JVI

Journals.ASM.org

Matrix Proteins of Nipah and Hendra Viruses Interact with Beta
Subunits of AP-3 Complexes

Weina Sun,® Thomas S. McCrory,® Wei Young Khaw,? Stephanie Petzing,” Terrell Myers,2 Anthony P. Schmitt®°

Department of Veterinary and Biomedical Sciences, The Pennsylvania State University, University Park, Pennsylvania, USA?; Department of Microbiology and Immunology,
Uniformed Services University, Bethesda, Maryland, USA®; Center for Molecular Immunology and Infectious Disease, The Pennsylvania State University, University Park,
Pennsylvania, USA®

ABSTRACT

Paramyxoviruses and other negative-strand RNA viruses encode matrix proteins that coordinate the virus assembly process. The
matrix proteins link the viral glycoproteins and the viral ribonucleoproteins at virus assembly sites and often recruit host ma-
chinery that facilitates the budding process. Using a co-affinity purification strategy, we have identified the beta subunit of the
AP-3 adapter protein complex, AP3B1, as a binding partner for the M proteins of the zoonotic paramyxoviruses Nipah virus and
Hendra virus. Binding function was localized to the serine-rich and acidic Hinge domain of AP3B1, and a 29-amino-acid Hinge-
derived polypeptide was sufficient for M protein binding in coimmunoprecipitation assays. Virus-like particle (VLP) production
assays were used to assess the relationship between AP3B1 binding and M protein function. We found that for both Nipah virus
and Hendra virus, M protein expression in the absence of any other viral proteins led to the efficient production of VLPs in
transfected cells, and this VLP production was potently inhibited upon overexpression of short M-binding polypeptides derived
from the Hinge region of AP3B1. Both human and bat (Pteropus alecto) AP3B1-derived polypeptides were highly effective at
inhibiting the production of VLPs. VLP production was also impaired through small interfering RNA (siRNA)-mediated deple-
tion of AP3B1 from cells. These findings suggest that AP-3-directed trafficking processes are important for henipavirus particle
production and identify a new host protein-virus protein binding interface that could become a useful target in future efforts to
develop small molecule inhibitors to combat paramyxoviral infections.

IMPORTANCE

Henipaviruses cause deadly infections in humans, with a mortality rate of about 40%. Hendra virus outbreaks in Australia, all
involving horses and some involving transmission to humans, have been a continuing problem. Nipah virus caused a large out-
break in Malaysia in 1998, killing 109 people, and smaller outbreaks have since occurred in Bangladesh and India. In this study,
we have defined, for the first time, host factors that interact with henipavirus M proteins and contribute to viral particle assem-
bly. We have also defined a new host protein-viral protein binding interface that can potentially be targeted for the inhibition of
paramyxovirus infections.

endra virus and Nipah virus are zoonotic paramyxoviruses

belonging to the genus Henipavirus (1-3). Natural hosts for
these viruses are pteropid fruit bats such as flying foxes, which
suffer no apparent illness from the infections but act as reservoirs,
allowing spillover transmissions that can be deadly to other ani-
mals and to people (4, 5). Hendra virus was first identified in
Australia in 1994, after causing fatal infections in multiple horses
and in one person who was exposed to an infected horse (6, 7).
Numerous spillovers of Hendra virus to horses in Australia have
occurred since that initial outbreak, and these have led to 7 human
cases and 4 human fatalities to date (8, 9). Nipah virus was discov-
ered after a Malaysian outbreak in 1998-1999, in which the virus
was transmitted from bats to domesticated pigs. The virus circu-
lated among the pigs and ultimately infected over 200 pig farmers,
resulting in more than 100 fatalities (10). Like Hendra virus,
Nipah virus has caused repeated spillovers in the years since its
initial emergence, with many of the subsequent Nipah virus out-
breaks occurring in Bangladesh and India (9).

Paramyxoviruses and other negative-strand RNA viruses en-
code matrix proteins that function to organize the assembly and
release of virus particles (11). Once formed, the particles are mem-
brane enveloped and covered with a layer of glycoprotein spikes,
consisting of the viral attachment and fusion proteins. In addition,

November 2014 Volume 88 Number 22

Journal of Virology p. 13099-13110

the particles contain negative-sense RNA genomes that are encap-
sidated by nucleocapsid proteins to form the viral ribonucleopro-
tein complexes (RNPs). During paramyxovirus assembly, the ma-
trix (M) proteins accumulate at sites on cellular membranes from
which the particles will bud and recruit other components to these
locations, including the viral glycoproteins, the viral RNPs, and in
many cases host budding machinery (12, 13).

The assembly and budding process that leads to the formation
of enveloped virus particles can often be reconstituted in trans-
fected cells, allowing the production of virus-like particles (VLPs),
which resemble virions morphologically but lack viral genomes
and many of the other viral components necessary for infectivity.
For the paramyxoviruses, M protein expression in mammalian
cells is necessary, and in many cases sufficient, to trigger the bud-
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ding and release of VLPs with a size and shape that are consistent
with authentic virions. For example, the M proteins of Sendai
virus (14, 15), human parainfluenza virus type 1 (16), Newcastle
disease virus (17), measles virus (18, 19), and Nipah virus (20-22)
are sufficient to induce the formation and release of VLPs from
transfected cells. In many cases, the viral glycoproteins and/or
nucleocapsid proteins become incorporated into the VLPs if those
proteins are coexpressed with M protein (13). In the cases of para-
influenza virus 5 (PIV5) (23) and mumps virus (24), efficient VLP
release necessitates expression of viral glycoprotein and nucleo-
capsid protein, in addition to M protein.

Recruitment of host machinery via the matrix and Gag pro-
teins of negative-strand RNA viruses and retroviruses is critical in
many cases for proper formation and release of virus particles
(25-28), yet for many paramyxoviruses, including the henipavi-
ruses, M protein-host protein interactions remain largely unex-
plored. In this study, we identified the beta subunit of the AP-3
adapter protein complex, AP3BI, as a binding partner for the
Nipah virus and Hendra virus M proteins. AP-3 complexes are
known to play important roles during the trafficking of mem-
brane proteins between various endosomal compartments within
mammalian cells. Here, binding between viral M proteins and
AP3B1 was mapped to the serine-rich and acidic Hinge domain of
the AP3B1 protein. Budding of Nipah VLPs was significantly im-
paired upon small interfering RNA (siRNA)-mediated depletion
of AP3B1 from cells. VLP budding could also be inhibited through
expression of short M-binding polypeptides derived from the
AP3B1 Hinge region. Our findings suggest that AP-3 directed traf-
ficking processes are important during henipavirus particle for-
mation and identify a new host-protein-virus protein binding in-
terface that could prove useful as a target in future efforts aimed at
developing therapeutics to treat these viral infections.

