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Abstract

Gaps in our understanding of muscle mechanics demonstrate that the current model is incomplete. Increasingly, it appears that
a role for titin in active muscle contraction might help to fill these gaps. While such a role for titin is increasingly accepted,
the underlying molecular mechanisms remain unclear. The goals of this paper are to review recent studies demonstrating
Ca**-dependent interactions between N2A titin and actin in vitro, to explore theoretical predictions of muscle behavior based
on this interaction, and to review experimental data related to the predictions. In a recent study, we demonstrated that Ca®*
increases the association constant between N2A titin and F-actin; that Ca*" increases rupture forces between N2A titin and
F-actin; and that Ca®* and N2A titin reduce sliding velocity of F-actin and reconstituted thin filaments in motility assays.
Preliminary data support a role for Ig83, but other Ig domains in the N2A region may also be involved. Two mechanical
consequences are inescapable if N2A titin binds to thin filaments in active muscle sarcomeres: (1) the length of titin’s freely
extensible I-band should decrease upon muscle activation; and (2) binding between N2A titin and thin filaments should
increase titin stiffness in active muscle. Experimental observations demonstrate that these properties characterize wild type
muscles, but not muscles from mdm mice with a small deletion in N2A titin, including part of Ig83. Given the new in vitro evi-
dence for Ca>*-dependent binding between N2A titin and actin, it is time for skepticism to give way to further investigation.
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Introduction predict several important muscle properties. These include
the persistent increase in muscle force after active stretch

Fundamental gaps in our understanding of muscle contrac-  (Lindstedt and Nishikawa 2017; Nishikawa et al. 2018a),

tion are illustrated by recent studies. At the level of muscle
mechanics, the currently accepted sliding-filament—swing-
ing cross-bridge paradigm of muscle contraction, typically
modeled as cross-bridge motors in series with elastic ele-
ments (Fenn 1923; Hill 1922; Huxley 1957, 1973), fails to
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elastic recoil of muscles during rapid unloading (Sugi et al.
2000), and the dependence of muscle mechanical behavior
on the phase of activation in stretch—shortening cycles (Ahn
et al. 2003). At the level of biomechanics, models based on
the current paradigm fail to yield accurate predictions of
in vivo muscle forces in humans and animals during natural
movements (Dick et al. 2017; Lee et al. 2013).

Early studies naturally attributed muscle properties to
the cross bridges. Examples include instantaneous elastic-
ity (Huxley and Simmons 1971a) and energy storage dur-
ing active stretch (Lombardi et al. 1995). More recently, it
has been recognized that other structures, including thin and
thick filaments as well as titin, contribute to muscle compli-
ance (Wakabayashi et al. 1994) and energy storage (Lin-
ari et al. 2003). In fact, recent estimates suggest that cross
bridges account for only a small fraction (up to ~12%) of
energy storage in muscles during active stretch, with only
2% from cross bridge elasticity (Linari et al. 2003).
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The current sliding filament—swinging cross-bridge para-
digm was developed decades before the discovery of titin in
the late 1970’s (Maruyama et al. 1976; Wang et al. 1979),
so it is understandable that a role for titin in active muscle
contraction was overlooked initially. Increasingly, it appears
that a role for titin in active muscle contraction might help to
fill gaps in the current paradigm (Lindstedt and Nishikawa
2017; Linke 2018). Acceptance of the idea that titin contrib-
utes to active muscle force production has led to a profusion
of new proposals for mechanisms (Linke 2018). Several new
mechanisms range from direct effects on titin mechanical
properties, such as equilibrium length and stiffness (Leonard
and Herzog 2010; Nishikawa 2016; Nishikawa et al. 2012)
and Ig domain unfolding (Rivas-Pardo et al. 2016), to indi-
rect effects on cross-bridge force production (Mijailovich
et al. 2019), potentially mediated via thick (Irving 2017) and
thin filament structural changes, as well as other biochemi-
cal interactions and signaling pathways (Pfuhl and Gautel
2012).

The goals of this paper are to review recent studies dem-
onstrating Ca’*-dependent interactions between N2A titin
and actin in vitro, to explore theoretical predictions of mus-
cle mechanical behavior based on this interaction, and to
review experimental data related to the predictions. The
analysis suggests that titin may contribute importantly to
muscle force production, and that future progress in muscle
research will likely require better integration of bottom-up
studies on molecular mechanisms with top-down studies on
muscle mechanics and in vivo muscle function.

Titin function: from passive scaffold
to regulation of active muscle force

Early work on titin interactions with myosin (Murayama
et al. 1989) and actin (Maruyama et al. 1987) demonstrated
that titin forms a scaffold connecting the thick and thin
filaments in sarcomeres of striated muscles (Gautel and
Djinovic-Carugo 2016; Linke et al. 1999). In the Z-disc,
titin Z-repeats bind to F-actin (Trombitas and Granzier
1997), alpha-actinin (Linke et al. 1997), and telethonin
(Gregorio et al. 1998, 1999). In the A-band, repeating titin
FnllII domains bind to the tail portion of myosin (Houmeida
et al. 1995), as well as to MyBP-C (Labeit et al. 1992) and
myomesin (Obermann et al. 1996). Numerous other proteins
were ultimately found to interact with the giant titin protein
from M-line to Z-disk in muscle sarcomeres (Gautel and
Djinovic-Carugo 2016; Gregorio et al. 1999; Sanger and
Sanger 2001).

In the I-band, the mechanical properties of tandem Ig and
PEVK domains of titin (Fig. 1) produce the passive tension
associated with myofibrils, muscle fibers (Linke et al. 1998a,
b) and intact muscles (Brynnel et al. 2018). Titin passive
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Fig.1 Layout of titin and other proteins in skeletal muscle sarcom-
eres. Each titin molecule is bound to the thin filaments (blue) in the
Z-disc (blue triangles on left side of half-sarcomere) and to the thick
filaments (purple) in the A-band. The N2A segment (red) is located
between the proximal tandem Ig segments (orange) and the PEVK
segment (green). Ig, immunoglobulin Reproduced with permission
from Nishikawa (2016). Copyright 2016, The Company of Biologists
Ltd

tension is thought to maintain sarcomere structure in both
longitudinal (Horowits et al. 1986; Horowits and Podolsky
1987) and radial directions (Irving et al. 2011; Konhilas
et al. 2002; Li et al. 2016).

