PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Shirasaki T, Feng H, Duyvesteyn HME,
Fusco WG, McKnight KL, Xie L, et al. (2022)
Nonlytic cellular release of hepatitis A virus
requires dual capsid recruitment of the ESCRT-
associated Bro1 domain proteins HD-PTP and
ALIX. PLoS Pathog 18(8): €1010543. https:/doi.
org/10.1371/journal.ppat.1010543

Editor: George A. Belov, University of Maryland,
UNITED STATES

Received: April 25, 2022
Accepted: July 18, 2022
Published: August 15, 2022

Copyright: © 2022 Shirasaki et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Mass spectrometry
proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier
PXD022107. The cryoEM coordinates of the
nanocage structure have been deposited to the

Protein Data Bank with the identifier 8ASN. All other

data are available in the manuscript or the
accompanying Supplementary Materials.

Nonlytic cellular release of hepatitis A virus
requires dual capsid recruitment of the
ESCRT-associated Bro1 domain proteins HD-
PTP and ALIX

Takayoshi Shirasaki'®, Hui Feng'*"2, Helen M. E. Duyvesteyn?3, William G. Fusco*, Kevin
L. McKnight', Ling Xie'-®, Mark Boyce?, Sathish Kumar®?, Rina Barouch-Bentov®"®,
Olga Gonzalez-Lépez'“°, Ryan McNamara', Li Wang'®, Adriana Hertel-Wulff',

Xian Chen'-®, Shirit Einav®"8, Joseph A. Duncan'*®, Maryna Kapustina'®, Elizabeth

E. Fry?, David I. Stuart?>3, Stanley M. Lemong 411+

1 Lineberger Comprehensive Cancer Center, The University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina, United States of America, 2 Division of Structural Biology, The Wellcome Trust Centre for
Human Genetics, University of Oxford, Oxford, United Kingdom, 3 Diamond Light Source, Didcot, United
Kingdom, 4 Department of Medicine, The University of North Carolina at Chapel Hill, Chapel Hill, North
Carolina, United States of America, 5 Department of Biochemistry and Biophysics, The University of North
Carolina at Chapel Hill, Chapel Hill, North Carolina, United States of America, 6 Division of Infectious
Diseases and Geographic Medicine, Department of Medicine, Stanford University School of Medicine,
Stanford, California, United States of America, 7 Department of Microbiology and Immunology, Stanford
University School of Medicine, Stanford, California, United States of America, 8 Chan-Zuckerberg BioHub,
San Francisco, California, United States of America, 9 Department of Pharmacology, The University of North
Carolina at Chapel Hill, Chapel Hill, North Carolina, United States of America, 10 Department of Cell Biology
& Physiology, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, United States of
America, 11 Department of Microbiology & Immunology, The University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina, United States of America

© These authors contributed equally to this work.

nag Current address: School of Medicine, Chongging University, Shapingba, Chongging, China
ab Current address: Rimon Research, Palo Alto, California, United States of America

ac Current address: BioAgylitix, Durham, North Carolina, United States of America

* smlemon@med.unc.edu

Abstract

Although picornaviruses are conventionally considered ‘nonenveloped’, members of multi-
ple picornaviral genera are released nonlytically from infected cells in extracellular vesicles.
The mechanisms underlying this process are poorly understood. Here, we describe interac-
tions of the hepatitis A virus (HAV) capsid with components of host endosomal sorting com-
plexes required for transport (ESCRT) that play an essential role in release. We show
release of quasi-enveloped virus (eHAV) in exosome-like vesicles requires a conserved
export signal located within the 8 kDa C-terminal VP1 pX extension that functions in a man-
ner analogous to late domains of canonical enveloped viruses. Fusing pX to a self-assem-
bling engineered protein nanocage (EPN-pX) resulted in its ESCRT-dependent release in
extracellular vesicles. Mutational analysis identified a 24 amino acid peptide sequence
located within the center of pX that was both necessary and sufficient for nanocage release.
Deleting a YxxL motif within this sequence ablated eHAV release, resulting in virus accumu-
lating intracellularly. The pX export signal is conserved in non-human hepatoviruses from a
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wide range of mammalian species, and functional in pX sequences from bat hepatoviruses
when fused to the nanocage protein, suggesting these viruses are released as quasi-envel-
oped virions. Quantitative proteomics identified multiple ESCRT-related proteins associat-
ing with EPN-pX, including ALG2-interacting protein X (ALIX), and its paralog, tyrosine-
protein phosphatase non-receptor type 23 (HD-PTP), a second Bro1 domain protein linked
to sorting of ubiquitylated cargo into multivesicular endosomes. RNAi-mediated depletion of
either Bro1 domain protein impeded eHAV release. Super-resolution fluorescence micros-
copy demonstrated colocalization of viral capsids with endogenous ALIX and HD-PTP. Co-
immunoprecipitation assays using biotin-tagged peptides and recombinant proteins
revealed pX interacts directly through the export signal with N-terminal Bro1 domains of
both HD-PTP and ALIX. Our study identifies an exceptionally potent viral export signal medi-
ating extracellular release of virus-sized protein assemblies and shows release requires
non-redundant activities of both HD-PTP and ALIX.

Author summary

Mechanisms underlying nonlytic release of canonical nonenveloped viruses from infected
cells are poorly understood. We show here that release of hepatitis A virus from cells in
exosome-like vesicles requires nonredundant activities of two distinct Brol-domain pro-
teins associated with host cell machinery for endosomal sorting (ESCRT), HD-PTP and
ALIX. We demonstrate both Brol domain proteins are recruited to the viral capsid by the
pX segment of the 1D capsid protein, and that they act in a non-redundant manner to
mediate virus release. Fusing pX to a self-assembling nanocage protein resulted in
ESCRT-dependent release mediated by a short pX peptide sequence conserved in hepato-
viruses from bats to humans. Mutations within the pX sequence ablate release and result
in noncytolytic virus accumulating intracellularly. Our study identifies an exceptionally
potent viral export signal mediating extracellular release of virus-sized protein assemblies
and shows nonlytic release of quasi-enveloped virus is an ancient evolutionary trait of
hepatoviruses.

Introduction

Viruses from a variety of virus families that are classically considered ‘non-enveloped’ have
been found to be released nonlytically from infected cells in extracellular vesicles (EVs), a phe-
nomenon with potentially profound consequences for pathogenesis and host immune
response [1-4]. The size of the EVs containing these quasi-enveloped viruses, the number of
viral capsids each contains, and the host proteins with which they are associated vary widely.
This likely reflects distinct mechanisms of biogenesis, none of which are well understood. Sev-
eral pathogenic viruses classified within different genera of the Picornaviridae, a large and
diverse family of positive-strand RNA viruses [5], are released from cells in this fashion. EV's
containing poliovirus and coxsackivirus (genus Enterovirus) are large (300-920 nm across)
and contain numerous capsids, whereas EVs containing hepatitis A virus (HAV, genus Hepa-
tovirus) are smaller (50-110 nm) and contain only 1-3 capsids [1,2,6]. Enterovirus and
encephalomyocarditis virus (genus Cardiovirus) EVs are enriched with the autophagy-related
protein LC3 and may be derived from autophagosomes, whereas HAV is released in EV's that
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resemble exosomes in size and protein composition and likely originate in multivesicular
endosomes (MVEs) [1,2,4,7]. Thus, even within a single virus family, it is likely that diverse
signals drive the quasi-envelopment of viral capsids.

EVs containing HAV have specific infectivity (infectious particles/genome number) similar
to naked, nonenveloped virions, despite the absence of any virus-encoded protein on their sur-
face [1,7]. These quasi-enveloped virions (eHAV) enter cells via interactions with cell surface
phosphatidylserine receptors, and require endolysosomal ganglioside receptors shared with
naked, non-enveloped HAV (nHAYV) [8,9]. They are the only form of virus detected in the
blood during acute hepatitis A [1]. Canonical nonenveloped picornaviral virions are produced
in the biliary track, where membranes are stripped from quasi-enveloped eHAV shed from the
liver [10]. The membranes surrounding the capsid in eHAV cloak it from the immune system,
and likely contribute to the stealth-like nature of early HAV infection [1,11]. Replication of
HAV is noncytopathic in vivo [12] and its nonlytic release in vesicles represents a defining fea-
ture of the virus.

Multiple proteins associated with endosomal sorting complexes required for transport
(ESCRT) have been identified in extracellular eHAV vesicles [7]. These include ALG2-inter-
acting protein X (ALIX, also known as PDCD6-interacting protein), a Brol-domain protein
that is a key player in MVE formation, cytokinesis, and the budding of conventional enveloped
viruses from host cell membranes [13,14]. Multiple components of ESCRT-III complexes are
also present, including CHMP4B (charged multivesicular body protein 4B), CHMP1A,
CHMP1B and IST1 (Istl homolog 1) [7]. RNAi-mediated depletion of ALIX, IST1, and
CHMP2A suppresses eHAV release from infected cells, indicating that ESCRT is required for
eHAYV biogenesis [1,7]. The VP2 capsid protein of HAV contains tandem YPx; ;L ‘late
domains’ similar to linear peptide motifs in structural proteins of enveloped viruses that are
known to bind ALIX and recruit ESCRT [15,16]. Such late domains are essential for the bud-
ding of enveloped viruses from host cell membranes [17,18]. Mutational data support the
importance of the VP2 YPx, ;3L motifs in eHAYV release [16], although paradoxically the resi-
dues involved present little accessible surface area in an X-ray model of the mature, extracellu-
lar capsid [19].