MATERIALS AND METHODS

Plasmids. cDNA corresponding to the Nipah virus M protein was a kind
gift from Paul Rota (Centers for Disease Control and Prevention, Atlanta,
GA), and cDNA corresponding to the Hendra virus M protein was a kind
gift from Chris Broder (Uniformed Services University, Bethesda, MD).
These cDNAs were modified using PCR to encode tandem N-terminal
Strep(II) and 6 X His (Strep6His) tags (amino acid sequence, WSHPQFE
KHHHHHH) or N-terminal Myc tags (amino acid sequence, EQKLISEE
DL). The resulting cDNAs were subcloned into the eukaryotic expression
vector pCAGGS (29) to generate pCAGGS-NiV M, pCAGGS-HeV M,
pCAGGS-SH-NiV M, pCAGGS-SH-HeV M, pCAGGS-Myc-NiV M,
and pCAGGS-Myc-HeV M. ¢DNA corresponding to Nipah virus
M was also modified by PCR to encode an N-terminal Flag tag (amino
acid sequence DYKDDDDK) and subcloned into the expression vector
pcDNATM3.1/myc-His(-)A (Invitrogen, Carlsbad, CA) for use in fluo-
rescence microscopy experiments (the pcDNA vector was used in this case
because it results in a more moderate level of M protein expression, mak-
ing M protein localization easier to define and visualize). cDNAs corre-
sponding to the PIV5 and mumps virus M proteins, subcloned into
pCAGGS vectors, have been described before (23, 24). cDNA correspond-
ing to Sendai virus M protein (Z strain), subcloned into the pCAGGS
vector, was a kind gift from Takemasa Sakaguchi.

cDNA corresponding to full-length human AP3B1 was purchased
from Open Biosystems (Thermo Fisher Scientific, Waltham, MA; clone
ID 3914400). This sequence was modified using PCR to incorporate an
N-terminal Flag tag and subcloned into the pCAGGS vector to generate
plasmid pCAGGS-AP3B1. Subfragments of AP3B1, each with an N-ter-
minal Flag tag, were generated by PCR using the full-length AP3B1 cDNA
as the template and subcloned into pCAGGS, with boundaries as illus-
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trated in Fig. 3. To obtain cDNA corresponding to full-length Preropus
alecto AP3B1, RNA was isolated from immortalized P. alecto kidney
(PaKiT) cells, and cDNA was synthesized using the Superscript IIT first-
strand synthesis system (Life Technologies, Grand Island, NY) according
to the manufacturer’s recommendations. The AP3B1 sequence was PCR
amplified using primers designed based on the published Pteropus vampy-
rus sequence (30) (sense primer, 5 ATGTCCAGTAACAGCTTCG 3/,
and antisense primer, 5* TTACCCCTGGGACAGGACAGG 3'). The se-
quence was modified to encode an N-terminal Flag tag and subcloned into
the pCAGGS expression vector. Amino acid sequences of the human and
P. alecto AP3B1 proteins were aligned using ClustalW2 (31) to define the
Head, Hinge, and Ear domains. These subfragments of P. alecto AP3B1
were modified to encode N-terminal Flag tags and subcloned into the
pCAGGS vector.

The plasmid pCAGGS-AmotL1-m has been described previously (32).
The SH-eGFP sequence was generated by PCR using the pEGFP-C1 vec-
tor (Clontech, Mountain View, CA) as the template and modified to ap-
pend the N-terminal Strep6His tags. The resulting cDNA was subcloned
into the pCAGGS vector to generate plasmid pCAGGS-SH-eGFP. cDNAs
for host protein candidates EXOSC10 (clone ID 5505500), HERC5 (clone
ID 9021584), HTATSFI1 (clone ID 3504952), ILE2 (clone ID 2820505),
NKREF (clone ID 5228666), RPS3 (clone ID 6160514), TCOF1 (clone ID
3616898), VPRBP (clone ID 4853730), YBX1 (clone ID 3914485), and
ZC3HAV1 (clone ID 5418915) were all purchased from Open Biosystems
(Thermo Fisher Scientific, Waltham, MA). Each cDNA was amplified and
modified by PCR to append an N-terminal Flag tag and was subsequently
subcloned into the pCAGGS vector.

Henipavirus M protein affinity purification and mass spectrometry.
For affinity purification of viral M proteins and M-interacting host fac-
tors, 293T cells (in groups of five 10-cm-diameter dishes) were transfected
with pCAGGS plasmids corresponding to SH-M, SH-eGFP, or untagged
M, at 3 pg/dish. At 24 h posttransfection (p.t.), cells were harvested and
lysed in StrepTactin lysis buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA, 1% NP-40 [pH 8.0]). Cell lysates were clarified by centrifugation
and further passed through 0.45-pm syringe filters to remove debris. For
RNase-treated samples, clarified lysates were incubated with 200 pg/ml
RNase A at room temperature for 30 min. RNase A-treated samples were
clarified a second time by centrifugation before being passed through the
syringe filter. Purification of M protein was done using the AKTAprime
Plus fast protein liquid chromatography (FPLC) system (GE Life Sciences,
Pittsburgh, PA) equipped with a 1-ml StrepTrap-HP column. Proteins
were eluted from the column using a solution containing 100 mM Tris-
HCI, 150 mM NaCl, 1 mM EDTA, and 2.5 mM desthiobiotin, pH 8.0.
Eluted proteins were concentrated using 500-3 U-Tube concentrators
(Novagen, Madison, WI). Concentrated samples were resolved by SDS-
PAGE using either 10% or 15% gels and stained with Coomassie brilliant
blue (American Bioanalytical, Natick, MA) for gel excision. Additional
SDS-PAGE gels run in parallel were stained with either Sypro orange or
Lucy 506 (Bio-Rad Laboratories, Hercules, CA) for documentation of
protein bands. Excised bands were submitted to the Taplin Mass Spec-
trometry Facility (Harvard Medical School, Boston, MA) for protein
identification by liquid chromatography and tandem mass spectrometry
(LC/LC-MS/MS).

