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Muscle ankyrin repeat protein 1 (MARP1) locks titin
to the sarcomeric thin filament and is a passive force

regulator

Robbert J. van der Pijl**@®, Marloes van den Berg"¥*®, Martijn van de Locht'®, Shengyi Shen*®, Sylvia |.P. Bogaards?, Stefan Conijn?,
Paul Langlais*®, Pleuni E. Hooijman?, Siegfried Labeit°’®, Leo M.A. Heunks?, Henk Granzier?®, and Coen A.C. Ottenheijm>*@®

Muscle ankyrin repeat protein 1 (MARP1) is frequently up-regulated in stressed muscle, but its effect on skeletal muscle
function is poorly understood. Here, we focused on its interaction with the titin-N2A element, found in titin’s molecular spring
region. We show that MARP1 binds to F-actin, and that this interaction is stronger when MARP1 forms a complex with
titin-N2A. Mechanics and super-resolution microscopy revealed that MARP1 “locks” titin-N2A to the sarcomeric thin filament,
causing increased extension of titin’s elastic PEVK element and, importantly, increased passive force. In support of this
mechanism, removal of thin filaments abolished the effect of MARP1 on passive force. The clinical relevance of this
mechanism was established in diaphragm myofibers of mechanically ventilated rats and of critically ill patients. Thus, MARP1
regulates passive force by locking titin to the thin filament. We propose that in stressed muscle, this mechanism protects the

sarcomere from mechanical damage.

Introduction

The smallest contractile unit of striated muscle, the sarcomere,
is comprised of three major filaments: the myosin-based thick
filaments, the actin-based thin filaments, and the giant fila-
mentous protein titin. Thin and thick filaments interact to
produce active force and the titin filaments produces passive
force upon sarcomere stretch. This passive force is essential for
maintaining the structural integrity of the contracting sarco-
mere, limiting sarcomere length inhomogeneity along myofi-
brils, and regulating the level of active force during contraction
(Horowits et al., 1986; Fukuda and Granzier, 2005; Fukuda et al.,
2005a; Radke et al., 2007; Brynnel et al., 2018; Rivas-Pardo et al.,
2020; Swist et al., 2020).

Many proteins are known to interact with the sarcomeric
filaments and tune their functional properties (Granzier and
Labeit, 2005). Here, we focus on a muscle ankyrin repeat pro-
tein 1 (MARP1), also known as Ankrdl/CARP (reviewed in Ling
et al., 2017; van der Pijl et al., 2019). MARPI is of interest as in
skeletal muscle it is normally present at very low levels, but its
level increases markedly under conditions of mechanical stress

(Barash et al., 2004; Witt et al., 2004; Wette et al., 2017; van der
Pijl et al., 2018). MARPI is known to interact with several sar-
comere proteins and primarily with the N2A element of titin
(Miller et al., 2003; Zhou et al., 2016), found within titin’s ex-
tensible region that spans from near the sarcomere’s Z-disc to
near the end of the thick filaments. The N2A element of titin
contains four Ig domains and several unique sequences, of
which the 104-residue unique sequence (N2A-Us, the sequence
to which MARPI binds) with flanking Ig domains I80 and I81is a
major component (Labeit and Kolmerer, 1995). The importance
of the N2A element to muscle health is supported by a mouse
model with a spontaneous mutation, resulting in an in-frame
deletion of part of 182/I83 in the N2A element (the mdm
model) that develops severe myopathy with early death (Garvey
et al., 2002; Witt et al., 2004). Additionally, missense mutations
in the N2A-Us have been linked to cardiomyopathy (Arimura
et al., 2009; Akinrinade et al., 2019), thereby also supporting a
critical role of N2A-Us in cardiac health. The N2A element is
flanked at its proximal end by a tandem Ig segment (tandemly
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arranged Ig-like domains) that can change length and generate
force by unbending of interdomain linker sequences. At the N2A
elements distal end is the PEVK segment (proline, glutamate,
valine, lysine-rich) that extends greatly and dominates titin’s
elasticity in intermediate to long sarcomeres (Trombitas et al.,
1998a, Trombitds et al., 1998b). These sequences unfold se-
quentially, starting with the PEVK segment and followed by the
tandem Ig repeats at longer sarcomere lengths (reviewed in
Granzier and Labeit, 2004). It has been speculated that binding
of MARPI1 to the N2A element alters titin’s stiffness (Miller et al.,
2003; Zhou et al., 2016). However, single-molecule studies
showed that the direct effect of MARPI on the elasticity of titin
is negligible (Lanzicher et al., 2020).

Here, we study whether MARPI might indirectly affect pas-
sive stiffness by locking titin's N2A element to the thin filament
to increase the strain on the remaining free segment of titin
and thereby increase force. We perform studies in myofibers of
MARP1-3 triple knockout (MKO) mice and diaphragm biopsies
of mechanically ventilated humans and rats, and applied var-
ious techniques including super-resolution microscopy, myo-
fibril mechanics, and cosedimentation assays with recombinant
proteins.

Materials and methods

Mice

Triple knockout mice for Ankrdl, Ankrd2, and Ankrd23, re-
ferred to as the MKO, were used (details in Barash et al., 2007).
For additional details, see text at the bottom of the PDF.

Patient biopsies

Biopsies from diaphragm muscle were obtained from mechan-
ically ventilated critically ill patients undergoing abdominal or
thoracic surgery (critically ill group). The control group con-
sisted of diaphragm biopsies from patients undergoing lung
surgery for suspected early-stage lung malignancy. Patients
were recruited in the Vrije Universiteit (VU) University Medical
Center, Netherlands Cancer Institute-Antoni van Leeuwenhoek
Hospital (both in Amsterdam, Netherlands), and Medisch
Spectrum Twente (Enschede, Netherlands), and written in-
formed consent was obtained from each patient and/or legal
representative (the protocol was approved by the institutional
review board at Amsterdam UMC, location VUMC; #2010/69;
Hooijman et al., 2014; Hooijman et al., 2015; Lindqvist et al.,
2018). For additional information, see text at the bottom of
the PDF.

Protein expression and purification

Full-length mouse Ankrdl (Ensembl accession no. ENSMUST
00000237142.1), human ANKRDI (Ensembl accession no. ENST
00000371697.4), and titin N2A peptide 180-181 (Ensembl acces-
sion no. ENSMUSG00000051747, exon 101—104) gene sequences
were cloned from mouse cDNA or human sequence cloned from
a plasmid vector (Lun et al., 2014; for primers, see Table S3).
Gene sequences were inserted into pET cloning vectors and in-
serted into BL21 cells. Details for expression and purification can
be found at the bottom of the PDF.
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Myofibril mechanics

To study viscoelastic properties, myofibrils isolated from mouse
tibialis muscle and diaphragm biopsies were set to an average
sarcomere length of 2.2 ym and stretched to 3.0 um with a
speed of 0.5 um/sarcomere/s. Following baseline passive force
measurements, myofibrils were exposed to recombinant GST-
mMARP1 and GST-hMARP], dialyzed into relaxing solution at
the following concentrations: 0, 2.5 pg/ml, 25 pg/ml, 54 pg/ml,
and 100 pg/ml (0, 38.6, 376.9, 831.0, and 1580 nM, respectively)
to determine the dose response curve. Myofibrils were incu-
bated for 3 min with GST-MARP1 before stretching the myofibril
to 3 um. Increase in passive force was determined by subtracting
the force determined at baseline (preGST-MARPI1). A control
experiment was done with GST-only to verify that the effect on
passive force was derived from MARPI1 and not from protein
tags. For additional information and solutions composition, see
text at bottom of the PDF.

Fluorescence microscopy

Myofibrils were isolated from m. tibialis cranialis of MKO mice
and diaphragm myofibers were isolated from the biopsies.
Myofibrils/myofibers were incubated with 0.054 mg/ml MARP1
protein in relaxing solution and stretched to a sarcomere length
of 2-3.5 um in a BSA coated IBIDI pdish with grid. The myofi-
brils/myofibers were stained with primary antibodies for either
N2A (TTN-4 [avian], TTN-PEVK [rabbit]) and MARP1 (ANKRDI-1
[rabbit], Myomedix), and imaged on a Leica TCS SP8 STED 3X
(Leica Microsystems). For localization in diaphragm cross sections,
5-um perpendicular cut diaphragm cryosections were stained
with antibodies for MARPI (goat), MARPI (rabbit), and MyHC-I
(mouse), and covered in vectashield with 6’-diamidino-2-
phenylindole (DAPI). Images of the cryosections were obtained
with a Zeiss axxiovert inverted digital imaging microscopy
workstation (Intelligent Imaging Innovations; 3i). Pictures were
analyzed with line scans using Image] software (National Institutes
of Health). For additional details on staining and antibodies used,
see text at bottom of PDF.

Worm-like chain (WLC) modeling

The WLC equation: FxPL/kgxT = z/CL +1/ |4(1 - z/CL)?| - 1/4.
The WLC model describes the molecule as a deformable
continuum of persistence length (PL; a measure of bending rigidity);
kg is Boltzmann'’s constant, and T is absolute temperature. The PL
was taken as 1.4 nm (Labeit et al., 2003). The contour length
(CL) of the PEVK segment in mouse tibialis cranialis was
assumed at 600 nm (Brynnel et al., 2018) and for human
diaphragm fibers 820 nm (Ottenheijm et al., 2006); the rel-
ative extension of the PEVK was calculated as z/CL. For fit-
ting, we used Levenberg-Marquardt nonlinear fits of the
WLC model (written in IgorPro [Wavemetrics] and Kalei-
daGraph [Synergy software]). For details, see text at bottom
of PDF.

Pull-down assay with GST-mMARP1 and mass spectrometry
To demonstrate that recombinant MARPI and titin's N2A seg-
ment can interact, we performed pulldowns with GST-mMARP1
and N2A [I80-181]-TST (constructs are shown in Fig. S1).
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To determine which proteins interact with MARPI, we per-
formed GST pull-down assays using GST-mMARPI against mouse
muscle lysate derived from C57BL/6] diaphragm muscles. Subse-
quent SDS-PAGE revealed several MARPI1-binding proteins, which
were submitted for identification with mass spectrometry (Kruse
et al., 2017; Parker et al., 2019). Further details can be found at the
bottom of the PDF.

Actin and MARP1-N2A cosedimentation assay

We investigated MARPI and titin-N2A’s ability to bind fila-
mentous skeletal actin using a cosedimentation assay described
previously (de Winter et al., 2020). Additional details are in the
text at the bottom of the PDF.

