SI Materials and Methods
Cloning. KOD Hot Start DNA Polymerase (Roche) was used to perform all PCRs and site-directed mutagenesis. Gibson Assembly® Master Mix (New England BioLabs) was used according to the manufacturer's instructions. Constructs were initially cloned into chemically competent E. coli DH5α (Life Technologies). 

pET28a SpyTag-MBP (Addgene plasmid ID 35050), Glutathione-S-Transferase-BirA and pDEST14-SpyCatcher (GenBank JQ478411, Addgene plasmid ID 35044) have been described 
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.

pET28a SnoopCatcher (Addgene and GenBank deposition in progress) was generated by DNAWorks primer-mediated assembly from residues 749-860 of Streptococcus pneumoniae adhesin RrgA (numbering based on PDB ID 2WW8) 
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, digested with HindIII and NdeI and subcloned into pET28a. To optimize reaction with SnoopTag, the G842T mutation was made in this construct by QuikChange with 5′-GTGCCGCAGGATATTCCGGCTACATATGAATTTACCAACG, and the D848G mutation with 5′-GCTACATATGAATTTACCAACGGTAAACATTATATCACCAATGAACC and their reverse complements. SnoopCatcher is 132 residues long (assuming fMet cleavage) and has an N-terminal thrombin cleavage site and His6 tag. pET28a SnoopCatcher NA was produced from pET28a SnoopCatcher by QuikChange of N854 to A using the forward primer 5′-ACATTATATCACCGCTGAACCGATACCGCCG and its reverse complement.
pET28a SnoopTag-MBP (Addgene and GenBank deposition in progress) was generated in two steps. We first cloned the reactive peptide based on the N-terminal β-strand of RrgA's D4 domain, residues 734-748) 
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 into pET28a SpyTag-MBP 
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 by site-directed, ligase-independent mutagenesis (SLIM) PCR using 5′-GGTAGTGGTGAAAGTGGTAAAATCGAAGAAG, 5′-AAACTGGGCGATATTGAATTTATTAAAGTGAACAAAAACGATAAAGGTAGTGGTGAAAGTGGTAAAATCGAAGAAG, 5′-TCCCATATGGCTGCCGCGCG and 5′-TTTATCGTTTTTGTTCACTTTAATAAATTCAATATCGCCCAGTTTTCCCATATGGCTGCCGCGCG. We then removed the 3 C-terminal residues of the peptide to generate SnoopTag (residues 734-745) using QuikChange with 5'-GAATTTATTAAAGTGAACAAAGGTAGTGGTGAAAGTGGTAAAATCG and its reverse complement. pET28a SnoopTag KA-MBP, an unreactive version of SnoopTag, was generated by QuikChange of K742 to A on pET28a SnoopTag-MBP using 5′-GGGCGATATTGAATTTATTGCAGTGAACAAAGGTAGTGG and its reverse complement. 
pET28a MBP-SpyCatcher was generated by fusing SpyCatcher with a Gly/Ser spacer at the C-terminus of MBP, through overlap extension PCR. SpyCatcher was amplified from pDEST14-SpyCatcher 
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 using the forward primer 5′-GTTCGGGCGGTAGTGGTGCCATGGTTGATACCTTATCAGGTTTATCAAGTGAGCAAG and the reverse primer 5′-TACTAAGCTTCTATTAAATATGAGCGTCACCTTTAGTTGCTTTGCCATTTACAG. The forward primer 5′-ATCTCATATGGGCAGCAGCCATCATCATCATCATCAC and the reverse primer 5′-GTATCAACCATGGCACCACTACCGCCCGAACCCGAGCTCGAATTAGTCTGCG were used to amplify MBP from pET28a SpyTag-MBP 
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. The two resulting PCR products were mixed and amplified again using the SpyCatcher forward primer and the MBP reverse primer, digested with NdeI and HindIII, and subcloned into pET21. To increase the affinity of MBP-SpyCatcher for amylose we first made the A312V and I317V mutations in MBP, previously shown to improve maltose binding 
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, by QuikChange using the forward primer 5′-GTCTTACGAGGAAGAGTTGGTGAAAGATCCACGTGTGGCCGCCACTATGGAAAACGC and its reverse complement. We then deleted residues 172, 173, 175 and 176 from MBP, previously shown to improve maltose binding 
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, using QuikChange with 5'-GGGTTATGCGTTCAAGTATGGCGACATTAAAGACGTGGGCG and its reverse complement. To decrease even further the dissociation from amylose resin, we generated tandem fusions of A312V I317V del 172, 173, 175, 176 MBP (MBPmt) to give pET21 MBPx-SpyCatcher (N-terminal His6 tag-MBPmt-spacer-MBPmt-spacer-SpyCatcher) (Addgene and GenBank deposition in progress) via Gibson assembly.

