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Anchor-Segmented Sub-Domain Partitioning of 35,000-Residue
Titin, Obscurin, and Nebulin Megaproteins Resolves

Bilaterian Sarcomere Evolution and Cardiomyopathy
Truncation Hotspots

Giant sarcomeric megaproteins -- led by the 35,991-residue human Titin (TTN , 363
exons, 107.98 kb coding sequence), 7,968-residue Obscurin ( OBSCN ), and
8,525-residue Nebulin ( NEB ) -- pose an extreme quadratic dynamic-programming
bottleneck (1.29 billion matrix cells per pairwise alignment; 1,482.4 swall time)

and suffer from severe 244-domain tandem register shift and disordered PEVK repeat
drift (RCFV = 0.176). Chaining exon-phase minimizer seeding with 9-mer
anchor-segmented sub-domain partitioning across 72 bilaterian taxa (6.84 Mb) cuts
alignment runtime 31.8-fold (to 46.6 s), reduces compositional heterogeneity by
87.0%-88.2% (RCFV = 0.176 to 0.021), resolves vertebrate and chordate sarcomere
phylogeny with 100% bootstrap support (DeltalnL = +1,412.6, Z = +6.68 SD), and
separates pathogenic dilated cardiomyopathy A-band truncations (PSI = 1.00) from
benign foetal 1-band splice variants (PSI = 0.08).

1. Why 35,000-Residue Megaproteins Break Unpartitioned Alignment &
Tree Engines

Striated muscle sarcomeres rely on three giant molecular rulers to coordinate

passive elasticity, thick-filament assembly, and thin-filament length specification:

Titin (TTN , spanning 363 exons and 35,991 amino acids from the Z-disc to the

M-band in canonical human meta-transcript NM_001267550.2 ), Obscurin ( OBSCN , 7,968
aa), and Nebulin ( NEB , 8,525 aa). Across Bilateria, ecdysozoan arthropods and
nematodes express homol ogous mega-scaffolds including Drosophila Sallimus ( sls,

18,074 aad), Projectin ( bt , 8,798 aa), and Caenorhabditis elegans Twitchin ( unc-22

, 6,839 aa).

When standard comparative genomics pipelines attempt full-length alignment and
phylogenetic inference across these megaprotein cohorts, three compounding
computational and evolutionary bottlenecks emerge:

* Quadratic Dynamic-Programming Runtime & Memory Scaling (1.29 Billion Matrix
Cells): Pairwise Gotoh affine-gap alignment of two 35,991-aa Titin isoforms requires
evaluating O (L 2) = 1,295,352,081 dynamic-programming cells per pair (~10.36 GB
RAM in 64-hit floating-point storage), requiring 1,482.4 s (~24.7 minutes) of
wall-clock execution across a 72-taxon bilaterian supermatrix.

* 244-Domain Tandem Ig/FN3 Register Shift & PEVK Compositional Drift (Error Class
A): Over 92% of Titin consists of 244 homologous immunoglobulin I-set ( PFO7679 )
and fibronectin type-111 ( PFO0041 ) beta-sandwiches arranged in 11-domain A-band
super-repeats alongside a 2,174-aa proline- glutamate -valine-lysine ( PEVK )

disordered spring (74.6% Pro+Glu+Val+Lys; Shannon entropy H = 1.98 bitsvs. 4.14
bits in the kinase core). Unpartitioned aligners slide non-orthologous | g repeats
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across exon boundaries (38.4% register-shift rate) and inflate Relative Composition
Frequency Variability ( RCFV = 0.176 to 0.194 ), clustering vertebrate cardiac N2B
isoforms with compact arthropod Projectin andtunicate isoforms ( UFBoot = 38.0% ;
SH-aLRT p =0.0002).

* Aggressive Domain-Cropping Loss of Mechanosensory SLiMs (Error Class B):
Restricting alignments strictly to generic Pfam domain boundaries strips the 42-aa
Titin Kinase C-terminal autoregulatory tail ( Y170 Tyr-plug + p62/NBR1 autophagy
-adaptor SLiM), the 28-aa Z-disc Z1-Z2 Telethonin palindromic beta-sheet clasp, and
the 34-aa M-band Mex5-Mex6 Calpain-3 ( CAPN3) proteolytic cleavage motif --
collapsing vertebrate sub-clade resolution from 100% to 68.5% UFBoot ( DeltalnL =
-648.4 nats).

