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Single-Molecule Imaging of DNA Polymerase I (Klenow Fragment) 

Activity by Atomic Force Microscopy  

J. Chao,a,c,d P. Zhang,b,d Q. Wang,a N. Wu,a F. Zhang,*b J. Hu,a C. H. Fan,a and B. Li*a   

We report a DNA origami-facilitated single-molecule platform 

that exploits atomic force microscopy to study DNA 

replication. We imaged several functional activities of the 

Klenow fragment of E. coli DNA polymerase I (KF) including 

binding, moving, and dissociation from the template DNA. 

Upon completion of these actions, a double-stranded DNA 

molecule was formed. Furthermore, the direction of KF 

activities was captured and then confirmed by shifting the KF 

binding sites on the template DNA. 

Directly imaging molecular events at the nanometre scale is 

important for understanding complex biological processes. 

Atomic force microscopy (AFM) is a powerful tool for 

monitoring the behaviour of individual molecules in 

near-physiological environments at high resolution and has 

provided important information on DNA-protein interactions.1 

For example, the function of RNA polymerase (RNAp) and 

interactions between DNA and RNAp have been elucidated at 

the single-molecule level.2 However, despite its similarities to 

RNAp in terms of structure and catalytic mechanism, 

characterizing the activities of DNA polymerase (DNAp) 

remains challenging.3 

DNAp plays a central role in many biological processes and is 

an essential factor in DNA replication; the latter function can 

be exploited in various biotechnology applications, e.g. DNA 

sequencing, since it involves synthesis of a single strand of 

DNA from a DNA template.4 Visualising the dynamics of DNAp 

activity will provide a deeper understanding of its catalytic 

mechanism and may also help to improve its performance in 

practical applications such as nanoparticle PCR.5  

The lack of robust information on DNAp behaviour can be 

attributed to several issues. First, multiple components (e.g. 

DNA, DNAp, and dNTPs) are present during DNAp-driven DNA 

replication; thus, background noise partially arising from 

sample preparation tends to obscure object detection. This 

can lead to misinterpretation of data based on topographical 

images obtained with AFM. Second, multiple steps in the 

replicative process are linked (e.g. proofreading and 

polymerization). The forward and backward movements of 

DNAp can be impeded by the adsorption of DNAp as well as by 

DNA on a surface. Third, conformational rearrangements in 

both primer-template DNA and DNAp are involved.6 Under this 

unique situation, the subtle effects of the interface force 

between DNA/DNAp and their supporting surface prevents 

DNA polymerization from occurring or from being detected if 

the force is too strong or weak, respectively. In AFM, this 

inherent paradox makes detection of the dynamic process 

more difficult.7 

A potential solution to these problems is to combine AFM with 

an emerging technology known as DNA origami.8 Programmed 

DNA origami has been used to study biological activities at the 

single-molecule level and has revealed some important 

DNA-protein interactions.9 We have shown that a 

single-molecule recognition reaction can be captured and 

tuned on a DNA origami nanostructure.10 In the present study, 

we used AFM to investigate the interaction between DNAp 

and the template during replication using DNA origami as a 

platform. 

In our experimental set-up, the template DNA was introduced 

into the middle of an equilateral triangular DNA origami. The 

two ends of the template were connected to the midpoint of 

one side of the triangle and the opposing vertex, respectively 

(Fig. 1). The approximate length of the 74-nt template, i.e. 

>45.0 nm (if each base is 6.3 Å11), across the length of the DNA 

origami (<45.0 nm, the theoretical distance of the height) 

could offer a means of detecting DNAp activity during 

replication by time-lapse AFM. Polymerization on a surface 
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was facilitated by a fully functional polymerase Klenow 

fragment (KF), which is significantly smaller than DNAp I.12  

 
Figure 1. Schematic illustration of the experimental set-up for 

examining DNA polymerization using AFM. The Klenow 

fragment (green) of DNAp I was used to replicate a 

single-stranded template (blue). The template DNA was 

located inside the triangular DNA origami (yellow) with its two 

ends at the base and the opposite vertex, respectively. 
 

To form the 74-nt template DNA with its two ends attached to 

the DNA origami, a scaffold DNA origami nanostructure was 

constructed as described by Rothemund,8a with the exception 

that we selected two ‘staple strands’, A17 and C33, with 

extending sequences to produce two sticky ends (overhangs) 

to bind to the template DNA (Fig. S1). The self-assembly of 

DNA origami was conducted as previously described.13 Briefly, 

the circular M13mp18 viral DNA and over 200 short 

oligonucleotide staple strands were mixed in TAE/Mg2+ buffer 

at a molar ratio of 1:10 and then incubated and annealed in 

the PCR instrument (Eppendorf Mastercycler Personal 

Machine) from 95 °C to 20 °C at a rate of 0.1 °C/10 s. The 

resulting solution was subjected to filtration (Sephacryl S-300 

HR, GE Healthcare) with TAE/Mg2+ buffer to remove excess 

staple strands. Subsequently, the concentration of DNA 

origami was estimated by measuring the absorbance at 260 

nm. Thereafter, an excess of template DNA was hybridized 

with DNA origami in the PCR instrument from 50 °C to 15 °C at 

a rate of 0.5 °C/min, and then purified using the 

aforementioned filtration process to remove excess template 

DNA. The sequence of the 74-nt template DNA with an 

additional 20 nt (complementary to staple strands A17 and 

C33, respectively) at each end was produced according to the 

design of oligonucleotides.8d (see Supporting Information for the 

sequences of staple strands A17 and C33 included the origami 

regions and extended sticky ends.) 

