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Force spectra of single bacterial amyloid CsgA
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CsgA is a major protein subunit of Escherichia coli biofilms and plays key roles in bacterial adhesion and

invasion. CsgA proteins can self-assemble into amyloid nanofibers, characterized by their hierarchical

structures across multiple length scales, outstanding strength and their structural robustness under harsh

environments. Here, magnetic tweezers were used to study the force spectra of CsgA protein at fibril
levels. The two ends of a single nanofiber were directly connected between a magnetic bead and a glass
slide using a previously reported tag-free method. We showed that a wormlike chain model could be

applied to fit the typical force—extension curves of CsgA nanofibers and to estimate accordingly the
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mechanical properties. The bending stiffness of nanofibers increased with increasing diameters. The

changes in extension of single CsgA fibers were found to be up to 17 fold that of the original length,
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1 Introduction

There are numerous examples of naturally occurring hierar-
chically self-assembled nanostructures that provide vital phys-
iological functions for living organisms."? Such functional
building blocks can serve as inspiration or templates to develop
new materials and technologies.**> CsgA nanofibers, which are
the major protein constituents of Escherichia coli (E. coli)
extracellular biofilms, provide adhesion, stiffness and
mechanical stability for the biofilms and play critical roles in
the binding of host cells for internalization and protection
against phage attack.®® CsgA protein monomers, which consist
of five repeating units with several conservative residues, can
fold into a compact B-helix which is capable of self-assembling
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indicating exceptional tensile properties. Our results provide new insights into the tensile properties of
bacterial amyloid nanofibers and highlight the ultrahigh structural stability of the Escherichia coli biofilms.

into CsgA nanofibers (Fig. 1a).° The cross-p hydrogen-bonded
structures within the nanofibers can provide stiffness, strength,
and stability like other well-known amyloid nanofibers such as
lysozymes and B-lactoglobulin.'®** By using genetic engineering
tools, CsgA fusion protein nanofibers have been designed and
explored for many applications, such as underwater adhesives,
engineered living materials, and patternable coating
materials.'*"**

Their important biological roles and promising applications
in material science highlight the significance of probing the
mechanical properties of CsgA nanofibers at both bulky and
molecular levels. Such research will address fundamental
questions regarding the formation and eradication of bacterial
biofilms, as well as help to facilitate rational design and utili-
zation of CsgA nanofibers for material research.*® In previous
studies, the mechanical unfolding and adhesion mechanisms
of a single CsgA protein and similar B-helical proteins had been
assessed using both theoretical and experimental
approaches.>*?> At single nanofiber level, the relation between
adhesion behavior and the dimension of fiber has been
demonstrated by simulation study.*® Atomic force microscopy
(AFM) was applied to measure the mechanical properties of
CsgA nanofiber.”*** The Young's modulus has been calculated
with an assumption that the fiber was homogeneous.?** The axial
structure of a linear fiber is quite different from the vertical
structure. Therefore the bending stiffness is probably different
from the stretching stiffness. Despite these important advances,
the persistence length of curli nanofibers (a key parameter for
understanding mechanical properties) has not been directly
measured by experiments, though it has been analyzed in

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Self-assembling of CsgA proteins and establishment of single molecule system. (a) A schematic of self-assembling of CsgA proteins. (b)
Schematic of the cross-linking of a single CsgA nanofiber. (c) The number of sticking microbeads observed per area in the cross-linking CsgA
positive experiment and in the non-linking CsgA control experiment without adding EDAC and glutaraldehyde. (d and e) The relation between
extension and rotation number and their schematic diagrams when multiple molecules or nanofibers attached on one microbead and glass. (f
and g) The relation between extension and rotation number and their schematic diagram when a single molecule or nanofiber attached to one

microbead and glass.

a coarse-grained model.”® As such, many basic physical and
mechanical properties of CsgA nanofibers, particularly at
nanofiber level, remains elusive.

