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ABSTRACT: The importance of DNA sequencing in the life sciences and
personalized medicine is continually increasing. Single-molecule sequencing
methods have been developed to analyze DNA directly without the need for
amplification. Here, we present a new approach to sequencing single DNA
molecules using atomic force microscopy (AFM). In our approach, four surface-
conjugated nucleotides were examined sequentially with a DNA polymerase-
immobilized AFM tip. By observing the specific rupture events upon examination
of a matching nucleotide, we could determine the template base bound in the
polymerase’s active site. The subsequent incorporation of the complementary

base in solution enabled the next base to be read. Additionally, we observed that
the DNA polymerase could incorporate the surface-conjugated dGTP when the applied force was controlled by employing the

force-clamp mode.

B INTRODUCTION

DNA carries the crucial information on living systems via four
bases, and DNA base mutations can cause diseases and
modified responses to drugs.' Thus, efficient DNA sequencing
promises personalized diagnosis and treatment, and so-called
next-generation technologies have been developed for rapid
and affordable sequencing.”® These technologies are based on
massively parallel analysis of fragmented DNA using enzymatic
reactions coupled with optical detection. Recently, the use of
ion-sensitive field effect transistors for detection was reported.*
These tools have enabled rapid sequencing with high
throughput but require amplification steps that may generate
sequencing artifacts.

As an alternative to current next-generation technologies,
single-molecule sequencing methods have received much
attention from academia and industry.’> These methods can
be classified into two categories: sequencing-by-synthesis (SBS)
and direct sequencing. For SBS, sequencing at the intrinsic
speed of a DNA polymerase (DNAP) has been realized by
monitoring the fluorescence of incorporated bases or the base-
specific conductance change of the DNAP.®” Most direct
sequencing methods exploit electrical measurements. With the
use of membrane-embedded or solid-state nanopores, base-
specific current blockage is measured as a DNA molecule passes
through the pore.*” Scanning tunnelling microscopy was used
to recognize guanines along an extended single-stranded DNA
and to discriminate cytosine from adenine in an oligonucleotide
using a functionalized probe.'®'! Both approaches boast the
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advantages of faster sequencing with a minute amount of
sample and of not requiring amplification steps. However, low
signal-to-noise ratio, signal overlap among the four DNA bases,
and photobleaching are issues with these methods that must be
addressed. Recently, reports have indicated that force
manipulation tools, such as optical tweezers and magnetic
tweezers, may be able to address these difficulties.'>"?

AFM is a force manipulation tool that has been used to
observe molecular interactions at the single-molecule level,
manipulate single molecules, and map the distribution of
biomolecules at the nanometer resolution.'* >° There have
been several attempts to use AFM as a sequencing tool. In
1991, AFM-based sequencing was suggested, but the resolution
of this method was not high enough to discern each base.”!
Therefore, an indirect method of using streptavidin- or
fluorophore-labeled complementary oligonucleotides was pro-
posed, and the presence and location of target sequences could
be observed in the AFM image.”* More recently, a molecular
ring was devised to move along a single-stranded DNA, and the
friction force on the ring was measured. However, discriminat-
ing bases according to the differences in friction force was not
possible with the employed pulling speed of AFM.>* Recently,
tip-enhanced Raman spectroscopy was used to sequence a
single RNA cytosine homopolymer.**
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Figure 1. Force-based DNA sequencing using AFM. In this schematic, the base in the active site of the DNAP on the AFM tip is cytosine. (a)
Schematic of the recognition step. When the DNAP on the AFM tip (blue cones represent the dendron molecules, which coat the AFM tip) captures
a primer-template DNA, retraction of the AFM tip results in a rupture curve. When the approach/retraction of the tip is repeated on four ANTP
spots, specific rupture curves are expected to be predominantly observed on the matching INTP (dGTP) spot. The force—distance curves in this
schematic are from the experimental data. (b) Schematic of in-solution incorporation. When the AFM tip is immersed in a dGTP solution, a dGTP
will fit in the active site of the DNAP/DNA and will be incorporated at the 3'-end of the primer. (c) Schematic of on-chip incorporation. When the
AFM tip is brought to a dGTP that is immobilized on the surface and kept in contact for a certain time, that dGTP can be incorporated into the
primer. In both cases, the DNAP on the AFM tip is ready to recognize the next complementary base after incorporation.

