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Abstract

Protein crystals with their precise, periodic array of functional building blocks have potential
applications in biomaterials, sensing and catalysis. This paper describes how a highly-porous
crystalline framework of a cationic redox protein and an anionic macrocycle can be modulated by
a small cationic effector. Ternary composites of protein (~13 kDa), calix[8]arene (~1.5 kDa) and
effector (~0.2 kDa) formed distinct crystalline architectures, dependent on the effector
concentration and the crystallization technique. A combination of X-ray crystallography and DFT
calculations was used to decipher the framework variations, which appear to depend on a
calixarene conformation change mediated by the effector. This “switch” calixarene was observed
in three states, each of which is associated with a different interaction network. Two structures
obtained by co-crystallization with the effector contained an additional protein “pillar”, resulting in
framework duplication and decreased porosity. These results suggest how protein assembly can be

engineered by supramolecular host — guest interactions.
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Controlled protein assembly provides a means to construct biocompatible, nanoscale devices and
functional materials.)® Porous assemblies are particularly attractive considering their applications
in storage, delivery and catalysis.®® To date, specific protein architectures including nanocages have
been generated from self-assembling building blocks with engineered interfaces. Crystalline
architectures, characterized by highly-ordered three dimensional arrays and in some cases
nanoscale porosity, are also well-studied.?”1%19 Although crystallogenesis can be a bottleneck, this
special case of protein assembly provides detailed structural insights that aid design. Ligands that
facilitate protein assembly and crystallization have emerged as game-changers in the elaboration
of crystalline assemblies.'*72930 Such “molecular glues” trigger assembly by providing a surface on
which two or more proteins can associate (Figure 1). Importantly, the choice of glue can yield
different protein architectures,?%2%:3°

We have demonstrated controlled assembly of cationic proteins by anionic macrocycles
such as sulfonato-calix[n]arene (sclxn).?>%%3! Our focus is on the lysine-rich cytochrome ¢ (cytc), a
redox active building block that is applied widely in biosensor development.3*3 Previously, we
reported auto-regulated assembly of cytc by sclxs.?>3! At ~1 eq. sclxs, cytc forms a tetramer. At >3
eq. sclxs, the tetramer disassembles to form calixarene-coated monomers. X-ray crystallography
revealed corresponding oligomers in the solid state with distinct crystal forms that depend on the
protein:ligand ratio. A highly-porous crystalline framework (85 % solvent content) was obtained at
>3 eq. sclxg (PDB 6gd9, Figure 1).2° This lattice exists exclusively due to sclxs, which mediates all of
the crystal contacts. Adopting either the pleated loop or double cone conformations,?3%% sclxg
occurs sandwiched between cytc monomers providing the necessary “glue” to support the
framework. A third calixarene does not participate directly in the framework but is solvent exposed
and faces into the crystal voids. These “switch” calixarenes are ~3 nm apart, which is approximately
the diameter of cytc, while the longest distance between framework laterals is ~12 nm (Figure 1).
Consequently, the crystal voids are sufficiently large to accommodate additional components. This
observation suggested the possibility that the framework might be augmented with additional
building blocks.

In the present work, we began by targeting the double cone conformation of sclxs as a site
for crystal engineering. The calixarene cavities inspired us to perform host — guest supramolecular
chemistry in the crystals. Tetracationic spermine (spr) was chosen as the guest molecule for three
reasons. (1) spr is a known modulator of biomolecular structures;'#3%3° (2) polycationic amines are
well-established calixarene binders;3**° and (3) spr is structurally analogous to the di-lysine motif
(Figure S1), which occurs frequently in cytc — calixarene interfaces.?®? Competition between cytc

and spr for sclxs binding in solution was confirmed by NMR experiments. Co-crystallization of



ternary mixtures of cytc, sclxs and spr yielded two different architectures, which appear to depend
on sclxs — spr complexation, as evidenced by crystal structure analysis and DFT calculations. This
first study demonstrates crystalline framework modulation by using auxiliary supramolecular

interactions.

