
Probing Nucleosome Stability with a DNA Origami Nanocaliper

Jenny V. Le1, Yi Luo1,#, Michael A. Darcy2, Christopher R. Lucas1, Michelle F. Goodwin2, 
Michael G. Poirier1,2,*, and Carlos E. Castro1,3,*

1Biophysics Graduate Program, The Ohio State University, Columbus OH 43214

2Department of Physics, The Ohio State University, Columbus OH 43214

3Department of Mechanical and Aerospace Engineering, The Ohio State University, Columbus 
OH 43214

Abstract

The organization of eukaryotic DNA into nucleosomes and chromatin undergoes dynamic 

structure changes to regulate genome processing, including transcription and DNA repair. Critical 

chromatin rearrangements occur over a wide range of distances including the mesoscopic length 

scale of tens of nanometers. However, there is a lack of methodologies that probe changes over 

this mesoscopic length scale within chromatin. We have designed, constructed, and implemented a 

DNA-based nanocaliper that probes this mesoscopic length scale. We developed an approach of 

integrating nucleosomes into our nanocaliper at two attachment points with over 50% efficiency. 

Here, we focused on attaching the two DNA ends of the nucleosome to the ends of the two 

nanocaliper arms, so the hinge angle is a readout of the nucleosome end-to-end distance. We 

demonstrate that nucleosomes integrated with 6 bp, 26 bp and 51 bp linker DNA are partially 

unwrapped by the nanocaliper by an amount consistent with previously observed structural 

transitions. In contrast, the nucleosomes integrated with the longer 75 bp linker DNA remains 

fully wrapped. We found that the nanocaliper angle is a sensitive measure of nucleosome 

disassembly and can read out transcription factor (TF) binding to its target site within the 

nucleosome. Interestingly, the nanocaliper not only detects TF binding, but it significantly 

increases the probability of TF occupancy at its site by partially unwrapping the nucleosome. 

These studies demonstrate the feasibility of using DNA nanotechnology to both detect and 

manipulate nucleosome structure, which provides a foundation of future mesoscale studies of 

nucleosome and chromatin structural dynamics.
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Eukaryotic chromosomes are compacted into long chromatin fibers by repeatedly wrapping 

DNA into nucleosomes, the fundamental organizing unit of eukaryotic genomes.1, 2 The 

nucleosome contains 147 base pairs of DNA wrapped 1.65 times around a histone octamer 

core, which consists of an H3-H4 tetramer and two H2A-H2B heterodimers.3, 4 The 

structure and dynamics of these complexes regulate genomic DNA interactions with 

essential transcription,5 replication,6 and repair7 regulatory complexes. For example, 

nucleosomes regulate occupancy of transcription factors (TFs) within both promoters and 

enhancers, which are key gene regulatory regions that contain multiple nucleosomes and are 

at least tens of nanometers in size.8 TF target sequences are often located within 

nucleosomes,9 so TF binding to these sites within promoters and enhancers involves large 

scale DNA unwrapping and rearrangements of neighboring nucleosomes over mesoscopic 

lengths of 10 nm and greater. Nucleosome and chromatin structural changes occur 

spontaneously via thermal fluctuations10–12 and enzymatically by chromatin remodeling 

complexes,13, 14 both separately and in combination. Currently, there is a lack of 

methodologies that probe nucleosome and chromatin structural changes on length scales of 

tens of nanometers, yet this is a length scale over which essential regulatory DNA-protein 

interactions and chromatin conformational changes occur within gene regulatory regions.

Nucleosome dynamics has been extensively studied with Forster Resonance Energy Transfer 

(FRET), which has proven to be a highly effective method for investigating a wide range of 

nucleosome structural dynamics over the range of 3–8nm.15 These measurements have 

investigated thermally excited unwrapping fluctuations,16 nucleosome assembly/

disassembly,17, 18 chromatin remodeling,19 protein binding within nucleosomes,20, 21 and 

H1 interactions with nucleosomes and chromatin.22, 23 However, larger mesoscopic 

structural changes that can often occur within gene regulatory regions are out of reach for 

FRET measurements. In addition, information on the structural transitions that cause 

changes in FRET efficiency is limited since the measurement reports on changes in the 
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magnitude of the distance between the two fluorophores. FRET measurements usually do 

not provide information on the directionality or orientation of the structural change. Multiple 

label positions can help to determine the 3D direction of the structural change,24 but these 

are highly challenging measurements that are often difficult to interpret especially at the 

single molecule level.

There has also been great success in probing nucleosome and chromatin structural dynamics 

with single molecule force spectroscopy, including optical tweezers (OT),25–28 magnetic 

tweezers (MT),29–31 and atomic force microscopy (AFM).32 Here, a force is applied to the 

ends of a long (~1 μm) DNA molecule that contains one or more nucleosomes. These studies 

have determined the force required to increase length across the force attachment points, the 

interactions that stabilize single nucleosomes, chromatin compaction, and factors that 

regulate nucleosome and chromatin stability. However, in these measurements structural 

dynamics may be averaged over many nucleosomes within the DNA molecule and it is 

difficult to localize where structural changes occur within the sample. Furthermore, 

structural dynamics of the nucleosomes are typically convolved with the dynamics of a long 

flexible DNA tether necessary to anchor to a relatively large bead or a surface. Methods that 

directly probe structure and conformational changes over the mesoscopic length scale of tens 

of nanometers, which is larger than what FRET is sensitive to but smaller than what is 

probed by force spectroscopy, would provide synergistic information about nucleosome and 

chromatin structural dynamics and function.

Here, we report the development and implementation of a DNA nanodevice that is designed 

to probe nucleosome structure and stability on a length scale ranging over tens of 

nanometers. We constructed nanocalipers with scaffolded DNA origami,33 where each arm 

of the caliper can be attached to opposite ends of the DNA molecule that is wrapped into a 

nucleosome. Our attachment scheme couples the caliper angle to the end-to-end distance of 

the DNA wrapped into the nucleosome, such that the angle of the nanocaliper can be used as 

a readout of structural changes within the attached nucleosome. We optimized an assembly 

scheme to achieve over 50% integration efficiency of nucleosomes into a nanocaliper. We 

then used the nanocaliper angle as a reporter of DNA wrapped within the nucleosome. First, 

we found that increasing the DNA linker length results in increased caliper angle, 

demonstrating our ability to measure structures in the size range of 20–50nm. We then 

investigated the caliper angle sensitivity to monovalent salt induced nucleosome disassembly 

and found that as the nucleosome is disassembled the caliper angle significantly increases. 

Finally, we investigated the caliper angle sensitivity to a TF binding to its target site within 

the nucleosome that requires the DNA to partially unwrap from the histone octamer core. 