pET28a SpyCatcher-SnoopCatcher (Addgene and GenBank deposition in progress) was produced in steps. Initially SpyCatcher was fused with a Gly/Ser spacer at the N-terminus of SnoopCatcher, then the Gly/Ser spacer was replaced with an α-helical spacer (sequence PANLKALEAQKQKEQRQAAEELANAKKLKEQLEK) 
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. The forward primer 5'-CTTTAAGAAGGAGATATACATATGTCGTACTACCATCACCATC and the reverse primer 5′-CCGCTGCTTCCGGATCCAATATGAGCGTCACCTTTAGTTG were used to amplify the SpyCatcher portion from pDEST14-SpyCatcher. The SnoopCatcher part was cloned using the forward primer 5'-CATATTGGATCCGGAAGCAGCGGCCTGGTGCCGCGCGGATCCCATATGAAGCCGCTGC and the reverse primer 5′-GTGGTGGTGGTGGTGCTCGAGTTATTATTTCGGCGGTATCGGTTC from pET28a SnoopCatcher. Following SpyCatcher and SnoopCatcher fusion, the Gly/Ser spacer was replaced with a stable monomeric α-helical linker using the forward primer 5'-CTAAAGGTGACGCTCATATTGGATCCCCCGCCAACCTGAAGGCCCTGGAGGCCCAGAAGCAGAAGGAGCAGAGACAGGCCGCCGAGGAGC and the reverse primer 5′-CACGGCACCACGCAGCGGCTTCATATGGGATCCCTTCTCCAGCTGCTCCTTCAGCTTCTTGGCGTTGGCCAGCTCCTCGGCGGCCTGTC. 35 residues were deleted from SpyCatcher's N-terminus (59) via QuikChange using the forward primer 5'-CACCATCACCATCACGATTACGATAGTGCTACCCATATTAAATTCTC and its reverse complement. 

pET28a SnoopTag-AffiHER2-SpyTag (N-terminal His6-SnoopTag-spacer-Affibody against HER2-spacer-SpyTag) (GenBank deposition in progress) was generated by Gibson assembly using the forward primer 5'-GTGAACAAAGGCAGTGGTGAGTCGGGATCCGGAGCTAGCATGACTGGTGG and the reverse primer 5' CATCACGATGTGGGCACCGGAACCTTCCCCGGATCCCTCGAGGCCTTTCGG from pET28a KTag-AffiHER2-SpyTag 
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.
pET28a SnoopTag-AffiEGFR-SpyTag (GenBank deposition in progress), containing an affibody against human EGFR 
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 was generated by inverse PCR from pET28a SnoopTag-AffiHER2-SpyTag using 5’-CCTAATCTGAATGGATGGCAGATGACCGCTTTTATTGCCTCTCTTGTTGATGACCCAAGCCAAAGCGC and 5’-GAGGTTTCGTATTTCCTCCCATGCAGCCCACATTTCTTTGTTGAATTTGTTGTCCACGCC. 
pET28a SnoopTag-AffiIGF1R-SpyTag (GenBank deposition in progress), containing an affibody against human IGF1R (62) was generated by inverse PCR with the primers 5’-TAAATCGAAAACAGTCTACCGCATTTATTTCTAGCCTTGAAGATGACCCAAGCCAAAGCGCTAACC and 5’-GATTCGGTAATGCCAGGATTTCGATTGCAGCATAGAAACCTTCTTTGTTGAATTTGTTGTCCACGCCCG from pET28a SnoopTag-AffiHER2-SpyTag.

pET28a SnoopTag-AffiTaq-SpyTag (GenBank deposition in progress), containing an affibody against Taq DNA polymerase (63) was generated from pET28a SnoopTag-AffiHER2-SpyTag by inverse PCR using the primers 5’-CTACCCAACCTAAACGGGGTACAAGTAAAGGCTTTCATAGACTCGCTAAGGGATGACCCAAGCCAAAGCGC and 5’-GTTGAATATCTCCCAAGTAGCCCACCCTAGCTCCTTGTTGAACTTGTTGTCTACTTCTTTGTTGAATTTGTTGTCCACGCC.

