This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Phospho‑regulation of intrinsically disordered
proteins for actin assembly and endocytosis
Miao, Yansong; Tipakornsaowapak, Teepiyanut; Zheng, Liangzhen; Mu, Yuguang; Lewellyn,
Eric
2018
Miao, Y., Tipakornsaowapak, T., Zheng, L., Mu, Y., & Lewellyn, E. (2018). Phospho‑regulation
of intrinsically disordered proteins for actin assembly and endocytosis. The FEBS journal,
285(15), 2762‑2784. doi:10.1111/febs.14493

https://hdl.handle.net/10356/137135
https://doi.org/10.1111/febs.14493

© 2018 The Author(s). All rights reserved. This is the accepted version of the following
article: Miao, Y., Tipakornsaowapak, T., Zheng, L., Mu, Y., & Lewellyn, E. (2018).
Phospho‑regulation of intrinsically disordered proteins for actin assembly and endocytosis.
The FEBS journal, 285(15), 2762‑2784. doi:10.1111/febs.14493, which has been published in
final form at https://doi.org/10.1111/febs.14493

Downloaded on 09 Jan 2023 13:55:35 SGT

Phospho-regulation of intrinsically disordered proteins for actin assembly and
endocytosis
Yansong Miao1,2, Teepiyanut Tipakornsaowapak2, Liangzhen Zheng1, Yuguang Mu1,
Eric Lewellyn3
1School

of Biological Sciences, Nanyang Technological University, Singapore 637551,
Singapore.
2School

of Chemical and Biomedical Engineering, Nanyang Technological University,
Singapore 637459, Singapore.
3Department

of Biology, Division of Natural Sciences, St. Norbert College, De Pere, WI
54115, United States.
Correspondence should be addressed to Yansong Miao (email:
yansongm@ntu.edu.sg).

Abbreviations
IDR, intrinsically disordered region; IDP, intrinsically disordered protein; ABP, actinbinding proteins; EP, endocytic protein; PTM, post-translational modification; CME,
clathrin-mediated endocytosis; PRM, proline-rich motif; SH3, Src homology 3; VES,
effective solvation volume; WH1, WASP homology 1 region; WH2, WASP homology 2
region; DAD, Dia autoregulatory domain; SAXS, Small angle x-ray scattering; smFRET,
single-molecule Förster Resonance Energy Transfer; WASP, Wiskott–Aldrich syndrome
protein.

Key words
Intrinsically disordered protein; phosphorylation; phase transition; endocytosis; actin
cytoskeleton

Abstract
Actin filament assembly contributes to the endocytic pathway pleiotropically, with active
roles in clathrin-dependent and clathrin-independent endocytosis as well as subsequent
endosomal trafficking. Endocytosis comprises a series of dynamic events, including the
initiation of membrane curvature, bud invagination, vesicle abscission, and subsequent
vesicular transport. The ultimate success of endocytosis requires the coordinated
activities of proteins that trigger actin polymerization, recruit actin-binding proteins
(ABPs), and organize endocytic proteins (EPs) that promote membrane curvature
through molecular crowding or scaffolding mechanisms. A particularly interesting
phenomenon is that multiple EPs and ABPs contain a substantial percentage of
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intrinsically disordered regions (IDRs), which can contribute to protein coacervation and
phase separation. In addition, intrinsically disordered proteins (IDPs) frequently contain
sites for post-translational modifications (PTMs) like phosphorylation, and these
modifications exhibit a high preference for IDR residues (Groban, E. S., Narayanan, A.
& Jacobson, M. P. (2006) PLoS Comput Biol. 2, e32). PTMs are implicated in regulating
protein function by modulating the protein conformation, protein-protein interactions,
and the transition between order and disorder states of IDPs. The molecular
mechanisms by which IDRs of ABPs and EPs fine-tune the actin assembly and
endocytosis remain mostly unexplored and elusive. In this review, we analyzed protein
sequences of budding yeast EPs and ABPs. We discussed the potential underlying
mechanisms for regulating endocytosis and actin assembly through the emerging
concept of IDR-mediated protein multivalency, coacervation, and phase transition, with
an emphasis on the phospho-regulation of IDRs. Finally, we will summarize the current
understanding of how these mechanisms coordinate the actin cytoskeleton assembly
and the membrane curvature formation during endocytosis in budding yeast.

