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APRESENTACAO

Las Ciencias Biologicas estudian los seres vivos y todas sus relaciones entre si
y con el medio ambiente. Es un campo muy amplio, que engloba diferentes areas de
conocimiento, y que puede ser aplicado en el area de la educacion, la investigacion, la
bioconservacién ambiental, la salud, etc.

El trabajo “Produccion ciencia en Ciencias Bioldgicas” esta enfocado a discutir la
formacién del conocimiento en varias areas que conforman el gran dominio de las Ciencias
Biologicas, brindando al lector una vision variada y amplia de lo que se produce en esta
area en la actualidad. En este trabajo contamos con seis capitulos compuestos por articulos
cientificos originales basados en trabajos de investigacion.

Los trabajos descritos en este libro abordan temas relacionados con las ciencias
de la salud como microbiologia, zoologia y ecologia de especies, botanica, divulgacion
cientifica, medio ambiente, biodiversidad y bioconservaciéon. Esta multidisciplinariedad es
de gran importancia, ya que la investigacion con diferentes perspectivas profesionales
tiende a proporcionar una visidbn mas amplia y una mayor aplicabilidad en la vida cotidiana
del lector.

Creemos que este trabajo enriquecera su conocimiento y demostrara que la ciencia
puede ser muy placentera. Atena Editora, buscando la calidad, tiene a su disposicion un
cuerpo editorial compuesto por maestros y doctores formados en las mejores universidades
de Brasil, para la revision de sus obras. Por lo tanto, esta asegurado que tiene un trabajo de
excelente calidad en sus manos. Esperamos que disfrute de su lectura. jBuenos estudios!

Daniela Reis Joaquim de Freitas
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ABSTRACT: Protein phosphorylation is regulated
by the activity of enzymes generically known
as kinases. One of those kinases is Mitogen-
Activated Protein Kinases (MAPK), which operate
through a phosphorylation cascade conformed
by members from three related protein kinase
families namely MAPK kinase kinase (MEKK),
MAPK kinase (MEK), and MAPK; these three acts
hierarchically. Establishing the evolution of these
proteins in the plant kingdom is an interesting
but complicated task because the current
MAPK, MAPKK, and MAPKKK subfamilies
arose from duplications and subsequent sub-
functionalization during the early stage of the
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emergence of Viridiplantae. Here, an in silico
genomic analysis was performed on 18 different
plant species, which resulted in the identification
of 70 genes not previously annotated as
components of the MAPK family. Interestingly,
a deeper analysis of the sequences encoded by
such genes revealed the existence of putative
domains not previously described as signatures
of MAP kinases. Additionally, our analysis also
suggests the presence of conserved activation
motifs besides the canonical TEY and TDY
domains, which characterize the MAPK family.
KEYWORDS: Viridiplantae, Phylogeny, MAPK
gene family, Novel domains.

INTRODUCTION

Plants have evolved diverse and complex
response mechanisms to contend against con-
stantly changing environmental conditions. The
perception of these conditions, together with the
subsequent transduction and amplification of the
generated signals, triggers cellular responses
crucial to achieve optimal growth and develop-
ment. Post-translational modifications (PTMs)
constitute a major regulatory mechanism of
protein activity 23. PTMs regulate the activation
or inhibition of protein activity, change the sub-
cellular localization, alter protein stability, and
promote or prevent trans-interactions 2*. PTMs
are catalyzed by a wide variety of enzymes and
are usually reversible 358, Particularly, protein ki-
nases regulate processes at the transcriptional,
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translational, and post-translational level by catalyzing the addition of a phosphoryl group
(PO,?) from ATP to a substrate protein in specific amino acid residues usually serine (S),
threonine (T) or tyrosine Y 6—8. Phosphorylation reactions depend on the catalytic activity of
the kinase and the affinity, or protein-protein interaction capability, for their target proteins 87

Versus other eukaryotic genomes, plants contain a larger number of protein kinases;
for example, the Arabidopsis thaliana L. genome encodes approximately 1,200 kinases
while the rice (Oryza sativa L.) genome contains ~1,400 kinase genes #°. On the other
hand, approximately 500 and 120 protein kinases are encoded in the Homo sapiens L.
and Saccharomyces cerevisiae Meyen ex E.C. Hansen. genomes, respectively °271,853
high-quality sequence reads (5.11-fold coverage of the genome.

