
















a diminished ability to inhibit protein secretion. On the other
hand, removal of the C-terminal seven amino acids of 3A,
while reducing its level of accumulation, did not destroy its
ability to inhibit protein secretion.

Morphology of cells that express poliovirus protein 3A. Ex-
pression of 3A drastically alters the intracellular localization of
A1PI, a normally secreted protein found predominantly in the
Golgi apparatus in the absence of 3A expression (19). When
3A protein was expressed, A1PI was found to colocalize with
the ER marker protein PDI (19) and with 3A protein itself
(Fig. 5). It therefore appears that transport of proteins out of
the ER is inhibited by 3A protein by virtue of its direct asso-
ciation with ER membranes. This idea was further supported
by EM analysis of cells that expressed 3A, in which a distinctive
accumulation of dilated tubular and whorled membranes was
observed (Fig. 6). That these structures are derived from the
ER can be argued from our previous studies demonstrating
that the membranes altered in the presence of 3A contained
ER but not Golgi markers (19), that the normally secreted
protein A1PI colocalized with ER (Fig. 5 and reference 19) but
not Golgi (19) markers, and that the dilated membranes ob-
served upon 3A expression were directly contiguous with the
nuclear membrane (Fig. 6C). The presence of 3A protein on
these altered ER membranes was shown directly by immuno-
labeling of EM sections (Fig. 7A, B).

FIG. 7. Immunolocalization of poliovirus protein 3A in transfected and in-
fected COS-1 cells. (A and B) Immunolabeling of cells transfected with plasmid
that encodes 3A protein. Cells with dilated membranes were found to stain with
anti-3A antibody; 15-nm gold particles were observed along the membranes
limiting the cisternae (arrows). M, mitochondria. (C) Poliovirus-infected COS-1
cells immunolabeled with anti-3A antibody and 15-nm gold particles (arrows).
The light labeling was specific for the double-membraned vesicles characteristic
of poliovirus-infected cells (57). Bars 5 0.5 mm.
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Inhibition of ER-to-Golgi transport by 3A could result from
a specific interaction between 3A and a host protein required
for secretory transport. Alternatively, accumulation of overex-
pressed 3A on ER membranes could nonspecifically disrupt
the ability of vesicles to bud from these membranes. Foreign
proteins can be expressed to very high levels in COS-1 cells
because these cells support the amplification of plasmids that
contain the SV40 origin of replication (26). Two lines of evi-
dence argue that concentrations of 3A lower than those ex-
pressed in the COS-1 cell system reported here are sufficient to
inhibit ER-to-Golgi traffic. Inhibition of A1PI secretion was
observed following transfection of the 3A-encoding plasmid
into HeLa cells (data not shown), which do not express SV40
T antigen. In addition, secretion inhibition was observed in
COS-1 cells that expressed the truncated protein 3A1-80, a 3A
variant that was expressed at greatly reduced levels compared
to wild-type 3A (Fig. 4).

The observation of swollen ER structures is consistent with
the hypothesis that 3A blocks transport out of the ER. Accu-
mulation and swelling of ER membranes might be expected to
occur as a result of the synthesis and insertion of new proteins
into the ER, the synthesis of new lipids, which occurs in the ER
(10), and the retrograde transport of proteins and lipids from
the Golgi to the ER. Consistent with this observation, dilated
ER membranes have been seen under several conditions of
impaired secretory function (22, 43, 53, 66), although not to the
extent seen in 3A-expressing cells (Fig. 6). Thus, the observed
dilation of the ER-derived membranes could reflect the mech-
anism by which 3A blocks ER-to-Golgi traffic or simply be a
consequence of that block. In either case, since accumulation
of transport vesicles was not observed in 3A-expressing cells, it
is likely that 3A inhibits ER-to-Golgi traffic by blocking the
formation or budding of the COP II-coated vesicles known to
mediate anterograde transport from the ER (reviewed in ref-
erences 2 and 56). This could be accomplished either by inter-
fering with the formation or budding processes themselves or
by altering or aggregating the proteins to be secreted such that
they do not serve as adequate cargo (4).