Other data point to the involvement of a poorly understood, 8 kDa C-terminal exten-
sion of the HAV VP1 capsid protein known as ‘pX’ in eHAV biogenesis (Fig 1A). Origi-
nally identified in virion assembly intermediates and found more recently in extracellular
eHAYV particles [1,20], the pX sequence is unique to hepatoviruses. pX is rapidly cleaved
from VP1 upon loss of the eHAV membrane and is not present in nHAV [1]. The N-ter-
minal 27 residues of pX regulate folding of upstream capsid sequence and are required for
capsid protein pentamer formation early in virion assembly [21,22]. Less is known about
the C-terminal 43 residues of pX, which can sustain large deletions without loss of infec-
tivity [23]. Previous studies suggest pX forms a complex with ALIX, and show that dele-
tion of the C-terminus prevents quasi-envelope virus release [24]. Here, we show pX also
interacts with tyrosine-protein phosphatase non-receptor type 23 (HD-PTP), an ALIX
paralog associated with sorting of ubiquitylated cargo into MVEs [25]. We demonstrate
that pX binds directly to the N-terminal Brol domains of both HD-PTP and ALIX, and
that these two ESCRT-associated proteins function nonredundantly in a coordinated fash-
ion to mediate the release of quasi-enveloped virus. Our results expand the range of
ESCRT-associated proteins involved in virus release, define a potent viral export signal in
pX, and show quasi-envelopment to be conserved feature of hepatoviruses recovered from
mammalian species ranging from bats to humans.
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Fig 1. Protein fragment complementation screen for VP1pX interactions with ESCRT. (A) HAV genome organization: capsid proteins are in color with pX
hatched. Below is the pX sequence of p16 virus. (B) Protein-fragment complementation assay with ‘bait’ and ‘prey’ proteins fused to N-terminal GLucl and C-
terminal GLuc2 Gaussia princeps luciferase fragments [26]. (C) Representative GLuc immunoblot showing expression levels of GLuc2 bait proteins fused to
VP1pX (1D), VP, or pX in 293T cells. Actin included as a loading control. (D) Screen for interactions of (top) VP1pX, (middle) VP1, and (bottom) pX with
ESCRT components. Normalized light units (LU) >20 (dashed line) exceed values from a large panel of control prey proteins [27]. Acc: ESCRT accessory
protein. (E) Results of protein-fragment complementation assay assessing interactions of GLuc1-ALIX prey with VP2, VP2 late domain mutants with Ala
substitutions of Leu (L; ,A) and Tyr residues (Y;,A) (14), VP3, or VP1pX fused to GLuc2 as bait. Data in C and E are means from 2 independent experiments,
each with 3 technical replicates.

https://doi.org/10.1371/journal.ppat.1010543.g001

o

Results

A protein-fragment complementation screen reveals VP1pX interactions
with ESCRT proteins

To better understand how pX functions in eHAV release, we screened the entire 1D capsid
protein (VP1pX) for interactions with ESCRT-associated proteins using a sensitive Gaussia
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princeps luciferase (GLuc) protein-fragment complementation assay that is capable of detect-
ing weak and/or transient protein-protein interactions [26-28]. Unprocessed VP1pX protein,
fused as ‘bait’ to the C-terminal half of GLuc (‘GLuc2’), was transiently co-expressed in 293T
cells with a panel of 24 ESCRT-associated proteins fused as ‘prey’ to the N-terminus of GLuc
(‘GLuc?’) (Fig 1B and 1C). A robust interaction signal was generated with ALIX, and to a lesser
extent with proteins associated with ESCRT-0 (HRS and STAM2) and ESCRT-I (TSG101)
(Fig 1D top). Subsequent screens using isolated VP1 and pX polypeptides as bait suggested
ALIX interacts primarily with pX, whereas the interaction with HRS and TSG101 mapped to
VP1 (Fig 1D bottom, middle). Additional studies with GLuc2-VP2 bait were consistent with
the previously reported ALIX-interacting YPx;L late domains in VP2 [16], although the signal
was not reduced by single Ala substitutions of Tyr or Leu residues in each of the domains (Fig
1E). By contrast, VP3 showed no evidence of interacting with ALIX. These data are consistent
with ESCRT-recruitment signals residing in VP1pX as well as VP2, with pX interacting either
directly or indirectly with ALIX as reported previously [24].

pX drives extracellular release of computationally-designed nanocage
assemblies

HAV replication is slow and inefficient in cell culture, complicating the functional analysis of
viral proteins. Thus, to assess the role of pX in eHAYV release, we fused the pX sequence to the
C-terminus of a 203 amino acid de novo designed protein that self-assembles into a 60-copy,
25 nm wire cage dodecahedron [29] (Fig 2A). These engineered protein nanocages (EPN)
have been shown to be secreted from cells within vesicles by an ESCRT-dependent process
when the protein is fused at its C-terminus to the p6°*¢ protein of human immunodeficiency
virus (HIV-1) that contains late domains interacting with TSG101 and ALIX [30]. Secretion is
also dependent upon the EPN protein being linked at its N-terminus to residues 2-6 of Gag
that contains a myristoylation signal mediating association with membranes [30]. Fusing pX
to the C-terminus of the nanocage protein (‘EPN-pX’) in lieu of p6°*¢ did not interfere with
nanocage assembly, and resulted in nanocages being visibly present within membrane-limited
vesicles released from transfected 293T cells (Fig 2B). Detergent treatment was required to
immunoprecipitate EPN-pX released by the transfected cells, consistent with its sequestration
within vesicles (Fig 2C). Furthermore, abundant EPN-pX could be recovered from beneath a
20% sucrose cushion following centrifugation of extracellular fluids, confirming the particulate
nature of the secreted nanocage (Fig 2D, lanes 1 and 13). A 6.7 A 3D structure of these nano-
cages determined by cryo-electron microscopy was very similar to that reported previously
[29] (SIA-SIC Fig). However, additional density was evident in the vicinity of the C-terminus
of the nanocage protein, facing towards the inside of the nanocage and consistent with pX
(S1D and SIE Fig). Release was suppressed by co-expression of a dominant-negative VPS4A
mutant (E228Q) (Fig 2D, compare lanes 1 and 7), confirming ESCRT-dependence [30]. Nano-
particle tracking analysis revealed a small increase in the median size of EVs released by 293T
cells expressing EPN-pX (127 nm) compared with control cells (110 nm) (S1F and S11G Fig),
but little change in overall EV concentration (S1H Fig). Thus, EPN-pX expression minimally
perturbed the background release of exosomes and other microvesicles from the cells.

EPN-pX was released from cells as efficiently as EPN fused to p6°€ (S2A Fig). Since
EPN-p6°°€ release requires both TSG101-interacting ‘PTAP’ and ALIX-interacting
‘YPx,L’ late domains of p6°*8 [30] (S2A Fig), this indicates that pX is capable of function-
ally replacing both p6“°¢ late domains. By contrast, EPN was not released when fused to
HAV VP2 sequence containing tandem YPx;L late domains that interact only with ALIX
[16] (S2B Fig).
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Fig 2. pX mediates ESCRT-dependent extracellular release of assembled EPN-pX nanocages and noncytopathic p16 virus. (A) (top) EPN-pX, in which pX
is fused to the C-terminus of the nanocage protein with an intervening Myc tag. (bottom) pX sequence in EPN-pX and related mutants. The pentamer assembly
domain (PAD) [21] and YxxL motif are indicated. A1, A2 and A3 deletions were described previously [23]. (B) Representative electron micrograph showing
multiple EPN-pX nanocages (white arrows) within a membrane-bound vesicle (black arrow) in extracellular fluids of transfected 293T cells. Scale bar = 20 nm.
The inset shows nanocages in extracellular fluids treated with CHAPS. Scale bar = 30 nm. (C) pX and Myc immunoblots of anti-pX immunoprecipitates of
extracellular fluids, with and without NP-40 treatment, versus lysate from EPN-pX transfected cells. (D) Myc immunoblot of released EPN protein recovered
following centrifugation through a 20% sucrose cushion, with soluble and insoluble intracellular EPN proteins expressed by cells transfected with EPN-pX and
related constructs shown below the solid horizontal line. Cells were co-transfected with vectors expressing eGFP (control, lanes 1-6) or the E228Q VPS4A
mutant (lanes 7-12). (E) Quantitation of nanocage protein release normalized to intracellular protein expression. Results are means +S.E.M. from 3
independent experiments. ****p<0.0001 by ANOVA with Sidak’s multiple comparison test. (F) Protein-fragment complementation assay with (leff) VP1pX
and (right) pX GLuc2 baits with and without YxxL/A substitutions and GLucl1 prey fused to ESCRT components. Results are means + S.D. from two
independent experiments, each with 3 technical replicates. ***p<0.001 by two-way ANOVA with Sidak’s multiple comparison test. (G) Extracellular HAV
RNA determined by RT-PCR [genome equivalents (GE) per mL supernatant fluids] and intracellular HAV RNA [GE per pg total RNA], and calculated
extracellular/intracellular RNA ratios, 12 days after transfection of cells with p16 or p16-YxxL/A RNA; GE = genome equivalents. Data are from n = 6 cultures
from two transfections, and are representative of multiple independent experiments. **p<0.01 calculated by Mann-Whitney test.

https://doi.org/10.1371/journal.ppat.1010543.9002
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EPN-pX release requires an association with intracellular membranes

In addition to self-assembly and ESCRT recruitment, the release of EPN-p6“€ requires a myr-
istoylation signal at its N-terminus that drives its association with membranes [30]. EPN-pX
release was similarly dependent on this myristoylation signal (S2C Fig), indicating that pX
does not by itself mediate an association with intracellular membranes. The VP4 capsid pro-
tein of some picornaviruses is N-terminally myristoylated and plays an important role in
membrane penetration during cell entry [31]. By contrast, HAV VP4 is small (only 21-23
amino acids) and lacks a myristoylation signal, yet associates with membranes through its N-
terminus [32]. EPN-pX constructs in which the N-terminal 9 or 11 residues of VP4 replaced
the Gag myristoylation signal of HIV-1 were actively released, albeit not as efficiently as EPN-
pX with the Gag signal (S2D Fig). Treating cells with IMP-1088, an inhibitor of N-myristoyl-
transferases (NMT1 and NMT2) [33], reduced the release of EPN-pX containing the N-termi-
nal Gag signal, but had little impact on EPN-pX constructs containing N-terminal VP4
sequence (S2D Fig, lanes 6-10, inset). These results support previous studies indicating VP4
associates with membranes independently of myristoylation [32], and suggest VP4 could pro-
vide the membrane association required for ESCRT-mediated capsid export. However, VP4 is
located internally within the mature, extracellular HAV capsid [19]. Dynamic ‘breathing’ is
known to occur in the capsids of other picornaviruses [34], but it is uncertain whether this
would be sufficient to externalize VP4 and allow it to drive an association of the HAV capsid
with membranes.

