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Abstract

The cellular ESCRT (endosomal sorting complex required for transport) system functions in cargo-sorting, in the formation of
intraluminal vesicles that comprise multivesicular bodies (MVB), and in cytokinesis, and this system can be hijacked by a
number of enveloped viruses to promote budding. The respiratory pathogen human parainfluenza virus type I (HPIV1)
encodes a nested set of accessory C proteins that play important roles in down-regulating viral transcription and replication,
in suppressing the type I interferon (IFN) response, and in suppressing apoptosis. Deletion or mutation of the C proteins
attenuates HPIV1 in vivo, and such mutants are being evaluated preclinically and clinically as vaccines. We show here that
the C proteins interact and co-localize with the cellular protein Alix, which is a member of the class E vacuolar protein
sorting (Vps) proteins that assemble at endosomal membranes into ESCRT complexes. The HPIV1 C proteins interact with
the Bro1 domain of Alix at a site that is also required for the interaction between Alix and Chmp4b, a subunit of ESCRT-III.
The C proteins are ubiquitinated and subjected to proteasome-mediated degradation, but the interaction with AlixBro1

protects the C proteins from degradation. Neither over-expression nor knock-down of Alix expression had an effect on
HPIV1 replication, although this might be due to the large redundancy of Alix-like proteins. In contrast, knocking down the
expression of Chmp4 led to an approximately 100-fold reduction in viral titer during infection with wild-type (WT) HPIV1.
This level of reduction was similar to that observed for the viral mutant, P(C-) HPIV1, in which expression of the C proteins
were knocked out. Chmp4 is capable of out-competing the HPIV1 C proteins for binding Alix. Together, this suggests a
possible model in which Chmp4, through Alix, recruits the C proteins to a common site on intracellular membranes and
facilitates budding.
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Introduction

Human parainfluenza virus type 1 (HPIV1) is an important

respiratory pathogen that causes a significant burden of disease,

mainly in young children, the immunocompromised, and the

elderly [1,2,3,4,5,6,7]. In children, HPIV1 is recognized as the

most common cause of laryngotracheobronchitis or croup, a

disease characterized by inspiratory stridor, a barking cough, and

hoarseness [7]. HPIV1 is a single stranded, negative sense, non-

segmented RNA virus in the Paramyxoviridae family. The viral

genome is 15,600 nucleotides in length and contains 6 genes (39 –

N-P/C-M-F-HN-L –59) that encode the nucleoprotein (N),

phosphoprotein (P), C proteins (C), matrix protein (M), fusion

protein (F), hemagglutinin-neuraminidase (HN), and the large

polymerase (L). Each gene encodes a single major protein with the

exception of the P/C gene, which encodes the structural P protein

in one open reading frame and a nested set of four accessory

carboxy-coterminal C proteins (C’, C, Y1, and Y2, in order of

decreasing size) expressed from individual start sites in a second

open reading frame. The use of an alternative and less efficient

GTG start codon for translation of the C’ protein allows a

proportion of ribosomes to scan, bypass, and initiate at the

downstream start codons for translation of the P protein and of the

shorter C protein isoforms.

The C proteins play a critical role in HPIV1 virulence by

inhibiting apoptosis, regulating type I IFN production and

signaling, and affecting the transcription of a large number of

host genes [8,9,10,11]. The C proteins of Sendai virus (SeV,

murine PIV1), and HPIV1 share considerable sequence homol-

ogy. However, important differences exist between the two viruses

including differences in the immune evasion proteins and their

activities [8,12]. The P/C gene organization of SeV differs from

that of HPIV1 in that SeV expresses, in addition to the C proteins,

a second accessory protein, the V protein, that also exerts an

inhibitory role on the host innate antiviral response [13]. For

example, the V protein interacts with the cytosolic double-

stranded (ds) RNA sensor MDA5 in order to block IFN production

[11,13,14]. HPIV1 does not express a V protein, and its C proteins

are the only known HPIV1 antagonists of the innate immune

response. We previously reported that the induction of IFNb in

response to HPIV1 infection relied mainly on MDA5 and is

inhibited by the C proteins. However, we were unable to find any
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evidence that the HPIV1 C proteins directly interfered with any of

the steps in the signal transduction pathway leading to IFNb
production [14]. Instead, the effect appeared to be indirect: the C

proteins were found to down-regulate viral RNA synthesis and

limit the formation of cytoplasmic dsRNA that would otherwise

activate MDA5 and PKR [14]. SeV and HPIV1 also differ in the

way they interfere with type I IFN signaling. The mechanism by

which the SeV C proteins accomplish this remains controversial

and may involve the inhibition of STAT2 phosphorylation or the

degradation of STAT1 [15,16], whereas the HPIV1 C proteins do

not facilitate degradation of the STAT proteins nor do they block

their phosphorylation. Instead, the HPIV1 C proteins bind to

STAT1 and sequester it in cytoplasmic aggregates located in the

vicinity of the late endosomes, thereby preventing nuclear

translocation and the subsequent activation of IFN-stimulated

response elements [17].

In the present study, we extended our search for cellular

proteins that might interact with the HPIV1 C proteins identified

binding with the cellular protein Alix (apoptosis-linked gene-2-

interacting protein X). Alix is one of a number of human proteins

that act as adapters in the ESCRT pathway and contain a so-

called Bro1 domain (a boomerang-shaped domain that is involved

in protein-protein interactions and that localizes proteins to the

late endosome). The ESCRT pathway involves more than 30

proteins that form complexes called ESCRT-0, -I, -II, and –III

that act sequentially to sequester ubiquitinated protein cargo into

vesicles that bud inwardly into endosomes and form multivesicular

bodies (MVBs). Alix is a cytoplasmic protein comprised of 3

domains: Bro1, V, and a proline-rich region (PRR). Alix is an

adaptor for several ESCRT-III subunits, including several

isoforms of Chmp4 (charged multivesicular body protein), and

has a myriad of roles in membrane biology, including cytokinesis,

membrane abscission, receptor trafficking, signaling, and apopto-

sis. A number of enveloped viruses have so-called late domains in

Gag or matrix proteins that hijack the ESCRT system to promote

viral budding [18,19,20]. For example, for many of the

retroviruses, the viral Gag proteins contain YP(Xn)L sequence

motifs, where n = 123, that bind a hydrophobic pocket on the 2nd

arm of the V domain of Alix. This interaction is required for

budding through the MVB and plasma membrane [21,22]. Alix

has also been proposed to facilitate the release of SeV through the

viral M and C proteins, although this finding remains controversial

[23,24,25,26].

Alix can recruit Chmp4 and other ESCRT-III subunits to

various membranes during retroviral budding and cell division,

including the plasma membrane and the midbody [19,21,22].

Conversely, the membrane bound Chmp4 can recruit Alix to late

endosomes via an interaction with the Bro1 domain so that Alix

can participate in MVB formation [27]. The Bro1 domain

contains a conserved and exposed hydrophobic patch, and

mutations in this patch, in particular the I212D substitution,

inhibit the interaction between Chmp4 and Bro1, interfere with

the recruitment of Bro1 to endosomes, block protein sorting in the

MVB pathway, and inhibit HIV budding and release [21,27].

We have generated a number of HPIV1 mutants to investigate

C protein function, as well as to generate live vaccines that are

attenuated in vivo by disturbing the IFN antagonist function of the

C proteins [9,28,29]. A phenylalanine to serine substitution of

amino acid 170 (CF170S) was introduced into the C protein of

cDNA-derived HPIV1 (F170S HPIV1) by reverse genetics. This

mutation permitted IFNb production during infection and resulted

in restricted replication in the respiratory tract of hamsters and

African green monkeys (AGMs) [9,28,30,31]. A stabilized version

of this mutation is present in a live-attenuated investigational

HPIV1 vaccine that is currently in Phase 1 trials in children

(ClinicalTrials.gov ID: NCT00641017). Another virus, referred to

as P(C-), does not express any of the four C proteins due to point

mutations that silence the C ORF in vivo [11]. We have found that

this virus is severely impaired in its ability to replicate and spread.

In the present study, we set out to define the interaction between

the HPIV1 C proteins and Alix and the role of this interaction

during an active infection. Here, we show that the viral C proteins

and Chmp4 share a common binding site in the Bro1 domain of

Alix and that this interaction is important in determining the

intracellular localization of the C proteins, protecting the C

proteins from proteasome-mediated degradation, and facilitating

viral replication and spread.

Methods

Cells and Viruses
Human respiratory epithelial A549 cells and human embryonic

kidney 293 T cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 0.1 mg/mL gentamicin sulfate. Recombinant

wild-type (WT) HPIV1 and P(C-) HPIV1 were propagated on

MK2 cells (ATCC CCL7.1) in the presence of 1.2% trypsin

TrypLE Select (Invitrogen) and purified on sucrose-step-gradients

as previously described [10]. Viral titers were determined by a

limiting dilution assay on MK2 cells in the presence of trypsin

using hemadsorption to visualize infected wells [10]. All of the

experiments involving HPIV1 infection employed a multiplicity of

infection (MOI) of five 50% tissue culture infective doses

(TCID50)/ml unless otherwise indicated. Infected cells were

incubated at 37uC in the presence of trypsin and were analyzed

from 24 to 120 h post-infection.

Plasmid Constructs
Expression constructs were designed to express the C’, C, and

Y2 isoforms, each containing a C-terminal Myc tag (Fig. 1A). In

the C’WT and C’F170S constructs, an ATG start codon was inserted

upstream of the native GTG start codon to increase the strength of

the C’ start sequence, thereby increasing the expression of C’ at

the expense of the downstream isoforms (C, Y1, and Y2). In the

C’WT
GTG and the C’F170S

GTG constructs, the native GTG start

codon was maintained. Constructs were also designed to

individually express the C and Y2 isoforms. For the Y2 construct,

the start codon was modified from the native ACG to an ATG

start codon to increase Y2 protein expression. These cDNA were

generated by PCR of the full-length antigenomic cDNA for WT

HPIV1 and F170S HPIV1 and constructed with the insertion of a

C-terminal c-Myc tag (amino acid sequence EQKLISEEDL) and

flanking KpnI and EagI restriction sequences to allow cloning into

the expression plasmid pcDNA3.1 (Invitrogen). Forward primers:

C’WT and C’F170S – CATCGGTACCATGGTGGATACCT-

CAGCATCCAAAACTCTCC; C’WT
GTG and C’F170S

GTG –

CATCGGTACCGTGGATACCTCAGCATCCAAAACTCTC-

CTTCCC; C –CATCGGTACCATGCCTTCTTTTTTGA-

GAGGGATCCTGAAGCC; Y1– CATCGGTACCATGT-

CATCGGACTCCTTGACGTCGTC; Y2–CATCGGTACCA-

TGACGTCGTCTTATCCTACAAGCCCAC. Reverse primer:

ATCACATGCGGCCGCTTACAGATCTTCTTCAGAAATA-

AGTTTTTGTTCTTCTTGTACTATGTGTGCTGCTAGT-

TTCC.

