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Abstract:

Vacuolar protein sorting 1 (Vpsl) is a dynamin-like GTPase involved in membrane remodeling and protein sorting in
multiple cellular trafficking pathways. It appears that Vpsl functions through interaction with a selective group of proteins
that reside at eachorganelle. Though Vpsl’s role in membrane remodeling has been well characterized, a majority of its
biochemical interactions at each traffic location still elude us. A yeast two-hybrid library screen was performed in
Saccharomyces cerevisiae in search of novel Vpsl binding partners. These results reveal seventeen as-yet-unidentified Vpsl
binding proteins implicated in various pathways. Notably, our study present evidence forVpsl sinteraction with Ste24, an
ER membrane protein and proteins implicated in chitin distribution, suggesting Vpsl’s functional association with chitin
regulation required for yeast budding.
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1. Introduction

Dynamin is a membrane remodeling GTPase, best characterized by its role inendocytic fission and vesicle fusion (Anantharam et al.,
2011; Peters et al.,, 2004; Sundborger and Hinshaw, 2014). Mammalian systems possess three isoforms of dynamin proteins;
dynaminl, 2, and 3, sharing 80% homology between one another. Dynamin-1 and dynamin-3are primarily found in nerve cells, while
dynamin-2 is expressed ubiquitously(Cao et al., 1998). Mutations in dynamin have been associated with certain neurodegenerative
diseases such as Alzheimer’s and Charcot Marie-Tooth disease (Ferguson et al., 2007; Liu et al., 2011).

Classical dynamins are composed of five major domains, with an N-terminal GTPase (G-domain), a middle domain (stalk), a
pleckstrin homology domain (PH), a GTPase effect or domain (GED), and a C-terminal proline-rich domain (PRD) (Chappie and
Dyda, 2013).In addition, a small bundle signal element (BSE) region exists on both sides of the G-domain as well as the C-terminal
end of the GED, and BSE is required for bringing the G-domain and stalk/GED together in dynamin’s tertiary structure(Chappie and
Dyda, 2013). During endocytosis, dynamin self-assembles through their stalk-to-stalk interactions in a criss-cross manner(Faelber et
al., 2012). As a result, two GTPase heads are orientated on the same side, while the lipid binding PH domains are situated on the
opposite side of the catalytic GTPase heads (Chappie and Dyda, 2013). A tetrameric dynamin forms in the cytoplasm as two dimers
joined by a short stretch located at the stalk-GED region (Chappie and Dyda, 2013). Dynamin tetramers are then recruited to the
membrane via their PH and PRD domains, followed by a high-order assembly around the neck of the invaginated pit (Faelber et al.,
2012; Mehrotra et al., 2014). A conformational change in the BSE region driven by the association and hydrolysis of GTP allows the
homo-oligomeric structure to constrict and elongate, which results in the fission of the nascent vesicle (Chappie et al., 2011; Faelber et
al., 2012).
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The budding yeast, Saccharomycescerevisiae, expresses three dynamin-like proteins (DLPs)homologous to mammalian dynamins.
Dynamin-related GTPase (Dnml) and mitochondrial genome maintenance (Mgml) primarily function in fission and fusion at the
mitochondrial membrane (Abutbul-Ionita et al., 2012; Mears et al., 2011), whereas vacuolar sorting protein (Vps1) localizes at a wider
range of cellular structures, including the Golgi, endosome, vacuole, peroxisome and plasma membrane (Kuravi et al., 2006;
Nothwehr et al., 1995; Peters et al., 2004; Smaczynska-de Rooij et al., 2010; Williams and Kim, 2014).Among its diverse roles, Vpsl
was initially characterized in cargo sorting at the late Golgi due to the fact that vpsl mutant cells exhibited an impaired
carboxypeptidase Y (CPY) trafficking bound for the vacuole, namely in anterograde traffic (Nothwehr et al., 1995; Robinson et al.,
1988).Severe defects in the retrograde traffic from the endosome to the late Golgi have also been observed in Vpsl-deficient cells(Arlt
et al., 2015; Chi et al., 2014; Lukehart et al., 2013). Additionally, endocytosis and degradation traffic from the endosome to the
vacuole was disrupted in vps/ mutant strains (Hayden et al., 2013; Smaczynska-de et al., 2015). Together, this evidence suggests
Vps1’simplication in a broad spectrum of membrane traffic pathways.

