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Notable single-molecule PNA experiments 

 

In an early example of physical mapping of single DNA molecules, individual biotinylated PNA-

DNA complexes conjugated to streptavidin were directly visualized via electron microscopy.1 

The streptavidins served as the electron microscopy markers and appeared as ‘beads’ located at 

the target sites. In a later example, high-resolution mapping of YOYO-1-stained DNA using 

fluorophore-conjugated PNAs was achieved by concurrent scanning near-field optical and 

atomic force microscopy (SNOM/AFM).2 In an application-oriented example, high-throughput 

mapping of TOTO-3-stained DNA using fluorophore-conjugated bisPNAs was achieved using a 

continuous flow device and direct linear analysis (DLA), a scheme that provides the spatial 

locations of the PNAs along the extended DNA molecule.3,4 The fluorescently labeled DNA was 

analyzed as it flowed past multicolor confocal fluorescence detectors with single-fluorophore 

sensitivity. An alternative approach to high-throughput mapping of DNA using bisPNAs was 

also achieved via purely electrical detection of individual DNA molecules moving through 

synthetic nanopores 4-5 nm in diameter.5 The region of the DNA with a PNA bound was 

detected as it threaded through the pore. Here the presence of the bound PNA generated a signal 
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due to the displacement of electrolytes from the nanopore by the PNA-DNA complex and no 

additional modifications to the PNA were required.  

 

PNA properties affecting binding yield and specificity: additional notes 

 

The yield and specificity of PNA binding is dependent upon several factors that can be grouped 

into two categories: the composition of the PNA molecule and the binding conditions. Properties 

of the PNA that affect binding include PNA oligomer length,6 net charge,6-10 substitution of 

pseudoisocytosine for cytosine,6,11 modifications such as haptens, fluorophores, and lysines,7-10 

and the order of the modifications.9 The PNA binding mode is also an important factor; here we 

use bisPNAs that bind via triplex invasion because it is the most stable binding mode.12 For a 

given PNA molecule, the incubation conditions must be optimized for yield and specificity. 

Incubation conditions affecting yield or specificity include incubation time and temperature,3,8 

pH,6,11 salt concentration,7-9,13 and the ratio of PNA to DNA.3,13  

 

Some of these properties are interdependent. For example, modifications can affect the net 

charge of the PNA molecule. There is also an interplay between the PNA properties and 

incubation conditions as changes to the PNA will affect incubation conditions. The addition of a 

modification to a PNA, for example, is known to alter the binding yield at a given set of 

conditions. For example, Demidov et al. observed that modifying a PNA molecule with biotin 

resulted in a slightly decreased binding affinity, which they attribute to the charge difference 

between the modified and unmodified PNA.1 A difference in modifications on otherwise 

identical PNAs has also been shown to alter optimized binding conditions. For example, Chan et 
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al. optimized binding conditions for two PNA molecules, one with a terminal TAMRA 

modification on one end and one with terminal TAMRA modifications on both ends. While the 

molecules were otherwise identical, the dual modified PNA required a 50% longer incubation 

time to achieve optimal binding.3,4 

 

Materials and Methods  

 

 DNA and PNA preparation   

 

10 µL aliquots of λ-DNA (48.5 kbp, New England Biolabs) were heated to 63 °C for 1 minute 

and plunged into wet ice to eliminate concatemers. The PNA sequences (Biosynthesis Inc.) from 

N-terminus to C- terminus are 

  

flPNA:  

TAMRA-OO-lys-lys-TCC TTC TC-OOO-JTJ TTJ JT-lys-OO-lys-biotin  

 

twPNA: 

TAMRA-OO-lys-lys-TTT CTC TT-OOO-TTJ TJT TT-lys-OO-lys-biotin  

 

where TAMRA is carboxytetramethylrhodamine, O is 8-amino-3,6-dioxaoctanoic acid, a flexible 

hydrophilic tether, lys is Lysine, and J is pseudoisocytosine. These PNA sequences were 

modified from those used in earlier work by Chan et al.3 Both sequences are bisPNAs and are 

modified with both biotin, to allow for conjugation to Avidin-coated beads, and with TAMRA, 
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to give the PNAs UV-VIS spectra clearly distinguishable from that of DNA. Aliquots of 50 µM 

PNA in water were heated to 50 °C for 10 minutes and gently mixed prior to use. 

