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1  Abstract:

2 The protein titin determines cardiomyocyte contraction and truncating variants in the titin gene (TTN)
3 are the most common cause of dilated cardiomyopathy (DCM). Different to truncations, missense
4  variants in TTN are currently classified as variants of uncertain significance due to their high frequency
5 in the population and the absence of functional annotation. Here, we report the regulatory role of
6  conserved, mechanically active titin cysteines, which, contrary to current views, we uncover to be
7  reversibly oxidized in basal conditions leading to isoform- and force-dependent modulation of titin
8  stiffness and dynamics. Building on our functional studies, we demonstrate that missense mutations
9  targeting a conserved titin cysteine alter myocyte contractile function and cause DCM in humans. Our

10  findings have a direct impact on genetic counselling in clinical practice.
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1 Main text:

2 INTRODUCTION

3 Titin is a fundamental protein for the contractile function of striated myocytes since it provides

4  structural support and sets the stiffness of sarcomeres (1-3). Not surprisingly, the mechanical properties

5  oftitin are exquisitely modulated both transcriptionally through specific alternative mRNA splicing (4,

6 5), and posttranslationally via biochemical modifications such as phosphorylation (6). Truncating

7  variants in the titin gene (TTN) are the main cause of dilated cardiomyopathy (DCM), a disease that is

8  the most frequent trigger of heart failure in the young and of heart transplantation worldwide (7-11).

9  However, the primordial pathomechanisms remain elusive, reflecting our incomplete knowledge of the
10  function of titin (12-14). Akin to other sarcomeric proteins in which both truncations and missense
11  variants lead to cardiomyopathy (9), it has been speculated that rare missense mutations in TTN could
12 be the cause of DCM in some of the ~50% genotype-negative patients (7, 15, 16). Indeed, numerous
13 titin missense variants can be identified in DCM individuals, although at a frequency that is not
14  significantly higher than in the general population (17). Hence, when rare missense variants are
15  identified in TTN, they are currently classified as variants of unknown significance. It is conceivable
16  though that population genetics analyses have limited power to set apart true pathogenic mutations
17  from a background of phenotypically silent TTN missense variants. Here, we propose an alternative
18  approach by which we first identify conserved residues that are important for the function of titin,
19  which we then screen for pathogenic missense variants in DCM patients. We have focused on a group
20  of structurally conserved cysteine residues whose modification has been suggested, on the basis of in
21 vitro evidence, to modulate the mechanical properties of titin (18). Following our strategy, we show
22 the in vivo relevance of cysteine-based regulation of titin mechanics and unequivocally demonstrate
23 thatrare TTN missense variants cause DCM in humans.
24
25 RESULTS
26  Titin cysteines are reversibly oxidized in basal conditions

3
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1 The mechanical properties of titin stem from force-dependent conformational changes of polypeptide
2 regions that belong to the extensible I-band region of the protein (Figure 1A). These conformational
3 changes include extension and entropic recoil of the serially linked immunoglobulin-like (1g) domains
4 and the random-coil N2Bus and PEVK regions, and Ig domain unfolding and refolding transitions (19).
5 Interestingly, the I-band of titin is rich in cysteine residues (18, 20), many of which appear at
6  structurally and evolutionary conserved positions within 1g domains (Figure 1B-F, Supplementary
7  Figure S1, Supplementary File S1). In vitro experiments have shown that oxidation of these cysteines
8  has major mechanical consequences. For instance, disulfide bonds established by the triad of conserved
9  cysteines B, Fand G in Ig domains (98% mean evolutionary conservation, Figure 1B,C,E) stiffen titin
10  viareduction of the protein contour length (21), while S-thiolation of cysteines 47 and 63 (94% mean
11  evolutionary conservation, Figure 1B,D,E) lead to titin softening through Ig folding inhibition (22).
12 These five structurally conserved cysteines are more evolutionary conserved than cysteines appearing
13 inother positions in Ig domains (97% vs 89% mean evolutionary conservation, Figure 1F). The N2Bus
14  region also contains cysteines that can stiffen titin through disulfide bond formation (23), albeit they
15  are less evolutionary conserved than Ig domain cysteines (53% mean conservation, Figure 1F,
16  Supplementary Figure S1C). Beyond the remarkable conservation of I-band titin’s cysteine residues
17  and their role in the evolution of the protein in vertebrates (24), the in vivo relevance of redox
18  mechanical modulation of titin is supported by limited data on the global oxidation of the protein (25-
19 28), the effects of redox-active molecules on striated muscle mechanics (22, 23, 29, 30), and the
20  disulfide-compatible location of the majority of structurally conserved cysteines of titin (21, 31).
21 However, the extent and location of native titin oxidations remain unexplored, limiting our
22 understanding of the impact of oxidative modifications on the mechanical function of the protein.
23
24 To measure the oxidation state of native titin, we first developed an SDS-PAGE-based assay that
25  exploits thiol chemistry reactions to block reduced cysteines with an alkylating agent and label

26 reversibly oxidized cysteines with the fluorophore monobromobimane (mBBr) (Figure 2A) (32). The

4
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1  assay takes advantage of unequivocal identification of titin as the slowest-migrating protein in low-
2 percentage-acrylamide SDS-PAGE gels (33, 34). We verified that the mBBr fluorescence signal of titin
3 cysteines is linearly dependent on the amount of lysate analyzed (Figure 2B, Supplementary Figure
4  S2)and used Coomassie staining (Figure 2C, Supplementary Figure S2) to get normalized oxidation
5  measurements that are independent of the amount of protein loaded on the gel (Figure 2D). The initial
6  alkylating step is done in denaturing conditions to block all reduced cysteines. To limit artifactual
7  oxidation signal, this step needs to be fast and complete. We chose N-ethylmaleimide (NEM) as the
8 alkylating agent because of its superior reaction kinetics and its high solubility in aqueous buffers (27,
9  35). Using murine cardiac samples, we found that the oxidation signal of titin plateaus when the
10  concentration of NEM in the lysis buffer is above 5 mM (Figure 2E), suggesting that these conditions
11 result in minimal artifactual oxidation. To further ensure efficient thiol blockage, in all our subsequent
12 experiments we perfused myocardial tissue with PBS containing 50 mM NEM immediately after
13 sacrifice. The same high NEM concentration was kept during lysis. As an additional preventive
14  measure, we subtracted the mBBr signal of samples not incubated with DTT to account for potential
15  reduced thiols refractory to NEM blockage (see Methods). Using our in-gel mBBr fluorescence assay,
16 we observed that the extent of reversible cysteine oxidation of titin is ~4 times higher than that of
17  myosin, a partner protein of titin in the sarcomere (Figure 2F), confirming that a fraction of titin
18  cysteines are constitutively oxidized in cardiac tissue.
19
20  Titin oxidation is boosted upon birth
21 Having demonstrated that titin is oxidized in vivo, we set out to test if titin oxidation is modulated
22 physiologically. With this aim, we turned to the perinatal model. In mammals, birth is accompanied by
23 exposure to high O concentration, which impacts on the function of many cells and organs including
24 the heart (36). Indeed, during early postnatal development, cardiomyocytes arrest cell cycle following
25  activation of oxidative signals (37). We hypothesized that increased oxidative conditions could result

26 inhigher levels of titin oxidation upon birth, which we set out to test using the in-gel mBBr fluorescence
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1  assay. In order to increase statistical power, in the experiments we included control proteins that
2 enabled averaging data from multiple samples (Supplementary Figure S3A, see Methods). Since the
3 proportion of titin isoforms in the heart changes during postnatal development (4, 38), and these
4  isoforms have different proportion of cysteines (21), we normalized the results according to the cysteine
5 density at each developmental stage (Figure 3, Supplementary Figure S3B, see Methods). Supporting
6  ourinitial hypothesis, we found that cardiac titin oxidation is 43+15% (mean = SEM) higher in newborn
7  (PO) mice than in E18.5 embryos, while we detected no significant difference between PO and adult

8  samples.

