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SERINE RECOMBINASES
CROSS-REFERENCE TO RELATED APPLICATIONS

[081] This apphication claims the benefit of ULS. Provisional Application Nos. 63/275,288, filed
November 3, 2021, 63/322,712, filed March 23, 2022, and 63/400,868, filed August 25, 2022,

the contents of which are herein incorporated by reference in their entirety.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[082] This invention was made with government support under Grant Nambers OD021369 and
Al148623 awarded by the National Institutes of Health. The government has certain rights in the

mvention.
SEQUENCE LISTING STATEMENT

[083] The contents of the electronic sequence listing titled 39817_601_SequenceListing.xml
{Size: 3,888,144 bytes; and Date of Creation: November 3, 2022} s herein incorporated by

reference 1n its entirety.
FIELD

{84] The present invention relates to serine recombinases and methods of identification and

use thereof.
BACKGROUND

(051 Despite recent advances in genome engineering, there remains a need for an efficient
method to stably integrate multi-kilobase DNA cargos in human and other eukarvotic cells.
Large serine recombinases {(LSRs), such as BxB1 and ®C31, have evolved to perform this task
iy muicrobial cells, but the previously characterized LSRs have several limitations not suited for
use in genome engineering of eukaryotic cells. Directed eveolution and protein engineering efforts
have not yet successfully transformed these limited candidates into ideal molecular tools. New
recombinases and methods of identifying the new recombinases are needed to expand the

available tools for genetic engineering.
SUMMARY

[396] Provided herein are systems for DNA modification. In select embodiments, the system is

a ceil free system.



WO 2023/081762 PCT/US2022/079227

(0871 In some embodiments, the systems comprise a polypeptide comprising a recombinase
having an amino acid seguence having at least 70% identity to any of SEQ ID NOs: 1-74, active
fragments thereot, or a nucleic acid encoding thereof. In some ernbodiments, the recombinase
has an amino acid sequence having at least 70% identity to any of SEQ ID NQs: 2, 6, 10, 12, 1§,
19, 26, 29, 61, 65, or 66. In certain embodiments, the recombinase has an amino acid sequence of
SEQID NGs: 2,6, 10, 12, 18, 19, 26, 29, 61, 65, or 66.
[088] In some embodiments, the systems a polypeptide comprising a recombinase having an
amino acid sequence with at least 70% identity to one or more of the following:
1) X1aX2aX3aX 42X 52 K62 X728 82492 X 102 X1 12X 122X 132X 145 K 1525 1628 1TaX 182K 102X 20a A 21aX22a
X232 X24a X252 X 2628272 X 282 X202 X 502X 314X 322X 33X 340, Wherein:
XnisAELL S, TV, or Y,
Ko isADE G K QR S orT
Xeais Eor G
Xeais A, C,F, L, M, or vV,
XimisAF,LL M, T, o1V
Xizgis FLH, L L, M, N,orV;
Xisis AL G S, or V),
Xisais A, D LL, S, T, o0V,
Ximsis A, G,or §;
Xonais KOR, S, or vV,
Xomis AR E G E, NS o T,
Xoads AV E, LK, M, NG S, or T
Xouasis F, L L, M, S, or T,
Xasads I E, L5, or 'V,
Xomis E, N, Q, or K;
Xanis AV H LK, LM, N QR 5, o V
Ko AVE, GOH K LM N, G, R, S, or ¥V, and
Kaa, Kda, K5a, Aa, 2892, Alla, 2122, K163, 25180, 24180, 202, 5250, K585, 2280, 2302, 31,
and X3, are each individually selected from any amino acid;
2) K XonXsnXKanX 56X 602075 Keb X 0b 8 1064 1 152125751 305 14b7% 1 5555166251 Tb 2% 18h, Wherein
Kinis AG, or 1}

o
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Xomis DL E, GNP S, T or V;

Xwis D, G N, Q,or §;

Xwis A HON, QR T, V,ory,

Xevis A, D E,H,LL PLQ R T or Y,

Xmis A, DLE Q o K

Xewis F, L K, orL;

Ximis D, E,F, GN, QR ST, or V;

Xiwis A,LL S, T, or vV,

Ximis DE LK LN QRS T, orV;

Xisnis A, D EL KM N, R S, T or Vs

Xmis A, G R, S, or T

Xiswis A, D E K L, Q R, or T and

Kisnis A, L, M, or V; and

Hsp, Ko, Kish, and Xy are each individually selected from any amino acid;
3} X5 oXoeX3eKae Xse Koo X7e X e Koo X100 1 10X126 K1 1 HE X6 X 17 KK 90 X 200 X 216X 02
KaeXoaeKoseXaee, wherein;

Xiels A, F,LLLM N, S, or Y,

Xacis A, L B, M, S, or V;

Keacts A F, G LL M, orV;

XieisQ R, o'

Kiwcis A, G, or §;

Xneis B E G N, Q,or §;

Kieis A,H K,N, R, S, T,or vV,

JowisL M, R or Y,

Kocis A, LN, 5, T, orV,

XoneisAE R LK LN R T orV,;

Koseis AVF, HLLL N, Q, 5, T, or Y,

Joais ALL MN RS, TV, orY, and

Koey Kae, Kse, X7¢, Kse, Koe, Xize, K16, Kige, Xage, and Xoqe are each individually

selected from any amino acid;
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4) X1aX0aX34X a9 X5aX6a X7 XX 0aX 106X 1 1aX 124X 130X 140X 150 X 164X 170X 158X 194 X004
K1 X22aX 236X 240 X254 X 2sa X 270X 08g, Wherein:

XuisBE, KN, T, G S, LD, VAR o P,

Kais EH LT, G S5 LDV A orP;

Xuais M LT, 5, L, VA RorP;

Xsais E, KON LT, G 8. D, Q VAR orP;

Xeais B, G, 5, D, A R, or P,

XrgisL L, DA orR;

Xsais MO H, K, T,L,V,Q, DA or R,

Xogis E, KCLT, G5, L, 0,0, V, or A

Xiis B, K, H, D, Q, VA or R

Xais MLOH, LS, LV, QA or K,

Kigis Q, E, KON, M, S, L, DV A or R

Xugis B, KCH, G S, LD, QA or K

Kuais E, Y, KON LH LV, or A

Xisats B, KCL T, G5, L0, QA or Ry

Xiais B, K, HT,G,D, QA or R;

Xioals QL B, KN, T, G, 5, D, V, A, or R;

XKooais QG E KN, TG, 8V, DA or K,

JowisL S, W, L,V F,A orR;

Kooais G, E, M, T, G, 8, LV, D, or A

Xogis E, KN LTG5 BLA R, o P

Xouagis B, M, L L, D, Q, or A

Josais BE, Y, L L, V,F A or R

Kosais E, M, T, G, S, L, DV, Al or R

XomisE, KNG S, LD, QA or R

Xoagis G E G, V, D, A R or P and

Xag, Xisa, and Xigq are each individually selected from any amino acid;
5) XieXoeXgeXgeXseXeeX7e Xse Xoe X 100X 11X 12 Xi3e X 14e X 15: X 16 X 17e X 180, Wherein:

Xieis A EH KN QR o,

Koets A, BEF,GGH KM, N, QR S, W, orY;
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X318 E, F,orY;

XaelsF H, LW, orY:

XeelS AL E F LKL M N QR S, T,oryY;

XreisF,LQ, S, T, orV;

Xeels AG K, LN R S, T or Vv,

Xoets A, D ELH, KON, QR T, orY;

Xieis LN, Q, or R;

Xieis F,LL, M, Q,or S;

Xiuaeis A, G, K, N, or 5

Xiseis KLM,Q, R, 5, T,or V;

XirelsAE G K, M N S, T, orY; and

Ko, Xile, Mide, Kise, and X7 ave each individually selected from any amino acid;
6} W XXX arXse XXX s XorX 106X 16X X 302 e X 56X el X e eXaoeX 002X 011X oo Xoag,
wherein:

Kuts A EHNRK S T, oV,

Xaris A, G, N, 5, or T

Kspis F, G, LML N, Q8 T, or 'V,

Xeris L L, P, or V;

XugisLL, T, orV:

X A, C G M, QR S, 0r T

Kigsis LL, V, or 'Y,

Ximis DLE,H N, Q or 5,

Kooeis B, H,LLL M, L, R or T;

ouwis AE R H L N P orY,

Koopts O, F, HLEKG MU N, Q R, T or Y,

Xowis LEF LK LN QR S, T orV,; and

Kag, X7e, Xsr, Xiof, X11r, 126, X136, 2156, and Xyorare each individually selected from
any amino acid;
Ty XigXopXagXag XseEX7eX3pXog X10p X 115X 12 R X145 X155 K16 X 175 X185 X 10 X020, X021,
wherein:

Xigis A, G LN, S, TorV;
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Xagis A, L or S5

Ksgis F,LL, M,orY:

Xrgislor R

Kiggis D, L L, or T}

Kigis AE LK, M, 3, 0orS;

Xugis L, T, or V;

Xiggis A, D, G, R, S, or T

Xiggis FLK L, M, or Y,

Xiggis A ELH LK LM, N, QR V, W, orY;

Xowis AL K L, M, orR; and

Kog, Kag, Ksg, Kog, Xitg, Xi5g, S17g, and Xogg are each individually selected from
any aroino acid;
8 Kih X X3k an b Shoaehot Th Ssh O s 0h A | 1h, WhHerein:

XmisForY,

Xmis D E K, G, or S,

Xawis B, K, L, M, or

Kanis K, L, or R;

Xamis K, Lot Vs

Kmis GorN;

Xamis DV E HLK, L, M, or R;

Konis Sor T

Xinis F,HLLQ, 8, T,V, or Wi and

Ken and X o are each individeally selected from any amino acid;
9 KXo XaiXai XsiX o X7 XoiXao X 18 X 3i:Xaai X 15: X 16X 17X 80X 0 XooX 21X
KoziXonXosiXoeiXom, wherein:

XuisL L, orV;

Kaypis ADF HLL L MON, (3,8, V,or Y,

Xmis A, G, or 5

Xigis D ELLEK, NQ R or §;

Xiuis Bor (3

Xisiis Aor K
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Xigis A, Q, R, or §;
KigiisL, M, or B
Ximis LG R, S, orV;
Xois A, D E, G H L, R or S:
Xomis ALKON, QS T, o vV,
Xoziis AH, KR, W, orY,
Xomis A GOH, LK QR S, or'T
Xomis OO H, LK LR or V; and
Ko, Kai, Ksi, Kai, K7i, Ko, Ki3i, X140, 217, 5005, %041, and Xog are each individually
selected from any amino acid;
FOY RX XX 4 W, wherein:
Xojis L, M, Q, ot R;
Xgiis A, N, or 5; and
Xyt NP, S, or T,
1) XX X X g Xok Xeksrotast, wherein:
XixisL L, orv,
Xuxis Aor 'V,
Xaxis ALFH LL, Q W, ot Y
Kseis L, M, or V,
XuwisE, L, Q, or T
XKexis A, L or V; and
Xay and Xex are each individaally selected from any amino acid;
12} RMa XX XX XX XoX o XX 13, wherein
o DL KN R S, orVY,
XKais A, DE F G K P, Q,or S
Xas A E LK L S, T orV:
Xs118 any aming acid;
XaisF, G, LL N, orV;
Xnis AF,LL QR V,orY,
Xais B E,LL MN, Q, 5, T,orV;
XaqisD,ELF,LLM Q T,V or Y,



WO 2023/081762 PCT/US2022/079227

Xmis LK, LR, orV:
Xipis D E KN, Q, or K
Xmis 2 E LK LN, Q W, orY, and
Xiznis ForL; and
13} KimXomXom XamXsmXomX 7m Xem X om X iom X 11m X 12m X 13m X 14m X1 smX 16mX 1 7mX18m
KiomXo0mX2imX 22mX 23mXodm, Wherein:
Ximis AELF,LL M N Q S5, T.V,or Y,
Xomis ALF, G LL M, R 5, T, or V;
Kemis A, DEF G H L MNS or T
Xomis D, M, N, or §;
Xiomis B, E, or (J;
Ximis O FH LTV, or 'Y,
Kunis A E, K LR or'Y;
Ximmis A, L, or S
Xiomis B, E, KN, Q, R, or §;
Xoomis G, LM, Q R, T, ot V;
Xomis B, H, K, N, (3, or R;
Xomis A, G, LL NS T, ory;
Koamis F, H, L, KL, MO N, Q, V, W, or Y3 and
X'}m,« X;‘,m, Xfim, X'/m; XSm, X3 1m, Xl'j‘m, X1 51, Xi(v‘m, Xl?’im, and X’/,"/,‘m, are each
individually selected from any amino acid,
or active fragments thereotf, or a nucleic acid encoding thereof; and
a first polynucleotide comprising a donor recognition sequence {or the recombinase.
[089] In some embodiments, the systems comprise a polypeptide comprising a recombinase
having an amino acid sequence having at least 70% identity to SEQ 1D NOs: 88-1183.
{0101 The systerns may further comprise a first polynucleotide comprising a donor recognition
sequence for the recombinase. In some embodiments, the donor recognition sequence comprises
a donor attachment site configured to bind the recombinase. Recognition sites are polynucleotide
sequences that comprise any and all sequence elements facilitating recognition by the
recombinase enzyme. Attachment sites are those specific polynucieotide seguences that where

recombination OCCurs.
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[0i1] In some embodiments, the first polynuciestide further comprises a cargo DNA sequence,
which is a polynucleotide that is (0 be delivered or inserted into a target sequence. The cargo
DNA sequence may be greater than | kilobase pair {e.g., greater than 2 kilobase pairs, greater
than 4 kilobase pairs, greater than 6 kilobase pairs, greater than & kilobase pairs, greater than 10
kilobase pairs, greater than 15 kilobase pairs, greater than 20 kilobase pairs, or more}. In select
embodiments, the cargo DNA seqguence is greater than 5 kilobase pairs.
(6121 In some embodiments, the first polynucleotide further comprises a recipient recognition
sequence for the recombinase. In some embodiments, the system further comprises a second
polvnucleotide comprising a recipient recognition sequence for the recombinase. In some
embodiments, the recipient recognition sequence comprises a recipient attachrnent sequence
configured to bind to the recombinase,
(0131 In soroe embodiments, the dovor recognition sequence, the recipient recognition
sequence, or both are pseudo-recognition sequences. Pseudo-recognition sequences” or
“pseudosites” refer to a recognition sequences which is not necessarily that which is the native
recognition sequence for a given recombinase but rather is sufficient to promote recombination.
[814] Also provided herein are compositions and cells comprising the disclosed system. In
some embodiments, the cell is a enkaryotic cell.
[015] Further provided herein are methods for altering a target DNA.
[6i6] In some embodiments, the methods comprise contacting the target DNA with a
polypeptide comprising a recombinase having an amino acid sequence having at least 70%
identity to any of SEQ ID NOs: 1-74, active fragments thereof, or a nucleic acid encoding
thereof. In soroe embodiments, the recormbinase has an amino acid sequence having at least 70%
identity to any of SEQ ID NOs: 2, 6, 10, 12, 18, 19, 26, 29, 61, 65, or 66. In certain
embodirnents, the recornbinase has an amino acid sequence of SEQ ID NOs: 2,6, 10, 12, 18, 19,
26, 29, 61, 65, or 66.
(0171 In soroe embodiments, the methods comprise contacting the target DNA with a
polypeptide comprising a recorabinase having an amino acid sequence with at least 70% identity
to one or more of the following:

BY X1aX 20X 32845 K52 605705 840592 24 1 0206 1 1206 124551 3% 14a 2% 15205 16495 174 % 18 e 19006 202 K21a-%708
K232 K 24028250 K060 R0 Ta e 28000 290530283 1a w32k 120 X 345, WHETEIR

Kais A E LL S T,V,ory,

W
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Xnis A,DE G K QR S, orT

Ksais B or (3;

Xaais A C F, LM, or 'V,

Kimis A,F, LL M, T, or V;

XinisF HLL L, M, N, or v,

Xiais A, G, 5, 0r V;

Ximis ADLL S, T, or vV,

Xinais A, G, or §;

Xomis K, R, S, 0oV,

Xosais A, D E, GO KON, 5, or T,

Xomis AVE LK M NG, 5, or T,

Xosads F, LLL M, 8, 0r T,

Xoeis DV E, L, Q, S5, o1V,

Xomads B, N, Q, or R;

Kimis AL H LKL M N QR S,or vV

Xais AR G H KL M N, Q R, S, orV; and

Kia, Kaa, Xsa, K7ay K9a, Kita, Xi2a, Xisa, K183, K19a, 25208, X250, 284, S09a, 26308, A3 ia,
and X33: are each individually selected from any amimo acid;
2} XipX b K A% 4 A5h0% 5 Th e Bh S Gh I 1 0 o 1 1h % 1 2025 1365 1405 15b 2% 1602% 175 18h, WheTein

Xiwis AG, or;

XKowisDLE. G, N,P, S, T, or vV,

Xais DG N, orS;

XKapis A, HLN, Q,R, T, V,or Y,

Xewis AV E H LL P, QR T or Y,

Xmis A, D E, Q, or R;

XamisF, L K, orL;

KiwisDLE F, G N QR 8 T,orv;

Ximis ALLL S, TLor v,

KimisD,ELLK LN, QR 8, T,orv;

Ximis A,DE, KM N R S, T,or Vs

Xinis A, G, QR S, o T

10
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Xigmis A, D E K L QR or T; and

Kispis A, L, M, or V; and

Ksn, Kob, X156, and X7 are each individually selected from any amino acid;
3y XX Xae XacX5cX6e X7 Ko Xoc X 10681 10X12¢ X33 ES X 16X 17 KX 19c X one K21 X 220
X3 X 04 Kose Xose, Wherein:

Xicts A, D, F,LL, M, N, S, orY;

Xeeis ALK M, 5, orV,

Xecis A F, G, LL MorVv;

Xieis QR or'T;

Xicis A, G, or §;

Xineis D E G N, Q,or S,

Xiets A H KN R85, T, or vV,

Kotels L, M, R, or'Y;

Xoeis ALN,Q, 5, T,or Vs

Konets AVEF LK LN R, T or V;

Yoseis AL H LN, Q5 T, orY,

Koaets A, LLLM,N R, S, T, V, or Y, and

He, Ky S5c, ey Be, A8, Silc, Klbe, %19, 220, and Xaac are each individually
selected from any amino acid;
4) KigX2aX3dXKaaX 54 X6a X7 XsaX0aX 106X 113 X120 K 130X 124X 154 X160 X 170X 134 K 190X 204
KordamaX 3K 24a X050 Xosd X 274K 0sd, wherein:

Xuis E KGN T, G, 5 L,D, VAR, o P

Xogais E,EHLLT, G S, LDV, A or P

Xagts ML S, L VA RorP;

XKsais E, KGN, LT, G, S, D,V AR, or Py

Xeaais B, G, 8, D, A R or P,

X7qis L L, D, A, or R;

Xeats MU H, KT, LV, Q3D A or R

Kogis E, K, LT, GS LD, QL V, or A

Xiais B, K H. D, QL V, A or R

KuygisM,H LS LV, (3, A, or R

11
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Keais G, E, KON, M5 LD, V, A or R

Kisgis E, KCH, G5, 1L,D, QA or K

Xuais B, Y, KON, L H, LV, or A

XKisaiSE,KLT, G S, LD, QA or R,

Xiais B, KCH T, G.D, QA or R

Xigis Q E K NT,G S, D, VA orR;

Xooais G, E, KCN, TG, 5, V, D, A or R

Xowgis LS, W, LV, F, A or R;

Xomais G, E,MLT, G5, LV, D or A

Xozgis E, KK N, E T, G, 8, B, AR or Py

Xoagis B, M, L L, D, Q, or A;

Xosals BV Y, L L,V F, A orR;

Kosais E. M, TG 8L, DLV, A or R,

Yoris B, KON, G S, LD, QA or K

Xoeais QG E, G, V, D, A R, or P, and

Kag, Xisg, and Xigg are each individually selected from any amino acid;
5} K1eX2e X5 KaeKse Koo X 70X 80 X0e K 106K 1 16X 126801 3e /M 140 K 1 5e X 1605 1 Te s 8o, WhETEIT

Xiels A, DVEH KN QR or 8

Xoeis A, D EF, G H KM, N QR S, W, or 'Y,

XacisE, F,or 'Y,

Kaels F,H, L, W, orY;

Xeels A, DVEF LK LM N, QRS T,or Y,

Xieis F,LQ, S, T,or V;

Xeels A, G KL LNRKR S T, o0V,

Koeis A, B E, HLK N, QL R, T,or Y,

Xiels LN, Q, or R;

Xieis F,LL, M, Qor 5;

Xiueis A, G, K, N, or §;

Kiseis KM, 3, R, 5, T orv;

Xige I8 ALE G KM, NS, T, orY; and

Kse, Xize, M13e, Xige, and X7 are each individually selected from any amino acid;
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6} WX XarXaeXseXerX 70X s X orX 10X 1 10X 126X 130X 1a e 152X 166G X 15X 19rX00rX o1 X 22r Xoag,
wherein;

Xoris ALE,H, NSRS, T or vV

Kasis A, G, N, S, or T

Xsris F,G, LM, N, (Q, 8, T, or vV,

Xeeis L L, P, or v,

Xoris L L, T, or V;

Xuris A, C, G M, QR S, o0 T,

Xwis LL,V,orY,

Xugris D, B, HO N, QL or S5

Xowis E, HLLL M, QR or' T

Yo A EFH LN P oy,

Xoopis C,F HL KM, N, Q R, T,or Y,

Youris DVE,F, LK LN, Q R, S, T,or V; and

Kap, Xog, Xst, K108, 116 4126, %136, 56 and Xigr are each individually selected from
any aroino acid;
Ty KipKogXapXag XspEX7p X80 Kop X 10X 11X 12 R X34 X 15 K6 X 17 K18 X 109 K0 K21,
wherein:

Xigis A, G, LN, 8§, T, or vV,

Xagis A L or S;

Xsgis F,LL, M,orY:

XrgisTor R;

Xiwgis D, LL,or T}

Xizg1s AVE LK, M, QorS;

Xiugis LT, ot V;

Xiggis A, D, G R, S, 0o T

Kiggis F K L M, or Y,

Xigis AVELH LK LM, N QR V, W ory;

Xogis A, L K, L, M, orR; and

Kog, Kag, Xrg, Xog, Xilg, Ni5g, A17g, and Xogg are each individually selected from

any amino acid;
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8) XinXonXanXanXsnXenXmXanXon X 0nX11n, wherein:

XmisForY:

Xomis D, E, K, Q, or 5,

Kanis B, K, L, M, or (J;

Xmis K, L, or R;

Xspis K, L, o1 ¥V

XmisGor N;

Xenis DL E H K L, M, orR;

XonisSor T,

XimisF,H LQ S, TV, or W) and

Xen and Xion are each individually selected from any amino acid;
) XX X3iXai XX X7iX s XoiX 101X 18 X X4 X s XaeX 17X s 10 X on X 2 i X
Ko3iXoa X5 X 261X, wherein:

Xuis L L, orv,

Xuis A, DF H LL M N, Q, 5, V,orY;

Xaiis A, G, or 5,

Xwis D EELK N Q R, or &

Xiuis Bor

Xisiis Aor K;

Xisiis A, QR or §;

Xiais L, M, or R

XuoiisLL,Q R, S, orV;

XKonis A DVE, G HLQ. R, or§;

X ALKCN, QS5 T, o v

Kosis A, H, KR, W, orY;

Xosiis AV G H, LK, Q R, S, or T

Komis C,H, LK, L R, or V; and

Ko, Kai, Ksi, Keai, X7i, Ko, K13, Ki4i, K175, 2008, S04, and Xog are each individually
selected from any amino acid;
10 RX0;X 3 X4 W, wherein:

Xojis L, M, Q, or R;

14
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X3is A, N, or 5; and
XajisN, P, S, or T
1) XKoo X g X g se XeieX 7 XailF, wherein:
XuisL L, arV;
Xxis AorV,
Xxis A F, HLLL Q. W, or'Y;
Xspis L M, or V;
Xis B, L, Q,or T}
Xeawis A, L or V; and
Xz and Xey are each individually selected from any amino acid;
12} RX X aXaXaXaXnX s XaX 10X 11X 121X, wherein:
X DK N R, S, or 'V,
Xais A,DVE F G K P, Q,or S
Xais AE LK, LS, T, ory;
X118 any amino acid;
XasF, G LL N orV;
Xnis AF, LL QR V,ory;
K DVE L M N, Q, 5, T, or V;
XaisDEF,LLLM Q T,V oY,
XsLE, LR, orV:
Xinis D E, K, N, Q, or R,
Xintis DVEF K LN Q. W, orY; and
Kisis Forl; and
13) Kin2omXomXam XsmXom X 7mXsmX om X 10mX 11m XK 12m X 13m X 14m K smX 16m X 1 7mX18m
KomA20m K2 22 m A 3meh 2dm, Wherein:
Ximis A,EF, LLMN, Q5 T, V,or Y,
KomiSAF, G LEL MR S, T, or V;
Xemis A, D E F G H L M, N, S, or T
Komis D, M, N, or §;
Xiomis D, E, or (:
XoomisC,F, H L, T, V,or Y;
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Xumis AE, K LR orY:

Ximis A, L, or §;

Ximis DL E KON, QR orS;

Keomis G, LM, QR T, orV;

omis D H KN, G, or R,

Xoamis A, G, LL N, S, T or V)

Xoamis F, H, L K, L, MU N, 2, V, W, or Y1 and

X3m, X/-irn, XSm, X'?in, XSin, X 1, Xizm, Xi5m, Xlém-, XlSm, and Xﬂm, are each

mndividually selected from any amino acid,
or active fragments thereof, or a nucieic acid encoding thereof.

[018] In some embodiments, the methods comprise contacting the target DNA with a
polypeptide comprising a recombinase having an amino acid sequence having at least 70%
identity to any of SE(Q TD NOs: 88-1183, active fragroents thereof, or a nucleic acid encoding
thereof.
[019] In some erobodiments, the target DNA comprises a donor recoguition sequence, a
recipient recognition sequence, or both. In certain emnbodiments, the target DNA comprises a
recipient attachment sequence configured to bind o the recombinase.
[828] In soroe embodunents, the method further comprises contacting the target DNA with a
first polynucleotide comprising a donor recognition seqguence for the recornbinase.
[121] In some embodiments, the first polynucleotide further comprises a cargo DNA sequence.
The cargo DNA seguence may be greater than 1 kilobase pair {e.g., greater than 2 kilobase pairs,
greater than 4 kilobase pairs, greater than 6 kilobase pairs, greater than 8§ kilobase pairs, greater
than 10 kilobase pairs, greater than 15 kilobase pairs, greater than 20 kilobase pairs, or more). In
select embodiments, the cargo DNA sequence 1s greater than 5 kilobase pairs.
(6221 In some embodiments, the donor recognition seguence, the recipient recognition
sequence, or both are pseudo-recognition sequences.
(6231 In some embodiments, the target DNA sequence encodes a gene product. In certain
embodiments, the target DNA sequence is a genomic DNA sequence.
[624] In some embodiments, the target DNA is in a cell. In certain embodiments, the cell is a

eukaryotic cell {e.g., a human or plant cell}. In certain embodiments, the cell is a prokaryotic ceil.

&
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(0251 In some embodiments, the contacting comprises introducing one or more components of
the system into the cell. In some embodiments, the recombinase, or the nucleic acid encoding
thereof, is introduced into the cell before, concurrently with, or after the introduction of the
donor polynucleotide.

[026] In some embodiments, introducing into the cell comprises administering one or more
components of the system o a subject {e.g., a human). In certain embodiments, the administering
comprises in vivo administration. In certain embodiments, the administering comprises
transplantation of ex vive treated cells comprising one or more components of the system.