Here, we present a new DNA sequencing method based on
AFM force spectroscopy. The specific base bound in the active
site of a DNAP can be recognized by AFM. The recognized
base is then incorporated into the primer by dipping the AFM
tip into a solution of the corresponding deoxyribonucleoside
triphosphate (dNTP), and the two-step process is repeated to
read the sequence. The incorporation of dNTPs immobilized
on surfaces was also investigated, and the incorporation of
dGTP with an intriguing dependence of DNAP activity on the
applied force was observed.

B RESULTS

Recognition and Incorporation as the Key Steps. We
designed a DNA sequencing method based on AFM force
spectroscopy (Figure 1). In this approach, four dNTPs (dATP,
dTTP, dGTP, and dCTP) are immobilized on separate regions
on a glass slide. A DNAP is conjugated to an AFM tip, and the
DNAP is allowed to capture a primer-template DNA. The tip
then approaches a ANTP spot and measures the interaction
between the DNAP and the dNTP. If the dNTP under
examination is complementary to the template base that resides
in the active site of DNAP, the NTP will fit into the site to
form a ternary complex,25 and a specific rupture event is
expected to occur upon tip retraction. If the dNTP is not
complementary to the template base, a specific rupture event
will not be observed. By the sequential examination of all four
dNTP spots, the matching dNTP can be identified (Figure 1a).
Then, to enable the next template base to be read, the identified
dNTP must be incorporated into the primer. This ANTP can
be incorporated by placing the tip into a solution of the
dissolved dNTP or preferably by allowing the tip to remain on
the spot containing the immobilized NTP for a certain time
(Figure 1b,c). By cycling between specific recognition and
incorporation, the sequence of the template DNA can be
elucidated.

There were several issues to consider prior to the realization
of this sequencing technique. First, dNTPs should be
immobilized onto surfaces in an orientation-controlled manner,
and immobilized dNTPs should be flexible enough to enable
facile interactions with the DNAP/DNA complex. Second, the
DNAP used should be able to discriminate matching dNTPs
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from nonmatching ones so that the correct base can be read by
AFM. Third, the DNAP must lack any undesirable nuclease
activity. Fourth, if the direct incorporation of dNTPs from the
glass slide spots is the goal, the DNAP should be able to
incorporate immobilized dNTPs. Fifth, it is necessary to
conjugate the DNAP onto the AFM tip appropriately so that
multiple interactions (e.g, interactions between two poly-
merases and dNTPs) are minimized.

We used y-phosphate-biotin-labeled dNTPs in our experi-
ments. These dNTPs can be easily immobilized onto a
streptavidin surface, and a proper linker was placed between
the biotin and phosphate to ensure flexibility (Figure S1).
Because p-phosphate-labeled dNTPs are generally poor
substrates for RNAPs and DNAPs*® we tested several
DNAP:s for their activities on these AINTP analogs. We selected
Therminator y DNAP because it can incorporate y-phosphate-
biotin dNTPs at the fastest rate at room temperature (Figure
S2a). Additionally, Therminator y DNAP lacks endo- and
exonuclease activities, which complicate the sequencing
process. Furthermore, we confirmed that the polymerization
activity of Therminator y DNAP was retained even when
immobilized on a solid surface (Figure S2b).