A YxxL motif in pX is crucial for nanocage export and eHAYV release

Deleting the N-terminal 27 amino acid pentamer assembly domain of pX [21] (‘EPN-APAD’)
had neglible impact on EPN-pX release, whereas deleting the C-terminal 44 amino acids, leav-
ing only the pentamer assembly domain, completely abolished release (‘EPN-PAD’, Fig 2A,
2D, and 2E). This localizes the responsible export signal to the C-terminal half of pX. Three
deletions within this sequence that were shown previously to limit HAV spread in cell culture
[23] had variable effects on EPN-pX release. Two 15-amino acid deletions (‘A1” and ‘A2’)
completely ablated release, whereas a 9-amino acid deletion (‘A3’) near the C-terminus of pX
reduced secretion by 30 £9.8% (Fig 2A, 2D, and 2E). The sequence deleted in the A1 mutant
contains a YxxL motif (YKEL beginning with Tyr®**’) resembling late domains found in arena-
virus and paramyxovirus proteins that facilitate budding of these enveloped viruses [35-37]
(Fig 2A). Replacing the residues in this motif with 4 serial Ala substitutions eliminated EPN-
pX release (‘YxxL/A’ mutant, Fig 2A, 2D, and 2E), and also reduced interactions of
Gluc2-VP1pX and GLuc2-pX bait with GLucl-ALIX prey in the protein fragment comple-
mentation assay (Fig 2F). Consistent with these results, a mutant virus with similar Ala substi-
tutions in the YxxL motif (‘p16-YxxL/A’ virus) replicated well, but was severely impaired in
egress resulting in its accumulation within infected cells (Fig 2G). Intracellular viral RNA copy
numbers were increased approximately 10-fold, whereas the ratio of extracellular to intracellu-
lar viral RNA was reduced by approximately 60-fold. Taken collectively, these data support the
existence of a potent export signal centered within the pX sequence that is essential for release
of quasi-enveloped virus.

The pX export signal is functionally conserved in bat hepatoviruses

To gain a fuller understanding of the pX sequence required for viral release, we compared the
pX sequence in human HAV (Hepatovirus A) with pX sequences in 8 other non-primate hepa-
tovirus species [38]. Although pX is highly conserved among Hepatovirus A strains from
humans and nonhuman primates, it is very divergent in hepatoviruses identified in seals,
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rodents, bats and other small mammals [39,40] (S3, and S4A Figs). Nonetheless, a constraint-
based sequence alignment revealed a YxxL motif in 21 of 24 hepatovirus sequences recovered
from 18 different mammalian host species (S3 Fig). In 2 other viruses, the Leu residue in the
motif was replaced with similarly hydrophobic Val or Ala residues. Multiple residues down-
stream of the YxxL motif were also highly conserved in sequences from 22 of these hepato-
viruses, revealing a broadly conserved pX segment extending between Tyr800 of the YxxL
motif and Leu819 in human HAV (S3 Fig). This conserved pX segment spans the Al and A2
deletions that ablated EPN-pX release (Fig 2A and 2D), and exists in 8 of 9 hepatovirus species
(all but Hepatovirus G). Infectious hepatoviruses have yet to be isolated in cell culture from
species other than Hepatovirus A, but the sequence conservation evident within this segment
of pX suggests it has a similar role in capsid quasi-envelopment in other hepatovirus species.

To test this hypothesis, we replaced the pX sequence in EPN-pX with the pX sequence of
M32 virus (Hepatovirus H), which was recovered from the African straw-colored fruit bat
Eidolon helvum, and SMG18520 virus (‘SMG’, Hepatovirus C), recovered from the long-fin-
gered bat Miniopterus manavi in Madagascar [39]. These bat pX sequences share only 39-42%
amino acid identity (56-58% similarity) with pX of Hepatovirus A (Figs 3A and S4A). Despite
lower expression of soluble proteins, both EPN-M32pX and EPN-SMGpX were released from
cells with 50-80% of the efficiency of EPN-pX (calculated from immunoblot intensities of
released versus soluble intracellular protein) (Fig 3B). As with EPN-pX, EPN-M32pX release
was reduced or eliminated by co-expression of the dominant negative VPS4A-E228Q mutant,
indicating that release was ESCRT-dependent (S4B Fig). ALIX was also increased in abun-
dance in extracellular, particulate EPN-M32pX and EPN-pX fractions recovered from beneath
a sucrose cushion (S4B Fig, lanes 2,3), indicating that ALIX is recruited to these nanocage
assemblies during export. Taken collectively, these data indicate that pX-directed nonlytic
virus release is an ancient and functionally conserved attribute of hepatoviruses recovered
from mammalian hosts separated by millions of years of evolution.

To better define the export signal in pX, we created single Ala substitutions at residues in
EPN-pX that are conserved in both the human and bat viruses. Substitutions at Tyr800,
Leu803, Arg804, Leu805, Gly808, and Arg811 (Hepatovirus A numbering) substantially ablated
nanocage release, as did substituting Arg for the conserved Ala815 (Fig 3C). Fusing the con-
served sequence at the center of pX (residues 797-820) to EPN (‘EPN-ExpD’) resulted in
release of the nanocage with 64 £26% s.d. the efficiency of EPN-pX (Fig 3D), which is compa-
rable to EPN-A3 (Fig 2E). Like EPN-pX, EPN-ExpD release was reduced by siRNA-mediated
depletion of ALIX (Fig 3D). These results thus define a conserved ESCRT-interacting export
signal comprised of YxxLR[L/M]xxGxxRxxxA at the center of pX that is both necessary and
sufficient for ALIX-dependent nanocage release.

Label-free quantitative proteomic analysis of the C-terminal pX
interactome

The ability of pX to functionally substitute for both the TSG101- and ALIX-interacting late
domains of p6“*¢ in driving EPN release (S2A Fig) suggests it interacts not only with ALIX,
but also with other ESCRT components. To assess this, we used label-free quantitative (LFQ)
proteomics to analyze proteins precipitated by antibody targeting the Myc tag in EPN from
lysates of 293T cells expressing EPN-pX versus EPN-PAD, which lacks the C-terminal 44
amino acid sequence of pX and is not released (S5A and S5B Fig). Triplicate samples of the
two precipitates were subjected to tryptic digestion and peptide fragments identified by mass
spectrometry. A total of 2192 cellular proteins were identified in the two sample sets. Normal-
ized LFQ intensities and sequence coverage were comparable in each sample for peptides
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Fig 3. A conserved centrally-located pX peptide sequence, ExpD, mediates ALIX-dependent nanocage release. (A) Wild-type and mutant pX sequences of
human p16 virus aligned with bat virus pX sequences of M32 (Hepatovirus H), recovered from Eidolon helvum, and SMG18520 (‘SMG’, Hepatovirus C),
recovered from Miniopterus manavi [39]. The N-terminal pentamer assembly domain is highlighted in blue, central ExpD sequence in red, and C-terminal
Pro-Arg motif in yellow. Below is shown a WebLogo for ExpD derived from an alignment of 22 pX sequences from different mammalian hepatoviruses (see S3
Fig). Note that the Ala deletion in the human pX sequence extends the Al deletion (Fig 2) to Leu805 with a GlySer insertion resulting from the cloning strategy.
(B) Immunoblots showing released EPN-pX, EPN-M32pX, and EPN-SMGpX nanocages recovered from beneath a sucrose cushion, and related soluble and
insoluble intracellular EPN proteins. EPN-Ala was included as a negative control. Quantitation is shown on the right, with mean p16 and bat pX nanocage
release normalized to intracellular protein expression, + S.E.M., n = 2-5. (C) Alanine scanning of conserved amino acid residues within EPN-pX using the
nanocage release assay. Shown below are immunoblots of released and intracellular EPN proteins, and at the bottom quantitation of immunoblots in 3
independent experiments. Brackets indicate residues within the YxxL motif. (D) Immunoblots showing released and soluble/insoluble intracellular EPN-pX
and EPN-ExpD proteins following transfection with ALIX (PDCD6IP)-targeting (+) or non-targeting (-) scrambled siRNAs. Immunoblotting of soluble
intracellular proteins was with anti-Myc and anti-ALIX antibodies. Quantitation of EPN-ExpD release is shown on the right.

https://doi.org/10.1371/journal.ppat.1010543.9003
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derived from the N-terminal pX sequence common to both EPN-pX and EPN-PAD, indicat-
ing similar anti-Myc precipitation efficiencies during preparation of the samples (S5C and
S5D Fig). Eighty-seven cellular proteins were enriched greater than 4-fold in EPN-pX versus
EPN-PAD precipitates, suggesting they interact directly or indirectly with the C-terminus of
EPN-pX (Fig 4A and S1 Table). As expected, these proteins included ALIX. However, the
ALIX paralog, HD-PTP (encoded by PTPN23), was equally enriched in the complex pulled
down with EPN-pX (Figs 4A and S5E and S5F). HD-PTP shares structural homology with
ALIX, interacts with ESCRT-0 (STAM?2) and ESCRT-III (CHMP4B), and is known to contrib-
ute to the sorting of ubiquitylated cargo into MVEs [41-43].

An additional 268 proteins were over 2-fold enriched in EPN-pX precipitates (S1 Table).
Among these were the ESCRT-III associated proteins IST1 (IST1 homolog), which we identi-
fied previously in extracellular eHAV virions and is required for efficient eHAV release [7],
and VTA1 (vacuolar protein sorting-associated protein VTA1), which regulates VPS4 ATPase
and helps to coordinate disassembly of ESCRT-III complexes [45] (Figs 4A and S5E and S5F).
Interestingly, the NEDD4 family E3 ubiquitin ligase ITCH (E3 ubiquitin-protein ligase Itchy
homolog), which regulates ESCRT recruitment during budding of multiple enveloped viruses
[46,47], was also present in the complex, suggesting it could play a role in EPN-pX release
(Figs 4A and S5E and S5F). Consistent with eHAV originating from MVEs, proteins over-rep-
resented in the EPN-pX precipitate were highly enriched for components of exosomes and
lysosomes (S5G Fig).

