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The actin cytoskeleton assembles into diverse load-bearing net-
works, including stress fibers (SFs), muscle sarcomeres, and the
cytokinetic ring to both generate and sense mechanical forces.
The LIM (Lin11, Isl- 1, and Mec-3) domain family is functionally
diverse, but most members can associate with the actin cytoskel-
eton with apparent force sensitivity. Zyxin rapidly localizes via its
LIM domains to failing SFs in cells, known as strain sites, to initiate
SF repair and maintain mechanical homeostasis. The mechanism by
which these LIM domains associate with stress fiber strain sites
(SFSS) is not known. Additionally, it is unknown how widespread
strain sensing is within the LIM protein family. We identify that
the LIM domain-containing region of 18 proteins from the Zyxin,
Paxillin, Tes, and Enigma proteins accumulate to SFSS. Moreover,
the LIM domain region from the fission yeast protein paxillin like 1
(PxI1) also localizes to SFSS in mammalian cells, suggesting that
the strain sensing mechanism is ancient and highly conserved. We
then used sequence and domain analysis to demonstrate that tan-
dem LIM domains contribute additively, for SFSS localization.
Employing in vitro reconstitution, we show that the LIM domain-
containing region from mammalian zyxin and fission yeast PxI1
binds to mechanically stressed F-actin networks but does not as-
sociate with relaxed actin filaments. We propose that tandem LIM
domains recognize an F-actin conformation that is rare in the re-
laxed state but is enriched in the presence of mechanical stress.

cell mechanosensing | actin cytoskeleton | myosin

Cells are subject to a wide range of omnipresent mechanical
stimuli, which play essential physiological roles. Epithelial
tissue stretch modulates cell proliferation (1, 2), blood pressure
regulates the contractility of endothelial cells within blood ves-
sels (3, 4), and muscle contraction shapes connective tissue
remodeling (5). Such mechanotransduction pathways allow for
the integration of mechanical cues with the biochemical and
genetic circuitry of the cell. While much progress has been made
to elucidate the importance of mechanical stimuli in cell physiol-
ogy, the underlying force-sensing mechanisms and organizational
logic of many mechanotransduction pathways are unknown.

To respond to mechanical cues and dynamically modulate cell
mechanics, the actin cytoskeleton exploits force-sensitive bio-
chemistry to construct actin filament (F-actin)-based network
assemblies. Focal adhesions, the adhesive organelles between
cells and their external matrix, can change in composition and
size under varied mechanical load (6). At the molecular scale,
these focal adhesion changes arise primarily from force-dependent
modulation of constituent proteins (6-8). The force-dependent
association of the focal adhesion proteins, vinculin and talin, to
actin filaments is sensitive to filament polarity (9, 10), providing
a mechanism to guide local cytoskeletal architecture under load.
Protrusive forces at the leading edge of migrating cells are
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generated by actin polymerization into short-branched F-actin
networks (11). Compressive stress increases the actin filament
density, which, in turn, alters its force generation potential (12).
At the molecular scale, this mechanical adaptation of lamelli-
podial networks may arise from increased branch formation ef-
ficiency by the actin nucleator Arp2/3 complex on extensionally
strained sides of bent actin filaments (13). Although cofilin was
reported to have a reduced affinity for tensed actin filaments
(14), this has recently been called into question (15). While direct
evidence for detection of stressed actin by actin-binding proteins is
still scant, the structural polymorphism in actin filaments suggests
that force-induced conformations exist and could be recognized by
actin-binding proteins (16). There may be information about the
mechanical state of the cell stored within these actin filament
conformations available to be read by actin-binding proteins that
regulate various mechanotransduction pathways.

Within adherent cells, F-actin bundles known as stress fibers
(SFs) generate contractile force across the cell and, via focal
adhesions, are coupled to the extracellular matrix. SFs dynami-
cally rearrange over long (hour) time scales in response to forces
applied to the extracellular matrix (17), and this remodeling
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process requires zyxin and paxillin (17-21). At short times, me-
chanical failure of the SF can occur either spontaneously or in
response to applied force (18, 20). At such damage sites, the SF
is locally weaker, leading to a localized retraction to create a
stress fiber strain site (SFSS) (20) (Fig. 14). Rather than irre-
versible failure, a repair process at the SFSS is initiated by the
rapid accumulation of zyxin and followed by the recruitment of
binding partners VASP and a-actinin to promote actin assembly
and cross-linking to repair the SF and maintain mechanical ho-
meostasis (20) (Fig. 14). The recruitment of VASP and a-actinin
require known interactions at the zyxin N terminus (21). How-
ever, the recruitment of zyxin to the SFSS occurs through a re-
gion near the C terminus that contains three tandem Lin11, Isl-1,
and Mec-3 (LIM) domains separated by two short 7- to
8-residue-length unstructured linkers (Fig. 1 B and C) (20).
While this LIM domain-containing region (LCR) is necessary
and sufficient for localization to the SFSS, the underlying
mechanism is not known. It has been speculated that the signal
within the SFSS that the LCR senses may arise from new F-actin
barbed ends, conformational changes to an actin-binding pro-
tein, or posttranslational modifications of actin or zyxin’s binding
partners (21). Moreover, the focal adhesion protein paxillin also
localizes to the SFSS through its LCR (18), suggesting that this
apparent mechanosensing process may be more generally
conserved.

The family of proteins that contain one or more LIM domains
is large. In humans, there are ~70 genes containing LIM do-
mains that can be divided into 14 classes (22), many of which
associate with load-bearing elements of the cytoskeleton, such as
focal adhesions, cell-cell adhesions, and stress fibers (21). There
are at least 26 LIM domain-containing proteins that localize to
focal adhesions, many of which require cell contractility for
proper localization (7, 8). While LIM domain-containing pro-
teins are ubiquitous in diverse mechanotransduction pathways, it
is unknown whether these share a mechanism by which me-
chanical stimuli is transduced. Moreover, the mechanism by
which the LCR is recruited to the SFSS is unknown.

