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Abstract

The mitogen-activated protein kinase (MAPK) cascade is crucial in transmitting extracellular 
signals to the nucleus, where transcriptional patterns are adjusted in response to changing 
environmental conditions. In barley, a specific cascade enzyme, MKK3, mediates the 
duration of dormancy and hence the subsequent germination of the grain. Higher activity 
of this HvMKK3 isoenzyme is associated with decreased grain dormancy, but also with 
increased risks of yield losses through pre-harvest sprouting of the grain. Previous work 
has shown how the MKK3 isoenzyme docks with and phosphorylates its downstream 
substrate HvMAPK. Here, we used computational, analytical and phylogenetic methods 
to generate a quaternary structural model of the barley MKK3 enzyme with its candidate 
upstream MAP3K, working as a structurally consistent complex. Although this model 
awaits confirmation, it provides a structural rationale for the binding and subsequent 
hydrolysis of ATP by MAP3K and the phosphorylation of Thr residues in the downstream 
MKK3’s activation loop. This MAP3K enzyme is encoded by a single highly conserved 
gene on chromosome 5H in 76 wild and domesticated barley species. Potential functions of 
conserved protein sequence motifs in intrinsically disordered regions of the enzyme are 
considered in relation to the activation and turnover of the enzyme.

Keywords: catalytic site mechanism; evolutionary analyses; Hordeum vulgare; intrinsically 
disordered regions; kinase–kinase docking; phosphorylation sites; plant mitogen-activated 
protein kinases; protein–protein interactions; structure–function relationships

1. Introduction
Mitogen-activated protein kinases (MAPKs) in plants mediate multiple processes 

through the phosphorylation and simultaneous activation of a broad range of enzymes and 
proteins. Specific MAPK enzymes form cascades of successive phosphorylation reactions 
(Figure 1) that receive external signals, including abiotic and biotic stress signals, hor-
monal signals and signals that regulate normal plant growth and development, which are 
subsequently relayed to the nucleus, where appropriate gene expression is initiated [1–3].

In barley (Hordeum vulgare), there has been a strong focus on the MAPKK enzyme (des-
ignated here as HvMKK3) because of its role in the regulation of the transition from grain 
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dormancy to germination, where increased activity of the HvMKK3 enzyme is associated 
with shorter dormancy [4]. In barley, breeders have selected for increased MKK3 activity 
where end-users in the malting and brewing industries require a length of dormancy that, 
on the one hand, overcomes the risk of pre-harvest sprouting, which results in yield losses 
and malting quality downgrading, while on the other hand allowing even and complete 
germination of a batch of grain during the malting process, after a short storage period. In 
some countries where plentiful rainfall and mild temperatures prevail during a single year, 
it is possible to grow two crops of barley each year. In these regions, very short dormancy 
periods are desirable. Jørgensen et al. [4] showed that MKK3 gene copy number variation 
was an important determinant of the length of dormancy of extant barley cultivars, in 
combination with different haplotypes in which single amino acid residue substitutions at 
critical sites in the MKK3 alter enzyme activity. Most wild barleys, which usually exhibit 
longer periods of dormancy, have a single copy of MKK3, and in general terms, multiple 
MKK3 gene copies and haplotypes that increase enzyme activity are associated with shorter 
dormancy [4].

Hrmova et al. [5] subsequently used computational and phylogenetic technologies to 
define a 3D model of the HvMKK3 enzyme in complex with its immediate downstream 
HvMAPK enzyme. This model allowed the identification of the phosphorylation sites 
of both enzymes, the residues involved in ATP hydrolysis, the likely position of the re-
leased phosphoryl group and a rationale for the effects of residue substitutions in common 
HvMKK3 genetic variants on HvMKK3 activity and hence on the transition from dormancy 
to germination.

In the present study, we have used computational, analytical and phylogenetic ap-
proaches to define the quaternary structural model of the barley HvMKK3 enzyme with 
its immediate candidate upstream MAPKKK (designated here as HvMAP3K) enzyme. 
Both the MKK3 and MAP3K enzymes in plants are encoded by multigene families [6]. For 
example, the soybean genome contains 38 MAPKs, eleven MKK3s, and 150 MAP3Ks [7], 
the barley Morex v2.0 variant contains 20 MAPKs, six MAPKKs and 156 MAP3Ks [8], and 
the wild and domesticated barley pan-genome assemblies contain seven MAPKK and 206 
MAP3K genes [9]. The wheat genome contains 18 MAPKK and 155–156 MAP3K genes [10], 
and the maize genome contains 74 MAP3K and 19 MAPK genes [1]. There are about 10 pu-
tative mitogen-activated protein kinase kinase kinase kinase (MAP4K) genes in barley, 25 MAP4K 
genes in wheat, 10 in rice and about 11 in maize [3,11]. It must also be noted that not all 
MAPK enzymes are necessarily involved in cascades of the type shown in Figure 1. While 
there is a good deal of information on the number and distribution of MAPK genes across 
cereal genomes and on the transcriptional activity of these genes, relatively few studies 
have been published on the activities of the enzymes. This is not unexpected. Measuring 
MAPK activity presents complex biochemical challenges.

Following the activation of the upstream MAP4K enzyme from barley, the kinase would 
be incubated with the purified barley MAP3K enzyme and radioactively γ-labelled ATP, and 
the phosphorylation of MAP3K would be confirmed. The assay mixture would be optimized 
for pH and cofactor requirements, followed by the purification of the phosphorylated 
MAP3K enzyme by gel electrophoresis or affinity chromatography. The activated MAP3K 
enzyme would next be incubated with the purified MKK3 enzyme and γ-labelled ATP, 
and the phosphorylation of MKK3 measured. For the calculation of specific activity, the 
concentration of the enzyme must be accurately determined, and phosphorylation at the 
expected site would need to be demonstrated. As noted by Hrmova et al. [5], the complexity 
of the assay would necessitate extensive replication and stringent controls.

Through comparative analyses, we have identified the likely upstream MAP3K kinase 
in the barley MAPK cascade (Figure 1) and used 3D modeling and docking to generate 
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a proposed quaternary structure of the MAP3K enzyme with the MKK3 enzyme. The 
binding site of ATP on the MAP3K enzyme has been identified, together with the residues 
that catalyze ATP hydrolysis and the transfer of the phosphoryl group to the acceptor 
hydroxyl group at the activation loop on the MKK3 enzyme. The potential functions of 
short, conserved protein sequence motifs in intrinsically disordered regions (IDRs) that 
are located on the N- and C-termini of the catalytic domain of the HvMAP3K enzyme 
have been proposed, based on experimental and functional data obtained from other 
widely distributed MAP3K kinases. Together with our previous structural analysis of 
the MAPK/MKK3 complex [5], the descriptions of the reactions shown in the barley MAPK 
cascade are now defined (Figure 1). However, it should be noted that MAPK cascade 
proteins can also phosphorylate cytoplasmic enzymes and other proteins [1] and that 
MAPK nomenclature across species is not standardized [7,12]. Here, the barley MAPKKK, 
MAPKK, and MAPK enzymes are referred to in the text as HvMAP3K, HvMKK3 and 
HvMAPK, respectively (Figure 1).

 

Figure 1. Schematic outline of the mitogen-activated kinase cascade. Following the binding of 
extracellular mitogens to their plasma membrane-bound receptor, a cascade at each level is initiated 
in which a mitogen-activated kinase kinase kinase (MAP3K) phosphorylates and activates a mitogen-
activated kinase kinase (MAPKK), which in turn phosphorylates and activates a mitogen-activated 
kinase (MAPK). The activated MAPK subsequently switches on transcription factors in the nucleus. 
Typically, MAPK cascade proteins contain catalytic modules, additional folded domains, and extended 
intrinsically disordered regions (IDRs) present in MAPK and MAP3K enzymes. IDRs contain Gly, Ala, 
Asp, Glu, Pro, and Ser residue-rich regions (shown as random black structureless lines). Redrawn 
from Wang and Gou [6] and Hrmova et al. [5].