Actin-mediated endocytosis and endosomal transport
Actin patch-mediated endocytosis in budding yeast
In budding yeast, clathrin-mediated endocytosis (CME) is coordinated by more than 60
proteins, which arrive and leave endocytic sites in a temporal- and spatial-specific
manner. Precisely timed protein recruitment and detachment orchestrate the entire
process of CME and vesicular transport. These EPs and ABPs that crowd around the
endocytic pits have precisely controlled recruitment and release kinetics via intra- and
inter-protein interactions, although the molecular mechanisms of these interactions are
not completely understood [1-7]. Inward-directed pulling and possibly pinching forces
are provided by actin polymerization, and actin filaments serve as tracks for vesicular
transport [8, 9] (Fig. 1). During endocytosis, branched actin networks are nucleated by
the Arp2/3 complex and provide perpendicular pulling forces that drive membrane
invagination. These events occur in a confined functional zone with a diameter less than
100 nm at the plasma membrane [10, 11]. These regions of actin polymerization, called
actin patches, contain endocytic proteins ABPs that have both structured domains and
disordered regions [10-12]. In yeast, branched actin polymerization at endocytic sites is
initiated by a six-protein WASP/Myosin complex that includes Las17 (WASP/N-WASP),
Myo3/5 (myosin-1E), Vrp1 (WIP), Bzz1 (Toca-1), and Bbc1. Within this complex, key
nucleation-promoting factors (NPFs), Las17, Vrp1, Myo3, and Myo5, trigger actin
polymerization by activating the Arp2/3 complex [13]. This complex also transiently
tethers the actin networks to the base of endocytic sites by simultaneously binding the
plasma membrane and F-actin via the Myo3/5 motor domains [14]. Intermolecular
interactions between these complex members are essential for the function of the
complex. This idea is supported by the observation that disrupting the domains
responsible for the interactions causes defects in endocytosis and growth, but those
defects can be rescued by artificially tethering the essential proteins with artificial linker
peptides [14]. Moreover, the entire complex can be replaced by a single engineered
protein provided that the essential domains are present and connected via flexible linker
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peptides. [14]. Why cells have critical activities split among multiple interacting proteins
and what roles are performed by the protein regions outside these core-functional
domains was initially unclear. However, recent evidence suggests that these regions
may provide a mechanism for regulation of actin polymerization during CME through the
formation of multivalent assemblies of WAS/Myosin complex proteins and their
interaction partners in the endocytic coat like Sla1 and Pan1 [15, 16]. Whether these
regions also contribute to the regulation of the WASP/Myosin complex in response to
various physiological and environmental conditions has yet to be determined.
Actin cable-mediated endosomal transport
Following the scission from the plasma membrane, endocytic vesicles are transported
away from cortex via their association with actin cables to ultimately fuse with the
lysosome/vacuole [17, 18] (Fig. 1). In budding yeast, actin cables are nucleated by the
partially redundant formins, Bni1 and Bnr1, which work together with the NPF Bud6 in
formin-NPF pairs [19-21]. Like the WASP/Myosin complex, Bni1 and Bud6 function in
the polarisome complex along with several other known members including Spa2, Pea2
and Epo1 [22-25]. Ultimately, these proteins facilitate formin-mediated actin
polymerization and help establish cell polarity. The C-terminus of Bud6 (residues 550788) recruits actin monomers to Bni1 to facilitate Bni1 mediated actin nucleation [19, 20,
26]. Though the protein-protein interaction between Bni1 and Bud6 as a formin-NPF
pair has been well documented [20, 21, 26-28], the complex intramolecular interactions
between polarisome members are still mostly unexplored. Formins Bni1 and Bnr1 are
both highly regulated by the cell cycle, but each protein exhibits distinct localization and
dynamics in vivo. Bni1 localizes to the bud tip, exhibits different localization patterns at
different stages of the cell cycle, and dynamically exchanges subunits with the
cytoplasmic pool [29-31]. These results suggest that colocalization with Bud6 and other
polarisome proteins may regulate Bni1 activity. In contrast, Bnr1 is relatively restricted
to the bud neck and does not appear to exchange with the cytoplasmic pool to nearly
the same extent [29]. However, septins and the septin-associated kinase Gin4 could still
regulate Bnr1 bud neck localization or activation during the cell cycle [32, 33]. Additional
mechanisms controlling the recruitment and activation of polarisome proteins at distinct
cell cycle stages and different cell states may exist and warrant further studies.
IDRs in endocytic and actin-binding proteins
While functional domains of many ABPs have been extensively studied, the roles of
IDRs are unclear due to challenges in biochemical characterization. The polypeptide
segments that do not have defined three-dimensional structures are referred to as
intrinsically disordered regions [34-36]. Due to the nature of lacking bulky hydrophobic
residues, IDRs are unable to fold into structured domains but are found critical in
diverse functions [34, 35, 37]. Strikingly, IDRs have been indicated to be highly enriched
among proteins contributing to actin cytoskeleton assembly and CME [38, 39]. IDRs
usually contain multiple binding motifs that function as interaction hubs for proteinprotein interactions, including the well-studied interaction between proline-rich motifs
(PRM) and Src homology 3 (SH3) domains. Proteins with roles in endocytosis and actin
filament assembly are particularly enriched in these SH3-PRM interactions [10, 11, 40].
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Pioneering efforts of Michael Rosen’s team have established that such SH3-PRM
interactions can drive the formation of multivalent macromolecular assemblies in vitro
[41]. These assemblies, known as liquid droplets, are surrounded and defined by a nonmembranous, aqueous phase boundary. Formation of liquid droplets is likely a more
general phenomenon that can occur via an accumulation of transient and weak
interactions between proteins with multiple interacting domains or motifs [41].
Furthermore, organization into a phase separated liquid droplet may accompany the
formation of a gel-like state (gelation) within the droplet in a process known as gelation
[42]. Key determinants of whether a set of interacting proteins has the capacity for
gelation include the number of interacting surfaces, the strength of individual
interactions, and the intrinsic disorder of the connecting regions between the interacting
motifs [42]. Whether these assemblies will create a phase-separated liquid droplet is
theorized to be further dependent on the inherent affinity of the linking IDRs for the
solvent, known as the effective solvation volume (ves). For gels with a low solvent affinity
and negative ves in the IDRs, the gel will likely exclude the solvent and produce a phase
boundary [42]. Multivalent protein-protein interactions, including within IDRs, contribute
to multiple non-membranous organelles in vivo, including Cajal bodies, nucleoli, RNA
granules, and centrosomes [42-48]. These organelles have many properties of liquid
droplets and likely represent biological manifestations of the liquid droplets observed in
vitro [42-48]. The specific roles of PRM-SH3 liquid droplets in endocytosis are not clear,
but SH3-PRM mediated phase transition could lead to a sharp increase in activity or a
signal transduction threshold for actin polymerization [7, 41, 49-51]. Furthermore,
posttranslational modifications (PTMs), like phosphorylation, could provide a
mechanism to regulate the formation of multivalent protein assemblies or liquid droplets
at endocytic sites. Intrinsically disordered proteins (IDPs) are prone to PTMs and these
modifications could affect the formation of multivalent assemblies by either altering
interaction affinity of individual interacting motifs or changing the Ves of the IDRs linking
those interaction motifs[11, 37, 52-55]. The presence of these modifications complicate
the experimental design, but the emerging importance of these proteins and their
posttranslational modification makes this an important area for ongoing and future
research. In this review, we will discuss the phospho-regulation of IDPs in budding
yeast during actin assembly and actin-mediated endocytosis.
The function and phosphor-regulation of intrinsically disordered proteins
Functionality of IDP
The presence of intrinsically disordered regions is universal in living organisms. More
than 30% of peptide sequences in the eukaryotic proteome contain IDRs [56, 57]. Many
signal transduction pathways and biological activities are triggered or propagated by
gathering IDPs to specified intracellular locations. Within the unstructured landscape,
IDRs are specific structural elements that make many IDPs central hubs for proteinprotein interaction networks, in addition to the other strong interactions such as SH3PRM. These interaction hubs have been identified in signal transduction pathways,
protein complexes, and structural protein scaffolds [11, 38, 52, 58-60]. Functions of
many IDPs rely on their interactions with specific binding partners, which could
contribute to disorder-to-order transitions and modulate additional protein-protein
4

