
Interferon-induced Transmembrane Protein 3 Is a Type II
Transmembrane Protein*

Received for publication, August 27, 2013, and in revised form, September 24, 2013 Published, JBC Papers in Press, September 25, 2013, DOI 10.1074/jbc.M113.514356

Charles C. Bailey‡1, Hema R. Kondur‡, I-Chueh Huang§, and Michael Farzan‡

From the ‡Department of Infectious Diseases, The Scripps Research Institute, Jupiter, Florida 33458 and the §Department of Cell
Biology and Neuroscience, College of Natural and Agricultural Science, University of California, Riverside, California 92521

Background: Interferon-induced transmembrane (IFITM) proteins are viral restriction factors with controversial topology.
Results: Ifitm3 with an intracellular N terminus and extracellular C terminus is the predominant form and exhibits viral
restriction activity.
Conclusion: Ifitm3 is a type II transmembrane protein.
Significance: An understanding of the interaction of Ifitm3 with potential targets and cofactors is predicated on a correct
understanding of its topology.

The interferon-induced transmembrane (IFITM)proteins are
a family of small membrane proteins that inhibit the cellular
entry of several genera of viruses. These proteins had been pre-
dicted to adopt a two-pass, type III transmembrane topology
with an intracellular loop, two transmembrane helices (TM1
andTM2), and extracellularNandC termini. Recentwork, how-
ever, supports an intramembrane topology for the helices with
cytosolic orientation of both termini. Here we determined the
topology of murine Ifitm3. We found that the N terminus of
Ifitm3 could be stained by antibodies at the cell surface but that
this conformation was cell type-dependent and represented a
minority of the total plasma membrane pool. In contrast, the C
terminus was readily accessible to antibodies at the cell surface
and extracellular C termini comprisedmost or all of those present
at the plasma membrane. The addition of a C-terminal KDEL
endoplasmic reticulum retention motif to Ifitm3 resulted in
sequestration of Ifitm3 in the ER, demonstrating an ER-luminal
orientation of the C terminus. C-terminal, but not N-terminal,
epitope tags were also degraded within lysosomes, consistent with
their luminal orientation. Furthermore, epitope-tagged Ifitm3
TM2 functioned as a signal anchor sequence when expressed in
isolation. Collectively, our results demonstrate a type II trans-
membrane topology for Ifitm3 and will provide insight into its
interaction with potential targets and cofactors.

The interferon-induced transmembrane proteins are a
family of small membrane proteins with immunologic and
developmental roles. Humans have five IFITM loci, IFITM1,
IFITM2, IFITM3, IFITM5, and IFITM10 (1). IFITM1, -2, and -3,
collectively termed immunity-related IFITMs,2 were recently

recognized as viral restriction factors with an unusually broad
activity against a wide variety of viruses (2). To date, IFITM
proteins have been shown to restrict cellular entry of flavivi-
ruses, filoviruses, influenza A virus, vesicular stomatitis virus,
bunyaviruses, and reovirus. Other viruses, including alphavi-
ruses, arenaviruses such as lymphocytic choriomeningitis virus,
and the retrovirus murine leukemia virus (MLV), are unaf-
fected (3–9). A few studies have reportedHIV-1 restriction, but
differ onwhich cell lines and IFITMproteins confer restriction,
and uncertainty remains as towhether the activity is specifically
entry-related (3, 10, 11). The immune-related IFITM proteins
are, so far, unique among viral restriction factors in that they
inhibit viral entry. In the case of enveloped viruses, they act
prior to host/virus membrane fusion (12). Deleterious poly-
morphisms in human IFITM3 are associated with poorer out-
comes for patients hospitalized with pneumonia (13, 14).
IFITM5, which, despite its name, is not interferon-induced,
plays a role in osteogenesis, with mutations resulting in osteo-
genesis imperfecta type V (15, 16) The function of IFITM10 is
currently unknown.
Mice possess orthologs of all five human IFITM genes and

two additional genes of unknown function: Ifitm6 and Ifitm7
(1). Knock-outmicewith deletions of Ifitm3 alone or Ifitm1, -2, -3,
-5, and-6combined(IfitmDel) areviableandhaveknowndeficien-
cies in the control of influenza A viral infection (13, 17–19).
Althoughmostmurine Ifitm proteins exhibit some degree of viral
restriction activity when overexpressed in vitro, only Ifitm3
appears to contribute to the control of influenza in vivo (17). Ifitm3
is also unique among the murine Ifitm genes in that it, alone, is
induced by interferons and acute phase cytokines (17).
Recent studies have begun to provide mechanistic insight

