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Supplementary Figure S1. Recombinase DNA-binding residues are located outside the
dimer interface. The y0 resolvase in complex with target DNA. Catalytic domain dimer is
colored cyan. DNA is colored grey. Arm region residues are shown as red sticks. Residues at the
dimer interface are shown as purple sticks (PDB ID: 1GDT). Because the residues essential for
specific DNA-binding are located outside the dimer interface, recombinase heterodimers with
unique, asymmetric catalytic specificity can be generated.
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Supplementary Figure S2. Sequence analysis of selected recombinases. Pie charts showing
the percentage of amino acid substitutions at each targeted arm position. After the 4™ round of
selection, >20 clones were sequenced from each library. Sequence analysis of clones that
recombine TT are described elsewhere (1).



Positions 3 and 2

Clone Mutations CcC GG CG GC GT TT
Parental 36 25 55 0.01 0.003 0.08
%* |GC-1 L1271, 136R, G137F 44 78 574 20 0.09 0.06
Clone Mutations cC TT GA CA GT CcT
Parental 36 0.002 0.008 0.004 0.003 0.086
* |GT-1 1120L, T123V, L1271, I1136R, G137W 0.009 0.053 0.08 3.1 27 13.4
GT-2 L127M, 1136R, G137C 0.016 0.0003 0.092 0.207 39 6
GT-3 L1271 0.0209  0.0009 0.41 0.77 39 13.5
GT-4 D12A*, 1120Y, T123l, L1271, 1136T, G137L 0.0318 0.034 # 8 15 =
GT-5 1120M, T123V 0.0068 0.013 - B 6 -
GT-6 1120L, T123I, L1271, G137F 0.0125 0.022 - - 3 -
Clone Mutations cc TT GA CA GT CT
Parental 36 0.002 0.01 0.004 0.003 0.09
* [CA-1 T123V, I136R, G137F 0.018 0.003 1.2 13 20 14
CA-2  [T123V 0.02 0.06 - 11 27 -
CA-3 T123V, N132D 0.02 0.6 - 8.2 11.2 -
CA-4  |L521%, L118S*, 1120F, L127H, 1136R, G137F - . . 0.87 - .
CA-5 1120L, T123V, 1136R, G137F - - - 0.43 - -
CA-6 E117Q, L118C*, I120H, T123P, L1271 - - - 0.5 - -
Clone Mutations TT AC CA GT AG GC
Parental 0.002 0.005 0.004 0.003 0.008 0.01
* |AC-1 E117L, L118S, 1120L, T123P, L127H, 1136R, G137F 0.09 o7/ 0.05 6 1 0.008
AC-2 E117L, 120N, 1136R, G137F 0.0002 0.7 - 0.12 - 0.03
AC-3 R116Q*, E117L, L118S, I1120F, T123H, L127T, 1136P, G127F 0.0007 0.1 0.0005 0.0014 0.2 &
AC-4 E117Y, 120F, T123P, L127P, I1136R, G137F 0.0005 0.01 0.056 0.001 0.016 -
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Supplementary Figure S3. Core specificity of isolated catalytic domains. After 4 rounds of
selection, the ability of selected catalytic domains to recombine core sequences with
substitutions at positions 3 and 2 was evaluated. Assigned DNA targets are underlined.
Recombinase mutations are shown. Asterisks indicate catalytic domains selected for further
analysis. Wild-type base combination at positions 3 and 2 is CC. Recombination was determined
by split gene reassembly (2) and performed in triplicate. Catalytic domains that recombine TT
substitutions are described elsewhere (1).
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Supplementary Figure S4. Position specificity of selected catalytic domains. Recombination
assays between the o, 8, y, 0 and T catalytic domains and symmetrically substituted target sites.
Recombination was measured on a library DNA targets that contained (a) >4,000 random strong
base (S: G or C) substitutions at positions 6, 5 and 4 and (b) >10° (of a possible 4.29 x 10°)
unique base combinations at positions 10, 9, 8 and 7 (N: A, T, C or G). Recombination was
measured by split gene reassembly (2) (n = 3).



