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ABSTRACT Palmitoylation is a reversible, posttranslational modification that helps
target proteins to cellular membranes. The alphavirus small membrane proteins 6K
and TF have been reported to be palmitoylated and to positively regulate budding.
6K and TF are isoforms that are identical in their N termini but unique in their C ter-
mini due to a �1 ribosomal frameshift during translation. In this study, we used cys-
teine (Cys) mutants to test differential palmitoylation of the Sindbis virus 6K and TF
proteins. We modularly mutated the five Cys residues in the identical N termini of
6K and TF, the four additional Cys residues in TF’s unique C terminus, or all nine Cys
residues in TF. Using these mutants, we determined that TF palmitoylation occurs
primarily in the N terminus. In contrast, 6K is not palmitoylated, even on these
shared residues. In the C-terminal Cys mutant, TF protein levels increase both in the
cell and in the released virion compared to the wild type. In viruses with the
N-terminal Cys residues mutated, TF is much less efficiently localized to the plasma
membrane, and it is not incorporated into the virion. The three Cys mutants have
minor defects in cell culture growth but a high incidence of abnormal particle mor-
phologies compared to the wild-type virus as determined by transmission electron
microscopy. We propose a model where the C terminus of TF modulates the palmi-
toylation of TF at the N terminus, and palmitoylated TF is preferentially trafficked to
the plasma membrane for virus budding.

IMPORTANCE Alphaviruses are a reemerging viral cause of arthritogenic disease. Re-
cently, the small 6K and TF proteins of alphaviruses were shown to contribute to vir-
ulence in vivo. Nevertheless, a clear understanding of the molecular mechanisms by
which either protein acts to promote virus infection is missing. The TF protein is a
component of budded virions, and optimal levels of TF correlate positively with
wild-type-like particle morphology. In this study, we show that the palmitoylation of
TF regulates its localization to the plasma membrane, which is the site of alphavirus
budding. Mutants in which TF is not palmitoylated display drastically reduced
plasma membrane localization, which effectively prevents TF from participating in
budding or being incorporated into virus particles. Investigation of the regulation of
TF will aid current efforts in the alphavirus field searching for approaches to mitigate
alphaviral disease in humans.
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Palmitoylation is the covalent attachment of a 16-carbon fatty acid via a thioester
bond primarily to a cysteine residue (Cys) side chain of a protein. The fatty acid

moiety can be dynamically added and removed by palmitoyl transferases and protein
thioesterases, respectively (1). The increased hydrophobicity resulting from palmitoyl-
ation promotes the association of a protein with lipid membranes, allowing distinct and
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new subcellular localizations (1, 2). Cellular proteins use palmitoylation as a mechanism
to regulate their localization and function (3–6). Similarly, viruses use palmitoylation as
a means to efficiently localize viral proteins to specific cellular membranes during
replication, assembly, and budding (7).

Enveloped viruses acquire their lipid membrane from the host during budding.
Viruses bud at different cellular membranes, including the endoplasmic reticulum (ER)
(flaviviruses and hepaciviruses) (8–11), the ER-Golgi intermediate complex (ERGIC)
(coronaviruses) (12–14), and the plasma membrane (alphaviruses, retroviruses, and
paramyxoviruses) (15–19). Regardless of where in the cell budding occurs, this process
requires spatial and temporal regulation of viral and host factors to ensure that their
concentration and localization within the cell will promote optimal assembly and
budding. All the alphavirus structural proteins involved in budding, except capsid (CP),
are palmitoylated as they traffic through the host cell secretory system to the plasma
membrane, where budding occurs (20–23).

Alphaviruses such as Sindbis virus (SINV) are spherical, enveloped viruses with a
positive-sense RNA genome. The viral genome contains two open reading frames
(ORFs), and the second ORF encodes the structural polyprotein CP-E3-E2-6K-E1. In 2008,
Firth et al. discovered that there was a heptanucleotide slip site, UUUUUUA, in the gene
encoding the 6K protein, which caused the ribosome to shift to the �1 reading frame
during translation (24). As a result, the polyprotein CP-E3-E2-TF is translated, and the E1
protein is not translated. The 6K and TF (for transframe) proteins have identical
N-terminal domains but unique C-terminal domains. The frequency of translational
frameshifting within the 6K gene varies among alphaviruses and has been reported to
be �10:1 for Sindbis virus (24, 25). Cell lysates contain larger amounts of the 6K protein
than of the TF protein (24), yet TF is predominantly incorporated into released virus
particles (24, 26). The balance between 6K and TF protein translation presents an
interesting conundrum with respect to alphavirus assembly. For optimal virus assembly,
E1 and E2 heterodimerize, and heterodimers trimerize before being transported to the
plasma membrane via the secretory pathway (27, 28). During frameshifting and TF
translation, E1 translation is abrogated, altering the E2-to-E1 ratio, which can have
consequences for subsequent spike assembly. It is not known if TF relies on other viral
proteins to be transported to the plasma membrane or what regulates its incorporation
into virus particles.

Alphavirus virions have T�4 icosahedral symmetry and contain three distinct layers
(29). There is an inner nucleocapsid core consisting of 240 copies of CP and 1 copy of
the genome, a lipid bilayer, and 240 copies of the spike proteins E2 and E1 on the
particle surface. Because of the small size of the 6K and TF proteins (6 to 10 kDa) and
their low copy number (10 to 30 copies) within the viral particle (20, 24, 30, 31), neither
the 6K nor the TF protein has been identified in the virion structure, even in cryo-
electron microscopy (cryo-EM) reconstructions at a subnanometer resolution (32–36).

In tissue culture, recombinant viruses lacking both 6K and TF (Δ6K) or only TF (6K
only or ΔTF) or unpalmitoylated mutants negatively impact the infectious and total
virus output from infected host cells compared to the wild type (WT) (20, 23, 26, 37–42).
In addition, some purified particles in the mutants were multicored (20, 37, 43). The
phenotypes of 6K and TF mutants are more severe when investigating pathogenesis in
vivo. Snyder and colleagues demonstrated that mice survived when injected with a
mutated TF strain, whereas injection of a WT strain was lethal (26). Taylor et al.
demonstrated that the in-frame deletion of the entire gene encoding 6K and TF
generated a nonvirulent strain of Ross River virus (RRV) suitable for vaccination against
multiple alphaviruses in a mouse model (41). A Δ6K Chikungunya virus also serves as
an effective vaccination in mouse models (83). These studies highlight the fact that the
6K and TF proteins play an important role in virus infection at the organismal level.

In this study, we used a panel of Cys mutants to demonstrate that WT TF protein
palmitoylation occurs on the N-terminal Cys residues. In contrast, the 6K protein does
not appear to be palmitoylated. The Cys mutants display altered levels of both the 6K
and TF proteins inside infected cells compared to the WT. We found that palmitoylation
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directs the localization of the Sindbis virus TF protein to the plasma membrane and,
indirectly, its subsequent incorporation into the particle during budding. In a tissue
culture system, the Cys mutants were able to produce infectious virus. However,
examination of the virions by transmission electron microscopy (TEM) showed that the
Cys mutants had morphological abnormalities. Finally, we propose a model for the role
of TF palmitoylation in alphavirus budding.

