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Multiscale Mechanics of Fibrin
Polymer: Gel Stretching with Protein
Unfolding and Loss of Water

André E. X. Brown,'? Rustem . Litvinov,> Dennis E. Discher,?*

Prashant K. Purohit,® John W. Weisel**

Blood clots and thrombi consist primarily of a mesh of branched fibers made of the protein
fibrin. We propose a molecular basis for the marked extensibility and negative compressibility of
fibrin gels based on the structural and mechanical properties of clots at the network, fiber, and
molecular levels. The force required to stretch a clot initially rises linearly and is accompanied by a
dramatic decrease in clot volume and a peak in compressibility. These macroscopic transitions are
accompanied by fiber alignment and bundling after forced protein unfolding. Constitutive models
are developed to integrate observations at spatial scales that span six orders of magnitude and
indicate that gel extensibility and expulsion of water are both manifestations of protein unfolding,
which is not apparent in other matrix proteins such as collagen.

polymerize in the blood as a consequence

of biochemical cascades at sites of vascu-
lar injury. Together with platelets, this meshwork
stops bleeding and supports active contraction
during wound healing (7, 2). Fibrin also provides
a scaffold for thrombi, clots that block blood
vessels and cause tissue damage, leading to myo-
cardial infarction, ischemic stroke, and other car-
diovascular diseases (3). To maintain hemostasis
while minimizing the impact of thrombosis, fibrin
must have suitable stiffhess and plasticity (4), but
also sufficient permeability so that the network
can be effectively decomposed (lysed) by proteo-
Iytic enzymes (5, 6). It is challenging to meet all of
these conditions because open scaffolds would be
expected to break at low strains, as is true for
collagen gels (7). To address how fibrin clots are
both permeable and highly extensible, we studied
fibrin structures across multiple spatial scales,
from whole clots to single fibers and single mol-
ecules (Fig. 1).

Fibrin clots were made from purified human
fibrinogen under conditions (8) that resulted in
the formation of long, straight fibers, similar to
those found in physiological clots. To simplify
the interpretation, the clots were covalently ligated
with the use of a transglutaminase (blood clotting
factor XIIla), as naturally occurs in the blood,
which prevents protofibrils from sliding past one
another, thus eliminating persistent creep (9).

Measurements of the extensibility of 2-mm-
diameter fibrin clots (Fig. 2A) demonstrated that

Fibrin clots are proteinaceous gels that
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the clots could be stretched to more than three
times their relaxed length before breaking, with
an average stretch of 2.7 £ 0.15—fold (n = 6) (10).
This is comparable to the single-fiber extensibil-
ity that is observed when a fibrin fiber is laterally
stretched with an atomic force microscope (/7).
Qualitatively, the resulting force-strain curve for
fibrin is similar to those observed for rubbers and
other materials made from flexible chains (/2).
However, for fibrin clots, which are made of
longer, straighter fibers than the thermally fluc-
tuating polymer chains in rubber, models of rubber-
like elasticity predict a branching density that is
wrong by seven orders of magnitude (4). There-
fore, new models are needed to understand clot
mechanics.

In addition to the large extensibility of fibrin
clots, these gels also displayed a dramatic decrease
in volume upon stretching [supporting online ma-
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terial (SOM) movie S1], unlike most rubbery
materials. This unusual effect is quantified in Fig.
2B where the lateral contraction of the gel A«
allows one to calculate the relative volume (A 7\35 ),
which is plotted as function of strain (black circles)
and contrasted with a volume-conserving incom-
pressible material (black dashed line). The shrink-
age of the stretched clot was due to water expulsion,
as confirmed by an ~10-fold increase in the pro-
tein content in clots at a strain of 2 (fig. SIB).
This protein concentrating effect, or syneresis, is
mechanically induced and corresponds to a neg-
ative compressibility for the gel (Fig. 2B, inset);
the intrinsic compressibility of proteins is usually
positive and small, ~2 x 10* MPa ' (Fig. 2B
inset, open circle) (/3). This effect might be re-
lated to the phenomenon of negative normal stress
observed for networks of semiflexible polymers,
because even though fibrin fibers are relatively
stiff, it is still possible that they buckle more easily
than they stretch, thus leading to an effective in-
ward force (/4). However, our data below support
an alternative explanation in which the volume
change is associated with protein unfolding and
bundling of stretched fibrin fibers.

