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Abstract

Nucleic acid hybridization is widely used for the specific capture of complementary sequences 

from complex samples. It is useful for both analytical methodologies, such as array hybridization 

(e.g. transcriptome analysis, genetic variation analysis), and preparative strategies such as exome 

sequencing and sequence-specific proteome capture and analysis (PICh, HyCCAPP). It has not 

generally been possible to selectively elute particular captured subsequences, however, as the 

conditions employed for disruption of a duplex can lack the specificity needed to discriminate 

between different sequences. We show here that it is possible to bind and selectively release 

multiple sets of sequences by using toehold-mediated DNA branch migration. The strategy is 

illustrated for simple mixtures of oligonucleotides, for the sequence-specific capture and specific 

release of crosslinked yeast chromatin, and for the specific release of oligonucleotides hybridized 

to DNA microarrays.
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The exquisite binding specificity of a nucleic acid sequence to its complement is 

fundamental to life. Since the first discovery of the double helix1, a detailed understanding 

of the energetics of DNA duplex formation has developed, providing a foundation for 

predictions of nucleic acid hybridization, folding and dynamics2–6. Recently, the process of 

toehold-mediated DNA branch migration has been described, in which displacement of an 

incumbent strand hybridized to a substrate strand is thermodynamically driven by enhanced 

Watson-Crick base pairing of an invader strand7, 8. We show here that this process enables 

the programmable, selective, and quantitative release of targeted subsets of nucleic acid 

sequences from solid supports. The approach is demonstrated for simple mixtures of 

synthetic oligonucleotides, for the selective release of individual target regions in 

crosslinked yeast chromatin and for oligonucleotides hybridized to DNA microarrays.
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The toehold-mediated capture and release strategy employed here for programmable, 

multiplexed release of multiple captured DNA sequences is depicted in Figure 1. Capture 

and release oligonucleotides are designed for each target sequence. The capture 

oligonucleotide contains 30 nt of sequence complementary to the target oligonucleotide as 

well as an 8 nt toehold that is not complementary. The release oligonucleotide is completely 

complementary to the capture oligonucleotide and is therefore 38 nt in length. The unique 

sequence of the toehold allows for multiplexed programmable release of multiple captured 

sequences: for every target sequence a unique toehold sequence is utilized.

Toehold-mediated strand displacement is described well by bimolecular reactions9, where 

the kinetics of release are dependent upon the concentration of both the capture:target 

duplex and the release oligonucleotide. In order to optimize the release kinetics for the 

capture strategy outlined below, we empirically tested and determined the concentration of 

release oligonucleotide necessary to release the majority of target oligonucleotides within 

less than one hour. The release kinetics were characterized using a biotinylated capture 

oligonucleotide and fluorescently labeled target oligonucleotide (Figure 2A). The capture 

and target oligonucleotides were hybridized and the resulting duplex was captured on 

streptavidin-coated magnetic particles. Release efficiency was determined by measuring the 

fluorescence in solution after addition of the corresponding release oligonucleotide. As 

shown in Figure 2B, the release rate increases with molar excess of release oligonucleotide. 

Addition of low molar excesses of release oligonucleotide (5X and 10X) results in less than 

50% of the total target oligonucleotide released after one hour. A molar excess of 50X or 

greater results in very fast (<2 minutes) release of more than 50% of the target 

oligonucleotide. In fact, with a 500X molar excess of release oligonucleotide all of the target 

oligonucleotide is released within the first five minutes of incubation. When no release 

oligonucleotide is added, the target oligonucleotide does not dissociate from the duplex.

The kinetics of toehold-mediated exchange are strongly dependent upon toehold length7, 10. 

We sought to measure the effect of toehold length on release kinetics in the above system, in 

order to ascertain the minimum toehold length required for fast release. Using the same 

capture/release strategy described above, we determined the release kinetics for capture 

oligonucleotides with 0 nt, 4 nt, 6 nt and 8 nt toehold lengths, using 1000X molar excess of 

release oligonucleotide. Capture oligonucleotides with an 8 nt toehold exhibited rapid 

kinetics, releasing around 80% of the target oligonucleotide within the first 5 minutes of 

incubation with release oligonucleotide (Figure 2C). The capture oligonucleotide containing 

a 6 nt toehold had slower release kinetics, with about 50% of the total target oligonucleotide 

released after an hour. Consistent with previous reports that toeholds shorter than 5 nt have 

substantially slower release kinetics7, the capture oligonucleotides with a 4 nt toehold did 

not release any measurable amount of target oligonucleotide over the course of one hour. 

