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Abstract

Sup35 protein (Sup35p), or eukaryotic peptide chain release factor GTP binding subunit
(eRF3), is a well-known yeast prion responsible for the characteristic [PSI*] trait. N- and M-
domains of this protein have been foci of intensive research due to their importance for the prion
formation. Sup35p C-terminal domain (Sup35pC) is essential for translation termination and cell
viability. Deletion of Sup35pC was shown to lead to the malformation of cells during mitosis. In
this study we confirm that Sup35pC domain possesses high sequence and structural similarity to
the eukaryotic translation elongation factor 1-o (eEF1A) from yeast and show that its sequence
is conserved across different species including human. Because cell malformation during
mitosis could be due to the deregulation of cytoskeleton formation, and since a Sup35 paralog
eEF1A is known to act as an actin modulating protein, we focused on establishing of the
relationships between the Sup35pC and modulation of the cytoskeleton formation. We found
104 co-partners between Sup35pC and EF1A of S. cerevisiae, and 18 partners of human
ERF3A. Based on the analysis of known and modeled structures of some effectors and partners
we found possible protein-protein interactions. Based on our study, we propose that Sup35pC

may serve as actin modulator during mitosis.

Key words: yeast prion; Sup35p; actin; eukaryotic translation elongation factor; heat shock

protein
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Introduction

Saccharomyces cerevisiae peptide chain release factor GTP binding subunit 3 (eRF3) is
encoded by the SUP35 gene and known as the Sup35 protein (Sup35p). Sup35p is a prion-
forming functional protein whose primary function is translation termination activity during
protein biosynthesis,® where it cooperates with the eukaryotic peptide chain release factor GTP
binding subunit 1 (eRF1) when stop codon is recognized.* ®> However, it also forms one of the
yeast prion phenotypes, [PSI*], which is non-mendelian in its passage to progeny cells.®® S.
cerevisiae Sup35p is a 685 amino acid long protein consisting of the N-terminal prion-forming
domain (PrD or N-domain, residues 1-123), highly charged middle domain (M-domain, residues
124-253), and the C-terminal domain (C-domain, residues 254-685).

The capability of Sup35p to form and maintain fungus prion ([PSI1*] phenotype) is encoded
in the structural characteristics of the prion forming, Q/N-rich N-terminal domain of Sup35p.1®
1> The Sup35p-PrD is characterized by unusual amino acid composition containing 43%
glutamine/asparagine residues.’®* The extreme N-terminal region (amino acids 8-33) is
particularly rich in glutamine/asparagine residues, and this is followed by the region composed
of five complete copies (R1-R5) and one partial copy (R6) of an imperfect oligopeptide repeat
with the consensus sequence PQGGYQQ-YN. The Sup35p M-domain plays a role in the prion
formation by serving as an aggregation controller,*” 18 whereas C-domain, being inessential for
aggregation,'® 2 is responsible for the translation-termination activity of this protein.?

Hspl104 chaperone plays an important role in propagation of Sup35 prion by fragmenting
Sup35 fibrils to create propagation seeds (propagons).: 1 2223 |t has been also shown that in
addition to Hspl104, the [PSI*] forming area in yeast cells contains several other heat shock
proteins, such as Hsp70 proteins (Ssal/2 and Ssel) and the Hsp40 protein Sis1.?* Recent in
silico studies implementing molecular dynamics simulations suggested that ATP hydrolysis-

based allostery of Hsp70 is important for prion propagation.?> 28
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Among other functions, heat shock proteins are involved in the formation and maintenance
of the cytoskeleton.?” Here, an oligomeric complex known as chaperonin containing TCP-1
(CCT, also known as TRIC for the TCP-1 ring complex) serves as the eukaryotic cytoplasmic
chaperonin which directs folding of cytoskeletal proteins such as o/p/y-tubulin, actin, and
centractin.?” 2 From the set of heat shock proteins related to prion formation and propagation in
yeast,* we focused on Hsp70 due to its potential roles in both prion seeding and actin
maintenance.?®3! It has been shown that Hsp70 and Hsp90 might act in a concerted manner as
the CCT upstream factors by transferring the substrate to CCT,?® where the proper protein
folding of target proteins such as actin and tubulin is fine-tuned.3> 3% Furthermore, it was shown
that CCT interacts with F-actin and influences the cell shape and cytoskeleton assembly.>* These
observations suggest that the Hsp70 plays a role in the control of actin folding.

Among its other functions, eukaryotic translation elongation factor 1-o (eEF1A) is
responsible for the cytoskeleton organization through its direct and indirect modulation of actin
activity.® Direct interaction between eEF1A and actin has been described in several organisms
such as Zea mays,*® Tetrahymena pyriformis,®” % and S. cerevisiae.*® Also, it has been shown
that there is an indirect effect of eEF1A on modulation of actin function.*® Besides, a direct
interaction between the eukaryotic elongation factor 1 (eEF1) and Ssal, a yeast Hsp70 analog
(also known as heat shock protein YG100), has been reported.** The spatial structure of eEF1A
is very similar to that of Sup35pC of Schizosaccharomyces pombe*? suggesting that Sup35pC
may also directly or indirectly affect the actin function.

The purpose of this study was to examine the possibility that Sup35pC possesses a role in
the cytoskeleton organization via actin modulation. To establish the degree of conservation of
the S. cerevisiae Sup35p, we performed BLAST analysis of this protein against proteomes of ten
eukaryotic species ranging from yeast to human. Among proteins with high sequence similarity
to Sup35p, a human protein, eukaryotic peptide chain release factor GTP binding subunit

(ERF3A) encoded by the GSPT1 gene, was chosen. Because ERF3A is indirectly linked to actin
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modulation via the mTORc2 pathway,*-*" through the interaction with phosphatidylinositol 3-
kinase regulatory subunit alpha (PIK3R1) and protein kinase B (AKT), PIK3R1 was chosen as a
potential target for subsequent analysis. We assigned Sup35pC, EF1A of S. cerevisiae, and
eRF3A of human as effectors. We assumed that actin and Hsp70 proteins, such as Ssal of S.
cerevisiae, and PIK3R1 of human can serve as partners of the mentioned effectors.

In our analysis, we looked for sequence similarity, conserved family, motifs, and protein
intrinsic disorder-based binding sites, molecular recognition features (MoRFs).*® We found 104
co-partners between Sup35pC and EF1A of S. cerevisiae, and 18 partners of human ERF3A. To
verify the possible interactions between effectors and partners, we obtained PDB structures for
some proteins and modeled structures for other proteins which next were used to find possible
protein-protein interactions. These analyses resulted in finding possible interactions between
effectors and partners. Based on our study, we propose that Sup35pC may serve as actin

modulator during mitosis.

Materials and Methods

Establishing sequence similarity between EF1A and Sup35pC of S. cerevisiae

To show sequence similarity between EF1A and Sup35pC of S. cerevisiae, we performed
sequence alignment between two proteins through CLUSTAL Omega 1.2.0 on the database,
UniProt (http://www.uniprot.org).*® The UniProt identifiers for these proteins are P02994, and
P05453, respectively. Since the Sup35pC is a C-terminal domain of eRF3, we obtained the
corresponding sequence spanning residues 254-685 of the P05453 and defined it as Sup35pC as

it done throughout literature.*

Verification of the Sup35pC conservation among different eukaryotic species
To find evolutionary conserved patterns of the Sup35pC sequence, we performed the protein

sequence oriented BLAST analysis using the BLASTP algorithm (http://blast.ncbi.nlm.nih.gov),

5
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where ten reference organisms, Saccharomyces cerevisiae (taxid:4932), Caenorhabditis elegans
(taxid:6239), Drosophila melanogaster (taxid:7227), Ciona intestinalis (taxid:7719), Oryzias
latipes (taxid:8090), Danio rerio (taxid:7955), Xenopus tropicalis (taxid:8364), Gallus gallus
(taxid:9031), Mus musculus (taxid:10090), and Homo sapiens (taxid:9606), were chosen from
the NCBI Reference Sequence Database (RefSeq, http://www.ncbi.nlm.nih.gov/refseq/). In this
analysis, Sup35pC sequence was used as a query sequence and most similar proteins of each
organism were chosen for subsequent studies. Next, sequence alignment was performed using
the CLUSTAL Omega 1.2.0 algorithm,* for which sequences of identified proteins were found
in the UniProt database (see Table 1 for the lists of proteins and their corresponding IDs). To
specifically focus on Sup35pC domain, an additional sequence alignment was performed using

the CLUSTAL Omega 1.2.0 after sequence adjustment by Python, version 3.3.

