-1 - CONTROLLABLE ASSEMBLY AND DISASSEMBLY OF NANOPARTICLE SYSTEMS VIA
PROTEIN AND DNA AGENTS [0001]This is an international (PCT) application which claims priority to
U.S. Provisional Application No. 61/058,037, filed June 2, 2008, which is incorporated herein by
reference. [OUOZPPHiP¥ention was made with Government support undet@shE246e/ tHitssr
DE-ACO2-98CH10886, awarded by the U.S. Department of Energy. The Government has certain
rights in the invention. BACKGROUND OF THE INVENTION [0002]The invention relates to the use of
peptides, proteins, and other ollgomers to prowde a means by WhICh normally quenched nanopartlcle
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many different research areas and are belng applled for the development of scientific and industrial
technologies, such as nano electronics, sensors, and catalysts. Frontier energy, medical, and
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[0002] This invention was made with Government support under contract number
DE-AC02-98CH10886, awarded by the U.S. Department of Energy. The Government

has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0002] 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 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
inel‘easingly cleaner and more efficient energy conversion and storage, as well as
biological sensors having increased sensitivity. Such integration requires not only the

precise confrol of nanoparticle size, shape, composition, and surface properties, but also
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the ability to self-assemble and dissociate nanoparticles with controlled kinetics and final assembly
morphology under conditions tolerated by biological systems. [0004]Currently, the self-assembly of
nanoparticles with metallic (Au, Ag, Pt), semiconductive (CdSe, CdS, ZnS, GaAs), and magnetic
(Fe203) properti8idfegibiological building blocks is achieved by two maRCAFHaphewssi)
DNA-based systems and (ii) protein- (peptide-) based systems. The remarkable specificity and
programmable interactions of DNA allows self-assembly of DNA-conjugated nanoparticles and
construction of complex architectures. Their complexity and functionality may be extended via the
incorporatidhegbprotédrss iests fondtiondd bivlogicainsersmissorids orgenrize isreticoampléxdcaffolds. The
DNA-based self-assembly systems have shown great potential as biological sensors. Specific binding
of peptides ASSABYGAPEPEGIPRYed Heischadifi e iedsiatedter Disderirdse yraptides can be selected by
using phage display system. Also, the peptides have been successfully used for the construction of
nanostructdf98%nd sehsaseniBR et iAtEgaic FidrBpratiales yotenmeahi fidetibhdltiariety of proteins,

the combination of DNA- protein-based systems is receiving considerable attention to design
LA 60

functional hYBHECRARSHE 05TPhE Leit:A0TISRFLE HEROBAMIRISE ShE® grammed complex
architectures using DNA have been demonstrated. DNA-induced self- bly of nanopaiticles was
first introduqél(-:'og0 %‘%b%%ﬂgi/n @H&%Sriﬁga%]é%?rs%& AR 13&8%8%%&&1&%%%%%&%ethod for
rationally a o] n icles into magcroscapic materigls,” Nature, 38§2(6592): 07-609, 1996,
and AIivisat%ogs8 g}rgoﬂ;clgbt-%\;ﬁo r%%?sg&g %%Sﬁ%g %%%f?ﬁgengé%ls%lfé}r%s 8%%%“ ﬁ%gn% ﬁf\?ﬁmp@a? ure,

362(6592): R A% AL 1992 bl dnhichiaicles i heret inepinaralgd by aference in thei
entirety. The ability of NY:1004305/024W0:634908v1 Dockéet No. 1004305.024W0 - 3 -

construction of complex architectures. Their complexity and functionality may be
extended via the incorporation of proteins that function as biological sensors or as
organizers of complex scaffolds. The DNA-based self-assembly systems have shown
great potential as biological sensors. Specific binding of peptides to inorganic surfaces
has been demonstrated, and these peptides can be selected by using phage display system.
Also, the peptides have been successfully used for the construction of nanostructures and
self-assembly of inorganic nanoparticles. Due to the functional variety of proteins, the
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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specific hybridization of DNA was utilized for self-assembly of nanoparticles on which single stranded
DNA (ssDNA) is chemically immobilized. Aggregation was obtained by adding a single stranded linker
DNA whose ends were complementary to the ssSDNAs conjugated to the particles, The aggregation of
ssDNA conjitfateePHatparticles is accompanied by changes of physical BRHEBHeHP45perties, and
was applied to detect DNA. Addition of a DNA fragment complementary to the linker results in
dissociation of the aggregates. Alternatively, the system can be designed such that the DNA fragments
to be detected function as the linker. The melting properties of DNA, which depend on sequence and
length, makestipeduiblisie ieversP e Wt futibzedhiblsof thccagdreyfatey by fistreasingitdmperatures
(Fig. 1). The sequence-dependent melting properties allow detection of single point mutation using
ssDN A-coﬁ]ﬁ%‘ﬁt@@%&fﬁé@@f@é% cplbnopRkil e eheregr i sscepeBIgdhucleotides,
that are designed for complementaiy binding at their 3 and 5' ends to form a hair%in structure, have

been used X5 HSRENMAF BEYEHS UFHERS ik BH GRIDITA SREMs BB A& structure,

resulting in emission %ft e (guench fluorescence L%BWAMlcroarra technology is used on a routine

basis for hi(\cg(ﬁnﬁ"ll%ough-puf3 c[fu%{lnctli i¢a |§na§rf§raéleorrl1ﬁ¥n ers’ of AT BAIRPEH A¥ragments. The

array-baseg1 systems. e uj %Iageli of target DNA, or RNA, via synthesis of C-DNA.
ssDNAconqugate% naenogracr%crfgsshof\% }gé%ﬁl%ﬁge#é%acglﬁ)gﬁgteeséat%é/&%%aepﬁ%leei?%glrag%?crtrlolecules. [0001]

In addition, gRexspeEfic Interasion { RNA bas hestssdonseale: PMPHJ'Q%&%JT!&%%%@ d

n
assembly of the building blocks to construct sophisticatéd geometries and morphologies. NY:

1004305/0240;R04208 %1 Doakel Nerc 1904305 ARV onek s R UMMARI09Q8Ihile jhe above

mentioned systems require hybridization of complementary DNA strands as a prerequisite for correct
assembly, apddisassemhiyisobiaingd:oyrnaiing obibs-RMAabN@V g temRatat res, the

processes will often result in the irreversible inactivation of functional moieties, such as proteins. The
inventive metheddallowsdinrtcontiollables askemmblyeplenan etmplemenismhsingle sitansed DNA-
(ssDNA-) conjugated nanoparticles, using the gene 5 protein (g5p) as a molecular "glue"” binding to
two anti-paratiehssP NAstrands. €Cantrolldeasgemblydeireticstofgantioiecaggiagdles can be obtained
via sequence-specific hybridization with complementary ssSDNA (C-ssDNA), while the size of
aggregatesigiasontrolicth by adjustmetcoftieegsp Edrcenngtichneeacteirollable disassembly of the
g5p-ssDNA complex may be triggered by hybridization with C-ssDNA, which allows regulation of
assembly Kif antl e deesmpashishibpsrsaleohepjragavsdest fosrrodgsigsiological
temperatures. In addition the g5p protein allows for the construction of functional, recombinant
derivatives ﬁ?fa&oew%féﬁﬁ%mﬁa% BeBtherdririfftdg SRR AR Breas Brews RsEpecifically bind
to surfaces of nanécj)i)?%rticles. This a&ows control of bath assembly and disassembly of nanopatrticles

without the S BaRErREHE RGACRS P RIS DD OriRE INES BRIAB SkRrHARbstructures,
conferring e pore Rl 10,883 190 CamIPIe Y DANOMAIE MRS eccence.
[0007] Microarray teéhnology 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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[0009]The invention relates to the use of peptides, proteins, and other oligomers to provide a means
by which normally quenched nanopatrticle 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 moleclf@2WA{k2the need to label the target molecules before def&cHER21 QM er aspect, a
method for forming arbitrarily NY: | 004305/024-\Wg: 604908%1 Docket No. 1004305.024W0 -5 -
shaped two- and three-dimensional protein-mediated nanopatrticle structures and the resulting
structures are described. Proteins mediating structure formation may themselves be functionalized
with a variety of useful moieties. [0010]In son&¥BEsRIments of the invention; a controllable and
reversible assembly of nanoparticles using the g5p protein or similar DNA binding proteins is provided.
In some vaH8 the WhHo Hisrabye BrnboredStisat R BRARHEIS RN AT SARBHESAREDarticles are

assembled with a nucleotide binding protein. In other variants, the nanoparticles are encapsulated with

