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	Table S1.  Vectors used in this study


	Vector
	Description
	Size

(kb)

	pAff8c
	E. coli intracellular vector. ”Donor” vector in bead-to-bead ligations
	5.6

	pHISZ
	E. coli intracellular vector, used in fluorescent capping study
	2.8

	pSCEM2
	S. carnosus surface display vector
	7.8

	pPICZ(CP
	P. pastoris expression vector, modified from commercial pPICZ(C
	3.8

	pLentiHAP
	Mammalian expression vector, modified from commerical pLentiHAIII
	8.2


	Table S2. Oligos used in the construction of acceptor vectors and primers

	Oligo
	Description
	Sequence

	LINK_F

LINK_R
	Linking oligos. Contain AscI site and a 5’ biotin 
	5’ CGCGCCTTCTGCAGGATCCTT 3’

3’   GGAAGACGTCCTAGGAA 5’ (biotin)

	BamCAP_F

BamCAP_R
	Fluorescent cap oligos for pHISZ. Contain BamHI site and a 5’AF488
	5’GATCCACTGACTCGCATCCGATCGTG 3’

3’  GTGACTGAGCGTAGGCTAGCAC 5’ (AF488)

	pPICZ(C_ins
	Insertion into EcoRI and XbaI of pPICZ(-C to form pPICZ(-CP. Contains NotI and AscI (italics). 
	5’ GAATTCACATATGGGAAGCACGAGCTCCTCCGCGGCCGCTGCGAGCGGCGCGCCACATCTAGA 3’

	pLenti_ins
	Insertion into XmaI and XhoI of pLenti-HA to form pLenti-Hap.  Contains NotI, AscI (italics), 6-His and Igk signal sequence (bold)
	5’ CCCGGGATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGTGACTCCGGGCATCACCATCACCATCACCATATGTCCATGAGCTCCGCGGCCGCTGGCTCTGGCGCGCCACTCGAG 3’

	SAPA23
	pSCEM2 sequencing primer F
	5’ GGCTCCTAAAGAAAATACAACGGC 3’

	SAPA24
	pSCEM2 sequencing primer R
	5’ TGTTGAATTCTTTAAGGGCATCTGC 3’

	AOXF
	pPICZ(Cp sequencing primer
	5’ GACTGGTTCCAATTGACAAGC 3’

	AOXR
	pPICZ(Cp sequencing primer
	5’ GCAAATGGCATTCTGACATCCTCTTG 3’

	CMVF
	pLentiHAp sequencing primer
	5’ CGCAAATGGGCGGTAGGCGTG 3’

	CMVR
	pLentiHAp sequencing primer
	5’ TAGTCAGCCATGGGGCGGAGA 3’
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Antigen Length (bp) Antigen Length (bp)
METf 3215 IL12A 597



ITGAL_ECD_full 3195 CD2_ECD_full 576
MYO1A 3126 TREM-1 555



ITGA2b_ECD_full 2886 ITGAL_ECD_I 549
ITGA4_ECD_full 2832 HGF_NK1 546
KDR_ECD_full 2232 CD4_ECD_2D 543



TIE-1 2229 EGFR_D3 519
ADD3 2121 EGFR_D1 501



ITGB3_ECD_full 2073 TNFR_SF9 492
FOLH1 2028 MS4A1_full 489



AMOT_full 2028 IL1 477
FLT1_ECD_full 1974 TNFa 468



Hsp90 1 911 TNFR_SF10 468
ERBB4 1878 TNF_SF13 453
ERBB3 1872 EGFR_D2 447
EGFR 1 863 EGFR_D4 432
ERBB2 1809 IL2 396
GAD2 1743 IL17 387



ITGA2b_ECD_C 1551 IL4 387
DLL4_ECD 1485 FOLH1_D3 384



ANGPT2_full 1440 CTLA4_ECD 384
ITGA2b_ECD_H 1368 IL9 378



CSF2Rb 1251 IL13 360
ITGB3_ECD_H 1242 NGF 360
CA9_ECD_full 1134 IL2Ra_DII 354
CD4_ECD_full 1104 VEGF 351



