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ABSTRACT

Tetherin is an interferon-inducible restriction factor targeting a broad range of enveloped viruses. Its antiviral activity depends
on an unusual topology comprising an N-terminal transmembrane domain (TMD) followed by an extracellular coiled-coil re-
gion and a C-terminal glycosylphosphatidylinositol (GPI) anchor. One of the two membrane anchors is inserted into assembling
virions, while the other remains in the plasma membrane of the infected cell. Thus, tetherin entraps budding viruses by physi-
cally bridging viral and cellular membranes. Although tetherin restricts the release of a large variety of diverse human and ani-
mal viruses, only mammalian orthologs have been described to date. Here, we examined the evolutionary origin of this protein
and demonstrate that tetherin orthologs are also found in fish, reptiles, and birds. Notably, alligator tetherin efficiently blocks
the release of retroviral particles. Thus, tetherin emerged early during vertebrate evolution and acquired its antiviral activity
before the mammal/reptile divergence. Although there is only limited sequence homology, all orthologs share the typical topol-
ogy. Two unrelated proteins of the slime mold Dictyostelium discoideum also adopt a tetherin-like configuration with an N-ter-
minal TMD and a C-terminal GPI anchor. However, these proteins showed no evidence for convergent evolution and failed to
inhibit virion release. In summary, our findings demonstrate that tetherin emerged at least 450 million years ago and is more
widespread than previously anticipated. The early evolution of antiviral activity together with the high topology conservation
but low sequence homology suggests that restriction of virus release is the primary function of tetherin.

IMPORTANCE

The continuous arms race with viruses has driven the evolution of a variety of cell-intrinsic immunity factors that inhibit differ-
ent steps of the viral replication cycle. One of these restriction factors, tetherin, inhibits the release of newly formed progeny viri-
ons from infected cells. Although tetherin targets a broad range of enveloped viruses, including retro-, filo-, herpes-, and arena-
viruses, the evolutionary origin of this restriction factor and its antiviral activity remained obscure. Here, we examined diverse
vertebrate genomes for genes encoding cellular proteins that share with tetherin the highly unusual combination of an N-termi-
nal transmembrane domain and a C-terminal glycosylphosphatidylinositol anchor. We show that tetherin orthologs are found
in fish, reptiles, and birds and demonstrate that alligator tetherin efficiently inhibits the release of retroviral particles. Our find-
ings identify tetherin as an evolutionarily ancient restriction factor and provide new important insights into the continuous
arms race between viruses and their hosts.

Viruses have most likely existed since the first living cells
emerged and infect species from all three domains of life, i.e.,
archaea, bacteria, and eukaryotes (1). During hundreds of mil-
lions of years, cellular organisms have evolved sophisticated and
highly diversified antiviral defense strategies to secure their sur-
vival. Even prokaryotic bacteria and archaea are able to defend
themselves against invading viruses by degrading viral nucleic ac-
ids using restriction enzymes (2) and clustered regularly inter-
spaced short palindromic repeats (CRISPR) (3). With the evolu-
tion of multicellular eukaryotic organisms more than 600 million
years ago (mya), the variety of antiviral defense mechanisms has
significantly expanded. The immune system of higher organisms
is classically divided into two branches: the innate immune sys-
tem, which recognizes and counteracts pathogens in a generic and
unspecific way, and the adaptive immune system, which is antigen
specific and may confer long-lasting immunity against certain
pathogens. Whereas the classical adaptive immune system evolved
in jawed fish and is unique to vertebrates (4), the innate immune
system is substantially older. Effector mechanisms such as the gen-
eration of reactive oxygen or nitrogen species, antimicrobial pep-
tides, complement-like proteins, or cytokines can already be
found in ancient invertebrates such as arthropods, mollusks, and
cnidarians (5-9).

