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Molecular Assembly of Superquenchers in Signaling Molecular Interactions
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We have designed a molecular assembly of Superquenchers -l SLEr
(SQs) for molecular interaction studies and for ultrasensitive /_?_\JS o =
bioanalysis. Signaling biomolecular interactions, such as DNA/RNA oo o0 o_gi_ 0

hybridization and protein interactions, is critically important in areas
such as medical diagnosis, disease prevention, and drug discovery.
While selectivity in biomolecular recognition can be achieved by
capitalizing on highly selective molecular interactions, such as
antibody-antigen binding and DNA base paring, the effectiveness
of a molecular probe is highly dependent on the scheme and the
ability to transduce a target recognition event into a measurable
signal. Of many approaches, fluorescence is one of the most
effective ways to signal molecular interaction and recognition. For
instance, fluorogenic probes, such as Tagfamlecular beacons  of synthesis. The structure of the SQ and the schematic of the MB
(MB),23 and protease probtbave been widely used for biotech-  with SQ are shown in Figure 1a and b, respectively.
nological research and development. The interaction of these The MBs with SQ are highly efficient in signaling the hybridiza-
molecular probes with target molecules renders unquenching of thetion of MBs with target nucleic acids. The performance of the SQs
fluorophores, yielding detectable fluorescence signal change. Whilewas evaluated by comparing their quenching efficiency, which was
exploited in broad areas, such as real-time PCR monitoring, DNA defined asQ% = 100 x (1 — (Fms — Foutte)/(Fnybria — Foufer)),”
assays, and protein studies, these probes have limited increment ofvhereFyg, Fouter, @and Fyoria Were the fluorescence intensities of
signal change upon interacting with their targets, mainly due to an the MB without target, buffer, and MBtarget hybrid, respectively.
unguenched high background signal from the probe itself. Strategiesin the absence target, background fluorescent intensities from MBs
for improving the signal-to-background ratio of molecular probes (Fyg) were compared. With an increased number of DABCYL in
promise higher assay sensitivity as well as better reproducibility. the molecular assembly, the background fluorescence intensity
There has been encouraging progress in attempts at introducingdecreased dramatically. On the other hand, when hybridized to target
novel signaling schemés, exploring nanocomposités, as well DNA (GCG ACC ATA GTG ATT TAG A), comparable fluores-
as making better quenchers using rational molecular design coupleccence intensities were observed from all three MBs. With one
with sophisticated synthesis!! DABCYL in the MB, a quenching efficiency of about 92.9% was
Herein, we have molecularly assembled an array of quencherobserved, while the two DABCYL assembly quenched FAM with
molecules to produce SQs for use in engineering fluorogenic a quenching efficiency of about 98.75%. The SQ with three
molecular probes with high sensitivity and specificity. We believe DABCYLs performed the best and had a quenching efficiency
that using multiple quenchers to pair with one fluorophore provides around 99.7%. Although the differences in quenching efficiency
better quenching efficiency because of the improved absorption may seem small, the signal-to-background r&#i¢S/B = (Fnybrid
efficiency and the increased probability of dipeldipole coupling — Foutted/(FMs — Foutrer)) Of these SQ MB probes improved
between the quenchers and the fluorophore as a result of a collectivedramatically. It is common to use S/B in bioanalysis to determine
qguenching effect. MB was used as a model here to test the the sensitivity of the molecular probes. The SQ MB had an S/B as
performance of the SQs. An excellent example of fluorogenic probe, high as 320-fold when hybridized to its target, which is a significant
an MB?2312is a hairpin-shaped DNA with a self-complementary improvement compared with the 14-fold of S/B observed from the
stem that brings a terminal-labeled fluorophore and a quencher intocontrol MB (Figure 1c). This comparison clearly demonstrated that
close proximity. This self-quenched probe does not fluoresce until the SQ assembly greatly improves the S/B ratios and, thus, the
hybridized to its target because of spatial separation of the quencheranalytical sensitivity of the fluorogenic molecular probes.
and the fluorophore. In our preparation, SQs were synthesized by When applied to MB probes, these multiple quencher assemblies
assembling different numbers and different types of quencher provide several favorable effects for fluorescence signaling. First,
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Figure 1. (a) Structure of a superquencher consisting of three DABCYLs.
(b) Schematic of a molecular beacon with a superquencher. (c) Signal-to-
background ratio of molecular beacons with different quenchers.
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molecules using dendrimeric linke¥s:1” The SQs were then used
to label MBs. Three fluorescein (FAM)-labeled MBs with the same
sequence (quencher-CC TAG CTC TAA ATC ACT ATG GTC
GCG CTA GG-FAM) were prepared. A control MB, single-Q-
MB, was designed in a conventional way with one DABCYL (4-
(4-(dimethylamino)phenylazo)benzoic acid) quencher molecule.
With a doubler linker, two DABCYLs were assembled together to
the B end of the Dual-Q-MB. In the Triple-Q-MB, an SQ assembled

