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Abstract
In-silico analysis of the novel Caenorhabditis elegans tropomyosin with poor actin affinity
By Keita Morisaki

Tropomyosin is an actin-binding protein found in fungi and metazoans, which regulates actin
filament stability and actomyosin contraction. In metazoans, multiple tropomyosin isoforms are
expressed, and many of them are involved in diverse actin-dependent processes in an isoform-
specific manner. In mammals, more than 40 tropomyosin isoforms are produced, and point
mutations in several isoforms cause cardiovascular and skeletal muscle diseases. However,
many tropomyosin isoforms remain poorly characterized. To investigate the biological
significance of tropomyosin isoforms, we use the nematode Caenorhabditis elegans as a model
organism. In C. elegans, the lev-11 gene is the sole tropomyosin gene that is essential for
embryonic development, reproduction, and regulation of muscle contractility. The lev-11 gene
is controlled by two separate promoters and extensive alternative splicing, and previous studies
have demonstrated production of six tropomyosin isoforms. We identified a novel seventh
exon, E7c, of the lev-11 gene and cloned a full-length cDNA encoding a novel low-molecular-
weight tropomyosin isoform, LEV-11U that contains the E7c sequence. Interestingly, LEV-11U
poorly bound to actin filaments in vitro, whereas other isoforms strongly bound to actin
filaments. Here, | analyzed biophysical and biochemical properties of E7s of C. elegans
tropomyosin isoforms. Fourier analysis showed that the 13t-order acidic periodicity, which is
an actin-adapted periodicity, of LEV-11U is weaker than that of LEV-11T. Sequence alignment
showed that not only several periodic residues were not conserved in the E7c-encoded

sequence but it also contained a unique substitution that violates the periodicity. Lastly,



molecular dynamics simulations indicated that the E7c-encoded region poorly formed a stable
coiled-coil structure. On the other hand, E7a and E7b formed unconventional interhelical bonds
to stabilize their coiled-coil structures. These results indicate that E7c of the C. elegans lev-11
gene encodes a peptide sequence that is both biochemically and biophysically unique as

compared with the equivalent sequences of other tropomyosin isoforms.
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Chapter 1: Introduction

Actin is a globular protein that is essential for various cellular functions, including muscle
contraction, cell motility and architecture, intracellular vesicle transport, and cytokinesis
(Pollard & Cooper, 2009). It undergoes a reversible process of polymerization into a filament,
called F-actin, and depolymerization into monomeric subunits, called G-actins. These dynamic
processes, as well as other functions of actin, are regulated by a number of actin-binding
proteins (Pollard, 2016). Tropomyosin is an actin-binding protein found in fungi and animals,
and its roles include regulation of actomyosin contraction, regulation of other actin-binding
proteins, and stabilization of F-actin (Gunning et al., 2008; Hitchcock-DeGregori & Barua, 2017).
In metazoans, multiple tropomyosin isoforms are expressed, and many of them are involved in
diverse actin-dependent processes in an isoform-specific manner (Gunning & Hardeman, 2017).
Especially, in mammals, more than 40 tropomyosin isoforms are produced, and point mutations
in several isoforms cause cardiovascular and skeletal muscle diseases (Geeves et al., 2015;

Marttila et al., 2014). However, many of the tropomyosin isoforms remain poorly characterized.

Tropomyosin forms a coiled-coil dimer, which is made of two intertwined a-helical
chains. Its coiled-coil structure is maintained by heptad repeats (a-b-c-d-e-f-g), of which
residues at positions a and d are nonpolar, those at positions e and g are oppositely charged,
and those at positions b, ¢, and f are polar (Woolfson, 2023) (Fig. 1). Tropomyosin also contains
conserved non-canonical residues at hydrophobic core, such as alanine clusters and charged
residues, which are reported to be important for binding to F-actin by adapting to its helical
structure (Singh & Hitchcock-DeGregori, 2006). In addition to these repeats, the presence of

seven actin-adapted pseudo repeats, each of which spans approximately 40 amino acids, is