SDS gel electrophoresis and Western blotting

SDS-agarose (SDS-AGE) gel electrophoresis and Western blot
experiments have been previously described (Greaser and Warren,
2009; van der Pijl et al, 2018). Titin migration distance and
bandwidth (full width at half maximum; FWHM) were determined
(see Fig. S5 for an illustration of the analysis). Procedures and
antibodies used are described in the text at the bottom of the PDF
and Table S4.

Diaphragm myofiber passive force measurements

Single diaphragm muscle fibers were isolated from the biopsies,
and the cross-sectional area (CSA) and passive force were mea-
sured as described previously (Ottenheijm et al., 2008; Ottenheijm
et al,, 2012). For detailed procedure and solutions used, see text at
the bottom of the PDF.

Rat mechanical ventilation

Mechanical ventilation of rats was approved by the Institutional
Animal Care and Use Committee of the VU Medical Center
(Amsterdam, Netherlands; protocol AVD114002016501) and the
University of Arizona (Tucson, AZ). Male rats (mix background
of Sprague-Dawley/brown Norway/Fisher 344; n = 8-10) aged
5-6 mo, weighing 400-600 g, were sedated and ventilated as
previously described (Lindqvist et al., 2018). See text at the end
of the PDF for additional details.

Statistics

Data are presented as mean + SEM (normally distributed) of the
mean or as median with interquartile range (not normally dis-
tributed). Unpaired t tests were used to analyze normally dis-
tributed continuous measures, and Mann-Whitney tests were
used when continuous measures were not normally distributed.
A probability value <0.05 was considered statistically signifi-
cant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data
were analyzed by GraphPad Prism version 7.03 (GraphPad
Prism Software).

Online supplemental material

Fig. S1 presents the recombinant constructs and results of
F-actin cosedimentation assays with GST-mMARP1 and N2A
[180-181]-TST. Fig. S2 shows F-actin cosedimentation of the
GST-mMARP1 and N2A[I80-181; Aus]-TST complex. Fig. S3
shows MARPI levels in supported and controlled mechanically
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ventilated critically ill patients, and expression of titin-binding
proteins in 18 h CMV rats. Fig. S4 displays relative titin protein
and phosphorylation levels in critically ill patients compared to
controls. Fig. S5 shows titin isoform size and splice variation in
human diaphragm biopsies. Fig. S6 displays relative titin protein
and phosphorylation levels in 18 h ventilated and control rats.
Table S1 contains summarized patient information pertaining to
medical history and mechanical ventilation settings. Table S2
contains mass spectrometry data of identified proteins from
pull-down assays. Table S3 shows primer data used in this pa-
per. Table S4 lists antibodies used in this paper. Further infor-
mation on materials and methods can be found at the bottom of
the PDF.

Results

MARP1 increases passive force in skeletal muscle of MKO mice
To study whether MARPI affects passive force of skeletal mus-
cle, we expressed recombinant full-length murine MARP1 (GST-
mMARPI; Fig. S1). To rule out that binding of GST-mMARP1 to
titin was affected by endogenous MARP1 or its family members
MARP2 and MARP3, we performed experiments in myofibrils
isolated from m. tibialis cranialis of MKO mice. Myofibrils were
used because of their small diameter (~1 wm), which facilitates
diffusion of GST-mMARP1 and because in myofibrils the passive
force is exclusively generated in the spring elements of titin.
Myofibrils were stretched from a sarcomere length of ~2.3 to
~3.0 um and held at that length for 30 s. In these experiments,
we studied the effects at 2.5 pg/ml, 24 pg/ml, 54 pg/ml, and
102 pg/ml (39, 377, 831, and 1,580 nM, respectively) and the
passive force was recorded (for a representative recording, see
Fig. 1 A). As shown in Fig. 1 B, GST-mMARPI increased passive
force by 50-70%, with a slightly higher effect on the plateau
force than on the peak force (n = 12 myofibrils per mMARPI
concentration). The maximal effect on passive force was reached
at a [GST-mMARPI] concentration of 831 nM, with no further
increase in passive force at 1,580 nM. We propose that at these
high concentrations, recombinant MARP1 forms oligomers
which might limit the diffusion of MARP1 into the myofibrils. In
an independent experiment, we repeated the myofibril-stretch
protocol with GST-only protein, which generated curves com-
parable to those with (-) GST-mMARP]I, indicating that the
GST-tag alone did not cause the increased passive force with
GST-mMARPLI. To verify that exposure of the myofibrils to GST-
mMARP1 induced binding of MARPI to N2A, we performed
super-resolution optical microscopy with GST-mMARP1 and
N2A-epitope antibodies on a subset of myofibrils exposed to
GST-mMARP1 (concentration, 831 nM). As shown in Fig. 1 C,
MARPI1 and N2A colocalized in the myofibrils.

MARP1 reduces extension of titin’s proximal tandem Ig
segment and increases extension of PEVK

Next, to study whether the increased passive force in myofibrils
is due to altered extension of titin’s spring elements, we mea-
sured the extension of the N2A and PEVK elements in sarco-
meres stretched by varying degrees in the presence (831 nM)
and absence of GST-mMARPI. For this purpose, stimulated
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Figure 1. MARP1 increases passive tension in mouse myofibrils. (A) Typical force and sarcomere length traces of a stretched myofibril of m. tibialis
cranialis of a MKO mouse in the presence and absence of 831 nM GST-mMARPL. Inset shows a typical myofibril mounted in the experimental setup. (B) Peak
and plateau passive force at various concentrations of GST-mMARPL Each bar mean + SEM is the average of 12 myofibrils. (C) STED microscopy images of
myofibrils exposed to GST-only (top) or GST-mMARP1 (bottom), followed by a-N2A and a-MARP1 antibody staining. Note that N2A and MARP1 colocalize. T

test relative to (~) GST-mMARPL. ***, P < 0.001; ****, P < 0.0001.

emission depletion (STED) microscopy was used with antibodies
that flank the PEVK segment (the N2A [I80-us] antibody and
184-86 antibody, shown in Fig. 2 A). Fig. 2, B and C, show sample
images. In myofibrils of the MKO mice, GST-mMARP1 reduced
the displacement of the tandem Ig segment element, measured
across the Z-disc (Fig. 2 D). Because the total length of the I-band
at a given sarcomere length is unchanged, the reduced extension
of the tandem Ig segment suggests increased extension of the
PEVK segment. Indeed, GST-mMARP]1 increased the extension
of the PEVK element, as determined by measuring the distance
between N2A and 184-86 antibody labeled sites (Fig. 2 E). To
estimate the effect of the increased PEVK extension on passive
force, we fitted the PEVK data to the WLC model of entropic
force generation (see Materials and methods). The CL of the
PEVK segment was taken at 600 nm, based on the number of
amino acids contained in the PEVK segment of mouse skeletal
muscle (Brynnel et al, 2018) and assuming a random coil
structure with a maximal residue spacing of 0.38 nm (Watanabe
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et al., 2002); the fractional extension of the PEVK was calculated
as the experimentally determined PEVK extension (Fig. 2 E)
divided by the CL. The obtained values were used in the WLC
equation, and the force per titin molecule was determined (de-
tails in the Materials and methods). The results in Fig. 2 F reveal
that MARPI induces a much steeper force increase with sarco-
mere extension (P value of slope differences <0.0001).

Thus, MARPI1 increases the passive force of sarcomeres by
reducing the displacement of N2A from the Z-disc and thereby
increasing the fractional extension of the PEVK element. Con-
sidering that it requires less time to transcribe/translate the
~2 kbp ANKRDI transcript than the ~109 kbp TTN transcript,
this provides a faster mechanism for increasing the passive force
of sarcomeres.

MARP1 binds to thin filament proteins, including actin
It was previously found that MARPI does not alter the extensi-
bility of the titin molecule per se (Lanzicher et al., 2020), and

Journal of General Physiology
https://doi.org/10.1085/jgp.202112925

920z Aeniged 60 uo 1senb Aq ypd-Gz6z1 1202 dbl/zS.5081/5262 1 12028/L/ES | /spd-aone/dBl/Bio ssaidny//:dpy woy papeojumoq

4 0f 15


https://doi.org/10.1085/jgp.202112925

O

£1000-© () MMARP1
ﬁ‘;, 800-° (+) MMARP1 g’ 8
> 4 2 600
NZA ' —— ' . ;3 400
N2A-N2A, across/Zidlsc ‘\\\ zZ9 500 8
180 PEVK length 184 § )
LA L LA B L
QM e T S Sarcomens langthe (i)
aN2A al84-86 E T 5000 () mMARPT
£ 400-° (+) MMARP1
=
B ii mMARP1 C i+i mMARP1 g
184-86 184-86 E 100 o,
noA R \2A B o
merge_ merge 200 éazrion?esrg |erz:§;7t?1 (u?f3°
- i - « 069um b Foosye () mwarer ®
210 210N e e PEVKO.A7um Z : > () mMARP
P e [\ Y
’Eo.s ’go.s S ge 5 2
8 8 X w1 o
Eo.oi"“V"l""_['"'I“"I""IV""| EO.O LI/“—'ﬁ 0+ T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50 200 225 250 275 3.00 3.25

Distance (um) Sarcomere length (1m)

Distance (um)

Figure 2. Epitope distance of titin’s N2A and PEVK is shifted in the presence of MARPL. (A) Schematic of a half sarcomere and titin’s N2A and PEVK
elements to illustrate the epitopes targeted by the a-N2A and a-184-86 antibodies. (B and C) STED microscopy images of a myofibril not exposed to GST-
mMARP1 (B) and a myofibril exposed to GST-mMARP1 (C), followed by a-N2A and a-184-86 antibody staining. The intensity profiles from the gray boxes
highlight the localization of the N2A epitopes (green; arrows peak-peak distance) and the 184-86 epitopes (red; arrows peak-peak distance); the distance
between both epitopes reflects the length of the PEVK element. Note that in the intensity profiles, the Z-disc is located in the middle of the intensity peaks.
(D) The distance between N2A epitopes measured across the Z-disc at various sarcomere lengths. (E) PEVK length at various sarcomere lengths. (F) Force per
titin molecule in the presence and absence of MARP], as a function of sarcomere length and estimated using a WLC equation. Thus, the increased PEVK

extension predicts a large increase in titin-based passive force.

here we discovered that MARP caused a large increase in passive
force, accompanied by a reduced tandem Ig segment extension
and an increase in PEVK segment extension. This led us to hy-
pothesize that MARP1 locks N2A to the actin filament. To test
whether MARPI binds to thin filament proteins, we performed
pull-down assays with GST-mMARP1 and muscle lysates. The
pulled-down proteins were separated on an SDS-PAGE gel,
and four unique bands were observed (Fig. 3 A). The proteins
in these bands were identified by mass spectrometry. All iden-
tified proteins are shown in Table S1. Five sarcomeric proteins
were identified, including actin, troponin T, and tropomyosin
(Fig. 3 B).

