JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Quantum Dot-Conjugated Hybridization Probes
for Preliminary Screening of siRNA Sequences
Rumiana Bakalova, Zhivko Zhelev, Hideki Ohba, and Yoshinobu Baba

J. Am. Chem. Soc., 2005, 127 (32), 11328-11335+ DOI: 10.1021/ja051089h « Publication Date (Web): 23 July 2005
Downloaded from http://pubs.acs.org on March 25, 2009

S
* e hy

RS mRNA sense sequence

m Cy5 Cy5 Cys
Frrrirorifre «——  Hybridization

Antisense siRNA sequence
with free access to the sense mRNA
sequence (QD-conjugated)

Absolute FRET-signal, (arb. u..)

i Legend:
54 Biack — blank
o \& Blue — QD-siRNA-6 (mismatch) — baseline
% m s . m . i a  [ink— QD-sIRNA-6 (mismatch) + Cy5-mRNA
Emission wavelength, (nm) Red - QD-siRNA-5 (antisense) + Cy5-mRNA

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 11 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja051089h

JIAICIS

ARTICLES

Published on Web 07/23/2005

Quantum Dot-Conjugated Hybridization Probes for
Preliminary Screening of siRNA Sequences

Rumiana Bakalova,*t Zhivko Zhelev,t Hideki Ohba,*T and Yoshinobu Baba*$

Contribution from the On-site Sensing and Diagnosis Research Laboratory,

National Institute for Adanced Industrial Science and Technology, AIST-Kyushu, 807-1
Shuku-machi, Tosu 841-0052, Japan, Department of Applied Chemistry, Graduate School of
Engineering, Nagoya Unmersity, Nagoya, Japan, and Health Technology Research Center,

AIST-Shikoku, Takamatsu, Japan

Received February 21, 2005; E-mail: r.bakalova-zheleva@aist.go.jp; h.ooba@aist.go.jp

Abstract: In the present study, we describe the design and fabrication of quantum dot-conjugated
hybridization probes and their application to the development of a comparatively simple and rapid procedure
for the selection of highly effective small-interfering RNA (siRNA) sequences for RNA interference (RNAI)
in mammalian cells, for example, siRNAs with high accessibility and affinity to the respective mRNA target.
A single-stranded siRNA was conjugated with a quantum dot and used as a hybridization probe. The target
mRNA was amplified in the presence of Cy5-labeled nucleotides, and Cy5—mRNA served as a hybridization
sample. The formation of sSiRNA/mRNA duplexes during a comparatively short hybridization time (1 h) was
used as a criterion for the selection of highly effective, target-specific SIRNA sequences. The accessibility
and affinity of the siRNA sequence for the target mMRNA site were determined by fluorescence resonance
energy transfer (FRET) between a quantum dot (donor) and a fluorescent dye molecule (Cy5, acceptor)
localized at an appropriate distance from each other when hybridization occurred. The FRET signal was
observed only when there was high accessibility between an antisense siRNA and a sense mRNA and did
not appear in the case of mismatch siRNAs. Moreover, the amplitude of the FRET signal significantly
correlated with the specific effect of SIRNA on the expression of the target mMRNA and protein, determined
in native cells by RT-PCR and immunoblot analysis, respectively.

Introduction mammalian cells is to introduce synthetic SIRNAs30 bp)
that can be either delivered exogenously or expressed endo-
genously from RNA polymerase Il promoters. The discovery
of this mechanism in mammalian cells (in 26P&nhanced the
expectations that the problems associated with gene therapy,
especially in cancer, viral infections, and inherited genetic
isorders, could be fully solved. RNAI has also been used in
btaining tissue-specific knockdown mice for studying gene
functions in vivo® Combined with genomics data, RNAi gene
eé’llencing may enable the functional determination of any gene
expressed in a cell or a pathway. However, it is too early to
predict how useful this technology will be because many

RNA interference (RNAI) is a powerful sequence-specific
gene silencing induced by a double-stranded RNA (dsRNA),
providing a powerful tool for gene function analysis quickly
and easily. This mechanism is mediated by small interfering
RNAs (siRNAs) produced from long double-stranded RNAs of
exogenous or endogenous origin by an endonuclease calle
Dicer (ribonuclease Il type). The resulting sSiRNAs ar@1—

23 base pairs (bp) and serve as guide sequences to induce targ
specific mRNA cleavage by an RNA-induced silencing
complex!~3 This mechanism is extremely potent and requires

only few S'RNA molecules per cell to silence homologous questions regarding the estimation of the efficiency of sSiRNA

MRNA .e>.<pre55|on. . ) substances exist.

. RNAI IS conserved in plants and '|nvertebra‘tz.5§.The The gene silencing effect of sSiRNAs depends predominantly

|ntroduptlon (_)f a Io_ng ds_.RNA>(50 bp) in mammalian cells .. on their access and affinity to the complementary site of the

!res_uIst in the mductlop of interferon response _and the nons_p(_amflctarget MRNA. Since the accessibility of SiRNA is related to

inhibition of translation. The only way to induce RNAI in the secondary structure of the target mRNA, it is necessary,
T AIST-Kyushu aIthough costly and time-consuming, to d(_asign _and synthgs_ize
*Nagoya University. many SI.RNA sequences and to test their antisense activity.
8 AIST-Shikoku. Appropriate sequences are selected from databases (e.qg., http://

8 ggSRSQ;SGLJga{tUBV;%%‘EZ élI%Azéél_BZJS%COL% 17 961-983 www.ambion.com/techlib/misc/siRNA_finder.html), and the

(3) Bartel, D. P.Cell 2004 116, 281—297.