Coimmunoprecipitation. Coimmunoprecipitation of viral M pro-
teins with AP3B1 and other host proteins was performed using modifica-
tions of methods that have been previously described (33). 293T cells
grown in 6-cm-diameter dishes to 70 to 80% confluence in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), were transfected with pCAGGS plasmids encoding Myc-
tagged viral M proteins (0.4 pg/dish) with or without pCAGGS plasmids
encoding Flag-tagged candidate host proteins or AP3B1 derivatives (1.0
jg/dish). Cells were transfected with Lipofectamine-Plus reagents (Invit-
rogen, Carlsbad, CA) per the manufacturer’s protocol. At 24 h p.t., cells
were starved for 30 min in DMEM containing 2% FBS and 1/10 the nor-
mal amount of methionine and cysteine followed by labeling for 3 to 5 h in

Journal of Virology


http://jvi.asm.org

the same medium supplemented with 40 wCi of *>S-labeled Promix/ml
(PerkinElmer, Waltham, MA). Cells were harvested and mixed with lysis
buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM
phenylmethylsulfonyl fluoride [PMSF] [pH 8.0]). The resulting cell ly-
sates were clarified by centrifugation, followed by rocking for 2 h at 4°C in
the presence of anti-Myc monoclonal antibody (Life Technologies, Grand
Island, NY) or anti-Flag M2 magnetic beads (Sigma-Aldrich, St. Louis,
MO). Immune complexes were collected by centrifugation after incuba-
tion with protein A Sepharose beads for 0.5 to 1 h and washed 3 times with
lysis buffer. Proteins were separated by SDS-PAGE using 10%, 15%, or
17.5% gels and were detected using a Fuji FLA-7000 phosphorimager
(Fujifilm Medical Systems, Stamford, CT).

Measurements of VLP production. To generate VLPs, 293T cells
grown in 6-cm dishes were transfected with pCAGGS plasmids encoding
Myc-tagged Nipah virus M protein or Myc-tagged Hendra virus M pro-
tein (0.4 wg/dish), together with various plasmids encoding AP3B1-de-
rived polypeptides (full-length AP3B1/Head/Hinge/Ear, 0.75 pg/dish;
Hinge 1/Hinge 2/Hinge 3, 1 pg/dish; Hinge 1A/Hinge 1B, 1.5 pg/dish).
Transfections were carried out in Opti-MEM using Lipofectamine-Plus
reagents. At 24 h p.t., the culture medium was replaced with DMEM
containing 2% FBS, 1/10 the normal amount of methionine and cysteine,
and 40 wCi of *>S-labeled Promix/ml. After an additional 18 h, cell and
medium fractions were collected. VLPs from the culture medium frac-
tions were pelleted through 20% sucrose cushions, resuspended, floated
to the tops of sucrose flotation gradients, pelleted again, and then resus-
pended in SDS-PAGE loading buffer containing 2.5% (wt/vol) dithio-
threitol, as described previously (34). Cell lysate preparation and immu-
noprecipitation of proteins from the cell lysate fraction were carried out as
described previously (23). Anti-Myc monoclonal antibody was used to
immunoprecipitate viral M proteins, and anti-Flag M2 magnetic beads
were used to immunoprecipitate AP3B1 and AP3B1-derived polypep-
tides. The precipitated proteins and VLPs were separated on 10% SDS gels
and detected using a Fuji FLA-7000 phosphorimager. VLP production
efficiency was calculated as the quantity of M protein in purified VLPs
divided by the quantity of M protein in the corresponding cell lysate
fraction, normalized to the value obtained in the positive-control experi-
ment.

Membrane flotation assays to measure M protein membrane asso-
ciation. 293T cells in 10-cm dishes were transfected with pCAGGS plas-
mids encoding Nipah virus M protein (0.8 pg/dish) together with AP3B1-
derived polypeptides (1.5 wg/dish). At 24 h p.t., cells were harvested,
resuspended in 600 wl of hypotonic buffer (25 mM NaCl, 50 mM
Na,HPO, [pH 7.3], 1 mM phenylmethylsulfonyl fluoride), and incubated
for 30 min at 4°C. The cells were subjected to 40 strokes of Dounce ho-
mogenization followed by microcentrifugation at 200 X g for 5 min to
remove debris and nuclei. The resulting homogenates were mixed with 1.5
ml of 80% sucrose in NTE (0.1 M NaCl; 0.01 M Tris-HCL, pH 7.4; 1 mM
EDTA). Layers of 50% sucrose (2.4 ml) and 10% sucrose (0.6 ml) in NTE
were placed on top of the Dounce-homogenized mixtures, and samples
were centrifuged at 160,000 X g for 4 h in a Sorvall AH650 swinging-
bucket rotor. Six equal fractions were collected from the top of each gra-
dient. Proteins from the gradient fractions were separated by SDS-PAGE
using 10% gels and subjected to immunoblot analysis using a polyclonal
antibody to Nipah virus M that has been described previously (24). Pro-
tein bands were detected and quantified using a Fuji FLA-7000 laser scan-
ner. The fraction of membrane-bound M protein was calculated as the
amount of M protein detected in the top three fractions of the gradient
divided by the total amount of M protein detected in all six fractions.

