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a b s t r a c t

In eukaryotic cells, regulated vesicular trafficking is critical for directing protein transport and for
recycling and degradation of membrane lipids and proteins. Through carefully regulated transport
vesicles, the endomembrane system performs a large and important array of dynamic cellular functions
while maintaining the integrity of the cellular membrane system. Genetic studies in yeast Saccharomyces
cerevisiae have identified approximately 50 vacuolar protein sorting (VPS) genes involved in vesicle
trafficking, and most of these genes are also characterized in mammals. The VPS proteins form distinct
functional complexes, which include complexes known as ESCRT, retromer, CORVET, HOPS, GARP, and
PI3K-III. Little is known about the orthologs of VPS proteins in insects. Here, with the newly annotated
Manduca sexta genome, we carried out genomic comparative analysis of VPS proteins in yeast, humans,
and 13 sequenced insect genomes representing the Orders Hymenoptera, Diptera, Hemiptera, Phthir-
aptera, Lepidoptera, and Coleoptera. Amino acid sequence alignments and domain/motif structure an-
alyses reveal that most of the components of ESCRT, retromer, CORVET, HOPS, GARP, and PI3K-III are
evolutionarily conserved across yeast, insects, and humans. However, in contrast to the VPS gene ex-
pansions observed in the human genome, only four VPS genes (VPS13, VPS16, VPS33, and VPS37) were
expanded in the six insect Orders. Additionally, VPS2 was expanded only in species from Phthiraptera,
Lepidoptera, and Coleoptera. These studies provide a baseline for understanding the evolution of ve-
sicular trafficking across yeast, insect, and human genomes, and also provide a basis for further
addressing specific functional roles of VPS proteins in insects.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In eukaryotic cells, the endomembrane network consists of
morphologically distinct organelles with different functions in
cargo sorting and degradation. Constant communication between
these organelles is usually through the exchange of trafficking
vesicles. Transport of lipids and protein cargos between the intra-
cellular compartments, including transport to and from the plasma
membrane, is precisely regulated to maintain the integrity and
dynamics of the cell and its organelles (Brighouse et al., 2010;
Campelo and Malhotra, 2012).

In the yeast Saccharomyces cerevisiae, the vacuole is a prominent
organelle that shares functional characteristics with lysosomes
from other eukaryotic groups such as vertebrates and invertebrates.
The vacuole and lysosomes play vital roles in hydrolysis of proteins,
carbohydrates, and lipids. Vacuolar proteins are usually segregated
from secretory proteins, and are packaged into transport vesicles
and trafficked specifically to the vacuole. Genetic screening studies
have identified about 50 vacuolar protein sorting (VPS) genes that
affect protein sorting and trafficking to the vacuole in yeast (Arlt
et al., 2011; Hedman et al., 2007). Based on the vacuolar
morphology observed in cells expressing various VPS mutants, VPS
genes were grouped into seven classes, i.e. classes AeF andmutants
with tubule-vesicular vacuoles (Banta et al., 1988; Hedman et al.,
2007; Raymond et al., 1992). Class A includes VPS8, VPS10, VPS13,
VPS29, VPS30, VPS35, VPS38, VPS44, VPS46, VPS51, VPS52, VPS53,
VPS54, VPS55, and VPS74. This type of mutant showed wild-type
vacuolar morphology, with vacuoles present as 3e10 sub-
compartments. These proteins may affect the delivery of soluble
vacuolar proteins to the vacuole, but have little effect on the
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delivery of membrane proteins to the vacuole. Class B mutants
include VPS5, VPS17, VPS39, VPS41, and VPS43, which lack large
vacuolar structures and typically contain more than 20 “frag-
mented” vacuole-like compartments per cell. These small com-
partments are not functional as targeting sites for the VPS system.
Class C VPS mutants contain no identifiable vacuole and the
members of this group include VPS11, VPS16, VPS18, VPS33.
Dysfunction of these proteins results in the accumulation of
abnormal membrane-enclosed structures, which may be a mixture
of vesicle-like organelles and lipid droplets. Class D VPS mutants
are characterized as defective for vacuolar segregation, and a
slightly enlarged vacuole structure. This group includes VPS3, VPS6,
VPS9, VPS15, VPS21, VPS34, and VPS45. Class E mutants comprise
another large group that includes VPS2, VPS4, VPS20, VPS22,
VPS23, VPS24, VPS25, VPS27, VPS28, VPS31, VPS32, VPS36, and
VPS37. Mutations in these genes result in the formation of a smaller
organelle, distinct from the vacuole, which appears to be an exag-
gerated form of a prevacuolar compartment (PVC). Finally, a small
group of VPS genes have been characterized as Class F, and these
include VPS1 and VPS26. Class F mutants usually have a large
central vacuole surrounded by class B-like fragmented small
vacuolar structures (Banta et al., 1988; Bonangelino et al., 2002;
Hedman et al., 2007; Raymond et al., 1992). An abundance of data
has shown that VPS proteins function as distinct complexes that are
directly or indirectly involved in vesicle formation, transport,
tethering, and fusion with target membranes. These complexes
include: 1) the endosomal sorting complex required for transport
(ESCRT) (Henne et al., 2011; Hurley, 2010; Raiborg and Stenmark,
2009; Rusten et al., 2012; Schuh and Audhya, 2014); 2) the teth-
ering complexes CORVET (class C core vacuole/endosome teth-
ering), HOPS (homotypic fusion and protein sorting) (Balderhaar
and Ungermann, 2013; Nickerson et al., 2009; Solinger and
Spang, 2013), and GARP (Golgi-associated retrograde protein)
(Bonifacino and Hierro, 2011; Brocker et al., 2010); 3) the retrieval
complex, Retromer (Attar and Cullen, 2010; Bonifacino and Hurley,
2008; Seaman, 2012); and 4) the class III PI3K (phosphoinositide 3-
kinase) complexes (Vanhaesebroeck et al., 2010).

Althoughmost of the above complexes arewell-studied in yeast,
the detailed mechanisms of their functions in higher eukaryotes
remain incompletely understood. Remarkably, the orthologs of
these VPS genes in insects have not been identified or studied in
any great detail, even though several of these genes have been
characterized in Drosophila (Moberg et al., 2005; Vaccari et al.,
2009). In the current study, we carried out a comparative
genomic analysis to identify and characterize the orthologs of VPS
genes in 13 sequenced insect genomes and we compared gene
expansions in insects with those in the human genome. In addition
we also analyzed and report conservation of signature motifs
associated with most VPS protein groups. Combined these studies
present a global view of the conservation and divergence of VPS
proteins in insects and their relationships to orthologous human
protein families.

2. Methods

2.1. Mining insect genomes for VPS genes

VPS genes of the yeast S. cerevisiae and the orthologs from the
human genome were used for searches of insect genomes using
BLASTP and TBLASTN programs. BLAST searches were performed
using databases of sequenced insect genomes from 6 Orders,
including Hymenoptera (Apis mellifera, Nasonia vitripennis, and
Harpegnathos saltator; http://hymenopteragenome.org), Diptera
(Drosophila melanogaster, Aedes aegypti, Anopheles gambiae, and
Culex quinquefasciatus; http://flybase.org and http://www.
vectorbase.org), Hemiptera (Acyrthosiphon pisum; http://www.
aphidbase.com), Phthiraptera (Pediculus humanus corporis; http://
www.vectorbase.org), Lepidoptera (Bombyx mori, Danaus plex-
ippus, and Manduca sexta; http://silkworm.genomics.org.cn, http://
monarchbase.umassmed.edu, and http://agripestbase/manduca,
and http://agripestbase/manduca), and Coleoptera (Tribolium cas-
taneum; http://beetlebase.org). Specific BLAST searches were also
carried out at the National Center for Biotechnology Information
(NCBI).
2.2. Alignments and protein structure analysis

Amino acid sequences were aligned using Clustal W2 at the
EMBL-EBI server (http://www.ebi.ac.uk/services). Alignments were
edited with GeneDoc software (http://www.nrbsc.org/gfx/
genedoc/). Protein domain and motif analyses were performed
with the web-based tools InterProScan (Jones et al., 2014) at EMBL-
EBI (http://www.ebi.ac.uk/interpro), COILS (Lupas et al., 1991) at
the ExPASy server (http://www.expasy.org/proteomics), and Motif
Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan). Protein molec-
ular weights (MW) and isoelectric points (pI) were calculated with
Compute pI/Mw program at the ExPASy server.
2.3. Phylogenetic analysis

The phylogenetic reconstruction was conducted in MEGA6
(Tamura et al., 2013) using the Neighbor-joining statistical method
(Saitou and Nei, 1987). The evolutionary distances were computed
with the JoneseTayloreThornton (JTT) matrix-based method
(Jones et al., 1992). The rate variation among amino acid sites was
modeled with a gamma distribution. A distance-based bootstrap
test with 1000 replicates set was used to analyze the phylogenetic
trees (Felsenstein, 1985).
3. Results and discussion

