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Single-molecule cut-and-paste facilitates bottom-up directed
assembly of nanoscale biomolecular networks in defined geome-
tries and enables analysis with spatio-temporal resolution.
However, arrangement of diverse molecules of interest requires
versatile handling systems. The novel DNA-free, genetically encod-
able scheme described here utilises an orthogonal handling strat-
egy to promote arrangement of enzymes and enzyme networks.

The spatial organisation of molecules is of key interest in both
single-molecule studies as well as the broader field of nano-
technology. Arrangement of biomolecular structures may be
accomplished via two general approaches: self-assembly and
directed assembly. The former strategy encompasses a wide
range of programmable structures, including engineered
protein modules' and prominently DNA origami.>” Notably, a
recent novel drug-delivery strategy via activated DNA origami
showed potent tumour-inhibiting activity,* demonstrating the
profound utility of spatially arranged molecules.

Directed assembly of single molecules is possible with
single-molecule cut-and-paste (SMC&P), merging bottom-up
spatial assembly and exceptionally precise control of molecular
positioning. This technique utilises an atomic force micro-
scope (AFM) cantilever tip to pick up and deposit single mole-
cules with nanometre precision at defined positions on a
surface. SMC&P relies on a pre-programmed force hierarchy to
facilitate the transfer of molecules from the depot area to the
cantilever to the target area. The handled molecules are
probed via single-molecule force spectroscopy (SMFS), which
provides critical feedback of the success of the transfer, and
the assembled pattern is imaged via total internal reflection
fluorescence (TIRF) microscopy. Additionally, SMC&P enables
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precise arrangement of single molecules within nanoapertures
such as zero-mode waveguides, thereby circumventing compli-
cations that arise from stochastic immobilisation such as het-
erogeneity of fluorescence intensity and lifetime caused by
interference from metallic sidewalls.?

Previous iterations of SMC&P have undertaken arrange-
ments and time-resolved fluorescent measurements of various
biomolecules, including labelled DNA, DNA aptamers, green
fluorescent protein, nanoparticle recognition sites, and diverse
handling tags,*”* "> demonstrating the versatility of this tech-
nique. Furthermore, SMC&P presents a unique opportunity for
investigation of enzymes and enzyme networks on the level of
single molecules, arranged with precisely controlled geometry
via directed assembly.

As an emerging technique, SMC&P compels continuous
developments to increase its robustness and broaden its
scope. In particular, SMC&P has previously relied on DNA to
anchor molecules to the surface. Although this strategy
confers reliable and stable immobilisation of transfer mole-
cules, its scope is limited. A DNA-based approach presents
difficulties for the arrangement of molecules with affinity for
DNA, which would bind the covalently attached DNA anchors.
This secondary interaction would both decrease SMC&P trans-
fer efficiency as well as impact the behaviour of the molecules
of interest. Consequently, this strategy is particularly unsuited
for the study of DNA-binding proteins and enzymes. Moreover,
the synthesis of protein-DNA hybrid molecules required for
protein arrangement is often laborious. SMFS analysis in
SMC&P has previously also had limited applicability; probed
molecules have lacked fingerprint domains to identify specific
single-molecule events, and the low-force regimes of the hand-
ling systems were partly overlaid with the instrument noise.

Here, we present a revised strategy that greatly expands the
SMC&P toolbox, improves the technique’s versatility and
makes substantial progress towards SMC&P-based investi-
gation of enzyme networks. The newly developed system is
DNA-free, and is instead based on a protein-small molecule
interaction for surface immobilisation. Simultaneously, a
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reliable fingerprint domain and increased rupture forces sig-
nificantly enhance SMFS analysis of SMC&P transfer both in
real-time and subsequent statistical analyses.

Results and discussion

Monovalent streptavidin (mSA), a heterotetrameric complex
that binds the small molecule biotin with ultrahigh affinity,
was recently employed in AFM-based SMFS.™ Anchored by a
single functional subunit in a well-defined pulling geometry, it
was additionally discovered that the tethering geometry of
mSA strongly influences the rupture force of the mSA: biotin
bond; N-terminally tethered mSA (N-mSA) unbinds from biotin
at forces around 200 pN, while C-terminally tethered mSA
(C-mSA) unbinds around 450 pN, in both cases depending on
force loading rate.”® This geometry-dependent behaviour was
exploited in SMC&P to immobilise the transfer molecule with
both low- and high-rupture forces via the same small biotin label
(Fig. 1). The adhesin SD-repeat protein G N2N3 domain (SdrG)
from Staphylococcus epidermidis'* binds a short peptide from the
N-terminus of human fibrinogen $'* (Fgf) with remarkably high
AFM-measured rupture forces of over 2 nN when probed in the
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native geometry of C-terminally immobilised SdrG and
C-terminally pulled FgB."*'® When probed in a non-native geo-
metry of N-terminally immobilised SdrG (N-SdrG) and
C-terminally pulled FgB, we found that the loading rate-depen-
dent unbinding forces are in the range of 250 pN. These binding
pairs of N-mSA : biotin in the depot area, N-SdrG : Fgf in a non-
native geometry on the cantilever tip, and C-mSA: biotin in the
target area form the force hierarchy required for SMC&P.

