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Background: Viruses must interact with membranes to access host cell machinery for replication.
Results: SV40 VP2 and VP3 are shown to form pores in membranes and pore formation is required for viral propagation.
Conclusion: VP2 and VP3 act as viral-encoded membrane pore forming proteins or viroporins.
Significance: These versatile proteins have evolved to function as both soluble and membrane proteins to support viral
propagation.

For nonenveloped viruses such as Simian Virus 40, the mech-
anism used to translocate viral components across membranes
is poorly understood. Previous results indicated that the minor
structural proteins, VP2 and VP3, might act as membrane pro-
teins during infection. Here, purified VP2 and VP3 were found
to formpores inhost cellmembranes. To identify possiblemem-
brane domains, individual hydrophobic domains from VP2 and
VP3 were expressed in amodel protein and tested for their abil-
ity to integrate into membranes. Several domains from the late
proteins supported endoplasmic reticulummembrane insertion
as transmembrane domains. Mutations in VP2 and VP3 were
engineered that inhibited membrane insertion and pore forma-
tion. When these mutations were introduced into the viral
genome, viral propagation was inhibited. This comprehensive
approach revealed that the viroporin activity of VP2 and VP3
was inhibited by targeted disruptions of individual hydrophobic
domains and the loss of membrane disruption activity impaired
viral infection.

Viruses exploit and overcome membrane barriers to infect
cells. Nonenveloped viruses lack a membrane and must trans-
locate viral components across a host cell membrane. The
model nonenveloped virus SimianVirus 40 (SV40)2 infects host
cells via binding at the cell surface to the ganglioside receptor
GM1, endocytosis into caveolae-coated vesicles and trafficking
to the endoplasmic reticulum (ER) (1–3). In the ER lumen,
molecular chaperones and protein-disulfide isomerases are

thought to induce structural rearrangements that uncoat or
prime the virus for penetration (4). The mechanism used to
subvert the ER membrane for eventual delivery of the viral
minichromosome to the nucleus has not been characterized.
The SV40 genome is composed of circular dsDNA that

encodes early gene products including large T (LT) and small T
antigen, which dictate viral genome replication and control
synthesis of the late mRNA transcripts (5, 6). The major struc-
tural protein VP1 forms pentamers that possess a central
hydrophobic binding pocket (7). Theminor structural proteins
VP2 and VP3 are synthesized from successive in-frame start
Met residues so their C termini are equivalent. A single copy of
VP2 or VP3 is bound to each VP1 pentamer using a C-terminal
region of theminor structural proteins (8). Assembly of 72 pen-
tamers bound to VP2 and VP3 oligomerize around the viral
genome to produce virus particles.
As entry and delivery of the viral genome to the nucleus is a

central question for many nonenveloped viruses, several stud-
ies have investigated the early binding and entry events of SV40
(9–11). Virus-like particles (VLP) lacking VP2 and VP3 have
some defects in virion assembly and viral penetration (12, 13).
Recent results demonstrate that SV40 VP2 and VP3 serve crit-
ical roles in the viral life cycle, and these roles involve their
ability to interact with host cell membranes (12, 14). However,
the mechanism of action of VP2 and VP3 remains elusive. VP4
was recently shown to possess lytic activity thereby acting as a
viroporin (15, 16). As the VP4 sequence is contained within
VP2 and VP3, this suggested that VP2 and VP3might also have
membrane disruption activity.
To investigate the interaction of the minor structural pro-

teins with membranes, VP2 and VP3 were purified from Esch-
erichia coli and shown to disrupt cell membranes by forming
pores. A model protein derived from E. coli Leader Peptidase
(Lep)was used to identify domains inVP2 andVP3 that support
membrane integration. Membrane integration of these do-
mains was inhibited by the introduction of charged residues
andmembrane insertion inhibition diminished the perforation
activity of the purified proteins. Finally when the same muta-
tions were introduced into the virus, viral propagation was per-
turbed. Further analysis suggested that viral infection was
reduced in the absence of viroporin activity. This supports the
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conclusion that the pore formation or viroporin activity of VP2
and VP3 is involved in viral infection.

EXPERIMENTAL PROCEDURES

Reagents—The SP6 RNA polymerase was purchased from
New England BioLabs (Ipswich, MA). The RNasin and compo-
nents of the rabbit reticulocyte cell-free translation systemwere
purchased from Promega (Madison, WI). Rough ER-derived
microsomes were purchased from tRNA Probes (College Sta-
tion, TX). [35S]Met/Cys was acquired from PerkinElmer (Wal-
tham, MA). The bacterial propagation competent pSV40 plas-
mid, which encodes WT SV40 (strain 776), was a generous gift
from Dr. H. Kasamatsu (Los Angeles, CA). BS-C-1 and COS7
cells were obtained fromATCC (Manassas, VA). The following
antibodies were acquired as indicated: Large T (LT) (Merck
KGaA, Darmstadt, Germany); VP1 and VP2/3 (Abcam, Cam-
bridge, MA). CytoTox 96 cytotoxicity assay kit for quantifica-
tion of lactate dehydrogenase (LDH) release was purchased
from Promega. All tissue culture reagents and Lipofectamine
2000 were purchased from Invitrogen (Carlsbad, CA). All other
reagents were purchased from Sigma-Aldrich.
Construction of Plasmids—GST-VP2 and GST-VP3 were

created by subcloning into the pGEX-6P-1-TEV-His as previ-
ously described (16). Lep constructs used to test NCyto (Lep H2,
Fig. 2), NLumen (Lep H3, data not shown) and single domain
(Lep H1, Fig. 3) membrane insertion were generous gifts from
Drs. G. von Heijne and I. Nilsson (17, 18). Individual segments
of VP2 were PCR amplified, digested, and ligated into each Lep
reporter construct using standard techniques. Phusion site-di-
rected mutagenesis was used according to the manufacturer’s
recommendations to generate all HDmutants in the GST con-
structs, Lep constructs and the pSV40 plasmid. Wild type
revertants were created for all SV40 mutants in the present
study and shown to restore viral propagation to rule out unin-
tended mutation of the plasmid backbone. All cloning and
mutagenesis was verified by sequencing (Genewiz, South Plain-
field, NJ).
Bacterial Expression and Purification of GST-tagged Proteins—