Structural alignment using PyMOL 1.3

For structural alignments, the PyMOL program ‘Align’ and ‘CEAIlign’ functions were used.
In the case of the structural alignment of effectors, the ‘Align’ function was used due to their
high sequence similarities. However, in case of the structural alignment of partners, which do
not possess meaningful sequence similarity, the ‘CEAlign’ function was used. In detail, during
the structural analysis of the effectors, model structures of Sup35p (amino acids 243-685), and
ERF3A (amino acids 72-495) were obtained from the SWISS_MODEL Repository
(http://swissmodel.expasy.org), which were based on the eEFlalpha-like region of eRF3 from S.

pombe (PDB ID: 1R5B, http://www.rcsb.org).*? 5% 51 Sequence similarities between the Sup35p

(amino acids 243-685) and ERF3A (amino acids 72-495) and the eEFlalpha-like region of
Sup35p from S. pombe were 58.3%, and 47.7%, respectively. Structure of the EF1A protein was
obtained from PDB (PDB ID: 1F60).2 For domain structural similarity analysis among
effectors, structures were fragmented according to the sequence homology among effectors

(Figure 1) and domain information on EF1A.3%: 42
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For the structural alignment of partners, structures of actin (residues 1-375, PDB ID:
1YAG)® and fragments comprising residues 3-85, 115-309, and 614-724 of PIK3R1 (PDB IDs:
1PHT, 1PBW, and 1BFlI, respectively)>*® were used. Although 1BFI is a portion of the Bos
taurus protein, we used this structure, since sequence of this fragment of bovine PIK3R1 is
100% identical to the corresponding segment of human PIK3R1. Model structures of Ssal (4-
544, model based on 3C7N), and some parts of PIK3R1 (residues 324-433 and 431-600
modeled based on structures 2IUG and 2V1Y, respectively) were retrieved from the
SWISS_MODEL Repository.®® 5! Structures of Ssal and actin were fragmented according to the
earlier published alignment results.” The resulting fragmented structures were superimposed
using ‘CEAlign’ function of PyMOL.

After sequence alignment and finding conserved motif and MoRF (Figure 3B), we focused
on the MoRF regions. At this stage, we performed 'Align' and 'CEAlign’ functions of PyMOL
were used to search for structural similarity between actin fragment (residues 7-98) and PIK3R1
fragment (residues 3-85). The reason of using 'Align’ function is noticeable sequence similarity

of these two fragments.

Search for the S. cerevisiae partners of Sup35pC and EF1A and the H. sapiens partners of
ERF3A
To find the S. cerevisiae partners of Sup35p and EF1A and the human ERF3A partners the

PSICQUIC database was used (http://www.ebi.ac.uk/Tools/webservices/psicquic/view/).%

Among the yeast partners of Sup35p and EF1A, 104 interactors were selected. 104 interactors of
two yeast proteins represent an intersection of these proteins' partner sets. The analogous
analysis produced 18 partners for the human ERF3A. At this step, all partners of human ERF3A
were chosen. To obtain sequences of all these proteins in FASTA format, proteome information
on S. cerevisiae, and H. sapiens was downloaded from UniProt. Sequence similarity scores for

the 104 partners of S. cerevisiae Sup35pC and EF1A and the 18 partners of H. sapiens ERF3A


http://www.ebi.ac.uk/Tools/webservices/psicquic/view/

Molecular BioSystems Page 8 of 46

were obtained by a computational tool designed using Python (version 3.3) and its modules,
such as BioPython (version 1.62b) and NumPy (version 1.7).

To measure ranks among similarity scores of 104 partners of yeast Sup35p and EF1A with
certain partner of human ERF3A, codes were designed to perform 1872 (104 x 18) sequence
alignments. To this end, BLOSUMG62 based pairwise2 module in BioPython were used at each
alignment.®® Among the resulting hits, functionally related partners (such as S. cerevisiae Ssal

and actin, and H. sapiens PIK3R1) were found as described in the Introduction section.

Search for the conserved domains, motifs, and molecular recognition features (MoRFs),
and intrinsic disorder analysis

To find conserved domains, the Pfam database (http:/pfam.sanger.ac.uk/) was used.®® To
find possible PfamB hits, the corresponding sequences in FASTA format were directly put to the
submission panel with default settings except for selection for PfamB. The search for functional
motifs was performed using the ELM database (http://elm.eu.org/).5* During this analysis, the
already assigned UniProt I1Ds the proteins were used for submission without modification of the
default settings (Table 2). MoRFs were found using the MoRFpred algorithm (http://biomine-
ws.ece.ualberta.ca/MoRFpred/index.html).*®  The amino acid sequences which showed
probability values greater than 0.5 were chosen among the retrieved results.

To visualize the results, the sequence alignments by CLUSTAL Omega 1.2.0 were
performed separately among the effectors and partners. Continuously, the common MoRFs
containing ELMs were highlighted directly within the corresponding text files (Figure 3). To get
information on the conserved amino acids, MoRF, and motif containing regions, the motif
names were not discriminated.

To specifically focus on the disordered region in the specific parts of query proteins, such as
the 1-111 regions of actin and Ssal, and the 614 — 724 region of PIK3R1, the PONDR-FIT

algorithm was used.%?
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Interaction prediction

Based on the results of previous analyses,® the possible interactivities of the analyzed
proteins were predicted using the iLoops algorithm.%® The whole sequences of Sup35pC, EF1A,
ERF3A, and PIK3R1, and partial sequences of actin (8-349), and Ssal (7-376) were used in this
analysis (Table 2), during which, four pairs, Sup35pC vs. Ssal (7-376), EF1A vs. actin (8-349),

ERF3A vs. PIK3R1, and Sup35pC vs. actin (8-349) were matched.

Results

Amino acid sequence and structural similarity of the S. cerevisiae Sup35pC and EF1A

The existence of the overall structural similarity between the C-terminal fragment of Sup35p
(Sup35pC) and S. cerevisiae EF1A has been already reported.*> ®* However, despite the fact that
both proteins possess complex multidomain structure, the similarity at the domain level was not
studied as of yet. Since domains are important functional entities of many proteins, we focused
on the analysis of the domain-wise structural similarities.

Figure 1A represents the results of the sequence alignment of the Sup35pC and EF1A and
shows that proteins possess significant similarity at the sequence level, being 35.1% identical.
Figure 1B represents the output of the structural alignment of the full-length proteins and shows
that although proteins possess noticeable structural similarity, due to the noticeable relative
disposition of domains and the pronounced dislocation of a-helices in the domain 1, the overall
root mean squared deviation (RMSD) value appeared high, 17.6 A. Finally, Figure 1C shows
that the structural alignment was dramatically improved when three protein domains were
analyzed individually. Here, the retrieved RMSD values were meaningfully decreased in
comparison with the RMSD of the aligned full-length chains. The RMSD of the domain 1

alignment (2.02 A) was noticeably higher than RMSDs for domains 2 and 3 (0.864 A and 0.997
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A, respectively). Figure 1C also shows that the major reason for the domain 1 structural
variability is caused by the dislocation of several a-helices.

Based on the existence of significant structural similarity between the Sup35pC and EF1A
and the fact that EF1A is involved in the cytoskeleton organization, we hypothesized that one of
the Sup35pC functions could be related to actin modulation. In fact, this hypothesis is supported
by the results of the experimental analysis of the effects of the SUP35 gene repression on the
yeast morphology.®® Here, the repression of the SUP35 gene was shown to result in the
accumulation of cells of increased size with large buds caused by the disappearance of actin
cytoskeletal structures and accompanied by the impairment of the mitotic spindle structure and
defects in nuclei division and segregation in mitosis.®® Although the direct involvement of
Sup35pC in modulation of actin cytoskeleton is an attractive hypothesis, it is also possible that

the repression of the SUP35 gene has more general effects on translation.

High conservation of Sup35pC-like sequences among ten eukaryotic organisms

The existence of some sequence similarity between the S. cerevisiae Sup35pC and the eRF3
proteins of other organisms is has been established.? To evaluate the conservation of eRF3
proteins among ten different eukaryotic organisms, the BLASTP algorithm of the BLAST
package was applied to the NCBI RefSeq database and for each organism, the most conserved
sequence was chosen. Then, the amino acid sequences of these ten proteins were aligned using
the CLUSTAL Omega Version 1.2.0 algorithm (see Table 1).

