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The development of single-molecule force spectroscopy
(SMFS) techniques made it possible to probe the mechanical
strength of covalent and non-covalent bonds mediating many
interactions within biomolecular[1–4] and supramolecular sys-
tems.[5–8] Atomic force microscopy (AFM) measures the
rupture force and extension of non-covalent bonds in
interacting molecular systems, typically by attaching mole-
cules of interest to the AFM tip and substrate through
polymeric linkers such as poly(ethylene glycol) (PEG) that
are connected to target molecules through, for example, thiol
or amine coupling reactions.[4, 8] However, the chemical
complexity of proteins, which present multiple coupling
targets, make the controlled chemical attachment of poly-
meric handles to specific points on molecular pairs quite
challenging.

For SMFS of protein complexes, an alternative approach
involves adding polypeptide handles at the DNA level.[9] In a
recent approach, Bertz et al. elegantly created protein-based
SMFS handles with a characteristic unfolding force ladder
pattern to identify single-molecule experiments and accu-
rately measure rupture events of protein homodimers.[9] This
approach used rather strong reference protein modules and
therefore is limited to protein complexes that separate at
forces exceeding approximately 70 pN.[9] However, the
strength of many biological interactions is expected to be
less than 50 pN;[3, 4,10–12] therefore, new force probes with
higher force sensitivity are warranted.

To overcome this limitation, we report new protein-based
handles and force probes for SMFS measurements of
polypeptide pairs with a wide range of dissociation forces
(� 25 pN). The probe is composed of tandem repeats of the
well-characterized protein module, the I27 domain of
titin[13, 14] and of staphylococcal nuclease (SNase),[15] I27-
(SNase-I27)3, as shown in Figure 1a and c. I27 domains

mechanically unfold at approximately 200 pN and provide
unmistakable single-molecule fingerprints in the form of a
characteristic saw-tooth pattern which can be used to identify
single-molecule recordings of new (uncharacterized) pro-
teins.[16,17] SNase domains also produce a unique saw-tooth
pattern but unfold at low forces of approximately 25 pN at the
typical stretching speed of 200 nm s�1.[15]

If the mechanical strength of a molecular complex to be
studied is somewhat greater than 25 pN, then the SNase
modules will unfold before the complex ruptures producing
the unmistakable fingerprint of single-molecule measure-
ments. If the molecular complex is stronger than 200 pN, then
the force-extension curve will contain the mechanical finger-
prints of SNase and I27. Thus, the use of SNase modules as a
mechanical reference will allow the expansion of force
spectroscopy measurements into low force regimes, allowing
the examination of a wide range of weak biomolecular
complexes.

We illustrate our approach using two systems: Strep-
Tactin and Strep-tag II (Figure 1a) and ribonuclease (RNase)
inhibitor and angiogenin (Figure 3a). The rupture force of the
Strep-tag II/Strep-Tactin complex (KD� 1 mm[18]) was esti-
mated to be 40 pN.[12] The strength of the RNase inhibitor and
angiogenin complex is presently unknown but is expected to
be mechanically stronger than 40 pN based on the extremely
low KD (less than 1 fm[19]).

To examine the first system, we fused Strep-tag II into the
C-terminus of our force probe. Then, Strep-tagged force
probes were incubated with soluble Strep-Tactin, an engi-
neered streptavidin with an increased Strep-tag binding
affinity.[18] The mixture was deposited on a gold surface for
SMFS measurements in solution.

Based on the design of our force probe (Figure 1a), we
need to register a minimum of four regular SNase unfolding
force peaks to be certain that the AFM tip picked up a
fragment containing Strep-Tactin. Because Strep-Tactin tet-
ramers provide four binding sites for Strep-tag II, each Strep-
Tactin may have from zero up to four force probe molecules
attached to it, generating several possible pulling geometries
(see Supporting Information, Figure S1). However, the
unique mechanical unfolding fingerprint of SNase modules
allows us to identify the recordings obtained on individual
versus multiple Strep-tag II/Strep-Tactin complexes (Figur-
es S1 and S2). This approach circumvents the uncertainty as
to the number of complexes (bonds) stretched which occurs
when using soft polymeric linkers/handles, for which the force
on a single complex (bond) is almost independent of the
number of complexes (bonds) being stretched.[20]

Figure 1b illustrates an example of the AFM force-
extension curve of Strep-tag II/Strep-Tactin complexes
obtained using our force probe assay. The curve displays
five regularly spaced unfolding force peaks (numbered 1–5).
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Fitting the worm-like chain (WLC) model to the data
indicates that each unfolding event contributes 46 nm to the
length of the polypeptide chain, which is consistent with the
structure of SNase.[15] Moreover, these unfolding forces are
identical to the unfolding forces of SNase in SNase-I27 force
probe alone (Figure 1c and Figure S3). Furthermore, we note
that when stretching the Strep-tag II and Strep-Tactin com-
plex, we never recorded I27 unfolding force peaks in those
experiments which captured four or more SNase unfolding
force peaks. However, I27 unfolding force peaks were readily
recorded together with SNase unfolding force peaks in
control experiments when we stretched force probes alone
(without Strep-Tactin, Figure 1c). These observations provide

strong evidence that the AFM force curve in Figure 1b was
obtained on individual complexes as illustrated in Figure 1a.