In recent years, several “intrinsic immunity” or “host restric-
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tion” factors have been identified (10). These antiviral proteins are
not unambiguously defined but usually share several characteris-
tics. For example, their expression is often upregulated by inter-
ferons and they represent a first line of defense against viral infec-
tions (11). Furthermore, restriction factors often inhibit specific
steps of the viral replication cycle by targeting conserved viral
components. As a result of the continuous evolutionary arms race
between viruses and their hosts, most restriction factors show sig-
natures of positive selection and act in a species-specific manner
(12).
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Four well-characterized antiretroviral restriction factors are
TRIM5a (tripartite motif 5a), APOBEC3G (apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide-like 3G), SAMHD1
(sterile alpha motif and histidine/aspartic acid domain-contain-
ing protein 1), and tetherin. TRIM5a induces the untimely un-
coating of the incoming retroviral capsid (13), APOBEC3G is a
deaminase introducing lethal hypermutations into the viral ge-
nome (14), SAMHDI1 inhibits reverse transcription by depleting
intracellular deoxynucleoside triphosphate (ANTP) pools (15,
16), and tetherin restricts the release of newly formed virions from
infected cells (17, 18). Whereas the antiviral activities of TRIM5aq,
APOBEC3G, and SAMHDI are largely restricted to retroviruses,
tetherin inhibits diverse enveloped viruses, including retro-, filo-,
rhabdo-, herpes-, arena-, flavi-, corona-, and paramyxoviruses
(17, 19-27). This broad activity can be attributed to its ability to
target viral membranes instead of a specific viral protein (28).
Tetherin has an unusual topology. It comprises two membrane
anchors, an a-helical transmembrane domain (TMD) and a C-
terminal glycosylphosphatidylinositol (GPI) anchor, which are
linked by an extracellular coiled-coil domain (29). Budding viri-
ons incorporate one of these two membrane anchors, whereas the
other one remains embedded in the membrane of the cell (30).
Thus, tetherin inhibits the release of newly formed virions by di-
rectly linking viral and cellular membranes (28). Although teth-
erin has broad activity against different human and animal vi-
ruses, only mammalian orthologs have been described. Here, we
investigated the deep evolutionary origin of this antiviral protein
to further elucidate its role in intrinsic antiviral immunity.

MATERIALS AND METHODS

Expression plasmids. Tetherin and ponticulin genes were cloned into the
cytomegalovirus (CMV) promoter-based pCG expression vector via Xbal
and Mlul (31). An internal ribosome entry site (IRES) enhanced green
fluorescent protein (eGFP) or IRES DsRed cassette was inserted via
BamHI so that the gene of interest was expressed together with the fluo-
rophore from a single bicistronic mRNA. The ponticulin A and B genes as
well as the coelacanth and alligator orthologs of tetherin were codon op-
timized to enhance expression in human cells. In some experiments,
FLAG-tagged variants of tetherin or ponticulin were used. The PIG-L
expression vector (pMEEB-PIG-L-FLAG) was kindly provided by Taroh
Kinoshita (32).

Proviral constructs. Virion release was quantified using a vpu-defi-
cient mutant of human immunodeficiency virus type 1 (HIV-1) group M
NL4-3 that has been described previously (33). The lack of vpu renders
this virus susceptible to inhibition by human tetherin. The V3 region of
92THO014-12 env was introduced to render this virus R5 tropic (34).

Cell culture and transfections. Human embryonic kidney 293T
(HEK293T) cells (obtained from the American Type Culture Collection
[ATCC]) were first described by DuBridge et al. (35). They were main-
tained in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum (FCS) and 2 mM glutamine, streptomycin (120
mg/ml), and penicillin (120 mg/ml). The Chinese hamster ovary (CHO)
IIIB2A cell line and its PIG-L-deficient derivative (kindly provided by
Taroh Kinoshita) were first described by Nakamura and colleagues (32).
These cell lines were generated by stably transfecting CHO-K1 cells with
expression vectors for DAF and CD59. They were cultured in a mixture of
75% supplemented DMEM and 25% supplemented Ham’s F12 medium.
HEK293T and CHO cells were transfected using the calcium phosphate
method and Lipofectamine LTX, respectively.

Western blotting. To monitor expression of tetherin and ponticulin,
transfected HEK293T cells were lysed in TMPER and M-PER buffer
(Thermo Scientific) 2 days posttransfection, respectively. Cell lysates were
separated in 4% to 12% Bis-Tris gels (Invitrogen) and transferred to poly-
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vinylidene difluoride (PVDF) membranes. Blots were probed with anti-
bodies against the FLAG tag (F1804; Sigma). For internal controls, blots
were incubated with antibodies specific for B-actin (8227; abcam) and
GFP (ab290; abcam). Subsequently, membranes were incubated with an-
ti-mouse or anti-rabbit IRDye Odyssey antibodies and proteins were de-
tected using a Li-COR Odyssey scanner.

Flow cytometry. To determine protein levels at the cell surface, cells
were transfected with 5 wg (HEK293T, calcium phosphate, 6 wells) or 1
pg (CHO, Lipofectamine LTX, 12 wells) of vectors coexpressing eGFP
and the respective gene. Two days posttransfection, cells were stained
extracellularly with an antibody against the FLAG tag (F1804; Sigma) and
asecondary allophycocyanin (APC)-conjugated anti-mouse antibody (A-
865; Invitrogen). Fluorescence was detected by two-color flow cytometry,
and surface expression levels of eGFP-positive cells were calculated.

Immunofluorescence microscopy. To analyze the subcellular local-
ization of tetherin, HEK293T or CHO cells were seeded in ibidi 8-well
p-slides and transfected with 0.25 pg of vectors expressing the respective
gene using Lipofectamine LTX. At 16 h later, cells were stained with an
antibody against the FLAG tag (F1804; Sigma) and a secondary Alexa
Fluor 647-conjugated anti-mouse antibody (A21237; Life Technologies).
Nuclei were stained with Hoechst 33342 (H1399; Life Technologies).
HEK293T cells were additionally stained for the trans-Golgi network us-
ing an anti-human TGN46 antibody (AHP500GT; Serotec) and a second-
ary Alexa Fluor 488-conjugated anti-sheep antibody (A11015; Life Tech-
nologies). Cells were analyzed using a confocal laser scanning microscope
(LSM 7105 Zeiss) with the corresponding software (Zeiss Zen Software
[2010]).