Subsequently, to validate that MARPI binds to actin, we
performed cosedimentation assays with MARP], titin-N2A, and
filamentous (F)-actin (recombinant protein constructs are shown
in Fig. S1 A). In line with the results of the pull-down assays, the
cosedimentation assays showed more GST-mMARPI1 pellets in
the presence than in the absence of F-actin (Fig. 3 D). GST-only
did not sedimentate in the presence or absence of F-actin (Fig.
S1C, top).

To determine whether MARPI in complex with titin-N2A
displays increased affinity for F-actin, compared with MARP1

van der Pijl et al.
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alone, we expressed two N2A fragments: N2A[I80-I81]-TST,
which includes the unique sequence to which MARPI binds, and
a version that lacks the unique sequence between Ig-domain 80-
81 (N2A[180-181; Aus]-TST; Fig. S1 A). First, we performed GST
pull-down experiments with GST-mMARP1 and N2A[180-181]-
TST and demonstrated that these proteins indeed form a com-
plex in vitro (Fig. 3 C). Cosedimentation of the MARPI-N2A
complex showed an increased fraction of GST-mMARP1 in the
pellet with F-actin compared with GST-mMARP!1 alone (Fig.
3 D), suggesting that the binding of MARPI to N2A facilitates
subsequent binding of complexed MARPI to F-actin. Interest-
ingly, in the presence of EGTA, the binding of complexed MARP1
to F-actin was even further enhanced, suggesting that Ca%*
might reduce binding. The cosedimentation assays with N2A
[180-I81]-TST suggests that N2A also directly binds F-actin in
the absence of MARPI (Fig. S1 C, middle). This interaction is
dependent on the unique sequence, as the N2A[I80-I81; Aus]-
TST protein did not pellet with F-actin (Fig. S1 C, bottom).
Cosedimentation with both GST-mMARP1 and N2A[180-181;
Aus]-TST also did not enhance GST-mMARPI sedimentation
(Fig. S2), implying that the unique sequence between Ig domain
180-181 of N2A is indispensable for MARP1-N2A interaction.
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GST-mMARPL. (B) The main sarcomeric proteins identified by mass spectrometry in two out of three independent pull-down experiments; for all identified
proteins, see Table S1. (C) Direct GST-pulldown of the MARP1-N2A complex, GST-mMARP with N2A[180-181]-TST (Sumoprotease cleaved). The eluted (E)
fraction represents the complex of the two proteins. The noncomplexed fractions are in the flow-through (Fl) and the wash (w). (D) Representative gel and
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complex showed increased binding to F-actin compared with the individual recombinant proteins (Fig. S1 C) and MARP1 binding while in the complex was
further enhanced by the presence of EGTA (20 mM). Bars denote mean + SEM; three replicates for each cosedimentation assay. T test *, P < 0.05; **, P < 0.01.

Thus, binding assays reveal that the MARP1-N2A complex
enhances MARP!’s affinity for binding to the thin filament.

Removal of the thin filament abolishes the effect of MARP1 on
passive force

To test whether the binding of MARPI to N2A increases passive
force by locking titin to the thin filament, we isolated myofibrils
from m. tibialis cranialis of MKO mice and exposed the myofi-
brils for 30 s to a 1.0 M potassium iodide solution. This solution
depolymerizes F-actin (Granzier and Irving, 1995; Granzier et al.,
1997), and although we cannot rule out that it might affect other
sarcomere proteins as well, it leaves titin-N2A in place (Fig. 4 A;
n = 5 myofibrils). After removal of the thin filament, the my-
ofibrils were washed, and the myofibril stretch protocol (shown
in Fig. 1) was repeated in the absence and presence of 831 nM
GST-mMARPI. As shown in Fig. 4, after removal of the thin
filament, MARPI did not increase passive force of sarcomeres.
Thus, these findings support that MARPI locks titin-N2A to the
thin filament to increase passive force of sarcomeres.

van der Pijl et al.
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MARP1 is markedly up-regulated in the diaphragm of critically
ill patients

To address the clinical relevance of our findings, we first studied
MARP1 levels in diaphragm myofibers of mechanically venti-
lated critically ill patients (a summary of patients’ character-
istics, and duration and mode of mechanical ventilation are
shown in Table S2). During mechanical ventilation, the dia-
phragm in these patients undergoes severe reductions in me-
chanical loading, and we hypothesized MARP1 levels to increase.
Control patients were individuals undergoing elective thoracic
surgery for removal of a primary lung nodule, during which a
diaphragm biopsy was obtained (critically ill patients, n = 28;
control patients, n = 22). In line with the hypothesis, we ob-
served an ~76-fold increase of MARPI in mechanically venti-
lated critically ill patients (Fig. 5 A). Other known titin binding
proteins showed no difference compared with diaphragm my-
ofibers of control subjects, except for calpain 3, which showed a
modest increase in autolytically cleaved fragments (Fig. 5 A).
Cross sections showed that the up-regulation of MARPI occurred
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Figure 4. Thin filament extraction abolishes MARP1-induced passive tension. (A) Top left: Representative images of an MKO myofibril before and after a
30s exposure to 1.0 M potassium iodide solution to extract the thin filament (TF); note that after extraction, the striation pattern is readily visible. Top right:
Confocal imaging shows that after extraction, titin-N2A is still in place. The force and sarcomere length (SL) traces are representative examples of the force
and sarcomere length responses to stretch; note that MARP1 does not affect passive force. (B) MARP1 does not affect the peak and the plateau force of

myofibrils in which the thin filament is extracted (n = 5 myofibrils; mean + SEM).

equally in slow- and fast-twitch myofibers of critically ill patients,
with no nuclear localization (Fig. 5 B). Importantly, super-
resolution microscopy studies in longitudinal sections of dia-
phragm fibers showed that MARP1 and N2A colocalize in critically
ill patients (Fig. 5 C).

Critically ill patients on controlled mechanical ventilation
(CMV) have a stronger reduction of diaphragm activity than
those ventilated with a supportive mode. As a consequence,
patients on CMV might have a stronger MARPI1 response in the
diaphragm. Indeed, we found that MARP1 levels tended to be
higher in patients on CMV (P = 0.06; Fig. S3 A), suggesting that
diaphragm inactivity may play a role in the up-regulation
of MARPI. To assess whether the MARP1 up-regulation in crit-
ically ill patients is indeed caused by mechanical ventilation-
induced diaphragm unloading, we mechanically ventilated (CMV)
healthy rats for 18 h (n = 8-10 per group). In diaphragm tissue of
mechanically ventilated rats, MARP1 levels were ~33-fold higher
than in control rats (Fig. S3 B). MARP3 levels were approximately
fourfold higher in mechanically ventilated rats. Levels of MARP2,
FHL1, MuRF 1, full-length calpain 3, and calpain fragments were
not different. Thus, the findings in mechanically ventilated,
healthy rats mimic those of mechanically ventilated critically
ill patients, suggesting that diaphragm unloading during me-
chanical ventilation is an important trigger for up-regulation of
MARP1.

Note that we found no changes in titin content in the dia-
phragm of critically ill patients (Fig. S4). Furthermore, titin
migration distance and bandwidth (with wider bands reflecting
the generation of titin splice variants, resulting in isoforms of

van der Pijl et al.
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variable length) were comparable between control and critically
ill patients (Fig. S5), suggesting that in diaphragm myofibers of
critically ill patients, no differences occur in titin isoform com-
position. Finally, total phosphorylation and phosphorylation of
PEVK sites S13519 and S13663 were comparable between criti-
cally ill and control patients (Figs. S4 and S5). Similar findings
were obtained in the mechanically ventilated rats (Fig. S6).
Thus, altogether the analyses of the expression of titin and its
binding proteins reveal that MARP1 levels are markedly up-
regulated in diaphragm myofibers of critically ill patients.

Reduced extension of the proximal tandem Ig segment and
increased PEVK extension in stretched sarcomeres of critically
ill patients

We tested whether the high endogenous MARPI levels in dia-
phragm myofibers of critically ill patients were associated with
reduced extension of the proximal tandem Ig segment and in-
creased extension of the PEVK segment. The extension the
proximal tandem Ig segment and PEVK elements was measured
in sarcomeres stretched by varying degrees, as described above.
Fig. 6 A shows sample images. In myofibrils of critically ill pa-
tients, the extension of the tandem Ig segment measured across
the Z-disc was reduced (Fig. 6 B) and the extension of the PEVK
element was increased (Fig. 6 C). To estimate the effect of the
increased PEVK extension on the force generated per titin
molecule, we performed similar analyses as described above. We
estimated the CL of the PEVK segment in human diaphragm at
820 nm (Ottenheijm et al., 2006). The obtained values were used
in the WLC equation, and the force per PEVK segment was
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Figure 5. Expression of titin-binding proteins and localization of MARP1 in diaphragm biopsies of critically ill patients. (A) Representative examples of
diaphragm biopsies of critically ill (n = 21) and control (n = 18) patients analyzed by Western blot and stained with antibodies against MARP1-3, FHL1, CAPN3,
MuRF1, and GAPDH. MARP1 was markedly up-regulated in critically ill patients compared with control patients (fold change, 76.1). Full-length calpain 3 was
decreased and its autolytic fragments were increased, but no differences in FHL1, MuRF1, and MARP2 were detected. Data are presented as mean + SEM. FHL,
four-and-a-half LIM domains protein 1; MuRF1, muscle ring finger protein 1; CAPN3, calpain 3; P, fragment; Crit.ill, critically ill. (B) Cross section of a diaphragm
biopsy of a critically ill and control patient stained against MARP1 and MyHC-I. MARP1 was highly present in critically ill patients compared with control
patients but was not detectable in the nucleus, and was not fiber-type dependent. MyHC-I, myosin heavy chain I. (C) STED microscopy of longitudinal dia-
phragm myofiber sections of critically ill and control patients stained against MARP1 and titin-N2A. Analysis of the intensity profiles shows colocalization of

MARP1 and N2A in myofibers of critically ill patients. SL, sarcomere length. T test relative to control; **, P < 0.01; ****, P < 0.0001L

determined. The results in Fig. 6 D reveal that the PEVK segment
in diaphragm myofibers of critically ill patients display a steeper
force increase with sarcomere extension. We also experimentally
determined the passive force generated by diaphragm myofibers
of control and critically ill patients. We analyzed myofibers from
13 control and 20 critically ill patients (8-10 myofibers per pa-
tient). Passive force was normalized to the myofiber’s CSA (i.e.,
passive tension) and was higher in myofibers from critically ill
compared with control patients (Fig. 6 E).