RNA interference (RNAi). Three 19-nucleotide siRNAs for human
AP3B1 (SASI_Hs01_00018424, SASI_Hs01_00018425, and SASI_Hs01_
00018426) were purchased from Sigma-Aldrich (St. Louis, MO), together
with the universal negative-control siRNA. 293T cells in 6-cm dishes were
cotransfected with pCAGGS plasmid encoding Myc-tagged Nipah virus
M (0.4 pg per dish) and 100 nM siRNA (either the negative-control
siRNA or a mixture of SASI_Hs01 00018424 (50 nM) plus SASI_
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Hs01_00018426 (50 nM). SASI_Hs01_00018424 targets the sequence CG
AAUCUAGUUCAAUAGAA, and SASI_Hs01_00018426 targets the se-
quence GCAACAAAGAUUCUGCUAA. siRNA and plasmid cotransfection
was performed using Lipofectamine-Plus reagents. VLPs were collected,
and VLP production was calculated as described above. Additional trans-
fections were carried out in parallel to measure the efficiency of AP3B1
depletion. 293T cells in 6-well plates were transfected with siRNA (100
nM) using Lipofectamine-Plus reagents as described above. At 24 h p.t,,
the culture medium was replaced with DMEM supplemented with 2%
FBS. At 42 h p.t,, cells were harvested and lysed in SDS-PAGE loading
buffer containing 2.5% (wt/vol) dithiothreitol. Proteins were fractionated
by SDS-PAGE using 10% gels, and the levels of endogenous AP3B1
protein were measured by immunoblot analysis using the AP3B1-spe-
cific polyclonal antibody AP3B1 13384-1-AP (Proteintech Group,
Chicago, IL).

Immunofluorescence microscopy. 293T cells seeded on poly-p-
lysine-coated glass coverslips and grown to 50% confluence were trans-
fected with plasmid pcDNATM3.1-Flag-NiV M (50 ng/well) using Lipo-
fectamine-Plus. At 24 h p.t., cells were washed three times with warm
phosphate-buffered saline (PBS) for 10 min per wash, fixed with 4% para-
formaldehyde in PBS for 15 min, and then washed three additional times.
Cells were then permeabilized using 0.1% saponin, incubated in a block-
ing solution containing 1% bovine serum albumin (BSA) and 0.1% fish
gelatin, and incubated with primary and secondary antibody solutions as
described previously (35). Nipah virus M protein was visualized using
anti-DDK monoclonal antibody specific to the Flag tag (Origene, Rock-
ville, MD), and endogenous AP3B1 was visualized using anti-AP3B1 rab-
bit polyclonal antibody (Proteintech Group, Chicago IL). Secondary an-
tibodies used were Alexa Fluor 594 goat anti-mouse IgG2a for detection of
M protein and Alexa Fluor 488 goat anti-rabbit for detection of AP3B1
(Life Technologies). Washes were done after each antibody incubation,
and cell nuclei were stained using ProLong Gold antifade reagent with
DAPI (4',6-diamidino-2-phenylindole; Invitrogen). Cells were visualized
with a Zeiss Axiolmager M1 fluorescence microscope (Carl Zeiss Inc.,
Thornwood, NY), and images were captured using an Orca R2 digital
camera (Hamamatsu Photonics, Bridgewater, NJ). Images were decon-
volved using iVision software (BioVision Technologies, Exton PA).

RESULTS

Identification of henipavirus M-associating host proteins by af-
finity purification and mass spectrometry. To define host factors
involved in henipavirus particle formation, we affinity-purified
Hendra virus M protein from the lysates of transfected cells and
identified copurifying host factors using mass spectrometry. This
approach employed a modified M protein, SH-HeV M, that har-
bors tandem N-terminal Strep(II) and 6 X His tags. We found that
placing these affinity tags at the N terminus of Hendra virus M
protein had minimal effects on M protein stability and VLP pro-
duction function, whereas addition of the same tags to the C-ter-
minal end of M protein caused substantial stability and VLP pro-
duction defects (data not shown). SH-HeV M protein was
expressed in 293T cells using transient transfection, and M protein
was affinity-purified from cell lysates by FPLC via the Strep(II)
tag. SDS-PAGE and whole protein staining revealed a complex
mixture of polypeptides which copurified with Hendra virus M
protein (Fig. 1A). A parallel purification using the highly similar
Nipah virus M protein (SH-NiV M) in place of the Hendra virus
M protein led to a near-identical profile of copurifying polypep-
tides visualized by SDS-PAGE (Fig. 1A). These copurifying poly-
peptides were almost completely absent in control experiments
using either tagged eGFP (SH-EGFP) or untagged Nipah virus M
protein (Fig. 1A). Fifteen bands resulting from the Hendra virus
M copurification procedure were selected for analysis. These were
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FIG 1 Identification of henipavirus M-associating host proteins by affinity purification and mass spectrometry. (A) 293T cells were transfected to express
affinity-tagged henipavirus M proteins, untagged M protein, or affinity-tagged eGFP, as indicated. Cell lysates were prepared and subjected to FPLC using a
StrepTrap-HP column. Eluted proteins were resolved by SDS-PAGE and visualized using Sypro orange. The asterisk denotes the migrations of SH.NiV M and
SH.HeV M. Numbers indicate protein bands that were excised from a duplicate Coomassie blue-stained SDS gel for MS-based identification of polypeptides. (B)
Proteins identified by MS from the 15 bands illustrated in panel A. Coverage indicates the percentage of amino acid residues within the protein that are present
in at least one of the identified peptides. (C) Affinity-tagged Hendra virus M protein was purified from cell lysates using FPLC as in panel A, with an additional
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RNase A digestion step performed just prior to FPLC. (D) Proteins identified by MS from the 8 bands illustrated in panel C.
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excised from the gel and subjected to in-gel trypsinization and
multidimensional liquid chromatography and tandem mass spec-
trometry (LC/LC-MS/MS) for peptide identification. Results of
this analysis revealed multiple distinct polypeptides associated
with each of the excised bands (Fig. 1B). Several proteins involved
in intracellular trafficking were identified (TCOF1, AP3B1, and
EXOSC10), as well as some that have previously been linked to
virus replication (ZC3HAV1, AP3B1, HERCS, and ILF2/3). More
than half of the host proteins identified through this analysis are
RNA-associated proteins, including RNA helicases, splicing fac-
tors, nuclear ribonucleoproteins, and ribosomal proteins.