Figure 1. (A) The previously reported cytc — sclxs framework obtained at >3 eq. calixarene (PDB
6gd9) has nanoscale porosity and no protein — protein contacts.? Protein and ligand are shown in
grey ribbon and green spacefill, respectively. (B) The core assembly unit, with four molecules of
cytc and crystal contacts via the calixarene “glue” (grey sticks). The “switch” calixarene (spacefill)
does not participate in crystal contacts. (C) The pleated loop and double cone conformations of

sclxs.



Results

Solution state analysis of cytc — sclxs — spr interactions. Previously, using NMR spectroscopy and
isothermal titration calorimetry, we characterized in detail the auto-regulated assembly of cytc by
scixs.2>3 In brief, the HSQC spectrum of cytc is broadened beyond detection at ~1 eq. sclxs due to
tetramer formation. At ~3 eq. sclxs, the HSQC signals of cytc reappear consistent with the formation
of calixarene-coated monomers.? Here, we monitored the effects of spr in ternary mixtures with
sclxg and cytc. The data indicate that spr competes with cytc for sclxs complexation (Figure S2).
Approximately 8 eq. spr were sufficient to liberate cytc from complexation with sclxs, at the low
salt conditions of the NMR experiments. The relatively high eq. spr required for competition
reflects the high lysine content of cytc (16 x lys) compared to 4 amines in spr. Furthermore, in
contrast to the linear spr, the protein provides extended surfaces for tighter interactions with the

calixarene.

Optimization of cytc — sclxs co-crystals. Previously, cytc — sclxs co-crystals were obtained in space
group P432:2 (PDB 6gd9) with 3 - 12 eq. sclxs and ~2 M ammonium sulfate.?® These ovoid crystals
diffracted weakly (2.7 A) and were prone to twinning. Here, the crystal quality was improved by
using 2 20 eq. sclxs, which resulted in a “diamond” morphology (Figure 2) in 3 to 7 days. A dataset
collected to 2.5 A resolution revealed the identical space group but better diffraction properties
than reported before. The crystal packing was also identical, within error. For simplicity, this crystal
is referred to as structure 0. Interestingly, a significant backbone conformation change of cytc is
evident.*! Residues 79 - 82 are displaced from their native positions (C* RMSD ~1.5 A) and Met80

no longer coordinates the heme (Figure S3).

Crystal soaking. Experiments were performed on cytc — sclxs co-crystals to test the effect of spr
interactions with calixarenes already bound to cytc. Crystals were soaked in their respective
crystallization condition supplemented with 50 - 200 mM spr for up to five minutes. There was no
visible degradation of the crystals in this timeframe suggesting that the crystals were stable despite

the high spr concentration. The soaked crystal form is referred to as structure I.

cytc — sclxs — sprternary co-crystallization. To explore further the effects of spr we performed co-
crystallization experiments with ternary mixtures of 2 mM cytc, 20 - 40 mM sclxgand 10 - 100 mM
spr (Figure 2). Low concentrations of spr (10 or 20 mM) resulted in ~5-fold larger crystals that grew

in 7 days. A metastable zone occurred at 30 mM spr, crystals grew slower and a notable change in



morphology was observed in some crystallization drops. This crystal morphology is referred to as
structure Il. 50 mM spr led to the usual diamond-shaped crystals and crystallization was inhibited
at spr concentrations 260 mM, suggesting that sclxs — spr complexes prevailed under these
conditions. This latter observation agrees with the competitor role of spr, as evidenced by the NMR
experiments (Figure S2).

The use of the dry-coating co-crystallization technique® yielded two crystal forms in the
same drop, including an ovoid form which appeared after 20 days (Figure 2, dashed box). This

crystal form is referred to as structure Ill.

Figure 2. Representative cytc — sclxs co-crystals obtained in the presence of the indicated spr
concentration. Dry-coating refers to crystals obtained over a layer of spr (Methods and Figure S4).

The dashed box highlights the ovoid crystal form. Scale bar = 200 um.