To understand what makes fibrin so different
from other highly extensible polymers, including
rubbers and hydrogels, we quantified the struc-
tural changes that occur in stretched clots at the
network and fiber levels. Unstrained clots imaged
with the use of scanning electron microscopy have
well-separated fibers with an essentially random
orientation (Fig. 3A, top image). When strain is
applied (Fig. 3A, lower images), the fibers begin
to align and the network orientational order pa-
rameter (/5) increases gradually from 0.1 to 0.7
at a strain of ~2.5 (Fig. 3B).

Transmission electron microscopy of trans-
verse sections through fibrin clots at increasing
strain (Fig. 3C, insets) provides a clear picture

Clot

-

stretch

Molecules
unfold —

Fig. 1. Blood clots are highly extensible supramolecular protein polymers formed from well-
separated, relatively straight and stiff fibers ~200 nm in diameter. When stretched (see movie S1),
the fiber network aligns in the direction of the applied strain and the individual fibers stretch,
forcing the fibrin monomers that make up the fibers to extend. Ultimately, it is this molecular
unfolding that allows clots to stretch so far. Thus, understanding fibrin clot mechanics requires
knowledge of the mechanical response and the corresponding structural changes spanning from

the centimeter scale to the nanometer scale.
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of how the fibers become thinner, closer to-
gether, and bundle. The area occupied by fibers
increases from ~5 to 24% at a strain of 2 (Fig. 3C,
graph). This increase is smaller than expected
given the macroscopic shrinkage of the entire clot
(see SOM), indicating that the volume decrease is
a combined result of fiber bundling and a de-
crease in fiber diameter from 185 + 36 to 74 +
16 nm (mean + SD, P << 0.0001, Student’s 7 test).
Similar transmission electron micrographs (al-
though without corresponding scanning electron
micrographs) of fiber ordering have been reported
(16), but quantifying the strain dependence of
these observations proves important below in con-
straining possible models. Furthermore, knowing
the stress applied and the fractional cross section
occupied by fibers allows for an estimate of the
force per protofibril of ~75 pN at a strain of 2.
Given the small loading rate that we used, this
force is large enough to result in substantial un-
folding of fibrin (/7). Protein unfolding is generally

Fig. 2. (A) Representative force-

associated with increased exposure of hydrophobic
groups that would tend to interact (e.g., bundle) and
expel water, as observed here.

The half-staggered packing of fibrin (Fig. 4A)
leads to a ~22-nm repeat that can be measured by
small-angle x-ray scattering (SAXS), and this mea-
surement can be used as a readout of the molecular
length (18). The position of the peak corresponding
to the 22-nm spacing does not change substan-
tially as the clot is stretched (Fig. 4B), ruling out a
gradual extension of molecules during the stretch,
which would otherwise increase this spacing, as
suggested by Roska er al. (19). The marked in-
crease in peak width that we observed indicates
an increase in disorder that is consistent with an
increasing number of molecules unfolding in
response to the large strain. This increase in dis-
order is captured by the decrease in the Scherrer
length L (Fig. 4C): The length over which the 22-nm
repeat is correlated (20). A decrease in L indicates
that the average size of the regions containing a

extension curve of a gylindrical fibrin A 7 No unfolding B

clot reaching a threefold longitu- ! (iike collagen)

dinal stretch. The average stretch - 0.6 ¥ o 1
before breaking was 2.7 + 0.15—fold < : ~< 0.8
(mean + SEM, n = 6 experiments). As 204 ] =
the strain (stretched length/initial S . " g 0.6
length — 1) increases, the force on = 0.2 Wihinfoiding| S
the clot increases linearly until a i 2 0.4
strain of ~1.2 is reached, at which o
point the sample hardens and enters 0 1 1 < 0.2
a new regime with a steeper slope 0 0.5 1 1.5 2 Ko
(black solid line). The force-extension Strain B .9
curve (black solid line) is fit using a constitutive model that takes clot microstructure and protein unfolding

into account (red line). Without molecular unfolding [like collagen (7)], the model (black dashed line)
rapidly diverges from the experimental data (black solid line). (B) The relative clot volume decreases with strain (black circles), in contrast to the behavior of an
incompressible material (dashed black line). This decrease is predicted with the use of the same model and parameters that we used to fit the force-extension data
(red line), demonstrating that the volume decrease occurs in parallel with molecular extension (SOM Eq. 29). A decreasing volume with increasing stretch
corresponds to a negative compressibility (inset), which indicates that there is a source of free energy to drive contraction, possibly due to fiber bundling when
hydrophobic side chains aggregate and bury after exposure during unfolding. The negative compressibility is a property of the network. Proteins in solution have
been observed to have intrinsic compressibilities ~2 x 10~ MPa~" (open circle, inset) (13). L, length; L;, initial length; W, width; W%, initial width.