into the antiviral activities of the IFITM proteins. In most cell
lines, IFITM proteins concentrate in late endosomes and lyso-
somes where the viruses whose entry they restrict are thought
to fuse (4, 12, 20). IFITM protein overexpression results in
enlargement of perinuclear CD63 (cluster of differentiation 63)
and lysosome-associated membrane protein 2 (LAMP2)-posi-
tive vesicles (4, 20, 21). Analysis of IFITM protein-enriched
vesicles by fluorescence-lifetime imaging microscopy reveals
that themembranes of these structures are less fluid than those
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of IFITMprotein-free compartments (12). Amini-Bavil-Olyaee
et al. (21) recently reported that these vesicles were highly
enriched with cholesterol. They also identified a physical inter-
action between IFITM3 and VAMP (vesicle-associated mem-
brane protein)-associated protein A (VAPA) and proposed that
this interactionwas responsible for the accumulation of choles-
terol in IFITM protein-enriched endosomes and lysosomes by
disrupting the association between VAMP-associated protein
A and oxysterol-binding protein (21). Based on these findings,
it appears that IFITM proteins may inhibit viral entry by alter-
ing the properties of endolysosomal limiting membranes, thus
creating unfavorable energetics for viral membrane fusion.
IFITM proteins consist of a relatively long, hydrophilic N

terminus, a conserved region consisting of a hydrophobic helix
and cytosolic loop, a second hydrophobic helix, and a compar-
atively short, hydrophilic C terminus (1). Both helices are
palmitoylated, and the palmitoylation is necessary for optimal
viral restriction activity (22).
These proteins had been predicted to assume a type III, two-

pass transmembrane topology with both N and C termini ori-
ented toward the ER lumen or extracellular space (see Ref. 23
for a review of transmembrane protein topology nomencla-
ture). Indeed, early investigators noted that antibodies against
the N terminus of Leu-13 (IFITM1) caused aggregation of
leukemia cells, suggesting exposure of extracellular IFITM1
epitopes (24, 25). Following enzymatic, cell surface radiolabel-
ing, labeled IFITM1 could also be recovered by immunopre-
cipitation (26). Other groups have noted the presence of
epitope-tagged IFITM protein N termini at the cell surface by
flow cytometry (12).
Recently, however, two key studies provided substantial

evidence in favor of a cytosolic N terminus. Yount et al. (27)
demonstrated ubiquitylation of Lys-24 of the N terminus of
IFITM3, implying access of this residue to cytosolic ubiquitin
ligases, and also noted a lack of N-linked glycosylation of the
NHT motif of the N terminus. Another critical piece of evi-
dence was provided by Jia et al. (11), who revealed that tyrosine

phosphorylation of IFITM3 Tyr-20 is necessary for its proper
internalization into endolysosomal compartments. Further-
more, they were able to identify Fyn as the relevant kinase,
again, consistent with the accessibility of the N terminus to
cytosolic enzymes (11).
Yount et al. (27) also proposed a cytosolic orientation of the

IFITM3 C terminus based on the ability of a prenylation reporter
to bind an artificial C-terminal CLVL motif. The CLVL mutant,
however, was studied only in conjunctionwith the introduction of
an N-terminal myristoylation motif and simultaneous deletion of
the palmitoylation sites, complicating interpretation of this find-
ing (27). Inanother study, a cysteinenear theC-terminal endof the
predicted second transmembrane domain of the murine Ifitm1
was found tobepalmitoylated, suggesting an intramembrane con-
formation for the C terminus of the molecule (28). A diagram of
the twomodels for IFITMprotein topology and a summary of the
evidence for each are provided in Fig. 1.
Here we focused our studies onmurine Ifitm3 because of the

availability of knock-out murine embryonic fibroblasts (MEFs)
and high affinity antisera. The antiviral activity of Ifitm3 in vitro
(in both human andmurine cells) and in vivo is well established
(4, 13, 17), and the amino acid sequence is similar to that of
human IFITM3 (1). We show that there exists a population of
Ifitm3 molecules at the plasma membrane with extracellular N
termini, consistent with earlier studies, but this conformation is
apparently rare and possibly cell-type dependent. The Ifitm3 C
terminus, however, is clearly extracellular at the plasma mem-
braneand is alsoexposed toboth theERand the lysosomal lumina.
We conclude that Ifitm3 is a type II transmembrane protein.

