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Abstract:

Mesoscale molecular assemblies on the cell surface, such as cilia and filopodia, integrate
information, control transport and amplify signals. Synthetic devices mimicking these structures
could sensitively monitor these cellular functions and direct new ones. The challenges in creating
such devices, however are that they must be integrated with cells in a precise kinetically controlled
process and a device’s structure and its precisely structured cell interface must then be maintained
during active cellular function. Here we report the ability to integrate synthetic micron-scale
filaments, DNA nanotubes, into a cell’s architecture by anchoring them by their ends to specific
receptors on the surfaces of mammalian cells. These filaments can act as shear stress meters: how
anchored nanotubes bend at the cell surface quantitatively indicates the magnitude of shear stresses
between 0-2 dyn/cm?, a regime important for cell signaling. Nanotubes can also grow while
anchored to cells, thus acting as dynamic components of cells. This approach to cell surface
engineering, in which synthetic biomolecular assemblies are organized within existing cellular
architecture, could make it possible to build new types of sensors, machines and scaffolds that can
interface with, control and measure properties of cells.

Introduction:

Micron-scale molecular assemblies, including membrane-bound! and membrane-less
organelles?, cilia’, cytoskeletal networks?* or the glycocalyx®, spatially organize living cells, create
specialized reaction environments, serve as transport conduits, and amplify chemical and
mechanical signals in ways individual molecules cannot. Assembling synthetic micron-scale cell
structures and controlling their dynamics are key goals of synthetic biology and nanotechnology®
because these abilities could make it possible to construct, for example, new cellular reaction
chambers, sensors, and information and material conduits.

A key challenge in this pursuit is that the formation and evolution of the cell’s architecture is
primarily kinetically driven®. The time-dependent concentrations of the assembling species and
must be controlled to direct where and how many structures are assembled and how long they
persist, and thus to build dynamic structures that integrate functionally into a cell’s constantly
evolving architecture.

A cell’s architecture extends from its interior to its surface. Organizing and directing molecules
on the cell surface is important for controlling cell fate’, drug and gene delivery, and building
biotic-abiotic interfaces® such as by attaching nanoparticles, small molecules’ and nanowire cell-
electronic interfaces!” to the cell surface. While controlling interactions between cell receptors and
nanostructures has been studied in the context of therapeutic modulation of receptor activity*!2,
or for directing import of therapeutics'*!®, less is known about creating and organizing
microstructures that programmatically modify and extend cell surface architecture’>!”.

Micron-scale filaments are ubiquitous cell motifs that serve as sensors (antennae)'®, mechanical
supports, agents for generating motion'® or for transport. Filaments must grow and be anchored in
prescribed orientations to execute these functions and actively grow and reorganize to maintain
their structure and respond to stimuli. Here we organize micron-scale filaments that can act as
functional cellular elements on specific cell surface receptors (Figure 1a). We then grow these
anchored filaments, demonstrating their capacity for dynamic reorganization. We also
demonstrate how the cell-anchored filaments are sensitive flow rate meters whose dynamic range
encompasses physiologically relevant rates of blood or ion channel-activated?®?! flow. We thus
show how micron-scale structures can be attached to a cell at specific locations in specific
orientations, extending the functional mesoscale architecture of the cell.



Results:

We used DNA tile nanotubes (Figure 1b), semiflexible filaments with persistence length 8.7+0.5
um?? (on order that of actin??®) that polymerize via Watson-Crick hybridization>*?°, These DNA
nanotubes can grow from DNA origami templates, seeds (Figure 1¢)*?, and can reach 100 um in
length?+26, DNA nanotube growth kinetics?>27-39, hierarchical assembly pathways?' and diffusion
rates®?> have also been extensively characterized, allowing kinetic control over their growth and
interactions with cells. Nanotubes can be functionalized with polymers, gold nanoparticles®?,
proteins®® and peptides**, and thus could be templates for constructing diverse functional devices.