Virus release assay. To determine tetherin-mediated restriction of
virion release, HEK293T cells were seeded in 6-well plates and transfected
with 5 g of a proviral construct and increasing amounts of a plasmid
coexpressing tetherin or ponticulin. At 40 h posttransfection, cells and
supernatants were lysed in Triton X-100 and the relative levels of p24
release were determined using a homemade p24 enzyme-linked immu-
nosorbent assay (ELISA).

Topology prediction software. TTMHMM Server v. 2.0 (http://www
.cbs.dtu.dk/servicess TMHMMY/), PSIPRED v3.3 (http://bioinf.cs.ucl.ac
.uk/psipred/), COILS/PCOILS (http://toolkit.tuebingen.mpg.de/pcoils/),
and PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm) were
used to predict the presence and localization of transmembrane domains,
B-sheet secondary structures, coiled-coil domains, and GPI anchor addi-
tion omega sites, respectively.

Statistical analyses. Statistical calculations were performed with a
two-tailed unpaired Student’s f test or a one-sample ¢ test using Graph Pad
Prism 5.03. P values of <0.05 were considered statistically significant.

Nucleotide sequence accession numbers. The GenBank accession
numbers for the tetherin ortholog sequence data reported in this article
are listed in Table 1.

RESULTS

The tetherin gene arose >450 million years ago. To date, or-
thologs of tetherin (also called BST2 or CD317) have been identi-
fied in a variety of placental mammals, including primates, ro-
dents, ungulates, and carnivorans (36). With the exception of
tetherin from the gray-handed night monkey Aotus lemurinus gri-
seimembra (37), all tetherin orthologs tested are able to inhibit the
egress of enveloped viruses from infected cells. While the general
topology consisting of an N-terminal TMD, a coiled-coil ectodo-
main, and a C-terminal GPI anchor is highly conserved, there is
often only minimal sequence homology between different teth-
erin orthologs (36). This is in line with the finding that the overall
protein configuration rather than the primary sequence is critical
for its antiviral activity (28).

To identify novel tetherin orthologs, we combined sequence
analyses with in silico topology predictions and in vitro assays. An
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initial BLAST search using known tetherin sequences from pla-
cental mammals led to the identification of potential tetherin/bst2
orthologs in marsupials (Monodelphis domesticus, Sarcophilus har-
risii), crocodilians (Alligator sinensis), turtles (Chrysemis picta,
Pelodiscus sinensis), and birds (Meleagris gallopavo) (Fig. 1A and
Table 1). Despite very limited sequence homology (Fig. 1B), all
genes identified share similar exon-intron structures (Table 1)
and are located at a specific locus flanked by genes encoding the
plasmalemma vesicle-associated protein (PLVAP) and cartilage
intermediate layer protein 2 (CILP2) (Fig. 1A). This strongly sug-
gests that the identified genes represent true orthologs of tetherin.
Furthermore, all of these proteins are predicted to have the typical
topology of this restriction factor (Fig. 1B and C and Table 1). The
TMHMM Server v. 2.0 bioinformatics tool predicted the presence
of an N-terminal TMD with a length of 16 to 23 amino acids (aa)
(Fig. 1B and Table 1), and, according to the PredGPI analysis
software, the probability of the presence of a C-terminal GPI an-
chor was >95% for most of these species (Fig. 1B and Table 1).
Finally, the COILS/PCOILS algorithm predicted the presence of
extracellular left-handed coiled-coil domains in all proteins (Fig.
1B and Table 1). Using the MTIDK matrix, probabilities for the
presence of coiled coils of above 90% were found for all scanning
windows (28, 21, and 14 residues) (see Fig. S1 in the supplemental
material). The probabilities determined by the use of weighted
and unweighted matrices were similar, indicating that elevated
scores were not due to a high incidence of positively charged res-
idues but are indicative of the presence of real coiled-coil struc-
tures.

Since some tetherin orthologs may have been missed due to
low sequence homology between tetherins from different ver-
tebrate classes, we also manually searched for genes encoding
proteins with a predicted tetherin-like configuration. To this
end, we took advantage of the high conservation of the plvap
and cilp2 genes and screened the respective syntenic blocks in
various vertebrate and invertebrate species. In addition to the
orthologs identified by the BLAST algorithm, we identified
genes in the coelacanth (Latimeria chalumnae) and the elephant
shark (Callorhinchus milii) which very likely represent the tetherin
orthologs of these species. Like the genes of all other tetherin vari-
ants, these piscine genes are adjacent to plvap and encode proteins
with a predicted TMD, a coiled-coil ectodomain, and a GPI an-
chor attachment site (Fig. 1 and Table 1; see also Fig. S1 in the
supplemental material). Notably, sequence analyses did not iden-
tify any tetherin orthologs in higher invertebrates such as Tuni-
cata, Echinodermata, or Cephalochordata. These findings suggest
that a tetherin gene arose early during vertebrate evolution, at least
450 million years ago, before the separation of cartilaginous fish
from bony vertebrates (38).

