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ABSTRACT  

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

diffraction methods. Compounds acting as ‘molecular glue’ provide a promising strategy to 

overcome this bottleneck. Such molecules interact via non-covalent bonds with two or more 

protein surfaces to promote lattice formation. Here, we report a 1.5 Å resolution crystal structure 

of lysine-rich cytochrome c complexed with p-phosphonatomethyl-calix[4]arene (pmclx4). 

Evidence for complex formation in solution was provided by NMR studies. Similar to p-sulfonato-

calix[4]arene (sclx4), the cavity of pmclx4 entrapped a single lysine side chain. Interesting features 

of protein recognition by the phosphonate substituents were identified in the crystal structure. 

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

two distinct calixarene conformers, suggesting a degree of ligand mobility. The role of pmclx4 in 

protein crystal packing (molecular glue and patchy particle model) as well as differences in 

protein-binding with respect to sclx4 are discussed.  
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INTRODUCTION 

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

resolution and the need for diffraction-quality crystals renders protein crystallization a serious 

bottleneck.1-3 Protein crystals are finding applications also in catalysis and sensing.4-6 Considering 

that the protein is the main variable in crystallization,7 various methods such as truncation, site-

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

achieve crystal growth of hard-to-crystallize proteins.8-12  

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

prompt assembly and crystallization by interacting with protein surfaces. In view of this 

approach, a repertoire of compounds have been employed to achieve crystallization of 

recalcitrant proteins. Examples include dicarboxylic acids / diamino derivatives,13-15 pyrene-

tetrasulfonic acid,16 polyoxometalates,17,18 and most recently the crystallophore.19 We have been 

tackling the problem by using p-sulfonato-calix[4]arene (sclx4, Figure 1), a highly water soluble 

supramolecular building block. Similar to the molecular tweezers,20,21 this anionic, bowl shaped 

compound provides a hydrophobic cavity that can accommodate amino acids,22 in particular, the 

cationic side chains of lysine and arginine.23-25 Crystal structures of sclx4 in complex with the 

cationic proteins cytochrome c26 and lysozyme,27,28 suggest that the calixarene acts as a 

‘molecular glue’ to drive protein crystallization.  

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

at the upper rim to facilitate host-guest supramolecular chemistry.29,30 Considering the utility of 

sulfonated-calixarenes for protein binding22-32 we were motivated to investigate the ‘molecular 

glue’ property of other anionic calixarenes. Phosphonate-containing calixarenes33 have been 

developed for protein binding34-36 and recently, we reported the structure and assembly of 

cytochrome c in complex with phosphonato-calix[6]arene (pclx6).37 Here, we demonstrate co-

crystallization between p-phosphonatomethyl-calix[4]arene38,39 (pmclx4, 800 Da, Figure 1) and 

cytochrome c. In contrast to sclx4 with the sulfonate anion fixed in the plane of the aromatic ring, 

the phosphonatomethyl substituent of pmclx4 can switch between distinct conformations. We 

were interested to study the impact of this different substituent (and charge distribution) on the 

protein binding capacity of the ligand. 
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A 1.5 Å resolution crystal structure provided a detailed view of how pmclx4 binds to 

cytochrome c. Complex formation was observed at Lys86, which enabled a direct comparison 

with the structure of a Bromo-functionalized sulfonato-calixarene31 that also binds this residue. 

A new binding site was observed at Lys54, though this feature was not evident in NMR solution 

studies. The molecular recognition capacity and binding affinity imparted by the 

phosphonatomethyl substituent is discussed. The crystal structure and solution-state studies 

illustrate the two-sided role of pmclx4 as a lysine recognition agent and as molecular glue. 