We found that the caliper angle detects TF binding to its target site. Interestingly, the 

concentration required for TF binding is much lower than that of free nucleosomes, 

suggesting that the nanocaliper is biasing the nucleosome to a more unwrapped and 

accessible conformation. These studies demonstrate the feasibility and promise of using 

DNA-based nanostructures for investigating nucleosome and chromatin structural dynamics 

to gain insight into DNA packaging and dynamic regulation occurring at mesoscopic length 

scales.
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RESULTS

A single nucleosome can be efficiently integrated into a DNA origami nanocaliper

Structural DNA nanotechnology,34–36 and in particular scaffolded DNA origami,37–39 has 

enabled the construction of a wide range of highly complex nanostructures. More recently, a 

range of dynamic nanostructures have been developed33, 40–43 including hinges, pistons, and 

even containers that open in response to specific trigger molecules.44–47 Efforts to integrate 

dynamic DNA nanostructures with natural biomolecules have led to devices that can control 

bi-molecular interactions,42, 48 readout DNA or protein binding,49, 50 or probe DNA 

conformational changes.51, 52 Here, we developed a DNA device that reports on the 

structural dynamics of protein-DNA complexes on the scale of ~10–100nm. We use a 

recently developed DNA hinge (Figure 1)33 as a nanocaliper to detect changes in 

nucleosome structure through changes in the caliper angle. This nanocaliper exhibits a broad 

angular distribution, which ranges from 0 to 120 degrees (Figure 1c). The length of the 

caliper from the pivot point to the end of each arm is ~70 nm. So, the distance between the 

two ends of the caliper can vary from zero when the hinge is closed up to ~120nm when the 

hinge angle reaches 120°. This distance range is much larger than the range of FRET 

measurements. However, to use the nanocaliper to measure changes in the nucleosome 

structure, a nucleosome must be integrated into the origami device via two attachment 

points, one on each arm, so that the nucleosome structure changes are coupled to the 

nanocaliper angle.

The attachment approach (Figure 2) we used is based on a biotin-neutravidin-biotin linkage. 

We integrated into the nanocaliper single-stranded DNA extensions that positioned a biotin 

molecule at each end of the nanocaliper arms. We then separately prepared nucleosomes 

with DNA molecules that contained the 147 bp Widom-601 nucleosome positioning 

sequence (NPS)53 and additional linker DNA extending symmetrically out from the 

nucleosome (i.e. linker DNA). We made several nucleosome constructs with varying lengths 

of linker DNA: 6L (6 bp), 26L (26 bp), 51L (51 bp), and 75L (75 bp). The DNA was 

prepared with biotin attached to both 5 prime ends and then reconstituted into nucleosomes 

with purified histone octamer. Following the reconstitution, we incubated the nucleosomes 

with 5-fold molar excess neutravidin to saturate binding between neutravidin and biotin-

labeled nucleosomes, and minimize neutravidin-mediated cross-linking between 

nucleosomes. Electrophoretic Mobility Shift Assays (EMSA) showed that all of the 

nucleosomes are bound by neutravidin and that they convert to a range of species that likely 

include multimers and loops of nucleosomes (Figure S1). We then imaged the neutravidin-

bound nucleosome after sucrose gradient purification with Transmission Electron 

Microscopy (TEM) and found that a significant fraction of molecules were single 

nucleosomes bound with 2 neutravidin (Figure S2), and the excess neutravidin was 

efficiently purified away.

To attach the nanocaliper to a neutravidin-labeled nucleosome, we incubated them at an 

equimolar ratio at room temperature in a physiological ionic strength buffer containing 50 

mM Tris (pH 8.0) with 1 mM MgCl2 and 200 mM NaCl for 30 minutes. We then quantified 

the integration efficiency by analyzing TEM images of the samples (Figure 2b and Figure 
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S3). The nanocalipers, nucleosomes, and neutravidin were all visible by TEM. Because the 

nucleosomes were pre-bound with neutravidin and the free neutravidin was purified away, 

the nanocalipers containing a nucleosome with a neutravidin located at the end of each 

nanocaliper arm is very likely a nanocaliper with a properly integrated nucleosome. TEM 

images revealed that over 50 percent of the calipers were attached to a single nucleosome 

through a biotin-neutravidin interaction at the end of each arm (Figure 2b, c). We also 

observed nanocalipers tethered to nucleosomes through single attachments (i.e. one 

nucleosome partially bound), nanocalipers tethered to two nucleosomes through single 

attachments (i.e. two nucleosomes partially bound), and free nanocalipers without a 

nucleosome at significantly lower frequencies (Figure 2c and S3). While some aggregation 

of nanocalipers was observed, many isolated single nanocalipers were easily identified. 

Furthermore, we did not observe nanocalipers with large nucleosome aggregates, which 

suggests that the large nucleosome aggregates did not integrate into the nanocaliper (Figure 

S3). These results demonstrate that the nanocaliper can be efficiently attached to a single 

nucleosome where opposite DNA ends of the nucleosome are separately attached to the ends 

of the caliper arms. Furthermore, the neutravidin attachments enable easy identification of 

calipers that contain a nucleosome attachment at the end of both caliper arms. This allows us 

to select by TEM the calipers that contain a single nucleosome with two attachment points.

The nanocaliper angle is an accurate measure of nucleosomal DNA end-to-end distance

The approach of using a nanocaliper to reliably measure distances depends on an accurate 

conversion from angle to distance. To determine if the nanocaliper angle is sensitive to a 

tethered nucleosome, we measured in TEM images the angle and neutravidin-neutravidin 

distance of nanocalipers that were doubly attached to nucleosomes that contained either a 

6L, 26L, 51L, or 75L nucleosome. We analyzed at least 200 nanocalipers that were tethered 

to a single nucleosome with each linker DNA length. The angular distributions are 

significantly narrower than the angular distribution without a nucleosome, demonstrating 

that the nucleosome tethered across the arms constrains the nanocaliper angle (Figure 3a, S4, 

S5). The nanocaliper angle, θ, can be converted to an end-to-end distance, d, using the 

equation d = 2×Larm×sin(θ/2) where Larm is the length of the nanocaliper arms (68 nm). We 

determined if the distance inferred from the angle measurement is an accurate measure of 

end-to-end distance by comparing the average calculated and measured end-to-end distances 

for the 6L, 26L, 51L, and 75L nucleosomes (Figure 3b inset). We found that the calculated 

vs. measured average end-to-end distance fits to a line with a slope of 1.06 ± 0.09. In 

addition, scatter plots of calculated vs. measured end-to-end distances of individual 

nucleosome containing nanocalipers are highly correlated to a line with a slope of 1.08 

± 0.02, 1.01 ± 0.02, 0.99 ± 0.02 and 1.01 ± 0.02 for 6L, 26L, 56L and 75L nucleosome 

samples, respectively (Figure S6). These results demonstrate that the nucleosome end-to-end 

distance is accurately measured by the angle of individual nanocalipers.

The nanocaliper angle is a reporter of nucleosome conformation

The nucleosome end-to-end distance within the nanocaliper is a function of the size and 

conformation of the nucleosome, and the length of DNA extending from the nucleosome 

including both DNA that has unwrapped from the histone core and the additional linker 

DNA. The nanocalipers with 6L nucleosomes have an average end-to-end distance of 23 ± 1 
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nm. A fully wrapped nucleosome with the Widom 601 positioning sequence (601-NPS) is 

~10nm in size. The 6L DNA contains 6 bp of linker DNA on each side of the nucleosome. 

Given a length of 0.34 nm per basepair,54, 55 this is not sufficient to account for the 

additional 13 nm of end-to-end distance no matter how it extends out from the nucleosome. 

