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Materials and Methods 

 

Materials 

 

Dithiobismaleimidoethane (DTME), bismaleimidohexane (BMH), Phusion High-Fidelity DNA 

Polymerase, T4 DNA ligase, GeneJET Plasmid Miniprep Kit, GeneJET Gel Extraction Kit, and 

HisPur Ni-NTA resin were purchased from Thermo Fisher Scientific. The molecular cross-linkers 

were reconstituted in dimethyl sulfoxide (DMSO) to 20 mM stock concentration prior to use. 

Chloro[diphenyl(3-sulfonatophenyl) phosphine] gold(I) sodium salt hydrate was purchased from 

STREM Chemicals UK and reconstituted in 50 mM Tris-HCl, pH 7.9, 0.15 M NaCl to 10 mM 

stock concentration before use. Restriction enzymes used for molecular cloning were purchased 

from New England BioLabs. Isopropyl-beta-D-thiogalactopyranoside (IPTG), dithiothreitol 

(DTT) and L-cysteine were purchased from VWR. cOmplete ULTRA Tablets Protease Inhibitor 

Cocktail was from Roche. Ampicillin sodium salt, urea, 20% sodium dodecyl sulfate (SDS) 

solution, and guanidine hydrochloride (Gdn-HCl) were purchased from Lab Empire. 

Chloramphenicol was purchased from PanReac AppliChem. Lysosyme, deoxyribonuclease I from 

bovine pancreas (DNase I), tetracycline, 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), glutathione 

(GSH) and serum from rat were purchased from Sigma Aldrich. pACTet_H-mCherry and 

pACTet_H-mOrange plasmids containing N-terminally His6-tagged mCherry or mOrange2 genes 

under the control of the tetracycline promoter (tet), were kind gifts from Prof. Donald Hilvert (ETH 

Zurich) and pET21b_TRAP-K35C was synthesized by BioCat GmbH. All the oligonucleotides 

were synthesized by Sigma Aldrich. 

 

Methods 

Molecular cloning 

For all cloning steps E. coli NEB 5 alpha strain was used. Plasmid sequences were confirmed by 

Sanger sequencing performed by Eurofins. Tetracycline-inducible protein expression vectors were 

constructed by subcloning gene segment encoding TRAP(K35C) into pACTet_H-mCherry or 

pACTet_H-mOrange. The gene for TRAP(K35C) was amplified by PCR using pET21b_TRAP-

K35C as a template and oligonucleotides, FW_XhoI_TRAP and RV_MluI_TRAP (see table S1), 

as primers. The amplified PCR product was directly used as a template for the second PCR which 

introduced the linker gene segment using FW_BsrGI_tev and RV_MluI_TRAP oligonucleotides 

as primers. The PCR products were cloned into pACTet_H-mCherry or pACTet_H-mOrange via 

the BsrGI and MluI sites to give pACTet_H-mCherry-TRAP-K35C and pACTet_H-mOrange-tev-

TRAP-K35C. TRAP used for cage construction contained only a single mutation, K35C, crucial 

for the subunits linkage as the R64S mutation used in previous TRAP-cage constructs is not 

required for cage formation (25). In detail, earlier work, TRAP used for cage construction 

contained both K35C And R64S mutations with the latter not required for cage formation (25) but 

was added for cage forming reactions that were carried out using gold nanoparticles (rather than 



 

 

 

 

TPPMS-Au(I)-Cl). In this work we initially proved cross-linking using the K35C/R64S mutant 

subsequently moving to the K35C only mutant. 

 

Protein expression and purification 

TRAP(K35C/R64S) was produced using E. coli strain BL21(DE3) cells that were transformed 

with pET21b_TRAP-K35C R64S a similar protocol as described previously (25) with the addition 

of 2 mM DTT in buffers during the initial purification steps to avoid undesired cysteine oxidation. 