The MAPKSs belong to the group of serine/threonine protein kinases that are respon-
sible for transforming extracellular stimuliinto a wide range of cellular responses &'"'. MAPK
signaling cascades are highly conserved in all eukaryotic organisms and are made up of
three different gene families MAPK or MPK, MAPK kinase (MKK or MEK), and MAPKK ki-
nases (MPKKK or MEKK) ¢8'2, These components are sequentially activated by phosphor-
ylation in the activation domain of their substrates '*'4. The first component of the signaling
cascade is the MEKK; it phosphorylates a pair of serine (S) and threonine (T) residues in
the S/T-X, .-S/T domain of MEK proteins. Subsequently, MEKs activate MAPKs by phos-
phorylation of threonine (T) and tyrosine (Y) residues in the activation domain (T-X-Y) 31516,

The modular and hierarchical arrangement of the MAPK signaling pathways is suit-
able for amplification and integration of signals at the cellular level '8, Signaling cascades
mediated by MAPKSs coexist in many cells and are connected and regulated by feedback
to at least some degree 312171920 Dye to the central role played by the MAP kinases in
signal transduction and transmission, it is of great interest to classify the members of these
families based on their phylogenetic relationships and their functional characteristics 7:2'.
Despite the growing availability of plant genomes, the identification of MPKs has been limit-
ed to a small number of species, mainly from monocots 2224, and dicots '316:23.25-30,

Members of the MAP kinase family have 11 canonical domains with an activation
domain between domains VIl and VIII. The activation domain of MAP kinases contains
a pair of threonine and tyrosine residues, which are phosphorylated by a MEK protein 2.
Angiosperm MAPKs are classified into four groups (A-D) on the basis of their activation
domain 6.

The molecular activity of MAP kinases has been seen in Arabidopsis. For example,
the MEKK1-MKK4/5-MPK3/6 module participates in flagellin-triggered immune response %;
and the MEKK1-MEK1/2-MPK4/6 module is activated in response to different types of stress
33, The module MEKK4-MEK4/5-MPK3/6 was initially identified as a regulator of stomata
development 34, and later suggested to participate in the regulation of root and embryo
development . In this work, MAPKs from seven species not previously analyzed were

identified: Amaranthus hypochondriacus L., Azolla filiculoides [Lam.], Isoetes echinospora
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Durieu, Marchantia polymorpha L., Pinus taeda L., and Ostreococcus tauri C. Courties &
M.-J. Chrétiennot-Dinet, Salvinia cucullata [Bory.]; to provide a list of members of the MAPK
family of each of the 18 analyzed species. A total of 70 novel sequences of MAPK proteins
were obtained. In addition to a detailed study of the members of the MAP kinase family
of the aforementioned species, a comparative analysis was also perfomed by adding the
genes that code for the members of such families in representative species of the different
plant lineage, including a chlorophyta (Chlamydomonas reinhardtii PA Dang.), a lycophyte
(Selaginella moellendorffii P. Beauv.), two bryophytes (Physcomitrella patens [Hedw.] Bruch
& Schimp., and Sphagnum fallax H. Klinggr.), a gymnosperm (Picea abies[L.] H. Karst.), and
00/00/00 0:00:00four angiosperm species: Vitis vinifera L., Beta vulgaris L., Brachypodium
distachyon [L.] P. Beauv. and Amborella trichopoda Baill.

MATERIALS AND METHODS

Identification of MAPK genes in Viridiplantae

A BLASTP was carried out using the sequences of the MAPK proteins of Arabidopsis
thalianalL. as a query to find putative orthologs in Amaranthus hypochondriacus L., Amborella
trichopoda Baill., Chlamydomonas reindhardtii P.A. Daung., Physcomitrella patens [Hedw.]
Bruch & Schimp., Selaginella moellendorffii P. Beauv., Sphagnum fallax H. Klinggr. (https://
phytozome.jgi.doe.gov/pz/portal.html), Azolla filiculoides [Lam.], and Salvinia cucullata
[Bory.] (https://www.fernbase.org/), Marchantia polymorpha L. (https://marchantia.info),
Oryza sativa L. (http://www.plantgdb.org/OsGDBY/), Ostreococcus tauri C. Courties & M.-J.
Chrétiennot-Dinet. (https://genome.jgi.doe.gov/Ostta4/Ostta4.home.html), Pinus taeda L.,
Picea abies [L.] H. Karst. (http://congenie.org/), and Vitis vinifera L. (http://www.genoscope.
cns.fr/lexterne/GenomeBrowser/Vitis/) databases; considering an expected value (e-value)
of 1x10® as a threshold. An additional search was carried out using hidden Markov models
using HMMER 3.0 software %. Subsequently, the presence of the serine/threonine protein
kinase domain (PF00069) was corroborated in the retrieved sequences.

