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The interferon-induced transmembrane proteins (IFITMs) restrict infection by numerous viruses, yet the importance and regu-
lation of individual isoforms remains unclear. Here, we report that murine IFITM1 (mIFITM1) is palmitoylated on one noncon-
served cysteine and three conserved cysteines that are required for anti-influenza A virus activity. Additionally, palmitoylation of
mIFITM1 regulates protein stability by preventing proteasomal degradation, and modification of the nonconserved cysteine at
the mIFITM1 C terminus supports an intramembrane topology with mechanistic implications.

The interferon-induced transmembrane proteins (IFITMs)
have been described to inhibit infection by a wide range of

viruses, including important human pathogens such as influenza
virus, West Nile virus, severe acute respiratory syndrome (SARS)
coronavirus, human immunodeficiency virus, and dengue virus
(1–6). The viruses that are restricted share the common ability to
enter cells through endocytosis, and the restriction is indeed de-
pendent upon the glycoproteins used for cellular entry (1, 2). In-
hibition by IFITM3 occurs prior to influenza virus fusion with the
endosome (7), which is a primary site of IFITM3 localization (2, 7,
8). IFITM3 appears to promote acidification or merging of endo-
somes with lysosomes, thereby exposing viral particles to a degra-
dative environment (7–9). Consistent with this model, IFITM3
has recently been shown to reduce membrane fluidity and alter the
curvature of membranes in such a way that virus hemifusion from
within the endosome is inhibited while the fusion of opposing
membranes possessing IFITMs may be enhanced (10).

The mechanism by which IFITMs change membrane curva-
ture and the endolysosomal compartment is unknown. Address-
ing this question, we have recently proposed that the predicted
dual transmembrane topology for IFITM3 is incorrect and that
the active protein instead contains intramembrane domains that
do not fully span the lipid bilayer (Fig. 1A and B) (8). Partial
insertion of intramembrane domains into the membrane bilayer
is well understood to promote curvature by virtue of the bilayer
couple effect (Fig. 1B) (11). Evidence for this topology emerges
largely from analysis of posttranslational modifications of
IFITM3. Mass spectrometry and mutational analysis identified
ubiquitination of lysine 24 (K24) on the IFITM3 N terminus (8). If
the predicted topology is adopted, this residue would reside in the
endoplasmic reticulum (ER) or endosomal lumen. However,
known ubiquitin ligases are cytoplasmic, suggesting that the
IFITM3 N terminus is localized in the cytoplasm. This is also
supported by the discovery that phosphorylation of IFITM3 on
tyrosine 20 (Y20) by the cytoplasmic kinase Fyn is required for
IFITM3 antiviral activity (12). We further tested this alternative
topology hypothesis by demonstrating that neither the N nor the
C terminus nor the central loop domain of IFITM3 is exposed to
the ER lumen glycosylation machinery but an antivirally active
IFITM3 mutant engineered to possess myristoylation and preny-
lation motifs can be modified at its N terminus and C terminus by
cytoplasmic myristoylation and prenylation enzymes, respectively
(8). Moreover, our discovery of IFITM3 palmitoylation, a 16-car-

bon lipid modification, occurring on cysteine 71 (C71), C72, and
C105 within or adjacent to the two hydrophobic domains (3) is
consistent with an intramembrane topology, as palmitoylation is a
typical feature of known intramembrane proteins (13, 14), indi-
cating that this modification may be involved in recruiting or
anchoring intramembrane domains to membranes.

Thus, there is strong evidence that the N terminus of human
and mouse IFITM3 is cytoplasmic, and yet, the topology of active
IFITMs remains controversial due to earlier immunostaining ex-
periments indicating that both the N and C termini of IFITM3 are
extracellular (1, 15). We hypothesized that murine IFITM1
(mIFITM1), which possesses strong homology to mIFITM3 (74 of
106 amino acids are identical to those in mIFITM3) (Fig. 1C) and
has not been analyzed regarding posttranslational modifications,
may serendipitously provide evidence that the C terminus of a
naturally occurring and antivirally active IFITM variant is exposed
to cytoplasmic enzymes. mIFITM1 possesses three conserved cys-
teines (C49, C50, and C83) that are known to be palmitoylated on
IFITM3 and necessary for its complete anti-influenza virus activ-
ity (3), but it also contains a fourth, nonconserved cysteine near its
C terminus (C103) that is not found in most other IFITMs, in-
cluding the homologous human IFITM1. We cloned mIFITM1
into the pCMV-HA vector (Clontech) and made single cysteine
mutants in order to examine the contribution of each of these
cysteines to mIFITM1 palmitoylation. To measure palmitoyl-
ation, HEK293T cells in 6-well plates were transfected overnight
with 1.0 �g of wild-type (WT) hemagglutinin-conjugated mI-
FITM1 (HA-mIFITM1) or cysteine-to-alanine mutants using
Lipofectamine 2000 (Life Technologies). Cells were then metabol-
ically labeled for 1 h with the alk-16 chemical reporter of protein
palmitoylation (kindly provided by Howard C. Hang, Rockefeller
University) (16, 17) or dimethyl sulfoxide (DMSO) as a control.
Lysates were subjected to immunoprecipitation with anti-HA-
agarose antibody (Sigma). Precipitated protein was reacted with
azido-rhodamine (az-rho) via the copper-catalyzed azide-alkyne
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cycloaddition reaction commonly termed “click chemistry” to tag
alk-16-labeled proteins prior to SDS-PAGE (3, 16, 17). Fluores-
cence gel scanning allowed visualization of palmitoylation, and
immunoblotting (anti-HA antibody; Clontech) was performed to
show comparable protein loading (Fig. 1D). The results of this
study clearly indicated that each of the mIFITM1 conserved cys-
teines contributed to mIFITM1 palmitoylation but that loss of
C103 did not dramatically decrease palmitoylation in the presence
of the intact conserved cysteines.