The HA-Alix construct, which expresses human Alix protein

with a N-terminal HA tag from the plasmid pHCMV, was kindly

provided by James Hurley (National Institute of Diabetes and

Digestive and Kidney Diseases, NIH) [18,32]. The cDNA
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encoding various Alix domains (Bro1+V, V+PRR, Bro1, and V)

were generated by PCR of full-length HA-Alix and constructed

with the insertion of an N-terminal HA tag and flanking SalI and

BamHI restriction sequences to allow cloning into the expression

plasmid pHCMV1 (Genlantis). Forward primers: Bro1+V and

Bro1– AGTAGTGTCGACGCGACATTCATCTCGGTG-

CAGCTGAAAAAG; V+PRR and V – AGTAGTGTCGACT-

CAGTACAGCAGTCTTTGGCTGCCTATAATCAGAGGA-

AAG. Reverse primers: Bro1+V and V – AGTAGTG-

GATCCTCTTTCTGTCTTCCGTGCAAAAACTATATCAC-

TGCATTTGTT; V+PRR – AGTAGTGGATCCCTGCTG-

TGGATAGTAAGACTGCTGTGGGGG; Bro1–AGTAGTG-

GATCCCATCTTCTCAAACAGATCAGTAAATTTCTGAC-

TGATGGG.

The AlixI212D and AlixY319F mutants were generated using

QuikChange II XL (Agilent) site-directed mutagenesis. Forward

primers: AlixI212D –ACAAGAGATAAAATGAAAGATGCCGA-

CATAGCTAAATTGGCTAATCAGGC; AlixY319F –TGCAG-

CAAAGAAGGATAATGACTTCATTTTTCATGATCGAGT-

TCC. Reverse primers: AlixI212D –GCCTGATTAGCCAATT-

TAGCTATGTCGGCATCTTTCATTTTATCTCTTGT;

AlixY319F –GGAACTCGATCATGAAAAATGAAGT-

CATTATCCTTCTTTGCTGCA.

The Flag-MDA5 construct, which expresses human MDA5

with a N-terminal Flag tag from the plasmid pEF-BOS, was kindly

provided by Takashi Fujita (Laboratory of Molecular Genetics,

Kyoto University) [33]. The HA-Ub, HA-UbK48, and HA-UbK63

constructs, which express human wild-type ubiquitin, ubiquitin in

which every Lys is substituted with Arg except Lys-48, and

ubiquitin in which every Lys is substituted with Arg except Lys-63,

respectively, with a N-terminal HA tag from the plasmid pRK5,

were designed in the laboratory of Ted Dawson (Institute for Cell

Engineering, Johns Hopkins University) and obtained from

Addgene [34]. The Flag-Chmp4b construct, which expresses

human Chmp4b containing a N-terminal Flag tag from the

plasmid pCMV, was kindly provided by Masatoshi Maki

(Laboratory of Molecular and Cellular Regulation, Nagoya

University) [35]. Nucleotide sequences were confirmed by using

BigDye terminator and a DNA analyzer 3730 (Applied Biosys-

tems).

DNA Transfection, siRNA Transfection, and Inhibitor
Treatment

For transient expression assays, approximately 1,600,000 293 T

cells per well of a 6-well plate were transfected with a mixture of

12 ml Lipofectamine 2000 (Invitrogen) per 4 mg of total DNA in

600 mL antibiotic-free OptiMEM. 400 mL 5% FCS DMEM was

added at 24 h post-transfection, and the cells were incubated for a

total of 48 h at 37uC. For stimulation with poly(I:C) (Sigma), the

same number of cells were transfected first with Flag-MDA5 in

1 mL of antibiotic-free OptiMEM, the media was removed at

48 h, and the same cells were then transfected with a mixture of

12 ml Lipofectamine 2000 per 2 mg of poly(I:C) for an additional

6 h at 37uC.

For the knock-down experiments, the same number of cells

were transfected with a mixture of 0.1 nmol of siRNA (Alix cat#
L-004233-00-0005; Chmp4b cat#L-018075-01-0005; GAPDH

cat#L-004253-00-0005; and control non-targeting pool cat#D-

001810-10-05 from Dharmacon) and 2.5 mL of DharmaFECT I in

1 mL of 5% FCS antibiotic-free DMEM and incubated for 48 h at

37uC. The cells were split 1:3 with TrypLE Select, allowed to

adhere for 8 h, and transfected with siRNA as above for a second

time with siRNA for another 48 h at 37uC in order to increase the

efficiency of the knock-down.

Stable A549-derived cell lines were generated in which Alix

expression was constitutively knocked-down using shRNA. Cell

lines Alix knock-down (kd) #1 and control (ctl) kd #1 were

generated using Polybrene infection reagent to transduce com-

mercially available preparations of lentiviral particles (Santa Cruz,

cat# sc-60149-V and sc-108080, respectively) into A549 cells. Cell

lines Alix kd #2 and ctl kd #2 were generated using lipofectamine

to transfect plasmids expressing Alix-specific or control shRNA

(Origene Clone ID TRCN0000029396 and TRCN0000029398,

respectively) into A549 cells. Successfully transduced/transfected

cells were selected with puromycin (1 mg/mL) in 10% FCS

DMEM. Individual colonies were then isolated using cloning

cylinders and expanded in the presence of puromycin.

To evaluate the effect of various inhibitors of proteolysis on C

protein expression, A549 cells were infected with WT HPIV1 and,

beginning at 42 h post-infection, treated for 6 h with the

proteasome inhibitor MG132 (20 mM), the pan-caspase inhibitor

zVAD-FMK (40 mM), or the lysosomal protease inhibitors

leupeptin (0.25 mM), E64d (10 mg/mL), pepstatin (10 mg/mL),

or bafilomycin (0.5 mM; all from Sigma), and then harvested at

48 h post-infection. 293 T cells transfected with expression

constructs were also treated for 6 h with the proteasome inhibitor

lactacystin (10 mM; Sigma) beginning at 42 h post-transfection,

and the cells were harvested at 48 h post-transfection.

Immunoprecipitation and Western Blotting
For the preparation of cellular extracts for immunoprecipitation

of Western blotting, approximately 1,200,000 cells were suspended

in 800 mL of lysis buffer (1% Triton X-100, 50 mM Tris HCl

[pH 7.4], 150 mM NaCl, 1 mM EDTA) containing protease

inhibitor cocktail (Sigma) for 30 min at 4uC and clarified by

centrifugation at 15,0006g for 10 min.

For immunoprecipitation, cell lysates were mixed for 16 h at

4uC with anti-Myc or anti-HA antibody conjugated to agarose

(Pierce), washed extensively with wash buffer (50 mM Tris HCl

[pH 7.4], 150 mM NaCl), and eluted with 0.1 M glycine (pH 2.8).

Cell lysates and immunoprecipitated samples (15 ml) were

denatured and reduced in 5 mL of 0.3 M Tris HCl [pH 6.8],

5% SDS, 50% glycerol, and 1 ml of 0.1 M dithiothreitol [DTT]) at

95uC for 5 min. The samples were separated by SDS-PAGE on 4

to 20% Tris-glycine gels (Invitrogen) and were transferred to 0.45-

mm-pore polyvinylidene difluoride (PVDF) membranes (Invitro-

gen). Membranes were blocked overnight with 5% milk powder

and 1% bovine serum albumin (BSA) at 4uC. We previously

described the preparation of rabbit polyclonal antisera that

recognize: (i) the C’, C, Y1, and Y2 proteins; (ii) the N protein;

or (iii) the P protein [17]. Membranes were probed with rabbit

antiserum at a 1:1,000 dilution with 5% milk powder and 1% BSA

in 0.1% Tween-PBS for 1 h. The antibodies used also included

rabbit polyclonal antibodies to Flag epitope tag (F7425; Sigma),

hemagglutinin (HA) epitope tag (H6908; Sigma), and Myc epitope

tag (C3956; Sigma), goat polyclonal antibodies to Alix (sc-49268;

Santa Cruz Biotechnology), and mouse monoclonal antibodies to

GAPDH (G9295; Sigma). Horseradish peroxidase-conjugated

goat anti-rabbit, donkey anti-goat, and bovine anti-mouse

secondary antibodies (Santa Cruz Biotechnology) were used at

dilutions of 1:5000, 1:5000, and 1:1000, respectively, for 1 h.

Membranes were washed three times for 5 min with 0.1% Tween-

PBS after primary and secondary antibody incubations. Enhanced

chemiluminescent substrate (Pierce) was used to visualize proteins

on BIOMAX MR film (Kodak).

Interactions between ESCRT and HPIV1
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Immunofluorescence
293 T cells cultured on poly-d-lysine coated coverslips (Becton

Dickinson) were fixed 48 h post-infection with 2% paraformalde-

hyde, permeabilized with 0.1% Triton X-100, and blocked with

5% goat serum, 0.5% BSA, and 0.5% gelatin overnight at 4uC.

Mouse monoclonal anti-Alix antibody (H00010015-M01; Abnova)

at a 1:200 dilution, rabbit polyclonal anti-HPIV1 C antibody at a

dilution of 1:350, mouse monoclonal anti-mannose-6-phosphate

receptor (M6PR) IgG1 antibody (ab8093; Abcam) at a dilution of

1:350, and mouse monoclonal anti-early endosome antigen 1

(EEA1) IgG1 antibody (ab70521; Abcam) at a dilution of 1:500

were added in blocking solution for 1 h. Dylight 594-conjugated

goat anti-rabbit, fluorescein isothiocyanate (FITC)-conjugated

goat anti-mouse IgG1, and Cy5-conjugated goat anti-mouse

IgG2a secondary antibodies (Jackson ImmunoResearch) were

added at dilutions of 1:1000, 1:200, and 1:400, respectively, for

45 min. Cells were mounted in ProLong Gold reagent with DAPI

(49,6-diamidino-2-phenylindole; Invitrogen) and visualized on a

Leica SP5 confocal microscope.

Mass Spectrometry
Cell lysates were subjected to SDS-PAGE on duplicate 10% Bis-

Tris gels. The first gel was either stained with silver (Invitrogen) to

detect total proteins or transferred to PVDF and probed with anti-

HA antibody to detect ubiquitinated proteins. The second gel was

stained with Coomassie (Invitrogen). Specific bands observed in

the first gel were excised from the second Coomassie-stained gel,

digested with trypsin, loaded in a LTQ-Orbitrap XL (Thermo

Scientific), and analyzed with MASCOT (Matrix Science) and

Scaffold (Proteome Software).