10  Preferential oxidation of I-band cysteines

11  Tocharacterize the landscape of reversible titin cysteine oxidations, we resourced to mass spectrometry
12 (MS). We analyzed PO samples because they contain a high proportion of the cysteine-rich N2BA titin
13 isoform. Fluorescent titin bands were sliced from SDS-PAGE gels and treated with trypsin. The
14  resulting peptides were subjected to LC-MS analysis and MS/MS spectra were searched against a
15  mouse proteome database. As expected from the full titin band separation in 3.5% SDS-PAGE gels, 79
16 1% (3 replicates) of the identified species corresponded to titin-derived peptides, even when using a
17  relaxed identification criterion (5% False Discovery Rate, FDR) (Figure 4A). Titin coverage in these
18  searches was 33+3% (Figure 4B). To maximize the coverage of cysteine peptides, we followed an
19  alternative, more targeted strategy (39). Since most detected peptides in the search against the full
20  proteome originate from titin, we repeated the search against a database containing only titin and all
21  identified cysteine peptides were validated using Vseq (40). Similar to the in-gel fluorescence method,
22 we excluded mBBr-derivatized peptides when also detected in —DTT control samples, resulting in a
23 final 45% aggregated cysteine coverage at a FDR<2% (see Methods).

24

25 Inthe MS experiments, we detect reduced and oxidized cysteines from the mass shifts associated to

26 NEM and mBBr modifications, respectively (Figure 2A). To obtain a global picture of oxidation, we
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1 have calculated an oxidation score (OS) for each cysteine position in the alignment of the 1g domains
2 oftitin (Figure 4C, see Methods). OS data show that titin cysteines of the mechanically active I-band
3 are significantly more oxidized than those belonging to the A-band (Figure 4D). In addition, cysteines
4  of the disulfide-competent triad BFG (in particular cysteines F and G) are detected as oxidized more
5  frequently than other cysteines in titin (Figure 4C,E,F). Unfortunately, we did not detect cysteine-
6  containing peptides from the N2Bus region of murine titin, so its native oxidation state could not be

7 determined.

9  Titin oxidation in human hearts
10  We next examined the landscape of cysteine oxidation in human cardiac titin using left ventricular
11  snap-frozen samples from two non-failing donor hearts. These samples were processed and analyzed
12 by LC-MS following the same approach used for mouse samples. 74+3% of identified peptides were
13 derived from titin when the MS/MS search was done against the human proteome database at a 5%
14  FDR (Figure 5A). In these searches, titin coverage was 37+6% (Figure 5B). As in experiments using
15  mouse samples, we run targeted searches against a database containing only human titin and the
16  resulting cysteine peptides were validated with Vseq. mBBr-derivatized peptides also detected in —
17  DTT samples were excluded from analysis, leading to a final 39% aggregated cysteine coverage at a
18  FDR<2%. Results show similar levels of global oxidation in humans and in mice (global OS are 0.1
19  and 0.4, respectively, Figure 5C). As in mice, cysteines of the I-band are significantly more oxidized
20  than those of the A-band (Figure 5D) and the OS of structurally conserved cysteines in Ig domains
21  tends to be higher than that of non-structurally conserved cysteines (Figure 5C,E). Similar to results
22 with murine samples, cysteine F shows the highest OS among disulfide-competent positions, although
23 in human samples the I-band-specific cysteine 47 has the highest OS among the structurally conserved
24 cysteines (Figure 5C,F). In one of the human samples, we detected two cysteines belonging to the

25  N2Bus region (Cys4083 was detected as reduced, and Cys4124 was found in oxidized and reduced
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1  states). In summary, MS results indicate that reversible oxidations are also present in native titin from

2 non-failing human myocardium.

4  Modulation of titin mechanics by redox modifications

5  Our results show that evolutionary and structurally conserved cysteines of the I-band of titin are

6  oxidized in vivo. We find reversible oxidations both in disulfide-competent cysteines and in unpaired

7  cysteines that can establish S-thiolation adducts. These modifications have been proposed to induce

8  opposite mechanical effects (18, 21, 22), an observation that may contribute to explain the different

9  modulation of titin-based striated muscle stiffness under specific redox challenges (22, 23, 29, 30). To
10 illustrate the range of regulation of titin mechanics by cysteine oxidation, we built on previous Monte
11  Carlo simulations (22) to integrate all known mechanical effects of redox posttranslational
12 modifications in titin Ig domains. These include reduction of contour length by disulfide bonds (21),
13 higher unfolding and folding rates of disulfide-containing domains (21, 41), and higher unfolding rates
14  and hampered folding of S-thiolated domains (22). In our simulations, we tuned unfolding and
15  refolding rate constants to qualitatively reproduce the recently described unfolding/folding dynamics
16  of native titin (33) (Supplementary Note S1, Supplementary Figure S4A). In the simulations, a
17  virtual human I-band titin is subject to 1 Hz triangular force pulses between 0 and a predefined peak
18  force, and the resulting length of titin is measured (Figure 6A,B). During the extension/relaxation
19  cycles, titin domains unfold and refold stochastically according to their folding and unfolding rates,
20  which are dependent on their redox state. At t = 0 s, all domains are folded and, as the simulations
21 proceed, a fraction of domains transition to the unfolded state resulting in longer titin lengths at peak
22 force (Figure 6C,D). The simulation time was long enough to reach steady-state lengths at all peak
23 forces (Figure 6C,D, Supplementary Figure S4B-E).
24
25  Simulations of the canonical N2BA titin at a low peak force of 10 pN show that disulfides and S-

26  thiolations result in longer titin lengths (i.e. lower stiffness) (Figure 6C), while at a peak force of 100

8
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1  pN, the effect of disulfides reverses leading to overall titin stiffening (Figure 6D). At this high peak
2 force, S-thiolation maintains its softening effect. Additive mechanical modulation occurs if both
3 oxidative modifications are present in titin simultaneously (Figure 6C,D). To have a broader view of
4  the extent of titin softening/stiffening induced by redox modifications, we did simulations at a range of
5  peak forces and calculated the ratio of titin steady-state peak lengths between the oxidized and the
6  reduced conditions. Results show that the softening effect of S-thiolation remains fairly constant,
7  whereas at 50-80 pN peak force, the contribution of disulfides transitions from softening to stiffening
8  (Figure 6E, Supplementary Figure S4F). This dual behavior stems from the fact that disulfides favor
9 mechanical unfolding of Ig domains (softening effect), while also reducing the contour length of
10  unfolded domains and increasing folding rates (stiffening effects). At low peak forces in which Ig
11 domain unfolding rates are low, the softening effect is more prominent; while at high peak forces in
12 which Ig unfolding is more frequent, the stiffening effects prevail. Beyond modulation of steady-state
13 titin stiffness, our simulations also illustrate that both disulfides and S-thiolations induce a more
14  dynamic state of titin by favoring Ig domain unfolding reactions, particularly at low forces (Figure 6F,
15  Supplementary Figure S4G).
16
17  Inthe human heart, the short N2B isoform is expressed to similar levels as the longer and softer N2BA
18 (42, 43). Since alternative splicing occurs at the region of titin with the highest density of cysteines
19  (Figure 1B), we also ran Monte Carlo simulations for the N2B isoform of titin. In contrast to the results
20  obtained with N2BA, we find that disulfides do not induce softening of N2B titin at any peak force
21 (Figure 6G, Supplementary Figure S4H-N). Interestingly, S-thiolation softens N2B titin to a greater
22 extent (20% vs. 10% for N2BA titin at 50 pN peak force, Figure 6E,G), reflecting the higher density
23 of S-thiolation-competent Ig domains in N2B (Supplementary Table S1). For the same reason, the
24 extent of modulation of titin dynamics by redox modifications is also different in N2B and N2BA titins
25  (Figure 6H, Supplementary Figure S40), although in both isoforms oxidations increase protein

26 dynamics by favoring more Ig domain unfolding.
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2 Our MS results were scarce with regards to the oxidation state of the cysteines in the N2Bus region if
3 titin. Monte Carlo simulations show that potential disulfides in the N2Bus (23) would boost the overall
4  stiffening effect of this redox modification, especially in the short N2B isoform (Supplementary
5  Figure S4P,Q). Indeed, under conditions in which N2Bus cysteines form disulfides, disulfides always
6 stiffen titin (Supplementary Figure S4P,Q). Taking together all the results from the Monte Carlo
7  simulations, we conclude that reversible redox modifications have profound effects in the mechanics
8 and dynamics of titin, in a manner that is highly dependent on the specific modification, the isoform of
9 titin and the applied force protocol.