The possibility that titin’s role in muscle sarcomeres
might extend beyond passive tension and maintenance of
sarcomere structural integrity to regulation of active muscle
contraction was considered even in the earliest studies on
titin (Maruyama et al. 1976). Only recently, however, has
this idea become more widely accepted (see e.g., (Linke
2018); (Freundt and Linke 2018). A recent study demon-
strates that titin contributes not only to passive force, but
also to active force of skeletal muscles (Li et al. 2018). In
this study, a transgenic mouse was developed in which a
specific proteolytic cleavage site from tobacco etch virus was
inserted into the distal I-band region of titin near the edge
of the A-band. When titin was cleaved in fiber bundles from
homozygous transgenic mice, both passive and active force
of muscle fibers decreased by ~50%.

Searching for Ca2*-dependent titin-actin
interactions: absence of evidence is not evidence
of absence

The idea that titin could play a role in regulating active
force production in striated muscles motivated the search
for Ca**-dependent interactions with other proteins (Maruy-
ama et al. 1976), as the cytoplasmic calcium transient is the
major signal that triggers muscle force production via activa-
tion of thin filaments in skeletal muscle. The search naturally
focused on titin interactions with F-actin and thin filaments
in the I-band, since A-band titin runs along the thick fila-
ments and is relatively inextensible (Trinick 1996). Early
investigations of Ca?*-dependent titin—actin interactions
focused on binding of native titin (Maruyama et al. 1987,
Soteriou et al. 1993) or titin fragments (Kellermayer and
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Granzier 1996) to F-actin and thin filaments. Until recently
(Dutta et al. 2018), the only experimental evidence support-
ing the existence of Ca’*-dependent interactions between
titin and thin filaments in the I-band of skeletal muscle came
from Kellermayer and Granzier (1996), who demonstrated,
using in vitro motility and binding assays, that the large T2
fragment of titin (comprising residues from the N2-line to
M-line) interacts with actin filaments and reconstituted thin
filaments at pCa < 6.0. They showed that the motility of
actin filaments on heavy meromyosin was reduced by the
T2 fragment in the presence of Ca*".

The availability of the titin gene sequence from humans
(Labeit and Kolmerer 1995) and rats (Jin 1995, 2000; Li
et al. 1995) provided the opportunity to clone and purify
titin constructs. A large number of studies (Bianco et al.
2007; Kulke et al. 2001; Linke et al. 1997, 2002; Nagy
et al. 2004; Yamasaki et al. 2001), employing a variety
of methods including co-sedimentation and other binding
assays, in vitro motility assays, and optical tweezers, exam-
ined Ca**-dependence of titin—actin interactions using titin
constructs based on gene sequences from human soleus
(GenBank X90569) and cardiac (GenBank X90568) titin.
Focusing mostly on PEVK residues, these studies found that
constructs based on soleus titin (GenBank X90569, residues
5618-7791) exhibited only Ca**-independent interactions
with actin (Linke et al. 2002; Nagy et al. 2004; Yamasaki
et al. 2001), whereas interactions between F-actin and con-
structs based on cardiac titin (GenBank X90568) were inhib-
ited by the calcium binding protein SI00A1 when Ca>* was
present (Yamasaki et al. 2001).

Given the large number of previous studies investigating
interactions between titin constructs and F-actin, it is sur-
prising that none included a sequence of 115 amino acids
(residues 5508-5617 from X90569) within the 1g83 domain
of N2A titin (Dutta et al. 2018). Only Linke et al. (1997)
examined interactions between N2A titin (X90569, residues
5010-5507, 1g80-IS-1g81-Ig82) and actin. Using immuno-
fluorescence microscopy and co-sedimentation experiments,
they found no interactions between N2A titin and F-actin or
reconstituted thin filaments outside the Z-disc in the pres-
ence or absence of Ca%™. Notably however, the terminal
1g83 domain from the N2A region was not included in the
constructs they tested (Linke et al. 1997). The missing 115
amino acid sequence includes the last 53 C-terminal amino
acids of Ig83, which are also deleted in the ‘muscular dys-
trophy with myositis’ (mdm) mutation in mice (Garvey et al.
2002).

New evidence for Ca2*-dependent interactions
between N2A titin and thin filaments

In a recent study (Dutta et al. 2018), we hypothesized that
the N2A region of titin, overlooked in previous studies,

could be responsible for Ca?*-dependent interactions of the
titin T2 fragment with actin and reconstituted thin filaments
observed previously by Kellermayer and Granzier (1996).
We used co-sedimentation, in vitro motility assays (IVM),
and dynamic force spectroscopy (DFS) to characterize inter-
actions between a recombinantly expressed N2A titin con-
struct (Ig80-1S-Ig81-1g82-Ig83) and F-actin or reconstituted
thin filaments in the presence and absence and Ca’*.