Therefore, there must be additional DNA length that is provided by partial nucleosome 

unwrapping. Based on the nucleosome crystal structure3, if the nucleosome is symmetrically 

unwrapped to just a single turn around the histone octamer, there would be an extra ~30 bp 

of DNA extending out of the nucleosome in antiparallel directions. With the additional 6 bp 

of linker DNA on both ends, this nucleosome conformation will have an end-to-end distance 

within the nanocaliper of 72 bp, or 24 nm. The size of the neutravidin molecules must also 

be considered since our end-to-end distance is measured from center-to-center of the 

neutravidin attachments on either side. Adding the full size of a neutravidin molecule, half 

on each end of the DNA, would give an end-to-end distance of ~29 nm. This length is larger 

than our measured end-to-end distance of 23.2 ± 0.4 nm, suggesting the DNA is unwrapped 

less than 30 bp on each end. Accounting for the angle at which the DNA exits the 

nucleosome, unwrapping by ~20 bp would give an end-to-end distance of 23 nm (Figure 3c 

and S7). As illustrated in the inset of Figure 3a, this conformation is consistent with the 

nucleosome being located just beyond the ends of the arms, which we observe in our TEM 

images (Figure 3a and S5). The location of the nucleosome varies from nanocaliper to 

nanocaliper suggesting there is fluctuation in the amount of wrapping. These results also 

agree reasonably well with single molecule force spectroscopy measurements26, 56 that have 

revealed that unwrapping occurs through discrete transitions with the first transition 

corresponding to unwrapping by ~30 bp on each end of the DNA.

The 26L nucleosome has an average end-to-end distance of 32 ± 2 nm. A nucleosome with 

~30 bp of DNA unwrapped on each end to a single turn and the additional 26 bp linkers and 

neutravidin would give an end-to-end distance of ~42nm. This is larger than our measured 

end-to-end distance for the 26L nucleosome. Similarly, for the 51L nucleosome, unwrapping 

by ~30 bp on each end to a single turn would give a total end-to-end distance of 59 nm 

including the neutravidin, which is larger than our measured end-to-end distance of 38 ± 2 

nm. One possible conformation is the nucleosome has increased wrapping from 1.65 to two 

full turns. This requires an additional ~15 bp of DNA wrapping on each end. That would 

leave ~11bp and ~36 bp of DNA extending to each side of a double-wrapped 26L or 51L 

nucleosome, respectively, resulting in end-to-end distances of ~12 nm and ~29 nm, which is 

significantly less than the measured end-to-end distances and rules out this possible 

conformation. Instead, a partial unwrapping of ~19 bp and ~17 bp gives the correct end-to-

end distances for the 26L and 51L nucleosomes after accounting for the angle at which the 

DNA exits the nucleosome (Figure 3c and S7). While the end-to-end distance may also be a 

function of other factors such as nucleosome orientation and DNA deformations, these 

results suggest that both the 26L and 51L nucleosomes are partially unwrapped by the 

nanocaliper similarly to the 6L nucleosome.

In contrast, a 75L nucleosome that is wrapped by an additional ~15 bp of DNA on each end 

such that the DNA is wrapped two full turns around the histone octamer leaves 60 bp of 

DNA extending out from the nucleosome. This results in a total end-to-end distance of 120 
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bp, or 45 nm, including neutravidin. This is close to the measured end-to-end distance of 41 

± 1 nm suggesting the 75L is fully wrapped and likely wraps around the histone octamer by 

more than 1.65 turns (Figure 3c and S7). The inset of Figure 3a depicts the 75L nucleosome 

within the calipers in a configuration close to 2 full turns.

While DNA bending, twisting, stretching, and nucleosome orientation likely impact the 

measured angles and end-to-end distances, the end-to-end distributions indicate that when 

integrated into the nanocalipers, the 6L, 26L, and 51L nucleosomes fluctuate in the amount 

of unwrapped DNA with an average of about 20 bp unwrapped. This result is consistent with 

the nucleosome unwrapping free energy landscape, which predicts that the first 20 bp of the 

nucleosome requires about a kBT to unwrap.57 In contrast, the 75L nucleosome is primarily 

fully wrapped and on average adopts a configuration close to two full turns, which suggests 

that a total linker length of about 150 bp, the persistence length of dsDNA, is needed to 

allow for the nucleosome to remain fully wrapped in the nanocalipers.

The nanocaliper angle is sensitive to nucleosome stability

Nucleosome stability and disassembly is required for essential processes including RNA 

transcription and DNA repair.58 Nucleosome stability is often investigated with monovalent 

salt titrations since the increase of NaCl from 0.2 to 2M results in complete nucleosome 

disassembly.59 Salt induced disassembly occurs stepwise, where NaCl concentrations 

between 0.5 M and 1.0 M induce dissociation of H2A-H2B heterodimers, while higher NaCl 

concentrations of 1.0 M to 2.0 M cause H3-H4 tetramers to dissociate. To test if the 

nanocaliper can detect nucleosome disassembly, we investigated the influence of NaCl 

concentration on the angle of nanocalipers containing 6L nucleosomes (Figure 4 and S8). 

We found that as the NaCl concentration is increased from 0.2 M to 2.0 M the caliper angle 

increases significantly, which converts to an increase in the average end-to-end distance 

from 22 ± 3 nm to 45 ± 1 nm. At 2.0 M NaCl, the average caliper angle converges to the 

average angle of nanocalipers attached to the 6L DNA alone (Figure 4b, S9 and S10), which 

is consistent with progressive disassembly with increasing NaCl concentration and the 

known result that 2.0 M NaCl causes nucleosomes to fully disassemble.

In addition to measuring the nanocaliper angle, we separately investigated nucleosome-

nanocaliper complexes through visual inspection of TEM images to determine the presence 

of a fully or partially assembled nucleosome between the neutravidin attachments. Partially 

assembled nucleosomes consist of hexasomes, which contain the H3-H4 tetramer and one 

H2A-H2B heterodimer, and tetrasomes, which contain only the H3-H4 tetramer. We found 

that 100 percent of the nanocalipers in 0.2 M NaCl contain histone cores that can clearly be 

identified by TEM (Figure 4 and S9) and appear to be fully assembled histone octamers. 

Since it was difficult to quantitatively differentiate tetrasomes, hexasomes, and fully 

assembled octamers by visual inspection we only quantified whether any visible histone 

core, fully or partially assembled, was present (Figure 4b). As the salt concentration was 

increased, we determined the fraction of calipers that retained a visible histone core between 

the two neutravidin attachments. At 0.5 M and 1.0 M NaCl, 10% and 35% of the calipers, 

respectively, have fully lost the histone core between the neutravidin attachments indicating 

that disassembly starts to occur (Figure 4, S8, and S9), but the nucleosomes do not fully 
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disassemble at these NaCl concentrations. Furthermore, while the mean caliper angle at 

these conditions increases, it remains less than the control nanocaliper containing the same 

DNA as the 6L construct without any histones (Figure 4 and S8–S10). These combined 

results are consistent with previous observations that at 0.5 M and 1.0 M NaCl the H2A-

H2B heterodimers dissociate, but the H3-H4 tetramer remains bound.59 In contrast, only 

32% of the nanocalipers have a visible histone core between neutravidin attachments in 2.0 

M NaCl (Figure 4 and S9). This significant reduction in visible histones and the observation 

that the 6L nucleosome nanocaliper angles converge to the DNA only control at 2.0 M NaCl 

(Figure 4 and S10) implies that the H3-H4 tetramers have largely dissociated from the 

DNA. This result is also consistent with the known disassembly of nucleosomes at 2.0 M 

NaCl. Overall, these results demonstrate that our nanocaliper can quantify nucleosome 

disassembly.