We employed a combination of live cell imaging and in vitro
reconstitution approaches to explore cytoskeletal mechanosens-
ing by LIM domain proteins. We first established a SFSS-
localization screen of diverse LCRs from both mammals and
yeast and identified 18 LCRs within the Zyxin, Paxillin, Tes, and
Enigma LIM protein classes that bound to the SFSS. We also
determined that paxillin-like 1 (PxI1) from fission yeast localizes
to the SFSS in mammalian cells, suggesting that the strain-
activated target produced in the SFSS and recognized by LCRs
is well conserved. Sequence and domain analysis of SFSS-
binding LCRs shows that tandem LIM domains contribute ad-
ditively to SFSS association. To identify the strain-activated
target of LCR, we reconstituted contractile actomyosin net-
works in vitro and observed LCR localization to mechanically
stressed actin filaments. From these data, we propose that tan-
dem LIM domains bind a periodic molecular mark that emerges
on strained actin filaments.

Results

LCRs from Diverse Mammalian Proteins Bind to SFSS. SFs are con-
tractile bundles of 10 to 30 cross-linked actin filaments with al-
ternating bands enriched with either myosin II motor or
a-actinin, VASP, and zyxin (Fig. 14) (21), a structure similar
to that in striated myofibrils (23). SFSS develop when SFs
mechanically fail, resulting in local elongation and thinning that
compromise their force transmission (20) (Fig. 1 A and D-F).
Zyxin rapidly accumulates at the SFSS and recruits the actin
assembly factor VASP and cross-linking protein a-actinin to re-
pair and stabilize the damaged site (Fig. 14) (20). Previous work
identified the LCR of zyxin to be necessary and sufficient for
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accumulation on the SFSS (18). Measuring the fluorescence in-
tensity of zyxin and actin along the SF prior to a SFSS reveals
locally diminished intensity of both proteins at the future SFSS
(Fig. 1 D-F). Examining the local actin intensity of a future
SESS, we find that the actin intensity is depleted fivefold as
compared to regions of SFs that do not fail (Fig. 1 F and G and
Movie S1). Moreover, we find that >65% of SFSSs occur in a
myosin-rich band (Fig. 1H), and myosin II is displaced laterally
from the SFSS (S Appendix, Fig. S1 A-C). The filament density
decreases as the SFSS expands (20), and zyxin recruitment oc-
curs nearly simultaneously as the length L of the strain site in-
creases (Fig. 17). For temporal alignment of data, we define t =
0 as the time of zyxin accumulation (Fig. 1 F and I). These data
suggest that SFSSs occur at SF regions predisposed to failure
because of lower actin density and depletion of actin assembly
and cross-linking factors. We also found that SFSSs can be in-
duced by partially damaging the SF with high laser intensity
(Fig. 17 and Movie S2). The LCR of zyxin is recruited to laser-
induced SFSSs with similar kinetics to that of spontaneous SFSSs
(Fig. 1K and SI Appendix, Fig. S1D). Considering force balance
along the SF in either of these two scenarios, the reduced
number of actin filaments at the SFSS suggests filaments and
cross-links present there are under an increased load.

To assess whether localization to the SFSS is a feature ubiqg-
uitous within the LIM family of proteins, we developed an assay
to quantify their recruitment to either endogenous or induced
SFSSs. We cloned the LCR from one or more genes belonging to
each LIM protein class (22) and generated mCherry-tagged
mammalian expression constructs. Each of the 28 mCherry-
tagged LCRs was transiently transfected into mouse embryo fi-
broblast (MEF) cells with GFP-zyxin stably integrated into the
genome. Using the GFP-zyxin as a positive marker for SFSSs, we
then assessed the localization of the mCherry-tagged LCRs at
the site (Fig. 1K). As a control, the mCherry-tagged constructs of
both full-length zyxin and the LCR of zyxin, LCR(zyx), localize
very similarly to GFP-zyxin (Fig. 1 K and L and Movie S3). At a
SFSS, we generated kymographs (Fig. 1K) and, from these, took
linescans across the time axis at the center of the SFSS to gen-
erate a kinetic profile of SFSS accumulation for both GFP-zyxin
and the transfected LCR-mCherry. From these profiles, the ratio
of the LCR-mCherry to GFP-zyxin was determined and nor-
malized (SI Appendix, Fig. S1 E-N) such that a cytoplasmically
expressed mCherry-tagged nuclear export signal (NES), which
was added to all LCRs, is zero and mCherry-LCR(zyx) is one
(Fig. 1L). Ratio averages that were significantly above zero were
scored as SFSS binders. We observed SFSS localization of the
LCRs from 18 proteins across four LIM classes: Zyxin, Paxillin,
Tes, and Enigma (Fig. 1 L and M). SFSS sensing is isolated to,
but ubiquitous within, these classes. The LCRs of all but two
protein subgroups tested from these classes (Lmcdl and Alp)
localize to SFSSs significantly above background. These results
identify novel LIM domain protein sensitivity to mechanical
strain in the actin cytoskeleton and demonstrate its conserved
function across diverse LIM domain-containing proteins.

LIM Domains from Fission Yeast Bind to SFSS in Mammalian Cells Via a
Conserved Mechanism. To explore when SFSS binding arose in
LIM domain proteins along evolutionary lines and to determine
the level of conservation, we looked for SFSS-binding homologs
in more divergent species. The Paxillin class first appears in the
unikonts (amoebas, yeasts, and metazoans) while Tes, Zyxin, and
Enigma classes arose later in the metazoans (22). Reflecting a
much simpler genome, the fission yeast Schizosaccharomyces
pombe expresses five LIM domain-containing proteins: Rgal,
Rga3, Rga4, Hel2, and Pxl1 (Fig. 24). The only contractile actin
filament network in fission yeast is the cytokinetic ring, where

PNAS | October 13,2020 | vol. 117 | no.41 | 25533

CELL BIOLOGY

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2004656117/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004656117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004656117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2004656117/video-2
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004656117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2004656117/video-3
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004656117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004656117/-/DCSupplemental

Downloaded at UNIVERSITY OF CHICAGO-SCIENCE LIBRARY on October 14, 2020

myosin-rich nodes condense into an actomyosin bundle that
constricts to drive cell division (24). Time-lapse imaging of fis-
sion yeast Pxl1-GFP shows strong colocalization with myosin II
at the contractile ring but only after the ring has assembled and
begins to constrict (Fig. 2B) (25, 26). Although localization to the
constricting contractile ring may suggest mechanosensitive lo-
calization, we could not easily manipulate the mechanics of the
ring to directly test this possibility.

