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During a unique morphogenetic process, rotaviruses obtain a transient membrane envelope when newly
synthesized subviral particles bud into the endoplasmic reticulum (ER). As rotavirus particles mature, they
lose their transient membrane and a layer of the glycoprotein VP7 forms the virion outer capsid shell. The
nonstructural glycoprotein NSP4 functions as an intracellular receptor in the ER membrane (K. S. Au, W. K.
Chan, J. W. Burns, and M. K. Estes, J. Virol. 63:4553–4562, 1989), and it has been hypothesized that NSP4 is
involved in the removal of the envelope during viral morphogenesis (M. K. Estes and J. Cohen, Microbiol. Rev.
53:410–449, 1989; B. L. Petrie, M. K. Estes, and D. Y. Graham, J. Virol. 46:270–274, 1983). The purpose of the
present study was to determine if NSP4 has a direct membrane destabilization activity (MDA) by using
liposome leakage assays and electron microscopic visualization of liposome, microsome, and viral envelope
disruption. The fluorescent marker (calcein) incorporated into liposomes was released when the liposomes
were incubated with purified NSP4. A region corresponding to amino acid residues 114 to 135 of NSP4 also
released calcein from liposomes. NSP4114–135 peptide-specific antibody completely blocked the MDA of the
purified NSP4 protein. These results suggest that this region contains at least part of the functional domain
of NSP4. Liposomes composed of phosphatidylcholine and microsomes (to simulate ER membranes) were
broken when observed by electron microscopy after incubation with NSP4 or the NSP4114–135 peptide. In
contrast, the envelope of Sendai virus, which is derived from cytoplasmic membranes, and erythrocytes were
not disrupted by NSP4 and the NSP4114–135 peptide. These results provide direct evidence that NSP4 possesses
MDA and suggest that it can cause ER membrane damage. Therefore, NSP4 might play an important role in
the removal of the transient envelope from budding particles during viral morphogenesis. A model for the MDA
of NSP4 in viral morphogenesis is proposed.

Rotaviruses are recognized as the most important cause of
severe viral gastroenteritis in humans and animals. Rotaviruses
are nonenveloped, triple-layered particles with a genome of 11
segments of double-stranded RNA. Rotaviruses have a unique
morphogenesis in which particles obtain a transient membrane
envelope that is formed by the budding of newly made subviral
particles into the endoplasmic reticulum (ER) (11, 26). As
rotavirus particles mature, they lose their transient membrane,
and a layer of glycoprotein VP7 forms the virion outer capsid
shell. The viral nonstructural glycoprotein NSP4 (NS28) func-
tions as an intracellular receptor in the ER membrane and
binds newly made subviral particles and probably also the spike
protein VP4 (2, 3, 19). Transiently enveloped particles accu-
mulate when glycosylation is blocked with tunicamycin (26),
indicating that glycosylation is important for removal of the
envelope. Glycosylation of VP7 is not required for viral mat-
uration, because a nonglycosylated VP7 variant of SA11 rota-
virus (clone 28) undergoes normal viral morphogenesis (26).
Therefore, NSP4 has been proposed to be the protein involved
in the removal of the envelope during viral morphogenesis (13,
26).
Our previous work indicates that expression of NSP4 results

in increased intracellular calcium levels ([Ca21]i) in insect Spo-
doptera frugiperda (Sf9) cells expressing endogenous NSP4 (37)
and that the increased calcium levels are mobilized from the

ER (36). A phospholipase C (PLC)-mediated pathway is acti-
vated when NSP4 or NSP4114–135 synthetic peptide is added to
cells exogenously. However, a PLC inhibitor does not affect the
increased [Ca21]i in Sf9 cells expressing NSP4 endogenously.
In addition, the basal calcium permeability of the ER in insect
cells endogenously expressing NSP4 was evaluated by measur-
ing the release of calcium induced by ionomycin, a calcium
ionophore, or thapsigargin, an inhibitor of the ER Ca21-
ATPase pump (35). Results from these previous studies sug-
gest that there is a second pathway, distinct from PLC-inositol-
1,4,5-triphosphate, causing changes in the ER permeability in
cells expressing NSP4. We hypothesized that the expression of
NSP4 in the ER membrane might directly change the ER
membrane permeability. This paper reports studies that di-
rectly tested the effects of NSP4 on liposomes composed of
phosphatidylcholine (PC) and microsomes (ER) and on the
envelope of Sendai virus (representing plasma membranes)
and human erythrocytes (plasma membranes) and localized at
least part of the functional domain of NSP4 responsible for the
observed membrane destabilization activity (MDA).