(8271 Other aspects and embodiments of the disclosure will be apparent in light of the

following detailed description.
BRIEF DESCRIFTION OF THE DRAWINGS

[028] FIGS. 1 A-1H show the systematic identification of thousands of recombinases and their
predicted attachment sites for site-specific and multi-targeting/transposabie clades. FIG. 1A is a
schematic of a of computational workflow to dentify L.5KRs and attachment sites. Briefly, protein
sequences contained in RefSeq and GenBank bacterial isolate genomes were searched to identify
sequences containing a “Recombinase” (PFU7508) domain. Genormes that contained such a
protein were compared with genomes that lacked this protein to determine if the recombinase
resided on an integrated mohile genetic elervent. Ouee the boundaries of this MGE were
identified, the original attachment sites were reconstituted by inspecting the sequences flanking
these boundaries. This workflow was an extension of previous smaller scale computational
methods (Yang et al. 2014 Nat Methods. 1I(12): 12611266, incorporated herein by reference in
its entirety). FIG. 1B is a phylogenetic tree of the amino acid sequences of representatives of
LSR families annotated according to predicted target specificity of each LSR cluster. The figure
fegend “Unigue Integration Targets” specifies the nurnber of predicted target protein families
that each LSR cluster is found to target in the database. Families labeled with *17 were identified
using the technique described in FIG. 1{. Families Iabeled “27, 37, or “>3” were identified as
described in panel FIG. IF. A prominent multi-targeting clade is apparent in the top right portion
ot the phylogenetic tree shown here. The size of each point indicates the number of unigue
sequences found in each L3R cluster. FIG. 1C is a schematic of an exemplary technigue to
identify site-specific LSRs. Briefly, when multiple LSR clusters {clustered at 50% identity)
integrate into a single gene cluster {clustered at 50% identity), then all L3R families are
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considered site-specific. The typical domain architecture of a site-specific LSR is shown on the
right, including the Resolvase {green), Recombinase {red}, and the Recombinase zinc beta ribbon
domain (purple). FIG. 1D is an exemplary observed network of predicted site-specific LSRs.
Fach node indicates either an LSR cluster {red)} or a target protein cluster {(biue). Edges between
nodes indicate that at least one member of the target protein cluster was found to integrate into at
least one member of the target protein cluster. FIG. 1E is an exemplary hierarchical tree of
diverse LSK sequences that target a set of closely related attB sequences. The tree is built
according to the distance between LSRs according to the percentage of identical amino acids
after alignment. An alignment of related attB sequences, in no particular order, is shown below.
At the end of the tree, numbers indicating the attB sequences that are targeted by each LSR are
shown. The attB alignment is colored according to consensus sequence similarity, with grey
indicating a match to the consensus sequence, four unigue colors ndicating single nucleotide
nusimatches from the consensus, and black indicating alignment gaps. FIG. 1F is a schematic of
an exemplary technigue to wentify roulti-targeting LSRs. Briefly, if a single cluster of related
LARs {clustered at 90% identity) integrate into muitiple diverse target protein families {clustered
at 30% ideuntity), then the LSR chuster is considered multi-targeting. The typical domain
architecture of a multi-targeting LSR, which mcludes the addition of a domain of unknown
function (yellow; DUF4368), is shown oun the right. FIG. 1G is an exemplary observed network
of predicted roulti-targeting LSRs. Node colors and sizes are the same as in FIG. 1D, FIG. 1H s
an alignment of diverse attB sequences that are targeted by a single multi-targeting LSR. Each
target sequence is aligned with respect to the core TT dinucleotide. Showing a sequence logo
above the alignment to indicate conservation across target sites, implying the sequence
specificity of this particular LSR. The alignment is colored according to the consensus, the same
as in FIG. 1E.

[628] FIGS. 2A-2N show characterization of new landing pad L3Rs. FIG. 24 is a schematic of
an exemplary plasmid recombination assay. Cells are co-transfected with LSR-2A-GFP,
promoter-less attP-mCherry, and EFla-attB. Upon recombination, mCherry gains the EFia
promoter and is expressed. FIG. 2B is a plasmid recombination assay of predicted 1L.SRs and att
sites in HEKZ293FT cells. Shown is the fold change of mCherry mean fluorescence intensity
(MF1) of all single cells compared to Bxbl. Dots show mean, error bars show standard deviation

{n=3 transfection replicates). FIG. 2C is exemplary mCherry distributions for all three plasmids
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(LSR+attB+attP) compared to the attP-only negative control. Cells are not gated for any
transfection delivery markers. FIG. 2D is a plasmid recombination assay between all pairs of
LSR+attP and attB in K562 cells (n=1). FIG. 2ZE is a schematic of an exemplary genomic landing
pad assay. An EFla promoter, attB, and LSR are integrated into the genome of K562 cells via
low MOI lentivirus, resulting in a single copy of the landing pad per cell. Clonal cell lines are
then electroporated with the attP-mCherry donor plasmid. Upon successful integration into the
ianding pad, mCherry is expressed, and the LSR and GFP are knocked out. FIG. 2F is flow
cytometry of mCherry™ cells 11 days after donor electroporation with 1000 ng donor plasmid.
Each point 18 a different clonal K562 cell line carrying the landing pad and LSR corresponding
with the donor. Pa01 is significantly more efficient than BxB1 comparing between conditions
with donor electroporation (** = P < (.003, one-way ANOVA). FIG. 2G is flow cytometry
showing knockout of LSR-GFP and mtegration of mCherry in the same cells. Pa0l clonal
landing pad live was electroporated with donor twice to increase donor delivery, resulting 1o
>70% wCherry”® cells. FIG. 2H is flow cytormetry of mCherry™ cells 1R days after L3R and donor
co-electroporation into WT K562 cells that lack a landing pad. attD donor contains its own EFla
promoter and attD donor-only is a negative control. FIG. 21 shows genome-wide integration site
mapping by next generation sequencing to measure the percentage of reads found 1o the genoroe
outside the expected landing pad. Raw (non-anigue) reads found at off-targets are shown as a
percentage of all reads (% = P < 0.05, ove-tatled t-test). For KpO3, Bc03, and Paldl, n=2
independent clonal landing pad lines with maximal mCherry 11 days post donor electroporation.
For Bxbl, showing two technical replicates of a single clonal landing pad line with maximal
mCherry 11 days post donor electroporation. Numbers near the top of each bar indicate {Total
number of unique off-target reads) / (Total number of off-target loci). FIG. 2J is a plasnd
recombination assay of second batch of predicted LSRs and att sites in HEK293FT cells. Shown
is the fold change of mCherry mean fluorescence intensity (MF1) of all single cells compared to
Bxb1i. Dots show mean, error bars show standard deviation (n=3 transfection replicates). FIG.
2K is exemplary mCherry distmibutions for three plasmids (LSR+attB+attP), as indicated,
compared to the attP-only negative control. Cells were not gated for any transfection delivery
markers. FIG. 2L is a graph of the efficiency of promoteriess-mCherry donor integration into a
polyclonal genomic landing pad (LP) K562 cell lines, measured after 5 days (n=2 independently

transduced and then electroporated biological replicates). Asterisks show statistical significance
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for landing pad plus donor conditions compared to Bxbl {one-way ANOVA with Dunnet{’s
multiple comparisons est, * is P < 0.05, ¥%% is P < 0.001, *%%*% 15 P < 0.0001, n.s. is not
significant). FI1G. 2M shows donor plasmid integration into clonal landing pad cell lines
electroporated with 1000 ng donor plasmid (10 days after electroporation, left) or 3000 ng donor
plasmid (11 days after electroporation, right}. 1000 ng Pa0l is significantly more efficient than
1000 ng Bxbl comparing between conditions with donor electroporation (P < 0.005, one-way
ANGVA, n=3 clonal cell lines for Pa0l and n=4 clonal cell lines for others at 1000 ng dose with
one electroporation per clone, and n=2 clounal cell lines per L8R at 3000 ng dose with two
electroporation replicates per clone, error = s.c.m.). Dots on the left show individual clones, dots
on the right show electroporation replicates and each individual clone is separately vertically
aligned. FIG. 2N shows representative mCherry distributions for three plasmids
(LSR-+attB-+attP), as indicated, compared to the attP-only negative control.

[838] FIGS. 3A-3K show genome-targeting LSRs can integrate into the human genome at
predicted target sites. FIG. 3A 18 a schematic representation of computational strategy to identify
were searched against the human genome using BLAST. The attachroent site that best matched
the human genorme would be renamed the attA{cceptor), and the human genorne target site
would be renamed the attH(uman). The attachment site that did not match the genome would
hecome the attD{onor). FIG. 3B is BLAST hits of attB/P sites that are homologous o sequences
i the human genome. Attachment sites for quality-countrolled L3R predictions were searched
against the human genome using BLAST. Showing all hits that meet E < 0.01. Showing four
candidates 1n red that were later shown experimentally to integrate at the predicted target site in
the integration site mapping assay. Showing 22 autosomal chromosomes, starting with
chromosome | in dark blue on the left, and alternating colors with light blae every other
chromosome. FIG. 3C is plasmid recombination assay results for LSRs with predicted
pseudosites using cognate predicted attachment sites. Candidates shown in red are considered
active LSRs with predicted pseudosites (one-tatled t-test, P < 8.05), while candidates in grey are
candidates with predicted pseudosites that are considered inactive (P > 0.05). Highlighting
controls and candidates that were validated in the integration site mapping assay. Several of
these candidates did not meet quality control filters overall, but were selected due to high

similarity between their attachment sites and the human genome. An analysis of how validation
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rate changes according to candidate guality is shown in FIG. 4A. FIG. 3D shows the BLAST
alignments of the microbial attachment sites {attA} to the predicted human attachment sites
(attH) for three candidates (SE( 1D NOs: 3494-3499 for attA and attH for Sp536, P8, and Enc3,
respectively). The attA is shown on the top of each alignment, while the attH is shown on the
bottom. FIG. 3E is graphs of the resulis of integration site mapping experiment to determine true
integration at predicted target sites. Integration sites are ranked according to the number of
unigue reads found at each site. For Sp36 and P8O, the locus with the most reads corresponded
to the predicted locus. For Enc3, the predicted locus was not the most frequently targeted locus,
but was still validated as a true integration site. F1G. 3F shows reads that align (in the forward
direction {red) and those aligning in the reverse direction (blue}, with a black line connected
paired reads) to the integration sites for P80 in the human genome, showing the predicted target
site. FIG. 3G is a graph of huran mtegration assay results of the top candidate from the most
recent batch of LSR candidates. While on-target integration was able to be detected for previous
genome-targeting candidates, the overall integration efficiency still remains guite low. A new set
of predicted genorme-targeting candidates, and Du29 and Vp82 emerged as a top candidates, with
4.5% (+/- 0.13%) and 2.52% (+/- 0.004%) corrected integration efficiency, respectively. PhiC31
i5 a previously known genome targeting LSR used as a control, although its efficiency is below
the limit of detection (~1% of cells). Bars are mean, dots are individual transfections. Error = s.d.
(*=P< .05, one-tailed t-test). FIG. 3H shows integration site mapping results for Du2%, and Vp8§2.
Top 3 targeted human genome sites are labeled 1o each panel. The most commonly targeted site
for Dn29 accounts for ~17% of detected reads, suggesting that this candidate has as favorable
mwix of efficiency and specificity. FIG. 31 shows target site motif of the top 25 human genome
target sites for genome-targeting candidate Dn29. attA sites are SE(Q 1D NOs: 3500-3503 top to
bottom. FIG. 3] shows target site motif of the top 25 human genome target sites for genome-
targeting candidate Vp82. attA sites are SEQ ID NOs: 3504-3307 top to bottom. FIG. 3K show
LSR integration specificity vs. efficiency. Black points indicate integration into wild-type celis,
green points indicate integration into cells with pre-installed landing pads (FIG. 2E). Selected
LSR5 are labeled. For wild-type cells, efficiency is estimated as percent of mCherry+ cells 18
days after electroporation with an LSR and an mCherry expressing donor plasmid corrected by a
donor only control transfection. For landing pad celis, efficiency is estimated as the mean of

mCherry+ cells in all clones of Figure 20, right. To estimate specificity, UMI counts were used
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if available, otherwise uniguely mapped read counts were used, and counts were merged across
replicates. FIG. 3L shows the top three integration sites for Dn29, shown in their genomic
context. The red line indicates the exact position of integration, with introns and exons of nearby
genes in blue.

[831] FIGS. 4A-4G show multi-targeting LSKRs are highly efficient and reusable. FIG. 4A 153
graph of co-transfection of LSR Cp36 and attD-mCherry donor plasmid to K362 cells without a
ianding pad. Bxbl paired with Cp36 attD donor was used as a negative control. The dose in ng
refers to the LSR plasmid and the attD donor plasmid was delivered at a 1:1 molar ratio. FIG. 4B
is a graph of integration site mapping assay results for Cp36. An integration locus was defined in
this experiment as a detected integration of a donor cargo at a specific location. The top 500 loci
across two experiments are shown, one performed in HEK293FT celis and another performed in
K562 cells. Unigue reads result in conservative count estimates for loci with higher coverage.
The sequences of sites indicated by arrows are shown at the bottom of FIG. 4C. FIG. 4C is Cp36
target site motifs and exarople target sequences. Precise integration sites and orientations were
inferred at all loci, and nucleotide composition was calculated for the top 200 sites in the
HEK293FT and K362 experiments. The core dinucleotide is found at the center. Example
integration sites are shown below, colored according to nucleotides (SEQ 1D NOs 3508-3512).
FIG. 4D s a graph of efficiency of Cp36 vs. PiggyBac (PB) for stable delivery of mCherry donor
plasmid in K562 cells, 10 days post-transtection. The donor plasmid contains both the Cp36 auD
and the PiggvBac ITRs and Bc03 L5R 1s used as a negative countrol that lacks an attachment site
on this donor plasmid. FIG. 4E is a graph of mCherry integration efficiency of Cp36, with and
without redosing with Cp36 at day 15. FIG. 4F is a graph of wild-type K562 or Cp36-dosed
mCherry+ and puromycin-selected cells trapsfected with a second fluorescent reporter
(mTagBFP2) and analyzed by flow cytometry 13 days post-electroporation with 2000 ng of BFP
donor and an eguirnolar dose, 1600 ng, of Cp36 plasmid. Bars show the mean, dots show
replicates, error = s.e.m. {n=2 electroporation replicates). Dash shows negative control treated
with BFP donor only. Corresponding mCherry levels are shown in FIG. 11D, FIG. 4G is flow
cytometry analysis 12 days post-electroporation of both fluorescent donors and Cp36 plasmids
into K562 cells. Negative control cells were transfected with the donors and pUCI9. Error =

s.e.m. {n=2 electroporation replicates).
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[032] FIG. 5A 1s a phylogenetic tree of 1081 LSR clusters (50% identity) identified. Tips are
colored according to the phylum of bacterial host species. First heat map ring is colored
according to the number of unigue target gene clusters that each LSR cluster is predicted to
integrate into, the same as in FIG. 1B. The second ring of green annotations indicate LSKR
clusters that are predicted to contain the DUF4368 Pfam domain. Clusters for controls Bxbi and
PhiC31 are indicated in bold text, and clusters for select candidates with experimental validation
are also indicated. FIG. 5B shows the Pfam domains that are most commonly found in target
genes. BEach target gene was annotated using Pfam HMM models, and then the total number of
L.SR clusters that integrate into genes containing each Pfam domain was calculated. FIG. 5C
shows an alignment of LSK sequences that are presented in FIG. 1E. Resolvase, Recombinase,
and Zn_recomb_ribbon Pfam domains are indicated. Above each aligned amino acid position,
the height and color of each bar indicates the mean pairwise identity over all pairs in the coluron,
with green indicating 100% identity across all sequences, green-brown indicating above 30%
identity and helow [00% identity, and red indicating below 30% identity. FIG. 5D shows
exemplary predicted attB motifs. Each colurmn represents a different LSR attB motif. The first
row shows motifs that were derived from different attB sequences that were all targeted by a
single, unique LSR protein. The second row shows motifs that were detived from attB sequences
that were targeted by LSR proteins that fell into a single 90% identity cluster. The third row
shows rootifs that were derived from attB sequences that were targeted by LSR proteins that fell
nto a single 50% identity cluster. FIG. 5E is Pfam domain enrichment analysis of target genes.
Pfam domains that reach a significance cutoff of FDR < 0.3 are shown. Pfam domains are
ordered and displayed according to the -loglO(P) value of a Fisher’s exact test. Numbers pext to
each poiunt indicate the total number of target gene clusters that contain the specified domain.
FIG. 5F is gene ontology (GO) term enrichment analysis of target genes. All 6 terms that reach a
significance cutoff of FDR < 0.1 are shown. Terms are ordered and displayed according to the -
log 1{(P) value of a Fisher’s exact test. Numbers next {o each point indicate the total number of
target gene clusters that fall under the specified GO term. FIG. 5G shows distances between
target genges and the nearest phage defense gene. For each target gene that appears on a
contiguous sequence with a defense gene, the distance is calculated, and then a random gene

from the same contiguous sequence is selected as a background control. Showing boxplot with
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median, ist and 3rd quartiles, 1.5 x IQR as whiskers, and outliers as points. Wilcoxon rank-sam
test used to test for significant differences between groups.

[833] FIGS. 6A-60 show characterization of landing pad LSRs. FIG. 6A is a graph of the
efficiency of promoterless-mCherry donor integration into a genomic landing pad (LP) in K562
cells measured by flow cytometry. Landing pad and donor are the same constructs shown in FIG.
2E, but here polyclonal landing pad lines were derived by high MO{ delivery of the lentiviral
landing pad without any subseguent selection or sorting. 1.2 million K562 cells were
electroporated with 600 ng donor plasmids with attP corresponding to the LSKR and measured
after 5 days (n = 2 independently transduced and then electroporated binlogical replicates).
Asterisks show statistical significance for landing pad plus donor conditions compared to BxB1
(one-way ANOVA with Dunnett’s multiple comparisons test, * is P < 0.05, %% 15 P < 0.001,
#EEE 9 P < 0.0001, uv.s. 1s not signtficant). FIG. 6B is a graph of the stability of polycional
ianding pads expressing LSR-GFP as measured by flow cytometry over time. These cells are not
electroporated with donor and day 5 was the same day of roeasurement as for FIG. 6D (=2
independently transduced biological replicates). FIG. 6C is flow cytometry measuring oCherry”®
cells 10 days after electroporation with 2000 ng donor plasmid. Each point 1s a different clonal
K562 cell line carrying the landing pad and LSR corresponding with the donor. Error bar shows
standard deviation for conditions with multiple clones. FIG. 6D 1¢ flow cytometry measuring
mCherry™ cells 12 days after electroporation with 2000 or S000 ng donor plasmid into clonal
K562 cell lines carrying the landing pad. Error bar shows standard deviation (n=3 glectroporation
replicates shown as dots). FIG. 6E shows the minimuzation of Pall attB sequence by trimming
nucleotides from either end and using the plasmid recombination assay. Arrows indicate shortest
attB which did not disrupt recombination activity. The inferred 33 bp munimal attB as
determained by this experiment is shown between vertical lines at the bottom within SEQ ID No:
3513 shown. Colored rectangles show mean corrected mCherry MFI (n = 3 transfection
replicates in HEK293FT cells). The attB in the top rectangle extends in both directions and is the
full length attB as retrieved {rom the LSR database and used in FIGS. 2B-2C. FIG. 6F shows
minimization of Kp03 attB sequence by trimming nuclectides from both ends using the plasmid
recombination assay. The shortest tested attB was 25 nucleotides. Colored rectangles show mean
mi_herry MFI normalized to atth only MFI (n=3). The attB in the top rectangle extends in both

directions and is the full length attB as retrieved from the LSR database and used in FIGS. 2B-
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2C. The dimucleotide core, as determined by off-target integration site mapping, is shown in bold
text within SEQ ID No: 3514 shown. FIG. 6G is a graph of Kp03 dinucleotide core swapping in
plasmid recombination assay to determine the capacity to program specific matches between
donors and acceptor attachment sites by changing the core. AC is the native dinucleotide core
sequence. Values are mean + SD with n=3 transfection replicates in HEK293FT cells. FI(. 6H is
a target site motif of the top 25 human genome target sites for landing pad candidates Kp(3 (top)
and Pali (bottom). Core dinucleotides are strongly conserved among integration sites for both
candidates. FI(. 61 is a schematic of optimized integration site mapping assay, a modified
version of UdiTaS. Addition of a round of amplification using a nested donor primer is expected
to enrich for desired target-derived reads, which includes both donor-only reads and donor-
genome junction reads. FIG. 6] is a graph of the proportion of reads derived from different
sources in the integration site mapping assay. On the left, the propottions before assay
optimization, and after optimization on the right. Both runs are of Cp36 circular donor
experiroents, but in two different cell types (HEK293FT on the left, K562 oun the right). Target-
derived reads are those that coroe frora the donor only (light green) or the donor-genome
integration junction reads (dark green). FIG. 6K is flow cytometry measuring mCherry™ cells 18
days after LSR and donor co-electroporation into WT K562 celis that lack a landing pad. attD
donor contains its own BEFla promoter and attD donor-only 18 a negative control. FIG. 6L shows
the results from a plasmid recombination assay of predicted LSRs and att sites in HEKZ293FT
cells, as percentage of mCherry+ cells gated on GFP positive cells. mCherry and GFP gating is
determined based on an emipty backbone transfection. Dots show each transfection replicate,
error = s.d. {(n=3 transfection replicates). FIG. 6M is a graph of the fraction GFP+ cells in clonal
cell lines 27 days after transduction. GFP+ cells were sorted into wells as single cells (o generate
clonal lines, expanded for two weeks, measured by flow cytometry, and graded as GFP+ if the
population was >85% GFP+, suggesting a lack of transcriptional silencing. Sixteen wells were
sorted for each LSRR, and the number of wells with a live cell population at the time of flow
analysis is shown in the legend. For all LSRs, some wells were empty, possibly due to a sorting
miss or cell death. FIG. 6N is a graph of flow cytometry measuring mCherry+ cells 18 days after
1L.SR and donor co-electroporation into WT K502 cells that lack a landing pad. attD donor
contains an EF-1a promoter driving mCherry expression and attb donor transfected with a non-

matching L.SR is a negative control (* = P < 3.05, ** = P < 0.005, one-tailed t-test) {error = s.d.
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n=2 transfection replicates). FIG. 60 shows genome-wide integration site mapping by next
generation sequencing to measure the percentage of reads found in the genome outside the
expected landing pad. For Kp03, Ec03, n = 2 independent clonal landing pad lines were used,
and for Pall n = 3 clonal landing pad lines were used, with maximal mCherry 11 days post
donor electroporation. For Bxbl, three technical replicates (starting from different gDNA
aliquots) of a single clonal landing pad line with maximal mCherry 11 days post donor
electroporation are shown. Raw (non-unique) reads found at off-targets as a percentage of all
reads are shown (* = P < (.05, one-tailed t-test). Nurmbers near the top of each bar indicate the
total number of off-target loci on the left, and below in parentheses are the subset of those sites
that replicate in landing pad cell lines (left) and the subset that replicate in wild-type cell lines
(right).

(0341 FIGS. TA-TF show characterization of genome-targeting. FIG. 7A is a graph of the
proportion of LSRs that mediate significant recombination in the plasmid recombination assay
with and without apphication of quality control (QC) thresholds for LSR candidate selection. The
numbers above each bar indicate the (namber of candidates that met P < 0.05 in the plasmid
recombination assay) / (total number of tested candidates). FIG. 7B is a graph of a plasmid
recombination assay for top genome-targeting candidates using predicted autH sites. FIGS. 7C
and 7D show reads that align (o the forward direction (yed) and those aligning in the reverse
direction (blue), with a black line connected paired reads) to the integration sites for Sp36 and
Enc3, respectively, in the hurnan genome. The orientation and location of the integration changes
when using a linear donor, whereas the exact predicted integration site is targeted with a circular
donor. FIGS. 7E and 7F show the target site motifs for Dn29 and Vp82, respectively. On each
row, motits are shown with different subsets of the integration sites.

[035] FIG. BA are graphs of Cp36 miCherry donor cargo integration in K562 cells without pre-
instatlation of a landing pad or antibiotic selection utilizing both plasmid DNA and linear PCR
amplicons as the donor cargo. FIG. 8B is a graph of additional multi-targeting LSRs validated
using the pseudosite integration assay. Showing two additional candidates, PeQl and Enc9,
which are both found in the multi-targeting clade. FIG. 8C is a schematic of the integration sites
found for Cp36 using the integration site mapping assay. FIG. 8D is a schematic of a plasmid

recombination assay with swapped att sites and the results for Cp36 compared with multiple
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landing pad LSRs. FIG. §E is a schematic of an exemplary plasmid used for direct comparison of
Cp36 and PigeyBac containing both the PB inverted terminal repeats (ITRs) and the Cp36 atth.
[036] FIG. 9 is a schematic of the canonical {can.) LSR integration mechanism. Briefly, an LSR
protein (composed of three distinct domains and a coiled coil structural motif) recognizes an attP
sequence of nucleotides on a donor plasmid and an attB sequence on a target genome. Four LSR
monomers come together to catalyze recombination between the two attachment sites. This
resulis in a unidivectional reaction that forms the final integrated product.

(037} FIG. 10 shows a phylogenetic tree of identified LSRs with phylogenetic clades, which
include 2 or more experimentally active LSRs which descend from a common ancestor.

[638] FIGS. 11A-11F show multi-targeting recombinases are efficient and unidirectional
integrases. FIG. 11 A shows the correlation between read counts from the Cp36 integration site
mapping assay across HEK293FT and K562 cell lines. The top 61 shared loci, all of which are
found among the top 200 most frequently targeted sites in the two cell types are shown. The gray
band indicates the 95% counfidence interval. FIG. 1B shows enrichroent of target sites in DNase
hypersensitivity peaks for several multi-targeters. Fisher’s exact test was used to calculate
statistical significance of each enrichment. P-values and number of relevant integration sites are
shown above each relevant lane. Error bars indicate the 95% counfidence interval. FIG. 1T
shows target site motif as predicted using 33 attB sequences in the LSR-attachment site database
that are targeted by LSRs that fall i the saroe 50% amino acid identity cluster as Cp36. Method
used to construct this motif is the same as in FIGS. 1H and 5G. Schematic on the left of FIG.
11D depicts a Cp36 re-dosing experiment wherein Cp36 and an mCherry dovor are used to
generate oCherry+ cells, and then Cp36 enzyme or the empty L3R expression backbone is re-
dosed, followed by flow cytometry to measure possible excision of the mCherry cargo. FIG. 11D
on the right, shows the mean percentage of mCherry+ cells on day 18 as measured by flow
cytometry {(n=2 transfection replicates). F1G. 1 E shows delivery of the BFP donor alone. K362
cells were electroporated with 2400 ng of Cp36 plasmid and 3000 ng of BFP donor plasmid and
BFP was measured by flow cytometry after 12 days. Dash refers to unelectroporated cells, and
the Cp36- or donor-only conditions include pUC1Y stuffer plasmid so the mass delivered is
equal. Bars show mean, dots show replicates. FIG. 11F shows Cp36-dosed mCherry+ and
puromycin-selected cells analyzed by flow cytometry 13 days postelectroporation with 2000 ng

of BFP donor and an equimolar dose, 1600 ng, of Cp36 plasmid (or pUCHI stuffer plasmid).
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Bars show the mean, dots show replicates {error = s.e.m. n=2 electroporation replicates). Pash
shows unelectroporated control.

[838] FIGS. 12A-12C show post hwc identification of human genome intfegration sites using
database sequence motifs. FIs. 12A shows the performance of database-derived sequence motifs
to predict human genome integration sites as measured by ROC curve analysis. Sequence motifs
for each LSR were automatically generated from the bacterial sequence database by selecting
non-redundant (95% nucleotide identity) attB sequences of related LSR orthologs. These motifs
were then searched against true integration sites and randomly selected background sequences
using the HOMER motif analysis software. ROC curves were generated by shiding across a
relevant range of motif score cutoffs and calculating the false positive rate (x-axis) and true
positive rate {y-axis) at each cutoff. The area under the curve (AUC) was then calculated as a
single measure of predictive performance. Each ROC curve is labeled with the relevant LSR
name and the number of integration sites detected across all relevant experiments. FIG. 12B
shows distributions of normalized HOMER motif scores in experimentally observed integration
sttes (“Obs.”y vs. randomly selected background sequences (“Rand.”). Showing boxplot with
median, st and 3vd guartiles, 1.5 x IQR as whiskers, and ountliers as points. One-sided Wilcoxon
rank-sum test used to test for significant differences between groups (¥ is P < 0.01, #¥¥¥ 3 P«
0.0001, n.s. is not significant). Red points mdicate the normalized HOMER motif score for the
observed integration site with the most experimentally detected integration events relative to all
other integration sites for each L3R. FIG. 11C shows the {inal sequence motifs used to predict
human genome integration sites for each LSR. Each sequence is labeled with the relevant L3R,
the mumnber of attB seguences used to build the wotif, and the mean percentage amino acid

ideuntity of all the L.SR orthologs that were used o identify related attB sequences.
DETAILED DESCRIPTION

[040¢] Described herein are large serine recombinases (LSRas) identified along with their
cognate DNA attachment sites using a computational workflow. The LSRs were characterized
according to three separate technological applications: 1) landing-pad LSRs that can integrate
efficiently at a pre-installed integration site, 2) multi-targeting LSRs that can integrate efficiently
at many different loci in a target genome, and 3) genome-targeting LSRs that can integrate at one
or several specific target sites in a given target genome. Several candidates in all three of these
categories were validated in hursan cells. For landing-pad LSRs, many candidates were
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identified that recombined at orthogonal attachment sites at high efficiency when compared to
Bxbl, the existing gold standard. For multi-targeting LSRs, which have not previously been
developed as an integration tool in human cells, several were identified that can integrate at high
efficiency in human cell lines relative to @C31. For genome-targeting LSRs, several candidates
that integrate DNA cargos into predicted human genome target sites without pre-installation of
an attachment site were identified and validated.