In this study, we demonstrated that the recombinantly
expressed N2A construct co-sediments with F-actin and that
Ca”" increases the association constant between the N2A
construct and F-actin (Fig. 2). Actin binding depends on
the concentration of both N2A and Ca?*, with a significant
increase in binding observed with higher N2A concentra-
tions and higher [Ca’*] (ANCOVA, p < 0.0003), suggesting
that Ca®* stabilizes interactions between N2A and F-actin
(Dutta et al. 2018). This hypothesis was further supported
by single molecule force spectroscopy experiments demon-
strating increased rupture forces (Fig. 3, ¢ test, p<0.001)
and decreased off-rate (Dutta et al. 2018) in the presence
of Ca’* (pCa=4.0). Finally, we demonstrated that the N2A
constructs reduce sliding velocity of F-actin and reconsti-
tuted thin filaments (Ca**-regulated due to the presence of
troponin and tropomyosin) using in vitro motility (IVM)
assays. Statistically significant decreases in velocity were
measured for both types of filaments at pCa <5 (Fig. 4,
ANOVA, p<0.0001; (Dutta et al. 2018), a concentration of
Ca®" that is physiologically relevant with respect to activa-
tion of skeletal muscle. Taken together, these results dem-
onstrate the potential for N2A titin to interact with thin fila-
ments in muscle sarcomeres, and suggest that the strength
of that interaction is regulated by Ca** concentration. The
high rupture forces (~ 100 pN; Fig. 3) measured between
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Fig.2 Ca®* increases co-sedimentation of N2A constructs with actin
filaments. a Example SDS-PAGE gel of 3 pM N2A bound to actin
at pCa=4 (squares) and pCa=10 (diamonds). The gel was cropped
to highlight the region containing the 3 uM N2A samples. b Plot of
average band intensities of bound N2A versus N2A concentration
at pCa 10 and pCa 4 (N=3 per group). ANOVA demonstrates sig-
nificant effects of [N2A] (p<0.0001), [Ca’*] (p=0.0003), and their
interaction (p=0.0125) on N2A—F-actin binding as estimated by den-
sitometry. P pellet, S supernatant Reproduced with permission from
Dutta et al. (2018)
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Fig.3 Ca’" increases rupture forces of interacting N2A and F-actin
molecules. Overlay of force-extension curves from single mole-
cule force spectroscopy in the a absence (pCa=10) and b presence
(pCa=4) of Ca**. Histograms of N2A—F-actin rupture forces and
most probable rupture force at a loading rate of 8000 pN/s in the ¢
absence of Ca”* (mean rupture force of 70+40 pN) and d presence
of Ca** (mean rupture force of 10040 pN). Two tailed t-test dem-
onstrates that Ca’* significantly increases the strength of N2A-F-
actin interactions (p <0.001) Reproduced with permission from Dutta
et al. (2018)

the N2A construct and F-actin at pCa=4 suggest that, if
binding occurs in vivo, it could potentially account for all
of the energy stored in muscle during active stretch (Linari
et al. 2003).

While stable binding might require additional Ig domains,
preliminary force spectroscopy data from constructs of indi-
vidual Ig domains suggest that [g83 contains amino acids
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Fig.4 Ca’" decreases in vitro motility of F-actin and reconstituted
thin filaments. a The N2A construct (triangles) decreases motility of
F-actin in the presence of Ca** compared to BSA controls (circles).
ANOVA demonstrates that the velocity of F-actin decreased sig-
nificantly in the presence of N2A versus BSA (p<0.0001) and also
decreased with increasing [Ca®* (p<0.0001). b In vitro motility
of reconstituted thin filaments decreases in the presence of N2A at
pCa=4.0 and 5.0. ANOVA demonstrates significant effects of N2A
versus BSA (p<0.0001), [Ca’*] (p<0.0001), and their interaction
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required for Ca’*-dependent binding to F-actin. Preliminary
actin binding assay experiments provide further support for
this model. This would explain why titin—actin interactions
were observed in our studies (Dutta et al. 2018), but were
absent in Linke et al. (1997), as the constructs used in that
study included most of the N2A region, but did not include
Ig83. These data are also consistent with the loss of func-
tion observed in skeletal muscles from mdm mice, with an
83 amino acid deletion in I-band titin, 53 amino acids of
which are deleted from Ig83 and the remaining 30 from the
proximal PEVK region (Garvey et al. 2002). These obser-
vations suggest that the mdm mouse is a good model for
testing hypotheses about the contribution of Ca**-dependent
titin—actin interactions to muscle mechanics.

Future studies are needed to provide additional insights
into mechanism(s) for Ca>* modulation of N2A—thin fila-
ment binding. However, a few potential mechanisms are
consistent with current data. While the possibility exists
that Ca2* stabilizes the N2A—actin interaction through non-
specific binding along the interface, it is more common for
modulated biological events to be regulated through specific
interactions. We therefore favor a mechanism in which Ca**
binds to specific sites on the N2A construct. Indeed, previ-
ous studies (Tatsumi et al. 2001) demonstrate that ~ 12 mol-
ecules of calcium bind to a 400 kDa fragment of titin that
includes the N2A region. The N2 line in muscle sarcomeres
(Yarom and Meiri 1971), from which N2A gets its name,
was originally discovered based on staining with pyroanti-
monate which precipitates in the presence of calcium.

Our working hypothesis is that Ig domains in the N2A
region contain calcium binding sites and that Ca* stabilizes
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(p<0.0001) on the velocity of regulated filaments. Asterisks indicate
a significant decrease in filament velocity in the presence of the N2A
construct at pCa 4 and 5 (Tukey’s HSD, p<0.05). Fitting the data
using the Hill cooperativity equation demonstrated that pCas, was
unchanged in the presence of N2A, but N2A increased cooperativity
(Hill coefficients for BSA control=0.88, N2A =1.564) and decreased
Vnax (N2A =3.13) compared to BSA control (4.09) Reproduced with
permission from Dutta et al. (2018)
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those conformation(s) capable of binding to actin filaments.
While our preliminary data suggest that Ig83 is the primary
binding site, further experiments are underway to determine
the specific domains involved in N2A—-actin binding. If the
binding site for Ca** is located in the Ig83 domain, it will
not be a classical EF-hand domain. The EF-hand motif is
composed of a-helices but titin Ig domains are composed
of seven B-strands in a two-layered sandwich (von Castel-
mur et al. 2008). We predict that binding is likely to involve
clusters of glutamates within Ig83. However, a high-reso-
lution structure will be necessary in order to determine the
exact nature of the calcium binding site(s). Ongoing work is
focused on determining which Ig domains in the N2A region
bind to actin, quantifying their stability, and determining
the specific residues and mechanisms that are involved.
The binding kinetics of calcium to N2A have not yet been
determined, but binding would need to be in the micromolar
range to be consistent with the calcium-based effects that
were measured in previous studies (Dutta et al. 2018). Once
these details are known, it would be interesting to investigate
whether Ca®*-binding to N2A titin is strain-dependent.