MATERIALS AND METHODS

Purification of NSP4 (NS28) and VP6. NSP4 was purified from 5 3 108 Sf9
cells infected at a multiplicity of infection of 2.0 PFU per cell with recombinant
baculovirus pAC461-G10 expressing rotavirus gene 10. At 72 h postinfection, the
cells were harvested, washed with phosphate-buffered saline (PBS), and lysed
with 10 ml of lysis buffer (10 mM Tris-HCl [pH 8.1], 0.1 mM EDTA, 2%
deoxycholate). The NSP4 lysate was diluted in 50 ml of equilibration buffer (20
mM Tris HCl [pH 8.1]), clarified by centrifugation for 30 min at 8,000 3 g, and
filtered through a 0.22-mm-pore-size filter (Costar, Van Nuys, Calif.). NSP4 was
purified by fast protein liquid chromatography (FPLC) with a quaternary meth-
ylamine (QMA) anion-exchange column (Waters Chromatography Division,
Milford, Mass.) preequilibrated with equilibration buffer. Fractions correspond-
ing to 0.7 M NaCl with an NaCl linear gradient (0 to 1.6 M NaCl) were collected
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and examined for NSP4 by an immunodot blot method. NSP4-rich fractions were
pooled, dialyzed against equilibration buffer, filtered through a 0.22-mm filter,
and further purified with the QMA column. The final purified NSP4 was dialyzed
exhaustively against 50 mM NH4HCO3, and aliquots were lyophilized.
The purity of NSP4 was examined by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) followed by silver staining with a kit (Sigma, St.
Louis, Mo.), densitometry scanning, and Western blot (immunoblot) analysis
with an antipeptide antiserum against NSP4114–135 (5). Following these analyses,
the purity was estimated to be at least 70%. The total protein concentration was
determined with a protein assay system (Bio-Rad Laboratories, Hercules, Calif.)
with the NSP4 concentration estimated at 70% of the total concentration. In
some experiments, NSP4 was further purified by immunoaffinity chromatography
to confirm the results obtained with the semipurified protein. The immunoaffin-
ity column contained immobilized purified immunoglobulin G (IgG) specific for
the NSP4114–135 peptide. The bound NSP4 was eluted from the column with 0.1
M Tris-HCl buffer (pH 2.8). This protein was at least 90% pure and had a similar
profile to that shown in Fig. 1B when analyzed by Western blotting (data not
shown).
A rotavirus structural protein, VP6, was used as a control in this study. VP6

was produced from recombinant baculovirus-infected Sf9 cells as described pre-
viously (39). Briefly, Sf9 cells were infected with pAc461/SA11-6 and harvested
6 days postinfection. The medium containing VP6 was clarified by centrifugation.
Oligomeric VP6 in the clarified supernatant was pelleted through a sucrose
cushion and subjected to banding in a CsCl gradient (39). SDS-PAGE and silver
staining showed that the purified VP6 protein was .95% pure.
Synthetic peptides. All peptides were synthesized by F-moc (fluorenylme-

thoxycarbonyl) chemistry (9) at the Peptide Synthesis Facility, University of
Pittsburgh, Pittsburgh, Pa., and purified by high-pressure liquid chromatography
and gel filtration as described previously (5). These included rotavirus NSP4114–135
(DKLTTREIEQVELLKRIYDKLT); mNSP4 131K (DKLTTREIEQVELLKRI
KDKLT); NSP42–22 (EKLTDLNYTLSVITLMNNTLH); NSP490–123 (TTKDEI
EQMDRVVKEMRRQLEMIDKLTTREIEQ); a Norwalk virus-specific pep-
tide, NVSP (SHVAKIRGTSNGTVINLTELD); and a C-terminal Norwalk virus
capsid peptide, NVCP (DTGRNLGEFKAYPDGFLTCV). An amphipathic pH-
sensitive membrane-active peptide, JTS-1 (GLFEALLELLESLWELLLEA)
(15), was kindly provided by Stephen Gottschalk, Department of Cell Biology,
Baylor College of Medicine, and Louis Smith, Department of Medicine, Baylor
College of Medicine.
Preparation of liposomes. PC in chloroform was obtained from Avanti Polar

Lipids, Inc., Birmingham, La., and the fluorescent dye calcein (molecular weight,
622.5) was obtained from Sigma. Liposomes of PC containing 100 mM calcein
(adjusted to pH 7.3 by the addition of 10 N sodium hydroxide) were prepared by
a sonication method (7, 24). Briefly, the lipid-chloroform solution (containing 20
mg of PC in 2 ml) was dried under N2. The dried lipid then was suspended in 2
ml of 100 mM calcein in 10 mM Tris-HCl (pH 7.3) by mild vortexing followed by
sonication with a needle probe for 15 to 20 min (Sonifier cell disrupter 350;
Branson Sonic Power Co., Danbury, Conn.). The sonicate, which contained
mainly small, unilamellar vesicles, was applied to a column of Sephadex G-25
(Pharmacia) and eluted with 10 mM Tris-HCl (pH 7.3)–140 mM NaCl buffer.
Fractions of 0.25 ml were collected. A 1-ml portion of each fraction was added to
2 ml of 150 mM sodium citrate buffer (pH 7.4), and the fluorescence change was
measured before and after the addition of 5 ml of 20% Triton X-100 (Sigma) at
520 nm (excitation at 470 nm) with a 650-15 fluorescence spectrophotometer
(Perkin-Elmer Corp., Norwalk, Conn.). Fractions with a fluorescence change
ratio (the fluorescence after the Triton X-100 treatment compared with the
fluorescence before the Triton X-100 treatment) greater than 20 were pooled
and used in the liposome leakage assays and in electron microscopy studies.
Liposome leakage assays. Leakage of liposomal content in the presence of