[041] Recombinases have vast applications as genome engineering tools. However, efficient
genome integration of large donor sequences into the human genome is an outstanding problem
in the field of human genome engineering. One major hurdle is the cargo size limit of adeno-
associated virus (AAVY) vector, the most successful vector available for human genome
engineering, which is around 4.7 kilobase pairs (kb). CRISPR-Cas¥ can be used to introduce
double-stranded breaks at programmable locations, but when followed by homologous
recombination to introduce new DNA, the efficiency of integration decreases exponentially as
the size of the insertion ncreases, with reported maximuom insertion sizes of 3-6 kb. By contrast,
for recombinases, there is no obvious upper limit on the size of the donor DNA to be integrated,
which is a major advantage of recornbinases over other technologies.

[(342] Section headings as used in this section and the entire disclosure herein are merely for

organizational purposes and are not intended to be Hmiting.

1. Definitions

N 5?

{9431 The terms “comprise(s),” “inclhude(s),
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having,” “has,” “can,” “countain(s),” and variants
thereof, as used herein, are intended to be open-ended transitional phrases, terms, or words that
do not preclude the possibility of additional acts or structures. The singular forms “a,” “and” and
“the” include plural references unless the context clearly dictates otherwise. The present
disclosure also contemplates other embodiments “comprising,” “consisting of” and “counsisting
essentially of,)” the embodiments or elements presented herein, whether exphicitly set forth or not.
As used herein, comprising a certain seguence or a certain SEQ ID NO usually implies that at
least one copy of said sequence is present in recited peptide or polynucleotide. However, two or
more copies are also contemplated.

[644] VFor the recitation of numeric rapges herein, each intervening number there between with

the same degree of precision is explicitly contemplated. For example, for the range of 6-9, the
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numbers 7 and ¥ are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the number
6.0, 6.1,6.2,6.3,64, 6.5, 66,67, 0.8, 6.9, and 7.0 are explicitly contemplated.

[945] Unless otherwise defined herein, scientific, and technical terms used in connection with
the present disclosure shall have the meanings that are commonly understood by those of
ordinary skill in the art. The meaning and scope of the terms should be clear; in the event,
however of any latent ambiguity, definitions provided herein take precedent over any

dictionary or extrinsic definition. Further, unless otherwise required by context, singular terms
shall include pluralities and plural terms shall include the singular.

[046]  As used herein, a “nucleic acid” or a “nucleic acid seguence” refers to a polymer or
oligomer of pyrimidine and/or purine bases, preferably cytosine, thymine, and uracil, and
adenine and guanine, respectively (See Albert L. Lehninger, Principles of Biochemistry, at 793-
800 (Worth Pub. 1982)). The present technology conteroplates any deoxyribonucleotide,
ribonucleotide, or peptide nucleic acid component, and any chemical variants thereof, such as
methylated, hydroxyroethylated, or glycosylated forros of these bases, and the like. The polymers
or oligomers may be heterogenous or homogenous in coroposition and may be isolated from
natarally occurring sources or roay be artificially or synthetically produced. In addition, the
nucleic acids may be DNA or RNA, or a mixture thereof, and may exist permanently or
transitionally in single-stranded or double-stranded form, including homoduplex, heteroduplex,
and hybrid states. In some embodiments, a nucleic acid or nucleic acid sequence coraprises other
kinds of nacleic acid structures such as, for instance, a DNA/RNA helix, peptide nucleic acid
(PNA), morpholino nucleic acid (see, e.g., Braasch and Corey, Biochemistry, 41(14): 4503-4510
(2002)) and U.S. Pat. No. 3,034,506}, locked nucleic acid (LNA: see Wahlestedt et al., Proc.
Natl. Acad. Sct. U.S.A., 97: 3633-3638 (2000)), cyclohexenyl nucleic acids (see Wang, 1. Am.
Chem. Soc., 122: 85395-8602 (2000}), and/or a ribozyme. Hence, the term “nucieic acid” or
“nucleic acid sequence” may also encompass a chain comprising non-natural nucleotides,
modified nucleotides, and/or non- nucleotide building blocks that can exhibit the same function
as natural nucleotides (e.g., “nucleotide analogs™); further, the term “nucleic acid sequence” as
used herein refers to an oligonucieotide, nucleotide or polynucieotide, and fragments or portions
thereof, and to BNA or RNA of genomic or synthetic origin, which may be single or double-
stranded, and represent the sense or antisense strand. The terms “nucleic acid,” “polynuclectide,”

“nucleotide sequence,” and “oligonucleotide” are used interchangeably. They refer to a
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polymeric form of nucleotides of any length, either deoxyribonucleotides or ribonucleotides, or
analogs thereof.

(0471 A “peptide” or “polypeptide” is a linked sequence of two or more amino acids linked by
peptide bonds. The peptide or polypeptide can be natural, synthetic, or a modification or
combination of natural and synthetic. Polypeptides include proteins such as binding proteins,
receptors, and antibodies. The proteins may be modified by the addition of sugars, lipids or other
moieties not included in the amino acid chain. The terms “polypeptide” and “protein,” are used
interchangeably herein.

(048] As used herein, the term “percent sequence identity” refers to the percentage of
nucleotides or nucleotide analogs in a nucleic acid sequence, or amino acids in an amino acid
sequence, that is identical with the corresponding nucleotides or amino acids in a reference
sequence after aligning the two sequences and imtroducing gaps, if necessary, to achieve the
maximum percent identity. Hence, in case a nucleic acid according to the technology is longer
than a reference seqguence, additional nucleotides in the nucleic acid, that do not align with the
reference sequence, are not taken into account for determining sequence identity. A nurmber of
rmathematical algorithros {or obtaining the optiroal alignment and calculating identity between
two or more sequences are known and jncorporated into a number of available software
programs. Examples of such programs nclude CLUSTAL-W, T-Coffee, and ALIGN (for
alignment of nucleic acid and amino acid sequences), BLAST programs (e.g., BLAST 2.1,
BL2SEQ, and later versions thereof) and FASTA programs {e.g., FASTA3x, FAS™ and
SSEARCH) {for sequence alignment and sequence similarity searches). Sequence alignment
algorithms also are disclosed in, for example, Altschul et al., J. Molecular Biol., 215(3): 403-410
(1990, Beigert et al,, Proc. Natl. Acad. Sci. USA, 106(10): 3770-3775 (2009}, Durbin et al.,
eds., Biological Sequence Analysis: Probabilistic Models of Proteins and Nucleic Acids,
Cambridge University Press, Cambridge, UK (2009), Soding, Bioinformatics, 21{7): 951-960
(20035}, Altschul et al., Nucleic Acids Res., 25(17): 3389-3402 (1997}, and Gusfield, Algorithms
on Strings, Trees and Sequences, Cambridge University Press, Cambridge UK (1997)).

[048] The term “amino acid” or “any amino acid” as used here refers to any and ali amino
acids, including natarally occurring amino acids {2.g., a-amino acids), unnatural amino acids,
modified amino acids, and non-natural amino acids. It includes both D- and L-amino acids.

Natural amino acids include those found in nature, such as, e.g., the 23 amino acids that combine

<o
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into peptide chains o form the building-blocks of a vast array of proteins. These are primarily L
sterecispmers, although a few D-amino acids occur in bacterial envelopes and some antibiotics.
The “non-standard,” natural amino acids include, for example, pyrolysine {found in
methanogenic organisms and other eukaryotes), selenocysteine (present in many non-eukaryotes
as well as most eukaryotes), and N-formylmethionine (encoded by the start codon AUG in
bacteria, mitochondria, and chloroplasts). “Unnatural” or “non-natural” amino acids are non-
proteinogenic amino acids {(e.g., those not naturally encoded or found in the genetic code) that
either occur naturally or are chemically synthesized. Over 140 vnnatural amino acids are known
and thousands of more combinations are possible. Examples of “unnatural” amino acids include
P-amino acids (B° and B%), homo-amino acids, proline and pyruvic acid derivatives, 3-substituted
alanine derivatives, glycine derivatives, ring-substituted phenylalanine and tyrosine derivatives,
Hinear core arnino acids, diamino acids, D-amino acids, alpha-methyl amino acids and N-methy]
aroino acids. Unnatural or non-natural amiino acids also include modified amino acids.
“Moditied” araino acids include amino acids {e.g., natural amino acids) that have been
chemically modified to include a group, groups, or chemical moiety not naturally present on the
amuno acid.

(0501  For the most part, the naroes of naturally occurring and non-naturally occurring
amunocacyl residues used herein follow the naming conventions suggested by the IUPAC
Comunission on the Nomenclature of Organic Chemustry and the TUPAC-IUB Comuuission on
Biochemical Nomenclature as set out in “Nomenclature of o-Amino Acids (Recommendations,
1974y Biochemistry, 14{2}, {1975). To the extent that the names and abbreviations of amino
acids and aminoacy! residues employed in this specification and appended claims differ from
those suggestions, they will be made clear.

(0511 Throughout the present specification, unless naturally occurring amino acids are referred
to by their full name (e.g., alanine, arginine, e(c.), they are designated by their conventional
three-letter or single-letter abbreviations {e.g., Ala or A for alanine, Arg or R for arginine, atc.).
The term “L-amino acid,” as used herein, refers to the “L” isomeric form of a peptide, and
conversely the term “D-amino acid” refers to the “D isomeric form of a peptide {e.g., Dphe,
{D3Phe, D-Phe, or PF for the I isomeric form of Phenylalanine). Amino acid residues in the D
isomeric form can be substituted for any L-amino acid residue, as long as the desired function is

retained by the peptide.
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{0521 In the case of less common or non-paturally occurring amino acids, unless they are
referred to by their full name (e.g. sarcosine, ornithine, etc.}, frequently employed three- or four-
character codes are employed for residues thereof, including, Sar or Sarc (sarcosine, 1.e. N-
methylglycine), Aib (¢-aminoisobutyric acid), Dab (2,4-diaminobutanoic acid), Dapa (2,3-
diaminopropancic acid), y-Giu (y-glutamic acid), Gaba (y-aminobutanocic acid), -Pro
{pyrrolidine-3-carboxylic acid), and 8Adoe (8-amino-3,6-dioxacctancic acid}, Abu (2-amino
butyric acid), h¥ro (B-homoproline), PhPhe (B-homophenylalanine) and Bip (3.8
diphenylalanine), and Ida (yminodiacetic acid).

[053] The term “pharmaceuntically acceptable salt” in the context of the present invention

59 86

[0654] The terms “non-naturally occurring,” “engineered,” and “synthetic” are used
interchangeably and indicate the involvement of the hand of man. The terms, when referring to
nucleic acid molecules or polypeptides mean that the nucleic acid molecule or the polypeptide is
at least subhstantially free from at least one other coroponent with which they are naturally
associated in nature and as found in nature.

[OS5] A “vector” or “expression vector” is a rephicon, such as plasmid, phage, viras, or cosmid,
to which another DNA segroent, e.g., an “nsert,” muay be attached or incorporated s0 as to bring
about the replication of the attached segment in a cell.

N e

(0561 A cell has been “genetically modified,” “transformed,” or “transfected” by exogenous
DNA, e.g., a recorobinant expression vector, when sach DNA has been introduced inside the
cell. The presence of the exogenous DNA results in permanent or transient genetic change. The
transforming DNA may or may not be integrated (covalently linked) into the genome of the cell.
fn prokaryotes, yeast, and moammalian cells for example, the transforming DNA may be
maintained on an episomal element such as a plasmid. With respect to eukaryotic cells, a stably
transformed cell is one in which the transforming DNA has become integrated into a
chromosome so that it is inherited by daughter cells through chromosome replication. This
stability is demonstrated by the ability of the eukaryotic cell to establish cell lines or clones that
comprise a population of danghter cells containing the transforming DNAL A “clong” is a
population of cells derived from a single cell or common ancestor by mitosis. A “cell line” is a
clone of a primary cell that is capable of stable growth in vitro for many generations.

{0571 'The term “contacting” as used herein refers to bring or put in contact, to be in or come

into contact. The term “contact” as used herein refers (o a state or condition of touching or of
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immediate or local proximity. Contacting a system to a target destination, such as, but not limited
to, an organ, tissue, cell, or tumor, may occur by any means of administration known to the
skilled artisan.

[658] As used herein, the terms “providing,” “admuinistering,” “introducing,” are used
interchangeably herein and refer to the placement of the systems, recombinases, or nucleic acids
of the disclosure into a cell, organism, or subject by a method or route which results in at least
partial localization of the system to a desired site. The systems, recombinases, or nucleic acids
can be administered by any appropriate route which resulis in delivery to a desired location in the
cell, organism, or subject.

(0591 A “subject” or “patient” may be human or non-human and may include, for example,
animal strains or species used as “model systems” for research purposes, such a mouse model as
described herein. Likewise, patient ruay include either adults or juveniles {e.g., children).
Moreover, patient may mean any hiving orgamsi, preferably a mammal {e.g., hurnan or non-
hurnan) that may benefit from the administration of compositions contemplated herein. Examples
of mamuunals include, but are not Hmited to, any member of the Mamroalian class: humans, non-
buroan primates such as chirapanzees, and other apes and mounkey species; farm animals such as
cattle, horses, sheep, goats, swine; domestic animoals such as rabbits, dogs, and cats; laboratory
animals incloding rodents, such as rats, mice and guinea pigs, and the like. Exaroples of non-
mammals include, but are not limited to, birds, fish, and the like. In one embodiment of the
mwethods and compositions provided herein, the mammal 15 a human.

[G60] Preferred methods and materials are described below, although methods and materials
sirnilar or equivalent to those described herein can be used in practice or testing of the present
disclosure. All peblications, patent applications, patents and other references mentioned herein
are incorporated by reference in their entirety. The materials, methods, and examples disclosed
heretny are lustrative only and not intended to be hmiting.

2. Recombinase Systems

[G661] The present disclosure provides systems for DNA modification comprising: a polypeptide
comprising a recombinase {e.g., a large serige recombinase) having an amino acid sequence
having at least 70% identity {e.g., at least 75%, at least 80%, at least 853%, at least 90%, at least
95%, at least 97%, at least 9%, at least 99%, or 1% to any of SEQ 1D NGs: 1-74, or a
nucleic acid encoding thereof; and a first polynucleotide comprising a donor recognition
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sequence for the recombinase. Also provided herein are enzymatically active fragments thereof
{e.g.. C- or N-termuinal truncations or containing internal deletions, but retaining the desired
enzymatic activity). The active fragment may contain at least 20 amino acids, at least 30 amino
acids, at least 40 amino acids, at least 50 amino acids, at least 100 amino acids, or more of SEQ
1D NOs: 1-74 or sequences at least 70% identity to at least 20 amino acids, at least 30 amino
acids, at least 40 amino acids, at least 50 amino acids, at least 100 amino acids, or more of SE(Q
1D NGs: [-74. In some embodiments, the recombinase has an amino acid sequence having at
teast 70% (e.g., at least 73%, at least 80%, at least 85%, at least B0%, at least 95%, at least 97%,
at least 98%, at least 99%, or 100%) identity to any of SEQ 1D NGs: 2, 6, 10, 12, 18, 19, 26, 29,
61, 65, or 66, or an active fragment thereof. In select embodiments, the recombinase has an
arnino acid sequence of SEQ 1D NOs; 2, 6, 10, 12, 18, 19, 26, 29, 61, 65, or 66, or an active
fragment thereof.

[062] The present disclosure also provides systems for DNA moedification comprising: a
polypeptide comprising a recombinase {e.g., a large serine recombinase), or a nucleic acid
encoding thereof; and a first polynucleotide comprising a donor recognition sequence for the
recombinase, wherein the recorabinase (e.g., a large serine recornbinase) comprises one of more
of the following amino acid motifs, written in the common Prosite format, where the potential
amtino acids af any one posifion gre 1o square brackets, x is any arino acid and x{n) represents n
number of any aroino acid {e.g., x(3) is xxx or 3 consecutive amino acidsh

Mouf 1:

AEHLSTVYHADEGKOQRST]x G- EGI-x-[ACFLMV - AFILMTV }-x (- FHILMNV]-
FAGSVIHADILSTV-x-[AGS]-x (G- [ KRSV ADEGKNSTHAEIKMNQSTH FILMSTi-x-
[DELOSVHENQR}-x{4)-|AFHIKLMNQRSV|-x-[AEGHKLMNQRSV]

Mouf 2:
FAGIFIDEGNPSTV]HDGNQSHAHNQRTVY -x-[ADEHILPQRTY HADEQR - FIKL }-x-
[DEFGNQRSTVIAILSTVDEIKLNORSTVRHADEKMNRSTV]-{AGQRST)-x-
ADEKLQRT}-x-[ALMV]

Motif 3:

FADFILMNSY }x(2-[AIKMSV]-x-|AFGILMV -x G- QRTHAGS |-x-| BEGN(S|-E-S-x-
AHKNRSTVERK-x(2)EMRYHAINQSTVHAEFIKENRTV]-x-|AFHLNOSTY |-
FAILMNRSTVY]
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Motif 4:

[EKNTGSLDVARPI-EHITGSLDVAPRx-{MITSLVARPHEKNITGSDOQVARP]-
[EGSDARP-ILDAR-MHKTLYQDARHEKITGSLDOVAEKHDOVAR]-
IMHISLVQAR{QEKNMSLDVARHEKHGSLDOQARMEYKNIHEVA]-x-
[ERKITGSLDOARMEKHTGDOQAR-x-[QEKNTGSDVARJ-[QEKNTGSVDAR]-
HESWLVFARFOQEMTGSLVDAMEKNITGSDARP- EMILDQAJ{EYILVFAR}-
[EMTGSLDVARJ-[EKNGSLDQAR]-{QEGVDARP]

Motif 5:

FADEHKNORS - ADEFGHEKMNQRSWY HEFY M FHLWY |-x-{ ADEFIKLMNQRSTY]-
IFIQSTV - AGKLNRSTVHADEHKNQRTY HINQR]-FILMQS-x(2)- | AGKNS]-
IKMORSTV]-x{(2)-[AEGKMNSTY]

Mouif 6:

W-IAEHNRSTV - - [AGNSTHFGLMNQSTVHILPV () -[ILTV-x{4)- [ACGMQRS T} -x-
HLVY-G-IDEHNOSI-x-[EHILMORTHHAEFHLNPY HCFHEMNQRTY HDEFIKLNQRSTV]
Motit 7:

FAGINSTVIx-[AISTx-[FILMY-E-[IR1-x(2)-[DILTIx-[AETKMOQS -R-[ITVI-x-[ADGRS T-x-
[FKLMY-[ABHIKLMNQRVWY]-3-[ATKLMR]
Motif 8:

[FY -{DEKQS - EKLMOQ KLR KLV ]-s-{GN]HDEHKLMR ST ]-x-[FHIQSTVW]
Meotif 9:

HLV]-x(2)-JADFHILMNQSVY - (3)-fAGS J-x- | DEIKNQRS HEQ-S-x(2)-[AK ] AQRS -x-
MR ILORSV]-x-] ADBGHIQRSHAKNOSTVIHAHKRWY |-x- AGHIKQRS T} -x-
[CHIKLRV]

Metif 10:

R-LMOQRJANSNPST]-W

Metif 11

HLVHAV]-x-JAFHILQWY - IMV -x-[ELQTI-[AIV]-F

Metif 12:

RDKNRSV-{ADEFGKPOS HABIKLS TV -x-|FGILNV - AFILORVY || DEILMNQSTV]-
IDEFILMOQTVY FIKLRVDEKNOR | DEFKLNGWY -{FL]

Motif 13:
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FAEFILMINQSTVYHAFGILMRSTV -G ADEFGHLMNS T-x(2)-{ DMNS |- [ DE( }-x-
[CFHLTVY [-x-[AEKLRY-x{2)-[ALS}-x-[ DEKNQRS JHGIMOR TV DHKNQR]-x-
FAGIENSTYV HFHIKIMNQYWY]
[663] Alternatively, the motifs can be written as the following, where each position is defined
by a designated amino acid or X, wherein X is the amino acid options in brackets, or any amino
acid, as indicated.
Motif 1:
K1aX2aX 20X 42X 50 K6 K72 X 82X 04X 100X 11X 122X 132X 140 K152 K 160X 17 X 182X 192 X200 X 212X 222K 272 K240 X053
X260 X207 X082 K 29 X 300X 310X 322X 22 X 340, Wherein:

Kza, Xaa, Ksa, X7a, Xoa, Xiia, X124, Xisa, Xiga, K19s, Koo, X0Sa, Koga, K29a, X308, X31a, and Xaz
are each individually selected from any amino acid;

XA ELL ST, V,ory;

Koais A, DVE G K QR 3, or T

Xeais BEor G;

Kaals ACF LM or vV,

Xioais A F LM T, or Vs

Xizais F,H, L L, M, N, or V;

Xiaais A, G, 8, or VY,

Kisa1s A D LLL 5, T, orV,

Xinais A, G, or S

Konas KR, 5, or 'V,

Xomis A, DVE, G KN, S, or T

Kom1s AVE LK.M NQ, 5, or T

Xomais F,LLLM, S, 0r T

Kuais D E L, Q, S, or 'V

Xomis B, N, Q,orR;

Kaais AVFEH, LK, LM N, QR S, orV; and

Xasais AE G H K LM, N, Q,R,S,orV
Motif 2:
KipXon Ko XanX 56 Xob X 70K sp X060 100.X 1 16X 106X 136 X146 X 1 56 X 166X 176X 185, Wherein:

Ksp, Xop, X156, and Xi7s are each individually selected from any amino acid;
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Xiwis AG,or L
Xopis BLE, G N, P, S, Toor vV
Xapis B, G, N, (3, 0r S
Xepis AV H,N,Q R T.V,orY;
XaisADLEHLL P QR T oY,
Xnis A DB G, or R;
Xepis F, L K, orL;
Xiwis BLE, FLG N, QR S, T, 01 V;
Xiwis ALL S, T,orV;
XinisDE LKL NQRS T arV;
Xipis A, D E KM, N R, S, T,orV;
Xuapis A, G, QR S, or T,
Kiwis A, B E KL Q R, or T and
Xiawis AL, MoV
Motit 3
Ki1eXoeXKaeX1eXK 50 Kae X 7e X 80 X9 K 100X 110X 120X 13 ES K 6e X1 70 K K190 X000 X 210X 226K 030 K4 Kose X 260,
wherein:
Koe, Kac, Kie, Kie, Mae, M9c, K12c, Xie, A, So0c, and X4 are each individually selected
from any amino acid;
XiesADFLL M, N, S, orY;
Kicis ALK, M, 5, orV,
Xeels A F, G, L L, M, or V;
Kigeis (L, R, or T,
Xicis A, G, or S
Kiscis DL E G, N, G, or S
Xieis AV H, KN R, S, T, or V;
Koeis L, M, R, or Y
Xoe S ALN, Q8 T or v,
Koseis AVE,F, LKL N R T, or V3
Xoseis A,F,HLEL N, 2,85, T, or Y,
Kogels A,LL MUN RS, T, V,orY
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Motif 4:

X1aX0aX 33 X4 X 50 Ked X 7aX5dX0aX 104X 110X 124 X 136X 14aX 156X 160X 170X 180X 194X 200X 214 X024 X 234X 044

XosaXzaaXo7aX osa, wherein:
Kag, X1sg, and Xisq are each individually selected from any amino acid;
XisE, KN T, G5 LD, V,A R or P
Xegis EH, LT, G, S, LD, V, A or P
XaugisMLLET, 5, L, VA Ror P
XKegis B K, N LT, G 5D, OV, AR or Py
XeaisBE, G, 5, DA R ar P
XKuaisLL DA or R
Xeais ML H, K, TL YV, QDA or By
Xoais E, KLLT,G,S, L, D, Q, V,or A
Kugis B, K, H, D, Q, V, A, or R;
Xuais MLUH,E S, LV, LA or B,
Xiogis G, B KN M, S, L,D,V, A or R
Xiats H, KCH, G S, L, D, A ot R,
Kugis B, Y, KON L H LYV, or A;
Xieats B, K, LT, G S, LD, QA or R
Kigis B, K, H T,G, D, QL A or R,
XigisQ E K NT,.G, 8, B, V, A, orR;
Kopa1s (L E, KON, T, G5, V, B A or K,
XoisLS, W LV, F, A or K;
Koa1s (L, E, M, T, G, S, LV, D, or A;
XouisE, KON, LT, G5 D AR or P
Koagis B, M, L L, 2, Q, or A;
XosaisE, Y, L L, V,F, A or R;
Xosais E, ML T, G, 5, LD, VA or s
XomisE. KNGS LD, QA orR; and
Xogais Q,E, G, V, DA R, or P

Metif 5:

NieXpeXaeXae X se Koo X7e Kae XMoo X 10:X 11X 126X 13X 140 K15 Xige K17 X i5e, Wherein:
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Xse, Xioe, Xize, Xise, and X7 are each individually selected from any amino acid;
Xieis A, D E H KN, QLR or S
Xeis ADEFGH KMNQR S, WorY,
Xaeis B, F,orY;
XaeisFH LW, ory,
Xeets A, DVE, F LKL MON, QR S, Tor Y
X1 F LG, 5, T,orv;
Keeis A, G KL N RS T, oV,
Xoeis ADEH KN QR T orY:
Xigeis LN, Q, or R,
Xpeis FLLL M Qo1 S,
Xiuaeis A, G K, N, or 5
Kiseis LM, QL R, S, T, or V; and
Xigets A, B, G KM N, 5, T, oY,
Motif 6:
WX 3K e XX X7 X ae KoK oeX 112X 120X 136K 46X 156X 1 G XX a0 X o0eX 1 eX 206X 031, wherein:
Kar, Xot, Kag, K106, S118, 126 %136 K156, and X o are cach individually selected from any
anuno acid;
Xoris A, B, H, N, RS, T, or V)
Xars A, G, N, S, 0 T
Kepis F, G, L MLUN, 3,5, T, orV;
Xeers LL, P orV,
Kaeis LL, T, or vV,
Xuss AL C, G M Q R, S, or T
KwsrisLL, V,orY;
Xigris 2 E HLON QL or 5
Kogeis E,HLLE M, QR or T
Xouris AVE,F,H, LN, Por Y
Kopeis C,F, HLEK, M N, QG R, T,or Y, and
Xurs DLEF LK LN QRS T, oV
Motif 7:
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KigXogXapXagXspEX 7, XggXop X 10g X115 X 12gR X 1ap X155 X169 X 175K 189K 10, X205 X0 15, Wherein:
Kog, Kag, Xgg, Kog, K1z, A5z, A7, and Xogg are each individually selected from any amino
acid;
Xipis A, G, EN, 5, T,or Vs
Xagis A L or §;
Xspis F,LL M, o1 Y,
XrgisTor R
Kiggis B L L, or T
Xigis A E LK M, Q,or S
Kupis LT, or V;
Xisg1s A, B, G R, S, 0r T
Xigpis F, K, L, M, or Y,
Xigts A EH LK LM, N, QR V, W, orY; and
Xopis A, LK LM, or R
Motif 8;
KinXonXapXanX sh X ehX 7nXenXon 10X 1 1n, Wherein:
Xean and Xjon are each mndividually selected from any amino acid;
XmisForY;
Kopis D, E, K, Q,or S
XanisE, K L. M, or Q;
Kapis K, L, or R,
Xasnis K, L, or ¥V,
Kmis Gor N;
Xands D E M, K L, M, or B
Kopis S or T; and
XunisFH,LQ, 8, T, V, or W
Motif 9:
KX 2 XX ai X5 Xe X 71 XX 0: X 100X 1 1S K12 X p4iX 151X 151X 17X 18X 6 0om X 18 201 X251 X 24 X 051 X 6107,
wherein:
Xoi, Kai, Ksi, Kaiy, X710 Koi, X131, Kuai, X7, X001, X040, and Xog are each individually selected

from any amino acid;
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XuisL L orv:
XaisADFH LLMNQQS VoY,
Xaiis A, G, or §;
XKiis L E LK, N, Q. R, or 5,
XinisEor @
Kisiis A or K;
Xisis A, Q R, or §;
Kigis L, M, or R;
XigisLL.Q,R, S, orV;
Xois AVDE G H LOQ R or 5
Xomiis A, KON, Q, 5, T,or V;
Xois A H KR W oryY,
XKosiis A, GO H, LK, Q R, 5, 0r T, and
XomisC,H, LK LR, orV
Motif 16:
RXjX3X4W, wherein:
Xopis L, M, Q, or R;
X318 A, N, ot 8§ and
Xais N, P, S,or T
Mouf 11:
K e Koo Kok X e st s, wherein:
Xak and X are each individually selected from any amino acid;
Kyis L L, or ¥V,
XxisAorv,
Xaypis A HLL QW or Y,
Xseis L M, or V;
Xupis B, L, Q, or'l:
Xakis A Lor vV
Motif 12:
RX X aXaXsXaXnXaXeX XX 12X 131, wherein;
Koyis LK, N, R, S, or vV,
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Xuis AV E F G K P, Q,orS:

XKy AE LKL S T orv,

X1 is any amino acid;

XaisF,G, LL, N orv:

XaisAFLL QR V,oryY,

Xepis DL E, LL MON,Q, 5, T or vV

XaisD,E,F,LL M Q,T.V,or Y,

Xmis LK, LR, or vV

Xiis D E, KON, G, or R,

Xnis DVE F K LN, Q W, orY:

Xpis For L
Motif 13:
K1 Xomd 3m X X 5 K o K Tm X 8 AomA10m X L m X 12m X 130 X1 4m X 15m X 16m X 17mX 180 X1 9m X 20m X2 tm Xoom
KoamXoam, wherein:

K, K, 5w, 27m, B, Sl imy 20 Zmy 241 51, 5 16m, S18m, 40d Xoo, are each individaally
selected froro any amino acid;

Ximis A EF,LILLM, N QG S, T,V,orY;

Xomis A FGLL MR, 5 T ory,;

Xemis A, DEF G H LM N S ot T

Xomis D, M, N, or §;

Kiomis L E, or ;

XpaisCEH LT, V,orY,

Kunis &, E K LR or Y,

Ximmis A L, or §5;

Kiemis DL E, KN, QR or 5,

Xoomis G, LM, Q, R, T, 01 V;

Kommis D HO KON, 3, or R,

Xom 18 A, G, LL N, S, Tor v,

Koamis FFH, LKL M N, QV, W, or Y
[064] In some embodiments, the recombinase may comprise an amino acid sequence having at

ieast 70% identity (e.g., at least 75%, at least 80%, at least 85%, at least B0%, at least 95%, at
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ieast 97%, at least 98%, at least 99%, or 100%) to any of amino acid motifs 1-13. The
recombinase may also comprise enzymatically active fragments of the recited amino acid motifs
(e.g., C- or N-terminal truncations or containing internal deletions, but retaining the desired
enzymatic activity).