interactions in a feedback manner [44, 45, 61, 62]. However, even in the ordered states,
IDPs can be structurally heterogeneous with protein variants in folded and partially
folded conformations [63]. This conformational flexibility or the absence of fixed tertiary
structures has made it challenging to obtain atomic resolution structures of IDPs using
X-ray crystallography or cryo-electron microscopy (cryo-EM).
Phosphorylation of IDPs can promote assembly or disassembly of multivalent
protein or protein-RNA assemblies in vivo.
IDPs play essential regulatory roles as network hubs in multiple biological processes,
including the progression of cell cycle, endocytosis, the formation of cytoskeleton
network, and the formation of non-membranous organelles [55, 61, 64-67]. In some
instances, phosphorylation appears to promote a transition to an ordered state while
other examples appear to show the opposite effect. The fact that phosphorylation
introduces negative charges offers insights into the mechanisms for these transitions.
First, phosphorylation or other charge-altering posttranslational modifications can
increase the strength of electrostatic and hydrogen bonds between the individual
interacting domains. For example, binding between the transcription factor CREB and
CREB Binding Protein involves a direct interaction between the KID and KIX domains,
respectively. Phosphorylation increases the affinity of this interaction through
electrostatic mechanisms and produces a local disorder to order transition [68]. This
model also provides a mechanism whereby accumulation of posttranslational
modifications can integrate multiple biological signals from kinases and phosphatases to
tune the strength of the interaction [11]. An example of multiple signal integration is
apparent in the cell cycle regulation by cyclin-dependent kinases (CDKs) in eukaryotic
cells [55]. Budding yeast Cdk1 inhibitor Sic1 is an IDP that is progressively
phosphorylated at multiple sites to control the G1 to S cell transition [69].
Phosphorylation of Sic1 IDR by Cdk1 increases the binding affinity between Sic1 and
ubiquitin ligase Cdc4 until a threshold of electrostatic interactions is achieved, triggering
ubiquitination of Sic1, degradation, and progression into S phase [69, 70]. Such
sequential IDP phosphorylation by one or more kinases can integrate multiple signaling
inputs into a single pathway or protein to trigger downstream effects [37]. In the context
of forming multivalent protein assemblies, phosphorylation may serve to offset the high
entropy cost for the disorder to order transition of the IDRs through a similar increase in
binding enthalpy [11]. In contrast, phosphorylation can also promote disassembly of
multivalent assemblies. Large assemblies of translationally inactive RNA and protein,
known as P granules, form at various stages of Caenorhabditis elegans embryo
development for the purpose of establishing polarity and regulating translation [64].
Liquid droplets with a clear phase-delineated boundary define these structures and
recent work by Wang et al. [64] has demonstrated that dephosphorylation of IDRs within
the proteins of P granules promote assembly and gelation of these structures. In this
example, phosphorylation may be inhibiting gelation by increasing the ability of IRS to
be solvated through increasing the negative charge of those regions. Furthermore, this
mechanism is likely widespread as more than 70% of proteins in the human proteome
are phosphoproteins [71], and phosphorylation sites are known to be highly enriched
within IDRs.
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IDPs and their phospho-regulation in endocytosis and actin filament assembly
IDRs can serve as flexible unstructured linkers between structured or disordered
interaction domains [60, 72]. These features of IDRs create many possible inter- or
intra-protein interactions during actin cytoskeleton assembly and assembly of the
endocytosis machinery [38, 39]. During actin filament assembly, heterogeneous
complexes formed by intra- and inter-protein interactions with actin-binding proteins play
critical functions. The NPF neural Wiskott–Aldrich syndrome protein (N-WASP)
operates together with nephrin and NCK through multivalent interactions. The binding
between PRM and SH3 domains of N-WASP and NCK regulates coacervation and
liquid-liquid phase separation [41]. This coacervation triggers a high concentration of
NPFs within the highly localized droplet that directs the initiation of actin filament
assembly through activation of the Arp2/3 complex [53]. An analogous phenomenon
can also be observed during the activation of T cell receptors (TCR) and TCR
downstream signaling molecules. A recent in vitro reconstitution of the T cell signaling
apparatus using purified proteins and an artificial membrane demonstrated that TCR
phosphorylation triggers protein clustering, phase-separation, and ultimately actin
polymerization through local clustering of NPF domains within the phase-separated
droplets [50].
Protein disorder could be defined by two-state models using three criteria for
assigning disorder, including loops/coils, hot loops, and missing coordinates [73]. Here,
to identify a comprehensive list of IDRs in budding yeast ABPs and endocytic proteins,
we used D2P2 online server (http://d2p2.pro/) through a python application
programming interface (API) [74]. For a same query protein sequence, different
predictors may generate a slightly different pattern of the disordered regions due to the
different algorithm used. D2P2 is a pre-computed database of disordered regions, which
provides statistics for improving the disorder prediction bases on nine predictors,
including VL-XT, VSL2b, PrDOS, PV2, IUPred-S, IUPred-L, Espritz-N, and Espritz-X
[74]. The predicted disorder regions always need to be experimentally verified under
different conditions for potential order-disorder transitions. It is worth noting that the
loops are comprised of well-structured- and unstructured loops, indicating that loops are
not necessarily disordered [75]. For example, actin has ordered and disordered
residues depending on whether ADP or ATP is bound. The DNase I binding loop (Dloop) forms a helix in the ADP-bound state but is disordered in ATP-bound-TMR state
[76]. In this database analysis, if a residue (or a sequence) was predicted to be a
disordered region matched by at least six of D2P2 integrated predictors, then we treated
this residue or sequence as a disordered site. Protein domains of each protein were
mapped through the Interproscan engine (http://www.ebi.ac.uk/InterProScan/). As
shown in Figure 2, >80% of the endocytic proteins and actin-binding proteins were
found to be IDPs in which the IDRs occupied a high percentage of the total length (from
20-70%. Among the list of ABPs and EPs we analyzed here, thirty proteins had a higher
percentage IDR than the average percentage of the yeast proteome, which is around
26.9% [38] (Table S1). When we examined those regions in detail, we found that serine,
threonine and tyrosine residues in IDRs are frequently phosphorylated by multiple
kinases, based on experimental mass spectrometry data using PhosphoGRID
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(https://phosphogrid.org/). We manually mapped the phosphorylation sites that are
experimentally identified for each protein based on PhosphoGRID (Fig. 2). The
proportion of IDR residues that are phosphorylated is much higher than the proportion
of all restudies that are phosphorylated. Overall, between 30-90% of all phosphorylation
sites are within IDRs (Table S1). Our phosphorylation-mapping in endocytic protein and
ABPs is also consistent with a global Cdk1 phosphorylation survey in budding yeast, in
which more than 90% of Cdk1 phosphorylated sites reside inside the flexible loops or
IDRs [55].
Phosphorylation of IDRs may be a conserved or recurrent phenomenon during
evolution. However, because the sequences of IDRs evolve rapidly, the precise position
of phosphorylation sites may be less constrained throughout the lineage [55]. One
example is the budding yeast actin cross-linking protein Sac6, a fimbrin homolog. The
N-terminal phosphorylation of Sac6 tunes the flexibility of the loop region and thus
affects the affinity of adjunct domain towards actin filaments [66]. Although the Cdk1
phosphorylation sites in the N-terminal loop of Sac6 homologs are present in multiple
fungal species, these phosphorylation sites have low conservation in sequence and
exact position [66].
The role of phosphorylation in controlling disorder-to-order transitions during
clathrin-mediated endocytosis
Here, we discuss the budding yeast IDP and their phospho-regulation in endocytosis
and actin assembly. Endoytic proteins are broadly divided into seven functional
modules: (1) early module proteins establish a patch of membrane that will become an
endocytic bid, (2) early coat module first establish the protein coat, (3) intermediate coat
module further organize the protein coat, (4) late coat module mediate the interactions
