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Abstract

Extracellular matrix fibrils of fibronectin (FN) are highly elastic, and are typically stretched three
to four times their relaxed length. The mechanism of stretching has been controversial, in
particular whether it involves tension-induced unfolding of FNIII domains. Recent studies have
found that ~5 pN is the threshold isometric force for unfolding various protein domains. FNIII
domains should therefore not be unfolded until the tension approaches 5 pN. Integrins have been
reported to generate forces ranging from 1 to > 50 pN, but I argue that studies reporting 1-2 pN are
the most convincing, This is not enough to unfold FNIII domains. Even if domains were unfolded,
2 pN would only extend the worm-like-chain to about twice the length of the folded domain.
Overall | conclude that stretching FN matrix fibrils involves primarily the compact to extended
conformational change of FN dimers, with minimal contribution from unfolding FNIII domains.

Introduction

Fibronectin (FN) is a large molecule with a modular structure comprising multiple copies of
three types of domains (Fig. 1). The smaller FNI and FNII domains contain internal disulfide
bonds that stabilize their structure. The most abundant domain is the FNIII, which is a
peptide of about 90 amino acids (aa's) folded into a beta sandwich structure, with three beta
strands on one side and four on the other. FNII1 domains have no disulfides. Two FN
monomers are connected by disulfide bonds near their C termini to make the FN dimer. FN
dimers are assembled into fibrils that constitute the primordial extracellular matrix in
embryonic tissues and wound healing.

FN matrix fibrils are generally quite straight, rather than wavy or bent. The FN molecules
themselves have several hinge points [1], so one might expect matrix fibrils to be flexible.
That they are always straight suggests that they are under tension. The source of the tension
is the cells to which the FN fibrils are attached, whose actin cytoskeleton generates a
contractile force that is transmitted to FN via transmembrane integrin receptors.
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Tension does more than just straighten matrix fibrils — it also stretches them. The original
observation was made with FN-GFP, in which a GFP (green fluorescent protein) module was
inserted between FN-111 domains 3 and 4 [2,3]. When matrix fibrils happened to sever, they
were seen to contract about 3- to 4-fold from their stretched length. This elasticity of the FN
matrix has been confirmed in studies incorporating fluorescently labeled FN into cell
cultures [4] and into Xenopus embryos [5].

The mechanism of stretching has been controversial, in particular whether tension causes
unfolding of FNIII domains. Here | review recent studies of FN itself, and then consider
developments indirectly related to FN. How much tension is needed to unfold protein
domains and prevent their refolding? How much tension do integrins generate on the
extracellular matrix? If an FNIII domain is unfolded to give a worm-like-chain (wic), how
far would this tension extend it? Recent answers to these questions suggest that unfolding
FNIII domains contributes minimally to stretching FN matrix fibrils.

Stretching fibronectin — two potential mechanisms

One model for FN fibril elasticity is based on the conformational change that the FN
molecule undergoes in different solution conditions. In high ionic strength or high pH FN
molecules assume an extended conformation, whereas at physiological ionic strength the
molecule folds into a pretzel-like compact conformation [6,7]. Studies of proteolytic and
recombinant protein fragments suggested that the compact conformation is stabilized by an
electrostatic contact between FN-I11 domains 2-3 of one subunit of the dimer, and domains
12-14 of the other subunit [8]. The N-terminal FNI domains are also important. See [1] for a
comprehensive review of the compact conformation and its dynamics.

Fig. 2 shows a model of an FN molecule in the extended conformation, and the formation of
the compact conformation by folding first one subunit and then the other to make the
electrostatic contacts to the other subunit. The third panel illustrates how FN molecules in
the compact conformation might be linked to make one strand of a fibril. Stretching fibrils
would involve breaking the electrostatic bonds and pulling some or all molecules into the
extended conformation. Importantly, the ends of the extended molecules are 3.5 times farther
apart than they are in the compact conformation, in good agreement with the 3- to 4-fold
contraction observed for broken FN fibrils in vivo.

The second model assumes that the FN molecules are already extended as they are
incorporated into the FN fibril, and that the stretching involves force-induced unraveling of
FN-I11 domains. The concept that force could unravel FN-I11 and Ig domains was first
proposed as a theoretical model [9,10], and has been demonstrated experimentally by
stretching single molecules of titin [11], tenascin [12], and FN [13] with the atomic force
microscope (AFM).