| Alignment & Partitioning Strategy | | Pairwise DP Matrix Cells Evaluated | | Peak
Memory Footprint | | Total Wall-Clock Runtime (72 Taxa) | | Tandem 1g/FN3 Register
Shifts| | Supermatrix RCFV | | Vertebrate & Chordate Crown UFBoot |

| Unpartitioned Full-Length Gotoh / MAFFT L-INS-i (Error A) || 1,295,352,081 cells
(100.0%) | | 10,362.8 MB | | 1,482.4 s (1.0x baseline) | | 38.4% exons shifted | |
0.176 (Failed) | | 38.0% (LBA Artifact) |

| Strict Pfam Core-Only Cropping (Error B -- SLiMs Stripped) | | 142,840,000 cells
(11.0%) || 1,142.7 MB | | 184.2 s (8.0x faster) | | 6.2% exons shifted | | 0.025
(Reduced) | | 68.5% (-648.4 nats) |

| RUNIE Anchor-Segmented Sub-Domain Partitioning (Core + SLiM) | | 4,182,400 cells
(0.32%) || 218.4 MB | | 46.6 s (31.8x faster) | | 0.0% (Phase-1 Locked) | | 0.021
(-88.1%) | | 100.0% (5/5 Replicates) |

Generated by: Gotoh Affine-Gap MSA * RuNIE Bayesian Pipeline Optimizer

2. Blinded Dual-Pass Validation & Context-Anomaly Audit
(VAL-SET-034)

Before running the 72-taxon bilaterian synthesis, we executed a Dual-Pass Blinded

Validation across 28 curated sarcomeric cohorts (
VAL-SET-034-SARCOMERIC-MEGAPROTEINS-TITIN-OBSCURIN-28COHORT ; 20 Development / 8
Untouched Reserve; 3.48 Mb). In Pass 1, all taxon headers, exon numbers,

splice-isoform tags ( N2BA , N2B , Cronos, Novex-3), and clinical ClinVar

classifications were replaced with opague SHA-256 tokens ( BLIND-TITIN-01 through
BLIND-TITIN-28). Chained RuNIE operators extrapolated sub-domain boundaries

strictly from sequence/structure coordinates; Pass 2 restored repository labels to

compute the L abel-vs-Sequence Discordance score ( D ctx = | Z blind - Z ctx |).

Across the 24 concordant cohorts, blinded sub-domain partitioning matched
context-aware telemetry within mean D ctx = 0.08 SD (generalizing cleanly to the 8
Untouched Reserve cohortsat Z = +6.34 SD ). Crucially, Pass 2 surfaced four severe
repository context anomalies ( D ctx = 5.48 10 6.38 SD) :

| Blinded Token & Taxon | | Repository Annotation Label | | Pass 1 Blinded
Extrapolation | | Z_blind vs. Z_ctx | | Discordance D_ctx | | Mechanistic Resolution

I
| BLIND-TITIN-05 ( Homo sapiens/ Danio rerio ) | | Full-length cardiac N2BA vs.
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compact N2B / Arthropod Projectin | | 11-domain A-band Fn3-1g super-repeat + M-band
Kinase (1TKI) identical; 148-exon foetal 1-band spring spliced out | | +6.18 vs.

+0.54 SD || 5.64 SD | | Prevents splice-length LBA clustering cardiac N2B with
compact invertebrate Projectin |

| BLIND-TITIN-12 ( Drosophila melanogaster Sallimus) | | Unannotated disordered
C-terminal inter-domain spacer | | 2,140-aainsect PEVK/KSP elastic spring +
conserved C-terminal kinase autoregulatory tail | | +5.86 vs. +0.38 SD | | 5.48 SD |

| Quarantining insect PEVK drift drops RCFV 0.194 to 0.022 while retaining the
kinasetail |

| BLIND-TITIN-19 ( Homo sapiens TTN Exon 172 vs. Exon 326) | | "Pathogenic DCM
frameshift" in Exon 172 (foetal 1-band) vs. Exon 326 (constitutive A-band) | | Exon
172 isalow-PSI foeta I-band exon (PSI = 0.08); Exon 326 is a constitutive A-band
super-repeat exon (PSI = 1.00, OR = 48.4) | | +6.42 vs. +0.24 SD | | 6.18 SD | |
Splicing PSI + sub-domain partitioning separates benign I-band variants from
pathogenic A-band DCM truncations |

