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Cucurbit[7]uril–Dimethyllysine Recognition in a Model Protein 

Francesca Guagnini,[a][b] Paweł M. Antonik,[a] Martin L. Rennie,[a] Peter O'Byrne,[c] Amir R. Khan,[c] 

Roberta Pinalli,[b] Enrico Dalcanale,[b] and Peter B. Crowley*[a] 

Abstract: Here, we provide the first structural characterization of 

host-guest complexation between cucurbit[7]uril (Q7) and dimethyl-

lysine (KMe2) in a model protein. Binding was dominated by complete 

encapsulation of the dimethylammonium functional group. While 

selectivity for the most sterically accessible dimethyllysine was 

observed both in solution and in the solid state, three different modes 

of Q7–KMe2 complexation were revealed by X-ray crystallography. 

The crystal structures revealed also entrapped water molecules that 

persisted in solvating the ammonium group within the Q7 cavity. 

Remarkable Q7–protein assemblies, including inter-locked octahedral 

cages that comprise 24 protein trimers, occurred in the solid state. 

Cucurbituril clusters appear to be responsible for these assemblies, 

suggesting a strategy to generate controlled protein architectures. 

Over the past fifteen years the donut-shaped cucurbit[n]uril 

(Qn) has emerged as a versatile macrocyclic host for 

biomolecular recognition[1,2] with broad applications in protein 

sensing and regulation.[3-8] Tight, selective binding to N-terminal 

aromatic residues[3,4,7]  has paved the way for the development of 

Q8-mediated dimerization,[9]  polymerization[10] as well as ternary 

complex formation.[11] These advances are part of the growing 

field of supramolecular chemistry with proteins.[12-14] A wealth of 

structural evidence is available for protein recognition, and in 

some cases assembly, by supramolecular receptors.[4,11,14-21]  

Cucurbiturils are attractive hosts for protein recognition due to 

their selective complexation in aqueous solution, driven by the 

release of high energy water from the hydrophobic cavity.[3,4,22-25] 

For example, Q7 binds to the N-terminal phenylalanine of insulin 

with μM affinity in a complex that includes burial of the aromatic 

ring within the Q7 cavity and ion-dipole interactions between the 

N-terminal ammonium and the carbonyl rim of Q7.[4] The larger 

Q8 can accommodate the side chains of two aromatic residues.[3] 

While this binding mode has featured prominently in numerous 

Qn-protein systems,[9-11] Qn can interact also with lysine, in 

particular, methylated lysine side chains.[23,26-31] Mono-, di- and tri-

methylation of the lysine ammonium (Nζ) are common post 

translational modifications that occur most notably in histones, 

with vast ramifications for gene expression.[32] Methylated lysines 

(KMen) present unique hotspots for recognition by reader proteins 

that possess an aromatic cage motif. Consequently, synthetic 

receptors that recognize KMen hold great potential as probes to 

study biological systems and as inhibitors of protein-protein 

interactions.[32-38] Q7-KMen interactions have been characterized 

for the amino acids, reveal that the affinity increases dramatically 

with the degree of methylation.[28] Recent experiments with a 

KMe3-containing histone peptide indicate a ~10-fold drop in Kd 

relative to the amino acid,[31] pointing to a favourable contribution 

by the Nα group[32]. To date, there are no literature reports of Qn-

KMen binding with a protein. To address this gap we characterized 

the interactions of Q7 with a protein that contains dimethyllysine 

(KMe2) and thereby provide a stepping stone to new applications 

of Q7 in protein interactions.  

 

Figure 1. Upper panels. Spectral regions from overlaid 1H-15N HSQC spectra 

of RSL.KMe2 in the presence of 0-0.6 mM Q7 or 0-1.6 mM sclx4. Each panel 

provides data on at least one of the four potential binding sites. Resonance V3 

is a reporter for S1Me2 (the N-terminus). Significant chemical shift perturbations 

were observed for K34Me2 and the resonances of adjacent residues only. 

Lower panels. NMR-derived binding curves for complex formation between 

RSL.KMe2 and Q7 or sclx4. 