Furthermore, we suggest that protein surface decoration by calixarenes may provide additional 

“sticky patches” for crystallization.12   
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EXPERIMENTAL SECTION 

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

tetrahydroxycalix[4]arene (pmclx4) was (1) used as presented in the protein crystallization 

additive kit CALIXAR (Molecular Dimensions) or (2) synthesized38,39 and prepared as a 50 mM 

solution in water at pH 6.0. Samples of 15N-labelled and unlabelled Saccharomyces cerevisae 

cytochrome c C102T were produced by established methods.26,40 

 

Protein-ligand co-crystallization. Cytochrome c – pmclx4 co-crystals were grown at 20° C using 

the hanging drop vapor diffusion method. Hanging drops were prepared with 2 µL of 1.5 mM 

oxidized cytochrome c, 0.4 µL of 3.0 or 5.0 mM pmclx4 and 1.6 µL of the reservoir. Crystals were 

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

pH 5.6 (Figure 2). Control drops lacking pmclx4 remained devoid of crystals.  

 

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

solution supplemented with 20 % glycerol and cryo-cooled in liquid nitrogen. Diffraction data 

were collected at 100° K at beamline 24-ID-C (Advanced Photon Source, Argonne National 

Laboratory, Argonne, IL) with a Pilatus 6M-F detector. The dataset was collected from a single 

crystal using φ scans of 0.1° over 200°.  

 

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

XDS.41 AIMLESS42 revealed anisotropic diffraction extending to 1.2 Å along 0.57 h + 0.82 l and k 

axes and 1.5 Å along -0.47 h + 0.88 l axis as indicated by CC1/2 (> 0.3). Data extending to 1.5 Å was 

used for model building and refinement. The structure was determined by molecular 

replacement in PHASER43 with PDB 1YCC as the search model. The coordinates for pmclx4 were 

built in JLigand44 and added to the model in COOT.45 Iterative cycles of manual model building 

and refinement (in REFMAC5 as implemented in CCP446) was continued until no further 

improvements in Rfree or electron density were obtained. The structure was validated with 

MolProbity47 and deposited in the Protein Data Bank (PDB 5NCV).  
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Accessible surface area (ASA) calculations. The effect of pmclx4 on the ASA of cytochrome c 

residues in the crystal structure was determined in AreaIMol,46 according to equations 1 and 2. 

These calculations take into account the ASA of residues in the crystal packing environment in 

the absence (Apro, Å2) and presence (Apro+lig, Å2) of the ligand. We define Ylig (Å2), the ASA of each 

residue in the presence of ligand in the crystal packing environment and Xfree (Å2), the ASA of 

residues in the free protein (ignoring ligand and crystal packing).  Zlig (Å2) is the area that remains 

accessible.      

Ylig = Apro - Apro+lig (1) 

Zlig = Xfree - Ylig (2) 

In Figure 6, Xfree and Zlig are plotted as black and grey bars, respectively. 

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

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

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

acquired with spectral widths of 16 ppm (1H) and 40 ppm (15N) on a 600 MHz Varian spectrometer 

equipped with a HCN coldprobe.26 Analysis of the ligand-induced chemical shift perturbations 

was performed in CCPNmr.48 

 

NMR‐derived binding curves. Binding isotherms were obtained by plotting the chemical shift 

changes (Δδ) as a function of the ligand concentration. The data were fit globally in Origin by 

using a 1:1 binding model (Equation 3). 

∆𝛿 = ∆𝛿𝑚𝑎𝑥
[𝐴𝑇]+[𝐵𝑇]+[𝐾𝑑]−√([𝐴𝑇]+[𝐵𝑇]+[𝐾𝑑])2−4[𝐴𝑇][𝐵𝑇]

2[𝐵𝑇]
                           (3) 

Where, [AT] and [BT] were the ligand and protein concentrations, respectively. 
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RESULTS AND DISCUSSION 
 

Cytochrome c – pmclx4 co-crystallization. pmclx4 was identified initially as a ligand for 

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

pmclx4 and cytochrome c were obtained from conditions similar to those reported for sclx4.26 

While 10 equivalents of sclx4 were required to achieve crystal growth, <1 equivalent of ligand 

were sufficient to obtain cytochrome c – pmclx4 co-crystals. Crystals grew reproducibly in a range 

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

and 50 mM sodium acetate pH 5.6 (Figure 2). In the absence of pmclx4 there was no crystal 

growth, indicating that the ligand was necessary for crystallization under these conditions.  