thought to be crucial for actin binding (Barua et al., 2013; McLachlan & Stewart, 1976). The
recent advancement of cryogenic electron microscopy (cryo-EM) allows high-resolution images
of actin-tropomyosin interactions (Selvaraj et al., 2023; von der Ecken et al., 2015; Yamada et
al., 2020). Moreover, biophysical properties, such as structure and flexibility, and the actin-
tropomyosin interactions of a skeletal muscle tropomyosin (TPM 1.1) have been extensively
studied using molecular dynamics simulations (Lehman et al., 2018; Lehman et al., 2020; Li et
al., 2011; Marchenko et al., 2020; Tsaturyan et al., 2022; Zheng & Wen, 2019). However, the
biophysical and biochemical properties of many other tropomyosin isoforms are still not yet

explored sufficiently with computational and biochemical analyses.

To investigate the biological significance of tropomyosin isoforms, we use the nematode
Caenorhabditis elegans as a model organism. In C. elegans, the lev-11 gene is the sole
tropomyosin gene that is essential for stabilization of F-actin, ovarian contraction, muscle arm
extension and morphology, embryonic development, sarcomeric assembly of F-actin, and
regulation of muscle contractility (Barnes et al., 2018; Dixon & Roy, 2005; Kagawa et al., 1995;
Lewis et al., 1980; Ono & Ono, 2004; Ono et al., 2022; Ono & Ono, 2002; Yu & Ono, 2006). The
lev-11 gene is controlled by two separate promoters and extensive alternative splicing, and
previous studies have demonstrated production of six tropomyosin isoforms with two
alternative seventh exons (E7a and E7b) (Anyanful et al., 2001; Barnes et al., 2018; Kagawa et
al., 1995; Watabe et al., 2018). Recently, we identified a novel seventh exon, E7c, of the lev-11
gene and successfully cloned a full-length cDNA encoding a novel low-molecular-weight
tropomyosin isoform, LEV-11U, containing the E7c sequence (Ono et al., In preparation) (Fig. 2).

Interestingly, LEV-11U poorly bound to actin filaments in vitro, whereas other isoforms strongly



bound to actin filaments (Ono et al., In preparation) (Fig. 3). Therefore, the aim of my research
is to investigate the structural and molecular impacts of the sequences encoded by the
alternative exon 7s of the C. elegans lev-11 gene on the tropomyosin functions. Here, | report
that the actin-adapted acidic periodicity of LEV-11U is weaker compared to that of LEV-11U,
and sequence alignment showed that several actin-binding residues were not conserved in the
E7c-encoded sequence. In addition, molecular dynamics simulations showed that the formation
of a hole in a partial region of E7c, suggesting that the E7c-encoded region poorly formed a
stable coiled-coil structure, whereas other E7s, E7a and E7b, were stabilized via unconventional
interhelical interactions. These results indicate that alternative splicing contributes to

production of biochemically distinct tropomyosin isoforms.



Chapter 2: Methods
Fourier transformation with a random sequence profile correction

First, the amino acid sequences of TPM1.1 (NP_001018), LEV-11T (BAW98146.1), and LEV-11U
(GenBank accession number: 0Q473578) were converted into the sequences of -1, 0, and 1,
where the value of -1 is assigned to all basic residues that are not at positions a or d, the value
of 0 is assigned to all non-charged residues or resides at positions a and d, and the value of 1 is
assigned to all acidic residues that are not at positions a or d. Note that positions a and d
theoretically correspond to residue numbers that are equivalent to 1 and 4 modulo 7,
respectively. Similarly, the amino acid sequences of TPM1.1, LEV-11T, and LEV-11U were
converted into the sequences of 0 and 1, where the value of 0 is assigned to all non-acidic
residues or resides at positions a and d, and the value of 1 is assigned to all acidic residues that
are not at positions a or d. Then, discrete Fourier analyses were performed to find the intensity
of the 13t™-order periodicity of each sequence starting from the ith residue to the jth residue,

where i and j span from 0 to 19. That is,
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where f is a value assigned to the kth residue, and i in the exponent corresponds to an

imaginary unit. The average variation of the intensities from a random protein sequence from

the same amino acids composition , J, is
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Here, n is the number of non-zero-valued residues, and
a1 K
b)) == 1k,

where S is the set of the non-zero-valued residues. The normalized intensity is calculated by
1(i,j)/J(i,j) (McLachlan & Stewart, 1976).

