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d1113U molecular aptamer beacon %EL‘flul,saul,sziaﬁ%qLLmﬁa%ﬁﬁumﬂ molecular beacon
wazwowwed Tnevhlunsidsusinansidesnisnsaata (analyte) sndudealasumumaion
mhesndensSouadmivldfraanddnmune ddedldfnen  molecular  aptamer
beacon 7ia31997n DNA wuuwasueiald wuiwesadaiusznaude 2 @ Ao duiidudnuuysiu
(variable domain) uazduAsTl (constant domain) drunUsHuUSENRUREAERENTINLEDS
(aptamer strand) wavengaas (aptamer complementary strand) Turaeiidrunsidufidueae
Fufifanaindegaaiiouasiiannsnifindunsitonisineloundamuuuy  Forster Resonance
Energy Transfer (FRET) ﬁgqaaaéam%wiaﬁuﬁwmﬂ%’wjwa wuwestiiaaddasiasfouuula
(folded) Fsogluanusiitimsaeloundanuldd (high FRET) wazuuuida (unfolded) Fsaglu
aouzfifinsaneloundsnuldlid (ow FRET) Tuannieiilifvasiinsduiuseninawennuesuas
ansfidean1snsiata LﬁziuLszja%mmmLﬂﬁau%ﬁmiéﬂmam'i%maLLameua%LLazm&J@'au AIAEUE
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goalushurfiandanulunssuiunmsmsudsnvesdon waziauansalunisinduegiaudouss 16
gnassty mnduAsuriasueesliduuuunsniesiluiu duiaudilumsiaduiiudausaos
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Project code: MRG5280160
Project title: Reconfigurable optical biosensor based on DNA aptamer and DNA
molecular beacon

Investigator: Dr. Chittanon Buranachai
E-mail address:  chittanon.buranachai@gmail.com
Project period: 15 March 2009 - 14 March 2011

For a typical molecular aptamer beacon (MAB), which is a hybrid labeled optical
sensor based on molecular beacon — aptamer, sensing different types of analytes requires
changing the whole sensor unit including the expensive labeling fluorophores. In this work a
DNA-based reconfigurable molecular aptamer beacon (MAB) is investigated. It is composed
of two parts: a variable part and a constant part. The variable part comprises an aptamer
strand and its complementary strand while the constant part is an oligonucleotide doubly
labeled with a Forster Resonance Energy Transfer (FRET) pair and the two parts are joined
via DNA hybridization. The sensor exists in two conformations: the folded (high FRET) and
the unfolded (low FRET) in the absence and presence of aptamer-target binding. The sensor
can be reconfigured by washing the aptamer and the complementary strand away using
proper complementary strands, called washers. As a proof of principle, the sensor is first
constructed to bind thrombin, a protease involved in blood coagulation, selected as an
analyte with a strong binding and then reconfigured to bind adenosine, selected as an
analyte with a weak binding. It is believed that the design is of universal use and could be

beneficial to low cost - large scale screening applications.

Keywords: aptamer - DNA nano-device - FRET - optical biosensor
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wonvnwes  WulessaiueRegl (tertiary  structure)  veseedlndindlolngd
(oligonucleotide) anansafueead Izl TuasTIFoINTIATIEN (analyte) #ee wWulushu
nsoudu” Wsfudonuenvethafa HV? vieuludluanavunadnidulossuvedans” luanaen
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AH99IN15IA512Y Fedin1suwannuesunltlukeniGi lulowuees  Ingldiunsusiiwasraie
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a A Yy a av gy a a oow a a av 9w
wiatliagawaswuslailuwetiailildansiinaain wasinedaiildansfineain wedailildans
fnaan Wi weldalaudnlaviauanness (dynamic light scattering) WsaimaliAasingwaauou
wlaluud (Surface Plasmon Resonance: SPR) didafiAaannnueeentunisimseuiiogns winuin
U AY o w | a ' 1Y o v a & = [21]
falvednin  wWuwedlan SPR - llwmunzauiunisnsainansiisenisinsenndluanasuinian
Tuvagnmaliafldnsinaainiglvanulilunisiwssigand  leseuiddelaulanisinaainde
A1313931a (fluorescent dye %39 fluorophore)
Tupguniluanasennmiues dlavanslaseasne willeduivansidesnsinsien Tuana
wannwesazilasaienfeiindine  FepnuaiesiiuAnaINgunsisenveInsiuiusEning
{ v a [22] ) a
Lanakennesazasidoimsiase Junsoaialulowuigesidauaannluanakenng
weslalpanisfinaainansisewmaiuinalndifiss Wianssiudwiduivasifeansiee dwa
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2) mefvilsvhmihilidudiugiu (e B) AnaanndeansFemasaesiniiduganeloundsnuuuy
Wesawes (Funlnegainsn) (Forster Resonance Energy Transfer: FRET) anefiaaaduans-
wemnses (e A egndlugudl 2 198891 ane tA uaz ane aA) wazaneianuidumeganvesae-
wewred (@e C dregislugudl 2 M¥edn ae tC way aw aQ) Wil A wavans C
AU e fUaNsisoInTInTziusEnsawasuls duay B QﬂaaﬂLLUﬂﬁhjﬁmLﬂﬁau ot
Tnssadveasueswmdeiulnsiadsoufivefdess nousiediuulsiy (variable domain) (&4
Jiauldiuane A wazane C) Uszneudniudiunsil (constant domain) @ufieuldiuans B) dnwauy
mMseenuUURInaETIeUssuSnaldemsrdiiisunieans B annsoldldfunenm-
wosnanpale Welsznoutuudy wuwesilasiadsaonuy Aowuulanasuuude Tuan1ziills
ansiidosnsiasedt tnssadanuudadnnuaiosninieaninnisia sticky end s¥wineans A was
ae C usluannefidansfigesnisimsziluansazans sticky end gnyaneaINNIsIUANTENINg
LeNTesHazENsTIfeINITInTIeY dealilassadnuudafianuaiosinnni dieRarsanluug
YoIMsaglauNAINULUUSY  wulassasuuUauaziuullanssivaaiuraiglounasnulag
(Foniranuzinamge) wazanuzaieleundanuldlif (Geniianiuzimemen) Jsazidiuldindnuas
msvhaduildldfuienmnueiunuyneie  Wenadeuuunfn  AusiidelissRvsisumefans
yinfildundnnisiinandsdiu  nswuwesyiausnlddmsunsatalsiunseududadidmddnlu
nssuunsuishvenden  wanwuwedvlaiisosdmiunniainezalugudaduasseiuiiddaly
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Uil 2 dnn3vieuwes molecular aptamer beacon wuuiasuwiald lnezunsudruuuLanINg
Mauvesresdniuliinlusiunsendy af19anane B Ainsinaandieansieuasassuiai
Jugwlsvdangosisadu (fluorescein WUAILHNANNAN) wazMsLLialsaniiy
(tetramethylrhodamine WnumgIsnaudiv) a@guennuesdmsulusiunsoudu (anti-thrombin
aptamer strand) (a18 tA) waradAuvesEgLeNNNNBSEMIULUSAUNTENTU (anti-thrombin
aptamer complementary strand) (a8 tC) Tunsallaiinsendu lassaiauvuln (uaauesinsnga)
fauadesnilassawuudn (lugauzmsndn) 91nn1siAn sticky end usdlefinsoududuiu
aouewniued aunavesdunsizeudsuly villassaauudaaiesndn leozunsudiunans
wanInszUILNsAB LY a Lo (reconfiguration) 3UAINNITNANEETT (washers) Tunzay
fuane tA (Senaneveiiinans tAW) wazaevsiivanzauivans tC (Senanevziiinans tow) wiods
e tA uavane tC 0ananane B lngedunszuiunsunudians (strand displacement) Mntene
wanNeIAMIUBLAlLTY (anti-adenosine aptamer strand) (818 tA) LavaeAaUYRIAILUON-
WosdmMIUREAlUTY (anti (@Y tA)
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@19 B dAnue1 30 wa Uanedu 5’ fraandigansiseuasgestsadu (fluorescein: F) (Land
PENNANNaIY)  @lanesu 3’ AeRanmgdlslsealnnsElnalinilu  (tetramethyl-
rhodamine: TMR) (uamafensnaniiv) arefiduiulsiunsendu (ae tA) famen 30 wa gn
sonuuuliidgiuaiiuans B ivanedu 3° mnuen 12 wa dwenmedmiumsidngaiiados diu
Fudevesans tA WWudwweaennuesfistmnziulusiunseudy (antithrombin aptamer) A7
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Thrombin sensor

TMR
tA 3 AGCGACTGAGCGTTTTTT,
5 TATEETTCETCTEETTEATCECTEACTESE 3 TR
3 &iééiiéém'rcncmmcc; 5 y
tC s PEASTETETEEETTTTTT
F

Thrombin sensor washers
3'ATACCAACCACACCAACCAGCGACTGAGCG 5’ tAW

5 TATGGTTCCTETCCTTCETCECTGACTESE 3
3 ATACCAACCACACCAACCAGEGALTS 5 tAHF4

S DEARARaN

5GTGGTTGGTGAGEG?G3

e

5

A

¢ :

T Adenosine sensor

& TMR

: A

8' a 3 AGCGACTGAGCGTTTTTTT

AGTATTGCCCAGCARAGETTCCCTCACTCEE 3 T B
3 Té(l_‘TTé(l_‘.AACTCACI:JIiCI'J}CCG 5 3

ac 5TGAGTGTGTGGCTTTTTT
F

= A o o a a =t I's 1 1% a P &l
sUN 3 Feouazaduivavetesdlniiindlolndudazany nspulduUssuansuTATukONLEIY
FumzAulusAunsaudu (VL) wazusnamduwanniwasnamizivasfludy (819)

Wstiunsaudu THlusAunsoudumnnaanIvewywdaInuiey Sigma-Aldrich (T6884, St

Louis, MO, USA) Taanuidudurediusiunseudulaglden Eny, = 18.3 (Toyaannusumgndn) uay