[065] In some embodiments, the systems comprise a polypeptide comprising a recombinase
having an amino acid sequence having at least 70% (e.g., at least 75%, at least 80%, at least
85%, at least 90%, at least 95%, at least 97 %, at least 98%, at least 99%, or 100%) identity to
any of SEQ ID NOs: 88-1183 (those listed in Tables 4 and 5). Also provided herein are
enzymatically active fragmeunts of SEQ 1D NOs: 88-11&3, from those seguences lsted in Tables
4 and 5 (e.g., C- or N-terminal truncations or containing internal deletions, but retaining the
desired enzymatic activity). The active fragment may contain at least 20 amino acids, at least 30
aming acids, at least 40 amino acids, at least 50 amino acids, at least 100 amino acids, or more of
SEQ 1D NOs: 88-1183 (Tables 4 and 5) or sequences at least 70% (e.g., at least 75%, at least
80%, at least 85%, at least 90%, at least 95%, at least 97%, at least O8%, at least 99%, or 100%)
identity to at least 20 amino acids, at least 30 amino acids, at least 40 amino acids, at least 5
aminc acids, at least 100 amino acids, or more of SEC 1D NOs; 88-1183 (Tables 4 and 5).

[066] The term “recombinase,” as used herein, refers to a site-specific enzyme that mediates the
recombination of DNA between recombinase recognition sequences, which results in the
excision, integration, inversion, or exchange (e.g., translocation) of DNA fragments between the
recombinase recognition sequences. In some embodiments, the recormbinase is a large serine
recombinase.

(0671 Large serine recombinases (LSRs) are site-specific recombinases that are comynonly
found on microbial mobile genetic elements and within phage genomes, aliowing an invading
phage to insert into the host genome and thus enter into their prophage state. The typical LSR is
composed of distinct domains: an N-terminal “resolvase” domain that contains the active site; a
“recornbinase” domain that determines the DNA binding specificity of the enzyme; and a zinc
heta ribbon domain and a cotled-coil motif implicated in additional binding specificity and
irreversibility of forward integration reaction without excision cofactors. Based on detailed
studies of the ®C31 LSR, the following mechanism has been proposed: two LSR monomers bind

to the donor attachment site and two bind to the acceptor attachment site - the four monomers
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come together to form a tetramer (FIG. 9). This complex then breaks both DNA strands and
recombines them at the attachment sites to form a stably integrated final product.

[068] The first polynucleotide may be a part of a bacterial plasmid, bacteriophage, plant virus,
retrovirus, DNA virus, autonomously replicating extra chromosomal DNA element, linear
plasmid, mitochondrial or other organellar DNA, chromosomal DNA, and the like. In some
enmbhodiments, the first polynucleotide comprises a human nucleic acid sequence. In some
ermmbodiments, the first polyvnucieotide is an exogenous or synthetic polynucieotide {e.g., a vector
or engineered plasmid).

[069] The first polynucleotide may comprise a donor recognition site for the recombinase.
Recognition sites are specific polynucieotide sequences that are recognized by

the recombinase enzymes described herein. The terms “attB” and “attP,” which refer to
attachment {or recorobination) sites originally from a bacterial target and a phage donor,
respectively, are used herein although recombination sites for particular enzymes may have
different names {(e.g., “attD” and “attA”). The recombination sites typically include left and right
arros separated by a cote or spacer region.

(0701 In soroe embodiments, the first polynucleotide further comprises a cargo nucleic acid.
The cargo nucleic acid roay encode a gene product including but not hmited to RNAs {e.g., non-
coding RNA, such as t(RNA, rRNA, micro RNA (miRNA), and small interfering RNA (siRNA),
and coding RNA, such as messenger RNA (mRNA)Y) or proteins or polypeptides. The cargo
nucleic acid may encode a transcription or tragslational control element (e.g., promoter elements,
response elements (e.g., activator/repressor sequences)). In some embodiments, the cargo nucleic
acid encodes a therapeutic protein. In some embodiments, the cargo nucleic acid encodes a
therapeutic RNA.

[071] The donor DNA, and by extension the cargo nucleic acid, may of any suitable length to
facilitate recombination and delivery of the tull cargo nucleic acid, including, for example, about
50-100 bp (base pairs), about 100-1000 bp, at least or about 10 bp, at least or about 20 bp, at
ieast or about 25 bp, at least or about 30 bp, at least or about 35 bp, at least or about 40 bp, at
least or about 43 bp, at least or about 50 bp, at least or about 55 bp, at least or about 60 bp, at
ieast or about 65 bp, at least or about 70 bp, at least or about 75 bp, at least or about 80 bp, at
least or about 83 bp, at least or about 90 bp, at least or about 95 bp, at least or about 100 bp, at

ieast or about 20{ bp, at least or about 300 bp, at least or about 400 bp, at least or about 500 bp,
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at least or about 600 bp, at least or about 700 bp, at least or about 860 bp, at least or about 900
bp, at least or about 1 kb (kilobase pair), at least or about 2 kb, at least or about 3 kb, at least or
about 4 kb, at least or about 5 kb, at least or about 6 kb, at least or about 7 kb, at feast or about 8
kb, at least or about 9 kb, at least or about 10 kb, or less than 10 kb, in length or greater. The
donor DNA, and the cargo nucleic acid, may be at least or about 10 kb, at least or about 50 kb, at
least or about 104 kb, between 20 kb and 60 kb, between 20 kb and 100 kb.

(0721 In essence, by contacting a set of corresponding recornbination recognition sites with a
corresponding recombinase, the recombinase mediates recombination between the sites. In some
embodiments, the first polynucleotide further comprises a recipient recognition sequence for the
recombinase.

(0731 In some embodiments, the system further comprises a second polynucleotide comprising
a recipient recognition sequence for the recombinase. The second polynucleotide may be a part
of a bacterial plasmud, bacteriophage, plant virus, retrovirus, DNA virus, autonoroously
replicating extra chromosoroal DNA element, linear plasmid, mitochondrial or other organellar
DNA, chromosomal DNA, and the like. Tn some embodiments, the second polynucleotide
comprises a human nucleic acid sequence.

(741 The type of recognition site will vary depending on the recombinase. In some
embodiroents, the recombinase is a landing-pad L3RS that can integrate efficiently at a pre-
installed recognition site. Examples of landing-pad LSRs are shown 1o Table | along with their
corresponding recombination attachment sites. In some embodiments, the recombinase is a
multi-targeting LSRs that can integrate efficiently at many different loci in a target genome.
Examples of a mulii-targeting LSRSs are shown in Table 3 along with their corresponding
recombination attachment sites. In some embodiments, the recombinase is genome-targeting
LSRs that can integrate at one or several target sifes in a given target {e.g., target genome).
Examples of genome-targeting LSRs are shown in Table 2 along with their corresponding
recombination attachment sites. Attachment sites can be determined by mapping the edges of
mobile genetic elements, as described herein.

(0751 In some embodiments, the donor recognition sequence, the recipient recognition
sequence, or both are pseudo-recognition sequences or pseudosites. “Pseudo-recognition
sequences” or “pseudosites” refer to a recognition sequences which is not necessarily that which

is the native recognition sequence for a given recombinase but rather is sufficient o promote
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recombination. The pseudo-recognition sequence differs in one or more nucleotides from the
corresponding native recombinase recognition sequence {e.g., due to insertions, deletions, or
substitutions). In some embodiments, the pseudo-recognition sequence may be less than 50%
identical to the native sequence. Pseudo-recognition sequences may also be those sequences
present as an endogenous sequence in a genome that differs from the sequence of a genome
where the wild-type recognition sequence for the recombinase resides. ldentification of pseudo-
recognition sequences can be accomplished, for example, by using sequence alignment and
analysis, where the query sequence is the recognition sequence of interest, as described herein.
[076] Depending upon the relative locations of the recombination attachment sites, any one of
a number of events can occur as a result of the recombination. For example, if the recombination
attachment sites are present on different nucleic acid molecules, the recombination can result in
integration of one nucleic acid molecule into a second molecule.

(771 The recornbination attachment sites can also be present on the same nucleic acid
mwolecule. In such cases, the resalting product typically depends upon the relative orientation of
the attachment sites. For example, recombination between sites that are in the paralle] or divect
orientation will generally result in excision of any DNA that lies between the recornbination
attachment sites. In contrast, recombination between attachient sites that are in the reverse
orientation can result in inversion of the infervening DNA.

(0781 The present disclosure also provides nucleic acids encoding the recombinases disclosed
herein. The present disclosure further provides nucleic acids encoding the first polynucleotide
and the second polynucleotide. The recombinase and the first polynucieotide may be encoded by
the same or different nucleic acids (e.g., vectors). In some ermnbodiments, a nucleic acid sequence
encoding a recombinase is tragsiently or stable integrated into a cell, tissue, or organism so that
the cell, tissue, or organism expresses the heterologous recombinase.

(4791 Nucleic acids of the present disclosure can comprise any of a number of promoters
known to the art, wherein the promoter is constitutive, regulatable or inducible, cell type specific,
tissue-specific, or species specific. In addition to the sequence sufficient to divect transeription, a
promoter sequence of the invention can also include sequences of other regulatory elements that
are involved in modulating transcription {(e.g., enhancers, Kozak sequences and introns}). Many
promoter/regulatory sequences useful for driving constitutive expression of a gene are available

in the art and include, but are not limited to, for example, CMV {cytomegalovirus promoter),
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EFla (human elongation factor 1 alpha promoter), SV40 (simian vacuolating virus 40 promoter),
PGK (mammalian phosphoglycerate kinase promoter), Ubc (human ubiguitin C promoter),
human beta-actin promoter, rodent beta-actin promoter, CBh (chicken beta-actin promoter),
CAG (hvbrid promoter contains CMV enhancer, chicken beta actin promoter, and rabbit beta-
globin splice acceptor), TRE (Tetracycline response element promoter), Hl (human polymerase
i RNA promoter), U6 (human U6 small nuclear promoter), and the like. Additional promoters
that can be used for expression of the components of the present system, include, without
fimitation, cytomegalovirus (CMV) intermediate early promoter, a viral LTR such as the Rous
sarcoma virus LTR, HIV-LTR, HTLV-1 LTR, Maloney murine leukemia virus (MMLV) LTR,
myeoloproliferative sarcoma virus {MPSV} LTR, spleen focus-forming virus (SFFV ) LTR, the
simian virus 40 (SV40) early promoter, herpes simplex tk virus promoter, elongation factor 1-
alpha (EF1-0) promoter with or without the EF -« ntron. Addiional promoters include any
constitutively active promoter. Alternatively, any reguiatable promoter may be used, such that its
expression can be modalated within a cell.

[088] Moreover, inducible expression can be accomplished by placing the nucleic acid
encoding such a molecale under the control of an inducible promoter/regulatory sequence.
Promoters that are well known in the art can be induced in response to inducing agents such as
metals, glucocorticoids, tetracycline, hormones, and the like, are also contemplated for use with
the invention. Thus, it will be appreciated that the present disclosure includes the use of any
promoter/regulatory sequence known in the art that 1s capable of driving expression of the
desired protein operably linked thereto.

[081] The present disclosure also provides for vectors containing the nucleic acids or system
and cells containing the nucleic acids or vectors, thereot. Thus, the disclosure further provides
for cells comprising the serine recombinases or systems, as disclosed herein.

{3821 The vectors may be used to propagate the nucleic acid in an appropriate cell and/or to
allow expression from the nucleic acid {e.g., an expression vector). The person of ordinary skill
in the art would be aware of the various vectors available for propagation and expression of a
nucleic acid sequence.

{#83] To construct cells that express the present system described herein, expression vectors for
stable or transient expression of the present system may be constructed via conventional methods

and introduced into cells. For example, nucleic acids may be cloned into a suitable expression
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vector, such as a plasmid or a viral vector in operable linkage to a suitable promoter. The
selection of expression vectors/plasmids/viral vectors should be suitable for integration and
replication in eukaryotic cells.

{#84] In certain embodiments, vectors of the present disclosure can drive the expression of one
or more sequences in mammalian cells using a mammalian expression vector. Examples of
mammalian expression vectors include pCDME (Seed, Nature (1987) 329:840, incorporated
herein by reference) and pMT2PC (Kanfman, et al,, EMBO . (19873 6:187, incorporated herein
by reference). When used in mammalian cells, the expression vector's control functions are
typically provided by one or more regulatory elements. For example, commonly used promoters
are derived from polyoma, adenovirus 2, cytomegalovirus, simian virus 40, and others disclosed
herein and known in the art. For other suitable expression systerns for both prokarvotic and
enkaryotic cells see, e.g., Chapters 16 and 17 of Sambrook, et al., MOLECULAR CLONING: A
LABORATORY MANUAL. 2nd eds., Cold Spring Harbor Laboratory, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NUY ., 1989, incorporated herein by reference.

(0851 The vectors of the present disclosure may direct the expression of the nucleic acid ina
particular cell type {e.g., tissue-specific regulatory elements are used to express the nucleic acid).
Such regulatory elements include proroters that may be tissue specitic or cel specific. The term
“tissue specific” as it applies to a promoter refers to a promoter that is capable of directing
selective expression of a nucleotide sequence of interest to a specific type of tssue (e.g., seeds)
1y the relative absence of expression of the same nucleotide sequence of interest in a different
type of tissue. The term “cell type specific” as applied to a promuoter refers to a promoter that is
capable of directing selective expression of a npucleotide sequence of nterest in a specific type of
cell in the relative absence of expression of the same nuclestide sequence of interest in a
different type of cell within the same tissue. The term “cell type specific” when apphedtoa
promoter also means a promoter capable of promoting selective expression of a nucleotide
sequence of interest in a region within a single tissue. Cell type specificity of a promoter may be
assessed using methods well known in the art, e.g., immunochistochemical staining.

[086] Additionally, the vector may contain, for example, some or all of the following: a
selectable marker gene for selection of stable or transient transfectants in host cells; transcription
termination and RNA processing signals; 5’-and 3" -untransiated regions; internal ribosome

binding sites (IRESes), versatile mulitiple cloning sites; and reporter gene for assessing
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expression of the chimeric receptor. Suitable vectors and methods for producing vectors
containing fransgenes are well known and available in the art. Selectable markers include
chloramphenicol resistance, tetracycline resistance, spectinomycin resistance, necmycin,
streptomycin resistance, ervthromycin resistance, rifampicin resistance, bleomycin resistance,
thermally adapted kanamycin resistance, gentamycin resistance, hygromycin resistance,
trimethoprim resistance, dihydrofolate reductase (DHER), GPT; the URA3, HIS4, LEU2, and
TRP! genes of 8. cerevisiae.

[087] Conventional viral and non-viral based gene transfer methods can be used to introduce
the nucleic acids into cells, tissues, or a subject. Such methods can be used to administer the
nucleic acids to cells in culture, or in a host organism. Non-viral vector delivery systems include
DINA plasmids, cosmids, RNA {e.g., a transcript of a vector described herein), a nucleic acid, and
a nucleic acid complexed with a delivery vehicle.

[088] The nucleic acids may be delivered by any suitable means. In certain embodiments, the
nucleic acids or proteins thereof are delivered in vivo. In other embodiments, the nucleic acids or
proteins thereof are delivered to isolated/cultured cells in vitro or ex vivo (o provide modified
cells useful for in vivo delivery to patients afflicted with a disease or condition.

[088] Vectors according to the present disclosure can be transformed, transfected, or otherwise
mirodoced into a wide variety of host cells, Transfection refers to the taking up of a vector by a
cell whether or not any coding sequences are in fact expressed. Namerous methods of
transfection are known to the ordinarily skilled artisan, for example, lipofectamine, calcium
phosphate co-precipitation, electroporation, DEAE-dextran treatment, microinjection, viral
wfection, and other methods known in the art. Transdaction refers to entry of a viras into the cell
and expression {e.g., transcription and/or translation) of sequences delivered by the viral vector
genome. In the case of a recombinant vector, “transduction” generally refers to entry of the
recombinant viral vector into the cell and expression of a nucleic acid of interest delivered by the
vecior genome.

(4981 Methods of delivering vectors to cells are well known in the art and may include DNA or
RNA electroporation, transfection reagents such as liposomes or nanoparticles to delivery DNA
or RNA; delivery of DNA, RNA, or protein by mechanical deformation (see, e.g., Sharei et al.
Proc. MNati. Acad. Sci. USA (2013) 11{(6): 2082-2087, incorporated herein by reference. Nucleic

acids can be delivered as part of a larger construct, such as a plasmid or viral vector, or directly,
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e.g., by electroporation, lipid vesicles, viral transporters, microinjection, and biolistics (high-
speed particle bombardment).

[091] Additionally, delivery vehicles such as nanoparticle- and lipid-based delivery systems
can be used. Further exampies of delivery vehicles include lentiviral vectors, ribonucleoprotein
(RNP) complexes, lipid-based delivery system, gene gun, hydrodynamic, electroporation or
nucleofection microinjection, and biolistics. Various gene delivery methods are discussed in
detail by Nayerossadat et al. (Adv Biomed Res. 2012; 1: 27) and Ibraheem et al. (Int ] Pharm.
2014 Jan 1;459%(1-2).70-83), incorporated herein by reference.

(0921 As such, the disclosure provides an isolated cell comprising the vector(s) or nucleic
acid(s) disclosed herein. Preferred cells are those that can be easily and reliably grown, have
reasonably fast growth rates, have well characterized expression systems, and can be transformed
or transfected easily and efficiently. Hxaroples of suitable prokaryotic cells include, but are not
fimited to, cells from the genera Baciflus (such as Bacillus subtilis and Bacillus brevis),
Escherichia (such as E. coli), Pseudomonas, Streptomyces, Salmonella, and Envinia. Suitable
eukaryotic cells are known 1o the art and include, for example, veast cells, msect cells, and
mamynalian cells. Examples of suitable veast cells include those from the genera Kluyveromyces,
Fichia, Rhino-sporidivm, Saccharomyces, and Schizosaccharomyces. BExeraplary insect cells
mchude SE-9 and HIS (Tnvitrogen, Carlsbad, Calif)) and are described in, for example, Kitts et al,
Biotechniques, 14: 810-817 (1993); Lucklow, Curr. Opin. Biotechnol., 4: 564-572 (1993); and
Lucklow et al., J. Virol,, 67; 4566-4579 (1993), incorporated herein by reference. Desirably, the
cell s a mammalian cell, and in some ernbodiments, the cell is a human cedl. A number of
saitable mammalian and lunan host cells are known i the art, and many are available from the
American Type Cultare Collection {ATCC, Manassas, Va.). Examples of suitable mammahian
cells inchude, but are not Hmited to, Chinese hamster ovary cells {CHO) (ATCC No. CCLS61,
CHO DHFR-cells (Urfaub et al., Proc. Nati. Acad. Sci. USA, 97: 4216-4220 (1988)), human
embryonic kidaey (HEK} 293 or 2937 cells (ATCC No. CRL1573), and 373 cells (ATCC No.
192}, Other suitable mammalian cell lines are the monkey COS-1 (ATCC No. CRL1650) and
COS-7 cell lines (ATCC No. CRL1651), as well as the CV-1 cell ine (ATCC No. CCL73).
Further exemplary mammalian host cells include primate, rodent, and human cell lines, including
transformed celi lines. Normal diploid cells, cell strains derived from in vifro culture of primary

tissue, as well as primary explants, are also suitable. Other suitable mammalian cell lines include,
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but are not limited to, mouse neuroblastoma N2A cells, Hella, HEK, A549, Hep(G2, mouse L-
525 cells, and BHK or HaK hamster cell lines.

[093] Methods for selecting suitable mammalian cells and methods for transformation, culture,
amplification, screening, and purification of celis are known in the art.

[094] The present invention is aiso directed to compositions comprising a recombinase, a
systern, a nucleic acid, a vector, or a cell, as described herein.

[095] Further disclosed herein are methods for identifying recombinases for use in the systems
and methods disclosed herein. In some embodiments, the methods comprise: acquiring bacterial
genome sequences; identifying putative recombinase genes in the bacterial genome sequences
based on predicted recombinase domain; comparing genommes encoding the putative recombinase
genes with those without the putative recombinase genes; mapping boundaries of a mobile
genetic elerent comprising the putative recorabinase genes; determine recorubinase recognition
sequences and/or attachment sites. In some embodiments, the predicted recombinase domain is a
Pfarn domain. In some erobodiments, the method further comprises isolating mobile genetic
elements from the bacterial genorne sequences prior to identifying the putative recombinase
genes. Mapping boundaries of a mobile genetic element may corpprise determuning 37 and §
flanking sequences of the mobile genetic element termini and, if present, the duplication sites

created upon insertion of the mobile genetic element.
3. Methods of Altering DNA

(0961 Applications of genetic engineering through alteration of DNA has yielded impactful
results including CAR-T cell therapies, genetically modified crops, and cells producing diverse
compounds and medicines. In many of these applications, genomic integration is highly
preferred over plasmid-based methods for maintaining heterologous genes in engineered cells,
due to imaproved stability in the genome, better control of copy numbers, and regulatory concerns
regarding biocontainment of recombinant DNA. However, generation of moditied cells with
kilobases of changes across the genome remains practically challenging, often requiring
described herein allow integration of a large (e.g., kilobase or larger) exogenous donor
polynucieotide 1nto a DNA sequence. The methods may be used in vitre, ex vive, or in vive and

allow alteration of a target DNA strand in solution, in a celi, in a tissue, or in a subject.



WO 2023/081762 PCT/US2022/079227

{0971 The disclosure provides a method of altering a target nucleic acid sequence. The phrases
“altering a DNA sequence” or “altering a target DNA,” as used herein, refer to modifying at least
one physical feature of a DNA sequence of interest. DNA alterations inciude, for example, single
or double strand DNA breaks, deletion, or insertion of one or more nucleotides, and other
modifications that affect the structural integrity or nucleotide sequence of the DNA sequence.
(098] In some embodiments, the methods comprise contacting a target nucleic acid sequence
with a systern disclosed herein or with a polypeptide comprising a recombinase having an amino
acid sequence having at least 70% (e.g., at least 75%, at least 80%, at least 85%, at least 90%, at
ieast 95%, at least 97%, at least 98%, at least 99%, or 100%) identity to any of SEQ ID NOs: -
74, an enzymatically active fragment thereof, or a nucleic acid encoding thereof.

[099] In some embodiments, the recombinase has an amino acid sequence having at least 70%
{e.g., at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at least
98%, at least 99%, or 100%) identity to any of SEQ 1D NOs; 2,6, 10,12, 18, 19, 26, 28, 61, 65,
or 66. In select embodiments, the recombinase has an arninoe acid sequence of SEQ ID NQO«: 2, 6,
10,12, 18, 19,26, 29, 61, 65, or 66.

[8190] In soroe embodunents, the methods comprise contacting a target nucleic acid sequence
with a systern disclosed herein or with a polypeptide comprising a recornbinase having an amino
acid sequence having at least 70% (e.g., at least 75%, at least 80%, at least 85%, at least 90%, at
least 95%, at least 97%, at least 98%, at least 99%, or 100%) identity to any of motifs 1-13 as
disclosed above, an enzymatically active {ragment thereof, or a nucleic acid encoding thereof.
[G101] In some embodiments, the systems comprise a polypeptide comprising a recombinase
having an amino acid sequence having at least 70% (e.g., at least 75%, at least 803%, at least
85%, at least 90%, at least 95%, at least 97 %, at least 98%, at least 99%, or 100%) identity to
any of SE(} 1D NOs: 88-1183, those histed in Tables 4 and 5. Also provided herein are
enzymatically active fragments of SEQ 1D NOs: 88-1183, those sequences listed in Tables 4 and
5 {e.g., C- or N-termunal truncations or containing internal deletions, but retaining the desired
enzymatic activity). The active fragrent may contain at least 20 amino acids, at least 30 amino
acids, at least 40 amino acids, at least 50 amino acids, at least 100 amino acids, or more of SEQ
1D NOs: 88-1183 (Tables 4 and 5) or sequences at least 70% (e.g., at least 75%, at least 80%, at

feast 83%, at least 90%, at Jeast 95%, at least 97%, at least 98%, at least 99%, or 130%) identity
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to at least 20 amino acids, at least 30 amino acids, at least 400 amino acids, at least 50 aming
acids, at least 100 amino acids, or more of SEQ 1D NQOs: 88-1183 {Tables 4 and 5).

[0102] In some embodiments, the target DNA comprises a donor recognition sequence, a
recipient recognition sequence, or both.

[3103] In some embodiments, the methods further comprise contacting the target DNA with a
first polynucleotide comprising a donor recognition sequence for the recombinase. In some
ermbodiments, the first polynucleotide further comprises a cargo DINA sequence. In some
embodiments, the donor recognition sequence, the recipient recognition sequence, or both are
pseudo-recognition sequences.

[0104] The descriptions and embodiments provided above for the disclosed system,
recombinase, first and second polynucleotide, donor and recipient recognition sequences, and
cargo DNA sequence are applicable to the methods described herein.