Bacterial expression and purification of GST-VP2, GST-VP3,
and their mutants were performed as described previously with
minor modifications (15). For expression of GST-VP2 protein
expression was induced with 1mM IPTG in the presence of 400
mM NaCl and 20 mM proline for 3 h at 30 °C. Expression of
GST-VP3was carried out at 16 °C for 12 h after inducing with 1
mM IPTG. All further affinity purification with GST Sepharose
4B (Amersham Biosciences) and Ni-NTA His Bind resin
(Novagen) were carried out as previously described (15).
LDH Release Assay—COS7 cells were maintained in DMEM

supplemented with 10% FBS and Pen-Strep in a humidified
CO2 incubator at 37 °C. COS7 cells (10,000 cells) were incu-
bated with purified protein (232 nM) for 30 min at 37 °C. The
CytoTox 96 cytotoxicity assay kit was used according to the
manufacturer’s instructions to quantify the release of LDH
from the cells. The percent release was normalized to detergent
lysis (2% Triton X-100) and buffer control. Osmoprotection
was determined as previously described (15).
In Vitro Translations—The [35S]Met/Cys radiolabeled in

vitro translation reactions were carried out in rabbit reticulo-

cyte lysate as per the manufacturer’s instructions (Promega).
Proteins were synthesized by in vitro translation in the ab-
sence or presence of rough ER (RER)-derived microsomes.
Microsome samples were recovered by ultracentrifugation
through a sucrose cushion (500 mM sucrose, 50 mM TEA (pH
7.5) and 1 mMDTT) for 10 min at 72,000 � g at 4 °C. Samples
were analyzed by reducing SDS-PAGE and developed by
autoradiography.
Viral Genome Manipulation, Transfection, and Immu-

noblotting—BS-C-1 cells were maintained in DMEM supple-
mentedwith 5%FBS andPen-Strep in humidified 5%CO2 incu-
bator at 37 °C. All mutant versions of SV40 were created by
site-directedmutagenesis as described above and confirmed by
sequencing. To rule out off-target mutagenesis of the genome
backbonewild type revertantswere created for allmutants used
in this study and displayed wild type levels of viral propagation
based on quantification of LT by flow cytometry (see below).
Wild type or mutant SV40 genome preparations were per-
formed as previously described (14, 19). Briefly, bacterial repli-
cation competent viral genomes (pSV40) were digested with
BamHI-HF (New England BioLabs) to remove the bacterial
replication elements. Subsequently, viral genomes were pro-
duced by ligating the genome under dilute conditions to favor
re-circularization. BS-C-1 cells were transfected with viral
genomes using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Non-adherent and adherent
cells were collected and lysed in Hepes (pH 7.4) and 200 mM

NaCl with 1% Nonidet P-40 and protease inhibitors (50 �M

calpain inhibitor I, 1.5 �M aprotinin, 20 �M leupeptin, 1 �M

pepstatin, 400 �M phenylmethylsulfonyl fluoride, and 20
mMN-ethylmaleimide) as previously described (14). The insol-
uble nuclear fractions and media were recovered and analyzed
by immunoblotting.
Flow Cytometry—The percentage of transfected or infected

cells was quantified based on expression of LT antigen using
flow cytometry as previously described (12, 19). Nonadherent
cells were collected by centrifugation at 1,000 � g for 5 min at
4 °C. Adherent cells were trypsinized and pooled with the non-
adherent cells by centrifugation at 1,000 � g for 5 min at 4 °C.
Cells were fixed with 4% formaldehyde and permeabilized with
0.05% saponin. Samples were incubated in flow cytometry
buffer (20 mM EDTA, 0.02% sodium azide, 2% BSA, 0.1% sapo-
nin, and PBS at pH 7.4) with anti-LT antibody followed by anti-
mouse Alexa fluor 488 antibodies. A total of 30,000 cells were
counted and analyzed using FACS Diva software. Cells were
gated, and the percentage of LT-positive cells was determined
relative to untransfected or mock-infected cells used as nega-
tive controls.
Virus Purification, Genome Encapsidation, and Infection—

BS-C-1 cells were transfected with wild type or HD mutant
SV40. Viral supernatants were recovered �12 days P.T. by
freeze thawing three times as previously described (14). Cell
lysates were centrifuged at 14,000� g for 10min to remove cell
debris. Supernatants were passed through a 0.45 �m filter and
centrifuged at 180,000 � g for 30 min at 4 °C to purify viral
particles. Viral supernatants were subjected to DNase I diges-
tion for 1 h to degrade non-encapsidated viral genome. As a
control, 3 �g of viral plasmid was digested. DNase I was heat
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inactivated and the capsidswere disassembled by boiling in SDS
buffer. DNAwas purified by phenol chloroform extraction and
ethanol precipitation. Purified DNA was PCR amplified with
VP1-specific primers. All infections were normalized based on
VP1, the major structural protein. Confluent monolayers of
BS-C-1 cells were infected for 6 h in a humidified 5%CO2 incu-
bator at 37 °C. Unbound virus was removed and replaced with
fresh DMEM, 5% FBS, and Pen-Strep.
Transmission Electron Microscopy—Cells were harvested 3

days post transfection and fixedwith 2% glutaraldehyde in 0.1 M

sodium cacodylate buffer, pH 7.2, for 1 h and then rinsed three
times with the same buffer over 30 min. Cells were post-fixed
with 1% osmium tetroxide in the same buffer on ice for 4 h,
followed by rinsing three times with water. The washed pellet
was resuspended in 25 ml of melted 2% agarose Type IX at
25 °C, pelleted at 1500� g and chilled on ice to set. The enrobed
pellet was en bloc stained with 1% aqueous uranyl acetate for
4 h, dehydrated by a graded ethanol series (30%, 50%, 70%, 80%,
95%, 100%), changed to 100% acetone, infiltrated with Epon-
Araldite epoxy resin (25%, 50%, 75% in acetone) for 1 h each,
then 100% epoxy, and polymerized 24 h at 65 °C. Sections (60
nm) were mounted on copper grids and stained with 2% aque-
ous uranyl acetate for 30min, 0.025% alkaline lead citrate for 10
min. Images were taken on Kodak 4489 Electron Image Film in
a JEOL JEM-100S electron microscope. Negatives were digi-
tized at 1200 dpi on aMicrotek Scanmaker i900 flatbed scanner.
Images were analyzed using ImageJ and prepared for figures
using Adobe Photoshop.

