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Abstract: Single-molecule force spectroscopy based on atomic
force microscopy (AFM-SMFS) has allowed the measurement
of the intermolecular forces involved in protein-protein
interactions at the molecular level. While intramolecular
interactions are routinely identified directly by the use of
polyprotein fingerprinting, there is a lack of a general method
to directly identify single-molecule intermolecular unbinding
events. Here, we have developed an internally controlled
strategy to measure protein—protein interactions by AFM-
SMFS that allows the direct identification of dissociation force
peaks while ensuring single-molecule conditions. Single-mol-
ecule identification is assured by polyprotein fingerprinting
while the intermolecular interaction is reported by a character-
istic increase in contour length released after bond rupture. The
latter is due to the exposure to force of a third protein that
covalently connects the interacting pair. We demonstrate this
strategy with a cohesin—dockerin interaction.

Atomic force microscopy based single-molecule force spec-
troscopy (AFM-SMFS) has allowed quantification of the
mechanical strength of protein—protein interactions, estima-
tion of their kinetic constants, and exploration of the
corresponding energy landscapes.?! In the classical exper-
imental configuration, the force and extension of a pair of
interacting proteins are measured. Typically, polymeric link-
ers are used to attach the proteins of the pair, one to the AFM
tip and the other to a substrate¥ However, in this
experimental set up, it is challenging to assure single-molecule
conditions and to differentiate the rupture event from
unspecific tip-surface adhesion or breakage of the protein
attachments.! As a result, it is impossible to directly identify
the event of bond breakage in the recordings.!!

Recent alternative strategies are based on the inclusion of
polyproteins in the interacting partners. This approach
exploits the recognizable pattern of polyproteins to assure
single-molecule conditions.”"! However, these strategies
either cannot discriminate unbinding events originating
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from desorption of protein from the tip/substrate surfaces!”
or they rely on well-known specific topological and unfolding
features of the interacting proteins in order to identify the
rupture events.””!'"l Altogether, these drawbacks limit the
usefulness of these strategies since they are case dependent
and not generally applicable.

Herein, we propose a general internally-controlled design
that allows direct identification of the rupture event in the
AFM-SMFS recordings while maintaining single-molecule
conditions. Our strategy is based on the fusion of a single-
molecule marker (a small polyprotein formed by 3 repeats of
the 127 module)'™ to each interacting protein, and on the
addition of a second marker, in parallel to the interacting pair,
which is a force-compliant polypeptide covalently bound by
disulfide-bonded cysteines (Figure 1 A).This polypeptide is
mechanically protected by the interaction so that breakage of
the interaction is needed in order to expose it to force
(Figure 1B). As a result, the force peak originating from the
rupture of the intermolecular interaction is followed by a AL,
value related to the polypeptide L/ (contour length, the
end-to-end distance of the polymer).

We implemented this strategy in the high-affinity cohesin—
dockerin interaction from the cellulosome of Clostridium
thermocellum,™ applying tension from the C-terminus of the
proteins.

Since the interacting pair and the connecting polypeptide
are stretched in parallel, in order to be force-hidden, this
polypeptide has to be very compliant to force during the first
stages of extension, so that the mechanical load is mainly
transmitted through the interaction. A random-coil protein
with a larger L, than the length of the interacting complex
fulfills this requirement, and for this reason we used 12 resilin-
derivative repeats!™ (12xR, L.~ 83 nm, referred to hereafter
as the “elastomer”) as the connecting polypeptide.

Formation of the desired disulfide bonds between engi-
neered cysteines of the three recombinant constructs is
governed by “Velcro” oligomerization domains!" that bring
the cysteines of the partner proteins together in favorable
orientations. To implement the selected configuration for
stretching (C—C terminal), three different domains were
designed: two acidic (Acidl and Acid2), and one basic
(Basic). The acidic domains were set on both sides of the
elastomer, near the N- and C-termini, while the proteins
carrying cohesin and dockerin have the same basic domain.
The acidic domains interact heteromerically with the basic
domain, forming antiparallel or parallel heterodimers for
Acidl or Acid2, respectively (Figure 1 A and Figure S1A,B in
the Supporting Information).