The ExpD sequence binds the Brol domain of ALIX

We confirmed that pX interacts with ALIX by showing that HA-ALIX co-immunoprecipitates
with EPN-pX, but not EPN-pX mutants in which the YxxL motif was deleted or mutated
(EPN-Ala and EPN-YxxL/A), when co-expressed in 293T cells (Figs 4B and S6A). Moreover,
the degree to which EPN-pX mutants containing Ala or Arg substitutions of conserved ExpD
residues co-immunoprecipitated with ALIX correlated well with the impact of these substitu-
tions on EPN-pX release (Spearman r = 0.836, S6B Fig). Super-resolution fluorescence imag-
ing also revealed striking co-localization of ectopically expressed ALIX and EPN-pX in 293T
cells, both on internal membranes and at buds on the plasma membrane (Figs 4C and S6C).
By contrast, there was little to no colocalization of ALIX with the EPN-Ala mutant (S6D Fig).
ALIX consists of an N-terminal, boomerang-shaped Brol domain, a central ‘V’ domain
bent into a V-like conformation, and a C-terminal proline-rich ‘PRD’ domain [15,48,49] (Fig
4D). Co-immunoprecipitation experiments with various ALIX deletion mutants indicated that
EPN-pX interacts with the N-terminal Brol domain rather than the V domain, with which the
p6Gag YPx;L late domain interacts [50] (Fig 4D). The Brol domain of ALIX also co-immuno-
precipitated efficiently with FLAG-tagged VP1pX expressed in 293T cells, whereas immuno-
precipitation of the V domain was weak and inconsistent (S6E Fig). These results stand in
sharp contrast to those in a previous report that suggested pX interacts with the V domain of
ALIX [24]. While deletion of the N-terminal 134 ALIX residues had no effect, further deletion
of residues 134-209, which span helices 4-6 near the center of the Brol structure [48], ablated
the interaction with EPN-pX (Fig 4E). To ascertain whether the pX interaction with ALIX is
direct or indirect, possibly bridged by other proteins in the complex, we expressed the 8 kDa
pX sequence in E. coli and purified it to >95% homogeneity. This recombinant pX efficiently
formed a complex with a second recombinant protein representing the Brol domain of ALIX
(residues 1-392, also produced in E. coli) that could be precipitated by antibody to either ALIX
or pX (Fig 4F). We also synthesized a 24 amino acid peptide representing the ExpD sequence
conjugated at its N-terminus to biotin. This biotin-linked ExpD peptide bound the
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Fig 4. pX interacts directly with the Brol domain of ALIX. (A) EPN-pX constructs expressed in 293T cells for label-free quantitative (LFQ) proteomic
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<0.01 and <0.05. Each protein is represented by a single data point with proteins of interest labelled. (B) Co-immunoprecipitation of HA-tagged ALIX with
EPN-pX. Proteins in lysates of 293T cells transfected with EPN-pX or EPN-Ala were immunoprecipitated with anti-pX, followed by blotting with (top) anti-
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pulldown assay. Recombinant ALIX Brol protein was incubated with synthetic biotin-tagged ExpD peptide (top), affinity isolated on streptavidin beads, and
probed with anti-ALIX. Competitor peptides, representing ExpD, the Y800A ExpD mutant, and the C-terminus of CHMP4 [44] (top) were added to the
mixture at molar ratios decreasing from 1 to 0.125 relative to the biotin-tagged peptide. At the bottom is shown a quantitative analysis of Brol pulled down by
biotin-tagged ExpD, normalized to pulldown in the absence of competitor peptide. Results shown are means + s.e.m. from n = 3 independent experiments.

https://doi.org/10.1371/journal.ppat.1010543.9004
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recombinant Brol, allowing its recovery on streptavidin-coated beads (Fig 4G). Importantly,
the biotin-tagged peptide interaction was efficiently blocked by a non-biotin-conjugated ExpD
peptide, but not a related peptide with a single Ala substitution at Tyr800 (Y800A) (Fig 4G).
Binding was also blocked by a peptide representing the C-terminal 20 residues of the ESCR-
T-II protein, CHMP4B (Fig 4G), which is known to interact with and contact helices 6-7 of
ALIX Brol [44]. Taken collectively, these results show the ExpD segment of pX interacts
directly with the Brol domain of ALIX, overlapping at least partially the CHMP4B binding
site. Nonetheless, although pX binds the Brol domain of ALIX, overexpression of the entire
ALIX protein, including the V and C-terminal PRD domains, was required to enhance EPN-
pX release from 293T cells (S6F Fig).

pX binds the Brol domain of HD-PTP

HD-PTP is an ALIX paralog with a similar multi-domain structure within its N-terminal 714
residues. It acts non-redundantly with ALIX at endosomes in MVE formation [43,51]. The N-
terminal Brol domains of ALIX (residues 5-360) and HD-PTP (residues 10-362) share 32.8%
amino acid identity (49.9% similarity). Co-immunoprecipitation experiments with HA-tagged
HD-PTP indicated that it forms a complex with EPN-pX when co-expressed in 293T cells, but
not with EPN-PAD or EPN-YxxL/A (Fig 5A), confirming the proteomics results shown in Fig
4A. Similar experiments with the EPN-pX mutants containing single amino acid substitutions
demonstrated an impact on HD-PTP co-immunoprecipitation similar to the impact on ALIX
co-immunoprecipitation, with the exception of the Arg replacement of Ala815 which did not
reduce HD-PTP co-immunoprecipitation (Fig 5B, compare with S6A Fig). As with ALIX, co-
immunoprecipitation experiments indicated pX interacts with the Brol domain of HD-PTP
(Fig 5C). Similarly, the recombinant pX protein was efficiently precipitated with antibody to
HD-PTP (and vice versa) when mixed with purified recombinant HD-PTP Brol domain
expressed in E. coli (Fig 5D). We also carried out pulldown experiments using the biotin-
tagged ExpD peptide and HD-PTP Brol protein expressed in vitro in a coupled transcription/
translation reaction (Fig 5E). As with ALIX Brol (Fig 4G), ExpD peptide pulldown of
HD-PTP Brol was efficiently blocked by free ExpD and CHMP4 peptides, but not the ExpD
Y800A mutant. These results indicate that pX interacts with the Brol domain of HD-PTP in a
manner similar to its interaction with ALIX. Super-resolution fluorescence imaging was con-
sistent with this, showing that ectopically-expressed HA-tagged HD-PTP colocalized with
EPN-pX on the plasma membrane as well on internal membranes of cells (Fig 5F and 5G).

HD-PTP is required for ESCRT-dependent release of EPN-pX and eHAV

RNAi-mediated depletion of HD-PTP significantly suppressed EPN-pX release from trans-
fected 293T cells (Fig 6A). Release was rescued by overexpression of HD-PTP, confirming the
specificity of the knockdown and a requirement for HD-PTP in extracellular release of the
nanocage (Fig 6B, lanes 2 versus 3). EPN-pX release was rescued to a lesser extent by overex-
pression of an HD-PTP mutant (Brol-mt) with L202D and 1206D substitutions in the Brol
domain that eliminate CHMP4 binding [43], and not at all by a Brol deletion mutant (ABrol)
(Fig 6B, lanes 4 and 5). Interestingly, overexpressing the Brol domain only, or Brol-V (resi-
dues 1-714), also rescued EPN-pX release (Fig 6B, lanes 6 and 7). The fact that EPN-pX release
is suppressed by depleting either ALIX (Fig 3D) or HD-PTP (Fig 6A) indicates that these Brol
domain proteins function in a coordinate rather than redundant fashion to mediate release.
Nonetheless, overexpression of HD-PTP, or the Brol or Brol-V domains of HD-PTP, substan-
tially rescued EPN-pX release from 293T cells with CRISPR-Cas9 mediated ALIX depletion
(ALIX-KO cells) (Fig 6C, lanes 8-14). Unlike ALIX, which is distributed broadly throughout
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Fig 5. pX interacts directly with the Brol domain of the ALIX paralog, HD-PTP. (A) Co-immunoprecipitation of HA-tagged HD-PTP with EPN-pX.
Proteins in lysates of cells expressing EPN-pX, EPN-PAD, or EPN-YxxL/A (Fig 2A) were precipitated with anti-Myc antibody and immunoblotted with
antibody to HD-PTP. (B) Co-immunoprecipitation assays of HD-PTP with EPN-pX mutants containing single amino acid substituitions of conserved residues
in the ExpD sequence. See Fig 3C. (C) Co-immunoprecipitation assays of EPN-pX with HD-PTP, HD-PTP with L202D and 1206D substitutions in the Brol
domain that eliminate CHMP4 binding (Brol-mt) [43], and various HD-PTP domain fragments. PRR, proline-rich region; PTP, protein tyrosine phosphatase;
PEST, “rich in proline, glutamate, serine and threonine” [51] (D) Co-immunoprecipitation of bacterially-expressed pX and recombinant HD-PTP Brol protein
(residues 1-360) produced in E. coli. (E) Biotin-tagged ExpD peptide pulldown assay of HD-PTP Brol domain (residues 1-360) produced by in vitro
transcription/translation in rabbit reticulocyte lysate. See legend to Fig 4G for details. (F) Merged low magnification (top left) and merged and single-channel
enlarged super-resolution Airyscan fluorescence images of the area demarcated by the yellow lines showing pX (green), HD-PTP (HA, red), and LAMP1
(magenta) in a 293T cell expressing EPN-pX and HA-HD-PTP. Arrows indicate sites of pX colocalization with HD-PTP. (G) Similar low magnification (top
image) and enlarged super-resolution images showing co-localization of pX and HD-PTP along the plasma membrane.

https://doi.org/10.1371/journal.ppat.1010543.9005
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Fig 6. HD-PTP is functionally required for EPN-pX and HAYV release. (A) EPN-pX release from 293T cells with
RNAi-mediated knockdown of HD-PTP (encoded by PTPN23) (see legend to Fig 2D for details of release assay).

siCtrl = scrambled siRNA pool. Quantitative analysis on the right with release normalized to release from siCtrl-
transfected cells. n = 3 independent experiments. p-value by t-test with Welch’s correction. (B) Rescue of EPN-pX
release by overexpression of HD-PTP, HD-PTP with L202D and 1206D substitutions (Brol-mt), or HD-PTP deletion
mutants (see Fig 5C) in HD-PTP-depleted 293T cells (lanes 2-7), and HD-PTP-depleted CRISPR-Cas9 engineered
293T ALIX knockout (ALIX-KO) cells (lanes 9-14). siRNA: ‘+” = siHD-PTP, ‘-’ = scrambled siCtrl. EV = empty vector.
(C) (left to right) Ratio of extracellular/intracellular HAV RNA, extracellular HAVI RNA, and intracellular HAV RNA,
48 hrs after cell-free virus infection of Huh-7.5 cells with and without prior RNAi depletion of HD-PTP. Data shown
are technical replicates from one of 3 experiments with similar results. GE = genome equivalent. (D) Merged and
single-channel super-resolution Airyscan fluorescent microscopy images of pX (green, labelled with monoclonal
antibody), endogenous ALIX (red), and endogenous HD-PTP (magenta) in an 18f virus-infected Huh-7 cell. A 3D
reconstruction is shown on the top left with a sectional view to the right. Below are single- and dual-channel images
shown in two projections (X-Y and X-Z). Arrows in the middle panels indicate a prominent site of pX colocalization
with both ALIX and HD-PTP. (E) Quantitative estimates of pX-ALIX volume colocalization in Z-stack images: the first
column shows the percentage of pX volume (voxels with pX signal above threshold) containing ALIX signal above
threshold; the second column shows the percent ALIX volume containing pX signal. (n = 8 cells). See Methods for
details. (F) Quantitative volume analysis of pX colocalization with HD-PTP similar to that in panel E. (G) Voxel
colocalization of ALIX with HD-PTP (left) and HD-PTP with ALIX (right) in HAV-infected and uninfected Huh-7.5
cells. Adjusted p-values determined by ANOVA with Kruksal-Wallis test. n = 17-27 cells from multiple experiments.

https://doi.org/10.1371/journal.ppat.1010543.9006

the cell and supports multiple ESCRT-related processes, HD-PTP appears to function selec-
tively at endosomes [43, 51]. The rescue of EPN-pX release from ALIX-KO cells by HD-PTP
may have resulted from nonphysiologic localization of the ectopically-expressed protein, as
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fluorescence microscopy demonstrated its presence at the plasma membrane as well as at
internal locations within transfected cells (Fig 5G).