The protein was purified by the following method: In brief E. coli strain BL21(DE3) cells were 

transformed with pET21b_TRAP-K35C R64S (see table S2). Cells were grown in 1 L LB medium 

supplemented with ampicillin at 37 °C and shaken until OD600 = 0.5-0.7. Protein expression was 

then induced by addition of 0.5 mM IPTG and cells further shaken for 4 hours. Cells were then 

harvested by centrifugation for 20 min at 5,000 × g and cell pellets stored at -80 °C until 

purification. Pellets were resuspended in 50 ml lysis buffer (50 mM Tris-HCl, 50 mM NaCl, pH 

7.9) supplemented with DNase I, 1 tablet of protease inhibitor cocktail and 2 mM DTT and stirred 

for 30 min at room temperature. Then, the samples were sonicated and clarified by centrifugation 

at 20,000 × g, 4 °C for 25 min. The supernatant fraction was heated at 70 °C for 10 min, and 

centrifuged again at 20,000 x g for 25 min at 4 °C. The supernatant fraction was purified by ion-

exchange chromatography on an ÄKTA purifier (GE Healthcare Life Sciences) using 4 × 5 ml 

HiTrap QFF column with binding in 50 mM Tris-HCl, pH 7.9, 50 mM NaCl, 2 mM DTT buffer 

and eluting with a 50 mM–1 M NaCl gradient. Fractions containing TRAP were pooled and 

concentrated using Amicon Ultra 50 kDa MWCO centrifugal filter units (Millipore). The sample 

was then subjected to size-exclusion chromatography (SEC) on a HiLoad 26/600 Superdex 200pg 

column in 50 mM Tris-HCl, pH 7.9, 150 mM NaCl at room temperature. Protein purity was 

checked by SDS‐PAGE and protein concentration was determined by absorbance measured at 280 

nm using Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies). 

In order to produce patchwork TRAP rings, E. coli strain BL21(DE3) cells were co-transformed 

with either pACTet_H-mOrange-TRAPK35C or pACTet_H-mCherry-TRAP-K35C and 

pET21_TRAP-K35C (see table S2). Cells were grown in 100 ml LB medium supplemented with 

ampicillin and chloramphenicol at 37 °C until OD600 = 0.5-0.7. At this point, protein expression 

was induced by addition of 0.2 mM IPTG and 10 ng/ml of tetracycline in the case of pACTet_H-

mCherry-TRAP-K35C or 30 ng/ml of tetracycline in the case of pACTet_H-mOrange-TRAP-

K35C, followed by incubation for 20 hours at 25 °C. Cells were then harvested by centrifugation 

for 10 min at 5,000 × g. Cell pellets were stored at -80 °C until purification. Pellets were 

resuspended in 40 ml lysis buffer (50 mM sodium phosphate buffer, 600 mM NaCl, 10 mM 

imidazole, pH 8 supplemented with DNase I, lysozyme, 1 tablet of protease inhibitor cocktail, and 

2 mM DTT and stirred for 30 min at room temperature. Then, the samples were sonicated and 

clarified by centrifugation at 10,000 × g, 4 °C for 20 min. The supernatant was then incubated with 

4 ml Ni-NTA resin previously equilibrated in lysis buffer in a gravity flow column for 20 min. The 

resin was then washed more than 10 column volumes of lysis buffer containing 20 and 40 mM 

imidazole. His-tagged proteins were eluted using 5 ml of 50 mM sodium phosphate buffer 

containing 500 mM imidazole (pH 8). Protein samples were then buffer exchanged using Amicon 

Ultra-15 centrifugal filter units (50k molecular weight cut-off (MWCO), Merck Millipore) into 2× 

phosphate buffered saline (PBS) plus 5 mM ethylenediaminetetraacetic acid (EDTA), referred to 

as 2×PBS-E herein after. The proteins were then subjected to size-exclusion chromatography using 

a Superdex 200 Increase 10/300 GL column (GE Healthcare) at 0.8 ml/min flow rate. The main 



 

 

 

 

peak showing absorption at 548 nm or 587 nm was pooled and concentrated using an Amicon 

Ultra-15 (50k MWCO). Protein purity was checked by SDS‐PAGE and protein concentration was 

determined by absorbance measured using UV-1900 UV-Vis Spectrophotometer (Shimadzu) 

using extinction coefficients: ε mCherry 587 = 72000 M-1 cm-1, ε mOrange 548 = 58000 M-1 cm-1 (31), ε 

TRAP 280 = 8250 M-1 cm-1 (http://expasy.org/tools/protparam.html). Proteins were stored at 4 °C until 

use. 

 

Free thiol concentration measurement 

Free thiol concentration of either TRAP-cageDTME and TRAP-cageBMH were assessed using 5,5'-

dithiobis-(2-nitrobenzoic acid) (DTNB) reagent according to the supplied protocol. Both samples 

were concentrated to 0.3 mM using Amicon Ultra-4 centrifugal filter unit (100k MWCO). 

