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It has been previously shown that rotavirus maturation and stability of the outer capsid are calcium-
dependent processes. More recently, it has been hypothesized that penetration of the cell membrane is also
affected by conformational changes of the capsid induced by Ca**. In this study, we determined quantitatively
the critical concentration of calcium ion that leads to solubilization of the outer capsid proteins VP4 and VP7.
Since this critical concentration is below or close to trace levels of Ca>*, we have used buffered solutions based
on ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) and Ca-EGTA. This method
allowed us to show a very high variability of the free [Ca>*] needed to stabilize, at room temperature, the outer
capsid of several rotavirus strains. This concentration is about 600 nM for the two bovine strains tested (RF
and UK), 100 nM for the porcine strain OSU, and only 10 to 20 nM for the simian strain SA11. Titration of
viral infectivity after incubation in buffer of defined [Ca”>*] confirmed that the loss of infectivity occurs at
different [Ca®*] for these three strains. For the bovine strain, the cleavage of VP4 by trypsin has no significant
effect on the [Ca®*] that solubilizes outer shell proteins. The outer layer (VP7) of virus-like particles (VLP)
made of recombinant proteins VP2, VP6, and VP7 (VLP2/6/7) was also solubilized by lowering the [Ca**]. The
critical concentration of Ca>* needed to solubilize VP7 from VLP2/6/7 made of protein from the bovine strain
is close to the concentration needed for the corresponding virus. Genetic analysis of this phenotype in a set of
reassortant viruses from two parental strains having the phenotypes of strains OSU (porcine) and UK (bovine)
confirmed that this property of viral particles is probably associated with the gene coding for VP7. The analysis

of VLP by reverse genetics might allow the identification of the region(s) essential for calcium binding.

Rotavirus capsid has been described as a three-layered struc-
ture. The outer layer of complete, highly infectious particles
consists of the glycoprotein VP7 and the protein VP4, which is
cleaved by proteases into VP5* and VP8*. Proteolysis of triple-
layered particles (TLP) increases its ability to infect cultured
cells with respect to untrypsinized TLP (UTLP). Double-lay-
ered particles (DLP), which lack the outer layer proteins VP4
and VP7 and expose the intermediate protein layer VP6, are
not infectious in vitro. The inner layer consists of VP2, which
encloses genomic RNA, and the two minor proteins VP1 and
VP3. The structure of rotavirus is strongly dependent on the
[Ca**] of the environment. During the replication cycle, from
the entry to the release of progeny particles, the forming virion
passes through different cellular compartments, each charac-
terized by a distinct [Ca®*] that is determinant for the process.
On the basis of in vitro studies with artificial and cell mem-
branes vesicles, it has been hypothesized that penetration of
the cell membrane is affected by conformational changes of the
capsid induced by Ca** (24, 27). It has also been suggested
that in the infected cell, as occurs in vitro, the low [Ca®*]
induces transcriptase activation (5, 20).

After viral RNA and protein synthesis, the final event in the
cytoplasmic step of virus morphogenesis is thought to be the
budding of DLP into the endoplasmic reticulum (ER) (10, 33),
where [Ca®*] reaches the millimolar level. The formation of
mature virus is strictly dependent on the concentration of cal-
cium ion present in the growth medium (20, 29). It has been
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demonstrated that in the absence of Ca**, VP7 is excluded
from hetero-oligomeric complexes, which are normally made
of NSP4, VP4, and VP7, and participates in the budding of the
DLP into the ER (21, 25). Moreover, calcium depletion of the
ER by thapsigargin induced inhibition of VP7 and NSP4 gly-
cosylation as well as virus maturation (23). The cytopathic
effect of rotavirus on host cells appears to be mediated by an
increase in intracytoplasmic [Ca®"] induced by the synthesis of
a viral product (22, 23). NSP4, the transmembrane nonstruc-
tural glycoprotein important for viral morphogenesis, affects
intracellular calcium homeostasis (34, 35).