Gene erosion may have resulted in the loss of tetherin in
many bird species. Although tetherin emerged before the diver-
gence of reptiles and birds from mammals and can been found in
turkeys (Fig. 1), many bird species lack an obvious tetherin open
reading frame (ORF) and seem to contain deletions in the plvap/
cilp2 intergenic region (Fig. 2A). In some bird species (e.g., pere-
grine falcons, rock pigeons, bald eagles, and crested ibises), this
genetic erosion seems to have resulted in a complete loss of the
tetherin gene. Other species such as the common cuckoo or the
saker falcon retained at least exons 3 and 4 (Fig. 2). The latter
species are predicted to express fusion proteins consisting of
CILP2 and the C-terminal part of tetherin (Fig. 2B). Although
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these fusion proteins comprise the GPI anchor attachment site
encoded by exon 4 of tetherin, the N-terminal CILP2 part is not
predicted to form a TMD and it remains to be determined whether
these proteins exert any antiviral activity. Interestingly, turkeys
also contain such a cilp2-tetherin fusion gene in addition to their
regular tetherin ortholog, suggesting that duplication events
and/or gene rearrangements may have preceded the gene loss in
the cilp2-plvap locus (Fig. 2). Turkeys are morphologically conser-
vative members of the ancient superorder Galloanserae, indicating
that the loss of tetherin occurred after the divergence of turkeys
from modern birds (i.e., Neoaves). In agreement with this hypoth-
esis, we also identified a putative tetherin ortholog in chickens,
another member of the Galloanserae superorder (Fig. 2 and Table
1). In chickens, the cilp2/plvap syntenic block has been disrupted
and tetherin is not flanked by the cilp2 and plvap genes (Fig. 2A).
The high incidence of deletions and gene rearrangements is in line
with the recent observation that birds have experienced a massive
reduction in genome size, including the disruption of more than
100 conserved syntenic blocks (39, 40).

Piscine, reptilian, and mammalian tetherins are GPI-an-
chored cell surface proteins. To functionally characterize dis-
tantly related tetherin variants, we selected orthologs of humans
and coelacanths as well as both isoforms (X1 and X2) of Chinese
alligator tetherin. These species represent the groups of mammals,
fish, and Sauropsida. Although alligator isoforms X1 and X2 share
exons 3 and 4, they differ substantially in their N-terminal halves,
including the short intracellular tail, the TMD, and parts of the
ectodomain. Chinese hamster tetherin was also included in the
analyses since this ortholog has been suggested to almost exclu-
sively localize to the Golgi apparatus (41), whereas most previ-
ously described tetherin variants are mainly found at the cell sur-
face. Western blotting showed that all orthologs are efficiently
expressed from CMV promoter-based expression vectors (see Fig.
S2A in the supplemental material). The detection of multiple
bands ranging from 18 kDa to more than 125 kDa suggested that
all tetherins are subject to posttranslational modifications, pre-
sumably N-linked glycosylation (see Fig. S2A).

Next, we analyzed the subcellular localization of human, ham-
ster, coelacanth, and alligator tetherin in transfected HEK293T
and CHO cells. Flow cytometry revealed that all these proteins are
expressed at the cell surface, where virion trapping occurs (17)
(see Fig. S2B in the supplemental material). However, surface lev-
els of the coelacanth ortholog and the X1 isoform of alligator
tetherin were lower than those of human, hamster, and alligator
X2 tetherin (see Fig. S2B). This expression phenotype was con-
firmed by immunofluorescence microscopy of transfected
HEK293T (Fig. S2C) and CHO (Fig. 3A) cells. Whereas the hu-
man, hamster, and alligator X2 tetherins were preferentially ex-
pressed at the cell surface, substantial amounts of coelacanth and
alligator X1 tetherin were also localized to a perinuclear compart-
ment (Fig. 3A; see also Fig. S2C).