a nucleotid® DAY B Stet T BN S P AT LS Y Y 208 NSRS IRKY PIRHARIIPRNA. Some

embodiments.provi agwl i-Qi en§i8nal structure omprising brfi'clnc es of ?ngl stranded DNA
el m'%o %e af elevated temperatures t%[e 10CesSES will often resuit 1 6%% . .
and/or RNA” fucfeotide bin ing protein, and nanoparticles. Some embodiments of the invention also

i R s S e e e

using a nucleotide binding protein. [0011]Other embodiments of the invention o prow&e a nucleic acid

binding profeiny Mediatad R Qs%éﬁm?lagﬁome&ﬁ fBRERES, AN ROmAlamaniary RIK\Qr RNA strands
bound to a nucleotide binding protein. [0012]Still other embodiments of the invention provide a
molecular %Hﬁfgé’%@ﬂ%noparticles, using the gene 5 protein (g5p) as a molecular “glue” binding to
two anti-parallel ssDNA strands. Control of assembly kinetics of particle aggregates can
be obtained via sequence-specific hybridization with complementary ssDNA (C-ssDNA),
while the size of aggregates is controlled by adjustment of the g5p concentration. The
controllable disassembly of the g5p-ssDNA complex may be triggered by hybridization
- with C-ssDNA, which allows regulation of assembly kinetics and effective decom-
position of parﬁcle aggregates at room or physiological temperatures. In addition, the g5p
protein allows for the construction 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

NY:1004305/024WO:604908v1 Docket No. 1004305.024WO




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 ssRNA to either the fluorescein-ssDNA strand or the
ssDNA- DABtYI'EHARNINY: 1 004305/024VV0:604908v1 Docket No. 1004B5528P447883 -6 BRIEF
DESCRIPTION OF THE DRAWINGS [0013]Fig,.% shows a prior art method for self-assembly and
disassembly of ssDNA- conjugated nanopatrticles. [0014]Fig. 2 depicts a controllable g5p-mediated

assembly and disassembly technique. [0015]Fig. 3 shows a sketch of ssDNA-mediated assembly and
di Sassembli}jﬁ?%t&oé&ﬁﬂj@éq@(ﬂhmﬁﬁﬁli (Hgg?m’—medmted nanoparticle structures and the

resulting structures are described. Proteins mediating structure formation may themselves
be functionalized with a variety of useful moieties.

[0010] In some embodiments of the invention, a controllable and reversible assembly
of nanoparticles using the g5p protein or similar DNA binding proteins is provided. In
some variants, the nanoparticles are encapsulated in DNA and/or RNA and the
nanoparticles are assembled with a nucleotide binding protein. In other variants, the
nanoparticles are encapsulated with a nucleotide binding protein, and the nanoparticles
are assembled with DNA and/or RNA. Some embodiments provide a multi-dimensional
structure comprising branches of single stranded DNA and/or RNA, nucleotide binding
protein, and nanoparticles. Some embodiments of the invention also provide a method or
process for preparing a controllable and reversible assembly of nanoparticles using a
nucleotide binding protein.

[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

ssRNA to either the fluorescein-ssDNA strand or the ssDNA- DABCYL strand.
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[0016]Fig. 4 depicts the functioning of a g5p-mediated molecular switch. [0017]Fig. 5 shows
self-assembly of nanoparticles at ordered peptide-conjugated g5p and DNA, [0018]Figs. 6A and GB
show the results of electrophoretic mobility shift assays, [0019]Figs. 7A, 7B, and 7C are data from
g5p-mediateBEEBIRY bf ssDNA- conjugated gold particles. [0020]Figs. BSA/HSRPBESABW results of
dynamic light scattering and ultraviolet- visible anglyses of ssDNA-conjugated gold particles.
[0021]Figs. 9A and 9B show a schematic of a g5p protein-mediated assembly of SDNA-conjugated
gold particles, and changes of the hydrod namlc diameter value of such assemblies, respectively.
[0022]Figs. WA, 10B, and 10BREHiPRa eRETHINH A ‘disted ssDNA- conjugated gold
particle ag i %)023]Flg 11 shows the effect of the addition of C-ssDNA on gold Eartlcle
aggreg ate 305 oy 4 W@w%b E@\@Sa\ll'tfnethod for self-assembly and disassembly of ssD

A
!.Au\-

CES

conjugated nanoparticles.
[0014] Fig. 2 depicts a controllable gSp-mediated assembly and disassembly
technique.

[0015] Fig. 3 shows a sketch of ssDNA-mediated assembly and disassembly of g5p-

conjugated nanoparticles.

Q

[0016] Fig. 4 depicts the functioning of a g5p-mediated molecular switch.

Q

[0017] Fig. 5 shows self-assembly of nanoparticles at ordered peptide-conjugated g5p
and DNA.

[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 g5p 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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Docket No. 1004305.024W0 DETAILED DESCRIPTION [0024]In contrast to DNA, proteins have not
only specific binding properties, but also abundant catalytic functional properties. The interactions of
protein and peptide have been utilized for self-assembly and ordering of nanoparticles. Peptides that
have specifiti ¥ iH3Pghnic compounds (metallic, semiconductive, and RagNEEEBHEEUNds) have
been selected using peptide libraries, and have been used successfully for self-assembly of inorganic
nanoparticles and biomineralization. Noting the specific interactions between peptides and inorganic
surfaces, the inventors suggest that the moranlc nanopartlcles may be linked with proteins by genetic
engineering of proteins to display pept&ds lidab sdndBiMition of the DNA- and protein-based
systems is attractive for extension of their appllcablllty as biosensors or organizers of complex
“scaffolds. B¥aflconjligatere koaie maeittifaeaned QebUiRARE HRIRAASPAREAHPBY binding to
streptavidin tha caﬁ Cross- |nkt e blOtI -conjugate ,ﬁ DNA. Antibodies ha,ve en use% for

protein-assTiR ACSBHRE SARBHY ‘FIBRI% Injlgatey %%%%ﬁ?&%’g ﬂ”ﬁ&’f%smé‘ FPURiBBes' target
molecules.,[002 te t ese ad ances in,usin oth DNA in the construction of
nano- scaledr%atequl%s%%érsg are Sse’tm?l rﬁ’any Prﬁﬁg{l%gﬁg Hhd m Cnlcalip urg eih%%\?,& requires the proper

conditons (L eRed g0, Jé%ﬁ?e%ﬁﬁdnié‘?&f‘c%ﬁ'&?}tt ;9f RINA ybridization such as

G-C content, salt concentration, and temperature. The dlstrlbutlon of protéins in the composed

structure allgwsJtAemical functippality dw Htﬂﬁ%ﬁe@u5%@%@95@%;@&%&'5&{@net'CS and

size of assemblies only when homogenous uring self-assembly of ssDNA-conjugated nanoparticles

induced bybi¥ekQQ4305H0LANRARAINBY B RREKELH i AP BAE HRAVNE tin g the specific

interactions between peptides and inorganic surfaces, the inventors suggest that the
inorganic nanoparticles may be linked with proteins by genetic engineering of proteins to
display peptides.

[0025] The combination of the DNA- and protein-based systems is attractive for
extension of their applicability as biosensors or organizers of complex scaffolds. Biotin-
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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-8 DNA-hybridization, it is difficult to introduce proteins without chemical modification of the
oligonucleotides, e.g. biotinylation, to allow for binding of the protein. The increased temperature can
nduce irreversible inactivation of biological molecules, especially proteins. Disassembly of the
aggregates WY BIPEINA hybridization requires increases of temperatuP€ HESY¥HESA§eIting
temperature, often around 55C or above, which cgn cause limitations of the system to be used in
biological environments. To detect target molecules (DNA, RNA) using array-based systems, labeling
is a critical, coand time- consuming step. Labeling of target molecules requires additional time for
sample preBAvAtiobritintig gliclddeattionnsiodingrvsisior widlowicarmiske cupeififaderffising the gene
5 protein (g5p) as a molecular "glue” binding two anti-parallel non-complementary singled stranded
DNA (ssDN) issiiisetideasys ot IntirBiomlasy fabbisdinegoh Sifosese nidetmarsyEombination
of DNA and proteins mentioned above. Additional hybridization with complementary ssDNA (C-ssDN
A), which trigGarEHHe Gap-BLrIA CSMIEK ty aiesoEntd Hakp adosd iesd. [rs51AN aspect of the
invention provides far controllable and reversible assemhly of nangparti.cles and methods for

B %J ofe t %g %n}gg }fp(’) rl}‘l%%

preparing tRE &4 ffﬁﬁ@ n om}eleear%%rce)%?}ﬁsen g 8t]r?§r{8%15?:ﬁ%|1él(i§e?ﬁ%s[alIic. In

preferred emhodimani I, MRS 40ld. Suel. oL AN face, prefcredembgdments, the
nanoparticle is gold. In other embodimehnts, the narioparticle is a Semiconductor. In Some variants, the

sericonduclatdsiRAmMIL palen dencRduB iR, 206 sifidnBhaclymarRepids. In other

embodiments, the nanoparticle is magnetic In some variants, the magnetic nanopar comprises iron

oxide. NY:1004302/024 XV Q@%%Vauaﬁ?%EM?%QQA'%@%%MCImcal costly, and time-

consuming step. Labeling of target molecules requires additional time for sample
preparation, limiting quick detection or diagnosis of biological molecules.