RESULTS

VP2andVP3FormPores inHost CellMembranes—Todeter-
mine if VP2 or VP3 possess membrane disruption activity that
contributes to their role in the viral life cycle, each protein was
expressed and purified from E. coli as an N-terminal GST
fusion protein with a C-terminal His tag (supplemental Fig. S1).
Size-exclusion chromatography of purified VP2 andVP3 found
that they were predominantly monomeric (supplemental Fig.
S1C). The isolated proteins were probed for their ability to dis-
rupt membranes with the SV40 permissive host COS7 cells.
Membrane disruption was analyzed by monitoring the release
of cytoplasmic lactate dehydrogenase (LDH) from the cells
after exposure to the purified proteins (16).
Incubation of COS7 cells (10,000 cells) with purified GST-

VP2 (232 nM) resulted in release ofmore than 67%of LDHwhile
GST-VP3displayed enhanced activitywith the release of 81%of
the cellular LDH (Fig. 1A). The GST tag alone did not have
membrane disruption activity indicating that VP2 and VP3
possess intrinsic membrane disruption activity.
Proteins can disrupt membranes by forming membrane

pores or by the solubilization of membranes using a detergent-
likemechanism (20). To differentiate between these twomech-
anisms of membrane disruption, the ability of VP2 and VP3 to
form discrete pores in COS7 membranes was characterized.
LDH release fromCOS7 cells was monitored in the presence of
different diameter polyethylene glycols (PEG) (Fig. 1, B and C).
If the PEG is larger in diameter than the pore formed, it will
increase the osmolality of themedia thereby conferring protec-
tion from lysis (15, 21). Conversely if the polymer is smaller

than the pore formed, it will equilibrate across the membrane
and cell lysis will be observed. This experimental approach pro-
vides evidence of both the presence of a pore and an estimate of
its inner diameter.
In the absence of PEG, GST-VP2 disrupted COS7 cell mem-

branes resulting in release of �70% of LDH (Fig. 1B). A modest
reduction in lysis was observed in the presence of PEG poly-
mers with a diameter up to 2.8 nm. In contrast, PEG larger than
3.5 nm in diameter inhibited cell lysis by osmoprotection. This
demonstrated that GST-VP2 formed pores in COS7 cell mem-
branes with an inner diameter of �3 nm. Pore formation activ-
ity was also determined for GST-VP3 under the same condi-
tions. Purified GST-VP3 induced cell lysis in the presence of
PEG up to 3.8 nm in diameter (Fig. 1C). PEG of 6.4 nm in
diameter and larger provided osmoprotection against GST-
VP3 treatment. Based on the osmoprotection assay, VP2 and
VP3 formed distinct pores in COS7 cell membranes with inner
diameters of �3 nm and 4–6 nm, respectively.
VP2 and VP3 Possess Multiple Hydrophobic Domains—

Transmembrane domains (TMD) are generally comprised of
�-helical hydrophobic domains (HD) (22). A number of algo-
rithms are available that identify HD that might act as TMD
from the amino acid sequence of a protein (23–25). To gain
insight into critical domains for the membrane disruption
activities of VP2 and VP3, a bioinformatics analysis was per-
formedusing a variety of the established algorithms that predict
�-helical TMD (Fig. 2A and supplemental Fig. S2).

The late viral proteins VP3 and VP4 are produced from suc-
cessive Met residues within the VP2 transcript so they share a

FIGURE 1. VP2 and VP3 form pores in host cell membranes. A, equimolar
concentrations (232 nM) of bacterial expressed and purified GST-VP2-His
(VP2), GST-VP3-His (VP3), or GST-His (GST) was incubated with COS7 cells
(10,000 cells) for 30 min at 37 °C. The release of LDH in the medium was
determined and normalized to detergent lysis and buffer control. B and
C, determination of pore size by osmoprotection of COS7 cells by different
molecular weight PEG for VP2 (B) and VP3 (C). Error bars represent the stan-
dard deviation of three independent experiments.
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common C terminus. VP2 contains a unique N terminus
(amino acids 1–118). The unique N terminus of VP2 is pre-
dicted to contain at least one TMD. The extreme N terminus
(AA 1–27, HD1) was recently shown to be critical for SV40
infection supporting the importance of investigating the activ-
ity of VP2 during infection (12). All of the algorithms identified
a HD designated as HD2, which extends from approximately
amino acid 70 to 100 inVP2 (supplemental Fig. S2). OnlyMem-
brane Protein Explorer (MPEx) indicated that the overlapping
VP2/3 region contained several HD (HD3–5), while half of the
algorithms identified a HD in the overlapping VP2/3/4 region
(HD6). A composite that contains all the predictedHDusing all
the algorithms shows that VP2 is comprised of 6 total HD (Fig.
2A and supplemental Fig. S2).
HD1, HD2, and HD6 Each SupportMembrane Insertion with

