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Summary of Contents 
 

Taking a structural biology approach, this thesis describes in-depth investigations into protein 

bioconjugation (PEGylation), surface recognition (synthetic receptors), and ligand-mediated 

assembly (crystalline frameworks).  

 NMR spectroscopy was used to investigate the effect of PEGylation on the structure, 

dynamics, and recognition properties of RSL, a model b-propeller lectin. RSL complexation 

with the globular glycopolymer Ficoll was characterised and developed as a model for protein 

binding. RSL-Ficoll binding was sterically impeded by PEGylation, as indicated by spectral 

broadening and supported by MD simulations.1  

The binding of the synthetic receptor cucurbit[6]uril (Q6) to six model proteins was 

evaluated using NMR spectroscopy. Weak and strong Q6 N-terminal complexation was 

characterised in RSL and SAMP2, a ubiquitin-like protein. Installation of the high-affinity N-

terminal SAMP2 Met-Lys motif into RSL resulted in similarly tight Q6 complexation.2  

Co-crystallization of cationic proteins with sulfonato-calix[8]arene (sclx8) has 

generated highly-porous frameworks amenable to engineering.3 Here, the reach of sclx8-

mediated assembly is extended to the neutral proteins. RSL (pI 6.5) co-crystallized with sclx8 

over a wide pH range. Porous RSL-sclx8 frameworks formed at low pH, apparently a 

consequence of protein cationisation. One framework formed spontaneously in batch mode 

without the need for precipitants.4 

Cucurbit[7]uril (Q7)-directed sheet and cage assemblies of RSL were modulated via 

fusion of coiled coil and IDP tectons. N-terminal fusions functioned as ‘spacers’ within the 

sheet architecture, resulting in layers of varying rigidity. An IDP fusion was partially captured 

in the cage assembly via Q7 recognition of intrapeptide Phe side chains.5 
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Cellular function is dependent on the interaction (recognition) and assembly of a myriad of 

protein components.1-3 Presently, proteins have permeated public consciousness as 

fundamental biological units and essential components of drug and vaccine formulations.4 

Protein therapeutics are being engineered to address many biomedical problems and are now 

a mainstay of the pharmaceutical industry.5 Proteins also serve as ‘green’ building blocks for 

the manufacture of next-generation materials with high biodegradability and 

biocompatibility.6-9 Consequently, strategies for controlling protein assembly are in 

demand.10, 11 Ligand-mediated assembly can enable straightforward fabrication of protein-

based materials. This thesis concerns the application of supramolecular chemistry to protein 

recognition and assembly with the overarching goal of generating biohybrid composite 

materials. We begin by examining the important contributions of protein engineering and 

modification to the development of protein-based therapeutics.  

 

Protein Engineering 

 Protein-based Therapeutics 

Disease is often a consequence of protein malfunction (e.g. misfolding) or genetic 

defects whereby an ineffectual variant or no protein at all is produced. A classic example is 

type 1 diabetes mellitus in which insulin is not produced in pancreatic b cells leading to the 

onset of the debilitating metabolic disorder.12 In the early 20th century, the first protein drugs 

in the form of insulins extracted from bovine or porcine pancreas were used to treat this 

disease.13 Progress in recombinant DNA technology facilitated departure from animal-derived 

insulin in the 1980s. Large-scale production of recombinant insulin was achieved in E. coli cells 

and was commercialized as ‘Humulin’.13 Charge modulation via point mutations can be 

employed to engineer protein oligomerization or assembly and enable sustained drug 

delivery. For example, insulin glargine is a long-acting form with modified charge and 

solubility characteristics arising from two additional Arg residues in the C-terminus of chain 

B. This Arg enrichment results in an increase in isoelectric point (pI) from 5.4 to 6.7, yielding 

an insulin variant which is soluble at acidic pH but insoluble at physiological pH. Thus, a clear, 

soluble formulation can be stored and administered at pH 4.0. Upon subcutaneous injection, 
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aggregates are formed from which the protein therapeutic is slowly released (12-24 hours) 

into the bloodstream.14  

The formulation and storage of protein therapeutics is often complicated by poor 

stabilities and aggregation.15, 16 Further difficulties arise in drug delivery as the majority of 

protein drugs require intravenous administration. Upon entering the bloodstream, a protein 

therapeutic may be subject to one or more of immunoneutralization, proteolytic cleavage, 

and rapid renal clearance.17, 18 Efforts to circumvent these obstacles have been in 

development for decades. One of the first examples of protein engineering was the covalent 

attachment of the neutral, highly water-soluble polymer polyethylene glycol (PEG) to proteins 

in a process now commonly referred to as PEGylation. PEGylation is a reliable and 

straightforward means of improving the half-life, solubility, and stability of a protein 

therapeutic and is widely employed.19-21 As of 2020, more than 200 unique protein 

therapeutics have been approved for clinical use in Europe and the USA. Of these, 23 are 

commercially-available PEGylated proteins.5, 22 The most common PEGylation strategy 

involves reacting functionalised methyl-PEGs (mPEGs) with available amino or sulfhydryl 

groups on protein surfaces in mild conditions (Figure 1). The size of the PEG chain selected for 

conjugation varies widely for different therapeutics and both linear and branched PEG chains 

may be employed.19-22  

The effects of PEGylation on protein tertiary structure and the extent of protein-PEG 

interactions have been difficult to characterise as PEGylated proteins are mostly unsuited to 

analysis by standard structural biology techniques. To date, just one crystal structure of a 

PEGylated protein is available in the Protein Data Bank (PDB). This structure (PDB 4r0o) of the 

model b sheet protein plastocyanin (Pc) PEGylated at a single engineered surface-accessible 

Cys residue revealed no significant change to the protein fold and supported the idea that the 

main outcome of protein PEGylation is an increase in hydrodynamic radius. 1H-15N HSQC NMR 

spectra of the ~16 kDa Pc-PEG5k bioconjugate indicated no protein-PEG interactions.23 Solid-

state NMR (ssNMR) has facilitated evaluation of the effect of PEGylation on larger proteins 

such as human ferritin and L-asparaginase. These studies also indicated minimal protein-PEG 

interactions and no significant changes to protein tertiary structure, even after conjugation 

of multiple PEG chains.24, 25 In Chapter 2, the effect of PEGylation on the structure and 

dynamics of a model protein is evaluated by using NMR spectroscopy.  
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While PEGylation imparts a range of advantages there are also drawbacks to this 

technology. PEGylation usually imparts heterogeneity to therapeutic formulations as PEG 

chains may be attached at several different sites giving rise to positional isomers or 

“PEGamers”.25, 26 Large PEG chains (>1 kDa) further complicate formulations as PEG 

monodisperity is difficult to achieve.21 Numerous studies have reported reduced efficacy after 

PEGylation, with different PEGamers often displaying different bioactivities.21, 26-31 Also of 

concern is the development of anti-PEG antibodies in patients leading to adverse events 

and/or reduced therapeutic efficacy.32 It follows that alternative half-life extension 

technologies are in development. Like PEGylation, the naturally-occurring post-translational 

modification glycosylation has also been shown to improve protein stability and solubility.33 

Consequently, conjugation of polysaccharides has been explored as an alternative to 

PEGylation.34 Many other polymers have also been explored as PEG alternatives, including 

polyzwitterions35 and polyglycerols.36 Genetic fusion of biodegradable random coil 

polypeptide chains can confer many of the same attributes as PEGylation without 

complications such as positional isomers. Polypeptide chains of Pro, Ala, and Ser (PAS) have 

been shown to adopt disordered conformations reminiscent of PEG.Ref Extension of protein 

N- or C-termini to include PAS polypeptides, in a process known as PASylation, has been 

shown to significantly improve protein stability, solubility, and pharmacokinetics of a number 

of protein therapeutics.37 Numerous PASylated therapeutics are in commercial development, 

including PASylated versions of mainstay biopharmaceuticals such as interferons38, 39 and 

uricase.40 To date, structural characterisations of PASylated proteins are scarce and have 

mainly relied on circular dichroism (CD) spectroscopy and chromatographic analysis.37, 39 
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Figure 1. Protein PEGylation. Schematic of PEGylation of protein primary amines using NHS ester-

functionalised mPEGs. 

 

b-propeller Protein Building Blocks 

In addition to therapeutics, proteins are being utilised in the design and fabrication of 

materials with high biodegradability and biocompatibility.6-9 Highly-stable protein building 

blocks amenable to engineering are desired. In the past two decades, b-propeller proteins 

have attracted significant attention, in part due to their ubiquity in living systems,41 but also 

due to their potential for use in biotechnological applications and materials.42 The b-propeller 

fold is characterized by 4-10 repeats of four-stranded antiparallel b sheets which assemble 

into ‘blades’ around a central water-rich channel (Figure 2). Proteins of this fold are highly 

symmetric and occur as rigid spheroids with high thermal stabilities. Many naturally-occurring 

b-propellers are biochemically and structurally well-characterised (Table 1). The b-propeller 

lectins are often involved in bacterial and fungal infection mechanisms whereby glycans 

present on host cells and tissues are targeted. For example, Ralstonia solanacearum, 

Burkholderia ambifaria, Aspergillus fumigatus, and Laccaria bicolor make use of the six-

bladed  RSL,43, 44 BambL,45, 46 AFL,47 and Lb-Tec2,48 respectively for host adhesion. Apart from 

host-pathogen adhesion, b-propeller lectins can also take part in immunoprotection, as 

observed for the five-bladed tachylectin-2 (TL2)49 and six-bladed fishelectin (FEL)50 identified 

in horseshoe crab and carp, respectively. Multivalent b-propeller lectins have found 

applications in biomedicine. For example, the seven-bladed Photorhabdus luminescens lectin 
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(PLL)51 and Psathyrella velutina lectin (PVL) have been used for human erythrocyte 

agglutination52 and the labelling of cancer cells53 respectively. b-propeller lectins are also 

commonly featured in lectin microarrays for glycan analysis.53 Ralstonia solanacearum lectin 

(RSL) was the focus of this thesis. 
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Figure 2. Structures of well-characterised b-propeller proteins. Individual monomers are 

differentiated by colour. Bound glycans are shown as sticks. Refer to Table X.



 8 

Table 1. Selected b-propeller proteins and their properties.  
b -propeller Organism nbl nol Mw 

(kDa) 
pI Tm 

(°C) 
nsb Purification Functions PDB id Refs 

TL2 Tachypleus 
tridentatus 

5 1 26.8 9.2 ND 5 GlcNAc affinity Immune defence 1tl2 49 

AncB1B Designed 
(based on TL2) 

5 5 26.6 6.5 ND 5 GlcNAc affinity ND 5c2n 54 

RSL Ralstonia 
solanacearum 

6 3 29.2 6.5 86/96 6 Mannose affinity Cell adhesion, 
membrane invagination 

Table 2 43, 44, 
55-60 

neoRSL_VI Designed RSL 
”monomer” 

6 1 29.3 5.9 66/88 6 Mannose affinity Membrane invagination 4csd 56 

BambL Burkholderia 
ambifaria 

6 3 28.1 5.5 ND 6 Mannose affinity Cell adhesion 3zwe 45 

AFL Aspergillus 
fumigatus 

6 1 34.6 7.0 51/63 6 Mannose affinity Cell adhesion 4agi 47 

FEL Cyprinus 
carprio 

6 1 25.5 5.2 ND 3 GlcNAc affinity Immune defence 4ruq, 
4rus 

50 

Lb-Tec2 Laccaria 
bicolor 

6 1 23.8 6.1 ND 5 Ni-NTA  Cell adhesion 5fsb 48 

Pizza6 De novo 
designed 

6 1 25.9 7.2 77 0 Ni-NTA, SEC Biomineralization, 
hydrolase 

3ww9 61, 62 
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PLL Photorhabdus 
luminescens 

7 1 40.4 5.5 ND 3 Ni-NTA Cell adhesion, 
hemagglutination 

5c9l 51, 52 

PVL Psathyrella 
velutina 

7 1 43.0 8.6 56/60 6 GlcNAc affinity Hemagglutination, 
cell/tissue labelling 

4up4 53 

Tako8 De novo 
designed 

8 1 35.0 5.5 43 0 Ni-NTA, SEC  Biomineralization 6g6m 63, 64 

Ika8 De novo 
designed 

8 1 34.4 5.5 83 0 Ni-NTA, SEC  ND 6g6o 63 

nbl Number of blades. 
nol Number of monomers in biological oligomer. 
Tm Denaturation temperature. Tm for sugar-free or -bound forms are black and grey, respectively.  
nsb Number of sugar binding sites 
ND  Not determined. 
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Figure 2 and Table 1 present the structures and attributes of a selection of natural and 

synthetic b-propellers currently in development as (biosupramolecular) tectons and/or 

biomedical reagents. All of the proteins in Table 1 have been produced in E. coli, purified via 

simple affinity (sugar or metal) chromatography, and characterized by X-ray crystallography. 

Of these well-characterised b-propeller lectins, RSL is especially stable (Tm up to 96 °C, for the 

fucose-bound form)55, 56 and soluble (up to 10 mM in water).  RSL expression in E. coli is 

efficient with high yields of pure protein (circa 100 mg per litre of culture). The 

straightforward purification protocol with a single chromatography step44 takes about five 

hours from cell pellet to fraction collection. The 90 residue RSL polypeptide (Figure 3A) folds 

into a 6-bladed C3-symmetric b-propeller trimer (Figure 3B).44 Each RSL monomer comprises 

two blades and the 40 % sequence identity between the N- and C-terminal halves (Figure 3A) 

results in pseudo-hexagonal character, further enhancing protein symmetry.  

  Wild-type RSL is hexavalent for fucose and related glycans, with one intramonomeric 

and one intermonomeric binding site per monomer (Figure 3C).44, 56, 58, 59 The multivalency 

and proximity  of the intra- and inter-monomeric binding sites (circa 15 Å apart) confer RSL 

with invagination capabilities of membranes that display fucosylated glyolipids.55, 56 Arnaud 

et al. revealed that membrane invagination could be switched on/off via altering the RSL 

valency (Figure 3C). As part of their array of engineered RSL ‘neolectins’, a hexavalent 305 

residue monomeric version (neoRSL_VI) was produced with SSTVPGD linkers bridging the 

monomers.56 Other neoRSLs with altered glycan binding properties have been produced via 

incorporation of fluorotryptophans65 or bulky aromatics.66  
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Figure 3. RSL. (A)  Sequence alignment of the N- and C-terminal halves of the RSL polypeptide, 

which share ~40 % sequence identity. Colons and dots indicate identical and similar residues, 

respectively. (B)  The RSL trimer comprises monomers arranged around a 3-fold axis.  (C)  

Engineering of RSL glycan binding sites allows for tuneable membrane invagination 

capabilities.  Figure adapted from Arnaud et al. 2014.56 

 
Recently, RSL has been utilized as a protein tecton to build up crystalline 

architectures.60, 67, 68 Crystallization of b-propeller proteins is usually straightforward, likely a 

consequence of their inherent symmetry.54, 69, 70 Table 2 details the many crystal structures of 

RSL and variants available in the PDB. The use of supramolecular ligands, such as synthetic 

macrocycles, to confer control over b-propeller crystalline assemblies has been reported. 60, 

61, 63, 64, 67, 68 However, interesting architectures have also been observed for these proteins 

alone. For example, nanometre-scale solvent channels extend through the crystals of RSL-

R17A55 and Ika863 (Figure 4). While RSL-based crystalline architectures are obtained with 

cucurbit[n]urils (Qn, n=7,8),60, 67, 68 Pizza6 has been shown to co-crystallize with anionic 

polyoxometalates (POMs). Pizza6-POM complexation occurs mainly at the His-rich N-terminal 

region where protein-POM symmetry matching occurs.61 Similar symmetry matching 

between the RSL N-terminal cleft and Q6 is suggested in Chapter 3. Pizza6-POM bioinorganic 
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hybrid assemblies are dominated by protein-POM and POM-POM interactions, reminiscent 

of the Q7-directed assemblies of RSL.60, 67, 68 Protein-POM crystalline biohybrids were also 

achieved with the eight-bladed Tako8.64 The recent incorporation of metal coordination into 

RSL-Q7 assemblies via engineering of His coordination sites68 is a step towards consolidating 

the work carried out by the Voet and Crowley groups on the fabrication of b-propeller-based 

biohybrid nanoarchitectures. 
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Table 2. Crystal structures of RSL and variants in the Protein Data Bank. 
Protein Carbohydrate  Macrocycle Space 

Group 
PDBa Ref Notes 

RSL 2-fucosyllactose - H32 2bs5 44  
xyloglucan fragment - P4122 2bs6 44 D77G, G84S 
methyl-a-L-fucoside - P31 2bt9 44 Atomic resolution 
a-L-fucose / MPD - P321 3zi8 55 R17A, trivalent, porous assembly 
a-L-fucose - I4122 4i6s 55 W36A 
methyl-a-L-fucoside / glycerol - P1211 4csd 56 Monomeric neoRSL_IV 
LewisX tetrasaccharide - P212121 5ajb 71  
Sialyl-LewisX - P212121 5ajc 71  
LewisX tetrasaccharide - F23 5o7u 65 7-fluorotryptophan 
LewisX tetrasaccharide - F23 5o7v 65 5-fluorotryptophan 
LewisX tetrasaccharide - F23 5o7w 65 4-fluorotryptophan 
a -L-fucose - P1 6t9a 66 W31F, W76F 
methyl-a-L-fucoside - P1 6t9b 66 W31A 
methyl-a-L-fucoside - P1 6t99 66 W31F, W76F 
b-D-fructose sclx8 P213 6z5x Chapter 4 pH 4.8 
b-D-fructose sclx8 P213 6z5w Chapter 4 pH 6.8 
b-D-fructose sclx8 P213 6z62 Chapter 4 pH 8.5, alternate sclx8 conformations 
b-D-fructose sclx8 P213 6z60 Chapter 4 pH 9.5 
b-D-fructose sclx8 I23 6z5m Chapter 4 pH 2.2, porous framework, sclx8 dimer 
b-D-fructose / glycerol sclx8 I23 6z5g Chapter 4 pH 4.0, porous framework, sclx8 dimer 
b-D-fructose sclx8 P3 6z5q Chapter 4 pH 4.0, porous framework, rapid co-crystallization 

RSL* 
 

glycerol - P63 6f7x 60  
glycerol Q7 C2221 6f7w 60 Sheet assembly, Q7 trimers 
methyl-a-L-fucoside Q7 F432 6f7y 60 Cage assembly, Q7 tetramers 
glycerol Q7 P1 6zul 68 Zn2+, sheet assembly ‘flipped’ 
b-D-fructose Q7 H3 6zum 68 Zn2+, N23H, sheet assembly ‘flipped’ 
glycerol Q7 P1 6zuk 68 Zn2+, N23H, G68H, layered assembly, Q7 dimer 
glycerol sclx4 P212121 6gl5 TBPb Ser1* / K34* complexation 
b-D-fructose sclx8 P3 7alf Chapter 4 P3 assembly reproduced with dimethylated RSL 
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RSLex b-D-fructose sclx8 P3 7alg Chapter 4 P3 assembly, K79 not involved 
RSLex* b-D-fructose - P32 6stz 67  
 methyl-a-L-fucoside Q7 C121 6su0 67 Sheet assembly, Q7 content doubled 
RSL-R5 b-D-fructose sclx8 P213 ND Chapter 4 P213 assembly reproduced identically 
RSL-R5* methyl-a-L-fucoside Q7 C121 ND Chapter 5 Sheets reproduced 
 methyl-a-L-fucoside Q7 F432 ND Chapter 5 Cage reproduced at higher res 
RSL-R6 b-D-fructose sclx8 P213 6z5z Chapter 4 P213 assembly reproduced, Arg34 bound 
RSL-R8 glycerol sclx4 I4122 ND TBPb  
 glycerol sclx8 P3 6sth Chapter 4 P3 assembly reproduced at pH 8.5, different sclx8 

interfaces, ~4 Å translation b-D-fructose sclx8 P3 6z5p Chapter 4 
4dzn-RSL b-D-mannose - P213 6f37 Chapter 5 Dense packing, RSL-coiled coil interactions 
4dzn-RSL* b -D-mannose Q7 P1 6s99 Chapter 5 

Sheets, dynamic 4dzn spacers 
b -D-mannose Q7 H3 ND Chapter 5 

Mefp-RSL b-D-fructose sclx8 I23 ND Chapter 4 Mefp disordered in solvent channels 
Mefp-RSL* b-D-mannose Q7 H3 ND Chapter 5 Sheets, disordered Mefp spacers 
Nup-RSL b-D-fructose sclx8 I23 ND Chapter 4 Nup disordered in solvent channels 
Nup-RSL* methyl-a-L-fucoside Q7 F432 ND Chapter 5 Cage, Nup Phe accommodated in distal Q7 

aND (not deposited to the PDB). 
bTBP (to be published). 
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Figure 4. Porous packing in crystals of β-propellers (A) RSL-R17A (PDB 3zi8)55 and (B) Ika8 

(PDB 6g6o).63 Protein monomers are distinguished by colour. Structures are drawn to scale. 

Unit cell axes for Ika8 crystals (a=b= 220 Å) are approximately three times larger than RSL-

R17A (a=b= 70 Å). 

 

RSL Engineering 

 

Arg and Lys residues are integral to many protein-protein interactions72, 73 and are also 

common targets for synthetic receptors. 60, 67, 68, 74, 75 In this thesis, Arg- and Lys-enriched RSL 

variants were engineered (Figures 5 and 6) with the goal of enhancing RSL-macrocycle affinity 

and/or modulating previously-characterised assemblies. RSL contains just three lysines per 

monomer (Lys25, Lys34, and Lys83) and is a relatively simple system for surveying Lys 

complexation. In contrast, the Lys-rich metalloprotein cytochrome c (cytc), another well-used 

protein tecton, contains 16 lysines per monomer and is a more complex model system.  
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Including the N-terminal Ser1, the RSL trimer contains 12 amines available for reaction 

with amine-reactive reagents, such as NHS-ester-activated PEGs. Sites for bioconjugation can 

be limited via simple Lys-Arg mutagenesis wherein reactive Lys amino groups are removed 

while the overall protein charge remains similar. In Chapter 2, five PEGylated RSL 

bioconjugates are presented, allowing for comparison with a previously described non-

covalently hexaPEGylated RSL construct.58 Of the three arginines of RSL, Arg17 and Arg62 are 

buried in the intra- and inter-monomeric binding sites, respectively. Arg29 is relatively 

inaccessible (~40 Å2 accessible surface area, ASA) compared to the nearby highly-accessible 

Lys34 (~200 Å2 ASA).44  Three Arg-enriched RSL variants were studied: RSL-R5, RSL-R6, and RSL-

R8. While the net charges of RSL-R5 and RSL-R6 are unchanged compared to the parent protein 

(pI 6.5), RSL-R8 is highly cationic (pI 9.7) due to the mutation of Glu43 and Asp46 to arginines. 

These acidic residues, located near the midpoint of the N- and C-terminal blades, were 

targeted for mutagenesis as they are not involved in glycan binding. The strong positive 

surface charge of RSL-R8 is mainly localised on one face of the trimer (Figure 5), reminiscent 

of the cationic ‘outer ring’ in Tako8.63  

 

          10         20         30         40         50   
RSL  SSVQTAATSW GTVPSIRVYT ANNGKITERC WDGKGWYTGA FNEPGDNVSV 
MK-RSL    MKSVQTAATSW GTVPSIRVYT ANNGKITERC WDGKGWYTGA FNEPGDNVSV 
RSLex  SSVQTAATSW GTVPSIRVYT ANNGKITERC WDGKGWYTGA FNEPGDNVSV 
RSL-R5 SSVQTAATSW GTVPSIRVYT ANNGRITERC WDGKGWYTGA FNEPGDNVSV 
RSL-R6 SSVQTAATSW GTVPSIRVYT ANNGRITERC WDGRGWYTGA FNEPGDNVSV 
RSL-R8  SSVQTAATSW GTVPSIRVYT ANNGRITERC WDGRGWYTGA FNRPGRNVSV 
 
 
             60         70         80         90  
RSL   TSWLVGSAIH IRVYASTGTT TTEWCWDGNG WTKGAYTATN 
MK-RSL TSWLVGSAIH IRVYASTGTT TTEWCWDGNG WTKGAYTATN 
RSLex  TSWLVGSAIH IRVYASTGTT TTEWCWDGKG WYKGAYTATN 
RSL-R5 TSWLVGSAIH IRVYASTGTT TTEWCWDGNG WTRGAYTATN 
RSL-R6  TSWLVGSAIH IRVYASTGTT TTEWCWDGNG WTRGAYTATN  
RSL-R8 TSWLVGSAIH IRVYASTGTT TTEWCWDGNG WTRGAYTATN  
 
Figure 5. Sequence alignment of RSL and the Lys- and Arg-enriched variants used in this 

Thesis. In the RSL sequence, basic and acidic residues are highlighted blue and red, 

respectively. Residues mutated to Lys or Arg are in bold. 
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Figure 6. Electrostatic surface representations of RSL and Arg/Lys-enriched variants. The 

calculated pI and the number of cationic residues per monomer are indicated. 

 

Two Lys-enriched RSL variants were used in this work. RSLex was designed as part of 

our work on RSL-Q7 assemblies wherein the Q7-dimethylysine binding site (Lys34*) is 

duplicated in the C-terminal blade of the protein via the double mutation Asn79Lys and 

Thr82Tyr.67 MK-RSL was engineered to include an N-terminal Met-Lys motif identified as an 

epitope for tight Q6 binding in another model protein (Chapter 3). MK-RSL constitutes  the 

‘simplest’ terminally-extended RSL variant used in this work.  

The N- and C-termini of RSL are located on the same face of the protein and are 

dynamic, as evidenced by the absence of electron density for N- and C-terminal residues in X-

ray crystal structures (Table 2). The accessibility of the RSL termini allows for facile appendage 

of other protein subunits to yield fusion proteins. In a recent example, the sequence of a 

bacterial sialidase was added to the C-terminus of RSL, separated by the flexible 

GGGGSGGGGS linker. The resulting Janus lectin was capable of dual-recognition of both 
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fucosylated and sialylated surfaces.57 In this Thesis, a variety of structured and unstructured 

protein tectons were appended to RSL, including coiled coils and intrinsically disordered 

proteins (IDPs) with a view to modulating protein crystalline architectures (Chapter 5).   

 

Protein Surface Recognition  

Specific vs General Protein Recognition Strategies 

 The recognition of specific patches on protein surfaces underpins many biological 

processes including gene expression,72 apoptosis,76 and host-pathogen adhesion.77 It follows 

that significant efforts are underway to regulate protein surface recognition as a means of 

combatting disease.78-80 One approach central to modern drug design is to occupy surface 

binding patches with high-affinity competitors. In the case of protein-carbohydrate 

recognition, high-affinity glycan analogues81, 82 or multivalent glycoclusters83-89 may be 

employed. Interruption of protein-protein interactions usually requires a greater level of 

design due to the complexity and scale of protein-protein interfaces (typically ≥ 500 Å2).79 

Proteomimetic scaffolds such as miniproteins and foldamers are in development as inhibitors 

of protein-protein interactions (Figure 7A and 7B). These macromolecules may be designed 

via in silico modelling to bind specific protein ‘hotspots’ with high affinity.78, 90  

In general, miniproteins are defined as polypeptide chains of <40 residues in length 

which adopt stable and well-defined folded structures.90 Recently, the Baker lab designed a 

range of miniproteins based on the human angiotensin-converting enzyme 2 (ACE2) receptor 

a-helix which bind the SARS-CoV-2 spike protein receptor binding domain (RBD) with pico- to 

nano-molar affinity. The ACE2-RBD interaction is central to the proliferation of the 

coronavirus in the respiratory system after infection. Therefore, administration of high-

affinity inhibitors is a promising therapeutic strategy. Cryo-EM structures revealed binding of 

the miniprotein inhibitors at the RBD sites of the spike protein (Figure 7A).91  

Foldamers are defined as oligomers which fold into conformationally ordered states 

in solution. 78, 90 The type of monomer employed to build up foldamers varies widely, ranging 

from aromatic oligoamides to amino acids. Like miniproteins, foldamers may be rationally 

designed to fit protein surfaces topologies. In a seminal example of foldamer targeting of a 

protein, a foldamer consisting of a- and b-amino acids was designed for complexation with 
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Bcl-xL, a regulator of apoptosis. The foldamer design was based on an a-helical segment of a 

pro-apoptotic binding partner. A high resolution crystal structure revealed binding of the 

foldamer at the same hydrophobic cleft as the endogenous a-helical binder (Figure 7B).92  

While the precision of miniproteins and foldamers is desirable for medchem 

applications,78, 90 they require intense design and are highly system-specific. More general 

strategies for protein surface targeting are desired.10, 11 Recently, the scope of protein 

targeting by foldamers was expanded with the structural characterization of protein-foldamer 

complexation driven by charge-charge interactions. The protein in question was the 13 kDa 

cationic cytc (pI 9.5). As revealed by a 2.1 Å co-crystal structure, cytc was complexed with a 2 

kDa anionic sulfonated oligoamide foldamer. The resulting crystalline biocomposite revealed 

extensive protein-foldamer charge-charge interactions and suggested charge 

complementarity as a means of foldamer targeting of protein surfaces, without the need for 

extensive interface design.93  

Synthetic receptors such as calixarenes,94-111 cucurbiturils,60, 67, 68, 112-126 

cyclodextrins,127-130 and molecular tweezers,74, 75, 131 are gaining traction as general protein 

surface binders. Calixarenes and cucurbiturils were explored in this Thesis. Protein targeting 

by anionic calixarenes has been particularly fruitful, culminating recently in co-crystal 

structures of cytc and sulfonato-calix[8]arene (sclx8) in which up to ~30% of the protein 

surface was encapsulated (Figure 7C).104, 109 
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Figure 7. Protein Surface Recognition. (A) De novo-designed miniprotein bound to the 140 

kDa SARS-CoV-2 spike protein (PDB 7jzu).91  (B) Anti-apoptotic Bcl-xL protein (18 kDa) in 

complex with a helical a/b peptide foldamer (PDB 3fdm).92 (C) Encapsulation (~30% surface 

coverage) of yeast cytc (13 kDa) by sulfonato-calix[8]arene (PDB 6rsi).104  Proteins shown as 

grey surface with ligand atoms carbon, nitrogen, oxygen, and sulfur are coloured green, blue, 

red, and yellow respectively. Cytc heme edge shown as black spheres. 

 

Sulfonato-calix[n]arenes (sclxn, n=4,6,8) are highly water soluble phenolic macrocycles 

(Figure 8A) which recognise proteins, by binding mainly to Lys or Arg side chains.100, 101, 103-108, 

110 As revealed in co-crystal structures with proteins, the bowl-shaped sclx4 has the capacity 

to encapsulate the ammonium or guanidinium groups of Lys and Arg side chains within its 

defined cavity.100-102, 106, 107, 110 In comparison, sclx6 and sclx8 are flexible molecules with 

variable cavities. This flexibility allows for moulding to protein surfaces, in some cases 

resulting in greater surface coverage.104, 107-109, 111 As the largest member, sclx8 is capable of 
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adopting the greatest number of distinct configurations, ranging from the fully-extended 

‘pleated loop’ to the contorted ‘double-cone’ conformations (Figure 8B).132 The manufacture 

of sclxn is relatively straightforward (condensation of 4-tert-butylphenol with formaldehyde 

followed by sulfonation with sulphuric acid)133 and these hosts may be customized at the 

upper and lower rim positions as required. Cucurbit[n]urils (Qn, n=6,7,8) are neutral 

macrocycles made up of glycoluril monomers (Figure 8C). Qn are rigid doughnut-liked hosts 

(Figure 8D) with hydrophobic cavities capable of guest inclusion. Qn protein recognition 

capabilities are conferred by cavity size with Q7 and Q8 capable of inclusion of one and two 

N-terminal aromatics, respectively.134-136 While sclxn are soluble to 0.1 M and beyond, Qn are 

poorly water-soluble hosts. The more symmetric Q6 and Q8 are particularly recalcitrant to 

solubilization in aqueous solution and their application in protein recognition and assembly is 

therefore less straightforward. Q7 is more soluble, with stocks of up to 25 mM achieved in 50 

mM NaCl. Importantly, both sclxn and Qn are commercially available. 

 

 
Figure 8. Macrocyclic Hosts. (A) Molecular structure of sulfonato calix[n]arenes. (B) Pleated loop and 

double cone conformations of sulfonato-calix[8]arene (1.5 kDa).137 (C) Molecular structure of 

cucurbit[n]urils. (D) Top-down and side-on views of cucurbit[7]uril (1.2 kDa).60
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Main Features of Protein Recognition by sclxn and Qn 

 

sclxn are specific hosts. Penicillium Antifungal Protein (PAF) is a small (6 kDa) Lys-rich 

protein that was successfully co-crystallized with all three sclxn members, facilitating 

crystallographic structure elucidation of the protein for the first time. Interestingly, each sclxn 

molecule bound the same region of the protein surface which included a Pro-Lys-Phe motif, 

with additional salt bridging interactions from nearby lysines.  All three calixarenes bound 

Lys30 of PAF. sclx4-encapsulation of the Lys30 ammonium group occurred via salt-bridging, 

cation-p and CH-p interactions, as observed in cytc-calix[4]arene co-crystal structures.100, 101, 

105-107 sclx6 adopted a partial double cone conformation and encapsulated Lys30 in a calix[3] 

motif. Interestingly, sclx6 covered a greater protein surface area than the larger sclx8. sclx8 

adopted a double cone conformation (Figure 8B) to mediate the assembly of a 

crystallographic PAF dimer.107  

More recently, co-crystals of sclx8 and PAFB, with ~35% sequence identity to PAF, 

revealed distinctly different sclx8 binding. In the PAFB-sclx8 complex, sclx8 also adopts a 

double cone conformation but does not mediate a crystallographic dimer and covers less of 

the protein surface (~750 Å2, compared to ~950 Å2 in the PAF-sclx8 complex). The sclx8 binding 

patch is comprised of the N-terminus and a nearby loop containing Lys17, Lys20, and His22.111 

A greater range of sclx8 conformations occur in cytc-sclx8 co-crystal structures,104, 109 including 

double cones and pleated sheets (Figure 7C).  

Qn protein recognition involves inclusion of specific side chains and displacement of 

high energy water molecules.134-136 Early work on Qn-peptide complexation identified N-

terminal aromatics as hotspots for Q7/Q8 binding.112, 113 Co-crystals of insulin and Q7, 

revealed Q7 encapsulation of the benzyl side chain of chain B Phe1 with additional ion-dipole 

interactions between the N-terminal ammonium and the portal carbonyls of Q7.114 This 

interaction has been exploited to engineer novel insulin bioconjugates. Reversible non-

covalent PEGylation of insulin was achieved using PEG-functionalised Q7.138 More recently, 

Q7 was used to shield the B chain N-terminal ammonium from PEGylation by amine-reactive 

PEG reagents.139 The smaller Q6 is often overlooked as a potential biomolecular receptor, 

mainly due to its poor solubility in water. Q6 affinity for alkylamines has led to the suggestion 

that it might be a suitable receptor for lysine side chains.140 To date, protein-Q6 binding 



 23 

studies have been limited to mass spectrometry-led investigations in the gas phase.141-143 

Protein-Q6 complexation in solution is evaluated in Chapter 3 by NMR spectroscopy.  

Aside from N-terminal aromatics, Q7 also recognises methylated lysines.60, 67, 68, 144 Q7 

recognizes the most sterically-accessible lysine of RSL in the dimethylated form (RSL*). 

Encapsulation of the dimethylammonium of Lys34* was observed in co-crystal structures of 

RSL* and Q7. Lys34* resides on the flexible 30-36 loop of RSL. The Lys34*-Q7 interaction is 

aided by additional stabilizing interactions from nearby side chains. Tyr37,held in place via 

hydrogen bonding to Asp32, acts as a rigid platform for Q7 binding via CH-p bonds.60 RSL*-Q7 

recognition and assembly has been characterised in solution by NMR spectroscopy, 

isothermal calorimetry (ITC), and small angle X-ray scattering (SAXS).60, 67 

 

Solution State Analysis of Protein-Macrocycle Binding and Assembly 

 

The binding affinities of synthetic receptors towards protein surfaces have been 

evaluated by ITC and NMR spectroscopy.60, 67, 100, 103, 104, 106, 107, 112, 114 NMR allows for mapping 

of ligand interaction sites via chemical shift perturbation (CSP) monitoring.145, 146 The 

sequence similarity of RSL (Figure 3A) is advantageous for NMR studies in that the information 

for one site can be compared to the equivalent site on the other blade.  Despite its relatively 

high molecular mass (29.2 kDa), RSL is an excellent model protein for NMR, producing 1H-15N 

HSQC spectra comparable to a 10 kDa protein.58, 59 NMR is a powerful tool for deciphering 

mechanisms underpinning protein assembly.103, 104 However, many commonly-used protein 

tectons, such as ferritins147 and viral capsids,148 are not suitable for traditional solution-state 

NMR experiments. Previously, the Lys34*-Q7 interaction was characterized by solution state 

NMR. Titration of Q7 into RSL* resulted in concentration-dependent CSPs for the resonances 

of Lys34* and adjacent residues.60 This type of perturbation pattern indicated that RSL*-Q7 

binding was in fast exchange on the NMR time-scale (Figure 9A) consistent with an affinity in 

the mM range.145 In Chapter 3, Q6 binding to proteins is similarly evaluated by NMR with one 

Q6-protein system observed to be in slow exchange on the NMR timescale (Figure 9A). 