In addition, evidence has supported Vpsl’s role in membrane remodeling required for membrane fusion and fission. Upon
oligomerization, Vpsl can interact with and tabulate liposomal membranes in vitro(Smaczynska-de Rooij et al., 2010). Vpsl-mediated
scission of the nascent vesicle during endocytosis appears to depend on the negatively-charged glutamate residue at position 461 and
phosphorylation of the 599 residue(Palmer et al., 2015; Smaczynska-de et al., 2015). Surprisingly, Vpsl also plays a role in vacuolar
homotypic fusion (Alpadi et al., 2013; Peters et al., 2004), which requires Vps1’s self-assembly ability(Kulkarni et al., 2014).
Significant progress has been made in the past two decades for understanding the molecular features of dynamin-related protein
functioning in a variety of cellular processes. However, many details regarding the precise action mode of Vpslin these traffic
pathways and its binding partners at different sub-cellular locations still elude us. An investigation of its interactions with different
partners may provide deeper insights into potential or uncharacterized roles of Vpsl. To establish a Vpsl interaction network, we
performed a genome wide yeast two-hybrid screen for novel binding partners. We present here seventeen novel partners that bind to
Vpsl in yeast. We tested the validity of the genome screen via an alternative protein-protein interaction assay using two selected
proteins.

2. Experimental Procedures

2.1. Strains/Cell Maintenance

Saccharomyces cerevisiae Y187, Y2HGOLD and Escherichia coli HST08, acquired through Clontech, and S. cerevisiae BY4741
from Invitrogen were stored at -80°C until use. Plasmid vectors pGADT7-Rec (prey) and pGBKT7 (bait) were used as an over
expression vector for the protein of interest tagged with the Activator Domain (in prey) or Binding Domain (in bait), respectively.
Stellar competent E. coli cells carrying these vectors were kept at -80°C and purified vectors were kept at -20°C until use. During cell
culturing, yeast cells were grown in 30°C and bacterial cells at 37°C.

2.2. Construction of Bait Vector and Yeast cDNA library

Purified genomic DNA from S. cerevisiae (BY4741, Invitrogen) was used as a template for amplification of VPSI DNA sequence
using Phusion Green High-Fidelity DNA Polymerase (F-534L, Thermo Scientific) with forward primer
5’CATGGAGGCCGAATTCATGGATGAGCATTTATTTTCTAC 3’ and reverse primer
5’GCAGGTCGACGGATCCAACAGAGGAGACGATTTGACTAG 3°. The amplified sequence was ligated by using In-Fusion® HD
Cloning Kit (Clontech) into the linearized BD (DNA Binding Domain, pGBKT?7) vector using EcoRI and BamHI. The recombinant
vector was then transformed into Stellar Competent E. coli, using the corresponding protocol PT5055-2 from Clontech. The cells were
plated on LB agar plates, containing 25 pg/ml kanamycin. Positive colonies were confirmed by bacterial colony PCR and restriction
enzyme digestion with EcoRI and BamHI. The bait vector, pPGBKT7-Vpsl, was then purified using PureYieldTM Plasmid Miniprep
System (A1223, Promega), prior to performing a one-step transformation into competent Y2ZHGOLD yeast cells as previously
described(Chen et al., 1992).

A library of potential Vpsl binding partners was constructed in AD (Activation Domain, pGADT7-rec) vector using Clontech’s Make
Your Own “Mate & Plate™” Library System (PT4085-1). Total mRNA was first extracted from wild type S. cerevisiae (KKY002)
using Masterpure Yeast RNA Purification Kit (MPY03100, Epicentre). The purified mRNA product was then converted into cDNA
using SMART MMLV Reverse Transcriptase with CDS III primers poly-A specific primers containing EcoRI and BamHI restriction
sites. The cDNA product was amplified using Long Distance PCR and purified with CHROMA SPIN+TE-400 Columns. Following
Matchmaker Yeast Transformation System 2 Usual Manual (Clontech), 5 pg of the purified cDNA and 3 ug pGADT7-Rec (Clontech)
were co-transformed into Y187 strain, allowing in vivo recombination in yeast. Transformants were plated on selective media, lacking
leucine (SD/-Leu), and were incubated at 30°C for 3-4 days.