[3105] In some embodiments, the methods may comprise introducing the disclosed systems or
recombinase, or a nucleic acid encoding thereof, and a dovor polynucleotide joto a cell. In some
ernbodiments, the recombinase, or the nucleic acid encoding thereof, is introduced into the cell
before the introduaction of the dowor polynucieotide. In some ernbodiments, the recombinase, or
the nucleic acid encoding thereof, is introduced into the cell after the mtroduection of the donor
polyoucleotide. In sorme embodiments, the recorobinase, or the mucleic acid encoding thereof,
and the donor polynucleotide may be introduced, in any order, with a time period separating each
introduction.

[G106] In some embodiments, the recombinase is part of a systemn comprising a Cas protein, a
reverse transcriptase, or active fragrents or combinations thereof. In some embodiments, the
recombinase 1S in a fusion protein with a Cas protein (e.g., Cas 9) and a reverse transcriptase, or
active fragments thereof. For example, a Programmable Addition via Site-specific Targeting
Elements (PASTE) system which integrates large cargos in a single delivery. See, Eleonora

1. Ioannidi, et al., bioRxiv 2021.11.01.466786, incorporated herein by reference in ifs entirety.
[G107] In some embodiments, the recombinase, or the nucleic acid encoding thereof, is
introduced into the cell concurrently with the introduction of the donor polynucleotide. For
example, the recombinase, or the nucleic acid encoding thereof, and the donor polynucleotide are

introduced simultaneously or nearly simultanecusly.
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[3108] The cell can be a mitotic and/or post-mitotic cell from any eukaryotic cell or organism
{e.g. a cell of a single-cell eukaryotic organism, a plant cell, an algal cell, a fungal cell {e.g., a
yeast cell), an animal cell, a cell from an invertebrate animal {e.g. fruit fly, cnidarian,
echinoderm, nematode, an insect, an arachnid, etc.), a cell from a vertebrate animal {(e.g., fish,
amphibian, reptile, bird, mammal}, a cell from a mammal, a cell from a rodent, a cell from a
hurman, etc.), or a protozoan cell. Any type of cell may be of interest (e.g. a stem cell, e.g. an
ermbryonic stem (ES) cell, an induced pluripotent stem (iPS) cell, a germ cell; a somatic cell, e.g.
a fibroblast, a hematopoietic cell, a neuron, a mmuscle cell, a bone cell, a hepatocyte, a pancreatic
cell, a liver cell, a lung cell, a skin cell; an in vitro or in vive embryonic cell of ap embryo at any
stage, e.g., a 1-cell, 2-cell, 4-cell, B-cell, ete. stage zebrafish embryo; etc. ). Cells may be from
established cell lines or they may be primary cells, where “primary cells,” “primary cell lines,”
and “primary caltures” are used interchangeably herein to refer to cells and cells cultures that
have been derived from a subject and allowed to grow in vitro for a limited number of passages.
[0189] In some embodiments, the one or more cells are amimal cells. The present disclosure
provides for a modified animal cell produced by the present system and method, an animal
comprising the aniroal cell, a population of cells comprising the cell, tissues, and at least one
organ of the animal. The present disclosure further encompasses the progeny, clones, cell lines or
cells of the genetically modified aniral. The present cells roay be used for transplantation {e.g.,
hematopoietic stern cells or bone marrow).

[8119] Non-limiting examples of animal cells that may be genetically modified using the
systems and methods include, but are not limited to, cells fromi: mammals such as primates {e.g.,
ape, chimpanzee, macague), rodents {e.g., mouse, rabbit, rat), canine or dog, livestock
{cow/bovine, donkey, sheep/ovine, goat or pig), fowl or pouliry {e.g., chicken), and fish {e.g.,
zebra fish). The present methods and systems may be used for cells from other eukaryotic model
organisms, e.g., Drosophila, C. elegans, etc. In certain emnbodiments, the roammal is a human, a
non-human primate (e.g., marmoset, rhesus monkey, chimpanzee), a rodent (e.g., mouse, rat,
gerbil, Guingea pig, hamster, cotton rat, naked mwole rat), a rabbit, a livestock animal {e.g., goat,
sheep, pig, cow, cattle, buffalo, horse, camelid), a pet mammal (e.g., dog, cat}, a zoo mammal, a
marsupial, an endangered mammal, and an outbred or a random bred population thereof.

[3111] In some embodiments, the one or more cells comprise plant cells. Suitabie plant cells

may be from a number of different plants including, but are not limited to, monocotyledonous
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and dicotyledonous plants, such as crops including grain crops {e.g., wheat, maize, rice, millet,
barley), fruit crops {e.g., tomato, apple, pear, strawberry, orange), forage crops {e.g., alfalfa), root
vegetable crops {e.g., carrot, potato, sugar beets, yam), leafy vegetable crops {e.g., lettuce,
spinach); flowering plants {e.g., petunia, rose, chrysanthemum), conifers and pine trees {e.g.,
pine fir, spruce); plants used in phytoremediation {e.g., heavy metal accamulating plants); oil
crops {(e.g., sunflower, rapeseed) and plants used for experimental purposes (e.g., Arabidopsis}.
Thus, the disclosed methods and compositions have use over a broad range of plants, including,
but not limited to, species from the genera Asparagus, Avena, Brassica, Citrus, Citrullus,
Capsicum, Cucurbita, Daucus, Glycine, Hordeum, Lactuca, Lycopersicon, Malus, Manihof,
Nicotiana, Oryza, Persea, Pisum, Pyrus, Prunus, Raphanus, Secale, Solanum, Sorghum,
Triticum, Vitis, Vigna, and Zea.

{9112] In some embodiments, the one or more cells comprise microbial cells. In some
ermbodiments, the microbial cells are Gram-negative bacterial cells, Gram-positive bacterial
cells, or a combination thereof. In some embodiments, the microbial cells arve pathogenic
hacterial celis. In some embodiments, the microbial cells are non-pathogenic hacterial cells (e.g.,
probiotic and/or coramensal bacterial cells). In some embodiments, the microbial cells form
microbial flora {e.g., natoral human microbial flora). In some embodiments, the microbial cells
are used in indostrial or environmental bioprocesses (e.g., bioremediation).

[(113] The cell can be a cancer cell. An appropriate cancer cell can be derived from a breast
cancer, lung cancer, colon cancer, pancreatic cancer, renal cancer, stomach cancer, liver cancer,
bone cancer, hematological cancer {(e.g., leukemia or lymphoma), neural tissue cancer,
melanoma, ovarian cancer, testicular cancer, prostate cancer, cervical cancer, vaginal cancer, or
bladder cancer.

{11 14] The systems and methods may be vsed to modify a stem cell. The term “stem cell” is
used herein to refer to a cell that has the ability both to self-renew and to generate a differentiated
cell type (see Morrison et al. (1997) Cell 88:287-28¥, incorporated herein by reference). Stem
cells may be characterized by both the presence of specific markers {e.g., proteins, RNAgs, ete.)
and the absence of specific markers. Stem cells may also be identified by functional assays both
in vitro and in vive, particularly assays relating to the ability of stem cells to give rise to multiple
differentiated progeny. Examples of stem cells include pluripotent, multipotent and unipotent

stem celis. Examples of pluripotent stem cells include embryonic stem cells, embryonic germ
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cells, embryonic carcinoma cells and induced pluripotent stem cells (iPSCs). The cell may be an
induced pluripotent stem cell (iPSC), e.g., derived from a fibroblast of a subject. In another
embodiment, the cell can be a fibroblast. In some embodiments, the cell may be a cancer stem
cell.

[3115] The present disclosure further provides progeny of a genetically modified cell, where the
progeny can comprise the same genetic modification as the genetically modified cell from which
it was derived. The present disclosure further provides a composition comprising a genetically
modified cell. In some embodiments, a genetically modified host cell can generate a genetically
modified organism. For example, the genetically modified host cell is a pluripotent stem cell, it
can generate a genetically modified organism. Methods of producing genetically modified
organisims are known in the art.

[0116] In soroe embodiments, the cell s in an organisma or host, such that introducing the
disclosed recombinases, systems, compositions, nucleic acids, or vectors into the cell comprises
administration to a subject. The method may comprise providing or administering to the subject,
in vivo, ot by transplantation of ex vivo treated cells, a recombinase, nucleic acid, vector,
composition, or system as described herein.

(01177 Cell replacement therapy can be ased to prevent, correct, or treat a disease or condition,
where the methods of the present disclosure are applied to isolated subject’s cells {ex viva),
which is then followed by the administration of the genetically modified cells into the patient.
[3118] The cell may be autologous or allogeneic to the subject who is administered the cell. As
described herein, the genetically modified cells may be autologous to the subject, e.g., the cells
are obtained from the subject in need of the treatment, genetically engineered, and then
administered to the same subject. Alternatively, the host cells are allogeneic cells, e.g., the cells
are obtained from a first subject, genetically engineered, and admunistered (o a second subject
that 1s different from the first subject but of the same species. In some embodiments, the
genetically modified cells are allogeneic cells and have been further genetically engineered to
reduced graft-versus-host disease.

[3118] A “subject” may be human or non-human and may include, for example, animal strains
or species used as “model systems” for research purposes, such a mouse model as described
herein. Likewise, subject may include either adults or juveniles {e.g., children). Moreover,

subject may mean any living organism, preferably a mammal (e.g., human or non-humanj) that
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may benefit from the administration of compositions contemplated herein. Examples of
maminals include, but are not limited to, any member of the Mammalian class: humans, non-
human primates such as chimpanzees, and other apes and monkey species; farm animals such as
cattle, horses, sheep, goats, swine; domestic animals such as rabbits, dogs, and cats; laboratory
animals including rodents, such as rats, mice and guinea pigs, and the like. Examples of non-
mamrmals include, but are not limited to, birds, fish, and the like. In one embodiment of the
methods and compositions provided herein, the manunal is a human.

[812¢] The methods find use in inactivating a gene of interest or deleting a nucleic acid
sequence. In some embodiments, the disclosed methods alter a target genomic DNA sequence in
a host cell, tissue, or subject so as to modulate expression of the target DNA sequence, ¢.g.,
expression of the target DNA sequence is increased, decreased, or completely eliminated {(e.g.,
via deletion of a gene or insertion or inversion of a promoter element). In some embodiments, the
systems and methods described herein may be used to introduce an exogenous donor
polynucleotide into a target DNA sequence.

(31211 In some embodiments, the target DNA encodes a gene product. The term “gene product,”
as used herein, refers to any biochemucal product resulting from expression of a gene. Gene
products may be RNA or protein. RNA gene products inchude non-coding RNA, such as tRNA,
TRNA, micro RNA (miRNA), and small interfering RNA (iRNA), and coding RNA, such as
messenger RNA (mRNA). In some erobodiments, the target genomic DNA sequence encodes a
protein or polypeptide. However, the jnvention is not limited to editing of gene products. Any
target DNA sequence may be edited, as desired. For example, in some embodiments, target DNA
comprises non-coding DNA or comprises regions which are responsible for producing RNA. In
some embodiments, the gene of interest is located chromosomally. In some embodiments, the
gene of interest is located episomally, e.g., 1n bacterial cells.

[$122] Methods for inactivating a gene of interest comprise introducing into one or more cells
the recombinases, systems, nucleic acids, or vectors described herein, wherein the target nucleic
acid seguence comprises at least a portion of the gene of interest. The gene of interest may
comprise any gene of interest to inactivate. In some embodiments, the gene of interest comprises
an antibiotic resistance gene, a virulence gene, a metabolic gene, a toxin gene, a remodeling

gene, a gene or gene variant responsible for a disease, or a mutant gene.
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(1231 In select embodiments, the systems and methods described herein may be used to correct
one or more defects or mutations in a gene (referred o as “gene correction”}. In such cases, the
cell or target sequence encodes a defective version of a gene, and the disclosed system further
comprises a cargo nucieic acid molecule which encodes a wild-type or corrected version of the
gene. Thus, in other words, the cell expresses a “disease-associated” gene. The term “disease-
associated gene,” refers to any gene or polynucleotide whose gene products are expressed at an
abnormal level or in an abnormal form in cells obtained from a disease-affected individual as
compared with tissues or cells obtained from an individual not affected by the disease. A disease-
associated gene may be expressed at an abnormally high level or at an abnormally low level,
where the altered expression correlates with the occurrence and/or progression of the disease. A
disease-associated gene also refers to a gene, the mutation or genetic variation of which is
directly responsible or is in linkage disequilibrium with a gene(s) that is responsible for the
etivlogy of a disease. Examples of genes responsible for such “single gene” or “monogenic”
diseases include, but are not Hmited to, adenosine deaminase, o-1 antitrypsin, cystic fibrosis
transmembrane conductance regulator (CFTR), P-hemoglobin (HBB), oculocataneous albinism
H(OCA2), Huntingtin (HTT), dystrophia myotonica-protein kinase (DMPK), low-density
Hipoprotein receptor (LDLR), apolipoprotein B (APOB), neurofibromin | (NF1), polyeystic
kidoey disease 1 (PKD1L), polyeystic kidney disease 2 (PKD2), coagulation factor VI (FR),
dystrophin {DMD), phosphate-regulating endopeptidase homologue, X-linked (PHEX), methyl-
CpG-binding protein 2 (MECP2), and ubiguitin-specific peptidase 9Y, Y-linked (USPOY ). Other
single gene or monogenic diseases are known in the art and described in, e.g., Chial, H. Rare
Genetic Disorders: Learning About Genetic Disease Through Gene Mapping, SNPs, and
Microarray Data, Nature Education 1{1):192 (2008); Online Mendelian Inheritance in Man
{(OMIM); and the Human Gene Mutation Database (HGMD). In another embodiment, the target
genomic DNA sequence can comprise a gene, the mutation of which contributes (o a particular
disease in combination with mutations in other genes. Diseases caused by the contribution of
multiple genes which lack simple (i.e., Mendelian) inheritagce patterns are referred to in the art
as a “multifactorial” or “polygenic” disease. Examples of multifactorial or polygenic diseases
include, but are not limited to, asthma, diabetes, epilepsy, hypertension, bipolar disorder, and

schizophrenia. Certain developmental abnormalities also can be inherited in a mulbtifactorial or
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polygenic pattern and inciude, for example, cleft lip/palate, congenital heart defects, and neural

o

tube defects.
4. Kits

[6124] Also within the scope of the present disclosure are kits including a recombinase, or
nucleic acid encoding thereof, a donor or first polynucieotide, a composition, or system as
describad herein, or a cell comprising a system as described herein or a recombinase as described
herein.

[6125] The kits can also comprise instructions for using the components of the kit. The
instructions are relevant materials or methodologies pertaining to the kit. The materials may
include any combination of the following: background information, list of components, brief or
detailed protocols for using the compositions, trouble-shooting, references, technical support,
and any other related documents. Instructions can be supphied with the kit or as a separate
member component, either as a paper form or an electronic form which may be supplied on
computer readable memory device or downloaded from an internet website, or as recorded
presentation.

[9126] It is understood that the disclosed kits can he employed in connection with the disclosed
methods. The kit may include instructions for use in any of the methods described herein. The
mstructions can comprise a description of use of the componenis for the methods of identifying
recombinases or methods of altering DNAL

{01271 The kits provided herein are in suitable packaging. Suitable packaging includes, but is not
Himited to, vials, bottles, jars, flexible packaging, and the like.

[9128] Kits optionally may provide additonal components such as buffers and imterpretive
inforrmation. Normally, the Kit coroprises a container and a label or package insert(s) on or
associated with the container. In some embodiment, the disclosure provides articles of
manufacture comprising contents of the kits described above.

[3128] The kit wmay further comprise a device for holding or administering the present
recombinase, nucleic acids, system, or composition. The device may include an infusion device,
an intravenous solution bag, a hypodermic needle, a vial, and/or a syringe.

[G138] The present disclosure also provides for kits for performing the methods or producing the

components in vitro. The kit may include the components of the present system. Optional
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components of the kit include one or more of the following: (1) buffer constituents, (2) control

plasmid, (3) transfection or transduction reagents.
5. Examples

101313 Cell lines and cell culture. K562 {ATCC CCL-243) cells were cultured in a controlled
humidified incubator at 37°C and 5% CO», in RPMI 1640 (Gibco)} media supplemented with
10% FBS (Hyclone), penicillin (13,000 LU./mL), streptomycin (18,000 ug/mL), and L-
glutamine {2 mM). HEK-293T cells, as well as HEK-293FT and HEK-293T-LentiX cells used to
produce lentivirus, as described below, were grown in DMEM (Gibeo) media supplemented with
10% FBS (Hyclone), penicillin (16,000 LU /mL), and streptomycin (10,000 ug/mbL).
[0132] Selecting large serine recombinases (LSRs) for inirial pilot experiments. LSRs for the
pilot experiments were identified by searching for the Recombinase Pfam domain among the
mobile genetic elements (M{GEs) previously identified (See Durrant et al. (2020} Cell Host &
Microbe 28(3); 767 and El-Gebhali et al., Nucleic Acids Res. 47, D427-D432 (2019), incorporated
herein by reference in their entirety). The identity of the attachment site was inferred from the
boundaries of the MGE that contained each LSR. For exampie, if a sequence had the following
structure:

Bi-D-Pr-E-Pr-D-Ba
where By indicates the sequence flanking the MGE insertion on the 3" end, D indicates the target
site duplication created upon insertion (if it exists), Py indicates the sequence Hanking the §
integration boundary that is included in the MGE, B 1s the intervening MGE, P» indicates the
sequence flanking the 3" integration boundary that is included in the MGE, and B, indicates the
sequence flanking the MGE insertion on the 3" end, then the attB and attP sequences can be
reconstructed as:

attB=0B,+D+B»

attP =P+ D + Py
where the “+7 operator in this case indicates mucleotide sequence concatenation.
[64133] Candidates were then annotated to determine features such as: 1) whether or not the
elerment was predicted to be a phage element, 2) how many isolates contain the integrated MGE,
and 3} how often MGEs containing distinct LSRs will integrate at the same location in the

genome. Candidates were then given higher priority if they were contained within predicted
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phage elements, if they appeared in multiple isolates, and if the attachment sites were targeted by
multiple distinct LSRs.

{0134] Computational workflow to identify thousands of LSKs and cognate attachment sites. The
1L.SR-identification workflow was implemented as describad schematically in FIG. 9. 146,028
bacterial isolate genomes available in the NCBI RefSeq database were identified. Genomes were
then clustered at the species level using the NCBI taxon 1D and the TaxonKit tool. Genomes
within each species were randomized and batched into sets of 50 and 20 genomes, where the first
batch included 50 genomes and all subsequent batches contained 20 genomes. Hach batch was
then processed by downloading all relevant genomes from NCBI, annotating coding sequences
in each genome with Prodigal, and then searching for all encoded proteins that contained a
predicted Recombinase Pfam domain using HMMER (El-Gebali et al,, 2019; HMMER, n.d.).
Genoroes that contaived a predicted LSR were then compared to genomes that facked that same
1L.5R using the MG Efinder command whiolegenome, which was developed by adapting the
defanlt MGEfinder to work with draft genomes. i MGE boundaries that contained the LSR were
identified, all of the relevant sequence data was saved and stored in a database. The workflow
was paraliehized using Google Cloud virtual machines.

[G135] After this initial round of L3R mining was complete, a roodified approach was taken to
further expand the database and avoid redoendant searches. First, bacterial species with a high
number of isolate genomes available 1o the first round of LSR mining were analyzed to
determine if further mining of these genomes would be necessary. Rarefaction curves
representing the number of new LSR families identified with each additional genome analyzed
were estimated for these common species, and species that appeared saturated {e.g., less than 1
new cluster per 1000 genomes analyzed) were considered “complete,” meaning no further
genomes belonging to this species would be analyzed. Next, 48,557 genomes that met these
filtering criteria were downloaded from the GenBank database and prepared for further analysis.
The analysis was very similar to round 1, but with some notable differences. First, a database of
over 496,133 1solate genomes from the RefSeq and GenBank genomes was constructed.
PhyloPhiAn marker genes were then extracted from all of these genomes. Next, for each genome
that was found to contain a given LSR, closely related isolates found in the database were
selected according to marker gene homology were then selected for the comparative genomics

analysis and further LSR discovery. This marker gene search approach was made available in a
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public github repository {github{doticom{backslash)bhattiab{backslash)enomeSearch). This
second round of LSR and attachment site mining increased the total number of candidates by
approximately 32%.

[6136] Fredicting LSR target site specificity. LSR protein sequences were clustered at 80% and
50% identity using MMsegsZ. Protein sequences that overlapped with predicted attachment sites
were extracted from their genome of origin and clustered with all other target proteins at 50%
identity using MMseqgs2. LSR-attachment site combinations that were found to meet
intermediate quality control filters were considered. To identify site-specific LSRs, only LSRs
clustered at 50% identity and target proteins clustered at 50% identity were considered. Next,
LSR-target pairs were filtered to only include target protein clusters that were targeted by 3 or
more LSR clusters, Next, only LSR clusters that targeted a single target protein cluster were
considered. The rernaining sets of LSR clusters were considered to be single-targeting, meaning
that they likely site-specifically targeted only one protein cluster. Multi-targeting, or transposable
LSR5 with mintmal site-specificity, were identified. Ouly L3RS clustered at 90% identity and
target proteins clustered at 50% identity were considered. Next, the total number of target protein
clusters that were targeted by each LSR cluster were counted, and L.SR clusters that targeted only
one protein cluster were removed from consideration. Mext, the remaining LSRs were binned
according to the number of protein clusters that they targeted, where “27 indicates two target
proteins, “37 indicates three target proteins, and "“>37 indicates more than three target proteins.
As referred to herein, “27 and “37 are considered moderately multi-targeting, while “>37 are
considered fully multi-targeting. Hach 50% identity cluster was then assigned to a multi-targeting
bin according to the highest bin attained by any one 90% cluster found within the 50% identity
cluster.

§8137] Phviogenetic analysis of site-specific integrases targeting a conserved attachment site.
Oue example of several site-specific integrases targeting a conserved attachment site is shown in
Fig. 1E. All attB attachment sites were clustered at 80% identity using MMSsegsZ. Candidates
were filtered to include only those that met QC thresholds, and then attB sites that were ranked
by the number of LSR clusters that were found to target them. An example attB cluster was
chosen for further analysis. All LSRs that targeted this attB cluster were extracted from the
database, and were aligned using the MAFFT-LINSI algorithm. Amino acid identity distances

between all LSRs were calculated, and the distance matrix was used o create a hierarchical tree
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in R. LSRs that were 99% identical at the amino acid level or more were collapsed into a single
cluster. This hierarchical tree was visualized and shown in Fig. 1E, along with all attB sites that
were targeted by the LSRs.

[8138] [dentifving target site motifs from attachment sites in the LSR database. Multi-targeting
LSRs in the database were analyzed at the level of individual proteins, at the level of 30% amino
acid identity clusters, and at the level of 50% amino acid identity clusters. For each of these
ievels, only candidates that were found to target more than 10 unigue attB sequences or 10 target
genes clustered at 50% amino acid identity were kept. Then all of the corresponding attB
sequences were extracted, with only one attachment site per target gene cluster being extracted to
avoid redundancy. These attB sequences were then initially aligned using MAFFT-LINSL Next,
possible core dinucleotides were identified in each alignment by extracting all dinucleotides in
the alignment, and ranking ther by the conservation of their most frequent nucleotides and their
proximity to the center of the attB sequences, using a custorn score that equally weighted high
nucleotide conservation and notmalized distance to the attB center. Candidates were then re-
aligned only with respect to these predicted dinucleotide cores, rather than using an aligoment
algorithm such as MAFFT. These alignments were then visualized in using ggseglogo to identify
conserved target site motifs.

F0139] Qualiry controls and selection criteria for LSRs. LSR5 with large attachment site cores,
above 20 base pairs in length, were rernoved. The attachrent site core is the portion of the auB
and the attP that are predicted to be perfectly homologous. LSRs with attachment sites with more
than 5% of their nucleotides being ambiguous in the original genome assernblies were removed.
Only LSRs between 400 amino acids and 650 amino acids were kept. Next, only predicted LSRs
that contained at least one of the three main LSR Pfam domains were retained (Resolvase,
Recombinase, and Zn_ribbon recom). Next, LSRs were removed from consideration if their
sequences contained more than 3% ambiguous amino acids. Only LSRs that were found on
integrative mobile genetic elements that were less than 200 kilobases in length were retained.
And finally, only L.SRs that were within 530 nucleotides of their predicted attachment sites were
retained. Candidates that met all of these filters were considerad to meet quality-control
thresholds.

{03148 Plasmid recombination assay to validate LSR-aitD-antA prediciions. Three plasmids were

designed for each LSR candidate. The effector plasmid contained the EF1a promoter, followed
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by the recombinase coding sequence (codon optimized for human cells), a 2A self-cleaving
peptide, and an eGFP coding sequence. The attA plasmid contained an EF1a promoter, followed
by the attA sequence, followed by mTagBFP2 coding sequence, which should constitutively
express the mTagBFP2 protein in human cells. The attD plasmid included only the atD
sequence followed by the mCherry coding sequence, which should produce no fluorescent
mCherry prior to integration. HEK-2937T cells were plated into 96 well plates and transfected one
day later with 200 ng of effector plasmid, 70 ng of attA plasmid, and 50 ng of attD plasmid using
Lipofectamine 2000 (Invitrogen). 2-3 days after transfection of cells with all three plasomids, cells
were then measured using flow cytometry on an Attune NxT Flow Cytometer (ThermoFisher).
HEK-293T cells were lifted from the plate using TrypLE (Gibeo), and resuspended in Stain
Buffer (BD). These experiments were conducted in triplicate transfections. Cells were gated for
single cells using forward and side scatter, and then on cells expressing fuorescent eGFP. Next,
mTagBFP2 fluorescence was measured to indicate the amount of un-recombined atth plasmids,
and Cherry fluorescence was measured to indicate the arount of recorabinant plasmad.

[0141] An experiment testing recombinases with roatched and anmatched atth plasmids was
performed similarly, following the above protocol for K562 celis. 3 days after transtection, cells
were measured by flow cytometry on a BD Accuri C6 cytometer.

10142 Landing pad cell line production. Landing pad L3R candidates were cloned into
lentiviral plasmids under the expression of the strong pEFla promoter, with their attB site in
between the promoter and start codon, and with a 2ZA-EGFP fluorescent marker downstream the
LSR coding sequence. Lentivirus production and spinfection of K362 cells were performed as
follows: HEK-293T cells were plated on 6-well tissue culture plates. On each plate, Sx19° HEK-
2937 cells were plated 1n 2 mlb of DMEM, grown overnight, and then transfected with 0.75 ug
of an equimolar mixture of the three third-generation packaging plasmids (pMD2.G, psPAX2,
pMDLg/pRRE) and 0.75 ug of LSR vectors using 10 ul of polyethyleneimine (PEL Polysciences
#23966) and 200 ul of cold serum free DMEM. pMDZ2.G (Addgene plasmid #12259;
RRID:Addgene 12259), psPAX2 (Addgene plasmid #12260; RRID: Addgene _12260), and
pMDLg/pRRE (Addgene plasmid #12251; RRID:Addgene_12251). After 24 hours, 3 mb of
DMEM was added to the cells, and after 72 hours of incubation, lentivirus was harvested. The
pooled lentivirus was filtered through a 8.45-um PVDF fiiter (Millipore) to remove any cellular

debris. 1x10° K562 cells were infected with the lentiviruses by spinfection for 2 hours at 1000 x
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g at 33°C. Lentivirus doses of 58, 100, and 200 1l were used for each vector, inorder to find a
condition with low multiplicity of infection wherein each transduced cell would be likely to
contain only a single integrated copy of the landing pad. Infected cells grew for 3 days and then
infection efficiency was measured using flow cytometry to measure EGFP (BD Accuri C6); the
dose that gave rise to 5 - 15% EGFP+ cells was selected for each LSR for further experiments.
Ten days later, these EGFP+ cells were sorted into a 96-well plate with a single cell in each well,
in order to derive clonal lines with a single landing pad location. Two weeks later, 4 clones for
each LSR with a unimodal high EGFP expression level were selected for expansion and
subsequent experiments.

[0143] Landing pad integration efficiency assay. Clonal landing pad lines were electroporated
with the promoterless mCherry donor containing the matching attP at a dose of either 1040 or
2000 ng donor plasoid. At troepoints frorn 3 - 11 days post-electroporation, the cells were
subjected to flow cytometry to measure mCherry (B Accuri C6).

