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Abstract The endosomal compartment performs exten-
sive sorting functions in most eukaryotes, some of which
are accomplished with the help of the multivesicular body
(MVB) sorting pathway. This pathway depends on the
sequential action of complexes, termed the endosomal
sorting complex required for transport (ESCRT). After
successful sorting, the crucial step of recycling of the
ESCRT complex components requires the activation of the
AAA ATPase Vps4, and Did2/Vps46 plays an important
role in this activation event. The endolysosomal system of
the protozoan parasite Giardia lamblia appears to lack
complexity, for instead of having distinct early endosomes,
late endosomes and lysosomes, there are only peripheral
vesicles (PVs) that are located close to the cell periphery.
Additionally, comparative genomics studies predict the
presence of only a subset of the ESCRT components in G.
lamblia. Thus, it is possible that the MVB pathway is not
functional in G. lamblia. To address this issue, the present
study focused on the two putative orthologues of Did2/
Vpsd6 of G. lamblia as their function is likely to be pivotal
for a functional MVB sorting pathway. In spite of con-
siderable sequence divergence, compared to other eukary-
otic orthologues, the proteins encoded by both these genes
have the ability to function as Did2/Vps46 in the context of
the yeast ESCRT pathway. Furthermore, they also
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localized to the cellular periphery, where PVs are also lo-
cated. Thus, this report is the first to provide experimental
evidence indicating the presence of a functional ESCRT
component in G. lamblia by characterizing the putative
Did2/Vps46 orthologues.

Introduction

Several eukaryotic cellular functions require membrane
deformation and multiple mechanisms have evolved to
bring about this structural change. In one instance, com-
ponents of the endosomal sorting complexes required for
transport (ESCRT) machinery act sequentially to bring
about membrane deformation away from the cytoplasm
[24]. The ESCRT components were initially identified as
being involved in the sorting of selected proteins into the
lumen of the endosome of yeast Saccharomyces cerevisiae
[10]. The process entails the deformation of the endosomal
membrane away from the cytoplasm and into the endoso-
mal lumen, thus giving rise to compartments containing
intraluminal vesicles; such compartments are termed mul-
tivesicular bodies (MVB) [7]. Targeting of proteins into the
invaginating endosomal membrane is known as MVB
sorting. Subsequent studies have shown that besides MVB
sorting, the ESCRT machinery also functions in cytoki-
nesis, plasma membrane repair and enveloped virus bud-
ding, as all these processes also involve membrane
deformation away from the cytoplasm [5, 8, 16, 18].
Given the involvement of ESCRT machinery in such
fundamental cellular functions, the components of this
pathway have been identified in a wide variety of eukaryotic
lineages [12]. In fact, some orthologues have even been
described in the archaea Sulfolobus [23], indicating that
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during the course of evolution this machinery arose prior to
the bifurcation between the archaea and eukaryotes. Con-
sistent with the involvement of this pathway in receptor
downregulation, cell division and maintenance of lysosomal
function, ESCRT mutants have been shown to be associated
with neurodegenerative diseases and cancer [6].

The ESCRT machinery is subdivided into five com-
plexes (ESCRT-O0, -1, -II, -IIT and Vps4 complex) that are
sequentially recruited from the cytoplasm to the surface of
the endosomal membrane [1]. Many of these components
are present across all eukaryotic lineages [12]. The authors
were interested to determine if functional ESCRT compo-
nents exist in Giardia lamblia as it is one of the most
diverged eukaryotic model organisms. The subcellular or-
ganelle complexity of Giardia is considerably simplified. It
lacks classical mitochondria and Golgi [1]. Its endolyso-
somal system is also simplified with only peripheral vesi-
cles (PVs) performing functions of both the endosome and
lysosome [11]. Comparative genomic studies predict that
G. lamblia has only a subset of the components of the
ESCRT-II, -III and Vps4 complexes, with no obvious
orthologues of ESCRT-0 and -I [12]. Thus, given the
minimization at the level of both endocytic compartment
morphology and the putative ESCRT machinery, it is un-
clear if G. lamblia has a functional ESCRT-mediated MVB
sorting pathway.