Quantitative PCR
Intracellular RNA was extracted and analyzed by reverse

transcription (RT) and quantitative (q) PCR as described

previously [10]. GAPDH mRNA levels were determined using a

commercially available TaqMan gene expression assay (Applied

Biosystems; Hs99999905_m1). HPIV1 P/C mRNA levels were

determined by RT with an oligo(dT) primer and performing PCR

with the forward primer GACAGAAAGATGGCTGA-

GAACTCT, reverse primer TCATCAGATAAGGGTG-

TACTTCTTCGT, and probe CAAGTTGAGGGATTTCC.

Experiments were performed in triplicate. Student’s t test was

used to determine statistical significance.

Results

Screening for Cellular Proteins that Interact with the
HPIV1 C Proteins

The HPIV1 C proteins (C’, C, Y1, and Y2) are carboxy-

coterminal species that are expressed from alternative start codons

nested in the same open reading frame of the HPIV1 P/C gene.

We designed plasmids to express the C’, C, Y1, and Y2 coding

regions, each containing a C-terminal Myc tag (Fig. 1A).

Additionally, we designed a version of the C’ construct bearing

the F170S mutation, and designed versions of the WT and F170S

C’ constructs in which an ATG codon was placed immediately

before the native GTG start codon. This was done to enhance the

expression of the C’ isoform at the expense of the downstream C,

Y1, and Y2 isoforms which otherwise are expressed by ribosomes

that bypass the native GTG start codon. In addition, the native

ACG start codon of Y2 was replaced with an ATG codon to

enhance expression.

To identify host proteins that might interact with the HPIV1 C

proteins, the C’, C, and Y2 expression constructs were transfected

into 293 T cells for 48 h, and the Myc-tagged C proteins were

isolated by immunoprecipitation, separated by SDS-PAGE, and

visualized by silver staining (Fig. 1B). In addition, a second set of

293 T cells were the same C expression constructs transfected

along with MDA5 for 48 h and then subsequently transfected the

synthetic dsRNA analog poly I:C. This was done because an

interaction between the HPIV1 C proteins and host cellular

proteins might have depended on changes in signal transduction

and cellular gene expression induced during viral infection, and we

had previously found that the host cell response to HPIV1

infection relied mainly on MDA5 [14]. Silver staining showed that

a species of approximately 105 kDa in size appeared to co-

immunoprecipitate with the C’, C, and Y2 proteins, regardless of

activation by MDA5 and poly I:C (Fig. 1B). The identity of this

protein was investigated by in-gel trypsin digestion and mass

spectrometry, and the resulting peptide sequences were found to

correspond exactly with the human protein Alix (Fig. 1C).

In addition, we detected an interaction between Alix and the Y2

protein using a yeast-two-hybrid system (data not shown). We also

confirmed that endogenous Alix co-immunoprecipitated with the

plasmid-expressed Myc-tagged C’, C, and Y2 proteins regardless

of activation by MDA5 and poly I:C (Fig. 1D). Alix also co-

immunoprecipitated with the Myc-tagged C’ protein containing

the F170S mutation (C’F170S) but to a much lesser extent (Fig. 1D;

last two lanes).

Immunofluorescence staining showed that, during HPIV1

infection, the C proteins co-localized with endogenous Alix

whereas neither protein co-localized with the early endosomal

marker EEA1 (Fig. 2A). Also, endogenous Alix co-localized with

the late endosomal marker M6PR in uninfected cells (Fig. 2B), In

cells infected with WT HPIV1, the C proteins co-localized with

endogenous Alix and M6PR at the perinuclear region (Fig. 2C).

In cells infected with HPIV1 containing the CF170S mutation, the

C proteins still co-localized with endogenous Alix and M6PR at

the perinuclear region (Fig. S1).

The CHMP4b Binding Site in the Bro1 Domain of Alix is
Required for Interaction with the HPIV1 C Proteins

We next attempted to identify site on Alix that binds to the C

proteins. Alix is a modular protein of 868 amino acids that consists

of 3 major domains: an N-terminal Bro1 domain (residues 1–359)

and a C-terminal Proline-rich Region (PRR; residues 717–868)

linked by an intervening V-shaped V domain (residues 360–716)

(Fig. 3A). Expression constructs were designed that encoded the

full-length human Alix protein, the Bro1 and V domains together,

the V and PRR domains together, the Bro1 domain alone, and the

V domain alone, each bearing a N-terminal HA tag (Fig. 3A). We

found that each of the Alix constructs that contained the Bro1

domain co-immunoprecipitated with the Myc-tagged C protein

expressed from a co-transfected plasmid, whereas any Alix

construct that lacked the Bro1 domain did not (Fig. 3B). The

Bro1 domain contains two known binding sites for two cellular

proteins that can be abolished by specific point mutations: I212D

inactivates the binding site for the CHMP4b protein and Y319F

inactivates the binding site for Src kinase. In HPIV1-infected cells,

Alix containing the Src kinase binding site mutation Y319F co-

immunoprecipitated with the HPIV1 C protein, whereas Alix

containing the CHMP4b binding site mutation I212D did not,

indicating that an intact Chmp4b binding site in Alix is required

for binding the HPIV1 C proteins (Fig. 3C).

Interactions between ESCRT and HPIV1

PLOS ONE | www.plosone.org 4 March 2013 | Volume 8 | Issue 3 | e59462



Figure 1. The cellular protein Alix interacts with the HPIV1 C proteins. A. Schematic diagram of HPIV1 C expression constructs with a Myc
tag attached at the c-terminus. The cDNAs were constructed to contain the coding sequence for C’, C, and Y2 (the cDNA for the Y1 coding sequence
was also constructed but not used in this study). The numbers denote the nucleotide position of the start codon relative to the start codon for C’. The
location of the F170S point mutation is indicated by the dotted line. The C’WT

GTG and C’F170S
GTG constructs bear the native GTG codon as the

translational start codon for C’. In contrast, for constructs C’WT and C’F170S, an ATG start codon was placed immediately before the native GTG start
codon to increase the expression of the C’ isoform at the expense of the smaller C isoforms. The native ACG start codon in the Y2 construct was
replaced with an ATG codon to increase the expression of the Y2 isoform. B. Detection of a cellular species that co-immunoprecipitated with the
HPIV1 C proteins. The above Myc-tagged C expression constructs were transfected into duplicate cultures of 293 T cells. One set was also transfected
with MDA5 and, 42 h post-transfection, transfected again with poly(I:C). 48 h after the initial transfection, both sets of cultures were lysed and
subjected to immunoprecipitation with anti-Myc antibodies to isolate the C proteins and possible binding partners, and the precipitated proteins

Interactions between ESCRT and HPIV1

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e59462



The Ability of Alix to Bind C affects the Level of C Protein
Accumulation during HPIV1 Infection

In the above experiments, in which different combinations of

the three Alix domains were co-expressed with the HPIV1 C

proteins, we noticed a substantial increase in the level of

intracellular C protein whenever C was co-expressed with any

form of Alix bearing the Bro1 domain (Fig. 3B and C). This was

observed with C protein expressed from transfected plasmid

(Fig. 3B) and expressed during HPIV1 infection (Fig. 3C).

Whereas the expression of Alix from transfected plasmid in

HPIV1-infected cells caused a dramatic increase in the level of C

protein, the levels of N and P proteins were unaffected (Fig. 4A).

Over-expression of the Bro1 domain alone in HPIV1-infected cells

was sufficient for inducing this increase in the level of C protein

were separated by SDS-PAGE and visualized by silver staining. A portion of the gel is magnified in the inset. The arrow indicates a representative band
that co-immunoprecipitated with the Myc-tagged C proteins, regardless of transfection with MDA5 and poly(I:C). This band was excised from a
duplicate gel that had been run in parallel and stained with Coomassie blue, and the band was analyzed by mass spectrometry. C. Identification of
the co-immunoprecipitated species as the cellular protein Alix. The amino acid sequence of human Alix protein is shown, and peptide sequences that
were identified by mass spectrometry are indicated in bold. D. Testing the interaction between endogenous Alix and the HPIV1 C’, C, and Y2 proteins.
293 T cells were transfected with plasmids encoding the indicated Myc-labeled C proteins. Similar to that described in panel B, a subset of cells were
also co-transfected with MDA5 and, 42 h post-transfection, transfected again with poly(I:C). The cells were lysed and analyzed by
immunoprecipitation with anti-Myc antibodies to isolate C proteins followed by SDS-PAGE and Western blot analysis using an Alix-specific
antibody. Endogenous Alix co-immunoprecipitated with the WT C’, C, and Y2 proteins regardless of the presence of MDA5 and poly (I:C). E. Testing
the interaction between endogenous Alix and the HPIV1 F170S mutation-containing C protein. As described in panel D, cellular lysates were
immunoprecipitated with anti-Myc antibodies to isolate the C proteins. Endogenous Alix co-immunoprecipitated with the WT C proteins but not with
the F170S mutation-containing C proteins.
doi:10.1371/journal.pone.0059462.g001

Figure 2. Intracellular co-localization of the C proteins with endogenous Alix and the late endosomal compartment during HPIV1
infection. 293 T cells were mock-infected (B) or infected with WT HPIV1 (A and C) and after 48 h of incubation the cells were fixed, permeabilized,
and analyzed by immunofluorescence with the antibodies indicated in each panel. Nuclei were visualized with DAPI staining (blue). A. The C proteins
(red) and Alix (green), but not the early endosomal marker EEA1 (magenta), co-localized (orange) in HPIV1-infected cells. B. Alix (green) and the late
endosomal marker M6PR (magenta) co-localized (gray) in un-infected cells. C. The C proteins (red), Alix (green), and M6PR (magenta) co-localized
(light orange) in HPIV1-infected cells.
doi:10.1371/journal.pone.0059462.g002
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(Fig. 4B). This increase in C protein expression was not due to

changes in the accumulation of P/C mRNA, as measured by RT-

qPCR (Fig. 4C). In addition, when the expression of endogenous

Alix in HPIV1-infected cells was reduced by RNA interference,

the level of C protein was also reduced whereas the levels of the N

and P proteins were unaffected (Fig. 4D).

HPIV1 C Protein Expression is Regulated by Lys-48
Ubiquitination and Turnover by the Proteasome

Given the observation that the intracellular accumulation of C

was increased by the co-expression of Alix, we decided to

investigate C protein stability. During an infection of 293 T cells

with HPIV1, the C protein was the predominant C isoform and

little or no C’ was observed, as shown in previous experiments (e.g.

Fig. 3C and data not shown). In contrast, during an infection of

A549 cells with HPIV1, the C’ protein was the predominant

isoform and little or no C protein was detected (Fig. 5A).

