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EXPERIMENTAL SECTION 
Materials and methods:     
All reagents were purchased from commercial suppliers like TCI, Wako, Nacalai Tesque, and 
Sigma–Aldrich and used as received. Recombinant L-chain apo-rHLFr from horse liver (rHLFr) 
was prepared in NovaBlue competent cells (Novagen) transformed with the expression vector 
pMK2 kindly supplied by Prof. Ichiro Yamashita. The culture and purification of apo-Ferritin 
was carried out by following previous report. [1] 

 The UV-visible absorption spectral measurements were performed using UV-2400PC 
UV−vis spectrometer (Shimazu). Ir and Pd concentrations in IrCp*•apo-rHLFr and 
IrCp*/Pd(allyl)•apo-rHLFr composites were determined by using an ICP-MS (PerkinElmer, 
Elan DRC-e instrument). Standard curves for Ir and Pd atom were obtained by using Ir and Pd 
standard solution (20-1000ppm). DLS measurements were performed using a Zetasizer µV 
system (Malvern, UK). Size exclusion chromatography (SEC) was performed at RT with a GF 
510-HQ (Shodex) column and Tris-HCl was used as the eluent at a flow rate of 1.0 mL/min. 
Preaparation of IrCp*•apo-rHLFr:  
An acetonitrile solution of [IrCp*Cl2]2 ( 1 ml from 8.5 mM stock) was added to the 10 ml of 10 
µM apo-rHLFr solution and stirred for 1h at 50 °C. After the reaction, the solution was dialyzed 
against 0.15 M NaCl for 6h at 4 °C. Then the IrCp*•apo-rHLFr was purified by size exclusion 
column chromatography (ÄKTA Design, Superdex G-200) equilibrated with 0.15M NaCl 
solution. The concentration of Ir atoms and protein were determined by ICP-MS and BCA assay, 
respectively.   
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Preaparation of IrCp*/Pd(allyl)•apo-rHLFr:  
An acetonitrile solution of [Pd(allyl)Cl]2 ( 1 ml from 5 mM stock) was added to 10 ml of   
IrCp*•apo-rHLFr (5 µM) and stirred at RT for 1h. After the reaction, the solution was dialyzed 
against 0.15 M NaCl for 6h at 4 °C and subsequently purified by size exclusion column 
chromatography (ÄKTA Design, Superdex G-200) equilibrated with 0.15M NaCl solution. The 
concentrations of Ir and Pd atoms were determined by ICP-MS and protein concentration was 
determined by BCA assay. 
Preaparation of IrCp*/I-Pd(allyl)•apo-rHLFr:  
The preparation procedure is same as for IrCp*/Pd(allyl)•apo-rHLFr but 50 equivalent of 
[Pd(allyl)Cl]2 were used . 
Crystallization:   
The crystallization of IrCp*•apo-rHLFr, IrCp*/Pd(allyl)•apo-rHLFr and IrCp*/I-
Pd(allyl)•apo-rHLFr were performed by hanging drop vapor diffusion method.[2-4] The drops 
were prepared by mixing an equal volume (3 μL) of a concentrated protein solution (20-30 
mg/ml) and the precipitant solution (1 M (NH4)2SO4, 20 mM CdSO4), and equilibrated against 
the precipitant solution (0.5 mL) at 20°C. The crystals were obtained within a day.  
X-ray crystal structure analysis and refinement:  
The X-ray diffraction data of the crystal IrCp*•apo-rHLFr, IrCp*/Pd(allyl)•apo-rHLFr and 
IrCp*/I-Pd(allyl)•apo-rHLFr were collected at beamline BL38B1 at 100K (SPring-8). Before 
the data collection, the crystals were dipped into the precipitant solution containing 25 % (w/w) 
glycerol or ethylene glycol and subsequently frozen in liquid nitrogen. Data were collected at 
1.10 Å and 1.12 Å which are the peak and remote wavelengths for Ir absorption, respectively. All 