RESULTS
TF Cys mutations alter its steady-state levels. We aligned the 6K and TF protein

sequences to identify cysteines available for posttranslational modification. An amino
acid alignment of 6K proteins reveals a pattern of conserved cysteines upstream of the
frameshift slip site (Fig. 1A). The amino acid alignment of TF proteins additionally shows
that the unique TF region contains nonconserved Cys residues (Fig. 1B). The atomic
structures of 6K and TF are not known, but the topology of these two proteins has been
deduced from hydrophobicity plots and the known membrane orientation of the

FIG 1 The 6K and TF proteins and their Cys residues. (A and B) Protein sequences were aligned by using ClustalOmega and manually adjusted around the slip
site (boldface type). All residues N terminal to the slip site are identical in 6K and TF, while residues C terminal to the slip site are unique to each protein. All
Cys residues theoretically available for palmitoylation are highlighted in green. The protein length is given in amino acids. Underlined residues indicate
N-terminal or C-terminal antibody epitopes. Above the sequence, colored bars correspond to regions magnified in panel D. The percent frameshifting rate
(%FS), as measured by Chung et al. in a cell-based dual-luciferase assay (indicated by *), is shown at the far right of panel B (25). Abbreviations: SINV, Sindbis
virus; WEEV, Western equine encephalitis virus; CHIKV, Chikungunya virus; RRV, Ross River virus; SFV, Semliki Forest virus; EEEV, Eastern equine encephalitis virus;
VEEV, Venezuelan equine encephalitis virus; AURAV, Aura virus; MIDV, Middelburg virus; EILV, Eilat virus; SESV, Southern elephant seal virus; SDV, sleeping
disease virus. (C) Schematic of the theoretical membrane topology of the 6K and TF proteins. The blue regions are sequences shared between both 6K and
TF isoforms. The dark blue and red regions are unique to the C terminus of 6K and TF, respectively. (D) The mutations made for constructing the TF Cys mutants
9C, 4C, and 5C are demonstrated below the WT sequence. Amino acid (aa) numbering across the top is for WT Sindbis virus TF. The blue regions on the left
are sequences shared between both 6K and TF isoforms. The red regions to the right are unique to the C terminus of TF.
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structural polyprotein. The 6K protein is thought to be composed of two transmem-
brane domains connected by a short cytoplasmic loop. The first transmembrane
domain and loop residues of 6K and TF are identical; however, TF has a unique
extended cytoplasmic loop (Fig. 1C). We hypothesized that TF might be palmitoylated
on the Cys residues in its cytoplasmic C terminus, anchoring it to the membrane. To test
this, we constructed three Cys mutants, called 9C, 4C, and 5C, by replacing the Cys
residues with Ala or Ser (Fig. 1D). In 9C, all nine Cys residues in the Sindbis virus TF
protein were mutated; in 4C, the four Cys residues in the TF-unique C terminus were
mutated; and in 5C, the five shared Cys residues in the portion of 6K and TF prior to the
slip site were mutated.

We probed the Cys mutants for steady-state 6K and TF protein levels in infected BHK
cells (Fig. 2A). By using an antibody that recognizes a unique C-terminal TF epitope, no
TF was detected in mock-infected cells or cells infected with Δ6K or 6K*, which
translates 6K but not TF. However, at 8 and 16 h postinfection (hpi), TF was detected
in the WT and the Cys mutants. At both times, the quantities and migration pattern of
TF in the mutants were different from those of the WT. In the WT, TF migrates as a
doublet with bands of similar intensities at all times. The 9C and 4C mutants, in
particular, accumulate higher levels of the TF protein than does the WT, although the
CP protein levels in the same samples are very similar. The 9C TF band migrates at a
lower apparent molecular mass, as expected for a protein that is no longer palmitoy-
lated. The 4C TF band is much more abundant than that of the WT but migrates at a
position similar to that of the WT, suggesting a similar number of modifications. The 5C
TF protein band migrates at the same position as 9C, suggesting that it is also not
palmitoylated. A single palmitoyl moiety is �250 Da. While the shifts observed in these
blots are greater than expected for palmitoylation based on molecular mass calcula-
tions alone, other small posttranslational modifications, such as phosphorylation, are
commonly detected as shifted bands by gel electrophoresis (44, 45).

As shown in Fig. 2A, the 6K protein was also detected by Western blotting with
antibodies directed against an N-terminal epitope called anti-6K/TF. The anti-6K/TF
antibody poorly detects the TF protein but gives a strong signal for 6K. The 6K protein
was detected in WT and all mutant infections but not in mock or Δ6K infections (Fig.
2A). At 8 hpi, the Cys mutants displayed lower levels of 6K than those of the WT, but
at 16 hpi, 6K levels increased compared to those of the WT. Additionally, the 6K proteins
in 9C and 5C infections migrated at a lower apparent molecular mass than that of WT
6K, suggesting that they might not possess a posttranslational modification that the
WT, 4C, and 6K-only 6K proteins do.

FIG 2 TF protein expression inside infected cells. (A) Lysates from infected BHK cells were analyzed for
TF and 6K protein expression by Western blotting at 8 and 16 hpi, using the virus CP protein as a loading
control. Mock and Δ6K are controls with no signal using anti-TF or anti-6K/TF antibodies. 6K* is a 6K-only
mutant that does not translate TF. The line at the left indicates the position of the 10-kDa reference band.
A blot representative of at least three repetitions is shown. (B) Ratio analysis of 6K and TF expression
levels using values normalized to values for CP loading in each lane.
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The ratio of total 6K to TF protein in the cell (Fig. 2B) calculated here for the WT
strain has a ratio close to 10:1, consistent with what has been reported for both in vivo
calculations and in vitro assays (24, 25). The 9C and 4C mutants have a ratio of 6K to TF
much closer to 1, and 5C has an elevated level of 6K compared to that of TF. Our data
support the hypothesis that 6K and TF are potentially posttranslationally modified, that
this modification occurs on the N-terminal Cys residues present and shared between
the WT and 4C, and that the posttranslational modification state of TF and 6K may
influence the amount of these proteins present in the cell.