placing an SQ to an adjacent fluorophore in an MB will greatly
increase the overall quenching ability in its closed conformation.
This high quenching efficiency is a consequence of improved
absorption extinction coefficients of the SQs and increased dipole
dipole interactions between the fluorophore and quencher molecules.
Second, the SQ in the MB helps improve the probe purity. The
hydrophobicity of the quencher molecules greatly increases the
retention time of MB in the reverse phase HPLC, which signifi-

from three DABCYLs was used. These MBs were synthesized and cantly improves the separation efficiency between labeled and un-
HPLC-purified. Mass spectroscopy results confirmed the successlabeled DNA probes. Third, the SQ helps stabilize the hairpin
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Figure 2. Melting temperature curves of different molecular beacons.

structure of the MB, as shown by the melting temperatufg ¢f
MBs (Figure 2). TheT,, of the SQ MB was about 4.9C higher
than that of the regular MB. This stabilization is believed to be a
result of the hydrophobic interaction between the fluorophore and
guenchers. Because of this increase in thermostability, we observe
a slight improvement in the selectivity of the MB for single base
mismatched DNA target. These advantages are a direct result of th
SQ functionality, and there was no adverse effect on the binding kin-
etics of MB to its targets. Control experiments showed that the reac-
action kinetics of the SQ MB was similar to that of the regular MB.
The SQs can quench different fluorophores with excellent
guenching efficiency. We prepared SQ MBs with fluorophores, such
as FAM, TMR, and Cy3. Excellent S/B ratios were observed for
all of these dyes. For instance, the SQ MB with Cy3 showed a
>250-fold increase of signal change upon target hybridization.
The excellent performance of the SQ was further evidenced in
MBs with different sequences. Several repofféd°MB sequences
were synthesized with the SQs. Up to 300-fold increases of S/B
were observed for the MBs synthesized with SQs (see Supporting
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assembling different types and different numbers of quencher
molecules. By labeling a superquencher to an MB, a 320-fold
enhancement of fluorescent signal was achieved, compared to about
14-fold from an MB prepared with the same monomer quencher.
The molecular assembly approach has three distinguished features.
(1) The assembled superquencher shows unique properties for use
in engineering molecular probes. Compared with a regular MB, a
SQ-constructed MB has better sensitivity, better purity, higher
thermal stability, and slightly improved specificity. (2) The assembly
scheme can be widely useful for different types of quencher
molecules. (3) The SQ can be used for different fluorophores and
in different probes. The SQs used for signaling aptanpeotein
interactions have generated more than a 49 000-fold signal change
when a PDGF aptamer was bound to PDGF. No detrimental effect
of these SQs on the performance of probes was observed. The SQ
MB showed hybridization kinetic properties similar to that of the

Jegular MB. Our molecular assembly approach can effectively im-

prove the sensitivity of a variety of fluorescent assays and may be
widely useful for molecular recognition and interaction studi&s.
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Supporting Information Available: Preparation and characteriza-
tion of superquencher MBs with different dyes and sequences. This
material is available free of charge via the Internet at http:/pubs.acs.org.

Information). This was about a 20-fold improvement compared to
the reported value of the regular MB.

The efficiency of SQ was also compared with that of gold
nanoparticles. With their exceptional quenching capability, gold
nanoparticles have been successfully used to construct fluorescen
probes’® When used as the quencher in an MB, the average
guenching efficiency of a gold nanoparticle to FAM has been shown
to be as high as 98.68%, which is equivalent to an S/B ratio of
about 767 The SQ showed a higher quenching efficiency (99.5%)
than that of the gold particles. Compared to the gold nanoparticle,
there are a few significant advantages for using SQ for MB and
other fluorogenic probe constructs: easier to prepare and manipu-
late, better sensitivity, and more stable. In addition, the SQ approach
will leave no concerns one might have with nanoparticles in
bioanalysis and bioimaging, especially forvivo studies.