To verify the presence of a GPI anchor, we took advantage of
the availability of a mutant CHO cell line that lacks a functional
pig-I gene and thus fails to synthesize this membrane anchor (32).
As previously shown (28), the localization of human tetherin was
largely restricted to intracellular compartments in GPI anchor-
deficient cells (Fig. 3B). A similar redistribution from the cell sur-
face to the cytoplasm was observed for hamster, coelacanth, and
both alligator tetherins (Fig. 3B), indicating that all these or-
thologs represent GPI-anchored proteins. Flow cytometric analy-
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FIG 1 Identification of previously undescribed tetherin orthologs. (A) Syntenic blocks containing yjefn3 (YjeF N-terminal domain-containing 3), cilp2 (Car-
tilage Intermediate-Layer Protein 2), bst2/tetherin, plvap (plasmalemma vesicle-associated protein), and ano8 (anoctamin 8) of diverse vertebrate species are
shown on the right. Arrows indicate the direction of the ORFs. Gaps represent larger genome regions containing additional ORFs. A phylogenetic tree of
vertebrate evolution (72) is shown on the left. Red numbers indicate divergence time estimates (in millions of years ago) for major nodes that are based on Inoue
etal. (42). (B) Protein sequence alignment of tetherin orthologs from mammals, reptiles, and fishes. Dashes indicate gaps that were introduced to improve the
alignment. Predicted TMDs are highlighted in red and coiled-coil regions in blue. The GPI anchor attachment site ({ site) is shown in pink. X1 to X3 designate
different tetherin isoforms from one species. (C) Cartoon of tetherin illustrating its typical topology comprising an N-terminal TMD (red), an extracellular

coiled-coil domain (blue), and a C-terminal GPI lipid raft anchor (pink).
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TABLE 1 Tetherin orthologs from mammals, reptiles, and fishes”

Protein % GPI
Exon length (nt) length  anchor
Accession no. Species Exonl Exon2 Exon3 Exon4 Exon5 Exon6 Exon7 (aa) probability
NP_004326 Homo sapiens (human) 285 67 61 130 180 99.4
NP_001231044 Cricetulus griseus (Chinese hamster) 288 181 40 103 203 99.9
XP_007489270 Monodelphis domestica (gray short- 246 55 61 100 153 100.00
tailed opossum)
XP_012399618 Sarcophilus harrisiia (Tasmanian devil) 219 76 61 97 150 100.00
XP_006017475 (isoform X1) Alligator sinensis (Chinese alligator) 216 97 49 130 163 99.9
XP_006017476 (isoform X2) Alligator sinensis (Chinese alligator) 186 88 49 130 150 99.9
XP_008169758 (isoform X1) Chrysemis picta bellii (Western painted 321 97 82 151 216 100.0
turtle)
XP_008169759 (isoform X2) ~Chrysemis picta bellii (Western painted 321 85 49 154 202 99.9
turtle)
XP_005279003 (isoform X3) Chrysemis picta bellii (Western painted 315 85 49 154 200 100.0
turtle)
XP_006132368 Pelodiscus sinensis (Chinese soft- 270 97 53 97 49 174 76 271 95.0
shelled turtle)
XP_010723297 (isoform X1) Meleagris gallopavo (turkey) 330 97 133 81 10 216 81.8
XP_010723300 (isoform X2) Meleagris gallopavo (turkey) 330 97 133 66 10 211 87.4
XP_418228 Gallus gallus (chicken) 651 97 133 81 10 323 67.7
XP_006001674 Latimeria chalumnae (West Indian 342 97 154 126 7 241 37.3
QOcean coelacanth)
XP_007897024 Callorhinchus milii (elephant shark) 258 97 115 115 194 99.9

“ A TMD and a coiled-coil domain were predicted for each of the tetherin orthologs. aa, amino acids; nt, nucleotides.

ses confirmed that tetherin surface levels were reduced in the ab-
sence of a functional GPI anchor (Fig. 3C). Notably, the PIG-L
deficiency specifically affected the plasma membrane localization
of GPI-anchored proteins, since surface expression of tetherin but
not of the CD4 receptor was rescued by exogenous overexpression
of PIG-L (see Fig. S3 in the supplemental material).

Tetherin’s ability to restrict virus release evolved at least 310
million years ago. To investigate whether the ability to restrict virus
release is an evolutionarily ancient function of tetherin, we analyzed
the release of the human immunodeficiency virus 1 (HIV-1) from
HEK293T cells cotransfected with increasing amounts of tetherin and
a vpu-deficient mutant of HIV-1 NL4-3 that fails to antagonize this
restriction factor. Two days posttransfection, p24 levels in the cells
and culture supernatants were quantified by ELISA to calculate virus
release. Human, hamster, and alligator X2 tetherin efficiently re-
stricted viral particle release in a dose-dependent manner (Fig. 4). In
comparison, coelacanth tetherin showed only marginal inhibitory
activity and alligator X1 tetherin had no effect. These results demon-
strate that not only mammals but also reptiles and possibly fish carry
genes that encode tetherin orthologs with antiviral activity. Thus, the
ability to restrict the egress of budding virions evolved at least 310
mya, before the divergence of reptiles from mammals (42).