2.3. Yeast two-hybrid Screening

The yeast two-hybrid screen was performed using the Matchmaker Gold Yeast Two-Hybrid System (Clontech) with minor
adjustments. The harvested prey library pool (pGADT7-Rec cDNA) was mated with the bait strain (pGBKT7-Vps1) according to
Clontech’s Mate and Plate System. The culture was then plated on Triple Drop Out (-leu, -trp, -his), Quadruple Drop Out (-leu, -trp, -
his, -ade), and Double Drop Out with X-alpha-gal and Aureobasidin (DDO/X/A) plates for 3-5 days for screening. Colonies that
survived on the QDO and turned blue on DDO/X/A were selected for DNA sequencing. The vectors were then isolated from the
positive colonies using Zymoprep™ Yeast Plasmid Miniprep I (D2001, Epigenetics Company). These vectors were amplified in
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Stellar competent E. coli cells as previously described and grown in LB medium containing ampicillin. The vectors were then isolated
from E. coli using QIAGEN Miniprep Kit and then quantified using an Implen Nanophotometer.

2.4. Genomic Analysis

Vectors containing the gene of interest were isolated from positive colonies and delivered to a biotechnology company (Eurofins) for
sequencing. Proteins were identified by comparing genetic data using Basic Local Alignment Search Tool (BLAST) search from the
National Center for Biotechnology Information (NCBI) and Saccharomyces Genomic Database (SGD) websites.

2.5. One-on-One Yeast Two-Hybrid Assay

Matchmaker Gold Yeast Two-Hybrid system (Clontech) was used to further test the interaction of Spa2 and Ste24 with Vpsl. The C-
terminal 642 amino acids of Spa2 (2476-4401 bp) and Ste24 cytosolic (1195-1362 bp) sequences were amplified by Phusion HiFi
PCR (Thermo Sci) and ligated with In-Fusion HD Cloning (Clontech) into pGADT?7 vector using Xmal and BamHI restriction sites.
These vectors were introduced into Y187 yeast cells using a transformation protocol, previously described (Chen et al., 1992).
pGBKT7-Vpsl bait vector-carrying cells were mated with yeast cells containing prey vector. The resulting diploid cells were screened
on DDO, TDO, and QDO media using a spotting assay in which the diploid cells were subjected to threefold serial dilutions before
plating on corresponding medium yeast growth.

3. Results and Discussion

Vpsl is a cytoplasmic protein involved in several trafficking pathways (Vater et al., 1992; Williams and Kim, 2014).Our current
understanding suggests that Vps1’s membrane remodeling roles at multiple organelles may be attributed to its ability to interact with a
variety of proteins (Figure 1). In our search for novel Vpsl binding partners, we performed a yeast two-hybrid library screen using
Clontech’s Make Your Own “Mate & Plate” Library System (Cat. No. 630490). For this, full length VPSIsequence was cloned into
BD (DNA Binding Domain, pGBKT?7) vector to screen a yeast cDNA library fused to gal-4 AD (Activation Domain, pGADT7-rec)
vector. Our initial screen yielded sixty-nine positive colonies on Triple Drop Out (TDO) medium, which were picked and patched
onto new TDO medium (Fig. 2A). Upon replica plating ontoa more stringent Quadruple Drop Out (QDO) medium, sixty-four colonies
grew (Fig. 2B).Fifty-eight colonies grew and produced blue color when replica plated onto Double Drop Out medium with X-alpha-
galand aureobasidin (DDO/X/A) (Fig. 2C). The isolated prey vectors from the positive colonies grown on these stringent tests were
analyzed by comparing their cDNA inserts with the BLAST (Basic Local Alignment Search Tool).

After excluding both the cloned DNA sequences originated from rRNA species and low-purity sequencing errors, the sequencing
analysis revealed seventeen novel binding partners for Vps1 (Table 1).These partners appear to be involved in a wide range of cellular
processes, including stress responses, signaling transduction pathways, ribosomal activities, and mating processes. For example, Fesl
and Prel0 are implicated in targeting misfolded proteins for ubiquitinationin different stress responses (Gowda et al., 2013; Janse et
al., 2004), while Pbs2 is involved in signal transduction(Zarrinpar et al., 2004). Eight proteins (Drsl, Pxrl, YLR154C, Rps1B,
RPL18A, RPL26B, RNH203, and YDR341C)are involved in ribosome-associated activity.Spa2, Ste24 and SCW4 localizes to the
plasma membrane and ER membranes, and are all implicated in the yeast mating process (Cappellaro et al., 1998; Meissner et al.,
2010; Noma et al., 2005).

