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IGJLK�MONQPGJSRTKVUWNYXZI[N\J^]%J^UWN\X_IE`ba�cGcEd_X_e^afN\XZKVIGUgKfM
hiIGK�NTN\PGJjKV]%klXZUmNQKonEX_KDepPGJ^RTX_UWN\]%k�q3XZI
c1a�]WN\XZe^rGd_a�]*N\KsNQPGJ
UWN\rGtEkYK�MuNQPGJOepPEJ^RTX_evafd,w.PGXZepPxMyKV]%RYU�N\PGJzcG]QXZRxaf]%km`VJjIGJjNQX_eORYafNQJ^]QX_a�d
K�MORYKVUWNTKV]Q`[afIGX_U%RYUjq�{5|z}~KV]TtGJjK��DkD]QXZn�K�IDrEe^d_JjX_eLa�ejX_tu����I�PGX_`�PGJ^]mKV]%`[a�IGXZUQRTU^q�UQrGepP
a�UgK�rG]QU%J^dZ��J^Ujq3{5|�}�X_UsMyKVrGIGt�XZI�N\PGJxIDrEe^d_JjrGUmK�M�N\PEJ�e^Jjd_d�q�nGrENmXZN�X_U�a�d_U%K�cG]QJjUQJjIiNTXZI
KV]%`[a�IGXZUQRTU�UQrGepP�afU�nGa�ejNQJ^]QX_aYafIGtL�DXZ]QrGU%J^U^��{5|z}�X_U.IGK�NzamUQXZIG`Vd_J5epPEJ^RTX_evafd�UQrGnGUWNpa�IEe^J
nGrEN
aT��J^]%kLd_a�]Q`VJ�M�a�RTX_d�kxK�M�UQrGnGUWNpa�IEe^J^Ujq�a�d_d�nErGX_d�NOafe^e^K�]QtGXZIG`TNQK�aTe^KVRTRYK�ISepPGJjRYXZeva�d
U%NQ]QrGe�N\rG]%J�q1w.PGXZepP�w�J�UQP1afd_dunG]%X_J��Gk�tGJjUQej]QX_n,J�����PGJ�J9�GafejN�e^KVRTc,KVUQX�N\X_K�I�K�M�N\PGJ�{5|�}�K�M
a�I�KV]%`[a�IGXZUQR�XZU�UQc,J^ejX�a�duNQKmNQP1afN�KV]%`[a�IGXZUQRL�
��I�X�N\U�n,J^UWNShiIGK�w.I�MyKV]QRLq�NQPGJ {5|z}8RTKVd_Jje^rGdZJ�e^K�IGUQXZU%N\U�K�M�N�w�K�dZX_IGJ^a�]�U%NQ]\a�IEtGU

w.PGXZepPba�]%Jmw�KVrGIEtb]QKVrEIGtoK�IGJxafIGK�N\PEJ^]�X_I¡N\PGJmMyKV]%R¢K�M�a�tGKVrEnGd_JmPGJjd_X���w.XZN\Poa�]QX_`�PiN
P1a�IEt£N\PG]%Jva�t��O��PGJgnGa�ephin�KVIEJ¤K�M*JvafepP�U%N\]Qa�IGt�XZUzRYa�tGJsrGc�K�M�a�d�N\Jj]QI1afNQX_IG`TUQrE`[a�]
afIGt
cGPGK�UQcGP1a¥N\J�rGIGX�N\Usd_X_IEh�J^t�nikoN\PGJxU%N\]%KVIG`�epPEJ^RTX_evafd3n,KVIGtGUge^a�d_dZJ^toe^K��fa�d_JjIiNgn�KVIEtGU^q*XZI
w.PGXZepPSJjd_J^e�N\]%KVIGU�a�]QJ�U%P1a�]QJjtSn,JjN�w�J^JjI�IGJjX_`VPin,KVrG]QXZIG`mafNQKVRYUj�
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5’ end

