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Cells and Viruses. ST cells were used and cultured as described
previously (1). WT MEF cells and PAK1�/� MEF cells were
described previously (2), and Pak2�/� MEF cells were estab-
lished from 7.5- to 8.5-dpc mouse embryos and immortalized and
cultured as described previously for MEF cells (2). Wild-type
and isogenic US3 null PRV NIA3 viruses were used (3, 4).

Antibodies, Inhibitors, and Plasmids. FITC-labeled goat anti-
mouse, Texas red-labeled phalloidin, FITC-labeled goat anti-
rabbit, Cy5-labeled goat anti-mouse, and monoclonal anti-GFP
(3E6) antibodies were from Invitrogen. The polyclonal anti-
FLAG-tag antibody was from Sigma–Aldrich, and the monoclo-
nal anti-E-tag antibody was from GE Healthcare. US3-specific
mouse monoclonal antibodies were kindly provided by
LeighAnne Olsen and Lynn Enquist (Princeton University,
Princeton). Rabbit antibodies directed against PAK1, PAK2,
and phosphoPAK1(T423)/PAK2(T402) were from Cell Signal-
ing Technologies. HRP-conjugated secondary goat anti-rabbit
and goat anti-mouse antibodies were purchased from Dako
Cytomation. Mouse anti-actin antibodies were from Sigma
Chemical. Monoclonal mouse anti-gB (1C11), anti-gE (18E8),
and polyclonal porcine FITC-labeled anti-PRV antibodies were
produced as described previously (5).

Inhibitors C. difficile toxin B, NSC23766, and NMPP1 were
obtained from Calbiochem. Secramine A was a kind gift from the
Kirchhausen lab (Harvard Medical School, Boston) and the
Hammond lab (University of Louisville, Louisville, KY) and
used as a specific inhibitor for Cdc42, as described previously (6).
IPA3 was reported previously and used as described earlier (7).

The plasmids encoding PRV US3 (pKG1) and the kinase dead
US3 mutant (pHF61) were described earlier (1, 8). The
pTRIP�U3-CMV-EGFP-WPRE vector (9) was a kind gift from
B. Verhasselt (University of Ghent, Ghent, Belgium), whereas
group A PAK inhibitor PID (10) was a kind gift from E. Manser
(Institute of Molecular and Cell Biology, Singapore).

The plasmids pExpress-EGFP-rPAK2 (11), baculo His-PAK1
(7), pET-PAK2 (7), and the plasmid encoding WT PAK1 (12)
were described previously. The PAK2M322G-encoding plasmid
was made by mutating the pET-PAK2 vector.

Plasmids Cdc42DN(T19N) and Rac1DN(T17N) were de-
scribed previously (13). Plasmid pGEX-GST-US3, used to pro-
duce recombinant US3 protein (14), was kindly provided by B.
Klupp and T. Mettenleiter (Friedrich-Loeffler-Institute, Greifs-
wald, Germany).

Transfections. Plasmids were transiently transfected in cells grown
to 60–70% confluency by using Lipofectamine according to the
manufacturer’s instructions (Invitrogen) and were used at 24 h
after transfection.

Immunohistochemistry. After being washed once in PBS, cells
were fixed with 3% paraformaldehyde for 10 min, followed by
permeabilization with 0.1% Triton X-100 for 2 min. Subse-
quently, cells were incubated with each antibody for 1 h at 37 °C.
After that, cells were washed in PBS. Stainings were analyzed on
a laser-scanning spectrum confocal system (TCS SP2; Leica
Microsystems) linked to a microscope (DM IRBE; Leica Mi-
crosystems). Images were taken by using a 63� oil objective
(N.A. 1.40–0.60) at room temperature and by using confocal
acquisition software (Leica Microsystems). For triple stainings,
an Olympus Cell*M system (Olympus) with Optigrid structured
light illumination (Qioptic) was used.

Western Blotting. SDS/PAGE and Western blotting were per-
formed as described previously (8). The blots were incubated for
1 h or overnight (according to the manufacturer’s instructions)
with primary antibodies and washed 3 times in 0.1% TBS/
Tween-20 (TBS-T) buffer. Then, blots were incubated with
HRP-conjugated secondary antibodies for 1 h at room temper-
ature, and after several washing steps they were developed with
enhanced chemiluminescence (ECL; GE Healthcare). All incu-
bation steps were done in 5% nonfat dry milk in TBS/T, except
for the PAK antibodies, which were diluted in 5% BSA-TBS-T.

Binding Assay. Recombinant GST-tagged US3 and His-tagged
PAK2 were produced in BL21 bacteria after 1 mM IPTG
stimulation. US3 was purified with glutathione Sepharose 4 Fast
Flow beads (GE Healthcare) and PAK2 by using Ni-NTA
magnetic agarose beads (Qiagen) following the manufacturers’
instructions. PAK2 was eluted from the beads by using elution
buffer (300 mM NaCl, 50 mM NaH2PO4, 250 mM imidazole, and
0.1% Tween-20, pH 8.0) and dialyzed overnight in interaction
buffer (300 mM NaCl, 50 mM NaH2PO4, 20 mM imidazole, and
0.005% Tween-20, pH 8.0). PAK2 was added to US3 bound on
glutathione beads for 1 h. For PAK1 binding, recombinant
GST-His-tagged PAK1 was purchased from Calbiochem. PAK1
in interaction buffer was added to the recombinant US3 protein
for 1 h, and then US3 was immunoprecipitated by using mono-
clonal anti-US3 antibodies. After washing 3 times, samples of
both assays were boiled in loading buffer and used for Western
blot analysis.