[0027] Using the gene 5 protein (g5p) as a molecular “glue” binding two anti-parallel
non-complementary singled stranded DNA (ssDNA) overcomes many of the limitations
for fabricating nanoscale materials by combination of DNA and proteins mentioned
above. Additional hybridization with complementary ssDNA (C-ssDNA), which t]figgers
the g5p-ssDNA complex to dissociate, may also be used.

[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 nanoparticie 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.

NY:1004305/024W0:604908v1 Docket No. 1004305.024W0O




- 9 - [0030]In some embodiments of the nanopaiticle assembly, the DNA and/or RNA are single
stranded or double stranded. In preferred embodiments, the DNA is single stranded. [0031]In some
embodiments the nucleotide binding protein is any protein that can bind to DNA or RNA. In preferred
embodimen®¥ AW HERBtide binding protein is gene 5 protein (g5p). [0032HEHMYMAMBHdiments a
controllable and reversible assembly of nanopartigles using the g5p protein or similar DNA binding
proteins is provided. [0033]In some embodiments, the controllable and reversible nanoparticle
assembly comprises nanoparticles encapsulated with non-complementary DNA and/or RNA. In
preferred e$limertss Hanepardira s Edp DRI Atz sheridarydNRNdidtsr RNA are
bound together by a nucleotide binding protein to form a nanoparticle assembly. In this manner, a
controllable a8t FEPBASHRY ASHIparrers 4sdeRriBisiedsimbadinensshnirthér Erslsodiments of the
controllable and. reversible nanoparticle assembly, the nanoparticle assembly is disassembled by
further con%li'?ﬁ’ﬁiﬁ he nanoparticle assembly with DNA and/or RNA complementary to the

non-compl ary DNA and/gr RNA. In this manner, a controllable and reversible nanoparticle
disassemb &ggchie\%a?lwoeé% %%lénieﬁl\}seh}ﬁv%ugr%%rhcc%bf)’rrlc(%\ﬂ%glsofglrncl(%r?flr%Ilfé%tleematksﬂénercﬁﬁly of non-

complemen rcytgsﬁhlb-g%}h%gafg ,n%mge%rggle irggt%he aeogrgt%in r similar DNA binding

proteins. Hyt@ridizatlon \(/)vit low co Igerﬁratiénsogi%-%é’bN%\n%uriné ﬁmé%%%@ﬁ%fﬁ%ﬁ% eemr:nay be used to

regulate as inefics. In addition, C-ssDNA has been used to achieve effective decomposition of
g SRR K

particle aggregates at room temperature
[0032] In some embodiments, a controllable and reversible assembly of nanoparticles

using the g5p protein or similar DNA binding proteins is provided.

[0033] In some embodiments, the controllable and reversible nanoparticle assembly
comprises nanoparticles encapsulated with non-complementary DNA and/or RNA. In
preferred embodiments, nanoparticles encapsulated with non-complementary DNA
and/or RNA are bound together by a nucleotide binding protein to form a nanoparticle
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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NY:1.004305/024W0:604908v1 Docket 0. 1004305.024W0 - 10 - (Fig, 2) or physiological
temperatures. This approach makes it possible to control both assembly and disassembly of
nanoparticles without thermal treatment, and to easily incorporate g5p-based hybrid proteins, e.g.,
containing afifi&) ¥4 B additional catalytic domains, into DNA-based ndifo&HERNYEE8dnferring the
potential to design complex nanomaterials. [0036}j some embodiments of the method, a controllable
nanoparticle assembly and disassembly process is prepared by encapsulating nanoparticles with DNA
and/or RNA; combining the encapsulated nanoparticles with a nucleotide binding protein; and binding
the DNA anE{or RN AN itle gt EatRfEBIFRinb brebeiicash tmizkesdhpersiblesnersited eotfanoparticle
assembly process is preg ared.n%0037]in some variants of the method, the assembly of nanoparticies is
disassemb@ﬁ%”ﬁiﬁﬂ%?%ﬁ% hoPtierrnsisiracte bR dhsHRRAR IRIE Sidde €iplementary to the
non-complementar DrgA and/%r gw In this manner, a controllable nanoparticle disassembly process
ff & ihé

is achieved "fOOBITIT SORE S DS ATIA R H e mEtRB I A MBS R ARt RadUMIg ka8 Bared by

functionalizing a plurality. of. nanoparticles with non-com (I}e entary.s DIEA‘;. exposing the functionalized
nanoparticlé% Sng%ér@%%gé%g?ﬁ?eagn%ﬂ% tfﬁauéltelgégg %%g%trtglﬁ 8%‘?&‘%@%3 V\ﬂfﬁpré%é g5p. [0039]To
achieve further sensitive assembly and disassembly of nanoparticles in

[0036] In some embodiments of the method, a controllable nanoparticle assembly and
disassembly process is prepared by encapsulating nanoparticles with DNA and/or RNA;
combining the encapsulated nanoparticles with a nucleotide binding protein; and binding
the DNA and/or RNA to the nucleotide binding protein. In this manner, a controllable
nanoparticle assembly process is prepared.

[0037] In some variants of the method, the assembly of nanoparticles is disassembled
by further combining the nanoparticle assembly with nucleotides complementary to the
non-complementary DNA and/or RNA; In this manner, 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 contemplates the use of g5p-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 g5pNRA AEIEHI: | 00-1305/0241W0:6C490kvi Docket 0, 1004305 HAFEWT045%%e DNA
binding sites are active by facing the outer directign of the nanoparticles. Length and shape of DNA
may affect the size or morphology of the aggregates. This DNA-mediated control of g5p-conjugated
nanoparticles may lead to the design of a smart materials sensor for DNA at biological conditions.
[00401In séhsdddveimenitsancassembly sirnmispattdc it Eipragdhedbippartitionalizing, a plurality
of nanoparticles with a nucleotide binding protein. incubating the functionalized nanoparticles with
non-complérfstibrFReBEHIPOMRINA: HiflibkiHgeR18XEP IRt SYrahds aegrreamyAlAlsd/or RNA with the

nucleotide binding protein. In this manner, an assembly of nanoparticles isc%repared. [0041]To achieve

precise selPR5saRTOR 6t AAHEN AteRRsSAH AT SAnARariiglss dntndeadrioohscsr gt oE i FEBNA and

peptide-tagged is proposed,.in which the peptide can specifically bind to nanoparticles. The
organizatiolr%%tf Igég %&%’%n%ﬁjé‘gé d tsvl\élﬁflzﬂ Cragfgélz?)nrrﬁ)i 1rtr11%{§ls‘result in the formation of a DNA scaffold from

simple buil(]d" pPlocks while the affinity tag can be used for further ordering of nanoparticles on the
DNA scaffo @%ﬂﬁg 5) CThis metﬁoc} may make plgss%[bcie%e %I%rsﬁ%ﬁsdf Eber% e@jﬁeterogeneous
nano-structfes JOR AL SARENATANRBLIRE MWHAd RENSRRR UG R S Yizdligensional

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. In this

manner, an assembly of nanoparticles is prepared.

[0041] To achieve precise self-assembly of nanoparticles in multiple dimensions, the

complex of structured DNA and peptide-tagged g5p is proposed, in which the peptide can

specifically bind to nanoparticles. The organization of g5p by binding to a ssDNA region

may result in the formation of a DNA scaffold from simple building blocks, while the

affinity tag can be used for further 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.

[6043] 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
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structure of DNA and nanopatrticle-functionalized g5p comprises a DNA structure having multiple
branches of ssSDNA, 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 nanopattiBIaiétedsp is formed. [0043]In some variants of the mulfeyERYINAEY8Eaffold, the
multi-dimensional DNA scaffold comprises two strands of ssSDNA (strands 1 and 2) mutually bound by
NY:1004305/024W0:604908v1 Docket No. 1004305.024W0 - 12 - sequences of C-ssDNA at a first
locus; two other strands of SSDNA (strands 3 and 4) mutually bound by sequences of C-ssDNA at a
second locERusiesioRf £4md % are MittaRr B GUAG By ségnenebss BNA-§$DREE Artisetsecond locus; and
g5p bound to at least two of the strands of sSSDNA at one or more points between the bound loci.