3.1. The ESCRT pathway

The majority of the core components of the ESCRT complexes
are from the class E VPS morphological group (Hurley, 2010). The
ESCRT machinery was originally found to be required for the
maturation of multivesicular bodies (MVBs) and the biogenesis of
vacuolar lysosomes. The ESCRT pathway is essential for sorting
ubiquitinated membrane proteins into MVBs by deforming the
endosomal-limiting membrane inward, followed by scission to
release the newly formed vesicles (Hurley, 2010; Hurley and
Hanson, 2010). Recent data indicate that, beyond MVB formation,
ESCRT complexes have crucial functions in cytokinesis, viral
budding, and autophagy (Caballe and Martin-Serrano, 2011; Rai-
borg and Stenmark, 2009; Rusten et al., 2012; Votteler and Sund-
quist, 2013). Most recently, it was found that ESCRTs are also
necessary for plasma membrane repair (Jimenez et al., 2014). In
yeast and humans, the ESCRT pathway is composed of five distinct
subcomplexes: ESCRT-0, -I, -II, and -III, and VPS4-Vta1, as well as
some accessory proteins, such as Alix (apoptosis-linked gene 2-
interacting protein X) (Henne et al., 2011; Hurley, 2010). Our
analysis revealed that these components of the ESCRT pathway are
highly conserved in yeast, insects, and humans (Table 1, Fig. S1). In
addition, some gene expansions that occurred in the human
genome lineage are not present across insect genomes, which
appear to be generally uniform in their content of core ESCRT
pathway complexes.
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Table 1
Properties of the ESCRT system.

Complex Subunits Functional perspectives

Yeast Human Insectsa Functional roles Lipid binding Motif/domain Inter-complex
interactions

ESCRT-0 VPS27 Hrs þ Cargo sorting PtdIns3P/FYVE domain
on VPS27

VHS, FYVE
UIM, GAT, CB

VPS27eVPS23

Hse1 STAM1 þ VHS, UIM
SH3, GATSTAM2

ESCRT-I VPS23 Tsg101 þ Bud formation Electrostatics on N-terminus
of VPS37

UEV, AAA
CC, PRD

VPS23eVPS27

VPS28 VPS28 þ CTD VPS28eVPS36
VPS37 VPS37A þ NTH, Mod(r), PRD

Mod(r), PRD
Mod(r), PRD
Mod(r), PRD

VPS37B þ
VPS37C
VPS37D

MVB12 MVB12A þ1 MABP, UMA
MVB12B
isoform1 MABP, UMA
isoform2 MABP
UBAP1 UMA, UBA

ESCRT-II VPS22 EAP30 þ Bud formation PtdIns3P/GLUE domain on VPS36 ND, WH1, WH2
VPS25 EAP20 þ WH1, WH2 VPS25eVPS20
VPS36 EAP45 þ GLUE/NZF, WH1, WH2 VPS36eVPS28

ESCRT-III VPS2 CHMP2A þ Membrane scission Myristoylation of VPS20; electrostatics
on helix-1 of CHMP3

Helix core, MIM VPS2eVPS4
CHMP2B þ2 Helix core, MIM

VPS20 CHMP6 þ Helix core, MIM VPS20eVPS25
CHMP3 þ

VPS24 isoform1 Helix core, MIM VPS24eVPS4
isoform2 Helix core, MIM
isoform3 Helix core, MIM

VPS32 (Snf7) CHMP4A þ Helix core, MIM Snf7-VPS4
CHMP4B Helix core, MIM Snf7-Alix
CHMP4C Helix core, MIM

VPS46 CHMP1A þ Helix core, MIM VPS46-Vta1
CHMP1B Helix core, MIM

VPS60 CHMP5 þ Helix core, MIM VPS60-Vta1

VPS4-Vta1 VPS4 VPS4A þ Disassembly and
recycling of ESCRT-III

� MIT, AAA, CC
MIT, VSL

VPS4-ESCRT-III
VPS4B

Vta1 LIP5 þ Vta1-VPS60
Vta1-CHMP1

Accessory VPS31 Alix þ3 Cytokinesis, viral
budding

� Bro1, V-domain, PRD Alix-Snf7

þ1: absent in Culex quinquefasciatus, þ2: absent in Acyrthosiphon pisum, Aedes aegypti, Anopheles gambiae, Apis mellifera, Culex quinquefasciatus, Harpegnathos saltator, Nasonia
vitripennis, þ3: absent in Nasonia vitripennis.

a Insects represent sequenced insect genomes, including those of Acyrthosiphon pisum, Aedes aegypti, Anopheles gambiae, Apis mellifera, Bombyx mori, Culex quinquefasciatus,
Danaus plexippus, Drosophila melanogaster, Harpegnathos saltator, Manduca sexta, Nasonia vitripennis, Pediculus humans corporis, and Tribolium castaneum.
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3.1.1. ESCRT-0
The ESCRT-0 complex is required for recognizing and sorting

ubiquitinated membrane proteins. ESCRT-0 is a heterodimer
composed of Vps27 and Hse1 (in yeast), and Hrs and STAM (in
mammals) (Hurley, 2010; Raiborg and Stenmark, 2009; Ren and
Hurley, 2011). Both subunits can bind ubiquitin and thereby
select ubiquitinated cargo for transport. In addition, VPS27/Hrs also
bridges ESCRT-0 and ESCRT-I through the interaction of the VPS27/
Hrs P(S/T)XP motif and the UEV (ubiquitin E2 variant) domain of
VPS23/Tsg101 (Henne et al., 2011; Hurley, 2010; Ren and Hurley,
2011). Hse1/STAM. There are two isoforms of STAM (STAM1 and
STAM2) in humans. They share 55.8% amino acid identity. Only one
ortholog of STAM was found in sequenced insect genomes (Fig. 2B;
Table 1). Compared with yeast and humans, the N-terminal 400
amino acids (aa) of STAM are also highly conserved in insects. This
conserved region contains domains VHS (VPS27, HRS, STAM
domain), UIM (ubiquitin-interacting motif), SH3 (SRC homology 3
domain), and GAT (GGA and Tom1), which serve functions in
binding ubiquitin, binding proline-rich peptide, and hetero-
dimerization, respectively. In contrast to the N-terminal region, the
C-terminal region of approximately 140e200 aa of Hse1/STAM is
highly variable, especially those from Diptera and Lepidoptera. The
STAM proteins of Dipteran species are extended at the C-terminus
by approximately 80e180 aa, whereas the STAM proteins of Lepi-
dopteran species (B. mori, D. plexippus, andM. sexta) contain a short
C-terminus, that is 60e120 aa shorter than the other species
(Fig. S1, Hse1/STAM). The high rates of amino acid substitutions
within the C-terminal region of Hse1/STAM may explain confident
bootstrap support for grouping STAM of D.melanogasterwith those
from Lepidopteran species on the phylogenetic tree (Fig. 2B).
VPS27/Hrs. Similar conservation was also observed for VPS27/Hrs.
The N-terminal region of approximately 500 aa of VPS27/Hrs con-
tains VHS, UIM, GAT, and FYVE (Fab-1, YGL023, VPS27, and EEA1)
domains. The FYVE domain interacts with phosphatidylinositol 3-
phosphate (PtdIns(3)P or PI3P) to target ESCRT-0 to endosome
membranes. This N-terminal region of VPS27/Hrs is also highly



Fig. 1. Schematic representation of complexes associated with vesicular transport and
its regulation in eukaryotic cells. Abbreviations: AP-3, adapter complex protein 3;
CORVET, class C core vacuole/endosome tethering; EE, early endosome; ESCRT, endo-
somal sorting complex required for transport; GARP, Golgi-associated retrograde
protein; HOPS, homotypic fusion and protein sorting; LE, late endosome; MVB, mul-
tivesicular bodies; PI3P, phosphatidylinositol 3-phosphate; Rab, Ras-like GTP-binding
protein; TGN, trans-Golgi network.
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conserved from yeast to insects and humans (Fig. 2). Although the
C-terminal regions of VPS27/Hrs proteins are highly variable in
length, a clathrin-box (CB) motif is conserved in position at the
extreme C-terminus (Fig. 2).