Sequence alignment

In addition to the LEV-11 sequences, the following tropomyosin isoform sequences were
collected: Homo sapiens- TPM1.8 (NP_001288218), TPM1.9 (NP_001317273), TPM3.1
(NP_705935), TPM3.2 (NP_001036816), TPM4.2 (NP_003281), TPM2.1 (NP_998839), and
TPM2.3 (NP_001288155); Drosophila melanogaster- TM1A (NP_524360), TM1J (NP_732004.1),
and TM2A (NP_524361); Crassostrea gigas- Cra g 1 (NP_001354222.1) and Cra g 2
(NP_001295835.2); and Ciona intestinalis- Ctm1 (CAA45469). Each of the sequences were
aligned as described by Barua (Barua et al., 2013). Then, period 6 (P6) of each sequence was
compared.

Molecular dynamics simulations and analyses

CCBuilder Mk.2 (Wood & Woolfson, 2018) was used to generate structural models of parallel
coiled-coiled dimers of full-length LEV-110, LEV-11T, and LEV-11U, which were then truncated
into exon-7-encoded regions, residues 188-234 for LEV-110 (E7a) and residues 160-206 for LEV-
11T (E7b) and LEV-11U (E7c). Using Visual Molecular Dynamics (VMD) (Humphrey et al., 1996),
each of these structures was solvated by a rectangular box of water particles and ionized at 0.1
M KCl. The layer of the box was set to 15 A. Nanoscale Molecular Dynamics (NAMD) was used

to perform simulations with the Chemistry at Harvard Macromolecular Mechanics 36



(CHARMM36m) force fields (Huang et al., 2017), the TIP3 water model (Beglov & Roux, 1994;
Jorgensen et al., 1983), and the Beglov and Roux ion parameters (Beglov & Roux, 1994;
Jorgensen et al., 1983). The values of switchdist, cutoff, and pairlistdist were set to 9, 10, and 11
A, respectively. The energy of each model was first minimized by 5,000 steps, followed by three
20-ns production runs at 310 K under the periodic boundary condition and Langevin piston. For
every 20 ps, residues 214-225 of LEV-110 (E7a) and residues 186-197 of LEV-11T (E7b) and LEV-
11U (E7c) of the simulation products were compared with the corresponding portions of the
initial energetically minimized structures along alpha carbons. Then, the average root mean
squared deviation (RMSD) of every alpha carbon within the compared range was calculated.
The data were tested by one-way analysis of variance with the Holm-Sidak method for multiple

pairwise comparison (Cardillo, 2023).

The presence of hydrogen bonds was examined during the production runs. Given two
atoms, one acceptor, A, and one donor, D, with a hydrogen, H, when the distance between A
and D and the smaller angle formed by D-H-A were less than 3.0 A and 20 degrees, respectively,

the hydrogen bond between A and D was counted as present.

The centers of a coiled-coiled structure were computed by following the definition
provided by the program TWISTER (Strelkov & Burkhard, 2002). See the steps in Appendix A. In
addition, as defined by Nitanai et al., the Local Bending Angle (LBA), which is the angle formed
by C*~7-C™-C™*7, was calculated to measure the bending angle of the nth center (Nitanai et

al., 2007).



Chapter 3: Results- Periodical analysis of the tropomyosin isoforms

LEV-11U shows a weaker 13*-order acidic periodicity compared to LEV-11T.

