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20 ABSTRACT
21
22

23 Signal sequences are N-terminal peptides, generally less than 30 amino acids in
24 length, that direct translocation of proteins into the endoplasmic reticulum and secretory
25  pathway. The envelope glycoprotein (Env) of the nonprimate lentivirus Feline

26  immunodeficiency virus (FIV) contains the longest signal sequence of all eukaryotic,

27  prokaryotic and viral proteins (175 amino acids). The reason is unknown. Tetherin is a
28 dual membrane-anchored host protein that inhibits the release of enveloped viruses from
29  cells. Primate lentiviruses have evolved three antagonists: the small accessory proteins
30  Vpu and Nef, and in the case of HIV-2, Env. Here we identify the FIV Env signal

31 sequence (Fess) as the FIV tetherin antagonist. A short deletion in the central portion of
32 Fess had no effect on viral replication in the absence of tetherin but severely impaired
33 virion budding in its presence. Fess is necessary and sufficient, acting as an

34 autonomous accessory protein with the rest of Env dispensable. In contrast to primate
35 lentivirus tetherin antagonists, it functions by stringently blocking the incorporation of this
36  restriction factor into viral particles rather than by degrading it or downregulating it from
37 the plasma membrane.

38

39

40
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42 INTRODUCTION

43

44  The evolution of host antiviral factors has selected for reciprocal evolution of viral

45  countermeasures, which can act through passive avoidance or direct antagonism.

46  Tetherin (BST-2) is a type | interferon (IFN) inducible protein that forms homodimers and
47  directly links newly formed HIV-1 particles and the plasma membrane through its

48  transmembrane domain and a C-terminal GPIl-anchor (Neil et al., 2008; Van Damme et
49  al., 2008). This attachment function prevents viral particle release from infected cells and
50 can lead to virus internalization, degradation via endosomal/lysosomal pathways, and

51  induction of NFkB-dependent pro-inflammatory responses in the infected cell (Cocka

52 and Bates, 2012; Galao et al., 2012; Miyakawa et al., 2009).

53 The importance of tetherin evasion for primate lentiviruses is indicated by their
54 nearly ubiquitous encoding of antagonists. Three different such proteins have been

55  described. SIVs of Cercopithecus genus primates (SIVgsn, SIVmus and SIVmon) and
56  HIV-1 counteract tetherin with the accessory protein Vpu (Sauter et al., 2009). SIVcpz,
57  the proximate precursor to HIV-1, shares common ancestry with cercopithecine SIVs yet
58  utilizes Nef to counteract tetherin (Sauter et al., 2009). Other SIVs also utilize Nef to

59  antagonize tetherin, including SIVsmm, the virus proximately ancestral to HIV-2 (Hirsch
60 etal.,, 1989; Jia et al., 2009; Zhang et al., 2009). A small deletion in the cytoplasmic tail
61  of human tetherin prevents Nef binding (Sauter et al., 2009). HIV-2 re-gained tetherin

62  antagonism in its envelope glycoprotein (Le Tortorec and Neil, 2009), whereas the HIV-1
63  subgroups, which arose from independent cross-species transmission events, vary in

64  this regard. Non-pandemic HIV-1 group O strains lack an efficient anti-tetherin

65  mechanism, but pandemic HIV-1 group M strains evolved a Vpu capable of

66  counteracting tetherin (Sauter et al., 2009). These primate lentiviral proteins all act by
67  functionally depleting tetherin from the plasma membrane via intracellular sequestration
68  or endocytosis and lysosomal degradation of the protein (Jia et al., 2009; Le Tortorec

69  and Neil, 2009; Zhang et al., 2009).

70 For non-primate lentiviruses, much less is known about viral interaction with and
71  evasion of tetherin. Their accessory gene repertoires are apparently more limited and

72 Vpu and Nef are found only in primate lentiviruses. For that matter, no new lentiviral

73 accessory genes have been identified for decades. Cat and dog tetherin proteins both
74  restrict HIV-1 and FIV and both carnivore proteins are antagonized by FIV Env (Morrison

75  etal., 2014). While this situation superficially resembles the antagonism of human
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76  tetherin by HIV-2 Env, major differences were observed that suggest different

77  mechanisms. Unlike primate lentiviral antagonists, we found that the FIV Env

78  mechanism does not require processing of Env into its surface unit (SU) and

79  transmembrane (TM) domains (Morrison et al., 2014). It also shields the budding particle
80  without downregulating plasma membrane tetherin, and does not rescue non-cognate
81  (e.g., HIV-1) virus budding (Morrison et al., 2014). Here we explored the mechanism of
82  FIV tetherin antagonism further and determined that it derives specifically from the signal
83  sequence, which functions autonomously from Env, and acts to prevent particle

84  incorporation.
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86 RESULTS