To determine whether SESS localization found in mammalian
LCRs is preserved in the fission yeast LIM domain-containing
proteins, we used the SFSS-localization assay developed for
mammalian cells. We transfected fission yeast LCRs tagged with
mCherry into MEF cells containing stably integrated GFP-zyxin.
The LCR of fission yeast Pxll, LCR(Pxl1), localizes with the
periodic z-bands in SFs but is largely absent from focal adhesions
(Fig. 2C). Surprisingly, LCR(PxI1) exhibits strong SFSS locali-
zation, similar to that observed with LCR(zyx) (Fig. 2 C-E and
Movie S4). Conversely, the LCR of fission yeast RhoGAPs and
budding yeast Pxl1 did not display SFSS localization (Fig. 2E).
To determine if the fission yeast LCR(PxI1) binds to the same
target in SFSS as mammalian LCR(zyx), we compared their
accumulation kinetics at the SFSS (Fig. 2F) and calculated the
time to reach half of the maximum fluorescence intensity (t;,).
The t;, of LCR(Px11) is nearly identical to LCR(zyx) (Fig. 2F),
strongly suggesting that the two highly divergent LCRs use the
same mechanism for SFSS association.

As a second test of whether LCR(PxI1) and LCR(zyx) sense
the same binding site to associate with the SFSS, we assayed
whether they compete for association to the same SFSS. For
these experiments, we exploited natural variations in the ex-
pression of zyxin-GFP and LCR(Pxl1)-mCherry in our cell
populations (Fig. 2 G-I). As expected, cells expressing high
levels of zyxin showed more zyxin signal at the SFSS (Fig. 2H),
which is also true for LCR(Pxl1) (SI Appendix, Fig. S24). We
also verified that expression of zyxin is not correlated with ex-
pression of LCR(Pxl1) (Fig. 2 I, Inset). Importantly, high zyxin
expression inversely correlates with reduced SFSS association of
LCR(Px11) (Fig. 2 H and J). For instance, when expressed at low
levels, zyxin accumulation at SFSS is nearly completely inhibited
by LCR(Pxll) (Fig. 2 G and I), and conversely, very little
LCR(Pxll) accumulates at the SFSS in cells expressing high
levels of zyxin (Fig. 2I). The competitive relationship between
zyxin and LCR(Pxl1) argues that these diverse LCRs (SI Ap-
pendix, Fig. S2 B and C) are recruited to the SFSS via the same
mechanism. Although yeasts may not have canonical SFs, the
contractile ring may still exhibit processes similar to SFSS (26,
27) that are recognized by Pxl1. Thus, although fission yeast do
not contain SFs, a highly conserved molecular feature that exists
in both fission yeast and mammalian SFSS is recognized by
LCR(Px11). We conclude that the target of SFSS-sensing LCRs
existed in the common ancestor of yeast and mammalian cells,
and this association of LCRs with the actin cytoskeleton has
likely been conserved since at least the divergence of yeasts
and mammals.

Tandem LIM Domains Contribute Additively to SFSS Localization.
Since LCRs from mammals and fission yeast appear to recog-
nize a common target in SFSS, we speculated that conserved
amino acid (AA) sequence signatures may be required for this
function. Within the LCR of zyxin, there are three LIM domains
(LIM1, LIM2, and LIM3) separated by two short linkers
(Fig. 1C). Outside of the highly conserved amino acids that co-
ordinate the zinc ions (Cys, His, or Asp), the sequences of in-
dividual LIM domains are highly variable. For instance, LIM2
and LIM3 share only 33% and 26% sequence identity to LIM1
(Fig. 34). Furthermore, LCRs from SFSS-binding and -nonbinding
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proteins show a similar level of sequence identity (30% and 28%) to
LIM1 of zyxin (Fig. 34). Despite this sequence diversity, results
complementary to ours show that a phenylalanine at position 66
(F66) of the LIM domains in Zyxin, Hic5, and FHL3 is necessary
for localization to tensed actin filament networks both in cells and
in vitro (28). Among LIM domains from SFSS sensors, only 75% of
these contain F66 (SI Appendix, Fig. S3 A-C); it is possible that
proximal phenylalanine or tyrosine residues may be a suitable
substitute (SI Appendix, Fig. S3B). However, 29% of the nonbinders
also have an F66, indicating that this amino acid is not sufficient for
SFSS binding (SI Appendix, Fig. S3 B and D). This led us to focus on
other features of the LCR involved in SFSS localization. We no-
ticed common organizational elements of the LCR in SFSS binders.
First, all SFSS binders contain three or more LIM domains in
tandem organization, while 85% of nonbinders have fewer than
three LIM domains (Fig. 3B). For all mammalian and yeast proteins
in Zyxin, Paxillin, Tes, and Enigma classes, we plotted the level SFSS
binding determined from the screens in Figs. 1M and 2E versus the
number of LIM domains within the LCR. We found that the degree
of SFSS binding is weakly correlated (R* = 0.7) with the number of
tandem LIM domains (Fig. 3C). Furthermore, linkers from SFSS-
binding proteins are 7 to 8 amino acids long, while linkers in non-
binders range widely from 7 to 200 amino acids (Fig. 3D). These
findings suggest a testable hypothesis that tandem LIM domains
connected by a short linker is necessary for SESS binding (Fig. 3E).