The previous Fourier analyses done by MclLachlan and Stewart showed that the strong intensity
of acidity was obtained for the 14t™-order periodicity. This periodicity of approximately 19
amino acids, is thought to be an actin-adapted periodicity because (1) high molecular-weight
(HMW) isoforms, like TPM1.1, span seven actin subunits of F-actin, and (2) it is thought that
there are two major actin-binding sites per actin subunit (McLachlan & Stewart, 1976). On the
other hand, low molecular-weight (LMW) isoforms are composed of 256 amino acids, which
make them 26 amino acids shorter than HMW isoforms. Here, to accommodate the difference
in the lengths, | analyzed the 13™-order periodicities of LEV-11T and LEV-11U with truncation(s)
from both termini (Fig. 4). First, when the basicity and acidity are considered simultaneously,
the strongest peak for the 13t™-order periodicity for TPM1.1is 6.17 at (i, j) = (19,9) (Fig. 4A).
However, without the consideration of basic residues, the intensity rises to 8.65 with the same
truncations (Fig. 4B). Here, a truncation of 19 amino acids from the N-terminus is most likely
required to adjust to the 13%"-order periodicity. These results support the studies that the
basicity of TPM1.1 does not contribute to the 14t™-order periodicity. Interestingly, the
truncations of the terminal residues result in the length of 256 amino acids, which is exactly the
same length as that of low molecular-weight (LMW) mammalian isoforms. These results also
suggest that mammalian LMW isoforms are already optimized for the 13t"-order acidic
periodicity. As expected, the strongest peaks of LEV-11T are 7.99 at (i,j) = (0,1), (1,0),

whereas the strongest peaks of LEV-11U were 6.80 with the same truncations (Fig. 4C, 4D).



These truncations suggest that the 13™-order periodicity is already optimized for the C. elegans
LMW isoforms. In addition, since the only difference in sequences between LEV-11T and LEV-
11U is the selection of E7s, the lower intensity in LEV-11U compared to that in LEV-11T

indicates that E7c decreases the overall intensity of the 13t™-order periodicity.

D181 is a unique substitution opposed to the actin-adapted periodicity.

The analyses of the residues that violate the 14t-order periodicity were previously done by
Barua et al. In their study, they organized the sequence of TPM1.1 into seven periods of
approximately 40 amino acids and found out that periodically appearing acidic and basic
residues in the first-half of every period as actin-binding sites using alanine mutagenesis (Barua
et al., 2013). Using the same organization method, | found that E7 of LEV-11s spans the first half
of the sixth period (P6) (See Appendix B). In P6, there are five residues of LEV-11U that are
expected to be involved in the 14t™-order periodicity: R177, D181, Q185, N191, and E195. Out of
these residues, three residues, D181, Q185, and N191, violate the periodicity; D181 is expected
to be hydrophobic, Q185 is expected to be basic, and N191 is expected to be acidic. However,
two of these violations (Q185 and N191) occur in other tropomyosin isoforms (Fig. 5). For
example, aspartic acid is observed instead of a basic residue at position 185 in H. sapiens
TPM2.1 and C. gigas Cra g 1, and glycine is observed instead of an acidic residue at position 191
in Ciona intestilinalis Ctm 1 (Fig. 5). These violations suggest that Q185 and N191 may not be
critical for actin affinity. However, D181 seems to be the unique substitution for E7c that
violates the periodicity among the examined tropomyosin isoforms. These results suggest that

the hydrophobicity or basicity is critical at position 181 for actin binding.



Chapter 4: Results- In silico structural analysis of the tropomyosin isoforms

The probabilities of forming coiled-coil structure differ among E7s.

In most high molecular-weight (HMW) isoforms, D137(d) is reported to be a non-canonical
residue that is well conserved throughout the evolution. E218, located at position a of a
heptad, is reported to be another noncanonical residue that is evolutionarily conserved (Barua
et al., 2013). However, biophysical properties around E218 are not yet fully understood (Nitanai
et al., 2007). In C. elegans, E218, or E190 for low molecular-weight isoforms, is present in Exon
7s, and the program COILS predicted that the probabilities of the E218/E190-containing heptad
forming a coiled-coil structure are different among Exon 7s (Barnes et al., 2018; Lupas et al.,
1991). | compared coiled-coil probabilities of all three exon 7s and found that E7c was predicted

to have the lowest probability of forming a coiled-coil structure at this specific heptad (Fig. 6).