Additional predictions are that the stability of the Ig
domains composing the N2A region should vary as a func-
tion of [Ca®*], and that domains involved in binding would
show the largest change in stability in the presence versus
absence of Ca**. This could be investigated using chemical
stability or differential scanning calorimetry to determine
how Ca?* affects the stability of various regions of N2A.
As characterization of the N2A region is completed, the
mechanism of Ca?*-based stabilization of the N2A—actin
interaction will become increasingly clear.

Reported evidence against titin—actin interactions
in muscle sarcomeres?

Two recent studies have argued that titin—actin interac-
tions do not occur in muscle sarcomeres. One recent study
reported evidence against titin—actin interactions in sin-
gle myofibrils. Cornachione et al. (2016) used gelsolin
to extract actin from single myofibrils to test for effects
of titin—actin interactions on muscle mechanical proper-
ties. They found only a small difference in stretching force
before and after actin removal, using fluorescent phalloidin
to visualize actin extraction. While their images showed
reduced actin in the A-band, Z-line actin appeared unaf-
fected and moreover (Zhukarev et al. 1997), demonstrated
that phalloidin does not stain actin in the I-bands of sar-
comeres despite the known presence of actin in this region.
They further suggested that nebulin might block binding
of phalloidin to actin in the I-band (Zhukarev et al. 1997).
Because phalloidin does not bind to actin in the I-band,
the methods employed by Cornachione et al. (2016) fail
to indicate whether gelsolin had in fact removed actin

from the I-band where N2A titin is expected to bind, and
the experiments therefore cannot refute the existence of
titin—actin interactions in this region as the authors origi-
nally claimed (Nishikawa 2016).

A second study (DuVall et al. 2017) used the F146 anti-
body, which binds to titin in the distal PEVK segment near
the edge of the A-band, to investigate segmental elonga-
tion of titin during passive and active stretch. They found
evidence for an effect of Ca>* but no apparent evidence for
interactions with actin on the extension of titin segments
proximal and distal to the antibody label during stretch.
Critically, however, the F146 antibody binds to titin at a
location that is far removed from the N2A region. Therefore,
the proximal titin segment between the Z-disc and the F146
antibody includes not only N2A but most of the PEVK seg-
ment, making it relatively insensitive to changes in elonga-
tion of the proximal tandem Ig region per se.

A more definitive test of whether N2A titin binds to actin
in skeletal muscle sarcomeres requires use of antibodies that
bind closer to the N2A region, either in the N2A region itself
or between N2A and the Z-line. If N2A titin binds to actin
upon Ca**-activation as suggested (Dutta et al. 2018), then
elongation of tandem Ig domains proximal to N2A (Fig. 5a,
red), which normally occurs during passive stretch (Linke
et al. 1998b) should be prevented during active stretch
(Fig. 5b, orange) of sarcomeres.

We tracked the motion of N2A titin in myofibrils from
wild type mouse extensor digitorum longus (EDL) by labe-
ling titin with a primary N2A antibody and fluorescent sec-
ondary antibodies. The primary N2A antibody binds to titin
at [g80-81 (Freiburg et al. 2000), and extension of titin seg-
ments proximal and distal to the fluorescent label was deter-
mined from the movement of the labeled N2A relative to
myofibril and sarcomere extension. Extension was measured
during passive (no Ca*") and active stretch from real time
video images. We expected to observe more lengthening
of the proximal segment (Fig. 5a, red) than the distal seg-
ment (Fig. 5a, blue) in passive myofibrils due to low force
straightening of the tandem Ig region. We also expected to
observe that the proximal segment (Fig. 5b, orange) would
fail to elongate in active myofibrils if N2A titin binds to
actin.

In all passive myofibrils, the distal PEVK segment elon-
gated at shorter sarcomere lengths than expected based on
previous work (Linke et al. 1998a). During both passive
(n=7 myofibrils, 49 sarcomeres, Fig. 5c, green line) and
active stretch (n= 10 myofibrils, 55 sarcomeres, Fig. 5c, blue
line), the distal segments of most sarcomeres elongated in
direct proportion to the amount of stretch. Thus, in both
passive and active myofibrils, straightening of Ig domains
was accompanied by extension of PEVK which suggests that
antibody labeling increased the force required to extend the
Ig domains (Fig. 6).
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Fig.5 Predicted segmental elongation of titin in passively and
actively stretched sarcomeres. a Passive stretch: the proximal seg-
ment is expected to stretch more than the distal segment due to its
lower stiffness. b Active stretch: N2A binding to actin is expected to
prevent elongation of the proximal segment, so that only the distal
segment elongates. ¢ Elongation of titin segments in passively and
actively stretched sarcomeres labeled with N2A antibodies. During
passive stretch, the distal PEVK segment (green) extends earlier and

While the data from most actively stretched myofibrils
activated at SL ~ 1.5 pm were similar to the passive data
(Fig. 5d), in one myofibril all of the sarcomeres (n=7)
showed the pattern expected if N2A binds to actin (Dutta
et al. 2018) and prevents extension of the proximal segment.
In this myofibril, which was activated at SL > 2.0 pm, the
length of the proximal segment remained constant up to
SL>4.0 pm.