We speculated that the large proportion of RNA-associated
proteins identified after M protein copurification might have been
a consequence of an M protein interaction with cellular RNA.
Under this scenario, a large number of proteins might copurify
with M protein not because they interact with M protein itself but
rather because they directly or indirectly interact with the cellular
RNA that M protein has bound. Although the henipavirus M pro-
teins have not previously been shown to bind RNA, matrix pro-
teins from related viruses such as respiratory syncytial virus (36),
Ebola virus (37), and influenza virus (38) have been shown to bind
cellular RNA. We reasoned that treatment of cell lysates with
RNase prior to the FPLC purification step would likely reduce or
eliminate any potential RNA-directed interactions and might
serve to facilitate the identification of proteins and/or protein
complexes that bind directly to M protein. Indeed, RNase treat-
ment markedly changed the profile of polypeptides copurifying
with Hendra virus M protein as visualized by SDS-PAGE (Fig.
1C), and mass spectrometry analysis of excised bands revealed
that only a minor fraction of these polypeptides correspond to
RNA helicases, splicing factors, and other RNA-associated pro-
teins (Fig. 1D).

AP3B1 interacts with henipavirus M proteins via its Hinge
domain. To further interrogate the abilities of Hendra virus M-
copurifying host factors to interact with henipavirus M proteins,
coimmunoprecipitation experiments were performed. Eleven
candidate M-interacting host factors were selected for these exper-
iments: AP3B1, EXOSC10, HERC5, HTATSFI1, ILF2, NKRF,
RPS3, TCOF1, VPRBP, YBX1, and ZC3HAV1. Several of these
were selected because they are known to be involved in intracel-
lular trafficking as noted above, and some were selected because
they are known to be important for viral replication in other viral
systems. cDNAs corresponding to these candidate proteins were
obtained, and N-terminal Flag tags were appended. The Flag-
tagged host proteins were expressed together with Myc-tagged
Nipah virus M protein in transfected 293T cells. The host proteins
were precipitated with Flag antibody, and coprecipitation of M
protein was evaluated (Fig. 2 and data not shown). Strong copre-
cipitation of M protein was observed in the presence of AP3BI1.
This was the only candidate host factor for which substantial M
protein coprecipitation was observed, although TCOF1, VPRBP,
and ZC3HAV1 each led to a weak level of coprecipitation.

AP3B1 forms the beta subunit of tetrameric AP-3 adapter com-
plexes, which act as cargo adapters during endosomal trafficking
and sorting (39-41). Trafficking of HIV-1 Gag to multivesicular
bodies is mediated in part by AP-3 complexes, and HIV-1 assem-
bly is impaired in AP-3-deficient cells (42—44). Based on homol-
ogy with the beta subunits of other adapter protein complexes,
AP3B1 consists of three domains: an N-terminal Head domain
that comprises approximately 60% of the protein, a C-terminal
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FIG 2 Coimmunoprecipitation of Nipah virus M protein with candidate host
proteins identified by MS. 293T cells were transfected to produce Myc-tagged
Nipah virus M protein together with the indicated Flag-tagged candidate host
factors. Proteins synthesized in the transfected cells were metabolically labeled,
and cells were lysed in a solution containing 1% NP-40. Immunoprecipitation
was carried out using Myc antibody (lane 1) or anti-Flag conjugated resin
(lanes 2 to 9), and proteins were detected using a phosphorimager.

Ear domain (approximately 25% of the protein), and a serine-
rich, acidic Hinge domain that separates the Head and Ear regions
(Fig. 3A and B) (41, 45). To more clearly define the binding inter-
face between AP3B1 and henipavirus M proteins, mapping studies
were performed. A series of Flag-tagged human AP3B1 protein
derivatives were constructed as illustrated in Fig. 3A, and these
were used to coimmunoprecipitate Nipah virus M protein in
transfected 293T cells (Fig. 3C and D). M-binding function was
localized to the Hinge domain of the protein, as coimmunopre-
cipitation was observed with the full-length, Head/Hinge, and
Hinge constructs but not with the Head or Ear constructs (Fig.
3C). AmotL1-m was used as a negative control in these experi-
ments. This 83-amino-acid (aa) polypeptide binds to the M pro-
tein of another paramyxovirus, PIV5 (32), but fails to interact with
henipavirus M proteins. To further localize the M-binding region
within AP3B1, its Hinge domain was divided into three roughly
equal segments, designated Hinge 1, Hinge 2, and Hinge 3 (Fig. 3A
and B). Expression of the Hinge 1 segment led to M protein co-
immunoprecipitation (Fig. 3C). Interestingly, expression of the
Hinge 3 segment also led to a similar level of M protein coimmu-
noprecipitation. In contrast, Hinge 2 segment expression resulted
in poor M protein coimmunoprecipitation. Both Hinge 1 and
Hinge 3 are highly acidic and serine rich (Fig. 3B). The two se-
quences are nonoverlapping, but they both contain the 10-amino-
acid sequence DSSSDSESES. The Hinge 1 sequence was further
subdivided (Fig. 3A and B). Hinge 1A lacks DSSSDSESES and
failed to bind M protein (Fig. 3D). The 29-amino-acid Hinge 1B
contains DSSSDSESES and was sufficient for M protein binding
(Fig. 3D). Thus, a short polypeptide derived from the Hinge re-
gion of AP3B1 was sufficient for interaction with Nipah virus M
protein in coimmunoprecipitation assays.

The M proteins of other paramyxoviruses (Hendra virus,
PIV5, Sendai virus, and mumps virus) were also tested for inter-
action with full-length AP3B1 in coimmunoprecipitation assays
(Fig. 3E). We found the Hendra virus and Nipah virus M proteins
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FIG 3 Small AP3B1-derived polypeptides bind Nipah virus M protein. (A) Schematic representation of human AP3B1 and AP3B1-derived polypeptides. (B)

Amino acid sequences of human AP3B1 Hinge-derived polypeptides. (C to F)

293T cells were transfected to produce Myc-tagged Nipah virus M protein (C, D,

and F) or the indicated paramyxovirus M proteins (E) together with the indicated Flag-tagged AP3B1-derived polypeptides, and coimmunoprecipitation was
carried out as described in the legend to Fig. 2. The bat (P. alecto)-derived AP3B1-derived polypeptides used for panel F are the equivalents of the corresponding
human segments illustrated in panel A, based on Clustal W2 sequence alignment between the human and P. alecto AP3B1 proteins. The upper gels in panels D and
F correspond to control immunoprecipitations of Myc-M protein using Myc antibody, while the lower gels correspond to coimmunoprecipitation experiments

using Flag antibody.

to be virtually indistinguishable in these assays, as both exhibited
highly efficient coprecipitation with AP3B1. The PIV5, Sendai vi-
rus, and mumps virus M proteins all coiommunoprecipitated with
AP3B1 as well, but the efficiency of coimmunoprecipitation ap-
peared to be less. Although it is difficult to assess relative binding
affinities using this approach, our results suggest that a diverse
group of paramyxovirus M proteins have the potential to interact
with AP3B1.