Wuluansazanedviimesusenaunie Tris anududu 10 Jadluars A1 pH 8.0 way BSA (B42s4,
Sigma Aldrich, St Louis, MO, USA) Aadudu 0.1% lmesnaseusunns wusansazaneduvaen
USinasvaenas 200 lalasans \iuflgumndl -20 esnwaldea dwmiunisdaifussezen devld
asazanelushunsondugninliasansuasgnuavauansazaneduileiiodtu wasgrlduuamelu 5
T

ealudu ToozAluduainuiem Sigma-Aldrich (A9251, St Louis, MO, USA) JnAnslaudy

as P ; 4[33] , v Ay Y a
Yot0zAluTUlAglYA €,,=15400M"cm™ " (ToyaaNUIENENER)

259
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3.2 NSLASUUYULYDS
aﬁaﬂsuaamiazmsaaaiﬂﬁaﬁﬁialmﬁgmm‘%mﬂmLamﬁﬂﬂiwmﬂiaaau (deionized water)

nanAuduenunlugunemiauazaien (yophyilized) apnuiduduvesansazanemduediliings

o

a A

AnaaInaNeAl  ODyo  Useneudumiduuszavisnisaanausasilasuainuidnguan  Tunsdives

ansazanefoueiiimsfinaain JnAanududuresasazaefouenAINITAANAULEas TMR

a a 1 [y I a £ = Y -1 -1 [34]
AU 1IATU 558 WIS (ODsss) SAUAFIUSEANSNIAANAUALYINTU 75,200 M- cm

a

Nty afienvesmsazansfiduegnuiaduvaen Yiinamvasnay 200 lalasing udufiviigaumgd
-20 ssmaLdvaLiion1siusnuszezen msrmaeRdueiovlusuesdniunainlusiy
nsoudurilnenauans B a1e tA wazany tC ausnaniidesnisluasazaretnines (Tris pH 8.0
pmdudu 10 fadluand) fledeunaslsdmnududu 200 fadluand dwmsvidnsdn 1:1:1
(B:tAtO) Mamududu 15 lilasluansdmiunnane uasfishndnduiigeduldamududuiiiuio
Hudndwiul ndudunaugrlfeudouiigamgl 90 esmwadealugiaidou Wunan 10

Wi neudeslifuatesatiadruAuaunseisdgamaiivies nssurunssmaefdweiievinly

ULEDSAN NS UNTIVINDL A MUTULANWAUE NS UULAINY

3.3 N131AUsEANEANMSEelouNaIUA8NTEUIUNS FRET uazn1suuana
nszUaUNITIAAT  (ratio),  MIUABLLUAlATIAI VDL ULRIYNAAMUAIENITIAA
Usgansnnnisangleundsnumenssuiunts FRET (Sendt 1 ) A1 E eddesiuszegyiie R

sendn (FRET donor) @sluniifengesisadu wazsiasu (FRET acceptor) lufitifawmsziuiia-

a4 W R® - T ¢ P A og v o
lsandly feauns E= =5 ORG Wi R,Aemsrlineamosutuanszeginaiinlien E da1 50 % lu
+
0

[26] a ! A ¥ a
A ‘Vi’]ﬂLaEJﬂﬂﬂﬂ%ﬂﬂﬂﬂ?ﬂauﬂigﬁuwgﬁaLiﬁ“ﬂjuLLagwl‘Vliz—

ATeiteen E Tapsefeuds (ratio)
wiialsaiullndiAeaiudanuenedunssduiiiiussdvianmanniign fauenedu 495 uily
WA wag 550 wnluluns azlainA(ratio), duiuSAUAT E Aeaunng

v € (495) X E + €, (495)
v+B Ervr (550)

PP a

We Y Aednadiuvearuwesniinisinaanauysainsviayiisu

(1)

(ratio), =

I o ! saa a v v = ! a
B ABENAIUVDILY UGB INUAITIANRATIANIIULWEIBY LAY

€-(495),  Eryr(495)URY  £r,r(550) PRdUUTEANENIAANTULAIUDINGROLTAT T
= a PR d' -
ANNENIRAY 495 UTlunT Veunmszialsnnduniaueeiy 495 wiluuasuazil 550 uilu-

AT ANNAIAY
lusnaumils (ratio), ARANAIUIENINAINITUAMAININUATDY TVR LEIBNTEAUTNAINET

AR 495 Wl ({1UNTEUIUNT FRET UagnIsuiunInseiulagnse) wagaAn1silalamun
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Y939 TMR 1an5eAunANe1Inay 550 wiluins Hunseuiunisnsedulagnsuiiead1amed) fe

{ o [35]
wandluannNISA 2 (Fawlasann )

Z FTMR 495 A

(ratlo 2)

: : TMR 550 ’

v O ) . ° ! & [26, 35] & v v
ANUUATINITNIN OanL\151@8%1@1Mﬂ33ﬂ3Uﬂ15m61Uu VULLIN ﬂﬁgﬂu®38ﬂquﬂqj

ARY 495 unluwes dnaunasunisilaas Senanesuiladn £, (495\) (U7 4) uagnsedui
AMLETIARY 550 wiluwns deaunasumsidasias Senadaasuilain F, (5500)3nduin

awnasunisaaasvasigeeisadunldnnfbueiiinisfinaaindiengesisady Weswediaden 9
ANHEMIARUNTEAY 495 wiluwns YSuAinugeessenalnasunle Trviiuaugavesainiy

Wunnsiwdaasveslgeasaduluaunaiy F), (495)) Sonawnasuildidi (495\) Anersly
aumsi 2 leanfiufilgaunndy Fon (495\)- FD(495,}\)LLazmmu°luammiﬁ 2 l@aniiudile

aunniu Fy, (5501)

550 @ F,,(495,2)

>0 @ F,(495,2)

450

4004 ©) Foa(495, 1) - F (495, &)
3501 @ F_,(550,%)

Fluorescence intensity (A.U.)

SéO IS&O 'SéO ISéO I660 '620 I6AO‘ 660 I6é0
Emission wavelength (nm)

Ul 4 awnpsunswawaisndulunisdan (atio), Ry, (4950)uat Fy, (550\) uanady

' ) ) I Aa a Y a a a v A
nswasasinanmegraninisinaainmegesisatulasinnsziialsnidu gnseaui 495 un-
Tums way 550 WlUAT MNaIRU FD(495,)\)L“fJuaLUﬂm%’umiLUmLmai’@mﬂﬁaasmﬁﬁmiﬁ@

aaNMILNgeaITaTURAgNNTEANN 495 wluwasiazgnuiulinnuaweseenanasuinduay
guesinAudumsUadsaenigeasatuluanniy R, (495\)  awnesu F,, (495))-

F, (495) Aeatunaiunisiuasuasvesdnfungnaseduaiienssuiumansmuasmsgnnszdulay

A9 495 WNLULIAS
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awnasumsasavimuninlaoedosmdnlnsinlafinesiu LS55 Ve Perkin Elmer
(Perkin Elmer Inc., Waltham, MA, USA) iiielsiuilainduananiswdauasiinldidusunuves
Fyaansiduaiomn losinnsldlwanlswesdmiunisnsedu (excitation polarizer) wag Twan
lswesdmiumsidauas (emission polarizer) Tnsuasnszduazilnanlsoduluunis faanasy
nsiadasaesaUnm sy anasuusnAeuasiidseoninilnanlswduluuuiis (a7

Fv (A M) azaiUnasuiiaesfowasiiiUdsoanuniilnatlsiwdulunuisedu (Sondn Ry (Ao M)

ex’ ex’

anasumduiunuvasrnudusasionnn  Fo, (A, A) @1m190a51991nn15auannuduuna

ex’
Rnuanudazaueady A, lagldannis

I:total (}\ex'xi) = I:W (Aex’}\i)-i_ZXG(}\i)XFVH ()\ex’Ai) (3)

e G()\,)AeA1 G factor fiusiaz A, fudadléainaunis G(N)=

mslamsandndutuveanseuduuazasaludy wuwesdmiunsnsiaianseutu w3e
dwsumsnnatnerilufuiivuaoudy (48091 tC-BHA uay aC-B-aA awawu) gnviilideans
NnEsavarvafenmeasazaetiimes naufuasavateinie MeCl, ay KCl Tunasanana®n
wa 600 lailasans Wiulilufifefigungiivies seune 30 widl MnufumsendunioosAludy
uazsedn 1 dalus dunauvesmsaragluduneuaarine (Fudeindouduogwdy) Yssnaude
tC-B-tA V30 aC-B-aA mmidudu 133 wiluluand (InanAnisgandunaswes TMR finmeniady
558 ululns) BSA mnutudiu 0.1% TassnaieUiinns NaCl mvandudu 1.77 fadluans (ivde

91ANTEUIUNITTIEY) MeCl, KCL uaz nyeanlu/ozhludiu Nannuiduduniee Tuasazaainines

nsvzdmuYsHuva e msunTIniamsendy \wuwesdmiunsiaiamsendudisi
aeudy (tC-B-tA) gnidennsspansazanetvlines nauduasazaneananvasniio MeCl, wag KCl
Auliluitinfigamnfivies seifuia 30 it Mndunaumess (AW vie tAW-a wi3e tCW e
HOW-4 wdusin1mnaes) wazsedn 1 $alae diunauvesansarasludunouaniine Ysznoude tC-
B-tA Anudiuty 133 wiluluand BSA auidudu 0.1% lnguiaseusuins NaCl aandudu 1.77
fiadluans MeCl, wag KOl mnudiudu 5 fiadluans (raduduivinlisueesianulunniiga)

uazaevzNANUTLTLAI9Y Tuaisazateivines

nsUsEnauleUlYaTa MTUATIIReAludY @ B gniiliileansmeasazangilles
wafuansazawaionveande MgCl, war KCU iiuliluifinfigamgiivies seldunan 30 wndl
PNTEENENY aA uar aC uazsedn 1 dalua wazyihnnsa (ratio) (dmsusegneiilidesnludu)
WiowuerAluduliiaududy 50 lulasluand wazselunan 1 Fluadrsewhmsia (ratio),