87

88  Mapping of determinants of tetherin antagonism

89  We previously reported that the envelope glycoprotein (Env) of FIV counteracts

90 restriction of this virus by both domestic cat and dog tetherin proteins and that this

91 activity is independent of proteolytic processing of Env into surface unit (SU) and

92  transmembrane (TM) domains (Morrison et al., 2014). FIV Rev and Env have the same

93 initiator methionine codon but are differentiated by alternative splicing; therefore, Rev

94  and Env of FIV share the first 80 amino acids (Figure 1A). To identify the minimal

95  components of Env necessary to enable nascent FIV virion escape from tetherin-

96  expressing cells, we constructed a series of Env frame-shift (efs) mutants that

97  progressively truncate the protein while leaving Rev intact. These were constructed in

98 FIVC36, an infectious molecular clone that replicates to high levels in vivo and causes

99 feline AIDS (de Rozieres et al., 2004). Antagonism of tetherin was determined by
100  quantifying FIV particles in cell supernatants following co-transfection of the FIV proviral
101  construct and tetherin plasmids (Figure 1B). Co-transfection of an Env-intact FIV with
102 increasing amounts of feline tetherin resulted in a modest reduction in reverse-
103  transcriptase (RT) activity and capsid (CA) in supernatants (Figure 1B, blue bars and
104  supernatant immunoblot). Introduction of a frameshift in the signal sequence of Env
105  (amino acid 90) resulted in a virus that was significantly more sensitive to the presence
106  of tetherin, with viral budding decreased in proportion to feline tetherin input (Figure 1B,
107  orange bars and immunoblot). In contrast, termination of Env in mid-SU, at residue 330,
108  reverted the phenotype, whereby again FIV was only modestly affected by tetherin co-
109  expression (Figure 1B, grey bars).
110 To further map the virus-rescuing activity in Env, a set of three additional
111  truncations was made by introducing frameshifts within the N-terminal portion of Env
112 (efs134, efs176 and efs248). These plus the initial efs90 and efs330 viruses were tested
113 for tetherin susceptibility, this time using cells that stably express either human or feline
114  tetherin (Figure 2A). As expected, each viral variant expressed equivalent intracellular
115 levels of FIV core proteins, budded in the absence of tetherin, and was blocked from
116  budding by human tetherin (Figure 2A). Absence of the Env SU or TM domains did not
117  significantly affect the ratio of intracellular Gag/CA to budded particles (efs176, efs248
118  and efs330). It was only when the signal sequence of Env was truncated (efs134 and

119  efs90) that a loss of FIV budding was observed in cells that express domestic cat
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120  tetherin; again, human tetherin restriction was not abrogated) (Figure 2A). Quantification
121  of immunoblot densities confirmed that when normalized for intracellular capsid

122 expression levels feline tetherin was effective at blocking FIV budding of efs90 and
123 efs134, whereas wild-type FIVC36 and the efs mutants retaining at least the first 176
124  amino acids of Env were resistant to feline tetherin and even had higher ratios of

125  released to intracellular capsid compared to control cells lacking tetherin (Figure 2B).
126

127  Fess is necessary and sufficient to counteract tetherin

128  Considering these data, we hypothesized that the FIV Env signal sequence, which we
129  designate Fess, is the necessary factor that mediates feline tetherin antagonism. We
130  further hypothesized that it is sufficient (autonomously acting). Signal sequences, also
131  known as leader sequences or signal peptides, are N-terminal peptides that were

132 proposed in 1971 (Blobel and Sabatini, 1971) and subsequently established by Blébel
133 and colleagues (Blobel and Dobberstein, 1975a, b) to act as cellular “zip codes” that
134  direct targeted translocation of newly synthesized proteins into the endoplasmic

135  reticulum (ER) lumen in a signal recognition particle-dependent manner. Analogous
136  subcellular targeting motifs, e.g., for mitochondria have also been described (Blobel,
137  2000). For enveloped viruses, signal sequences are the predominant mechanism

138  targeting viral surface proteins to the correct cellular compartment to enable proper
139  particle incorporation. In both eukaryotes and prokaryotes signal sequence lengths are
140  generally very short, with a mean length of 23 +/- 6 amino acids (Hiss and Schneider,
141 2009)). Primate lentiviruses encode somewhat longer Env signal sequences, ranging
142 between 19 and 45 amino acids in total length (Figure S1). Remarkably, our database
143 searches and literature reviews indicate that FIV encodes the longest known signal
144  sequence in any eukaryotic or prokaryotic species, or in any virus (175 amino acids).
145  Despite the identification of this unusual property over 25 years ago (Pancino et al.,
146  1993; Verschoor et al., 1993), the functional implications are unknown. To confirm that
147  the signal sequence is directly responsible for enabling viral budding in the presence of
148  domestic cat tetherin, and acts independently of other Env domains, we expressed it in
149  trans, as a fusion to an irrelevant but trackable protein, GFP (Figure 3A). We co-

150  expressed full-length Env, Fess-GFP, or a myc-epitope control protein (HIV Integrase)
151  with FIVC36 efs90 (Figure 3B). Viral budding was assessed by immunoblotting

152 supernatants with FIV antisera. As expected, FIVC36 efs90 budding was severely

153  impaired by either human or feline tetherin (Figure 3B, top). In contrast, co-expression
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154  of either FIV Env or Fess-GFP rescued budding specifically in the presence of domestic
155  cat tetherin but not human tetherin (Figure 3B, middle and bottom). These results

156  highlight that Fess can function to counteract tetherin independently of other Env

157  domains and is sufficient for FIV antagonism of tetherin.