The putative members of the MAPK family must contain the characteristic sequence
[LANIM]-[TS]-X-X-[LANVIM]-X-T-[K/R]-[W/Y]-Y-R-X-P-X-[L/I/V/M]-[L/I/V/M]  including  the
T-X-Y activation domain '®23, The NCBI Conserved Domain Database (http://blast.ncbi.
nlm.nih.go), ProtParam online software from the ExPASy suite (https://web.expasy.org/
protparam/), and the InterProScan database (https://www.ebi.ac.uk/interpro/search/
sequence-search) were used to validate the presence of domains in each of the sequences.

Multiple sequence alignment, phylogenetic, and gene structure analysis

Multiple sequence alignment was generated using the iterative refined method E-INS-i
from MAFFT online software (Multiple Alignment using Fast Fourier Transform; https://mafft.
cbrc.jp/alignment/server/) ’huge numbers of biological sequences are available and the
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need for MSAs with large numbers of sequences is increasing. To extract biologically relevant
information from such data, sophistication of algorithms is necessary but not sufficient.
Intuitive and interactive tools for experimental biologists to semiautomatically handle large
data are becoming important. We are working on development of MAFFT toward these two
directions. Here, we explain (i, and visualized with Jalview software v2.11.1.3 %. The IQtree
1.6.6 (http://www.igtree.org/) and ProtTest (http://darwin.uvigo.es) software were used to
determine the evolution substitution model of proteins to be used for the construction of
the phylogenetic tree 340, The phylogenetic analysis was performed using the complete
sequence of each protein with the IQtree v1.6.6 software. The maximum-likelihood algorithm
was used. The tree topology was statistically tested with the bootstrap method with 1,000

iterations. The tree topology was visualized in the iTOL software v5.7 #'.

Identification of novel domains and protein structure prediction

MEME-suite software v5.2.0  was used to identify the canonical and novel MAPK
domains. MEME was run with default parameters and a predefined motif length of eight to
12—15 residues. PhosphoSVM software * was used to predict phosphorylation of the novel
domains. The protein logos were performed with WebLogo software v2.8.2 44

The protein structure was predicted with the I-Tasser software v5.1 ' and visualized
in the PyMol software v2.4.1 (The PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC.). The MPKB®6 crystal structure (PDB id: 5ci6) “° was used as a template for
structure modelling. Figure composition was performed using the InkScape software v1.0
(https://inkscape.org/es/).

RESULTS AND DISCUSSION

Identification and nomenclature

MAP kinases are of paramount importance for plant development and stress
response 2. The partial redundancy of this protein superfamily, the high sequence similarity
among homologs, and the expansion of the gene family in diverse plant species, have
hindered the evolutionary studies of MAPKs. To provide a comprehensive phylogenetic
analysis of MAPK proteins, a genome-wide identification of MAPK genes was performed
for 18 selected species, spanning the major clades of Viridiplantae. Our analysis includes
chlorophyta (C. reindhardtii, and O. tauri), bryophytes (M. polymoprpha, P. patens, and S.
fallax), lycophyte (S. moellendorffii), seedless vascular plants (A. filiculoides, I. echinospora,
and S. cucullata), gymnosperms (P. taeda and P. abies) and angiosperms. For the last clade
we include the basal angiosperm Amborella trichopoda, as well as monocotyledonous (B.
dystachion, and O. sativa) and dicotyledoneous species (A. hypochondriacus, A. thaliana,
B. vulgaris, and V. vinifera). MAPK genes were identified through a combined approach of
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homology identification and hidden Markov models (Table 1).