The model that FNIII domains in FN fibrils are unfolded by tension is supported primarily
by experiments using an FN FRET reporter [14,15,16]. | have argued previously that this

probe is poorly designed to detect domain unfolding [17]. It has two acceptor fluors per FN
monomer, attached to the free Cys in 111-7 and 111-15; and it has 3.5 donor fluors randomly
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attached to amines. Smith et al [16] suggested that FRET changes could be detected for
donors within 2Ro = 12 nm of the acceptors. However, at 2Ro FRET efficiency is only
1.5%. If an acceptor fluor at this distance moved farther out of range of the donor, the FRET
of that acceptor-donor pair would drop from 1.5% to zero. | don't think this tiny change
could be detected in the background of noise from multiple sources. | suggest that a more
realistic model would draw the circles at 7 nm, 1.17Ro, where FRET efficiency should be
37%. This is twice the 3.5 nm length of an FNIII domain. 3/4 of the amines of FN are
outside these smaller circles; these can only report the compact-to-extended conformational
change, and otherwise contribute noise to the FRET signal. Overall, | suggest that this FN-
FRET construct cannot reliably demonstrate domain unfolding, and studies using it should
be interpreted as reporting primarily the compact-to-extended conformational change.

One recent study has made a seminal advance in addressing the conformation of FN dimers
in matrix fibrils. Frih et al **[18] attached a fluorophore at the two ends of the FN dimer,
and incorporated these sparsely into matrix fibrils. They then used super-resolution light
microscopy to image single molecules and measure the separation of the ends. They found
that the FN dimers were extended 133 nm on average, somewhat less than the 190 nm
contour length. If domain unfolding were a major contribution to the stretch, one might
expect the dimers to be stretched beyond their 190 nm contour length. The 133 nm length of
the molecule measured by Friih et al. suggests that the FN dimers are extended, but there is
no excess length from domain unfolding.

In the following sections | collect and evaluate recent studies of protein domain unfolding
and integrin tension, and relate these to the question of tension-induced FNIII unfolding in
FN fibrils.

Spontaneous unfolding and refolding of FNIIl domains in the absence of

force

PDB files of protein structures give a deceptive impression of permanence, with all atoms
having a fixed structure. However, it is well known that globular protein domains
spontaneously unfold and refold. Jackson [19] has tabulated the unfolding and refolding
kinetics data for a wide range of proteins. Table 1 shows data for a selection of protein
domains, ranked according to folding rate, and compares these to a selection of FNIII
domains, mostly from FN **[20]. The globular proteins have a broad range of folding rates,
from 8 to 10,000 s™1. The FNIII domains are remarkable for having the slowest folding rates
of all these proteins, with k¢ mostly in the range of 0.1 — 1 s™1. Most of the FNI1I domains
are relatively stable, with lifetimes (1/k,) of the folded state from 1,000 — 10,000 s. Since
they refold in 1-10 s (1/ks) they spend most of their life folded. However two domains are
remarkably unstable. 111-11C (the C refers to a Cys mutation used for the kinetics assay)
spontaneously opens every 63 s and remains open for 16 s; I11-3C opens every 520 s and
remains open for 2 s. These domains should be most susceptible to tension, which would
extend the spontaneously unfolded polypeptide and slow the refolding.
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What isometric force will unfold a globular protein?

If one can grab the N and C termini of a globular protein or domain and pull on it, the
protein can be unraveled. This has been studied extensively by using the AFM to stretch
proteins [21]. When a multi-domain protein is stretched, the force vs extension shows a
classic sawtooth wave. The force at each peak is designated the unfolding force for the
globular domain. This is a stochastic event, but if multiple ruptures are observed one can
determine the most probable unfolding force. This unfolding force depends on the pulling
speed — in most models it is directly proportional to the log of pulling speed. In AFM
experiments pulling speeds are typically varied from 100 to 10,000 nm/s, and globular
domains are seen to unravel at forces from 50 to 200 pN.

In many biological systems, including the FN matrix, the pulling speed is essentially zero.
The term “isometric tension” has been used in the muscle field to describe a static force at
zero extension speed. This raises an important question — what isometric tension can a
globular protein sustain without unraveling? Alternatively, and just as important, what
isometric tension can prevent an unfolded protein from refolding.

In recent years AFM and optical and magnetic tweezers have been developed on very stable
platforms, These can achieve very low pulling speeds, down to 1 nm/s, or even isometric
forces (zero pulling speed), suitable for observing the refolding pathway. In several studies a
zone of force has been found where the protein domain oscillates, on a time scale of
seconds, between folded and unfolded. I will call this the isometric unfolding force. Specific
examples are given in Table 2.

