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Abstract: Protein crystals are porous self-assembling materials that can be rapidly evolved 
by mutagenesis. We aimed to develop scaffold assisted crystallography techniques in an 
engineered protein crystal with large pores (>13 nm). Guest molecules were installed via a 
single covalent bond to attempt to reduce the conformational freedom and achieve high 
occupancy structures. We used 4 different conjugation strategies to attach guest molecules 
to 3 different cysteine sites within pre-existing protein crystals. In all but one case, the 
presence of the adduct was obvious in the electron density. Structure determination of 
larger guest molecules may be feasible due to the large pores of the engineered scaffold 
crystals. 

Precise position control of functional molecules in 3-dimensions will result in materials 
with unprecedented performance for diverse applications including biosensing, catalysis, 
energy conversion, biomedicine, and biotechnology. Researchers have repurposed diverse 
natural self-assembled architectures including oligomers, fibers1–4, cages5–11, capsids12–14, 2-
D S-layers15–17, and protein crystals18–23 in pursuit of nanotechnology applications. Protein 
crystals are highly porous materials and x-ray diffraction (XRD) can elucidate the resulting 
atomic structure. Thus, we hypothesized that protein crystals could be a favorable platform 
for scaffold-assisted structure determination.  

By soaking small molecules into metal organic frameworks (MOFs), Fujita and 
coworkers developed the “crystalline sponge” method for host-guest crystallographic 
structure determination.24 This method relies on adventitious, non-covalent interactions to 
adsorb and order guest molecules.25 We hypothesized that guest molecule installation via a 
single covalent bond might sufficiently reduce the conformational freedom to provide a 
feasible alternative approach for scaffold-assisted crystallography. Recent work by Yaghi 
and coworkers supports this idea, with their successful structure determination of various 
guest molecules covalently attached in a MOF.26 Thus, we aimed to engineer unique capture 
sites for covalent installation of molecules in a protein crystal. 

One hypothetical barrier would be a lack of protein crystal plasticity; changes to the 
constituent monomers could disrupt crystallization or reduce crystal quality.27,28 Previous 
successes in functionalizing protein crystals have relied upon modification of the protein 
prior to crystallization,29 which can alter or abrogate crystallization. Even trace labeling 
protein monomers with fluorophores (<10 mol%) can disrupt crystal nucleation.30 The 
approach demonstrated herein decouples crystallization from subsequent modification 
steps. We first prepare porous scaffold crystal variants that present cysteine proximal to 
large solvent channels and subsequently install small molecules at these sites. The resulting 
modified crystalline scaffolds can then be validated using XRD. By performing 
asynchronous crystallization and covalent small molecule installation, we demonstrate 
unprecedented control over molecule position in three-dimensional space. 
Results 

In previous work, we engineered a putative periplasmic polyisoprenoid-binding protein 
from Campylobacter jejuni (CJ) that crystallized with large (13 nm) solvent channels. We 
demonstrated that CJ crystals could selectively bind gold nanoparticles or fluorescent 





reagent to demonstrate disulfide exchange on the crystal.36–38 Addition of DTNB to CJ 
variants in solution proceeded to near completion as confirmed by absorbance at 412 nm 
(Figure S7). When CJ cysteine mutant crystals were exposed to DTNB, the crystals 
temporarily acquired a faint yellow hue before the reaction product 5-thio-2-nitrobenzoic 
acid (TNB-2) could diffuse out of the crystals. After washing the crystals to remove excess 
DTNB and TNB-2, an intense yellow dye release could be triggered for all three cysteine 
variant crystals by adding 20 μL of 10 mM 2-mercaptoethanol (BME) (Figure S8). XRD 
diffraction elucidated a single conformation for installed 5-mercapto-2-nitro-benzoic acid 
(MNB) ligand on all three cysteine variants at 100% occupancy (Figures 2d, j, and p).  

Thiols can also undergo rapid interchange reactions with diselenide compounds39,40 to 
form mixed thiol-selenide compounds (Figure S9). After incubation with selenocystine, 
XRD revealed modifications on all three cysteine variants indicative of selenocysteine 
(SEC) installation (Figures 2e, k, and q). SEC ligand could be fit to two conformations at 
50% occupancy for G34C and a single 90%-occupancy conformation for N48C. Beyond 
the heavy selenium atom, the rest of the conjugate was not obvious for both variants. While 
the S-Se bond formation appears to have a preferred geometry (±90o dihedral), the rest of 
the conjugate has free rotatable bonds leading to disorder. SEC installation at N182C better 
resolved the conjugate conformation, with a single state at 100% occupancy (Figure 2q).  