Only the N-terminal Cys residues of TF are palmitoylated. Having observed
migration patterns in the Cys mutants that were consistent with reduced modifications,
we next directly assayed the palmitoylation status of the virus proteins using click
chemistry (46, 47). Infected cells were incubated with palmitic azide, which serves as a
substrate for the cellular palmitoyl transferases, from 12 to 16 hpi. Upon harvesting, the
lysates were split. One part of the lysate remained untreated, while another aliquot was
further processed to react with a biotin-alkyne, covalently “clicking” it to the palmitic
azide functional group. This method biotinylates all viral and cellular proteins that were
palmitoylated during the 4-h labeling period. Next, the untreated and biotinylated
lysate proteins were separated by SDS-PAGE and probed separately for the biotin-
palmitic azide modification and viral proteins via Western blotting. As shown in Fig. 3A,

FIG 3 TF is palmitoylated on Cys residues in its shared N terminus. (A and B) Infected BHK cells were
labeled with palmitic azide from 12 to 16 hpi. After harvesting of the cell lysate, proteins modified with
palmitic azide were labeled via click chemistry with biotin. Proteins were separated by SDS-PAGE and
transferred onto blotting paper. Biotinylated proteins were detected with fluorophore-conjugated
streptavidin. Virus proteins were detected with specific antibodies. (A) On the same gel, untreated and
biotinylated lysates were separated and detected. At the right are untreated virus proteins. On the left
are biotin-conjugated palmitoylated proteins from the same lysates. The dots denote the palmitoylation
signal from TF. The arrow indicates a host protein that is palmitoylated in virus infections, also indicated
by an arrow in panel B (bottom). These experiments were repeated at least three times. (B) Click-modified
samples were probed by using dual-color detection. Cyan indicates biotinylated protein, and magenta
indicates virus protein. At the top left is the TF channel alone. At the bottom left is the streptavidin
channel alone. At the middle left are overlaid TF and streptavidin channels. At the right, the same
samples that were left untreated were electrophoresed on the same gel and detected only by anti-TF
antibody. These experiments were repeated at least three times. (C) Infected BHK lysates were treated
with hydroxylamine (HA) to remove palmitoyl moieties. Virus proteins were detected by Western
blotting. One representative blot from at least three repetitions is shown.
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a significant enrichment of palmitoylated protein at the position of virus glycoproteins
E1 and E2, which are known to be palmitoylated, was observed in virus-infected
samples (21, 22). For the CP protein which is known not to be palmitoylated, there was
no enrichment of biotinylated protein. These two results demonstrate that this method
specifically labels palmitoylated proteins. A comparison of the left and right panels of
Fig. 3A indirectly addresses TF palmitoylation and suggests that palmitoylation of TF
occurs in the shared N-terminal residues common between the WT and 4C rather than
on the C-terminal Cys residue. In the biotinylated samples, there are several palmitoy-
lated protein bands where TF migrates in the gel. The uppermost band is present in all
samples, including the mock-infected sample, and therefore represents a palmitoylated
host protein. The band indicated by an arrow at the bottom is present in all infected
cell samples, including the 6K* sample, which does not produce TF (Fig. 2A), strongly
suggesting that this is a host protein that is palmitoylated upon virus infection. The
bands labeled with dots indicate where the WT (two bands) and 4C TF proteins are
located (Fig. 3A), indicating that both of these proteins are palmitoylated. In contrast,
the biotin signal in the region of the gel where 6K migrates does not correspond to the
migration patterns of 6K (Fig. 3A). In 9C and 5C, the 6K protein has no Cys residues
available for palmitoylation. In the WT and the 4C and 6K* mutants, there are five Cys
residues in the protein available for palmitoylation. If the signal in the biotin blot (Fig.
3A, left) corresponds to 6K, there should be a higher-intensity band for WT, 4C, and 6K*
infections but not for mock, 9C, or 5C infection. We observe that, in fact, the 5C lane has
a signal in all the same positions as those for the WT and the other samples. Further-
more, the biotin signal intensity for the WT and the 4C and 5C mutants is the same,
suggesting that if 6K is palmitoylated, it is palmitoylated at very low levels (Fig. 3A, left),
although 6K is present and detectable in these lysates (right). Identical experiments
were performed at 8 hpi, with similar results, except that the overall signal intensity was
lower (data not shown).

To confirm that the palmitoylation-biotin signal observed was truly comigrating
with TF, we used dual-color detection in our Western blot analysis to probe for
palmitoylation (with biotin-streptavidin) and TF simultaneously (Fig. 3B). These results
agree with the conclusions from the single-labeling experiment shown in Fig. 3A. In the
WT and the 4C mutant, there is a biotin signal that exactly corresponds with the
position of TF migration in the dual-color channel overlay. As a control, we show that
the TF channel signal is the same when detected in a dual-color blot (Fig. 3B, top left)
and when detected in the same untreated sample (Fig. 3B, right), although precipitated
protein bands are not as sharp in Fig. 3B, left.

As a complementary method, we used hydroxylamine treatment to determine if the
migration differences were due to palmitoylation (48, 49). Hydroxylamine catalyzes the
hydrolysis of the thioester linkages between the Cys residue and the palmitate group.
If the WT and the 4C mutant are palmitoylated, then treatment with hydroxylamine will
result in a downward shift in the migration of 6K and TF on a gel. When WT- and
4C-infected lysates were treated with hydroxylamine, the TF protein bands shifted their
migration to a lower molecular weight, confirming that they were palmitoylated (Fig.
3C). In contrast, the 9C and 5C TF bands, which have no Cys residue in their N terminus,
did not shift upon hydroxylamine treatment, indicating that there is no palmitoylation
in the C terminus of TF. Furthermore, the hydroxylamine-treated WT and 4C TF bands
shifted to the same mobility as that of the 9C and 5C TF bands, confirming that
palmitoylation alone accounts for the observed migration patterns of the WT and 4C TF
proteins. Interestingly, we did not detect any lower-molecular-weight bands that might
correspond to the unmodified TF protein in the WT or the 4C mutant without
hydroxylamine treatment, suggesting that all the detectable TF protein in a native
infection is palmitoylated. Taken together, our data show that TF is palmitoylated only
on the Cys residue in the N terminus.

In contrast to TF, the 6K protein showed no sensitivity to hydroxylamine, suggesting
that 6K may not be palmitoylated in Sindbis virus (Fig. 3C), consistent with our results
using the palmitate-biotin labeling method (Fig. 3A). Although palmitoylation does not

Ramsey et al. Journal of Virology

February 2017 Volume 91 Issue 3 e02000-16 jvi.asm.org 6

http://jvi.asm.org


account for the migration differences observed in the 6K Cys mutants, the amino acid
composition of low-molecular-weight proteins strongly influences their migration and
may explain what we observe here.

Previous work showed that in Sindbis virus, residues C35, C36, and C39 in 6K are
palmitoylated in chicken embryo fibroblasts (20, 23). The authors of that study also
identified another smaller 4.2K band that was not palmitoylated. After the identification
of TF, it was initially suggested that the 6K protein observed in palmitoylation studies
was most likely TF and that the 4.2K protein was 6K. Our work is consistent with those
previous studies suggesting that TF is palmitoylated at residues at the N terminus
(which includes C35, C36, and C39) and that 6K has little to no palmitoylation in BHK
cells.