158

159 Fess directs endoplasmic reticulum translocation and has dual function

160  To further characterize the Fess protein for localization properties and to test if it can
161  fulfill traditional signal sequence functions in addition to acting as a tetherin antagonist,
162  we also examined the fate of Fess-GFP. In immunoblots for GFP, although Fess-GFP
163  was detectable, we observed intracellular accumulation of predominantly free GFP

164  (Figure 3C, left), indicating that Fess is efficiently cleaved from GFP at the signal

165  peptidase cleavage site. Free GFP was also detectable in the supernatant of Fess-GFP-
166  transfected but not GFP-transfected cells, indicating Fess directed GFP translocation
167 into the ER lumen and export via the secretory pathway (Figure 3C, right). Furthermore,
168  immunofluorescence experiments were strongly suggestive of localization in the ER for
169  the cleaved GFP signal in Fess-GFP expressing cells (Figure 3D). Confirming this, GFP
170  co-localized with the ER-resident protein calreticulin (Figure 3E) but not the Golgi

171  apparatus marker GORASP2 (Figure 3F). These experiments indicate that the majority
172 of the free GFP seen in Figure 2C is located in the ER. Cumulatively, the data confirm
173  that the FIV Env N-terminal 175 amino acids act as a bona fide signal sequence to direct
174  protein translocation.

175

176  Deletion of a central Fess motif has no effect on viral replication in the absence of
177  tetherin but severely impairs virion release and viral replication in its presence
178  Although signal sequences show no conservation of amino acid sequences, they are
179  functionally tripartite, with a positively charged N-terminal segment of variable length and
180  sequence, a single central hydrophobic core (H region), and a short C-terminal and

181  usually more conserved signal peptidase cleavage-site (Owiji et al., 2018). In contrast to
182 this typical architecture, we identified two distinct hydrophobic segments in Fess, which
183  we designate H1 and H2 (Figure 4A, B). H1 is located in the central portion of Fess,
184  downstream of Rev exon 1 and upstream of the cleavage site-adjacent H2 motif. To test
185  the involvement of these regions in tetherin function, as well as viral viability and the

186  processing and trafficking of Env, we generated in-frame deletions in the full-length

187  virus. Mutant AH2/AC deletes the traditional signal sequence hydrophobic motif and
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adjacent cleavage signal. Mutant A40 was designed to delete much of the region (40
amino acids) between the end of Rev first exon residues and the onset of the traditional
hydrophobic signal sequence and cleavage signal. The A40 deletion spans most of the
H1 hydrophobic motif (VFSILYLFTGYIVYFL) as well as a downstream region rich in
charged (R, K, D, E) residues (Figure 4A). FIV C36A40 retained Env expression and
normal replication kinetics in feline CrFK cells, whereas the FIV C36AH2/AC mutant had

much lower Env protein expression in cells and greatly diminished replication (Figure
4C, D). Wild type FIV was inhibited by human but not feline tetherin as expected (Figure
4E). In contrast, the A40 mutation had two notable effects. It resulted in increased
budding compared to wild type virus (compare black bars) in the absence of feline
tetherin, but resulted in severe restriction in its presence (Figure 4E). Feline but not
human tetherin restriction was selectively abrogated if these 40 amino acids were intact.
These results, combined with the above observations, confirm that Fess confers
resistance to domestic cat tetherin restriction of viral release from cells. Furthermore, the
effects of Fess on Env SU/TM expression and trafficking to the cell surface are

separable from its tetherin antagonism function.

Fess acts by blocking tetherin Incorporation into particles

Our previous data suggested that FIV antagonizes tetherin by a mechanism more similar
to that of Ebola virus than that mediated by primate lentivirus accessory genes (Morrison
et al., 2014). Both viruses act in a way that is linked to their respective Env glycoproteins
but does not reduce cell surface or intracellular tetherin levels (Kuhl et al., 2011; Lopez
et al., 2010; Morrison et al., 2014); see also Figure 2A here. This observation suggested
to us a mechanism that acts locally, on a per-particle basis at the point of viral budding,
to exclude the factor from the particle (Morrison et al., 2014). To determine whether Fess
alters the particle association of tetherin, wild type or A40 FIV particles were produced in
the presence or absence of stably expressed tetherins and then purified by
ultracentrifugation over a sucrose cushion. Particles were then immunoblotted — using
reverse transcriptase-normalized inputs — for tetherin. The results were dramatic. Wild-
type FIVC36 virions contained minimal amounts of human or feline tetherin (Figure 5).
In contrast, FIVC36A40 virions contained similarly low levels of human tetherin, but high
levels of feline tetherin (Figure 5). Thus, the activity of Fess is both powerful and

specific: intact Fess stringently blocks otherwise abundant virion incorporation of feline
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221  but not human tetherin. This mechanism is also unique among the lentiviral anti-
222 tetherins.