10144] Preudosite integration efficiency assay to measure integration percent into the WT
genome. To determine the percentage of integration of attD donors into pseudosites in the huroan
genome, attD sequences were cloned into a plasmid containing an Efla promoter followed by
mCherry, and p2a self-cleaving peptide, and a purorayein resistance marker. 1.0x10° K362 cells
were electroporated in Amaxa solution (Lonza Nucleofector SF, program FF-120), with 3000 ng
LSR plasmid and 2000 ng pseudosite atth plasmad. As a non-matching LSR control, 3000 ng of
Bxbl was substituted for the correct LSR plasmid. The cells were cultured between 2x10°
cells/ml and 1x10° cells/mL. for 2-3 weeks. 100uL. of each saraple was run on the Attune NxT
Flow Cytometer every 3-4 days to measure the mCherry signal. After 2-3 weeks, transiently
transfected plasmid was nearly fully dileted out in the non-matching LSR control, and the
efficiency of the LSR was determined by the difference in mCherry percentage between the non-
matching LSR control and the experimental condition.

{0345] Integrarion site mapping assay to determine human genome integration specificisy.
Uilizing the same protocol as above, K562s were electroporated with LSR and pseudosite atth
plasmids. After 5 days in culture, puromycin was added to the media at Tug/mL. The cells were
cultured for 1.5 more weeks, and then the gDNA was harvested using the Quick-DNA Miniprep
Kit (Zymo) and guantified by Qubit HS dsDNA Assay (Thermo). A modified version of the

UDiTaS sequencing assay was used as described in Giannoukos et al. BMC Genomics 19, 212
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(2018). and Danner, 2020
Protocols.io.(doi(dotyorg(backslash)10.17504(backslashprotocels.io. 7kZhkye). TnS was purified
and stored at 7.5 mg/mb.. Adaptors were assembled by combining S0ul. of 100uM top and
bottom strand, heating to 95°C for 2 minutes, and slowly ramping down to 25°C over 12 hours.
Next, the transposome was assembled by combining 85.7ul. of TnS transposase with 14.3 ul
pre-annealed oligos, and incubated for 60 minutes at room temperature. Tagmentation was
performed by adding 130ng gDNA, 4ul of 5x TAPS-DMF (50 mM TAPS NaOH, 25 mM
MgCl2, 50% v/v DMF (pH 8.5} at 25°C), 3ull assembled transposome, and water for a 20ul
final reaction volume. The reaction was incubated at 55°C for 10-15 minutes and then puritied
with Zymo DNA Clean and Concentrator-3. The tagmented products were run on Agilent
Bioanalyvzer HS DINA kit to confirm average fragment size of ~2kb. Next, PCR was performed
with the outer primers for 12 cycles using 12.5 ul. Platinam Superfs PCR Master Mix {Thermo),
1.5ul of 0.5M TMAC, 0.5ul. of 10uM outer nest GSP primer, 0.25uL of 10uM outer 15 primer,
Sul of tagmented DNA, and 1.25 oL of DMSO. After Ampure XP 0.9x bead clean-up, a second
PCR with the inner next primers, was perforroed for 18 cycles. The PCR contained 254l
Platinuro Superli Master Mix (Thermo), 3 ul, 8.5M TMAC, 2.5ul. DMSO, 2.5aL of 10uM 13
pritoer, Sul. of 10uM 17 GSP primer, 10ul. of the purified 1st round PCR product, and 2ul, water
for a final reaction volume of 30ul.. The final Iibrary was size selected on a 2% agarose gel for
fragruents between 300-800 bases, gel extracted with the Monarch DNA Gel Extraction Kit
(NEB), guantified with Qubit HS dsDNA Assay {Thermo) and KAPA Library Quantification
Kit, fragment analyzed with Agilent Bioanalyzer HS DNA kit, and sequenced on a MiSeq
{(IHumina).

[0146] Computanional analysis of integration site mapping sequence assay. Snakemake
workflows were constructed and used to analyze NGS data for the UDiTaS pseundosite
sequencing assay. First, stagger sequences {filler sequences added for better discrimination of
samples during sequencing) were added to primers were removed using custom python scripts.
Next, fastp was used to trimn nextera adaptors from reads and to remove reads with low PHRED
scores. Next, reads were aligned to both the human genome {GRCh338) and a donor plasmid
sequence containing the LSR-specific attD sequence in single-end mode using BWA. Reads
were analyzed individually using custom python scripts to identify 1) if they aligned to the donor

plasmid, human genome, or both, 2) whether or not the reads began at the predicted primer, and
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3) whether or not the pre-integration attachment site was intact. Reads were then filtered to only
include those reads that mapped to both the donor plasmid and the human genome, those that
began at the primer site, and those that did not have an intact attD sequence (if this could be
determined from the length of a particular read). This filtered read set was then aligned in paired-
end mode to the human genome using default settings in BWA MEM. Alignments with a
mapping quality score less than 30 were removed, along with supplementary alignments and
paired read alignments with an insert size longer than 1500 bp. The samtools markdup tool was
used to remove potential PCR duplicates and identify unique reads for downstream analysis.
Next, MGEfinder was used to extract clipped end sequences from reads aligned to the human
genome and generate a consensus sequence of the clipped ends, which represent the crossover
from the human genome into the integrated attD sequence. Using custom python scripts, k-mers
of length 9 base pairs were extracted from these consensus sequences and coropared with a
subsequence of the attD plasmid extending from the original primer to 25 bp after the end of the
attDd attachment site. If there were no shared B-mers, the candidate was discarded. Otherwise,
consensus sequences were clipped to begin at the primer site, and these consensus seguences
were then aligned back to the original atth subsequence using the biopython local aligoment
tool. Two aligned portions were extracted - the full local alignment of the consensus sequence o
the attD (called the “full local alignroent”), and the longest subset of the alignment that inchuded
no ambiguous bases and no gaps (called the “contignous alignment”™). To {lter a final set of true
nsertion sites, only sites with at least 80% nucleotide identity shared between the consensus
sequence and the attD subsequence in either the full local alignment or the contiguous alignoent
were kept. Finally, only sites with a crossover point within 15 base pairs of the predicted
dinucleotide core were Kept.

[3147] This approach could precisely predict integration sites, but errors in sequencing reads led
to some variability in this prediction. To account for this, integration sites were combined into
integration “loci” by merging all sites that were within 500 base pairs of each other, using
bedtools. This approach would merge integration events that occurred at the same site but in
opposite orientations, for example. When pooling reads across biological or technical replicates,
these loci were also merged if they overlapped. When measuring the relative frequency of

insertion across different loci, all uniquely aligned reads (deduplicated using samtools markdup)
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found within each locus were counted. These were then converted into percentages for each
locus by dividing by the total number of unique reads aligned to all integration loci.

[3148] Target site motifs for different LSRs could be determined from precise predictions of
dinucleotide cores for all integration sites. For each integration locus, only one integration site
was chosen if there were multiple, and integration sites with more reads supporting them were
prioritized. Up to 30 base pairs of human genome sequence around the predicted dinucleotide
core were extracted using bedtools, choosing the forward or reverse strand depending on the
orientation of the integration. All such target sites, or a subset of these target sites if desired,
were then analyzed for conservation at each nucleotide position using the ggseglogo package in
R.

[0149] Phylogenetic tree construction. Representative amino acid sequences of each gquality-
controlled 50% identity LSR cluster were used to construct the phylogenetic tree. LSRs were
aligned using MAFFT in G-INS-i mode, and IQ-TREE was then used to generate a consensus
tree using 1000 bootstrap replicates and automatic model selection.

Example 1
Systematic Identification of Recombinases and Predicted Attachment Sites Revealed Site-
Specific and Multi-Targeting/Transposable Clades

[G15¢] LSRs such as Bxbl and PhiC31 catalyze an integration reaction that recombines two
DMNA sequences at specific attachment sites, referred to as attP (the DNA seguence found in the
phage) and attB (the DNA sequence found in the bacteria). Using a comparative genomics
approach built to identify precise boundaries of integrative elernents (FIG. 1A), thousands of
LSRs were wdentified in public databases of clinical and environmental bacterial isolate genomes.
Once LSRs were identified, closely related genomes (average nucleotide identity (ANI) > 95%)
that lacked a given LSR were searched for, and used the previously developed bivinformatics
tool MGEfinder (Durrant et al. (2020} Cell Host & Microbe 28(8): 767, incorporated herein by
reference in its entirety) was used to align whole genomes with and without LSRs, thus allowing
identification of the integrated prophage or mobile genetic element seguences (FIG. TA). The
boundaries of these predicted sequences represent the atth. and attR sites that form when attP
recombines with attB (FIG. A, box), and flank the integrated prophage genome or mobile
genetic element containing the LSR. By using this approach on 194,585 bacterial isolate
genomes, 12,638 candidate LSRs were identified and their original attP and attB attachment sites

were reconstructed. After applying various guality control filters, and clustering protein
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sequences at 30% identity, the final dataset of LSR-attachment site predictions inciuded 1,081
LSR clusters recovered from genomes belonging to 20 host phyla (FIG. 5A), indicating good
representation of published bacterial assemblies.

[6151] To predict the site-specificity of candidate LSRs using only the constructed database, the
network of LSRs and associated attachment sites were inspected, and LSRs from a diverse set of
20 host phyla were recovered (FI1G. 5A), indicating good representation of published bacterial
assemiblies, Integration patterns across L3R clusters were compared. If many distantly-related
L.SRs appeared to target similar integration sites, it is likely that these LSRs would be site-
specific. Conversely, it LSR clusters targeted many distinct integration sites, then they would be
“multi-targeting,” meaning that they either had relaxed sequence specificity or they evolved to
target sequences that occurred at multiple different sites in their host organisms. Target similarity
was measured by mapping the attB integration sites to nearby ORF predictions, allowing attB
sites to be grouped by the ORF sequence, referred to as a “target gene.” The protein sequences of
these target genes were then clastered at 50% amuno acid identity to further group more distantly
related integration sites together. Clustering by target gene rather than attB sequence alone
facilitated use of protein homology rather than DNA homology, grouping more distantly related
target sites.

[0152] For each LSR cluster, the number of associated target gene clusters were estimated and
vispalized on the phylogenetic tree of representatives of each LSR cluster at the amino acid level.
LSRs were binned into two groups: “Site-specific integrases” or “Multi-targeting integrases”
(FIG. 1B). 82.8-88.3% of LSR clusters were predicted to be site-specific, or to have intermediate
site-specificity, where the total namber of unique target genes is 1, 2, or 3, depending on
strictness of criteria used. One clade emerged of many multi-targeting LSRs, or those predicted
to have to integrate into more than 3 target protein families, suggesting that this was an evolved
strategy inherited from a single ancestor. This clade correlated strongly with DUF4368, a Pfam
domain of unknown function (FH3. 3A), and that it includes previously characterized LSRs in the
Tnd-like transposase subfamily (H. Wang and Mullany 2000 Jowrnal of Bacteriology 182 (23
6577-83; Adams et al. 2004 Molecular Microbiology 53 (4): 11951207, each incorporated
herein by reference in ifs entirety}.

[3153] Many examples of distantly related LSRs targeted the same gene clusters (FIGS. 1D and

1E). In FIG. 1D, an example of a network of diverse LSR clusters that primarily target a single

70



WO 2023/081762 PCT/US2022/079227

gene cluster, a gene with homologs annotated as an ATP-dependent protease / Mg(2+) chelatase
family protein/ComM-like protein, containing predicted Pfam domains Chil (Subunit Chil of
{Magnesium chelatase, subunit Chil C-terminal) is shown. Homologs of this particular gene are
one of the most commonly targeted genes (FIG. 5E), being targeted by 12.4% of all predicted
site-specific integrases (FIG. 5B). FiG. 1E shows an example of a diverse set of LSRs that were
found to target a single conserved site, the CDS sequence of a Prolyl isomerase. Upon aligning
the LSR candidates that targeted this site, the DN A-binding Resoivase, Recombinase, and

Zn _ribbon_recom domains were found to be much more conserved than the C-terminus, which is
not believed to play an important role in DNA-binding (FIG. 5C). A more comprehensive
enrichment in DNA competence genes and no enrichment within or near anti-phage defense
genes (FIGS. SE-5G)

[8154] FIG. 1G shows an example network of a multi-targeting LSR. Several multi-targeting
LSR5 have large numbers of associated attB target sites, which allowed inference of their
segquence specificity computationally from the database. As shown in FIG. 1H, a single mult-
targeting integrase was found fo integrate into 21 distinet sites. Aligning target sites revealed a
conserved TT dinucleotide core, with 5" and 3’ ends enriched for T and A nucleotides,
respectively. This suggested that this particular example most likely has relaxed sequence
specificity overall, with the TT central dinucleotide being the most important feature for
mtegration. Other exaruples of multi-targeting LSRs with distinct target site motifs are shown in
FIG. 5B, inchuding several with more complex motifs than the AT-rich one shown in FIG. 1H.

Example 2
Characterization of Landing Pad L5Rs

[3155] One valuable application for LSRs in biotechnology is specific delivery of genetic cargo
to an introduced site or so-called ‘landing pad’ that is not preseunt elsewhere in the target genome.
An ideal landing pad LSR is highly specific for an attB that does not exist i a target genome, but
can efficiently integrate once the atth is installed.

[1156] Using previously identified MGEs for LSRs (Durrant et al. (2028) Cell Host & Microbe
28(3):. 767, incorporated herein by reference in its entirety), a set of 17 LSR candidates with
evidence for site-specificity was curated as an initial proof of concept. To validate that these
recombinases were active in mammalian cells, an inter-plasmid recombination assay was

developed in HEK293FT cell by synthesizing three plasmids: one for expression of the human
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codon-optimized 1L.SRs, and separate plasmids containing their putative attP and attB sequences
(FIG. 2A). In this plasmid recombination assay, the attP plasmid contains a promoterless
mi_herry, which gains a promoter upon recombination with the attB plasmid resulting in
fluorescent protein expression that can be read by flow cytometry. In the initial set of 17
candidates, 15 candidates were identified with greater mCherry+ MFI values than attD-only
controls {one-tailed t-test, P < 0.05), demonstrating functional recombination (FIGS. 2B, 2C, and
6L.). In comparison to positive controls, 13 candidates had greater mCherry+ MF] than PhiC31,
and 3 had greater mCherry+ MFI than Bxbl. For a subset of LSRs, attachment site orthogonality
was tested using the assay with different attachment site combinations, and it was found that they
are highly specific and orthogonal to each other (FIG. 2D).

[8157] Integration into attB-containing landing pads that were pre-installed in the human
genome were also tested (FIG. 2F). A construct contaiming an Efla promoter, attB, the matching
L.5KR and GFP were integrated into the genome of K562 cells via high MOI lentivirus, resulting
in a polyclonal population of cells likely to have the landing pad in different chromosomal
locations in each cell. Upon successtul jntegration of the promoterless mCherry donor into the
landing pad, mCherry is expressed while GFP is knocked out. Using this landing pad assay, 5 of
the new LSR5 were found to integrate into hurnan gevome with rmeasurable efficiency and EcO4,
Ech7, Kp03, and Padl were significantly roore efficient than BxB 1 (FIG. 6A and 2L). The
stability of these polyclonal landing pads expressing LSR-GFP was assessed by flow oytometry
over time and for some landing pads such as Ec(l7 and Ec3, the majority of cells lost GFP
expression, suggesting the landing pad was transcriptionally silenced or genetically vnstable
(FIG. 6B). The LSRs can function on human chromosomal DNA and KpO3 and Padl emerged as
top candidates n terms of efficiency.

[8158] Landing pad integration may be most useful when the landing pad is known tobe ata
single genomic site in all cells. To develop single position landing pad lines, landing pad LSR-
GFP construct was ntegrated via low MOI lentivirus, resulting in a single copy of the landing
pad per cell. Clonal cell lines which should contain a single landing pad site were then sorted,
expanded, and electroporated with the attP-mCherry donor plasmid. Using this landing pad
assay, four integrase candidates (Ec03, Ec4, Kp03, and Pall ) were tested and Pall performed
better than Bxb1 in terms of the percentage of cells that were stably fluorescent after 11 days

(FIG. 2F). With a tripled donor DNA dose (3000 ng), Pall reached 52% efficiency, while Bxbl
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remained at 3% integration (F1G 2M). In one Pall experiment, electroporating cells with donor
plasmids twice increased integration efficiency to over 70% (FIG. 2G). Differences in
efficiencies were reduced at higher donor DNA doses (FIGS. 6C-6D), suggesting variable
integration kinetics for the different LSRs.

[31598] Previous characterization of the Bxbl attB identified a sequence as short as 38 bp as
being necessary for integration, but the computational pipeline conservatively predicted 100 bp
attB sequences initially. A minimum 33 base pair attB for efficient Pall recombination was
determined, but efficient recombination for Kp03 was seen down to a 25 base pair attB (FIG.
6F). At short lengths, the attachment sites can be easily instalied during cloning and cell
engineering through a variety of methods.

[8168] Efficient landing pads could be especially useful for multiplex gene integration, which
could be achieved by using several of LSRs in parallel, given that they do not operate on each
other’s attachment sites (FIG. 2D). Interestingly, other well-studied LSRs Bxbl and Phi(C31
contain a modular dinucleotide core in their attachment sites that can be changed to enable
orthogonal integrations (Ghosh, Kim, and Hatfoll 2003 Molecular Cell 12 {5y 110111,
incorporated herein by reference in its entirety), such that the same LSR can be applied to direct
multiple cargoes to specific landing pads that differ by their core dinucleotides. The ability to
substitute core dinucleotides was tested using the plasmid recorbination assay for one of the
LSRs, KpO3 (FIG. 6(). Changing either nucleotide of the dinucleotide core in one attachment
site dramatically reduced integration efficiency, and subsequently changing the other attachment
site to match the first restored integration efficiency. This suggested that this L3R could be used
to orthogonally integrate different cargos at up to 10 different attachment site landing pads.
[¢161] The specificity of these LSRs was tested by transfecting attP-pEFla-mCherry donors
with or without co-transfected LSR into wildtype K362 cells and measuring moCherry expression
18 days later, by which point episomal donor plasmid is no longer detectable. Pall showed no
evidence of mCherry integration above background, while Kp03 did have elevated mCherry+
fluorescence, suggesting it has off-target pseudosites (FIG. 2H). To identify these sites, the
UDiTa8™ genome-wide single-sided PCR-based sequencing assay was modified for use as an
1SR integration site mapping assay. After optimizing this assay, the proportion of target-derived

reads was increased from 1.6% to 73.2% (F1G. 61). This assay was first performed on the landing
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pad cell lines, allowing estimation of the percentage of off-target integrations relative to
integrations on-target integrations (FIG. 21).

[0162] This assay detected off-target integration for all LSRs, including Bxbl (3.48% +/- 2.98%,
9 unique reads across 9 integration loci) and Pa01 (0.47% +/- 8.46%, 13 unique reads across 10
loci), but KpO3 had significantly more than the others at 15.5% +/- 2.43%, with 312 unigue reads
detected across 83 different loci, confirming a relatively high percentage of off-target
integrations. Wild-type cells that were transfected with Kp(U3 and PaUl were sequenced using the
integration site mapping assay at high coverage, and 79 off-target genome integration loci were
detected for PaUl, and 2,415 off-target integration loci were detected for Kpl3. From these
integration sites, the target site motifs targeted by these LSKs were identified, and the motifs
showed conservation at the dinucleotide core and flanking sequence, indicating that these are
bona fide integrations rather than random plasmid integrations (F1G. 2H). Together, these results
establish Pall as a more efficient and comparably specific landing pad LSR in comparison to
BxBI1.

[(163] A second batch of 21 LSRs were selected from the database, prioritizing those with low
BLAST similarity between their atB/P sites and the human genoroe, and applying stringent
guality thresholds. 17 out of 21 (81%) of them were functional in the plasmid recombination
assay, providing validation of the computational pipehine for identifying functional candidates.
Promisingly, 16 candidates had higher uCherry+ MFI values than PhiC31, and 11 candidates
had higher MFI values than Bxbl (FIG. 21). The integration fluorescence assay in wild-type cells
using top candidates identified 3 with low percentage off-target jntegrations (FIG. 6K), with 5i74
being a top candidate with favorable performance in terms of both plasmid recombination
efficiency and off-target integrations (FIG. 2K).

Example 3
Genome-targeting L5Rs Integrate into Buman Genome at Predicted Target Sites

[1164] A particularly useful LSR would be one that integrates directly into only one, or very
few, pseudosites in safe locations 1u the human genome and does so with appreciable efficiency.
Historically, 1L.SRs with pseudosites such as that for PhiCC31 had to be experimentally discovered
by transfecting the LSR into human cells and searching {or the integration sites. While effective
in demonstrating proof of concept, this approach has not yielded highly efficient and specific
human genome-targeting LSRs. BLAST was used to search all attB/P sequences against the
GRCh3¥ human genome assembly (FIG. 3A) and 856 LSRs with a highly significant match for
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at least one site were identified in the human genome (BLAST E-value < 1e-3, FIG. 3B). Many
of these LSR-attachment site predictions did not meet the quality control thresholds, but BLAST
match quality was prioritized when selecting candidates, and 103 LSRs of varying quality were
synthesized. attP and attB sites were renamed according to their BLAST hits, with the
attachment site that matched the human genome being renamed to attA {acceptor), and the other
being renamed to attD (donor). The predicted target site in the human genome was renamed attH
(human) (FIGS. 3A and 3D).

101651 All 103 candidates were tested in the plasmid recombination assay, and 27 candidates
recombined at predicted attachment sites (one-tailed t-test, P < 0.03; FIG. 3C), with 4 out of 64
{6.25%) low-guality candidates recombining as predicted, and 21 out of 37 (56.75%) high-
guality candidates recombining as predicted (FI1G. 7A). In subsequent batches of genome-
targeting candidates, only high-guality LSR-attachment site predictions were utilized, which
included 201 unigue LSKs with attachment sites that significantly matched sites in the human
genome (BLAST E-valoe < fe-3).

[8166] To determine if these LSRs could target the chromosomes divectly in homan K562 cells,
another plasmid recombination assay was performed, replacing the native attA with the human
pseudosite (or attH) instead of the native attachment site and foand 4 of the candidates
recombined with their predicied attH; Sp36, P80, Psd 3, and Enc3 (FIG. 3D). This was followed
by a human genoroe 1otegration assay and an jntegration site roapping assay. Several integration
sites were detected for all of these candidates when using both circular donor plasmids and linear
PCR araplicons. For Sp36 and P8O, the integration sites with the most unique reads (presumed
to be the most frequently target loct) across experiruents were the target sites that were predicted
by BLAST alignments, an exon of SPATAZ0 and an exon of FKBP2, respectively (FIG. 3E). For
Enc3, the predicted target site had the 12th most reads of all loci with detected integrations. Ps43
had detected reads at the predicted target site ig one experiment, but coverage was too low to
estimate relative specificity. Examples of reads from the integration site mapping assay aligned
to the predicted site are shown 1o FIGS. 3F, 7C and 7D. These four examples demonstrated that
candidates can be selected prior to experimental validation based on BLAST similarity to the
human genome, and that 4 out of 27 (14.8%) functional candidates tested were able to recombine

with the predicted site.
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[8167] Of these four candidates, Pf80 had the highest predicted specificity, with 34.3% of unique

>0

o]

reads mapping to the predicted target site, an exon of the gene FKBP2 at position 64,243,209
chromosome 11 (FIG. 3F). But in the efficiency assay, P{83, Sp36, and Ps45 did not have
mCherry+ fluorescence above background, suggesting low overall efficiency (FIG. 3G). Enc3
had the highest efficiency of these candidates, with 6% of cells being mCherry+ at day 18 after
transfection. Other genome-targeting candidates were subseguently tested, Dn29 and VpgZ, had
4.5% and 2.5% mCherry+ cells in the efficiency assay, respectively, but no integrations were
detected at their predicted target sites in the integration site mapping assay (FIGS. 3G-3H). Dn29
had relatively high specificity, with 17.4% of unique reads mapping to its top target site, and
33.0% of unique reads mapping to the top three target sites. An analysis of Dn29 and Vp82
integration sites revealed distinct sequence profiles of their targets, which may inform future
efforts to engineer and optimize these candidates (FIGS. 31-3F and TE-TF). Several of these
candidates outperform PhiC31 in terms of efficiency and specificity, with Dn29 having a
favorable mix of both, making thers promising genome-targeting candidates. Ao ideal genome-
targeting LSR would integrate with robust efficiency in a site-specific manner. The genome-
targeting candidates tested exhibited varying levels of efficiency, with Enc3 and Du2% in
particular having significantly higher etficiency (6% and 5%, respectively) than PhiC31 or P80
{both <1%; FIG. 3G). For Du29, 61.9% of integrations occurred in just the top 5 target sites,
which were found in fotronic or jatergenic regions (FIGS. 3K-3L).

Example 4
Multi-targeting L5Rs Birectly Integrate DNA into the Human Genome

[3168] An LS8R is considered to be a good multi-targeting candidate it it has relaxed specificity
requirements, if it appears in the multi-targeting clade (FIG. 1B), and/or if it has DUF4368, a
Pfam domain that was found to correlate with the multi-targeting clade (FIG. 5A).

[$1698] One such multi-targeting LSR found in Clostridinm perfringens, named Cp36, was
characterized. This LSR is 544 amino acids in length, and it contains a predicted DUF4368
domain at its C-terminus. This LSK can integrate an mCherry donor cargo into the genome of
K562 cells at up to 40% efficiency without pre-installation of a landing pad or antibiotic
selection (FIG. 4A). This high level of integration efficiency was verified in HEK293FT cells,
utilizing both plasmid DNA and linear PCR amplicons as the donor cargo (FIG. 8A). Using the
integration site mapping assay, over 200{ unique integration sites were found, with a strong bias
toward specific sites (FIG. 48 and 8C}. The locus with the most integration events,
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chri: 101,429,889 (w.r.t. GRCh38), was the target of approximately 2% of all integration events.
There was high concordance across the two cell types, with a jaccard similarity of 20% among
the top 100 sites in both cell types, and a jaccard similarity of 17.8% among the top 200 sites.
The number of unique reads at the top 61 sites that were found in both cell types is highly
correlated {Pearson’s r = (145, P = 0.0002, FIGS. 8D and 11A), suggesting that the relative
efficiency of integration at these sites is quite consistent across cell types.

[8178] Using these precise prediction of human integration sites, a sequence motif targeted by
Cp36 was reconstructed (FIG. 4C). This sequence motif is composed of an A-rich 5 region,
followed by the AA dinucleotide core, followed by a 3’ T-rich region. The natural attB in the C.
perfringens genome and three commonly targeted human genome target sites, it was clear that
the three htiman genome integration sites were close matches for the motif. One target site
baving low efficiency integration in both cell types was also a good match for the motif,
although with shorter stretches of A and T nucleotides on the 5" and 3" ends. The poly-A and
poly-T flanks matched previous descriptions of the natural attB for TndX, a previously
characterized LSR that is 35.4% identical to Cp36 at the amino acid level.

18171} To cornpare the efficiency of Cp36 to the PiggyBac (PB) fransposase, a comnonly used
too] for delivering DNA cargos at random into TTAA tetranucleotides found in a target genore,
a plasmid construct was designed that included a Cp36 aul {donor attachment site), PB ITR
sequences, and an mCherry reporter (FIG. 8E). Cp36 performed at similar efficiencies to PB
(FIG. 4D). Cp36 catalyzed vni-directional integration like other site-specific LSRs (FIGS. 4E, 8F
and 8(), whereas PB has been shown to be bi-directional, resulting in both excision and local
hopping of cargo upon PB redosing.

[G172] To test if Cp36 could be re-used to integrate a second gene, a pure population of

m herry+ cells was generated via Cp36-mediated integration and puromycin selection, and re-
electroporated with Cp36 and a donor containing BFP. After 13 days, 9% of the cells were
double positive {mCherry+ and BFP+) (FIGS. 4F and 11E), without any reduction in m{Cherry
(FIG. 11F), demonstrating delivery of a second gene without loss of the first cargo. Further, it
was found that simultaneous delivery of Cp36 with both mCherry and BFP fluorescent reporter
donors resulted in stable populations expressing both markers (FIG. 4G), suggesting that Cp36

could be used to generate cells with multi-part genetic circuits in a single transfection.
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[3173] Additionally, two other orthologs (Pc01 and Enc®) were found in the database that also
functioned as multi-targeters in human cells with efficiencies of 13% and 35% (FIG. §B). These
results reveal the existence of a subset of LSR5, not previously tested in eukaryotic cells, with
highly efficient, unidirectional integration activity and longer targeted DNA motifs (& 20bp}
compared to lentivirus or transposase systems (2-4 bp).