We next generated mIFITM1 mutants in which the three con-
served cysteines were mutated to alanine (3C¡A) or all four cys-
teines were mutated (4C¡A) to test whether modification of
C103 could be observed in the absence of the conserved cysteines.
The initial experiments with these constructs and previously de-
scribed HA-mIFITM3 and HA-mIFITM3-3C¡A (having C71,
C72, and C105 mutated to A) constructs (3) indicated that the
mIFITM1-3C¡A and -4C¡A mutants had uniquely poor ex-
pression but that this difficulty could be overcome by transfecting
higher quantities of plasmid DNA for these mutants. An amount
of 1.0 �g of the wild-type HA-mIFITM1, HA-mIFITM1-C103A,
HA-mIFITM3, or HA-mIFITM3-3C¡A construct or 4.0 �g of
the HA-mIFITM1-3C¡A or -4C¡A mutant was transfected into
HEK293T cells, and palmitoylation analysis was performed using
the alk-16 chemical reporter and fluorescence gel scanning (Fig.

1E). These results demonstrate that mIFITM1 is primarily palmi-
toylated on its conserved three cysteines, similarly to IFITM3, but
that palmitoylation can also occur on C103. Palmitoylation at the
mIFITM1 C terminus would preclude adoption of the predicted
topology and further supports an intramembrane topology model
(Fig. 1B).

Given that palmitoylation of IFITM3 has been demonstrated
to affect its localization, including its membrane affinity and
homotypic clustering (3, 8, 18), we compared the cellular distri-
bution of HA-mIFITM1 and the palmitoylation-deficient
mIFITM1-4C¡A by confocal microscopy. HA-mIFITM1 was
observed to be primarily clustered in perinuclear compartments
with some additional diffuse staining, while HA-mIFITM1-
4C¡A appeared mostly diffuse with minimal clustering (Fig. 1F).
This imaging would suggest that palmitoylation plays a conserved
role on the IFITMs in controlling their localization.

Having identified palmitoylation on the conserved and non-
conserved cysteines of mIFITM1, we next examined the mecha-
nism leading to poor expression of the 3C¡A and 4C¡A mu-
tants, as we have repeatedly observed little effect of palmitoylation
on the stability of mIFITM3 (Fig. 1C) (3, 8, 19). To test for pro-
teasomal degradation of palmitoylation-deficient mIFITM1 mu-
tants, we transfected cells with equal amounts of plasmids express-
ing HA-mIFITM1 or mutants. After overnight transfection, cells