223

224
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225  DISCUSSION

226

227  Our results reveal that the Env glycoprotein signal sequence is the FIV tetherin

228  antagonist, thus identifying the fourth lentiviral anti-tetherin protein and also, to the best
229  of our knowledge, identifying the first new lentiviral accessory protein in decades. Almost
230  all of Env — all of the SU and TM domains — was entirely dispensable for tetherin

231  antagonism. Fess was both necessary and sufficient for enabling release of viral

232 particles from tetherin expressing cells (Figure 1-4). We identified a central 40 amino
233 acid segment of Fess that is located C-terminal to the first exon of Reyv, is not needed for
234 Env processing, and the function of which was previously unknown. Deletion of the

235  segment did not affect FIV replication in the absence of tetherin but severely impaired
236  budding of the virus in its presence. The mechanism fulfills multiple criteria for a

237  specifically evolved restriction factor antagonism, as it is also virus- and species-specific:
238  Fess did not protect FIV from human tetherin, or HIV-1 from either feline or human

239  tetherin (Figures 2 & 4E and (Morrison et al., 2014)).

240 Simple retroviruses encode gag, pol and env genes that primarily encode the

241  structural and enzymatic proteins needed for completing essential viral lifecycle steps.
242 Lentiviruses, by contrast, are complex retroviruses that establish persistent, lifelong

243 infections and must therefore evade innate and adaptive immunity for years. To meet
244 this challenge, they have evolved additional accessory proteins that modulate host

245  immune responses and antagonize innate immune effectors. HIV-1 and simian

246  lentiviruses variably use the small accessory proteins Vpu and Nef to overcome the

247  block to nascent viral budding imposed by tetherin, which appears to have afforded

248  genetic flexibility. The evolution of these proteins not only underlies persistence in a

249  given species, but has also been shown to be critical for host switching, as in the case of
250  the acquisition of Vpu during the adaptation of SIVcpz to become HIV-1 (Neil, 2017;

251  Sauter et al., 2009). Presumably due to the pressures posed by such viral proteins and
252  also from non-retroviral antagonists, tetherin proteins show evidence of positive

253  selection in mammals (Lim et al., 2010; Liu et al., 2010; McNatt et al., 2009).

254 Non-primate lentiviruses encode more limited accessory gene repertoires than
255  primate lentiviruses and they specifically lack Vpu and Nef proteins. The prior mapping
256  of anti-tetherin activity to the Env gene of FIV suggested antagonism by the full Env

257  glycoprotein similar to what has been observed for HIV-2 (Celestino et al., 2012; Dietrich
258 etal.,, 2011; Le Tortorec and Neil, 2009; Morrison et al., 2014). However, our data reveal

10
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259  that FIV SU and TM are dispensable. We showed previously that FIV does not degrade
260  tetherin or down-regulate it from the cell surface (Morrison et al., 2014), identifying a

261  contrast with primate lentiviral Vpu, Nef or Env proteins, which all mediate functional

262  depletion of tetherin from the primary site of viral budding via intracellular sequestration,
263  endocytosis and lysosomal degradation of the protein (Jia et al., 2009; Le Tortorec and
264  Neil, 2009; Zhang et al., 2009). Here we show that Fess instead excludes tetherin from
265  the particle, establishing a mechanism unique among the lentiviruses (Figure 5). Fess
266  possesses autonomous restriction blocking activity and can also direct the ER

267  translocation and export of an unrelated protein (Figure 3).

268 Signal sequences (signal peptides) act as intracellular zip codes that direct the
269 location of many cellular proteins that are destined for extra-cytoplasmic locations.