(4) Montgomery, M. K.; Xu, S.; Fire, AProc. Natl. Acad. Sci. U.S.A998 (7) Elbashir, S. M.; Harbort, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl,
95, 15502-15507. T. Nature2001, 411, 494-498.

(5) Baulcombe, D. CCurr. Opin. Plant Biol.1999 2, 109-113. (8) Carmell, M. A.; Zhang, L.; Conklin, D. S.; Hannon, G. J.; Rosenquist, T.

(6) Kennerdell, J. R.; Carthew, R. ViNat. Biotechnol200Q 18, 869-898. A. Nat. Struct. Biol.2003 10, 91-92.
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algorithms are continuously improved; however, generally, only siRNA sequences. The accessibility and affinity of the siRNA
one of 10-15 selected siRNAs manifests a real antisense effect sequence to the target mMRNA site were detected by fluorescence

in native cells. In addition, the algorithms are improved

resonance energy transfer (FRET) between a quantum dot

predominantly on the basis of the increasing amount of (donor) and a fluorescent dye molecule (Cy5, acceptor), which
experimental results in the siRNA field (a basis for development were localized at an appropriate distance apart when hybridiza-
of siRNA library), and websites do not give recommendations tion occurred. The FRET signal was observed only in the case
regarding the application of the selected siRNA sequences.of good accessibility and high affinity between an antisense
Significant progress was made in 2004 with the study of Ui- siRNA and a sense mRNA, and was not observed in the case

Tei and colleaguel!®By extensively analyzing the relationship

of mismatch siRNAs. Using siRNA sequences with an already

between siRNA sequences and their RNAI effect using 62 known RNAI efficiency and investigating the relationship
targets of four exogenous and two endogenous genes in threédetween their antisense effect and the amplitude of FRET signal,

mammalian cell types and iDrosophila cells, the authors
formulate several roles for the selection of highly effective

we attempted to determine whether this FRET-based methodol-

ogy can be used to quantitatively predict the efficiency of SiRNA

siRNA sequences for mammalian RNAI. The results have beensequences before starting cell transfection and conventional

used in the development of the siDire@ software system for

analyses. This would be useful for the secondary selection of

computing highly effective siRNA sequences with a maximum the most potent siRNA sequences and for the restriction of the

target specificity for mammalian RNAI (http://design.RNA.jp).

number of sequences to a few siRNAs that are most suitable

Despite the fact that this software may significantly restrict the for the strong down-regulation of the target gene.

choice, it usually recommends approximately 300 ap-
propriate siRNA sequences per gene (restricted te-2b

In the past several years, FRET has been involved in many
biochemical analyses and applied to the development of simple

sequences after the blast homology test), but in some cases ofluorescence detection techniques, including PCR with real-time
poor mRNA target specificity (the sequences have homology FRET measurement§, DNA hybridization analyses and the
with approximately 45 genes), the success of finding more formation and dissociation of hairpin structut€s’the elucida-

effective sequences still depends on trial and error.

tion of the dynamics of telomerization or DNA replicati&h,

The development of screening procedures for the prediction and investigation of interactions between proteins, nucleic acids,

of siRNA efficiency and the selection of potent siRNA

and small molecule® Our study extends the limits of FRET

sequences (before the start of experiments on cells or animals)ynalysis in life science research.

remains an important priority.

In 2004, another approach to the preliminary screening of

functional siRNA sequences was reportedmethod of generat-
ing an enzymatically synthesized library of siRNA hairpin
cassettes obtained from a dsDNA soutté? A brief descrip-
tion of the method with analysis of its advantages and
shortcomings was given by Singer et!alThe method is

laborious and expensive, but it ensures highly effective SIRNAs

for every gene.

Experimental Procedures

A. Preparation of a QD-Conjugated Hybridization Probe. A.1.
Synthesis of CdSe QDsCdSe/ZnS QDs were synthesized, according
to the literature (with slight modificatiorfy:?* Briefly, selenium powder
(0.7896 g) was added to trioctylphosphine (TOP, 7.4 g), and the mixture
was heated to 15TC for the preparation of the TOGRSe stock solution.
Separately, CdO (0.0254 g) and stearic acid (0.456 g) were heated to
150 °C in argon atmosphere in a three-neck flask. After CdO was
completely dissolved, the solution was cooled to room temperature,

In the present study, we describe a comparatively simple andTOPO and hexadecylamine (HDA g of each) were added, and the
rapid procedure for the secondary screening of most potentially mixture was heated to 30C. At this temperature, the TOSe stock

effective siRNA sequences (preliminarily restricted using
databases) for RNAi in mammalian cells, for example, siRNAs
with high accessibility and affinity to respective mRNA targets.
The preliminary screening of siRNA sequences with high
accessibility and affinity to the target mRNA can also be

of homology with other genes. Briefly, a single-stranded siRNA

solution was rapidly injected into the reaction chamber (containing
cadmium precursor) to start nucleation, and the temperature of the
chamber was fixed at 240 for 10 min to ensure additional growth

of CdSe nanocrystals. After cooling to 3G, the reaction mixture was
dissolved in approximately 30 mL of chloroform. The nanocrystals
obtained were purified from nonreacted precursors by precipitation with
Fnethanol as described by Manna e¥’alhe precipitates were collected
using a 0.1um VPDF Millipore filter at 700 rpm and redissolved

was conjugated with a quantum dot.e?nd _served as a hybridizationinmediately in the same amount of chloroform (containing HDA). To
probe. The target mMRNA was amplified in the presence of Cy5- prepare zZnS shell-coated QDs, CdSe nanocrystals were mixed with 5

labeled nucleotides, and CymRNA served as the hybridiza-
tion sample. The formation of SIRNA/mRNA duplexes during

g of TOPO ad 5 g of HDA, and chloroform was evaporated
completely. The solution was heated to ZZDin argon atmosphere.

