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1. Synthesis

The receptors R(4-)!, R(4+)>® and P(10+)* were synthesized according to reported procedures.
Experimental details for the synthesis and characterization data for R(8+), R(16+) and P(5+) are given
below. All reagents were purchased from commercial sources and used as received unless otherwise
stated. 'H and *3C NMR spectra were recorded on a Bruker Avance DRX 400 (400 MHz for *H and 100
MHz for 13C) spectrometer. All signals are given as & values in ppm using residual solvent signals as the
internal standard. Coupling constants are given in Hz. Melting points were determined with a Stuart
SMP30 melting point apparatus. The mass spectrometric experiments were performed with a Bruker
UltrafleXtreme MALDI-TOF/TOF-mass spectrometer and a Micromass LCT Electrospray ionization—
Time-of-flight instrument. First, profile mass spectra were obtained (e.g. Figure S2 and S6) followed by

high-resolution spectra using lock mass from an internal standard.

Calculated molecular weights for the studied hosts: R(16+) 2055.5 g mol, P(10+) 2271.2 g mol?, R(8+)
1180.8 g mol?, P(5+) 2311.9 g mol?, R(4+) 1311.4 g mol™?, R(4-) 1008.9 g mol™.

1.1 Synthesis of receptor R(8+)
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Scheme S1. Synthesis of N-alkyl ammonium resorcinarene chloride R(8+).

Into a solution of Cetyi-resorcinarene 1 (3 g, 4.99 mmol) in ethanol (60 ml) and excess formaldehyde (4
ml), N-boc-ethylenediamine (3.23 ml, 20.47 mmol) in ethanol (10 ml) was added drop wise. The mixture
was stirred at room temperature for 24 h. The precipitated crude product was not purified and used as
such in the next step. Into a solution of the crude tetrabenzoxazine intermediate 3 (2.5 g, 1.86 mmol) in
2-propanol (50 ml), conc. HCI (10 ml) and H2O (10 ml) were added. The mixture was refluxed for 4 h.
After water and formaldehyde were removed by azeotropic distillation with chloroform (100 ml), the

remaining 2-propanol was evaporated. The product was triturated with diethyl ether (100 ml). The
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precipitated product was collected and dried in vacuo. This product was then recrystallized first in
acetonitrile and then in methanol to give the final product R(8+) (1.14 g, 52 %). m.p. > 300 °C; MALDI-
TOF: m/z CaHsN20g" 709.492 [R(8+)-7H-8CI-3A]*. ESI-TOF-HRMS: m/z Found 445.2827
CasH74NgOs*? [R(8+)-8CI-6H]"?, (-1.8 mDa, -4 ppm); calc. 445.2809. *H NMR (400 MHz, 300 K in
[Ds]DMSO) 6 (ppm): 0.86 (t, J=7.50 Hz, 12H, CH3), 2.30 (m, 8H, CH>), 3.20 (br, 16H, NCH2CH2N),
4.15 (br, 8H, ArCHzN), 4.26 (t, J=7.50 Hz, 4H, CH), 7.67 (s, 4H, ArH), 8.40 (br, 12H, NH3), 9.11 (s,
8H, NH>), 9.54 (s, 8H, OH); *C NMR: (100 MHz, 300 K in [Dg]DMSO) & (ppm) = 12.4, 25.5, 35.0,
36.4,41.2,43.8, 73.1, 108.5, 126.3, 150.2.
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Figure S1. 'H and *C NMR spectra of N-alkyl ammonium resorcinarene chloride R(8+) in [Ds]DMSO at 300
K.



709.492

659.306 719.256

649.407

779.219

634.085 730.385 769.581 829.664

‘ 839.190

671.378 | 817.581
‘I 697.489 J \ ‘| V 41525 ‘790.220
| I l\"

X | L
‘ uu plodid MJJ|L " ‘__‘.,l,._lA\\,4,/'@»,‘],‘!“1LD,J,<JJA4 u«l‘ ]"l IJM JJJ'; AJ AJJJAJLJMM,J,\\
650 700 " 750 ‘ 800 " 850 s 900

623.854

Jl I \Jl

‘ 889.740

L‘.\L,Ilw. bttt bt st obetdobeindododotrctliiots

100+
[R(8+)-7H-8CI-A]*
/ m/z 445

m/z 445
Calc.