10

11  Missense variants that affect conserved Cys3575 cause DCM

12 Having shown the functional relevance of titin conserved cysteines, we screened patients followed at

13 the Heart Failure and Inherited Cardiac diseases Unit of Hospital Universitario Puerta de Hierro

14  Majadahonda (Madrid, Spain) for variants targeting these residues. We identified a clear match in a

15  patient who carried a Chr2(GRCh38):9.178741559A>T; p.Cys3575Ser variant (Figure 7A) (protein

16  numbering according to Uniprot Q8WZz42). Cys3575, which is 100% conserved in 27 species ranging

17  from zebrafish to human (Supplementary Figure S5A), is the conserved cysteine F of the cardiac

18  specific 121 domain (Figure 7B) and shows OS =1 both in human (Figure 5C) and mice (the equivalent

19  position in mouse titin is Cys3581).

20

21 The proband was a male who underwent cardiac transplantation at 57 years of age and who carried no

22 other pathogenic or likely pathogenic genetic variants in DCM-causing genes. 12/14 (86%) of the

23 p.Cys3575Ser carriers in the family had DCM phenotype with a median age at DCM diagnosis of 33

24 years (interquartile range, IQR: 18-45) (Figure 7A). Mean left ventricular ejection fraction (LVEF)

25  was 43+ 6 % and mean left ventricular end-diastolic diameter (LVEDD) was 57 + 4 mm, as determined

26 by echocardiography (errors are SD). The two individuals who had the missense variant and did not

10
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1 show DCM phenotype were a 38 year-old man and a 64 year-old woman, although LVEF was in the
2 lower limit of normal range in both cases (50-55%). A total of 22 additional relatives were non-carriers
3 of the variant and all showed a normal phenotype (median age 51 years, IQR: 24-60). Family specific
4  two-point logarithm of the odds (LOD) score was 3.96 using a dominant model and 80% penetrance,
5  which strongly supports the linkage between phenotype and variant (44). Following this finding, we
6  approached other European inherited cardiac disease units for genetically sequenced DCM patients
7  with missense variants in Cys3575. An additional Danish DCM family captured our attention. In this
8  family the same Cys3575 is mutated but in this case Cys is replaced by Arg (g.178741559A>G).
9  Cosegregation analysis in this smaller family was limited as only two individuals showed DCM
10  (Figure 7C). The proband was a young female with a very low LVEF (20%) and a severely dilated left
11  ventricle (LVEDD = 75 mm) who underwent heart transplantation at 17 years of age. Her father was
12 diagnosed with DCM when he was 54 years old and died at the age of 73 years. Genetic analyses of
13 his kindred showed that the father was an obligate carrier of the p.Cys3575Arg variant supporting the
14  pathogenic nature of the variant. The 52-year-old proband’s half-sister who also carries the variant had
15  normal cardiac phenotype but a borderline depressed global longitudinal strain of -17%.
16
17  To provide functional evidence that the variants are pathogenic, we undertook cellular and molecular
18  phenotyping studies. Human-induced-pluripotent-stem-cell (hiPSC)-derived cardiomyocytes carrying
19  the p.Cys3575Ser variant in homozygosity show deficient contractility (Figure 7D), further supporting
20  pathogenicity (45). Similarly to previous results (45), we did not detect any functional deficit in
21 heterozygous p.Cys3575Ser cells (Supplementary Figure S5B). At the DNA level, the mutation lies
22 inexon 49 of titin, more than 100 bp away from exon-exon junctions. Therefore, it is highly unlikely
23 that the mutations interfere with native mRNA splicing sites, and the probability of inducing new
24 splicingsitesis also very low according to bioinformatics predictions (Supplementary Figure S5C,D).
25  Using far-UV circular dichroism, we observed that a recombinant version of 121 Cys3575Ser domain

26  (Supplementary Note S2, Supplementary Figure S5E) preserves the overall wild-type fold (Figure

11
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1 7E) but s barely stable at physiological temperatures (melting temperature, Ty =38 £ 1°C vs 55 + 1°C
2 for wild-type domain, errors are SD of the sigmoidal fit, Figure 7F, Supplementary Figure S5F).
3 Given the highly dissimilar physicochemical properties of Arg and Cys, we expect the Cys3575Arg

4  mutation to lead also to strong domain destabilization.

6  Our MS results show that Cys3575 is oxidized in cardiac titin. The parent 121 domain contains a second
7  highly conserved cysteine (residue 3586 in human titin), which is located in strand G at a distance that
8 is compatible with disulfide bond formation with Cys3575 (21) (Figure 7B). The MS data were
9 inconclusive with regards to the oxidation state of Cys3586 since mBBr-derivatized peptides were
10  found for this position also in —DTT control samples. No mBBr-modified peptides for the equivalent
11  Cys3592 in PO mouse titin were detected. In both DCM variants targeting Cys3575, the disulfide
12 between positions 3575 and 3586 cannot be established, which would leave the mutant domains in a
13 highly destabilized state according to our circular dichroism data (Figure 7F).
14
15  In summary, our results show that Cys3575, which we demonstrate to be oxidized in human
16  myocardium, is a target of DCM mutations that destabilize the parent domain and alter the mechanical
17  function of hiPSC-derived cardiomyocytes.
18
19 DISCUSSION
20  The high nucleophilicity of the thiol side chain makes cysteine the most reactive protein amino acid.
21 In addition, cysteine residues are sensitive to irreversible oxidation, which can result in protein
22 aggregation and degradation (46). As a consequence, proteins tend to include cysteine only if the
23 associated functional benefits compensate the risks stemming from its peculiar physicochemical
24 properties. Indeed, cysteine is among the least frequent but most conserved residues in proteins (47),
25  reflecting key functional roles including configuration of enzyme active sites or metal chelation sites

26 (48, 49), establishment of disulfide bonds (41), deployment of electron transport systems (50), or as

12
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1 redox sensors (51). Although several in vitro experiments over the last years have shown that cysteine
2 oxidation is a strong modulator of titin mechanics, evidence that such modulation is functionally

3 relevant in vivo has been lacking (18).