Crystal structure analysis. All of the crystals described here were obtained in similar conditions of
ammonium sulfate (~2 M), 0.1 M HEPES pH 7.8 and 0.15 M NaCl. X-ray diffraction data were
collected at SOLEIL synchrotron. The soaked crystals (50 - 200 mM spr) and the co-crystals obtained
with 10 or 20 mM spr diffracted to 2.2 or 2.3 A, which was better than the resolution (2.5 A)
obtained without spr (Tables 1 and S1). All of these structures obtained with spr were identical
within error. Therefore, only the 50 mM spr soak is reported in detail (structure I). The main change
compared to the original structure 0 was the presence of spr in each of the cavities presented by
sclxg in the double cone conformation (Figures 3 and S5). Each of these spr also complexes a sulfate
anion from the crystallization medium. Interestingly, the solvent-exposed “switch” sclxs was
unaffected by the presence of spr (Figure S6). This result indicates that the protein — calixarene

complex is tighter than the sclxs — spr interaction, under these conditions.



Table 1. Crystal structures of cytc — sclxs — spr complexes*
PDB Res. sce [Building Block] (mM)¢

Name* Method®

id (R) (%) cytc  sclxs spr
0 - 6rsi 2.5 85 15 45 0
| Soak 6rsj 2.2 85 15 45 30
1 Co-crystal. 6rsk 2.3 70 30 90 60
1] Dry-coating 6rsl 2.0 70 30 90 120
*All crystals were space group P43212 with similar unit cell parameters (Table S1).
aStructure names |, Il, and Il correspond to panels I, Il, and Il in Figures 3-5.

bspr was introduced by soaking, by standard co-crystallization or by dry-coating® co-crystallization.
‘Solvent content estimated in BUSTER, accounting for protein and ligand mass.
dCalculated based on unit cell volume and the numbers of each building block refined in the model.

Crystals obtained by co-crystallization with spr (structures Il and lll) had the same space
group and similar unit cell parameters as structure | (Table S1). However, the asymmetric unit and
crystal packing were dramatically altered (Figure 3). The asymmetric units of structures Il and Il
comprise two cytc and six sclxs molecules. Compared to the original lattice, the protein and
calixarene concentrations are doubled. Consequently, the crystalline architectures are less porous
(Figures 3 and S7) with solvent contents of 70 % (Table 1).

Figure 4 gives a detailed view of the protein component of the crystal lattices. The original
cytc — sclxg crystalline framework (PDB 6gd9)% is present in all three structures. Structure lll, is
composed of two almost identical copies of the framework from structure I. The second copy can
be described either as a rotation or as a translation relative to the original framework. Patterson
map analysis was used to test the validity of the lattice. A strong off-origin peak in the data for
structure Il was completely absent from structures 0, I and Il (Figure S8 and Table S2). An additional
confirmation was obtained by comparing the R-factors for the integrated intensities for structure |
against the models for structures I or lll (aligned via chain A). The R-factors (highest resolution
range in parenthesis) were 0.46 (0.44) for model lll compared to 0.18 (0.23) for the correct model
I, proving that the additional lattice does not occur in structures 0 or I. In structure Il the second
framework is arranged differently. Here, the second cytc monomer is displaced by ~10 A and at an
angle of ~20° (Figure S9) relative to its position in structure lll. Concomitantly, a sclxg-mediated
crystal contact is lost and replaced by a protein — protein interface. Overall, these results are
consistent with the assumption that the porous framework could be augmented by additional
building blocks. Framework duplication has been reported recently for Pd-mediated coordination
cages.”

The solvent channels in structures I, Il and Ill were characterized computationally.*
Crystalline framework | can accommodate spheres of ~5.5 nm diameter. In structures Il and lll the

cavities are partially filled by additional cytc — sclxs building blocks. Nevertheless, the remaining



voids can accommodate spheres of ~3 nm diameter. These cavities are sufficiently large to permit

the addition of yet further building blocks and / or to modulate their orientation.

Figure 3. The asymmetric unit and crystal packing in structures I, Il and lll with cytc, sclxs and spr
depicted in grey, green, and blue, respectively. The asymmetric units are oriented identically
(aligned via chain A). The “switch” sclxs and associated spr are displayed in spacefill, other ligands
are in stick. The crystal packing shows 4 unit cells oriented identically with unit cell axes a=b = 10

nm. Note the high porosity due to nm scale solvent-filled voids.
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Figure 4. Analysis of the crystalline frameworks in structures I, Il and lll. The packing of structure |
is shown in two orientations. For structures Il and lll the packing was deconstructed to show
separately the architectures of protein chains A and B. The rotation of structure I is equivalent to

chain B in structure Ill. Only the protein components are depicted.