We sought an approach for anchoring DNA nanotube ends to specific receptors on living cells
that could be easily tailored to target different receptor types. The design of such an anchoring
process presents key challenges. First, a nanometer-scale anchor point on a filament’s end must
binding specifically to the chosen receptor®, and the filament’s much larger remaining surface
must not interact with the cell. The nanotube’s anchoring rate must also be higher than its rate of
detachment or cell import3¢. Microparticles can be anchored to cells because microparticles’ large
surface areas allow high net attachment rates3’*8; molecules or complexes can be reliably anchored
when they are supplied at high concentrations (>>10 nM)*. Anchoring nanotubes requires
interaction with a small area of nanotube surface, and because of DNA nanotubes’ large size (~50
megadaltons), it is only practical to present them at concentrations <100-200 pM. To overcome
these challenges, we developed a method in which a DNA nanotube seed serves as an anchor and
presents numerous binding sites that attach quickly and effectively irreversibly at the desired
receptor. This approach yields efficient attachment to multiple receptors on multiple cell types
with little nonspecific binding.

Reliably anchoring nanotube seeds to cell receptors. We first characterized and eliminated
nonspecific interactions between DNA nanotube seeds and nanotubes and cells**. We measured
the rate of DNA nanotube seed/cell interaction by adding Atto488-labeled DNA nanotube seeds
(final concentrations 8-64 pM) to HeLa cells in culture (Supp. Note S5). Confocal micrograph z-
stacks showed that the average fluorescence intensity of seeds at the cells’ midline increased
linearly with seed concentration, with 107417 attached seeds per cell for 64 pM seeds (Supp. Note
S6, Supp. Figure S4a, b).

Poly(ethylene) glycol (PEG) coating can reduce nonspecific interactions between nanoparticles
and cell membranes®. To test whether PEG coating might reduce nonspecific interaction between
DNA nanostructures and cells, we hybridized 20 kD PEG-15 nt DNA strand conjugates to seeds
(Figure 1c¢). Almost no PEG-coated seeds were visible on cells after 8-64 pM PEG-coated seeds
were incubated with HeLa cells (Supp. Figure S4c, d).

We then conjugated 20 kD PEG to nanotube monomers (Figure 1d) and prepared seeded
nanotubes by combining 415 nM PEG-conjugated monomers with 37 pM seeds and incubating
them at 37°C in TAE-Mg?* buffer for 3 days. >40+4.8% of the resulting filaments were >3 um
long (Supp. Figure S5). Neither PEG-coated nanotubes grown from PEG-coated or unmodified
nanotube seeds attach to cells (Supp. Note S8, Supp. Figure S6).

We first tried anchoring DNA nanotube seeds to cells using the SpyTag peptide and SpyCatcher
protein, which form a covalent bond*'. We hybridized six SpyTag peptide-DNA conjugates (Supp.
Note S9 and Supp. Figure S7 a, b) to each seed’s barrel?>. We then expressed a GFP-integrin-
SpyCatcher fusion protein in HeLa cells via transfection (Supp. Note S10). However, almost no
nanotubes grew from SpyTag-modified seeds attached to cells (Supp. Note S11 and Supp. Figure
S7¢, d), perhaps because of the low SpyTag-SpyCatcher reaction rate constant*': 1400 + 40 M-'S-



I. Even assuming fusion receptor overexpression (10* per cell)*?, at 64 pM nanotubes on average
just one nanotube would anchor to each cell per hour (Supp. Note S12). Anchoring nanotubes
requires a much faster binding reaction, so we next considered antibody-receptor interactions, as
most protein interactions have forward rate constants of 103-10° M-!s!,

Figure 1: Anchoring synthetic filaments, DNA nanotubes, to specific cell surface receptors. a. DNA nanotubes
anchored at specific locations on the cell surface could act as dynamic, functional elements of cells. b. Micron-scale
DNA nanotubes self-assemble from monomer complexes. Arrows indicate 3 ends of DNA strands. ¢. Nanotube seeds
are scaffolded DNA origami structures that template nanotube growth. Seeds can be coated with DNA- Polyethylene
glycol (PEG, molecular weight 20 kD) conjugates (Supp. Figure S1 and S2). d. PEG-coated DNA nanotube monomers
and assembled nanotubes. e. Schematic of EGFR antibody-mediated, DNA-Directed Attachment (AMDA) for
anchoring seeded DNA nanotubes to cell surface receptors to origami seeds on nanotube ends. Primary antibodies,
biotinylated secondary antibodies, streptavidin or neutravidin, and biotinylated DNA form complex to present a DNA
sequence. This sequence hybridizes to the complementary DNA sequence on a DNA nanotube seed.