Protein recognition and ligand complexation can prompt assembly. Nature routinely 

makes use of ligand-mediated assembly, a prominent example being the oligomerization of 

cytokines by anionic ligands such as heparin or heparan sulfate.149 Cytc recognition by sclx8 

yields discrete sclx8-mediated oligomers in solution. NMR titrations revealed severe spectral 
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broadening of cytc resonances at ~1 eq sclx8, suggesting the assembly of a higher molecular 

weight species, which tumbled too slowly for NMR detection.145 Remarkably, further 

additions of sclx8 resulted in complete spectrum restoration at >3 eq sclx8 (Figure 9B), 

consistent with sclx8-induced disassembly. An auto-regulated assembly model was proposed 

in which higher equivalents of sclx8 yield calixarene-encapsulated cytc particles which are 

shielded from each other, thus inhibiting assembly.104 Protein encapsulation is an area of 

intense study due to the potential for controlling function, stability, and delivery of 

therapeutics.  Routes to protein encapsulation include incorporation into coacervates 

(liposomes, gels, emulsions),150, 151 incorporation into inorganic nanoparticles,152, 153 and 

loading into molecular frameworks.154, 155 Fujita et al. made progress towards protein 

encapsulation in synthetic molecular hosts via engineering of ubiquitin to coordinate metals 

and organic linkers. A self-assembled metal-linker nanocage was apparent in a crystal 

structure of this biohybrid, however, the protein could not be modelled due to orientational 

disorder. This example of protein encapsulation required significant engineering of the 

protein system.156 More recently, protein encapsulation in a DNA origami framework was 

described by Sprengel et al. Again, significant engineering/bioconjugation of the protein was 

required.157 Protein-macrocycle complexation may be a more straightforward route to 

encapsulated protein particles. The potential of larger calixarenes for masking of large 

portions of protein surfaces is apparent (Figure 7C).  

The N-terminal Phe-Gly-Gly motif has been developed as a transferable tag for Qn 

complexation and has been installed in many different protein targets.116, 118, 123 In the 

presence of Q8, proteins bearing this tag will undergo oligomerization, either dimerizing118, 

123 or forming extended protein polymers.116 The Q7-dimethyllysine interaction has also been 

shown to drive protein assembly. Small angle X-ray scattering (SAXS) experiments revealed 

aggregation of RSL* and RSLex* in the presence of Q7. RSLex* was the severe case, with the 

extra engineered dimethyllysine binding site resulting in visible sample precipitation at >1 eq. 

Q7.67  
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Figure 9. Evaluating Protein Recognition and Assembly by NMR. (A) An illustration of the 

chemical shift perturbations and/or intensity changes for protein resonances upon ligand 

binding in the fast and slow exchange regimes. Figure adapted from Williamson 2013.145 (B) 

Spectral broadening as a consequence of ligand-mediated protein assembly. The protein-

ligand system (cytc-sclx8) is auto-regulated whereby assembly is inhibited at higher ligand 

equivalent. Figure adapted from Rennie et al. 2018.104 

 

Protein-based Materials 

Protein Crystals 

 

The application of X-ray diffraction (XRD) to crystalline biological samples in the 

second half of the twentieth-century greatly expanded our fundamental understanding of 

biological processes and laid out the now well-trodden path of the protein scientist in pursuit 

of protein crystals.158 Presently, the Protein Data Bank (PDB) is home to over 170,000 

structures, overwhelmingly derived from XRD experiments, but also including NMR 

spectroscopy, electron microscopy, and scattering techniques towards elucidation of 

biological structures. For the majority of proteins, however, crystallization is often a difficult 

road requiring ‘shotgun’ screening of conditions. The labour-intensive nature of such work 
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has been somewhat alleviated by the development of crystallization robots in combination 

with commercial screens, but more rational, controlled means of generating protein crystals 

are still sought after.158-161 

Co-crystallization of proteins with macrocyclic hosts is emerging as a robust route 

towards crystal nucleation, diffraction-quality crystals, and novel biohybrid crystalline 

materials with a wide range of protein targets. Macrocycles, such as calixarenes and 

cucurbiturils (Figure 8), have been repeatedly observed to function as molecular glues and 

facilitate solid state assembly via protein-macrocycle-protein interfaces. In some cases, 

assembly is aided also by macrocycle dimerization, as observed in protein co-crystals with a 

phosphonated calix[6]arene103, a phenyl-substituted sclx4,106 Q7,60, 67, 68 and a sulfonated 

phenylporphyrin.162-164 Prior to co-crystallization with sclxn, no crystallographic data was 

available for PAF. PAF alone proved recalcitrant to crystallization, with only weakly-diffracting 

spherulites and needles obtained via sparse matrix screening. Co-crystals of PAF and sclxn, 

however, grew readily from simple conditions (PEG3350 and sodium acetate pH 5.6) and 

yielded high resolution datasets (<1.5 Å).107  

Protein crystallization served as a key step in protein purification in the first half of the 

twentieth century.158 However, the stochastic nature of protein crystallization, and the 

advent of reliable chromatographic purification protocols, means crystallization is not widely-

employed in large-scale manufacturing of protein therapeutics today, the production of 

therapeutic insulin being the main exception.165, 166 The identification of zinc as the ‘magic 

bullet’ for insulin crystallization facilitated predictable, on-demand purification of the protein 

therapeutic.167, 168 To that end, purification of insulin via crystallization in citrate and zinc was 

patented in 1969. Later, Eli Lilly set out their ‘8.2 process’ in which insulin crystals from animal 

pancreas are achieved via adjustment of a solution of insulin and zinc in acetic acid to pH 8.2, 

resulting in spontaneous crystallization in minutes.169 Nowadays, a myriad of different 

recombinant insulin therapeutics are available, prescribed based on patient need, and 

produced at the scale of thousands of litres.170 Crystallization remains crucial to downstream 

processing for these therapeutics. Efforts are underway to reconfigure crystallization as a 

more ubiquitous, viable purification route for other protein therapeutics  as an alternative to 

expensive chromatographic strategies.171-173 In particular, batch crystallization strategies are 

desired.165, 166 Macrocycles are gaining attention for their molecular glue and nucleating 

effects. For example, a crystallization screen containing water-soluble calixarenes is now on 
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the market (Calixar kit, Molecular Dimensions). Crystallophore, a macrocyclic scaffold 

coordinated to a terbium ion, is also commercially-available having been demonstrated as a 

protein crystal nucleator and powerful phasing agent.174, 175 

Aside from structure elucidation, protein crystals also find use as functional 

materials.176, 177 For select cases, protein crystallization can prove trivial with showers of 

crystals forming effortlessly. Hen egg white lysozyme (HEWL) is the classic example of a 

readily-crystallizable protein. The facile and scalable manufacture of HEWL crystals has seen 

their assimilation into the realm of materials science. The Ueno lab has exploited the ordered 

structure and nanoscale porosity of HEWL crystals for size templating of nanomaterials178, 179 

and preparation of functional bioinorganic protein hybrids.180 Other protein crystal systems 

have also found functional applications. For example, the highly symmetric, cage-like ferritins 

form crystals easily. Engineering of ferritin crystals has allowed for light-activated production 

of reactive oxygen species181 as well as controlled assembly of inorganic superlattices.182 

Model proteins which crystallize easily have been utilized in the exploration of next-

generation biohybrid composites wherein protein crystals are combined with other advanced 

materials such as hydrogels,183, 184 polymer fibres,185 and carbon nanotubes.186 Electroactive 

crystalline protein biohybrids have been achieved via ligand-directed assembly, for example, 

highly-conductive protein-fullerene co-crystals,187 and sclx4-mediated cytc crystals on gold 

electrodes.188 The full potential of protein crystals as biomaterials will only be realised when 

straightforward crystal manufacture is achievable with a wide range of protein building 

blocks, not just a selection of well-studied model systems. Protein crystals with large pores 

(>2 nm) are in development as functional frameworks. 

Molecular Frameworks 

Porous molecular frameworks, such as zeolites, metal-organic frameworks (MOFs) 

and covalent organic frameworks (COFs) have attracted much attention for 

storage/delivery,154, 155, 189 gas adsorption,190, 191 water harvesting,192, 193 and templated 

synthesis.194, 195 The widespread use of these materials stems from their relatively 

straightforward manufacture often with ‘off-the-shelf’ reagents and minimal preparative 

steps. Also attractive is their potential for customization to yield frameworks with different 

molecular architectures and functions.196-198 These small molecule frameworks are formed via 
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self-assembly of monomeric building blocks into ordered crystalline architectures. In the case 

of MOFs, metal ions or clusters are coordinated by organic linkers (Figure 10A). To meet the 

demand for greater biocompatibility and biodegradability, proteins are being explored as 

building blocks for porous crystalline frameworks.  

Protein crystals are ‘soft’, water-laden materials and are not of comparable stability 

to MOFs in general. Chemical cross-linking has been explored as a means of enhancing protein 

crystal stability.180, 199-201 The Tezcan lab has explored a new class of framework intermediate 

of a MOF and a protein crystal. In this work, metal-coordinating His residues were engineered 

at the C3 vertices of ferritin cages. Protein co-crystallization with metals and organic linkers 

resulted in frameworks in which ferritin cages assemble together via protein-metal-linker-

metal-protein interactions, with no protein-protein crystal contacts (Figure 10B). The ferritin 

molecules act as octahedral coordinating nodes, performing a similar function to metal 

clusters within MOFs (Figure 10A).202, 203  

The typical protein crystal does not possess pores or extended solvent channels of 

comparable dimensions to those found in MOFs. A select few proteins have been found to 

form crystals with highly porous lattices. The endonuclease domain R1EN forms a honeycomb 

lattice with ~9 nm pores. Maita has demonstrated the incorporation, and subsequent crystal 

structure determination, of ubiquitin into this lattice via C-terminal fusion to R1EN. 

Crystallization of seven R1EN fusion proteins was pursued with two R1EN-ubiquitin fusions 

yielding diffraction-quality crystals.204 The BTB domain from the transcriptional repressor 

BCL6 has similarly been used as a crystallization chaperone for structural elucidation of 

another protein.205 Protein frameworks are capable of capturing a wide range of cargoes, 

including other proteins (encapsulation). The Campylobacter jejuni periplasmic protein (CJ) 

forms hexagonal crystals with ~13 nm pores206 capable of uptake of nanoparticles207 and 

proteins.208 Much attention has been given to proteins crystals that form in cells, due to the 

potential for in vivo applications. Ueno and co-workers have made significant progress with 

engineered porous polyhedra crystals which form spontaneously in insect cells.  These 

frameworks are capable of capturing and storing both fluorescent dyes209 or enzymes (~50-

80 kDa). Enzyme capture is accomplished by co-expression with the polyhedrin monomer.210, 

211 In another remarkable example of in vivo enzyme encapsulation, a 32 kDa lipase was 

sequestered in endogenously-forming crystals of Cry3a in bacterial cells.212 
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Co-crystallization of proteins with macrocyclic molecular glues is emerging as a robust 

route to porous frameworks which compete with MOFs and protein frameworks in terms of 

pore size and solvent content (Table 3). Cytc-calixarene frameworks have been studied 

intensely and some rules-of-thumb for generating porous frameworks are beginning to 

emerge. In general, cytc co-crystallization with larger calixarenes (n= 6,8) results in porous 

crystalline assemblies (Figure 10C) with solvent contents of >60% and pore diameters of >2 

nm (Table 1).  

 

 

Figure 10. Molecular Frameworks. (A) MOF-801, a Zr-based MOF.192 Zr clusters are shown as blue 

spacefill. Organic linkers are shown as sticks. Spheres highlight solvent voids of various sizes and are 

differentiated by colour. (B) Engineered ferritin-MOF (PDB 5up9).202 Ferritin cages (474 kDa) shown as 

grey cartoon. Zinc atoms and organic linkers shown as purple spheres and blue sticks, respectively. (C) 

The P43212 cytc-sclx8 framework (PDB 6rsi). 104 Cytc (13 kDa) and sclx8 shown as grey spacefill and blue 

spheres, respectively. 

 

The anionic character of the calixarene host may be integral to the formation of 

porous architectures with cationic protein building blocks. Protein co-crystals with 

calix[4]arenes are generally tightly-packed with solvent contents of ~40-50%.100, 101, 105-107 Co-

crystallization of yeast cytc with an octa-anionic sclx4 derivative functionalised at the lower 

rim with carboxylates (sclx4mc) resulted in a highly-porous (73% solvent content) 

honeycomb-like lattice110 highly similar to the assembly formed by cytc in complex with sclx6 

in the presence of imidazole (69% solvent content).108 Interestingly, in near-neutral 

conditions, sclx4mc and sclx6 are of similar anionic character with net charges of -6 and -7, 

respectively. sclx8 holds a net charge of at least -8.213 Possibly, the negative potential of 
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calixarene hosts may be tuned to facilitate better molecular glueing and more porous 

architectures. It must be noted, however, that PAF-sclxn co-crystals exhibited densely-packed 

architectures, despite the increasing anionic character of the calixarenes. This outcome may 

be a consequence of the similar protein-calixarene-protein interfaces formed in each of these 

assemblies which centred around the same Pro-Phe-Lys motif.107 In contrast, sclx4mc 

functioned as a better molecular glue in complex with yeast cytc and formed two distinct 

binding site interfaces, bridging the assembly of three separate cytc molecules in one case. 

Unlike other cytc-calix[4]arene assemblies, no lysine side chain is encapsulated by sclx4mc in 

this framework (although sclx4mc does encapsulate Lys86 in co-crystals with horse cytc). 

Instead, sclx4mc functions solely as a molecular glue.110  

The P43212 cytc-sclx8 framework (Figure 11C) is the most porous protein-macrocycle 

framework reported to date with a solvent content of 87% and maximum pore diameter of 

~6 nm. This framework is also completely devoid of protein-protein interfaces as a 

consequence of the 3:1 ligand:protein ratio and significant protein surface encapsulation 

(~30% coverage).104, 109 Thus, it appears that greater protein recognition, afforded by the size 

and flexibility of sclx8, translates to minimal crystal packing contacts and greater porosity. 

Using symmetric protein oligomers as building blocks may be a simple strategy for generating 

porous protein-macrocycle frameworks as multiple equivalent binding sites occur in the same 

protein module. This effect is evidenced in co-crystals of tetrameric lectins with 

tetrasulfonato-phenylporphyrin (TSPP) in which the proteins act as tetrahedral nodes for 

coordination by TSPP dimers.162-164 Protein symmetry is advantageous for framework 

fabrication and protein crystallization in general.70, 202, 203, 214-219 In Chapter 4, porous protein-

calixarene frameworks are achieved using the C3-symmetric RSL.  

 Of the twenty entries in Table 3, seven exhibit macrocycle self-association.103, 162-164 

For Q7, which forms either trimers or tetramers in complex with dimethylated RSL,60 

oligomerization is not surprising as Qn are known to form clusters.220, 221 The gregarious 

nature of Q7 is apparently useful for fabricating diverse architectures with the same protein 

building block as RSL sheets or cages are mediated by Q7 trimers or tetramers, respectively. 

Here, the ligand:protein ratio is also important with sheets and cages forming only at 3:1 and 

2:1 Q7:RSL ratios, respectively.60  
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Table 3. Macrocycle-mediated porous crystalline protein frameworks. 
Protein Ligand PDB id Space 

Group 

c axis 

(nm) 
SC 

(%)a 

Pore Ø 

(nm)b 

P:Lc Crystal Packing 

Interfaces (%)d 

Notes Refs 

 P-P P-L L-L  

Cytc sclx4mc 6suy P3221 7.2 73 6.9 1:1 60 40 0 yeast cytc, 
honeycomb 
packing 

110 

Cytc sclx4mc 6suv P43 25.1 57 2.2 1:1 40 60 0 horse cytc, tubular 
assembly 

110 

Cytc pclx6 5lyc P43212 20.8 62 2.3 1:1 50 40 10 pclx6 dimers 103 

Cytc sclx6 6rgi P3221 6.0 69 3.8 1:1 70 30 0 imidazole, 
honeycomb 
packing 

108 

Cytc sclx8 6gd6 H3 8.3 72 3.4 1:1 25 75 0  104 

Cytc sclx8 6gd8 P31 14.3 68 3.2 1:2 40 60 0  104 

Cytc sclx8 6rsi P43212 8.6 87 5.8 1:3 0 100 0  104, 109 

Cytc sclx8 6rsk P43212 9.0 74 3.2 1:3 0 100 0 spermine co-
crystallization 

109 

Cytc sclx8 6rsl P43212 8.7 75 3.6 1:3 0 100 0 spermine dry-
coating, framework 
duplication 

109 
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Cytc sclx8 / pclx6 6y0j P61 37.4 76 3.8 1:2 15 75 10 pclx6 dimers, one 
sclx8 binding site 

TBPe 

PAFB sclx8 7bad H32 4.6 65 2.2 1:1 40 60 0 Zn2+ clusters 
mediate assembly 

111 

RSL Q7 6f7w C2221 14.7 56 2.2 1:1 75 20 5 Q7 trimers, sheet 60 

RSL Q7 6f7x F432 20.1 58 6.2 1:1.5 65 25 10 Q7 tetramers, cage 60 

concanavalin A TSPP 1jn2 F222 12.6 68 4.8 1:1 75 10 15 TSPP dimers 163 

jacalin lectin TSPP 1pxd I222 10.8 68 4.6 1:1 60 30 10 TSPP dimers 164 

peanut lectin TSPP 1rir P3212 14.4 67 3.8 1:2 60 30 10 TSPP dimers 164 

aSolvent content estimated from total mass (protein plus ligand). 
bDiameter of widest pore, calculated in MAP_CHANNELS.222 
cProtein:ligand ratio per protein monomer. 
dContribution of protein-protein (P-P), protein-ligand (P-L), and ligand-ligand (L-L) packing interfaces to overall crystal packing, determined by 
comparison of interface areas in PDBe PISA.223 
eTo be published. 
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Recently, examples of macrocycle capture of auxiliary guests via soaking or co-

crystallization strategies have been described. Making use of the capacity of Q8 for dual 

encapsulation of aromatics, de Vink et al. co-crystallized a protein-Q8-peptide ternary 

complex.121 The polyamine spermine (spr) has been loaded into the porous P43212 cytc-sclx8 

framework via crystal soaking. Co-crystallization of the cytc-sclx8-spr ternary mixture resulted 

in variations of the P43212 framework, apparently dependent on spr-induced sclx8 

conformational changes and the co-crystallization method (standard versus dry-coating).109  

Previous protein-calixarene co-crystal structures provided inspiration for the cytc-

sclx8-spr work as crystallization reagents were observed to occupy available calixarene 

cavities and grooves. The guests in question were glycerol, PEG fragments, or in some cases 

buffer molecules as observed bound in the P43212 cytc-sclx8 framework.104 Apart from their 

roles as precipitants, PEGs also appear to ‘fill gaps’ in protein-calixarene packing interfaces.  

In lysozyme-sclx4 co-crystals, PEG-Mg2+ complexes appear to facilitate assembly by forming 

protein-sclx4-PEG-protein contacts.101 PEG fragments similarly complete protein-calixarene 

interfaces in PAF-sclx6 and PAF-sclx8 co-crystal structures.107 More recently, co-crystals of cytc 

with an ‘extended arm’ version of sclx8, resulted in a pseudo-rotaxane in which a 29-monomer 

PEG fragment was threaded through a calixarene stack.224 New protein-calixarene 

frameworks are presented for development towards guest capture In Chapter 4. In Chapter 

5, structured and unstructured peptide tectons are assimilated into RSL-Q7 crystalline 

architectures. 

 

Molecular Tectonics 

The bottom-up fabrication of nanoscale molecular frameworks benefits greatly from 

‘plug and play’ strategies whereby well-behaved modules or tectons can be ‘built in’ with 

minimal effort. These auxiliary tectons can be used to modulate an existing assembly and may 

facilitate function. This type of rational design, often referred to as ‘molecular tectonics’,225, 

226 is routinely used in the fabrication of MOFs and COFs.196-198 This approach can confer 

structural complexity and often results in layered or segregated architectures. Recently, the 

Tezcan lab evaluated the effect of swapping in different metals and organic linkers during 

construction of ferritin MOFs. Six frameworks of varying thermostability were characterised. 

Remarkably, one ferritin MOF was found to undergo a reversible isotropic phase transition 
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under ambient conditions in which lattice expansion and contraction took place within 1 °C.203 

This work highlights the advantages of modular assembly strategies for fabricating protein-

based materials with tuneable properties.    

Similar to protein-MOFs, protein-macrocycle frameworks are amenable to crystal 

engineering and modular assembly strategies. For example, the introduction of a new building 

block in the form of spermine resulted in striking variations on the P43212 cytc-sclx8 

framework (Figure 10C), with framework duplication achieved via the dry-coating co-

crystallization method. Compared to the original assembly (85% solvent content), 

frameworks formed in the presence of spermine (70% solvent content) contained higher cytc 

and sclx8 contents (Table 3). The P43212 cytc-sclx8 framework scaffold endured, however, the 

spermine effector prompted the assimilation of additional protein-macrocycle tectons.109  

Segregated or layered structures pervade biological systems, a ubiquitous example 

being phospholipid bilayers.227 Functional protein biocomposite materials also exhibit 

segregated architectures.228-230 The well-characterised b-sheet polymer networks formed by 

squid sucker ring and silk proteins consist of graduated layers of higher and lower rigidity.231-

233 A major goal of this thesis was to impart greater structural complexity to previously-

defined protein-macrocycle frameworks via inclusion of modulatory tectons to base protein 

building blocks (RSL). Recent progress in designing well-behaved protein building blocks 

informed our selection of tectons for use in fusion constructs.234, 235  

Easily-produced, highly-stable protein tectons are in demand.9, 10, 176 To this end, 

naturally occurring protein structures, for example, b-propellers (Figure 2 and Table 1), are 

being scrutinised to uncover rules-of-thumb that enable design.236-239 a-helical coiled coil 

domains have garnered particular attention due to their ubiquity in living systems and 

predictable structures.236, 239, 240 In general, coiled coil domains consist of ‘heptad repeats’ of 

hydrophobic (H) and polar (P) residues: HPPHPPP. These repeats are commonly denoted 

abcdefg. Coiled coils fold such that the hydrophobic residues (a and d) are buried in an oily 

core (‘knobs-into-holes’ packing) while exterior polar residues take part in further stabilizing 

interactions. These interactions determine coiled coil orientations as either parallel and anti-

parallel (Figure 11A). The resulting structures consist of amphipathic a-helices which 

generally form oligomers with 2-6 monomers.240 Two homooligomeric coiled coil tectons 

were used in this Thesis. The first is 4dzn, a parallel trimer (Figure 11B).234 The second is 5eon, 
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an anti-parallel hexamer (Figure 11C).235 In Chapter 5, fusion of 4dzn and 5eon peptides to a 

model protein is investigated as a means of modulating crystalline protein-macrocycle 

architectures. 

 

 

Figure 11. Coiled coils. (A) Heptad wheel representation of parallel and antiparallel coiled coils with 

lists of the most frequent amino acids at the a, d, e and g positions, informed by SOCKET.236 Figure 

adapted from Lapenta et al. 2018.240 De novo-designed (B) parallel trimeric coiled coil (PDB 4dzn),234 

and (C) antiparallel hexameric coiled coil (PDB 5eon).235 Coiled coil structures are coloured blue to red 

from N- to C-termini. 
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Extraordinary examples of coiled coil-directed molecular architectures have been 

reported. Mainly, the oligomerization of single coiled coil peptides facilitates assembly. By 

fusing together dimerizing and trimerizing coiled coil peptides, from the toolkit of coiled coil 

modules outlined by the Woolfson group, Fletcher at al. succeeded in generating a 

honeycomb-like peptide architecture which assembled as closed cage structures of ~100 nm 

in diameter (Figure 12A). Coiled coil trimers act as core tectons while dimerizing coiled coil 

peptides mediate assembly. Similar assembly strategies are being applied to the construction 

of supramolecular scaffolds in vivo whereby oligomerizing coiled coil peptides are fused to 

proteins leading to cell-permeating architectures.241  

Fusion of coiled coil peptides is a promising strategy for directing the assembly of 

globular proteins. The Jerala group and others have utilized coiled coils in combination with 

other oligomerizing protein subunits to design and assemble precise and predictable protein-

based structures.214-218, 242-244 In line with the demand for protein nanostructures with large 

solvent voids, cage-like assemblies have been have been of particular focus.214, 216-218, 242, 244 

Recently, Ross et al. generated a crystalline tubular architectures via C-terminal fusion of a 

homodimerizing coiled coil peptide to a globular homopentamer (Figure 12B). Segregation of 

the globular and coiled coil components is apparent in this assembly. The coiled coil dimers 

point into the large extended solvent channels while the globular subunits assemble as 

cylinders which pack atop one another. Interestingly, electron density for the coiled coils is 

poor, suggesting disorder. This observation may be explained by a lack of stabilizing crystal 

contacts within the coiled coil subsection of the assembly. Thus, a protein-based crystalline 

material with both rigid (homopentamer) and dynamic (coiled coils) regions was 

generated.245 In Chapter 5, similar bundle flexibility is observed within segregated coiled coil 

layers in a crystalline protein-cucurbituril architecture.  
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Figure 12. Molecular Tectonics. (A) Schematic illustrating the design and self-assembly of a 3D 

peptide-based molecular framework. Figure adapted from Fletcher et al. 2013.241 (B) Engineered 

tubular assembly (PDB 6hsv) of a homopentameric cholera toxin B subunit (grey) directed by C-

terminal fusion of dimerizing coiled coils (purple).245 

 

A major difficulty in introducing modulatory tectons into defined crystallizing protein 

systems is that, apart from increasing molecular weight, fusion can significantly alter the 

physicochemical properties of a protein (e.g. solubility, charge). These changes in turn may 

‘switch off’ protein-protein or protein-ligand interactions imperative to crystallization. 

Fusions may also sterically impede the assembly of crystalline architectures. In a recent 

investigation into coiled coils as ‘off-the-shelf’ tectons, a variety of coiled coils234 were fused 

to green fluorescent protein (GFP). Of the six GFP fusion proteins produced, only two adopted 

their intended oligomeric states, with two others forming large aggregates in solution.246 

Similar difficulties were reported by Vrancken et al. upon fusion of coiled coil peptides to a 

designed b-propeller protein (Pizza2). Of the five Pizza2 fusions trialled, only one construct 

was revealed to adhere to the intended design with high monodisperity.247 In this Thesis, a 

total of eleven RSL fusion proteins were produced and characterised (Chapter 1). Three RSL 
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fusion proteins were assimilated into previously-defined RSL-macrocycle crystalline 

architectures resulting in modulation of solid state assembly by the fused protein tectons 

(Chapter 5). 

Thesis Outline 

This thesis describes straightforward means for controlling protein assembly in both solution 

and the solid-state. Taking the perspective of a materials scientist, proteins and peptides are 

considered building blocks or ‘tectons’ with which to generate composite 

bionanoarchitectures. The main focus is on crystalline supramolecular protein assemblies or 

porous ‘frameworks’. The assembly of these composite systems is driven by macrocyclic 

molecular glues (calixarenes and cucurbiturils). Regular beamtime allocations at Soleil 

Synchrotron, Paris facilitated elucidation of crystalline architectures by X-ray crystallography, 

as well as SAXS characterizations of RSL constructs and protein-ligand assembly. NMR 

spectroscopy and light-scattering techniques served as investigative tools for initial target 

identification and to probe mechanisms of protein-macrocycle co-assembly. The protein 

building block of choice was ‘RSL’, a well-characterized and highly-stable trimeric lectin. RSL 

is a versatile biotecton amenable to a vast array of modifications towards engineering novel 

assemblies. Chapter 1 describes the production / purification of the many RSL variants used 

in this work.  

 Chapter 2 describes an example of macromolecular assembly and an investigation into 

the impact of PEGylation on a model for protein-receptor binding. Using NMR spectroscopy, 

RSL was found to bind to the globular glycopolymer ‘ficoll’ resulting in large macromolecular 

complexes. A set of well-defined RSL-PEGn conjugates were manufactured and the effect of 

increasing surface PEG density was evaluated via simple 1H – 15N HSQC experiments. NMR 

characterization of these protein-PEG conjugates suggested minimal interactions between 

RSL and PEG, adding to the growing consensus that PEGylated proteins conform to the 

proposed ‘dumbbell’ model. Finally, relaxometry measurements carried out at CERM, 

Florence showed interesting differences in dynamics for a protein in its native state compared 

to after conjugation with ‘short’ (500 Da) and ‘long’ (5000 Da) PEG chains.  

 Chapter 3 details new developments in the burgeoning field of cucurbituril (Qn) –

protein recognition. We use NMR spectroscopy to characterise Q6 interactions with six 
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proteins in solution. Weak Q6-Lys interactions are observed for HUb and RSL. Interestingly, 

Q6 displayed no affinity for the Lys-rich surface of cytc indicating it to be a highly-selective 

host. Weak and strong N-terminal Q6 complexation is observed for RSL and SAMP2 (a small, 

ubiquitin-like protein), respectively. The N-terminal Met-Lys motif of SAMP2 is identified as a 

high-affinity epitope for Q6 complexation and its installation in RSL yields similarly tight 

binding.  

 In Chapter 4, protein-calixarene frameworks are fabricated with ease. The reach of 

sclxn is extended beyond cationic targets when ample complexation of RSL, a “neutral” 

protein, and the highly-flexible sclx8 is observed. Three distinct co-crystal forms were 

characterized, dependent on crystallization condition. Two of these constituted highly-porous 

frameworks and formed only at low pH, at which RSL holds a net positive charge and therefore 

higher affinity towards anionic sclx8. An NMR investigation revealed ligand docking induced 

further cationisation of the trimer via modulation of protonation behaviour of specific 

ionizable side chains. The fabrication of one of these pH-dependent forms was found to be 

rapid (hours), yielding millimetre-scale crystals, and required no precipitant or specialised 

equipment. 

Finally, in Chapter 5, customization of crystalline protein-macrocycle architectures is 

explored. Q7 complexation with dimethylated RSL yields two distinct crystalline assemblies 

comprising sheet- and cage-like architectures coordinated by trimeric and tetrameric Q7 

clusters respectively.60 Here, new insights are provided by reproduction of the cage-like 

assembly at near-atomic resolution. N-terminal fusion of peptide tectons to RSL sees the 

concept of ‘molecular tectonics’ applied to protein assembly. The RSL*-Q7 sheet-like 

architecture is reconstituted with coiled coils and disordered peptide tails functioning as 

‘spacers’. The resulting assemblies are reminiscent of bilayers with layers of alternating 

porosity and rigidity. A disordered N-terminal extension is incorporated into the RSL*-Q7 

cage-like architecture and is partially captured via inclusion of a Phe sidechain in the cavity of 

aptly-positioned Q7 molecules within the assembly.   
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Chapter 1 

 

Production, Engineering & Characterization of RSL 
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Abstract 

Bionanotechnology often relies on easily-produced, well-behaved model proteins. Ample 

expression via simple bacterial cell culture and uncomplicated purification protocols are 

essential for scalable manufacture of protein-based materials. In particular, proteins with 

high thermal stability are desired. Symmetry is also advantageous, particularly in relation to 

the fabrication of crystalline frameworks. This chapter describes the straightforward 

manufacture of RSL, a versatile protein tecton. RSL is a rigid, highly-stable b-propeller lectin 

which is expressed to high yields in E. coli and is purified via one round of affinity 

chromatography. RSL was engineered via point mutations or terminal extension.  
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Introduction 

The recent discovery of a cucurbituril binding site in RSL prompted the fabrication of an array 

of diverse protein-macrocycle biohybrid assemblies. Building on this work, we have 

successfully manufactured an array of novel RSL-based crystalline architectures, making use 

of either cucurbituril- or calixarene-directed assembly (Chapters 4 and 5). A number of these 

assemblies were facilitated by the engineering of new RSL variants (including point mutations, 

insertions or fusions) and/or chemical modifications. The production of these variants is 

detailed herein.  

Lys- and Arg-enriched RSL variants were achieved via simple point mutations. Other 

RSL variants studied included the RSL-GXKG mutants in which the accessible 30-36 loop was 

augmented via insertion of either Met, Phe, or Tyr between Gly33 and Lys34. Eleven RSL 

fusion proteins are presented. Of these, seven could be purified with high monodisperity and 

were of the intended design. The de novo designed coiled coil peptides 4dzn234 (parallel 

trimer, Figure XB) and 5eon235 (antiparallel hexamer, Figure XC) were N-terminally fused to 

RSL via Gly-Ala linkers. Peptide fragments from a mussel adhesion protein (Mefp),248 a 

nucleoporin (Nup),249 the Histone 3 N-terminal tail (H3),250 and the amyloid b peptide (Ab)251 

were appended to the N- or C-termini of RSL. PASylated37 versions of RSL were also 

manufactured. Remarkably, all RSL fusion proteins were amenable to purification via D-

mannose affinity chromatography, although in some cases additional purification steps were 

required. The many RSL variants used in this work were dimethylated to enhance either 

sclxn252 or Q7144 affinity. Other chemical modifications included acetylation and PEGylation.  
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Table 1. RSL mutations and insertions generated in this Thesis. 
Protein Mutation E. coli Expression Mw (kDa) pI Solubility in H2O Notes 
RSL - High 29.2 6.5 High Excellent expression / solubility 

RSL-R5 K25R 
K83R 

High 29.3 6.5 High Excellent expression / solubility 

RSL-R6 K25R 
K34R 
K83R 

High 29.4 6.5 Moderate Aggregation during concentration. 

RSL-R8 K25R 
K34R 
E43R 
D46R 
K83R 

High 29.6 9.7 High Purification by IEC instead of 
affinity chromatography 

RSLex N79K 
T82Y 

High 29.4 7.7 High Excellent expression / solubility 

RSL-GMKG G33-M-K34 High 29.6 6.5 High Excellent expression / solubility 
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RSL-GFKG G33-F-K34 High 29.6 6.5 High Excellent expression / solubility 

RSL-GYKG G33-Y-K34 High 29.7 6.5 High Excellent expression / solubility 

RSL-GFFG G33-F-K34F Moderate 29.7 5.6 Unknown Aggregation in E. coli 
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Table 2. RSL terminal extensions generated in this Thesis.* 
Protein N/C-terminal Extensiona E. coli 

Expression 
Mw 

(kDa) 
pI Solubility 

in H2O 
Notes 

MK-RSL MKSV… High 29.7 7.8 Moderate Aggregation in pure water 
4dzn-RSL SSEIAALKQEIAALKKEIAALKAGASV… High 36.4 7.7 Moderate Aggregation in pure water 
5eon-RSL SELKAIAQEFKAIAQEFKAIAQEFKAIAQAGASV… High 78.3 6.5 Moderate pH-dependent oligomerization, SEC 
Mefp-RSL(1) SYKGKYYGKAKYSGYKSV… High 34.5 9.3 High Nucleic acid complexation,  DNase / SEC 
Mefp-RSL(2) SYKGKYYGSV… High 31.8 8.6 High Nucleic acid complexation, DNase / SEC 
Nup-RSL MFGSTLFGSTLFGSV… High 33.0 6.5 High Aggregation above 2 mM 
H3-RSL ARTKQTARSV… High 31.7 9.1 High Co-elution with E. coli proteins 
RSL-R6-H3 …TNARTKQTAR High 32.2 9.2 High Co-elution with E. coli proteins 
Ab-RSL QKLVFFAEDVGSNKGSV… High 34.0 6.5 Low Fibrillization 
RSL-R6-Ab …TNQKLVFFAEDVGSNKG High 34.3 6.5 Low Fibrillization, proteolytic degradation 
PAS1k-RSL SAAPAPAPPASASV… None 30.2 6.5 - No expression in E. coli 
RSL-PAS2k …TNAAPSAPAPSPAASAAPAPAPPASA High 35.8 6.5 High Proteolytic degradation 

*The named feature before or after RSL, corresponds to N- or C-terminal extension. 
aRSL terminal residues are in bold. Heptad repeats of coiled coil extensions are highlighted grey. 
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Table 3. Chemical modifications of RSL and variants generated in this Thesis. 
Modification Reagent Reaction 

Condition 
Purification Product Characterization 

Dimethylation formaldehyde, 
DMAB 

20 mM KPi  
50 mM NaCl  
pH 7.5 

Dialysis RSL* ESI-MS, NMR, SEC-MALS, SAXS 
RSL-R5* ESI-MS 
RSLex* ESI-MS, NMR, SEC-MALS 
RSL-GMKG* ESI-MS, NMR 
RSL-GFKG* ESI-MS, NMR 
4dzn-RSL* ESI-MS, NMR, SEC-MALS 
5eon-RSL* ESI-MS, SEC 
Mefp-RSL* ESI-MS, NMR 
Nup-RSL* ESI-MS, SEC-MALS 

Acetylation acetic anhydride 0.1 M 
sodium 
bicarbonate  
pH 9.0 

Dialysis RSL-Ac ESI-MS, NMR 

PEGylation mPEGn-NHS Ester 20 mM KPi  
50 mM NaCl  
pH 8.0 

Ultrafiltration RSL-PEG500 SDS-PAGE, NMR, SEC-MALS 
Ultrafiltration RSL-R6-PEG500 SDS-PAGE, Relaxometry, SEC-MALS 
Ultrafiltration RSL-PEG3 SDS-PAGE, NMR 
Ultrafiltration RSL-PEG6 SDS-PAGE, NMR 
Ultrafiltration RSL-PEG12 SDS-PAGE, NMR 
SEC RSL-PEG5k SDS-PAGE, SEC 
SEC RSL-R6-PEG5k SDS-PAGE, Relaxometry, SEC-MALS 
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Methods    

 

RSL Production and Purification. Unlabelled RSL samples were produced in E. coli BL21 

transformed with the pET25rsl plasmid following standard protocols.43, 44 Modified pET25rsl 

vectors encoding RSL variants (Tables 1 and 2) were produced by Genscript. Post expression 

and harvesting, cell pellets resuspended in lysis buffer were frozen at -20 °C. Cell lysis was 

achieved via rapid heating of suspensions to 75 °C, followed by incubation on ice for 10 

minutes.43 Cell lysis via sonication was carried out for RSL variants suspected to be sensitive 

to high temperature. Cell debris was removed via centrifugation at 24350 rcf at 4 °C for 30 

minutes. Highly-pure stocks of RSL and variants were achieved by mannose-affinity 

chromatography (Figure 2B).43, 44 Elution from the mannose-affinity agarose was achieved 

with a buffer containing 0.1 M D-fructose (which is circa 10-fold cheaper than D-mannose). 