The increased force required to straighten Ig domains
in passive stretch data suggests that labeling with the N2A
antibody increased the stiffness of the proximal Ig domains
(Linke et al. 1996), likely due to secondary antibody cross-
linking (Shimamoto et al. 2009; DuVall 2015). This cross-
linking effect could also prevent N2A binding to actin, which
would also explain the active stretch results that extension
of proximal Ig domains and PEVK occurred simultane-
ously at short sarcomere lengths (<2.4 pm). DuVall (2015)
observed that labeling with secondary, but not primary F146,
antibodies increased force during passive stretch, consistent
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faster than expected and the proximal Ig domains (purple) extend less
than expected. A similar pattern was observed during active stretch
(blue =distal segment, red=proximal segment). d Reduced elonga-
tion of the proximal segment in sarcomeres of one myofibril activated
at longer SL. In all sarcomeres of this myofibril, the proximal seg-
ment remained at a constant length during active stretch up to lengths
of ~4.0 pm as expected. Inset shows average extension of proximal Ig
domains (black) in sarcomeres activated at longer initial length

with secondary antibody cross-linking. The observation that
most myofibrils were stretched from very short initial lengths
(~ 1.5 pm) and that the myofibril exhibiting no proximal exten-
sion was stretched from a longer initial sarcomere length > 2.0
pm suggest that cross-linking of secondary antibodies might be
reduced or prevented by stretching sarcomeres from a longer
initial SL. Based on these preliminary results, our ongoing
work is focused on using labeled primary N2A antibodies in
single skinned muscle fibers to further investigate titin—actin
interactions in muscle sarcomeres. Single skinned fibers are
easy to isolate without damage, and we retain the ability to
image epitope elongation during passive and active stretch
in individual sarcomeres while gaining greater control over
length and activation.
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Fig.6 Activation increases titin-based force and stiffness of wild type
psoas myofibrils, but not mdm myofibrils, during stretch. Stress (nN/
um?) versus sarcomere length (um) of single psoas myofibrils from
wild type (WT, black open symbols) and muscular dystrophy with
myositis (mdm, gray filled symbols) mice during active (diamonds)
and passive stretch (circles). There is no difference in passive stress
between WT and mdm myofibrils. Actively stretched WT myofibrils
are stiffer than active mdm and both passive mdm and WT, while
actively stretched mdm myofibrils do not differ in stiffness from pas-
sively stretched mdm and WT myofibrils Reproduced with permis-
sion from Powers et al. (2016). Copyright 2016, The Company of
Biologists Ltd

Ca?*-dependent N2A-actin interactions:
theoretical implications

If N2A titin, situated at the distal end of the proximal
tandem Ig domains, binds to thin filaments upon calcium

A Passive muscle

PEVK

Fig.7 N2A-actin interaction eliminates low-force straightening of
tandem Ig domains. a Passive sarcomere at slack length. b As the
sarcomere is stretched passively beyond its slack length, the proximal
tandem Ig segments unfold approximately to their contour length.
¢ After the proximal tandem Ig segments have reached their con-

influx in muscle sarcomeres (Fig. 7), then two mechani-
cal consequences are predicted. First, the length of tit-
in’s freely extensible I-band must decrease upon activa-
tion (Leonard and Herzog 2010; Nishikawa et al. 2012)
because the bound N2A would allow only the PEVK
region to extend during active stretch (Fig. 7, right). Sec-
ond, because titin stiffness in passive muscle is limited by
low-force straightening of the proximal tandem Ig domains
(Linke et al. 1998b), binding between thin filaments and
N2A titin would increase titin stiffness in active muscles,
as only the relatively stiffer PEVK region would extend
during stretch (Fig. 7, (Nishikawa et al. 2012). Failure of
proximal tandem Ig domains to straighten during active
stretch would shift the force-extension curve leftward
compared to the passive, low-calcium condition (Monroy
et al. 2017; Nishikawa 2016). Indeed, there is experimental
support for both of these predictions in wild type skeletal
muscles and both fail to be observed in skeletal muscles
of mdm mice with a 53 amino acid deletion in Ig83 of the
N2A region.

In contrast to skeletal muscles, N2A exons are not
expressed in the cardiac N2B isoform of titin (Neagoe
et al. 2003), which predominates in the hearts of rats
and mice. Therefore, the mechanical effects of binding
between N2A titin and thin filaments are expected to be
absent in cardiac sarcomeres that predominantly express
the N2B isoform (Nishikawa et al. 2018a, 2012). Cardiac
titin isoforms are much shorter than skeletal muscle iso-
forms (Neagoe et al. 2003), and their passive length-ten-
sion curves are shifted far to the left relative to skeletal

D Active muscle

tour length, further passive stretching extends the PEVK segment.
Adapted from Granzier and Labeit (2004). ¢ Upon activation, N2A
titin binds to actin. d When the active sarcomere is stretched, only the
PEVK segment (green) extends Reproduced with permission from
Nishikawa (2016). Copyright 2016, The Company of Biologists Ltd
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muscle isoforms. The ability of skeletal muscles to mod-
ulate titin stiffness from the passive to the active state
using Ca’*-dependent N2A—actin binding would provide
an important benefit for skeletal muscles, which operate
in antagonistic pairs. High passive stiffness would limit
stretch of muscles by antagonists, adding to contraction
loads and reducing efficiency. In contrast, cardiac mus-
cle operates against a pressure load but apparently has no
active antagonism and therefore can be tuned to a higher
passive stiffness.

