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DNA: A Programmable
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Direct quantification of biomolecular interaction by single-molecule force spec-
troscopy has evolved into a powerful tool for materials and life sciences. We
introduce an approach in which the unbinding forces required to break inter-
molecular bonds are measured in a differential format by comparison with a
known reference bond (here, a short DNA duplex). In addition to a marked
increase in sensitivity and force resolution, which enabled us to resolve single–
base pairmismatches, this concept allows for highly specific parallel assays. This
option was exploited to overcome cross-reactions of antibodies in a protein
biochip application.

Within the past decade, a variety of experimen-
tal tools based on applying and measuring pi-
conewton forces between single molecules
have been developed and have contributed to a
better understanding of the mechanics of bio-
molecules and molecular bonds (1–4). Force
measurements reveal detailed insights into
binding-potential landscapes and into function-
al aspects of the molecules under investigation,
and as a result, force has become a new struc-
tural and functional parameter in materials and
life sciences. Receptor-ligand pairs (5–8), pro-
tein and nucleic acid structures (9–15), and
even covalent bonds (16) have been investigat-
ed, and it has become evident that biomolecular
processes are governed by piconewton forces.
However, two major bottlenecks have hindered
the widespread use of single-molecule mechan-
ics: sizable instrumental effort and limited force
resolution. To our knowledge, no single–base
pair mismatch detection by single-molecule
force measurements has been reported, despite
numerous efforts. The best resolution to date
has been 10 base pairs (bp), obtained by shear-
ing and unzipping short oligomers by atomic
force micoscopy (AFM) (17, 18).

In conventional single-molecule force
spectroscopy, inter- or intramolecular forces

are exerted and measured with microscopic
force sensors like AFM cantilevers or beads
in optical or magnetic traps (19, 20). With
state-of-the-art instrumentation, the force res-
olution is limited only by thermal fluctuations
that are detected by the force sensor. Argu-
ments based on the fluctuation-dissipation
theorem predict that a reduction of the sensor
size should improve the signal-to-noise ratio
(21). This has been verified in experimental
studies using a new generation of small AFM
cantilevers (22). The logical extrapolation is
to replace the cantilever by a single elastic
molecule. To increase the precision of the
assay even further, we chose a differential
measurement format, where rupture forces of
two molecular complexes are directly com-
pared with each other. This differential for-
mat offers several advantages. Because of the
high symmetry of the assay, most external
disturbances cancel out (23). In addition, for
most applications, a precise measure of the
difference is more valuable than two absolute
values with their respective error bars, such
as the ranking of binders or a single–base
pair mismatch detection in a DNA sequence.

In our setup (Fig. 1), the cantilever spring
was replaced by a polymeric anchor and a
known molecular bond (reference bond) car-
rying a fluorescence label. The molecular
bond under investigation was directly com-
pared to this reference bond, which served as
a molecular force standard. During separation
of the two surfaces, the polymeric anchor was
stretched, and the force acting along the mo-

lecular chain consisting of the sample and
labeled reference complex built up gradually,
until the weaker of the two bonds ruptured.
The difference in the stability of the two
bonds breaks the symmetry in this experi-
ment. As a result, there is a higher probability
that the fluorescence label will end up on the
side of the stronger bond rather than on the
side of the weaker bond. This process can be
seen as a 1-bit analog-to-digital conversion
broadened by thermal fluctuations (24).
Many single-molecule force measurements
can be performed simultaneously, using two
congruent chip surfaces and different spots
containing the molecules of interest. Count-
ing the labels on each side, for instance, by
single-molecule optics, provides a quantita-
tive measure for the differences between the
distributions of the bond rupture probabilities
of the two molecular complexes. It is equiv-
alent to measuring the fluorescence intensi-
ties, which are proportional to the densities of
the fluorescence labels (25). Although a large
number of molecules are probed simultaneous-
ly, the actual force measurement is still per-
formed at the single-molecule level, because
each sample bond is probed individually by a
single reference bond.

Figure 1B illustrates the setup schematical-
ly. The rupture forces of two DNA strands with
different hybridization lengths (a 20-bp duplex
and a 25-bp duplex) are directly compared.
Both oligonucleotides are bridged with a con-
jugated 65-base oligonucleotide, carrying a ter-
minal Cy5 fluorescent label. The resulting 20-
bp duplex is coupled to an activated glass sur-
face, and the 25-bp duplex to a soft polydi-
methylsiloxane (PDMS) stamp (26–28), both
by means of polyethylene glycol (PEG) spac-
ers. Figure 1C shows fluorescence images of
the glass surface containing the capture oligo-
nucleotide and the labeled sample oligonucleo-
tide before the two surfaces were brought into
contact and separated again, and both glass
(bottom) and PDMS (top) after the separation
of the two surfaces. Because the PDMS stamp
has a grid pattern of trenches to ease the water
flux at the surface during separation, the trans-
ferred labels form a checkerboard pattern on the
PDMS. No transfer occurred in the trenches, so
that here the initial label density was main-
tained on the glass surface, whereas in the
contact areas (squares), labels were transferred
from the glass to the PDMS side.
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A direct quantification of the fluorescent
label density is limited by the different optical
and chemical properties of the two surfaces—
glass chip and PDMS stamp—which influence
the quantum yield and the excitation efficiency
of the label. In addition, the coupling efficien-
cies to the two chip surfaces may differ. How-
ever, the symmetry of the experiment can be
restored by placing the two molecules of inter-

est on the same side of the assay and measuring
both against a common reference on the other
side (29). This is the format chosen for the
following experiments, where single–base pair
mismatches and different binding modes of
DNA were investigated. A quantitative analysis
of the experiment that is shown in Fig. 1 is
provided in fig. S1.