E7c contains a region that significantly deviates from the coiled-coiled structure.

To analyze the coiled-coil structures of E7s, molecular dynamics simulations were run for 20 ns
in total of three times for each E7 using NAMD (Fig. 7A, 7B). The deviations of E190 from the
energetically minimized coiled-coil structure, measured by RMSD, were 1.2+0.2 A for E7a,
1.3940.05 A for E7b, and 2.1+0.1 A for E7c. The Holm-Sidak method shows statistically
significant differences among E7s (Fig. 7C). It is important to note that E7c has the largest
deviation, forming a gap within the hydrophobic core from L186 to L197 (Fig. 7B). These results
support the prediction that the low probability of forming the coiled-coil structure for E7c and

suggest that the biophysical property around E190 may vary by exons.
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The local bending angles at E190 do not differ among E7s.

Although the traditional coiled-coil structure is a rod-like structure, tropomyosin requires local
bending throughout the structure in order to bind F-actin. Many studies have suggested that
D137(d) imparts flexibility of tropomyosin due to having a charged residue where a
hydrophobic core is typically formed. This destabilization allows tropomyosin to bend its
structure (Matyushenko et al., 2018; Moore et al., 2011; Sumida et al., 2008). Local bending
angle (LBA), which is an angle formed by three centers of the coiled-coil structure, was
introduced by Nitanai et al. to measure structural bendings. The experimental LBA at Y214-
E218-Y221 of the C-terminal segment of TPM 1.1 with an extension of leucine-zipper sequence

of GCN4 at its N terminus was about 9 degrees (Nitanai et al., 2007).

To understand the relationship between biochemical and biophysical properties around
E190in E7c, LBAs at several different locations were compared. The LBAs at L183-E190-L197 of
E7a, E7b, and E7c were 17443 degrees, 17413 degrees, and 17314 degrees, respectively. Thus,
there is no overall statistical significance of a difference in LBAs at E190 among E7s. However, in
one of the three simulations for E7c, a significant increase in the LBA was observed. The
presence of hydrogen bonds crossing E190 (e.g. Q187-N191 and Q188-D192) were plotted
together (Fig. 8). The constant formation of the hydrogen bond within the backbone of E190
and C194 was observed for both strands throughout the production run (Fig. 8B). On the other
hand, the backbone hydrogen bonds between Q187-N191 and between Q188-D192 vanished
completely at approximately 17 ns for one strand, while they remain forming for the other.

Beyond this point, the LBA increased from around 6.39 degrees, the average LBA from 0 ns to
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17 ns, to 22 degrees, the average LBA from 17 ns to 20 ns (Fig. 8C, 8D). The 20-ns extension of
this particular simulation showed that it took approximately 8 ns to readopt its a helicity for the
first time and returned to the average LBA of 7.44 agrees for approximately 8 ns, followed by
another alternation of the increase and decrease in LBA for 3 ns (data not shown). This shows
that the excessive bending is transient but may be frequent after the initial excessive bending.
Perhaps this bending may be observed more frequently in an actin-bound state. Although the
reason for this bending is not understood, the bending may be introduced by $S193 (d), as it is
one of the important residues for bending a-helical protein structures in membrane proteins
(Ballesteros et al., 2000). Another potential reason may be that the formation of the stable a
helix for one of the strands may destabilize the other due to electrostatic repulsion between

E189 and E190.

E218/E190 contributes to the stabilization of the structure of E7a/E7b but not to E7c.