%-

|
G T T ] L '* | T T L) T T L) L] L) T ] T L] L] T ] T L) T T ] ] T ) T L) T T T T m/Z
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 m/z

Figure S2. Mass spectra of N-alkyl ammonium resorcinarene chloride R(8+). Top: MALDI-TOF spectrum
showing loss of HCI and multiple fragmentation through 1,4-elimination of amine. Bottom: ESI-TOF mass

spectrum.
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Scheme S2. Loss of multiple HCI and fragmentation mechanism and pathways for the consecutive

1,4-eliminations of the amine from R(8+) and R(16+).
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1.2. Synthesis of receptor R(16+)
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Scheme S3. Synthesis of N-alkyl ammonium resorcinarene chloride R(16+).

Into a solution of Cetyi-resorcinarene (0.46 g, 0.776 mmol) in ethanol (25 ml) and excess formaldehyde
(2 ml), the tri-N-boc-spermine (1.6 g, 3.18 mmol) in ethanol (20 ml) was added drop wise. The mixture
was stirred at room temperature for 24 h. The mixture was partially purified via column chromatography
(Eluent: DCM/MeOH/EtOAcC 85/10/5 v/v). The semi-purified intermediate was used as such in the next
step. Into a solution of the tetrabenzoxazine intermediate 5 (1.27g, 0.47 mmol) in 2-propanol (15 ml),
conc. HCI (6 ml) and H2O (6 ml) were added. The mixture was refluxed for 4 h. After the water and
formaldehyde were removed by azeotropic distillation with chloroform (100 ml), the remaining 2-
propanol was evaporated. The product was a molten smear on the flask. The crude product was dried in
vacuo and then recrystallized in MeCN to give the final product R(16+) (0.77 g, 82 %). m.p. > 300 °C;
MALDI-TOF: m/z CsoHe7N4Og* 851.505 [R(16+)-15H-16CI-3A]*. *H NMR (400 MHz, 300 K in D20)
d (ppm): 0.78 (br, 12H, CH3), 1.67 (m, 24H, CH2), 1.97 (m, 24H, NCH), 3.00 (m, 68H, CH2N), 4.14
(m, 12H, CH,ArCHy), 7.09 (br, 4H, ArH); 3C NMR: (100 MHz, 300 K in D20) & (ppm) = 11.6, 22.5,
22.7,23.7,36.5,43.9, 44.5, 44.6, 46.9, 81.7, 125.9, 126.7, 150.4.
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Figure S3. *H and **C NMR spectra of N-alkyl ammonium resorcinarene chloride R(16+) D-O at 300 K.
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Figure S4. MALDI-TOF mass spectrum of N-alkyl ammonium resorcinarene chloride R(16+) showing loss

of HCI and multiple fragmentation through 1,4-elimination of amine.
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1.3 Synthesis of receptor P(5+)
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Scheme S4. Synthesis of penta-cationic pillar[5]arene P(5+).
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The compounds 7, 8 and 9 were synthesized according to reported procedures.® Pillar[5]arene 8, 9 and
P(5+) has 4 constitutional isomers a, b, ¢, and d (Scheme S4). The isomers were not separated. Methyl
iodide (0.033 g, 0.236 mmol) and KHCOs3 (0.023 g, 0.236 mmol) were added to the Pillar[5]arene 9
(0.069 g, 0.0472 mmol) in methanol and stirred for 24 hours at room temperature under N2 atmosphere.
The excess methyl iodide was distilled off and neutralized in 10 % NH4OH solution. The solvent was
evaporated and the mixture triturated with diethyl ether (20 ml) to give the penta-quaternized
pillar[5]arene iodide P(5+) (0.091 g, 84 %). m.p. > 300 °C; ESI-TOF-HRMS: m/z Found 509.9956
Cs7H133Ng015™ [P(5+)-51-A-B]*3, (0.2 mDa, 0.4 ppm); calc. 509.9958. *H NMR (400 MHz, 298 K in
CD30D) 6 (ppm): 0.93-2.0 (m, 85H, CHs, CH>, OCH>), 3.30-4.80 (br, 55H, Ar-CH,, NCH3), 6.89 (br,
10H, ArH).
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Figure S5. *H NMR spectra of penta-quaternized pillar[5]arene iodide P(5+) in CDsOD at 298 K.
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Figure S6. ESI-TOF mass spectrum of penta-quaternized pillar[5]arene iodide P(5+).
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2. Other experimental methods