It has also been demonstrated that calcium ion has a stabi-
lizing effect on both the virion and VP7; specifically, VP7
synthesized in the presence of calcium was not degraded upon
subsequent calcium deprivation (28, 31). Exposing VP7 ex-
pressed in a recombinant herpesvirus to a free Ca>* medium
[by addition of ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA)] reversibly eliminated neu-
tralizing epitopes, suggesting a calcium-induced conforma-
tional change in VP7 (7). Similarly, VP7 synthesized in MA104
cells treated with thapsigargin (which depletes ER of free
Ca®") is not recognized by monoclonal antibodies directed
against mature virus VP7 (22). Although sequence conserva-
tion among calcium binding sites is not maintained (14), sec-
ondary structure analysis and amino acid content suggest that
a region of VP7 (amino acids 134 to 146) is a putative calcium
binding site (11).

Cryoelectron microscopy and genetic studies clearly demon-
strate extensive VP4-VP7 and VP4-VP6 interactions (2, 8, 30,
39). Moreover, an epitope of VP4 has been identified as a
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FIG. 1. TLP-to-DLP transition as analyzed by light scattering and gel electrophoresis. Purified TLP (a and b) and DLP (c and d) of the RF strain in 10 mM
MOPS-100 mM KCI (pH 7.2) buffer were treated by an excess of EGTA (b and d) or untreated (a and c) and analyzed for changes in perpendicular light scattering
spectra (A) and for electrophoretic migration rates in 0.6% agarose gel (B). [EGTA] was 10 mM (A) or 1 mM (B). Scattering units are photometric intensity readings.
In panel A, viral proteins concentrations were 5 wg/ml for TLP and 9 pg/ml for DLP. Results of one experiment of a series of three are shown.

critical site for VP4 and VP7 interactions and for virus stability
(40).

In this study, we quantitatively determined the critical free
[Ca®*] that leads to the solubilization of the outer capsid
proteins VP4 and VP7. We also determined the roles of VP4,
VP6, and VP7 in the mechanism of outer capsid layer solubi-
lization by low calcium concentrations. It appears that the
outer layers of different rotavirus strains are solubilized at very
distinct [Ca?*] and that this phenotype is essentially associated
with the gene coding for VP7.

MATERIALS AND METHODS

Virus and VLP. Virus strains used in this study (RF, OSU, SA11 4F, SA11
clone 3 [c]3], UK, and RRV) were multiplied in fetal rhesus monkey kidney cells
(MA104) after infection at a low multiplicity and in the presence of trypsin
(Sigma type IX; 0.44 pg/ml). Strains SA11 4F and SA11 cl3 were kindly provided
by M. K. Estes (Baylor College of Medicine, Houston, Tex.). Strain UK was
kindly provided by D. Snodgrass (Moredun Research Institute, Edinburgh, Scot-
land). Strains A131 and A138 were isolated from piglets and are of serotype G3,
P9 (OSU-like) (4). Reassortant strains between A131, A138, and UK were
produced, and their genomic compositions were characterized as previously
described (3). Origins of the genes coding for VP4, VP7, and VP6 were con-
firmed by serologic analysis using monoclonal antibodies that differentiate the
three proteins of the parental strains (3). Virus titration was performed by a
plaque assay as described previously (12). To obtain virus with uncleaved VP4,
infection was carried out at a high multiplicity and the cell culture medium was
supplemented with 1 pg of aprotinin per ml. Virus particles (TLP, UTLP, and
DLP) were purified by two runs on a cesium chloride gradient after Freon 113
extraction. Viruslike particles (VLP) were produced by coinfecting Sf9 cells with
recombinant baculoviruses at a multiplicity of infection of 5 PFU per cell. The
recombinant baculoviruses BacRF2 and BacRF6, containing genes 2 and 6,
respectively, of the bovine strain RF, have been described elsewhere (17, 36).
The recombinant baculovirus BacRF9A, containing the part of gene 9 coding for
VP7 but lacking the first signal peptide, was constructed similarly to the recom-
binant virus containing full-length gene 9 (12). Purification of VLP was per-
formed by two runs in a CsCl gradient in 20 mM piperazine-N,N'-bis(2-ethane-
sulfonic acid) (PIPES)-10 pM CaCl, (pH 6.6) (18 h at 35,000 rpm in a Beckman
SW55 Ti rotor). The resulting bands were subjected to zonal centrifugation in a
15 to 45% sucrose gradient in the same buffer (30 min at 40,000 rpm in a
Beckman SW55 Ti rotor). In both types of gradient, we consistently observed two
bands of VLP, the lower one having VLP with a stoichiometry close to that of the
virus particles.