Identification of Matching dNTPs. We explored the
capability of the DNAP-immobilized AFM tip to specifically
recognize matching dNTPs by examining four INTP spots in a
solution containing primer-template DNA (20 nM) (Figure 2).
A DNAP-immobilized AFM tip in force-mapping mode was
sequentially advanced toward and retracted from four dNTP
spots (five cycles per pixel, 10 X 10 pixels). The approach/
retraction speed was kept constant at 0.50 um s™', providing
approximately 20 ms contact time. The base of the template
DNA in the active site was cytosine, and rupture curves with
nonlinear stretching were observed predominantly on the
dGTP spot, as clearly shown in the two-dimensional maps
(Figure 2a). The number of rupture curves observed for each
map was 12 (dATP), 15 (dTTP), 137 (dGTP), and 14
(dCTP). In addition, pixels on which more than one curve was
recorded were rare on nonmatching dNTP spots. The rupture
force and distance on the dGTP spot were 29 + 7 pN and 6.4
+ 1.9 nm (mean = s.d.), respectively, and the low probability of

dx.doi.org/10.1021/ja5063983 | J. Am. Chem. Soc. 2014, 136, 13754—13760



Journal of the American Chemical Society

Template (3' — 5):
AGTCACGGCGGGCACGAGTAGTATCATTGGCATGAAGAGTGTAGGTTATA

dATP dTTP dGTP dCTP
a = 100
80
| 60
| | 40
r i | 20
| 0
b (%)
- 30 29+7
520
3 10
1) IR E— L
0 2550 75 0 2550 75 O 25 50 75 0 25 50 75
Rupture force (pN)
C
60
= 411,
S 40 6 9
320
0 AL L
0 81624 0 8 1624 0 8 1624 0 8 16 24

Rupture distance (nm)

Figure 2. Specific recognition of matching dNTP for a template DNA.
The sequence of the template DNA (S0-mer) is shown at the top, and
the sequence in blue is the primer-binding region (20-mer). The base
in the active site is cytosine. (a) Representative force maps on four
dNTP spots. The detection probability of specific rupture events on
each pixel is indicated by the color scale (10 X 10 pixels, 1.0 X 1.0
um?). (b) Rupture force histograms. (c) Rupture distance histograms.
(b, ) The most probable rupture force and distance (mean + s.d. of
Gaussian fit) on the dGTP (matching) spot.

observing curves on the nonmatching spots was evident (Figure
2b,c).

We further investigated the specific recognition of matching
dNTPs with the other three template DNAs, which resulted in
guanine, thymine, and adenine bases at the active site (Figures
S3 and S4). In all cases, we observed the same phenomenon:
specific rupture curves were predominantly observed for the
matching dNTP.

When we collected the data from five scans (five maps for the
matching ANTP and 15 maps for the nonmatching spots), the
mean probabilities of observing specific rupture events for
matching and nonmatching dNTPs were 22—28% and 1.5—
2.8%, respectively (Figures SS and S6). The most probable
rupture forces and distances on the matching ANTPs were 26—
32 pN and 5.5—6.3 nm, respectively, and these values are larger
than those observed for nonmatching dNTPs. The observed
force was within the known range for the protein—ligand pairs,
but it was larger than the expected value for single base-
pairing.”” Furthermore, a noticeable difference in rupture force
was not observed between the matched base pairs (C-G and A-
T). This observation likely occurs because the DNAP forms a
ternary complex with a target DNA and a dNTP,* and the
rupture force originates from base pair disruption in addition to
disruption of the interactions between the phosphate group and
the amino acids in the pocket. The distance was reasonable
considering the dimensions of the DNAP, the spacer, and

streptavidin, and their stretching without protein unfolding
under the rupture force (approximately 30 pN). Thus, in this
experimental scheme, the probability of observing a specific
curve is an effective criterion with which to determine the base
that matches the base bound in the polymerase’s active site.

Co-Immobilization of DNAP/DNA for Continuous
Sequencing. To read the sequence of a single DNA using
this approach, another important parameter is the processivity
of the polymerase. Although Therminator y DNAP is capable of
incorporating the dNTP analogs used in this study, its
processivity is low (<20 nt).*® With the limited processivity,
the DNAP/DNA complex is kinetically labile, and the
dissociation of the complex is even faster in the absence of a
matching ANTP in the active site.?? Therefore, DNAP will
associate with a new primer-template DNA after dissociating
from the current DNA template. Such frequent association and
dissociation can lead to serious problems.

Our study showed that increasing the concentrations of
glycerol and Mg(II) did not sufficiently increase the
processivity of Therminator y DNAP. Employing processivity-
enhanced polymerases is an option,”****! but a loss of DNA is
still a possibility, especially when extended times (approx-
imately 10 min per map) are taken to complete the sequencing.