Haloalkyl derivatives are some of the most widely used conjugates for modifying thiols. 
The nucleophilic thiolate of the protein reacts with the halogenated alkyl via an SN2 
reaction forming a stable thioether linkage (Figure S10). Due to its fluorogenic properties, 
monobromobimane (mBBr) (λexc/λem=394/490), was selected as the target reagent for 
demonstrating halo-alkyl installation.41 mBBr is essentially non-fluorescent until 
conjugated to a thiol. CJ cysteine-bearing crystals were exposed to mBBr and the 
fluorescence was monitored via confocal microscopy. Only crystals containing thiol 
mutations were fluorescent above background (Figure S11). XRD was performed on the 
resulting crystals and installation was observed on N48C and N182C. Bimane adducts 
(MBB) were fit to single conformations for N48C and N182C at 100% and 90% occupancy 
respectively (Figure 2l and r).  

We have confirmed multiple types of post-crystallization conjugation chemistry at 
multiple sites on a protein. The XRD results are summarized in Table 1 (for full x-ray 
statistics see Table S1-S5 and Figure S14). Reaction yields sufficient for high occupancy 
installation were achieved despite the high salt environment required for preserving protein 
crystal integrity. To validate the  standard 2mFo-DFc maps (Figure 2) we compared them 
(Figures S15, S16, and S17) to discovery maps,42 FEM maps,43 Polder omit maps,44 and 
classical simulated annealing omit maps.45 Real space correlation coefficient values from 
the 2mFo-DFc maps were calculated for each installed guest molecule using Phenix.46 





disorder to lead to ambiguous or absent electron density contours (e.g. Lys46 and Lys50 in 
Figure 2). 

Subtle conformational changes on the scaffold surface were observed upon small 
molecule installation. The least subtle example was N156. The apparent native hydrogen 
bond network (Figure 2m) was disrupted upon mutating N182C. For the N182C model, we 
placed N156 to accept a hydrogen bond from S154 (Figure 2n). N156 moved again when 
small molecules were installed at the N182C site, to avoid steric clashes (Figures 2p, q, and 
r) or to make favorable interactions with the adduct (Figure 2o).  

As is typical for protein crystals, many surface sidechains were too disordered to be 
easily placed in electron density (15 out of 180 sidechains were truncated). A priori, it was 
not clear if small molecule adducts would be likely to adopt ordered conformations, 
especially considering the absence of any design or selection pressure. Indeed, adducts were 
quite flexible, leading to high B-factors (Tables S1-S5). Despite high B-factors, the high 
real-space correlation coefficients for the modeled guest molecules (Table 1) and omit map 
analysis (Figures S15, S16, and S17) suggested that the molecules were correctly modeled. 

To analyze ligand flexibility, the average B-factor for each conjugation product was 
plotted as a function of bond count from the alpha-carbon (Figure S20-S23). For highly 
flexible conjugates, it might be expected that the B-factor would dramatically increase the 
further from the attachment point. In contrast, for our well-resolved adducts (real space 
correlation coefficient >90%) there was only a modest increase in B-factor beyond the 
attachment SG atom. Counterintuitively, for the lower quality conjugate structures the B-
factor profile resembled a step function. A significant B-factor increase is observed at the 
first ligand atom followed by a relatively flat profile. Additionally, this analysis revealed 
that B-factors for G34C structures were consistently higher than the other structures. The 
trend is particularly obvious when comparing the B-factors for the cysteine sulfur atom 
(SG). The high flexibility of G34C atoms correlates with the poorly resolved ligands at 
G34C.  

In theory, we could use anomalous diffraction to gather more information on the position 
of selenium and mercury atoms. However, anomalous scattering would be more useful if 
the atoms in question were not directly attached to the cysteine and were not already evident 
due to dramatic electron density features. Ideally, scaffold assisted crystallography will not 
require anomalous scattering sites. Such sites are not required for the current effort to 
determine how and when adduct molecules adopt coherent structures. 

This study supports our original supposition that limiting conformational flexibility is 
pivotal to resolving guest molecules via scaffold-assisted crystallography. We only 
observed guest molecules at the intended covalent installation sites. Additionally, the most 
readily resolved guest small molecule was MNB. It seems likely that the observed coherent 
MNB conformations were adopted due to the preferred geometry of the disulfide dihedral 
(86.1o and 85.9o for N48C and N182C respectively) and the rigidity of the subsequent 
planar ring structure. In contrast, molecules with multiple rotatable bonds such as SEC 
more often yielded poorly resolved structures past the initial attachment point. We are 
currently investigating the use of chemical crosslinking to stabilize the host crystals, 
thereby enabling diffraction under widely varying solution conditions and cryoprotectants. 
Varying the solution conditions may ultimately resolve multiple coherent guest 
conformations.  

