high, then 

the system proceeds towards the precipitation zone resulting in formation of 

disordered structures (Figure 6D). Crystal growth will not occur when protein is 

undersaturated.  

  

 

Figure 5. (A) A crystallization phase diagram depicting the metastable (favourable for 

crystal growth), nucleation (numerous small crystals) and precipitation 

(unfavourable for crystal growth) zones. The protein remains completely soluble in 

the undersaturated zone. [P] indicates the protein concentration (B) A scheme 

depicting the hanging drop vapour diffusion method. 

 

In the hanging drop vapour diffusion method, an aqueous drop contains a low 

concentration of the protein and the crystallization agents (and ligand). As water 

vapour diffuses out of the drop, the drop equilibrates with the reservoir solution 

(Figure 5B). Subsequently, the concentration of the protein in the drop increases 

resulting in supersaturation, and eventually crystal growth. 
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Compared to the preparation of a phase diagram, an easier approach is to carry 

out a small-scale precipitation test. Though not as descriptive as a phase diagram, it 

helps to determine the number of ligand equivalents that is suited for co-

crystallization at a defined protein concentration (P; Scheme 1). On the one hand, 

sufficient ligand is required to induce complexation (Figure 6A). On the other hand 

excessive protein precipitation is best avoided (Scheme 1; Figure 6D). In some 

interesting cases, low ligand equivalents may lead to protein precipitation while high 

equiv. may promote protein solubility.19 

 

 

 

n m Representative 
examples  
(PDB depositions) 
 

1 1 6GD6,19 6RGI56  

1 2 1PXD143 

1 3 5LFT,52 6GD919 

2 1 6CE2,118 6HAJ455  

2 3 3TYI,48 5NCV53 

4 3 6GD819 

4 5 4PRQ49 

 

Scheme 1. A protein ς ligand co-crystallization experiment may result in the 

formation of co-crystals under favourable concentration of the protein and the ligand 

(Figure 6. A1-A2). Crystal growth may also eventually result from a clear or lightly 

precipitated drop (Figure 6. B1-B2). Protein denaturation is an irreversible 

phenomenon and should be avioded (Figure 6. D1-D4).   
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A light to medium precipitation can be an indicator of protein-ligand 

interaction preceding crystallization (Figure 7). However, persistent heavy protein 

precipitate over a range of [L] might be slow / unyielding to crystal generation. 

Furthermore, a prior knowledge of the 'safe' [L] becomes especially important for 

robot crystallization trials which usually requires 32 µL of a protein-ligand mixture. A 

random selection of [L] might cause protein precipitation / denaturation resulting in 

undesirable sample loss (Figure 6. D1-D4). In addition, a precipitated sample for 

crystallization robot (Oryx 8; Douglas Instrument) trials poses the risk of blocking the 

sample channels. 

 

 

Figure 6. Protein-Ligand Drops. (A1) Lysozyme ς crystallophore crystals growing from 

a precipitate (PDB 6f2i).66 (A2) Lysozyme ς sulfonatocalix[4]arene crystals (PDB 

4prq)49 (B) A light precipitate (cloudy/turbid appearance) on addition of the ligand 

may eventually lead to crystal growth. (C) A soluble or clear drop suggesting absence 
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of protein-ligand interaction may produce crystals over time as the drop equilibrates 

with the reservoir condition. A bad precipitate suggests protein denaturation and can 

be characterized as (D1) dry granular (D2) heavy / clumpy / brown-coloured (D3) skin 

over the crystallization drop or (D4) a combination of precipitate and skin.   

 

 

Consider,  P mM and L mM stock solutions of protein and ligand, respectively.  

Example, P = 4 mM and L = 50 mM 

 

ω Tests are carried out using 1-2 µL (final volume) of protein ς ligand mixture.  

ω A constant P is tested against varying L or vice versa. 

ω The drops are examined under a microscope to determine solubility or any 

precipitation.  

ω Bear in mind that P and L decrease by 2-fold when mixed in a 1:1 ratio --  

1 µL P mM + 1 µL L mM  =  2 µL mixture of P/2 and L/2 

 

Step 1.  Prepare a 2-fold serial dilution of protein ς P/2, P/4, P/8, P/16 mM.  

 

Step 2.  Similarly prepare a 2-fold serial dilution of the ligand stock, L mM - L/2, L/4, 

L/8, L/16, L/32  

 

Step 3.  It is advisable to test range of ligand equivalents such as 1 equiv., 25 equiv., 

50 equiv. etc. prior to selecting the experimental P and L (Figure 7). 
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Figure 7. Protein-Ligand Mixtures. (A) Extent of precipitation (grey scale) is 

dependent on the ligand concentration. (B) A counter-intuitive result is the 

appearance of heavy precipitate at lower ligand concentration and soluble /clear 

drops at higher concentration of the ligand.  

 

Case A  

1.  In this example, P/2 and L/16 or L/32 can be used for the crystallization trials.  

2. Higher [L] of 50 equiv. and 25 equiv. should be avoided owing to the tendency 

to result in heavy precipitation. However, these equivalents can be tested in 

manual crystallization trials where the ligand and protein solutions are not pre-

mixed. The heavy precipitate (if any) may dissolve over weeks to yield crystals 

(Figure 6. A1 and A2). 

 

Similarly, other protein and ligand concentrations can also be explored. 

 

Case B 

The protein is soluble at higher [L] but starts precipitating as [L] is lowered (Figure 

7B). This result is counter-intuitive as normally the extent of precipitation decreases 

as [L] is decreased (Figure 7A). Interestingly, this observation might suggest the 

occurrence of higher assembly state at lower [L] while a higher [L] disrupts the 

oligomeric state.19 
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In this case, both the highest [L] and the lowest [L] which do not cause precipitation 

can be tested in robot crystallization trials. For example, P/4 or P/2 with L/2 
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Chapter 1 

tƘƻǎǇƘƻƴŀǘŜŘ ŎŀƭƛȄŀǊŜƴŜ ŀǎ ŀ άƳƻƭŜŎǳƭŀǊ ƎƭǳŜέ Ŧor 

protein crystallization 

 

The material in this chapter was published as: 

 

Alex J. M., Rennie M. L., Volpi S., Sansone F., Casnati A., Crowley P. B.  

tƘƻǎǇƘƻƴŀǘŜŘ ŎŀƭƛȄŀǊŜƴŜ ŀǎ ŀ άƳƻƭŜŎǳƭŀǊ ƎƭǳŜέ ŦƻǊ ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ.  

Cryst. Growth Des. 2018,  18, 2467-2473. 

 

!ƭŜǎǎŀƴŘǊƻ /ŀǎƴŀǘƛΩǎ [ŀō ό¦ƴƛǾŜǊǎƛǘŁ ŘŜƎƭƛ {ǘǳŘƛ Řƛ tŀǊƳŀΣ Lǘŀƭȅύ ς  

ω Synthesis of the phosphonatomethyl-calix[4]arene (pmclx4)  
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Abstract  

Protein crystallization remains a serious bottleneck to structure determination by X-

ray diffractiƻƴ ƳŜǘƘƻŘǎΦ /ƻƳǇƻǳƴŘǎ ŀŎǘƛƴƎ ŀǎ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ǇǊƻǾƛŘŜ ŀ ǇǊƻƳƛǎƛƴƎ 

strategy to overcome this bottleneck. Such molecules interact via non-covalent 

bonds with two or more protein surfaces to promote lattice formation. Here, we 

report a 1.5 Å resolution crystal structure of lysine-rich cytochrome c complexed with 

p-phosphonatomethyl-calix[4]arene (pmclx4). Evidence for complex formation in 

solution was provided by NMR studies. Similar to p-sulfonato-calix[4]arene (sclx4), 

the cavity of pmclx4 entrapped a single lysine side chain. Interesting features of 

protein recognition by the phosphonate substituents were identified in the crystal 

structure. A new calixarene binding site was identified at Lys54. The electron density 

at this site indicated two distinct calixarene conformers, suggesting a degree of ligand 

mobility. The role of pmclx4 in protein crystal packing (Ψmolecular glueΩ and patchy 

particle model) as well as differences in protein-binding with respect to sclx4 are 

discussed.
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Introduction 

X-ray crystallography is the principal technique for protein structure determination 

at atomic resolution and the need for diffraction-quality crystals renders protein 

crystallization a serious bottleneck.28,32,171 Protein crystals are finding applications 

also in catalysis and sensing.160,172,173 Considering that the protein is the main variable 

in crystallization,174 various methods such as truncation, site-directed mutagenesis 

and lysine methylation (surface entropy reduction) have been utilized to achieve 

crystal growth of hard-to-crystallize proteins.175-178,34  

 

An alternative strategy to covalent modification of the protein is the use of 

additives that prompt assembly and crystallization by interacting with protein 

surfaces. In view of this approach, a repertoire of compounds have been employed 

to achieve crystallization of recalcitrant proteins. Examples include dicarboxylic acids 

/ diamino derivatives,45-57 pyrene-tetrasulfonic acid,112 polyoxometalates,65,123 and 

most recently the crystallophore.66,108 We have been tackling the problem by using 

p-sulfonato-calix[4]arene (sclx4, Figure 1), a highly water soluble supramolecular 

building block. Similar to the molecular tweezers,61,179 this anionic, bowl-shaped 

compound provides a hydrophobic cavity that can accommodate amino acids,180 in 

particular, the cationic side chains of lysine and arginine.70,71,181 Crystal structures of 

sclx4 in complex with the cationic proteins cytochrome c48 (cytc) and lysozyme,49,50 

ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ŎŀƭƛȄŀǊŜƴŜ ŀŎǘǎ ŀǎ ŀ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ to drive protein crystallization.  

 

A great variety of calix[4]arenes have been synthesized with different 

functional groups at the upper rim to facilitate host-guest supramolecular 

chemistry.182,183 Considering the utility of sulfonated-calixarenes for protein 

binding48-50,52,70,71,181-184 ǿŜ ǿŜǊŜ ƳƻǘƛǾŀǘŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ 

property of other anionic calixarenes. Phosphonate-containing calixarenes185 have 

been developed for protein binding186-188and recently, we reported the structure and 

assembly of cytc in complex with phosphonato-calix[6]arene (pclx6).51 Here, we 

demonstrate co-crystallization between p-phosphonatomethyl-calix[4]arene189,190  
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(pmclx4, 800 Da, Figure 1) and cytc. In contrast to sclx4 with the sulfonate anion fixed 

in the plane of the aromatic ring, the phosphonatomethyl substituent of pmclx4 can 

switch between distinct conformations. We were interested to study the impact of 

this different substituent (and charge distribution) on the protein binding capacity of 

the ligand. 

 

 

Figure 1. Molecular structures of pςsulfonato-calix[4]arene (sclx4) and pς

phosphonatomethyl-calix[4]arene (pmclx4). Calix[4]arenes adopt a cone 

conformation due to hydrogen bonding between the phenolic hydroxyls, one of 

which is deprotonated.  

 

A 1.5 Å resolution crystal structure provided a detailed view of how pmclx4 

binds to cytc. Complex formation was observed at Lys86, which enabled a direct 

comparison with the structure of a bromo-functionalized sulfonato-calixarene52 that 

also binds this residue. A new binding site was observed at Lys54, though this feature 

was not evident in NMR solution studies. The molecular recognition capacity and 

binding affinity imparted by the phosphonatomethyl substituent is discussed. The 

crystal structure and solution-state studies illustrate the two-sided role of pmclx4 as 

a lysine recognition agent and as molecular glue. Furthermore, we suggest that 

protein surface decoration by caliȄŀǊŜƴŜǎ Ƴŀȅ ǇǊƻǾƛŘŜ ŀŘŘƛǘƛƻƴŀƭ Ψsticky patchesΩ for 

crystallization.34   
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Experimental  

 

Materials. The ligand 5,11,17,23-tetra-(methylphosphonic acid)-25,27,26,28-

tetrahydroxy calix [4]arene (pmclx4) was (1) used as presented in the protein 

crystallization additive kit CALIXAR (Molecular Dimensions; Figure A1, Appendix) or 

(2) synthesized189,191and prepared as a 50 mM solution in water at pH 6.0. Samples 

of 15N-labelled and unlabelled Saccharomyces cerevisae cytc C102T were produced 

by established methods.48,191 

 

Protein-ligand co-crystallization. Cytc ς pmclx4 co-crystals were grown at 20° C using 

the hanging drop vapor diffusion method. Hanging drops were prepared with 2 µL of 

1.5 mM oxidized cytc, 0.4 µL of 3.0 or 5.0 mM pmclx4 and 1.6 µL of the reservoir. 

Crystals were obtained at 17-25 % of PEG 3350, 8000 or 10000, in 50 mM NaCl and 

50 mM sodium acetate at pH 5.6 (Figure 2). Control drops lacking pmclx4 remained 

devoid of crystals.  

 

Data collection. Crystals of ~150 µm dimension (Figure 2D) were cryo-protected in 

the reservoir solution supplemented with 20 % glycerol and cryo-cooled in liquid 

nitrogen. Diffraction data were collected at 100° K at beamline 24-ID-C (Advanced 

Photon Source, Argonne National Laboratory, Argonne, IL) with a Pilatus 6M-F 

detector. The dataset was collected from a single crystŀƭ ǳǎƛƴƎ ˒ ǎŎŀƴǎ ƻŦ лΦмϲ ƻǾŜǊ 

200°.  

 

Structure determination. The observed reflections were reduced, merged, and 

scaled with XDS.192 POINTLESS193 and AIMLESS194 revealed anisotropic diffraction 

extending to 1.2 Å along 0.57 h + 0.82 l and k axes and 1.5 Å along -0.47 h + 0.88 l 

axis as indicated by CC1/2 (> 0.3). Data extending to 1.5 Å was used for model building 

and refinement (Table 1). The structure was determined by molecular replacement 

in PHASER195 with 1ycc as the search model. The coordinates for pmclx4 were built in 

JLigand196 and added to the model in COOT.197 Iterative cycles of manual  
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model building and refinement (in REFMAC5 as implemented in CCP4198) was 

continued until no further improvements in Rfree or electron density were obtained. 

The structure was validated with MolProbity199 and deposited in the Protein Data 

Bank (PDB 5NCV). 

 

Accessible surface area (ASA) calculations. The effect of pmclx4 on the ASA of cytc 

residues in the crystal structure was determined in AreaIMol,200 according to 

equations 1 and 2. These calculations take into account the ASA of residues in the 

crystal packing environment in the absence (Apro, Å2) and presence (Apro+lig, Å2) of the 

ligand. We define Ylig (Å2), the ASA of each residue in the presence of ligand in the 

crystal packing environment and Xfree (Å2), the ASA of residues in the free protein 

(ignoring ligand and crystal packing).  Zlig (Å2) is the area that remains accessible.      

Ylig = Apro - Apro+lig (1) 

Zlig = Xfree - Ylig (2) 

In Figure 7, Xfree and Zlig are plotted as black and grey bars, respectively. 

  

NMR spectroscopy. The typical sample composition was 0.1 mM 15N cytc in 20 mM 

KH2PO4, 50 mM NaCl, 1 mM sodium ascorbate, 10 % D2O at pH 6.0. NMR titrations 

were performed at 303 K using 0.5-32 µL aliquots of a 50 mM pmclx4 stock. 1H-15N 

HSQC spectra were acquired with spectral widths of 16 ppm (1H) and 40 ppm (15N) 

on a 600 MHz Varian spectrometer equipped with a HCN coldprobe.48 Analysis of the 

ligand-induced chemical shift perturbations was performed in CCPN.201 

 

NMRπderived binding curves. Binding isotherms were obtained by plotting the 

ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ŎƘŀƴƎŜǎ όɲʵύ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƭƛƎŀƴŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ ¢ƘŜ Řŀǘŀ ǿŜǊŜ 

fit globally in Origin by using a 1:1 binding model (Equation 3). 

Ў‏ Ў‏                    (3) 

Where, [AT] and [BT] were the ligand and protein concentrations, respectively. 
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Results and discussion 

 

Cytc ς pmclx4 co-crystallization. pmclx4 was identified initially as a ligand for cytc 

crystallization by using the CALIXAR Kit (Molecular Dimensions). Co-crystals of pmclx4 

and cytc were obtained from conditions similar to those reported for sclx4.48 While 

10 equiv. of sclx4 were required to achieve crystal growth, <1 equiv. of ligand were 

sufficient to obtain cytc ς pmclx4 co-crystals. Crystals grew reproducibly in a range of 

PEG molecular weights and concentrations (17-25 % PEG 3350, 8000 or 10000) in 50 

mM NaCl and 50 mM sodium acetate pH 5.6 (Figure 2). In the absence of pmclx4 

there was no crystal growth, indicating that the ligand was necessary for 

crystallization under these conditions.  

 

 

Figure 2. Co-crystals of cytc and pmclx4 grown in hanging drops that contained 17 % 

(A) PEG 3350, (B) PEG 8000, (C) PEG 10000 or (D) 20 % PEG 8000 in 50 mM NaCl and 

50 mM sodium acetate pH 5.6. Crystals were obtained at 0.75 mM protein and 0.3 or 

0.5 mM ligand. A crystal from (D) diffracted to 1.5 Å. 
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X-ray structure of cytc ς pmclx4. A single crystal (Figure 2D) resulted in anisotropic 

diffraction (1.2 Å resolution in two directions and 1.5 Å in the third direction). 

Structure determination in PHASER195 (Table 1) yielded two protein molecules 

(chains A and B), and three calixarenes in the asymmetric unit (Figure 3A).  