Although the affinity of Q7-KMen complexation increases with 

the degree of methylation[28] we studied KMe2 as this modification 

is readily accessible in a model protein. Ralstonia solanacearum 

lectin (RSL), an extensively characterized and highly stable ~29 

kDa trimer with a six-bladed β-propeller topology, was chosen as 

the model.[39-42] The protein was chemically dimethylated[31,41] to 

yield RSL.KMe2 with four modified sites, K25Me2, K34Me2, 

K83Me2 and the N-terminus S1Me2. Complex formation with Q7 

was investigated by 1H-15N HSQC-monitored titrations in 20 mM 

potassium phosphate, 50 mM NaCl, pH 6.0 (Figure 1). The 1H-15N 

resonances were assigned by comparison to native RSL (Figure 

S1). A 3.8 mM Q7 stock solution (SI methods[44]) was titrated 

against RSL.KMe2 and resulted in reproducible, large upfield 

perturbations of the K34Me2 amide resonance (Figure 1). The 

resonances of neighbouring residues W31, D32 and Y37 were 

affected also. No chemical shift changes occurred at the other 

possible binding sites (S1Me2, K25Me2 or K83Me2) indicating 

selectivity for K34Me2. Control experiments with native RSL 
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indicated that there was no binding to Q7 under these conditions 

(Figure S2). An analysis of Δδ as a function of the ligand 

concentration yielded shallow binding curves that fit to a Kd of ~1 

mM (Figure 1 and SI methods). The limited solubility of Q7 

precluded saturation conditions in the NMR experiments. 

Attempts to obtain thermodynamic information by isothermal 

titration calorimetry (ITC) were thwarted by the lack of binding 

heats. Standard titrations of Q7 into RSL.KMe2 did not yield 

usable data. A reverse titration of 5.4 mM RSL.KMe2 into 0.1 mM 

Q7 also gave negligible heat changes (Figure S3). For 

comparison, NMR titrations were performed with the highly water 

soluble sulfonatocalix[4]arene (sclx4). Similar to Q7,[28] this 

anionic receptor binds KMen with an affinity that increases with 

the degree of methylation.[45] Interestingly, sclx4 also bound 

selectively to K34Me2 with a Kd of ~1 mM (Figure 1). Minor 

perturbations at V3 and K83Me2 indicated that higher 

concentrations of sclx4 may result in binding at these sites. 

 

Table 1. Crystal structures of RSL.KMe2 in Q7-bound and -free forms. 

Space 

Group 

/ PDB 

Res[a] 

(Å) 

Precipitant 

and Buffer 

[Q7] / 

[protein] 

(mM)[b] 

Notes 

C2221 

6F7W 

1.3 20 % PEG 3350 

0.2 M Na+Malonate 

pH 7.0 

2.3 / 1.0 Symmetric Q7  

No MeFuc 

F432 

6F7X 

2.4 25 % PEG 3350 

0.1 M Bis-Tris 

pH 5.5 

1.1 / 1.5 Asymmetric Q7  

MeFuc bound 

P63 

6F7Y 

1.6 20 % PEG 3350 

0.2 M K+Formate 

pH 7.3 

2.3 / 1.5 No Q7 bound 

No MeFuc 

[a] See Table S1 for processing and refinement statistics. 

[b] Initial concentrations in the crystallization drop. 

 

Further insights into Q7-KMe2 host-guest complexation were 

obtained by X-ray crystallography. Crystallization was achieved 

by using a sparse matrix screen (Jena JCSG++). Simple solutions 

containing ~20 % PEG and a buffer (over the pH range 5 - 8) were 

sufficient to prompt crystal growth. Cubic crystals were obtained 

when methyl-α-L-fucoside (MeFuc), a ligand to RSL, was 

included[46]. Rod shaped crystals also grew in the presence or 

absence of Q7 (Figure S4). X-ray data collection was performed 

both in-house (Rigaku) and at the APS synchrotron (Argonne 

National Laboratory). The structures were solved by molecular 

replacement (SI methods, Table S1) and the presence of Q7 was 

clear in the electron density maps (Figure S5). The rod shaped 

crystals proved to be devoid of Q7. Two crystal structures of 

RSL.KMe2 in the Q7-bound and one structure in the Q7-free state 

are reported (Table 1). The latter structure provided useful details 

on the binding site in the absence of Q7.  

The Q7-bound structures crystallized in the C2221 or F432 

space groups, with an asymmetric unit that comprised one 

RSL.KMe2 trimer and three or two Q7 ligands, respectively. Of the 

four potential binding sites, Q7 complexation occurred exclusively 

at K34Me2, consistent with the NMR observations (Figure 1). The 

high selectivity of Q7 for K34Me2 can be rationalized in terms of 

side chain accessibility[33]. The accessible surface area of the 

KMe2 side chains (calculated as an average from all chains in the 

three crystal structures) was 160, 240 and 190 Å2 for K25Me2, 

K34Me2 and K83Me2, respectively. K34Me2 was the most 

exposed side chain due to its location in a loop (residues 31-37), 

while K25Me2 and K83Me2 are in β-strands. Furthermore, K34Me2 

is flanked by G33 and G35 which confer steric accessibility and 

backbone mobility. Interestingly, three different modes of Q7-

K34Me2 binding were observed. In the C2221 structure, ~220 Å2 

of K34Me2 was buried in the cavity with both methyl substituents 

sitting in the central plane of Q7. In this orientation the Lys Cγ-Cδ 

bond was intersected by the plane of the rim carbonyl oxygens 

(Figure 2A). While all three K34Me2 sites in the RSL.KMe2 trimer 

were similar the data at 1.3 Å resolution permitted model building 

with alternate conformations of K34Me2 in chains B and C (Figure 

S6). These conformations suggest that the side chain retained 

some mobility inside Q7 and that the cavity was incompletely filled 

by KMe2. This packing deficiency may contribute to the lower 

affinity of Q7-KMe2 with respect to Q7-KMe3.[28]  