The “switch” calixarene, spr complexation and framework selection. Architectures I, Il and Il
depend on sclxs, which mediates most of the crystal contacts. In all three structures two of the
calixarenes are conserved (Figures 1 and S5). In contrast, the “switch” sclxs adopts a different
conformation and binding mode in each structure, and contributes to the incorporation of a second
cytcunitin architectures Il and Il (Figure 5). In each case, two “switch” calixarenes are close-packed
and bound to spr. Therefore, complex formation between spr and the “switch” calixarene appears

to contribute to modulating the crystal architecture. Figures 5 and S6 provide detailed views of the



“switch” site in all three structures. The interaction energies of this sclxs in each structure were
investigated by DFT calculations. Table S3 lists the key interactions and their respective energies.

In structures 0 and I, one face of the “switch” calixarene is bound to protein while the other
face is solvent exposed (Figure 5). Four key residues, R13, K72, K73 and K86 bind to sclxs, which
masks 530 A2 of the cytc surface. The calculated interaction energy for this site is -89 kcal.mol™.
Crystal soaking with spr was expected to alter this ligand but there was no evidence of significant
changes in the electron density map. In structure Il, the “switch” sclxs adopts a conformation that
is intermediate to the double cone and the pleated loop. This partially-folded sclxs yields a smaller
interface area, masking 410 A2 of cytc. B-factor analysis and DFT calculations suggest that this sclxs
is the least stable of structures I - lll (Tables S3 and S4). The rearranged protein — calixarene
interface no longer involves R13 and the interaction with K86 is significantly weakened. However,
an interaction at K79 contributes to stabilizing the interface. The calculated energy between the
“switch” sclxgand cytc in structure Il is -66 kcal.mol™. At this interface one molecule of spr, in an
extended conformation, is sandwiched between two calixarenes (See composite omit map, Figure
S6). The tetracationic spr helps to glue together the two calixarenes, resulting in an overall
interaction energy of -99 kcal.mol™. It can be concluded that co-crystallization with spr enabled the
construction of these extra laterals in the framework.

In structure Ill, again a dimeric calixarene assembly occurs at the “switch” site. Here, the
calixarenes adopt a pronounced double cone conformation and dimerization occurs through a n-nt
stack??2 of one phenol unit from each ligand (Figure 5). Each sclxs covers 280 A? of one protein at
key residues R13, K86 and K87 and 250 A? of the second protein at key residues N70, K72 and K73.
The interaction energy for this binding site was calculated at -74 kcal.mol™. Four spr were modelled
at this site, one in each of the calixarene cavities. The spr are well defined, with clear electron
density and low B factors (Table S4, Figure S6) and strongly stabilize each sclxs, leading to an overall
interaction energy of -184 kcal.mol?, which is almost 2-fold more stable than the corresponding

site in structure Il.
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Figure 5. Conformation change and interaction modulation of the “switch” sclxs in structures I, Il
and lll. The “switch” sclxs, spr and residues of interest are shown as sticks in each structure. Note
the solvent exposed face of sclxs in structure I. spr is coloured cyan and navy for carbon and

nitrogen, respectively.
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Discussion

Motivated by the possibilities of host — guest supramolecular chemistry we tested the effect of spr
on a highly porous cytc — sclxs crystalline framework (PDB 6gd9). A simple soaking experiment
verified the possibility to plug the cavities of sclxs with cationic spr. More exciting results were
obtained from co-crystallization experiments that resulted in duplicated frameworks with distinct
structures (Table 1, Figures 3 and 5). Surprisingly, larger and better-diffracting crystals with an
identical composition were obtained at relatively low spr concentrations (10 or 20 mM). In this
situation, spr — sclxgs complexation may improve crystal quality by stabilizing the crystal contacts
that are mediated by the conserved sclxs in the double cone conformation (Figures 1 and S5).