To address this issue, we covalently immobilized both the
primer DNA and the polymerase onto the AFM tip (Figure 3).
In this scheme, the released primer-template can be recaptured
by DNAP, enabling continuous sequencing. For DNA
immobilization, we used a primer DNA with a §' primary
amine label with a 20 thymine spacer. To efficiently immobilize
the primer and DNAP adjacent to each other on an AFM tip,
we incubated the primer-template DNA and DNAP at
equimolar concentration (1.0 M) to form a complex prior
to conjugation to the AFM tip. The validity of this approach
was confirmed by examining the specific force curves of these
tips (Figure S7). We found that 20% of the tips (2 out of 10
tips) worked properly. Possible reasons for the low yield
include the following: (1) the orientation of the DNAP was not
controlled; therefore, the active site of DNAP might not have
been accessible to the surface-conjugated dNTPs; (2) the
primer and DNAP were immobilized at a non-optimal position
on the AFM tip; and (3) the primer was immobilized at a
position that was not adjacent to the DNAP, potentially
hindering efficient reassociation. Despite the low yield, this
study confirmed that co-immobilization of primer and DNAP
enables the use of a distributive polymerase. To improve yields,
further optimization of the preparation conditions is needed.

Repeated On-Chip Recognition and In-Solution
Incorporation. We performed continuous sequencing with
the co-immobilized DNAP/DNA AFM tip in a solution in
which the primer-template DNA was not supplemented. For
the co-immobilized DNAP/DNA tip, the probabilities of
observing specific rupture curves for matching and non-

DNAP/DNA
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Figure 3. Co-immobilization of a DNAP and a primer on an AFM tip. The primer was labeled with a primary amine at the 5’-end with a T20 spacer
for covalent immobilization. A DNAP and a primer-template DNA were first allowed to form a complex. Subsequently, an AFM tip was immersed in
a solution containing the complex, resulting in immobilization of the DNAP and primer adjacent to each other.
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matching ANTPs were 23—24% and 2.6—3.1%, respectively
(Figures S8 and S9). The most probable rupture force was 26—
30 pN for the matching dNTPs. The rupture probability and
force observed here were similar to values observed for the
DNAP-immobilized tip, whereas the rupture distance (4.4—4.6
nm) was shorter and the distance variation among tips was
higher for the co-immobilized DNAP/DNA tip. We speculate
that the overall reduction and relatively large variation in
rupture distance are associated with variations in the polymer-
ase immobilization site on the tip.

For a template DNA with cytosine as the first base, we
observed specific rupture events mainly on the dGTP spot
(Figure 4). To incorporate dGTP, the AFM tip was detached
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Figure 4. Reading a single DNA sequence by repeating on-chip
recognition and in-solution incorporation. (a) The bases of the
template DNA in the active site of the DNAP/DNA complex are
shown at the tops of the columns. Four maps per column were
recorded by successive force-mapping on the four dNTP spots. After
the identification of the matching ANTP by comparing detection
probability, the AFM tip was immersed in the matching dNTP
solution for incorporation. Completion of incorporation was
confirmed by the specific recognition of the next base. Consecutive
adenines (the fifth and sixth bases) were read as a single adenine due
to the simultaneous incorporation of two thymines. (b) Number of
specific rupture events observed at each recognition step. The
numbers of specific rupture events were noticeably higher for
matching dNTPs than for nonmatching dNTPs.

from a tip holder and immersed into a separate chamber filled
with a solution of dGTP (1.0 mM) at 25 °C for S min. The
successful incorporation of dGTP was verified by the
disappearance of specific rupture events on the dGTP spot
and the increased detection of rupture events on the dTTP
spot; thymine was complementary to the next base of the
template DNA. Sequential sequencing could be performed for
subsequent bases.

Notably, we repeatedly observed the specific rupture force
within the entire region of a map. If surface-immobilized ANTP
analogs were incorporated into the complementary strand
during the measurement, the rupture event should disappear.
These data indicate that matching dNTPs were not
incorporated into the complementary strand under the current
conditions.