The analysis of the full-length sequences shows that the sequence identity among ten proteins
was 22.1%. When focused exclusively on the Sup35pC, the identity increased to 36.7% (Table
3). This analysis showed that among 10 proteins there was only one identical position outside of
the Sup35pC region, and the number of similar positions outside the Sup35pC region was very
low. Therefore, this analysis revealed that most of the Sup35pC amino acids are highly

conserved among ten eukaryotic organisms, whereas N- and M-domains are not meaningfully

10
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conserved, despite the fact that most of the analyzed proteins are considered to have eRF3

activity.

Sequence similarities among the partners of the yeast Sup35p and EF1A and human
ERF3A

At the next stage, we looked for the partners of the effectors (i.e., proteins of interest, yeast
Sup35p and EF1A, and human ERF3A) as described in the Materials and Methods section. This
search revealed 104 partners of two yeast proteins (Sup35p and EF1A), and 18 partners of a
human protein ERF3A (Table 4). This analysis was based on the assumption that the Sup35pC
partners are among the identified Sup35p partners. This assumption was necessary due to the
lack of specific data on the Sup35pC binding partners. Special attention was paid to the partners
potentially related to the modulation of the cytoskeletal structure, such as actin and Ssal from S.
cerevisiae, and H. sapiens PIK3R1 (see Introduction section).

The amino acid sequences of the 104 partners of two yeast effectors (Sup35p and EF1A)
were compared with the sequences of the 18 partners of a human effector protein ERF3A. To
measure ranks among similarity scores of 104 partners of yeast Sup35p and EF1A with a certain
partner of human ERF3A, 1872 (104 x 18) sequence alignments were performed, and 18 human
proteins were roughly ranked by their similarity scores. This analysis revealed that the partner of
interest, human PIK3R1 (UniProt ID: P27986), is ranked 6™ among 18 human proteins (Table
5).

Similar analysis of the sequence similarities of the 104 partners of two yeast effectors,
Sup35p and EF1A, revealed that the partners of interest, actin (UniProt ID: P60010) and Ssal
(UniProt ID: P10591) are ranked 70" (score 1021) and 34™ (score 1340), respectively (see Table
6). Finally, Table 7 represents the results of the sequence alignments by CLUSTAL Omega,
Version 1.2.0 and shows that pair-wise identities were 8.7% and 13.2% for the pairs of PIK3R1-

actin and PIK3R1-Ssal, respectively.

11
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Structural similarities among the partners of interest

At the next stage, we analyzed the structural similarity of the three partners of interest: actin,
Ssal, and PIK3R1. Since the overall structural similarity between actin and Ssal is known
(these two proteins belong to a superfamily defined by a fold consisting of two domains with the
topology PB-B-B-o-B-a-B-a),>” we focused on the structurally conserved regions of those two
proteins, which are residues 8-349 in actin, and residues 7-376 in Ssal. The PIK3R1 regions for
structural analysis were selected as described in the Materials and Methods section.

Figure 2A represents the results of structural alignment of actin (residues 8-349) and Ssal
(residues 7-376) and shows that structures of these two proteins are rather similar, being
characterized by the RMSD of 5.04 A. Since the known structure of Ssal represents the result of
homology modeling, the experimentally determined structure of actin was used for the structural
alignment of five different fragments of PIK3R1, residues 3-85, 115-309, 324-433, 431-600, and
614-724. Figures 2B-E represent the results of structural alignment of actin with four PIK3R1
fragments and shows that there is noticeable structural similarity between actin and PIK3R1
residues 3-85 (RMSD of 6.49 A), 115-309 (RMSD of 8.61 A), 324-433 (RMSD of 7.46 A), and
614-724 (RMSD of 7.12 A). Figure 2F shows that the 431-600 fragment of PIK3R1 lacks any

structural similarity with actin.

Functional analysis of effectors and partners: Conserved domains, MoRFs, functional
motifs, and disorder predictions

To find functional information, proteins of interest (effectors and their specific partners)
were analyzed using Pfam, ELM, and MoRFpred resources as described in Materials and
Methods section. Several conserved functional domains, such as GTP_EFTU, GTP_EFTU_D2,
and GTP_EFTU_D3 were found in effectors. Here, GTP_EFTU and GTP_EFTU_D2 are the

members of the P-loop containing nucleoside triphospate hydrolase superfamily (Table 8).

12
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Similar Pfam-centric analysis of partners revealed that although the actin and Ssal domains
belong to the different families, these two families are the members of one superfamily, actin-
like ATPase as described at previous research (Table 8). This finding is in agreement with the
results of earlier research.®” However, PIK3R1 did not show meaningful functional domain
homology with other partners.

Pfam provides reliable information on conserved functional domains in proteins. The
identification of domain, which are defined as a conserved part of a given protein sequence and
structure that can evolve, function, and exist independently of the rest of the protein chain, can
provide insights into their function. However, besides functional domains which correspond to a
rather sizable segment of an amino acid sequence, typically ranging from ~40 to ~700
residues,®® many proteins contain short functional motifs and intrinsic disorder-based potential
interaction sites, known as molecular recognition features, MoRFs. To find such conserved
functional motifs and MoRF, proteins of interest were analyzed using ELM and MoRFpred
engines, as described in the Materials and Methods section. The results of the MoRFpred
analysis are shown in Table 9, whereas Table 10 represents the results of the ELM analysis.

When the results of these two analyses were superimposed with the results of the sequence
alignments (see Figure 3), it became clear that effectors contain multiple conserved functional
motifs and MoRFs and even one region that corresponded to the completely overlapped MoRFs
and a unique functional motif, LIG_FHA 2 (Figure 3A, sequences located with the red box).
Similar analysis of partners is shown in Figure 3B that illustrates that these proteins also possess
one MoRF region that contains functional motif MOD_N-GLC 1 in actin and
TRG_ENDOCYTIC_2 motif in Ssal and PIK3R1 (see Figure 3B, sequences located with the
red box).

Among regions showing structural homology, we focused on the MoRF containing site of
actin, residues 11-15 (Figure 2B, fourth structure alignment). Figure 4A shows that in the

aligned structures, PIK3R1 fragment (residues 650-657, green) and actin fragment (residues 11-

13
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15, red) possess similar patterns, namely B-loop-B motifs. Based on the above analysis (Figure
3B), we performed additional structural alignment between another PIK3R1 fragment (residues
3-85) and matched actin fragment (residues 7-98). However, there was no meaningful structural

similarity between these fragments (data not shown).

Intrinsic disorder in actin, Ssal, and PIK3R1

Figure 5 represents the results of intrinsic disorder propensity analysis of actin (Figure 5A),
Ssal (Figure 5B), and PIK3R1 (Figure 5C). Due to the high sequence and structure
heterogeneity of intrinsically disordered proteins,®” the set of currently available disorder
predictors is very large.%® Therefore, the disorder probabilities in these three proteins of interest
were evaluated by several algorithms, such as PONDR® VLXT,®® PONDR® VL3,° and
PONDR-FIT.%? The choice of these predictors was determined by the peculiarities of their
performance. In fact, although PONDR® VLXT is not the most accurate disorder predictor, it is
exclusively sensitive to the peculiarities of the local compositional profile,®® which makes it a
suitable tool for finding potential disorder-based binding sites. These sites are located within
long disordered regions and are typically defined as segments with the increased propensity to
order that are flanked by the disordered regions. Many of these segments are recognized as
Molecular Recognition Features (MoRFs) and are found to be very important for molecular
recognition, signaling, and regulation.” 2 PONDR® VL3 is typically used for the accurate
characterization of long disordered regions,’® ® whereas the meta-predictor nature of PONDR-
FIT makes it one of the most accurate general predictors of intrinsic disorder in proteins.?
Figure 5 clearly shows that all three proteins belong to the category of hybrid proteins
possessing both ordered and intrinsically disordered regions.”