2. Results and Discussion
2.1. Selection of Barley MAP3K for Docking with Barley MKK3

As noted above, MAPK cascade enzymes are encoded by multiple genes and exist in 
multiple isoforms, not all of which are involved in MAPK cascades [5,8]. As a result, there 
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are a combinatorially large number of structural possibilities for how two MAPK proteins 
can interact. Any combination of kinases can be investigated structurally in the MAP kinome. 
The selection of the HvMAP3K kinase for docking of HvMKK3 was based on the premise 
that the Arabidopsis MAP3Ks (AtMAP3K17 and AtMAP3K18) [13,14], and the tobacco 
MAP3K, Nicotiana Protein Kinase 1 (NPK1) [15], all serve as the upstream kinases for 
MKK3 kinases. Thus, the sequence of NPK1 was subjected to a BLAST search in the UniProt 
database (https://uniprot.org) (24 January 2026) [16], which resulted in the identification of 
the barley MAP3K orthologue (accession A0A8I7B904), specifying the full-length sequence 
of the HvMAP3K kinase of 679 residues (Figure 2; Supplementary Figure S1). The selected 
HvMAP3K kinase contains the conserved G(T/S)Px(W/Y/F)MAPEV motifs characteristic 
of the MEKK-like class of kinases [8]. The corresponding accession of the HvMAP3K in 
GenBank is XP_044946782.1 (https://www.ncbi.nlm.nih.gov/genbank, accessed 1 February 
2026), which is identical to A0A8I7B904 listed in the UniProt database. The full-length 
sequence of barley MKK3 (UniProt accession A0A140JZ13; Supplementary Figure S1), 
which serves as a substrate for the barley MAP3K, was defined previously [5]. The selection 
of the HvMAP3K kinases is based on similarity to NPK1 and other MAP3K enzymes known 
to function upstream of MKK3 in other plant species; however, it remains to be established 
that it is the biologically relevant upstream kinase to MKK3 in barley.

2.2. Genetics of the Barley MAP3K Gene
Searches of the barley pan-genome database (https://panbarlex.ipk-gatersleben.de; 

accessed 24 June 2026) [9,17] revealed that the barley MAP3K gene identified in Section 2.1 
is present as a single copy on chromosome 5H in 76 BPG2 pan-genome assemblies of 
domesticated, landrace, reference and wild barleys. The gene is in the 415–440 Mbp region 
of chromosome 5H (Supplementary Figure S2), while the Morex barley MKK3 gene is in 
the 583–588 Mbp physical window near the distal tip of chromosome 5H and is under the 
SD2 (Qsd2) quantitative trait locus (QTL) for grain dormancy [4,18,19]. Both genes are 
outside the large centromeric 250 Mbp haplotype on chromosome 5H (68.78–320.04 Mbp), 
which has been under intense recent selection pressure and is characterized by a lack of 
recombination and high levels of gene fixation [20]. The conservation of the MAP3K gene as 
a single-copy gene at the A0A8I7B904 locus across a large pan-genome collection suggests 
that MAP3K might be a core gene that is of central importance for biological function and 
plant survival [21].

In view of this core gene possibility and the location of the barley MAP3K gene close 
to the centromeric and pericentromeric regions of highly conserved and fixed genes on 
chromosome 5H [20], we aligned the 76 MAP3K protein sequences from the barley BPGv2 
pan-genome, which includes selected cultivated barley varieties, locally adapted barley 
Hordeum vulgare landraces and a wild Hordeum spontaneum line from diverse global growing 
areas [9,17]. These assemblies include Spring and Winter lines, two-row and six-row lines, 
hulled and hulless varieties, and exhibit a wide range in the length of dormancy [9,17]. For 
example, Hordeum spontaneum has a relatively long dormancy, as do the FT11 and HOR3942 
landraces and the East Asian Akashinriki variety [4]. Other lines in the barley pan-genome 
(e.g., Morex and Bowman) have low dormancy, and many lines (e.g., RGT Planet) have 
moderate durations of dormancy [4,9,18] (Supplementary Dataset S1).

The alignments demonstrated that the amino acid sequences in MAP3K enzymes 
encoded at the A0A8I7B904 locus across the 76 pan-genome assemblies are close to nearly 
100% identical. In haplotypes 1, 2, 5 and 6, there is a 34-residue deletion beginning immedi-
ately after K132 (Figure 2; Supplementary Figure S1; Supplementary Dataset S1; cf. aligned 
sequences). A small number of single-residue amino acid substitutions were also detected, 
such as A100P in haplotypes 3 to 12, and P47A in haplotype 4 and others (Supplementary 
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Figure S1). The structural analyses (Section 2.5 below) subsequently showed that these 
two common residue substitutions are unlikely to affect catalysis or complex formation. 
Several other scattered substitutions were detected in haplotypes 6–12 (Supplementary 
Dataset S1).

In contrast to the single copy numbers of the highly conserved barley MAP3K gene, 
Jørgensen et al. [4] showed that while wild barley mostly contains a single copy of the MKK3 
gene, domesticated barley varieties and landraces contain up to five tandemly arranged 
MKK3 genes, together with diverse DNA sequence haplotypes that are correlated with en-
zyme activity. They demonstrated that genotypes with certain haplotype combinations and 
multiple tandemly arranged MKK3 genes resulted from anthropogenic or environmental 
selection that enhanced MKK3 activity and shortened dormancy.

Thus, irrespective of the extreme variations in the duration of dormancy, in the barley 
pan-genome, all 76 lines have a single MAP3K gene at the A0A8I7B904 locus that encodes 
enzymes with close to 100% sequence identity. It can be concluded that MAP3K does not 
appear to influence the length of dormancy and that the MKK3 gene is likely to be a more 
important determinant of the length of dormancy, despite the participation of both enzymes 
in the MAPK cascade (Figure 1). The MKK3 gene is located under the dormancy duration 
SD2 QTL, while the MAP3K gene is not. Similarly, the MAP3K gene is not associated with 
any particular growth habit characteristic.

2.3. Intrinsically Disordered Regions (IDRs)
The structured functional catalytic domain of the HvMAP3K enzyme consists of 

270 residues and is located between an N-terminal intrinsically disordered region (N-
IDR) of 95 residues and a 277-residue C-terminal IDR (C-IDR) (Figure 2; Supplementary 
Figure S3). Gly, Ala, Asp, Glu, Pro, and Ser residue-rich regions are present in both IDRs 
and are likely to contribute to the absence of defined 3D structure.

IDRs occur in an estimated 70% of eukaryotic proteins [22], including MAP3K enzymes, 
where their lack of defined structure leaves them exposed and amenable to binding with 
multiple other regulatory proteins and processing agents [23]. As a result, they can act as 
switch mediators of regulatory and environmental signaling networks [24–26].

In the past, dynamic interactions of IDRs have proved difficult to evaluate, but the 
recent development of the FINCHES Intermap tool has enabled predictions of interaction 
‘hotspots’ in IDRs that are broadly distributed in plant and animal organisms [22]. Thus, a 
possible D-motif in the N-IDR of HvMAP3K could be the RRSINF linear sequence (Figure 2), 
based on the loosely defined consensus sequence [R/K]1–3 X0–2 [ϕ]X[ϕ], where R and K 
are Arg and Lys, respectively, X is any residue, and ϕ represents a hydrophobic residue; 
potential D-motifs are found in IDRs from a broad range of MAP3K enzymes [27–31]. Using 
the FINCHES-online Intermap tool, pretrained on IDRs (https://www.finches-online.com; 
accessed 24 June 2026) [22], the predicted binding region of the putative RRSINF D-motif 
in HvMAP3K would be in the N-terminal region of HvMKK3 (CDSYVVSDGGTINLLSRS-
FGEYNINEH linear sequence) (Supplementary Figure S1). This sequence folds into an 
N-terminal loop and a 3-stranded β-sheet with six surface-exposed Asp and Glu residues 
that may interact with the RRSINF motif (Figure 3). The AlphaFold3-predicted HvMKK3 
model has a Local Distance Difference Test (lDDT) score [32] for this region of less than 
50%, suggesting that it might contain short, disordered regions and/or flexible segments. 
Extended IDRs do not appear to be present in MKK3.

C2 protein phosphatases (PP2C) can also bind to the [K/R1–3 X1–6 ϕXϕ] D-motif of 
plant MAP3K enzymes via a discontinuous patch of acidic residues on the PP2C. The PP2C 
enzyme can inactivate the kinase by removing its phosphoryl group from the activation 
site [33–35]. Alternatively, PP2C, as a negative regulator, can bind to the intracellular abscisic 
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acid (ABA) receptor PYL, which results in the inactivation of the phosphatase [36,37]. 
Further complicating these processes is the ability of some MAP3K kinases [38] to be 
activated by autophosphorylation before the phosphorylation of a downstream kinase [39].