a comparatively short hybridization time (1 h) was used as A capping solution, containing 0.1 mM zinc stearate and hexameth-

criterion for the selection of highly effective, target-specific

(9) Ui-Tei, K.; Naito, Y.; Takahashi, F.; Haraguchi, T.; Ohki-Hamazaki, H.;
Juni, A.; Ueda, R.; Saigo, KNucleic Acids Res2004 32, 936-948.
(10) Naito, Y.; Yamada, T.; Ui-Tei, K.; Morishita, S.; Saigo, Kucleic Acids
Res.2004 32, W124-W129.

(11) Sen, G.; Wehrman, T. S.; Myers, J. W.; Blau, H.Nat. Genet2004 36,
183-189.

(12) Shirane, D.; Sugao, K.; Namiki, S.; Tanabe, M.; lino, M.; HiroseNHt.
Genet.2004 36, 190-196.

(13) Luo, B.; Heard, A. D.; Lodish, H. FProc. Natl. Acad. Sci. U.S.2004
101, 5494-5499.

(14) Singer, O.; Yanai, A.; Verma, |. MProc. Natl. Acad. Sci. U.S.2004
101, 5313-5314.

(15) Gudmundsson, B.; Bjarnadottir, H.; Kristjansdottir, S.; Jonsson, J. J.

Virology 2003 307, 135-142.

Yurke, B.; Turberfield, A. J.; Mills, A. P.; Simmel, F. C.; Neumann, J. L.

Nature 200Q 406, 605-608.

Dubertret, M.; Calame, M.; Libchaber, A. Nat. Biotechnol.2001, 19,

365-370.

(18) Patolsky, F.; Gill, R.; Weizmann, Y.; Mokari, T.; Banin, U.; WillnerJI.
Am. Chem. So003 125 13918-13919.

(19) Medintz, I. L.; Claap, A.; Mattoussi, H.; Goldman, E. R.; Fisher, B.; Mauro,
J. M. Nat. Mater.2003 2, 630-638.

(20) Qu, L.; Peng, A.; Peng, XNano Lett.2001, 1, 333-337.

(21) Peng, Z. A.; Peng, XI. Am. Chem. So2001, 123 183-184.

(22) Manna, L.; Scher, E. C; Li, L.-S.; Alivisatos, A. B. Am. Chem. Soc.
2002 124, 7136-7145.

)
(16)
an
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yldisilthiane in 6 mL of TOP, was added slowly to the reaction chamber  Detailed information on QD conjugation with oligonucleotides, used
for 10 min. The reaction mixture was cooled to 8D, and CdSe/ZnS in our study, can be found in EviTags protocols (Evident Technologies,

nanocrystals were purified by the procedure described atfoUke www.evidenttech.com).
obtained CdSe/ZnS QDs were highly fluorescent (quantum yi@kPo) B. Preparation of a Cy5-Labeled Hybridization Sample. B.1.
and monodispersed. mMRNA lIsolation and Amplification. mMRNA was isolated from bcr-

The nanocrystals were characterized by -tNs absorption and abl positive K-562 cells (£5 x 1 cells), using an oligo(dT)-cellulose
photoluminescence spectroscopies.-UNs absorption and PL spectra  spin column and QuickPrep mRNA purification kit (Amersham
were recorded using a Hitachi U-4100 spectrophotometer and a Hitachi Pharmacia Biotech). The isolated mRNA was essentially free of DNA

F-4500 fluorescent spectrometer, respectively. and protein.
Water-soluble COOH-functionalized nanocrystals were obtained by ~ Total mRNA (500 ng) was subjected to linear amplification (using
encapsulation with an amphiphilic triblock copolymer00 kD) MMLV —RT and T7 polymerase) in the presence of €¢aIP (for