Ponticulins do not restrict virus release, although they share
a tetherin-like topology. Since the primary amino acid sequence
is not critical for the ability of tetherin to restrict virus release (28),
we wondered whether completely unrelated proteins with a teth-
erin-like topology might also show antiviral activity. Only a very
small number of proteins containing an N-terminal TMD and a
C-terminal GPI anchor have been described. Among them are
ponticulin A and B, encoded by genes carried by the slime mold
Dictyostelium discoideum (43, 44) (Fig. 5A). In contrast to teth-
erin, which contains a single a-helical TMD, ponticulins span the
membrane multiple times via hydrophobic B-strand structures
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(43, 45) (Fig. 5A). Flow cytometric analyses of transfected CHO
cells confirmed the presence of a GPI anchor, since surface expres-
sion was completely abrogated in the absence of a functional pig-/
gene (Fig. 5B). Although both proteins were efficiently expressed
in HEK293T cells (Fig. 5C), they failed to inhibit the release of
retroviral particles (Fig. 5D). Thus, the combination of an N-ter-
minal TMD and a C-terminal GPI anchor is not sufficient to con-
fer antiviral activity to a protein. Notably, the extracellular loop of
ponticulin linking the TMD and GPI anchor is only very short and
is not predicted to adopt a coiled-coil structure (see Fig. $4 in the
supplemental material). Thus, the lack of a flexible ectodomain
may account for the absence of antiviral activity in ponticulin A
and B.

DISCUSSION

In the present report, we show that orthologs of the restriction
factor tetherin are found in various marsupial, bird, reptile, and
fish species. The most basal species carrying a tetherin gene was the
elephant shark, or Australian ghost shark (Callorhinchus milii), a
“living fossil” that is evolutionarily even older than the coelacanth.
This indicates that tetherin emerged at least 450 mya, before the
divergence of bony vertebrates from the elephant shark (38).
The elephant shark is not only one of the oldest but also among the
most slowly evolving jawed vertebrate species (38). It has accumu-
lated only a very low number of chromosomal rearrangements
and has experienced fewer intron gains or losses than any bony
vertebrate (38). We took advantage of this low evolution rate to
examine whether tetherin may be the result of a duplication event
involving a neighboring gene. Notably, we found some minor
sequence homology between tetherin and the plasmalemma vesi-
cle-associated protein (PLVAP) of this species (data not shown),
indicating that the two proteins may share a common ancestry.
According to the TMHMM Server v. 2.0, COILS/PCOILS, and
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FIG 2 Avian tetherin. (A) The bst2/tetherin gene loci of the indicated bird species are shown. Arrows indicate the direction of the ORFs. Overlapping arrows
represent cilp2-bst2 fusion genes. A phylogenetic tree of bird evolution (73) is shown on the left. Red numbers indicate divergence time estimates (in millions of
years) for major nodes determined on the basis of data from Green et al. (crocodilian-bird divergence) (74) and Jarvis et al. (intra-avian divergence) (73). (B)
Amino acid alignment of alligator X2 tetherin with the CILP2-tetherin fusion proteins of the common cuckoo (XP_009566634), the saker falcon
(XP_005444407), and the turkey (XP_010723307). Only the C-terminal ends of the fusion proteins are depicted. Dashes indicate gaps that were introduced to
improve the alignment. Sequence comparison revealed that exons 3 and 4 of tetherin (highlighted in red) are fused to the C terminus of cuckoo, saker falcon, and
turkey CILP2. Identical amino acids are shown in gray. The GPI anchor attachment site (£ site) is highlighted in pink.

PredGPI bioinformatics tools, the latter is predicted to have an
N-terminal TMD which is followed by a coiled-coil region and a
30% probability of a GPI anchor at its C terminus. However, the
overall homology is very low and it remains to be determined
whether PLVAP constitutes the true ancestor of tetherin.

The analysis of piscine, reptilian, and mammalian orthologs of
tetherin revealed that its ability to restrict virion release evolved at
least 310 million years ago. Since tetherin directly targets the bud-
ding process rather than a specific viral protein (28), it restricts the
egress of a large variety of enveloped viruses. Thus, although only
HIV was tested in the present study, these findings are most likely
applicable to the restriction of other enveloped viruses as well. The
specific viruses that have driven the early evolution of tetherin
remain unknown. However, paleovirological analysis of endoge-
nous virus elements (EVEs) has clearly demonstrated that verte-