Protein turnover does not account for higher levels of 6K or TF. The observation
that the Cys mutants have different steady-state levels of 6K and TF over time (Fig. 2A)
raised the question of whether this was caused by a longer lifetime of the proteins. We
reasoned that in the 4C mutant, which had higher levels of TF and 6K, each protein
would have a longer half-life than that of the WT. Attempts to use [35S]Met-Cys labeling
resulted in a low signal-to-noise ratio, preventing the TF bands from being accurately
quantified above the host protein background level. Instead, we monitored protein
turnover after treatment of infected cells with cycloheximide, an inhibitor of translation
at the level of the ribosome.

6K and TF protein levels during cycloheximide treatment were monitored by
Western blotting starting at 10 hpi (Fig. 4A). While absolute values of quantification
differed between experiments, the general trends remained the same. When infected
cells were treated with only the vehicle control, WT and 4C TF protein signals increased
over 6 h (Fig. 4B, left). Both WT and 4C TF protein levels increased, but the amount of
4C TF was larger at all times measured, consistent with the data shown in Fig. 2A. In
contrast, but consistent with the data shown in Fig. 2A, the 6K protein signal in the WT
did not change dramatically over the period of treatment with only the dimethyl
sulfoxide (DMSO) vehicle but increased slightly in 4C (Fig. 4B, right). In the presence of
cycloheximide, TF and 6K protein levels in 4C and the WT decreased at similar rates,
suggesting that the lifetimes of TF in the WT and the 4C mutant were similar (Fig. 4C).
The decreasing levels of TF are most likely explained by degradation via the protea-
some or proteases, but a decrease in levels due to budding cannot be ruled out.
However, the level of the CP protein, which is budded from the cell at a higher ratio per
particle, did not substantially decrease within the same time frame (Fig. 5A). We
conclude that neither 6K nor TF has a significantly different turnover rate in the Cys
mutant strain 4C compared to that in the WT, and therefore, protein lifetime does not
explain the observed differences in steady-state TF levels.

FIG 4 Protein turnover does not account for higher levels of 6K or TF. Infected BHK cells were treated with the
DMSO vehicle (�) or 50 �g/ml cycloheximide (CHX) (�) at 10 hpi for up to 6 h. (A) Paired treated and untreated
samples were lysed and probed by Western blotting for CP, TF, and 6K. Data from one representative experiment
of three repetitions are shown. (B and C) TF and 6K protein levels were quantified over time (compared to WT levels
of TF and 6K at time zero) after treatment with the DMSO vehicle (B) and CHX (C).
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Localization of TF to the plasma membrane is dependent on its N-terminal
palmitoylation. Palmitoylation is a posttranslational modification usually invoked as a
mechanism for precise control over protein localization to distinct subcellular mem-
branes. We hypothesized that the palmitoylation state of the TF protein would provide
a physical basis for the subcellular localizations that were previously observed by using
immunofluorescence (24, 26, 41). The antibodies used in this study do not show
specificity toward TF and/or 6K in an immunofluorescence assay (data not shown);
therefore, we pursued subcellular localization by an alternative method. We separated
membrane proteins derived from internal organelles and the plasma membrane pro-
teins from each other and the rest of the intracellular soluble proteins. We verified the
efficacy of the separation technique using two subcellular markers in uninfected BHK
cells (Fig. 5A). The transferrin receptor purifies in organelle membranes, where it is
synthesized and trafficked, and at the plasma membrane, where it functions as an iron
uptake receptor. The KDEL signal, a retrieval motif found in ER-resident proteins, is
enriched in the organellar fraction but not in the plasma membrane fraction.

Using the same separation method, we fractionated infected BHK cell lysates at 8
and 16 hpi, and at both times, WT TF reached the plasma membrane (Fig. 5B). Notably,
the WT TF doublet was maintained both in the organelle membrane protein fraction
and at the plasma membrane. Densitometry analysis of 4C TF demonstrates that the
protein is present in the plasma membrane at higher levels than in the WT, consistent
with its overall elevated levels in the cell (Fig. 2A). 9C and 5C TFs, on the other hand,
were detected at very low levels at the plasma membrane despite being present in the
organelle membrane fraction. When we monitored the localization of the other struc-
tural proteins, both CP and the glycoproteins E1 and E2 were observed at the plasma
membrane, where budding occurs. In contrast to TF, though, we did not detect
appreciable amounts of 6K at the plasma membrane in the WT or any of the Cys
mutants, with the highest level of detection being found for 4C 6K. These data support

FIG 5 Differential TF subcellular localization in the Cys mutants. BHK cells were fractionated to separate
subcellular compartments with a commercial kit. (A) Western blots on mock-infected cell lysates probing
for a plasma membrane (PM) protein, the transferrin receptor (TfrR), and proteins containing KDEL, a
marker for the endoplasmic reticulum. Org, organelles. (B) Infected-cell fractions at 16 hpi were probed
by Western blotting for virus proteins. Similar results were obtained at least three times; one represen-
tative fractionation blot is shown. (C) Quantification of 6K and TF in the blot shown in panel B. The bars
represent the signal in the plasma membrane fractions compared to the amount of input protein in that
sample. Percentages represent localization efficiencies relative to the WT.
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our hypothesis that there is a correlation between the palmitoylation status of TF and
6K and subsequent plasma membrane localization.

Composition and morphology defects in Cys mutant virus particles do not
influence infectivity. Having seen different levels of the TF protein at the plasma
membrane in the WT and Cys mutants, as shown in Fig. 5, we next characterized the
impact of the Cys mutations on released particles. Purified virions viewed by TEM were
spherical and had similar diameters (Fig. 6A). Nevertheless, upon closer inspection, we
saw that the Cys mutants demonstrated a markedly higher percentage of abnormal
particles than did the WT (Fig. 6A, arrows, and B). The main defect observed was striking
internal staining indicative of particles that had compromised structural integrity.

To determine if the particle defects observed by TEM could be a result of differences
in protein compositions between the WT and Cys mutants, we purified the virus and
probed for the glycoproteins, CP, TF, and 6K. The incorporation of the structural
proteins E1/E2 and CP was relatively unaffected in the Cys mutants compared to the
WT, as determined by Western blotting (Fig. 6C). The TF protein, but not the 6K protein,
was detected in virions by Western blotting as well (Fig. 6C); mass spectrometry
analyses gave similar results (data not shown). The pattern of TF incorporation into
particles reflects what was seen for TF levels at the plasma membrane (Fig. 5). WT TF
was present at the plasma membrane and in the virion. 4C TF was present at even
higher levels at the plasma membrane and in the virion. The 5C and 9C TF proteins
were not present at high levels at the cell surface, nor were they detectable in virions.
Our data suggest that the palmitoylation state of TF modulates its transport to the
plasma membrane (Fig. 5), thereby indirectly affecting the amount of TF that is
incorporated into the released virion particle (Fig. 6C).

