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Abstract: A new concept for nucleic acid probe design is reported. The extremely high selectivity of the
probe is predetermined by cooperative hybridization of the two relatively short (10 nucleotide) DNA hairpin
fragments to the analyte. A binary DNA probe fluorescently reports the presence of 0.5% of the analyte in
excess amount of a single base substituted oligodeoxyribonucleotide and distinguishes single nucleotide
substitutions at any position of a 20-mer oligonucleotide at room temperature.

Numerous techniques for DNA/RNA analysis rely on the At the same time dividing the probe into two parts leads to
ability of the probe to recognize nucleic acid sequences an extraordinary selectivity of both protéiand nucleic acid
specifically by forming duplexes. The formation of at least15  recognition’ In the case of nucleic acids, each fragment of a
20 nucleotide hybrids between the probe and the analyte isbinary probe binds to a relatively short<{Z0 nucleotide)
required to uniquely define a specific fragment in a nucleic acid analyte fragment; this makes each hybrid extremely sensitive
the size of a genome. Hybrids of such length are too stable toto a single base substitution even at mild conditions. Recently
be sensitive to a base mispairing, since a single mismatch unitone example of such a probe based on malachite green aptamer
results in a relatively small energetic pendi§everal strategies ~ was reported® The binary malachite green aptamer probe
have been developed to solve this problem. A general approachreliably discriminated against 41 out of 42 possible single
employs destabilization of the duplexes, causing them to becomenucleotide substitutions in a 14-mer DNA analyte at room
sensitive to a minor imperfection such as a single base temperature in physiological buffer. In the present study, a
mispairing. Thus conventional techniques use buffers with low conformational constraint approach was combined with a
ionic strength, denaturing agents (formamide), or elevated “binary approach” in a binary DNA probe (BDP). It was shown
temperatures (usually 50 °C) with precise temperature that BDP demonstrated an unprecedented high selectivity of
control in order to distinguish the fully matched hybrids from DNA recognition: single nucleotide substitutions at any position
the mismatched ones. However, these conditions do not alwaysof a 20 nucleotide DNA analyte could be reliably discriminated
lead to the desirable selectivity especially if a mismatch is at room temperature. The probe was able to detect the true
located at the ultimate or penultimate position of the probe analyte in the presence of a 200-fold excess of a single-base
analyte hybrict An alternative approach for duplex destabiliza- mismatched oligonucleotide.
tion has been realized in the case of conformationally con-
strained probes such as molecular beacons (MBs)MBs are
oligodeoxyribonucleotide hairpins with a fluorophore and a  DNAse/RNAse free water was purchased from ICN (Costa Mesa,
quencher conjugated to opposite ends of the oligonucleotide. CA) and used for all buffers and for stock solutions of oligonucleotides.
Binding to complementary nucleic acids switches MBs to the Oligonucleotides were custom-made by Integrated DNA Technologies,
elongated conformation and increases their fluorescence. MBg!"C- (Coralville, 1A) and were used as received. Fluorescent spectra
distinguish mismatches over a wider temperature range than"¢'® taken on a Perkin-Elmer (San Jose, CA) LS-55 wmmescence
unstructured probes do because the stlop structure stabi- spectrometer with a Hamamatsu xenon lamp. Experiments were

. - ) +# performed at an excitation wavelength of 485 nm and emission scan
lizes the probe-analyte’s dissociated statét was reported that of 500-550 nm. The emitting intensities at 517 nM were taken for the

MBs are able to recognize a single substitution in the middle caculation of the discrimination factors. The data of four independent

Materials and Methods

position of 15-mer oligodeoxyribonucleotids. experiments were processed using Microsoft Excel.
Discrimination Factors (DFs) for BDPs. The solutions ofMB1
(1) Demidov, V. V.; Frank-Kamenetskii, M. DIrends Biochem. Sc2004, (20 nM), strandsA and B (500 nM for BDP10/8sland BDP10/8sl
29,62-71. ;
(2) Urakawa, H.; El Fantroussi, S.; Smidt, H.; Smoot, J. C.; Tribou, E. H.; F.tul or 200 nM for BDP8/8 and BDP10/8) in 120 uL of 50 mM