 

Table 1. X-ray data collection, processing and refinement statistics  
Data collection 

Light source APS 

Beamline 24-ID-C 

Wavelength  (Å) 0.97910 

Space group P1 21 1 

Cell constants 
a = 28.79 Å, b = 79.90 Å, c = 47.73 Å  

 h= ɹ  = 90°, ̡  = 93° 

Resolution (Å) 47.46-1.50 (1.55-1.50) 

# unique reflections 34591 (3452) 

Multiplicity 5.5 (5.4) 

Lκˋ όLύ 18.7 (5.1) 

Completeness (%) 99.2 (99.4) 

Rmeas
b (%) 6.1 (37.6) 

Rpim
c
 (%) 2.6 (15.8) 

CC1/2 0.999 (0.966) 

Solvent content (%) 46.7 

Refinement 

Rwork (%) 0.1707 

Rfree (%) 0.2012 

rmsd bonds (Å) 0.0113 

rmsd angles (°) 1.6080 

asymmetric unit composition  

    protein 2 

    pmclx4 3 

    water 281 

Avg. B-factor (Å2) 20.6 

Ramachandran analysisd  

     % residues in favoured regions                                                        98.0 

     % residues in allowed regions 100.0 

PDB code 5ncv 
ŀ±ŀƭǳŜǎ ƛƴ ǇŀǊŜƴǘƘŜǎŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƘƛƎƘŜǎǘ ǊŜǎƻƭǳǘƛƻƴ ǎƘŜƭƭΤ 
 ōwƳŜŀǎ Ґ ңƘƪƭ Ҟόƴκƴπмύңƛ μLƛόƘƪƭύ π ộLόƘƪƭỚμκңƘƪƭ ңƛLƛόƘƪƭύΤ  
ŎwǇƛƳ Ґ ңƘƪƭ ҞόмκƴπмύңƴƛҐм μLƛόƘƪƭύ π ộLόƘƪƭỚμκңƘƪƭ ңƛLƛόƘƪƭύΤ 
Ř/ŀƭŎǳƭŀǘŜŘ ƛƴ aƻƭtǊƻōƛǘȅΦ 
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There was no electron density for the four N-terminal residues (including Lys-2) in 

either protein chain, indicative of disorder. The presence of two cytc molecules in the 

asymmetric unit was similar to other calixarene-bound structures.48,51,52 All three 

calixarenes were modeled at sites where they encapsulated a single lysine residue, 

Lys86 in chains A and B and Lys54 in chain A only.      

 

 

 

Figure 3. (A) The asymmetric unit of the cytc ς pmclx4 complex comprised two 

molecules of cytc (chains A and B in blue and grey), and three molecules of pmclx4 

(PDB 5NCV). The proteins are shown as ribbons with side chains as lines and the 

entrapped lysines as sticks. (B) The Lys86 binding site in chains A and B differ by the 

absence or presence of a salt bridge to one phosphonate substituent. Note the 

altered lysine conformation and hydration, with waters indicated as red spheres. 

  

In the protein-bound form, the phosphonate substituents of pmclx4 occurred 

in two distinct conformations. Either all four substituents were splayed outwards 
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(away from the cavity) or one was turned inwards (toward the cavity). While both 

conformations permitted complete encapsulation of one lysine side chain they 

resulted in markedly different protein-calixarene interactions (Figure 3B). For 

example, at Lys86 in chain A (A.Lys86) there was no salt bridge interaction between 

the lysine ammonium group and the phosphonates. Instead, the ammonium group 

was solvated by 3 water molecules. In contrast, at Lys86 in Chain B (B.Lys86) one of 

the phosphonatomethyl groups was rotated into the cavity permitting salt bridge 

formation to the lysine. In this case, the ammonium was solvated by one water 

molecule. Similar features occurred at Lys54 in chain A (A.Lys54) site. Here, it was 

necessary to model two calixarenes (70:30 occupancy) to account for the electron 

density (Figure 4 and 5B).  

 

 

Figure 4. 2Fo - Fc ƳŀǇ όŀǘ мΦр ) ǊŜǎƻƭǳǘƛƻƴ ŀƴŘ ŎƻƴǘƻǳǊŜŘ ǘƻ мΦл ˋύ ǎƘƻǿƛƴƎ ǘƘŜ 

electron density at A.Lys54, requiring two pmclx4 conformers. 

 

The two models differed most by a rotation of one phosphonatomethyl group 

and the higher occupancy conformer had a salt bridge to the lysine ammonium 

(N ·y··O-P = 3.1 Å). This phosphonate also hydrogen bonded with the backbone 

carbonyl of Lys54 (CO···O-P = 2.8 Å). The requirement for two conformations at this 

site suggested that ligand binding was less well defined. Interestingly, this site was 

not detected in NMR experiments (vide infra). Lys54 is flanked by hydrophobic side 

chains, Ala51 and Ile53, both of which were in van der Waals contact with an upper 
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rim ςCH2ς of pmclx4. Polar side chains contributed also with hydrogen bonds from 

Asp50 and Asn56 to the phosphonates.  

 

 

Figure 5. (A) Crystal packing in the cytc ς pmclx4 complex. Proteins and ligands are 

rendered as ribbons and spheres, respectively. The unit cell axes a, b are indicated. 

(B) ΨaƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ŎƻƴǘŀŎǘǎ ōŜǘǿŜŜƴ ǘǿƻ molecules of pmclx4 and four protein 

chains (color scheme as per Figure 3). Alternate conformations of the ligand at Lys54 

(shown as light sticks) were apparent in the electron density (Figure 4). All side chains 

within van der Waals contact of the ligands are shown as sticks. Lys4 is sandwiched 

between two pmclx4 ligands at A.Lys54 and B.Lys86. In addition to Lys-phosphonate 

salt bridges, numerous other features (labeled side chains) contributed to binding.  
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Lysine encapsulation by pmclx4 had some similarities with sclx4 including 

cation-ˉ ŀƴŘ /I-ˉ ōƻƴŘǎ ǿƛǘƘ ǘƘŜ [ȅǎ-Cʁ.48 However, the complexes formed by these 

ligands differed crucially in the degree of salt bridge formation with the lysine 

ammonium group. In pmclx4 a single phosphonate alternated in/out (Figures 3B and 

5B), while in sclx4 (with the anion fixed in the plane of the aromatic ring) salt bridges 

were formed with one or two sulfonates. The sulfonate also had a tendency to 

hydrogen bond with backbone amide NHs. No such interactions were observed with 

pmclx4. Similarities with the bromine-functionalized sulfonato-calixarene Br.sclx, 

should be noted, as this ligand bound also to Lys86 (Figure 6).52 

 

  

Figure 6. The Lys86 binding site of cytc in complex with pmclx4 or Br.sclx (PDB 5LFT52). 

The proteins are oriented identically to highlight differences in the calixarene-protein 

contacts. 

 
Crystal packing interactions. Applying the symmetry operations to the asymmetric 

unit revealed a close-packed structure (Figure 5A) and nine cytc ς pmclx4 interfaces, 

ranging in size from 30-300 Å2 (Table 2). Interestingly, the A.Lys54 and B.Lys86 

complexes were positioned adjacent to each other and sandwiched Lys4 (Figure 5B). 

Together the two ligands masked ~90 % of this Lys4 (Figure 5B) via multiple 

interactions including salt bridges (Ny···O-P ~3.0 Å), and CH-ˉ κ Ŏŀǘƛƻƴ-ˉ ōƻƴŘǎ ό[ȅǎп-

Cʁ/C ·ɻ··centroid ~4.0 Å).  
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Crystal packing also involved direct or water-mediated salt bridges, for 

example, A.Lys54 pmclx4 with Lys5, Lys22, Lys73 and Lys89. And B.Lys86 pmclx4 

formed a cation-ˉ ōƻƴŘ ǘƻ [ȅǎмлл ŀƴŘ ŀƴ ŜŘƎŜ-to-ŦŀŎŜ ˉ···̄  interaction with Tyr97 

(Cʁ···centroid = 3.8 Å). The C̡ atoms of Ala7 and Ala101 (which flank Tyr97) were in 

van der Waals contact with methylene bridges of pmclx4. Interestingly, this 

hydrophobic binding patch was identified previously in the complexes with a phenyl-

substituted sulfonato-calixarene (Ph.sclx)52 and with pclx6.51 Two other interactions 

merit mention here. It has been observed previously that the calixarene lower rim 

phenolic hydroxyls ƳŀƪŜ Ǿŀƴ ŘŜǊ ²ŀŀƭǎΩ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ / ̡of alanine.48,52 This same 

feature was evident at B.Lys86 pmclx4. At A.Lys54 pmclx4 the phenolic hydroxyls 

were hydrogen bonded to a water molecule and to the hydroxyl of Thr8. 

 

Table 2. Interface analysis of the cytc ς pmclx4 binding sites.  

Protein Sitea pmclx4 
Interface 
Area (Å2) 

Total 
Area (Å2) 

A.Lys54 1 270 

540 
A1  210 
B  30 
B1  30 
    

A.Lys86 2 260 
550 

B2  290 
    

B.Lys86 3 300 
630 A2  265 

B3   65 

  
aP1211 symmetry operations used to generate symmetry mates: A1, -x, y-1/2, -z+1; 

B1, x-1, y, z; B2, -x, y-1/2, -z+1; A2, -x-1, y-1/2, -z; B3, x-1, y, z.  

 
The varying contributions of all lysines to ligand binding were evident from 

ASA calculations (methods and Figure 7). Of the most accessible residues; Lys4, 

Lys11, Lys54, Lys73 and Lysус ό!{!  мрл )2), pmclx4 selected Lys86. On the other 

hand Lys55, Lys79 and Lys99 were least accessible (ASA < 100 Å2) and did not 

contribute to ligand binding. The substantially different contributions from each  
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protein chain are also evident, as discussed for Lys54. Similarly, Lys5 from chain A 

was largely involved in ligand binding, while in chain B it did not interact with pmclx4.  

 

 

Figure 7. Accessible surface area (ASA) of lysines in the ligand-free (black bars) and -

bound (grey) states of cytc. The varying contributions of different lysines to pmclx4 

binding in chains A and B are evident. Lys-2 is not shown as this residue was 

disordered in the crystal structure. 

 
Lysine encapsulation by pmclx4 resulted in ~300 Å2 of protein surface 

coverage (Table 2, similar to sclx448). In addition to masking this surface area, the 

calixarene contributed a new surface of ~600 Å2 to the particle. This patch size is 

equivalent to a protein crystal packing interface202 and, as discussed, provides a 

surface that can participate in numerous noncovalent interactions with adjacent 

proteins in the crystal (Figure 5.ύ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŀ άƳƻƭŜŎǳƭŀǊ ƎƭǳŜέ 

functionality.48,51,52 Notably, the exposed surface of the calixarene is equivalent to 

~10 % of the cytc surface area. Therefore, it appears that protein surface decoration 

by calixarenes may be a special case of the patchy particle model of protein 

crystallization.34,62-64  
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NMR characterization and comparison with the solid state.  

Protein-ligand titrations were performed by the addition of microliter aliquots of 50 

mM pmclx4 to 15N-labelled cytc, which was monitored by 1H-15N HSQC. The overlaid 

HSQC spectra (Figure 8ύ ǊŜǾŜŀƭŜŘ ƛƴŎǊŜŀǎƛƴƎ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ǇŜǊǘǳǊōŀǘƛƻƴǎ όɲʵύ ŀǎ ŀ 

function of the pmclx4 concentration, indicative of fast-intermediate exchange 

between the ligand-free and -bound states. However, the resonances of Leu85 and 

Lys87 exhibited strongly biphasic chemical shift perturbations and some resonances 

were broadened beyond detection at ~4 (Lys4) or ~6 equiv. (Lys11 and Leu85) of 

pmclx4. Spectral broadening might indicate intermediate exchange or multiple 

conformations adopted by these residues. Significant perturbations (1HN җ лΦлп ǇǇƳ 

or 15b җ лΦп ǇǇƳύ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŦƻǊ от ǊŜǎƻƴŀƴŎŜǎΣ ƛƴŎƭǳŘƛƴƎ [ȅǎ-2, Lys4, Lys5, Lys73, 

Lys86, Lys87, Lys89 and Lys100. These residues (except Lys-2), participated in 

multiple non-covalent interactions at protein-calixarene interfaces in the crystal 

structure (Figures 4B and 5). While the large NMR effects for Leu85, Lys86 and Lys87 

are consistent with the crystal structure (complex formation at Lys86, Figure 3B) 

there were also some contrasting results. For example, Lys11 did not contribute to 

complex formation in the crystal structure (Figure 5) yet this resonance was 

ōǊƻŀŘŜƴŜŘ ōŜȅƻƴŘ ŘŜǘŜŎǘƛƻƴΦ /ƻƴǾŜǊǎŜƭȅΣ [ȅǎрп ŘƛŘ ƴƻǘ ŜȄƘƛōƛǘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ɲʵ ȅŜǘ 

complex formation was observed at this residue in the crystal (vide supra, Figure 3).  

 

A similar observation was made in the cytc ς sclx4 complex in which Lys22, a 

binding site observed in the crystal structure, was not affected in the NMR.48 Overall, 

these results suggest that complex formation occurred with slight differences in the 

solution and solid states. While binding to Lys54 may be the result of the 

crystallization conditions/environment other differences may be attributed to the 

fluxionality of calixarene binding, which likely involves ligand hopping between lysine 

side chains.48,52  
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Figure 8. NMR characterization of pmclx4 binding to cytc. (A) Region from overlaid 

1H-15N HSQC spectra of 0.1 mM pure cytc (black contours) and in the presence of 

0.02ς0.64 mM pmclx4 (colored scale). Notes: negligible change to Lys54; biphasic 

shifts for Leu85 and Lys87; and Lys4, Lys11 and Leu85 broadened beyond detection. 

(B) Binding curves for individual resonances were fit globally to a 1:1 binding model 

to yield Kd ~0.04 mM. 

 

Apparent dissociation constants were calculated from titration data collected 

up to ~6 equiv. of pmclx4. The binding isotherms (Figure 8B) were hyperbolic and fit 

to a 1:1 binding model (Equation 3). The average apparent Kd of 0.04 (± 0.01) mM 

was at least 10-fold stronger than for the complex with sclx4.48 The tighter binding of 

pmclx4 agrees with the observation that protein crystallization occurred at 

approximately ten-fold lower equivalents of this ligand compared to sclx4. Features 

such as the increased hydrogen-bonding capacity of phosphonate versus sulfonate, 

the mobility of the anionic substituent, as well as the increased hydrophobicity of the 

cavity (upper rim ςCH2ς substituents) likely contribute to the tighter binding of 

pmclx4. 
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Conclusions 

The cytc ς pmclx4 crystal structure illustrates the utility of the phosphonatomethyl 

substituent as a contributor to stronger, higher specificƛǘȅ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ǇǊƻǇŜǊǘƛŜǎ 

compared to the sulfonate.48 Cytc ς pmclx4 crystal growth was achieved with ~10-

fold less ligand than was required to obtain cytc ς sclx4 co-crystals. While sclx4 

occupied three different sites (Lys4, Lys22 and Lys89) on the protein surface, pmclx4 

bound to two different sites (Lys54 and Lys86) suggesting increased specificity of 

pmclx4 in the solid state.  

 

Interestingly, lysine encapsulation occurred with the presence or absence of 

a salt bridge to one phosphonatomethyl substituent that could rotate into the cavity. 

In contrast, the sulfonate substituents always formed one or more salt bridges to the 

lysine. The phosphonatomethyl functionalized calixarenes may prove beneficial for 

achieving crystal growth of cationic proteins, in particular nucleic acid binding 

proteins. More generally, protein surface decoration by calixarenes may provide the 

necessary Ψsticky patchesΩ that facilitate packing contacts and crystal growth.34,62-64 
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Chapter 2 

Protein Frameworks via Co-crystallization with an 

Octa-anionic Calix[4]arene 

 

The material in this chapter is accepted for publication: 

Alex J. M., Brancatelli G., Volpi S., Bonaccorso C., Casnati A., Geremia S., Crowley P.B. 

Probing the determinants of porosity in protein frameworks:  Co-crystals of 

cytochrome c and an octa-anionic calix[4]arene.  

Org. Biomol. Chem. 2019. (Accepted) 

!ƭŜǎǎŀƴŘǊƻ /ŀǎƴŀǘƛΩǎ [ŀō όUniversità degli Studi di Parma, Italy) ς  

¶ Synthesis of the oxomethylcarboxylate sulfonato-calix[4]arene (sclx4mc).  