AnsUiIegaNfeLANeALlUTU
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N15VLF IUUUTHUYD UYL DOTH I TUATIVIANTOUTUUAZN15UTENDUL T YD TN TUATID-
InaAluduserutiusisy nsvnassgnutsoanu 6 Funounudiduded du 1 Bunsswae
vongugesimiuaTIvansendu tufl 2 iWunisvzans tC uil 3 Wunsveans tA duil 4 Juns
Usgneuane aA duil 5 WunsUsznevans aC uazdudl 6 Hunsiamneuauemeatiesi
Usznauldreesludurndudu 20 lulasluand iemnuavann  dednazgnisdesluvasn
wanafnuwia 600 lalasang $1u7u 6 viaen dmfU 6 TuneumIvaney BeTaziBennsHANANS
Tuusagviaen fidsd

vaeail 1 Wisueuiesdmiumsnaiamsendu (tC-B-tA) Iillanududu 15 lulasluans
Tuansazanetvllesfisl NaCl enandudu 200 fadluans Tumaeananafinu3uims 600 lulasans 5o
Hunan 1 99l (fuvaeslilufiin fenmgiivies snussyuenndieaint) andudensie
asaranetrlesunznan MeCl, uar KCL saiduian 30 it aindudiu BSA uavsedniduian 1
Flwrewhnsin  (atio),  druwanvesasarasludunouanine  Ussnoumewuesdmiy
prniamsenduiiuszneunds (meiieglugy tC-B-tA) mmmdudu 133 wiluluans (Faannanna
LUNTUTOENY B) BSA AULUNTU 0.1% lassnafau3uins NaCl mnutudu 1.77 Jadluas MeCl
wag KCL ansdudu 5 dadluans

vaeail 2 Wisuwuwosdmiumsnsiatamsendu (tC-B-tA) Wilmnudutu 15 lalasluans
wenfuany tCW-a ansdutu 75 lalasluans Tuasazanedwinlosiil NaCl enandudu 200 fadly
a5 Tuvmeamanafiny3inms 600 Tulasans serfiunan 1 $3lus Mnduiensieasavanedises
uagkaN MCl, uay KCL seifhuaan 30 widl anifuiia BSA uazsednulunan 1 Halusnouvhnmsa
(ratio), drunauvesasazansluduneuantie Usznausemumesiiliauysal (madeglusy e
B wheluariuany tA viselsendn B-tA hybrid) anudiudy 133 uiluluas (Iaannanudutuves
e B) e tCW-4 anuidudu 655 unluluans (Ansauannnniuuuy lidaseglusudase viiewe
wafuanedu) BSA anududu 0.1% TasuiadeuSuins NaCl avwududy 1.77 fadluand MeCl,
way KCL Ansdutu 5 dadluans

vaenil 3 lieueuesdmiumsnmaiamsendu (tC-B-tA) lriflanudutu 15 lulasluans
weuivany tCW-6 aududu 75 Tulesluans wazane tAw-4 eududu 75 lulasluans Tu
asavaneTesil NaCl nandudu 200 fadluand lunasawanainUiines 600 lulasans 5o
Hunan 1l anduiensisasavaredislesuaznay MeCl, waz KO saiflunan 30 wid
Mntudu BSA wazsednifunan 1 Faluwsreurhnista (ratio), drunauvesasazanelutumey
anvie Useneusmemuwesiiliauysal (madieglusy ang B) avidudu 133 wiluluand (nann
ANULTUIRIENY B) ang tCW-4 anuduty 655 wiluluars (AaTiuannnnuwuy) @e tAw-4
(AasamNyngULUY) ANUDNTY 655 wluluans BSA mnudiudu 0.1% lagadasneu3uing NaCl

ALY 1.77 Hadluans MgCl, tag KCL amnuitadu 5 dadluans
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viaeail 4 wisuugesdmiunsnsatansendu (tC-B-tA) Wilanududu 15 lalasluans
HaNAvaty tCW-4 anuitadu 75 Wlasluans ae tAW-4 anuaudu 75 lulasluans uazane aA
arududy 30 lulasluans luansavanetvinesfid NaCl eududu 200 fadluans luvaen
wanadnUsums 600 lilasans solunen 1 dalus mndudenuasavanetinesuasnay
MeCl, uay KCL sarfiuaan 30 unit anthuiin BSA wazsednfuna 1 Falustewhnisia (ratio),
dunauvasmsavaslutuneugarie Usenoumeisusesiiliauysal (mateglusy B-aA hybrid)
AMILTNTY 133 wiluluas (I0nAudNTuYesdy B) @1y tCW-4 aaududu 655 uiluluais
(AR5 NNNFULUY) @18 tAW-4 ansdudu 655 wiluluans (Ansiua1nMnIuuuy) ang aA Ay
Wit 266 ululuans (AATINNYNFULUL) BSA Asiutu 0.1% laguiasey3uimng NaCl A
WU 1.77 Tadluars MeCl, way KCl Anududy 5 Jadluans

viaenil 5 wisuuwesdmiun1snTIaTansendu (tC-B-tA) Wilanududu 15 lalasluans
HaNAvaty tCW-4 auaudu 75 lulasluans ane tAW-4 anadutu 75 lasluans @1 aA A
dudu 30 lulasiuans wazane aC anadudu 30 Tulasluans luansavanetvwesaid Nacl Ay
Wudy 200 fadluans TunaeananainUsuns 600 llasans sediunan 1 $lus mnudeasine
ansazanetiinesuarkan MeCl, way KCL soiduinan 30 wnit 91ntiuiy BSA uassesnidunan 1
Hlurewhnsia (ratio), drunauvesansazanslutuneuaarie Ussnousewumeesdmiuinosi
Tuduituszneunds (Andneglugy aC-B-an) anududu 133 wiluluan$ (Faananududuvesans
B) &g tCW-4 Anududu 655 uiluluand (AATaua1nnngukuy) @e tAW-4 Ansduty 655 wily
a1 (ARTWNYNTULULY) ag aA Anududu 266 unluluans (Ansimanynguiuy) ag aC
AN 266 Wiluluans (ARTIM1NNNFULUL) BSA Aadudu 0.1% laganasiauSuns NaCl
AMLNTY 1.77 adluans MegCl, way KCl anuitutu 5 Jaaluans

vaenil 6 wisuwuwesdmsunsnTIaTansondy (tC-B-tA) TWilanududu 15 Tulastuans
WanAvaty tCW-4 anuudu 75 lulasluans ane tAW-4 anadntu 75 Wlasluans @1 aA A
dadu 30 Tulasluans wazane aC anandudu 30 Tulasluans luaisavanetvuesnd Nacl Ay
gy 200 faaluand Tunaesmanainy3uns 600 Tulasans seilunan 1 Falus ndudoasde
ansavaneTieiuaznay MeCl, uay KCL soufiunan 30 wiit 9nnthuiu BSA uaveyAludy uayse
Snfunan 1 Halwnewhnisin (atio), dunanvesasazaglutusougatine  Usznaudae
wuwesdmiuinerAluuiivszneundy (maiieglugu aC-B-aA) Anadidu 133 wiluluad (In
INANUATNTUYRIAY B) a1 tCW-4 anududy 655 uiluluans (ARsiuanynuuuy) a1e tAW-4
AN 655 Wluluans (ARTImNNNFULULY) a1 aA Anudiutdy 266 ululuans (Asauain
NNFULLY) @18 aC Ansiuty 266 wiluluand (Aavawannnngduu) sxdlufuaududy 20 Ty
1Asluans BSA AMaudy 0.1% lagananausuing NaCl anuwuty 1.77 faaluans MgCl, uag

KCl AUyt 5 Sadluans
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4. HANIINAABUATINTAUNANITNIARDY
) o o a ] 2+ +
4.1 \wURsEMTUNTRIANTINTY: NAYaIAIUTNTUYIY Mg Uay K
Uszavsnmnveswuresduiuanuaunaseninnsilassasisuuulniuduss Welidfinsey
Tuwazanuirglunisvdeulassaiadulasaiuuuladeivsenduminiu dwideinishowues
dulngiilassaiauuladlobiinsendu  elwauszansamnisateloundsulunousuduiiag
g9 wisieanshilassadauasuduwuudnlnededeiivsenduundu Weoaunsamiunisideuulas
Maan laswadwuuledianuadssluan1isiansaganeiusequinimesdsequinastigannis
NanszrIayneanuuaeRidueaagilinisdeaualudiu sticky end TAuiadesunngsdu
Tuvazlassasuuudnazfimuatosfioansazaell K vse Na' wmszlessusnandislunis
a P [36, 37] = = % a aa sal o Y ~  [38-40]
\AinlAT9ase G-quadruplex Futulassaduefgniinnulubenniyesndnmeiunseuduy
2 = o % N a = = a a v o 1
Mg gnienldlunmsiililassadsuuulnedesiieanniuszd@nianlunisannisudniuvesmy

a

{ o A [41] i ' ! a 1%
Woawnilelosouuinusepieuaslosautseygmay  Tuvnesiiliresinanenisinlasasne

Y

2] = a a a a
way K gnidenldlunisiiiadsz@niamnisivasy

a P 1Y = [4
G-quadruplex Lmamaunulaaaumaﬂizagmm
Tassasrsnuuudadusuulde  nshaglsundasuwasnvinauldnsndudsdinisnaaauniniiu

WUTURMLNzaLYadloauaaIriafanan

0.55 acl] 0.55 T
1 a
050{ %—u .___9_2_ 0.50 LKCl]
E X“'"—\.__‘___' X (L)
045] —, * | 045] R,
< 1 4« \A ]
’5‘- 0.40 0.401 G-quadruplex
2035 T~ 0351
— | | \
= 030 v 0.30
] \4
0.25 - _ 0.25 1
. —u— 100 mM —u—100 MM —y—10mM
0.20 - () —e—50mM—v—10mM| 0.201 —e—50mM —¢—5mM
o5l o Ao mMrersmM | ] AT mM e omM
0 50 100 150 200 0 50 100 150 200

[Thrombin] (nM)

gﬂﬁ 5 naued Mg (3U a) uaz waves K (5U b) sen1sasiniansoudu Duitaemnedn Mg” ¥
Iﬁimqa%ﬁaLLU‘U%ﬁmmLaaast,wmzsd’ma@mswé’ﬂLﬁaamﬂmealw%swdwwgngal,w«ﬂ Tuusnn
sticky end (5U a ANLan) Turaedi K aglunisiielasadns G-quadruplex vuay tA (3U b n
) shlvnsdsulasseaduuudafaldietu