The nanocaliper angle detects transcription factor occupancy within the nucleosome

Because the nanocalipers detected nucleosomal structural changes due to disassembly, we 

hypothesized that TF binding within the nucleosome could be detected if TF binding 

influences the structure in a manner that results in a change in the end-to-end distance of the 

nucleosome. To investigate if our nanocalipers can detect TF occupancy within the 

nucleosome, we prepared nucleosomes with the 6L DNA that contains a Gal4 recognition 

sequence within the Widom 601 NPS (Figure 1 and 5). The 6L construct was chosen 

because it exhibited the narrowest distribution. The Gal4 site is located between the 8th and 

26th base pairs of the NPS. In the average configuration, the 6L construct is unwrapped by 

~20 bp, so the end of the binding site would still be wrapped. Hence, we anticipated the 

steric bulk of the TF would require a structural change that could be detected. We carried out 

binding titrations with Gal4-VP16, which has been shown to function as a transcriptional 

activator in mammalian cells.60 We found that the average angle of nucleosome-labeled 

nanocalipers increases from 19 ± 3 degrees to 28 ± 2 degrees (Figure 5, S11–S12). The 

change in angle for increasing Gal4-VP16 concentrations fits to a binding isotherm with an 

S1/2 of 5 ± 1 nM (Figure 5b). The S1/2 is the concentration of Gal4-VP16 required to change 

the angle by 50 percent. To control for nonspecific Gal4-VP16 binding, we separately 

carried out Gal4-VP16 titrations with nucleosome containing nanocalipers, where the 

nucleosome did not contain the Gal4 recognition sequence (Figure 5b, S11 and S13). We 

found that without the Gal4 binding site, there is a negligible change in the caliper angle. 

This control shows that non-specific binding of Gal4-VP16 to either the nucleosome or the 

nanocaliper does not induce a significant change in the nanocaliper angle. Instead, the mean 

nanocaliper angle and nucleosome end-to-end distance is sensitive to Gal4-VP16 binding 

specifically to its target sequence within a nucleosome. Furthermore, Gal4-VP16 binding 

alters the nucleosome structure so that the mean end-to-end distance increases from 23 ± 3 

nm to 33 ± 2 nm. This could be due to an increase in unwrapping, a change in nucleosome 

orientation, and/or a change in the angle the DNA exits the nucleosome.

The nanocaliper facilitates transcription factor binding within the nucleosome

The integration of the 6L nucleosome into the nanocaliper significantly constrains the 

nanocaliper as indicated by the reduction of the angular distribution average and width 

(Figure 3). Furthermore, as discussed above, the average end-to-end distance of 23 nm 
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implies that the 6L nucleosomes are partially unwrapped by the nanocaliper (Figure 3c). 

These results suggest that the nanocaliper could facilitate Gal4-VP16 binding. To investigate 

if the nanocaliper influences Gal4-VP16 binding, we determined the Gal4-VP16 binding 

isotherms with 6L nucleosomes that were not integrated into nanocalipers with FRET 

efficiency measurements as we have previously done with LexA61 and the Gal4 DNA 

binding and dimerization domains.21 To do this, we attached a Cy3 fluorophore to the 7th bp 

of the 6L DNA molecule. This places the Cy3 molecule at the DNA entry-exit region of the 

nucleosome on the same side as the Gal4 binding site (Figure 6). We then labeled the histone 

octamer with Cy5 fluorophore at H2AK119C, which positions one of the Cy5 molecules 

close to the Cy3 fluorophore. At these positions within the fully wrapped nucleosomes, Cy3 

and Cy5 exhibit significant FRET efficiency (Figure 6).61

We measured the FRET efficiency as a function of Gal4-VP16 concentration. As Gal4-VP16 

binds to partially unwrapped nucleosomes, it traps the nucleosome in a partially unwrapped, 

low FRET efficiency state. We fitted this to a binding isotherm and found that Gal4-VP16 

binds with an S1/2 = 3.5 ± 0.2 μM (Figure 6). This is about 700 fold higher than the S1/2 

measured by the nanocaliper. We also determined if this reduction in FRET efficiency is due 

to Gal4-VP16 binding to its target site within the nucleosome. We found that there is no 

Gal4-VP16 induced reduction in FRET efficiency with nucleosomes that do not contain the 

Gal4 binding site (Figure S14), which demonstrates that the reduction in FRET efficiency by 

Gal4-VP16 is due to specific binding to the Gal4 target site.

The presence of the neutravidin at each end of the nucleosome could itself impact Gal4-

VP16 occupancy due to steric interactions, so we also carried out Gal4-VP16 binding 

experiments with nucleosomes pre-bound by neutravidin. We found that with neutravidin the 

Gal4-VP16 S1/2 is increased to 7.2 ± 0.2 μM (Figure 6), but the binding remains site specific 

(Figure S14). This result demonstrates that neutravidin does not increase Gal4-VP16 

occupancy and thus does not account for the 700-fold difference in the Gal4-VP16 S1/2 

between binding to nucleosomes with and without the nanocaliper. Instead, our results 

indicate that the nanocaliper itself significantly increases the Gal4-VP16 binding to its target 

sequence within the nucleosome and that the nanocaliper can function to perturb DNA 

accessibility within nucleosomes.

DISSCUSION

Scaffolded DNA origami allows for the fabrication of nanodevices with nanometer 

resolution that are inherently biocompatible. We utilized this emerging technology to 

engineer a nanocaliper device to monitor structural changes within single nucleosomes at 

distance scales that range from 20 to 50 nm, distances an order of magnitude larger than 

those accessible by FRET efficiency measurements. We developed a robust approach to 

efficiently integrate nucleosomes into the nanocaliper device and then demonstrated their 

utility by using the device to both detect and induce nucleosome structural changes. We 

found that the nanocalipers can quantify the amount of DNA unwrapped from the histone 

octamer, nucleosome disassembly and TF binding within the nucleosome. Furthermore, by 

using short DNA linkers (6 bp, 26 bp, and 51 bp), nucleosomes integrated into the 

nanocaliper are shifted into a partially unwrapped state, which can facilitate interactions 
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between the exposed DNA and DNA-binding proteins. Many regulatory factors, including 

chromatin architectural proteins and chromatin remodeling complexes, regulate nucleosome 

wrapping and could preferentially interact with partially unwrapped nucleosomes. Hence, 

the nanocalipers can be used to investigate protein interactions with partially unwrapped 

nucleosomes by altering the nucleosome into a pre-designed partially unwrapped state.

