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Abstract

Alternative splicing (AS), by producing several transcript isoforms from the same gene, has the po-
tential to greatly expand the proteome in eukaryotes. Its deregulation has been associated to the
development of various diseases, including cancer. Although the AS mechanisms are well described
at the genomic level, little is known about the contribution of AS to protein evolution and the im-
pact of AS at the level of the protein structure. Here, we address both issues by reconstructing the
evolutionary history of the c-Jun N-terminal kinase (JNK) family, and by describing the tertiary
structures and dynamical behavior of several JNK isoforms. JNKs bear a great interest for medic-
inal research as they are involved in crucial signaling pathways. We reconstruct the phylogenetic
forest relating 60 JNK transcripts observed in 7 species. We use it to estimate the evolutionary
conservation of transcripts and to identify ASEs likely to be functionally important. We show that
ASEs of ancient origin and having significant functional outcome may induce very subtle changes
on the protein’s structural dynamics. We also propose that phylogenetic reconstruction, combined
with structural modeling, can help identify new potential therapeutic targets. Finally, we show that
transcripts likely non-functional (i.e. not conserved) display peculiar sequence and structural prop-
erties. Our approach is implemented in PhyloSofS (Phylogenies of Splicing Isoforms Structures), a
fully automated computational tool that infers plausible evolutionary scenarios explaining a set of
transcripts observed in several species and models the three-dimensional structures of the protein
isoforms. PhyloSofS has broad applicability and can be used, for example, to study transcripts diver-
sity between different individuals (e.g. patients affected by a particular disease). It is freely available

at www.lcgb.upmc.fr/PhyloSofsS.
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Evolution and structural impact of alternative splicing for JNKs. 3
Author Summary

Alternative splicing (AS) is a eukaryotic regulatory process by which multiple proteins are produced
from the same gene. Although the mechanisms of AS have been extensively described at the level of
the gene, little is known about its contribution to protein evolution and its impact on the shape and
motions of the produced isoforms. Here, we address both issues computationally, focusing our study
on the c-Jun N-terminal kinases (JNKs) family. JNKs are essential regulators that target specific
transcription factors and are thus important therapeutic targets. We reconstruct a phylogenetic
forest linking 60 JNK transcript isoforms observed in 7 species and we predict and analyze their 3D
structures. We show that an ancient ASE having significant functional outcome induces very subtle
changes on the structural dynamics of the protein and we identify the residues likely responsible
for the functional change. We highlight a new isoform, not previously documented, and explore its
motions in solution. We propose that it may play a role in the cell and serve as a therapeutic target.

Finally, we link the evolutionary conservation of transcripts to sequence and structural properties.

Key words: alternative splicing, molecular modeling, evolution, transcript phylogeny, kinase, isoform


https://doi.org/10.1101/119891
http://creativecommons.org/licenses/by-nc/4.0/

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

bioRxiv preprint doi: https://doi.org/10.1101/119891; this version posted March 23, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Evolution and structural impact of alternative splicing for JNKs. 4

Introduction

Alternative Splicing (AS) of pre-mRNA transcripts is an essential eukaryotic regulatory process
by which multiple isoforms are produced from the same gene. AS-induced changes in the transcribed
sequences can impact the regulation of gene expression or directly modify the content of the coding
sequence (CDS). Large-scale studies revealed that virtually all multi-exons genes in vertebrates are
subject to AS [1]. Consequently, AS has the potential to greatly contribute to functional diversity
in eukaryotes. AS has also gained considerable interest for drug development. It is estimated that
50% of disease causing mutations affect splicing and the ratio of alternatively spliced isoforms is

imbalanced in several cancers [2, 3].

About 25% of the AS events (ASEs) common to human and mouse are also conserved in vertebrates
[4, 5, 6]. This high degree of conservation supports an important role of AS in expanding the protein
repertoire through evolution. However, it is difficult to estimate to what extent the ASEs identified
at the gene level actually result in functional protein isoforms in the cell. Transcriptomics and
proteomics studies suggested that most highly expressed human genes have only one single dominant
isoform [7, 8], but the detection rate of these experiments is very difficult to assess [9]. Larger
estimates of the number of functional isoforms in human were reported by machine learning studies
[10]. Moreover, a recent analysis of ribosome profiling data suggested that a major fraction of splice
variants is translated and that the AS-dependent modulation of the translation output regulates
specific cellular functions [11]. At the level of protein structures, it was suggested that splicing
events may induce major fold changes [12, 13]. The elusiveness of the significance of AS for protein
function through evolution calls for the development of efficient and accurate computational methods

that combine protein sequence and structure information.
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To address this issue, we have developed an automated tool, PhyloSofS (Phylogenies of Splicing
Isoforms Structures), that infers plausible evolutionary scenarios explaining an ensemble of transcripts
observed in a set of species and predicts the tertiary structures of the protein isoforms. Given a gene
tree and the observed transcripts at the leaves (Fig. 1la, on the left), PhyloSofS reconstructs a
phylogenetic forest that is embedded in the gene tree (Fig. 1a, on the right), where each tree of the
forest (in orange, green or purple) represents the phylogeny of one transcript. The algorithm relies
on a combinatorial approach and the maximum parsimony principle. The underlying evolutionary
model is inspired from [14]. In parallel, the isoforms’ 3D structures are generated using comparative
modeling and annotated. Here, we present the application of PhyloSofS to the c-Jun N-terminal
kinase (JNK) family across 7 species (human, mouse, xenope, fugu fish, zebrafish, drosophila and
nematode). This case represents a high degree of complexity with 60 observed transcripts composed
with a total of 19 different exons, most of the transcripts comprising more than 10 exons, and high

disparities between species, from 1 to 8 transcripts per gene per species (Fig. 1b-c).

In Human, JNKs are essential regulators that target specific transcription factors (c-Jun, ATF2...)
in response to cellular stimuli. They are involved in signaling pathways controlling cellular prolif-
eration, differentiation and apoptosis. The deregulation of their activity is associated with various
diseases (cancer, inflammatory diseases, neuronal disorder...) which makes them important thera-
peutic targets [15]. The family comprises three paralogues: JNK1 (MAPKS8) and JNK2 (MAPKO9)
are ubiquitously expressed, while JNK3 (MAPKI10) is present primarily in the heart, brain and
testes [16]. About 10 JNK splicing isoforms have been documented in the literature, and gene-
disruption and functional-interference studies showed that they perform different context-specific
tasks [17, 18, 19, 20]. Specifically, isoforms differing by the presence/absence of two mutually exclu-
sive exons (numbered 6 and 7 on Fig. 1b) display different affinities for JNK substrates, so that

the target genes are in turn differentially regulated [21, 22]. In the context of drug development, the
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Figure 1: Transcripts’ phylogenies reconstructed by PhyloSofS. (a) On the left, example of
a phylogenetic gene tree where 8 transcripts (represented by geometrical symbols) are observed in 4
current species (leaves of the tree, colored in different grey tones). These data are given as input to
PhyloSofS. In the middle, the problem addressed by PhyloSofS is that of a partial assignment: how
to pair transcripts so as to maximize their similarity? On the right, example of a solution determined
by PhyloSofS. The transcripts’ phylogeny is a forest comprised of 3 trees (colored differently). The
nodes of the input gene tree are subdivided into subnodes corresponding to observed (current) or
reconstructed (ancestral) transcripts. The root of a tree stands for the creation of a new transcript
and is associated to a cost C'z. Triangles indicate transcript deaths and are associated to a cost Cp.
Mutation events occur along branches and are associated to a cost o. The grey node corresponds to
an orphan transcript for which no phylogeny could be reconstructed. (b) Transcripts’ phylogeny re-
constructed by PhyloSofS for the JNK family. The forest is comprised of 7 trees, 19 deaths (triangles)
and 14 orphan transcripts (in grey). Mutation events are indicated on branches by the symbol + or -
followed by the number of the exon being included or excluded (e.g. +11). The cost of the phylogeny
is 69 (with Cp = 3, Cp = 0 and 0 = 2). On the top right corner are displayed the exon compositions
of the human isoforms for which a phylogeny could be reconstructed. They represent a subset of all
the exons composing the 60 transcripts observed in the 7 current species. (c) Representation of the
transcripts’ phylogeny embedded in the species tree. In this forest, the duplication events are not
explicitly indicated, as the different paralogous genes are not linked. There are 2 duplication events
giving rise to JNK2 and JNK3 and 2 additional ones for JNK1la and JNK1b (indicated by stars). A
given species may contain several paralogous genes. To differentiate the transcripts belonging to the
same tree in (b) but to different paralogous genes, different shades of the same colors are used. For
example, in human, the transcripts colored in light purple and in purple are issued from JNK2 and
JNKI1 and belong to the purple tree in (b). For the sake of clarity, mutations are not indicated along
the branches. The lists of transcripts appearing in the different genes are displayed in the top right
corner.

identification of the JNK isoforms and the characterization of the structural determinants of their

different activities is of paramount importance.