. . MAPKSs gene
Specie Lineage number

. . . Angiosperm

1 | Arabidopsis thaliana L. (Eudicot) 20
. Angiosperm

2 | Amaranthus hypochondriacus L. (Eudicot) 12
. Angiosperm

3 | Beta vulgaris L. (Eudicot) 7
AP Angiosperm

4 | Vitis vinifera L. (Eudicot) 14
. . Angiosperm

5 | Brachypodium distachyon [L.] P. Beauv. (Monocot) 14
. Angiosperm

6 | Oryza sativa L. (Monocot) 15
. . Angiosperm

7 | Amborella trichopoda Baill. (Basal) 8

8 | Picea abies[L.] H. Karst. Gymnosperm 11

9 | Pinus taeda L. Gymnosperm 12

10 | Azolla filiculoides [Lam.] Pteridophyta 15

11 | Salvinia cucullata [Bory.] Pteridophyta 14

12 | Isoetes echinospora Durieu. Lycophyta 8

13 | Selaginella moellendorffii Lycophyta 5

14 | Sphagnum fallax H. Klinggr. Bryophyta 8

15 | Marchantia polymorpha L. Bryophyta 6

Physcomitrella patens [Hedw.] Bruch &
16 Schimp. Bryophyta 11
17 | Chlamydomonas reindhardtii P. A. Dang. Algae 6
Ostreococcus tauri C. Courties & M.-J.
18 Chrétiennot-Dinet Algae 3

Table 1. Number of MAPK genes present per genome (specie).

A total of 189 genes were identified: 119 previously described and 70 not previously
annotated as member of the MAPK family. Although previous efforts to reconstruct the
evolutionary history of MAPK genes have been made, ortholog identification on early
divergent plant clades has remained elusive 3. Moreover, independent studies in species
such as A. thaliana, O. sativa, and P. trichocarpa, has led to different nomenclature and
classification system for MAPKs 6.

Here, a nomenclature system was stablished in which each of the genes were
named using a two-letter code corresponding to the first letter from the genus and species.
This two-letter code remained in: Af (Azolla filiculoides), Ah (Amaranthus hypochondriacus),
At (Arabidopsis thaliana), Bv (Beta vulgaris), Bd (Brachypodium distachyon), Cr
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(Chlamydomonas reindhardtii), le (Isoetes echinospora), Mp (Marchantia polymorpha), Ot
(Ostreoccocus tauri), Os (Oryza sativa), Pp (Physcomitrella patens), Pa (Picea abies), Pt
(Pinus taeda), Sc (Salvinia cucullata), St (Sphagnum fallax), Sm (Selaginella moellendorffii),
and Vv (Vitis vinifera); to distinguish Amborella trichopoda from A. thaliana, the second letter
of both genus and species was added to the first one (i.e., Amtr). Next to this letter code
the acronym MPK (from Mitogen-activated Protein Kinase) was included along with a and
a number referring to its most likely ortholog in Arabidopsis thaliana L. “¢. Likewise, when
two or more of the identified sequences have the same putative ortholog in Arabidopsis,
they were distinguished by adding a letter in alphabetical order. This is the case of the P.
taeda sequences PITA_000030510, PITA_000007088 and PITA_000001460, which, were
putative orthologs of AtMPK5 and were renamed as PtMPK5a, PtMPK5b and PtMPK5c,
respectively.

PHYLOGENETIC ANALYSIS OF MAP KINASES

A multiple sequence alignment of the retrieved MAP kinases sequences was built
and used to reconstruct the molecular phylogeny of MAP kinases. The alignment shows a
high degree of conservation in the sequences that correspond to the 11 characteristic MAPK
domains; moreover, all analyzed sequences contain the TXY-activation domain. A maximum
likelihood tree was constructed for the MAP kinase-retrieved sequences; the tree was rooted
with the Saccharomyces cerevisiae Fus3 protein that was selected as an outgroup given its
similarity to Viridiplantae MAPKSs. Previous studies classified the Arabidopsis MAPK genes
into four groups (A, B, C and D) according to their sequence similarity and the presence
of the TDY or TEY phosphorylation motifs 6. The resulting ML tree topology displays five
well-supported clades with bootstrapping values >90.0% out of 1000 replicates; thus, we
support the previous suggestion to consider another group to classify MAP kinases (A-E);
the existence of an additional group F has been refuted 4 (Figure 1).
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Figure 1. Maximum-likelihood tree reconstructed from amino acid sequences. The tree was rooted with
the Fus3 protein from Saccharomyces cerevisiae. Bootstrap values from 1,000 replicates are indicated
at nodes with support values >49%. Each MAPK group is indicated with a distinctive color. Different
species are indicated with shapes and colors.