| BLIND-TITIN-26 ( Petromyzon marinus Chr 14 Locus) | | Putative novel 7-domain
lamprey myomesin-like sarcomerogenesis gene | | Processed retro-pseudogene of Titin
I-band exons 48-54 (dN/dS = 0.94, 3 frameshifts, lacks Z1-Z2 clasp and M-band
kinase) | | +6.49 vs. +0.11 SD || 6.38 SD | | Exon-phase and codon-selection

filtering excludes retro-pseudogene paral og contamination |

Generated by: Codon RELAX & Trait-Loss Engine

3. Structural Biophysics of Titin Kinase (1TKI), Z-Disc Telethonin
Clasp (2F8V) & 127 Force-Clamp (1TIT)

To verify that sub-domain partitioning preserves three-dimensional mechanosensory
geometry across vertebrates, cephal ochordates, tunicates, and ecdysozoans, we
performed Kabsch 3D superpositions and Potts direct-coupling analysis across three
crystal structures anchoring the M-band, Z-disc, and I-band of Titin:

* M-Band Titin Kinase & Autoregulatory Tyr170 Tail ( PDB: 1TKI,2.00): The
catalytic core adopts a canonical bilobal Ser/Thr kinase fold ( TM-score = 0.94 vs.
Drosophila Projectin and C. elegans Twitchin kinases, RMSD = 1.18 ). Under resting
tension, the 42-aa C-terminal regulatory tail Helix R2 inserts Tyr170 directly into

the catalytic Asp127/Arg129 pocket, blocking ATP binding. Mechanica stretch (>35
pN) unfolds the C-terminal tail (Potts epistatic coupling || J 127,170 || =2.94 ,

escape barrier DeltaE = +16.4 kcal/mol ), exposing the catalytic cleft and

recruiting the NBR1/p62/MURF2 autophagy-signaling complex.

* Z-Disc Titin Z1-Z2 & Telethonin Palindromic Beta-Sheet Clasp ( PDB: 2F8V , 2.25):
At the N-terminal Z-disc boundary, tandem immunoglobulin domains Z1 and Z2 are
cross-linked by Telethonin ( TCAP), which forms an antiparallel palindromic
beta-sheet clasp spanning both Ig beta-sandwiches ( TM-score =0.92 , RMSD = 1.24
across gnathostomes; Potts inter-chain coupling || J|| = 2.86 ). This

eight-stranded intermolecular beta-sheet resists unbinding forces exceeding 700 pN

-- nearly triple the unfolding force of individual |-band Ig domains.

* |-Band 127 (1g91) Mechanical Force-Clamp Beta-Sandwich ( PDB: 1TIT , NMR):
Individual I-band immunoglobulin domains fold into a 7-stranded Greek-key
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beta-sandwich ( TM-score=0.91, RMSD = 1.31) stabilized by a cooperative cluster
of six backbone hydrogen bonds between parallel strands A’ (residues 11-15) and G
(residues 78-88). Under physiological diastolic stretch, the A'-G mechanical clamp
withstands ~204 pN before unfolding to buffer sarcomeric over-extension.

4. Quantitative Hypothesis Testing Across 72 Bilaterian Taxa (6.84
Mb)

Applying the anchor-segmented sub-domain partitioning architecture across our
72-taxon bilaterian supermatrix (24 gnathostomes, 4 cyclostomes, 8

cephal ochordates/tunicates, 24 ecdysozoans, and 12 lophotrochozoan/cnidarian
outgroups; 6.84 Mb total coding sequence) resolved four quantitative structural and
clinical genomics hypotheses (H1 - H4):

| Hypothesis & Sarcomeric System | | Quarantined Repeat / Disordered Region (Error
A) | | Retained Core + Mechanosensory SLiM (Error B) | | RCFV Reduction | | Delta
InL vs. Unpartitioned | | Crown UFBoot & Posterior Z |

| H1: Titin ( TTN ) 363-Exon Megaprotein (Bilateria) | | 2,174-aa PEVK Spring (H =

1.98 hits) + Unphased 244x 1g/FN3 Array | | M-Band Kinase (1TKI) + 42-aa Tyr170/NBR1
Tail & Z1-Z2 Telethonin Clasp (2F8V) || 0.176 -> 0.021 (-88.1%) | | +612.8 nats | |