Thus, our findings suggest that the increased MARP1 levels in
diaphragm myofibers of mechanically ventilated critically ill
patients increase the extension of the PEVK segment and thereby
increase passive force.

Recombinant MARP1 increases passive force in

human diaphragm

To verify in an independent study that the increased MARP1
levels in diaphragm myofibers of critically ill patients can

van der Pijl et al.
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mechanistically cause an increased passive force, we iso-
lated single myofibrils from diaphragm muscle of control
patients (which have very low, nearly undetectable MARP1
levels; Fig. 5 A) and exposed them to recombinant human
MARP1 (GST—hMARPl; concentration, 831 nM, the concen-
tration that yielded a maximal effect in the experiments
with mouse myofibrils; Fig. 1 B). Before and after expo-
sure to GST-hMARP], the myofibrils were stretched from a
sarcomere length of ~2.2 to ~3.1 um and held at that length
for 60 s. The passive force was recorded (for a represen-
tative recording, see Fig. 7 A). As shown in Fig. 7 B, GST-
hMARPI1 increased the peak and plateau passive force by
40-50%. To verify that exposure of the human myofibrils to
GST-hMARP1 induced binding of MARP1 to N2A, we per-
formed super-resolution microscopy with MARP1 and N2A
antibodies on a subset of myofibrils exposed to GST-hMARPI
(concentration, 831 nM). As shown in Fig. 6 C, MARP1 and N2A
colocalized.
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Figure 6. Epitope distance of titin’s N2A and PEVK is shifted in critically ill patients. (A) Confocal microscopy images of a diaphragm myofibers from a
control (left) and a critically ill patient (right) stained with a-N2A and a-184-86 antibodies. The intensity profiles from the gray boxes highlight the localization
of the N2A epitopes (green; arrows peak-peak distance) and the 184-86 epitopes (red; arrows peak-peak distance); the distance between both epitopes reflects
the length of the PEVK element. Note that in the intensity profiles the Z-disc is located in the middle of the intensity peaks. (B) The distance between N2A
epitopes measured across the Z-disc at various sarcomere lengths. (C) PEVK length at various sarcomere lengths. (D) Force per titin molecule as a function of
sarcomere length and estimated using a WLC equation. Thus, the increased PEVK extension predicts an increase in titin-based passive force in critically ill
patients. (E) Passive tension of single diaphragm myofibers during a stretch from sarcomere 2.0-3.5 um (mean + SEM; control n = 13, crit. ill n = 20; 5-10
myofibers per biopsy). Myofibers were stretched with 10% of the fiber length per second and passive force and sarcomere length were measured simulta-

neously. Passive tension is increased in critically ill patients. Curve comparison, using second order polynomial fit.

Discussion
The data presented in this study provides evidence for a

mechanism in which MARP1 locks the N2A element of titin to
the thin filament, thereby increasing the fractional extension of
the elastic PEVK element during muscle stretch. Consequently,
as MARPI levels increase, the passive force generated by muscle
increases as well. This mechanism might provide mechanical
stability to sarcomeres during muscle stress.

MARP locks titin-N2A to the thin filament

For optimal structure and function of striated muscle, titin-
based elasticity is indispensable (Horowits et al., 1986; Radke
et al, 2007; Brynnel et al., 2018; Rivas-Pardo et al.,, 2020;
Swist et al., 2020). During the past two decades, titin’s elasticity
has been extensively investigated. Titin’s elasticity is regulated
by posttranscriptional and posttranslational modifications. The
posttranscriptional modifications include alternative splicing of
titin preMRNA to render molecules with varying lengths of the
elastic elements in titin’s I-band region (Cazorla et al., 2000;
Freiburg et al., 2000; Ottenheijm et al., 2009). Shorter elastic
elements will undergo larger fractional extensions during sar-
comere stretch and this will increase passive force. Posttrans-
lational modifications include phosphorylation and oxidation of
titin’s elastic elements (Yamasaki et al.,, 2002; Fukuda et al.,
2005b; Hidalgo et al, 2009; Kriiger et al., 2009; Hamdani
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et al., 2013; Hidalgo and Granzier, 2013; Alegre-Cebollada
et al., 2014; Loescher et al., 2020). In addition to posttrans-
criptional and posttranslational modifications, titin has several
binding hotspots for various proteins (reviewed in van der Pijl
et al., 2019). A prime example is MARP1. MARPI binds to titin’s
N2A element and it has been speculated that its binding affects
titin’s elasticity (Zhou et al., 2016). However, work in which
single-molecule force spectroscopy was applied on the N2A el-
ement showed that this element has only a very small effect on
the elasticity of titin molecules with no additional effect if
MARPI is bound to N2A (Lanzicher et al., 2020). Here, we show,
in agreement with Zhou et al., 2021, that MARPI decreases titin’s
elasticity by locking the N2A element to the thin filament (see
Fig. 8 for a graphic summary). This locking effect became ob-
vious in experiments in which we stretched sarcomeres in the
presence of MARPI and observed that displacement of the N2A
element from the Z-disc was reduced (Fig. 2). Due to this lock-
ing, the fractional extension of the PEVK element increases,
which increases passive force. Note that at slack sarcomere
length (~2.0 pm), the distance between N2A and the Z-disc was
~100 nm (Fig. 2 D), implying that the N2A-MARPI complex does
not directly interact with the Z-disc. Furthermore, myofibrils
were incubated while at slack length, and at this short length
there was no difference in the N2A-N2A distance between
myofibrils incubated with and without MARPI (Fig. 2 D). During
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Figure 7. MARP1 increases passive tension in human diaphragm myofibrils. (A) Typical force and sarcomere length traces of a stretched myofibril isolated
from a diaphragm biopsy of a control patient in the presence and absence of 831 nM GST-hMARP1. Inset shows a typical myofibril mounted in the experimental
setup. (B) Peak and plateau passive force; bars (mean + SEM) are the average of 15 myofibrils. (C) STED microscopy images of human diaphragm myofibrils
exposed to GST-alone (left) or GST-hMARP1 (right), followed by a-N2A and a-MARP1 antibody staining. Note that N2A and MARP1 colocalize. T test relative to

(-) GST-hMARPZL; **, P < 0.01.

stretch to longer lengths, N2A moved relative to the thin fila-
ment, but the movement was less than in the absence of MARP],
presumably due to “drag” caused by MARPI. These findings
suggest that MARPI1 binds titin-N2A to nonspecific locations on
the thin filament, and future studies should address this by in-
cubating myofibrils with MARPI1 at a range of sarcomere length.
The effect of MARP1 on passive force was abolished after re-
moval of the thin filament (Fig. 4), further supporting a concept
in which N2A is locked to the thin filament. Pull-down assays
and cosedimentation experiments show that MARP1 binds
thin filament proteins, including tropomyosin, troponin, and
actin, and that the binding affinity for actin is increased when
N2A[180-181] is present as well (Fig. 3). Thus, we propose that
MARPI1 acts as “glue” between N2A and the thin filament, as
illustrated in Fig. 8. Interestingly, the studies in which myofi-
brils were stretched after incubation with MARPI1 and held at
long length for 30 s indicate that the interaction between

van der Pijl et al.
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proteins is remarkably stable. It could be speculated that in-
teractions between MARPI and troponin and tropomyosin fur-
ther increase the stability of the binding between titin-N2A and
the thin filament.

The cosedimentation assays did not provide evidence for an
effect of MARPI on direct binding of N2A to F-actin. It is known
that N2A can bind F-actin (Dutta et al., 2018), which was con-
firmed in the present study (Fig. S1). However, in complex with
MARP], no increased binding of N2A to F-actin was observed. In
contrast to Zhou et al.,, 2021, we found that more complexed
MARPI-N2A bound to F-actin under low-calcium conditions
(EGTA; Fig. 3 D). This apparent discrepancy might be due to a
difference in the used-peptide fragments. Whereas we used full-
length MARPI, Zhou et al. used ANKRDI'96-31 (encoding the
Ank repeats), making their protein more stable in solution, but
omitting the PEST region which can also bind titin (Miller et al.,
2003) and a coiled-coil domain, which is needed to form MARP
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dimers. Furthermore, our titin fragment consisted of the N2A
unique sequence [N2Aus] (flanked by 180 and 181), while Zhou
et al. used the N2Aus with or without 181. N2Aus is fairly un-
structured (Zhou et al., 2016) and might require its flanking Ig
domains for proper folding/function. Although I80 may not be
needed for MARPI1 binding, its presence might alter the struc-
ture of the MARP1-N2A complex, making it more sensitive to
calcium.

MARPI shares >50% homology with MARP2 (ankrd2/ARRP)
and MARP3 (ankrd23/DARP). Similar to MARPI, MARP2 can
bind to titin-N2A, and MARP2 levels are much higher in un-
stressed skeletal muscle than those of MARPI. Thus, to avoid
confounding effects of the presence of endogenous MARP pro-
teins, the studies in which the effect of recombinant mMARP1
was investigated were performed in myofibrils from mice de-
void of all MARP proteins (i.e., MKO; Barash et al., 2007).
Whether MARP2 is also capable of locking titin-N2A to the thin
filament is likely, but has not been tested. Its physiological rel-
evance might be limited, however, as MARPI1 has a higher
binding affinity for N2A than MARP2 (Miller et al., 2003).
MARP2 also does not respond to the same stress cues as MARP1
(Fig. 5 and Fig. S3; van der Pijl et al., 2018; Cenni et al., 2019),
suggesting a different function for this protein. MARP3 can
also bind to the N2A region but is structurally dissimilar from
MARPI and MARP2. Functionally, it is the least-characterized
member of the MARP proteins, and whether it serves a similar
function to MARPI remains to be studied. As we did not detect
MARP3 in our human biopsy samples, MARP3 is unlikely to
have a cross-linking role like MARP1. MARP3 likely serves
metabolic functions (Shimoda et al., 2015) that do not require
interactions with titin, and, hypothetically, MARP3 displace-
ment from N2A by MARPI could facilitate such a function.
Competitive binding of the MARPs to N2A have only been tested
in vitro (Miller et al., 2003), and it has been shown that N2A can
break MARP dimers (Zhou et al., 2016). In vivo, MARP binding
to the N2A segment of titin might be regulated by posttranslational
modifications. Incidentally, MARP1 can mask a phosphorylation
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site on N2A (Lanzicher et al., 2020); however, the relevance of this
phosphorylation site is currently unknown.