The MAPK group A contains sequences retrieved from pteridophytes, gymnosperms
and angiosperms. Surprisingly, no group A MAPKs were identified in the lycophytes,
bryophytes or algae species analyzed. This observation suggests that group A MAPKs
arose in the Euphyllophyte clade after the separation from the lycophytes, which occurred
ca. 420 million years ago (MYA) “84° (Figure 1). AIMPK3 and AtMPK®6 both belong to group
A MAPKs and are the two most widely studied MAPK proteins. Together with their putative
orthologs in other plant species, these species have been involved in responses to biotic
and abiotic stresses 20595, Members of group B have been involved in cell division and in
the responses to biotic and abiotic stress; in particular, the loss of function mutant mpk4 of
A. thaliana leads to a constitutive phenotype of systemic acquired resistance %2%. Some
members such as AtMPK13, another group B MAPK, are activated through the cell cycle,
and they are located specifically in the phragmoplast during telophase 5.

Groups A and B are sister clades according to the tree topology; this observation
together with its absence in algae species suggests that these MAPK groups were the
last to be acquired (Figure 1). Group C MAPKs are less characterized than MAPKs from
groups A and B, although the expression and activity of AtMPK7 (group C) is regulated by
the circadian cycle %. Group D makes up the largest group of MAPK proteins including
61 sequences. This is characterized by the sequence TDY in its activation domain; in
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addition, group D MAPKSs have an extended C-end compared to proteins from the groups
A-C. In Arabidopsis, the AtIMPK8 protein from group D is involved in seed germination and
dormancy ®.

Finally, members of group E are known as Mapk-homologous kinases (MHKs) and
may contain the TEY or TDY sequence and even some non-canonical motif in the activation
domain 6. It remains a matter of debate whether group E MAPKs constitute functional
MAPKs given their similarity to cyclin-dependent kinases (CDKs), even though their
biochemical properties are largely unknown.

MAPK ANALYSIS

Of the genomes under study, the angiosperm clade has the highest number of MAPK
members per family, with A. thaliana having the highest number of genes encoding MAPKs
(20) followed by rice (O. sativa) and grape (Vitis vinifera) with 15 and 14 genes, respectively.
In addition, species A. filiculoides and S. cucullata in the pteridophytes clade have 15 and
14 genes, respectively. The large number of MAPK genes in Azolla and Salvinia might be
a result of whole genome duplication events in the Salviniales 5. On the other hand, O.
tauri in the algae group has the lowest number of genes of the analyzed species (3), while
C. reindhardtti has 6. Bryophytes have an increase in the number of MAPK genes with
respect to that of algae. The members of this clade, P. patens, S. fallax, and M. polymorpha
contain 11, 8, and 6 genes, respectively. The MAPK gene family expansion in bryophytes
is congruent with the expansion of gene families in land plants upon terrestrialization and
might be associates with plant facing new types of stress, such as dehydration, gravity,
exposure to ultraviolet light, etc. after land colonization %% (Figure 1; Table 1).

ANALYSIS OF MOTIFS AND DOMAINS CONSERVED IN THE MAPK FAMILY

MAPKs are characterized by the presence of multiple domains. Eight domains,
named |-V, Vla, VIb, and VII are distributed towards the N-terminal preceding the activation
domain. Towards the C-terminal end of the activation domain, there are five other domains
previously described as typical of MAPKs. Domain VI, IX, and X precede the CD domain;
finally, the XI domain is localized around 30 amino acids after the CD domain (Table 2) 3':3,
We used the MEME’s bioinformatics software to address domain conservation among the
identified MAPK sequences.
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Domain Consensus sequence

[ [V/P}-[IV]-G-[K/R]-G-[S/A]-Y-G-[V/I]-V-C-S-A

[ E-X-V-A-1-K-K-1-X-[N/D]-[A/V/I]-F-[E/D]-[N/H]-X,-D-A

Il R-[T/]-L-R-E-[I/L}-K-L-L-R-[H/L]-[L/M]-[R/D]

\Y P-X-[R/K]-X,-F-X-D-[V/I]-Y

v V-[F/Y]-E-L-M-[E/D]-[T/S]-D-L-H-Q-[V/I]-I-[K/R]