The fourth filamin domain from Dictyostelium discoideum
(ddFLN4) demonstrates reliable and rapid refolding as a low-
force fingerprint in AFM-based SMFS."” ' A transfer construct
consisting of a modified ddFLN4 motif was designed, recombi-
nantly expressed, and purified with several key additional
protein tags. Namely, an N-terminal FgB peptide sequence,
which is accordingly pulled C-terminally, enables specific
handling by an N-SdrG-coupled cantilever. The ddFLN4
domain also harbours a ybbR tag®® at its C-terminus, followed
by a C-terminal reactive cysteine to enable covalent modifi-
cation with Coenzyme A-biotin and maleimide-Cy5, respect-
ively. The final transfer construct consists of an efficiently
labelled Fgp-ddFLN4-biotin-Cy5 chimera (details of purifi-
cation and labelling in Supplement) that binds to mSA via
biotin and N-SdrG via Fgf, and is imaged in TIRF microscopy

A Cantilever¥ PEG z
Spacer
N-5drG 6/ @

7!

] ]
] ]
] ]
v v
Fg z z
ddFLN4 | ¢ ©
< 2
g B
E5
g o0 o~
B|ot|n
Cy5
R : = 300p 3200 nm/s | = 300p 200 nm/s |
S 4 L a = E ]
< ":“SA w(':th S, 200} ] S, 200}
FOIe © 100} ] © 100}
PEG terminal o i ] 4] of o
Spacer i o ] °
p cysteine W 100 : L 100
0 100 200 300 0 100 200 300

Glass Surface Distance [nm] Distance [nm]

Fig. 1 Schematic of the molecules used in SMC&P and the mechanism of SMC&P cycling. (A) SdrG is N-terminally immobilised to the cantilever tip,
and monovalent streptavidin with an N- or C-terminal reactive cysteine is immobilised on a glass surface. The chimeric transfer construct is com-
posed of a ddFLN4 domain, which contains an N-terminal Fgp (i.e. C-terminally pulled) tag for specific handling by the cantilever tip. At its
C-terminus, the protein is additionally modified with biotin via a ybbR tag for specific immobilisation on a streptavidin-functionalised surface and a
Cy5 fluorophore for fluorescence imaging. (B) A force hierarchy governs the repeatable transfer of molecules in SMC&P. The force required to
rupture the N-mSA : Biotin bond in the depot (Fp), the N-SdrG: Fgp bond in this geometry on the cantilever tip (Fc) and the C-mSA: Biotin bond in
the target (F1) are tuned such that Fp < Fc < Fr. The cantilever tip approaches the depot surface and N-SdrG binds the Fgp tag of an immobilised
transfer construct (1). As the cantilever retracts, the ddFLN4 domain unfolds under force (2). The molecules are pulled in series until the
N-mSA : Biotin bond finally ruptures, releasing the transfer construct and allowing ddFLN4 to rapidly re-fold (3). The cantilever tip loaded with the
transfer construct cargo travels to the target area and approaches, allowing the C-mSA : Biotin bond to form (4). The cantilever tip again retracts and
unfolds ddFLN4 (5) until the comparatively weak N-SdrG: Fgp bond ruptures. The unloaded cantilever is recycled back to the depot area to repeat
the process (6). Force—distance curves of specific single-molecule interactions show the two-step ddFLN4 unfolding pattern (purple traces) and a
higher final peak associated with the rupture of N-mSA : Biotin in the depot (blue trace) or N-SdrG : Fgp in the target (orange trace).
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via Cy5 (Fig. 1a). Importantly, the forces applied during the
SMC&P process do not propagate through the transferred
molecule of interest, here the fluorescent dye at the very
C-terminus.

A custom-built hybrid AFM/TIRF microscope was employed
for SMC&P.*! The depot area consists of N-mSA covalently
attached to the surface, and transfer constructs that are specifi-
cally immobilised via the biotin label. In the target area,
C-mSA is covalently attached to the surface. A cantilever tip
functionalised with N-terminally immobilised N-SdrG picks up
transfer construct molecules from the depot area and deposits
them in the target area, a process that critically relies on a
well-defined hierarchy of rupture forces. The most probable
rupture forces of N-mSA : biotin in the depot (Fp), N-SdrG : Fgp
on the cantilever (Fc) and C-mSA: biotin in the target (Fy) are
tuned such that Fp, < F¢ < Fr, thereby enabling reliable transfer
of molecules from the depot area to the cantilever tip to the
target area.