Assignment of actin to the category of hybrid proteins is not a trivial statement since this
globular protein is known to possess 3D-structure (see below). Curiously, the available

information on the structure of this protein is derived from its complexes with various actin

14
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binding proteins (ABPs), such as DNase | (PDB ID: 1ATN),” a Vibrio parahaemolyticus
effector protein VopL (PDB ID: 4M63),® chimera of gelsolin domain 1 and C-terminal domain
of thymosin B-4 (PDB ID: 1T44),”” and many other proteins. This is because of the strong
intrinsic propensity of G-actin (globular form) to polymerize to fibrillar form (F-actin).
Although this polymerization prevents G-actin from the crystal formation, it can be prevented
via actin binding to some ABPs, and therefore it can be crystallized in the presence of these
ABPs. In addition to the G- and F-forms, actin can be easily transformed into inactivated state,
I-actin, in which the protein molecule loses its capability to polymerize. The transition to the I-
actin can be initiated by the removal of calcium ion by the EDTA or EGTA treatment, removal
of nucleotides (ATP or ADP), heat denaturation, exposure to moderate urea or GdnHCI
concentrations, dialysis with 8 M urea or 6 M GdnHCI, or spontaneously during storage.’8
This inactivated actin is characterized by the intrinsic fluorescence spectrum with maximum at
wavelength intermediate between the wavelengths of the native and completely unfolded
protein,®? combined with rather rigid microenvironment of tryptophan residues,® a considerable
increase of the fluorescence anisotropy value reflecting a considerable decrease in the internal
mobility of the tryptophan residues in the inactivated actin,® and a noticeable distortion of the
secondary structure.®® Recently, based on the detailed consideration of these and numerous other
facts such as inability of actin to maintain folded native state without being involved in
interaction either with small molecules (Ca?*, ATP, ADP) of other proteins, its ability to interact
with an enormous number of partners®’ and possesses numerous posttranslational modification
sites, it has been concluded that this protein fits into the category of intrinsically disordered
proteins.®8

Figure 5D shows that although the overall disorder profiles of actin, Ssal, and PIK3R1, are
generally rather different, these proteins possess some local similarity between their N-terminal

domains. This conclusion is further illustrated by Figure 5E which represents the overlapped
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disorder profiles for the first 250 residues of these three proteins and shows that there is a

noticeable similarity between the major disorder features.

Intrinsic disorder in Sup35p, EF1A, and ERF3A

Figure 6 represents results of the evaluation of intrinsic disorder propensity in Sup35p
(Figure 6A), EF1A (Figure 6B), and ERF3A (Figure 6C) by three computational tools described
above, PONDR® VLXT, PONDR® VL3, and PONDR-FIT. Figure 6 shows that the effector
proteins analyzed in this study also belong to the category of hybrid proteins possessing both
ordered and intrinsically disordered regions.” It is also evident that the N-terminal tail of the
yeast Sup35p is highly disordered, whereas the disorder profile for the C-terminal region of this
protein is rather similar to disorder profiles of EF1A and ERF3A (see Figure 6D). Therefore,
results of disorder analysis provide further support to the conclusion on the similarity between

the effector proteins, Sup35pC, EF1A, and ERF3A.

Prediction of protein-protein interactions between effectors and partners using the iLoops
algorithm
To evaluate the probability that effectors and partners are involved in physical interactions,

the iLoops Server (http://sbi.imim.es/iL oopsServer/) was used.®® This server determines where a

pair of proteins is involved in interactions based on the information on known protein
interactions, putative non-interacting proteins, and various protein features, such as loops (as

defined by ArchDB, http://sbi.imim.es/archdb/) and/or domains (as defined by SCOP,

http://scop.mrc-lmb.cam.ac.uk/scop/).%® Table 11 represents the results of this analysis and

shows that there are four interacting pairs: Sup35pC-Ssal (residues 7-376), Sup35pC-actin
(residues 8-349), EF1A-actin (residues 8-349), and ERF3A-PIK3R1 (see Supplementary Table

1). Therefore, these data suggest that effectors are likely to interact with expected partners.
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Discussion

The purpose of this study was to evaluate the likelihood that Sup35p is involved in direct or
indirect interaction with actin that ultimately can be related to new functional roles of Sup35p in
the cytoskeleton organization. This hypothesis is based on two important observations made in
previous studies. More discussion of these observations is provided below. Through sequence
alignments and domain-based structural alignments of Sup35pC and EF1A we could infer the
possibility of interaction between Sup35pC and actin in yeast. Both our results and earlier
experimental data show that EF1A is one of the members of actin interactome. Sup35pC has
previously been shown to be a paralog of EF1A3 %2 and our sequence and structural alignment
results show excellent alignment between the C-terminal domain of Sup35 and EFla. Also,
important morphological information is available on the malformation of yeast cells when
Sup35pC is depleted.®® Here, besides the rather obvious consequences of the shortage of the
transcription terminator Sup35p, such as a reduction in the levels of the other release factor
(Sup45p) and a substantial increase of nonsense codon readthrough, noticeable morphological
effects were reported. For example, repression of the SUP35 gene caused accumulation of cells
of increased size with large buds accompanied by the disappearance of actin cytoskeletal
structures, impairment of the mitotic spindle structure, and defects in nuclei division and
segregation in mitosis.®

The sequence similarity analysis revealed that Sup35pC is highly conserved among ten
eukaryotic organisms, ranging from yeast to human. Furthermore, of 160 conserved amino acids
of these ten proteins, 159 residues were found within their Sup35pC regions. These results
suggest that the biological functions of Sup35pC could be conserved from yeast to human too.
One of the known functions of this C-terminal domain, which is known to be essential for the
yeast growth, is its translation termination activity.” & 2% 8% 9 Degpite some reports to the
contrary,®™ °2 Sup35pC does not appear to be involved in [PSI*] prion formation.’® 2° The

largely disordered NM region controlling prion formation in yeast is not evolutionary conserved,
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since only one of the 160 identical amino acids found in ten eukaryotic eRF3 proteins appeared
within this domain. Another characteristic feature of the NM-domain is the presence of the Q/N-
rich region that is typical for many amyloidogenic proteins.*® 1 Since the NM-domain of yeast
Sup35p is responsible for protein aggregation and C-domain has non-prion functions, it is
reasonable to hypothesize that NM-region and C-domain of Sup35p were divided at the DNA
level at the certain time point of protein evolution.

Next, we used known information on the sequence homology between actin and Ssal®’ to
search for co-partners of Sup35p and EF1A. To orient ourselves among 104 potential co-
partners of these two proteins, we used another established fact, namely that the heat shock
proteins are accumulated at the [PSI+] fibril formation area.?* Among those heat shock proteins,
Ssal was reported as an interaction partner of elongation factor 1.** Therefore, based on this
evidence we selected actin and Ssal as potential co-partners of two yeast proteins, Sup35pC,
and EF1A. Due to the lack of data on exact localization of partner binding sites on Sup35p, we
assumed that Sup35pC partners are included to the list of the Sup35p partners. Finally, among
the 18 partners of human ERF3A, we selected PIK3R1 since this protein is involved in the
indirect modulation of actin through the mTORc2 pathway.*®

Analysis of the available structural information revealed that there are some structural
homologies between partners (yeast actin, yeast Ssal, and human PIK3R1). In fact, in
agreement with earlier studies on sequence similarities, we found that yeast actin and Ssal do
possess noticeable structural similarity (Figure 2). There are also several PIK3R1 regions with
some structural homology to yeast actin, although the homology levels were noticeably lower
than the structural homology of effectors, Sup35pC, yeast EF1A, and human ERF3A (Figure 1).
More detailed analysis of the actin/Ssal/PIK3R1 MoRF region which is present in all partners
(residues 8-20, 7-19, and 654-673 in actin, Ssal, and PIK3R1, respectively) revealed that this
region possess common B-loop-p motif (Figure 4). Furthermore, Figure 5 shows that these

segments have similar disorder patterns thereby providing further support to the hypothesis of
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their functional similarity. Assuming that the interaction between effectors and their partners is
modulated by intrinsic disorder and assuming that potential partner binding sites are similarly
positioned within the structures of effectors and are evolutionary conserved, the most probable
locations of the sites of effectors responsible for binding of partners are regions containing
residues 85-91, 87-91, and 152-158 in Sup35pC, EF1A, and ERF3A, respectively (Table 9 and
Figure 3).