Absorbance at 412 nm was measured using Spectramax 190 UV/VIS plate reader (Molecular 

Devices). The concentration of free thiols in the samples was calculated from the molar extinction 

coefficient of 2-nitro-5-thiobenzoic acid (14150 M-1 cm-1) and was not detectable for TRAP-

cageDTME and TRAP-cageBMH. 

 

 

Negative stain transmission electron microscopy (TEM) 

Samples for negative stain TEM were prepared in 2×PBS-E pH 7.4 to a final concentration of 0.05 

mg/ml. The sample (4 µl) was placed on previously glow discharged carbon coated copper grids 

(STEM Co.). Excess solution was removed using filter paper followed by incubation with 3% 

phosphotungstic acid pH = 8 or 2 % uranyl acetate. Samples were visualized using a JEOL JEM-

1230 electron microscope with 80 kV operation. All TEM measurements were repeated at least 

twice independently. Obtained images were analysed using Image J software. 

 

 

Dynamic Light Scattering 

Dynamic Light Scattering (DLS) was carried out at room temperature on a Zetasizer Nano ZSP 

instrument (Malvern) using 0.4 µM cross-linked TRAP-cage samples (concentration with respect 

to TRAP monomer) in PBS pH 7.4 in a quartz cuvette. Experiments were repeated 3 times 

independently for each sample. Results are given as volume distributions and gave uniform 

results.  

 

Native PAGE 

Native PAGE was carried out using 3–12 % native Bis-Tris gels following the manufacturer’s 

recommendations (Life Technologies). Protein (1 µg) was prepared in native PAGE sample buffer 

(50 mM BisTris, pH 7.2, 10 % w/v glycerol, 0.004 % w/v bromophenol blue). Electrophoresis was 

run for 1.5 hours at 150 V at room temperature. As protein standard, unstained NativeMark (Life 

Technologies) was used. Protein bands were visualized by Instant BlueTM protein stain (Expedeon) 

http://expasy.org/tools/protparam.html


 

 

 

 

or using Typhoon Trio+ Mode Imager (GE Healthcare) with excitation at 532 nm and the emission 

at 610 nm.  

 

Tricine - SDS PAGE 

Gels and buffers for tricine – SDS PAGE were prepared according to the published protocol (41). 
Protein (2 µg) was prepared in SDS PAGE sample buffer (50 mM Tris, pH 7.0, 10 % w/v glycerol, 

0.004 % w/v bromophenol blue, 5 % β-mercapthoethanol, 2.5 % SDS), with 4 M urea addition and 

heated for 20 min at 95 ºC. Potential carbamylation due to the presence of urea was taken into 

account but it did not lead to the significant resolution decrease. Electrophoresis was run for 1.5 

hours at 100 -150 V at room temperature. As protein standard, PageRuler™ Prestained Protein 

Ladder (Thermo Scientific) was used. Protein bands were visualized by Instant BlueTM protein 

stain (Expedeon).  

 

Right/Low Angle Light Scattering 

Right/Low Angle Light Scattering (RALS/LALS) measurements were carried out using an 

Omnisec Reveal (Malvern) instrument and Superose 6 Increase 10/300 GL column at a flow rate 

of 0.5 ml/min on an ÄKTA Purifier FPLC. For molecular mass assessment, 100 µg of either 

TRAP-cageDTME or TRAP-cageBMH in PBS pH 7.4 were applied to the column and run through 

RALS/LALS detection system coupled with refractive index (RI) measurement. The average 

particle molecular mass was calculated using Omnisec Reveal software with a dn/dc value of 0.185 

mL/g and protein concentration estimated by observed RI. The system was calibrated using 500 

µg of conalbumin (75 kDa) as a reference on the same column. 

 

 

 

 

 



 

 

 

 

Fig. S1. 

 

 

Fig. S1. Results of size-exclusion chromatography after TRAP(K35C/R64S) incubation with 

DTME (black) or BMH (red) cross-linker after 1 hour incubation. mAU, milli absorbance 

units. 

  



 

 

 

 

Fig. S2. 

 

 

 

 

 

Fig. S2. Transmission electron microscopy (TEM) images of TRAP-cagesDTME (right) and 

TRAP-cagesBMH (left). Scale bars, 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

Fig. S3. 