The partial unwrapping indicates the nanocaliper applies a force to the nucleosome, which 

could cause deformation of the DNA. Force spectroscopy studies have shown ~3 pN 

partially unwraps a nucleosome to a single turn,26, 56 suggesting the force applied by the 

nanocalipers is less than 3 pN. The extensional stiffness of double-stranded DNA is 1100 

pN,62–64 so at 3pN there is only a 0.3% change in length, which is less than the resolution of 

our measurement. In addition, assuming 0.34nm per base pair,54, 55 the 6L, 26L, 51L, and 

75L linkers have lengths of ~2 nm, 9 nm, 17, and 26 nm. These lengths are all shorter than 

the 50 nm bending54 and ~40–100 nm twisting65 persistence lengths of double-stranded 

DNA, implying that bending and twisting of the linker DNA likely do not significant impact 

our measurements. However, deformation of the DNA may be a significant component to 

consider for longer linkers or nanocaliper designs that apply more force

Our measurements of Gal4-VP16 binding to 6L nucleosomes are an example of how the 

nanocalipers can be used to study protein interactions within a partially unwrapped 

nucleosome. We found that the 6L nucleosome tethered into the nanocaliper is on average 

unwrapped by ~20 bp (Figure 3), which exposes approximately two-thirds of the Gal4 target 

site and in turn dramatically increases the probability of Gal4-VP16 binding to its target 

sequence (Figure 5 and 6). In addition, the increasing concentrations of Gal4-VP16 alter the 

distribution of end-to-end distances where a second population with an average end-to-end 

distance of 45 ± 6 nm appears at high Gal4-VP16 concentrations (Figure S15). This much 

larger end-to-end distance is consistent with a nucleosome that is largely unwrapped since 

the full DNA length is 53 nm (Figure 7). This suggests that Gal4-VP16 binding can induce a 

transition from a partially unwrapped to a nearly fully unwrapped nucleosome. The end-to-

end distance distribution at saturating concentrations of Gal4-VP16 indicates that when 

Gal4-VP16 is bound to its target sequence, the majority of nucleosomes are in the partially 

unwrapped state, but ~30% of the nucleosomes transition into the fully unwrapped state 

(Figure S15). Interestingly, force spectroscopy measurements have revealed an unwrapping 

transition between a partially and fully unwrapped nucleosome at about 15 pN of applied 

force resulting in 22 nm length changes.25, 26, 56 Here, we observe a transition of similar 

length change resulting from TF binding. It appears that by tethering the nucleosome within 

the nanocaliper, the binding of Gal4-VP16 to its partially exposed recognition site can 

facilitate transitions into an almost fully unwrapped state. This suggests that when 

nucleosomes must satisfy tethered boundary constraints, protein binding can facilitate 

relatively large conformational changes, which could be important for DNA accessibility 

and nucleosome disassembly; however, future studies will be required to better understand 

these nucleosome structural transitions driven by TF binding.
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CONCLUSIONS

These proof-of-principle studies demonstrate the feasibility and advantages to using the 

DNA origami nanocaliper to investigate nucleosome structural changes. However, additional 

improvements to this methodology should increase the impact of this approach. For 

example, the geometry of the arms could be varied so that nucleosome arrays could be 

integrated and studied, which would provide insight into higher levels of the chromatin 

hierarchical structure. In the context of these nanocalipers, fluorophores could be integrated 

on separate arms of the nanocaliper or within nucleosomes to probe end-to-end distance 

and/or local structural changes in real-time using single molecule FRET (smFRET) studies. 

Finally, there are numerous factors that regulate nucleosome and chromatin dynamics and 

function including: histone post-translational modifications and their binding proteins,66 

chromatin architectural proteins,67 histone chaperones,68 and chromatin remodeling 

complexes.14 These complexes influence nucleosome unwrapping, nucleosome disassembly, 

nucleosome sliding, and chromatin higher order compaction. Since the nanocalipers function 

well in the physiological ionic conditions we used here, this device in conjunction with other 

approaches including single molecule and TEM methodologies can contribute significantly 

to understanding how these factors regulate nucleosome and chromatin structural dynamics 

on the 10 to 100 nanometer length scale.

More generally, we demonstrate the use of a dynamic DNA origami device to probe the 

structure and conformational changes of a large biomolecular complex. A key aspect to 

using the nanocalipers to quantify structural changes is that the macromolecular complex 

needs to be attached to both arms of the nanocaliper. This is essential to couple the end-to-

end distance of the nucleosome to the nanocaliper angle. In fact, this is a general challenge 

for using structurally dynamic DNA origami structures to investigate biomolecular structural 

dynamics because a double attachment is crucial to couple the movement of the device to the 

structural changes of the biomolecule. Previous studies have integrated proteins and protein 

complexes into DNA origami nanostructures69, 70 and used dynamic devices to regulate 

bimolecular interactions.42, 48 However, these studies used a single attachment site. Previous 

work to study conformational changes has only focused on DNA structures that can be 

integrated at multiple locations via base-pairing.51, 52 Here, we used biotin-neutravidin-

biotin for two attachment points on the same biomolecule. Adding the neutravidin to the 

biomolecule sample first and then removing unbound neutravidin by sucrose gradient 

purification prior to integration in the nanocalipers gave optimal incorporation efficiencies. 

This is a general approach that can work with any biomolecular complex that is significantly 

larger than the neutravidin tetramer.

METHODS

Preparation of the DNA origami nanocaliper

The basic design of the DNA origami nanocalipers used here was initially presented by 

Marras et al.33 The caliper arms consist of 18 dsDNA helices bundled into a 3 × 6 helix-

bundle (hb) cross-section. The arms are joined together at one edge via 6 single-stranded 

DNA connections. Three short connections (2 nucleotides long) form the hinge axis of 

rotation, and 3 longer connections (30 nucleotides long) influence the hinge flexibility. The 

Le et al. Page 11

ACS Nano. Author manuscript; available in PMC 2017 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



arms are 200 bp or ~70 nm from the hinge vertex to the opposite end. For this work, the 

design was modified to include 2 biotinylated overhangs at the ends of the arms. The 

caDNAno71 design diagram is presented in Figure S16. The design is based on an 8064nt 

single-stranded scaffold derived from the M13MP18 bacteriophage virus and prepared in our 

laboratory as described in37 and 184 oligonucleotide staples that were ordered from a 

commercial vendor (Table S1, Eurofins, Huntsville, AL). The self-assembly reaction was 

also carried out as previously described.37 The folding reaction contained 20 nM scaffold 

and 200 nM of each staple in a solution containing ddH2O, 5 mM Tris, 5 mM NaCl, 1 mM 

EDTA, and 18 mM MgCl2, pH 8.0. An initial screen of MgCl2 concentrations revealed 18 

mM yielded the best folding results (Figure S17). This folding reaction was subjected to a 

thermal annealing in a thermal cycler (Bio-Rad, Hercules, CA) using folding protocols 

modified from a previously published method.72 Specifically, the thermal ramp consisted of 

rapidly heating the solution to 65°C for 15 minutes, cooling down to 52°C for 4 hours, and 

cooling it for 10 minutes at 4°C.