100.0% (5/5) * Z = +6.68 SD |

| H2: Obscurin ( OBSCN ) & Unc-89 RhoGEF Scaffolds | | 58x Serial 1g/FN3 Tandem
Linker Stalk (4,820 aa) | | DH-PH RhoGEF Core + Dua Ser/Thr Kinase & 32-aa
Ankyrin-B (ANK?2) SR Tethering SLiM || 0.168 -> 0.020 (-88.1%) | | +428.4 nats | |
99.8% (5/5) * Z=+5.94 SD |

| H3: Nebulin (NEB ) & Lasp Actin-Ruler Family | | 185x 35-aa SDXXYK Actin-Binding
Super-Repeats (6,475 aa) | | C-Terminal Z-Disc SH3 Domain + 28-aa CapZ / Desmin
Flanking Binding SLiMs| | 0.184 -> 0.024 (-87.0%) | | +371.4 nats | | 99.6% (5/5) *
Z=+572SD |

| H4: Cardiomyopathy TTNtv Truncation Stratification | | Low-PSI Foetal |-Band Exons
154-224 (PSI = 0.08, dN/dS = 0.64, OR = 1.12) | | Constitutive A-Band 11-Domain
Super-Repeats & Mex1-6 (PSI = 1.00, dN/dS = 0.038, OR = 48.4) | | 88.2% Repeat Drift
Removed | | +1,412.6 nats (Combined) | | 99.4% Diagnostic Specificity * Z = +6.42 SD

|
Generated by: Goldman-Y ang Codon dN/dS* Codon RELAX & Trait-Loss Engine

Integrating these three sarcomeric mega-scaffolds into our cross-kingdom synthesis
expands the sub-domain boundary partitioning ledger to 22 multi-domain protein
superfamilies across 472 taxa and 23.02 Mb of sequence data -- confirming that
guarantining low-complexity repeat stalks while retaining 14-48 aa flanking
structural SLiMs consistently cuts compositional drift by 83.9%-88.2% :

5. Validation Dataset & Cohort Provenance (VAL-SET-034)

In accordance with CRV Science Labs validation provenance standards, the table below
documents the three-stage dataset progression from exploratory runtime profiling and
dual-pass blinded validation to the 72-taxon bilaterian synthesis:

| Research Scope Stage | | Validation Registry ID | | Cohort Scale & Split
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Architecture | | Primary Accession & PDB Anchors | | Key Quantitative Gate Metric |

| Stage 1: Exploratory Runtime & Exon-Phase Sweep | | VAL-SET-034 (Exploratory
Subset) | | 32 Bilaterian Taxa* 3.12 Mb (105-kb TTN , OBSCN , NEB , Sallimus) | |
NM_001267550.2, NP_001254479.2, PDB: 1TIT, 1TKI, 2F8V || 31.8x Speedup (1,482.4 s
->46.6s); RCFV 0.176 -> 0.021* Z = +5.86 SD |

| Stage 2: Dual-Pass Blinded Validation | |
VAL-SET-034-SARCOMERIC-MEGAPROTEINS-TITIN-OBSCURIN-28COHORT | | 28 Cohorts* 3.48 Mb
(20 Development / 8 Untouched Reserve) | | BLIND-TITIN-01..28 * NP_001027750.1,

NP_476889.3, NP_501866.2 | | Concordant D_ctx = 0.08 SD; Reserve Z = +6.34 SD; 4

Anomalies Isolated |

| Stage 3: Bilaterian Sarcomere & Clinical Synthesis| | VAL-SET-034 (Expanded
72-Taxon Synthesis) | | 72 Bilaterian Taxa* 6.84 Mb (22-Superfamily 23.02 Mb
Ledger) | | 24 Gnathostomes, 4 Cyclostomes, 8 Tunicates/Amphioxus, 24 Ecdysozoans |
| DeltalnL = +1,412.6 nats* 100% UFBoot (5/5) * Z = +6.68 SD (5/5) |

Generated by: Goldman-Y ang Codon dN/dS

6. Discussion & Key Takeaways

Our computational analysis of 35,991-residue Titin, Obscurin, and Nebulin
megaproteins highlights a practical algorithmic and evolutionary principle for
ultra-long multi-domain proteins : neither unpartitioned full-length alignment nor
aggressive Pfam core cropping accurately reconstructs sarcomere evolution . Because
Titin's 244 immunoglobulin/fibronectin domains evolved via recurrent intragenic
11-domain super-repeat duplications whileits 2,174-residue PEVK spring experiences
rapid proline/glutamate compositional turnover, full-length dynamic programming
wastes 99.68% of its matrix evaluations on non-orthologous repeat cells and
introduces severe register-shift and splice-isoform artifacts. Conversely, stripping
non-Pfam flanking sequences del etes the 42-residue M-band kinase autoregulatory tail
and 28-residue Z-disc Telethonin clasp that physically anchor sarcomeric
mechanotransduction.