NCyto Topology—Todetermine if the individualHDofVP2 sup-
port membrane insertion, a reporter system was employed.
Two variations of Lep, an E. coli secretory membrane protein,
have been engineered tomeasure integration of potentialmem-
brane spanning domains in either the NCyto-CLumen or NLumen-
CCyto orientation (17, 18). Individual segments of amino acids
that might support membrane integration are incorporated
into an acceptor site in Lep. To quantify the insertion of �-
helical TMD, glycosylation sites have been introduced within
Lep sinceN-linked glycan addition is restricted to the lumen of
the ER. This experimental system has allowed the von Heijne
group to develop a biological prediction of the free energy of
TMDhelix insertion (18, 26). To determine if the individualHD
predicted within the late viral proteins could support mem-
brane integration each domainwas empirically tested formem-
brane insertion using the Lep constructs.
To quantifymembrane insertion, an in vitro assay usingRER-

derived microsomes was utilized. Lep contains two TMD such
that the N and C termini face the lumen of the ER (27). A
modified version of Lep (Lep H2, Fig. 2B) contains an N-termi-
nal extension with a glycosylation sequence and a second gly-
cosylation site after the second TMD (17). The first TMD
(TM1) is engaged by the signal recognition particle (SRP) and
the protein is targeted to the Sec61 translocon for translocation
into the ER lumen. Consequently, all proteins targeted to RER-
derived microsomes will contain at least one glycan. To evalu-
ate membrane integration, each HD was swapped for the sec-
ond TMD (shaded gray). Thus if the HD supports membrane
insertion, the protein is doubly glycosylated (Fig. 2B, left);
whereas RER-derived microsome targeted but non-inserted
domains will be singly glycosylated (Fig. 2B, right). The inten-
sity of each of the glycosylated species can be readily quantified
to determine the insertion efficiency of each HD.
The endogenous Lep TMD (TM2) was assayed in the accep-

tor site to determine the robustness of RER-derivedmicrosome
targeting and TMD insertion (Fig. 2C, lanes 1–4). In the
absence of RER-derived microsomes, untranslocated and ung-
lycosylated protein was observed. When the protein was trans-
lated in the presence of RER-derived microsomes doubly and
singly glycosylated proteins were detected, which were degly-
cosylated by the addition of endoglycosidase H (Endo H) (Fig.
2C, compare lanes 3 and 4). The insertion efficiency of the
nativemembrane domainwas almost 80%,which demonstrates

that the domain was efficiently recognized and that the Lep
reporter effectively reflects membrane insertion propensity.
When Lep H2 HD1 was translated in the presence of RER-

derived microsomes, a fragment was unexpectedly detected
(filled star) that increased in mobility upon Endo H treatment
(open star) indicating that it was glycosylated (Fig. 2C, compare
lanes 7 to 8). This glycosylated fragment was likely caused by
the internal cleavage of LepH2 by the signal peptidase complex
(Fig. 2B, star) (17). Since the active site of the signal peptidase
complex is located in the lumen of the ER, HD1 inserted into
the ER membrane and was subsequently recognized and
cleaved. As cleavage only occurs if the domain is integrated into
the lipid bilayer, HD1 was efficiently recognized and targeted
for membrane integration. Therefore, membrane insertion of
HD1 was significant as �25% was cleaved to the smaller
fragment.
HD2 andHD6 also possessed internal cleavage sites that pro-

duced similar glycosylated fragments observed with HD1 but
with greater efficiencies of 67 and 76%, respectively (Fig. 2C,
lanes 11 and 27). Of the six potential TMD predicted, HD3,
HD4, andHD5did not supportmembrane insertion as less than
11%TMD insertionwas observed for each (Fig. 2C, lanes 15, 19,
and 23). The insertion efficiency in an NCyto topology was
HD6�HD2��HD1 and each of the three HD was recognized
by the signal peptidase complex. Altogether, this indicated that
the unique N terminus of VP2 contained two domains that
supportedmembrane insertion and theC-terminalHD6 shared
byVP2, VP3, andVP4was inserted into themembranewith the
highest efficiency.
Next, mutations were designed in the HD that would poten-

tially disrupt membrane insertion so that the necessity of this
activity could be tested inmembrane disruption and viral prop-
agation assays. Mutations in HD1, HD2, and HD6 domains
were tested for membrane integration as these domains effi-
ciently inserted into ER membranes. Membrane domains con-
tain hydrophobic amino acids so charged residues were substi-
tuted for nonpolar residues in an attempt to inhibit membrane
integration (22). Initially, charge substitutions were screened in
silico for their effect on membrane integration using the algo-
rithms that accurately predicted each respective membrane
domain. Single amino acid mutations were not predicted to
influence the membrane insertion properties of the HD. As
double and triple substitutions within the HDwere anticipated
to abolish their membrane insertion properties, these muta-
tions were assessed using the Lep H2 construct (Fig. 2, D–F).

Substitution of two or three hydrophobic residues with
charged residues abolished the ability of HD1 to insert into the
RER-derivedmembranes (Fig. 2D, lanes 11 and 15). In contrast,
a conserved Glu in HD1 of VP2 was shown to be important for
SV40 viral infection because this residue mediates interaction
with a membrane-spanning domain in BAP31, an ER-resident
membrane protein (12). The E17A mutation previously shown
to inhibit viral infection was assessed in this in vitro targeting
system to determine if it influenced membrane integration.
Introduction of the hydrophobic residue withinHD1 enhanced
membrane integration over the wild type sequence almost
2-fold (Fig. 2D, compare lane 7 and 3).

Viroporins Are Required for SV40 Infection

JANUARY 25, 2013 • VOLUME 288 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2513

http://www.jbc.org/cgi/content/full/M112.428425/DC1
http://www.jbc.org/cgi/content/full/M112.428425/DC1