As opposed to the previous understanding of the function of D137, the recent study done by
Lehman et al. suggests that D137 does not contribute to flexibility but rather contributes to a
twist into the structure to optimize the interactions with F-actin (Lehman et al., 2018). The twist
was introduced by the interaction between D137 and R133, which is a nonconventional
intrastrand interaction between positions g and d. Here, | found unconventional interstrand
interactions that are present in E7a and E7b but absent in E7c (Fig. 9). In E7a, the hydrogen
bond between K217(g) and E218(a) formed 36+3% of the time. Similarly, the hydrogen bond
between R189(g) and E190(a) in E7b formed 81+6% of the time. E7b has a higher hydrogen

bond occupancy mostly likely due to R189-E190 being able to form up to two bonds. In addition
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to the R189-E190 interaction, the hydrogen bond between E190(a) and Y193(d) formed 40+10%
of the time. Note that this interaction was absent in E7a due to having a hydrophobic residue,
F211(d), instead. On the other hand, since E7c contains E189(g) and E190(a), the electrostatic
repulsion does not allow the formation of unconventional hydrogen bonding. Moreover, the
hydrogen bonding occupancy between E190(a) and $S193(d) was insignificant (2£4%). It is most
likely due to the short sidechain of serine in E7c. Overall, unlike E190 in E7c that does not form
any hydrogen bonding, the interhelical interactions of E190 in E7a and E7b are most likely to

contribute to the stabilization of their structures.

In TPM 1.1, several computational studies have predicted several residues around E218,
such as K213, D219, E222, to be actin-binding residues (Doran et al., 2020; Lehman et al., 2018;
Li et al., 2011). Similar to the newly revealed function of D137, since a basic residue, either K or
R, appears at residue 217(g) in many isoforms, the unconventional bonding and structure
induced by E218/E190 may facilitate the interaction with F-actin. Moreover, recent studies
have suggested that E218 is also one of the actin-binding residues (Marchenko et al., 2020;
Tsaturyan et al., 2022). However, unlike E218/E190 in E7a/E7b, E190 in E7c does not function in
a similar manner, indicating that the lack of such functions may cause the unusual poor actin

affinity.
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Chapter 5: Future directions

In conclusion, | observed using in-silico analyses that E7c of the C. elegans lev-11 gene encodes
a peptide sequence that is both biochemically and biophysically unique as compared with the
equivalent sequences of other tropomyosin isoforms. | propose several future studies using
protein biochemistry to determine these interesting characteristics. The first experiment is an
alanine mutagenesis at D181 (D181A). In the study done by Barua et al., R125A, where R125 is a
periodic basic residue, resulted in a decrease in actin affinity of TPM1.1 by 9 folds (Barua et al.,
2013). In other words, one residue may impact global actin binding. Here, it is important to
understand whether this unique periodicity-violating residue, D181, contributes to the poor
actin affinity. The second experiment is a protease sensitivity assay of LEV-11 isoforms.
Molecular dynamics simulations showed that E7c contains a core gap, whereas the other E7s
seem to form a stabilized coiled structures for at least 20 ns. One of the extended simulations
showed that a part of its helix of E7c was deformed repetitively. It is important to extend all the
simulations to verify whether the formation of excessive bending is replicable and is unique to
E7c. In addition, the protease sensitivity assay allows us to understand whether LEV-11U has a
disrupted secondary structure that is susceptible for protease digestion as compared with the
other isoforms. Finally, the third experiment is to measure the actin affinity of LEV-11U
replacing with a partial sequence of E7b that may restore the coiled-coil formation. For
example, it would be interesting to see whether LEV-11U will gain the actin affinity after the

replacement of its sequence from E190 to Y196 with the LEV-11T sequence from E190 to Q196.
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Figure 1. Coiled-coil formation requires heptad repeats. A, The formation of coiled-coil
structure. Two a-helical chains, with their hydrophobic regions shown in green, form a core by
hydrophobic effect (Bruce Alberts, 2014). B, A heptad repeat. Positions a and d (blue) are
hydrophobic, positions e and g (orange) are oppositely charged, positions b, ¢, and f (purple)

are polar.
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Figure 2. Exon-intron structure of the C. elegans lev-11 gene. The top shows the schematic
representation of exons (shown in boxes) and introns. Confirmed splice variants are shown
below the exon-intron structure. E7c is shown in blue, and the remaining exons are in orange
for coding regions and in yellow for non-coding regions. Cloning and sequencing of LEV-11U
were performed by E. Watabe and H. Kuroyanagi (S. Ono, E. Watabe, K. Morisaki, K. Ono, and

