CONTROLLABLE ASSEMBLY AND DI SASSEMBLY OF NANOPARTI CLE
SYSTEMS VI A PROTEI N AND DNA AGENTS [ 0001] This is an

wo ndosnmabi onal (PCT) application which clai ns PCT/O82009/045983
to U S Provisional Application No. 61/058, 037, filed
June 2, 2008, which is incodporated herein by
reference [0002] This invention was nmade with

iy

invention relates to the use of peptldes protelns
and other oligonmers to provide a nmeans by which
normal | y quenched nanoparticle fluorescence may be

[000COVERRds MPRferffical (PUIT)AbpRcatidh S@lich @ik Pridrity to U.S.
Further, the invention provides a structure and net hod

Pro%gloggir%}yqlgzgtté?rglﬁﬁ e&lt/d)%ﬁf fﬂ rlgrﬁ 2 O%C%hfcﬁ éé’\int:!gx?)\'ﬂfatédqﬁerein

nee e target ecu ef ore detection.
])]%% OS% Nanot echnol ogy research and its findings have
YI5EEA St udied in many di fferent research areas and are
bei ng_applied for the devel opnent of scientific and
[0002]gus T Prsarqueeﬁ NEF Sde ylthﬁ%wnaeem ARRP &Y Wder epfitiast number
sensors, and catal ysts. Frontier energy, nedical, and
DE-¢€ciPr93GH 84t adardethby theRhS| Dggarmmdnt otiEpaey dhe Glgernment
integration and optim zati on of nanoparticle -based

has tetdinelkh@iie thedficknbion) ogi cal sciences to design hybrid
materials for increasingly cleaner and nore efficient
energy conversion and storage, as well as biol ogica

sensors havi ngg| @ﬁ{ @@H?B@SﬁﬁEYNVE &h integration

requr res not o hanopart i C| e

[00@]; g’ Tﬁg AREnticrE a(t) SsI tto tl?enuse o? peptPJeg ap(%gteﬁls ozg)n%rottfler o’hgomers to

provide a means by which normally quenched nanoparticle fluorescence may be
recovered upon detection of a target molecule. Further, the invention provides a structure
and method to carry out detection of target molecules without the need to label the target
molecules before detection.

[0003] Nanotechnology research and its findings have been studied in many different
research areas and are being applied for the development of scientific and industrial
technologies, such as nano electronics, sensors, and catalysts. Frontier energy, medical,
and security-related nanotechnology will depend on the integration and optimization of
nanoparticle-based technologies and biological sciences to design hybrid materials for
increasingly cleaner and more efficient energy conversion and storage, as well as
biological sensors having increased sensitivity. Such integration requires not only the

precise control of nanoparticle size, shape, composition, and surface properties, but also
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ability to self-assenble and di ssoci ate nanoparticles
wowaob/1ewnt rol | ed kinetics and final assenbly npepostooyy45983

under conditions tolerated by biol ogical systens.

[0004] Currently, the self- 8ssenbly of nanoparticles

with netallic (Au, Ag, Pt), sem conductive (CdSe, CdS,

n GaAs), an etic (Fe20 ). propertie i.ng. .
the Bl e e ST R BB Gle T G R YU byt el igils and fina
approaches: (i) DNA-based systens and (ii) protein-
asseudpogRhologyaunsgr egpslitians tolqmgtedrbyrhiploatshles ysisB| ficity
and programmabl e i nteractions of DNA all ows
[0064] f - Eszemby), yheofelfEINSercld pjoli gatopdrticdn opdr mewlleg Aand g, Pt),
construction of conplex architectures. Their

semGBh@Xet( 8O dSras| @nad)i ind mBghebie (@&mﬁﬁeﬁerﬁb@usﬁ
i ncor poration of protelns that function as biol ogica

biol® @§IOJL§1d91r 1Sk IR AR %g Ao %@ﬁo&ﬁ@g f(ﬁ IEsheA.- b-gg@ systems

based self assenbly ystens e shown grea
O cal O rsS. Ci
andgu)égro é:éns (P%P%degr ganl S stgﬁlrs f Lhele ar e S CCI% CR Pl%tgra(r]nmable

1nte?ﬁlggﬁlit1 hes]i Iw(g,e&glé g?sr;m?p SEl ﬁchgggl %Sr%ggwegc es and
successfully used for the constructlon of

congfenetion pliearnples arghiiecteies. - Thsiaebipjexdty and dungsianaity may be
nanoparticles. Due to the functional variety of

extepred eianiss intbigocoioh ol atatdns hht A oreaschiglo gicel sendras edas
systens is receiving considerable attention to design

orgdied b0k pl&ly RafeidR anRMBNALbALS self-8Q08b1yHetems have shown
sel f-assenbly of nanoparticles and progranned conpl ex

I f
e
ntroduced in 1 neer s of
S St A e S 0,0
assenbl i ng nanopartlcles into macroscopic materials,”
Alspabapetidsghyvssey sugsessgiiz-ed for tooenseion qf yipgestiystures and
and co-workers, "Organization of 'nanocrystal
self rav$eduy eéinomhglammrﬁclmtmep tI38R06592) vargty 609081k, the
1996, both of
combination of DNA- and protein-based systems is receiving considerable attention to
design functional hybrid nanomaterials.
[0005] The self-assembly of nanoparticles and programmed complex architectures
using DNA have been demonstrated. DNA-induced self-assembly of nanoparticles was
first introduced in 1996 by pioneering papers of Mirkin and co-workers, “A DNA-based
method for rationally assembling nanoparticles into macroscopic materials,” Nature,
382(6592): p. 607-609, 1996, and Alivisatos and co-workers, “Organization of
‘nanocrystal molecules’ using DNA,” Nature, 382(6592): p. 609-611, 1996, both of

which articles are hereby incorporated by reference in their entirety. The ability of
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which articles are hereby incorporated by reference in
their entirety. The ability of

wORNwA®I305/ 024W0. 604908vi Docket No. PCT/US2009/045983
1004305. 024Wospeci fic hybridizati on of DNA was
utilized for self-assembl y-8f nanoparticles on which
single stranded DNA (ssDNA) is chem cally inmmobilized.

. at. tai ne ad | e str nded
speqi R Kk ca LR i Wil Tob el BneRpRe g Tobo i Ten Bt
conjugated to the partlcles The aggregation of ssDNA
smgé@ﬁf'«\slaad P essBPayts eheaycally igug Agemsgatitiafigfebtyiped by
physi cal and optical properties, and was applied to
addohetasgi glOMAandAdi tinkdrddN AfwlesObidsf wearg rempleomnpire trethe aslYNAs
to the linker results in dissociation of the

confi@gtee gathe partildseThad doredayion bh S BYAceMus@Bd hgnopagicared
such that the DNA fragments to be detected function as

accdrﬁ%nﬁé Ehan%&eofgig&él&ﬂ%n@ Bgﬂ@aﬂ) rt{%fs %as}’é@*)ﬁ&i to detect

end On sequen and ke it poss eto

DNAexgdi?lon ol? tﬁﬁ%ffragp%gtn&n%ﬂégmeﬁt?rsz tg %%:r er resull?sy in dissociation of

I"hcreasi ng ures
sequence-dependent neltin ert| s al | ow det ec

the ggetega éﬂﬁlgl@melw{l%fwﬁm fasf g seripaight BaA Khagments o
nanoparticles. [0006] Gol d- nanopartlcle uenched

be defegtpddyeasion as theglorkge | Tdetmalerg propeartiea peDies ivdmedddpend on
conpl ementary binding at their 3' and 5 ends to form

seqenbabmidlengtht makd i pessiflawerehere thesel-aasenhdy ef theapgregates by
beacons for detecting target DNA that hybridizes to

incrbdlgh Hi@ipRiafursd (FIE Y Ehe §eg cbldBBeriden@itlga 9 elfueg hBow
quenched fl uorescence. 007] croarray nology IS

detedi6 1 b RS Fhofs n_BIIA k I 1
“ UantOfI:){] @a{pIBOH O?a ar gse nu 6]%521&% IC BNA or
nts. arra sed tens :
[00@“\ pel PRA Bitopiga ot SRRtV %OIE&?}‘FPH@%%’ thappre designed
C-DNA. ssDNAconj ugat ed nangparticl es have been used as
or ¢URRIPagRtALY hl@dlpg abideir Reid ' sRdfeto fAPN 8 dalrpig stpeigres hayepeen
addition, the specific interaction of DNA has been
lme®3$m0kmubrbameniﬁﬂd@ﬂﬂh@ﬁﬂ@ebDN@M@miamddass&mbbyampm
t he building blocks to construct sophisticated
strug@esYRdstiitdg iRBhission of the quenched fluorescence.
[0007] Microarray technology is used on a routine basis for high through-put
quantification of large numbers of different DNA or RNA fragments. The array-based
systems require labeling of target DNA, or RNA, via synthesis of C-DNA. ssDNA-
conjugated nanoparticles have been used as candidates to probe their target molecules.
[0001] In addition, the specific interaction of DNA has been used to create DNA building

blocks, and assembly of the building blocks to construct sophisticated geometries and

morphologies.
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nmor phol ogi es. NY:i 004305/ 024W0O 604908vi Docket No.

1004305. 024WOSUMVARY [ 0008] Wil e the above nenti oned
wQyEvas®Itr equi re hybridi zati on of conpl enent ar pCDER009/045983

strands as a prerequisite for correct assenbly, and

di sassenbly is obtained by- ﬂEItlng of the DNA at

el evated tenperatures, the processes will often result

in the irreversible ina [ of functiona

noi eti es, such as prote&i@lﬁﬁﬂgflnventive nmet hod

allows for controllable assenbly of non-conpl enentary

[00@8]n9| Whilerthe,afeaye Dm_tlopgcgmmn)s r@q}ﬁqu@/@glé@atlon of complementary

nanoparticles, using the gene 5 protein (gbp) as a
DNAwuitrecdd ara prelegerditbfandbmect tassembdy, and dispssesbl yeils obsibNA by

strands. Control of assenbly kinetics of particle

melﬁﬂ% bEGRIESA a8flcbfeDRhipeR@tley itke HOEICACRHISTRGIrEIWlt in the
ridization with conplenentary ssDNA (C ssDNA),

1rre¥\4?élbfé 1B£1§1V§ﬂ1@ﬂsofq{1n@tgﬁlﬁﬁﬂ9feﬁ§s ls@c R St‘alﬂs eﬁh@i}ﬁventlve tglllethod

adj ustnment of the gbp concentratlo The control

allo%ls %% S% e[rb lélbl as sem%lyq??p A3 Q%}éﬁ% ary ﬁmgP StI‘baIeldet e ‘E)NA )

di Za% *OH Wit OWs regu |on
of assenbl Ki netics and effective decom positjon

conblglatlefi @p]éopé&@leégg%né% thet2epg o prdein 6&5@@6@6}&1 ? glue %mdmg to
tenperatures. In addition, the %Sp'prpteln al l ows for

twotahg-pacist 5sLBX A sansts. €l iob assembhdigoetisis wé particle aggregates can
derivatives that contain poly-histidine or other

be abkdinaal tiy sécqmgscet dpatifialhlybrdivgsewiph obreplemehiary ssDNA (C-ssDNA),
specifically bind to surfaces of nanoparticles. This

whiftl th@Wse 69&%5,& &at@fis BOthd1188 5§ ABuYRAE oting 35 86 RIeMtrion. The
nanoparticles wi thout thermal” treatnent, and easy

contOEHIPLRERALLRB g%ff s nggtepeé sfﬁ\IA Qé}rﬁpl@lﬁpaﬁsnl%gt{l g %ered b\sl hﬁbrldlzatlon

nanostructure rring the potent

witf R RS SRRl P e by Bl £ Bl R o B €3

provi de a nmeans by which normally quenched
POSlrﬁlﬁﬁ Op ariticle|ageragaish akioamcy Mhysiolsgicabiemperagyey pyaddition, the g5p

detection of a target nolecule. Further, the inventive
protemchiveisdgythp constigiegon of functional, recombinant derivatives that contain

poly-histidine or other affinity tags that allow these proteins to specifically bind to
surfaces of nanoparticles. This allows control of both assembly and disassembly of
nanoparticles without thermal treatment, and easy incorporation of proteins into DNA-
based nanostructures, conferring the potential to design complex nanomaterials.