Further binding experiments were performed using AP3B1
protein derived from the black flying fox, Pteropus alecto, which is
a natural host reservoir species for both Nipah virus and Hendra
virus. Flag-tagged versions of P. alecto AP3B1 were constructed
(full-length, Head, Hinge, and Ear), and coimmunoprecipitation
of Nipah virus M protein was evaluated (Fig. 3F). Strong coim-
munoprecipitation of M protein with the full-length P. alecto
AP3B1 was observed, similar to the result obtained with human
AP3B1. The Hinge domain of P. alecto AP3B1 was able to coim-
munoprecipitate M protein, but the Head and Ear domains failed
to coimmunoprecipitate M protein, again consistent with results
obtained using the human-derived AP3B1 constructs and suggest-
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ing that the human and P. alecto AP3B1 proteins are fundamen-
tally similar to one another with respect to their interactions with
henipavirus M proteins. Consistent with this idea, sequence com-
parisons revealed a high degree of conservation between the hu-
man and P. alecto AP3B1 proteins (90% amino acid identity over-
all, 27 out of 29 aa residues identical within the Hinge 1B region,
and 10 out of 10 aa residues identical within the DSSSDSESES
sequence).

Overexpression of M-binding, AP3B1-derived polypeptides
blocks production of henipavirus VLPs. Short host factor-de-
rived polypeptides that bind to viral Gag or M proteins can some-
times act as potent inhibitors of virus budding, either because they
act as competitive inhibitors and prevent full-length endogenous
host proteins from binding or because they otherwise interfere
with budding function when they are bound to the viral proteins
(32, 46-51). To test if AP3B1-derived polypeptides can inhibit
henipavirus particle production, these polypeptides were ex-
pressed together with henipavirus M proteins in transfected 293T
cells for production of VLPs. After metabolic labeling, VLPs were
collected from the culture supernatants, pelleted through sucrose
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FIG 4 Small AP3B1-derived polypeptides inhibit henipavirus VLP production. (A) 293T cells were transfected to produce Nipah virus M protein together with
the indicated human AP3B1-derived polypeptides. After metabolic labeling of cells, lysates were prepared and M protein was immunoprecipitated using Myc
antibody, while AP3B1-derived polypeptides were immunoprecipitated using anti-Flag-conjugated resin. VLPs from culture supernatants were purified by
centrifugation through sucrose cushions followed by flotation on sucrose gradients. Purified VLPs were loaded directly onto SDS gels without immunoprecipi-
tation, and proteins were visualized using a phosphorimager. (B) Three independent experiments were performed as described for panel A, and VLP production
efficiencies were calculated as the amount of viral M protein detected in VLPs divided by the amount of M protein detected in the corresponding cell lysate
fraction and were normalized to the values obtained in the absence of any polypeptide coexpression. Error bars indicate standard deviations. Differences from the
values obtained in the absence of polypeptide coexpression were assessed for statistical significance by using a two-tailed Student ¢ test, and P values of <0.01 are
denoted by asterisks. (C) VLPs were produced as described for panel A but using Hendra virus M protein in place of Nipah virus M protein. (D) Efficiency of
Hendra VLP production was calculated using data obtained from three independent experiments performed as for panel C. (E) Nipah VLPs were produced as
described for panel A, with coexpression of either the human or the P. alecto version of the AP3B1 Hinge domain. Relative efficiencies of VLP production are

indicated.

cushions, further purified by flotation on sucrose gradients, and
analyzed on SDS gels (Fig. 4). We found that VLPs were abun-
dantly produced when Nipah virus M protein was expressed in the
absence of AP3B1-derived polypeptides (Fig. 4A), consistent with
observations that have been reported before (20, 21). When the
M-binding Hinge polypeptide was expressed together with M
protein, VLP production was reduced more than 20-fold (Fig. 4A
and B). Similar reductions in VLP production (between 10- and
20-fold) were observed upon expression of the M-binding poly-
peptides Hinge 1 and Hinge 3. Even the 29-amino-acid Hinge 1B
polypeptide was inhibitory, resulting in VLP production that was
10-fold reduced from the normal level (Fig. 4A and B). In contrast,
the AP3B1-derived polypeptides which did not bind to M protein
in coimmunoprecipitation experiments (Head, Hinge 2, and
Hinge 1A) affected VLP production less than 2-fold (Fig. 4A and
B). This same pattern was also observed with Hendra VLP pro-
duction. We found that expression of the Hendra virus M protein
in the absence of any other viral proteins (and in the absence of
any AP3B1-derived polypeptides) led to abundant VLP formation
and release (Fig. 4C and D). Coexpression of the Hinge, Hinge 1,
Hinge 3, and Hinge 1B polypeptides inhibited production of Hen-
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dra VLPs, while the Head, Hinge 2, and Hinge 1A polypeptides
failed to inhibit (Fig. 4C and D and data not shown). Hence, Hen-
dra virus was found to be quite similar to Nipah virus both in the
requirements for VLP production (M protein alone is sufficient)
and in the sensitivity to inhibition by AP3B1-derived polypep-
tides. Additional VLP release experiments were performed using
the Nipah virus M protein expressed together with the bat (P.
alecto) version of the AP3B1 Hinge domain (Fig. 4E). We found
that expression of the P. alecto AP3B1 Hinge domain inhibited
VLP production just as effectively as expression of the human
AP3B1 Hinge domain. Overall, these experiments defined small,
AP3Bl1-derived polypeptides that bind henipavirus M proteins
and potently inhibit the production of henipavirus-like particles
in transfected cells.