FIGURE 2. Transmembrane domain predictions for VP2 and HD1, HD2, and HD6 insert into ER microsomes with NCyto topology. A, schematic represen-
tation of the SV40 protein VP2 with TMD predicted by a variety of algorithms (supplemental Fig. S2) denoted by black rectangles. HD are numbered from the
N-to-C termini. Start sites for VP2, VP3, and VP4 are indicated on the composite. B, diagram of the model protein Lep H2 used to determine the membrane
insertion of individual domains of late viral proteins (17). Glycosylation sites are indicated as circles, with filled circles indicating the glycosylation site is occupied,
and open circles that the site is not modified. Vector (a bona fide TMD) or individual hydrophobic domains (HD1– 6) of VP2 were introduced into Lep H2 (gray
box). The star denotes a possible site for cleavage by the signal peptidase complex. C–F, [35S]Met/Cys-labeled proteins were synthesized in reticulocyte lysate
for 1 h at 27 °C in the presence of ER rough microsomes (MS) as indicated. Wild type (WT) and mutants of the individual HD were tested. The translations were
either untreated (Lys) or centrifuged through a sucrose cushion (Pellet). Half of the lysates were loaded compared with pellet samples. One-half of each sample
was treated with Endo H as indicated to remove glycans. Proteins were resolved by reducing SDS-PAGE, followed by autoradiography. Unglycosylated proteins
are indicated with an open circle whereas singly and doubly glycosylated proteins are denoted with filled circles. Recognition as a signal sequence by signal
peptidase produced an internal cleavage product that was glycosylated or deglycosylated as indicated with black or white stars, respectively. Quantification of
the percent TMD insertion is noted below the corresponding sample. The percentage of TMD insertion for each HD was quantified as the fraction inserted
divided by total fraction targeted to ER rough microsomes. For Lep H2, %TM � (f2 � fc)/(f2 � fc � f1) � 100 where the fraction of TM targeting was the doubly
glycosylated (f2) and cleaved product (fc) divided by the sum of the total targeted including the doubly glycosylated, cleaved product, and targeted but not
inserted singly glycosylated (f1). The species of unglycosylated protein, which was not targeted to microsomes, was ignored. Standard deviations are based on
at least three independent experiments.
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Generally introduction of charged residues significantly
inhibited membrane incorporation of HD2 and HD6 (Fig. 2, E
and F). Mutations reduced membrane incorporation from half
of the wild type HD to background levels. However, in some
cases inhibition was position dependent. For example, Lep H2
HD2 A75K/V87E insertion was 25% compared with the same
net mutation F80K/L84E, with only 10% insertion (Fig. 2E).
Likewise charged residues at positions M295/S305 reduced
membrane targeting from �76% to 32%, whereas charged res-
idues at L298/L302 completely inhibitedmembrane incorpora-
tion to less than 10% (Fig. 2F). This supports the conclusion that
some regions within each HD do not tolerate charged residues
for membrane insertion.
To establish if the HD within the late viral proteins favored

insertion in the alternative NLumen-CCyto direction, a modified
version of Lep was used termed Lep H3 (18). Using this con-
struct,HD1,HD4, andHD6displayed only slight levels ofmem-
brane insertion with NLumen topology ranging from 5–12%
above background (data not shown). This indicated that while
these HD were recognized for membrane incorporation, the
efficiency was low indicating that the NCyto-CLumen topology
for HD1, HD2, and HD6 was favored.
HD6 Supports Autonomous Membrane Insertion—Mem-

brane insertion using Lep H2 and Lep H3 is SRP-dependent
because theN-terminalTMDofLep (TM1) is recognized forRER-
derived microsome insertion. This means that TM1 effectively
tethers a test HD in the vicinity of the membrane, which might
enhancemembrane incorporation. To determine if any of theHD
in VP2 could support membrane targeting on their own, an addi-
tional Lep construct was employed (Lep H1, Fig. 3A). The HD
acceptor site (gray) is flankedbya single glycosylation site on theN
terminusand twoglycosylationsiteson theCterminus.Thus if the
protein were singly, doubly, or triply glycosylated it adopted an
NLumen-CCyto, NCyto-CLumen, or N&CLumen orientation in the
membrane, respectively. Proteins that are not targeted to the RER
membranes will be unglycosylated.
To assess the background levels of targeting, a sequence that is

hydrophobic but not targeted to RER-derivedmicrosomes (1 Leu
flanked by 9 Ala on either side; 9Ala-1Leu-9Ala) was tested for
membrane targeting (Fig. 3B, lanes 1–4). As previously observed
(17), the vector was not glycosylated and did not support RER-
derived microsome targeting. Similarly, HD1-HD3 and HD5 did
not exhibit detectable glycosylation so theywereunable todirectly
integrate into RER membranes (Fig. 3B, lanes 7, 11, 15, and 23).
Since HD1 and HD2 were efficiently ER targeted in Lep H2 (Fig.
2C), this suggested that these domains were reliant on other
regions in the protein for membrane integration.
ForHD4 a low level (�10%) of singly glycosylated specieswas

observed, suggesting that HD4 supported weak insertion with
the NLumen-CCyto topology. This orientation was detected with
Lep H3 at similar levels suggesting that this domain prefers an
NLumen-CCyto orientation but incorporation was inefficient
(Fig. 3B, lane 19 and data not shown). The targeting ofHD4was
noteworthy as only one prediction algorithm (MPEx) suggested
that this region could support membrane incorporation (sup-
plemental Fig. S2).
Strikingly, HD6 produced a ladder of three glycosylated species

in thepresenceofRER-derivedmicrosomes (Fig. 3B, lane27).This

indicated thatHD6 adopted three topologies inmicrosomes: NLu-

men-CCyto; NCyto-CLumen; and N&CLumen. Furthermore, each gly-
cosylated species was observed in almost equal abundance sug-
gesting that the orientations were favored equally (Fig. 3B, lane 27
andFig. 3D, lane3).HD6displayed themost effective autonomous
membrane targeting and insertion of all the HD tested yet it was
variable in its topology.HD6 insertion required themicrosomes to
be present during translation, as the glycosylation ladder was not
observed if the microsomes were added post-translationally (Fig.
3D, lane 5). Altogether, these results suggested that HD6, the
domain sharedbyVP2,VP3, andVP4, displayed thehighest inher-
ent ability to target ERmembranes.
To determine if the changes in membrane incorporation

observed with Lep H2 HD6 mutations would be recapitulated
with independent targeting of Lep H1 HD6, the charge substi-
tutions were tested in Lep H1 HD6 (Fig. 3C). All charge substi-
tutions tested abolished targeting of Lep H1 HD6. Overall, the
self-directed targeting of Lep H1 HD6 was found to be more
sensitive to charge substitutions than in the context of Lep H2.
HD Mutations Inhibit Membrane Disruption Activity of the