NSP4 or synthetic peptides was measured by the release of entrapped calcein (7).
Calcein fluorescence was measured at 520 nm with a Perkin-Elmer fluorescence
spectrophotometer. A 2-ml portion of liposome solution was added to 2 ml of 150
mM sodium citrate buffer (pH 5.0 to 7.4) or 140 mM NaCl–10 mM Tris-HCl
buffer (pH 7.2). In some experiments, 100 nM to 10 mM calcium was added to
the NaCl-Tris buffer. Various concentrations of purified NSP4 or synthetic pep-
tides were incubated with the liposomes for 10 to 15 min. The value correspond-
ing to 100% leakage was determined by measurement of the fluorescence re-
leased by complete lysis of liposomes after addition of 5 ml of 20% Triton X-100.
Preparation of NSP4114–135 peptide-specific antibody and antibody blocking

assay. NSP4114–135 peptide-specific antiserum was generated in New Zealand
White rabbits by multiple immunizations with 100 nmol of peptide cross-linked
via glutaraldehyde to the protein carrier keyhole limpet hemocyanin as previ-
ously described (4). Pre- and postimmunization sera were evaluated by peptide
enzyme-linked immunosorbent assay (4). IgG from the sera of rabbits was pre-
pared by a simple two-step procedure described by McKinney and Parkinson
(18). Briefly, albumin and other non-IgG proteins were precipitated with caprylic
acid. Then the IgG fraction was precipitated with ammonium sulfate. For anti-
body protection assays, NSP4 protein was incubated with 10 ml of purified IgG
for 30 min at 378C before the mixture was incubated with liposomes.
EM. Liposomes and microsomes incubated with or without NSP4 protein/

peptide or the other control peptides were examined by EM. Copper grids,
coated with collodion-carbon and freshly glow discharged, were used for sample
adsorption (40). Ammonium molybdate (1%; pH 6.5) was used as the negative

stain. NSP4 (6 to 12 mM) protein in PBS or synthetic peptides (40 to 200 mM) in
PBS were incubated with liposomes, microsomes (Promega), or purified envel-
oped Sendai virus for 15 min at room temperature. A grid was floated on a drop
of sample for 20 min, excess fluid was removed by blotting with filter paper, and
the dried grid was washed for 2 s on a drop of water, floated on 1 drop of stain
for 15 s, and air dried. All electron micrographs were taken with a Philips CM 10
electron microscope operating at 80 kV.
Measurement of intracellular calcium level changes induced by NSP4 and

synthetic peptides. [Ca21]i was measured by using the fluorescent Ca21 indicator
fura-2 as previously described (37). Briefly, 108 Sf9 insect cells were incubated for
30 min at room temperature in 20 ml of extracellular buffer (10 mM CaCl2, 60
mM KCl, 17 mM MgCl2, 10 mM NaCl, 10 mM morpholineethanesulfonic acid
[MES], 4 mM glucose, 110 mM sucrose, 0.1% bovine serum albumin [pH 6.2])
containing 2 mM fura-2 acetoxymethyl ester fura-2/AM; Molecular Probes, Eu-
gene, Oreg.). After being washed with extracellular buffer, aliquots of cells (5 3
106 cells) were placed in a quartz cuvette with a magnetic stirrer and fluorescence
was measured before and after the addition of the synthetic peptides in a SLM
8000 spectrofluorimeter (SLM Instruments, Urbana, Ill.) with the excitation
wavelength being altered between 340 and 380 nm and the emission fluorescence
being recorded at 510 nm. All measurements were performed at room temper-
ature and corrected for autofluorescence with unloaded cells. The fura-2 asso-
ciated with the cells was calibrated by lysing the cells in the presence of saturated
divalent cation followed by the addition of ethylene glycol-bis(b-aminoethyl
ether)-N,N,N9,N9-tetraacetic acid (EGTA; pH 8.5). [Ca21]i was calculated from
the equations of Grynkiewicz et al. (16) with an equilibrium dissociation constant
(Kd) for Ca21 binding to fura-2 of 278 nM at 228C (34).
Hemolysis assays. Hemolysis assays were performed as described by

Gottschalk et al. (15). Briefly, human erythrocytes were washed three times with
PBS and were suspended in 150 mM NaCl–15 mM sodium citrate (pH 5.0) at a
concentration of 7 3 107 cells per ml. Peptides were diluted in 150 mM NaCl–15
mM sodium citrate (pH 5.0) in a 96-well plate. Erythrocyte suspension (75 ml)
was added to each well. The plate was incubated for 60 min at 378C with shaking
every 15 min. Unlysed erythrocytes were pelleted, and hemolysis was determined
visually.