Two consecutive adenines (fifth and sixth bases) were read
as a single adenine because two thymines were incorporated
during a single immersion in the dTTP solution. To avoid this
problem, we identified a condition that allows Therminator y
DNAP to only incorporate one dT'TP at a time, even when two

sequential adenines are present in the template. Gel electro-
phoresis showed that one dTTP, but not two, was incorporated
by the DNAP in a 10 uM dTTP solution at 25 °C for 1.0 min.
Under these conditions with the co-immobilized DNAP/DNA
tip, we could incorporate the first thymine and recognize the
second thymine (Figure S10). These results suggest that
sequencing a template DNA with homopolymeric regions
would be feasible if optimized conditions are used to limit
incorporation to single bases.

We failed to read any bases after the seventh base (G)
(Figure 4), and the process was commonly terminated after
incorporating a few bases (approximately five), as indicated by
the disappearance of specific rupture curves at all four ANTP
spots. Possible causes of termination are (1) physical damage to
the AFM tip (2000 measurements per base); (2) damage or
contamination of the DNAP (it took approximately 1 h to read
a base and incorporate the matching base); and (3) limited
elasticity of the primer conjugated onto the AFM tip. As the
primer DNA is extended via dNTP incorporation, the spacer
connecting the AFM tip and the primer should be flexible and
lengthy to allow the primer to be effectively extended.

To understand the causes of termination, we decreased the
potential for tip damage by decreasing the number of
measurements per map from 500 to 75 (three measurements
per pixel, 5 X S pixels, 1.0 X 1.0 yum?) (Figure S11). With this
change, the numbers of specific curves on the matching and
nonmatching dNTP spots were 15 2 (20 +2%) and 3 + 1 (4
+ 2%) (mean # s.d.), respectively. Under the latter force-
mapping condition, we could read up to the 11th base (G) (the
adenines in the fifth and sixth position were read as a single
adenine), while complementary bases were incorporated using
a 1.0 mM dNTP solution for 1.0 min. Because the number of
measurements was only 3000, the limited stretching length of
the immobilized primer should be the main cause of
termination.

We demonstrate that the two-step process followed by AFM
can read individual bases at the single-DNA level. The use of an
optimized linker for the primer and a microfluidic cell that
supplies a recognized dNTP to the AFM probe will make this
single DNA sequencing approach more applicable.

On-Chip Incorporation of dNTP. Whereas the use of a
microfluidic cell will make the two-step process convenient,
direct incorporation of dNTPs immobilized on a surface will
render the approach more efficient. To examine DNAP activity
on surface-immobilized dNTPs, we investigated the incorpo-
ration of streptavidin-bound y-phosphate-dNTP-biotin by
Therminator y DNAP in solution. Only the dGTP analog
was incorporated at a rate of approximately 0.1 nt s7L; the other
dNTP analogs were not incorporated within 30 min. The bulky
pendant at the y position likely deterred dNTP incorporation;
thus, dGTP was a good candidate with which to test on-chip
incorporation.

The incorporation of a nucleotide (phosphodiester bond
formation) is preceded by a conformational change in the
DNAP.>* Therefore, we employed the force-clamp mode to
control the mechanical stress applied to the enzyme upon
contact with surface-tethered dNTPs. In force-clamp mode, the
distance between the AFM tip and a surface is controlled by
force-feedback to keep the applied force constant.'

After measuring the specific curves at a spot containing
tethered dGTP, we brought the AFM tip to a pixel where the
specific rupture curves were observed persistently and switched
to force-clamp mode (Figure Sa). In this mode, the tip was
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Figure S. On-chip incorporation of surface-conjugated dGTP. The
corresponding sequences of the template and primer DNA are shown
to the left of each row. (a) After the identification of the matching
dNTP, the AFM tip was brought to a ANTP on the matching ANTP
spot and allowed to contact the surface-conjugated dNTP using force-
clamping. After force-clamping, the matching dNTP spot was
rescanned. When the incorporation was successful (in the case of
dGTP (first row)), rupture events on the dGTP spot were rarely
observed compared to the prior scanning. When incorporation was not
successful (dTTP (second row), dATP (third row), and dCTP (fourth
row)), rupture events were persistently observed. (b) Applied-force-
dependent incorporation of surface-conjugated dGTP. Incorporation
did not occur under compressing (—20 and —10 pN) or stretching (10
and 20 pN) force-clamp conditions, succeeding only at 0 pN.