Our analysis indicated that there are several ways of how effectors can interact with partners.
This analysis was based on the earlier observed homology between actin and Ssa1®’ and showed
that pair-wise interactions are possible between Sup35pC and Ssal (7-376), Sup35pC and actin
(8-349), EF1A and actin (8-349), and ERF3A and PIK3R1 (Table 11, Supplementary Table 1).
During this analysis, conserved binding region (MoRF) was detected through iLoops algorithm
among effectors Sup35pC, EF1A, and ERF3A.This region is indicated by the red box in Figure
3A. However, only the actin MoRF, which is marked by red box in Figure 3B, was detected as a
potential interaction site during the analysis among partners (Supplementary Table 1). One of
possible reasons for this result is that partners did not possess a meaningful sequence similarity
with PIK3R1. In fact, PIK3R1 possessed the lowest sequence similarity with other proteins
studied here, whereas Ssaland actin both have relatively high similarities (see Figures 2 and
3).>" Nevertheless, a fragment of PIK3R1 has structural similarity with actin, as shown in Figure
4. Also, Ssal has noticeable structural similarity with actin.” Therefore, despite the lack of the
obvious sequence homology, PIK3R1 and Ssal possess regions structurally similar were not
detected. Although the analysis didn’t show sequence, and structure based potential interaction
sites on PIK3R1, and Ssal, it still showed that actin’s predicted region has potential interaction
site (Supplementary Table 1).

Therefore, our analysis revealed that Sup35pC might be involved in interaction with actin,
directly or indirectly. This conclusion is supported indirectly by the fact that all proteins

analyzed in this work are hybrid proteins that possess both ordered and intrinsically disordered
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regions. Intrinsically disordered proteins or protein regions are known to be characterized by the
remarkable structural and functional plasticity.®” % 94 One of the consequences of this plasticity
is the ability of intrinsically disordered protein to be involved in moonlighting activities.%®
Curiously, it was already emphasized that one of the Sup35p homologues, eukaryotic
polypeptide elongation factor EF-1, is a protein with moonlighting functions.® We assume that
the intrinsically disordered nature of some of the Sup35pC regions can define the structural
heterogeneity and functional promiscuity of this protein.

The major inference of our research is the important conclusion that yeast Sup35pC is not
only an important part of yeast prion, but also can play a number of crucial roles at the prion-
independent stages of the cell cycle. Of a particular interest in this respect is a potential role of
Sup35pC in the cytoskeleton organization during mitosis. In fact, although Sup35p and another
polypeptide chain release factor, Sup45p (also known as eRF1), are responsible for translation
termination, they are not the only proteins involved in this process in yeast, and several other
proteins were recently identified that were shown to be involved in interaction with yeast eRF1
and eRF3 and to be able to influence the efficiency of translation termination.®®> Among these
important modulators of the eRF1/eRF3 activity are several proteins (such as Upflp, Mttlp, and
Itt1p), which have significant nontranslational functions and link translation with other cellular
processes.®®%® Furthermore, it is not only the partners of eRF1 and eRF3, which might have
nontranslational functions. In fact, it has been emphasized that similar to many other
components of the translation apparatus, eRF3 by itself may function in processes other than
translation. For example, the reduced expression of the Drosophila melanogaster eRF3 in the fly
testes produced noticeable morphological changes, with clear cytoskeleton defects in spermatids
and with abnormal meiotic chromosome segregation.®® Also, mutations in the S. cerevisiae
SUP35 and SUP45 genes were identified that lead to the increased sensitivity to the
microtubule-poisoning drug benomyl and affected chromosome segregation at anaphase.®

Finally, compelling direct evidence was found for the interrelation between translation and
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cytoskeleton were obtained for the elongation factor eEF1A, which is similar to the C-domain of
eRF3.1%! Here, eEF1A was shown to be the most abundant actin-binding protein in different
eukaryotic organisms, being able to bind and bundle actin in S. cerevisiae'®® in a Bnilp-
dependent manner,*®® and being able to sever microtubules.’®* Based on the sequence and
structural similarities between the eEF1A and the C-domain of eRF3, one might expect that
Sup35p can be involved in the cytoskeleton remodeling too. It is possible that effect on
translation termination could account for changes in yeast morphology. However, based on our
studies, we hypothesize that this option alone does not account for changes in cytoskeleton
structure. Further research is needed for better understanding of the multitude of functional

implications of this enigmatic protein.
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Figure Legends

Figure 1. Evaluating conservation of Sup35pC

A. Results of sequence alignment of EF1A (P02994) and Sup35pC (254-685 region of P05453
which corresponds to the residues 1-432 of Sup35pC) of S. cerevisiae by CLUSTAL Omega,
Version 1.2.0. This analysis revealed the 35.1% sequence similarity.

B. Whole protein structural alignment of EF1A (green, 1-458, PDB ID: 1F60) and Sup35pC
(cyan, 254-685 of yeast eRF3; same as Sup35pC, model based on PDB ID: 1R5B) by ‘align'
function of PyMOL 1.3. RMSD value is 17.6A.

C. Domain level structural alignment of EF1A (green) and Sup35pC (cyan) by ‘align' function
of PyMOL 1.3. Domains are fragmented according to the conserved pattern at Figure 1A and .
RMSD values for structurally aligned domains 1, 2 and 3 are 2.02 A, 0.864 A, and 0.997 A,

respectively.

Figure 2. Evaluating conservation of partners.

A. Structural alignment of actin (blue, 8-349, PDB ID: 1YAG) and Ssal (red, 7-376, model
based on PDB ID: 3C7N) by ‘cealign’ function of PyMOL 1.3. RMSD value is 5.04 A.

Structural alignment of actin (blue, 8-349, PDB ID: 1YAG) and each of four portions of the
PIK3R1: B. (pink, 3-85, PDB ID: 1PHT); C. (orange, 115-309, PDB 1D: 1PBW); D. (purple,
324-433, model based on PDB ID: 2IUG); E. (wheat, 614-724, PDB ID: 1BFI). The RMSD
values are 6.49A, 8.61 A, 7.46 A, and 7.12 A, correspondingly. F. Structural alignment of actin
(blue, 8-349, PDB ID: 1YAG) and the fourth fragment of PIK3R1 (olive, 431-600, model based

on the PDB ID: 2VIY). The RMSD value is 5.42A.

Figure 3. Depiction of the sequence conservation, conserved functional motifs, and MoRF-

containing regions.
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A. Multiple sequence alignment of effectors. One conserved region containing MoRF and
functional motif (LIG_FHA_ 2) was found. This region is positioned within the residues 86-92
of EF1A, 153-159 of ERF3A, and 86-91 of Sup35pC. Motif probabilities are all 0.0083.

B. Multiple sequence alignment of partners. One conserved region containing MoRF and
conserved functional motifs was found. In actin, this region contains a functional motif
MOD_N-GLC_1 (residues 11-16, probability 0.0050). In Ssal and PIK3R1, this region contains
the TRG_ENDOCYTIC_2 motif (residues 13-16 and 8-11 in Ssal and PIK3R1, respectively)

with the probability of 0.0026.

Figure 4. Structural conservation of the actin MoRF-containing region. A. Actin (residues
8-349, PDB ID: 1YAG) is shown as blue ribbon. Its MoRF (residues 11-15, shown by red)
possesses P-loop-f pattern. Acting is aligned with the structure of the PIK3R1 fragment
(residues 614-724, wheat ribbon, PDB ID: 1BFI). Position of the PIK3R1 loop region 650-657
also containing B-loop-f pattern is shown by green. Structural alignments of the actin fragment
(residues 7-98, blue ribbon) and PIK3R1 fragment (residues 3-85, pink ribbon) using ‘Align’

(B) and ‘CEAlign’ functions (C), respectively.

Figure 5. Analysis of intrinsic disorder propensity in actin (red), Ssal (black), and PIK3R1
(green).

A. Disorder propensity of actin evaluated by PONDR® VLXT (solid red line), PONDR® VL3
(dashed dark red line), and PONDR-FIT (pink line). Light pink shadow around the PONDR-FIT
curve represents the error distribution.

B. Disorder propensity of Ssal evaluated by PONDR® VLXT (solid black line), PONDR® VL3
(dashed dark gray line), and PONDR-FIT (solid gray line). Light gray shadow around the

PONDR-FIT curve represents the error distribution.
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C. Disorder propensity of PIK3R1 evaluated by PONDR® VLXT (solid green line), PONDR®
VL3 (dashed dark-dark green line), and PONDR-FIT (solid green line). Light green shadow
around the PONDR-FIT curve represents the error distribution.

