A Biologically Inspired Membrane Tension Sensor for In Vivo Force Imaging

A cell’s ability to detect and respond to external forces is central to many physiological processes including
development, cardiac remodeling, and immune signaling, and also in disease contexts such as tumor growth
and cancer metastasis. At the membrane, mechanical forces generate a tension that cells can sense through
Piezo proteins, a family of mechanosensitive ion channels (Figure 1A). In response to increased tension, these
channels undergo a large conformational change, which opens a transmembrane pore and causes an influx of
cations (Figure 1B). While such biological tension-sensing mechanisms are commonplace and often essential
for proper cell function, it has not been possible for researchers to directly measure the membrane tension that
cells sense. Without the ability to quantify membrane tension, it has remained challenging to determine how
forces drive biological function. There is thus a need for new technologies to directly measure membrane tension.

Here, we propose to engineer a membrane tension sensor with fluorescent readout for use in living cells. Our
sensor design exploits the natural mechanism of tension sensing by the Piezo protein: We will construct the
sensor by crosslinking a force-responsive DNA structure to a chemically modified Piezo protein (Figure 1C, left
panel). When the Piezo protein undergoes a tension-triggered conformational change, the ensuing extension
ruptures the DNA structure and exposes a specific single-stranded DNA sequence. Exposure of this single-
stranded sequence can be detected and visualized in a microscope through binding of a fluorescent DNA oligo
(“imager strand”) with a sequence complementary to the exposed single-stranded DNA (Figure 1C, right panel).
We will acquire these measurements in live cell samples by immersing the cells in a pool of imager strands,
using a well-established imaging protocol known as DNA PAINT. In this manner, cells (and locations on cells)
that experience increased membrane tension will light up as bright spots under a microscope. Crucially, we can
design tension sensors with different detection thresholds by altering the sensors’ DNA sequence, and we can
multiplex the readout from diverse sensors by using different imager strands labeled with different colors.

We will use our novel sensors to reveal the spatial distribution of membrane tension in cultured cells and in intact
tissue under varying amounts of strain. We will also investigate how tissue defects (for instance due to injury)
alter force patterns, and at what point these altered patterns lead to pathological remodeling and disease. We
envision our fluorescent membrane tension sensors to become a standard tool in the field of mechanobiology.
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Figure 1: (A) Structure of the structural homolog, Piezo2 (PDB:6KG7), highlighting cap and blade domains. (B) Mechanism of Piezo1 activation: In low
membrane tension Piezol imparts a dome shape into the membrane and the blades are tensed (left). In the open channel the dome is flattened, and
the blades are extended (right). (C) Model Figure for the proposed DNA and Piezol based membrane tension sensor.
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