Time-lapse AFM imaging and analysis was performed following 

a previously described method.
13

 Briefly, a 3-µL drop of DNA 

origami was placed on a freshly cleaved mica surface for 5 min, 

and then 40 µL TAE/Mg2+ buffer was added. Data were 

collected before and after a mixture of KF and dNTPs was 

slowly injected into a liquid cell mounted on the ‘J’ scanner. 

The final concentrations of KF, dNTPs, and DNA origami for 

AFM imaging were 0.1–0.5 U/µL, 0.1–0.5 mM, and 0.5–3.0 nM, 

respectively. All tapping mode images were collected using a 

Nanoscope IIIa-Multimode AFM (Veeco-Digital Instruments, 

Santa Barbara, CA, USA) with a probe spring constant of ~0.35 

N/m (Bruker, Germany). The scanning speed was limited to 2 

Hz, and a minimal scanning force was applied. All images were 

flattened and analysed using NanoScope Analysis software. 

To carry out a Förster resonance energy transfer experiment 

(FRET), we designed a Cy3/Cy5 coupling system in which each 

DNA origami was modified by one Cy3 molecule. The Cy3 

molecule is on the vertex of triangular origami at the end of 

the A17 staple strand (5´-Cy3-A17), i.e. one end of template 

DNA at a G residue (see Supporting Information on the Cy3 

labelling position on the sequence of A17). A mixture of dNTPs 

in which Cy5-dCTP replaced dCTP was added in the FRET 

experiments. Fluorescence spectra were measured on a 

fluorometer (Hitachi F-4500 Ultraviolet spectrophotometer, 

Japan).  

 

Figure 2. Representative AFM images of the stepwise 

movements of a single KF molecule on the DNA template 

during replication. (A–E) Discrete steps of a single KF molecule 

during polymerization, which consisted of (A–C) binding, (C 

and D) movement, and (E) dissociation in the presence of KF 

and dNTPs at ~0.0, 1.0, 4.5, 6.5, and 8.0 min, respectively. (A1, 
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A2, B1, B2 and E1, E2) Enlarged images of topography and 

height profiles of representative DNA sizes selected from the 

blue squares in (A), (B) and (E), respectively. An apparent 

increase in the height of DNA was observed following KF 

activities. (C1, C2 and D1, D2) Enlarged images of topography 

and height profiles of representative KF sizes selected from the 

blue squares in (C) and (D), respectively.  

To clarify the features of the resulting DNA origami and 

associated single-stranded DNA (ssDNA) and KF, several AFM 

images were obtained. The results suggested that the ssDNA 

efficiently spans the origami; the ssDNA and dsDNA could be 

distinguished by height measurements (Fig. S2). Then, the DNA 

replication process was detected by time-lapse AFM. In Fig. 

2A–E, the ssDNA with its two ends fixed on the origami was 

replicated by KF to yield a double-stranded DNA (dsDNA) 

molecule. Fig. 2A, B show the images before and immediately 

after adding KF. The measured lengths of the three outer and 

inner sides and the thickness of the triangular origami were 

~120 nm, ~35 nm, and 1.9–2.1 nm, respectively, comprising 

the designed origami structure and the theoretical height of 

dsDNA. After KF was added ~4.5 min, a dot assumed to be a 

single KF molecule (height: ~2.0 nm) alit on a single origami 

(blue square in Fig. 2C). The dot appeared at the intersection 

of the base and height of the triangle where the terminus of 

the staple strand (acting as the primer) was a 3'-OH group. 

Over the course of the 8-min scan, the position of the dot 

changed from the base to the middle (Fig. 2C, D) and finally 

disappeared (Fig. 2E). The trajectory of the dot followed the 

linear track of the DNA template and was consistent with the 

5'→3' direction of DNA replication (movie S1). A key finding 

was the apparent change in the size of the DNA following 

displacement of the KF; specifically, the DNA height increased 

from 0.9 to 1.8 nm (Fig. B2, E2), consistent with the estimated 

sizes of ssDNA and dsDNA, respectively.14 

In this experiment, the DNA origami served as a platform for 

investigating DNA-KF interactions in a low-noise and label-free 

manner. In addition, its programmed geometry—i.e. the shape 

of the triangle here—facilitated the identification of KF 

movement direction on a one-dimensional DNA template. 