As with the nanocage protein, HD-PTP depletion significantly reduced the release of virus
from infected Huh-7.5 hepatoma cells (Fig 6C). This defect in release was reversed by overex-
pression of HD-PTP (Fig 6C). The involvement of both ALIX and HD-PTP in virus release
was further supported by super-resolution fluorescence microscopy of virus-infected cells,
which revealed pX and capsid antigen in close proximity to endogenously expressed ALIX and
HD-PTP (Figs 6D and S7A and S7B). Quantitative analysis of recorded 3D Z-stack images
indicated that 60% = 5 s.e.m. of the volume occupied by fluorescence signal specific to pX also
contained signal above background specific for endogenous ALIX (Fig 6E). Much less colocali-
zation was evident with endogenous HD-PTP, with only 4.7% + 0.5% of the pX signal sharing
the same volume with HD-PTP (Fig 6F). As might be expected, only a minor fraction of either
endogenous ALIX (9.3% * 2.5 s.e.m.) or HD-PTP (1.6 £ 0.6%) colocalized with the viral pro-
tein. Colocalization occurred primarily on internal membranes (Figs 6D and S7A and S7B),
and not on the plasma membrane as observed with ectopically expressed HA-tagged proteins
(Fig 5G). Importantly, ALIX fluorescence strongly co-localized with foci of HD-PTP colocali-
zation with pX (i.e., three-way colocalization), and there were highly statistically significant
increases in the percentage of ALIX volume colocalizing with HD-PTP, and HD-PTP volume
with ALIX, in infected versus uninfected cells (Fig 6G).

Discussion

The C-terminal pX extension of VP1 found in hepatoviruses is unique among picornaviruses.
Although its origins remain obscure, recent crystallographic studies of the downstream 2B
protein suggest pX may represent the vestigial N-terminal remnant of a 2A protease present in
an enterovirus-like ancestor [52]. In this report, we show that pX contains crucial determi-
nants of quasi-envelopment, acting as an adaptor that recruits ESCRT to the viral capsid by
binding two distinct Brol-domain proteins, ALIX and HD-PTP. This adaptor function is cen-
tral to the biology of the virus and conserved among pX sequences of hepatoviruses infecting
mammalian species separated by tens of millions of years evolution (Fig 3B).

ALIX and HD-PTP are structurally and functionally related [25,41]. Both bind CHMP4B
within their N-terminal Brol domains and serve as scaffolds for assembly of ESCRT-III com-
plexes capable of sculpting membranes. However, ALIX and HD-PTP differ in how they are
regulated and where they function within the cell. ALIX is broadly expressed and involved in
multiple membrane abscission events including cytokinesis, nuclear envelope reformation,
endolysosomal repair, and MVE formation, as well as budding of canonical enveloped viruses
[53,54]. By contrast, HD-PTP functions more selectively at endosomes and in MVE formation
[25,41,55]. It directs the sorting of activated epidermal growth factor receptor (EGFR) into
intralumenal vesicles during MVE formation, a process in which ALIX has little or no role
[41,43]. Although over-expression of the isolated HD-PTP Brol domain boosts release of
virus-like particles formed by a minimal HIV-1 Gag protein [56], HD-PTP has not been impli-
cated previously in the release of any type of virus from cells.

The self-assembling nanocage protein [29] provided a useful model that recapitulates the
role of pX in viral egress, allowing for pX expression levels much higher than possible with
infectious virus and facilitating functional evaluation of pX mutants. Experiments with EPN-
pX constructs, coupled with a phylogenetic analysis of pX sequences identified a conserved
peptide motif, YxxLR[L/M]xxGxxRxxxA (Figs 3 and S3), that is crucial for binding to the
Brol-domain proteins and for nanocage release. The HIV-1 p6“*€ protein contains two dis-
tinct late domains, one of which (PTAP) binds TSG101, and the other (YPx;L), binds ALIX.
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This provides links to both ESCRT-I and ESCRT-IIL. Both late domains are required for
release of nanocages fused to p6“*€ [17] (S2A Fig). By contrast, the 24 amino acid ExpD
sequence functioned well as a single determinant in driving EPN-pX release (Fig 3C-3E). This
difference may arise from the capacity of pX to recruit HD-PTP as well as ALIX, as well as the
manner in which pX interacts with these Brol domain proteins.

Jiang and colleagues [24] reported that fusing pX to eGFP resulted in ALIX-dependent sort-
ing of eGFP into MVEs and the release of eGFP in exosomes. These authors suggested pX
interacts with the V domain of ALIX in a manner similar to the YPx;L motif of lentiviruses
[57]. In contrast, our data indicate pX interacts directly with the Brol domain of ALIX, with
residues 134-209 being crucial for the interaction (Fig 4D-4F). Our data suggest that the pX
interaction with ALIX is structurally distinct from the interaction of YPx;L late domains, and
possibly similar to YxxL late domains found in arenavirus Z proteins (Mopeia virus, YLCL)
and paramyxovirus M protein (Sendai virus, YLDL) that recruit ALIX through interactions
with Brol [35,37]. pX also interacts with the related N-terminal Brol domain of HD-PTP (Fig
5C-5E). Unlike ALIX, the Brol domain of HD-PTP binds STAM2, a key component of
ESCRT-0, in addition to CHMP4, the core component of ESCRT-III that is bound by both
ALIX and HD-PTP [42]. By binding HD-PTP, pX may recruit ESCRT-0, functioning like the
PTAP late domain of HIV-1 p6“°8 that interacts with ESCRT-I by binding TSG101 [14,17]. A
second difference exists in the basal activation states of ALIX and HD-PTP. Unlike ALIX,
which exists basally in a closed, inactive conformation with its V domain occluding the Brol
CHMP4-binding site, HD-PTP assumes an open, linear conformation in which its Brol
CHMP4- and STAM2-binding sites are freely available for interaction [51]. HD-PTP also dif-
fers from ALIX in its extended carboxy-terminal protein tyrosine phosphatase (PTP) and
PEST domains [51,58]. However, neither of these domains were critical for restoration of
EPN-pX release from HD-PTP-depleted cells (Fig 6B).

The structural details of the pX-Brol interaction remain to be elucidated. Cryo-electron
microscopy of purified EPN-pX nanocages showed no clearly discernable density for pX (S1C
Fig). However, we did observe significant decoration adjacent to the C-terminus of the nanocage
protein, of the correct volume for pX, in a structure reconstructed from data collected on EPN-
pX nanocages released by spontaneous lysis of EPN-filled vesicles during blotting and vitrifica-
tion (S1D and SIE Fig). It seems likely that surface tension during blotting drove vesicle lysis and
rapid vitrification that allowed intact EPN-pX nanocages to be imaged and particles bearing pX
to be reconstructed to low resolution. The pX domain appears suitably positioned to interact
with the Brol proteins and other ESCRT components identified in the proteomics study. A pep-
tide representing the C-terminus of CHMP4 competed efficiently with binding of the ExpD pep-
tide to both ALIX and HD-PTP (Figs 4G and 5E). This suggests the likelihood that pX interacts
with a hydrophobic patch on the surface of Brol formed by residues between Phe-199 and Leu-
216 in ALIX that is recognized by both CHMP4 and the Y3 protein of Sendai virus [44,59].

The efficient release of quasi-enveloped virus and EPN-pX requires both ALIX and
HD-PTP (Figs 3D and 6A-6C) [1]. Although it is conceivable that both proteins must be uti-
lized to achieve a sufficient total abundance of Brol protein to drive virus release, it seems
more likely that ALIX and HD-PTP do not function redundantly. Further experiments are
needed to fully understand this, and whether ALIX and HD-PTP associate with same virus
particles or with separate and distinct populations of virus. However, we favor a model in
which these proteins act in a coordinated, nonredundant fashion during the egress of eHAV,
perhaps facilitated by the 60 copies of pX displayed on the capsid surface (Fig 7). The require-
ment for HD-PTP could reflect the egress of eHAV through the endosomal MVE pathway,
rather than release from the plasma membrane of the cell. This would be consistent with prote-
omics studies showing eHAV vesicles are highly enriched in MVE-associated proteins [7] and
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Fig 7. Model scheme showing how Brol-domain proteins HD-PTP and ALIX could function non-redundantly in
nonlytic hepatovirus release from infected hepatocytes. (i) Assembly of membrane-associated capsids decorated on
their surface with 60 copies of pX. (ii) pX recruits both ALIX and HD-PTP to capsids. (iii) HD-PTP and ALIX act
coordinately to recruit STAM2 (ESCRT-0) and CHMP4, scaffolding assembly of an ESCRT-III complex that facilitates
inward budding of the capsid on an endosome and mediates abscission of the membrane leading to formation of a
multivesicular endosome (MVE). (iv) Upon membrane abscission, VPS4 mediates disassembly of ESCRT-III,
regulated in part by IST1, VTA1 and HD-PTP. (v) MVEs traffic to the apical plasma membrane of the hepatocyte
where membrane fusion releases quasi-enveloped eHAV into the biliary canaliculus. (vi) Bile salts degrade the eHAV
membrane resulting in naked nHAV particles being released from the biliary tract into the small intestine [10].

https://doi.org/10.1371/journal.ppat.1010543.9007

the known association of HD-PTP with cargo sorting to the MVE [25, 41]. The constituitvely
open activation state of HD-PTP might also account for its requirement in eHAV release. In
addition to the Brol proteins, we identified the E3 ubiqutin ligase ITCH among proteins asso-
ciating with EPN-pX (Fig 4A). Although a role for ITCH in eHAV release remains to be stud-
ied, NEDD4-family E3 ligases like ITCH are involved in the budding of many conventional
enveloped viruses, including HIV-1 [47,60,61]. Ubiquitylation is a common signal for cargo to

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010543  August 15, 2022 17/30


https://doi.org/10.1371/journal.ppat.1010543.g007
https://doi.org/10.1371/journal.ppat.1010543

PLOS PATHOGENS

Nonlytic HAV release and Bro1 domain proteins

be trafficked into MVE, and the V domains of both ALIX and HD-PTP have specific ubiqui-
tin-binding activities [41,62,63].