The C-termini of Hse1/STAM and VPS27/Hrs can interact with
other proteins, but the biological significance of those interactions
is not known (Hurley, 2010). Since ESCRT-0 is the initial cargo-
sorting complex of the ESCRT pathway, these C-terminal varia-
tions may reflect a species-specificity related to intracellular cargo
sorting. Additionally, compared with the other insect species, the
N-terminus of Hrs from B. mori contains an additional 280 aa, and
the middle regions of B. mori and D. plexippus have 460 or 477 aa
insertions (Fig. S1, VPS27/Hrs). Considering the high degree of
conservation among the N-terminal regions of VPS27/Hrs proteins,
these additional insertion regions in Hrs of B. mori and D. plexippus
Fig. 2. Structural similarities and phylogenetic analysis of components of the ESCRT-
0 complex. (A) Domain organization of VPS27/Hrs. The diagram shows the approxi-
mate sizes and the relative positions of predicted domains/motifs of VPS27/Hrs. Ab-
breviations: VHS, (VPS27, HRS, STAM) domain; UIM, ubiquitin-interacting motif; FYVE,
Fab1/YOTP/Vac1/EEA1; GAT, GGA and Tom1; CB, clathrin box. (B) A neighbor-joining
phylogenetic tree was generated from Hse1/STAM sequences from the indicated spe-
cies. Bootstrap confidence values are indicated on the branches. The accession
numbers for amino acid sequences are listed in Supplemental Table S1.
might be caused by frame shifts and/or additional unidentified
introns in available genome assemblies.

3.1.2. ESCRT-I
ESCRT-I assembles with ESCRT-II as a super complex to mediate

budding into the limitingmembrane of the endosome (Henne et al.,
2011; Hurley, 2010). ESCRT-I is a heterotetramer composed of
VPS23 (Tsg101 in mammals), VPS28, VPS37, and MVB12 (multi-
vesicular body sorting factor of 12 KDa). The ESCRT-I core stalk
contains the C-terminal coiled-coil (CC) and steadiness box (SB) of
VPS23/Tsg101, and one helix each from VPS37 and MVB12. The
headpiece of ESCRT-I consists of the N-terminal UEV domain of
VPS23/Tsg101, the N-terminal helical region (NTH) of VPS37, and
the C-terminal ubiquitin interacting domain, UMA (ubiquitin
associated protein-1-MVB12 associated), of MVB12 (Gill et al.,
2007; Hurley, 2010; Kostelansky et al., 2007; Morita et al., 2007).
The UEV domain of VPS23/Tsg101 can bind ubiquitinated cargo
(Katzmann et al., 2001) and the P(S/T)XP motif of VPS27/Hrs, Alix,
and viral proteins (Katzmann et al., 2003; Votteler and Sundquist,
2013). The proline-rich region (PRD) following the UEV domain of
VPS23/Tsg101 can interact with midbody protein CEP55 (Lee et al.,
2008). The N-terminus of VPS37 forms weak electrostatic in-
teractions with phospholipids and targets ESCRT-I to the endosome
membrane (Gill et al., 2007; Kostelansky et al., 2007). The N-ter-
minal core region of VPS28 is involved in ESCRT-I headpiece for-
mation, while the C-terminal four helix bundle domain (CTD) is
extended out as adapter module for interacting with VPS36, a
component of ESCRT-II (Gill et al., 2007; Kostelansky et al., 2007).
Among the genes encoding ESCRT-I components, VPS37 and
MVB12 show expansions in insects and humans. In the human
genome, there are four VPS37 isoforms (VPS37AeD) and four
MVB12 isoforms (MVB12A, MVB12B isoform1 and isoform2, and
UBAP1) (Kostelansky et al., 2007; Morita et al., 2007; Stefani et al.,
2011) (Table 1, Fig. 3). VPS37. All of the VPS37 isoforms contain one
Fig. 3. Domain organization of the ESCRT-I components VPS37 (A) and MVB12 (B). The
illustration shows the approximate sizes and the predicted domains/motifs of VPS37
and MVB12. The species and group names are indicated on the left. Accession numbers
for amino acid sequences are listed in Supplemental Table S1. Abbreviations: MABP,
MVB12-associated beta-prism; Modr, modifier of rudimentary; NTH, N-terminal heli-
cal region; PRD, proline-rich domain; UBA, ubiquitin-associated/translation elongation
factor EF1B; UMA, ubiquitin associated protein-1-MVB12 associated.



Fig. 4. Neighbor-joining phylogenetic trees of the ESCRT-I components VPS37 (A) and
MVB12 (B). The rooted tree of VPS37 was constructed with the conserved Modr
domain as shown in Fig. 3. Bootstrap confidence values greater than 30% are indicated
on the branches. Accession numbers for amino acid sequences are listed in
Supplemental Table S1.
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Mod(r) (modifier of rudimentary) domain of approximately 150 aa.
Among the human VPS37 genes, the N-terminus of VPS37A con-
tains the NTH but no proline-rich region in the C-terminal region. In
contrast, the C-termini of VPS37B, C, D each contain a proline-rich
domain (PRD), but of varying lengths (70e180 aa), but no NTH
domain in the N-terminal region (Fig. 3A, Human). In insect ge-
nomes, two homologs of VPS37 were identified (Table 1, Figs. 3A
and 4A). Unlike human VPS37A, no NTH domain is present at the
N-termini of insect VPS37A homologs, except for those of
T. castaneum and A. pisum. Generally, the length of the N-terminal
region of insect VPS37A proteins is substantially shorter than that
of human VPS37A, except for that from the Hymenoptera (Figs. 3A
and S1). The domain structure of insect VPS37B is similar to that of
human VPS37B, C, D, although the predicted C-terminal PRD
domain of insect VPS37B is reduced in size, to only approximately
20e40 aa (Fig. 3A). Based on the conserved Mod(r) domain se-
quences, phylogenetic analysis showed that VPS37 forms two
distinct groups. Group I consists of insect VPS37A, while group II
includes human VPS37 proteins and insect VPS37B (Fig. 4A). Insect
VPS37A and VPS37B are distantly related. Amino acid sequence
identities between insect VPS37A and VPS37B from the same spe-
cies are relatively low, ranging from 18 to 28%, while the identities
between insect VPS37B vs. human VPS37B, C, and D range from 23
to 32%. MVB12. We identified only one ortholog of MVB12 among
all of the sequenced insect genomes examined. The insect MVB12
orthologs share a similar domain architecture with yeast and
humans MVB12. Each insect MVB12 contains an N-terminal MABP
(MVB12-associated beta-prism) domain and a C-terminal UMA
domain (Fig. 3B). In contrast, human UBAP1, which was recently
characterized as a new component of ESCRT-I (Stefani et al., 2011),
contains a UMA and two UBA (Ubiquitin-associated/translation
elongation factor EF1B) domains (Fig. 3B, UBAP1). Recent studies
indicate that the MABP domain of MVB12 may be involved in
binding of ESCRT-I to acidic phospholipids and proteins (Boura and
Hurley, 2012). Notably, we failed to identify an ortholog of MVB12
in C. quinquefasciatus. Given the high conservation, this might be
due to an absence of the gene from the available genome assembly.
The sequence identities of predicted human and insect MVB12
proteins to that of yeast are relatively low, only about 9e19%. In
addition, yeast MVB12 contains only a partial MABP domain, and
lacks the C-terminal UMA domain (Fig. 3B). Phylogenetic analysis
showed that insectMVB12 represents a lineage distinct from that of
humans. The amino acid sequence variation between MABP and
UMA domains resulted in low confidence bootstrap values for
several nodes on the MVB12 gene family phylogeny (Fig. 4B). The
other two subunits of ESCRT-I, VPS23/Tsg101 and VPS28, are very
highly conserved among yeast, most insects, and humans (Fig. S1),
sharing similar predicted domain structures. Divergent sequences
were observed for Tsg101 from B. mori and D. plexippus. In the
predicted Tsg101 proteins of both B. mori and D. plexippus,
approximately 90 N-terminal amino acids are absent, and both
contain only a partial UEV domain. In contrast, the Tsg101 from
M. sexta is highly similar in domain structure to those proteins from
other insects and humans (Fig. S1, VPS23/Tsg101).