Hsp90_M 1074 CD33_ECD_V 351
IL5R_ECD_full 948 IL5 351



FOLH1_D1 933 CD40_ECD_S 345
IL12B 909 IL15 339



CA9_ECD_CD 897 MSTN 327
CSF2Ra 891 CD2_ECD_V 321



APP 861 CD86_ECD_V 318
CD19 813 Hsp90_C 312



FOLH1_D2 807 CD3_E 309
TNF_SF11 783 CD80_ECD_V 303



CD86_ECD_full 729 CD3_G 282
TACSTD1 726 CD3_D 270
TNF_SF10 726 IL5R_DI 243



CD33_ECD_full 723 CA9_ECD_PG 231
IL6R_DII_DIII 720 PSCA 225
IL5R_DII_DIII 672 Hsp90_CR 201
ANGPT2_ECD1 663 IL2Ra_DI 198



IL2B_FI_FII 663 MS4A1_ECD2 186
IL2Ra_ECD_full 660 CD52_ECD 111



AMOT_ECD2 642 TNF_SF13_flap 93
ICOSLIG_ECD 633 CD247 90
CD80_ECD_full 624
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Table S3.  Target genes transferred from pAff8c vector to other expression vectors. 
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Figure S1.  Detailed bead-based subcloning strategy.  (A) An insert is excised from its donor vector, and capped with a biotin-containing oligo in a one-pot reaction. The insert is then attached to a streptavidin-coated bead and ligated to an immobilized acceptor vector, which has a compatible restriction site (here NotI). A non-productive fragment of the donor vector is also attached to bead, but cannot participate in further ligation steps due to a non-compatible restriction site (AsiSI). The DNA construct is released from bead via cutting at unique restriction site (here AscI).  
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Figure S2.   Size distribution of the 95 inserts listed in Table S3. 
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Figure S3   Preparation of target gene for bead attachment during bead-bead subcloning.  A) Schematic of the sequential steps for excision of a target gene from its donor vector, attachment of a biotinylated oligo, and capture by M270 beads.  The steps are performed in one pot, with washing of the bead after magnetic capture. The bead is then used in bead-bead ligation with an acceptor-vector bead.  B) Target gene mixture at each stage 1-5 depicted in 1A.  The concentration was 10 ng DNA/μL.  The donor vector is pAff8c.  The target gene (here TNF 500 bp) is marked with a star.  At stage 5 the target gene is removed from solution during bead capture.  A second DNA fragment is also attached to the bead, but cannot participate in bead-bead ligation due to its incompatible restriction site.  C) Titration of the mixture in step 5 of 1A with varying amounts of bead.  The insert (here EGFR 2000 bp) is marked with a star.  From left to right: 1-no beads, 2- beads at 0.05 μg/μL, 3-0.1 μg/μL, 4-0.5 μg/μL, 5- beads at 1 μg/μL, 6- beads at 5 μg/μL, 7-beads at 10 μg/μL. The beads capture all of the biotinylated insert at 0.5 μg/μL.  This amount was chosen as optimal to maximize insert attachment.  Additionally, no vector DNA is attached to the beads under these conditions. 
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Preparation of acceptor plasmids 

Preparation of acceptor beads from acceptor plamids

Preparation of pAff8c library

Preparation of donor beads from pAff8c library

Automation of bead-to-bead protocol

Construction of acceptor plasmids

The Pichia pastoris expression vector pPICZ(Cp was formed by addition of NotI and AscI restriction sites into the MCS of pPICZ(C (Invitrogen). The coding sequence is given in Table S2. The mammalian expression vector pLentiHAp was formed through addition of an Ig-( signal peptide, an N-terminal His6 tag and NotI and AscI restriction sites into the MCS of pLenti-HA plasmid (Applied Biological Materials, Canada). The Staphylococcus carnosus expression vector pSCEM2 was described previously (1). The E. coli expression vector pAff8c was described previously(2). The vector pHISZ was used for the fluorescent capping study, which codes for a S.aureus Protein A Z-domain fused to eGFP. 