In the HvMAP3K C-IDR, there is a CEDDDVL motif with a Lys (K) residue 19 residues 
upstream (Figure 2) that is similar to degron docking modules through which a targeted 
recognition signal directs a protein to the cellular degradation machinery [40,41], and 
is conserved in related plant MAP3K enzymes (Supplementary Figure S3). The barley 
MAP3K also has a second potential docking motif, FXFP, in its C-IDR (Figure 2), which is 
also conserved in related plant MAP3Ks [29] (Supplementary Figure S3). This motif was 
not detected in MKK3 or downstream MAPK enzymes [5]. It should be emphasized that 
the specific function of the conserved FXFP and other putative IDR motifs of the barley 
MAP3K enzyme (Figure 2) is hypothetical and awaits experimental confirmation.

Figure 2. Full-length sequence of barley NPK1-like MAP3K (UniProt A0A8I7B904/GenBank 
XP_044946782.1). The structured catalytic domain of 307 residues is shown in green, wherein the 
catalytic motifs HRD and DFG are highlighted in red font, and the phosphorylation motif (P-motif) is 
underlined. From this sequence, 270 residues were available for constructing the homology model of 
HvMAP3K. Candidate phosphorylatable Thr residues are text-highlighted in cyan. The N-IDR of 
95 residues preceding the catalytic module is shown in black font and contains the putative RRSINF 
D-motif (grey) or a putative PP2C (ABI1) docking motif [42]. The 277-residue C-IDR is also shown 
in black font and includes a possible ubiquitination site with its upstream Lys residue (red), an FTFP 
binding motif (yellow), together with motifs rich in Gly, Pro, Glu and Asp residues (purple) that are 
likely to contribute to the disorder of the C-IRD region. Note that the barley MAP3K enzyme does 
not contain the 34-residue deletion described above (Section 2.2; Supplementary Dataset S1).

In conclusion, although IDRs and common motifs therein have been detected by 
sequence analyses and structural modelling in the barley MAP3K enzyme (Figures 1 and 2) 
and even though the functions of these IDR motifs have been confirmed experimentally in 
many other MAPK enzymes, it must be emphasized again that experimental evidence to 
support possible interactions of the common IDR motifs in HvMAP3K with other proteins, 
including MKK3, is currently unavailable.
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Figure 3. Docking of HvMKK3 into the catalytic module of HvMAP3K. Left panel: Cartoon repre-
sentation of the quaternary model of the HvMAP3K (blue)/HvMKK3 (pink) complex. Catalytic 
residues D231 (base) and D249 (acid) in HvMAP3K and D211 (base) and D229 (acid) in HvMKK3 are 
shown in magenta-CPK sticks and dots. The respective phosphorylation sites TMKGT (T267–T271 in 
HvMAP3K) and TFVGT (T245–T249 in HvMKK3), indicated in blue and pink surface representations, 
are arranged proximally to allow direct communication. Phosphorylatable T residues in each motif are 
shown in yellow-CPK sticks. The projected ATP docking site in HvMAP3K is shown by a black circle. 
Positions of five mutations identified in HvMKK3 [5] are shown in green-CPK sticks. The N-terminal 
loop and a 3-stranded β-sheet region (magenta) of HvMKK3 that could interact with HvMAP3K 
are also shown. N- and C-termini of both kinases, and the N- and C-lobes of HvMKK3, are marked. 
Right panel: Surface representation of the HvMAP3K (blue)/HvMKK3 (pink) complex. The cartoon 
representations show the kinase molecules, with underlying translucent cartoon representations. 
The interface residues forming hydrogen (H)-bonds or electrostatic interactions in the complex at 
separations between 2.8 and 3.4 Å, from HvMAP3K and HvMKK3, are shown in respective orange 
and yellow surface representations. Positions of five mutations identified in HvMKK3 [5] are shown 
in green-CPK sticks. The projected ATP docking site in HvMAP3K is shown in a black circle.

2.4. Phosphorylation Sites of Barley MAP3K and MKK3
The sequence alignment with MusiteDeep [43] (accessed 24 January 2026) predicted 

a consensus sequence TMKGT in HvMAP3K, located in the phosphorylation loop, and that 
the two Thr (T) residues (bold) in this motif of HvMAP3K are likely to be phosphorylated 
by a currently unknown upstream kinase (Figures 1 and 3; Supplementary Figure S1). 
The P-motif TFVGT of barley MKK3 (UniProt accession A0A140JZ13), which serves as a 
substrate for barley MKK3, was described previously [5] (Figures 1 and 3; Supplementary 
Figure S1). These P-motif analyses were confirmed by NetPhos3.1 examination (accessed 
24 January 2026) [44].

2.5. Docking of Barley MKK3 into the Catalytic Module of Barley MAP3K
We utilized HDOCK [45], a physics-based computational tool designed for docking and 

generating protein complexes, as it combines a template-based (using structures of a similar 
classification) approach to improve the prediction accuracy of protein complexes. This tool 
provides several hundred models, which can be clustered and evaluated. We used three 
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criteria to select the most suitable HvMAP3K/HvMKK3 model complex: (i) the mutual 
orientation of HvMAP3K and HvMKK3 molecules, such that the dispositions of P-sites in 
the HvMAP3K and HvMKK3 enzymes are proximal; (ii) the disposition of N- and C-termini 
of kinase molecules in the complex pointing to the surface for potential binding of additional 
proteins; (iii) interface associations between the HvMAP3K and HvMKK3 enzymes in the 
complex, which should satisfy stereo-chemical parameters and favorable thermodynamic 
contacts within 3.5 Å. Meeting these three criteria could provide a plausible mechanistic 
model for the phosphorylation of the HvMKK3 substrate via phosphoryl diffusion from the 
hydrolyzed ATP molecule to the acceptor hydroxyl group at the P-site of HvMAP3K [5].

We generated the quaternary HvMAP3K/HvMKK3 structural model of 793 residues 
in length and determined that the full-length HvMKK3 substrate for HvMAP3K kinase 
(523 residues) associated favourably with the catalytic module of HvMAP3K (270 residues) 
(Figures 3 and 4; Supplementary Figure S4). In the favourably docked complex, containing 
internal cavities (Supplementary Figure S5), HvMKK3 is bound in a cleft facing the surface 
of HvMAP3K, such that its P-motif TFVGT (T245–T249) faces proximally the TMKGT 
(T267–T271) motif in HvMAP3K (the two threonine phosphorylatable residues above are 
in bold letters for both kinases). This orientation of both P-motifs would allow HvMKK3 to 
be phosphorylated, most likely through the directional diffusion of a Pγ  phosphoryl group 
of ATP from the HvMAP3K molecule to HvMKK3. Further, the N- and C-termini of both 
kinases pointed to the surface of the complex, such that the IDRs of HvMAP3K would 
be available for binding of additional proteins (Figures 3 and 4). Additional predictions 
using artificial intelligence (AI)-based docking tools, Chai-1 (accessed 22 August 2026), 
AlphaFold3 (accessed 30 August 2026) and Boltz-2 (accessed 31 August 2026) confirmed 
the mutual topology and orientation of both kinase molecules, with RMSD values of 1.34 Å, 
1.09 Å and 2.02Å, respectively. These observations reinforced the validity of the HvMAP3K 
molecule orientation relative to HvMKK3 calculated through docking. However, it must 
be emphasized that while the detected spatial dispositions of the MAP3K and MKK3 
molecules are plausible, the finding is based on the validity of the HvMAP3K/HvMKK3 
modelled complex. 