Purified Late Proteins—To determine if the HD mutations
associated with membrane insertion defects would affect the
membrane disruption activity of the late proteins, the muta-
tions were introduced intoVP2, VP3, andVP4 for expression of
the proteins in E. coli and the mutants were purified for char-
acterization of their membrane disruption abilities. First, the
addition of purified GST-VP2, GST-VP3 or GST-VP4 to mam-
malian cells resulted in release of �70, 80, and 97% of LDH,
respectively (Fig. 4). However, when charged residues were
incorporated into an individual HD, cell lysis was significantly
inhibited for VP2, VP3, and VP4. In general, the effects on
membrane incorporation studied with the Lep constructs as
models for HD insertion, correlate with the membrane disrup-
tion activity of the late proteins. The targeted disruption of
membrane insertion of an individual HD resulted in loss of
membrane disruption activity. GST-VP2 E17A had 3-fold
diminishedmembrane disruption activity comparedwithGST-
VP2. Since the E17Amutation enhanced the membrane incor-
poration of LepH2HD1, likely due to increasing the hydropho-
bicity of the domain, this suggested that despite having
enhanced membrane insertion abilities, the E17A mutation
decreased the perforation activity of VP2.
Lastly, VP4 was recently shown to require L298 and L302 for

pore formation because substitution of charged residues inhib-
ited membrane binding (16). Since the same mutations inhibit
the membrane disruption activity of GST-VP2 and GST-VP3
(Fig. 4), this supports that the same features are critical for
activity of the purified proteins. Altogether these results dem-
onstrated that VP2, VP3, and VP4 all require HD6 for their
membrane disruption activity.
Introduction of Charged Residues into Individual HD Inhibits

Viral Propagation—Several mutations were identified that
inhibited the viroporin activity of VP2, VP3, andVP4. To deter-
mine if pore formation activity is critical in the viral life cycle,
HD mutations were introduced into the viral genome and
tested for propagation. To initiate viral propagation, BS-C-1
cells were transfected with the viral genome to trigger virus
production and virus propagation was monitored. Initial sam-
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ples were analyzed 2 days post-transfection (P.T.) after protein
synthesis but before cell lysis and virion release (14). Propaga-
tion was determined 7 days P.T. to measure the ability of the
viruses to infect the remaining population of cells. To score
propagation levels, synthesis of the early gene product LT was
quantified by flow cytometry (12, 14, 28). To uncover if the
expression of the viral proteins was affected by the mutations
that were introduced, Western blot analysis was used to moni-
tor production of LT, VP1, VP2, and VP3. Nuclear fractions
were inspected since all of these proteins are nuclear localized.
Transfection bypassed the infection process and introduced the
viral genome directly to the nucleus for virus production.
The percentage of LT-positive cells observed inwild type and

HD mutant viral genome transfected cells was similar after 2
days (Fig. 5A, �1.5% each). Likewise immunoblot analysis of
nuclear lysates 2 days P.T. indicated that LT was produced at
similar levels (Fig. 5B, lanes 2–10). This demonstrated that the
initial transfection level of cells was similar and early gene syn-

thesis was not affected by the HD mutations. The HD1 and
HD2 mutants did not change the expression levels of VP1 or
VP2 and VP3 compared with wild type SV40 (Fig. 5B, lanes
2–7). In addition, the M295K/S305E mutation did not have an
impact on the level of VP1 but slightly enhanced the production
of VP2 and VP3 (Fig. 5B, lane 10). Protein synthesis was not
perturbed for many of the HD mutations.
In contrast, HD6 L298/L302 charge mutants displayed dras-

tically reduced levels of VP1 and enhanced production of VP2
and VP3 compared with wild type SV40 and the other HD6
mutant (Fig. 5B, compare lane 2 to lanes 8 and 9). TheHD6 Leu
mutations inhibited production of VP1. Splicing of the late
transcripts is known to control the temporal production of VP1
prior to VP2 and VP3 from 16S and 19S mRNA, respectively
(29, 30). The main splice site utilized to produce the VP1-en-
coding 16S transcript lies in the HD6 coding region (31, 32)
(Fig. 5C). This suggested that mutating the L298/L302 codons
inhibited splicing of the 16S mRNA and led to premature

FIGURE 3. HD6 inserts into RER-derived microsomes in multiple orientations. A, diagram of model Lep H1 used to determine autonomous membrane
insertion of individual domains. B and C, HD1– 6 domains were analyzed as described in Fig. 2. D, proteins were translated in the absence (�) or presence of MS
(Co) as indicated. The reaction lacking MS was treated with cycloheximide to inhibit translation and the reaction was split and microsomes were added
post-translationally where indicated (Po) and incubated for 1 h at 27 °C. Half of each reaction was treated with Endo H as indicated to remove glycans. The lysate
samples correspond to half of the pellet samples. Wild type (WT) and mutant forms of the various HD were tested. Quantification of the percent TMD insertion
is noted below the corresponding sample. The fraction of each translocated (Trans) species including NLumen (f1), NCyto (f2), and N&CLumen (f3) was divided by the
sum of all species including the unglycosylated (f0). Hence the %Trans � (f1 � f2 � f3)/(f1 � f2 � f3 � f0) � 100 or individual targeting e.g. %NLumen � f1/(f1 � f2 �
f3 � f0) � 100. Standard deviations are based on at least three independent experiments.
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expression of VP2 and VP3 from the 19S transcript. Conse-
quently, both of the L298/L302 charge mutants drastically
affected the expression of the late viral capsid proteins andwere
not characterized further.
As expected, wild type SV40 propagated in cell cultures as 22%

of cells were LT-positive 7 days P.T. (Fig. 5A). Propagation was,
however, inhibited for several of the HDmutants. Eachmutant in
HD1 displayed diminished propagation to various degrees com-
paredwithwild type SV40. For SV40E17AandA13E/A20Kprop-
agation was less than half of wild type SV40 but for the triple
mutant SV40 L8K/A13E/A20K propagation was completely
inhibited as only 2% LT-positive cells were observed after 7 days.
The E17A result was consistent with a recent study that demon-
strated that it was defective for viral infection due to inhibition of
interaction with the ER membrane protein BAP31 (12). Both
chargemutations tested for HD2 completely inhibited viral prop-
agation of SV40 (Fig. 5A). The HD6 mutations inhibited viral
propagation asmutation of the central L298/L302 inhibited prop-
agation alongwithM295K/S305E. This indicated thatHD1,HD2,
and HD6 each contain hydrophobic residues that were required
for viral propagation.
Analysis of the expression level of the viral proteins 7 days