RESULTS

Purification of NSP4. The NSP4-containing cell lysate was
loaded onto a QMA column and eluted at 0.7 M NaCl. Fol-
lowing the first elution, NSP4 was purified to about 30% purity.
However, following a second elution off the QMA column, the
NSP4 was at least 70% pure as shown by silver staining (Fig.
1A, lane 2) and Western blot analyses with an NSP4114–135
peptide-specific antiserum (Fig. 1B, lane 3). In SA11-infected
MA104 cells (Fig. 1B, lanes 2 and 3), the fully glycosylated
NSP4 of apparent molecular weight of 28,000 (28K protein) is
the major form of NSP4 detected, whereas very little of the
26K (single-site glycosylated) and 20K (nonglycosylated) forms
of NSP4 are detected (26, 37). In contrast, in recombinant
baculovirus-infected Sf9 cells, both the 28K and 26K forms of
NSP4 are detected (Fig. 1). This phenomenon is thought to be
due to the low temperature (278C) used for Sf9 cell growth,
which reduces the efficiency of glycosylation in insect cells. The
migration of the fully glycosylated 28K NSP4 from insect cells
is always slightly faster than that of the 28K NSP4 fromMA104
cells when examined by SDS-PAGE (37). However, the migra-
tion of the 20K form of NSP4 in both systems is identical. The
difference in migration of the 28K NSP4 is thought to result
from differences in the glycosylation and trimming processes in
the two systems. In addition, oligomeric forms of NSP4 ranging
from 45K to 66K were observed in the purified NSP4 as de-
tected by silver stain (Fig. 1A, lane 2) and confirmed by West-
ern blotting (Fig. 1B, lane 3). These oligomers are thought to
be a mixture of homodimers and heterodimers of the different
forms of NSP4. In some experiments, NSP4 was further puri-
fied by immunoaffinity chromatography. This highly purified
protein was at least 90% pure, and it had a similar profile to
that shown in Fig. 1B when analyzed by Western blotting (data
not shown).
MDA of NSP4 measured by liposome leakage assays. A

liposome leakage assay was used to test whether NSP4 has
MDA. In this system, MDA was monitored by the release of a
fluorescent marker encapsulated into liposomes. When 10 mM
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purified NSP4 was added to the liposomes, over 90% of the
trapped dye was released from the liposomes (Fig. 2A). These
data suggest that NSP4 has a direct effect on liposomes. A
rotavirus structural protein, VP6, was used as a control in this
study. VP6 tested at a final concentration of 12 mM did not
have any MDA (Fig. 2B).
MDA of a synthetic peptide of NSP4114–135. To determine if

a specific domain in NSP4 is responsible for the MDA of
NSP4, several synthetic peptides were tested for MDA. One of
the peptides tested, NSP4114–135, has a predicted amphipathic
alpha-helical structure and is capable of mobilizing calcium
release from the ER (36). Similar to the intact protein, when
the NSP4114–135 peptide was added to the liposomes, fluores-
cent dye was released (Fig. 3A). The amount of fluorescent dye
released from the liposomes by the NSP4114–135 peptide was
dose dependent; 4 mM NSP4114–135 released all the trapped
dye in the liposomes in 10 min, and 2, 1, and 0.5 mM
NSP4114–135 released 82, 48, and 25% of the dye, respectively.
Increasing the amount of the NSP4114–135 peptide resulted in a
faster release of the trapped dye, such that it was released in
less than 1 min when the liposomes were incubated with the
NSP4114–135 peptide at 10 mM. Other synthetic peptides tested
for MDA included synthetic peptides from amino acids (aa) 2
to 22 and aa 90 to 123 of NSP4 (NSP42–22 and NSP490–123,
respectively), a Norwalk virus-specific peptide (NVSP), and a
Norwalk virus C-terminal peptide (NVCP) which has a pre-
dicted amphipathic alpha-helical structure (17) similar to the
NSP4114–135 peptide. These peptides did not result in a signif-
icant release of fluorescent dye from liposomes, indicating the
specificity of the NSP4114–135 peptide MDA (Fig. 3B). These
results suggest that the NSP4114–135 peptide had a direct effect
on liposomes and that release of the trapped dye did not
require the presence of other viral or cellular factors.
Antibody-blocking assay. To further determine if aa 114 to

135 are involved in the MDA of NSP4, purified NSP4 was
incubated with purified IgG from the NSP4114–135 peptide an-
tiserum and the mixture was analyzed in the liposome leakage
assay. No protection was observed when the NSP4 protein was
preincubated with preimmune IgG. However, preincubation of
NSP4 with the anti-NSP4114–135 peptide IgG significantly re-
duced the MDA of the protein (Fig. 4). These data confirm
that at least part of the MDA of NSP4 localizes to the region
between aa 114 and 135.
Effect of divalent ions and medium pH on the MDA of the

NSP4114–135 peptide. The presence of some divalent ions such
as calcium, magnesium, or zinc protects cytoplasmic mem-
branes (6). Ruiz et al. (30) reported that interactions between
trypsinized rotavirus particles and isolated membrane vesicles
from enterocytes are inhibited in the presence of 1 mM cal-
cium. The ER has been recognized as an internal calcium
store, with calcium levels estimated to be in the millimolar
range (8), which is .10,000-fold higher than that in the cyto-
plasm (100 nM). Therefore, we tested if physiologic concen-
trations of calcium similar to the calcium concentration in the
cytoplasm would increase the resistance of membranes to the
MDA of the NSP4 protein and the NSP4114–135 peptide (Fig.
5A). The cytoplasmic concentration of calcium tested (100
nM) had no effect on the MDA of purified NSP4 protein and
the NSP4114–135 peptide. The MDA of purified NSP4 protein
was not inhibited and the MDA of the NSP4114–135 peptide was
slightly inhibited at a calcium concentration higher than at a
normal intracellular calcium concentration (100 nM). The
MDA of the NSP4114–135 peptide (2 mM) was lower in the
presence of 10 mM Ca21 (80%) than in the absence of Ca21

(100%) or in the presence of 100 nM Ca21 (98%).
Many lytic peptides have MDA only at an acidic pH (15, 25,

32, 38). We further tested the MDA of NSP4114–135 peptide at
the different pHs to determine if it mimics the properties of
other known lytic peptides. The purified NSP4 and the
NSP4114–135 peptide showed MDA at both a normal cellular
physiologic pH and an acidic pH (Fig. 5B). Thus, the
NSP4114–135 peptide functions over a broader pH range than
do other lytic peptides. Likewise, the NSP4114–135 peptide se-
quence does not correspond to that of any of the previously
classified lytic peptides (33).