[0009] The invention relates to the use of peptides, proteins, and other oligomers to
provide a means by which normally quenched nanoparticle fluorescence may be
recovered upon detection of a target molecule. Further, the inventive technology provides
a structure and method to carry out detection of target molecules without the need to label

the target molecules before detection. In another aspect, a method for forming arbitrarily
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a structure and nethod to carry out detection of
target nol ecules without the need to | abel the target
wodoeawdoes before detection. I n another aspectPCHUS2009/045983
nmethod for formng arbitrarily
NY: i 004305/ 024W0. 604908vi Décket No.
1004305. 024VIbhaped two- and three-di nensi ona
ot ei n- di .ed nangpart.icle.structures and t
Shaﬁ)eéistmof 5 ete HFB%%"S R UcigdRed 5 ganappyics Sﬁ’%lcﬁ’é%ﬁ adithg
structure formation may thensel ves be functionalized
resupfingstiicipses ae gessFibed Frefpinghicdiatiag strpgoredpripaiiogdgngy themselves
enbodi nents of the invention, a controllable and
be fnest@nglizpdevigdss earidty obisehd mopeticsi cl es usi ng t he g5p
protein or simlar DNA binding proteins is provided.
[0010] SOIEson® drabidimeithOf MaNARALbH.C @ trallghle BidRsistleshsembly
in DNA and/ or RNA and the nanopartlcles are assenbl ed

of nAhSFArE1UG Ifgoché gf’rp g ioRdh BEsiRRE BINK bi!nﬁm%tﬂ;@t"em\é% bl%(}fd%d In

th nanopar ti cl re encapsul ated wt nucl eoti de

oAb iR 1R A SRRL T Eh SR gL R B STl

mul ti - di mensi onal structure conprising bran hes 0
nangpaiiyfles AF AEHEOFIDND ARBYIBIGRNANIAY BIOEER kOt E?rnmﬂﬁats the

protein, and nanoparticles. Sone enbodi nents of the
nanppayegied an catapoulpicd withea uoleotide dingingproteas end ge nanoparticles
preparing a controllable and reversible assenbly of
are aaanplked twitl BN Ausidhg RN AuSbaetendedihentd prgvide atreulti-dimensional
[0011] Ot her enbodi nents of the invention provide a

struBt‘dﬁé &nkprive LChrRhdhdl BYsiRE10 L @hTHE I A @Hd/BNANES $1aRIeb@debinding
that conprises non-conpl enentary DNA or RNA strands

protk&?ih %Ogél%gfels eg&lng %n@o&%erﬂgs &l ﬁ"l'vgntl(ln qgoi;lro%}ﬂ%' l ethod or

Iments o e 1 nvention provi ecu

whi.ch co flua scent quenched
proGiS f Pt i §STTalsp B b ESSSbIGHE e B usine a
conprising ssDNA bound to fluorescein and a second
nuckeefifgrbinBia B INDABCYL. The switch can be turned "on"
by hybridi zing a conpl ementary ssDNA or
[0011] Other embodiments of the invention provide a nucleic acid binding protein-

mediated DNA assemblage that comprises non-complementary DNA or RNA strands
bound to a nucleotide binding protein.

[0012] Still other embodiments of the invention provide a molecular switch which
comprises a fluorescent quenched “off” position and a fluorescent emission “on”
position, comprising ssDNA bound to fluorescein and a second ssDNA bound to
DABCYL. The switch can be turned “on” by hybridizing a complementary ssDNA or

ssRINA to either the fluorescein-ssDNA strand or the ssDNA- DABCYL strand.
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SsSRNA to either the fluorescei n-ssDNA strand or the

ssDNA- DABCYL strand. NY:i 004305/ 024W0 604908vi Docket
WOR0091@04805. 024WOBRI EF DESCRI PTI ON OF THE DRARETMGR009/045983

[0013] Fig. 1 shows a prior art nethod for

sel f-assenbly and di sassen’oﬁy of ssDNAconj ugat ed

nanoparti cl es. [0014] Fi g 2 depicts a cont rol I able

g5p- medi at ed e

[ 0015] Fig. S ‘ A

assenbly and di sasse of gS conj u at ed )
[00k¥ hopHKie: il chews a poor1s] mFﬁ@d farsg pﬂséftf% ¥ ed dispsembhyi HfgsDNA-

of a gb5p-nedi ated nol ecul ar switch. [0017] Fig. 5
conpigeted ngedphrtadesenbl y of nanoparticles at ordered

pepti de-conjugated g5p and DNA. [0018] Figs. 6A and 6B
[00B4]ow Flee2 epidistascoatroRAR€ b5 P RlRATRI B el hid YissRehbly

assays. [0019] Figs. 7A, 7B, and 7C are data from
tectRReedi at ed assenbly of ssDNAconjugated gold

pa t| cles. [0020] Figs. 8A and 8B show resul ts of

na S erdn nd aviol.etv
[OOfgrial gggsgogo%sbﬁlﬁtt%honfj u%a eglafe ars)saer b% c? dlsfséﬁtﬁﬁl]y of g5p-
gs. 9A and 9B show a schematl c of a gSp
CO“H%?@PH“‘?P@HP%?SM assenbly of ssDNA-conj ugat ed gol d
articles, and changes of the hydrodynam c di aneter
[0016d| ueFist 4 dapintsahesBmblioning of eefrevediagidymolpod@vikhgs.
10A, 10B, and 10C depict the deconposition of
[00UAp- nEd. Atskews siNAsanplygd heaopaetidespabidecddpepde-eggugsed g5p
[0023] Fig. 11 shows the effect of the addition of
and®ADNA on gol d particle

[0018] Figs. 6A and 6B show the results of electrophoretic mobility shift assays.
[0019] Figs. 7A, 7B, and 7C are data from g5p-mediated assembly of ssDNA-
conjugated gold particles.

[0020] Figs. 8A and 8B show results of dynamic light scattering and ultraviolet-
visible analyses of ssDNA-conjugated gold particles.

[0021] Figs. 9A and 9B show a schematic of a gSp protein-mediated assembly of
ssDNA-conjugated gold particles, and changes of the hydrodynamic diameter value of
such assemblies, respectively.

[0022] Figs. 10A, 10B, and 10C depict the decomposition of g5p-mediated ssDNA-
conjugated gold particle aggregates.

[0023] Fig. 11 shows the effect of the addition of C-ssDNA on gold particle

aggregates.
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aggregat es. NY:i 004305/ 024W0 604908vi Docket No.
1004305. 024WODETAI LED DESCRI PTI ON [ 0024] I n contrast
W 000BN09Dr ot ei Nns have not only specific bi ndi PQI/US2009/045983
properties, but also abundant catal ytic functiona
properties. The interactiond-of protein and peptide
have been utilized for self-assenbly and ordering of
nanoparticl es. Peg§E€§i¥%ﬁﬁﬁﬁﬁigﬁﬂi§§ﬁificity for
|norgan|c conpoun ducti ve, and
gneti c conpounds) have been sel ected using peptide
[0024]br ahl eantrasriel DNAyePTBSEY hage Botsuide eresHig higdipg properties, but
sel f-assenbly of inorganic nanoparticles and
alsobibondant cahlyza furenonNepropegtidash€hsearadtions phpmeteac tndpeptide have
bet ween peptides and inorganic surfaces, the inventors

bee UGERSI of St asklRblynad gadtrig r@ﬂﬁ@r&q)ﬁfﬂcwsesepmys Bt hiveked
with proteins by genetic engineering of proteins to

spe(gﬁ@ﬂ?}!' Y 1rﬂﬁgéﬂléj@o°m &Lngg é]letlh% é‘ﬂ‘ﬁﬂpéﬂ'c‘lﬁt:ﬁ@ aﬁ’cf i tllQNA

and prot ei base systens Is attractive for e ten3|on

cony ounﬁ? gﬁlave «%Pof?lacptleclil tX% Pe cfeq ensor N O{)geangus%g successfully

X~ sca conjuga S
utlllzed as.a building bl ock for assenbly

for gelf- %sls?rgblgé\f Iu%ﬁrgantl(hgztnogélﬁlcl.‘els gad g}anRertah@tlon b%otmg tﬂe specific
bi oti n-conjugated DNA. Anti bodi es have been used for
intepactiores tretwiedn prpidessasidfinergaiaisinyaces, tiBhinvewnjsugagestithat the
nanoparticles that contain the antibodies' target
inoyohie auh@artidlGas) bddsedtvatit fresnsaovanetisSer gindesin A gf poitdins to
DNA and proteins for the construction of nano-scale
ptigés, there are still many limtations and
tec nlcal hurdl es. DNA requires the proper conditions

[00%5‘1 rt lT“ﬁe g&ﬁblﬁ?@ﬁlﬁqﬁé %'Nzﬁt dn(a otgﬁetgﬁ%cﬁgaﬁtéékg§ ESLEIQEUVC for

'mtations o di za I on suc content,
ncent

exSGfiop A PP R g @?P‘Seiséﬁp S TR Ll B
identical functionality o
conjugated DNA has been utilized as a building block for assembly by binding to
streptavidin that can cross-link the biotin-conjugated DNA. Antibodies have been used
for protein-assisted self-assembly of DNA-conjugated nanoparticles that contain the
antibodies’ target molecules.
[0026] Despite these advances in using both DNA and proteins for the construction of
nano-scale materials, there are still many limitations and technical hurdles. DNA requires
the proper conditions for the desired hybridization. There are inherent limitations of
DNA hybridization such as G-C content, salt concentration, and temperature. The
distribution of proteins in the composed structure allows for identical functionality

throughout the entire structure with control of kinetics and size of assemblies only when

homogenous. During self-assembly of ssDNA-conjugated nanoparticles induced by
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t hroughout the entire structure with control of

ki netics and size of assenblies only when honobgenous.
woeongposel f - assenbl y of ssDNA- conj ugat ed nanoPer/US20e645983

i nduced by NY:i 004305/ 024W0_604908vi Docket No.

1004305. 024WODNA- hybri di zatBon, it is difficult to

i ntroduce proteins wthout chem cal nodification of

e oli onucle ti.des, e.g. biotinylation, | 1 ow.far
DNBRARHGRT 0his QBT LI Tt e S B G oR s bert el figfion of
i nduce |rrever3|ble i nactivation of biological
the phigqnpgleatdideseg @é@p@m}{lgﬁm@; ot dlowstor binglingsef the progfm tIe increased
aggregates forned by DNA hybridi zati on requires
temparoteas@sindiicd erquersdt el imacaboive of bhelaggddl imvgecules, especially
tenperature, often around 55C or above, which can
proadsSPishisBinbBt 4fANs a SdredAie BHBEERY DN ADRyHHRELhtioA requires increases
blologlcal envi ronnents. To detect target nol ecul es

of té RN ?Hel}ﬁelﬁﬁ% %Ynﬂ%?ast&g S £08nd $ Saé%'r aBQve' Svhéth can

cr tlcal costly, d ti meconsum ng step Label |ng of

causeahrg%atlons o? ﬁllél: s§sstelirn%8 %e qlseesd 1a gole{)%lg a leonme ts Trq OC? f gt %{get

reparatlon i'ng” quick

bi ol o cal nmol ecul es 0027] Usin gene 5 pr ot ein
moleyegs) (DA % N‘f’dl”é@é’laéfay*éﬂs%ﬁys&"ﬁd "2{6}1’?&\6 aefiftlfca g?%{fﬂ @pd time-

non- conplenentar si ngl ed stranded DNA (ssDNA)
congupeing oiapsLabahiyg of targee molasnteardquivss adshitionabtimedor sagpple
nanoscal e materials by conbinati on of DNA and proteins
prepeationohimdtirapiek dedetdioh ioo dalkndrydofi tdolpaichlonolatiilbs.
conpl ementary ssDNA (G ssDNA), which triggers the
[003% P- SHLING (KOS prbRirflisSH P&l PfnBlecilBY “AhSbiR@ns 886 anti-parallel

028] An aspect of the 1nvention provides for
non- C%E‘Fpﬁ %}r@%&%w%%ps&%%cggrdﬁ%lg \ ?@%@L&f%ﬁgﬁpgf tilé ﬁhﬁtﬁtlons
t t ticl
for QG Inea s RGOl EHBOA N SR pEorsy Bl e
silver, or platinum In nore preferred enbodi nents,

aboyg, é%dﬁimhhxhr@p@ﬂpg VI @MPIGIMEHE S RNAIG RN A), whigh triggers

nanoparticle is a sem conductor. In sone variants, the
the g womplexits doadnitamseeilembelesedcadm um

[0028] An aspect of the invention provides for controllable and reversible assembly
of nanoparticles and methods for preparing the same.