To gather insight into the mechanism of budding inhibition
caused by AP3B1-derived polypeptides, the membrane-binding
function of M protein was monitored. Detergent-free lysates were
prepared from 293T cells transfected to express Nipah virus M
protein together with various AP3B1-derived polypeptides, and
membrane binding of M protein was assessed using sucrose flota-
tion gradients (Fig. 5). Fifty to sixty percent of M protein was
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FIG 5 AP3B1 Hinge polypeptide inhibits the membrane-binding ability of
Nipah virus M protein. (A) 293T cells were transfected to produce Nipah virus
M protein together with the indicated human AP3B1-derived polypeptides.
Detergent-free cell lysates were prepared and overlaid with sucrose solutions to
form flotation gradients. After ultracentrifugation, samples were collected
from the tops of the gradients. Proteins from gradient fractions were resolved
by SDS-PAGE, and Nipah virus M protein was detected by immunoblotting
using M-specific polyclonal antibody. (B) Three independent experiments
were performed as described for panel A. The percentage of M protein that was
membrane bound (top three fractions of the gradients) was quantified using a
phosphorimager. Results were plotted, with standard deviations indicated by
error bars. Differences from the values obtained in the absence of polypeptide
coexpression were assessed for statistical significance by using a two-tailed
Student ¢ test, and P values of <0.01 are denoted by asterisks.

found in the membrane-bound (floated) fraction of the gradient
when M was expressed alone, and this did not change significantly
upon coexpression of either full-length AP3B1 or the AP3B1 Head
polypeptide. However, coexpression of AP3B1 Hinge polypeptide
reduced the fraction of membrane-bound M protein to less than
20% (Fig. 5). This result suggests a mechanism for inhibition in
which M protein that is bound to AP3B1-derived polypeptides is
subsequently unable to interact with cellular membranes as it nor-
mally would.

Depletion of AP3B1 from cells impairs Nipah VLP produc-
tion. To investigate the importance of AP-3 complexes for Nipah
virus M protein function and particle assembly, siRNAs were used
to deplete AP3B1 protein from 293T cells. The efficiency of AP3B1
depletion was monitored in Western blot experiments (Fig. 6A
and B). The quantity of endogenous AP3B1 was reduced to ap-
proximately 30% of its normal level in cells transfected with
AP3B1-specific siRNAs. To measure the effect of AP3B1 depletion
on Nipah VLP production, cells were simultaneously transfected
with M-expressing plasmid and siRNA (Fig. 6C and D). VLP pro-
duction was reduced 3-fold in AP3B1-depleted cells, relative to

13106 jviasm.org

>
@®

i\ 1.2
& O m 1.0
o” 06"“ Q"“0 I
¥ PP < os]
Endog. AP3B 1| s v 3
8 & 06
5 :
_g 0.44
=
w 0.2
¥ & &
£ \43"\ £
N
® &° QQ,Q
o ¥
C > o D
N s
& (S F £
& ) %\' 3
& & S i
O C°° vg e 14
o
. 8 1.24
NivM S
< 1.01
o
Cell lysates % 0.8
3 0.6 .
c
NIV IV - - 5 04
=
i 4 0.2
Purified VLPs 2
o 3 > 3
R
& & &
[ ®

FIG 6 siRNA knockdown of endogenous human AP3B1 decreases Nipah VLP
production. 293T cells were transfected with a plasmid encoding Nipah virus
M protein together with 100 nM siRNA as indicated. (A and B) Endogenous
AP3B1 was detected by immunoblotting using AP3B1-specific antibody, and
protein bands were quantified using a laser scanner. Results from three inde-
pendent experiments were plotted, with standard deviations indicated by error
bars. (C and D) Nipah VLPs were purified and detected as described in the
legend to Fig. 4. Results from three independent experiments were plotted,
with standard deviations indicated by error bars. Differences from the values
obtained in the presence of the control siRNA were assessed for statistical
significance by using a two-tailed Student ¢ test, and P values of <0.01 are
denoted by asterisks.

cells that had been transfected with a control siRNA. These results
suggest that the ability of Nipah virus M protein to efficiently
direct VLP formation is dependent upon the presence of physio-
logical levels of AP3B1 within host cells.

Partial colocalization of Nipah virus M protein with endog-
enous AP3B1 in transfected cells. Further evidence for biological
relevance of M protein interaction with AP3B1 was obtained by
monitoring colocalization of these proteins in cells (Fig. 7). 293T
cells were transfected to produce Nipah virus M protein, and co-
localization between M protein and endogenous AP3B1 was ob-
served by fluorescence microscopy. M protein was found mainly
at the plasma membrane and in the cytoplasm (Fig. 7), and a
smaller amount of M protein was often detected in the cell nu-
cleus, consistent with previous observations (20, 52). The cyto-
plasmic M protein formed numerous small clusters, and many of
these clusters exhibited substantial colocalization with endoge-
nous AP3B1, indicating that a portion of M protein localizes to
AP-3 trafficking compartments. It should be noted that this
AP3B1-colocalized M protein represents only a minority of the
total M protein in the cell, as some of the cytoplasmic M protein
and virtually all of the plasma membrane-associated M protein are
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FIG 7 Partial colocalization of Nipah virus M protein with endogenous AP3B1 in 293T cells. 293T cells on glass coverslips were transfected to produce
Flag-tagged Nipah virus M protein, and subcellular localizations of M protein (red) and endogenous AP3B1 (green) were visualized by immunofluorescence
microscopy at 24 h posttransfection. Two representative sets of images are shown in the top and bottom panels.

not AP3B1 colocalized. These observations are consistent with the
possibility that M protein associates transiently with cellular com-
partments containing AP3B1 during its trafficking to the sites of
virus assembly.

DISCUSSION

Here, we used a co-affinity purification approach to identify the
beta subunit of the AP-3 adapter protein complex as a binding
partner for the Nipah and Hendra virus M proteins. Binding to
Nipah virus M protein was mapped to the serine-rich and acidic
Hinge domain of AP3B1, and a 29-amino-acid polypeptide de-
rived from the Hinge domain was found to be sufficient for M
protein binding. Expression of AP3B1-derived, M-binding poly-
peptides prevented M protein association with cellular mem-
branes and inhibited the budding of Nipah and Hendra VLPs,
suggesting that the M protein-AP3B1 binding interface could
prove useful as a target in future efforts to inhibit these viruses
using small molecules. Significant colocalization between M pro-
tein and AP3B1 was observed in transfected mammalian cells, and
siRNA-mediated depletion of AP3B1 impaired the production of
Nipah VLPs, suggesting that the presence of functioning AP-3
complexes benefits the assembly and release of henipavirus parti-
cles.

