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Expression of the NSP1 protein of Semliki Forest virus and Sindbis virus in cultured cells induced
filopodia-like extensions containing NSP1 but not F actin. The actin stress fibers disappeared, whereas
vimentin, keratin, and tubulin networks remained intact. The effects of NSP1 were dependent on its palmi-
toylation but not on its enzymatic activities and were also observed in virus-infected cells.

The RNA replication of alphaviruses such as Semliki Forest
virus (SFV) and Sindbis virus (SIN) is directed by virus-specific
nonstructural proteins (NSP1 to -4) and takes place in the
cytoplasm of infected cells on modified endosomes and lyso-
somes (5, 17). The functions of the individual NSPs have been
studied extensively (27). NSP1 (537 and 540 amino acids in
SFV and SIN, respectively) is an mRNA capping enzyme with
guanine-7-methyltransferase (MT) (11, 15) and guanylyltrans-
ferase (GT) activities (1, 2). Our recent study showed that SFV
NSP1 was tightly associated with membranes due to the pal-
mitoylation of cysteine residues 418 to 420. Interestingly, acy-
lation also affected the subcellular distribution of NSP1, since
only the palmitoyolated NSP1 was associated with the surface
extensions of HeLa cells (10), which expressed NSP1 from the
plasmid pTSF1 (18) by the aid of vaccinia virus vector vIF7-3
(6, 26).

Induction of filopodia by expression of SFV and SIN NSP1.
To study this phenomenon further, we expressed the acylated
and unacylated forms of NSP1 of SIN. The gene coding for
NSP1 was obtained from the infectious c¢cDNA clone
pToto1101 (19) by PCR, sequenced, and placed under the T7
promoter in pGEM3 to yield pTSIN1. HeLa cells were first
infected with vIF7-3 for 45 min, followed by transfection with
plasmid pTSF1 or pTSIN1 with the Lipofectin reagent
(GIBCO, BRL) (10, 18) to express NSP1 of SFV or SIN,
respectively. Hydroxyurea (10 mM) (Sigma) was applied to the
cells simultaneously with Lipofectin to inhibit vaccinia virus
DNA replication (3, 30). The cells were examined at 3 h post-
transfection by using phase-contrast optics. Mock-infected (not
shown) and vTF7-3-infected (Fig. 1A) cells served as controls.
The cells expressing SFV (Fig. 1B) or SIN (Fig. 1C) NSP1
showed induction of a large number of filopodia-like struc-
tures, which hereafter are designated filopodia. These exten-
sions often had a thick root and were branched at their distal
parts to thin microspikes or filopodia. Similar structures were
also observed in SFV- and SIN-infected cells, as demonstrated
for SFV by scanning electron microscopy, which was stabilized
as described elsewhere (24, 25) (Fig. 1D).

Tunneling microscopy revealed that the diameter of the
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filopodia was fairly uniform (about 50 nm [Fig. 2A]) and that
many of them were branched (Fig. 2A and insert). Whole-
mount immunotransmission electron microscopy of saponin
(0.5%)-permeabilized cells carried out as described elsewhere
(24, 25) revealed that NSP1 was present along the whole length
of the filopodia (Fig. 2B).

Reorganization of F actin in cells expressing NSP1. Since
the formation of filopodia in normal cells is driven by the
extension of F actin filaments, we labeled pTSF1-transfected
cells with fluorescent phalloidin to visualize F actin. In mock-
infected cells (Fig. 3A), phalloidin decorated the actin stress
fibers, whereas no stress fibers were detectable in NSP1-ex-
pressing cells (Fig. 3C). Instead, F actin was brightly stained in
the cell periphery and in the more thickly branched roots of the
cellular extensions (Fig. 3C). However, double staining with
anti-NSP1 and phalloidin revealed that the narrow filopodia-
like branches did not contain detectable F actin filaments
(compare Fig. 3B and C). Filopodia were also induced in BHK
and PCI2 cells and in the human fibrosarcoma cell line
HT1080, all expressing SFV NSP1 (not shown).

We have previously identified critical amino acid residues in
SFV NSP1, which are required for both MT and GT activities
(e.g., D64 and D90), only for GT activity (H38) (2) or for
palmitoylation (C418-420) (10). Moreover, removal of amino
acid residues 121 to 148 destroyed both the MT and the GT
activities and inhibited acylation and membrane association of
this truncated NSP1 derivative (10). To study the effects of
these mutations on the induction of filopodia and disappear-
ance of stress fibers, the mutated NSP1 derivatives were ex-
pressed with the vaccinia virus vIF7-3 system (6). Table 1
shows that neither MT nor GT activity was required for the
induction of filopodia and disassembly of actin stress fibers.
However, the acylation of NSP1 of both SFV and SIN was
necessary to cause these alterations.