5 In vitro, conserved cysteines B, F and G can be induced to form disulfide bonds that alter the
6  nanomechanics of the parent Ig domains (21, 24). Hence, a plausible scenario is that equivalent
7  disulfides are present naturally in native titin as mechanical rheostats. This view has been traditionally
8  considered unlikely taking into consideration the reducing environment of the cytosol in which
9  sarcomeres are located (23, 31). However, our biochemical and MS results strongly support the
10  existence of disulfides in titin in basal conditions in both human and mice (Figure 2-5), which adds to
11  the increasing pool of evidence that redox compartmentalization of cardiomyocytes is complex (52).
12 Inthis regard, future research will aim at identifying the biochemical systems responsible for disulfide
13 formation in titin (53-55), and whether equivalent constitutive oxidations target other proteins in the
14  sarcomere (21, 56-58).
15
16  Our results indicate that titin I-band cysteines that cannot establish disulfide bonds, such as conserved
17  Cys47, can also be oxidized in basal conditions. By integrating current knowledge on the mechanical
18  effects of cysteine oxidations obtained at the single-molecule level, our Monte Carlo simulations have
19  allowed us to explore the range of oxidative mechanical modulation of titin (Figure 6). The simulations
20  suggest that the extent and direction of mechanical modulation depends on the specific titin isoform,
21 the biochemical nature of the oxidative modification (disulfide vs S-thiolation) and the range of forces
22 experienced by titin. Two observations stemming from the Monte Carlo simulations are relevant for
23 theredox modulation of titin mechanics at physiologically relevant forces, which are generally assumed
24 to be <10 pN/titin molecule (19, 59-61). First, due mainly to increased Ig unfolding rates, oxidations
25  render the titin filament much more dynamic, up to one order of magnitude at low forces (Figure

26 6F,H). More frequent Ig unfolding can change the landscape of interactors, modulating titin-based

13
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1 mechanosignaling (42), whereas high folding rates enabled by disulfide bonds can sustain titin’s
2 contribution to active muscle contraction (33, 59, 62). Monte Carlo simulations also illustrate that
3 disulfides can result both in stiffening or softening of titin (Figure 6E,G), a consequence of the
4  opposing effects of disulfides on contour length and the (un)folding rates of Ig domains. This
5  observation, together with the softening effects of S-thiolation, can reconcile seemingly contradictory
6  results of experiments using muscle preparations. For instance, treatment of human cardiomyocytes
7  with the reducing enzyme thioredoxin results in drops in passive tension during oscillatory changes in
8 length (23) while incubation with DTT results in increased passive tension during stepwise length
9 increases (22). Similar DTT incubations also increase passive tension of rat and human skeletal fibers
10  (30). Regarding oxidative modifications, treatment of mouse cardiac muscle with H,O, induces
11  increased passive tension in oscillatory protocols (29), whereas specific S-thiolation reactions lead to
12 softening during stepwise extension of human cardiomyocytes (22), an effect also observed in human
13 and rat skeletal muscle (30).
14
15  Overall, the Monte Carlo simulations show that the range of mechanical modulation of titin achieved
16 by redox posttranslational modifications is ample. We have shown that right after birth, cardiac titin
17  becomes more oxidized (Figure 3). We speculate that oxidation can allow titin to rapidly fulfil more
18  demanding ex utero mechanical functions (63), even before the isoform content completes transition
19  toan adult profile over a longer timescale of days (4, 38) (Supplementary Figure S3B). While under
20  these physiological conditions the boost of titin oxidation is beneficial, we speculate that altered redox
21 signaling may cause titin dysfunction during disease (57), for instance contributing to myocardial
22 stiffening following myocardial infarction (64).
23
24 Our functional and conservation analyses show that cysteines are important for the modulation of titin
25  mechanics, narrowing screening efforts to identify missense mutations that cause DCM. As a

26 consequence, we were able to demonstrate that alteration of the conserved Cys3575, a residue which

14
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1 we detect to be oxidized in cardiac titin, is responsible for DCM in humans (Figure 7). Moreover, from
2 a mechanistic point of view, we have detected extensive domain destabilization of the Cys3575Ser
3 mutant, which may trigger excessive titin degradation and similar downstream effects as in the case of
4 titin truncating variants. We have recently demonstrated a similar scenario in missense mutations of
5  cardiac myosin-binding protein C that cause hypertrophic cardiomyopathy (65). We speculate that
6  given the important role of cysteines in modulating titin mechanics, the fold of titin Ig domains may
7 have evolved to accommodate these residues, and that missense mutations targeting conserved

8  cysteines may result in strong destabilization and lead to disease.

10  The notion that missense mutations in titin could cause DCM is not new; however, our study is the first
11  tounequivocally confirm that TTN missense variants can cause DCM in humans. In 2002, Gerull et al.
12 reported that the missense mutation Trp976Arg in Ig domain 3 of titin (dbSNP: rs267607155), which
13 was found in a moderately big DCM family, could cause the disease (16). The calculated LOD score
14  forthis family is 2.73 assuming an 80% penetrance of the disease, which is below the value of 3 usually
15  considered to be associated with causal mutations (44). Interestingly, in our alignment, Trp976 is 100%
16  evolutionary conserved along 35 species, and it is also 99% structurally conserved in human and mouse
17  Ig domains highlighting its potential role in Ig domain stabilization (16). Since the identification of
18  Trp976Arg, there have been anecdotal reports suggesting that TTN missense variants can be indeed
19  pathogenic (10, 66). A spontaneous canine DCM model caused by a missense variant has been reported.
20  This model exhibited a TTN missense variant in the Ig-like domain 171 in the I-band of the cardiac
21 N2BA isoform that was significantly associated with DCM (p < 0.0001) in a family of Doberman
22 pinschers. This variant corresponds to p.Gly8898Arg (ENST00000589042.5) in humans and it affects
23 a 100% conserved glycine in our alignment (67). In humans, a 2015 paper reported four small DCM
24 kindreds with 5 missense rare variants in TTN considered “severe” according to bioinformatic tools
25  (68). As there were only 2 DCM individuals genotyped per family in the study, the evidence of

26  pathogenicity was weak due to limited cosegregation and the case for TTN missense variants as definite

15
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1 cause of DCM remained open. Rare missense variants in TTN are extremely frequent hampering
2 functional classification when interpreting NGS studies. This is exemplified by a recent study showing
3 thatin 530 DCM patients, almost 7% of them had rare TTN missense variants predicted to be deleterious
4 by bioinformatics filtering. When compared to a large reference population database (EXAC) there was
5 notasignificant enrichment of the rare missense variants in the DCM population compared with EXAC
6  and authors concluded that TTN missense variants should be classified as likely benign in the clinical
7  diagnostic workflow (17). Our results confront with this conclusion and have direct application into
8 clinical practice. Currently, rare TTN missense variants found in DCM genetic studies are considered
9  unknown significance or likely benign and no further action is pursued. Based on our demonstration of
10  the important biological role of titin cysteines and that missense mutations can cause DCM, now if a
11  rare missense variant affecting a conserved cysteine in TTN is identified, predictive genetic testing
12 might be performed. In these cases, functional assays and evaluation of the variant in relatives to
13 confirm cosegregation should be undertaken. Similar strategies could be put in place in the future for
14  other evolutionary and structurally conserved residues in titin.
15
16 METHODS
17  Human subject research
18  Human subject research was carried out in accordance with principles outlined in the Declaration of
19  Helsinki. Probands with DCM were systematically studied by NGS with a panel of 121 genes
20  associated or possibly associated with DCM at a certified clinical laboratory. These analyses did not
21 show any pathogenic/likely pathogenic rare variants. Relatives were genetically studied for TTN
22 missense variants found in probands by Sanger sequencing. Additionally, three phenotype-positive
23 distant relatives of the family with the p.Cys3575Ser variant underwent exome sequencing that did not
24 reveal commonly shared additional rare variants in cardiomyopathy-associated genes. Cardiac
25  evaluation of all subjects included ECG and echocardiography. Selected individuals underwent cardiac