AP-3 adapter protein complexes in mammalian cells direct the
trafficking of membrane proteins from tubular sorting endo-
somes to late endosomes and lysosomes (40, 53, 54). A role for
AP-3 complexes in enveloped virus assembly and release has al-
ready been well established in the case of HIV-1. HIV-1 Gag pro-
tein was shown to interact with the delta subunit of AP-3 (42), and
siRNA-mediated depletion of AP-3 complexes impaired the as-
sembly and release of HIV-1 particles (42). HIV-1 particle assem-
bly was also impaired in cells derived from human patients with
AP-3 deficiency, caused by mutations to AP3B1 (44). An N-ter-
minal fragment of the AP-3 delta subunit (AP-3D-5") was suffi-
cient for binding to HIV-1 Gag, and this polypeptide could inhibit
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HIV-1 particle release and interfere with Gag protein trafficking to
multivesicular bodies (42). Although interaction with AP-3 ap-
pears to be mediated through the MA component of Gag protein,
as judged by GST pulldown assays (42), the molecular details of
this interaction are not completely understood, and evidence for
direct binding between MA and the protein interactive domain of
the AP-3 delta subunit in vitro using NMR could not be obtained
(55).

AP-3 interaction with henipavirus M proteins was mapped to
the acidic, serine-rich Hinge domain of the AP-3 beta subunit,
AP3BI. Interestingly, this AP3B1 Hinge region has been studied
previously in the context of two different cellular binding part-
ners: kinesin family member 3A (Kif3A) (45) and rabip4’ (56).
The interaction between AP3B1 and Kif3A was identified in a yeast
two-hybrid screen, using a Hinge-containing fragment of AP3B1
as bait (45). Here, the serine-rich Hinge region of AP3B1 had been
characterized as a target for IP7-directed pyrophosphorylation,
and the yeast two-hybrid investigation was carried out to deter-
mine if the pyrophosphorylation modification might impact pro-
tein-protein interactions. The screen identified Kif3A protein, and
the Kif3A-AP3B1 interaction was confirmed in pulldown experi-
ments (45). The interaction was found to be negatively regulated
by AP3B1 pyrophosphorylation. In addition, the interaction was
found to be important for HIV-1 particle release, as release of
HIV-1 Gag VLPs could be inhibited either through siRNA deple-
tion of Kif3A or by expression of a motorless Kif3A polypeptide
that binds AP3B1 and presumably acts as a competitive inhibitor
to block AP3B1 interaction with full-length, endogenous Kif3A
(45). In a separate study, binding partners for the endosomal pro-
tein rabip4’ were isolated using an affinity pulldown procedure
followed by mass spectrometry, and this identified an interaction
between rabip4’ and AP3B1 (56). Mapping studies showed that
the Hinge domain of AP3B1 bound to the FYVE domain of
rabip4’, and knockdown studies suggested that AP-3:rabip4’
complexes are likely important for proper control of lysosome
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distribution within cells (56). Taken together with our results ob-
tained with the henipavirus M proteins, these studies suggest that
the AP3B1 Hinge domain is capable of directing protein interac-
tions with a variety of partners. It will be important in future
studies to determine whether these different viral and cellular pro-
teins can bind simultaneously to AP3B1 or whether instead these
proteins compete with one another for binding to the same site
within the Hinge domain.

AP3B1-derived polypeptides were potent inhibitors of Nipah
and Hendra VLP production. The shortest of these fragments,
Hinge 1B, caused a 10-fold reduction in VLP production yet is
only 29 amino acid residues in length. Consistent with these re-
sults, earlier studies found that short polypeptides derived from
various host proteins that bind to viral Gag or M proteins are often
potent inhibitors of virus budding. For example, expression of a
Gag-binding fragment of Tsg101 (TSG-5") caused a 60% reduc-
tion in HIV-1 particle production (46, 47), and expression of a
Gag-binding fragment of Aip1/Alix caused a 5-fold reduction in
HIV-1 particle production (48-51). Likewise, budding of the
paramyxovirus PIV5 was reduced more than 3-fold upon expres-
sion of an M-binding polypeptide derived from the host protein
AmotL1 (32). In the cases of Aip1/Alix and AmotL1, even overex-
pression of the full-length host proteins caused moderate negative
effects on viral particle production (32, 48), drawing a further
parallel with the results described here, in which full-length
AP3B1 overexpression reduced Nipah VLP production to approx-
imately 35% of its normal level. In this case, it is likely that the
imbalance in AP-3 complex components caused by AP3B1 over-
expression leads to some of the M protein binding to free AP3B1
that has not interacted with the other AP-3 components to form a
functioning complex. Interestingly, although full-length AP3B1
overexpression moderately reduced VLP production, it did not
have any noticeable effect on M protein membrane binding. Ex-
pression of AP3B1 Hinge polypeptide, in contrast, caused a more
severe impairment in VLP production, along with significant im-
pairment of M protein membrane binding. It is possible that
Hinge and other AP3B1-derived polypeptides bind more strongly
to M protein than full-length AP3B1 does and that the functional
VLP assay is more sensitive at detecting these differences than the
sucrose flotation-based membrane-binding assay. Another possi-
bility is that the AP3BI-derived polypeptides and full-length
AP3B1 could affect M protein in different ways, with the AP3B1-
derived polypeptides disrupting the M protein conformation such
that membrane-binding function is lost, while overexpressed full-
length AP3B1 might cause moderate levels of inhibition merely by
occupying M protein binding sites and preventing fully formed
AP-3 complexes from interacting at these sites. Overall, the inhi-
bition of M protein function by both AP3B1-derived polypeptides
and overexpressed full-length AP3B1 supports the general con-
cept that binding interfaces between host factors and budding-
relevant viral proteins can be targeted for disruption as an effective
antiviral approach (47, 57). Indeed, small-molecule budding in-
hibitors have recently been identified that target the PTAP-Tsg101
interface in the case of HIV-1 (58, 59) or the PPxY-Nedd4 inter-
face in the cases of Ebola virus, Marburg virus, Lassa virus, and
rabies virus (60). Similar approaches that target the AP3B1-M
binding interface may prove useful in the identification of new
therapeutics for paramyxovirus infections.
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