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I. Supplementary Note 1 

Au binding in apo-R168C/L169C-rHLFr and apo-R161C/L165C-rHLFr. 

Previously,1 Cd binding was observed at the 4-fold channel of the apo-R168C/L169C-rHLFr 

and apo-R161C/L165C-rHLFr where eight cystine acted as coordination residues. In the 

preliminary Experiments, these two mutants were applied to accumulate Au(I) ions to explore the 

possibility of Au clustering formation. The Au composites were prepared as described in the 

Method section, where the Au precursor is 200 equiv. We crystalized the Au(200 equiv.)-apo-

R168C/L169C-rHLFr/Au(200 equiv.)-apo-L161C/L166C-rHLFr and solved their crystal 

structures. The structures are shown in Figure S1, in Au(200 equiv.)-apo-L161C/L166C-rHLFr 

eight Au ions in total were bound with a similar structure as in the Cd case. Two layers of binding 

were formed, and in each layer, four Au atoms plus four cystine form a planar structure. In Au(200 

equiv.)-apo-R168C/L169C-rHLFr, sixteen Au atoms were observed to bind to the eight cysteines 

forming a loop structure. 

The above preliminary screening experiments demonstrate the potential of the 4-fold channel of 

apo-ferritin as a site for constructing new-to-nature Au clustering. Another important insight is 

that the side chains of cysteine are relatively short, making the interaction between Au atoms bound 

on different monomers rather difficult. In addition, the binding mode is relatively single, i.e., one 

cysteine bind to two Au atoms acting as a bridge. Therefore,  to create a new-to-nature Au 

clustering site at the 4-fold channel, new coordination residues with longer sidechain and larger 

rotamer space are needed to build the interaction between Au atoms from different monomers. 

These screening experiments lead to design of the mutant R168H/L169C mutant which is 
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described in this paper. In our design, four L169Cs were expected as the main fixing residues and 

four R168Hs as auxiliary coordinating residues. 

 

 

 

Figure S1. Screening of Au binding in Cys mutants of ferritin. (A)The structure of the Au binding 

at the 4-fold axis channel of  Au(200 equiv.)-apo-L161C/L165C-rHLFr and corresponding 

electron density maps. (B) The structure of the Au binding at the 4-fold axis channel of  Au(200 

equiv.)-apo-R168C/L169C-rHLFr and corresponding electron density maps. The Au atoms are 

shown as yellow spheres. 2Fo-Fc electron density maps at 1s are shown in the blue, Fo-Fc electron 

density maps at 3s are shown in gree(+)/red(-), and anomalous difference Fourier density maps at 

4s are shown in magenta. The major binding positions of Au ions were determined by anomalous 

electron density maps. 
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II. Supplementary figures 
 

 

 

 

 

Figure S2. Close view of the four Au binding sites on apo-R168H/L169C-rHLFr Au composites 

with different Au precursor concentrations. The selected 2Fo-Fc maps at 1s and anomalous 

difference Fourier density maps at 4s are shown in blue and magenta, respectively. 
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Figure S3. Assignment of Au ions at the 4-fold channel based on anomalous scattering difference 

at two different wavelengths. (A) The anomalous difference Fourier density maps of Au(200 

equiv.)-apo-R168H/L169C-rHLFr at 3s at 1.15 Å and 1.00 Å wavelength. (B) The anomalous 

difference Fourier density maps of Au(200 equiv.)-apo-R168H/L169C-rHLFr at 4s at 1.15 Å and 

1.00 Å wavelength. 2Fo-Fc electron density maps at 1s are shown in blue, and the anomalous 

density map at 1.15 Å and 1.00 Å were shown in yellow and magenta, respectively.  
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Figure S4. The electron density maps at the 4-fold site of apo-R168H/L169C-rHLFr and its Au 

composites with different Au precursor concentrations. 2Fo-Fc electron density maps at 1s are 

shown in the blue, Fo-Fc electron density maps at 3s are shown in gree(+)/red(-), and anomalous 

difference Fourier density maps at 4s are shown in magenta. Based on anomalous density at 4σ, 