3’ end

}�NQN\a�epPGJjtLNQK¤Jva�epP�UQrE`[a�]�a�IEt�J��DN\JjIGtGX_IE`TXZI[N\KgN\PEJ
X_I[N\Jj]QXZKV]3K�M�NQPGJ5PGJ^dZX��YX_U3KVIGJ
K�M�MyKVrE]
n1a�U%J^Uj¦�a�tEJ^IGXZIGJ�§y}5¨�q�N\P[kDRTX_IGJb§���¨�q�ejkiNQKVUQXZIGJ�§ª©�¨YKV]T`Vr1a�IGXZIGJ�§ª«s¨9��¬�afepP­n1a�UQJ£KVI
KVIGJ�UWN\]\afIGt�XZUmafNQN\a�epPGJjt�n[kla�w3J^a�h�epPGJjRYXZeva�d�n,KVIGtlevafd_d_Jjt(a P[kDtG]%KV`VJ^Iln,KVIGt(N\K a
e^K�]Q]QJjUQc,KVIGtGXZIG`xnGa�UQJsKVISNQPGJsKfN\PGJj]OU%NQ]\a�IEtu�.®�a�U%J�}¯eva�ILMyKV]QR°n,KVIGtGUzKVIGd�k�w.XZNQP£n1a�U%J
�5q�a�IGt�U%X_RTX_d�af]QdZkYn1a�U%Jm©�w.XZNQP£n1afUQJm«¤�±��PDrEU
N\PGJsUQJ^²irGJjIGe^J¤KfM�n1a�UQJjU
KVISKVIGJ�UWN\]Qa�IGt
³E�´J^U�NQPGJOU%J^²irGJjIGe^J�K�M�n1afUQJ^U3KVIxN\PEJOK�NQPGJ^]�UWN\]Qa�IGt�rGIEX_²irGJ^d�kV�*��PGXZU3U%J^²irGJ^IEe^J�K�M�c1afX_]QJjt
n1a�U%J^Ujqiw.PEX_epPTRxavkg]Qa�IG`VJ�XZI¤d_JjIG`�N\P¤My]%KVRµU%Jj�VJj]\a�dGNQPGKVrGUQa�IGtmN\K�RYa�I[kgRTX_d_dZX_KVIEU¶KfM�c1afX_]QU
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tGJjc�JjIGtGX_IE`TK�ILNQPGJ5c1a�]WN\X_ejrGd�af]�KV]Q`Va�IGX_U%RAMy]%KVR�w.PGXZepP�N\PGJ�{5|z}¹XZU�Npa�hfJ^Iuq1ejKVIGUWN\XZNQrEN\JjU
N\PEJ�U%Kfº�e^a�d_dZJ^tL»D¼�½�¼�¾�¿�ÀgÀpÁ^ÂD¼��
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{5|z}ÃX_U�]%J^UQc,KVIGU%X_nGdZJ£MyKV]xabIDrERgn�Jj]�K�M5MyrGIGtGa�RYJjI[Npa�d
nEX_KVdZKV`VX_e^a�d�cG]%K´ejJ^UQU%J^Uj�µ��PGJjUQJ
X_IEe^d_rEtGJ
Ä�Å ¼�Æ,ÇÈ¿�ÀQÉ�¾�¿�Á¥½1qGKV]�RYa�hiX_IG`ma¤e^K�cik�KfM@NQPGJ5w.PGKVd_J5RTKVdZJ^e^rEd_J�q
Ä ¾ Å É�½EÊ�À Å ¿ËÆ,¾�¿�Á¥½1qGKV]�ejKVc[kDX_IG`Ya¤UQJ^`�RYJjIiN�K�M¶N\PEJ�RTKVdZJ^e^rEd_J�qGa�IGt
Ä�Å ¼pÀpÁ¥ÌTÍ^¿Î½,É�¾�¿�Á¥½1qVKV]*RTK´tGX�MÎkDX_IG`ONQPGJ�`VXZ��J^ImRYK�d_J^ejrGd_J3X_ImKVIGJ.K�M�a�IirGR�n�Jj]�KfM�w3avk´Uj�
��PGJ�J9�GafejNgRTJ^epPGa�IGX_U%RYU�n[k¡w.PGX_epP�NQPGJ^U%JxepP1afIG`VJ^U�X_Ib{5|�}AN\a�h�JYcGd�afe^JYa�]QJTe^KVIDº

N\]%KVd_dZJ^t�n[k�RYJjRgn,J^]QU�K�MGa�IGK�NQPGJ^]¶epPGJjRYXZeva�dVM�a�RTX_d�kOe^a�d_dZJ^t�¼�½DÏ^Ð¥Ìx¼pÊ��@��PGJ�n1a�U%X_e*MyrGIGe�N\XZKVI
K�M�afI�J^IGÑ�kDRYJgXZU�NQK�a�e�N5a�UOaYeva¥Npa�d�k´UWN
XZI�aYnEX_KDepPGJ^RTX_e^a�d�]QJvafejN\XZKVIu�.��PGXZUORTJva�IGU�N\P1a¥N
N\PEJ¤tGX_]%J^ejNQX_KVI�XZI£w.PGXZepP�a�]%Jva�e�N\X_K�I�w3KVrEd_t¡I1afNQrG]\a�dZdZk�N\JjIGt�N\K�KDe^ejrG]^q�n,J^e^a�rGUQJmK�M�N\PEJ
c1a�]WN\XZe^rGd_a�]3JjIi�DXZ]QKVIGRTJ^I[N�XZI�w.PGX_epP�NQPGJ�{5|z}Ò³GIGtGU�XZNQUQJjdZM=qEXZU�a�eje^J^dZJ^]QafN\Jjt�nikxN\PGJ5cG]%J^U=º
J^IEe^JxKfM�N\PGJYJ^IGÑ�kDRYJf�L��PEJxJ^IEÑjkDRYJYXZNQUQJ^d�M�XZU�IEK�NgafdZN\Jj]QJjtba�U�N\PGJY]QJ^a�ejNQX_KVIocG]QKDe^JjJ^tGUj�
}ÓN�kDcGXZeva�d¶J^IEÑjkDRYJ�RYXZ`VP[NzejKVIGU%X_U%N
K�M�axepP1afX_I£KfM�a�n�K�rEN ¸vÔVÔVÔ afRYXZIGKxafe^X_tEU^q�NQPGJ�nGa�UQXZe
nGrGXZd_tGXZIG`gnGdZK´ephiU.K�M@cG]QKfN\J^XZIGU^�
}Od�N\PGKVrE`VPTNQPGJ�n1a�UQXZe.X_IEMyKV]%Rxa¥N\X_K�Ige^KVI[NQJ^I[N3KfM�N\PEJO{5|�}�XZU�e^KVRTcGd_J�N\JjdZkgtEJjN\Jj]QRTX_IGJjt