26 magnetic resonance and additional cardiac tests according to clinical practice. DCM was defined as a
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1 left ventricular ejection fraction (LVEF) <50% (69). All individuals provided written consent. Study
2 was approved by Hospital Universitario Puerta de Hierro ethics committee. Procedures for procurement
3 of human left ventricular tissue from non-failing donor hearts that were not accepted for transplantation
4 were approved by the Ethical Committee of the Medical University of Graz (28-508 ex 15/16) and the
5 Instituto de Salud Carlos 111 (CEI P1 65_2017-v1). Upon ice-cold cardioplegia, cardiac biopsies were
6  harvested from the left ventricular free wall, quickly frozen in liquid nitrogen and stored at -80°C. Non-
7  failing hearts had echocardiographic evidence of preserved ejection fraction (>50%) and a clinical
8 history that was free of cardiac abnormalities.
9  Animal research
10  Allanimals used in this work were CD1 mice housed and maintained in the animal facility at the CNIC
11 (Madrid, Spain) in accordance with national and European Legislation. Procedures were approved by
12 the CNIC Animal Welfare Ethics Committee and by the Area of Animal Protection of the Regional
13 Government of Madrid (PROEX 042/18).
14  Cysteine conservation analysis
15  The longest currently available titin sequences for the 37 species reported in (24) were aligned using
16  Clustal Omega, with the only exception of chicken, for which no titin sequence with enough coverage
17 was found in Uniprot, GenomeNet or NCBI databases. Sequence identification codes are listed in
18  Supplementary Note S3. Conservation values for all cysteine positions in the human titin sequence
19  (Uniprot Q8Wz42) were obtained as percentages of conservation not considering gaps in the
20  alignment. The vast majority of cysteine positions show very high occupancy (98% average occupancy,
21 Supplementary Figure S1), which supports robustness of the conservation analyses. The alignment
22 and homology models of titin Ig domains of human titin have been published before (21); alignment
23 of mouse titin Ig domains appearing in Uniprot was obtained similarly using Clustal Omega
24 (Supplementary Note S4). These Ig domain alignments were used to classify titin cysteines for
25  structural conservation and mass spectrometry analyses.
26  In-gel determination of reversibly oxidized thiols

17
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1 Our protocol for in-gel determination of reversibly oxidized thiols was adapted and optimized from
2 previous reports (24, 32). Protein extracts were obtained by cryopulverization of myocardial tissue
3 followed by homogenization in sample buffer (50 mM Tris-HCI, 10 mM EDTA, 3% SDS, pH 6.8; 40
4 pl per mg of tissue) containing 50 mM NEM, unless indicated otherwise. Samples were run on SDS-
5  PAGE gels (3.5% for analysis of titin, 12% for other proteins), and oxidized thiols were then reduced
6 by incubation of the gel with 10 mM DL-dithiothreitol (DTT) (Sigma-Aldrich) in 50 mM ammonium
7  bicarbonate, pH 8.8 at 60°C. After 3 washes of 20 min with sample buffer, the newly reduced thiols
8  were labeled by incubation with 5 mM mBBr (Merk Millipore) in sample buffer during 2 h at room
9  temperature in the dark. The excess of mBBr was removed by three washes with destaining solution
10  (40% ethanol, 10% acetic acid) lasting 1 h, overnight and again 1 h. Fluorescent bands were visualized
11  using a Gel-Doc (BioRad) with UV excitation (standard filters for ethidium bromide). Coomassie
12 staining of the same gel was used to normalize fluorescence signals. Quantification of the bands was
13 done by densitometry using Quantity One. Fluorescence signals coming from a replicate gel not treated
14  with DTT were subtracted. Building on a previous report (24), control samples prepared by mixing
15  different proportions of oxidized (191-32/75)s polyprotein and its Cys-free version were also included
16  in the experiment in order to build calibration curves (Supplementary Figure S3). Two terminal
17  cysteines in the polyproteins were not considered in these calculations since their oxidation status could
18  not be ascertained. When comparing oxidation of different proteins, we normalized the oxidation
19  signals by their density of cysteines (Uniprot entries Q8WZ42-1 and -3 for human N2BA and N2B
20  respectively, A2ASS6-1 and -2 for mouse N2BA and N2B respectively, and Q02566 for mouse cardiac
21 myosin).
22 Mass spectrometry
23 Titin bands were sliced from SDS-PAGE gels used for fluorescence quantifications, diced and washed
24 by incubation with 200 pl high purity water (Fluka CHROMASOLV™ LC-MS) for 10 min at 1200
25  rpm (4 times). The resulting gel pieces were dehydrated by 2 incubations with 100% acetonitrile and 1

26 incubation with 50 mM ammonium bicarbonate (pH 8.8) in acetonitrile (both incubations, 15 min
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1 shaking at 1200 rpm). After drying using a SpeedVac, the gel pieces were incubated with modified
2 trypsin from porcine pancreas (Sigma Aldrich) in digestion buffer (10% acetonitrile in 50 mM
3 ammonium bicarbonate, pH 8.8) for 2 h in ice to allow the diffusion of the inactive enzyme, and then
4  at 37°C overnight. Digested tryptic peptides were extracted with 1% trifluoroacetic acid in acetonitrile
5 (15 min incubation, 1200 rpm shaking) and dried. Finally, they were resuspended in 1% trifluoroacetic
6  acid by pulse-vortexing and sonication, and desalted using OMIX commercial columns (Biomaster
7  group). Peptides were then injected into a reversed phase C-18 nano-column (Acclaim PepMap RSLC,
8 75 um internal diameter and 50 cm length), and eluted to be analysed in a hybrid quadrupole-Orbitrap
9  Q Exactive mass spectrometer (Thermo Scientific) for protein identification. A continuous acetonitrile
10  gradient consisting of 0-30% A for 120 min, 50-90% B for 3 min (A= 0.1% formic acid; B= 98%
11 acetonitrile, 0.1% formic acid) at a flow rate of 200 nL/min was used to elute tryptic peptides from the
12 nano-column to a nanospray emitter for real time ionization and induced fragmentation. High resolution
13 mass spectra were acquired in a data-dependent manner with dynamic exclusion by combining a MS
14 spectrum (from 400-1500 m/z, 120,000 resolution) followed by the MS/MS spectra (60,000 resolution)
15  from the 15 most intense species. For protein identification, tandem mass spectra were extracted and
16  charge state was deconvoluted by Proteome Discoverer 1.4.0.288 (Thermo Fisher Scientific). All
17  MS/MS spectra were analyzed using SEQUEST (Thermo Fisher Scientific). Full proteome search
18  databases (mouse: UniProtKB/Swiss-Prot April27_2016, 48736 sequences; human: UniProtKB/Swiss-
19  Prot, November 2019, 74333 sequences) were supplemented with 116 cRAP proteins (common
20  Repository of Adventitious Proteins, Global Proteome Machine). SEQUEST searches allowed two
21 missed cleavages and used 20 ppm and 20 mDa precursor and fragment mass tolerances, respectively.
22 NEM- or mBBr-modified cysteines, and oxidation of methionine were specified as variable
23 modifications. In these initial searches, a target-decoy fixed value PSM validation strategy was used to
24 filter peptides according to XCorr values (more than 1.2 in doubly-charged peptides, or more than 1.4
25 intriply-charged peptides for <5% FDR, and more than 1.42 in doubly-charged peptides, or more than
26 1.79 for triply-charged peptides for <1% FDR). Since the vast majority of the identified peptides
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1  belonged to titin in searches against full proteome databases, to optimize coverage of cysteine peptides
2 we repeated the search using titin-only reduced search databases (39). Peptide identifications were
3 validated using Vseq, an in-house developed tool that evaluates the mass tolerance, intensity,
4  fragmentation goodness and gquantitative value of MS/MS scans (40). Maximum matched ions value
5  forasequence was calculated considering the number of residues multiplied by 2, to cover the complete
6  theoretical length of the main fragmentation series B and Y. Since experiments were acquired using a
7  label-free strategy and using HCD for ion-induced dissociation, we set a threshold of 25% minimum
8  matched ions, which corresponds to at least 50% of the Y-HCD-enhanced fragmentation series. We
9 also filtered peptide identifications according to their E-scores, which is defined as the dot product of
10 the intensities for all matched ions regardless of their charge state. We applied an E-score threshold of
11 > 0.01. We verified that none of the unidentified scans showing a very low XCorr and matched ions
12 value was above this limit. To estimate final FDR values, we repeated the searches considering the
13 same parameters against the corresponding decoy databases. FDR was below 2% in all cases. To
14  minimize false positive detection of oxidized cysteines, we analyzed in parallel the same samples
15  without including DTT in the derivatization reactions. For each sample, cysteine positions belonging
16  to mBBr-peptides identified both in the -DTT and +DTT treated specimens were excluded from the
17  analysis (27 + 5% and 30 * 4% of the oxidized cysteine-containing peptides identified in mouse and in