Fig. 3. Structural changes in stretched fibrin clots at
the network and fiber levels. Scanning electron
micrographs of stretched clots (A) show how the
fibrin fibers align with strain. (B) These scanning
electron micrographs are segmented using a Laplace
of Gaussian filter that determines which pixels are
fibers and which are background and also calculates
the orientation 0 at each fiber pixel. The inset images
show the results of the segmentation with the color at
each pixel corresponding to that pixel's orientation.
These data are summarized as an orientational order
parameter <cos(20)> that can range between 0 for
randomly oriented fibers and 1 for perfectly aligned

fibers (14). Data points are averages of five fields of view taken randomly over the surface of the clot at each
strain. The order parameter was fairly uniform across samples with an average SE of 0.03. (C) Transmission
electron micrographs of transverse sections through unstretched and stretched clots show fiber bundling
(insets). The plot shows the total cross-sectional area covered by fibers (black points on the plot, each
representing a randomly chosen field of view), which is used to calculate the force per fiber as a function of
strain from the total force applied to the sample. Inset images are 4 um across. At least 10 scanning and
transmission electron microscope images at each strain were obtained from two independently prepared

samples with similar results.

Indicates
A image plane

consistent 22-nm repeat becomes smaller because
of intervening regions of unfolded molecules. To
control for the effect on L of fiber alignment that
accompanies strain, we made magnetically pre-
aligned samples in which the fibers were already
oriented along the direction of applied strain. In
this case, the decrease in L occurs at lower strains
because fiber alignment cannot take up as much
of the applied strain (Fig. 4C, blue circles). This
change is reversible when fibers are allowed to
relax (Fig. 4C, blue arrow). Similarly, to control
for fiber sliding as an alternative mechanism of
strain accommodation, we stretched samples that
were not covalently ligated using factor Xllla.
Without ligation, protofibrils slide with respect to
each other instead of stretching, and unfolding is
suppressed (Fig. 4C, black circles). This behavior
is expected for two-state extension in which some
molecules extend completely while others remain
folded, consistent with our earlier single-molecule
observations of the forced unfolding of coiled coils
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in fibrinogen oligomers (/7). A more gradual
unfolding has been observed in molecular dy-
namics simulations (27), but the coiled-coil span-
ning oC region is missing from published crystal
structures of fibrinogen and is therefore not in-
cluded in the simulation. Early wide-angle x-ray
scattering measurements of fibrin clots support
this view of molecular extension (22), providing
evidence for a folding transition from o helix to
B sheet, as has been observed for stretched keratin
(23, 24).

When these results are taken together, the
following picture of fibrin mechanics emerges
(Fig. 1). Because fibrin fibers are straight and
relatively stiff, thermally induced bends are neg-
ligible, and so there is no slack to be pulled out
upon extension. Instead, even at relatively low
strains, the fibers themselves must begin to orient
and stretch along the direction of the applied
strain. The volume fraction of protein within the
fibers has been estimated at ~20% (25), and the
protofibrils that make up the fibers are known to
adopt a twisted conformation (26) so that, at low
strains, fibers could stretch somewhat by having
protofibrils straighten and untwist within the fibers.

ek

|22 nm

However, to reach even a strain of ~0.15, unfolding
must start to play a role. It is this structural tran-
sition that allows fibrin clots to maintain their
linear response until strains of 1.2, at which point
the coiled coils, or perhaps some other compact
structures, are stretched to near their unfolded
contour lengths, leading to strain hardening. The
unfolded domains then interact and expel water,
as many denatured proteins do.