While the particle morphologies and compositions of the WT and the Cys mutants
are different, the viruses do not display drastic differences in infectivity. We measured
the output of infectious virus over time in BHK cells (Fig. 6D). The 9C and 4C mutants
produced �1 log unit less infectious virus than the WT at all times. The 5C mutant
produced �2 log units less infectious particles than the WT until 12 hpi, and by 24 h,
when all the host cells were dead, 5C produced the same number of infectious particles
as the WT. The Cys mutant phenotypes are not as severe as the growth phenotype of
Δ6K. Furthermore, the Cys mutants have a particle-to-PFU ratio that is essentially the
same as that of the WT (Fig. 6D). The particle morphology and composition of the Cys
mutants are different from those of the WT virus, but neither their growth nor their
infectivity, as observed in a tissue culture system, is severely reduced.

FIG 6 Cys mutant virus particle morphology by TEM. (A) Released virions isolated from infected BHK cells
by a low-speed spin and observed via TEM. Arrowheads indicate particles with abnormal morphology.
Representative images from three experiments are shown. Bars, 100 nm. (B) Quantification by blind
counting of virus morphology visualized by TEM, as described in Materials and Methods. (C) Virus
proteins from purified virions were detected by Western blotting. (D) Growth curves of the TF Cys
mutants in BHK cells. Determination of the growth curves for each virus strain was performed at least
twice. A representative graph with two biological replicates is shown. Particle-to-PFU ratios measured for
WT and Cys mutant viruses are also displayed.
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DISCUSSION
Palmitoylation is a targeting mechanism used by virus proteins involved in

budding. To transit successfully from cell to cell, viruses very precisely target their
assembly proteins within the cell to build a new virion. For enveloped viruses, both
cytoplasmic and transmembrane structural proteins use palmitoylation as a mechanism
to achieve or enhance membrane association during budding. Palmitoylation of influ-
enza virus hemagglutinin, a transmembrane protein, increases its association with
membrane microdomains, where it interacts with the M2 protein during budding
(50–52). In herpes simplex virus, the tegument protein UL51 relies on palmitoylation for
association with the Golgi membrane, where secondary envelopment occurs (53, 54). In
hepatitis C virus, palmitoylation in the core protein that encapsulates the genome has
been reported to increase its association with ER membranes, where budding occurs
(55).

Several families of enveloped viruses contain proteins that are not required for
budding but whose presence greatly enhances it. Characteristically, these proteins are
�20 kDa and are transmembrane or membrane associated. Examples include Vpu in
HIV (56–58), M2 in influenza virus (59–61), E in coronaviruses (14, 62, 63), and 6K/TF in
alphaviruses (20, 23). Of these, M2 (64, 65), E (66), and TF (20, 23) are also palmitoylated,
suggesting that posttranslational modification might be important for either cellular
localization, function to enhance budding, or both. However, in currently documented
cases, palmitoylation of the M2 (67) and E (68) proteins is not required for proper
localization. Palmitoylation of M2 enhances its function in overall influenza virus
maturation and exit (59, 61). Palmitoylation of E enhances the budding of coronaviruses
from the Golgi apparatus (66, 69). Our work here demonstrates that the palmitoylation
of TF, in contrast to that of M2 and E, is important for targeting the TF protein to the
plasma membrane (Fig. 5) while also influencing optimal particle assembly (Fig. 6).

Model where palmitoylation regulates TF localization, controlling its partici-
pation in budding. A driving force behind this study was to characterize the regulatory
mechanisms governing the functions of proteins that participate in budding. All
sequenced alphavirus species encode the small membrane protein isoforms 6K and TF,
which are palmitoylated and positively affect budding (70, 71). Initially, we hypothe-
sized that alternative palmitoylation states between 6K and TF would provide a physical
explanation for how the TF protein, and not 6K, is usually incorporated into alphavirus
particles at low stoichiometric levels (20, 24, 26, 30, 31). However, our data suggest that
palmitoylation regulates intracellular localization rather than virus particle incorpora-
tion during budding (Fig. 5 and 6).

One mechanism supported by our data is that palmitoylation in the N terminus
renders TF competent to participate in virion assembly by localizing it to the site of
budding (Fig. 7). The high level of TF palmitoylation results in its translocation to the

Step 1:
C-terminus regulates 
palmitoylation levels

Step 2: 
Palmitoylation regulates 
transit to the PM 

C S S

Plasma
Membrane

WT 9C/5C4C

C C

X X
S C S

FIG 7 Model for regulation of the participation of palmitoylated TF in alphavirus assembly. TF is targeted
to the site of budding via a 2-step regulatory mechanism. First, the C-terminal domain regulates the
palmitoylation state of TF. The conserved Cys residues in the N-terminal shared cytoplasmic region are
palmitoylated. Second, palmitoylation on TF targets the protein to the plasma membrane, where it
participates in the assembly and budding of WT particles. When the C-terminal domain lacks the Cys
residues, TF is still targeted to the plasma membrane by N-terminal palmitoylation, as in 4C. When
palmitoylation is missing as in 5C and 9C, TF is not targeted to the plasma membrane efficiently.
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plasma membrane, while 6K, with its lower palmitoylation levels, remains at the interior
of the host cell. It is interesting that in the WT and the 4C mutant, the Cys residues that
are palmitoylated on the TF protein are also Cys residues that are present in the 6K
protein, yet any palmitoylation on the 6K residues occurs at very low levels if at all. This
suggests that the C terminus of TF has a role in promoting the regulated addition of
palmitoylation, as shown by the two stable forms of palmitoylated WT TF proteins.
When the C-terminal regulatory domain is disrupted in its Cys residues, as occurs in 4C,
the addition of palmitoylation is not regulated, resulting in one stable population of
palmitoylated TF. In the WT and the 4C mutant, TF is shuttled to the plasma membrane,
because N-terminal Cys residues are palmitoylated, and TF can then participate in virus
budding. In 5C, the C terminus can still theoretically regulate palmitoylation levels, but
there are no Cys residues to be modified, so 5C is not transported to the plasma
membrane. In 9C, even though the C terminus may not regulate palmitoylation levels,
because there are no Cys residues, no palmitoylation and minimal plasma membrane
localization occur. When TF is not located at the plasma membrane, it does not
participate in budding. From this study, we propose that in Sindbis virus, the Cys
residues play a role in the regulatory function of the C terminus; however, in other
alphaviruses lacking these C-terminal Cys residues, there are likely other features of the
cytoplasmic tail or alternate regulatory mechanisms that govern protein modification
status and localization.

Another possible role for the TF C-terminal domain is self-feedback that regulates its
own frameshifting rate. By using a plasmid-based reporter system, Chung et al. dem-
onstrated that the secondary structure of RNA downstream of the slip site influences
frameshifting rates (25). The mechanism controlling TF synthesis can be investigated by
using C-terminal mutants with altered levels of TF.