[0044]In protekalyiystmestecarthalhuitidin ehdisirarddarsias tAr it diMénsional scaffold
further contains at least ppe nanoparticle bound to at least one of the g5p. In more preferred
embodimertd tB?ﬁﬁeg?Haéi)g iﬁ‘?@ﬁ%‘i%ﬁsa?é%éﬁég%a?tlggsi%ﬂ’é%&ﬁ%ﬁ?ﬁ ROBYLG & 5Ptbast one
region of DNVA'O[P&%S]}% om qur&bg%i{rggnts. a goal is ttpbirrt1‘/5>rov<-ghD A- gﬁd protein-induced nano-
scale materials and SEnsors. in some embodiments this fcnaflj Se BchieVe 6%‘/: association of two

anti-parallefgisfNA by gare A0S AIEEOMIRIRNPLRRTOM SERNALY IRIINERYQN, 6f complementary

DNA’or nucleic acids

dimensional scaffold further contains at least one nanoparticle bound to at least one of the
g5p. In more preferred embodiments of the multi-dimensional scaffold, at least one
nanoparticle 1s bound to at least one region of DNA.

[0045] In some embodiments a goal is to improve DNA- and protein-induced nano-
scale materials and sensors. In some embodiments this may be achieved by: association
of two anti-parallel ssDNA by g5p; and dissociation of g5p from ssDNA by hybridization
of complementary DNA or nucleic acids.

[0046] In some embodiments, a g5p-mediated DNA assemblage comprises 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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[0046]In some embodiments, a g5p-mediated DNA assemblage comprises 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 fARYEIEE DIy of phage particles. In vitro, g5p forms a ImmE&EPRAHMN4RARS
non-specifically bind two anti-parallel sSDNAs, indudcing helical rod-like structures with 8-9 nm outer
diameter, The number of nucleotides bound per g5p monomer is -4 and depends on binding
conditions, including the protein to nucleotide ratio. The binding affinity of g5p to ssDN A, about 105 to
about 106 MM depetidiebnitie b Hoscsusieasp N thateais doN Sehiiding Prantitisteferential
binding to structured NY: | 004305/024W0:604908v1 Docket No. 1004305.024W0_ - 13 - DNA such
as hairpins'@htF ERIAARAL RS I Yois AT ISRIAS BRAIRY S erfid P akd&ifbly and

disassemb sDNA-conjugated nanoparticles are thus. exploited. [0048]To study the distinct binding
properties Lﬁ‘%@; and it$ %lfié'fg?féHﬁéﬁ%ﬁ\%ﬁ?ﬁ%&%ﬁﬁ%ﬁ%&ﬁ)ﬂf@ﬁ Rfﬁgﬂ%ﬂg%h three distinct
regions has heen designed: a 1 e paired double-stranded DNA (dsDNA) region, followed by a 32
nucleotide %ﬁﬁ%%aﬂ%?é%ﬁ%‘é%ﬁ%%%“ﬁ? grgélj ghéﬁee%séﬁl teI 3 %\F&S%ﬁec%‘%éq %Ihegl’e%tides. The DNA

structure (LM MAR U ASH AL ARRLINATADIR rte R Totisifutn PRITH AR ARE 95 binding

was studied using the electrophoretic mobility shift assay. Three distinct
parallel poly-T ssDNA region, and a 3’ extended ssDNA tail of 15 nucleotides. The DNA
structure (1 pM) was titrated with g5p (in 10mM Tris-HCI, pH = 7.4, 200mM NaCl), and
g5p binding was studied using the electrophoretic mobility shift assay. Three distinct
stages of g5p binding were observed, suggesting its sequential binding (Fig. 6A). Since
g5p has a much lower affinity to dsDNA than to ssDNA at high salt concentration, the
following order of occupancy is hypothesized: binding to the anti-parallel ssDNA region
with a large shift of the DNA band at 10 uM g5p, followed by binding to the ssDNA tail,
and finally to dsDNA at g5p concentrations bver 35 uM. Thus, g5p binds to ssDNA
regions before it binds to the dsDNA region, and its binding affinity for the anti-paraliel
region is slightly higher than for the ssDNA tail. To study the effect of g5p association 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 ssDNA tail was
added. After C-ssDNA addition, the two different stages of band shift observed with
20 pM 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 gSp 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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stages of g5p binding were observed, suggesting its sequential binding (Fig. 6A). Since g5p has a
much lower affinity to dsDNA than to ssDNA at high salt concentration, the following order of
occupancy is hypothesized: binding to the ant parallel ssDNA region with a large shift of the DNA band
at 10 ttM g5P ASNBUEEBY binding to the ssDNA tail, and finally to dsDNAY&TEEF WAt ations over
35 t.M. Thus, g5p binds to ssDNA regions before jihinds to the dsDNA region, and its binding affinity
for the anti-parallel region is slightly higher than for the ssDNA tail. To study the effect of g5p
association on forming dsDNA heterocluplexes, and confirm the proposed binding order to the ssSDNA
regions, ar8bjidraAHREUTEEIEHM o € ssEDR AR E3haRybriense toRNe DN dsieaiestded. After
C-ssDNA addition, the two different stages of band shift observed with 20 utM and 30 p.M g5p
changed tdAPCiABREEAP BB R I SR iRt R Ne By diraioninadi8BIHFe 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 Wé%moé{;bﬁ Bports g5p binding to ds.DNA at this concentration. By comparing the

intensity of nd in the pres nce9f.30,p.M {Q gcnd,un er con(grolrc:C Qditi0 s without g5p,
the NY: 106%(?5024@?/8?% f@g Y ibéc%([ﬂ%(gt ﬁ%ﬁ@&i@&%ﬂ%%ged-nﬁ_ -pﬁy%(rlldil’z%(tjllgn e_ffici_ency for
C-ssDNA tﬁa%&?&&&%\%%ﬁ@p%ﬁ?&lﬁé\&% ‘ﬁ{fﬁ-é@&ﬁ?ﬂ‘e‘ﬁg?@ 48,08 gpRigximately 82%, indicating

effective DNA hybridization without significant inhibition by g5p. [0049]To exploit g5p' s ability to

assemple SPNAEHgaie RARAPARINESTOIANBNQRRIICIS N (AU) %%P%H%Qewi%@ppmﬂm%tew
50 copies of ssDNA (5'41S-C31-16-(T)15-TAACCIAACCITCAT-3) (SEQ 1D NO. 1) were synthesized,

and g5p-mestiaiesinsaembi o therss RNAceRjygated gold nanppadislassCRRNArAMIwas tested,
Dynamic light scattering (DLS) was used to measure changes of the hydrodynamic diameter value
(Dh), whichdsiee|aieahtaiagghe gaie:size(Inteyparticledntaraatineshangegedmetry. Fig. 7A shows that
the initial assembly rate of Ph during incubation of g5p and the ssSDNA-Au for 20 minutes was highly
sensitive tohthizegSpacoincimtreitionlindibatindgbpsdelpandeniassamblycofrssihAcku. No assembly
was observed in the absence of gsp. To investigate assembly of ssSDNA-Au (20 nM) during prolonged
incubation {aRAastars) witreeruwtiasIos ghp doncethatationsititHassDNAAL siHaderplasmon (SP)
resonance band was studied using ultraviolet-visible spectrophotornetry (UV-vis). The SP band is
associated #itbisemed e Rranh dhassebdied Frindstritisesantehidenrig iaceehsedrgsp
concentrations, the SP band at 525 nm of isolated ssDNA-Au was red-shifted with band broadening,
indicative JfERBY Y gRcRsheting mprradert sty drsaRiHerddsN orsgERgaassize (Fig. 7B). The

higher extinction intensity observed over 10 uM g5p is due to a decrease of the solution's turbidity
resulting rOR S ITHRE R B &r B B B dhd T S FESOR KbHREthe assembly

of ssDNA-Aui) op. The sizes and morphalogies Qf%h Sp-mediated ssDN A-Au assemblies were
studied usilpnﬁo %]ggﬁli%%lfgﬁag eit?élr{q %féﬁo@%ﬁﬁﬁl\ﬂ %&c 6@%&%‘5&%@? 490Sv Docket No.