The nonlytic release of quasi-enveloped eHAV distinguishes hepatoviruses from other gen-
era in the family Picornaviridae [1]. Other picornaviruses, including both enteroviruses and
cardioviruses, are released from infected cell cultures in EVs of various sizes [2-4], but in vivo
data showing a primary role for such release in pathogenesis exist only for hepatoviruses [1].
The ESCRT adaptor function of pX, coupled with YPx;L late domains identified previously in
the VP2 capsid protein [1, 16], also distinguish hepatoviruses from other picornaviruses for
which there is as yet no evidence for late domains capable of recruiting ESCRT. pX represents
a specific evolutionary adaptation that allows HAV, a prototypically nonenveloped picornavi-
rus, to be released from cells in the absence of cell death, sequestering it from the host immune
system and promoting its spread in vivo to uninfected cells.

Materials and methods
Cells and virus

H1 Hela and human hepatocyte-derived Huh-7.5 [64] cells were mycoplasma-free and cultured
as described previously [65]. HEK293T (293T) cells were procured from the ATCC (CRL-3216).
Viruses used in these studies were derived from modified infectious molecular clones of low
(p16) or high cell culture-passage (18f) HM175 strain HAV, pT7-p16.2 (GenBank KP879217.1)
and pT7-18f.2 (KP879216.1), respectively, containing 40-nt long 3’ poly-A tails [66, 67]. The 18f-
NLuc reporter virus expressing nanoluciferase has been described previously [68].

Plasmids and oligonucleotides

Plasmids encoding de novo designed protein nanocages fused to wildtype or mutant HIV p6°®
sequence (EPNOIN-based vectors) and VPS4A(E228Q) [29,30], ALIX [50], and expression vec-
tors for Gaussia princeps luciferase fragments [27] have been described previously. pHA-IST1
(#131619), pRK5-HA-Ubiquitin-WT (#17608) and pRK5-HA-Ubiquitin-KO0 (#17603) were from
Addgene. Vectors expressing the nanocage fused to wild-type or mutant pX sequences, ALIX
mutants, and GLuc2-VP2 mutants were constructed using PCR-based strategies. DNA encoding
a nanocage fragment fused to pX sequences of Eidolon helvum M32 virus (GenBank
KT452714.1) and Miniopterus manavi SMG18520 virus (KT452742.1) was synthesized by Gene-
wiz (South Plainfield, NJ) and ligated into pEPN-pX at EcoR1 and AfI2 sites to produce
pEPN-M32pX and pEPN-SMGpX, respectively. GLuc2-VP1pX, -VP1 and -pX were constructed
using Gateway cloning. pT7-16.2 mutants with Ala and Arg substitutions in pX were constructed
by splicing synthetic cDNA from Genewiz into Sacl and PfIM1 sites. All final constructs were
verified by DNA sequencing. Oligonucleotides used in this study are listed in S2 Table.

Antibodies

A murine monoclonal antibody to pX (clone 59.7.1) was raised against bacterially-expressed
6xHis-tagged HM175 pX protein (RRID:AB_2868525, 1:1000). Other antibodies used in this
study are listed in S3 Table. Species-specific Alexa Fluor conjugated secondary antibodies were
purchased from Thermo Fisher Scientific.

Chemical reagents

IMP-1088 was purchased from Cayman Chemical (Cat# 25366-1). Iodixanol (Opti-Prep Den-
sity Gradient Medium) was purchased from Millipore-Sigma (Cat# D1556). SMARTPool
ON-TARGETplus and non-targeting control #2 siRNAs were purchased from Dharmacon.
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siRNA and CRISPR/Cas9 protein depletion

For RNAI depletion of cellular proteins, cells were transfected with 50 nM ON-TARGET-
plus siRNA (set of 4) or ON-TARGETplus Non-targeting Control siRNA (Control #2,
‘siCtrl’) (Dharmacon), using the Lipofectamine RNAiMAX Transfection Reagent (Thermo
Fisher Scientific) according to the manufacturer’s protocol. Four different siRNA
sequences were used and the siRNA providing the most efficient knockdown was selected
for subsequent experiments. CRISPR/Cas9 genetic knockout was carried out using pre-
cloned lentivirus vectors from Applied Biological Materials (Richmond, Canada). Dual
sgRNA/CRISPR/Cas9 expressing lentivirus was produced by co-transfecting sgRNA-
expressing vectors and non-targeting control (Applied Biological Materials) and 3rd Gen-
eration Packaging System Mix (Applied Biological Materials) into 293T cells using the
FuGENE-HD transfection reagent (Promega). Supernatant fluids were harvested at 72 h,
passed through a 0.22-pm syringe filter and transduced into 293T cells. Puromycin (5 mg/
mL) was added to the medium 72 hrs later for antibiotic selection.

In vitro transcription and RNA and DNA transfections

Genome-length RNA (5 pg) was transcribed in vitro from plasmid DNA and electroporated
into 5x10° Huh-7.5 cells as described previously to generate virus [69]. DNA transfections
were carried out with FuGENE HD (Promega) according to the manufacturer’s recommended
protocol. Briefly, 293T cells (5x10° per well in 6-well plates) were transfected with 500 ng of
EPN vectors, or co-transfected with an equal amount of empty or VPS4A(E228Q) expression
vector. For co-immunoprecipitation experiments, 2.5x10° 293T cells, seeded previously in
10-cm dishes, were co-transfected with 500 ng EPN vector and 5 ug empty or HA-tagged
ALIX, or HD-PTP expression vectors. For proteomic analysis, similarly seeded 293T cells were
transfected with 2.5 ug EPN-pX or EPN-PAD vector.

Isopycnic gradient centrifugation of virus

Isopycnic gradient analysis of intracellular virus and virus released into cell culture supernatant
fluids was carried out as previously described [1,16]. Cell culture supernatant fluids were centri-
fuged at 1,000 x g for 10 min at 4°C to remove debris, further clarified by 2x centrifugation at
10,000 x g for 30 min, and concentrated by ultracentrifugation at 100,000 x g for 1 hr at 4°C. The
resulting pellet was resuspended in PBS, loaded onto a preformed 8-40% iodixanol (Opti-Prep)
step gradient, and centrifuged at 141,000 x g in a Superspin 630 rotor for 48 hrs at 4°C in a Sorvall
Ultra-80 ultracentrifuge. For gradient analysis of intracellular virus, infected cells were subjected
to freeze-thaw lysis in 1X PBS. The lysate was clarified by centrifugation for 5 min at 10,000 x g
and loaded onto an 8-40% iodixanol gradient and centrifuged as described above. Approximately
20 fractions were manually collected from the top of the gradients. Density of the fractions was
determined using a refractometer. RNA was extracted from fractions using the RNeasy kit (Qia-
gen), followed by RT-qPCR quantitation of HAV RNA.

RT-qPCR quantitation of viral RNA

Total RNA was extracted from infected cells using the RNeasy Kit (Qiagen) and used in cDNA
synthesis reactions with the SuperScript III First-Strand Synthesis System (Invitrogen). Prim-
ers targeting the 5" untranslated region of the HAV genome were used to quantify HAV RNA
genome equivalents (GE) in a SYBR Green Real-Time qPCR assay (BioRad, Cat# 1725121)
against a synthetic RNA standard [8].
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Protein-fragment complementation assay

The Gaussia princeps luciferase protein-fragment complementation assay was carried out as
described previously [26,27]. In brief, mixtures of plasmids encoding prey (A) or bait (B) pro-
tein, each fused to a fragment of the Gaussia luciferase protein (GLucl or GLuc2, respectively),
or control vectors, were co-transfected in triplicate in 96-well plates of 293T cells. Twenty-four
hrs posttransfection, cells were lysed and assayed for luciferase activity (Promega). Normalized
luminescence ratios (NLR) were calculated as the average signal generated in cells co-trans-
fected with GLucl-A and GLuc2-B, divided by the average signal in wells transfected with
GLucl-A and an empty GLuc2 vector, and those transfected with GLuc2-B and an empty
GLucl vector. Positive bait-prey protein interactions were identified by NLR values exceeding
those obtained with a large panel of control prey proteins [27]. Each interaction pair was
assessed in at least two independent experiments.

Nanocage release assay

Release was assayed as previously described [30]. In brief, 24 h after transfection of 10° Huh-
7.5 or 293T cells with nanocage vectors, supernatant fluids were collected, clarified by centrifu-
gation at 8,000 rpm for 10 min, and then centrifuged through a 200 pL 20% sucrose cushion in
an Eppendorf 5424R centrifuge at full speed for 90 min. Samples were carefully removed from
the bottom of the cushion and suspended in 50 uL Laemmli sample buffer, incubated at 95°C
for 5 min, then resolved in a 4-15% gradient SDS-polyacrylamide pre-cast gel (4561086,
BioRad). Proteins were transferred to a polyvinylidene fluoride membrane by semi-dry trans-
fer using a Transblot Turbo apparatus (BioRad). Membranes were blocked in Odyssey Block-
ing Buffer (LI-COR Biosciences) and probed with a 1:1000 dilution of primary antibodies
overnight. The membrane was washed with 0.05% Tween-20 and probed with a 1:10,000 dilu-
tion of donkey anti-goat secondary antibodies conjugated with IRDye 800 (LI-COR Biosci-
ences) for 1 h at room temperature. Excess secondary antibodies were removed by washing
with 0.05% Tween-20, and protein bands were visualized using an Odyssey Infrared Imaging
System (LI-COR Biosciences). Direct quantitation was accomplished by measuring the near-
infrared fluorescence intensity of individual protein bands.