To quantitatively test this mechanism, two
approaches to model the stress-strain behavior of
networks of semi-flexible filaments can be adapted
for fibrin. A first model for random networks of
folded proteins (27) uses a system of connected
fibers. Although this model is not explicitly based
on the microscopic structure of the network, it has
been shown to accurately describe other random
networks and serves to connect the microscopic
and macroscopic processes. This leads to an ex-
pression for the force-extension (or stress-strain)
relation of the network in terms of the force-
extension relation of a single fiber. The molecules
making up the fiber are modeled as two-state
systems that can be either folded, in which case
the fiber behaves as a linear spring, or unfolded, in
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Fig. 4. Structural changes in stretched fibrin clots at the molecular level. (A) Schematic of a fibrin
protofibril showing the half-staggered pattern that leads to a characteristic 22-nm repeat. A fibrin
monomer within the protofibril is shown in red. (B) SAXS from fibrin clots leads to a clear first-order peak
(white arrow, inset) and to third- and fourth-order peaks. The plots show the peak shape as a function of
the wave vector g = 2rt/d, which increases radially from the center (here, d is the fibrin periodicity, 22 nm).
The thick lines are fits to the data using the sum of an exponential and a Gaussian with the exponential
alone (thin lines) shown for comparison. The width of the peak increases with increasing stretch, which can
be understood in terms of a two-state—like extension of fibrin molecules that introduce defects into the
sample. a.u., arbitrary units. (C) This effect is quantified as the Scherrer length L, which decreases with
increasing strain (red). The decrease is more rapid for samples that were prealigned in a magnetic field
during polymerization (blue), which implies that network alignment accommodates some strain and delays
unfolding. The transition is reversible when samples are allowed to relax, as indicated by the blue arrow.
When samples are not ligated using factor Xllla, protofibril sliding becomes important, and unfolding is
decreased. In all cases, the peak position remains relatively constant, implying that there is no gradual
lengthening of the whole population of fibrin monomers. Instead, there remains a population that is not
unfolded and maintains a fairly constant spacing. Error bars indicate SDs of the distribution of L determined
from fits using the bootstrap method. This bootstrap error is similar to the average SE of 15 nm calculated
by averaging over results from four samples. (D) This behavior is captured by the constitutive model in
which the fraction of folded monomers n; decreases with increasing strain.
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which case it is modeled as a wormlike chain (28)
(see SOM).

An alternative model of filamentous gels starts
from the assumption that the networks are homo-
geneous and isotropic, and strain uniformly (29).
Such a model can be used to compute the me-
chanical properties of the network after choosing
a fiber force-extension curve as above. This model
captures the trend in the data if buckling is taken
into account by setting the force on a fiber to zero
whenever it is under compression.

With either modeling approach, protein un-
folding is required to fit the experimental data.
Without unfolding, the fit rapidly diverges from
the experimental force-extension curve (Fig. 2A,
black dashed line). The fraction of folded do-
mains 7y determined from the model correlates
with the decreasing Scherrer length L observed
with SAXS (Fig. 4D), providing further evidence
that sample disordering is due to molecular ex-
tension. The divergence at high strains is prob-
ably due to unfolding of structures in the fibrin
molecules other than coiled coils, which has been
suggested as a possible mechanism to account for
the extensibility of single fibrin fibers (/7) and
could be straightforwardly incorporated into our
model to fit the force-extension data at the highest
strains. In contrast, a linear model without un-
folding fits collagen force extension data reason-
ably well (see SOM). This further highlights the
uniqueness of fibrin’s ability to balance large ex-
tensibility with a large pore size.

To account for the measured volume change
in addition to the other results, we modified the
first model (27) by associating a volume decrease
with the unfolding transition. By matching the
volume change at high strain, we determined the
fractional volume change per domain and then,
with no further fitting, the observed volume drop
at low strain was captured using the same param-
eters as those used to fit the force-extension curve
(compare Figs. 2B and 4D). The approximate
fit to the negative peak in the compressibility
(Fig. 2B, inset) further increases confidence in
the model and again suggests a connection be-
tween clot shrinkage and an unfolding transition
(SOM Eq. 29). A likely mechanism is aggrega-
tion that buries hydrophobic residues exposed
during forced unfolding of protein (fig. S3).