FIG. 1. Purification of NSP4. (A) Purity of NSP4 by silver stain. Lanes: 1,
low-range molecular weight markers; 2, purified NSP4. The arrows show the
three major bands (28K, 26K, and 20K) of NSP4. The vertical lines indicate
oligomeric forms of NSP4. (B) Western blot. The 28K glycosylated NSP4 (lane
1) and 20K nonglycosylated NSP4 (lane 2) were from MA104 cells infected with
SA11 rotavirus in the absence (lane 1) and the presence (lane 2) of tunicamycin.
Lane 3 contains purified NSP4 from recombinant baculovirus-infected Sf9 cells.
Three major bands (28K, 26K, and 20K) of NSP4 identified by silver staining
were confirmed by Western blotting with an NSP4114–135 peptide-specific anti-
body. The 28K, 26K, and 20K bands represent full-length NSP4 with two, one,
and no sites glycosylated, respectively (26).

FIG. 2. Dose-dependent effect of NSP4 on liposomes. (A) Various concen-
trations (0 to 10 mM) of NSP4 (shown on the x axis) were incubated with
liposomes at room temperature for 10 min in sodium citrate buffer (pH 6.0). The
amount of fluorescent dye released from the liposomes immediately after this
10-min incubation was calculated relative to the percentage of total dye released
after treatment with Triton X-100 and plotted on the y axis (mean and standard
deviation; n 5 3). PBS (NSP4 concentration, 0 mM) was used to determine
background leakage. (B) A rotavirus structural protein, VP6 (12 mM), was used
as a control.
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Liposomes and microsomes are damaged by NSP4 and
NSP4114–135. Taken together, the previous results show that
NSP4 and the NSP4114–135 peptide directly release fluorescent
dye from liposomes. However, it remained unclear if NSP4 or

the NSP4114–135 peptide release dye from the liposomes by
disrupting the membranes or by functioning as a specific chan-
nel or pore in liposomes. To evaluate this question, liposomes,
microsomes (ER), and Sendai virus (representing cytoplasmic

FIG. 3. (A) Dose-dependent effect of the NSP4114–135 peptide on liposomes. The NSP4114–135 peptide caused release of fluorescent dye from PC liposomes at
various concentrations (0 to 4 mM). PBS (NSP4 concentration, 0 mM) was used to determine background leakage. The concentrations of the NSP4114–135 peptide are
shown on the x axis, and the percentage of dye release is shown on the y axis (mean 6 standard deviation; n 5 3). (B) The specificity of dye release induced by the
NSP4114–135 peptide. The NSP4114–135, NSP42–22, NSP490–123, NVSP, and NVCP peptides (shown on the x axis) were individually incubated at 2 mM with liposomes
for 5 min at room temperature in sodium citrate buffer (pH 6.0). The amount of fluorescent dye released from liposomes immediately after this 5-min incubation was
calculated relative to the percentage of total dye released after treatment with Triton X-100 (shown on the y axis). Only the NSP4114–135 peptide showed a significant
increase in release of fluorescent dye.

FIG. 4. Antibody-blocking assay. Highly purified NSP4 (10 mM) was incubated with purified NSP4114–135 peptide-specific IgG and then with liposomes. The amount
of fluorescent dye released from liposomes incubated with purified NSP4 pretreated with preimmune IgG or pretreated with NSP4114–135 peptide-specific IgG was
calculated relative to the percentage of total dye released from liposomes incubated with purified NSP4 pretreated with PBS (mean6 standard deviation; n5 3 [shown
on the y axis]).
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membranes) were each incubated with NSP4 protein or the
NSP4114–135 peptide (Fig. 6). Similar results were observed
with purified NSP4 protein at 6 mM for liposomes and 12 mM
for microsomes (data not shown) when compared with the
NSP4114–135 peptide at 40 mM for liposomes and 200 mM for
microsomes. The liposomes were heterogeneous, ranging from
25 to 100 nm in diameter (Fig. 6A). The liposomes were incu-
bated with PBS (Fig. 6A), control NVCP peptide (Fig. 6B),
NSP4114–135 peptide (Fig. 6C), or NSP490–123 peptide (data not
shown) and observed for broken liposomes. Disruptions were
observed only with the liposomes treated with the NSP4114–135
peptide or NSP4 (data not shown). The large liposomes (100
nm in diameter, containing multiple layers) were resistant to
the NSP4114–135 peptide and SDS (data not shown). The dis-
ruption was specific, because broken microsomes were ob-
served when the microsomes were incubated with NSP4114–135
(Fig. 6F) but not with PBS (Fig. 6D) or NVCP (Fig. 6E). To
determine if the MDA of the NSP4114–135 peptide was specific
to the ER membrane, Sendai virus, whose envelope is com-
posed of cytoplasmic membranes, was incubated with
NSP4114–135 (200 mM) or JTS-1 (20 mM), a known lytic peptide
(15). Broken enveloped viruses were observed when Sendai