 

 Bulk characterization of PNA-DNA complexes 

 

To determine the extent and specificity of the PNA-DNA binding protocols, the PNA-DNA 

complexes underwent a restriction enzyme digest to isolate 500 to 700 base pair fragments that 

contained either a target site or a site with a single end mismatch (SEMM). Binding was stopped 

by the addition of NaCl up to 100 mM. The target site-containing or SEMM site-containing 

fragments were typically run on a precast 4-15% gradient polyacrylamide gel (BioRad) in TBE 

buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA) at 75V for 5 minutes followed by 

150V for 55 minutes. DNA was stained with a 1:10,000 solution of SYBR green (Invitrogen) as 

per the manufacturer’s instructions and imaged with a Typhoon 9200 (GE Life Sciences). The 

progress of fragments with a bound PNA is retarded in the gel, which produces a band shifted 

towards higher molecular weights relative to the fragments with no PNA bound. The relative 

intensities of the shifted band and unshifted band for the target site-containing fragment is an 

indication of the extent of specific binding. Similarly, the relative intensities of the shifted band 

and unshifted band for the SEMM site-containing fragment is an indication of the extent of non-

specific binding. Note that the presence of PNAs does not interfere with the activity of restriction 

endonucleases, provided the PNAs are not bound at the cleavage sites. 

 

A representative binding condition optimization gel for flPNA is presented in Figure S1. The top 

gel is an assay of the target site-containing fragment. After a 25 hr incubation at 37 °C, the band 
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is mostly shifted, indicating a high proportion of target site-containing fragments with PNAs 

bound, i.e., complexes. The unshifted bands represent DNA fragments without PNA bound. The 

complexes were heated to 45 °C for 1 hr after incubation but prior to enzyme digestion resulting 

in a slightly larger unshifted band. The trend continues with similar heating to 55 °C for 1 hr. 

The bottom gel is an assay of the SEMM site-containing fragment. When it undergoes the same 

heat treatment, there is a larger relative increase in the unshifted population, which is the desired 

outcome, since we seek to reduce PNA binding to SEMM sites via heat treatment. There is 

usually a trade-off between specificity and extent of binding.  

 

 Single-molecule characterization via fluorescence microscopy 

 

PNA-DNA complex formation. The flPNA and λ-DNA complexes (flPNA-DNA) were formed in 

a 100 µL binding reaction (pH 8) consisting of 10 mM Tris, 1 mM EDTA, 2 mM NaCl, 1.3 nM 

λ-DNA, and 2.5 µM PNA that was incubated at 37 °C for 25 hours. Drop dialysis was performed 

to remove excess flPNA. The 100 µL reaction volume was deposited onto a VSWP 

nitrocellulose drop dialysis membrane with a 25 nm pore size (Millipore) over 40 mL of dialysis 

buffer for 16 hours at 4 °C. The dialysis buffer consists of 10 mM Tris, 1 mM EDTA, and 30 

mM NaCl. Following dialysis, the recovered volume was heated to 63 °C for 15 min. to enhance 

binding specificity. Immediately after heating, the NaCl concentration was brought to 100 mM to 

inhibit any further binding.  

 

Labeling flPNA-DNA complexes with fluorescent nanospheres. For fluorescence microscopy 

experiments, single-molecule characterization requires that the flPNA-DNA complexes be 
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labeled with fluorescent nanospheres (Figure S2). Red fluorescent spheres (excitation 580 

nm/emission 605 nm) were selected to be distinguishable from the green YOYO-1 (excitation 

490 nm/emission 510 nm) DNA backbone stain. Fluorescence from the nanospheres and DNA 

backbone could be imaged independently or together, depending on the filters used (see below).  