We tested the ability of the oligomerization domains to
drive disulfide bond formation. To this end, we co-incubated
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Figure 1. A schematic of our “parallel staple” strategy to study
protein—protein interactions by AFM-SMFS. A) An illustration of the
final constructs, showing all the key components. B) The sawtooth
pattern generated by the unfolding of the marker modules (gray)
ensures single-molecule identification. The rupture of the interaction
(red) is reported by the AL, generated from a force-hidden elastomeric
protein (blue) connected in parallel in the mechanical circuit.

short polyproteins carrying complementary Velcro peptides
(Basic(127);/Acid1(127);, and Basic(GB1)s/Acid1(127),, Fig-
ure SIC,D) in an oxidant redox buffer, and analyzed the
reaction by non-reducing sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). The co-incubation of
Basic(127); and Acid1(127); samples led to the appearance in
SDS-PAGE of a band of higher intensity and slightly higher
molecular weight (MW) than the Basic(I27); homodimer
(arrow in lane 3 vs. lane 2, respectively; Figure 2A, and
Figure S2A). Although this result confirms the formation of
disulfide bonds, the similar electrophoretic mobility of the
Basic(127); homodimer and the Basic(I27)5/Acid1(127); hete-
rodimer makes it difficult to assess the preferential formation
of heterodimers. In the case of Basic(GB1)s/Acidl(127),
samples, thanks to the smaller size of the GB1 module,!"”
we can clearly confirm the preferential heterodimeric for-
mation in the desired orientation by electrophoresis (Lane 3,
Figure 2B, and Figure S2B). Disulfide bond formation
between polyproteins was corroborated by AFM-SMFS
experiments showing the typical patterns of homo- and
heteropolyproteins (Figure S2C,D).
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Figure 2. Characterization of the key components of the system. A—
C) Non-reducing SDS-PAGE. The presence of bands with MW higher
than the monomers indicates the ability of the oligomerization
domains to drive disulfide bond formation. A) Lane 1: Acid1(127)5,
lane 2: Basic(127);, lane 3: both. The arrow indicates Acid1(127),/
Basic(127); heterodimers. B) Lane 1: Acid1(127);, lane 2:Basic(GB1);,
lane 3: both. The arrow indicates Acid1(127);/Basic(GB1); dimers.
C) Lane 1: Acid1_12xR_Acid2, Lane 2: Basic(127);, lane 3: both. The
arrow indicates one molecule of Acid1_12xR_Acid2 bound to two
molecules of Basic(127);. D) The empty control construct (top) and
several AFM-SMFS recordings from this construct. Green solid lines
are WLC fits. E) L histogram from recordings of the empty construct
carrying six 127 markers. F) Recordings showing high detachment
forces (last force peak).

A simplified experimental strategy was designed in order
to test the behavior of each of the components; namely the
elastomer, single-molecule markers, and oligomerization
domains. Here, the Cohesin/Dockerin Basic(I27); constructs
were substituted with Basic(I27); carrying a mock sequence
(GGSG) instead of the cohesin/dockerin pair (cartoon,
Figure 2D). This empty construct also serves as a negative
control since it is not expected to produce any force peak.

Figure 2C shows a non-reducing SDS-PAGE of Basic-
(I27); 4+ Acid1_12xR_Acid2 samples after incubation in an
oxidant redox buffer. Co-incubation of the two proteins yields
the formation of three bands with higher MW than the
monomers. The comparison of these samples with the isolated
Basic(I27); sample allows us to identify the middle band as
Basic(I27); homodimers. Based on their MW, the lower and
the upper bands can be assigned to one molecule of
Acidl_12xR_Acid2 bound to either one molecule of Basic-
(I27); or two molecules of Basic(127);, respectively (lane 3,
Figure 2 C). Titration experiments support this interpretation
and also indicate that the population of Acidl_12xR_Acid2
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bound to two molecules of Basic (I27); can be maximized
(Figure S3A).

The stretching from the C-termini of the Basic(I127);
molecules by AFM-SMFS should show two types of events
in the recordings: the extension of the elastomer from
Acidl_12xR_Acid2 and the unfolding of 4-6 127 modules.
In the recordings (n=>56), we clearly identify both markers
(Figure 2D) since the traces show an initial region devoid of
force peaks, which corresponds to the 12xR marker, followed
by a sawtooth-pattern region of 4-6 peaks, which corresponds
to the 127 markers ((AL.) =28+0.9 nm). The long initial
region behaves as an entropic spring, fitting to the WLC
model of polymer elasticity!™ without force peaks (Fig-
ure 2D, expanded section), resembling the features of
a random coil, as expected for the 12xR repeats.'”) The
random-coil features of the 12xR construct were further
confirmed by circular dichroism measurements (Figure S3B).