Palmitoylation levels differentiate the roles of 6K and TF in budding. The original
studies that investigated the 6K protein and its alternative palmitoylated form (called
4.2K and 6K) were reported in the early 1990s (20, 23). Since Firth et al. demonstrated
that TF is in fact a different protein than 6K, it has been inferred (and we agree) that the
4.2K protein band corresponds to the 6K protein and that the 6K protein band
corresponds to the TF protein (24). Gaedigk-Nitschko et al. found that their 4.2K protein
was not palmitoylated and did not shift to a lower-molecular-weight band upon
hydroxylamine treatment, consistent with our findings for the 6K protein. Furthermore,
Gaedigk-Nitschko et al. found that their 6K band was palmitoylated and sensitive to
hydroxylamine, consistent with our findings for the TF protein. The same group, using
[3H]palmitic acid, showed that their 6K band (the TF protein) in virions is palmitoylated
(20). In studies of the specific residues that were palmitoylated, one of the viruses was
mutated at Cys35 and Cys36, and another virus was mutated at Cys39, both of which
are a subset of the 5C mutant described here (23). Those researchers saw that in the
double mutant, C35S C36S, there were aberrant virus particle morphologies. It is
important to note that the presence of TF (which has 4 additional Cys residues) was not
known at the time of those studies. Our mutants account for the presence of the
additional Cys residues found in TF.

One reason why studies on 6K and TF have been difficult to pursue for other
alphaviruses is that there is a lack of tools to detect such a low-abundance protein. Even
by using the specific antibodies generated for this study, small proteins like 6K and TF
are challenging to resolve by SDS-PAGE. The gel composition strongly influences the
number and resolution of the bands. In the past, 6K was best resolved on high-
percentage-acrylamide gels with urea (23). In this study, we detected the WT TF protein
as a sharp palmitoylated doublet using Tricine gradient gels (see Materials and Meth-
ods). The TF protein is present as two populations of differentially palmitoylated
proteins. The TF doublet is maintained even in the presence of reducing agent, ruling
out alternate disulfide bonding between Cys residues (data not shown). The existence
of two pools of functionally distinct small membrane proteins has been noted for the
coronavirus E protein (72). There are clearly detectable shifts in the size of TF upon
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mutation of the Cys residues, indicating that the presence of palmitoylation, and, likely,
the specific amino acid composition, greatly affects its migration in gels. The 4C TF
band is not a clear doublet but appears to correspond to the upper (more modified) WT
band. The 5C and 9C TF bands represent completely unmodified proteins. While it is
possible that the TF protein has another posttranslational modification, we note that
previous studies probed for but did not detect any glycosylation or phosphorylation on
6K or TF (23, 73).

6K migrates as a single band in the WT and not a doublet like TF. The size of the 6K
protein also becomes smaller in the 5C and 9C mutants. There is no clear signal for
modified 6K with palmitic azide labeling (Fig. 3A), nor does the protein size shift to a
lower mobility with hydroxylamine treatment (Fig. 3C). It is also possible that levels of
palmitoylated 6K are transient or cell type dependent and not in high abundance in our
experimental system. The size shift could be due to an unidentified posttranslational
modification or the amino acid composition causing differential migration. From this
work, it is clear that the 6K and TF proteins localize differently, with TF localizing to the
plasma membrane and in a position to participate in budding and 6K being internal,
where it functions in an unknown fashion to influence the cellular state to promote
budding.

Future directions for delineating the roles of 6K and TF in alphavirus budding.
All studies using tissue culture reveal only small growth defects in 6K and TF mutants,
but in vivo experiments using mouse models showed that 6K and TF mutants cause
disease that is less severe than that caused by the WT (26, 41), emphasizing the
important role that these proteins play in virus infection at the organismal level. By
corollary, we might expect that the morphological defects in Cys mutant virions will
impact infection in an animal. Studying the role of TF during infection at the molecular
level will help draw mechanistic connections to the phenotypes observed at the
organismal level. While TF is a minor component of the budded virus, here we show
that both its palmitoylated form and WT incorporation levels are important for proper
virus assembly. Investigations of the molecular role of TF in released virions, cell
localization studies to determine how alphaviruses temporally and spatially regulate
the production and modification status of TF, and identification of the differences in TF
regulation in vertebrate and invertebrate host cells will help us understand how the
failure of TF to efficiently traffic to the plasma membrane helps drive budding. Further
studies of the 6K protein will also be needed to understand the role that it plays in
promoting budding from the interior of the infected host cell.

MATERIALS AND METHODS
Cells and virus. All tissue culture was performed in the baby hamster kidney line BHK-21, here

referred to as BHK cells. Cells were passaged in 1� minimum essential medium (MEM) supplemented
with nonessential amino acids, penicillin-streptomycin, and L-glutamine in 10% fetal bovine serum
(Corning Cellgro, Manassas, VA) and grown in a 37°C incubator in a controlled-humidity environment
with 5% CO2.

The viruses in this study were all derivatives of the Sindbis virus TE12 infectious cDNA clone (74). 6K*
is a virus with three silent nucleotide mutations at the frameshift slip site (U UUU UUA to G UUC CUA)
that abolish frameshifting and, hence, TF production. The Δ6K virus is a clean deletion of the 6K gene
between E2 and E1. Cys mutant strains were generated according to recommendations for the
QuikChange Lightning site-directed mutagenesis kit (Agilent, Santa Clara, CA). The three Cys mutant
strains are 9C, with mutations of all 9 Cys residues to Ser residues; 4C, with mutations of the 4 unique
TF Cys residues (C46, C59, C62, and C65) to Ser residues; and 5C, with mutations in the 6K/TF shared
coding sequence region at C23 to Ala and at C35, C36, C38, and C39 to Ser. Due to overlapping reading
frames, TF C46S causes an A46L mutation in the 6K reading frame, TF C59S causes an A4L mutation in
the E1 reading frame, and TF C65S causes a V10Q mutation in the E1 reading frame. All oligonucleotides
in this study were obtained from Integrated DNA Technologies (Coralville, IA). The primers used to
mutate the TF Cys residues were forward primer 5=-CTTCTGGGTCCAGTTGAGCATACCTTTGGCCGCTTTC-3=
and reverse primer 5=-GAAAGCGGCCAAAGGTATGCTCAACTGGACCCAGAAG-3= for C23S, forward primer
5=-GTTCTTCTGGGTCCAGTTGGCCATACCTTTGGCCGCTTTC-3= and reverse primer 5=-GAAAGCGGCCAAAG
GTATGGCCAACTGGACCCAGAAGAAC-3= for C23A, forward primer 5=-GCCTGCCGTTCCTAGTGGTTGCCGG
CGCCTA-3= and reverse primer 5=-TAGGCGCCGGCAACCACTAGGAACGGCAGGC-3= for C35 and C36,
forward primer 5=-CTAATGCGCTCATCATCCTCATCACTGCCTTTTTTAGTGGTTGCCGGC-3= and reverse
primer 5=-GCCGGCAACCACTAAAAAAGGCAGTGATGAGGATGATGAGCGCATTAG-3= for C38 and C39, for-
ward primer 5=-GGTAGGCGCCGAGAACCACTAAAAAAGGCAGGCA-3= and reverse primer 5=-TGCCTGCCTT
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TTTTAGTGGTTCTCGGCGCCTACC-3= for C46, and forward primer 5=-GGTATCTGTGGCTGATTTGGAACTGT
GGTCAGATGTTCGTAGGCGTCTACC-3= and reverse primer 5=-GGTAGACGCCTACGAACATCTGACCACAGTT
CCAAATCAGCCACAGATACC-3= for C59, C62, and C65. All clones were validated to contain the designed
mutations via Sanger sequencing.