We addressed these possibilities by exploring how alterations
to LCR(zyx) organization impacts its localization to SFSS using
the screening approach described previously. Constructs con-
taining any one LIM domain of zyxin, denoted as LIM1(x1),
LIM2(x1), or LIM3(x1), do not localize to the SFSS (Fig. 3F).
However, linkage of multiple LIM1 domains in tandem con-
nected by a linker 8 AA long (Materials and Methods) are
recruited to the SFSS (Fig. 3F). Two tandemly linked LIM do-
mains, denoted as LIMI1(x2), LIM3(x2), and LIMILIM?2,
weakly associate with SFSS (Fig. 3F and SI Appendix, Fig. S4 A
and B). Additionally, three tandemly linked LIM domains,
denoted by LIM1(x3) or LIM3(x3), exhibit SFSS localization
similarly as well as LCR(zyx) (Fig. 3F). When the number of
LIM1 repeats is increased to four, LIM1(x4), or five, LIM1(x5),
the localization to the SFSS further increases, exceeding
LCR(zyx) by up to twofold (Fig. 3F). These data suggest that
each LIM domain alone may weakly bind the target within the
SFSS, but multiple interactions (at least for LIM1 and LIM3)
contribute to the avidity of target binding. To determine whether
the specific organization of LIM oligomerization matters, we
clustered four LIM1 in parallel with a synthetic GCN4 tetra-
merization domain (TD) that drives the formation of a left-
handed coiled coil (29), TD-LIM1(x4). However, we did not
observe SFSS localization with this construct (Fig. 3F). Since the
length of linkers in SFSS-binding LCRs is highly conserved
(Fig. 3D), we tripled the linker lengths in LCR(zyx) from 8 to 24
amino acids (long linker), which abrogated SFSS localization
(Fig. 3F). Thus, full binding of LCR to the target within the SFSS
requires at least three tandem LIM domains connected with a
short linker. We note that the Pinch and Ablim classes both
contain more than three tandem LIM domains but fail to localize
to the SFSS in our screen. This could be explained by the fact
that in both classes 1) two of the LIMs are connected by a longer
(13 to 19 AAs) linker, and 2) the central LIM domain does not
contain an F or similar amino acid at position 66 to 70. This
supports the notion that a serial organization of multiple, ap-
propriately spaced LIM domains is necessary for SFSS binding.

In Vitro Reconstitution of LCR Recruitment to Contractile Actomyosin
Bundles. While the above experiments identify organizational
features of the LCR required for association with the SFSS, its
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Fig. 1. Diverse LIM domains localize to SFSS. (A) Cartoon of a fibroblast cell with actin stress fibers. Schematic of the development and repair of a SFSS. FA,
focal adhesion; L, distance (length) across the SFSS. (B) Domain organization of the LIM domain (pink ovals)-containing proteins mammalian zyxin and fission
yeast PxI1. Zyxin also contains binding sites for a-actinin (F-actin cross-linker) and VASP (F-actin elongation factor), and two nuclear export sequences (NESs).
LCRs are indicated. (C) Each LIM domain contains two zinc finger binding domains with conserved residues (cysteine/histidine, gray circles) to chelate the zinc,
but the remaining sequence varies between different LIM domains. The linker length between adjacent LIM domains is 7 to 8 amino acids. (D-/) Analysis of
SFSS in MEFs with stably integrated GFP-zyxin and transfected mApple-actin. (Scale bar, 5 um.) (D and E) Fluorescent micrograph (D) and associated montage
(E) of a representative stress fiber over time showing accumulation of zyxin on a developing SFSS. (F, Left) Kymographs of the same event: actin channel
(Left), zyxin channel (Middle), and a merged image (Right). The future SSFS (horizontal yellow line) indicates where background measurements for (G) and a
later screen will be taken. Vertical dotted line indicates when strain has begun at t = 0. (F, Right) Average fluorescence intensity line scans of 74 SFSS,
measured 50 s before and after initiation. (G) Histogram of actin intensities at a future SFSS (~50 s prior) and random sites on the same stress fiber. (H) Pie
chart showing the distribution of where SFSS occurred. (/) Kinetics of zyxin accumulation and actin depletion and reassembly (Left y axis), and distance across
the SFSS indicated as L in A (Right y axis), for a representative SFSS. (J, Left) Fluorescent micrographs showing laser induction of a SFSS in a representative MEF
cell with stably integrated GFP-zyxin. Blue line shows where light was targeted, and white arrow denotes developing SFSS. (Scale bar, 5 pm.) (J, Right) Ky-
mograph showing this event over time, with blue arrowheads indicating time and location of laser light. (K) Representative kymograph of the laser-induced
SFSS screen, from a cell expressing GFP-zyxin and LCR(zyxin)-mCherry. (L) Screen of 29 LIM domain proteins from Mus musculus. The y axis is the mCherry:GFP
ratio at the strain site, error bars = 95% Cl, n > 6 per LCR construct except Prickle1-2 and Limd1 where n > 2 cells respectively. n = average taken from a single
cell, usually with multiple SFSS measurements taken in each cell. Proteins not significantly different from background (mCherry alone) in ANOVA test are
denoted as not significant (ns). LCR constructs were used for all but those marked with *, for which the whole protein sequence was used. Labels above graph
denote the broader LIM class from which each protein belongs. (M) Domain organizations of LIM classes of proteins in mammals. Gray box denotes SFSS-
binding families. Two classes, TES and ENIGMA, contained subgroups that did not bind SFSS, Lmcd1, and Alp.
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LCR of fission yeast PxI1 associates to the SFSS and displays similar kinetics and competes at the SFSS. (A) Domain organization of S. pombe (fission

yeast) LIM domain proteins and budding yeast Paxillin-like 1 (PxI1). (B) Fluorescent micrographs of a fission yeast cell undergoing cytokinesis that is expressing
myosin Il regulatory light chain Rlc1-tdTomato and full-length PxI1-GFP. Contractile ring assembly (Left) and beginning of contraction (Right) are shown. (C)
MEF cell expressing GFP-zyxin and the LIM domains of fission yeast PxI1, LCR(PxI1)-mCherry. Focal adhesions (FAs) and SFSS (yellow arrows) are labeled in the
magnified Inset image. (D) Kymograph of SFSS in the MEF cell from C. (E) Screen for SFSS association in fission yeast and budding yeast LCRs. Each LCR
mCherry:GFP ratio was compared to background with ANOVA, ns, not significantly different. Each point represents individual SFSS ratio, n = average cellular
ratio of 1 or more SFSS, 4 < n < 30. (F, Left) Plot of the accumulation of GFP-zyxin and fission yeast LCR(PxI1)-mCherry on SFSS over time. Gray lines indicate t;,,
for GFP and mCherry. (F, Right) Plot of t,,, for accumulation on SFSS. Asterisks indicate statistical significance; ns, not significant as determined by ANOVA, n =
60, 24, 38. (G-/) Fluorescence intensity of zyxin and LCR(PxI1) at SFSS correlates with expression levels. (G) Kymograph showing competition of fission yeast
LCR(PxI1)-mCherry with GFP-zyxin at a MEF cell SFSS. Expression levels were estimated by measuring cytoplasmic intensity. (H) Fluorescence signal of fission
yeast LCR(PxI1)-mCherry or GFP-zyxin at SFSS as a function of estimated expression levels of the same construct. R? = 0.57, n = 21. (/) Fluorescence signal of
LCR(PxI1) at SFSS as a function of estimated expression of GFP-zyxin. R* = 0.81. (I, Inset) Estimated expression of LCR(Pxl1)-mCherry as a function of GFP-zyxin

expression. R? = 0.003.