Here, we show how PhyloSofS can be used to provide insight on the contribution of AS to the evo-
lution of the JNK family and we describe the structural determinants of the JNK isoforms’ functional
differences. By reconstructing the phylogeny of JNK transcripts, we show that the ASE associated
to substrate binding affinity modulation appeared in the ancestor common to mammals, amphibians
and fishes, before gene duplication. By using molecular modeling techniques, we demonstrate that,
despite its important functional outcome, this ASE induces very subtle changes on the protein’s
internal dynamics. Moreover, our results highlight a set of positively charged and polar residues

that may be responsible for substrate molecular recognition specificity. Importantly, we highlight a
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JNK1-specific ASE that has not been documented in the literature. This ASE is of ancient origin,
spread across several species, and it induces a large deletion in the protein (about 80 residues). By
simulating the dynamical behavior of the resulting isoform in solution, we show that its overall shape
and secondary structures remain stable on the time scale of a few hundreds of nanoseconds. We
propose that this isoform might be catalytically competent and play a role in the cell.

By crossing sequence-based and structure-based analyses, we show that the 3D structure of the
protein and the important regions defined in the litterature are preserved by the 1D structure of
the gene (borders of the exons). We also show that the transcripts for which no phylogeny could be
reconstructed (orphans) display peculiar properties, indicative of a low stability. They tend to be
smaller than the parented ones, the 3D models generated for them are of poorer quality and they
have a higher proportion of hydrophobic residues being exposed to the solvent. This result suggests
that sequence and structure descriptors can be used to flag transcripts likely non-functional and filter
them out early in the phylogenetic reconstruction. These two observations are likely generalizable to

other systems.

Our work allows to put together, for the first time, two types of information, one coming from the
reconstructed phylogeny of transcripts and the other from the structural modeling of the produced
isoforms, and this to shed light on the molecular mechanisms underlying the evolution of protein
function. It goes beyond simple conservation analysis, by dating the appearance of ASEs in evolution,
and beyond general structural considerations regarding AS, by characterizing in details the isoforms’
shapes and motions. We demonstrate that such deep characterization is mandatory in certain cases,
in order to unveil the mechanisms underlying AS functional outcome. Our results also open the way
to the identification and characterization of new isoforms that may be targeted in the future for

medicinal purpose.
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Results

PhyloSofS was used to reconstruct the phylogenetic forest relating 60 transcripts from the JNK
family observed in 7 species, human, mouse, xenope, fugu, zebrafish, drosophila and nematode. The
input data were collected from the Ensembl [23] database (see Methods). The algorithm was run for
10° iterations and we retained the most parsimonious evolutionary scenario (cost = 69, see Methods
for a detailed description of the parameters). PhyloSofS also generated 3D molecular models for
the corresponding protein isoforms, by using homology modeling (see Methods). We subsequently
performed molecular dynamics simulations of 3 human isoforms, starting from the predicted 3D
models. In the following, we describe the analysis of the transcripts’ phylogeny, structures and

dynamical behavior.

Transcripts’ phylogeny for the JNK family.

The forest reconstructed by PhyloSofS is comprised of 7 transcript trees (Fig. 1b, each tree is
colored differently). The root of a tree corresponds to the appearance of a new transcript in evolution.
It indicates the level in the phylogeny where a new ASE occurred, that resulted in the transcripts
observed at the leaves of the tree. Dead ends (indicated by triangles) correspond to transcript losses.
Each transcript is described as a collection of exons, numbered from 0 to 14 (Fig. 1b, top right
corner, and see Methods for more details on the numbering). Mutations, i.e. inclusions or exclusions
of exons, occurring along the branches of the trees are labelled (Fig. 1b, see +/— symbols followed by
the number of the added /removed exon). In total, there are 11 mutations along the JNK transcripts’
phylogeny. We also observe 14 orphan leaves (in grey) that correspond to transcripts for which no
phylogeny could be reconstructed. These transcripts are not conserved across the studied species,
and thus are likely non-functional.

The transcripts’ forest is embedded in the gene tree, where each internal node represents an ances-
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tral gene in an ancestral species (S1 Fig, a). The sequences of the JNK genes are highly conserved
through evolution (Table I). The genomes of the two most distant species, namely drosophila and
nematode, contain each only one JNK gene. This gene shares a high degree of nucleotidic sequence
identity (78% for drosophila, 56% for nematode) with human JNK1 (Table I). The sequence iden-
tities with human JNK2 and JNK3 are slightly lower (Table I, in grey). This suggests that the
most recent common ancestor of the 7 studied species contained one copy of an ancestral JNK1 gene.
Under this assumption, the JNK family gene tree (S1 Fig, a) can be reconciled with the species tree
(S1 Fig, b) by hypothesizing that early duplication events led to the creation of JNK2 and JNK3
in the ancestor common to mammals, amphibians and fishes. JNK1 was then further duplicated in
fishes while JNK2 was lost in xenope. A representation of the reconstructed transcripts’ phylogeny
embedded in the species tree is displayed on Figure 1c. It permits to appreciate the diversity of

transcripts in each species.

Table I: Percentages of sequence identity between JNK genes.

JNK1 JNK2 | JNK3
Human 100 100 100
Mouse 99 97 100
Xenope 89 - 98
Fugu 79 81 96
82 (a)
Zebrafish 87 (a) | 85 93
87 (b)
Drosophila 78 73 7
Nematode 56 54 56

Each gene of each species was aligned to its orthologous gene in human. Human and mouse
genomes contain 3 paralogues: JNK1, JNK2 and JNK3. Xenope contains only JNK1 and JNKS3.
The fishes contain 4 paralogues: JNK1, JNKla, JNK2 and JNK3 in fugu, JNK1a, JNK1b, JNK2
and JNK3 in zebrafish. Drosophila and nematode contain only one gene, whose sequence identities
with human JNK1, JNK2 and JNK3 are displayed in black, grey and grey, respectively. In addition
to the values reported in the table, here are some sequence identities computed between paralogues:
(7) 83% between human JNK1 and JNK2, and between human JNK1 and JNK3; (i) 86% between
fugu JNK1 and JNK1a; (7i4) 92% between zebrafish JNKla and JNK1b.
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The 7 reconstructed trees relate 12 transcripts observed in human (Fig. 1b). Among those, the
transcripts colored the same belong to the same tree and share the same exon composition, even if
they are issued from different paralogues and hence have different amino acid sequences. For instance,
the transcript structure including exons 6, 8 and 12 and excluding exons 0, 1°) 7 and 13 (in yellow)
is shared by 3 human transcripts, issued from JNK1, JNK2 and JNK3 (S1 Fig, c). Note that this
may not be the case in general, for any protein family: the leaves of a tree may have different exon
compositions if mutations occur along the branches.

Among the exons composing the JNK transcripts, two pairs, namely 6 and 7, and 12 and 13, are
mutually exclusive (S1 Fig, c). The associated ASEs can be dated early in the phylogeny (Fig. 1b),
before the gene duplication (S1 Fig, b). Exon 7 is already expressed at the root of the forest (Fig.
1b, purple tree), while transcripts including exon 6 appear in the ancestor common to mammals,
amphibians and fishes (internal node A3, yellow and orange trees). On Figure 1b, exon 13 (purple
and brown trees) appears before exon 12 (yellow and orange trees). However, the scenario where
exon 12 appears before 13 is strictly equivalent (S8 Fig, same forest cost = 69). This is explained by
the fact that neither drosophila nor nematode contain any of these exons (Figure 1b, see mutation
of the purple transcript between the root and internal node A2).

New transcripts appear further down the phylogeny (Fig. 1b, in pink, green, and red), after
the JNK1 to JNK2 and JNKI1 to JNK3 gene duplication events (S1 Fig, b). They are created in
the ancestor common to mammals, amphibians and fishes (Fig. 1b). One of them appears in the
sub-forest associated to JNK1 (internal node All, in pink). It features a large deletion (exclusion of
exons 6, 7 and 8) and its exon composition is perfectly conserved along the phylogeny (no mutation).
The two other transcripts are created at the root of the sub-forest associated to JNK3 (ancestor node
10, in green and red). They are characterized by the presence of exons 0 and 1’, not found in the

other paralogues, and they both include exon 6. Interestingly, all the transcripts containing exon 7
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(purple and brown trees) die in the same node. Consequently, exon 7 is completely absent from the

sub-forest associated to JNK3.