between the coat and the actin module, (5) WASP/myosin module trigger actin
polymerization, (6) actin modules consist of actin and actin binding proteins, and (7)
scission module consist of proteins that aid in abscission of the endocytic bud to release
a vesicle [77] (Fig. 2; Table S1).
In the progression of endocytosis, each module of endocytic proteins sequentially
arrives at the endocytic site in a highly ordered manner. Intriguingly, each module has a
specific recruitment pattern and lifetime at endocytic sites. The initial coat module
proteins have the most variable lifetime, whereas the protein lifetime becomes very
regular with less variability with the recruitment of the first proteins in the WASP/myosin
module [15, 78-80]. Many of the individual protein-protein interactions and
posttranslational modifications that contribute to recruitment and release have been
extensively studied. However, what molecular mechanisms govern the difference of the
lifetime of endocytosis protein, or ABPs are not entirely understood. In particular,
determining the triggers that allow an endocytic site to move on to the next phase of
assembly or maturation remain an active area of research. For example, the cargo
accumulation into endocytic patch has been suggested as one of the factors that trigger
endocytic patch internalization [81]. Our analysis of the ratio of ordered to disordered
regions within key endocytic proteins (Figs 2 and 3) suggests that a disorder to order
transition may also contribute to whether an endocytic site will mature to the next
progressive stage [82]. For example, early module proteins, certain coat module
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proteins, and many WASP/myosin module proteins all contain a high portion of IDRs
that are predicted to be phosphorylated (Figs 3 and 4). Proteins with high predicted
likelihood for being phospho-regulated IDPs include the early module proteins Ede1 and
Syp1. These proteins are believed to be necessary for allowing endocytic sites to
transition from the early stage of endocytic establishment, in which endocytic proteins
have variable lifetimes, to the later stages of endocytosis, where proteins are recruited
with regular timing [79, 80, 83, 84]. The IDRs and the post-translational modifications in
those IDRs suggest the hypothesis that phosphoregulation may modulate protein
conformational plasticity and protein-protein interactions, thus affecting recruitment and
release from endocytic sites. These mechanisms may either be a dominant driving force
for protein assembly or represent a mechanism to tune the likelihood of endocytic
progression based on the physiological or pathological cell state.
Early steps of clathrin-mediated endocytosis
Endocytic machinery is assembled mainly in the cytoplasm by more than 60 proteins in
budding yeast. Multiple weak (Kd >1 µM) and some moderate (1000 nM > Kd >150 nM)
protein-protein interactions assemble many early module proteins into stable patches,
which ultimately progress into endocytic buds [79]. Fluorescence cross-correlation
spectroscopy (FCCS) has been recently used as a powerful experimental tool to study
protein-protein interactions in living cells, such as those between early module
endocytic proteins [85]. A cytoplasmic physical interaction map was created by FCCS
covering multiple modules of endocytic proteins, including coat formation, adaptor
function, actin assembly, and scission [84]. The spatiotemporal regulation of endocytic
proteins starts from the early coat proteins, Ede1 and Syp1. Ede1 is an early scaffold
protein that interacts weakly and transiently with asparagine-proline-phenylalanine
motifs of many adaptor proteins, through its three N-terminal Eps15 homology (EH)
domains [78-80, 86]. From sequence analysis, we also found that more than 55% of the
Ede1 amino acid sequence comprises an IDR between the N-terminal EH domains,
middle proline-rich region, and the C-terminal ubiquitin-associated domain (Fig. 2). More
than 50 phosphorylation sites of Ede1 were found in IDR by multiple mass spectrometry
experiments. For example, casein kinase 1 (Hrr25) heavily phosphorylates Ede1 and
functionally activates Ede1 for initiating endocytic sites [87]. Ede1 physically interacts
with and recruits the other early coat protein Syp1 [78, 83, 88]. Syp1 is an FCHo1/2
homolog, which contains an N-terminal F-BAR domain and a C-terminal AP-2µ homolog
domain. The F-BAR and AP-2µ homolog domains are separated by a continuous IDR
that encompasses more than 40% of the sequence and has abundant phosphorylation
sites. Specific phosphorylation sites include the putative phosphorylation sites of Cdk1,
Ark/Prk1, Hrr25, Hog1, and Pkc1 [87, 89-91]. Syp1 turnover and plasma membrane
association are fine-tuned by the change of electrostatic charge through
phosphorylation by both Hog1 and Pkc1 at several serine residues,
S347/S389/S390/S405 [90, 91]. The phosphorylation of both Ede1 and Syp1 by diverse
kinases indicates the versatile cell response to complex environmental and
biomechanical cues in initiating endocytic sites. Such flexibility is also consistent with
Syp1 and Ede1 functioning as the central hubs in linking other binding partners for
endocytosis and actin assembly. IDRs that reside between functional domains of Ede1
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and Syp1 might play important roles in turning their conformational flexibility, proteinmembrane, or protein-protein interactions through the negative charges added by
phosphorylation. Because the charge pattern of the IDR sequence is critical in
modulating the molecular recognition and thus the functional phase separations of
intrinsically disordered proteins [34]. The different phosphorylated sites and pattern by
different kinases generate a high complexity of the IDPs and their interactions with
binding partners. We speculate that the variable lifetime of Ede1 and Syp1 at endocytic
sites could be due to the heterogeneous protein phosphorylation, which increases the
overall flexibility of protein conformation and their interactions with surrounding
molecules.
Ark1/Prk1/Akl1 are Ark/Prk family kinases that phosphorylate numerous
endocytic coat proteins, including Sla1, Pan1, and epsin, which control the actin
assembly and endocytic machinery [92]. Ark1/Prk1/Akl1 module proteins also have
extended phosphorylated-IDR (Fig. 2), though the mechanisms of Ark1/Prk1/Akl1
phosphoregulation remain elusive. In the target of rapamycin (TOR) complex 2
pathway, the downstream Fpk1 kinase phosphorylates Akl1 negatively regulates Akl1
and therefore enhances endocytosis [93]. On the other hand, the phosphatase complex
Scd5/PP1 is essential for recycling Prk1 for initiating new endocytic sites and positively
regulate endocytosis progression [94]. Ark1/Prk1/Akl1 highly associate with
phosphatase Scd5 in a network of interactions and scaffolding functions of the
endocytic machinery [94].
Following the establishment of endocytic sites, coat module proteins, including
clathrin, are recruited. The early coat proteins are not highly disordered except for the
clathrin light chain CLC (Figs 2-4) that forms a single helical structure on the surface of
the clathrin heavy chain CHC [95]. The disordered region of Clc1 functions to facilitate
the conformational switch and enable the regulation of the clathrin lattice assembly [96,
97]. The intermediate and late clusters of coat proteins have a high ratio of disordered
residues in around 20-60%. Among these proteins are the adaptor proteins like
Yap1801/1802 that that link the clathrin coat to the phospholipid bilayer via the AP180
N-terminal homology (ANTH) domains and adaptor proteins like Ent1/2 and Sla2 that
link actin to the phospholipid bilayer via ENTH (epsin N-terminal homology) and ANTH
domains, respectively [98]. Additional EH domain-containing coat proteins End3 and
Pan1, together with Sla1, coordinate the timing of actin polymerization at endocytic sites
by signaling a switch from patch establishment and endocytic receptor accumulation to
active actin polymerization [15, 99]. Again, the EH domains of End3 and Pan1 are all
adjacent to IDR at either one or both sides of the domain and the IDRs of Ent1, Pan1
and Sla2 are highly phosphorylated (Fig. 2), raising the possibility of a similar functional
switch based on a phosphorylation-dependent protein conformational changes and
protein-protein interactions. The actin cytoskeleton-binding (ACB) domains of Ent1 are
surrounded by Prk1 kinase phosphorylation sites, which are found to be critical in
regulating the interaction between Ent1 and actin filaments [86, 100, 101]. Pan1, an
endocytic scaffold protein for early assembly of actin patch, is mostly phosphorylated in
the disordered region (about 85%, Table S1) by multiples kinases including Ark1/Prk1
during endocytosis, Hog1 during osmotic stress, and Cdk1 during the cell cycle [55,
102]. Ark1/Prk1 phosphorylates pan1 at N-terminal regions next to EH domains, which
directly influence its binding with actin filaments and the association between
9