binding target remains unclear. These experiments also indicate
that LCR binding to the SFSS is highly conserved from mammals
to fission yeast, suggesting the binding target of the LCR may be
a core component of the eukaryotic contractile machinery. To
identify the target within SFSS that is recognized by LCRs, we
chose an in vitro reconstitution approach with a well-studied set
of purified proteins. Untagged and SNAP-tagged LCR proteins
SNAP-LCR(PxI1) and SNAP-LCR(zyx) (Fig. 44 and SI Appen-
dix, Fig. S54) were purified from bacteria and the SNAP tag was
fluorescently labeled with SNAP-surface 549 or 647 for single
molecule imaging using total internal reflection fluorescence
(TIRF) microscopy. Untagged and SNAP-tagged LCR(zyx) and
LCR(Px11) elute from a gel filtration column as a stable monomer.

A leading hypothesis is that LCR(zyx) binds to actin filament
barbed ends produced from filament breakage in the SFSS (20).
We first tested whether LCR(zyx) or LCR(PxI1) binds to actin
filament sides or barbed ends in standard bulk assays (SI Ap-
pendix, Fig. S5 B and C). Actin filament sedimentation assays
revealed a barely detectable increase of either the LCR in the
pellet over a range of increasing actin filament concentrations,
indicating an extremely weak affinity for actin filaments (SI
Appendix, Fig. S5B). To query for F-actin barbed end binding, we
utilized a seeded pyrene actin assembly assay to measure relative

25536 | www.pnas.org/cgi/doi/10.1073/pnas.2004656117

rates of elongation. Protein binding to assembling barbed ends
usually modulates their elongation rates (11, 30), but we failed to
detect any change in the presence of LCRs (SI Appendix, Fig.
S5C). In support of these bulk biochemical assays, imaging of
fluorescently labeled SNAP-LCR shows very minimal colocali-
zation with actin filaments via TIRF microscopy (TIRFM)
(Fig. 4F; —27 and —23 min). Thus, the LCR appears to have a
very low affinity to the sides or the barbed ends of relaxed actin
filaments.

Since Pxl1 and zyxin localize to diverse actomyosin contractile
structures, we hypothesized that these LCRs bind to an element
common to both fission yeast contractile rings and mammalian
SFs. We reconstituted the core contractile machinery base on
previously developed protocols (31, 32). An F-actin network was
assembled from actin monomers, o-actinin, and a SNAP-LCR
[LCR(Zyx) or LCR(Pxl1)], within a buffer that contained 0.5%
methylcellulose to crowd the network to a polyethylene glycol
(PEG)-passivated glass coverslip surface. Individual actin fila-
ments are mobile, but dynamics arrest as filaments elongate and
are cross-linked by a-actinin into a network of mixed polarity
bundles (Fig. 4B; 0 min). When the network reached an appropriate
density, we flowed in a fresh mixture containing the initial concen-
trations of SNAP-LCR and o-actinin, the critical concentration
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(LIM1) of zyxin's other LIM domains (LIM2 and LIM3) and LIM domains from SFSS-binder and -nonbinder classes. (B) Histogram of the number of individual
LIM domains in each SFSS-binder and -nonbinder protein. (C-£) Common organizational elements of LCRs in SFSS binders. (C) Plot of SFSS binding vs. the
number of LIM domains in the LCR construct. Data from LCRs within LIM-binding classes was fit with a quadratic function using least squares. R? = 0.68. (D)
Length distribution of linkers (in amino acids) connecting LIM domains in SFSS-binding (55 linkers) and -nonbinding classes (47 linkers) (E) Domain organi-
zation of a typical SFSS-binding LCR. There are typically three (or more) LIM domains separated by linkers of 7 to 8 residues. (F) SFSS-association screen of
various organizations of zyxin’s LCR. LIM1(x3) indicates the LIM1 is repeated three times. TD-LIM1 indicates the LIM1 domain was oligomerized by the
addition of a modified GCN4 tetramerization domain (TD); ns, not significantly different from background as determined by ANOVA. 5 < n < 15; n = average

cellular ratio of one or more SFSS.

of actin monomers (0.1 uM) to prevent network disassembly, and
prepolymerized myosin II filaments (Fig. 4B; 30 min). Myosin II
activity on F-actin generates local stresses and deformations that
remodel and contract the network. Gently curved bundles become
taut, with many breaking over time (Fig. 4B; 31 min and Movie
S5). These failures usually occurred at bundle junctions (“T-
junctions”) and more rarely along the length of a single filament
or bundle (~10%). After rupture, bundle portions recoil and then
compact into asters in which actin filaments are compressed, bent,
and severed (31). Thus, the myosin-driven contraction of a
reconstituted F-actin network occurs with a buildup of both tensile
and compressive stresses on the actin filaments that drive filament
buckling and breaking (31).

Whereas the LCR does not localize well to the networks ini-
tially, consistent with the “bulk” F-actin sedimentation assays (S/
Appendix, Fig. S5B), after the addition of myosin II, the LCR
accumulates on a subset of the network structures most likely to
be under high contractile tension (Fig. 4 C-L and Movies S6 and
S7). The majority (~90%) of myosin II-induced breaks in the
network occurred at T-junctions (Fig. 4 C and D) where actin
filaments become highly distorted and break. Assuming the
number of filaments in a bundle is constant and forces are bal-
anced, there should not be increased tension at the T-junction
compared to more distal sites along the filament bundle. How-
ever, filaments at these junctions are highly curved, which could
also be coupled to changes in filament twist (33). Further work is
needed to understand the underlying mechanism of LCR
recruitment.