1004305'0%141'1\%96 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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- 15 - (Fig. 7C). The aggregate sizes were found to increase with increased g5p concentrations, as
suggested by DLS and UV-vis, whereas the numbers of non-assembled particles decreased,
suggesting that the size of aggregates can be simply controlled by the g5p concentration.
PolyhistidindX3g4¥d ¥BE protein (MW = 20 KDa) was used as a negativé e5#d* 48 Rk#ich no
aggregation of particles was observed during DLS fand UV-vis studies (Figs. 8A and 8B), These results
clearly illustrate that g5p can be used for the controlled assembly of sSDNA-Au by changing the
protein-nanopatrticle ratios. [0050]To investigate inhibitory effects of dSDNA on aggregate formation,
the ssDNAEEppihy ShereParaeEsiatchrdopattiaiyFsasadrdd wwntedssmNapcentrations,
(5'-ATGAAGOTTAGGTTA-§$) (SEQ ID.NO, 2) before g5p-mediated assembly was initiated (Fig. 9A).
Changes ifa8S&FRBRY At TP rd¥hbsifo YreSANG SYmbsH s aisrebitd el dsing DLS (Fig, 9B).

The assembly rate dramatically, drapped when the fraction of C-sSDNA ta ssDNA on Au (fc) was larger
than about%%rgésfﬁcijss‘%ﬁ%u%}%ﬁ%rg%%gﬁ it t%sycg%)vevsdgﬁ tﬁoﬁﬁgﬁﬁwgﬁéﬁg&ts large sterie
hindrance for abp-mediated.assembly of -Au.. A -C entary sSsSDNA (NC-ssDNA;
AT AT T A o e R S R A rbory

titration eﬁ%e!;ﬁl%ﬁlféﬁmm'adggg&fag59 3P RO ML SOIRR.y LG SITEFOf 1he, MGrsSDNA on the
assembly rate was found to be statistically insignificant (Fig. 9B). [0051]g5p bound to sSDNA can be

replaced by GagsNA hykridizaor(kig- 68« Tduashaiidsesulbin sisspalatinrabihg.aggregates,

which can be used to detect the presence of C-ssDNA. To prove this, aggregates were prepared by

incubation efsSEMNNAAUCHR M) anE A20.(Byl Ay Bl aho b4 hamsp atief-whieh the aggregates were
NY :1004305/024W0:604908v1 Docket No. 1004305.024W0

[0050] To investigate inhibitory effects of dsDNA on aggregate formation, the

ssDNA-capping of the particles was first partially hybridized with C-ssDNA
(5'-ATGAAGGTTAGGTTA-3") (SEQ ID NO. 2) before gSp-mediated assembly was
initiated (Fig. 9A). Changes in assembly rate in response to C-ssDNA concentrations
were studied using DLS (Fig. 9B). The assembly rate dramatically dropped when the
fi’action of C-ssDNA to ssDNA on Au (fc) was larger than about 0.05. This large
inhibitory effect caused by a low density of dsDNA suggests large steric hindrance for
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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- 16 - incubated with C-ssDNA for about 12 hours at room temperature. Colorimetric changes
indicative of aggregate size changes were monitored using UN vis. The peak position blue-shifted over
approximately 200 TIM of C sDNA (fc = - 0.4) (Fig. 10A), indicating dissociation of small clusters and
release of inNBRiHIA H¥cles. In the NC-ssDNA control the peak intensity"§8/e2884Shghtly but no
shift in peak position was observed (Fig. 10B); NGzsDNA caused the aggregates to divide into
smaller clusters, but not to the level of individual particles. A TEM image of the sample with 200 nM
C-ssDNA clearly shows the dissociation with dispersed patrticles (Fig. 10C)whereas this dissociation
was not ob&EHRsEFfor i saRpie htRiee-43HRIAS J0UB2IONRRSHIR | fetl tisistiatim efsaggregate s a
useful property of the g5p- ssDNA system. To demaonstrate this, gold nanoparticles were assembled

into _aggreg‘&fié%aweaoééﬁgféﬁi’fﬁﬁg%‘j}méﬁa‘ﬁﬁrﬁ ReRHetPtiating YSDNARARKRLERSSs and their target
e IR U SO o i e
aggregates was studied as a function of the addition.of increased CssDNA concentrations. However,
no aggrega e f:slg%g?a??osﬁnva\/%g 8?glesr\z}rédrﬁh?% ?csiea%plP(rS]éVc ggg Bbol efo?I‘—% Q(I%S‘E[!é ]For the correct

assembly of SsRNA:ALLAAL GsRSRNAAY PAISIGIES, RIOPEIIER NS0k ihe, PA.seguences, such as
ol e D P BOip Was ot

G-C content, often control the assembly process. The inventiv or controliable assembly of

non-complementgiy. SsENMseRILgaRnanapasticles, 43109 GrPsas He §riving farGR. ig novel, Control

of assembly kinetics and dissociation of particle aggregates can be obtained via sequence-specific

NY: | 004.305/024\W0:R0.10RYaHRacket NovILANE30E AR4WRle with Bodwhridizatianwith C-sSDNA,

while the size of aggregates is controlled by adjustment of the g5p concentration.
clearly shows the dissociation with dispersed particles (Fig. 10C), whereas this

dissociation was not observed for the sample with NC-ssDNA.

[0052] DNA-controlled dissociation of aggregates is a useful property of the g5p-
ssDNA system. To demonstrate this, gold nanoparticles were assembled into aggregates
by a conventional hybridization method incubating ssDNA-Au particles and their target
particles (C-ssDNA-Au) that were encapsulated by C-ssDNA
(5-HS-C3Hs-(T)15-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 fe
approached about 16 (Fig. 11).

[0053] For the correct assembly of ssDNA-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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[0054]Another aspect of the invention includes a molecular switch. in a variant of the molecular switch
comprises a fluorescent quenched "off' position and a fluorescent emission "on" position. In preferred
embodiments of the fluorescent quenched "off' position, a first ssDN A is bound to fluorescein at the 5'
end forming ¥ A14EEEE8IA-ssDNA strand, a second ssDNA bound to DABEMI/US2IR035883d to form a
ssDNA-DABCYL strand, the fluoresce ssDNA strgnd and the ssDNA-DABCYL strand bound together
with g5p. The switch can be turned "o by hybridizing a complementary ssDNA or ssitNA to either the
fluorescein-ssDNA strand or the ssSDNA- DABCYL strand. In this manner, the fluorescein quencher is
removed afitfistreder it etcbhbh islelsdbletizawiniag tsaisiiitehnfroHedhy effysosiivrfo an "on"
position. [0055]In another variant of the molecular switch, an activated, "on", switch comprises a
segment of BN PSRHEIEPand of sSDNA bound to one of the two strands of the dsDNA and to
DABCYL a:ifi@i ective ends. The switch also includes a second str‘and of ssDNA .bound to the other of
the two str f th& ASBRARAL & HSIASRERT RTRIFERMRISHIY SRy st 3REbPSSDNA
non-compl%nentrf\ré/ Ieach .tto};[he other. T switchtis tur e(gli vof 1;}/ a.ttachin(g ‘ﬁﬁ)%;['o at least one pair of
DABCYL-tipped and fludrescein-tppad S5DNR SHAATSG2h thaf S ELREh L WBMTHE fluorescein is
e e R e e et
of nanostructures and sélt-assembly o Inorganic nanoparticles. Gene |cqeng|neer|ng of the g5p protein

1o display ARRIsee Provides el aRpernliendn desiod-saphistisaied fianemalergin The NY -
1204305/024W0:63 4905v IDocket No. 1004305.024W0 sensitive disassembly of the aggregates in

the presencg pliCrssRNABRaUL Shsdnseshisethermaltiealment.as Wawd Rethaegge for

nanoparticle aggregates based on complementary DNAs, demonstrates the great potential of this

approach ferthe, destn ek inlogisrlly dunetianai.hydmid Aplepelsand RINABRseddiesensors; while
thermal treatment of these hybrid materials will often result in the irreversible inactivation of functional
moieties, swdthasproleins;itbie additianeia G:SsPNArshouldnehaifectthealy acdiviies. We also note
that this new assembly approach, based on a5p and ssDNA, can he extended to other kinds of
nanomaterigBNAchudithgrehelibrwranotubEsy As tontuciorssaNG niayREN nanaparicies. [00571Fig. 1
shows a prior art method for self-assembly and disassembly of sSDNA- conjugated nanoparticles. This
traditional methed fbe SelfresssantbisnofissDNmevejugdtddonestopartictestiby isydmdtizdtion with
complementary DNA, and disassembly by increase of the temperature above the melting temperature
(Tn) of the RYBHGI P DIGA IFeamaparic| 8851 dpafuwetigralized with ssDNA sequences 112, at least
some of which are complementary to each other. The complementary DNA sequences 114 of the
nanoparticlE03é allJivaePtByBFiaN &6 MelsariNg I SBIRASSENY oPthe MdKBparticles. The
assembled nanoparticles 118 then form an aggregate 120, which may be disassembled 122 by

increasing & RHHE SEEPRC ALV I M BY' é?ﬂ%8}”&&9%?&%%%§@&9&%&%ﬁ@&% resulting in
di ti i f the functi li particles. [0058]Fig. 2 ict
seqgregaon epdlscssembli 428 o e nclonalzed nonopartles, 00SeIFi. 2 depcs

controllable gsp-mediated assembly and disassem non- co r ,&-conjugated
R S LS LA DRI
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

