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SUMMARY
Interferon-induced transmembrane protein 3 (IFITM3) is a key interferon effector that broadly prevents infec-
tion by diverse viruses. However, the cellular factors that control IFITM3 homeostasis and antiviral activity
have not been fully elucidated. Using site-specific photo-crosslinking and quantitative proteomic analysis,
here we present the identification and functional characterization of VCP/p97 AAA-ATPase as a primary inter-
action partner of IFITM3. We show that IFITM3 ubiquitination at lysine 24 is crucial for VCP binding, traf-
ficking, turnover, and engagement with incoming virus particles. Consistently, pharmacological inhibition
of VCP/p97 ATPase activity leads to defective IFITM3 lysosomal sorting, turnover, and co-trafficking with vi-
rus particles. Our results showcase the utility of site-specific protein photo-crosslinking in mammalian cells
and reveal VCP/p97 as a key cellular factor involved in IFITM3 trafficking and homeostasis.
INTRODUCTION

Interferons (IFNs) mediate the first-line host innate immune

defense against viral infection by inducing the expression of hun-

dreds of IFN-stimulated genes (ISGs) (Muller et al., 1994; Schog-

gins and Rice, 2011; Schoggins et al., 2011; MacMicking, 2012).

Among these ISGs, the IFN-induced transmembrane protein

(IFITM) family has been shown to be responsible for a

significant portion of the IFN-mediated antiviral activity (Brass

et al., 2009; Bailey et al., 2014). In recent years, extensive studies

have shown that IFITM3, the most active isoform of IFITM family

(Brass et al., 2009; Gorman et al., 2016), provides potent antiviral

activity in mammalian cells against many pathogenic viruses,

including influenza virus, hepatitis C virus, dengue virus, West

Nile virus, vesicular stomatitis virus, human immunodeficiency

virus, SARS coronavirus, and Ebola virus (Brass et al., 2009;

Weidner et al., 2010; Huang et al., 2011; Lu et al., 2011; Schog-

gins et al., 2011; Perreira et al., 2013; Bailey et al., 2014). In line

with cellular studies, Ifitm3 homozygous knockoutmice aremore

susceptible to influenza virus infection (Bailey et al., 2012; Everitt

et al., 2012). More importantly, a significant percentage of

human patients hospitalized by seasonal influenza virus infection

carries a genetic polymorphism expressing partial loss-of-func-

tion alleles of IFITM3 (Zhang et al., 2013; Wang et al., 2014; Zani

and Yount, 2018). Therefore, IFITM3 appears to be a key IFN-

induced host effector restricting viral infection in mammals.

Over the years, many studies have explored the biochemical

properties and antiviral mechanism of IFITM3. IFITM3 is largely
Cell Che
localized to intracellular late endolysosomes (Amini-Bavil-Olyaee

et al., 2013; Desai et al., 2014; Weston et al., 2014), and

may traffic from the plasma membrane to intracellular

compartments via an N-terminal YxxF sorting motif (Jia et al.,

2012, 2014; Chesarino et al., 2014a). IFITM3 is further regu-

lated by post-translational modifications in mammalian cells

(Chesarino et al., 2014b). We previously discovered that

S-palmitoylation at conservedmembrane-proximal cysteine res-

idues regulates IFITM3 membrane targeting and antiviral activity

(Yount et al., 2010; Percher et al., 2016), and that ubiquitination of

lysine residues controls its turnover and stability (Yount et al.,

2012). IFITM3 does not block the binding or uptake of viruses

into host cells, but instead restricts deposition of viral contents

into cytosol (Feeley et al., 2011) by preventing virus-cell fusion

(Liao et al., 2019). Studies have initially suggested that IFITM3

blocks viral membrane hemifusion (Li et al., 2013b), but then

implied that IFITM3 inhibits fusion pore formation at a post-hemi-

fusion stage (Desai et al., 2014; Suddala et al., 2019) through

directly changing membrane fluidity and/or curvature (Lin et al.,

2013; Chesarino et al., 2017) or by indirectly altering the lipid con-

centration and/or composition of vesicle membranes (Amini-Ba-

vil-Olyaee et al., 2013). In addition, IFITM3was shown to incorpo-

rate into nascent virions during viral assembly to limit viral entry

(Compton et al., 2014; Tartour et al., 2014). Furthermore, IFITM3

may directly suppress viral protein synthesis to restrict virus

replication (Lee et al., 2018). Nevertheless, there is still no

clear consensus on the precise antiviral mechanism of IFITM3

(Diamond and Farzan, 2012; Liao et al., 2019).
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Figure 1. Site-Specific Photo-Crosslinking Strategy for Studying IFITM3-Interacting Proteins in Live Cells

The amber suppression technology mediates site-specific incorporation of the diazirine-containing DiZPK into IFITM3, which enables in-cell photo-crosslinking

with interacting proteins. The photo-crosslinked complexes were analyzed by western blot and identified by quantitative proteomics after IP.
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Our laboratories have been focusing on characterization of

IFITM3 antiviral properties and mechanisms (Yount et al., 2010,

2012; Peng and Hang, 2015, 2016; Percher et al., 2016; Spence

et al., 2019). We developed a site-specific fluorescence-labeling

method for IFITM3 (Peng and Hang, 2016), which integrated

amber suppression technology (Wang et al., 2006; Chin, 2017;

Young and Schultz, 2018) for site-specific incorporation of a

cycloalkene unnatural amino acid (UAA) into the protein with

bioorthogonal labeling for fluorophore conjugation. Live-cell im-

aging of IFITM3 using this method has revealed that IFITM3

directly engages virus-containing vesicles (Spence et al., 2019).

To further characterize the biochemical and cellular properties

of IFITM3, we sought to identify its interacting proteins by

mass spectrometry (MS) analysis. Profiling of IFITM3-interacting

proteins has been challenging with standard co-immunoprecip-

itation (coIP)-MS approach. Indeed, due to the ‘‘stickiness’’ of

IFITM3 as a membrane protein, such analyses previously con-

ducted by us and others mainly recovered IFITM3 homo- or

hetero-oligomerizations (John et al., 2013) as well as many

‘‘false-positive’’ membrane-associated proteins (Fu et al.,

2017; Hubel et al., 2019). Moreover, membrane protein interac-

tions may only be retained under a native lipid environment,

which is often disrupted by detergents during cell lysis (Daley,

2008). To overcome this technical issue, we turned our attention

to in-cell photo-crosslinking, which generates a covalent bond

between interacting proteins upon photoirradiation (Tanaka

et al., 2008; Pham et al., 2013; Peng and Hang, 2015). As a result
572 Cell Chemical Biology 27, 571–585, May 21, 2020
of the covalent complex formation, stringent or even denaturing

conditions for cell lysis and protein isolation can be utilized

to eliminate non-specific false-positives. More importantly,

photo-crosslinking in live cells allows trap of protein interactions

under native conditions. In this regard, photo-crosslinkable

UAAs have been site-specifically incorporated into proteins of

interest via amber suppression technology (Chin et al., 2002;

Hino et al., 2005; Tippmann et al., 2007; Ai et al., 2011; Chou

et al., 2011; Xie et al., 2017), which enabled covalent capture

of protein-protein interactions in live cells and identification by

MS analysis (Zhang et al., 2011, 2017; Yang et al., 2016; He

et al., 2017; Kleiner et al., 2018).

Herein, we present the application of a photo-crosslinking

proteomics approach that relies on amber suppression-medi-

ated site-specific incorporation of a diazirine-containing

amino acid and quantitative MS analysis to identify IFITM3-

interacting proteins (Figure 1). The VCP/p97 AAA-ATPase was

retrieved from the proteomics study and validated to interact

with IFITM3. We show that VCP, in complex with the UBXD1

cofactor, mainly associates with ubiquitinated IFITM3. The ubiq-

uitination-deficient lysine 24 mutant of IFITM3 exhibits delayed

turnover, impaired steady-state distribution in lysosomes, and

altered co-trafficking with incoming virus particles. In line with

these results, depletion of the VCP-UBXD1 complex leads to

abnormal turnover and accumulation of IFITM3. Moreover,

we demonstrate that chemical inhibition of VCP ATPase

activity results in accumulation of ubiquitinated IFITM3, delayed
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turnover, and impaired trafficking of IFITM3 to lysosomes and

incoming virus particles. Collectively, these results identify a

functional interaction of IFITM3 with VCP, and characterize a

key regulatory mechanism in immune system for IFITM3 traf-

ficking, turnover, and homeostasis.