Both molecules in the proposed HvMAP3K/HvMKK3 complex together form a tight 
interaction interface (Figure 3, right panel) shown in yellow- and orange-CPK surface 
representations for HvMKK3 and HvMAP3K. The PPAP computational tool from the 
Tamarind Bio suite [46] predicted the binding energy -ΔG −8.8 kcal/mole or the binding 
affinity (or dissociation) constant KD  359.3 nM between the two kinases, with the complex 
buried surface area of 4515 Å2  (using the solvent radius of 1.4 Å). More specifically,
9 residues S111, Q194, H273, K305, Q310, Y312, Q313, E314 and L317 (HvMAP3K) and 11 
residues D33, N119, K123, S233, L236, D237, N238, T239, M240, A241 and R257 (HvMKK3), 
respectively, formed 14 contacts, from which 12 were occupied by H-bonds and two formed 
ionic pairs at separations between 2.8 and 3.4 Å (Figure 3, right panel). The residues of 
HvMAP3K formed multiple interface interactions with those of HvMKK3, which together 
served as a strong foundation for the stable HvMAP3K/HvMKK3 complex. Based on the 
alignment of 100 sequences (GenBank queried with HvMAP3K or HvMKK3; accessed 8 
October 2026), the following interface residues in HvMAP3K were found to be conserved: 
Q194, K305, Q313, E314, and L317. Additionally, S111, H273, Q310, and Y312 were partially 
conserved. In comparison, the conserved residues in HvMKK3 included N119, K123, S233, 
D237, N238, T239, and A241, while D33, L236, T239, and R257 were noted as partially 
conserved. This proposed model will be subjected to experimental validation in the future, 
as discussed under Future Directions.
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Figure 4. The HvMAP3K/HvMKK3 complex and its electrostatic surface potential. Surface morphol-
ogy of the quaternary HvMAP3K/HvMKK3 complex molecules coloured by electrostatic potentials 
with underlying cartoon representations of the HvMAP3K (blue)/HvMKK3 (pink) complex. Electro-
static surface potentials of kinase molecules are visualized jointly (upper image) or separately (left 
and right large images for HvMAP3K and HvMKK3 molecules, respectively), coloured according 
to the scales shown on the underlying bar (white for neutral; 5 kTe−1  for blue; −5 kTe−1  for red). 
Residues in predicted P-motifs (T267–T271 for TMKGT in HvMAP3K, and T245–T249 for TFVGT in 
HvMKK3) are shown as blue and pink surface representations and in CPK sticks; they are situated 
proximally to allow direct communication. Catalytic residues are shown in magenta-CPK sticks.

The surface morphology analysis of the HvMAP3K/HvMKK3 complex, and its inter-
action interface, coloured by electrostatic potential (Figure 4; scales of white for neutral; 
+5 kTe−1  for blue; −5 kTe−1  for red), revealed a balanced charge distribution, without 
extreme charge contributions from either kinase.

The analysis using InterPro [47] classified the barley MAP3K enzyme within the 
serine/threonine protein kinase family (TyrPK-CSF1-R group). The full-length HvMAP3K 
(679 residues) predicted the presence of an intrinsically disordered (or low-complexity) 
IDR (residues 1–95), including a proline-rich region (residues 75–88), and an ordered 
catalytic module (residues 102–402), with the remainder of the sequence (residues 403–679) 
also containing an unassigned structure. The catalytic module (residues 102–401) consists 
of a coil-coiled region (residues 136–163) and an activation loop (residues 247–273), with 
the ATP-binding region (residues 204–227), ATP-binding residues V117 and K132, and 
potential Mg2+  binding residues N236 and D249. This analysis also predicted the presence 
of active site residues (H+ -acceptor D231 of the HRD motif, and H+ -donor D249 of the 
DFG motif). The predictions via InterPro agreed with the geometry and topology of the 
calculated HvMAP3K/HvMKK3 complex (Figures 3 and 4).

We applied the HHPred toolkit [48] (20 February 2026) (E-value cutoff 1 × 10−3 ) and 
searched the PDB_mmCIF70_20 domain database [49] with the HvMAP3K catalytic module 
sequence. Using the HHPred toolkit, we identified 250 structures, mostly of mammalian, 
bacterial, and fungal origins. A few structures belonged to monocot (Zea, Oryza) and 
dicot (Arabidopsis, Medicago) plant genera. These plant structural homologues included Zea 
mays casein kinase II subunit alpha, Oryza sativa chitin elicitor receptor kinase 1, Medicago 
trunculata LYK3 kinase domain D459N, and six Arabidopsis thaliana enzymes annotated as 
serine/threonine-protein, MAP and MAPK kinases. However, they all lacked the required 
P-motifs homologous to HvMAP3K. These analyses indicated that no known plant MAP3K 
or its homologues are currently available in structural databases.
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As noted above, the protein sequence alignment of the 76-barley pan-genome assem-
blies showed that a 34-residue insertion occurs in the catalytic domains of haplotypes 
20–65 and 71–75 (Supplementary Dataset S1; cf. global alignment). This insertion, namely 
QVRGFLRFGDLVCAVRRPGVIRHTNSSPLFDFWF, forms a loop or an unstructured region 
with short α-helices, based on the 3D model we built using the AlphaFold server (using 
five predictions per seed). This insertion has a ‘predicted aligned error’ near the insertion 
region and an lDDT score below 50% [32]. Thus, it is more likely that this insertion will be 
absent in mature MAP3K enzymes in these haplotypes, as it directly interferes with MAP3K 
folding and the formation of the HvMAP3K/HvMKK3 complex. This raises the question as 
to why the majority of the 76 barley lines in the pan-genome do not contain this 34-residue 
deletion, at least at the DNA level. It is more likely that this 34-residue block is removed 
through alternative splicing at the RNA level, rather than by proteolytic excision from a 
translated enzyme.

We next considered whether the common genetic variants in the MKK3 enzyme, 
which influence its activity and hence the length of dormancy [4], would interfere with the 
formation of the MAP3K/MKK3 complex. Hrmova et al. [5] defined the positions of the 
Q165E, N260T, A79V, G350R and N383D variants in the MKK3 enzyme and concluded that 
the Q165E and N260T variants could directly affect MKK3 activity at the ATP-binding level 
and at the phosphorylation site, respectively. The A79V, G350R and N383D residues were 
located 22–43 Å from the catalytic residues D211 and D229. These five MKK3 variants are 
also distant from the MAP3K/MKK3 complex interface [5] (Figure 3). At the interface of the 
complex (represented by T267 of MAP3K), the distance between Q165E of MKK3 and T267 
is 21 Å, and the distance between N383D of MKK3 and T267 is 37 Å (measured between 
the Cα atoms of the two residues) (Figure 3). We therefore conclude that these common 
MKK3 genetic variants do not interfere with the MAP3K/MKK3 complex formation.

2.6. Docking of ATP into the Barley MAP3K/MKK3 Complex
We docked the ATP molecule into the quaternary structure of the barley MAP3K/MKK3 

complex, using AutoDock Vina v1.2.7 [50], focusing on the ligand position presumably 
located between both molecules. In our theoretical model, we projected the ATP site in 
HvMAP3K towards HvMKK3 at the interface between both kinase molecules (Figure 3, 
grey transparent circle). We identified two favourable positions of ATP in the protein 
complex (Figure 5, left and right images), with comparable binding scores of −6.540 
(KD  = 0.16 × 10−6  M) and −5.961 (KD  = 0.43 × 10−6  M) kcal/mol, respectively, based on 
the thermodynamic equation ΔG = RT ln (KD ) at 298.15 K (25 °C). Based on the coordi-
nates of the complexes with bound ATP, the Small-Molecule Affinity server [51] estimated 
the following respective log10 (KD /Ki ) values of 10.7 and 9.7 nM for the two AutoDock 
Vina trials, which we treat as cross-check values. We noticed that AutoDock Vina and 
the Small-Molecule Affinity server (trained on the PDBbind database, which is a repos-
itory linking 3D structural PDB data with experimentally measured binding affinities) 
showed disagreement between the estimated affinity constants, which stemmed from their 
different mathematical architectures. While AutoDock Vina relies on a combination of 
steric interactions, hydrophobic terms, and directional hydrogen bonding (ignoring partial 
charges and explicit electrostatic components), the Small-Molecule Affinity server utilizes 
multi-layered descriptors that capture long-range electrostatic grids, π-stacking networks, 
and quantum-like properties. This implies that estimated KD  values determined by both 
approaches cannot be compared, as AutoDock Vina prioritizes geometry and a physical 
pose of a ligand, while the Small-Molecule Affinity server estimates quantitative KD  values.
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Figure 5. Close-up views of the ATP molecules’ interactions in the quaternary HvMAP3K/HvMKK3 
complex. Close-up views of cartoon representations of the HvMAP3K (blue)/HvMKK3 (pink) 
complex with bound ATP are indicated, with positions of ATP molecules (green-CPK and cyan-
CPK sticks in the respective left and right images) docked independently in two trials by AutoDock 
Vina v1.2.7 [50]. Phosphorylatable Thr residues in each P-motif are shown in yellow-CPK lines. 
Separations between T245 of HvMKK3 and the ATP Pγ  phosphate group are indicated in red dashed 
lines. Separations between interacting residues (grey-CPK sticks) and ATP in each kinase complex, 
and catalytic residues and the Pγ  phosphate groups of ATP molecules are shown in respective green 
(left) or cyan (right) dashed lines, and magenta dashed lines. Catalytic residues of kinases in each 
complex, separated by 29.3 and 25.7 Å, are situated in line. The ring centres of the ATP adenosine 
moieties are shown in green (left image) and cyan (right image) van der Waals spheres (scale 
factor 0.1).