Higher equivalents of spr during co-crystallization resulted in two different crystal-packing
arrangements that involve double the number of cytc and sclxs molecules with respect to the
original architecture (Table 1). The incorporation of an additional cytc — scixs building block
necessitates the formation of additional interfaces. In structure ll, an extra crystal packing interface
occurs with spr sandwiched between two “switch” calixarenes, which in turn mediate protein —
protein packing (Figure 5). Apparently, the effector alters the “switch” calixarene conformation and
facilitates close packing of two sclxs. This architecture appears to be an intermediate state between
structures | and lll, as reflected by high B-factors of the “switch” sclxs (Table S4) and by the loss of
a crystal packing contact (Figure S9).

In structure lll the “switch” calixarene forms a double cone with one spr bound in each
cavity, supporting a more stable framework compared to structure Il (Figure 5, Table S3). Here, the
dry-coating technique (Figure S4) facilitated slow diffusion of spr into the crystallization drop and
consequently a shifting equilibrium of spr — sclxs complexation was achieved. Assuming that all of
the spr dissolved in the drop the final spr:scixs ratio of 2.5 differed greatly to that in structure I
(0.75, Table S1). The slow crystallization process (20 days) as well as the shifting (and eventually
higher) effector:ligand ratio enabled selection of structure Ill, possibly via a kinetic trap.*® In
contrast, standard co-crystallization at a spr:sclxs ratio 23, inhibited crystal growth. The
conformation change of the “switch” sclxs from extended to double cone, and host — guest
chemistry with spr, gives rise to an alternative packing arrangement with the second building block.
Interestingly, in all 3 structures the di-lysine motif K72-K73 is pivotal to binding the “switch”
calixarene (Figure 5 and Table S3). The structural similarity of this motif and spr is noteworthy
(Figure S1).

The crystalline framework of structure lll is composed of two copies of the original
architecture related by a translation or by a rotation. This duplicated architecture of interlocking

frameworks is enabled by the high-symmetry crystal contacts at the “switch” sclxs, which appears

12



to dictate the position and orientation of the extra building blocks. The addition of a second set of
building blocks leads to decreased crystal porosity. Nevertheless, the solvent content of structures
Il and lll remains high at 70 %. The 3 nm pores suggest that diffusion of free cytc remains possible
and that further modification of crystal porosity could be achieved.

Questions remain concerning the nature of the cytc — sclxg — spr interactions. In particular,
the contribution of charge — charge interactions and the hydrophobic effect at ~2 M ammonium
sulfate requires further investigation. Although the apparent net charge of cytc is close to zero (due
to sulfate-binding®), lysine and arginine residues still play key roles in complexing the anionic sclxs.
And spr appears to eliminate charge repulsion between adjacent calixarenes in the framework

(Figure 5).

Conclusions

Ligand-mediated protein assembly is emerging as a viable strategy for the construction of porous,
functional materials.1>1417.2947 The relatively large (~1.5 kDa) and flexible sclxs presents interesting
properties in this regard. By adopting different conformations, sclxs masks the protein surface to
varying degrees and provides a relatively homogeneous scaffold for assembly.?®3° In addition to
complexation with the protein we have shown that host — guest interactions between sclxs and the
small biomolecule spr result in altered protein assemblies. This phenomenon is supported by the
structural similarity between spr and the di-lysine motif. Interestingly, all 3 structures involve K72-
K73 in binding the “switch” sclxs.

The combination of cytc and excess sclxs induces a highly porous framework with no
protein-protein contacts (Figure 1).%° Framework elaboration was achieved by co-crystallization
with the effector spr yielding biosupramolecular ternary composites of varying stoichiometry
(Figure 3 and Table 1). The incorporation of additional blocks appears to rely on spr acting as either
a supramolecular bridging agent or cavity stabilizer (Figure 5). Previously, we observed calixarene
stabilization by complexation with PEG fragments.?? spr contributes to modulating the “switch”
conformation, which in turn impacts the crystal architecture. Structure lll appears to be the most
stable configuration with 4 additional spr molecules locking the “switch” site. Additional building
blocks are accommodated as extra pillars in the framework, leading to a duplication of the
framework and a consequent reduction in porosity.

The prospects for protein crystal engineering via auxiliary supramolecular interactions are
apparent. The combination of sclxs with spr, a classic supramolecular building block with a small
and relatively simple effector, is a starting point. Alternative effectors such as enzyme substrates

or drugs may find application in functional materials.
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Methods

Materials. °N-labelled and unlabelled Saccharomyces cerevisiae cytc (C102T) were produced as
described.?>*8 Solutions of sclxs (TCI Chemicals) or spr (Sigma Aldrich) were prepared in water and

the pH was adjusted to 6.0 using NaOH.