RESULTS

Site-Specific Incorporation of Photo-Crosslinkable
Amino Acid into IFITM3 in Mammalian Cells
To capture IFITM3-interacting proteins in live cells, we chose

to use amber suppression technology to site-specifically incor-

porate DiZPK (Zhang et al., 2011), a UAA that contains a

photo-activatable diazirine functionality and facilitates covalent

photo-crosslinking of protein-protein interactions (Figure 1).

We selected several amino acid positions on IFITM3 that are

situated in different domains of the protein (Figure 2A). These

residues are not essential for IFITM3 activity (John et al., 2013),

free of post-translational modifications, and likely accessible

for protein-protein interactions. We then mutated them individu-

ally into the amber codon TAG for DiZPK incorporation. To

evaluate the amber suppression efficiency in mammalian cells,

HEK293T cells were co-transfected with two plasmids encoding

an aminoacyl-tRNA synthetase/tRNA pair and an HA-tagged

IFITM3-TAG mutant, i.e., pCMV-DiZPK-PylRS (Zhang et al.,

2011) and pCMV-HA-IFITM3-TAG, respectively, in the absence

or presence of DiZPK.Western blot analysis of whole-cell lysates

indicated that all IFITM3-TAG mutants afforded full-length

protein expressions with varying levels that were dependent on

the presence of DiZPK (Figure 2B). Notably, IFITM3-TAG mu-

tants with the amber codon positions near the C terminus also

generated a large portion of truncated proteins, suggesting

suboptimal amber suppression efficiency at these near C-termi-

nal positions. It is possible that truncated proteins were also

generated for other IFITM3 mutants, but degraded more effi-

ciently than longer truncated proteins observed for C-terminal

IFITM3 mutants.

We then examined whether the incorporation of DiZPK could

induce protein photo-crosslinking of IFITM3 in live cells. For

this purpose, cells expressing DiZPK-modified IFITM3 were

subjected to 365-nm photoirradiation and lysed for western

blot analysis. As expected, a series of slower-migrating bands

indicative of higher-molecular-weight photo-crosslinked com-

plexes were observed for all IFITM3-TAG mutants only when

cells were treated with UV irradiation (Figure 2C). Interestingly,

IFITM3 mutants with varying DiZPK positions showed distinct

photo-crosslinking patterns and efficiency (Figure 2C), suggest-

ing that IFITM3 photo-crosslinking induced by DiZPK is largely

dependent on the location and environment of the UAA.

Moreover, the photo-crosslinked complexes can be efficiently

isolated by anti-HA IP (Figure S1A). Taken together, these

results show that photo-activatable DiZPK is site-specifically

incorporated into IFITM3 and allows photo-crosslinking of

IFITM3-interacting proteins.

Photo-Crosslinking Proteomics Identify IFITM3-
Interacting Partners
Having validated the expression and photo-crosslinking of

IFITM3 by western blot, we then proceeded to profile IFITM3
protein interactions using stable isotope labeling by amino

acids in cell culture (SILAC)-based quantitative proteomics

(Ong et al., 2002). In this regard, we cultured HEK293T cells

with SILAC media before transfection to express DiZPK-modi-

fied HA-IFITM3 and then treated the cells with UV irradiation,

which was grouped as the ‘‘photo-crosslinking sample’’; as

the ‘‘non-photo-crosslinking control,’’ cells cultured in corre-

sponding SILAC medium were not treated with UV. After cell

lysis, the photo-crosslinking sample and non-photo-crosslink-

ing control were equally mixed, subjected to anti-HA affinity

purification, and analyzed by MS for protein identification

and quantification (Figure 3A). It is worth mentioning that we

used very harsh denaturing conditions (i.e., 4% SDS) for cell

lysis to break non-covalent IFITM3 interactions and favor iden-

tification of covalent complexes. Moreover, to eliminate poten-

tial false-positives and increase identification reliability, we

performed two sets of proteomics experiments by switching

the SILAC labels and UV treatment conditions (termed ‘‘for-

ward’’ and ‘‘reverse’’ SILAC experiments); i.e., in the forward

SILAC experiment, only heavy-labeled cells were UV irradiated

(Figure 3A), whereas only light-labeled cells were UV irradiated

in the reverse SILAC experiment. We initially focused on

IFITM3 modified with DiZPK at position 8 for photo-crosslink-

ing proteomics studies, as this mutant exhibited optimal

photo-crosslinking efficiency. The forward and reverse SILAC

experiments robustly recovered one protein, i.e., VCP (valosin-

containing protein, also called p97), that was selectively more

enriched in the photo-crosslinking sample versus the

non-photo-crosslinking control (Figure 3B; Table S1), thus

indicating that VCP is crosslinked to IFITM3 in response to

UV. Notably, the proteomics analysis also identified many

other proteins (Figure 3B, shown in black) that were not en-

riched in photo-crosslinking samples, including IFITM3-inter-

acting proteins, such as VAPA (Table S1) (Amini-Bavil-Olyaee

et al., 2013), and non-specific binders, such as ribosomal

proteins.

To validate the interaction of IFITM3 with VCP and the for-

mation of a photo-crosslinked complex, we co-expressed

HA-IFITM3-F8TAG in the presence of AlkPK (Li et al.,

2013a), a lysine derivative without the diazirine group serving

as a negative control, or DiZPK with myc-tagged VCP in

HEK293T cells for photo-crosslinking, anti-HA IP, and western

blot analysis. As shown in Figure 3C, VCP indeed interacts

with IFITM3 as revealed by the co-immunoprecipitated

VCP bands. More importantly, a slower-migrating band

with molecular weight equal to the summed mass of VCP

and IFITM3 was observed only for DiZPK-modified IFITM3

in the presence of UV, confirming the formation of photo-

crosslinked IFITM3-VCP complex (Figure 3C). We also per-

formed a similar photo-crosslinking experiment on other

IFITM3-TAG mutants. Intriguingly, IFITM3-TAG mutants with

DiZPK incorporated at the N terminus (e.g., positions 8, 29,

and 45) showed relatively stronger photo-crosslinked bands

with VCP, whereas DiZPK at position 93 and 122 almost

failed to induce crosslinking (Figure S1B), again confirming

that the photo-crosslinking efficiency is dependent on

DiZPK position. Collectively, these results demonstrate

that DiZPK-modified IFITM3 is robustly photo-crosslinked

with VCP.
Cell Chemical Biology 27, 571–585, May 21, 2020 573



Figure 2. DiZPK Is Incorporated into IFITM3 via Amber Suppression and Enables Photo-Crosslinking in Live Cells

(A) Domain structure of IFITM3 protein showing amino acid residues mutated to amber codons and locations of lysine and cysteine residues.

(B) Western blot analysis of HEK293T cells transfected with HA-IFITM3-TAG mutants in the absence or presence of DiZPK.

(C) Western blot analysis of HEK293T cells transfected with HA-IFITM3-TAG mutants in the presence of DiZPK with or without UV irradiation. High-molecular-

weight bands that appeared in UV-irradiated samples indicate putative photo-crosslinked IFITM3 complexes.
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Figure 3. Quantitative Proteomics Enable Identification of Photo-Crosslinked IFITM3-Interacting Proteins

(A) Scheme for ‘‘forward’’ SILAC quantitative proteomic analysis of photo-crosslinked interaction partners of IFITM3. In a complementary ‘‘reverse’’ SILAC

proteomic analysis, light cells were UV irradiated, while heavy cells were not.

(B) Normalized SILAC ratios for forward and reverse SILAC proteomic analysis with DiZPK-modified IFITM3 at position 8. VCP, highly enriched in photo-

crosslinking samples, is marked in red. Other identified proteins that were not enriched in photo-crosslinking samples are shown in black and represent non-

covalent IFITM3-interacting proteins or non-specifically binding proteins.