A third prediction is that, if N2A titin binds to the near-
est available actin subunit upon calcium influx (Nishikawa
et al. 2012, 2018a), then titin’s spring properties should also
be independent of sarcomere length at the time of activa-
tion. Once N2A binds to actin, the slack tandem Ig region
can no longer extend during stretch. The only part that will
stretch is the PEVK region, and this will be true regardless
of where N2A binds to actin. In this way, titin stiffness could
increase with activation even at very short sarcomere lengths
on the ascending limb of the force—length relationship. This
property might help to explain why skeletal but not cardiac
muscles have a plateau in the force—length relationship, even
though both types of sarcomeres possess a bare zone with
no cross bridges on the thick filaments (Allen and Kentish
1985) to which the plateau in force is typically attributed
(Gordon et al. 1966). It also might help to explain why the
maximum shortening velocity of muscle (Vmax) is nearly
constant over a wide range of sarcomere lengths ranging
from 1.6 to 2.6 pm (Edman 1978). If cross bridges alone
are responsible for muscle shortening, one would expect a
proportional relationship between force and Vmax. Indeed,
reducing activation either in vivo (Chow and Darling 1999)
or in vitro (Gilliver et al. 2011) decreases Vmax. Thus, it
is curious that Vmax should be similar at optimal length
(2.6 pm) and on the ascending limb of the force—length rela-
tionship where force is substantially reduced.

Titin-actin interactions: evidence
from mechanical behavior of muscle

It has been argued previously that Ca>*-dependent titin—actin
interactions provide a relatively simple explanation for
history-dependent muscle properties, including residual
force enhancement (Leonard and Herzog 2010; Nishikawa
2016) and force depression (Nishikawa et al. 2012, 2018a,
b; Schappacher-Tilp et al. 2015). Indeed, both force enhance-
ment and force depression are negligible in skeletal muscles
from mdm mice compared to passive tension at the final
length (Tahir et al. 2019). Here, we instead focus on obser-
vational evidence that titin’s equilibrium length decreases
and titin stiffness increases upon activation.

@ Springer

Muscle equilibrium length decreases
upon activation, but not in mdm

Several observations on elastic recoil of active muscle dur-
ing rapid unloading are consistent with the prediction from
Ca*-dependent N2A-actin binding that the equilibrium
length of I-band titin should decrease upon activation.
Prior to the discovery of titin, it was understandable that
all of the instantaneous elasticity of muscle was thought to
reside in the cross bridges (Huxley and Simmons 1971b),
and hence that that cross bridges alone account for all of
the increased force during active stretch (Lombardi and
Piazzesi 1990; Piazzesi and Lombardi 1995). However, a
more recent study (Linari et al. 2003) estimated the con-
tribution of cross bridges to energy storage during active
muscle stretch at only 12%, with cross bridge elasticity
accounting for a mere 2% of the stored energy.

When frog muscles activated at optimal length are rap-
idly unloaded, they recoil elastically by up to 20% of their
length, ~77 nm per half sarcomere (Lappin et al. 2006).
Similarly, although single fibers from the telson muscle
of horseshoe crabs recoil by only 6% of their length dur-
ing rapid unloading, they shorten by 210 nm per half-
sarcomere due to the extremely long length (7 pm) of the
sarcomeres in these muscles (Sugi et al. 2000). The large
stretch of elastic elements in these muscles far exceeds
any plausible limit in the cross bridges or filament lattice
(Lappin et al. 2006).

Monroy et al. (2017) found that equilibrium length after
elastic recoil was 15% shorter in active than in passive
mouse soleus muscles, and there was a 2.9-fold increase
in the slope of the stress—strain relationship during unload-
ing (Fig. 8). In contrast, soleus muscles from mdm mice
showed no change in equilibrium length and no effect of
activation on the slope or intercept of the stress—strain
relationship during unloading. These results are consist-
ent with the idea that Ca?*-dependent binding of titin to
actin reduces titin free length and increases titin stiffness,
but not in mdm muscles with a deletion of ~53 amino acid
residues in Ig83 within the N2A region.

Due to potentially confounding effects of the extracel-
lular matrix and other elastic structures in intact muscles,
Monroy et al. (2017) repeated their experiments at 85% L
to fully unload series elastic elements outside the sarcom-
eres and thereby reduce their contribution to elastic recoil.
The results demonstrated no measurable contribution of
extrinsic elastic elements to elastic recoil during rapid
unloading at L, consistent with recent experiments dem-
onstrating that titin contributes more to passive stiffness
than ECM even in intact muscles (Brynnel et al. 2018).
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Fig.8 Activation decreases
equilibrium length and increases
stiffness of wild type soleus
muscles, but not mdm soleus,
during rapid unloading. Stress—
strain curves for activated

(solid symbols) and passively
stretched (open symbols) wild
type (a) and mdm soleus (b)
during rapid unloading from the 2
same initial stress Reproduced
with permission from Monroy
et al. (2017). Copyright 2017,
The Company of Biologists Ltd 0 0.1
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Titin force and stiffness increase upon activation,
but notin mdm

Recent studies provide evidence that titin force and stiff-
ness increase in calcium-activated myofibrils. Leonard and
Herzog (2010) demonstrated that titin force and stiffness are
greater in actively stretched than in passively stretched sin-
gle rabbit psoas myofibrils, when myofibrils were stretched
beyond overlap of the thick and thin filaments where no con-
tribution of cross bridges to force or stiffness is possible.
Subsequent studies (Powers et al. 2014) confirmed the basic
result in mouse psoas. Although Ca** alone also increases
titin stiffness (Labeit et al. 2003), the effect is too small to
account for the increase in titin stiffness that occurs upon
activation (Leonard and Herzog 2010). Significantly, the
mdm mutation prevents the increase in titin-based stiffness
(Powers et al. 2016) that normally occurs upon activation
of wild type myofibrils (Leonard and Herzog 2010; Powers
et al. 2014).

Other laboratories have found increases in titin stiffness
(Rassier 2017) which are smaller in magnitude, likely attrib-
utable to use of different methods (Herzog 2017). Although
the results have also been criticized on the grounds that the
large titin-based forces observed in Leonard and Herzog’s
(2010) study may be due to detachment of A-band titin from
myosin at long sarcomere lengths (Freundt and Linke 2018),
if such a detachment occurred, it would reduce rather than
increase titin-based force in the myofibrils.