[0029] In some embodiments of the invention, the nanoparticle is metallic. In
preferred embodiments, the metal is gold, silver, or platinum. In more preferred
embodiments, the nanoparticle is gold. In other embodiments, the nanoparticle is a
semiconductor. In some variants, the semiconductor is cadmium selenide, cadmium
sulfide, zinc sulfide, or gallium arsenide. In other embodiments, the nanoparticle is

magnetic. In some variants, the magnetic nanoparticle comprises iron oxide.
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sulfide, zinc sulfide, or galliumarsenide. In other
enbodi nents, the nanoparticle is magnetic. In sone

wQ 2009444081 t he magneti c nanoparticl e conpri sesPCT/OR2009/045983
oxi de. NY:i 004305/ 024W0. 604908vi Docket No.
1004305. 024WJ 0030] | n sone%enbodi ments of the
nanoparticle assenbly, the DNA and/or RNA are single

rangded or double stranded. In preferre di nen
(00310 DR srbisineas ph RS onotl 1opRb b s TR RA are
_ the nucleotide binding protein is any protein that can
singlg sfepnded pngouble strqaded. ﬁ[nmr%ffcﬁed pgbedimsaisnBaLINA ihengle
nucl eoti de binding protein is gene 5 protein (g5p).
strap@@32] 1 n sonme enbodi nents, a controll able and
reversi bl e assenbly of nanoparticles using the g5p
[0031]Ot eimnsopie &hBdiREntDNA ticRAtAGbRERGIrotSin iS afy POt Ehat can
[0033] In sonme enbodi nents, the controll able and
bind MSKA! (;}!IQ\LQ.""T@ El%'férfegl e%l‘tﬁﬁﬁﬁémé,Xh&Wdﬁﬁ@ Pinding protein is gene
nanoparticl es encapsul ated wth non-conpl enentary DNA
51%&%4 . RNA. I n preferred enbodi nents, nanoparticles
pencagga'ated wi th non-conpl enentary DNA and/or RNA are
bound_t oget her a nucl eoti de bindin rotejn to form
[00%@(])n anB’p%ﬂ%iq Q{p}é)dgléglétﬁ,tﬂ %p_ntrp akle pad Hagﬁrﬁgqlf? asgembly of nanoparticles
~control |l abl e and reversi bl e nanoparticle assenbly is
usingghergp plogda4] simplaf DNheindimgtpoeticms it growided.he
control | abl e and reversi bl e nanoparticle assenbly, the
[00383nopar ddntd @nlasB@aik the sordidtlable end redrdiyle humdpaeicle assembly
conbi ni ng the nanoparticle assenbly with DNA and/ or

corrgmescm AHEIRS akchpdiatbd &/ithdn COMPI @R AN AR BPRAN. In
NA. In this manner, a controllable and reversible

: di , :
pref.@ﬁ@c? Qﬁf){)dlﬁleﬁ%sh%%%éaﬁmg ¥nda sﬁgt}é&i WU oln[aqg)ﬁg)@mém% DNA

I nventive ne rovides tor contro assenbly of
and{]q(r)l g‘i\gggrlegur%eg{qé I?({,@éﬁl?:? %ﬁ%@!}%ﬁ 1ng %po? 1A rté %o%nez? nalfll%il)gl%cle
assembly. In this manner, a controllable and reversible nanoparticle assembly is formed.
[0034] In further embodiments of the controllable and reversible nanoparticle
assembly, the nanoparticle assembly is disassembled by further combining the
nanoparticle assembly with DNA and/or RNA complementary to the non-complementary
DNA and/or RNA. In this manner, a controllable and reversible nanoparticle
disassembly is achieved.

[0035] The inventive method provides for controllable assembly of non-
complementary ssDNA-conjugated nanoparticles using the g5p protein or similar DNA
binding proteins. Hybridization with low concentrations of C-ssDNA during the
assembly phase may be used to regulate assembly kinetics. In addition, C-ssDNA has

been used to achieve effective decomposition of particle aggregates at room temperature
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bi ndi ng proteins. Hybridization with | ow

concentrations of C ssDNA during the assenbly phase
woreyoheoased to regul ate assenbly kinetics. | nPCT/US2009/045983

addi tion, C ssDNA has been used to achieve effective

deconposition of particle abbTegates at room

tenperature NY:i 004305/ 024W0. 604908vi Docket No.

. 1004305. 024 Fig. 2) or_physiological .te ratures.
(Fier & BiRoGe patissdthies BN R iGh rr bl th contot both
assenbly and di sassenbly of nanoparticles wthout
asserdy pid dispsserm byl napeRarticleseuidhquy theppal tirgfraend. yslgosaslyd
hybrid proteins, e.g., containing affinity tags or
incapaitei gpaiasahlydritfirotetho nag.nsontaining abiMAtybageaor additional catalytic
nanostructures, conferring the potential to design
don@isp e DB ARE @l h StiSictuk 0SGiferkin g SR Bt @THADEH dBsTdhcoffplex
the nethod, a controllable nanoparticle assenbly an

nanGhs@sgenbly process is prepared by encapsul ating
nanoparticles with DNA and/ or RNA; conbining the

00§15 E ePhioPl i SRABRRG Ot fis Trdd A PaP SRR GO BB Moy ana
. hucl eotide bhinding protein. In this mapner, a
disagmt b PIogp1sds H’&H%fﬁggﬁfieﬁaé’s%g%ﬁwpﬁfﬁl&@é%thi IINA and/or RNA;
prepared. [0037] In sone variants of the nethod, the
combsyagriiieyenotpsniarrdprnepastidss weh dingelegedrtinding prdteint dngkbinding
conmbi ni ng the nanoparticle assenbly with nucl eoti des
the DOpheif@RIiEAyto e tdeteondabadin Eorit. dinythiDiAnaadh oontRNAble
In this manner, a controllable nanoparticle

nan%aﬁ@@éﬁmml;p%@@@ﬁsﬁ@%ﬁ@ai eved. [0038] In sone _
enbodi nents 'of the method, a nanoparticle assenbly is

[OOme P aﬁ?g)ngeiy Vgﬂéﬂ&to}f] %%E%B&&%P%ﬁ%%@é@y&f&%ﬁ%&mdes is éil1s r%% sembled

noparti es wt non-co expo

by tyfenORBTGE e PEa e g etplaen ghciPhus SoRaRRofy frahe
g5p. [0039] To achieve further sensitive assenbly and

noncﬁogggg%qry YA r@afl/@p RNA - cInghisjmpanner, a controllable nanoparticle

disassembly process is achieved.

[0038] In some embodiments of the method, a nanoparticle assembly is prepared by
functionalizing a plurality of nanoparticles with non-complementary ssDNA; exposing
the functionalized nanoparticles to gene 5 protein; and linking at least two strands of the
ssDNA with the g5p.

[0039] To achieve further sensitive assembly and disassembly of nanoparticles in
response to target DNAs, the invention contemplates the use of gSp-conjugated
nanoparticles that can be bridged by non-complementary ssDNA and dissociated by
sensing its complementary ssDNA (Fig. 3). Poly-histidine tagged g5p will be

immobilized on Ni-NTA-conjugated gold nanoparticles to achieve oriented g5p in which
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response to target DNAs, the invention contenpl ates

the use of g5p-conjugated nanoparticles that can be
wheiodgemdoby non-conpl enentary ssDNA and di ssocP@Er/@82009/045983

sensing its conplementary ssDNA (Fig. 3).

Pol y- hi sti di ne tagged g5p w1 be i nmobilized on

Ni - NTA- conj ugat ed gold nanoparticles to achi eve

jented g5p in which i 004305/ 024\W\0. 604908vi
the R B8 nstRBosRav oy ot e (B ter HTHGT O Pedasprarteies.
active by facing the outer direction of the
LengtrasngdahnectidaNAlrengaifecaig siass anasphabrgy plehe aggregates: Abis
si ze or norphol ogy of the aggregates. This
DN BMNAedieted abmcbl o6 gb p-obnjogatebpanvpaiticpatney leaitophe désgdnes a smart
may | ead to the design of a smart materials sensor for

matEiNfs sdnsbii ol DN A al bisRItaL ¢ddRions.0040] I n sone
enbodi ments, an assenbly of nanoparticles is prepared

008 f URELI RO FREnR A HERIY B AnBAARRANS piEh&ea By th 2

nucl eoti de binding protein; incubating the
fun%‘a:ltlzllgg 2:1) uﬁﬂ%\y ign (fp %51&1 l Svsltl}w 111203}162 ?1'21{3 %?nn%%grpro é:m 1¥cubatlng
DNA and/or,RNA mnth the nucl eoti de bi ndi .
the E%El%l?%lze# PRANCRASICIE A Onzho TR eReRitY (oY R RAHGH BRNA g dinking
IS prepared. £OO41 To achi eve precise self-assenbly
at legst tharsopads ¢dfche DPNAandion RIS Aewich themeirlenigde hinding onyptiax In this
of structured DNA and peptide-tagged g5p i s proposed,
maringr, whiasdentbiheopepbpdecieais mpeced.i cal |y bind to
nanoparticles. The organization of g5p by binding to a

[00413 DNATH @ehievt praisé &3tihdsernBlytdT@ah&Pamlidsan ngﬁugle [@fensions, the
scaffol d fron1S|ane bU|Id|ng bl ocks, while

co ];JI’]}JO(EJP asp%/llc%%glsﬁ e{ﬁﬁ é)lé%tﬁ% 'Iag %e];oi %q'p dl@ ?E)p%&]g;ﬂ nghﬂ the peptide can
spe%ﬁwﬁfyﬂog@%ﬁo&%%ﬁaﬁ%é R by W@ﬁﬁ@ g4t Rpyesion

of the nultl-dlnen3|onal structure,

maygrylt ingherEaygiag am Pt %Pﬁ\lﬁewf@l%frowalﬁ@uﬂdmg blocks, while the
nanoparticl e-functionalized g5p conprises a DNA

affisity tagtcem be hepdifngfurther ordering of nanoparticles on the DNA scaffold

(Fig. 5). This method may make possible the design of complex heterogeneous nano-
structures.

[0042] In some variants of the multi-dimensional structure, the multi-dimensional
structure of DNA and nanoparticle-functionalized g5p comprises a DNA structure having
multiple branches of ssDNA, a peptide conjugated to g5p, and nanoparticles bound
specifically to the peptide. In preferred embodiments the g5p is bound to the ssDNA. In
this manner, a complex structure of DNA and nanoparticle-functionalized g5p is formed.
[0043] In some variants of the multi-dimensional scaffold, the multi-dimensional

DNA scaffold comprises two strands of ssDNA (strands 1 and 2) mutually bound by

NY:1004305/024WO0:604908v1 Docket No. 1004305.024W0O




mul ti pl e branches of ssDNA, a peptide conjugated to

g5p, and nanoparticles bound specifically to the
wEepbilg®ol | n preferred enbodi nents the gbp i s POUN82009045983

the ssDNA. In this manner, a conplex structure of DNA

and nanoparticl e- functlona1lzed gbp is forned. [0043]

In sonme variants of the mul ti - di mensi onal scaffold,

nenS|on DNA scaffold, c

seaie e o7 SATA P %ﬁa@volotﬁwrﬁ?dsrﬁffwgém@%%& By 4
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mutyglisemdiysensagerct(essiONA@t géwd Aqcug; stiapds 2 pesb digre

two other strands of ssDNA (strands 3 and 4) nutually
mutpballynibunyd byesgqyemncesofdf-sPNARNAeaecanddeasnand gipusgund to at least

strands 2 and 3 are nutually bound by sequences of
twoGf e INANad oft NENFEEQUME dr 8IS poiatitheBbdenIBEBsLiiddod! | east

two of the strands of ssDNA at one or nore points

[004pﬁt m%&ﬁ%ﬁ:@%ﬁﬁ@d nR4iks ofl tROAR - hﬂné?lrsﬁ)ﬁlglrsrcggold thte IFr]nultl—

nbodl nts of the multi-di nensional scaffold,

d1mens1ona1 sca%ﬂf’ er on a&}rf(ljsf z%% leasE uriet rli]a%g)p 09191 ]pulgc}]% at éeasfS M of the

one nanopar ounh eastroné o
nmore pref rred enbodlne of the nultl-dlnen5|ona
25pg LB roBt Hre?f‘éfedw gpodimggs ﬁéﬁfﬂ% gt demensianakssaiipldy gt igast one
| east one region of DNA. [0045] In sone enbodi nents a
nangjepaticlg & hayni ipatdeest pngregimcpidMfei n-i nduced nanoscal e
materials and sensors. In sonme enbodi nents this nmay be
[0045dhi eltedbniyemiBeBioentatigoal ioto invroanDNAp andlpk@éindsdMAd hyno-
g5p; and di ssociation of g5p from ssDNA by

scalb Ylm’cérfﬂlszaﬁfd LRso?{. 16 96rRE BRBHAiRHeY tsNA Ry BRUchRIVEd B iad$ociation
[0046] In sone enbodi nents, a g5p-nedi ated DNA

of 135 AR AGE SHRR( bggg%mgeo?gg E'E@p s AP I hybfjdijaﬁ‘m
0047 5
of B eaEn AR ST rtilincoe wher o 1t conper ot | ve '

binds to ssDNA to form precursors for the assenbly of
[004H a g e Iprvng eniadimenis.g §3Pomediaisd Q¥ fgsggmblage comprisés non-

complementary DNA or RNA strands bound to a nucleotide binding protein. In this
manner, an assemblage is formed.