(C) Validation of IFITM3-VCP photo-crosslinking complex. HEK293T cells expressing AlkPK or DiZPK-modified HA-IFITM3 andmyc-VCP were UV irradiated and

subjected to anti-HA IP for western blot analysis. The red asterisk indicates co-immunoprecipitated VCP and the double red asterisks indicate photo-crosslinked

IFITM3-VCP complex.
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VCP Interaction with IFITM3 Is Largely Dependent on
Ubiquitination
As the interaction between IFITM3 and VCP had not been char-

acterized previously, we pursued the significance of this interac-

tion. VCP is a hexameric AAA-type ATPase involved in diverse

cellular processes, ranging from endoplasmic reticulum-associ-

ated degradation (ERAD) to membrane fusion, nuclear factor kB

(NF-kB) activation, and chromatin-associated degradation

(Meyer et al., 2012; Stach and Freemont, 2017; Ye et al.,

2017). Additional coIP experiments with FLAG-tagged VCP

further confirmed that both exogenously introduced and

endogenously expressed IFITM3 associated with VCP (Figures

4A and 4B). We observed that ubiquitinated IFITM3 co-immuno-

precipitated with VCP (Figure 4A), consistent with the common

feature of VCP-involved processes that all require ubiquitinated

substrates (Stach and Freemont, 2017). To determine whether

ubiquitination of IFITM3 is essential for interaction with VCP,

we analyzed IFITM3 single-lysine mutants and a quadruple-

lysine mutant, in which all four lysines were mutated to alanine

(i.e., K*A). Our results showed that K24 was the major ubiquitina-

tion site, and that K24A and K*A mutants of IFITM3 were both

nearly non-ubiquitinated (Figure 4C), consistent with our previ-

ous studies on mouse Ifitm3 (Yount et al., 2012). Moreover,

coIP revealed that binding of IFITM3 K24A or K*A mutant to

VCP was indeed greatly diminished (Figure 4D), implying that

IFITM3 ubiquitination at N-terminal K24 is essential for interact-

ing with VCP. Because VCP requires different cofactors to fulfill
distinct roles (Stach and Freemont, 2017), we probed the anti-HA

immunoprecipitates with specific antibodies against well-known

VCP cofactors, such as p47 (also known as NSFL1C) and

UBXD1 (also known as UBXN6). These experiments showed

that the interaction complex of IFITM3 and VCP involved

UBXD1 as the cofactor (Figure 4D). Taken together, these data

suggest that IFITM3 interacts with VCP largely in a ubiquitina-

tion-dependent manner, with UBXD1 as the cofactor.

K24 Ubiquitination Regulates IFITM3 Trafficking,
Turnover, and Interaction with Incoming Virus Particles
To investigate the functions of IFITM3 ubiquitination and interac-

tion with VCP, we took advantage of the IFITM3-K24A mutant.

As both ubiquitination and VCP interaction are implicated in

protein degradation, we first monitored the degradation of

IFITM3-K24A mutant in parallel with wild-type. Cells expressing

HA-IFITM3 were treated with cycloheximide (CHX) for different

time periods and analyzed by western blot. We observed that

the ubiquitination-deficient K24A variant was degraded much

more slowly compared with wild-type IFITM3 (Figures 5A and

5B), indicating that K24 ubiquitination is an important regulator

of IFITM3 turnover and stability.

Fluorescence imaging experiments were then performed

to examine the localization and trafficking of IFITM3. Immuno-

fluorescence studies demonstrated that the K24A mutant ex-

hibited more diffuse intracellular signals compared with wild-

type IFITM3 (Figure 5C). Although wild-type IFITM3 colocalized
Cell Chemical Biology 27, 571–585, May 21, 2020 575



Figure 4. IFITM3 Ubiquitination Is Important for Interaction with VCP

(A) CoIP of HA-IFITM3 with FLAG-VCP. HEK293T cells were transfected with HA-IFITM3 and/or FLAG-VCP, and cell lysates were immunoprecipitated with anti-

FLAG resin for western blot analysis. The red asterisks indicate IFITM3 ubiquitination bands with high molecular weights.

(legend continued on next page)
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frequently with lysosomemarker protein LAMP1 as reported pre-

viously (Desai et al., 2014; Peng and Hang, 2016), overlapping of

the K24A mutant and LAMP1 was significantly reduced (Figures

5C and 5D), accounting for the impaired turnover of K24A

mutant. In addition to steady-state distribution, we applied a

previously developed live-cell fluorescence imaging method

(Peng and Hang, 2016) to study the dynamic trafficking of

K24Amutant during influenza A virus (IAV) infection. The method

involves site-specific incorporation of a cycloalkene UAA into

IFITM3 and subsequent bioorthogonal labeling with BODIPY-

tetrazine in live cells. We performed the live-cell imaging

in HeLa IFITM2/3-KO cells that were infected with 1,10-dioctac-
tadecyl-3,3,30,30-tetramethylindodicarbocyanine (DiD)-labeled

IAV particles (Spence et al., 2019). Disruption of ubiquitination

by K24 mutation did not significantly affect virus-trafficking

dynamics or total percentage of DiD-labeled virus particles

that underwent lipid mixing (Figure S2). However, we observed

an apparent reduction in the percentage of virus particles

colocalized with IFITM3-K24A or K24R mutant at the time of

lipid mixing compared with wild-type IFITM3 (Figures 5E and

S2G), indicating that K24 ubiquitination is required for maximal

incorporation of IFITM3 into virus-containing vesicles at the

time of viral fusion. We also assessed the antiviral activity of

IFITM3-K24A mutant against IAV infection. Interestingly,

although the K24A mutant was still protective against IAV, its

activity was slightly decreased compared with wild-type IFITM3

(Figure 5F). Together, these results demonstrate that site-spe-

cific K24 ubiquitination not only determines IFITM3 turnover

and steady-state distribution in lysosomes but also regulates

IFITM3 dynamic trafficking to incoming virus particles.

Depletion of VCP or UBXD1 Leads to Delayed Turnover
and Accumulation of IFITM3
To investigate the regulatory role of VCP on IFITM3, we used

small interfering RNA (siRNA) oligonucleotides to interfere with

VCP expression. As UBXD1 was shown to be specifically

involved in the VCP-IFITM3 interaction complex (Figure 4D),

we also included UBXD1 siRNA in these studies. Western blot

analysis of whole-cell lysates confirmed specific and efficient

interference of VCP or UBXD1 expression after treatment

with respective siRNA (Figure 6A). We then monitored IFITM3

levels, ubiquitination status, and turnover rate after cellular

depletion of VCP or UBXD1. As shown in Figures 6A and 6B,

the endogenous levels of non-ubiquitinated IFITM3 in HeLa

cells were upregulated by knockdown of VCP or UBXD1. Also,

the IFITM3 ubiquitination levels were significantly increased

in VCP- or UBXD1-depleted samples (Figure 6A). In line with

these results, we repeatedly observed decreased ubiquitination

levels of IFITM3, as well as downregulation of unmodified

IFITM3, when VCP was overexpressed (Figures 4A and S3), sug-

gesting that VCP facilitates the recycling of IFITM3. More impor-

tantly, consistent with the above results, the turnover rate of
(B) CoIP of endogenous IFITM3 with FLAG-VCP. HeLa cells were transfected with

western blot analysis.

(C) Analysis of ubiquitination status of IFITM3 and lysine mutants. HEK293T cells w

and K104A), or the quadruple lysine mutant K*A, lysed for anti-HA IP, and analyz

(D) CoIP analysis of HA-IFITM3 and lysinemutantswith endogenous VCP and its c

by western blot.
endogenous IFITM3 was greatly reduced when VCP or UBXD1

was knocked down (Figures 6C and 6D). These results demon-

strate that knockdown of VCP-UBXD1 complex impairs IFITM3

turnover and leads to accumulation in lysosomes, consistent

with our K24A mutant data.

VCP/p97 ATPase Activity Is Crucial for IFITM3
Trafficking, Turnover, and Antiviral Activity
To further explore the regulation of IFITM3 by VCP, we used a

pharmacological approach using ML240 (Chou et al., 2013), a

specific VCP inhibitor, to deactivate VCP ATPase activity.

Western blot analysis of exogenous IFITM3 demonstrated

accumulation of both non-ubiquitinated and ubiquitinated

IFITM3 after long-term treatment of cells with ML240 (Figures

7A, S4A, and S4B). Similar results were observed for endoge-

nous IFITM3 in ML240-treated samples (Figures S4C–S4E).

More importantly, consistent with these data, inhibition of VCP

ATPase activity with ML240 significantly delayed the degrada-

tion of both overexpressed and endogenous IFITM3 (Figures

7B, 7C, S4F, and S4G), consistent with the delayed turnover

of K24A mutant and indicative of the involvement of VCP

ATPase activity in IFITM3 degradation.

To examine the degradation pathway of IFITM3, we compared

the effects of ML240 with those of proteasome and lysosome

inhibitors. Treatment with lysosomal acidification inhibitors,

such as chloroquine and bafilomycin A1 led to obvious

accumulation of both ubiquitinated and non-ubiquitinated

IFITM3 (Figure S5A), as observed in ML240 treatment. In

contrast, proteasome inhibition with MG132 had almost no ef-

fect on IFITM3 and its ubiquitination levels, although MG132

did cause a general increase in cellular ubiquitination (Fig-

ure S5A). In addition, similar to ML240, bafilomycin A1 was

also shown to slow down the turnover of IFITM3 (Figure S5B).

Meanwhile, our immunofluorescence studies confirmed that

IFITM3 accumulated in LAMP1-positive lysosomal compart-

ments upon treatment with bafilomycin A1 or ML240 (Figure 7D).