Dynamic light scattering (DLS) and {-potential measurements

The hydrodynamic diameter (Dn) of the assemblies was measured using a Malvern Instruments DLS
device (Zetasizer Nano ZS Series) with a 4 mW He-Ne ion laser at a wavelength of 633 nm and an
avalanche photodiode detector at an angle of 173°. Experiments were carried out at 25 °C. Stability at
different temperatures was studied between 10-90 °C. Plastibrand semi-micro PMMA cuvettes and
Malvern disposable C-cells were used for the size and electrophoretic mobility measurements
respectively. Zetasizer software (Malvern Instruments) was used to obtain the particle size distributions
and ¢-potentials using the following sample preparation: 500 pl of aqueous aFT solution (100 mg mi™?)
was titrated with the host (10-0.1 mg mlIY) to reach the desired ratio (addition did not exceed 5 % of
sample volume and hence no correction for dilution was made), which was finally titrated with 0.1-5 M
NaCl to disassemble the complex. 10 mM NaAc and Tris-HCI buffers were used in studying the stability
at different pH values.

Cryogenic transmission electron microscopy (cryo-TEM)

The cryo-TEM images were collected using JEM 3200FSC field emission microscope (JEOL) operated
at 300 kV in bright field mode with Omega-type Zero-loss energy filter. The images were acquired with
Gatan Digital Micrograph software while the specimen temperature was maintained at -187 °C. The
cryo-TEM samples were prepared by placing 3 pl aqueous dispersion of the sample on a 200 mesh
copper grid with holey carbon support film (CF-Quantifoil) and plunge-frozen using Vitrobot with 3 s
blotting time under 100 % humidity.

Small-angle X-ray scattering (SAXS)

The aqueous samples were sealed between two Kapton foils inside a metal washer. The sample
environment was evacuated to reduce background scattering from air. The SAXS was measured using a
Bruker Microstar microfocus rotating anode X-ray source (Cu Ka radiation, 4 = 1.54 A). The beam was
monochromated and focused by a Montel multilayer focusing monochromator (Incoatec). The X-ray

beam was further collimated by four collimation slits (JJ X-ray) resulting in a final spot size of less than
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1 mm at the sample position. A Hi-Star 2D area detector (Bruker) was used to collect the scattered
intensity. Sample-to-detector distance was 1.59 m, and a silver behenate standard sample was used for
the calibration of the length of the scattering vector g. One-dimensional SAXS data was obtained by
azimuthally averaging the 2D scattering data and the magnitude of the scattering vector q is given by q
= 4 sind/A, where 26 is the scattering angle. The structure factor in Fig. 2e was calculated with
PowderCell®, and the fitted model consists of a constant background, a power law (const. - ¢ and

Gaussian peaks fitted to the peak positions of the structure factor S(q).

Sample preparation for SAXS, cryo-TEM, UV-Vis and optical microscopy

Cyclophane-aFT samples were prepared by combining 6 pl of aqueous aFT solution (15 mg ml?,
Pyrococcus furiosus, Molecular Links Rome), 3.5 pul 20 mM Tris pH 8.5 buffer, 1.5 pl of 0-400 mM
NaCl solution and 4 pl of 10 mg ml cyclophane in water, in this order. The samples were gently mixed

with a pipette and allowed to set.

All-atom simulations

All simulations were conducted using the GROMACS 5.1.2 software and the PLUMED 2 plugin.”® The
atomistic model for P(10+) and aFT were parametrized with the General Amber Force Field (GAFF)
and the Amber Force Field ff12SB, respectively.® The atomistic model for the ferritin cage was obtained
from the Protein Data Bank (PDB entry: 2JD6). The electrostatic potential for the aFT protein trimer
was calculated with the PDB2PQR web portal.'° For the P(10+)-aFT molecular recognition modelling
studies we selected a portion of the full cage enclosing one pore in the threefold symmetry axis and its
immediate neighbourhood (chains 4, 8, 9 M, Q, R from original 2JD6 structure). The 1:1 P(10+)-aFT
system was then immersed into a periodic simulation box filled with explicit TIP3P! water molecules

and Na+ counterions (Table S1).
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Table S1: Details of the simulated systems.