 

 

 

 

 

 

 

 

 

Fig. S3. Kinetics of cross-linked TRAP-cages formation. TRAP(K35C/R64S) run on native 

PAGE 5-60 min after addition of either DTME or BMH. M, molecular weight marker, R, 

TRAP(K35C/R64S). Formation of TRAP-cageDTME appears to happen more rapidly than TRAP-

cageBMH but results in higher aggregation which can be observed by additional bands seen on the 

gel and smearing. Black arrow indicates the position of TRAP-cage. 

 

 

 

  



 

 

 

 

Fig. S4. 

 
 

Fig. S4. SDS PAGE of cross-linked TRAP-cages. M, molecular weight marker, lane 1 – 

TRAP(K35C/R64S), lane 2 - TRAP-cageAu(I), lane 3 - TRAP-cageBMH, lane 4 -TRAP-cageDTME 

run in non-reducing conditions to visualize cross-linking between the TRAP subunits. SDS PAGE 

confirms covalent bonds presence in TRAP-cageDTME and TRAP-cageBMH. 

      

           

 

  



 

 

 

 

Fig. S5. 

 

 
Fig. S5. Procedure for cryo-EM reconstruction of TRAP-cageBMH. (A) representative 

micrograph of the TRAP-cageBMH. Scale bar, 50 nm. (B) Summary of the image processing 

procedure (see Methods). (C) 2D class averages from reference-free 2D classification in 

cryoSPARC v2.12.4. (D) Selected nine 2D classes. 

 

 



 

 

 

 

Fig. S6. 

      

 

Fig. S6. Map quality and resolution of TRAP-cageBMH.  Left and right-handed cages are shown 

on the left and right, respectively. (A) Surface representations coloured according to the distance 

from the centre of the particle. (B) Gold-standard FSC curve for the cryo-EM map of left and right-

handed cages with Octahedral (O) symmetry from 43,085 and 30,654 particles, respectively. The 

estimated resolutions at 0.143 criterion for the maps with octahedral symmetry were 6.81 Å and 

6.86 Å respectively. (C) The refined density maps coloured by local resolution in surface view. 

 



 

 

 

 

Fig. S7. 

 

 
 

Fig. S7. Procedure for cryo-EM reconstruction of TRAP-cageDTME. (A) representative 

micrograph of the TRAP-cageDTME, Scale bar – 50 nm. (B) Summary of the image processing 

procedure (see Methods). (C) 2D class averages from reference-free 2D classification in 

cryoSPARC v2.12.4. (D) Selected ten 2D classes. 

 

 



 

 

 

 

Fig. S8. 

 

Fig. S8. Map quality and resolution of TRAP-cageDTME.  Left and right-handed cages are shown 

on the left and right, respectively. (A) Surface representations coloured according to the distance 

from the centre of the particle. (B) Gold-standard FSC curve for the cryo-EM map of left and right-

handed cages with Octahedral (O) symmetry from 46,064 and 52,237 particles, respectively. The 

estimated resolutions at 0.143 criterion for the maps with octahedral symmetry were 4.71 Å and 

4.86 Å respectively. (C) The refined density maps coloured by local resolution in surface view.      

 



 

 

 

 

Fig. S9. 

 

 

Fig. S9. Stability of TRAP-cageDTME. (A) Thermal stability of TRAP-cageDTME. Native PAGE 

shows preservation of structural integrity at the indicated incubation times and temperatures. TEM 

image (below) was obtained after incubation at 95 °C for 10 min., scale bar, 100 nm (B) Stability 

as a function of pH. No visible loss of structure was detected from pH 3–11 using native PAGE. 

TEM images (below) were obtained after incubation at the indicated pH values, scale bar, 100 nm. 

(C) Guanidine hydrochloride (GdnHCl), urea and (D) SDS did not affect the structure of TRAP-

cageDTME as seen using native PAGE. TEM image (below) was obtained after incubation with 4 M 

GndHCl, scale bar, 100 nm. (E) Native PAGE shows the intactness of the cage after incubation in 

10% rat serum. ‘C’ denotes TRAP-cageDTME and ‘S’ 10% rat serum control. M = molecular weight 

marker. Experiments repeated at least 2 times.      



 

 

 

 

Fig. S10. 