D. Overlapped PONDR® VLXT curves for actin (red), Ssal (black), and PIK3R1 (green)
represented for the full-length proteins.

E. Overlapped PONDR® VLXT curves for actin (red), Ssal (black), and PIK3R1 (green)

represented for the N-terminal 250 residues of proteins.

Figure 6. Analysis of intrinsic disorder propensity in Sup35p (black), EF1A (red), and
ERF3A (green).

A. Disorder propensity of Sup35p evaluated by PONDR® VLXT (solid black line), PONDR®
VL3 (dashed dark gray line), and PONDR-FIT (solid gray line). Light gray shadow around the
PONDR-FIT curve represents the error distribution.

B. Disorder propensity of EF1A evaluated by PONDR® VLXT (solid red line), PONDR® VL3
(dashed dark red line), and PONDR-FIT (pink line). Light pink shadow around the PONDR-FIT
curve represents the error distribution.

C. Disorder propensity of ERF3A evaluated by PONDR® VLXT (solid green line), PONDR®
VL3 (dashed dark-dark green line), and PONDR-FIT (solid green line). Light green shadow
around the PONDR-FIT curve represents the error distribution.

D. Overlapped PONDR® VLXT curves for the aligned Sup35p (black), EF1A (red), and ERF3A
(green) represented for the full-length proteins. Positions of EF1A and ERF3A are aligned to

coincide with the position of Sup35p.
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Table 1. List of ten proteins selected for the sequence homology analysis

No. Organism A((:gel_s’sbi\gr})l D UniProt ID Length Score E-value
(BLASP) | (BLASP)
1 S.cerevisiae NP_010457.3 P05453 685 905 0.0
2 X.tropicalis NP_001015805.2 Q5FVC1 558 528 0.0
3 H.sapiens NP_001123479.1 P15170 499 525 0.0
4 G.gallus NP_001129149.1 | UPIOO0OE8OF80 618 525 0.0
5 M.musculus NP_032205.2 UPI00001F819E 632 524 3E-180
6 O.latipes XP_004080171.1 | UPIO002A47A4C | 588 521 9E-180
7 D.rerio NP_942101.1 Q7T358 577 520 2E-179
8 | D.melanogaster | NP_001260416.1 M9PDO08 495 512 2E-177
9 C.intestinalis | XP_002129073.2 | UPI1000180C788 550 514 3E-177
10 C.elegans NP_001256292.1 045622 532 470 3E-160
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Table 2. List of UniProt ID of effectors and partners analyzed in this study

Function No. Name Organism UniProt ID

1 Sup35pC P05453*

S.cerevisiae
Effector 2 EF1A P02994
3 ERF3A H.sapiens P15170
1 Ssal P10591

S.cerevisiae
Partner 2 Actin P60010
3 PIK3R1 H.sapiens P27986

*Position 254-685 was used for the Sup35pC analysis

Table 3. Results of the multiple sequence alignments for the full length Sup35p and

Sup35pC (before and after modification of the alignment protocol)

Identity Number of Identical Number of Similar
positions positions
Before modification* 22.1% 160 149
After modification* 36.7% 159 148

* Modification: We obtained Sup35pC conserved pattern showing portion of each protein,

through 'slicing' technique of Python 3.3, as described in Materials and Methods section.
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Table 4. List of the co-partners of yeast proteins Sup35p and EF1A, and partners of

human protein ERF3A

Molecular BioSystems

Organism | UniProt ID | Organism | UniProt ID | Organism | UniProt ID
013539 P32588 P53849
094742 P32589 P60010
P00360 P32628 Q00539
P00925 P32767 Q01477
P02829 P32770 Q02336
P02992 P33201 Q02793
P02994 P33308 Q03330
P04147 P33416 Q03735
P05317 P33418 Q03957
P05453 P34078 Q04087
P05737 P34160 . Q04175

S.cerevisiae
P06105 P35207 Q04373
P06244 P35732 Q04493
P07347 P36008 Q06525
POCG63 P38181 Q07457
P10080 P38633 Q07623
P10081 P38764 Q08231
P10591 P38828 Q08972
P10592 P38886 Q12315
P11076 P38934 Q12476

S.cerevisiae P11484 | S.cerevisiae | P38996 Q12517
P12385 P39076 Q99260
P12612 P39079 P98170
P14741 P39101 Q99683
P15108 P39706 P54253
P16140 P39935 075815
P16521 P39987 Q9Y478
P17883 P40150 Q14164
P23638 P40395 P30480
P23796 P40457 000422
P24869 P40568 : P23508

H.sapiens

P25294 P41940 Q9UBNG
P25454 P42935 Q9Y4K3
P25491 P43588 P60520
P25644 P47006 P40337
P30771 P47017 P62330
P31539 P48510 Q92731
P32324 P52553 P27986
P32368 P53011 Q14457
P32471 P53617 Q92900-2
P32583 P53741 N/A
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Table 5. Rank of average scores of sequence similarity between the 104 yeast proteins and

one certain partner of human protein ERF3A

Human protein

Human protein

RANK UniProt ID Score RANK UniProt ID Score
1 Q99683 1593 10 Q92731 989
2 Q92900-2 1460 11 Q14457 934
3 075815 1265 12 Q9UBNG 822
4 P23508 1232 13 P30480 804
5 P54253 1203 14 Q9Y478 706
6 P27986 1186 15 P40337 612
7 Q14164 1166 16 P62330 547
8 P98170 1003 17 000422 498
9 Q9Y4K3 997 18 P60520 415
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Table 6. Rank of the sequence similarity scores of the 104 yeast proteins in relation to

human protein PIK3R1

Molecular BioSystems

Yeast Human Yeast Human
Rank protein protein Score | Rank protein protein Score
UniProt ID | UniProt ID UniProt ID | UniProt ID
1 P40457 2143 53 Q03330 1151
2 P38181 2049 54 P34078 1146
3 P17883 1995 55 P38934 1145
4 P35207 1953 56 Q02336 1124
5 P06105 1882 57 P12385 1116
6 Q08972 1843 58 P00925 1104
7 Q03735 1800 59 P02994 1096
8 P32767 1764 60 P39706 1096
9 P40395 1732 61 P10081 1078
10 P33418 1724 62 P02992 1071
11 P30771 1723 63 P39101 1070
12 P16521 1710 64 P06244 1063
13 P38764 1682 65 P36008 1060
14 Q04175 1635 66 P32588 1054
15 P34160 1622 67 P25454 1050
16 P39935 1613 68 P32628 1047
17 Q01477 1595 69 P25491 1023
18 P31539 1591 70 P60010 1021
19 P32324 1563 71 Q02793 1019
20 P25644 P27986 1531 72 P41940 P27986 1018
21 P33416 1526 73 POCG63 1016
22 P42935 1525 74 P53011 991
23 P02829 1446 75 Q04087 977
24 Q07457 1446 76 Q12476 975
25 P15108 1444 77 P48510 945
26 P32589 1426 78 P00360 931
27 P05453 1397 79 P25294 928
28 P38996 1393 80 P43588 923
29 Q04373 1385 81 P10080 870
30 P32770 1356 82 P14741 865
31 P32368 1343 83 P32583 864
32 P10592 1341 84 P05317 855
33 P39987 1341 85 013539 838
34 P10591 1340 86 P23638 825
35 P40150 1299 87 P38886 798
36 P11484 1298 88 P07347 797
37 P35732 1272 89 P05737 791
38 P53617 1271 90 P47006 787
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39 P40568
40 P04147
41 P16140
42 P39079
43 P39076
44 P23796
45 P12612
46 | Q03957
47 | Q12315
48 P53741
49 | Q00539
50 | Q08231
51 P24869
52 | Q06525

Molecular BioSystems

1268 | o1 Q12517
1251 | 92 P33201
1237 | 93 Q07623
1235 | 94 Q99260
1229 | 95 P32471
1226 | 96 P47017
1225 | 97 P11076
1210 | 98 P38828
1207 | 99 Q04493
1195 | 100 | P33308
1187 | 101 | P53849
1181 | 102 | P38633
1180 | 103 | P52553
1173 | 104 | 094742
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7T
775
745
719
691
665
662
656
606
578
576
511
483
400

Table 7. Results of the sequence alignments between one human partner and each one of

the two yeast co-partners

Pair Total Length Identity Number of Identical Number of
positions Similar positions
PIK3R1: 724
PIK3RL1 vs. actin 8.65% 66 119
(P27985:P60010) | Actin: 375
PIK3R1 vs, Ssal | M IW3R1:724 13,206 109 200
(P27985:P10591) Ssal 642
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Table 8. Results of the Pfam analysis of proteins analyzed in this study