In order to validate the results, we selected two prey proteins and tested their ability to interact with Vpsl: Spa2, a cytoplasmic
protein, and Ste24,an integral protein. Though previous studies have not linked Vpsl and Spa2, Ste24 has been shown to genetically
interact with Vps1 (Hoppins et al., 2011; Jonikas et al., 2009; Surma et al., 2013). Sequencing analysis from our library screen showed
that the C-terminal ends of Spa2 and Ste24 were inserted into the library vector. For one-on-one interaction study, pGADT7 vector
was engineered to contain the C-terminal 642 aa of Spa2 (825-1467aa) or the C-terminal 56 aa of Ste24 (398-453aa),and then the
yeast strains expressing the recombinant protein fragments were mated with the strain carrying Vps1-BD bait vector. The mated cells
were spotted on TDO medium in serial dilutions (Figure 2D). Strains expressing both prey and bait vectors grew on TDO medium, but
not on QDO medium (Data not shown), suggesting Spa2 and Ste24 appear to interact with Vpsl, but at lower efficiency than
previously tested in the library screen (Fig. 2A-C). One possible explanation for a weak binding between Vpsl and these binding
partners would be that the cloned C-terminal fragments of Spa2 and Ste24 used in this one-on-one two-hybrid assay are larger than
those cloned in the library vectors, and thus the increase in peptide size may have altered the conformation of these proteins.

The obtained result of Vpsl interaction with Spa2 and Ste24creates new insights into possibleroles for Vpsl. For example, given that
Spa2, a polarisome subunit (Snyder, 1989), plays a role in act in organization like Vps1(Virag and Harris, 2006; Yu and Cai, 2004), it
is possible that Vpsl works together with Spa2 synergistically or redundantly to help reorganize the act in cytoskeleton for cellular
polarization. Importantly, recent studies demonstrated that Vpsl interacts genetically with Ste24,an ER transmembrane protein with
the C-terminal exposed to the cytosol (Hoppins et al., 2011; Jonikas et al., 2009; Pryor et al., 2013; Surma et al., 2013).In light of the
finding of the physical interaction between Vpsl and the C-terminal fragment of Ste24, we speculate that Vps1 can be targeted to the
periphery ER, but this speculative idea awaits further testing.

Previously, vpsIA cells have been shown to exhibit abnormal budding and altered chitin deposition(Yu and Cai, 2004). However, the
molecular details behind this defect had not been documented. According to our Vpsl interaction results, Vpsl physically interacts
with proteins involved in the recruitment (Spa2), maintenance (Scw4), and targeting (Ste24) of chitin synthases (Figure 3), suggesting
a model that links Vpsl to multiple factors involved in chitin distribution for cellular budding. In this model, we propose that when
induced by mating factors, the Spa2-containing polarisome localizes to the nascent bud to aid in act in reorganization and cellular
signaling, which promotes the recruitment of new cell materials for polarized growth(Sheu et al., 1998; Snyder, 1989). In response to
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mating signaling, chitin synthase III (Chs3), a major player in chitin production, is delivered to the plasma membrane from the ER by
passing the trans-Golgi network (Starr et al., 2012). We speculate that Ste24 and Vps1 work together at the ER,as explained above, to
sort and aid in fission of Chs3-containing vesicles. Upon arriving at the plasma membrane, Scw4, a soluble cell wall glucanase, is then
involved in maintaining the integrity of the cell wall (Sestak et al., 2004). Taken together, it is likely that Vpsl1 is involved in several
steps of the Chs3 trafficking pathway. However, additional studies are required to further validate these ideas.

While the yeast two-hybrid is a commonly used tool in protein-protein interaction, certain limitation should be kept under
consideration. In particular, all the binding partners of Vpsl in our library screen present C-terminal domains of their corresponding
proteins; unnaturally exposing certain domains or affecting overall conformation. Also, intrinsic factors within the in vivo model may
be involved or interfere with these interactions. Ultimately, this study has revealed novel binding partners with a wide array of
functional capabilities; suggesting possibilities for alternative roles in Vpsl. Due to Vps1’s dynamic nature, its significance with each
partner remains plausible. In one example, we have proposed that Vpsl serves as a new link between three membrane peripheral
proteins in yeast budding. While this idea is still speculative, future research will be focused towards pursuing the authenticity of these
implications.
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Gene Name Accession # of Clones Function from Saccaromyces Genome Database
Number Recovered

A subunit of the polarisome; functions in act in cytoskeletal
organization during polarized growth; acts as a scaffold for Mkklp and

SPA2 X53731.1 1 Mpklp cell wall integrity signaling components
Highly conserved zinc metalloprotease; functions in two steps of a-

STE24 U77137.1 1 factor maturation, C-terminal CAAX proteolysis and the first step of N-
terminal proteolytic processing