 

A 200 µL labeling reaction (pH 7.5) consisting of 50 mM Tris, 1 mM EDTA, 100 mM NaCl, 5 

vol% glycerol (Fisher), 0.01% Triton X-100 (Dow), 100 µg/mL BSA (Sigma-Aldrich), 100 fM 

flPNA-DNA, 0.001% 40 nm NeutrAvidin-coated fluorescent polystyrene spheres (Invitrogen) 

was incubated at room temperature for 1 hour on a rotary mixer at 0.05 Hz. 

 

Fluorescent stain. Labeled flPNA-DNA complexes were stained with YOYO-1 (Invitrogen) at a 

ratio of 1 dye molecule per 4 bp. The YOYO-1 was diluted to 10 µM in 10 mM Tris, 1 mM 

EDTA, 10 mM NaCl buffer, pH 8. A 100 µL staining solution consisting of 16.64 pM labeled 

flPNA-DNA complexes, 0.2 µM YOYO, 10 mM Tris, 1 mM EDTA, and 10 mM NaCl was 

incubated at room temperature for 1 hour, protected from light.  

 

Slide-stretching. Glass cover slips were coated with a 0.1 mg/mL solution of poly-L-lysine 

hydrobromide (Fluka) in water. A 5 µL drop of the poly-L-lysine solution was sandwiched 

between two cover slips. After 1 minute, the slides were then slid apart and allowed to air dry for 

20 minutes. The stained, labeled flPNA-DNA were diluted to 1.25 pM in slide-stretching buffer. 

Slide-stretching buffer (pH 8) consists of 10 mM Tris, 1 mM EDTA, 10 mM NaCl, and 0.0005% 

Triton X-100 (Dow). A 5 µL drop of stained, labeled flPNA-DNA in slide-stretching buffer was 

deposited onto an untreated glass slide. After 1 minute, a poly-L-lysine-coated cover slip was 
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deposited onto the drop. Individual DNA molecules were stretched onto the positively charged 

surface by the receding meniscus.  

 

The apparent presence of labels at the very end of the molecule (100% of the contour length) is 

likely an artifact of slide-stretching. During stretching, molecules can become tethered to the 

surface at the label site and the short length of DNA on one side of the label may not stretch 

fully. These endmost labels are neglected in further analysis. 

 

This slide-stretching approach to binding optimization can also assay and reveal the effects of 

binding and buffer conditions on certain types of mismatches. Unlike gel-shift assays, which 

require fairly inflexible conditions to run, slide-stretching allows the data acquisition conditions 

to be easily adapted to the experimental conditions of interest (e.g. the presence of salts, a 

photoscavenging system, extreme pH, etc.). An additional benefit is that it obviates the extra step 

of acquiring fragments containing targets or mismatches that are traditionally purchased, made 

via PCR, or isolated via a restriction enzyme digest. 

  

Flow-stretching. Individual stained, labeled flPNA-DNA complexes were trapped and stretched 

in a microfluidic flow cell with a cross-slot geometry. Such flow cells have been used 

extensively to study single DNA molecules.14-18 The channel cross-section of the PDMS flow 

cell was 800 µm by 120 µm and the fabrication is described elsewhere.19 The cross-slot 

geometry creates a line of pure extension where the two opposing inlet streams meet and a 

stagnation point, a point of zero velocity, at the center of the device. When a DNA molecule in 

an inlet stream arrives at the center of the device, its center of mass is trapped at the stagnation 
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point and its opposing ends are stretched apart along the line of pure extension. The inlets and 

outlets of the flow cell are connected to syringes and waste reservoirs, respectively, by Tygon 

tubing (0.02” ID, Cole-Parmer). The position of the stagnation point is controlled by manually 

adjusting the height of one of the exit reservoirs. As discussed by Schroeder et al., this allows 

DNA molecules to be trapped and imaged for minutes to hours.16 The degree of extension or 

linearization of the trapped DNA molecule is controlled by the dimensionless product of the 

DNA molecule’s relaxation time and the flow’s extensional strain rate. The relaxation time is 

governed by the DNA molecule and buffer viscosity. The extensional strain rate is governed by 

the cross-slot geometry and the flow rate into the inlet arms. Keeping all else constant, the degree 

of extension of the DNA molecule can be tuned by adjusting the flow rate. 