n[k¤N\PGJ�UQJj²irGJ^IGejJ
K�M�n1a�UQJjU^q´a�IGtYtGK´JjU�IGK�N�tGJ^c,J^IEt�KVImN\PGJ�UQc1a¥N\X�afdGe^KVI´³1`VrG]QafN\XZKVIYKfM�N\PEJ
RTKVd_Jje^rGdZJ�qiXZNQU3nGXZKVd_KV`�X_evafdGMyrGIGejNQX_KVIEU�a�]%J5afÕ�J^ejNQJ^t�n[k�X�Nv�@��w3KmRTKVd_Jje^rGdZJ^U�N\P1afN�P1av�VJ
N\PEJ
U\afRYJ¤epPGJjRYXZeva�d�e^KVRTc�K�UQXZNQX_KVI�q�nGrEN�tEXZÕ�J^]5X_I�UWN\]%rGejNQrG]QJfq�a�]%J¤eva�dZd_Jjt�¿_Ê�Á¥Ìx¼ Å Ê��s��UQKVRTJ^]%UevafI�tGX�Õ�Jj]¶XZI�a.`VJjKVRYJ�N\]%X_evafdVcG]QK�c�Jj]%N�kVqfUQrGepPga�U@dZJjMÎN@a�IGt�]QXZ`VP[N¶P1a�IGtGJjt�U%rG`[a�]¶RYK�d_J^ejrGd_JjU^�
��I£NQPGJse^a�UQJ�K�M*{5|�}�q±XZNzX_U.c,KVUQU%X_nGdZJ�MyKV]�X_U%KVRTJ^]QU�NQKxtGX�Õ�Jj]zXZI�aTNQKVc,KVd_KV`�X_evafd�cG]%KVc�Jj]%N�k�q
UQrEepP�a�U.hiIGK�N%N\X_IE`TK�]�d_X_IEhDXZIG`G��Ö´rGepP£XZUQKVRTJ^]%U.a�]QJ�e^a�d_dZJ^t�¾�ÁpÆ1Á¥¿_Ê�Á¥Ìx¼ Å Ê����PGJ�cGP[kDUQX_e^a�d�a�]%]\a�IG`�J^RTJ^I[N.K�M�N\PGJ�{5|�}¹RYK�d_J^ejrGd_Jzeva�ILn,J5tGJ^U%e^]QXZn�Jjt�X_I�N\Jj]QRTU�K�M
`VJjKVRYJ�N\]Wk�a�IEtxN\KVc,KVdZKV`�kV��×±K�]�N\PEX_U3cErG]Qc,KVUQJfqEw�J5eva�I�NQPGX_IGhmK�M�NQPGJ5RTKVd_Jje^rGdZJOa�U�a�d_KVIE`
]QK�c�J�RYa�tGJ.rGcTK�M,N�w3K�U%NQ]\a�IGtEU�w.PEX_epP�af]QJ�w�KVrGIGtY]QKVrGIEtxa�IEtT]%KVrGIGtTJvafepPxK�NQPGJ^]jq[d_X_hfJ.a
cGXZJ^e^J3K�M±N�w3KfºØU%NQ]\a�IGt¤Jjd_JjejN\]%X_e��1J�����«5J^KVRTJjNQ]QX_e^a�dicG]QK�c�Jj]%N\XZJ^U�`�J^IGJj]\a�dZdZk�P1av�VJ�NQK5tGKOw.XZNQP
N\PEJz]QafN\J.K�M�w.X_IGtGXZIG`�K�MuKVIEJzUWN\]\afIGtxK�M�N\PGJ�tGKVrEnGd_J.PGJjd_X��ma�]QKVrEIGtTNQPGJ�K�N\PGJj]^�*®�X_KVdZKV`VX_UWN\U
Npafd_h£KfM�a�RYK�d_J^ejrGd_Jga�U Å ¼�Ç�ÉvÙ´¼QÂ¤XZM�N\PEJYaÚ�EXZU�K�M�NQPGJmPGJ^dZX���d_X_JjU
�±afN^q@afIGt�afU¤Ê�Û�Æ1¼ Å ÀpÁ¥¿ÎÇ_¼QÂXZMzN\PGJSa¥�´X_UTXZNQUQJjdZM
ejKVX_dZU¤N\PG]%KVrG`VP�UQc1a�ejJ���Ü�KVr�eva�I�UQJ^JSN\PGXZUTJ�Õ�JjejNxnik�a�tEtGX_IG`oJ��DN\]Qa
N�w.X_UWN\U.N\KYa¤d_J^IE`�N\PLK�M�Jjd_JjejN\]%X_e
�1J9����Ö´rGc,J^]%e^KVXZd_XZIG`¤eva�ISn�J�K�M@N�w3KYhiX_IGtGUjq1c�K�UQXZNQXZ��JsafIGt
IGJj`[afN\X��VJf�gÝ@K�UQXZNQXZ��JgUQrGc,J^]%e^KVXZd_XZIG`�KDe^e^rE]QU
w.PGJjIoRTKV]QJsN�w.X_U%NQU�a�]QJmaftGtGJ^t�NQK�N\PGJm{5|�}
PGJjd_X���q�a�IGt�IGJj`[afNQXZ�VJ�UQrGc,J^]%e^KVXZd_X_IE`xKDe^e^rE]QUOw.PGJjI�N\PGJj]QJma�]%JsMyJjw�J^]
N�w.XZU%NQU
X_I£NQPGJ¤{5|�}
N\PGa�IxN\PEJ^]QJ
a�]QJzX_IxX�N\U�]QJ^d_a¥�´J^t�UWNpafNQJ���ÞßPGJjI�N\PGJO{5|z}�tGKVrGnGdZJOPGJjd_Xà�TX_U�X_I�U%KVd_rENQX_KVI�q´afU
XZN.XZU�MyKVrGIGtLX_I�X�N\U.I1afNQrG]\a�d�UWNpafNQJ�X_I�N\PGJ�ejJ^d_dªqGKVIGJ�U%NQ]\a�IEtLw.XZIGtGU.]QKVrEIGtLNQPGJ�K�N\PGJj]�afN�a
]\a¥N\J�K�M@KVIGJ5e^K�RYcGdZJjNQJ5]QJj��KVd_r´N\X_K�ILJ��VJj]%k ¸�Ô �Ëágn1a�U%Jsc1afX_]QUj�
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}ãU%X_IG`�d_JmU%NQ]\a�IGt�K�M�{5|�}ãP1afU�aLI1afN\rE]\a�d�KV]%X_J^I[N\afN\XZKVIu�x��PEX_U�X_U�n�Jjeva�rEUQJxNQPGJTN�w�K
cGPGK�UQcGP1a¥N\J^U�w.PGXZepP�a�]%J n,KVIGtEJ^t�NQKlalc1af]%N\XZe^rGd_a�]�U%rG`[a�]�RTKVd_Jje^rGdZJ¡a�]QJ afN%Npa�epPGJjtÒa¥N
tGX�Õ�Jj]QJ^I[N�c�KVU%XZNQX_KVIGUjq@e^a�d_dZJ^t¡N\PGJxäfå�U%XZNQJ�a�IGt N\PGJ�á¥å�U%XZNQJ�����PirGUma£{5|�}ãUWN\]\afIGt�w.XZNQP
N�w�KgMy]QJ^JOJ^IGtGU�w.XZd_d,P1av�VJ�a�U%rG`[a�]�w.XZN\P�a�I�KVc,J^I�ä å U%XZNQJ
afN3KVIGJ
JjIGtuq1a�IEt�agUQrG`[af]�w.XZNQP
a�I�KVc,J^ISá å U%XZNQJ�afN�N\PEJ�KfN\PGJj]^�*��PirGU�a�I�KV]QXZJ^I[Npa¥N\X_K�I�KVI�N\PGJ5UWN\]Qa�IGt�X_U�tEJjN\Jj]QRTX_IGJjt�nik
N\PEJ�]%rGd_J
NQP1afN�w�JsUWNpa�]WNzafN�N\PGJsá å JjIGt�afIGt�³1IGX_U%P£a¥N�N\PGJ�ä å J^IEtu�
æ K�w�Jj�VJj]^q�tGrGcEd_J���§ÎN�w3K¥º�U%NQ]\a�IEt±¨s{5|�}ãP1afUsIGK£I1afN\rE]\a�d�KV]%X_J^I[N\afN\XZKVIu�x��PEX_U�XZU�n�J9º

