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��wÄé£bp¤"3e¡ù�~f¥§ü�DNA¡ã§5’-AAAAACC-3’Ú5’-GGTTTTT-

3’§(Üå5/¤7�wÄé��£7bp¤Vó¡ã
5′ −AAAAACC− 3′

3′ − TTTTTGG− 5′
"�ª/`§��DNA¡ãw�Watson-CrickpÖ¡ãò¬�L«ǑWK(w)½ö←−w"Uì·�éuDNA¡ã��5�.~§·�A5¿�WK(AAAAACC)

= GGTTTTT",�«�O��^�Ø�´RNA[23]"Ø0Ø�£RNA¤´�«ÚDNA�q�Ø�§�´§�k±en«Ì�«OµRNAÏ~´üó(�§DNAÏ~´Vó(�¶RNA�Ø���¹�´sugar ribose§DNA�Ø���¹�´sugar deoxyribose¶k�å£Uracil¤�ODNA¥�9|�å3RNA¥Ñy"/ÚN|dDNAS�|¤"Ù¥�
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A½��ÝǑ3�¡ã�¡�Ǒm©£(å¤�èf"§�L«��=z�m©£(å¤"���x�´d�
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RÄ�5g20«ØÓ�RÄ�«a"kéõ)Ôö��±�^5?1O�[2, 38, 64]§~XµÄuWatson-
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Ü¤��vpÖ�¡ãN3�k^|��¾þ",�r·ÜM��3ù
�¾þ"duWatson-CrickpÖ5§�
�kv�¡ã¬�3e5§�
Ø�¹v�¡ãØ¬�3e5"
DNAàÜs£polymerase enzyme¤��^��´ÏLàÜsóª�A£PCR¤5E�DNA"PCRE��AI���üóDNA¡ã5�Ǒ��§¿�I�����ÚÔ£primer¤�$àØ��"ù�ÚÔ¬ÊÜ�DNA��þ"DNAàÜs¬ÏLØä/3ÚÔ��àO\Ø��5xzDNAÜ¤"ÚÔ¬Uìl5’à�3’à���33’à�ò�§��¼�¤I��¡ã"ù�¡ã´dÚÔm©§¿����pÖ"XJ·��^ü�ÚÔ§·��±±�ê?O���Ý5E�Y3ü�ÚÔ�m�fS�"ù�L§��*O�A£amplification¤"e¡·�)ºù��A"Ñu)º�8�§·��^±eÎÒ"XJx´di18{A,C,G,T}¥�i1|¤�iÎG§�oxKL«�§pÖ�iÎG§~X§

AACCTTGG = TTGGAACC"b�·��*O3VóDNA¡ã5′ − αxβyδ − 3′

3′ − ᾱx̄β̄ȳδ̄ − 5′
¥§Y3xÚy�m�Ü©"3ù�¡ã¥§α! x! β! y! δL«DNA¡ã"�e5§·��^x¡ãÚ�ypÖ�¡ã�ǑÚÔ"3\9M�¿�ù�VóDNA¡ã©)Ǒü�üó��§·�éM�ü§"�ypÖ�¡ã¬ÊÜ�þ



DNAO�µ�ïfÛ 5¡��¡ã§x¬ÊÜ�e¡��¡ã"��§àÜs¬3l5’à�3’à���þ§ò�ùü�ÚÔ�3’à§¿��)ü�Ø���Vó¡ãµ
5′ − αxβyδ − 3′

3′ − ᾱx̄β̄ȳ − 5′
Ú 5′ − xβyδ − 3′

3′ − ᾱx̄β̄ȳδ̄ − 5′
"�â�q�Å�§3e��\9¨e%Ì�¥§·�ò��,	ü�¡ã5′ − xβy − 3′Ú3′ − xβy − 5′"ùü�¡ã´äkWatson-CrickpÖ5�"du§�3±��z��Ì�¥�E�§lù�Ì�å§§��êþ¬�LÙ§¡ã�êþ"��§·�¬��êþ?Ǒ2n�§Y3xÚy�m�fS�"ùp§n´\9¨e%Ì��êþ"Ù§�)Ôö�ǑÑ3)ÔO�¥�æ^"Ǒ
r&E?è�DNAþ§·��±�O�«?èÅ�5r�k�i18N�����¹A!C!G!

T�iÎGþ§,�2Ü¤ù
�k�?è�&E�üóDNA¡ã"��)ÔO�dëY�)Ôö��¤[20]§~X§�^�!¥0�L�ö�"�Ǒ)ÔO�ÑÑ�DNA¡ã�±�ÖÑ£�^ÿSì¤¿�)è"
3 Adleman�3-SAT¢��^DNA�Ǒ��O�Åó�����{�±J��1994[1]"��§
Adleman)û
��7!:�Ç��î´»¯K��~"�==�^DNA5é&E?è§¿��^©f)ÔÆ¥�Eâ�Ǒ�{��-"�!0�,���ǑE,�DNAO��¢�"§)û
�����3-SAT¯K�¢~[15]"

3-SAT¯K´�«NP��O�¯K"8®��ùa¯K�^S){ÑI��ê?��m"3Lipton[54]�«
ùa¯K�±¿©|^©fO�Jø�¿1$�Å���§§�¤Ǒ
ÿÁDNAO�Å5U�²�"32002§
AdlemanÚ��ïÄ|)û
��20�Cþ�3-SAT¯K�¢~[15]"Ú���Vg�y5�DNAO�¢�ØÓ§ù�¢�1�gü«
DNAO����O�Uå�L
vk9Ï���<"¯¢þ§ù�¯K��Y´ÏL3�zõ��£220¤�U�)¥§�./|¢�é��"��3-SAT¯K�Ñ\´��d3�Cþ��ë��ª£conjunct normal

form¤£3CNF¤|¤�L�ª§Ù¥z���ë��ª�¹�õ3�Cþ"XJ�3��ý�D����L�ª÷v§�o§ù�L�ª�¡��÷v£satisfiable¤"ǑÒ´`§§�Cþ�ý�D��ù�L�ª�(JǑý"¤±§XJ�3ù����D�§�où�3-SAT�ÑÑǑ“ý”§ÄKǑ“b”"
Adleman�^�3CNFÑ\L�ª�¹
20�CþÚ24�©éµΦ = (x3∨

x16∨x18)∧ (x5 ∨x12 ∨x9)∧ (x13 ∨x2 ∨x20)∧ (x12 ∨x9 ∨x5)∧ (x19 ∨x4 ∨x6)∧

(x9 ∨x12 ∨x5)∧ (x1 ∨x4 ∨x11)∧ (x13 ∨x2 ∨x19)∧ (x5 ∨x17 ∨x9)∧ (x15 ∨x9 ∨
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x17)∧(x5∨x9∨x12)∧(x6∨x11∨x4)∧(x15∨x17∨x7)∧(x6∨x19∨x13)∧(x12∨

x9∨x5)∧(x12∨x1∨x14)∧(x20∨x3∨x2)∧(x10∨x7∨x8)∧(x5∨x9∨x12)∧(x18∨

x20∨x3)∧(x10∨x18∨x16)∧(x1∨x11∨x14)∧(x8∨x7∨x15)∧(x8∨x16∨x10)"Ù¥§xiL«xi�Ä½ª§1 ≤ i ≤ 20"ù�L�ªΦ´²LAÏ�O�"§�k������÷v�ý�D�"ù����)´µx1 = F§x2 = T§
x3 = F§x4 = F§x5 = F§x6 = F§x7 = T§x8 = T§x9 = F§x10 = T§
x11 = T§x12 = T§x13 = F§x14 = F§x15 = T§x16 = T§x17 = T§
x18 = F§x19 = F§x20 = F"