we assigned the major Au binding positions and occupancies were adjusted considering 

surrounding B-factors and Fo-Fc difference maps.  
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Figure S5. Clustering at the 3-fold site of apo-R168H/L169C-rHLFr and its Au composites with 

different Au precursor concentrations. The Au atoms are shown as yellow spheres and those with 

occupancy less than 0.2 were shown in light yellow. 2Fo-Fc electron density maps at 1s are shown 

in the blue, and anomalous difference Fourier density maps at 4s are shown in magenta. The 

binding positions of Au ions were determined by anomalous electron density maps at 4s. 
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Figure S6.  XPS spectra of  apo-R168H/L169C-rHLFr Au composites with different precursor  

concentration. Au(50 equiv.)-apo-R168H/L169C-rHLF (A); Au(50 equiv.)-apo-R168H/L169C-

rHLF (B); Au(100 equiv.)-apo-R168H/L169C-rHLF (C); Au(200 equiv.)-apo-R168H/L169C-

rHLF (D); Au(400 equiv.)-apo-R168H/L169C-rHLF (E). 
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Figure S7. Three possible conformations when the cluster contains four Au ions and corresponding 

population obtained from Boltzmann distribution based on their Gibbs free energy. 
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Figure S8. UV–visible absorption spectrum of apo-R168H/L169C-rHLFr and its Au composites 

with different Au precursor concentrations measured at day 1, day 3 and day 5. 
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Figure S9. Excitation Emission Matrix (EEM) spectroscopy of apo-R168H/L169C-rHLFr and its 

Au composites with different Au precursor concentrations. 
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Figure S10. The molecular orbital (MO) that encompasses the Cys48, His49 and coordinated Au 

atoms with annotation of their major orbital composition contributions (Au(200 equiv.)-apo-

R168H/L169C-rHLF). 



15 

 

III.  Supplementary tables 

Table S1. Summary of the crystal parameters and refinement statistic parameters for apo-R168H/L169C-rHLFr, its Au composites at 
different equiv, and Au(200 equiv.)-apo-R168C/L169C-rHLFr. 
 

 

apo-
R168H/L169C-

rHLFr 

Au(10 equiv.)-
apo-

R168H/L169C-
rHLFr 

Au(50 equiv.)-
apo-

R168H/L169C-
rHLFr 

Au(100 
equiv.)-apo-

R168H/L169C-
rHLFr 

Au(200 
equiv.)-apo-

R168H/L169C-
rHLFr 

Au(400 
equiv.)-apo-

R168H/L169C-
rHLFr 

Au(200 
equiv.)-apo-

R168C/L169C-
rHLFr 

Data collection 
statistics 

       

Space group F432 F432 F432 F432 F432 F432 F432 
Crystal cell         
a = b = c (Å) 182.64 182.13 180.73 180.21 182.59 180.89 180.79 
α = β = γ (º) 90.00  90.00 90.00 90.00  90.00 90.00  90.00 
Resolution range (Å) 37.31-1.50 12.88-1.90 12.95–1.90 12.91–1.90 45.69–1.85 12.96–1.90 12.95–1.50 
Completeness (%) 99.7 99.7 99.7 99.7 100.0 99.7 99.7 
Rmeas 0.039 0.040 0.090 0.096 0.099 0.264 0.082 
 I/σ 22.7 50.6 25.1 21.5 9.1 43.8 24.2 
Facility SPING8 

BL45XU 
Rigaku 
Synergy 

Rigaku 
Synergy 

Rigaku 
Synergy 

SPING8 
BL45XU 

Rigaku 
Synergy 

Rigaku 
Synergy 

Refinement statistics        
Resolution (Å) 1.5 1.90 1.9 1.9 1.85 1.9 1.50 
Reflection used 42065 20892 20430 20252 22847 20480 401619 
R-factor (%) 16.8 18.1 16.8 17.1 16.6 18.3 15.2 
Free R-factor (%) 18.8 21.6 19.3 20.9 19.7 21.7 16.7 
RMSD from ideal         
Bond length (Å) 0.0164 0.0410 0.0145 0.0119 0.0125 0.0098 0.0115 
Angle (°) 2.065 1.739 1.946 1.726 1.764 1.678 1.946 
Ramachandran (%)        
Favored 99 99 98 98 98 98 98 

Allowed 1 1 2 2 2 2 2 
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Table S2 Quantitative analysis (ICP/BCA) of Au atoms per ferritin cage in apo-R168H/L169C-

rHLFr Au composites with different precursor concentrations. 