For successful functioning of the MVB sorting pathway,
the ESCRT components must dissociate from the endoso-
mal surface for the completion of the vesicle invagination
into the lumen of the endosome. This dissociation of the
ESCRT components is carried out by the AAA ATPase
Vps4 [3, 25]. The membrane association and ATPase ac-
tivity of Vps4 is controlled by ESCRT components Vtal,
Istl and Did2/Vps46, which together constitute the Vps4
complex (also known as ESCRT-III-associated complex)
[2, 14]. BLAST analyses of the G. lamblia genome indi-
cated the presence of Vps4 and Did2/Vps46 orthologues
only [12, 14]. The absence of putative orthologues of Vtal
and Istl raises the interesting possibility that even if a
functional MVB sorting pathway is present in G. lamblia,
the machinery for ESCRT disassembly is likely to be
minimal. Thus the present study focuses on the putative
orthologues of Did2/Vps46 as their function is likely to be
pivotal for a functional MVB sorting pathway.

Herein the authors report that although the two Vps46
orthologues present in G. lamblia share limited sequence
identity with other well-characterized eukaryotic ortho-
logues, both proteins were successful in functionally
complementing the phenotypes caused by the deletion of
the DID2/VPS46 gene of S. cerevisiae. This indicated that
both the giardial proteins have the ability to function as
Did2/Vps46 in the context of the yeast ESCRT pathway.
Immunolocalization with antisera against one of the
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orthologues indicated distribution to regions of the cell
occupied by PVs. Since PVs are the only endolysosomal
compartments of G. lamblia, this localization pattern pro-
vides experimental support for the presence of functional
Vpsd6 orthologues in G. lamblia.

Materials and Methods
Bioinformatic Analyses

To search for the putative Vps46 protein of G. lamblia, we
have used the S. cerevisiae Vps46 protein sequence as
query to identify the Vps46 orthologues encoded by the G.
lamblia genome. Multiple sequence alignment was per-
formed using CLUSTALW [27] and the alignment was
edited and visualized in JALVIEW [28]. The individual
protein sequences were analysed in Pfam (http://www.
Pfam.sangar.ac.uk) to identify the specific domain(s) pre-
sent in protein sequences.

G. lamblia Culture

The trophozoites were grown in TYI-S-33 medium as
previously described [4] and the encystation was induced
according to Kane et al. [9].

Isolation of RNA from G. lamblia and Reverse
Transcriptase PCR

Trophozoites and the cysts were harvested by chilling the
tubes in ice for 15 min. Cysts were then incubated in sterile
water for 24 h at 4 °C and then lysed by homogenization.
Total RNA was isolated from trophozoites and from cyst
by Trizol® (Invitrogen) according to the manufacturer’s
protocol. cDNA was prepared using 2 pg RNA and Revert
Aid Reverse Transcriptase ™ (Thermo Scientific) ac-
cording to the manufacturer’s protocol. The PCR reaction
was performed using gene-specific primers corresponding
to the internal sequences of respective ORFs such that the
amplified products are 147 and 196 bp for glvps46a and
glvps46b, respectively. The PCR condition was as follows:
initial denaturation at 95 °C for 5 min, followed by 30
cycles of amplification with denaturation at 95 °C for
1 min, annealing for 1 min at 55 °C for glvps46a and
49 °C for glvps46b, followed by extension at 72 °C for
1 min.