 

Prior to use, the tubing and flow cell were rinsed with Milli-Q filtered (Millipore) water and 

conditioned to prevent air bubbles and to prevent non-specific adsorption of the protein-coated 

fluorescent labels. To reduce surface tension and prevent the formation of air bubbles, the tubing 

and flow cell were incubated with a solution of 0.1 vol% Triton X-100 surfactant (Dow) in a 

buffer of 10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 8 for 30 min. To passivate surfaces and 

prevent the adsorption of fluorescent labels, the tubing and flow cell were incubated with a 10 

mg/mL solution of BSA (Sigma-Aldrich) in a buffer of 10 mM Tris, 1 mM EDTA, 10 mM NaCl, 

pH 8 for 30 min.  

 

Flow-stretching buffer (described below) containing stained, labeled flPNA-DNA complexes 

was fed through one inlet and flow-stretching buffer without DNA was fed through the opposing 

arm, both using the same PHD 2000 syringe pump (Harvard Apparatus). The pump delivered 
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fluid at 2 ml/hr until the entire volume of the flow cell and tubing was filled with flow-stretching 

buffer, and then at 100 µL/hr for all experiments. This flow rate results in an average steady-state 

extension of λ-DNA molecules at the stagnation point of 96% of the DNA molecule’s fully 

extended contour length. While full extension can be achieved at higher flow rates, trapping 

molecules becomes somewhat more difficult. The imaging area through the camera was 80.5 µm 

by 80.5 µm, more than adequate to visualize a stretched λ–DNA molecule with a roughly 20 µm 

stained contour length. 

 

The stained, labeled flPNA-DNA complexes were diluted to 270 fM in flow-stretching buffer 

with a viscosity of 50 cP. Flow-stretching buffer (pH 8) consists of 10 mM Tris, 1 mM EDTA, 

100 µg/mL BSA (Sigma-Aldrich), 59 wt% sucrose (MB grade, Sigma-Aldrich), 1 wt% glucose 

(Sigma-Aldrich), 2 vol% β-mercaptoethanol (Sigma-Aldrich), 20 µg/mL catalase, and 100 

µg/mL glucose oxidase (Roche). The sucrose increases the solution viscosity, which increases 

the relaxation time of the DNA and decreases the flow rate required to achieve a fixed fractional 

extension of the trapped DNA. The last three components act to inhibit photobleaching and 

photocleavage. In addition to providing more uniformly extended DNA molecules with a 

narrower distribution of extensions (relative to slide-stretching), the flow assay also eliminates 

false signals present in slide-stretching that result from labels coincidentally non-specifically 

adsorbed onto the surface along the DNA backbone. 

    

Data acquisition. The stained flPNA-DNA complexes (green) labeled with fluorescent spheres 

(red) were visualized using a 100x, 1.4-NA oil-immersion objective on a fluorescence 

microscope (Leica DMIRE II). Red and green images were captured using a N2.1 Cy3/TRITC 
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(Vashaw Scientific) and 41001 FITC (Chroma) filter set, respectively. A dual-band 51004v2 

excitation/emission filter (Chroma) was used to image the red and green channels 

simultaneously. A cooled CCD camera (Photometrics Cascade 512b) captured images in 

conjunction with SimplePCI software. Images were captured at roughly 10 fps. 

  

Data analysis. Images of slide-stretched DNA and flow-stretched DNA were analyzed with NIH 

Image J to extract a DNA length and label position along the length. For slide-stretched DNA, 

only one image is obtained per DNA molecule and only DNA molecules with a minimum 

extension of 16.5 µm (78% of the total stained contour length) were included in the analysis. For 

flow-stretched DNA, a series of images is obtained per DNA molecule as it is trapped in the 

stagnation point. For each DNA molecule, the DNA length and label position were determined 

for three images acquired after the DNA molecule reached its steady-state extension and 

averaged. Only DNA molecules with a minimum extension of 19 µm (90% of the total stained 

contour length) were included in the analysis. Note that since most complexes had only a single 

label attached and there was no indication of the orientation of the molecule, the label positions 

were always taken as farthest from the 5’ end. The two flPNA target sites are present on the 

same half of the λ-DNA molecule, farthest from the 5’ end. This is consistent with the 

procedures used in other single molecule studies.19-22 From histograms of optimized binding 

positions, mean and standard deviation values for binding locations were determined. Since the 

flPNA used here has a target site very close to the center of the λ-DNA molecule (50.2%), data 

points closest to this location were randomly assigned about the center to produce a symmetric 