Function | Protein Pfam ID Superfamily Analyzed E-value
sequence

GTP_EFTU 5-225 2E-46

P-loop containing nucleoside
Sup35pC | GTP_EFTU_D2 triphospate hydrolase 249-317 | 3E-07
GTP_EFTU_D3 N/A 322-430 1E-25
GTP_EFTU 5-232 3E-57

P-loop containing nucleoside
Effector EF1IA | GTP_EFTU D2 triphospate hydrolase 258-324 6E-17
GTP_EFTU D3 N/A 331-439 1E-34
GTP_EFTU 72-271 1E-48

P-loop containing nucleoside
ERF3A | GTP_EFTU_D2 triphospate hydrolase 314-381 | 6E-07
GTP_EFTU D3 N/A 391-494 | 3E-22
actin Actin Actin-like ATPase 4-375 3E-161
Ssal HSP70 Actin-like ATPase 1-602 5E-274
SH3 2 Src homology-3 domain 8-75 1E-04

Partner
RhoGAP GTPase activation domain 129-277 3E-31
PIK3R1
333-408 | 9E-18
SH2 SH2, phosphotyrosine-

recognition domain 624-698 3E-20

Table 9. Results of the MoRFpred analysis of proteins analyzed in this study

Function Protein MoRFs
Sup35pC 10-13/57-61/ 85-91 / 387-388 / 426-430
Effector EF1A 9-14 /57-60/87-91 / 344 / 397
21-27 [ 45-52 / 74-79 /1 80-83 / 121-128 / 152-158 / 429
ERF3SA 1452 | 491-494

actin 11-15/90/372-375

Ssal 11-14/ 41-43 / 236 / 345-346 / 453-457 / 501-506 / 539-548
Partner /570-577 / 600 / 634-641

8-13/55/69-78 / 109-119 / 242-243 | 268-269 / 292 / 329-334 / 450

PIK3R1 /490 / 507-508 / 540-541 / 622 / 716-722
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Table 10. Sequence alignments and MoRFpred-based ELM analysis

Page 40 of 46

Conserved Amino acids MoRF containing | Common | Total
Function Protein & MoRF containing if g if it
motifs common motifs motifs motifs
Sup35pC 104
Effector EF1A 1* 3* 26 87
ERF3A 115
actin 104
Partner Ssal 1* 3* 28 158
PIK3R1 221
* Motif names are given in Figure 3.
Table 11. Result of the iLoops-based prediction of protein-protein interaction
Pair Prediction Score Inferred NO.' 0 f No. (.)f
recision Positive Negative
P signals signals
Sup35pC vs. Yes 0.767 0.86+0.01 9546 267
actin 8-349
Sup35pC vs. Yes 0.591 0.65+0.02 610 649
Ssal 7-376
EF1A vs. Yes 0.779 0.86+0.01 12890 653
actin_8-349
ERF3A vs. Yes 0.878 0.91+0.023 688 40
PIK3R1
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A
P02994 |EF1A_YEAST MGKEKSHINVVVIGHVDSGKSTTTGHLIYKCGGIDKRTIEKFEKEAAELGKGSFKYAWVL 60
eRF3C MFGGKDHVSLIFMGHVDAGKSTMGGNLLYLTGSVDKRTIEKYEREAKDAGRQGWYLSWVM 60

* K ks sa skkkkakhkkk ok _hak ok skkkkkkkskashkk 3 Kz skk s
P02994 |EF1A_YEAST DKLKAERERGITIDIALWKFETPKYQVTVIDAPGHRDFIKNMITGTSQADCAILIIAGGV 120

eRF3C DTNKEERNDGKTIEVGKAYFETEKRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARK 120
*, Kk kky Kk Kkzgs Kkk Kk 3 kypakkkkkg ThR Kgkkkk _3kpkgy

P02994 |EF1A_YEAST GEFEAGISKDGQTREHALLAFTLGVRQLIVAVNKMD--SVKWDESRFQEIVKETSNFIKK 178
eRF3C GEYETGFERGGQTREHALLAKTQGVNKMVVVVNKMDDPTVNWSKERYDQCVSNVSNFLRA 180
Kk gkakg 2 Fhhk kR okhkhkkhk K **.:::*'***** shkehk s *s3e *.g‘***==

P02994 |EF1A_YEAST VGYNPKT-VPFVPISGWNGDNMIEA--TTNAPWYKGWEKETKAGVVKGKTLLEAIDAIEQ 235
eRF3C IGYNIKTDVVFMPVSGYSGANLKDHVDPKECPWYTG====== == ———— PTLLEYLDTMNH 228

shkkk kk ok kgkgkhkg ok kg g Wt kEK K Kkkhk ghkpazz

P02994 |[EF1A_YEAST PSRPTDKPLRLPLQODVYKIGGIGTVPVGRVETGVIKPGMVVTFAPAGVTTEVKSVEMH-H 294
eRF3C VDRHINAPFMLPIAA—-KMKDLGTIVEGKIESGHIKKGQSTLLMPNKTAVEIQNIYNETE 286
* 3 kg kkg * 3 shhky  Kpakak Kk ok

- . 3 es.¥*zz.2 . .

P02994 |EF1A_YEAST EQLEQGVPGDNVGFNVKNVSVKEIRRGNVCGDAKNDPPKGCASFNATVIVLNHPGQISAG 354
eRF3C NEVDMAMCGEQVKLRIKGVEEEDISPGFVLTS-PKNPIKSVTKFVAQIAIVELKSIIAAG 345

2383 o8 *gzk 3 3k K, gk Kk & . sk K, gk % 3 sz « Wgh¥
P02994|EF1A_YBAST YSPVLDCHTAHIACRFDELLEKNDRRSGKKLEDHPKFLKSGDAALVKFVPSKPMCVEAFS 414
eRF3C FSCVMHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQ 405

sk kg * ok ok ] shkk Kk s + sk s * Kk Kk _ ok . . Kagkkkg g

P02994 |EF1A_YEAST EYPPLGRFAVRDMRQTVAVGVIKSVDKTEKAAKVTKAAQKAAKK 458
eRF3C DYPQLGRFTLRDQGTTIAIGKIVKIAE —_— 432

1Rk kkk g ahk Hpkgk * 3 3

RMSD : 17.6A

Domain 2
RMSD : 0.864A

Figure 1
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Actin(8-349) : PIK3R1(3-85) Actin(8-349) : PIK3R1(115-309)
RMSD 6.494 RMSD 8.614

Blue : Olive
Actin(8-349) : PIK3R1(431-600)
Blue : Purple Blue : Wheat RMSD 5.42A
Actin(8-349) : PIK3R1(324-433)  Actin(8-349) : PIK3R1(614-724)
RMSD 7.46A RMSD 7.124
Figure 2