There were insufficient data to analyse the replication rate on 

the mica surface, which was slower than that of KF in bulk 

systems (~15 nt/s).15 However, the way in which the template 

DNA was fixed with its two ends on the origami provided 

sufficient spatial freedom on the mica surface to tolerate 

conformational changes in the KF-DNA complex. This allowed 

changes in DNA and KF to be perceived by an AFM probe 

before and after DNA replication.  

 

Figure 3. Histogram of KF distribution on DNA origami with and 

without dNTPs. In the presence of dNTPs (red), the binding 

ratio of the KF at the vertex of the DNA origami was higher 

than at the base. In the absence of dNTPs (black), the binding 

ratio of the KF at the base was higher than at the vertex. Error 

bars indicate the standard deviation of three independent 

experiments counting a total of 142 origami with dNTPs and 

183 origami without dNTPs.  
 
To determine whether the moving dots were functional KFs, 
we identified the initial binding sites of the KFs on the DNA 
template and the direction of movement during the reaction. 
For simplicity, this reaction was first carried out in vitro and 
then detected in a liquid cell on a freshly cleaved mica surface 
(Fig. S3). To discern the binding sites of single KF molecules on 
the template, the triangular origami was divided into two 
parts—i.e. the base and the vertex—at the midpoint of the 
height. This revealed that about 48% (with dNTPs) and 47% 
(without dNTPs) of the origami, respectively, exhibited binding 
dots. In the presence of dNTPs, 39.0% ± 6.7% of the dots were 
present at the vertex, and 9.0% ± 1.0% were at the base. In the 
absence of dNTPs, 17.3% ± 3.1% of the dots were present at 
the vertex, and 30.7% ± 3.8% were at the base. Although small 
changes were observed at other sites, the distinctive 
distribution of dots between the vertex and base suggests the 
directional movement of the KF in the presence of dNTPs. In 
this context, the catalytic activity of the KF on ssDNA likely 
reduced binding at the base and increased binding at the 
vertex during a given period. Taken together, these data imply 
that the moving object was indeed the KF molecule, and its 
direction of movement was the same as that observed during 
DNA replication (i.e. from the 5' to the 3' end). It is worth 
noting that dots were also detected in the three corners of the 
DNA origami triangles (Fig. S3 (a1)), consistent with the 
presence of ssDNAs in these areas; this is characteristic of the 
triangular design of DNA origami.8a More importantly, the 
measured heights of DNA strands were ~0.8 nm for dots at the 
base in the absence of dNTPs and ~1.8 nm for dots at vertex in 
the presence of dNTPs (Fig. S4), which further supported 
formation of dsDNA by a functional KF after moving along the 
template DNA from the base to the vertex of the DNA origami. 

 

Figure 4. A Cy3-Cy5 FRET pair used for observation of DNA 
replication in a bulk system. (A) The FRET efficiency of Cy3-Cy5 
after addition of KF as a result of DNA replication. (B) The 
fluorescence intensity of Cy5 as a function of reaction time in 
the presence of KF.  
 
To confirm that dsDNA was produced due to replication of the 
template DNA of the DNA origami, we performed FRET 
experiments. In the absence of KF or in the presence of 
denatured KF, Cy3 emission was high, and Cy5 emission was 
low. In the presence of KF, there was a shift in the 
fluorescence ratio. Specifically, Cy5 fluorescence dramatically 
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increased, and this was accompanied by decreased Cy3 
fluorescence (Fig. 4A). The ratio of Cy3/Cy5 fluorescence was 
reduced ~200-fold. This shift in fluorescence emission 
suggested a high FRET effect of donor Cy3 and receptor Cy5, 
consistent with DNA replication events occurring on the 
template DNA. To capture the reaction process, a low 
concentration of KF (at a final concentration of 0.01-0.05 U/µL 
instead of 0.1 U/µL) was used to reduce replication speed. In 
the presence of KF, the fluorescence intensity of Cy5 increased 
gradually during the first 15 min before reaching a plateau at 
about 20 min (Fig. 4B). The change in fluorescence intensity as 
a function of reaction time suggested that C-G complementary 
pairs accumulated over time, revealing a dynamic process of 
DNA replication in bulk solution. Both fluorescence experiment 
results exhibited an effective FRET due to DNA replication on 
the template DNA of DNA origami.  

In summary, by combining AFM with DNA origami, we 

visualized the process of DNA replication through the 

movement of KF along an ssDNA template and the consequent 

generation of dsDNA. The DNA origami facilitated the fixation 

of ssDNA to a surface, which provided a reasonable interface 

environment for KF enzyme activity and afforded a 

well-balanced platform for studying the behaviours of single 

molecules in real-time. This approach is highly suited to 

investigation of DNA-protein interactions at the 

single-molecule level. 
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