However, treatment of HPIV1-infected A549 cells with a

proteasome inhibitor, like MG132, substantially increased the

level of C protein without having any effect on C’ or P protein

levels (Fig. 5A). In contrast, the pan-caspase inhibitor zVAD-

FMK (Fig. 5A), the lysosomal protease inhibitors leupeptin

(Fig. 5B), E64d, pepstatin, and bafilomycin (not shown) did not

have an effect on C protein levels. Together, this indicated that the

accumulation of C protein was affected by proteasome-mediated

degradation.

Since ubiquitination, specifically Lys-48 linked polyubiquitina-

tion, targets a protein for proteasome-mediated degradation, we

examined the ubiquitination state of the HPIV1 C proteins. 293 T

cells were co-transfected with plasmids expressing Myc-tagged C

protein and HA-tagged ubiquitin. Immunoprecipitation was

performed with anti-Myc antibodies to isolate C proteins, and a

second round of immunoprecipitation was performed with anti-

HA antibodies to isolate proteins from the first immunoprecipi-

tation that had been ubiquitinated with plasmid-expressed

ubiquitin. The isolated proteins were subjected to SDS-PAGE

and analyzed by Western blotting with anti-HA antibodies to

detect ubiquitinated species. This detected two predominant bands

in the size range of 45–60 kDa, as well as a less abundant

heterodisperse smear of larger species. The difference in apparent

molecular weights between the two major ubiquitinated species

and the ,31 kDa unmodified C’ protein suggested that the C

proteins were conjugated to 2–3 ubiquitin moieties. The bands

between 45–60 kDa were excised, digested with trypsin, and

analyzed by mass spectrometry (Fig. 5C). The peptide sequences

corresponded to ubiquitin and the HPIV1 C proteins (Fig. 5D).

Furthermore, a Gly-Gly modification was found on Lys-48 in the

sequence for ubiquitin: this was evidence of linkage to the C-

terminus of a second ubiquitin moiety and was consistent with

polyubiquitination involving Lys-48.

When the C proteins were immunoprecipitated from cells co-

expressing the Myc-tagged C proteins with HA-tagged ubiquitin

from transfected plasmids, similar high molecular weight bands

containing HA-tagged polyubiquitin also were detected (Fig. 5E).

To further investigate whether these polyubiquitin linkages

involved Lys-48 or Lys-63, 293 T cells were co-transfected with

plasmids expressing Myc-tagged C’WT
GTG and HA-tagged

ubiquitin mutants in which every Lys residue had been substituted

Figure 3. Identification of Alix domains that interact with the C protein. A. Schematic diagram of N-terminal HA-tagged Alix domain
expression constructs. B. Co-immunoprecipitation of the HPIV1 C protein and Alix domains. 293 T cells were co-transfected with plasmids expressing
Myc-tagged C protein and the indicated HA-tagged Alix domains. The cells were lysed, subjected to immunoprecipitation using anti-Myc antibodies
to isolate the C proteins, and then separated by SDS-PAGE and visualized by Western blotting. Only those Alix constructs containing the Bro1 domain
interacted with the HPIV1 C protein. C. Effect of the I212D and Y319F mutations in the Bro1 domain on the interaction between Alix and the C
protein. 293 T cells were transfected with HA-tagged wild-type Alix or Alix with mutations in the Chmp4 (I212D) or Src SH2 (Y319F) binding sites. 48 h
later, the cells were infected with WT HPIV1 and incubated for another 24 h, and cell lysates were prepared and subjected to immunoprecipitation
with anti-HA antibodies to isolate Alix. The immunoprecipitated proteins were separated by SDS-PAGE and visualized by Western blotting. This
showed that the Chmp4 binding site mutation (I212D), but not the Src binding site mutation (Y319F), abolished the interaction between Alix and the
HPIV1 C proteins.
doi:10.1371/journal.pone.0059462.g003
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with Arg except for Lys-48 (HA-UbK48) or Lys-63 (HA-UbK63)

(Fig. 5F). The polyubiquitinated C proteins were observed only

when Lys-48 was present (wild-type HA-Ub or HA-UbK48),

confirming the presence of Lys-48 linkages in C protein

polyubiquitination.

Incidentally, in these experiments, we noticed that over-

expression of ubiquitin resulted in a substantial increase in the

accumulation of the C proteins (Fig. 5G). It may be that the over-

expression of ubiquitin and the resulting increase in the size of the

ubiquitin pool led to an accumulation of ubiquitinated proteins,

including autoubiquitinated ubiquitin ligases, that overwhelmed

the cellular capacity for proteasome-mediated degradation [36].

Consistent with this suggestion, the further inclusion of a

proteasome inhibitor did not confer a further increase in the

abundance of C proteins (Fig. 5G), indicating that a lack of

proteasome-mediated degradation of the C proteins in the

presence of ubiquitin over-expression. The over-expression of

the C-interacting protein Alix, as described above (Fig. 3B), also

increased the accumulation of C protein to comparable levels

(Fig. 5H).

We found that the level of mutant CF170S proteins was also

modulated by proteasome-mediated degradation, ubiquitination,

and Alix over-expression, albeit to a lesser extent compared to the

WT C proteins. During infection with HPIV1, less of the CF170S

proteins were detected compared to the WT C proteins (Fig. 5B).

Treatment of HPIV1-infected A549 cells with the proteasome

inhibitor MG132 also increased the level of CF170S protein without

having any effect on C’ protein levels (Fig. 5B). When the CF170S

and WT C proteins were immunoprecipitated from cells co-

expressing the Myc-tagged C proteins with HA-tagged ubiquitin,

similar high molecular weight bands containing HA-tagged

polyubiquitin were also detected (Fig. 5I). Since the interaction

between CF170S and Alix is significantly weaker than the

interaction between WT C and Alix, we decided to test whether

the effect of Alix expression on CF170S protein levels was blunted.

Although Alix over-expression increased the abundance of both

the WT and F170S mutation-containing C proteins, the level of

WT C proteins was increased to a much greater extent (Fig. 5J).

Changes in the Level of Alix Expression do not Affect the
Efficiency of HPIV1 Replication or Release

We next investigated whether Alix played a significant role in

the growth and spread of HPIV1. To evaluate the effects of the

over-expression of Alix, 293 T cells were transfected with plasmid

that expressed Alix and then infected with WT or P(C-) HPIV1

(Fig. 6A). The release of infectious virus into the medium overlay

was sampled over a 24 h period. This showed that there was

essentially no difference in the efficiency or kinetics of WT or P(C-)

HPIV1 replication when Alix was over-expressed (Fig. 6A).

In addition, the expression of endogenous Alix was knocked-

down by RNA interference during HPIV1 infection of 293 T cells

(Fig. 6B). In this experiment, the HPIV1 infection was done at a

lower MOI (0.01 compared to 5.0 used in other experiments) in

order to monitor multi-cycle infection, which should provide

increased sensitivity for detecting changes to in viral replication or

release. However, no difference was observed in the efficiency or

kinetics of replication of either WT of P(C-) HPIV1 in response to

the reduced expression of Alix (Fig. 6B). Knocking down Alix

also did not have a detectable effect on the amount of viral N

protein released from cells into the supernatant (Fig. 6C), in

concordance with the lack of an effect on the production of

infectious particles. RT-qPCR analysis confirmed that the

accumulation of Alix mRNA was efficiently reduced by the Alix-

specific siRNA (Fig. 6D).

We also performed experiments in which endogenous Alix

expression was further reduced. We used selectable lentiviral

vectors and plasmids expressing Alix-specific shRNA to generate

two independent A549-derived cell lines in which Alix expression

was permanently and homogeneously reduced. We did not find

any difference in the efficiency or kinetics of HPIV1 replication

under these conditions (Fig. S2A and D). This was also true for

human parainfluenza virus type 2 (HPIV2) and SeV, which were

examined in parallel (Fig. S2B and C).

Changes in the Level of Chmp4 Expression Affect HPIV1
Replication and Release

Since changes in the expression of Alix did not appear to have

any discernable effect on HPIV1 replication, we decided to target

Chmp4, which is a core component of ESCRT III and binds to

the same region of Alix as the HPIV1 C proteins. There are three

isoforms of Chmp4 (a, b, and c) that each bind to the Bro1 domain

of Alix, with Chmp4b being the principal binding partner of Alix

[37]. 293 T cells were transfected twice with a mixture of three

Figure 4. Expression of Alix increases the accumulation of the
C protein. A. 293 T cells were mock-transfected or transfected with a
plasmid expressing the Alix protein. 48 h later, the cells were infected
with WT HPIV1, and, after another 24 h, cell lysates were prepared and
analyzed by SDS-PAGE and Western blotting with the indicated
antibodies. Over-expression of Alix from a transfected plasmid during
HPIV1 infection increased the accumulation of the C protein without
affecting that of the N and P proteins. Full-length (fl) Alix over-
expression in 293 T cells led to substantially increased C protein
expression during WT HPIV1 infection. B. Using the same experimental
protocol as in part A, the Bro1 domain was over-expressed, and it was
sufficient to increase C protein expression during HPIV1 infection. C.
The fl Alix and C expression constructs were co-transfected into 293 T
cells, RNA was harvested at 48 h, and plasmid-produced C mRNA levels
were measured by RT-qPCR. The increase in the abundance of plasmid-
produced HPIV1 C proteins when Alix was over-expressed (Fig. 3B
bottom panel) was not due to an increase in C mRNA levels. D.
Knocking down endogenous Alix expression during HPIV1 infection
reduced the accumulation of C protein with no effect on the N protein.
Cells were transfected with control (CON) or Alix-specific siRNA as
described in the Materials and Methods. The cells were then infected
with WT HPIV1 and incubated for 24 h. Cell lysates were prepared and
analyzed by SDS-PAGE and Western blotting using the indicated
antibodies.
doi:10.1371/journal.pone.0059462.g004
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Figure 5. The C protein isoform is subject to proteasome-mediated degradation. A and B. Analysis of the effect of various proteolytic
inhibitors on C protein accumulation. A549 cells were infected with WT HPIV1 and then treated with the proteasome inhibitor MG132 (A and B), the
pan-caspase inhibitor zVAD-FMK (A) or the lysosomal protease inhibitor leupeptin (B). Analysis of cell extracts by SDS-PAGE and Western blotting
showed that only the proteasome inhibitor MG132 was associated with increased accumulation of the C isoform, whereas the C’ isoform was
unaffected. C and D. Evidence for ubiquitination of the HPIV1 C protein. C. 293 T cells were transfected with plasmids expressing Myc-tagged C
protein and HA-tagged ubiquitin (Ub). Two serial immunoprecipitations were performed, the first using anti-Myc antibodies to isolate the C protein,
and the second using immobilized anti-HA antibodies to isolate ubiquitinated proteins. The proteins were separated by SDS-PAGE and analyzed by
Western blotting to visualize the ubiquitinated proteins. Bands 1–8 were excised from a duplicate gel that had been run in parallel and stained with
Coomassie blue, and the gel slices were analyzed using mass spectrometry. Bands 1–4 served as a negative control. D. Amino acid sequences of the C
protein (top) and ubiquitin (bottom) showing peptide sequences identified by mass spectrometry (bold). In addition, the Lys-48 residue of ubiquitin
(underlined), but not Lys-63, was found to have evidence of a Gly-Gly modification corresponding to the presence of a poly-ubiquitin linkage. A Gly-
Gly modification (underlined) corresponding to a poly-ubiquitin linkage was found at Lys-48 and not at Lys-63. E. Confirmation that the C protein is
ubiquitinated. 293 T cells were transfected with Myc-tagged C’WT