 

Fig. S10. Stability of TRAP-cageBMH. (A) Thermal stability of TRAP-cageBMH. Native PAGE 

shows preservation of structural integrity at the indicated incubation times and temperatures. TEM 

image (below) was obtained after incubation at 95 °C for 10 min., scale bar, 100 nm (B) Stability 

as a function of pH. No visible loss of structure was detected from pH 3–11 using native PAGE. 

TEM images (below) were obtained after incubation at the indicated pH values, scale bar, 100 nm. 

(C) Guanidine hydrochloride (GdnHCl), urea and (D) SDS did not affect the structure of TRAP-

cageBMH as seen using native PAGE. TEM image (below) was obtained after incubation with 4 M 

GndHCl, scale bar, 100 nm. (E) Native PAGE shows the intactness of the cage after incubation in 

10% rat serum. ‘C’ denotes TRAP-cageBMH and ‘S’ 10% rat serum control. M = molecular weight 

marker. Experiments repeated at least 2 times. 



 

 

 

 

Fig. S11.  

 

 

 
 

 

 

Fig. S11. TEM analysis of the structural intactness and fragmentation of TRAP-cageDTME. 

Images taken after treatment with 0.1 mM (left) and 1 mM (middle) TCEP, respectively. In 

contrast, TRAP-cageBMH remains unaffected after treatment with 10 mM TCEP (right). Scale bar,      

100 nm. 

 

 

  



 

 

 

 

Fig. S12. 

 

 
 

 

Fig. S12. High-speed atomic force microscopy (HS-AFM) movie showing the effect of 4 mM 

DTT addition to TRAP-cageBMH. This movie was taken at 2 frames per second, 300 nm x 

300 nm, 150 pixel x 150 pixel. Time stamp in the upper left corner of each HS-AFM image 

indicates the time of frame acquisition after DTT addition. Scale bar at t = -00:00.5 indicates 

50 nm. Z colour scale is set to 0 nm to 22 nm (look up table shown bottom right).      

 

 

  



 

 

 

 

Fig. S13. 

 

 

 

Fig. S13. High-speed atomic force microscopy (HS-AFM) movies showing the effect of 

10 mM DTT addition to TRAP-cageDTME versus control.  (A, B) Selected frames from high-

speed atomic force microscopy (HS-AFM) movies of TRAP-cageDTME, taken at 1 frame per 

second, 600 nm x 600 nm, 200 pixel x 200 pixel, showing the effect of 10 mM DTT addition to 

TRAP-cageDTME (A), and no effect on cage structure in the absence of DTT (B). Time after DTT 

addition is indicated. Scale bar at t = 0 (in A) indicates 100 nm. Z colour scale is set from 0 nm to 

20 nm (look up table shown bottom right in A). (C) Plot showing the disappearance of high pixels 

(>10 nm) indicating the loss of structural integrity as a function of time after addition of 10 mM 

DTT (black trace), compared to the control experiment in the absence of DTT (gray trace).  

      

 

 



 

 

 

 

Fig. S14. 

 

 
 

 

Fig. S14. Native PAGE showing the fluorescent properties of purified TRAP-cages associated 

with the fluorescent cargoes. The gel was visualized using InstantBlue protein staining (right) 

and fluorescence using excitation at 532 nm and emission at 610 nm (left). M = molecular weight 

marker.  
  



 

 

 

 

     Fig. S15. 

 

 

 

Figure S15. Hypothetical model for TRAP-cage disassembly. The blue ring (T) indicates a 

TRAP 11-mer in the cage assembly where the cross-linking to form a cage structure (red lines) 

and the uncross-linked residues (yellow spheres) are highlighted. In both TRAP-cageAu(I) and 