More strikingly, both bafilomycin A1 and ML240 treatment led to

significant enlargement of IFITM3-containing vesicles. The

magnified images demonstrate that IFITM3 was restricted to

the limiting membrane of these vesicles, pointing to a defect in

sorting of IFITM3 into lysosomes for degradation (Figure 7D).

These results suggest that IFITM3 is turned over via the lyso-

some degradation pathway, which relies on VCP ATPase activity

for sorting into lysosomes.

We also applied the live-cell fluorescence imaging method to

investigate the dynamic co-trafficking of IFITM3 with incoming

IAV particles upon ML240 treatment. Long-term treatment of

cells with ML240 (e.g., 12–24 h) was shown to increase

steady-state IFITM3 levels, which may simply result in less virus

infection due to high cellular IFITM3 concentration. To minimize

the chronic effects of ML240 on IFITM3 levels and decouple

them from the short-term effects of ML240 on virus infection,
FLAG-VCP, and cell lysates were immunoprecipitated with anti-FLAG resin for

ere transfected with HA-IFITM3, single lysinemutants (i.e., K24A, K83A, K88A,

ed by western blot.

ofactors. The anti-HA immunoprecipitates were prepared as in (C) and analyzed
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Figure 5. K24 Ubiquitination Regulates IFITM3 Turnover, Localization, and Co-trafficking with Incoming Virus Particles

(A) Analysis of turnover of IFITM3 and K24A mutant. HeLa cells expressing HA-IFITM3 or K24A mutant were treated with CHX (25 mg/mL) for the indicated times

and lysed for anti-HA western blot analysis.

(B) Quantification of IFITM3 levels normalized to tubulin levels shown in (A). Data are represented as mean ± SD, n = 3.

(C) Immunofluorescence analysis of IFITM3 and K24A mutant. HeLa cells were transfected with indicated HA-IFITM3 construct and mCherry-LAMP1, and

processed for immunofluorescence with an Alexa Fluor 488-conjugated anti-HA antibody. Scale bars, 10 mm.

(D) Quantification of Pearson coefficients for the IFITM3-LAMP1 colocalization shown in (C). Data are represented as mean ± SD, n = 50 cells. ****p < 0.0001

calculated by Student’s t test.

(E) Relative percentage of DiD-IAV particles colocalized with IFITM3 and IFITM3-K24A at the time of dequenching. HeLa IFITM2/3-KO cells expressing BODIPY-

labeled IFITM3 were infected with DiD-IAV particles and monitored for DiD dequenching and IFITM3 trafficking by time-lapse imaging. Data are represented as

mean ± SD of three independent experiments. **p < 0.01 calculated by Student’s t test.

(F) Antiviral activity of IFITM3 and K24Amutant. HEK293T cells expressing HA-IFITM3 or HA-IFITM3-K24A were infected with IAV (PR8/H1N1) at anMOI of 2.5 for

6 h. Cells were fixed and stained with anti-HA and anti-influenza NP antibodies to measure IFITM3 expression and virus infection, respectively, with flow cy-

tometry. ‘‘Low HA’’ and ‘‘High HA’’ indicate cell populations expressing low and high levels of HA-IFITM3, respectively. Data are represented as mean ± SD of

three independent experiments. **p < 0.01, n.s. indicates p > 0.05 calculated by Student’s t test.
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we applied acute treatment of cells with ML240 immediately

after infection with DiD-labeled IAV. Although ML240 did not

significantly change the virus fusion rate or the total percentage
578 Cell Chemical Biology 27, 571–585, May 21, 2020
of fusing particles (Figure S6), suggesting that the endosomal

milieu was largely unaffected, the probability of IFITM3 colocal-

ization with fusing virus particles was reduced by ML240



Figure 6. Depletion of VCP or UBXD1 Leads to Accumulation of IFITM3 and Delayed Turnover

(A) Analysis of endogenous IFITM3 levels upon VCP or UBXD1 knockdown. HeLa cells were transfected with indicated siRNA for 72 h and lysed for western blot

analysis.

(B) Quantification of non-ubiquitinated IFITM3, VCP, and UBXD1 levels shown in (A). Data are represented as mean ± SD, n = 3. ****p < 0.0001 calculated by two-

way ANOVA test.

(C) Analysis of endogenous IFITM3 turnover upon VCP or UBXD1 knockdown. HeLa cells were transfected with indicated siRNA for 72 h, treatedwith CHX (25 mg/

mL) for the indicated times, and lysed for western blot analysis.

(D) Quantification of IFITM3 levels normalized to tubulin levels shown in (C). Data are represented as mean ± SD, n = 3.
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treatment (Figure 7E). Furthermore, in antiviral activity assays,

we observed that acute administration of ML240 immediately

after virus infection significantly increased IAV infection effi-

ciency in HeLa cells (Figure S7) as well as in HeLa IFITM2/3-

KO cells expressing HA-IFITM3 (Figure 7F). By contrast,

ML240 exhibited negligible effects on virus infection in IFITM3-

deficient cells (Figures S7 and 7F). Collectively, these pharmaco-

logical intervention studies demonstrate that VCP ATPase

activity plays a critical role in IFITM3 trafficking, turnover, and

interaction with incoming virus particles.

DISCUSSION

Over the past decade, numerous research efforts have been

made to characterize the antiviral activity and mechanism of ac-

tion of IFITM3. As our continued endeavors in studying IFITM3

biochemical and antiviral properties, we integrated the amber

suppression-enabled photo-crosslinking strategy with quantita-

tive SILAC proteomics to identify IFITM3-interacting proteins.

The unique advantage of photo-crosslinking to covalently

stabilize protein interactions has indeed allowed reliable identifi-

cation of VCP/p97 as an interaction partner of IFITM3. Notably,

during preparation of this manuscript, a coIP-MS analysis on

IFITM3 has been reported to identify over 70 IFITM3-interacting

candidate proteins, including VCP as one of the confident hits

(Hubel et al., 2019). However, the IFITM3-VCP interaction and
its functional significance were not validated. It is noteworthy

that VAPA as a known IFITM3-interacting protein (Amini-Bavil-

Olyaee et al., 2013) was also identified in our proteomics anal-

ysis, but not enriched in the photo-crosslinking samples. This

is reasonable as VAPA specifically interacts with IFITM3 trans-

membrane II domain (Amini-Bavil-Olyaee et al., 2013), which is

far away from the photo-activatable UAA. Other known IFITM3

interactors, such as tyrosine kinase FYN (Jia et al., 2012) and

E3 ubiquitin ligase NEDD4 (Chesarino et al., 2015), were not

identified in our proteomics analysis, probably due to low cellular

abundance. Consistently, these interacting proteins were also

absent from the aforementioned coIP-MS study on IFITM3

(Hubel et al., 2019). As demonstrated, the photo-crosslinking ef-

ficiency was highly dependent on DiZPK position, another

unique feature of photo-crosslinking that only occurs between

proteins in close proximity due to the short half-life of photo-

generated reactive species. Therefore, photo-crosslinking

proteomics on other positions should generate distinct IFITM3-

interacting proteins.

We validated the interaction of IFITM3 and VCP by coIP and

discovered that this interaction is largely dependent on IFITM3

K24 ubiquitination. Previous studies have shown that IFITM3 is

ubiquitinated by NEDD4 E3 ubiquitin ligase, which is recruited

via the PPxY motif (17-PPNY-20 in IFITM3) (Chesarino et al.,

2015). The lysine residue closest to the PPxY motif, K24 at the

N terminus of IFITM3, was indeed confirmed to be exclusively
Cell Chemical Biology 27, 571–585, May 21, 2020 579



Figure 7. Chemical Inhibition of VCP ATPase Activity with ML240 Impairs IFITM3 Turnover, Lysosomal Sorting, and Trafficking

(A) Analysis of IFITM3 and ubiquitination levels upon treatment with ML240. HEK293T cells were transfected with HA-IFITM3 for 12 h, treated with DMSO or

ML240 (2.5 mM) for another 12 h, and then lysed for western blot analysis. The red asterisks indicate IFITM3 ubiquitination bands with high molecular weights.

(B) Analysis of IFITM3 turnover upon treatment with ML240. HeLa cells expressing HA-IFITM3 were treated with CHX (25 mg/mL) for the indicated times in the

presence of DMSO or ML240 (2.5 mM) and lysed for western blot analysis.

(C) Quantification of IFITM3 levels normalized to tubulin levels shown in (B). Data are represented as mean ± SD, n = 3.