Via [F/Y]-F-L-Y-Q-[L//M]-L-R-[G/A]-L-K-Y

Vib H-[S/T]-A-N-[V/I]-[L/F/Y]-H-R-D-K-L-P-[K/S]-N-[L/]-L-[A/L]-N
Vi C-[D/K]-L-K-I-[C/A]-D-F-G-L-A-R-[V/T]

Vil [V/A]-T-R-W-Y-R-A-P-E-L-[L/C}-[L/G]-[S/N]

IX A-I-D-[IV/M]-W-S-[V/1]-G-C-I-F-[A/M]-E-[L/A/M]-[L/M]

X P-[L/1]-F-P-G-X,-[V/L]-X-Q-L-X-L-[/M]-T-[D/E]

XI F-D-P-X,-R-[I/P}-[T/S]-[A/V]-X-[E/D]-A-L-X-[H/D]-P-Y-[F/L]
CcD L-H-D-X,-D-E-P

Table 2. Consensus sequences of the conserved domains in MAPKs.

Of the 90 sequences analyzed that belong to angiosperms, 83 present all the
canonical domains. The remaining seven (2 sequences from A. trichopoda and 5 from
V. vinifera) lack at least one domain: VVMPK1 and VVMPK7 (domains I-IV), VvMK5a and
VVMPK5b (lll-V and Vla), VVMPK20 (I -1ll), AmtrMPK5 (1V), and AmtrMPK16a (XI). The
fact that the vast majority of sequences belonging to angiosperms contain all the canonical
domains could reflect a bias because this clade is the most studied. Most of the sequences
of the analyzed angiosperm species lack multiple domains. In P. taeda: PtMPK5a (l11-V, and
Vla), PtMPK5b (llI-V, Via, and IX), PtMPK5c (llI-V, Via, and IX-X), PtMPK11 (I -IIl), PtMPK16
(II-V, and Vla), and PtMPK20 (IX-X). In P. abies: we note PaMPK2 (I-VIl), PaMPK4a (V),
PaMPK7a (Vlb and VII-XI), PaMPK7b and PaMPK10 (lll, V, and Vla), PaMPK11 (I-Ill, and
V), and PaMPK16 (IX and XI). Eight of these sequences belong to group E MAPKs, which
include MHKs and whose inclusion as MAPKSs, as already mentioned, has been debated
due to their sequence similarity to CDKs '2. Whether group E proteins function as MAPKs
has been poorly studied, although an ortholog of these proteins in the fungus Ustilago
maydis is activated by phosphorylation by a MAPKK and contains the activation motif
TXY €. This observation supports the hypothesis that group E MAPKs should be regarded
as a subfamily of MAPKSs. In fern species, the AfIMPK6b and AfMPK16b sequences of
A. filiculoides lack domain | and domain IX, respectively. The AfMPK4d sequence lacks
domains IV and IX. On the other hand, in S. cucullata, the SCMPK6b sequence lacks the V,
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Vla and VIb domains; the ScMPK16¢ sequence lacks domain XI. Domains lll, IV and VIl are
absent in the SCMPK2 sequence. In the case of I. echinospora, the sequence leMPK4 lacks
I-V domains while leMPK7 and IeMPK11 lacks domain XI.

The lack of several domains in the angiosperm and fern sequences is due to the
fact that the genomes of these species are still fragmented, in the databases. Some of the
ORFs that are found as hits might come from fragmented sequences and therefore the
sequences corresponding to certain domains are missing. In the bryophytes M. polymorpha,
S. fallax, and P. patens, we see MpMPK3 and MpMPKS5 (111-V, and Vla), MpMPK4b (Il and
IV), PPMPK4b (II-1V, Vla, and IX), PpMPK4c (111-V, Via, and 1X), PbMPK15 (111, IV, Vla, and
IX), PPbMPK16a, and PpMPK16b (I1X). For their part, the three sequences identified here
from the alga O. taurilack domain IV. Thus, the results of this analysis allow us to suggest
that the presence of the activation motif (T-X-Y) together with five domains (1, 1ll, V, and VII)
located towards the N-terminal end of the activation domain and present in all the analyzed
sequences are sufficient to identify MAP kinases from any plant species. In addition to this,
the presence of domains VIII-XI in most Viridiplantae MAPK sequences suggests that these
domains are of critical importance for maintaining either the function or structure of these
proteins.

