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ABSTRACT: Catalytic elongation of dextran by a single
molecule of dextransucrase (DSase) was directly monitored
by observing the movements of the positions of a rupture
peak, which represented the adhesive force between an
isomaltoheptaose (dextran 7-mer)-immobilized probe and
a DSase-immobilized mica surface. This was initiated with
the addition of sucrose monomers. From the histograms of
the rupture peaks after elongation reactions on each in-
dividual enzyme and the continuous peak shift of certain
single enzymes, the catalytic elongation rate constant (kcat)
was ascertained to be 1.2�2.7 s�1.

Biorecognition between a ligand and a receptor is a significant
event in various biological phenomena.1 Directmeasurement of

the intermolecular forces between biomolecules using atomic force
spectroscopies, optical tweezers, and magnetic beads has been
explored and applied to the characterization of the dynamic
response of an individual ligand and receptor complex to external
forces.2 In the past decade, single-molecule force spectroscopies
have been used to analyze the energy landscape of the interaction
between ligands and receptors.3 From the attractive and repulsive
forces of atomic force spectroscopy (AFM), adhesive strength and
bond distances can be directly observed at a single-molecule level by
immobilizing a receptor on a substrate and a ligand on a probe.4

Single rupture forces were measured as 150 pN for the strong
interaction between streptavidin and biotin4 and 50 pN for the weak
interaction between concanavalin A andmannose ligand.5However,
there have been very few reports on the observation of dynamic
catalytic reactions of enzymes by force-curve measurements.
There have been only a few studies in which the static interac-
tion between enzymes and substrates was observed by surface force
measurements.7�9

In this communication, we report the observation and dy-
namic kinetic analysis of dextran elongation catalyzed by dex-
transucrase (DSase) using single-molecule force spectroscopy.
DSase (sucrose:1,6-R-D-glucan-6-R-D-glucosyltransferase [EC
2.4.1.5]) is a glucosyltransferase that catalyzes the transfer of a
D-glucose unit in sucrose to a D-glucose at the nonreducing end of
a dextran acceptor (Figure 1A).10 We directly observed the
elongation process from the shifts of rupture peaks between
the isomaltoheptaose (dextran 7-mer)-immobilized probe and
the DSase-immobilized mica surface in the presence of sucrose as
a monomer (Figure 1B).

The DSase-immobilized mica surface and the isomaltohep-
taose-immobilized Si3N4 probe with an eight-branched PEG40

linker were prepared as follows. The precise chemical structures
and the procedure are shown in Figure S1 in the Supporting
Information. A freshly cleaved mica surface and a Si3N4 probe
were first treated with aminopropyltriethoxysilane in the vapor
form. The amino-functionalized mica surface was reacted with
the eight-branched PEG40 linker [hexaglycerol octa(N-hydro-
xysuccinimidylglutaryl) poly(ethylene glycol), n ≈ 40, Mw =
15 000, NOF EUROPE (BELGIUM) NV] bearing eight acti-
vated N-hydroxysuccinimidyl esters at the terminal carboxyl
ends. DSase was immobilized through the amino groups on its
surface by the activated esters of the eight-branched PEG40

linker. The surface coverage was confirmed to be ∼10% by
AFM images (see Figure S2). Isomaltoheptaose was immobilized
through Schiff base formation between the reducing end of the
glucose unit and the amino group of O-[2-(aminoethoxy)eth-
yl]hydroxylamine. The other amino group was reacted with the
activated succinimidyl ester of the eight-branched PEG40 linker.

Figure 2A shows typical force�distance curves for both the
approach and release processes involving the DSase-immobilized
mica surface and the dextran primer-immobilized probe. During
the release process, the rupture was observed at a distance of
50 nm and a force of 80 pN because of the interaction between

Figure 1. Illustrations of (A) dextransucrase (DSase)-catalyzed sugar
elongation of dextran primer using sucrose as amonomer and (B) single-
molecule force-curve measurements of dextran elongation between a
DSase-immobilized mica surface and an isomaltoheptaose (dextran
7-mer)-immobilized probe using an eight-branched PEG40 linker
(precise chemical structures are shown in Figure S1).
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the DSase-immobilized mica surface and the dextran primer-
immobilized probe. Figure 2B shows the histograms of the
various rupture peaks, in which 24 hits were observed in
119 trials; most of the peaks were acquired within a distance of
50( 5 nm and at a force of 80( 5 pN. The single rupture force
(Frup) and dissociation constants (Kd) have been reported for the
interaction between streptavidin and biotin (Frup = 150 pN and
Kd = 10�15 M)5 and for the interaction between concanavalin A
andmannose (Frup = 50 pN andKd = 10

�6M) at a loading rate of
∼10 nN/s.6 We reported a Kd value of 10

�8 M for DSase and
oligodextran obtained using an isomaltoheptaose-immobilized
quartz-crystal microbalance (QCM) in an aqueous solution of
DSase.11 On the basis of the dissociation constant Kd = 10�8 M
for DSase and isomaltoheptaose determined by QCM, the
obtained Frup values of 80 ( 5 pN in this force spectroscopy
are reasonable for a single-molecule interaction.