3.1.3. ESCRT-II
ESCRT-II cooperates with ESCRT-I to promote membrane

budding in the biogenesis of MVBs, but the ESCRT-II complex may
not be required for cytokinesis and viral budding (Henne et al.,
2011; Hurley, 2010; McCullough et al., 2013). In some well-
studied cases of viral budding, ESCRT-I independently recruits
ESCRT-III, the membrane scission machine, to the sites of viral
budding and scission of the newly formed virus particle (Hurley
and Hanson, 2010; Votteler and Sundquist, 2013). Also, recent
data suggest that ESCRT-II is involved in HIV-1 genomic RNA
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trafficking and assembly (Ghoujal et al., 2012). ESCRT-II is a Y-
shaped heterotetramer consisting of a 1:2:1 ratio of VPS22 (ELL-
associated protein of 30 kDa, or EAP30 in mammals), VPS25
(EAP20), and VPS36 (EAP45) (Hierro et al., 2004; Teo et al., 2004).
Two subunits of VPS25 comprise the extended arms of Y-shaped
ESCRT-II, while VPS22 interacts with VPS36 to form the base of the
Y (Henne et al., 2011; Hurley, 2010; Teo et al., 2004). All three
components of ESCRT-II from yeast, insects, and humans, are
extremely well-conserved (Figs. 5 and S1). One exception is VPS36
from Pediculus corporis, which appears to be truncated by 135 aa at
the N-terminus (containing no GLUE domain) and with an addi-
tional 148 aa at the C-terminus (Fig. 5, VPS36; Fig. S1). The common
feature of ESCRT-II components is that they contain two tandem
winged-helix (WH) motifs in the C-terminal region (Fig. 5). The
exact role(s) of the WH motifs are not clear. The WH motifs likely
are involved in interactions of subunits or in mediating ESCRT-II
interactions with other ESCRT complexes, as it was previously
demonstrated that the WH2 motif of VPS25 is the binding site of
ESCRT-III subunit VPS20 (Teo et al., 2004). VPS22 also contains an
N-terminal helical domain (ND) (Fig. 5), but the function of that
domain is not clear (Hierro et al., 2004; Teo et al., 2004). The N-
terminal region of about 140 aa in VPS36 from yeast, insects, and
humans, consists of a “GLUE” (GRAM-like ubiquitin-binding in
EAP45) domain, which is responsible for interaction with ubiquitin
and for binding of PI3P (Hierro et al., 2004; Teo et al., 2006, 2004).
The latter electrostatic interaction recruits ESCRT-II to the endo-
some membrane (Hierro et al., 2004; Teo et al., 2004). In yeast, two
NZF (Npl4-type zinc finger) motifs (NZF1, NZF2) are inserted into
the GLUE domain of VPS36. NZF1 directs the interaction of VPS36
with VPS28, while NZF2 binds with ubiquitin (Gill et al., 2007; Teo
et al., 2006). The NZF motifs are absent in the orthologs of VPS36
from insects and humans (Fig. 5). However, as mentioned above,
the GLUE domain of human VPS36 retains a ubiquitin-binding ac-
tivity and also functions in cargo recognition (Teo et al., 2006).

3.1.4. ESCRT-III
ESCRT-III is a dynamic complex, which functions as a “scissor”

required for membrane scission and vesicle release (Henne et al.,
2011; Hurley, 2010; Hurley and Hanson, 2010; Peel et al., 2011;
Fig. 5. Domain organization of ESCRT-II components VPS22, VPS25, and VPS36. The
illustration shows the approximate sizes and the predicted domains/motifs found in
VPS22, VPS25 and VPS36 proteins. Abbreviations: GLUE, GRAM-like ubiquitin-binding
in EAP45; ND, N-terminal helical domain; NZF, Npl4-type zinc finger; WH, winged
helix. Accession numbers for amino acid sequences are listed in Supplemental Table S1.
Saksena et al., 2009; Wollert et al., 2009). In yeast, the core sub-
units of ESCRT-III are VPS2, VPS20, VPS24, and VPS32/Snf7 (Babst
et al., 2002; Saksena et al., 2009; Wollert et al., 2009). The ortho-
logs of these components in mammals are called charged multi-
vesicular body proteins (CHMPs) and are named CHMP2, CHMP6,
CHMP3, and CHMP4, respectively (Henne et al., 2011; Hurley, 2010;
Saksena et al., 2009;Wollert et al., 2009). Multiple isoforms of these
proteins were identified in humans, which includes two isoforms of
CHMP2 (CHMP2A, B), three isoforms of CHMP4 (CHMP4A, B, and C),
and three isoforms of CHMP3 (isoforms 1e3) (Fig. 6AeC, Table 1). In
insect genomes, gene expansion was only observed for CHMP2
(Table 1). While all insect species examined had an ortholog of
human CHMP2A, we identified an ortholog of human CHMP2B in
only a few insect species, which includes the 3 Lepidopteran spe-
cies plus P. corporis, T. castaneum, and D. melanogaster (Table 1;
Fig. S1). Sequence analysis indicated that the core components of
ESCRT-III are extremely well-conserved in insects (Fig. S1). Amino
acid sequence identities for ESCRT III subunits among the insect
species were 74e98% (CHMP2A), 53e95% (CHMP2B), 45e86%
(VPS20/CHMP6), 60e92% (VPS24/CHMP3), and 62e96% (Snf7/
CHMP4) (Fig. S1). Further phylogenetic analysis showed that in
insects and humans VPS2A/CHMP2A genes are closely related to
VPS2 of S. cerevisiae. They form a distinct group from VPS2B/
CHMP2B (Fig. 6A). Even though VPS2 orthologs come from an un-
known common ancestral gene, they may have evolved indepen-
dently and have divergent functional role(s). The three isoforms of
human CHMP3 are grouped on the same branch with the VPS24
ortholog of P. corporis (Fig. 6B). In addition, phylogenetic analysis
indicated that insect orthologs of VPS32/Snf7 are closely related to
human CHMP4B, C (Fig. 6C). ESCRT-III core components contain a
five-helix core at their N-terminus. The first two helixes are basic
and responsible for membrane binding, and the following three
helixes are acidic. After the helix core domain, there is a variable
region, which is involved in autoinhibition of ESCRT-III subunits
(Bajorek et al., 2009; Hurley, 2010; Lata et al., 2008). At the C-ter-
minus, the core components contain a conserved MIM (MIT-inter-
acting motif), which is critical for VPS4 binding (Bajorek et al.,
2009; Stuchell-Brereton et al., 2007). Recent data demonstrate
that VPS20, VPS24, and Snf7 consist of the membrane scission core,
while VPS2 mediates coupling the scission complex to VPS4
(Hurley, 2010; Saksena et al., 2009). The high sequence and domain
structure conservation of ESCRT-III core components in yeast, in-
sects, and humans (Fig. S1), reflect the importance of the mem-
brane scission role of ESCRT-III and demonstrate its conservation
during evolution. However, the existence of multiple isoforms for
these core components in humans could imply divergent species-
and/or tissue-specific functions of ESCRT-III in mammals. In addi-
tion to the core components, ESCRT-III also includes the accessory
proteins VPS46 and VPS60 (CHMP1 and CHMP5 in mammals,
respectively) (Shestakova et al., 2010). In prior studies, depletion of
VPS46 and VPS60 did not show a severe defect in cargo sorting and
vesicle trafficking (Raymond et al., 1992) and both proteins are
known to interact with Vta1 and ESCRT-III. Thus, theymay function
in recruiting and activating the VPS4-Vta1 complex, and promoting
disassembly of ESCRT-III, but perhaps in a non-essential manner
(Lottridge et al., 2006; Yang et al., 2012). In Drosophila, CHMP1 was
found to be essential for the regulation of epidermal growth factor
receptor (EGFR) signaling (Valentine et al., 2014). Only a single
VPS60 (CHMP5) is found in yeast, and single highly conserved
orthologs were identified in insects and humans (Table 1, Fig. S1).
Two isoforms of VPS46 exist in humans (CHMP1A and CHMP1B,
Table 1) and the functional difference between these isoforms is not
clear. In insects, only a single ortholog of CHMP1 was found
(Table 1). Insect CHMP1 shares 42e44% amino acid identity with
VPS46 of yeast, and 47e51% and 68e76% with CHMP1A and



Fig. 6. The neighbor-joining phylogenetic trees of the ESCRT-III components VPS2 (A), VPS24 (B), VPS32 (C), and VPS46 (D). Bootstrap confidence values greater than 30% are
indicated on the branches. Accession numbers for amino acid sequences are listed in Supplemental Table S1.
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CHMP1B of humans, respectively. Phylogenetic analysis also sug-
gested that insect CHMP1(VPS46) is more closely related to human
CHMP1B than to CHMP1A (Fig. 6D).
3.1.5. VPS4eVta1 complex
The VPS4eVta1 complex functions as a recycling machine to

disassemble ESCRT-III (Lata et al., 2008; Stuchell-Brereton et al.,
2007). In the VPS4eVta1 complex, VPS4 is a class I AAA (ATPase
associated with various cellular activities) ATPase (Babst et al.,
1997). In its active state, VPS4 assembles into a stable dodecamer
of two hexameric rings and then complexes with Vta1 (Monroe
et al., 2014; Yang and Hurley, 2010). VPS4 captures ESCRT-III
through the interaction of its N-terminal MIT (microtubule-inter-
acting and transport) domain with MIMmotifs of the core subunits
of ESCRT-III (Lata et al., 2008; Stuchell-Brereton et al., 2007). There
is a single VPS4 gene in yeast and insects, but two isoforms of VPS4
exist in humans. The two human VPS4 proteins (VPS4A and B) are
81% identical and share about 62% and 75e79% amino acid identity
with that of yeast and humans, respectively. Disruption of VPS4
function caused tumor growth in Drosophila (Rodahl et al., 2009).
Expression of hydrolysis mutant VPS4 E231Q in Lepidopteran
Spodoptera frugiperda Sf9 cells resulted in the similar class E
phenotype as observed in yeast and mammalian cells (Li and
Blissard, 2012). Vta1 (LIP5 in mammals) is an active regulator of
VPS4 (Azmi et al., 2008). Vta1 binds to VPS4 through its C-terminal
VSL domain (Skalicky et al., 2012), and binds to ESCRT-III through
its N-terminal MIT domain (Shim et al., 2008; Skalicky et al., 2012).
Although deletion of Vta1 in yeast did not cause a severe defect in
vesicle trafficking or morphological change of vacuole (Azmi et al.,
2006), Vta1 was found to promote VPS4 oligomerization, activate
VPS4 ATPase, and accelerate ESCRT-III disassembly (Azmi et al.,
2006; Hurley, 2010; Lottridge et al., 2006). Vta1 is also highly
conserved in yeast, insects, and humans, including its N-terminal
two MIT domains and the C-terminal VSL domain (Fig. S1, Vta1).
3.1.6. Bro1/Alix
In addition to the essential subcomplexes described above, the