GinPH4 DNA Target

PH4 binding site Gin 20-bp core PH4 binding site
5’-GCG GGA GGC GTG TCCAAAACCATGGTTTACAG CAC GCC TCC CGC-3’
3’'-CGC CCT CCG CAC AGGTTTTGGTACCAAATGAC GTG CGG AGG GCG-5'
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Supplementary Figure S5. Reduced luciferase expression is dependent on the presence of
ZFRs with complementary zinc-finger DNA-binding and recombinase catalytic domains.
HEK293T cells were co-transfected with sub-optimal amounts of pGL3-PH4.20G reporter
plasmid (25 ng) and increasing amounts of pcDNA-GinPH4 (fully complementary), pcDNA-
Tn3PH4 (not fully complementary; mismatched catalytic domain) or empty pcDNA (negative).
Renilla luciferase expression was used to normalize for transfection efficiency and cell numbers.
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Supplementary Figure S6. ZFR homodimer activity. HEK293T cells were co-transfected with
150 ng ZFR-L or 150 ng ZFR-R with 2.5 ng of corresponding pGL3 ZFR reporter plasmid.
Recombination was normalized to co-transfection with 150 ng ZFR-L and 150 ng ZFR-R with
2.5 ng pGL3 ZFR reporter plasmid.
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Supplementary Figure S7. Clonal analysis of ZFR-modified cells. PCR primer combinations
amplified either unmodified genomic target or integrated plasmid in the forward or reverse
orientation.




Supplementary Table S1. Primers used in this study.

>GFP-ZFR-20G-Xbal-Fwd
TTAATTAAGAGTCTAGAGGAGGCGTGTCCAAAACCATGGTTTACAGCACGCCTCCAG
ATCTAGGAGGAATTTAAAATGAG

>GFP-ZFR-20G-HindIII-Rev
ACTGACCTAGAGAAGCTTGGAGGCGTGCTGTAAACCATGGTTTTGGACACGCCTCCC
TGCAGTTATTTGTACAGTTCATC

>SV40-ZFR-1-Bglll-Fwd
TTAATTAAGAGAGATCTGCTGATGCAGATACAGAAACCAAGGTTTTCTTACTTGCTG
CTGCGCGATCTGCATCTCAATTAGTCAGC

>SV40-ZFR-1-HindIII-Rev
ACTGACCTAGAGAAGCTTGCAGCAGCAAGTAAGAAAACCTTGGTTTCTGTATCTGCA
TCAGCTTTGCAAAAGCCTAGGCCTCCAAA

>CMV-Pstl-ZFR-1 Rev
CACCACCACGGATCCGCAGCAGCAAGTAAGAAAACCTTGGTTTCTGTATCTGCATCA
GCAATTTCGATAAGCCAGTAAGCAG

>5" Gin-HBS-Koz
CACCACCACGCGCGCAAGCTTAGATCTGGCCCAGGCGGCCACCATGCTGATTGGCT
ATGTAAGGG

>3’ Gin-Agel-Rev
CACCACCACACCGGTTCCCGATTTAGGTGGGCGAC

> ZFR-Target-1-Fwd
GTTCCTGCCAGGATCCACTAG

> ZFR-Target-1-Rev
GCATGTGTCCAGATGCATAGG

> ZFR-Target-2-Fwd
CACCTTCTCCCAGGATAAGG

> ZFR-Target-2-Rev
GTTGGCCTGTATTCCTCTGG

> ZFR-Target-3-Fwd
AATGAAGTTCCCTTGGCACTTC

> ZFR-Target-3-Rev
CTGAAGGGTTTTAAGTGCAGAAG




> CMV-Mid Prim-1
TGACGTCAATGACGGTAAATGG

ZFR targets are underlined.
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Supplementary Table S2. The amino acid sequences of the catalytic domains described in this
study.

>Gin o
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMEREL IMERIMAGHEA
AARNKGRIJEGRPPKSG

>Gin
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMEREL IfERIMAGHA
AARNKGRI§GRPPKSG

>Gin y
MLIGYVRVSTNDQNTDLQORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMEREL IMERUMAGEIA
AARNKGREIGRPPKSG

>Gin d
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMEREL IMERMAGIIA
AARNKGRI§GRPPKSG

>Gin €
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMERIFTIERIEMAGEA
AARNKGRI§GRPPKSG

>Gin T
MLIGYVRVSTNDQNTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFF}{VMGALAEMERELIIERTEAGHA
AARINKGRINGRPEKSG

Targeted arm region positions are highlighted red. Random substitutions are highlighted blue.
The hyperactivating H106Y mutation is highlighted green.
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Supplementary Table S3. The amino acid sequences of the ZFRs described in this study.