18  human). OS were calculated for each cysteine following

19

20 s = #0x — #Red
~ #Samples

21

22 where #Ox and #Red are the number of samples in which the cysteine is detected as always oxidized
23 orreduced, respectively, and #Samples is the total number of samples in which the cysteine is detected,
24 including those instances in which both the oxidized and reduced forms are detected. OS ranges from

25  -1to 1; these extreme values are given to cysteines that are always detected as reduced or oxidized,

20
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1 respectively.

2 Monte Carlo simulations

3 We constructed a simplified model of titin’s I band to predict the length of the molecule under force

4 upon redox modifications using Monte Carlo simulations (21, 22). Simulations calculate the length of

5  the two entropic regions of the protein (PEVK and N2Bus) and the Ig domains, according to the Freely

6 Jointed Chain model of polymer elasticity and the Bell’s model of force-dependent reactions

7  (Supplementary Note S1). The length of the entropic regions and the number of Ig domains in each

8  isoform were determined according to human titin sequence in Uniprot, further curated in (21). Titin

9 domains were classified according to their cysteine content, which was used to determine the
10  modifications they could be target of (Supplementary Table S1) and their mechanical and kinetic
11 parameters (Supplementary tables S2-S5). The constructed model was subject to an oscillating force
12 protocol (triangular waves, 1 Hz, 10 ms simulation step) for 3 hours. Some simulations were also
13 conducted using 1 ms simulation steps, leading to equivalent results. In the initial state all domains are
14  folded. If oxidative modifications are present, they occur at all potential target sites. In conditions
15 involving disulfide bonds, all domains capable of disulfide isomerization contain the BG disulfide in
16  the initial state (21). We averaged 10 independent simulations for each condition. The code for the

17  simulations and the subsequent analysis of the data was conducted in Igor Pro.

18  hiPSC-derived cardiomyocytes characterization

19  TTN ©s7%_1ipSC lines were generated by using the CRISPR/Cas9 technology to introduce the
20  corresponding point mutation in the TTN allele of a wild-type (WT) hiPSC line (HDF-iPS-SV10 -
21 Spanish National Stem Cell Bank, ISCIII). The crRNA 5’-TGTATGGCCAGTAATGACTA-3’, was

22 designed by the online CRISPOR-TEFOR software (http://crispor.tefor.net/crispor.py), matching the

23 nucleotide involved in the mutation as the first base of sequence. The ssODN sequence lies in the No-
24 PAM strand

25 CTGTTTCAGTGTCTTTGTGACCCTCTCCTTTGGAATTAATTTTTAGATAGGCACTACATAT

21
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1 TGTCTTTCCGTAATCGTTGCTAGCCATACTGGTGTACTCTCCCTCATCCTCCAATTTGGTG
2  AACAGAATGATCAGGCTATG, and was designed by inserting the intended mutation (bold), as well
3 as silent variants (italic) to avoid unwanted cutting of the ribonucleoprotein complex (RPN) and to
4  allow genotyping by restriction enzyme digestion (Nhel-underlined). The primers used to genotype
5 selected clones were hTTN-Fwd: 5’-CAGGTGGACTCACCCAACAT-3" and hTTN-Rev 5’-
6 CCAGGAATAAAGCAGAAGAAGGC- 3’. Synthetic crRNA and tracrRNA (AltR CRISPRCas9
7  system, IDT) were mixed in equimolar concentrations (22 pmol/each), combined with 25 uM Cas9
8  Nuclease 3NLS to form the ribonucleoprotein complex. The RNP complex plus ssODN and AltR Cas9
9  Electroporator Enhancer (22 pmol/each) were electroporated, and cells were recovered and split into
10  pl00 dishes as described (70). After 7-10 days, colonies were picked up and split into p96 and p24 well
11  plates for screening and maintenance respectively. DNA from 200 clones was isolated, PCR amplified
12 and Nhel digested. Several clones were identified as positive and Sanger sequenced. One proved to be
13 homozygous and another one heterozygous for the desired mutation. For cardiac differentiation, WT
14 and TTN @3¥7%_hiPSC lines were expanded and dissociated into single cells as described (70). Briefly
15  cells were seeded at a density of 1-1.2x10° cells per well in Essential E8 medium supplemented with
16 10 pM ROCK inhibitor. Upon achieving confluence, they were treated with 8 pM GSK3 inhibitor
17  (CHIR99021, Stemgent) in RPMI supplemented with B27 lacking insulin (Thermo Fisher). 24 hrs later,
18  the medium was changed to RPMI/B27-insulin. On day 3, cells were treated with 5uM Whnt inhibitor
19  IWP4 (Stemgent) in RPMI/B27 minus insulin medium, which was replaced two days later. From day
20 7 onwards, differentiated cells were maintained in RPMI/B27 medium supplemented with insulin.
21  Beating areas were visible between days 8-10 from the onset of the differentiation. For iPSC-derived
22 cardiac monolayer maturation, cells were disaggregated at day 32 by incubation with 0.25% trypsin-
23 EDTA for 10 min at 37 °C and seeded onto matrigel-coated PDMS membranes (71) at a density of 1.25
24 x10° cells/well in 12-well plates. WT and TTN *3*7%¢"_hipSC derived cardiomyocytes (hiPSC-CMs)

25  were maintained in RPMI/B27 medium supplemented with insulin for 1 week for further maturation.

22
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1  Video recording was taken and analyzed for single cell contraction amplitude using the Musclemotion

2 algorithm (72).

3 Protein purification
4  The E. coli-codon-optimized-cDNA coding for 121 WT was ordered to GeneArt and the Cys3575Ser
5  mutant was produced by PCR-mutagenesis (sequences available in Supplementary Note S2). cDNAs
6  were cloned in a custom-modified pQE80 expression plasmid (Qiagen) using BamHI and Bglll
7  restriction enzymes. Final expression plasmids were verified by Sanger sequencing. Domains were
8  expressed in E. coli BLR(DE3). For the 121 WT domain cultures at ODggo = 0.6-1 were induced with
9 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and incubated for 3 h at 37°C. For the
10  Cys3575Ser mutant, the culture was induced with 0.4 mM IPTG and incubated at 16°C
11  overnight. Purification of His-tagged domains was achieved by metal affinity (using 1 mM DTT
12 containing buffers) and gel filtration chromatographies following published protocols (73). Proteins
13 were eluted from the final size-exclusion chromatography in 20 mM NaPi, pH 6.5, 63.6 mM NaCl and
14  stored at 4°C. Purity of the preparations was evaluated by SDS-PAGE (Supplementary Figure S5E).
15  Circular dichroism
16  CD spectra were collected using a Jasco J-810 spectropolarimeter. Purified proteins were tested in 20
17 mM NaPi, pH 6.5 and 63.6 mM NaCl at 0.3 mg/ml protein concentration in 0.1-cm-pathlength quartz
18  cuvettes. Protein concentration was obtained from Augo values using theoretical extinction coefficients
19  estimated using ProtParam (74) (E®'* = 0.925). Spectra were recorded at 50 nm/min scanning speed
20 and a data pitch of 0.2 nm. Four scans were averaged to obtain the final spectra. The contribution of
21  the buffer was subtracted and spectra were normalized by peptide bond concentration. To study thermal
22 denaturation, CD signal at 215 nm was monitored as temperature increased from 25 to 85 °C at a rate
23 of 30°C/h. Temperature control was achieved using a Peltier thermoelectric system. To estimate T,
24 changes in CD signal were fit to a sigmoidal function using IGOR Pro (Wavemetrics).