Thus, altogether, the present studies reveal a mechanism for
the regulation of passive force, based on MARP1-induced locking
of titin-N2A to the thin filament, thereby reducing the exten-
sion of the proximal tandem Ig segment and increasing the ex-
tension of the elastic PEVK element.

Physiological relevance of the locking mechanism
Under normal conditions, MARPI is present in skeletal muscle
at low concentrations (Wette et al., 2017). Indeed, MARPI was
nearly undetectable with Western blot and immunofluorescence
microscopy in diaphragm myofibers of control patients (Fig. 5).
Thus, in normal conditions it is unlikely that MARPI1-induced
locking of titin-N2A to the thin filament is relevant. However,
during conditions associated with mechanical stress, such as
denervation and myopathies, MARPI levels in skeletal muscles
rise markedly (Tsukamoto et al., 2002; van der Pijl et al., 2018).
The locking mechanism will increase passive force, and this
will limit overstretch of sarcomeres; it will also increase the
slack sarcomere length and increase the restoring force during
shortening below the slack length and thereby prevent excessive
sarcomere shortening that can be damaging (Helmes et al.,
1996). Thus, we propose that in stressed skeletal muscles, the
MARPI-induced increase in titin stiffness increases the me-
chanical integrity of sarcomeres and prevents damage. This new
mechanism to regulate passive force is also likely to be relatively
fast as it requires less time to transcribe and translate MARP1
than it does to turnover titin and generate stiffer titin isoforms.
To test whether MARPI-induced locking of titin-N2A to the
thin filament occurs in stressed human muscles, we turned to a
condition associated with extreme diaphragm muscle stress,
i.e., mechanical ventilation of critically ill patients. The dia-
phragm is the most active skeletal muscle in the human body as
it contracts during each breath. When critically ill patients are
admitted to the intensive care unit, they are mechanically ven-
tilated to support gas exchange in the alveoli. However, the

Journal of General Physiology
https://doi.org/10.1085/jgp.202112925

920z Areniged 60 uo 3senb Aq pd'6z6z1 1202 dbl/2G25081/5262 1 12028/ L/ES ) /Hpd-8oie/dBl/Bio-sseidnij/:dny woy pepeojumoq

110f 15


https://doi.org/10.1085/jgp.202112925

mechanical ventilation renders the diaphragm inactive, which
leads to dramatic structural changes. Degradation pathways are
activated, and the diaphragm develops rapid myofiber atrophy
and loss of structural integrity (Levine et al., 2008; Hooijman
et al,, 2015). The resulting diaphragm weakness has a tremen-
dous clinical, economical, and societal impact (Heunks and
Ottenheijm, 2018). We found that MARPI levels were mark-
edly up-regulated in diaphragm myofibers of critically ill pa-
tients, an up-regulation caused by diaphragm inactivity as
indicated by the studies in ventilated rats (Fig. S3). Importantly,
microscopy showed that MARPI locked N2A to the thin filament
in diaphragm sarcomeres of critically ill patients, causing in-
creased PEVK extension and increased passive force. The in-
crease in passive force was modest (Fig. 6 E), which is likely due
to the reduced myofibrillar fractional area fraction in diaphragm
myofibers of critically ill patients relative to that in control pa-
tients (Hooijman et al., 2015). Indeed, consistent with a reduced
myofibrillar area, the active tension is also reduced in these
myofibers (Hooijman et al., 2014; Hooijman et al., 2015; van den
Berg et al., 2017). Nevertheless, caution is warranted as we did
not determine endogenous MARPI concentration in the dia-
phragm biopsies, relative to that of titin, and therefore we
cannot rule out that concentrations were too low to exert an
effect on passive force. However, the central role for MARPI in
increasing passive force was supported by extensive studies into
titin content and phosphorylation status, which showed no
major changes in diaphragm myofibers of critically ill patients
(Fig. S4), and by studies in which we showed that recom-
binant hMARPI increases passive force in human myofibrils
(Fig. 7). We propose that the increased passive force of titin
helps maintain the structural integrity of sarcomeres during
mechanical stress caused by mechanical ventilation. Furthermore,
increased titin-based passive force might improve contractility
by reducing myofilament lattice spacing and by structural re-
arrangements in the thick filament that might promote cross-
bridge activation (Fukuda and Granzier, 2005; Ait-Mou et al.,
2016).

Whereas the current study indicates a direct role for MARP1
in regulating sarcomere stiffness, previous work suggested a
role for MARP1 in muscle trophicity (van der Pijl et al., 2018).
Indeed, MARP1 has a nuclear localization signal and interacts
with the MLP-PKCa complex and the Erk-GATA4 complex in
the heart (Zhong et al., 2015; Lange et al., 2016). Bang et al.
(2001a) proposed that the role of MARPI in trophicity might
occur only during muscle development, and that in adult muscle
MARPI is essentially a myofibrillar protein with no nuclear lo-
calization. In line with this proposition, in diaphragm myofibers
of critically ill patients, while MARP1 levels were high, we did
not detect MARP1 in the nuclei (Fig. 5). We cannot rule out that
low, undetectable levels of MARPI1 do shuttle to the nucleus to
affect trophicity pathways in the diaphragm, or that nuclear
translocation occurs only during the first hours/days of in-
tensive care unit admission. It is possible that MARPI’s func-
tion depends on its expression level. High levels of MARP1
(~800 nM; Fig. 1 B) might “activate” its N2A-locking function,
whereas low levels (<400 nM) might predominantly activate
MARP1’s trophicity-related functions. The pull-down assays
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with mMARP1 and tissue lysates from healthy mouse muscle
suggest minimal interaction with transcription factors, perhaps
indicating that in skeletal muscle MARPI only plays a role in
trophicity under very specific conditions or for short periods
of time.

Compared with skeletal muscles, in the heart the role of the
locking mechanism might be less pronounced but could still be
functionally relevant. Although cardiomyopathies are associated
with up-regulation of MARPI (Arber et al., 1997; Aihara et al.,
2000; Bang et al., 2014), mutations in MARPI cause cardiomy-
opathy (Arimura et al., 2009; Moulik et al., 2009; Crocini et al.,
2013), and several mutations in MARPI alter the binding effi-
ciency to titin’s N2A region (Lun et al., 2014), in human left
ventricle only 40% of the titin molecules contain the N2A ele-
ment (Cazorla et al., 2000). This will limit the effect of the
mechanism on ventricular structure and function. This effect
might be larger in atrial cardiomyocytes as they predominantly
express N2A-containing titin isoforms (Cazorla et al., 2000) and
increased atrial stretch induces adverse remodeling of atrial
myocytes (De Jong et al.,, 2013). Future studies should address
whether in cardiac muscle MARPI plays a similar role as was
discovered in the present study on skeletal muscle.

In summary, the present study provides evidence for a
mechanism for tuning the passive force of striated muscle via a
MARPI-dependent locking of titin-N2A to the sarcomeric thin
filament. This mechanism augments the mechanical integrity of
sarcomeres and might help in preserving muscle structure and
function during conditions associated with muscle stress.
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Supplemental material

Mice

Triple knock-out mice for MARPI (Ankrdl), MARP2 (Ankrd2) and MARP3 (Ankrd23), referred to as MKO, were used (details in
Barash al., 2007). 3-mo-old male mice were sedated with 3% isoflurane. Once fully sedated, as determined by non-response to toe-
pinch, they were terminated by cervical dislocation. Diaphragm and tibialis muscles were rapidly dissected and flash frozen for
subsequent studies. All experiments were done in accordance with the University of Arizona Institutional Animal Care and Use
Committee protocol 13-488 and followed the US National Institutes of Health Using Animals in Intramural Research guidelines for
animal use.

Patient biopsies

Diaphragm muscle biopsies were obtained from mechanically ventilated critically ill patients undergoing abdominal or thoracic
surgery for clinical reasons (critically ill group). As a control group, diaphragm biopsies were obtained from patients undergoing
lung surgery for suspected early-stage lung malignancy. The following exclusion criteria were applied: (1) the presence of COPD
GOLD III/IV, chronic heart failure NYHA III/IV, pulmonary hypertension NYHA III/IV, neuromuscular disease, or chronic metabolic
disease; (2) the chronic use of corticosteroids (>7.5 mg/d for at least 3 mo); (3) >10% weight loss within 6 mo before surgery for tumor
removal or admission to the intensive care unit; (4) current or recent chemotherapy and/or radiotherapy. The Medical Ethics
Committee of the VU University Medical Center approved the protocol (#2010/69). Patients were recruited in the VU University
Medical Center, Netherlands Cancer Institute-Antoni van Leeuwenhoek Hospital (both in Amsterdam, Netherlands), and Medisch
Spectrum Twente (Enschede, Netherlands), and written informed consent was obtained from each patient and/or legal represen-
tative (Hooijman et al., 2014; Hooijman et al., 2015; Lindqvist et al., 2018).

Diaphragm muscle biopsies were obtained during surgery and cut into smaller pieces, as described previously (Lindqvist et al.,
2018). For all biopsies, one part was directly frozen in liquid nitrogen and stored at -80°C for histology experiments, cryosections,
and protein analysis. Another part was stored for myofiber mechanics experiments in relax/glycerol (50/50%; vol/vol) with high
concentration protease inhibitors (Rx/Glyhign; 1.0 mM dithiothreitol [DTT], 0.24 mM PMSF, 0.4 mM leupeptin, and 0.1 mM E64 [1])
and initially placed on a roller band for 24 h at 4°C. Finally, Rx/Glyygn was replaced for Rx/Gly with lower concentrations (Rx/Glyiow;
1.0 mM DTT, 0.24 mM PMSF, 0.04 mM leupeptin, and 0.01 mM E64) of protease inhibitors and stored at -20°C until used for passive
force experiments.