internalized endosome and actin cable [18, 103]. Interestingly, the middle and Cterminal region of Pan1 has several clusters of Cdk1 phosphorylation sites that are
separated from the N-terminal Ark1/Prk1 sites [55]. Regions of multi-functional proteins,
like Pan1, are targets of multiple kinases and have multiple residues that are predicted
or confirmed sites of phosphorylation. It is intriguing to speculate whether these regions
represent integration nodes for multiple cellular signaling pathways for sensing distinct
cellular and environmental conditions.
WASP/myosin
Proteins in the WASP/myosin module also have a high percentage of residues within
IDRs (around 20-90%) suggesting that conversions between disorder and ordered
states may be a shared regulatory mechanism for proteins within this module (Table S1,
Fig. 3). Key members of this module, Las17, Vrp1, and Myo3/5 are major NPFs at
endocytic sites [13]. Las17 comprises an N-terminal WASP homology 1 region (WH1)
that interacts with Vrp1, a central disordered region that contains a proline-rich region
for interacting with SH3 domains, and a C-terminal CA domain and WASP homology 2
region (WH2) that interacts with both Arp2/3 complex and G-actin for actin nucleation
[104, 105]. The polyproline region (amino acids 292–536) within the IDR has also been
indicated to interact with actin directly and drive actin polymerization [106]. Vrp1 is
another essential protein in the module that also contains a proline-rich region for SH3
domain interaction and a WH2 domain that contributes to Arp2/3 activation. Vrp1 serves
as a central scaffolding protein for other proteins within the WASP/Myosin module [14,
107]. Like Las17, Vrp1 is predicted to be highly disordered with over 94% percent of
residues within an IDR (Table S1). Vrp1 has an enriched phosphorylation cluster that is
targeted by Cdk1 at the polyproline-rich C-terminus [55]. Cell cycle-regulated
phosphorylation sites were also identified at the N-terminus of the Las17 polyproline
region (Fig. 2). Though the functions of these phosphorylation sites within Las17 and
Vrp1 are presently speculative in yeast, the mammalian homologs WASP and WIP have
both the NPF activity and protein stability modulated through transient phosphorylation
and dephosphorylation modifications [108, 109]. Budding yeast kinases Ark1 and Prk1
and phosphatase PP1 targeted by Scd5 may serve analogous regulatory roles in
regulating protein-protein affinity and the NPF activity within the WASP/Myosin module.
Deletion of the paralogous kinase genes ARK1 and PRK1 causes apparent deficiencies
in disassembly of the endocytic coat [110] [111], suggesting that phosphorylation
possibly modulates the affinity among coat module proteins like Sla1, Pan1, Ent1/2, etc.
While the role of these kinases is less established for the WASP/Myosin module,
putative Prk1 consensus sites within Las17 have suggested a similar mechanism may
also be involved [94, 103, 112]. Likewise, Scd5-targetted PP1 may increase affinity
between module proteins, as has been suggested for coat module proteins [94, 113,
114]. Furthermore, Scd5 has more than 70% of its protein sequence within an IDR
(Table S1), which is consistent with the observation that PP1 usually interacts with a
large number of distinct IDPs [115]. While the IDR of Scd5 may be a coincidence, it is
equally reasonable that this IDR is important for allowing it to interact with both the
WASP/Myosin module proteins. Finally, the fungi-specific protein Bbc1 represses actin
polymerization by Las17 and other proteins in the Las17/myosin I/Vrp1 complex in
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addition to the repression caused by Sla1 [116]. Like Sla1, Bbc1 possesses an SH3
domain and interacts with Las17 PRM and possibly other members of the complex like
Vrp1 [13, 116]. Also, 70% of the Bbc1 sequence are IDRs where are enriched with
multiple phosphorylation sites, suggesting Bbc1 may join the other proteins in the
WASP/Myosin module in regulating the protein multivalency and the assembly of the
functional complex (Table S1; Fig. 3).
Actin patch assembly
One of the fundamental questions that remain in endocytosis biology is what triggers
the onset of actin polymerization at endocytic sites. WASP/Myosin module proteins like
Las17 and Vrp1 are known to arrive 10-20 seconds before actin polymerization is
detectable at endocytic sites [13, 77]. Then actin polymerization is initiated by proteins
within the WASP/myosin module, and the actin filaments recruit ABPs to endocytic
patches with a very regular lifetime of 10-15 seconds, depending on temperature [77,
117]. While negative regulators of the WASP/Myosin module like Sla1, Bbc1, and
possibly Syp1, and positive activators like Bzz1 are undoubtedly essential actors [99]
[118]. One of the key mechanisms of this switch-like Arp2/3 activation has been recently
deciphered, which demonstrated the initiation of actin assembly through a concentrating
mechanism of NPFs via the SH3-PRM interactions [7]. The functions of how the IDRs
that existed in the complex interaction networks create the additional regulatory
mechanisms in regulating the actin patch assembly, working together with SH3-PRM
interactions in a synergistic manner, remain a topic of active research.
IDRs are known to undergo phase separation in vitro through a mechanism
called simple coacervation, which is widely encountered in other types of polymer
chemistry [119]. Phosphoregulation has been recently found to directly mediate phase
separation and complex coacervation through modulating the charges of
phosphorylated residues [120, 121]. Consistency in the lifetime of actin filaments and
the ratio of the structured region to IDR suggests that IDRs may be involved in protein
coacervation at the endocytic sites through the creation of liquid-liquid phase
separation. Once the actin module proteins fill the confined local space at endocytic
sites by either replacing the earlier module proteins or creating local molecular
crowding, this crowding plus the additional forces generated directly by actin
polymerization might allow the endocytic bud to progress toward invagination and
abscission. How phosphorylation of IDRs regulate such complex coacervation and
multivalent protein-protein interaction will need further experimental studies using cell
biology and biophysical approaches. It is worth noting that most actin patch module
proteins are only around 2-30% in IDR ratio, which is much less than that of other
modules (Table S1). Such phenomena lead us to speculate that once the earlier
accumulation of protein-protein interaction reaches the threshold to trigger the actin