The docked ATP molecules obtained through two AutoDock Vina trials formed close 
interactions at separations between 2.8 and 3.5 Å, with residues near the activation loop 
and active site residues D231 and D249 of HvMAP3K (Figure 5; Supplementary Movies S1 
and S2). More precisely, in the first AutoDock Vina trial, ATP interacted with S111, A113, 
S192, and A235 through H-bonds, and via K233 through electrostatic interactions in the 
vicinity of the D231 and D249 catalytic residues, where the Pγ  phosphate group of ATP 
is prone to cooperative hydrolysis by nearby D231 (base) and D249 (acid) of HvMAP3K 
(Figure 5, left panel; Supplementary Movie S1). The ATP molecule, docked through the 
second AutoDock Vina trial, contacted E122 and E124 (from HvMKK3), Q99, S111, and 
A113 through H-bonds, and K233 via electrostatic interactions near D231 and D249 catalytic 
residues of HvMAP3K (Figure 5, right panel; Supplementary Movie S2). We also detected 
rarely observed interactions of aromatic ring centers of adenosine moieties with amino 
groups of G114 (HvMAP3K) and K123 (HvMKK3) (Figure 5, van der Waals spheres). Both 
Pγ  groups in HvMAP3K molecules were oriented towards the D231 and D249 catalysts of 
HvMAP3K, allowing the hydrolysis of ATP at the terminal phosphate group, and were 
directed towards the P-motif (T245) of HvMKK3. Finally, it was satisfactory to see that 
the position of the bound ASK1 inhibitor in human MAP3K 5 [52] coincided with that of 
docked ATP in both AutoDock Vina trials for HvMAP3K.

Based on the HvMAP3K/HvMKK3 complex with docked ATP, it is likely that ATP 
first diffuses into HvMAP3K and, after hydrolysis by a lytic water molecule through the 
cooperative action of the catalytic residues, the terminal Pγ  group adopts a predicted 
position at the HvMAP3K/HvMKK3 interface, at distances of 7.8 and 7.9 Å (Figure 5; red 
dashed lines). This position was also observed in the complex of the HvMKK3 enzyme 
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with its downstream kinase, HvMAPK [5]. We suggest that during the hydrolysis of 
ATP in the HvMAP3K/HvMKK3 complex, the flexibility of kinase molecules will change, 
causing spatial adjustments of residues participating in the phosphorylation process. We 
acknowledge that during ATP hydrolysis, the flexibility of kinase molecules will cause 
spatial adjustments of residues that participate in phosphorylation.

2.7. All-Atom Molecular Dynamics (MD) of the HvMAP3K/HvMKK3 Modelled Complex
All-atom MD simulations of the HvMAP3K/HvMKK3 complex were conducted in the 

OpenMM toolkit [53] for 50 ns in length in three replicates, generating in each case 1001 
models clustered in ten medoids (trajectories) (Supplementary Figure S6; Supplementary 
Movie S3).

The MD data revealed deviations in relative partialities from the dispositions of residues 
in starting structures and reached the best possible convergence between simulations and 
consensus protein fluctuations, based on the ff19SB force field in explicit optimal point 
charge water cube [53] (Supplementary Figure S6A–C). Plotted averaged RMSF values over 
simulation time (reaching convergence after 30 nanoseconds, based on three replicates) 
inform protein dynamics and flexibility via trajectories of protein ensembles. The RMSF 
peak values of catalytic and P-motifs were relatively stable in the HvMAP3K and HvMKK3 
molecules (Supplementary Figure S6A–C), although the coil regions separating catalytic 
residues (respective motifs DNKG and LKGE in HvMAP3K and HvMKK3) were more 
flexible compared to the loops carrying catalytic residues (Supplementary Figure S6C). 
Unsurprisingly, the other flexible region in HvMAP3K was the coil region (motif VAK-
LATMTAA), which precedes the P-site. Notably, we also observed relatively low mobility 
of an α-helix in HvMAP3K (motif LFHVGTT, residues 318–324, Supplementary Figure S6C, 
bottom right), which is located at the interface of the complex. The most flexible region of 
the complex was positioned at the N-terminus of HvMKK3, while that of HvMAP3K was 
less mobile. In summary, the MD data of the HvMAP3K/HvMKK3 complex suggested that 
the flexibility of both protein components was predominantly confined to coil loop regions 
(Supplementary Figure S6; Supplementary Movie S3).

2.8. Ancestral Sequence Reconstruction of MAP3K Kinases and Latent Space During Evolution
As with the barley HvMKK3 complexed with its downstream substrate HvMAPK 

enzyme [5], we conducted ancestral sequence reconstruction analyses (ASR) for MAP3K 
kinases, combined with Variational Autoencoder (VAE) analysis [54], implemented in 
FireProtASR  v2.0 [55,56]. We applied the default parameter settings for evolutionary models 
and phylogeny to inform us about the origin of the MAP3K kinase family, specifically re-
garding the evolution of P-motifs and catalytic machinery (Figures 6 and 7; Supplementary 
Datasets S2 and S3). This analysis, using the HvMAP3K sequence (UniProt A0A8I7B904; 
679 residues) and its closest orthologues, identified 129 ancestors, where the P-motif SMKGT, 
present in the ancestral root, has evolved into two major lineages with SMKGT and TMKGT 
motifs. The ancestor sequences contain either the SMKGT motif (Figure 6; magenta rectan-
gles and ovals) or the TMKGT motif (Figure 6; blue rectangles, ovals and italics). Notably, 
in both lineages, including the ancestral root, the catalytic acid and base residues remained 
conserved during evolution. Based on these data, we suggest that in the HvMAP3K kinase, 
the SMKGT P-motif present in the ancestral root evolved into the TMKGT motif present in 
extant MAP3K sequences through several predecessors.
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Figure 6. Rooted tree of representative MAP3K enzymes, annotated by NCBI and UniProt accessions 
(129 in total), with the HvMAP3K sequence indicated in red (UniProt A0A8I7B904). Ancestral 
sequence reconstruction was conducted using FireProtASR  v2.0 [55,56], conducted with barley MAP3K 
as input; it identified 129 ancestor sequences with ancestral nodes colour-coded. The ancestral root 
(dark blue rectangle) carries HRD, DFG, and SMKGT motifs, evolving into two distinct lineages of 
extant MAP3K enzymes, which contain either the SMKGT motif (magenta rectangles and ovals) or 
the TMKGT motif (light blue rectangle, oval and letters). Catalytic residues D = base = H+ -acceptor 
(HRD motif), and D = acid = H+ -donor (DFG motif) remain conserved in both lineages, including 
the ancestral root. The equivalent residues corresponding to these motifs are indicated for selected 
ancestral groups. The colouring of node circles in the tree, visualized in FigTree v1.4.4 [57], reflects the 
order starting from the ancestral root to ancestor 129, shown across the fire/brick-yellow-yellow/green-
green-green-cyan-blue-purple hues. Substitutions per site scale are indicated.