Calcium buffer and virus treatment. Calcium buffers were prepared with
CaEGTA and EGTA as described by Tsien and Pozzan (37) in 10 mM morpho-
linepropanesulfonic acid (MOPS)-100 mM KCI and adjusted to various pHs
between 6.6 and 7.8 with concentrated KOH. Calcium concentration was mea-
sured with fura-2, using standard calcium calibration buffers from Molecular
Probes (Eugene, Oreg.). Purified virus in cesium chloride was desalted and
concentrated by pelleting at 100,000 X g for 10 min in the TL100:3 rotor of a
Beckman TL100 centrifuge. Concentrated stocks of purified virus were alterna-
tively desalted in a Sephadex G-25 column equilibrated with 10 mM MOPS-100
mM KCl adjusted at pH 7.2 with KOH. To study by agarose gel electrophoresis

the effect of free [Ca®*] on viral particles, concentrated virus, usually 1 pl, was
mixed on ice with a 10-fold-larger volume of Ca>* buffer. Alternatively, we also
used 10X Ca?* buffers and mixed 1 volume of virus or VLP with 0.1 volume of
10X buffer. The mixture was then incubated for 10 min at room temperature and
loaded on the agarose gel.

Electrophoresis. Electrophoresis of various viral particles or VLP was per-
formed in 0.6% agarose gel in MOPS-10 mM Tris (pH 7.1) buffer. Water used
to prepare gels and buffers was produced with a Millipore Milli Q system. Water
resistivity was higher than 18 MQcm, and traces of Ca>* were in the micromolar
range as measured with fura-2 and calcium green. Virus (1 volume) incubated in
the various conditions was mixed with 1/20 volume of 50% glycerol containing
traces of bromophenol blue.

The amount of virus was usually 200 ng per well. In some experiments, loading
was performed with the current switched on to ensure a rapid separation of DLP
and outer capsid proteins. Electrophoresis was run at room temperature.

Gels were stained either with ethidium bromide (10 pg/ml) or Coomassie blue
(0.025% in methanol-acetic acid-water [40:10:50]) or with silver complexes with
a Bio-Rad Silver Stain Plus kit. As none of these staining procedures is linear in
the range used, it was difficult to define the TLP-to-DLP conversion midpoint.
Therefore, we considered only the concentration of Ca?* that leads to 100%
conversion to DLP.

Perpendicular light scattering. The TLP-to-DLP transition was monitored by
90° light scattering. For a given concentration of particles, the magnitude of the
dispersed light is related to the radius of the particles. We have taken advantage
of this property to monitor the transition of TLP to DLP as a change in size. A
small volume (5 to 15 pl) of purified virus at the concentration of 900 wg/ml was
introduced in the thermostated and stirred cuvette of a spectrofluorimeter (Pho-
ton Technology International Inc. model MP1) that contained 1 ml of a Ca®*
buffered solution. This solution was prepared as described above and adjusted at
pH 7.2 with 10 mM MOPS-100 mM KCI. Slits were adjusted to 0.5 to 1 nm.
Scattering wavelength spectrum was obtained by coupled scanning of identical
excitation and emission wavelengths. For kinetics experiments, perpendicular
scattering was measured by setting both monochromators at a wavelength of 300
nm. Results are presented as relative scattering calculated according to the
following equation: relative scattering = (S, — So)/(Sy — So), where S is the
buffer scattering, S, is the signal at time ¢, and §,, is the maximal scattering.