(legend continued on next page)
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ubiquitinated. It was previously discovered that ubiquitination

controls the turnover and stability of IFITM3 (Yount et al.,

2012). However, the exact regulatory mechanism remains un-

clear. Our present data provide evidence that, as a functional

consequence of binding with ubiquitinated IFITM3, the VCP-

UBXD1 complex regulates the trafficking and sorting of IFITM3

to lysosomes for turnover. This notion is supported by the obser-

vations that (1) mutation of K24 to Ala prevents interaction with

the VCP-UBXD1 complex and, more importantly, interferes

with IFITM3 transport to lysosomes for degradation (Figure 5);

(2) depletion of the VCP-UBXD1 complex consistently leads to

delayed turnover and accumulation of IFITM3 (Figure 6); and

(3) long-term inhibition of VCP ATPase activity with ML240 re-

sults in enlargement of IFITM3-containing vesicles, delayed

turnover, and accumulation of IFITM3 (Figure 7), similar to inhibi-

tion of lysosomal acidification. Therefore, we propose that

the VCP-UBXD1 complex acts downstream of IFITM3 ubiquiti-

nation and directs IFITM3 transport and/or sorting to lysosomal

compartments for degradation.

In addition, our present data also suggest that K24 ubiquitina-

tion plays an important role in directing IFITM3 transport to

virus-bearing vesicles, likely through interaction with VCP. To

support this, we demonstrated that IFITM3-K24A mutant was

less colocalized with incoming IAV particles (Figure 5E), and

that acute treatment with ML240 decreased the colocalization

probability of IFITM3 with IAV (Figure 7E).

Dissection of the IFITM3 degradation pathway provides

important insights into the intrinsic regulatory mechanism for

IFITM3. IFITM3 is expressed at a low basal level in most cell

types but becomes highly expressed upon IFN stimulation.

Besides inhibiting virus infection, IFITM3 has recently been

shown to be involved in other biological processes, for

example, shuttling IFN regulatory factor 3, a critical transcrip-

tion factor for activating IFN production, to lysosomes for

degradation (Jiang et al., 2018), and blocking syncytin-medi-

ated fusion to impair syncytiotrophoblast formation (Bu-

chrieser et al., 2019; Zani et al., 2019), which are surprisingly

deleterious to immune defense and fetal development,

respectively. Moreover, IFITM3 is highly expressed in many

cancers and has been implicated in cancer pathogenesis

(Schoenherr et al., 2017; Min et al., 2018; Liu et al., 2019).

These findings suggest that temporal control of IFITM3

expression levels is crucial for its physiological functions.

Our study thus highlights the importance of the VCP-UBXD1

complex in modulating the expression levels and biological

consequences of IFITM3. It is, however, still worth mentioning

that other pathways are not excluded for IFITM3 degradation,

especially under stress conditions. For example, it was
(D) Immunofluorescence analysis of HA-IFITM3 in the presence of bafilomycin A1

treated with DMSO, bafilomycin A1 (100 ng/mL), or ML240 (2.5 mM) for 12 h, and p

antibody. Scale bars, 10 mm. The right panels show magnified squared regions

taining compartments.

(E) Relative percentage of DiD-IAV particles colocalized with IFITM3 at the time

BODIPY-labeled IFITM3 were infected with DiD-IAV particles, acutely treated wit

time-lapse imaging. Data are represented as mean ± SD of three independent e

(F) Antiviral activity of IFITM3 in the presence of ML240. HeLa IFITM2/3-KO cells w

2.5 for 2 h. Cells were then treatedwithML240 (2.5 mM) for 4 h, fixed, and stained w

virus infection, respectively, with flow cytometry. ‘‘Low HA’’ and ‘‘High HA’’ indica

Data are represented as mean ± SD of three independent experiments. ***p < 0.
recently shown that rapamycin-induced degradation of IFITM3

partially requires the ESCRT machinery (Shi et al., 2018).

Although the exact molecular function of VCP in controlling

IFITM3 trafficking remains unclear, it is most likely that the

VCP-UBXD1 complex is recruited to IFITM3 to disassemble

IFITM3 oligomers or membrane complexes. As IFITM3 oligo-

merization is believed to directly affect membrane fluidity and

curvature (John et al., 2013), disassembly of IFITM3 oligomers

is likely to be required for transport of IFITM3 from limiting

membrane to intraluminal vesicles. Notably, VCP, as well as its

homolog Cdc48, has emerged as a universal segregase protein

that binds to ubiquitinated proteins and uses energy from ATP

hydrolysis to extract them from lipid membranes or macromo-

lecular complexes (Cooney et al., 2019; Twomey et al., 2019).

Such substrate proteins include, for example, ERAD substrates,

NF-kB inhibitor alpha, caveolin-1, and so on (Stach and Free-

mont, 2017; Ye et al., 2017). Our characterization of IFITM3-

VCP interaction thus further expands the VCP client list.

Is the VCP-IFITM3 interaction related to IFITM3 antiviral

activity? We observed that the interaction-less K24A mutant

was less efficient to restrict IAV infection compared with wild-

type IFITM3 (Figure 5F). It was noted that most of the antiviral

activity of IFITM3-K24A mutant was still retained. This may be

explained by the residual interaction of K24A mutant with

VCP (Figure 4D) and/or enhanced stability of this mutant

(Figures 5A and 5B) at steady state contributing to virus restric-

tion (Yount et al., 2012). As long-term treatment of cells with VCP

inhibitor ML240 (e.g., 12–24 h) leads to increased steady-state

IFITM3 levels, we applied acute ML240 treatment (i.e., 4 h) of

virus-infected cells to differentiate its short-term effects on

IFITM3 antiviral activity from the prolonged effects on IFITM3

levels. Interestingly, our pharmacological study showed that

acute treatment with ML240 antagonized the antiviral capa-

bility of IFITM3 (Figure 7F), implying that VCP may be required

for its complete antiviral activity. It is important to note that

ML240 appeared to be quite specific to VCP, showing little

activity against protein kinases and receptors (Chou et al.,

2013). Only limited kinases, such as PIP5K3 and DNAPK (Chou

et al., 2013) were shown to be slightly inhibited by ML240.

As they have not been implicated in IFITM3 function and host

immunity against viruses from previous genome-wide screen-

ings (Shah et al., 2015; Puschnik et al., 2017), these potential

off-targets of ML240 do not likely affect interpretation of our re-

sults. Nevertheless, it is still possible that unknown ML240 off-

target effects (Bastola and Chien, 2018) would contribute to

the phenotypes on IFITM3 we observed. Unfortunately, the

multiple functions and targets of VCP, as well as its cofactor

UBXD1, have precluded us from using siRNA interference in
or ML240. HeLa cells were transfected with HA-IFITM3 and mCherry-LAMP1,

rocessed for immunofluorescence with an Alexa Fluor 488-conjugated anti-HA

in the corresponding left panels. White arrows indicate enlarged IFITM3-con-

of dequenching upon ML240 treatment. HeLa IFITM2/3-KO cells expressing

h ML240 (1 mM), and monitored for DiD dequenching and IFITM3 trafficking by

xperiments. ****p < 0.0001 calculated by Student’s t test.

ere transfected with HA-IFITM3 and infected with IAV (PR8/H1N1) at an MOI of

ith anti-HA and anti-influenza NP antibodies tomeasure IFITM3 expression and

te cell populations expressing low and high levels of HA-IFITM3, respectively.

001, n.s. indicates p > 0.05 calculated by Student’s t test.
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live-cell trafficking and antiviral activity assays, as VCP and

UBXD1 are involved in general endolysosomal sorting and traf-

ficking (Ritz et al., 2011; Haines et al., 2012; Papadopoulos

et al., 2017; Schoenherr et al., 2017), virus uptake and infectivity

(Panda et al., 2013; Watanabe et al., 2014; Bhowmick et al.,

2017; Hu et al., 2017; Zhang et al., 2019), and regulation of

other antiviral proteins (Wang et al., 2013; Hao et al., 2015).

Knockdown of VCP or UBXD1 is therefore expected to affect

multiple targets and pathways besides IFITM3. In addition, the

increased IFITM3 level upon VCP or UBXD1 depletion (Figure 6)

may further confound interpretation of virus infection data.

Nevertheless, our studies imply a possible functional relevance

of VCP with IFITM3 antiviral activity.

To summarize, the photo-crosslinking proteomics study

described herein has revealed interaction of IFITM3 with VCP

and uncovered key functional roles of the interaction on

modulating IFITM3 trafficking, homeostasis, and engagement

with incoming virus particles, which greatly advances our

understanding on the regulatory mechanisms of this IFN

effector. Similar photo-crosslinking proteomic analyses on

other IFITM3-TAG mutants in future should enable profiling of

the complete IFITM3 interactome. In addition, the site-specific

protein photo-crosslinking approach described here should

broadly facilitate functional analysis of other host effectors

involved in immune response.