4 
 

the data were processed using HKL2000 programs in the cubic F432 space group. Selected 
crystallographic parameters are summarized in Table S1.  
 The crystal structures of IrCp*•apo-rHLFr, IrCp*/Pd(allyl)•apo-rHLFr and IrCp*/I-
Pd(allyl)•apo-rHLFr were determined by molecular replacement method (MOLREP) where an 
apo-rHLFr structure (pdb ID: 1DAT) was used as the initial model. The Ferritin structure was 
refined by using REFMAC5 in CCP4 suit and re-builded in COOT using sigma-weighted (2Fo-
Fc) and (Fo-Fc) electron-density maps.[5-6] The Cd, Pd and Ir atoms were observed in the 
anomalous Fourier difference maps with a lower cut-off of 4σ. The Pd and Cd binding sites were 
determined by comparing our previous reported structures.[2, 7-8] The Ir binding sites were 
distinguished by comparing the X-ray scattering at peak (1.10 Å) and remote (1.12 Å) 
wavelengths of Ir absorption. Water molecules were positioned to fit residual (Fo-Fc) density 
peaks with a lower cut-off of 3σ. The occupancy of Ir, Pd and Cd were adjusted manually. The 
models were subjected to quality analysis during the various refinement stages with omit maps 
and RAMPAGE. The Lys172 and Glu130 residues of IrCp*/Pd(allyl)•apo-rHLFr was replaced 
by Ala because the electron density of the side chain was low. Gln82, Glu130, Ser131, His132 
and Lys172 residues of IrCp*/I-Pd(allyl)•apo-rHLFr were replaced by Ala due to low electron 
density of the side chain. The position of His173 and Asp174 for IrCp*/Pd(allyl)•apo-rHLFr 
and IrCp*/I-Pd(allyl)•apo-rHLFr and Asp174 in IrCp*•apo-rHLFr was not decided due to 
disordered electron densities. Atomic coordinates are deposited in the Protein Data Bank under 
accession numbers 5E1U, 5E2D and 5HQO for IrCp*•apo-rHLFr, IrCp*/Pd(allyl)•apo-
rHLFr and IrCp*/I-Pd(allyl)•apo-rHLFr respectively.  Each crystal was prepared and 
analyzed at least two times to check the reproducibility and the best resolved 
structures are used in the manuscript. 
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Catalytic reactions: In a 6 ml solution containing 400 µM substrate, 650 µM phenyl boronic 
acid, 700 µM K2CO3, 1M HCOONa, was purged with Ar for 2-3 min and then the catalyst was 
added and purged Ar for additional ~ 1 min. The mixture was stirred at 40°C for 24 h. After the 
reaction, it was cool down to RT and acidified with dil HCl to lower the pH < 2. Then the 
mixture was extracted with ~20 ml of dichloromethane. The DCM extract was dried over 
Na2SO4, evaporated to dryness and then dissolved in hexane, filtered and run for HPLC with a 
Daicel Chiralpack AD-H column on a HITACHI LC-9000 system (Inject volume: 20 µL; flow 
rate: 0.75 mL/min; n-hexane/iPrOH: 98:2; column temperature: 30°C; UV wavelength: 254 nm). 
The yields of the products were determined by comparing the relative presence of the 
substrate/products and considering no side products were formed. The equation used for yield 
calculation is Yield = {[Product]x100}/{[Substrate]+[Product]}. The concentrations of the 
substrate and the products from the DCM extract were determined from the area vs. 
concentration plot. The peaks overlapped with phenyl boronic acid near retention time 21 min 
were separated by Igor-Pro fitting. The yields represented are the average of 2-3 experiments. 

 To test any metal leeching from protein, we heated the protein composite at 40ºC for 12h 
and measured the number of metals in the protein cage after purification (dialysis, G25 
filtration). Although the number of IrCp* remained almost same, the number of Pd(allyl) reduces 
slightly (~10). The non-specifically bounded Pd(allyl) could be responsible for the reduced 
number.  
              We performed a control reaction using only IrCp* immobilized ferritin cage 
(IrCp*•apo-rHLFr) for catalytic hydrogenation of 4-Iodoacetophenone and 4-Acetylbiphenyl 
under similar experimental conditions as for IrCp*/Pd(allyl)•apo-rHLFr. We found higher 
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enantioselectivity (~45%(S) and ~30%(S) for 4-Iodoacetophenone and 4-Acetylbiphenyl, 
respectively) than the tandem reactions product. This suggests that the 
Pd(allyl)coordination/cross-coupling reaction could have some influence on the 
enantioselectivity of  only IrCp* catalyzed hydrogenation reaction. The result shows the scope of 
enantioselective reaction using ferritin protein cage.  
               To test the enantioselectivity of atropisomers, we tested a coupling reaction between 1-
Bromo-2-methylnaphthalene and Naphthalene-1-boronic acid using IrCp*/Pd(allyl)•apo-
rHLFr as catalyst (1 mol% Pd) at 37ºC for 12h. We did not observe any product formation after 
HPLC analysis.  Reaction condition: Total volume, 0.25 ml. Substrate, 10 mM. Boronic Acid, 15 
mM.   NaOH, 20 mM. Catalyst, IrCp*/Pd(allyl)•apo-rHLFr (1 mol% Pd).  
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Table S1. Summary of X-ray Data and Refinement Statistics for IrCp*•apo-rHLFr and 
IrCp*/Pd(allyl)•apo-rHLFr . 