270  Proteins destined for secretion or plasma membrane residence are translocated as

271  preproteins through or into the ER membrane. After preprotein translocation has partially
272  completed, the signal peptidase enzyme cleaves the signal sequence away, which

273  enables correct folding of the mature protein. Signal sequences are generally quite short
274  (under 30 amino acids), do not have further functions, and are mostly degraded in short
275  order by the signal peptide peptidase. In the case of RNA viruses, however, genome
276  sizes are severely constrained and, for retroviruses, genetic efficiency in the form of

277  overlapping reading frames and multiple purpose proteins, e.g., Nef, are observed. Dual
278  purposing of the signal sequence by FIV is an interesting example. The amino acids

279  encoded by the first exon of Rev are also present in the first 80 amino acids of Fess,
280  which adds a third function to this compressed region of the genome. There are a few
281  prior examples of cellular protein signal sequences with additional cellular functions

282  (Martoglio and Dobberstein, 1998) and a few in other viruses as well. However, the latter
283  generally involve direct participation in mechanics of the virus’s replication machinery.
284  Following signal peptidase processing of the Arenavirus envelope glycoprotein, the

285  signal sequence is not degraded and instead forms a tripartite complex with the mature
286  glycoprotein subunits, which is necessary for glycoprotein mediated fusion with target
287  cells (Nunberg and York, 2012). In this case the signal sequence function remains tied to
288  that of the envelope protein. Among retroviruses, the spumaretrovirus foamy virus signal
289  sequence binds to cognate Gag molecules and is packaged into viral particles, where it
290  appears to be necessary for proper virion morphogenesis (Geiselhart et al., 2003;

291  Lindemann et al., 2001). The signal sequences of the betaretroviruses mouse mammary

292 tumor virus (Dultz et al., 2008) and Jaagsiekte sheep retrovirus (Caporale et al., 2009)

11
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293  Env proteins traffic to the nucleoli of infected cells, where they are involved in modulating
294 nuclear export of unspliced viral mMRNAs.

295 In the case of Fess, the signal sequence has evolved to counter a main host
296  defense and can properly be considered a viral accessory protein. We propose that Env
297  signal sequences with additional functions independent of directing Env translocation
298  may in fact be a more general non-primate lentivirus property, since the signal

299  sequences of these viruses vary in length but are all significantly longer (66-176 amino
300 acids, Figure S1) than the signal sequences of primate lentiviruses and most cellular
301  signal sequences (Martoglio and Dobberstein, 1998; Pancino et al., 1994). Indeed, the
302  full length equine infectious anemia virus Env glycoprotein has been reported to

303  counteract horse tetherin, also by a mechanism that does not degrade the factor;

304  whether all or just part of Env is the antagonist has not been determined (Yin et al.,

305 2014).

306 Our results underscore the centrality of tetherin to mammalian defense against
307 lentiviruses in widely different circumstances. Feline and primate lentiviruses share

308 distant ancestry, with the former likely to have colonized some but not all feline lineages
309 sometime after the modern felid species radiation in the late Miocene, c.a. 11 million
310 years ago (Mya) (Pecon-Slattery et al., 2008). Major commonalities do persist between
311  FIV and HIV in pathophysiology (AIDS) and dependency factor utilization, such as

312 CXCR4 and LEDGF, and both have Vif proteins that degrade APOBEC3 proteins (Llano
313  etal., 2006; Mink et al., 2008; Poeschla and Looney, 1998). Domestic cat FIV is an
314  AIDS-causing lentivirus like HIV-1, yet it and its ancestral felid species relatives have
315  been on an independent evolutionary trajectory for millions of years. On the host side of
316 the equation, the tiger and the domestic cat tetherin proteins share a likely more ancient
317 (c.a. 60 to 11 Mya) truncation of the cytoplasmic tail, with the loss of 19 of 27 amino

318 acids, including a dual tyrosine motif (Morrison et al., 2014). The parallel evolution by
319  FIV of an anti-tetherin protein that is structurally, functionally and mechanistically very
320  different from those of the primate lentivirus proteins in consistent with this and other
321  evidence for the genetic plasticity of this host factor. The unusual architecture of

322  tetherins rather than primary sequence is critical for their function, as well as their

323  versatility against other groups of enveloped viruses (Blanco-Melo et al., 2016;

324  Heusinger et al., 2015; Perez-Caballero et al., 2009). Investigation of other lentiviruses

325  may uncover further viral solutions to the problem of tetherin.
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326 MATERIALS AND METHODS

327

328  Cells. 239T and Crandell feline kidney (CrFK) cells were cultured in DMEM with 10%
329 fetal calf serum (FBS), penicillin-streptomycin, and L-glutamine. Stable HA-tetherin

330 expressing cells have been previously described (Morrison et al., 2014) and were

331 additionally cultured in 3 pg/mL puromycin.