virus was incubated with JTS-1 (Fig. 6H) but not when it was
incubated with the NSP4114–135 peptide (Fig. 6I), indicating
that the MDA of the NSP4114–135 peptide was not functional
with cytoplasmic membranes.
NSP4 protein and the NSP4114–135 peptide have no MDA on

cytoplasmic membranes. It is possible that the Sendai virion is
not completely representative of cytoplasmic membranes.
Therefore, we tested if the cytoplasmic membrane is damaged
by NSP4 protein or the NSP4114–135 peptide in two other sys-
tems. Human erythrocytes were incubated with the NSP4114–135
peptide (200 mM) or the amphipathic membrane-active pep-
tide, JTS-1 (2 mM), and hemolysis was monitored. Notably,
hemolysis was observed only in JTS-1-treated cells.
To further investigate if the NSP4 protein and the

NSP4114–135 peptide had any MDA on cytoplasmic mem-
branes, NSP4 protein, the NSP4114–135 peptide, or JTS-1 was
added to Sf9 cells loaded with fura-2. The membrane activity of
the amphipathic membrane-active peptide (JTS-1) was shown
in vitro by performing liposome leakage assays and in vivo by
measuring reporter gene activity delivered by JTS-1–DNA
complexes (15). When JTS-1 (2 mM) was added to Sf9 cells
(pH 6), the cytoplasmic membrane was damaged, as indicated
by a continual increase in [Ca21]i levels due to the influx of
extracellular calcium (Fig. 7, trace c). The addition of Triton
X-100 to cells exposed to JTS-1 peptide had little effect on
further increasing the [Ca21]i levels (data not shown because it
was out of the range of the y axis). These results suggest that
the cytoplasmic membrane was damaged by the addition of the
JTS-1 peptide to cells.
In contrast, the addition of 6 mMNSP4 protein (Fig. 7, trace

a) or 100 mM the NSP4114–135 peptide (trace b) to cells re-
sulted in only a small increase in [Ca21]i levels. The elevation
in [Ca21]i levels caused by NSP4 protein was transient, and the
concentration returned to the normal range in a short time (2
min). The changes in the intracellular calcium concentration
that were induced by the NSP4114–135 peptide were smaller and
were sustained for a longer period (at least 4 min) than were
those seen with the NSP4 protein. These results indicate that
the cytoplasmic membrane remained intact and the regulatory
mechanisms in the cytoplasmic membranes, such as the
ATPase pump, remained functionally normal. More impor-
tantly, NSP4 and the NSP4114–135 peptide cause an increase in
intracellular calcium levels in the absence of extracellular cal-
cium (36). These results suggest that the increase in calcium
concentration observed in Sf9 cells as a result of NSP4 and the
NSP4114–135 peptide is not caused by cytoplasmic membrane
disruption. As we have shown previously, the increase induced
by exogenously added NSP4 protein or peptide is mediated by
a PLC-stimulated pathway which probably functions by open-
ing the calcium channels on the ER membrane (36). Taken
together, these results indicate that the ER membrane is more
sensitive to the MDA of NSP4 than is the cytoplasmic mem-
brane.

DISCUSSION

We previously reported that the expression of NSP4 in Sf9
cells causes a significant increase in [Ca21]i (37). Recently, we
showed that increases in [Ca21]i seen in insect cells expressing
NSP4 result from mobilization of calcium from the ER (36).
Calcium release from the ER is also observed when purified
NSP4 or the NSP4114–135 peptide is added exogenously to
uninfected insect cells (36). U-73122, a PLC inhibitor, blocks
the calcium release if added before the administration of NSP4
or NSP4114–135 peptide to uninfected insect cells (36). How-
ever, the addition of the PLC inhibitor to cells expressing NSP4

FIG. 5. (A) The NSP4114–135 peptide releases fluorescent dye from PC lipo-
somes in the presence or absence of calcium. Liposomes were incubated for 10
min with highly purified NSP4 (10 mM) (h) or the NSP4114–135 peptide (2 mM)
(■) in the presence of 0, 100 nM, or 10 mM CaCl2 (shown on the x axis). The
amount of fluorescent dye released from liposomes incubated in the presence of
calcium was calculated relative to the percentage of total dye released from
liposomes in the absence of calcium (mean 6 standard deviation; n 5 3 [shown
on the y axis]). (B) The effect of pH on dye release induced by highly purified
NSP4 (10 mM) (h) or NSP4114–135 peptide (2 mM) (■). The amount of fluores-
cent dye released from liposomes incubated at lower pH (pH 5 and pH 6) was
calculated relative to the percentage of total dye released from liposomes incu-
bated at physiologic pH (pH 7.4, mean 6 standard deviation; n 5 3 [shown on
the y axis]).
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endogenously does not lower the increased [Ca21]i levels. In
addition, the exogenous administration of the NSP4114–135
peptide to cells endogenously expressing NSP4 further elevates
[Ca21]i levels. The basal calcium permeability of the ER in
insect cells endogenously expressing NSP4 was evaluated by
measuring the release of calcium induced by ionomycin (a
calcium ionophore) or thapsigargin (an inhibitor of the ER
Ca21-ATPase pump) (35). These results suggest that two dis-
tinct pathways are responsible for the increased [Ca21]i in
insect cells. We have hypothesized that the NSP4 protein, or
putative cleavage products containing the C terminus of NSP4,
released from cells might bind to a cellular receptor, stimulat-
ing the PLC-InsP3 pathway (36). We now propose that the
endogenously expressed NSP4 might have a direct effect on the
ER membrane and cause permeability changes.
To test our hypothesis, we first purified NSP4 from recom-