GTG and HA-tagged ubiquitin expression constructs and incubated in the presence
or absence of the proteasome inhibitor lactacystin. The Myc-tagged C proteins were isolated by immunoprecipitation using anti-Myc antibodies,
separated by SDS-PAGE, and then analyzed by Western blotting. F. Confirmation that the poly-ubiquitin linkage involves Lys-48. Plasmids expressing
HA-tagged ubiquitin with every lysine mutated into an arginine except for Lys-63 (UbK63) or Lys-48 (UbK48) were transfected into 293 T cells together
with plasmid expressing Myc-tagged C’WT

GTG. Cell lysates were subjected to immunoprecipitation with anti-Myc antibodies to isolate the C protein
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pools of siRNAs, each specific to Chmp4 isoforms a, b, and c or

with a control siRNA. The cells were infected with WT or P(C-)

HPIV1, and the release of infectious virus was monitored. In the

control cells, the replication of the P(C-) mutant was delayed and

reduced approximately 100-fold compared to WT HPIV1, which

is characteristic of this mutant. Interestingly, in the presence of

Chmp4 knock-down, the replication of WT HPIV1 was delayed

and reduced to the same level observed for the P(C-) HPIV1

mutant in control cells (Fig. 7A). Replication of the P(C-) mutant

was reduced further in the presence of Chmp4 knock-down, but

the effect was relatively small, ranging from 0.5 to 1 log10 (Fig. 7A).

Analysis of the intracellular levels of N and P/C mRNA by RT-

qPCR showed that Chmp4 knock-down had little effect on N and

P/C mRNA accumulation, indicating that viral RNA replication

and transcription had not been affected (Fig. 7B). Notably, the

level of N and P/C mRNA expressed by the P(C-) mutant was

substantially higher than that of WT HPIV1 irrespective of

Chmp4 knock-down; this difference between the two viruses was

described previously and shown to be due to increased viral RNA

synthesis in the absence of the C protein [14]. The levels of

Chmp4a, b, and c mRNA were confirmed by RT-qPCR, and they

were substantially reduced by treatment with siRNA (Fig. 7B).

We also measured the amounts of N protein released in the

supernatant and found that these were lower in Chmp4 knock-

down cells infected with WT and P(C-) hPIV1 compared to

control knock-down cells (Fig. 7C), which is in accordance with

the reduction in the release of infectious virus already noted

(Fig. 7A).

We also investigated the effect of over-expressing Chmp4b.

293 T cells were transfected with plasmids expressing Chmp4b

and/or Alix, and the cells were infected with HPIV1. At 48 h post-

infection, clarified medium supernatants and whole cell lysates

were prepared and analyzed by SDS-PAGE and Western blotting

(Fig. 7D). With the over-expression of Chmp4b alone, an increase

in N protein released in the supernatant was observed (Fig. 7D).

As already described, the over-expression of Alix alone resulted in

a large increase in the accumulation of C protein due to the ability

of Alix to spare the C protein from proteasome-mediated

degradation. In contrast, over-expression of Chmp4b alone in

HPIV1-infected cells had no effect on the level of C protein

(Fig. 7D). Interestingly, co-expression of Chmp4b together with

Alix abrogated the increase in C protein accumulation normally

conferred by Alix. This suggested that there is a preferential

interaction between Alix and Chmp4b rather than Alix and C.

The HPIV1 C Proteins and Chmp4b Compete with Each
Other to Bind Alix

We performed co-immunoprecipitation experiments to investi-

gate the possible competition between the HPIV1 C and Chmp4

proteins for binding Alix. 293 T cells were co-transfected with

various combinations of plasmids expressing Myc-tagged C, Flag-

tagged Chmp4b, and HA-tagged Alix. Cell lysates were prepared

48 h later and subjected to immunoprecipitation with anti-HA

antibodies to isolate Alix followed by SDS-PAGE and Western

blotting. This confirmed that the HPIV1 C and Chmp4b proteins

individually interacted with Alix, and that Alix greatly increased

the accumulation of the C protein (Fig. 8). However, when the

three proteins were over-expressed together, binding was observed

between Chmp4b and Alix but not between Alix and the C

protein. Also, the increase in the accumulation of the C protein

normally conferred by Alix was mostly blocked (Fig. 8).

Discussion

The HPIV1 C proteins have previously been shown to down-

regulate viral RNA synthesis and thereby prevent activation of

MDA5 and PKR [14], to sequester STAT1 and thereby inhibit

IFN-mediated signaling [17], to affect the expression of hundreds

of cellular genes [10], and to suppress apoptosis in an IFN-

independent manner [11]. In the present study, we found that the

HPIV1 C proteins also interact with the host cell ESCRT system.

In particular, the three C protein isoforms that were evaluated, C’,

C, and Y2, were found to bind to the cellular protein Alix and,

moreover, to compete with the ESCRT-III component Chmp4b

for binding Alix. These interactions had a major impact on the

stability of intracellular C proteins. Interestingly, Chmp4b, but not

Alix alone, was important for efficient production and release of

HPIV1 particles.

The cellular ESCRT system sorts cargo and promotes the

invagination of endosomal membranes into the lumen to form

MVBs, is involved in membrane remodeling during cytokinesis,

and can be hijacked by a number of enveloped viruses to promote

virion morphogenesis. The Alix and Chmp4b proteins described

in the present study are part of the cellular ESCRT system, and

the binding between Alix and Chmp4b is highly conserved in

eukaryotic cells, including yeast. Alix can serve as an adaptor that

recruits both viral and host proteins to specific biological

membranes. For example, by binding either directly to Gag or

the midbody protein CEP55, Alix is able to recruit Chmp4 to sites

of retroviral budding or cellular abscission [18,19]. Conversely,

Chmp4 is able to recruit Alix to endosomal membranes to

facilitate MVB formation, and mutating a single residue I212D in

the Bro1 domain of Alix abrogates the interaction with Chmp4b

[27,38].

The use of the ESCRT system in virus budding has been

studied most extensively for retroviruses, including HIV1. These

retroviruses utilize so-called late (L) domains containing a YP(Xn)L

motif present in their Gag proteins to bind to the V domain of

Alix. A number of other enveloped viruses have comparable late

domain sequences in the M protein. In contrast, the HPIV1 C

proteins have no such motif. The introduction of the F170S

mutation into the C proteins, which is present in a live attenuated

vaccine currently in phase I clinical trials, was found to weaken the

and analyzed by SDS-PAGE and Western blotting to detect the presence of poly-ubiquitin in the high molecular weight bands. G. The accumulation
of C protein isoforms was increased by the over-expression of ubiquitin to a level comparable to that seen after treatment with a proteasome
inhibitor. 293 T cells were transfected with HA-tagged ubiquitin and Myc-tagged C and subsequently treated with the proteasome inhibitor
lactacystin. C protein expression was examined by Western blotting. H. The accumulation of C protein was also increased by the over-expression of
Alix to a level comparable to that seen after treatment with a proteasome inhibitor. 293 T cells were transfected with HA-tagged Alix and Myc-tagged
C and subsequently treated with the proteasome inhibitor lactacystin. C protein expression was examined by Western blotting as in part G. I. The
F170S mutation-containing C proteins also undergo ubiquitination. 293 T cells were transfected with plasmid expressing HA-tagged ubiquitin with
plasmids expressing Myc-tagged C’WT

GTG or C’F170S
GTG. As in panel F, cell lysates were subjected to immunoprecipitation with anti-Myc antibodies to

isolate the C protein and analyzed by SDS-PAGE and Western blotting to detect the presence of poly-ubiquitin in the high molecular weight bands. J.
Alix over-expression increases the abundance of F170S mutation-containing C proteins but to a lesser extent compared to the WT C proteins. 293 T
cells were transfected with plasmid expressing Alix and then infected with WT of F170S HPIV1. C protein expression was then examined by Western
blotting. The * represents a non-specific band.
doi:10.1371/journal.pone.0059462.g005
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Figure 6. Changes in the expression of Alix do not alter HPIV1 replication or release. A. Over-expression of Alix did not affect HPIV1
replication. 293 T cells were transfected with plasmid expressing Alix and then infected with WT or P(C-) HPIV1 at a MOI of 5 (the same MOI that was
used in previous experiments). 0.5 mL was aliquoted from the overlying tissue culture medium and replaced with 0.5 mL fresh medium at the
indicated time points. The aliquots were assayed for infectious virus by limiting dilution. B. siRNA-mediated knock-down of Alix expression did not
affect HPIV1 replication. 293 T cells were transfected twice with control non-targeting (siCON) or Alix-specific (siALIX) siRNA and infected with a low
MOI (0.01) of WT or P(C-) HPIV1. HPIV1 replication was assayed as in part A. C. Analysis of viral proteins released into the overlying tissue culture
medium or present intracellularly during Alix knock-down. On day 5 of the experiment described in part B (with the addition of 293 T cells
transfected with siGAPDH as an additional control), total protein from the tissue culture supernatant and from the cell lysate was collected and
analyzed by SDS-PAGE and Western blotting. This confirmed the presence of N protein in virions released into the overlying culture medium and in
cell lysates for both viruses, the absence of intracellular C protein for the P(C-) virus, and the reduced accumulation of C protein from WT HPIV1
during Alix knock-down. D. Confirmation of siRNA-mediated knock-down of Alix expression. From the experiment in part C, the knock-down of Alix
and GAPDH expression was confirmed by measuring intracellular mRNA by RT-qPCR.
doi:10.1371/journal.pone.0059462.g006
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Figure 7. Changes in the expression of Chmp4 alter WT HPIV1 replication and release. A. Effect of Chmp4 knock-down on WT HPIV1
replication. 293 T cells were transfected twice with a mixture of siRNAs specific to the Chmp4 isoforms a, b, and c (collectively called siCHMP4) or a
control siRNA (siCON) and were infected with WT or P(C-) HPIV1 at a MOI of 5. The release of infectious virus was then quantified by a limiting dilution
assay. B. Effect of Chmp4 knock-down on the accumulation of intracellular viral and Chmp4 mRNAs. 293 T cells were transfected with siRNA and
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interaction with Alix (Fig. 1D), suggesting that this residue is

important for the integrity of the binding site. However, this

mutation in C does not lie in any known functional region or

sequence motif. The interaction between Alix and the HPIV1 C

proteins was found to occur within the Bro1 domain of Alix

(Fig. 3) and, thus, differs from the situation for retrovirus Gag

proteins, which bind to the V domain of Alix. Furthermore, the

interaction between the HPIV1 C proteins and Alix was found to

rely on the I212 residue located within an exposed hydrophobic

patch on the concave surface of the Bro1 domain. This same site is

involved in the interaction between Alix and Chmp4b. In contrast,

the site in the Bro1 domain that mediates an interaction with Src

kinase and involves residue Y319 was inconsequential for

interaction with the HPIV1 C proteins.