Adleman�)´ÏLe¡ù��(½£nondeterministic¤�{�Ñ�"Ñ\µd3CNF|¤�Ù�L�ªΦ"1�Úµ�)���¹¤k�U�ý�D��8Ü"1�ÚµíØ¤k�1��©éǑb�ý�D�"1nÚµéuÑ\L�ª¥¤k�©é§�11�Ú"ÑÑµ�ª3e�ý�D�£XJ�3¤"Ǒ
¢yù��{§·�ÄkI�rÑ\&E?è�DNA¡ã¥"ù´de¡�L§¢y�"z��Cþxk§k = 1, . . . , 20§éAü�ØÓ��ÝǑ15-mer��¡�Ǒ“�S�”£value sequence¤�üóDNA¡ã"Ù¥§���XT
k���L«ý£T¤§���XF

k�,��L«b£F¤"e¡´�
3Á�¥Ü¤�§¿���^��ÝǑ15-mer�S�£§�ÑØ�¹Ø��G¤µ
XT

1 = TTACACCAATCTCTT§ XF
1 = CTCCTACAATTCCTA§

XT
20 = ACACAAATACACATC§ XF

20 = CAACCAAACATAAAC"3220«�U�)¥§z��)Ñ����ÝǑ300-mer�“¥¡ã”£library strand¤¤L«"ù
¥¡ã´déACþ��ÝǑ15-mer�S�§Uì^Së�|¤�"~X§e¡ù�¡ã
α1α2 . . . α20§ Ù¥§αi ∈ {X

T
i , X

F
i }§1 ≤ i ≤ 20"Ǒ
��ù
“¥¡ã”§40��ÝǑ15-mer�¡ã£3M�¥§z��¡ãkéõ�E�¬¤ÏL�^·Ü¿���|ÜÜ¤Eâ£mix-and-match

combinatorial synthesis technique¤[23]�ë�å5
"ù�)ÔO��^±e��µ��Ck“¥�¬”�Àæ�§Ù¥Ck�¹¥�v�¶±924�Ck“©é�¬”£clause module¤�Àæ�§z��Àæ�éA��L�ª¥�©é"z��©é�¬�Àæ�Ck�¹��ì
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÷v©é�ý�D�"ù
¡ã3v�>Y��^e3�¬¥m£Ä"ǑÒ´`§3>6��^e§�kK>Ö�DNA¡ã¬3v�¥£Ä"¢�m©�§��¥ÏL1��“©é�¬”"ù�§¥¥�
�k�1��©é÷v�ý�D��¡ã¬��
�½���ìÓ¼§�
ØU÷v1��©é�¡ã¬£Ä���Â8ì¥"�
�Ó¼�¡ã�±ÏLJp§Ý�º�Ñ5§,��Ǒ1��©é�¬�Ñ\"Uìù���{§�ª§�k�
÷v24�©é�¡ãâU��3e5"�ǑÑÑ�¡ã�êþ�PCR*O"¤�^�ÚÔék4«�¹"��éAé1��Cþx1Ú����Cþx20D��4«�ª"�kÙ¥�é(XF
1 ,WK(XF

20))�)
��"ùÒ`²x1 = FÚx20 = F´÷v^��D�"ù�L§éz�éCþ(x1, xk)E§2 ≤ k ≤ 19§¿�§�â*ÿ������Ý§·�éù
CþD�"ù
d¢������ù�L�ª�)��"dd§ù�¢�Ò�¤
"·��±�^{ü�)Ôö�5?1E,�O�"~X§)û��3-

SAT¯K����¢~"ù´DNAO���ÑÚ�A:"
4 BenensongÄÅ3Adleman[1]éDNAO�?1
Vg�y5�ü«��§�
ïÄ|F"é��«Ï^ã(Å£Universal Turing Machine¤�DNA¢y"3ù�L§¥§���«
õ«gu��?§�)ÔO�Å[10, 11, 12, 56, 74]"ù
O�Å�^©f/ª�Ñ\ÚÑÑ"3�!p§·��«�«ù��O�Å[10]"§�¡�Ǒ“BenensongÄÅ”"

S0 S1

a

b

b

a

Fig. 1. ��Äui18{a, b}�§�kG�S0ÚS1�gÄÅ"§��Â�kóê�i1b�iÎG"



8 Lila Kari, and Kalpana Mahalingam3[10]¥§�ö��^VóDNA©fÚ��s£restriction enzyme¤ïá
��{ü�¹kü�G��gÄÅ§Xã1"ù�gÄÅ�i18dü�i1|¤"éu?Û¹kü�G��gÄÅ§§�=£5K£transition rule¤�k8«�U§¿�§§��ÉG��8Ü´§�VG�8Ü���f8"
Benenson�¢y�gÄÅÖ��Ñ\´d8Ü{a, b}¥i1|¤�iÎG§¿�§§��É�¹óê�i1b�Ñ\£ã1¤"

BenensongÄÅ¥Ì��^�´FokIs"§áu�aAÏ�s"ùas£O��A½�DNAS�§¿�3lù�S�Ø��/�?1��"FokIs�e¡ù�S�(Ü
5′ −GGATG− 3′

3′ − CCTAC− 5′
§¿�§£Ø�ûuù�S���¤¤3lù�S�9bp�/��mþ¡�DNA¡ã§3lù�S�13bp�/��me¡�DNA¡ã"3e��4�i1��Åà"Ñ\iÎaÚb§±9(åÎt§�?èǑ�ÝǑ6bp�S�µ

a :
5′ − CTGGCT− 3′

3′ −GACCGA− 5′
b :

5′ − CGCAGC− 3′

3′ −GCGTCG− 5′
t :

5′ − TGTCGC− 3′

3′ −ACAGCG− 5′
"3ã3�1�1§·��±w���éÑ\iÎG?è�~f"Ñ\iÎGab�?èǑ��VóDNA¡ã"§Äk�¹��FokI�£O: §,�´iÎGabt�DNA?è"z��G�/i1|Ü£state/symbol pair¤�?èǑ���ÝǑ4-