In summary, the analysis of the transcripts’ phylogeny inferred by PhyloSofS for JNKs emphasized
several characteristics of the evolution of this protein family. First, it revealed a rather low number
of mutations, illustrating the fact that the sequences of the JNK genes and their exon sites are highly
conserved through evolution. Second, it enabled to date ASEs associated to two pairs of mutually
exclusive exons, namely 6 and 7, and 12 and 13. Of particular interest is the 6/ 7 pair: the two exons
are homologous and were shown to modulate the affinity of JNKs to their cellular substrates [21]. Our
phylogenetic reconstruction revealed that the most recent common ancestor of all 7 species contained
only one transcript with exon 7, and that transcripts containing exon 6 appeared in the ancestor
common to mammals, amphibians and fishes. Moreover, by analyzing the genomes of drosophila and
nematode, we found that exon 6 is absent from them. These observations suggest that exon 6 is
issued from the duplication of exon 7 and that this duplication occurred in the ancestor common to
mammals, amphibians and fishes, before the duplication of the ancestral JNK gene. Our analysis
also highlighted 2 transcripts specific to JNK3 across several species and showed that exon 7 is not
expressed in the JNK3 sub-forest. This may suggest a subfunctionalization for JNK3, which is the
only paralogue being specifically expressed in certain tissues, namely the heart, brain and testes
[16]. Finally it highlighted a transcript lacking exons 6, 7 and 8 and being specific to JNK1 and its

paralogue in Fugu, JNKla.

Mapping of the gene 1D structure onto the protein 3D structure.

Eighty structures of human JNKs are available in the Protein Data Bank (PDB) [24], among which
30 for JNK1, 2 for JNK2 and 48 for JNK3 (S1 Table). This abundance of structural data can be

explained by the fact that JNKs are important therapeutic targets and they were crystallized with
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different inhibitors. The three paralogues share the same fold, which is highly conserved among
protein kinases (Fig. 2). The structures are highly redundant, with an average root mean square
deviation (RMSD) of 1.96 + 0.71 A, computed over more than 80% of the protein residues. The
activation loop (A-loop on Fig. 2, residues 169-195 in JNK1 and JNK2, residues 207-233 in JNK3)
displays the highest deviations and comprises residues often unresolved in the PDB structures. The
A-loop is found in all kinases and is involved in the control of their activation [25]. The glycine-
rich loop (P-loop), the C-helix and the F-helix (labelled in black on Fig. 2) are also ubiquitously
found in protein kinases and play important roles for their structural stability and/or function [25].
The N-terminal hairpin, the MAPK insert and the C-terminal helix (labelled in grey) are specific to
the mitogen-activated protein kinase (MAPK) type, to which the JNKs belong. The catalytic site
(green circle), where ATP binds, is located at the junction between the N- and C-terminal lobes.
Two regions at the surface of JNKs (indicated by green circles) are known to interact with cellular
partners, namely the D-site binding the scaffolding protein JIP-1 [26] and the F-site binding the

phosphatase MKP7 [27].

Figure 2: Exons mapped onto the tertiary structure of human JNK1. The protein (residues
7 to 364) is represented as a cartoon and the different exons are colored from blue through white to
red. The residues in yellow are at the junction of 2 exons. The regions labelled in black are common
to kinases and were reported in the literature for playing important roles in their structural stability
and/or function. The regions labelled in grey are specific to MAP kinases. The green circles indicate
binding sites for JNK cellular partners. The structure was solved by X-ray crystallography at 1.80
A resolution (PDB code: 3ELJ [28]).

In order to visualize the correspondence between the gene structure and the protein secondary
and tertiary structures, the exons were mapped onto a high-resolution PDB structure (3ELJ [28])
of human JNKI1 (Fig. 2, each exon is colored differently). One can observe that the organization
of the protein 3D structure is preserved by the 1D structure of the gene. Most of the secondary

structures (10 over 12 a-helices and 7 over 9 [-strands) are completely included in one exon. It
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should be noted that exons 8§ and 8 used in PhyloSofS actually correspond to only one genomic
exon (see Methods). All the regions important for kinases are preserved (Fig. 2, labelled in black),
as well as the N-terminal hairpin and the MAPK insert (labelled in grey). By contrast, the catalytic
site, the D-site and the F-site (green circles) are comprised of residues belonging to different exons.
The precise borders of the exons and the known regions/sites are given in S2 Table. Of note, the
block formed by exons 1 to 5, comprising the N-terminal lobe and the A-loop (Fig. 2, from blue to
white), is constitutively present in all transcripts belonging to the colored trees on Fig. 1b.

The correspondence was also analyzed for the JNK protein from drosophila (S2 Fig, b). The
3D structures of human JNK1 (S2 Fig, a) and drosophila JNK (S2 Fig, b) are very similar, with
a RMSD of 0.68 A on 251 over 314 (80%) residues. The JNK gene from the drosophila genome
comprises much fewer exons than the human gene, which leads to an even better preservation of the

secondary structures and of the known important regions in that species.

This analysis showed that the 1D structure of the JNK genes preserves most of the protein sec-
ondary structure elements and most of the regions playing important roles for kinases structural
stability and/or function. This is true for human and also for one of the most distant species, namely
drosophila. Considering the high degree of conservation of JNK sequences, one may hypothesize that
this is a general property across all the studied species. By contrast, the functional binding sites
of the protein contain residues belonging to different exons. This is expected as binding sites are
comprised of segments that can be very far from each other along the protein sequence.

Previous studies have related the 1D structure of the gene and the 3D structure of the protein.
It was shown that compact units in protein structures, namely protein units, tend to overlap the

boundaries of single constitutive exons or of co-occurring exon pairs in human [29].
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Properties of the orphan transcripts.

We investigated whether the orphan transcripts, for which no phylogeny could be reconstructed
(Fig. 1b, grey leaves), displayed peculiar sequence and structural properties compared to the ”par-
ented” transcripts (Fig. 1b, colored leaves). First, the orphan transcripts are significantly smaller
than the parented ones (Fig. 3a). While the minimum length for parented transcripts is 308 residues,
with an average of 406 + 40 residues (Fig. 3a, in white), the orphan transcripts can be as small as
124 residues, with an average of 280 + 88 residues (Fig. 3a, in grey). Second, regarding secondary
structure content, both types of transcripts contain about 40% of residues predicted in a-helices or
p-sheets (Fig. 3b). Third, the 3D models generated by PhyloSofS’s molecular modeling routine
for the orphan transcript isoforms are of poorer quality than those for the transcripts belonging
to a phylogeny (Fig. 3c-d). The quality of the models was assessed by computing Procheck [30]
G-factor and Modeller [31] normalized DOPE score (Fig. 3c-d). A model resembling experimental
structures deposited in the PDB should have a G-factor greater than -0.5 (the higher the better) and
a normalized DOPE score lower than -1 (the lower the better). The distributions obtained for the
parented isoforms are clearly shifted toward better values and are more narrow than those for the
orphan transcripts. Finally, the proportion of protein residues being exposed to the solvent (relative
accessible surface area rsa > 25%) is significantly higher for the orphan isoforms (Fig. 3e), as
is the proportion of hydrophobic residues being exposed to the solvent (Fig. 3f). Overall, these
observations suggest that simple sequence and structure descriptors enable to distinguish the orphan
transcripts from the ones within a phylogeny and that the formers display properties likely reflecting

structural instability (large truncations, poorer quality, larger and more hydrophobic surfaces).


https://doi.org/10.1101/119891
http://creativecommons.org/licenses/by-nc/4.0/

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

bioRxiv preprint doi: https://doi.org/10.1101/119891; this version posted March 23, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Evolution and structural impact of alternative splicing for JNKs. 15

Figure 3: Structural features of the transcript isoforms. Distributions are reported for the
parented transcripts (in light gray) and the orphan transcripts (in dark grey) in the transcripts’
phylogeny (see Fig. 1b). (a) Length of the transcript (in residues). (b) Predicted secondary
structure content (in percentages of residues). (c) Overall G-factor computed by Procheck [30]. (d)
Normalized DOPE score computed by Modeller [31]. (e) Fraction of protein residues being exposed
to the solvent (rsa > 0.25). (f) Fraction of hydrophobic protein residues being exposed to the solvent
(rsa > 0.25).

Subtle changes in the protein’s internal dynamics linked to substrate
differential affinity.

The two mutually exclusive exons 6 and 7 are particularly important for JNK cellular functions,
as they confer substrate specificity. The inclusion or exclusion of one or the other results in different
substrate-binding affinities [21, 22]. From a sequence perspective, the two exons are homologous,
highly conserved through evolution, and differ only by a few positions (S3 Fig). From a structural
perspective, they both fold into an a-helix, known as the F-helix, followed by a loop (Fig. 2, in light
pink).