nucleation, the following assembly of actin networks will be robust. However, there are
still a few disordered proteins within the actin module including Abp1, Aim3, and Ark
family kinase Akl1 [122], which are 67%, 96% and 60% disordered, respectively. They
are neither potent nucleation factors, cross-linking proteins, nor G-actin binding factors.
Why ABPs comprise many IDPs is still unclear, but it could involve protein-protein
interactions that can be modulated in response to specific signaling cues, such as cell
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cycle progression, stress responses, or mating. Both Cdk1 and Pho85 phosphorylate
Abp1, which physically interacts with Ark1 and Sla1, indicating a potential scaffolding
function of Abp1 to facilitate the Ark1 phosphorylation of Sla1 [123]. In addition, a
phosphorylation-regulated intramolecular interaction between the SH3 domain and
polyproline domain has also been suggested for Sla1-Abp1 binding [123]. Proline-rich
regions can be intrinsic disordered. The associations between proline-rich regions and
SH3 domains may induce a localized disorder-to-order transition [124]. Furthermore, the
actin patch localization of Aim3 is depended entirely on association with Abp1 via a
putative PRM-SH3 domain interaction [125]. Whether phosphorylation influences the
patch localization of Abp1-recruited proteins like Aim3 is not clear. It is worthy to note,
although Abp1 is an abundant IDP at endocytic sites and interacts with multiple ABPs,
the knockout mutant of Abp1 was not reported to have apparent defects in actin patch
assembly and endocytosis in physiological conditions. We speculate that IDP switches
within these proteins may represent a mechanism for additional regulatory inputs into
the timing and extent of actin polymerization in response to pathological, stress, or other
cell conditions, although these ideas remain speculative.
Actin cable nucleation complex
In mammalian cells, microtubules and actin filaments drive the long-range and shortrange endosomal movements, respectively. However, actin cables appear to be the
primary track for endosomal transport in plants and fungi [9]. In budding yeast, initiation
of actin cable polymerization is driven by two formin proteins, Bni1 and Bnr1. While the
function of these formins does overlap, distinct differences in localization patterns and
regulations suggest divergent cellular roles. Bni1 localizes to the polarized tip, actin
cables, and cytoplasmic speckles and shows the fast retrograde movement of speckles
away from the bud tip. Furthermore, these localizations exhibit fast turnover. In contrast,
Bnr1 associates stably with the bud neck and exhibits no clear movement [29, 32].
Formins initiate actin filament assembly through the interactions between the dimeric
formin homology 2 (FH2) domain and monomeric G-actin [28]. An FH1 domain next to
FH2 domain is an IDR that binds to profilin to promote actin-filament elongation [126]
[127]. Beside the FH2 domain, the sequences of Bni1 and Bnr1 that are all mostly
disordered, including the FH1 domain. The C-terminal IDR of yeast formin interacts with
Bud6, which functions as a nucleation-promoting factor [20]. Bud6 promotes forminmediated actin assembly through the interactions between Bud6 C-terminal “core”
region (residues 550-688) and formin Dia autoregulatory domain (DAD)-containing tail
region, as well as the Bud6 WASP homology-2 (WH2) domain and G-actin [20, 26, 128130]. Both Bni1 and Bud6 reside in a large protein complex termed the polarisome,
which includes known members Pea2, Epo1, Bud6, and the scaffold protein Spa2 [131133]. The sequences of all polarisome complex proteins are highly disordered and
phosphorylated, especially at N-terminus (Fig. 2), suggesting additional regulatory roles
of the N-terminal IDR. At least three regions near the N terminus of Bni1 were identified
as contributors to its subcellular localization at the bud tip and bud neck [31]. The
appropriate cortical localizations of Bud6 and Spa2 also depend on their N-terminal IDR
residues 1-565 and 421-536, respectively [134, 135]. Biochemical studies of IDP can be
challenging because disordered regions tend to aggregate during protein expression
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and purification [59]. The full-length formin and Bud6 seem to fall into this category, as
both have low expression or poor solubility in bacterial based expression and
purification system [19, 27, 67, 130, 136]. Therefore, the molecular mechanisms by
which the IDRs mediates polarisome complex function remain unclear, such as how
does Bud6 N-terminus regulate the NPF activity of the C-Bud6 [19].
Phosphoregulation of formins
The idea that actin cable nucleation by the polarisome can be tuned via phosphorylation
and dephosphorylation of IDRs comes, in part, from the observation that individual
components of the polarisome are dynamically phosphorylated and dephosphorylated in
response to specific, distinct environmental or cellular signals. The formin Bni1 is a
potential candidate that function as a tunable component of the polarisome, because
nearly 43% of the residues within Bni1 are within a predicted IDR, and over 90% of
phosphorylation sites are within those predicted IDRs (Figs 2 and 3; Table S1). It
suggests that the phospho-regulation of formin IDR could potentially tune the dynamic
behaviors and the biochemical activates of Bni1.
Phosphorylation of formin proteins has been broadly identified in different
eukaryotic cells for the regulation of polarized cell growth, cell cycle progression, and
wounding responses. In mammalian cells, Rho-dependent protein kinase ROCK
phosphorylates the C-terminal DAD of both FHOD1 and diaphanous-related formin
mDia2 to disrupt the intramolecular interactions and prevent the autoinhibition [137,
138]. In budding yeast, five phosphorylation sites have been identified in vivo in Bni1 at
the C-terminal DAD and the Bud6 binding-domain by mass spectrometry (Fig. 2).
Whether these phosphorylations affect intermolecular interactions with Bud6 or
intramolecular interactions within Bni1, and thus the Bni1 activities, has yet to be
investigated. In addition, cell cycle progression is highly coupled with phosphoregulation
of formins. In mammals, mDia3 is phosphoregulated by Aurora B kinase in maintaining
appropriate metaphase chromosome alignment during mitosis, through tuning its
microtubule binding affinity [139]. Cytokinetic formin Cdc12 in fission yeast are
phosphor-regulated by septation initiation network kinase Sid2 at the four
phosphorylation sites at the flanking region of FH1 and FH2 domains [140]. Sid2
phosphoinhibits the Cdc12 multimerization thus its activity in F-actin bundling during
