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Early stages of infection by the mouse polyomavirus have been studied using HeLa cells stably expressing
small interfering RNA to protein disulfide isomerase (PDI). Infectibility measured by nuclear T antigen
expression was reduced commensurately with the degree of PDI downregulation. Infectibility was restored by
transfection with a plasmid expressing PDI but not with a control expressing catalytically inactive enzyme.
Deconvolution microscopy using fluorescently labeled virus and cellular markers showed that virus reaches the
endoplasmic reticulum (ER) normally in cells with reduced PDI but subsequently fails to exit the ER. Simian
virus 40 infection was not inhibited in PDI-downregulated cells. The results are discussed in terms of structural
differences between the two viruses and current knowledge of virus disassembly in the ER.

Polyomaviruses pass through the endoplasmic reticulum
(ER), where they undergo rearrangement before exiting into
the cytosol and entry into the nucleus (4, 5, 8, 9, 11, 13). The
need for structural rearrangement or partial disassembly is
clear from the fact that although nuclear localization se-
quences are abundant (�500/particle distributed among the
major and minor capsid proteins and cellular histones in the
viral minichromosome), none are exposed in the fully assem-
bled virus. Structural studies have shown that disulfide bonds
and calcium binding sites are important in the assembly and
stability of polyoma particles (3, 12); disassembly in vitro is
achieved by reduction of disulfide bonds and chelation (1).

Steps of disassembly in vivo and the cellular factors involved
are only partially understood. Der-2, a member of the derlin
family of proteins, has recently been shown to be essential for
infection by the mouse polyomavirus (Py) (7). The derlins
normally function by recognizing misfolded proteins in the ER
and directing their translocation into the cytosol for proteaso-
mal degradation. This suggests that a partially unfolded inter-
mediate in virus disassembly utilizes the “quality control ma-
chinery” in the ER to escape. ERp29, a chaperone-like
protein, brings about a conformational change in the virus.
This leads in vitro to exposure of the C-terminal arm of the
major capsid protein VP1, allowing cleavage by trypsin and
also to increased hydrophobicity of the particle. The expres-
sion of a dominant-negative form of ERp29 inhibits infection
(8). ERp29 is a member of the protein disulfide isomerase
(PDI) family that lacks the CXXC motif in its thioredoxin
domain (2) and is catalytically inactive. This raises the question
of whether PDI itself may also be essential for Py disassembly
in the ER and for infectibility.

A series of HeLa cell clones stably expressing a small inter-
fering RNA (siRNA) targeting PDI have been constructed and

used in studies of infection by human immunodeficiency virus
type 1 (10). Though HeLa cells are not fully permissive to Py,
they express all the factors necessary for the early steps of
infection, from virus attachment and internalization to initia-
tion of early gene expression in the nucleus. To investigate the
role of PDI in Py infection, this series of HeLa clones was
infected by the RA wild-type strain of Py. Infected cells were
examined 32 h later at the single-cell level by large-T-antigen
(LTAg) nuclear immunofluorescence. The percentages of cells
expressing large T antigen were substantially reduced in two
independent clones expressing siRNA to PDI (clones 1-2 and
4-1) compared to those in either the parental HeLa cells
(TZM-b1) or cells expressing a control siRNA (clone 5-1) (Fig.
1A). Levels of expression of PDI in the clones were deter-
mined by Western blotting (Fig. 1B). PDI 1-2, the clone which
reproducibly showed the lowest levels of infection, also ex-
pressed the smallest amount of PDI. The reduction in in-
fectibility appears to be roughly commensurate with the degree
of downregulation of PDI.

Rescue experiments were undertaken to further establish
the importance of PDI in infection by Py. PDI 1-2 cells were
transfected with plasmids expressing wild-type PDI, a catalyt-
ically inactive PDI (in which the CXXC motif was replaced by
SXXS) (10), or empty vector. An eGFP plasmid was included
as a transfection marker. Twenty-four hours posttransfection,
cells on coverslips were infected by Py at a multiplicity of
infection of several hundred PFU/cell (determined by a plaque
assay of the input virus on NIH 3T3 cells). After an additional
32 h, cells were fixed and assayed for LTAg expression. Cells
were analyzed in two groups based on the expression or ab-
sence of expression of the eGFP transfection marker. As
shown in Table 1, the percentages of eGFP-positive cells that
were also LTAg positive were four- to sixfold higher following
transfection with wild-type PDI than those for mutant PDI or
the vector control. No rescue of infectibility was seen in eGFP-
negative cells on the same coverslips, i.e., cells that were not
transfected. Restoration of active PDI in PDI-downregulated
cells thus restores their ability to be infected by Py.