EXPERIMENTAL PROCEDURES

Generation of Stable Cells—HEK 293T cells were cultured in
DMEM with 10% FBS and penicillin/streptomycin. MEFs
derived from IfitmDel knock-out mice were grown in DMEM
with 10% FBS, nonessential amino acid supplement (Life Tech-
nologies), and 55 �M �-mercaptoethanol. Cells were trans-
duced with vesicular stomatitis virus glycoprotein-pseu-

FIGURE 1. Two models of IFITM protein topology are shown. Evidence for the orientation of each terminus with respect to the membrane is shown with the
relevant citation. A, IFITM proteins were predicted to assume a two-pass type III transmembrane topology, with two transmembrane domains (TM1 and TM2)
flanking the conserved intracellular loop (CIL). Early studies identified IFITM1 N termini in the extracellular space, and other investigators have detected IFITM
N termini at the plasma membrane by flow cytometry. (See figure for references.) B, more recent studies support a topology with two intramembrane domains
(IM1 and IM2) and cytosolic N and C termini. Post-translational modifications of the IFITM3 N terminus imply access of the N terminus to cytosolic enzymes.
Evidence for an intracellular C terminus comes from studies of lipidation motif reporters. (See figure for references.)
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dotyped murine retrovirus particles as described previously
(29). Retrovirus genomes were derived from vector pQCXIP
(Clontech) containing variants of Ifitm3. Transduced cells were
selected with either 2 �g/ml puromycin (293T) or 4 �g/ml
puromycin (MEF), and all assays were performed within 1–2
weeks of drug selection to minimize potential artifacts of pro-
longed transgene expression.
Flow Cytometry—Surface staining for epitope tags was con-

ducted on cells detached with nonenzymatic cell dissociation
solution (Sigma) for 30 min at room temperature and blocked
with 5% heat-inactivated goat serum on ice for 20 min prior to
staining. Primary antibodies used were anti-Myc clone 9E10,
anti-C9 clone 1D4 (Santa Cruz Biotechnology), anti-FLAG
clone M2 (Sigma), or mouse IgG1 isotype control clone
P3.6.2.8.1 (eBioscience). Secondary staining was performed
with Alexa Fluor 488- or 633-labeled secondary antibodies of
goat origin (Life Technologies). To assess membrane integrity,
cells were incubated for 10 min on ice in the presence of 1
�g/ml propidium iodide and assayed in the same solution. Flow
cytometry was performed with a BD Accuri C6 flow cytometer
(BD Biosciences).
Western Blots—Cells were lysed in 1% Triton X-100 in PBS

containing Complete protease inhibitor mixture (Roche
Applied Science). Where indicated, peptide-N-glycosidase
digestion was performed with enzyme and buffers from New
England Biolabs according to the manufacturer’s instructions.
Immunoblotting for the native Ifitm3 N terminus was per-
formed with goat anti-Ifitm3 (R&D Systems) and HRP-conju-
gated rabbit anti-goat (Sigma). Tubulinwas stainedwithmouse
clone SAP.4G5 (Sigma) and HRP-conjugated goat anti-mouse
(Santa Cruz Biotechnology). Images were captured at 16-bit
depth using an LAS4000 mini chemiluminescence reader (GE
Healthcare) and windowed/leveled in ImageJ (30).
Fluorescence Microscopy—Cells were grown on 8-well glass

chamber slides (LAB-TEK). For fixation and permeabilization
experiments, fixation was performed using the FIX& PERMkit
reagents (Life Technologies) at 1:1 and 1:3 dilutions in PBS,
respectively, for 15 min each at room temperature. Otherwise,
cells were fixed with a 1:1 mixture of methanol and acetone for
10min at�20 °C. Serine palmitoyl transferase 1 (Sptlc1) cDNA
was obtained from the Dana-Farber/Harvard Cancer Center
DNA Resource Core (deposited by the Mammalian Genome
Collection). Myc-tagged Ifitm3 was stained with clone 9E10 or
9E11, C9 tag was stained with clone 1D4, and FLAG-tagged
Sptlc1 was stainedwith cloneM2.�-Tubulin was detected with
polyclonal rabbit antibodies (GeneTex). Alexa Fluor 488- or
568-conjugated antibodies of goat origin were used for second-
ary fluorescence staining (Life Technologies). Slides were cov-
erslipped with ProLong Gold antifademediumwith DAPI (Life
Technologies) and imaged bywide-field epifluorescence. 16-bit
grayscale images were pseudocolored, windowed, leveled, and
composited in ImageJ.
Pseudovirus Entry Assay—Pseudotyped retroviruses encod-

ing eGFP were prepared as described previously (29) using the
indicated viral entry proteins. Envelope proteins included hem-
agglutinins derived from influenza virus A/Thailand/2(SP-33)/
2004 (H5), neuraminidase from influenza virus A/PR/8/34
(N1), and glycoproteins from vesicular stomatitis virus, lym-

phocytic choriomeningitis virus, and MLV. Infection of MEFs
was carried out with 0.45 �m-filtered supernatants containing
5 �g/ml Polybrene at 4000 � g at 4 °C for 1 h. MEFs were then
returned to the 37 °C, 5% CO2 incubator for 2 h followed by
removal of the inoculum and return to growth medium. 24 h
later, cells were harvested by trypsinization, and the percentage
of eGFP-positive cells was determined by flow cytometry.