consisting of a polybutylacrylate segment, a polyethylacrylate segment, Cy5-labeling) following the instruction of the Low RNA Input
and a poly(methacrylic acid) segment (purchased from Sigma). The Fluorescent Linear Amplification kit (Agilent Technologies, with slight
polymer/QD ratio was 10:1 because molecular geometry calculations modifications). The amplification was carried out for 6 h, and the
have indicated that at least four polymer molecules are required to consistent cRNA yield was calculated at 2€b0X amplification,
completely encapsulate one QD. The procedure for the water solubi- depending on the sample.
lization of CdSe/ZnS nanocrystals has been described in detail by Gao  The amplified and Cy5-labeled bcr-abl mRNA was purified on a
et al2 The stable encapsulation of QDs with a triblock copolymer (e.g., second spin column, containing 1000 nm white carbonyl microspheres
no aggregation) was achieved. The encapsulated QDs were finally (Interfacial Dynamics Co.) conjugated with a 42-mer oligonucleotide,
dissolved in PBS (consisting of 150 mM M#PQO,-12H,0, 150 mM which was antisense to theéhd sequence of ber-abl mRNA (excluding
KH.PO;, 136 mM NaCl, 2 mM KCI) using Vivaspin filters to replace  poly(A) fragment). The oligonucleotide was initially attached to a 39-
the solvent. The quantum yield of the water-soluble CdSe/ZnS QDs atom amino linker (Fidelity Systems Inc., USA) and then conjugated
was~37%. with carbonyl microspheres using carbodiimide chemistry (cross-linker,
In the present study, all experiments were conducted with CdSe/ EDAC, Molecular Probes). Briefly, 250 of 4 mg/mL white carbonyl
ZnS QDs with a PL maximum at 580 nmie = 420 nm). The microspheres was v_vgshed twice wn_th 2 mL of MES buﬁgr (S|gma, pH
thermostability of QDs was verified under hybridization and PCR  ©-0) on @ 0.1um Millipore filter (using low-speed centrifugation at
conditions. The quantum yield did not change significantly under the 8003 for 5 min). The activated microspheres were finally dissolved in
following conditions: 1 min at 60C, 30 s at 90°C, 56 PCR cycles; ~ 2004L of MES to obtain a solution of 2% solids (2 mg/mL). Four

1 h at 65°C; however, it decreased slightly (from 37 to 32%) over a hundred and fifty microliters of microspheres was mixed with 450
period d 8 h at 65°C. of oligonucleotide (1M in MES), 150uL of freshly prepared EDAC

(60 mg/mL in MES), and 15@L of freshly preparedN-hydroxysul-
fosuccinimide, sodium salt (NHSS, Molecular Probes, 68 mg/mL in
MES). The incubation was carried outrfé h atroom temperature,
followed by washing with MES (pH 6.0) on a Oudm Millipore filter
(Amicon) using low-speed centrifugation (pfr 5 min) to remove
nonconjugated oligonucleotide and byproducts. This conjugation
procedure was repeated twice to saturate carbonyl microspheres with
the oligonucleotide. Finally, the microspheres were washed with PBS
(pH 7.3) and resuspended in 9QQ. of the same buffer. Forty
microliters of this suspension was used for the detection of oligonucleo-
tide concentration in the microspheres, measured by OliGreen (Mo-

A.2. Conjugation of CdSe Quantum Dots with Single-Stranded
siRNA. Amino-modified single-stranded 2223-mer oligoribonucle-
otides (ss/siRNAs) were purchased from Fidelity Systems Inc. (USA)
and Proligo (Japan). They consisted of oligoribonucleotides conjugated
covalently with a 22-, 31-, 39-, or 72-atom noncharged amino linker.

COOH-functionalized QDs were conjugated with Niodified ss/
siRNAs using carbodiimide chemistry. 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide, hydrochloride (EDAC, Molecular Probes), was
used as a zero-length cross-linker. The conjugation protocol is simple
and takes approximately 4 h.

Briefly, 500 uL of COOH-functionalized QDs (0.&M in 40 mM lecular Probes). In parallel, the concentration of the nonconjugated
PBS, pH 7.3; QD concentration was calculated by Yu et)alvas oligonucleotide was also measured to clarify the result. The efficiency
incubated with 25@iL of NH,-modified ss/siRNAs (M in distilled of conjugation of the amino-modified oligonucleotide with carbonyl

water) and 25QL of freshly prepared EDAC (60 mg/mL in distilled  microspheres was calculated to be 68%. All the reagents used were
water). The incubation was carried out fh with shaking in the dark  prepared in RNase/DNase-free water, and the conjugation was carried
at room temperature. QBsiRNA conjugates were purified by two- out in glass tubes.

step ultrafiltration (Omega Nanosep filters) to remove nonconjugated  The total mRNA was added to the spin column containing the
QDs first and nonconjugated siRNAs second. Aliquots of the noncon- gntisense oligonucleotide conjugated with 1000 nm carbonyl micro-
jugated siRNA fraction were used for detecting their concentration by spheres and incubated with gentle shaking for 30 min at room
OliGreen (Molecular Probes) and the subsequent calculation of the temperature. The column was subjected to low-speed centrifugation
percentage of siRNA conjugated with QD. The efficiency of conjugation (350 for 2 min), and the liquid, containing nonbound MRNA, was
was~68% (it was possible to enhance the efficiency of conjugation giscarded. The ber-abl mRNA, retained on the column, was eluted from
up to 95% using streptavidin-coated QDs and biotin-modified Ss/ the matrix with an elution buffer [10 mM Tris-HCI (pH 7.5) and 1
SiRNAs). The QD-siRNA conjugates were characterized by gel )\ EDTA; prewarmed at 68C). The ber-abl mRNA from the eluate
electrophoresis with fluorimetric detection, using commercially available (0.5 mL) was precipitated with 50M of 5 M potassium acetate (pH
FITC-ss/siRNA (Qiagen) as a standard. The QD:siRNA molar ratio 5.0y 104L of 20 mg/mL glycogen in DEPC-treated water, and 1 mL
was calculated to be approximately 1:3 to 1:8, depending on the length of 9504 ethanol for 30 min at20 °C. The precipitated ber-abl mRNA

of the siRNA amino linker. The QBsiRNA conjugates were finally  \yas resuspended in RNase/DNase-free water, and its concentration was
resuspended in 100L of 50 mM PBS (pH 7.3). All reagents were  gatermined spectrophotometrically at 280 nm.