System N° of N° of N° of N° of water N° of Simulation
simul. atoms P(10+) molecules ions time (ns)
In water:
1 aFT pore + 1 150986 1 44755 50 30
P(10+)
1 aFT pore + 4 150986 1 44755 50 8
P(10+)
2 aFT portions + 1 232562 1 66455 110 30
P(10+)
In vacuum:
1aFT + 8 P(10+) 1 67864 8 - 160 150
2 aFT + 15 P(10+) 1 135483 15 - 330 30

The related 1:2 P(10+)-aFT model was obtained by addition of a mirror pore section on the opposite
side of P(10+) starting from the pre-equilibrated 1:1 systems, and following re-solvation. All these AA-
MD simulations lasted 30 ns and were conducted in NPT conditions (constant N: number of particles,
P: pressure and T: temperature) at the temperature of 300 K and 1 atm of pressure. The P(10+)-aFT pore
interaction non-bond energy data extracted directly from the AA-MD trajectories, were used to assess
binding equilibration during the runs (Figure 4). The P(10+) binding energy (AG) was calculated from
metadynamics'? simulations biasing P(10+) disassembly from the cage run with GROMACS 5.1.2 and
the PLUMED 2 plugin.!® We used the distance of P(10+) from the pore (measured perpendicularly to
the surface) as the collective variable (CV) in the metadynamics simulation (HILLS height of 0.1 kcal
mol?, Gaussian SIGMA of 0.05 nm, deposition time of 4 ps).}! The free-energy profile as a function of
the CV was obtained from the average of four metadynamics runs (Figure 4). All explicit solvent NPT
simulations used the v-rescale'* thermostat and the Berendsen barostat® with isotropic pressure scaling.
Long-range electrostatics were treated using the particle mesh Ewald (PME)*® approach. All bonds

involving hydrogens were constrained using the LINCS algorithm.’
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Optical microscopy

Sample solutions (20 pl) were placed on a Marienfeld-superior microscope slide (76x26x1.35 mm with
around cavity of 15-18 mm diameter and 0.6—0.8 mm depth) and a cover glass was placed on the sample.
Samples were imaged with Leica DM4500 P optical microscope equipped with Canon EOS 60D camera

using transmission mode. A ruler at the sample position was imaged to calibrate the scale of the images.

3. Additional DLS and &-potential measurements
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Figure S7. DLS size distribution profiles and C-potentials. a) Volume-averaged size distribution of free aFT
titrated with R(16+). b) The resulting complexes disassembled with NaCl. Insets: second order autocorrelation

functions of the corresponding measurements. c) C-potential measured from all aFT-host complexes.
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Figure S8. Complex stability studied by DLS. a) Size (Z-average) and scattering intensity (count rate)

measured at different pH values. Complex stability is reduced significantly when pH drops below 5. Isoelectric

point of aFT is approximately 4.5 and therefore electrostatic interactions are largely lost when pH approaches

this value. b) Count rate monitored with increasing temperature. Heavily scattering complexes are

disassembled when temperature increases above 25 °C and all assemblies are lost at T > 65 °C.

4. Low-magnification TEM images

100 nm

Figure S9. Low-magnification cryo-TEM images. a,b) aFT-P(10+) crystals imaged with cryo-TEM show

clearly multiple highly-ordered complexes viewed from random orientations. Inset shows a schematic image

of 3x3 unit cell crystal.

S15



5. Macroscopic crystal habit

Figure S10. Optical imaging and habit of aFT-P(10+) crystals. a) Crystals with octahedral habit and sizes over
10 um observed with an optical microscope. b) A schematic model of a face centred cubic packed aFT cages
with octahedral shape. ¢) The unit cell (aFT diameter reduced and P(10+) omitted for clarity) showing the
[111] planes in green. Growth in the [111] directions is thermodynamically favourable and results in the
octahedral crystal habit.

6. Crystal voids
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Vert shen = 125 nm?

Viois= 5714 nm2
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a

Figure S11. Porosity of the aFT-P(10+) crystals. a) An image of the 3x3 fcc packed unit cell of the aFT cages
demonstrates the high void volume of the protein cage crystal. P(10+) are omitted for clarity and aFT is shown
as a ring (centre slice). b) Free space in the unit cell (grey). ¢) [100] cross-section of the unit cell and the

approximate dimensions used to calculate the free space (66.3 %) of the protein crystals.
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