= Ay v v = aa . dl Y v 2
U7 5 wanmwansvaaesiildainnsldsaleuds (atio), Menududusnques Mg~ K
wagnseudu suuuulneinluvemanimaaeduzufl Sa wandiiunisanasves (ratio), Wendu

LUNTUVRINTOUTUANTY FemsildsuudasludnvaugsullaenndasundnAsyinuYe A uLLe s

msduvemsenduldsuaunaainlassaiiauuuln (@n1ng FRET ge vise (ratio) g Ju
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TAsaasawuulde (@nnag FRET 61 #ise (ratio), @) sgnglsimuilafansantusivazideanuing
A’ Yo < v o A . a v A a '
ANULAnsIUlaTRluaRsUsTIuAIeiuAe (ratio), soulsusu (Quaneildiinsendy) wazan
a 'S R . A Y oa v v 2 =3 % )
ANUlAATIE (sensitivity) 1ag (ratio), meuSuAUANaNANdNduIes Mg Fedanndaiu
a o vy v . . a [ 2 '
auudgufinalideduinatiosnmaes sticky end Wiumupududues Mg d@unsiivesnanul
a = o = Y o a { 2 v v 6 ~
szt Fedlanumnefenduysaitesrnudunsl fawnil Mg anududusi wazanaadle
Y 2 a 1 = | a & 1 = ' =
anududures Mg g iesainAinnulidesizidavenieanuieluniswieuain
) '~ ) a a v 2 o i o |
Tasaanvuladulassaiauuda  aansabasenilddin Mg darnensidsundasienan
v O ~ a 2+ = NA o v A = | Yy v oA a
fauluvaensin Mg fanmeiilrlassesralvuladanuiaios uwaanudutuisnninuliay
1 a ) v a % a ‘é” 2 =~ a ¢ & wad o W
dsnardevinlinisasundasiassasianndulaenn Wesnnanulesgiduauiindfyues
¢ = A YN V) 2+ A a  a & < A v 1 1 [
wued Judenldranududures Mg™ 71 5 fadluas Wumhdunningiweinisnsaineyly
1 ' & YRR v v s ) a i ! v [29, 43]
AOUAUYDIT U UILA ST TIN VTN LA INTITANTOUTUNTN1TII8ULA DU
PMnUUNAaRIUAsUAIANUTNTUYEY K 290 0 5 10 20 50 waz 100 fadluans Tuvuziag
Y] 2 vl a  a s a ! . )~ v A
anududuves Mg~ 17 5 fadluans arnnanisvaaedlugul sb wudi (ratio), fuwilduanasde
v v a a &£ o A v ) ~ ' I ad
Audntuvemsentuntuludnvusnaseiunan maaedlugun - 5a eglsfinulunsdlil
(ratio), mouBuAUanaslonududuves K gy Fauhazllannnainnsi K faelunisiiin G-
quadruplex luusiidIu overhang wedany tA dawalyi sticky end Winululassaiauuulngn
ae druaanulieseiianududures K Wy 5 10 25 way 50 fadluansiarlnatfssiune
2 v ~ v v A a s & ' = = = Ao v W
ANAWANLUBENANMULINTY 100 Tadluans Wuns1z31n1sNagsiunsiasuwlasndmaun n1saunu
nsoudussaneliinnisdsunladlasiaieonuuutaduiuudn waslianuduldldgeinlunsd
999 K finnududy 100 fadluans wuweslaedmulnailassadiuuude nsduiunsenduly

anumsalutudsldneliinnisuasunasdygraivuladn daalirarnnulidnsigsien

v a1 o

a A oAt | . a Y o ~ ' a ¢ = A v
farsannsallid K wud (ratio)y mewsuduiimgananusrianulyiinsieinduliain dewailan
v [y} A A + & + 1 a a [xy] [} 3 = I~
#OARARINUAMNAAYTIIN K %50 Na tietiinanuaieshiiu G-quadruplex sadudaduniseinlu
msiasudulassasuudavnlil K Tuansazats  egralsAsuduniundunainnaugdlud K
6@ @ 1 a d" al d‘v a + v v a  a 4 d'
wugesNEmavauewonsaniuTweIalanuianmsngd Na  (anududy 1.77 fadluans) 7
Tlunsruiumssinanguayvaraesy luasara1enaIaINNIIedN oo U znsaudu
| a a 1% [44] A I3 & + a Y]
PeuAMUEdesIilATIEs e G-quadruplex  wiseorallunaresis Na  waynseudusiuiu

| Gal ° [V Y v A + P A a s
aﬁﬁﬂ"lﬁﬂﬂﬂqﬂNﬁﬂqﬁmﬂaaﬂmqimﬂjﬁlﬂﬁqﬂLGUQJGU'LWIL‘Viin%ﬂllsllaﬂ K E’J%'V] 5 llaailla"li

4.2 \WUwasaNUsUATIIANTaNTY: NAYaIAIINEIIYaNAIY sticky end UAZHAYDIAAIUYDI
RE G GREGICDIG)
A lUYNTNAaDINAIAIINENTIINYELYRIEIU sticky end aufilAIlATIERIINNB UK

ANMUINIAATIZNVD UG UDSTUNUAINTALEINUADIUSENNS  NANARMINIASIAS1IWULTA  V1AAINY



18

@ 1 1 = 14 a 1 b4 a = =
wlwsdluanawuweslaednlngazilasadanuuda usimnlAssassnuuUniinnuiaties
quiiuly nswdsudulassaiawuulefanintulaen eldinasdunsalafdamaluniaunaninu
s mnnsinsanlassassasiliinwugesgnesnuuulidunilivesenmiuesanse
a I . A A v v v a 3 a . A =
Wy sticky end tiai1n1siuAvaIsAeINITIATIZaRANLETETUBY sticky end LiVo@nw
AINENIVDY sticky end Awazan @ne tC ANNETY 17-20 W (WiuAugImieulate 3 g3ui
3) Feazneliiin sticky end A 5-8 wa gnldlunisusznauguwes Tuvueiians tA dany

a o A q‘ & . a v a e a X oA .
13A97 FsUTINGIUTUN 6a 113 (ratio), meuENAULarAULIIATIEMTLAULEDANETIVBY sticky
end NN 5 — 7 W F9AN81 5 LUd sticky end duauyinlilaseasrawuuUaliddanuiaios
wuweslavdulvgTeglulasaduuude glaan (ratio)y neusuiUNAoUTIWLAZMIAUNTD
wiulavi lAdiunsideundasidaey Walfinanuenves sticky end Wu 6 way 7 wa vl
wugaivhauldntumsiwugeslugUlasaiauulnduiuanniy Weianmsduiunseuduis

=1 z-:l' a o a X ] vy ' =3 1 .
Wiun1sasuuUantaauby annan1smeaeddiasuladndt faugddn sticky end ANe17 7 Lua
lilassafrauuulniinnueadiosiiulaann (ratio), neududuniiangs uifldiatesauiull Jaduy
wiealianuladeszilunsdives 7 walleigendinsdives 6 wa nisiueueTdu 8 waldvin
I (ratio), meuBuAUUAsULUAY Utuandndiuresguwesnilasasiauulalunsaives sticky
end AN 7 wakazaney 8 waldusndreiuegadlidedAny  walioaa1nAnundansadn
1NN YA sticky end AMMes 8 wa gnvianeldeinnidaalirinndladmseianas faduds

\denld sticky end AN81 7 LU

0.55 — 0.55 .
14 S— g Sticky base length b Molar ratio
0.501 \, ) 0.50 B:tA:tC
045: [ —&— 5 base 0.45 tC ce tA —a—1:1:1
< T —Q—GEase ' —e—1:2:2
— 4 —A— 7 base 4 —A—1:3:3
O 0.40 —w— 8 base 040 —v— 1:4:4
= 0351 0.35
©
— 0.301 0.301
0.251 0.251
0.20 0.20
015350 100 150 200 %70 S0 100 150 200

[Thrombin] (nM)

g'ﬂ*ﬁ 6 (a) WAYBIANNEM sticky end seUszAvBamvesTUwes Tneldsuruenvesay tC
Fausmisanediu 3 daus 17 - 20 wa Wdamamaeidued 1:1:1 (b) navesdnmaumeiiu
0 devszAvinmuensuwed nsluduneunssiuans tae B arwdudu 15 lulasluandiivn
BNINEIUNAY
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falufunavesdndiuluavesaeiisueneUsydvsnmmsyhnuressuges Tngluduney
mssawane Wane B anududu 15 lulastuand Tuvasfieududuvesans tA waz @ tC
Wasuuasmusnsdndidesns mﬂwamimaaﬂugﬂﬁ 6b WU (ratio), mouFHFULAzAILT
Annzinnynnsdlunnsaiudntes Tasealiessiuay (ratio), neududuiirgefigelunsdl
¥038n51d 1:1:1 (@8 Bane tA: @ tC) uavAEosanaiioifiudndiuvesans tC was @e tA
anizfidedliuilafeaimmuemadinanuddmdsiiululdfeinndudugs ae tA way ae
tC ﬁL‘fJuaaizﬁmLLsziaﬁfJ’um'i%’UﬁUﬁLé‘uLa@jaﬂuU‘%nm sticky end dawalit sticky end gnianguas
Wl (ratio)y, meusudunazesllssiimantesas  eglshndedunadinarndufisanis

a

maauufignu  uazdndusisainsvhnmeseafiuduiienageunnugnies  nanlaeagudmiuly
o dgjl
i

NUABUEUNEY 1:1:1 APDATIEIUNALZEY

4.3 WULIBSAIMSUNTIVINDLA 1Y
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Abstract

In order to alter a typical molecular aptamer beacon (MAB), that uses a hybrid
labeled optical sensor based on a molecular beacon - aptamer, to detect a different
analyte there is currently a need to change the whole sensor unit including the expensive
labeling fluorophores. In this work a DNA-based reconfigurable molecular aptamer
beacon was developed. It is composed of two parts: a variable part and a constant part.
The variable part comprises an aptamer strand and its complementary strand while the
constant part is an oligonucleotide doubly labeled with a Forster Resonance Energy
Transfer (FRET) pair and the two parts become joined via DNA hybridization. The sensor
exists in two conformations: a folded (high FRET) and an unfolded (low FRET) in the
absence and presence of the aptamer-target binding respectively. This sensor can be
reconfigured by washing away the aptamer and the complementary strand using proper
complementary strands, called washers. As a proof of the principle, a sensor that bound
the enzyme thrombin, an analyte with a strong binding, was first constructed and then
reconfigured to bind adenosine, selected as an analyte with a weak binding. We believe
that the design is of universal use and could be further developed for producing low cost -
large scale screening applications.