The purified fractions were exchanged into water via overnight dialysis prior to concentration 

in ultrafiltration concentrators with a 3 kDa molecular weight cut-off (MWCO). 5 day dialysis 

was carried out when sugar-free protein was required. Protein purity was evaluated by SDS-

PAGE using 15 % w/v polyacrylamide gels. Native PAGE was performed using 5 % 

polyacrylamide gels (6.0 x 7.0 cm) in horizontal mode at 4 °C.58 15 µL protein samples 

containing 0.1 mM protein were loaded and gels were run at a constant voltage of 150 V for 

30 minutes in 20 mM TRIS-HCl pH 8.3. Concentrated protein stocks in 50 – 200 µL aliquots 

were flash-frozen in liquid nitrogen and stored at -20 °C. Repeated sample freeze/thaw was 

avoided. 

 

Sample concentration. RSL concentrations were determined spectrophotometrically with ε280 

= 44.6 mM-1cm-1 for the monomer. The ε280 varied for certain variants and was determined in 

ProtParam.253 

 

Mass spectrometry. Mass analysis was performed on an Agilent 6460 Triple Quadrupole 

LC/MS with 500 µL samples of 10-20 µM protein in pure water. Spectra were analysed using 

the Agilent MassHunter software and masses were determined using ESIprot.254  

 

Isotope-enriched Protein Samples. Labelled proteins were prepared using a two-step 

expression protocol.255, 256 Cultures grown in LB medium at 37 °C were harvested at OD600 = 
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0.6, pelleted by centrifugation (4075 rcf) and gently resuspended in the same volume of 

isotopically-enriched minimal medium (MM), composed of 50 mM Na2HPO4, 50 mM KH2PO4, 

and 1 g/L (15NH4)2SO4 or (NH4)2SO4 for uniform 15N or selective labelling,  respectively. 2 g D-

glucose, 20 mL 5052,257 and 20 mL 1 M citrate/succinate were added per litre of autoclaved 

MM. Selective labelling was achieved by supplementing autoclaved minimal media with 100 

mg/L of the desired labelled amino acid (e.g. 15N Arg, 15N Lys, 15N Phe) along with 100 mg/L of 

the remaining unlabelled 19 amino acids (50 mg/L for Cys).258 The resuspended culture was 

incubated at 37 °C for 30 min before the addition of IPTG. 

 

Dimethylation. Generally, reactions were carried out with 1 mM protein in a 500 µL reaction 

volume. 40 eq formaldehyde was added to protein samples in 20 mM potassium phosphate, 

100 mM NaCl pH 7.5, followed by 20 eq of dimethylamino borane complex (DMAB).259 

Reactions were performed at 4 °C with gentle mixing via a tube rotator. At 2 hours, the 

reaction was repeated. At 4 hours, 10 eq DMAB was added and the reaction proceeded 

overnight at 4 °C. Reactions were quenched by the addition of 100 mM TRIS-HCl pH 7.5 and 

20 eq DMAB. After 30 minutes, the reaction mixture was dialysed into 2 L water or buffer for 

24 hours (the water/buffer was changed after 2 hours). The dialysed reaction product was 

concentrated by ultrafiltration. 

 

Acetylation. Generally, reactions were carried out with 1 mM protein in a 500 µL reaction 

volume. RSL was reacted with 100 eq. acetic anhydride per primary amine to convert the N-

terminus and Lysines to acetylamides (RSL-Ac). The two reaction was performed in sodium 

bicarbonate at room temperature and the pH was monitored at 20 minute intervals and 

adjusted to 9.0 as required.260 

 

PEGylation. Protein conjugation with N-hydroxy-succinimidyl (NHS) ester-functionalised 

methyl-PEGs was carried out at pH 8.0 in 20 mM potassium phosphate, 50 mM NaCl overnight 

at 4 °C with gentle mixing via a tube rotator.19 Generally, reactions were carried out with 1 

mM protein in a 500 µL reaction volume. A five-fold molar excess of PEGylation reagent, with 

respect to the primary amines on the protein, was used. For PEGylation with methyl-PEG8- 

and methyl-PEG24-NHS ester (Thermo Scientific 22509 and 22687), the reaction products were 

purified and exchanged into water using ultrafiltration concentrators with a 30 kDa molecular 
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MWCO. PEGylated proteins produced using methyl-PEG5k-NHS (SIGMA 85973) were purified 

by size exclusion chromatography (SEC).23 Reaction products were analysed by SDS PAGE with 

Coomassie and barium iodide staining.261 

 

Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS). SEC-MALS 

experiments were performed at room temperature on an Äkta Purifier equipped with a 

Superdex 75, GL 10/300 column (GE Healthcare).104  Sample elution was monitored using a 

multi-angle light scattering detector (miniDAWN TREOS, Wyatt) and a differential refractive 

index detector (Optilab T-rEX, Wyatt). Filtered, degassed buffer was pumped at a constant 

flow rate of 0.5 mL/min. The samples (300 µL) contained 0.1 - 0.3 mM protein with or without 

ligand and were centrifuged at 16,000 rpm for 10 minutes immediately prior to injection. A 

BSA standard was tested prior to each set of experiments. Mass average molar masses across 

elution peaks were determined in the ASTRA 6 software (Wyatt Technology).  

 

NMR Spectroscopy.  1H-15N HSQC (watergate) spectra262 were acquired at 30 °C with 4-8 scans 

and 64 increments on a 600 MHz Varian spectrometer equipped with a HCN coldprobe. 

Samples typically comprised uniformly or selectively 15N-labelled protein at 0.1-1.0 mM in 20 

mM phosphate buffer, 50 mM NaCl, 5 mM D-fructose and 10 % D2O. For high molecular weight 

proteins samples,263 HSQC spectra were acquired at 40 °C or 1H-15N transverse relaxation-

optimised spectroscopy (TROSY)-selected HSQC experiments264 were acquired. 1H-15N HSQC-

monitored ligand titrations were used to characterise fast- and slow-exchange ligand binding 

(Figure 6A) and protein-ligand interaction sites were defined using chemical shift 

perturbations (CSPs).145 Sample pH was monitored during ligand titrations and corrected as 

required. Spectral broadening implied the formation of assemblies which tumbled too slowly 

for NMR detection.104, 256, 263 Spectra were processed in NMRPipe265 and analysed in CCPN.266 

Binding isotherms were obtained by plotting the chemical shift perturbation (Δδ) as a function 

of the ligand concentration and pH respectively.145  

 

Small Angle X-ray Scattering (SAXS). Data were collected at the SWING beamline (SOLEIL 

Synchrotron) using the direct injection mode. Protein samples were exchanged into the SAXS 

buffer via size exclusion chromatography. Scattering frames were collected with an exposure 

of 0.99 s (dead time = 0.01 s) on an Eiger 4M detector (Dectris) and integrated in FOXTROT 
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(SOLEIL Synchrotron). RSL and variants were characterized at 0.125 - 1 mM with or without 

ligands using the automated sample changer. Matched buffer and ligand-in-buffer 

measurements were averaged and used for background subtraction.104, 267 CRYSOL8268 was 

used to calculate the scattering of the RSL trimer based on PDB entry 2bt9.44 Various SAXS 

data plots (Figure 7) were generated in PRIMUS269 using the integrated data files. The forward 

scattering I(0) and radius of gyration (Rg) were calculated from the Guinier approximation.66 

The maximum particle size (Dmax) was determined from the pair distribution function 

computed by GNOM in PRIMUS.269 Bead model reconstruction was performed using the 

DAMMIF program in the ATSAS package270 via the BioXTAS RAW interface.271 20 bead model 

reconstructions were performed per DAMMIF run in Slow mode with averaging and model 

refinement performed in DAMAVER and DAMMIN respectively.270  

 

Protein Crystallization. Crystals of protein or protein-ligand complexes were generally grown 

by hanging or sitting drop vapour diffusion at 4 or 20 °C. Samples (20-50 μL) were centrifuged 

at 28,600 rcf and 4 °C for 10 minutes immediately prior to crystallization experiments. Sitting 

drops were prepared with an Oryx8 Crystallization Robot (Douglas Instruments). 0.3 μL 

samples of protein (0.8-2.0 mM) plus ligand (0-100 mM) and D-fructose or D-mannose or 

MeFuc (2-5 mM) were combined with 0.15 μL reservoir solution (JCSG++ Jena Bioscience or 

in-house screens). Generally, crystals were reproduced by hanging-drop vapour diffusion in 

standard 24 well Greiner plates. Protein-ligand co-crystals were also obtained via batch 

crystallization wherein protein-ligand mixtures were incubated in microcentrifuge tubes at 4 

°C. During crystal harvesting, crystals were transferred to their respective reservoir solutions 

supplemented with 25 % glycerol and cryo-cooled in liquid N2. Diffraction data were collected 

at PROXIMA-2A beamline (SOLEIL synchrotron). Details on data collection and structure 

determination are given in the relevant chapters. 

 

Results & Discussion 

 

Protein Production & Purification. The majority of the engineered RSL variants explored in 

this work expressed well in E. coli (Tables 1 and 2, Figure 8) and were purified by D-mannose 

affinity chromatography without difficulty. The main exception was the N-terminally 

PASylated RSL, PAS1k-RSL, which did not express despite various attempts. The molecular 
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masses of all of the purified constructs were successfully confirmed by ESI-MS (Figure 9), 

except for Nup-RSL, Ab-RSL and RSL-R6-Ab, which gave uninterpretable spectra in various 

attempts.  

 

 

 

Figure 1. (A) RSL expression in E. coli monitored on 15 % SDS-PAGE. (B) RSL purification via D-

mannose affinity chromatography. Fractions eluted at 0.1 M D-fructose were collected, 

pooled, exchanged into water, and concentrated. 
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Figure 2. Expression of selected RSL variants in E. coli. Arrows mark the migration positions of 

the protein of interest. The gel lanes are labelled; L: molecular weight ladder, RSL: RSL 

standard, BI: before induction by the addition of IPTG, AI: after induction. 
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Figure 3. ESI-MS+ spectra for RSL variants. 
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Table 4. ESI-MS+ Data for RSL and variants. 

Protein Predicted 

Massa (Da) 

Measured 

Massa (Da) 

RSL 9726.6 9726.1 

RSL-R5 9782.8 9783.6 

RSL-R6 9810.7 9810.3 

RSL-R8 9878.8 9878.3 

RSLex 9802.6 9802.8 

RSL-GMKG 9857.8 9858.7 

RSL-GFKG 9873.8 9873.4 

RSL-GYKG 9889.8 9889.3 

MK-RSL 9899.9 9898.0 

4dzn-RSL 12146.5 12143.3 

5eon-RSL 13043.5 13040.8 

Mefp-RSL (2) 10586.6 10586.0 

Nup-RSL 10986.1 No spectra 

H3-RSL 10552.6 10551.9 

RSL-R6-H3 10723.7 10722.0 

Ab-RSL 11347.4 No spectra 

RSL-R6-Ab 11431.5 No spectra 

RSL-PAS2k 11788.9 10552.9 

aMasses for protein monomers. 

 

Only RSL-R8, Mefp-RSL, and 5eon-RSL required alternate or supplementary 

chromatographic purification steps. Of the Arg-enriched mutants, RSL-R5 and RSL-R6 were 

purified identically to native RSL. However,  attempts to purify RSL-R8 by affinity 

chromatography failed due to co-elution of E. coli proteins (Figure 9A), a consequence of 

arginine ‘stickiness’.272 Consequently, RSL-R8 was purified on carboxymethyl resin 

equilibrated with 0.02 M potassium phosphate, 0.2 M NaCl at pH 6.0 and eluted with the 

same buffer plus 1 M NaCl. A 0-100 % elution gradient over 30 minutes was set once the A280 

peak for non-binding proteins subsided (Figure 9B). RSL-R8 eluted at ~40 % buffer B (Figure 
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9C). While RSLex and MK-RSL are cationic (pI 7.7 and 7.8 respectively) they did not display the 

same ‘stickiness’ as RSL-R8 and were purified via the standard RSL purification protocol.  

The insertion mutants with the GK34G loop replaced by GXK34G, RSL-GMKG, RSL-

GFKG, and RSL-GYKG, expressed as well as native RSL in E. coli and were purified by D-

mannose affinity chromatography without difficulty. The introduction of the Phe-Phe motif 

in RSL-GFFG constitutes a more drastic modification of RSL. While the protein apparently 

expresses well in E. coli (Figure 8), the extraction and subsequent purification of this construct 

proved unfeasible via the established RSL purification protocol. Attempts to prepare a cell 

lysate via heating to 75 °C showed disappearance of the RSL-GFFG band after centrifugation 

to remove cell debris (Figure 4B). Apparently RSL-GFFG precipitated during this heating step. 

Possibly this substantial modification compromised the thermal stability or tertiary structure 

of RSL. It was also possible that RSL-GFFG formed large aggregates which would pellet away 

with cell debris, regardless of cell lysis protocol. Cell lysis was also tested via sonication on ice. 

Even with this gentler lysis protocol, the protein was pelleted away during centrifugation 

(Figure 4B). 

 

 

Figure 4. Analysis of RSL-GFFG extraction via (A) heating to 75° C and (B) sonication. Dashed 

boxes indicate RSL-GFFG bands. The gel lanes are labelled; L: molecular weight ladder, RSL: 

RSL standard, BH: before heating, AH: after heating, BS: before sonication, AS: after 

sonication, AC: after centrifugation. 

 

All terminal extensions (Table 4) were successfully expressed in E. coli and were 

purified via D-mannose affinity chromatography, however, in some cases additional SEC 

purification was required. Two versions of Mefp-RSL were explored. Both constructs 
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expressed well and were purified by affinity chromatography. SEC analysis of Mefp-RSL(1) 

showed a mixture of species with the majority of the protein eluting after one full column 

volume (≥ 120 mL) indicating that the protein was binding to the column resin. UV-Vis analysis 

indicated nucleic acids had coeluted with the protein during affinity chromatography. Mefp-

RSL(1) was treated with DNase for 15 minutes and analysed by SEC. DNase appeared to have 

some effect, however, the majority of protein continued to elute after one column volume.  

 

 

Figure 5. (A) SEC of Mefp-RSL(1) before (red) and after (blue) treatment with DNase. (B) SDS 

PAGE of Mefp-RSL(2) from cell lysate to purification via affinity chromatography (pre SEC) and 

SEC (100 and 120 mL fractions). (C) SDS PAGE of DNase-treated and SEC-purified Mefp-RSL(2). 
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A similar approach was employed in the purification of Mefp-RSL(2). Similar to its 

predecessor, nucleic acids appeared to coelute with Mefp-RSL(2) during affinity 

chromatography. SEC of purified Mefp-RSL(2) resulted in the majority of the protein eluting 

at the end of the SEC experiment (Figure 5A,B). DNase treatment (10 μL of 1 mg/mL added to 

500 μL of 0.5 mM Mefp-RSL(2) and incubated for 1 hour at 4° C) was more effective for this 

construct. A well-resolved single peak with a slightly earlier elution time compared to native 

RSL (65 vs 71 mL, Figure XA) was obtained. This combination of DNase treatment followed by 

SEC resulted in highly pure Mefp-RSL(2) stocks amenable to NMR and crystallization.  

 

 

Figure 6. (A) SEC of Mefp-RSL(2) before (black) and after (blue) treatment with DNase. (B) SDS 

PAGE of Mefp-RSL(2) from cell lysate to purification via affinity chromatography (pre SEC) and 

SEC (100 and 120 mL fractions). (C) SDS PAGE of DNase-treated and SEC-purified Mefp-RSL(2). 
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Ab-RSL and RSL-R6-Ab expressed well in E. coli and were purified by D-mannose 

affinity chromatography. Sonication was employed for cell lysis as heating to 75° C was 

thought likely to promote aggregation of these constructs. Attempts to exchange pooled 

fractions into water via dialysis resulted in solutions becoming visibly precipitated in minutes. 

Pooled fractions equilibrated at 4° C also became slightly turbid within 30 minutes. SEC 

analysis of RSL-R6-Ab fractions pooled directly after affinity chromatography indicated this 

construct was monodisperse, with an earlier elution volume compared to RSL-R6 (65 vs 72 

mL, Figure 7A). The RSL-R6-Ab monomer was observed to migrate a shorter distance than RSL 

during SDS PAGE of SEC fractions (Figure 7B).  

 

 

Figure 7. (A) SEC of RSL-R6-Ab directly after purification by affinity chromatography. (B) SDS 

PAGE of RSL-R6-Ab SEC.  (C) RSL-R6-Ab degradation evaluated by SDS PAGE. 0.3 mM samples 

were incubated at 4° C for five days in 20 mM TRIS-HCl, 0.1 M NaCl pH 7.4.  

 

RSL-R6-Ab could be concentrated up to ~2 mM. At higher concentrations, precipitation 

was observed in the concentrator. Samples concentrated to ~2 mM and left to stand at 4° C 

were observed to fibrillize in hours. Over the course of 3 hours, the soluble protein in a sample 

of RSL-R6-Ab decreased from ~2 mM to 0.3 mM. At 0.3 mM protein, the formation of solid 

fibrils ceased, although solutions maintained a faint yellow colour. This concentration-
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dependent fibrillization was observed repeatedly. 0.3 mM samples incubated at 4° C for five 

days were subject to proteolytic cleavage (Figure 7C). Degradation was less-pronounced for 

SEC-purified samples, indicating this step removed some proteases. Similar degradation was 

observed for the well-expressed and easily-purified RSL-PAS2k. Ab-RSL displayed near-

identical fibrillization behaviour, however, proteolytic cleavage was not a problem. After 

storage of 0.3 mM Ab-RSL for five days at various temperatures, the Ab-RSL band remained 

intact upon analysis by SDS PAGE (Figure 8).  

 

 

Figure 8. SDS PAGE of Ab-RSL samples following purification by mannose affinity 

chromatography.44 0.3 mM samples were stored at various temperatures for five days in 20 

mM TRIS-HCl, 0.1 M NaCl pH 7.4. 

 

Solubility. After exchange into water by dialysis, highly concentrated (up to 6 mM) stocks of 

RSL-R5 were achieved using concentrators with a 30 kDa MWCO. RSL-R6, however, precipitated 

at ≥ 2mM. The inclusion of salt (50 or 100 mM NaCl) or pH modulation (0.1 M TRIS-HCl pH 7.4 

or 9.0 and 0.1 M sodium bicarbonate pH 9.5) did not abate aggregation of RSL-R6. In contrast, 

concentrated stocks (up to 5 mM) of RSL-R6 in water were achieved using a centrifugal vacuum 

evaporator (miVac Duo Centrifugal Concentrator, Genevac) at 30° C. Concentration via 

ultrafiltration results in high protein concentration at the bottom of the concentrator, easily 
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observed by eye for coloured proteins such as cytochrome c. This localized high concentration 

apparently results in precipitation of RSL-R6. Aggregation was avoided with the more gradual 

concentration afforded by the vacuum evaporator. Unlike RSL-R6, concentration of RSL-R8 

after exchange into water was achieved easily via ultrafiltration. RSLex retained the high 

water solubility of native RSL. The exchange of MK-RSL into water resulted in turbidity in the 

combined pure fractions in the dialysis tubing. This mild precipitation was easily alleviated by 

exchange into 20 mM KPi, 50 mM NaCl, pH 6.0. Despite the insertions of bulky hydrophobic 

residues in the RSL-GXKG mutant, the solubilities of these proteins were excellent and stocks 

up to 5 mM were obtained easily. The N-terminal constructs 4dzn-RSL and 5eon-RSL 

precipitated in pure water. In the presence of 0.1 M NaCl, stocks of up to 5 mM were achieved. 
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Conclusions & Outlook 

This chapter details the production of RSL and the many engineered RSL variants utilized in 

this Thesis. RSL is evidently a versatile model b-propeller which can be manufactured easily, 

even after significant augmentation. This ease-of-use, combined with the sophisticated RSL-

based frameworks and biohybrids detailed in Chapters 3-5, will surely add to the growing 

reputation of RSL as a robust biotecton well-suited to biotechnological and biomaterials 

applications.  
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Chapter 2 

Measuring the Impact of PEGylation via NMR Spectroscopy 

This chapter was published (in part) as: 

Ramberg KO, Antonik, PM, Cheung, DL, Crowley PB 

Measuring the Impact of PEGylation on a Protein – Polysaccharide Interaction. 

Bioconj. Chem. 2019, 30, 1162-1168. 

 

FFC NMR Relaxometry measurements were acquired at the CERM NMR Facility, Florence, 

Italy. The author of the thesis acquired and processed all data under supervision of Prof 

Giacomo Parigi.  
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Abstract 

PEGylation is the most widely used half-life extension strategy for protein therapeutics. While 

it imparts a range of attractive attributes PEGylation can impede protein binding and reduce 

efficacy. A model system to probe the effects of PEGylation on protein binding has practical 

applications. Here, we present a system based on complex formation between a hexavalent 

lectin (RSL) and the globular polysaccharide Ficoll PM70 (a type of glycocluster). Mutants of 

the lectin were used to generate conjugates with 3, 6, or 12 PEG (1 kDa) chains. Using NMR 

spectroscopy we monitored how the degree of PEGylation impacted the lectin – Ficoll 

interaction. The binding propensity was observed to decrease with increasing polymer 

density. Apparently, the extended PEG chains sterically impede the lectin – Ficoll binding. This 

deduction was supported by molecular dynamics simulations of the protein-polymer 

conjugates. The implications for protein – surface interactions are discussed. 
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Introduction 

Tunable protein-polymer conjugates have vast applications in biotechnology and 

nanomedicine. PEGylation is the most widely used half-life extension technology for protein 

therapeutics resulting in reduced renal clearance, shielding from immune recognition, as well 

as increased solubility and stability.19-21 However, PEGylation has drawbacks with numerous 

reports of reduced therapeutic efficacy.26-31  

The reduced activity of PEGylated proteins has been attributed to decreased receptor 

binding as a result of steric hindrance imposed by the disordered PEG chain(s). For example, 

regioselective mono-PEGylated variants of human growth hormone-releasing factor (29 

residues, 3.3 kDa) have different biological activities, with C-terminal PEGylation being the 

least deleterious.27 Similarly, site-specific monoPEGylation of interferon a2-a (IFN), via bis-

alkylation of engineered His tags, yielded bioconjugates with activities strongly dependent on 

the site of attachment of the (10 kDa) PEG chains. Antiviral assays indicated bioactivities 

ranging from 10 % for IFN PEGylated at position 120 to >70 % for a variant PEGylated at 

position 106.30 The enzymatic activity of phosphoglycerate kinase decreased in mono-

PEGylated conjugates with increasing PEG chain length, although the tertiary structure and 

domain dynamics were unaffected. Here, it was suggested that PEG impeded the diffusion of 

small molecule ligands into the binding site.29 A recent large-scale evaluation of fifteen 

proteins with N-terminal mono-PEGylation (up to 10 kDa PEG) revealed small decreases in 

target binding affinities. While physical properties such as hydrodynamic radius, could be 

predicted accurately for this set of proteins other properties were less well modelled, 

emphasizing the need for case-by-case studies.28  

PEGylation-induced changes in protein functionality are poorly understood in part 

because detailed structural analysis of PEGylated proteins remain scarce. Several studies 

indicate that PEGylation does not disturb the protein structure.23-26, 31, 273 Importantly, the 

crystal structure of a mono-PEGylated model protein confirmed that the tertiary structure 

was unchanged and revealed a remarkable porous assembly, which pointed to the volume 

exclusion effects of PEG.23 The gross features of PEGylation, supported by X-ray diffraction 

and light scattering experiments, is a dumbbell arrangement in which the protein and PEG are 

mostly independent domains.23, 58, 274-276 The growing consensus is that the main outcome of 

PEG attachment is an increased hydrodynamic volume of the conjugate (consistent with 

reduced renal clearance). Therefore, the location of the conjugation site(s), the degree of 
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PEGylation, and the PEG length, are all potential factors in modifying protein – receptor 

binding.  

Here, we have developed a simple model system to evaluate structurally the effects 

of PEGylation on protein – receptor binding. First, we show that Ralstonia solanacearum 

lectin (RSL), a hexavalent fucose-binding lectin,44, 56, 58-60 forms complexes with the 

multivalent81-89 polysaccharide Ficoll PM70 (Ficoll). Then we show how the degree of 

PEGylation of RSL can alter binding to Ficoll. This system may have implications for controlling 

lectin – surface interactions. 

 

Materials & Methods 

 

Materials. Ficoll PM 70 (F2878), methyl-α-L-fucoside (MM02387) and methyl-PEG24-NHS 

ester (22687) were purchased from Sigma, Carbosynth and Fisher Scientific, respectively.  

 

Samples. Unlabelled and 15N-labelled RSL samples were produced in E. coli BL21 transformed 

with the pET25rsl plasmid.44, 59 Modified pET25rsl vectors encoding the double mutant 

K25R/K83R and the triple mutant K25R/K34R/K83R were produced by Genscript. These two 

mutants are referred to as RSL-R5 and RSL-R6, respectively. All proteins were purified by 

mannose-affinity chromatography. Elution from the mannose-affinity agarose was achieved 

with a buffer containing 0.1 M D-fructose (instead of D-mannose44). Mass analysis of the 

proteins was performed on an Agilent 6460 Triple Quadrupole LC/MS. Protein samples were 

dialysed extensively against water to remove D-fructose. Protein concentrations were 

determined spectrophotometrically with ε280 = 44.6 mM-1cm-1 for the monomer.   

 

PEGylation. Protein conjugation with methyl-PEGn-NHS esters was carried out at pH 8.0 in 20 

mM potassium phosphate, 50 mM NaCl overnight at 4o C with agitation. A five-fold molar 

excess of PEGylation reagent, with respect to the primary amines on the protein, was used. 

RSL-PEG3, RSL-PEG6, RSL-PEG12, and RSL-R6-PEG500 products were exchanged into water using 

concentrators with a 30 kDa MWCO and analysed by SDS PAGE on 15 % w/v polyacrylamide 

gels with both Coomassie and barium iodide261 staining. RSL-R6-PEG5k was purified via size 

exclusion chromatography (SEC) using an XK 16/70 column (1.6 cm diameter, 65 cm bed 

height) packed with Superdex 75 (GE Healthcare). 
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Acetylation. RSL was reacted with 100 eq. (per primary amine) of acetic anhydride to convert 

Ser1 and Lysines to acetylamides (RSL-Ac). The reaction was performed in sodium bicarbonate 

and the pH was adjusted to 9.0 over the course of the reaction.260 

 

NMR Characterization. 15N-labeled protein samples were prepared in 20 mM KH2PO4, 50 mM 

NaCl and 10% D2O, pH 6.0. 2D 1H-15N HSQC watergate spectra were acquired at 30o C on a 

Varian 600 MHz spectrometer equipped with a triple-resonance cold probe. D-Glucose or 

sucrose binding experiments were performed with 0.25 mM RSL. Ficoll binding experiments 

were performed with 0.15 mM RSL, RSL-Ac or RSL-PEGn and titrated with µL aliquots of a 4.2 

mM (300 mg/mL) Ficoll stock to a final concentration of 0.3 mM. The sample pH was adjusted 

to 6.0 after each addition of Ficoll. 

 

Molecular Dynamics. Atomistic MD simulations of the RSL-PEGn constructs were performed. 

The simulated systems consisted of a single protein-polymer conjugate in aqueous solution 

with approximately 30,000 waters. To match the NMR experimental conditions sodium, 

chloride, potassium, and phosphate (H2PO4-) ions were added to give ion concentrations of 

50 mM NaCl and 20 mM KH2PO4. The protein was modelled using the Charmm27 force 

field,277 with PEG parameters based on the work of Pastor.278 Water was modelled using the 

Charmm variant of the TIP3P water model. Charges on His residues were assigned assuming 

pH = 6 and by using PropKa via the PDB2PQR server. Parameters for the phosphate ions were 

determined by using the SwissParam server.279 Simulations were performed in GROMACS 

(version 5.0)280 at 303 K and 1 atm. The temperature was controlled using the velocity 

rescaling algorithm281 and pressure was controlled using the Parrinello-Rahman barostat, 

with 0.1 and 2 ps relaxation times, respectively. Bond lengths were constrained using the 

LINCS algorithm.282 Each simulation was run for 500 ns using a time step of 2 fs. Simulation 

setup and analysis were performed using built-in GROMACS utilities and in-house scripts 

written using the MDAnalysis package.283 Simulation snapshots were generated in VMD.284  

 

Size exclusion chromatography coupled to multi-angle light scattering. SEC-MALS 

experiments were performed at room temperature on an Äkta Purifier equipped with a 

Superdex 75, GL 10/300 column (GE Healthcare).104 Sample elution was monitored by using a 
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multi-angle light scattering detector (miniDAWN TREOS, Wyatt) and a differential refractive 

index detector (Optilab T-rEX, Wyatt). Filtered, degassed buffer (20 mM KPi, 100 mM NaCl, 5 

mM D-fructose pH 7.5) was pumped at a constant flow rate of 0.5 mL/min. The samples (200 

µL) contained native and PEGylated RSL-R6 (100 - 300 µM) and were centrifuged at 20000 x g 

for 15 min immediately prior to injection. The mass average molar mass across the elution 

peak was determined in ASTRA 6 software (Wyatt Technology). 

 

Fast Field Cycling NMR Relaxometry. The experimental NMRD profiles of RSL-R6 and 

PEGylated RSL-R6 were acquired with a high-sensitivity fast field cycling Stelar relaxometer, 

capable of determining longitudinal relaxation rates from 0.01 to 42 MHz of the proton 

Larmor frequency with an error below 1%.25 Native and PEGylated RSL-R6 samples were 

measured at 1.2 – 1.4 mM in 20 mM KPi, 50 mM NaCl, 5 mM D-fructose pH 6.0 at 10 and 25 

°C.  

 

Results & Discussion  

 

The RSL – Ficoll Model System. RSL is a highly-stable, ~29 kDa hexavalent trimer (Figure 1A) 

that binds L-fucose with µM affinity. 44, 56, 59 Complex formation with a broad range of mono- 

and oligo-saccharides has been characterized by X-ray crystallography, NMR and isothermal 

titration calorimetry.44, 56, 59 Using 1H-15N HSQC spectroscopy59 we found evidence of weak 

binding between RSL and D-glucose or sucrose. Figure 1B shows small chemical shift 

perturbations of resonances assigned to binding site residues, including tryptophan side 

chains, in the presence of 120 eq (30 mM) D-glucose or sucrose. The latter result prompted 

us to study RSL binding to Ficoll,285-289  a branched and cross-linked 70 kDa polymer of sucrose. 

The addition of 0.5 eq of Ficoll caused significant broadening of the RSL signals. 1 eq of the 

polysaccharide increased the line widths further and at 2 eq the spectrum of RSL was almost 

completely broadened away, with only the C-terminus and amide side chains detectable 

(Figure 1C). This signal attenuation is consistent with the formation of a slow-tumbling high 

molecular weight complex, for example, ~100 kDa in the 1:1 RSL – Ficoll complex. (Similar 

effects were observed for the RSL-R5 and RSL-R6 mutants of RSL, Figure S2). Apparently, the 

combination of hexavalent RSL with the high effective concentration of sucrose in Ficoll 

(multivalency81-89), drives complex formation. A competitive binding experiment provided 
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support for this hypothesis. The addition of methyl-α-L-fucoside (MeFuc, Kd ~0.6 µM44) to RSL 

– Ficoll mixtures, fully restored the RSL spectrum (Figure 1C). This signal recovery suggested 

that RSL was displaced from Ficoll by the tighter binding MeFuc. 

 

 

Figure 1. The RSL – Ficoll model system. (A) Relative sizes of the protein58 and the cross-linked 

polysaccharide,289 based on SAXS data. Trimeric RSL is represented by PDB 2bs544 with bound 

carbohydrates shown as pink spheres. (B) Spectral regions of 1H-15N HSQC spectra of RSL in 

the presence of 30 mM of D-glucose (teal) or sucrose (pink). (C) Spectral broadening of RSL in 

the presence of Ficoll and signal recovery upon addition of MeFuc, a high affinity competitor. 

 

The NMR experiments were carried out at pH 6 and moderate ionic strength, under 

which RSL (pI ~6.5) is weakly cationic and Ficoll is weakly anionic.285, 286, 288 Therefore, charge-

charge interactions between RSL and Ficoll are unlikely to be significant. Acetylated RSL (RSL-



 71 

Ac) was used to assess the contribution of charge. RSL-Ac bound to Ficoll similar to native RSL 

(Figure 2) suggesting that the amine-to-amide charge change does not impact binding.  

 

 

Figure 2. The 2D 1H-15N HSQC spectrum of acetylated RSL is broadened beyond detection in 

the presence of Ficoll. This control demonstrates that RSL – Ficoll binding is not hindered by 

conversion of available primary amines to amides.  

 

As Ficoll is employed frequently as a macromolecular crowder,287, 289 crowding effects 

were considered as a possible source of line broadening. However, 2 eq Ficoll (0.3 mM, 21 g/L) 

corresponds to a ‘dilute’ regime where crowding effects do not manifest. As a control 

experiment, RSL was analysed in the presence of BSA (pI ~5.6), a 66 kDa globular protein 

similar in size to Ficoll. The HSQC spectrum of RSL was unaltered by the presence of 2 eq BSA 
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(Figure 3), consistent with negligible binding. 

 

 
Figure 3. The 2D 1H-15N HSQC spectrum of RSL was unaffected by the presence of 2 eq of BSA. 

 

In contrast to linear polysaccharides, such as pullulan and dextran, Ficoll is semi-rigid 

and globular.286 With a radius of gyration, Rg = ~4 nm,288, 289 Ficoll is approximately twice as 

large as RSL (Rg = ~2 nm,58 Figure 1A). Therefore, it can be assumed that the RSL – Ficoll 

complex is a model for lectin – surface adhesion. We assessed the effects of PEGylation on 

this interaction, by testing different RSL-PEGn conjugates.  

 

Preparation & Characterization of RSL-PEGn Conjugates. The conjugation of NHS-ester 

functionalised polyethylene glycol to the amino group of lysine and the N-terminus is a widely-

used PEGylation strategy.26, 290 We used this approach to conjugate RSL with linear, 
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monodisperse mPEG24 chains (~1 kDa). A series of RSL-PEGn conjugates were produced, with 

a total of 3, 6, or 12 PEG chains. 

RSL has four PEGylation sites comprising the N-terminus (Ser1) and three lysines 

(Lys25, Lys34 and Lys83) in each monomer. Therefore, in the fully PEGylated RSL trimer there 

are 12 PEG chains (Figure 4A). Lys-Arg mutagenesis is a facile route to prepare constructs with 

different degrees of PEGylation. When all three lysines are mutated to arginine (RSL-R6) only 

the N-terminus can be PEGylated, yielding a trimer with 3 PEG chains. A species with 6 PEG 

chains was generated also from the RSL-R5 variant, in which Lys25 and Lys83 were mutated to 

arginines. The positions of the PEGylation sites relative to the sugar binding sites in RSL require 

a detailed description. The trimeric structure of RSL yields two types of sugar binding site, 

referred to as intra-monomeric and inter-monomeric.44, 56, 59 Lys34 (12 Å) is located between 

these two sites while Lys83 (12 Å) is adjacent to the inter-monomeric site. Lys25 (23 Å) is 

remote from the sugar binding sites. The approximate distance from each Lys-Nζ to the methyl 

carbon of the closest MeFuc, as per PDB 2bt9,44 is indicated in parenthesis. Similar to Lys25, 

Ser1 is located on the opposite face of RSL. The implications of the PEGylation locations are 

discussed in the context of Ficoll binding (vide infra). 

The purified mutant proteins were confirmed by mass spectrometry (Chapter 1) and 

the PEGylated forms were assessed by SDS PAGE and NMR spectroscopy. PEGylated RSL 

species migrated shorter distances on 15 % SDS-PAGE gels compared to the native protein. 

Barium iodide staining indicated successful PEGylation and confirmed removal (by 

ultrafiltration) of unreacted mPEG24-NHS from the reaction products (Figure 4B). 1H-15N HSQC 

spectra for RSL-PEG with 3, 6, or 12 PEG chains revealed no significant changes to the tertiary 

structure, in line with previous structural characterizations of PEGylated proteins.23-25, 273 Fully 

PEGylated RSL (RSL-PEG12) gave rise to three new resonances at circa 7.8 / 127 ppm (Figure 

2C) consistent with the formation of amide bonds at the Lys-Nζ.24-26, 291 In the case of RSL-PEG6 

(RSL-R5) only one signal was observed in this region. A new signal at ~8.3 / 122 ppm was 

assigned to the Ser1-PEG amide linkage. Other changes included chemical shift perturbations 

for resonances assigned to residues in the vicinity of the PEG attachment site. Furthermore, 

spectral broadening increased as the degree of PEGylation (and molecular weight) increased. 

For example, the average line width increased by ~5 Hz between RSL-PEG3 and RSL-PEG6 

(Tables 1 and 2). The broadening effect was most severe in the case of RSL-PEG12 (Figures 4C 

and 5) and precluded the study of conjugates with 5 kDa PEG chains (data not shown).  
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Figure 4.  PEGylation of RSL and mutants. (A) MD snapshots of RSL-PEGn species, with RSL as 

blue ribbons, PEG as sticks and monomer-bound saccharides (based on PDB 2bs5) as pink 

spheres. (B) Barium iodide stained SDS-PAGE (1: MW ladder, 2: mPEG24-NHS reagent, 3 and 7: 

unmodified RSL-R6 and RSL-R5, 4-6 and 8-10: RSL-PEG3 and RSL-PEG6 reaction products, 

respectively. (C) Spectral region from overlaid 1H-15N HSQC spectra of RSL and RSL-PEGn. 