 IrCp*•apo-rHLFr  IrCp*/Pd(allyl)•apo-rHLFr 
 Ir Peak Ir Remote  Ir Peak Ir Remote 

Data collection statistics      
X-ray source BL38B1 BL38B1  BL38B1 BL38B1 
X-ray wavelength, Å 1.10461 1.12582  1.10461 1.12582 
Space group F432 F432  F432 F432 
Unit cell, a=b=c, Å 181.04 181.05  181.19 181.16 
Resolution range 
(outer shell) (Å) 

40-1.56 
1.59-1.56 

40-1.56 
1.59-1.56 

 40-1.87 
1.90-1.87 

40-1.87 
1.90-1.87 

Total observations 748,282 746,366  438,757 437,904 
Unique reflections 36,642 36,637  21,653 21,640 
Completeness (%)a 99.82 99.9  100 100 
Rmerge (%)a,b 7.0(30.0) 6.8(28.0)  8.1(28.1) 8.1(28.5) 
I/σ (I)a 67.5(10.6) 68.6(11.7)  60.3(11.9) 60.1(11.7) 
Refinement statistics      
Resolution (Å) 1.56   1.87  
No. reflections Working 
set/test 

34755/1829   20540/1110  
R-factor (%)c 16.7   17.1  
Rfree (%)d 18.7   20.1  
Final model      
No. of residues 1-173   1-172  
No. of water molecules 186   112  
No. of Pd atoms 
No. of Ir atoms 

- 
7 

  3 
6 

 
No. of Cd atoms 1   1  
No. of sulfate ions  2   2  
rms diviation from 
ideality 

     
Bonds (Å) 0.029   0.027  
Angle (°) 3.049   2.206  
Ramachandran plot (%)e      
most favored 97.7   97.1  
allowed 2.3   2.9  
aValues in parentheses are for the highest resolution shell. b Rmerge = Σ|I-<I>|/ΣI, where I is the integrated 
intensity of a given reflection. c R = Σ||Fo|-|Fc||/Σ|Fo|, where Fo and Fc are the observed and calculated 
structure factor amplitudes, respectively. d Rfree: an R factor calculated on a partial set that is not used in 
the refinement of the structure.e Ramachandran plot parameters were calculated using RAMPAGE. 
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Table S2. Summary of X-ray Data and Refinement Statistics for IrCp*/I-
Pd(allyl)•apo-rHLFr. 

 Ir Peak Ir Remote 
Data collection statistics   
X-ray source BL38B1 BL38B1 
X-ray wavelength, Å 1.10464 1.12588 
Space group F432 F432 
Unit cell, a=b=c, Å 180.877 181.05 
Resolution range 
(outer shell) (Å) 

23-1.81 
1.84-1.81 

23-1.79 
1.82-1.79 

Total observations 473116 489188 
Unique reflections 23629 24405 
Completeness (%)a 99.9 99.9 
Rmerge (%)a,b 7.6(29.3) 7.4(29.0) 
I/σ (I)a 59.97(11.93) 61.04(11.84) 
Refinement statistics   
Resolution (Å) 1.81  
No. reflections Working set/test 22394/1216  
R-factor (%)c 17.98  
Rfree (%)d 18.18  
Final model   
No. of residues 172  
No. of water molecules 102  
No. of Pd atoms 
No. of Ir atoms 

3 
6 

 
No. of Cd atoms 1  
No. of Ethylene glycol 2  
No. of sulfate ions  1  
rms diviation from ideality   
Bonds (Å) 0.022  
Angle (°) 2.057  
Ramachandran plot (%)e   
most favored 97.1  
allowed 2.9  
aValues in parentheses are for the highest resolution shell. b Rmerge = Σ|I-<I>|/ΣI, where I 
is the integrated intensity of a given reflection. c R = Σ||Fo|-|Fc||/Σ|Fo|, where Fo and Fc are 
the observed and calculated structure factor amplitudes, respectively. d Rfree: an R factor 
calculated on a partial set that is not used in the refinement of the structure.e 
Ramachandran plot parameters were calculated using RAMPAGE. 
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Table S3. Catalytic activity of IrCp*/Pd(allyl)•apo-rHLFr. 
 

 
 

Catalyst B (%) C (%) D (%) 

IrCp*/Pd(allyl)•apo-rHLFr 28±3 42±5 11±4 
[Pd(allyl)Cl]2 + [IrCp*Cl2]2 - 86±3 - 
IrCp*•apo-rHLFr  
+ Pd(allyl)•apo-rHLFr 