1. Introduction

Sensors based on functional DNA have become more popular in the past decade. One of
the most fundamental building blocks of this type of sensor is an aptamer, which is a
single stranded oligonucleotide capable of binding specifically to its target and is selected
via the method of systematic evolution of ligands by exponential enrichment (SELEX).”
Aptamers rival antibodies in many circumstances, such as even when the working
condition is hostile to protein.®! There are several detection techniques utilizing the
aptamer based sensors, such as electrochemical®, mass sensitive®, surface plasmon
resonance', colorimetric and UV-Vis spectroscopy especially via the aggregation of
nanoparticles.”? However, the method utilizing fluorescent dyes labeling still offers good
sensitivity. Since an aptamer usually undergoes conformational change upon binding to
its target®, one can achieve a labeled aptamer sensor by putting fluorescent dyes at
positions adjacent to or on the target binding site where the binding leads to changes in
the dyes’ microenvironment and, therefore, changes in their fluorescence quantum yield.
| Alternatively one could utilize the change in the dye rotational freedom that occurs -on



binding to its target resulting in a change in the fluorescence anisotropy.” Though a
single label proved to be cost effective, often it required a tertiary structure of the aptamer
and the nature of the aptamer-target binding to be known a priori! Double labeling
could be utilized to avoid such a complication. In some of the very first demonstrations,
modified aptamers capable of forming open-closed structures were doubly labeled with a
fluorescent dye and a quencher.'” Binding of the target shifted the equilibrium causing
structural changes. This in turn changed the proximity of the dye-quencher resulting in a
change in the fluorescence intensity, similar to the way the original molecular beacon
worked.'"" These hybrid sensors, a.k.a. molecular aptamer beacons (MABs)"'?, have been
improved over time. For example, the introduction of the structure switching aptamer!™
led to a universal design applicable to virtually any type of aptamer without prior
knowledge of its secondary or tertiary structure or the nature of the aptamer-target
binding.

However, almost all MABs shared one drawback: the fluorescent dyes were
covalently labeled. While this should not be a problem with a single target small scale
detection, it can be problematic in the case of a multiple target large scale detection
because labeling fluorescent dyes is laborious and expensive and it is cumbersome to do
every time for detecting a new target. Several groups have been trying to overcome this
issue by using the “label free” method either by dye displacement essays or by using a
double aptamer in which one aptamer worked as a receptor to a target of interest and the
other worked as a reporter binding to the signaling fluorophore malachite green.!'
However, the waste from organic dyes may pose problems when applied to real uses.

Here we present an alternative and economical MAB consisting of three
oligonucleotides (Figure 1). One is a base (B strand) doubly labeled with a FRET (Forster
Resonance Energy Transfer) pair. The second is an aptamer (A strand, exemplified as tA
and aA strands in the figures) and the third is a complementary strand to the aptamer (C
strand, exemplified as tC and aC strands). The A and C strands are specific to a given target
but are replaceable and the B strand is designed to be unchanged. Therefore, the sensor
structure is similar to an antibody where a variable domain (consisted of A and C strands)
is joined to a constant domain (B strand). This approach is economical because the
expensive B strand can be used with many types of aptamer. Once annealed, the sensor
exists in two conformations: folded and unfolded. In the absence of the target, the folded
conformation is more favored via the formation of a sticky end between the A and C
strands. In the presence of the target, however; the sticky end gives way to the formation
of an aptamer-target binding, resulting in a more stable unfolded conformation. In terms
of FRET, the folded and unfolded conformations correspond to a high FRET and a low FRET
state. The design is of universal use and it can be configured to detect different targets. To
prove our concept, a thrombin sensor and an adenosine sensor were constructed using
the described principle. Also, we demonstrate a step-by-step reconfiguration where the
variable domain of the thrombin sensor (the tA and tC strands) can be removed and that
of the adenosine sensor (the aA and aC strands) can be assembled onto the bare B strand.
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Figure 1. (a) The operation principle of the reconfigurable molecular aptamer beacon sensor. The top panel
shows a thrombin sensor constructed from the B strand doubly labeled with fluorescein (F: open circle) and
tetramethylrhodamine (TMR: filled circle) as a FRET pair, an anti-thrombin aptamer strand (tA strand) and an
anti-thrombin aptamer complementary strand (tC strand). In the absence of thrombin, the folded structure
(high FRET state) is thermodynamically favored via the sticky end formation but binding to thrombin shifts
the equilibrium towards the unfolded structure (low FRET state). The middle panel shows the
reconfiguration; first an anti-thrombin aptamer washer (tAW strand) and an anti-thrombin aptamer
complementary washer (tCW strand) are added to remove tA and tC strands via strand displacement. Then,
in the bottom panel, an anti-adenosine aptamer strand (aA strand) and an anti-adenosine aptamer
complementary strand (aC strand) are added to assemble an adenosine sensor. The annealed sensor can
detect adenosine following the same mechanism as in the case of the thrombin sensor. (b) The names and
sequences of oligomers used in this study. Dashed line boxes mark the aptamer sequences.

2. Results and discussion
Thrombin sensor
The effect of Mg** and K* concentration

The performance of the sensor relies on a balance between a strong folded conformation
in the absence of thrombin and an ease of transition to the unfolded conformation once
thrombin binds. One would prefer a major fraction of the sensors to be in the folded
structure prior to adding thrombin for a high initial FRET efficiency value but would rather
have an efficient structural switching after thrombin binding for a big decrease in the FRET
efficiency. The folded conformation is stable in the presence of cationic species because of
the metal ions-phosphate oxygen interaction while the unfolded conformation is likely to
be stable in the presence of either K* or Na* because these two ions help with the strong
formation of a G-quadruplex'® found in the anti-thrombin aptamer.'”? Mg?* is chosen to
stabilize the folded structure due to its superior efficiency compared with other mono and
divalent cations!® while having a much weaker effect on the G-quadruplex formation
when compared with monovalent cations!'” and K* is chosen to ease the transition from



the folded to the unfolded structure. In order to obtain the optimal performance, the
concentrations of the two ions need to be optimized.
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Figure 2. The effect of Mg?* (a) and K* (b) concentration on thrombin detection. It is anticipated that Mg?*
ions stabilize the folded conformation by screening electrostatic repulsion between two phosphate
backbones forming the sticky end (a, inset) while K* ions facilitate the G-quadruplex formation of the tA
strand (b, inset) helping the transition to the unfolded structure upon thrombin binding.

Figure 2 shows the results obtained from the (ratio)a method™® performed at
different concentrations of Mg*, K* and thrombin. The method is reliable and the
obtained (ratio)a is proportional to the FRET efficiency (Equation (1)). The general trend of
the result in Figure 2a shows a decrease in the (ratio)a upon increasing thrombin
concentration. This follows the working principle of the sensor that thrombin binding
shifts the equilibrium from the folded conformation (high FRET j.e. high (ratio)a) to the
unfolded one (low FRET i.e. low (ratio)). However there are differences in two aspects: the
initial (ratio)a and the sensitivity. The initial (ratio)a in the absence of thrombin increases
with the increasing Mg?** concentration. This agrees with our hypothesis mentioned above
that the sticky end is stable at high salt concentration. The sensitivity, defined as the
absolute value of the slope, on the other hand is high at low [Mg?*] and tapers off with
increasing [Mg?*]. Since the sensivity reflects how easily the folded structure can switch to
the unfolded one, it can be deduced that Mg*" counteracts the transition. Therefore, while
adding Mg?* has the desirable effect of stabilizing the folded conformation, too high a
concentration prevents the conformational transition. The sensitivity is an important
property of a sensor, therefore 5 mM was chosen as the working concentration for Mg?*.
Note that the detection range is in the early nanomolar range, which is comparable to the
thrombin sensors previously reported.!% 3!

Then the concentration of K* was varied from 0, 5, 10, 20, 50 and 100 mM while the
Mg?*concentration was fixed at 5 mM. When compared with Figure 2a, the results in
Figure 2b show a similar trend of the (ratio)a decrease with the increasing thrombin
concentration. However, the initial (ratio)a in this case decreases with increasing [K*]. This
is likely due to the fact that K* facilitates the formation of the G-quadruplex structure in
the overhang region of the tA strand, which in turn, disrupts the sticky end of the folded
conformation. The sensitivities in the case of 5, 10, 25 and 50 mM are comparable but
slightly decrease at 100 mM. This is due to the fact that the sensor needs to bind thrombin
while it is in the folded conformation in order to cause the change in the (ratio)s and it is



likely that at 100 mM K* a majority of the sensor is already in the unfolded conformation
even in the absence of thrombin. At 0 mM K*, while the initial (ratio)a is the highest, the
sensivity is low. This also agrees with the notion that a G-quadruplex formation needs
monovalent cations, K* and Na* in particular, as stabilizer; therefore it is difficult to switch
to the unfolded structure in the absence of K*. Note that at 0 mM K* the sensor still
responds to thrombin possibly due to the background Na* (1.77 mM) used during the
sensor preparation (see Experimental section for more details) and is still present after
dilution or that thrombin itself helps to stabilize the G-quadruplex®! or both effects
combined. Focusing on the highest sensitivity, 5 mM was then chosen as the working
concentration for K*.