42



Page 43 of 46

Figure 3

Molecular BioSystems

, YELLOW : LIG_FHA_2, GEGGNNENENGINNPREE, ncc : owr

P02994 |EF1A_YEAST
P15170 |ERFIA_EUMAN
eRFIC

P02994 |EF1A_YEAST
P15170 | ERFIA_EUMAN
eRFIC

P02994 |EF1A_YEAST

P15170 |ERF3IA_EUMAN HYREw

eRF3C

P02994 |EF1A_YEAST
P15170 | ERF3A_HUMAN
eRFIC

202994 |EP1A_YEAST
P15170 | ERFIA_EUMAN
eRFIC

P02994 |EF1A_YEAST
P15170 | ERFIA_EUMAN
@RFIC

P02994 |EFIA_YEAST
P15170 | ERF3IA_HUMAN
@RF3C

02994 |EFIA_YEAST
P15170 | ERF3IA_HUMAN
@RFIC

202994 |EF1A_YEAST
P15170 | ERFIA_BUMAN
ORF3IC

Blue : MOD_N-GLC_1,

P60010 |ACT_YEAST
210591 |ESP71_YEAST
P27986 | PESA_HUMAN

P60010|ACT_YEAST
P10591 |ESPT1_YEAST
P27986 | PASA_EUMAN

P60010 |ACT_YEAST
P10591 |BSP71_YEAST
P27986 | PESA_HUMAN

P60010|ACT_YEAST
P10591 |HSP71_YEAST
P27986 |P85A_EUMAN

P60010|ACT_YEAST
P10591 |HSP71_YEAST
P27986 | PA5A_EUMAN

P60010|ACT_YERST
P10591|BSPT1_YEAST
P27986 | PE5A_HUMAN

P60010
P10591
P27986

ACT_YEAST
HSPT1_YEAST
PESA_HUMAN

P60010|ACT_YEAST
P10591 |HSP71_YEAST
P27986 | PA5A I HUMAN

P60010|ACT_YEAST
P10591 [HSP71_YEAST
P27986 | PBSA_HUMAN

P60010|ACT_YBAST
P10591 |HSP71_YEAST
P27986 | PBSA_HUMAN

P60010|ACT_YEAST
P10591 |HSP71_YEAST
P27986 | PBSA_HUMAN

P60010|ACT_YEAST
P10591 |HSPT1_YEAST
P27986|PBSA_HUMAN

P60010|ACT_YEAST
PW”IIBBPH YEAST
P27986 | PESA_HUMAN

P60010|ACT_YEAST
P10591|BSP71 YEAST
P27986 | PBSA_HUMAN

P60010 |ACT_YEAST
P10591 |HSP71_YEAST
P27986 | PBSA_HUMAN

MELSEPI HREEI PKP 60

1GHVDSGKSIIIGHELYKCGG I DXRT IEXFEKEAAELGKGS 53
KSVVAP! 1GHVDAGKSTIGGQT XRTLEKYEREAKEXNRES 120
L RTI 53

1

FKYAWVLDK: WKF QVIV IKNMI I 113
AL YF EFTI VP! AV 180
WYL N ¥ TI 113

1 1%.1%, 3 sep ® w13z, Wa% 4 3 wppessse; g ogee wpeses g

LIIAGGVGEFEAGISKDGQT LIVAVNEMDS--VEWDESRFQEIVKE 171
LVISARKGEFETGFEKGGQTRE] LIVLINKMDDPTVNWSNERYEECKEK 240
LV L NVVV T 173

Wpwg, WeIeIeg,; SEEREANIEA W 84 ;iié geewe. wie,p.epp3 L1

TSKFI -VPFVP EAT--TRAP v E 228
LVPFLKKVGFNPXEDIHFMPCSGLTGANLEEQS == DPCPHY IGwnmmunn 286
VENFLRAIGYN EREDVWEMPVSGY SGANLXDEVDPKECPWYTG 221
eys 1920 o, g 3 BT Leee w
AIDAIEQPSRPTDKPLRLPLODVYKI AGUITEVK 285
YLONLPNFNRSVDGPIRLPIVORER- nscsxcmoox.mrnuwm 344
YLDTNNEVDREINAPFMLPIAAKMK VEGKIESGHIKKGQSTLL 279

293 , o% -3 ®g aep o zes; srpess s » 5 e Y

SVEMHH-EQLEQGVPGDNVGFNVKNVSVKE IRRGNVCGDAKNDPPKGCASF NATWINENE 347

GILSDD-VEIDIVAPGENLKIRLI ILPGFILCDPN DAQIVIIEE 402

NIYNETENEVDMANCGEQVKLRIKGVEEEDISPGFVLTSPK-NPIKSVIKEVAQIAIVEL 338
T . 1t 0388 8.3% 8o 30° ® 3 L 2% G.o <" *m2

mxsmrswnn“cunmnmsmubuumsmvxmsxp 407

KSI 1EEVEITALICL 462
KSII, IEEVHI LHEKL P ETEAP 398
o 0, 03, 0, 0o, .1 . 13 3 .* 1 e e, 1.0
MCVEAFSEYPPLGREA! KSVDKTEKAAKVTXAAQKAAKK 458
DFPOMGRFT VLXLVPEKD-
VCVETYQDYPQLGRET TVEIAE===~

IREOIE, 239 geRRpgan  apage g L3

Yellow : TRG_ENDOCYTIC 2, GEGSRNSNMODNGKENN, “orr : Red

MDSEVAALVIDNGSSENCRAGFAGDDAPRAVFPSIVGRPRHQG IMVGMGQRDSYVGDEAQ 59
MS IDLGTTYSCVAHP, I-m PVAPTDTERLIGDARK 54
ns----A----mmmynmmxpxnmmnnmxcswmrsnc---on- 48
LB I 1.3 .2 g ®

SKRGILTL--RYPIEHGIVTNWDDMEKIW--HHTFYNELR

NOAAMNPSNTVFDAXRLIGRNFNDPEVQADMKHFPFKLIDVDGKPQIQVEF! 114

~RPEEIGHLNCENEIISSGERGDE = = = m = e = == = PGTYVEY IGRKKI] 85
£ .

11: .

EEHPVLLTEAPMNPKSNRERMTQIMFETFNVPAFYVSIQAVL-=mmmmmmmmmmm e e 140
1SSMVL-GKMKETAESY LGAKVNDAVVTVPAYENDSOROATKDAGT IAGLNVLRIINE 173
nymuw EO0ALTLPDLABQFAP« = ~PD=mmTmmmnaacauAP 129

H .t ceel® .

=== e - =~ S SEGRIRGIV LOSGDGV THVV- - PIYAG~PSLPHAILRIDLAGRDLTDY 188

PTAAAIAYGLDKKGKEEHVLIFD! IFEVEATAGDTHLGGEDFDNR 233

PLLIKLVEAIEKKGLECSTLYRTQSSSNLAELRQLLDCDTPSVDLEMIDVEVLADAFKRY 189
o1 ea* 1 .. : R o1 . 1

LMKILSE 195
LVNHFIQ 240

LLDLPNPVIPAAVYSEMISLAPEVQSSEEYIQLLKKLIRSPSIPHQYWLTLQYLLKHFFK 249
13 3 3

RGYSFSSIABRE - - - - - - IVRDIKEKLCYVALDFEQEMQTAAQ-SSSIEXSYELPDGQVI 248

~=~EFKRKNKKDLS TNQRALRRLR-TACERA-~-KRTLS! DSLFEGID-FYT 292

-~~~ LSS L L - NARVLSETF - - -SPMLFRF -~~~ KVIEILIS 295
Teoa a2 EI . IR A T

TIGNERFRAPE-ALFHPSVLGLESAGIDQT ==~~~ TYNSIMK---CDVDVRKELYGNI 297
CADLFRSTLOPVE: KVL---RDAKL 1331
T NENMSTEDAE Y 355

3 e W . i B el T

_— ~VMEGEIINEP G T AERMQKE I TALAPSS - ~-MXKVKI IAPP-~~E-R 335

- -=VLVGGSTRIPXVQXLVTDYFNG! EAV 366

L TLT! IKI SDPLTFSSVVELINHYRNESER 414
T Y., 1 1. . L L] .

KYSVWI qu
umvonnmn-uwmsmxnmvmnz

QYNPKLDVKLLYPVS-KYQQDQVV~==m=

* T ® o T
SKQEYDESGRSEVE:xCP. 375
IFSTYADNQPGVLIQ-VFEGERAKTKDNNLLGKFELSGIPPAPRGVPQIEVTIFDVDSNGI 482
LYEE 3(s AIEAFNBOIR-----1 493

[0 N O ]

LNVSAVE ITIT IAS--~ 535
PrmemeBEBemmmmmmn=QCQTQERYSKEY IEKPKRE -~~~ ~GNEKEIQRIMENYDXLEE 533

- KNQLES IAYSLENTISEAGDKLEQA--DKDTVTKXAZET I SWLOJ- 579

RESETIO DRRMNSIKPDLIQLRKTRDQYLMWLTQKGVRQKK 593
- ~-JE= EF DDRLKELQDIANPINSK GGFPGG 626
LNEWLGNENTEDQYSLVEDDEDLPH-~~~EDEKT L VR 649
APPA oo e

642
zssxoccncswvwmncv_cmruvmusmwmvonrswo- 709

ENVIIAYPVYACORR 724

43



Molecular BioSystems Page 44 of 46

Blue : Wheat
Actin(8-349) : PIK3R1(614-724)
RMSD 7.12A

Blue : Pink
Actin(7-98) : PIK3R1(3-85)
RMSD 14.74, “align function’

Blue : Pink

Actin(7-98) : PIK3R1(3-85)
RMSD 6.78A, “cealign function’

Figure 4
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