Dashed boxes indicate new resonances due to amides at S1 or lysine side chains.  
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Table 1. 1HN line widths extracted from the HSQC spectra of RSL and RSL-PEGn* 
 1HN line-width (Hz) 

Resonance RSL RSL-PEG3 RSL-PEG6 RSL-PEG12 
V3 19.4 21.8 30.1 35.2 
Q4 25.2 26.0 33.1 45.6 
T5 26.4 28.3 31.8 44.7 
T8 26.4 29.6 32.4 48.7 
S9 18.8 20.2 26.1 36.3 

W10 22.1 24.5 27.4 63.4 
G11 27.3 31.8 33.6 43.7 
T12 26.6 30.7 37.4 41.2 
S15 28.2 28.8 36.7 42.8 
V18 26.5 29.1 30.2 64.2 
Y19 26.7 28.0 29.8 54.8 
A21 23.5 35.3 39.2 49.0 
N23 13.2 19.0 21.0 25.6 
G24 23.3 28.0 32.6 40.3 
R29 24.6 29.9 25.7 51.6 
W36 21.3 30.6 40.4 48.4 
Y37 22.0 28.7 34.9 44.0 
T38 18.3 22.0 27.2 39.6 
G39 21.8 24.6 39.7 44.5 
A40 19.6 25.6 28.5 37.3 
F41 20.4 24.6 33.2 43.5 
G45 18.0 21.6 27.0 39.8 
D46 26.1 32.9 35.4 42.0 
N47 21.9 23.3 32.7 47.6 
V48 27.9 30.1 37.2 42.2 
S49 19.1 24.2 35.8 45.8 
V50 18.8 26.5 34.5 44.7 
T51 28.9 33.5 37.9 52.9 
S52 18.4 21.2 25.4 34.0 
W53 23.9 24.0 36.5 42.0 
L54 27.1 27.9 29.6 42.5 
V55 23.3 36.2 43.4 51.4 
G56 33.4 33.9 37.7 53.1 
A58 20.4 24.3 26.5 34.5 
I59 20.8 27.9 30.2 26.9 
H60 28.1 32.1 37.1 42.1 
Y64 24.7 25.0 33.1 48.9 
A65 18.5 24.3 30.4 51.1 
S66 32.4 39.8 37.2 55.8 
T67 23.2 32.9 35.6 60.3 
G68 21.5 23.4 31.8 37.0 
T69 23.2 26.5 31.5 36.5 
T70 20.5 25.5 27.2 33.2 
T72 22.1 33.4 34.4 35.7 
E73 24.9 29.1 35.6 57.6 
W74 25.3 30.4 38.5 39.6 
C75 19.4 23.0 35.6 42.6 
W76 15.5 21.7 24.2 30.6 
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N79 22.8 26.4 26.9 34.4 
W81 25.1 25.3 26.8 30.5 
T82 23.7 26.1 35.3 51.4 
G84 24.4 33.5 40.9 48.9 
A85 27.4 29.0 35.4 52.4 
A88 18.9 21.5 24.7 35.2 
N90 17.2 17.7 20.9 23.4 

Average 23 27 32 44 
Std. Dev. 4 5 5 9 

*Line widths of non-overlapping cross-peaks (~61 % of total) measured in CCPN  
 
 

Table 2. Average line widths and binding site areas (ABS) of RSL-PEGn 
 MWt 1HN ABS (nm2)b 

Construct (kDa) (Hz)a Intra Inter 

RSL 29 24 (± 4) 2.8 (± 0.3) 1.3 (± 0.2) 

RSL-PEG3 32 28 (± 5) 3.4 (± 0.3) 1.3 (± 0.2) 

RSL-PEG6 35 32 (± 5) 1.8 (± 0.3) 1.2 (± 0.3) 

RSL-PEG12 41 44 (± 9) 1.4 (± 0.2) 0.7 (± 0.2) 

aExtracted from HSQC spectra (Table S2) 
bCalculated from MD simulations (uncertainties estimated from standard deviation of mean) 
 

Effect of PEG Density on Ficoll Binding. PEGylated protein drugs including Somavert 

(pegvisomant), Krystexxa (pegloticase), Oncaspar (pegaspargase), and Adagen (pegademase) 

are manufactured via non-specific lysine conjugation, leading to PEG-protein species with 

different degrees of PEGylation and different attachment sites in the final products.21, 290 The 

heterogeneity of these conjugates results in potentially varying degrees of therapeutic 

efficacy in a given product batch. Here, to probe the effects of increasing PEG density the 

Ficoll binding experiments were performed with three fully-defined RSL-PEGn constructs 

(Figures 4 and 5).  

Figure 1C shows that native RSL binds to Ficoll, as inferred by almost complete spectral 

broadening. RSL-PEG3, with PEG extensions protruding at the N-terminus (on the opposite 

face to the sugar binding sites), appeared to bind Ficoll in a manner similar to RSL. The 

spectrum of RSL-PEG3 was mostly broadened beyond detection (Figures 5). In contrast, the 

maximally PEGylated construct (RSL-PEG12) experienced minimal spectral broadening in the 

presence of Ficoll, suggesting that the 1 kDa PEG extensions impeded the interaction between 

Ficoll and the sugar binding sites in RSL. The intermediate conjugate, RSL-PEG6, with PEG 
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extensions from the N-terminus and from K34, gave rise to intermediate broadening effects. 

Binding to Ficoll was decreased but not completely impeded in this conjugate. Hence, PEG 

extensions at K34 (located between the intra- and inter-monomeric binding sites) were 

insufficient to impede Ficoll binding.  

 

 

Figure 5. Effect of PEGylation on RSL – Ficoll Binding. Spectral regions from 2D 1H-15N HSQC 

spectra of RSL-PEGn constructs in the absence or presence of Ficoll. 

 

Molecular dynamics simulations of RSL and each RSL-PEGn construct provided 

supporting data for the results of the NMR investigation. The MD simulations illustrated the 

capacity of the PEG chains to ‘shield’ the sugar binding sites, thus impeding binding to Ficoll 

(Figure 6). Variations in the binding site areas (ABS, for the intra- and inter-monomeric sugar 
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binding sites) were used as a measure of the impact of PEGylation (Table 2). The binding site 

area was calculated from the solvent accessible surface area, using a 6 Å probe radius (to 

account for the size of a monosaccharide). The average accessible areas of the intra-

monomeric binding sites (impacted by PEGylation at Lys34 only) were higher than those of 

the inter-monomeric binding sites (impacted by PEGylation at Lys34 and Lys83). For the inter-

monomeric binding sites the average areas are approximately equal for all of the constructs. 

More variation is seen in the intra-monomeric binding sites, which suggests that there may 

be some long timescale motion that is not fully sampled in the simulations. The tendency for 

the PEG chains in RSL-PEG12 to almost completely block the binding sites is consistent with 

the minimal line broadening observed in the Ficoll-binding experiments (Figure 5). Two-

dimensional PEG density maps were constructed for each of the constructs (Figure 6). In RSL-

PEG3, the PEG density is concentrated at the N-termini (conjugation site), with negligible 

density near the sugar binding sites (on the opposite face of the protein. This observation is 

consistent with Ficoll binding by this construct. The PEG density around the sugar binding sites 

is higher for RSL-PEG6, due to K34 being located between these sites. For the RSL-PEG12 

construct significant PEG density is found around the entire protein surface, leading to lowest 

binding site areas (Table 2), and negligible interaction with Ficoll.  

 

 

Figure 6. PEG density maps for the RSL-PEGn constructs superposed on representative 

simulation snapshots. The view is oriented along the central axis of RSL (C3 symmetric). RSL 

and PEG are shown as grey and black ribbons, respectively. Dashed boxes indicate the 

approximate location of sugar binding sites.  
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Preparation & Characterization of PEGylated RSL-R6 Conjugates for Relaxometry 

Measurements. RSL-R6, with just three PEGylation sites per trimer, is the ‘simplest’ system 

for evaluating the effect of PEG chain length on protein dynamics. ‘Short’ (∼500 Da) and ‘long’ 

(∼5 kDa) PEG chains were conjugated to RSL-R6. SEC-MALS experiments confirmed RSL-R6-

PEG500 to be a monodisperse species which eluted from the Superdex 75, GL 10/300 column 

earlier (17 mL) than native RSL-R6 (18 mL). Samples of RSL-R6-PEG5k, however, yielded two 

overlapping peaks suggesting the sample was not monodisperse (Figure 7). Both peaks eluted 

significantly later (11.5-13.0 mL) than RSL-R6 and RSL-R6-PEG500. Molecular masses for RSL-

R6 and RSL-R6-PEG500 derived from SEC-MALS experiments were in line with the predicted 

values (Table 3). Molecular masses were determined for each of the two RSL-R6-PEG5k peaks 

were determined separately and neither peak species corresponded to the predicted mass for 

RSL-R6 conjugated with three 5 kDa PEG chains (44.4 kDa). Instead, the values obtained 

corresponding to mono- (35.9 kDa) and di-PEGylated (40.5 kDa) RSL-R6. Apparently, complete 

PEGylation of RSL-R6 with mPEG5k-NHS Ester was not achieved via the standard PEGylation 

protocol used to produced other RSL-PEG conjugates. Further additions of PEGylation reagent 

were carried out on the sample with the goal of PEGylating all available sites.      

 

 

Figure 7. SEC-MALS analysis of RSL-R6 (black), RSL-R6-PEG500 (blue) and RSL-R6-PEG5k (red) 

stocks. Determined molecular masses (kDa) are indicated. RSL-R6-PEG5k showed two 

overlapping peaks in its elution profile. Molecular masses for each of the overlapping peaks 

were calculated separately. 
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Table 3. Predicted and measured molecular masses of protein and PEGylated protein stocks.  
Protein Predicted Molecular Mass (kDa) Measured Molecular Mass (kDa) 

RSL-R6 29.4 29.3 

RSL-R6-PEG500 30.6 (3 X PEG500) 30.9 (3 X PEG500) 

RSL-R6-PEG5k 44.4 (3 X PEG5000) 35.9 (1 X PEG5k) / 40.5 (2 X PEG5k) 

 
Surprisingly, additions of excess PEGylation reagent did not result in PEGylation of all 

three N-terminal amino groups available per trimer. SDS PAGE analysis of reaction products 

showed bands for both modified and unmodified RSL-RRR. Further additions of excess 

PEGylation reagent did not appear to increase the amount of PEGylated RSL-R6 present in the 

reaction products (Figure 8). SEC-MALS analysis indicated a mixture of mono- and di- 

PEGylated RSL-R6 trimers, the latter being more abundant. Interestingly, RSL PEGylation with 

shorter PEG chains (mPEG8-NHS Ester and mPEG24-NHS Ester) yielded fully PEGylated 

conjugates (Figures 4 and 7). The difficulty in PEGylating all three available sites is potentially 

a steric effect due to the relative proximity of the N-termini (~13 Å apart). It appears that 

attachment of one or two PEG5k chains greatly impedes conjugation of subsequent chains 

(Figure 8). 

 

 

Figure 8. SDS PAGE analysis of RSL-R6 PEGylation with mPEG5k-NHS ester. Repeated additions 

of excess PEGylation reagent did not appear to increase the proportion of modified : 

unmodified protein. Samples of PEGylation reaction products were run at two concentrations 

(left: 40 µM, right: 80 µM). 
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FFC NMR Relaxometry. We have recorded fast-field-cycling nuclear magnetic relaxation 

dispersion (FFC NMRD) profiles for native and PEGylated RSL-R6 in aqueous solution (Figure 

4). This technique measures the field dependence of the collective longitudinal relaxation 

time of all protons in a sample.292 Measuring proton relaxation in an aqueous sample reports 

on the presence and dynamics of water protons interacting with the protein, i.e. those water 

protons exchanging with labile protein protons, belonging to the hydration sphere of the 

protein, or diffusing in close proximity of the protein. Each group of interacting protons that 

share the same relaxation properties (i.e. dipole-dipole interaction energy βi and correlation 

time τi) contribute to the R1 proportionally to its molar fraction (fi) as described in equation 1 

(the contribution of protons not interacting with the protein or interacting with a dipole-

dipole correlation time in the sub-nanosecond time scale is accounted for by the non-

dispersive term α): 
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The correlation time of the modulation of the dipole-dipole interactions for labile 

protons and hydration water molecules is the shortest between the reorientation (τR) and the 

lifetime (τM) of the interacting state. If the τMi  of each group of interacting protons is slower 

than the reorientation correlation time τR, then the NMRD profile reports on the value of τR, 

and thus on the molecular tumbling time and overall dynamism of the tertiary structure.  

Assuming that R1Mi is smaller than τMi −1 (1/R1M is of the order of seconds), and that 

the dipolar interaction energy , is constant for all groups of interacting protons, we have 

fitted the experimental profiles at two different temperatures to Eqs. 1 and 2, using one τ. 

The best fit was as expected for a relatively rigid ∼ 29 kDa protein. The experimental NMRD 

data for PEGylated RSL-R6 constructs were fitted in a similar way, however, fitting with two 

different τ values was found to give fits with better statistics (Table 4). Inspecting the NMRD 

profiles of the PEGylated proteins, it is apparent that more than one component is present; 

above 1 MHz the profile appears to stray from the typical sigmoidal profile expected for a 
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compact protein, i.e. that observed for native RSL-R6 (Figure 9) This observation is in line with 

the dumbbell model put forward for PEGylated proteins in which the protein and PEG are 

largely independent.23-25, 27, 58, 273, 274 It follows that the observed relaxation rates increase with 

the length of the PEG attachment. This is an interesting observation and is relevant to the 

various monoPEGylated therapeutics currently available.5, 18, 26  

 

Table 4. Best fit parameters to equations 1 and 2 of the 1H NMRD profiles for native and 

PEGylated RSL-R6 at 10 and 25 °C (a-f constrained to be equal). 

 RSL-R6  

(1.2 mM) 

RSL-R6-PEG500  

(1.2 mM) 

RSL-R6-PEG5k  

(1.4 mM) 

 10 °C 25 °C 10 °C 25 °C 10 °C 25 °C 

α (s-1) 0.56 0.39 0.30 0.09 0.29 0.10 

β (s-2) 1.1E7 1.1E7 2.4E7 2.4E7 2.4E7 2.4E7 

f1 - - 0.033 (e) 0.033 (e) 0.083 (f) 0.083 (f) 

τ1 (s-1) - - 1.2E-7 (a) 8.2E-8 (b) 1.2E-7 (a) 8.2E-8 (b) 

τ2 (s-1) 1.4E-8 1.0E-8 8.5E-9 (c) 6.3E-9 (d) 8.5E-9 (c) 6.3E-9 (d) 

 

Surprisingly, the native and PEGylated proteins showed notably different relaxation 

rates at high-field, although length of PEG chains did not appear to have a major effect (Figure 

9). At high fields it is assumed that proton relaxation times would be too fast to have a 

significant effect on the relaxation properties of such relatively similar species, i.e. native vs 

PEGylated. We postulated these differences could be due to the capacity of PEG chains to 

interact extensively with water molecules. Samples of PEG400 (1.2 mM) and PEG5k (1.4 mM) 

were measured alongside buffer controls to test the effect of a similar amount of 

‘short’/’long’ PEGs on the NMRD profiles in the absence of protein (Figure 10). The profiles 

were largely unchanged by the presence of free PEGs. A drawback of these tests was that the 

PEGs were not in such close proximity as when N-terminally conjugated to RSL-R6. The close 

proximity of the PEG chains could have implications for their capacity to interact with water 

molecules. 
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Figure 9. 1H FFC NMRD profiles of native and PEGylated RSL-R6 at 10 and 25 °C. 

 

 

Figure 10. Buffer and PEG controls conducted alongside 1H FFC NMR relaxometry experiments 

of protein samples.  
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Conclusions 

Although it has low affinity for sucrose, hexavalent RSL44, 55, 56, 59 binds to the globular 

polysaccharide Ficoll (Figure 1). Apparently, the multivalency of both the protein56 and the 

polysaccharide compensate for the weak protein – disaccharide interaction to drive complex 

formation. Multivalency is crucially important to many biological recognition processes.85 The 

binding of RSL to Ficoll is reminiscent of lectin adhesion to the clustered carbohydrates of the 

cell exterior.56, 81 Such adhesion events are of interest to understanding the mechanisms of 

pathogen infection. Recently, numerous types of glycoclusters have been tested as a means 

to interrupt lectin adhesion and supress infection.83-89 The RSL – Ficoll model system is distinct 

from previous studies in that the “glycocluster” is a network of cross-linked glycans. Our 

results may provoke further consideration of cross-linked glycopolymers84, 85 as potential 

inhibitors of lectin adhesion. 

From another viewpoint, RSL – Ficoll binding is akin to binding events inherent to the 

function of therapeutic proteins. We used this model of protein – surface binding to 

investigate the impact of PEG density on the binding capabilities of a PEGylated protein. The 

attachment of ‘short’ (1 kDa) linear PEG chains impacts protein – surface adhesion. The ability 

of RSL to bind Ficoll decreased as the surface PEG density increased, and the sugar binding 

sites were occluded. This system can be developed further to study the impact of PEG length, 

as well as other polymer types.34-37, 293 

Using FFC NMR relaxometry, we succeeded in characterizing the relaxation properties 

of a model protein system before and after PEGylation. Differences in NMRD profiles for the 

native and PEGylated versions of the protein were significant, and appear to support the 

findings of previous structural investigations of PEGylated proteins in which the conjugated 

PEG extends away from the protein surface. The length of conjugated PEG chains had a 

pronounced effect on the relaxation properties of the protein. Such detailed molecular 

information for a model PEGylated system may be useful in the design of protein-polymer 

conjugates for biomedicine.20, 29, 294-296 The results of this work are intriguing and indicate FFC 

NMR relaxometry as a useful tool for studying PEGylated protein dynamics.29, 295 
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Chapter 3 

Protein Recognition by Cucurbit[6]uril:  

High Affinity N-terminal Complexation 

This chapter was published as: 

Ramberg KO, Engilberge S, Guagnini F, Crowley PB 

Protein-Cucurbit[6]uril Recognition: High Affinity N-terminal Complexation 

Org. Biomol. Chem. 2021, 19, 837-844. 
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Abstract 

The donut-shaped cucurbit[n]urils (Qn, n = 6–8) are rigid macrocyclic receptors with 

widespread use in protein recognition. To date, most applications have centred on the 

encapsulation of N-terminal aromatic residues by Q7 or Q8. Less attention has been placed 

on Q6, which can recognize lysine side chains due to its high affinity for alkylamines. In this 

work, we investigated protein–Q6 complexation by using NMR spectroscopy. Attempts to 

crystallize protein–Q6 complexes were thwarted by the crystallization of Q6. We studied four 

proteins that vary in size, net charge, and lysine content. In addition to Q6 interactions with 

specific Lys or dimethylated Lys residues, we report striking evidence for N-terminal 

recognition. High affinity (micromolar) binding occurred with the N-terminal Met-Lys motif 

present in one of the four model proteins. Engineering this feature into another model 

protein yielded a similar high affinity site. We also present evidence for Q8 binding at this N-

terminal feature. These data expand the cucurbituril toolkit for protein sensing. 
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Introduction 

Protein surface recognition by artificial receptors provides a basis for such diverse 

applications as biosensing and therapeutics.11, 134-136, 297 Water-soluble macrocycles such as 

anionic calixarenes and cucurbiturils can recognise different protein features. For example, 

sulfonato-calix[n]arenes (sclxn, n = 4, 6, 8) tend to bind arginine and/or lysine residues,74, 105, 

107 while protein recognition by cucurbit[n]urils (Qn, n = 7, 8) involves mainly N-terminal 

aromatic residues112-115, 117-123 or dimethylated lysines.60, 67, 68 Here, we characterized protein 

complexation by cucurbit[6]uril (Q6), a macrocyclic host that is underutilised in 

biosupramolecular chemistry. 

The scope of biomolecular Qn recognition is growing. The pioneering work on Q7/Q8 

recognition of N-terminal aromatic residues demonstrated the importance of ion-dipole 

bonds between the alpha mand the portal carbonyls, in tandem with aromatic side chain 

inclusion in the cavity.112-114 These discoveries paved the way for transferrable and 

predictable recognition of proteins by cucurbiturils. Complexation occurs for proteins bearing 

native N-terminal aromatics,114, 119 while engineering high-affinity aromatic tags (Phe-Gly-Gly) 

allows for recognition of any protein target.117, 118, 122, 123 Despite the poor water solubility of 

cucurbituril, Qn-protein complexation has found applications in enzyme regulation,115, 118, 123 

protein immobilization,117 purification,119 assembly60, 67, 68, 118, 121-123, 298 and modification.139 

Exciting new epitopes for Qn recognition are being explored also. For example, the ability of 

Q8 to accommodate two guests simultaneously has been exploited for highly-specific dual-

inclusion of side chains, facilitating tight binding without the need for aromatics.124, 125 

 

 

Figure 1. Q6 affinity for alkylamines140 suggests the possibility of lysine or N-terminal 

recognition in proteins. 
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Compared to the larger members of the Qn series, there have been few studies of Q6-

protein complexation. While Q7 and Q8 have high binding affinities towards aromatic amines, 

the smaller portals and cavity of Q6 result in tight complexes with aliphatic amines. Q6 affinity 

for alkyl amines increases with the number of methylene groups (m) available to thread the 

cavity (Figure 1).140 With optimum binding of alkyl monoamines at m = 4, it has been 

suggested that Q6 could bind lysine side chains of proteins.113, 140, 144 As the only other residue 

with an unbranched alkyl chain, methionine encapsulation by Q6 may also be relevant, as 

suggested by small molecule crystal structures299, 300 and fluorescent indicator displacement 

assays.301 Co-crystals of Q6 with other amino acids (e.g. Val, Ser, Gln, Cys, Trp) show exclusion 

complexes and suggest weak binding.299, 300, 302-304 Favourable interactions between the Q6 

carbonyl rims and ammonium groups are apparent in these structures. Therefore, Q6 may be 

suited to N-terminal binding, similar to the activity of Q7 and Q8.114, 115, 117-125 Kim and co-

workers addressed protein-Q6 complexation by mass spectrometric analysis of denatured 

and fragmented forms of human ubiquitin (HUb) in the presence of Q6.141, 142 This work 

suggested that Q6 bound to specific HUb lysines and induced conformational changes. Mass 

spectrometry experiments have also indicated Q6 complexation with lysines of insulin, 

lysozyme, human islet amyloid polypeptide, and amyloid-β peptides.143  

To learn more about protein-Q6 recognition, we used NMR spectroscopy to 

investigate solution-state binding of Q6 with four proteins (Table 1): HUb,74, 141, 142 Ralstonia 

solanacearum lectin (RSL),44, 59 yeast cytochrome c (cytc)105, 110 and the ubiquitin-like small 

archaeal modifier protein 2 (SAMP2).305, 306 HUb was selected following the lead of Kim, and 

afforded a comparison of protein-Q6 binding in solution and the gas phase. The trimeric β-

propeller RSL was chosen as the dimethylated form (RSL*), but not the native protein, binds 

Q7 specifically at Lys34*.60 Given its affinity for Lys144 we wondered if Q6 might be a suitable 

receptor for native RSL. Cytc was selected as a target due to its abundance of lysine side 

chains.105, 110 SAMP2 was selected for comparison with HUb, as it is structurally similar but 

contains a dynamic N-terminus.305, 306 
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Table 1. Protein targets for Q6 complexation. 
Protein MWt 

(kDa) 

pIa Lys 

Contentb 

N-terminus 

HUb 8.6 6.6 7/76 MQI 

RSL 29.2 6.5 9/270 SSV 

cytc 12.8 9.5 16/108 AEF 

SAMP2 7.7 5.4 8/69 MKM 

MK-RSL 29.7 7.8 12/273 MKS 

RSL-GMKG 29.6 6.5 9/273 SSV 

aCalculated in Protparam253 
bNumber of lysines / total residue count 

 

Chemical shift perturbations (CSPs) in 1H-15N HSQC spectra11, 60, 67, 74, 105, 107, 110, 145 were 

used to define the protein-Q6 interaction sites. The effect of salt on protein-Q6 complexation 

was explored. We report evidence for Q6 complexation of lysine and dimethyllysine in 

RSL/RSL*. Of potentially more significance, low- and high-affinity N-terminal complexation 

was observed for RSL and SAMP2, respectively. Installation of the SAMP2 N-terminal Met-Lys 

motif in an RSL mutant (MK-RSL) resulted in tight Q6 binding. And building on the recently 

described affinity of Q8 for Met-terminated peptides,124 we present evidence for Q8 binding 

to the N-terminal Met-Lys motif.   

 

Materials & Methods 

 

Materials. Q6 was purchased from SIGMA. 15N-labelled HUb was purchased from ASLA 

biotech. 

 

Protein production. 15N- and 15N-lysine-labelled protein samples were produced in E. coli BL21 

transformed with the pET25rsl,44 pBTR1,105 and pJAM2356306 plasmids for RSL, cytc, and 

SAMP2 respectively. Modified pET25rsl vectors encoding MK-RSL and RSL-GMKG were 

produced by Genscript. RSL and variants were purified by mannose-affinity chromatography.44 

While RSL is soluble to 10 mM in pure water, MK-RSL yielded turbid samples at 0.5 mM that 

were resolved by the addition of 50 mM NaCl. Cytc105 and SAMP2306 were purified as 

described. Mass analysis of MK-RSL and RSL-GMKG was performed with an Agilent 6460 Triple 
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Quadrupole LC/MS (Chapter 1). Protein concentrations were determined 

spectrophotometrically with ε280 = 44.5 mM-1cm-1 (RSL), ε280 = 5.5 mM-1cm-1 (SAMP2) and ε550 

= 27.5 mM-1cm-1 (cytc). 

 

NMR Spectroscopy. HSQC-monitored titrations require the addition of microlitre volumes of 

millimolar ligand stocks to the protein sample. Such stoichiometrically-defined titrations are 

not feasible with Q6 on account of its poor solubility. Therefore, similar to the methodology 

employed by Choi et al.,143 protein samples were combined with 1-2 mg of Q6 to yield a 

saturated solution. Prior to NMR analysis, excess Q6 was removed by centrifugation (Figure 

2). Unless otherwise indicated, all proteins were studied in 20 mM potassium phosphate (KPi) 

+/- 50 mM NaCl at pH 6.0. 2D 1H-15N HSQC watergate spectra were acquired at 30° C with 4 or 

8 scans and 64 increments on a Varian 600 MHz spectrometer with a HCN cold probe. Data 

processing and analysis were performed in NMRpipe and CCPN, respectively.265, 266 Significant 

CSPs were defined as 1H ≥0.02 ppm and/or 15N ≥0.2 ppm. 1H NMR analysis of the commercial 

Q6 revealed the presence of ~10 % Q8 (Figure 3). Control experiments were performed with 

Q8 provided by the Scherman laboratory.120 

 

 

Figure 2. Preparation of protein-Q6 samples. Dilution of the protein-Q6 solution was achieved 

by combining saturated samples with pure protein samples at the same concentration.  
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Figure 3. (A) 1H NMR spectra of Q6, Q7, and Q8 in 0.1 M HCl. (B) Integration of the doublets 

at 1.1-1.2 ppm suggests that the Q6 sample contains ~10 % Q8. 

 

HADDOCK docking. Q6 coordinates from the Cambridge Crystallographic Data Centre (CCDC 

167485) were used for docking to RSL (PDB 2bs5) or HUb (1ubq) in HADDOCK.307 SAMP2 was 

not studied, as a suitable crystal structure is not available. Active residues were defined based 

on CSPs. Passive residues were automatically defined.307 Docking parameters were default 

settings with the clustering RMSD cutoff set to 2.0 Å. Of the 1000 complexes generated during 

rigid docking calculations, 200 structures were selected for the semi-flexible simulated 

annealing in torsion angle space, followed by solvent refinement.25 

 

Co-crystallization trials. Co-crystallizations trials of Q6 and RSL, SAMP2 or MK-RSL were 

carried out using saturated protein-ligand mixtures. Co-crystallization was tested at 20° C 

using a commercial screen (JCSG++ HTS, Jena Bioscience) in 96 well plates and applied with 

an Oryx 8 robot (Douglas Instruments). Hanging drop experiments were performed in 24 well 

Greiner plates.  
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Results & Discussion  

 

Protein-Q6 co-crystallization. Co-crystallizations trials of Q6 and RSL, SAMP2 or MK-RSL were 

carried out using saturated protein-ligand mixtures and a sparse matrix screen. Showers of 

crystals occurred in numerous conditions but X-ray analysis proved the crystals to be Q6 in 

the absence of any protein. The crystallization propensity of Q6 necessitated the use of NMR 

spectroscopy to characterize protein interactions. 

 

NMR of HUb and Q6. Significant CSPs were observed only for Lys29 and proximal residues 

(Figure 4A). Surprisingly, the more sterically accessible lysines (6, 11, 33, 48, 63, Figure 5) were 

unaffected, suggesting that they do not complex Q6 in solution. Similarly, the N-terminal 

residues Q2, F4, and V5 were unaffected by Q6 (Figure 4A), suggesting no interaction of Q6 

with the buried N-terminal Met1. HADDOCK307 docking simulations suggest that Q6 binding 

at the Lys29 site is aided by hydrogen-bonding between polar residues and the Q6 rim (Figure 

6 and Table 2). Asn25 and Asp32 point towards the carbonyl rim while the Lys29 ammonium 

group points into the cavity. Similar rim interactions with acidic and amide side chains have 

been observed in crystal structures of protein-Q7114 or -Q8121 complexes. While Lys29 is not 

the most solvent accessible lysine in HUb, its proximity to the exposed methyl of Ala28 may 

favour Q6 binding on account of hydrophobic interactions. Lys27 is almost completely buried 

and unavailable to bind Q6 (Figure S4). The other 4 lysines of HUb are flanked by hydrophilic 

side chains (Table 3) that potentially impede Q6 binding via steric effects.  
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Figure 4. (A) Regions from overlaid 1H-15N HSQC spectra of HUb in the absence (black 

contours) and presence of Q6 (blue contours). (B) Chemical shift perturbation map for HUb 

(PDB 1ubq) in the presence of Q6. Resonances with significant perturbations are highlighted 

blue. 

 

Interestingly, HUb lysines previously characterised as Q6 binding sites (lysines 6, 11, 

48 and 63)141, 142 via mass spectrometry were unaffected in the NMR experiments. This 

difference is likely a consequence of the gas phase unfolded state of HUb. The interactions of 

HUb with anionic supramolecular receptors were markedly less specific than Q6.74 With a 

similar cavity size to Q6, sclx4 bound at least four sites including lysines 6, 11, 29, and 48. The 

planar pyrene-tetrasulfonic acid and meso-tetrakis (4-sulfonatophenyl)-porphyrin also 

interacted with numerous lysines, but not with Lys29.  



 95 

 

Figure 5. (A-C) Accessible surface areas (ASA) for lysines of HUb, cytc, and RSL obtained from 

high-resolution crystal structures. The PDB entries analysed included 1ubq, 1ogw, 3nhe, 

3ns8, 4xof (HUb), 1ycc, 3cx5, 4n0k, 5cic, 5t8w (cytc), and 2bs5, 2bs6, 2bt9, 3zi8, 4i6s (RSL). 

Data from entries 1ubq, 1ycc, and 2bs5 are shown as black circles. (D) Average ASAs of 

lysines in the three proteins derived from data in A-C. Lys residue number indicated atop 

data bars. SAMP2 is not included as the available data are limited by the flexibility / disorder 

of this protein (PDBs 5lda and 1sf0). 
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Figure 6.  HUb-Q6 model from top-scoring cluster in HADDOCK.307  

 

Table 2. Statistics for HUb-Q6 clusters determined in HADDOCK.307 

 Cluster 1 Cluster 2 

HADDOCK score -36.0 ± 0.3 -33.1 ± 0.7 
Cluster sizea 66 134 
RMSD (Å)b 0.1 ± 0.1 0.5 ± 0.0 
vdW energy (kcal/mol) -24.3 ± 0.3 -22.5 ± 0.2 
Electrostatic energy (kcal/mol) -194.4 ± 2.0 -182.1 ± 2.7 
Desolvation energy (kcal/mol) 7.7 ± 0.2 7.6 ± 0.3 
Restraints violation energy (kcal/mol) 0.0 ± 0.0 0.0 ± 0.0 
Buried surface area (Å2) 572.7 ± 7.9 565.5 ± 7.7 

aHADDOCK clustered 200 structures in 2 clusters only. 
bFrom the overall lowest-energy structure. 
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Table 3. X-K-X motifs in HUb, RSL, cytc, and SAMP2.* 

Protein Lys X1-K-X2 
HUb 6 V-K-T 
 11 G-K-T 
 27 V-K-A 
 29 A-K-I 
 33 D-K-E 
 48 G-K-Q 
 63 Q-K-E 
RSL 25 G-K-I 
 34 G-K-G 
 83 T-K-G 
cytc -2 F-K-A 
 4 A-K-K 
 5 K-K-G 
 11 F-K-T 
 22 E-K-G 
 27 H-K-V 
 54 I-K-K 
 55 K-K-E 
 72 P-K-K 
 73 K-K-Y 
 79 T-K-M 
 86 L-K-K 
 87 K-K-E 
 89 E-K-D 
 99 L-K-K 
 100 K-K-A 
SAMP2a 2 M-K-M 
 5 I-K-V 
 7 V-K-V 
 15 E-K-E 
 24 M-K-V 
 42 A-K-V 
 46 G-K-V 
 55 V-K-D 

*Q6 binding sites are in bold. Buried hydrophobic residues are highlighted grey.  

aThe N-terminus of SAMP2 (residues 1-5) is disordered. Q6 complexation may occur at Met1 

or Lys2. 
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NMR of RSL and Q6. Widespread CSPs occurred in the 1H-15N HSQC spectrum of RSL with Q6 

in KPi buffer (Figures 7A). Interestingly, there were no CSPs for the same sample plus 50 mM 

NaCl. Conversely, the magnitude of the perturbations increased by 2-fold in pure water. HUb-

Q6 binding was similarly affected by the inclusion of 50 mM NaCl. RSL-Q6 interactions were 

sensitive to the presence of both KPi and NaCl, presumably due to cation capping of Q6 portals 

by K+ or Na+.308 Experiments in water with 50 mM sulfate salts resulted in obstruction of Q6 

binding by Na+, but not by Li+ or Mg2+. Titration of RSL with Q6 was possible by working in 

Li2SO4 solutions (Figure 8). Danylyuk et al. made similar observations during co-crystallization 

of Q6 with tryptophan or tryptamine, obtaining co-crystals only in the presence of MgCl2. 

Crystals grown from conditions containing NaCl, KCl, or CaCl2 lacked the low affinity guests 

and consisted of typical linear assemblies of Q6 in which both portals were capped by cations. 

A Q6-magnesium structure has only one portal coordinated by the divalent cation.304 While 

Q6-sodium co-crystal structures have two hydrated Na+ ions per Q6 portal,308 Q6-lithium 

structures have just one hydrated Li+ coordinated to each carbonyl rim.309 These differences 

in rim coordination can be explained in terms of desolvation. The higher charge-to-radius 

ratios of Li+ and Mg2+ results in stronger hydration compared to Na+, K+, and Ca2+. The latter 

are more easily desolvated, enabling coordination of the Q6 rims and competition for protein 

binding.  
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Figure 7. (A) Region of overlaid 1H-15N HSQC spectra of RSL in the absence (black contours) 

and presence of Q6 (blue contours). (B) CSP map for RSL (PDB 2bs5) in the presence of Q6. 

Resonances with significant perturbations are highlighted blue. 

 

 

Figure 8. (A) Solubilization of Q6 to 1 mM in 0.2 M Li2SO4. (B) Regions of overlaid 1H-15N HSQC 

spectra of RSL in the absence (black contours) and presence of Q6 (blue contours) in water. 

The effect of different cations on RSL-Q6 binding was tested via addition of 50 mM sulfate 

salts. (C) The same spectral regions during titration of Q6 into RSL in 50 mM Li2SO4.  



 100 

CSP maps indicated two distinct Q6 interaction sites on the RSL surface (Figure 4B). The 

smaller site comprised Lys34 and Asp32. Situated on a flexible loop and flanked either side by 

glycines, Lys34 is the most sterically-accessible lysine of RSL (Figure 5) and is the sole site of 

Q7-Lys* complexation.60 As was the case for RSL*-Q7, lysines 25 and 83 did not interact with 

Q6. Unexpectedly, a large interaction site was observed on the opposite face of the protein 

comprising the N-terminus and proximal residues. The N-termini of RSL are equidistant from 

each other on a C3 symmetry plane. 

Residues 1-5 constitute the opening of the central channel, inherent to β-propellers.44 

Inspection of RSL suggests a docking arrangement of Q6 sitting in the channel with one N-

terminus per two glycoluril groups, to enable symmetry-matching between C3 RSL and C6 Q6. 

Another scenario involves one Q6 bound to each of the three N-termini. However, lacking an 

alkyl chain for threading the cavity, Ser1 is not an ideal guest for Q6 and a weak exclusion 

complex would likely be formed, as suggested by Ser-Q6 crystal structures.299, 300 An exclusion 

complex of Q7 and the N-terminal dimethylserine occurred in an RSL*-Q7 co-crystal.60 CSP-

informed docking simulations in HADDOCK yielded models of the RSL-Q6 complex in which 

the macrocycle sits side-on in the channel opening, with hydrogen bonding to the ammonium 

group of Ser1 (Figure S9 & Table 4). Hydroxyls and amides of nearby side chains provide 

further favourable interactions with the polar rims of Q6. The models suggest cradling of Q6 

upon a platform of Gln4 and Asn47 side chains held together by hydrogen bonding. 
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Figure S9. (A) RSL-Q6 model from the top-scoring cluster in HADDOCK.307 RSL is a grey surface 

with NMR-derived binding map in blue. Q6 is shown as spheres. (B) Detail of the Q6 

interaction with the N-terminal region of RSL. Q6 and interacting side chains shown as sticks. 

