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Polypeptides are used as versatile building blocks for novel biomaterials with many
applications.[2-11] Typically, protein-based materials are made by randomly cross-linking
their monomeric building blocks into supramolecular structures. However, random cross-
linking either limits or destroys the advantageous properties of individual proteins, such as
their large stretch ratios and structure recovery ability.[12.13] Here, we report a new strategy
for creating protein-based (nano)materials that circumvent this limitation and preserve the
unique molecular properties of their building blocks. This approach is based on genetically
fusing various protein building blocks to monomeric streptavidin and exploiting the
propensity of streptavidin monomers to self-assemble themselves into stable tetramers.[1415]

Streptavidin monomers (SM) are known to form tetramers[6-211 of high thermal stability[22]
that could potentially serve as hubs/nodes in supramolecular networks and materials.
However, in general, proteins with high thermal stability not always display high

mechanical strength.[23.24] In addition, it is presently unknown whether attaching large
polypeptide chains to SMs will compromise the ability of SMs to assemble into tetramers.
Even though numerous experimental and computational studies addressed the strength of the
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interaction between biotin and avidin/streptavidin,[25-33] to the best of our knowledge, none
directly investigated the mechanical strength of streptavidin itself. To evaluate whether
streptavidin can be a useful cross-linker for protein-based materials, we used protein
engineering to create polypeptides terminating with monomeric streptavidin, and used
atomic force microscopy (AFM) to visualize streptavidin-based complexes and evaluated
their tensile strength.

We genetically fused streptavidin monomers to two protein constructs with different
mechanical properties. The first construct was composed of a streptavidin monomer and six
tandem repeats of 127 domain of titin[34-38] connected to its N-terminus, 127-SM (Figure
1a, 1b and 2a). 127 domains are mechanically strong (unfolding force at the speed of 500
nm/s is 200 pN), and provide a unique mechanical unfolding finger-print.[37-42] The second
construct (Figure 3a) was composed of a streptavidin monomer and an N-terminal handle
composed of three staphylococcal nuclease (SNase) modules interspersed with three 127
don;ai?s. SNase domains were recently shown to produce regular unfolding forces of 20-30
pN. 42

127-streptavidin and 127-SNase-streptavidin chimeras were expressed in £ coliand purified
as tetramers (Supporting Information). AFM images clearly revealed (127-SM),4 structures
in which streptavidin formed a central hub with four protruding 127 arms (Figure 1e).
Based on protein gel analysis (Figure S1-S3) and AFM images, we conclude that SMs,
functionalized with tandem 127 and SNase repeats, correctly assemble into uniform tetramer
structures which also preserve their ability to bind biotins[t°] (Figure 1d and Figure S4).

We used single molecule atomic force spectroscopy4344] to determine the mechanical
strength of streptavidin tetramers (Figure 2a). Based on the design of the 127-streptavidin
chimera (Figure 1b and 2a), we can be absolutely certain that a single streptavidin tetramer
has been stretched when we record at least 7 (up to 12) characteristic unfolding force peaks
of 127 domains. For example, the top trace in Figure 2b captured the unfolding of ten 127
domains and the bottom trace revealed eleven characteristic 127 force peaks. Following the
127 force peaks, both traces also captured a large force peak (black circles in Figure 2b)
before the measured force dropped to zero. This large force peak could be due to the rupture
of streptavidin or due to detachment of the molecule from the AFM tip or the substrate.
From these and other similar measurements, we conclude that the strength of streptavidin
tetramers is equal or greater to the last force peak measured by AFM. However, to
differentiate streptavidin rupture events from protein detachment events, we performed
similar force spectroscopy measurements on 127 constructs without SMs (Figure S6).

The probability density function (pdf) of detachment events for 127 handles is compared in
Figure 2c (gray dashed line) with the pdf for last force peaks of the streptavidin tetramer
containing constructs (black solid line in Figure 2c). The histograms of both types of events
are compared in Figure S8a. While the pdf of detachment forces displays a long tail at forces
as high as 700 pN, the pdf of last force peaks of streptavidin constructs ends at 500 pN and
displays a pronounced hump at around 400 pN which is absent in the detachment pdf. We
conclude that this hump is produced by streptavidin rupture events and estimate the strength
of the streptavidin tetramers at our pulling conditions to be 400-500 pN. Similar conclusions
can be obtained by analyzing respective histograms (Figure S8a).