FIG 1 mIFITM1 is palmitoylated on conserved and nonconserved cysteines. (A, B) Potential transmembrane or intramembrane protein topologies for IFITMs
are depicted. Yellow circles indicate approximate locations of conserved cysteines, and the red circle indicates the approximate location of the nonconserved
cysteine at position 103 in mIFITM1. (C) Alignment of mIFITM1 and mIFITM3 is shown. Green shading indicates identical residues, and purple shading
indicates conservative amino acid substitutions based on the Gonnet PAM 250 matrix (28). Blue lines indicate hydrophobic domains, and yellow and red circles
indicate positions of conserved and nonconserved cysteines, respectively. (D to F) HEK293T cells were transfected overnight in 6-well plates with 1 �g/well of
plasmids expressing HA-mIFITM1, HA-IFITM1-C49A, HA-IFITM1-C50A, HA-IFITM1-C83A, HA-mIFITM-C103A, or HA-mIFITM3 or with 4 �g/well of
plasmids expressing HA-mIFITM1-3C¡A or HA-mIFITM1-4C¡A. Total amounts of DNA transfected in the experiment whose results are shown in panel E
were equalized using empty vector. For the experiments whose results are shown in panels D and E, 1 h of labeling with 50 �M alk-16 or DMSO as a control was
performed, and 1.5 mg protein in lysates was subjected to immunoprecipitation with anti-HA-agarose antibody and reacted by click chemistry with azido-
rhodamine (az-rho) prior to fluorescence gel scanning to visualize levels of protein palmitoylation. Western blotting with anti-HA antibody demonstrated
comparable protein loading. Data are representative of three experiments. For the experiment whose results are shown in panel F, cells were visualized by confocal
microscopy after paraformaldehyde fixation and staining with anti-HA antibody (green) and 4=,6=-diamidino-2-phenylindole (DAPI; blue).
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were treated with 25 �M proteasome inhibitor MG132 (Sigma) or
DMSO as a control for 24 h. Cell lysates were then separated by
SDS-PAGE and probed for HA-mIFITM1 expression by immu-
noblotting. The poor expression observed for the 3C¡A and
4C¡A mutants was efficiently rescued by MG132 treatment (Fig.
2A), suggesting that palmitoylation serves to stabilize mIFITM1
by preventing proteasomal degradation. To further confirm this
finding, we examined whether increasing mIFITM1 palmitoyl-
ation would promote higher cellular levels of this protein. Palmi-
toylation is installed onto proteins primarily by a family of en-
zymes known as the zinc finger Asp-His-His-Cys (zDHHC)
domain-containing palmitoyltransferases (20, 21). zDHHC7 is
among the most promiscuous of the mammalian zDHHC pro-
teins in terms of substrate specificity (22), and we have found
overexpression of this protein to be a useful tool to increase pal-
mitoylation of multiple proteins. As such, the overexpression of
HA-zDHHC7, compared to the overexpression of glutathione S-
transferase (GST) as a control (both kindly provided by Masaki
Fukata, National Institute for Physical Sciences, Japan) (23), sig-
nificantly increased the palmitoylation of HA-mIFITM1, by ap-

proximately 4-fold (Fig. 2B and C). A corresponding 1.8-fold in-
crease in the HA-mIFITM1 protein level was observed in cell
lysates, while no change in the level of HA-mIFITM1-4C¡A was
observed upon zDHHC7 overexpression (Fig. 2D and E). The
difference in fold changes observed for palmitoylation and overall
protein level is likely due to palmitoylation occurring on multiple
cysteines per mIFITM1 molecule. Overall, the examination of
mIFITM1 has uncovered a previously undescribed role for palmi-
toylation of IFITMs in regulating protein stability and abundance.

To investigate the effect of palmitoylation of mIFITM1 on its
anti-influenza virus activity, we sought to decouple the role of
palmitoylation in regulating protein levels from a potential addi-
tional role in virus restriction. We achieved comparable expres-
sion levels of HA-mIFITM1 and its mutants as measured by flow
cytometry by transfecting four times more plasmid DNA for the
mIFITM1-3C¡A and -4C¡A mutants (Fig. 3A). The total
amounts of DNA transfected were equalized using the empty
pCMV-HA vector. The majority of HA-positive cells expressed
comparable levels of protein, though cells transfected with palmi-
toylation-deficient mutants showed fewer cells expressing ex-