prepared in RNase/DNase-free water, and the conjugation was carried g o Cy5-mRNA/QD—siRNA Hybridization and FRET Analy-

out in glass tubes. sis. Twenty-five microliters of ber-abl CySmRNA (2.54g of mRNA)
was incubated with 2L of QD—ss/siRNA (containing approximately
(23) Gao, X.; Cui, Y.; Levenson, R. M.; Chung, L. W. K.; Nie, Sat. 0.4 uM QD and 3uM ss/siRNA) fa 1 h at 65°C in the dark. The
(24) E'S,tevf/m'.'?%%‘f EZ ggg,_s\x?ﬁeng, XChem. Mater2003 15, 2854 short hybridization time allows the detection of SIRNA/mRNA duplexes
2860. only if the hybridization is extremely effective. Usually, the standard
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PREPARATION OF HYBRIDIZATION SAMPLE

1=t STEP — mRNA ISOLATION
CELL LYSATES
+

© __ SPIN COLUMN CONTAINING
cus OLIGO(dT)-CELLULOSE

— Collection tube

Follow the QuichPrep mRNA Extraction Kit
protocol (Amersham Pharmacia Biotech)
+

e

ltE/ “— MRNA

2rd STEP — mRNA AMPLIFICATION AND Cy5-LABELING

mRNA + promoter primer

- }r{‘\strand cDNA synthesis

, Digest RNA.in
RNase H\ RNA/DNA hybrid

PREPARATION OF HYBRIDIZATION PROBES

CONJUGATION OF QUANTUM DOTS WITH
SINGLE-STRANDED siRNAs

3
8
%ct‘ cde Spacer Single-stranded siRNA
Hmc—@—coor' + H,NW
« 8 %o, | Cross-linker
ks

(EDAC)
Hoot @ coHN\A,\/\N
& g Y
2
QD-siRNA hybridization probe

l

Purification by ultrafiltration

Amplification Cy5-mRNA/QD-siRNA HYBRIDIZATION
RT/ 204 strand cDNA
/' synthesis
S 1 el Y o Cy5> CyS mRNA sense sequence
~~— In vitro transcription e
(in the presence of Cy5-CTP) 0-0
T - N
mRNA amplification based on NASBA technology. Follow the " siRNA antisense sequence
Low RNA Input Fluorescent Linear Amplification Kit protocol
(Agilent T;echnologf'eSJ, Hybridization
% o Cy5 Cy5 mRNA sense sequence
9/ — AMPLIFIED Cy5-LABELED mRNA (cRNA) @::.Nw:mﬁuim:

i siRNA antisense sequence
‘ with free access to the

BCR-ABL Cy5-mRNA PURIFICATION sense mMRNA sequence

FRET-analysis

Figure 1. Scheme of experimental design.

protocols for the hybridization of short oligonucleotides with native the 42-mer oligonucleotide, which was antisense to thend
MRNA require at leas4 h at 65-70 °C. The reaction mixture was  of bcr-abl mMRNA (excluding poly(A) fragment). QBsiRNAs
transferred to microcuvettes and subject_ed_ to FRET analysis. The (zntisense to ber-abl mRNA) were used as hybridization probes.
sample was excited at 420 nm, z_:lnd the emission spectrum was recorde he target Cy5mRNA was subjected to hybridization with
at 490-700 nm. The changes in both/"™ of QD (~580 nm) and . o . S .
em"0f Cy5 (~660 nm) were monitored. In the absence of hybridiza- QD_SS/S'RNA_S fo 1 hat 65°C. This shprt hyb”dlzatlo_n time
tion, Cy5 showed no fluorescence at, = 420 nm. The Cy5 enabled us to find siRNA sequences with extremely high acces-
fluorescence at-660 nm was observed only when hybridization took ~ Sibility and affinity to bcr-abl mRNA. After 1 h incubation, the
place, which provided a possibility of selecting siRNA sequences with Cy5—mRNA/QD—siRNA mixture was analyzed by spectro-
high accessibility and affinity to bcr-abl mRNA. fluorimetry to estimate the FRET capacity between QD and Cy5.
In a parallel experiment, the efficiency of hybridization was analyzed The Samp|e was excited at 420 nm, and the emission spectrum
;ﬁing PDiﬁ&G(rgeen (t!\]ﬁlolt?[pulal(r_:’rotées),_ strictly f°|"°t;"’i|”%tge prgltocgll\lc: was recorded at 566700 nm. The emission maximums of QD
e ds uantirication Kit and using a nonlabele cr-abl C .
(corresponding to bcr-abl mRNA) and g']ssDNAs (corresponding to ss/ and Cy5 were ob.served at580 and~640 nm, respectively.
siRNAs) to avoid the influences of QD and Cy5 on PicoGreen At a 420 nm excitation wavelength, CyS showed no fluores-
fluorescenceex = 480 NM,Aen™ = 520 nm). cence. At this excitation wavelength, Cy5 fluorescence can be
observed only as a result of FRET from QD to Cy5 if both
fluorophores are at an appropriate distance. IF3RNA and
Basic Principles and Experimental Design.The experi- Cy5—mRNA are at low concentrations (e.g., on the nanomolar
mental design is schematically shown in Figure 1. or micromolar scale), FRET can be observed only in the case
Cy5-mRNA, which was isolated from cell lysates (obtained of effective sample/probe hybridization. Thus, the FRET signal
from ber-abl positive K-562 cells) using oligo(dT)-cellulose  ¢an be used as a criterion for screening siRNA sequences with
chromatography on a spin column, was used as a hybridizationhigh accessibility and affinity to the respective target mRNA.
sample. The total mMRNA was amplified using NASBA technol- However, above some critical GEBIRNA and Cy5-mRNA
ogy in the presence of Cy<ICTP. The target CysmRNA concentrations (even in the micromolar scale), FRET can also
(corresponding to bcr-abl oncogene) was purified on a secondbe observed as a result of the random events between both
spin column, containing 1000 nm microspheres conjugated with fluorophores, and appropriate controls have to be used to