RESULTS

Localization of Ifitm3 N and C Termini to the Extracellular
Space—We first determined whether N- or C-terminal epitope
tags added to Ifitm3 could be detected extracellularly at the
plasma membrane. We included critical controls to rule out
potential artifactual positive results. Specifically, we took mea-
sures to exclude 1) positive staining resulting from membrane
permeabilization and access of antibodies to intracellular
epitopes and 2) artifactual staining due to membrane-adherent
exosomes or cellular debris.
We first created stable cell lines from HEK 293T cells and

Ifitm knock-outmurine embryonic fibroblasts (IfitmDelMEFs)
expressing various epitope-tagged Ifitm3 constructs. Cells
expressing N- or C-terminal FLAG-tagged Ifitm3 (termed
FLAG-Ifitm3 and Ifitm3-FLAG, respectively) were stained by
indirect immunofluorescence.
To ensure staining of only extracellular epitope tags, we incu-

bated cells in propidium iodide (PI) prior to flow cytometry. PI
is a membrane-impermeant, nucleic acid-binding dye with a
molecular mass of �0.7 kDa. PI-negative cells, therefore, are
cells whose membranes are intact and would therefore be
expected to block access of antibodies (molecular mass �150
kDa) to intracellular epitopes.
Both N-terminal and C-terminal FLAG tags could be

detected on the surface of PI� 293T cells, albeit with a much
greater intensity for staining of the C-terminal tag (Fig. 2A).
Staining of the Ifitm3 N terminus in MEFs was very weak
despite a robust signal for the C terminus (Fig. 2B). Total cellu-
lar expression of the N- and C-terminal tagged constructs was
assessed byWestern blot (Fig. 2C). These results were not spe-
cific to the FLAG epitope; the same staining pattern was
observed in both cell lines when the FLAG tags were replaced
by Myc and C9 on the N and C termini, respectively (Fig. 2, D
and E).

We next ruled out the possibility that the surface staining
observed in Fig. 2 was the result of adherent cellular debris
(derived from exosomes or dead cells) deposited on the plasma
membrane. We generated a line of 293T cells stably expressing
eGFP to seewhether these cells could acquire the FLAGepitope
from Ifitm3 stable cells. First, we verified the lack of any non-
specific FLAG staining on the surface of the eGFP� cells (Fig.
3A). Because eGFP fluorescence spilled over into the PI chan-
nel, complicating our ability to identify intact cells by vital
staining, we verified that intact 293T cells could be effectively
identified by morphology (i.e. forward and side scatter gating)
alone. In Fig. 3B, we show both PI-positive and PI-negative
293T cells plotted against the forward and side scatter axes.
Intact (PI�) and permeabilized (PI�) 293T cells could be clearly
distinguished on the basis of scatter gating alone. Therefore, by
scatter gating followed by eGFP gating, we could isolate popu-
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lations of intact eGFP� or eGFP� cells. Furthermore, by indi-
rect immunofluorescence for Ifitm3 epitope tags, we could dis-
tinguish cells expressing tagged Ifitm3 (Ifitm3�/eGFP�) or
acquiring Ifitm3 from neighboring cells (Ifitm3�/eGFP�).
We performed two variations of this experiment. In the first,

Ifitm3�/eGFP� cells were co-cultured with Ifitm3�/eGFP�

cells for 18 h prior to flow cytometry. In the second, Ifitm3�/
eGFP� cells were cultured separately from Ifitm3�/eGFP�

cells but mixed prior to surface staining (Fig. 3C). We found
that the Ifitm3�/eGFP� cells did, in fact, acquire FLAG epitope
from their Ifitm3�/eGFP� counterparts during co-culture. The
amount of FLAG acquired was minor, however, and not appre-
ciably different from the amount transferred by simply mixing
cells prior to staining.
Determination of the RelativeAbundance of Intracellular and