Immunofluorescence of HPIV1-infected cells showed that both

the WT and F170S mutation-containing C proteins were mainly

localized near late endosomes and co-localized with Alix (Fig. 2).

Interestingly, we had previously shown that, in HPIV1-infected

cells, the C proteins sequester the STAT1 transcription factor in

aggregates near the late endosomes [17] that appear to be the

same as that described in the present study. Thus, the association

between the C proteins and Alix and the localization of C near the

late endosomes may serve more than one purpose. Specifically,

Alix may allow the C proteins to enter the ESCRT system in order

to promote budding, as described in the present study, as well as to

block IFN signaling. Indeed, C proteins containing the F170S

mutation can only weakly bind Alix (Fig. 1D), and, although

F170S HPIV1 replicates and buds as effectively as WT HPIV1,

F170S HPIV1 fails to block interferon signaling [10,17]. We have

similarly shown that the F170S mutation substantially weakens the

interaction between the C proteins even though the C proteins still

co-localize with STAT1 at the perinuclear region. This is

analogous to the interaction between the C proteins and Alix.

However, due to the weakened interaction, the CF170S proteins,

unlike the CWT proteins are unable to prevent STAT1 nuclear

translocation or block interferon signaling [10,17]. The observa-

tion that the C proteins of HPIV1 accumulate mainly in the

vicinity of the late endosomes in HPIV1-infected cells is somewhat

different than observations with the related murine virus SeV. A

number of groups have reported localization of the SeV C proteins

in various compartments of the cell, either localizing in the

cytoplasm during an active infection or concentrated along the

plasma membrane during over-expression of the C proteins

[24,39]. The apparent difference between the C proteins of

HPIV1 and SeV may represent an authentic difference, but it also

is possible that the use of plasmid-based over-expression in some of

the SeV studies resulted in non-authentic localization. Here, we

note that our localization studies involved authentic HPIV1

infection in human cells and also in non-human primate cells [17].

In the process of studying the interaction between Alix and the

C proteins, we noted that Alix substantially increased the

intracellular accumulation of the HPIV1 C proteins during

HPIV1 infection or in response to transfected plasmid. Specifical-

ly, the accumulation of C protein was substantially increased in

infected with WT or P(C-) HPIV1 as described in part A. Total RNA was extracted from WT and P(C-) HPIV1-infected 293 T cells after Chmp4 knock-
down and reverse transcribed using oligo-dT. Viral N and P/C mRNA and Chmp4a, Chmp4b, and Chmp4c levels were measured by quantitative PCR.
C. The whole cell lysate and the supernatant were collected from WT and P(C-) HPIV1 infected 293 T cells after Chmp4 knock-down at 48 hours post-
infection (p.i.) and Western blotted for the HPIV1 N and C proteins and Chmp4b. D. Similarly, the whole cell lysate and the supernatant were collected
from WT HPIV1-infected 293 T cells after Alix and/or Chmp4 over-expression at 12 hours post-infection (p.i.) and Western blotted for the HPIV1 N and
C proteins and Chmp4b and Alix. Note, during an infection of 293 T cells instead of A549 cells, the C protein, rather than the C’ protein, was the main
C isoform.
doi:10.1371/journal.pone.0059462.g007

Figure 8. The HPIV1 C proteins and Chmp4b compete with each other to bind Alix. 293 T cells were co-transfected with various
combinations of plasmids (as indicated) expressing Myc-tagged C, Flag-tagged Chmp4b, and HA-tagged Alix. 48 h post-transfection, cell lysates were
prepared and subjected to immunoprecipitation with anti-HA antibodies to isolate HA-Alix followed by SDS-PAGE and Western blotting.
doi:10.1371/journal.pone.0059462.g008
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response to over-expression of Alix from transfected plasmid and,

conversely, C protein accumulation was reduced when the

endogenous level of Alix was knocked down by RNA interference

(Fig. 4). In contrast, changing the level of expression of Alix had

no effect on the accumulation of the N and P proteins in HPIV1-

infected cells, and, thus, this effect was specific to C. The increased

accumulation of C observed in the presence of Alix over-

expression was not due to a change in the accumulation of C

mRNA. Thus, the effect appeared to be at the level of protein

stability. The ability of Alix to increase the accumulation of

HPIV1 C proteins mapped to the Bro1 domain of Alix and

depended on the intact binding site involving residue I212.

Furthermore, the ability of Alix to stabilize the C proteins was

largely arrogated by over-expression of Chmp4b, which was

shown to compete with C for binding Alix. Thus, stabilization of

the C proteins by co-expression of Alix appeared to require

binding to the Bro1 domain.

Ubiquitination and proteasome-mediated degradation were

found to be involved in determining the stability of the HPIV1

C proteins. Ubiquitination is an important mechanism by which

the host cell tags proteins for degradation by either the proteasome

or the lysosome, or for signal transduction, or for sorting cargo into

endosomes. Ubiquitin is conjugated via its C-terminal glycine to a

lysine residue of a target protein by ubiquitin ligases, and ubiquitin

itself has multiple lysine residues that can be targeted for linkage

with free ubiquitin to form long polyubiquitin chains. Mono- and

polyubiquitination can confer various fates and functions to the

tagged protein. Lysine-48 linkages are well-known for targeting

proteins for degradation via the proteasome, whereas Lysine-63

linkages are involved in endocytosis, in targeting proteins for

degradation via the lysosome, and also in regulating signal

transduction through the NF-kB pathway [40,41]. We found that

the accumulation of the C protein in HPIV1-infected cells was

substantially increased when the cells were treated with any of

several proteasome inhibitors. In addition, co-immunoprecipita-

tion followed by mass spectrometry or Western blotting showed

that the C proteins were ubiquitinated and also provided evidence

of polyubiquitination involving Lysine-48 linkages (Fig. 5). The

exact lysine residue(s) on the C proteins that is ubiquitinated

remains to be determined. It is interesting to note that C protein

expression rather than C’ protein expression is most affected by

ubiquitination and proteasome-mediated degradation (Fig. 5A).

The reasons behind this observation are unclear. The C’ isoform

has 15 additional N-terminal amino acids compared to the C

isoform that might somehow protect the rest of the protein from

ubiquitination and degradation. It is clear, however, that the C

proteins are ubiquitinated and degraded by the proteasome, and

the mechanism by which Alix stabilizes the C protein is dependent

on the ability of the Bro1 domain to bind C and protect it from

degradation. It is tempting to speculate that the activity of the host

cell in targeting C proteins for degradation may be an effort to

‘‘clear’’ the cytoplasm of a viral protein that otherwise inhibits the

host innate immune response. Conversely, the ability of the C

protein to bind Alix may be an activity that has been selected for

because it spares C from degradation.

The CF170S proteins, like the wild-type C proteins, are also

subject to proteasome-mediated degradation (Fig. 5B) and

ubiquitination (Fig. 5I). Due to the relatively weaker interaction

between CF170S and Alix, in contrast to the interaction between

WT C and Alix, we expected that the CF170S proteins would be

less stable and more susceptible to ubiquitination and proteasome-

mediated degradation. Indeed during infection with HPIV1, less

CF170S protein was detected compared to WT C protein (Fig. 5B).

Although Alix over-expression appeared to protect both the wild-

type C and mutant CF170S proteins from degradation and thereby

increase their abundance, the level of WT C proteins was

increased to a greater extent (Fig. 5J).

Ubiquitination also plays a key role in the sorting of cargo in

ESCRT complexes during MVB biogenesis. The ESCRT-0

complex contains several ubiquitin-binding motifs that are capable

of clustering ubiquitinated cargo at membranes that subsequently

invaginate with the help of ESCRT-II and ESCRT-III into

numerous cargo containing buds [38,42]. ESCRT-I and ESCRT-

II form a scaffold at the neck of these buds where ESCRT-III can

then assemble. The ESCRT-III complex recruits Bro1 and then

Snf7 in yeast (Alix and Chmp4, respectively, in humans),

providing a critical scission factor in the final step to forming

cargo-containing intraluminal vesicles. Western blot analysis and

mass spectrometry suggested that the C proteins were mainly

conjugated to short chains consisting of only 2–3 ubiquitin

moieties (Fig. 5). Although it remains unclear whether ubiquitina-

tion serves as a sorting signal for the C proteins, it is conceivable

that ubiquitination of the HPIV1 C proteins allows them to take

advantage of the host ESCRT machinery, to aggregate near late

endosomes, and to possibly initiate budding through the MVB. In

yeast, Bro1 interacts with an ubiquitin thiolesterase Doa4 that

facilitates the deubiquitination of cargo just before membrane

scission releases cargo into the endosomal lumen, and this

mechanism may explain why the interaction between AlixBro1

and the HPIV1 C proteins protect the C proteins from

degradation by the proteasome [43].

Since the HPIV1 C proteins specifically interacted with the

Bro1 domain of Alix in our experiments, we expected to see an

effect on viral replication or budding after knocking down Alix

expression. However, knocking down the expression of Alix by

RNA interference had no effect on HPIV1 replication or budding

(Fig. 6 and Fig. S2). This is in agreement with the observation

that Alix knock-down also does not affect budding of the murine

virus SeV [23]. For SeV, the budding of virus-like particles (VLPs)

was reported to be reduced 5-fold when a dominant-negative (DN)

vacuolar protein sorting-associated protein 4 (VPS4) was over-

expressed [24]. VPS4 is an ATPase that interacts with ESCRT-III

to catalyze the disassembly of the ESCRT complex and recycle its

components [44]. An examination of the data showed that over-

expression of DN-VPS4 also reduced the budding of VLPs by 5-

fold even in the absence of C protein expression, suggesting that

VLP budding utilizes the ESCRT system but that the C proteins

may not be essential to this process. However, it was later reported

that neither Alix knock-down nor DN-VPS4 over-expression

affected SeV budding at all during an active infection [23].