evafrGUQJTN\PGJYä å J^IGtbKfM�JvafepPbU%NQ]\a�IGtoX_U�Rxa¥N\epPGJjt�rGc w.XZN\P N\PGJxá å J^IGtoK�M�NQPGJYKfN\PGJj]^q�U%K
N\PGafN�N\PGJ�KV]%X_JjIiN\afN\XZKVIGU�KVI�NQPGJ�UQJ^cGa�]\afNQJsUWN\]Qa�IGtGU�a�]%J�XZI�KVcGc,KVUQX�N\J5tGXZ]QJjejN\XZKVIGUj�

C T G A T 5’end 3’end

3’end

3’end G A C T A 5’end

C T G A T 5’end

"�#�ç è�?¶0�:é?�CE/GF�'�4
6ÃCG0�ê�0�ëW0�-�F�0�7Lì�í�î
��ILKV]QtGJj]�N\KmrGUQJ�hiIGK�N.N\PEJ^KV]WkVq1w3J�IGJjJ^tLN\Kmw3KV]%hxw.XZNQPSejd_KVU%J^tLe^XZ]Qe^rEd�a�]�dZK´K�cGU�K�M�{5|z}�q
]\a¥N\PGJj]uN\P1a�I5NQPGJ*d_XZIGJva�],MyKV]QR�tGJ^U%e^]%X_n,J^t�X_I
NQPGJ*cG]QJ��DX_KVrGU�U%J^ejNQX_KVI���©3dZKVUQJjt�ejX_]%e^rGd_a�]u{5|�}
tGKDJ^U*KDe^ejrG]�X_I¤IGafN\rG]%J�qia�IEt¤XZN�PGa�U�a�d_U%K
n,J^J^ITe^]%JvafNQJ^tTa�]WN\XZ³Ge^X�afd_dZk
X_I�NQPGJ�d�a�n,KV]QafN\KV]WkV�¶��I
XZNQU�I1afNQrG]\afd�MyKV]QRãXZN3eva�I�KDe^e^rE]�J�N\PGJj].a�U.a¤UQXZIG`Vd_JzU%NQ]\a�IGtEJ^tLKV]�tGKVrGnEd_J
UWN\]\afIGtGJ^t�MyKV]%RS�
Ö´rGepPS]QXZIG`VU.a�]%J5e^KVRTRYK�ILXZI�N\PGJ�{5|�}¯KfM�RYa�I[k�n1afejN\Jj]QX_aTafIGtL�DXZ]QrGU%J^U^q1MyKV]�J9�Ea�RYcEd_J��
×1KV]5tGKVrGnEd_JmU%NQ]\a�IGtEJ^t e^X_]%e^rGd_a�]�{5|z}sq�w�JYP1av��Jxav�fa�X_d_a�nGdZJsN\PEJYdZX_IGhiX_IE`�IirGRgn,J^]�K�M

N\PEJsN�w�K�U%N\]Qa�IGtGUOa�U
aTN\KVc,KVd_K�`VX_e^a�duX_I[�fa�]%X�a�I[Nv���ØM�aYd_X_IEJva�]�{5|z}¯U%NQ]\a�IEt�X_ILw.PGX_epP�KVIEJ
U%NQ]\a�IEt RYa�hfJ^U5a�ejKVRYcEd_JjNQJ�N\rE]QI¡a�]%KVrGIGt�NQPGJ¤K�N\PEJ^]
J��VJ^]Wk ¸�Ô �Ëáxn1a�U%Jgc1a�XZ]QU
XZUOMyKV]%RYJjt
X_I[NQK¤a�]QXZIG`Gq[N\PEJ
d_XZIGhiX_IG`�IirGRgn,J^]�XZU�N\PEJzN\KfNpa�d,IirGRgn,J^]�K�M�nGa�UQJ
cGa�X_]%U�tGX��DX_tGJjt�n[k ¸�Ô �ïá´�
Ö´XZIGe^J�NQPGJ�IirGRgn,J^]*K�M,n1a�U%J�c1a�XZ]QU�XZU��VJj]%k¤d_a�]Q`VJfq�N\PEJ�d_X_IEhDXZIG`OIirGR�n�Jj]*X_U*a�dZUQK
��J^]%kgd�a�]%`VJ�q
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w.]QX�N\PGJf�ß��PGJ£KVnEUQJ^]W�VJjtß�fa�dZrGJLK�M
N\PEJSw.]QX�N\PGJfq�RTJva�U%rG]QJjt�n[k�ejKVrGI[N\XZIG`�ej]QKVU%UQX_IE`VUxXZI
cG]%K¥û%J^e�N\X_K�IGU�a�IGtYa���J^]Qa�`VX_IE`safU�J9�´cGd�a�XZIGJ^tYa�n,K��VJ�qiXZU�N�kDcGXZeva�dZdZk�a�n,KVrEN�º ¸;: ����PGXZU�`VXZ��J^U�a
N�w.X_UWN\XZIG`OIirGRgn,J^]@K�M �98 á1ô ¸<: ó �'= äz]QafN\PGJj]@NQP1a�Imá Ô�Ô �@�ØN�UQJjJ^RTU�N\P1a¥N@NQPGJ3tGJ�³1e^XZJ^IGe�kgXZI
d_XZIGhiX_IG`�IDrERgn�Jj]�My]QKVR�NQPGJ�]QJjd�a¥�´J^t�UWNpafNQJ�XZU.e^KVRTc�JjIGU\a¥N\J^tLc1a�]WN\d�k�n[k�a¤epP1a�IG`�JsXZIL��w