Gaussian about the target site.  
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Labeling efficiency determined by fluorescence microscopy. As evidenced by the gel assay in 

Figure S1, a large majority of DNA molecules form flPNA-DNA complexes following the 

flPNA-DNA incubation reaction. The fraction of those complexes that are successfully labeled 

with the NeutrAvidin-coated fluorescent nanospheres is smaller. We can estimate a labeling 

efficiency, the probability that a flPNA-DNA complex is labeled with a fluorescent sphere, from 

the observed incidence of doubly to singly labeled molecules. For the two possible labeling sites, 

we assume the labeling efficiency is the same for each position. The probability of labeling any 

position is p, so that the probability of observing x labels, where x is one or two in our case, is 

! 

2
Cx p

x
(1" p)

2"x where 

! 

2
C
x
 is the binomial coefficient, “2 choose x.”    

 

We take p, the probability of any position being labeled, as the fractional yield of labeling a 

flPNA-DNA complex with a fluorescent sphere. This indirect approach is necessary as, for both 

slide-stretching and flow-stretching, it is difficult to directly observe the number of unlabeled 

molecules needed to calculate a direct labeling efficiency. Moreover, the labeling efficiency is 

important since only stained, labeled PNA-DNA complexes contribute to the data acquisition. 

The location of PNA binding cannot be determined on stained, unlabeled PNA-DNA complexes. 

 

At the optimal binding conditions, the labeling efficiency is 11% and 6% for slide-stretching and 

flow-stretching, respectively. We believe this disparity results from an artifact of slide-stretching, 

where labels can non-specifically adsorb onto the slide seemingly along a stretched DNA 

molecule and are indistinguishable from an attached label. This does not occur in the flow-

stretching assay, where the flow sweeps such unbound labels away. 
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 Single-molecule characterization via optical tweezers 

 

Functionalizing DNA ends. For optical tweezer experiments, which required distinct attachment 

sites to two beads, a digoxigenin-modified DNA construct, half-λ-DNA-dig, was first formed. A 

510-bp fragment from λ-DNA, comprised of base pairs 24241 to 24741, was generated via PCR 

using Taq polymerase (New England Biolabs). The PCR buffer contained 200 µM dATP, dCTP, 

and dGTP (Fermentas); 133 µM dTTP; and 66 µM dig-dUTP (Roche). After cleanup, the PCR 

product was digested with XbaI (New England Biolabs) and shrimp Antarctic phosphatase (New 

England Biolabs). Simultaneously, λ-DNA (New England Biolabs) was digested with XbaI 

(New England Biolabs) in NEBuffer 2 at 37 °C. The two DNA fragments were ligated overnight 

using T4 ligase (Fermentas) with a 2-fold excess of PCR product over digested λ-DNA. The 

ligation product, half-λ-DNA-dig, was then dialyzed into 10 mM Tris, 0.1 mM EDTA, pH 8.0 

through a 25 nm VSWP nitrocellulose filter (Millipore) for one hour at room temperature. 

 

Another construct, the control molecule biotin-DNA-dig, was made to serve as a basis of 

comparison for optical tweezer experiments performed with the twPNA-DNA-dig construct 

described below. Biotin-DNA-dig simply has a biotin modification on one end and a dig 

modification on the other end. It was produced by treating λ-DNA with Klenow fragment, exo 

minus (New England Biolabs) in the presence of 70 µM dGTP and dTTP; and 30 µM biotin-

dCTP and biotin-dATP (Invitrogen), thus filling the cohesive ends. This was then ligated to half-

λ-DNA-dig, yielding biotin-DNA-dig. It was then subjected to the same thermal and salt 

conditions as the twPNA-DNA-dig complex and labeled with spheres as described below for the 

twPNA-DNA-dig complex. Note that both the biotin-DNA-dig molecule and the twPNA-DNA-
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dig molecule contain multiple biotin and dig moieties, which explains the extraordinary strength 

of the ends. 