Protein expression and purification

Full-length mouse Ankrdl (Ensembl accession no. ENSMUST00000237142.1), human ANKRDI (Ensembl accession no.
ENST00000371697.4) and titin-N2A peptide 180-181 (Ensembl accession no. ENSMUSG00000051747, exon 101-104) gene sequences
were cloned from mouse cDNA or human sequence cloned from a plasmid vector (Lun et al., 2014). Titin domain numbering was
based on human sequence (Bang et al., 2001b). The DNA sequence was synthesized and inserted into a pET His6 GST TEV LIC cloning
vector (Addgene plasmid #29655) or modified form of pET His6é SUMO TEV LIC cloning vector (Addgene plasmid #29711), adding a
TEV restriction site and twin strep-tag (StreplI-tag) at the C-terminal end of the expression construct. A titin-N2A peptide devoid of
the unique sequence between I80-I181 (N2A [I80-181;Aus]) was generated by cloning both 180 and I8l separately and fusing the
domains during insertion into a cloning vector (In-fusion cloning kit, Takara). All clones were sequence verified by Eton Bioscience
(for primers, see Table S3).

BL21 cells were transformed with either empty pET His6 GST TEV LIC cloning vector (GST-only), mouse Ankrdl (GST-mMARP1),
or human Ankrdl (GST-hMARPI), respectively. Alternatively, we used a pET His6é SUMO TEV LIC TEV TST cloning vector (SU-
MO-TST only) to clone titin's N2A segment, consisting of I80-I81 (N2A [I80-I181]-TST or 180-181 with the unique sequence removed
(N2A [180-181;Aus]-TST). Cells were grown in 300 ml TB medium supplemented with 0.05 mg/ml kanamycin or 0.1 mg/ml am-
picillin at 30°C overnight. To induce expression, medium was changed with 300 ml fresh TB medium supplemented with 0.05 mg/
ml kanamycin or 0.1 mg/ml ampicillin and 0.2 mM isopropyl B-D9 thiogalactoside, at 16°C overnight. Cell extracts were prepared
using a French Pressure Cell Press (EmulsiFlex-C3, Avestin) and purified with Ni-NTA beads (Qiagen). SUMO-TST only, N2A [I80-
181]-TST and N2A [I80-181; Aus]-TST were further purified with Strep-Tactin XT Superflow beads (IBA). Protein concentration was
determined by comparing optical density of known amounts of BSA on SDS-PAGE gels.

Myofibril mechanics

We adapted previously described methods to investigate the viscoelastic properties of myofibrils isolated from snap frozen mouse
tibialis muscle and human diaphragm biopsies (Horowits et al., 1986; Radke et al., 2007; Brynnel et al., 2018; Rivas-Pardo et al.,
2020). Small sections (2 x 2 mm) were isolated from the muscle, glycerinated for 24 h at -20°C, and stored at -20°C until day of use.
On the day of experiments, a small piece of the glycerinated muscle was cut, and the sample was defrosted in relaxing solution
(5.89 mM Na?*-adenosine triphosphate, 6.48 mM MgCl,, 40.76 mM K-propionate, 100.00 mM N,N-Bis-(2-hydroxyethyl)-2-
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aminoethanesulfonic acid, 6.97 mM ethyleneglycoltetraacetic acid, and 14.50 mM creatine phosphate sodium salt) containing in-
hibitors (1 M E64, 1 M DTT, 1 M leupeptin, and 1 M PMSF) at 4°C for ~1 h. The defrosted muscle sample was kept on ice in relaxing
solution containing inhibitors (1 M E64, 1 M DTT, 1 M leupeptin, and 1 M PMSF) and gently dissected and cleaned from debris under
microscope before homogenization (15 s at 20,000 rpm; Tissue-Tearor, 985370-XL probe, Bio Spec Products Inc.) in fresh relaxing
solution containing inhibitors (1 M E64,1 M DTT, 1 M leupeptin, and 1 M PMSF). This procedure resulted in a solution containing
single myofibrils that were transferred into an experimental bath containing relaxing solution at room temperature. A myofibril was
chosen for mechanical measurements based on its striated appearance and attached to a rigid glass fiber attached to a cantilevered
force probe (OptiForce, IonOptix LLC.; stiffness = 0.7 N/m) and a rigid glass fiber attached to a piezo motor (Mad City Labs Inc.),
which imposed computer-controlled length changes on the myofibrils. Throughout the experimental procedures, the myofibrils
were imaged with phase-contrast microscopy and a 40x magnification microscope objective. The myofibril length, average sar-
comere length, and cross-sectional area were measured at the beginning and consecutive steps of the experiments with a high-speed
camera (Myocam-S, IonOptix LLC.) and IonWizard software (IonOptix LLC.). The myofibrils were set to an average sarcomere
length of 2.2 pm and stretched to 3.0 pm, causing deflection of the cantilever on the force probe. The deflection of the cantilever was
recorded using an interferometer (OptiForce, IonOptix LLC.) and the force (F) can then be calculated with these values: F = keVS =
keAd, where k is cantilever stiffness (N/m), V is signal, S is sensitivity m/V, and Ad is cantilever displacement (m). Forces were
normalized to the myofibril cross-sectional area. During stretch, myofibrils display both viscous and elastic characteristics. This is
evident from the curves shown in Figs. 1 A and 7 A. The sharp peak represents both characteristics, whereas the plateau force is a
measure of elasticity. Viscosity resists strain linearly. Thus, the force drops after the strain is removed.

Following baseline passive force measurements, myofibrils were exposed to recombinant GST-mMARPI and GST-hMARP], di-
alyzed into relaxing solution at the following concentrations: 0, 2.5 ug/ml, 25 pg/ml, 54 ug/ml, and 100 ug/ml (0, 38.6, 376.9, 831.0
and 1,580 nM, respectively) to determine the dose response curve. Myofibrils were incubated for 3 min with GST-MARP1 before
stretching the myofibril from sarcomere length 2.2 to 3.0 pm. Increase in passive force was determined by subtracting the force
determined at baseline (pre-GST-MARPI). A control experiment was done with GST-only to verify that the effect on passive force
was derived from MARPI and not from protein tags.

Fluorescence microscopy

STED microscopy on mouse myofibrils and patients’ myofibers

Myofibrils were isolated from m. tibialis cranialis of MKO mice and diaphragm myofibers were isolated from the biopsies. My-
ofibrils/myofibers were incubated with 0.054 mg/ml MARPI protein in relaxing solution and stretched to a sarcomere length of
2-3.5 pm in a BSA-coated IBIDI pdish with grid. The myofibrils/myofibers were fixated with 2% formalin in relaxing solution for
5 min. After blocking for 1 h with 2% FBS in PBS, the samples were incubated overnight with a primary antibody mix (TTN-4 [avian]
and TTN-PEVK [Myomedix]), followed by a secondary antibody mix (Alexa Fluor 488-labeled goat anti-chicken [Thermofisher] and
Abberior star 635p-labeled goat anti-rabbit [Abberior]). After thorough washing, the samples were mounted in mowiol and imaged
on a Leica TCS SP8 STED 3X (Leica Microsystems) with an oil immersion objective HCX PL APO STD 100x and gated Hybrid detector.
Images were corrected for chromatic aberrations and deconvolved using Huygens Professional software (SVI). Line scans were
taken perpendicular to the myofibril orientation and peak to peak distance was measured (Image]J). For MARPI staining, the samples
were incubated with a different primary antibody mix (TTN-4 [avian] and Ankrdi-1 [Myomedix]).

Microscopy on diaphragm cross-sections of patients

To determine whether MARPI localization is slow-type of fast-type fiber specific and to investigate whether it is present in the
nucleus, we stained cryosections of a biopsy from a critically ill patient with 53-fold MARP1 up-regulation. Serial cryosections from
5 um were cut from the frozen biopsy perpendicular to the diaphragm fiber direction. Cryosections were skinned for 10 min in 0.2%
Triton-X100 in PBS. Subsequently, sections were blocked for 1 h in 2% FBS in PBS. A primary antibody mix of goat anti-MARPI,
rabbit anti-MARPI, and mouse anti-MyHC-I in PBS was incubated overnight for 1 h. Next, a secondary antibody mix with Alexa
Fluor 488 donkey anti-goat, Alexa Fluor 555 donkey anti-rabbit, and Alexa Fluor 647 donkey anti-mouse in PBS was incubated for
2 h. For all antibodies used and dilutions, see Table S4. After skinning, blocking, and antibody incubation, cryosections were washed
four times for 2 min. Finally, cryosections were covered in vectashield with DAPI, and a cover glass was mounted and sealed with
nail polish. Control cryosections followed the same protocol but lacked primary antibody incubation. Images of the cryosections
were obtained with a Zeiss axxiovert inverted digital imaging microscopy workstation (3i) equipped with a motorized stage and
multiple fluorescent channels. A cooled charge-coupled device camera (Cooke Sensicam) was used to record images. Exposures,
objective, montage, and pixel binning were automatically recorded and stored in memory. Dedicated imaging and analysis software
(SlideBook, version 4.2; 3i) was obtained from Intelligent Imaging Innovations. Pictures were analyzed with line scans using Image]
software (National Institutes of Health).
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WLC modeling

To evaluate the effects of the increased extension of the PEVK segment in the presence of MARPI on the force per titin molecule, we
used the experimentally obtained extension (z) of the PEVK segment (mouse, Fig. 2 E; human, Fig. 6 C). The CL of the PEVK segment
in mouse tibialis cranialis was assumed to be the same as determined for mouse extensor digitorum longus, soleus, and diaphragm
muscle, i.e., 600 nm (Brynnel et al., 2018) and for human diaphragm fibers 820 nm (Ottenheijm et al., 2006); the relative extension
of the PEVK was calculated as z/CL. The obtained values were used in the WLC force equation and the force per titin molecule was
determined. The WLC equation: FxPL/kgxT = z/CL + l/d{4(l - z/CL)2 -1/4. The WLC model describes the molecule as a deformable
continuum of persistence length PL (a measure of bending rigidity); kg is Boltzmann's constant, and T is absolute temperature. The
PL was taken as 1.4 nm (Labeit et al., 2003). For fitting, we used Levenberg-Marquardt nonlinear fits of the WLC model (written in
IgorPro [Wavemetrics] and KaleidaGraph [Synergy software]).