FIG 2 Palmitoylation of mIFITM1 prevents proteasomal degradation. (A) HEK293T cells were transfected overnight in 6-well plates with 1 �g/well plasmids
expressing the indicated proteins. Cells were then treated for 24 h with 25 �M MG132 or DMSO as a control. Western blotting was performed with anti-HA
antibodies to examine HA-mIFITM1 protein levels in the cells, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was used to demon-
strate comparable loading. Data are representative of three experiments. (B to E) Cells were transfected with 2 �g/well of plasmid expressing HA-mIFITM1 or
HA-mIFITM1-4C¡A in combination with 2 �g/well of plasmid expressing either GST or HA-zDHHC7. (B) An amount of 250 �g GST sample or 125 �g
HA-zDHHC7 sample was subjected to immunoprecipitation with anti-HA-agarose antibody and reacted by click chemistry with azido-rhodamine (az-rho)
prior to fluorescence gel scanning to visualize levels of protein palmitoylation. Western blotting with anti-HA antibody detected the amounts of HA-zDHHC7
and HA-mIFITM1 in the immunoprecipitates. (C) Quantification of palmitoylation signal from four experiments normalized for protein loading. Palmitoyl-
ation of HA-mIFITM1 in the presence of GST was set at a value of 1.0, and the error bars indicate the standard errors of the means of the four experiments. *, P �
0.014 by Student’s t test. (D) Western blotting of cell lysates with anti-HA antibody demonstrated the levels of HA-mIFITM1, as well as the expression of
HA-zDHHC7. Blotting with anti-GAPDH antibody provided a loading control. (E) Quantification of HA-mIFITM1 protein levels from six experiments and
HA-mIFITM1-4C¡A protein levels from three experiments normalized for protein loading. The level of HA-mIFITM1 in the presence of GST was set at a value
of 1.0, and the error bars indicate the standard errors of the means. **, P � 0.001 by Student’s t test.
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tremely high levels of the proteins (Fig. 3A). Transfected cells were
mock infected or infected with influenza virus strain A/Puerto
Rico/8/34 (H1N1) (PR8) at a multiplicity of infection of 2.5 for 6
h, fixed, and stained with anti-HA antibody (Covance) to identify
cells expressing IFITMs. Cells were gated based on the expression
of the IFITMs, and these subsets were analyzed for the percentage
of cells that were infected as judged by positive staining with anti-
influenza virus nucleoprotein antibodies (ab20343; Abcam). An
empty vector transfection control provided a baseline for maximal
infection (Fig. 3B). Cells expressing either HA-mIFITM1 or HA-
mIFITM3 were significantly protected from infection, demon-
strating that, when overexpressed, both of these proteins are sim-
ilarly able to restrict influenza A virus infection (Fig. 3B).
Mutation of the three conserved cysteines (3C¡A) in HA-
mIFITM1 resulted in an increased rate of infection compared to
the results for WT HA-mIFITM1, though this protein still re-
tained the ability to provide a reduction in infection compared to
the results for vector control cells (Fig. 3B). The HA-mIFITM1-
C103 mutant showed a similar ability to inhibit virus infection
compared to the inhibition by HA-mIFITM1, though a role for
C103 in contributing to antiviral activity was revealed when the
conserved cysteines were also mutated (Fig. 3B, HA-mIFITM1-

4C¡A). Similar results were obtained when infecting with a sec-
ond strain of influenza virus known as X31 (kindly provided by
Thomas Moran and Bruno Moltedo, Mt. Sinai School of Medi-
cine, New York, NY) (Fig. 3B). This virus is a reassortant of the
PR8 virus containing the hemagglutinin and neuraminidase of
influenza virus A/Aichi/2/1968, making X31 an H3N2 strain. We
also performed a specificity control using Sendai virus (SeV)
strain Cantell (ATCC). This prototypical paramyxovirus is well
characterized to utilize pH-independent fusion at the cell surface
(24) and would be expected to avoid IFITM restriction in the
endolysosomal compartment. Indeed, no effect of IFITM1, IF-
ITM1 mutants, or IFITM3 on the infection of HEK293T cells by
this virus as analyzed using anti-SeV antibodies (code no. PD029;
MBL) was observed by flow cytometry (Fig. 3B).

Overall, these data indicate that palmitoylation at C103 is
largely redundant and can only partially compensate for loss of
palmitoylation on the mIFITM1 conserved cysteines. Nonethe-
less, the clearly observed and reproducible change in antiviral ac-
tivity between the mIFITM1-3C¡A and -4C¡A mutants dem-
onstrates that modification of a naturally occurring and antivirally
active IFITM variant at its C terminus by palmitoylation machin-
ery known to exist in the cytoplasm contributes to anti-influenza
virus activity, increasing the support for an intramembrane topol-
ogy with both N and C termini facing the cytoplasm. This addi-
tional evidence for an IFITM intramembrane topology suggests
that changes in membrane curvature upon IFITM expression may
be driven directly by their partial bilayer insertion and the bilayer
couple effect (Fig. 1B) (11). It will be interesting to determine
whether IFITMs artificially targeted to other cellular organelles
can exert an effect similar to their alteration of endosomes.

Two recent studies have demonstrated the essentiality of
IFITM3 in protecting mouse models from influenza virus infec-
tions (25, 26). Interestingly, the progression of infection in mice
missing all IFITMs was indistinguishable from the progression of
infection by the knockout of IFITM3 alone (25, 26). It was also
shown that a mutation in humans rendering IFITM3 inactive oc-
curred more frequently in patients hospitalized for severe influ-
enza virus infection than in a control population (25). These data
suggest that IFITM1, though able to inhibit influenza virus in
overexpression systems and despite expression in bronchial epi-
thelium (27), is not able to compensate for the loss of IFITM3 in
vivo (25, 26). This conundrum may be explained by the inherent
instability of IFITM1, which requires palmitoylation to prevent its
proteasomal degradation (Fig. 2). This is in contrast to IFITM3,
which is robustly expressed even in the absence of palmitoylation
(Fig. 1E) (3, 8, 19), perhaps allowing the time needed for palmi-
toylation and, thus, its maximal activation to occur. Our results
demonstrate that increasing the palmitoylation levels of IFITM1
enhances its stability and could be of preventative or therapeutic
benefit in the treatment of influenza virus disease, particularly in
the absence of IFITM3.
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