25 Statistics

23


https://doi.org/10.1101/2020.09.05.282913

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.05.282913; this version posted September 6, 2020. The copyright holder for this preprint

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Statistical tests were run using Graph Pad Prism 8.3.1 for Windows. To evaluate the tendency of
different categories of cysteines to be oxidized (OS>0), we estimated the corresponding p-values using
the hypergeometric distribution function implemented in Excel (Microsoft). Errors are given by SEM,

unless indicated otherwise.
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2 Figure 1. Evolutionary and structurally conserved cysteines in titin. A: Top: Representation of half
3 asarcomere (not to scale), indicating the positions of the 1-band (green) and the A-band (teal) of titin.
4 Immunoglobulin-like (Ig), random-coil (PEVK and N2Bus) and fibronectin Il (Fn) domains are

5  shown. Bottom: Under mechanical force, the serially linked Ig domains and the random coil regions
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1  extend, and Ig domains unfold. B: Map of cysteine positions along the alignment of Ig domains of
2 human titin (breaks leave out Cys-free segments of the alignment). Structurally conserved positions B,
3 47,63, Fand G are indicated on top of the alignment. Positions are colored according to percentage of
4  evolutionary conservation, from 0 (white) to 100% (dark green). The number and positions of Ig
5  domains according to Uniprot Q8WZ42-1 (N2BA isoform) are indicated on the right. Pairs of dots
6  mark Ig domains that are not annotated in Uniprot (21). Ig domains are represented in grey if they are
7  cysteine-free, in orange if they contain at least two of the triad, disulfide-competent cysteines B, F and
8 G (21), in yellow if they contain cysteines but no more than 1 cysteine B, F or G, and in brown if at
9 least two triad cysteines are present together with other cysteines. Spliced-out region in the N2B titin
10 isoform is indicated by the shaded grey area. The horizontal dashed line shows the boundary between
11  the I-and A-bands of titin (positions 14018-14019). C: 3D homology model of an Ig domain containing
12 the disulfide-competent CysB-CysF-CysG triad (174, positions 9079-9168 from Uniprot entry
13 Q8WZ42). The reduced contour length of the disulfide-containing unfolded state leads to domain
14  stiffening. D: High-resolution structure of the traditionally named 127 domain of titin (also known as
15 191, PDB code 1tit), which contains unpaired, S-thiolation-competent cysteines 47 and 63 (positions
16 12674-12765 from Uniprot entry Q8WZ42). S-thiolations inhibit folding, leading to domain softening
17  (22). E: Violin-plot distribution of percentages of evolutionary conservation of structurally conserved
18 BFG (n=153) and 47/63 (n=40) cysteines in human titin. p(BFG vs 47/63)=0.0063 (Mann-Whitney).
19  F: Violin-plot distribution of percentages of evolutionary conservation of structurally conserved (SC,
20  including BFG and 47/63 cysteines, n=193), non-structurally conserved (NSC, n=113), and N2Bus
21 (n=6) cysteines in human titin. p(SC vs NSC)=0.0001, p(SC vs N2Bus)<0.0001, p(NSC vs
22 N2Bus)=0.0033 (Kruskal-Wallis and Dunn’s multiple comparisons test). Evolutionary conservation
23 valuesin panels E and F were calculated from the alignment of 36 titin sequences from different species
24 (Supplementary Figure S1 and Supplementary File S1). Horizontal bars in violin plots indicate
25  median values.

26
38


https://doi.org/10.1101/2020.09.05.282913

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.05.282913; this version posted September 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1
A mBBr Coom
Titin
HS S NEM-S S NEM-S SH NEM-S S-mBBr
U= U= O,==
S +NEM S +DTT SH +mBBr S-mBBr
L I 1 1
T T
whole heart lysis polyacrilamyde gel
3.5% SDS-PAGE
B C D
= [ 3
- } s ° T 04
= ~ 5} =
o 1.0 & o [
e 5 4 o 031 s
‘» i w»
= I} @
o [} o 3 . g 021 %
w E 3
~ 05 17 o
m ° © 2 <}
? 5 . g ot
o] [~ o
¢ I ] | © ¢ 1 ! 1 E ] ! 1
5 10 15 5 10 15 5 10 15
Extract volume (pl) Extract volume (pl) Extract volume (ul)
E F
*
_
—_ S °
3 2,04 s 121 7
o £
£ 154 g
e L Q
7] \ [1a]
] \ o
£ 104 | £
g \ bl
o 8
gosy L g . £
1S 7_77_77_7—77—7' 5
| | 1 1 | 1 z
0 20 40 60 80 100 Titin Myosin
2 [INEM] (mM)

3 Figure 2. Titin is oxidized in basal conditions. A: Left: Reaction scheme to label reversibly oxidized
4  thiols with mBBr. Protein extracts in which reduced thiols have been initially blocked by NEM are run
5 inan SDS-PAGE gel. Following electrophoresis, oxidized thiols are reduced by DTT and then labelled
6  with the fluorescent probe mBBr. Right: example SDS-PAGE gel used to quantify mBBr fluorescence
7  from titin bands. Coomassie staining of the same gel is used for normalization. B, C: The mBBr and
8  Coomassie signals originating from titin are linearly dependent on the amount of lysate loaded in SDS-
9 PAGE gels (all data points are the average of duplicates) (Supplementary Figure S2). D: Final
10  mBBr/Coomassie ratio is independent of the amount of lysate loaded in the gel. E: Scan to determine

11 the concentration of NEM needed to completely block initially reduced titin thiols. Duplicates were
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1 performed for each NEM concentration. F: Quantification of the oxidation of titin and myosin in four
2 different mouse hearts using 3.5% and 12% SDS-PAGE gels, respectively. The volume of lysate
3 analyzed was adjusted so that both titin (15 ul) and myosin (3 ul) were in the linear range of detection
4  for Coomassie. Oxidation signal is normalized by the density of cysteines of each protein (13.3
5  Cys/1000 amino acid for titin, 7.2 Cys/1000 amino acid for myosin, see Methods). n =4 animals,

6  p=0.0286 (Mann-Whitney).
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2 Figure 3. Titin oxidation is increased upon birth. Reversible oxidation of titin cysteines in samples
3 from 18.5-days embryos (E18.5, n = 11), newborn (PO, n = 10) and adult mice (n = 6). Density of
4  reversibly oxidized cysteines (Supplementary Figure S3A) is compared to the total density of
5  cysteines according to the percentages of each titin isoform (14.6 Cys/1000 amino acid for N2BA and
6  13.3 Cys/1000 amino acid for N2B, Supplementary Figure S3Bn; see Methods). p(E18.5 vs PQ) =
7  0.0259, p(E18.5 vs Adult) = 0.259, p(PO vs Adult) > 0.999 (Kruskal-Wallis and Dunn’s multiple

8  comparisons test).