The approach of a chemically assembled macromolecule from
individual quenchers to yield a better quencher moiety can be
extended to other quencher molecules. For example, an SQ
consisting of three Eclipse quenchers quenched 99.6% of fluores-
cence from TMR in an MB. This shows that we have developed a
new strategy in using molecular assembly as molecular moieties,
which can be widely useful in molecular recognition, interaction,
and signaling.

The SQs may also be used in other molecular probes. Paired
with FAM in an aptamer probe that selectively binds cancer marker
protein platelet derived growth factor (PDGR®)an SQ-labeled

aptamer has rendered about a 49 000-fold signal change when the

probe was bound to PDGF, compared to a less than 20-fold signal
change when a regular quencher was #8ed.
In conclusion, we have designed a novel molecular assembly of

guencher molecules to form superquenchers with excellent quench-
ing efficiency. The superquencher can be engineered as desired by

References

(1) Holland, P. M.; Abramson, R. D.; Watson, R.; Gelfand, DProc. Natl.
Acad. Sci. U.S.A1991, 88, 7276-7280.

(2) Tan, W.; Wang, K.; Drake, TCurr. Opin. Chem. Biol2004 8, 547—
553. Fang, X.; Liu, X.; Schuster, S.; Tan, \W. Am. Chem. Sod.999
121, 2921.

(3) Tyagi, S.; Kramer, F. RNat. Biotechnol1996 14, 303—308.

(4) Matayoshi, E. D.; Wang, G. T.; Krafft, G. A.; Erickson,Sciencel990Q
247, 954-958.

(5) Chen, L. H.; McBranch, D. W.; Wang, H. L.; Helgeson, R.; Wudl, F;
Whitten, D. G.Proc. Natl. Acad. Sci. U.S.A999 96, 12287-12292.

(6) Du, H.; Disney, M. D.; Miller, B. L.; Krauss, T. DJ. Am. Chem. Soc.
2003 125 4012-4013.

(7) Dubertret, B.; Calame, M.; Libchaber, A. Nat. Biotechnol2001, 19,
365-370.

(8) Maxwell, D. J.; Taylor, J. R.; Nie, S. Ml. Am. Chem. So@002 124,
9606-9612.

(9) Xia, W.; Whitten, D.; McBranch, D. U.S. Patent 2005030579, 2005.

(10) Cook, R. M.; Lyttle, M.; Dick, D. U.S. Patent 2001-US15082.

(11) May, J. P.; Brown, L. J.; Rudloff, I.; Brown, Them. Commur2003 8,
970-971.

(12) Peng, X. H.; Cao, Z. H.; Xia, J. T.; Carlson, G. W.; Lewis, M. M.; Wood,
Wi. C.; Yang, L.Cancer Res2005 65, 1909-1917.

(13) Shchepinov, M. S.; Udalova, I. A.; Bridgman, A. J.; Southern, E. M.
Nucleic Acids Resl997, 25, 44474454,

(14) Dubber, M.; Frechet, J. M. Bioconjugate Chen2003 14, 239-246.
(15) Hussain, M.; Shchepinov, M. S.; Sohail, M.; Benter, I. F.; Hollins, A. J.;
Southern, E. M.; Akhtar, SJ. Controlled Releas€004 99, 139-155.

(16) Li, Z.;Jin, R. C.; Mirkin, C. A,; Letsinger, R. INucleic Acids Re£002
30, 1558-1562.

(17) Luehrsen, K. R.; Davidson, S.; Lee, Y. J.; Rouhani, R.; Soleimani, A;
Raich, T.; Cain, C. A.; Collarini, E. J.; Yamanishi, D. T.; Pearson, J.;
Magee, K.; Madlansacay, M. R.; Bodepudi, V.; Davoudzadeh, D.;
Schueler, P. A.; Mahoney, W. Histochem. Cytocher200Q 48, 133—
145.

(18) Marras, S. A. E.; Kramer, F. R.; Tyagi, Bethods Mol. Bial2003 212,
111-128

(19) Vijayanathan, V.; Thomas, T.; Sigal, L. H.; Thomas, T.Ahtisense
Nucleic Acid Drug De. 2002 12, 225-233.

(20) Vicens, M. C.; Sen, A.; Vanderlaan, A.; Drake, T. J.; Tan,GlemBio-
Chem 2005 6, 900-907. Fang, X.; Sen, A.; Vicens, M.; Tan, W.
ChemBioChen2003 4, 829-834.

JA053482T

t

J. AM. CHEM. SOC. = VOL. 127, NO. 37, 2005 12773