[0047] g5p is encoded by filamentous bacteriophages where it cooperatively binds to
ssDNA to form precursors for the assembly of phage particles. In vitro, g5p forms a
homodimer which will non-specifically bind two anti-parallel ssDNAs, inducing helical
rod-like structures with 8~9 nm outer diameter. The number of nucleotides bound per g5p
monomer is 2~4 and depends on binding conditions, including the protein to nucleotide
ratio. The binding affinity of g5p to ssDNA, about 10° to about 10° M, depends on the

sequence of ssDNA and the salt concentration, with preferential binding to structured
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honodi mer which will non-specific ally bind two

anti-parallel ssDNAs, inducing helical rod-Ilike
wGaregatwees with 8-9 nmouter dianeter. The nuPdBUSINI/045983

nucl eoti des bound per g5p nononer is 2-4 and depends

on binding conditions, incltding the protein to

nucl eotide ratio. The binding affinity of gbp to

S about 1 to about 1 1, depe n the .
DNE i BTt R R e UHEBL T B T properties
preferential binding to structured
for pyvemnblo4nd 9192 Mb 64D A-cotBgaed nenoPatioles o5, thpusApbNKd.
such as hairpins and G quadrupl exes. The g5p protein's
[004NA biT'ndiudy thor diperct badifeqrropesssendfl gfpand itd ipsdss et BN Af
SSDNA- conj ugat ed nanoparticles are thus exploited.

topdl %4811 eXémplatdyNiherdisé vt tthiek BRtiNG rogioRetidsibesn @dsiglp: a
its preferential DNA topol ogy, an exenplary DNA

19 ‘tﬁltsé Pﬁfé&rcﬁ)umet s@rah@ﬁ!@NQ (%'élbﬂl%t) ré §9ﬁ 380 WEFbPE 8 nycleotide anti-
DNA ( dsDNA)

gned a 19 base paired doubl e-'strande
parall%?k}&g'a T ss \f\%go ¥m&1 Zexr%ergecei I? A Cfe(ljt % P& all%o%qes "J%he DNA

15 nucleotld DNA structure tltrat
strugiugen(1g8y) W?%SKW &Py LOnp Tﬂsﬂg@ PO }}/IN% ‘3 and

5p bi ndi ng was studi ed using the el ectrophoretic
gSpriwisling wys sthdied using die. eletophordtie mokdity shifigeseyoThigsgistinct

bi ndi ng were observed, suggesting its sequentia

stages oflgTpobiading webddbseSiedcaiggE&pinb &S sequentdl Himiieg (i .f6 A Bince
to dsDNA than to ssDNA at high salt concentration, the

25pftab h @McA JoWEdfini®f toREOMNIREHM th STV RQk H%ﬁ'sél%@ondéhﬁ‘ﬂi&hg the
to the anti-parallel ssDNA region with a large shift

follg\&léligg)gw a{ﬂgmﬁ; i %19*)(%%/%:9?2%% blfng W a@ﬁﬁgﬁkﬂf& DR region
: C T ?lnds to :
witf e Bal BRPRK o aﬁ%\% & R LB e PYQNA il
binding affinity for the anti-parallel region is
anddinplnq ¢sLHNY 44196 25R eriseHtitiophaves SONM ¢ Bius, 23mobigdu@ysPNe
ef fect of gbp association on form ng dsDNA
regihet bafogtupbiegde®, thadsDN Ant giom andetspimhos efdinkiy hiak the awi-gerallel
to the ssDNA regions, an equal amount ( 1 mV) of
regibn $SIDNALY hithe£dbn Rythhd SHDREA 1. tThanss NAeffédt bf WHBassociation on
forming dsDNA heteroduplexes, and confirm the proposed binding order to the ssDNA
regions, an equal amount (1 uM) of C-ssDNA that can hybridize to the ssSDNA tail was
added. After C-ssDNA addition, the two different stages of band shift observed with
20 uM and 30 uM g5p changed to an identical position with higher mobility (Fig. 6B),
indicating that the first stage of the band shift results from binding of g5p to the anti-
parallel ssDNA region. Smearing of the band after C-ssDNA addition at 45 uM g5p

supports g5p binding to dsDNA at this concentration. By comparing the intensity of the

band in the presence of 30 uM g5p to the band under control conditions without g5p, the
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added. After C-ssDNA addition, the two different

stages of band shift observed with 20 nM and 30 mM g5p
web@ngem9t o an i dentical position with higher P@bUB1009045983

(Fig. 6B), indicating that the first stage of the band

shift results fron1binding‘5*'95p to the antiparall el

ssDNA regi on. Snearing of the band after C—ssDNA

at 45 or bi nd| to, ds
hybiizabEHEERE BT G LY CoR P ﬁﬁﬂ@#&eﬁ SHENA1 ) S5r O¢ipghinca
band in the presence of 30 mMV to the band under
to bg gpRIPEIM Y H (§E€7q Jikcafing sBeetivg Athry@rldlzatlon without significant
NY: i 004305/ 0240, 604908vi Docket No.
inhibD®AIQYE5P24WOhybri di zati on efficiency for CssDNA to
the g5p-conpl exed ssDNA tail was determined to be
[00493PT OXb RRHISItYE5BR%Ubilith el &vérmblg sSDNACEdny@atddhanoparticles, gold
hybrldlzatlon wi t hout significant inhibition by gbp.

nan[)lpaqlé%s (-I;Ql) exe] hltateg@ﬂths (5)!1fntabél§1 @tﬁﬁ&@ls@NA

DNA- conj uga ed nanoparti cl es, d nanoparticl es

- ﬁé\té?@ﬁf Eﬁpﬁf@%@%%@@%&%@ﬁ%ﬁ% é@%ﬁ?%ed and

th ted a b
gSPtm@l%%ﬁg&ﬁy%ggf %'épz 1Canwgﬁts 59@@%@@@%8 A N@)y Awyas

t est ed. nam c |ight scattering (DLS) was used to
testere dympmicigh gensteong tIABS hyalr wag tamecasuk elmsees ofihé ue

(Dh), which is related to aggregate size,
hydiaiyesampardiamatter vaiue(aotwitas s ralackdgeapatite size.gnterpArticle

shows that the initial assenbly rate of Dh during

intetRESRALAPBeRhetgOPiANA hBEs BRPWR-iMal BkerdBlyThRWE €5 dBifg

hi ghly sehsitive to the g5p concentration, |nd|cat|ng

1nc&§8098p%bdﬁlr&tt &s —lAYu R)fr gﬁg@gﬁ %af ﬁ@le@/tssl%ﬁgmlfé/ to'fe e5p

observed i n the absence o ate

coni:eﬁ@&gg ilgﬁc%tl%%ggggic%% {‘s%@rg&&gﬂ‘ggﬁré%g ggo assembly was

concentrations, the ssDNA-Au surface plasnon % P)
obsgraed Hahe abssasrOf e S iticsieatesisigmblyiaf sPNAepu (3 aVhdaring

spectrophotonetry (UV-vis). The SP band is associ at ed
proleingdd insdiative (~2Athcnd vagseseniee df g5Sp concentrations, the ssDNA-Au

surface plasmon (SP) resonance band was studied using ultraviolet-visible
spectrophotometry (UV-vis). The SP band is associated with isolated Au and assembled
nanostructures. After adding increased g5p concentrations, the SP band at 525 nm of
isolated ssDNA-Au was red-shifted with band broadening, indicative of either a decrease
in interparticle distances or an increase of aggregate size (Fig. 7B). The higher extinction
intensity observed over 10 uM g5p is due to a decrease of the solution’s turbidity
resulting from the formation of larger aggregates. Both DLS and UV-vis results confirm
the assembly of ssDNA-Au by g5p. The sizes and morphologies of the g5p-mediated

ssDNA-Au assemblies were studied using transmission electron microscopy (TEM)
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nanostructures. After adding increased g5p
concentrations, the SP band at 525 nm of isol ated

WG 2BA49aL was red-shifted with band broadeni ngPCT/US2009/045983
i ndicative of either a decrease ininterparticle
di stances or an increase oflaggregate size (Fig. 7B).
The hi gher extinction intensity observed over 10 nM

. i.§ due to a.decre f the solution's tuyrbidit .
(Fis? 3B ThegEreiBieizio WP IHHEY HIBRa R il et gecnations,
Both DLS and UV-vis results confirmthe assenbly of
as syggonied Ry RS yshUVitie wlhereas thgpnmbarp plohagrseempled ppgicles
g5p- medi at ed ssDNA- Au assenblies were studied using
dectensuds sriggsiting tedtelod sisnofivggragstee pyn beT&EMply controlled by the g5p
NY: i 004305/ 024W0 604908vi Docket No.
condHR48065. %Vﬂd’ﬁiegtagge@Ylngﬂ)@otaﬁqwai 20 KiDagsavasel dsQufedative
to increase with increased gp concentrations, as

conft¥9 9&%&1‘3&1 Fé/ %&%ﬁﬁg ggar‘t’l'cf%s M%ﬁmdtcﬂﬁ gm&ﬁi Q{] ﬁs

non- assenb e ticl decreased, sugges |ng that t

T R N B R
20 KDa sed a negative contr.ol for whi ch no
Cona@éqdeﬁa%qﬁ gﬁﬂw{it%bég N 2IBE BB ANFRA DI O8ind
UV-vis studies (Figs. 8A and 8B). These results
[00%0]ear Ty investigate mhibitohaetfegbpoickP Noe o sggiegase farmation, the
control |l ed assenbly of ssDNA-Au by changi ng the
ssDPpet gipmenenppatitiecivas fiat pasially GG Q]izeBowitin CesDiNgat e
inhibitory effects of dsDNA on aggregate formation,

5 Afre ASEOATAZRPTPA- PR, D hkdigted raw hi w
O hybrrai zed with c-piﬁamsﬁs' RAER s e ;

1n1t1('1gdg@g9 aﬁg& i 3B $ r@?p%ﬁgg) oC \Q@NAryoheeq{tﬁgons

es 1n a te 1 n response

e RIS S T I ew@alﬁéc’%%ﬁé EL %R%?f “%ﬁﬁ% the

fraction of C-ssDNA to sSDNA on Au was | ar
fractipm Af @HeBN A0togs DNThps Aug fog avas AHRS th@fr @boef P et Tl@a

by a | ow density of dsDNA suggests large steric
inhihitengyredfieciecatend gSplowedinaitedf dd¥efrishggesfs laghiadsidbindfance for
non- conpl ement ary sSDNA ( NC- ssDNA;
g5p-mediated assembly of ssDNA-Au. A non-complementary ssDNA (NC-ssDNA;
5-AATATTGATAAGGATAGC-3") (SEQ ID NO. 3) was used as a control to eliminate
any inhibitory titration effects caused by binding of g5p to ssDNA in solution. The effect
of the NC-ssDNA on the assembly rate was found to be statistically insignificant
(Fig. 9B).
[0051] g5p bound to ssDNA can be replaced by C-ssDNA hybridization (Fig. 6B).
This should result in dissociation of the aggregates, which can be used to detect the

presence of C-ssDNA. To prove this, aggregates were prepared by incubation of ssDNA-