The final force peak in Figure 1 b (peak 6, marked by a
black dashed circle), which is followed by a sudden drop of
force to zero, indicates that the molecular bridge between the
AFM tip and the substrate broke because: either Strep-tag II
was separated from Strep-Tactin or one of the handles
detached from the tip or the substrate. To distinguish between
these two possibilities, we measured the detachment forces
separately by using only Strep-tagged force probes without
Strep-Tactin (Figure 1c).

We determined the probability density function (pdf) of
the last force peaks from the force curves obtained on the
Strep-tag II and Strep-Tactin complexes. Then, the pdf
obtained from the complex is compared with the pdf of
detachment forces (Figure 1 d; the respective histograms are
shown in Figure S4). While the distribution of detachment
forces is wide and extends beyond 700 pN, the distribution of
final force peaks of the complex is narrow and centered
around 60 pN, which is comparable to the 40 pN dissociation
force determined for this system by AFM measurements
reported in reference [12]. We conclude that the majority of
final force peaks (> 70 %) illustrated in Figure 1b report
rupture events of the complex and not detachment events.

Surprisingly, subtracting the pdf of detachment forces
from the pdf of final rupture forces produces the distribution
(Figure 1e) that needs to be fitted with two Gaussians rather
than one. The first maximum occurs at 48� 10 pN (mean �
standard deviation) and the second at 74� 10 pN. Since, in
our assay, we only probe the strength of individual Strep-Tag
II/Strep-Tactin complexes (Figure 1a), the two types of
rupture events revealed by these pdfs cannot be explained
by including events involving multiple complexes (Fig-
ure S1b–d). To clarify this result, we examined the unbinding
forces between Strep-tag II/Strep-Tactin at different loading
rates[3, 4] varying between 50 pN s�1 and 7000 pNs�1. We found
that all distributions of rupture forces need to be fitted with

Figure 1. Design, characterization, and use of the protein-based force
probe. a) A schematic of Strep-tagged force probes attached to the
Strep-Tactin tetramer. In dotted circle, a schematic of Strep-Tactin
monomer with a single Strep-tag II (PDB: 1KL5) is shown at higher
magnification. b) A representative example of a force-extension curve
of the Strep-tag II/Strep-Tactin complex linked to the force probes.
Curves in (b) and (c) were obtained with the biolever AFM cantilever
at a pulling speed of 200 nm s�1. 0: A rupture of a nonspecific
adhesion bond. 1–5: The unfolding of five individual SNase modules
stretched in a WLC manner. 6: A final force peak obtained with the
force probe on the Strep-tag II/Strep-Tactin complex. Thin gray solid
lines on force curves are WLC fits with average contour length
increments, DLc = 46 nm, and the persistent length, p = 0.7 nm. c) An
example of a force-extension curve of the molecular force probe alone
that captures the detachment event (gray dashed circle). Thin gray
solid lines are WLC model fits to the curve with average DLc = 46 nm
(SNase) and 29 nm (I27), and p= 0.6 nm (SNase) and 0.5 nm (I27).
d) The comparison of the pdfs of final force peaks obtained from
Strep-tag II/Strep-Tactin complexes (black solid line, n = 96) and force
probes alone (gray solid line, n= 113). Data were collected with the
microlever AFM cantilever at the pulling speed of 1000 nms�1. e) The
pdf of rupture forces on the Strep-tag II/Strep-Tactin complex (dark
gray solid line).
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two Gaussians that peak at hFrupture-lowi and hFrupture-highi
(Figure 2; Supporting Information). Similar to streptavidin–
biotin complexes,[3] we found two linear regions with different
slopes for both hFrupturei when plotted against the loading rate
(Figure 2). This observation suggests a complicated energy
landscape of the Strep-tag II/Strep-Tactin complex with
multiple energy barriers.[3]

We interpret these results as indicative of two distinct
rupture pathways. These pathways may result from different
pulling geometries and molecular configurations (Figure S6).
We hypothesize that high rupture forces, hFrupture-highi, are
measured when Strep-tag ligands are removed from mono-
mers belonging to one Strep-Tactin dimer and low rupture
forces, hFrupture-lowi, are measured when Strep-tag ligands are
bound to two different dimers within the same Strep-Tactin
tetramer (for details, see the Supporting Information). Based
on our recent study of streptavidin tetramers,[21] it is also
possible that some of the rupture forces measured here may
actually represent the forced separation of Strep-Tactin
dimers from each other and not unbinding Strep-tag ligands.
This hypothesis will be further tested by connecting our force
probes directly to Strep-Tactin monomers (at the DNA level)
and measuring the mechanical strength of the association of
Strep-Tactin monomers within tetramers.