Peptide synthesis. Two peptides were synthesized, with the sequences ETFTETMSYLWSC, from the
shared N terminus of 6K and TF, and RLPGEGRRLRTC, from the unique TF C terminus (Fig. 1). The full
peptides were created according to typical solid-phase synthesis procedures and techniques (75).
Reagents were purchased from Midwest Biotech (Indianapolis, IN) except where otherwise noted. In this
scheme, the C-terminal residue is anchored to phenylacetamidomethyl (PAM) resin beads, and the
growing peptide chain is constructed by the addition of N-tert-butoxycarbonyl (Boc)-protected amino
acids and 3-(diethoxy-phosphoryloxy)-3H-benzo[d][1,2,3]triazin-4-one (DEPBT) (purchased from National
Biochemicals, Twinsburg, OH) as a coupling reagent. Coupling reactions were performed for each residue
with the Boc-protected amino acid and DEPBT present at a 10-fold molar excess. By adding each amino
acid with a 10-fold molar excess of the reagent, quantitative incorporation of each amino acid at a
given position is ensured. Deprotection of the Boc-protected amino acid was performed by adding
trifluoroacetic acid (TFA) to the vessels containing the resin with the growing peptide chain. After the
deprotection step was completed, coupling solution (Boc-protected amino acid, DEPBT, N,N-ethyldiiso-
propylamine [DIPEA], and dimethyl fluoride [DMF]) was added to the growing peptide chain. After all
amino acids were added, the peptides on the resin were washed with DMF and dichloromethane (DCM).
Once ready for cleavage, the resin-peptide chain was washed with DCM, allowing 30 min of continuous
drying time on a vacuum-sealed manifold apparatus. Cleavage of the dried peptide from the PAM resin
was conducted by using a hydrogen fluoride (HF) cleavage protocol. The HF cleavage protocol used
includes a scavenger para-cresol, where the approximate ratio is 95% HF to 5% para-cresol. The retrieved
peptides were purified via lyophilization.

Antibody generation. The N-terminal 6K/TF and C-terminal TF peptides were conjugated to
mariculture KLH (mcKLH) protein as a carrier by using the Imject Maleimide Activated mcKLH spin kit
(Thermo Scientific, Waltham, MA). Conjugated peptides were injected into rabbits for antibody gener-
ation by Covance, Inc. (Princeton, NJ). Crude rabbit sera were concentrated and purified over a peptide
column, where the original synthesized 6K/TF or TF peptides were conjugated to an Affi-gel support
(Bio-Rad, Hercules, CA). Antibodies against the virus glycoproteins E1/E2 and CP were generated by our
laboratory and described previously (76–78).

Sequence alignment. Representatives from all the major clades and alphaviruses that are well
studied were chosen for alignment (70). Sequences were retrieved from the following GenBank accession
numbers and used to translate the TF protein sequence: NC_001547 for SINV, NC_003908.1 for Western
equine encephalitis virus (WEEV), NC_004162.2 for Chikungunya virus (CHIKV), HM234643.1 for RRV,
NC_003215.1 for Semliki Forest virus (SFV), NC_003899 for Eastern equine encephalitis virus (EEEV),
NC_001449 for Venezuelan equine encephalitis virus (VEEV), NC_003900.1 for Aura virus (AURAV),
AF339486 for Middelburg virus (MIDV), NC_018615.1 for Eilat virus (EILV), NC_016960.1 for Southern
elephant seal virus (SESV), and NC_003433.1 for sleeping disease virus (SDV). Sequences were aligned by
using default parameters in ClustalOmega (1.2.1) (79) and then manually adjusted around the conserved
frameshift slip site.

Virus growth and purification. Infectious viruses were generated from a cDNA clone, similarly to
previous descriptions (76). Briefly, the linearized TE12 cDNA plasmid or its 6K/TF mutant derivatives were
transcribed into infectious RNA in vitro, with a synthetic cap analog (New England BioLabs, Ipswich, MA).
RNA was electroporated (1500 V, 25 �F, 200 �) into BHK cells resuspended in phosphate-buffered saline
(PBS) in a 2-mm cuvette. Upon display of significant cytopathic effect, the media were harvested, and
cellular debris were pelleted at 5,000 � g for 15 min. Infectious virus was measured as PFU on BHK
monolayers by using standard procedures, where serial dilutions were adhered to cells for 1 h at room
temperature. Cells were overlaid with 1% low-melt agarose–1� complete MEM–5% fetal bovine serum.
Plaques were detected at 48 hpi by formaldehyde fixation and crystal violet staining.

For all experiments, a multiplicity of infection (MOI) of 5 PFU per cell was used to infect a confluent
monolayer of BHK cells for 1 h at room temperature. Upon the removal of the virus inoculum and the
addition of fresh medium, the cells were incubated at 37°C in 5% CO2 until harvest. Virus samples for
growth curves were collected at each time point by removing and replacing the entire medium volume.
Infectious-particle concentrations were measured at each time point via a plaque assay as described
above. For infections where cells were collected, media were removed, and monolayers were washed
with PBS prior to being lysed in SDS lysis buffer (10 mM Tris [pH 7.4] and 1% SDS supplemented with 1
mM fresh phenylmethylsulfonyl fluoride [PMSF] and 1 �g/ml leupeptin).

To purify high-concentration virus, confluent BHK cells were infected with WT, 9C, 4C, and 5C viruses
at an MOI of 5 PFU per cell. After rocking at room temperature for an hour, the cell monolayers were
washed with 1� PBS three times and then incubated in Virus Production Serum-Free medium (Gibco,
Waltham, MA) supplemented with 2 mM L-glutamine and 1� MEM-nonessential amino acids at 37°C in
5% CO2. After 16 to 24 h, the medium was harvested and clarified by a 5-min centrifugation at 5,000 �
g. Finally, the virus was pelleted via low-speed centrifugation at 5,300 � g for 16 h. The pelleted virus
was resuspended in HNE (20 mM HEPES [pH 7.4], 150 mM NaCl, 0.1 mM EDTA).