The capture oligonucleotide with no toehold did not release any target oligonucleotide in a 

one hour incubation, as expected.

The optimal conditions determined above for the capture/release strategy (1000X molar 

excess release oligonucleotide and 8 nt toehold length) were employed to test the selectivity 

and specificity of sequential release of two target sequences. Two fluorescently labeled 

oligonucleotides were designed with unique sequences and non-interfering fluorophores 
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(Alexa 488 and Texas Red). Both target oligonucleotides were combined with 

corresponding biotinylated capture oligonucleotides, each containing a unique toehold 

sequence, and allowed to hybridize. The resulting duplexes were combined with a 

suspension of streptavidin-coated magnetic particles for capture, and the resultant mixture 

was aliquoted equally into two tubes (Fig. 2D). The release oligonucleotide for the Alexa 

488 labeled target was added to one tube and the release oligonucleotide for the TexasRed 

target was added to the other. After a 15 minute incubation at room temperature, the beads 

were magnetically immobilized, the supernatants were removed, and solutions containing 

the alternate release oligonucleotide were added to each tube, followed by a second 15 

minute incubation and removal of the supernatants. Fluorescence was measured in each of 

the four supernatants for both Alexa 488 (λex = 501 nm, λem =527 nm) and Texas Red (λex 

= 596 nm, λem =620 nm). As shown in Figure 2E, the designated target oligonucleotide was 

released preferentially in each case, with a selectivity factor of intended oligonucleotide 

release fluorescence divided by the fluorescence from the alternative oligonucleotide 

ranging from 8-fold to 126-fold (Fig. S1). The differences in release efficiencies are 

probably due to the different toehold sequences employed, as described in ref. 7. This 

demonstrates the selectivity of release and hence the multiplexing capability of the 

approach.

The capture/release strategy was used to sequence-specifically capture and selectively 

release targeted regions of formaldehyde crosslinked chromatin in the yeast genome. This is 

useful for the mass spectrometric identification of locus-specific DNA-associated 

proteins11–13, a powerful emerging technology. Current methodologies to sequence-

specifically capture crosslinked chromatin regions utilize desthiobiotinylated 

oligonucleotides and soluble biotin for subsequent release11, 13. This strategy is not 

amenable to multiplexing, however, as all capture oligonucleotides will be released similarly 

upon addition of biotin, without discrimination as to target sequence. We first designed 

experiments to compare the rates of release of 25s rDNA13 chromatin by toehold-mediated 

exchange and desthiobiotin/biotin exchange, using qPCR to measure release of the target 

DNA.

Cell lysate containing fragmented chromatin was prepared from 3% formaldehyde 

crosslinked cells13 (see SI and ref. 13 for sample preparation details). Hybridization using 

either toehold-mediated exchange or desthiobiotin-modified oligonucleotides was carried 

out at 37°C, followed by capture using streptavidin-coated magnetic particles and washing 

steps to remove non-specifically bound material. The release moiety was then added to 

solution (release oligonucleotide or biotin) and aliquots of the supernatant were periodically 

removed for analysis by qPCR. As shown in Figure 3A, the target DNA captured by the 

toehold-mediated strategy was completely released in 15 minutes, whereas the desthiobiotin 

capture oligonucleotide required two hours for 80% release using standard conditions. In 

both cases, the capture of the target sequence was specific, as shown by the low level of 

capture by a scrambled oligonucleotide sequence (92-fold higher capture using the toehold-

biotin oligonucleotide and 73-fold higher capture using the desthiobiotin oligonucleotide).

The toehold-mediated capture/release strategy was then utilized to capture three genomic 

loci in yeast in parallel: 25S rDNA14, 5S rDNA14 and the X-element15. Three capture 
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oligonucleotides, each containing unique toehold sequences, were added to cell lysate 

containing fragmented, crosslinked chromatin and allowed to hybridize. The capture/target 

complexes were isolated using streptavidin-coated magnetic particles, the resultant sample 

was split into six aliquots, and sequential release of each of the target loci was performed in 

all possible release orders (Figure 3B). The amount of DNA released was measured by 

qPCR for each of the target loci. As shown in Figure 3C, in each case, only the designated 

target region was released while the other sequences remained bound to the support 

particles. The specificity of release was determined by dividing the qPCR signal obtained 

from samples with the target release oligonucleotide added by the qPCR signals for each of 

the other off-target genes (see Table S1). The specificity ratios range from 8.5–7800, with an 

average specificity ratio of 290. Due to the relatively fast release kinetics, the total release 

time for all three target regions was less than the release time required for release of a single 

region when using the desthiobiotin/biotin release strategy.