after transfectionwas consistentwith the propagation observed
by flow cytometry (Fig. 5B, lanes 12–20). HD mutant viruses
produced lower levels of LT,VP1, VP2, andVP3 comparedwith
wild type SV40.
To determine if the mutant viruses were released from cells,

the media was probed for viral proteins. The viral structural
proteins were each detected in the media suggesting that cell
lysis occurred for virus release (Fig. 5B, lanes 22–30). As with
the flow cytometry results, viruses that propagate to a greater
extent had increased levels of the viral proteins in the media. In
addition, the nuclear-localized nonstructural viral protein LT
was detected in the media at higher levels for viruses that sup-
ported low levels of propagation implying that cell lysis

occurred. Markedly, LT was not detected in the media fraction
for the M295K/S305E mutant. Overall, viral induced cell lysis
was observed suggesting that the defects in propagation
observed for the charge mutants in HD1, HD2, and HD6 could
be attributed to some other step in the replication cycle.
HD Mutant Viruses Are Properly Assembled—To assess if

viral encapsidationof theSV40minichromosomewas impaired in

FIGURE 4. Purified VP2, VP3, and VP4 require HD for activity. A, bacterial
expressed and purified wild type and mutant forms of VP2 (232 nM) were
assayed as in Fig. 1 for their ability to disrupt the membranes of COS7 cells
(10,000 cells). B and C, overlapping HD6 mutations were monitored for mem-
brane disruption activity as in Fig. 1 with VP3 (B) and VP4 (C) as indicated. Error
bars represent the standard deviation of three independent experiments.

FIGURE 5. Introducing charged residues into individual hydrophobic
domains inhibit viral propagation. A, BS-C-1 cells were transfected with
wild type or mutant SV40 genomes as indicated. The percentage of infected
cells was determined based on LT expression using flow cytometry after 2
days (left plot) and 7 days (right plot). Error bars represent the standard devi-
ation of at least three independent experiments. B, BS-C-1 cells were transfected
as in A, and the nuclei and media were immunoblotted and probed with the
indicated antibodies after 2 days (left panel) or 7 days (right panel) post-transfec-
tion (P.T.). Molecular weight markers are indicated in kDa on the right. C, splicing
of SV40 mRNA. The white, black, and gray regions denote the coding region for
agnoprotein (Agno), VP1 and VP2/3/4, respectively. The 16S and 19S mRNA spe-
cies are indicated with black lines where dashed pieces are removed by splicing to
the mature forms. HD6 is highlighted by the hatched box and indicated within
the splice site utilized to produce the 16S mRNA. The HD6 amino acid
sequence (shown below) denotes the mutated L298/L302 residues as des-
ignated by double underlines and the M295K/S305E mutations is denoted
by single underline. The star denotes the Gly codon that is the major splice
site used to produce the 16S mRNA. This figure was adapted from Ref. 31.
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the HD mutants, a DNase protection assay was utilized. Viruses
produced by transfection were subjected to DNase digestion and
PCR of a genome fragment. Consequently if the capsid conferred
nuclease protection, it suggested that the capsid was assembled
around the viral genome. For wild type SV40 and the mutant
viruses, an amplified PCR fragment was observed by agarose gel
electrophoresis (Fig. 6A). However, this assay might be unable to
differentiatebetween tightor loose-assembledviral particles as the
genome from bothmay be inaccessible to DNase.
To directly observe virus particle assembly, electron micros-

copy was utilized. BS-C-1 cells were transfected and subjected
to thin section transmission electron microscopy (TEM). Viri-
ons in wild type transfected cells were observed throughout the
nucleoplasm (Fig. 6B).Wild type virus was�45 nm in diameter
as previously described (Fig. 6C) (7). In addition, virus particles
were observed for all of the SV40 HD mutants characterized
and these viruses were also �45 nm in diameter. Taken
together, wild type and the HD mutant SV40 viruses appeared
to be properly assembled indicating the propagation defects
associated with HD mutants did not involve virus assembly.
ViroporinActivity IsRequired forViral Infection—Todetermine

if infection was impaired for the SV40 HD mutants, BS-C-1 cells
were infected with purified wild type or mutant viruses. A VP1
immunoblot of purified viral particles was used to normalize viral
infections (Fig. 7A). Viral infectivity was quantified with flow
cytometry based on LT expression 24 h postinfection.
When charged residues were introduced into a HD, the

infection level was reduced compared with wild type SV40 (Fig.
7B). The HD1 and HD2 charge mutants were infected at a level
that was 10% or less of wild type. The substitution of charged
residues in HD1 or HD2was not tolerated for viral infection. In
contrast, removal of the previously studied charged residue in
HD1 (E17A) reduced the infectivity of the virus by 60% (12).
SV40 M295K/S305E viral particles were defective for infection

and propagation. Therefore, mutation of each HD-disrupted
productive viral infection.

DISCUSSION

Wehave determined that theminor structural proteins from
SV40 possess viroporin activity that is critical for viral propa-
gation. Using an in vitro translation and membrane insertion
assay, three HD in VP2 were identified that supported mem-
brane integration. Purified VP2 and VP3 formed size-selective
pores in COS7 cells. Targeted disruption by introducing
charged residues into the HD inhibited membrane targeting
and the viroporin activity of the purified proteins. Mutations in
the late proteins that affected their membrane perforation
activity also inhibited the propagation of SV40 demonstrating
that viroporin activities of the late proteins were important for
virus proliferation.
Purified VP4 possess lytic properties that are deployed dur-

ing later stages in the viral life cycle to aid in the release of SV40
fromhost cells (15, 16). VP2 andVP3 contain the complete VP4
sequence, and they also possess membrane disruption proper-
ties. These studieswere performedwith bacterial expressed and
purified GST constructs. When GST was removed from the
purified proteins by TEV cleavage, the late proteins aggregated,
hindering the ability to directly study the untagged proteins.
The large N-terminal tags helped to maintain their solubility
and inhibit their lethality in bacteria, as VP2 and VP3 proteins
were toxic without the N-terminal tag (19). The minor struc-
tural proteins were each able to disrupt the plasma membrane
of host cells as monitored by LDH release. A cell-based osmo-
protection assay indicated that VP2 and VP3 form pores with
diameters of �3 nm and 4–6 nm, respectively, though it is
possible that the GST moiety might affect the size of the pore
formed through steric hindrance.