NY:1004305/024W0:604508v1 Docket No. 1004305.024W0




Docket No. 1004305.024W0 - 19 - Nanoparticles 210 are functionalized with non-complementary
DNA 252. g5p 254 is added and the nanoparticles self-assemble into an assemblage 256 and, if
desired, into an aggregate 220. The addition of DNA complementary to the sequences functionalizing
the nanopatfe¥¥E¥UyIts in disaggregation and disassembly 260 of tHCHARBHRHIES. [0059] These
assembly/disassembly processes may also work g reverse, Fig. 3 shows a sketch of ssDNA-mediated
assembly and disassembly of g5p-conjugated nanoparticles. Here nanopatrticles 310 are
functionalized with g5p 354. Single-stranded DNA 312 i.s added to the solution and the functionalized
nanoparticRS§ 8B ca4seHime WIhEls caspNe B1hadssnsd oHe-praMdNHaithes idivareshipie. [0060]Fig.
4 depicts the functioning of a g5p-mediated molecular switch. Binding of g5p 454 to an anti-parallel
ssDNA regiBfas2ieaags mAB e feiha e tddnerro s idassrierasediiabe resulting in quenching
of fluorescence. This maé%%e seen as the fa@rication of a moglicular switch, in a normally "off" position,

or detector"FAB FIGPELELAT BrhieRsT UK D fetSOLPRIF I h i 2RRE Ot (S HIsERiEEFy RNA (C-
RN A) or C:DNA.4 ith either of the anti-parallel strands. This process corresponds to detection of
b1 Il\<l)01ca gf\%mf‘ﬁona fgﬂ’]f matelt%)aﬁs- Tﬁgﬁfégyageg {;IIOS nsoi : wgﬁe% E) nld

the target or turfiing “on™ the mo ar switc shows self-assem ﬁ/’n(%?nanoparticles at

ordored pepUGCATINIRIECBRANE BNE, A DN SUA S 570, o i oy branches of

ssDNA, is assemble e-conjugated gbp 554, and nanoparticles may be ordered by

binding spegificah o eRERERSs SRR MAVhEERKIEIBATPLRHI-RIAICHURE NANERAT UGG architectures.
[0062]Figs. 6A and 6B show the results of electrophoretic mobility shift assays.
activities. We also note that this new assembly approach, based on gSp and ssDNA, can
be extended to other kinds of nanomaterials, including carbon nanotubes, semi-
conductors, and magnetic nanoparticles.
[0057] Fig. 1 shows a priqr art method for self-assembly and disassembly of sSDNA-
conjugated nanoparticles. This traditional method for self-assembly of ssDNA-
conjugated nanoparticles by hybridization with complementary DNA, and disassembly
by .increase of the temperature above the melting temperature (Ty,) of the hybridized
DNA. Nanoparticles 110 are functionalized with ssDNA sequences 112, at least some of
which are complementary to each other. The co@plemsntary DNA sequences 114 of the
nanoparticles are allowed to hybridize 116, resulting in seif-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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Titration of a DNA fragment with three regions of distinct topology is shown in Fig. 6A, NY: |
004305/024W0:60490Rv | Docket No. 1004305.024W0 - 20 - The regions are 19 base pairs of
dsDNA anti-parallel poly-T ssDNA (32 bases), and a ssDNA tail of 15 bases. A model of the binding is
depicted in € AGHY AN The bottom of the illustration shows the struct®f et {SRIA R %he three
regions. Fig. 6B depicts the mobility shift of the g5 complexes upon binding of C-ssDNA to the ssDNA
tail, with a model of the binding in the right panel. [0063]Figs. 7A, 7B, and 7C are data from
g5p-mediated assembly of ssDNA- conjugated gold particles. The chart in Fig. 7A shows the change
in the hydr%%ﬂ?&ﬁﬁ?@%ﬂ’?a%@t@?%ﬁ@é}%?fﬁé IEotRABRIS B AN AR TS i) BtdiySp, as a function
of the concentration of g5p (in uM) using a DLS analysis techniqu%.%gh IS seen to increase

monotonicafl Wi tHECCHIRBRHSHE A OF GBHMBIG 1718 ShBWeHHARGEDAthd Yol SpELtfa as the
concentration of g5p es from zerg to 15 uM in a solution of 10 mM Tris-HC1, pH 7.44, 200 mM
NaCl. Not &ﬁ@%&%@%%%@ﬁ%ﬁ%@%&%ﬁ%ﬁ? %geb%%{ﬁaé)(st(? g{;ﬁﬁg%ef}?ﬁfgg‘ft\ﬁé% ¢ experiences
a red-shift) as the concentration of increases. [Q0641Fi is,a series of TEM images of the
morphology B HaH S el L o e e T it et o7 T R SR e vero 0 10 R

in a solutiogygkgf MMy LS Gk RiC:36:a90 FBNAC] WiIh D), gaR 4he, RRnopgriicigs are sparsely
over ups t%

and relatively uniformly space the s te. Increasing the concentration S5 uM results in

larger, morg deRsely spReRANANARRLIGIE BESEMRIER MIIDRE N eaRing.tbe conpeRfiation of g5p to 5
uM induces the beginning of agglomeration of the particles: Virtually complete agglomeration of
nanoparticlegis shepferanence MRVRADLI with g5p 354. Single-stranded DNA 312 is

added to the solution and the functionalized nanoparticles self-assemble. When C-ssDNA

314 is added, the nanoparticles disassemble.

[0060] Fig. 4 depicts the functioning of a g5p-mediated molecular switch. Binding of

g5p 454 to an anti-parallel ssDNA region 462 causes DABCYL (Q) 464 to move close to

fluorescein 466, resulting in quenching of fluorescence. This may be seen as the

fabrication of a molecular switch, in a normally “off” position, or ‘detector. The

fluorescent emission can be recovered by hybridization of complementary 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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NY: 1004305/T4 WO: 004908 Docket No. 1004305.024W0  -21 - [0065]Figs. 8A and 8B show
results of DLS and UV-vis analyses of ssDNA- conjugated gold particles. In Fig. SA DLS shows ph for
5 nm ssDNA-Au incubated with 2.5 plYl g5p and 2.5 pM YieF. Di, for ssDNA-Au in the presence of
YieF showe¥Ra¥H4AYE! while that incubated with g5p increased to nearRCI/FBH0#§9%B shows
UV-vis spectra after incubation for approximately 24 _hours of 20 nm ssDNA-Au with 15 uM YieF,
showing a peak position of about 525 nrn. [0066]Figs. 9A and 9B show a schematic of a g5p-maiiated
assembly of ssDNA- conjugated gold particles, and changes of the hydrodynamic diameter value of
such assembhdsgidspaetvdiysemngiro afidsbNéhaniatiar st ration siNfdparivatDiraihg of g5p 954 to
anti-parallel ssSDNA 912 over dsDNA 952 Fig. 9B shows the change in DI, per minute as a function of
fc (the numtBERrattibi of C2sspRARHth&!BRAIBAINES @ﬁ@%ﬁ?ﬁBgP%W@-‘%@FJATéR/%@IBy the total
number of SEI%I%A on the gold nanopatrticles 910). The figure shows the changes of Di, during (2.5 tiM)

g5p proteirthiBRIHSHTLIABES S EPRAESRUGaEE §oTdpes terenssBnAB AgmchviiSvhich were

prehybridized with C-ssDNA. [0067]Figs. 10A, 10B..and 10C ict the d pasition of
gSp-mediafgaliﬁéBﬁ?%?tg%%ﬁj"g e%ogﬁgjbegrﬁ%?glgﬁlg%%gg es’%ﬁgﬁ C-)stsf)f\ﬁg [ é&%se%ﬁt&f@s. 10A and
om . nanqQ ggigfglgp aggregates (10 nM ssDNA-Au and 5 uM g5p) after about 12