>ZFR-1 Left
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIEREMAGES
AARNKGRIJEGRPPKSGTGEKPYKCPECGKSF S eI AUNHORTHTGEKPYKCPECGKSFS

IR HORTHTGEKPYKCPECGKSFSINJe IAUNHORTHTGEKPYKCPECGKSF SISl AUNHORTH
TGKKTSGQAGQ

>7ZFR-1 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IHEREMAG]
AARNKGRIEGRPPKSGTGEKPYKCPECGKSF Sl UleMEHORTHTGEKPYKCPECGKSFS

B HORTHTGEKPYKCPECGKSF SRy HORTHTGEKPYKCPECGKSF SPEJENBIIHORTH
TGKKTSGQAGQ

>7ZFR-2 Left
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIEEREMAGEE
AARNKGRIJEGRPPKSGTGEKPYKCPECGKSF SNy HORTHTGEKPYKCPECGKSFS

IR HORTHTGEKPYKCPECGKSF SIeIRUHORTHTGEKPYKCPECGKSF SN ARUIHORTH
TGKKTSGQAGQ

>7ZFR-2 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IMERIMAGHEA
AARNKGRIJ§GRPPKSGTGEKPYKCPECGKSF SN @RULHORTHTGEKPYKCPECGKSF SV
IRSYHORTHTGEKPYKCPECGKSF SRR IHORTHTGEKPYKCPECGKSF SN @AUIHORTH
TGKKTSGQAGQ

>ZFR-3 Left
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIEEREMAGE&
AARNKGRIJEGRPPKSGTGEKPYKCPECGKSF SIlNe iR HORTHTGEKPYKCPECGKSF S[pige):
IR HORTHTGEKPYKCPECGKSF S[OEfRJHORTHTGEKP YKCPECGKSF St st  HORTH
TGKKTSGOAGQ

>7FR-3 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IEREMAG
AARNKGRIeGRPPKSGTGEKPYKCPECGKSF SN HORTHTGEKPYKCPECGKSFS
NHQRTHTGEKPYKCPECGKSFS YHORTHTGEKPYKCPECGKSF S8R\ HORTH
TGKKTSGQAGQ

>7ZFR-4 Left
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IEREMAG
AARNKGRMGRPPKSGTGEKPYKCPECGKSFS YAHORTHTGEKPYKCPECGKSES
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ﬂﬁEHQRTHTGEKPYKCPECGKSFSTTGNLT HORTHTGEKPYKCPECGKSF S[@¥%:V:IHHNHORTH
TGKKTSGQAGQ

>7FR-4 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIﬂEREMAG
AARNKGRBEGRPPKSGTGEKPYKCPECGKSFSQRANL"HQRTHTGEKPYKCPECGKSFS
ﬂﬁaHQRTHTGEKPYKCPECGKSFSQLAHL"HQRTHTGEKPYKCPECGKSFSQRAHLE‘HQRTH
TGKKTSGQAGQ

>7ZFR-5 Left
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IERMAG
AARNKGRINGRPPKSGTGEKPYKCPECGKSF SIIINARYHORTHTGEKPYKCPECGKSFS

I HORTHTGEKPYKCPECGKSF S[QBNRIAHORTHTGEKPYKCPECGKSF SV HORTH
TGKKTSGQOAGQ

>7ZFR-5 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIEREMAG
AARNKGRIEeGRPPKSGTGEKPYKCPECGKSF SEsIeSIAYIHORTHTGEKPYKCPECGKSF'S
EMEHQRTHTGEKPYKCPECGKSFSQSGDLR'HQRTHTGEKPYKCPECGKSFSTSGELV'HQRTH
TGKKTSGQAGQ

>7ZFR-6 Left
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTE%EEE
ﬁNKGRIMGRPEKSGTGEKPYKCPECGKSFSHQRTHTGEKPYKCPECGKSFS