mer�DNA¡ã"G�/i1|ÜS0a�?èǑ5′−GGCT−3′£i1a�!?è�ÝǑ4-mer��M¤§G�/i1|ÜS1a�?èǑ5′−CTGG−3′£i1a�!?è�ÝǑ4-mer�M¤"éubÚt�G�/i1|Ü�?è´�q�"ù«�{�±���i1�?è±ü«�ª)ºµXJ��i1��ÝǑ4-mer��M�uÿ�§�o§·��±w�§3G�S0¥Ö�
ù�i1¶XJ��i1��ÝǑ4-mer�M�uÿ�§�o§·��±w�§3G�S1¥Ö�
ù�i1"·�kü�^5uÿÑÑ�©f" S0-D´���ÝǑ161-mer�VóDNA¡ã"§�k��℄Rà3′−AGCG−5′§¿�“uÿ”$���ªG�´ÄǑS0"S1-D´���ÝǑ251-mer�VóDNA¡ã"§�k��℄Rà3′−ACAG−5′§¿�uÿ$���ªG�´ÄǑS1"duùü�^5uÿÑÑ�©f�ÝØÓ§§��±3v�>Y¥�«©Ñ5"
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Fig. 2. ±©f/ª?è�VG�gÄÅ�¤k�U�G�=z"��/L«VóDNA¡ã"ù
VóDNA¡ã��Ýd��/p¡�êiL«"£ù�L«�{�gBenenson, Y. et al., Nature, 414, 430, 2001.¤ã¥�©iµFokI recognition site£FokI�£O: ¤"ã2¥w«
ü�G��BenensongÄÅ�l«�U�G�=�§ù
G�=�d©fL«"z�©f�k��4�i1��℄Rà"~X§Ò�3e¡�~f¥äN)º���§3T1¥�3′−CCGA−5′ �±ÀJ5/��L�G�/i1|Ü�DNA¡ã(Ü"ã3£ã
ù�gÄÅ?nÑ\iÎGab�?è�L§"Äk§FokIsé�§�£O: §¿���Ñ\iÎGabt�?è§��4�Ø����Åà5′−GGCT−3′��³Ñ5"ù�ÅàL«S0aù�G�/i1|"�LS0a → S0ù�=£5K�©fT1“uÿ”�ù�G�/i1|"ù�uÿ��¤§´ÏLT1�����Ñ\©f(Ü§¿�§3ë�s��Ïe§/¤�����VóDNA©f"�#�©f(Ü�T1�¹XFokIs�£O: "d	§3FokIs�£O: ���3bp��Ó S��ye�gFokIs�����Le��Ñ\i1b�¡ã��M�³Ñ5"ù��M�LS0b"28�℄Rà´5′−CAGC−3′"§�LS0b"ù�ÅàéA�L=£5KS0b → S1�©f"dd§��©fÚT43ë�s��Ïe/¤,�����VóDNA¡ã"3�©fþ2�g�^FokIs"ù¬�℄Rà5′−TGTC−3′�³Ñ5"ù�℄Rà´ª(Î�M§¿�L«S1t"ù�℄RàpÖuuÿ©fS1-D�Åà3′−ACAG−5′"ù�uÿ©f¿�X$������G�´S1"G�S1Ø´���ÉG�§¤±§ù�$��(J´µÑ\abØ�ù�gÄÅ�É"
2 I�5¿�´§XJù�gÄÅ�^�´�LS0a → S1ù�=£5K�©fT2§�o§T2¥�Ó S���ÝATǑ5bp§ù����� ���£Ä2bp"ùò��Li1b�¡ã�M��³Ñ5"ù�ML«S1b"
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G G A T G
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Fig. 3. éAã1¥gÄÅ�BenensongÄÅ3Ñ\iÎGabþ�O�"��/L«VóDNA¡ã"ù
VóDNA¡ã��Ýd��/p¡�êiL«"£ù�L«�{�gBenenson, Y. et al., Nature, 414, 430, 2001.¤ã¥�©iµligase£ë�s¤"I�5¿�´§þ¡ù��{�±Mï?Û¹�^ü�i1�VG�gÄÅ"ÏL�^�LØÓ=£5K�©f§ù
gÄÅ�±�1ØÓ�ó�"�Ǒ��-<,¯�A^§Benenson�[12]ü«
XÛ�^þ¡ù��{5?1�Æ�äÚ£�"�Ǒ���nþ�y²§Benenson�[12]�O
��gÄÅ5£OÚ©Û��[�¡JÚ�|J�'�ÄÏ�mRNA§¿��E
Äu|J�Ôï��üóDNA©f"ù�gÄÅ�O�L§��ª/�3[86]¥"[86]��öïÄ
BenensongÄÅ�O�Uå§¿�y²
ù
gÄÅ�±O�?ÛÙ�¼ê"



DNAO�µ�ïfÛ 11

5 DNA�;ì�!?Ø�
^DNA?1&E�;��{"3é�
DNA�;ì�{�0���§·�äN£ãi\ªÚÔ©f�;ì£NPMM¤£5.1!¤§Ú3[�¥�£in vivo¤kÅ�DNA�;ì£5.2!¤"d	§5.3!ò?ØA«éuDNAO�¥�^�!�Ǒ&E�;�!DNAS��`z�{§Ù¥�)^�J[!�{��{!ÚnØïÄ"k�
nd�·�5�Ä�^DNA�;ì�Ǒy3�^��;ì�O�¬"Ä���Ï´DNA�±Jø�~p�&E�;�Ý"(¢§DNAO��áÚ<�A½Ò´§Jø
3é���mp�;�þ&E��U"3[71]¥§
Reif�w
Äue¡Ï��O�µ����DNA�¹6.02 × 1023�wÄüN§��üN�²þ©fþ´350�/��"¤±§1��DNA�¹2.1×1021�wÄ"du4«DNAwÄ�±é2 &E?1?è§1�DNA�±�;��4.2 ×

1021 �&E"Ïd§DNA�;&E�då´DÚ�;Eâ�1010�"d	§
DNA&E�½5�±(�&E���é��m[4, 18, 85]"

Baum3[8]¥ÄgJÑ
�éSNÏ��£content addressed¤DNA�;ì��{"ù��;ì�±�;�½�Ý��?�"3���.¥§z��3�;ì¥´��Uìe¡�{�E�üóDNA¡ã"ü�ØÓ�DNAS��G�z��|¤Ü©£component¤"Ù¥§���L“1”§,���L“0”"éu��A½��?��DNA©f?è´d�
DNAS�Uì?Û^Së�|¤�"z��S�éAù�¥��� "ù��DNA�;ì´�(Ü�£associative¤§¿�´�éSNÏ��"�Ñ��|¤Ü©��f8§·��±�e¡ù�§3DNA�;ì¥u¢?Û�kù
��"éuz��|¤Ü©§·��±Ü¤�§pÖ�DNAfS�§¿�r§Êb3���½�| Ôþ"~X§^¾"ù�¡ã¬�DNA�;ì¥�¹��pÖ�¡ã�©f(Ü"ù
©f�±�^5J�Ñ5"3EJ�z��|¤Ü©��§·���
��ÎÜ^��DNA©f"Ò�3[8]¥O����§Uìù«�n�O��;ì´�~¯<�"·��±��ïE'�M��;Nþ�éõ��;ì"Ù��
�ö[16, 46, 60, 71, 88]ǑJÑ
�
DNA�;ì��."3ù
ïÄ¥§õêïÄÑ�¹
�
�5��Ï¢�"�C§Yamamoto�JÑ
���k�Z��/��DNA�;ì[99]"��JÑ�DNA�;ì´ÏLi\ªPCRÏ�"·�35.1!¥äN?Øù��¡ǑNPMM��;ì"
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5.1 i\ªÚÔ©f�;ì
NPMM[99]´���¹DNA¡ã�¥"Ù¥§z��¡ãÑ�¹êâ&EÚ§¤éA�/�&E"êâ&E´ÏL�«Ü·��ª§?èǑÄuDNAi18{A,C,G,T}�DNAS�"/�&EdAÜ©|¤§¿�Ǒ�?èǑDNAS�"ù
L«/��S����3êâS��üà"~X§êâ�±�;�Ǒe¡�/ª