By using 127 domains for the identification of single molecule measurements, we obviously
selected only those AFM recordings in which the measured tension exceeded the unfolding
threshold force of 127, ~200 pN. Therefore, any events in which streptavidin tetramers could
break at forces lower than 200 pN (if any) would have been missed. To identify rupture
events that could possibly occurred at lower forces, we used the second construct, [(127-
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SNase)3-SM]y, for force spectroscopy measurements (Figure 3a). Figure 3b shows typical
AFM force-extension curves obtained on [(127-SNase)3-SM],. Interestingly, around 70% of
single molecule force-extension curves contained 4 (up to 6) characteristic unfolding force
peaks of SNase with recordings ending before any 127 modules unfolded (top panel of
Figure 3b). About 30% of the recordings contained 127 unfolding force peaks (bottom panel
of Figure 3b) and very rarely (approximately 5% of recordings) they displayed a force
greater than 300 pN. Never did the force exceed 500 pN.

As before, we analyzed the last unfolding force peaks in all single molecule recordings of
[(127-SNase)3-SM],4 and showed their pdf (black solid line in Figure 3c; the histograms are
shown in Figure S8b). We also performed single molecule force spectroscopy experiments
on the SNase-127 construct without SMs (Figure S7) and show the pdf of detachment force
peaks in Figure 3c (gray dashed line). Surprisingly, at around 100 pN, the streptavidin pdf is
significantly greater as compared to the detachment pdf. We conclude that the origin of this
difference is caused by numerous streptavidin rupture events which occur at forces around
100 pN that were missed in measurements using 127 handles.

What is the origin of these high and low rupture forces? Structural studies revealed that
identical streptavidin monomers (A, B, C and D) are assembled into tetramers as dimers of
dimers[20.21] (Figure 4a). Based on the crystal structure of streptavidin[2%.21] monomers are
tightly associated into dimers[2] due to strong interactions across the A and B (AB) and C
and D (CD) interfaces with large contact areas (~16 nm2), which involve 17 hydrogen bonds
(H-bonds) and other non-covalent interactions.[45] Relatively weak interactions exist in
cross-interfaces between monomers A and D (AD) and B and C (BC) with only two H-
bonds and other interactions, involving relatively small contact areas (~5 nmZ2).[21:45] Even
weaker interactions occur across A and C and B and D interfaces with a contact area of less
than ~2 nm2.[4%]

This analysis suggests that the internal interfaces within a streptavidin tetramer may have
different mechanical strengths and, because of this anisotropy, the mechanical strength of a
streptavidin tetramer may actually depend, in a complicated fashion, on the pulling
geometry. Taken together, our AFM results suggest that when using 127 handles, we mainly
probed rupture events between streptavidin monomers such as AB or CD (Figure 4). These
events likely rupture 17 H-bonds and therefore, require large stretching forces in excess of
300 pN at a pulling speed of 500 nm/s. However, when exploiting the unfolding signature of
SNase, we probed all possible rupture events within the streptavidin tetramer that occur
between monomers (AB or CD) and dimers (AB and CD). The latter likely involves the
rupture of only 4 H-bonds and therefore, requires a significantly lower stretching force of
approximately 100 pN. The fact that we only observed a few high force rupture events using
SNase-127 handles strongly suggests that dimer rupture events must occur more frequently
than monomer rupture events. This is consistent with the random attachment of protein
handles to the AFM probe and substrate that favors dimer separation along the £, or A3
directions over the £ direction inducing monomer separation in a 2:1 ratio (Figure 4b). We
note that the strength of the dimer-dimer interface in streptavidin is comparable or even
weaker (at the examined stretching rates) than the biotin-streptavidin unbinding force that
was reported to range from 100 pN to 450 pN when measured by AFM[29.31], The
mechanical strength of the monomer-monomer interface (around 400 pN) is greater than the
unfolding forces of most proteins studied so far. Therefore, this interface will likely be
strong enough to support a material with high tensile strength. It should be possible to
reinforce the dimer-dimer interface in streptavidin beyond its current tensile strength of
approximately 100 pN, by introducing inter-subunit crosslinks.[46:47]
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We note that using 127 and/or SNase domains as polypeptide linkers will produce highly
extensible materials which dissipate a significant amount of stretching energy.[313] In our
approach, 127 domains can be easily replaced at the DNA level, with other polypeptides that
may provide other desirable elastic properties such as a large stretch ratio with minimal
energy dissipation (for example, repeat proteins based nano-springs; ref. 12 and 13).
However, to create 2D or 3D materials based on streptavidin hubs, polypeptide linkers need
to be further functionalized for second-level self-assembly. For example, the N-terminus of
these polypeptides can be preceded by AviTagl“8l to which biotin can be enzymatically
added, or by Strep-tag 111491 engineered at the DNA level. Self-assembly can then be
achieved by mixing the biotinylated tetramers with soluble streptavidin, or using Strep -tag
terminated hubs with soluble Strep-Tactin[951] (Figure S9a and S9b). Alternatively, the N-
terminus of polypeptide linkers can be fused with the FKBP12 polypeptide and self-
assembly would be achieved in the presence of FK1012, a chemical inducer of dimerization
for FKBP12 domainst®2] (Figure S9c). Because, in our approach, biotin binding sites are still
available on streptavidin hubs (Figure 1d and Figure S4), they also can be exploited for
further crosslinking strategies or to connect streptavidin mediated networks to other
structures. For instance, biotinylated phosphatidylserines in a lipid bilayer could anchor
streptavidin hubs to large unilamellar liposomes to form 2D networks on their surface. Such
networks would support the structure of liposome-based “artificial cells”, in a fashion
similar to that of the red blood cell cytoskeleton.