NHORTHTGEKPYKCPECGKSFS)Je:iRHORTHTGEKPYKCPECGKSF SPEIeIUBNUHORTH
TGKKTSGQAGQ

>7ZFR-6 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELI!EREMAG
AARNKGRBEGRPPKSGTGEKPYKCPECGKSFSQRAHLE'HQRTHTGEKPYKCPECGKSFS
ﬂﬁﬁHQRTHTGEKPYKCPECGKSFSDSGNLR HORTHTGEKPYKCPECGKSF S[OSISINIRNHORTH
TGKKTSGQAGQ

>7ZFR-7 Left
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTMAGE%
AARNKGRI§GRPPKSGTGEKPYKCPECGKSF Szt ey HORTHTGEKPYKCPECGKSFS
IBRYHORTHTGEKPYKCPECGKSF SR HORTHTGEKPYKCPECGKSF SN UAUIHORTH
TGKKTSGQAGQ

>7ZFR-7 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTMAGEA
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AARNKGRIJJGRPPKSGTGEKPYKCPECGKSF SN @A HORTHTGEKP YKCPECGKSF S[jiying]
IBS\YJHORTHTGEKPYKCPECGKSF SR IR HORTHTGEKPYKCPECGKSF SIt0: i\ HORTH
TGKKTSGQAGQ

>7ZFR-8 Left
MLIGYVRVSTNDQNTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMEREL IERIMAG
AARNKGRGRPPKSGTGEKPYKCPECGKSFSHQRTHTGEKPYKCPECGKSFS&
I HORTHTGEKPYKCPECGKSFSNARUIHORTHTGEKPYKCPECGKSF SIS VROV HORTH
TGKKTSGQAGQ

>7ZFR-8 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIEEREMAG
AARNKGRIEEGRPPKSGTGEKPYKCPECGKSF SIRIIHRHNYHORTHTGEKPYKCPECGKSFS
EMEHQRTHTGEKPYKCPECGKSFSQSSSLV'HQRTHTGEKPYKCPECGKSFSTTGNLT HORTH
TGKKTSGQAGQ

>7FR-9 Left
MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLD
RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIﬂERﬁMAGEﬁ
AARNKGREUGRPPKSGTGEKPYKCPECGKSF SINe iR HORTHTGEKPYKCPECGKSFS
INHORTHTGEKPYKCPECGKSF SN ARy HORTHTGEKPYKCPECGKSF S IMIAHORTH
TGKKTSGQAGQ

>7FR-9 Right
MLIGYVRVSTNDONTDLORNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLOQKGDTLVVWKLD

RLGRSMKHLISLVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTEAG
NKGRIMGRPEKSGTGEKPYKCPECGKSFSDPGALV'HQRTHTGEKPYKCPECGKSFS
HORTHTGEKPYKCPECGKSF S@FIRVAHORTHTGEKPYKCPECGKSF S[O)%Win¥\HORTH

TGKKTSGQAGQ

Arm region mutations are highlighted red. Specificity-determining a-helical zinc-finger residues
are highlighted green.
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Supplementary Notes

The total number of 20-bp core sequences that can be targeted by each possible combination of
Gin catalytic domain heterodimers was calculated as the product of the consensus sequence: 5°-
NNNNAAABNWWNVTTTNNNN-3’, where N: A, T, CorG,B: T, Cor G, V: A, C or G and
W: A or T. This value was determined to be 3.77 x 10’.

To determine the frequency of a 44-bp ZFR target site occurring randomly in the human genome,
we first divided the total number of possible 44-bp ZFR targets sites based on our archive of 45
pre-selected zinc-finger modules (3-5) (6.33 x 10*°) with the total number of unique base
combinations possible across this region (3.094 x 10%°). This relative frequency (1.606 x 10
was then multiplied by one haploid human genome (3.1 x 10° bp). The total number of ZFR
target sites was thus determined to be 4,980.

We next estimated the overall frequency by dividing one haploid human genome (3.1 x 10° bp)
with the total number of possible ZFR targets (4,980). By this calculation, one potential ZFR
target site was predicted to occur approximately once every 620,000 bp of random sequence.

We note that by expanding the sequence constraints at the dinucleotide core to include all base
combinations except those that are SS (S: C or G), the total number of ‘targetable’ 20-bp core
sequences can be increased to ~1.1 x 10%. Using this value, we estimate that one potential ZFR
target site is predicted to occur in the human genome approximately once every 160,000 bp of
random sequence.
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