pET28a SnoopTag-SpyTag-AffiHER2×3 (GenBank deposition in progress) (N-terminal His6 tag-SnoopTag-spacer-SpyTag-three tandem repeats of Affibody against HER2 connected by Gly/Ser spacers) was synthesized as a gBlocks gene fragment (IDT) and inserted into pET28 by Gibson assembly using the forward primer 5'-TGAGATCCGGCTGCTAACAAAGC and the reverse primer 5'-CACCAGGCCGCTGCTGTG.

pET28a SnoopTag-antiDR5-SpyTag (GenBank deposition in progress) based on the 4E6 nanobody against human DR5 with a C-terminal His6 tag and designed for expression in the cytosol of E. coli was synthesized via GeneArt® Gene Synthesis (Life Technologies); a nanobody is a single domain from the variable region of a heavy chain-only camelid-derived antibody (VHH) (36). 
pET28a SnoopTag-mEGFP-SpyTag (Addgene and GenBank deposition in progress) was cloned by substituting monomeric enhanced green fluorescent protein (mEGFP) at the BamHI sites in pET28a SnoopTag-AffiHER2-SpyTag and by PCR to extend the spacer. 
AviTag-SpyCatcher (Addgene and GenBank deposition in progress), containing a peptide tag for site-specific biotinylation at the N-terminus was cloned by SLIM PCR from pDEST14-SpyCatcher 
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 using 5′-GATTACGACATCCCAACGACCGAAAACCTG, 5′-GCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAAGGCGATTACGACATCCCAACGACCGAAAACCTG, 5′-GTGATGGTGATGGTGATGGTAGTACGACATATG and 5′-TGCCATTCAATTTTCTGCGCTTCAAAAATATCGTTCAGGCCGCTGCCGTGATGGTGATGGTGATGGTAGTACGACATATG. 

All mutations and constructs were verified by sequencing.
Protein expression and purification. Proteins were expressed in E. coli BL21 DE3 RIPL (Agilent) with the exception of SnoopTag-antiDR5-SpyTag which was expressed in E. coli BL21 DE3 transformed with a plasmid for the expression of the Erv1p sulfhydryl oxidase and the disulfide bond isomerase DsbC (a kind gift of Ario de Marco, University of Nova Gorica), facilitating accurate disulfide bond formation (64). Colonies were grown overnight at 37 °C in Luria-Bertani broth (LB) containing 0.5 mg/mL kanamycin for pET28a vectors and 0.1 mg/mL ampicillin for pET21 vectors. For SnoopTag-antiDR5-SpyTag expression, colonies were inoculated overnight at 37 °C in LB containing 0.5 mg/mL kanamycin and 3.4 µg/mL chloramphenicol. The overnight cultures were diluted 1:100 in LB containing 0.8% glucose with the appropriate antibiotic, grown at 37 °C at 200 rpm to OD600 0.5-0.6 and induced with 0.4 mM IPTG at 30 °C at 200 rpm for 4 h.
To express SnoopTag- antiDR5-SpyTag, cultures were grown at 37 °C, 200 rpm to OD600 0.4. Erv1p and DsbC expression was induced with 0.5% (w/v) arabinose and the temperature was lowered to 30 °C, 200 rpm for 45 min. After 45 min 0.4 mM IPTG was added to induce nanobody expression and bacteria were grown at 30 °C at 200 rpm for 4 h.

Proteins were purified by standard methods on Ni-NTA (Qiagen) and dialyzed thrice with TBS (50 mM Tris HCl and 50 mM NaCl) pH 8.0. 

For MBPx-SpyCatcher’s purification, after elution from Ni-NTA, the buffer was exchanged by dialysis into 20 mM Tris HCl pH 8.0 at 4 °C, loaded onto quaternary high performance (Q-HP) resin (GE Healthcare) and eluted by 10 column volumes (i.e. 10 mL) linear gradient of 0–0.15 M NaCl with a flow rate of 1 mL/min. An extra elution step was performed with a linear gradient of 0.15–0.35 M NaCl at the flow rate of 1.5 mL/min and collecting 0.5 mL fractions. Collected fractions were dialyzed into TBS, concentrated using a Vivaspin centrifugal concentrator 5 kDa cutoff (GE Healthcare) and stored at −80 °C.