Extracellular Epitope Tags—Flow cytometry confirmed the
presence of extracellular N- and C-terminal epitopes at the
plasma membrane. Flow cytometry, however, cannot exclude
the possibility of intracellular epitopes at this location. There-
fore, to determine the relative amounts of intracellular and
extracellular Ifitm3 termini, we performed fluorescence
microscopy with staining for N-terminal Myc and C-terminal
C9 epitope tags in fixed or fixed and permeabilized IfitmDel
MEFs. We expected that staining for primarily intracellular
epitopes would show a marked increase in intensity following
permeabilization, whereas staining for primarily extracellular

epitopes should be equally bright under both conditions. As a
control for permeabilization, co-staining was performed with
an antibody against the cytoskeletal protein, �-tubulin (Fig. 4).
In the absence of permeabilization, noN-terminalMyc staining
was evident. With permeabilization, however, intense plasma
membrane staining was observed. In contrast, C-terminal C9
staining was equally intense in both permeabilized and nonper-
meabilized cells. Therefore, we conclude that Ifitm3 N termini
are intracellular but that the C termini are mostly or entirely
extracellular.
Localization of the Ifitm3 C Terminus to the ER Lumen—We

next sought to determine whether the Ifitm3 C terminus was
exposed to the lumen of the endoplasmic reticulum. We cre-
ated an N-terminally Myc-tagged Ifitm3 with the addition of a
C-terminal GSSG linker and a KDEL motif. C-terminal KDEL
motifs are bound by chaperones that sequester proteins in the
ER lumen. Normally, KDEL prevents secretion of soluble pro-
teins but has been used experimentally to force ER retention of
type II transmembrane proteins as well (31). We anticipated
that if the Ifitm3 C terminus were oriented toward the ER
lumen, a C-terminal KDEL motif would block egress of Ifitm3
from the ER. As controls, we created two additional Ifitm3
mutants. One was terminated with the reverse motif (LEDK),
and the other was terminated with a motif consisting of similar
charge and hydrophobicity (REDI). MEFs stably expressing
these Ifitm3 mutants were transduced a second time with

FIGURE 2. FLAG-tagged Ifitm3 N and C termini can be detected at the surface of intact cells. A, the gating strategy used to produce subsequent histograms
is shown here. To confirm staining of only extracellular FLAG antigen, PI-positive cells were excluded from analysis. SSC-A, side scatter; FSC-A, forward scatter.
B, staining for the FLAG epitopes on 293T cells and MEFs is shown in blue. Fluorescence staining from the isotype control is shown in red. Alexa488, Alexa Fluor
488. C, expression levels of wild type and N- and C-terminally FLAG-tagged Ifitm3 were determined by Western blot with an antibody against the native Ifitm3
N terminus. D, the experiment shown in A was repeated with N-terminal Myc and C-terminal C9 tags in place of the FLAG epitopes. Myc staining is shown in blue,
and C9 staining is shown in red. E, total expression of the constructs was determined by Western blot. The double band pattern for C-terminally tagged Ifitm3
constructs is explored in detail in Fig. 6.
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FLAG-tagged Sptlc1 (FLAG-Sptlc1) to serve as an ER marker.
Cells were stained for both Myc (Ifitm3) and FLAG (Sptlc1)
epitopes and examined by epifluorescence microscopy (Fig. 5).

Myc-Ifitm3, the LEDK, and the REDI control showed identical
localization patterns: a combination of cytoplasmic puncta and
plasma membrane staining. Ifitm3-KDEL, however, co-local-

FIGURE 3. Surface staining of N and C termini is not an artifact of membrane adherent cellular debris. A, staining of Ifitm3�/eGFP� with anti-FLAG (blue) and
isotype control (red) antibodies is shown. Alexa633, Alexa Fluor 633. B, PI� (intact) and PI� (permeabilized) 293T cell populations were mapped onto a forward/side
scatter plot (FSC/SSC). Intact 293T cells (blue) could be clearly distinguished from cells with compromised membrane integrity (red) by scatter gating alone. Scatter
gating was used in lieu of PI staining to ensure analysis of only intact cells for during subsequent experiments. Cells were further sorted based on eGFP expression as
shown in the rightmost histogram. C, cells expressing either FLAG-Ifitm3 or Ifitm3-FLAG were co-cultured with Ifitm3�/eGFP� cells for 18 h (top panels) or mixed with
Ifitm3�/eGFP� cells immediately prior to surface staining (bottom panels). FLAG staining is shown in blue, and isotype control staining is shown in red.

FIGURE 4. In contrast to Ifitm3 N termini, the C termini are mostly or entirely extracellular. MEFs expressing either Myc-Ifitm3 or Ifitm3-C9 were first fixed
and then either permeabilized with detergent or left with membranes intact prior to indirect immunofluorescence. Ifitm3 epitope tag staining is shown in
green (top panels). Membrane integrity was assessed by co-staining for �-tubulin (middle panels, red). Nuclei were counterstained with DAPI (blue). Exposure
times for each channel were identical, and contrast adjustment was applied uniformly to all panels for each color channel.
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ized nearly entirely with the ERmarker and exhibited no punc-
tate or plasma membrane localization. ER retention of Ifitm3-
KDEL, but not Ifitm3-REDI or Ifitm3-LEDK implies a specific
interaction between the KDEL motif and ER-luminal proteins,
demonstrating the ER-luminal orientation of the Ifitm3 C
terminus.
Localization of the Ifitm3 C Terminus to the Lysosomal