LCRs bind more frequently to T-junctions that break than to
nonbreaking T-junctions and random sites along the actin net-
work (Fig. 4 C and D and Movie S5). A majority of the
T-junction breaks appear to bind single molecules of LCR
(Fig. 4 C, Left), but there is a fraction of T-junctions that show
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increasing LCR fluorescence prior to breaking (Fig. 4 C, Right).
To verify that we are observing single molecules, we monitored
LCR bleaching in our experiments and obtained the average
fluorescence intensity of a single dye. A total of 78% of the LCR
puncta monitored disappeared in a single step (SI Appendix, Fig.
S5D). A distribution of the maximum LCR fluorescence intensity
suggests that most T-junction bindings show fluorescence values
consistent with that of single molecules of the LCR (Fig. 4E). To
get a sense of the affinity of LIM domains for sites of stressed
F-actin, we measured the residence time of LCR single molecule
fluorescence on the two T-junction populations (breaking and
nonbreaking). We monitored the residence time of LCR puncta
on T-junctions that displayed fluorescence intensities consistent
with single LCR molecules (SI Appendix, Fig. S5 D, Right). LCRs
associate for an average of 30 s but the LCR signal disappears
from the network coincident (at our 10-s imaging interval) with
breaking of a T-junction (Fig. 4F). Since the average bleaching
time is over 10-fold higher than the measured residence time, we
conclude that the disappearance of signal at the T-junction is due
to LCR dissociation rather than bleaching (SI Appendix, Fig.
S5E). An assumption that the LCR association rate is between
10° and 10’ M~' s~ (34) and the measured off rate of ~0.038 s~
(1/residence time) (Fig. 4F) suggests that the LCR may have low
nanomolar affinity for actin filament conformations that are
enriched at T-junctions.

Compared to T-junctions, myosin-induced breaks along the
F-actin bundle are much rarer. However, when these breaks
occur, SNAP-LCR(PxI1) binding to the bundles appears dynamic
with most localization occurring within 5 min prior to breaking at
t = 0 min (Fig. 4 G and H). While the exact localization site
varies between breaking events, SNAP-LCR signal is detected
for an average of 60% of the 5 min prior to bundle break
(Fig. 4I). The LCR is also observed along control bundles that do
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Fig. 4. Purified LCR of yeast PxI1 and mammalian zyxin localized to stressed F-actin networks. (A) Schematic of the SNAP-tagged LCR protein constructs used
for in vitro experiments. (B—K) TIRFM visualization of the recruitment of LCR protein constructs to actin filament networks. F-actin networks were preas-
sembled with Mg-ATP-actin (10% Alexa-488 labeled), a-actinin, and the indicated LCR construct (SNAP-549 tagged) for 30 to 45 min. Network contraction was
subsequently induced by flowing in polymerized myosin Il with actin (0.1 puM) and the same initial concentrations of a-actinin and LCR. (B) Representative time
lapse of the in vitro contraction assay. After myosin is added to the preassembled bundled F-actin network, several types of network stresses occur, including
T-junctions (white arrow) and myosin-induced F-actin deformations (white box). (Scale bar, 10 pm.) (C-F) LCR localization to T-junctions. (C) Representative
time-lapse montage. A preassembled network was formed with 1.5 pM actin, 75 nM a-actinin, and 100 nM SNAP-LCR(zyx), followed by the addition of 100 nM
myosin to induce network contraction. Yellow arrows show when LCR(zyx) localizes to the T-junction prior to break. (Scale bar, 2 pm.) (D) Quantification of
fraction of events where LCR signal was observed: at T-junctions in the frame before breaking (break), at T-junctions that did not break (no break), or at
random sites along bundles (random). Error bars represent SEM, n > 14 events for each condition. ns = P > 0.05; *P < 0.05 as determined by ANOVA. (E)
Distribution of maximum fluorescence intensity of LCR on a T-junction. Data to the Right of the dotted line were excluded from residence time calculations as
shown in F. (F) Lifetime of LCR single molecules on T-junctions that broke (stars) or did not break (circles) average lifetimes derived from single exponential fits
(lines). error = 95% Cl calculated from curve fits, n = individual LCR-binding event, n > 14. (G-/) LCR localization to less common breaks along filament
bundles. (G) Representative time-lapse montage of a preassembled network formed with 3.0 uM actin, 150 nM a-actinin, and 200 nM SNAP-LCR(PxI1), fol-
lowed by the addition of 75 nM skeletal muscle myosin Il to induce network contraction. (Scale bar, 2 um.) White arrows indicate broken ends of a bundle. (H)
LCR(PxI1) recruitment measured along the F-actin bundle in G that breaks at time 0. (/) LCR(PxI1) fluorescence along bundles was measured similarly as in H for
five bundle breaking events. Since LCR recruitment appears to be dynamic along the bundle, the fraction of frames with LCR localization during the 5 min just
prior to the break was measured. (J-L) LCR localization to myosin along stressed F-actin networks, particularly where myosin deforms F-actin bundles. (J)
Representative fluorescent image of LCR(zyx) localizing with myosin Il along the network. Ovals indicate myosin on the F-actin network or on the glass. (Scale
bar, 2 pm.) (K) Quantification of LCR localization with myosin or myosin associated with actin (actomyosin). n = individual myosin puncta in four different
movies, n > 300, bar indicates mean; *P < 0.05 as determined from t test. (L) Representative fluorescent images of a large aster that forms from a preas-
sembled network with 3.0 pM actin and 200 nM SNAP-LCR(PxI1) in the absence of a-actinin, followed by the addition of 90 nM myosin Il (Alexa-647 labeled).
(Scale bar, 10 pm.) LCR(PxI1) localizes to the center of these asters with the myosin (white arrow).
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not break throughout the course of the movie, but for only an
average of 20% of the 5 min (Fig. 47). LCR(Px11) only associates
to the network after myosin addition, remaining on filament
portions for several minutes prior to breaking at t = 0 min
(Fig. 4 H and I).