We used single-molecule force spectroscopy to examine the
interaction betweenDSase and the dextran primer, allowing us to
observe the enzymatic elongation of dextran catalyzed by DSase
in the presence of sucrose monomers. Figure 2C,D shows that
the rupture peak shifted from 50 ( 5 to 110 ( 10 nm after 60 s
with the addition of 10 mM sucrose without any change in the
force, which was 85 ( 10 pN. This indicates the enzymatic
elongation of dextran. In Figure 2, the tip could contact some-
what different points. The histograms in Figure 2C reflect the

rupture force based on interaction between the different com-
plexes. The force curve did not shift in the control experiments,
where lactose was not recognized by DSase because a substrate
was added instead of sucrose (data not shown). When the
dextran polymer (200-mer) was immobilized on the probe
instead of the dextran 7-mer, the rupture force peak appeared
at 150 nm ((30 nm) and 100 pN instead of at 50 nm and 80 pN
(see Figure S3). Averages of the experimental extension length
for dextran 200-mer were slightly smaller than the calculated one
(180 nm) because the dextran polymer has a certain content of
dispersibility in the chain length or the possibility that the dextran
was stretched obliquely to the mica surface, as opposed to
perpendicularly in the case of the polymer. These control
experiments strongly suggest that the shift of the rupture force
peak was because of the enzymatic elongation.

It should be noted that DSase-catalyzed elongation (β-glyco-
sylation of the nonreducing end of the dextran oligomer) can
occur only when the enzyme binds to the dextran primer and
sucrose monomer during the contact time of the probe. We
selected a scan rate of 1Hz for the set point of 250 nm and a delay
time of 1 s in the force measurements. The contact time between
the enzyme and the substrate was calculated to be 1.1 s in one
cycle (see the Supporting Information). In Figure 2C,D, the
calculated actual reaction period during 78 hits in 232 trials is
shown to be 1.1 s � 78 hits = 86 s. Thus, dextran was elongated
by 60( 10 nm during 86 s [(60( 10)/86 = 0.7( 0.1 nm s�1]. If
the concentration of the sucrose monomer (10 mM) was
sufficient for its reaction with dextran, kcat can be estimated as
1.2 ( 0.1 s�1, considering that one glucose unit is 0.6 nm in
length. We reported that the same enzymatic elongation of
dextran can be monitored on the isomaltoheptaose-immobilized
QCM in the presence of DSase and sucrose in an aqueous
solution.11�13 By variation of the concentrations of DSase
(0.1�50 nM) and sucrose (1�10 mM), the Michaelis constant
for sucrose (Km) and the catalytic elongation rate constant (kcat)
were obtained as 3.4 mM and 3.5 s�1, respectively.11 These
results indicate that 10 mM sucrose was sufficient for DSase (Km

= 3.4 mM) and that the kcat value of 1.2( 0.1 s�1 obtained from
the AFM force measurement for a single-molecule reaction
is consistent with the value kcat = 3.5 s�1 obtained as the
average from the many enzyme reactions that occur on the
QCM plate.

In order to monitor real-time single-molecule enzyme reac-
tions, the force�distance curves were continuously measured
each second on a particular DSase molecule at the same point.
Figure 3A shows the typical continuous force�distance curves of
the isomaltoheptaose-immobilized probe on the DSase-immo-
bilized mica surface. It was clearly observed that the rupture force
peak shifted to the nanometer order for every few seconds of
contact time. A linear slope of 1.6 nm s�1 = 2.7 mer s�1 (kcat =
2.7 s�1) was obtained when the elongation distance was plotted
against contact time, as shown in Figure 3B. The kcat value of 2.7
s�1 obtained for a particular single enzyme was also consistent
with the value kcat = 1.2 ( 0.1 s�1 obtained by averaging the
values observed for several enzymes for a single-molecule reac-
tion. These values were also in good agreement with the value kcat
= 3.5 s�1 obtained as the average from the many enzyme
reactions on the QCM plate.

In conclusion, we were able to achieve kinetically a single-
molecule enzyme reaction as a dextran elongation using the
distance shift of the rupture peak for the dextran oligomer-
immobilized probe and the DSase-immobilized mica surface.

Figure 2. (A) Typical force�distance curves and (B) histograms of the
peaks of the rupture forces between the isomaltoheptaose-immobilized
probe and theDSase-immobilizedmica surface (24 hits were observed in
119 trials, and most of the peaks were acquired within a distance of 50(
5 nm and at a force of 80 ( 5 pN). (C) Typical force�distance curves
and (D) histograms of the peaks after 60 s upon addition to the system of
10 mM sucrose as a monomer (78 hits were observed in 232 trials, and
most of the peaks were acquired within a distance of 110( 10 nm and at
a force of 85 ( 10 pN). Buffer: 10 mM acetate, 150 mM NaCl. Z-scan
rate: 1 Hz. Spring constant: 0.02 N/m.
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This technique can also be applied to enzyme reactions on cell
surfaces.
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Figure 3. (A) Typical continuous force�distance curves of the elonga-
tion of dextran on a single molecule of DSase at each contact time in the
presence of 10mM sucrose as amonomer. (B) Relationship between the
contact time and the shift in the distance of the adhesive peak. Buffer:
10 mM acetate, 150 mM NaCl. Z-scan rate: 1 Hz. Spring constant:
0.02 N/m.