[CLi, BLj , ALk,êâ, ARq, BRr, CRs]Ù¥§ i, j, k, q, r, s ∈ {0, . . . , 15}§¿�§z��/��|¤Ü©§~X§
CL0§L«�ã�Ǒ20-mer�DNAS�"Ǒ
J�ù�êâ§·��^dn�Ú½|¤�i\ªPCR"31�Ú¥§·��^PCRÚÚÔé(CLi ,

WK(CRs))"(J´µ·��±��3�;M�¥§¤k�±CLim©¿�±WK(CRs)(å�DNA©f"ù´duPCR�±��*O�©f£±CLim©§¿�±WK(CRs)(å¤�ßÝ���u�
vk�*O�©f�ßÝ"�ö�±3¤k�¢S�¹¥��Ñ"31�Ú¥§·��^PCRÚÚÔé(BLj , WK(BRr))"8§·���Y3CLiBLjÚBRrCRs¥�?èǑDNA�êâ"31nÚ¥§·��^PCRÚÚÔé(ALk, WK(ARq))"ù�·����¡/�ǑCLiBLjALk§¿�m¡/�ǑCRqBRrCRs�êâ"ù�©f�S��±�ÖÑ§¿��)è"ù�·�Ò�±Ö��?è3DNA¥�êâ"¡0��NPMM�.�±¢yé��/��mÚép�AÉ5"ù«©�?�/�(�#N·��^�þ�DNAS�5L«�~��/��m"3PCR�L§¥§âC´�Uu)�"ù´NPMMÌ��Ø|Ï���"ù��¯K�±ÏLÜ·/ÀJDNAS�5;�"·�¬35.3!¥äN?Øù��{"3[99]¥§�ö�ÏLÄu|Ü`z�nØ�.Ú�
¢�þ���Ï�§?Ø
*�ù«DNA�;ì�4�"(Jw«§ù«DNA�;ì�.�/��m´�CunØ4��"
5.2 kÅ�DNA�;ìǑ
��m/��êâ§|^kÅN�ǑDNA�;ì'Ù§aq��;ìk���då[97, 98]"��à³�DNAéN´3m���¸p�»�§��¹�kÅN�±�Ǒ���Ì5�o�k&E?è�DNA"3[97]¥§�ö�JÑ
��¹�kÅN�ǑDNA�;ìS��Ì�ÿÀö"ù�ÿÀö�±��<E�ÄÏS�§¿�3���^�e)�"



DNAO�µ�ïfÛ 13ù�¢�kA�'�5��ã[97]"31���ã¥§3Ïé��i\DNA©f�ÿÀö�L§¥§�ö��Ä
A«�)Ô§¿�ÀJ
ü«��¡n)�[ÿµ��\ÿ£Escherichia coli¤ÚFË�¥ÿ£Deinococcus radiodurans¤"FË�¥ÿ�±34à�^�e�¹"ù�)»e!øY!ý�!�5^�!ÚË�"¤±§§�¡�Ǒ4à�)Ô£polyextremophile¤"3&E?è��ã§�«A½��Y�À�Ñ5"§r�ÝǑ3-mer�S�D���
i1"~X§AAA�Lêi“0”§AAC�Lêi“1”§AGG�L=�i1“A”"z��?èS���)4�DNAi1¥�n�"ÏL�^ù��?è�ª§?Û=�©�Ñ�±�?èǑDNAS�"3ù�¢�¥�^�©�´“And the oceans are wide”"d	§Ǒ
±�u¢ÚJ�&E§�
DNAS��Ǒ“IP”5I5�?è&E�màÚ(�"ù
S�´ÏL|¢��\ÿÚFË�¥ÿ�ÄÏ|���"§�´�|�½�Ý�DNAS�"§�Ø�3uù
[ÿ�ÄÏ|§�´§�÷vù
[ÿ�ÄÏ|���^�"25�ù��DNAS��ÀÑ"§���Ý´20bp"§�Ø¬ÚåØ7��ÄÏâC§½öé[ÿ�)»�"¤k�S�Ñ�¹õ�Ê��èfTAA!TGA!ÚTAG�ǑfS�"vkù
Ê��èf��3§[ÿ¬�Ø/)ºù
�;N¡ã§r§�=zǑmRNA§¿�§rù
mRNA=�Ǒ�±»�i\&E�!$�àk[ÿ�<E�x�"���ÝǑ46bp�DNAS���ï"§dü��ÝǑ20bp�ØÓ�“IP”S�!±9��ë�“IP”S���ÝǑ6bp�S�|¤"ù��ÝǑ6bp�S�´��A½�s�£O: "ù�VóDNA©f������|�â£recombinant plasmid¤p¡£���/�Vó�DNAS�¤))Xã4"ù��i\�DNA�e5�i\���1N£cloning vectors¤£�±3[ÿ�Ì¥g·E���/DNA©f¤¥"�����1NqÏLpÏA>Â�=£���\ÿ¥"ù�§ù
1NÒ�±?1g·E�"d�§ù
1NÚ�k?è�DNAq�Ü¿�FË�¥ÿ�ÄÏ|¥§^5?1[È�&E�;ÚJ�"�^®��!3üàþ�S�§&E�±�J�!ÖÑ!¿�)èǑ�5�=�©�"ù�kÅ�DNA�;ìkXã��&E�;�då§Ù´3�Ä�1mL��N¥�±�¹109�[ÿ"d3�Ø|Ï�´�Å�ÄÏâC§�
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Fig. 4. ���k“IP”¡ã�|�â"ù
“IP”¡ã´^5�oÙm�?èǑDNA�&E"£�gWong, P. et al., Commun. ACM, 46, 95, 2003.¤ã¥©iµ
Message£&E¤§Sentinels£IP¤"´§3[�¥g,�3�!éu�ØuÿÚU��Å�e§ù
ÄÏâCØ��Uu)"
5.3 DNAS��O3�õêÄuDNA�O�¥§kn�Ä���ãµ£1¤rÑ\êâ?è�üó½öVóDNA©fþ§£2¤�^)Ôö�?1)ÔO�§£3¤é(J)è"3DNA¥§���Ì��¯K�3u1��ãÚéu^u&E?è�$àØ���`z�O"`z��O�±~�Watson-CrickpÖ�é���Ø§¿�;�DNA¡ãmØI��(Ü"3Á�¥§wÄ�pÖ5(¢�UÚåd3�¯K"ù´du�
DNA¡ã/¤�(½5�,�(Ü§¿�Ø��/(Ü��§�Ø��pÖ�¡ãþ§½ö§du§�±�«vkOy���ª�g�½öÙ§¡ã(Ü"k�
�{�^5?nù
S��O¯K"3�!¥§·�?ØA«�^5`z/�O3DNAO�¥¤�^�DNA¡ã��{"Ù¥�)µ^��[��{!�{��{!ÚnØ��{"^��[3��¢�?1§^��[´�^5éù�Á�Oy��(5?1�y"�
^��´Ǒ
DNAO�?��[24, 25, 32, 33]"~X§^��Edna�[3Á�¥Ñy�)zL§Ú�A"

Edna[28]´���[^�"§�^�|O�Å§¿��[3Á+¥�Uu)�L§"§�±�^5û½��A½�?è�Y´ÄÜ·§ÿÁ��¢�O�§¿��Où�¢�Oy�5UÚ��5§$��±µ�ù�Á�O