Kelly, J. J.; Noble, P. A.; Stahl, D. AAppl. Erviron. Microbiol. 2003 69,

2848-2856. (6) (a) Kolpashchikov, D. MJ. Biomol. Struct. Dyn2003 21, 55-64. (b)
(3) Tyagi, S.; Kramer, F. RNat. Biotechnal 1996 14, 303—308. Kolpashchikov, D. M.; Rechkunova, N. I.; Dobrikov, M. I.; Khodyreva,
(4) Bonnet, G.; Tyagi, S.; Libchaber, A.; Kramer, F.Roc. Natl. Acad. Sci. S. N.; Lebedeva, N. A.; Lavrik, O. FEBS Lett 1999 448 141-144.
U.S.A.1999 96, 6171-6176. (7) (a) Bichenkova, E. V.; Savage, H. E.; Sardarian, A. R.; Douglas, K. T.
(5) Marras, S. A.; Tyagi, S.; Kramer, F. Rlin. Chim. Acta2006 363 48— Biochem. Biophys. Res. CommBga05 332 956-964. (b) Kolpashchikov,
60. D. M. J. Am. Chem. SoQ005 127, 12442-12443.
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Figure 1. Primary and secondary structure of BDPs used in the present study A: StrucRiDéab/8slin the absence (top) or presence (bottompad
DNA analyte. B: Structure of strands and B of BDP8/8 and BDP10/8.C: Structure of strandé andB of BDP10/8sl F.tul. The triethylene glycole
linkers are depicted by the dashed lines on the panels A (bottom), B, and C.

MgClz, 10 mM Tris HCI, pH 7.4 were incubated in the presence of 80 1
either 40 nMA20 or one of the single-base-substituted oligodeoxy- 70 1
nucleotide 15 min at room temperature followed by fluorescent emission
spectrum measurements. The fluorescence intensities at 517 nM were
taken for the calculation of the DFs. 50 -
MB2 Assay? Solutions of 20 nMMB2 (FAM—CTC GCA CCC 40
ACT CTC TCC ATG CGA G-TAMRA) in 120 uL of 100 mM KClI,
1 mM MgCl, 10 mM Tris HCI were incubated in the presence of either 30 1
40 nM A20 or one of the single base-substituted oligodeoxynucleotides 20 -
15 min at room temperature followed by fluorescent emission spectrum

measurements. The fluorescence intensities at 517 nM were taken for 101
calculation of the DFs. 0 T T T T ]

A20 Concentration Dependence Measurements. MB{20 nM) 500 510 520 530 540 550 AnM
and strand#\ andB (600 nM each) oBDP10/8slwere incubated in Figure 2. BDP 10/8slincreases its fluorescence upon hybridizatioA2
the absence or presence of 500 ARD-4 (ATG TAG AGA GTG GGT DNA analyte.MB1 (20 nM) together with strand& andB (500 nM each)
GCG AG) at variableA20 concentrations. Fluorescence intensities at 0f BDP 10/8slwas incubated in the absence (curve 1) or presence (curve
517 nM were taken in four independent experiments. 2) of 40 nMA20. Cu_rve 3: control assay in the presence of dVIS_il (20

nM). Curve 4: MB1 in the presence of 40 nM complementary oligodeoxy-

Results and Discussion ribonucleotide CAT AGG TCT TAA CTT C.