 

X-ray structure of cytochrome c – pmclx4. A single crystal (Figure 2D) resulted in anisotropic 

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

determination in PHASER41 yielded two protein molecules (chains A and B), and three calixarenes 

in the asymmetric unit (Figure 3A). There was no electron density for the four N-terminal residues 

(including Lys-2) in either protein chain, indicative of disorder. The presence of two cytochrome 

c molecules in the asymmetric unit was similar to other calixarene-bound structures.26,31,37 All 

three calixarenes were modeled at sites where they encapsulated a single lysine residue, Lys86 

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

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

distinct conformations. Either all four substituents were splayed outwards (away from the cavity) 

or one was turned inwards (toward the cavity). While both conformations permitted complete 

encapsulation of one lysine side chain they resulted in markedly different protein-calixarene 

interactions (Figure 3B). For example, at Lys86 in chain A (A.Lys86) there was no salt bridge 

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

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

phosphonatomethyl groups was rotated into the cavity permitting salt bridge formation to the 

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

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

model two calixarenes (70:30 occupancy) to account for the electron density (Figure 4B and 
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Figure S1). The two models differed most by a rotation of one phosphonatomethyl group and the 

higher occupancy conformer had a salt bridge to the lysine ammonium (Nζ···O-P = 3.1 Å). This 

phosphonate also hydrogen bonded with the backbone carbonyl of Lys54 (CO···O-P = 2.8 Å). The 

requirement for two conformations at this site suggested that ligand binding was less well 

defined. Interestingly, this site was not detected in NMR experiments (vide infra). Lys54 is flanked 

by hydrophobic side chains, Ala51 and Ile53, both of which were in van der Waals contact with 

an upper rim –CH2– of pmclx4. Polar side chains contributed also with hydrogen bonds from 

Asp50 and Asn56 to the phosphonates.  

 Lysine encapsulation by pmclx4 had some similarities with sclx4 including cation-π and CH-

π bonds with the Lys-Cε.26 However, the complexes formed by these ligands differed crucially in 

the degree of salt bridge formation with the lysine ammonium group. In pmclx4 a single 

phosphonate alternated in/out (Figures 3B and 4B), while in sclx4 (with the anion fixed in the 

plane of the aromatic ring) salt bridges were formed with one or two sulfonates. The sulfonate 

also had a tendency to hydrogen bond with backbone amide NHs. No such interactions were 

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

should be noted, as this ligand bound also to Lys86 (Figure 5).31 

 

Crystal Packing Interactions. Applying the symmetry operations to the asymmetric unit revealed 

a close-packed structure (Figure 4A) and nine cytochrome c–pmclx4 interfaces, ranging in size 

from 30-300 Å2 (Table 1). Interestingly, the A.Lys54 and B.Lys86 complexes were positioned 

adjacent to each other and sandwiched Lys4 (Figure 4B). Together the two ligands masked ~90 

% of this Lys4 (Figure 6) via multiple interactions including salt bridges (Nζ···O-P ~3.0 Å), and CH-

π / cation-π bonds (Lys4-Cε/Cδ···centroid ~4.0 Å).  

Crystal packing also involved direct or water-mediated salt bridges, for example, A.Lys54 

pmclx4 with Lys5, Lys22, Lys73 and Lys89. And B.Lys86 pmclx4 formed a cation-π bond to Lys100 

and an edge-to-face π···π interaction with Tyr97 (Cε···centroid = 3.8 Å). The Cβ atoms of Ala7 and 

Ala101 (which flank Tyr97) were in van der Waals contact with methylene bridges of pmclx4. 

Interestingly, this hydrophobic binding patch was identified previously in the complexes with a 

phenyl-substituted sulfonato-calixarene (Ph.sclx)31 and with pclx6.37 Two other interactions merit 
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mention here. It has been observed previously that the calixarene lower rim phenolic hydroxyls 

make van der Waals’ contact with the Cβ of alanine.26,31 This same feature was evident at B.Lys86 

pmclx4. At A.Lys54 pmclx4 the phenolic hydroxyls were hydrogen bonded to a water molecule 

and to the hydroxyl of Thr8. 