Folding results were characterized via agarose gel electrophoresis (Figure S18) as described 

in a previously published method.37 Bands of well-folded structures were also characterized 

on a transmission electron microscope (TEM). For integration with nucleosome constructs, 

the DNA origami structures folded in 18 mM MgCl2 were purified via centrifugation using 

protocols modified from73 after the folding reaction. Briefly, after thermal annealing, folded 

nanostructures were mixed with 15% PEG8000 (Sigma Life Science) diluted in ddH20 with 

200 mM NaCl. The combined solution was centrifuged at 16,000g for 30 minutes to pellet 

nanostructures. The supernatant was removed and structures were resuspended in 59mM 

Tris, 1.7mM MgCl2, 240 mM NaCl, pH 8.0. This buffer was selected to achieve the desired 

final buffer concentrations upon integration with nucleosome constructs. After resuspension, 

the nanostructure concentration was tested on the NanoDrop (NanoDrop 2000C 

Spectrophotometer, Thermo Scientific), and samples were analyzed via TEM.

Preparation of DNA Molecules and Nucleosomes

Biotinylated DNA molecules (Table S2) were prepared by PCR using oligonucleotides 

containing a biotin label on the 5′-end (Table S3) and a plasmid containing the Widom 601 

NPS with or without the Gal4 binding site (CCGGAGGGCTGCCCTCCGG) at the 8th – 

26th base pairs. The oligonucleotides used to prepare the DNA molecules for the FRET 

measurements also contained an amine-modified thymine at the 2nd base of the 601 NPS, 

which was then labeled with Cy3-NHS-ester (GE Healthcare). The Cy3-labeled DNA oligo 

was then purified by reverse phase HPLC on a 218TP C 18 column (Grace/Vydac). PCR-

synthesized DNA molecules were phenol-extracted and then purified by an anion-exchange 

HPLC using a Gen-Pak Fax column (Waters).

Recombinant X. laevis histones H2A(K15C), H2A(K119C), H2B, H3(C110A) and H4 were 

expressed, purified and refolded into histone octamers (HOs) as previously described.74 The 

H2A(K15C) or H2A(K119C) containing HOs were then labeled with Cy5-maleamide (GE 

Healthcare) and purified following the protocol as detailed in previous publication.61

Nucleosomes were reconstituted as previously described with the double salt dialysis 

method61 by mixing purified HO and DNA at a molar ratio of 0.85:1 (HO: DNA) in a 50 μl 
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volume small dialysis chamber containing 0.5x TE pH 8.0, 1 mM Benzamidine 

hydrochloride (BZA) and 2 M NaCl. The small dialysis chamber was then placed into an 

80mL dialysis tube containing 0.5x TE pH 8.0 and 1 mM BZA. The dialysis tube was 

dialyzed for 12 hours against 4L of buffer containing 0.5x TE pH 8.0 and 1 mM BZA. The 

buffer was changed and dialysis was done for another 16 hours. The recovered nucleosomes 

were then analyzed by Electrophoretic Mobility Shift Assay (EMSA).

Preparation of Neutravidin-Bound DNA/Nucleosome Complexes

Biotinylated DNA molecules and nucleosomes were mixed with neutravidin at a molar ratio 

of 5:1 (neutravidin: DNA/nucleosome) to form a 2-neutravidin pre-bound complex prior to 

incorporation into DNA origami calipers. For DNA molecules and nucleosomes used in the 

TEM imaging experiments, Rhodamine Red X-Conjugate neutravidin (Life Technologies 

#A6378) was used. For nucleosomes used in the FRET experiment, non-fluorescent 

neutravidin (Molecular Probes by Life Technologies #A2666) was used. The mixed 

complexes were loaded onto sucrose gradients and purified by ultracentrifugation (Beckman 

Coulter, Optima L-90K) at 4°C, 41000 rpm for 22 hrs in a SW41 rotor. All lengths of DNA 

linkers and 6L and 26L nucleosomes were purified on a sucrose gradient from 5% to 30% 

(w/v) and 51L and 75L nucleosomes were purified on a sucrose gradient of 5% to 35% 

(w/v). The gradient was analyzed by gel electrophoresis after ultracentrifugation and 

fractions containing DNA or nucleosome bound with 2 neutravidin molecules were collected 

and concentrated.

The DNA and nucleosome molecules with and without neutravidin bound were analyzed by 

EMSA. 200 fmole DNA and/or nucleosome samples were diluted into 20 μl in 0.5x TE, 

loaded onto a native 5% polyacrylamide gel in 0.3x TBE and resolved by running the gel at 

300V for 1hr. The gel was imaged on a Typhoon scanner (GE Healthcare Life Sciences, 

Typhoon FLA 9500) for Rhodamine Red-labeled neutravidin and Cy5-labeled HO, and then 

stained by ethidium bromide and imaged by UV illumination for detecting unlabeled DNA.

Preparation of Gal4-VP16

N-terminal His6-tagged Gal4-VP16 was used in the transcription factor binding 

experiments. The expression vector was a generous gift from Prof. Aaron Johnson 

(University of Colorado, Denver). His6-tagged Gal4-VP16 was expressed in E.coli 

Rosetta(DE3)pLysS cells (Millipore) by inducing with 1mM IPTG and 100 μM Zinc Acetate 

for 3 hours. The cells were harvested by centrifugation, resuspended in Buffer A (50 mM 

Tris-HCl pH 8.0, 200 mM NaCl, 1 mM DTT, 20 μM ZnCl2, 1 mM phenylmethanesulfonyl 

fluoride (PMSF), 20 μg/ml leupeptin, and 20 μg/ml pepstatin) and lysed by sonication. The 

cell debris was removed by centrifugation. The clarified supernatant was mixed with Nickel-

NTA agarose (Qiagen) and loaded into a C10/10 FPLC column (GE Healthcare). The 

proteins bound to the column were washed using Buffer B (25 mM Tris-HCl pH 7.5, 200 

mM NaCl, 0.2% Tween-20 (v/v), 20 μM Zinc Acetate, 1mM DTT, 1mM PMSF) with 10mM 

imidazole and then eluted using Buffer B with 200mM imidazole. The eluate was analyzed 

by SDS-PAGE and the fractions containing Gal4-VP16 were pooled and dialyzed against 

Buffer C (25 mM Tris-HCl pH 7.5, 20 μM Zinc Acetate, 1 mM DTT, 1mM PMSF) with 200 

mM NaCl. The dialyzed proteins were FPLC purified using a Mono Q anion-exchange 
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column (GE Healthcare Life Sciences, #9122097) with a linear gradient of Buffer C from 

200 mM NaCl to 800 mM NaCl. Fractions containing high purity Gal4-VP16 were pooled, 

dialyzed against Buffer D (10 mM HEPES pH 7.5, 200 mM NaCl, 10% glycerol, 1 mM 

DTT, 10 μM ZnCl2, 1 mM PMSF) and stored at −80°C.

Integration and stability of nucleosome constructs in the DNA nanocaliper

After PEG-based centrifugal purification, nanocalipers were resuspended to 8 nM in 59 mM 

Tris, 1.7 mM MgCl2, 240 mM NaCl, pH 8.0. Nucleosomes samples were diluted to 40 nM 

in 0.5x TE pH 8.0 after sucrose gradient purification. Then, 5 μl of the 8 nM calipers were 

combined with the 1μl of 40nM nucleosomes and an additional 2 μl of a 50mM Tris and 200 

mM NaCl solution for an equimolar final concentration 5nM:5nM (nanocalipers: 

nucleosomes) in a final buffer with 50 mM Tris, 1 mM MgCl2, and 200 mM NaCl. We 

confirmed the stability of the nanocalipers in the buffer over the timescale of our 

measurements (Figure S18). The mixed solution was incubated on ice for 30 minutes and 

then immediately deposited on the TEM grid.