cytokinesis to ensure efficient assembly and maintenance of cytokinesis ring in a
temporally controlled manner during cell cycle progression [140]. Budding yeast Bni1
has high turnover and differing patterns of localization in response to the cell cycle [32,
141-143]. Several Cdk1 consensus sites within Bni1 fall within the FH1 and DAD
domains. It is still unclear whether dynamic Cdk1 phosphorylation throughout the cell
cycle would modulate Bni1 localization and change its affinity to binding partners,
including the Bud6 and profilin for enhancing the nucleation and actin elongation speed,
respectively [130, 144, 145]. Besides, phospho-regulation of formin also influence the
dynamic turnover of formin, which provides tunable polymerization of the actin filament.
For example, during wound healing, budding yeast Pkc1 phosphorylates Bni1 Nterminal to trigger the proteasomal degradation of Bni1 that facilitates the new initiation
of Bni1 at wounding sites, which polymerizes actin cable to serve membrane transport
and wound healing [146]. Taken together, these previous findings demonstrate that
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formins have complex phosphoregulation mechanisms that integrate many intracellular
signal cues during cell growth and defense responses. Distinct or shared
phosphorylation sites among formins could accept these different signals from various
kinase-mediated signaling pathways, resulting in myriad pathways converging on a
common set of formin-mediated effects. Future studies must, therefore, account for the
presence of these converging signals and incorporate well-controlled experimental
conditions that avoid variations introduced by different cell stages and growth
conditions.
In addition, all budding yeast polarisome members are highly phosphorylated in
IDRs (Fig.1; Table S1). Cdk1, one of the major kinases highly phosphorylate polarisome
member proteins, regulates actin cable assembly, cell cycle progression, and polarized
cell growth in both budding yeast and filamentous fungus Candida albicans [22, 55, 67,
147]. The high rate of phosphorylation of polarisome proteins by Cdk1 suggests a
versatile and sophisticated tunability for actin nucleation by modulating the intra- or
inter-molecular regulation of polarisome complex proteins. The molecular mechanisms
by which Cdk1 regulates actin cable polymerization during cell cycle progression in
different physiological and pathological states needs future studies. Systematic
investigations are required in the future to understand the complex in vivo regulation of
polarisome proteins and actin cable assembly.
Phosphoregulation of other actin-binding proteins
Actin exerts its function through the network formation that is coordinated by multiple
ABPs at different steps during actin filament assembly. The spatial and temporal
regulations of ABPs modulate the elasticity of actin cytoskeleton network with specific
mechanical properties. Functional studies of the well-structured domains of ABPs have
yielded substantial mechanistic insights [28, 126, 148-151]. In contrast, the molecular
mechanisms of the IDP-regulated actin networks formation are relatively understudied.
Phosphorylation or other PTMs of IDRs could potentially regulate the folding states of
IDR and change the protein affinity of ABP-ABP and ABP-actin pairs. For example,
phosphorylation and dephosphorylation of cofilin at N-terminal serine residues potently
regulates the ability of cofilin to sever actin filaments [152]. Interestingly, our sequence
analysis also found the first five residues of Cof1 is a short loop while the rest of the
protein sequence is well structured (Fig. 2). Direct evidence of in vivo phosphorylation
Cof1 in budding yeast has not been reported, but a phosphor mimic mutant at the fourth
serine of Cof1 is inviable [153, 154]. Also, a recent global search for Cdk1 substrates
found that Cdk1 may phosphorylate Cof1 at the fourth serine [55], suggesting a
potential role for Cdk1-mediated phosphoregulation of Cof1. Another phosphoregulation
example in a budding yeast ABP is the site-specific phosphorylation of actin crosslinking protein Sac6, a fimbrin homolog. Metaphase Cdk1 complex Clb2-Cdk1
phosphorylates Sac6 at T103. This residue lies within a flexible loop between the
adjacent EF-hand domain and actin-binding domain. Conformational simulations
suggest that this Cdk1-mediated phosphorylation of Sac6 alters the conformational
flexibility of loop and thus regulates the binding affinity between Sac6 and actin
filaments [66]. Indeed, other examples of phosphorylation functioning as a regulatory
mechanism for actin cross-linking or bundling proteins have been identified in proteins
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like filamin, plastin/fimbrin, and vinllin [155-161]. Recently, actin filaments together with
the actin cross-linking protein filamin were found to be able to form liquid droplets with
defined liquid-liquid phase boundaries [162]. Understanding how phosphor-regulations
of actin cross-linking proteins fine-tune the actin condensation and possibly stimulate
the formation of actin-mediated liquid-liquid phase boundaries deserves future studies,
both in vivo and in vitro. Another important ABP is Coronin, a multifunctional protein that
can reduce the rate of actin nucleation by the Arp2/3 complex. The role of coronin in
regulating actin branching may be affected by phosphorylation. Coronins are a
conserved family of actin regulatory proteins that have been known to coordinate the
function of ADF/cofilin and Arp2/3 complex [163, 164]. All coronin family proteins
contain an IDR, referred to as the Unique Region (UR), which is actively
phosphorylated. Because of the high intrinsic disorder, the sequence of the UR was not
recognizably conserved between species or among intraspecies paralogs. In vertebrate
lymphocytes, cyclin-dependent kinase 5 (Cdk5) was found to phosphorylate the UR of
coronin1a at T418. This residue is involved in T cell receptor-induced actin polarization
and cell migration [165]. Budding yeast has only one coronin, Crn1, which is most
similar to type I coronin in vertebrates. Crn1 was also highly phosphorylated by Clb2Cdk1 complex [66], further functional studies will hopefully yield further insights into the
mechanisms underlying the Crn1 phosphoregulation.
IDP proteins in fungi, plants, and mammals for actin assembly and endocytosis
Phosphoregulation of protein function is ubiquitous in eukaryotic living systems. Multiple
eukaryotic species contain homologs of the budding yeast proteins for endocytosis and
actin cytoskeleton assembly discussed in this review. To have a broad view of the IDP