34±4 
 

31±3 10±3 
 

Reaction Conditions: 4-iodoacetophenone (0.4 mM), phenylboronic acid ( 0.65 
mM), K2CO3 (0.7 mM), Sodium formate (1M), catalyst (5 mol% of Ir and 15 mol% 
Pd, 0.15 M NaCl. The mixtures were stirred at 40 °C for 24h.  Yields were 
determined by HPLC.  
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Figure S1: (a) The coordination of IrCp* at His49 at the accumulation center of IrCp*·apo-
rHLFr. (b) Three possible orientations of His49 which bind to three different Ir atoms.  
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Figure S2: (a) Coordination structure of Ir at the 3-fold axis channel of  IrCp*•apo-rHLFr. (b) 
Coordination structure of Ir and Pd at the 3-fold axis channel of IrCp*/Pd(allyl)•apo-rHLFr .  
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Figure S3: The coordination of Phe128 to Ir in IrCp*·apo-rHLFr and IrCp*/Pd(allyl)·apo-
rHLFr which are shown in (a) and (b) respectively. (c) and (d) are showing the positions of Ir at 
4-fold channel of IrCp*·apo-rHLFr and IrCp*/Pd(allyl)·apo-rHLFr, respectively. The 
Lys172 in IrCp*/Pd(allyl)·apo-rHLFr was replaced by Ala due to low electron density.  
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Figure S4: (a) The coordination of IrCp* and Pd(allyl) at the 3-fold channel of 
IrCp*/Pd(allyl)·apo-rHLFr. The anomalous difference Fourier maps at 4.0σ are shown in 
magenta and yellow for the wavelength 1.10 Å and 1.12 Å, respectively. The 2|Fo|−|Fc| electron 
density maps at 1.0σ are colored in gray. Pd and Ir atoms are shown in orange and blue spheres, 
respectively. (b) Schematic drawing of two possible coordinations mode for Pd and Ir at 3-fold 
channel of IrCp*/Pd(allyl)·apo-rHLFr.   
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Figure S5. X-ray crystal structure of IrCp*/I-Pd(allyl)•apo-rHLFr. (a) Whole structure 
showing the positions of Ir and Pd on the interior surface of the protein cage. (b) Monomer 
structure. (c) Ir and Pd binding at the metal accumulation site. (d) Ir binding at Phe128. (e) 
Coordination structure of Ir and Pd at the 3-fold channel. (f) View of 3-fold axis channel. (g) 
View of 4-fold axis channel. Anomalous difference Fourier maps (pink) at 4.0σ indicate the 
positions of Ir (blue spheres) and Pd atoms (orange spheres). The 2|Fo|−|Fc| electron density 
maps at 1.0σ are coloured in blue.  
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Figure S6.  Accumulation of Pd(allyl) at 3-fold channel. The anomalous maps at 4σ are shown in 
pink colour. The arrows show the increment of anomalous density corresponding to Pd 
accumulation. 
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Figure S7: Chiral phase HPLC traces for the substrate and the products [Daicel Chiralpack AD-
H column on a HITACHI LC-9000 system (Inject volume: 20 µL; flow rate: 0.75 mL/min; n-
hexane/iPrOH: 98:2; column temperature: 30°C; UV wavelength: 254 nm)]. (R) and (S) 
configurations were assigned from the literature.[9] 
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Figure S8: Chiral phase HPLC traces for the reactions catalyzed by (a) IrCp*/Pd(allyl)·apo-
rHLFr. (b) [IrCp*Cl2]2 + [Pd(allyl)Cl]2  and (c) IrCp*·apo-rHLFr + Pd(allyl)·apo-rHLFr. 
The reactions were carried for 24h in 0.15M NaCl at 40 °C using 4-iodoacetophenone (400 µM) 
as substrate, phenylboronic acid (650 µM), K2CO3 (700 µM) and sodium formate (1M). For (a), 
the Ir concentration was 5mol% which was determined from ICP and the Pd concentration was 
automatically adjusted to ~14mol%. For (b) and (c), the Ir and Pd concentration was 5 mol% and 
15 mol% respectively. (d) is showing the conversion of C to D using the mixture of [IrCp*Cl2]2  
and imodazole under similar experimental conditions except the presence of phenyl boronic acid. 
HPLC traces were measured in HITACHI LC-9000 system equipped with Daicel Chiralpack 
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AD-H column (Inject volume: 20 µL; flow rate: 0.75 mL/min; n-hexane/iPrOH: 98:2; column 
temperature: 30°C; UV wavelength: 254 nm). 

 

 

 

 

Figure S9: Size exclusion chromatography (SEC) showing the elusion profile of 
IrCp*/Pd(allyl)·apo-rHLFr before (a) and after the reaction (b). The measurements were 
carried out at 25°C using Tris-HCl buffer with flow rate of 1ml/min. 
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Figure S10: Dynamic light scattering spectra showing the size distribution by number for (a) 
apo-rHLFr, (b) IrCp*/Pd(allyl)·apo-rHLFr before reaction and (c) IrCp*/Pd(allyl)·apo-
rHLFr after the reaction. The measurement was performed using ~0.5 µM of protein in 0.15 M 
NaCl at 25°C.       
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