Ni-NTA purified affibodies were dialyzed in 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.8 at 4 °C and loaded onto sulfopropyl high performance (SP-HP) resin (GE Healthcare). Protein was eluted by applying a linear gradient of 0.2–0.5 M NaCl and collecting 1 mL fractions. The eluted fractions were concentrated to 1-2 mg/mL using a Vivaspin centrifugal concentrator 5 kDa cutoff (GE Healthcare), dialyzed into TBS pH 8.0 and stored at −80 °C. 

For SpyCatcher-SnoopCatcher's purification, after elution from Ni-NTA, the buffer was exchanged by dialysis into 20 mM Tris HCl pH 8.0 at 4 °C, loaded onto Q-HP resin and eluted with a linear gradient of 0.2–0.5 M NaCl. Collected fractions were dialyzed into TBS, concentrated using a Vivaspin centrifugal concentrator 5 kDa cutoff (GE Healthcare) and stored at −80 °C.


Biotin-SpyCatcher was generated by biotinylating purified AviTag-SpyCatcher in phosphate buffered saline (PBS: 10 mM Na2HPO4 137 mM NaCl, 27 mM KCl, 1.8 mM KH2PO4 pH 7.4) containing 5 mM MgCl2, 1 mM ATP, 380 µM D-biotin and 7 µM GST-BirA for 1 h at 25 °C. After 1 h incubation, further GST-BirA was added to give a final concentration of 14 µM and the reaction was incubated for an extra 1 h at 25 °C. GST-BirA was removed by incubating with 50 µL of slurry Hi-Cap Glutathione matrix (Qiagen) at 25 °C, with end-over-end rotation for 30 min. Resin was spun down at 4,000 g for 1 min, supernatant collected and dialyzed overnight at 4 °C into PBS. To confirm complete biotinylation, a streptavidin gel-shift assay was performed as described (65).

Isopeptide bond reconstitution conditions. SnoopTag reaction to completion was tested by mixing SnoopTag-MBP and SnoopCatcher in TBS pH 8.0 containing 1.5 M TMAO and incubating at 25 °C for various times. 1:1 reaction contained 10 µM SnoopTag-MBP and 10 µM SnoopCatcher. 2:1 reaction contained 10 µM SnoopTag-MBP and 20 µM SnoopCatcher. Reactions were stopped in SDS-loading buffer, as described above, prior to SDS-PAGE. % SnoopTag reacted was calculated as 100×[1-(SnoopTag band intensity in the presence of SnoopCatcher)/(SnoopTag band intensity in the absence of SnoopCatcher)]. 
SnoopCatcher reaction to completion was tested by mixing SnoopTag-MBP and SnoopCatcher in TBS pH 8.0 containing 1.5 M TMAO and incubating at 25 °C for various times. 1:1 reaction contained 10 µM SnoopTag-MBP and 10 µM SnoopCatcher. 2:1 reaction contained 20 µM SnoopTag-MBP and 10 µM SnoopCatcher. 4:1 reaction contained 40 µM SnoopTag-MBP and 10 µM SnoopCatcher. Reactions were stopped in SDS-loading buffer, as described above, prior to SDS-PAGE. % SnoopCatcher reacted was calculated as 100×[1-(SnoopCatcher band intensity in the presence of SnoopTag)/(SnoopCatcher band intensity in the absence of SnoopTag)]. 

% Reconstitution was calculated as 100× the band intensity of the covalent adduct, divided by the sum of band intensities of SnoopTag-MBP, SnoopCatcher and the SnoopTag-MBP:SnoopCatcher covalent adduct.
To evaluate the pH-dependence of reaction between SnoopTag-MBP and SnoopCatcher, each protein was mixed at 10 μM in succinate-phosphate-glycine buffer (12.5 mM succinic acid, 43.75 mM NaH2PO4, 43.75 mM glycine; pH was adjusted using NaOH), chosen to enable suitable buffering over a broad pH range, ranging from pH 4.0 to pH 9.0 and incubated at 25 °C for 15 min.