moved to the contact point and kept in contact with dGTP
while the vertical force was maintained at 0 pN for 10 s and
then lifted (Figure S12). The clamping process was repeated 10
times (total contact time of 100 s) to allow the DNAP to
interact with dGTP at various orientations. After this process,
the probability of observing a specific rupture curve was
reduced dramatically. Incorporation was confirmed by observ-
ing the specific recognition of the next base in the sequence
(A). However, the dTTP was not incorporated under these
conditions, as the specific recognition of dTTP was persistent.
Additionally, no incorporation of dATP or dCTP was observed,
as expected. The incorporation of tethered dGTP but no other
dNTPs accorded with the facile incorporation of hindered
dGTP in the solution phase.

To understand the effect of applied force on the
incorporation activity of the tip-attached DNAP, the incorpo-
ration of surface-conjugated dGTP was examined under various
clamping forces (Figure Sb). Interestingly, incorporation was
not observed under compressing conditions (—20 and —10
pN) or stretching conditions (10 and 20 pN). After a
compressing or stretching force was applied for 100 s (10 s
X 10 times), specific interaction with dGTP was observed
repeatedly. dGTP incorporation was only successful when the
applied force was zero; incorporation was confirmed by the
disappearance of dGTP recognition and the recognition of
dTTP for the next base (A). This force dependence should be
taken into consideration when similar approaches are explored
and may serve as a useful factor with which to control DNAP
reactivity.

B DISCUSSION

Here, we established an AFM-based single DNA sequencing
method that can be classified as SBS. In conventional SBS
platforms, the detection of signals from an incorporated base is
followed by the identification of the base from which the signal
originated. In contrast, in our approach, the matching base is
recognized by observing a specific interaction on a correspond-
ing ANTP spot prior to incorporation. We did not observe any
error in the recognition step (substitution error) with the
DNAP/DNA tip for at least four independent scans. Although
the deletion error occurred for homopolymeric adenines when
using a high dTTP concentration, this problem can be avoided
by optimizing the incorporation conditions, as demonstrated in
our study, or by using dNTP analogs that are tagged with a
reversible terminator.” Because the commercially available high-
throughput sequencing platforms were reported to have
approximately 0.5% insertion/deletion errors and a 0.1%
substitution error’> and the error from the single read with
the single-molecule sequencing technique was reported to be
above 10%,° the high accuracy of our approach is certainly
advantageous.

For the co-immobilized DNAP/primer tip, template DNA
can be washed out at high temperatures (Therminator y DNAP
is active at 75 °C), and another DNA molecule can be captured
for sequencing. Accordingly, DNAs from various samples can
be sequenced with a single tip as long as the tip remains
mechanically intact. Although a co-immobilization scheme
solved the processivity issue, this scheme led to limited read
length and a low yield of functional tips. For longer read
lengths, the length of the spacer and primer should be
judiciously designed. Because the tip remained intact for up to
1.2 X 10* measurements, reduced numbers of measurements at
each pixel (as in Figure S11) are expected to allow read lengths
up to 40 bases if an appropriate linker for the primer is used.
Ultimately, the use of a DNAP that has been modified for
exceptional processivity and oriented immobilization will
simplify tip preparation.*®

To reduce the analysis time, force-mapping parameters such
as speed and the number of measurements and pixels can be
optimized. In addition, fast AFM machines such as TREC and
high-speed AFM can be employed to reduce the scan time.**>°
An additional advantage is decreased tip damage due to
reduced physical contact. The use of a microfluidic cell that
supplies a recognized ANTP to the AFM probe will eliminate
the laborious steps of removing the probe from the AFM,
dipping it into the solution and returning it to the instrument.
Additionally, on-chip incorporation would allow for more
efficient analysis as well as miniaturization. To achieve on-chip
incorporation, nucleotides with tetra- or penta-phosphates>®*’
and activity-enhanced DNAP should be examined; however,
these modifications may result in the incorporation of the
matching NTP during the contact time of the force-mapping.
Controlling the contact time and applied force in the force-
mapping may prevent unwanted dNTP incorporation.