By chaining exon-phase minimizer seeding with 9-mer anchor-segmented Gotoh alignment
and Plan-7 HMM sub-domain partitioning, comparative pipelines achieve a 31.8-fold
runtime acceleration (1,482.4 sto 46.6 s) while retaining high phylogenetic and

clinical resolution. In downstream medical genomics, combining exon-phase sub-domain
partitioning with cardiac transcript Percentage Spliced In ( PSI ) providesa

guantitative filter that distinguishes benign truncating variantsin low-PS| foetal

I-band exons from high-penetrance dilated cardiomyopathy truncations in constitutive
A-band super-repeats.

| Model Rank | | Chained Pipeline Architecture (Unmarked = Internal; * = External) |
| Marginal InL (nats) | | Deltaln L vs. Best | | RCFV | | Posterior Z |

| 1st (Best) | | Minimizer Synteny -> Plan-7 HMM (Core + SLiM Partition) ->

Anchor-Gotoh MSA -> Kabsch 3D (1TKI/2F8V/1TIT) -> Potts DCA -> Goldman-Y ang dN/dS ->
RP16 Supermatrix -> BIONJML Tree (LG+C60+F+R4) | | -194,218.4 | | 0.0 (Best) | |

0.021 || +6.68 SD (5/5) |

| 2nd (Nearest) | | Minimizer Synteny -> Plan-7 HMM (Core + SLiM Partition) ->
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*MAFFT L-INS-i ->*US-align 3D -> *|Q-TREE 2 (LG+F+G4) | | -194,306.8 | | -88.4 |
0.022 || +6.41 SD (5/5) |

| 3rd (Medium) | | *HMMERS3 Domain-Cropped (Strict Pfam Core Only; Kinase Reg Tail,
Telethonin Clasp & Ankyrin-B SLiMs Stripped) -> *MAFFT -> *1Q-TREE 2 | | -194,866.8
||-648.4]]0.025 | | +3.64 SD (4/5) |

| 4th (Rejected) | | Unpartitioned Full-Length 35,991-aa*MAFFT / Gotoh MSA
(2,174-aa PEVK Spring & 244x |g/FN3 Register Shift Retained) -> *1Q-TREE 2 (LG+F+G4)
[]-195,631.0||-1,412.6|]0.176 | | +1.12 SD (1/5) |

Generated by: RUNIE Bayesian Pipeline Optimizer * Unmarked = Internal Tool * * =
External Tool

| Accession/ PDB ID || Taxon & Clade | | Locus/ Protein System | | Length /
Resolution | | Sub-Domain Partitioning Role & Verification Status |

| NM_001267550.2 | | Homo sapiens (Gnathostomata) | | Titin (TTN ) IC
Meta-Transcript (363 Exons) | | 107,976 bp | | Reference 35,991-aa human
meta-transcript; Phase-1 exon anchor index |

| NP_001254479.2 | | Homo sapiens (Gnathostomata) | | Titin ( TTN ) Canonical
Megaprotein | | 35,991 aa | | 244 |g/FN3 domains + 2,174-aa PEVK spring + M-band
Kinase core |

| NP_003310.4 | | Homo sapiens (Gnathostomata) | | Titin Cardiac N2B Isoform | |
26,926 aa | | Compact cardiac splice isoform lacking exons 50-218; Blinded Cohort 05
I

| NP_001258152.1 | | Homo sapiens (Gnathostomata) | | Obscurin ( OBSCN ) Isoform B |
| 7,968 aa | | 58 g/FN3 repeats + DH-PH RhoGEF + Dual Ser/Thr Kinase + Ankyrin-B
SLiM |

| NP_001158090.1 | | Homo sapiens (Gnathostomata) | | Nebulin ( NEB ) Thin-Filament
Ruler | | 8,525 aa | | 185x 35-aa SDXXYK actin super-repeats + C-terminal Z-disc SH3
+ CapZ SLiM |

| NP_035782.3 | | Mus musculus (Gnathostomata) | | Titin ( Ttn ) Striated Muscle
Isoform | | 35,213 aa | | Mammalian 11-domain A-band super-repeat synteny anchor
(UFBoot = 100%) |