SIGNIFICANCE

IFITM3 is a crucial host restriction factor for limiting the

infection of multiple viruses in humans andmice. Character-

ization of the antiviral properties and regulatory mecha-

nisms of IFITM3 is critical for advancing our understanding

of innate immune response as well as host-pathogen inter-

actions. Facing this biological question, we apply a chemical

biology approach that integrates site-specific protein modi-

fication via amber suppression with photo-crosslinking and

SILAC quantitative proteomics to profile the interacting pro-

teins of IFITM3 in live cells. Retrieved as the top hit from the

proteomic analysis, the VCP/p97 AAA-ATPase is validated to

interact with IFITM3 and functionally characterized to be a

regulator for IFITM3 lysosomal distribution, turnover, and

trafficking to incoming virus particles. Our study, therefore,

not only demonstrates the utility of this integrative site-spe-

cific photo-crosslinking proteomics strategy to profile pro-

tein interactions in live cells, but also provides important in-

sights into the regulatory mechanisms of IFITM3 as a critical

host immune factor.
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Antibodies

Rabbit polyclonal anti-IFITM3 antibody Proteintech Cat#11714-1-AP; RRID: AB_2295684

Rabbit polyclonal anti-UBXD1 antibody Proteintech Cat#14706-1-AP; RRID: AB_2210488

Rabbit polyclonal anti-p47 antibody Proteintech Cat#15620-1-AP

Rabbit polyclonal anti-GAPDH antibody

HRP-conjugated

Proteintech Cat#HRP-60004; RRID: AB_2737588

Rabbit polyclonal anti-Tubulin antibody

HRP-conjugated

Proteintech Cat#HRP-66031

VCP monoclonal antibody (5) ThermoFisher Scientific Cat#MA3-004; RRID: AB_2214638

Mono- and polyubiquitinylated conjugates,

mAb (FK2H) (HRP conjugate) antibody

Enzo Life Sciences Cat#BML-PW0150; RRID: AB_10554460

Anti-HA-Peroxidase; Rat monoclonal antibody

(clone 3F10) conjugated with peroxidase

Roche Cat#12013819001; RRID: AB_390917

Anti-c-myc-Peroxidase; Mouse monoclonal antibody

(clone 9E10) conjugated to peroxidase

Roche Cat#11814150001; RRID: AB_390910

Monoclonal ANTI-FLAG� M2 antibody Sigma-Aldrich Cat#F1804; RRID: AB_262044

Mouse anti-Influenza A virus nucleoprotein

monoclonal antibody (clone AA5H)

Abcam Cat#ab20343; RRID: AB_445525

Peroxidase-AffiniPure goat anti-mouse IgG

(H + L) antibody

Jackson ImmunoResearch Cat#115-035-003; RRID: AB_10015289

Peroxidase-AffiniPure goat anti-rabbit IgG

(H+L) antibody

Jackson ImmunoResearch Cat#111-035-003; RRID:AB_2313567

Peroxidase-AffiniPure goat anti-mouse IgG, light

chain specific antibody

Jackson ImmunoResearch Cat#115-035-174; RRID: AB_2338512

Peroxidase IgG fraction monoclonal mouse anti-rabbit

IgG, light chain specific

Jackson ImmunoResearch Cat#211-032-171

HA-Tag (6E2) mouse mAb (Alexa Fluor 488 conjugate) Cell Signaling Technology Cat#2350

Bacterial and Virus Strains

Influenza A/PR/8/34 (H1N1) Charles River Laboratories Cat#10100374

Chemicals, Peptides, and Recombinant Proteins

DiZPK (Zhang et al., 2011) N/A

AlPK (Li et al., 2013a) N/A

2’-aTCOK (Peng and Hang, 2016) N/A

BODIPY-Tz (Peng and Hang, 2016) N/A

Bafilomycin A1 Abcam Cat#ab120497

Cycloheximide (CHX) Cell Signaling Technology Cat#2112

MG-132 Selleck Cat#S2619

Chloroquine (CQ) Selleck Cat#S4157

ML240 Sigma-Aldrich Cat#SML1071

Benzonase Sigma-Aldrich Cat#E1014

Protease Inhibitor Cocktail Roche Cat#11873580001

DiD ThermoFisher Scientific Cat#V22887
12C6-L-lysine Sigma-Aldrich Cat#L8662
12C6-L-arginine Sigma-Aldrich Cat#A6969
13C6,

15N2-L-lysine Cambridge Isotope Cat#CNLM-291-H-PK
13C6,

15N4-L-arginine Cambridge Isotope Cat#CNLM-539-H-PK

DMEM ThermoFisher Scientific Cat#11995065
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DMEM for SILAC ThermoFisher Scientific Cat#88364

Fetal Bovine Serum (FBS) ThermoFisher Scientific Cat#26140079

Fetal Bovine Serum (FBS), dialyzed ThermoFisher Scientific Cat#26400044

Opti-MEM ThermoFisher Scientific Cat#31985070

FluoroBrite DMEM ThermoFisher Scientific Cat#A1896701

ProLong Gold Antifade Mountant with DAPI ThermoFisher Scientific Cat#P36935

ViaFect Transfection Reagent Promega Cat#E4983

Lipofectamine 3000 ThermoFisher Scientific Cat#L3000015

Xtremegene 9 Roche Cat#6365809001

DharmaFECT Transfection Reagent Dharmacon Cat#T-2001-03

Clarity Western ECL Substrate Bio-Rad Cat#1705060

Amersham ECL Select Reagent GE Healthcare Cat#RPN2235

Critical Commercial Assays

AlexaFluor-647 Antibody Labeling Kit ThermoFisher Scientific Cat#A20186

BCA assay ThermoFisher Scientific Cat#23228

QuikChange II Site-Directed Mutagenesis Kit Agilent Technologies Cat#200523

Deposited Data

Proteomics database search results This study; Mendeley Data https://doi.org/10.17632/tds8by96gc.1

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-11268

HeLa ATCC Cat#CCL-2

IFITM2/3 KO Hela cells (Spence et al., 2019) N/A

Oligonucleotides

Control siRNA (CGTACGCGGAATACTTCGA) (Kirchner et al., 2013) N/A

VCP siRNA (AACAGCCAUUCUCAAACAGAATT) (Kirchner et al., 2013) N/A

UBXD1 siRNA (CCAGGUGAGAAAGGAACUUTT) (Kirchner et al., 2013) N/A

Primers for cloning and mutagenesis; See Table S2 This study N/A

Recombinant DNA

pCMV-DiZPK-PylRS (Zhang et al., 2011) Addgene Plasmid #91706

LAMP1-mCherry (Van Engelenburg and Palmer, 2010) Addgene Plasmid #45147

Human VCP cDNA Open Biosystems Clone #7415

Human IFITM3 cDNA Open Biosystems Clone #10410

pCMV-HA vector TaKaRa Cat#635690

pCMV-myc vector TaKaRa Cat#635689

pCMV-Tag2B vector Agilent Technologies Cat#211172

pCMV-HA-IFITM3; See Table S2 This study N/A

pCMV-HA-IFITM3-TAG mutants; See Table S2 This study N/A

pCMV-myc-VCP; See Table S2 This study N/A

pCMV-FLAG-VCP; See Table S2 This study N/A

Software and Algorithms

ImageLab Bio-Rad http://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z

Graphpad Prism 8 Graphpad https://www.graphpad.com/

ZEN blue 2012 Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

Volocity PerkinElmer https://www.perkinelmer.com/category/

image-analysis-software

FlowJo FlowJo, LLC https://www.flowjo.com/

MaxQuant v1.6.3.4 Max Planck Institute of Biochemistry https://www.maxquant.org/maxquant/
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Andromeda Max Planck Institute of Biochemistry http://coxdocs.org/doku.php?

id=maxquant:andromeda:start

Perseus Max Planck Institute of Biochemistry https://www.maxquant.org/perseus/

Other

EZview� Red anti-HA affinity gels Sigma-Aldrich Cat#E6779

EZview� Red anti-Flag affinity gels Sigma-Aldrich Cat#F2426

Pierce� anti-HA magnetic beads ThermoFisher Scientific Cat#88836
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Tao Peng (tpeng@pku.

edu.cn). All unique/stable reagents generated in this study are available from the Lead Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T (Sex: Female) and HeLa (Sex: Female) cells used in this study were purchased from ATCC. IFITM2/3 KO Hela cells were

previously generated in the laboratory (Spence et al., 2019). HEK293T, HeLa, and IFITM2/3 KOHela cells were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM; ThermoFisher Scientific) supplemented with 10% fetal bovine serum (FBS; ThermoFisher Scien-

tific). All cells were grown in a humidified, 5% CO2 incubator at 37
�C.