To determine the effect of temperature, 10 µM SnoopTag-MBP and 10 µM SnoopCatcher were mixed for 15 min at the indicated temperatures in PBS pH 8.0 containing 1.5 M TMAO. PBS was used in place of TBS because the pH of Tris buffers changes substantially with temperature.
To test orthogonality, 10 μM SnoopTag-MBP and 10 μM SnoopCatcher or SpyCatcher were incubated for 18 h at 25 °C in TBS pH 8.0, before SDS-PAGE. Similarly 10 μM SpyTag-MBP and 10 μM SnoopCatcher or SpyCatcher were incubated as above.
To investigate the sensitivity to the buffer composition, SnoopTag-MBP and SnoopCatcher each at 10 µM were incubated at 25 °C for 15 min in PBS pH 8.0, TBS pH 8.0 or TBS pH 8.0 containing 1% Triton X-100 (w/v), 1% Tween-20 (v/v), 10 mM ethylene diamine tetraacetate (EDTA), 10 mM MgCl2, 10 mM DTT or 50 mM Tris HCl pH 8.0 with 1 M NaCl. 
To test TMAO-dependence, SnoopTag-MBP and SnoopCatcher each at 10 µM were incubated at 25 °C for 15 min in TBS pH 8.0 with the indicated concentration of TMAO, before SDS-PAGE.
To test reversibility, 10 µM SnoopCatcher or SnoopCatcher NA was incubated with 15 µM SnoopTag-MBP for 6 h and then SnoopTag-AffiHER2-SpyTag at a final concentration of 130 µM was added for 16 h, all at 25 °C in PBS pH 8.0. To test the effect of competing ammonia, 10 μM SnoopTag-MBP and 10 μM SnoopCatcher were incubated for 2 h at 25 °C in TBS pH 8.0 with 1.5 M TMAO before ammonium chloride pH 9.0 was added to a final concentration of 1 M for a further 16 h at 25 °C.
To test SpyCatcher/SpyTag completion, 20 µM SnoopTag-mEGFP-SpyTag was incubated with 40 µM SpyCatcher for 120 min in 40 mM Na2HPO4 and 20 mM citric acid at pH 5.0 at 25 °C. To test SpyCatcher with excess SpyTag-MBP, 10 µM SpyCatcher was incubated with 20 µM SpyTag-MBP for 32 min at 25 °C in TBS pH 8.0.
Mass spectrometry. 100 µM SnoopTag solid-phase synthesized peptide (GKLGDIEFIKVNKGY, Insight Biotechnology) and 50 µM SnoopCatcher were incubated at 25 °C for 3 h in PBS pH 7.4. Mass spectrometry analysis was performed using a Micromass LCT time-of-flight electrospray ionization mass spectrometer (Micromass) and m/z spectrum was converted to molecular mass profile using a maximum entropy algorithm and the V4.00.00 software (Waters). ExPASy ProtParam was used to predict the molecular masses based on the protein’s amino acid sequence, with the N-terminal fMet cleaved and subtracting 17.0 Da for isopeptide bond formation by SnoopTag and 18.0 Da for isopeptide bond formation by SpyTag. Acetylation and gluconylation are commonly-found side-reactions for proteins overexpressed in E. coli BL21 
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For MS of the AffiHER2 polyprotein, the chain was concentrated to ~5 μM and buffer-exchanged into 250 mM ammonium acetate using an Amicon Ultra 0.5 mL centrifugal filter with a 100 kDa cut-off (Millipore). Measurements were carried out on a first generation Synapt High Definition Mass Spectrometry (HDMS) Quadrupole Time of Flight mass spectrometer (Waters) 
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, calibrated using 10 mg/mL caesium iodide in 250 mM ammonium acetate. 2.5 μL aliquots of sample were delivered by nano-electrospray ionization via gold-coated capillaries, prepared in house (69). Instrumental parameters were: source pressure 6.0 mbar, capillary voltage 1.20 kV, cone voltage 150 V, trap energy 60 V, transfer energy 12 V, bias voltage 5 V, and trap pressure 0.022 mbar. Mass spectra were smoothed and peak-centered and masses were assigned using MassLynx v4.1 (Waters).
Size-exclusion chromatography. AffiHER2 chains were analyzed by size-exclusion chromatography on a Superdex 200 GL 10/300 column (24 mL bed volume) (GE Healthcare). The column was calibrated using standards from 660 kDa to 1.35 kDa (thyroglobulin, IgG, ovalbumin, myoglobin and vitamin B12) (Bio-Rad). Samples were eluted at 0.4 mL/min in 50 mM Tris HCl with 500 mM NaCl pH 8.0, with absorbance profile measured at 280 nm on an ÄKTA purifier 10 at 4 °C (GE Healthcare). 