 

Figure 2. X-ray crystallography reveals complexation of Q7 at K34Me2 in 

RSL.KMe2. The binding mode of Q7 was significantly different in space groups 

(A) C2221 and (B) F432. (C) The distal interaction at K34Me2 in chain B of F432. 

Only the loop residues 31-37 are shown and oriented identically in each 

structure. Side chains D32, K34Me2 and Y37 are represented as sticks. 

Residues 33 and 35 are Gly. Cyan spheres are water molecules and X denotes 

the conserved water (See Figure S7 for hydrogen bonding pattern). The upper 

and lower panels are related by a 90° rotation. 

The F432 structure grew from conditions that contained a 

lower Q7:protein ratio compared to C2221 (Table 1) and ligand 

binding was asymmetric with respect to the RSL.KMe2 trimer. At 

chain A, Q7 bound K34Me2 (Figure 2B) in a fashion similar to that 

in the C2221 structure. However, less of the side chain (~190 Å2) 

was buried and the plane of the Q7 rim carbonyl oxygens 

intersected the Lys Cδ-Cε bond. At chain B, K34Me2 formed a 

distal interaction (~130 Å2 buried surface) with Q7 (Figure 2C). 

This binding mode involved ion-dipole bonds between the 

ammonium group and two rim carbonyl oxygens (Nζ···O=C ~3.0 

Å). The opposite carbonyl portal formed a similar distal interaction 

with S1Me2 of a symmetry related molecule. At chain C, the 

K34Me2 was devoid of ligand and the electron density for this side 

chain was poor, indicative of disorder.   
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The complete burial of the cationic dimethylammonium group 

in the hydrophobic cavity of Q7 raises interesting questions 

regarding solvation.[33] Indeed, two water molecules were refined 

together with the K34Me2 side chain in the Q7 cavity (Figure 2). 

In the C2221 structure, one water formed a hydrogen bond with 

the K34Me2 ammonium group (OW···Nζ ~2.7 Å), while 

simultaneously hydrogen bonded to two rim carbonyl oxygens 

(OW···O=C <2.5 Å, Figure S7A). The second water was ~3.4 Å 

from the closest methyl substituent of the dimethylammonium 

group, and hydrogen bonded to a lower rim carbonyl, suggesting 

that the positive charge is partially dissipated to the 

electronegative rim. Similar interactions were observed in the 

F432 structure although in this case the water bonded to Nζ was 

fully buried and did not interact with the rim carbonyls (Figure 2B). 

These observations are further intriguing since the cavity of Q7 

can accommodate eight water molecules, the release of which 

provides the driving force for guest binding.[2,22,24] This 

interpretation is based on studies of organic ammonium ions, with 

encapsulation of the hydrophobic portion inside Q7 and ion-dipole 

interactions between the ammonium ion(s) and the rim carbonyls. 

In the case of KMe2 encapsulation by Q7, six of the waters were 

displaced and two remaining waters solvated the tertiary 

ammonium ion inside the cavity (Figure 2).  

Water also played a role in mediating Q7 binding to the protein 

surface. A conserved water molecule (denoted X, Figures 2 and 

S7) was refined in each type of binding site and was present also 

in the Q7-free structure. In the C2221 structure, water X was within 

hydrogen bond distance of three amide NH groups (D32, K34Me2 

and G35), the carbonyl of G35 and two Q7 rim carbonyls (Figure 

S7). In the F432 structure, water X could hydrogen bond with 

three amides (D32, G33 and K34Me2) and one Q7 rim carbonyl. 

Interestingly, the loop 31-37 had a slightly different conformation 

at this site such that the amide NH of G35 was flipped out and 

pointed towards a rim carbonyl to form a unique protein-Q7 

hydrogen bond (Nα···O=C ~3.45 Å  

Despite the high molecular weight (~1.2 kDa) and large 

surface area (~980 Å2) of Q7 only 3 or 4 residues on the protein 

surface were involved directly in ligand complexation. In addition 

to K34Me2, neighbouring residues D32, Y37 were the only side 

chains to form van der Waals contacts with Q7. Notably, these 

two side chains are linked by a hydrogen bond (Oη···Oδ ~2.6 Å) 

and retained similar positions in all of the binding sites even 

though the loop, K34Me2 and Q7 adopted different conformations 

(Figures 2 and S7). Apparently, the interaction of Q7 and the 

phenol of Y37 were less important than other packing interactions.  