The mechanical properties of single proteins have been
studied using a number of experimental techniques®” such as
optical tweezers,?® magnetic tweezers (MT),>? and AFM.**** In
these approaches, the protein is typically tethered to
a microbead or tip via a tag or physisorption, leaving the other
end free to interact with another molecule or substrate. The tag,
such as antigen-antibody or biotin-streptavidin, requires
modification of the protein or a plasmid encoding the protein.
The modification and corresponding purification procedures
are time-consuming.*"* In addition, the non-covalent bonds
between the tag and proteins may break during stretching, thus
affecting experimental results. The physisorption method was
used in early experimental measurements,*® but is not appre-
ciated in recent years because it is non-specific. The amino-
carboxyl linking is one of the commonly used conjugation
methods.*” Applying this tag-free method into the single-mole-
cule force measurement system may improve the efficiency. MT
has been widely used to study the mechanical properties of
DNA,?*® single proteins,**** and protein-protein interactions,****

This journal is © The Royal Society of Chemistry 2020

and has been demonstrated to possess high resolution, wide
force range, and stability.>>*»*

Here, using a robust and tag-free single-molecule strategy,
we directly measured the mechanical properties of CsgA nano-
fibers of different diameters and obtained the force spectra
using MT. The number of filaments that made up the nano-
fibers was estimated based on the persistence lengths. It was
found that the mechanical properties of CsgA nanofibers of
different diameters varied, and the bending stiffness varied
with the diameter. Understanding the mechanical properties of
CsgA nanofibers with different dimensions can help to establish
the foundation for applying them in both materials science and
bio-nanotechnology.

2 Results and discussion

2.1 Development of a robust and tag-free attachment
method for measurement

To simplify the labeling process in force spectroscopy experi-
ments, we applied a tag-free approach for any proteins with
natural amino, and carboxyl ends. For the MT experiments, we
first linked one end of the CsgA nanofiber to an amino-func-
tionalized magnetic microbead (Dynabeads, M270) through the

RSC Adv, 2020, 10, 21986-21992 | 21987
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Fig.2 CsgA nanofibers observed by SEM. (a) The non-crosslinked microbead. (b and c) A single CsgA nanofiber (red arrow) sticking to the bead
and the glass surface. (d) Distribution of the diameters of the 146 single fibers.

covalent reaction mediated by EDAC (1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide, Thermo Fisher) between the
carboxyl group of the protein nanofiber and the amino group of
the microbead. Then, the magnetic beads were loaded onto
a flow cell covered by glutaraldehyde-coated glass slide to
adhere to the CsgA nanofiber through a Schiff base reaction
(Fig. 1b). After linking, the buffer in the flow cell was replaced
with the MES (2-(N-morpholino)ethanesulfonic acid, Sigma)
buffer (pH = 5.5). The fibril filaments that make up the CsgA
nanofibers are considered to form hydrogen bonds between
each other.®

We observed a large number of fluctuating beads using
microscopy (Fig. 1c), indicating most of the CsgA nanofibers
were successfully tethered to the microbeads and glass. In the
control experiments without adding EDAC and glutaraldehyde,
there were much fewer fluctuating microbeads than in the
positive experiments, suggesting that much fewer fibers were
tethered to magnetic microbeads (Fig. 1c). The number of
tethered fluctuating microbeads in the control experiments was
only ~13% that of the positive tests, indicating that the linking
method was effective. In addition, we clearly observed a larger
number of sticking microbeads (including stationary microbe-
ads and fluctuating microbeads) in positive experiments than in
the control experiments. This observation highly suggested that
the amino-functionalized beads could bind to glutaraldehyde-
coated glass surface, and thus could be used as reference
microbeads in MT measurements.

The initial step of single-molecule experiments was to make
sure the molecule was in a single molecular state. In our
sample, it was surmised that multiple molecules or nanofibers
might be attached to one microbead after linking. To select
single nanofiber-tethered microbeads, the magnetic beads were

21988 | RSC Adv, 2020, 10, 21986-21992

rotated. In some experiments, the extension decreased when
the rotation number increased positively (in a counter-clock-
wise direction) or negatively (in clockwise direction), suggesting
the formation of coils or braids containing multiple nanofibers
attached to one microbead and glass slide (Fig. 1d and e). We
noted that the nanofibers tethered to the same microbead
might have different contour lengths. Based on previous
experiments, when extension did not change upon varying the
rotation number, it was an indication that the magnetic bead
had only a single tether to the glass slide (Fig. 1f and g).** We
thus selected this kind of nanofibers for further assessment of
their mechanical properties (Fig. 1d-g and S1%).