Complementation Analysis in Saccharomyces
cerevisiae

VPS46 was deleted in BY4742 (MATo his3A1 leu240
lys240 wura3A40) S. cerevisiae strain by replacing the
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sequence with HIS3 gene, using PCR-based gene deletion
[13]. For this purpose, 60 nucleotide long forward and
reverse primers were designed such that 40 nucleotides
from each of these primers matched sequences upstream or
downstream of the VPS46 locus and the remaining 20 bases
correspond to the HIS3 gene (Online Resource 1). The PCR
condition was as follows: denaturation at 95 °C for 1 min,
annealing at 55 °C for 1 min and amplification at 72 °C for
1.5 min, with 30 cycles of amplification. The resulting
PCR product was gel purified and transformed into
BY4742 cells. Transformants were selected based on
growth at 30 °C on YCM plates containing 2.5 mM
3-aminotriazole, but lacking histidine. vps464 mutants
were confirmed by isolating genomic DNA from putative
candidates and using the genomic DNA as template in PCR
with primers binding to sequences upstream of VPS46 and
within the coding sequence of either VPS46 or HIS3 (On-
line Resource 1). The vps464 and wild-type (BY4742)
yeast cells were transformed with either the vector back-
bone or constructs expressing GIVPS46a, GIVPS46b or
Vps46 of S. cerevisiae under galactose-inducible promoter,
with URA3 as marker. The transformants were then se-
lected on the basis of their growth in synthetic medium
lacking uracil. For the spot assay, the cells were first grown
overnight in liquid YCM uracil dropout medium. Next day,
serial dilutions of the cells were spotted onto YCM plates
lacking uracil, with either 2 % raffinose or 3 % galactose
as carbon source, and with or without 0.6 M LiCl. The
plates containing LiCl were allowed to grow for 7 days at
30 °C to observe the extent of complementation.

GFP-CPS Distribution

Strains described above were transformed with constructs
expressing GFP-CPS and having LEU2 selection marker
[21]. The transformants were grown in appropriate selec-
tion media as described by Odorizzi et al. [21]. The
fluorescence was monitored using a Leica TCS SP8 con-
focal microscope.

Raising Antibody Against GIVPS46a

glvps46a was cloned into pET21d using EcoRI and HindIIl
restriction sites. The construct was transformed into
Escherichia coli BL21 (DE3). The expression of the pro-
tein was induced with 0.2 mM IPTG (Sigma) at 37 °C for
3 h. Cell lysate was prepared by sonication and the pres-
ence of induced protein was confirmed by Western blotting
with anti-His antibody. The purified protein was handed
over to BioBharti LifeSciences (Kolkata, India) for raising
antibody in rabbit.

Immunofluorescence

The immunofluorescence protocol described in Marti et al.
was adopted, but with minor modifications [15]. Briefly, G.
lamblia cells were fixed at room temperature for 20 min
with 3 % paraformaldehyde in 1X PBS. Subsequently, the
cells were permeabilised with 0.1 % Triton X-100 in 1X
PBS solution (v/v) for 15 min at room temperature and
blocked with 0.2 % BSA in 1X PBS for 2 h. Incubation
with 1:50 dilution of the primary antibody, in 1X PBS, was
carried out overnight at 4 °C. The following day, cells were
washed twice with ice-cold 1X PBS. The cells were incu-
bated for 2 h with 1:400 dilution of goat anti-rabbit FITC-
conjugated antibody (Santa Cruz Biotechnology). Finally,
the cell pellet was resuspended in adequate volume of
antifade medium (0.1 % p-phenylenediamine in glycerol)
and mounted onto glass slides. Confocal laser scanning
microscope was used to capture images of cells (Olympus
FluoView FV1000).

Primers

Sequences of all primers used in this study are listed in
Online Resource 1.