Results and Discussion

J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005 11331
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A. Structural formula of modified single-stranded oligonucleotides

o H s Ed
HN 0O g ey N7 0 8.0 Oligonucleotide |-OH
H O

22-atom linker

H o
HMN_~ O~ g~ 0. /NE)\
H O ~ OH o ¥ ¥
HN_~_O_~ g O~_N. J-.N'x..hv-mN-l\sN\a:}"oM{MOH
H H Q

31-atom linker

o 5 ¥
HzNV-m..O._/‘o"-\.Jl,.».‘_.NE_LN,._.V-“OA...O....f»of\.f»N-uZN_{_-“-‘C-"‘O-EO Oligonucleotide |-OH
H H

39-atom linker

H

o o H HO
HzN\,,--»._A’.),_,--U-\j__/--\_,NB,kum._no'\..D,_»Um_n-N-‘a N
H H

PR ? N ool _¥
E «.-ﬁ_b's{),/»O--\.NEA:-A\/“U'\’Q/‘O“\/\g SNJ,-H QOH

72-atom linker

B. Design of QD-conjugated siRNAs

RNy

o & -
oot '—muu—N\/ HN-OC @ CO-NH
AN @ o >

Ly fi

VAVAYS > Single-stranded siRNA

C. Design of quantum dot-conjugated hybridization probes used in this study

5 3
.— CO-NH- 39-atom linker I— | ss/siRNA I

Figure 2. Design of quantum dot-conjugated single-stranded siRNA hybridization probe.

distinguish specific signal from nonspecific signals. In our study, details of which are described in Experimental Procedures. The
a QD-labeled mismatch siRNA was used as a negative control. efficiency of conjugation was about 607% and was found
Design of QD-siRNA Hybridization Probes. The design to increase with spacer length. The QD:oligonucleotide ratio
of QD-conjugated single-stranded siRNAs is shown in Figure was calculated to be 1:3.4, 1:3.9, 1:6.2, and 1:8.5 in the case of
2. Amino spacers of different lengths were used to functionalize 22-, 31-, 39- and 72-atom spacers, respectively.
siRNA, by attaching an Nkgroup at the 5end (Figure 2A). In preliminary experiments, we used two single-stranded
The selection of spacer length was aimed to facilitate the oligonucleotides with randomly selected complementary se-
conjugation between QD and siRNA (overcoming the negative quences (a 22-mer ribonucleotide conjugated with QD and a
charge of both components), as well as to avoid the influence 22-mer ribonucleotide with incorporated Cy5) as standards to
of QD (which is a comparatively large particle) on hybridization. clarify the efficacy of hybridization and FRET capacity between
At the same time, the spacer has to ensure an appropriatehe QD-conjugated probe and the Cy5-labeled sample. It was
distance between QD (attached to the hybridization probe) andfound that the use of QD conjugated to a 39-atom spacer as a
Cy5 (attached to the hybridization sample) for effective FRET hybridization probe resulted in an optimal hybridization efficacy
to occur. with a high FRET capacity. In all additional experiments, we
NH,-functionalized ss/siRNAs were conjugated with COOH- used QD-conjugated hybridization probes containing 39-atom
functionalized CdSe/ZnS QDs using EDAC as a zero-length spacers (Figure 2C).
cross-linker and carbodiimide chemistry (Figure 2B). QD Accessibility and Affinity of QD —siRNA Sequences to
siRNA conjugates were purified by two-step ultrafiltration, the Cy5—mRNA Target— FRET Analysis. The essential require-
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A. Originally designed anti-bcr-abl/c-abl ss/siRNA substances (Refs. 28, 29)

(as) 3-dTdTCGGCGAGCAACCUUGAGGU-5'  Antisense ss/siRNA-1

mRNA sense target sequence
5'-GCCGCUCGUUGGAACUCCA-3' rgerseq

(exon 2-374..547)*

Fusion protein

(b3a2 varianty |_BCRgene |

ABL gene |

5‘-AAGCAACUACAUCACGCCAGUCAA(::-S' sense mRNA sequence
: (exon 3- 548..843)*
Antisense ss/siRNA-2 (as) 3'-dTdTCGUUGAUGUAGUGCGGUCA-5' -

Antisense ss/SIRNA-3 (as) 3-dTdTGAUGUAGUGCGGUCAGUUG-5'

*According to Burmeisetr et al.
(GenBank Acc No AJ131466.1)

B. Previously published anti-ber-abl siRNA sequences (Ref. 27)
Fusion protein
(b3a2 variant) | BCR gene | ABL gene |

/-—\ mRNA sense target motif*

5-AGAGUUCAA AAGCCCUU-3 exon 299..273 (ber gene)
] . | exon 374..547 (abl gene)

(s) 5’—GCAGAGUUCAA; AAGCCCUU-3
(as) 3-dTdTCGUCUCAAGUU  UUCGGGAA-5'