The F-helix was shown to play a central role in the structural stability of protein kinases [32].
In particular, it contains a N-terminal aspartate and 2 hydrophobic residues highly conserved across
the whole kinase family. These 3 residues were shown to serve as anchor points for two clusters
of hydrophobic residues, namely the catalytic and regulatory spines, essential for kinase activity
and regulation [32] (see illustration on the PKA kinase on S4 Fig, a). Moreover, the N-terminal
aspartate was shown to form hydrogen bonds (H-bonds) with the HRD motif in the catalytic loop
and to consequently stabilize the backbone of this motif in a strained conformation characteristic of
protein kinase structures and important for their catalytic activity [33] (see illustration on the CDK-
substrate complex on S5 Fig, a). To sum up, the F-helix is essential for kinase structural stability
and some particular residues in this helix are involved in structural features important for kinase

catalytic activity and/or regulation. In the following, we will use these known structural features as
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proxies for the stability and catalytic competence of the studied isoforms.

The available JNK crystallographic structures and the 3D models generated by PhyloSofS do not
display any significant structural change between the isoforms including exon 6 and those including
exon 7. The catalytic and regulatory spines, together with their anchors in the F-helix, are present
in both types of isoforms (S4 Fig, b-c). The HRD motif’s strained backbone conformation and the
associated H-bond pattern are also observed in both types of isoforms (S5 Fig, b-c). The N-terminal
aspartate (D207) of the F-helix is 100% conserved in both exons 6 and 7 in the 7 studied species
(S3 Fig, indicated by an arrow). The two other anchor points are also present, namely 1214 and
L/M218 (S3 Fig, indicated by arrows). Consequently, both exons 6 and 7, and thus the isoforms
containing them, possess the structural features known to be important for kinase catalytic activity

and /or regulation.

To further investigate the potential impact of the inclusion/exclusion of exon ¢ or 7 on the dy-
namical behavior of the protein, we performed all-atom molecular dynamics (MD) simulations of the
human isoforms colored in orange and purple on Figure 1b. We shall refer to these isoforms as
JNKla (with exon 6) and JNK13 (with exon 7), in agreement with the nomenclature found in the
literature [21]. JNKla and JNK15 were simulated in explicit solvent for 250 ns (5 replicates of 50
ns, see Methods). The backbone atomic fluctuation profiles of the two isoforms are very similar (Fig.
4a, orange and purple curves), except for the A-loop which is significantly more flexible in JNKla:
the region from residue 176 to 188 displays averaged Ca fluctuations of 1.55 4+ 0.28 A in JNK1la and
of 0.98 £+ 0.16 A in JNK1/ (Fig. 4a). The two exons, 6 and 7, have similar backbone flexibility. In
the F-helix, the anchor residues for the spines, D207, 1214 and M218 adopt stable and very similar
conformations (Fig. 4b). Moreover, the HRD backbone strain and the associated H-bond pattern

are maintained along the simulations of both systems (S7 Fig, a-b). Consequently, the observa-
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tions realized on the static 3D models hold true when simulating their dynamical behavior: the 6/7
variation does not induce any drastic change.

Nevertheless, an interesting observation can be made regarding the loop following the F-helix: a
few residues lying in this loop display very different side-chain flexibilities between the two isoforms
(Fig. 4b). On the one hand, in exon 6 (in orange), the polar and positively charged residues H221,
K222 and R228 are exposed to the solvent and display large amplitude side-chain motions. These
amino acids are 100% conserved in exon 6 across all species (S3 Fig). On the other hand, in exon
7 (Fig. 4b, in purple), G221, G222 and T228 have small side chains with much reduced motions.
While G221 is conserved across all species, position 222 is variable and position 228 features G, T
or S (S3 Fig). This region of the protein is involved in the binding of substrates (see Fig. 2, F-
site). Moreover, in both isoforms, we predicted residues 223-230 as directly interacting with cellular
partners (see Methods). Consequently, one may hypothesize that the differences highlighted here may
be crucial for substrate molecular recognition specificity. The positive charges, high fluctuations, high
solvent accessibility and high conservation of residues H221, K222 and R228 in JNKla support a

determinant role for these residues in selectively recognizing specific substrates.

Figure 4: Dynamical behavior of the human JNK1 isoforms in solution. (a) The secondary
structures for JNKla (with exon 6) are depicted on top (the profiles for the 2 other isoforms are
very similar, see S6 Fig). The atomic fluctuations (computed on the Ca) averaged over 5 50-ns MD
replicates are reported for JNK1la in orange, JNK15 in purple and JNK16 in pink. The envelopes
around the curves indicate the standard deviation. (b) Representative MD conformations obtained
by clustering based on position 228 (RMSD cutoff of 1.5 A). There are 8 conformations for JNK1a (in
orange) and only 1 for JNK15 (in purple). (c) Superimposed pair of MD conformations illustrating
the amplitude of the A-loop motion in JNK16 (see Materials ad Methods for details on the calculation
of the angle). Exons 5, 8 and 9 are indicated by colors and labels. For clarity, 8 is also indicated
by two stars on the structure.
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Structural dynamics of a newly identified isoform.

Our reconstruction of the JNK transcripts’ phylogeny highlighted a JNK1 isoform (Figure 1b, in
pink) that has not been documented in the literature so far. It is expressed in human, mouse and
fugu fish (Figure 1b), suggesting that it could play a functional role in the cell. To investigate this
hypothesis, we analyzed the 3D structure and dynamical behavior of this isoform in human. We refer

to it as JNK14.

JNK16 displays a large deletion (of about 80 residues), lacking exons 6, 7 and 8. It does not contain
the F-helix, shown to be crucial for kinases structural stability [32], nor the MAPK insert, involved
in the binding of the phosphatase MKP7 [27] (Fig. 2). The 3D model generated by PhyloSofS
superimposes well to those of INK1la and JNK13, with a RMSD lower than 0.5 A on 245 residues.
This is somewhat expected as we use homology modeling. Nevertheless, cases were reported in
the literature where homology modeling detected big changes in protein structures induced by exon
skipping [34]. In the model of JNK14, the F-helix present in JNK1a and JNK1/5 (residues 207 to 220)
is replaced by a loop (residues 282 to 288) corresponding to exon 8’ (Fig. 4c, indicated by the two
stars). The sequence of this loop (exon 8”) does not share any significant identity with the F-helix
(N-terminal parts of exons 6 and 7), except for the N-terminal residue which is an aspartate, namely
D282 (D207 in JNKla and JNK153). This replacement results in the regulatory spine being intact
in JNK16 (S4 Fig, d, in red). Moreover, the HRD motif’s strained backbone conformation and the
associated H-bond pattern, which are stabilized by the aspartate, are maintained (S5 Fig, d). By
contrast, the catalytic spine lacks its two anchors (S4 Fig, d, in yellow). Consequently, despite its
lacking of an important and large part of the protein, JNK1§ still possesses some structural features

important for kinase catalytic activity and/or regulation.
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JNK16 was simulated in explicit solvent for 250 ns (5 replicates of 50 ns). The isoform displays
stable secondary structures (S6 Fig, at the bottom) and atomic fluctuations comparable to those
of INKla and JNK1p (Fig. 4a, pink curve to be compared with the purple and orange curves).
The Ca atomic fluctuations averaged over the loop replacing the F-helix values 0.88 + 0.18 A.
This is higher than the values computed for the F-helix in JNKla and JNK15 (0.57 + 0.10 A and
0.53 & 0.09 A), but it still indicates a limited flexibility. Moreover, the N-terminal aspartate D282
establishes stable H-bonds with the HRD motif along all but one of the replicates (S7 Fig, a, on the
right) and the HRD motif’s backbone remains in a strained conformation (S7 Fig, b, on the right),
as was observed for JNKla and JNK15. Consequently, JNK16 seems stable in solution, and, as
observed on the static 3D model, the absence of the F-helix in this isoform is partially compensated
by the presence of D282, which is sufficient to maintain H-bonds with the HRD motif and a resulting
backbone strain of the motif, important for kinase structural stability.

The main difference between JNK10 and the two other isoforms lies in the amplitude of the
motions of the A-loop. In JNK19, the C-terminal part of the A-loop can detach from the rest of
the protein along the simulations (Fig. 4c). The amplitude of the angle computed between the
most retracted conformation (in grey) and the most extended one (in black) is 107°. By contrast, in
JNK1la and JNK13, the A-loop always stays close to the rest of the protein, with amplitude angles
of 18° and 19°, respectively. The A-loop contains two residues, T183 and Y185 (Fig. 4c, highlighted
in sticks), whose phosphorylation is required for JNK activation. We hypothesize that the large

amplitude motion in JNK1¢6 might favor their accessibility and, in turn, the activation of the protein.

Alternative transcripts’ phylogenies.