Lumen—In Fig. 2, C and E, we noted that the addition of a
C-terminal epitope tag to Ifitm3 resulted in a double band on
the Western blot when probed with an N-terminal antibody.
This suggested that the C terminus may, at some frequency, be
cleaved or degraded. To further explore this phenomenon, we
created an Ifitm3 construct with both an N-terminal Myc tag
and a C-terminal C9 tag (Myc-Ifitm3-C9). Staining this protein
with antibodies against the N-terminal Myc tag or native N
terminus revealed a double band. When stained for the C9
epitope, however, only the higher molecular weight band was
observed, consistentwith removal of theC terminus of themol-
ecule (Fig. 6A).
We also noted that C-terminal LEDK- and REDI-tagged

Ifitm3 from Fig. 5 showed a double band pattern on Western
blot. The ER-sequestered KDEL mutant, however, showed no
evidence of C-terminal cleavage, suggesting that the cleavage
event occurred outside of the ER (Fig. 6B). We hypothesized
that the Ifitm3 C terminus was exposed to the degradative inte-
rior of the lysosome andwas removed by one ormore lysosomal
hydrolases.We treated cells with the vacuolarATPase inhibitor
bafilomycin A1 to inhibit lysosomal acid hydrolase activity.
Bafilomycin A1 treatment efficiently prevented the degrada-
tion of the Ifitm3 C terminus (Fig. 6C). Fluorescence micros-
copy for the Myc-Ifitm3-C9 construct revealed that the C-ter-
minal degradation occurred in punctate cytoplasmic structures
consistent with lysosomes (although, interestingly, not in
the enlarged, perinuclear endolysosomal compartments that
accompany IFITM protein overexpression (4, 20) (Fig. 6D)).

FIGURE 5. The addition of a C-terminal KDEL motif to Myc-Ifitm3 results in its retention in the ER. Top panels show Myc (N-terminal) staining of cells
expressing Ifitm3 with or without the indicated C-terminal additions. Middle panels show staining for FLAG-tagged Sptlc1 (an ER marker). Myc-Ifitm3-KDEL was
poorly expressed in comparison with the other constructs, so the brightness of this panel was adjusted independently to better visualize its co-localization with
Sptlc1. The nucleolar Myc staining is an artifact of the 9E11 antibody and has been previously described (17).

FIGURE 6. Ifitm3 C termini are degraded in lysosomes. A, lysates from MEFs
expressing an N- and C-terminally tagged Ifitm3 (myc-Ifitm3-C9) were exam-
ined by Western blot with staining for the indicated epitopes. Dotted lines
indicate the sites of reassembly of the membrane after staining. B, Western
blot for Myc-Ifitm3 and Myc-Ifitm3-LEDK and -REDI is shown at two expo-
sures to highlight the double band pattern for Ifitm3-LEDK and REDI
(upper) and confirm the lack of a second band for Ifitm3-KDEL (overex-
posed, lower). C, bafilomycin A1 treatment inhibits degradation of the
C-terminal tag as assessed by Western blot. D, MEFs expressing Myc-
Ifitm3-C9 were co-stained for Myc (green) and C9 (red) epitopes. The
plasma membrane is yellow/orange, indicating co-localization of the two
epitopes (full-length Myc-Ifitm3-C9). Green cytoplasmic puncta (arrow
indicates an example) show the sites of removal of the C9 tag. The C9 tag
remained intact within the enlarged vacuoles that accompany IFITM pro-
tein overexpression (arrowhead).
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Assessment of the Activity of C-terminally Tagged Ifitm3—
We also considered the possibility that the addition of a C-ter-
minal epitope tagmight, in and of itself, alter the topology of the
Ifitm3. To exclude this possibility, we performed a viral entry
assay using virus-like particles pseudotyped with the envelope
proteins of a robustly Ifitm3-restricted virus (influenza A virus
H5N1), a weakly restricted virus (vesicular stomatitis virus),
and two Ifitm3-insensitive controls (lymphocytic choriomen-
ingitis virus and MLV, Fig. 7). C-terminal tags (C9 and FLAG)
interfered with neither Ifitm3 function nor expression levels,
suggesting that these tagged constructs assume the same topol-
ogy as the wild type protein.
Analysis of the Isolated Intra/Transmembrane Domains of