(s) 5-AGCAGAGUUCAA  AAGCCCU-3'
Antisense ss/SiRNA-5-> (as) 3-dTdTUCGUCUCAAGUU. UUCGGGA-5'

<- Sense mRNA sequence
Antisense ss/siRNA-4 ->

<- Sense mRNA sequence

siRNA sequence | Mode of treatment | Bcr-abl mRNA, Ber-abl protein, Ref. No
(% from control) (% from control)
siRNA-1 6 days* 45.7+11.2° 73.4+14.7° 14,15
siRNA-2 6 days* 8.3+5.1° 44.5+10.5° 14,15
siRNA-3 6 days* 9.915.6° 51.819.8° 12,13
siRNA-4 24 hours** 24.8+3.7° - 13
sIRNA-5 24 hours™ 32.4+1.2° - 13

Figure 3. Anti-bcr-abl siRNA sequences and their RNAI efficiencies in ber-abl mRNA and oncoprotein in K-562 cells. TapEarée repetitive sSiRNA
transfections (single dose 60 nM) at 2 day interval, using lipofectamine. The analyses were carried out 48 h after the third transfecti@me SIRNA
transfection (single dose 0.5uQ), using electroporation. The analyses were carried out 24 h after the transfection. (a, b, and c) The data shown are mean
+SD from seven (a), four (b), and five (c) independent experiments. Controls are representative of K-562 cells treated with mismatch siRNAs.

ment for FRET is that the emission spectrum of the donor 4.5-5.5 nm for 50% FRET efficiency. According to Gao et
showed overlap with the absorption spectrum of the acceptor. al. 22 the QDs used in our study have to consist of an approxi-
In this context, QDs are the most appropriate donors becausemately 5 nm core (2.5 nm radiyg 1 nmTOPO-cap, and a 2
their emission maximum can be discretely varied with their size. nm thick polymer layer. Thirty nine atom linkers used in our
Using size selection, it is possible to obtain QDs with an emis- hybridization probe (Figure 2C) would ensur&.8 nm distance
sion maximum corresponding exactly to the excitation maximum
of the acceptor. In our study, thg,"® of QD was lower 580

nm) than the excitation maximum of Cy5-640 nm). Thus, it (26) g’ogg%ﬁehvﬂ‘u'ﬁgwu\'/% %E:‘giféhziggécié\z(ozfg?g‘gég: P.; Knabbe,
was pOSSIb|e to minimize the recovering between QD €emISsSION (27) Scherr, M.; Battmer, K.; Winkler, T.; Heidenreich, O.; Ganser, A.; Eder,
spectrl_Jm and Cy5_ _exc_itaﬂon spectrum and to facilitate _da_lta (28) ’\Z/Iheel’le?/OdZZOOOiénglsgg?élsc?\?a R.; Ewis, A.; Ishikawa, M.; Shinohara,
analysis and quantification. FRET requires also close proximity Y.; Baba, Y.FEBS Lett.2004 570, 195-204.

of the donor (quantum dot) and acceptor (Cy5), withinlD (29) Ohba, H.; Zhelev, Z.; Bakalova, R.; Ewis, A.; Omori, T.; Ishikawa, M.;
nm of each othef® For most FRET pairs, this distance is about (30) Didenko, V.BioTechnique®001, 31, 1106-1121.

(25) Wilda, M.; Fuchs, U.; Wossmann, W.; Borkhardt, @ncogene2002 21,
5716-5724.

Shinohara, Y.; Baba, YCancer2004 101, 1390-1403.
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ARTICLES Bakalova et al.

A. Principle of detection of FRET-efficiency between QD-labeled siRNA and Cy5-labeled target mRNA.

mRNA sense sequence
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Figure 4. Efficiency of interaction between siRNA hybridization probes and bcr-abl mRNA hybridization safRBET analysis. (A) Typical fluorescent
spectra of nonhybridized and hybridized QD-labeled siRNA probe and Cy5-labeled mMRNA sampted0 nm). 1: QDB-siRNA-6 (mismatch). 2: QB
SiRNA-6 plus Cy5-mRNA. 3: QD-siRNA-5 plus Cy5-mRNA. (B) FRET between QD-labeled siRNAs and Cy5-labeled target mRM&. results on
histograms represent the meatsSD from seen independent experiments for siRNA-1, -2, and -6, and from six independent experiments for siRNA-3, -4,

and -5.(C) Correlation between FRET data (obtained in this study) and effect of anti-bcr-abl siRNAs on the level of target mMRNA (obtained from the
literature),r is the correlation coefficient.

from the donor to the acceptor, which is beyond the typical and 31 atom linkers are most appropriate for effective FRET
Forster radius for FRET pairs. In this case, the theoretical FRET in a single donoracceptor pair. However, the efficiency of
efficiency for a single doneracceptor pair would be less than hybridization is significantly lower than that in the case of 39-
20%. However, by increasing the number of acceptors (Cy5) and 72-atom linkers, which reflects most negatively the absolute
in the hybridization sample (Cy5mRNA), the FRET efficiency FRET signal and the sensitivity of the method.
can be increased significantly, up to-480%:%3 Twenty-two The siRNA sequences used in our study are shown in Figure
(31) Medintz, I.; Uyeda, T.; Goldman, E.; Mattoussi, Nat. Mater.2005 4, f?’A’B' They were selected from pUb“_Shed_reports_ on R_I\_IA
435-4486. interference of the bcr-abl oncogene in Philadelphia-positive
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Table 1. Efficiency of sSiRNA/mRNA Hybridization Analyzed Using
PicoGreen

normalized PicoGreen fluorescence
at 520 nm (arbitrary units)?

oligodeoxynucleotide sequence
corresponding to

SiRNA-1 52+28
SiRNA-2 45+26
siRNA-3 27+1.1
siRNA-4 5.8+21
SiRNA-5 55+2.9
SiRNA-6 (mismatch) 0

aData are normalized to PicoGreen fluorescence of ss/cCDNA.