The size of the search space for the transcripts’ phylogeny reconstruction grows exponentially

with the number of observed transcripts (leaves). To explore that space, the heuristic algorithm
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implemented in PhyloSofS relies on a multi-start iterative procedure and on the computation of a
lower bound to early filter out unlikely scenarios (see Methods). Depending on the input data and
the set of parameters, it may find several solutions with equivalent costs. Over 10° iterations of the
program, the forest described above (Fig. 1b, or S8 Fig with branch swapping), comprising 7 trees,
19 deaths and 14 orphans, was visited 1 219 times. An alternative phylogeny was visited 310 times,
that comprises the same number of trees and orphans, but 2 more deaths (S9 Fig). The difference
between the two forests lies among the fugu JNKI1 transcripts, where one transcript belongs to the
orange tree (S9 Fig) instead of the yellow one (Fig. 1b). The two trees differ by the inclusion or
exclusion of exon 12 or 13, and the re-assigned transcript lacks both exons. Consequently, the new
branching results in the loss of exon 13 between the internal nodes A1l and A18 (S9 Fig), instead
of the loss of exon 12 between A24 and fugu JNK1 (Fig. 1b). Another forest with the same cost
comprising 8 trees, 23 deaths and 13 orphans was visited 190 times (S10 Fig). The additional tree
is created in the internal node A10 and links two observed JNK3 transcripts: one from the mouse
that was previously orphan (Fig. 1b) and one from zebrafish that previously belonged to the green
tree. Both transcripts are truncated at the C-terminus and lack exons 12 and 13. Consequently, this
new branching avoids the loss of exon 12 between A16 and zebrafish JNK3. Overall the differences
between the three solutions are minor and these ambiguities do not impact our interpretation of the

results.

Unresolved residues in the 3D models.

In the 3D models generated by PhyloSofS, the N-terminal exons 0 and 1’ and the C-terminal exons
12 and 13 are systematically missing. This is due to the lack of structural templates for these regions.
Using a threading approach instead of PhyloSofS’s homology modeling routine (see Methods) did not

enable to improve their reconstruction. In fact, the models generated by the threading algorithm are
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very similar to those generated by PhyloSofS.

All the missing exons are predicted to contain some intrinsically disordered regions (S11 Fig).
At the N-terminus, exons 0 and 1’ contain two segments of about 10 residues predicted as disordered
protein-binding regions (S11 Fig, b, orange curve), i.e regions unable to form enough favorable
intra-chain interactions to fold on their own and likely stabilized upon interaction with a globular
protein partner [35]. These exons are present in only two JNK3 transcript isoforms (Fig. 1b, colored
in red and green). Considering that JNK3 isoforms are specifically expressed in the heart, brain and
testes [21], one can hypothesize that the two exons are involved in interactions with specific cellular
partners in these tissues. At the C-terminus, exons 12 or 13 are completely predicted as intrinsically
disordered (S11 Fig, a and S11 Fig, b, blue curve). The functional implication of the inclusion or

exclusion of 712/13 has not been assessed experimentally [21].

Discussion

To what extent the transcript diversity generated by AS translates at the protein level and has
functional implications in the cell remains a very challenging question and has been subject to much
debate [36, 37]. The present work contributes to elaborating strategies to answer it, by crossing
sequence analysis and phylogenetic inference with molecular modeling. We report the first joint
analysis of the evolution of alternative splicing across several species and of its structural impact
on the produced isoforms. The analysis was performed on the JNK family, which represents a high
interest for medicinal research and for which a number of human isoforms have been described and
biochemically characterized.

Importantly, our approach enables to go beyond a mere description of transcript variability across
species and /or across genes. Indeed, by reconstructing phylogenies, we do not only cluster transcripts

but we also add a temporal dimension to the analysis and we date the ASEs. This is important when
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one wants to study the sequence of ASEs and how it translates in terms of protein structure evolution.
Another important aspect is that, in this study, we have inferred the phylogeny of all transcripts
observed for the whole JNK family at once. This means that we have directly addressed the issue of
pairing transcripts across homologous and paralogous genes between different species, starting from
a given reconciled gene tree. This general problem is much more complex than that of inferring
the transcripts’ phylogeny of each gene separately. We can thus perform an integrated phylogenetic
reconstruction that combines creation/loss events at both gene and transcript levels.

The reconstructed phylogenies enable to rapidly and easily identify transcript isoforms conserved
during long evolutionary times and thus likely to be functionally important, and/or ASEs specific to
one gene of the family. One can then investigate the structural impact of the AS-induced sequence
variations on these isoforms by molecular modeling. Characterizing in details their dynamical behav-
ior further permits to get insight into the molecular mechanisms underlying AS-induced functional
changes. Such in silico analyses provide a way to complement findings from large-scale proteomics

and ribosome profiling studies [11, 7, 8] with a mechanistic explanation.

We summarize below our main findings on the JNK family, some of which likely have general
applicability.

First, we dated an ASE consisting of two mutually exclusive homologous exons (6 and 7) in the
ancestor common to mammals, amphibians and fishes. By characterizing in details the structural
dynamics of two human isoforms, JNKla and JNK13, bearing one or the other exon, we could
emphasize subtle changes associated to this ASE and identify residues that may be responsible for
the selectivity of the JNK isoforms toward their substrates. Alternatively spliced homologous exons
were recently shown to be highly expressed at the protein level and to have ancient origin, supporting
an important cellular role [38].

Second, our analysis highlighted an isoform, JNK16, conserved across several species, displaying
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a large deletion (about 80 residues), and not previously described in the literature. It is recorded in
the UniProt database [39] (accession id: P45983-5). The APPRIS database v20 [40] annotates it as
minor and indicates that there are 4 peptides matching the isoform in publicly available proteomics
data. By comparison, the human JNK1 isoforms identifed as orphans by our phylogenetic analysis are
also annotated as minor in the APPRIS database and have between zero and 2 matching peptides.
The other human JNK1 isoforms, which possess a phylogeny and are described in the literature [21],
are annotated as alternative or principal and have between 5 and 7 matching peptides. Our analysis
showed that JNK14 remains stable in solution and that its catalytic site is intact. We propose that
JNK10 might be catalytically competent and that the large amplitude motion of the A-loop observed
in the simulations might facilitate the activation of the protein by exposing a couple of tyrosine and
threonine residues that are targeted by MAPK kinases. The validation of this hypothesis would
require further calculations and experiments that fall beyond the scope of this study. Already, this
interesting result suggests that our approach could be used to identify and characterize new isoforms,
that may play a role in the cell and thus serve as therapeutic targets.

Third, we found characteristics specific to the JNK3 isoforms, expressed in the heart, brain and
testes. In the phylogeny, we observed that exon 7 is absent from the JNK3 sub-forest. One may
wonder whether this could be due to under-annotation of the transcripts. In fact, the genomic
sequence of exon 7 is present at the JNK3 locus in all species. Nevertheless, this sequence (exon 7,
JNK3) diverged far more than the other ones (exon 6, JNK3, and exons 6/7, JNK1 and JNK2). This
observation supports the transcriptomic data used as input and our results. Studies investigating
the gain/loss of alternative splice forms associated to gene duplication at large scale [41, 42] have
highlighted a wide diversity of cases and have suggested that it depends on the specific cellular context
of each gene. By analyzing the structural models, we also observed that two exons (0 and 1”) contain

regions predicted to be disordered protein-binding regions. This is in agreement with a study linking
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protein-protein interaction networks remodeling with tissue specific AS [43]. The authors showed that
tissue-specifically included exons are frequently enriched in intrinsically disordered regions likely to
influence protein interactions. These observations call for the development of molecular modeling
methods able to correctly handle these regions and predict their partner(s) and their stabilized-upon-

binding fold(s).

Under-annotation of transcripts is a potential source of error coming from the input data. It can
impact the phylogenetic reconstruction by missing distant evolutionary relationships. To deal with
this issue, we set the cost associated to transcript death to zero. This enables to construct trees
that can relate transcripts possibly very far from each other in the phylogeny (i.e. expressed in
very distant species, because some species in between are under-annotated). This parameter may
be tuned by the user depending on the quality and reliability of the input data. A second source of
error comes from annotated transcripts supposedly non-functional. We expect that these transcripts
are likely not conserved across species and thus will be attributed the status of orphans in the phy-
logenetic reconstruction. Moreover, we have emphasized an independent source of evidence coming
from their structural characterization which can help us flag them. The reliability of the transcript
expression data clearly constitutes a present limitation of the method. However, as experimental
evidence accumulate and precise quantitative data become available, computational methods such
as PhyloSofS will become instrumental in assessing the contribution of AS in protein evolution. The
present work opens the way to such assessment at large-scale.