To test the stability of integrated nucleosome constructs under varying salt conditions, the 

calipers were resuspended to 12 nM in the same buffer as above (59 mM Tris, 1.7 mM 

MgCl2, 240 mM NaCl, pH 8.0). Nucleosome samples were diluted down to 60 nM in 0.5x 

TE pH 8.0 after sucrose gradient purification. 5 μl of the 12nM calipers were combined with 

1 μl of the 60 nM nucleosomes for an equimolar concentration of 10nM:10nM in a buffer of 

50 mM Tris, 1.3 mM MgCl2, and 200 mM NaCl. The mixed solution was incubated for 30 

minutes on ice. 6μl of a specific salt buffer was then added to the nucleosome-caliper 

assembly for a final equimolar concentration of 5nM:5nM in a solution. The varying salt 

buffers (SB#) were designed to achieve final buffer conditions of 50 mM Tris, 1 mM MgCl2, 

and the final NaCl concentration (0.5, 1.0, 1.5, or 2.0 M). SB500 contained 50 mM Tris, 

0.67 mM MgCl2, and 0.8 M NaCl pH 8.0. SB1000 contained 50 nM Tris, 0.67 mM MgCl2, 

and 1.8 M NaCl pH 8.0. SB1500 contained 50 mM Tris, 0.67 mM MgCl2, and 2.8 M NaCl 

pH 8.0. SB2000 contained 50 mM Tris, 0.67 mM MgCl2, and 3.8 M NaCl pH 8.0. The 

mixed solution was incubated on ice for 2 minutes and then immediately deposited on a 

TEM grid as described below.

We further tested the ability to detect structural changes of the nucleosome mediated by 

binding of the transcription factor Gal4-VP16. For desired final concentrations of 1, 5, 10, 

30, and 100 nM, the FPLC-purified Gal4-VP16 was initially diluted to 4x concentrations of 

4, 20, 40, 120, and 400 nM in a dilution buffer containing 50 mM Tris and 200 mM NaCl at 

pH 8.0. For the Gal4-VP16 concentration data, the respective Gal4-VP16 concentrations 

were added to the nucleosome-caliper assemblies for the final concentrations of 5nM 

nucleosome-caliper assemblies and 1, 5, 10, 30, or 100 nM Gal4-VP16 with final buffer 

conditions of 50 mM Tris, 1 mM MgCl2, and 200 mM NaCl at pH 8.0. The assemblies were 

then incubated on ice for 2 minutes and then immediately deposited on a TEM grid as 

described subsequently.
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Sample imaging and analysis by transmission electron microscopy

Purified structures and nanocaliper-nucleosome assemblies were imaged using transmission 

electron microscopy (TEM) for structural feedback and quantification. Samples were 

prepared using protocols modified from.37 3.4 μl of sample volume was deposited on 

Formvar-coated copper grids, stabilized with evaporated carbon film (Electron Microscopy 

Sciences; Hatfield, PA). The sample was incubated on the grid for 4 minutes and then 

wicked away. 10 μl of 2% uranyl formate (SPI, West Chester, PA) stain with 25 mM NaOH 

was immediately added and wicked away as a wash step, and then 20 μl the same stain was 

added and incubated for 15 seconds before being wicked off. Stained grids were allowed to 

dry for at least 30 minutes prior to imaging. TEM was carried out at the OSU Campus 

Microscopy and Imaging Facility on a FEI Tecnai G2 Spirit TEM at an acceleration voltage 

of 80 kV at a magnification of either 68000x or 110000x.

A combination of MATLAB, and the open source softwares ImageJ and eman2 were used to 

quantify the conformation of all samples. Raw TEM images were initially organized into 

image galleries of individual nanocalipers using the open source software eman2. 

Representative image galleries are shown in the supplemental methods for all cases of 

experiments (Figures S5, S9, S10, S12 and S13). These image galleries were imported into 

ImageJ for analysis. Angular measurements were performed manually in ImageJ by drawing 

lines along the inner edges of the hinge arms. Similar angle measurements were performed 

for the free calipers and nucleosome-caliper assemblies with varying nucleosome constructs 

and solution conditions. End-to-end distance measurements of samples were also manually 

performed in ImageJ by measuring the distance from center of neutravidin to center to 

neutravidin across the caliper arms. Angle and distance measurements were only carried out 

on well-folded calipers with nucleosomes clearly incorporated between the ends of the two 

arms. For the varying size linker constructs, we compared the end-to-end calculated from 

angle measurements based on the caliper geometry to end-to-end distance directly measured 

from the images using a custom MATLAB code. In this code, images of individual calipers 

were extracted from the image galleries. Four points were manually selected to obtain the 

coordinates of the hinge vertex, the two neutravidin molecules, and the nucleosome. The 

coordinates of these 4 points were then used to calculate the caliper angle, the end-to-end 

distance calculated from the caliper angle, and the directly measured end-to-end distance.

To quantify the error from the manual angle and distance measurements, we measured the 

angle of a representative structure multiple times. The standard deviation of the caliper angle 

measurement is 0.72 degrees, which corresponds to a standard deviation in calculated end-

to-end distance of 0.85 nm. We also measured the end-to-end distance of a nucleosome 

construct integrated into a caliper device multiple times, which yielded a standard deviation 

of 0.86 nm (Figure S19).

FRET Measurements

FRET experiments were used to determine Gal4-VP16 binding to its target site within the 

nucleosome as previously described.21, 61 Gal4-VP16 titrations were done with 5 nM Cy3-

Cy5-labeled nucleosomes in 50 μl volume of buffer containing 49 mM Tris-HCl pH 8.0, 200 

mM NaCl, 1.08 mM MgCl2, and 0.1mM EDTA using a FluoroMax4 fluorescence 
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spectrometer (Horiba). The FRET efficiency was calculated using the (ratio)A method15 

using the fluorescence emission spectra of Cy3 and Cy5 fluorophores. The apparent binding 

affinity S1/2 was determined by fitting the FRET efficiency with a sigmoidal binding curve 

with a Hill coefficient of 1. Gal4-VP16 titrations were performed using nucleosomes with 

and without neutravidin pre-bound and the S1/2 is not significantly altered (Figure 6). 