NSP1-induced extensions differ from normal filopodia. Cy-
tochalasin D (CD) inhibits the polymerization of actin fila-
ments, resulting in the disappearance of actin stress fibers and
in the appearance of actin aggregates in the cytoplasm (Fig.
4B). When NSP1-expressing cells were treated with CD (0.1
wg/ml), numerous filopodia labeled with anti-nsP1 antiserum
were observed around the cell periphery (Fig. 4A), indicating
that F actin was not needed for their formation. The thicker
surface extensions, which sometimes resembled neuronal
growth cones (e.g., Fig. 3C), were never seen in CD-treated
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FIG. 1. Phase-contrast images of HeLa cells after 3 h of incubation in the transfection medium. Shown are cells infected with vaccinia virus vIF7-3 for 45 min
followed by incubation in transfection medium (A) and cells infected first with vIF7-3 for 45 min followed by transfection with plasmid pTSF1 encoding SFV NSP1
(B) or with pSIN1 encoding SIN NSP1 (C). Also shown is a scanning electron micrograph of an SFV-infected BHK cell at 4 h postinfection (D). Bars, 10 wm.
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FIG. 2. Filopodia contain NSP1 along their whole length. HeLa cells infected
with vTF7-3 and transfected with pTSF1 as described in the legend to Fig. 1 were
processed at 3 h posttransfection for tunneling microscopy (A) or for whole-
mount immunotransmission electron microscopy (B). For immunotransmission
electron microscopy, treatment with anti-NSP1 was followed by the addition of
protein A-gold particles. Arrowheads, retraction fibers; asterisks, filopodia.

cells, suggesting that F actin had participated in their forma-
tion. In addition, no evidence for the presence of tubulin,
vimentin, or keratin filaments in the filopodia of NSP1-express-
ing HeLa cells was obtained by staining with the respective
antibodies (not shown). Addition of 0.1 or 0.5 mM nocodazole
(12) or 50 pM vinblastine from 1 to 3 h posttransfection to
disrupt microtubules did not inhibit the formation of filopodia,
indicating that the integrity of microtubular and intermediate

TABLE 1. Correlation of actin redistribution, palmitoylation, and
enzymatic activities of NSP1 in HeLa cells expressing wild-type or
mutant SFV or SIN NSP1 proteins

Type of protein ~ MT activity GT activity Palmitoyl- Stress Induction of

expressed (11)” (1)° ation®  fibers filopodia
SFV NSP1 + + + - +
(wild type)
SFV C418-420A + + - + -
SFV H38A ++ - + - +
SFV D64A - - + - +
SFV D90A - - + - +
SFV A121-146 - - - + -
SIN NSP1 + + + - +
(wild type)
SIN C420A + + - + -

“ See references 2, 10, and 11.
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FIG. 3. Expression of NSP1 causes destruction of actin stress fibers. (A)
Oregon-green-conjugated phalloidin staining of stress fibers in a control HeLa
cell. (B and C) Lack of stress fibers in a HeLa cell expressing NSP1 3 h after
transfection with pTSF1; staining with anti-NSP1 antibodies (B) and Oregon-
green phalloidin staining of the same cell (C). Note that stress fibers are present
in a neighboring cell, which does not express NSP1. Bars, 10 wm.

filament networks was not necessary for their formation (not
shown).

Paxillin and vinculin, which are typical components of the
focal adhesions for F actin bundles (4), were distributed sim-
ilarly at the cell periphery both in mock- and pTSF1-trans-
fected cells, suggesting that focal adhesions were not affected
by NSP1 (not shown). Nor was Bl-integrin, which normally
mediates the contact of filopodia with the external matrix at
the focal contact points (31), found in the filopodia (not
shown). Instead, both the transmembrane protein CD44 (8)
and the intracellularly located peripheral plasma membrane
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FIG. 4. CD (0.1 pg/ml) was added at 1 h posttransfection to HeLa cells infected with vITF7-3 and transfected with pTSF1 1 h after transfection. (A and B) HeLa
cell stained with anti-NSP1 (A) and phalloidin (B) of the same cell. (C through F) Double-immunofluorescence staining of HeLa cells 3 h after transfection with pTSF1
stained with anti-NSP1 (C and E), anti-ezrin antibodies (D), and anti-CD44 antibodies (F). Bars, 10 pm.

protein ezrin (29) colocalized with NSP1 in the filopodial ex-
tensions (Fig. 4C to F).

According to the present study, alphavirus NSP1 causes dis-
assembly of the actin cytoskeleton when it is expressed in
several different cell lines. In addition, it induces numerous
surface extensions which stain positively with anti-NSP1 anti-
bodies and morphologically resemble filopodia but lack, e.g., F
actin. Only the acylated, tightly membrane-associated form of
NSP1 causes these effects. The same phenomena take place in
virus-infected cells, indicating that they are natural responses
for alphavirus infection. Expression vectors which lack the
genes for structural proteins have been developed both for
SFV and SIN (13, 23). Since these vectors express the RNA
replicase proteins, including NSP1, they also cause induction

of filopodia and disruption of stress fibers, a fact which has to
be taken into account when analyzing the effects of the ex-
pressed foreign proteins.

Analysis of interactions of viral proteins with host pro-
teins has expanded our knowledge of many central cellular
processes, such as DNA replication, transcriptional control,
regulation of translation, nuclear transport, signal transduc-
tion, and apoptotic cell death, as well as folding, modifica-
tion, transport, and targeting of exocytic membrane proteins
(9). The present results for alphavirus NSP1 offer the pos-
sibility of studying its intervention with the delicately con-
trolled and complex regulation of the actin cytoskeleton (7,
14, 16, 20-22, 28, 32). Understanding of the mechanism of
action of NSP1 should reveal new aspects in this regulatory
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cascade, which controls the shape and movements of the
cell.
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