These recordings only show the unfolding of the 127
modules and the entropic behavior of the 12xR repeats. This
indicates that either the oligomerization domains unfold with
no detectable mechanostability, or that they do so with such
a high mechanical stability that the mechanical circuit always
breaks before their unfolding. Since a similar leucine zipper in
the same configuration was reported to have no detectable
mechanostability upon stretching,'® and considering the high
detachment forces displayed in some recordings (up to
630 pN, arrow Figure 2F), the most likely scenario is the
first one. Assuming that the Velcro peptides do not show
detectable mechanostability, the L’ (L. of the first force
peak) of the molecule can be estimated as (ca. 5nm)x6
folded 127+ 0.4 nm/residues’” x 280 residues (domains+
12xR) =142 nm. Figure 2E shows the L’ histogram of
molecules with six 127 repeats (n=25), with (L") =147+
24 nm, which is in good agreement with the calculated value.
This supports the idea that the oligomerization domains
unfold with no detectable mechanical resistance.

Finally, we performed nanomechanical characterization of
the cohesin/dockerin constructs. First, the Cohesin/Dockerin
Basic(I27); complex was co-incubated with Acidl_12xR_A-
cid2 in the proper redox buffer, and the formation of disulfide
bonds was confirmed (Figure 3 A). In the AFM-SMFS experi-
ments, only recordings displaying 4-6 127 force peaks were
selected for analysis. This criterion ensures both single-
molecule conditions and that the cohesin—dockerin interac-
tion has been subjected to force. As in the case of the empty
construct (blue trace, Figure3B), the cohesin/dockerin
recordings show the typical fingerprint of 4-6 127 modules
((AL.) =27.9£0.7 nm); however, these curves show an addi-
tional force peak that is weaker than those of 127 (red traces,
Figure 3B). The AL, of the former shows low variability
(Figure 3 C,D). Strong evidence that this force peak originates
from the rupture of a cohesin—dockerin interaction is given by
the presence of the two markers included in the experimental
design: 1) 4-6 127 repeats; 2) the existence of a force peak
with a discrete AL, (absent in the empty control).

The AL, histogram of the cohesin—dockerin force peak
shows a maximum around 70 nm; (AL.)=70+6 nm (Fig-
ure 3D). The expected value can be approximated as the
difference between the L, when the cohesin and dockerin are
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Figure 3. Mechanostability of the cohesion—dockerin interaction.

A) SDS-PAGE. Lane 1: Acid1_12xR_Acid2; lane 2: Cohesin/Dockerin
Basic(127);, lane 3: both. The arrow indicates the Cohesin/Dockerin
Basic(127); complex disulfide-bonded to the elastomer. B) Comparison
of recordings from cohesin/dockerin (red) and the empty control
(blue). C) WLC fits (green) of two cohesin/dockerin recordings. D) AL¢
histogram of the cohesin—dockerin rupture force peak. E) Force histo-
gram. 127 unfolding events are shown in gray, cohesin-dockerin
unbinding events in red (n=30 recordings).

interacting (L.") and the L. once the interaction has been
dissociated (L.°=L. of the empty model, 142 nm). L=
Snmx (6 127) 4+ 5 nm of the cohesin—-dockerin complex +
0.4 nm x 90 residues (domains) =71 nm. The expected AL, of
71 nm is in good agreement with the experimental value.
Control experiments using a different elastomer with larger
L. generate larger AL, values (Figure S5), thus confirming the
robustness of our experimental design.

The force histogram (Figure 3E) displays two popula-
tions, one corresponding to the unfolding of the 127 marker
((F) =187 426 p~),I"l and another with a lower mechanost-
ability (75412 pN) corresponding to cohesin—-dockerin
unbinding (Fp). This Fj, value is in the range of what has
been reported for a related cohesin/dockerin pair also from C.
thermocellum.”!

In conclusion, we have developed an internally controlled
strategy for studying protein—protein interactions by AFM-
SMES that enables direct identification of the dissociation
force peak while ensuring single-molecule control. The
strategy is of general applicability, since it does not depend
on the nature or the specific characteristics of the proteins of
interest. Single-molecule control is provided by the fusion of
polyprotein markers to the proteins of interest while the
reporter for the interaction force peak consists of the release
of a distinctive AL, which results from the exposure of an
elastomer to force upon rupture of the interaction. These
results provide a proof of concept that a general and self-
controlled single-molecule strategy to measure protein—
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protein interactions in protein nanomechanics is possible.
This development paves the way towards a universal method
to measure protein—protein interactions by AFM-SMFS.
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