To investigate the force resolution of the
differential force test, we measured the reduc-
tion of the unbinding forces caused by a
single–base pair mismatch in a 20-bp DNA
duplex. Figure 2A illustrates the experimen-
tal setup and shows the superposition of the
histograms of fluorescence intensities, ob-
tained on the PDMS surface, after separating
the two chips. The main peaks of the two
histograms are clearly separated and are to a
good approximation of Gaussian shape, indi-
cating a homogeneous surface coverage with
statistical distribution of the bond-rupture
process. The spike (to the left) stems from the
trenches of the grid and reflects the fluores-
cence background. The mean fluorescence
intensities were determined by fitting Gauss-
ian distributions to the histogram peaks. The
ratio of these intensities, which directly rep-
resents the ratio of the bond-rupture proba-
bilities of mismatch to perfect match was
found to be 1.7. Because the half width of the
two peaks is less than one-third of the differ-
ence of the peak values, a quantitative single-

nucleotide polymorphism assay with high
precision is possible. The experiment was
conducted in a buffer solution containing 150
mM NaCl at room temperature. Under these
conditions, thermal off-rates are extremely
low (30), and discrimination between mis-
match and perfect match sequences is diffi-
cult to obtain in conventional equilibrium
binding assays (31, 32). This high thermal
stability ensures that in the force-based assay,
the data are not obscured by spontaneous
strand-separation events or differences in hy-
bridization efficiencies (33).

On conventional DNA chips, single–base
pair mismatches are detected by identifying
differences in the thermal off-rate or the equi-
librium constant. In both cases, stringent con-
ditions are established by reducing the salt
concentration (or alternatively increasing
temperature) such that the DNA duplexes to
be analyzed either dissociate at different time
scales or bind with distinguishable binding
ratios (34). Because both ionic strength and
temperature are global parameters, a delicate
compromise of these parameters has to be
chosen to establish satisfactory ambient con-
ditions for all the different spots on the chip.
These global boundary conditions impose se-
vere limitations on the sequences that can be
tested in parallel on the same chip and require
large numbers of additional control spots (35,
36). In contrast, in the differential force for-

Fig. 1. (A) Conventional, AFM-based single-
molecule force spectroscopy, in which the rup-
ture force required to break a molecular bond,
such as a DNA duplex (red), is measured with a
cantilever spring (blue). (B) The differential
force test, in which the rupture force of a
sample bond (red) is measured by comparing it
with a known reference bond (blue), which
serves as a molecular force standard. Upon
loading the chain of polymer spacers, sample
bond, and reference bond, the weaker bond has
a higher probability of rupturing than the stron-
ger one. Consequently, most of the probed
fluorescence labels (green) end up with the
stronger bond after separating the two surfac-
es. (C) (left) Cy5 fluorescence image of a spot
containing the molecular chains of polymer
spacers, sample, and reference duplexes before
connecting the biotinylated reference duplexes
to the second chip surface. (middle) Cy5
fluorescence image of both chip surfaces—
microstructured PDMS (top) and glass (bot-
tom)—after separating them again. (right)
PDMS surface at single-molecule resolution af-
ter separating the two surfaces. The image was
obtained by TIRF.

Fig. 2. (A) Histograms of a perfectly matching (PM) 20-bp DNA duplex (left) as compared with a
20-bp duplex that has a single–base pair mismatch (MM). Both duplexes were probed with a 20-bp
reference complex that is reverse to the perfectly matching 20-bp duplex. Both sample duplexes are
identical, except for a single base mutation (G 3 C) that was introduced at position 13 of the
capture oligonucleotide. (B) Histograms of identical 25-bp DNA duplexes in both shear (left) and
unzip geometry (right), both of which have been probed with an identical 25-bp duplex in unzip
geometry. I, mean fluorescence intensity; rD, discrimination ratio.
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mat, the stringency imposed by the reference
complex is a local boundary condition. Both
the sequence and the length of the reference
complex on the stamp may be chosen for
every sample spot on the chip accordingly,
allowing optimum force resolution and back-
ground discrimination for every spot. Ther-
modynamic stringency is global, whereas
mechanical stringency is local. The combina-
tion of maximum resolution and local strin-
gency is desirable for the precise quantifica-
tion of interactions.