(C) Same view with Q6 omitted. 

 

Table 4. Statistics for the top two RSL-Q6 clusters determined in HADDOCK.307 

 Cluster 1 Cluster 2 

HADDOCK score -42.8 ± 0.5 -40.7 ± 1.1 

Cluster sizea 21 4 

RMSD (Å)b  0.1 ± 0.1 0.2 ± 0.0 

vdW energy (kcal/mol) -29.9 ± 0.9 -28.1 ± 0.6 

Electrostatic energy (kcal/mol) -143.9 ± 9.7 -133.6 ± 6.5 

Desolvation energy (kcal/mol) 1.3 ± 0.4 0.6 ± 0.7 

Restraints violation energy (kcal/mol) 2.0 ± 0.1 2.2 ± 0.2 

Buried surface area (Å2) 806.1 ± 7.9 805.1 ± 7.3 

Z-scored -2.0 -0.8 
aHADDOCK generated 186 models in 16 clusters, accounting for 93 % of the water-refined 
models. 
bFrom the overall lowest-energy structure. 
dIndication of how many standard deviations from the average the cluster is located in 
terms of HADDOCK score. 
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Interestingly, dimethylated RSL* also bound to Q6 at the Lys34* site (Figure S9). NMR 

binding experiments of Q6 and the amino acids LysMen (n = 0-3) showed inclusion of LysMe, 

LysMe2, and LysMe3 guests with fast exchange behaviour, while a slow exchange complex was 

formed with unmodified Lys.144 Apparently in the setting of a protein, Q6 binds accessible 

lysines and dimethyllysines with similar affinity. In contrast, N-terminal complexation by Q6 

was altered in RSL*. The magnitudes of CSPs for the N-terminal reporter V3 and proximal 

residues were ~3-fold less for RSL*, suggesting that dimethylation reduced Q6 binding affinity 

(Figure S10). The Q6-Ser1 interaction is likely to be weakened by dimethylation.144 

Dimethylation of Ser1 could also impact the fit of Q6 into the channel via steric hindrance 

caused by the introduction of six methyl groups. 

 

 

Figure 10. Regions of overlaid 1H-15N HSQC spectra of (A) native and (B) dimethylated RSL in 

the absence (black contours) and presence of Q6 (blue contours) in water. 

 

NMR of cytc and Q6. With the highest lysine content of the proteins in this study (Table 1), 

cytc might be expected to have several Q6 binding sites.105, 110 However, negligible chemical 

shift perturbations occurred in cytc samples saturated with Q6 (Figure 11). In comparison, 

anionic calix[4]arene species bind cytc at several lysine residues with millimolar affinity. 105, 

110 Apparently an abundance of lysines is not conducive to Q6 binding. Possibly none of the 

16 lysines of cytc are sufficiently accessible for Q6 binding. No lysine in cytc has an accessible 
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surface area matching that of the highly-accessible Lys34 in RSL. However, a number of the 

cytc lysines are more accessible than Lys29 of HUb (Figure 5). Of the 16 lysines in cytc, 10 

occur as lysine pairs (4/5, 54/55, 72/73, 86/87, and 99/100). Possibly two adjacent 

aminobutane groups are deleterious to Q6 binding due to steric effects. In the same vein, all 

cytc lysines neighbour at least one exposed bulky residue (Table 3) which may impede Q6 

threading. Neither was the N-terminus of cytc affected by the presence of Q6. This region is 

prone to disorder but the Ala-Glu motif does not have affinity for Q6, consistent with the lack 

of an alkyl chain for threading the cucurbituril cavity. 

The effects of salt on RSL-Q6 complexation prompted us to assess whether weak cytc-

Q6 interactions might be inhibited by the presence of K+ ions. Saturation of cytc in pure water 

with Q6 elicited significant CSPs. However, the cytc spectrum is sensitive to changes in ionic 

strength, 105, 110 and CSPs resulting from the addition of 20 mM KPi matched those induced by 

the presence of Q6. Therefore, we concluded that these CSPs were caused by residual salts 

in the Q6 sample and not by cytc-Q6 interactions. In comparison, HUb and RSL are robust 

NMR model proteins, which are insensitive to minor changes in ionic strength. 
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Figure 11. (A) Overlaid 1H-15N HSQC spectra of oxidized cytc in the absence (black contours) 

and presence of Q6 (blue contours) in 20 mM potassium phosphate pH 6.0. (B) Q6-induced 

chemical shift perturbation plot of cytc backbone amides.  
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NMR of SAMP2 and Q6. Experiments with RSL indicated that N-terminal Q6 complexation is 

possible. However, an N-terminal Ser1 does not enable tight binding. N-terminal methionines, 

as found in HUb and SAMP2, are potential binding sites for Q6.144, 299-301 In the case of HUb, 

Met1 is buried in a hydrophobic pocket (Figure 12) and the NMR experiments did not provide 

any evidence of N-terminal Q6 complexation (Figure 4A). The N-terminus of SAMP2 is highly 

dynamic.305 A crystal structure of the SAMP2-JAMM complex lacked electron density for 

residues 1-5 of SAMP2 and attempts to crystallize SAMP2 alone have failed.306 The N-terminus 

of RSL is also flexible, with crystal structures often lacking electron density for the first two 

residues.44 Therefore, SAMP2 made for an interesting comparison with HUb, allowing to 

investigate the role of flexibility in N-terminal Q6 complexation. Note that the test proteins 

HUb, SAMP2306 and MK-RSL (Chapter 1), although produced in E. coli, contain standard N-

terminal methionine not formyl-methionine. 
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Figure 12. (A) Alignment of HUb models from eight high-resolution crystal structures. Met1 

is shown as sticks. (B) The Met1 side chain points into the hydrophobic core, and the 

alpha ammonium is flanked by the carboxylates of Glu16 and Glu18. 

 

Like HUb, SAMP2 gives excellent 1H-15N HSQC spectra with sharp, well-resolved 

peaks305 amenable to investigations of protein-ligand complexation via CSP monitoring 

(Figures 13). Selective labelling with 15N lysine aided elucidation of all eight lysine cross-peaks 

(Figure 13A). This strategy was particularly useful in the case of Lys2 which is a broad 

resonance due to its location in the dynamic N-terminus.305, 306  Addition of Q6 to SAMP2 in 
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20 mM KPi, 50 mM NaCl pH 6.0 resulted in a dramatic upfield shift of the Lys2 resonance in 

both the 1H and 15N dimensions, along with pronounced sharpening of the peak with 1HN line-

widths of 29.8 and 16.5 Hz for the free and Q6-bound forms, respectively. These data suggest 

that Q6 binds to the N-terminus, possibly inducing a conformation change. Experiments with 

uniformly 15N-labelled protein suggested a well-defined binding site around the N-terminus 

(Figures 13). The resonances of Lys5, Lys 7, and Lys 15, located close to the N-terminus, had 

minor CSPs while the resonances of adjacent residues Val6, Glu14, and Glu16 were 

significantly affected. As in the cases of HUb and cytc, all SAMP2 lysines neighbour at least 

one bulky residue (Table 3), which may impede Q6 docking. Lys2 is unique in its position on a 

highly-flexible N-terminus. Interestingly, the Met-Lys motif occurs also internal to the SAMP2 

polypeptide at residues 23 and 24 (Table 3). There was no evidence for Q6 binding at this site 

(vide infra). 

The prevalence of the SAMP2-Q6 interaction in the presence of 50 mM NaCl indicated 

it to be stronger than the Q6 interactions at the N-terminus and Lys34 sites of RSL. This 

observation was tested by 4-fold dilution of the saturated SAMP2-Q6 samples with pure 

protein (Figure 13C). The resulting HSQC spectrum had resonances for both free and Q6-

bound protein. While the SAMP2 concentration (0.1 mM) was the same in the different 

samples, the intensity of the Q6-perturbed resonances was noticeably reduced due to the 

presence of both free and bound protein (Figure 13C). These data indicate that the SAMP2-

Q6 complex is in slow exchange, suggesting a dissociation constant of circa 5 μM.145  
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Figure 13. Regions from overlaid 1H-15N HSQC spectra of (A) 15N-lysine-labelled SAMP2 or (B) 

uniformly 15N-labelled SAMP2 in the absence (black contours) or presence of Q6 (blue 

contours). (C) The same spectral regions after 2:1 dilution with pure SAMP2. Dashed lines 

connect resonances that split due to slow exchange. (D) Chemical shift perturbation map for 

SAMP2 (phyre2310 model based on NMR structure, PDB 1sf0) in the presence of Q6. 

Resonances with significant perturbations are highlighted blue.  

 

NMR of MK-RSL and Q6. The N-terminal Met-Lys motif of SAMP2 was installed in RSL to test 

whether the tight Q6 binding could be transferred to another system. The mutant MK-RSL 

includes the Met-Lys motif instead of Ser1 (Table 1). The 1H-15N HSQC spectrum of MK-RSL 

was assigned by comparison with that of wild type RSL (Figure 14). A new signal was observed 
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close to where the Ser2 and Thr20 resonances overlap in the wild type RSL spectrum. This 

resonance was assigned to either Ser2 or Lys1 of MK-RSL and served as a reporter for Q6 

binding to the N-terminal Met-Lys motif.  

 

 

Figure 14. Overlaid 1H-15N HSQC spectra of RSL and MK-RSL in 20 mM KPi, 50 mM NaCl pH 

6.0. The new resonance in MK-RSL is labelled X. 

 

Addition of Q6 to samples of MK-RSL resulted in a significant CSP for this reporter 

resonance, along with other resonances proximal to the N-terminus (Figure 15A). In line with 

the SAMP2-Q6 experiments, a Q6 saturated sample of MK-RSL was diluted 4-fold with pure 

protein. The resulting spectrum had resonances for both free and Q6-bound protein. This 

result was most apparent for the reporter resonance due to its substantial Q6-induced CSP 

(Figure 15B). The resonances of V3, N47, and N47sc, were broad suggesting intermediate-

slow exchange between free and bound forms.145 The apparently weaker Q6 binding 

compared to SAMP2 may be a consequence of steric hindrance between the three proximal 
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N-termini of MK-RSL. Importantly, the Q6 complex with MK-RSL is more stable than with RSL, 

which could be dissociated by the addition of salt (Figure 8).  

 

 

Figure 15. (A) Region from overlaid 1H-15N HSQC spectra of MK-RSL in the absence (black 

contours) and presence of Q6 (blue contours). (B) The same spectral region after 2:1 dilution 

with pure MK-RSL. The ‘reporter’ resonance, labelled X, is split due to slow exchange.  

 

NMR of RSL-GMKG and Q6. RSL-GMKG is an insertion mutant, with a Met residue between 

Gly33 and Lys34 in the solvent exposed, flexible loop (residues 31-36) that binds Q6 (Figure 

7) or Q7.60, 67 RSL-GMKG was used to evaluate the contribution to Q6 complexation of the N-

terminal versus intrapeptide location of the Met-Lys motif. The 1H-15N HSQC spectrum of RSL-

GMKG was assigned by comparison with wild type RSL (Figure 16).  
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Figure 16. Overlaid 1H-15N HSQC spectra of RSL and RSL-GMKG in 20 mM KPi, 50 mM NaCl pH 

6.0. ‘New’ resonances belonging to residues of the augmented loop region are highlighted 

with dashed line boxes. . 

 

Resonances assigned to residues at the modified loop underwent significant CSPs. 

Two new cross-peaks in the glycine region of the spectrum correspond to Gly33 and Gly35, 

which are undetectable in wild type RSL.59 The addition of Q6 to RSL-GMKG yielded CSPs only 

for the N-terminal binding site (Figure 17). Resonances for the GMKG loop were unaffected, 

indicating that the N-terminal location of the Met-Lys motif is paramount to complexation. 

These data corroborate the lack of binding at the internal Met-Lys motif in SAMP2 (Figure 

13A). The presence of the bulky Met side chain in RSL-GMKG appears to inhibit the weak Q6-

Lys34 interaction observed with wild type RSL.  
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Figure 17. Overlaid 1H-15N HSQC spectra of RSL-GMKG in the absence (black contours) and 

presence of Q6 (blue contours) in 20 mM potassium phosphate, 50 mM NaCl, pH 6.0. 

 

Protein-Q8 NMR Experiments. Q8 complexation of RSL or MK-RSL was tested by the sample 

saturation strategy. The RSL spectrum was unaffected by Q8 suggesting no interaction 

(Figures 18A). Therefore, Q6 is the only member of the Qn family capable of complexation 

with RSL in its native state. However, Q8 yielded CSPs in the spectrum of MK-RSL (Figure 18B). 

But the effects were different to those observed with Q6. While N-terminal residues Val3, 

Gln4, Thr5 and the reporter resonance were significantly perturbed, the direction and 

magnitude of the CSPs were unlike those observed with Q6. Also, these were the only 

resonances affected by Q8, while Q6-induced CSPs occurred for resonances adjacent to the 

N-terminus. Taken together, these observations indicate specific Q8 interactions with the N-

terminal Met-Lys motif, consistent with recent work on dual-incorporation of N-terminal Met 

and neighbouring side chains in peptides.124 In contrast, Q6 binds to the Met-Lys motif and to 

neighbouring residues.  
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Figure 18. Regions from overlaid 1H-15N HSQC spectra of (A) RSL and (B) MK-RSL in the 

absence (black contours) and presence of Q8 (green contours). The MK-RSL ‘reporter’ 

resonance is labelled X.  
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Conclusions 

With this work, we continue our exploration of host-guest chemistry at protein surfaces. NMR 

experiments with RSL and HUb showed Q6 to interact albeit weakly with specific Lys residues. 

Surprisingly, Q6 had no appreciable affinity towards cytc, a Lys-rich protein, further 

suggesting Q6 as a selective host. This selectivity may be based on a combination of residue 

accessibility and flexibility with tightest binding observed at dynamic N-terminal regions as in 

SAMP2. While dimethylation is required for Q7 binding to Lys34* of RSL*,60, 67, 68 Q6 interacted 

with this residue in either the native or dimethylated form.144 In contrast, Q6 complexation 

of the RSL N-terminus appeared sensitive to dimethylation (Figure 10). These observations 

suggest that sensors based on Q6/Q7 could distinguish proteins before and after 

methylation.311 Our investigation and others304 of the impact of different cations on weak 

protein-Q6 complexation may inform future Q6 binding studies in aqueous solution. 

The tight Q6 binding to SAMP2 is a new development in the field of Qn-protein 

recognition. The N-terminal Met-Lys motif is a hotspot that can be installed in other protein 

targets to facilitate Q6 complexation, as exemplified by MK-RSL. Modification of the RSL N-

terminus to include the Met-Lys motif converted a weak Q6 binding site, susceptible to 

inhibition by cations (Figure 8), to a more stable complex (Figure 15). Such transferability is 

reminiscent of the N-terminal aromatic motifs that facilitate Q7/Q8 complexation of different 

proteins.114, 115, 117-123 Experiments with the RSL-GMKG loop mutant indicate that the position 

of the Met-Lys motif at the N-terminus is essential for Q6 complexation. 

It remains unclear whether the Q6 interaction with the N-terminal Met-Lys motif 

involves encapsulation of the Met1 or Lys2 side chain. The affinity of Q6 towards the amino 

acid lysine is 1400 ± 300 dm3mol−1,144 and a small molecule crystal structure demonstrates 

threading of Q6 by 6-aminohexanoic acid.299 In crystal structures with methionine, the Q6 

cavity is plugged by the thioether side chain and the alpha-ammonium group forms ion-dipole 

bonds with the carbonyl rim.299, 300 The potential for rim interactions with both the N-terminal 

and the Lys2 ammonium groups may deem the encapsulation of Met1 over Lys2 more 

favourable. Furthermore, the absence of Q6 binding to the internal Met-Lys motif (in SAMP2 

and RSL-GMKG) suggests that the Met side chain and the alpha-ammonium group dominate 

binding at the N-terminus. Recent work on Q8 recognition of Met-terminated peptides 

revealed Met-Lys as one of a number of epitopes with high-affinity Q8 binding.124 Our 
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preliminary investigation of protein-Q8 binding serves as a proof-of-concept for N-terminal 

Met-X motifs as tags for stable protein-Q8 complexation.   
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Chapter 4 

Facile Fabrication of Protein-Macrocycle Frameworks 

This chapter was published (in part) as: 

Ramberg KO, Engilberge S, Skorek, T, Crowley PB 

Facile Fabrication of Protein-Macrocycle Frameworks 

J. Am. Chem. Soc. 2021, 143, 1896-1907. 
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Abstract 

Precisely defined protein aggregates, as exemplified by crystals, have applications in 

functional materials. Consequently, engineered protein assembly is a rapidly growing field. 

Anionic calix[n]arenes are useful scaffolds that can mould to cationic proteins and induce 

oligomerisation and assembly. Here, we describe protein-calixarene composites obtained via 

co-crystallization of commercially-available sulfonato-calix[8]arene (sclx8) with the symmetric 

and “neutral” protein RSL. Co-crystallization occurred across a wide range of conditions and 

protein charge states, from pH 2.2-9.5, resulting in three crystal forms. Cationization of the 

protein surface at pH ~4 drives calixarene complexation and yielded two types of porous 

frameworks with pore diameters >3 nm. Both types of framework provide evidence of protein 

encapsulation by the calixarene. Calixarene-masked proteins act as nodes within the 

frameworks, displaying octahedral-type coordination in one case. The other framework 

formed millimetre-scale crystals within hours, without the need for precipitants or specialised 

equipment. NMR experiments revealed macrocycle-modulated side chain pKa values, and 

suggested a mechanism for pH-triggered assembly. The same low pH framework was 

generated at high pH with a permanently cationic arginine-enriched RSL variant. Finally, in 

addition to protein framework fabrication, sclx8 enables de novo structure determination. 
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Introduction 

Protein-based materials have great potential to serve society.6, 8, 10, 230With their periodic 

arrangement of functional building blocks, crystals have applications in catalytic devices.8, 10, 

199, 312-314 Porous crystals are of particular interest considering their capacity to capture (store) 

and transform biomolecules.155, 178, 179, 207-209, 212, 312, 314, 315 While great advances have been 

achieved with metal organic frameworks (MOFs)154, 155, 192 and covalent organic frameworks 

(COFs),190, 315 protein-based frameworks have proved more challenging.202, 209, 212, 316, 317 Yet, 

biocompatible and biodegradable frameworks are highly desirable given the demands for 

new therapeutics and biomaterials as well as sustainable manufacturing processes.6 This 

paper describes the facile fabrication of millimetre-scale, high-porosity, solid-state 

composites of precisely arrayed protein and synthetic components. 

Designed protein oligomerisation and protein crystal engineering are progressing 

towards the goal of protein-based devices.118, 121, 178, 179, 182, 184, 188, 202, 209, 212, 219, 316-322 The 

application of Coulombic forces for guided assembly continues to deliver satisfactory results, 

such as, the co-crystallization of binary mixtures of oppositely charged homologs.182, 321, 322 

Multivalent ligands and “molecular glues” offer alternative approaches to controlled 

assembly without the requirement for engineered surface features in the target protein.10, 

118, 121, 188, 318-320 For example, anionic calix[n]arenes that host arginine or lysine side chains94, 

95, 99, 323 can direct the assembly of cationic proteins.101, 103, 104, 107, 109, 188 The commercially-

available sulfonato-calix[8]arene (sclx8), a 1.5 kDa flexible phenolic macrocycle with variable 

cavity dimensions,323 a solvent accessible surface area (ASA) of ~1600 Å2, and a formal net 

charge ranging from -8 to -12,213 shows particular promise.104, 107, 109 We have demonstrated 

auto-regulated oligomerization of the lysine-rich cytochrome c (cytc, pI ~9.5), with 1 eq. sclx8 

forming a tetramer, and 3 eq. yielding a calixarene-coated (encapsulated) protein.104 The 

ligand:protein ratio influences also the formation of cytc-sclx8 crystalline frameworks with 

varying porosities, ranging from 65-85 % solvent content.104, 109 The most porous framework 

is mediated exclusively by protein-calixarene contacts and requires at least 3 eq. sclx8 with 

respect to the cationic protein. Crystal engineering, and the use of effector ligands, has 

provided access to different architectures including a duplicated framework.109 Here, we 

describe the preparation of crystalline frameworks comprising a symmetric “neutral” protein 

and sclx8.  
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The 6-bladed b-propeller Ralstonia solanacearum lectin (RSL, isoelectric point, pI ~6.5) 

was selected as the model protein.44, 57, 59, 67, 324 RSL is a rigid, C3-symmetric spheroid with high 

thermal stability making it an interesting candidate for protein-based frameworks.67, 68 

Trimeric RSL possesses pseudo C6-symmetry due to the ~40 % sequence identity between its 

N- and C-terminal halves. Such high symmetry is advantageous for framework fabrication as 

evidenced with other lectins,162-164, 319, 320 related b-propellers,61, 64 ferritin,182, 184, 202, 316 viral 

capsids,314, 325 and engineered cages.214, 215, 218, 219, 312 sclx8-mediated assembly was tested with 

RSL and several variants including RSLex67 and MK-RSL (each containing one extra lysine), and 

two arginine-enriched mutants, RSL-R6 and RSL-R8. In RSL-R6, the three lysines of native RSL 

are replaced by arginine.324 RSL-R8 includes these mutations as well as two acidic residues 

replaced by arginine. The chemically-modified variants, methylated RSL (RSL*) and acetylated 

RSL (RSL-Ac) were tested also. 

We present three types of RSL-sclx8 frameworks, dependent on the protein charge 

characteristics (pH trigger) and the co-crystallization conditions. Two of the frameworks 

require acidic conditions and are porous with >55 % solvent content and pore diameters >3 

nm. These frameworks are consistent with protein encapsulation156, 157 by calix[8]arene in 

solution,104 and suggest a molecular basis for reentrant condensation.326, 327 The low pH 

framework was recapitulated with the highly cationic RSL-R8 variant. NMR experiments 

provide further evidence of a pH trigger, arising from protonation of acidic side chains in RSL. 

One of the fabrication processes is rapid (hours), yields millimetre-scale crystals and requires 

neither precipitants nor specialized equipment. Thus, we demonstrate the general utility of 

sclx8 for protein framework assembly as well as X-ray structure determination by anomalous 

methods.  

 

Materials & Methods 

 

Materials. Stock solutions of sclx8 (Tokyo Chemical Industry) were prepared in water and pH 

adjusted to 8.0.  

 

Protein production. Unlabelled and 15N-labelled RSL samples were produced in E. coli BL21 

transformed with the pET25rsl plasmid. The modified pET25rsl vectors that encode RSL-R6 and 

RSLex were reported previously.67, 324 The vectors encoding RSL-R8 
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(K25R/K34R/E43R/D46R/K83R) and MK-RSL were produced by Genscript. All proteins, except 

RSL-R8, were purified by mannose-affinity chromatography.44 Attempts to purify RSL-R8 by 

affinity chromatography failed due to co-elution of E. coli proteins, a consequence of arginine 

‘stickiness’.272 Consequently, RSL-R8 was purified on carboxymethyl resin equilibrated with 

0.02 M potassium phosphate, 0.2 M NaCl at pH 6.0 and eluted with the same buffer plus 1 M 

NaCl. Methylation and acetylation of RSL were performed as described.67, 324 Mass analysis of 

RSL-R8 and MK-RSL was performed with an Agilent 6460 Triple Quadrupole LC/MS (Chapter 

1). Protein concentrations were determined spectrophotometrically with ε280 = 44.46 mM-

1cm-1 for the monomer.   

 

Co-crystallization trials. All experiments were performed with D-fructose bound RSL and 

variants. Protein-sclx8 co-crystals were obtained at 20° C by using commercial (JCSG++ HTS, 

Jena Bioscience) or homemade screens, applied with an Oryx 8 robot (Douglas Instruments). 

Generally, the crystals were reproduced manually by hanging-drop vapour diffusion in 24 well 

Greiner plates. Protein concentrations ranged from 0.8-1.8 mM. Crystals were obtained in 

JCSG++ HTS conditions B1 (0.8 M ammonium sulfate and 0.1 M sodium citrate pH 4.0), C11 

(2.0 M ammonium sulfate and 0.1 M sodium acetate pH 4.6), E2 (2.0 M ammonium sulfate, 

0.2 M sodium chloride and 0.1 M MES pH 6.5) and G11 (2.0 M ammonium sulfate and 0.1 M 

BIS-TRIS pH 5.5). Homemade screens included 0.8-2.4 M (NH4)2SO4, 0.1 M buffer and 0 or 0.2 

M NaCl, (Li)2SO4 or MgCl2. The buffers tested (pH values indicated in parentheses, not 

corrected for the presence of salts) were glycine-HCl (2.2), citrate (4.0), acetate (4.6), MES 

(6.8), TRIS-HCl (8.5) or CAPS (9.5). Typically, screens included 0, 1, 2, 4, 8, 16, 32 or 64 mM 

sclx8. In the case of RSL-R8 the Jena screen was tested at 50 and 100 mM sclx8. Crystals were 

obtained also by incubation of protein-ligand mixture in microcentrifuge tubes. In this 

simplified batch crystallization, protein-sclx8 mixtures were prepared in 20 mM acetate or 

phosphate, 50 mM NaCl, pH adjusted to 4.0 and incubated at 4° C. Crystallization drops were 

imaged using an Olympus SZX16 stereomicroscope and Olympus DP25 digital camera.   

 

X-ray data collection, processing and model building. Crystals were cryo-protected in the 

crystallisation solution supplemented with 20-25 % glycerol and cryo-cooled in liquid 

nitrogen. Diffraction data were collected at beamline PROXIMA-2A, SOLEIL synchrotron 

(Saint-Aubin, France) with an Eiger X 9M detector. Data were processed using the autoPROC 
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pipeline.328 Data were integrated in XDS329 and the integrated intensities were scaled and 

merged in AIMLESS330 and POINTLESS331 in CCP4 and assessed for pathologies in 

phenix.Xtriage.332 Structures were solved by molecular replacement in PHASER,333 using the 

RSL monomer (derived from PDB 2BT944) as a search model. For de novo phasing experiments 

data were collected at beamline X06DA, Swiss Light Source (Villigen, Switzerland). To 

maximize anomalous scattering from sulfur atoms, diffraction data were collected at a 

wavelength of 2.07 Å. A single dataset collected at this energy sufficed for de novo structure 

determination.334 Diffraction frames (deposited on Zenodo, DOI: 10.5281/zenodo.3944486) 

were integrated using XDS and scaled with AIMLESS and POINTLESS. Substructure 

determination, phasing and model building were performed in SHELX.335 A second high-

resolution dataset used for refinement was collected on the same crystal at a wavelength of 

0.97 Å and processed using the autoPROC pipeline (Table S3). The coordinates for sclx8 (PDB 

id EVB) and D-fructose (PDB id BDF) were added to each model. Iterative cycles of model 

building in COOT336 and refinement in phenix.refine332 were performed until no further 

improvements in the Rfree or electron density were obtained. All of the structures were 

validated in Molprobity.337 High resolution refined coordinates and structure factors were 

deposited in the Protein Data Bank (Tables 1 and S2-S4). Protein-ligand interface areas were 

calculated in PDBe PISA.223 Crystal porosity was analysed in MAP_CHANNELS.222 The molar 

protein concentration, [P], in each crystal form was calculated by: 

[P] = N / (NA x V x 10-27) 

where, N is the number of molecules of P in the unit cell, NA is Avogadro’s number, and V is 

the unit cell volume (Å3).  

 

NMR characterization. Samples typically comprised 0.1-1.0 mM 15N-labelled protein in 20 

mM phosphate buffer, 50 mM NaCl, 5 mM D-fructose and 10 % D2O. Samples in 20 mM 

acetate buffer (instead of phosphate) were tested also. Ligand titrations were performed with 

μl aliquot additions of 0.1 M sclx8. 2D 1H-15N HSQC watergate spectra were acquired at 30° C 

with 4 or 8 scans and 64 increments on a Varian 600 MHz spectrometer with a HCN cold probe. 

Data processing and analysis were performed in NMRpipe265 and CCPN,266 respectively. 

Binding isotherms were obtained by plotting the chemical shift perturbation (Δδ) as a function 

of the sclx8 concentration. Nonlinear least squares fits to a one-site binding model were 

performed, with Δδ and [sclx8] as the dependent and independent variables, respectively, and 
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the dissociation constant (Kd) and maximum chemical shift change (Δδmax)  as the fit 

parameters. pH titration curves were generated from 1H-15N HSQC spectra of RSL, in the 

presence of 0 or 5 mM sclx8, pH adjusted in increments of 0.2 pH units. The pH was measured 

before and after each HSQC data acquisition. The pH dependence of the chemical shifts was 

analysed using nonlinear least squares fits of the data to the modified Henderson-Hasselbalch 

equation: 

/-./ 	= 	 /0-1 −	
/0-1 − /2"32

1 + 104(67&$68) 

where 34: is the ionization constant, δlow and δhigh are the low and high pH chemical shift 

plateaus, and 5 is the apparent Hill coefficient.338 

 

Empirical pKa calculations. The pKa values of the acidic residues measured by NMR were 

compared with empirical estimates obtained by using PROPKA3.2.339 In this version of the pKa 

predictor the parameter sets account for noncovalent interactions with ligand groups. The 

PROPKA3.2 calculations were performed with the coordinates of the P3 RSL-sclx8 crystal 

structure (PDB 6ZQ5) with and without the sclx8 coordinates included in the model.  
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Results 

 

RSL-sclx8 Co-crystal Forms. Despite its ‘neutral’ character, RSL co-crystallized with the highly 

anionic sclx8 under a broad variety of conditions (Table 1 and Figure 1). Data collection at 

SOLEIL synchrotron revealed three distinct crystal forms with high-quality diffraction 

properties (Tables 1-5). 

 

Table 1. Co-crystallization conditions and structure properties.  

Form Protein eq. 
sclx8 

(NH4)2SO4 

(M) 
Buffer pH 

Additive 
(0.2 M) 

Space 
Group 

a x b x c 
(Å) 

Res 
(Å) 

PDB 
id 

I 

RSL 80 1.6 CAPS 9.5 Li2SO4   1.2 6Z60 
RSL 80 1.6 TRIS-HCl 8.5 Li2SO4   1.3 6Z62 
RSL-R6 50 1.6 TRIS-HCl 8.5 Li2SO4 P213 643 1.1 6Z5Z 
RSL 50 2.4 MES 6.8 -   1.1 6Z5W 
RSL 80 2.0 acetate 4.8 -   1.1 6Z5X 

II 
RSL 50 0.8 citrate 4.0 - I23 1043 

1.3 6Z5G 
RSL 10 0.8 Gly-HCl 2.2 MgCl2 1.6 6Z5M 

III 

RSL 10 - acetate 4.0 - 

P3 

60 x 60 x 64 1.3 6Z5Q 
RSL* 10 - acetate 4.0 - 60 x 60 x 64 1.3 7ALF 
RSLex 15 - acetate 4.0 - 60 x 60 x 64 1.5 7ALG 
RSL-R8 50 1.3 TRIS-HCl 8.5 Li2SO4 603 1.4 6Z5P 
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Figure 1. Representative co-crystals of RSL-Rn and sclx8. Scale bars are 200 μm. See Table 1 

for conditions. 
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Table 2. RSL-sclx8 co-crystal forms and properties.  

Form 
Space 
Group 

RSL:sclx8
a [P] 

(mM)b 
S.C. 
(%)c 

Pore Ø 
(nm)d 

I P213 1:1 76 36 1.7 
II I23 1:2 36 66 4.2 
III P3 1:1 50 59 2.8 

aProtein:ligand ratio per RSL monomer  

bCalculated protein concentration based on unit cell contents. 
cSolvent content estimated from total mass (protein plus sclx8). 
dDiameter of widest pore, calculated in MAP_CHANNELS.65 
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Table 3. X-ray data collection, processing and refinement statistics for the P213 crystal form.  
Data Collection 

Light source SOLEIL, PROXIMA-2A 

Wavelength (Å) 0.98013 

Structure RSL-sclx8  
pH 4.8 

RSL-sclx8  
pH 6.8 

RSL-sclx8  
pH 8.5 

RSL-R6-sclx8 
pH 8.5 

RSL-sclx8  
pH 9.5 

Space group P213 
Cell constants (Å) 64.053 63.833 63.943 63.823 63.873 
Resolution (Å) 45.29-1.14 

(1.15-1.14) 
45.13-1.18 
(1.20-1.18) 

45.21-1.16  
(1.18-1.16) 

45.13-1.12  
(1.14-1.12) 

45.16-1.17  
(1.19-1.17) 

# reflections 1097412 
(18080) 

1042926 
(27517) 

184843 
(47026) 

1225434 
(37714) 

1068446 
(22784) 

# unique reflections 31827 (1364) 28303 (1395) 30746 (1527) 33221 (1632) 29919 (1474) 
Multiplicity 34.5 (13.3) 36.8 (19.7) 38.5 (30.8) 36.9 (23.1) 35.7 (15.5) 
I/σ (I) 25.1 (2.2) 19 (2.3) 25.2 (2.2) 19.3 (2.2) 35.8 (2.4) 
Completeness (%) 98.7 (86.2) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 
Rmeasb (%) 9.6 (127.8) 12.8 (146.5) 7.7 (178.2) 16.8 (223.6) 4.8 (92.5) 
Rpimc (%) 1.6 (33.1) 2.1  (32.8) 1.2 (31.9) 2.7 (46.1) 0.8 (23.2) 
CC1/2 100.0 (60.2) 99.8 (79.4) 99.9 (77.7) 99.8 (77.2) 100.0 (84.7) 
Solvent content (%) 36 36 36 36 36 

Refinement 

Rwork 16.7 16.7 13.4 14.5 12.6 
Rfree 19.1 17.7 15.4 16.8 15.0 
rmsd bonds (Å) 0.004 0.006 0.006 0.007 0.007 
rmsd angles (°) 0.835 0.892 0.991 0.932 0.982 

# molecules in asymmetric unit 

Protein chains 1 1 1 1 1 
sclx8 1 1 1 1 1 
water 119 132 129 142 173 
Ave. B-factor (Å2) 10.67 10.66 13.46 9.08 13.83 
Clashscore 0.68 0.71 3.27 1.32 3.93 

Ramachandran analysis,d % residues in 

favoured regions 97.73 97.67 96.59 97.83 96.59 
allowed regions 2.27 2.33 3.41 2.17 3.41 
PDB code 6Z5X 6Z5W 6Z62 6Z60 6Z6Z 

aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity. 
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Table 4. X-ray data collection, processing and refinement statistics for the I23 crystal form. 
Data Collection 

Light source SOLEIL, PROXIMA-2A SLS, X06DA SLS, X06DA 
Wavelength (Å) 0.98013 0.97625 2.07505 
Structure RSL-sclx8 

pH 2.2 

RSL-sclx8 
pH 4.0 

RSL-sclx8 
pH 4.0 – phasing  

Space group I23 
Cell constants (Å) 103.613 103.803 103.473 
Resolution (Å) 73.26-1.6 (1.63-1.6) 42.37-1.28 (1.3-1.28) 51.73-2.04 (2.07-

2.04) 
# reflections 845994 (16845) 1910389 (88402) 333778 (291) 
# unique reflections 24491 (1173) 48052 (2392) 11307 (238) 
Multiplicity 34.5 (14.4) 39.8 (37.0) 29.5 (1.2) 
I/σ (I) 26.4 (2.3) 29.9 (2.2) 72 (8.9) 
Completeness (%) 99.8 (98.5) 100.0 (100.0) 95.3 (41.7) 
Rmeasb (%) 9.1 (93.1) 8.2 (21.0) 4.6 (8.6) 
Rpimc (%) 1.5 (24.3) 1.8 (34.5) 0.8 (6.0) 
CC1/2 100.0 (85.7) 100.0 (77.4) 100.0 (98.7) 
|DANO|/sd(DANO) - - 2.369 (0.914) 
Solvent content (%) 66 66 66 

Refinement 

Rwork 13.9 15.5 
Rfree 16.1 17.3 
rmsd bonds (Å) 0.007 0.005 
rmsd angles (°) 0.892 0.780 

# molecules in asymmetric unit 

Protein chains 1 1 
sclx8 2 2 
water 349 203 
Ave. B-factor (Å2) 19.76 22.0 
Clashscore 0.61 0.6 

Ramachandran analysis,d % residues in 

favoured regions 95.45 95.45 
allowed regions 4.55 4.55 
PDB code 6Z5G 6Z5M 

aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity. 
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Table 5. X-ray data collection, processing and refinement statistics for the P3 crystal form. 
Data Collection 

Light source SOLEIL, PROXIMA-2A 

Wavelength (Å) 0.98013 

Structure RSL-sclx8  
pH 4.0 

RSL*-sclx8  
pH 4.0 

RSLex-sclx8  
pH 4.0 

RSL-R8-sclx8 
pH 8.5 

Space group P3 

Cell constants (Å) 59.85, 59.85, 
64.63 

59.48, 59.48, 
64.72 

59.68, 59.68, 
64.28 

60.06, 60.06, 
59.60 

Resolution (Å) 51.83-1.29 
(1.32-1.29) 

64.72-1.26 
(1.28-1.26) 

27.29-1.45 
(1.48-1.45) 

59.60-1.42 
(1.44-1.42) 

# reflections 661854 
(30662) 

695123 
(27863) 

463029 
(22001) 

474746 
(24397) 

# unique reflections 64914 (3257) 68362 (3377) 45237 (2252) 45137 (2253) 
Multiplicity 10.2 (9.4) 10.2 (8.3) 10.2 (9.8) 10.5 (10.8) 
I/σ (I) 13.5 (2.3) 16.4 (2.2) 15.7 (2.2) 23.8 (2.1) 
Completeness (%) 100.0 (100.0) 99.0 (97.1) 100.0 (100.0) 99.0 (98.0) 
Rmeasb (%) 7.8 (68.9) 6.1 (73.2) 6.8 (83.5) 4.2 (109.2) 
Rpimc (%) 2.4 (22.2) 2.8 (35.1) 3.0 (37.7) 1.3 (32.9) 
CC1/2 99.9 (95.1) 100.0 (92.4) 100.0 (91.5) 100.0 (82.6) 
Solvent content (%) 59 59 59 59 

Refinement 

Rwork 12.1 14.5 14.5 10.8 

Rfree 15.3 16.2 16.8 14.2 

rmsd bonds (Å) 0.006 0.004 0.005 0.006 

rmsd angles (°) 0.903 0.796 0.758 0.973 

# molecules in asymmetric unit 

Protein chains 2 2 2 2 
sclx8 2 2 2 2 
water 578 369 352 448 

Ave. B-factor (Å2) 24.41 14.19 18.56 21.06 

Clashscore 2.60 1.02 1.70 1.34 

Ramachandran analysis,d % residues in 

favoured regions 96.59 96.59 97.73 97.16 

allowed regions 3.41 3.41 2.27 2.84 

PDB code 6Z5Q 7ALF 7ALG 6Z5P 
aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity. 
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Sitting-drop vapour-diffusion experiments with a commercial screen yielded RSL- sclx8 

co-crystals in 2.0 M ammonium sulfate with different buffers (see Experimental Section). This 

crystal form (I) grew at 40-80 eq. sclx8 over 7-10 days. Homemade screens extended these 

results to 1.6-2.4 M ammonium sulfate and buffers ranging from acetate pH 4.8 to CAPS pH 

9.5 (Table 1). The growth of crystal form I was independent of the pH, occurring in acidic or 

basic conditions where the protein is cationic or anionic, respectively. This observation, 

together with the high ammonium sulfate concentration (Debye screening), suggests that 

attractive charge-charge interactions have a minor contribution to this co-crystallization 

process. While sclx8 is always anionic, RSL is cationic or anionic at low or high pH, respectively. 