10

41


https://doi.org/10.1101/2020.09.05.282913

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.05.282913; this version posted September 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1 5001 10001 15001 20001 25001 30001 35213

c CysB Cys 47 Cys63 CysF CysG
AvOS 0.2 0.0 0.8 06

+1(0x) I - -

I
s

1(6)

- 11 (2177)
- = - = 121 (3625)

[
1
mi

131 (5094)
141 (6028)

151 (6966)

161 (7907)

| Qim0 | QAN 1 Y Wy i BN U |

171 (8849)

181 (13361)

7777777777777777777777777777777777777777777777 - - - e
- - = = - 3 1101 (18607)
- B - = - 111 (23647)
. o ‘ 1121 (27578)
o . - = = _ 1131 (31525)
-1 (Red) - - - =
- - 1141 (34507)

Not detected =

[0 I O30 JACC0 00 0 1l &
[
aouanbas uny} ul sulewop B)

LI e

Oxidation Score

[ooo

7
T3T
25 67 107 155
# amino acid in alignment

D E F
10 L *% 10 L K 10 L FHH * |
a @ (o]
5 050 5 051 5 05F -
3 3 3
& 00 500 5 00 .
B = ®
E 050 §-0.5 = 6% 051 =
10k 10 10+ -
B F G 47 63  NSC

1 Iband  A-band BFG 4763 NSC
2 Figure 4. Landscape of cysteine oxidation in murine postnatal (PO) cardiac titin. A: Fraction of
3 identified peptides belonging to titin (reference sequence Uniprot A2ASS6-1, which codes for the long
4  N2BA titin isoform) when the MS/MS spectra are searched against a mouse proteome database
5  containing common contaminants (CRAP). B: Aggregated itin coverage obtained after searching
6  against the mouse proteome (n =3 samples; yellow and green, peptides detected with FDR<5% and
7  <1%, respectively). C: Oxidation Score (OS) map for every cysteine position in the alignment of Ig
8  domains of mouse titin, according to the color code indicated on the left (red, oxidized; blue, reduced).
9  Average OS (AvOS) for cysteines 47, 63 and the BFG triad across all 1g domains are indicated.

10  Cysteines shown in white were not identified and do not contribute to calculation of OS. The horizontal

11  dashed line shows the boundary between the I- and A-bands of titin (positions 14880-14881 in Uniprot
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1 A2ASS6-1). The number and positions of Ig domains are indicated on the right. 1g domains are
2 classified and colored as in Figure 1. D: Violin-plot distributions of OS for cysteines belonging to the
3 1-(n=97) and A- (n=123) bands of murine titin. p(OS>0, I-band) = 0.0054, p(OS>0, A-band) = 0.9886
4  (hypergeometric test). E: Violin-plot distributions of OS for cysteines BFG (n=61), 47/63 (n=14) and
5 non-structurally conserved (NSC, n=33). p(0S>0, BFG) = 0.0054, p(0S>0, 47/63) = 0.8137, p(0S>0,
6 NSC) = 0.9268 (hypergeometric test). F: Violin-plot distributions of OS for cysteines B (n=21), F
7 (n=23), G (n=17), 47 (n=8), 63 (n=6) and NSC (n=33). p(0S>0, B) = 0.9593, p(0S>0, F) = 0.0001,
8 p(0S>0, G) = 0.0200, p(0OS>0, 47) = 0.53365, p(OS>0, 63) = 0.7894, p(OS>0, NSC) = 0.9268

9  (hypergeometric test). Horizontal bars in violin plots indicate the median values.
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2 Figure 5. Landscape of cysteine oxidation in adult human cardiac titin. A: Fraction of identified
3 peptides belonging to titin (reference sequence Uniprot Q8WZ42-1, which corresponds to the long
4  N2BA titin isoform) when the MS/MS spectra are searched against a database containing the human
5  proteome and common contaminants (CRAP). B: Aggregated titin coverage obtained after searching
6  against the human proteome (n = 2 samples; yellow and green, peptides detected with FDR<5% and
7  <1%, respectively). C: Oxidation Score (OS) map for every cysteine position in the alignment of Ig
8 domains of human titin, according to the color code indicated on the left (red, oxidized; blue, reduced).
9  Average OS (AvOS) for cysteines 47, 63 and the B/F/G triad across all Ig domains are indicated.
10  Cysteines shown in white were not identified and do not contribute to calculation of OS. Red arrow

11 points to Cys3575, a target of DCM-linked mutations. The dashed line shows the boundary between
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1  the I- and A-bands of titin (positions 14018-14019 in Uniprot Q8WZ42-1). The number and positions
2 of lgdomains are indicated on the right. Pairs of dots mark Ig domains that are not annotated in Uniprot.
3 Ig domains are classified and colored as in Figure 1. D: Violin-plot distributions of OS for cysteines
4  belonging to the I- (n=77) and A- (n=122) bands of human titin. p(OS>0, I-band) = 0.0435, p(0S>0,
5  A-band) = 0.9220 (hypergeometric test). E: Violin-plot distributions of oxidation scores for cysteines
6 BFG (n=57), 47/63 (n=16) and non-structurally conserved (NSC, n=33). p(0S>0, BFG) = 0.2746,
7  p(0S>0, 47/63) = 0.0745, p(OS>0, NSC) = 0.8705 (hypergeometric test). F: Violin-plot distributions
8  of oxidation scores for cysteines B (n=25), F (n=20), G (n=12), 47 (n=7), 63 (n=9) and NSC (n=33) in
9  human cardiac titin. p(OS>0, B) = 0.8974, p(0S>0, F) = 0.0093, p(0S>0, G) = 0.3537, p(0S>0, 47) =
10  0.0055, p(0S>0, 63) =0.4759, p(OS>0, NSC) = 0.8705 (hypergeometric test). Horizontal bars in violin
11  plots indicate the median values.
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2 Figure 6. Effects of reversible cysteine oxidations on titin mechanics. A: Monte Carlo simulations
3 subject virtual titins to a 1Hz oscillating triangular force pulse to a predefined peak force (100 pN in
4  the example shown). B: Example of the length of reduced N2BA titin when pulled to a 100 pN peak
5  force (10 seconds of simulation after reaching steady state are shown). C,D: Length of N2BA titin at
6  peak force during simulations in which titin is reduced, or oxidized by disulfides, S-thiolation adducts

7  orboth (color code is indicated at the bottom; peak forces are indicated in the insets). Graphs show the
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1  average of 10 independent simulations and SD is indicated by shaded areas. For subsequent analyses,
2 we considered times longer than 1 hour, in which the length of titin fluctuates around steady state values
3 (region outside the grey shading). E: Ratio of oxidized vs reduced N2BA titin length at different peak
4  forces. F: Ratio of oxidized vs reduced N2BA unfolding events in simulations at different peak forces.
5 G: Ratio of oxidized vs reduced N2B titin length at different peak forces. H: Ratio of oxidized vs

6  reduced N2B unfolding events in simulations at different peak forces. In panels E-H, n= 10 simulations;

7 error bars: SD.
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Figure 7. Mutations in conserved Cys3575 cause dilated cardiomyopathy. A: Pedigree of a large
Spanish family with 14 TTN p.Cys3575Ser carriers (12 with DCM, penetrance 86%) and 22 non-
carriers. B: Homology model of the 121 domain of titin, highlighting its two cysteine residues. C:
Pedigree of a Danish family with the TTN p.Cys3575Arg variant, with 3 carriers (2 with DCM,
penetrance 67%) and 1 non-carrier. D: Box-and-whiskers plots showing amplitude of contraction of
WT (green, n = 87) and homozygous Cys3575Ser (red, n = 119) hiPSC-induced cardiomyocytes
(p=0.0001, Mann-Whitney). Box encompasses data between quartiles 1 and 3 and horizontal lines
represent the median of the distributions. Whiskers and outliers were calculated using Tukey’s method

as implemented in Graph Pad. E: Far-UV circular dichroism spectra at 25°C of WT (green) and
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1 Cys3575Ser (red) recombinant 121 protein domains. F: Thermal unfolding curves of recombinant 121

2 WT (green) and Cys3575Ser (red) domains. Sigmoidal fits to the data are shown.
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