Result

Sequence Characterization of Putative Vps46
Orthologues from G. lamblia

The G. lamblia genome encodes two putative orthologues
of the S. cerevisiae Did2/Vps46 protein, GIVPS46a
(G150803_15472, 186 amino acids) and GIVPS46b
(GI50803_24947, 190 amino acids), which are located on
the fifth and fourth chromosomes, respectively (giardiad-
b.org). Both proteins share a high degree of sequence ho-
mology (identity of 75.8 % and similarity of 85.8 %) and
secondary structure predictions also indicate that large
segments of both sequences have a strong propensity to
adopt alpha helical conformations (Fig. 1a). Vps46 ortho-
logues characterized thus far are relatively small proteins
(~200 amino acids in length) that adopt alpha helical
coiled-coil structures and the two Giardia proteins fulfil
both criteria [20]. However, the multiple sequence align-
ment, using orthologues from diverse taxonomic groups,
indicated that while the sequences of most putative Vps46
orthologues are very similar, the sequences of both the G.
lamblia proteins are considerably different (Fig. 1b). In
fact, GIVPS46a and GIVPS46b share only 22.9 and 22.5 %
identity, respectively, with the S. cerevisiae Did2/Vps46.
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Fig. 1 Sequence alignment of putative GIVPS46a and GIVPS46b.
a Pair-wise alignment of the two putative Vps46 orthologues of
Giardia lamblia, GIVPS46a and GIVPS46b. Stretches that are
predicted to adopt o helical structure are marked with helices.
b Multiple sequence alignment of GIVPS46a and GIVPS46b with
Vps46 orthologues from organisms belonging to different taxonomic

Thus, while size and predicted secondary structure are
consistent with the two G. lamblia proteins being Vps46
orthologues, significant sequence divergence of these two
proteins makes it difficult to conclude if they indeed per-
form the same function as Did2/Vps46.

Expression of Putative glvps46a and glvps46b
in Trophozoites and Cysts

If the glvps46a and glvps46b genes encode functional
orthologues of yeast Did2/Vps46, a primary requirement is
that they must be expressed in the trophozoites and/or
cysts, since the parasite exists in these two forms. Reverse
transcriptase PCR (RT-PCR) analysis was performed by
isolating total RNA from trophozoites and cysts, followed
by cDNA preparation. This cDNA was subsequently used
as template for PCR amplification. PCR products corre-
sponding to the expected size were observed in both
trophozoite and cyst samples (Fig. 2, lanes 1-4). Detection
of the expression of a previously characterized FYVE do-
main-containing gene (ORF 50803_16653) described by
Sinha et al., served as the positive control (Fig. 2, lanes 5
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groups (listed in Online Resource 2). Region corresponding to the
MIM is boxed, with conserved residues marked with stars; the
predicted MIM domain of Giardia proteins is marked with bar, and
the position of the predicted conserved amino acid residues present in
Giardia are marked with stars

and 6) [26]. Thus, both glvps46a and glvps46b are ex-
pressed during the trophozoite and cyst phases of G.
lamblia.

Complementation of Yeast vps464 Mutant
by glvps46a and glvps46b

Since the expression of both the Giardia genes were de-
tected in trophozoites and cysts, the next aim was to de-
termine if the proteins encoded by these genes can
participate in MVB sorting pathway. The tetraploidy of G.
lamblia trophozoites makes it difficult to use gene knockout
strategy to address this question. Thus, a functional com-
plementation approach in yeast S. cerevisiae was adopted.
Towards this, the chromosomal copy of the yeast DID2/
VPS46 gene was deleted. The resulting vps464 mutant is
known to exhibit a slow growth phenotype in the presence
of 0.6 M LiCl, compared to wild-type cells [29]. This slow
growth phenotype was used to assay for the ability of
glvps46a and glvps46b genes to restore growth to wild-type
levels. To express the G. lamblia genes in yeast, glvps46a
and glvps46b were cloned under the control of a galactose-
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Fig. 2 Expression analyses of glvps46a and glvps46b in Giardia
trophozoites and cysts cDNA prepared from G. lamblia trophozoites
and cysts were used as template with primers against glvps46a (Lane
1 trophozoite; Lane 2 cyst), glvps46b (Lane 3 trophozoite; Lane 4
cyst) and ORF50803_16653 (Lane 5 trophozoite; Lane 6 cyst).
M indicates marker