Therefore, attractive charge-charge interactions between the protein and calixarene occur 

only at pH ≤5. 

Crystal form I was solved with an asymmetric unit comprising one RSL monomer and 

one sclx8 in the cubic space group P213. An essentially identical structure was obtained with 

RSL-R6. This tightly-packed crystal form with 36 % solvent content (Figure 2 and Table 2) 

involves two protein-protein crystal contacts and five protein-calixarene interfaces. The 

protein-protein interfaces bury 100 or 140 Å2 per molecule, and are typical crystal contacts. 

The protein-sclx8 interfaces bury ~65 % of the calixarene while the remainder is solvent 

exposed. sclx8 adopts a highly-puckered conformation and moulds neatly to one RSL 

monomer (Figures 2B and 3A), burying 585 Å2 and entrapping adjacent residues Val13 and 

Lys34 in niches formed by two and three proximal phenolic units,  respectively. Another 

calixarene cavity interacts exo to RSL and masks several residues, including Asp32 (vide infra) 

and Tyr37, adjacent to the sugar binding site. The other side of the sclx8 forms an interface 

that is ~3-fold smaller (180 Å2) and binds Lys83 and Ala85 of a second RSL monomer. 

Calixarene complexation of two aliphatic side chains (Val13 and Ala85) via CH-π bonds 

suggests that the hydrophobic effect is important to this crystal form that grows in high salt 

conditions.  

While the hydrophobic effect appears to be important in crystal form I, charge-charge 

interactions are likely to be inconsequential. Support for this argument arises from the growth 

of these crystals in both acidic and alkaline conditions (vide supra), and from the disorder at 

the Lys34 site (Figure 3). While the electron density maps clearly indicate an extended 

conformation for Lys83 across the pH range, Lys34 was modelled in two conformations with 

high temperature factors340 (indicative of flexibility/motion) even in the pH 4.8 structure. The 
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encapsulating portion of sclx8 has correspondingly high temperature factors (~30 Å2) 

compared to the rest of the ligand (~10 Å2). At pH ≥ 8.5 the Lys34 side chain is completely 

disordered beyond Cβ and one monomer of sclx8 flicks between two opposing conformations 

(Figure 3B). These results suggest that the Lys34 side chain is deprotonated and does not 

engage sclx8 via the typical salt bridge interactions.101, 103, 104, 107, 109 The replacement of Lys34 

with Arg34 in RSL-R6 yields a better-defined interface (Figure 3A). The high pKa of Arg341 

ensures protonation and salt bridge formation with the sulfonic acids. Presumably, the 

increased bulk of Arg relative to Lys also contributes to stabilize the interface. Another aspect 

of the disorder around sclx8 concerns the N-terminal Ser1. This protonated residue is 

disordered despite its location at ~5 Å from the nearest sulfonic acid, suggesting again that 

charge-charge interactions are minor in crystal form I.  

 

 
Figure 2. (A) Crystal packing in RSL-sclx8 co-crystal forms I (P213), II (I23) and III (P3). Note the 

high porosity of the I23 and P3 forms, with nanometer-scale solvent channels. Proteins shown 

as grey surfaces and sclx8 shown as blue spheres. (B) Details of the principal protein-sclx8-

protein interfaces in each crystal form, with RSL shown as the monomer for clarity. The Val13 

and Lys34 binding patch is common to each crystal form. Pie charts show area proportions of 

sclx8-mediated interfaces (see Table S4). L; ligand, P; protein, S; solvent.  
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Figure 3. (A) Disorder at the Lys34-sclx8 site increases with increasing pH in the P213 form. In 

contrast, Arg34 is fully-defined in the RSL-R6 variant. (B) Electron density in the RSL-sclx8 

crystal structure at pH 8.5 is consistent with alternate conformations for one calixarene 

monomer, highlighted with a dashed box. Alternate conformers 1 and 2 of sclx8 were 

modelled at 55 and 45 % occupancy, respectively. 2Fo-Fc electron density maps (contoured 

at 1.0 σ) are shown as green mesh. Note that Lys34 is disordered at this pH. 

 

The commercial screen also yielded crystals, form II, in 0.8 M ammonium sulfate and 

citrate pH 4.0. In this case, 10 eq. sclx8 was sufficient and the crystals appeared within 4-5 

days (Table 1). Homemade screens including acetate pH 4.0 or glycine-HCl pH 2.2 also yielded 

crystal form II. The requirement for acidic conditions, in which the protein is cationic, suggests 

that attractive charge-charge interactions are important for co-crystallization of form II. The 

structure was solved in the cubic space group I23 with an asymmetric unit that contains two 

molecules of sclx8 per monomer of RSL (Table 2). The unit cell is a remarkable assembly of 

eight RSL trimers connected by sclx8 dimers (Figure 2). Here, sclx8 occurs in the fully-extended, 
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pleated loop conformation (ASA 1600 Å2) that presents four shallow cavities on each face. 

The dimer, composed of two identical sclx8, is a staggered assembly that buries 480 Å2 per 

calixarene and involves multiple CH-π, OH-π, π-π, and anion-π interactions (Figures 4). Two 

of the sulfonic acid substituents are encapsulated in shallow cavities of the partner calixarene. 

This highly anionic species (formal charge exceeding -16) dominates the crystal packing which 

is a porous assembly devoid of any protein-protein crystal contacts (66 % solvent content, 

pore diameter ~4 nm, Table 2). Two distinct patches of RSL bind to either side of the sclx8 

dimer. The larger protein-sclx8 interface (500 Å2) entraps Asn42, Pro44 and Trp74. Each side 

chain makes van der Waals contact with two phenolic rings and one methylene of sclx8. This 

cluster of residues is flanked by Lys25 and Lys83, both of which form salt bridges to the 

calixarene. Glu43 (vide infra) is completely masked by the calixarene and forms hydrogen 

bonds to the lower rim phenols. The smaller protein-sclx8 interface (240 Å2) entraps Val13 

and Lys34, with features similar to the principal interface in crystal form I (P213). In this case, 

the electron density was clear for Lys34 and both the side chain and the calixarene were 

modelled with low temperature factors. Charge interactions appear to be important for 

crystal form II as the calixarene is present as a dimer, all three lysines of RSL participate in 

sclx8 complexation, and the crystals grow only at pH ≤ 4.0.  

Taking advantage of the sulfur content of sclx8, the I23 structure was solved de novo 

by single-wavelength anomalous dispersion (SAD) of sulfur atoms.334 The crystal architecture 

with two sclx8 per RSL monomer, adds 16 sulfur atoms per asymmetric unit in addition to two 

cysteine residues (Figure 4). De novo phasing using the anomalous sulfur signal was 

straightforward and yielded a perfectly-interpretable electron density map suited to 

completely automated model building (Table 4).  These data demonstrate the utility of sclx8 

for framework fabrication as well as crystal structure determination.  
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Figure 4. Fourier maps (green mesh) calculated from sulfur anomalous data and contoured at 

4.0 σ in crystal form II (I23). The RSL monomer is shown as the Cα trace, the sclx8 dimer and 

cysteine side chains are shown as sticks.  

 

Crystal form III was discovered in the course of NMR experiments when overnight 

sample storage at 4° C yielded crystals. Form III also requires acidic conditions, and grows 

rapidly (2-3 hours) in the absence of precipitant. Protein-ligand mixtures in 20 mM phosphate 

or acetate buffer and 50 mM NaCl at pH 4.0, yielded crystals upon incubation at 4° C (Figures 

5-8). At 10 eq. sclx8, co-crystallization is switched on at pH ≤ 4.2 (Figure 5A). Nucleation 

increased with decreasing pH and a fine microcrystalline precipitate formed at pH 3.4 (Figure 

7). This precipitate was redissolved simply by raising the pH or by increasing the sclx8 

concentration (Figure 8), consistent with reentrant condensation.51,52 Compared to crystal 

forms I and II, the growth of form III was more sensitive to the protein:calixarene ratio. At pH 

4.0, 2.5 eq. sclx8 was sufficient for co-crystallization. This form was distinguished also by its 

size, yielding millimetre-scale crystals overnight at low sclx8 concentrations (Figures 1 and 5). 

While the crystal growth was pH sensitive, crystals transferred to buffer at pH 7.4 were stable 

for 2-3 hours. Above pH 7.4, the crystals dissolved within minutes. Considering the low pH 

and low ionic strength, charge-charge interactions dominate crystal form III, which was 
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reproduced with RSL variants (RSL* and RSLex) under identical conditions, and with the 

highly-cationic RSL-R8 at pH 8.5 in ammonium sulfate (Figure 1 and Table 1). 

 

 

Figure 5. RSL-sclx8 co-crystallization in the absence of precipitant at 4° C. (A) pH dependence 

of crystal growth at 1 mM RSL, 10 mM sclx8 in 20 mM phosphate buffer and 50 mM NaCl. Co-

crystallization was triggered at pH ≤ 4.2. Microcrystalline precipitate occurred at pH 3.4 

(Figure S5). (B) Co-crystallization dependence on the sclx8 concentration at pH 4.0. Co-

crystallization was triggered at sclx8 ≥ 2.5 mM. Microscope images were acquired after 3 

hours incubation. Scale bars are 200 μm.  
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Figure 6. Summary of the P3 crystallization experiments in 20 mM acetate (or phosphate) 

buffer, 50 mM NaCl, at pH 4.0. Mixtures were prepared at room temperature and incubated 

at 4° C. The buffer pH was unaffected by temperature. During preparation, at room 

temperature, localised precipitation occurred as the sample pH was lowered. This precipitate 

dissolved immediately with mixing. Note that pure RSL is soluble at pH 2.0. 
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Figure 7. Room temperature precipitation tests of RSL and variants in the presence of 10 eq. 

sclx8 at varying pH in 20 mM phosphate and 50 mM NaCl. Similar results were obtained in 

acetate buffer. Lower panel, microscope images of the samples. Note the microcrystalline 

precipitate for RSL- sclx8 at pH 3.4. Precipitates were diluted 2-fold with buffer. Scale bars are 

100 μm.  
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Figure 8. A mixture of 1 mM RSL and 10 mM sclx8 in 20 mM acetate and 50 mM NaCl 

precipitates at pH ≤ 3.4, room temperature. The precipitate dissolves upon increasing [sclx8] 

to 20 mM. Incubation at 4° C for 3 hours yielded ample nucleation. Scale bar is 200 μm. 

 

Crystal form III was solved in space group P3 with one sclx8 per RSL monomer. Similar 

to the I23 form, protein-calixarene contacts dominate the porous P3 assembly (59 % solvent 

content, pore diameter ~3 nm, Table 2) and there are no protein-protein contacts (Figure 2A). 

sclx8 adopts a highly-puckered conformation, akin to that in form I (P213), but it is 

substantially more solvent-exposed (Figure 2B and Table 6). Two protein-sclx8 interfaces are 

involved in this assembly. In the largest interface, 395 Å2 of sclx8 is buried by the encapsulation 

of Val13 and Lys34. Surprisingly, sclx8 also accommodates Asp32 in a shallow cavity formed 

by two adjacent phenolic units. The Asp32 side chain is rotated slightly (relative to the P213 

and I23 forms) such that it no longer forms a salt bridge with Arg17, hinting at a change in its 

protonation state. The second interface buries 260 Å2 of the calixarene and involves three 

short loops of the neighbouring RSL monomer pressed up against the calixarene portion that 

encapsulates Lys34. These loops are capped by Asn23, Asp46, and Gly68. A pronounced 

conformational change of Asp46 in the central loop appears to facilitate the protein-

calixarene interface. The Asp46 side chain rotates ~90° from the usual conformation (a 

hydrogen bond with the Gly24-Cα) to hydrogen bond with the amide NH of Gly68. This new 

conformation eliminates a potential steric clash with the bound sclx8 in crystal form III.  
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Table 6. Surface areas of sclx8-mediated interfaces, determined in PISA.21  

Interface* 
Interface Area (Å2) 

P213 I23a P3 (RSL) 
L-P 1025 430 675 
L-S 555 680 875 
L-L 0 480 0 

*L; ligand - sclx8, P; protein - RSL, S; solvent - H2O 
aAverage values for one sclx8 

 

NMR Analysis of RSL-sclx8 Complexation and the pH Trigger. The pH effects identified in the 

co-crystallization experiments were evident also from solution-state NMR experiments in 20 

mM phosphate (or acetate) buffer and 50 mM NaCl. At pH 5.6, the 1H-15N HSQC spectrum of 

RSL was unchanged by titration with mM concentrations of sclx8, suggesting that RSL and sclx8 

have negligible interactions under these conditions (Figure 9).  
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Figure 9. Overlaid 1H-15N HSQC spectra of 1 mM RSL and sclx8 (colour scale) at pH 5.6 or 4.0. 

The signal at ~7.5 ppm is due to sclx8. 

 

However, at pH 4.0, specific RSL resonances were perturbed significantly by sclx8, with 

saturation occurring at ~10 eq. sclx8 (Figures 9 and 10). Analysis of the chemical shift 

perturbations as a function of sclx8 concentration yielded hyperbolic binding curves (Figure 

11) with binding affinity in the mM range. Mapping the significantly affected resonances onto 

crystal form III (P3) revealed binding patches consistent with the crystallographically-defined 

protein-calixarene interfaces (Figure 10C). The occurrence of both binding sites (as per crystal 

form III) in the NMR experiments suggests transient sharing of bound sclx8 between two RSL 

trimers. This inference is corroborated by line broadening evidence. The average 1HN line-
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widths of RSL increased by ~8 Hz in the presence of sclx8 (Table 7), consistent with 

complexation and assembly in solution.34,35  

 

 

Figure 10. (A) Regions from overlaid 1H-15N HSQC spectra of RSL during pH (grey scale) or sclx8 

(colour scale) titrations.  (B) Chemical shift perturbation plots of RSL backbone amides in 

response to pH adjustment (pH 4.0-3.0) or to the addition of 5 mM sclx8 (at pH 4.0). Dashed 

lines indicate unassigned resonances due to overlap. (C) Detail of the RSL-sclx8 P3 assembly 

(Figure 2) showing RSL trimers in surface representation and bridging sclx8 as black spheres 

or sticks. Significant chemical shift perturbations at 5 mM sclx8 are highlighted blue. 
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Figure 11. Hyperbolic binding isotherms for RSL resonances during titration with sclx8 at pH 

4.0.   
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Table 7. 1HN line widths from HSQC spectra of RSL at 0 or 5 mM sclx8 and pH 4.0. 
 1HN line-width (Hz)  1HN line-width (Hz) 

Residue 0 mM sclx8 5 mM sclx8 Residue 0 mM sclx8 5 mM sclx8 
S2 15.8 23.3 V48 29.3 36.4 
V3 19.3 25.1 S49 23.4 33.9 

Q4 22.9 31.8 S52 19.0 25.7 

T5 27.6 30.5 W53 28.7 37.0 

A6 23.1 33.4 V55 27.8 35.7 

A7 24.5 34.8 G56 21.8 34.2 

T8 23.4 32.3 S57 20.3 27.7 

S9 19.8 26.8 A58 21.0 26.1 

G11 23.3 31.1 I59 25.7 35.6 

T12 23.0 29.4 H60 35.3 38.8 

V13 21.2 32.2 Y64 26.4 29.9 

S15 25.9 34.2 A65 24.9 31.5 

R17 25.5 35.4 G68 23.1 30.1 

Y19 26.6 36.4 T70 19.9 26.8 

T20 21.3 33.6 T72 27.1 35.5 

A21 23.1 30.4 E73 27.0 33.5 

N22 21.8 32.5 W74 23.1 37.5 

N23 19.4 25.2 C75 25.3 37.6 

G24 20.8 32.0 D77 27.3 35.6 

K25 20.9 25.0 D77 27.3 35.6 

T27 24.6 33.5 N79 24.3 29.6 

R29 29.2 38.2 W81 27.4 33.8 

K34 23.6 29.2 K83 19.1 30.3 

W36 19.4 35.2 G84 27.0 33.6 

T38 20.7 29.7 Y86 24.9 35.4 

F41 28.6 32.6 T87 22.9 34.5 

N42 25.2 29.8 A88 18.2 25.5 

E43 26.4 32.8 T89 19.1 21.3 

G45 19.6 29.2 N90 16.4 17.9 

N47 20.6 29.2 N90 16.4 17.9 

Average line-width (Hz) 
0 mM sclx8 = 23.5 (±4) 
5 mM sclx8 = 31.5 (±4) 

*Line-widths were measured in CCPNmr8 for non-overlapping cross-peaks (~63 % of total). 
Resonances with line widths ≥ 40 Hz were considered outliers and were excluded from the 
analysis. 
 

 Attempts to characterise RSL-sclx8 at lower pH values were thwarted by precipitation 

at pH ≤3.4 and severe signal loss in the HSQC spectrum (Figure 12A). These observations 

agreed with the results of the co-crystallization experiments (Figure 5A). Precipitation in the 

NMR sample was fully reversible. Increasing the sample pH to 4.2 resulted in complete 

dissolution of the precipitate (within seconds) and concomitant restoration of the spectrum. 
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Figure 12. (A) RSL-sclx8 mixtures precipitated at pH ≤3.4, precluding NMR data collection. 

Precipitation was pH-reversible. (B) pH titration curves for the 6 acidic residues of RSL 

obtained by monitoring the 1HN signal at 0 (black) or 5 mM (blue) sclx8.  

 

RSL-sclx8 complexation at low pH is due to the increased cationic character of the 

protein. In the course of the NMR experiments, we observed a striking similarity between the 

chemical shift perturbations induced by sclx8 and the perturbations produced by pH titration 

of the pure protein (Figure 10). The amide resonance of Gly68 shifted strongly, with the same 

direction and magnitude, due to a 1 pH unit change or to a 10-fold increase in sclx8 

concentration. Similar effects occurred for N-terminal residues (Val3, Gln4) and Asn47. Both 

Asn47 and Gly68 are reporters on Asp46, the resonance of which occurs in a crowded region 

of the spectrum. Other resonances such as Val13, Lys25 and Lys34, implicated in sclx8 binding, 

were affected by the addition of sclx8 but not by changes in pH. Yet others were strongly 

affected by pH (e.g. C-terminal Asn90) but less so by sclx8. These effects were independent of 

the buffer, either phosphate or acetate, and suggest that calixarene binding involves 
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protonation of RSL. Asp32 and Asp46 are the obvious candidates considering that they 

contribute to the protein-calixarene-protein interfaces in crystal form III (P3). Asp32 is buried 

completely by the calixarene while the solvent accessibility of Asp46 is unaffected, and both 

side chains undergo significant conformational changes (Figures 10C and 15B). In particular, 

the sclx8-directed assembly appears to be contingent on a structural rearrangement of Asp46, 

which flips to form a new hydrogen bond with Gly68.  

Further evidence for a pH trigger for protein-calixarene assembly was provided by pKa 

analysis of the acidic side chains in the absence and presence of sclx8 (Figures 12 and 13). The 

NMR-derived pKa values for the acidic residues of RSL were in good agreement with the values 

calculated in PROPKA3.2 (Table 8).339 RSL has six acidic residues, including structurally 

equivalent pairs (Glu28/Glu73 and Asp32/Asp77) located in the homologous N- and C-

terminal halves of the protein.44, 67 The pH titration curves of Glu28/Glu73, which are 

completely buried (Table 8) and do not participate in calixarene complexation, were 

unaffected by the addition of 5 mM sclx8. Similarly, Glu43, which stacks co-planar with the 

Trp74 side chain, has a high pKa value (5.9) that was unaffected by sclx8. In the case of Asp32, 

the pKa was elevated by 2 pH units to 3.7 in the presence of sclx8. However, sclx8 had no effect 

on the structurally equivalent but non-binding Asp77 (Figure 12B and Table 8). The pKa of 

Asp46 was similarly elevated but a value was not determined directly due to spectral overlap. 

Data for Asn23 and Gly68, which flank Asp46, yield a pKa of ~4.2 (Figure 13). The significantly 

increased pKa values of Asp32 and Asp46 are consistent with protonation upon sclx8 binding 

at pH ~4. PROPKA3.2 calculations yielded similar pKa elevations due to sclx8 (Table 8). The 

aromatic shielding and the negative potential of the calixarene favours the protonated state 

of these side chains. Host-guest pKa elevation is well-known in small molecule systems.213, 342-

345 Now, we show that such effects apply to proteins also,346 with consequences for 

macrocycle-mediated assembly. Considering pH effects, the charge-state of sclx8 must be 

considered also. While the sulfonic acids are always deprotonated in water, 4 of the phenolic 

groups have pKa values ranging from ~2 to ~8.5, at 0.1 M ionic strength.213 At pH 4, sclx8 carries 

a formal net charge of -10 while the RSL trimer is +11, accounting for calixarene-induced 

protonation of Asp32 and Asp46. At pH 5.6, where binding does not occur, the formal charge 

of sclx8 is unchanged while RSL is +5 (Table 8).  
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Figure 13. pH titration curves for N23 and G68, reporters for D46, in the presence of 0 (black) 

or 5 (blue) mM sclx8. Precipitation at pH 3.4 in the presence of sclx8 precluded measurements 

at and below this pH. 

 

Table 8. pKa values of ionisable side chains in RSL and calculated formal charge. 
Residue pKa calc.a pKa meas.b Formal Charge 

 
- sclx8 + sclx8 - sclx8 + sclx8 pH 5.6 pH 4.0 

pH 4.0 
+ sclx8 

K25 10.4 10.3 > 6.0 > 6.0 +1 +1 +1 
K34 10.5 10.1 > 6.0 > 6.0 +1 +1 +1 
K83 10.4 10.3 > 6.0 > 6.0 +1 +1 +1 
R17 13.1 13.1 > 6.0 > 6.0 +1 +1 +1 
R29 12.3 12.3 > 6.0 > 6.0 +1 +1 +1 
R62 13.0 13.0 > 6.0 > 6.0 +1 +1 +1 
H60 7.0 7.0 > 6.0 > 6.0 +1 +1 +1 
E28 4.2 4.5 < 2.0 < 2.0 -1 -1 -1 
D32 2.4 3.2 1.7±0.02 3.7±0.01 -1 -1 -0.3 
E43 5.8 6.1 5.9±0.01 6.2±0.01 -0.3 -0 0 
D46 3.6 4.2 3.5±0.01 4.2±0.01c -1 -0.5 -0.2 
E73 2.1 2.1 < 2.0 < 2.0 -1 -1 -1 
D77 2.6 2.6 < 2.0 < 2.0 -1 -1 -1 

Formal Net Charge (monomer) +1.7 +2.5 +3.7 
Formal Net Charge (trimer) +5.1 +7.5 +11.1 

aValues calculated in PROPKA3.2 using the P3 RSL-sclx8 structure (PDB 6Z5Q) with and without sclx8 
coordinates.  
bValues calculated from non-linear least-square fits of NMR data.  
cValue based on reporter resonance Asn23 (Figure 13). 
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Versatility of the P3 Framework and the Effect of Arginine Enrichment. The facile fabrication 

of crystal form III (P3) makes it a prime candidate for crystal engineering. To this end, the P3 

co-crystallization method (incubation of protein-sclx8 mixtures at pH 4.0 and 4° C) was applied 

to several chemically-modified or mutated RSL variants (Figures 6 and 7). The methylated 

protein (RSL*), bearing dimethylated lysines with increased affinity for sclxn,102, 252 behaved 

similarly to the native protein. Crystals grew within hours and were essentially identical to 

the native RSL-sclx8 structure (Tables 1 and 5, Figure 14). Mean isotropic temperature factor 

comparisons340 indicated a more rigid assembly for the dimethylated protein compared to 

the other variants (all of which were determined at similar resolution. Table 9). In contrast, 

the acetylated protein (RSL-Ac), bearing amide-terminated Lys side chains with negligible 

affinity for sclxn,252 did not co-crystallize. No localised precipitate was observed during pH-

adjustment of RSL-Ac and sclx8 mixtures, which remained soluble even at pH 2.0 (Figure 6).  

 

 

Figure 14. Crystal packing in the P3 frameworks of RSL and variants. Protein shown as grey 

ribbon and sclx8 as blue spheres. Unit cell axes are indicated with a = b ≈ 6 nm. 

 
 
Table 9. Mean all-atom isotropic temperature factors in P3 co-crystal structures.  
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Structure 
Res 
(Å) 

Chain # Atoms % Identity 
Mean Isotropic 

Temperature factor (Å2) 
RMSDa 

(Å) 
RSL-sclx8 1.3 A 681 100.0 16.5 - 
  B 681  16.3 0.193 
RSL*-sclx8 1.3 A 687 95.6 16.1 0.114 
  B 687  15.9 0.339 
RSLex-sclx8 1.5 A 687 97.8 20.6 0.117 
  B 687  20.4 0.087 
RSL-R8-sclx8 1.4 A 692 94.4 27.1 0.825 
  B 692  26.7 0.815 

aRoot-mean-square deviation of Cα atoms with respect to the reference structure.  
 

The introduction of an additional Lys residue into RSL was in some cases compatible 

with the P3 assembly. Previously, we generated the double mutant N79K/T82Y named 

RSLex.67 These mutations introduce a C-terminal feature homologous to the macrocycle 

binding site at Lys34 in the N-terminal blade. Interestingly, up to 10 eq. sclx8 caused 

precipitation of RSLex, indicating that this protein was more prone to macrocycle-mediated 

assembly than RSL. At 15 eq. or higher, the mixture was soluble suggesting that the protein is 

encapsulated by the calixarene.104 Crystals grew within hours and the structure was identical 

to the original P3 assembly (Table 1, Figure 14). The new potential binding site at Lys79 did 

not interact with the calixarene in the crystal, suggesting that additional features are required 

to switch on complexation. The other mutant tested, MK-RSL, contains a Met-Lys motif as the 

N-terminus. In crystal form III, sclx8 has peripheral interactions with the N-terminus, which is 

disordered even though it is cationic. Despite the additional Lys, MK-RSL remained soluble 

(Figure 6) in the presence of sclx8 and growth of the crystal form III was switched off, possibly 

because of the N-terminal disorder or steric hindrance. 

The arginine-enriched mutants RSL-R6 and RSL-R8 deviated distinctly from the 

behaviour of the native protein, forming amorphous precipitates at ≥ 0.5 eq. sclx8 (Figure 7). 

Soluble mixtures of RSL-Rn were obtained only at 20 eq. sclx8. Similar to RSLex, these 

observations suggest that low eq. sclx8 induce aggregation due to the “molecular glue” effect, 

while high eq. sclx8 yield soluble samples as each protein is encapsulated by the calixarene.104 

Attempts to characterize such assemblies by solution NMR were hindered by the high 

concentration of sclx8 required and the concomitant ionic strength effects. The pH-dependent 

precipitation characterized for native RSL occurred similarly for RSL-Rn (Figure 7). The 

precipitated mixtures at 10 eq. sclx8 and pH 4.0 could be solubilised by adjusting the pH to 

4.6 in the case of RSL-R6. However, RSL-R8 remained partly precipitated even at pH 8.0 due to 
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its high pI. While the RSL-sclx8 crystal form III grew within hours, the RSL-Rn mutants exhibited 

no crystal growth in this condition. Conventional vapour-diffusion experiments in the 

presence of ammonium sulfate yielded co-crystals. RSL-R6 and RSL-R8 co-crystallized with sclx8 

under near-identical conditions (Table 1). While RSL-R6 resulted in crystal form I (P213, vide 

supra), RSL-R8 crystallized rapidly (~3 hours) to yield crystal form III (P3, Figures 14 and 15). 

This remarkable result supports the concept of pH- or charge-controlled protein-macrocycle 

assembly. The charge properties of RSL at pH 4 are preserved in RSL-R8, which is highly-

cationic across the pH range and thus amenable to calixarene-mediated assembly.  

 

Figure 15. (A) Structural alignment (via chain A) of the main protein-sclx8-protein assembly in 

the P3 crystal forms of RSL (white) and RSL-R8 (grey). One of the proteins is translated by circa 

4 Å in the RSL-R8 structure. (B) Detail of the protein-sclx8-protein interfaces with key side 

chains shown as sticks. 

 

Although RSL-R8 yielded crystal form III like RSL, the unit cell had a shorter c axis (60 Å 

compared to 64 Å, Table 1). Congruently, one protein chain in the asymmetric unit was 

translated by ~4 Å relative to the original structure (Figure 15A). Although the positions of 

RSL-R8 and RSL are similar in the two structures, the bridging calixarenes have substantially 

different conformations and binding sites. A more puckered sclx8 occurs bound to RSL-R8, 

compared to RSL-sclx8 (Figure 16). Interestingly, although similar protein-sclx8 interface areas 

were formed in both structures the principal interface was wholly modified. In RSL, the 
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principal interface centres on Val13 and Lys34 (vide supra). In RSL-R8, binding at Val13 and 

Arg34 remains crucial to the assembly but the interface is ~2-fold smaller than the 

corresponding interface in the native protein. Instead, the principal binding site involves the 

new arginines, Arg43 and Arg46, as well as Pro44. Apparently, this binding site fulfils a similar 

function to the protonated Asn23/Asp46/Gly68 patch in the native protein but with a ~2-fold 

larger surface area. Arg43 and Pro44107 dominate this interface with cation-π and CH-π bonds 

to the calixarene. The RSL-R8 structure also suggests why RSL-R6 did not crystallize in crystal 

form III (P3). The calixarene conformation supported by Arg43 in RSL-R8 cannot be maintained 

by Glu43 in RSL-R6.  

 

 

Figure 16. The conformations of sclx8 in the P3 co-crystal structures of (A) RSL and (B) RSL-R8. 

Chain A and chain B refer to the approximate locations of the proteins (not shown) in the 

asymmetric units. Refer to Figure 15A. 

 

IDP-RSL Fusion Proteins. I23 RSL-sclx8 crystalline frameworks form in 0.8-1.2 M ammonium 

sulfate at pH 2.2-4.0 (Table 1).  Incorporation of the fusion proteins Mefp-RSL and Nup-RSL 

into this highly porous assembly was achieved in similar conditions. Akin to native RSL, cubic 

co-crystals of Mefp-RSL and Nup-RSL with sclx8 formed within a week at pH 4.0 and 10-50 

mM sclx8 (Figure 17).  
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Figure 17. Representative Mefp-RSL-sclx8 and Nup-RSL-sclx8 co-crystals grown at pH 4.0. 

 

Structures of the Mefp-RSL-sclx8 and Nup-RSL-sclx8 complexes were solved in the I23 

space group with one protein monomer and two sclx8 molecules per asymmetric unit. Crystal 

packing and cell parameters (~104 Å3) were essentially identical to I23 assemblies obtained 

with native RSL. Within I23 RSL-sclx8 frameworks, RSL trimers act as a protein nodes and are 

octahedrally-coordinated by sclx8 dimers (Figure 2). This highly porous  assembly boasts large 

solvent channels ~4 nm in diameter. The positioning of RSL trimers within I23 frameworks is 

such that the N-termini point directly into these solvent channels with no discernible electron 

density for Ser1. Mefp or Nup extensions were similarly disordered within their respective I23 

co-crystals.  

 

Discussion 

Anionic calixarenes are well-established “glues” for the assembly and crystallization of 

cationic proteins such as cytc,100, 103-106, 108, 109, 188 lysozyme101, 102 and PAF.107, 111 Here, we have 

demonstrated the co-crystallization of ‘neutral’ RSL with highly-anionic sclx8. Three distinct 

crystal forms were obtained across a broad pH range (2.2-9.5) raising the possibility of general 

applications of calixarene-mediated protein assembly. The tightly-packed crystal form I (P213) 

grew at pH 4.8-9.5 and required >1.5 M ammonium sulfate, consistent with the hydrophobic 

effect, rather than charge-charge interactions, as the dominant contributor to assembly. At 

pH ≤4.2, two types of porous frameworks were obtained. At this pH, RSL is cationic, which 

favours calixarene binding. NMR experiments suggest that calixarene complexation alters the 

cationic character of the protein by raising the pKa values of two acidic residues (Asp32 and 

Asp46). sclx8 complexation may also modulate the protonation of Lys34. The disorder of this 

side chain in the P213 structures suggests that it is deprotonated (Figure 3).  
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Crystal forms II and III, are highly porous frameworks with pore diameters of ~4 and ~3 

nm, respectively (Figure 2 and Table 2). The most porous assembly (form II, I23) was obtained 

at pH 2.2-4.0 and <1 M ammonium sulfate. This framework is built from sclx8 dimers and RSL 

trimers acting as nodes. Each node is a protein coated with six calixarenes in an octahedral 

arrangement (Figure 17). The resulting primitive cubic lattice has no protein-protein contacts 

and relies instead on protein-calixarene and calixarene-calixarene contacts (Figure 2). Protein 

assembly mediated by macrocycle dimers has been observed previously with porphyrins162-

164 and calixarenes.103 For example, phosphonato-calix[6]arene forms a dimeric disc to 

mediate a porous assembly of cytc (PDB 5LYC).103 Similar to crystal form II (I23), form III (P3) 

involves RSL trimers bridged together by six sclx8 ligands arranged in triads on two C3 planes 

(Figure 17). However, the positioning of the calixarene triads on opposite ends of the trimer 

disables the possibility of cubic assembly. Also like the I23 case, the P3 framework assembles 

only in acidic conditions (pH ≤4.0). Such pH-triggered assembly is an exciting new aspect of 

macrocycle-directed protein assembly. pH-dependent cationization as a driver of protein-

macrocycle framework assembly was corroborated by the results with RSL-R8. This 

permanently cationic protein also yielded the P3 framework but under mildly alkaline 

conditions (Figures 14 and 15) where arginine side chains remain protonated.  
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Figure 17. Calixarene encapsulation of RSL is evident in the building blocks of crystal forms II 

(I23) and III (P3). In each assembly, the RSL trimer (grey surface) is masked by six sclx8 

molecules. The ligands are rendered in blue or white corresponding to the large and small 

interfaces, respectively. Black triangles indicate C3 planes that connect symmetry-related 

calixarenes. 

 

Depending on the conditions, RSL-sclx8 mixtures remain soluble or form crystals 

ranging from microcrystalline precipitates to millimetre-scale crystals. For example, RSL and 

10 eq. sclx8 yields a microcrystalline precipitate at pH ≤3.4 and room temperature (Figure 7). 

The precipitate is dissolved by raising the pH to >4.2 or by increasing the sclx8 concentration 

to 20 eq. (Figures 5A and 8). The effect of increasing pH is explained simply by the less cationic 

RSL having lower affinity for the calixarene. The interruption of precipitation at 20 eq. sclx8 

suggests calixarene-coating or encapsulation of the protein.104 At low eq. the calixarene 

bridges two or more proteins resulting in aggregation. At high eq. sclx8 each protein binding 

site is masked by calixarene and the “glue” activity is switched off as the interaction between 

protein-calixarene particles switches from attractive to repulsive. Both the I23 and the P3 

frameworks, with significant macrocycle-masking of the symmetric protein building block 

(Figure 17), support the assumption of encapsulation104 in solution. This behaviour is 
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analogous to the reentrant condensation phase behaviour of proteins in the presence of 

multivalent counterions.326, 327 Protein encapsulation is currently a topic of intense 

development104, 151, 153, 155-157, 210, 347 and macrocycle-masking may be a simple approach to 

tackle this challenge. 

The precipitation of RSL-R6, RSL-R8 and RSLex operated via similar condensed regimes 

but unlike RSL, the variants formed amorphous precipitates at pH 4.0 (Figure 7). Apparently, 

arginine-enrichment and the increased pI leads to enhanced calixarene binding and rapid 

precipitation. RSL-R6 and RSLex required pH 4.6 to switch off precipitation while the most 

cationic variant, RSL-R8, precipitated even at pH 8.0. Lysine to arginine mutagenesis tends to 

reduce protein solubility, a potential contributing factor in the precipitation of the arginine-

enriched variants.348 At pH 4.0 and 10 eq. sclx8, the lysine-enriched variant RSLex displayed 

the same precipitation behaviour as the Arg-rich variants, suggesting that the assembly of all 

three variants was a consequence of higher sclx8 affinity rather than reduced protein 

solubility. Unlike RSLex, soluble mixtures of RSL-R6 and RSL-R8 at high eq. sclx8 and low ionic 

strength yielded no co-crystals. The versatility of guanidinium groups at protein-protein and 

protein-ligand interfaces is well-established.73, 272, 349, 350 We reason that the “stickiness” of 

the Arg-rich variants towards sclx8 yielded highly-encapsulated protein-calixarene particles 

incapable of self-association. This hypothesis is supported by co-crystallization of RSL-R6 and 

RSL-R8 occurring only at high salt concentration wherein counterions compete for sclx8 

complexation and lower its affinity for the protein surface.  