332

333  Vectors, viruses and plasmids. pCT-C36"* and pFE-C36 (subclone encoding Env
334  protein) were used as the basis for mutagenesis (Morrison et al., 2014). They employ
335 the 5°U3-replacement strategy that enabled FIV production in human cells, in which the
336  FIV U3 has virtually no promoter function) (Poeschla and Looney, 1998; Poeschla et al.,
337  1998). In this case we applied this to the proviral clone C36 (de Rozieres et al., 2004),
338  Additionally C36 Env was subcloned from Nhel-digested pCT-C36"* into the Nhel site of
339  gammaretroviral vector pJZ308 (Poeschla and Looney, 1998) to yield pJZC36. Env-
340  frameshift mutants of C36 were constructed within pFE-C36 by site directed

341  mutagenesis (Efs330) or overlap-extension PCR between Notl and Mfel restriction

342 enzyme sites, approximately comprising Env amino acids 1-500. Insertions to frameshift
343  Env are denoted here (lower-case letter indicates inserted nucleotide, enzyme in

344  parentheses indicates restriction site added by nucleotide insertion):

345  Efs90: GGTAAGATATTTAAGATAtCTCTGATTTACAAGTATTTAG (EcoRV)

346  Efs134: CTGGGGAAAAATTTAatTAAAAATGAAAAGGGAC (Pacl)

347  Efs176: GACAAGGTAAGGCACAAGCITAATATGGAGACTCCCACCC (Hindlll)

348  Efs247: GAAAGCTACAAGAIAATCTAGAAGGGGAAAAGTTTGG (Xbal)

349  Efs330: CAAATCCCACTGATCAATTAgtcgacagTACATTTGGACCTAATC (Scal)

350  Mutants were verified by restriction enzyme digestion and sequencing across the cloned
351  fragment. An Avrll/Bglll fragment from pFE-C36 was then moved into pJZ C36

352 (Avrll/Bglll), then an Nhel fragment from pJZ C36 was then swapped into an Nhel

353  digested pCT-C36 to create pCT-C36 mutants with the indicated insertions causing Env
354  frame-shift but no other changes. Each mutant was again verified by sequencing across
355 the entire Nhel fragment. C36A40 and C36AH2/AC were cloned by overlap extension
356 PCR to remove 40 amino acids (residues 99-138) or 29 amino acids (AH2/AC, residues
357  150-178), and re-inserted between Avrll and EcoNI digested pJZ C36, then an Nhel
358  fragment of pJZC36A40 or AH2 containing C36 Env was again inserted back into Nhel
359  digested pCT-C36"*. Codon optimized Fess (amino acids 1-178) was synthesized as a
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360  gBlock (IDT). Complementary Fess and GFP cDNAs were generated by PCR and

361 cloned into a Notl/Bglll digested p1012 IN-myc (Vanegas et al., 2005) using the GeneArt
362  Seamless Cloning System (ThermoFisher), with a single amino acid linker (S) separating
363 Fess and GFP.

364

365 Transfections and particle analyses. 4x10° 293T cells were plated per well of a 6-well
366 plate, allowed to adhere overnight, and PEI transfected. 1.5 g total DNA was added to
367 35 pL of Optimem without serum and 6 uL of 1 ug/uL PEI before brief vortexing and

368 incubation at room temperature for 30min. Transfection mix was added drop-wise to
369 cells and washed with fresh complete media after 8-16 hours. 48 hours post-

370 transfection, supernatant was harvested and filtered through a 0.45 pM filter. For

371  analysis of tetherin incorporation into viral particles, supernatant was concentrated by
372  ultracentrifugation over a 20% sucrose cushion. At the time of supernatant harvest, cells
373  were lysed in 1x radioimmunoprecipitation (RIPA) buffer (150 mM NacCl, 0.5%

374  deoxycholate, 0.1% sodium dodecyl sulfate, 1% NP-40, 150 mM Tris-HCI pH8.0).

375  Immunoblotting was performed with cat serum reactive to FIV-PPR (gift of Peggy Barr),
376  rat a-HA (Roche), mouse anti-GFP (JL-8 clone, Takara Bio) or mouse anti-alpha-tubulin
377  (Sigma). Immunoblot band density was quantified using ImageJ.

378

379  Reverse-transcriptase activity. Reverse-transcriptase (RT) activity was quantified by
380 use of a real-time PCR assay as previously described (Vermeire et al., 2012). 5 uL of
381  supernatant was mixed with 5 pL of 2x viral lysis buffer (0.25% Triton X-100, 50 mM
382  KCL, 100 mM TrisHCL, pH 7.4, 40% glycerol, and 2% v/v RNAse inhibitor) and

383 incubated at room temperature for 10 minutes, then 90 pL of sterile water was added.
384  Samples were diluted 1:100 in sterile water, then 9 pL of diluted, lysed sample was used
385 ina 20 yL qPCR reaction containing 10 pL of 2x SYBR Green master mix (Apex Sybr
386  Green, Quintarabio), 120 nM MS2 cDNA primers, and 0.055 A2so units of MS2 RNA

387  (Sigma, catalog # 10165948001).