Muscle force depends on sarcomere length
and velocity at activation, but not in mdm

Muscles can function as motors, brakes, springs or struts
(Dickinson et al. 2000; Ahn et al. 2003; George et al. 2012).
In work loop experiments (Josephson 1985), a muscle can
be activated at different phases of a stretch—shortening cycle.
The mechanical properties of a muscle are determined by
the phase within the cycle at which the muscle is activated
(Nishikawa et al. 2018b). When stretched passively to long
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lengths and activated during shortening, muscles function as
motors that do positive work (Ahn et al. 2003). When acti-
vated at short lengths at the onset of active stretch, muscles
act as brakes that absorb work (Hessel and Nishikawa 2017).
When activated at intermediate lengths and phases, muscles
function as springs or struts and perform relatively little net
work per cycle (Ahn et al. 2003).

In an example work loop experiment (Fig. 9), when exten-
sor digitorum longus (EDL) muscles from wild type mice
are stimulated during lengthening, force rises rapidly as
work is absorbed (Fig. 9a). When stimulated during short-
ening after passive stretch, wild type EDL muscles perform
positive work (Fig. 9b). In contrast, over the same relative
stretch—shortening cycle with the same phase of stimula-
tion, mdm EDL muscles absorb work regardless of their
length at the onset of activation (Fig. 9c, d). These results
are consistent with the decrease in equilibrium length and
increase in active stiffness predicted by Ca?*-dependent
N2A-actin binding, and further demonstrate the impor-
tance of N2A titin in determining the mechanical function
of active muscle.

Accepted functions of titin in active muscle
require high stiffness

Several functions for titin in active muscle are now relatively
well accepted, including the idea that titin maintains sar-
comere integrity in both longitudinal and radial directions.
Horowits et al. (1986) and Horowits and Podolsky (1987)
suggested that titin maintains the longitudinal alignment of
thick filaments in the center of muscle sarcomeres (Horowits
et al. 1986; Horowits and Podolsky 1987). They showed
that, in sarcomeres exposed to ionizing radiation to degrade
titin, the alignment of thick filaments at the center of the sar-
comere was lost as individual thick filaments moved toward
one or the other of the z-discs upon activation. Although the
experiments were initially criticized on the grounds that ion-
izing radiation may have affected other proteins in addition
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Fig.9 The mechanical proper-
ties of muscles are determined
by the length and velocity
within a stretch—shorten-

ing cycle at which they are
activated. a When a wild type
extensor digitorum longus
(EDL) muscle is stimulated dur-
ing lengthening, the force rises
rapidly and work is absorbed
(clock-wise cycle). b When
stretched passively and activated
during shortening, the EDL 0
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to titin, the idea that titin is responsible for this phenomenon
is now increasingly accepted (Linke 2018).

Due to the geometry of muscle sarcomeres, in which titin
molecules extend from the end of the thick filaments to the
thin filaments near the Z-disc, longitudinal forces in titin that
maintain alignment of the thick filaments must also exert
forces in the radial direction within a sarcomere. Indeed,
a recent study suggests that myofibrils from rabbit psoas
muscles with a stiffer titin isoform have higher radial forces
in the A-band after stretch than rabbit diaphragm with a
more compliant titin isoform (Li et al. 2016). While Li et al.
(2016) proposed that the increasing stiffness of the A-band
could result from sensing of titin stiffness by other proteins
in the A-band, the increased radial forces they observed must
necessarily be related mechanically to the longitudinal force
and stiffness of titin.

Evidence from X-ray diffraction in skeletal muscles
(Irving et al. 2011; Ma et al. 2018a) further suggests that
titin contributes, directly or indirectly, to longitudinal strain
of thick and thin filaments that occurs during passive and
active stretch of muscle fibers. Because six titin filaments
are associated with each thick filament in the A band and
attach to the thin filaments in the Z-disc (Trinick 1996),
passive stretch of titin would also stretch the thick filaments.
Indeed, thick filaments can be seen to taper at the edge of
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the A-band during passive stretch to very long sarcomere
lengths (Locker and Leet 1975). The observation that the
non-linear force-extension curve of thick filaments is simi-
lar during passive and active stretch (Ma et al. 2018b) sug-
gests a role for titin, whether direct or indirect, under both
conditions.

The observations that: (i) ionizing radiation degrades titin
and results in loss of thick filament alignment within the
A-band (Horowits et al. 1986); (ii) titin isoforms which dif-
fer in length and stiffness have differing radial stiffness in
the A-band (Li et al. 2016); (iii) titin-based passive tension
is associated with thick filament strain during passive stretch
(Irving et al. 2011); and (iv) force extension curves of thick
filaments during passive and active stretch are similar (Ma
et al. 2018b) all suggest a role for titin in transmitting and
distributing forces within muscle sarcomeres under a wide
variety of conditions, although it is debated whether this role
is direct or indirect (Li et al. 2016; Linke 2018).

Because titin stiffness is limited by straightening of proxi-
mal tandem Ig domains in the I-band under low-force (Linke
et al. 1998a, b), a mechanism such as Ca2+-dependent bind-
ing of N2A titin to actin is a theoretical requirement for
titin to play even an indirect role in balancing destabilizing
forces within sarcomeres during active stretch. Without such
a mechanism, the stabilizing functions of titin should only
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be apparent at longer sarcomere lengths above ~3.0 um. At
shorter lengths, destabilizing forces would merely deform
the proximal tandem Ig region and neither longitudinal sta-
bilization of thick filaments nor radial stabilization of lattice
spacing would be possible. Even mechanisms such as titin
stiffness sensing by A-band proteins (Li et al. 2016) would
be impossible at shorter sarcomere lengths without stabiliza-
tion of titin’s compliant proximal tandem Ig domains.