Co-immunoprecipitation analysis

Pierce Protein A/G Agarose and magnetic Dynabeads Protein G beads (both from Thermo
Scientific) were used for co-immunoprecipitation and protein pull-down proteomic analysis
respectively. Cell lysates were prepared from 10-cm dish cultures with lysis buffer (20 mM
Tris-HCI, pH 7.5, 50 mM KCl, 250 mM NaCl, 10% glycerol, 5 mM EDTA, 1x complete prote-
ase inhibitor and 1x PhoSTOP, 0.5% NP-40). The clarified lysates were then used for immuno-
precipitation according to the manufacturer’s protocols.

Nanoparticle tracking analysis

The size and concentration of EVs released by 293T cells were monitored by laser scattering
video microscopy using a ZetaView device (Particle Metrix) with a particle cut-off size of 1000
nm [70]. Cells were propagated in media supplemented with exosome-free fetal calf serum,
and supernatant fluids clarified by low-speed centrifugation prior to analysis.

Purification of engineered protein nanocages (EPNs)

Ten 175 cm” flasks of HEK293T cells were transfected with pEPN-pX using polyethylenimine
[71]. At 48 hrs, clarified culture medium (10,000 g, 10 minutes) was centrifuged at 150,000 g
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(rmax) for 1 hr at 12°C and the pellet was resuspended in 12 mL PBS. The sample was centri-
fuged again at 150,000 g (riay) for 1 hr at 12°C and resuspended in 200 pL PBS. It was then
loaded on a 5-35% iodixanol density gradient in PBS and centrifuged at 300,000 g (r,.x) for 4
hrs at 12°C. The diffuse band of EPNG in the central region of the gradient was collected and
diluted in PBS before being centrifuged at 150,000 g (r,,,,,) for 2 hrs at 12°C. The pellet was
resuspended in 20 pL PBS and stored at 4°C.

Cryo-EM sample preparation, data collection and processing

The EPN suspension was applied to glow-discharged copper support R2/2 holey carbon TEM
grids (Quantifoil) and vitrified in liquid ethane/propane using a Cryoplunge 3 (Gatan) with a
blot time of 4-5 s at >90% humidity. Grids were screened using a Glacios TEM operating at
200 keV and a data set of 1803 movies was acquired through EPU (Thermo Fisher FEI) at a
nominal magnification of 92 kX and a nominal defocus range of -0.7 to -3 pm using a Falcon-
III detector (ThermoFisher FEI) in integrating mode. Each acquired image had a total dose of
2.3 ¢7/A” distributed over 20 frames. Movies were aligned and summed using MotionCor2
[72] before CTF correction using CTFFIND4 [73] on non-dose-weighted image sums. The
resulting corrected micrographs were then processed using Relion3.0 [74]. Promising particles
were manually selected through the Relion3.0 GUI and extracted particles were filtered by clas-
sification with Relion3.0 (1830 particles). Three-dimensional reconstruction was performed
using a symmetry-free ab initio model derived using Relion’s Initial Model module as a refer-
ence with icosahedral symmetry. The final three-dimensional map was masked and B-factor
applied via the post-processing module in Relion. A calibrated pixel size was derived from fit-
ting of the previously solved nanocage structure (PDB: 5KPN) (27) and determined as 1.51 A/
pix. The cryo-EM coordinates of the nanocage structure have been deposited to the Protein
Data Bank with the identifier 8A8N, and to the EMDataResource as EMD-15234.

Label-free quantitative proteomics

Lysates were prepared from three independent 10-cm dish cultures of 293T cells transfected
with pEPN-pX and pEPN-PAD with lysis buffer (20 mM Tris-HCI, pH 7.5, 50 mM KCI, 250
mM NaCl, 10% glycerol, 5 mM EDTA, 1x complete protease inhibitor and 1x PhoSTOP, 0.5%
NP-40) followed by immunoprecipitation with anti-Myc antibody coupled to magnetic beads
(Thermo Scientific). The protein samples were separated by SDS-PAGE, extracted from seg-
ments cut from the gel, destained, reduced and alkylated and then subjected to tryptic diges-
tion. The peptides were extracted and desalted on home-made C18 stage-tips, then dissolved
in 0.1% formic acid and analyzed on a Q-Exactive HF-X coupled with an Easy nanoLC 1200
(Thermo Fisher Scientific, San Jose, CA). Peptides were loaded onto a nanoEase MZ HSS T3
Column (1004, 1.8 um, 75 pum x 150 mm, Waters). Analytical separation of all peptides was
achieved with 45-min gradient. A linear gradient of 5 to 30% buffer B over 29 min and 30% to
45% buffer B over 6 min was executed at a 300 nl/min flow rate, followed by a ramp to 100%
buffer B in 1 min and a 9-min wash with 100% buffer B, where buffer A was aqueous 0.1% for-
mic acid, and buffer B was 80% acetonitrile and 0.1% formic acid. LC-MS experiments were
also carried out in a data-dependent mode with full MS (externally calibrated to a mass accu-
racy of <5 ppm and a resolution of 60,000 at m/z 200) followed by high energy collision-acti-
vated dissociation-MS/MS of the top 15 most intense ions with a resolution of 15,000 at m/z
200. High energy collision-activated dissociation-MS/MS was used to dissociate peptides at a
normalized collision energy of 27 eV in the presence of nitrogen bath gas atoms. Dynamic
exclusion was 20.0 seconds. Each of the three biological replicates was subjected to two repli-
cate technical LC-MS analyses.
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Raw proteomics data processing and analysis

Mass spectra were processed, and peptide identification carried out using MaxQuant software
version 1.6.10.43 (Max Planck Institute, Germany). Protein database searches were against the
UniProt human protein sequence database (UP000005640), EPN protein and HAV pX
sequences. A false discovery rate (FDR) for both peptide-spectrum match (PSM) and protein
assignment was set at 1%. Search parameters included up to two missed cleavages at Lys/Arg
on the sequence, oxidation of methionine, and protein N-terminal acetylation as a dynamic
modification. Carbamidomethylation of cysteine residues was considered as a static modifica-
tion. Peptide identifications were reported by filtering of reverse and contaminant entries and
assigning to their leading razor protein. The label-free quantitation (LFQ) was carried out
using MaxQuant. Data processing and statistical analysis were performed on Perseus (Version
1.6.0.7). Protein quantitation of technical replicates, and two-sample t-test statistics with a
threshold p-value of 0.01, were used to report statistically significant protein abundance fold-
changes. The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository with the dataset identifier PXD022107.

Recombinant pX production and purification

E. coli BL21 (DE3) was transformed with plasmid DNA encoding maltose-binding protein
fused to pX with an intervening tobacco etch virus (TEV) cleavage sequence, and grown at
37°C until OD600 = 1.0. Cells were induced with 1 mM IPTG and allowed to grow overnight
at 37°C. Cells were harvested by centrifugation and the pellet resuspended in buffer (20mM
Tris pH 7.4, 200 mM NaCl, 1 mM EDTA, 1mM DTT, cOmplete Protease Inhibitor cocktail
(Roche)). A French press was used to lyse cells and the cell debris pelleted by centrifugation at
15,000 rpm. Supernatant was passed over an amylose resin column (New England Biolabs)
and the column washed with 10 column volumes of buffer (20mM Tris pH 7.4, 200 mM NaCl,
1 mM EDTA). Protein bound to the amylose column was eluted using elution buffer (20mM
Tris pH 7.4, 200 mM NaCl, 1 mM EDTA, 10 mM maltose). The eluate from the amylose col-
umn purification was digested with TEV protease and subjected to anion exchange chroma-
tography (SOURCE 15Q column, GE Healthcare) and bound proteins eluted with an
increasing NaCl gradient. Fractions were analyzed by SDS-PAGE and fractions containing pX
protein were pooled and concentrated using a Vivaspin 20 concentrator (3000 MWCO, Sarto-
rius). The final protein preparation was visualized on SDS PAGE and concentration deter-
mined using the bicinchoninic acid (BCA) protein assay.

Super-resolution Airyscan fluorescence microscopy

DNA-transfected 293T or 18f-NLuc virus-infected Huh-7.5 cells were visualized in 35mm
glass bottom dishes with 14mm bottom wells (Cellvis, Cat# D35-14-1.5-N). Cells were fixed
with 4% paraformaldehyde for 12 mins, washed twice with PBS and incubated with a block-
ing/permeabilization solution containing 5% goat serum and 0.1% saponin in PBS for 1 hr at
room temperature. Cells were stained for 1 hr at room temperature with primary antibody
diluted in PBS with 1% BSA and 0.1% saponin, then washed with PBS containing 0.05% sapo-
nin followed by staining with appropriate secondary antibodies for 1 hr. Nuclei were counter-
stained with Hoechst 33342 (Invitrogen) for 10 mins at room temperature. Slides were then
washed three times with PBS containing 0.05% saponin, and where appropriate incubated for
3 min with a 1:2000 dilution of CellMask Deep Red (Thermo Fisher) in PBS. Imaging data
were recorded in super-resolution mode on a laser-scanning confocal Zeiss 880 microscope
(Carl Zeiss AG, Oberkochen, Germany) equipped with an Airyscan detector and controlled by
Zen Blue 3.0 software. Airyscan super-resolution recording enhances resolution in all
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directions by a factor of 1.7. The microscope was mounted on a Zeiss Inverted Axioobserver
Z1 base equipped with a Definite Focus unit to ensure focus plane stability. The Plan-Apochro-
mat 63X/1.40 Oil DIC M27 objective (Zeiss) was used for all imaging. For each image plane,
fluorescence signals were recorded sequentially at different wavelengths in super-resolution
mode using appropriate laser excitation and filter sets: for DAPI/ Hoechst, excitation 405nm,
emission filter BP 420-480 + BP 495-550; for Alexa488, excitation 488nm, emission filter BP
420-480 + BP 495-550; for Alexa568/594, excitation 561nm, emission filter BP 420-480 + BP
495-620; and, for Alexa647, excitation 633nm, emission filter BP 570-620 + LP 645. Fields of
view were selected randomly maintaining identical imaging conditions for different cells in
each experiment. The number of X-Y pixels on the frame was set to “optimal” in the Zeiss soft-
ware controller, with XY pixel size 0.043 pm. The distance between images in the Z direction
during Z-stack recording was 0.160 um. Immediately after recording, the raw data was pro-
cessed by Zen Blue software (Zeiss) to produce a super-resolution image with 16-bit depth.