Example 5
Biological Role of LSK Target Genes

[0174] Genes that were targeted and disrupted upon LSR integration could indicate an evolved
strategy for LSR-carrving MGEs. Pfam domains that were enriched among target genes were
identified (FIG. 3B). Enriched domains were found in Magnesium chelatases, Competence
proteins, Type IV secretion system proteins, and HNH endonucleases, among others. Gene
cntology (GO} pathway analysis of the target genes identitied six pathways that were
significantly enriched (FDR «< 0.1; FIG. 5F). Notably, the GO term “establishment of
competence for transtormation” (GO:0030420) was the most significantly enriched pathway with
15 target gene clusters being annotated with this term. Among these target genes was the ComK
transcription factor and other ComG operon proteins, suggesting that disrupting competence and
DNA transformation i5 a coramon strategy for LSR-carrying MGEs. Reasoning that LSRs may
have also evolved to target host anti-phage defense systems upon integration, relevant genoroes
were annotated using DefenseFinder and genes that occurred 1n or near these identilfied systems
were searched. Sorne defense genes that were targeted by 1ntegrases, including CRISPR spacer
acquisition gene cas?, CASCADE coroplex helicase cas3, Type I restriction modification
enzymes, Hachiman defense gene hamA, and a UvrD-like helicase gene were identified.
However, defense genes were rarely targeted by LSRs, and no enrichment of target genes was
found near defense genes, suggesting this is not a common strategy (FIG. 5G). These findings
support an evolved strategy adopted by LSR-carrying MGEs that himits further horizontal gene
transfer primarily through disruption of competence.
Example 6

Post Hoc Identification of Human Genome Integration
(81751 A post hoc analysis of the genome-targeting and multi-targeting candidates 1o this study
was performed to determuine how feasible a motif-based search would be. Starting with each
experimentally characterized candidate, sequence motifs were built by iteratively adding natural
attB sequences of the next most closely related LSR ortholog, only adding additional auB
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sequences if they were 95% identical or less to already selected attB sequences. Motifs of 20, 50
and 100 such attB sequences were built. Then these motifs were searched against the
experimentally observed human integration sites, and approximately 30,000 randomly selected
human genome sequences. Next, these sequences were iterated across motif score cutoffs and the
true positive rate and the false positive rate were calculated at each cutoff, generating a ROC
curve (FIG. 12A). For each LSR, the motif with the greatest AUC was selected.

[8176] Sequence matifs belonging to the multi-targeting candidates performed guite well, with
AUC values ranging from 0.94 for the Cp36 motif to (.68 for the Bt24 motif. For the genome-
targeting candidates the performance of the sequence motifs varied, ranging in AUC values from
(.65 for DnZ9 to 0.44 for Enc3. All of these motifs assigned significantly higher scores o
observed integration sites than randomly selected controls, except for Sp36 and Enc3, which did
not differ significantly (Wilcoxon rank-sum test; P < 0.0001 for Cp36, EncY, Pchl, Bi24, and
D28, P < 0.01 for P80, P> 0.05 for Sp56 and Enc3). Despite the relatively poor performance
of the P80 motif and the Sp36 mond, they did assign the highest motif scores to the roost
frequently targeted hurnan genome integration sites, suggesting that there is predictive value to
their database-derived sequence rootifs (F1G. 12B). Upon visual fnspection of the rootifs a
variety of patterns were seen, with Cp36 and Enc® motifs having the charactenistic AT rich
motifs typical of many multi-targeting LSRs, and others such as Dn29 and Bi24 having less
variation and less well-defined boundaries (FIG. 120).

181771 These results suggest that there is value in taking a motif-based sequence search when
prioritizing multi-targeting and genome-targeting candidates. The potential targeting profile of
multi-targeters could be better understood prior to experimental validation, as with Cp36 and
EncY, and genomwe-targeting candidates could be selected based on those that have high, outlier
motif matches that could indicate higher specificity, such as for P{80. The difference in
performance between motifs may be explained by the different selection pressures placed on
multi-targeting and single-targeting LSRs, where multi-targeting LSRs are more likely to
maintain their relaxed sequence specificity across larger evolutionary distances due to a greater
abundance of possible target sites, leading to more accurate sequence motifs. These results could
also have been influenced by the efficiency of the LSR in human cells or epigenetic

modifications such as those that influence chromatin accessibility (FIG. 8H).
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[3178] All references, including publications, patent applications, and patents, cited herein are
hereby incorporated by reference to the same extent as if each reference were individually and
specifically indicated to be incorporated by reference and were set forth in its entirety herein.
[6179] Preferred embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred embodiments
may become apparent to those of ordinary skill in the art upon reading the foregoing description.
The inventors expect skilled artisans to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and equivalents of the subject matter
recited in the claims appended hereto as permitied by applicable law. Moreover, any
cornbination of the above-described elements in all possible variations thereof is encompassed by

the invention unless otherwise indicated herein or otherwise clearly contradicted by context.
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Table {; Landing Pad Integrases Ka6d 1198 15
attP attB Protein Chié 1190 1231 16
LSR Sggg?g Sg?fg‘;g ‘ﬁ?gﬁg wChd 1200 1232 17
M s N{s: NQOs: Eci3 1201 1233 18
Sh2s 1184 1216 i Kefd 202 1234 19
Si74 1185 1217 2 Ees 1203 1233 20
Bm9% 1186 1218 3 Echs 1204 1236 21
Med9 1187 1219 4 Ecl¥7 1205 1237 22
Ma37 188 1220 5 Efgd 1206 1238 23
Nm6d 1189 1221 6] Eig2 1207 1239 24
el 1190 1222 7 Kpi 1208 1240 25
Yhi¢ 119l 1223 8 Kp3 1209 1241 26
=56 1192 1224 g Kpi4 1210 1242 27
Bi24 §193 1225 {¢ Kpls 1211 1243 28
MNo67 1194 1226 ii Padl 1212 1244 29
Fmid 1195 1227 12 Pal3 1213 1245 30
Bu3f 1196 1228 13 Saiil 1214 1246 31
Mals §197 1229 i4 Saifi2 1215 1247 2
Table 2: Genome-Targeting Integrases Sasi 1263 1297 50
atth attA Protein Be3f 1264 1208 5
LSR ”ggfgg}‘ sggg‘;g “;gg?g Caod 1265 1299 52
N s MW se X3s: Sa34 1266 1300 54
Pfi3 1248 1282 33 Pp2o 1267 1301 55
TaH8 1249 1283 34 Efs2 1268 1302 57
Sel7 1250 1284 35 Pris 1269 1303 38
Ce3 1251 §285 36 Ps4ds 1270 1304 39
Ped 1252 §1286 38 SpS6 1271 1305 GO
Saif 1253 1287 39 D29 1272 1306 61
Tl 1254 1288 40 Vh73 1273 1307 62
Enc3 1255 1289 41 Emi2 1274 1308 63
Fpld 1256 1290 42 Pctd 1275 1309 64
Phd3 1257 1291 43 Y82 1276 1310 63
SmiB 1258 1292 44 CMpl 1277 1311 69
P{8) 1259 1293 45 Pald 1278 1312 70
Bsde 1260 §284 47 Pel? 1279 1313 71
P48 1261 1295 48 Sall 1280 1314 72
Bb27 1262 1296 49 Eigi 1281 1315 73
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Table 3: Multi-Targeting Integrases

LSR atil seq uence attA sequence | Profein sequence

SEQ ID NQGs: SEQ ID NOs: SEQ D NGs:

Cpl36 1316 1324 66

Pcdt 1317 1325 67

EncY 1318 1326 68

Cdlie 1319 1327 45

Cdis 1320 1328 53

Cd3i 1321 1329 37

RIig9 1322 1330 36

Cdas 1323 331 74
§?£§2f25° — — 114 1358 2439
Sekqu eﬁf:z . gEQ ?ig ii?;;? gm?gﬁgz L5 1359 2440
SEQ ID NOs: 116 1360 2441
88 1232 24173 117 1361 2442
]9 1333 2414 118 1362 2443
an 1334 2415 119 1363 2444
91 1335 2416 120 1364 2445
9 1336 3417 121 1365 2446
93 1337 2418 122 1366 2447
84 1338 2419 123 1367 2448
95 1339 2420 124 1368 2449
96 1240 2401 123 1369 2450
97 1341 349272 126 1370 2451
98 1342 2473 27 1371 24572
ag 1343 2434 128 1372 2453
100 1344 2475 129 137 2454
101 1345 3426 130 1374 2455
102 1346 2427 131 1375 2456
103 1347 24238 132 1376 2457
104 1348 24725 133 1377 2458
105 1349 3430 134 1378 2459
106 1350 2431 135 1379 2460
107 1351 2432 136 1350 2461
108 1352 2433 137 1381 2462
109 1353 2434 138 1382 2463
110 1354 2435 139 1383 2464
111 1355 2436 140 1384 2465
112 1356 2437 i41 1385 2466
113 1357 2438 142 1386 2467
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143 1387 2468 184 1428 2509

144 1388 24649 185 1429 2510
145 1389 2470 186 1430 2311
146 1380 2471 187 1431 2512
147 1381 2472 188 1432 2513
144 1392 2473 189 1433 2514
149 i393 2474 190 143 2315
130 1394 2475 191 1435 2516
151 13595 2476 i92 1436 2517
152 1396 2477 193 1437 2518
133 1397 2478 194 1438 2319
154 1388 2479 195 143 2320
155 1389 2480 196 1440 2521
156 1400 2481 197 1441 2522
157 1401 2482 198 1442 2523
158 1402 2483 198 1443 2324
159 1403 2484 200 1444 2525
160 1404 2485 201 1445 2526
161 1405 24386 202 1446 2527
162 1406 2487 203 1447 23528
163 1407 2488 204 1443 2528
164 1408 2489 203 1449 2530
165 1409 2454 206 1450 2531
166 1410 24591 207 1451 2532
167 1411 2492 2038 1452 2533
168 1412 2493 204 1453 2534
169 1413 2494 210 1454 2535
170 1414 2495 211 1455 2536
171 1415 24586 212 1456 233

172 1416 2497 213 1457 2538
173 1417 2498 214 1438 2539
174 1418 24949 215 1459 2540
175 i419 2500 216 1460 2541
176 1420 2501 217 1461 2542
177 1421 2502 218 1462 2543
178 1422 2503 219 1463 2544
1749 i423 2504 220 1464 2545
180 1424 2503 221 1465 2346
181 1425 2506 222 1466 2547
182 1426 2507 223 1467 2548
183 1427 2508 224 1468 2549
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225 1469 2550 266 1510 2551
226 1470 2551 267 1511 2552
227 1471 2532 268 1512 2393
228 1472 2553 264 1513 2594
229 1473 2554 270 1514 2595
230 1474 2535 271 1515 2556
231 i475 2536 272 1516 2597
232 1476 2557 273 1517 2598
233 1477 2558 274 1518 2589
234 1478 2559 275 1519 2600
235 i479 2560 276 1520 2001
236 1480 2561 277 1521 2602
237 14381 2562 278 1522 2603
238 1482 2563 274 1523 2604
239 1483 2564 280 1524 2605
240 1484 2563 281 1525 2606
241 1485 2566 282 1526 2607
242 1486 2567 283 1527 2608
243 1487 2568 284 1528 2609
244 i488 2569 285 1529 2010
245 1489 2570 286 1530 2611
246 145840 2571 287 1533 2612
247 1461 2572 288 1532 2613
244 1492 2573 289 1533 2614
249 1493 2574 280 1534 2615
250 1494 2575 291 1535 2616
251 1495 2576 292 1336 2617
252 1496 2577 293 1537 2618
233 1487 2578 294 1538 2619
254 1498 2579 285 1539 26240
255 1489 2580 296 1540 2621
256 1500 2581 297 1541 2622
257 i501 2582 298 1542 2023
258 1502 2583 299 1543 2624
259 1503 2584 300 1544 2623
260 1504 2585 301 1545 2620
261 i503 2580 302 1546 2027
2062 1506 2587 303 1547 2628
263 1507 2588 304 1548 2624
264 1508 2559 303 1548 2630
265 1509 25584 306 1550 2631
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1551 2632 348 1592 2673

307
308 1552 2633 349 1593 2674
308 1533 2634 350 1594 2675
310 1554 2635 351 1595 2676
1555 2636 352 1596 2677
312 1556 2637 3533 1597 2678
i5357 2638 354 1598 2079
314 1558 2639 358 1599 2680
, 1559 2640 356 1600 2681
316 1560 2641 357 1601 2682
317 i561 2642 338 1602 2083
318 1562 2643 359 1603 2684
319 1563 2644 360 1604 2683
320 1564 2645 361 1605 2686
1565 2646 362 1606 2687
322 1566 2647 363 1607 2688
1567 2648 364 1604 2684
324 1568 2649 363 1608 2680
1569 2650 366 1610 2651
326 i570 2631 367 1611 2092
327 1571 2632 363 1612 2693
328 1572 2653 368 1613 2694
329 1573 2654 370 1614 2695
334 1574 2635 371 1615 2656
331 1575 2636 372 1616 2697
332 1576 2657 373 1617 2698
333 1877 2658 374 1618 2659
334 1578 2659 375 1619 2700
333 1579 2660 376 1620 2701
336 1580 2661 377 1621 2702
337 1581 2662 378 1622 2703
38 1582 2663 379 1623 2704
338 i583 2604 380 1624 2705
340 1584 2665 381 1625 2706
1385 2666 382 1626 2707
342 1586 2667 383 1627 2708
i587 2668 384 1628 2709
344 1588 2668 385 1629 2710
1589 2670 386 1630 2711
346 1580 2671 387 1631 2712
347 1591 2672 388 1632 2713
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389 1633 2714 430 1674 2735
364 1634 2715 431 1675 2756
391 1635 2716 432 1676 2787
392 1636 2717 433 1677 2758
383 1637 2718 434 1678 2759
364 1638 2719 435 1679 2760
393 iH39 2720 436 1680 2761
386 1640 2721 437 1681 2762
397 1641 2722 43% 1682 2763
398 1642 2723 439 1683 2764
3949 iv43 2724 440 1684 2765
400 1644 2725 441 1685 2766
401 1645 2726 442 1680 2767
402 1646 2727 443 1687 2768
403 1647 2728 444 1688 2769
404 1648 2729 445 1689 2770
405 1649 2730 446 1690 2771
406 1650 2731 447 1691 2772
407 1651 2732 448 1692 2773
408 i652 2733 449 1693 2774
409 1653 2734 450 1694 2775
410 1654 2735 451 1695 2775
411 1655 2736 452 1696 2777
412 1656 2737 453 1697 2778
413 1657 2738 454 1698 2779
414 1658 2739 455 1699 2780
415 1659 2740 456 1760 2781
416 1660 2741 457 1701 2782
417 1661 2742 4538 1702 2783
418 1662 2743 455 1703 2784
419 1663 2744 460 1704 27853
420 1664 2745 461 1705 2786
421 iH03 2746 462 1706 2787
422 1666 2747 463 1707 2788
423 1667 2748 464 1708 2789
424 1668 2749 465 1708 2790
425 iH69 2750 466 1710 2791
426 1678 2751 467 1711 2792
427 1671 2752 468 1712 2793
428 1672 2753 468 1713 2794
429 1673 2754 470 1714 2795
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471 1715 2786 512 1756 2837
472 1716 2797 513 1737 2838
473 1717 2798 514 1758 2838
474 1718 2799 515 1759 2844
475 719 2800 516 1760 25841
476 720 2801 517 1761 2842
477 {721 2802 518 1762 2843
478 1722 2803 519 1763 2844
479 1723 2804 520 1764 2845
450 1724 2805 521 1765 2846
481 {725 2800 522 1766 2847
482 1726 2807 523 1767 2848
483 1727 2808 524 1768 28449
454 1728 2809 525 1768 2850
485 729 2810 526 1770 2851
486 1738 2811 527 1771 2852
487 1731 2812 528 1772 2853
458 1732 2813 528 1773 2854
439 1733 2814 530 1774 2835
490 i734 2815 531 1775 2836
491 1735 2816 532 1776 2857
492 1736 2817 533 1777 2858
493 1737 2818 534 1778 2859
494 1738 2814 5335 1779 2860
495 1739 2820 536 1780 2861
496 1740 2821 537 1781 28672
497 1741 2822 538 1782 2863
494 1742 2823 539 1783 2864
449 1743 2824 340 1784 2865
300 1744 2825 541 1785 2865
501 1745 2826 542 1786 2867
502 1746 2827 543 1787 2868
503 i747 2828 544 1788 2869
504 1748 2829 545 1789 2870
305 1749 2830 546 1790 2871
506 1750 2831 547 1791 2872
507 i751 2832 548 1792 2873
508 1752 2833 349 1793 2874
509 1753 2834 550 1794 2875
510 1754 2835 531 1795 2876
511 1755 2836 552 1796 287
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553 1797 2878 594 1838 2919
554 1798 28749 395 1839 2920
555 1769 2880 596 1844 2821
356 1800 2881 597 1841 2922
557 1801 2882 598 1842 2923
558 1802 2883 599 1843 2924
554 1803 2884 600 1844 2925
560 1804 2885 601 1845 2926
361 1805 2886 602 1846 2927
562 1806 2887 603 1847 2928
563 1807 2888 604 1848 2929
564 1808 2888 605 1849 2930
365 18089 2890 606 1856 2931
566 1818 2801 607 1851 2832
567 1811 2862 608 1852 2933
568 1812 2893 609 1853 2834
369 1813 2854 610 1854 2935
570 1814 2895 611 1835 2936
571 1815 2886 612 1856 2937
572 i816 2887 613 1837 2938
373 1817 2898 614 1858 2939
374 1818 2899 613 1859 2949
575 1819 289040 616 1860 2941
576 1820 2901 617 1861 2942
577 1821 2502 613 1862 2943
378 1822 25903 619 1863 2944
579 1823 28904 620 1864 2945
580 1824 2905 621 1865 2946
581 1825 2906 622 1866 2847
5382 1826 2907 623 1867 2948
383 1827 2908 624 1868 2949
584 1828 28048 623 1869 2850
585 1829 2910 626 1870 2951
586 1830 2911 627 1871 2952
387 1831 2912 628 1872 2953
588 1832 2813 629 1873 2854
589 1833 2914 630 1874 2935
590 1834 2815 631 1875 2856
391 1835 2916 632 1876 2957
592 1836 2017 633 1877 2938
563 1837 2918 634 1878 2959
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635 1879 2964 676 1920 3001
636 1880 2961 677 1921 3002
637 1881 2962 678 1922 3003
638 18872 2963 679 1923 3004
639 1833 2964 680 1924 3005
644 1884 2963 681 1925 3006
641 {885 2966 682 1926 3007
642 1886 2967 683 1827 3008
643 1887 2968 684 1928 3009
644 1888 289649 683 1929 3010
643 1889 2970 686 1930 3011
646 18580 2971 687 1831 3012
647 1891} 2972 688 1932 3013
648 1882 2873 689 1933 3014
649 1893 2974 690 1934 3015
630 1894 2975 691 1835 3016
651 1895 2976 692 1936 3017
652 1886 2877 693 1937 3018
653 1897 2978 694 1938 3019
634 1898 2979 695 1939 3020
655 1899 2980 696 19448 3021
656 1904 2981 697 1941 3022
657 1901 2982 698 1942 3023
638 1902 2983 699 1943 3024
659 1903 2984 700 1944 3025
660 1904 2985 701 1945 3026
661 1905 2986 702 1946 3027
662 1906 2987 703 1947 3028
663 1907 2988 704 1948 3028
664 1908 2989 705 1944 3030
665 1908 2990 706 1936 3031
666 1910 2961 707 1951 3032
667 i911 2962 708 1952 3033
668 1912 2993 709 18953 3034
669 1913 2994 710 1954 3033
670 1914 2895 711 1935 3036
671 i915 2966 712 1956 3037
672 1916 2987 713 1857 3033
673 1917 2998 714 1954 3034
674 1918 28999 713 1958 3040
675 1919 3000 716 1960 3041
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717 1961 3042 758 2002 3083
714 1962 3043 739 2003 3084
719 1963 3044 760 2004 3085
720 1964 3045 761 2005 3086
721 1965 3046 762 2006 3087
722 1966 3047 763 2007 3088
723 1967 3048 764 2008 3089
724 1968 3049 765 2009 3090
725 1969 3050 166 2010 3091
726 1970 3051 767 2011 3092
727 1971 3032 768 2012 3093
728 1972 3053 769 2013 3094
729 1973 3054 770 2014 3095
730 1974 3055 771 2015 3096
731 1973 3056 772 2016 3097
732 1976 3057 773 2017 3093
733 1977 3058 774 2018 3004
734 1978 3059 775 2018 3160
735 1979 3060 776 2020 3101
736 1980 3061 777 2021 3102
737 1981 3062 778 2022 3103
738 1982 3063 776 2073 3104
739 1983 3064 780 2024 3105
7440 1944 3065 781 2025 3106
741 1985 3066 782 2026 3107
742 1986 3067 783 2027 3108
743 1987 3068 784 2028 3109
744 1988 3069 785 2029 3110
745 1989 3070 786 2030 3111
746 1950 3071 787 2031 312
747 1991} 3072 78Y 2032 3113
743 1992 3073 789 2033 3i14
749 1993 3074 790 2034 3115
750 1994 3475 791 2035 3116
751 1995 3076 792 2030 37
752 1986 3077 793 2037 3118
753 1997 3078 794 2038 3119
754 1998 3079 795 2039 3120
755 1999 3080 796 2044 3121
756 2000 3081 797 2041 3122
757 2001 3082 798 2042 3123
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799 2043 3124 540 2084 3i65
300 2044 3125 841 2085 3166
801 2045 3126 842 2086 3167
8§02 2046 3127 843 2087 3168
803 2047 3128 244 2088 3169
304 2048 3129 845 2089 3170
%03 2049 3130 846 2090 3171
806 2050 3131 847 2091 3172
847 2051 313 348 2092 3173
808 2052 3133 549 2093 3174
309 2033 3134 820 2094 3175
810 2034 3133 851 2095 3176
81} 2055 3136 352 2096 3177
812 2056 3137 853 2097 3178
813 2057 3138 854 2098 3179
814 20358 313% 855 2099 3180
815 2059 3140 856 2100 3181
816 2060 3141 857 2101 3182
817 2061 3142 858 2102 3183
818 2062 3143 839 2103 3184
519 2063 3144 860 2104 3185
820 2064 3145 361 2105 3186
821 2065 3146 862 2106 3187
822 2066 3147 863 2147 3188
823 2067 3148 864 2108 3189
8§24 2068 3149 8635 2108 3190
825 2069 3150 260 2110 3191
826 2070 3151 867 2111 3192
827 2071 3132 868 2112 3193
828 2072 3153 864 2113 3194
829 2073 3154 370 2114 3195
834 2074 3185 871 2115 3196
831 2075 3156 72 2116 3197
832 2076 3137 873 2117 3198
833 2077 3158 874 2118 3199
834 2078 3159 873 2118 3200
833 2079 3160 876 2120 3201
836 2080 3ind 877 2121 3202
8§37 2081 3162 ]78 2122 3203
838 2082 3163 879 2123 3204
3349 2083 3164 880 2124 3205
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881 2125 3206 922 2166 3247
R82 2126 3207 923 2167 3248
883 2127 3208 924 2168 3248
8§84 2128 3209 925 2169 3256
835 2129 3210 926 2170 3251
886 2130 3211 927 2171 3252
887 2131 3212 928 217 3233
588 2132 3213 925 2173 3254
839 2133 3214 930 2174 3233
864 2134 3215 931 2175 3256
891 2135 3216 932 2176 3257
892 2136 3217 833 2177 3258
893 2137 3218 934 2178 3259
894 2138 3219 935 2179 3260
893 2139 3220 936 2180 3261
896 2140 3221 a3 2181 3262
597 2141 3222 938 2182 3263
398 2142 3223 938 2143 3264
899 2143 3224 940 2184 3265
900 2144 3225 941 2185 3266
301 2145 3226 942 2186 3267
902 2146 3227 943 2187 326%
803 2147 3228 944 2188 3269
904 2148 3229 945 2189 3270
905 2149 3230 46 2194 3271
306 2150 3231 947 2191 3272
307 2151 3232 948 2192 3273
904 2152 3233 949 2193 3274
908 2133 3234 950 2194 275
310 2154 3235 951 2195 3276
911 2155 3236 952 2196 3277
912 2156 3237 953 2197 3278
913 2157 3238 9354 2198 327
914 2158 3239 955 2199 3230
915 2159 3240 956 2200 3281
316 2160 3241 957 2201 3282
917 2161 3242 938 2202 3283
918 2162 3243 Q58 2203 3284
919 2163 3244 960 2204 3285
920 2164 3245 961 2208 3286
921 2165 3246 962 2206 3287
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63 2207 234 1004 2248 3329
964 2208 3289 1005 2249 3330
965 2209 3280 1006 2250 3331
366 2210 3201 1007 2251 3332
367 2211 3292 1608 2232 3333
964 2212 3293 1009 2253 3334
969 2213 32894 1010 2254 3335
970 2214 3285 1011 2255 3336
971 2215 3296 i012 2230 3337
a72 2216 3297 1013 2257 3338
973 2217 3298 1014 2258 3339
974 2218 328% 1015 2259 3340
975 2218 3300 i016 2260 3341
976 2228 3301 1617 2261 3342
977 2223 3302 1018 2262 3343
978 2222 3303 1019 2263 3344
979 2223 3304 1020 264 3345
350 2224 3305 1021 2263 3346
a1 2225 3306 1622 2266 3347
982 2226 3307 1023 2267 3348
983 2227 3308 1024 2268 3349
984 2228 3309 {025 2269 3350
935 2229 3316 1026 227 3351
986 2230 3311 1027 2271 3352
987 2231 3312 1028 272 3353
988 2232 3313 1029 2273 3354
985 2233 3314 1638 227 3353
944 2234 3315 1031 2275 33536
991 2235 3316 1032 2276 3357
992 2236 3317 1033 227 3358
993 2237 3318 i034 2278 3359
994 2238 3319 1035 2279 3360
9a35 2239 3320 1036 2280 3361
996 2240 3321 1037 281 3362
997 2241 3322 1038 2282 3363
393 2242 3323 1639 2283 3364
994 2243 3324 1044 2284 3365
1600 2244 3325 1041 2285 3366
1001 2245 3326 1042 2286 3367
1002 2246 3327 1043 2287 3368
1003 2247 3324 1044 2288 3369
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1045 2289 3370 1086 2330 3411
1046 22450 3371 1087 2331 3412
1047 2281 3372 1088 2332 3413
1048 2292 3373 1089 2333 3414
1049 2293 3374 1090 2334 3415
1050 2294 3375 1091 2335 3416
1051 2295 3376 1092 2336 3417
1052 2296 3377 1093 2337 3418
1053 2257 3378 1094 2338 3419
1054 2298 3379 1095 2339 3420
1053 2299 3380 1096 2340 3421
1036 2300 3381 1097 2341 3422
1057 2301 3382 1098 2342 3423
1058 2302 3383 1699 2343 3424
1059 2303 3384 1100 2344 3425
1060 2304 3385 1101 2345 3426
1061 2305 3386 1162 2346 3427
1062 2306 3387 1163 2347 3428
1063 2307 3384 1104 2348 3429
1064 2308 3389 1105 2349 3430
1065 2300 3380 1106 2358 3431
1066 23160 3391 i107 23351 3432
1067 2314 3392 1108 2352 3433
1068 2312 3393 1109 2353 3434
1068 2313 3384 1110 2354 3435
1070 2314 3395 1111 2335 3436
1071 2315 3396 1112 2356 3437
1072 2316 3397 1113 2357 3438
1073 2317 3398 1144 2358 3438
1074 2318 3399 1115 2359 3440
1075 2319 3400 i116 2360 3441
1076 2320 3401 1117 2361 3442
1077 2321 3402 1118 2362 3443
1078 2322 3403 1119 2363 3444
1079 2323 3404 i120 2364 3445
1080 2324 3405 1123 2363 3446
1081 2325 34006 1122 2366 3447
1082 2326 3407 1123 2367 34438
1083 2327 3408 1124 2368 3444
1084 2328 3409 1125 2368 3450
1085 2329 3410 1126 2370 3451
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1127 2371 3452 1148 2392 3473
1128 2372 3453 1149 2393 3474
1129 2373 3434 1150 2394 3475
1130 2374 3455 1151 2395 3476
1131 2375 3456 1132 2386 3477
1132 2376 3457 1153 2397 3478
1133 2377 3458 1154 2398 3479
1134 2378 3459 1155 23949 3430
1135 2379 3460 i156 2400 3481
1136 2380 3461 1157 2401 3482
1137 2381 3462 1158 24042 3483
1138 2382 3463 1159 2403 3484
1139 2383 3464 i160 2404 3485
1140 2384 3465 116 2405 3486
1141 2385 3466 1162 2406 3487
1142 2386 3467 1163 2407 3488
1143 2387 3468 1164 2408 3484
1144 2388 3469 1165 2408 3490
1145 2389 3470 1166 2410 3491
1146 2350 3471 1167 2411 3492
1147 2391 3472 1168 2412 3493

Table 5:

LR Protein sequence
SEQ I3 NQOs:
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CLAIMS
What is claimed is:
1. A system for DNA modification comprising:
a polypeptide comprising a recombinase having an amino acid sequence having at least
70% identity to any of SEQ 1D NOs: 1-74, or a nucleic acid encoding thereof; and

a first polynucleotide comprising a donor recognition sequence for the recombinase.