We next used this strategy to specifically release captured oligonucleotides from DNA 

microarrays, which are commonly used to capture RNA, DNA, or proteins from solution for 

various types of analyses16, 17. DNA microarrays have also been used in enzymatic reactions 

enabling diverse technologies such as gene assembly and DNA computation18–20. Thus, the 

ability to control the specific release of given subsets of captured DNA sequences could 

provide new possibilities for these and other DNA microarray applications.

A DNA microarray was synthesized on a custom built maskless array synthesizer21 to 

contain two different 38 nt length sequences, one patterned in the shape of a fern and the 

second comprising the background. Both sequences contained an identical 30 nt region and 

differed only by an 8 nt toehold region at their 3′-termini. Thus, upon hybridization with a 

FAM-labeled probe complementary to the 30 nt region, the array displayed a uniform level 

of fluorescence (Figure 4B). After addition of a Cy3-labeled release oligonucleotide 

complementary to the full 38 nt sequence corresponding to the fern shape, only a specific 

subset of the original FAM-labeled oligonucleotides were released to reveal the fern pattern 

shown in Figures 4E and 4F. This is an example of the ability of the toehold mediated 

branch migration strategy to reveal hidden information encrypted in a DNA microarray.

We show here that toehold-mediated branch migration permits the selective release of target 

sequences from solid supports, making it possible to multiplex strategies that involve the 

sequence-specific capture of nucleic acids on solid supports such as PICh11, GENECAPP12, 

HyCCAPP13 and DNA enrichment for sequencing22. The strategy is characterized and 

feasibility is demonstrated on a model oligonucleotide system, the locus-specific capture of 

crosslinked yeast chromatin and on DNA microarrays. The approach shows high release 

efficiency and rapid release kinetics.

Experimental Section

Please see Supporting Information for experimental details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Toehold-mediated capture/release strategy of target DNA sequences. For a given target 

DNA sequence, a capture oligonucleotide is designed to complement the sequence with an 

additional 8 nt of unique sequence (toehold). The release oligonucleotide is 100% 

complementary to the capture oligonucleotide, allowing for release of the target sequence
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Figure 2. 
Capture/release of fluorescently labelled target oligonucleotides. (A) For each target 

sequence, a biotinylated capture oligonucleotide was designed. (B) The kinetics of release 

were measured using 8 nt capture/release oligonucleotides and a molar excess of release 

oligonucleotide ranging from 0-1000X. (C) Capture/release oligonucleotides containing 

different toehold lengths were used to measure the release kinetics with a molar excess of 

1000X release oligonucleotide. Fluctuations in the 8 nt data are likely a result of noise in the 

assay due to handling of small volumes of magnetic particles. (D) Sequential release of two 

target oligonucleotides was performed from aliquots of the same sample using both 

combinations of release oligonucleotide order. (E) The fluorescence signal for both Alexa 

488 and Texas Red was measured in all four release samples.
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Figure 3. 
Multiplexed capture/release of target genomic loci in yeast. (A) The kinetics of release of 

the 25S rDNA locus was measured by qPCR using both toehold-mediated release and biotin 

release of desthiobiotin. (B) Six hybridization samples were subjected to all possible 

combinations of release oligonucleotide order. The release oligonucleotides are indicated by 

color: blue=X-element, red=5S rDNA and green=25S rDNA. (C) The qPCR signal for each 

of the three genes was measured in each release sample.
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Figure 4. 
Selective release of a DNA oligomer hybridized to a microarray. (A) schematic of the DNA 

array after hybridization with a FAM-labelledoligonucleotide; (B) FAM and (C) Cy3 images 

of the surface; (D) schematic of the array after addition of a Cy3-labeled release 

oligonucleotide containing a toehold complementary to the fern sequence; (E) FAM and (F) 

Cy3 images taken after this exchange illustrating that the replacement of the FAM sequence 

with the Cy3 release oligonucleotide occurs only at features containing the designated 

toehold. The fern in panel E (green, negative image) shows the absence of FAM-labelled 

target oligonucleotide, while the fern in panel F (red, positive image) shows the presence of 

the displacing Cy3-labeled release oligonucleotide. The fern depicted in (E) and (F) is 9 mm 

in length and is comprised of individual DNA features that are 14 × 14 μm in size. We have 

observed no differences in elution efficiency from identical array features. Images (B), (C), 

(E) and (F) were enhanced for visibility (contrast+40% and brightness+40%).
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