 

Silvano GereƳƛŀΩǎ [ŀō (University of Trieste, Italy) ς  

¶ Structure of the horse cytc ς sclx4mc complex. 
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Abstract 

Sulfonato-calix[n]arenes (sclxn) are promising tools to generate crystalline protein 

frameworks. Two crystal structures of an octa-ionic calix[4]arene (sclx4mc) in 

complex with yeast or horse heart cytochrome c (cytc) are reported. The calixarene 

bound to a similar site on each protein but different assemblies occurred, with a 

honeycomb arrangement of yeast cytc and a tubular assembly of horse cytc. The 

yeast cytc assembly was more porous (~75 % solvent content) than the horse cytc 

case (~55 %). High porosity structures have been obtained previously with sclx8 and 

sclx6 but not with sclx4, suggesting that the charge of the ligand is a contributing 

factor to porous architectures. We discuss how the choice of (customized) calixarene 

may dictate protein assembly. 
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Introduction  

Protein-based materials have the potential to transform society as they are 

biodegradable, biocompatible, and have tunable functions.2,13-15,203-205 Consequently, 

there is a growing interest in the design and fabrication of protein architectures that 

can be harnessed for nanoscale applications.2,13,205 Porous protein assemblies are 

particularly appealing as reaction vessels (bionanoreactors) or delivery systems. 2,203 

Protein architectures can be engineered by a great variety of strategies, including 

protein fusion,13 disulfide bridges,14,204 metal-coordination17 or coiled coil 

appendages.18 Assembly can be mediated also by charge-charge interactions, as 

demonstrated recently with super-charged forms of green fluorescent protein 

(highly cationic or anionic).15 Highly charged synthetic ligands are also proving 

instrumental to dictate protein assembly.19,20,48-56,143 For example, anionic calixarenes 

have been used as scaffolds to assemble cationic proteins such as cytochrome c 

(cytc),19,20,48,51-54 lysozyme49,50 and PAF.55 These supramolecular scaffolds function 

ƭƛƪŜ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ōȅ ŦƻǊƳƛƴƎ ƛƴǘŜǊŦŀŎŜǎ ǿƛǘƘ ǘǿƻ ƻǊ ƳƻǊŜ ǇǊƻǘŜƛƴǎΦ  

 

 The sulfonato-calix[n]arenes (sclxn) are highly water soluble anionic 

receptors, with a hydrophobic core and an anionic rim, suited to encapsulation of Arg 

or Lys residues.70,182 While calix[4]arenes are rigid cones, the calix[6,8]arenes are 

flexible.182 hǿƛƴƎ ǘƻ ǘƘŜƛǊ ΨŦƭƻǇǇƛƴŜǎǎΩ ǘƘŜǎŜ ƭƛƎŀƴŘǎ Ŏŀƴ ƳƻǳƭŘ ǘƻ ǘƘŜ ǇǊƻǘŜƛƴ ǎǳǊŦŀŎŜ 

and form large interfaces. Both sclx6 and sclx8 can induce highly porous cytc 

assemblies. While sclx6 yielded a honeycomb arrangement (~65 % solvent content),56 

sclx8 mediated a high-porosity crystalline framework (~85 % solvent content).19,20 

Interestingly, it was recently found that the presence of spermine modulated the 

porosity of cytc ς sclx8 assembly.20 Earlier, it was observed that the length of the 

oligoethylene glycol linker in a sugarςdye conjugate influenced the extent of porosity 

in crystalline frameworks of concanavalin A.151 Also, other macrocyclic ligands such 

as pillararenes have illustrated their potential to induce porous architecture. 22     
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Here, the assembly-inducing behaviour of sclx4mc was investigated. This 

compound is a sclx4 derivative with four carboxylate functionalities at the lower rim 

(Figure 1).206-209 sclx4mc has been studied in complex with cationic porphyrins but 

not with proteins.210-212 Its structural similarity to sclx4 may aid in understanding how 

the lower rim substituents influence protein recognition and assembly.48 The 

presence of four chelating oxomethylcarboxylate (OςCH2ςCOO-) units confers the 

ability of these podand-like calixarenes to encapsulate metal ions at the lower rim.211 

 

 
Figure 1. Molecular structures of p-sulfonatocalix[4]arene (sclx4), and the 

carboxylate derivative (sclx4mc).   

 

Metal complexation rigidifies the ŎƻƴŜ ǎǘǊǳŎǘǳǊŜ όǇǊŜǾŜƴǘǎ ΨΨōǊŜŀǘƘƛƴƎ ƻŦ ǘƘŜ 

ŎŀƭƛȄΩΩύ182 and enhances the binding of small neutral/cationic guests in the 

calix[4]arene cavity.206-209 Furthermore, the presence of charged groups at both rims 

of the calix[4]arene gives rise to a bolaamphiphile structure (Figure 1). This feature 

can potentialƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ activity of the calixarene. In this 

direction, sclx4mc was co-crystallized with yeast or horse heart cytc. These highly 

cationic proteins (pI ~9.5) share 65 % sequence identity (Figure 2).159,213 
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Figure 2. Alignment of the yeast and horse heart cytc primary structures (MUSCLE).214 

Conserved residues are highlighted with an asterisk.  

 

Experimental  

 

Sample preparation. sclx4mc was synthesized, as described.206-209 Millimolar stock 

solutions of the ligand were prepared in water at pH 6.0. Unlabelled Saccharomyces 

cerevisiae (yeast) cytc (C102T) was produced as reported,48,191 and horse heart cytc 

was from Sigma-Aldrich.  

 

Co-crystallization trials. An Oryx 8 Robot (Douglas Instruments) and a sparse matrix 

screen (JCSG++, Jena Bioscience) was used for co-crystallization of yeast cytc and 

sclx4mc at 20° C. Protein and calixarene were tested at ratios of 1:1, 1:5 and 1:25. 

Crystals grew only in 1:1 ratio in condition F2 comprising 3.15 M ammonium sulfate 

and 0.1 M sodium citrate pH 5.0. Horse cytc and sclx4mc were co-crystallized by the 

hanging drop vapour diffusion method at 20° C, from 52-62 % PEG 3350 and 0.05 M 

sodium cacodylate at pH 5.5. Drops were prepared by mixing 1 µL of 1.7 mM protein, 

0.5 µL of 17 mM ligand and 1.7 mM gadolinium chloride, with 1 µL of reservoir 

solution. Crystal growth occurred in 56 % PEG 3350 after 4 days. 
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X-ray data collection. Crystals of ~100 µm dimension were cryo-protected in the 

reservoir solution supplemented with 20 % glycerol and cryo-cooled in liquid 

nitrogen. Diffraction data were collected to 1.7 Å resolution for the yeast cytc ς 

sclx4mc ŎǊȅǎǘŀƭ ǳǎƛƴƎ ˒ ǎŎŀƴǎ ƻŦ лΦмϲ ƻǾŜǊ ослϲ ǿƛǘƘ ŀƴ 9ƛƎŜǊ · фa ŘŜǘŜŎǘƻǊ 

(PROXIMA-2A, SOLEIL synchrotron). A dataset extending to 2.5 Å resolution was 

collected for the horse cytc ς sclx4mc ŎǊȅǎǘŀƭ ǳǎƛƴƎ ˒ ǎŎŀƴǎ ƻŦ лΦрϲ ƻǾŜǊ мллϲ ǿƛǘƘ ŀ 

PILATUS  detector (XRD1 beamline, Elettra Synchrotron).  

 

X-ray structure determination. The observed reflections were processed with the 

autoPROC pipeline215 (yeast cytc ς sclx4mc) or XDS192 (horse cytc ς sclx4mc). In both 

cases the data were scaled using POINTLESS193 and AIMLESS.194 Xtriage (PHENIX)216 

analysis of the horse cytc ς sclx4mc dataset indicated a perfect merohedral twin and 

a twin law of h, -k, -l was required for refinement. The two structures were solved by 

molecular replacement in PHASER195 using 5lyc (yeast cytc) or 1hrc (horse cytc) as the 

search models. The calixarene coordinates and restraints were generated in 

JLigand.196 Iterative cycles of model building in COOT197 and refinement were 

performed with BUSTER217 (yeast cytc ς sclx4mc) or REFMAC5198 (horse cytc ς 

sclx4mc) until no further improvements in the Rfree or electron density were obtained 

(Table 1). The final structures were validated with MolProbity199 and deposited in the 

Protein Data Bank as PDB 6suy (yeast cytc ς sclx4mc) and PDB 6suv (horse cytc ς 

sclx4mc). 

 

Results and Discussion 

 

Cytc ς sclx4mc co-crystallization. A sparse matrix screen (Jena Bioscience, JCSG++) 

was used for co-crystallization trials of yeast cytc and sclx4mc. Compared to 10 equiv. 

sclx4 required for crystal growth,48 1 equiv. sclx4mc was sufficient. The crystals grew 

in condition F2, 3.15 M ammonium sulfate and 0.1 M sodium citrate pH 5.0. 

Previously, highly porous cytc ς sclx8 crystals (PDB 6gd9)19 were obtained with ~2 M 

ammonium sulfate whereas cytc ς sclx6 crystals (PDB 6rgi)56 were obtained in 10 %  
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PEG 8000 and 0.1 M imidazole pH 8. The horse cytc ς sclx4mc co-crystals were 

obtained with a 1:10 ratio of protein:ligand in 56 % PEG 3350 and 0.05 M sodium 

cacodylate pH 5.5.  

 

Data collection and model building. Datasets extending to 1.7 Å or 2.5 Å resolution 

were collected from the yeast cytc ς sclx4mc (SOLEIL synchrotron) or the horse cytc 

ς sclx4mc (Elettra synchrotron) crystals, respectively. The former belonged to the 

trigonal P3221 and the latter to the tetragonal P43 space groups (Table 1). The 

structures were solved by molecular replacement with asymmetric units comprising 

2 yeast or 8 horse cytc molecules (Figure 3).  

 

 

Figure 3. The asymmetric units of (A) yeast cytc ς sclx4mc and (B) horse cytc ς sclx4mc 

comprising 2 or 8 proteins, respectively. The protein chains, calixarenes and sodium 

ions are shown in grey, green, and white. 
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Table 1. X-ray data collection, processing and refinement statistics 
Data Collection 

 Yeast cytc ς sclx4mc Horse cytc ς sclx4mc 

Light source SOLEIL, PROXIMA-2A Elettra, XRD1 
Wavelength (Å) 0.97624 1.0000 
Space group P3221 P43 
/Ŝƭƭ Ŏƻƴǎǘŀƴǘǎ ŀ Ґ ō Ґ млнΦпу ) 

Ŏ Ґ мулΦлл ) 
ʰ Ґ ʲ Ґ флхΣ ʴ Ґ мнлх 

ŀ Ґ ō Ґ срΦрф ) 
Ŏ Ґ нрлΦсф ) 
ʰ Ґ ʲ Ґ ʴ Ґ флх 

wŜǎƻƭǳǘƛƻƴ ό)ύ рсΦллπмΦтп όмΦттπмΦтпύ псΦоу ς нΦрл όнΦслπнΦрлύ 
І ǊŜŦƭŜŎǘƛƻƴǎ флпллп όпннпуύ фпнрр όфлнмύ 
І ǳƴƛǉǳŜ ǊŜŦƭŜŎǘƛƻƴǎ ппспл όннлтύ опфло όоттрύ 
aǳƭǘƛǇƭƛŎƛǘȅ нлΦо όмфΦмύ нΦт όнΦпύ 
Lκ̀ όLύ мрΦт όнΦнύ рΦф όнΦсύ 
/ƻƳǇƭŜǘŜƴŜǎǎ ό҈ύ млл όмллύ фсΦо όфнΦсύ 
wǇƛƳō ό҈ύ оΦп όппΦлύ млΦм όнпΦоύ 
//мκн ффΦу όттΦфύ фпΦо όтоΦфύ 
{ƻƭǾŜƴǘ ŎƻƴǘŜƴǘ ό҈ύ то рт 

wŜŦƛƴŜƳŜƴǘ 

wǿƻǊƪ  лΦмсср лΦмтрп 
wŦǊŜŜ  лΦмтфл лΦноср 
ǊƳǎŘ ōƻƴŘǎ ό)ύ лΦлмлм лΦлммп 
ǊƳǎŘ ŀƴƎƭŜǎ όϲύ мΦлуру оΦсмнл 
asymmetric unit composition  
ǇǊƻǘŜƛƴ н у 
ǎŎƭȄпƳŎ н у 
ǎƻŘƛǳƳ ƛƻƴ н у 
ŀŎŜǘŀǘŜ л у 
ŎŀŎƻŘȅƭŀǘŜ л у 
ǎǳƭŦŀǘŜǎ р л 
ǿŀǘŜǊ нул пно 
!ǾŜΦ .πŦŀŎǘƻǊ ό)нύ омΦмф нрΦст 
/ƭŀǎƘǎŎƻǊŜ мΦлф сΦпл 
wŀƳŀŎƘŀƴŘǊŀƴ ŀƴŀƭȅǎƛǎΣŎ ҈ ǊŜǎƛŘǳŜǎ ƛƴ  
ŦŀǾƻǳǊŜŘ ǊŜƎƛƻƴǎ фуΦм фтΦф 
ŀƭƭƻǿŜŘ ǊŜƎƛƻƴǎ млл млл 

t5. ŎƻŘŜ 6suy 6suv 
ŀ±ŀƭǳŜǎ ƛƴ ǇŀǊŜƴǘƘŜǎŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƘƛƎƘŜǎǘ ǊŜǎƻƭǳǘƛƻƴ ǎƘŜƭƭ  

ōwǇƛƳ Ґ ңƘƪƭ ҞόмκƴπмύңƴƛҐм μLƛόƘƪƭύ π ộLόƘƪƭỚμκңƘƪƭ ңƛLƛόƘƪƭύ  
cDetermined in MolProbity 
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Cytc ς sclx4mc crystal structure. In both structures, the calixarene was bound to a 

cationic patch on Lys87 (Figures 4 and 5). A sodium ion chelated the lower rim of the 

calixarene.206-212 Additionally, a cacodylate was bound to a carboxylate substituent 

in the horse cytc ς sclx4mc complex (Figure 5C). 

 

 

Figure 4. The electrostatic surface potentials showing the cationic (blue) and anionic 

(red) patches of (A) yeast cytc and (B) horse cytc (APBS Electrostatics, PyMOL). The 

conserved residues Lys86 and Lys87 which comprise the binding site in both cytc 

variants are indicated. Heme edge is shown as spheres 

 

Encapsulation of an Arg or Lys side chain is the usual protein recognition 

mode of anionic calix[4]arenes.48,-50,52-54 In the yeast cytc ς sclx4mc crystal structure, 

the calixarene did not entrap any side chain. Instead, 2-3 waters occupied the cavity 

ŀƴŘ ŦƻǊƳŜŘ ƘȅŘǊƻƎŜƴ ōƻƴŘǎ ǿƛǘƘ ǘƘŜ ǎǳƭŦƻƴŀǘŜǎ ƻǊ ŀ ˉ-hydrogen bond with a phenyl 

ring (Figures 5A and B).218 Two types of protein ς sclx4mc complex were evident in 

the structure, with distinct binding site features (Figures 5A and B). One calixarene  
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was present at a C2 symmetric interface, flanked by four residues (Arg13, Phe82, 

Lys86 and Lys87) from each protein (Figure 5A) whereas the other ligand bound to 

three neighbouring proteins (Figure 5B).  Each molecule of sclx4mc accounted for cytc 

surface coverage of ~550 Å2 (PDBePISA219).    

 

 

Figure 5. The interfaces formed by sclx4mc ƘƛƎƘƭƛƎƘǘ ǘƘŜ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ǇǊƻǇŜǊǘȅΦ In 

the yeast cytc case one calixarene mediated (A) a C2 symmetric interface and (B) a 

second calixarene interacted with three protein chains. The hydrophobic cavity was  
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occupied by water molecules (red spheres) and did not encapsulate any residue. (C) 

In the horse cytc complex the calixarene encapsulated Lys87 and was surrounded by 

three neighbouring proteins. Protein chains are indicated as light grey, dark grey or  

cyan ribbon. Calixarenes and side chains are shown as sticks. Sodium ions are shown 

as spheres.   

 

Recognition of yeast cytc by sclx4mc differed markedly from that by sclx4.48 In 

the latter case, the calixarene encapsulated a single lysine side chain (Lys4, Lys22 or 

Lys89) and formed a salt bridge with the ammonium group. In contrast, sclx4mc did 

not encapsulate any of the binding site residues (Figures 5A and B). Unlike sclx4, this 

ligand formed only weak CH-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ƴŜƛƎƘōƻǳǊƛƴƎ [ȅǎус ƻǊ [ȅǎуф ŀƴŘ 

no cation-ˉ ōƻƴŘǎΦ Also, the sclx4 methylene groups (ςCH2ς) established contacts 

with the C̡  of Ala3, Ala7 and Ala101, as well as the ring edge of Tyr97. These residues 

comprise a hydrophobic patch on yeast cytc that formed interfaces with other 

calixarenes.48,52,54 However, this interaction was absent in the cytc ς sclx4mc 

complex. Instead, mainly Phe82 interacted with this ligand.  

 

 In the horse cytc ς sclx4mc structure the mode of recognition varied 

significantly from the yeast cytc complex (Figures 5C and 6). Here, the Lys87 side 

chain was encapsulated by the calixarene, which formed three interfaces of ~710 Å2 

comprising Lys7-Lys8, Lys72-Lys73, or Lys86-Lys87-Lys88 (Figure 5C). Dilysine motifs 

of yeast cytc are well-known calixarene-binding sites. For example, Lys4-Lys5,53,19 

Lys72-Lys7320  and Lys86-Lys87.48,53,20 
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Figure 6. Superposition of yeast (light grey) and horse cytc (dark grey) highlights the 

binding of sclx4mc to a similar site on both proteins. While Lys87 is encapsulated by 

the calixarene in the horse cytc, it interacted laterally with the ligand in the yeast 

cytc.  