ESCRT system also includes the accessory protein Bro1 (Alix in
mammals) (Bissig and Gruenberg, 2014; Henne et al., 2011; Hurley,
2010). In yeast, Bro1 was originally identified as a class E VPS
protein (VPS31). Yeast Bro1 shows 17e21% identity with Alix of
insects and humans, while the orthologs of Alix of insects are
39e46% identical to that of humans. Bro1 and Alix share a similar
domain structure organization. Both proteins contain a Bro1
domain at their N-terminus, a central coiled-coil motif that forms a
V-shaped domain, and a C-terminal proline-rich (PR) domain
(Fig. S1, VPS31/Alix). The Bro1 domain is involved in the interaction
of Bro1/Alix with the ESCRT-III subunit Snf7/CHMP4 (McCullough
et al., 2008). Functional differences between Bro1 and Alix were
identified in yeast and humans. Bro1 is required for ESCRT-
dependent ubiquitinated cargo sorting and MVB biogenesis,
whereas Alix is mainly involved in cytokinesis (Bissig and
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Gruenberg, 2014). Additionally, in many cases Alix is also involved
in viral budding from the plasmamembrane. The PR domain of Alix
is responsible for interaction with midbody protein CEP55 (Lee
et al., 2008), apoptotic protein ALG-2 (Missotten et al., 1999), and
the ESCRT-I subunit Tsg101 (Falguieres et al., 2008). Therefore,
these interactions link Alix with cell abscission, apoptosis, and
probably with intracellular vesicle formation (Bissig and
Gruenberg, 2014; Hurley, 2010). In the case of viral budding, the
V-domain of Alix is known to interact with the so-called “late-
budding motif” YPXnL (n < 4) in viral proteins to promote virus
budding, by recruiting ESCRT-III to virus budding sites (Fujii et al.,
2007; Votteler and Sundquist, 2013).

3.2. VPS-C complexes: CORVET and HOPS

The VPS-C tethering complexes CORVET and HOPS are mainly
associated with endosomes and vacuolar lysosomes (Fig. 1)
(Nickerson et al., 2009). Both CORVET and HOPS contain the VPS-C
core subcomplex, which is composed of class C VPS proteins VPS11,
VPS16, VPS18, and VPS33. In addition to the four shared proteins,
CORVET contains two VPS21/Rab5-binding subunits, VPS3 and
VPS8, whereas HOPS contains two Ypt7/Rab7-binding subunits,
VPS39 and VPS41 (Balderhaar and Ungermann, 2013; Brocker et al.,
2012; Kummel and Ungermann, 2014; Nickerson et al., 2009;
Solinger and Spang, 2013). Additionally, a low abundance of inter-
mediate complexes of CORVET and HOPS (which consist of VPS-C
core and VPS39-VPS8 and VPS3-VPS41) have also been isolated
(Peplowska et al., 2007).

By binding to activated VPS21/Rab5-GTP, CORVET is recruited to
the endosome membrane, where it binds to SNARE proteins pep12
and others through VPS33 and VPS41 subunits (Balderhaar and
Ungermann, 2013; Peplowska et al., 2007). Through collaboration
with the SNARE complex, CORVET promotes the fusion of endocytic
and Golgi-derived vesicles with the endosome (Balderhaar et al.,
2013; Balderhaar and Ungermann, 2013; Hong and Lev, 2014;
Nickerson et al., 2009). However, details of the interactions be-
tween CORVET and SNARE complex proteins are not clear.
Currently, concepts on the functions of VPS-C tethering complexes
Table 2
Properties of the tethering complexes.

Complex Subunits Functional perspectives

Yeast Human Insects Functional roles Membrane bind

VPS-C core VPS11 VPS11 þ VPS-C core Through interac

VPS16 VPS16A þ
VPS16B þ

VPS18 VPS18 þ

VPS33 VPS33A þ
VPS33B þ

CONVET VPS3 ? ? Adapter complex Through interac
VPS8 VPS8 þ

HOPS VPS39 VPS39 þ Adapter complex Through interac
TRAP-1

VPS41 VPS41 þ

GARP VPS51 Ang2 þ Through interac
VPS52, Arl1 withVPS52 Are1 þ

VPS53 HCCS1 þ
VPS54 HCC8 þ

? unknown ortholog in insects and humans.
are derived from studies of HOPS complexes (Balderhaar and
Ungermann, 2013). Through its interaction with Ypt7/Rab7, HOPS
is recruited to endosome and lysosome membranes, where HOPS
specifically interacts with vacuolar SNARE components consisting
of Vam3, Vam7, Vti1 and Nyv1 via VPS-C core subunits VPS16,
VPS18, and VPS33 (Brocker et al., 2012; Kramer and Ungermann,
2011; Lobingier and Merz, 2012). By promoting vacuolar SNARE
complex assembly, HOPS protects the trans-SNARE complex from
disassembly by Sec17/a-SNAP and Sec18/NSF, and accelerates
endosome-vacuolar lysosome fusion (Hong and Lev, 2014;
Lobingier et al., 2014; Xu et al., 2010). It was also found that
VPS41 interacts with API5, a subunit of AP-3 complex. This inter-
action and other evidence suggest that the HOPS complex is
required for AP-3-dependent vesicle transport from Golgi to the
vacuole (Angers andMerz, 2009). Additionally, HOPS interacts with
Syntaxin17 (Syn17), an autophagosome SNARE protein, to promote
the fusion of autophagosomes with lysosomes in Drosophila (Takats
et al., 2014).

The components of CORVET and HOPS are evolutionary
conserved. The VPS-C core subunits VPS11 and VPS18 have ortho-
logs in insects and humans (Table 2, Fig. S1). They share 19e45%
and 34e42% amino acid identity between insects and humans,
respectively. Two isoforms of VPS16 (VPS16A and VPS16B/SPE-39)
and VPS33 (VPS33A and VPS33B) were identified in insects and
humans (Table 2). It was found that VPS33A interacts with VPS16A
and functions in endolysosomal fusion, whereas the interaction of
VPS33B and VPS16B is required for phagocytosis and early endo-
some fusion (Akbar et al., 2009; Zhu et al., 2009). The corre-
sponding orthologs of VPS8 and VPS41, were also found in insects
and humans (Table 2, Fig. S1). In addition, two VPS39 homologs
were reported in mammals (VPS39/Vam6 and TRAP-1, trans-
forming growth factor-beta receptor-associated protein 1)
(Nickerson et al., 2009). However, only a single ortholog of VPS39/
Vam6 was identified in insects (Table 2). In addition, we did not
identify an ortholog of VPS3 in insects and humans. A VPS3
ortholog is also absent from the Caenorhabditis elegans genome
(Nickerson et al., 2009). Presently, it is not yet clear whether TRAP-
1 may be a functional homolog of VPS3, or whether a homolog of
ing Motif/domain Interactions

tion with the adapter complexes a-solenoid, b-propeller
Ring finger

VPS11eVPS18
VPS11eVPS16
VPS11eVPS3

a-solenoid, b-propeller VPS16eVPS33

a-solenoid, b-propeller
Ring finger

VPS18eVPS8

SM VPS33-SNAREs

tion with Rab5-GTP a-solenoid, b-propeller VPS3-Rab5
a-solenoid, b-propeller
Ring finger