A variant of BDP presented in Figure 1ABDP10/8sl)
consists of the two DNA strand& and B and a molecular
beacon 1B1). Both strandA and B comprise the fragments
complementary t&/B1 (MB1 binding arms) and the fragments
complementary to the nucleic acid analyte (analyte binding
arms). Each analyte binding arm contains a structural constraint
in the form of a pentanucleotide stem. The analyte binding arm
and the MBL1 binding arm are connected through triethylene
glycole linkers. In the absence of a nucleic acid analyte, the
strands are unbound in solutioMB1 is free in the form of a
hairpin (Figure 1A top), and the fluorescence signal is low
(Figure 2, curve 1). Addition oA20 DNA analyte (Figure 1A)
triggers the quaternary complex formation (Figure 1A bottom).
The fluorophore (FAM) is remote from the quencher (Dabcyl)
in this complex, which results in the fluorescence increase
(Figure 2, curve 2).

It was shown thaBDP10/8slreliably discriminatedA20 from
oligonucleotides containing single-base substitutions at any
possible position (Table £)The discrimination factors (DFs)
for BDP10/8sl were significantly higher than those of a
conventional MB approach. Specificalli¥B2 (FAM—CTC
GCA CCC ACT CTC TCC ATG CGA G Dabcyl), an anti-
A20 molecular beacon, discriminaté®0 from only 15 single-
base-substituted oligonucleotides with low DFs (Table 1).
Surprisingly, the presence of five substituted oligonucleotides
did not triggerBDP10/8slfluorescence significantly above the
background (Table 1). Therefore, the probe is insensitive to the
presence oA20-1, A20-4, A20-8, A20-10, andA20-17 at the
concentration used.

It was interesting, therefore, to test the abilityBRIDP10/8sl
to detect the true analyte in solution containing an excess of a

(9) The sequences of the 20 single-base-substituted oligodeoxyribonucleotides
(8) Experiments withMB2 were carried out in the buffer earlier optimized were designed in order to introduce one substitution in every position; the
for selective recognition of DNA analyte by a molecular beaton. type of each substitution was chosen randomly.
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Table 1. Discrimination Factors (DFs) for Oligodeoxyribonucleotides Differing from A20 by a Single Nucleotide?

oligodeoxyribonucleotides

names sequences BDP10/8sl MB2 BDP8/8 BDP10/8
A20 ATGGAGAGAG TGGGTGCGAG 1 1 1 1
A20-1 TTGGAGAGAG TGGGTGCGAG >10 2.1+ 0.6 >10
A20-2 AGGGAGAGAG TGGGTGCGAG 1.8:0.1 0.9+ 0.2 1.0+ 0.1
A20-3 ATAGAGAGAG TGGGTGCGAG 3.8t1.4 1.1+0.1 1.2+0.1 1.3+0.1
A20-4 ATGTAGAGAG TGGGTGCGAG >10 2.1+0.3 >10 >10
A20-5 ATGGCGAGAG TGGGTGCGAG 9.2-1.9 2.3+ 0.6 >10 58+1.2
A20-6 ATGGATAGAG TGGGTGCGAG 9.2+4.1 1.2+0.1 >10 3.5+0.8
A20-7 ATGGAGGGAG TGGGTGCGAG 6.9t 1.7 1.2+0.2 4.0+ 0.9 2.1+ 0.2
A20-8 ATGGAGAAAG TGGGTGCGAG >10 1.6+0.1 >10 >10
A20-9 ATGGAGAGCG TGGGTGCGAG 11525 1.6+ 0.1 >10 5.0+ 0.9
A20-10 ATGGAGAGAT TGGGTGCGAG >10 1.1+0.1 >10 12.6+ 3.8
A20-11 ATGGAGAGAG GGGGTGCGAG 3.0t 0.5 1.3+ 0.2 2.1+ 0.3 2.2+0.1
A20-12 ATGGAGAGAG TAGGTGCGAG 5525 1.1+ 0.1 6.3+ 1.9 1.9+ 0.2
A20-13 ATGGAGAGAG TGTGTGCGAG 3.5+ 0.8 1.3+ 0.1 46+ 14 1.6+ 0.1
A20-14 ATGGAGAGAG TGGITGCGAG 3.5+1.0 1.2+0.1 51+ 14 1.8+0.1
A20-15 ATGGAGAGAG TGGCGAGCGAG 3.4+ 0.6 1.3+ 0.2 41+1.3 1.6+ 0.1
A20-16 ATGGAGAGAG TGGGTTCGAG 3.2£0.8 1.2+0.1 50+14 1.8+ 0.2
A20-17 ATGGAGAGAG TGGGTGIGAG >10 25+ 0.6 10.6£ 2.2 8.7£14
A20-18 ATGGAGAGAG TGGGTGCCAG 55+1.3 1.3+ 0.2 24+ 04 2.6+0.3
A20-19 ATGGAGAGAG TGGGTGCGsG 22+ 05 1.2+0.1 2.0+ 0.3
A20-20 ATGGAGAGAG TGGGTGCGA 1.6+0.3 1.1+0.1 1.7£0.2