Pull-down assay with GST-mMARP1 and mass spectrometry

Pull-down of MARP1-N2A complex

To demonstrate that recombinant MARPI and titin’s N2A segment can interact, we performed pull-downs with GST-mMARP1 and
N2A [I80-I81]-TST (constructs are shown in Fig. S1). First, N2A [I80-I81]-TST was cleaved with 0.2 U/ul Ulpl (sumoprotease;
pFGET19_Ulpl; Addgene plasmid #64697) for 6 h at 30°C, to remove the His6-SUMO tag, and purified by flowing the mixture
through Ni-NTA beads to remove Ulpl (His6-tagged) and His6-SUMO tag. 1 uM GST mMARPI1 and N2A [180-181]-TST (without Hisé-
SUMO tag) were co-incubated at 4°C for 1 h with mild rotation. 140 ul of the mixture was added to 20 pl of glutathione beads and
incubated for 12 h at 4°C with gentle rotation. The flow through and wash solutions were collected to determine the bound and
unbound fraction of N2A [I180-181]-TST. The complex was eluted from the glutathione beads with 8 M urea buffer (50 mM Tris-HCI,
150 mM NaCl, and 8 M urea, pH 8.0) and run on SDS-PAGE gels.

GST-mMARP1 pull-down in muscle lysate

We performed GST pull-down assays using GST-mMARPI against mouse muscle lysate. We simultaneously exposed GST-only and
GST-mMARPI to fresh muscle lysate derived from C57BL/6] diaphragm muscles. Subsequent SDS-PAGE revealed several MARP1-
binding proteins, which were submitted for identification with mass spectrometry.

Briefly, 120 ug of recombinant protein was equilibrated with 40 pl glutathione beads (Pierce, 16100) in 300 pl glutathione binding
buffer (20 mM Tris HCI, 150 mM NacCl, and 10% glycerol, pH 7.5) at 4°C for 3 h. The protein-bound beads were washed with the same
buffer and incubated with 5% BSA in glutathione binding buffer overnight at 4°C. The following day, mouse diaphragm lysates were
prepared by lysing 30 mg of muscle tissue in 500 pl of lysis buffer containing 40 mM HEPES (pH 7.6), 120 mM NaCl, 0.5% NP-40,
10 mM NaF, 10 mM b-glycerol phosphate, 1 mM EDTA (pH 8.0), 1 mM EGTA, 2 mM sodium orthovanadate, 17 p.g/ml aprotinin, 10 pg/
ml leupeptin, and 1 mM PMSEF, for each bait protein. Tissue was homogenized with a bullet blender x24 (Next Advance) at intensity
setting 5 for four homogenization cycles (which included 2 min of blending and 2 min cooling in an ice bath), with 0.9-20.0 mm
stainless steel beads (Next Advance). Cell lysates were rotated at 4°C for 20 min followed by centrifugation (13,000 g at 4°C for
30 min), and the clarified supernatants were used for pull-down.

The tissue supernatant was combined with the GST-mMARPI1 coated glutathione beads and incubated at 4°C overnight with
gentle rotation. The next day, the beads were washed five times with lysis buffer, followed by elution of the bait and binding proteins
by heating at 95°C for 4 min in 15 pl SDS sample loading buffer (4% SDS, 0.0625 M Tris-HCl, 10% glycerol, 0.02% bromphenol blue,
and 8 M urea). The eluate was extracted, and the beads were subjected to a second elution with fresh 15 ul SDS sample loading buffer
and combined with the first elute. For one round of pull-down, we extracted the GST-MARPI1 bait protein by eluting the bait and prey
proteins with 8 M urea solution (50 mM Tris-HCl, 150 mM NaCl, and 8 M urea, pH 8.0) with incubation at 60°C for 10 min. GST-
mMARPI was subsequently extracted with Ni-NTA beads (Qiagen) and the flow through contained the prey proteins.

Mass spectrometry procedure was previously described (Kruse et al., 2017; Parker et al., 2019). Briefly, proteins were separated
by 10% SDS-PAGE and stained with Bio-Safe Coomassie G-250 stain. One independent pull-down was used to identify three
prominent prey bands and two independent pull-downs were processed to determine the MARPI interactome. For the pull-
down-based interactome experiments, each lane of the SDS-PAGE gel was cut into five slices, destained, and digested with trypsin,
as previously described (Kruse et al., 2017; Parker et al., 2019). HPLC-ESI-MS/MS was performed in positive ion mode on a Thermo
Scientific Orbitrap Elite Velos Pro hybrid mass spectrometer fitted with an EASY-Spray Source (Thermo Scientific). NanoLC was
performed using a Thermo Scientific UltiMate 3000 RSLCnano System with an EASY Spray C18 LC column (Thermo Scientific,
50 cm x 75 pm inner diameter, packed with PepMap RSLC C18 material, 2 um; cat. #ES803); loading phase for 15 min; mobile phase,
linear gradient of 1-47% ACN in 0.1% FA in 106 min, followed by a step to 95% ACN in 0.1% FA over 5 min, held for 10 min, and then a
step to 1% ACN in 0.1% FA over 1 min, and a final hold for 19 min (total run 156 min; Buffer A: 100% H,0 in 0.1% FA; Buffer B: 100%
ACN in 0.1% FA; flow rate; 300 nl/min). All solvents were liquid chromatography mass spectrometry grade. Spectra were acquired
using XCalibur, version 2.1.0 (Thermo Scientific). Tandem mass spectra were extracted from Xcalibur RAW files, and charge states
were assigned using the ProteoWizard 2.1.x msConvert script using the default parameters. The fragment mass spectra were then

van der Pijl et al. Journal of General Physiology
MARP1 locks titin to actin https://doi.org/10.1085/jgp.202112925

S3

920z Aeniged 60 uo 1senb Aq ypd-Gz6z1 1202 dbl/zS.5081/5262 1 12028/L/ES | /spd-aone/dBl/Bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1085/jgp.202112925

JGP

searched against the mouse SwissProt database using Mascot (Matrix Science, version 2.5.0) using the default probability cut-off
score. The search variables that were used were 10 ppm mass tolerance for precursor ion masses and 0.5 D for product ion masses;
digestion with trypsin; a maximum of two missed tryptic cleavages; variable modifications of oxidation of methionine and phos-
phorylation of serine, threonine, and tyrosine. Cross-correlation of Mascot search results with X! Tandem was accomplished with
Scaffold (version Scaffold_4.4.0; Proteome Software, Portland, OR), and the Scaffold reported decoy false discovery rate. Probability
assessment of peptide assignments and protein identifications were made using Scaffold. Only peptides with =95% probability were
considered.

Actin and MARP1-N2A cosedimentation assay

We investigated MARPI and titin N2A’s ability to bind filamentous skeletal actin using a cosedimentation assay described previously
(de Winter et al., 2020). Proteins were concentrated with Spin-X UF 500 5k MWCO PES concentrators (Corning), following
manufacturer’s instructions, to 25 pM and dialyzed into a phosphate buffer (100 mM Na,HPO,, 150 mM NaCl, and 10% glycerol at pH
7.5). Reagents and >99% pure rabbit skeletal actin were purchased from Cytoskeleton (Cat. #BK001 and #AKL99). Filamentous actin
was prepared as described by the manufacturer. Prior to cosedimentation, the test proteins (GST-only, GST-mMARP1, SUMO-TST
only, N2A [180-81]-TST, and N2A [I80-81; Aus]-TST) were cleared from protein aggregates by centrifugation at 150,000 g for 1.5 h at
4°C in a Beckman TLA-120 rotor. 5 wM recombinant single or 2.5 uM combined proteins were incubated with 8 M filamentous actin
for 30 min at room temperature and cosedimented at 150,000 g for 1.5 h at 24°C in 2 mM MgCl,, 65.3 mM NaH,PO,, 98 mM NacCl,
6.5% glycerol, 1,515 mM Tris HCl, pH 8.0, 60.6 pM CaCl,, 16.8 mM KCl, and 1 mM ATP. Pellet and supernatant were separated and
denaturized in Laemmli loading buffer (62.5 mM Tris HCl at pH6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, and 0.0001%
Bromophenol blue). Equal amounts of both fractions were loaded onto 12% SDS-PAGE gels. Densitometric analysis was performed
using Image] (Version 1.52a, National Institutes of Health). Western blot was performed as described below, using antibodies di-
rected against GST and TST-tags. GST-only and SUMO-TST only were used as negative controls. The cosedimentation assay was
repeated three times for each protein.

SDS gel electrophoresis and Western blotting

SDS-AGE gel electrophoresis and Western blot experiments have been previously described (Greaser and Warren, 2009; van der Pijl
et al., 2018). Tissue was ground to a fine powder using Dounce homogenizers cooled in liquid nitrogen and acclimated to -20°C for
30 min before continuing. Tissue powder was resuspended in a 1:1 mixture of an 8 M urea buffer (in M; 8 urea, 2 thiourea, 0.05
Tris-HC, 0.075 DTT, as well as 3% SDS and 0.03% Bromophenol blue, pH 6.8) and 50% glycerol containing protease inhibitors
(0.04 mM E-64, 0.16 mM leupeptin, and 0.2 mM PMSF). The solutions were mixed for 4 min, followed by 10 min of incubation at
60°C. Samples were centrifuged at 12,000 rpm, and the supernatant was divided into smaller aliquots and flash frozen for storage at
-80°C. SDS-AGE 1% were run on in a Hoefer SE600X vertical gel system (Hoefer Inc) was used to electrophoretically separate titin
from other proteins. Gels were run at 15 mA per gel for 3 h and 15 min. For analysis of titin and MyHC levels, gels were stained using
Neuhoff's Coomassie brilliant blue staining protocol. Total phosphorylation was analyzed by using Pro-Q Diamond Gel Stain and
SYPRO Ruby (Thermo Fisher) for total protein. After staining, gels were scanned using a commercial scanner Gbox GBOX (Syngen).
Titin migration distance and bandwidth (FWHM) were determined (see Fig. S5 for an illustration of the analysis).

Titin binding proteins MARP1-3, CAPN3, MuRF1, FHLI and 2, or recombinant proteins and phosphorylation levels of the titin
PEVK serine residues S11878 and S12022 were quantified using Western blot. For the titin binding proteins, MyHC levels were
determined from Coomassie-stained initial gels to determine equalized loading for each sample and run on 2-7% acrylamide gels
(van der Pijl et al., 2018). The protocol for determining phosphorylation levels of serine residues S13519 and S13663 (human, based on
transcript ENSPO0000467141; Ensembl TTN-214) or S12298 and S12440 (rat, based on transcript XP_017456475.1; RefSeq), better
known as phospho-site S26 and S170, was previously described (Hidalgo et al., 2014). Briefly, 0.8% agarose gels were run to separate
titin. Subsequently, proteins were transferred onto Immobilon-P PVDF 0.45 pm membranes (Millipore) using semi-dry transfer
(Bio-Rad). Membranes were blocked with Odyssey blocking buffer (Li-Cor Biosciences) for 1 h and subsequently probed with
primary antibodies at 4°C overnight. Near Infra-Red dyes were used as secondary antibodies for detection with Odyssey CLx Imaging
System (Li-Cor Biosciences; for antibodies, see Table S4). Titin binding proteins were normalized against GAPDH, and phosphor-
ylation level of S26 and S70 was normalized for total titin level by targeting the Z123 domains (titin N-terminal antibody) of titin.
After normalization to GAPDH, diaphragm samples of critically ill patients and of ventilated rats were compared to control samples.