2. The systemn of claim |, wherein the recontbinase has an amino acid sequence having at feast

T0% identity to any of SEQ 1D NOs: 2, 6, 10, 12, 18, 19, 26, 29, 61, 65, or 66,

3. A system for DNA modification comprising:
a polypeptide comprising a recornbinase having an amino acid sequence with at least
70% identity to one or more of the following:
1) X1aXoaX32 X402 K52 K6a X 72X 82K 92K 105241 1aX 12X 130K 142251 5220 16226 1 725 18225 1924 200
Ko1aXo2a Xo3aX04aX 252X 2655272 X 282 X202 X 3055312 X 222X 330 X 340, Wherein:

XasAELL ST, VoY,
Xuais ALDE G K QR S, oT;
Xsxis Eor G
Xeads A, C, F L, M, ory,;
Kimis A F, LL M T, orV,
Xias P, H, LL M, N, or vV,
XKuais A, G, S, or'V,
Xisais A, DL L, S, T,or Ve
Ximais A, G, or 5,
Xonais K, R, S, orV:
Koais AL E G K N, S, or' T
Xoais A B, LK, M, NQ, S, or T
Koaais F,L L M, S, or T
Xogais DL E, L, Q. 5, 0rV;
Komais B, N, Q, or K
Xoais AVF, HLL KB, MU N, LR, S, or V
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Kapis AE G H KL MUMN G R 5, orV; and
X3a, Xiday K5, X7a, K9a, Kita, K124, 25168, 25182, 2102, K20, S0251, 2a2Ra, 2429,

L2dy

Xa0a, X310, and Xaa, are each individually selected from any amino acid;

23 X 1uX0p X 30 Kap X 55X 605 76K 805005 10045 11551 70X 13655 146K 15525 166X 1 70.% 185, ,

wherein:

acid;

HXinis AG, or I

XKpis D E G N, P, S, T,orV:

Hapis D, G, N, (3, or 5

X A HNQRT, VoY,

Xepis A, D ELH, LL PG R T, orY;
Xnpis A, D E, G, or R,

Xspis F, LK, orL;

Xwis DL EF, G N QR 5, T, ory,
Xuwis A,LL, S, T, o0V,

X s D EL LK LN, QR ST orv;
Xupis A, D E K M,NR S, T, or V;
Xapis A, G, Q R, S, or T,

Xwwis A, B E K L, Q R, or T; and
Ximis A, L, M, or V; and

K sb, Kap, K156, and Ximw are each individually selected from any amino

3) XyeXoeXae KaeKse Ko X 1o X se Koe K 10e K1 1024 12681358 K6 X 17 K Ko Koo X 1e X e

Ko3eXKac K 5e K 6e, Wherein:

Xcis A D FLL MN, S orY;
Xaeis ALK, M, S or Vs

Kecis AF, G LL M orVv:
Xieeis Q, R, o6 T

Kicis A, G, or §;

Xieis L E, G N, Qo1 5;

Kieis AV HLK,NNR S, T,or VvV
XeisL, M, R, orY;
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Koeis A,LIN, G, 8, T,orV:
X sALE R LK LN R T, orv;
Koseis AR H LN, Q. § T, or Y
Xoscis A, LL M, N, R, S, TV, orY; and
Kiey, Ky K50, Kicy K8e, 25¢, K 12¢, Kibe, Kige, Aone, and Xose are each
individually selected from any amino acid;
4y X14X23X3a 840X 56X 64 X70 X 80 X9 X 104X 110X 12¢X 136X 146X 156 X166 X 17¢ X180 X 194 X204
219X 023X 033 K240 Xa5a X 264 X270 X 284, Wherein,
Xuis BELKNT,G 8L, D, VA R orP;
Xuais B, HL LT, G S, LDV, A or P
XagisMULT, S, L, VA RorP;
Xegis B, K, N,ET, G, S,D,Q, VA R ot P
Xeais B, G, 5, D, AR, or P;
Xwis L L, DA orR;
Xeais MLH, KT, LV, Q, B, A ot R
Kog1s B, K, LT, G, S, 1,0, Q,V, or A
XaisE, KCH, DL, Q, V, A or R,
Xugis ML H, LS, LV, QA or Ry
Xiagis QL E KN M S, LD, VA, or R
Xugis B, KLH, G, 5, L, D, Q, A, orR;
Xaats B, Y, K, N L H, LY, or A
Xwsgis B, K, LT, G, 8 1L,D, QA or R,
XmisE,KHT,G,D,Q,A or R
Xigis QL E, K NT, 6,5, DV, A or R;
Xomis QG E K, NT,G,S,V,D, A, orR;
Kogis LS, W, LV, F, A orR;
Xoais Q, B, M, T, G, 5, LV, D, or A;
Koagis B, K,LNCL T, G, S, B A R, or Py
XoagisE. M, L L, B, Q,or A
Kosqis H, Y, L L, V.F, A orR;
Xosais E, ML T, G, 5, L, BV, A or R

5,
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XKois H, KONLG, S, LB, (G, A or R,

Xosais QL E, G, V, B, A, R, or P; and

Kad, X154, and Xisq are each individually selected from any amino acid;
5 X1 X2 X350 XaeX 56 Koo K70 X 50X 0eX 100 XK1 10X 126X 1362 146X 150 K 16025 1 7o 24 1 8¢, WHETEIR!

Xeis A D E H KN QR oS

X8 ADE FGH KM N, QR S, W ory,

Xoe1sE, F,orY;

Xse1sFH LW, or'Y,

Keeis A, DVEF LKL M N QRS T, orY;

XresF.LGL S5, T, or vV,

Keels A, G KL N R ST, orV;

KXo SADLEHKNQR T ory,

Xiueis LN, Q, or R,

Xuets FLEL M QoS

Xaeis A, G K, N, or §;

Xise 1S K, M, QR S, Toor Vs

Kigets AB, G, KM N, S, T, or Y, and

Kse, Kite, Aide, Kive, and Xi7e are each individually selected from any
auuno acid;
6 W XX 3 XarX s XX X arXorKrorX 116X 120X 364X seX 160 XX o oorXo eXose
Kong, wherein:

Xoris A,E H,NCR, S5, T or vV,

Xaris A, G, N, S, or T

Kseis F, G, L, MU N, Q, 5, T, or V;

Xeris L L, P orV;

Koeis L, L, T, or V;

Xiais A, C,GMQOQRS o™

XigeisLL,V,oryY,

Xigris D B HON, G, or 5;

Kooris EVHL L LM, QR or T

Xorris AE, FLH, LN, Por 'Y

ag
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Ko C,FH KM N, QR T, or Y,

XoisDLE F LK LN, QR S, T, orV; and

Kag, Ko, Xae, Kior, Kitg, Xior, X3 Xiss, and X g are each individually
selected from any amino acid;
7y KigXogXagXag Xs B X X Kop XingX 11X 12gR Xiap X i5¢X16pXK 175 X 180X 195 X 200X 01,
wherein:

Kipis A, G, LN, S, T,or Vs

K3gis A, L or S5

Xspis F,LL M, or Y,

KXrgisTorR;

Kiggis DL L, or T

Xuogis A, B, LK, M, G, 01 5

Xipis LT, or V5

Xisgts &, D, G R, 5,00 T

Xigpgis F, K, L, M, or Y,

Xuggts A, BELH LK LM N QR V, W orY;

Xoppis A, L KL, M, or R; and

Kog, Xag, Xsg, Xog, X1ig, K15z, %17, and Xoog are each individually selected
from any amino acid;
&) XunXonXanXapXsuXen X7nXspXonX 100 X1 1h, Wherein:

XmisForY:

Xopis 3, E, K, Q or &

XomisE, K, L. M, or Q;

Kapis K, L, or R;

Xsnis K, L, or ¥V,

XmisGorN;

Xenis D, B, HL KL L, M, or R

KopisSor T,

XimisF,HLLQ, 8, T, V,or W, and

Ksh and Xion are each individually selected from any amino acid;
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9 KXo X Xai X5 X X7 X i 0i X 500 1135 Xy 2 X 14X 192X 161K 71X 18 X 10 X0 X011 20
KoaiXo4iXosiXzeiXom, wherein:

Kuis L L, or V;

Xaiis A, D F H LL MUN, Q5 V,orY,

Xsiis A, G, or §;

XKis D E LK N, QLR or 5,

Xnis Eor (3;

Xisits Aor K

Xisiis A, Q, R or s,

Xygits L, M, or R;

XiisLL, QR S, or V;

Xouis A D E GH LG R, or S

Xomis A KON, Q5 T, ar V;

Kosis A HLEK, R, W, orY,

Xosits A, GCH LE, QR S,or T,

Komis O, H, LK L, R, or Vs and

Kooty K, K8, Kb, 27, K00, K130, K14l KT, Koo, Aodi, and Xog are each
individually selected from any amino acid;
10) R¥X X5 X4y W, wherein:

Xois Ly M, Q@ or R

Xapis A, N, or St and

Xais N, P, S, or T,
11 XXX ae K sk Xakon 7 ssi e, wheretn:

Xuis L L, orV,

XouxisAorv:

Xyis AFH LL Q. W, orY,

Xsis LM, or V;

Kupis B, L, Qo T

Xecis AL or V; and

Kz and Xep are each individually selected from any amino acid;

123 RX XXX s Xe X nXerXoXiorX 111X 121X 121, wherein:
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Kopis D KON, RS, or vV,
Xaiis A BLVE F G K P, Qor S
Xagis AE, LKL, S, T,orV;
Xs1is any amino acid;
Keis F, G, L L, N, or v
XnisAF, LL QR V,ory,
XKaris DL E, LLMUON, Q5 Toor Vs
Xaqis D, EF, LL M, QT.V,orY;
XKimis L KL, R, or V;
XKinis D E KON, Q, or R,
Xinis DVE F K LN, Q, W, or'Y; and
Xuis For L and
£3) X KomX simXam Ksm X om Xrm X sm XomX 10m X 11X 120X 13 K1 am X 15m X 1 6m X1 7mX 185
K1 0m % 20m 2 Ln A2 2mz3m A 2w, Wherein:
Xmis AEFLLMN Q5 T, V,or Y,
Xomis A,F, G, LL M, R, 5, T, ot V;
Kem1s A D EFGHLMNS oT;
Komis 3, M, N, or §;
Xumis D E, or
Kiomis C,F,H LT, V,orY;
Xumis A E K L R orY:
Kimis A, L, or S;
Xoomis D E KN, QR or S
Koomis G, LM, QR T, orV;
Xommis D HL KON, Q, or R;
Koamis A, G, LL N, S, T, or vV,
Xoawis F,HLL KL M N, Q, YV, W, or Y, and
Kam, Kam, K5m, KTm, 248ms 25! 1m, 25 13m, 2% i5m, A i6m, A18m. and Xoom, are each
individually selected from any amino acid,
or a nucleic acid encoding thereof; and

a first polynucleotide comprising a donor recognition sequence for the recombinase.
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4. A system for BDNA modification comprising:
a polypeptide comprising a recombinase having an amino acid sequence having at least
70% identity to any of SEQ ID NOs: 88-1183, or a nucleic acid encoding thereof; and

a first polynucleotide comprising a donor recognition sequence for the recombinase.

5. The system of any of claimns §-4, wherein the donor recognition sequence comprises a donor

attachment site configured to bind the recombinase.

6. The system of any of claims 1-5, wherein the first polynucleotide further comprises a cargo

DNA sequence.

7. The system of claim 6, wherein the cargo DNA sequence is greater than 1 kilobase pair.

8. The system of claim 6 or claim 7, wherein the cargo DNA sequence is greater than 5 kilobase

pairs.

9. The systern of any of claims 1-8, wherein the frst polynucleotide further coraprises a recipient

recognition sequence for the recombinase.

10. The system of any of claims [-8, wherein the systern farther comprises a second

polynuclectide comprising a recipient recoguition sequence for the recombinase.

11. The systern of claim 9 or claim 10, wherein the recipient recognition seguence comprises a

recipient attachment sequence configured to bind to the recombinase.

12. The system of any of claims [-11, wherein the donor recognition sequence, the recipient

recognition sequence, or both are pseudo-recognition sequences.

13. The system of any of claims 1-12, wherein the system is a cell free system.
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14. A composition comprising the system of any one of claims 1-12.

15. A cell comprising the system of any one of claims 1-12.

16. The celi of claim 15, wherein the cell is a eukaryotic cell.

17. A method of altering a target DNA comprising contacting the target DNA with
a polypeptide comprising a recornbinase having an amino acid sequence having at least

70% identity to any of SEQ 1D NOs: 1-74, or a nucleic acid encoding thereof.

18. A method of altering a target DNA comprising contacting the target DNA with
a polypeptide comprising a recorubinase having an amino acid sequence with at least
70% identity to one or more of the following:
1) X1aXoaX32 X402 K52 K6a X 72X 82K 92K 105241 1aX 12X 130K 142251 5220 16226 1 725 18225 1924 200
Xuats AELL ST, V,orY;
Xuais ALDE G K QR S, oT;
Xazis Eor G
Xeads A, C, F L, M, ory,;
K sAF,LL M, T, orV;
Xpais F,H, LL M, N, or V3
XKuais A, G, S, or'V,
Xisais A, DL L, S, T,or Ve
Ximais A, G, or 5,
Xonais K, R, S, orV:
XKoais ALDLE G KN, S, or'Es
Xoais AVE, LK, MU NG, S, or'T;
Koaais F,L L M, S, or T
Xosais DL E L, (0, 5, 08V,
Komais B, N, Q, or K
Xogis AF, HLLK, L M N, QR S, oV
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Kapis AE G H KL MUMN G R 5, orV; and

X3a, Xaa, Ksa, X7a, X9a, Xita, Xi2a, Xia, Xi8a, X192, X20a, X25s, X28a, K29,
Xa0a, X310, and Xaa, are each individually selected from any amino acid;
23 KinXopXan X X 56X 6 X 76X 80 Xop X 100X 1168120 K 130X 146X 15628 166X 176X 186, WhHETSIn:

Xipis A, or I

Xopis D, E, G, N, P, S, T, or V;

Xawis B, G, N, Q,or §;

Xapis A, HLN, QR T, V,or'Y;

Xepis A, DELH,LL P, QR T, orY,

Xwis A, D E,Q, ot K

Xepis F, L K, or L

Xwopis D, E, FG N QR S5, T, or V:

Ximis AL LS, T ory;

Xiwis B E LK LN, QR ST, orV;

Xwis A, DL E KM NRS T oV,

Xuis A, G, QR 5 o T

Xiepis A, D E KL, QR or T) and

HKispis A, L, M, or V; and

Xsb, K90, 2150, and Xi7o are each individually selected from any amino
acid,;
3) X1 XoeXae KX 5e X 60 K7 XKae Xoe X 100 K11 K 126513 ES X 160 K17 KX 9eX 200 X010 X200
K23c X040 X25e Kose, Wherein:

Xieis A, D,F,LEL M, N, S, orY;

XKacis ALK, M, 5, 01V,

Xecis A,F, G, LL, M orV;

Kigeis O, R, or T,

Xicis A, G, or S5,

Kuieis DL E, G N, (3, or 5,

Xieis A, HL KN, R S, T,or v,

Koeis LM, R, or Y.

Xooeis ALLN, Q.8 T or vV,
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Koaeis AVELF, LK LN R T, or Vs
Xoscis ALF, HOLL N, 3,5, T, or Y,
Kogeis A,LL MN R S, T,V,orY; and
Xoe, Kac, Kae, X7, Ksc, Koc, K12e, Kibe, K 19c, X2oc, and Xoqe are each
individually selected from any amino acid;
4) KiaXoaX3aXuaX 50X 64X 70X 34X 0a X 104X 11081 24X 120 K 144X 156 K16 X 170 X 180 X 164 X004
Ko1aX22a X034 X04a X050 X064 X070 X 084, wherein:
Xgis B, KN, T, G S, LD, VAR or By
Xas EH LT, G S LDV, A o Py
Kagis ML LT, 5, L, VA Ror Py
XKegis EE KN LT, G S, DG, VA R or Py
Kegis B, G, 5, D AR, or B
XuaisLL, D A or K,
Kegis M H K, TL YV, QDA or RS
Xoais B, KL LT, G, S, L, B, Q, V,or A
Kugis B, K H, D, Q,V, A, or R
XaisMOH, LS, L, V, QA or B,
Xzais Q, B, KON, M, S, LDV, A or R,
XaisE, KH, G S LD, G, A or R
Xugis B, Y, K, NLH, LV, or A;
Xiaais E, K LT G S, L QA or R
Xogis B, K,H, T, G, D, Q, A, or R
Xigis QEK,NT,.G, S, BV, A, orR;
Kongis QL E, KN T, G5, V, DA or R
Xois LS, W LV, F A, or R
Kogis QL E, M, T, G, S, LV, D, or A
Xouis E, K, N LT, G5, DA R or By
Kugis B, M, L L, D, Q, or A;
Xosgis E, Y, LL,V, F, A, or Rt
Kosgis B, ML, T, G, 5, LD, VA o g
XonisE. KNGS LD QA oaR;
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Kogais QL E GV, LA R or Py and

X34, X154, and Xixa are each individually selected from any amino acid;
5) KieXoeX2:KaeXse Koo X 7e 8 8: Koe K 10051 10 1268136 K 14e K 1505 16 K17 K 18e, Wherein:

Xeeis ADE H KN, Q. R or 5

Keels A, DVEFGH KMN QRS Wor,;

X3.18E, F,or'Y;

XacisF H, LW, or'Y,

Xee S A D EF LKL M,NQRST oY,

X.18F, LQ. S, T, or v,

Ksels A, G K LN, R S, T, otV

XKoo ADLE HKNGOQRT ory,

Kwels LN, Q,or K

Xieds FLLL M, Qo0 5

Kueis A G KON, o1 S

Xiseis K, ML QR S, T, or 'V,

Kise 8 AE, G KM, NS, T,or Y, and

Ko, KiZe, Ki3e, X i6e, and X7 are each individoally selected from any
arnino acid;
6) WXopXaiXaX s Xer XX s X o X 106X 116X 26X 130X aa X 156X 60X e X 06X ooeX o Xoans
Xoaf, wherein:

Xors AVE HLN, R, S, T, or vV,

Karis A, G, N, S, o T

Xseis K, G LM N, Q. S, T,or vV,

Xeeis LL,Poorv;

Xoris L L, T, or V;

Xuaris A, C, G M, QR 8, or'F;

Xieris L LV, or Y,

Kgris DL E H N, Q, o §;

Xopeis B H, LL, M, Q R, or T

Xopis ALE, FHLLLN P or Y,

Xopis C,F H, KCMON, QR T or Y,
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XKeris DVE F LK LN, Q R, S, T, orV, and

Xae, Xor, Kag, XKiof, 21, K10, Xi3p, A5, and Xjorare each individually
selected from any amino acid;
7y XipXog X3 Xup X5gE X7, X ey Mg Xi0p X 116X 12, R X 140 X15p X150 X175 X 18 X199 X00g X214,
wherein:

Kigis A, G, LN, S, T, or vV,

Kapis A, Lor §;

Ksgis F,L L, M orX:

XKppislorR;

Kiugts B, L L, or T

Kigis A, E LK M, Q,or S;

Xugis LT, or V;

Xiepis A, DGR, S, or T,

Xisets F, K, L, M, ot Y

Xiggis AE, H, LK, LM, N QR V, W, orY;

Xogis A, LK, L, M, or R; and

Kog, Kag, Kag, 0z, M11g, 215, 17z, and Xoog are each individually selected
from any amino acid;
8) KinXonXonXanXsnXenX 76 XenXon XionX 11n, Wherein:

XimisFory,

Xmis D E K, 3, or5;

Xapis B, K, L, M, or J;

Xais K, L, or R;

Kepis K, L, or V:

Xmis GorN:

Kenis D B HLOK, L, M, or R;

Xonis Sor T,

Kimis FH LG 85, TV, or W, and

Xeon and Xion are each individually selected from any amino acid;
9 KXo X Xai X5 X X7 X i 0i X 500 1135 Xy 2 X 14X 192X 161K 71X 18 X 10 X0 X011 20

Ko3iX o4 XosiXzei X7, wherein:
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Kuis L L, or V;

Xaiis A, D F, H LL MON, QL 8, V,or Y,

Xsiis A, G, or §;

Xuis Dy E, LK, N QR or S

Xuis Eor (;

Xisits Aor K

Xisiis A, Q, R or 8,

Xygits L, M, or R;

XiisLL, QR S, or V;

Xonis ADEGH LQ R oorS:

Konis AVKON,Q, 8, T,ar v,

Kosis A HLEK, R, W, orY,

Xosits A, GCH LE, QR S,or T,

Komis O, H, LK L, R, or Vs and

Kai, Xy, X, Ko, K71, Xoi, 30, Krai, Ka7i, Xooi, Koai, and Xoe ate each
individually selected from any amino acid;
10) R¥X X5 X4y W, wherein:

Kyis L, M, Q, or R

Xapis A, N, or S; and

Xais N, P, S, or T,
11 X uXoX s Xaiosu Xeiom e ks E, wherein:

Xuis L L, orV,

XouxisAorv:

Xapis A, F, HLL QW or Y,

Xseis L M, or vV

Kupis B, L, Qo T

Xecis AL or V; and

X and Xe are each individually selected from any amino acid;
12y RX XX XsiXa X nXe XoX 101X 111X 121X 131, wherein:

Kopis D KON, RS, or vV,

Xaiis A BLVE F G K P, Qor S
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Xagis AE, LKL, S, T,orV;

Xsiis any amino acid;

Keis F, G, L L, N, or v

Xunis A, F,LL QR V,orY;

Xepis LB, LL M N, Q85 T or vV,

Xaqis D, EF, LL M, QT.V,orY;

XKimis L KL, R, or V;

XKinis D E KON, Q, or R,

Xinis DVE F K LN, Q, W, or'Y; and

Xyis For L and
13) XX X3mXam X smXem X 7m X s m A om X 10m X1 ma% 1 2m 2 3mos 1 4me 1S A 16mn T 18m
K1 0m % 20m 2 Ln A2 2mz3m A 2w, Wherein:

Xmis AEFLLMN Q5 T, V,or Y,

Xomis A F, G, LL ML R S, T, on V3

Kem1s A D EFGHLMNS oT;

Komis 3, M, N, or §;

Xumis D E, or

XimisC,FH LT, V,0orY;

Xiapis A B K LR, or Y

Kimis A, L, or S;

Xoomis D E KN, QR or S

Koomis G, LM, QR T, orV;

Xommis D HL KON, Q, or R;

KosmiS A, G LL NS, T,or 'V,

Xoamis FHLL K LM, N, Q, V, W, or Y: and

Kam, Kam, Ksm, KTm, 258m, 21 m, 2% 13m, 2% 15m. S i6m. 218m, and Xoom, are each
individually selected from any amino acid,

or a nucleic acid encoding thereof.

19. A method of altering a target DNA comprising contacting the target DNA with
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a polypeptide comprising a recombinase having an amino acid sequence having at least

70% identity to any of SEQ ID NOs: 88-1183, or a nucleic acid encoding thereof.

20. The method of any of claims 17-19, wherein the target DNA comprises a donor recognition

sequence, a recipient recognition sequence, or both.

21. The method of any of claims 17-20, further comprising contacting the target DNA with a first

polynucieotide comprising a donor recognition sequence for the recombinase.

22. The method of claim 21, wherein the first polynucieotide further comprises a cargo DNA

Sequence.

23. The method of claim 22, wherein the cargo DNA sequence is greater than 1 kilobase pair.

24. The method of claim 22 or claim 23, wherein the cargo DNA sequence is greater than 3

kilobase pairs.

25. The method of any of clairas 21-24, wherein the target DNA comprises a recipient

attachment sequence configured to bind to the recombinase.

26. The method of any of claims 20-25, wherein the donor recognition sequence, the recipient

recognition sequence or both are pseudo-recognifion sequences.

27. The method of any of claims 17-26, wherein the target DNA sequence encodes a gene

product.

28. The method of any of claims 17-27, wherein the target DNA is in a cell.

29. The method of claim 28, wherein the cell is a eukaryotic cell.

30. The method of claim 29, wherein the eukaryotic cell is a human cell.
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31. The method of claim 28, wherein the cell is a prokaryotic ceil.

32. The method of any of claims, 28-31, wherein the target DNA sequence is a genpomic DNA

SCQUENRCe.

33. The method of any of claims 28-31, wherein the contacting comprises introducing into the

cell,

34. The method of claim 33, wherein introducing into the cell comprises administering to a

subject.

35. The method of claim 34, wherein the subject is a human.

36. The method of claim 34 or 35, wherein the administering comprises in vivo administration.

37. The method of claim 34 or 35, wherein the administering comprises transplantation of ex

vivo treated cells comprising the system.

38. The wethod of any of claims 33-37, wherein the recombinase, or the nucleic acid encoding
thereof, i1s introduced into the cell before, concurrently with, or after the introduction of the

donor polynucleotide.

39. Use of the system of any of claimas 1-12 or a composition of clairn 13 to alter a target nucleic

acid sequence.

40. The use of claim 39, wherein the target BNA comprises a donor recognition seguence, a

recipient recognition sequence, or both.

41. The use of claim 39 or 40, further comprising contacting the target DNA with a first

polynucieotide comprising a donor recognition sequence for the recombinase.

Y
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42. The use of claim 41, wherein the first polynucleotide further comprises a cargo DNA

SCQUENRCe.

43. The use of claim 42, wherein the cargo DNA sequence is greater than 1 kilobase pair.

44. The use of claim 42 or claim 43, wherein the cargo DNA sequence is greater than 5 kilobase

pairs.

45. The use of any of claims 41-44, wherein the target DNA comprises a recipient attachment

sequence configured to bind to the recombinase.

46. The use of any of claims 40-45, wherein the donor recognition sequence, the recipient

recognition sequence or both are pseudo-recognifion sequences.

47. The use of any of claims 39-46, wherein the target DNA sequence encodes a gene product.

48. The use of any of claims 39-47, wherein the target DNAis 1m a cell.

49. The use of claim 48, wherein the cell is a eukaryotic cell.

5. The use of claim 49, wherein the eukaryotic cell is a human cell.

51, The use of claim 48, wherein the cell is a prokaryotic cell.

52. The use of any of claims, 48-51, wherein the target DNA sequence is a genomic BDNA

SEQUEnRCe.

53. The use of any of claims 48-51, wherein the contacting comprises introducing into the cell.

54. The use of claim 53, wherein introducing into the cell comprises administering to a subject.
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55. The use of claim 54, wherein the subject is a human.

56. The use of claim 54 or 55, wherein the administering comprises in vivo administration.

57. The use of claim 54 or 55, wherein the administering comprises transplantation of ex vivo

treated cells comprising the system.

58. The use of any of claims 53-57, wherein the recombinase, or the nucleic acid encoding
thereof, is introduced into the cell hefore, concurrently with, or after the introduction of the

donor polynuclectide.
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