RESULTS

Analysis of the TLP-to-DLP transition by light scattering
and electrophoresis. It has been previously shown that chela-
tion of calcium results in the activation of the viral tran-
scriptase and in the solubilization of outer capsid proteins as
estimated by differential sedimentation (5). Sedimentation and
enzymatic activation do not allow one to easily study the pa-
rameters of the TLP-to-DLP transition. In a first series of
experiments, we explored the changes of perpendicular light
scattering and the rate of migration in an agarose gel of TLP
and DLP before and after the addition of EGTA to chelate
Ca®*. As shown in Fig. 1A, addition of EGTA to purified TLP
(RF strain) resulted in an important change in the light scat-
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FIG. 2. Kinetics of the TLP-to-DLP transition as analyzed by gel electrophoresis. Purified TLP of the RF strain were incubated at 0°C (A) or at room temperature
(B) in 10 mM MOPS-100 mM KCl (pH 7.2) buffered to a free [Ca®>*] of 600 nM by 10 mM of EGTA-CaEGTA. Purified TLP rotavirus particles (RF strain) were
incubated at 0°C in 1 mM EGTA-10 mM MOPS-100 mM KCI (pH 7.2) (C). At various times (indicated in minutes for each lane), an aliquot was loaded on a 0.6%
agarose gel in MOPS-Tris buffer. Electrophoresis started at + = 0 and was not interrupted.

tering spectra. The decrease in the intensity of scattered light,
relative to the decrease of the radius of particles, is maximal
for a wavelength of 300 nm. Addition of EGTA to DLP has no
detectable effect on the scattering spectrum. This transition
can also be monitored by electrophoresis in 0.6% agarose gels
in MOPS-Tris buffer at pH 7.1. This gel system was selected
because it minimized the dissociation of the outer capsid pro-
teins from TLP during electrophoresis. In Fig. 1B, it appears
that most of the purified TLP of the RF strain migrated as a
diffuse band near the entry of the gel. Chelation of Ca** by 1
mM EGTA resulted in a sharp faster-moving band. These
EGTA-treated TLP migrated at the same rate as purified DLP
and EGTA-treated DLP. Staining of the nucleic acid moiety of
viral particles indicated that both TLP and DLP were perme-
able to ethidium bromide and that there is no significant de-
crease in the amount of double-stranded RNA after EGTA
treatment (data not shown). These two methods detect
changes between TLP and DLP that allow characterization of
this transition.

Kinetics of the TLP-to-DLP transition. In a series of pre-
liminary experiments, it was established that the time interval
between the treatment of the virus with defined [Ca**] and
electrophoresis was not sufficient for reassociation of outer
capsid proteins with DLP to occur (data not shown).

The kinetics of the transition from TLP to DLP was studied
at different temperatures and [Ca®"]. Kinetics of the TLP-to-
DLP transition could be easily monitored by gel electrophore-

sis (Fig. 2). At room temperature and a [Ca®"] of 600 nM, the
transition was fairly rapid and was complete in less than 2 min
(Fig. 2B). At 0°C and the same buffered [Ca®*], the transition
was much slower and solubilization of the outer capsid was
complete only after 15 min (Fig. 2A). However at 0°C and in
Ca®*-free buffer, the reaction was faster and completed in less
than 1 min (Fig. 2C). On several lanes in Fig. 2A, a smear
appeared between the sharp band of DLP and the broad band
of TLP. That band may be the result of a slow solubilization of
the outer layer and may correspond to particles that had lost a
part of the outer shell proteins.

The changes in particle size under different conditions of
[Ca**] and temperature could be observed in real time by
perpendicular light scattering at 300 nm (Fig. 3). At any given
[Ca?*], the transition was faster at 37°C than at 20°C. For
example, at low [Ca®*] (300 nM), the complete transition
occurred in 30 s at 20°C and in less than 8 s at 37°C. At both
temperatures, the transition, once initiated, was complete
within a time period depending on [Ca?*]. All curves con-
verged at the same minimal scattering value when excess
EGTA was added to decrease [Ca®*] to near zero (data not
shown).