388

389  Immunofluorescence. 1 x 10° 293T cells were plated on LabTek Il chamber slides,
390 allowed to adhere overnight and transfected with 500 ng indicated plasmids (pEGFP-N1
391  or pFess-GFP). 48 hours post-transfection cells were fixed with 4% (wt/vol)

392  paraformaldehyde for 10 minutes at room temperature, permeabilized with methanol,

393  stained for 1 hour at room temperature with rabbit anti-Calreticulin (1:50, Abcam
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394  ab2907) or anti-GORASP2 (1:100, Sigma HPA035274), washed 3x with PBS and

395  stained for 1 hour at room temperature with Alexafluor 594-anti-rabbit-lgG (1:500). Wells
396  were again washed 3x with PBS then mounted with ProLong Gold antifade reagent with
397  DAPI (Invitrogen P36935). Images were collected on a Zeiss LSM780.

398
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532 FIGURE LEGENDS

533

534  Figure 1. SU and TM are dispensable for tetherin antagonism. (A) Diagram of FIV
535  Env gene. Numbering indicates amino acids from the Env initiator methionine, which is
536  shared with Rev. (B) 293T cells were co-transfected with pFIVC36 proviral constructs
537 (pCT-C36"* based) encoding an intact Env (blue bars), or an Env frame-shift (efs)

538  mutation at amino acid 90 (orange bars) or at amino acid 330 (grey bars). Diagrams
539 indicate Env subunits intact (green) or disrupted (grey). Cell lysates and supernatant
540  were harvested 48 hours after transfection and immunoblotted with the indicated primary
541  antibody and a corresponding HRP-conjugated secondary antibody. Experiment was
542  repeated four times and a representative example is shown.

543

544  Figure 2. Effects of N-terminal deletions on feline tetherin restriction. (A) 293T cells
545  having the indicated tetherin stably expressed under puromycin selection were

546  transfected with the indicated pC36 proviral construct. Numbering indicates the last
547 intact Env amino acid before early protein termination due to a frameshifting mutation.
548 48 hours after transfection cell lysates and supernatants were harvested and analyzed
549  asin panel A. (B) Bands corresponding to FIV capsid from panel A were density

550  quantified using ImagedJ. The ratio of the supernatant to intracellular capsid band were
551  calculated and normalized to FIVC36 from cells without tetherin. Lane numbers are the
552  same as panel A. Experiment was repeated four times and a representative example is
553  shown.

554

555  Figure 3. Fess is sufficient to counteract domestic cat tetherin and can direct
556  protein translocation into the secretory pathway. (A) Diagram of the Fess-GFP

557  construct. (B) 293T cells stably expressing tetherin were transfected as in Figure 1 with
558 1 g pC36 EFS90 and 0.5 ug p1012-myc (control), p1012 SS-GFP, or pFE-C36 (full-
559 length C36 Envelope). Equal volume supernatant was harvested 48 hours post-

560 transfection, immunoblotted with cat sera reactive to FIV and viral capsid bands are
561  shown. Experiment was repeated three times and a representative example is shown.
562  (C) 293T cells were transfected with plasmids that express eGFP, myc-tagged HIV-1
563 integrase (negative control for blot), or Fess-GFP (pEGFP-N1, p1012 -HIV-1-IN-myc,
564  pFess-GFP) and cell lysates and supernatants were collected 48 hours post-transfection

565  and immunoblotted with mouse anti-GFP and goat anti-mouse HRP. (D-F) Confocal
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microscopy of 293T cells transfected with pEGFP-N1 or pFess-GFP 16 hours post-
transfection. Cells were mounted with ProLong Gold containing DAPI without additional
staining (D) or were stained with rabbit anti-Calreticulin (E) or rabbit anti-GORASP2 (F)
and Alexaflour 594 goat-anti-rabbit.

Figure 4. Fess has separable roles in Env expression and tetherin antagonism. (A)
Fess amino acid sequence (FIV C36). Approximate hydrophobic regions H1 and H2 are
indicated in red font, the C-region in green font, with a green arrow denoting the
predicted signal peptidase cleavage site (Verschoor et al., 1993). The regions deleted in
A40 and AH2/AC mutants of FIV C36 are underlined. Amino acids that are shared with
Rev are in teal font. (B) FIV-C36 Fess amino acids 1-200 were plotted for hydropathicity
using the Kyte and Doolittle model. H1: hydrophobic peak 1. H2: hydrophobic peak 2.
PCS: predicted signal peptidase cleavage site. (C) 293T cells lacking tetherin were
transfected with the indicated FIV-C36 proviral constructs, and 48 hours post-
transfection cell lysates were harvested and immunoblotted with cat sera reactive to FIV.
(D) CrFK cells stably expressing the FIV receptor CD134 were infected with the
indicated viruses which were input normalized to reverse-transcriptase content. Cells
were washed twice 16 hours post-infection and every other day 50 yL supernatant was
collected for reverse-transcriptase quantification. Spreading replication was performed
twice and one experiment is shown. (E) 293T cells with stable human or feline tetherin
expression were transfected and analyzed as in Figure 2A. Reverse-transcriptase
activity was quantified in each supernatant and the results are shown as means +/-
standard deviations. This was repeated three times and a representative example is

shown.