10B show Lé‘\(/)cgisf (ge};%g
hours' incubation wit ssDNA (Fig. A% or NC-ssDNA (Fig. 1.0B). As seen in the figures 'sDNA-Au

complexes gghared i sHbhiG anrUanea aIntieRealk ARsAIRATEE YAVelength whie those
incubated with NC-ssDNA do not. Fig. 10C shows TEM images of the sample after incubation with 100

nM (fc = - 0.2)iand0R RM:RSERNA T A8 NX: HE043R/A2AWE: 0R4208y4, Regket No.
1004305.024W0
diameter value (Dy,) during incubation of ssDNA-Au (5 nm) and g5p, as a function of the
concentration of g5p (in pM) using a DLS analysis technique. Dy, is seen to increase
monotonically with the concentration of g5p. Fig. 7B shows changes in the UV-vis
spectra as the concentration of g5p changes from zero to 15 uM in a solution of 10 mM
Tris-HCI, pH 7.44, 200 mM NaCl. Not only does the intensity change, but the peak also
shifts to longer wavelengths (experiences a red-shift) as the concentration of g5p
increases.
[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 M 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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- 22 - [0068]Fig. 11 shows the effect of the addition of C-ssDNA on gold particle aggregates. Gold
nanoparticles were assembled into aggregates by a conventional hybridization method incubating
ssDNA-Au and their target particles (C-ssDNA-Au) that were encapsulated with the complementary
ssDNA. Sindf& 3#AAH'DNA-Au (10 nM) and C-ssDNA-Au (10 nM) werd fitibe0#6P8324 hours in
10 mM Tris-HCA, pH 7.4, 200 rilM NaCl, causing-# peak shift from - 525 nin (control 1130) to - 548 nm
(0 pM 1132). Recovery of the peak shift was not observed after incubation with C-ssDNA (8 pM 1134).
Example Methods [0069]The following precise descriptions are provided merely as concrete

examples. MB6Shdorddasehtd apdiPproautassltnoamifa cirtdf Ys vinpliad ssy plssiission herein. Specific
trade names, models, and manufacturers are provided only for specificity and may be substituted for
by equipm&REBEERdiEapaisiRy Ihbitedndnts shemnidy Gudimy sDRdMshizgrhEsswiBments of time,
guantity, concentration, etc. are given to within experimental and human error. Protein preparations
[0070]The 450" _ ﬁgpo?ga%c?e’#%%é%g %&f@%ﬁ&%ﬁ‘zﬁ\g’lé%@%%%ﬁ&?ﬂﬁ%}aﬁé@%ﬂﬁed with

BT AL IO AT ARATS HEAH ARG  SER Nt ef g shows UV-vis

51-TAGCT CTIC TIA GGA AGGCO-3' (SE NQ. 6). This generally results in
a DNA frag%ﬁ(gﬁ];aféa%ﬁeﬁé%%g%%qegcgn%%ayf)lll%raeté%t??(%ohr? %rl%eos?zﬁh&enb@%%}b %&}%a%l igested with Ndel

and Sapl (I\yggu), mg@g%g@t%gg&lﬁ}gbggt\é%tgﬁl(Novagen). After the confirmation of the

sequence, the recombinant piasmid was
[0066] Figs. 9A and 9B show a schematic of a g5p-mediated assembly of ssDNA-

conjugated gold particles, and changes of the hydrodynamic diameter value of such
assemblies, respectively. Fig. 9A is a séhematic illustration of preferential binding of g5p
954 to anti-parallel ssSDNA 912 over dsDNA 952 Fig. 9B shows the change in Dy, per
minute as a function of f¢ (the number fraction of C-ssDNA in the solution, i.e., the
number of C-ssDNA divided by the total number of ssDNA on the gold nanoparticles
910). The figure shows the changes of Dy, during (2.5 uM) g5p protein-mediated
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 g5Sp-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 (fo = ~ 0.4).

NY: 1004305/024W0:604908v1 Docket No. 1004305.024W0O




NY:1004305/024W0:604908v1 Docket No. 1004305.024W0 - 23 - introduced into BL21-DE3
electroporation competent cell, using the Gene Pulser Xcell System (Bio-Rad). G5p protein expression
was induced by addition of Isopropyl p-D-1- thiogalactopyranoside (IPTG) (Sigma) in lysogeny broth
(LB) mediunV@i#A'RA4Mycin (100 pgiml) (Sigma). After the expression pBHEYSEM8Pé sonicated,
and the His tagged g5p protein was purified usinga Ni-NTA column (Qiagen). Further g5p purification
was obtained using fast protein liquid chromatography (FPLC) (AKTA explorer, GE Healthcare) with a
Sephacryl 5-200 high resolution sizing column (Amersham Biosciences). A purity of >95% was
obtained, a468 detdiihihbahsy afsiysiecbpiies grstisipndias iy theTsLiptig)One software

(Bio-Rad), after staining with Coomassie Blue on a 15% SDS-polyacrylamide gel. Molar extinction

coefficient B8F48Y 9% (42M) PANGRAILES (e ASPRTAE PrBIRiAcET R PAtRO PP FRBOPRAE protein was
prepared as desgcribed preyiousl Zhang, Y.B., et al,, Functionalized carbon nanotabes for detecting
viral protei %ﬁ%ﬁﬁﬂfgt?ﬁé%ﬁ%&%é%%%gﬂ ?%%?Wfﬁﬁgﬁ? HErsBYS E%%\H? B'reference in
s entrety. Elecophoretcroahthtv shift assu POBTNS RMA for e Rding siggss obtained by

annealing of two S8 with sequences,
° 'GACCA%T&S%%%%@ %&2@%%&%&%%%&%%&@%‘% f§%§/«_'ﬁr"s\é9a%7ﬁ) %?jd%NA L RM)

5'-(T)32GATGGTGCGGTATGTGGTC-3' (SEQ ID NO. 8), respectiv
was incubaig Withem ah3dfeRnLA MifkiRm The DNA Wasisuaiged by Lthidinm hromide staining
after agarose gel (2.5%) electrophoresis. The C-ssDNA, with sequence 5-GAA GTE‘ TCG TAG

CAG-3' (SE@3MD). NR-Nryvasiadsad taithe sampiex-el abiengdis.apnealrd RN and was incubated
Y :10043051024W0:604908v1 Docket No. 1004305.024W0

(8 uM 1134).

Example Methods

[0069] The following precise descriptions are provided merely as concrete examples.
No endorsement of any product or manufacturer is implied by its inclusion herein.
Specific trade names, models, and manufacturers are provided only for specificity and
may be substituted for by equipment of similar capability and reagehts 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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at 37C for 15 minutes before the electrophoresis. Relative intensities of the DNA bands were analyzed
after ethidium bromide staining. Characterization [00721UV-Visible spectra were obtained using a
PerkinElImer Lambda 35 spectrometer. DLS was measured using a Malvern Zetasizer ZS instrument
that is equipPBEPHItAQB33 nm laser and a backscattering detector at 17F CFPSROYMBBSDNAAU, a
JEOL 1300 TEM was operated at 120 kV. TEM samples were prepared by incubation of samples on a
carbon-coated copper grid for 10 minutes and washed with distilled water two times. [0073]Given the
teaching herein, the inventors and other practitioners in the art may expand the approach to more
complex DNINQsBEeSt Dt FeS o ek gerHiRCsHiRafopRp teisehigsiay be fupetiButiep&sate at C-terminal
of g5p may allow for biglogically active nanomaterials. In addition, the use of other classes of

nanoparticle¥ [t SHAE G PGB fEPIesaisnaits radusidrhy Ad el aprrsafioRs! -The work
I e ST oy o,
desscembly g N FEOMEeREIeRaee i ienal endugne v il vesimes o
oot AT e N Ao sl dnp e 01 B
P ) AU SRS e sl e

explorer, GE Healthcare) with a Sephacryl S-200 high resolution sizing column

(Amersham Biosciences). A purity of >05% was obtained, as was determined by analysis

of the protein bands using the Quantity One software (Bio-Rad), after staining with

Coomassie Blue on a 15% SDS-polyacrylamide gel. Molar extinction coefficient of

7450 Mcm™ was used to determine protein concentration. The YieF protein was

prepared as described previously by Zhang, Y.B., et al., Functionalized carbon nanotubes

for detecting viral proteins. Nano Letters, 7(10): pp. 30863091, 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.GATGGTGCGGTATGTGGTC-3’ (SEQ ID NO. 8),

respectively. The annealed DNA (1 pM) was incubated with ¢5p 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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-5 __making use of the teaching herein, may propose various changes and modifications without
departing from the invention in its broader aspects. For example gene proteins other than g5p may be
used. In another embodiment, the invention may be used for detecting chemical species for security
applicationsY8G3#&th¥%bregoing description being illustrative, the invent®AT& BB/l by the
claims appended hereto. NY:1004305/024W0:6134905v | Docket No. 1004305.024W0  MCSLLP

at 37°C for 15 minutes before the electrophoresis. Relative intensities of the DNA bands

were analyzed after ethidium bromide staining.