VPS8-Rab5

tion with Rab7-GTP a-solenoid, b-propeller VPS39-Rab7

a-solenoid, b-propeller VPS41-Rab7

tion of Ypt6/Rab6 with
VPS53

CC
CC VPS52-Ypt6/Rab6
CC VPS53-Arl1
CC
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VPS3 with low sequence identity has yet to be identified. Except for
VPS33, the components of CORVET and HOPS are similar in their
secondary structures, containing a predicted b-propeller at their N-
termini and a-solenoid in the C-terminal region. Additionally, VPS8,
VPS11, and VPS18 also contain a Ring finger motif at their extreme
C-terminus, which may function as an E3 ubiquitin ligase domain
(Table 2, Fig. S1) (Nickerson et al., 2009; Plemel et al., 2011). VPS33
is a Sec1/Munc18 (SM) family member (Lobingier et al., 2014). Both
of the VPS33 isoforms (VPS33A and VPS33B) contain two predicted
Sec1 (secretory blood group 1) domains (Fig. 7). Some insect spe-
cies have only partial sequences of orthologs of CORVET and HOPS
components. For example, the VPS39 ortholog of D. plexippus lacks
approximately 130 N-terminal amino acids and approximately 80
C-terminal amino acids. Similarly, VPS39 of A. aegypti lacks
approximately 380 aa from the N-terminus. VPS18 of
C. quinquefasciatus also lacks approximately 430 aa from the N-
terminus. Future studies should reveal whether these observed
differences represent functional adaptations, or whether they may
simply result from frame shift or other errors in the available
genome assemblies.
3.3. The retromer complex

The retromer complex was originally identified in yeast as an
endosome-to-Golgi retrieval machinery. Retromer is essential to
retrieve vacuolar hydrolase receptors from endosome to Golgi and
maintain the homeostasis of hydrolase receptors in the trans-Golgi
network (TGN) (Fig. 1) (Attar and Cullen, 2010). Available data
suggest that retromer also mainly functions in retrieving cargo
proteins from endosome-to-TGN in mammalian cells, but this
complex is also required for endosome-to plasma membrane
sorting and cell signaling regulation (Attar and Cullen, 2010;
Seaman, 2012). Recently, retromer was also found to be required
for recruiting the WASH complex, which mediates formation of
branched actin patches providing the sorting platform in endo-
somes (Seaman et al., 2013).

In yeast, retromer is a hetero-pentameric complex consisting of
five VPS proteins (VPS5, VPS17, VPS26, VPS29, and VPS35) (Attar
and Cullen, 2010; Seaman, 2012) (Table 3). Biochemically and
phenotypically, retromer can be dissected into two subcomplexes:
cargo-selective trimer (VPS26, VPS29, and VPS35) and membrane-
deforming heterodimer (VPS5 and VPS17) (Seaman, 2012). The
components of the cargo-selection complex are highly conserved in
yeast, insects and humans (Fig. S1, Table 3). They share 43e75%
(VPS26), 47e87% (VPS29), and 34e70% (VPS35) amino acid identity
among different kingdoms, respectively (Fig. S1). In humans, two
VPS26 proteins (VPS26A, VPS26B) encoded by separate genes exist
(Kerr et al., 2005). Both VPS26 proteins function as part of the
cargo-selection trimer, and produce two cargo-selection sub-
complex variants (VPS26A-VPS35-VPS29, VPS26B-VPS35-VPS29)
(Bugarcic et al., 2011). Tissue-specific function and distinct
Fig. 7. Domain organization of the VPS-C complex core component VPS33. The scheme
shows the approximate sizes and the predicted domains/motifs of VPS33. Abbrevia-
tions: Sec1, secretory blood group 1. Accession numbers for amino acid sequences are
listed in Supplemental Table S1.
intracellular distribution of VPS26 isoforms in mammals suggest
that the VPS26 gene expansion diversifies the function of retromer
(Bugarcic et al., 2011). Our analysis indicated that there is only a
single VPS26 in M. sexta and in insects in general. The VPS26
orthologs contain a highly conserved N-terminal arrestin domain,
but VPS26 proteins from different species contain a variable C-
terminus (Fig. S1, VPS26). Distinguished from the other VPS26
proteins, the C-termini of VPS26 proteins from Dipteran and Lepi-
dopteran insects are extended by 70e290 aa (Fig. S1, VPS26). It is
known that VPS26 interacts with VPS35, which is the cargo
recognizing subunit (Seaman, 2012). Recent studies also demon-
strate that VPS26 can bind to retromer cargo protein SorLA,
implying that VPS26 is also involved in cargo sorting (Fjorback
et al., 2012). It is not clear whether the sequence variations at the
C-terminus of VPS26 are related to the cargo binding specificity or
capacity. VPS29 interacts with VPS5 and VPS35 to bridge the cargo-
selection and membrane-bending subcomplexes of retromer
(Seaman, 2012). VPS35 is the core of the cargo-selection complex
and is directly involved in cargo binding (Attar and Cullen, 2010;
Seaman, 2012). VPS29 and VPS35 are well-conserved among
yeast, insects, and humans, including the extremely conserved
VPS26 interaction motif “PRLYL” within the N-terminus of VPS35
(Fig. S1, VPS35). Compared with VPS29 and VPS35 from the other
species, the orthologs from H. saltator, A. mellifera, and D. plexippus
contain substantial variations in sequence length in various por-
tions of these predicted proteins (Fig. S1). Because of the critically
important functions of these proteins and the high degree of con-
servation from yeast to insects to humans, it is not clear whether
these are true variations in the proteins or simply result from
sequence assembly issues.

The components of the membrane-deforming subcomplex are
also highly conserved, but are more variable than that of the cargo-
selection subcomplex. In humans, two orthologs each of yeast VPS5
and VPS17 exist as SNX1 (sorting nexin 1) and SNX2, SNX5 and
SNX6, respectively. However, in insects, we identified one ortholog
each of SNX1/SNX2 and SNX5/SNX6 (Table 3, Fig. 8). VPS5, VPS17,
and SNX proteins are members of the sorting nexin family (Attar
and Cullen, 2010; Koumandou et al., 2011) and they all contain a
PX (Phox homology) domain and a C-terminal BAR (Bin, Amphi-
physin, Rvs) domain. However, SNX1 and SNX2 of humans also
contain an SNX-N (sorting nexin N-terminal) domain, which has an
unknown function (Attar and Cullen, 2010). Domain structure
analysis shows that the SNX-N domain is absent in yeast VPS5 and
its orthologs in insects. In addition, the N-terminal length of insect
SNX is generally shorter than that of human SNX1/SNX2, by
approximately 20e60 aa (Figs. 8A and S1).

Phylogenetic analyses showed that insect orthologs of VPS5,
VPS17, and VPS26 have similar evolutionary relationships to human
orthologs: insect orthologs all form a clade on the phylogenetic
tree, distinct from that of humans (Figs. 8C, D and 9).

3.4. GARP complex

GARP is a heterotetramer tethering complex, which is pre-
dominantly associated with the trans-golgi network (TGN, Fig. 1),
where it cooperates with SNARE (soluble NSF attachment protein
receptor) complexes to promote the fusion of endosome-derived
vesicles to TGN (Bonifacino and Hierro, 2011; Brocker et al., 2010).
The retrieval function of GARP is essential and required for recy-
cling receptors for vacuolar/lysosomal hydrolase precursors,
transmembrane proteins, and SNARE proteins (Bonifacino and
Hierro, 2011). Recent data demonstrate that the GARP complex is
also involved inmicroRNA-mediated gene regulation (Vasquez-Rifo
et al., 2013). In yeast, GARP is composed of VPS51, VPS52, VPS53,
and VPS54 (Bonifacino and Hierro, 2011). Except for VPS51, these



Table 3
Properties of the retromer system.

Complex Subunits Functional perspectives

Yeast Human Insects Functional roles Lipid binding Motif/domain Subunits
interactions

Membrane-bending
complex

VPS5 SNX1
SNX2

þ Membrane deformation with PtdIns3P via
PX domain

PX, BAR
SNX-N

VPS5eVPS17
SNX1eSNX5/6
SNX2eSNX5/6VPS17 SNX5 þ PX, BAR

SNX6

Cargo selection
complex

VPS26 VPS26A
VPS26B

þ Cargo recognition
and selection

Through interactions
with Rab7 and/or SNX3

Arrestin VPS26eVPS35

VPS29 VPS29 þ Calcineurin-like
phosphoesterase

VPS29eVPS35

VPS35 VPS35 þ PRLYL
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components, are highly conserved in yeast, insects, and humans
(Fig. S1). VPS51 orthologs from insects and humans are more
distantly related but have close similarities in the N-terminal region
(Figs. 10 and S1). A common feature for GARP components is the
presence of predicted coiled-coil (CC) motifs within the N-terminal
300 aa region (Fig. 10). These CC motifs may be involved in the
interactions of GARP subunits (Bonifacino and Hierro, 2011). In
addition, it was shown that the amino-terminal regions of VPS53
and VPS54 also bind to SNARE proteins Syn6, Syn16, and Vamp4
(Perez-Victoria and Bonifacino, 2009). Compared with the other
species examined, VPS51 of B. mori and M. sexta contain one
additional CC motif at their C-terminus. In the case of VPS53, the
other species examined contained 2e4 CC motifs, whereas B. mori
andM. sexta had only a single CC motif (Fig. 10). The observation of
Fig. 8. Domain organization (A, B) and the neighbor-joining phylogenetic trees (C, D) of the
the approximate sizes and the predicted domains/motifs of VPS5 (A) and VPS17 (B). (C, D)
viations: BAR, BIN-Amphiphysin-Rvs domain; PX, Phox homology; SNX, sorting nexin; SNX
listed in Supplemental Table S1.
the variations in CC motifs among the different GARP subunits from
different species is curious and will require future experimental
analysis to determine whether there are significant functional im-
plications associated with these differences.