Figure 5. Fess blocks virion incorporation of feline tetherin. Control and HA-tetherin
expressing 293T cells were transfected with indicated FIV proviral constructs as in
Figure 2A. Supernatants were harvested and concentrated by ultracentrifugation over a
20% sucrose cushion. Concentrated virus was analyzed for reverse-transcriptase activity
and RT-normalized inputs were used for immunoblotting with the indicated antibodies. A
representative example is show for this experiment, which was repeated at least four

times with similar results.
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Figure S1. Signal sequence lengths. Signal sequence lengths reported are from manual
assertion according to sequence analysis in the Uniprot database (UniProt Consortium,

2018) or were previously analyzed using the PCgene program (Pancino et al., 1994). (A)
Lentiviruses. (B) Human albumin, SARS-CoV-2 Spike, Ebola GP, HIV-2 Env, HIV-1 Env,

and FIV Env signal peptides. Hydrophobic regions are shown in red font.
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Figure 1. SU and TM are dispensable for tetherin antagonism. (A) Diagram of FIV Env
gene. Numbering indicates amino acids from the Env initiator methionine, which is shared
with Rev. (B) 293T cells were co-transfected with pFIVC36 proviral constructs (pCT-C36A*
based) encoding an intact Env (blue bars), or an Env frame-shift (efs) mutation at amino acid
90 (orange bars) or at amino acid 330 (grey bars). Diagrams indicate Env subunits intact
(green) or disrupted (grey). Cell lysates and supernatant were harvested 48 hours after
transfection and immunoblotted with the indicated primary antibody and a corresponding
HRP-conjugated secondary antibody. Experiment was repeated four times and a
representative example is shown.
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Figure 2. Effects of N-terminal deletions on feline tetherin restriction.
(A) 293T cells having the indicated tetherin stably expressed under
puromycin selection were transfected with the indicated pC36 proviral
construct. Numbering indicates the last intact Env amino acid before early
protein termination due to a frameshifting mutation. 48 hours after
transfection cell lysates and supernatants were harvested and analyzed as
in panel A. (B) Bands corresponding to FIV capsid from panel A were
density quantified using Imaged. The ratio of the supernatant to intracellular
capsid band were calculated and normalized to FIVC36 from cells without
tetherin. Lane numbers are the same as panel A. Experiment was repeated
four times and a representative example is shown.
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Figure 3. FESS is sufficient to counteract domestic cat Tetherin and can direct protein translocation into
the secretory pathway. [Full legend in manuscript]
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Figure 4. Fess has separable roles in Env expression and tetherin antagonism. (A) Fess amino acid sequence
(FIV C36). Approximate hydrophobic regions H1 and H2 are indicated in red font, the C-region in green font, with a

green arrow denoting the predicted signal peptidase cleavage site (Verschoor et al., 1993). The regions deleted in A40
and AH2/AC mutants of FIV C36 are underlined. Amino acids that are shared with Rev are in teal font. (B) FIV-C36

Fess amino acids 1-200 were plotted for hydropathicity using the Kyte and Doolittle model. H1: hydrophobic peak 1. H2:

hydrophobic peak 2. PCS: predicted signal peptidase cleavage site. (C) 293T cells lacking tetherin were transfected
with the indicated FIV-C36 proviral constructs, and 48 hours post-transfection cell lysates were harvested and
immunoblotted with cat sera reactive to FIV. (D) CrFK cells stably expressing the FIV receptor CD134 were infected
with the indicated viruses which were input normalized to reverse-transcriptase content. Cells were washed twice 16
hours post-infection and every other day 50 uL supernatant was collected for reverse-transcriptase quantification.
Spreading replication was performed twice and one experiment is shown. (E) 293T cells with stable human or feline
tetherin expression were transfected and analyzed as in Figure 2A. Reverse-transcriptase activity was quantified in
each supernatant and the results are shown as means +/- standard deviations. This was repeated three times and a

representative example is shown.
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Figure 5. Fess blocks virion incorporation of feline tetherin.
Control and HA-tetherin expressing 293T cells were transfected with
indicated FIV proviral constructs as in Figure 2A. Supernatants were
harvested and concentrated by ultracentrifugation over a 20%
sucrose cushion. Concentrated virus was analyzed for reverse-
transcriptase activity and RT-normalized inputs were used for
immunoblotting with the indicated antibodies. A representative
example is show for this experiment, which was repeated at least

four times with similar results.
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Figure S1: Signal sequence lengths. Signal sequence lengths reported are from manual assertion
according to sequence analysis in the Uniprot database (UniProt Consortium, 2018) or were
previously analyzed using the PCgene program (Pancino et al., 1994). (A) Lentiviruses. (B) Human
albumin, SARS-CoV-2 Spike, Ebola GP, HIV-2 Env, HIV-1 Env, and FIV Env signal peptides.
Hydrophobic regions are shown in red font.
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