a Discrimination factors were calculated as the ratio of the BDP or MB2 fluorescence intensity at 517 nM in the pres&?@dtafe target) to the
fluorescence intensities in the presence of each mismatched oligonucleotide after subtraction of the background fluorescence. The DFdetdeas estima
being higher than 10 (the signal-to-background ratio) for those oligonucleotides that triggered no fluorescence significantly above thadoakgrou
mismatched positions are underlined. The data are the average of four independent measurements.

901 Fy approach” (splitting probe into two halves) results in a syner-
80 T gistic effect and leads to a significantly improved selectivity of
70 nucleic acid recognition. This effect is stipulated by the
60 - cooperative nature of the quaternary complex: it dissociates
50 - into four rather than two fragments, leading to a higher entropy
40 A gain in comparison to the conventional monolith probe.
30 4 Moreover, the three DNA sterloop structures formed upon
20 - dissociation provide the compensation of enthalpy lost. Thus
10 both the enthalpy and the entropy contributions in the free
| energy of the probe/analyte dissociated state enhance the
0 0625125 25 5 10 20 40 80 dissociation process, especially in the presence of a mismatch
C(A20), nM base-pairing.
Figure 3. The dependence @&DP10/8 slfluorescence intensity 0A20 To confirm the universal character of the suggested approach,

concentration in the absence (white bars) or presence (gray bars) of 500 BDP that recognizes an alternative 20 nucleotide DNA analyte
M A20-4 (ATG TAG AGA GTG GGT GCG AG). was designed. Recently an application of the MB approach was
reported for discrimination of a unique region of the 16S rRNA
single-base-substituted oligonucleotide. The presence of 500 nMof the bacteriunfrancisella tularensisrom its mutants* F.
A20-4 was found to increase the background fluorescence by tularensisis a potential biological weapon agent and a highly
only about 2 times (Figure 3). At the same time, the background infectious bacterium. Poor discrimination was found for single-
value was significantly exceeded when a 2.5 nM true target base-substitute@S111and double-base-substitut€®120and
was added (Figure 3). In this case, the concentration of the CS122 (for structures see Table 2) even in the optimized
analyte was only 0.5% of the concentration of the single-base- buffers!!
substituted oligonucleotide. This extremely high specificity of ~ The structure of strand& andB of the BDP were designed
the probe can be used in minority point mutation analysis for the recognition of theF. tularensis SRNA fragment
directly after conventional PCR, thus avoiding additional work- represented by oligodeoxyribonucleotidg11 BDP10/8sl F.tul
intensive enzyme-mediated steps used by more conventional(Figure 1C) contained MB1 binding arms of the same structure
approache&? as that of previously described BDPs. On the other hand the
It should be noted that a BDP variant containing no structural analyte binding arms were complementary @511 and
constraints (Figure 1B) demonstrated excellent selectivity in contained four-nucleotide (stramd) or five-nucleotide (strand
recognition of a 16 nucleotide DNA fragment (Table 1). B) stems. It was found th&DP10/8sl F.tulreliably discrimi-
However, when the analyte binding arms were elongated to 10 nated all oligonucleotides tested from the true analyte (Table
nucleotides, the selectivity was notably decreased (compare2)- It should be emphasized that 4 out of 10 single-base-
discrimination factors in Table 1). These data demonstrate thatSubstituted oligonucleotides includi@S120and CS122trig-
the combination of conformational constraint with a “binary 9ered no fluorescence substantially higher than the background;