December 2015 Volume 89 Number 23

Journal of Virology

brates have been exposed to diverse virus families for millions of
years (46). The most prominent examples of EVEs are endoge-
nous retroviruses that can be found in most vertebrate species
(47). Even the coelacanth and elephant shark genomes contain a
high diversity of endogenous retroviruses as remnants of ancient
infections (48, 49). In addition to retroviral elements, many bird
and mammal species also contain EVEs related to hepadna- or
filoviruses (46). The extant members of these virus families have a
broad host range and are known to be restricted by tetherin (19,
50). Thus, the expression of an active tetherin protein has certainly
provided a selection advantage to many vertebrate species.
Notably, tetherin also plays an important role in viral cross-
species transmission events, since it is often antagonized in a spe-
cies-specific manner (51). For example, the sensitivity of influenza
A viruses to human tetherin is strain specific (52), suggesting that
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FIG 3 Subcellular localization and GPI anchor dependency of human, hamster, alligator, and coelacanth tetherin. (A and B) Immunofluorescence pictures of CHO
wild-type cells (A) or mutant CHO cells lacking a functional pig-I gene, required for GPI anchor synthesis (B). Two days posttransfection with the indicated tetherin
expression vectors, cells were permeabilized and incubated with an anti-FLAG antibody. Nuclei were stained using Hoechst 33342. The regions used to generate profile
plots are indicated by black arrows. In the profile plots, the localization of the plasma membrane is indicated by circles and vertical dotted lines. T-PMT, transmission-
photomultiplier tube. ctrl, control. (C) Flow cytometric analysis of tetherin levels at the surface of transfected CHO cells (wild type [wt] or PIG-L deficient). Means =
standard errors of the means (SEM) of the results of three to five independent experiments are shown on the left (***, P < 0.001; *, P < 0.05). Examples of primary
fluorescence-activated cell sorter (FACS) data indicating the mean fluorescence intensity (MFI) of allophycocyanin (APC) are shown on the right.
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FIG 4 Restriction of HIV-1 release by human, hamster, alligator, and coela-
canth tetherin. HEK293T cells were cotransfected with a vpu-deficient proviral
construct of HIV-1 NL4-3 and increasing amounts of the indicated tetherin
expression vectors. Two days posttransfection, cells and supernatants were
harvested and p24 contents were determined by ELISA. Virus release was cal-
culated by dividing the amount of viral capsid in the supernatant by the total
amount. The means of the results of three to eight independent experiments *
SEM are shown.

these viruses may differ in their adaptation to the human host.
Influenza A viruses infect a broad range of host species, including
mammals, birds, and possibly even reptiles (53, 54). Notably,
members of the Galloanserae superorder (e.g., chickens and tur-
keys) are among the most important reservoirs for human-patho-
genic influenza A viruses. Since these bird species encode a teth-
erin ortholog, it will be interesting to characterize the role of avian
and human tetherin in cross-species transmission events involv-
ing influenza A viruses.

Despite its long-standing and important role in antiviral im-
munity, some species seem to have lost their tetherin genes. Most
bird species, for example, showed evidence of gene erosion in the
cilp2-plvap intergenic region that usually contains the tetherin
OREF. These deletions resulted in the complete loss of tetherin or in
the emergence of cilp2-tetherin fusion genes. The recent sequenc-
ing of 48 bird genomes revealed that birds have experienced a
massive gene loss during evolution (39, 40). Thus, tetherin is prob-
ably one of more than 1,000 vertebrate genes that have been lost in
many bird species (40). Similarly, we did not detect any obvious
tetherin orthologs in amphibians or ray-finned fishes, although
these vertebrates share an ancestor with tetherin-expressing rep-
tiles, birds, and mammals. This suggests that tetherin may have
been lost independently several times during evolution. Ray-
finned fish such as the zebra fish, however, show high rates of
molecular evolution and evolve(d) much faster than the elephant
shark or the coelacanth (38). Thus, we cannot entirely exclude the
possibility that orthologs were missed due to the almost complete
lack of sequence homology and to incomplete sequencing and/or
because they translocated to another gene locus.

Since viruses exert tremendous selection pressure on the evo-
lution of host restriction factors, the respective genes often dupli-
cate and neofunctionalize. Antiretroviral TRIM5 and APOBEC3
proteins, for example, are encoded by large gene clusters of paralo-
gous copies (55, 56). In stark contrast to the TRIM5 and APOBEC
families, however, most species seem to carry just a single tetherin
gene. The only known exceptions are members of the family of
Bovidae which encode two or three paralogs (57, 58). Some species
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increase their tetherin repertoire by expressing different isoforms
from a single gene. Humans, for example, express two alterna-
tively translated isoforms that differ in their antiviral activity and
sensitivity toward viral antagonists (59). Similarly, several bird
and reptile species may produce different tetherin isoforms via
alternative splicing.