In addition, we found that Therminator y DNAP reactivity
was impaired under mechanical stress. However, in some cases,
enhanced enzymatic activity has been reported when a
mechanical force was applied.*® Thus, it might be possible to
develop a DNAP that has enhanced activity at a specific force
range for controlled dNTP incorporation on chips.

This method is expected to be suitable for targeted gene
sequencing at the single-DNA level without the need for
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labeling, if the tip preparation method, force-mapping
parameters, and incorporation condition are optimized for
the enhanced yield, speed, and read length. Furthermore, direct
sequencing of RNA may be possible if reverse transcriptase is
used in place of DNAP.

B EXPERIMENTAL SECTION

Oligonucleotides and dNTP Analogs. The oligonucleotides that
were used as primers and templates were custom synthesized (Bioneer,
Korea) (Table S1). The melting temperature of the primer/DNA was
reported as 49 °C by the manufacturer. We designed a template DNA
(50-mer) to have a common primer-binding region (20-mer) 10 bp
away from the 3’ end.

Four dNTP analogs (y-[6-aminohexyl]-ANTP-biotin) were custom
synthesized (Jena Bioscience, purity >95% (HPLC)) (Figure S1).

Preparation of dNTP-Immobilized Slides. Four spots on an
NSB9 amine glass slide (NSB POSTECH Inc.) were reacted with 34
mM NHS-PEG4-biotin (Thermo Scientific) in PBS for 2.0 h. The
biotinylated slide was washed with PBST, rinsed with deionized water,
and dried under vacuum (30—40 mTorr). We incubated a streptavidin
solution (Sigma-Aldrich) (1.0 mM in PBS) on the biotinylated spots at
room temperature for 1.0 h. We washed away any excess streptavidin
with PBST and rinsed the slide with deionized water. We spotted each
of four y-phosphate biotin-labeled dNTPs (500 uM in PBS) onto
separate regions of the streptavidin surface, and the dNTP analogs
were immobilized at room temperature for 1.0 h. Unbound dNTP
analogs were washed away with PBST, and the slide was rinsed with
deionized water, spin-dried (1000g, 100 s), and stored in PBS at 4 °C
until its usage.

Immobilization of the DNAP or the DNAP/Primer on AFM
Tips. We coated AFM tips (DPN Probe Type B, Nanolnk) with 27-
acid dendrons as previously described.*” Briefly, silicon nitride probes
were oxidized in 10% nitric acid solution at 80 °C for 20 min. For
silanization, the probes were placed in a toluene solution containing N-
(3-(triethoxysilyl)-propyl)-O-poly(ethylene oxide) urethane (Gelest)
(1% (v/v)) for 4 h. The silanized probes were immersed in a
methylene chloride solution containing 27-acid dendron (dissolved in
a minimal amount of dimethylformamide, final conc. 1.0 mM), 1,3-
dicyclohexylcarbodiimide (27 mM), and 4-dimethylaminopyridine
(090 mM) for 12 h. Subsequently, the protecting groups at the
apexes of immobilized dendrons were removed with trifluoroacetic
acid, exposing amine groups. Then, the probes were reacted with
disuccinimidyl carbonate (25 mM in acetonitrile) to generate N-
hydroxysuccinimide groups at the apexes of the dendrons.

We dialyzed Therminator y DNAP against sodium bicarbonate
buffer (25 mM Na,HCO;, S mM MgClL, pH 8.5) using a D-tube
Dialyzer Mini (MWCO 6—8 kDa, Novagen). We then immersed
NHS-modified AFM tips in the dialyzed DNAP solution (2.0 4uM) at
room temperature for 2.0 h and washed them with PBST followed by
Therminator y DNAP reaction buffer (20 mM Tris-HCI, 50 mM KClI,
5.0 mM MgSO,, 0.02% IGEPAL CA-630 (v/v), pH 9.2).