(11) Ramachandran, A.; Flinchbaugh, J.; Ayoubi, P.; Olah, G. A.; Malayer, J.
(10) Makrigiorgos, G. MHuman Mut.2004 23, 406—412. R. Biosens. Bioelectrar004 19, 727—736.
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Table 2. Discrimination Factors for BDP10/8 F.tul @ analyte, the second is an MB, and the two others are unmodified
oligonucleotide DNA strands. However, it was shown earlier that Holiday
name sequence DE junctions exist as a mixture of two right-handed antiparallel
5 . )
cs11 GCCTTGGGGG AGGACGTTAC 1 crosses? Only one of these conformers contains an MB in an
(true target) elongated form allowing a substantial fluorescence increase. In
ggﬂ% ggg;gggggﬁggﬁggﬁﬁg 11‘%& 8-% general, the ratio of the two conformers depends on the
cs113 GTCTTGGGGG AGGACGTTAG . nucleotide compos_ltlon at the p_omt of strand exchafide the
CS114 GCCTTGGG® AGGACGTTAC 10.1+ 1.8 case of BDP, this is predetermined by the analyte sequence. In
ggﬂg ggglggggg ﬁg%;_cg;_&fc ;%i 8-; practice it is convenient to make MB in an elongated conforma-
Cs117 GOCTTGGGGG AGGACGTAC 250 tion W_lth ar!alytgs of any sequences. This is realized in Fhe BDPs
CS120 GCCTTGGG® GGGACGTTAC >5.0 described in this study. In the quaternary complex (Figure 1A
Cs122 GTCTTGGGGAAGGACGTTAC >5.0 bottom), MB and the analyte preferably acquire elongated

conformations, while strands andB are bent at the point of
a2 DFs were calculated as described in the footnote to Table 1. The data ’ P

are the average of four independent experiments. The DFs were estimatedN€ oligoethylene glycol inserts.

as being higher than 5 (signal-to-background ratio) for those oligonucleotides ; ; ALl ;

that triggered no fluorescence significantly above the background. The Holiday Junctlpn like structurg formed in the p_resencg
of DNA analyte contains a branch point and, therefore, is a motif

this result demonstrates a remarkably improved selectivity of Useful for bottom-up building of DNA nanostructur€dn this
target recognition in comparison to the MB appro&ch. respect, BDP can be considered as an initial application of
The design of BDPs was straightforward and easy: the structural DNA nanotechnology in nucleic acid analysis.
sequence of the analyte binding arms was the only change made . .
for BDP adjustment to the new analyte, while the same MB _ Acknowledgment. The author is grateful to Milan N. Sto-
was used as a fluorescent reporter. Taking into account thel@novic for support of this work. I also thank Olga N. Ozoline
relative expense of MB probes, the BDP may substantially and Yuliya V. Gerasimova for helpful discussions. This study
reduce the cost of multitarget assays in comparison to the Was funded by the NIH, NIBIB, RO1 EB000675 and NSF, BES
conventional MB approach. 0321972 (PIM. N. S.)
Possibly, the simplest construction of a BDP would be the ja0628093
one that forms the classical DNA four-way junction (Holiday
junction)2 in the presence of the analyte. In this case, Qut of (12) Lilley, D. M. J.Q. Rev. Biophys 200 33, 109-159.
four strands involved in the complex formation, one is an (13) Seeman, N. Q. Re. Biophys.2006 1—9.
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