inducible promoter in a yeast expression vector (see “Ma-
terials and Methods™ section). As positive control, the yeast
VPS46 gene was also cloned into the same vector. Each of
these constructs was transformed into the vps464 mutant.
Wild-type cells and vps464 transformed with the empty
vector served as controls. Liquid cultures of each of the
transformants were spotted onto plates having either raffi-
nose or galactose as carbon source, and with or without
0.6 M LiCl. While galactose is known to upregulate the
transcription of the genes placed under the galactose-in-
ducible promoter, the non-inducing, non-repressing carbon
source, raffinose, leads to negligible levels of transcription
of such genes. Following incubation of the plates at 30 °C,
it was observed that while the growth of wild-type cells
transformed with empty vector was comparable on all the
four plates, as expected, vps464 transformants harbouring
the empty vector exhibited reduced growth on both raffi-
nose and galactose plates containing LiCl (Fig. 3a). Similar
growth reduction, in the presence of LiCl, was observed for
vps46 4 transformed with VPS46, glvps46a or glvps46b on
raffinose plates (Fig. 3a, 3rd panel). However, the growth of
these vps464 transformants was comparable to wild-type
levels in LiCl plates containing galactose (Fig. 3a, 4th
panel). Thus results of this experiment indicate that the
ability of the vps46 4 mutant to grow in the presence of LiCl
can be restored with the expression of either of the two G.
lamblia Vps46 proteins. In control experiments, it was ob-
served that all the five different transformants exhibited
similar levels of growth in both galactose and raffinose

media in the absence of LiCl, indicating that the expression
of the heterologous genes from G. lamblia did not have any
negative effect on the growth of the vps464 mutant
(Fig. 3a, 1st and 2nd panels). Based on the comparable
growth of the vps464 transformants, harbouring either the
yeast VPS46 or the two G. lamblia genes, in the presence of
0.6 M LiCl, the authors concluded that either glvps46a or
glvps46b genes can functionally complement the yeast
VPS46 gene.

The expression of the G. lamblia proteins in the yeast
transformants were confirmed by Western blotting with
antibody against GlVps46a. Western blotting with this
antibody detected a band around 20 kDa in size in giardial
extracts (Fig. 3b, lane 1). Expectedly, this antibody rec-
ognized both GIVPS46a and GIVPS46b in extracts pre-
pared from cells grown on galactose, as both proteins share
a high degree of sequence homology (Fig. 3b, lanes 5 and
7). This band was not detected when the same transfor-
mants were grown on raffinose indicating the specificity of
the antibody (Fig. 3b, lanes 4 and 6). Interestingly, the
antibody also detected the yeast Did2/Vps46 protein as
well (Fig. 3b, lane 3). Such cross-reactivity indicates that
although the yeast and Giardia proteins share very little
sequence homology, they may share structural similarity.
The Western blotting experiments clearly show that only
cells expressing the Vps46 orthologues from either S.
cerevisiae or G. lamblia had the ability to survive in the
presence of 0.6 M LiCl.