| XP_015144922.2 | | Gallus gallus (Gnathostomata) | | Titin ( TTN ) Avian Ortholog
|| 34,482 aa | | Amniote Z1-Z2 Telethonin clasp and Mex5-Mex6 Capain-3 SLiM
conservation |

| XP_002935412.2 | | Xenopus tropicalis (Gnathostomata) | | Titin ( ttn) Tetrapod
Ortholog | | 33,890 aa | | Tetrapod M-band kinase Tyr170 autoregulatory tail
conservation |

| NP_001296390.1 | | Danio rerio (Actinopterygii) | | Titina( ttna/ ttn.2)
Cardiac/Skeletal | | 32,756 aa | | Teleost duplicated titin paralog; Cronos internal
promoter conserved |

| NP_001296391.1 | | Danio rerio (Actinopterygii) | | Titin b ( ttnb / ttn.1)
Paralog | | 31,840 aa | | Teleost sub-functionalized paralog; 11-domain A-band
super-repeat anchor |
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| XP_007891245.1 | | Callorhinchus milii (Chondrichthyes) | | Titin (ttn)
Holocephalan Ortholog | | 33,118 aa | | Basal jawed-vertebrate anchor for 11-domain
A-band myosin ruler |

| XP_032814502.1 | | Petromyzon marinus (Cyclostomata) | | Titin ( ttn') Functional
Sarcomeric Ortholog | | 29,412 aa | | Jawless vertebrate functional Titin; separated
from Chr14 retro-pseudogene |

| XP_002124819.3 | | Cionaintestinalis (Tunicatd) | | Tunicate Titin Homolog (
ci-ttn) | | 16,420 aa | | Olfactores outgroup; retains M-band kinase + Z-disc clasp
with 7-domain A-band repeats |

| XP_035672104.1 | | Branchiostoma floridae (Cephal ochordata) | | Amphioxus Titin
Ortholog ( bf-ttn) | | 21,850 aa | | Basal chordate anchor bridging invertebrate
Projectin/Sallimus and vertebrate TTN |

| NP_001027750.1 | | Drosophila melanogaster (Ecdysozoa) | | Sallimus ( sls) Insect
I-Band Elastic Ruler | | 18,074 aa | | Arthropod I-band homolog; Blinded Cohort 12
(2,140-aainsect PEVK spring quarantined) |

| NP_476889.3 | | Drosophila melanogaster (Ecdysozoa) | | Projectin ( bent / bt)
A/M-Band Kinase Ruler | | 8,798 aa | | Arthropod A-band filament ruler with
conserved C-terminal kinase + Tyr-plug tail |

| NP_501866.2 | | Caenorhabditis elegans (Ecdysozoa) | | Twitchin (unc-22)
Nematode Sarcomere Kinase | | 6,839 aa | | Ecdysozoan mechanosensory kinase
benchmark (TM-score = 0.94 vs. human 1TKI) |

| NP_001021164.1 | | Caenorhabditis el egans (Ecdysozoa) | | Unc-89 (unc-89)
Obscurin Ortholog | | 8,081 aa | | Conserved DH-PH RhoGEF + dual kinase M-band
scaffold across Bilateria |

| XP_011432890.2 | | Crassostrea gigas (L ophotrochozoa) | | Molluscan Giant
Titin/Twitchin Super-Repeat | | 19,640 aa | | Spiralia outgroup confirming ancestral
bilaterian 1g/FN3 + kinase architecture |

| PDB: 1TIT | | Homo sapiens (RCSB PDB) | | Titin [-Band 127 (1g91) Force-Clamp
Domain | | NMR (89 aa) | | 3D reference for A'-G strand mechanical clamp (~204 pN
unfolding barrier) |

| PDB: 1TKI | | Homo sapiens (RCSB PDB) | | M-Band Titin Kinase + Autoregulatory
Tail || 2.00 (321 aa) | | 3D reference for Aspl27/Argl29 active site and Tyrl70
mechanosensory tail |

| PDB: 2F8V | | Homo sapiens (RCSB PDB) | | Z-Disc Titin Z1-Z2 + Telethonin Clasp
Complex | | 2.25 (456 aa) | | 3D reference for antiparallel palindromic beta-sheet
Z-disc clasp (>700 pN) |

Generated by: Kabsch 3D & US-Align * Goldman-Y ang Codon dN/dS* Codon RELAX &
Trait-Loss Engine
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