· á



a�IGt�cGa�]%NQdZkTn[k�a�epP1afIG`VJ5X_IYÞ�]j��®3X_KVdZKV`VXZU%N\U�n,J^dZX_Jj��JON\PGafN�agtGJ�³1e^X�N�X_Ixd_X_IEhDXZIG`�IirGR�n�Jj]
cG]%KÚ�DXZtGJ^U*N\PEJO{5|�}­RYKVdZJ^ejrGd_J3w.X�N\PmU%NQKV]QJjtxJjIGJ^]%`�kgN\PGafN�X_U*rGU%J^tYw.PEJ^IYNQPGJ�N�w3K�U%NQ]\a�IEtGU
a�]%J�U%J^c1af]\afNQJ^tu��Ö´rGepPSUQJjc1a�]\a¥N\X_K�ILXZU�IGJ^JjtGJ^tSX_I�RYa�I[k�nGXZKVd_KV`�X_evafd�cG]%K´ejJ^U%UQJ^Uj�

·V·
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?¶0�/GF
©3J^]WNpa�XZI�J^IGÑ�kDRYJjU^q1evafd_d_Jjt�¾�ÁpÆ1Á¥¿_Ê�Á¥Ìx¼ Å É¥Ê�¼pÊ�q´a�e�N�KVI�N\PEJ�{5|z}�RTKVd_Jje^rGdZJOXZI�UQrGepPSa�w3a�ka�U5N\KSa�d�N\J^]5NQPGJ¤N\KVc,KVd_K�`VX_e^a�d�a�]%]\a�IE`VJ^RTJ^I[N�K�M3NQPGJmRYK�d_J^ejrGd_J¤XZIoU%c1a�ejJ��x��PEJjk tGK�N\PGXZU
n[kbejrENQNQX_IG`�afIGt�]QJ�û%KVX_IGXZIG`£NQPGJ�U%NQ]\a�IEtGU¤X_I��fa�]%X_KVrEU�w�avkDU^q*NQPGJ�UQc,J^ejXZ³1e�a�e�N\XZKVIbn,J^X_IE`
epP1a�]Qa�ejNQJ^]%X_U%NQX_eYK�M�N\PGJYc1a�]WN\X_ejrGd�af]sJjIGÑjkDRTJ�rGUQJjtu�(C5IGK�NsN\PGJjKV]%koP1a�U�n�JjJ^I(a�cGcEd_X_Jjt�XZI
a�I�a¥NQN\JjRYc´NzNQKxw3K�]QhLKVrENONQPGJgafejN\XZKVI£KfM*N\PGJsJ^IGÑ�k´RTJ^U5n[kSa�I1afdZkDUQXZIG`YNQPGJgcG]%K´tGrEejN\UzK�M
N\PEJ^UQJ�]QJ^a�ejNQX_KVIEU.a�IGtLKVnGUQJj]%�DX_IE`TNQPGJ5N�k´c,J�K�M@hDIEK�N\U�cG]QKDtGrGejJ^tu�
Þ�JxtGX_U%e^rGU%Uma�c1a�]%NQX_ejrGd�a�]5N�kDc,J�K�M�a�ejNQX_KVI�nikba�IbJjIGÑjkDRTJ�eva�dZd_J^t(Ê�¿Î¾=¼ED�Ê�Æ1¼pÀ�¿ F�À Å ¼EDÀpÁ¥ÌTÍ^¿Î½,É�¾�¿�Á¥½1�Y��I N\PGXZUscG]%K´ejJ^U%U^q�afI�J^IEÑjkDRYJxafNQN\a�epPGJjUsX�N\UQJjdZM�N\K�N�w3K�U%c�Jje^X�³1eYU%XZNQJ^U�KVI

N�w�K�U%N\]Qa�IGtGUOK�M�{5|z}sq�evafd_d_JjtSNQPGJSÀpÁ¥ÌTÍ^¿Î½,É�¾�¿�Á¥½�Ê�¿Î¾�¼pÊ��O��PEJgN�w3K�U%XZN\JjU
P1av�VJsN\PGJgUQa�RTJ
UQJj²irGJ^IGejJzKfM�nGa�UQJ�c1afX_]QUjq�w.PGXZepPTRYavkgn,J�KVI¤N\PEJ�U\a�RTJ�KV]�K�I¤tGXZÕ�J^]%J^I[N�U%NQ]\a�IGtEU*K�M�{5|z}��
ÞßPGJjI NQPGJjk�a�]QJ¤KVI�NQPGJ¤U\a�RTJ¤e^XZ]QejrGd�a�]O{5|z}ÿRTKVd_Jje^rGdZJ�q,N\PGJ¤ejKVRgnGXZI1afN\XZKVI�U%XZN\JjU5Rxavk
d_XZJ�X_ISNQPGJgUQa�RYJ�tGXZ]QJ^e�N\XZKVI£]%KVrGIGt£NQPGJ�RTKVdZJ^e^rEd_J�KV]OXZI£KVcEc�KVU%XZNQJstGXZ]QJjejN\XZKVIGUj�z��PGJ�³1]QUWN
evafUQJ�X_U.evafd_d_Jjt Â�¿ Å ¼pÀ�¾ Å ¼�Æ1¼QÉ�¾ÎÊ�a�IEtLNQPGJ�UQJ^ejKVIGtLX_U.evafd_d_Jjt�¿Î½1õ�¼ Å ¾=¼QÂ Å ¼�Æ1¼QÉ�¾ÎÊ��

inverted repeatsdirect repeats
��PGJ�J^IGÑ�kDRYJ�d_XZIGJ^U¤rEc(NQPGJ�N�w3K¡ejKVRgnGXZI1afN\XZKVIbU%XZN\JjU^q�N\PGJjI�ejrEN\U¤NQPGJ�N�w3K U%NQ]\a�IEtGU

KVc,J^Ißa�IEt�]QJje^KVRgnEX_IGJjUxN\PGJ£J^IGtGU�XZI�UQK�RYJSRxa�IEIGJ^]j��Ö´KVRTJ£c,KVUQU%X_nGdZJ�a�e�N\XZKVIGUxKfM�a�I
J^IEÑjkDRYJSKVIlejkDe^dZX_eLtGrGcGdZJ���{5|z} a�]%JS]%J^cG]%J^U%J^I[N\Jjt­UQepPGJjRxafNQX_e^a�d_d�kbn,J^d_K�w�� æ J^]%JSN\PEJ
{5|z} X_UYRYKDtGJjd_d_Jjt�RYafNQPGJ^RYafN\XZeva�dZdZk�a�U�a ]QXZnGn�K�I�w.PGKVU%J£N�w�K�J^tG`VJjU�e^K�]Q]QJjUQc,KVIGt�NQK
N\PEJgN�w3KLn1a�U%J¤UQJ^²irGJjIGe^JjU^�T��PGJmd_XZIGhiX_IG`YIDrERgn�Jj]5n�J�N�w3JjJ^I N\PGJjUQJ¤N�w3KLU%NQ]\a�IEtGU�eva�I¡n,J
epP1a�IE`VJ^tSnikxN\PGJ�]QJ^a�ejNQX_KVIEU^�

+ -

--

supercoiling catenation

+

-

-

-
(linking)

knotting
- +

·�8



��PGJgJ��´XZtGJ^IEe^JgU%rG`V`VJjU%N\U
NQP1afN�N\PGXZUOXZUztGK�IGJgX_I£aTw3avkSw.PGXZepP�tGJ^c,J^IEtGU
KVIGd�kLKVI£N\PEJ
c1a�]WN\XZe^rGd_a�]�J^IGÑ�kDRYJf� æ K�w�Jj�VJj]^q,N\PGJ�J��Ea�e�NO]%J^e^K�RgnGX_IGafN\XZKVI�cG]QKDe^JjUQU.N\P1afN�P1afUzKDe^ejrG]Q]%J^t
evafIGIGK�Nsn�JTKVnGU%J^]W�VJ^t�tGX_]%J^ejNQdZk��x��PirGUsw�JxU%PGKVrGdZtodZX_hfJmNQKStEJ^tGrGejJ�XZN�n[k U%NQrGtEkDX_IE`SN\PEJ
N\K�c�KVdZKV`�kTK�M�NQPGJ5cG]QKDtGrGe�N\U�K�M�NQPGJ
]QJje^KVR�nGX_I1a¥N\X_K�I�a�IGt�NQPGJ^XZ]�]QJjd�afNQX_KVITN\KgN\PEJON\KVc,KVdZKV`�k
K�M¶N\PGJgÊ�ÛEÍ�Ê�¾ Å É�¾�¼�qGN\PGJ�KV]%X_`VXZI1a�d�{5|z}�KVI�w.PGXZepPLNQPGJ�J^IGÑ�k´RTJsa�ejNQX_KVI�XZU�Npa�hiX_IE`TcEd�a�ejJ����PGJ�a�ejNQX_KVIxK�M@ag`VXZ��J^I�J^IGÑ�kDRYJ5e^a�I�n�J�a�IGa�dZkDUQJjt�w.XZNQP�N\PGJ5PGJjd_c�K�M�¾�É�½D»�Ç_¼�N\PGJjKV]%k��
��PGXZU�XZU�a�ISXZtGJva¤XZIiNQ]QKDtGrGejJ^t£n[kHG�KVPEI�©3KVI[w3avkLNQKYUWN\rGt´k�hDIEK�N\Ujq�afIGt£XZILcGa�]%NQX_e^rEd�a�]3NQK
cG]%KÚ�DXZtGJxa�RTKV]QJmU%kDUWN\J^RYafNQX_emIGK�N\afN\XZKVI�MyKV]�hDIEK�N\U�N\P1afIoN\PEJmNQ]\a�tEXZN\XZKVI1a�d�J^IirGRTJ^]\a¥N\X_K�I
MyKVrGIEtSXZI�Npa�nGdZJ^Uj�
} ¾�É�½D»�Ç_¼3XZI�aghiIGK�N�K�]�d_XZIGh¤tGX�af`V]\a�RéXZU�a�e^XZ]QejrGd�a�]�]QJj`VX_KVIxX_IxNQPGJ5cG]QKÚû%J^ejNQX_KVIxcGd�a�IEJ

w.XZNQP¤N\PGJ�cG]QK�c�Jj]%N�kgNQP1afN�N\PGJ.dZX_IGhse^]QK�UQUQJjU�NQPGJ.n�KVrEIGtGX_IE`�ejX_]%e^d_J.a¥N�J��Ea�ejNQdZk¤MyKVrE]*c�KVXZI[N\U^�
ÞoJ�a�dZw3avk´U¤]%J^`[af]Qt�N\PGJjUQJ�MyKVrG]¤c,KVXZIiNQU¤a�U¤KDe^ejrG]Q]%X_IG`�XZIbN\PGJ�|.Þ�q*|O¬�q�ÖE¬µa�IGt�ÖDÞ
tGXZ]QJ^e�N\XZKVIGU�My]QK�RãN\PEJ�ejJ^I[N\]%JsKfM@NQPGJ�e^X_]%e^dZJ��

��afIG`Vd_JjU�e^a�ITn�J�rGUQJjt�a�U�nGrGXZd_tGXZIG`5nGdZK´ephiU�MyKV]�d_X_IEh�tGX_a�`V]\afRYUj�¶Ü�KVrTeva�IY]QJ^a�txafn�KVr´N
N\PEX_U�X_IYasIirGRgn,J^]�K�M�n,K´K�hDUjq´U%rGepP�a�U�©3P1a�cENQJ^] â K�M�Iuø1¼�J�½�Á¥¾LK
Á�Á<M�n[kx©3KVdZX_IT}Ot1a�RTU^�
��PGJ�KVIGd�kONQPGX_IG`�w�J�IGJ^Jjt�MyKV]uNQPGJ�{5|z}(a�cEcGd_XZevafNQX_KVI
XZUuKVIGJ*w3avk5N\K.e^KVR�nGX_IGJ@N�w3K.Npa�IE`Vd_JjU
N\Ks`VJjN�a�d_XZIGh±����PGXZU3XZU�tGK�IGJ5a�U�UQPGK�w.I�n,J^d_K�w�q´a�IGt�X�N�X_U3tEJ^IGK�NQJ^t�n[k�Nb§PORQ1ô(OTS�¨�����PGJ
X_tEJva¤X_U�U%X_RTX_d�af]�NQKTNQPGJ�e^d_K�UQrG]%J5K�M�amnG]Qa�X_tu�

T T1 21+T2)The tangle  N(T

|zK�w¹w�J�NQPGX_IGh�KfM�N\PEJ�UQrEnGU%NQ]\afNQJ�q¶¿�U�¼VU�NQPGJ�e^X_]%e^rGd_a�]�{5|z}�RTKVd_Jje^rGdZJ�K�ILw.PGXZepP£N\PEJ
J^IEÑjkDRYJ�XZU�N\KTa�ejN^q1a�U.n,J^X_IE`¤Rxa�tEJ5rGc�K�M@N�w�KmNpa�IG`�d_J^UjqEN\PEJ¤Ê�ÛEÍ�Ê�¾ Å É�¾�¼�¾�É�½D»�Ç_¼XW�qEw.PEX_epPX_U.rGIEepP1a�IG`VJjt�n[kLNQPGJ�J^IGÑ�k´RTJ�q�a�IGtLN\PGJmÊ�¿Î¾=¼s¾�É�½D»�Ç_¼�O¹w.PGJ^]%JsNQPGJsJjIGÑjkDRTJga�e�N\Uj����PGJ
J^IEÑjkDRYJm]%J^cGd_a�e^JjU�NQPGJmUQX�N\JgNpafIG`Vd_Jsw.XZN\P a�IGJ�wµNpafIG`Vd_JfquN\PGJ Å ¼pÀpÁ¥ÌTÍ^¿Î½,É�¾�¿�Á¥½�¾�É�½D»�Ç_¼5òg���PirGU.N\PGJ�UQrEnGU%NQ]\afNQJsXZU�Nb§YWSôZOO¨�a�IGt�N\PEJ�cE]QKDtGrGejN�K�M¶N\PEJ�]%Jva�e�N\XZKVI�X_U�Nb§
W�ô�ò�¨9�
Þ�JOa�UQU%rGRTJzN\PGafN3w�JOe^a�I�tGJ�N\J^]%RYXZIGJ.N\PGJzhDIEK�N�KV]�d_XZIGh�N�kDc,J^U�K�M�N\PGJzUQrGnGUWN\]QafN\J5afIGt

K�M�N\PEJ¤c[�´]%K´tGrEejN�n[k�J��´c,J^]%X_RTJ^I[Nv�s��PGX_U
`�XZ�VJjU5rGU5N�w3K�Jj²DrGafN\XZKVIGU^q�K�IGJ�MyKV][N�§YW¡ô\OO¨
·':



a�IGt£KVIGJ�MyKV]�Nb§
W�ô�ò�¨�� æ KÚw�Jj��J^]jquw3J¤e^a�IGIGK�NOJ��´c,J^ejN5NQK�n,J¤a�nGdZJ�NQK�tGJjNQJ^]%RYXZIGJ�N\PEJ
N\PE]QJ^J�rGIEhDIEKÚw.ISNpa�IG`�d_J^U.ògq3W�a�IGt�O�My]%KVRãNQPGX_U�XZIEMyKV]QRYafNQX_KVI�afd_KVIGJf�
æ K�w�Jj�VJj]^qGJ9�´c�Jj]QX_RTJ^I[N\a�d1KVnGU%J^]%�fafNQX_KVImU%rG`V`VJjU%N\U�N\PGafN�N\PGJ.Npa�IE`Vd_JjU]Oßa�IGtYò�tGJjc�JjIGt