involvement in functional regulation of eukaryotic actin assembly and endocytosis, we
performed a genome-wide blast using budding yeast proteins and identified the
homolog ABPs in several model species, including fission yeast Schizosaccharomyces
pombe, human pathogenic fungal Candida albicans, plant pathogenic fungal Fusarium
oxysporum, Homo sapien, and Arabidopsis thaliana (Table 1). Due to the fast-evolving
nature of the IDP, sequence homologs of disordered proteins were less likely to be
identified in mammal and plants than that in fungal species. Therefore, we manually
curated the alignment algorithm-based results in Table 1 by adding literature reported
homologs. In addition, fewer studies of ABPs were reported in Arabidopsis compared to
mammal and fungus so we could not exclude the possibility that the absence of
Arabidopsis homologs might be due to either low sequence conservation or a lack of
detailed experimental investigations. Recently, a short N-terminal IDR was identified to
negatively regulate AtPRF3 by inducing protein oligomerization and inhibiting forminmediated actin assembly in Arabidopsis [166]. To identify more functional ABP and EP
homologs in plants, appropriate protein isolation and identification approaches are
required. IDP regulation in actin assembly and endocytosis in fungi and mammals would
also shed light on the understanding of actin-mediated endocytosis in plant
development and plant innate immunity [167, 168]. Furthermore, mechanistic studies of
fungal-specific proteins have the potential to identify pharmaceutical targets for
inhibiting the fungal growth and biofilm formation. Promising disorder/dynamic-based
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approaches have been recently reported and discussed in the field of drug or small
molecule discovery [169, 170].
Future perspectives of IDPs for actin assembly-mediated endocytosis
The biochemical activities of ABPs and the conserved folding domains have been wellstudied using purified recombinant proteins or cell-free reconstitution systems. These
efforts have advanced our fundamental understanding of the dynamics of actin
polymerization and depolymerization [67, 122, 126, 127, 149, 171-174]. Protein
multivalency and the concentrating mechanisms of actin-binding proteins have been
recently found to play additional, critical roles in controlling the biochemical activity of
ABPs and thus the formation of actin cytoskeleton network [41, 50, 175]. The features of
multivalent interactions and the low complexity of the IDP creates the flexibility in tuning
the progression rate of endocytosis and actin assembly at different cell states, including
the different cell cycle stages and in response to stimuli. IDPs likely receive intracellular
and extracellular signals through the phosphorylation of the IDR and thus alter the
protein biochemical and biophysical properties. These phosphoregulations of IDRs
either change protein functions by fine-tuning protein activity or amplify multiprotein
assemblages, such as in the case of liquid-liquid phase separations. The importance of
these IDR involved regulatory mechanisms in actin cytoskeleton assembly and signal
transductions are starting to be understood. In particular, EPs and ABPs in budding
yeast have multiple IDRs that are putatively regulated through phosphorylation in
mediating protein conformational changes and protein-protein interactions in vivo. The
sequence analyses we discussed in this review will hopefully provide clues for future
experimental studies of IDRs to reveal how IDRs provide dynamic and tunable control of
complex actin cytoskeleton assembly in vivo. Experimental determination of how PTMs
regulate IDP functions remains technically challenging, but obtaining atomic resolution
data of IDPs in ordered subassemblies will be essential for understanding the functions
of these macromolecules. As established structural biology tools, such as x-ray
crystallography and cryo-EM approaches depend on regular, repeating structures, these
approaches have presented challenges for studying IDPs. Future studies of the protein
flexibility and dynamics are necessary to understand the function of IDPs that are
heterogeneous in conformation and undergo dynamic structural changes over time.
Small angle x-ray scattering (SAXS), single-molecule Förster Resonance Energy
Transfer (smFRET), NMR spectroscopy, coarse-grained simulation offer promising
alternative technologies [37, 176-181], although a new set of technical challenges
associated with these techniques remain. Integrated techniques including cell biological,
biophysical, structural, and mathematical tools, will likely also be applied to these
problems in the future. These approaches, combined with continually advancing
technical capabilities, will likely provide the next layer of understanding the dynamic
functions of IDPs in endocytosis and the actin polymerization (Fig. 2).
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Table 1. Endocytic proteins and actin-binding proteins in eukaryotic species.
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Figure Legend
Figure 1. Budding yeast endocytosis and actin filament assembly. Schematic diagram
of clathrin-mediated endocytosis and subsequent internal endosomal transport in
budding yeast. Key modules of the endocytosis process and proteins are indicated.
Figure 2. IDR analysis of budding yeast endocytic proteins and actin-binding proteins.
(A) The IDR ratio of analyzed proteins. (B) The ratio of phosphorylated residues in IDR
and entire protein.
Figure 3. Domain mapping of budding yeast endocytic proteins. The folded domain,
intrinsically disordered region, and the experimental identified phosphorylation sites are
shown. Interproscan, D2P2 IDR prediction, and PhosphoGRID engines were used for
sequence analysis. The graph was generated using Geneious analysis tool [182].
Figure 4. Domain mapping of budding yeast actin-binding proteins. The folded domain,
intrinsically disordered region, and the experimental identified phosphorylation sites are
shown. Interproscan, D2P2 IDR prediction, and PhosphoGRID engines were used for
sequence analysis. The graph was generated using Geneious analysis tool [182].

30

Table 1. Endocytic proteins and actin-binding proteins in eukaryotic species. Budding
yeast protein sequences were used to perform genome-wide blast and sequence
analysis against the database of fission yeast Schizosaccharomyces pombe, human
pathogenic fungus Candida albican, plant pathogenic fungus Fusarium oxysporum,
Homo sapien, and plant Arabidopsis thaliana.
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