Au (10 nM) and g5p (5 uM) for about 24 hours, after which the aggregates were
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5' - AATATTGATAAGGATAGC-S') (SEQ ID NO 3) was used as a
control to elimnate any inhibitory titration effects

W@ awsadwoby bi ndi ng of gbp to ssSDNA in sol uti onPCTN82009/045983
effect of the NC-ssDNA on the assenbly rate was found
to be statistically insignifctant (Fig. 9B). [0051]
g5p bound to ssDNA can be replaced by C ssDNA

._hybridizati (Fig. 6 This should result in )
incyBEaRiaE et ot fiod S el o i belolasgia ganees
~ detect the presence of C-ssDNA. To prove this, o
indiggfhjiect ae s 2afe sige shaiess warenyonisedbatingk Voris sEioNEal pesigon
nM and g5p (5 mM for about 24 hours, after which the
bluagjyftetjatee sppwoxEndiily i200 43067 O24MBAGF4 208V #) (Boz KOA ) Nodicating
1004305. 024W0 ncubated with C ssDNA for about 12 hours

dissatiafi @081 dneiPaiatiybed rd@lsobf Haividitl paasrgeInitRANCai DA
of aggregate size changes were nonitored using UV-vis.

contlBEnP Ak RRFLitY QR rDkdtes Rl bR PUER i@ﬁ@ikﬁﬁsfﬁ% &% B ved
nM of " CGssDNA(fc = ~ 0.4)" (Fig. 10A), 1 ndicating
. di )Gl Aat | of s | clusters .and rel ea Q

g, RO RS AR BT et R EBAR Slsiere gt o
j ntensi ty. decreased slightly but no shift in peak

the jyeli qliteeri Vil Rapecssy &dl e igacq gBihe sNEPeoriind¢h¥der stIpRiA
aggregates to divide into smaller clusters, but not to

cleatlyeshpwy the dpfso¢ipdory with disppued patielss (FAg T wheyeasathist he
sanple with 200 nM C-ssDNA clearly shows the

dissdtias@cwas narobyérivéd thir shpetasmpit wah NGEEINAFI g. 100,
whereas this dissociation was not observed for the

(0037 BNM 60 tNPred 2o i ati A0S 2] o FNAYE AN diseh] §fbperty of thet %15 p-
e

di ssoci ati on of aggregates is a useful property of

SSD&%%%QM.W&%%U‘JQ t}ﬁ?, @Efllieagl%‘b%%&ﬁg %v‘eregegggnble% %/ntoa aggregates

nandparticles were ass 0 aggregat es
T e
were encapsul ated by C ssDNA (5 -HS-C 3H6-(T)
particges A GARBEY PABHRT SR RPN Ance | or med,
(5"-HS-CsHe-(T)1s-ATGAAGGTTAGGTTA-3") (SEQ ID NO. 4). Once formed,
dissociation of the aggregates was studied as a function of the addition of increased C-
ssDNA concentrations. However, no aggregate dissociation was observed till f¢
approached about 16 (Fig. 11).
[0053] For the correct assembly of ssSDNA-Au and C-ssDNA-Au particles, properties
inherent to the DNA sequences, such as G-C content, often control the assembly process.
The inventive method for controllable assembly of non-complementary ssDNA-
conjugated nanoparticles, using g5p as the driving force, is novel. Control of assembly

kinetics and dissociation of particle aggregates can be obtained via sequence-specific
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di ssoci ati on of the aggregates was studied as a
function of the addition of increased CssDNA
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observed till fc approached about 16 (Fig. 11). [0053]
For the correct assenbly of I’ssDNA- Au and C- ssDNA- Au
particles, properties inherent to the DNA sequences,

ten control the as
hybF GRS Em T s Bilre o QLS5 2 St POTIaIg &Y adjustment of
assenbly of non- conplenentary ssDNAconj ugat ed
the g3hepnseatiatioss, using g5p as the driving force, is
novel . Control of assenbly kinetics and dissociation
[003f] paAnbtheraspggrod giat ipsertimn ibduddstaanelechlwi switch. In a variant of
sequence-speci fic NY:i 004305/ 024W0 604908vi Docket No.

the HOQ43RD s VLAY Sisedh ZlabieOdenylidhched IMNAositidhladd b MRiorescent
size of aggregates is controlled by adjustment of the

emifRbh C&P%ﬁ@l‘ﬁ%ﬁlt Irgﬂ’efeirlgg%ﬂ"]bOMnt&%f tHe Eﬁ&tesc@ht (ﬁlﬁé‘?lched “off”

I nvent i i ncludes a nolecular switch. In a variant of
posfti%%el a 1rs? stlﬂ]\zA i$ odm gl%gce%le 3t tﬁeﬁl en%rf%S C1en§ta. fﬂll’(l)?ens%em ssDNA
of f pOSI n an UOT escent em ssion

sition. In preferred enpodi ment, he fl uorescen
straa@@ﬁ@ﬁ@ai SHAA BRyuditp SHABGY Hiaf ks §9§¢9 oMo RA A PABCYL
fluorescein at the 5° end formng a fl uorescei n- ssDNA

stragd, thgduorgscsaessiN A stONA dnd helssDON DABTYE Yt strahé bgundetegether
to forma ssDNA- DABCYL strand, the fluorescei n- ssDNA

witls g $@aritheasvdtchfvan $8 BMAeDABCYly hs/bridiath geotomeplé¢ragettyassDNA br
g5p. The switch can be turned "on" by hybridizing a

ssSRNAMRI RABNha Yo RSN s PN AS MY 608 kIIQA- DABCYL strand. In this
quorescern-ssDNA strand or the ssDNA- DABCYL strand.

madn@r ﬁu&@&@ﬁr%uehéc}{%t rid &&%@é&ﬁld‘fl&gﬁﬁg&%%'te%n%& fgo%ﬁgled

uor escen ection 1s en turnin
ch fro of ion to,an "on" p05|t|on
tuﬂrfrﬁo%%fwrtﬁh Ehetwer i 45s b S 1ot T8l Ar " swi tch, an
activated, "on", switch conprises a segnent of dsDNA
[0035]f i ¢ &t angthes waridsit of SONRO IS Wish oReacsivatede opy witch
strands
comprises a segment of dSDNA; a first strand of ssSDNA bound to one of the two strands

of the dsDNA and to DABCYL at respective ends. The switch also includes a second
strand of ssSDNA bound to the other of the two strands of the dSDNA and to fluorescein at
respective ends, the two strands of ssDNA non-complementary each to the other. The
switch is turned “off” by attaching g5p to at least one pair of DABCYL-tipped and
fluorescein-tipped ssDNA strands, such that fluorescence from the fluorescein is
quenched during attachment via g5p.

[0056] Peptides have been successfully used for the construction of nanostructures
and self-assembly of inorganic nanoparticles. Genetic engineering of the g5p protein to

display peptides provides further opportunities to design sophisticated nanomaterials. The
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of the dsDNA and to DABCYL at respective ends. The

swtch al so includes a second strand of ssDNA bound to
wo b@otdeer of the two strands of the dsDNA andP€DUS2009/045983

fluorescein at respective ends, the two strands of

SsDNA non-conplenentary eacl®to the other. The switch

is turned "off by attaching g5p to at |east one pair

of. DABCYL-tipped and fl uorescein-ti str
sen TR 1Y DTS SRIERTF ML PCTeo S RCS TRy A igrout e feed for
guenched during attachnment via g5p. [0056] Peptides
therppay, Bement. sy weBkldehe gasg deicnangpartigls aggyigsatpLRAsPHAN of
nanostructures and sel f-assenbly of inorganic
conmpdenapeary LY As deBensgtates tbagieaepatemtgl of thiswppgBph forahe design of
to display peptides provides further opportunities to
bioldeBhIgNfupeRstas HybAl echterrRmOit BNAGb8ed BldCensors; while thermal
NY: i 004305/ 024W0D 604908vi Docket No.
trea‘gnqgﬂ %@ﬁre@@ﬁm%ﬁéﬂ %1@ bférp ﬁ:@ﬁl‘? hYth@ flrrwé?sﬁlg gﬁa%ﬁ%tﬁﬁl of
|n the presence of C ssDNA w t hout t e nee for
funcr‘]ua(l)rr]lgl m01te¥ ey suc'ﬁeas pfrote ns% a&idlp &n E) ) ﬁ Hould n ect their
particle aggrega BASEdBR T ekt ary
denonstrates the great potentlal of th| roa h for
actiyifigs. J¥e plyA nefe tBitas 18P arienhly, ﬁmrpﬁhabaseiya 2P and SDNA, can
mat eri al s and DNA- based bi osensors; while thernal
be exteadedriomathertkindsecd @angbatpdal prendndiag sathph hawsfrebes, seesul t
in the irreversible inactivation of functiona
condmit@t | e, masmetic amopuoickisns, the addition of a C ssDNA
shoul d not affect their activities. W also note that

[0037]1 S PRW] RSO bMoRPHheAeh foldREBM s@iblgaRd aRgsseHPVSf ssDNA-
can be extended to other kinds of nanomaterial s,

conjngﬁ elf ﬂhﬁ@aﬁﬁ:‘i&o*ﬁhﬂ 8&%69?181‘8%@?&'@&91@ %Hs%h%ﬁm;g of &%ﬁ A

neti c ‘nanopartic

art t hod f % ssenb and |sa ﬁﬁ# of, ..
con BB B S Do e F e SRl PREE P 3 i dheroty

for self-assenbly of ssDNAconjugated nanoparticles by
by ipgnsRset shat FPBRCHAFIA alaqyﬁﬁhféﬁ@mnar@nmﬁur%ﬂw af ﬁ@é@éﬁaz?d

by increase of the tenperature above the nelting
DNAeNpeomttinles {10myre binctibmliagdwittisgldNA sequences 112, at least some of
which are complementary to each other. The complementary DNA sequences 114 of the
nanoparticles are allowed to hybridize 116, resulting in self-assembly of the
nanoparticles. The assembled nanoparticles 118 then form an aggregate 120, which may
be disassembled 122 by increasing the temperature above the melting temperature 124 of
the dsDNA strands 126 resulting in disaggregation and disassembly 128 of the
functionalized nanoparticles.
[0058] Fig. 2 depicts a controllable gSp-mediated assembly and disassembly of non-

complementary ssDNA-conjugated nanoparticles. Inhibition of assembly and induction

of disassembly by hybridization with complementary DNA may be observed.
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DNA. Nanoparticles 110 are functionalized with ssSDNA
sequences 112, at |east sone of which are

waeommpliggeent ary to each ot her. The conpl enent ar pCDRER009/045983
sequences 114 of the nanoparticles are allowed to
hybri di ze 116, resulting inl%el f-assenbly of the
nanoparticles. The assenbl ed nanoparticles 118 then

form an regate 120, ich may be dis ed_1 .
Nargge 2R g R e Gararh GmeCttpeDetts TR P e5p 254 i
tenperature 124 of the dsDNA strands 126 resulting in
addeq aulyge ageamagiclesralidsadde it o apgmblage R26 and, if desired, into an
functionalized nanoparticles. [0058] Fig. 2 depicts a
aggregnter230| Binl aldibm ofd2N Atcethpiessandyly yo tiedeglicpasssendsiopabifing the
nonconpl enent ary ssDNA-conj ugat ed nanoparti cl es.
nanbpitidled 238 veOfltsdn 98BI ¥ s ATDH anBdikatdeAiblyoL60db SRS Sattiphitickey.
hybri di zation with conpl enmentary DNA nay be observed.