 

 Sclx4mc has an available surface area of ~900 Å2. In both the yeast and horse 

cytc complexes the interaction with a single protein masked 220-270 Å2 of the ligand 

surface. Of the remaining 630-680 Å2 calixarene surface, 50 % (in yeast cytc) or 70 % 

(in horse cytc) participates in forming interfaces. The larger surface coverage in case 

of horse cytc may be attributed to the encapsulation of the Lys residue. The size 

similarity of the binding site patches to a typical protein ς protein interface signifies 

ǘƘŜƛǊ ǊƻƭŜ ŀǎ ŀ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ŦƻǊ ƳŜŘƛŀǘƛƴƎ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ŎǊȅǎǘŀƭ ŎƻƴǘŀŎǘǎ ǿƛǘƘ the 

surrounding proteins (Figure 7).19,20,48-56,202 
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Figure 7. Crystal packing in cytc ς calixarene complexes. (A) Honeycomb arrangement 

of yeast cytc ς sclx4mc. (B) Tubular assembly of horse cytc ς sclx4mc. (C) A layer 

assembly of yeast cytc ς sclx4.48 (D) Honeycomb arrangement of yeast cytc ς sclx6.56 
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(E) Framework of yeast cytc ς sclx8 with all crystal contacts via the ligand.19 The space 

groups and % solvent contents are indicated. Proteins, calixarenes and unit cell axes 

are grey, green and blue, respectively.  

  

 Considering the packing of cytc by calix[4]arenes,48-50,52,53 the porous 

architectures induced by sclx4mc were a surprising result (Figure 3). A tubular 

assembly (P43, ~55 % solvent content)220 was obtained with the horse cytc. The tube 

structure is based on eight cytc ς sclx4mc complexes arranged in a ring, with an 

internal diameter of ~2 nm. These tubes are arranged in orthogonal layers. The 

assembly of yeast cytc (P3221, ~75 % solvent content)220 was a honeycomb network 

with ~7 nm diameter pores. In each case, the assemblies involved edges that are one 

protein/calixarene unit thick but the yeast cytc packing was more porous. 

Interestingly, sclx6 also mediated a honeycomb arrangement of yeast cytc (P3221, 

~65 % solvent content).56 Despite this resemblance, the pores were ~1.8 times 

narrower compared to that in the yeast cytc ς sclx4mc structure (~3.8 nm diameter; 

Figure 3D). Compared to these ligands, sclx8 behaved quite distinctly. In one of the 

yeast cytc ς sclx8 structures, all of the crystal contacts were mediated by the 

calixarene leading to a crystalline framework (P43212) with exceptionally high 

porosity of ~85 % (Figure 3E).19  

  

 A common feature of sclx4mc, sclx6 and sclx8 is the high formal charge, even 

though the conformations are quite different. Also, the co-crystallization conditions 

may have played a part in facilitating the porous assemblies. For example, at the 

crystallization pH of 5.0 the phenolic hydroxyls of sclx4mc are likely to be 

deprotonated.210 Two of the phenolic OH of sclx6 and sclx8 will be deprotonated at 

the co-crystallization pH of 8 (cytc ς sclx6)56 or 7 (cytc ς sclx8),19resulting in a charge 

of -8 and -10, respectively.221,222  The similarity of the total anion charge of sclx4mc 

and sclx6 may have been instrumental in facilitating similar porous assemblies. 

Earlier, crystalline protein frameworks (~70 % solvent content) were obtained with  
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concanavalin A and dye-sugar conjugates.151 Similarly, porous assemblies of the 

jacalin lectin were also induced by an anionic porphyrin.143 Here, also electrostatic 

interactions between the protein ς ligand interfaces appear to be an important 

contributor towards such assemblies. The significance of charge ς charge interaction 

in yielding porous crystalline framework was also observed in the complex of cationic 

pillar[5]arene and anionic apoferretin  protein cages.22   

  

 In view of the various instances of ligand-mediated protein assemblies, 

probably the charge modification and subsequent electrostatic interactions at the 

protein ς calixarene interfaces facilitate crystal porosity (Figure 4).223 However, 

crystal structures of the ~6.2 kDa cationic PAF protein (pI ~8.9) with sclx4, sclx6 or 

sclx8 all involved tightly packed sheet-like assemblies.55 Thus, it remains to be seen 

whether this property of the calix[4,6,8]arenes is restricted to cytc or transferable to 

other proteins. 

 

Conclusions 

This work demonstrates the use of bolaamphiphilic sclx4mc to mediate honeycomb 

(yeast cytc) or tubular (horse cytc) architectures. This contrast with the assembly 

mediated by other calix[4]arenes but the similarity with that dictated by sclx6 and 

sclx8 might suggest a role for the high anionic charge of these molecular glues. In this 

respect, the carboxylate functionality may have been useful as it enhanced the 

anionic charge of the calix[4]arene, while the rigid cone structure obtained upon 

sodium ion coordination might also play a role. Sclx4mc adds to the existing library of 

supramolecular building blocks, which can be utilized to facilitate unique protein 

architectures. Furthermore, the details of molecular recognition presented for the 

two complexes may provide structural clues for functionalizing calixarenes 

(substituents and formal charge) to target the desired protein.  Finally, there is scope 

to explore the potential of binding polyanionic calixarenes with other proteins, 

including neutral / acidic candidates, to generate porous structures.  
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Chapter 3 

Supramolecular Stacking in a High ZΩ Calix[8]arene ς 

Porphyrin Assembly 

 

The material in this chapter was published as 

Alex J. M., McArdle P., Crowley P. B.  

Supramolecular stacking in a high ½Ω calix[8]arene ς porphyrin assembly.  

CrystEngComm. 2019. In print. 

 

Dr. Patrick McArdle (NUI Galway) helped with the ShelxL refinement.
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Abstract 

A co-crystal structure of sulfonato-calix[8]arene (sclx8) and trimethylanilinium-

porphyrin (tmap) at 1.0 Å resolution is reported. The oppositely charged macrocycles 

form a stacked assembly of alternating calixarene and porphyrin. Crystal packing was 

completed by additional porphyrins that interlinked neighbouring stacks. This 

structure provide insights into macrocycle-based assemblies. 
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Introduction 

Calixarenes73,74 and porphyrins224,225 are versatile supramolecular building blocks. 

The vast possibilities for customization make these macrocycles useful molecular 

recognition agents. For example, the upper and lower rims of calixarenes can be 

functionalized to favour host-guest interactions with biomolecules.182 Similarly, the 

ǇŜǊƛǇƘŜǊȅ ƻŦ ǘƘŜ ǇƻǊǇƘȅǊƛƴ ǊƛƴƎ όǇȅǊǊƻƭƛŎ ʲ ǎƛǘŜǎ ƻǊ ƳŜǎƻ-positions) can be substituted 

with diverse groups.224,225 This possibility of structural manipulation has afforded a 

wide-range of applications including sensing,71,226 catalysis,227,228 and light harvesting 

systems.229-231   

 

These molecules have been utilized for fabricating unique architectures via 

self-assembly.7 For example, sheet-like,68 columnar,232 or layered233 calixarene 

structures and flowers,234 rings235 or pillars236 of porphyrins. Furthermore, porphyrin 

ς calixarene complexation has led to generation of hybrid assemblies including 

porous frameworks.210-212,237-241 In these complexes, calixarenes act as a templating 

agent to aid the porphyrin assembly. For example, the interaction of tetra(N-methyl-

4-pyridyl)-porphyrin (TMPyP) with a calix[4]arene derivative resulted in complexes 

with varying calixarene:porphyrin ratios.210-212 Moreover, these calixarene ς 

porphyrin architectures could be modulated by pH211 or by the presence of metal 

ions. 212,240  

 

Additionally, both these synthetic ligands are known to facilitate assembly of 

proteins. Solution-state NMR242 and X-ray crystallographic 19,20,48-54,143,144studies have 

ǊŜǾŜŀƭŜŘ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ŀŎǘ ŀǎ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜǎΩΦ When bound to a protein, they are 

able to establish non-covalent contacts and form interfaces with the surrounding 

protein molecules. For example, the highly water soluble anionic 

sulfonatocalix[8]arene (sclx8) have been demonstrated to form large interfaces with 

cytochrome c (cytc) and mediate highly porous crystalline frameworks of cytc (70 -85 

% solvent content).19,20 
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We sought to investigate the ability of sclx8 to bind to two cationic partners ς 

cytc and tetra(4-N,N,N-trimethylanilinium) porphyrin (tmap; Figure 1). There are at 

least ten structures of sclx8 illustrating its binding with different guests.243-250 Though, 

no X-ray data is available for tmap, crystal structures of the structurally-related 

tetra(4-aminophenyl)porphyrin251,252 highlight their potential to generate interesting 

assemblies.  

 

 Here, we report a 1.0 Å resolution crystal structure that revealed a remarkable 

stacking architecture of sclx8 and tmap. Interestingly, the porphyrin occurred in two 

distinct conformations depending on its position/function within the stack. The 

molecular recognition features that appear to stabilize the assembly are discussed. 

The current study may prove useful in understanding the behaviour of larger 

calixarenes with porphyrins with an aim to fabricate hybrid structures. 

 

 

Figure 1. Molecular structures of the ions used in this study. 
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Experimental 

 

Materials. Samples of unlabelled Saccharomyces cerevisae cytc C102T were 

produced by the established methods.48,191 Stock solutions of tmap (Frontier 

Scientific T973) and sclx8 (TCI Chemicals S0471) at pH 6.0 were prepared in 10 mM 

NaOH or water, respectively.  

 

Co-crystallization Trials. A sparse matrix screen (JCSG++ Jena Biosciences) and an 

Oryx 8 robot (Douglas Instruments) were used for the crystallization experiments. 

Protein ς ligand mixture were prepared by combining 1 mM cytc, 6.5 mM tmap and 

5 ς 20 mM sclx8. A single crystal grew in condition A11 (50 % 2-methyl-2,4-

pentanediol, 0.1 M TRIS-HCl pH 8.5 and 0.2 M ammonium di-hydrogen phosphate) 

at 10 mM sclx8.  

 

Data collection. Crystals of ~400 µm dimension in the mother liquor were cryo-

cooled in liquid nitrogen. Diffraction data were collected at SOLEIL synchrotron 

όCǊŀƴŎŜύ ǘƻ мΦл ) ǳǎƛƴƎ ˒ ǎŎŀƴs of 0.1° over 360° using an Eiger X 9M detector.   

 

X-ray structure determination. The observed reflections were processed with the 

autoPROC pipeline215 and scaled using POINTLESS193 and AIMLESS.194 ab initio 

phasing in ACORN (CCP4 suite) was used to generate the map,253 with unambiguous 

density for both tmap and sclx8. The coordinates and restraints for tmap and sclx8 

were generated using the Grade Web Server. Iterative cycles of model building in 

COOT197 and refinement (full-matrix least square on F2) were performed in ShelxL 

(Shelx suite).254 The PLATON/SQUEEZE255 procedure was implemented to remove 

waters which led to an improvement in the refinement statistics. Crystallographic 

data for the structure with and without water is deposited with the Cambridge 

Crystallographic Data Centre (CCDC) with deposit numbers 1956108 and 1956128, 

respectively. 
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Results and Discussion 

 

Cytc ς sclx8 ς tmap co-crystallization trials. A sparse matrix screen (JCSG++ 

Biosciences) and an Oryx 8 Robot (Douglas Instrument) were used for cytc ς sclx8  ς 

tmap co-crystallization trials. 1 mM cytc, 10 mM sclx8 and 6.5 mM tmap yielded a 

single crystal in condition A11 comprising 50 % 2-methyl-2,4-pentanediol (mpd), 0.1 

M TRIS pH 8.5 and 0.2 M ammonium di-hydrogen phosphate (Figure 2). 

 

 

Figure 2. A single ~400 µm crystal grew in a protein-rich phase (red color). 

 

Data collection and model building. A dataset extending to 1.0 Å resolution was 

collected at SOLEIL synchrotron. The crystal belonged to the monoclinic P1211 space 

group (Tables 1 and 2). The electron density map was generated ab initio using 

ACORN (CCP4 suite).253 Unambiguous electron density was evident for the two 

macrocycles. Interestingly, the asymmetric unit comprised four sclx8, six tmap and 

ten mpd ƳƻƭŜŎǳƭŜǎ ŀƴŘ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ŎƻƳǇƭŜȄ ŎǊȅǎǘŀƭƭƛȊŜŘ ǿƛǘƘ ŀ ƘƛƎƘ ½Ω Ґ 22 

(Figures  3 and 4).256-258 /ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǎƳŀƭƭ ƴǳƳōŜǊ ƻŦ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ½Ω җ м6 that 

are well-characterized, the recognition features of the complex may provide 

knowledge about conditions / interactions that lead to other such structures.256,257    
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Table 1. X-ray data collection and refinement statistics for sclx8 ς tmap (with waters). 
Empirical formula C313 H317 N24 O149.50 S16 
Formula weight 7319.85 
Temperature (K) 293(2) 
Wavelength (Å) 0.82656 Å 
Crystal system monoclinic 
Space group P21 
¦ƴƛǘ /Ŝƭƭ ŘƛƳŜƴǎƛƻƴǎ ŀ Ґ ооΦснмόмтύ )  

ō Ґ оуΦпммόмоύ )  
Ŏ Ґ плΦнопόмрύ ) 
ʰ Ґ ʴ Ґ флх ̡ Ґ млнΦрсόпύϲ 

± ό)оύ рлтмр όотύ 

Ŏ́ŀƭ όƎκŎƳоύ лΦфрф 
ҡ όƳƳπмύ лΦнлр 
½ п 
Cόлллύ мрнсл 
/Ǌȅǎǘŀƭ ǎƛȊŜ όƳƳоύ лΦнл Ȅ лΦлр Ȅ лΦлр 
LƴŘŜȄ ǊŀƴƎŜǎ πот Җ Ƙ Җ оуΤ πпл Җ ƪ Җ плΣ πпн 

Җƭ Җ пл 
 ̒ лΦсло ǘƻ нуΦмонϲ 
І ǊŜŦƭŜŎǘƛƻƴǎ ŎƻƭƭŜŎǘŜŘ остуфф 
І ƛƴŘŜǇŜŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ммффлт ώwόƛƴǘύ Ґ лΦлртнϐ 
wŜǎƻƭǳǘƛƻƴ ǊŀƴƎŜ ό)ύ офΦнтπмΦлр όмΦлтπмΦлрύ 
/ƻƳǇƭŜǘŜƴŜǎǎ ό҈ύ ǘƻ ʻ ҐнуΦмонϲ туΦу  
5ŀǘŀκǊŜǎǘǊŀƛƴǘǎκǇŀǊŀƳŜǘŜǊǎ ммффлтκмроутκумот 
DƻƻŘƴŜǎǎ ƻŦ Ŧƛǘ мΦснт 
Cƛƴŀƭ w ƛƴŘƛŎŜǎ ώLҔнǎƛƎƳŀόLύϐ wм Ґ лΦмуотΣ ǿwн Ґ лΦпмту 
w ƛƴŘƛŎŜǎ όŀƭƭ Řŀǘŀύ wм Ґ лΦннунΣ ǿwн Ґ лΦпсрм 
!ōǎƻƭǳǘŜ ǎǘǊǳŎǘǳǊŜ ǇŀǊŀƳŜǘŜǊ лΦпфтόмсύ 

//5/ мфрсмлу 
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Table 2. X-ray data collection and refinement statistics for sclx8 ς tmap (squeeze). 
Empirical formula C313 H317 N24 O77 S16 
Formula weight 6159.85 
Temperature (K) 293 (2) 
Wavelength (Å) 0.82656 Å 
Crystal system monoclinic 
Space group P21 
¦ƴƛǘ /Ŝƭƭ ŘƛƳŜƴǎƛƻƴǎ ŀ Ґ ооΦснмόмтύ )  

ō Ґ оуΦпммόмоύ )  
Ŏ Ґ плΦнопόмрύ ) 
ʰ Ґ ʴ Ґ флх ̡ Ґ млнΦрсόпύϲ 

± ό)оύ рлтмр όотύ 

Ŏ́ŀƭ όƳƎκŎƳоύ лΦулт 
ҡ όƳƳπмύ лΦмтт 
½ п 
Cόлллύ мнфпл 
/Ǌȅǎǘŀƭ ǎƛȊŜ όƳƳоύ лΦнл Ȅ лΦлр Ȅ лΦлр 
LƴŘŜȄ ǊŀƴƎŜǎ πот Җ Ƙ Җ оуΤ πпл Җ ƪ Җ плΣ πпн 

Җƭ Җ пл 
 ̒ лΦсло ǘƻ нуΦмонϲ 
І ǊŜŦƭŜŎǘƛƻƴǎ ŎƻƭƭŜŎǘŜŘ остуфф 
І ƛƴŘŜǇŜŘŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎ ммффлт ώwόƛƴǘύ Ґ лΦлртнϐ 
wŜǎƻƭǳǘƛƻƴ ǊŀƴƎŜ ό)ύ офΦнтπмΦлр όмΦлтπмΦлрύ 
/ƻƳǇƭŜǘŜƴŜǎǎ ό҈ύ ǘƻ ʻ ҐнуΦмонϲ туΦу  
5ŀǘŀκǊŜǎǘǊŀƛƴǘǎκǇŀǊŀƳŜǘŜǊǎ ммффлтκмрортκспрр 
DƻƻŘƴŜǎǎ ƻŦ Ŧƛǘ лΦфпр 
Cƛƴŀƭ w ƛƴŘƛŎŜǎ ώLҔнǎƛƎƳŀόLύϐ wм Ґ лΦлуосΣ ǿwн Ґ лΦннфт 
w ƛƴŘƛŎŜǎ όŀƭƭ Řŀǘŀύ wм Ґ лΦммфсΣ ǿwн Ґ лΦнуну 
!ōǎƻƭǳǘŜ ǎǘǊǳŎǘǳǊŜ ǇŀǊŀƳŜǘŜǊ лΦпфрόмрύ 

//5/ мфрсмну 
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Figure 3. Representative ORTEP diagram of (A) tmap and (B) sclx8  

 

sclx8 ς tmap supramolecular architecture. The crystal structure revealed a stacked 

assembly in which four tmap molecules alternated with four sclx8 (Figure 4A). The 

remaining two porphyrins bound the stack peripherally (Figure 4). The stacking 

porphyrins were 75 % more puckered (root mean square deviation from plane= ~0.2 

Å; ORTEX module in Oscail)259 compared to the peripheral planar porphyrins (root 

mean square deviation from plane= ~0.05 Å; Figure 5).225 The sclx8 conformation 

ŎƻƴǎƛǎǘŜŘ ƻŦ ǘǿƻ ΨŎŀƭƛȄώоϐŀǊŜƴŜΩ ŎŀǾƛǘƛŜǎ ǿƘƛŎƘ ƘƻǎǘŜŘ ŜƛǘƘŜǊ ŀ ǘǊƛƳŜǘƘȅƭŀƴƛƭƛƴƛǳƳ 

group or an mpd (Figure 4). 
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Figure 4. (A) The crystal structure revealed a stack of four sclx8 (red), six tmap (blue), 

and ten mpd (yellow). The four porphyrins alternating with sclx8 were puckered. The 

peripheral porphyrins were planar. The puckered conformation of tmap facilitated 

its interaction with the two flanking calixarenes. The sclx8 ΨŎŀƭƛȄώоϐŀǊŜƴŜΩ ŎŀǾƛǘƛŜǎ 

accommodated a trimethylanilinium group or mpd (yellow).   