Considering the importance of protein frameworks to both basic science and 

biotechnology, the availability of facile fabrication strategies is essential to stimulate 

progress. Vastly different strategies are currently in development and applicable in distinct 

settings. Significant progress has been achieved by harnessing naturally occurring frameworks 

such as protein cages,202, 312 capsids314, 325 and crystals.209, 212 For example, the supramolecular 

assembly of ferritin cages can be directed by metal-coordination sites.184, 202 Protein crystals 

that grow naturally inside living cells have been used to capture cargo including dyes or 

enzymes.209-212 In a particularly striking example, a 32 kDa lipase was trapped within the pores 

of Cry3Aa crystals that grow in Bacillus thuringiensis cells.212 The strategies used to engineer 

frameworks include designed oligomerisation,214, 215, 218, 219 charge-charge interactions182, 321, 

322 and ligand-mediated assembly.61, 64, 109, 319, 320 The latter stands out as the most promising 

since (1) protein engineering is not required and (2) the assembly process can be regulated 
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by the ligand concentration and/or the presence of inhibitors.104, 109 Custom-made bivalent 

ligands comprising a sugar and rhodamine dye have been used to generate porous 

frameworks and other assemblies of concanavalin A.319, 320 With biotech applications in mind, 

inexpensive, highly water-soluble and non-toxic ligands are desirable. Anionic calixarenes fit 

these requirements and there is increasing evidence of their utility for framework 

assembly.103, 104, 108-111 Here, we demonstrated pH-triggered framework fabrication of a 

“neutral” protein with sclx8, in the presence or absence of a precipitant. The pH dependence 

affords a second level of control over assembly. Finally, the host-guest interactions of sclx894, 

95, 99, 323 confers the crystal with additional binding sites.109 The different pore dimensions in 

the frameworks (Table 2) along with the varying solvent accessibilities of the calixarene (~35, 

45 and 55 % solvent exposed in crystal forms I, II and III, respectively, Figure 2 and Table 5) 

result in materials with different ligand uptake capacities. 

 

Conclusions 

Various sophisticated frameworks have been described to date, usually with the requirement 

for protein engineering or specific assembly-inducing ligands.182, 214, 215, 218, 319-322 Sulfonato-

calixarenes are commercially-available, biocompatible ligands that can be combined with 

protein building blocks to yield frameworks in a manner reminiscent of MOF manufacture 

using off-the-shelf reagents.155, 197 The data presented here greatly widen the scope for sclxn-

assisted protein assembly and crystallization, to include “neutral” target proteins. The 

primary advantage is facile pH-controlled framework fabrication. pH-induced cationization of 

the protein enhances calixarene complexation and results in porous assemblies. pKa 

modulation, well-characterized in protein-ligand binding76 and in small molecule host-guest 

systems,342-346 is a contributing factor to macrocycle-mediated protein assembly.  

Rapid, scalable production of protein-based frameworks is essential for their 

development as biomaterials and biologic alternatives to MOFs/COFs. While the I23 

framework required days to grow, the P3 framework grew within hours in the absence of 

precipitant. This rapid fabrication of millimetre-scale crystals (Figure 5) under pH control and 

without the need for precipitants or specialised equipment is attractive for manufacturing 

processes, including the purification of therapeutic proteins.165, 171-173 Furthermore, the 

controlled nucleation and the formation of microcrystalline samples within minutes has 
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applications in serial crystallography.351, 352 Complementing these valuable crystallisation 

properties, the sulfur-rich sclx8 is a promising phasing agent (Figure 4).  

While calixarene-directed assembly is easily applied to proteins in their native 

state,100, 101, 103-107, 109-111, 188 protein engineering can complement the supramolecular 

strategy. Here, the permanently cationic Arg-rich variant RSL-R8 resulted in the same P3 

framework as the native protein at low pH. Finally, both the I23 and the P3 frameworks 

provide evidence of protein encapsulation by sclx8. These strategies for controlled protein 

assembly have potential applications in therapeutics and smart biomaterials. The opportunity 

for auxiliary host-guest chemistry within protein-macrocycle frameworks109 makes these 

materials prime candidates for the uptake of biomolecules such as enzyme substrates or 

other proteins. Such developments boost the application of biosupramolecular chemistry as 

a general strategy for protein framework fabrication. 
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Chapter 5 

Customizing Protein-Cucurbit[7]uril Architectures with  

Peptide Tectons 

This chapter is to be published (in part) as: 

Ramberg KO, Guagnini F, Engilberge S, Wrońska MA, Rennie ML, Pérez J, Crowley PB 

Customizing Protein-Cucurbit[7]uril Architectures with Peptide Tectons 

In preparation. 

 

 

 

 

 

 

 



 159 

Abstract 

Molecular-scale engineered assembly (bottom-up fabrication) has vast applications in 

biotechnology. One approach to biomolecular assembly involves water-soluble 

supramolecular receptors as molecular glues or scaffolds. Bionanoarchitectures directed by 

these scaffolds are often system-specific with few studies investigating their potential for 

customization. Here, we describe the modulation of cucurbituril-mediated protein assemblies 

via the inclusion of peptide tectons. A selection of peptides of varying structural order were 

N-terminally appended to RSL, a rigid b-propeller building block. The fusion proteins were 

successfully incorporated into known architectures mediated by cucurbit[7]uril (Q7). A coiled 

coil fusion acted as a spacer within a Q7-directed sheet-like assembly of RSL, giving rise to a 

layered assembly. Within the spacer layers, coiled coils appeared dynamic, prompting 

consideration of intrinsically disordered proteins (IDPs) as modulatory tectons. IDP-RSL 

fusions were produced and co-crystallized with Q7. Similar to the coiled coil fusion, a 

disordered mussel adhesion protein (Mefp) sequence also acted to separate out protein-Q7 

sheets, even though this fusion appeared even more dynamic than the helical bundles. Fusion 

of a nucleoporin (Nup) sequence to RSL did not result in recapitulation of the sheet assembly. 

Instead, a known Q7-directed cage assembly was adopted, within which disordered Nup 

peptides were partially ‘captured’ by auspiciously located Q7 receptors. This IDP capture was 

facilitated by Q7 recognition of an intrapeptide Nup Phe-Gly motif in which the benzyl side 

chain was encapsulated in the Q7 cavity. 
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Introduction 

Dynamic, self-assembling protein systems identified in nature are being engineered to 

produce next-generation biomaterials.228-230 Assemblies with combinations of rigid and 

flexible subunits, such as the supramolecular b-sheet polymer networks of spider silk231 and 

squid ring teeth proteins,232, 233 are of particular interest. These materials possess semi-

crystalline order and exhibit high tensile strengths and thermoplastic characteristics as a 

consequence of gradations in structural conformity. Few examples of man-made protein-

based materials with comparable structural complexity have been reported.231-233 Crystalline 

protein-based materials are particularly sought after due to the demand for porous materials 

with high biocompatibility and biodegradability.203, 353 Here, we detail the manufacture and 

structure elucidation of crystalline biohybrid assemblies with regions of varying structural 

conformity. Protein assembly is facilitated by cucurbit[7]uril (Q7), a macrocyclic glue which 

mediates crystalline architectures, which we show are amenable to customization.  

Crystalline protein frameworks are finding diverse applications including templated 

catalysis211, 312 and protein encapsulation.204, 205, 208, 210, 212 Ligand-mediated protein assembly 

is emerging as a straightforward route to tuneable crystalline protein assemblies. Ligand-

mediated contacts within ferritin-based metal organic frameworks can increase 

thermostability and allow for reversible crystal expansion.203 Bivalent ligands have been used 

to generate protein crystals that depend on protein-ligand and ligand-ligand contacts.319 The 

anionic sulfonato-calix[n]arene (sclxn) macrocycles yield protein framework with nanoscale 

porosity.103, 104, 108-110  The commercially-available cucurbit[n]urils (Qn, n = 6, 7, 8) can 

recognise a wide range of protein features and are useful mediators of protein assembly.60, 

67, 68, 114, 116, 118, 126 Qn are neutral hosts characterised by their rigid doughnut structures and 

their capacity to self-assemble into clusters.60, 67, 68, 220, 221 Q8 mediates protein assembly by 

hosting two N-terminal aromatic residues.116, 118 The smaller, more water-soluble Q7, 

accommodates just one N-terminal aromatic114, 139, 354 and also recognizes methylated 

lysines.60, 67, 68, 144 Taking advantage of the latter interaction, we have reported three biohybrid 

assemblies of Q7 and the model protein RSL in its methylated form (RSL*).60, 67, 68  

RSL is an exceptionally stable trimeric β-propeller lectin amenable to engineering.44, 

57, 67, 68 RSL complexation with Q7 requires dimethylation, which increases Q7 affinity towards 

lysine side chains by ~100-fold.144 Q7 binds RSL* at Lys34*, the most sterically-accessible 

dimethyllysine located on a flexible loop. Binding at the Lys34* site is aided by peripheral 
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interactions with Tyr37 which acts as a rigid platform for Q7 docking. Co-crystallization of 

RSL* and Q7 results in two distinct architectures in which cage- or sheet-like assemblies occur 

via cucurbituril clustering.60 The RSL*-Q7 cage (space group F432) is illustrated in Figure 1A. 

These interconnected cages, comparable in size to ferritin,203 are mediated by tetrameric Q7 

clusters. In addition to the Lys34*-Q7 site, a distal interaction occurs between Q7 and the 

dimethylated N-terminus (Ser1*). In the RSL*-Q7 sheet (space group C2221), trimeric Q7 

clusters coordinate a honeycomb arrangement of RSL*, leading to protein-Q7 “bilayers” 

(Figure 1B).  

 

 

Figure 1.  RSL*-Q7 co-crystals occur as either the (A) cage (PDB 6F7X) or (B) sheet (PDB 6F7W) 

assembly.23 Dashed lines in (B) denote the RSL*-Q7 “bilayers” and the location of the N-

termini. Proteins and Q7 are shown as grey ribbons and green spheres, respectively. Q7 at 

the distal binding site in the cage assembly are shown as grey spheres.   

 

In this work, our goal was to engineer new features into the RSL*-Q7 crystalline 

architectures. Specifically, we hypothesized that the “bilayer” sheet assembly could 

accommodate spacers that separate the bilayers. To determine their impact on RSL*-Q7 

assemblies, peptide tectons were fused to the N-terminus of RSL (Table 1). A parallel trimeric 

coiled coil (PDB entry 4dzn), designed previously as a modulatory protein building block,234 

was chosen based on geometric matching between its C-termini and the N-termini of trimeric 

RSL (Figure 2). Three heptad repeats of 4dzn were fused to RSL via a Gly-Ala linker, resulting 

in a protein nanoobject with globular and coiled coil subunits of similar dimensions (~4 nm). 

RSL fusion proteins with intrinsically disordered peptides were tested also. Features from a 

mussel adhesion foot protein (Mefp)248 or a nucleoporin (Nup)249 were fused to RSL. Such 
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fusions do not require geometric matching with RSL as the peptide extensions are expected 

to be disordered and to behave independently, notwithstanding self-association of Mefp 

peptides via cation-p interactions.248 Mefp and Nup sequences were chosen partly due to 

their potential as components in biomaterials,248, 249 but also because they possess potential 

Q7 binding sites; namely, the Lys/Tyr residues of Mefp and the Phe-Gly motifs of Nup. 

 

 

Figure 2. Geometric consideration in the design of the 4dzn-RSL fusion protein. RSL (PDB 2bt9) 

and 4dzn (PDB 4dzn) are shown as grey and purple ribbon respectively. Terminal residues are 

shown as sticks.  

 

Three RSL fusion proteins were tested (Table 1) and were found to assimilate into one 

of the two known Q7-mediated architectures (Figure 1). Dimethylated fusion proteins (Mefp-
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RSL*, Nup-RSL*, and 4dzn-RSL*) conformed to either the cage or sheet Q7-mediated 

assemblies. Cucurbituril capture of a disordered extension occurred within the cage assembly. 

Reconstitution of the Q7-directed sheet assembly resulted in remarkable crystalline materials 

with layers of alternating structural order. These results further demonstrate the utility of 

macrocyclic glues for protein assembly and showcase RSL*-Q7 biohybrids as customizable 

protein-based crystalline materials. 

 

Materials & Methods 

 

Materials. Cucurbit[7]uril (Q7, Sigma-Aldrich) was prepared as a 25 mM solution in 50 mM 

NaCl. b-D-mannopyranose and a-methylfucoside were purchased from Sigma-Aldrich and 

Carbosynth, respectively. 

 

Protein production. The vectors encoding Mefp-RSL, Nup-RSL, and 4dzn-RSL were produced 

by Genscript. Unlabelled, 15N-, 15N Lys-, and 15N Phe-labelled protein samples were produced 

in E. coli BL21. Proteins were purified by mannose-affinity chromatography.44 Stocks of RSL, 

Mefp-RSL, and Nup-RSL were concentrated in water, while 4dzn-RSL stocks were concentrated 

in 20 mM KH2PO4, 100 mM NaCl, pH 7.5. Dimethylation was achieved using formaldehyde and 

dimethylaminoborane complex.259 Mass analysis was performed with an Agilent 6460 Triple 

Quadrupole LC/MS (Chapter 1).254 Protein concentrations were determined 

spectrophotometrically with ε280 = 44.46 mM-1cm-1 for the RSL, Nup-RSL, and 4dzn-RSL 

monomers, respectively. Mefp-RSL monomer concentration was determined with ε280 = 48.93 

mM-1cm-1. 

 

NMR characterization. Samples typically comprised 0.1-1.0 mM 15N-labelled protein in 20 

mM phosphate buffer, 50 mM NaCl, 5 mM D-mannose pH 6.0 and 10 % D2O. Ligand titrations 

were performed with μl aliquot additions of 25 mM Q7. 2D 1H-15N HSQC watergate spectra 

were acquired at 30° C with 8 scans and 64 increments on a Varian 600 MHz spectrometer 

with a HCN cold probe. Data processing and analysis were performed in NMRpipe265 and 

CCPN,266 respectively. 
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Size exclusion chromatography coupled to multi-angle light scattering. SEC-MALS 

experiments were performed at room temperature on an Äkta Purifier equipped with a 

Superdex 75, GL 10/300 column (GE Healthcare).104 Sample elution was monitored by using a 

multi-angle light scattering detector (miniDAWN TREOS, Wyatt) and a differential refractive 

index detector (Optilab T-rEX, Wyatt). Filtered, degassed buffer (20 mM phosphate buffer, 5 

mM D-mannose pH 6.0 with 0-100 mM NaCl) was pumped at a constant flow rate of 0.5 

mL/min. The samples (300 µL) contained protein (0.1-1.0 mM) and were centrifuged at 20000 

x g for 15 min immediately prior to injection. The mass average molar mass across the elution 

peak was determined in ASTRA 6 software (Wyatt Technology). 

 

SAXS characterization. Data were collected at the SWING beamline (SOLEIL synchrotron) 

using the direct injection mode. All samples were exchanged previously into 20 mM sodium 

acetate, 50 mM NaCl, 5 mM D-fructose, pH 5.6 via size exclusion chromatography. Scattering 

frames were collected with an exposure of 0.99 s (dead time = 0.01 s) on an Eiger 4M detector 

(Dectris) and integrated in FOXTROT (SOLEIL Synchrotron). Scattering frames from buffer 

alone were subtracted from the scattering of protein samples. RSL, Mefp-RSL, Nup-RSL, and 

4dzn-RSL were characterized at 0.125 and 1.0 mM using the automated sample changer.104 

CRYSOL8 was used to calculate the scattering of the RSL trimer.268 Various SAXS data plots 

were generated in PRIMUS269 using the integrated data files. The forward scattering I(0) and 

radius of gyration (Rg) were calculated from the Guinier approximation.267 The maximum 

particle size (Dmax) was determined from the pair distribution function computed by GNOM in 

PRIMUS.269 Bead model reconstruction was performed using the DAMMIF program in the 

ATSAS package270 via the BioXTAS RAW interface.271 20 bead model reconstructions were 

performed per DAMMIF run in Slow mode with averaging and model refinement performed 

in DAMAVER and DAMMIN respectively.270 

 

Crystallization and data collection. Protein-ligand mixtures contained 1.0-1.5 mM protein 

combined with 0-10 mM Q7 and 2-5 mM sugar (b-D-mannopyranose or a-methylfucoside). 

Protein crystals and protein-Q7 co-crystals were obtained at 20° C by using a commercial 

screen (JCSG++ HTS, Jena Bioscience) applied with an Oryx 8 robot (Douglas Instruments). 

Crystals were reproduced manually by hanging-drop vapour diffusion in standard 24 well 

Greiner plates. Co-crystals of RSL-R5* and Q7 were identified in Jena JCSG++ conditions H8, 
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H9, and B3 and were reproduced manually. Crystals of 4dzn-RSL were obtained in JCSG++ 

condition A7 and grew readily from solutions of 20 % PEG 8000 and 0.1 M CHES or glycine at 

pH 9.5. Crystals of Mefp-RSL or Nup-RSL, in either the native or dimethylated forms, were not 

obtained despite repeated screens. Co-crystals of Q7 with Mefp-RSL* or Nup-RSL* or 4dzn-

RSL* were identified in Jena JCSG++ conditions H6, H11 or D6, respectively and were 

reproduced in manual trials. The crystallization drops were imaged using an Olympus SZX16 

stereomicroscope and Olympus DP25 digital camera.   

 

X-ray data collection, processing and model building. Crystals were cryo-protected in the 

crystallisation solution supplemented with 20-25 % glycerol and cryo-cooled in liquid 

nitrogen. Diffraction data were collected at beamline PROXIMA-2A, SOLEIL synchrotron 

(Saint-Aubin, France) with an Eiger X 9M detector. Data frames were processed using the 

autoPROC pipeline.328 Data were integrated in XDS329 and the integrated intensities were 

scaled and merged in AIMLESS330 and POINTLESS331 in CCP4 and assessed for pathologies in 

phenix.Xtriage.332 Structures were solved by molecular replacement in PHASER,333 using the 

RSL monomer (derived from PDB 2BT9) as a search model. The coordinates for Q7 (PDB id 

QQ7) and b-D-mannopyranose (PDB id BDM) or a-methylfucoside (PDB id MFU) were added 

to each model. Iterative cycles of model building in COOT336 and refinement in 

phenix.refine332 were performed until no further improvements in the Rfree or electron density 

were obtained. All of the structures were validated in Molprobity.337 Refined coordinates and 

structure factors were deposited in the Protein Data Bank. Protein-ligand interface areas were 

calculated in PDBe PISA.223 The molar protein concentration, [P], in the crystal was calculated 

by: 

[P] = N / (NA x V x 10-27) 

where, N is the number of molecules of P in the unit cell, NA is Avogadro’s number, and V is 

the unit cell volume (Å3). 

 

Results & Discussion 

 

Fusion Protein Preparation & Characterization. Fusion proteins (Table 1) were produced in 

E. coli BL21 and purified via mannose-affinity chromatography.44 The protein purity was 

confirmed by SDS-PAGE analysis (Figure 3).  
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Figure 3. 15% SDS-PAGE of purified protein stocks alongside a molecular weight marker (MM) 

and an RSL reference.  

 

Mefp-RSL co-eluted with nucleic acids and required treatment with DNase prior to 

purification by size exclusion chromatography. Attempts to purify a longer version of Mefp-

RSL, with double the Lys/Tyr content were unsuccessful due to nucleic acid complexation 

(Chapter 1). Molecular weight determination by ESI-MS was straightforward for Mefp-RSL 

and 4dzn-RSL (Chapter 1). However, Nup-RSL was recalcitrant to this method and yielded no 

discernible peaks despite repeated attempts.  

 

Table 1. Properties of RSL and fusion proteins. 

Protein N-terminusa Trimer MWt (kDa) 
pIb 

Solubility 
in H2O Predicted SEC-MALS 

RSL SSV… 29.2 29.3 6.5 High 
Mefp-RSL SYKGKYYGSV… 31.8 31.6 8.6 High 
Nup-RSL MFGSTLFGSTLFGSV… 33.0 33.0 6.5 Moderate 
4dzn-RSL SSEIAALKQEIAALKKEIAALKAGASV… 36.4 36.3 7.7 Moderate 

aRSL N-terminus in bold. 4dzn heptad repeats highlighted grey. Dimethylation sites underlined. 
bCalculated in ProtParam.253 
 

Peptide fusion to globular proteins is a common method to engineer assembly,245, 322 

but can result in unintended oligomeric states and altered solubilities.246, 247 While RSL is 

highly soluble (10 mM in pure water), Nup-RSL and 4dzn-RSL tended to precipitate at >2 mM 

and >1 mM, respectively. The precipitation of 4dzn-RSL was overcome by the inclusion of 100 

mM NaCl, resulting in samples up to 5 mM. Size exclusion chromatography with multi-angle 
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light scattering (SEC-MALS) was used to determine the molecular weight, oligomeric state and 

monodisperity of the fusion proteins. Each of the fusions (1 mM) eluted from a Superdex 75, 

GL 10/300 column earlier than wild type RSL. While RSL eluted at 16.9 mL, Mefp-RSL and Nup-

RSL eluted at 16.6 mL. The largest fusion protein, 4dzn-RSL, eluted at 16.0 mL (Figure 4A). All 

of the proteins eluted as sharp well-defined peaks indicating high monodisperity. And in each 

case the derived molecular weight was in agreement with the predicted values of the trimer, 

confirming that the N-terminal fusions did not alter the oligomeric state (Table 1). 

Further size and shape characterization was performed by small angle X-ray scattering 

(SAXS). The SAXS data highlighted differences in the structural order of the fusion proteins 

(Table 2). At higher angles (>0.2 Å), the SAXS profiles for Mefp-RSL, Nup-RSL and 4dzn-RSL 

were comparable to that of wild type RSL (Figure 4B). And the lower angle scattering of Mefp-

RSL and 4dzn-RSL were superposable with the data for RSL. However, the intensity for 4dzn-

RSL increased at ~0.2 Å indicating greater inter-particle attraction for this construct. At <0.2 

Å, the scattering intensity for Nup-RSL decreased significantly compared to RSL, indicative of 

a protein with greater disorder. A sharp increase in intensity at <0.02 Å suggested the 

presence of aggregates in the Nup-RSL sample. Bell-shaped Kratky plots with well-defined 

maxima suggested that the Mefp-RSL and 4dzn-RSL fusion proteins were generally well-

ordered (Figure 4C). The Nup-RSL Kratky plot, with two distinct maxima, is indicative of a 

protein possessing both folded and unfolded domains.267 At ~21, ~21, and ~22 Å, the 

calculated radii of gyration (Rg) for Mefp-RSL, Nup-RSL and 4dzn-RSL were approximately the 

same and significantly higher than that of RSL (~18 Å).58, 67 Maximum particle sizes (Dmax) and 

Porod volumes for the fusions were also significantly increased compared to the wild type 

protein (Table 2). 
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Figure 4. Biophysical characterization of RSL and the N-terminal fusion proteins. (A) SEC-MALS 

analysis with dashed and solid lines corresponding to mass average molar masses and 

differential refractive index (dRI) elution profiles, respectively. (B) SAXS profiles with the 

CRYSOL-computed scattering of the RSL trimer in grey and (C) Kratky plots. (D) Overlaid 1H-

15N HSQC spectra of RSL and 4dzn-RSL. The dashed box indicates the crowded region that 

contains resonances of the heptad repeats.  

 

 

Ab initio modelling of the SAXS data was straightforward. The rigid spheroid of the RSL 

trimer58, 67 was evident in each of the bead models (Figure 5). And the N-terminal extensions 

of Mefp-RSL and 4dzn-RSL were clearly identifiable. A well-defined cylindrical shape, 

consistent with a folded helical bundle, was apparent in the 4dzn-RSL model. The Mefp-RSL 

model exhibited a less defined shape protruding from the well-defined RSL subunit, which 

suggested at least some degree of order at the Mefp extensions. Adjacent Mefp peptides may 

associate in a manner similar to Mefp biofilms, which assemble via extensive cation-p 

interactions.248 The close proximity of the Mefp extensions afforded by fusion to the RSL N-

termini (~13 Å separation) may drive Mefp self-assembly. Terminal extensions were not 
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evident in the Nup-RSL bead model. However, as is common for multidomain proteins with 

disordered tails,267 the spheroid RSL shape appeared elongated in the fusion protein 

compared to the bead model of wild type RSL (Figure 5).    

 

Table 2. SAXS-derived parameters for RSL and fusion proteins. 
Parameter RSL Mefp-RSL Nup-RSL 4dzn-RSL 

I(0) (cm-1) [Guinier] 0.28 0.28 0.51 0.31 

R(g) (Å) [Guinier] 17.9 ± 0.01 21.1 ± 0.05 20.6 ± 0.31 22.2 ± 0.04 

I(0) (cm-1) [P(r)] 0.28 0.28 0.51 0.31 

R(g) (Å) [P(r)] 17.4 22.4 21.2 22.7 

Dmax (nm) 4.8 10.0 57.9 8.1 

Porod volume estimate (Å3) 38800 52900 53000 55500 

Predicted MW (kDa) 29.7 32.2 33.0 36.7 

Estimated MW (kDa) 26.4 31.9 32.6 33.4 

Ab initio models [DAMMIF] 15 15 15 15 

Included models [DAMAVER] 15 14 14 14 

Mean NSD [DAMAVER] 0.668 0.802 0.508 0.816 

Stdev. NSD [DAMAVER] 0.012 0.078 0.014 0.054 

Ensemble Resolution (Å) [SASREF]  25 ± 2 26 ± 2  29 ± 2  27 ± 2 

Refined Model Chi2-[DAMMIN] 1.68 1.38 1.15 1.01 

Ambiguity Score [AMBIMETER] 0.0 0.0 0.3 0.0 
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Figure 5. Refined bead models derived from SAXS data. The RSL model is aligned to an atomic-

resolution crystal structure of the trimer (PDB 2bt9). Ser1 residues shown as spheres.  

 

Each of the fusion proteins was characterized also by NMR spectroscopy. The 1H-15N 

HSQC spectra included well-dispersed peaks that correspond to the spectrum of wild type 

RSL, indicating that the N-terminal fusions did not alter the tertiary structure of RSL (Figure 

4D and 6). In addition to the RSL peaks, several sharp cross peaks were observed for Mefp-

RSL and Nup-RSL. At least four new peaks were evident in the Mefp-RSL spectrum, two of 

which occur in the glycine region consistent with the extra two Gly residues in this construct. 

Twelve new peaks were observed in the spectrum of Nup-RSL, three of which occur in the 

glycine region consistent with the three Phe-Gly repeats in this fusion (Table 1). A new peak 

was observed also in the glycine region of the 4dzn-RSL 1H-15N HSQC spectra, likely 

corresponding to the Gly-Ala linker (Figure 4D). As is characteristic for coiled coils355 the 

resonances of the heptad repeats were crowded in a defined spectral region (1H ~7.4-8.5 

ppm, 15N ~118-124 ppm). Selective 15N Lys-labelling of 4dzn-RSL produced 1H-15N HSQC 

spectra with seven cross peaks accounting for the three lysines of RSL and the four lysines of 

4dzn. These spectra confirmed the correct folding of 4dzn-RSL and 4dzn-RSL*, with no 

significant chemical shift perturbations in the chemically dimethylated form (Figure 7). 
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Figure 6. Overlaid 1H-15N HSQC spectra of RSL, Mefp-RSL and Nup-RSL. ‘New’ resonances for 

residues of the N-terminal extensions are labelled ‘X’.  
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Figure 7. Overlaid 1H-15N HSQC spectra of 15N lysine-labelled native (black) and dimethylated 

(pink) 4dzn-RSL revealed minor chemical shift perturbations due to dimethylation. All seven 

lysines per 4dzn-RSL monomer are accounted for.  

 

Crystal Forms and Architectures. Co-crystallization of RSL and Q7 occurs in simple conditions 

comprising PEG precipitants, 0.1 M buffer, and 0-0.2 M additives.60, 67, 68 Co-crystals of Q7 and 

the methylated fusion proteins were obtained by sitting-drop vapour-diffusion experiments 

with commercial (Jena JCSG++) or homemade screens and grew in conditions similar to those 

previously reported for RSL*-Q7 (Table 3 and Figure 8). Data collection at SOLEIL synchrotron 

gave datasets of 1.5-2.2 Å resolution (Tables 4 and 5) and revealed that two of the fusions 

adopted the sheet assembly, while one, conformed to the cage architecture.  
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Figure 8. Representative crystals and Q7 co-crystals of RSL and fusion proteins. Scale bars are 

200 μm. 
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Table 3. Crystallization details and structure properties. 

Protein Ligand 
Crystallization 
Conditions 

[Protein] 
(mM) 

[Ligand] 
(mM) 

Res (Å) 
Space 
Group 

PDB 

4dzn-RSL - 20 % PEG 8000 
0.1 M CHES pH 9.5 

1.0 - 2.2 P213 6F37 

Mefp-RSL* Q7 15 % PEG 10000 
0.1 M BIS-Tris pH 5.5 
0.2 M MgCl2 

1.0 4.0 2.1 H3 TBDa 

Nup-RSL* Q7 25 % PEG 3350 
0.1 M BIS-Tris pH 5.5 
0.2 MgCl2 

1.5 7.5 1.5 F432 TBDa 

4dzn-RSL* Q7 18 % PEG 8000 
0.1 M Tris-HCl pH 8.5 
0.2 M MgCl2 

1.0 2.0 2.0 H3 TBDa 

4dzn-RSL* Q7 18 % PEG 8000 
0.2 M Tris-HCl pH 8.5 
0.2 M MgCl2 

1.0 2.0 2.0 P1 6s99 

a To be deposited. 
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Table 4. X-ray data collection, processing and refinement statistics for free and ligand-bound 
4dzn-RSL crystal forms. 

Data Collection 

Light source SOLEIL, PROXIMA-2A 
Wavelength (Å) 0.98013 
Structure 4dzn-RSL 4dzn-RSL*- Q7  4dzn-RSL*- Q7  
Space group P213 P1 H3 

Cell constants (Å) 88.763 51.22, 51.24, 
111.28 

51.62, 51.62, 
322.63 

Resolution (Å) 88.76-2.20 
(2.27-2.20) 

42.84-2.65 
(2.69-2.65) 

107.54-1.98 
(2.01-1.98) 

# reflections 322802 
(18119)  

95541 
(5086) 

190929  
(7959) 

# unique reflections 12123 (1019) 26787 (1383) 22317 (1086) 

Multiplicity 30.1 (31.2) 3.6 (3.7) 8.6 (7.3) 

I/σ (I) 15.4 (8.8) 7.8 (2.7) 6.8 (2.1) 

Completeness (%) 100 (100) 97.4 (97.5) 100 (100) 

Rmeas
b (%) 17.8 (53.0) 6.6 (36.7) 17.1 (91.6) 

Rpim
c
 (%) 3.2 (9.5) 3.5 (19.0) 5.5 (33.4) 

CC1/2 1 (0.70) 1 (0.94) 0.99 (0.85) 

Solvent content (%) 49 63 63 

Refinement 

Rwork 20.8 22.5 20.7 

Rfree 24.7 25.7 25.6 

rmsd bonds (Å) 0.006 0.013 0.004 

rmsd angles (°) 1.007 1.364 0.704 

# molecules in asymmetric unit 

Protein chains 2 6 2 

Q7 0 6 2 

b-D-mannopyranose 4 12 4 

water 74 112 245 

Ave. B-factor (Å2) 61.23 - 31.68 

Clashscore 0.29 7.8 2.53 

Ramachandran analysis,d % residues in 

favoured regions 95.93 91.21 94.59 

allowed regions 4.07 8.79 5.41 

PDB code 6F37 6S99 TBDe 
aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity; 
eTo be deposited. 
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Table 5. X-ray data collection, processing and refinement statistics for Mefp-RSL- and Nup-
RSL-ligand co-crystal forms. 

Data Collection 

Light source SOLEIL, PROXIMA-2A 
Wavelength (Å) 0.98013 
Structure Mefp-RSL*-Q7  Nup-RSL*-Q7  
Space group H3 F432 

Cell constants (Å) 51.02, 51.02, 
275.90 

200.713 

Resolution (Å) 43.63-2.15 
(2.19-2.15) 

21.40-1.49 
(1.51-1.49) 

# reflections 150578  
(7665) 

4151669 
(192272) 

# unique reflections 14627 (733) 56936 (2792) 

Multiplicity 10.3 (10.5) 72.9 (68.9) 

I/σ (I) 12.3 (2.4) 28.7 (2.2) 

Completeness (%) 100 (100) 100 (100) 

Rmeas
b (%) 11.2 (101.1) 12.0 (280.4) 

Rpim
c
 (%) 3.5 (31.3) 1.4 (33.7) 

CC1/2 0.99 (0.90) 1.00 (0.80) 

Solvent content (%) 65 57 

Refinement 

Rwork 17.6 16.1 

Rfree 21.1 18.0 

rmsd bonds (Å) 0.007 0.011 

rmsd angles (°) 0.079 0.901 

# molecules in asymmetric unit 

Protein chains 2 3 

Q7 2 2 

b-D-mannopyranose 4 - 

MeFuc - 6 

water 119 468 

Ave. B-factor (Å2) 37.38 25.00 

Clashscore 10.4 2.25 

Ramachandran analysis,d % residues in 

favoured regions 96.63 97.89 

allowed regions 3.37 2.11 

PDB code TBDe TBDe 
aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity; 

eTo be deposited. 
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4dzn-RSL crystallized readily from solutions of PEG 8000 at pH 9.5. The resulting 

assembly, space group P213, was densely-packed with a solvent content of 49 % (Figure 9A). 

Interestingly, crystal packing of the 4dzn-RSL nanoobject is dominated by interactions 

between the globular (RSL) and coiled coil (4dzn) subunits with minimal RSL-RSL and 4dzn-

4dzn interactions (Table 6).  

 

 

Figure 9. Crystal packing in the (A) 4dzn-RSL and (B) 4dzn-RSL*-Q7 structures. The RSL and 

4dzn subunits are grey and purple, respectively. Structures drawn to scale. 

 

Table 6. Crystal packing interface areas in 4dzn-RSL crystals.223 
Interface* Interface Area (Å2) 
RSL - 4dzn 755 
RSL - RSL 225 
4dzn - 4dzn 80 

*RSL and 4dzn refer to domains of 4dzn-RSL 
 

4dzn itself is a densely packed crystal in which the coiled coils form a herringbone 

weave (Figure 10).234 Coiled coil-directed bionanoarchitectures have relied previously on the 
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fusion of single coiled coil peptides to globular oligomers.245, 322 Here, the coiled coil subunit 

of 4dzn-RSL is already in its preferred oligomeric state, presenting the opportunity for 

association with its globular counterpart. Visualization of the 4dzn-RSL assembly by 

temperature factors, a gauge of flexibility/motion,340 reveals RSL and 4dzn subunit dynamics 

to vary widely yielding distinct regions of higher and lower rigidity (Figure 11). 

 

 
 

Figure 10. Crystal packing in 4dzn, a trimeric coiled coil (PDB 4dzn234). 
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Figure 11. Crystal packing in 4dzn-RSL coloured by temperature factor. 

 

Co-crystals of 4dzn-RSL* and Q7 were identified in JCSG++ condition D6 at 2-4 eq Q7 

and were reproduced manually (Table 3, Figure 8). No crystals were observed below 2 eq Q7. 

Co-crystals with a thin plate-like morphology diffracted with high mosaicity and were solved 

in P1 at 2.6 Å resolution, with two 4dzn-RSL* trimers and six Q7 molecules per asymmetric 

unit. Co-crystals with a thicker plate morphology had improved diffraction properties and 

yielded 2.0 Å resolution structure in H3 with two 4dzn-RSL* monomers and two Q7 molecules 

per asymmetric unit. Recapitulation of the Q7-mediated sheet assembly was evident in both 

co-crystal structures (Figure 9B). Remarkably, the coiled coils act as spacers and modulate the 

assembly of RSL*-Q7 bilayers, yielding a layered supramolecular architecture. The contrast 

with the packing in 4dzn-RSL crystals (Figure 9A) is stark. The abundant interactions between 

the RSL and 4dzn subunits are completely overpowered by the Q7-directed assembly.  
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The 4dzn-RSL assemblies depicted in Figure 9 differ not only in crystalline architecture, 

but also in helical bundle dynamics. In crystals of 4dzn-RSL alone, electron density for helical 

bundles is well-defined. In comparison, electron density for 4dzn bundles is poor (Figure 12) 

in co-crystals of 4dzn-RSL* and Q7, indicating the coiled coils are dynamic in this assembly. 