Concentration of free Ca** that induces the transition of
TLP to DLP. Since the trace concentration of calcium is always
above the micromolar range, solubilization of the outer pro-
teins from rotavirus capsid has been studied either at this trace
level or at zero Ca** by addition of EDTA or EGTA in the
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FIG. 3. Kinetics of the TLP-to-DLP transition as analyzed by perpendicular light scattering. Purified TLP of the RF strain (10 pl) were added after 200 s of the
onset of recording to a stirred cuvette containing EGTA-CaEGTA buffers adjusted to various [Ca®>*] and maintained at 20°C (A) or 37°C (B). Perpendicular light
scattering was measured at a wavelength of 300 nm. Results are presented as relative scattering as described in Materials and Methods. Numbers correspond to buffered
free Ca®" concentration (nanomolar). Results of one experiment of a series of two are shown.
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FIG. 4. Sensitivities of various rotavirus strains to [Ca®"]. Purified TLP from strains RF, SA11 4F, and OSU were separately treated with various EGTA-CaEGTA
buffers adjusted to various [Ca®*] (nanomolar) as indicated at the top, either separately (A) or as a mixture of RF and OSU (B) or SA11 4F and OSU (C). Adjusted
amounts of each strain were mixed and pelleted. The pellets were resuspended in 10 mM MOPS-100 mM KCI (pH 7.2) buffer, and aliquots were added with 10X
EGTA-CaEGTA buffers adjusted to the [Ca®"] indicated at the top. After a 10-min treatment at room temperature, samples were loaded on the gel. Unmixed TLP

and DLP from strains RF and OSU were included in panel B as controls.

millimolar range. In this work, we explored the stability of the
outer capsid, for several rotavirus strains, in the micromolar to
nanomolar range by using buffered Ca”* solutions. Purified
bovine strain RF was incubated at pH 7.2 for 10 min at room
temperature in buffered Ca®" solutions having a [Ca®"] from
5 uM to 10 nM. As shown in Fig. 4A, there is a transition for
a [Ca®"] of about 1,000 nM, and the complete conversion into
DLP occurs at 600 nM. As observed in kinetics analysis (Fig.
2A), it appeared that at the critical concentration (e.g., 980 nM
for the RF strain), part of the particles migrated between DLP
and TLP. The same experiments were performed with the
porcine strain OSU and the simian strain SA11 4F. All of the
genes in the latter strain are of simian origin except the gene
coding for VP4, which is of bovine origin. For strains OSU and
SA11 4F, the transition of TLP to DLP began at about 200 and
20 nM, respectively. The complete conversion was observed at
100 nM for OSU and 0 nM for SA11 4F. DLP of strains RF
and SA11 4F migrated at the same rate in this gel system, but
surprisingly, OSU DLP migrated more slowly (Fig. 4A). This
difference allowed us to compare pairs of strains treated si-
multaneously with various Ca®* buffers, thus excluding the
possibility that the difference between strains was due to vari-
ations during treatment with low calcium or during electro-
phoresis. As shown in Fig. 4, we compared RF and OSU (Fig.
4B) and then SAI11 4F and OSU (Fig. 4C). In all cases, we
found the same values of [Ca®>"] for the transition and the
same differences between strains as shown in Fig. 4A. This
comparison was extended to other strains. We have deter-
mined that strains RRV and SA11 cl3 have the same stability
relative to [Ca®*] as strain SA11 4F. The porcine strains A131
and A138 have the same stability as strain OSU, and strain RF
has the same stability as the bovine strain UK (data not
shown).

Since solubilization of the outer layer induces a loss of in-
fectivity, we confirmed the different sensitivities of the strains
RF, OSU, and SA11 4F by titrating virus stocks after treatment
for 10 min in a solution buffered at a [Ca®*] of 100 nM. In
these conditions, the RF strain titer decreased from 3 X 10% to
7 X 10? PFU/ml and the OSU strain titer decreased from 10°
to 10* PFU/ml. As expected, strains SA11 4F and SA11 cl3
showed no significant titer decrease after treatment by 100 nM
of Ca?*.