Diaphragm myofiber passive force measurements

Single diaphragm muscle fibers were isolated from the biopsies, and the CSA and passive force were measured as described pre-
viously (Ottenheijm et al., 2008; Ottenheijm et al., 2012). Segments of single-diaphragm fibers of approximately 1-1.5 mm were
isolated in a relaxing solution at 5°C. The diaphragm fibers were incubated for 15 min in cold (5°C) skinning solution containing
relaxing solution and 1% Triton X-100 to permeabilize the plasma membrane. Subsequently, the fibers were mounted horizontally
on two stainless steel hooks in a relaxing solution-filled chamber (200 pl) with a glass-coverslip bottom on the stage of an inverted
microscope (Zeiss). One of the hooks was attached to a force transducer (model 403A, Aurora Scientific Inc.), which has a resonance
frequency of 10 kHz, whereas the other end was attached to a servomotor (model 315C, Aurora Scientific Inc.) which has a rise time
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of 250 ps. Diaphragm fiber dimensions were measured by means of a camera device coupled to the objective. Diaphragm fiber length
was determined with 100x magnification; depth and width were measured with 400x magnification (an elliptical cross section of the
diaphragm muscle fiber was assumed). Injury was examined microscopically; in case of damage, loss of cross striation, or other
irregularities, the fibers were excluded. Diaphragm fibers were stretched to optimal length by adjusting sarcomere length to 2.5 um
using dedicated Aurora software. To ensure stable attachment of the diaphragm fiber in the clips throughout the mechanical
protocol, the fiber was briefly activated prior to the experiment, and, when necessary, restretched to sarcomere length 2.5 pm. Note
that this brief activation was done before the determination of diaphragm myofiber dimensions. After measuring the fiber di-
mensions, the stretch on the fiber was released, allowing the fiber to go back to its resting sarcomere length. After 10 min, the fiber
was stretched from slack sarcomere length to a sarcomere length of 3.6 um by a 10% length change (measured at sarcomere length
2.5 pm) per second. This accounted for an average stretch of 0.17 pm/sarcomere/s. Measurements were performed at 20°C. Data
were automatically collected using a data acquisition board (sampling rate 10 kHz). Force was measured in mN or in mN/mm? when
normalized for the cross-sectional area of the fiber for passive tension calculation. Passive tension traces were fitted with a second-
order polynomial in GraphPad Prism 7. Group averages were calculated from the values obtained by the fits.

All solutions for contractile measurements had an ionic strength of 180 mM and pH 7.1. The relaxing solution had a negative
logarithm of free calcium concentration of 9.0 and comprised of 5.89 mM Na,ATP, 6.48 mM MgCl,, 40.76 mM K-propionate, 100 mM
BES, 6.97 mM EGTA, 14.50 mM CrP, and low concentration of freshly added protease inhibitors.

Rat mechanical ventilation

Mechanical ventilation of rats was approved by the Institutional Animal Care and Use Committee of the VU Medical Center
(Amsterdam, Netherlands; protocol AVD114002016501) and the University of Arizona (Tucson, AZ; protocol 13-488). Male rats
(mixed background of Sprague-Dawley/brown Norway/Fisher 344; n = 8-10) aged 5-6 mo, weighing 400-600 g were sedated and
ventilated. Sedation was induced with 125 mg/kg S-ketamine (Ketanest, Pfizer) and 4 mg/kg diazepam (Centrafarm) intraperito-
neally and maintained by continuous infusion of 40 mg/kg/h S-ketamine and 1 mg/kg/h diazepam intravenously. After induction,
rats were endotracheally intubated with a 16-G tube, and mechanically ventilated (UMV-03, UNO) with oxygen-enriched air (40%
0,/60% N,), 2.5 cm H,0 positive end-expiratory pressure, at ~65 breaths/min, with a tidal volume of ~10 ml/kg for 18 h. During this
period, the respiratory rate was adjusted to maintain pH and CO, within physiological limits. Rats did not have visibly detectable
spontaneous respiratory activity. Body temperature was maintained (36.5 + 1.0°C) by using a warm water underbody heating pad
and heating lamps. The right femoral artery was cannulated for blood sampling for blood gas analyses (ABL90, radiometer) and
arterial blood pressure registration. Arterial blood pressure, electrocardiogram, and heart rate were continuously recorded using
PowerLab software (Chart 8.0; ADInstruments). After 18 h of ventilation, the rats were sacrificed by exsanguination and the whole
diaphragm was snap frozen in liquid nitrogen and stored at -80°C until used for protein analysis. As a control group, eight rats were
briefly ventilated (<15 min) before the diaphragm was excised.
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Figure S1. Recombinant constructs and results of F-actin cosedimentation assays with GST-mMARP1 and N2A[I80-181]-TST. (A) Graphic repre-
sentations of the recombinant protein constructs. (B) Representative gel of the recombinant proteins (arrows). (C) Quantification and representative gel
images of cosedimentation with F-actin. Top: GST-mMARP1 sediments with F-actin in the pellet (P) fraction with a concomitant decrease in the supernatant (S)
fraction. Similar results were found for N2A[I80-181]-TST (middle), while N2A[I80-181; Aus]-TST (bottom) did not interact with F-actin, suggesting that the
unique sequence of N2A between 180-181 is required for binding to the actin thin filament. Cosedimentation of the tag-only proteins did not show interaction
with F-actin. Bars denote mean + SD; three replicates for each cosedimentation assay. T test relative to no F-actin; *, P < 0.05; ***, P < 0.001.
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Figure S2. F-actin cosedimentation of the GST-mMARP1 and N2A[180-181; Aus]-TST complex. Cosedimentation of GST-mMARP1 and N2A[180-181; Aus]-
TST with F-actin, showed similar levels of MARP1 in the pellet (P) and supernatant (S) fraction compared with GST-mMARP1 alone (Fig. S1 D), suggesting that
the unique sequence of N2A is required to enhance the binding affinity of GST-mMARP1 in complex with N2A to F-actin (see Fig. 3 D). Bars denote mean + SD;
three replicates for each cosedimentation assay.

A

500+
400+
300+

200+

MARP1 level

100+

p=0.06
1
° MARP1
° MARP2-

MARP3-
Capn3-
Capna3 frag.
Fhi1+

Murf1-

Fold change 18h CMV/Control

Figure S3.  MARP1 levels in supported and controlled mechanically ventilated critically ill patients, and expression of titin-binding proteins in 18 h
CMV rats. (A) Critically ill patients on CMV tended to have higher MARP1 levels than patients ventilated with a supportive mode (SMV; (t test; P = 0.06).
(B) Representative examples of Western blots stained with antibodies against MARP1-3, FHL1, CAPN3, MuRF1, and GAPDH. MARP1 was markedly up-regulated
in diaphragm myofibers of rats who were mechanically ventilated (CMV) for 18 h (n = 8; controls n = 10). Data are presented as mean + SEM. FHL, four-and-a-
half LIM domains protein 1; MuRF1, muscle ring finger protein 1; CAPN3, calpain 3; Frag, fragment. T test relative to controls; *, P < 0.05; ***, P < 0.001.
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Figure S4. Relative titin protein and phosphorylation levels in critically ill patients compared to controls. (A) Representative example of an SDS-AGE
gel with critically ill (n = 21) and control (n = 18) diaphragm samples. (B) Titin content is comparable between critically ill and control patients. (C) Myosin heavy
chain (MyHC) content, normalized to diaphragm tissue wet weight, is comparable between critically ill and control patients. (D) Ratio of titin/MyHC was
comparable between control and critically ill patients. (E) Total phosphorylation levels, as assessed by ProQ Diamond staining normalized to Sypro Ruby
staining, was comparable between control and critically ill patients. (F and G) Phosphorylation of $13519 (S26) and S13663 (S170) in the PEVK region of titin
(phosphorylation of these sites is known to increase titin stiffness) was comparable between critically ill and control patients. (H) Examples of stainings with
ProQ Diamond, Sypro Ruby, and antibodies against phosphorylated S13519 (S26) and S13663 (S170) in the PEVK region of titin. Bars denote mean + SEM.
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Figure S5. Titin isoform size and splice variation in human diaphragm biopsies. Control (n = 16) and critically ill (n = 21) patient samples were migrated on
SDS-AGE gels; bandwidth was determined by generating plot-profiles fitted with Gaussian fits to generate FWHM for titin and myosin heavy chain (MyHC)
bands. (A-C) FWHM of titin/MyHC (A), raw titin (B), and MyHC (C) values, showing no difference in bandwidth, suggesting similar levels of titin isoforms
present in both control and critically ill patients. (D) Migration distance of titin to MyHClII, suggesting little or no difference in titin splicing. (E) Example plot
profile, explaining the FWHM and migration measurements. Graph A-D represented as mean = SD. A reference sample was run on each gel and used to
normalize for variations in bandwidth and migration between gels. Bars denote mean + SEM.
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Figure S6. Relative titin protein and phosphorylation levels in 18 h ventilated and control rats. (A) Left: Representative example of a SDS-AGE gel with
diaphragm samples of control (n = 10) and mechanically ventilated (MV, 18 h; n = 8) rats. Right: Ratio of titin/MyHC was comparable between control and
ventilated rats. (B) Total phosphorylation levels, as assessed by ProQ Diamond staining normalized to Sypro Ruby staining, was comparable between control
and ventilated rats. (C and D) Phosphorylation of S13519 (S26) and S13663 (S170) in the PEVK region of titin (phosphorylation of these sites is known to
increase titin stiffness) was comparable between control and ventilated rats. Bars denote mean + SEM.

Four tables are provided online. Table S1 contains summarized patient information pertaining to medical history and mechanical
ventilation settings. Table S2 contains mass spectrometry data of identified proteins from pull-down assays. Table S3 shows primer
data used in this paper. Table S4 displays antibodies used in this paper.
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