Therefore, whether Alix promotes budding by SeV remains

controversial. Importantly, we note that the lack of an effect of

Alix knock-down on HPIV1 replication or budding might be due

to the large redundancy that exists among host cell Bro1-

containing proteins. For example, other Bro1 domain-containing

proteins, including Brox, HD-PTP, and the rhophilins, have been

shown to bind the HIV nucleocapsid, bind Chmp4b, and

stimulate virus-like particle production of both HIV and hepatitis

C virus [45,46,47]. Thus, the finding that the replication and

budding of HPIV1 was unaffected by Alix knock-down may

simply reflect the presence of other Bro1-containing proteins that

compensate for the reduction in Alix.

To determine whether the ESCRT pathway might still play an

important role in HPIV1 replication, we decided to test whether

Chmp4 knock-down yielded a detectable phenotype during

HPIV1 infection since the C proteins and Chmp4b bind at the

same site in the Bro1 domain of Alix. Notably, redundancy also

exists within the family of Chmp4 proteins. Three isoforms exist
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that can each bind to the Bro1 domain of Alix, namely Chmp4a,

b, and c, with Chmp4b being the primary binding partner of Alix

[37]. Because of this redundancy, we needed to knock-down all

three isoforms simultaneously. We found that knocking down the

expression of Chmp4 led to a 100-fold reduction in WT HPIV1

titer (Fig. 7A). This reduction in viral titer was paralleled by a

decrease in the release of viral N protein into the cell culture media

even though the amount of intracellular N protein was similar,

indicative of an effect on the release of viral particles (Fig. 7C).

Conversely, over-expression of Chmp4b resulted in an increase in

the amount of viral N protein released extracellularly. Co-

expression of Alix with Chmp4b blocked this increase, presumably

because the intracellular environment was overloaded with Alix

that preferentially bound Chmp4b instead of the HPIV1 C

proteins (Fig. 7D). Consistent with this premise, we found that

Alix does bind Chmp4b much more avidly than it binds the

HPIV1 C proteins, and Chmp4b is capable of out-competing C

proteins for the interaction with Alix (Fig. 8).

We noted that, in single-step growth experiments, the replica-

tion of P(C-) HPIV1, a mutant virus that does not express any of

the C proteins, was approximately 100-fold less than that of WT

HPIV1 (Fig. 7A) [10,11]. Knocking down the expression of

Chmp4 in the context of infection with P(C-) HPIV1 resulted in

only a small additional reduction in viral replication. In contrast,

knocking down the expression of Chmp4 in the context of

infection with WT HPIV1 reduced viral replication to a much

greater extent. The similarity of the effect (approximately 100-fold

reduction in viral titers) of knocking down Chmp4 expression

versus knocking out C protein expression is consistent with the

idea that both Chmp4 and the viral C proteins play a significant,

albeit non-essential, role in virus budding. Notably, a decrease in

P(C-) titers was also observed with Chmp4 knock-down, but the

effect was relatively small, ranging from 0.5 to 1 log10. The

decrease in the amount of viral nucleocapsid released into the cell

culture media during P(C-) infection compared to WT infection of

Chmp4 knock-down cells was also relatively small (Fig. 7A and
C). Thus, knocking down Chmp4b expression may have a small

effect on viral budding independent of the C proteins, supporting

the notion that the C proteins play an important role in enhancing

viral budding but are not fully essential to this process. This is

offered with the caveat that the absence of the C proteins can have

other effects that could contribute to reduced replication of the

P(C-) virus, including increased apoptosis and increased IFN

production and signaling. However, these effects should be less

important in the budding experiments, such as in Fig. 7A, because

of their relatively late onset [10,11].

Chmp4 expression might also have an effect on the expression

level of Alix. We noted that the expression of the C proteins did

not significantly alter the levels of Alix. For instance, in Figures 1D

and E, 3B, and 5J, the expression of the HPIV1 C proteins did not

increase the expression level of Alix. However, the over-expression

of Chmp4, independent of the presence of the C proteins,

appeared to reduce the expression level of Alix (Fig. 7D and 8).

The mechanism by which this occurs remains to be determined

but may involve increased Alix turnover.

The roles of Alix, Chmp4b, and the viral C proteins in HPIV1

infection remain incompletely understood, but a preliminary

model can be proposed. We suggest that Alix (and potentially

other Bro1-containing proteins) binds the C proteins during

HPIV1 infection and serves to recruit C to the cytoplasmic face of

late endosomes. We have already noted that this might account for

the aggregation of C and STAT1 complexes to this region [17]. In

addition, we (unpublished data) and others have observed an

association between the HPIV1 and SeV C proteins and proteins

of the nucleocapsid/polymerase complex, including the N and L

proteins [48]. Chmp4 might then recruit the Alix-C-nucleocapsid

and/or Alix-C-STAT1 complexes to a common site on the

cytoplasmic face of late endosomes which serves as the origin for

virus assembly and budding and also for interference with host

IFN signaling and production. During protein trafficking, there is

a constant cycling of protein between the membrane and

cytoplasm, leading to both free cytoplasmic and membrane-bound

pools of protein [49,50]. It is possible that Alix undergoes a similar

exchange process, whereby both free and membrane-bound Alix is

concentrated at the late endosome, possibly via its ability to

interact with Chmp4. The free cytoplasmic Alix is available to

bind C and similarly concentrate C in the vicinity of the late

endosome. Chmp4, which preferentially binds Alix, might then

displace the nucleocapsids into the lumen of the nascent bud and

drive neck scission. The HPIV1 virus particle within the

intraluminal vesicle can now bud from infected cells upon fusion

of the endosomal membrane with the plasma membrane. HIV can

likewise bud into intracellular vesicles, particularly in macrophag-

es. HIV-containing endosomes have been visualized by electron

microscopy that fuse with the plasma membrane and release virus

particles that carry several MVB markers [51]. This same process

might also drive HPIV1 budding from the plasma membrane. In

conclusion, the C proteins of HPIV1 allow the virus to interact

with the host cell’s ESCRT pathway, and, although not essential

for viral replication, this plays an important and complex role in

the overall viral life cycle. Interfering with this interaction, such as

through mutation or deletion of the C proteins, may be an

important mechanism of attenuation and is represented in a live-

attenuated HPIV1 vaccine presently in clinical trials.

Supporting Information

Figure S1 Intracellular co-localization of the C proteins
with endogenous Alix and the late endosomal compart-
ment during HPIV1 infection. 293 T cells were mock-

infected (row 1), infected with WT HPIV1 (row 2), infected

with F170S HPIV1 (row 3), or infected with P(C-) HPIV1 (row 4)

and after 48 h of incubation the cells were fixed, permeabilized,

and analyzed by immunofluorescence with the antibodies

indicated for each column. Nuclei were visualized with DAPI

staining (blue). Both the WT and F170S C proteins (red) and Alix

(green) co-localized (orange) in HPIV1-infected cells.

(TIF)

Figure S2 Alix knock-down does not affect the growth of
either HPIV1, HPIV2, or SeV. Stable A549-derived cell lines

were generated in which Alix expression was constitutively

knocked-down (kd) using shRNA. 2 cell lines using 2 different

shRNA constructs were used to ensure reproducibility of the data.

These cells were infected with HPIV1 (A), HPIV2 (B), or SeV (C)

at a MOI of 0.01, and the supernatants were sampled every other

day up to day 5 post-infection to determine viral titers by limiting

dilution analysis. The y-axis is in a log10 scale. D. The knock-down

of Alix expression in the A549-derived cell lines was confirmed by

Western blotting.

(TIF)

Acknowledgments

We are grateful to Brian Murphy (former chief of the Laboratory of

Infectious Diseases, NIAID) for providing important advice with designing

and interpreting the ubiquitination experiments. We are also grateful to

Owen Schwartz, Juraj Kabat, Lily Koo, and Steven Becker (NIAID

Biological Imaging Core) for assistance with confocal microscopy. Sonja

Surman helped perform the HPIV1, HPIV2, and SeV growth curves on

Interactions between ESCRT and HPIV1

PLOS ONE | www.plosone.org 15 March 2013 | Volume 8 | Issue 3 | e59462



the A549-derived cell lines in which Alix was constitutively knocked down.

David Allen (NextGen Sciences, currently at MS Bioworks) and Raynaldo

Martin and Carl Hammer (NIAID Mass Spectrometry Laboratory)

performed the mass spectrometry to identify Alix and C ubiquitination.

The original Alix and Chmp4b expression constructs were kindly provided

by James Hurley (Laboratory of Molecular Biology, National Institutes of

Diabetes and Digestive and Kidney Diseases) and Masatoshi Maki

(Laboratory of Molecular and Cellular Regulation, Nagoya University),

respectively. The MDA5 expression construct was kindly provided by

Takashi Fujita (Laboratory of Molecular Genetics, Kyoto University).

Author Contributions

Conceived and designed the experiments: JB HS PC AS. Performed the

experiments: JB HS. Analyzed the data: JB HS AS PC. Contributed

reagents/materials/analysis tools: JB HS AS PC. Wrote the paper: JB.

References

1. Murphy BR, Prince GA, Collins PL, Van Wyke Coelingh K, Olmsted RA, et al.

(1988) Current approaches to the development of vaccines effective against

parainfluenza and respiratory syncytial viruses. Virus Res 11: 1–15.

2. Forster J, Ihorst G, Rieger CH, Stephan V, Frank HD, et al. (2004) Prospective

population-based study of viral lower respiratory tract infections in children

under 3 years of age (the PRI.DE study). Eur J Pediatr 163: 709–716.

3. Reed G, Jewett PH, Thompson J, Tollefson S, Wright PF (1997) Epidemiology

and clinical impact of parainfluenza virus infections in otherwise healthy infants

and young children ,5 years old. J Infect Dis 175: 807–813.

4. Hui DS, Woo J, Hui E, Foo A, Ip M, et al. (2008) Influenza-like illness in

residential care homes: a study of the incidence, aetiological agents, natural

history and health resource utilisation. Thorax 63: 690–697.

5. Gottlieb J, Schulz TF, Welte T, Fuehner T, Dierich M, et al. (2009)

Community-acquired respiratory viral infections in lung transplant recipients:

a single season cohort study. Transplantation 87: 1530–1537.

6. Counihan ME, Shay DK, Holman RC, Lowther SA, Anderson LJ (2001)

Human parainfluenza virus-associated hospitalizations among children less than

five years of age in the United States. Pediatr Infect Dis J 20: 646–653.

7. Schmidt AC, Schaap-Nutt A, Bartlett EJ, Schomacker H, Boonyaratanakornkit

J, et al. (2011) Progress in the development of human parainfluenza virus

vaccines. Expert review of respiratory medicine 5: 515–526.

8. Bousse T, Chambers RL, Scroggs RA, Portner A, Takimoto T (2006) Human

parainfluenza virus type 1 but not Sendai virus replicates in human respiratory

cells despite IFN treatment. Virus Res 121: 23–32.