Although tetherin orthologs and isoforms often differ substan-
tially in their primary amino acid sequence, most of them share
the typical topology that seems to be sufficient for the ability of
tetherin to restrict the release of budding virions (28). In agree-
ment with this, human and alligator X2 tetherin efficiently
blocked the egress of HIV-1. Even hamster tetherin restricted vi-
rus release, although this ortholog has been reported to primarily
localize in Golgi cisternae, where it maintains the structure of the
Golgi apparatus (41). While our microscopic analyses in trans-
fected HEK293T cells confirmed colocalization with the Golgi
marker TGN46, a considerable amount of hamster tetherin was
also detectable at the cell surface. In contrast to the findings by Li
et al. (41), this was especially pronounced in CHO cells, where
tetherin almost exclusively localized at the plasma membrane. In
contrast to human, hamster, and alligator X2 tetherin, the coela-
canth ortholog showed only a weak antiviral effect, although it
adopts the typical tetherin configuration and was efficiently ex-
pressed at the cell surface. Notably, the cell membranes of cold-
blooded fish and warm-blooded mammals differ in their lipid
composition and fluidity (60). Thus, piscine tetherins may be ef-
ficient restriction factors in vivo, and antiviral activities might
have been missed in human HEK293T cells due to species-specific
adaptations. Surprisingly, isoform X1 of alligator tetherin had no
impact on virus release at all, although it shares exons 3 and 4 with
the active X2 isoform. Interestingly, the extracellular coiled-coil
domain and the TMD are predicted to overlap in isoform X1,
whereas they are separated by 10 amino acids in isoform X2. This
structural difference might affect the flexibility of the hinge region
at the transition of the transmembrane to the ectodomain. Fur-
thermore, isoform X1 contains two sequence stretches (aa 65 to 72
and 96 to 100) in its extracellular region that may interrupt the
coiled-coil structure. Whether these structural characteristics
and/or other reasons account for the lack of antiviral activity of
alligator X1 tetherin remains to be determined.

Only a few cellular proteins containing an N-terminal TMD
and a C-terminal GPI anchor have been described. These include
an unusual isoform of the prion protein (61-63), Sm23 from
Schistosoma mansoni (64), and NcSRS2 from Neospora caninum
(65) as well as ponticulin A and B from Dictyostelium discoideum
(43-45). Although these proteins are all unrelated to tetherin, they
may have acquired the ability to inhibit virus release as a result of
convergent evolution. Here, we analyzed the antiviral activity of
ponticulin A and B since these proteins not only exhibit a tetherin-
like configuration but (like tetherin) also contain N-linked glyco-
sylation sites and conserved cysteine residues that form disulfide
bonds (43). Furthermore, tetherin and ponticulins both bind ac-
tin via their intracellular domains (44, 66, 67). Although we could
confirm that ponticulin A and B are GPI-anchored cell surface
proteins, there was no evidence for convergent evolution and pon-
ticulins did not restrict virus release. One possible explanation for
the lack of antiviral activity may be the absence of coiled coils in
the short extracellular domains of ponticulin A and B.

In summary, our results demonstrate that the host restriction
factor tetherin is an evolutionarily ancient protein that is substan-
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FIG 5 Functional characterization of ponticulin A and B. (A) Amino acid alignment of ponticulin A and B from the slime mold Dictyostelium discoideum. Dashes
indicate gaps that were introduced to improve the alignment. (3-Sheets were predicted using PSIPRED v3.3 and are highlighted in green; the GPI anchor
attachment site (£} site) is shown in pink. (B) Flow cytometric analysis of ponticulin levels at the surface of transfected CHO cells (wt or PIG-L deficient). The
means of the results of three to five independent experiments = SEM are shown on the left (***, P < 0.001). Examples for primary FACS data indicating the mean
fluorescence intensity (MFI) of allophycocyanin (APC) are shown on the right. hum, human. (C) Western blot analysis of HEK293T cells transfected with
expression vectors for human tetherin or ponticulin A or B. An anti-FLAG antibody was used for detection. 3-Actin and eGFP served as loading and transfection
controls, respectively. (D) Virus release from HEK293T cells cotransfected with a vpu-deficient proviral construct of HIV-1 NL4-3 and increasing amounts of
expression vectors for human tetherin or ponticulin A or B. Two days posttransfection, cells and supernatants were harvested and p24 contents were determined
by ELISA. Virus release was calculated by dividing the amount of viral capsid in the supernatant by the total amount. The means of the results of five to seven
independent experiments = SEM are shown.

tially (>450 million years) older and more widespread than, for
example, the APOBEC3 and TRIM5 genes, which are unique to
(placental) mammals and evolved about 90 to 180 million years
ago (55, 56, 68-71). In contrast to most other restriction factors,
tetherin does not interact with viral proteins or nucleic acids but
targets viral membranes. This antiviral mechanism provides sev-
eral advantages. First, tetherin has broad activity against diverse
enveloped viruses. Second, viruses cannot become resistant by
simply acquiring evasion mutations. Third, tetherin tolerates
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many amino acid substitutions since its antiviral activity does not
depend on its primary amino acid sequence but rather on the
overall protein configuration. Thus, even if viruses evolve antag-
onists that remove it from the sites of budding, tetherin may read-
ily mutate the respective interaction sites without losing its anti-
viral activity. With regard to the selection advantage that tetherin
confers to its host, it may come as a surprise that some vertebrate
species seem to have lost their tetherin gene. Whether these species
encode unknown paralogs of tetherin or whether unrelated pro-
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teins have also acquired this simple yet very efficient antiviral ac-
tivity remains to be investigated.
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