0039(: | 0Q43Q54 QAN RI4Q0BN rrRRG kat ] Ki _Fie. 3 sh
10050 2B 2 AR AA BN pr SRS md)hlso work in rpverse. Fig. 3 shows

a skaeR of QU g[rn%g&igt% fas[gléﬁb eyﬁaﬁqd cgga%%e%n%;}% iog ggpg—%%&é%aggdzt%glgparﬁcles.

nanopar Icles serf-ass e 1n

and, if desjred, into an aggregate 220. The additi ,
Herg panggarticlasp 8rientiaryonalz¢huits 8 DSt Snglemer BRI A i%r.ia is
the nanoparticles 258 results in disaggregation and
addefl wabe sotlign agIthe funchensiznd pmﬁﬁica.selgmg]blerﬁ’éls@ C-ssDNA
assenbl y/ di sassenbly processes may al so work in
314rievdied ethe hgppadicddralimssensitet ch of ssDNA- nedi at ed
assenbly and di sassenbly of g5p-conjugated

[006URNOPATY hekpidss tﬁ_@fu%cﬁ'&ﬁﬁ)g@fi ig%d-ﬁfédﬁ@e@ @618cular switch. Binding of
functionalized with g5p 354. Single-stranded DNA 312

gSpi4%4%9g§gnt§—?altaﬁ8 S ]?N% Iiegﬂ)n%% C %ﬁ %@m@% 'ilﬁf I?osmove close to

nanoparticles sel f-asséenbl e.
added,. the nanoparticgl.es E'sassenbl .%go 0] Fig. 4
ol 466 e Lk By U THEE B 156 GpovtodP TR Motk i GF
switch. Binding of g5p 454 to an anti-parallel ssDNA
fabiicagipp At a gwlecylas switghhprynoyyllys @it tResiigl eordetpstort bhe
fluorescein 466, resulting in quenching of
fluokdsgort essenmyecan Peirscovesed by hybsdizatsort tiecomplementary RNA (C-
RNA) or C-DNA 468 with either of the anti-parallel strands. This process corresponds to
detection of the target or turning “on” the molecular switch.
[0061] Fig. 5 shows self-assembly of nanoparticles at ordered peptide-conjugated g5p
and DNA. A DNA structure 570, shown here with four branches of ssDNA, is assembled
by peptide-conjugated g5p 554, and nanoparticles 510 may be ordered by binding
specifically to the peptides. This may result in arbitrarily structured nanoparticle
architectures.

[0062] Figs. 6A and 6B show the results of electrophoretic mobility shift assays.

Titration of a DNA fragment with three regions of distinct topology is shown in Fig. 6A.
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fabrication of a nolecular switch, in a normally "off
position, or detector. The fluorescent em ssion can be

wo e@ongroetd by hybridi zati on of conpl enentary RMNA/UCRBAY45983
or C-DNA 468 with either of the anti-parallel strands.
Thi s process corresponds to*tet ection of the target or
turning "on" the nolecular switch. [0061] Fig. 5 shows

sel f-ass ly of n rticles t ord
TheERT SRE QO 50 G5 And AT HOUs Tor P Gcbasy and a
shown here with four branches of ssDNA, is assenbl ed
ssDIWA 19t ot il  dbagsend mepsiebel s pingsg is dapicisd b figriahe pangl shhg bottom
may be ordered by binding specifically to the
of thxeiplustegon shibws thewyructesd DN Anwidr thetthize ird ggorst Figc 6B deplicts the
nanoparticle architectures. [0062] Figs. 6A and 6B
molsii@Whifbef the $8p tomplex &l GRhHARIINE 61 CGsDNBI foithy/ssBINA tail, with a
assays. Titration of a DNA fragnent with three regions

mod ofihs thh REH fnocﬁé’hgﬂt ahs]. Shown in Fig. 6A
NY: I004305/ 24\\0 908VI Docket No. 1004305 024W0OThe

o0ffF, B8 2519 585 el 8, SN BRI S

A nodel of the bindin S de |cted in the right anI
conjpgated gpldpprgles; ﬁée Fha %Fléﬂfg Phrdhe change &1 ﬂlﬁ&mwéanamw

DNA with the three regions. Fig. 6B depicts the
diamesbi Yaluey/(Ish daingimcetpsion 5p sEONPAx Esnmpard Hipnas o fpngfion of the
C-ssDNA to the ssDNA tail, with a nodel of the binding
contemtitatien of gipt (ipANBlusinjgQABBY akdlgss teéhniqudB Dydnsked @ arcecase
data from g5p-nedi ated assenbly of ssDNAconj ugat ed

mor@RbHc B Wit ihe TondhEagbiabt %5 pNEfd. 9B sR6wS BieiGed inah& 0ange

in the hydrodynam c di aneter value (Dh) during

speétn?lcégtm‘é é&f&erﬁfatﬁ)ﬁ% Elgz{nggpﬁ%m%wg’l% gﬂéﬁn qs E@Sﬁ LPT0 mM

he concentra

Tris LB b ) ol oS ok SR SRy T B Brtghe pagk alo

_shows changes in the W-vis speptra as the

shifgsgp deiiger wevdensshs §spereResigesd shidhhags diesopeegtigney
solution of 10 mM

mcreases.

[0064] Fig. 7C is a series of TEM images of the morphology of nanoparticle
assemblages as the concentration of g5p is increased from zero to 10 pM in a solution of
10 mM Tris-HCI, pH 7.44, 200 mM NaCl. With no g5p the nanoparticles are sparsely
and relatively uniformly spaced over the substrate. Increasing the concentration to

2.5 uM results in larger, more densely spaced nanoparticle assemblies. Further increasing
the concentration of g5p to 5 uM induces the beginning of agglomeration of the particles.
Virtually complete agglomeration of nanoparticles is shown for a concentration of

10 uM.
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Tris-HA, pH 7.44, 200 nM NaCl. Not only does the
intensity change, but the peak also shifts to |onger
wooeliengt hs (experiences a red-shift) as the PCT/US2009/045983
concentration of g5p increases. [0064] Fig. 7Cis a
series of TEM i mges of t e lnor phol ogy of nanoparticle
assenbl ages as the concentration of g5p is increased

0068135, Fzoch Afpdabrrowreisar ks Pad VidhopabrretsonAs
sparsely and relatively uniformy spaced over the
Con@ab@@ rgazi@arql%% EnEign AN ehoveddt 1oap inghssiN &-/51 ipgabated with

results in |arger, nore densely spaced nanoparticle
2.5 pdbeiindesS uMilvidie Dy iforcssBaB-Ag inh hige mresemean df EieFohowtd no
g5p to 5 mMinduces the begi nning of aggl oneration of

chafid¥e wihae that irkabatd tvithal5h Yncted¥pd &) ®eaflgd! DI Biel 8B sBdws UV-vis
nanoparticles is shown for a concentration of 10 nM

speé\t% dfgpﬂ%qgét%%égpéﬁ%\’él k&t oN@O nm ssDNA-Au with |15 uM
1004305 024V\q 00 Fi gs 8A and 8B show results of

ssDNAconJ ugat ed gol d
Yleggsf%f) Vvélf‘(%a p ea}ér? Or%l%on Oﬁ %5 hdws Dh for 5 nm ssDNA Au

i ncubated with nd 2.5 nmM Yi eF.
(0068 pnaFgs- 94 a%%%h@g éﬁ%éer%%tw\qf SrOBHBHYCH BSSEIP?BWg%f ssDNA-

while that incubated with g5p increased to nearly 1.5

confugatefiggld [BBid¢rowd Qh?—ng%ofstb@ﬁydradmat@ diametepapiugf fesh
approximately 24 hours of 20 nm ssDNA-Au with 15 niV

asseYitafes, rsipewdividy. & p&akispashémaiv idhistedioutof pRBeramtial b{Ie] of g5p
Figs. 9A and 9B show a schenmatic of a gbp-nedi at ed

95438 aiBh116f ssDRNANGEDH 4 AAORA 952 16l o PR b Bihie cR@e in Dh per

changes of the hydrodynam c di amater val ue of such

mmﬁﬁ:l %%h&ﬁ)’n J€ P[ﬁg B?ﬁ"lﬁcl:ryfracﬁ of 8’§ssb§~lAa¥15tﬁg %‘g’@éld: i.e., the

ustratlon O erentla brn

o oSN %QEA erpil e %ﬁg %ﬁgép?f wappHGcle
910). L'Il"q;%eﬁrgu];er salll%twlsc‘zlrlle (?lfangés osfl:]))l\hlpc\iulrlrrllgt(lg % psi\(/lj)l Z<55tpI I?I‘gtelril hl%dfatf:tdhe
assembly of ssDNA-conjugated gold particles (ssDNA-Au = 5 nM) which were
prehybridized with C-ssDNA.

[0067] Figs. 10A, 10B, and 10C depict the decomposition of g5p-mediated ssDNA-
conjugated gold particle aggregates when C-ssDNA is added. Figs. 10A and 10B show
UV-vis data from nanoparticle aggregates (10 nM ssDNA-Au and 5 uM g5p) after about
12 hours’ incubation with C-ssDNA (Fig. 10A) or NC-ssDNA (Fig. 10B). As seen in the
figures, ssDNA-Au complexes incubated with C-ssDNA experience a shift in the peak
absorbance wavelength while those incubated with NC-ssDNA do not. Fig. 10C shows

TEM images of the sample after incubation with 100 nM (fc = ~ 0.2) and 200 nM C-

ssDNA (fc=~0.4).
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nunber of C-ssDNA divided by the total nunber of ssDNA

on the gold nanoparticles 910). The figure shows the
webangew9nf Dh during (2.5 m\V) g5p protei n- medPer/@82009/045983

assenbly of ssDNA-conjugated gold particles (ssDNA-Au

~ 5 nM which were prehybri#ized with C ssDNA. [0067]

Figs. 10A, 10B, and 1Q0C depict the deconposition of

p- nedi ated ss onj ugat ed. gol article aggregates
r0odi1or, "Biss SR e Raaisn of BtEli e SRR o8 i g <
data from nanoparticle aggregates (10 nM ssDNA- Au and
ag2IR ANt 5Ny nanenartickasovare assemblpdgntoj ageigsates by awppyentional
C-ssDNA (Fig. 10A) or NC-ssDNA (Fig. 10B). As seen in
hybtileafiorgmethod issbiNAg/AsDOTYRluemd shéintwdzapaticles {G-sEONADNA) that
experience a shift in the peak absorbance wavel ength

werdBhda@siles evithnhe bahpidmehtalyy NONS 16 8triied BN A-Ad QO nM)
shows TEM i mages of the sanple after incubation with

and@gs_[ﬁ‘h%([{&glﬁ n"MprI)e ARl GoNM LRSINA, (§ G Tfis—q{él), pH 74,
NY: 1 004305/ 024W0. 604908vi Docket No.

1 . 024\ 0068]..Eig. 1 hows_t he, £f t th
200N e SRR Fym 2 Teoh 8L B50E L 88 hip g

pnanoparticles were assenbled into_aggregates by a
1132} Keepitery Akihe Ry st 246 nghoketvRe df P nBeRtiPh @ﬂ&%&ﬁ@%ﬁ

and their target particles (C ssDNA-Au) that were
(B uahddPpbul ated with the conpl enentary ssDNA

Si ngl e-stranded DNA-Au (10 nM and C ssDNA-Au (10 nM
ExawmpieMerndbat ed for ~ 24 hours in 10 mM Tris-HO , pH

7.4, 200 mM Nadl, causing a peak shift from~ 525 nm
[0049 0Nt TR folb3Pg pcise aés%ﬁgmr{sQar@MoJaﬂd%a}nera§ca9wﬁc\fet@_fsxampms.

the peak shift was not observed after incubation with

No %ﬂ%?s@%n{ §f eﬂiy ! 8‘&)11%} or Iﬁéﬁ@étﬁreyﬁti "iil%cri Ec))g ?tg zlldzh-lrslfc% erein.

oW ng pr se descriptions ar merely as

cancrete exanpl es. . i
Spem%c trade names, IgPodeISé, and manufacturers are provided only for specificity and

may be substituted for by equipment of similar capability and reagents of similar quality.
In addition, all measurements of time, quantity, concentration, etc. are given to within
experimental and human error.