MAPK proteins contain a T-X-Y motif whose phosphorylation leads to MAPK
activation '®. The Viridiplantae multiple sequence alignment shows that all analyzed species
contain the canonical activation domain in the form of T-E-Y (98 sequences), T-D-Y (77
sequences), and T-S-Y (1 sequence). The alignment also shows the presence of non-
canonical activation domains including M-E-Y (2 sequences), T-E-M (2 sequences), T-H-E
(4 sequences), T-H-L (1 sequence), T-H-Q (1 sequence), T-K-T (2 sequences), T-Q-M (1
sequence), and T-S-Y (1 sequence). The distribution of these activation domains on the
MAPK phylogeny shows that the T-E-Y domain is present in MAPKs from groups A, B, C,
and E, while the T-D-Y is present on the D and E groups. The activation domain contained in
group E sequences exhibits the highest variability, which is especially evident on Bryophyta
including T-D-Y, T-H-E, T-K-T, and T-Q-M variants (Table 3).

Motif Group A Group B Group C Group D Group E
TEY 27 40 28 . 3

(=

g TDY - - - 58 9

]

Tc

c @ OsMPK5

83| MEY - BdMPK4a

®OD

29| TDG . . PaMPK7a

Q

< PaMPK5
TEM - - - - PaMPK7b
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Q
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c | THa - ; - - leMPK16b
®©
£

£ ) ) ) ) leMPKA16¢

S s MpMPK3
(=]
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>
©

< | Tsy - - OtMPK2 ; -

Total 27 42 30 58 23

Table 3. Distribution of the different activation domains in MAPK proteins.
(Bd) B. dystachion; (le) I. echinospora; (Mp) M. polymorpha; (Os) O. sativa; (Ot) O. tauri;
(Pa) P. abies; (Pt) P. taeda.

In addition to the 11 characteristic domains, MAP kinases also contain the sequence
(L/H)-D-X,-D-E-P known as the common docking domain (CD domain) 2°. Our results show
that the CD domain is present in most proteins from the A, B, and C MAPK group; although it
is also present in a few sequences from the groups D and E, it is generally absent in proteins
from these clades. The CD includes a motif involved in recognition and binding to MAPK
substrates, as well as in protein-protein interaction with MEKs. The adjacent aspartate (D)
and glutamate (E) residues in the CD, are essential for interaction with the basic residues
lysine (K) and arginine (R), located in the binding site of MEK proteins ©'. It remains to be
experimentally demonstrated whether the absence of the CD domain has any impact on the
function of these group D and E MAPKSs either for interaction and phosphorylation by MEKs
or in MAPKSs substrate specificity.

Identification of novel and distinctive domains for each group of MAPKs

The domain analysis of the retrieved sequences suggests the existence of six
novel domains, named 12-17 (Figure 2). The presence of these domains might predict the
group to which a MAPK protein belongs facilitating MAPK identification during genome or
transcriptome annotation. The consensus sequence of such domains consists of 12-17
amino acid residues (Table 4).
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Domain Consensus sequence

12 G-N-X-F-E-V-[T/S]-X-K-Y
13 Y-X-[M/L]-W-[Q/R]-[T/S]-X-F-E-I-D-T-K-Y

14 H-[P/K]-D-I-V-E-[IV/KI-[K/L]-[/H/NJ-[I/K]-[M/L]-L-P

15 M-L-X-F-[D/N]-P-X -R-I-[T/S]

16 E-[LV]-{/L}-G-[T/S]-P-X-[E/D]-X-D-L-X-F-{L/IV]

17 A-[R/KI-[R/K]-Y-[LAN]-X,-[L/MJ-R/PI-X -[P/R/K]-X-[P/S]

Table 4. Consensus sequences of the novel domains discovered in MAPKs.

Domain 12 is located approximately 15 residues before domain | from group A and
B proteins. It is also present in OtMPK13 from O. tauri. Domain 13 is also located towards
the N-terminus end of domain | but is only present in the proteins from group C therefore
providing a signature for group C MAPKs. Domain 14 is located between domains Il and IlI
and typifies proteins from group D. Domains 15-17 are distributed towards the C-terminal
end and, if present, they are always located before the CD domain between the canonical
domains X and XI. Domain 15 is present in proteins from the B and E group with the sole
exception of PtMPK16b from group E. Except VVMPKS and VVMPKG® that belong to group A,
domain 16 is only located in group B MAPKs. Domain 17 is present in most proteins except
those in groups C and E. Interestingly, domain 17 is also present in the Fus3 kinase of S.
cerevisiae this prompts the hypothesis that this domain was present in the ancestral MAPK
sequences and was lost in groups C and E (Figure 2).
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Figure 2. Phylogenetic analysis and identification of novel domains in MAPKs. The analysis of novel
domains was performed with the MEME suite*2. The distribution of the novel domains is group specific
and could, therefore, facilitate MAPK identification and annotation. Sequence nomenclature follows a
two-letter code to indicate genus and species (see text).

