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corresponded to the number of induced rotations. We observed initial unwind-
ing frequencies ranging from 0.02 Hz to 0.1 Hz, which decreased exponentially
as the unbraiding process progressed. Using hydrodynamic equations, we
estimated torques of up to 140 pN nm.
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The folic acid-folate receptor recognition interaction has been exploited for tar-
geted drug delivery, yet the detailed mechanism of this binding is unknown.
Here, atomic force microscopy was employed to measure the folic acid-folate
binding protein interaction. After conjugating a flexible poly(ethylene glycol)
linker to folic acid and attaching this to an AFM tip, a controlled mechanical
force was applied to disrupt the binding interaction. The amount of force re-
quired to cause rupture at various force loading rates were measured. The rup-
ture force dependency on the loading rate characterizes the energy landscape of
the single molecule interaction between folic acid and folate binding protein.
Control experiments were performed to ascertain the specificity of the FA-
FBP single molecule interaction. The use of dynamic force spectroscopy to in-
vestigate the details of this binding interaction provides new insight to guide the
design of folate receptor-targeting molecules.
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Pathogenic bacteria use long, fibrous structures known as pili to attach to host
cells. In Gram-positive bacteria, the pili shaft is formed by the covalent poly-
merization of the so-called major pilin protein. Accessory pilins, usually with
adhesive properties, are located along the pilus shaft interspersed with the ma-
jor pilin, and/or at the tip of the pilus. In this work, the mechanical behavior of
Spy0128, the major pilin from Streptococcus pyogenes (M1 serotype), has been
studied by single-molecule force spectroscopy. Spy0128, which is composed of
two domains, was sandwiched between 127 protein modules, and the resulting
heteropolyprotein was pulled using an atomic force microscope. In this kind of
experiments, the mechanical response of the 127 modules produces a character-
istic fingerprint that identifies the traces where the pilin must have been subject
to force. In those successful traces, no unfolding events corresponding to the
pilin modules were detected, even when the protein was pulled at forces close
to 1 nN. The possibility of the pilin modules extending at very low forces was
ruled out by estimating the initial extension before the first 127 unfolding event.
Therefore, Spy0128 is the most mechanically stable protein identified so far. In
order to test whether the mechanical resilience of Spy0128 is caused by two in-
tramolecular isopeptide bonds (one per domain) described by X-ray crystallog-
raphy and mass spectroscopy, mutant variants of Spy0128 that block the forma-
tion of the isopeptide bonds were also studied. Different to wild-type, the
mutant domains unfolded at around 200 pN, implying that the isopeptide bonds
further stabilize protein domains that are mechanically stable per se. The find-
ings presented here provide new insights into the mechanical architecture of
pili from pathogenic Gram-positive bacteria.
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Single-molecule measurements of how proteins respond to applied force can
provide valuable clues to their structure-function relationship, particularly for
proteins whose role in vivo relies on an ability to resist or sense force. Interpre-
tation of such measurements relies heavily on theoretical and computational
modeling; however, the brute-force approach, molecular dynamics simulation
at atomic resolution, is only feasible for timescales orders of magnitude shorter
than those appropriate to experiments. Thus coarse-graining is essential for ac-
cessing experimentally relevant timescales. However, almost all coarse-grained
protein models to date have been designed for the explicit purpose of studying
protein folding or normal mode flexibility, and are not capable of supplying
quantitative predictions about response to large applied forces. We develop
a new procedure for using force measurements from all-atom molecular dy-
namics simulations to parameterize a coarse-grained model specifically de-
signed for studying force response. This model has the novel feature of using
the flexible Morse potential as a basis function for describing non-bonded

interactions. We test the model by using it to study the kinetics of ubiquitin rup-
ture under quasi-equilibrium forcing, and compare with experimental results.
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Influenza virus belongs to a wide range of viruses that are enclosed in a lipid
envelope. The major spike protein of the viral envelope hemagglutinin (HA)
binds sialic acid (SA) residues of glycoproteins on the plasma membrane of
the host cells. This represents the first step of infection and requires multiple
simultaneous interactions since the affinity between one single HA-SA pair
is estimated to be very low (10-13 M-1). The attachment of influenza virus par-
ticles to living host cells was characterised on the level of single molecules us-
ing optical tweezers and atomic force spectroscopy. Unbinding events where
analysed and revealed a multimodal rupture force distribution. This suggests
sequential binding of multiple receptors. Treatment of the cells with neuramin-
idase (NA) which cleaves terminal sialic acid residues leads to a decrease of the
binding probability by >50 %. This indicates a specific interaction between
hemagglutinin and sialic acid unravelled by force measurements.
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The ability to specifically and non-destructively incorporate inorganic struc-
tures into or through biological membranes is essential to realizing full bio-in-
organic integration. However, molecular delivery and interfaces to inorganic
objects, such as patch-clamp pipettes, generally rely upon destructive mem-
brane holes and serendipitous adhesion, rather than selective penetration and
attachment to the bilayer. In fact, materials greater than a few nanometers
have not been shown to penetrate lipid bilayers without disrupting the continu-
ity of the membrane. I will discuss the development of nanofabricated probes
that spontaneously insert into the hydrophobic membrane core by mimicking
the hydrophobic banding of transmembrane proteins, forming a well-defined
bio-inorganic lateral junction. These biomimetic ’stealth’ probes consist of hy-
drophilic posts with 2-10 nm hydrophobic bands formed by molecular self-as-
sembly, and are easily fabricated onto a variety of substrates including silicon
wafers, nanoparticles, and AFM tips.

By fabricating this architecture onto AFM probes, we directly measured the
penetration behavior and adhesion force of different molecular functionalities
within the bilayer. Following insertion, stealth probes remain anchored in the
center of the bilayer, while purely hydrophilic probes have no preferred loca-
tion. The strength of the stealth probe adhesion varies greatly between short
and long chain alkane functionalizations, indicating that chain mobility, orien-
tation, and hydrophobicity all contribute to stability within the bilayer. In addi-
tion, the consequences of geometric factors such as band thickness and the pres-
ence of multiple bands on interface stability have been established. By
selectively choosing the desired properties of the hydrophobic band, it is pos-
sible to tune the failure tension of the interface from values comparable to that
of pristine lipid vesicles to only a fraction of the strength. Finally, the ability to
transfer the stealth probe behavior to other platforms (e.g. nanoparticles for
drug delivery) will be discussed.
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Molecular force has a fundamental role in cellular motility. The correct knowl-
edge of the transient history of molecular force is essential for accurate estima-
tion of kinetics parameters through force spectroscopy. Currently, it is assumed
that the molecular force is instantaneously equal to the externally applied force.
In this work we predict via analytical models and simulation of two cells at-
tached by a single bond that cell mechanics and hydrodynamics modulates
the externally applied force such that the instantaneous bond force is not equiv-
alent. Various mechanical models (solid, elastic, viscoelastic) of cells and mi-
crovilli are considered over relevant ranges of loading rates (10>-10° pN/s) and
force magnitudes (0-200 pN). Specifically it is demonstrated that both micro-
villus extension and tether formation decrease the pulling force imposed on
the adhesive bonds leading to a prolonged bond lifetime. It is demonstrated
that modulation of molecular force leads to inaccurate estimation of kinetic
off-rate. In particular, it is shown that the applied force is not instantaneously
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