A likely purpose of the inhibition of secretory function for a
nonenveloped virus such as poliovirus is to block two defenses
of organisms to viral infection that require a functional secre-
tory apparatus, namely, interferon secretion and antigen pre-
sentation in the context of major histocompatibility complex
class I molecules. Alternatively, the alteration of ER mem-
branes by viral protein 3A may serve a function in the assembly
of the membrane-associated viral RNA replication complexes.
Given the multifunctional nature of many viral proteins, sev-
eral of these roles for 3A protein may be utilized during the
infectious cycle of poliovirus.
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55. Schägger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins in the range
of 1 to 100 kDa. Anal. Biochem. 166:368–379.

56. Scheckman, R., and L. Orci. 1996. Coat proteins and vesicle budding. Sci-
ence 271:1526–1533.

57. Schlegel, A., T. H. Giddings, M. S. Ladinsky, and K. Kirkegaard. 1996.
Cellular origin and ultrastructure of membranes induced during poliovirus
infection. J. Virol. 70:6576–6588.

58. Schwarz, R. T., and R. Datema. 1982. Inhibition of the dolichol pathway of
protein glycosylation. Methods Enzymol. 83:432–443.

59. Semler, B. L., C. W. Anderson, R. Hanecak, L. F. Dorner, and E. Wimmer.
1982. A membrane-associated precursor to poliovirus VPg identified by
immunoprecipitation with antibodies directed against a synthetic heptapep-
tide. Cell 28:405–412.

60. Takegami, T., B. L. Semler, C. W. Anderson, and E. Wimmer. 1983. Mem-
brane fractions active in poliovirus RNA replication contain VPg precursor
polypeptides. Virology 128:33–47.

61. Tisdale, E. J., J. R. Bourne, R. Khosravi-Far, C. J. Der, and W. E. Balch.
1992. GTP-Binding mutants of rab1 and rab2 are potent inhibitors of vesic-
ular transport from the endoplasmic reticulum to the Golgi complex. J. Cell
Biol. 119:749–761.

62. Towner, J. S., T. V. Ho, and B. L. Semler. 1996. Determinants of membrane
association for poliovirus protein 3AB. J. Biol. Chem. 271:26810–26818.

63. Wimmer, E., C. U. T. Hellen, and X. Cao. 1993. Genetics of poliovirus. Annu.
Rev. Genet. 27:353–436.

64. Wyckoff, E. E., J. W. B. Hershey, and E. Ehrenfeld. 1990. Eukaryotic initi-
ation factor 3 is required for poliovirus 2A protease-induced cleavage of the
p220 component of eukaryotic initiation factor 4F. Proc. Natl. Acad. Sci.
USA 87:9529–9533.

65. Xiang, W., A. Cuconati, A. V. Paul, X. Cao, and E. Wimmer. 1995. Molecular
dissection of the multifunctional poliovirus RNA-binding protein 3AB. RNA
1:892–904.

66. Zhang, C. J., A. G. Rosenwald, M. C. Willingham, S. Skuntz, J. Clark, and
R. A. Kahn. 1994. Expression of a dominant allele of human ARF1 inhibits
membrane traffic in vivo. J. Cell Biol. 124:289–300.

67. Ziegler, E., A. M. Borman, F. G. Deliat, H. D. Liebig, D. Jugovic, K. M. Kean,
T. Skern, and E. Kuechler. 1995. Picornavirus 2A proteinase-mediated stim-
ulation of internal initiation of translation is dependent on enzymatic activity
and the cleavage products of cellular proteins. Virology 213:549–557.

68. Zimmerman, E. F., M. Heeter, and J. E. Darnell. 1963. RNA synthesis in
poliovirus-infected cells. Virology 19:400–408.

9064 DOEDENS ET AL. J. VIROL.

 on S
eptem

ber 21, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/