Protein preparations

[0070] The g5p gene of bacteriophage M13 (New England Biolabs (NEB)) was
amplified with polymerase chain reaction (PCR) using the primers
S-TAATTCCATATGATTAAAGTTGAAATTAAACCA-3' (SEQ ID NO. 5) and
S-TAGCTTGCTCTTCCGCACTTAGCCGGAACGAGGCG-3' (SEQ ID NO. 6). This
generally results in a DNA fragment flanked by Ndel and Sapl restriction sites. The PCR
product was digested with Ndel and Sapl (NEB) and ligated into the pET-30b vector

(Novagen). After the confirmation of the sequence, the recombinant plasmid was
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No endorsenent of any product or manufacturer is

inplied by its inclusion herein. Specific trade nanes,
wo@el1$909and manuf acturers are provi ded only fRPET/US2009/045983

specificity and may be substituted for by equi pnent of

simlar capability and reagehts of simlar quality. In

addition, all neasurenents of tine, quantity,

e RSB B RS AL SRS

gene of bacteri o&hage ML3 (New Engl and Bi ol abs (NEBg
Sysm(Eaiaraaidf i@ RiPteH! porsstion s iedised by additippaf Isperpyl p-D-1-
using the priners

thioBAladtARFTCEARATRRG TSAAGT TIGASATIANACDAL B) ncSHEGN MOHNCInaB)ycin
and 5' - TAGCTTGCTCTTCCGCACT TAGCCGGAACGAGECG S| (SEQ I D

(10 /i) (Sl% b Agenefealxbiessies Péiicd, clleweRlRohic &edRnl the His-
anked by Ndel and Sapl restriction sites. The PCR

tag %Qﬁ%@lﬂ gJ}dotiXYﬁt%ég tp@ﬁ%%@ QSlﬂ%ta iNGER c@ﬂ&tﬁ@h%&m@th@f‘ QS P

he pET-30b vector (hbvag After the

purFRRE A TR LR OF Ler SEAUBNC Ryl OF T %%ya@m& BeRrd
1004305. 024W0 nt r oduced i nto BL21 DE3 el ectroporation

explopiipEf-dialtBert) Wik p ngPhaseyl GaHl) IPgh ssplulir Fizmg rolupm
(Bio-Rad). Gbp protein expression was induced by '

(Amggghiat Biosaendesho gy ppity ob>99% -wasiobtadgadaat wpydeserognaeby analysis
(PTG (Signma) in |lysogeny broth (LB) nediumwth

of tikeprateycbandé 1OIA g g QugntifySOgER)ftwhk i Bio-Rid, sxprsesshgmwith

period, cells were sonicated, and the H stagged g5p

CodMiRti8 IBlud\&Sa 5 SfD@goHﬁérS}Emﬁd el VD16 @k et oh Co &R Eht of
Further g5p purification was obtained using fast

745@&@@.%2%&% SPEATE e @'sméf@am*“ﬁeﬁz a5,
o) BRI BTk B i B B 8
On

proteln bands using the Cpantlty e software
Jor dpsingaérypl prgpginy. NangiLstterg, Wil Ph pp- 3086-3091, 2007, which is hereby

incorporated by reference in its entirety.

Electrophoretic mobility shift assay

[0071] The DNA for the binding study was obtained by annealing of two ssDNA
with sequences, 5’-GACCACATACCGCACCATC(T);.CTGCTACGAGACTTC-3’
(SEQ ID NO. 7) and 5°-(T)3»x GATGGTGCGGTATGTGGTC-3’ (SEQ ID NO. §),
respectively. The annealed DNA (1 pM) was incubated with g5p at 37°C for 10 minutes.
The DNA was visualized by ethidium bromide staining after agarose gel (2.5%)
electrophoresis. The C-ssDNA, with sequence 5’-GAA GTC TCG TAG CAG-3’ (SEQ

ID NO. 9), was added to the complex of g5p and the annealed DNA, and was incubated
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Coonassi e Blue on a 15% SDS- pol yacryl am de gel. Ml ar

extinction coefficient of 7450 M 1Cm 1 was used to
waledoensgone protein concentration. The Yi eF pr oPEI/NS2Ma%045983

prepared as described previously by Zhang, Y.B., et

al ., Functionalized carborm 4mot ubes or detecting

viral proteins. Nano Letters, 7(10): pp. 3086-3091,

, ich i ereby. incaorporated by.referen iQ.its
st 350 i e B IO TON. RE S TE S 4 Cegay Aybands
The DNA for the binding study was obtai ned by
werg gl i adrigtep ethidigm Sseide wiaiing equences,
5' - GACCACATACCGCACCATC(T) 32CTGCTACGAGACTTC-S (SEQ ID
Cha@:tertjatiand 5' - (T) 32GATGGTGCGGTATGTGGTC- 3' (SEQ I D NO.
8), respectively. The annealed DNA ( 1 mM was

[0072]cubatvedisblt Bpebi vadre 3tAfaed @5ind @ PRIILEIRSr LARGIDBE was
vi sual i zed by et hidium broni de staining after agarose

spe(QﬁJme(tgr: DY edsGRELORAKHS aSMallBS £etisidNos iMdfiheseAeRCE
5 -GAA GIC TCG TAG CAG 3" (SEQ ID NO 9

), was added to
t he

coo 5 BETRAE% 59500204 D RORGR R B g e o
1004305, 024Woat 370C for 15 minutes before the

Au.g JEQLy biioHE veas qreraigd %ré25 ke s™M FaRplgt WelRPremEcd R ds
wer e anal yzed after ethidi umbrom de staining.

incubatiemet wnipiestdnghcadripR7A]atad\coppei gyidefos hé stingeswwirdewashed with
obt ai ned using a PerkinEl ner Lanbda 35 spectroneter.

distiMed wams twoaisnesed usi ng a Mal vern Zetasi zer ZS
instrunent that is equipped with a 633 nm|aser and a

[00TCKS Catdnahd RACIHBE BELRY tatinvehdrs 184 ¥ihsUgthétk RS SNt may
a JEOL 1300 TEM was operated at 120 kV." TEM sanpl es

ool e ORI Eh Bs seTRY *R BRRR S TaSPaflab sl peppevites
DisHa%r gf Puin%‘}l(i)rllall Ie)gptilc\@:ta?b—tte}/n\%ngli onfeg%p may allow for biologically active
nanomaterials. In addition, the use of other classes of nanoparticles (semiconductive,
magnetic) is considered for more potential applications. The work described may be
further exploited for the development of biosensors, including the development of
approaches for microarray design.

[0074] This method makes it possible to control both assembly and disassembly of
DNA-conjugated nanoparticles at biological conditions without thermal treatments, to
easily incorporate proteins into DNA based nanostructures implying great potential to
design complex nanomaterials, and to design approaches for the detection of nucleotide
sequences (DNA, RNA) without the need for their labeling.

[0075] While the foregoing description has been made with reference to individual

embodiments of the invention, it should be understood that those skilled in the art,
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[0073] G ven the teaching herein, the inventors and
other practitioners in the art nmay expand the approach
wo o00ans®Itonpl ex DNA-g5p structures for assenbP@T/v82009/045983
nanoparticles. Display of functional peptide at
C-termnal of g5p may al |l ow¥or biologically active
nanomaterials. In addition, the use of other classes
of nanqgparticl.es (sem conductive, netic),is.. ..
ek B GH T G By BRGALIPRPe MBS EEhENd R figaians
~described may be further exploited for the devel opnent
withsut gerssianesioed thg e enfpingg its Reoadesspeginreior cormplp SerrapREssns
for mcroarray design. [0074] This nethod makes it
othqralssi ¢fipendyobaasetlr kol anbthieherabsbmibhty thendvahitioa ssgrisl used for
DNA- conj ugat ed nanoparticles at biological conditions
detattih ) Shtimitflepades fof eaufBNdpplicitoneasi |y i ncorporate
proteins into DNA based nanostructures inplying great

[00RAt entth@bort &i &éseﬁ%&&mi@ﬂmm{@? &k ii@sleﬁtio@{%qir%i?ed only by

desi gn approaches for the detection of nucleotide
equences RNA) wi thout the need for their
me?%%% ﬂﬁﬁ?¢%ﬁ%@§? Wil e the foregoing description has
been made with reference to individual enbodi nents of
the invention, it should be understood that those
skilled in the art, NY:i004305/024W0 604908vi Docket
No. 1004305. 024WOnaki ng use of the teaching herein,
may propose various changes and nodifications w thout
departing fromthe invention in its broader aspects.
For exanpl e gene proteins other than g5p may be used.
I n anot her enbodi nent, the invention nay be used for
detecting chem cal species for security applications.
[0076] The foregoing description being illustrative,
the invention is [imted only by the clai ns appended
heret o. NY:i 004305/ 024W0. 604908vi Docket No.
1004305. 024WOCLAI MS: 1. A control |l abl e and reversibl e
nanoparticle assenbly conprising, nanoparticles
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encapsul ated with non-conpl enmentary DNA and/ or RNA,

t he nonconpl enentary DNA and/ or RNA bound by a
woe@baeoptde bi nding protein to form a nanopar t PCT/8S2009/045983

assenbly. 2. The controllable and reversible

nanoparticle assenbly accor 4l ng to claim1, wherein

the nanoparticle assenbly is disassenbled by further

CL&&Z& ning the nanoparticle assenbly with DNA and/ or
conpl enmentary to the nonconpl enentary DNA and/ or

RNA. 3. The controll abl e and reversi bl e nanoparticle
1. asshaprtyoliabledindirengriible dpaensticle pisemblyrrompaising, nanoparticles

na rk%@%{ sHa&ldgviitﬁ‘n&—%@‘éﬁilemeétaréa]gﬁAC%%’rqiﬁﬁ ,géh? ngﬁ]—d

rever e nanoparticle ass y accor o Cclaim 3,
whesoaiplerhdi@arfEINA ahd/os RINeCb@thdfiyanmuichetige binding protein to form
consisting of gold, silver, and platinum 5. The
cor?trfa&PPa&gflé agsv@bever si bl e nanoparticle assenbly
according to claim4, wherein the netal is gold. 6.

2. ThereQRhiOhdabhf @0 siHaVimepAisle RRARA Ldcoldn ARAGHR] V,
according to claim1l, wherelin the nanoparticle is a

s ernwlowerd tlt mmopatticiFrassendry rsalisaatsinglethbly fuether sirbbieing the
ti.gl nbl ' laim®6 '
Cne Bt GuB bR Ve TSR AT RNt iy O T

corz;%hgﬂémm&mﬁqh@mp\@jpeni de, cadm um sul fide, zinc
sul fide, and gallium arsenide. 8. The controll able and

reversi bl e nanoparticle assenbly according to claim]1,
3. whebhsicentrpldablesenshygy s ibleenangparigls assegblpaccpping to claim 1,

cont kil gl fan@?%}i%%é?ﬁﬁle@l.e nanoparticle assenbly

according to c

4. The controllable and reversible nanoparticle assembly according to claim 3,
wherein the metal is selected from the group consisting of gold, silver, and

platinum.

5. The controllable and reversible nanoparticle assembly according to claim 4,

wherein the metal is gold.

6. The controllable and reversible nanoparticle assembly according to claim 1,

wherein the nanoparticle is a semiconductor.

7. The controllable and reversible nanoparticle assembly according to claim 6,
wherein the semiconductor is selected from the group consisting of cadmium

selenide, cadmium sulfide, zinc sulfide, and gallium arsenide.

8. The controllable and reversible nanoparticle assembly according to claim 1,

wherein the nanoparticle is magnetic.

9. The controllable and reversible nanoparticle assembly according to claim 8,

wherein the nanoparticle is iron oxide.
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wherein the nanoparticle is iron oxide.
NY: i 004305/ 024W0D 604908vi Docket No. 1004305. 024W0O10.

wab@oaempt ol | abl e and reversi bl e nanoparti cl e PEFERIINY045983

10.

11

12.

13.

14.

15.

16.

17.