Sample ICP-MS/BCA 
Au(10 equiv.)-apo-R168H/L169C-rHLF 4±2 
Au(50 equiv.)-apo-R168H/L169C-rHLF 46±10 
Au(100 equiv.)-apo-R168H/L169C-rHLF 87±8 
Au(200 equiv.)-apo-R168H/L169C-rHLF 158±25 
Au(400 equiv.)-apo-R168H/L169C-rHLF 203±38 
Au(200 equiv.)-apo-R168H/L169C-rHLF 

(after 5 days’ dialysis under 4 °C) 
139 

Au(200 equiv.)-apo-R168H/L169C-rHLF 
(after 5 days’ dialysis under 20 °C) 

137 
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Table S3 B-Factors (B.F.) and occupancies (Occu.) of metal atoms in Au(50 equiv.)-apo-

R168H/L169C-rHLFr 

 
 

Atom Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 
Occu. 0.40 0.30 0.20 0.15 0.15 0.15 0.30 0.50 

B.F.( Å3) 40.86 28.92 32.42 39.08 35.92 33.19 27.34 20.65 
 
 
Table S4 Bond distances of Au atoms with adjacent amino acids in Au(50 equiv.)-apo-

R168H/L169C-rHLFr 

Bond Bond distance (Å) Bond Bond distance (Å) 
Au1-Sγ (L169C) 1.84 Au5- Sγ (C126) 2.12 
Au2-Sγ (L169C) 2.60 Au6- Sγ (C126) 3.42 
Au3- Nε (H114) 1.85 Au7- Sγ (C126) 2.57 
Au3- Oε (E130) 1.80 Au8- Sγ (C48) 2.44 
Au4- Sγ (C126) 4.21 Au8- Nε (H49) 2.11 
Au5- Nε (H114) 2.22   
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Table S5 B-Factors (B.F.) and occupancies (Occu.) of Au atoms in Au(100 equiv.)-apo-

R168H/L169C-rHLFr 

 

Atom Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 
Occu. 0.60 0.30 0.30 0.60 0.70 0.40 0.30 0.90 

B.F.( Å3) 46.27 36.26 37.99 25.90 29.03 30.59 22.97 22.92 
 

Table S6 Bond distances of Au atoms with adjacent amino acids in Au(100 equiv.)-apo-

R168H/L169C-rHLFr. 

 

Bond Bond distance (Å) Bond Bond distance (Å) 
Au1-Sγ (L169C) 2.59 Au6- Sγ (C126) 2.59 
Au2-Sγ (L169C) 2.01 Au7- Sγ (C48) 2.72 
Au3- Sγ (L169C) 2.61 Au7- Sγ (C126) 2.34 
Au4- Nε (H114) 2.04 Au8- Nε (H49) 3.05 
Au4- Sγ (C126) 1.87 Au8- Nδ (H49) 3.15 
Au5- Sγ (C126) 2.43 Au8- Sγ (C48) 2.34 
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Table S7 B-Factors (B.F.) and occupancies (Occu.) of Au atoms in Au(200 equiv.)-apo-

R168H/L169C-rHLFr 

 

 
Atom Au1 Au2 Au3 Au4 Au5 Au6 Au7 
Occu. 0.65 0.30 0.30 0.80 0.60 0.70 0.90 

B.F.( Å3) 31.10 21.83 23.76 19.67 14.83 12.23 15.29 
 
 
Table S8 Bond distances of Au atoms with adjacent amino acids in Au(200 equiv.)-apo-
R168H/L169C-rHLFr 
 

Bond Bond distance (Å) Bond Bond distance (Å) 
Au1-Sγ (L169C) 2.08 Au5- Sγ (C126) 2.02 