Plaque Assay. Monolayers or sparsely seeded cells of the different
cell lines were infected at an moi of 0.01 with either WT PRV
or the US3 null mutant PRV virus. Two hours after infection,
medium was replaced by 1% methylcellulose. At 24 hpi (sparsely
seeded cells) or 48 hpi (monolayers), plaques were methanol-
fixed and stained with anti-gB (1:30) monoclonal antibody,
followed by anti-mouse FITC (1:200), and nuclei were stained by
using 10 �g/mL Hoechst 33342 (Invitrogen) for 10 min before
the final washing steps. Plaques were visualized by fluorescence
microscopy, and the number of cells per plaque was determined.
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Fig. S1. Inhibition of Rho GTPases does not affect US3-mediated actin rearrangements in ST cells. (A) Pictures of ST monolayers (left image of each pair to
visualize actin stress fibers) and sparsely seeded ST (right image of each pair, to determine cell projections), either mock-infected or at 12 h after inoculation with
WT or US3 null PRV. Viral antigens are shown in green, with filamentous actin in red. Cell projections are indicated with arrowheads. (Scale bar: 10 �m.) (B) Effect
of treatment with different Rho GTPase inhibitors or dominant-negative Cdc42 and Rac1 constructs on the percentage of PRV-infected (12 hpi) ST showing cell
projections (white bars) or intact stress fibers (black bars). *, Significant differences compared with the WT PRV control at the 0.05 level. (C) Western blot showing
expression of E-tagged dominant-negative Cdc42 and Rac1 constructs. (D) Pictures showing that the different Rho GTPase inhibitors used do not affect
US3-mediated disassembly of actin stress fibers in ST monolayers (Upper) or US3-mediated formation of cell projections in sparsely seeded ST (Lower). (Scale bar:
10 �m.) (E and F) Pictures (E) and graphs (F) showing the ability of the different Rho GTPase inhibitors used to suppress spreading of seeded ST cells. (Scale bar:
20 �m.)
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Fig. S2. Inhibition of Rho GTPases does not affect US3-mediated actin rearrangements in MEFs. (A) Effect of treatment with different Rho GTPase inhibitors
or dominant-negative Cdc42 and Rac1 constructs on the percentage of PRV-infected (12 hpi) MEFs showing cell projections (white bars) or intact stress fibers
(black bars). *, Significant differences compared with the WT PRV control at the 0.05 level. (B) Graphs showing the ability of the different Rho GTPase inhibitors
used to suppress spreading of seeded MEF.
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Fig. S3. Inhibition of PAKs impairs US3-induced actin rearrangements. (A) Pictures show actin architecture in US3-transfected ST in the presence or absence
of the group A PAK inhibitor IPA-3. US3 is in green and actin in red. (Scale bar: 10 �m.) (B) Graphs show percentages of cells with cell projections (white bars)
or intact actin stress fibers (black bars). *, Significant differences compared with the control at the 0.05 level. (C) Western blots show expression of US3 and actin
as a loading control. Arrowheads indicate the positions of US3 long and short isoforms. (D) Pictures of MEFs transfected with US3 alone or cotransfected with
US3 and PAK inhibitory domain (PID), and stained at 24 h after transfection for US3 (Cy5; magenta), PID (FITC; green) and filamentous actin (Texas red; red). (Scale
bar: 10 �m.) (E) Effect of transfection of PID on the percentage of cells showing cell projections (white bars) or intact actin stress fibers (black bars). *, Significant
differences compared with US3-transfected cells at the 0.05 level (F) Western blot showing expression of US3 and PID in mock-transfected MEFs or MEFs
transfected with US3, PID, or both.
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Fig. S4. US3 is able to bind PAKs 1 and 2. US3 pulldown assays using recombinant PAK1 (Left) or PAK2 (Right) with or without recombinant US3 were analyzed
for the presence of US3 and PAK1 or PAK2.
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Fig. S5. Lack of PAK1 or PAK2 does not affect expression of PRV structural proteins. (A) Western blots showing expression of PAK1 and PAK2 in MEFs, PAK1�/�

MEFs, and PAK2�/� MEFs. Actin served as a loading control. (B) Western blots showing expression of viral envelope proteins gB, gE, and US3 in MEFs, PAK1�/�

MEFs, and PAK2�/� MEFs at 0, 6, 12, and 24 h after inoculation with PRV. Actin served as a loading control. (C) Single-step growth curves of PRV in MEFs (solid
lines), PAK1�/� MEFs (dotted lines), and PAK2�/� MEFs (dashed lines). (Left) Intracellular virus titers. (Right) Extracellular virus titers. For intracellular virus titers,
no significant differences at the 0.05 level could be observed at any time point. For extracellular virus titers, no significant differences could be observed between
PAK1�/� MEFs and wild-type MEFs, whereas significant differences could be observed between PAK2�/� MEFs and wild-type MEFs at 12 and 24 h after inoculation.
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Fig. S6. Lack of group A PAKs impairs PRV-induced actin rearrangements. Pictures of low-moi experiments showing single PRV-infected cells in between
noninfected cells for MEFs (Top), PAK1�/� MEFs (Middle), and PAK2�/� MEFs (Bottom). PRV antigens are in green and filamentous actin in red. Arrowheads
indicate long cell projections in MEFs and shorter cell projections in PAK2�/� MEFs. (Scale bar: 10 �m.)
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Fig. S7. Lack of group A PAKs results in impaired intercellular spread of PRV. (A) Pictures of representative plaques of sparsely seeded MEFs, PAK1�/� MEFs,
or PAK2�/� MEFs at 24 h after inoculation at a low moi with WT or US3 null PRV. (Scale bar: 20 �m.) (B) Pictures of representative plaques of monolayers of MEFs,
PAK1�/� MEFs, or PAK2�/� MEFs at 24 h after inoculation at a low moi with WT or US3 null PRV. (Scale bar: 100 �m.)
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