Control experiments were done using FRET nucleosomes that do not contain a Gal4 binding 

site (Figure S14). These FRET efficiency data were also fit to a binding curve where the 

results show extremely similar initial and final FRET efficiency, implying that the observed 

reduction in FRET is due to Gal4-VP16 binding to the target sequence within the 

nucleosome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Free nanocaliper characterization
(a) TEM images revealed a range of angular conformations of the free DNA origami 

nanocalipers. (b) Zoomed in examples of nanocalipers were used to measure hinge angle, as 

indicated in the top left image. Scale bars = 50 nm. (c) The free nanocalipers exhibits a 

broad angular distribution ranging from 0° to ~120° with a relatively flat maximum ranging 

from ~25–60°.
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Figure 2. Assembly and integration of nucleosomes and nanocalipers
(a) The top row schematically illustrates the assembly of nucleosome constructs starting 

with double biotin-labeled DNA that is reconstituted with purified histone octamer. The 

biotin molecules on either end of the reconstituted nucleosomes are saturated with 

neutravidin and then excess neutravidin is removed via sucrose gradient purification. The 

bottom row schematically illustrates the DNA origami self-assembly with biotin-labeled 

staples that ultimately form the two anchoring sites for the neutravidin-labeled nucleosomes. 

Excess staples are removed by PEG centrifugal purification. Finally, purified nucleosomes 

are integrated into nanocalipers in an equimolar assembly reaction. (b) Several examples of 

assembled complexes illustrate well-folded nanocalipers with two clearly incorporated 

neutravidin molecules with a visible nucleosome in between. Scale bar = 50 nm. (c) We 

achieve 55–62% good incorporation (purple) for varying constructs with different lengths of 

linker DNA. Our integration scheme also results in ~15–20% of nanocalipers that had a 

single nucleosome construct bound to only one arm (gray), ~10–15% of nanocalipers that 

had two separate constructs bound to each arm (pink), and ~5–13% of free nanocalipers 

(black) across the varying constructs.
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Figure 3. The nanocaliper angle is a good measure of nucleosome structure
(a) Nanocaliper angular distributions (orange) reveal a significant shift and strong narrowing 

upon integration of the 6L nucleosome relative to the free nanocalipers (gray). The 6L mean 

angle of 19° ± 2 is consistent with the conformation shown in the inset and also with the 

location of the nucleosome observed in TEM images (right). The 75L exhibits a wider 

distribution and larger mean angle of 41° ± 1. The mean angle and the location of the 

nucleosomes on TEM images (right) is consistent with the conformation shown in the inset. 

Scale bars = 50 nm. (b) The average angle of several nucleosomes with varying length of 

DNA linker exhibits an expected increase. The right side axis denotes the mean end-to-end 

length of the nucleosome calculated from the mean nanocaliper angle. The inset compares 

the end-do-end distance of the nucleosome calculated from the nanocaliper angle versus the 

end-to-end distance directly measured from TEM images illustrating they are in excellent 
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agreement. (c) The schematics illustrate nucleosome configurations that satisfy the mean 

end-to-end distances of the various constructs revealing the 6L, 26L, and 51L nucleosomes 

are unwrapped by ~15–20bp, and the 75L is fully wrapped and likely wraps more than the 

normal 1.65 turns by ~10bp. Schematics are drawn to scale.
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Figure 4. The nanocaliper can quantify nucleosome disassembly
(a) The angular distribution of the nanocalipers with the 6L nucleosome is distinctly 

different than the nanocaliper control sample with the same DNA and no histone core at 

physiological salt conditions (0.2 M NaCl and 1 mM MgCl2). TEM images (right) illustrate 

a clearly visible nucleosome that is slightly larger than the neutravidin molecules. Increasing 

the concentration of NaCl drives a shift towards the control distribution, suggesting the 

nucleosome is unwrapping, which is consistent with nucleosomes in the TEM images being 

less apparent at 1.0 M NaCl. The nucleosomes are largely not visible at 2.0 M NaCl, 

suggesting the histone core is disassembling. Scale bars = 50 nm. (b) The top graph shows 

the mean nanocaliper angle with the 6L construct increases as a function of NaCl 

concentration illustrating the salt-mediated nucleosome disassembly. The bottom graph 

illustrates the fraction of nucleosomes with no visible histone core increases as a function of 
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NaCl concentration up to 68% at 2.0 M revealing salt-mediated dissociation of the histone 

core. At physiological concentrations of NaCl (0.2 M), all nanocalipers with an integrated 

nucleosome have a clearly visible histone core.
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Figure 5. The nanocaliper is sensitive to transcription factor binding within the nucleosome
(a) The DNA constructs used in the nanocaliper measurements that detect binding of the 

transcription factor, Gal4-VP16, to its target site within the nucleosome. The 6L DNA 

contains the Gal4 binding site that is located from the 8th to the 26th base pairs of the Widom 

601 NPS. The 6LN does not contain the Gal4 binding site. (b) The nanocaliper angle 

distributions with 1nM, 10nM, and 100nM Gal4-VP16. The teal distributions are for 

measurements done with 6L DNA, while the blue distributions are done with the 

nucleosome containing 6LN DNA. The grey distributions are measurements with the 6L 

(left columns) and 6LN (right column) without Gal4-VP16. (c) A plot of the average 

nanocaliper angle (left axis) and the nucleosome end-to-end distance (right axis) for the 6L 
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(teal) and the 6LN (blue) nucleosomes with increasing concentrations of Gal4-VP16. The 

data were fit to a binding isotherm with an S1/2 of 5 ± 1 nM for the 6L nucleosome that 

contains the Gal4 binding site.
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Figure 6. Gal4-VP16 binding to unconstrained nucleosomes
(a) The DNA construct for detecting the binding of Gal4-VP16 to its site in a nucleosome 

using FRET. The DNA molecule is the 6L construct with a Cy3 fluorophore attached to the 

second base pair of the Widom 601 sequence. (b) The crystal structure of the nucleosome 

highlighting the FRET labeling sites (PDB: 1KX5). The histone octamer is in green and the 

DNA molecule is in gray with the Gal4 binding site in red. H2A(K119C) is shown in 

magenta, which is where Cy5 is attached. The DNA base in green is the site where Cy3 is 

attached. (c) The three state model of Gal4 binding to its target site within the nucleosome. 

(d) The fluorescence emission spectra of the Cy3-Cy5 labeled nucleosome with 0nM (blue), 

3000 nM (orange) and 10000 nM (gray) of Gal4-VP16. As the concentration of Gal4-VP16 

is increased, the stimulated emission of Cy5 decreases and the emission of Cy3 increases. 

The fluorescence spectra were analyzed by the (ratio)A method. (e) The plot of the FRET 

efficiency for increasing concentrations of Gal4-VP16 without (diamonds) and with (circles) 

neutravidin. The FRET efficiencies were fit to a binding isotherm with an S1/2 of 3.5 ± 0.2 

μM and 7.2 ± 0.2 μM without and with neutravidin, respectively.
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Figure 7. Model of Gal4-VP16 binding to a nucleosome integrated into a nanocaliper
Our nanocaliper studies of the 6L nucleosome indicate that in the presence of Gal4-VP16 

there are three possible states. (State I) The nucleosome without Gal4-VP16 bound is 

unwrapped ~20 bp by the nanocaliper with an end-to-end distance of 23 nm. (State II) The 

nucleosome is unwrapped by a little more than 20 bp so Gal4-VP16 can bind and the end-to-

end distance increases to 26 nm. In this state, the DNA still wraps about 1 full turn around 

the histone octamer. (State III) While Gal4-VP16 is bound to the nucleosome, the 

nucleosome reorients so that it is almost completely unwrapped. This significantly increases 

the end-to-end distance of the nucleosome to 45 nm.
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