Preparation of pSCEM2, pPICZ(P and pLentiHAP acceptor beads

Acceptor plasmids were linearized with NotI and AscI (10 (g DNA, 100 (L reaction; 37 C 2 h, 80 C 5 min). The plasmid DNA was purified via PCR cleanup kit (Qiagen).  A double-stranded biotinylated linker containing a complementary AscI restriction site was attached to the AscI end via T4 DNA ligase (10 μg plasmid, 125 pmol linker). The mixture was treated again with NotI (1 hr 37 C), purified via PCR cleanup kit, and dissolved in 500 (L buffer EB. 
5 mg of M270 beads were washed 3 times and re-suspended in 500 (L of 2X BW buffer, which was prepared according to the supplier’s protocol with the addition of 10% v/v PEG4000. DNA solution (10 (g) and M270 beads (5 mg) were combined (1 mL) and incubated with constant shaking for 2 h at 25 C. The beads were removed from solution via magnetic separation, washed 3 times with 1X BW buffer and re-suspended in 1 mL 1X BW. The amount of plasmid DNA attached to the beads was determined by incubating the DNA-coated beads with AscI at 37 C for 2h and quantification of released DNA on agarose gel. 

Preparation of pHISZ acceptor beads


The pHISZ vector was used as a PCR template and a biotinylated primer was used in the reaction. The PCR product was attached to beads as described above. The beads were then incubated with BamHI (37 C 1 hr) to make a BamHI site available for the ligation of the fluorescent cap. As a positive control for the fluorescent capping study, a PCR was performed with one biotinylated primer and one fluorescent (AF488) primer. The PCR product was then attached to beads as described above. 

Construction of the pAff8c clone library


The pAff8c clones were used as the “donor” vectors in solution-to-bead and bead-to-bead ligations. A 95-member pAff8c clone library was constructed, consisting of the partial ectodomains of 65 cancer antigens. The NovoNordisk Foundation Center for Protein Research at the University of Copenhagen, Denmark kindly provided clones containing the full-length genes in various shuttle vectors. Gene-specific PCR primers containing NotI and AscI sites were designed for amplification of the antigen gene fragments. The NotI-containing forward primer contained 5’-biotin, which allowed for purification via M270 streptavidin-coated beads and subsequent mangetic separation of the PCR product. PCR purification was performed in 96-well format on a Magnatrix 8000 robotic liquids handler: PCR product was incubated with M270 beads, which were then magnetically separated from solution. Bead-bound PCR product was treated with AscI at 37 C, washed twice, and released from bead via treatment with NotI at 37 C. The purified amplicons were then ligated into a NotI-AscI-digested pAff8c plasmid and used for bacterial transformation in 96-well format. All clones were sequenced-verified by Sanger sequencing. pAff8c vectors were purified from cell-culture with a Montage 96-well miniprep kit (Millipore). 

Preparation of donor beads for bead-to-bead ligation

Preparation of donor beads involved the excision of the target DNA from vector pAff8c, attachment of a biotinylated linker to the target sequence, and subsequent capture by M270 beads. 

50 ng of pAff8c was incubated with NotI, AsiSI and FastAP phosphatase (50 (L reaction volume; 0.5 (L of each enzyme, 37 C 30 min then 80 C 5 min). This three-enzyme mixture was prepared as a stock solution and stored in 40% glycerol at -20 C. AscI (0.5 (L) was then added and the reaction incubated at 37 C 20 min, then 65 C 20 min. The free AscI ends were then capped by addition of the biotinylated linking oligo LINK(1.5 pmol), which was ligated in the presence of PEG4000 2% v/v at 22 C 30 min. A schematic of the donor bead preparation is shown in Figure S1A. Optimization of the LINK addition step is in Figure S1B. 

Biotinylated DNA was captured with addition of M270 beads (50 (L at 0.5 (g/(L) and shaking at 22 C 45 min. DNA-coated beads were removed from solution via magnetic separation and washed twice with 1X BW solution and suspended in Tris buffer pH 8. Typical DNA attachment was at ~1 ng DNA/(g beads. Optimization of the M270 beads incubation step is shown in Figure S1C.

Automation of the subcloning procedure

The subcloning protocol was programmed onto the Magnatrix 8000 robot using the manufacturer’s software. The pAff8c-donor library was used in 96-well format. Enzymes, M270 beads and acceptor beads were prepared as reagents and stored at 4 C during the procedure.