 

 

 

Figure 5. In the sclx8 ς tmap stack (A) the peripheral porphyrins were planar whereas 

(B) the stacking porphryins were distorted or non-planar.   
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Porphyrin ς calixarene co-crystals have been characterized previously.210-

212,240 These crystal structures comprised a stack of porphyrins to which calixarenes 

bound peripherally. In contrast, in the sclx8 ς tmap complex both the macrocycles 

adopted conformations that facilitated their participation in the stack, enhancing the 

network of non-covalent interactions (Figure 4). This binding mode appears to have 

been favoured by the charge and shape complementarity of the trimethylanilinium 

with the sclx8 conformation. For example, in a sclx8 ς tmap ς sclx8 sandwich, 

trimethylanilinium groups interacted with the phenolsulfonate units of the flanking 

calixarenes via weak edge-to-face (anilinium and phenol rings) and/or charge-charge 

interactions (partial positively charged anilinium methyls with sulfonates; ς+NςC···Oς

S = 2.8-оΦс )ύΦ ! ǘǊƛƳŜǘƘȅƭŀƴƛƭƛƴƛǳƳ ǎǳōǳƴƛǘ ƘƻǎǘŜŘ ǿƛǘƘƛƴ ŀ ΨŎŀƭƛȄώоϐŀǊŜƴŜΩ ŎŀǾƛǘȅ ƻŦ 

sclx8 participated also in cationς̄  ƛƴǘŜǊŀŎǘƛƻƴ ός+NςC···Centroid = 3.5 ς 3.8 Å) in 

addition to the weak edge-to-face and salt bridge (ς+NςC···OςS = 3.3 ς 3.7 Å)  

contacts. Furthermore, it is noteworthy that 3 pyrrole rings of each stacking 

porphyrin is involved in CH-ˉ ƛƴǘŜǊŀŎǘƛƻƴ όςC···Centroid = 3.8 ς 4.1 Å) with the 

methylene groups (ςCH2ς) of the flanking calixarenes. These interactions may have 

led to the puckering of the porphyrin ring.   

 

The conformation adopted by the two macrocycles in the stack also facilitated 

interaction with the peripheral porphyrins. Every alternating calixarene ς porphyrin 

pair in the stack established contacts with one of the trimethylanilinium groups via 

cation ς ˉ όǇŀǊǘƛŀƭƭȅ ǇƻǎƛǘƛǾŜ ŀƴƛƭƛƴƛǳƳ ƳŜǘƘȅƭǎ ŀƴŘ ǘƘŜ ǇȅǊǊƻƭŜ ǊƛƴƎύΣ ŜŘƎŜ-to-face 

(anilinium and pyrrole rings) and charge-charge interactions (anilinium methyl and  

phenolic OH). Interactions involving the pyrrole rings were limited in this porphyrin. 

Electrostatic interactions were also observed with the anilinium methyls and the 

calixarene sulfonates. Another trimethylanilinium group of the same tmap formed 

similar contacts in the neighbouring stack thus ŀŎǘƛƴƎ ŀǎ ŀ ΨōǊƛŘƎŜΩ ƻǊ ŀ ΨŎƻƴƴŜŎǘƻǊΩ ǘƻ 

mediate the calixarene ς porphyrin supramolecular architecture (Figure 6).  
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Figure 6. Each calixarene ς porphyrin stack interacts with the neighbouring stack via 

ǘƘŜ ǇŜǊƛǇƘŜǊŀƭ ǇƻǊǇƘȅǊƛƴǎ ǘƘŀǘ ŀŎǘ ŀǎ ŀ ΨōǊƛŘƎŜΩ ƻǊ ŀ ΨŎƻƴƴŜŎǘƻǊΩ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ 

supramolecular architecture. Calixarenes, porphyrins, and the unit cells axes are red, 

blue and black, respectively. 

 

To determine how well the macrocycles pack with each other in the stack 

(asymmetric unit), the number of intermolecular van der Waals contacts between 

them were measured in the ORTEX module (Table 3).259 The variations in the number 

of contacts between sclx8 ς tmap / tmap ς sclx8 is indicative of the asymmetric nature 

of the interaction. Such differences arise due to the different environment of each 

atom of the molecule (in a symmetric interaction the number of atoms in contacts 

will be the same). In the stack, approximately 40 - 60 % atoms of the stacking tmap 

were in contact with the flanking sclx8. On the other hand, 30 - 33 % atoms of the 

peripheral tmap (trimethylanilinium groups of 1* and 5*; Table 3) were in contact 

with the neighbouring calixarenes (1 and 3) and the stacking porphyrins (4 and 2).  
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Table 3. Number of atoms in van der Waals contacts between tmap and sclx8 within the 
stack 

 
 tmapa sclx8

b 

# 1* 2 3 4 5* 6 1 2 3 4 

 

 
 

tmapa 
 
 

1*    30   43    

2     29  75  51  

3         74 51 

4 28      50 75   

5*  34       44  

6          77 

sclx8
b 

1 42 66  43       

2    58       

3  39 59  48      

4   44   68     

*indicates the peripheral porphyrin in the stack 
a number of atoms in tmap ς 126 (excluding the 2 protons of pyrrole nitrogen) 
b number of atoms in sclx8 ς 128 (excluding the 8 protons of sulfonates and hydroxyls) 

 

Conclusions 

In conclusion, we have illustrated an alternating stacking assembly of sclx8 and 

tmap. Interestingly, weak edge-to-face, cation-ˉΣ ŀƴŘκƻǊ ŎƘŀǊƎŜ-charge interactions 

stabilize the complex. The conformations adopted by the macrocycles played a major 

role in facilitating these non-covalent interactions. In particular, considering the 

ΨfloppinessΩ of the larger calix[6,8]arenes, they may be utilized in generating stacking 

calixarene ς porphyrin hybrid architectures. Furthermore, these complexes may have 

applications in the development of sensors74,226 or light-harvesting systems.229-231 

CƛƴŀƭƭȅΣ ǘƘƛǎ ŎƻƳǇƭŜȄ ŜȄŜƳǇƭƛŦƛŜǎ ŀ ƘƛƎƘ ½Ω ǎǘǊǳŎǘǳǊŜ ŀƴŘ Ƴŀȅ ǇǊƻǾƛŘŜ ƛƴǎƛƎƘǘ ƛƴǘƻ 

understanding the factors that contribute towards such unique crystal packing.256-258 
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Chapter 4 

Calixarene-mediated Assembly of a Small Antifungal 

Protein 

 

The material in this chapter was published as: 

Alex J. M., Rennie M. L., Engilberge S., Lehoczki G.,  Dorottya H., Fizil Á., Batta G., 

Crowley P. B.  

Calixarene-mediated assembly of a small antifungal protein.  

IUCrJ, 2019, 6, 238-247. 

 

 

Dȅǳƭŀ .ŀǘǘŀΩǎ [ŀō όUniversity of Debrecen, Hungary) ς  

¶ PAF protein production and purification 

¶ NMR and ITC data collection 

The raw data from these experiments were processed and analysed by JMA and MLR.
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Abstract 

Synthetic macrocycles such as calixarenes and cucurbiturils are increasingly applied 

as mediators of protein assembly and crystallization. The macrocycle can facilitate 

assembly by providing a surface on which two or more proteins bind simultaneously. 

This work explores the capacity of the sulfonato-calix[n]arene (sclxn) series to effect 

crystallization of PAF, a small, cationic antifungal protein. Co-crystallization with 

sclx4, sclx6 or sclx8 led to high-resolution crystal structures. In the absence of sclxn, 

diffraction-quality crystals of PAF were not obtained. Interestingly, all three sclxn 

were bound to a similar patch on PAF. The largest and most flexible variant, sclx8, 

yielded a dimer of PAF. Complex formation was evident in solution via NMR and ITC 

experiments, showing more pronounced effects with increasing macrocycle size. In 

agreement with the crystal structure, the ITC data suggested that sclx8 acts as a 

bidentate ligand. The contributions of calixarene size/conformation to protein 

recognition and assembly are discussed. Finally, it is suggested that the conserved 

binding site for anionic calixarenes implicates this region of PAF in membrane 

binding, which is a prerequisite for antifungal activity. 
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Introduction 

There is growing interest in the use of synthetic macrocycles as mediators of protein 

assembly.4 The special case of protein crystallization46 has benefitted from 

ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜǎΩ ǎǳŎƘ ŀǎ ŎŀƭƛȄŀǊŜƴŜǎ ŀƴŘ ŎǳŎǳǊōƛǘǳǊƛƭǎ ǘƘŀǘ ǇǊƻƳote crystal 

packing.19-21 The sulfonato-calix[n]arenes (sclxn, Figure. 1) are highly water-soluble, 

anionic macrocycles with diverse applications in the biosciences.182,70,260 The 

hydrophobic core and the anionic rim of the calixarene can facilitate protein 

recognition, in particular, via the entrapment of arginine or lysine side chains.19,20,48-

54,182 Consequently, sclx4 and related compounds readily co-crystallize with the highly 

cationic cytochrome c (cytc) and lysozyme.48-50,52,53 With increasing calixarene size 

there tends to be more pronounced effects; for example, phosphonato-calix[6]arene 

(pclx6) has an approximately ten-fold increase in affinity (with respect to sclx4) and 

prompts dimerization of cytc in solution.51 Sulfonato-calix[8]arene (sclx8) on the 

other hand induces a tetramer of cytc.19 Furthermore, while calix[4]arene is locked 

in a bowl conformation, the larger calixarenes are flexible and adopt various 

conformations (Figure. 1)19,20,51,67,244,245,248,260-262 Accordingly, sclx8 can bind to cytc 

either via ŀƴ ŜȄǘŜƴŘŜŘ ΨǇƭŜŀǘŜŘ ƭƻƻǇΩ ƻǊ ŀ ŎƻƭƭŀǇǎŜŘ ΨŘƻǳōƭŜ ŎƻƴŜΩ ŎƻƴŦƻǊƳŀǘƛƻƴΣ ŀǎ 

shown using X-ray crystallography.19,20  
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Figure 1. Sulfonato-calix[n]arenes. (A) Molecular structures and (B) cone (sclx4), 

double partial cone (sclx6) and double cone (sclx8) conformations. 

 

We were motivated to characterize the sclxn series with a single protein and 

thus investigate systematically how the calixarene size and flexibility influence 

protein recognition and assembly. Furthermore, we were interested in studying a 

protein for which a crystal structure was not available. Acknowledging the tendency 

of sclxn to complex cationic proteins we chose the Penicillium antifungal protein 

(PAF) as a test case.162,263 PAF is a small (6.2 kDa, 55 residues) lysine-rich protein (13 

Lys, pI~9) and a potent agent against Aspergillus species and dermatophytes.163,164,264 

The NMR structure is a twisted-barrel composed of five antiparallel -strands and 

stabilized by three disulfide bridges.156,157,265 Lys30, Phe31, Lys34, Lys35 and Lys38 

(loop 3) belong to a conserved region of PAF that is important for antifungal activity. 

165,166,266 Similar to defensins, the mechanism of antifungal action is postulated to 

require interaction with anionic components on the cell membrane.164,165,267 Recent 

X-ray crystal structures have revealed how defensinςphospholipid binding leads to 

oligomerization, suggesting a mechanism for membrane permeation.268-271 These 

observations provided further motivation to characterize PAF binding with anionic 

receptors. 
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Here, we report three PAF ς sclxn crystal structures, demonstrating the fitness 

of calixarenes as crystallization agents. Interestingly, all three calixarenes were 

bound to PAF, mainly at the conserved loop 3. A similar interaction site was 

determined by NMR studies; these results suggest that loop 3 is favoured for 

recognition by anionic receptors. The largest calixarene sclx8 mediated a PAF dimer 

that was observed both crystallographically and in solution. The thermodynamics of 

PAF ς sclxn interactions were characterized by isothermal titration calorimetry, 

providing further evidence of PAF dimerization via sclx8. The results are discussed in 

the context of protein assembly and membrane binding. Finally, insights into protein 

complexation by flexible calixarenes are provided, including the role of PEG 

fragments at the protein ς calixarene interface. 

 

Experimental 

 

Materials. PAF was produced as described.166,263 The calixarenes were purchased 

from TCI Chemicals. Stock solutions of sclx4, sclx6 and sclx8 were prepared in water 

and the pH was adjusted to 6.0. 

 

Crystallization trials. Co-crystallization experiments were performed by the hanging-

drop vapour-diffusion method at 20 хC. The reservoir solution was 20-30% PEG 3350 

and 50 mM sodium acetate, pH 5.6. A range of protein (0.7ς7.0 mM PAF) and ligand 

(5 ς 40 mM sclx4) concentrations were tested for PAF ς sclx4 co-crystallization. Drops 

were prepared by combining sequentially 1 mL each of reservoir solution, protein 

and sclx4. Crystals grew at 7 mM PAF and 40 mM sclx4. In the case of PAF ς sclx6 and 

PAF ς sclx8, the proteinςligand solutions were premixed before combining with 

thereservoir solution. Co-crystals were obtained with 10 mM sclx6 and 40 mM sclx8. 

Crystals grew in 4ς5 days (sclx4), 2ς3 weeks (sclx6) or 6ς8 weeks (sclx8). 

 

The crystallization of ligand-free PAF (7 mM) was performed with an Oryx 8 

Robot (Douglas Instruments) and a sparse matrix screen (JCSG++, Jena Bioscience).  
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Spherulites were obtained in C6 (40 % PEG 300, 0.1 M potassium phosphate citrate 

pH 4.2) and needles grew in D7 (40 % PEG 400, 0.1 M TrisςHCl pH 8.5, 0.2 M lithium 

sulfate). Manual crystallization trials under these conditions did not yield suitable 

crystals. 

 

X-ray data collection. Crystals were cryo-protected in reservoir solution supple-

mented with 20% glycerol and cryo-cooled in liquid nitrogen. Diffraction data were 

collected at the SOLEIL synchrotron (France) to 1.30, 1.45 and 1.50 Å resolution for 

PAF ς sclx4, PAF ς sclx6 and PAF ς sclx8, respectively. Datasets were collected using  ˒

scans of 0.1х over 200 (PAF ς sclx4), 180 (PAF ς sclx6) and 110 (PAF ς sclx8) using an 

EIGER X 9M detector. In the case of pure PAF, a dataset extending to 3.0 A was 

collected for the spherulites (condition C6), but was difficult to index/integrate in 

both XDS and iMOSFLM. The needle-like crystals (condition D7) did not diffract. 

 

Structure determination. The observed reflections for PAF ς sclx4 were processed 

with XDS,192 whereas iMOSFLM272 was used for the PAF ς sclx6 and PAF ς sclx8 

datasets. In all cases, the data were scaled using POINTLESS193 and AIMLESS.194 

Xtriage (PHENIX)216 suggested pseudo-merohedral twinning for the PAF ς sclx4 data 

with twin law -h, -k, -h -l, and estimated twin fractions of 0.025 (Britton analyses), 

0.066 (H-test) and 0.022 (maximum-likelihood method). The structure was 

determined by molecular replacement in PHASER195 by using the NMR structure (PDB 

reference 2mhv, conformer 1)166 as the search model. A satisfactory solution (LLG, 

134; TFZ, 7.4) was obtained with a search model in which residues 1ς2, 17ς24 and 

47ς49 were deleted and all six cysteines were replaced by alanine. The coordinates 

and restraints for sclx4 (ligand ID T3Y) were added in COOT.197 Twin refinement did 

not result in any significant improvement in the electron density. No twinning was 

indicated for the PAF ς sclx6 or PAF ς sclx8 data. The structures were solved by 

molecular replacement using the structure of PAF ς sclx4 (devoid of sclx4) as the 

search model. The coordinates for sclx6 and sclx8 were built in JLigand.196 High mosaic 

spread (0.3ς0.9) in the PAF ς sclx8 dataset made it difficult to obtain better R values.  
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Truncating the images with high mosaicity did not help in this respect. Iterative cycles 

of manual model building in COOT197 and refinement in BUSTER217 were carried out 

until no further improvements in Rfree and electron density were observed. The final 

structures were validated with MolProbity 199 and deposited in the Protein Data Bank 

as PAF ς sclx4 (PDB 6ha4), PAF ς sclx6 (PDB 6hah) and PAF ς sclx8 (PDB 6haj). 