Ifitm3—We reasoned that if Ifitm3 were a type III transmem-
brane protein, both predicted transmembrane domains (TM1
and TM2) would function as signal anchor sequences. If it were
a type II protein, however, only one of the two domains should
be recognized as a signal anchor. To determine the functional-
ity of these two domains, we added N-terminal FLAG and
C-terminal C9 tags to the isolated TM1 and TM2 sequences,
VVWSLFNTLFMNFCCLGFIAY and TLVLSILMVVITIVS-
VIIIVL, respectively, as annotated by UniProt (32). We trans-
duced cells with these constructs and analyzed surface expres-
sion of the epitope tags by flow cytometry, excluding propidium
iodide-positive cells as in Fig. 2. Cells effectively localized

FLAG-TM2-C9 to the plasma membrane, albeit in both orien-
tations (Fig. 8). FLAG-TM1-C9, however, could not be detected
by flow cytometry orWestern blot. Although the lack of expres-
sion of the isolated TM1 construct precludes any statements
about its topology, TM2 clearly functions as a signal anchor,
consistent with a transmembrane orientation of the second
hydrophobic region of Ifitm3.
Analysis of a Forced Transmembrane Topology Mutant of

Ifitm3—Although thedominant conformationof Ifitm3appeared
to be that consisting of an intracellular N terminus and extra-
cellular C terminus, the presence of a minority population of
Ifitm3 molecules with extracellular N termini led us to investi-
gate this rare topology. To mimic the predicted type III topol-
ogy, we introduced a signal peptide derived fromCD5 (CD5SP)
before the Ifitm3 coding sequence. Surface staining of CD5SP/
FLAG-tagged Ifitm3 andCD5SP/C9-tagged Ifitm3 showed that
the CD5 signal peptide effectively reoriented the N terminus
toward the extracellular space but left the C terminus in its
normal, extracellular orientation (Fig. 9).
We next used the forced topology to investigate whether or

not the Ifitm3 N terminus was exposed to the ER lumen. Yount
et al. (27) previously noted a lack of N-linked glycosylation on
anNHTmotif on the wild typeN terminus of IFITM3 (residues
2–4, conserved in mouse), but the addition of the CD5SP pro-

FIGURE 7. C-terminal tags do not impair the restriction activity or expres-
sion of Ifitm3. A, MEFs were transduced with a vector control or the indicated
Ifitm3 constructs. Transduced MEFs were then infected with eGFP-encoding
retroviruses pseudotyped with the envelope glycoproteins of four different
viruses. Bars show the proportion of the percentage of infected (eGFP�) cells
expressing each Ifitm3 construct relative to percentage of infected vector-
transduced cells infected. Error bars show the median and range of triplicate
wells. VSV, vesicular stomatitis virus; LCMV, lymphocytic choriomeningitis
virus. B, expression levels of the constructs were determined by Western blot
against the native Ifitm3 N terminus.

FIGURE 8. The second hydrophobic region of Ifitm3 acts as a signal anchor
sequence. A, the first and second predicted intra/transmembrane domains
were subcloned from Ifitm3 and expressed with the addition of N-terminal
FLAG and C-terminal C9 tags (FLAG-TM1-C9 and FLAG-TM2-C9). 293T cells or
MEFs expressing these constructs were stained by indirect immunofluores-
cence for both tags in addition to an isotype control antibody. FLAG-TM2-C9
but not FLAG-TM1-C9 could be detected at the surface of both cell types by
flow cytometry. Permeabilized cells were excluded from analysis by PI gating
as shown in Fig. 2. Alexa488, Alexa Fluor 488. B, FLAG-TM2-C9 but not FLAG-
IM1-C9 could be detected by Western blot.
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vided a positive control to determine whether or not this motif
was, indeed, accessible to the cellular glycosylation machinery.
We transfected (293T) or transduced (MEF) cells with con-
structs encoding Ifitm3-C9 with or without a CD5 signal pep-
tide and with or without the introduction of an additional gly-
cosylation motif (NGT inserted after residue Arg-50 of the N
terminus). Glycosylation of Ifitm3was inferred from themobil-
ity shift on Western blot following peptide-N-glycosidase F
digestion of the cell lysate (Fig. 9). In 293T cells, the wild type
NHTmotif of CD5SP-Ifitm3 was inefficiently glycosylated, but
the NGT insertion was fully glycosylated. No corresponding
peptide-N-glycosidase F-sensitive bands were noted for con-
structs lacking a signal peptide, consistent with the results of
Yount et al. (27) indicating that the N terminus is not exposed
to the ER lumen. A similar pattern was observed in Ifitm3-
transduced MEFs.