NMR spectroscopy. 14-5N HsQc spectra were acquired on 50 uM >N-labelled cytc in 20 mM
potassium phosphate, 50 mM NaCl, 1 mM ascorbate, pH 6.0 at 30 °C with a 600 MHz Varian
spectrometer and a HCN cold probe.? Titrations were performed with cytc — sclxs mixtures at 1 or
3 eq. calixarene and 1 - 16 eq. of spr. The sample pH was verified to be constant throughout the

titration. Spectra were acquired with 8 scans and 64 increments.

Crystallization and X-ray data collection. Co-crystallization experiments were performed by the
hanging drop vapour diffusion method at 20 °C. Protein — calixarene mixtures were tested at 2 mM
cytc and 20 - 50 mM sclxs. Crystallization drops were prepared by mixing 2 ul of protein — ligand
solution with 1 ul of the reservoir solution that contained 1.8 — 2.4 M ammonium sulfate, 0.1 M
HEPES pH 7.8 and 0.15 M NaCl. Crystals were cryo-cooled in liquid nitrogen in their respective
crystallization condition supplemented with 25 % glycerol. For the soaking experiments, the cryo-
protection solution was supplemented with 50 - 200 mM spr and crystals were soaked for up to 5
minutes. Dry-coating crystallization was performed as described.*? A 2 ul drop of 50 mM spr was
applied to a siliconized glass coverslip and evaporated to dryness. The crystallization drop was
placed directly on the dry-coated spr. Diffraction data were collected on PROXIMA-2A at SOLEIL

synchrotron (France) using ¢ scans of 0.1° over 360° and an Eiger X 9M detector.

Structure determination. Diffraction frames were processed in AUTOPROC,* data were integrated
in XDS*° and the integrated intensities were scaled and merged in AIMLESS®! and POINTLESS,>? as
implemented in CCP4. The analysis of the Patterson function using PHENIX XTRIAGE revealed a
significant off-origin peak indicating pseudo-translational symmetry in the intensities from
structure 1ll. Molecular replacement was performed with PHASER>® using PDB 6gd9 as the search
model. The models were optimized through iterative rounds of model building in COOT** and
refinement in BUSTER®® for structures 0, |, Il and PHENIX®® for structure Ill. At all stages of the
refinement, translation-liberation-screw-rotation (TLS) and automatic water placement were

applied. Data collection and refinement statistics are reported in Table S1.Structures and
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associated structure factor amplitudes were deposited in the Protein Data Bank after validation

with MolProbity.”” The PDB codes are reported in Tables 1 and S1.

Characterization of porous crystalline frameworks. Structures I, Il and Ill were analysed by using

MAP_CHANNELS,* to determine the maximum pore diameters.

DFT-based interaction energies. Starting from the X-ray structures, DFT calculations were
performed to estimate the binding energies of the “switch” calixarene (Table S3). Minimization of
the structures was performed with 5,000 steps of steepest descent followed by 5,000 steps of
conjugated gradients, in the Amber18 suite of programs>® with the ff14SB force field.>® Parameters
for spr were taken from an earlier study®’ and sclxs point charges were computed with the RESP
protocol.?! The temperature was held constant with a Langevin thermostat, with a collision
frequency of 1 ps™. A first 100 ps equilibration run was performed in NPT conditions, followed by a
second run in NVT conditions. Finally, a 10 ns simulation was executed at constant pressure using
a Berendsen thermostat. Final geometries were obtained after QM/MM optimization using in-
house code that couples Gaussian16 to TinkerHP,%? using the B3LYP-D3BJ density functionals with
the 6-31G(d,p) basis set augmented by diffuse functions for the sulfonate oxygens. This protocol
provides final geometries with minimal deviations compared to the X-ray structures. In structure Il
chains A and B have a C* RMSD of 0.20 A. Separate DFT calculations were performed for each chain
and averaged. In structure lll chains A and B have a C* RMSD of 0.07 A, and were assumed to be

identical. Interaction energies are reported for chain A only.
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