H. Kuroyanagi. Manuscript in preparation).
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Figure 3. LEV-11U binds poorly to F-actin. A, Production and purification of bacterially
expressed recombinant LEV-11 isoforms. LEV-11A, LEV-11T, and LEV-11U (0.5 ug each) were
expressed in E. coli using a pET vector with no fusion tag and purified using anion exchange and
hydroxyapatite column chromatography. Purified proteins were examined by SDS-PAGE and
Coomassie staining. Molecular weight markers in kDa are shown on the left. B, F-actin co-
sedimentation assay of LEV-11T and LEV-11U. A constant concentration (2 uM) of LEV-11T or
LEV-11U was incubated with 0-60 uM F-actin, ultracentrifuged to separate supernatants and
pellets, and analyzed by SDS-PAGE and Coomassie staining. C, Quantitative analysis of actin
affinity of LEV-11T and LEV-11U as examined by co-sedimentation assays. LEV-11T co-
sedimented with F-actin, but LEV-11U remained in the supernatants. A dissociation constant

(Kd) for the binding of LEV-11T with F-actin was estimated as 3.7 + 0.64 uM (n=3). These



experiments were performed by S. Ono (S. Ono, E. Watabe, K. Morisaki, K. Ono, and H.

Kuroyanagi. Manuscript in preparation).
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residue to the jth residue was analyzed via Fourier analysis. A, The graph shows the normalized

intensities for the 13t™-order charged periodicity of TPM1.1. B, The graph shows the normalized

intensities for the 13t™-order acidic periodicity of TPM1.1. C, The graph shows the normalized

intensities for the 13t™-order acidic periodicity of LEV-11T. D, The graph shows the normalized

intensities for acidic periodicity of the 13t™-order periodicity of LEV-11U.
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TEM2. 3
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abedefqg
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Figure 5. P6 of tropomyosin isoforms. The top line shows the heptad repeats with bolded
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letters corresponding to periodic positions. The right column shows the species that express the

isoforms on the left. The blue, black, and red letters correspond to basic, non-polar, acidic

residues, respectively. Residues that violate the periodicity are highlighted.
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Figure 6. The probabilities of E7s forming coiled-coil structure. The program COILS predicted
the probability of forming coiled-coil structure within E7s, which span from residue 160 (188) to
residue 206 (234) of low (high) molecular-weight isoforms. The probability lines for E7a, E7b,
and E7c are shown in orange, pink, and cyan, respectively. The heptad where the probabilities

differ significantly were labeled with their respective sequences.
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Figure 5. Molecular dynamics simulations of E7s. A, The initial energetically-minimized
structures of E7s. The initial reference structure of E7a, E7b, and E7c are shown in orange, pink,
and cyan, respectively. Several residues near E190/E218 at their respective hydrophobic cores
are shown and labeled. B, Molecular dynamic simulations of E7s. The structures of E7a, E7b,
and E7c with the most noticeable changes after simulating for 20 ns are shown in orange, pink,
and cyan, respectively. Several residues at their respective hydrophobic cores are shown and
labeled. C, The deviations from the coiled-coiled structure at E190/E218 of E7s. The average
RMSDs of E7s (n=3) are shown with their respective standard deviations. The p-values of the

Holm-Siddak t-tests between E7a and E7b, E7a and E7c, and E7b and E7c are 8e-05, 0.0004, and

0.04, respectively.
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Figure 6. The analysis of local bending angle and backbone hydrogen bonding of E7c. A, The
centers at position a near E190 of E7c. The centers, shown in black, of the coiled-coiled
structure at L183, E190, and L197 were measured, and the angle formed by these centers (LBA)
was measured. B, E190-C194 hydrogen bonding. LBAs are shown in black, whereas the
presence of a hydrogen bonds of E190-C194 is shown in green for the stable chain and in red
for the unstable chain. C, Q188-D192 hydrogen bonding. LBA are shown in black, whereas the
presence of a hydrogen bonds of Q188-D192 is shown in green for the stable chain and in red
for the unstable chain. D, Q187-N191 hydrogen bonding. LBA are shown in black, whereas the
presence of a hydrogen bonds of Q187-N191 is shown in green for the stable chain and in red

for the unstable chain. Note that the increase in LBA appeared only in one of the three runs.
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E7b Y C