Western blotting. To ensure equal loading, cell lysate protein concentrations were measured by
using a bicinchoninic acid (BCA) assay (Pierce, Waltham, MA). Samples were mixed to a 1� final
concentration with 2� Tricine sample buffer (450 mM Tris HCl [pH 8.45], 12% [vol/vol] glycerol, 4%
[wt/vol] SDS, 0.0025% [wt/vol] Coomassie blue G250, 0.0025% [wt/vol] phenol red) and heated for 2 min
at 85°C or 95°C before gel electrophoresis on a precast 10 to 20% Tricine gel (Thermo Fisher Scientific-
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Novex, Waltham, MA) in Tricine running buffer (100 mM Tris base [pH 8.3], 100 mM Tricine, 0.1% SDS).
The PageRuler prestained protein ladder (Thermo Fisher Scientific-Invitrogen, Waltham, MA) was used in
all studies. The gel was transferred to 0.2-�m polyvinylidene difluoride (PVDF) blotting paper by wet
transfer at 25 V for 30 min, and then at 100 V for 1 h, in Tris-glycine transfer buffer (12 mM Tris base [pH
8.3], 96 mM glycine, 20% methanol). Blots probed for 6K, TF, or biotin-streptavidin were blocked in 1%
bovine serum albumin (BSA) in Tris-buffered saline (TBS); all other blots were blocked in 5% nonfat dry
milk in TBS. Primary antibodies directed against virus protein targets, purified anti-TF at a 1:1,000 dilution,
purified anti-6K/TF at a 1:200 dilution, anti-CP at a 1:5,000 dilution, and anti-E1/E2 at a 1:2,500 dilution,
were incubated with blots in 2% milk–TBS. The blots were then incubated with the Alexa Fluor 750 goat
anti-rabbit IgG(H�L) fluorescent secondary antibody (Thermo Fisher Scientific-Life Technologies, Wal-
tham, MA) at a 1:20,000 dilution in 2% milk–TBS. After washing in TBS and drying, the blot was scanned
in the 700- and 800-nm channels on a Li-Cor Odyssey Classic infrared imaging system. Where applicable,
the protein bands were quantified with ImageStudioLite v.4.0.21 software (Li-Cor, Lincoln, NE).

Click chemistry labeling of palmitoylated proteins. BHK cells were infected at an MOI of 5 PFU per
cell and then labeled with 50 �M palmitic azide (Invitrogen, Carlsbad, CA) at 4 or 12 hpi for 4 h. Cells were
lysed in SDS lysis buffer (10 mM Tris [pH 7.4] and 1% SDS supplemented with 1 mM fresh PMSF and 1
�g/ml leupeptin). Equal amounts of protein measured by the BCA assay were input into a click kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations. In the reaction, the azide
group was covalently conjugated to an alkyne-biotin compound. After methanol-chloroform precipita-
tion, the entire clicked lysate sample was analyzed by Western blotting as described above. The
biotin-conjugated proteins were detected by probing with an IR800CW-conjugated streptavidin reagent
(Li-Cor, Lincoln, NE).

Hydroxylamine treatment. BHK cells were infected at an MOI of 5 PFU per cell. At 16 hpi, cells
were washed with PBS and then harvested in SDS lysis buffer. Equal amounts of protein from each
lysate were treated with 1 M hydroxylamine at pH 7.5 for 1 h at room temperature in 50 mM HEPES
(pH 7.5). Reactions were terminated by trichloroacetic acid precipitation similarly to methods
described previously (80), except for the following modifications. Trichloroacetic acid was added to
20% (as one-fifth of the reaction volume of 100% trichloroacetic acid), and the protein pellet was
washed once with methanol and once with acetone. Samples were resuspended in Tricine sample
buffer diluted to 1� with SDS lysis buffer, heated at 95°C for 2 min, and then analyzed by Western
blotting as described above.

Subcellular fractionation. BHK cells were infected at an MOI of 5 for 16 h. A total of 20 million to
35 million cells were harvested according to instructions provided with the 101Bio plasma membrane
protein extraction kit (101Bio, Palo Alto, CA). This non-detergent-based separation generates an internal
membrane protein fraction and a plasma membrane protein fraction. The fractions were analyzed by
Western blotting as detailed above. Fractions from uninfected cells were also probed with anti-transferrin
receptor (Abcam, Cambridge, MA) at a 1:1,000 dilution as a plasma membrane protein and anti-KDEL
(Enzo Life Sciences, Farmingdale, NY) at a 1:200 dilution as an ER marker.

Cycloheximide translation block. BHK cells were infected at an MOI of 5. At 10 hpi, the cells were
treated with the DMSO vehicle control or 50 �g/ml cycloheximide (Sigma-Aldrich, St. Louis, MO). Samples
with and without cycloheximide were collected at 0, 2, 4, and 6 h posttreatment by lysis in NP-40 lysis
buffer (20 mM Tris [pH 7.4], 0.5% NP-40, and 200 mM NaCl supplemented with fresh 1 mM PMSF and 1
�g/ml leupeptin). The NP-40 lysis buffer used here extracts the TF protein as well as the SDS lysis buffer
described above. Samples were then analyzed by Western blotting as indicated above.

Transmission electron microscopy. The high-concentration virus samples were prepared for TEM
by incubation on a 300-mesh Formvar- and carbon-coated copper grid (Ted Pella, Inc., Redding, CA)
for 1 min. The samples were stained for 1 min with 1% uranyl acetate. The grids were observed with
a JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan). Images were acquired by using
a Gatan charged-coupled-device camera. For quantification of virion morphology, the particles were
counted with ImageJ 1.44o (81). The authors were blind to the names of the image files so that they
would not be biased in their counting. In each image, three categories were counted: total particles
fully in the view, WT-like particles, and abnormal particles. WT-like morphology was defined as whole
round virions with no blemishes, measuring between 65 and 75 nm in diameter. Abnormal particles
were defined as particles that were larger or smaller than WT particles, stained internally, broken, or
not spherical.

Reverse transcription and quantitative real-time PCR. BHK cells were infected with the WT or the
Cys mutants at an MOI of 5 PFU per cell for 16 h. Media were collected and clarified at 5,000 � g for 15
min for three biological replicates. Reverse transcription and quantitation were performed similarly to
methods described previously (82). Each replicate was analyzed in triplicate by heating 5 �l of clarified
medium for 45 s at 94°C with excess (500 ng) E1 reverse primer 5=-ATTGACCTTCGCGGTCGGATACAT-3=
and then for 5 min at 70°C and then chilling the mixture on ice. The required components for reverse
transcription with ProtoScript II reverse transcriptase (New England BioLabs, Ipswich, MA) were added for
a 20-�l reaction mixture, and samples were incubated at 25°C for 5 min, at 42°C for 45 min, and then at
70°C for 15 min to generate single-stranded DNA complementary to the positive-sense RNA genome of
our Sindbis virus samples.

Quantitative real-time PCRs were set up in triplicate according to the manufacturer’s recommenda-
tions provided with the Sensi-Fast SYBR Hi-ROX kit (Bioline, London, UK) with E1 forward primer
5=-TCAGATGCACCACTGGTCTCAACA-3= and the E1 reverse primer described above. Twenty-five-
microliter reaction mixtures with 2 �l each of cDNA in 96-well plates were cycled on an ABI StepOne
instrument. The samples were compared to a paired standard curve prepared as a serial dilution series
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of TE12 plasmid DNA extending below and above the concentration of the medium samples. Negative
controls included mock-infected samples and samples without a template to monitor for reagent
contamination. The final quantification was done by relating the threshold cycle (CT) values for medium
samples to the exponential fit of the standard curve.
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