FIGURE 6. SV40 mutants are properly assembled. A, integrity of the wild type and mutant viruses produced by transfection and purified by sedimentation
was tested. PCR of the viral DNA was performed after treatment of the virus with DNase to determine if the viral capsid protected the DNA. PCR products were
resolved by agarose gel electrophoresis. Viruses were also analyzed for VP1 content by performing an immunoblot. B, BS-C-1 cells were transfected for 3 days
with wild type SV40 genome and harvested for transmission electron microscopy (TEM), the inset area is shown in C. Scale bar indicates 500 nm. C, represent-
ative images of virus particles observed in BS-C-1 cell nuclei after 3 days of transfection with mutant viral genomes as indicated. Scale bar corresponds to 100
nm. Diameter of viral particles observed by TEM as indicated. Standard deviations are from 100 particles measured.
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To determine if pore formation by the minor structural pro-
teins was required for the progression of the viral life cycle, HD
mutations that affected the viroporin activity of the purified
proteins and membrane targeting of the Lep constructs were
introduced into the viral genome and tested for virus propagation.
Viruseswithmutations inHD1,HD2,orHD6didnotpropagateas
efficiently as wild type SV40. Introducing charged residues into
HD1orHD2reduced the infection to less than10%ofwild type. In
addition, introduction of charged residues within HD6 at M295/
S305 reduced viral infection to anegligible level.Mutationof these
critical residues in HD1, HD2, or HD6: 1) impaired membrane
insertion as measured with Lep; 2) inhibited the membrane dis-
ruption activity of the full-length purified proteins; 3) perturbed
viral propagation; 4) did not affect the production of the viral pro-
teins; and 5) did not inhibit viral assembly. Taken together, this
supports the conclusion that the viroporin activity ofVP2andVP3
was required for efficient infection.
After internalization and trafficking to the ER, SV40 particles

are acted upon by oxidoreductases that direct viral uncoating
(4). This process may release VP2 and VP3 to disrupt the ER
membrane to support penetration of the subviral particle.
However, the poorly defined penetrating subviral particle is
expected to be larger than the 3–6 nm pores created by the
purified proteins. Alternatively, uncoating may liberate
domains of VP2 and VP3 that disrupt the membrane in the
context of being attached to the uncoated viral particle. VP2 has
been recently found to interact through itsN terminuswith theER
membrane protein BAP31 (12). VP2 is also myristoylated at its N
terminus (33). Together, the BAP31 interaction and lipid modifi-
cation may help VP2 to engage the membrane and support local
membranedisruptionwith theaidofHDsuchasHD6.Membrane
disruption may also be aided by membrane accessibility of VP3.
Further analysis is required to demonstrate that the viroporin
activity ofVP2andVP3wasnot required for earlier stagesof infec-
tion including binding and intracellular trafficking before conclu-
sions about penetrationmay be reached.

The sequences of VP2 and VP3 can vary widely in different
polyomaviruses yet the C-terminal domain corresponding to
HD6 is highly conserved (34). Introduction of charged residues
into HD6 inhibited the membrane disruption activity of VP2
and VP3. The minor structural proteins bind to a hydrophobic
pocket in VP1 pentamers to coordinate capsid assembly (35).
The region of VP2 and VP3 that mediates binding to VP1 com-
prises part of HD6, one of the HD that supported membrane
incorporation in Lep H2 and H1. As inhibition of membrane
insertion of HD6 impaired the viroporin activity of VP2 and
VP3, this supports the conclusion that HD6 was utilized for
both membrane perforation and virus assembly. In addition,
the nucleotide sequence corresponding to HD6 contains the
mRNA splice site used to produce the 16S mRNA for synthesis
of VP1. The region of the viral genome corresponding toHD6 is
used for viroporin activity, assembly of virions and splicing of
the late mRNA. The SV40 M295K/S305E mutant virus was
properly assembled but unable to support viral propagation or
infection. Altogether, this suggests that HD6 is highly con-
served in polyomaviruses because selective pressure on the
virus prevents mutations in this critical region of the viral
genome.
Viruses have a limited protein coding capacity due to their

size restrictions. Therefore, viral proteins often serve versatile
functions in the viral life cycle. Viroporins are an understudied
class of proteins that have been characterized most thoroughly
for their role in virus release; however several have recently
been shown to perform crucial functions for other stages of
viral life cycle. The influenza virus viroporin M2 is critical for
efficient uncoating of the subviral particle in the cytoplasm for
infection, depolarizing the plasma membrane to aid in virus
release and to facilitate membrane scission for release of virus
particles from infected cells (36, 37). Likewise the p7 viroporin
from hepatitis C virus functions in the secretory pathway to
promote virus assembly and release of active viral particles (38,
39). Mutagenesis or chemical inhibition of M2 or p7 prevents
viral propagation, providing direct evidence that their viro-
porin activity is required for productive viral replication. Based
on findings presented here, the nonenveloped virus SV40 uti-
lizes the viroporin activity of theminor structural proteins VP2
and VP3 for effective infection. Agnoprotein from JC polyoma-
virus has been recently shown to be a viroporin (40). If agno-
protein from SV40 also possesses viroporin activity, combined
with our VP2, VP3, and VP4 results (15), this suggests that four
of the seven total SV40 encoded proteins have viroporin activ-
ity. Future studies will be needed to investigate the specific
stage(s) of viral infection that require viroporin activity.
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FIGURE 7. HD are required for viral infection. A, VP1 immunoblot of purified
SV40 wild type and mutant viral particles to normalize infection levels used in
B. Amino acids mutated in VP2/3/4 are indicated along with their location in
the corresponding HD. B, percentage of infected cells was determined by
flow cytometry 24 h postinfection and normalized to wild type SV40 using
VP1 levels. Error bars represent the standard deviation of 30,000 cells mea-
sured in three independent experiments.
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