TRAP-cageDTME, the disassembly caused by DTT can be presented as sequential n×bond cleavage 

events, where n, and x represent the number of cross-links with neighbors and of bond-cleavage 

events required for releasing the TRAP 11-mer from the cage assembly, respectively. Assuming 

critical FRET efficiency change occurs only when the TRAP 11mer is released from the cage 

assembly, concentration of T(n-x) should corelate to the fluorescence signal change. When the rate 

of the first few steps in the reaction sequence is similar or faster than that in latter steps, there is a 

delay in the increase of the concentration of the final product, T(n-x) , due to the time required for 

producing reaction intermediates. When the latter steps in the mechanism become much faster than 

the first few steps, all the intermediates are rapidly consumed as soon as produced. The overall 

production rate of T(n-x) depends only on the rate constants in the initial reactions which are the 

rate determining steps (42). The observed pseudo-first-order reaction for the Au(I)-ligand 

exchange reaction suggests that bond cleavage occurs according to the latter mechanism (Fig. 4C, 

red circles). The rate-limiting steps are probably the initial ligand exchanges in which opposing 

pairs of cysteines in the TRAP-cages remain in close proximity, giving a high stability constant 

with Au(I). In contrast, the delay in the increase of the concentration of T(n-x) for the disulfide 

shuffling reaction with DTT, which is likely near-irreversible due to its energetically favored six-

membered cyclization, indicated that the rate-acceleration is less than that for the metal-ligand 

exchange (Fig. 4C, black circles).  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Fig. S16. 

      

 
      

Fig. S16. Time-dependent disassembly of TRAP-cages. (A, B) TRAP-cagesAu(I) (black) and 

TRAP-cagesDTME (red) after addition of 2.5 mM, 10 mM or 25 mM cysteine (Cys) (A) or 10 mM 

or 25 mM or 50 mM glutathione (GSH) (B); 100% leakage denotes the highest donor intensity 

after 10 min of 10 mM DTT treatment. 

      

      

  



 

 

 

 

Table S1. Sequences of oligonucleotides 

Name Sequence 

FW_XhoI_TRAP CTGTACTTCCAGAGCGGCGGTAGCGGCTCGAGCTACACCAACTCTGACTTCGTTG 

RV_MluI_TRAP CTCACGCGTTATTTTTTACCTTCAGATTCGATAACAC 

FW_BsrGI_tev GCTGTACAAGCTTTCTGAAAACCTGTACTTCCAGAGCGGC 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table S2. Plasmids and amino acid sequences 

Plasmid name Plasmid Gene Amino acid sequence 
pET21b_TRAP-
K35C R64S 

pET21b TRAP-K35C R64S MYTNSDFVVIKALEDGVNVIGLTR
GADTRFHHSECLDKGEVLIAQFTE
HTSAIKVRGKAYIQTSHGVIESEG
KK 
 

pET21b_TRAP-
K35C 

pET21b TRAP-K35C MYTNSDFVVIKALEDGVNVIGLTR
GADTRFHHSECLDKGEVLIAQFTE
HTSAIKVRGKAYIQTRHGVIESEG
KK 
 

pACTet_H-
mOrange-TRAP-
K35C 

pACYC H-mOrange-TRAP-
K35C 

MHHHHHHGGSSMVSKGEENNMA
IIKEFMRFKVRMEGSVNGHEFEIE
GEGEGRPYEGFQTAKLKVTKGGP
LPFAWDILSPHFTYGSKAYVKHPA
DIPDYFKLSFPEGFKWERVMNYE
DGGVVTVTQDSSLQDGEFIYKVKL
RGTNFPSDGPVMQKKTMGWEAS
SERMYPEDGALKGKIKMRLKLKD
GGHYTSEVKTTYKAKKPVQLPGA
YIVDIKLDITSHNEDYTIVEQYERA
EGRHSTGGMDELYKLSENLYFQS
GGSGSSYTNSDFVVIKALEDGVN
VIGLTRGADTRFHHSECLDKGEVL
IAQFTEHTSAIKVRGKAYIQTRHGV
IESEGKK 
 

pACTet_H-
mCherry-TRAP-
K35C 

pACYC H-mCherry-TRAP-K35C MHHHHHHGGSSMVSKGEEDNMA
IIKEFMRFKVHMEGSVNGHEFEIE
GEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPQFMYGSKAYVKHP
ADIPDYLKLSFPEGFKWERVMNF
EDGGVVTVTQDSSLQDGEFIYKV
KLRGTNFPSDGPVMQKKTMGWE
ASSERMYPEDGALKGEIKQRLKLK
DGGHYDAEVKTTYKAKKPVQLPG
AYNVNIKLDITSHNEDYTIVEQYER
AEGRHSTGGMDELYKLSENLYFQ
SGGSGSSYTNSDFVVIKALEDGV
NVIGLTRGADTRFHHSECLDKGE
VLIAQFTEHTSAIKVRGKAYIQTRH
GVIESEGKK 
 