These proteins cover a wide range of structures from all beta sheet (titin 127), all alpha helix
(apomyoglobin, calmodulin) and mixed (RNase H, barnase and NuG2), suggesting that they
apply generally to small globular proteins and domains. The first four domains in the table
all had an isometric unfolding force of ~5 pN. NuG2 and calmodulin were higher, 8.5 and 11
pN. From this limited survey | would conclude that most protein domains have an isometric
unfolding force of ~5 pN. The titin 127 domain *[24] is especially important for the present
discussion because its R-sandwich structure is very similar to that of FNIIl1 domains.

The transition zone where domains oscillate between folded and unfolded is generally quite
narrow; at forces 20% above or below the threshold, domains are largely unfolded or folded
respectively [22-24]. If the isometric unfolding force is 5 pN, most domains will be folded
at 4 pN or less, and unfolded at 6 pN or more. Extrapolating from the generalization, it
would seem that forces of 5 pN and above should rarely exist in a biological system. If they
did, the myosin molecules generating force on actin, and the integrins transmitting the force
to the FN, would likely themselves unfold.

What tension can a single integrin generate on the ECM ligand?

Cell adhesion is mediated by integrins binding to ECM ligands, and it has been well
established that the cell can generate force on the substrate. Earlier studies used deformable
substrates to measure the force generated by whole focal adhesions (FAs). With an estimate
of ~500 integrins per FA these gave forces ~1 pN per integrin on RGD-peptide substrates
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(summarized in **[30]). More recently several force sensors have been designed to measure
the force at the level of single integrin molecules. These have given values that range from
1-2 pN to >50 pN, summarized in Table 3. This is an amazing range — they can't all be right.
Here | argue that the lower force estimate of Morimatsu, Dunn and colleagues **[30] is
most convincing.

If the true tension of integrins on the RGD ligand is 2 pN, how can we explain the much
higher values reported in other studies? The short answer is we can't. Explanations can be
sought in the calibration of the sensors, and perhaps in the fraction of sensors engaged. For
example, the DNA zippers of Wang and Ha [36,37] were based on a calibration of a 2
second duration [39]. Wang and Ha measured attached cells after 5-30 min, or 2 hrs for fully
formed FAs, so these detachments may have reflected rare excursions that exceeded the
DNA threshold only briefly in the much longer time. In some studies only a small fraction of
probes were engaged at the reported high forces. This would be consistent with high forces
being transient excursions, and with 90% of sensors exerting a force below the sensor
threshold.

High integrin forces were also reported in several studies by Salaita and colleagues. Several
of these used DNA ziper hairpins that might be able to refold reversibly. However it is
possible that once unfolded by a transient high force, a much weaker force would suffice to
prevent unfolding. Gailor et al **[34] used a sensor based on 127, a beta sandwich domain
very similar to FNIII. This domain was unfolded by integrin force, which would suggest a
force >5 pN, based on the isometric unfolding force of Chen et al *[24]. However, Gailor et
al also measured kinetics of fluorescence development. The half time of ~4 min for loss of
FRET gave a force of 36 pN based on kinetics parameters from AFM stretching of 127 [40].
A separate experiment measured the kinetics of breaking disulfide bonds, which gave an
even higher force estimate. This was calibrated by another AFM study that is somewhat less
direct. This study is one of the most convincing indications of very high integrin forces.

Notwithstanding the several studies reporting very high forces, | think the most convincing
measurements are those of Morimatsu, Dunn and colleagues **[30]. They used a FRET
probe with donor and acceptor fluorophores at the ends of a 40-aa spider silk peptide that
behaves as a worm-like-chain (wlc) entropic spring. In contrast to probes based on FRET
unguenching, which only measure emission from the donor, Morimatsu et al measured
fluorescence of both donor and acceptor and calculated a FRET index that was closely
related to FRET efficiency. Their FRET index of ~0.4 for unengaged sensors dropped to
~0.25 over the FAs, consistent with a large fraction of probes engaged. This FRET drop
from 0.4 to 0.25 corresponds exactly to a 2 pN force calibrated in vitro for a similar (F50)
probe [41]. The global FRET from whole FAs was supported by elegant single-molecule
FRET, which reported very similar forces for single integrins.

More recently Chang, Dunn and colleagues have extended this analysis using the same wlc-
FRET force sensor, and focusing on single molecule measurements of dispersed sensors
**[38]. They confirmed that the majority of sensors engaged to an integrin had forces of 1-3
pN. A smaller number had forces of 3-7 pN, but importantly, a small fraction had very low
FRET, indicating forces >7 pN. This population might explain the release of DNA-based
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sensors of Wang and Ha [37]. The new study of Chang et al **[38] also extended the
measurements to the full adhesion domain of FN, FNI119-10. The forces to FNI119-10 were
almost identical to those on the simpler RGD peptide.