To further confirm the linking effects between nanofibers
and microbeads, we performed scanning electron microscopy
(SEM) to visualize the CsgA nanofibers and paired microbeads.
The magnetic beads were bound to the fibers and tethered to
the glass as in the MT experiments. The beads were turned aside
by a permanent magnet to reveal the tethered nanofiber. SEM
images indeed validated the feasibility of the linking method.
For a control sample in which plain microbeads and nanofibers
were simply mixed together, no nanofibers were found to be
attached to the microbeads (Fig. 2a). However, for the sample
using the tag-free linking method, one end of the nanofiber was
found to be firmly attached to the microbead, and the other end
was adhered to the glass surface, which was the bottom plate of
the sample (Fig. 2b and c). We used Image] software to measure
the diameter of the nanofibers. In Fig. 2b, the length of each
pixel on the original photo was measured to be 5.6 nm (the
thickness of platinum coating was approximately 2 nm). The
diameter was taken as the mean value of data measured at
different positions on a fiber. The results showed that the
diameters of the CsgA nanofibers varied widely. Among 146

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Relations among force—extension, persistence lengths, and diameters. (a) Four typical force—extension measurements of single CsgA
nanofibers and the fitted curves (dotted lines) by the wormlike chain model. (b) Distribution of the persistence lengths. (c and d) The distributions
of the diameters and the fourth roots of persistence lengths. (e) Relations between force and change of extension of the 4 CsgA nanofibers
corresponded to the symbol in (a). (f) Distribution of the changes in extension for 78 CsgA nanofibers at 42.1 pN.

pieces of CsgA nanofibers that were measured, the diameters of
the nanofibers ranged from 4 to 64 nm (Fig. 2d) and averaged at
21.7 4+ 10.4 nm.

2.2 Mechanical properties of CsgA nanofibers with different
diameters

The diameters of the CsgA nanofibers observed by SEM varied
widely, and we next explored how much the stiffness of these
nanofibers was affected by these variations. Samples for MT
were prepared following the same linking procedures as the
samples for SEM. The mechanical properties of CsgA nanofibers
were characterized using single-molecule MT. Among the 78
single nanofibers studied by MT experiments, the force-exten-
sion curves of 73 fibers were fitted by the wormlike chain model
with R* > 0.8 (coefficient of determination). These results indi-
cate that the fibers are flexible and exhibit typical behaviors of
a wormlike chain polymer. We selected the force-extension
curves of four nanofibers with persistence lengths of 1.0, 1.7,
5.4, and 49.8 nm (Fig. 3a). As determined from the curve

This journal is © The Royal Society of Chemistry 2020

fittings, the persistence lengths of the 78 nanofibers were found
to range from 0.9 to 49.8 nm (Fig. 3b).

The persistence lengths of the CsgA nanofibers obtained
from the MT experiment were much shorter than that of an
amyloid fiber made from insulin.* The persistence length is the
length along the backbone of the chain over which random
bends occur. This indicates that CsgA fibers are more flexible or
easier to be bent than insulin fibers. Moreover, the insulin
fibers were made from a solution that was heated at 60 °C for 24
h and then stored at room temperature for one week, whereas
our CsgA nanofibers were made from a CsgA solution in only
a few hours under room temperature. Both proteins self-
assembled into nanofibers with dimensions that increased with
time." The dimensions, including diameter, are key to accurate
measurement of bending stiffness, and consequently, persis-
tence length.

The persistence lengths measured for the nanofibers span-
ned a relatively large range. This may be caused by the variances
in the number of filaments in the nanofibers, given that the

RSC Adv, 2020, 10, 21986-21992 | 21989
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persistence length changes with the number of molecules or
filaments*® constituting the polymer. The number of filaments
in a nanofiber is indicated by its diameter, which increases
during self-assembly even within a short period of time. From
the classical relation between the diameter d and the persis-
tence length A:

A:B:WY<‘1>4 (1)
ksT 4 kgT \2

Here, B is the bending stiffness, Y is the Young's modulus, kg is
the Boltzmann constant, and T is the absolute temperature.*”
For a structurally uniform material, the Young's modulus is
a fixed value, regardless of its size. Here, the Young's modulus
of the CsgA nanofiber is assumed to be a constant. Then, A is
proportional to the fourth power of d. Although A and d were
measured from different nanofibers, those nanofibers were
produced by the same procedures and were considered to be
identical. The distributions of d and A™* both roughly follow
Gaussian distribution (Fig. 3¢ and d). This shows that the A
value indeed changes with d, and B depends on the fourth
power of d. A is proportional to the square of the cross-sectional
area of the nanofiber. In our experiments, as A increases from
0.9 to 49.8 nm, which is about the square of 7, the cross-
sectional area also increases by 7 folds, i.e., the thickest nano-
fiber we tested was composed of 7 filaments. In addition, the
bending stiffness of CsgA nanofiber increased with the fourth
power of the diameter.