To efficiently search the space of possible phylogenies, the algorithm implemented in PhyloSofS
relies on a multi-start iterative procedure and on the computation of a lower bound that enables
to early eliminate unsuitable candidate solutions (see Methods). For the JNK family, the execution
of 1 million iterations took about two weeks on a single CPU. This case represents a high level of

complexity as most of the transcripts contain more than 10 exons (the average number of exons per
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gene being estimated at 8.8 in the human genome [44]) and up to 8 transcripts are observed within
each species (it is estimated that about 4 distinct-coding transcripts per gene are expressed in human
[40]). To reduce the computing time, the user can easily parallelize the multi-start iterative search
on multiple cores and he/she has the possibility to give as input a previously computed value for the
lower bound (to increase the efficiency of the cut). This implementation makes feasible, for the first

time, the reconstruction of transcripts’ phylogenies for any gene family.

Although PhyloSofS was applied here to study the evolution of transcripts in different species,
it has broad applicability and can be used to study transcript diversity and conservation among
diverse biological entities. The entities could be at the scale of (7) one individual/species (tissue/cell
differentiation), (i¢) different species (matching cell types), (i) population of individuals affected or
not by a multifactorial disorder. In the first case, the tree given as input should describe checkpoints
during cell differentiation and PhyloSofS will provide insights on the ASEs occurring along this
process. In the second case, PhyloSofS can be applied to study one particular tissue across several
species in a straightforward manner (explicitly dealing with the dimension of different tissues requires
further development). In the third case, the tree given as input may be constructed based on genome
comparison, a biological trait or disease symptoms. PhyloSofS can be used to evaluate the pertinence
of such criteria to relate the patients, with regards to the likelihood (parsimony) of the associated

transcripts scenarios. This case is particularly relevant in the context of medicinal research.

Methods

PhyloSofS workflow

PhyloSofS takes as input a binary tree (called a gene tree) describing the phylogeny of the gene(s) of

interest for a set of species (Fig. la, on the left), and the ensemble of transcripts observed in these
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species (symbols at the leaves). PhyloSofS comprises two main steps:

a. It reconstructs a forest of phylogenetic trees describing plausible evolutionary scenarios that
can explain the observed transcripts by using the maximum parsimony principle (Fig. la, on
the right). The forest is embedded in the input gene tree. The leaves of each tree correspond
to a subset of the observed transcripts (one transcript at every leaf of every tree). The root of
a tree corresponds to the creation of a new transcript while dead ends (indicated by triangles
on Fig. 1la, on the right) correspond to transcript losses. Transcripts can mutate along the

branches of the trees.

b. It predicts the three-dimensional structures of the protein isoforms corresponding to the ob-
served transcripts by using homology modeling. The molecular models are then annotated with
quality measures. For each isoform, the exons composing it are mapped onto its 3D structural

model.

PhyloSofS comes with helper functions for the visualization of the output transcripts’ phylogeny (ies)

and of the isoforms’ molecular models. The program is implemented in Python.

Step a. Transcripts’ phylogenies reconstruction

For simplicity, we describe here the case where only one gene of interest is studied across several
species. Nevertheless, PhyloSofS can reconstruct phylogenies for several genes from the same family,

as exemplified by its application to the JNK family.

Evolution model. PhyloSofS models transcript evolution as a two-level process. The first level
corresponds to the gene structure, where the status (absent, alternative or constitutive) of each exon
is determined, while the second level corresponds to the transcripts, where the presence or absence

of each exon is determined for each transcript. Modification of the gene structure affects the set
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of transcripts that can be expressed, but modification of the transcripts does not affect the gene

structure. Three evolutionary events are considered, namely creation of a transcript, death of a

transcript and mutation of a transcript, and three associated costs are defined, Cz, Cp and o (Table

IT). This model is inspired by a previous work [14].

Table II: Exon states and associated costs o.

child/parent | (0,0) | (0,1) | (1,1) | (1,2) | state of the exon e in the child transcript ¢; of species s
(0,0) 0 0 0 0 | excluded from ¢ and from all transcripts of s

(0,1) 0 0 o o | excluded from ¢7 but included in some transcript(s) of s
(1,1) o o 0 0 | included in t7 but excluded from some transcript(s) of s
(1,2) 0 o 0 0 | included in ¢; and in all transcripts of s

Only evolutionary changes taking place at the level of the transcript are taken into consideration.

Input data. The input consists in a gene tree with the observed transcripts at the leaves (Fig.

5a). The gene is represented by an ensemble E of n, exons. The identification and alignment of the

n. homologous exons between the different transcripts must be performed prior to the application of

the method (see below for details on data preprocessing for the JNK family). The n, transcripts of

species s are described by a binary table T* of n. x n, elements, where T7°; = 1 if exon i is included

in transcript j (colored squares on Fig. 5a), 0 if it is excluded (white squares).
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Figure 5: Workflow of the transcripts’ phylogeny reconstruction algorithm. (a) A binary
tree representing the phylogeny of the gene(s) of interest is given as input, along with the transcripts
observed at the leaves (symbols). Each transcript is described as a collection of exons, each exon
being colored differently (white means that the exon is absent from the transcript). (b) The first step
consists in determining the states of the exons at the level of the gene, either absent (white square),
alternative (black/white square) or constitutive (black square). To determine the exon states at the
internal nodes, Sankoff’s algorithm and Dollo’s parsimony principle are used. (c-d) The algorithm
then proceeds iteratively by searching the space of possible forest structures (c) and evaluating the
phylogeny of minimum cost for each chosen structure (d). (c) A forest structure S; is fixed by setting
the number of binary (with two children), left (with one left child) and right (with one right child)
subnodes at each internal node. (d) The phylogeny ¢; associated to the forest S; is computed only
if the cost associated to S;, which depends on the number of transcript births and deaths, is lower
than the cost C),;, of the best phylogeny found so far. At this stage, each transcript is represented
by a table of costs, where each line corresponds to an exon and each column corresponds to an exon
state. There are four possible states: absent (white square), alternative absent (grey/white square),
alternative present (black/grey square) and present (black square). Only the cells permitted by the
exon states at the gene level (determined in a) are considered. Sankoff’s algorithm is used bottom
up to compute the minimal pairing costs (see Table II for the list of elementary mutation costs). At
each internal node, the problem of pairing the children transcripts is that of a partial assignment and
is solved by using a branch-and-bound algorithm (see inserted table on the left: the chosen pairs are
those with minimum costs and compatible, and Supplementary text S1). The total cost associated
to mutations along the branches is obtained by summing the costs over all tables, where the cost of
each table is the sum of the minimum costs determined for each line (exon). The cost associated to
each observed transcript (leaf) is obviously zero.

Exon states at the gene level. For a given species s, a vector ¢° of length n. encodes the state
of each exon by the values {0, 1, 2} for absent, alternative and constitutive, respectively (Fig. 5b,
white, black/white and black squares). At the leaves (current species), the components of ¢g° are

calculated as:

Ns

g =117, +1-110-T) (1)
j=1

J=1

The ¢* vectors for internal nodes (ancestral species) are determined by using Sankoff’s algorithm
[45]. Dollo’s parsimony principle is also respected, such that an exon cannot be created twice [46].

If different exon states have equal cost, we follow the priority rule 2 > 0 > 1.

Forest structure. Each internal node of the gene tree, representing an ancestral species, is ex-

panded in several subnodes, representing the transcripts of the gene in this ancestral species (Fig.
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5c¢). There exist three types of subnodes: binary (two transcript children), left (one transcript child
in the node’s left child) and right (one transcript child in the node’s right child). Left and right
subnodes imply that a transcript death occurred along the branch. A forest structure S is fixed by
setting ny, m; and n, the respective numbers of binary, left and right subnodes for every internal
node of the gene tree. The cost associated to structure S is calculated as Cs = Chirin(S) + Caearn(S),

where Chin(S) and Cleqrn(S) are the total costs of creation and loss of transcripts, expressed as:

Crirtn(S) = Cp x |S| with |S| the number of trees in the forest, (2)
Caeatn(S) = Cpx > m(N)+n.(N) (3)
nodes N

Transcripts’ phylogeny. A transcripts’ phylogeny determines the pairings of transcripts at each
level of the forest structure (Fig. 5d). The cost of the phylogeny ¢ complying with the structure S

is calculated as:

C,=Cs+ Y T4 (4)

A tree of ¢

where I'(A) is computed for each tree A of ¢ by evaluating the changes of exon states along the

branches of ¢:

I'(A) = > L(th —t}) (5)

ts—t. branch of 4

where t¥ is the parent transcript, i subnode of node k, té- is the child transcript, j** subnode of node
Land T(tF — th) = Yocp o ((TF;; g%), (T ;; gL)), with g¢ € {0,1,2} the state of exon e at the level of

the gene at node y and TY, € {0,1} the state of exon e at the level of the 2" transcript of node y.

The evolution costs o are given in Table II.