Cell culture. MDA-MB-231 cells (human breast cancer cell-line) were from American Type Culture Collection and were grown at 37 °C with 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies) containing 10% fetal calf serum (Sigma-Aldrich), and 50 U/mL penicillin and 50 μg/mL streptomycin (Sigma-Aldrich). Cells were passaged for fewer than 6 months.
Stability testing of chains. For temperature-stability testing, MBPx-SpyCatcher:(SnoopTag-AffiHER2-SpyTag:SpyCatcher-SnoopCatcher)4:SnoopTag-AffiHER2-SpyTag chains in 150 mM ammonium acetate pH 8.0 at 3 µM in a final volume of 30 μL were incubated at 25, 37, 50, 60 or 70 °C for 3 min and then cooled to 10 °C at 3 °C/s in a Bio-Rad C1000 Thermal Cycler. Samples were then spun at 17,000 g at 4 °C for 30 min to remove aggregates and the supernatant was analyzed by SDS-PAGE on an 8% Tris-glycine gel. For time-dependent stability testing, decamer chains at 3 µM in TBS pH 8.0 containing 0.1% sodium azide, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA, and EDTA-free mixed protease inhibitors (Roche) in a final volume of 40 μL were incubated at 25 °C for 24 or 96 h. At each time-point the samples were spun at 17,000 g at 4°C for 30 min and the supernatant was analyzed by SDS-PAGE on an 8% Tris-glycine gel with Coomassie staining.
Combinatorial assembly of chains. 40 µL/well of slurry amylose resin (New England BioLabs) was applied to an AcroPrepTM Advance 1 mL 96-well plate with a 0.45 µm GHP (hydrophilic polypropylene) membrane (Pall). Resin was rinsed with 1 mL MilliQ water and equilibrated with 1 mL TBS pH 8.0. 160 pmol MBPx-SpyCatcher in TBS pH 8.0 in a final volume of 80 µL was added to the resin and incubated at 25 °C for 1 h with 1,000 rpm shaking on a ThermoMixer comfort. Unreacted protein was removed from the resin by centrifugation at 1,000 rpm at 25 °C for 1 min. To wash the resin, 1 mL of Wash Buffer was applied to each well and discarded by centrifugation at 1,000 rpm, 25 °C for 1 min. 2.4 nmol SnoopTag-AffiIGF1R-SpyTag, SnoopTag-AffiEGFR-SpyTag, SnoopTag-AffiTaq-SpyTag, SnoopTag-SpyTag-AffiHER2×3 or SnoopTag-antiDR5-SpyTag was added to the resin in 40 mM Na2HPO4 and 20 mM citric acid pH 5.0 and incubated at 25 °C for 1 h with 1,000 rpm shaking. Protein excess was removed by centrifugation at 1,000 rpm at 25 °C for 1 min and resin was washed with 1 mL Wash Buffer. 2.8 nmol SpyCatcher-SnoopCatcher in TBS pH 8.0 with 1.5 M TMAO was added to the resin and incubated at 25 °C for 2 h with 1,000 rpm shaking. Unreacted SpyCatcher-SnoopCatcher was removed by centrifugation and resin was washed by applying 1 mL Wash Buffer and spinning the 96-well plate at 1,000 rpm, 25 °C for 1 min. Chains were generated, as described above, by sequential addition of SpyTag/SnoopTag-containing monomers and SpyCatcher-SnoopCatcher. Chains were eluted from the resin by applying 20 µL TBS pH 8.0 containing 100 mM D-maltose and incubating at 25 °C for 10 min with 1,000 rpm shaking. Eluted chains were collected by placing the 96-well plate on top of a 96-well round-bottom polystyrene plate (Corning) and centrifuging at 25 °C, 1,000 rpm for 1 min. Eluted chains were analyzed by SDS-PAGE on an 8% Tris-glycine gel with Coomassie staining. As expected from the molecular weight, chains containing tandem affibodies had lower mobility. The mobility of the chains with four antiDR5 and one HER2×3 was greatest when the HER2×3 was at position 5, consistent with the less branched arrangement of such a chain following boiling in SDS, compared to having HER2×3 at position 1, 2, 3 or 4 (Fig. 5a). Protein concentration was determined using the micro bicinchoninic acid (BCA) protein assay kit (Pierce) according to the manufacturer’s instructions. 