The LCR also colocalizes with myosin II, especially in areas
with highly deformed F-actin networks (Fig. 4 J-L and Movie
S7). While SNAP-LCR is detected above background on isolated
myosin II (SI Appendix, Fig. S5F), LCR binding is approximately
fivefold higher when myosin is localized on the F-actin network,
suggesting this colocalization is a result of LCR binding to
myosin-induced actin filament deformations rather than directly
to myosin (Fig. 4K). Line scans of a bundle over time show that
the majority of LCR localization is independent of myosin lo-
calization (SI Appendix, Fig. S6). This further indicates that
colocalization of the LCR and myosin II along the network is
due to LCR binding to actin filament deformations instead of
myosin II directly (Fig. 4 J and K). In actomyosin contraction
assays that lack the cross-linker a-actinin, myosin drives con-
traction of the F-actin network into asters, which are dense
clusters of actin and myosin II. Previous work has shown that
these so-called asters are sites where filaments are buckled and
broken due to compressive forces (31). We observe that SNAP-
LCR localizes to these asters, suggesting that LCR localization
does not require the cross-linker a-actinin and localizes to highly
compacted actomyosin (Fig. 4L). These data show that myosin
II-generated forces on actin filaments is necessary and sufficient
to drive LIM localization to actin filaments.

Polymerization-Generated Stress Is Sufficient for LCR Localization to
Actin. To determine whether LCR localization can occur by al-
ternate means of applying force to actin filaments, we employed
a well-established reconstitution assay that serves as a model for
actin-based motion (35, 36). Here, 2-um polystyrene beads were
coated with the Arp2/3 complex nucleation-promoting factor
pWa (Fig. 5). Mixing the beads with actin monomers, Arp2/3
complex, and capping protein drives the assembly of a branched
network of short actin filaments at the bead surface (37), which
can be visualized by imaging of fluorescently labeled actin. In the
expanding actin shell, the outer network continuously stretches
as it is displaced outward by continuous assembly of new actin at
the bead surface. Forces generated by actin polymerization result
in the buildup of circumferential tension along the outer part of
the actin shell, resulting in network tearing that breaks the
symmetrical shell. After symmetry breaking, the so-called comet
tail drives directed bead motion (35). Previous work has dem-
onstrated that capping protein (CP) facilitates symmetry break-
ing, as short-capped filaments are more effective in force
generation (38-40).

In the absence of capping protein, large amounts of actin are
assembled from the bead that elongates away from the bead
surface. While the overall actin signal is much higher in the
absence of capping protein, LCR binds only slightly above
background detection (Fig. 5 A-C). Conversely, in the presence
of capping protein, we observed a wide distribution of LCR
binding to the shell. A subset of beads has high LCR intensity
associated with the actin shell (~50%), while others display
levels of LCR binding similar to controls without capping protein
(Fig. 5C). However, in this set of assays, the high concentration
of capping protein inhibits formation of a complete actin shell on
the bead, and we witness no instances of symmetry breaking. In
confocal sections taken through the center of beads in the
presence of a lower concentration of capping protein, the LCR
localizes where the actin signal is weakest (Fig. 5 D and E). We
speculate this is because symmetry begins to break at these sites
and the F-actin network thins as it is strained. To look more
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Fig. 5. SNAP-LCR(zyx) localizes to branched F-actin networks during sym-
metry breaking. (A-C) LCR(zyx) localizes to capped F-actin networks in mo-
tile bead assays. (A) Confocal images taken from a motile bead assay, where
the Arp2/3 complex activator pWa is electrostatically bound to the surface of
polystyrene beads. The beads are mixed with 4 uM actin monomer (5%
Alexa-488 labeled), 100 nM Arp2/3 complex, 12 uM profilin, and 400 nM
LCR(zyx) in polymerization buffer in the presence or absence of 200 nM
capping protein. (B) Zoomed images from the white boxed region of A.
White circle traces the beads. (C) LCR fluorescence on the actin networks in A
in the absence or presence of capping protein. Normalization was done
relative to the total actin fluorescence on the bead. n > 10, error bars = SEM;
*P < 0.05 as determined from t test. (D and E) HALO-LCR(zyx) localizes to
symmetry breaking events in motile bead assays. The pWa beads are mixed
with 2 uM actin monomer (5% Alexa-488 labeled), 100 nM Arp2/3 complex,
100 to 200 nM LCR(zyx), and 42 nM capping protein. (D) Confocal time lapse
of a representative symmetry breaking event. White circle indicates the
beads, and the yellow arrow shows where symmetry breaks. (E) Linescans of
LCR (magenta) and actin (green) fluorescence on the circumference of the
F-actin network from reactions where beads break symmetry. Linescans are
the average of five beads and were aligned by setting the peak LCR intensity
to position zero. Error bars = SEM.

closely at this phenomenon, we took confocal time-lapse movies
of beads going through the process of symmetry breaking. We
observed the LCR localizing most intensely to the actin shell
during the period of most rapid straining as the shell ruptures
(Fig. 5D and Movie S8).

Discussion

Here we show that the mechanism by which zyxin is recruited to
SESS is through binding of its LCR exclusively to mechanically
strained actin filaments and note that a parallel study has come
to the same conclusion independently (28). We identify 18 pro-
teins from four different LIM domain protein classes with LCRs
that localize to SFSS, indicating that this force-sensitive inter-
action may function as an input into diverse cellular processes.
While SFSS are a particular feature within adherent fibroblasts,
mechanical stresses are ubiquitous within the actin cytoskeleton.
Force-sensitive biochemistry is inherent to mechanical regulation
of the cytoskeleton and, we suspect, also a means for transmit-
ting information about the mechanical status of the cell to the
nucleus. The tension in SFs tends to reflect the mechanics of the
environment in which cells are embedded. Cells growing in rigid
matrices or within tissues that are being stretched build F-actin
networks under increased tension (1, 19, 41). Recent work sug-
gests that matrix mechanics and the resulting actin networks
control nuclear localization of the LIM protein FHL2 (28, 42).
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Interestingly, a majority of SFSS-binding LIM proteins display
nuclear shuttling (43), suggesting a model by which LCR binding
to stressed F-actin networks blocks nuclear import. Our data
raise the possibility that detection of cytoskeletal mechanics by
LCRs from four different LIM classes (22), Zyxin, Paxillin, Tes,
and Enigma, may underlie regulation of diverse transcriptional
pathways they are part of, including YAP/TAZ, Hippo, p21
signaling, and planer cell polarity. While much work has dem-
onstrated these to be mechanically regulated (1, 42, 44, 45), our
work implicates interactions between the LCR with strained
actin filaments in diverse cytoskeletal assemblies as a potential
mechanism. We anticipate that understanding the details of how
and why diverse LIM domain-containing proteins differentially lo-
calize to strained actin filaments at focal adhesions, cell-cell ad-
hesions, and the actin cytoskeleton will yield insight into the
regulation and architecture of these mechanotransduction pathways
(Fig. 64).