R189 (g) R189 (g) >

E190 (a)
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Figure 7. Unconventional hydrogen bonding in E7a and E7b. One unconventional interaction in
E7a (K217(g)-E218(a)) and two unconventional interactions in E7b (R189(g)-E190(a) and
E190(a)-Y193(d)) are shown. Hydrogen bonds are shown as purple dotted lines, marked with a
black box. Carbon atoms, hydrogen atoms, oxygen atoms, and nitrogen atoms, are shown in

cyan, white, red, and blue, respectively.
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Appendix A: Steps to obtain coiled-coil centers

Consider the nth axis of a given a helix, C,Cp41, such that C,(0y) and Cr11(0nyy ) are the

temporal nth and (n + 1)th centers of the a helix. Let the position vector of the a carbon of

A1,n
the nth residue X, (a,) be a, = (%,n). Then, the unit vector that is parallel to the bisector of
azn

2Xp_1XnXn41, denoted by V7, can be computed by

_— — _— —
ap—1 — Ay An+1 — A

— ”an—l _ an” ”an+1 _ an” — (v
vl - [E— — — — b 12 |.
|| an—1 — an + Any1 — An V13
”an—l - an” ”an+1 - an”

Similarly, the unit vector that is parallel to the angle bisector of £X,,X,,,1X,+2, denoted by 75,

can be computed by

—
&1) ~ Qn+1 + An+2 — Ant1 Vyq
— lay, — aniill * llansz — ansqll N
v, = —— = | Va2 |.
|| an — 0nia Ani2 — Anyq Vy3
lay, — ansill * lansz — ansll

Here, we assume that 0,,0,,,, is orthogonal to v; and v, and that centers C,, and C,,,; are on
the bisectors 2X,,_1 X, Xn+1 and £2X, X, 11 X2, respectively. Then, there exists constants s and

t such that

—

— —_— - — — D a—
0, = sv{ +a,, Oni1 = tvy + Apyq-

Also, the unit vector, V3, that is parallel to 0,0, can be computed by

., U X7, Va1
V3 =———=-:=| V32,
lvy x v |

V33
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and there is a constant u such that

0n0p41 = uvs.

From the above, the problem reduces to solving the following equation:

Vi1 —V21 V31 /S Ain+1 — Ain
Viz —V22 V32 (t) = | A2n+1 — A2n |.
Uiz —VU23 Uz3z/ \u A3zn+1 — A3n
The true nth center of a helix, Cj;, is computed by taking the midpoint of the temporal C,s

computed from the axes C,,_1C,, and C,,C, .. Finally, the nth center of a coiled-coil structure,

C™, is taken as the midpoint of the true nth centers of the two a helices.



Appendix B: The full sequence of LEV-11U organized in the 13%-order periodicity

The following is the full sequence of LEV-11U organized in the 13™-order periodicity. The

periodic basic and acidic residues are colored in blue and red, respectively.

abcdefg abcdefg abcdefg abcdefg abcdefg abcdefg abced (heptad positions)
3b (exon #)
MSKVNKE GAQQTSL LDVL

4a

KKK MRQAREE AEAAKDE ADEVKRQ LEEERKK REDAEAE VAAL

NRR IVLVEED LERTEDR LKTATSK LEQATKA ADEA
5a 6
DRA RKSMETR SQQODEER ANFLETQ VDEAKVI AEDADRK YEEV
Tc
ARK LAMVEAD LERAEER AEAGEKR SNLAEAH MRGLSVN
8
LREAQDL LHQLOQE ENDSCEY LNCAVES RKEAETR AEFA
9b

ERS VQKLQKE VDRLEEL RDAEVLK ARQLQDE LDHMVQE LNSV
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