3.5. Class III PI3K complex

PI3K enzymes phosphorylate position 3 within specific phos-
phoinositides (PtdIns). They are essential components of intracel-
lular signaling pathways and are involved in many different
biological processes. In higher eukaryotes, PI3K is divided in three
classes (I, II, III) based on the lipid substrate specificity. Among
them, class III PI3K (PI3K-III) has a substrate specificity that is
limited to PtdIns, generating PtdIns(3)P. PtdIns(3)P functions as
components of retromer membrane-deforming subcomplex. (A, B) The scheme shows
Bootstrap confidence values greater than 30% are indicated on the branches. Abbre-

-N, sorting nexin N-terminal domain. Accession numbers for amino acid sequences are



Fig. 9. The neighbor-joining phylogenetic tree of the Retromer core component VPS26.
Bootstrap confidence values greater than 30% are indicated on the branches. Accession
numbers for amino acid sequences are listed in Supplemental Table S1.
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targeting sites on the endomembrane for many proteins that are
involved in vesicle trafficking (Vanhaesebroeck et al., 2010, 1997).
Yeast have only class III PI3Ks, and they can be functionally
distinguished as two complexes (I, II). Both of the complexes
contain the PI3K-III core components VPS15, VPS34, and VPS30.
VPS15 is the regulatory subunit and forms a heterodimer with
VPS34, the catalytic subunit (Vanhaesebroeck et al., 2010). VPS30 is
the adapter subunit that promotes VPS15eVPS34 core assembly,
and also provides a binding platform for other proteins, such as
Atg14 (autophagy-related protein 14) (in PI3K-III complex I) and
VPS38 (in PI3K-III complex II). PI3K-III complex I plays essential
roles in autophagy, whereas complex II is involved in vacuole
protein sorting (Vanhaesebroeck et al., 2010). Similarly, mamma-
lian PI3K-III contains the VPS15eVPS34 core complex, but also
contains more adapter/regulatory subunits that permits it to carry
out a variety of functions. Recent data suggest that the
Fig. 10. Domain organization of the components of the GARP complex. The illustration
shows the approximate sizes and the predicted coiled-coil (CC) motifs of VPS51, VPS52,
VPS53 and VPS54. Accession numbers for amino acid sequences are listed in
Supplemental Table S1.
VPS15eVPS34-UVRAG (ultraviolet irradiation resistance-associated
gene, a putative ortholog of yeast VPS38) complex is mainly
involved in endosomal vesicle trafficking, while complexes con-
taining the VPS15eVPS34 core plus other proteins, such as Beclin 1
and Atg14L (homologs of VPS30 and Atg14 in yeast, respectively)
function in regulating autophagy (Thoresen et al., 2010;
Vanhaesebroeck et al., 2010). Our analysis revealed that the PI3K-
III core VPS15eVPS34 and the essential adapter/regulator pro-
teins VPS30/Beclin1 are also highly conserved in insects (Fig. S1,
VPS30/Beclin1), even though some insect sequences contained
substantial gaps, possibly representing genome assembly errors.
However, VPS38/UVRAG, a key regulator of endosomal trafficking
and autophagy (Pirooz et al., 2014), shows a high level of diver-
gence between yeast, insects, and humans (Fig. S1, VPS38/UVRAG).
The amino acid identity of VPS38/UVRAG between insects and
yeast is only 9e13%, and between insects and humans is 13e21%.
The amino acid sequence identity of VPS38/UVRAG even within
insect species is only 15e67%. Recent data indicate that PI3K-III
plays critical roles in regulation of membrane protein location in
Drosophila wing cells (Abe et al., 2009).

3.6. Other characterized VPS genes

In addition to the above mentioned complexes composed of VPS
proteins, several additional VPS proteins have been well charac-
terized. One is VPS1 and its ortholog, Dynamin in humans. VPS1/
Dynamin is a GTPase associated with microtubules, that is required
for the scission of clathrin-coated vesicles from the plasma mem-
brane (Ferguson and De Camilli, 2012; Morlot and Roux, 2013;
Vater et al., 1992). VPS1/Dynamin consists of a GTPase domain,
the stalk, a pleckstrin homology (PH) domain, a GTPase effector
domain, and the C-terminal proline-rich domain. These domains
hydrolyze GTP, transmit conformation and mediate oligomeriza-
tion, bind to membranes, and interact with regulatory proteins
(Faelber et al., 2012; Ferguson and De Camilli, 2012; Morlot and
Roux, 2013). In mammals, three Dynamin isoforms are encoded
by different genes. Dynamin 1 and 3 are highly expressed in neu-
rons and brain, respectively, while Dynamin 2 is expressed ubiq-
uitously. Only a single dynamin genewas identified in invertebrates
(Ferguson and De Camilli, 2012; van der Bliek and Meyerowitz,
1991) and our analysis showed that insect genomes contain only
one ortholog of Dynamin. Insect Dynamin shares a high level of
conservation with yeast VPS1 and human Dynamin proteins
(Fig. S1, VPS1/Dynamin). As expected, phylogenetic analysis in-
dicates that insect orthologs of Dynamin form a lineage that is
distinct from that of humans (Fig. 11A).

VPS6 and VPS43 and theirmammalian orthologs Syntaxin-7 and
SNAP-25 are members of the SNAREmembrane fusion system. Both
proteins are essential and required for fusion of endocytic traf-
ficking vesicles with the prevacuolar compartment/late endosome
and/or the vacuole/lysosome (Becherer et al., 1996; Nakamura et al.,
2000; Ungermann and Wickner, 1998). Amino acid sequence
alignments revealed that VPS6/Syntaxin-7 and VPS43/SNAP-25 are
highly conserved in yeast, insects, and humans (Fig. S1, VPS6 and
VPS43). The insect orthologs of these two proteins share about
36e44% (Syntaxin-7) and 56e62% (SNAP-25) identities with the
human proteins. They also share relatively low amino acid identi-
ties, about 17e21% and 14e18%, with the yeast VPS6 and VPS43
proteins, respectively. The cysteine-rich domain of SNAP-25 is
required for the palmitoylation of SNAP-25 and the anchoring of
SNAP-25 to membrane (Greaves et al., 2010), is also very highly
conserved in the insect orthologs of VPS43/SNAP-25 (Fig. S1,
VPS43).

VPS10 is a sorting receptor for vacuolar hydrolases. In the trans-
Golgi network, VPS10 interacts with hydrolases (such as



Fig. 11. The neighbor-joining phylogenetic trees of VPS1 (A) and VPS10 (B). Bootstrap confidence values greater than 30% are indicated on the branches. Accession numbers for
amino acid sequences are listed in Supplemental Table S1.

Fig. 12. Domain organization of VPS9 and its ortholog Rabex5. The illustration shows
the approximate sizes and the predicted domains/motifs of VPS9/Rabex5 orthologs.
Abbreviations: CC, coiled-coil; CUE, ubiquitin system component cue; ZF, zinc finger.
Accession numbers for amino acid sequences are listed in Supplemental Table S1.
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carboxypeptidase Y) and the VPS10-hydrolase complex is trans-
ported to prevacuolar compartments. After releasing the hydrolase,
VPS10 is recycled back to the TGN (Hermey, 2009). In mammals,
five proteins (Sortilin, SorCS1, SorCS2, SorCS3, and SorLA) were
identified as VPS10 orthologs, and these mammalian VPS10
orthologs also function as sorting receptors for delivery of ligands
from the TGN to the late endosome and/or lysosome (Hermey,
2009). Our analysis showed that only the ortholog of SorLA is
present in the analyzed insect genomes (Figs. 11B and S1, VPS10).
The amino acid identities between SorLA orthologs of humans and
insects range from 30 to 39%. Identities between VPS10/SorLA
orthologs in insects and yeast are relatively low, ranging from 8 to
14%. Phylogenetic analysis further supports the closely evolutionary
relationship of insect orthologs of VPS10 and SorLA of humans
(Fig. 11B). Compared with the VPS10/SorLA orthologs of other in-
sects, M. sexta SorLA contains an additional approximately 240
amino acids at the N-terminus, plus several large insertions which
combined predict a protein >2400 amino acids larger than that of
the other insect species (Fig. S1, VPS10).