For SILAC-based proteomics studies, HEK293T cells were cultured in arginine and lysine-deficient DMEM (DMEM for SILAC; Ther-

moFisher Scientific) supplemented with 10%dialyzed FBS (ThermoFisher Scientific). For culture of light labeled cells, SILACmedium

containing 12C6-L-lysine (Lys0; 0.80mM; Sigma-Aldrich) and 12C6-L-arginine (Arg0; 0.40mM; Sigma-Aldrich) was used. For culture of

heavy labeled cells, SILAC medium containing 13C6,
15N2-L-lysine (Lys8; 0.80 mM; Cambridge Isotope) and 13C6,

15N4-L-arginine

(Arg10; 0.80 mM; Cambridge Isotope) was used (Ong and Mann, 2006). After seven cell doublings, the incorporation of the heavy

isotopes was estimated to be >98% as determined by LC-MS/MS analysis.

Influenza virus A/PR/8/34 (H1N1) was from Charles River Laboratories (10100374) and stored at �80�C until use.

METHOD DETAILS

General Reagents
Anti-IFITM3 (11714-1-AP), UBXD1 (14706-1-AP), p47 (15620-1-AP), GADPH (HRP-60004), and Tubulin (HRP-66031) antibodies were

ordered from Proteintech. VCP antibody (MA3-004) was from ThermoFisher Scientific. Ubiquitin antibody (FK2; BML-PW0150) was

purchased from Enzo Life Sciences. Anti-HA (3F10; 12013819001) and anti-Myc (9E10; 11814150001) antibodies conjugated to HRP

were purchased from Roche. Anti-FLAG antibody (M2; F1804) was from Sigma-Aldrich. The secondary antibodies HRP-conjugated

goat anti-mouse IgG (115-035-003) and HRP-conjugated goat anti-rabbit IgG (111-035-003) were purchased from Jackson

ImmunoResearch. Secondary antibodies goat anti-mouse IgG (Jackson ImmunoResearch, 115-035-174) and mouse anti-rabbit

IgG (Jackson ImmunoResearch, 211-032-171) specific to light chain and conjugated to HRP were used in western blot of co-immu-

noprecipitates. For immunoprecipitation, anti-HA (E6779) and anti-Flag (F2426) affinity gels were purchased from Sigma-Aldrich. For

immunofluorescence, anti-HA antibody conjugated to Alexafluor-488 (2350) was purchased from Cell Signaling Technology. Influ-

enza A virus nucleoprotein antibody (AA5H; ab20343) was from Abcam. AlexaFluor-647 Antibody Labeling Kit (A20186) was ordered

from ThermoFisher Scientific.

For pharmacological treatments, Bafilomycin A1 (ab120497) was from Abcam. ML240 (SML1071) was from Sigma-Aldrich. Cyclo-

heximide (CHX; 2112) was purchased from Cell Signaling Technology. MG-132 (S2619) and chloroquine (S4157) were from Selleck.

For UAA incorporation, DiZPK (Zhang et al., 2011) and AlkPK (Li et al., 2013a) were synthesized in the laboratory according to pub-

lished procedures. 2’-aTCOK was previously synthesized in the laboratory (Peng and Hang, 2016).

For live cell imaging, DiD was from ThermoFisher Scientific (V22887). BODIPY-Tz was previously synthesized in the laboratory

(Peng and Hang, 2016; Spence et al., 2019).

Plasmid, Transfection, and siRNA Knockdown
pCMV-DiZPK-PylRS plasmid encoding a DiZPK-aminoacyl-tRNA synthetase/tRNA pair was kindly provided by Professor Peng R.

Chen at Peking University (Zhang et al., 2011) and is available on Addgene (plasmid #91706). Human IFITM3 cDNA was purchased

from Open Biosystems and PCR cloned into pCMV-HA vector (TaKaRa) using EcoRI and SalI as the restriction sites. All mutants

of IFITM3 were generated by QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, 200523) using primers listed in

Table S2. VCP cDNA was purchased from Open Biosystems and PCR cloned into pCMV-Tag2B vector (Agilent Technologies) using
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BamHI and HindIII as the restriction sites and pCMV-myc vector (TaKaRa) using SalI and KpnI as the restriction sites. LAMP1-

mCherry plasmid (Van Engelenburg and Palmer, 2010) was obtained from Addgene (plasmid #45147).

ViaFect transfection reagent purchased from Promega or Lipofectamine 3000 from ThermoFisher Scientific was used for transfec-

tion of Hela cells, and Xtremegene 9 purchased from Roche was used for transfection of HEK293T cells. For RNA interference,

siRNAs were synthesized by Genepharma and transfected into cells using DharmaFECT transfection reagent (Dharmacon).

siRNA sequences are as follows:

Control: CGTACGCGGAATACTTCGA;

VCP: AACAGCCAUUCUCAAACAGAATT (Kirchner et al., 2013);

UBXD1: CCAGGUGAGAAAGGAACUUTT (Kirchner et al., 2013).

Expression of DiZPK-Modified IFITM3 and Photo-Crosslinking
HEK293T cells were grown in normal growth media in 6-well plates. Before transfection, cell media were exchanged to fresh com-

plete growth media containing 1 mM DiZPK (Zhang et al., 2011). Cells were then transfected with pCMV-DiZPK-PylRS and IFITM3-

TAG mutant plasmids using Xtremegene 9 (Roche; 6 mL Xtremegene 9 + 1 mg of pCMV-DiZPK-PylRS + 1 mg of IFITM3-TAG mutant

per well in a 6-well plate). Cells were grown for additional 16–24 h before collected and lysed with 4% SDS lysis buffer (4% SDS,

150mMNaCl, 50mM triethanolamine, pH 7.4) for western blot to assess the expression of IFITM3. For in-cell photocrosslinking, cells

expressing DiZPK-modified protein were covered with PBS (1 mL) and subjected to UV irradiation at 365 nm on ice for 10min using a

Spectrolinker XL-1000 UV crosslinker (Spectronics) at a distance of 3 cm. Cells were then collected and lysed for western blot.

Western Blot Analysis
Cells were generally lysed with 4% SDS lysis buffer containing Roche protease inhibitor cocktail and benzonase. Cell lysates were

clarified by centrifugation at 12,0003 g for 20 min and quantified by the BCA assay (ThermoFisher Scientific). Equal amounts of cell

lysates were diluted with 4X reducing SDS-loading buffer and b-mercaptoethanol at 1 mg/mL concentration. The samples were

heated for 10 min at 95�C and loaded onto 4�20% Tris-HCl gels (Bio-Rad) for SDS-PAGE separation. Proteins on the gel were trans-

ferred to nitrocellulosemembrane using Trans-Blot Turbo Transfer System (Bio-Rad). Themembranes were incubated with indicated

antibody in PBST (0.1%Tween-20 in PBS) containing 5%nonfatmilk at 4�Covernight andwashedwith PBST. Blots were then devel-

oped using ClarityWestern ECL substrate (Bio-Rad) or AmershamECL Select (GEHealthcare) and imagedwith a Bio-RadChemiDoc

MP Imager. Western blots were analyzed by calculating the densitometry of protein bands on ImageLab software (Bio-Rad). The

densitometry of protein of interest band relative to that of corresponding loading control was quantified.

Co-immunoprecipitation
Cells were harvested after 20 h transfection andwashedwith PBS twice. The cell pellets were then lysed on ice with Triton X-100 lysis

buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 7.4) supplemented with Roche protease inhibitor cocktail. After 30 min, the

cell lysates were centrifuged at 12,0003 g for 20 min at 4�C. The cleared cell lysates were quantified using the BCA assay

(ThermoFisher Scientific). Equal amounts of cell lysates were incubated with EZview Red anti-HA or anti-FLAG affinity gel (Sigma-

Aldrich) at 4�C for 3 h with end-over-end rotation. The beads were washed five times with Triton X-100 lysis buffer and eluted

with 1% SDS buffer for western blot.

Analysis of IFITM3 Turnover
HEK293T cells were cultured to 80% confluency and transfected with HA-IFITM3 for 20 h. Cells were then treated with CHX and

ML240 for indicated time and lysed with 4% SDS for western blot analysis. Alternatively, Hela cells were transfected with VCP or

UBXD1 siRNA for 72 h and treated with CHX for indicated time before analysis with western blot.