 

 

 

 

 

 

 

Table S3. Average size of cross-linked TRAP-cages determined by dynamic light scattering 



 

 

 

 

 
TRAP-cageBMH 

 

 PDI *      Mean diameter (nm) †      

Mean 0.072 25.09 

S.D. 0.034   0.21 
 
 

TRAP-cageDTME 
 

Mean 0.098 24.80 

S.D. 0.041   0.36 

* PDI = Polydispersity index; † average size based on volume distribution 

 

 

  



 

 

 

 

Table S4. Right/low angle light scattering measurements 

 

 TRAP cageDTME TRAP cageBMH 

Sample no.* 1 2 1 2 

RV (ml) 12.12 11.3 11.91 11.47 

Mw (g/mol) 2 220 000 2 225 000 2 255 000 2 199 000 

Frac. of sample 

(%) 

100 100 100 100 

RI peak (mV·ml) 77.53 151.7 99.08 156.8 

RALS peak 

(mV·ml) 

599.1 1218 764.4 1244 

LALS peak 

(mV·ml) 

462.1 1210 593.9 1300 

* Columns 1 and 2 represent samples from a different batch of the protein at the same concentration 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table S5. Cryo-EM data collection, refinement statistics for TRAP-cageBMH 

 
 LH Cage 

(EMD-11413) 
RH Cage 
(EMD-11412) 
 

Data collection and 
processing 

  

Magnification    75000 75000 

Voltage (kV) 300 300 

Total exposure (e–/Å2) 40 40 

Defocus range (μm) -1.0 ÷ -3.0 -1.0 ÷ -3.0 

Pixel size (Å) 1.065 1.065 

Symmetry imposed O      O      

Initial particle images (no.) 10169 10169 

Final particle images (no.) 9929 9929 

Map resolution (Å) 
    FSC threshold 

6.8 
0.143 

6.9 
0.143 

   

   

 

 

 

  



 

 

 

 

Table S6. Cryo-EM data collection, refinement statistics for TRAP-cageDTME 
 

 LH Cage 
(EMD-11415) 

RH Cage 
(EMD-11414) 

Data collection and 
processing 

  

Magnification    75000 75000 

Voltage (kV) 300 300 

Total exposure (e–/Å2) 40 40 

Defocus range (μm) -1.0 ÷ -3.0 -1.0 ÷ -3.0 

Pixel size (Å) 1.065 1.065 

Symmetry imposed O      O      

Initial particle images (no.) 4942 4942 

Final particle images (no.) 4907 4907 

Map resolution (Å) 
    FSC threshold 

4.7 
0.143 

4.9 
0.143 

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 



 

Movie S1. 

High-speed atomic force microscopy (HS-AFM) movie frames, taken at 2 frames per second, 

200 nm x 200 nm, 200 pixel x 200 pixel, showing the effect of 4 mM DTT addition to TRAP-

cageDTME. Time stamp in the upper left corner of each AFM image indicates time after DTT 

addition. Scale bar at t = -01:23.0 indicates 50 nm. Z color scale is set to -1 nm to 16 nm. 

Movie is corrected for minor lateral drift. This movie plays at 25 times the original speed. 

Movie S2. 

High-speed atomic force microscopy (HS-AFM) movie frames, taken at 2 frames per 

second, 300 nm x 300 nm, 150 pixel x 150 pixel, showing the effect of 4 mM DTT addition 

to TRAP-cageBMH. Time stamp in the upper left corner of each AFM image indicates time 

after DTT addition. Scale bar at t = -00:42.0 indicates 50 nm. Z color scale is set to 0 nm to 

22 nm. This movie plays at 25 times the original speed. 

Movie S3. 

High-speed atomic force microscopy (HS-AFM) movies frames, taken at 1 frames per 

second, 600 nm x 600 nm, 200 pixel x 200 pixel, showing the effect of 10 mM DTT addition 

to TRAP-cageDTME versus control. Movie on the left is TRAP-cageDTME in the absence of DTT 

whereas the movie on the right is taken with the addition of 10 mM DTT at t = 4s. Scale bar at t 

= 0s indicates 100 nm. Z color scale is set to 0 nm to 20 nm. This movie plays at 50 times the 

original speed. The movie on the right stops at t = 548s whereas the control movie on the 

left continue until t = 1012s. 
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