The 2 pN force exerted on the RGD adhesion ligand is similar to the 1-2 pN forces reported
on the cytoplasmic side, for a similar wlc-FRET probe incorporated into vinculin [42].
Similar small forces were reported when this wlc probe was incorporated into talin [43]. It
should be noted, however, that a separate study reported talin forces of 7-10 pN [44]. This
group used a very different tension probe, the villin headpiece35. This is a 35 aa peptide is
similar in length to the 40 aa wic, but HP35 folds into a globular domain that unfolds at
isometric tension of 7-10 pN [29]. This is a significant discrepancy that needs to be resolved.

One might also consider the possibility that multiple motors might operate in series on the
actin connected to the integrin. This seems possible but would run into the problem of
denaturing and/or detaching the talin and other molecules linking the actin to the integrin.
On the extracellular side integrins attached to FN dimers in series might generate higher
forces on more distal dimers, but it seems too crowded to have multiple integrins attached to
asingle FN.

The studies of Dunn and colleagues have no obvious flaws, and seem convincing to me.
However, the several studies reporting much higher forces used sophisticated probes, and
also have no obvious flaw. Resolving the discrepancy between 1-3 pN and >50 pN is a major
challenge for the field of mechanobiology.

If FNIII domains are unraveled, how much would they stretch?

Let's assume that the most unstable FNIII domain is opened spontaneously and subjected to
tension. How much does it stretch? When protein domains are unraveled by stretching in the
AFM, they behave as a wlc, acting as an entropic spring to further stretch. The formula
describing the stretch of a wlc was originally developed to fit the stretching of DNA [45,46],
and it has been applied with excellent fits to the polypeptides released when a domain
unravels in the AFM [21].

F(x) is the force needed to separate the ends of the peptide by a distance x. kis Boltzmann's
constant, 7 is absolute temperature (k7= 4.1 pN nm). There are two parameters that
determine the spring strength. L is the contour length, 30.6 nm for the 90 aa FNIII domains.
Pis the persistence length, which has been estimated from AFM stretching experiments to
be 0.4 to 0.8 nm [24,40]. We will use a compromise value 2= 0.55 nm, which was also the
most frequent value deduced for intrinsically disordered peptides in relaxed solution
conditions [47]. The extension at increasing force is given in Table 4.

The length of a folded FNIII domain is 3.5 nm. A force of 2.5 pN, the average integrin force
indicated by the wic tension sensors, would extend an unfolded domain less than twice the
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length of the folded domain. If a force of 4.7 pN could be maintained, it would only extend
the 90 aa peptide to 10 nm, which is less than 3 times the length of the folded domain.
Extension beyond this length requires forces that are unlikely to be biologically relevant,
since they would unravel the domains of the motors and connectors.

The main conclusion of this analysis is that even if FNIII domains are unfolded, the 1-2 pN
forces generated by integrins cannot stretch them more than twice the length of the folded
domain. Even if all domains were unfolded, this could not account for the four-fold stretch
observed for FN fibrils. If only a few domains are unfolded, their contribution to fibril
stretching would be insignificant.

Conclusions

I conclude that tension-induced unfolding of FNIII domains is likely rare and does not
contribute significantly to the stretch of FN matrix fibrils. Typical protein domains unfold at
an isometric tension of ~5 pN, which is well above the ~2 pN force generated by integrins
on the extracellular matrix. FNIII domains that do unfold, either spontaneously or assisted
by tension, would be extended less than twice the length of the folded domain by a 2 pN
force. A recent study **[18] reported that FN dimers were extended only 70% of their
contour length in stretched matrix fibrils. This is consistent with FN fibril stretching
involving the compact-to-extended conformational, with no indication of additional
extension from domain unfolding.
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Highlights
. The isometric tension needed to unfold various protein domains is ~5 pN.
. Single integrins generate a force of 1-2 pN on the ECM ligand.
. 2 pN would only extend an unfolded FNIII (wlc) from 3.5 to 6 nm, not 3-4

fold.

. I conclude that unfolding FNIII domains contributes minimally to stretching
FN fibrils.