Reagent List (per reaction)
I – 0.2 μL each NotI, AsiSI, FastAP in 10 μL 1X FastDigest buffer 

II- 0.2 μL AscI in 10 μL 1X FastDigest buffer 

III- 0.4 pmol biotinylated AscI-LINK oligo in Tris pH 8, 20% v/v PEG4000

IV- 0.5 μL T4 DNA ligase in 10 μL 1X T4 DNA ligase buffer

V- 5 μL naked M270 (0.1 μg/μL) beads in 2X BW buffer

VI- Acceptor beads: 2 μL of pLentiPA loaded at 0.5 ng DNA/(g beads in EB buffer. 

Procedure; added reagents are in (). Donor vector was 100 ng in 20 μL EB  

1) Digestion of pAff8c. Add (I) 30 min 37 C ; denaturation 80 C 5min

2) Digestion of pAff8c. Add (II) 15 min 37 C; denaturation 65 C 15 min

3) Attachment of biotynlated AscI-LINK oligo Add (III, IV); 22 C 15 min

4) Attachment of biotinylated DNA to M270 beads. Add (V); 22 C 30 min with pipette stirring every 5 min

5) Washing of DNA-loaded beads via magnetic separation, elute in Tris pH 8

6) Ligation of donor- and acceptor beads Add (VI, IV); 22 C 1 hr with magnet holding; pipette stirring every 15 min. 

7) Detachment of DNA from beads. Add (II); 37 C 30 min with pipette stirring every 5 min; denaturation 65 C 15 min. 

8) Removal of beads from solution via magnetic separation and discard.

9) Circularization of DNA. Add (IV); 22 C 10 min; hold 4 C

The completed vectors were used for bacterial transformation in 96-well format. Resulting colonies were PCR-screened using pLentipA-specific primers CMVF and CMVR.

Mammalian cell culture and protein expression

The HEK293T (293tsA1609neo) cell line expressing the SV40 large T antigen 

(ATCC) and CHO-S cells (Invitrogen) were cultivated in Dulbecco's modified Eagle's medium (DMEM) (Sigma) supplemented with 10% heat inactivated bovine calf serum (Sigma) and 100 IU/ml penicillin and streptomycin. Three hours prior transfection of HEK293T cells DMEM growing media was changed to Iscove's modified Dulbecco medium (Sigma) supplemented with 10% heat inactivated bovine calf serum (Sigma) and 100 IU/ml penicillin and streptomycin. For studying recombinant protein production transformed CHO-s cells were cultivated in Ex-cell CHO serum-free media (SAFC biosciences).

For lentiviral particles (LVP) production 700 000 HEK 293T cells were plated on a 6cm Falcon culture plates coated with poly-L-Lysine (Sigma). After 18 hours the 293T cells were transfected via calcium precipitation (3) with 8 μg lentiviral backbone vector, 6 μg packaging construct, and 2.4 μg plasmid encoding the VSV-G protein. After 18 hours medium was exchanged and stabilized by 10 mM HEPES for lentivirus accumulation and further CHO-S cells transfection. Briefly, 18-24 hours after beginning virus collection media containing LVP was supplemented with 8 μg/ml of polybrene and applied to 150000 CHO-S cells seeded on 6 cm culture plates 18 hours before adding LVP suspension. 24 hours later LVP containing media was replaced with fresh DMEM media, CHO cells were further incubated for 48 hours and passed into growth media containing 10 μg/ml of puromycin for selection of stable transformants.  30 to 50% of LVP infected CHO cells recovered in selective media and were used for recombinant protein production. After reaching confluence selected stably transformed CHO-S cells were passed into puromycin containing DMEM growth media. After reaching 70-80% confluence growth media was replaced with CHO minimal media without puromycin and cells were incubated for one week. Cells were sonicated (Sonics VC750; 1 min, pulse 1s, power 25 %) in lysis buffer (20 mM Tris-HCl pH 6.8, 150 mM  NaCl, 1% Triton-X-100) and lysates were analyzed by Western blot.
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