 

PNA-DNA complex formation. Complexes of twPNA and half-λ-DNA-dig (twPNA-DNA-dig) 

were formed in a 50 µL binding reaction (pH 8) consisting of 10 mM Tris, 0.1 mM EDTA, 5 nM 

half-λ-DNA-dig, and 1 µM PNA that was incubated at 45 °C for 5 hours, then cooled to 4 °C 

over 30 minutes. The NaCl concentration was brought to 50 mM to inhibit any further binding 

and the reaction volume was heated to 50 °C for 10 minutes to enhance binding specificity.  

  

Labeling PNA-DNA complexes with functionalized spheres. The twPNA-DNA-dig complexes 

were labeled with two distinct functionalized spheres, streptavidin-coated spheres and anti-

digoxigenin spheres. The anti-digoxigenin spheres were made by hybridizing 2.88 µm Protein-

G-coated polystyrene beads (Spherotech, Inc.) with anti-digoxigenin (Roche) for 3 hours in 

phosphate-buffered saline. The twPNA-DNA-dig was first incubated with the anti-digoxigenin 

spheres in a 20 µL labeling reaction (pH 7.8) consisting of 25 fM twPNA-DNA-dig, and 0.025% 

anti-digoxigenin spheres in 10mM Tris, 50 mM NaCl, 5 mM MgCl2, and 1 mg/ml BSA (New 

England Biolabs) at room temperature for 30 minutes. These singly-labeled twPNA-DNA-dig 

complexes were introduced into an optical tweezers flow chamber, where they were trapped and 

manually labeled with a 2.1 µm streptravidin-coated polystyrene bead sucked onto a 

micropipette. 

 

Optical tweezer manipulation. The twPNA-DNA-dig complexes labeled with anti-digoxigenin 

spheres were introduced into an optical tweezers flow chamber.23 The twPNA-DNA-dig complex 
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was stretched between an optically trapped anti-digoxigenin bead and a 2.1 µm streptravidin-

coated polystyrene bead sucked onto a micropipette. The distance between the two beads was 

changed at a rate of 175 nm per second while the tension and the extension of the molecule were 

monitored. The twPNA-DNA-dig complex was stretched and relaxed in a cyclic manner between 

0 and 90 pN. For those instances when the twPNA tether ruptured when subjected to forces less 

than 90 pN, the distribution of rupture forces was recorded. 
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Figure S1. Bulk gel shift assays of flPNA binding to a target site-containing fragment (a-d) and 

a SEMM site-containing fragment (a’-d’) of λ-DNA. Fragments that were not incubated with 

PNA were used as a control (a, a’) and fragments with bound PNA will shift bands upwards. 

Complexes were first formed in a 25 hr incubation at 37 °C (b, b’). A majority of the target site-

containing fragment band (b) is upwardly shifted, indicating target site binding. A minority of 

the SEMM site-containing fragment band (b) is upwardly shifted, indicating a small amount of 

SEMM site binding. After the incubation but prior to enzyme digestions, complexes were heated 

to 45 °C (c, c’) or 55 °C (d, d’) for 1 hr. Additional heating nearly eliminates SEMM site 

binding, indicated by the dimming of the shifted band, (c’, d’) and slightly decreases the extent 

of target site binding, indicated by a darkening of the unshifted band (c, d).
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Figure S2. A biotinylated 8 bp bisPNA binds to λ-DNA, forming a PNA-DNA complex. The 

bound PNA is labeled via an Avidin-coated sphere, creating a labeled PNA-DNA complex. For 

fluorescence microscopy studies, the backbone of the DNA is stained with YOYO-1, resulting in 

a stained, labeled PNA-DNA complex.  

 