binant baculovirus-infected Sf9 cells. NSP4 is a nonstructural
ER transmembrane glycoprotein encoded by gene 10 of group
A rotavirus. NSP4 has two N-linked oligosaccharide sites at the
N terminus which is on the luminal side of the ER. The trans-
membrane and membrane association properties of NSP4
make purification of NSP4 difficult. However, after ion-ex-
change FPLC, NSP4 was enriched to at least 70% purity.
Multiple forms of NSP4 based on different glycosylation pat-
terns, including the 28K, 26K, and 20K forms and oligomers of
NSP4, were purified by this procedure. Further purification of
NSP4 was achieved by immunoaffinity chromatography.
Liposomes have been used as a model to understand the

fusion, lytic, and membrane destabilization activity of many
proteins and peptides (7, 12, 15, 22, 23, 25, 29, 38). These
membrane activities are monitored by the release of a fluores-
cent marker encapsulated into liposomes. The purified NSP4

FIG. 6. Visualization of liposomes and microsomes incubated in the presence or absence of the synthetic peptides. Liposomes (2 ml) were incubated for 10 min with
PBS (A), 40 mM NVCP (B), and 40 mM NSP4114–135 (C). Microsomes (1 ml) were incubated for 10 min with PBS (D), 200 mM NVCP (E), and 200 mM NSP4114–135
(F). Sendai virus (1 ml) was incubated for 10 min with PBS (G), 20 mM JTS-1 (H), or 200 mM NSP4114–135 (I). Samples were stained with 1% ammonium molybdate
and observed by EM. Panels A through F are the same magnification, and the bar shown in panel F represents 100 nm. Panels G through I are the same magnification,
and the bar in panel I represents 100 nm.
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showed MDA by the liposome leakage assay. To determine the
specificity of the MDA induced by the purified NSP4 and to
further determine the active domain of NSP4 responsible for
the MDA, we tested the MDA of several synthetic peptides.
The NSP4114–135 peptide, but not other peptides including
NSP42–22, NSP490–123, and NVCP or the protein VP6, pos-
sessed MDA. The specificity of the MDA of NSP4 was further
confirmed by antibody-blocking assays. In addition, when the
active peptide was iodinated with unlabeled iodine or tyrosine
131 in the peptide was replaced by lysine, the MDA of the
altered NSP4114–135 peptide was reduced or completely abol-
ished (data not shown). These results suggest that aa 114 to
135 is at least part of the functional domain of the NSP4
protein and that tyrosine 131 appears to be important for the
function and possibly the structure of NSP4. Further studies
are needed to determine if tyrosine 131 by itself, or a confor-
mational change, results in the abolition of the MDA of NSP4.
Data from other investigators indicate that the functional

properties of amphipathic alpha-helixes may include lipid as-
sociation, membrane perturbation in the forms of fusion or
lysis, hormone receptor catalysis, and transmembrane signal
transduction (33). Amphipathic helical domains have been de-
scribed in some lipid-associated proteins including endorphins,
polypeptide venoms such as bombolitin and melittin, polypep-
tide antibiotics such as magainin, and certain complex trans-
membrane proteins such as bacteriorhodopsin (33). Mem-
brane destabilization activity has been found in native proteins
or peptides such as melittin (10), the synthetic amphipathic
peptide GALA (25), and viral envelope proteins such as the
26-aa N-terminal peptide from the G-protein of vesicular sto-
matitis virus (31, 32), the N-terminal peptide of Sendai virus F
protein, the 20-aa peptide (HA peptide) of influenza virus (22,
29), the cytolytic peptide of lentivirus TM protein (20, 21), and
a pH-dependent membrane-active peptide, JTS-1 (15). In con-
trast to these lytic peptides, NSP4114–135 peptide has a specific
effect on ER membranes but not on cytoplasmic membranes.
This is the first report to our knowledge describing a viral
protein or peptide which has MDA specific to the ER mem-
brane.

In liposome leakage assays, a smaller amount of NSP4114–135
peptide (4 mM) than of purified NSP4 protein (10 mM) causes
dye release. This may be due to a lower solubility in sodium
citrate buffer of the NSP4 protein than of the NSP4114–135
peptide. Clearly, the effect of the MDA of NSP4 protein in
PBS (10 mM) was greater than that of the NSP4114–135 peptide
in PBS (40 mM) by EM observations. Several possible reasons
explain these differences: (i) the peptide does not present the
entire functional domain, (ii) the peptide does not adopt the
correct native conformation, (iii) other domains in NSP4 in
addition to aa 114 to 135 play a role in MDA, and (iv) the
glycosylation of NSP4 might enhance the MDA activity of
NSP4. It is unlikely that tiny amounts of cellular proteins in the
partially purified NSP4 enhance the MDA of NSP4. Recently,
we have further purified the NSP4 protein by immunoaffinity
column chromatography (data not shown). The MDA in the
liposome leakage assays of this highly purified NSP4 (.90%
pure) is the same as that of the semipurified protein tested in
the studies described in this paper.
The liposome leakage assay and visualization of the ER