Effect of pH on solubilization by low [Ca®**]. All of the
experiments described above were performed at pH 7.2. Next,
we examined whether solubilization by low calcium could also
be dependent on pH. Since the K, of EGTA for Ca?* changes
fairly rapidly with pH, it is critical to study the effects of pH
changes in a range of [Ca®*] at which EGTA-CaEGTA has a
good buffering capacity. For this reason, we tested the OSU
strain, whose transition occurs at 200 nM. As shown in Fig. 5,
pH changes in the range of 6.8 to 7.6 had no significant effect
on the concentration of Ca** that solubilizes the outer layer
proteins.

VP7 has a major role in the differential stability to low
[Ca®*]. Reassortant viruses prepared from two parental vi-
ruses having different phenotypes were used to map the gene
responsible for stability of the capsid in low [Ca®"]. As shown
in Table 1, the parental strain UK, of bovine origin, needs a
[Ca®**] of 600 nM for complete solubilization of outer protein
layer, whereas the two porcine parental strains, A131 and
A138, need 100 to 150 nM. All of the reassortants expressing a
porcine VP7 from A138 or A131 lost their outer capsids at a
[Ca**] of about 100 nM (50 to 150 nM), regardless the origin
of either VP4 or VP6. In contrast, reassortant TO7, with a VP7
from the UK parent, required 500 nM [Ca®*] for the solubi-
lization of its external capsid, although it bears a porcine VP4.
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FIG. 5. Effect of pH on the minimal [Ca®>*] needed to induce the TLP-to-
DLP transition. Purified TLP from strain OSU were treated in various EGTA-
CaEGTA buffers at different pHs for 10 min before being electrophoresed in
0.6% agarose gels as previously described. The changes of affinity of EGTA for
Ca?* depending on the pH was taken into account, and calculated concentra-
tions of Ca?* (nanomolar) are indicated above the lanes.

These results suggest that the nature of VP7 determines the
stability of the outer capsid. Genes coding for VP6 and VP4
have no major effect on the stability at low [Ca"] in this gene
constellation. Since it has been shown that the two proteins of
the outer layer interact, we also looked for an effect of the
trypsin cleavage of VP4 on the [Ca®"] that solubilizes the outer
layer. As shown in Fig. 6, trypsinization had no significant
effect on the concentration of Ca>* needed to solubilize the
outer capsid layer.

VLP and authentic virions are similarly affected by low
[Ca**]. Coexpression of capsid proteins VP2 and VP6 in the
baculovirus-insect cell system results in VLP having a morphol-
ogy similar to that of DLP and referred to as VLP2/6 (6, 17).
Similarly, the coexpression of VP2, VP6, and VP7 results in
particles (referred to as VLP2/6/7) having, in negative staining,
the morphology of complete virions. By electrophoresis in aga-
rose gel, VLP2/6 migrated faster and in a more diffuse manner
than their authentic viral counterparts, the DLP (Fig. 7). The
addition of minor proteins VP1 and VP3, which assemble in
VLP when coexpressed with VP2 and VP6, did not change
band sharpness (data not shown). This finding indicated that
VLP are less homogeneous, in size and/or in charge, than virus
particles. As with the comparison of the OSU strain with the
other strains, we took advantage of the different rates of mi-
gration of DLP from RF and VLP2/6 to study in the same gel
lane the [Ca®"] that solubilize the outer layer. Purified TLP
and VLP2/6/7 were mixed and simultaneously incubated with
Ca®" buffered solutions. As shown in Fig. 7, VLP2/6/7, con-
sisting of proteins derived from the bovine strain RF, had the

TABLE 1. [Ca®>"] needed for solubilization of the outer
protein layer?