Following the ancestral sequence reconstruction of the MAP3K plant family, we recre-
ated its latent space, including the ancestral trajectory, using VAE (Figure 6). Here, we 
were primarily interested in the conservation of P-motifs and catalytic machinery. The 
latent space trajectory reconstruction indicated that the TMKGT P-motif in HvMAP3K has 
evolved through 47 ancestral sequences (ancestors 0–46) from the SMKGT motif present 
in 54 initial ancestors (ancestors 47–100) (Figure 7, left panel). Notably, of the 149 entries 
(Figure 7; blue circles in left panel), the monocot MAP3K protein family forms a distinct 
subset (Figure 7; overlapping blue ovals and entries annotated in blue italics in left panel), 
compared to the dicot family (Figure 7; annotated in black italics in left panel). The latent 
trajectory of monocot family enzymes consists of 101 ancestors (Figure 7; ancestor 0 to an-
cestor 100 shown in overlapping red circles forming a line in the left panel). These SMKGT 
and TMKGT motifs were carried into the two distinct lineages of plant extant MAP3K 
sequences. Conversely, in both ancestral groups, including the ancestral root, the catalytic 
proton acceptor (HRD motif) and proton donor (DFG motif) residues were conserved 
through evolution in 150 selected sequences (Supplementary Dataset S3). Further analysis 
of the number of substitutions and insertions/deletions (indels) in the latent space of the 
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plant MAP3K family indicated that ancestor 101 (Figure 7, cf. left and right panels), which 
is the least identical progenitor to barley MAP3K or ancestor 0 (50.2% identity between the 
two sequences), aggregated 262 substitutions (38.6%) and 65 insertions/deletions (9.6%) 
compared to barley MAP3K (Figure 7, right panel).

Figure 7. Latent space reconstruction and ancestor trajectory of plant extant MAP3K enzymes. Left 
panel: Latent space reconstruction of the plant MAP3K family is based on barley MAP3K (UniProt 
A0A8I7B904) and 149 nearest extant plant MAP3K sequences obtained by the UniProt BLAST search, 
visualized by blue circles. It was conducted using VAE [54] implemented in FireProtASR  v2.0 [55,56]. 
The monocot MAP3K protein family forms a distinct subset (overlapping blue ovals and entries 
annotated in blue italics), compared to the dicot family (black italics). The latent trajectory (red line) 
of 101 ancestors (ancestor 0 to ancestor 100) is shown, with a red circle for each ancestor. The starting 
point of the trajectory is ancestor 100 (motif SMKGT, from which all ancestral sequences emerge), 
which evolves through 99 ancestors to ancestor 0 or the MAP3K successor. In the plot, the position 
of ancestor 0 coincides with that of barley MAP3K, with the TMKGT motif and catalytic residues 
D231 and D249. Right panel: Parameters of ancestors in the latent space of the plant MAP3K family 
with the following specifications: ancestor 0–100 sequence identities to barley MAP3K (light blue), 
sequence identity of each ancestor to the closest plant MAP3K (green), resampling probability of the 
sequence occurrence (magenta), and numbers of substitutions (dark blue) or insertions/deletions 
(indels; grey) for each ancestor (compared to barley MAP3K).

During docking, there is a combinatorial variation of orientations of MAP3K and MKK 
kinases that, in principle, defines a 3D space of all possible arrangements of the two proteins 
interacting. To corroborate this possibility, several MAP3K catalytic modules were taken 
from the AlphaFold database [58] and superposed with the quaternary structure of the 
HvMAP3K/HvMKK3 complex (Supplementary Figure S7). This comparison revealed good 
agreement in RMSD values, secondary structure overlaps and the positions of catalytic 
residues in the catalytic modules of five plant MAP3K kinases and HvMAP3K.

2.9. Phylogeny of Barley MKK Kinases
To gain an insight into the phylogeny of barley MKK enzymes, a total of 250 sequences 

homologous to barley MKK3 were retrieved from the UniProt database (Supplementary 
Dataset S4; pages 1–68). After removing incomplete and duplicate sequences, 231 sequences 
(Supplementary Dataset S4; pages 68–357) were aligned in ProMals3D [59], where highly 
similar sequences were pre-aligned without using the consistency scoring function to gen-
erate pre-aligned groups. In the next step, one representative sequence, divergent from the 
others, was selected from each pre-aligned group. In the second step, these 166 represen-
tative sequences were aligned progressively according to a consistency scoring function. 
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These aligned sequences (Supplementary Dataset S4; pages 358–400) were segregated into 
78 groups (Supplementary Figure S8) in a rooted tree visualized in FigTree v1.4.4 [57].

We focused predominantly on the analysis of catalytic motifs, including those of 
ancestral sequences (Supplementary Figure S8, highlighted in green). The search entry 
of barley MKK3 (UniProt accession A0A140JZ13) contained the conserved HRD/DFG 
catalytic motif combination (Supplementary Figure S8; blue arrow), while these motifs 
varied in other barley MKK entries and formed various combinations, such as FRD/DFS, 
HRD/DFG and HGD/DFS in ancestral sequences, and HRN/DFG, HLE/GFG, HMD/DFG, 
HLD/DFG, YCD/DFG, HRD/DVG, HGD/DFG, HRD/DFR, HCD/DGF, and YRD/DFG 
combinations in other MKK entries. Some of these signatures (HRN/DFG and HLE/GFG) 
appeared to be inconsistent with the catalytic function of kinases, annotated as a protein 
kinase domain-containing protein and nonfunctional Rpg1, with the respective UniProt 
accessions A0A8I7BGM1 and Q0Z988.

3. Materials and Methods
3.1. Computational Methods

The catalytic domain of HvMAP3K, 270 residues was constructed using the SWISS-
MODEL server (Biocentrum, Basel, Switzerland) [60] and the crystal structure of the human 
MAP3K 5 kinase (PDB accession 5UOX, chain A) [52], as a template, at 43.5% sequence 
identity between the two sequences. The human MAP3K 5 kinase also contains a bound 
ASK1 (Apoptosis Signal-regulating Kinase 1) inhibitor [52]. The 35-residue C-terminal 
component of the HvMAP3K catalytic domain was excluded from modelling, as it forms a 
flexible loop. The theoretical 3D model of the full-length HvMKK3 enzyme was retrieved 
from the AlphaFold Protein Structure Database (accession A0A140JZ13) [58,61]. The 
full-length sequences and accession numbers of HvMAP3K and HvMKK3 are specified 
(Supplementary Figure S1). The coordinates of the 3D model of the catalytic domain 
of HvMAP3K are available in the ModelArchive repository (https://modelarchive.org/), 
under the accession code ma-iprgc.

The quaternary model of the HvMAP3K/HvMKK3 complex was calculated via 
HDOCK (Huazhong University of Science and Technology, Wuhan, China), which employs 
a hybrid algorithm of template-based modeling and ab initio free docking of protein–
protein and protein–ligand systems to generate docking poses for each model [45]. The top 
HvMAP3K/HvMKK3 model complex was selected from 100 models based on the criteria 
specified in Section 2.5. (dispositions of P-motifs; orientations of N- and C-termini, interface 
interactions). The MAP3K molecule of the top selected complex was rotated towards the 
HvMKK3 molecule to improve structural compactness and binding energy between the 
two kinases, predicted by the Protein Binding Affinity Predictor for Multiple Complexes 
(PPAP) tool [46]. The resultant top-scoring complex was energy-minimized using the 
knowledge-based Yasara2 force field (bond distances, planarity of peptide bonds, bond 
angles, Coulomb terms, dihedral angles, van der Waals forces) [62] combined with the 
particle-mesh-Ewald energy function for long-range electrostatics at a cut-off of 8.0 Å to 
obtain smooth electrostatic potentials [63]. Distorted covalent geometry and conforma-
tional stress were removed by short steepest descent minimization (time 5000 fs, 1 ft time 
steps, 298 K), followed by simulated annealing with 1 fs time steps, atom velocities scaled 
down by 0.9 every 10th step, until convergence at 710 steps with energy improvement of 
>0.05 kJ/mol per atom during 200 steps. The quality of geometrical and stereochemical 
parameters of the HvMAP3K/HvMKK3 complex, consisting of 793 residues, was evaluated 
by the Ramachandran plot analysis [64,65]. There were no violations of stereochemical 
parameters in the minimized complex, except Y312, which was also violated in the model of 
HvMAP3K (constructed via the SWISS-MODEL server) and K180 of HvMKK3 taken from 
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the AlphaFold Protein Structure Database. Both residues were positioned on loops distant 
from the catalytic machinery and P-sites of both kinases, thus without direct effects on the 
interactions of the HvMAP3K and HvMKK3 kinases in the complex. The coordinates of the 
quaternary model of the HvMAP3K/HvMKK3 complex are available in the ModelArchive 
repository (https://modelarchive.org/), under the accession code ma-jre4o.