SCW4 773064.1 1 Cell wall protein with similarity to glucanases;

FES1 NM_001178449.3 2 Hsp70 nucleotide exchange factor

PREI0 775270.1 1 Alpha 7 sub-unit of the 20S proteasome

PBS2 7494031 1 MAP kinase kinase of the HOQ signaling pathv&'/a}y; mitophagy-specific
regulator; plays a role in regulating Tyl transposition

YNLO54W-B NM_001281536.1 1 Type B Gag-Pol Protein; proteol}'/tically processed to Ipa}ke the Gag, RT,
PR, and IN proteins that are required for retrotrans position

DRS1 NM._001181828.1 ) Nuclc.aolar DEAD-box protein required for ribosome assembly and
function

PXR] NM._001181409.1 1 Esseptial proteirll involved .in rRNA and snoRNA maturation; a possible
role in the negative regulation of telomerase
Ribonuclease H2 subunit; required for RNase H2 activity; role in the

YLR154c/RNH203 | Z73326.1 1 ribonucleotide excision repair

RPS1B NM_001182422.1 1 Ribosomal protein 10 (rp10) of the small (40S) subunit

RPLI8A 774862.1 1 Ribosomal 60S subunit protein L18A

RPL26B 772819.1 1 Ribosomal 60S subunit protein L.26B
Ribonuclease H2 subunit; role in ribonucleotide excision repair; related

RNH203 2733261 ! to human AGS3 that causes Aicardi-Goutieres syndrome

YDR341C NM_001180649.3 1 Arginyl-tRNAsynthetase

YLRI157C-C 773326.1 5 A protgin of unk'nown function; Paralog of ASP3-2, implicated in
asparagine catabolism
A protein of unknown function with similarity to Tfs1p; transcription is

YLR179C NM_001182066.1 1 activated by paralogous proteins Yrmlp and Yrrlp along with proteins
involved in multidrug resistance

Table 1: Yeast two hybrid screen of Vpsl binding partners
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Mitochondria

Figure 1: Localization of Vpsl in S. cerevisiae. Dynamin-like protein, Vpsl is a cytoplasmic protein that is targeted to the periphery
of various membrane-bound organelles, including the peroxisome (P), endosome (E), Golgi, vacuole, and the plasma membrane. Vpsl
is implicated in membrane remodeling activity, such as membrane tubulation and scission of vesicles emerging from these organelles.

Vsl locations are indicated by stars

DDO/X/A

pGBKT7-Lamin x pGADT7-SV40 Large T Antigen
pGBKT7-p53 x pGADT7-5V40 Large T antigen

pGADT7-Spa2 (C-terminal 642 amino acids)

pGADT7-Ste24 (C-terminal 56 amino acids)

pGBKT7-Vpsl

pGBKT7-Vpsl x pGADT7-5te24 (C-terminal 56 amino acids)
pGBKT7-Vpsl x pGADT7-Spa2 (C-terminal 642 amino acids)

DDO TDO

Figure 2: Yeast two hybrid genome wide assay for searching Vpsl binding partners in S. cerevisiae. 2A-C. The harvested prey library
pool (pGADT7-Rec cDNA) was mated with the bait strain (pGBKT7-Vpsl), and the mated diploid cells were plated onto TDO (2A),
ODO (2B), and DDO/X/A (2C). 2D. Verification of our library assay by one-on-one yeast two-hybrid assay. For a positive control,

cells expressing BD-p53 and AD-SV40 large T antigen were utilized; p53 was inserted into the bait vector (nGBKT7) and SV40 large

T antigen into the prey vector (pGADT7). Cells expressing BD-Lamin and AD-SV40 large T antigen, which do not bind to each other,

served as the negative control. Following the same method, the full length of VPS1 was inserted into the bait vector, and the indicated
C-terminal regions of Spa2 and Ste24 were cloned into the prey vector. Diploid cells harboring both the bait and prey vectors were

plated on DDO (Double Drop Out) and TDO (SD/-Leu/-Trp/-His). Only positive control strain and the strains containing both the bait

and prey grew on TDO medium, indicating that Vpsl interacts with Ste24 and Spa2.
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Figure 3: Interaction mapping of Vpsl in chitin deposition. Our results show that Vpsl physically interact with factors involved in
mating induced budding; Spa2, Ste24, and Scw4 (see the main text). These proteins have all been implicated in targeting, recruiting,

1.

ii.

iii.

or maintaining chitin synthases (Chs3 and Chs5).
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