 

Accessible surface area calculations. The effect of sclx4, sclx6 and sclx8 on the 

accessible surface area (ASA) of PAF residues in the crystal packing environments was 

determined in AreaIMol as described previously.200 

 

NMR spectroscopy. The sample conditions were 0.3 or 0.5 mM 15N-PAF in 10 mM 

sodium phosphate buffer at pH 6.0. NMR titrations were performed at 298 K using 

0.5ς1 ml aliquots of 50 mM stocks of sclx4, sclx6 or sclx8. 1H-15N HSQC spectra were 

acquired with spectral widths of 12 p.p.m. (1H) and 19 p.p.m. (15N) using two scans 

and 128 increments on a Bruker Avance-II-500 NMR spectrometer. Ligand-induced 

chemical-shift perturbations were analysed in CCPN.201 

 

Isothermal titration calorimetry and data fitting. PAF samples were dissolved in 10 

mM sodium phosphate pH 6.0. The same buffer was used to dilute stocks of sclx4 (7.1 

mM, PAF 0.5 mM), sclx6 (3.6 mM, PAF 0.5 mM) and sclx8 (2.5 mM, PAF 0.3 mM) to 

the required concentration. Samples were degassed prior to the titration. 

Measurements were made at 25 хC using a Microcal ITC-200 instrument. Titrations 

were performed in duplicate with similar trends between each replicate. A single 

replicate from each calixarene was used for model fitting. Separate titrations of each 

calixarene into buffer confirmed that the heats of dilution were small, exothermic 

and approximately constant. 

 

NITPIC273 was used for baseline correction and integration of the 

thermograms. Pytc274 was used to perform model fitting and parameter estimation. 

The system of equations relating the independent variables of the model (total  
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concentrations) to the experimental observations (heat generated during injections) 

for the single-site and bidentate-ligand models are as follows. 

 

Single-site model 

 (1) 

  

 (2) 

  

 (3) 

Where, 

[PT]i is the total cell concentration of protein at the ith injection (independent variable) 

[LT]i is the total cell concentration of ligand at the ith injection (independent variable) 

K1, is the equilibrium association constant (fit parameter) 

ɲH is the enthalpy (fit parameter) associated with K 

Vcell is the volume of the cell 

vi is the volume of the ith injection 

qi is the heat generated from the ith injection (dependent variable) 

qdil is the heat of dilution (fit parameter, assumed to be constant) 

 

Bidentate Ligand model 

 (4) 

  

                                            

(5) 

 

  

 (6) 
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Where, 

K1, K2 are the microscopic equilibrium association constants (fit parameters) 

ɲH1Σ ɲH2 are the enthalpies (fit parameters) associated with K1, K2, respectively. 

 

The expressions for mass balance of the protein and ligand is represented by 

equations 1 or 4. Equations 2 or 5 define the equilibrium constants. For the bidentate 

ligand model equation 5 was solved numerically (Levenberg-Marquardt algorithm) to 

yield the free protein ([P]i) and free ligand concentrations ([L]i). The free 

concentrations were used to compute the concentrations of the other states via the 

equilibrium equations. The heat generated from a given injection was determined by 

equations 3 or 6. Parameters were constrained to physically reasonable bounds (e.g. 

K1, K2 between 102 and 1010 M-1) and best-fits were obtained by maximum likelihood 

starting from a range of initial estimates. Parameter errors and correlations were 

estimated using a Bayesian approach (Markov chain Monte Carlo simulations). The 

error for each integrated heat was determined using NITPIC.273 

 

Results and discussion 

 

PAF ς sclxn co-crystallization. Pure PAF proved to be recalcitrant to crystallization. A 

sparse-matrix screen yielded spherulites or needle-like crystals only (see 

experimental). In contrast, PAF ς sclx4 mixtures were crystallized readily from 

solutions containing PEG and sodium acetate. PAF ς sclx4, PAF ς sclx6 and PAF ς sclx8 

co-crystals were obtained at 28ς30% PEG 3350 and 50 mM sodium acetate pH 5.6 

(Figure 2). 

 

Data collection and model building. Datasets extending to 1.30, 1.45 and 1.50 Å 

resolution were collected from monoclinic (P1211) PAF ς sclx4, PAF ς sclx6 and 

hexagonal (P61) PAF ς sclx8 co-crystals, respectively (Table 1).  
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Table 1. X-ray data collection, processing and refinement statistics 

 Crystallization 

 PAF ς sclx4 PAF ς sclx6 PAF ς sclx8 
[PAF] / [sclxn] (mM) 7 / 40 7 / 10 7 / 40 
PEG 3350 (%) 30 30 28 
Buffer  0.05 M sodium acetate pH 5.6 

 Data Collection 

[ƛƎƘǘ ǎƻǳǊŎŜ Soleil, PROXIMA 2A 
²ŀǾŜƭŜƴƎǘƘ  ό)ύ лΦфулмлр 
{ǇŀŎŜ ƎǊƻǳǇ tмнмм tмнмм P61 
/Ŝƭƭ Ŏƻƴǎǘŀƴǘǎ ŀ Ґ ннΦтм ) 

ō Ґ отΦру ) 
Ŏ Ґ нфΦфр ) 
 hҐ ɹ Ґ флϲ 
 ̡Ґ мммϲ 

a = 24.74 Å 
b = 38.59 Å 
c = 29.93 Å 

 h= ɹ  = 90° 
 ̡Ґ ммнϲ 

a = 24.30 Å 
b = 24.30 Å 
c = 313.69 Å 

 h= ̡  = 90° 
ʴ  = 120° 

wŜǎƻƭǳǘƛƻƴ ό)ύ нтΦунπмΦоо  
όмΦотπмΦооύ 

27.08-1.45 
(1.48-1.45) 

21.06-1.50 
(1.60-1.50) 

І ǳƴƛǉǳŜ ǊŜŦƭŜŎǘƛƻƴǎ млмпн όупнύ 8592 (397) 16146 (2346) 
aǳƭǘƛǇƭƛŎƛǘȅ оΦп όнΦфύ 2.9 (2.5) 4.8 (4.0) 
Lκ̀ όLύ сΦм όмΦоύ 11.5 (5.1) 8.4 (1.0) 
/ƻƳǇƭŜǘŜƴŜǎǎ ό҈ύ фнΦн όтрΦтύ 94.7 (90.3) 96.8(97.7) 
wƳŜŀǎō ό҈ύ мнΦм όсмΦмύ 7.4 (33.9) 8.9 (98.2) 
wǇƛƳŎ ό҈ύ сΦн όопΦнύ 4.2 (20.4) 3.7 (47.4) 
//мκн лΦфус όлΦтпнύ 0.992 (0.760) 0.998 (0.226) 
{ƻƭǾŜƴǘ ŎƻƴǘŜƴǘ ό҈ύ ор пм 43 

 Refinement 

wǿƻǊƪ  лΦмур 0.200 0.217 
wŦǊŜŜ  лΦнмт 0.236 0.244 
ǊƳǎŘ ōƻƴŘǎ ό)ύ лΦллф 0.011 0.011 
ǊƳǎŘ ŀƴƎƭŜǎ όϲύ мΦнрл 1.41 1.450 
# molecules in asymmetric unit   

 tǊƻǘŜƛƴ м м 2 
[ƛƎŀƴŘ м м 1 
²ŀǘŜǊ рр рт 77 

!ǾŜΦ .πŦŀŎǘƻǊ ό)нύ нлΦун ноΦус 30.01 
wŀƳŀŎƘŀƴŘǊŀƴ ŀƴŀƭȅǎƛǎŘ  

҈ ǊŜǎƛŘǳŜǎ ƛƴ 
  

ŦŀǾƻǳǊŜŘ ǊŜƎƛƻƴǎ мллΦл мллΦл 95.3 
ŀƭƭƻǿŜŘ ǊŜƎƛƻƴǎ   3.76 

t5. ŎƻŘŜ 6ha4 6hah 6haj 
aValues in parentheses correspond to the highest resolution shell 
 bRmeas Ґ ңhkl Ҟόƴκƴ-1)ңI  | Ii(hkl) - ộLόƘƪƭỚμκңhkl ңiIi(hkl);  
cRpim Ґ ңhkl Ҟόмκƴ-1)ңn

i=1 | Ii(hkl) - ộLόƘƪƭỚμκңhkl ңiIi(hkl);  
dCalculated in MolProbity. 
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The PAF ς sclx4 structure was determined using the NMR coordinates (PDB 

reference 2mhv)166 as the search model. To obtain a satisfactory solution it was 

necessary to delete two loops and replace all six cysteines with alanines. After several 

rounds of model building and refinement a complete PAF structure was obtained. 

This model was used to solve the PAF ς sclx6 and PAF ς sclx8 structures. The PAF fold 

and the three disulfide bridges in the X-ray structures were consistent with the NMR 

model.166,167,265 Interestingly, the fold was altered slightly in response to sclxn binding 

(Figure 3). Superposition of the three structures revealed a Ch rmsd of 0.54 Å (PAF ς 

sclx6) and 0.78 Å (PAF ς sclx8) relative to PAF ς sclx4, with the largest differences at 

loops 2, 3 and 4. 

 

 

Figure 2. PAF ς sclxn crystals and X-ray structures. Diffraction-quality co-crystals and 

the asymmetric units of PAF with (A) sclx4 (B) sclx6 and (C) sclx8. The asymmetric unit 

comprised one protein and one ligand (A,B) or two proteins and one ligand (C). The 

unbiased 2Fo - Fc ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ƳŀǇ όŎƻƴǘƻǳǊŜŘ ŀǘ мΦл ˋύ ǎƘƻǿƛƴƎ ŎŀƭƛȄŀǊŜƴŜǎΣ ŀƴŘ 

PEG fragments in (B and C). 
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Figure 3. PAF backbone flexibility and binding site conformations. Superposition of 

the three crystal structures highlight changes in the PAF backbone. The side chains 

of Lys27, Lys30 and Phe31 have different conformations, while Pro29 provides a rigid 

platform for hydrophobic interactions with sclx6 and sclx8. The calixarene 

coordinates are not shown. 

 

In contrast to the PAF ς sclxn crystals, the spherulites and needles of pure PAF 

failed to provide a usable dataset. The needles did not diffract and the spherulites 

yielded a 3.0 Å resolution dataset, which proved difficult to index and integrate. The 

difficulty in obtaining suitable crystals of pure PAF suggests that the calixarene 

facilitates protein assembly and crystallization.19,20,48-50,52-54 
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Different calixarene, similar binding site. The asymmetric unit of the PAF ς sclxn 

complexes comprised one (in the case of PAF ς sclx4 and PAF ς sclx6) or two (PAF ς 

sclx8) molecules of PAF. Each structure contained one calixarene, as shown by the 

2FoτFc electron-density maps (Figures 2 and 4). Additional electron density adjacent 

to sclx6 and sclx8 was modelled as a PEG fragment equivalent to tetraethylene glycol 

(EG4) and heptaethylene glycol (EG7), respectively (Figure 4 and 5). Sclx4, locked in 

the cone conformation, encapsulates the side chain of a single lysine (Lys30), as 

observed previously in different protein-clx4 complexes.48-50,52-54 The larger flexible 

sclx6 and sclx8 adopted distinct conformations and bound at least two lysines. Sclx6 

was in the double partial-cone conformation,243,262 with three sulfonates pointed 

upwards and three pointed downwards (Figures 1B and 4B). Sclx8 adopted the double 

cone conformation,244,245,248 with each half of the molecule acting like a calix[4]arene 

to bind one PAF molecule, thus mediating a crystallographic dimer (Figure 4C).  

 

 

Figure 4. Binding site interactions in PAF ς sclxn. (A) sclx4, (B) sclx6 and (C) sclx8 bind 

to PAF at Lys30. Note the altered conformations of Lys30 and Phe31 in each 

structure, while Pro29 provides a rigid hydrophobic surface for face-to-face 

interaction with sclx6 and sclx8. In PAF-sclx8, two protein chains interact with the 

calixarene. PEG fragments equivalent to tetraethylene glycol and heptaethylene 

glycol were bound to sclx6 and sclx8, respectively. 
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All three calixarenes bound to Lys30, while interacting also with neighbouring 

residues as well as other proteins (symmetry mates) in the crystal packing. 

Depending on the ligand size/conformation, the noncovalent contacts varied in their 

type and multiplicity. The PAF ς sclx4 complex (Figure 4A) was similar to cytochrome  

c ς sclx4,48 involving a salt bridge and CH-  ̄/cation-  ̄bonds with the encapsulated 

lysine. Hydrogen bonds to the backbone amide NHs of Lys30, Phe31, and Asp32 were 

evident and the aromatic ring of Phe31 was in van der Waals contact with a sclx4 

methylene bridge. Considering symmetry mates (Figure 5A), sclx4 formed substantial 

interfaces (>150 Å2) with three proteins. Interestingly, a salt bridge was formed with 

the Nh  of Ala1. Salt bridges occurred also with Lys2, Lys17, Lys22 and Lys35, 

emphasizing a large charge-charge component to complexation. In total, the protein 

ς sclx4 interfaces buried ~660 Å2 of protein.  

 

sclx6 (1.5 times larger than sclx4) also completely encaged Lys30 (Figure 4B). 

However, one wall of the calixarene cage was composed of three phenolic groups. 

The phenolic oxygens were in van der Waals contact with the C,̡ Cɹ and Cɻ of Lys30, 

indicative of CH···O hydrogen bonding and the Lys30-N  hwas hydrogen bonded to a 

phenolic OH (rather than to a sulfonate). Other differences, with respect to sclx4, 

were water-mediated salt bridges between Lys30-N  yand two sulfonates and a weak 

-̄ˉ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ tƘŜом όCƛƎǳǊŜ 4B). Adjacent residue Pro29 was also important 

for calixarene-binding (vide infra). In terms of crystal packing (Figure 5B), the larger 

sclx6 was nestled between five proteins and formed numerous salt bridges (Lys6, 

Lys9, Lys11, Lys27, Lys38, Lys42). The resulting protein-ligand contacts mask ~970 Å2 

of protein surface. Compared to sclx4, the more extensive interactions exhibited by 

sclx6 may explain why 4 times less ligand was required to achieve crystal growth 

(Experimental and Table 1).  

 

The interactions of sclx8 with PAF were similar to those observed with sclx6, 

though less extensive. At twice the size of sclx4 it might be expected that sclx8 would 

mask a larger protein surface; however, sclx8 formed a PAF dimer (Figures 4C and 5C)  
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resulting in a total protein surface coverage of 950 Å2. The double-cone conformation 

(compared ǿƛǘƘ ǘƘŜ ΨǇƭŜŀǘŜŘ ƭƻƻǇΩ)19 adopted by sclx8 minimized its contact with 

protein surfaces. Salt-bridge interactions involved up to three lysines from each 

monomer. Here, again a hydrogen bond was formed between the Lys30 N hand a 

phenolic OH. In one of the protein chains Phe31 formed an edge-to-face interaction 

with an sclx8 phenolic ring. In protein chain B, Phe31 was disordered (Figures 5C).  
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Figure 5. Calixarenes as molecular glues. The crystal packing is dominated by PAF-

sclxn interactions in (A) PAF ς sclx4, (B) PAF ς sclx6, and (C) PAF ς sclx8. This 

observation suggests that the calixarene is a molecular glue for protein assembly.  
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In complex with PAF, sclx4, sclx6 and sclx8 contributed an additional surface 

of 550, 850 and 1290 Å2
 respectively (calculated for a single protein). The exposed 

ŎŀƭƛȄŀǊŜƴŜ ǎǳǊŦŀŎŜ ƛǎ ŀ ǊŜƭŀǘƛǾŜƭȅ ƘƻƳƻƎŜƴƻǳǎ ΨƳŀǎƪΩ ǘƘŀǘ ƛǎ ŎƻƴŘǳŎƛǾŜ ǘƻ ŦƻǊƳƛƴƎ 

noncovalent bridges with other proteins. Apparently, the calixarene acts as 

molecular glue (Figure 5) by providing a patch that mediates protein assembly 

(subseǉǳŜƴǘƭȅ ŘǊƛǾƛƴƎ ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴύ ƛƴ ŀ ǎǇŜŎƛŀƭ ŎŀǎŜ ƻŦ ǘƘŜ ΨǇŀǘŎƘȅ ǇŀǊǘƛŎƭŜ 

ƳƻŘŜƭΩΦ34,53,62-64 

 

 

Figure 6. Protein-PEG-calixarene interfaces. The protein-calixarene interfaces are 

completed by a PEG fragment in (A) PAF ς sclx6 and (B) PAF ς sclx8. Lys9-N  y

simultaneously forms ion-dipole bonds to the PEG (crown-ether like complex) and a 

salt bridge to one sulfonate. CH-ˉ ŀƴŘ ƭƻƴŜ ǇŀƛǊ-ˉ ōƻƴŘǎ ƻŎŎǳǊ ŀƭǎƻ ōŜǘǿŜŜƴ t9D ŀƴŘ 

the calixarene phenolic rings. 