Experimental Section

To prepare 127-SM and (SNase-127)3-SM plasmids, core streptavidin genes (residues
13-139) were fused into the 7th and 8th positions of pAFM1-8[53] and pAFM1-8(SNase 2, 4,
6)[42] plasmids. Self-assembled (1275-SM)4 and [(SNase-127)3-SM], and were purified
using Ni-NTA column and 100 kDa centrifugal filter devices. For AFM imaging, 1.5 kb
single-end biotinylated DNA and (1275-SM),4 were premixed with a molar ratio of 2:1, then
incubated on mica for imaging in air. All force-extension measurements were carried out on
custom-built AFM instruments as described previously.[13:54.55] probability density
functions were calculated by the kernel density estimation[®] using custom-written codes in
Python. More details on the experimental methods are included in the Supporting
Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Designing well-defined protein-based building blocks for constructing self-assembled
nanostructured materials. a) A schematic of (1275-SM); building blocks. b) A schematic of
the structure of (1274-SM), created during protein expression in £.coli through self-
assembly of monomeric streptavidin. ¢) A schematic of 1.5kb single-end biotinylated DNA.
d) AFM images of (1275-SM), incubated with biotinylated DNA (see also Figure S4). e)
High-resolution AFM image of (1274-SM)4 shows a structure that is similar to the schematic
illustration in (b). The measured length of ~50 nm from one arm to another matches the
expected length of the complex. The total length of the intact 12 127 and streptavidin
tetramer is ~53 nm based on crystal structures of both proteins: a single 127 = ~4 nm (PDB:
1TIT) and a core streptavidin = ~5 nm (PDB: 1MKS5).
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Figure 2.

Strong intermolecular forces of the streptavidin tetramer. a) A schematic illustrates AFM
pulling experiments on (1275-SM),4. b) Examples of force-extension curves display regular
patterns of unfolding 127 domains followed by a large force peak (black circles)
corresponding to rupture of streptavidin tetramers or detachment of the complex from the
substrate or the AFM tip. Thin gray lines are WLC model fits to the curve with contour
length increments (ALc) of 29.5 nm and persistent length (p) of 0.4 nm. ¢, The comparison
of pdfs of last force peaks from (b) (black solid line, 7= 110) and detachment forces of 127
constructs without streptavidin (gray circle in Figure S6; gray dashed line in Figure 2c, n=
120). The data in Figure 2c and 3c were collected at the AFM pulling speed of 500 nm/s.
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Figure 3.

Mechanical anisotropy of the streptavidin tetramer. a) A schematic illustrates the AFM
experimental geometry of the [(SNase-127)3- SM],4 construct. b) Examples of force-
extension curves show 6 unfolding force peaks of SNase modules without (top panel) or
with unfolding force peaks of 127 domains (bottom panel). Thin gray lines are WLC model
fits to both sets of curves with ALc = 48 nm (SNase, top), 45 nm (SNase, bottom) and 30 nm
(127, bottom), and p = 0.7 nm (SNase) and 0.4 nm (127). ¢) The comparison of pdfs which
were obtained based on the last force peaks from (b) and similar recordings (black circles in
(b); black solid line, 7= 56) and detachment forces of 127-(SNase-127)3 constructs (gray

circle in Figure S7; gray dashed line in Figure 3c, n= 160).
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Figure 4.

Three possible AFM pulling geometries on streptavidin tetramer. a) The crystal structure of
streptavidin tetramer (PDB: 1MKS5). b) When polypeptide building blocks are fused onto the
N-terminus of streptavidin tetramers, three pulling geometries are possible during AFM-
based force spectroscopy measurements. Gray circles indicate biotin binding sites (solid
circles for top binding sites and dashed circles for the bottom sites). Gray shades represent
contact areas between monomers by H-bonds and/or non-covalent interactions.
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