Au1- Nε (R168H) 2.02 Au6- Sγ (C126) 2.09 
Au2- Sγ (L169C) 2.10 Au7- Sγ (C48) 2.40 
Au3- Sγ (L169C) 2.64 Au7- Nε (H49) 1.98 
Au4- Nε (H114) 2.06   
Au4- Sγ (C126) 2.40   
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Table S9 B-Factors (B.F.) and occupancies (Occu.) of Au atoms in Au(400 equiv.)-apo-

R168H/L169C-rHLFr 

 

Atom Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 
Occu. 0.70 0.50 0.60 0.80 0.80 1.00 1.00 0.43 

B.F.( Å3) 51.83 38.34 42.03 17.36 17.97 17.11 18.55 20.60 
 
 
 
Table S10 Bond distances of Au atoms with adjacent amino acids in Au(400 equiv.)-apo-
R168H/L169C-rHLFr 
 
 

Bond Bond distance (Å) Bond Bond distance (Å) 
Au3- Nε (R168H) 2.48 Au7- Nε (H49) 2.00 
Au4- Nε (H114) 1.99 Au8- Sδ (M96) 2.51 
Au4- Sγ (C126) 2.34   
Au5-Sγ (C126) 2.08   
Au6- Nε (C48) 2.16   
Au7- Sγ (C48) 2.35   
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Table S11 Representative Au–Au bond distances observed in AuI clusters in previous reports.  

No Compound Au–Au distance (Å) Reference 
1 Iodo(tetrahydrothiophene)gold(I) 2.967 2 
2 Au11I3[P(p-ClC6H4)3]7 2.600 3 
3 Au24(SCH2Ph-tBu)20 2.70 4 
4 [Au2(hpp)2Cl2] 2.4752 5 
5 CsAu3S2 3.096 6 
6  [(PhCOO)2Au4(hpp)4Ag2(PhCOO)4] 2.4473 7 
7 [Au2( PPh3)2(µ-SCH2Ph)](NO3) 3.077 8 
8 [(CF3)4Au2(C5H5N)2]  2.5062 9 
9 [Au2(2,6-Me2Ph-form)2(NO3)2] 2.486 10 

10 [Au10(R-BINAP)2(S-BINAP)2( μ3-S)4]Cl2 2.980-3.248 11 
11 Au10/Au18 μ3-sulfido clusters 2.88−3.16 12 
12 Octanuclear gold(I) alkynyl-diphosphine 

clusters 
2.94–3.18 13 

13 [Au2Ag2(RI/ RII)4](RI = 4-C6F4I, RII = 2-C6F4I)] 3.0212 14 
14 [Au(I)11SR11] 2.908–3.288 15 

 

Table S12 Representative Au–S bond distances observed in previous reports.  

No Compound Au–S distance (Å) Reference 
1 Na3[Au(S2O3)2]·2H20 2.265, 2.279  16 
2 [Et3PAuSR]  2.328 17 
3 Au(S2CN(n-C4H9)2)2AgBr2 2.357, 2.324 18 
4 [Au{ (PPh2)2C2B10H10} 

{ (SPPh2)2CH2}]ClO4·CH2Cl2 
2.485, 2.661 19 

5 [Fe(C5Me5)2][Au(C3S5)2] 2.312, 2.322 20 
6 (C6H5)3PAuSSCN(C2H5)2 2.338 21 
7 Iodo(tetrahydrothiophene)gold(I) 2.306, 2.335 2 
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Table S13 Representative Au–N bond distances observed in previous reports.  

No Compound Au–N distance (Å) Reference 
1 [Au(bipyR)(h2-CH2=CHPh)][PF6] 2.217, 2.150 22 
2 Au(dien)CI3 2.048, 2.010 23 
3 [Au(terpy)Cl]Cl2·3H2 2.029, 1.931, 2.018 24 
4 Et3PAu(1-Methy) 2.06 25 
5 [(EtO)(MeC6H5N=)CAu]3 2.018, 2.037, 2.045 26 
6 AuCN 1.82 27 
7 [Au(phen){(CN)0.92Br0.08}2]Br 2.14, 2.02 28 
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