This is apparently a consequence of a lack of stabilizing crystal contacts in the N-terminal 

spacer layers. Ill-defined electron density was also observed for coiled coils fused to a 

homopentameric globular protein within an engineered tubular crystalline assembly.245 

Considering the flexibility of the bundles, the successful recapitulation of the sheet assembly 

is surprising. Apparently, rigid tectons are not strictly required. This observation prompted 

consideration of swapping out 4dzn for more dynamic protein subunits. Mefp- and Nup-RSL 

fusion proteins were produced to evaluate IDPs as potential modulatory tectons. While no 

tenable crystallization leads for Mefp-RSL or Nup-RSL (either native or dimethylated) were 

identified, co-crystallization of both Mefp-RSL* and Nup-RSL* with Q7 was achieved. Co-

crystals of Mefp-RSL* and Q7 were of a similar triangular plate morphology to co-crystals 

obtained with 4dzn-RSL* (Figure 8) and also diffracted well, yielding a 2.1 Å resolution dataset 

which was also solved in H3 with two Mefp-RSL* monomers and two Q7 molecules per 

asymmetric unit. Like 4dzn-RSL*, Mefp-RSL* adopted the Q7-directed sheet assembly with 

the N-terminal extensions functioning as spacers.  The peptide spacers within the Mefp-RSL*-

Q7 assembly are even more dynamic. Despite obvious modulation of the sheet assembly, no 

discernible electron density is present for the Mefp extensions with that result that no Mefp 

residues could be modelled.  
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Figure 12. Asymmetric units of 4dzn-RSL* - Q7 structures solved in (A) P1 at 2.6 Å and (B) H3 

at 2.0 Å resolution. 2Fo-Fc electron density maps around the coiled coil regions are shown as 

blue mesh and contoured at 1.0 σ. 

 

Co-crystals of Nup-RSL* and Q7 (Figure 8) were identified in JCSG++ condition H11 and 

were reproduced manually. Surprisingly, this crystal was solved in the F432 space group with 

cell parameters (~200 Å3) and crystal packing near-identical to the previously published 

structure (PDB 6f7x).60 In this original structure, the distal Q7 cavity is empty (Figure 13A). 
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Remarkably, in the Nup-RSL* co-crystal structure with Q7, a Phe-Gly motif of one Nup 

extension per trimer is captured by the distal cucurbituril via inclusion of a Phe benzyl side 

chain (Figure 13B). No electron density is evident for other residues of the Nup extensions 

which are disordered within the solvent voids of the cage assembly (Figure 13C). Q7 

complexation with N-terminal Phe has been characterised in a variety of protein systems.112, 

114, 115, 119 Here, we present Q7 binding of an intrapeptide Phe. This interaction is facilitated 

by the placement of the distal Q7 close to the RSL* N-termini within the F432 architecture.  

  

 

Figure 13. Protein-Q7 interactions at the distal binding site in the F432 assembly. (A) RSL*-Q7 

(PDB 6f7x)60 and (B) Nup-RSL*-Q7 crystal structures. Protein shown as grey ribbon with key 

Q7-interacting sidechains shown as spheres. (C) Packing in co-crystals of Nup-RSL* and Q7. 

Protein shown as grey ribbon with Phe-1 shown as black spheres and cucurbiturils shown as 

green sticks. 
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Investigating Protein-Q7 Interactions by NMR Spectroscopy. Co-crystals of Nup-RSL* and Q7 

grew only at high ligand excess with no crystals observed at <7 eq Q7. The requirement for 

excess Q7 may be a consequence of an increased number of Q7 binding sites in Nup-RSL*. 

NMR monitored titrations of Nup-RSL* and Q7 yielded significant chemical shift perturbations 

for resonances at or near the previously-defined Lys34* binding site, but also resulted in 

severe broadening of new resonances of the Nup extensions, even at low eq of Q7 (Figure 

14).  
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Figure 14. Overlaid 1H-15N HSQC spectra of Nup-RSL* in the presence of 0.0-1.6 mM Q7. 

Chemical shift perturbations caused by Q7 are illustrated for (A) resonances at the K34* 

binding site and (B) resonances of the Nup extension, labelled X. 
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RSL contains just one Phe residue (Phe41), therefore selective labelling of Nup-RSL* with 15N 

Phe resulted in a 1H-15N HSQC spectrum with just four resonances. Q7 titrations resulted in 

severe broadening of the three Phe resonances of Nup (Figure 15), suggesting binding at each 

of the Phe-Gly motifs.  

 

 

Figure 15. Spectral region from 1H-15N HSQC spectra of 0.6 mM 15N-Phe selectively labelled 

NupRSL in the presence of 0-2 equivalents of Q7.  

 

In comparison, NMR titrations of Q7 into selectively 15N Lys-labelled 4dzn-RSL* indicated 

negligible interactions with dimethylysines in the coiled coil (Figure 16). Including Lys34*, Q7 

appears to bind Nup-RSL* at four sites in solution, compared to just one site in RSL*. In 

crystallo, only the Nup Phe-Gly motif within reach of the distal Q7 binding site is bound (Figure 

12B). Q7-Lys34* binding is in fast exchange with a Kd in the mM range.60 At 2.2 or 6.0 x 104 M-

1, respectively, the Q7 affinities for an intrapeptide Phe112, 114 or Lys*60, 67, 144 are similar, and 

the NMR data indicate simultaneous binding of the Lys34* and the Phe-Gly sites, even at low 

eq Q7 (Figure 13). The requirement for excess Q7 to obtain co-crystals with Nup-RSL* is 

consistent with binding at the Phe-Gly motifs which ats to limit the Q7 available for 
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complexation at the Lys34* sites and initiation of co-crystal assembly. This competition for 

Lys34* binding may also explain our observation that Nup-RSL* did not conform to the Q7-

directed sheet architecture, which require complete cucurbiturilation of all available Lys34* 

to facilitate the honeycomb-like packing. However, Nup may also be unsuitable as a sheet 

spacer due to its length and / or flexibility. 

 

 

Figure 16. Overlaid 1H-15N HSQC spectra of 15N lysine-labelled 4dzn-RSL* in the presence of 

0.0-2.4 mM Q7. Significant chemical shift perturbations were observed for the K34* binding 

site. One peak (1H ~7.6 ppm, 15N ~120 ppm) attributed to a dimethyllysine in the coiled coil 

had a minor chemical shift perturbation at > 1.2 eq of Q7. 

 

Layered Protein-Q7 Architectures. A comparison of the crystal packing within Mefp-RSL*-Q7 

and 4dzn-RSL*-Q7 crystals by normalized temperature factors340 revealed striking differences 

in dynamics between the protein-Q7 bilayers and the spacer layers (Figure 17). The RSL*-Q7 

bilayers within these fusion-Q7 co-crystals are rigid at the RSL*-RSL* packing interfaces with 

trimers appearing more dynamic in regions closer to the spacer layers. The flexibility of the 

4dzn bundles is apparent, while Mefp peptides are completely disordered (Figure 17).  
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Figure 17. Crystal packing in co-crystals of Q7 with (A) Mefp-RSL* or (B) 4dzn-RSL*. The 

structures are drawn to scale and coloured by normalized temperature factors (scale bar). 

Nanometre-scale gaps between RSL*-Q7 bilayers are indicated. Proteins and Q7 are shown 

as ribbon and spheres respectively.  

 

A larger/longer N-terminal extension apparently translates to wider separation of the 

RSL*-Q7 sheets as indicated by the ~3 nm and ~2 nm gaps observed in the 4dzn-RSL* and 

Mefp-RSL* assemblies, respectively (Figure 17). Q7 co-crystals with 4dzn-RSL*, which is 

approximately twice the length of RSL*, possess a c axis approximately double that of RSL*-

Q7 co-crystals. With a shorter extension, co-crystals of Mefp-RSL* and Q7 display a c axis 

intermediate of the two (Table 7). 

 

Table 7. Characteristics of protein-Q7 sheet assemblies.  

Structure 
Space 
Group 

a x b x c 
(Å) 

Pore Øa 

(nm) 

Solvent Content (%)b 

Overall 
RSL* / Q7 

Bilayer 
Spacer  
Layer 

RSL*-Q7 C2221 50 x 87 x 147 2.2 54 54 - 

Mefp-RSL*-Q7 H3 51 x 51 x 276 14.2 60 54 90 
4dzn-RSL*-Q7 H3 52 x 52 x 323 12.0 58 54 80 

aDiameter of widest pore calculated in MAP_CHANNELS222 
bMatthews solvent content estimated from total mass (protein plus ligand) 
 

Compared to the RSL*-Q7 bilayers, the spacer layers are sparsely populated, 

containing one Mefp or 4dzn subunit of ~3 or ~8 kDa, respectively per cucurbiturilated RSL* 
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trimer (~34 kDa). Consequently, the solvent contents of these diffuse regions are 

approximately 90 and 80% for Q7 co-crystals with Mefp-RSL* and 4dzn-RSL* respectively. 

Meanwhile, RSL*-Q7 bilayers are better-occupied and contain approximately 54% solvent 

(Table 7). Porous protein frameworks are being developed as a means of sequestering / co-

crystallizing guest molecules or other proteins of interest. For example, dye and polyamine 

guests have been captured within porous polyhedrin and protein-calixarene frameworks, 

respectively. Meanwhile, protein cargos of 8, 9, and 32 kDa have been accommodated within 

porous crystalline assemblies of the endonuclease domain R1EN,204 the BTB domain from the 

transcriptional repressor BCL6,205 and the bacterial Cry3Aa,212 respectively. Larger industrial 

enzymes have been accommodated in crystals of engineered polyhedrin.211 The RSL*-Q7 

sheet architecture can also be used as a scaffold to accommodate fused protein subunits, as 

evidenced with Mefp-RSL* and 4dzn-RSL*. While other systems have relied on insertion of 

fusions into large solvent voids,204, 205 here, the N-terminal fusions are wedged in between 

RSL*-Q7 bilayers (Figure 9B and 17). With pores of >10 nm in diameter, the Q7-directed Mefp-

RSL* and 4dzn-RSL*themselves may be applied to guest capture.  

 

Co-crystallization of RSL-R5* and Q7. The crystal morphologies of the cage and sheet RSL*-

Q7 assemblies (Figure 1) are not easily distinguished from one another, although the sheet 

form often presents as plate-like crystals. Co-crystallization of the dimethylated RSL-R5 variant 

(RSL-R5*), containing the Lys25Arg and Lys83Arg mutations, with Q7 was achieved in simple 

PEG/salt conditions (Table 8) and yielded distinct diamond and hexagonal plate crystal 

morphologies (Figure 18). These crystal forms were revealed to be near-identical 

reconstitutions of the cage and sheet assemblies, respectively (Table 9). Interestingly, the 

diamond (cage) crystal form was observed at <1 eq Q7 in Jena JCSG++ conditions H8, H9, and 

B3. At ≥1 eq Q7, hexagonal plates (sheet) occurred either alone or in combination with the 

diamond morphology. These results suggest that the protein-ligand stoichiometry is a 

contributing factor in the growth of one form over another. Previously, the sheet assembly 

with Lys- or His-enriched RSL variants was accomplished only at ≥1 eq Q7.67, 68 

 

 

 

 



 189 

Table 8. Crystallization details and structure properties. 

Protein Ligand 
Res 

(Å) 

Space 

Group 

Crystallization 

Conditions 

[Protein] 

(mM) 

[Ligand] 

(mM) 

RSL-R5* Q7 1.3 F432 25% PEG 3350 
0.1 M BIS-TRIS pH 5.5 
0.2 M NaCl 

1.5 0.75 

RSL- R5* Q7 1.1 C121 25% PEG 3350 
0.1 M BIS-TRIS pH 5.5 
0.2 M NaCl 

1.5 1.5 

 

 

Figure 18.  Co-crystals of Q7 and RSL-R5* occur with distinct morphologies either diamond 

(F432, cage architecture) or hexagonal plate (C121, sheet architecture). The protein:Q7 ratios 

are indicated. These representative crystals were grown in Jena JCSG++ condition H8 and used 

for X-ray structure determination (Table 2). Scale bars are 200 µm.  
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Table 9. X-ray data collection, processing and refinement statistics for RSL-R5*-Q7 co-crystal 
forms. 

Data Collection 

Light source SOLEIL, PROXIMA-2A 

Wavelength (Å) 0.98013 

Structure RSL-R5*-Q7 RSL-R5*-Q7 
Space group F432 C121 
Cell constants (Å) 200.333 87.70, 50.40, 

140.22 
Resolution (Å) 100.17-1.34 

(1.36-1.34) 
46.74-1.14 
(1.16-1.14) 

# reflections 6070766 
(298169)  

1284611 
(21856) 

# unique reflections 77653 (3798) 212450 
(7323) 

Multiplicity 78.2 (78.5) 6.0 (3.0) 
I/σ (I) 25.7 (2.2) 18.2 (2.1) 
Completeness (%) 100 (100) 95.1 (66.3) 
Rmeasb (%) 1.3 (31.7) 4.4 (46.5) 
Rpimc (%) 0.2 (0.4) 1.7 (25.6) 
CC1/2 0.99 (0.80) 0.99 (0.93) 
Solvent content (%) 57 54 

Refinement 

Rwork 18.3 22.4 
Rfree 20.8 25.6 
rmsd bonds (Å) 0.013 0.013 

rmsd angles (°) 1.817 1.364 

# molecules in asymmetric unit 

Protein chains 3 6 
Q7 2 6 
MeFuc 6 12 
water 356 132 
Ave. B-factor (Å2) 17.58 10.66 
Clashscore 2.4 1.8 

Ramachandran analysis,d % residues in 

favoured regions 98.58 97.67 
allowed regions 2.42 2.33 
PDB code TBDe TBDe 

aValues in parentheses correspond to the highest resolution shell bRmeas = ∑hkl √(n/n-1)∑I  |Ii(hkl)-
〈I(hkl)〉|/∑hkl ∑iIi(hkl); cRpim = ∑hkl √(1/n-1)∑n

i=1 |Ii(hkl)-〈I(hkl)〉|/∑hkl ∑iIi(hkl); dCalculated in MolProbity; 
eTo be deposited. 
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At 1.3 Å resolution, the F432 RSL-R5*-Q7 structure is a significant improvement on the 

previously reported 2.4 Å resolution F432 RSL*-Q7 structure (PDB 6F7X).60 This result 

bolstered our confidence in this assembly and was useful for comparison with co-crystals of 

Nup-RSL* and Q7, which also adopted the cage assembly. Two high-energy water molecules 

modelled within the distal Q7 cavity in the RSL-R5*-Q7 F432 structure (Figure 19) are 

displaced in the Nup-RSL*-Q7 complex due to inclusion of the benzyl side chain of Phe-2 of a 

nearby Nup peptide (Figure 13B). In the RSL-R5*-Q7 F432 structure, the distal Q7 was 

modelled in two conformations at 50% occupancy (Figure 19). Similar conformational 

flexibility was observed at the N-terminal Phe binding site within co-crystals of human insulin 

and Q7.114 Within co-crystals with Nup-RSL*, however, the distal Q7 adopts a single 

conformation (Figure 13B). Possibly the Q7 rim interaction with the dimethylamino of Lys34* 

combined with the inclusion of the aromatic guest facilitates conformational rigidity. 

 

 

Figure 19. Protein-Q7 interactions at the distal binding site in the RSL-R5*-Q7 F432 assembly. 

Protein shown as grey ribbon with key Q7-interacting sidechains shown as spheres. 

 

A More Rigid Spacer. The dynamic nature of the 4dzn and Mefp fusions within the sheet 

assembly (Figure 17) prompted consideration of N-terminal fusions with greater rigidity. The 

flexibility of the 4dzn bundles within co-crystals of 4dzn-RSL* and Q7 is apparently a 

consequence of a lack of packing contacts. We postulated that by N-terminally fusing a 

sequence of an anti-parallel hexameric coiled coil to RSL we could achieve a more rigid spacer 

layer. 5eon, a de novo-designed coiled coil which folds as an anti-parallel hexamer in 

solution,235 was chosen for N-terminal fusion to RSL. 
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5eon-RSL expressed well in E. coli (Chapter 1) and was purified by mannose-affinity 

chromatography.44 SEC experiments conducted in 20 mM KPi, 0.1 M NaCl pH 6.0 on a XK 16/70 

column (1.6 cm diameter, 65 cm bed height) packed with Superdex 75 (GE Healthcare) 

indicated 5eon-RSL was not monodisperse. Two peaks were observed (Figure 20A). The first 

peak was observed in the dead volume of the column, indicating large aggregates. The second 

peak eluted at 54 mL, approximately the same elution volume displayed by BSA (66 kDa). The 

successful assembly of two RSL trimers connected by antiparallel 5eon hexameric bundles 

would yield species of ~78 kDa. These peaks contained 5eon-RSL, as observed by SDS-PAGE 

(Figure 20B). Solution state experiments with the 5eon peptide showed the presence of 

dimers, hexamers, and larger aggregates in solution.235 SEC experiments with 5eon-RSL in 20 

mM KPi, 0.1 M NaCl pH 7.5 indicated the fusion protein became more monodisperse at higher 

pH. A sharp peak was observed at 54 mL with two small shoulders eluting earlier (Figure 20A). 

Each peak contained 5eon-RSL (Figure 20B). Pooling of fractions eluting at 52-60 mL and 

subsequent SEC analysis revealed a monodisperse 5eon-RSL species which eluted earlier (54 

mL) than 4dzn-RSL and RSL (62 and 76 mL respectively, Figure 20C). 
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Figure 20. (A) SEC of 0.5 mM samples of 5eon-RSL at pH 6.0 and 7.5. (B) SDS PAGE of 5eon-

RSL SEC fractions. (C) SEC of RSL and coiled coil fusions at pH 7.5. The monodisperse 5eon-RSL 

sample was obtained by pooling fractions eluting at 52-60 mL from the pH 7.5 SEC run in panel 

A.   

 

 Co-crystallization of 5eon-RSL* and Q7 was approached in the same manner as for the 

other RSL fusion proteins. 0.8-1.5 mM protein in the presence of 0-8 eq Q7 was tested. Co-

crystals were identified in Jena JCSG++ condition H8 and were reproduced manually with 

[MgCl2] screening (Figure 21). Co-crystal morphology was reminiscent of hexagonal plates 

(Figure 18) suggesting adoption of the sheet architecture (Figure 1). Numerous crystals were 

tested at SOLEIL synchrotron, however, only very weak diffraction was observed. A crystal 

structure could not be obtained and it is therefore unclear whether these crystals were of the 

protein-Q7 complex.  
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Figure 21. Co-crystallization of 5eon-RSL* and Q7. 
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Conclusions 

Protein-based, crystalline materials are progressing in sophistication, including in vivo 

construction,209, 211, 212 and edging towards industrial application.208, 211, 312 Reliable self-

assembling systems are scarce. Tried-and-tested systems, such as ferritin,182, 184, 202, 203, 316 

lumazine synthase, and viral capsids,312, 325, 356 are the main focus. Ligand-directed assembly 

strategies continue to deliver remarkable bionanoarchitectures with the potential for 

customization.14,17,24,25 This work demonstrates macrocycle-mediated protein assembly as a 

straightforward, cost-effective, and broadly applicable route to novel, protein-based 

materials. 

RSL, with its high rigidity and symmetry, has been used extensively in 

biosupramolecular chemistry.60, 67, 68 Engineering RSL via simple point mutations and terminal 

extensions has been relatively trivial with high yields of variants achieved via simple bacterial 

cell culture followed by one round of mannose-affinity chromatography.44, 57, 60, 67, 68 In this 

work, we presented three RSL fusion proteins of varying structural order (Figures 4C and 5) 

and demonstrated their incorporation into cucurbituril-directed assemblies (Figures 9, 13, 

and 17). Q7-mediated crystalline architectures endure even with significant augmentation of 

the base protein tecton (RSL). 4dzn and Mefp extensions were packed between RSL*-Q7 

bilayers (Figure 9B and 17). In the case of Nup-RSL*, the distal Q7 within the cage assembly 

presented the opportunity for partial sequestration of the Nup peptide via inclusion of the 

Phe-2 side chain (Figure 13B). This result complements previous data which indicate 

macrocyclic glues could facilitate crystallization of proteins with significant structural 

disorder.108 Q7 capture of the Nup peptide is an exciting new development in host-guest 

chemistry within protein-macrocycle frameworks.109  

The RSL*-Q7 sheet assembly is evidently amenable to customization, with previous 

studies demonstrating Lys- and His-enrichment as a means of modulating the sheet-like 

packing.67, 68 In this work, N-terminal extensions acted as spacers between the rigid RSL*-Q7 

bilayers, giving rise to novel bipartite architectures with N-terminal fusion layers of high 

flexibility and porosity (Figure 17 and Table 7). The characteristics of the spacer layers are 

apparently dictated by the size and inherent order of the chosen spacer. Preliminary results 

with a more rigid spacer (5eon-RSL) may be developed to further investigate customizability 

of this architecture. Thus, we have illustrated macrocycle-mediated assembly as a route to 

dynamic, multicomponent biomaterials with tailorable qualities. In general, the incorporation 
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of the different N-terminal extensions within Q7-mediated architectures suggests these and 

similar protein-macrocycle architectures may be used to sequester protein cargoes with 

possible applications including structure elucidation204, 205 and catalysis.211, 212 Furthermore, 

incorporation of spacers (Mefp and 4dzn) into the Q7-directed sheet architecture resulted in 

>5-fold increase in pore size, relative to the original assembly (Table 7).
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Discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 199 

Protein Recognition & Assembly 

In this Thesis, the model protein RSL was prompted by ‘effectors’ to assemble. The ‘effectors’ 

in question were Fic70 (Chapter 2), sclx8 (Chapter 4), and Q7 (Chapter 5). The transition from 

soluble RSL trimers to higher molecular weight species determined either by eye 

(aggregation) or by NMR spectroscopy (spectral broadening), with SAXS and SEC-MALS also 

employed to investigate assembly. In the case of RSL-Fic70 complexation, the resulting 

protein-polysaccharide species, although soluble, were not detectable by solution-state NMR. 

1H-15N HSQC spectra of RSL were severely broadened upon addition of Fic70, consistent with 

the formation of high molecular weight species that tumble too slowly for NMR detection.104, 

145, 263 PEGylation of RSL appeared to interrupt RSL-Fic70 assembly. While RSL-PEG3 behaved 

near-identically to the native protein, 1H-15N HSQC spectra of RSL-PEG6 and RSL-PEG12 did not 

undergo the same broadening in the presence of Fic70, implying that the PEG chains impeded 

Fic70 complexation. 

Spectral broadening also informed sclx8-mediated assembly of RSL at low pH. Average 

RSL 1HN line-widths at pH 4.0 by ~8 Hz in the presence of 5 eq sclx8, indicating assembly. In 

comparison, the addition of 1 eq sclx8 to cytc resulted in complete broadening of the NMR 

spectrum due to the formation of sclx8-mediated oligomers.104 Apparently, RSL-sclx8 

assembly at pH 4.0 is more transient than cytc- sclx8 oligomerization at pH 6.0 with the result 

that complete loss of signal is not observed for RSL spectra. At pH 3.4, sclx8-mediated 

assembly completely takes over and sample precipitation is observed. Apparently, at 

sufficiently-low pH, sclx8 affinity towards RSL is comparable to its affinity towards the Arg-rich 

and highly-cationic RSL-R8. Similar to the auto-regulated behaviour of the cytc-sclx8 system, 

sclx8-mediated assembly of RSL (aggregates at pH 3.4) was inhibited by increasing the 

concentration of sclx8. Apparently this type of auto-regulated regime can also occur with 

neutral protein targets at sufficiently-acidic conditions. The disassembly of both systems is 

proposed to be a consequence of encapsulation155-157 whereby calixarene-coated protein 

particles cannot associate.  

Chapters 3, 4, and 5 detail the advancements in protein-macrocycle recognition. An 

NMR survey of Q6 complexation with a range of model proteins supported previous 

assumptions of Q6 binding to Lys side chains. Although the interactions were low affinity the 

binding specificity was high (e.g. selection of Lys34 in RSL or Lys29 in Hub). Interestingly, no 

interaction was observed with the Lys-rich cytc. The N-terminal Met-Lys motif of SAMP2 was 
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identified as a high-affinity Q6 binding site. The scope of Qn-protein recognition was further 

widened in Chapter 5 with the characterization of Q7 binding of to a disordered intrapeptide 

Phe-Gly motif  in Nup-RSL.  

The scope of protein recognition by anionic calixarenes was also widened to include 

neutral species, i.e. proteins with a pI ~7. The current targets vary in size, shape, charge, and 

symmetry (Figure 1 and Table 1). As well as being the first neutral protein co-crystallized with 

sclx8, RSL is also the first symmetrical oligomer targeted by sclx8. Other examples of 

calixarene-targeted of symmetric proteins include the tetrameric p53 transcription factor96 

and a potassium ion channel.97 RSL symmetry facilitated framework fabrication. sclx8 binding 

sites were distributed across the RSL spheroid via C3 planes. In the case of I23 RSL-sclx8 co-

crystals, the positioning of the calixarene binding sites allowed for RSL to act as an octahedral 

node with sclx8 dimers coordinating the resulting cubic assembly.   

 

 

Figure 1. Proteins targeted for sclxn complexation. Proteins shown as electrostatic surface. 

Structures drawn to scale. 
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Table 1. Proteins complexed with anionic calixarenes. 
Protein MWt 

(kDa) 

pIa Arg 

Contentb 

Lys 

Contentb 

Calixarene 

PAF 6.3 8.9 0/55 13/55 sclx4, sclx6, sclx8107 

PAFB 6.3 8.8 2/56 8/56 sclx8111 

cytc 12.8 9.5 3/108 16/108 sclx4,100, 188 pmsclx4, 105 sclx4mc,110 phsclx4,106 

brsclx4,106 sclx6,108 pclx6,103 sclx8104, 109  

HEWL 14.3 9.3 11/129 6/129 sclx4 101, 102 

RSL 29.2 6.5 3/270 3/270 sclx8c 

RSLex 29.3 7.8 3/270 4/270 sclx8c 

RSL-R6 29.5 6.5 6/270 0/270 sclx8c 

RSL-R8 29.7 9.7 8/270 0/270 sclx8c 

aCalculated in Protparam 
bNumber of Arg or Lys / total residue count 
cChapter 4 

 

Protein-Macrocycle Framework Manufacture & Customization 

Co-crystallization of proteins with macrocyclic molecular glues is emerging as a facile route to 

porous biohybrid frameworks which compete with established protein frameworks204, 206-212 

in terms of pore size and solvent content (Figure 2A and Table 2).  The main advantage of 

protein-macrocycle frameworks is the potential for crystal engineering via host-guest 

chemistry at available macrocycle sites. In general, the RSL-macrocycle biohybrid assemblies 

developed in this thesis display high solvent contents and possess pores (solvent voids) of ≥2 

nm in diameter (Table 2). The potential for tuning protein-calixarene frameworks has been 

demonstrated with the P43212 cytc-sclx8104, 109  and cytc-sclx4mc110 frameworks (Figure 2B). 

Modulation of protein-calixarene assembly was achieved via a small molecule effector 

(spermine resulted in the assimilation of additional cytc-sclx8 units)109 or by increasing the 

anionic character of sclx4 (porous honeycomb packing instead of tightly-packed sheets).110 In 
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Chapter 4, tuning of RSL-sclx8 co-crystallization was explored. In this system, co-crystallization 

conditions (pH, [salt]) acted as the effectors to elicit either closely-packed (P213) or porous 

(I23 and P3, Figure 2C) crystalline architectures. RSL-sclx8 co-crystallization can be broadly 

split into two categories: 

• Assembly via the hydrophobic effect (P213). 

• Assembly via protein-calixarene charge-charge interactions (I23 and P3). 

 

The ability to dictate crystalline architectures simply by altering co-crystallization 

conditions is a new paradigm for macrocycle-mediated protein assembly and (bio)crystal 

engineering in general. This simple control over protein-ligand co-crystallization resulted in 

frameworks of different potential uptake capabilities (2, 3, and 4 nm pores for the P213, I23, 

and P3 forms, respectively, Table 2). Furthermore, the calixarene subunits in these 

frameworks are solvent-exposed to different degrees. sclx8 is most solvent-exposed in the P3 

form, and therefore this frameworks may be best-suited to guest capture via soaking 

strategies. However, I23 boasts larger pores, therefore permeation by guest molecules may 

be easier.  
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Table 2. Properties of RSL-macrocycle frameworks developed in this thesis. 
Protein Ligand Space 

Group 

c axis 

(nm) 
SC 

(%)a 

Pore Ø 

(nm)b 

P:Lc Crystal Packing 

Interfaces (%)d 

 P-P P-L L-L 

RSL sclx8 P213 6.4 36 1.7 1:1 60 40 0 

RSL-R6 sclx8 P213 6.4 36 1.8 1:1 60 40 0 

RSL sclx8 I23 10.4 66 4.2 1:2 0 60 40 

RSL sclx8 P3 6.4 59 2.8 1:1 0 100 0 

RSL* sclx8 P3 6.4 59 2.8 1:1 0 100 0 

RSLex sclx8 P3 6.4 59 2.8 1:1 0 100 0 

RSL-R8 sclx8 P3 5.9 61 3.0 1:1 0 100 0 

RSL-R5* Q7 F432 20.0 58 6.8 1.5:1 65 25 10 

Nup-RSL* Q7 F432 20.1 59 6.8 1.5:1 65 25 10 

RSL-R5* Q7 C121 14.0 55 3.8 1:1 75 20 5 

Mefp-RSL* Q7 H3 27.6 67 14.2 1:1 55 20 5 

4dzn-RSL* Q7 H3 32.3 68 12.0 1:1 60 30 10 

aSolvent content estimated from total mass (protein plus ligand). 
bDiameter of widest pore, calculated in MAP_CHANNELS.222 
cProtein:ligand ratio per protein monomer. 
dContribution of protein-protein (P-P), protein-ligand (P-L), and ligand-ligand (L-L) interfaces 
to overall crystal packing, determined by comparison of interface areas in PDBe PISA.223 

 

The protein-cucurbituril assemblies described in Chapter 5 build on the previously 

described cage and sheet RSL*-Q7 architectures (Figure 2D). Previously, modulation of the 

RSL*-Q7 sheet assembly was achieved via incorporation of additional macrocycle67 or 

metals.68 Here, the RSL*-Q7 sheet assembly was further developed as a crystalline scaffold 

capable of accommodating additional protein subunits (Mefp or 4dzn) via fusion to RSL 

(Figure 2E). The N-terminal Mefp or 4dzn fusions acted as dynamic spacers between rigid 

RSL*-Q7 bilayers, to yield layers of alternating porosity. The Mefp and 4dzn layers are devoid 

of significant protein-protein packing interfaces with the result that these assemblies possess 
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pores of comparable size (12-14 nm in diameter, Table 2) to those of the R1EN204 and CJ207, 

208 frameworks (9 and 13 nm in diameter, respectively, Figure 2A).  

 

Figure 2. (A) Protein frameworks. (PDBs 6a42204 and 5w17206) (B) Cytc-calixarene frameworks 

(PDBs 6rsi109 and 6suy110). (C) RSL-sclx8 frameworks developed in this thesis. (D) RSL*-Q7 

frameworks (PDBs 6f7x and 6f7w).60 (E) Q7-directed assemblies of RSL fusion proteins 

developed in this thesis. Proteins shown as grey ribbon. Calixarenes and cucurbiturils shown 

as blue and green spheres, respectively. Terminal fusions (Ub in panel A, 4dzn in panel E) are 

shown as purple ribbon. Space group, solvent content, and unit cell axes are indicated. 

Structures drawn to scale. 
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The F432 RSL*-Q7 cage architecture was also capable of assimilating an RSL fusion 

(Nup) and revealed partial capture of the disordered fusion via molecular recognition (Q7 

inclusion of a Nup Phe side chain). Interest in crystal scaffolds for protein ‘sequestration’ is 

growing due to potential applications such as structure determination204, 205 (Figure 2A) and 

catalysis.208, 211, 212 Protein cargoes of up to 8 kDa have been accommodated in porous protein 

crystal lattices via fusion.204, 205 In this thesis, additional protein subunits of 3 (Mefp), 4 (Nup) 

or 8 (4dzn) kDa were accommodated in RSL*-Q7 architectures. Furthermore, preliminary data 

on the co-crystallization of Mefp-RSL and Nup-RSL with sclx8 (Chapter 4) suggest that the N-

terminal extensions of these proteins are accommodated in solvent voids of the I23 

architecture. Similar to the difficulties faced by Maita with a variety of R1EN-Ub fusions,204 no 

electron density was apparent for the Mefp or Nup extensions indicating that they are wholly 

disordered within this framework. 4dzn-RSL could not be incorporated into the I23 framework 

as it precipitated in the I23 crystallization condition. Potentially, ordered protein fusions could 

be observed within this framework. 

 

Outlook 

RSL is a versatile model protein. The facile production and purification strategy detailed in 

Chapter 1 will allow for further engineering of RSL and implementation of RSL-based 

constructs in other laboratories. The successful production / purification of two RSL-coiled 

coil fusion proteins (4dzn-RSL and 5eon-RSL) bodes well for the development of future RSL 

fusions and for the advancement of coiled coils as off-the-shelf modulatory tectons. 

Geometric considerations and inclusion of flexible linkers apparently contributed to the 

production of folded, monodisperse RSL fusion proteins.   

Biosupramolecular and biotechnological applications of RSL related b-propellers are 

increasing in frequency.52, 53, 55, 56 The potential of b-propellers for cell targeting52 and 

membrane invagination55, 56 applications is particularly exciting. The RSL-Ficoll interaction 

(Chapter 2) may be used as a model for the development of RSL-based products / therapies. 

Further development of this model could also allow for evaluation of other PEGylation 

strategies and / or bioconjugation strategies. A similar NMR methodology based on spectral 

broadening may be employed to evaluate protein binding to other glycopolymers. 

Furthermore, glycopolymers may be considered as alternatives to glycoclusters83-89 for 

interruption of pathogen adhesion. 
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This thesis detailed advancements in protein-macrocycle recognition. The N-terminal 

Met-Lys motif of SAMP2 is a high-affinity tag for Q6 complexation and was successfully 

installed into RSL (MK-RSL) yielding Q6 / Q8 complexation. The groundwork laid by Urbach 

and co-workers on Q8 recognition of Met-terminated peptides124 may be built upon using RSL 

as a model protein. Terminally-extended variants of RSL are manufactured with ease (Chapter 

1). Therefore, MK-RSL and other variants (for example, MS-RSL and SK-RSL) could be 

generated to decipher Qn binding mechanisms. The Met-Lys motif can already be installed in 

other proteins to determine the versatility of this motif. The NMR dilution experiment 

methodology outlined in Chapter 3 may serve as a simple method of gauging protein-Q6 

affinity, particularly in combination with selective Lys labelling (fast and slow exchange 

indicate of  weak and strong binding, respectively). N-terminal aromatic motifs are regularly 

installed in proteins to facilitate Q7/Q8 binding.115-118, 123 Applications of N-terminal Qn 

binding include non-covalent PEGylation138 and protein purification.119 Similar applications 

based on Q6/Q8 binding of the Met-Lys motif may be possible. 

The co-crystallization of RSL and sclx8 over a wide pH range (2.2-9.5) greatly widens 

the scope for protein recognition and assembly via anionic calixarenes. sclxn have now been 

shown to complex with and direct the assembly of both cationic (cytc, PAF, PAFB, lysozyme, 

RSL-R8) and neutral (RSL) proteins (Figure 1). These macrocycles show promise as protein 

crystal nucleators (e.g. case of PAF107) and phasing agents (e.g. solving of RSL- sclx8 I23 form 

by S-SAD in Chapter 4). Also, the formation of RSL- sclx8 microcrystalline precipitates at pH 

3.4 has implications for serial crystallography.351 The development of homemade calixarene-

containing screens based on conditions which previously generated protein-calixarene co-

crystals could be an efficient means of extending the reach of calixarene-mediated protein 

assembly even further. One approach would be to focus on larger calixarenes with greater 

net negative charge (e.g. sclx6, sclx8, pclx6, pclx8) and survey a variety of proteins to hand, for 

example: 

• insulin, ubiquitin, DNase (acidic) 

• RSL, 5c2n, Csp1 (symmetric) 

• bovine serum albumin (multi-domain) 

• lipase, alcohol dehydrogenase (industrial enzymes) 
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As observed for the RSL-sclx8 P3 form, sclx8 is capable of inducing spontaneous co-

crystallization at low pH. This co-crystallization strategy should be developed further due to 

the potential for high-throughput protein crystallization and purification / formulation of 

protein therapeutics.165, 166, 171-173 Again, surveying a range of proteins and anionic calixarenes 

may be effective. Tests could be conducted in the pH 2-5 range. Along with pH and ligand 

concentration, the temperature and ionic strength may be factors to adjust to prompt co-

crystallization.  

NMR experiments revealed that RSL-sclx8 complexation and the P3 co-crystallization 

mechanism were coupled to pKa modulation for specific acidic residues. It would be 

worthwhile to investigate whether similar calixarene-induced side chain pKa adjustments 

could occur in other protein systems. Anionic calixarenes may have similar effects on other 

protein targets. However, in the case of cationic targets, the calixarene affinity may be 

sufficient such that pKa adjustment is inconsequential. A neutral or acidic protein target is 

therefore most worthwhile investigating. Here, a similar approach to that of investigations of 

RSL- sclx8 complexation may be employed:  

• Protein-ligand precipitation tests over a wide pH range (2.0-8.0). 

• NMR-monitored ligand titrations at different pH (e.g. pH 4.0 and 6.0). 

• NMR-monitored pH titrations with and without ligand. 

 

Finally, the crystalline protein-based architectures described in this thesis show great 

promise for crystal engineering. The evidence that protein-macrocycle frameworks are 

versatile loadable materials is growing. The protein-calixarene and protein-cucurbituril 

architectures described here (Figure 2C and 2E) displayed pores that may allow capture of 

auxiliary guests via soaking or co-crystallization strategies. In particular, these frameworks 

show promise as scaffolds for accommodating other protein subunits via terminal fusion to 

RSL. Such fusions may be ordered or disordered. However, disordered fusions are difficult to 

detect by XRD, unless they can be captured by available macrocyclic hosts, as in the case of 

Nup-RSL* and Q7 co-crystals. Testing the incorporation of a wider range of RSL fusions will be 

worthwhile. Structure determination of an unknown protein could be aimed for. As observed 

for Q7 co-crystals with Mefp-RSL* and 4dzn-RSL*, the assimilation of different fusions into 

RSL-macrocycle frameworks will generate novel crystalline biohybrid materials with 

interesting properties. 
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