K-562 cells, and their RNAI efficiency is shown in Figure
3C 2529 A mismatch siRNA sequence (ss/siRNA-6) was used
as a negative control @I TdTCUGUCCGACUCUGACAAAC-

5. This sequence cannot hybridize with the mRNA target and
can be used in detecting the baseline of QD-mediated Cy5

of hybridization analysis used in our study, the results demon-
strate that, for mismatch siRNA, we could not expect hybridiza-
tion, while for antisense siRNAs, the efficiency of hybridization
with the target mRNA was comparatively the same for SiRNA-
1, -2, -4, and -5, and a little bit lower for SIRNA-3.

There was a very good positive correlation= 0.8456)
between the FRET data obtained in our study and the effect of
siRNA sequences on the level of bcr-abl mRNA determined
by RT-PCR analysis (Figure 4C). It is necessary to note that
the RT-PCR data have been obtained in different studies, using
different transfection methods and experimental protocols, and
the comparison with our FRET is only one example.

Conclusions

The present study describes a design and a fabrication of
guantum dot-conjugated hybridization probes and their applica-

excitation as a result of random events. All data from hybridiza- tion to the development of a comparatively simple and rapid

tion and FRET analyses (Figure 4) were normalized to data for

this control sample.

Figure 4A shows typical photoluminescent spectra of QD and ¢
Cy5 in the absence (mismatch siRNA) or presence (antisense,

SsiRNA-5) of hybridization. The mismatch control showed a
weak Cy5 fluorescence at660 nm, but no hybridization was

procedure for preliminary screening of highly effective sSiRNA
sequences for RNA interference (RNAI) in mammalian cells,
or example, siRNAs with high accessibility and affinity to the
respective mMRNA target. A single-stranded siRNA was conju-
gated with a quantum dot and used as a hybridization probe.
The target mMRNA was amplified in the presence of Cy5-labeled

detected (Table 1). This is indicative of the FRET capacity nucleotides, and CySmRNA served as a hybridization sample.
between both fluorophores as a result of nonspecific random The formation of SIRNA/MRNA duplexes during a compara-

events. All spectra were recorded using approximately 300 nM

mRNA and 3uM siRNA. The use of 2-fold decreasing in
mRNA and siRNA concentrations completely abolished the

tively short hybridization time (1 h) was used as a criterion for
the selection of highly effective, target-specific siRNA se-
guences. The accessibility and affinity of the siRNA sequence

nonspecific FRET signal of the mismatch siRNA (data are not for the target mRNA site were determined by fluorescence

shown).

resonance energy transfer (FRET) between a quantum dot

For the antisense SIRNA sequence, the Cy5 fluorescence at(donor) and a fluorescent dye molecule (Cy5, acceptor) localized

~660 nm increased markedly, which is indicative of effective

FRET between the fluorophores (Figure 4A). The histograms

in Figure 4B show the meatSD data from the FRET analysis
of each QD-siRNA sequence, normalized to the data for the

mismatch control. The normalized magnitude of FRET-based

Cy5 fluorescence increased in the following order: siRNA-5
> siRNA-1 > siRNA-4 > siRNA-2 = siRNA-3. All QD—

siRNA sequences in Figure 4B were applied at equal concentra-

tions to mMRNA target. The sensitivity of the method was

at an appropriate distance from each other when hybridization
occurred. The described protocol is comparatively rapid (requires
about 4 h) and can be used for the secondary restriction of
potentially effective SiRNA sequences to obtain a few siRNAs
most suitable for the strong down-regulation of the target gene,
after their preliminary screening using databases. The results
showed that the amplitude of the FRET signal correlates
significantly with the specific antisense effect of siRNA
sequences on the level of the sense mMRNA, as determined by

calculated to approximately 40 nM mRNA and 120 nM siRNA. RT-PCR analysis. Presumably, this methodology is also ap-

Below these concentrations, it was impossible to detect the

FRET signal. The optimal mRNA/siRNA ratio for the effective
FRET between QD and Cy5 was 1:6 (mol:mol).

propriate for quantitatively predicting the efficiency of SIRNA
sequences before the cell transfection and conventional analyses.

The commercial availability of such products can markedly

The data from hybridization analyses (carried out in parallel
using PicoGreen and nonlabeled oligonucleotides and cDNA
corresponding to bcr-abl mRNA) are presented in Table 1.

facilitate the screening of truly effective siRNAs and signifi-

cantly shorten the time-consuming siRNA screening procedures.
Since the concentration of single-stranded fragments in the :élgrér_?pbr late dQD-:ﬁbglelzd hybr|d|z|at|on plfobsls ?nd t.he propoze?

samples was considerably higher than that of double-stranded " .~ . ased methodology are aiso appiicable to microarray data

DNA duplexes, the noise was high and the standard deviationsva“datlon'

were+40—-50% from the mean values. Despite the restrictions JA051089H
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