9. Van Cleve W, Amaro-Carambot E, Surman SR, Bekisz J, Collins PL, et al.

(2006) Attenuating mutations in the P/C gene of human parainfluenza virus

type 1 (HPIV1) vaccine candidates abrogate the inhibition of both induction and

signaling of type I interferon (IFN) by wild-type HPIV1. Virology 352: 61–73.

10. Boonyaratanakornkit JB, Bartlett EJ, Amaro-Carambot E, Collins PL, Murphy

BR, et al. (2009) The C proteins of human parainfluenza virus type 1 (HPIV1)

control the transcription of a broad array of cellular genes that would otherwise

respond to HPIV1 infection. J Virol 83: 1892–1910.

11. Bartlett EJ, Cruz AM, Esker J, Castano A, Schomacker H, et al. (2008) Human

parainfluenza virus type 1 C proteins are nonessential proteins that inhibit the

host interferon and apoptotic responses and are required for efficient replication

in nonhuman primates. J Virol 82: 8965–8977.

12. Chambers R, Takimoto T (2009) Host specificity of the anti-interferon and anti-

apoptosis activities of parainfluenza virus P/C gene products. J Gen Virol 90:

1906–1915.

13. Andrejeva J, Childs KS, Young DF, Carlos TS, Stock N, et al. (2004) The V

proteins of paramyxoviruses bind the IFN-inducible RNA helicase, mda-5, and

inhibit its activation of the IFN-beta promoter. Proc Natl Acad Sci U S A 101:

17264–17269.

14. Boonyaratanakornkit J, Bartlett E, Schomacker H, Surman S, Akira S, et al.

(2011) The C proteins of human parainfluenza virus type 1 limit double-

stranded RNA accumulation that would otherwise trigger activation of MDA5

and protein kinase R. J Virol 85: 1495–1506.

15. Garcin D, Marq JB, Iseni F, Martin S, Kolakofsky D (2004) A short peptide at

the amino terminus of the Sendai virus C protein acts as an independent element

that induces STAT1 instability. Journal of virology 78: 8799–8811.

16. Gotoh B, Takeuchi K, Komatsu T, Yokoo J (2003) The STAT2 activation

process is a crucial target of Sendai virus C protein for the blockade of alpha

interferon signaling. Journal of virology 77: 3360–3370.

17. Schomacker H, Hebner RM, Boonyaratanakornkit J, Surman S, Amaro-

Carambot E, et al. (2012) The C proteins of human parainfluenza virus type 1

block IFN signaling by binding and retaining stat1 in perinuclear aggregates at

the late endosome. PloS one 7: e28382.

18. Strack B, Calistri A, Craig S, Popova E, Gottlinger HG (2003) AIP1/ALIX is a

binding partner for HIV-1 p6 and EIAV p9 functioning in virus budding. Cell

114: 689–699.

19. Lee HH, Elia N, Ghirlando R, Lippincott-Schwartz J, Hurley JH (2008)

Midbody targeting of the ESCRT machinery by a noncanonical coiled coil in

CEP55. Science 322: 576–580.

20. Matsuo H, Chevallier J, Mayran N, Le Blanc I, Ferguson C, et al. (2004) Role of

LBPA and Alix in multivesicular liposome formation and endosome organiza-

tion. Science 303: 531–534.

21. Fisher RD, Chung HY, Zhai Q, Robinson H, Sundquist WI, et al. (2007)

Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus

budding. Cell 128: 841–852.

22. Usami Y, Popov S, Gottlinger HG (2007) Potent rescue of human

immunodeficiency virus type 1 late domain mutants by ALIX/AIP1 depends
on its CHMP4 binding site. Journal of virology 81: 6614–6622.

23. Gosselin-Grenet AS, Marq JB, Abrami L, Garcin D, Roux L (2007) Sendai virus

budding in the course of an infection does not require Alix and VPS4A host
factors. Virology 365: 101–112.

24. Irie T, Nagata N, Yoshida T, Sakaguchi T (2008) Recruitment of Alix/AIP1 to

the plasma membrane by Sendai virus C protein facilitates budding of virus-like
particles. Virology 371: 108–120.

25. Irie T, Shimazu Y, Yoshida T, Sakaguchi T (2007) The YLDL sequence within

Sendai virus M protein is critical for budding of virus-like particles and interacts
with Alix/AIP1 independently of C protein. J Virol 81: 2263–2273.

26. Irie T, Inoue M, Sakaguchi T (2010) Significance of the YLDL motif in the M

protein and Alix/AIP1 for Sendai virus budding in the context of virus infection.

Virology 405: 334–341.

27. Kim J, Sitaraman S, Hierro A, Beach BM, Odorizzi G, et al. (2005) Structural

basis for endosomal targeting by the Bro1 domain. Developmental cell 8: 937–

947.

28. Bartlett EJ, Amaro-Carambot E, Surman SR, Collins PL, Murphy BR, et al.

(2006) Introducing point and deletion mutations into the P/C gene of human

parainfluenza virus type 1 (HPIV1) by reverse genetics generates attenuated and
efficacious vaccine candidates. Vaccine 24: 2674–2684.

29. Bartlett EJ, Amaro-Carambot E, Surman SR, Newman JT, Collins PL, et al.

(2005) Human parainfluenza virus type I (HPIV1) vaccine candidates designed
by reverse genetics are attenuated and efficacious in African green monkeys.

Vaccine 23: 4631–4646.

30. Itoh M, Isegawa Y, Hotta H, Homma M (1997) Isolation of an avirulent mutant
of Sendai virus with two amino acid mutations from a highly virulent field strain

through adaptation to LLC-MK2 cells. J Gen Virol 78 (Pt 12): 3207–3215.

31. Newman JT, Riggs JM, Surman SR, McAuliffe JM, Mulaikal TA, et al. (2004)
Generation of recombinant human parainfluenza virus type 1 vaccine

candidates by importation of temperature-sensitive and attenuating mutations

from heterologous paramyxoviruses. J Virol 78: 2017–2028.

32. Munshi UM, Kim J, Nagashima K, Hurley JH, Freed EO (2007) An Alix

fragment potently inhibits HIV-1 budding: characterization of binding to

retroviral YPXL late domains. The Journal of biological chemistry 282: 3847–
3855.

33. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, et al.

(2005) Shared and unique functions of the DExD/H-box helicases RIG-I,
MDA5, and LGP2 in antiviral innate immunity. J Immunol 175: 2851–2858.

34. Lim KL, Chew KC, Tan JM, Wang C, Chung KK, et al. (2005) Parkin mediates

nonclassical, proteasomal-independent ubiquitination of synphilin-1: implica-
tions for Lewy body formation. The Journal of neuroscience : the official journal

of the Society for Neuroscience 25: 2002–2009.

35. Katoh K, Shibata H, Suzuki H, Nara A, Ishidoh K, et al. (2003) The ALG-2-
interacting protein Alix associates with CHMP4b, a human homologue of yeast

Snf7 that is involved in multivesicular body sorting. The Journal of biological

chemistry 278: 39104–39113.

36. Crinelli R, Bianchi M, Menotta M, Carloni E, Giacomini E, et al. (2008)

Ubiquitin over-expression promotes E6AP autodegradation and reactivation of

the p53/MDM2 pathway in HeLa cells. Molecular and cellular biochemistry
318: 129–145.

37. Katoh K, Shibata H, Hatta K, Maki M (2004) CHMP4b is a major binding

partner of the ALG-2-interacting protein Alix among the three CHMP4
isoforms. Archives of biochemistry and biophysics 421: 159–165.

38. Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body

biogenesis by ESCRT complexes. Nature 464: 864–869.

39. Sakaguchi T, Kato A, Sugahara F, Shimazu Y, Inoue M, et al. (2005) AIP1/Alix
is a binding partner of Sendai virus C protein and facilitates virus budding.

Journal of virology 79: 8933–8941.

40. Deng L, Wang C, Spencer E, Yang L, Braun A, et al. (2000) Activation of the
IkappaB kinase complex by TRAF6 requires a dimeric ubiquitin-conjugating

enzyme complex and a unique polyubiquitin chain. Cell 103: 351–361.

41. Huang F, Kirkpatrick D, Jiang X, Gygi S, Sorkin A (2006) Differential
regulation of EGF receptor internalization and degradation by multiubiquitina-

tion within the kinase domain. Molecular cell 21: 737–748.

42. Ren X, Hurley JH (2010) VHS domains of ESCRT-0 cooperate in high-avidity
binding to polyubiquitinated cargo. The EMBO journal 29: 1045–1054.

43. Luhtala N, Odorizzi G (2004) Bro1 coordinates deubiquitination in the

multivesicular body pathway by recruiting Doa4 to endosomes. The Journal
of cell biology 166: 717–729.

Interactions between ESCRT and HPIV1

PLOS ONE | www.plosone.org 16 March 2013 | Volume 8 | Issue 3 | e59462



44. Babst M, Wendland B, Estepa EJ, Emr SD (1998) The Vps4p AAA ATPase

regulates membrane association of a Vps protein complex required for normal
endosome function. The EMBO journal 17: 2982–2993.

45. Ichioka F, Kobayashi R, Katoh K, Shibata H, Maki M (2008) Brox, a novel

farnesylated Bro1 domain-containing protein that associates with charged
multivesicular body protein 4 (CHMP4). FEBS J 275: 682–692.

46. Popov S, Popova E, Inoue M, Gottlinger HG (2009) Divergent Bro1 domains
share the capacity to bind human immunodeficiency virus type 1 nucleocapsid

and to enhance virus-like particle production. Journal of virology 83: 7185–

7193.
47. Ariumi Y, Kuroki M, Maki M, Ikeda M, Dansako H, et al. (2011) The ESCRT

system is required for hepatitis C virus production. PloS one 6: e14517.

48. Grogan CC, Moyer SA (2001) Sendai virus wild-type and mutant C proteins

show a direct correlation between L polymerase binding and inhibition of viral
RNA synthesis. Virology 288: 96–108.

49. Liu W, Duden R, Phair RD, Lippincott-Schwartz J (2005) ArfGAP1 dynamics

and its role in COPI coat assembly on Golgi membranes of living cells. The
Journal of cell biology 168: 1053–1063.

50. Presley JF, Ward TH, Pfeifer AC, Siggia ED, Phair RD, et al. (2002) Dissection
of COPI and Arf1 dynamics in vivo and role in Golgi membrane transport.

Nature 417: 187–193.

51. Pelchen-Matthews A, Kramer B, Marsh M (2003) Infectious HIV-1 assembles in
late endosomes in primary macrophages. The Journal of cell biology 162: 443–

455.

Interactions between ESCRT and HPIV1

PLOS ONE | www.plosone.org 17 March 2013 | Volume 8 | Issue 3 | e59462