As further confirmation, the authors monitored the
sorting of GFP tagged carboxypeptidase S (CPS) into the
yeast vacuole lumen. GFP-CPS is a well-established
marker for efficient MVB sorting as its distribution
switches from the vacuole lumen to the vacuole membrane
in cells having deficiencies in the MVB sorting pathway
[21]. The five strains, used in the LiCl sensitivity assay
described above, were transformed with another plasmid
expressing GFP-CPS under the control of a constitutive
promoter. The distribution of GFP-CPS was monitored in
these dual transformants. As expected, GFP-CPS was lo-
cated in the vacuole lumen of wild-type cell (Fig. 3c, Panel
A) and to the vacuole membrane of vps464 (Fig. 3c, Panel
B). Expression of either GIVPS46a or GIVPS46b in vp-
5464 resulted in the relocalization of GFP-CPS into the
vacuole lumen and this distribution is similar to that ob-
served in cells expressing Did2/Vps46 (Fig. 3c, Panel C, D
and E). Thus expression of either of the two giardial genes
results in a distribution of GFP-CPS in the vps464 that is
identical to the distribution observed for the mutants ex-
pressing the yeast orthologue. Taken together, the results of
the LiCl sensitivity assay and the distribution of GFP-CPS
indicate that the proteins encoded by the two Giardia genes
are possibly functionally identical to the yeast Vps46
protein.
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Fig. 3 Complementation of a
yeast vps464 with glvps46a and
glvps46b. a vps464 mutants
were transformed with the
constructs indicated on the
right. Empty indicates vector
alone. Growth of these
transformants on various media
(details mentioned in “Materials
and Methods” section) was
assessed by spotting serial
dilutions of the transformants
onto plates. b Western blotting
to assess expression of Vps46
orthologues in G. lamblia and in
vps464 mutants. Lane 1 G.
lamblia extract; Lane 2 and
Lane 3 protein extract of
vps46 A expressing Vps46
protein and grown in media
containing either raffinose or
galactose as sole carbon source; b
Lane 4, Lane 5, Lane 6 and

Lane 7 same as Lane 2 and Lane

3, except vps464 mutants were

expressing either GIVPS46a

(Lane 4 and 5) or GIVPS46b

(Lane 6 and 7). ¢ Fluorescence

Cell number

Wit

VpS46A

Raf

Gal Raf + LiCl Gal + LiCl

Raf Gal

localization in strains, described 26 KDa==
in (a) above, which had been

transformed with GFP-CPS.

Panel A Wild type; Panel B

A.
vps464; Panel C, D and 17 kDa ==

E vps464 expressing

GIVPS46a, GIVPS46b and
Did2/Vps46, respectively

Immunolocalization in Trophozoite

Since PVs are known to function as endolysosomal com-
partments in G. lamblia [11], components of the MVB
sorting pathway are expected to localize to PVs. To test
this, immunofluorescence experiment was carried out with
the antibody described above. Control experiments using
pre-immune sera failed to detect any fluorescent signal in
trophozoites (Fig. 4, top panels). Use of the antibody re-
sulted in detection of fluorescent signal both at the cell
periphery, very close to the plasma membrane, and also in
the cytoplasm (Fig. 4, bottom panels). As previously
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mentioned, the antibody recognized both GIVPS46a and
GIVPS46b. Thus, the observed signal indicates the distri-
bution of both proteins inside the cell. This distribution is
consistent with the distribution of Vps46 at the endosome
and cytoplasm in yeast cells [19]. The pattern of signal
enrichment close to the cell periphery is also consistent
with that observed for proteins such as Giardia adaptor
protein 2 (AP2) and the retromer complex component
GIVPS35; both these proteins are known to localize at the
PV [17]. The localization of the GIVPS46 proteins at the
PV indicates that they function at this subcellular com-
partment. Thus, the localization of the Vps46 orthologues
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Fig. 4 Localization of GIVPS46 in G. lamblia by immunofluores-
cence. Immunofluorescence was performed with antibody against
G1VPS46a raised in rabbit. FITC-conjugated anti-rabbit antibody was
used as secondary antibody and the cells were observed using a
confocal laser scanning microscope. The upper panel shows cells that
were treated with pre-immune serum instead of the primary antibody

of Giardia to the regions of the cell occupied by PVs
indicates that these proteins are likely to function as a
component of the Vps4 complex.