Figure 2B highlights an additional and
unique feature of force-based assays: the dis-
crimination among energetically and kinetically
equivalent interactions. Both hybrids, the one in
shear geometry and the one in unzip geometry,
have identical sequences and, therefore, have
the same binding energy, as well as the same
thermal on-rates and off-rates. However, upon
forced dissociation, the complex in unzip ge-
ometry has a probability of rupturing that is
more than 15 times as high as that of the

complex in shear geometry, as can be derived
from the peak positions of the histograms in
Fig. 2B. This pronounced difference is consis-
tent with earlier measurements (13, 17, 37, 38)
in which unzipping forces of 14 pN and values
that were more than three times as high for the
shear geometry were measured under compara-
ble conditions (39).

The discrimination between different bind-
ing modes, as illustrated above, and the concept
of mechanical stringency offer striking advan-
tages when applied to the field of protein arrays.
In this field, it is crucial to discriminate between
specific and nonspecific interactions, and it is
difficult to define a common set of stringent

ambient conditions for many different proteins
(40, 41). Proteins typically interact with each
other specifically over well-defined binding
sites, whereas nonspecific interactions with oth-
er proteins and with surfaces occur over larger
surface areas (42). As shown in Fig. 2B, dis-
crimination between these two binding modes
can then be reliably achieved using a low-force
but high-affinity force sensor, such as a DNA
duplex in unzip conformation. Figure 3 shows
that the threshold force defined by such a DNA
duplex in unzipping geometry is well suited to
discriminate between specific and nonspecific
binding for a variety of antibody-antigen inter-
actions. At the same time, the affinity is high
enough to provide a stable anchor. The antibod-
ies can be safely “delivered” to their respective
antigens. In addition, if needed, other threshold
forces can easily be programmed into the DNA
reference complex by changing the base com-
position or the binding geometry.

The advantages of the force-based deliv-
ery of antibodies become more apparent
when applied to capture arrays based on a
sandwich format. In conventional sandwich
arrays, each detection antibody can interact
with all spots of the array. Therefore, each
analyte molecule that is bound to the array
can be decorated by detection antibodies,
even the ones that are bound nonspecifically
or because of cross-reactive capture antibod-
ies (43). Consequently, the nonspecific back-
ground and the number of false-positives
grow geometrically with the number of spots
on the chip, which severely limits the multi-
plexing capabilities of protein capture arrays
(44). The differential force assay allows for
the local application of specific detection an-
tibodies, and the second chip surface there-
fore provides for a second dimension of spe-
cific encoding (45). Figure 4 shows an exam-
ple of a cross-reactive capture antibody that is
specific for both human and murine interleu-
kin-5 (IL-5). In a conventional protein array,
discrimination between human and murine
antigens is not possible (Fig. 4A) with this
capture antibody, and the assay generates
false-positive results (46). In our assay, the
second chip surface (top surface) allows the
definition of two specific spots for the two
different antigens, even if the same cross-
reactive capture antibody is used in both
spots of the capture surface (bottom). Specif-
ic detection and reliable discrimination of
both antigens are now possible in a single
step. This illustrates the potential of our assay
to overcome a major bottleneck in the field of
protein biochips, namely, the lack of speci-
ficity caused by nonspecific interactions and
cross-reactions (47, 48).
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Glucokinase (GK) plays a key role in whole-body glucose homeostasis by
catalyzing the phosphorylation of glucose in cells that express this enzyme, such
as pancreatic � cells and hepatocytes.We describe a class of antidiabetic agents
that act as nonessential, mixed-type GK activators (GKAs) that increase the
glucose affinity and maximum velocity (Vmax) of GK. GKAs augment both
hepatic glucosemetabolism and glucose-induced insulin secretion from isolated
rodent pancreatic islets, consistent with the expression and function of GK in
both cell types. In several rodent models of type 2 diabetes mellitus, GKAs
lowered blood glucose levels, improved the results of glucose tolerance tests,
and increased hepatic glucose uptake. These findings may lead to the devel-
opment of new drug therapies for diabetes.

Glucose homeostasis is lost in type 2 diabetes
because of combined defects in both insulin
secretion and insulin action (1, 2). The char-
acterization of patients with abnormal glyce-
mic control due to either gain- or loss-of-
function mutations in GK has provided new
insights into the pathogenesis of type 2 dia-

betes. Loss-of-function mutations in the gene
encoding GK have been linked to maturity-
onset diabetes of the young type 2 (MODY2),
an autosomal dominant form of diabetes mel-
litus characterized by early onset and mild
chronic fasting hyperglycemia (3, 4).
MODY2 patients display impaired glucose
responsiveness of � cells, decreased net ac-
cumulation of glycogen, and increased hepat-
ic glucose production after meals (5, 6). The
GK mutations found in MODY2 patients re-
sult in decreased activity of this enzyme as a
result of reduction in its Vmax and/or reduced
affinity toward its substrates, glucose and
adenosine triphosphate (ATP) (7–11). In con-
trast, gain-of-function GK mutations, which
increase the catalytic activity of GK, cause
persistent hyperinsulinemic hypoglycemia of
infancy as a result of lowering the threshold
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