Detailed algorithm. PhyloSofS’s algorithm seeks to determine the scenario with the smallest
number of evolutionary events, i.e. the transcripts’ phylogeny with the minimum cost (Fig. 5c-d).

It proceeds as follows:
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Initialization:
Cinin — 00
Choose the forest structure Sy that maximizes the n; values
Iteration:
fori=0tot,.—1 do
if Cs, < Cpin, then
Find the most parsimonious phylogeny ¢; given structure S;
if C,, < Cpin then
Crnin < Co,
end if
end if
Choose forest structure S; 1 by setting ny, n; and n, at every internal node

end for

To efficiently search the space of all possible forest structures (Fig. 5c), PhyloSofS relies on a
multi-start iterative procedure. Random jumps in the search space are performed until a suitable
forest structure S; (with Cs, < C) is found. The cost Cg, of the forest structure S; serves as a
lower bound for the cost C,, of the phylogeny ;. Forest structures that are too costly are simply
discarded, without calculating the corresponding phylogenies. As the algorithm finds better and
better solutions, the cut becomes more and more efficient. The phylogeny ¢; is reconstructed by
using dynamic programming. Sankoff’s algorithm is applied bottom up to compute the minimum
pairing costs between transcripts (Fig. 5d, each transcript is represented by a matrix of costs). At
each internal node, the pairings are determined by using a specific version of the branch-and-bound
algorithm [47] (see Supplementary Text S1). If the reconstructed phylogeny is more parsimonious

than those previously visited (Cy, < Ciin), then the minimum cost Ci,;, is updated. There may
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be more than one phylogeny with minimum cost that comply with a given structure S;. The next
forest structure S; will be randomly chosen among the immediate neighbors of S; (Fig. 5d). Two
structures are immediate neighbors if each one of them can be obtained by an elementary operation
applied to only one node of the other one (S12 Fig). If the phylogeny ¢; is such that C,; < Cyuin,
then the next forest structure will be chosen among the neighbors of S;, which serves as a new
"base” for the search. Otherwise, the algorithm continues to sample the neighborhood of S;. This
step-by-step search is applied until no better solution can be found. At this point, a new random

jump is performed. The total number of iterations t,,,, is given as input by the user (1 by default).

Visualization. PhyloSofS generates PDF files displaying the computed transcripts’ phylogenies

using a Python driver to the Graphviz [48] DOT format.

Step b. Isoforms structures prediction

The molecular modeling routine implemented in PhyloSofS relies on homology modeling. It takes
as input an ensemble of multi-fasta files (one per species) containing the sequences of the splicing

isoforms. For each isoform, it proceeds as follows:

1. search for homologous sequences whose 3D structures are available in the Protein Data Bank

(templates) and align them to the query sequence;
2. select the n (5 by default, adjustable by the user) best templates;
3. build the 3D model of the query;
4. remove the N- and C-terminal residues unresolved in the model (no structural template);

5. annotate the model with sequence and structure information.
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Search for templates. Step 1 makes extensive use of the HH-suite [49] and can be decomposed
in: (a) search for homologous sequences and building of a multiple sequence alignment (MSA), by
using HHblits [50], (b) addition of secondary structure predictions, obtained by PSIPRED [51], to
the MSA, (c) generation of a profile hidden markov model (HMM) from the MSA, (d) search of a

database of profile HMMs for homologous proteins, using HHsearch [52].

3D model building. Step 3 is performed by Modeller [31] with default options.

Annotation of the models. Step 5 consists in: (a) inserting the numbers of the exons in the
p-factor column of the PDB file of the 3D model, (b) computing the proportion of residues predicted
in well-defined secondary structures by PSIPRED [51], (c) assessing the quality of the model with
Procheck [30] and with the normalized DOPE score from Modeller, (d) determining the by-residue
solvent accessible surface areas with Naccess [53] and computing the proportions of surface residues

and of hydrophobic surface residues.

Application of PhyloSofS to the JNK family

Retrieval and pre-processing of transcriptome data. The peptide sequences of all splice
variants from the JNK family observed in human, mouse, xenope, zebrafish, fugu, drosophila and
nematode were retrieved from Ensembl [23] release 84 (March 2016) along with the phylogenetic
gene tree. Only the transcripts containing an open reading frame and not annotated as undergoing
nonsense mediated decay or lacking 3’ or 5 truncation were retained. The homologous exons between
the different genes in the different species were identified by aligning the sequences with MAFFT
[54], and projecting the alignment on the human annotation. The isoforms resulting in the same
amino acid sequence were merged. In total, 64 transcripts comprised of 38 exons were given as input

to PhyloSofS.
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Exon numbering. The set of homologous exons used in PhyloSofS were defined so as to account for
all the variations occurring between the observed transcripts in any species. They do not necessarily
represent exons definition based on the genomic sequence, for two reasons. First, the structure of
the genes may be different from one species to another. For instance, the third and fourth exons of
human JNK1 genes are completely covered by only one exon in the drosophila JNK gene (S2 Fig).
In that case, we keep the highest level of resolution and define two exons (3 and 4). Second, it may
happen that a transcript contains only a part of an exon in a given species translated in another
frame. In that case, we define two exons sharing the same number but distinguished by the prime

symbol, e.g. exons § and §".

Reconstruction of the transcripts’ phylogeny. To set the parameters, two criteria were taken
into consideration. First, the different genomes available in Ensembl are not annotated with the
same accuracy and the transcriptome data and annotations may be incomplete. This may challenge
the reconstruction of transcripts’ phylogenies across species. To cope with this issue, we chose not
to penalize transcript death (Cp=0). Second, the JNK genes are highly conserved across the seven
studied species (Table I), indicating that this family has not diverged much through evolution.
Consequently, we set the transcript mutation and birth costs to 0 = 2 and Cg = 3 (Cp < 0 X 2).
This implies that few mutations will be tolerated along a phylogeny. Prior to the phylogenetic
reconstruction, PhyloSofS removed 19 exons that appeared in only one transcript (default option),
reducing the number of transcripts to 60. This pruning enables to limit the noise contained in the
input data and to more efficiently reconstruct phylogenies. PhyloSofS algorithm was then run for

106 iterations.

Generation of the 3D models. The 3D models of all observed isoforms were generated by

PhyloSofS’s molecular modeling routine by setting the number of retained best templates to 5 (default
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parameter) for every isoform.

Analysis of JNK tertiary structures.

The list of experimental structures deposited in the PDB for the human JNKs was retrieved
from UniProt [39]. The structures were aligned with PyMOL [55] and the RMSD between each
pair was computed. Residues comprising the catalytic site were defined from the complex between
human JNK3 and adenosine mono-phosphate (PDB code: 4KKE, resolution: 2.2 A), as those located
less than 6 A away from the ligand. Residues comprising the D-site and the F-site were defined
from the complexes between human JNKI1 and the scaffolding protein JIP-1 (PDB code: 1UKH,
resolution: 2.35 A [26]) and the catalytic domain of MKP7 (PDB code: 4YRS, resolution: 2.4 A
[27]), respectively. They were detected as displaying a change in relative solvent accessibility >1 A2

upon binding.

The I-TASSER webserver [56, 57, 58] was used to try and model the regions for which no structural
templates could be found. DISOPRED [59] and IUPred [60] were used to predict intrinsic disorder.

JET2 [61] was used to predict binding sites at the surface of the isoforms.

Molecular dynamics simulations of human isoforms.

Set up of the systems. The 3D coordinates of the human JNKI isoforms JNKla (369 res.,
containing exon 6), JNK1/5 (369 res., containing exon 7) and JNK16 (304 res., containing neither
exon 6 nor exon 7) were predicted by PhyloSofS pipeline. The 3 systems were prepared with the
LEAP module of AMBER 12 [62], using the ff12SB forcefield parameter set: (7) hydrogen atoms
were added, (i7) the protein was hydrated with a cuboid box of explicit TIP3P water molecules with

a buffering distance up to 10A, (7)) Nat and Cl~ counter-ions were added to neutralize the protein.
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Minimization, heating and equilibration. The systems were minimized, thermalized and equi-
librated using the SANDER module of AMBER 12. The following minimization procedure was
applied: (7) 10,000 steps of minimization of the water molecules keeping protein atoms fixed, (77)
10,000 steps of minimization keeping only protein backbone fixed to allow protein side chains to re-
lax, (#i7) 10,000 steps of minimization without any constraint on the system. Heating of the system to
the target temperature of 310 K was performed at constant volume using the Berendsen thermostat
[63] and while restraining the solute C,, atoms with a force constant of 10 kcal /mol /A%, Thereafter,
the system was equilibrated for 100 ps at constant volume (NVT) and for further 100 ps using a
Langevin piston (NPT) [64] to maintain the pressure. Finally the restraints were removed and the

system was equilibrated for a final 100 ps run.