In a similar manner to construct Strep-tagged force probe,
the RNase inhibitor and the angiogenin are also genetically
fused into the C-terminus of the force probe. Then, the I27-
(SNase-I27)3-RNase inhibitor and I27-(SNase-I27)3-angioge-
nin proteins are pre-incubated together to create RNase
inhibitor/angiogenin complexes (Figure 3a).

Figure 3b represents an example of an AFM-obtained
force-extension curve of RNase inhibitor/angiogenin complex
using the force probe. By counting the number of regularly
spaced SNase unfolding force peaks on the curve, we can
easily identify that the complex was being stretched as
illustrated in the inset of Figure 3b. Moreover, we note that
the maximum forces to rupture the complex are equivalent or
less than the unfolding force of an I27 module because
maximum force peaks with four (or more) SNase unfolding
force peaks were mostly followed by the unfolding force peak
of only a single I27 domain (Figure 3b).

The final force peaks obtained on the RNase inhibitor/
angiogenin complexes are distributed up to around 200 pN,
while the distribution of detachment events is wider and

extends beyond 800 pN (Figure 3c; the respective histograms
are shown in Figure S8). In order to distinguish the rupture
events between RNase inhibitor and angiogenin, the pdf of
detachment forces was subtracted from the pdf of final
rupture forces in the same way as shown in Figure 1e.
Interestingly, the distribution of rupture events (the dark gray
solid line in Figure 3 c) was necessary to be fitted by two
Gaussians with the first maximal force of 78� 27 pN and the
next of 156� 27 pN. These two rupture forces of the RNase
inhibitor/angiogenin complex can be explained by a two-step
binding mechanism.[19] It has been reported that the RNase
inhibitor and angiogenin may undergo conformational selec-
tion by first forming a loosely bound complex with KD of

Figure 2. Dependence of the Strep-tag II/Strep-Tactin average rupture
forces, hFrupturei, on the loading rates. Filled circles mark hFrupture-highi
and open circles mark hFrupture-lowi. Error bars represent standard
deviation.

Figure 3. Measuring the intermolecular strength between the RNase
inhibitor and angiogenin by AFM-based force probe assay. a) A
schematic of the RNase inhibitor/angiogenin complex (PDB: 1A4Y).
b) An example of a force-extension curve of the RNase inhibitor/
angiogenin complex connected to the force probes. 0: A rupture of a
nonspecific adhesion bond. 1–4: The unfolding of four individual
SNase modules. 5: The unfolding of a single I27 domain. 6: A final
force peak. WLC fits (thin solid gray lines) to the data represent
average DLc = 47 nm and p = 0.7 nm (SNase), and DLc = 29.5 nm and
p = 0.35 nm (I27). c) The comparison of the pdfs obtained based on
the final force peaks from the complex (black solid line, n= 68) and
detachment forces of I27-(SNase-I27)3 constructs without the complex
(gray dashed circle in Figure 1c; gray solid line, n = 108). The pdf of
rupture forces on the complex (dark gray solid line) was determined by
the same way as shown in Figure 1e. The curve in (b) and data in (c)
were collected with the microlever AFM cantilever at the pulling speed
of 500 nms�1.
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0.5 mm, and then immediately forming a tight complex with
KD of 0.7 fm.[19] Therefore, the two distributions that we
observed possibly reflect the rupture forces of the weak and
tight complexes with different binding affinities of RNase
inhibitor/angiogenin complexes.

We note that, in specific systems examined here, I27
domains were not used for fingerprinting single-molecule
rupture events but were very useful in measurements of
detachment forces. When probing molecular complexes with
higher affinities that will likely rupture at greater forces
exceeding the unfolding force of I27, the presence of both
mechanically weak and strong reference modules will be
advantageous.[21]

So far, we demonstrated the use of our force probe to
measure single rupture events involving two polypeptide
components in an “A–B–A” and “A–B” configuration. By
genetically fusing protein “C” to our force probe, we can
similarly examine by AFM “A–B–C” (also “A–A”) config-
urations, allowing us to reliably probe the strength of
interactions within numerous protein complexes composed
of homo- and hetero-dimers, and even higher oligomeric
forms.
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