Post-imaging analysis

Imaris software (version 9.6, Bitplane, Zurich) was used for 3D visualization of recorded Airys-
can images and to analyze colocalization of fluorescent signals. Following background subtrac-
tion, the Imaris colocalization module was used to identify the percentage of 3D image volume
within which fluorescence signals were colocalized. Intensity thresholds of fluorescence signals
were selected for each fluorescence channel separately using a semi-automatic procedure with
the condition that the threshold should not be less than 10% of maximum channel intensity.
Separate channels were created for colocalization results obtained from the analysis of each
pair of fluorescent signals (e.g., pX or HAV with HD-PTP; and pX or HAV with ALIX). The
percentage volume colocalization was then determined for these newly created channels and
the fluorescence signal from a third channel, allowing identification of colocalization of all
three signals above threshold. The positions and shapes of structures labeled with specific anti-
bodies were visualized by rendering the surfaces of 3D fluorescent signals based on their
intensities.

Statistical analysis

Unless indicated otherwise, significance was assessed by unpaired t test or ANOVA. All statis-
tical calculations were carried out using with Prism 8.4.3 software (GraphPad). Significance
values are shown as ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

Supporting information

S1 Fig. Low-resolution cryo-EM structure of EPN-pX. (A) Representative electron micro-
graph of extracellular fluids showing a burst vesicle. Scale bar = 200 A. (B) Fourier shell corre-
lation (FSC) plot showing attained resolution of 6.7 A. (C) Overview of three-dimensional
map with a rigid-body fitted to a previously published model of the EPN nanocage (PDB:
5KP9) in cartoon representation. Secondary structural elements are colored with helices in
cyan and B-sheets in yellow. (D) Exterior views of the five-fold cage face at (left) high and
(right) low contour levels showing additional density that may be consistent with pX. The
C-terminus of the EPN sequence is indicated by the red dot. (E) Interior views of the three-
fold nanocage axis, displayed as in panel D. (F) Laser-scattering video microscopy (NTA) esti-
mates of the size distribution of extracellular particles in supernatant fluids of 293T cells 24 hr
after transfection with EPN-pX (n = 22,114 particles) or empty vector (n = 18,038). (G)
Median particle size measured by NTA in 2 independent transfection experiments. (H) NTA
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estimates of EV concentration in extracellular fluids.
(PDF)

$2 Fig. Cellular release of EPN-pX, EPN-p6°* and EPN-VP2 constructs. (A) (top) EPN-pX
and EPN-p6Gag (previously named EPNOIN [30]) constructs with single and dual deletions of
the p65°€ late domains that bind TSG101 (PTAP) or ALIX (YPx;L) (p6“*€A1 and p6“8AL2,
respectively). (bottom) Immunoblots showing extracellular release of EPN-pX compared with
EPN-p6“*¢ with and without single or dual deletions of the p6°*¢ late domains. Deletion of
either late domain ablates nanocage release, as shown previously [30]. (B) Absence of detect-
able extracellular release of EPN-VP2 which contains VP2 residues 130-195 fused to the EPN
C-terminus, with and without Ala substitutions of the leading Tyr residue in both putative
ALIX-interacting VP2 late domains (VP2-Y; ,A) [16]. EPN-pX was included as a positive con-
trol. (C) (top) EPN-pX nanocage constructs with and without the N-terminal HIV Gag myris-
toylation signal sequence. The AM,_¢ and AM,_¢-link constructs lack the p6°*¢ myristoylation
signal (M, ¢) that directs membrane association, while AM, ¢-link also lacks a downstream
linker sequence. (bottom) Myc immunoblots showing nanocage proteins released into extra-
cellular fluids from transfected 293T cells (recovered after pelleting through a 20% sucrose
cushion) and intracellular soluble and insoluble nanocage proteins expressed by the cells.
Actin is shown as a loading control. (D) (top) EPN-pX constructs in which the Gag myristoyla-
tion signal (Gag residues 2-6) is replaced with peptide sequences from HAV VP4 (residues
numbered according to the HAV OREF). (bottom) Myc immunoblots as in panel A. Lanes 6-10
show proteins released/expressed in cells treated with the N-myristoylation inhibitor IMP-
1088. The inset shows a pX immunoblot of nanocage proteins released from cells transfected
with EPN-pX (Gag myristoylation signal) and VP4-M;_;; (HAV VP4 sequence in lieu of the
myristoylation signal), with and without IMP-1088 treatment, in an independent experiment.
Note that synthesis of the HAV polyprotein can initiate at either the first or second AUG
codons (Met) in the ORF.

(PDF)

S3 Fig. Constraint-based amino acid alignment of pX. The alignment was constructed from
24 near genome-length hepatovirus sequences available in GenBank, recovered from 18 differ-
ent mammalian species. Residues that are relatively well conserved are shown in red font,
those less conserved in blue, followed by very poorly conserved residues in grey font. Residues
that are absolutely conserved are underlined. Predicted VP1 and protein 2B sequences flanking
pX are shaded in grey; the polyprotein cleavage sites have not been determined experimentally
other than for Hepatovirus A. Genotype (gt) is noted for human and non-human primate
(NHP)-derived strains. The alignment shows relatively high conservation of the export domain
(ExpD, ++++++) which has the motif “Y[K/R]xLR[L/M]xxGxxRxxxA’, as well as a second con-
served motif (‘[L/V]ESxVD’) within the pentamer assembly domain (PAD, ******). The ExpD
sequence logo was generated from the 22 sequences above it with WebLogo version 2.8.2
(https://weblogo.berkeley.edu). Two bat Hepatovirus G viruses shown at the bottom have a
large deletion in the pX region. *Bat virus pX sequences shown to mediate EPN secretion (see
Fig 3B in the main manuscript). The alignment was produced by COBALT, with gap penalties
of -11,-1 and a conservation setting of 3 bits (Papadopoulos, J.S., and Agarwala, R. Bioinformat-
ics 23: 1073-1079, 2007), then manually adjusted. See S4A Fig for a phylogenetic tree.

(PDF)

$4 Fig. Functional conservation of pX sequences in bat hepatoviruses. (A) Phylogenetic tree
showing relatedness of amino acid sequences of pX in 9 recognized hepatovirus species infect-
ing 18 different mammalian species (magenta font, “Hep” = Hepatovirus species). GenBank
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accession numbers and genotype of Hepatovirus A viruses are indicated. Arrows denote pX
sequences studied as EPN fusions (Fig 3). (B) Immunoblots showing released particulate EPN-
pX and EPN-M32pX is associated with ALIX. EPN-YxxL/A was included as a negative control.
Cells were co-transfected with an empty vector (lanes 1-3) or vector expressing the dominant-
negative VPS4A E228Q mutant (lanes 4-6) to demonstrate that release is ESCRT dependent.
To the right is shown the mean normalized percent release of EPN-pX and EPN-M32pX in
cells expressing VPSA E228Q versus empty vector, £ S.E.M., n = 4.

(PDF)

S5 Fig. Label-free quantitative (LFQ) proteomic analysis of the C-terminal pX interac-
tome. (A) pX sequences in expression vectors used for LFQ analysis of pX-interacting pro-
teins. EPN-PAD contains only the pentamer assembly domain (PAD) of pX. (B) Anti-Myc
immunoblot showing triplicate protein precipitates subjected to proteomics analysis from
293T cells expressing the EPN-pX and EPN-PAD constructs. (C) Mean LFQ intensities of pX
peptides in both protein precipitates (n = 3 samples of each precipitate, each with 2 technical
replicates). Intensities of peptides identified in the EPN-PAD sample (common to both EPN-
pX and EPN-PAD) are shown in solid black bars; intensities of peptides unique to EPN-pX are
shown in red. (D) Percentage of the pX sequence covered by peptides found in the EPN-PAD
and EPN-pX samples. (E) Spectral counts of selected proteins identified in the proteomics
samples. C-term pX = pX sequence uniquely present in EPN-pX and absent in EPN-PAD. (F)
Peptide coverage of selected proteins identified in the proteomics samples. (G) Cellular com-
ponent of all 349 proteins enriched over 2-fold in EPN-pX compared to EPN-PAD precipitates
(FDR<0.05). Significance for protein clustering with each component is plotted on the right
axis (hatched bars).

(PDF)

S6 Fig. pX interaction with ALIX. (A) Co-immunoprecipitation of HA-ALIX and EPN-pX or
EPN-pX mutants containing single amino acid substitutions of conserved ExpD residues co-
expressed in 293T cells. Lysates of 293T cells transfected with DNAs expressing the indicated
nanocage proteins and HA-tagged ALIX were precipitated with anti-Myc antibody, then
immunoblotted with anti-HA antibody. (B) Quantitative comparison of the efficiency of co-
immunoprecipitation of EPN constructs with ALIX shown in panel A versus the efficiency of
EPN release when fused to pX with mutations in the ExpD domain (Fig 3F). Data are means
from 3 (EPN release) or 2 (co-immunoprecipitation) independent experiments, normalized to
EPN-pX (100%, red symbol). (C) Merged and single-channel Zeiss Airyscan super-resolution
fluorescent images of cells transfected with EPN-pX and HA-ALIX expression vectors, with
labeling for pX (green) and HA (ALIX, red). Membranes were visualized by labeling with Cell-
Mask-647 (magenta). Nuclei were visualized by staining with Hoechst (blue). Extensive pX-A-
LIX colocalization is evident at buds on the plasma membrane (arrows). (D) Super-resolution
images of a cell transfected with EPN-Ala and HA-ALIX expression vectors showing negligible
Ala and ALIX colocalization. (E) Co-immunoprecipitation of HA-tagged Brol and V domains
of ALIX (see Fig 4D) with FLAG-tagged VP1pX expressed in 293T cells. (F) Released extracel-
lular and intracellular EPN-pX nanocage protein in 293T cells overexpressing ALIX or the
indicated ALIX domain fragments. EV = empty vector.

(PDF)

S7 Fig. Fluorescence microscopy images of endogenous ALIX and HD-PTP in HAV-
infected cells. (A) Low magnification view and (B) super-resolution fluorescent microscopy
images of a cell infected with 18f virus, demonstrating close proximity of viral antigens recog-
nized by polyclonal human anti-HAV (‘HAV’, green), endogenous ALIX (red), and
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endogenous HD-PTP (magenta). High magnification single- and dual channel images of the
region bounded by the dashed yellow box are shown below in three dimensions below.
(PDF)

S1 Table. Proteins identified by LFQ proteomics as >2-fold enriched in EPN-pX precipi-
tates.
(XLSX)

$2 Table. Oligonucleotides used in this study.
(PDF)

$3 Table. Antibodies used in this study. RRID: Research Resource Identification Portal,
https://scicrunch.org/resources.
(PDF)
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