DISCUSSION

The Ifitm3 C terminus is inserted into the ER lumen, extra-
cellular at the plasmamembrane, and degradedwithin the inte-
rior of the lysosome. The fact that little or no detectable Ifitm3-
KDEL escapes the ER indicates that most, if not all, Ifitm3
molecules are oriented with ER-facing C termini. Similarly, the

fact that plasma membrane staining of Ifitm3-C9 is equally
bright on intact and permeabilized cells supports an entirely
extracellular C terminus.
Although extracellular Ifitm3N termini could be detected by

flow cytometry, robust expression of this conformation was
only detected in one of the two cell lines studied, and the inten-
sity of staining was very faint when compared with the signal
from staining of C-terminal epitopes. In contrast to the second
transmembrane domain, the first predicted transmembrane
domain fails to express in isolation, suggesting that it does not
function as an effective signal anchor. Our results (summarized
in Fig. 10) clearly indicate an extracellular C terminus and cyto-
solic N terminus. Thus, we conclude that Ifitm3 is a type II
transmembrane protein.
Since the discovery of the IFITM proteins, different investi-

gators have provided conflicting evidence about IFITMprotein
topology. How have these discrepancies arisen? Our present
work provides an explanation: rarely, Ifitm3 adopts an “alter-
nate” topology with an extracellular N terminus. Whether this
is a type III topology, as originally predicted, a type I topology
resulting from recognition of the intramembrane domain as a
signal anchor sequence, or a type I topology resulting from rec-
ognition of the transmembrane signal anchor in reverse orien-

FIGURE 9. The addition of a signal peptide to the Ifitm3 N terminus mimics a type III topology. A, 293T cells expressing FLAG-Ifitm3, Ifitm3-C9, or the same
constructs with the addition of an N-terminal CD5 signal peptide were stained for the appropriate epitopes and analyzed by flow cytometry. Alexa488, Alexa
Fluor 488. B, MEFs were analyzed by flow cytometry as above. C, a Western blot for the native Ifitm3 N terminus shows the relative expression of each construct
in 293T cells. Lysates were treated with peptide-N-glycosidase F to remove N-linked glycosylation of the N terminus. D, the relative expression of each construct
in MEFs is shown by Western blot. E, the N terminus of Ifitm3 can be glycosylated but is not normally accessible to cellular glycosylation machinery. Cells were
transfected (293T, top) or transduced (MEF, bottom) with constructs expressing C9-tagged Ifitm3 with or without a CD5 signal peptide (CD5-SP) and with or
without introduction of an additional NGT motif (�NGT (51–53)). Lysates were treated with peptide-N-glycosidase F (PNGaseF) or mock-treated as indicated
and analyzed by Western blot with antibodies against the native N terminus.
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tation remains unclear. Nonetheless, it is possible for some
investigators to identify IFITM protein N termini at the cell
surface (26), whereas others isolate N-terminally phosphory-
lated (11) or ubiquitylated (27) molecules.
Our results are consistent with those of previous experi-

ments that demonstrated ubiquitylation of Lys-24, phosphory-
lation of Tyr-20, and palmitoylation of Cys-71, Cys-72, and
Cys-105 of human IFITM3 (11, 27) but at odds with the obser-
vation of palmitoylation of murine Ifitm1 on Cys-103 (28).
Ifitm1 is unusual, however, in that its predicted extracellular C
terminus consists of a single residue (Arg-104) and its TM2may
therefore be relatively poorly anchored.
Our observations raise additional questions. Because the

alternate topology was not detected inMEFs, and Ifitm3 exhib-
its viral restriction activity in these cells, the presence of this
alternate topology is probably not relevant to the restriction
activity of Ifitm3. The alternate topology may, however, play
some other role. For example, some of the earliest observations
regarding IFITM1 revolved around the ability of IFITM1 anti-
bodies to induce cell-cell adhesion (24, 25). The alternate topol-
ogy might therefore preferentially associate with tetraspanins,
integrins, or other cell surface proteins.
Cell type may also be an important factor in influencing

IFITM protein topology. The early observations of IFITM1
antibody-induced intercellular adhesion were made in leuke-
mic B- and T-cells (24, 25). In the present study, extracellular N
termini were detected by flow cytometry when Ifitm3 was
expressed in 293T cells but not when Ifitm3 was expressed in
MEFs. Different cells may provide an environment conducive
to the stability of one topology over another.
Another consideration is whether or not other members of

the IFITM protein family “prefer” the alternate conformation
over the type II. Because phosphorylation of Tyr-20 by Fyn
kinase is necessary for localization of IFITM3 to endosomes
(11), the cytoplasmic orientation of the IFITM3 N terminus is
necessarily linked with its function. IFITM1, however, has no

analogous tyrosine and may have evolved to preferentially
adopt a different topology.
Whatever answers these questions might yield, the type II

topology appears to be the predominant and immunologically
active conformation of Ifitm3. This enhanced understanding of
IFITM protein topology should further inform our search for
Ifitm3 targets and cofactors.
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