Repeatable cycling throughout the cut-and-paste process is
essential to SMC&P (Fig. 1b). Transfer construct molecules
bound to N-mSA in the depot area are pulled by an N-SdrG-
coupled cantilever. The forces required to rupture both the
N-mSA: biotin bond and the N-SdrG:Fgf are large enough
that the ddFLN4 motif is fully unfolded, visible in single-mole-
cule force-distance curves. Eventually the weaker non-covalent
bond of N-mSA : biotin ruptures, the force load drops, and the
ddFLN4 motif rapidly refolds. The cantilever, loaded with the
transfer construct cargo, is then moved to the target area. As
the cantilever approaches the surface, the C-mSA : biotin inter-
action forms, thereby immobilising the transfer construct to
the surface again. The cantilever retracts and again unfolds
ddFLN4, visible in single-molecule force-distance curves. As
the C-mSA:biotin bond is stronger, the N-SdrG:Fgp bond
eventually ruptures. The ddFLN4 domain of the immobilised
transfer construct again rapidly refolds, and the cantilever is
moved back to the depot to repeat the process. Force-distance
curves captured during SMC&P reflect the unfolding of the
two-step ddFLN4 fingerprint domain followed by a final
rupture of either mSA : biotin or N-SdrG : Fgp.

The retraction velocities of the cantilever in the depot and
the target area were tuned to decrease the overlap of the
rupture force probability distributions of the two probed
binding pairs (Fig. 2a). The rupture force of the N-SdrG : Fgp
bond demonstrates a stronger dependence on force loading
rate compared to the N- and C-mSA : biotin bond.>* This differ-
ence in loading rate dependence was exploited to favour the
rupture of the lower-force binding pair and hence relocate
the transfer construct. Fast retraction (3200 nm s~ ') in the
depot made it possible to increase the likelihood of the
rupture of N-mSA : biotin over N-SdrG : Fgp, while slow retrac-
tion (200 nm s') in the target favoured the rupture of
N-SdrG : Fgp over C-mSA : biotin. Observed final rupture peaks
in both the depot (Fig. 2b) and the target (Fig. 2c) correspond
to the approximate expected rupture forces and respective dis-
tribution spreads for the two receptor-ligand pairs at the given
loading rates. Due to the broad distribution of N-SdrG : Fgp
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Fig. 2 Dynamic force spectra and forces associated with the final peaks
of force traces observed during SMC&P. (A) The dynamic force spectra
of the rupture of N-mSA:biotin (blue), N-SdrG:Fgp (orange), and
C-mSA : biotin (red) display a variable dependence of rupture force on
loading rate. Pulling at 3200 nm s™' favours the unbinding of
N-mSA:biotin (ll) rather than N-SdrG:Fgp (I), while pulling at
200 nm s™! strongly favours the unbinding of N-SdrG:Fgp (Ill) rather
than C-mSA: biotin (IV). The N-SdrG : Fgp force spectrum was measured
with covalent attachment of ddFLN4 to the surface (cf. Supplement).
The mSA : biotin data are taken from Sedlak et al.>* Error bars are given
by the full-width at half maximum of the corresponding distributions.
Regressions are fitted with the Bell-Evans model. Symbols indicate the
cantilever retraction velocity: 200 nm s~ (circles), 400 nm s~ (triangles),
800 nm s~ (squares), 1600 nm s~* (diamonds), and 3200 nm s~ (stars).
(B) Force—distance curves captured during SMC&P in the depot corres-
pond to the unbinding of the N-mSA : biotin (ll), (C) while the target
curves correspond to the unbinding of N-SdrG: Fgp (Ill). Each complex
has an expected rupture force of approximately 200 pN at the given
respective loading rates. Forces were binned with a width of 16 pN. The
histograms are fitted by the Bell-Evans formula for the distribution of
the rupture forces (dashed lines).?>2¢

Nanoscale


http://dx.doi.org/10.1039/c8nr08636b

Published on 17 December 2018. Downloaded by Ludwig Maximilians Universitaet Muenchen on 12/19/2018 8:11:48 AM.

Communication

unbinding, there is an overlap with the rupture force
distribution of N-mSA:biotin, even at a pulling speed of
3200 nm s~ '. Consequently, in the depot there is a chance that
N-SdrG : Fgp instead of N-mSA : biotin unbinds. Although it is
not possible to distinguish between these two rupture events
based solely on force curves, the probability of rupturing
N-mSA : biotin may be further favoured by additionally increas-
ing the pulling speed. With the narrow N-mSA:biotin
rupture force distribution, the pick up process in the depot at
3200 nm s is efficient enough to reliably transport molecules.