VPS13 is a class A protein that is required for trafficking of
membrane proteins to the vacuole and morphogenesis of prospore
membrane in yeast (Park and Neiman, 2012). In humans, four
VPS13 orthologs (VPS13A, VPS13B, VPS13C, and VPS13D) were
identified (Velayos-Baeza et al., 2004), but the functional roles of
these orthologs in humans are not clear. Comparative analysis
revealed that in insects, there are three VPS13 orthologs corre-
sponding to human VPS13A, VPS13B, and VPS13D (Fig. S1; VPS13A,
B, and D). Orthologs of VPS13A and VPS13D are highly conserved
between insects and humans with identities of approximately
25e36%. In contrast, the conservation of VPS13B is relatively low,
with identities ranging from 18 to 25%. In addition, we did not
identify orthologs of VPS13A and VPS13D in D. plexippus and
A. pisum genomes, and the ortholog of VPS13B also appears to be
absent in the A. pisum and P. corporis genomes.

VPS21 and its mammalian ortholog Rab5 are small Ras-like
GTPase proteins and are mainly associated with early endosomes
(Fig. 1). Activation of VPS21/Rab5 is mediated by the GDPeGTP
exchange factors (GEFs) VPS9 and its mammalian ortholog Rabex5,
respectively (Carney et al., 2006). In the active state, Rab5-GTP re-
cruits the tethering factors EEA1, Rabenosyn-5, and the CORVET
complex to ensure the proper association of cargo vesicles with
target membranes (Balderhaar et al., 2013; Kummel and
Ungermann, 2014; Peplowska et al., 2007). Rab5 also interacts
with endosomal SNAREs to promote fusion (Kummel and
Ungermann, 2014). Comparative analysis shows that VPS21/Rab5
is extremely conserved in yeast, insects, and humans (Fig. S1,
VPS21/Rab5). However, even though VPS9/Rabex5 from different
species are also highly conserved (Fig. S1, VPS9/Rabex5) and they
share the VPS9 core domain (Fig. 12), Rabex5 of insects and humans
contain an additional N-terminal zinc finger motif and a C-terminal
coiled-coil domain that are not present in yeast (Fig. 12, VPS9/
Rabex5). Instead VPS9 of S. cerevisiae contains a specific CUE
domain at its C-terminus, which is necessary for ubiquitin binding
(Carney et al., 2006). In addition, amino acid sequence alignment
showed that Rabex5 of humans contains an additional approxi-
mately 120 aa at the N-terminus, as compared with Rabex5 of yeast
and insects. The C-termini of insect Rabex5 proteins are more
variable and larger than that of the yeast and human proteins
(Fig. S1, VPS9/Rabex5). Uncovering the significance of these varia-
tions will require future experimental analyses.

VPS44/Nhx1 is an endosomal cation/proton exchanger that is
involved in evaluating the endosomal and vacuole pH. Nhx1 is
essential for vesicle trafficking during the stage of post multi-
vesicular body formation (Kallay et al., 2011). In mammalian cells,
NHE9 functions as the ortholog of Nhx1 (Kondapalli et al., 2013).
The orthologs of Nhx1/NHE9 are highly conserved in yeast, insects,
and humans (Fig. S1, VPS44/NHE9). Amino acid identities between
insect and human orthologs range from 49 to 54%, and that be-
tween insect and yeast orthologs range from 26 to 31%. Within
insect genomes, the Nhx1/NHE9 orthologs show 62e92% identity.
Compared with the other insect orthologs of Nhx1/NHE9, M. sexta
Nhx1/NHE9 lacks the C-terminal region of approximately 210e320
amino acids (Fig. S1, VPS44/NHE9).
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VPS45 is a class D protein involved in protein trafficking and in
humans, splice variants of VPS45 may serve several functions.
Similar to VPS33 (the core subunit of CORVET/HOPS complexes),
VPS45 is also a Sec1/Muc18 (SM) family protein and is required for
activating the assembly of endosomal SNARE complexes through
interaction with syntaxin Tlg2 and v-SNARE protein Snc2 (Hong
and Lev, 2014; Shanks et al., 2012). Orthologs of VPS45 are well
conserved across yeast, insects, and humans (Fig. S1, VPS45). They
share 33e38% amino acid sequence identity between yeast and
insects, 46e84% identity within insects, and 54e62% identity be-
tween insects and humans.

In yeast, VPS55 is a small protein of about 140 aa with four
predicted transmembrane domains (Belgareh-Touze et al., 2002). It
is mostly localized in late endosomes and forms a complex with
VPS68, which has no known ortholog in insects and humans. The
VPS55eVPS68 complex is required for endosomal trafficking in
yeast (Schluter et al., 2008). Depletion of either VPS55 or VPS68
disrupts recycling to the TGN (Belgareh-Touze et al., 2002; Schluter
et al., 2008). Interestingly, the human OB-RGRP protein (obesity
receptor gene-related protein), which is distantly related to VPS55,
was shown to complement the phenotypic defects of a VPS55
mutant (Belgareh-Touze et al., 2002). Our analysis showed that
VPS55 is also moderately well conserved between insects and
humans (Fig. S1, VPS55) and we did not identify an ortholog of
VPS68 in the M. sexta or other insect genomes.

VPS74 was originally characterized as a class A VPS protein
(Hedman et al., 2007). Recent data demonstrated that VPS74 and its
ortholog GOLPH3 in humans are associated with the cis-Golgi,
where it binds the cytosolic domains of mannosyltransferases
and promotes the targeting of these glycosyltransferases to Golgi,
and their incorporation into COPI-coated vesicles (Schmitz et al.,
2008; Tu et al., 2008). Binding of VPS74 with PtdIns(4)P is an
essential step for Golgi-localization of VPS74/GOLPH3 (Wood et al.,
2009). Alternatively, VPS74/GOLPH3 may also be involved in
dephosphorylation of PtdIns(4)P (Wood et al., 2012). Comparative
analysis revealed that the orthologs of VPS74/GOLPH3 are
extremely well-conserved in yeast, insects, and humans (Fig. S1,
VPS74). Insect VPS74 proteins share 40e42% and 70e75% amino
acid identity with those of yeast and humans, respectively.

3.7. Conclusions and perspectives

In eukaryotic cells, vesicular trafficking is essential for sorting
membrane cargo to different destinations, for recycling, and for
degradation. During trafficking processes, numerous protein com-
plexes participate in vesicle formation, transport, and fusion, in
order to accurately control each step andmaintain the integrity and
dynamics of themembrane system (Brighouse et al., 2010; Campelo
and Malhotra, 2012). Among these trafficking-related complexes
are ESCRT, CORVET, HOPS, retromer, GARP, and PI3K-III, which are
mainly composed of VPS proteins. Among the myriad roles of these
complexes are biogenesis of MVBs, regulating endolysosomal
fusion, recycling receptors to TGN, and targeting functional com-
plexes on specific target membranes (Bonifacino and Hierro, 2011;
Henne et al., 2011; Nickerson et al., 2009; Schuh and Audhya, 2014;
Seaman, 2012; Vanhaesebroeck et al., 2010). We compared a large
variety of VPS proteins across yeast, insect, and human genomes,
and across insect genomes representative of six insect orders.
Comparative genome analysis shows that these VPS protein com-
plexes are evolutionally conserved in yeast, insects, and humans. In
comparison with the yeast genome, VPS genes that encode com-
ponents of ESCRT, VPS-C complexes CORVET and HOPS, and retro-
mer are expanded into various isoforms in the human genome.
However, in the genomes of the six insect Orders examined, a
similar expansion was only observed for a few VPS genes, which
included VPS2 and VPS37 (subunits of ESCRT), and VPS16 and
VPS33 (subunits of VPS-C core). It is of special interest to note that
the VPS gene expansions and specific isoforms present within the
Insecta appear to be highly uniform across the insect Orders and
species examined, suggesting that this expansion predated or
occurred with the divergence of the Insecta.

It is well established that ESCRT, VPS-C complexes, and retromer
are crucial for endosomal sorting and trafficking. Considering the
tight regulation of endocytic and retrieval vesicle trafficking,
complexes such as the coat/adapter complexes, ESCRT, retromer,
and tethering complexes (CORVET, HOPS, and GARP) must coordi-
nate their functions through cross-talk in order to provide normal
cellular functions and maintain homeostasis. Compared with
studies of VPS proteins in yeast and mammals, little specific in-
formation is known regarding the functions of insect VPS orthologs.
Of particular interest are VPS proteins that are associated with gene
expansions in mammals, but not in insects. How these VPS proteins
accomplish their appropriate functions in insects, without the di-
versity provided by the gene expansions observed in mammals will
be of great interest and should be addressed experimentally. The
current study has provided a basis for addressing these questions.
Future detailed comparative studies of each VPS gene/protein and
their associated complexes will help to illuminate the network of
regulatory mechanisms controlling vesicular transport pathways in
eukaryotes, and specifically how invertebrates differ in their
regulation and function of these essential processes. These and
other studies will be important for understanding the molecular
mechanisms underpinning invertebrate cellular physiology, as
well as insect development, immunity, and pathogeneinsect
interactions.
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