Clearly, the distribution of A¥* and the distribution of d do
not perfectly match, which is probably due to off-centered
attachment of the magnetic microbead to the nanofiber, or due
to the one-filament linkage in a fiber (Fig. 1b). The diameter of
magnetic microbeads was 2.8 um, and the majority of the
measured CsgA nanofibers were smaller than this length. Thus,
part of the extension change measured at low forces was caused
by rotation that occurred in eccentric magnetic microbeads.*
Also, one filament is covalently linked, and other filaments are
non-covalently attached and follow the linked filament during
the force measurements. This situation may lead to diverse
distribution of the force-extension results.

We estimated the Young's modulus of the CsgA nanofiber
using the average diameter and average persistence length. The
median persistence length was ~7 nm in the MES buffer. The
average diameter of pure CsgA nanofiber in aqueous solution
was 1.39 + 0.48 nm based on our previous report,’” which is
more suitable than the SEM measurements here, given that the
SEM sample was dry and sputtered with platinum nano-

particles. Therefore, the average Young's modulus
4kpTA (2\" .
Y= 7) 18 ~154.6 MPa, according to the above equa-
T

tion. The lower limit is ~22.1 MPa from our data, whereas the
upper limit value varies based on diameter.

As one of the representatives of amyloid nanofibers, curli
nanofibers have similar structures to other amyloid nano-
fibers.”®* Thus, our method may also be applied to other
amyloid nanofibers. We noted that the Young's moduli of
amyloid nanofibers measured by AFM varied widely.'®>4435%51 In

21990 | RSC Adv, 2020, 10, 21986-21992
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these studies, the diameters of the fibers were much smaller
than the diameter of blunt-ended AFM tips. The fibers usually
lay on a flat surface during AFM measurements. It was difficult
to align the round tip onto the vertex point of the round fiber,
which may have led to inaccuracy. In addition, the force applied
by AFM was at the side of the round nanofiber and only acted on
the local part of the nanofiber instead of applying uniform
stress. The value obtained by our method reflects the bending
stiffness of the amyloid nanofiber instead of the Young's
modulus. This probably explains the large differences in the
values (from MPa to GPa) obtained in previous studies, because
of the different diameters of the measured nanofibers.

In order to investigate the tensile properties, we further
analyzed the relation between force (f) and change in extension
of CsgA nanofibers (Fig. 3e). The change in extension was
determined by AL/L,, where L, was the extension of the nano-
fibers at f= 0 pN, and AL was the difference between extensions
under f= 0 pN and an applied force. The change in extension
increased with the force until it reached a plateau. At 42.1 pN,
about 50% of the CsgA nanofibers exhibited a change in
extension from 0.1 to 2, and a few were distributed across
arange of 10 to 16, which indicated that these fibers were highly
flexible (Fig. 3f). The largest change in extension at 42.1 pN was
found to be 17.1, which is close to the theoretical strain of 19.5
reported in a previous study for a single CsgA protein using
SMD simulations.*® This is consistent with the nature of both
single CsgA nanofibers and CsgA proteins, which consist of p-
helices, i.e., B-sheets connected by loops in a single tether. In
addition, multiple CsgA proteins have connecting overlaps in
the fiber, and, therefore, the ratio of 17.1 is slightly shorter than
the theoretical strain. In contrast, typical DNA increases only
about 4 times in the force range.”>*® Taken together, the results
imply that the CsgA nanofibers have excellent tensile properties.

3 Conclusions

In summary, we have demonstrated that the force-extension
relation of 90% of the CsgA nanofibers follows the wormlike
chain model. We experimentally measured the persistence
lengths of CsgA nanofibers and estimated the number of fila-
ments in nanofibers based on the persistence length analysis.
The bending stiffness of the nanofiber depends on the fourth
power of its diameter. The nanofiber exhibits outstanding
tensile strength, with 17-time extension of its original length
before breaking. Our study here therefore provides new insights
into the tensile properties of curli nanofibers and lays the
foundation for exploiting the outstanding mechano-chemical
properties of amyloid nanofibers for diverse applications.
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EDAC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
SMD Steered molecular dynamics
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