While the modest resolution of CJ crystals (>2.4 Å) is not ideal for high-resolution 
structure determination of installed small molecules, a major long-term advantage of 
developing the CJ crystal platform is the promise of scalability to large guest molecules. 
The techniques developed herein could be adapted to protein crystals with higher 
resolution, which might result in more detailed adduct structures. However, increased 
crystal resolution will not necessarily improve adduct detail. Ueno, studying myoglobin 
crystal adducts (installed prior to crystallization) found little interpretable density despite 
the superior resolution of myoglobin crystals (~1.5 Å ).29  





environment to promote favorable guest-scaffold contacts. Alternately, in contrast to the 
MOFs currently used for guest structure determination,24,26 the 13-nm pores of CJ crystals 
used here are large enough to accommodate macromolecules such as proteins, inorganic 
nanoparticles, and DNA. The methods developed herein lay the groundwork for site-
specific installation of macromolecules and structure determination of the resulting co-
crystals. 
 
Methods 
CJ Protein Crystal Preparation 
A codon optimized gene encoding a putative periplasmic protein (Genebank ID: cj0420) 
from Campylobacter jejuni was obtained from Life Technologies and cloned into pSB3 
vector at NdeI and XhoI. For cytosolic expression, the gene was truncated to remove the 
signaling peptide. Thiol variants were generated via single primer mutagenesis with Q5 
polymerase (New England Biolabs) and sequenced verified. All variants were expressed in 
E. coli C41 (DE3) (Lucigen) grown in Terrific Broth and induced with 0.4 mM IPTG at 25 
°C for 16 hr. The cells were harvested and sonicated into a lysis buffer (50 mM HEPES, 
500 mM NaCl, 10% glycerol, 25 mM imidazole, pH 7.4). The lysate was clarified and 
purified via Ni2+-NTA chromotagraphy (Thermo Fisher Scientific HisPur™ Ni-NTA). A 
single chromatography step provided sufficient purity for crystallization. The purified 
protein was dialyzed into a storage buffer (10 mM HEPES, 500 mM (NH4)2SO4, 10% 
glycerol at pH 7.4), aliquoted, and stored at -20 oC. The final concentration was ~20 mg/mL 
with an average CJ yield of >100 mg per 1 L culture. CJ variants were crystallized overnight 
by sitting drop vapor diffusion at 20 °C in >3.0 M (NH4)2SO4, 0.1 M Bis-Tris pH 6.0.  
Prior to installation, crystals were washed via transfer to the installation solution (3.4 M 
(NH4)2SO4, 100 mM HEPES, pH 7.5) for 15 min to equilibrate the crystals and remove 
excess free protein. Crystals were then transferred to 20 μL of the installation solution with 
500 μM of the molecule to be conjugated and incubated for 2 hours. 
 
X-Ray Diffraction and Data Processing 
In all cases, individual crystals were briefly swished through a cryoprotectant solution 
containing 3.2 M (NH4)2SO4 and either 10% glycerol or 10% ethylene glycol at pH 7.5 and 
flash frozen in liquid nitrogen. X-ray diffraction data was collected on beamline 4.2.2 at 
the Advanced Light Source (ALS) or on a local Rigaku Compact HomeLab with a 
microfocus X-ray generator and a Pilatus 200K detector. The collected data was processed 
with XDS.48 The wild-type structure was determined by molecular replacement (MR) with 
the Campylobacter jejuni putative periplasmic protein (PDB entry 2fgs) as a search model. 
Model refinement was performed in COOT using sigma weighted (2mFo-DFc) and (mFo-
DFc) electron density maps and REFMAC5 from the CCP4 suite.49–51 The resulting wild-
type model was used as the starting MR model for G34C, N48C, and N182C with the same 
refinement scheme. Each cysteine variant model was then used as a MR search model for 
their corresponding small molecule adducts. The molecular refinement workflow is 
summarized in Figure S12. For each thiol structure with an installed small molecule, a 
scheme of discovery map generation, ligand building, refinement, and omit map generation 
was implemented to reduce model bias. The model building scheme is summarized in 
Figure S13. 
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