To examine the precise dispositions of ATP molecules in cavities shared by both 
molecules in the HvMAP3K/HvMKK3 complex, we used AutoDock Vina v1.2.7 (The 
Scripps Research Institute, CA, USA) [50]. Employing this docking technique, we selected 
a target rectangular box of approximately 12 × 12 × 15 Å in the vicinity of the catalytic 
residues of the HvMAP3K complex at the interface of both kinases. The ATP molecule was 
docked with H-atoms and merged charges, with no ion pairs in the complex, while these 
selections were ignored for the ATP molecule. Docking produced ten ATP poses, which 
were scored by binding affinities (kcal/mol) and dispositions of Pα,β,γ  phosphate groups 
relative to the HvMAP3K catalytic residues. This score aggregates electrostatic, van der 
Waals, and conformational factors, allowing ranking of ligand poses [50].

All-atom MD simulations of the HvMAP3K/HvMKK3 complex (12,401 atoms includ-
ing hydrogens, 213 Na+  and Cl−  ions, and 28,735 water molecules, for a total of 98,819 atoms) 
were conducted using the OpenMM toolkit v2008-2025 (Stanford University, CA, USA) as 
implemented in Tamarind Bio (San Francisco, CA, USA) [46]. We executed these simula-
tions in three replicates within a van der Waals box of 100.86 × 114.40 × 102.44 Å (x-y-z 
dimensions) and a volume of 1,182,040.46 Å3 , containing a fully solvated protein complex. 
We used the following specifications for MD simulations: maximal minimization steps 
(10,000), equilibration time (0.2 ns), production time (50 ns), force field (ff19SB), integra-
tion step size (0.2), box padding (12 Å), ion concentrations (Na+ , Cl− , 0.15 M), temperature 
(298 K), pressure (1 bar), starting force constant (1.00 kcal/mole per Å2 ), equilibration 
trajectory frequency (1000 steps), and production trajectory frequency (1000 steps). We 
determined root mean square fluctuation (RMSF) values (measures of the displacement of 
the Cα atoms relative to those of a starting structure) based on the initial input structures 
(presented as averaged RMSF values in Supplementary Figure S6A) and the convergence 
and radius of gyration values for the three 50 ns replicates (Supplementary Figure S6B). 
These MD simulations produced 1001 3D models in each replicate that we clustered into 10 
medoids (trajectories) (Supplementary Figure S6C, Supplementary Movie S3).

3.2. Identification of Phosphorylation Sites of HvMAP3K
The P-motifs in HvMKK3 and HvMAP3K were identified with MusiteDeep [44]. 

The consensus phosphorylation sites on serine, threonine, and tyrosine (Tyr) residues 
(which occur in less than 1% of cases on Tyr residues) were predicted, together with 
those containing consensus motifs with a high likelihood of being phosphorylated. The 
MusiteDeep prediction data were confirmed with the NetPhos3.1 analysis (accessed 26 
January 2026) [44].

3.3. Identification of Cavities in the HvMAP3K/HvMKK3 Complex
Cavities in the HvMAP3K/HvMKK3 complex were evaluated using the DoGSiteScorer 

tool [66] implemented in ProteinsPlus [67]. DoGSiteScorer is a grid-based method that 
uses a difference of Gaussian filter to detect potential binding pockets, solely based on the 
3D structure of a protein. It splits the structure into sub-pockets, for which it calculates 
global properties, describing their volume, surface, shape, and chemical features.
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3.4. Structural Analysis of HvMAP3K by InterPro
Protein structural analysis was conducted using the InterPro tool (accessed 28 January 

2026), which is based on the classification of the Protein Database Consortium, and inte-
grates several databases (referred to as member databases) [47]. This tool, which provides 
annotations for over 200 million protein sequences, generates predictive protein models 
according to their signatures and classifies them into families.

3.5. Ancestral Sequence Reconstruction (ASR) Phylogeny of the MAP3K Protein Family and Its 
Latent Evolutionary Space Trajectory Reconstruction

A phylogenetic tree of HvMAP3K entries containing ancestor and successor sequences 
was generated using FireProtASR  v2.0 [55,56] (accessed 30 January 2026) and visualized 
in FigTree v1.4.4 [57], as described previously [5,68,69]. We first searched the UniProt 
database, using its Basic Local Alignment Search Tool v2.17.0 (BLAST) [70] with the 
full-length HvMAP3K sequence (UniProt A0A8I7B904; 679 residues) and identified 250 
closely related plant sequences. In the next step, we conducted automated ASR using 
default parameter settings for evolutionary models and phylogeny (bootstraps 50, gap 
correction 0.5, clustering identity filter 0.9 at 30–80% sequence identity to HvMAP3K) to 
identify ancestral and successor sequences. After homology search and filtering, this step 
aggregated the dataset of 358 sequences homologous to HvMAP3K, specifying 129 ancestral 
and 129 successor sequences (Supplementary Dataset S2), which allowed the construction 
of a rooted phylogenetic tree. The tree, drawn to scale, contains ancestors and successors; 
successors are annotated with National Centre for Biotechnology Information (NCBI) or 
UniProt accession numbers. Evolutionary distances were computed using the p-distance 
method and are expressed in units of residue number difference per site.

Latent space trajectory reconstruction of plant extant MAP3K enzymes, using VAE, 
was calculated in FireProtASR  v2.0 [54–56] (accessed 31 January 2026). We first searched 
with barley MAP3K (UniProt A0A8I7B904) and the following settings (HvMAP3K selected 
evolutionary query, multiple sequence alignment at the clustering of 90%; reconstruction of 
101 ancestors through dynamic decay) and obtained 249 closest extant plant MAP3K se-
quences using the Basic Local Alignment Search Tool (BLAST) in the UniProt database [16]. 
This analysis generated the latent space and ancestral trajectory for the plant MAP3K family, 
consisting of 150 input sequences and 101 ancestors (numbered as ancestor 0 to ancestor 
100) (Supplementary Dataset S3), visualized by red circles as a trajectory along the positions 
of 150 input successors. We also provide parameters for ancestors in the latent space of the 
plant MAP3K family, such as a sequence identity of each ancestor to barley MAP3K, the 
closest sequence identity of each ancestor to the corresponding plant MAP3K, a resampling 
probability of sequence occurrence in latent space, and the numbers of substitutions and 
insertions/deletions (indels) for each ancestor (compared to barley MAP3K).

3.6. Phylogenetic Analysis of Barley MKK Kinases
A total of 250 barley sequences homologous to barley MKK3 were retrieved from 

the UniProt database, from which incomplete and duplicate sequences were removed 
(Supplementary Dataset S4). From 231 sequences, 166 sequences (annotated by UniProt 
numbers) were used in ProMals3D [59] to generate 78 pre-aligned groups. The following 
alignment parameters were used: identity threshold above which fast alignment is applied: 
0.6; weight for constraints derived from sequences: 1; weight for constraints derived from 
homologs with structures: 1.5; weight for constraints derived from input structures: 1.5; 
weight for amino acid residue scores: 0.8; weight for predicted secondary structure scores: 
0.2; parameters for aligning sequences within groups in the first alignment stage: align 
sequences by mafft. Catalytic motifs of all entries, corresponding to the conserved HRD 
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and DFG motifs present in barley MKK3 (UniProt accession A0A140JZ13), were inspected. 
The tree was visualized in FigTree v1.4.4 [57] (accessed 1 February 2026).

3.7. Copy Number of the HvMKK3 Gene in Barley Pan-Genome Cultivars
A total of 76 Barley pan-genome (BPGv2) cultivar/accession assemblies [9,17] were 

analyzed for copy numbers of the MAP3K gene (UniProt accession A0A8I7B904) at the 
Leibniz Institute of Plant Genetics and Crop Plant Research (Gatersleben, Germany; https:
//panbarlex.ipk-gatersleben.de; accessed 24 June 2026).