Thus, it is the molecular extensibility of fibrin
that allows clots’ long straight fibers to extend
and that endows them with essential properties,
such as large pore sizes and low fibrin volume
fraction in combination with extensibility. This
allows for efficient permeation and lysis of clots
(5) and maintenance of mechanical integrity in
dynamic environments (e.g., platelet-induced clot
retraction, skin and internal wounds that could
stretch during healing, arterial thrombi, and pul-
satory thrombotic aneurysms). The fact that these
molecular transitions occur at small strains that
cells can exert (30) and are manifested directly
in the macroscopic mechanics of fibrin may rep-
resent a clear example of an important biolog-
ical function of forced protein unfolding, as also
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demonstrated for some proteins in stressed cells
(31). Unfolded domains could be promising tar-
gets for modification in applications such as tissue
engineering and cell biophysics, where stiffhess is
known to be important (30), and for designs of
tougher fibrin sealants used in surgeries (32).
Controlling unfolding could also lead to new strat-
egies for breaking thrombi, perhaps by stabilizing
the coiled coil, rendering clots more brittle for
thrombectomy, or by destabilizing the coiled coil,
making clots softer and less occlusive. Structural
transitions observable at multiple scales may
also be involved in the mechanics of other pro-
tein assemblies.
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The C-Ala Domain Brings Together
Editing and Aminoacylation
Functions on One tRNA

Min Guo, Yeeting E. Chong, Kirk Beebe,* Ryan Shapiro, Xiang-Lei Yang, Paul Schimmel}

Protein synthesis involves the accurate attachment of amino acids to their matching transfer
RNA (tRNA) molecules. Mistranslating the amino acids serine or glycine for alanine is prevented by
the function of independent but collaborative aminoacylation and editing domains of alanyl-tRNA
synthetases (AlaRSs). We show that the C-Ala domain plays a key role in AlaRS function. The C-Ala
domain is universally tethered to the editing domain both in AlaRS and in many homologous
free-standing editing proteins. Crystal structure and functional analyses showed that C-Ala forms
an ancient single-stranded nucleic acid binding motif that promotes cooperative binding of both
aminoacylation and editing domains to tRNA*". In addition, C-Ala may have played an essential
role in the evolution of AlaRSs by coupling aminoacylation to editing to prevent mistranslation.

lished in the first reaction of protein syn-

thesis. In this reaction, aminoacyl-transfer
RNA (tRNA) synthetases (AARSs) catalyze the
attachment of amino acids to their cognate tRNAs
that bear the triplet anticodons of the genetic code.
When a tRNA is acylated with the wrong amino
acid, mistranslation occurs if the misacylated tRNA

The algorithm of the genetic code is estab-
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is released from the synthetase, captured by elon-
gation factor, and used at the ribosome for peptide
synthesis. To prevent mistranslation, some AARSs
have separate editing activities that hydrolyze the
misacylated amino acid from the tRNA (/-3). Be-
cause an editing-defective tRNA synthetase is toxic
to bacterial and mammalian cells (4, 5) and is
causally linked to disease in animals (6), strong se-
lective pressure retains these editing activities
throughout evolution.

A particular challenge appears to be avoiding
mistranslation of serine or glycine for alanine. All
three kingdoms of life contain free-standing editing-
proficient homologs of the editing domains found
in alanyltRNA synthetases (AlaRSs) (7). These

proteins, known as AlaXps, provide functional re-
dundancy by capturing mischarged tRNA mol-
ecules that escape the embedded editing activities
of AlaRSs (8). Although fiee-standing editing
domains have counterparts in ThrRS and ProRS
(7, 9, 10), they are not as evolutionarily conserved
as AlaXps. Moreover, enzymes like LeuRS, IleRS,
and VaIRS lack any free-standing editing domain
counterparts (/, 2, 11, 12). Despite the multiple
checkpoints to prevent mischarging of tRNA®?,
we did not know how the apparatus for prevent-
ing confusion of serine and glycine for alanine was
assembled. To pursue this question, we focused
on a third domain separate from the editing and
aminoacylation domains, known as C-Ala, which
is found in all AlaRSs and is tethered to their
editing domains.

The modular arrangement of domains in AlaRSs
is evolutionarily conserved (/3) (Fig. 1A). The N-
terminal aminoacylation domain is active as an
isolated fragment, and its three-dimensional structure
is that of a typical class Il AARS. The central editing
domain is homologous to the editing domain of the
class II ThiRS (74, 15). Lastly, a linker tethers the
third (C-Ala) domain to the editing domain. In con-
trast to the other two domains, C-Ala is only loosely
conserved and its structure is unknown. On the basis
of a survey of AlaRS sequences, we predicted
that a fragment corresponding to residues 766 to
875 of Escherichia coli AlaRS would form a struc-
tural unit (Fig. 1B). The corresponding region of
Aquifex aeolicus AlaRS is the 110-amino acid frag-
ment encompassing residues 758 to 867, which was
expressed in E. coli, purified, and crystallized (16).
The structure was solved to a resolution of 1.85 A
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