Production of the trajectories. Each system was simulated during 250 ns (5 replicates of 50 ns,
starting from different initial velocities) in the NPT ensemble using the PMEMD module of AMBER
12. The temperature was kept at 310 K and pressure at 1 bar using the Langevin piston coupling
algorithm. The SHAKE algorithm was used to freeze bonds involving hydrogen atoms, allowing for
an integration time step of 2.0 fs. The Particle Mesh Ewald (PME) method [65] was employed to

treat long-range electrostatics. The coordinates of the system were written every ps.

Analysis of the trajectories Standard analyses of the MD trajectories were performed with the
ptraj module of AMBER 12. The calculation of the root mean square deviation (RMSD) over all
atoms indicated that it took between 5 and 20 ns for the systems to relax. Consequently, the last 30
ns of each replicate were retained for further analysis, totaling 150 000 snapshots for each system. The
fluctuations of the C-a atoms were recorded along each replicate. For each residue or each system,
we report the value averaged over the 5 replicates and the standard deviation (see Fig. 4a). The

secondary structures were assigned by DSSP algorithm over the whole conformational ensembles.
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For each residue, the most frequent secondary structure type was retained (see Fig. 4a and S6
Fig). If no secondary structure was present in more than 50% of the MD conformations, then the
residue was assigned to a loop. The amplitude of the motion of the A-loop compared to the rest of
the protein was estimated by computing the angle between the geometric center of residues 189-192,
residue 205 and either residue 211 in the isoforms JNKla and JNK13 or residue 209 in the isoform

JNK16. Only C-a atoms were considered.
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Supporting Information Captions

S1 Text

S1 Table

3D structures of human JNKs deposited in the Protein Data Bank.

S2 Table

Overlap between exons and known regions in human JNK tertiary structure. For each
exon, the corresponding residue range in human JNK tertiary structure is indicated, along with the
known region(s) overlapping with the exon and the residues from this(ese) region(s) being included in
the exon. Exons for which no residue range is indicated (-) map to disordered parts. The horizontal

lines separate actual exons (exons I and 8 were splitted in 7, 1" and 8, 8 to model the transcripts

in PhyloSofS, see Methods).

S1 Fig

Gene tree, species tree and parented human isoforms. (a) Gene tree for the JNK family,
comprising JNK1 (in black), JNK2 (in grey) and JNK3 (in light grey), in 7 species: human, mouse,
xenope, fugu, zebrafish, drosophila and nematode. Each node represents a gene from a current or
ancestral species. The internal nodes are numbered and the leaves are labelled. The fishes contain
two paralogs of JNK1 each, named JNK1 and JNKla in fugu, JNKla and JNK1b in zebrafish.
Drosophila and nematode contain only one JNK gene and are used as outgroups. (b) Mapping of
the duplication, loss and speciation events for the JNK family onto the phylogeny of the 7 studied
species. The genes being duplicated or lost are indicated on the corresponding branches. (c) On
top, a simplified representation of the JNK genes structure is displayed. Below, the human isoforms
for which a phylogeny could be reconstructed (see Fig. 1b) are listed and the gene(s) producing

each isoform is(are) indicated on the left. Rectangles represent exons and are labelled from 0 to 13.
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Exons colored in black in the gene structure (on top) are present in all the listed isoforms (below)
and those in gray are present in only a subset of the isoforms. The splicing paths corresponding to

the listed isoforms are highlighted in colors.

S2 Fig

Comparison of exon mapping onto JNK tertiary structure between human and drosophila.
The structures of JNK1 from human (a, PDB code: 3ELJ [28]) and JNK from drosophila (b, PDB
code: 5AWM [66]) are represented as cartoons. The different exons are colored from blue through
white to red. The residues in yellow are at the junction of 2 exons. The exon numbers next to the

color strip correspond to those used in PhyloSofS (see Methods).

S3 Fig

Multiple sequence alignments of the exons 6 and 7. The colors indicate the physico-chemical
properties of the amino acids: hydrophobic (AFILMPVW) in red, negatively charged (DE) in blue,
positively charged (KR) in magenta, polar or special (CGHNQSTY) in green. The symbols at the
bottom of each alignment give the conservation degree of the column: x for completely conserved, :
for conserved physico-chemical properties, . for variable, and void for highly variable. The numbering

on top corresponds to JNK1 and JNK2. The arrows indicate anchor residues found in all kinases.

S4 Fig

Catalytic and regulatory spines. (a) The PKA kinase (PDB code: 2CPK [67]) is taken as a
reference to illustrate the spines identified in all kinases in [32]. (b-d) 3D models for the human
isoforms JNK1a (b), JNK1/ (¢) and JNK16 (d). The residues comprising the spines are displayed as
sticks and transparent surfaces and are labelled. The catalytic spine is in yellow. It is anchored by
two hydrophobic residues located in the F-helix (in all panels, except for d, JNK16). The regulatory

spine is in red. It is anchored by the N-terminal aspartate of the F-helix, namely D220 in PKA (a)
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and D207 in JNK (b-c) that forms an H-bond with Y164 (a) or H149 (b-c). In JNK16, the aspartate

is replaced by D282 and the H-bond with H149 is maintained (d).

S5 Fig

Hydrogen-bond pattern associated to the HRD motif backbone strain. (a) The CDK-
substrate complex (PDB code: 1QMZ [68]) is taken as a reference to illustrate the hidden strain
identified in kinases structures in [33]. (b-d) 3D models for the human isoforms JNKla (b), JNK1/3
(c) and JNK106 (d). Hydrogen-bonds are formed between 3 components: the aspartate in the F-helix,
the HRD motif in the catalytic loop and the DFG motif in the activation loop. The 3 component

are conserved across the whole protein kinase family.

S6 Fig

Secondary structures for the human JNK1 isoforms. The secondary structures were recorded
along MD simulations of human JNK1« (on top), JNK15 (in the middle) and JNK16 (at the bottom).
For each residue, the most frequent secondary structure type is depicted. If a residue does not
adopt a well-defined secondary structure, either a-helix or S-sheet, for more than 50% of the MD

conformations, then it is assigned to a loop.

S7 Fig

H-bond pattern and backbone strain of the HRD motif. (a) Persistence of the H-bonds
formed between H149 and R150 from the HRD motif in the catalytic loop and D207 from the F-helix
and D169 from the DFG motif in the catalytic site, recorded along the 5 replicates of MD simulations
for JNKla, JNK14 and JNK14. (b) Ramachandran plot showing the torsion angle values (phi, psi)

of R150 from the HRD motif in the MD conformations of the 3 isoforms.
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S8 Fig

Transcripts’ phylogeny reconstructed by PhyloSofS for the JNK family. The forest is
comprised of 7 phylogenetic trees, 19 deaths and 14 orphan leaves. The cost of the phylogeny is 69

(with Cp =3, Cp = 0 and 0 = 2). The legend is the same as in Fig. 1b.

S9 Fig

Transcripts’ phylogeny reconstructed by PhyloSofS for the JNK family. The forest is
comprised of 7 phylogenetic trees, 21 deaths and 14 orphan leaves. The cost of the phylogeny is 69
(with Cp = 3, Cp = 0 and o = 2). The legend is the same as in Fig. 1b. Compared to Figure
1b, there is one additional subnode (in orange) in the internal nodes A18 and A24 and one JNKI1

transcript in fugu is the leaf of the orange tree instead of the yellow one.

S10 Fig

Transcripts’ phylogeny reconstructed by PhyloSofS for the JNK family. The forest is
comprised of 8 phylogenetic trees, 23 deaths and 13 orphan leaves. The cost of the phylogeny is 69
(with Cp = 3, Cp = 0 and 0 = 2). The legend is the same as in Fig. 1b. Compared to Fig. 1b,
there is one additional tree (in blue, exon composition on the right). The murine JNK3 transcript

serving as a leaf for this tree was previously an orphan.

S11 Fig

Prediction of intrinsic disorder in JNK isoforms. The predictions were performed with DISO-
PRED [59] (a) and with IUPred [60] (b) on the 2 human JNK3 isoforms colored in green and red on
Figure 1b, differing by the inclusion/exclusion of exons 12 or 18. Exon numbers are indicated on

top of the plots. The predictions for exon 13 were added on the right of the 2 plots.
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S12 Fig

State diagram illustrating the 12 possible elementary operations that can be applied to
a forest structure. Each elementary operation consists in removing and/or adding subnode(s) to
a randomly chosen node in the forest. Each subnode corresponds to a transcript and is represented
by a round. It is colored according to the node to which it belongs: the chosen node is in black
while its left and right children are colored in orange and green respectively. Deaths are displayed as
crosses on the branches. For each transition between 2 states, represented by an arrow, the numbers

of binary, left and right subnodes being added or removed are indicated in parenthesis.
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