The effect of sticky end length and the effect of strand mixing ratio

The sticky end length was varied to find the optimum strength of the folded structure. As
already discussed, the sensivity of the sensor depends on two contradicting effects: if the
folded structure is too weak then the majority of the sensor will be in the unfolded
conformation but if it is too strong it will resist the transition to the unfolded structure
upon the binding of thrombin. In either case, the sensitivity will be compromised. The
sensor is designed to have a portion of the aptamer sequence being able to form a sticky
end so that the binding of an analyte weakens the sticky end formation. To study the
suitable sticky end length, the tA strand was kept unchanged while the tC strand was
varied in length from 17-20 bases extending in the 3’ direction (Figure1b) corresponding
to 5-8 sticky bases. As shown in Figure 3a, the initial (ratio)a and the sensitivity both
increased as the sticky base was extended from 5-7 bases. At 5-bases long the sticky end
was too short for a stable folded structure so the majority of sensors started in the
unfolded conformation, judged from the low (ratio)a and adding thrombin did not
produce a significant change. Increasing the sticky base length to 6 and 7 bases improved
the situation because more of the sensors favored the folded conformation and the
binding with thrombin was more easily measurable. From the result it might be deduced
that even though the 7-base sticky end provided good stability, it was not too strong for
an efficient transition to occur. Therefore, the sensitivity of 7-base long was more than that
of 6-base long sticky end. Extending the sticky region to 8-base long did not significantly
increase the initial (ratio)a implying that at a 7-base long sticky end, the folded species
population had already reached the plateau. However, the decrease of sensitivity at 8-base
long is likely because the sticky end became stronger and was able to compete more
effectively with the thrombin binding. As a result, the optimal length of the sticky end was
set at 7 bases.
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Figure 3. (a) The effect of the sticky base length. The sticky base length was extended in the 3’ direction of
the tC strand, and the mixing ratio for all cases was 1:1:1 (B:tA:tC). (b) The effect of the strand mixing ratio.
During the annealing process, the B strand was kept at 15 uM for all the mixing ratios.

The effect of the molar ratio of the mixing strands was also tested by fixing the B
strand at 15 pM in the annealing step while the tA and tC strands were varied according to
the desired ratio. From the results presented in Figure 3b, there were slight differences in
both the initial (ratio)a and the sensitivities from the different mixing ratios. Both the
sensitivity and the initial (ratio)awere highest in the case of the 1:1:1 (B:tA:tC) mixing ratio
and decreased with any higher portion of the tA and tC strands. We are not certain about
the reason behind these interesting results but one possibility is that at a high
concentration, free tA and tC strands start to invade the sticky end in the folded structure
of the annealed sensor, therefore, lowering the initial (ratio)s. Since the (ratio)a at high
concentration of thrombin should be comparable across all mixing ratios, decreasing the
initial value also decreases the sensitivity. More experiments are needed to verify our
hypothesis, and as far as the performance of the sensor is concerned, the mixing ratio of
1:1:1 (B:tA:tC) was used for later experiments.

Adenosine sensor

To prove that the sensor design is not limited to only one aptamer-target partner, we
chose adenosine as a second model target. Unlike thrombin, adenosine is a weak binding
target with the dissociation constant in the micro-molar range.?” The adenosine sensor
has the same B strand used for the thrombin sensor but the aptamer strand and its
complementary strand were switched to an anti-adenosine aptamer strand and an anti-
adenosine aptamer complementary strand (aA and aC strands; Figure 1 and 4). The same
working principle was applied: the majority of the sensor was in the folded conformation
via the formation of the sticky end between the aA and aC strands and the binding of
adenosine disrupted the hybridization leading to the unfolded structure. A preliminary
result in Figure 4 showed that the adenosine sensor had a high initial (ratio)a of ~0.42 in
the absence of adenosine and the (ratio)a decreased with increasing adenosine
concentration before slightly tapering off at a high concentration. This was as expected
from the behavior of the sensor as we have seen in the case of the thrombin sensor. The



linear concentration range was in the micro-molar region which also agrees well with
other aptamer based adenosine sensors.'® Therefore, the adenosine sensor followed the
same working principle and the B strand can be shared between the two sensors. We
anticipate that this concept can also be applied to many more types of sensor.

0.55
0.50 Adenosine sensor
0.45
—~<0.401%
o) 0.40_ \.
= 0.35-1 \o

£ 0.30] ~.

1 aA \
0.25 - aC?% adenosine *
] 0 o N 4 °
0201 | <R SR )

0O 10 20 30 40 50
[Adenosine] (uLM)

Figure 4. Plot of the (ratio) versus adenosine concentration showing a response from the adenosine sensor.
The sensor was composed of the B strand doubly labeled with F and TMR. The aptamer strand and the
complementary strand were an anti-adenosine aptamer and anti-an adenosine aptamer complementary (aA
and aC strands). The decrease in the (ratio)s with increasing adenosine concentration resembled the case of
the thrombin sensor with a linear detection range in the micro-molar region.

Reconfiguration

To realize the full potential of the design, we performed a reconfiguration experiment to
demonstrate that starting from the thrombin sensor, the variable domain, i.e. the tA and
tC strands, could be washed and the adenosine sensor could be constructed by
assembling the aA and aC strands on the bare B strand. The experiment was done in three
steps: the washing, the assembling and the sequential washing-assembling experiment.

Washing

The washing was done by mixing in the suitable complementary strands, the so called
washers. The single stranded overhang on the tA and tC strands served as the “toehold”?*!
for the washers to bind before strand displacement by branch migration leaving the B
strand bare. Two sets of washing strands were used to test the washing efficiency; the first
set, consisted of tAW and tCW strands (Figure 1 and 5), was fully complementary to the tA
and tC strands while the second set was shorter than the first set by 4 bases (tAW-4 and
tCW-4 strands). The reason behind trying the shorter strand version was as follows. The
washers can hybridize not only to the tA and tC strands (in the thrombin sensor) but also
to the aA and aC strands (in the adenosine sensor). After the washing step, the aA and aC



strands will be added to assemble the adenosine sensor, however the free washers still
present in the solution might prevent this assembly. This undesired effect is unavoidable
due to the design of sharing the B strand but could be lessened if the number of pairing
bases between the washers and the tA/tC strands is low. Therefore, the short strand
version of the washers (tAW-4 and tCW-4) was also tested for the washing efficiency. If
proven to be as effective as the fully complementary ones (tAW and tCW), the short strand
version will be used in later experiments.
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Figure 5. Plot of (ratio), versus washer concentrations. The annealed thrombin sensor was mixed with four
types of washers. The tAW strand (30-mer) and the tAW-4 strand (26-mer) were used to wash the tA strand
resulting in a tC-B hybrid and a ds-DNA waste (top inset), while the tCW strand (19-mer) and the tCW-4
strand (15-mer) were to wash the tC strand resulting in a B-tA hybrid and a ds-DNA waste (bottom inset). The
hybrid products have a reduced (ratio)s when compared with that of the folded conformation due to an
increase in the F-TMR intermolecular distance upon loss of the sticky end.

Figure 5 shows the results from mixing the washers at different concentration with
a 133 nM thrombin sensor. The steep drop in the (ratio)a at the beginning was likely due to
the removal of the tA strand (or tC strand, depending on the washer being used), and
resulted in the disruption of the folded structure. Once the washing was complete, the
(ratio)a reached a terminal value and remained unchanged even with increasing amounts
of the washers. Note that only small amounts (less than 500 nM) of the tCW and tCW-4
washers were needed for complete washing, while a larger concentration of the tAW and
tAW-4 washers was required. This was not unexpected because the tCW - tC and tCW-4 -
tC strand hybridization (27 bases and 23 bases) were longer than that of the tAW - tA and
tAW-4 - tA strand hybridization (19 bases and 15 bases) so allowing the strand
displacement to occur more easily. Also from the results, it can be seen that the short
strand version of the washer was as effective as the full length and they will be used in the
later steps.

It is of interest, that the terminal (ratio)a in the case of using the tCW and tCW-4
washers (~ 0.3) were approximately 50% higher than that in the case of using the tAW and



tAW-4 washers (~0.2). Since the structures of the washed products should be very similar
between the two cases (Figure 5 inset), this difference was unlikely to be caused entirely
by the difference in the average F-TMR intermolecular distance. This led us to consider
another factor that could affect the FRET efficiency (and the (ratio)s). When the tA strand
was removed, fluorescein was at the end of a single stranded region while when the tC
strand was removed, fluorescein was next to an overhang. As a result, fluorescein in both
cases was in a different immediate environment. There have been several reports on the
dependence of the fluorescence quantum yield of fluorescein (®¢) on its surroundings.?*
Among them, Holden and coworkers reported that ®: when the dye was next to an
overhang was up to 40% higher than in the case where the dye was labeled at the end of
the single stranded DNA.”**! Therefore we hypothesize that when the tC strand and the tA
strand were removed, it was possible that @ in the former case was higher than that in
the latter case. Since the higher ®r means the longer is the Forster distance R, ", and this

leads to a higher FRET efficiency even though the average intermolecular distances are the
same.

Assembling

For the assembling experiment, the B, aA and aC strands were mixed and incubated at
room temperature. The concentration of the B strand was kept at 133 nM while the
concentration of the aptamer and the aptamer complementary strand were varied. The
(ratio)a was measured before and after adding 50 uM of adenosine to check the sensor
response and the results are presented in Figure 6. In the absence of adenosine, the
(ratio)a of the B strand (first open column) was ~ 0.34. After mixing the aC and aA strands,
the (ratio)a slightly dropped initially (at 100 nM), increased afterwards and then continued
to decrease again at higher concentrations. We hypothesize that the slight decrease of the
(ratio)a at the beginning was due to a partial binding of the aC and aA strands onto the B
strand. The partial binding was likely to stretch a portion of the B strand where the
hybridization occurs resulting in a longer F-TMR separation and a lower (ratio)a. At higher
concentration of the aC and aA strands, the annealing was more complete. Annealed
sensors were capable of forming sticky ends therefore increasing the (ratio).. We are still
not certain about the reason for the decreasing (ratio)a with the increasing aA and aC
strands concentrations. Because the thrombin sensor showed a similar behavior where the
initial (ratio)a dropped with an increasing mixing ratio of the tA and tC strands (Figure 3b),
we hypothesize that this might be due to unwanted intermolecular hybridization among
different sensors due to an excessive aA (or tA) and aC (or tC) strands. More investigations,
such as using Fluorescence Cross Correlation Spectroscopy (FCCS) measurements®! could
be very helpful to verify our hypothesis.
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Figure 6. Plot of the (ratio)s versus the anti-adenosine aptamer (aA) and anti-adenosine aptamer
complementary (aC) concentrations. The B, aA and aC strands were mixed together and for every sample, 50
puM of adenosine was added afterward to check the sensor response.