 

The presence of PEG fragments (EG4 and EG7) markedly distinguished the 

PAF ς sclx6 and PAF ς sclx8 complexes (Figure 6). The PEG-calixarene interaction 

involved lone pair- 2̄75 and CH-ˉ ōƻƴŘǎ, while the PEGςprotein contacts included 

hydrogen bonds between the oxygen lone pairs and Lys9 (Lys9-N ·y··O-PEG = 3.0-3.3 

Å). This crown ether like Lys9ςPEG interaction resembles the binding of lysine to 18-

crown-6 (PDB entry 3wur).75A heptaethylene glycol fragment has been observed  
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bound to an antibody (PDB entry 2ajs),276 where it adopted a crown-ether like 

conformation, compared with the extended conformation in PAF ς sclx8. In addition, 

a crystal structure of an SH3 domain (PDB entry 5xg9)277 revealed various PEG 

fragments at proteinςprotein interfaces. These examples suggest that the role of PEG 

ƛǎ ŀǎ ŀƴ ƛƴǘŜǊŦŀŎŜ ΨŦƛƭƭŜǊΩ ŀƴŘ Ǉƻssibly the PEG fragments (Figure 6) contribute towards 

calixarene conformation selection/stability. 

 

Selectivity of PAF ς sclxn complexation, why Lys30? Considering that PAF contains 

13 lysines the question arises as to why Lys30 was selected by sclxn. ASA calculations 

were used to probe the selectivity of sclxn for the Pro29-Lys30-Phe31 patch over 

other possible binding sites (Figure 7). The calculations accounted for contributions 

from symmetry mates in the crystal packing.53 The effect of ligand binding on the ASA 

of all Lys, Pro, Phe and Tyr residues is plotted in Figure 7. At least half of the lysines, 

including Lys30, are highly exposed (ASA 125 Å2) in each structure in the absence of 

sclxn. This observation suggests that steric accessibility49 was not the determining 

factor in sclxn selectivity. For example, Lys2 (>150 Å2) was significantly masked 

(ASAҗ15%) by binding with sclx4 only. Perhaps a salt-bridge interaction with Asp46 

reduced the availability of Lys2 in the other complexes. In contrast, Lys30 was 

strongly affected by all three calixarenes (ASA up to 80 %). Adjacent residue Lys27 

was also strongly affected in the complexes with sclx6 and sclx8. The differences in 

the degree of masking can be attributed to the calixarene sizes (small, sclx4) and 

ŎƻƴŦƻǊƳŀǘƛƻƴǎ όΨŘƻǳōƭŜ ŎƻƴŜΩΣ sclx8). However, sclx8 had more in common with sclx6 

than sclx4. For example, Lys9, Lys11 and Lys38 were 30ς50% buried by sclx6 or sclx8, 

while sclx4 had no effect on these residues. Overall, calixarene binding resulted in 

significant masking of five (sclx4), eight (sclx6) and six (sclx8) lysines. 
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Figure 7. Accessible surface area (ASA) plots. Accessibility of Lys, Pro, Phe and Tyr 

residues in ligand-free (black) and -bound (grey) PAF. The PAF ς sclx8 data correspond 

to chain A. 

 

PAF has five aromatic residues, Phe25, Phe31, Tyr3, Tyr16 and Tyr48 (Figure 

7); the latter is highly solvent exposed (200 Å2) and might be expected to interact 

with sclxn. However, only minor contributions were evident (Figure 8). Phe31 was the 

dominant aromatic residue for sclxn complexation. The adjacent Lys30, Lys34 and  
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Lys35 may facilitate (via chargeςcharge interactions) calixarene binding here, 

compared with Tyr48, which is proximal to Lys2 only. The contribution of Pro29 

merits special attention as it completes the binding site for both sclx6 and sclx8 via 

face-to-face hydrophobic stacks with a phenolic ring (Figures 4B and 4C). These 

interactions are reminiscent of polyphenol binding to proline-rich proteins.278-280 The 

rigid pyrrolidine ring ŀǇǇŜŀǊǎ ǘƻ ǇǊƻǾƛŘŜ ŀ ǎǘŀōƭŜ ǇƭŀǘŦƻǊƳ ŦƻǊ ōƛƴŘƛƴƎ ǘƘŜ ΨŦƭƻǇǇȅΩ 

sclx6 or sclx8. Thus, it is perhaps unsurprising that the only proline residue in PAF was 

involved at the binding site.  

 

 

Figure 8. Tyr48-calixarene Interactions. (A) Tyr48-Ch  in van der Waals contact with a 

methylene bridge of sclx4 (B) Tyr48-Cɻ н forms a weak anion-quadrupole bond with a 

sulfonate of sclx6.  

 

As such, it appears to be the combination of the Pro29-Lys30-Phe31 motif and 

adjacent lysines (chargeςcharge interactions) that stabilize sclxn binding and impart 

selectivity. This region has been implicated in PAF function, with decreased 

antifungal activity when Phe31, Lys35 or Lys38 were mutated to Asn or Ala.165,166,266 

The selectivity of the anionic calixarenes for this site suggests that it may be involved 

in cell membrane binding and permeation as required for antifungal activity.  

 

NMR characterization and comparison with the solid state. PAF ς calixarene binding 

in solution was assessed by NMR spectroscopy. Titrations were performed by the 

addition of microlitre aliquots of sclxn to 15N-labelled PAF, which was monitored by  
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1H-15N HSQC spectroscopy.48,191 The overlaid spectra (Figure 9) revealed increasing 

chemical-shift perturbations (ɲ )ɻ as a function of sclx4 or sclx6 concentration, 

indicative of fast to intermediate exchange between the ligand-free and ligand-

bound states. Some biphasic shifts were evident for sclx6. Severe broadening effects 

were observed with 0.3 eq sclx8, indicative of a slow-exchange process and 

suggesting the possibility of ligand-mediated oligomerization.19,51,52,184,281 

 

The ɲ ɻplot (Figure 9) shows a clear selectivity for sclx4 binding to Lys30 and 

neighbouring residues 31ς36. In the crystal structure, all of these residues occurred 

in the vicinity of sclx4. Significant shifts were observed also for the C-terminal Val52 

and Cys54, which are further from the crystallographic binding site. However, both 

of these residues are adjacent to Pro29, and Cys54 is hydrogen bonded to Lys34, 

suggesting a mechanism for how these resonances sense ligand binding. In the 

presence of sclx6, the plot again shows a preference for binding around Lys30 as well 

as effects at the C-terminus (Val52 Nh is hydrogen bonded to sclx6). However, 

compared with sclx4, the shifts are 2ς4 times larger and other segments of the 

primary structure (residues 6ς13 and 42ς45) were also affected. These two regions 

correspond to additional sclx6 binding sites evident in the crystal packing. Therefore, 

the NMR data suggests that the PAF ς sclx6 interaction fluctuates, with the calixarene 

exploring different patches on the protein surface, as observed previously for cytc ς 

sclx4 complexes.48,52 Judging from the magnitude of the shifts, binding to Lys30 is 

preferred while a weaker interaction occurred at a patch involving Lys6 and Lys42. 

 

The titrations with sclx8 resulted in different effects. In addition to 

pronounced perturbations of Lys30 and neighbours, substantial broadening effects 

occurred. Cys28, Lys30, Lys34 and Cys36 broadened at 0.3 mM, and Thr8, Lys11, 

Asp32 and Thr37 broadened beyond detection at 0.6 mM sclx8. These eight residues 

are located at the crystallographically defined binding site. Thus, the broadening 

effects may be indicative of PAF dimerization, consistent with the sclx8-mediated  

 



 Chapter 4 

96 

 

 

dimer in the crystal structure (Figure 4C). Previously, we observed a complete loss of 

the HSQC spectrum of cytc in complex with pclx6, which also yielded a dimer in the 

solid state.51 

 

 

Figure 9. NMR characterization of PAF ς sclxn complexation. (A) Region from overlaid 

1H-15N HSQC spectra of pure PAF (black contours) and in the presence of 0.1-0.6 mM 

ligand (coloured scale). Biphasic shifts occurred for resonances K30, K34 and C36 in 

the presence of sclx6. Resonances K17, C28, K30, K34, and C36 were broadened at 

0.3 mM sclx8 while resonances T8, K11, D32, T37 were broadened beyond detection 

at 0.6 mM sclx8. (B) Plots of chemical shift perturbations measured for PAF backbone 

amides in the presence of 0.6 mM sclx4, sclx6 or sclx8. Blanks correspond to Pro29 

and undetectable resonances (due to broadening). 
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Thermodynamics of PAF ς sclxn complexation. Isothermal titration calorimetry was 

used to characterize the PAF ς sclxn binding affinities and stoichiometries (Figure 10). 

The data were fitted to a single-site or a bidentate-ligand model. The latter model 

describes a bidentate ligand that can bind two protein molecules and was necessary 

to describe the obviously biphasic data for sclx8. The choice of this model is 

supported by the observation of a PAF ς sclx8 ς PAF dimer in the crystal structure, 

and by the spectral broadening in the NMR experiments. All of the fit parameters 

were well deter-mined by the data (Table 2), with parameter errors assessed by 

Bayesian methods.282  

 

Table 2. Thermodynamic of PAF ς sclxn complexation determined by ITC.* 

[Ligand]a 
(µM) 

[PAF]b 
(µM) 

Kd 

(µM) 

ɲH 
(kJ/mol) 

TɲS 
kJ/mol) 

PAF ---sclx4 (Single Site Model) 

7143 
(1248) 

500 (412) 107 (0.0, 0.0) -16.9 (0.1, 0.1) -5.6 (0.2, 0.2) 

PAF ---sclx6 (Single Site Model) 

3623 (633) 500 (412) 15.4 (0.0, 0.0) -28.2 (0.2, 0.1) -0.7 (0.2, 0.2) 

PAF ---sclx6 (Bidentate Ligand Model) 

3623 (633) 500 (412) 47.8 (0.0, 0.0) -9.2 (0.1, 0.2) -15.4 (0.4, 0.3) 

  45.8 (3.5, 4.1) -20.1 (0.4, 0.4) -4.6 (0.6, 0.6) 

PAF ---sclx8 (Bidentate Ligand Model) 

2500 (437) 300 (247) 10.6 (1.3, 1.4) -3.5 (0.3, 0.3) -24.8 (0.3, 0.3) 

  33.5 (4.8, 6.5) -36.0 (1.7, 1.4) 10.5 (1.8, 2.1) 

*Fit values are median (2.5% quantile, 97.5% quantile) from Markov chain Monte Carlo.  
In the case of sclx6 the fit parameters for both models are shown. 
aCalixarene concentrations in the syringe, final concentration indicated in parenthesis. 
bProtein concentration in the cell, final concentration indicated in parenthesis. 

 

The isotherms for sclx4 injected into PAF were fitted to a single-site binding 

model with Kd 110 mM. In contrast, the isotherms for sclx8 were biphasic283 and fitted 

to a bidentate ligand model with Kd values of 10 and 30 mM, for binding the first and 

second molecule of PAF, respectively. The isotherms for sclx6 were intermediate  
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between sclx4 and sclx8, suggesting that this ligand may exhibit weak bidentate 

binding. A satisfactory fit for this data was not obtained with either model. The ITC 

data demonstrate an increasing affinity for PAF as the calixarene size increases and 

a switch in binding mode from the small, rigid sclx4 (single site) to the large, flexible 

sclx8 (bidentate). 

 

 

Figure 10. ITC analysis of PAF - sclxn complexation. Top panels show the baseline 

corrected thermograms for injections of sclx4, sclx6 or sclx8 into PAF. Bottom panels 

are the observed heats (data points) and the fits (solid line) for single site (sclx4) and 

bidentate ligand (sclx8) models. Note, the titration heats for sclx6 were intermediate 

between sclx4 and sclx8. 

 

Conclusions 

Using a combination of X-ray crystallography and NMR spectroscopy it was 

demonstrated that the sclxn series binds selectively to the highly cationic PAF. 

Despite the varying size and conformational flexibility, sclx4, sclx6 and sclx8 bound 

similarly the Pro29-Lys30-Phe31 motif in loop3. The selectivity of the anionic 

calixarenes for this motif, and the role of loop 3 in antifungal activity, suggests that 

this region may be required for membrane binding. In addition to chargeςcharge  
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interactions (showed by numerous lysine-to-sulfonate salt bridges), other 

noncovalent bonds including CH-ˉ ŀƴŘ ˉ-ˉ (via Pro29 and Phe31, respectively) 

participated in ligand stabilization. The presence of PEG fragments at the protein ς  

sclx6 and protein ς sclx8 ƛƴǘŜǊŦŀŎŜǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ t9D ŀŎǘǎ ŀǎ ŀ ΨŦƛƭƭŜǊΩ ǘƻ ŎƻƳǇƭŜǘŜ ǘƘŜ 

binding site, potentially reinforcing the calixarene conformation. 

 

The structures of all three PAF ς sclxn co-crystals highlight the potential of 

ŎŀƭƛȄŀǊŜƴŜǎ ŀǎ ŀ ΨǎǘƛŎƪȅ ǇŀǘŎƘΩ ƻƴ ǘƘŜ ǇǊƻǘŜƛƴ ǎǳǊŦŀŎŜ ǘƘŀǘ ŦŀŎƛƭƛǘŀǘŜǎ ŀǎǎŜƳōƭȅ ŀƴŘ 

crystallization. In the case of the sclx4 and sclx6 co-crystals (P1211), it is evident that 

the calixarene is a dominant contributor to the crystal packing (Fig. 4). Similarly in the 

sclx8 structure (P61), the packing involves substantial protein ς calixarene contacts, 

and the structure is interesting as sclx8 mediates a PAF dimer. Previously, we found 

that sclx8 mediates a tetramer of cytc.19 Generally, it seems that calixarene-mediated 

protein crystallization may be a special case of the patchy particle model for protein 

assembly.34,53,62-64 Considering that PAF alone did not yield diffraction-quality 

crystals, we conclude that co-crystallization with sclxn was beneficial. Anionic 

calixarenes may generally facilitate crystallization and structure determination of 

small cationic proteins. 

 

The binding surfaces observed in the NMR experiments were consistent with 

the X-ray data. However, the NMR effects were more pronounced with increasing 

calixarene size, suggesting that the larger calixarenes mask a greater portion of the 

protein surface and/or lead to assembly in solution. Similarly, the ITC experiments 

revealed tighter affinities and more complex effects with increasing calixarene size. 

In particular, sclx8 behaved as a bidentate ligand that facilitated PAF dimerization. 

These data add to the growing evidence of calixarene-mediated protein assembly in 

solution.51,52 In terms of the biological relevance of these data it is noted that 

defensin oligomerization (upon phospholipid binding) has implications for anti-fungal 

activity.268-271 Perhaps calixarenes can be used to modulate the activity of PAF and 

related proteins. 
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Chapter 5 

Crystal Structure of a Protein ς Aromatic Foldamer 

Composite: Macromolecular Chiral Resolution 

 

The material in this chapter was published as: 

 

Alex J. M., Corvaglia V., Hu X., Engilberge S., Huc I., Crowley P. B.  

Crystal structure of a protein ς aromatic foldamer composite: macromolecular  

chiral resolution.  

Chem Commun. 2019, 55, 11087-11090. 

 

 

LǾŀƴ IǳŎΩǎ [ŀō όLudwig-Maximilians-Universität, Germany) ς  

¶ Synthesis and characterization of foldamers 1 and 2.   

¶ Circular dichroism studies of cytc ς foldamer 2 complex.  
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Abstract 

Oligoamide foldamers are being developed as synthetic ligands for protein surface 

recognition. Recent work with quinoline-based helical foldamers has relied on a 

tether functionality to direct protein binding. Here, we characterized complex 

formation between a ~2 kDa tether-free sulfonated foldamer and the ~13 kDa lysine-

rich cytochrome c. Co-crystallization led to the spontaneous chiral resolution of the 

foldamer helix handedness. A 2.1 Å crystal structure revealed foldamer stacking and 

charge-charge interactions with the protein. Zinc ions were important also for the 

crystalline assembly. By mass, the structure comprised ~1:3 foldamer:protein, 

hinting at a biohybrid material. Despite this composition the individual foldamer ς 

ǇǊƻǘŜƛƴ ƛƴǘŜǊŦŀŎŜǎ ǿŜǊŜ ǎƳŀƭƭ όҖ мул )2). Complexation in solution was studied by 

NMR and identified a different binding patch to those observed by X-ray. Circular 

dichroism experiments also highlighted differences in helix handedness preference, 

with respect to the crystal structure. Foldamer ς protein recognition and assembly 

are discussed with suggestions for future foldamer designs. 
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Introduction 

Supramolecular chemistry provides a repertoire of abiotic synthetic receptors and 

ligands for protein recognition and assembly.2,4 These properties have been 

illustrated for calixarenes,19,20,55,56 cucurbiturils,21,59 aromatic foldamers, 98-102,284,285, 

suramin117,118 and tweezers,23,61 all of which complement medchem products and 

peptidomimetics. Among the supramolecular components, foldamers are unique in 

that they form stably-folded architectures in solution.94-96 This feature, arising from 

their resemblance to biopolymers, makes them attractive candidates for protein 

recognition.286,287 Currently, there is growing interest in helical aromatic 

oligoamides.288,289 The stability, fold predictability and ease of synthesis / 

functionalization of these foldamers have led to a wide range of applications.95,289-294 

 

Aromatic foldamers can be customized to enhance biocompatibility. For 

example, oligoamides of 8-amino-2-quinoline carboxylic acid (Q, Scheme 1) were 

decorated with proteinogenic side chains.100 Additionally, they can be endowed with 

a tether functionality that confines the foldamer to a specific region of the protein 

surface, enabling the identification of weak binding interactions.100,101,295 For 

example, foldamers with a benzenesulfonamide were anchored to the active site of 

human carbonic anhydrase II (HCA), thus facilitating recognition and assembly,100-102 

while others were linked to cyclophilin A or interleukin 4.295 The ab initio design of 

foldamers (without a tether) that can bind proteins is a challenging task owing to the 

dearth of molecular recognition information. Taking inspiration from the charge-

charge multivalent complexation between a cationic quinoline oligoamide and a DNA 

G-quadruplex,296 the present work was carried out with the objective to demonstrate 

tether-free foldamer binding to a protein.  