18.

according to claim1, wherein the DNA and/or RNA are
singl e stranded. 11. The cohtrollable and reversible
nanoparticle assenbly according to cIa|n11 mhereln

t he_DNA and/ or ar e . doubl e .strand
corRFGPTaHL TG TPLOSPI BBP T Sy e faim 1
ac %’H&éiﬁ Ghd ON@ #id7r RN WL ﬁh%le LfighdadC! eot | d_e bi ndi ng
protein is g5p. 13. A controllable nanopartlcle

assenbly and di sassenbly process conpri sing,

- enceissonaeliae mp%rﬁlfoiq:naégpwtﬂn apymbAiacordime, claim 1,

d I h
nug?"11 %Hg% @ %ggéggggﬁ%dﬂ%%%R%&hé nSStﬁLtDNZ and/ or

RNA to the nucleotlde bi ndi ng protein, thereby formng
an Hesentbyabdd antaieo@aibld inepartidié .assEhehl adstordihg aldlgim 1,
nanoparticle assenbly and di sassenbly process

ac COFIA dhe e O&ﬁﬁbﬁhngvm@m if 2he assenbly of

nanoparticles is disassenbled by further conbining the

nanepafidiRbR AAgeHRLY a%%wé&ﬁil ROLLARSy HADISTRHATE,

to the nonconpl enent ar /or RNAl 15
cornegishiabhg nmmp@n@iqswaﬂeDNs‘s%wﬁbqu‘&hd di sasserrbl y
process .ac rd|n %g cl ai m

nans ,11{1{1% E‘»lnga etd‘ﬁanoliaétl (ﬁ%\\é]\'ﬂﬁ 8ﬁ1tu?]8p cgeb‘tlngdmg protein; and

nanafahd iHel BN ASSEmD RN 2 asthd |n§é‘1§§t@d’$ﬂlﬁdlﬁ% BEREA, thereby forming
accordlnqéto claim 15, wherein the netal is sel ected

f r ¥nassrantyy efipanopmisiclssi ng of gol d, silver, and
platinum 17. The control |l abl e nanoparticle assenbly

andryfli SATSEHR Man%ﬁ%?i@ﬁsasmgf dhd gisgsgembly process according to

claim 13, wherein the assembly of nanoparticles is disassembled by further
combining the nanoparticle assembly with nucleotides complementary to the non-

complementary DNA and/or RNA.

The controllable nanoparticle assembly and disassembly process according to

claim 13, wherein the nanoparticle is a metal.

The controllable nanoparticle assembly and disassembly process according to
claim 15, wherein the metal is selected from the group consisting of gold, silver,

and platinum.

The controllable nanoparticle assembly and disassembly process according to

claim 16, wherein the nanoparticle is gold.

The controllable nanoparticle assembly and disassembly process according to

claim 13, wherein the nanoparticle is a semiconductor.
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wee@ogswonccording to claim13, wherein the

19. 5

20.

2l. g

22.

23.

24.

25.

26.

27.

28.

29.

NY:1004305/024W0:604908v1

claim 16, wherein the nanoparticle is gold. 18. The
control | abl e nanoparticle assenbly and di sassenbly

nanoparticle is a sem conductor.
NY: i 004305/ 024W0 604908vi Dbtcket No. 1004305. 024WOL9.
The controll abl e nanopartlcle assenbly and di sassenbly

ess a d|n ai m erein e :
erfiEsnatigne peeutelairrrs and fioegranl Rermst seeinet
c adﬂﬂlh'm S neRifte seRABThHBSUL §d18&ed BHMGHS Bidub ‘é@nmﬁﬁ% of
gal | i um arseni de. 20. The control | abl e nanoparticle
as sediiym agienidé. sadwanm bylfige, gnwssfadee ardigallgum arsehige m
13, wherein the nanoparticle is magnetic. 21. The
€O nt}%gcéhggli%)}%ﬁ%l%B%lc e sgen"@g gﬁ@ \Aﬁ%as%glgb]srrp%gée%? g(pco}{dm g to
narwaamrn Wherdllsthbrnaﬂopamdlels Raanefie control | abl e
nanoparticle assenbly and di sassenbly process
according to claim13, wherein the DNA and/or RNA is

i nieeoaiteligidrpanoparticlerpssehly A fiapisemRlRspert fepeting to
aSSc%HR' 20, 3hdresti &@%%ﬁgﬁéhi(cl@{sq%ﬁo%q@eccor ding to claim
13, whereéin the /or RNA I's doubl e stranded. 24.
The control | abl e nanoparticle assenbly and di sassenbly
pr cdesonaeltadnangpaisicls] aasemiig ,andr\kli@asabmbb’fmom& hasotdinieto

b t 5 t hod f nbl i
oA LY eEE PR g o7 R ET ok 1ot a ol ur el 1y

of nanoparticles with a nucleotide bi ndi ng protein;

in Cﬂi@aiohﬁ@llzttﬂ@nafﬂcbﬁ@ﬁﬂclérhabdnﬂﬂsﬂ aNABRPREMbE] 26cash hdtording to
non- conghenentary DNA and/ or RNA; and |inking at |east

t wor Ly g gpdersin thg DDA RNA ridRublierstiandes: nucl eot i de

bi ndi ng protein, thereby formng an assenbly of
NangRAGHEN fle nanoparticle assembly and disassembly process according to

claim 13, wherein the nucleotide binding protein is g5p.

A method for assembling nanoparticles comprising,

functionalizing a plurality of nanoparticles with a nucleotide binding protein;

incubating the functionalized nanoparticles with non-complementary DNA and/or

RNA; and

linking at least two strands of the DNA and/or RNA with the nucleotide binding

protein, thereby forming an assembly of nanoparticles.

The method according to claim 25, wherein the nanoparticles are metal.

The method according to claim 26, wherein the metals are selected from the group

consisting of gold, silver, and platinum.

The method according to claim 27, wherein the nanoparticles are gold.

The method according to claim 25, wherein the nanoparticles are semiconductors.

PCT/US2009/045983
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26. The nethod according to claim25, wherein the
nanoparticles are netal. 27. The nethod according to

welkaomiwss wherein the netals are sel ected froPQT/H82009/045983

30.

31.

32.

33.

34.

group consisting of gold, silver, and platinum 28.
The nethod according to clat¥m 27, wherein the
nanoparticles are gold. 29. The nmethod according to

S oo bed B G R NS 6 G orsE P s Bt sfgged from
10Qﬂ§91%u %Mfﬁg of REIARMN QAL REC Qf Thiteh $iffidd, 2indsdfide, and

wherern the semconductors are selected fromthe group
corilsm agefle.cadm um sel eni de, cadmi um sul fide, zinc
sul fide, and gallium arsenide. 31. The nethod

<ol ST T DAVEPAIH! 55

wherein the nanoparticles are iron oxide. 33. A
ol Beuh&hod idcoating @ngdiins? Ngvheteid thearnasetidlecare nohedide.
of f position and a fluorescent em ssion on position,

wherein the fluorescent nched of f position. .
corém%f‘égraé SYIEIL fOrRRIFSIRE. @SfﬂltﬂPﬁ%fﬁ‘S‘ieéfiPH“&Pntaﬂ%aS'

encﬂlfo%s@é:ﬂ'ignﬁssﬁdd'@ffo%ﬁﬁjnﬁwﬁéw strand, a second ssDNA
bound to DABCYL at the 3" end to form a ssDNA- DABCYL

st rthgqtivoresent queoeleslodt posstsadNRNeirsanal fisgh dsIPINA bound to

SS - DABCYL st and_.bound toget her w 5p; and th

T O RE A R e e bR S s aB Pt NNA
COMuedeNDARC IS BMNAe Or esBBMAh Y REDBAZBA By Ik tkd1r thehe
fluorescei n-ssDNA strand or the ssDNADABCYL strand,

whtusissceiarioh NAgstrang and thsrseBe-RARfehk kepndabrnnd fagsithon gyith
fl %ﬁ)eglgdence detection. 34. A nolecular swtch
coLnfkp i Sing:

the fluorescent emission on position further comprises a complementary ssDNA

or sSRNA hybridized to either the fluorescein-ssDNA strand or the ssSDNA-
DABCYL strand, whereby removing the fluorescein quencher and enabling

fluorescence detection.

A molecular switch comprising:

a segment of dsDNA;

a first strand of ssDNA bound to one of the two strands of the dsDNA and to
DABCYL at respective ends;

a second strand of ssDNA bound to the other of the two strands of the dsDNA and
to fluorescein at respective ends, the two strands of ssDNA non-complementary
each to the other; and

g5p attached to at least one pair of DABCYL-tipped and fluorescein-tipped
ssDNA strands, such that fluorescence from the fluorescein is quenched during

attachment via g5p.
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a segnent of dsDNA; a first strand of ssDNA bound to
one of the two strands of the dsDNA and to DABCYL at

WO e@pactodve ends; a second strand of ssDNA bouPdI/Us20091@45983

35.

36.

37.

38.

39.

40.

41.

ot her of the two strands of the dsDNA and to
fluorescein at respective eifts, the two strands of
ssSDNA non-conpl enentary each to the other; and g5p

attached to ast one pair of DABCYL-tjpped a

71 b peg i DR sbRedintune. sherophlientory BYA o RNA
f1 ughB&C BRGRNIRIPIdNG LAY UN K26 RINA kfarlid BOGRES Lulcidddde
attachnment via gbp. NY:i004305/024W0 604908vi Docket

No . bind)0g BO%:i 0. ZUIAEBG formings gpecinibloedd DNA assenbl age
conpri sing, non-conplenmentary DNA or RNA strands, the

NoN=CONRI RNA st r.
ok EarL G R B RAP A Rl ar hOARNS BT ¥ fln e DNA or
asgenhliagagle3frandede g5p- nedi at ed DNA assenbl age
according to claim35, wherein the DNA or RNA is

singl e stranded. 37. The g5p-nedi at ed DNA_ assenbl age
accﬁ‘ﬁcﬁSHﬁn?‘BatEﬁ? DA aspe E 8FGOIYIRS (helaing 8¢ WEIEHN AR ng

Pr Gf@ieBtillShidaRe ppReinfs g?;g hod for assembling o
nanoparticles, “the method conprising functionalizing a

plurality of nanoparticles with non-conpl ementary
ssDNaethmddosissgmbliveg fianepaiitioles the edthedwopwprisingl es t o
ge . prot.ein : d Linking at l.east two.strands i
?aadisfplfois R oiuwdngsbhHRarell will St ad oy
nangapadihg tledsnctidfaliAd Mdhdpartit] SLB SR braiéinyahdir e of
DNA and nanoparticle-functionalized gbp

linking at least two strands of the ssDNA with the g5p, thereby forming an

assembly of nanoparticles.

A multi-dimensional structure of DNA and nanoparticle-functionalized g5p
comprising, a DNA structure having multiple branches of ssDNA, a peptide
conjugated to g5p, wherein the g5p is bound to the ssDNA, and nanoparticles
bound specifically to the peptide, thereby forming a complex structure of DNA

and nanoparticle-functionalized g5p.

A multi-dimensional DNA scaffold comprising:

first and second strands of ssDNA mutually bound by sequences of C-ssDNA at a
first locus;

third and fourth strands of ssDNA mutually bound by sequences of C-ssDNA at a
second locus;

the second and third strands of ssDNA mutually bound by sequences of C-ssDNA
at the second locus; and

g5p bound to at least two of the strands of ssDNA at one or more points between

the bound loci.

The scaffold of claim 40, further comprising at least one nanoparticle bound to at

least one of the g5p.
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conprising, a DNA structure having nmultiple branches

of ssDNA, a peptide conjugated to g5p, wherein the g5p
w0 20000umdi t 0 t he ssSDNA, and nanoparti cl es bounPICT/US2009/045983

specifically to the peptide, thereby form ng a conpl ex

structure of DNA and nanopa}kicle-functionalized a5p.

40. A mul ti-di nensional DNA scaffold conprising: first

and_second strands. of ssDNA nut ual bound by .

42, SO eECaLogot RS iy val oL St s kst SR ggile bound to at
f oyedshosd fedor@NASDNA mut ual Iy bound by sequences of
C-ssDNA at "a second | ocus; the second and third
strands of ssDNA nutually bound by sequences of
C-ssDNA at the second | ocus; and gb5p bound to at | east
two of the strands of ssDNA at one or nore points
bet ween the bound loci. 41. The scaffold of claim 40,
further conprising at | east one nanoparticle bound to
at | east one of the g5p. NY:i 004305/ 024W0 604908vi
Docket No. 1004305.024WX2. The scaffold of claim41l,
further conprising at |east one nanoparticle bound to
at | east one region of DNA. NY:i 004305/ 024W0 604908vi
Docket No. 1004305. 024WO
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