In the presence of 50 uM of adenosine, the (ratio). decreased in every sample. In
the case of the B strand alone (the first open column in Figure 6), the decrease was
approximately 7% and was likely due to a non-specific interaction between adenosine and
the B strand. However, in the presence of the aA and aC strands, the decrease was more
pronounced (up to approximately 20% at 200 nM aA and aC strands concentration) and it
was likely to come from the binding between the sensor and adenosine. Therefore despite
the possible non-specific binding at the beginning, we believe that the functioning sensor
can be constructed at room temperature by simply mixing the three strands together.

Sequential washing and assembling

In the final step, we demonstrated that the thrombin sensor can be reconfigured to be the
adenosine sensor by means of sequencial washing and assembling, which can be done in
one experiment. We divided this experiment into six mixing steps and at each step the
mixture was diluted and the (ratio)a was measured. The result is shown in Figure 7. Next to
each data point is a cartoon drawing, along with its name of an anticipated sensor form,
an expected (ratio)a (the first number in a parenthesis) obtained earlier from previous
experiments and an actual (ratio)a measured in this experiment. In the mixing step #1 the
measured (ratio)a was ~ 0.43, while washing away the tC strand in step #2 made the
(ratio)a drop to 0.20 and removing the tA strand in step #3 made it increase to 0.33; and all
agreed well with the expected values. In step #4, the aA strand assembly on the B strand
decreased (ratio)a to 0.21, which was still close to the expected value. The measured
(ratio)a of ~0.35 after incorporating the aC strand in step #5 was lower than the 0.42
obtained previously (the initial (ratio)a in Figure 4). We believe that this was due to the fact
that in this experiment the assembly was carried out at room temperature not at 90 °C as



done previously. Therefore, there might still be some unwanted secondary structure
hindering the annealing. Nevertheless the reconfigured sensor still responded to 20 uM
adenosine as shown in step #6. Note that a perfect match between the expected and the
actual (ratio)a in this step could be merely incidental. In summary, the results from the
mixing step #1 to #4 agreed quite well with the expected values and in the mixing step #5
it was likely to have incomplete annealing. However, the sensor still behaved in the
direction that we anticipated. Consequently, this experiment verified our claim that by
dividing a molecular beacon aptamer into 2 parts, one type of sensor can be reconfigured
to be another type by a simple washing — assembling of the variable domain while the
expensive labeled constant domain is still in use. Even though the current version of our
sensor, being free in bulk solution, has some limitations, such as some incomplete
annealing or the wastes that keep piling up after each step of mixing, it has been
successful in proving that our principles are correct . Some modifications, such as surface
immobilization, should improve its performance. We believe that the design will be
beneficial especially in an area of low cost-high throughput screening based on a DNA
chip where large amounts of DNA sensors are used to detect multiple targets. By
immobilizing our sensor on the surface, the chip design and construction will be more
flexible and can be reconfigured to detect multiple targets several times. This in turn is
likely to drive the production and operation cost down drastically.
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Figure 7. Plot of the (ratio)x taken from different mixing steps of the sequential washing and assembling
experiment. For a given mixing step, the cartoon drawing next to each data point shows the expected form
of the sensor along with its name, the expected (ratio)a (first number in the parenthesis) is deduced from the
results shown previously and the actual (ratio)s (second number) measured in this experiment. The expected
(ratio)a of the mixing step #4 is assumed to be the same as that of the mixing step #2 due to structural
similarity even though no prior measurement has been made. See the Supporting information for the
mixing procedures.

3. Conclusion

In this study, we have demonstrated that a reconfigurable molecular aptamer beacon was
possible to construct. By dividing the sensor into three modules, the expensive labeled
part was static, and is shared while the anti-target aptamer part was labile and can be
replaced at low cost. We chose to construct a thrombin sensor and an adenosine sensor
using this concept and the performances were comparable to conventional molecular
aptamer beacons. Once created, the thrombin sensor can be reconfigured to be an



adenosine sensor on the fly by the help of proper washers. Though there is some room for
improvements on the efficiency of reconfiguring, we believe that with some
modifications, such as surface immobilization, we can push this prototype into real use,
especially in an area of high throughput detections based on a DNA chip where various
types and large amounts of molecular aptamer beacons are immobilized for detection of
multiple targets.

Experimental section
Materials

DNA constructs: All oligonucleotides were purchased from Integrated DNA Technology
(IDTDNA, Coralville, IA, USA). Shown in Figure 1b are the DNA sequences and names: the
base (B strand) is a 30-mer labeled on the 5’ end with fluorescein (F) and on the 3’ end with
tetramethylrhodamine (TMR). The anti-thrombin aptamer strand (tA strand) is a 30-mer
designed to hybridize to the B strand on the 3’ end with a 12 base long double stranded
region to ensure the stability during working conditions. The rest of the tA strand contains
the canonical 15-base anti-thrombin aptamer sequence.?”” The anti-thrombin aptamer
complementary strand (tC strand) has various lengths from 17 to 20 bases. Twelve bases of
the tC strand hybridize to the B strand on the 5" end while the rest is the sticky bases
complementary to the anti-thrombin aptamer in the tA strand overlapping the thrombin
binding region. The anti-adenosine aptamer strand (aA strand) is a 39-mer and the anti-
adenosine aptamer complementary strand (aC strand) is a 20-mer. Similar to the case of
the tA and tC strands, both the aA and aC strands form a 12-base double stranded region
with the B strand and a sticky region to each other. The labeled oligos were purified by
reverse phase HPLC as a standard procedure of the manufacturer and the unlabeled oligos
were desalted. No further treatments were performed prior to use. The design of the
oligos was done heuristically with the aid of using SciTools (provided by the manufacturer
at www.idtdna.com) to minimize any unintended secondary structures.

Thrombin: Thrombin from human plasma was purchased from Sigma (T6884 Sigma
Aldrich, St Louis, MO, USA). The concentration of thrombin was calculated by measuring

the ODas0 and using E} =18.3 provided by the manufacturer. The protein was stored in

0.1% w/v BSA (B4284 Sigma Aldrich, St Louis, MO, USA) in 10 mM Tris pH 8.0, and kept as
200 pl aliquots at -20° C for long term storage. For each measurement, the thrombin
solution was thawed and mixed well prior to use. Each aliquot was used only within 5 days
after thawing.

Adenosine: Adenosine was purchased from Sigma (A9251 Sigma Aldrich, St Louis, USA).
The concentration was calculated by using €:50= 15,400 M'' cm.128

Sensor preparation

Stock solutions of oligos were made by diluting lyophilized DNA powder in DI water. The
concentrations of the stock solution of unlabeled oligos were obtained by measuring the
ODaso using the extinction coefficient values provided by the manufacturer. The
concentration of the stock solution of the doubly labeled oligos were calculated from the
measured absorption of TMR at 558 nm (ODsss) using the extinction coefficient value of



75,200 M cm™.29 The stock solutions were then kept as 200 pL aliquots at -20° C for long
term storage. An annealed thrombin sensor was prepared by mixing the B, tA and tC
strands at the desired ratio in the presence of 200 mM NaCl in 10 mM Tris pH 8.0. For the
1:1:1 (B:tA:tC) strand mixing ratio, 15 uM of each was used and scaled up accordingly for
the higher mixing ratio. The mixture was incubated at 90°C for 10 minutes in a water bath
and left to cool down to room temperature overnight. An annealed adenosine sensor was
prepared by the same method.

FRET measurement and analysis

The (ratio)» measurement: The conformational changes of the sensor were followed by
measurement of the Forster Resonance Energy Transfer (FRET) efficiency. In short, FRET
efficiency E is related to the intermolecular distance R between the FRET donor

(fluorescein in our case) and the FRET acceptor (tetramethylrhodamine in our case) by

6
0

RS +R°
work we measured E via the (ratio)s method.?® Selecting fluorescein and
tetramethylrhodamine excitation wavelengths near their absorption maxima at 495 nm
and 550 nm respectively , the (ratio)a is related to E as follows:

y XsF(495)xE+eTMR(495)

+B €1 (550)

Where vy is the fraction of sensors with a complete donor-acceptor labeling
B is the fraction of sensors singly labeled with only acceptor
& (495), €5 (495) and g,,.(550) are the extinction coefficient of

fluorescein at 495 nm, of tetramethylrhodamine at 495 nm and at 550 nm, respectively.

Alternatively, the (ratio)a can be taken as a ratio between the TMR total emission
intensity being excited at 495 nm (via the effect of FRET combined with that of direct
excitation) and the TMR total emission intensity being excited at 550 nm (via the effect of
direct excitation alone), as shown in Equation (2) (adapted from %),

ZFTMR ()‘495' 7\1)
(ratio), =&——— )

z FTMR ()\550 ’ >\i )

Therefore, the (ratio)a is measured by first taking an emission spectrum with an
excitation wavelength at 495 nm and removing the contribution of the donor emission
using a known fluorescein emission spectrum. Then the second emission spectrum is
obtained by a 550 nm excitation. The (ratio)a is the ratio of the spectral area of the two
spectra. (See the Supporting information for more details.)