Combinatorial screening of polyproteams. MDA-MB-231 cells were seeded into a 96-well plate at 40,000 per well in 50 µL DMEM containing 50 U/mL penicillin and 50 μg/mL streptomycin and incubated at 37 °C with 5% CO2, for 16 h. 50 µL polyproteam at the final concentration of 200 ng/mL in DMEM containing 2% 0.2 µm-filtered bovine serum albumin (Sigma-Aldrich), 50 U/mL penicillin and 50 μg/mL streptomycin (DMEM-BSA) was then added. The plate was incubated at 37 °C with 5% CO2, for 40 h (or for the indicated time for Fig. 5d) and cell viability was assessed by resazurin (Alamar Blue) assay. 20 µL 0.15 mg/mL resazurin sodium salt (Sigma-Aldrich) in PBS pH 7.4 was added and the plate was incubated at 37 °C and 5% CO2 for 4 h. Cell viability was determined by measuring the fluorescence of reduced resazurin (λex 544 nm, λem 590nm) using a SpectraMax3 plate reader (Molecular Devices). The percentage of viable cells was calculated as 100×(signal of treated cells – signal without cells)/(signal untreated cells– signal without cells). The signal without cells was taken as the resazurin fluorescence in the absence of cells, whereas the signal of untreated cells came from the fluorescence of cells that were incubated only with DMEM-BSA. 

Dose-response curve of polyproteam. MDA-MB-231 cells were seeded at a density of 40,000 cells/well into a 96-well microplate in DMEM with 50 U/mL penicillin and 50 μg/mL streptomycin and incubated for 16 h at 37 °C, 5% CO2. Cells were treated with varying concentrations of NNNNE, a polyprotein chain composed of SnoopTag-antiDR5-SpyTag at position 1 to 4 and SnoopTag-AffiEGFR-SpyTag at position 5. As a negative control, HHHHH was used at 200 ng/mL. 50 µL of each sample in DMEM-BSA was added to cells and the plate was incubated at 37 °C with 5% CO2, for 40 h. Viability was measured with resazurin as above.

Caspase activation assay. 40,000 MDA-MB-231 cells/well were seeded in a 96-well plate and incubated for 16 h at 37 °C with 5% CO2 in DMEM containing 50 U/mL penicillin and 50 μg/mL streptomycin. Cells were then cultured at 37 °C with 5% CO2 for 1 h in the presence or absence of 20 µM Benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-FMK, a pan-caspase inhibitor, Sigma-Aldrich), before addition of NNNNE, KillerTRAIL (recombinant human TRAIL with a linker peptide to promote stable trimerization, Enzo Life Sciences) or HHHHH to a final concentration of 200 ng/mL. Cells were incubated at 37 °C with 5% CO2 for a further 5 h. The activity of caspases-3/7 was detected with the Apo-One® Homogeneous Caspase-3/7 kit (Promega) by adding 100 µL caspase-3/7 reagent diluted 4-fold in PBS. The plate was mixed at 500 rpm on a ThermoMixer comfort for 1 min and incubated in the dark at 25 °C for 1 h. Fluorescence was measured using a SpectraMax3 plate reader with 485 nm excitation and 530 nm emission. 
Supplementary Figure legends


Supplementary Figure 1. SnoopTag and SnoopCatcher reaction conditions. (a) Point mutations to make SnoopCatcher. From the C-terminal domain of RrgA in cartoon format (based on PDB 2WW8), residues mutated are shown in space-fill with carbons in cyan (G842 was changed to T and D848 to G). The Lys, Asn and Glu involved in isopeptide bond formation are shown in stick-format in yellow and the rest of SnoopTag colored magenta. (b) Sample gel to test for quantitative reaction of SnoopTag. 10 µM SnoopTag-MBP and 20 µM SnoopCatcher are shown alone or mixed for 32 min (triplicate samples), before SDS-PAGE with Coomassie staining. (c) Sample gel to test for quantitative reaction of SnoopCatcher. 10 µM SnoopCatcher and 40 µM SnoopTag-MBP are shown alone or mixed for the indicated times (triplicate samples), before SDS-PAGE with Coomassie staining. (d) Buffer-dependence of SnoopTag/SnoopCatcher reaction. 10 µM SnoopTag-MBP was incubated with 10 µM SnoopCatcher at pH 8.0 for 15 min at 25 °C in the indicated buffer and analyzed by SDS-PAGE with Coomassie staining. (e) TMAO-dependence of SnoopTag/SnoopCatcher reaction tested as in (d). Error bars are all mean ± 1 s.d., n=3. Some error bars are too small to be visible.
Supplementary Figure 2. SnoopCatcher reaction with SnoopTag was not reversible. (a) Reaction not reversed by competing SnoopTag. In lanes 1-8 SnoopCatcher, SnoopCatcher NA non-reactive control (mt), SnoopTag-MBP and SnoopTag-Affibody (SnoopTag-AffiHER2-SpyTag) are shown alone (each at 10 µM) or after mixing for 6 h at 25 °C. In lane 9, 10 µM SnoopCatcher was reacted with 15 µM SnoopTag-MBP for 6 h and then we added SnoopTag-AffiHER2-SpyTag to 130 µM for 16 h at 25 °C, to look for SnoopTag-AffiHER2-SpyTag:SnoopCatcher formation. (b) Reaction not reversed by competing ammonia. We incubated SnoopTag-MBP with SnoopCatcher for 2 h in TBS with TMAO. We then added NH4Cl pH 9.0 to 1 M final concentration to the indicated samples (+ NH3) for 16 h (all at 25°C), before SDS-PAGE with Coomassie staining. (The ammonium ion’s pKa is 9.2.)