DNAO�µ�ïfÛ 15y�E,5"Á+¥�ö�Ñ�D���Äuéõ�A^���"EdnaéuE,5�ÿþ�ª´\O��Á�Oy¥¤kö���"ù�^�Jø�Ù§õU´µ3õ«�A^�e§ýÿDNA�L)§Ý£ù�§Ý´��VóDNA¡ã“L)”Ǒü�üóDNA¡ã��§Ý¤"ù�^��[�©f�AÑ´ÛÜ�§¿�§§w«
©f)Ô�AL§¥�k��Å5"�{��{3�õê�DNAO�¥§kù���b�µ��¡ã�Ú�§��pÖ�¡ã(Ü"~X§DNAO��(J���pÖ�¡ãlÁ+¥J�",§3¢S¥§��DNA©f¬Ú,��¡ã(Ü"ù�¡ãØÓu����pÖ�¡ã"Ùm�«O�±´��!$�´�õ�Ø���«O"�«;�ù�¯K��{´µ�yM�¥?Ûü�©f3���� �þkØÓ�wÄ"ù�5��±�°²ål£Hamming distance¤�ª/£ã"éuü��Ý�Ó�w1Úw2§§��°²ålH(w1 , w2)´ùü�¥Ø�Ó� ��êþ"éu���8Ü§Äu°²ål���^�´µù�8Ü¥�?Ûü�w1Úw2�°²ål�ud§H(w1 , w2) ≥ d"XJ·��^DNA§,��;��Ø(Ü�7����^�´H(w1,WK(w2)) ≥

d"ùp§WK(w)L«w�Watson-CrickpÖ¡ã",��I��Ä��¡´§�lM�¥J�$�(J�§,�(ÜI�éuM�¥¤k�©fÓ�u)"ù¿�X§éu¤k�3u)�,�(Ü�A§M�§ÝAT´�±'��"ùÒ´3�)ù��8Ü�¤I��Ä�1n�Ì����^�"Ǒ
)ûUìùn���^��ODNA�è�¯K§3[89]¥§�ö�JÑ
���{"ù��{´���Å�ÛÜ|¢"L)§Ý���^��{zǑe¡ù�^�"éuz��¡ã§Ø��CÚG�êþ´ù�¡ã¥Ø��êþ���"ù��{�)��8Ü"ù�8Ü�¹�Ý�Ó�DNAS�§¿�÷vÄu°²ål�!±9§Ý���^�"e¡´ù��{µÑ\µI��)��êþk§±9ù
��Ýn"1�Úµ�)���Å�8Ü§Ù¥�¹k��ÝǑn�"1�Úµ?Uù�8Ü�§÷v1����^�"1nÚµéu¤k���^�§E1�Ú"ÑÑµ�8Ü£XJ�3¤"�äN/`§31�Ú¥§·�l��������^��8Ü¥ÀÑü�w1Úw2"31 − θ�VÇe§ü�¥�����Å/UC��wÄ"



16 Lila Kari, and Kalpana Mahalingamùp§θ´��DÑëê"3ù�L§¥§·�I���z/~�����^��êþ"ù��{kü�ª�^�µ��´§ù�8ÜØ��?Û��^�¶,��´§Ì���1gê�L
�����K�"²�y²§ù��{´k��§¿�§�â²�§éu?Û¯K§ù�DÑëê��`z��´0.2"nØïÄ3ù!p§·�?Ø3[35]¥0���^/ª�ó£formal language¤�nØ�{5)û�è�O�¯K"·�Äk£��
VgÚÎÒ"��i18´��k�����i1�8Ü"ΣL«��?¿�i18"�o§
Σ∗KL«¤kdù�i18¥i1|¤�§Ù¥�)λù��£empty

word¤"Σ+�)¤kΣ∗¥���"Σi�¹¤kdù�i18¥i1|¤��ÝǑi�"·�^Subk(L)5L«d8ÜL¥¤k��ÝǑk�f|¤�8Ü"éu/ª�ónØ£formal language theory¤!èØ£theory

of codes¤!Ú�|ÜnØ£combinatorics on words¤¥�äNSN§ë�[14, 34, 55, 75, 83, 102]"z��ÚDNAk'�)Ô©f�¢�Ñ¬)¤Ø��S�"ù
S��¤��Äui18∆ = {A,G,C,T}��ó£language¤"Ø���Watson-

CrickpÖ5½Â
��g,�£^£involution¤θµA→T§G→C"ù�£^´��éu∆����£antimorphism¤"��£^θ´ù����N�µθ2´ð�ª£identity¤"�����´ù�½Â�µé3∆∗¥¤k�uÚv§θ(uv) = θ(v)θ(u)"~X§XJu =AGACT§�o§�Watson-

CrickpÖθ(u)´AGTCT"éu��DNA�ó§ǑÒ´��ÄuDNAi18��ó§XJù��ó÷v�
A½�5�§�o§§�ü��m�Ø���Watson-Crick(ÜÒ�±�;�"kü«Ø���,�(Üµ©fS�£intramolecular¤§Ú©fm�£intermolecular¤"���DNA¡ãS�ü�S���pÖ£Xã5¤§©fS�,�(ÜÒ¬u)"3ù«�¹e§ù�DNA¡ã¬/¤��uY(�£hairpin¤"b�·��;�Xã5¤«�,�(Ü"XJéu¤k�w ∈ Σk§L÷v^�Σ∗uΣmθ(u)Σ∗ ∩ L = ∅§�o§ù��óL���θ-k-m-fè£θ-

k-m-subword code¤£Jonoska�[36]¤"���q�éu�uY�ó£hairpin-

free language¤�½Â3[41]¥�JÑ"3ù�½Â¥§Σ´��?¿�i18§¿�§θ´��?¿�����£^"XJ�^DNAi18∆�ǑΣ§�
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Fig. 5. ©fS�,�(Ü"��uv←−u x a.�DNAS�¬/¤����uY(��g?(�£secondary structure¤"Ù¥§←−uL«u�Watson-CrickpÖ¡ã"ù��uY(��±��uY�óÚθ-k-m-fè;�"où�5�¢Sþ´¿�X8ÜL¥�DNAS�Ø¬/¤ã5¥ù��uY(�"3[36]¥§�ö�0�
�
DNA¡ã�8Ü"ù
���θ-k-è£θ-k-

code¤�8Ü�±;�¤kØ���©fm�(Ü£Xã6¤"éu���óL§XJéu¤k3Subk(L)¥�x, y ∈ Subk(L)§θ(x) 6= y¤á§�o§ù��óL´��θ-k-è"θ(x) = yù�'X¿�XxÚyéA�©f�±3§��m�)Xã6¤«�zÆ�"XJ�^��Ü·�k§�o§��θ-k-è�±;�¤k«a�Ø���©fm�,�(Ü"
u  = k

u

u

u

u

u

u

Fig. 6. ©fm�,�(Ü"XJ��DNA©f�¹���ÝǑk�fu§¿�,��DNA©f�¹f←−u§�où�ü�©f¬(Üå5�)ã¥�(�"ù��,�(Ü�±�θ-k-è;�"
θ-k-è�5�´Ǒ
(�§3DNAO�¥§DNA¡ãØ/¤Ø���,�(Ü"�âù�5��O�8Ü®²3¢S�¢�¿¥�¤õ/ÿÁ
[36]"3[44]¥§θ-k-è�Vg�*��°²�(Ü5�£Hamming bond-

free property¤µéu¤k�3Subk(L)¥�x, y ∈ Subk(L)§H(θ(x), y) >

d¤á"Ù¥§d´���â²����êëê"