Discussion

This study has utilized functional complementation and
immunolocalization to provide support for the notion that
there are functional Vps46 orthologues in G. lamblia. Did2/
Vps46 is a member of the Vps4 complex and it stimulates
the ATPase activity of Vps4. This is a key step in the MVB
sorting pathway as activated Vps4 functions to disassemble
the ESCRT components that had assembled on the surface
of the endosome to bring about invagination of the endo-
somal membrane. Unlike other model systems, the exis-
tence of the MVB sorting pathway in G. lamblia was
hitherto uncertain. Although in silico studies had indicated
the presence of some of the components this pathway in G.
lamblia, this report is the first to provide experimental
evidence in its favour by characterizing the Vps46
orthologues.

Comparative genomic studies indicated that orthologues
for only some of the yeast ESCRT complexes are present in
G. lamblia [12]. Although the G. lamblia genome encodes
a putative Vps4 orthologue, sequence-based searches of the
genome failed to uncover orthologous genes for Istl, Vtal
and Vps60; these latter proteins are known to stimulate
Vps4 activity in yeast. Even with a reduced number of
components, the ESCRT disassembly function carried out

by Vps4 may still be possible in Giardia. This is because
multiple Vps4 activation pathways exist [2]. One such
pathway involves Vps2 and Vps46, which together are
sufficient to recruit and stimulate Vps4. Since the Giardia
genome encodes a putative Vps2 orthologue as well, it is
conceivable that the Vps4 activation function is solely
discharged by GIVPS46 and GIVPS2 [12]. Therefore, it
appears that G. lamblia has a simpler ESCRT machinery;
while entire complexes, such as ESCRT-0 and -I may be
missing, even the complexes that are present, are composed
of fewer subunits. Consistent with this idea, a reduced
number of ESCRT-III and Vps4 complex proteins are also
predicted to be present in the Chromalveolates C. parvum
and T. parva [12]. It may be noted that all genomes anal-
ysed thus far by comparative genomic studies were found
to encode Vps46 orthologues. Also, amongst all the Vps4
complex components, organisms most often encode mul-
tiple orthologues of Vps46 [12]. This indicates that Vps46
may be a crucial member of the Vps4-activating machin-
ery. This notion is further supported by the observation that
Vps46 has a more pronounced effect on ESCRT disas-
sembly from endosomal surface when compared to Vtal—
Vps60 [2].

Vps4 activation is mediated through the MIM domain
(MIT interacting motif) present in both Vps2 and Vps46
that can interact with the MIT domains of either Vps4 or
Vtal [2, 20]. Previous studies have shown that the MIM
domain is composed of approximately six conserved resi-
dues and is located at or near the C-terminus in ESCRT
components such as Did2/Vps46, Vps2 and Vps24 [20].
However, multiple sequence alignment shows that while
this conserved sequence is present at the C-terminus of the
putative Vps46 orthologues included in this study, the
conserved residues are missing from the C-terminus of both
GIVPS46a and GIVPS46b (Fig. 1b). However, upon closer
inspection of the sequence of the two Giardia proteins, it
was observed that starting at position 147, an internal
MIM-like sequence having only four of the six conserved
residues, is present in both proteins. Since functional
complementation was observed with both GIVPS46a and
GIVPS46b (Fig. 3), it is possible that this partial MIM
sequence may be sufficient in allowing interaction with
Vps4. Presence of an internal MIM has been recently re-
ported for a plant-specific ESCRT component that also
stimulates Vps4 activity. Interestingly, this plant ESCRT
also functionally complements yeast ESCRT mutant [22].

In conclusion, the ESCRT machinery of G. lamblia is
likely to have considerable deviations from that of most
well-characterized model organisms. There are not only
fewer ESCRT components, even functional orthologues
appear to have significant sequence deviations. Thus study
of this simplified MVB pathway of Giardia is likely to
yield added insight into the pathway both in terms of

@ Springer



340

S. Dutta et al.: Significantly Diverged Did2/Vps46 Orthologues from the Protozoan Parasite...

evolution and also the minimal components that are nec-
essary for the functioning of this pathway.
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