The conservation and distribution of these novel MAPK domains in a group-specific
manner could suggest that they are involved in either maintaining the structure of MAPKs
or in fine-tuning the selectivity towards substrates or protein interactors. This hypothesis is
supported by homology structure prediction of selected MAPKs, which shows that domains
12,13, 15, 15, and 17 are exposed to the solvent and could therefore provide an interaction
surface. Meanwhile domain 14 is in a pocket (Figure 3). Moreover, a computational prediction
of phosphorylation sites suggests that domains 15 and 16 contain amino acid residues
susceptible to phosphorylation, whether these residues are indeed phosphorylated or if the
identified novel domains are of relevance for the MAPKSs structure and function remains to
be experimentally demonstrated and extends beyond the scope of this study.
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Figure 3. Molecular structure of plant MAPKs showing putative localization of the novel domains.
The protein structures were obtained from homology modelling and visualized in PyMol (The PyMOL
Molecular Graphics System, Version 2.0 Schrédinger, LLC.). Each domain is presented as a sequence
logo, obtained from the multiple sequence alignment of all the retrieved sequences *‘graphical
representations of the patterns within a multiple sequence alignment. Sequence logos provide a richer
and more precise description of sequence similarity than consensus sequences and can rapidly reveal
significant features of the alignment otherwise difficult to perceive. Each logo consists of stacks of
letters, one stack for each position in the sequence. The overall height of each stack indicates the
sequence conservation at that position (measured in bits, and highlighted in the protein structure with a
distinctive color.

CONCLUSIONS

MAPKSs are among the oldest signal transduction pathways. In plants, they are in-
volved in the regulation of various physiological processes such as hormone signaling 546
and respond to different types of stress ©'6-1820 Several members of the MEK family can
act as convergence points of a great variety of signals and stimuli with an extraordinary
high substrate specificity towards a MAPK. MAPKs on the other hand seem to function
as divergence points 2. Despite their involvement in several biological processes and the
previous efforts to elucidate the evolutionary paths of MAPKSs diversification in plants such
convergence has been limited by the intrinsic properties of the MAPK signaling cascade
components, i.e., its functional redundance, high similarity at the amino acid level, gene
family expansion and contraction in several plant taxa, and the availability of sequenced
plant genomes.

Here, the phylogenetic relationships between MAPKs from 18 Viridiplantae species
were analyzed. The analyzed species were selected to span the major Viridiplantae clades
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ranging from Chlorophyta, i.e., green algae, up to angiosperms. This allows for a compre-
hensive and genome wide exploration of MAPKSs across Viridiplantae, and the consequent
reconstruction of gene of gene phylogenies to assess the diversification of the MAPK signal-
ing cascades in plants. The need to implement a heuristic nomenclature system has become
more evident with the identification of a large number of MAPK family genes. In addition, the
system proposed by Hamel et al. (2006) named MAPK genes according to their Arabidopsis
orthologs and signature sequences that typify MAPK genes and has been extended. The
proposed nomenclature might be used as a practical tool to aid in the identification of novel
MAPK genes in additional plant genomes and even during genome annotation projects. The
reconstructed ML trees exhibit a well resolved and supported topology; therefore, it is useful
to recognize the most likely Arabidopsis ortholog of the retrieved MAPK sequences.
Orthology-based nomenclature systems provide functional insights for each MAPK
clade '5?7; thus, some of the novel domains identified in this work could be correlated to
substrate, activator, or inhibitor specificity as well as to protein-protein interactions. It is
likely that some of the conclusions reached, or the number of identified sequences in some
of the analyzed species, might need to be adjusted as new genome versions are updated or
reannotated. Also, the inclusion of more genomes specifically from plant clades that are still
underrepresented such as lycophyte or gymnosperm might help to refine the reconstructed
phylogenies. International collaborative projects such as the 10KP will overcome this gap

in the near future .
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