 

We explored the recognition properties of an anionic helical quinoline 

oligoamide with a lysine-rich protein. The foldamer was a ~2 kDa octamer spanning 

three helix turns functionalized with sulfonate groups (1, Scheme 1) that could be  
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synthesized readily on solid phase using previously reported procedures.297 The 

choice of sulfonic acid was motivated by its suitability to interact with cationic 

residues.14,39,43,46,47,109 Cytochrome c (cytc, 13 kDa, pI ~9) was selected as its 

interactions with anionic receptors such as sulfonato-,19,20,48,52,56 

phosphonatomethyl-53 and phosphonato-calix[n]arenes are well-established.51 

 

A 2.1 Å resolution crystal structure provided a detailed view of protein ς 

foldamer binding. Remarkably, the co-crystal resulted in the chiral resolution of the 

P and M helices of 1 the interconversion of which is kinetically hampered. NMR 

studies were performed to characterize complexation in solution. Furthermore, 

circular dichroism (CD) experiments with 2, an analogue of 1 containing flexible 

aminomethyl-pyridine units (P, Scheme 1) that make helix handedness inversion 

possible, provided insight into helix handedness induction by the protein.298 Finally, 

the influence of the ~2 kDa helical ligand (1) on recognition and assembly of a ~13 

kDa globular protein is discussed and suggests new possibilities of composite bio-

materials.299  

 

 

Scheme 1. General structures of amino acid quinoline (Q) and pyridine (P) 

monomers, and sequences of helical oligoamide foldamers 1 and 2. The inner rim of 

the helix is marked in bold.  
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Experimental 

 

Sample preparation. Millimolar stock solutions of 1 were prepared in 1 M sodium 

acetate or water whereas foldamer 2 was prepared in water. 15N-labelled and 

unlabelled Saccharomyces cerevisiae cytochrome c (C102T) was prepared as 

described previously.48,191 

 

Co-crystallization trials. Trials were performed with an Oryx 8 Robot (Douglas 

Instruments) and a sparse matrix screen (JCSG++, Jena Bioscience) at 20° C. 

Cytochrome c (1 mM) and 1 (in sodium acetate) were tested in ratios of 1:1 and 1:4. 

Crystal growth was achieved with 4 mM of 1 only in condition C7, 10 % PEG 3000, 0.1 

M sodium acetate pH 4.5, 0.2 M zinc acetate. These rod-shaped crystals were 

reproducible by the hanging drop method in 5 - 25 % PEG 3350. Trials with 1 in water 

yielded thin plates in conditions A9 (20 % PEG 3350, 0.2 M ammonium chloride pH 

6.3), G7 (15 % PEG 3350, 0.1 M di-sodium succinate pH 7.0) and G8 (20 % PEG 3350, 

0.1 M di-sodium DL-malate pH 7.0). Thin plates were obtained with 2 (in water) in 

conditions G7 and H6 (17 % PEG 10,000, 0.1 M Bis-TRIS pH 5.5, 0.1 M ammonium 

acetate).  

 

Co-crystallization trials with 8 other foldamers resulted in either poor diffraction or 

ligand free structure (Table 1) 

 

X-ray data collection. Crystals of ~100 µm dimension were cryo-protected in the 

reservoir solution supplemented with 20 % glycerol and cryo-cooled in liquid 

nitrogen. The rod-shaped crystals of 1 at 5 % PEG 3350 diffracted to 2.1 Å resolution 

at beamline PROXIMA-н! ό{h[9L[ ǎȅƴŎƘǊƻǘǊƻƴύΦ 5ŀǘŀǎŜǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ǳǎƛƴƎ ˒ 

scans of 0.1° over 360° with an Eiger X 9M detector. The thin plates with 1 or 2 

diffracted poorly.   
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X-ray structure determination. Diffraction data were integrated and scaled using the 

autoPROC pipeline (Table 2).215  The structure was solved by molecular replacement 

in PHASER, with 5lyc as the search model.195 JLigand was used to generate the 

foldamer coordinates and refinement restraints.196 Iterative cycles of model building 

in COOT197 and refinement in BUSTER217 were performed until no further 

improvements in the Rfree or electron density were obtained. The final structure was 

validated with MolProbity199 and deposited in the Protein Data Bank as PDB 6s8y.  

 

Circular Dichroism. CD spectra were recorded on a Jasco J-810 spectrometer using 

quartz cells with a 1 mm path length.298 Scans were acquired at 20 °C, over the 300-

500 nm range, with a 1 s response time and a 100 nm/min scan speed. The CD data 

(Figure 7) are an average of three scans. Samples contained 90 µM cytochrome c and 

1 eq. 2 in 25 mM sodium acetate, 25 mM sodium chloride at pH 5.4 and were 

equilibrated for a minimum of 24 h. Data were baseline-corrected for signal 

contributions due to the buffer and protein.  

 

NMR spectroscopy. 1H-15N HSQC monitored titrations were performed at 30°C on a 

600 MHz Varian spectrometer equipped with a HCN coldprobe, as described 

previously.48 Samples of 0.1 mM 15N-labelled cytochrome c were titrated with 3 - 24 

˃[ ŀƭƛǉǳƻǘǎ ƻŦ у Ƴa ƭƛƎŀƴŘ όƛƴ ǿŀǘŜǊύ in 20 mM potassium phosphate, 50 mM sodium 

chloride at pH 6.0. Spectra were processed in NMRPipe and chemical shift 

perturbations were determined in CCPN.300 

 

Results and Discussion 

 

Cytochrome c ς 1 co-crystallization. Initial crystallization trials of cytc ς 1 mixtures 

were performed with a sparse matrix screen (Jena Bioscience, JCSG++) on an Oryx 8 

robot (Douglas Instruments). Crystals grew only in condition C7, containing 10 % PEG 

3000, 0.1 M sodium acetate pH 4.5 and 0.2 M zinc acetate. Similar conditions B7 (8 

% PEG 4000 and 0.1 M sodium acetate pH 4.6) and D4 (30 % PEG 8000, 0.1 M sodium  
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acetate pH 4.5 and 0.2 M lithium sulfate) lacking zinc, did not yield crystals. Rod-like 

crystals (Table 1) were reproducible with 5 ς 25 % PEG 3350 and 4 eq. of 1 prepared 

in 1 M sodium acetate. Thin plates co-crystals were obtained also from a stock of 1 

or 2 in pure water. 

 

Co-crystallization trials with other quinoline-based foldamers failed to yield 

diffraction-quality crystals (Table 1). 
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Table 1. Cytc ς foldamer co-crystallization trials 

Molecular structure 

 
Molecular 

weight 
 

Representative  
crystals 

Diffraction / 
Resolution  

 

2061.89 

 

2.1 Å 
Good diffraction; 
structure solved 

(PDB 6s8y) 

 

1861.74 ςNoς ςNoς 
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2003.08 ςNoς ςNoς 

 
 

2090.07 

 

1.7 Å 
Difficult to solve  
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1810.05 

 

2.8 Å 
Poor diffraction 

 

4610.53 ςNoς ςNoς 
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9203.05 

 

1.6 Å 
Devoid of ligand 

 

4540.41 

 

No diffraction 
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4019.07 ςNoς ςNoς 

 

4227.49 

 

No diffraction 
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Data collection and model building. The plate crystals with 1 or 2 diffracted poorly 

to > 4 Å resolution datasets. Data extending to 2.1 Å resolution was collected (SOLEIL 

synchrotron) from the rod-like cytc ς 1 crystals (Table 1), which belonged to the 

trigonal space group P3221 (Table 2). The structure was solved by molecular 

replacement with one cytc in the asymmetric unit.  
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Table 2. X-ray data collection, processing and refinement statistics. 

Data Collection 

Light source SOLEIL, PROXIMA-2A 
Wavelength (Å) 0.98009 
Space group P3221 
/Ŝƭƭ Ŏƻƴǎǘŀƴǘǎ ŀ Ґ ō Ґ офΦмо )Σ Ŏ Ґ мутΦос ) 

ʰ Ґ ʲ Ґ флхΣ ʴ Ґ мнлх 
wŜǎƻƭǳǘƛƻƴ ό)ύ снΦпрπнΦлф όнΦмнπнΦлфύ 
І ǊŜŦƭŜŎǘƛƻƴǎ мффрсу όмлоусύ 
І ǳƴƛǉǳŜ ǊŜŦƭŜŎǘƛƻƴǎ млрфл όрнмύ 
aǳƭǘƛǇƭƛŎƛǘȅ муΦу όмфΦфύ 
Lκ̀ όLύ мфΦл όнΦоύ 
/ƻƳǇƭŜǘŜƴŜǎǎ ό҈ύ млл όмллύ 
wƳŜŀǎō ό҈ύ уΦн όмнΦтύ 
wǇƛƳŎ ό҈ύ нΦл όнуΦоύ 
//мκн ффΦт όурΦсύ 
{ƻƭǾŜƴǘ ŎƻƴǘŜƴǘ ό҈ύ рл 

wŜŦƛƴŜƳŜƴǘ 

wǿƻǊƪ  лΦннфл 
wŦǊŜŜ  лΦнтул 
ǊƳǎŘ ōƻƴŘǎ ό)ύ лΦлмлм 
ǊƳǎŘ ŀƴƎƭŜǎ όϲύ мΦрнпф 
Asymmetric unit composition 
ǇǊƻǘŜƛƴ м 
ŦƻƭŘŀƳŜǊ н 
ȊƛƴŎ ƛƻƴ о 
ǿŀǘŜǊ нс 
!ǾŜΦ .πŦŀŎǘƻǊ ό)нύ стΦпм 
/ƭŀǎƘǎŎƻǊŜ нΦтм 
wŀƳŀŎƘŀƴŘǊŀƴ ŀƴŀƭȅǎƛǎΣ Ř ҈ ǊŜǎƛŘǳŜǎ ƛƴ 
ŦŀǾƻǳǊŜŘ ǊŜƎƛƻƴǎ фтΦм 
ŀƭƭƻǿŜŘ ǊŜƎƛƻƴǎ млл 

t5. ŎƻŘŜ 6s8y 
ŀ±ŀƭǳŜǎ ƛƴ ǇŀǊŜƴǘƘŜǎŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ƘƛƎƘŜǎǘ ǊŜǎƻƭǳǘƛƻƴ ǎƘŜƭƭΤ  

ōwƳŜŀǎ Ґ ңƘƪƭ ҞόƴκƴπмύңL  μLƛόƘƪƭύ π ộLόƘƪƭỚμκңƘƪƭ ңƛLƛόƘƪƭύ 
ŎwǇƛƳ Ґ ңƘƪƭ ҞόмκƴπмύңƴƛҐм μLƛόƘƪƭύ π ộLόƘƪƭỚμκңƘƪƭ ңƛLƛόƘƪƭύΣ  
Ř5ŜǘŜǊƳƛƴŜŘ ƛƴ aƻƭtǊƻōƛǘȅ 
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Figure 1. The asymmetric unit of cytc ς 1 comprised one cytc and a stack of two 

foldamers (PDB id 6s8y). Purple spheres indicate zinc ions. 

 

Electron density was evident for two molecules of 1 with M-helicity. One 

foldamer, adjacent to Pro25 and Lys27 was clearly defined, while the second 

foldamer was modelled in both head-to-head and head-to-tail orientations relative 

to the well-defined foldamer (Figure 1 and 2).  
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Figure 2. (A) Omit map showing the 2Fo - Fc ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ όŎƻƴǘƻǳǊŜŘ ŀǘ мΦл ˋύ ƻŦ 

the foldamers. The grey foldamer corresponds to the head-to-head orientation. (B) 

Spacefill representation of the foldamer stack depicting the cylinder with an anionic 

surface (hydrophobic quinoline rings are buried). 

 

Zinc ions were modelled at three separate sites involving His33, His39 or the 

foldamer ς foldamer interface. The zinc bound at His39 facilitated crystal packing 

(Figures 3 and 4). 

 

 

 

Figure 3. Zinc ions coordinated at His33 or His39 with acetate ions and waters 

completing the coordination spheres. At His39, the zinc is a bridging ion that 

contributes to protein assembly in the crystal.  

 



 Cytochrome c ς sulfonated quinoline foldamer 

117 

 

 

 

Figure 4. CƻǳǊƛŜǊ ƳŀǇ όŎƻƴǘƻǳǊŜŘ ŀǘ оΦл ˋύ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ŀƴŘ Ǉƻǎƛǘƛƻƴ ƻŦ 

three zinc ions. 

 

Foldamer bound, not tethered. In the crystal structure, two symmetry unrelated 

molecules of oligoamide 1 were found to be arranged in a stack yielding a cylinder of 

~2.3 nm height, similar in dimension to cytc (Figure 1B). Left-handedness (M) was 

unambiguously assigned to both helices from the electron density map. The curved 

surface of the cylinder is anionic owing to the sulfonates whereas the ends are mostly 

hydrophobic (Figure 2B). In the stack, one foldamer orientation is well-defined with 

the N-terminal quinoline packed against the protein at Pro25 and Lys27 (Figure 1B). 

The other foldamer was modelled in opposite orientations (50 % occupancy; Figure 

2), arranged head-to-head or head-to-tail relative to the well-defined foldamer. 

Previously, it was observed that in a stack of three foldamers the central foldamer 

(lacking a tether for HCA binding) had negligible protein interactions and was present 

in two orientations.101 In the current structure the well-ordered foldamer 

participated in several protein interactions, which probably stabilized a single 

orientation and contributed to the selection of a single helix handedness. 
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We considered the protein ς foldamer interactions in terms of their interface 

areas. The ~2 kDa foldamer 1 with a ~1300 Å2 surface area might be expected to form 

large interfaces with the protein. However, in the crystal, the well-defined foldamer 

formed small interfaces, ranging in size from 100 to 180 Å2 with four neighbouring 

proteins (Figure 5 and 6). The disordered foldamer formed only two significant 

interfaces of ~165 or 190 Å2 with cytc, which apparently were insufficient to dictate 

its orientation. With < 20 % of its surface involved, this foldamer was bound weakly. 

All of these interfaces were smaller than the main protein ς protein (~270 Å2) as well 

as the foldamer ς foldamer interfaces (~220 Å2). The similarity with typical protein 

crystal packing interfaces191 suggests that the protein ς foldamer contacts are weak 

and non-specific. Furthermore, the interfaces were comparable to those formed in 

protein ς calix[4]arene complexes (~200 Å2).48,53,53 The considerably smaller 

calix[4]arenes (~0.8 kDa) bear a cavity that encapsulate individual lysine residues 

leading to larger interface areas compared to the foldamer.  
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Figure 5. Molecular recognition details of the three largest protein ς foldamer 

interfaces. The limited interactions of the second foldamer are evident, consistent 

with the oritentational disorder. Protein, foldamer and zinc ions are depicted as grey 

ribbon, sticks and purple spheres, respectively. 

 

Comparisons with sulfonatocalix[8]arene (sclx8, ~1.5 kDa)19 and suramin 

(~1.3 kDa)118 are also informative. While the largest cytc ς 1 interface is 180 Å2, cytc 

ς sclx8 interfaces range from 400 to 550 Å2, as the calixarene moulds to the protein 

surface. The even more flexible suramin forms interfaces up to ~750 Å2. Although 

smaller than foldamer 1, the calixarenes and suramin form larger interfaces, 

ŦŀŎƛƭƛǘŀǘƛƴƎ ǘƘŜƛǊ ΨƳƻƭŜŎǳƭŀǊ ƎƭǳŜΩ ŀŎǘƛǾƛǘȅΦ ¢ƘŜ ŎƻƳǇŀŎǘƴŜǎǎ ŀƴŘ ǊŜƭŀǘƛǾŜ ǊƛƎƛŘƛǘȅ ƻŦ ǘƘŜ 

helical foldamer may diminish this ability. Nevertheless, the foldamer nestles 

between four protein chains where its anionic surface complements the cationic 

patches of the surrounding proteins (Figure 5 and 6). The foldamer stack comprises 

4 molecules in total, resulting in a ~4.6 nm long cylinder with a formal net charge of  
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36 (including the terminal carboxylates). The surrounding 8 molecules of cytc are 

bound loosely (small interfaces) and the overall structure has large channels and a 

50 % solvent content (Figure 6). The role of zinc is noteworthy also as it bridges cytc 

molecules via His39 coordination (Figures 3 and 6). Zinc is prevalent in protein crystal 

structures as a mediator of assembly.301-302  

 

 

 
Figure 6. Crystal packing involved a ~5 nm cylinder comprising 4 foldamers. A 

bridging zinc ion at His39 mediated assembly (inset). 

 

Notwithstanding the 2.1 Å resolution, close inspection of the crystal packing 

reveals multiple salt bridge interactions. In the well-defined foldamer, seven of the 

eight sulfonates make salt bridges to five lysine side chains (N·y··O-S = 2.8 ς 3.4 Å) in 

four neighbouring proteins (Figure 5). Lys5 and Lys73 are salt bridged to two 

sulfonates while Lys86, Lys87 and Lys100 each interact with one sulfonate. 

Interestingly, Lys5 binds the N-terminal quinoline (the cylinder base) in combination 

with Pro25 and Lys27 from a neighbouring protein (Figure 5). These contacts among 

  