Supplementary Figure 3. SpyTag and SpyCatcher reacted to a high degree of completion. (a) SpyTag with excess SpyCatcher. 20 µM SnoopTag-mEGFP-SpyTag was incubated with 40 µM SpyCatcher for 120 min at 25°C, before SDS-PAGE with Coomassie staining showing triplicate samples. (b) SpyCatcher with excess SpyTag. 10 µM SpyCatcher was incubated with 20 µM SpyTag-MBP for 32 min at 25°C, before SDS-PAGE with Coomassie staining showing triplicate samples. 

Supplementary Figure 4. Resin attachment for solid-phase polyprotein synthesis. (a) Location of MBP mutations, based on PDB 1ANF. A312 was changed to V, I317 to V, and 172-173 and 175-176 were deleted. Mutated residues are shown in space-fill. The bound sugar part is shown in space-fill and colored magenta. (b) Solid-phase polyprotein synthesis using avidin attachment. Lanes 1-3 show biotin-SpyCatcher, SnoopTag-AffiHER2-SpyTag and SpyCatcher-SnoopCatcher in isolation. For solid-phase synthesis, biotin-SpyCatcher was bound to monomeric avidin resin. Sequential addition of SnoopTag-AffiHER2-SpyTag and SpyCatcher-SnoopCatcher led to chain formation up to a decamer. After each stage, sample was eluted from one aliquot of resin with biotin (lanes 4-13). Samples, without any further purification, were analyzed by SDS-PAGE (both 8% and 16% gels) with Coomassie staining.

Supplementary Figure 5. Stability of polyproteins. (a) Decamer thermostability. MBPx-SpyCatcher:(SnoopTag-AffiHER2-SpyTag:SpyCatcher-SnoopCatcher)4:SnoopTag-AffiHER2-SpyTag was incubated at the indicated temperature for 3 min, centrifuged to remove aggregates, and analyzed by SDS-PAGE with Coomassie staining. (b) Decamer time-dependent stability. Biotin-SpyCatcher:(SnoopTag-AffiHER2-SpyTag:SpyCatcher-SnoopCatcher)4:SnoopTag-AffiHER2-SpyTag was incubated at 25°C for the indicated time, before boiling in SDS-loading buffer and analysis by SDS-PAGE with Coomassie staining. 

Supplementary Figure 6. Different building blocks incorporated in polyproteams. (a) Synthesis of fluorescent polyproteins. MBPx-SpyCatcher was bound by amylose resin and then extended iteratively with SnoopTag-mEGFP-SpyTag and SpyCatcher-SnoopCatcher. Samples were eluted at each stage with maltose and analyzed by SDS-PAGE with Coomassie staining. (b) Synthesis of branched polyproteins. As for (a), except using 3 tandemly-linked affibodies (SnoopTag-SpyTag-AffiHER2×3).
Supplementary Figure 7. Effect of valency on polyproteam activation of cell death. (a) Synthesis of polyproteam homomultimers or heteromultimers with varying numbers of nanobodies and affibodies to either EGFR or Taq polymerase. Synthesis was analyzed by SDS-PAGE with Coomassie staining. (b) Polyproteam effect on viability of MDA-MB-231 after 40 h with each chain, analyzed by a resazurin assay with untreated cells set at 100% (mean ± 1 s.d., n = 3). Affibody to EGFR (E), triple affibody to HER2 (H), affibody to IGF1R (I), nanobody to DR5 (N), affibody to Taq polymerase (T).
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