membrane damage following the addition of NSP4 or the
NSP4114–135 peptide provided direct evidence of ER mem-
brane disruption by NSP4. NSP4 protein at 6 mM and the
NSP4114–135 peptide at 40 mM caused liposome damage.
Higher concentrations of NSP4 (12 mM) and the NSP4114–135
peptide (200 mM) were required for the microsome membrane
damage (observed by EM) than the concentrations used in the
liposome leakage assays. This might be due to the difference in
the sensitivities of the assays. In addition, the presence of a
larger amount of cholesterol in the ER membranes enhances
the flexibility and stability of the membrane (1).
Interactions of trypsinized rotavirus particles with liposomes

(23) and isolated cytoplasmic membrane vesicles from entero-
cytes (30) have been reported. Trypsinized triple-layered rota-
virus particles release fluorescent dye trapped in liposomes and
in isolated cytoplasmic membrane vesicles from enterocytes.
However, rotavirus particles with uncleaved VP4 do not inter-
act with membranes. Recently, Falconer et al. (14) reported
that trypsin activation is necessary for rotavirus to mediate
cell-cell fusion. These results suggest that rotavirus virions
enter cells through direct penetration of the plasma membrane
mediated by cleaved triple-layered particles by an unknown
mechanism. However, VP4 is not likely to be cleaved in the
cytoplasm of cells, because the VP4 remains uncleaved in
newly made triple-layered particles. Therefore, it is unlikely
that newly made triple-layered particles have an effect on ER
membranes in the cytoplasm.
The specific disruption of ER membranes by NSP4 de-

scribed in this report is consistent with our previous observa-
tions. Our previous work suggested that endogenously ex-
pressed NSP4 in insect cells increases the basal calcium
permeability of ER membranes but not cytoplasmic mem-
branes by a mechanism other than the PLC-mediated pathway
(36). More importantly, the MDA of NSP4 could explain how
the transient envelope is removed during rotaviral morphogen-
esis. However, details of when and how the envelope is re-
moved remain unclear. If the MDA of NSP4 is activated as
soon as NSP4 is expressed and expression continues through-
out the virus replication cycle, this activity could disrupt the
ER membranes, resulting in cell death even before progeny
viral particles are made. We propose that interactions between
NSP4 and other rotavirus proteins affect the MDA of NSP4.
This hypothesis is based on the following observations: (i)
Poruchynsky et al. (28) reported that NSP4 forms heterooli-
gomers with VP4; (ii) Au et al. (3) reported that a VP4-binding
site is located between aa 112 and 146 of NSP4; (iii) we have

FIG. 7. Graphical depiction of the [Ca21]i changes induced by NSP4 (trace
a), the NSP4114–135 peptide (trace b), or JTS-1 peptide (trace c). NSP4 (6 mM),
NSP4114–135 (100 mM), or JTS-1 (2 mM) was added to fura-2-loaded Sf9 cells.
[Ca21]i levels were measured before and after addition of the protein or pep-
tides.
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shown that the NSP4 MDA is inclusive of residues 114 to 135,
which overlaps with part of the putative VP4-binding domain;
and (iv) VP4 and VP7 form the outer shell of the mature viral
particles, which do not contain NSP4.
We hypothesize that the interactions between NSP4, VP4,

and VP7 play an important role in regulating the MDA of
NSP4, and we propose a model for rotavirus morphogenesis
(Fig. 8). One possibility is that after the synthesis of NSP4, the
C terminus of NSP4 in the cytoplasm is bound to VP4. This

interaction between NSP4 and VP4 could block the MDA by
directly occupying the MDA domain or by changing the con-
formation of the MDA domain in NSP4. It has been proposed
that when viral particles bud into the ER, VP7 repositions
itself from its location in the lumen of the ER to the interior of
the enveloped viral particles (27). When VP7 and VP4 assem-
ble into the outer shell of the virus, VP4 would no longer
associate with NSP4. Therefore, the MDA of NSP4 would be
exposed and activated. This activation of the MDA of NSP4

FIG. 8. Proposed model for removal of the transient envelope by NSP4 during rotavirus morphogenesis. (A) The newly synthesized double-layered particles (DLP)
in the cytoplasm bind the C terminus of NSP4 and bud into the lumen of the ER. VP4 binds NSP4 and occupies the MDA site. (B) VP7 undergoes a rearrangement
and relocates to the interior of the enveloped particle during the budding process (27). VP7 interacts with VP4 inside the enveloped particles and forms the outer shell
of the triple-layered particles. This releases the MDA of NSP4 and exposes the MDA domain. (C) The MDA of NSP4 removes the envelope, possibly by changing the

permeability of the ER. and F represent VP4 and VP7, respectively. CHO represents glycosylation sites on NSP4. N and C represents the N terminus and C terminus,

respectively, of NSP4.h represents the MDA domain of NSP4.
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could result in the removal of the transient envelope. This
model provides a mechanism of how the transient membrane
of subviral particles is removed in the ER prior to release from
the cell, which will need to be tested by further experiments.
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