A cautionary tale: twitchin-actin
interactions in catch muscle

The “catch” phenomenon of invertebrate muscles shares sev-
eral similarities with residual force enhancement in verte-
brate skeletal muscle (Sugi and Suzuki 1978), including: (1)
resistance to stretch (for invertebrate catch, (Butler and Sieg-
man 2010); for skeletal muscle, (Abbott and Aubert 1952);
(2) maintenance of force at low energetic cost (for inverte-
brate catch, (Baguet and Gillis 1968); for skeletal muscle,
(Bigland-Ritchie and Woods 1976; Ortega et al. 2015); and
(3) that persists for an extended time (for invertebrate catch,
(Butler and Siegman 2010); for skeletal muscle, (Herzog
et al. 2003). Because they are likely to have evolved indepen-
dently (Lindstedt and Nishikawa 2017), there are numerous
differences as well. For example, there is an absence of force
redevelopment after unloading in catch (Jewell 1959) but not
in force enhancement (Lee et al. 2001).

Although once attributed to cross-bridges (Tameyasu and
Sugi 1976), myosin light-chain phosphorylation (Takahashi
et al. 1988), and a variety of other mechanisms [see (Hooper
et al. 2008) and references therein], catch is now thought
to result from binding between actin and dephosphorylated
twitchin (Yamada et al. 2001), a giant sarcomeric protein
orthologous to titin (Kenny et al. 1999).

The history of the mechanism of invertebrate catch
(Hooper et al. 2008) provides insights into the role of giant
proteins in muscle contraction and suggests experimental
approaches that may help to resolve other mechanisms. In
molluscan catch, an elastic element develops upon muscle
activation (Butler et al. 2010). This elastic element persists
for long periods after deactivation (Butler et al. 2010). Until
1998, when Butler and Siegman first observed that the phos-
phorylation state of twitchin was correlated with the catch
state (Butler et al. 1998), nobody had even suggested that
twitchin might play a role.

A potential pitfall of the bottom-up approach—in which
biochemical pathways are identified in vitro or in vivo and
are then invoked to explain higher-level phenomena—is that
a multitude of pathways may exist. Yet, only one or a few
pathways are likely to contribute substantially to any given
phenomenon. In the catch state of invertebrate muscles, no
fewer than 26 proteins change their phosphorylation state

(Hooper et al. 2008). In the case of catch, the twitchin—actin
binding mechanism was only accepted as the mechanism
of catch after Yamada et al. (2001) demonstrated that
catch could be observed in an in vitro assay containing
only myosin, actin and twitchin, and that catch depended
only on the phosphorylation state of twitchin. Later stud-
ies demonstrated that Ca>* influx triggers dephosphoryla-
tion of twitchin (Funabara et al. 2005), and that binding of
dephosphorylated twitchin to actin is sufficient to explain
catch (Shelud’ko et al. 2004). Thus, the mere existence of
biochemical pathways in vivo and even the correlation with
mechanical events, is insufficient to demonstrate causation.

Deductive reasoning: other examples
from muscle biophysics

On the other hand, experimental observations frequently
appear to require the existence of a new mechanism long
before it can be demonstrated to exist experimentally—the
top-down approach. Often, this theoretical necessity pro-
vides the motivation to search for mechanisms. However,
many examples also exist in which the logic of a theory
or the strength of the evidence was questioned, and only
later did provision of a mechanism justify acceptance of the
original deduction. The history of the concept of continental
drift, fraught with a firestorm of vitriolic criticism and ridi-
cule from skeptics of the time whose research assumed an
unchanging Earth, is a well-known example (Romano and
Cifelli 2015). In retrospect, after the mechanism of sea floor
spreading was discovered, Wegener’s extensive geological,
geophysical and paleontological evidence seems remarkably
persuasive.

Two examples from the history of muscle research further
illustrate the power of deductive reasoning to generate mech-
anistic hypotheses. The sliding filament hypothesis itself met
with considerable initial skepticism from leading scientists
of the time, including Albert Szent-Gyorgyi and Paul Flory
(Maruyama 1995). Despite the observational evidence for
sliding filaments—that the A-band length remained constant
during muscle contraction whereas the I-band and H-band
decreased in length (Hanson and Huxley 1953)—Maruy-
ama (1995) vividly recalls Jean Hanson at a symposium on
biomacromolecules in the early 1960’s shouting, “I know I
cannot explain the mechanism yet, but the sliding is a fact”.
Of course, it is now well accepted that ATP-hydrolyzing
acto-myosin cross bridges (Huxley 1957) provide the chemi-
cal energy for sliding of thin filaments toward the M-line
during active muscle contraction.

The second example from muscle research involves the
so-called “S-filaments” of Hanson & Huxley (Dos Reme-
dios and Gilmour 2017; Hanson and Huxley 1953; Hitch-
cock-DeGregori and Irving 2014; Maruyama 1995), whose
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existence appeared to be required by the experimental
observation that the structure and elasticity of myofibrils is
maintained even after myosin and actin have been extracted
(Huxley and Hanson 1954). Yet, when initial evidence from
electron microscopy appeared to indicate the existence
of these filaments (Hoyle 1967; Sjostrand 1962), Huxley
(1964) and Hanson (1968) were among the most ardent
skeptics. Eventually, Maruyama (1976) and others (Wang
et al. 1979) were able to purify the titin/connectin protein
from muscles and to demonstrate its existence and spatial
localization within sarcomeres (Furst et al. 1988). A similar
history of skepticism was until recently associated with the
idea that titin plays a role in active muscle (Linke 2018).

Recognizing that it is essential to test whether
Ca?*-dependent binding between N2A titin and actin,
as observed in vitro using protein constructs, also occurs
in vivo within muscle sarcomeres, efforts are currently
underway using labeling with N2A and other anti-titin anti-
bodies to test this hypothesis. In the meantime, extensive
evidence from numerous experiments demonstrates that
skeletal muscles behave in a manner that can be explained
by Ca’*-dependent binding of N2A titin to actin. Given the
new in vitro evidence for Ca’*-dependent binding between
N2A titin and actin, it is time to acknowledge the evidence
for such interactions from the known mechanical behavior
of muscle.
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