As a proof of principle, molecules were transferred via
SMC&P and arranged in the target area in a 442-point pattern
of a rocket ship (Fig. 3). Fluorescent immobilised molecules
were detected via Cy5 excitation at 640 nm and imaged with
TIRF microscopy. Patchiness in the pattern may be partially
due to incomplete labelling or photobleaching of transfer con-
structs during purification and experimental setup.
Additionally, as the underlying rupture forces in SMC&P are
dependent on rupture force probability distributions that are
not perfectly separated, there are cases where a cycle fails to
transport any molecules. Similarly, there is a certain prob-
ability that transfer constructs bound to the cantilever dis-
sociate during transport. Surface defects and uneven densities
may also influence the efficiency of SMC&P, resulting in
heterogeneously distributed mSA. However, these variations
may be controlled for by a combination of force-distance
curves and fluorescent signal; a successfully transferred non-
fluorescent molecule, due to absence or bleaching of Cy5, pro-
duces a deposition curve in the target but no fluorescent
signal in TIRF microscopy, while an unsuccessful transport
cycle produces neither.

The complement of molecules utilised in SMC&P here
offers several advantages compared to previous iterations.
Importantly, this system is DNA-free - a key improvement
required for the assembly of DNA-binding proteins and
enzymes that would likely bind covalently attached DNA
anchors. Not only would this potentially interfere with protein

Fig. 3 Cy5-labeled transfer molecules arranged in a rocket ship pattern
by SMC&P and imaged with TIRF microscopy. The image is composed of
the average pixel intensity of 20 stacked frames (0.12 s exposure time at
~10 W cm™2) with red laser excitation at 640 nm (left). The pattern con-
sists of 442 points spaced 200 nm apart (right).
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function, SMC&P efficiency could be impacted as well by redu-
cing the likelihood that the DNA anchor is free to hybridise
with its immobilised complementary strand. The immobilis-
ation strategy presented here is likely orthogonal for most bio-
molecules, thereby significantly increasing the versatility of
the system. Moreover, strategic integration of a domain of
interest would protect it from the force propagation pathway.
The domain could be simply inserted C-terminally of the ybbR
tag either via direct chimeric expression as a continuous
peptide chain, or post-translationally, e.g. via Sortase tag-
mediated covalent joining.**

The introduction of the small ddFLN4 fingerprint domain
is also exceptionally useful for force trace analysis. As a well-
characterised and reliable fingerprint, ddFLN4 improves algo-
rithmic curve sorting to isolate single and specific pulling
events. Additionally, ddFLN4 was demonstrated to improve
solubility of otherwise insoluble proteins a common
difficulty of recombinant protein expression and purification.
Furthermore, post-translational labelling of proteins with
nucleotides in a controlled manner is not a trivial process. As
performed previously in SMC&P, proteins may be labelled with
CoA-DNA via a ybbR tag and reaction with Sfp (as was per-
formed here similarly for labelling with biotin). This is a step
that is necessarily performed post-translationally and in vitro.
In contrast, biotin labelling may be performed in vivo during
protein production with additional recombinant factors, such
as an AviTag.”® Similarly, Cy5-labelling may be replaced with a
genetically encoded cargo such as a fluorescent protein
domain, e.g. green fluorescent protein. On the other hand, the
utilised strategy of cysteine-based labelling forgoes a need to
create large chimeric protein constructs and enables fluo-
rescent imaging of any protein of interest.

Conclusions

Single-molecule approaches offer invaluable insights into the
function of biomolecules. SMC&P enables precise arrangement
of networked molecules on a surface in well-defined geome-
tries as well as within the centres of nanoapertures, demon-
strating the unique potential of this technique to investigate
the spatio-temporal coordination within enzyme networks.
However, the previously established DNA-based SMC&P immo-
bilisation system necessarily limits the range of molecules that
may be arranged by bottom-up assembly. DNA-binding pro-
teins and enzymes would likely display unwanted interactions
with the covalently attached DNA anchor, thereby impacting
both enzyme behaviour as well as SMC&P efficiency. The
mSA : biotin system introduced here offers an immobilisation
strategy that is orthogonal to the function of most enzymes.
Furthermore, the diverse reactive tags allow for flexible con-
struct design, and the utilised construct’s ddFLN4 fingerprint
simplifies SMFS data analysis. The advances demonstrated here
set a methodological foundation for the precise single-molecule
arrangement of diverse biomolecules, and enzymes in parti-
cular. Thus, we provide a means to study their behaviour as
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isolated molecules as well as in an organised network to gain a
more comprehensive understanding of enzyme function.
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