Characterization

[0072] UV-Visible spectra were obtained using a PerkinElmer Lambda 35

spectrometer. DLS was measured using a Malvern Zetasizer ZS instrument that is

equipped with a 633 nm laser and a backscattering detector at 173°. To visualize ssDNA-

Au, a JEOL 1300 TEM was operated at 120 kV. TEM samples were prepared by

incubation of samples on a carbon-coated copper grid for 10 minutes and washed with

distilled water two times.

[0073] Given the teaching herein, the inventors and other practitioners in the art may

expand the approach to more complex DNA-g5p structures for assembly of nanoparticles,

Display of functional peptide at C-terminal of g5p 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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- 26 - CLAIMS: A controllable and reversible nanoparticle assembly comprising nanoparticles, each
nanoparticle encapsulated with DNA and/or RNA that is non-complementary to DNA and/or RNA
encapsulating other nanoparticles comprised in the nanoparticle assembly, the non-complementary
DNA and/or AR B84M by a nucleotide binding protein to form a nanopaffidl&#E8¥MBENS wherein the
nucleotide binding protein is g5p. 2. The controllajpde and reversible nanoparticle assembly according
to claim I, wherein the nanoparticle assembly is disassembled by further combining the nanopatrticle
assembly with DNA and/or RNA complementary to the non-complementary DNA and/or RNA. 3. The
controllablén@ktrgeve ibhs isarpaticretassunBN AecEiiHg treramadwinsiSirtisasnanoparticle is a
metal. 4, The controllable and reversible nanopatrticle assembly according to claim 3, wherein the metal
is selected YEMUhEBrBS é‘ﬁﬁé@ﬁﬁ@VSflE]%‘PdnéfF\}é‘PaQﬁHabPéﬁﬁuﬁPr?ﬁ REBMABIEIEAY reversible
nanoparticle ass accordln to claim 4, wherein the metal is oId 6. The co oIIabIe and
reversible ﬁé‘?%ﬁg‘“rﬁe%%%%ﬁ% §c§ ?8?{8"’{06]51 (? e t’f’t‘f’?é'l Hahopa ?d’ée% 'semiconductor. 7.
The controléag&land reverilble nano artlc ass%mlglg/ according to claim 6, wherein the

hemical spec secu
semiconduCtor is Selecte m i%e group ¢ nel |ng 'of ¢admium selenide, cadmium sulfide, zinc

sulfide, andggim arsenise  Ths appHalihls andasversible nanapatisisAssemply, according to
claim 1, wherein the nanopa rticls is ma netic, 9. T e contro able and reversible hanoparticle
assembly ageQiding 10c1aiPa B wfaerein the nanoparticle is iron oxide, 10. The controllable and
reversible nanoparticle assembly according to claim 1, wherein the DNA and/or RNA are single
stranded. 11. The controllable and reversible nation de assembly according to claim 1, wherein the
DNA and/or RNA are double stranded.
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P4 CSLLP - 27 - encapsulating nanoparticles with non-complementary DNA and/or RNA; combining
the encapsulated nanopa ides with a nucleotide binding protein; and binding the DNA and/or RNA to
the nucleotide binding protein, thereby forming an assembly of nanopartieles, wherein thgegwgleotide
binding protein is g5p. 13. The controllable nanoparticle assembly and disassembly process according
to claim 12, wherein the assembly of nanoparticles i8isassembled by further combining the
nanoparticle assembly with nucleotides complemental): to the non-complementary DNA and/or RNA.
14. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein
the nanopatlidlMi& a metal. 15. The controllable nanoparticle assembly and disassembly process
according to claim 14, wherein the metal is selected from the group consisting of gold, silver, and
platinum. 16. The gonirolladenasepaticiaassembiyand disassemblypiatessaceasdingto claim 15,

wherein the nanoparticle, i Aallpk A aﬁb‘/ﬁr%@%ﬁ?k%ﬁ&%&%&%?y%‘éﬁﬁw bivanddisassamly process

according to claim 12, wherejn the nanoparticle is a semiconductor. 18. The controllable nangpartiele
assembly and dis8SSERSR PIoES LS EEO MG I RIAIR" 17 “hine rafT HELERIRBITEU ISP R LRIECted from
the group consistibRyutsfryadilgpidsariaiese:r el surigey Gittcrsatfide VANt igdifinvalentishieting 9. The
controllable nanopeaititlesassembly and disassembly process according to claim 12, wherein the
nanoparticle is magnetic.

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

3. The controllable and reversible nanoparticle assembly according to claim 1, wherein the nanoparticle is
a metal.
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.

10. The controllable and reversible nanoparticle assembly according to claim 1, wherein the DNA and/or

RNA are single stranded.

11. The controllable and reversible nanoparticle assembly according to claim 1, wherein the DNA and/or

RNA are double stranded.

12. A controllable nanoparticle assembly and disassembly process comprising,



[ftThe controllable nanoparticle assembly and disassembly process according to claim 19, wherein the
nanoparticle is iron oxide The controllable nanoparticle assembly and disassembly process according
to claim 12, wherein the DNA and/or RNA is single stranded. MCSLLP - 28 - 23. A methqgfey |
assembling nanoparticles comprising, functionalizing a plurality of nanoparticles with a nucleotide
binding protein; incubating the functionalized nanopartiéles 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, wherein the nucleotide binding protein is g5p, 24. The method

according to claim 23.whekgindhspanqraiticlesargiimeialy 2 A hevsaethed according to claim 24,
wherein the metals are selected from the group consisting of gold, silver, and platinum. 26. The

meth . . . . ; .
od according 1g,claitn. 25, Wherein. 16, NANARATIEISS, IR ARl AT s.Mmeffod according to claim
23, wherein the nanoparticles are emiconductors.

binding the DNA and/or RNA to the nucleotide binding protein, thereby forming an assembly of

nanoparticles,
wherein the nucleotide binding protein is g5p.

13. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the
assembly of nanoparticles is disassembled by further combining the nahoparticle assembly with

nucleotides complementary to the non-complementary DNA and/or RNA.

14. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the

nanoparticle is a metal.

15. The controllable nanoparticle assembly and disassembly process according to claim 14, wherein the

metal is selected from the group consisting of gold, silver, and platinum.

16. The controllable nanoparticle assembly and disassembly process according to claim 15, wherein the

nanoparticle is gold.

17. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the

nanoparticle is a semiconductor.

18. The controllable nanoparticle assembly and disassembly process according to claim 17, wherein the
semiconductor is selected from the group consisting of cadmium selenide, cadmium sulfide, zinc

sulfide, and gallium arsenide.

19. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the

nanoparticle is magnetic.

20. The controllable nanoparticle assembly and disassembly process according to claim 19, wherein the

nanoparticle is iron oxide.

21. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the

DNA and/or RNA is single stranded.

22. The controllable nanoparticle assembly and disassembly process according to claim 12, wherein the
DNA and/or RNA is double stranded.



28,The method according to claim 27, wherein the semiconductors are selected from the group
consisting of cadmium selenide, cadmium sulfide, zinc sulfide, and gallium arsenide. 29. The W@ng
according to claim 23, wherein the nanoparticles are magnetic. 30. The method according to claim 29,
wherein the nanoparticles are iron oxide. 31. A meth 8d for assembling nanopatrticies, the method
comprising 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 ssSDNA with the
g5p, thereby forming an assembly of nanopatrticles. 32. A multi-dimensional structure of DNA and
nanoparticfe-functiorrillizeidr gSprdvirgrisime il ®MArsinsture having multiple branches of ssSDNA, a
peptide conjugated to g5p, wherein the g5p is bound to the ssDNA, and nanoparticles bound
specifically to the pefptiteizilerehyafiorming @oamnmphek stiucisie ofhbiiArardctnanoparticle-functionalized
gop.

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,
wherein the nucleotide binding protein is g5p.
24. The method according to claim 23, wherein the nanoparticles are metal.

25. The method according to claim 24, wherein the metals are selected from the group consisting of gold,

silver, and platinum.

26. The method according to claim 25, wherein the nanoparticles are gold.
27. The method according to claim 23, wherein the nanoparticles are semiconductors.
28. The method according to claim 27, wherein the semiconductors are selected from the group consisting

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

29. The method according to claim 23, wherein the nanoparticles are magnetic.
30. The method according to claim 29, wherein the nanoparticles are iron oxide.
31 A method for assembling nanoparticles, the method comprising 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, thereby forming an assembly of nanoparticles.

32. 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.