KVIGd�k¡KVIoNQPGJ ¼�½DÏ^Ð¥Ìx¼�a�IEt�IGK�N�KVIoNQPGJYNQKVc,KVd_KV`fk�K�M�NQPGJxRTKVd_Jje^rGdZJmKVIow.PGXZepPbXZNsa�e�N\Uj�
��I£ejJ^]WNpa�XZI£e^XZ]QejrGRYUWNpa�IEe^J^Ujq,NQPGX_Uza�tGtEXZN\XZKVI1a�d�X_IEMyKV]%Rxa¥N\X_K�I�P1a�Uzn�JjJ^I£rEUQJ^t�NQKYcE]QJ^U%UON\PEJ
RYafN\PGJjRxa¥N\X_e^a�d�a�I1a�d�k´U%X_U.amnGXZN3M�a�]%NQPGJ^]j�
H
IGJ.J��Ea�RTcGd_J�K�M�a5N\KVc,KVX_U%KVRTJ^]\afUQJ�XZU^I`_ba Å ¼pÊ�Á¥ÇÈõ¥É¥Ê�¼�qVw.PGXZepPxa�e�N\U�KVI¤N�w�K�RYafN\epPGJjtUQX�N\JjUYXZI�a¡ejkDe^dZX_e�tGrGcEd_J���{5|�}~RYKVdZJ^ejrGd_Jf��6�UQr1a�dZdZk�q�N\PEJSJjIGÑjkDRTJS]%J^cGd_a�e^JjUTNQPGJSU%XZNQJ

NpafIG`Vd_J[O�w.XZNQP�axU%X_IG`VdZJsejKVc[k£KfM*N\PGJ�òµNpa�IG`�d_J�� æ K�w�Jj��J^]^q�U%KVRTJjN\XZRYJjUzX�NO]%J^c,JvafNQUON\PEJ
KVc,J^]QafN\XZKVI£N�w�KGquN\PG]%J^J¤KV]zRYK�]QJ�NQX_RTJ^UOn,JjMyK�]QJ¤]QJjd_J^a�UQXZIG`xN\PEJgRYK�d_J^ejrGd_Jf�5��I a�UQJ^]%X_JjU
K�M
J��´c,J^]%X_RTJ^I[N\Ujq,NQPGJs�fa�]%X_KVrGU�cG]%K´tGrEejN\UzK�M�NQPGJ^U%Jg]QJ^a�ejNQX_KVIEU�w�J^]%J¤a�I1a�d�kDUQJ^t�q,w.X�N\P£]%J^U%rGdZNQU
a�U�MyKVdZd_K�w.U^�

N�§YW�ôcO
¨8ó Ô §ÎN\PGJ5rGIEhDIEK�N9¨Nb§
W£ôlò�¨ ó dfel§yN\PEJ�c,KVU%XZN\X��VJ æ KVcEM�dZX_IGh´¨Nb§
W£ôlò�ôlò�¨ ó � Q�§ÎN\PGJ5³1`�rG]QJ�J^XZ`VP[N.hiIGK�N9¨N�§YW�ôlò�ôlò�ôlò�¨ ó g¹§yNQPGJ5ÞßPGXZNQJ^PGJ^a�tSdZX_IGh±q´c1a�`VJ � áV¨
×1]QKVR NQPGX_UmU%JjNYK�MOJj²ir1afN\XZKVIGUjq�¬*]QIGUWN�afIGt­Ö´rERYIGJj]QUmtGJjtGrGe^Jjt�N\PGafNmN\PGJ�Npa�IE`Vd_JhW

X_U5NQPGJTN�w�K£UWN\]%X_IG`LnG]\afX_tjilk úQ w.PGK�UQJTe^d_K�UQrG]%JYXZU�NQPGJTc�KVU%XZNQXZ�VJ¤NQ]QJjMyK�X_d�hiIGK�N^q@w.PGXZd_J¤N\PEJ
NpafIG`Vd_J£ò8X_UxNQPGJ�UQXZRYcEd_J£IEJ^`[afNQXZ��J�e^]%KVUQU%X_IG`cimQ��¯×1rG]%NQPGJ^]jq�N\PGJ�k�N\PEJ^IßUQPGK�w�J^tßN\P1a¥NNb§
W�ô�ò�ô�ò�ô�ò�ô�ò�¨�RgrGU%N�n,J�a · S�hiIGK�N^�3��PGXZU�hiIGKfNzPGa�UzXZI�M�a�ejN�n,J^J^ISKVnGU%J^]%��J^t
a�U�a¤cG]QKDtGrGe�Nv�

Ö´X_IEe^J
N\PEJ
UQrGnEU%N\]QafN\J
N\a�IG`VdZJnOÒa�cGc,Jva�]%U�X_I�K�IGdZkTKVIGJ5Jj²ir1afN\XZKVIuq´XZN�XZU�X_RTc,KVUQU%X_nGdZJ.NQK
tGJ�N\J^]%RYXZIGJ�XZN@rGIGX_²irGJjdZk�n[ksaO]QXZ`VKV]QK�rGU@RYafNQPGJ^RYafN\XZeva�dVa�]Q`VrERYJjIiN^� æ KÚw�Jj��J^]jqVN\PGJ�]%J^U%rGdZNQU
a�]%J
e^KVIEUQX_UWN\JjIiN.w.X�N\P�N\PEJ�a�UQU%rGRYc´N\X_K�I�N\P1afNoOÒXZU3N\PGJ
N\a�IG`VdZJOXZI�KVrG]Xpfq.tGX_a�`V]\afRYU
§yN\PEJr Ñ^J^]%KTN\a�IG`VdZJ�üË¨��

·'=



N(00 + 0) = unknotzero tangle (0) tangle (00)infinity

�SKV]%J�X_IEMyKV]%Rxa¥N\X_K�IsKVIjs=N\KVc,KVd_K�`VX_e^a�d[J^IGÑ�kDRYKVdZKV`�k�t�a�IGt¤KfN\PGJj]�a�cGcGdZX_eva¥N\X_K�IGU@KfM�hiIGKfN
N\PEJ^KV]WkoNQK�epPGJ^RTX_UWN\]%k�a�IGt�cEPikDU%X_e^UTa�]%J�tGXZUQe^rEUQUQJjt(X_I(©3P1afcEN\Jj] 8 K�M�¾yø1¼uJ�½�Á¥¾�K
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