18 Lila Kari, and Kalpana Mahalingamb�·��^�è�k±þ0��á5§ù�á5�U�X�mÅì/3O�¥��"ù�¯KÚ+·�?\,��ïÄ+�"ù�+�ïÄ)Ôö�XÛKǑØÓ��(Üá5£bond-free properties¤"ù
ö��)}�!Êb!}�!�âþe©��\!±9íØ"3ù
ö�e�ð½53[36, 37, 40]¥��ïÄ"Marathe�3[57]¥ïÄ
�
è£code¤����>.�"ù
è÷v�
�±��ï�5�"ÏLïá��^5£ãÚ©ÛDNA&E?è�êÆµe§�!£ã�DNA&E?è��{Ú§��
5�"ù
éuDNAO��¢�ÚnØïÄÑ´k¿Â�"d	§=lO�Å�Æ�ÆÝ§3�!¥½Â�!±9ïÄ�Vg®²�y¢ǑaJ\\"ù
Vg¥��
8B
�
3?ènØÚ�|ÜnØ¥�²;Vg"'XµÄ�5£primitive¤!��5£commutative¤!�Ý5£conjugate¤!�S£palindromic words¤!Mè£prefix code¤!�Mè£suffix code¤!¥Mè£infix code¤!±9�ÏÒè£comma-free code¤£~X§�[19, 35, 40, 42, 43]¤"
6 3[�¥�O�3[�¥!±9|^[�?1$��ïÄ´rg,.n)Ǒ�«O��.�}Á"ù«O�Ï~���[�O�§½ö3[�¥�£in vivo¤O�"ù�+�¥���ïÄ��¤'%�´µ3�«��nfÁ£ciliates¤�ü[�kÅN¥§ÄÏ|C£gene assembly¤�O�Uå[22, 50]"nfÁ´�«ü[��)Ô"§��¶¡�g§�L¡�nf"§��¹ü«[�Øµ��¹��!�¹õUÄÏ��[�Ø£macronucleus¤§Ú��õUþØ¹���[�Ø£micronucleus¤"ù��[�Ø�´^5?1¢D&E���"3���L§¥§�ü�nfÁ���¢D&E!¿�/¤#��[�Ø�§§�7L¢�/�¤§�)�¤7���[�Ø"ù�L§�)µ#üS£�� �Ú�=¤3�[�Ø¥��
DNA¡ã§±9íØÙ§¡ã"ù�l�[�Ø���[�Ø�L§��ÄÏ|£gene

rearrangement¤[66]£Xã7¤"ÄÏ|ÏLíØ�?èS�§±9#ü�?èS�5���(�üS"õ«�íØ��?èS��õU�´���§§�Óâ
3�[�Ø¥�S��é��Ü©£��98%¤"�Ǒ��~f§
Oxytricha nova¥��[�ØÄÏActin I´d9�?è¡ã|¤�"ù9�?è¡ã�^S´3-4-6-5-7-9-2-1-8§¿�§§��8��?è¡ã�m"ÄÏ|£Ǒ��ÄÏ�n£gene unscrambling¤¤��-�w,/���3�[�



DNAO�µ�ïfÛ 19Ø�DNA¥µ��S�Ñy3?èÚ�?èS�!±9�
RNA“��”�ë�Ü©"§��kõU��[�Ø�ÄÏ|¤Ǒ�U"

Fig. 7. 3=fÁ¥§ÄÏ|�V¹"3�[�Ø/¤�L§¥§�[�Ø�©Ñ�?è¡ã1-7£e¡�¤|�)kõU�ÄÏ£þ¡�¤"£�ã5gLandweber,

L. and Kari, L., The evolution of cellular computing: Nature’s solution to a compu-

tational problem, Proceedings of the DNA 4, University of Pennsylvania, PA £�gL. Kari, H. Rubin, and D. Wood, Eds.¤; Biosystems, 52, 3, 1999.¤ã¥þÜ©©iµ3�[�Ø¥§ÄÏ���/ÚNd,Ï��ï�¬|¤¶E�àâ£�¬¤I£¿��oí��"à"ã¥eÜ©�©iµ3�[�Ø¥§DNA¥�?è«��©Ñ3��/ÚNþ"l)ÔÚO��ÆÝ§ÄÏ|�L§Ñ´éáÚ<�"lO��ÆÝ§ù�¡�ïÄÚÑ
éõ�#�¿�k℄Ô5�ïÄK8[22]"õ«ÄÏ|��.Ñ��äkã(Å�O�Uå§ù�(J´éõïÄ(J��[50]"l)ÔÆ�ÆÝ§O�Å�Æ[Ú)ÔÆ[ÏL�Óãå§�Ñ
���&�£®²��
¢�êâ|±¤éu“)Ô�”£“bioware”¤�b�"ù
)Ô�¢y
ÄÏ|�L§"ù�b�´�â�����|£template-guided

recombination¤[3, 63, 67]ù�#�Vg"Ù§¢y[�O���{�)µ3��\ÿSmu��3[�¥�£in

vivo¤�?§�gÄ�k�gÄÅ[59]¶±9§|^[�¥�3�)zL§5�OÚ�E3[�¥�[�Ü6�Ú¢D>´[49, 92, 93]"
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7 DNAg·|C
DNAO�����¤Ò´§éB��Æ���z"§é�
Ä:�¯KJø
Äu$���)"ǑN§Ù¥�wÍ�´§én)g·|C£self-assembly¤��z"g·|C´B��Æ¥��'��Vg£�[70]§ù´��ǑO�Å�Æ[��'ug·|C�Vã¤"g·|C5g�����tiling�."ù��.´dWang[90]½ÂÚïÄ�"��tile´��o>�k�Ú���/"r�
tile�3��²¡þ�§§�/¤���N�tiling�^�´µ?¿ü����>äk�Ó��Ú" tilingXÚ�±�^5�[��ã(Å�O�£~X§�[13, 90]¤"ÏL�^g·|C�“DNA tiles”§

Winfree�[94, 95]Äg¢y
O�5�tilingù�Vg"�!£ã
A�g·|C��.±9g·|C�A^"ù
A^�)µO�þ�A^£7.1!¤§�)·��DNA/GÚãY£7.2!¤§�OÄ��DNAB�Å�£7.3!¤"
7.1 ^5O��DNAg·|C©f�g·|C´��gÄ�L§"3ù�L§¥§3vk	.�Ú�ÚZý��¹e§©f|Ü¤��d�d�ë��½�(�"ù�(�´°(½Â�"g·|C©Ǒüaµ©fS�Ú©fm�"Ï~¤`�g·|C��´©fm�g·|C§©fS�g·|C��òU£folding¤"
Fig. 8. DNAbF!:"�â�O§o�üóDNA¡ã/¤��k©|�(�"Ù¥§z��üó¡ã¬ë�3ü����Vó©|¥"

DNAkéõjM��kû�5��(�"ù
(�Ø´�5�VÚ^(�"ù´3g·|C¥�^DNA����Ï��"~X§·��±ïE�«��bF!:£Holiday junction¤�DNA(�[77]"Ù¥§o�üóDNA¡ãg·|C§/¤���k©|�(�£�ã8¤"3ù�(���



DNAO�µ�ïfÛ 21O¥§o�üóDNA¡ãÑ´Ü©/pÖu,��¡ã"dd§z��¡ã¬ë�3ü����Vó©|¥"ùaE,�dg·|C/¤�DNA(�®²�Winfree¤�^"�0�
��^uDNAO�����g·|C�.[95]"3ù��.¥§�EÝ/�DNA(��Eâaqu�Ï£ãL�Eâ£~X§3[27]¥ü«�¤"ù
Ý/(��oÆþ�küó�Åà"ù
DNA(�Ò�tile��§¿�§�±�â�O?1���g·|C"�â§���¤§��tile�Åà�£üóDNA¡ã¤�ÚÙ§tileþ�§�Watson-CrickpÖ�Åà(Ü"(J´µù
tilegu/g·|C§/¤�
²¡�(�"ù
²¡(��±�â�O?1(½5�½ö�(½5�O�"
Yokomori�[101]0�
,��ã(Ï^£Turing-universal¤�g·|C��."Ù§�
O�dE,�DNAB�(��g·|C¢y"ù
O��)µÅ \È�XOR[56]§±9�?��Oêì[5]"�Ǒ,��~f§Seelig�[76]�w
ÄuDNA�êiÜ6>´��OÚ¢�5�¢y"�ö�ü«
�£AND¤!½£OR¤!��£NOT gates¤§±9&ÒE £signal restoration¤!��£amplification¤!�"£feedback¤!Ú?é£cascading¤"éu©fS�g·|C§Hagiya�[31]ÚSakamoto�[74]JÑ
��#�DNAO���{"ù��{�)��g·ö�£self-acting¤�DNA©f"ù�DNA©fÓ��¹Ñ\!§S!Ú�;ì"ù���Whiplash PCR�$��ªXe£�ã9¤"35’àþ§ù�üóDNA¡ã�¹��A→ Ba.�G�=�£state transition¤"z�G�=��?èǑ��DNA�5K¬£rule block¤§“

←−
B -
←−
A -stopper sequence”"3?Û�Ǒ§ù�DNA¡ã�3’à�¹“�G�”(“current state”)�?è§~X§G�A"31�Ú¥§éuM��e%¬��LG�A�3’à�§35K¬¥�pÖ¡ã(Ü§ǑÒ´←−A"31�Ú¥§�âe��G�B�?è§(Ü¥�Aà�PCRò�"ù�ò��L§�(åS�ª�"31nÚ¥§ÏLJp§Ý§#�G�Bøle5"��§·��±m©e��G�=�"�^ù��.�Ì�8�´§3��üÁ+��A¥§¤k�g·ö��©f�±?1¿1$�"ù��õ§SõÑ\�NX(�¤Ǒ�U"

Hagiya�[31]ü«
XÛ�^ù��.lnØþÆSµ-úª£µ-formulas¤"��§Winfree[96]ü«
XÛ�^whiplash PCR§3O(1))ÔÚ½£biosteps¤¥§)û�
NP-��¯K"



22 Lila Kari, and Kalpana Mahalingam

Fig. 9. Whiplash PCR £←−AL«A�Watson-CrickpÖ¡ã¤"3ù�DNA¡ã�5’àþ§5K¬“
←−
B -
←−
A -stopper sequence”L«A → Ba.�G�=�"ù�DNA¡ã�3’à�¹�G�A�?è"3£i¤¥§éuM��e%��LG�A�3’à�§35K¬¥�pÖ¡ã(Ü"3£ii¤¥§(Ü¥�Aà�PCRò�§¿��)#�G�B"ù�ò��L§�(åS�ª�"3£iii¤¥§ÏLJp§Ý§#�G�Bøle5"��§·��±m©e��G�=�"

7.2 DNAB�?/G
DNAB�Eâ£�[78]§ù´���¡�Vã¤|^DNAÕA�©f£OUå5MEE,�(�§~X§�kk^á5�!dg·|C�)�!�k©|�DNA8ÜN"duDNArg·|C�á5Ú�?§5(Üå5
§¤±§DNA´�«n��B�(��ïE�¬"3B�Eâ¥§DNA�^�(�5�áÆ§Ø´)Ô&E���ö"ÏL�^DNA§-<<��Ǒ�B�(�®²�Mï"ù�)���Ún��(�§~X§SierpinskinÆ/[73]Úá�N[17, 78]",���OÌK3[81]¥�0�"�ö��w
��üóDNA¡ã£�ÝǑ1669�Ø��¤�òU¤���~j��B�?l¡N(�"§��»��´22B�"ÏL�O§ù���DNA¡ã�¹éõpÖ�«�"ù
«���ù�¡ãòU§¿��)ù�j��l¡N"Ǒ
rù�DNAòUǑl¡N§·�==I�éM�?1\9Úe%"¤�^�M��¹DNA!ylf!Ú5��ÝǑ40-mer�9Ï5�DNAS�"d	§ù��O´Ä��±���n�DNAB�(�"
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��{ü��."ù��.�^�
á�DNA¡ã5Ú�����üóDNA©fòUǑ�����/G"�ü«
ù���|eDNAò�£“scaffolded DNA origami”¤�{�Ï^."ù��{��ïE?Û�»�Ǒ100B��DNA/G¤Ǒ�U"ù��{¤�^�Eâ��ObF!:£7!¤¥¤�^�Eâ�q"3bF!:��O¥§�O��DNA¡ã|¤E,�(�"ù����üóDNA¡ã�U\\ü�DNAÚ^(�"��üóDNA¡ãk�73��Ú^(�¥§,�2=��,��Ú^(�¥"
DNAò���O�¹�
Ú½"31�Ú¥§·�Cq/ïE�������/G�AÛ�."ù�/G�Cq/©�Ǒ�
�Î/"ù
�Î/´�
DNAVÚ^(���."ù
DNAVÚ^(��ª�^5ïEù�/G"31�Ú¥§·�ÏL5£/òU����üó“|e¡ã”£“scaffold

strand”)5W÷ù�/G"òU�/ª�»9��"3?Û�Ǒ§ù�|e¡ãL«��VÚ^�Ì¡ã£“main” strand¤½öpÖ¡ã£“complement”