. The compact to extended conformation can explain the stretching of FN
fibrils.
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Fig. 1.
A model of the FN dimer showing the arrangement of FNI, FNII and FNIII domains. The
upper left shows a cartoon diagram of the beta sheet structure of an FNIII domain.
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A. Compact to extended conformation N-term a
SRR

FN molecule,
extended conformation

I N
LOVIVTROV C-term (S-S)
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FN fibril, compact conformation

Fig. 2.
Two models for the mechanism of stretching FN matrix fibrils. The top model is based on

the compact-to-extended conformational change (modified from [17]). FN dimers in
physiological solution fold into a compact pretzel-like shape. This may involve domains
I11-2-3 of one subunit forming electrostatic bonds to 111-12-14 of the other subunit [8]; the
N-terminal FNI domains probably also play a role [1]. If molecules are connected by their
N-terminal FNI domains, initially in the compact conformation, extending them fully would
generate a 3.5-fold extension. The bottom model shows the proposal for tension
progressively unfolding FNIII domains and extending them to produce the stretch.
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Table 1

Rates of spontaneous unfolding and refolding of various protein domains. The first seven protein domains are
taken from Table 1 of Jackson [19], which has original references to kinetics data. Data for the FNIII domains
are from Shah et al **[20]. The C following the domain number indicates a Cys mutation introduced to
measure kinetics by thiol exchange.

Protein Structure | PDB k, st ke st
Arc repressor alp 1ARR 15 10,600
Monomeric A repressor (A6-85) | a 1LMB | 30 4,900
Villin 14T (headpiece) alp 1VIK 0.061 900
CspA (B. subtilis) B-barrel IMEF | 4.2 200
SH3 domain (P13 kinase) R 1PKS 0.001 94
Chymotrypsin inhib 2 alp 1COA | 0.00018 48
SH3 domain B 1AEY | 0.045 8.1
FN 111-2C R 2HA1 | 0.00027 4.8
FN 111-3C B 2N1K | 0.0019 0.55
FN 111-6C B 0.000013 | 0.14
FN 111-7 B 1FNF 0.00007 1.4
FN 111-9C R 1FNF 0.00003 -

FN 111-11C B 0.016 0.06
FN 111-12C R 1FNH 0.00023 0.3
Irisin B 4LSD | 0.0021 1.9
TNfn3C R 1TEN | 0.006 0.72
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The isometric force at which the indicated protein oscillates between folded and unfolded states.

Table 2

Protein domain Isometric force pN Method ref

RNase H (molten glob -> unfold) 55 optical tw Cecconi...Marqusee 2005 [22]
apomyoglobin (molten glob -> unfold) | 4.5 optical tw Elms...Marqusee 2012 [23]
titin 127 5.4 magnetic tw | Chen...Yan 2015 *[24]
barnase 4.0 optical tw Alemany...Ritort 2016 [25]
NuG2 8.5 AFM He...Li 2015 [26]

calmodulin 6 (folding) 12 (unfolding) AFM Junker...Rief 2009 [27]
calmodulin 10.5 optical tw Stigler...Rief 2011 [28]

villin HP35 7 for wt; 10 for stabilized mutant | optical tw Zoldak...Rief 2013 [29]
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Page 16

Forces reported to be generated by single integrins on extracellular ligands. RGD and cRGD are linear or
cyclic peptides containing the integrin ligand RGD. FNI119-10 is the two-domain protein segment that is the
natural ligand for a5R1 integrin.

3-7 (20-30%)
>7 (10%)

distinguishes sensors engaged

Ligand Force per comments Force sensor reference
integrin, pN
cRGD 1 Range 1-15 pN FRET unquench; PEG-82 Liu...Salaita 2013 [31]
wic

cRGD, RGD ~15 Sensors crowded, 10 nm apart, FRET unquench; PEG-24 Chang...Salaita 2016 [32]
maybe few are engaged wlc

RGD, cRGD >4.7,>13 Only ~10% of sensors over FA FRET unquench; DNA Zhang...Salaita 2014 [33]
were engaged zipper hairpin

RGD FNIII9-10 | 36,110 36 pN from 127 unfolding 110 FRET unquench; unfold 127 Galior...Salaita 2015 **[34]
from S-S reduction

RGD >6,>17 Fraction of sensors engaged not FRET unquench; DNA Blakeley...Chen 2014 [35]
deter-mined, may be small zipper hairpin

RGD 40 Before FA formation, 5-30 min DNA zipper-release Wang and Ha 2013 [36]

cRGD >54 Within established FA, 2 hr DNA zipper-release Wang...Ha 2015 [37]

RGD 2 Sensors 25 nm apart, 90% of FRET index/efficiency; Morimatsu...Dunn 2013 **[30]
sensors in FA were engaged peptide wic

RGD FNII19-10 | 1-3 (60-80%) Single molecule FRET FRET efficiency; peptide wic | Chang...Dunn 2016 **[38]
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Table 4

Extension of a 90 aa wic in response to force.

x/L xnm F(x) pN
0.1 31 1.2

0.2 6.1 nm 25
0.33 | 10.1 4.7

0.4 12.2nm | 6.3

0.6 18.4nm | 14.3
0.8 245nm | 50.7
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