Immunofluorescence
Hela cells grown on glass coverslips in 6-well plates were co-transfected with HA-IFITM3 constructs and LAMP1-mCherry for 16 h,

and treatedwith Bafilomycin A1 orML240 for 12 h. Cells were then fixedwith 3.7% (w/v) paraformaldehyde, permeabilizedwith 0.1%

(w/v) Triton X-100, and blocked with 5% (w/v) BSA in PBS. Cells were incubated with anti-HA antibody conjugated to AlexaFluor-488

(1:800) in 0.05% Triton X-100 in PBS at 4�C overnight and washed with PBS three times. Finally, the coverslips were mounted

onto slides using ProLong Gold Antifade Mountant with DAPI (ThermoFisher Scientific) and examined by an inverted LSM 780

laser scanning confocal microscope (Zeiss) with a Zeiss Plan-Apochromatic 633/1.4 N.A. oil immersion objective. Images were

acquired and analyzed with the ZEN blue 2012 software (Zeiss). Pearson’s correlation coefficients were calculated in ZEN blue

2012 software (Zeiss).

Live Cell Imaging of IFITM3 and Virus Particle Trafficking
For live cell imaging studies, IFITM 2/3 KO HeLa cells were seeded onto fibronectin-coated 35 mm glass coverslip dishes (MatTek)

24 h prior to experiments. On the next day, cells were transfected with HA-IFITM3-F8TAG constructs (1 mg per dish) and pCMV-

DiZPK-PylRS plasmid (1 mg per dish) using 6 mL Viafect (Promega) in complete cell growth media containing 20-aTCOK. After over-

night incubation, cell media were changed into fresh cell growth media without UAA. After another 2 h culture at 37�C/5%CO2, cells

were labeled with BODIPY-Tz (250 nM) in FluoroBrite DMEM (ThermoFisher Scientific) for 0.5 h at 37�C and washed with complete
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cell growth media 3 times over 1 h (Peng and Hang, 2016). Cells were then chilled on ice before spinoculation of DiD-labeled virus

ontomonolayers at 1,5003 g and 6�C for 20min. Purified influenza virus A/PR/8/34 (H1N1) particles were labeledwith self-quenching

concentrations of the lipophilic dye DiD (ThermoFisher Scientific) as previously reported (Spence et al., 2019). Unbound particles

were removed by five washes with cold PBS, and 500 mL cold imaging buffer (140 mM NaCl, 2.5 mM KCl, 1.8 mM MgCl2, 20 mM

HEPES, 5 mM sucrose, 2 mM Hoechst 33342, and 2% FBS) was added to cover the cells. The dish was immediately mounted on

the microscope objective and focused. The coverslip dish was then flooded with 1.5 mL warm imaging buffer to mark the start of

experiments (t = 0). Images were acquired every 10 s over the duration of the experiments using a single Z-section. Live-cell micro-

scopy was performed with an AxioObserver.Z1 wide-field epifluorescence microscope (Zeiss) equipped with a 403/1.3N.A. objec-

tive, DAPI/GFP/Texas Red/Cy5 filter set, and heated environmental enclosure maintained at 37�C, as previously described (Spence

et al., 2019). Image analysis and single-particle tracking were performed using Volocity software (PerkinElmer). Meanmeasurements

(± standard deviations) were derived from three separate experiments, unless otherwise indicated.

Influenza Virus Infection Assay
For the infection assay, IFITM 2/3 KO HeLa cells were seeded in 12 well plates and cultured overnight. Cells were transfected with

HA-IFITM3 constructs (1 mg/well) using 3 mL Lipofectamine 3000 in 1 mL of complete cell growth media. The cells were infected with

influenza virus A/PR/8/34 virus (H1N1) withMOI of 2.5. After 2 h of infection, DMSOorML240was added. After 4 h, cells werewashed

with PBS, trypsinized, and collected in cluster tubes. Cells were washed again with PBS and then fixed with 240 mL of 4%PFA in PBS

for 5 min. The fixed cells were permeabilized with 200 mL of 0.2% saponin in PBS for 10 min and then blocked with 200 mL of 0.2%

BSA and 0.2% saponin in PBS for 10 min. Cells were treated with anti-influenza NP antibody conjugated to AlexaFluor-647 (1:250)

and anti-HA antibody conjugated to AlexaFluor-488 (1:300) in 0.02% saponin in PBS. After three washes with 0.02% saponin in PBS,

cells were resuspended in 100 mL PBS containing 0.2% BSA and 0.02% saponin. The samples were analyzed by flow cytometry

(BD LSRII). Data analysis was performed using FlowJo software. All samples were first gated by IFITM3-positive staining, indicating

successful transfection, and then NP-positive percentage of NP-positive staining, indicated successful infection.

Isolation of Photo-Crosslinked IFITM3 Complexes and Proteomic Analysis
HEK293T cells were cultured in 150 mm dishes to ~80% confluency, and transfected with HA-IFITM3-F8TAG and pCMV-DiZPK-

PylRS using Xtremegene 9 (Roche) in the presence of 1 mM DiZPK for 20 h. Cells were then irradiated with UV at 365 nm for

10 min on ice before harvested and washed with PBS twice. In ‘‘forward’’ SILAC experiment, heavy-labeled cells were irradiated

with UV while light-labeled cells were not. Alternatively, in ‘‘reverse’’ SILAC experiment, light-labeled cells were irradiated with UV

while heavy-labeled cells were not. The cell pellets were lysed with 4% SDS lysis buffer supplemented with Roche protease inhibitor

cocktail and benzonase. Cell lysates were centrifuged at 12,0003 g for 20min to remove cellular debris. Protein concentrations were

determined by the BCA assay (ThermoFisher Scientific). Heavy-labeled cell lysates were mixed with light-labeled cell lysates in 1:1

ratio according to protein concentrations. Themixed cell lysates were then diluted with Triton X-100 buffer (1% Triton X-100, 150mM

NaCl, 50 mM Tris, pH 7.4) until the SDS concentration is less than 0.1%. The diluted cell lysates were incubated with anti-HA mag-

netic beads (ThermoFisher Scientific) at 4�C for 1.5 h with end-over-end rotation. The beads were then washed five times with chilled

RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM triethanolamine pH 7.4) and eluted with

0.5 M NH4OH twice. The pooled eluates were dried, resuspended in 1X SDS-PAGE loading buffer, reduced with 10 mM DTT for

30 min, and then alkylated with 50 mM iodoacetamide in the dark for another 30 min. The resulting samples were separated by

SDS-PAGE and subjected to in-gel digestion as previously reported for LC-MS/MS analysis (Shevchenko et al., 2006).

All LC-MS/MS analysis was carried out at the Proteomics Resource Center at The Rockefeller University, New York, NY, USA. LC-

MS analysis was performed with a Dionex 3000 nano-HPLC coupled to an Orbitrap XLmass spectrometer (ThermoFisher Scientific).

A C18 reverse-phase column (75 mm diameter, 15 cm length) was used for sample loading with a 180-minute gradient increasing

from 95% buffer A (water with 0.1% formic acid) and 5% buffer B (acetonitrile with 0.1% formic acid) to 75% buffer B in 133 minutes

at 0.2 mL/min. The mass spectrometer was operated in top-8-CID-mode with a resolution of 60,000@m/z 400. One full MS scan

(300–2000MW) was followed by three data-dependent scans of the nth most intense ions with dynamic exclusion enabled. Peptides

fulfilling a Percolator calculated 1% false discovery rate (FDR) threshold were reported. Acquired tandemMS spectra were extracted

and quantified using MaxQuant software (Cox andMann, 2008). Trypsin was set as the digestion enzyme with twomissed cleavages

allowed. Carbamidomethylation of cysteine was set as a fixed modification, while methionine oxidation and N-terminal acetylation

were set as variable modifications. Mass deviation for MS/MS peaks was set at a maximum of 0.5 m/z and maximum false discovery

rates (FDR) were set to 0.01 both at the peptide and at the protein levels. Mass spectra were searched with Andromeda against

Uniprot complete human database concatenated with common known contaminants. Only unique and razor peptides were used

for quantification with minimal two ratio counts. ‘‘Re-quantify’’ feature of MaxQuant was used to correct quantification of proteins.

Known contaminants and reverse hits were removed before data processing. The search results were analyzed by Perseus (Tyanova

et al., 2016).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as mean ± standard deviation determined from biological replicates. Statistical analysis was performed with

GraphPad Prism. The method for determining error bars and significance is indicated in the corresponding figure legends with

biological replicate number indicated. For significance, ns = non-significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001.

DATA AND CODE AVAILABILITY

The proteomics database search results have been deposited to the Mendeley database (https://doi.org/10.17632/tds8by96gc.1).
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