In vitro data from both this and a parallel study (28) indicate
that the LCR can be recruited to highly tensed or compressed
actin filaments, suggesting that these two distinct force-induced
filament conformations may expose a similar actin filament
structure that has high affinity for the LCR (Fig. 6B). The
maximum distortion that may occur within a highly bent filament
before it breaks is estimated to be ~1.5 A of displacement/sub-
unit (46). An attractive hypothesis is that mechanical stretch,
compression, or twist exposes a site within the actin filament that
is weakly recognized by each LIM domain. Future work is needed
to understand the full mechanism of the force-dependent inter-
action. A parallel study identified a phenylalanine within each
LIM domain that was necessary for force-dependent association
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with actin filaments (28). Both Sun et al. (28)’s and our data
demonstrate this site is not sufficient, as tandem LIM domains are
required. Our work suggests that three tandem domains con-
nected by linkers of a precise length, each contribute to binding a
strained-induced feature on an actin filament. We suspect the
linker length may act as a ruler that positions individual LIM
domains to optimally bind a stress-induced feature on the actin
filament (Fig. 6B).

We show that this force sensitivity is found in fission yeast LIM
protein Pxl1. The fact that Pxl1 both localizes to the contractile
ring in fission yeast and to SFSS in animal cells suggests that
myosin II-induced strained actin filament conformations are a
common feature in contractile networks. Despite large evolu-
tionary distances, this interaction has been conserved, indicating
that there is significant selective pressure to maintain it. Actin is
one of the most highly conserved proteins in eukaryotes with
90.4% amino acid sequence identity between fission yeast and
mammals, so it is not surprising that the LCR of Pxl1 from fission
yeast binds to a strained F-actin structure in mammals. The
oldest LIM domain protein found in plants and animals, CRP
(22), binds and bundles actin filaments via its LIM domains in
the absence of mechanical stress (47-49). We hypothesize that
duplication and divergence of an ancestral CRP-like LIM do-
main resulted in a modification to its actin-binding mechanism
that favored a strained conformation of F-actin (Fig. 6C). The
other core components of the contractile machinery, myosin II
and a-actinin, have not been found in plants but are clearly
present in the unikonts (50, 51) and may have appeared around
similar times. We hypothesize that the emergence of contractile
F-actin machinery coincided with, or required proteins that
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Fig. 6. Model. (A) Cartoon of an epithelial tissue layer with different examples of mechanical stress that cells experience (extrusion, apical tension, and
migration). LIM domains bind the different mechanically stressed F-actin networks. (B) Actin filament experiencing different forces: tension (Middle) or
bending due to compression which is likely coupled to changes in filament twist (Bottom). The box indicates the zoomed in diagram showing the bonds
between actin subunits. The gray lines indicate regions of low stress while the red lines indicate high stress due to tension, compression, or twist-bend
coupling. LIM domain proteins likely localize through their LCR to the regions of high stress. (C) Phylogenetic tree showing emergence of strained actin
filament binding by paxillin class of LIM domain proteins and later expansion of LIM family in the metazoan stem lineage.
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could report on the stresses present there. The oldest SFSS-
binding class from our screen appears to be paxillin (22),
which is involved in mechanical homeostasis of contractile net-
works in yeast (26) and mammals (18). F-actin strain sensing via
LIM may have been co-opted by other signaling pathways later
on during the LIM family expansion that originated in the stem
lineage of metazoans (Fig. 6C) (22).

Zinc finger proteins have diverse functionality from regulation
of cell cycle, transcription, and protein folding through interac-
tions with DNA, lipids, and proteins (52). Our data demonstrate
that mechanically stressed actin filaments are an additional
substrate for a subset of zinc finger proteins. The extent to which
mechanical forces may regulate interactions with other known
substrates is an opportunity to be explored. The use of the actin
filament itself as a force sensor, or mechanophore, within the
actin cytoskeleton is a particularly attractive one as a means to
control mechanotransduction pathways. Both its abundance and
the different types of force (twist, compression, extension) that
can be sensed could provide a wealth of control of mechano-
transduction pathways. Moreover, our work suggests the possi-
bility of other biomolecules that exclusively bind to mechanically
stressed filaments that may not have been isolated by traditional
biochemical studies.
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Materials and Methods

SFSS were analyzed by measuring the ratio of the mean fluorescence of transiently
transfected mCherry-tagged LCRs to the stably integrated EGFP-zyxin fluorescence
imaged via confocal microscopy. Background was considered to be the location
on the stress fiber where the SFSS eventually developed. Kymographs were
generated with ImageJ reslice function, or if stress fibers moved significantly, a
python script written in ImageJ) from user-drawn line segments was used. For
in vitro contractility assays, time-lapse TIRFM movies were obtained of bundled
actin networks consisted of F-actin (1.5 or 3 pM, 10% Alexa-488 labeled), a-actinin
(100 to 200 nM), LCR (50 to 200 nM), and polymerization TIRF buffer. To induce
network contraction, polymerized myosin (50 to 150 nM) was flowed into the
chamber. Details of all methods and protocols are found in S/ Appendix.

Data Availability. Supporting data and plasmids from this study will be made
available from the corresponding authors upon reasonable request and
through Addgene (https:/www.addgene.org). Code will be made available
on GitHub (https://github.com).
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