To examine the stage of infection where Py is blocked in
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PDI-deficient cells, fluorescently labeled virus (TRPy) was
used to infect PDI 1-2 and PDI 5-1 cells at roughly 100 TRPy
particles/cell. Uptake and colocalization of virus with PDI and
calreticulin as ER markers were followed by deconvolution
microscopy as previously described (4). At 4 h postinfection,
virus was found colocalized with PDI and calreticulin in clone
5-1 (Fig. 2A) and with calreticulin in clone 1-2 (Fig. 2B) (PDI
was nearly undetectable by immunofluorescence in clone 1-2,
consistent with results obtained by Western blotting [Fig. 1B]).
Quantitation and kinetics of colocalization were followed over
a 10-h period. The numbers of virus particles internalized and
reaching the ER from 2 to 4 h postinfection were the same in
both clones, indicating that PDI does not affect virus attach-
ment or endocytosis. In clone 5-1, which expresses normal
levels of PDI, the amount of TRPy colocalizing with ER mark-
ers declined progressively from 4 to 8 h. The kinetics of virus
entry and exit from the ER in these cells are closely similar to
those seen in other virus-susceptible cells (4). In contrast, in
the PDI-deficient clone 1-2, virus failed to leave the ER over
the 10-h period (Fig. 2C). The kinetics of accumulation and

retention in the ER in these cells are similar to those observed
in cells blocked in infection due to the expression of a domi-
nant-negative form of Der-2 (7). These results indicate that Py

FIG. 2. Colocalization of TRPy with the ER. (A) Clone PDI 5-1 (siRNA
control cells). (B) Clone PDI 1-2 (PDI knockdown cells). Cells were infected
with TRPy (red), fixed at 4 h postinfection, and processed for immunodetec-
tion of calreticulin (green) or PDI (blue). Z sections (0.2 mm) were imaged
and subjected to deconvolution as previously described (4). The enlarged
areas show particles colocalized with calreticulin (arrowheads) and with PDI
(arrows). (C) Quantitation and kinetics of colocalization. Cells were infected
and processed at the indicated times as described for panels A and B.

FIG. 1. Py infection of PDI siRNA HeLa cells. (A) Parental HeLa
(TZM-b-1), control siRNA (5-1), and siRNA PDI knockdown clones (1-2
and 4-1) were infected with Py and fixed and stained for LTAg expression
32 h postinfection (4). (B) Western blot of extracts from cells shown in
panel A with antibody to PDI or �-tubulin.

TABLE 1. Plasmid rescue

Py
% (95% CI) for indicated cell groupa

LTAg �, eGFP � LTAg �, eGFP �

Empty vector 6.1 (1.2) 7.6 (1.8)
Wild-type PDI 38.3 (7.4) 6.0 (1.6)
SXXS PDI 10.1 (2.5) 6.8 (1.6)

a �, positive for indicated antigen or marker; �, negative for indicated antigen
or marker; CI, confidence interval.
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undergoes rearrangement in the ER mediated by PDI in order
to escape from the ER and to establish an infection.

Py and simian virus 40 (SV40) share extensive structural and
biological properties yet differ in receptor specificity (13) and
other important respects. To determine whether SV40 also
requires PDI for infection, the HeLa clones were infected with
SV40 or Py and monitored for expression of the respective
LTAgs by immunofluorescence. While Py was inhibited by over
95% in clone 1-2 compared to parental or siRNA control cells,
infection by SV40 was essentially the same in all three clones
(Fig. 3). SV40 thus does not depend on PDI for infection of
HeLa cells. The cysteines in SV40 VP1 undergo multiple intra-
and intermolecular disulfide bond formation during synthesis
and assembly of pentamers in the cytoplasm (6), presumably in
a PDI-independent manner. The positions of cysteines in the
VP1s of Py and SV40 are only partly conserved, and the dis-
positions of disulfide bonds in fully assembled particles are
different for the two viruses. In Py, the VP1s within each
pentamer are linked by disulfide bonds involving Cys-19 and
Cys-114 of neighboring VP1 molecules (12). This disulfide ring
at the base of the pentamer is not found in SV40 due to the
replacement of the N-terminal cysteine with a proline.

The results presented here indicate an important role for
PDI in infection by Py, possibly in reducing and rearranging
disulfide bonds that stabilize the capsomeres. The action of
PDI together with that of ERp29 may represent sequential or
coordinated steps in the disassembly of Py in the ER. These

factors most likely act upstream of the step mediated by Der-2
in the translocation of the rearranged and partially disassem-
bled particle (7). Additional factors may also be involved. The
nature of the altered particle that crosses the ER membrane
and the portal of exit remain unknown.
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FIG. 3. Py and SV40 infection of PDI siRNA HeLa cells. Parental
HeLa cells (TZM-b1), control siRNA cells (PDI 5-1), and the siRNA
PDI knockdown cells (PDI 1-2) were infected with Py or SV40 and
analyzed at 32 h postinfection by immunofluorescent staining for the
viral TAgs.
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