All emission spectra were measured on a Perkin Elmer LS55 spectrofluorometer
(Perkin Elmer Inc., Waltham, MA, USA). To ensure that the measured emission signal
represented the total fluorescence intensity, an excitation and an emission polarizer were
employed during the measurement. For a given measurement, the excitation light was
maintained vertically polarized by the excitation polarizer, while two emission spectra
were collected: one with the vertical emission polarizer and the other with the horizontal

emission polarizer. The two obtained spectra were denoted F,, (A, A) and F,, (A, ]).

ex/’ ex/’

where R, is the Forster radius defining the separation when E is 50%. In this

(ratio)A = (1)



The spectrum representing the total fluorescence intensity F, (A,.,A) was constructed

ex/’

by calculating the total fluorescence intensity at each emitted wavelength A, using®'™
Ftotal (Aex’ )\i ) = FW ()\ex’ Ai)+2 X G(AI ) X I:VH ()\ex’ >\|) (3)

I:HV (Aex’ }\i )

Where G(\
( FHH ()\ex’)\i)

) is the G factor at a given A, obtained from G(\,) =

Thrombin and adenosine titration: The annealed thrombin sensor (designated tC-B-tA)
or the annealed adenosine sensor (designated aC-B-aA) was diluted from the annealing
stock with 10 mM Tris pH 8.0, mixed with MgCl, and KCl stock solutions and incubated in a
micro-centrifuge tube in the dark at room temperature for 30 minutes. Thrombin or
adenosine was then added and the incubation allowed to proceed for 1 hour. Unless
specified otherwise, the final mixture was 133 nM tC-B-tA (measured from the absorption
of TMR at ODsss) in 0.1% BSA in 10 mM Tris pH 8.0 containing residual 1.77 mM NaCl used
in annealing and various concentrations of MgCl,, KCl and thrombin/adenosine.

Washing: The annealed thrombin sensor (tC-B-tA) was diluted with 10 mM Tris pH 8.0,
mixed with MgCl, and KCl stock solutions and incubated at room temperature in the dark
for 30 minutes. Then the washer strand (tAW, tAW-4, tCW or tCW-4) was mixed and the
solution was incubated at room temperature for 1 hour. The final mixture was 133 nM tA-
B-tC in 0.1% BSA in 10 mM Tris pH 8.0 containing residual 1.77 mM NaCl used in the
annealing, 5 mM MgCl,, 5 mM KCl (obtained from optimization) and various
concentrations of the washer strand.

Assembling: The B strand was diluted with 10 mM Tris pH 8.0, mixed with MgCl, and KCI
stock solutions and incubated at room temperature in the dark for 30 minutes. Then the
aA and aC strands were mixed and the solution was incubated at room temperature for 1
hour. The measurement was done for the sample with no added adenosine. For the
sample with adenosine, it was added afterwards and incubation was allowed for another
hour before measurement. The final mixture is 133 nM of the B strand in 0.1% BSA in 10
mM Tris pH 8.0 containing residual 1.77 mM NaCl used in the annealing, 5 mM MgCl,, 5
mM KCI, various concentration of the aA and aC strands and 50 uM adenosine.

Sequential washing and assembling: The experiment was divided into 6 sequential steps:
#1 annealing of the thrombin sensor (tC-B-tA), #2 washing of the tC strand, #3 washing of
the tA strand, #4 assembling of the aA strand, #5 assembling of the aC strand and #6
testing the response with 20 uM adenosine. The (ratio), was measured for each of the six
steps. For a practical reason, the sample preparation was carried out in 6 batches for the 6
reaction steps. The details of the preparation can be found in the Supporting information.
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Supporting Information

(ratio), measurement: From Equation (2), the (ratio)a can be measured by the following
method". In detail, first, an emission spectrum with an excitation wavelength at 495 nm
(Foa (495,)), Figure S1) and another emission spectrum with an excitation wavelength at

550 nm (F,, (550,\)) are measured. Then the unwanted contribution of the donor
emission in spectrum F,, (495) is eliminated by subtracting a fluorescein emission
spectrum (F, (495,1)), adjusted to have the peak height matched with that of F,, (495)
to yield only a TMR emission spectrum sensitized by FRET. The obtained spectrum is called
Fon (495))-F,(495). The numerator in equation 2 is the area under the spectrum
Fon (495M)-F, (495)), whereas the denominator is the area under the spectrum
Foa (550,M).

550- ——F,, (495, %)

2007 ——F,(495, 1)

450 .
———F,,(495, ) - F (495, )

400

3504 —F,.(550, )
300
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Fluorescence intensity (A.U.)
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Figure S1. A set of emission spectra necessary to calculate the (ratio)a value. F,, (495\)
and F,, (550,)\) are fluorescence emission spectra taken from a sample doubly labeled

with a fluorescein (donor) and tetramethylrhodamine (acceptor) excited at 495 nm and
550 nm, respectively. F,(495)) is an emission spectrum taken from the sample singly

labeled with fluorescein excited at 495 nm with peak height adjusted to match that of



spectrum F,, (495\). F,, (495\)-F,(495\) is a spectrum obtained by subtracting
spectrum F,(495\) from spectrum F,, (495\). It represents an acceptor emission
spectrum being excited via FRET and by direct excitation at 495 nm.

Sequential washing and assembling:

There were 6 batches corresponding to the 6 mixing steps.

Batch #1: The solution of 15 uM of the annealed thrombin sensor (tC-B-tA) in 200 mM
NaCl in 10 mM Tris pH 8.0 was incubated for 1 hour (at room temperature in the dark,
unless stated otherwise). Then the sensor was diluted and mixed with MgCl, and KCl and
incubated for 30 min. Then BSA was added in the final step and the mixture was incubated
for 1 hour prior to the (ratio)a measurement. The final mixture contains 133 nM (based on
the B strand concentration) of the annealed thrombin sensor (expected to be tA-B-tC) in
0.1% BSA in 10 mM Tris pH 8.0 having a residual 1.77 mM NaCl used in the annealing step,
5 mM MgCl, and 5 mM KCl.

Batch #2: The solution of 15 uM of the annealed thrombin sensor (tC-B-tA) mixed with
75 UM of the tCW-4 strand in 200 mM NaCl in 10 mM Tris pH 8.0 was incubated for 1 hour.
Then the mixture was diluted and mixed with MgCl, and KCl and incubated for 30 min.
Then BSA was added in the final step and the mixture was incubated for 1 hour prior to
the (ratio)a measurement. The final mixture contains 133 nM (based on the B strand
concentration) of incomplete thrombin sensor (expected to be B-tA) and 665 nM of the
tCW-4 strand (total in all forms) in 0.1% BSA in 10 mM Tris pH 8.0 having a residual 1.77
mM NaCl used in the annealing step, 5 mM MgCl, and 5 mM KCl.

Batch #3: The solution of 15 uM of the annealed thrombin sensor (tA-B-tC) mixed with
75 uM of the tCW-4 strand and 75 uM of the tAW-4 strand was incubated in 200 mM NaCl
in 10 mM Tris pH 8.0 for 1 hour. Then the mixture was diluted and mixed with MgCl, and
KCl and incubated for 30 min. Then BSA was added in the final step and the mixture was
incubated for 1 hour prior to the (ratio)a measurement. The final mixture contains 133 nM
(based on the B strand concentration) of the incomplete sensor (expected to be B), 665 nM
of the tCW-4 strand (total in all forms) and 665 nM of the tAW-4 strand (total in all forms) in
0.1% BSA in 10 mM Tris pH 8.0 having a residual 1.77 mM NaCl used in the annealing step,
5 mM MgCl, and 5 mM KCl.

Batch #4: The solution of 15 uM of the annealed thrombin sensor (tA-B-tC) mixed with
75 UM of the tCW-4 strand, 75 uM of the tAW-4 strand and 30 uM of the aA strand was
incubated in 200 mM NaCl in 10 mM Tris pH 8.0 for 1 hour. Then the mixture was diluted
and mixed with MgCl, and KCl and incubated for 30 min. Then BSA was added in the final
step and the mixture was incubated for 1 hour prior to the (ratio)a measurement. The final
mixture contains 133 nM (based on the B strand concentration) of the incomplete
adenosine sensor (expected to be B-aA), 665 nM of the tCW-4 strand (total in all forms),
665 nM of the tAW-4 strand (total in all forms) and 266 nM of the aA strand (total in all



forms) in 0.1% BSA in 10 mM Tris pH 8.0 having a residual 1.77 mM NaCl used in the
annealing step, 5 mM MgCl, and 5 mM KCI.

Batch #5: The solution of 15 uM of the annealed thrombin sensor (tA-B-tC) mixed with
75 uM of the tCW-4 strand, 75 uM of the tAW-4 strand, 30 uM of the aA strand and 30 uM
of the aC strand was incubated in 200 mM NaCl in 10 mM Tris pH 8.0 for 1 hour. Then the
mixture was diluted and mixed with MgCl, and KClI and incubated for 30 min. Then BSA
was added in the final step and the mixture was incubated for 1 hour prior to the (ratio)a
measurement. The final mixture contains 133 nM (based on the B strand concentration) of
the annealed adenosine sensor (expected to be aC-B-aA), 665 nM of the tCW-4 strand
(total in all forms), 665 nM of the tAW-4 strand (total in all forms), 266 nM of the aA strand
(total in all forms), and 266 nM of the aC strand (total in all forms) in 0.1% BSA in 10 mM
Tris pH 8.0 having a residual 1.77 mM NaCl used in the annealing step, 5 mM MgCl, and 5
mM KCl.

Batch #6: The solution of 15 uM of the annealed thrombin sensor (tA-B-tC) mixed with
75 UM of thetCW-4 strand, 75 pM of the tAW-4 strand, 30 uM of the aA strand and 30 uM of
the aC strand was incubated in 200 mM NaCl in 10 mM Tris pH 8.0 for 1 hour. Then the
mixture was diluted and mixed with MgCl, and KCl and incubated for 30 min. Then
adenosine and BSA was added in the final step and the mixture was incubated for 1 hour
prior to the (ratio)a» measurement. The final mixture contains 133 nM (based on the B
strand concentration) of the annealed adenosine sensor (expected to be aC-B-aA), 665 nM
of the tCW-4 strand (total in all forms), 665 nM of the tAW-4 strand (total in all forms), 266
nM of the aA strand (total in all forms), and 266 nM of the aC strand (total in all forms) and
20 puM of adenosine in 0.1% BSA in 10 mM Tris pH 8.0 containing a residual 1.77 mM NacCl
used in the annealing step, 5 mM MgCl, and 5 mM KCl.
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