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

calculations (methods and Figure 6). Of the most accessible residues; Lys4, Lys11, Lys54, Lys73 

and Lys86 (ASA ˃ 150 Å2), pmclx4 selected Lys86. On the other hand Lys55, Lys79 and Lys99 were 

least accessible (ASA < 100 Å2) and did not contribute to ligand binding. The substantially 

different contributions from each protein chain are also evident, as discussed for Lys54. Similarly, 

Lys5 from chain A was largely involved in ligand binding, while in chain B it did not interact with 

pmclx4.  

Lysine encapsulation by pmclx4 resulted in ~300 Å2 of protein surface coverage (Table 1, 

similar to sclx4
26). In addition to masking this surface area, the calixarene contributed a new 

surface of ~600 Å2 to the particle. This patch size is equivalent to a protein crystal packing 

interface49 and, as discussed, provides a surface that can participate in numerous noncovalent 

interactions with adjacent proteins in the crystal (Figure 4B) consistent with a “molecular glue” 

functionality.26,31,37 Notably, the exposed surface of the calixarene is equivalent to ~10 % of the 

cytochrome c surface area. Therefore, it appears that protein surface decoration by calixarenes 

may be a special case of the patchy particle model of protein crystallization.12,50,51  

 

NMR Characterization and Comparison with the Solid State. Protein-ligand titrations were 

performed by the addition of microliter aliquots of 50 mM pmclx4 to 15N-labelled cytochrome c, 

which was monitored by 1H-15N HSQC. The overlaid HSQC spectra (Figure 7) revealed increasing 

chemical shift perturbations (Δδ) as a function of the pmclx4 concentration, indicative of fast-

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

Leu85 and Lys87 exhibited strongly biphasic chemical shift perturbations and some resonances 

were broadened beyond detection at ~4 (Lys4) or ~6 eq. (Lys11 and Leu85) of pmclx4. Spectral 

broadening might indicate intermediate exchange or multiple conformations adopted by these 

residues. Significant perturbations (1HN ≥ 0.04 ppm or 15N ≥ 0.4 ppm) were observed for 37 
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resonances, including Lys-2, Lys4, Lys5, Lys73, Lys86, Lys87, Lys89 and Lys100. These residues 

(except Lys-2), participated in multiple non-covalent interactions at protein-calixarene interfaces 

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

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

some contrasting results. For example, Lys11 did not contribute to complex formation in the 

crystal structure (Figure 5) yet this resonance was broadened beyond detection. Conversely, 

Lys54 did not exhibit a significant Δδ yet complex formation was observed at this residue in the 

crystal (vide supra, Figure 3). A similar observation was made in the cytochrome c – sclx4 complex 

in which Lys22, a binding site observed in the crystal structure, was not affected in the NMR.26 

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

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

conditions/environment other differences may be attributed to the fluxionality of calixarene 

binding, which likely involves ligand hopping between lysine side chains.26,31  

Apparent dissociation constants were calculated from titration data collected up to ~6 eq. 

of pmclx4. The binding isotherms (Figure 7B) were hyperbolic and fit to a 1:1 binding model 

(Equation 3). The average apparent Kd of 0.04 (± 0.01) mM was at least 10-fold stronger than for 

the complex with sclx4.26 The tighter binding of pmclx4 agrees with the observation that protein 

crystallization occurred at approximately ten-fold lower equivalents of this ligand compared to 

sclx4. Features such as the increased hydrogen-bonding capacity of phosphonate versus 

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

cavity (upper rim –CH2– substituents) likely contribute to the tighter binding of pmclx4. 
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CONCLUSIONS 

The cytochrome c – pmclx4 crystal structure illustrates the utility of the phosphonatomethyl 

substituent as a contributor to stronger, higher specificity ‘molecular glue’ properties compared 

to the sulfonate.26 Cytochrome c – pmclx4 crystal growth was achieved with ~10-fold less ligand 

than was required to obtain cytochrome c – sclx4 co-crystals. While sclx4 occupied three different 

sites (Lys4, Lys22 and Lys89) on the protein surface, pmclx4 bound to two different sites (Lys54 

and Lys86) suggesting increased specificity of pmclx4 in the solid state.  