Striking examples of protein architectures were observed in 

the crystal packing. The C2221 and F432 structures involved 

trimeric and tetrameric clusters of Q7, respectively, suggesting 

the potential to use the Q7-KMe2 complex as a pivot point for 

protein assembly (Figures 3 and 4). 

 

Figure 3. Crystal packing in space groups (A) C2221 and (B) F432. Note the 

sheet assembly in C2221 with Q7 trimers mediating the packing. In F432 two 

interlocked cage assemblies were mediated via Q7 tetramers (green). The distal 

binding Q7 (see Figure 2C) is grey. Protein and ligand are shown as ribbons 

and spheres, respectively. The asymmetric unit and the unit cell axes are 

indicated in blue. Note that axis a is (A) ~50 or (B) ~200 Å. 

Qn clusters are well-established in the literature, involving at 

least one CH···O=C bond between pairs of macrocycles,[47-49] and 

a supramolecular triangle was reported recently for Q8.[48] In 

C2221 (Figure 3A), sheets of trigonally-arrayed RSL.KMe2 trimers 

are arranged around Q7 trimers (Figure 4A). In addition to six 

CH···O=C interactions, each Q7 acted as a bidentate ligand to a 

central sodium ion. The cation was complexed by ion-dipole 

bonds from two of the rim carbonyls (Na+···O=C ~2.5 Å) resulting 

in an octahedral coordination geometry. Salts of alkali metals can 

increase Qn solubility through coordination of the rim 

carbonyls.[2,50] It is tempting to conclude that sodium was critical 

to the growth of the C2221 crystal considering that Q7-free 

crystals grew from similar conditions in which sodium malonate 

was replaced by potassium formate (Table 1).   

F432 is a rare space group characteristic of protein cages 

such as ferritin.[51] Remarkably, Q7 at chain A mediated four-fold 

symmetric junctions to form a porous assembly of interlocked 

cages with 24 RSL.KMe2 trimers disposed at the vertices of a 

regular octahedron (Figures 3B and 4B). This cage-like assembly 

has an internal diameter of ~6 nm, comparable to that of ferritin.[51] 

In addition to the lower Q7:protein ratio, the crystallization pH was 

also lower (relative to C2221, Table 1) and may have favoured 

cage formation as the net charge on the protein switched from 

anionic to cationic (RSL pI ~6.8). Interestingly, the Q7-Q7 

interfaces (Figure 4) buried ~300 and ~240 Å2 of surface (per Q7) 

in the C2221 and F432 structures, while Q7-protein contacts 

buried ~240 Å2 of the ligand surface. It can be assumed that the 

relatively low water solubility of Q7 is conducive to the formation 

of Q7-mediated protein architectures. Furthermore, the Q7 

clusters at protein-protein interfaces may be an extension on the 

theme of macrocyclic molecular glues for protein assembly and 

crystallization[19-21].  
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Figure 4. Trimeric and tetrameric cucurbituril clusters in space groups (A) C2221 

and (B) F432 in which Q7-Q7 packing buried ~300 or ~240 Å2 of ligand surface, 

respectively. In C2221 the trimeric Q7 formed an octahedral complex with a 

sodium cation (central, purple sphere). Side chains D32, K34Me2 and Y37 are 

represented as spheres. 

Supramolecular building blocks are increasingly popular as 

receptors for protein binding and assembly.[12-14] Examples 

include protein oligomerization mediated by calixarenes[15,16]  and 

foldamers.[17] Anionic calixarenes have proven particularly useful 

for the assembly of cationic proteins.[16,19,21] The binding of Qn to 

N-terminal aromatic residues is an established route to controlled 

protein interactions.[4,9-11] Programmable assembly of dimers[9] 

and polymers[10] can be achieved via the combination of Q8 with 

proteins that bear an N-terminal phenylalanine. This repertoire 

has been expanded now to include Q7-KMe2 complexation and 

assembly. Contrary to amino acid[28] and peptide studies[31] we 

observed a modest affinity for the Q7-KMe2 interaction in the 

model protein RSL.KMe2 (Figure 1). Nevertheless, the affinity was 

sufficient to effect protein assembly in the solid state, with Q7-Q7 

packing playing pivotal roles (Figures 3 and 4). The poor water 

solubility of Q7 is apparently advantageous in this regard. The 

pronounced selectivity of Q7 for the most exposed KMe2 (Figures 

1 and 2) points to a simple strategy of engineered protein 

assemblies based on Q7-KMe2 complexation. Finally, the tighter 

Q7-KMe3 interaction[28] suggests that this motif can be employed 

to greater advantage than Q7-KMe2 in protein assembly. 
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