4. Conclusions
In the in silico experiments described above, we have used computational methods 

combined with phylogeny and mechanistic assessments to generate a quaternary protein 
structure of the catalytic domain of the barley HvMAP3K kinase with the downstream 
full-length HvMKK3 enzyme, working as a functional unit. The MAPK cascade enzymes 
transmit regulatory and external environmental signals to the nucleus, where gene transcrip-
tional patterns are altered accordingly. These biological processes are specified under the 
GO:0000165 category in the Gene Ontology Resource 6 (https://geneontology.org; accessed 
24 June 2026) [71]. It is clear that combinations (hubs) of interacting MAP kinase cascade 
enzyme isoforms are numerous, highly diversified and largely undefined [72]. However, 
in our recent studies, we have characterized the interactions of the specific barley MAP3K, 
MKK3 and MAPK isoenzymes that constitute at least part of the MAPK cascade involved in 
the dormancy to germination transition (Figure 1).

More specifically, through molecular modelling and docking, we have determined the 
disposition of the catalytic domain of the barley MAP3K enzyme (270 residues) in complex 
with barley MKK3 (523 residues). The defined structure of the MAP3K domain is flanked by 
a disordered N-IDR of 95 residues and a C-IDR of 277 residues. Both IDRs contain flexible 
segments, which is consistent with their unstructured nature; these IDRs contain protein 
sequence motifs implicated in binding regulatory molecules in other MAPK enzymes. The 
barley MAP3K/MKK3 complex is stabilised by electrostatic surface potentials formed by 
the residues and their neighbours positioned at the interface of the protein complex.

Based on the theoretical quaternary model of HvMAP3K/HvMKK3 with bound ATP, 
we identified the HRD/DFG catalytic motif of HvMAP3K that is cooperatively involved in 
ATP hydrolysis, together with the prospective projection of a released phosphoryl group 
through the enzyme to its target phosphorylation site at the activation loop of HvMKK3. 
The presence of Thr phosphorylation sites in the HvMAP3K enzyme (motif TMKGT) raises 
the possibility that an unknown upstream kinase could phosphorylate and activate the 
MAP3K enzyme; an alternative possibility is that MAP3K undergoes autophosphorylation.

A single copy of the MAP3K gene is located on barley chromosome 5H in 76 pan-
genome assemblies. The conservation of a single copy of the MAP3K gene and the high 
level of protein sequence identity across the pan-genome assemblies may be compared 
with the downstream MKK3 gene, which in domesticated barley accessions can contain 
several tandemly arranged gene copies and several genetic variants that influence MKK3 
activity [4].

Although no enzymatic activity data for HvMAP3K are available, the previous obser-
vation that higher levels of HvMKK3 activity shorten dormancy and promote germination 
suggests that increases in HvMAP3K activity would also increase MKK3 activity and thereby 
shorten dormancy. Thus, if the activity of the MAP3K enzyme were blocked, dormancy 
would be extended. Alternatively, if any putative inactivation of MAP3K were released, the 
dormancy to germination transition could proceed.
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5. Future Directions
Although our data and conclusions on the MAP3K to MKK3 and the MAPK3 to MAPK 

reactions are consistent with well-documented experimental data from other plant MAPK 
systems (Figure 1), the modelling data presented here must nevertheless be validated 
through future genetic, biochemical, and experimental structural biology approaches [5].

Additional upstream kinases, the identity of the mitogen receptors involved in dor-
mancy and germination, and transcription factors that modulate appropriate changes in 
gene expression have not yet been defined. Central aims of future research will be focused 
on these factors. Our strategy here was to walk one step upstream from MKK3 to MAP3K. 
This approach could be continued step-by-step upstream to the mitogen and step-by-step 
downstream from HvMAPK to the transcription factor and the genes it transcribes, all of 
which are likely to necessitate co-expression and associated network analyses [73]. Mu-
tant libraries and targeted mutagenesis will be important for the generation and testing of 
candidate genes [74].

Data from the present study identify additional gaps in our knowledge of the dormancy 
to germination transition in barley, including the experimental confirmation of potential 
roles for several sequence motifs in MAP3K IDRs that have been implicated elsewhere as 
binding sites for regulators that mediate enzymatic action, specificity and turnover. Gene 
silencing technologies could be applied to confirm the potential molecular and biological 
functions of these motifs; the mutated lines could be tested for dormancy/germination as 
described by Jørgensen et al. [4]. An additional challenging goal to define the structures of 
IDRs and disordered-to-ordered reactions could be approached using cryogenic electron 
tomography, nuclear magnetic resonance and circular dichroism spectroscopy, paramagnetic 
relaxation enhancement integrated with molecular dynamics simulations, machine learning, 
and protein engineering [75].

It would seem sensible at this stage to focus on defining the precise genetics, struc-
tural biology and biochemistry of ABA action both in maintaining dormancy and pausing 
germination when deteriorating environmental conditions threaten the viability of the 
young seedling. Identification of the activating mitogen of ABA action would be a highly 
important experimental target, as recently reported for the role of the fungal effector HCE1 
that regulates the plant immune response in Arabidopsis [76].

However, if we are to completely define the MAPK cascade enzyme complexes in 
precise biophysical terms, there are elementary but challenging tasks to achieve. Identify-
ing in vivo interacting partners of the cascade could involve yeast two-hybrid techniques, 
gene co-expression studies, and biochemical approaches such as fluorescence (or Förster) 
resonance energy transfer assays, affinity chromatography, co-immunoprecipitation or 
proximity labelling. Defining 3D structures of the MAPK cascade enzymes and their binary 
complexes by X-ray crystallography [76] and cryogenic electron microscopy at high reso-
lution [77] would confirm the structural modelling described here, as would quantifying 
thermodynamic parameters of binding of the MAPK cascade enzyme binary complexes and 
the roles of binding residues through biophysical techniques of isothermal titration calorime-
try, surface plasmon resonance or nuclear magnetic resonance titrations in wild-type and 
mutant kinases.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/kinasesphosphatases4040030/s1. Supplementary Figure S1. Pro-
tein sequences of barley MAP3K NPK1-like (HvMAP3K) and MKK3 (HvMKK3) kinases, and their 
GenBank, Swiss-Model Depository, AlphaFold Structure Database and UniProt (when applicable) 
accessions. Supplementary Figure S2. Genetics of the barley MAP3K gene. Supplementary Figure S3. 
Multiple sequence alignment using Clustal Omega v1.2.4 of plant MAP3K kinases annotated by 
UniProt or GenBank accession numbers. Supplementary Figure S4. Stereo representation of the 
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HvMAP3K/HvMKK3 model complexes illustrates the top-ranked complex and two additional com-
plexes with unfavourably docked HvMKK3. Supplementary Figure S5. The HvMAP3K/HvMKK3 
complex and its internal cavities. Supplementary Figure S6. Full-atom MD simulations of the 
HvMAP3K/HvMKK3 complex, using the OpenMM toolkit (cf. Supplementary Movie S3). Supple-
mentary Figure S7. Superposition of the HvMAP3K (blue)/HvMKK3 (pink) complex and catalytic 
modules of four plant kinases (grey). Supplementary Figure S8. Phylogenetic tree of barley MKK 
kinases homologous to barley MKK3 and catalytic motifs. Supplementary Movie S1. Animations of the 
HvMAP3K/HvMKK3 complex with docked ATP (cf. Figure 5, left panel). Supplementary Movie S2. 
Animations of the HvMAP3K/HvMKK3 complex with docked ATP (cf. Figure 5, right panel). Sup-
plementary Movie S3. Animations of the MD trajectory of the HvMAP3K/HvMKK3 complex (cf. 
Supplementary Figure S6). Supplementary Movies 1–3 are available in the Figshare repository un-
der 34845960 (https://doi.org/10.6084/m9.figshare.34845960). Supplementary Dataset S1. Global 
alignment of 76 haplotypes. Supplementary Dataset S2. Figure 6. 129 Aligned ancestors; Figure 6. 
129 Aligned successors; Figure 6. 150 Input sequences. Supplementary Dataset S3. Figure 7. 150 
Input listed sequences; Figure 7. 101 Aligned ancestors. Supplementary Dataset S4. Supplementary 
Figure S8. 250 Listed sequences; Supplementary Figure S8. 231 Aligned sequences in ProMals3D; 
Supplementary Figure S8. 166 Listed sequences.
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