strand¤"£ù�L§Ò�´�^Y)x�^Øä��5W÷��/G"¤�ù�AÛ�.ÚòU�´��O��§31nÚ¥§·��^��O�Å§S5�O�|“¹Ö¹¡ã”£“staple strand”¤"ù
¹Ö¹¡ãJø
|e�Watson-CrickpÖ¡ã"ÏL�O§ù
¹Ö¹¡ã�|e¡ã��
Ü©(Ü§£½|e¡ã¤�¤�/G"��§ÏL[/N�ù
¹Ö¹¡ã5~�(�¥�.å§±9`z(Ü�;�5ÚUþ"Ǒ
uÿù��{§Rothemund[72]�^¾ÓM13mp18¥��/�ÄÏ|DNA £�ÝǑ7249�Ø��¤�Ǒ��|e"��250«á�¹Ö¹¡ã�Ü¤§¿��|e·Ü"z�á¡ã�êþ´|eêþ�100�"ù
¡ã32��S(Ü§¿�§�fåw�º£AFM¤ã¡w«
§�����/G(¢/¤
"ÏLÜ¤6«ØÓ�/G§ù��{�Ï^5�y²
"ù6«/G�)µ��/!nÆ/!ÊÆ(!±9�ò/G£ã10¤"
Fig. 10. £a¤�E��“DNA�ò”�òU´»"óê�VÚ^(��W¿3ù�/Gp"£b¤§£c¤����üóDNA¡ãg·|C§/¤�����/G£�fåw�ºã¡¤"£�gRothemund, P., Nature, 440, 297, 2006.¤
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�«å»5¼��
������/G�q�(�§¿�#N·�ME�
�k?Û/G��É½öL¡ãY�(�"d	§|eDNAò�EâǑN�±�^5�On��(�"
7.3 DNAB�Å�Ø
·��B�?/GÚãY§�|�<�Ǒ<��DNAB�Å�£��¡�Vã[6, 53]¤��OÑ5
"ù
DNAB�Å�3B��E!ó§!ÚO��¡kd3�^å"DNAB�Å�ǑÒ´ÄuDNA�B���"§�r·�DNA(�=CǑ�±£Ä½öUC/��ì�"31998§��DNAB�Å���w[100]"§´���DNAB�Å���"3d��§DNAB�Å���
¯��u�"§��)µ�±3ü«/��m=��©fm'[52]§
DNApf[103]§3��;�þ£Ä�DNAÚ1ì[80, 82]§±9gu�©fê�[7, 30, 69]"

Fig. 11. “DNApf”"§�ö�´ÏLE/�^“��”Ú“�”¡ã"3Üm�G��§DNApf�)ü�VÚ^G���:£z��:�k��á�üó�à¤"ùü��:d��á�üóÜ�ë�"�:�üó�à���¡ã,�(Ü"ù��pf'4"©|£Ä£branch migration¤�±£Ø��¡ã"3©|£Ä�L§¥§���¡ã��pÖ�“�”¡ã�±r��¡ãlpf�:��à�le5"ù��pf?\ÜmG�"£�gLiedl, T. et al., Nanotoday, 2, 36, 2007.¤·��^����©fpf£“molecular tweezer”¤[103]��E�{5�²�
�Eþ��n"DNApf�¹ü��:"����Ü©Ú���ǑÜ��á�üóDNA¡ã/¤Ø���Vó(�£ã11¤"��/¤�(��´��Üm�pf"��AÏ�O�¡ãÚù�pf�ü��:"à�



DNAO�µ�ïfÛ 25üóDNA¡ãpÖ"ù�¡ã����½¡ã£“set strand”¤"XJrù��½¡ã\\�M�¥§§¬�pf�ü��:�"à(Ü§�ù�pf?\“4Ü”G�"=�3ù��½¡ã�ü��:(Ü�§§���á�«�E,�±üóG�"ù�á�«�´��å©:£toehold¤"lù�å©:m©§ÏL��½¡ã(Ü§��#��¡ã£“reset strand”¤lü��:þ�l��¡ã"dd§ù�pf£�“Üm”G�"ù�pf��
CNǑ®²��w
[21, 26, 58, 84]"éõ<�åu“Ú1ì”£walking devices¤�ïÄ"�
�±÷X��;�1r�©fÅ�3[65, 79, 80, 82, 87]�JÑ"ShinÚPierce3[82]¥0�
��kü�ØÓ���DNA��"ù����±3�����DNA;�þUì�½���“1r”"ù�;�þk4«ØÓ�üó¡ã"§��Ǒ| :§¿�±Ï5/Ñy3;�þ"ù�Ú1ì´��VóDNA¡ã§¿��kü�üóG��ò�Ü©"ùü�üó�ò�Ü©´ù�Ú1ì�“ï”"A½�ë�¡ã�Ú1ì�ü�ïÚVó;�þ±Ï5Ñy�üó| :(Ü"1r�z�ÚI�Uì^SV\ü�¡ã"31�Ú¥§ÏL�^¡ã��§�¡�����l;�þ�å"¡ã��´ù���L§µdu�±�)���½�(�§��üó�\�¡ã�±O���Vó¡ã¥���|¤¡ã"31�Ú¥§��å����½3,���¡� �þ"ÙK$Ä�y
Ú1ì�£Ä5"V\“�-”¡ã�^S�y
£Ä���5"�âº��£Ä�ª§ShermanÚSeemanmu
���q�Ú1ì[80]: ù�Ú1ì���£Ä§�����£Ä"¡£ã�Ú1ì�.I�“-ÆDNA”£fuel DNA¤§�ØUgu/1r"�C§[79]JÑ
��kn^ï�©fÚ1ì"ù�Ú1ì�±gu/3���O�����½ön��´�þ1r"ù�Ú1ì�^s�ǑÄå�5"§�;�´déõüóDNA| :|¤"ù
| :�¤��´»"3�!���§·�0�'uDNAB����[��¢DÅ�(Ü�ïÄ"©fkÅN�y
�
dÄÏ!RNA!Ú�x�|¤�§E,�)ÔzÆ�A�ä"ù
�A�ä�)µÄÏ�-¹�³�§lÄÏ�RNA��È§lRNA��x���È"ÏL?Uù
¢DÅ�§·��±�O�#�3Á+¥�£in vitro¤§±9d3�!3[�¥�£in vivo¤©fÅ�[53]"�
�^¢DÅ�5��DNAB����}Á®²��¤[47, 48, 61, 62]"~X§
Noireaux!BarZiv!ÚLibchaber3���M#5�ó�¥[61, 62] ü«
�[�¢D>´|C£cell-free genetic circuit assembly¤��
�n"Ù¥§
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“�[�”��´¢�u)3Á+p§Ø´[�p"o�5`§DNAB����¢DÅ��¤õ(ÜÚÑ
�
3)Ô�E!)Ôó§!Ú�Æ�¡kF"��U�A^"
8 o(

1994�1��DNAO��¢�-<,¯�Ì��Ï´§DNAO��·�Jø
���#/w�Ú?1O���ªµÏL�^s5}�ÚÊbDNA¡ã§ÏL�^DNA¡ã�Watson-CrickpÖ5§ÀJ�¹��A½�ª�DNA¡ã§��"ù«w�O��#�ªkdåUC“O�”ù��¹Â§¿�§DNAO�®²éO�Å�Æ�Ñ
é���z"�dÓ�§éu[�kÅN�O�Uå�ïÄkdå�«)Ô&E��K§¿��·�U
|^[��O�Uå"�Ù�Ì�8�´ÏL±e�¡���DNAO��fÛµnØ�Ú¢���¡§²;�Ú�#�ª³§©fO�3O�nØÚO��Eþ�KǑ§±9éu�
)ÔL§�Ä�Å��n)"
DNAO�´��¯�u��+�§¿�3�CAÑy
�
k��#u�"¢�þ�?��)µ�ÎNÚ#'¿d�£Möbius strip¤�g·|C[29]§�^1�-Æ�#�B�Å���O[51]"DNAO��nØ�¡�?��)µ��(�£pseudoknot-free¤DNA/RNA[45]§�mþ�`z�n�/G�g·|C[9]§Ǒ
Ü¤�5�>´JÑ�{ü��*��DNAÜ6�[68]"3Á+¥�!Ú3[�¥�DNAO��ïÄ==´���"�1�Ú"§��ª¬�©fO�¤ǑO�����¢�1�9Ïóä§¿�§��Ǒ/�£3¹�kÅN¥§)ÔL§�O����"
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