Interestingly, lysine encapsulation occurred with the presence or absence of a salt bridge 

to one phosphonatomethyl substituent that could rotate into the cavity. In contrast, the 

sulfonate substituents always formed one or more salt bridges to the lysine. The 

phosphonatomethyl functionalized calixarenes may prove beneficial for achieving crystal growth 

of cationic proteins, in particular nucleic acid binding proteins. More generally, protein surface 

decoration by calixarenes may provide the necessary “sticky patches” that facilitate packing 

contacts and crystal growth.12,50,51 
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Tables 

 

Table 1. Interface analysis of the cytochrome c – pmclx4 binding sites.  
 

Protein Sitea pmclx4 
Interface 
Area (Å2) 

Total 
Area (Å2) 

A.Lys54 1 270 

540 
A1  210 
B  30 

B1  30 
    

A.Lys86 2 260 
550 

B2  290 
    

B.Lys86 3 300 
630 A2  265 

B3   65 
 

aP1211 symmetry operations used to generate symmetry mates: A1, -x, y-1/2, -z+1; B1, x-1, y, z; 
B2, -x, y-1/2, -z+1; A2, -x-1, y-1/2, -z; B3, x-1, y, z.  
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Figures 

 

 

 

Figure 1. Molecular structures of p–sulfonato-calix[4]arene (sclx4) and p phosphonatomethyl-

calix[4]arene (pmclx4). Calix[4]arenes adopt a cone conformation due to hydrogen bonding 

between the phenolic hydroxyls, one of which is deprotonated.  
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Figure 2. Co-crystals of cytochrome c and pmclx4 grown in hanging drops that contained 17 % (A) 

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

acetate pH 5.6. Crystals were obtained at 0.75 mM protein and 0.3 or 0.5 mM ligand. A crystal 

from (D) diffracted to 1.5 Å. 
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Figure 3. (A) The asymmetric unit of the cytochrome c – pmclx4 complex comprised two 

molecules of cytochrome c (chains A and B in blue and grey), and three molecules of pmclx4 (PDB 

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

sticks. (B) The Lys86 binding site in chains A and B differ by the absence or presence of a salt 

bridge to one phosphonate substituent. Note the altered lysine conformation and hydration, with 

waters indicated as red spheres. 
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Figure 4. (A) Crystal packing in the cytochrome c – pmclx4 complex. Proteins and ligands are 

rendered as ribbons and spheres, respectively. The unit cell axes a, b are indicated. (B) ‘Molecular 

glue’ contacts between two molecules of pmclx4 and four protein chains (color scheme as per 

Figure 3). Alternate conformations of the ligand at Lys54 (shown as light sticks) were apparent in 

the electron density (Figure S1). All side chains within van der Waals contact of the ligands are 

shown as sticks. Lys4 is sandwiched between two pmclx4 ligands at A.Lys54 and B.Lys86. In 

addition to Lys-phosphonate salt bridges, numerous other features (labeled side chains) 

contributed to binding.  
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Figure 5. The Lys86 binding site of cytochrome c in complex with pmclx4 or Br.sclx (PDB 5LFT31). 

The proteins are oriented identically to highlight differences in the calixarene-protein contacts. 
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Figure 6. Accessible surface area (ASA) of lysines in the ligand-free (black bars) and -bound (grey) 

states of cytochrome c. The varying contributions of different lysines to pmclx4 binding in chains 

A and B are evident. Lys-2 is not shown as this residue was disordered in the crystal structure. 
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Figure 7. NMR characterization of pmclx4 binding to cytochrome c. (A) Region from overlaid 1H-

15N HSQC spectra of 0.1 mM pure cytochrome c (black contours) and in the presence of 0.02–

0.64 mM pmclx4 (colored scale). Notes: negligible change to Lys54; biphasic shifts for Leu85 and 

Lys87; and Lys4, Lys11 and Leu85 broadened beyond detection. (B) Binding curves for individual 

resonances were fit globally to a 1:1 binding model to yield Kd ~0.04 mM. 
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SYNOPSIS 

A crystal structure of the cytochrome c – pmclx4 complex highlights the use of anionic calixarenes 

as ‘molecular glue’ for protein assembly and crystallization.  

 