To co-immobilize DNAP and primer on an AFM tip, we formed a
DNAP/DNA complex prior to the conjugation on the tip. First, we
added template and 5’ amine-labeled primer DNA (each 10 uM) to
sodium bicarbonate buffer, incubated the solution at 95 °C for 3.0 min,
and cooled the solution slowly to room temperature. We mixed the
annealed dsDNA and the dialyzed polymerase solution (final
concentration 1.0 yM each) and incubated the mixture at room
temperature for 1.0 h to form the complex. Then, NHS-modified AFM
tips were immersed in the solution at room temperature for 2.0 h and
washed as above. The prepared AFM tips were used immediately.

AFM Force Spectroscopy and Data Analysis. AFM force-
mapping and force-clamping were carried out using a ForceRobot 300
(JPK Instruments) equipped with an antivibration table (Halcyonics
Micro 40, Accurion) and an isolation chamber (Herzan). After sample
mounting, we waited 30 min for system stabilization and temperature
equilibration. The AFM cantilever (DPN Probe Type B-1b, Nanolnk)
was calibrated with a built-in program based on the thermal fluctuation
method (spring constant 0.011—0.022 N-m™).

With the DNAP-immobilized tip, we performed force-mapping in
Therminator y DNAP reaction buffer containing primer-template
DNA (20 nM). We recorded force maps (10 X 10 pixels, 1.0 X 1.0
um?®) on the four dNTP spots sequentially by collecting five force—
distance curves on each pixel with a constant approach and retraction
speed (0.50 um s™'). The maximum applied force was set as 50—100
pN to minimize mechanical damage to the AFM tip. The slope of each
force—distance curve was analyzed, and the curves that showed the
bond rupture with a nonlinear stretching profile were used for further
analysis. The value of the peak for rupture was taken to measure the
rupture force value. The most probable values on the force and
distance histograms were calculated by Gaussian fitting (OriginPro 8).

With the co-immobilized DNAP/DNA tip, we performed force-
mapping in Therminator y DNAP reaction buffer that was not
supplemented with primer-template DNA. The force-mapping
parameters were same as the case of the DNAP-immobilized tip if
not otherwise stated.

In-Solution Incorporation of Matching dNTPs. To incorporate
the identified dNTP, we detached the cantilever from the AFM
cantilever holder and immersed it in polymerase reaction buffer
containing the matching INTP (1.0 mM) at 25 °C for 5.0 min (if not
stated otherwise). Then, the cantilever was washed thoroughly with
reaction buffer without dNTP. We returned the cantilever back to the
AFM setup and waited 15 min for system stabilization prior to
subsequent force-mapping.

On-Chip Incorporation of Matching dNTPs. For the direct
incorporation of the identified ANTP from the chip surface, we
scanned the matching ANTP spot to find a pixel on which specific
rupture curves were consistently observed. Bringing the DNAP/DNA-
immobilized tip to the pixel ensured the accessibility of the matching
dNTP to the DNAP active site. Then, we switched to force-clamp
mode. In this mode, the AFM tip was programmed to approach the
spot, retract until the repulsive force decreased to zero (0 pN), and
maintain a zero force for 10 s. The approach and retraction speed was
kept at 0.50 um s~', and the data sampling rate of 1000 Hz was used.
We repeated the force-clamping process 10 times at a fixed lateral
position to increase the probability of incorporating a surface-
conjugated dNTP.

To study the effect of the applied force on the incorporation activity
of Therminator y DNAP for surface-immobilized dGTP, we attempted
on-chip incorporation under various clamping forces (—20, —10, 10,
20, and 0 pN (sequentially); negative and positive forces indicate
compressing and stretching forces, respectively). After dGTP
recognition, we performed force-clamping at —20 pN as described
above. Subsequently, we recorded a force map on the dGTP spot to
verify the success of incorporation. Upon persistent observation of
rupture events on the spot, we repeated this step with different
clamping forces.
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