Origin of:
Reassortant [Ca?*] (nM)
VP4 VP6 VP7
Al131 150
A138 110
UK 600
TO7 A138 UK UK 500
T15 UK UK A138 50
VV21 Al131 UK Al131 100
VVv38 UK UK Al131 100
VV25 UK A131 A131 150

“ Reassortants derived from the UK bovine strain of rotavirus and two porcine
strains (A131 and A138) were analyzed for the [Ca®*] inducing the TLP-to-DLP
transition. Indicated values are averages of at least two determinations and
correspond to a complete conversion to DLP.
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FIG. 6. Effect of low [Ca?"] on TLP and UTLP. Purified UTLP and TLP
from the RF strain of rotavirus were treated for 10 min at room temperature in
10 mM MOPS-100 mM KCl (pH 7.2) with the buffered concentration (nano-
molar) of Ca®>* indicated on the top, loaded on a 0.6% agarose gel, and elec-
trophoresed.

VP7 outer layer solubilized when the concentration of Ca®*
was below 1,000 nM. This value is slightly higher than the value
found for the virus (RF strain) and indicated that VP4 might
have a minor role in the calcium-dependent transition from
TLP to DLP.

DISCUSSION

For several animal and plant viruses, it has been shown that
calcium ion, as well as H", plays a role in the capsid assembly,
stability, and disassembly (1, 9). Moreover, it has been shown
that various strains of the same virus can be more or less
sensitive to H" concentration (32). To our knowledge, this is
the first report showing that very different calcium concentra-
tions are required to stabilize various strains of the same virus.
These differences between strains contrast with the fact that no
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FIG. 7. Comparison of solubilization of outer protein(s) from virus and VLP
obtained in the baculovirus system. Purified VLP made in the baculovirus system
by coexpression of VP2, VP6, and VP7 from the RF strain were mixed with
purified TLP from the RF strain. The mixture was incubated in a series of
EGTA-CaEGTA buffers having the [Ca®>*] (nanomolar) indicated at the top.
VLP 2/6/7 in the absence or presence of Ca®>* (1 mM EGTA or 10 pM CaCl,,
respectively) and TLP of rotavirus are presented on the right as controls.
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remarkable differences in acid resistance between different
rotavirus strains have been detected (38). Our results indicate
that the Ca®*-dependent stability of rotavirus is essentially
related to the gene coding for the outer glycoprotein VP7. The
use of calcium buffered solutions allowed us to precisely define
the critical concentration that solubilized the outer layer. Anal-
ysis of this process by light scattering and by gel electrophoresis
indicated that the kinetics of solubilization is dependent on the
temperature and the concentration of free Ca>*. At a concen-
tration of 300 nM, which is higher than the average intracyto-
plasmic [Ca®"], complete solubilization of the outer layer of
the RF strain is obtained in less than 8 s at 37°C. Kinetics at
low temperature or at the critical concentration of free Ca**
resulted in a smear upon electrophoresis, indicating that in
these conditions, it is possible to obtain particles with the outer
layer partially removed. As suggested by the relatively low
decrease of OSU titer after 100 nM Ca’" treatment, these
particles having a part of their outer layer are probably infec-
tious.

It has been previously indicated that agarose gel electro-
phoresis separates various kinds of rotavirus particles, like
various kinds of macromolecular assembly, according to their
sizes (13, 16, 18). The diffuse band observed with TLP sug-
gested that purified viruses may not carry the full complement
of 60 spikes (120 molecules) of VP4 or have an heterogeneity
of the stoichiometry of VP7. Similarly, the broad band of
VLP2/6, which contrasts with the sharp band of DLP, could
reflect the heterogeneity of VP6 assembly on corelike particles
made of VP2. Moreover, our results showed clearly that mi-
gration of TLP and DLP is also affected by other parameters,
most probably by the charge of particles. In this respect, we
found that according to the virus strain, TLP migrated differ-
ently, or even did not enter the gel, at the pH used (e.g., Fig.
4, strain OSU). Similarly, the migration of DLP from OSU
(and the two other porcine strains tested) is significantly slower
than the migration of the bovine and simian strains tested,
even though it could be assumed that the radii of DLP from
various strains are identical. Analysis of the reassortant viruses
indicated that this phenotype of DLP could be related to VP6
(not shown). However, the nucleic acid moiety of particle
could also play a role in the rate of migration. Further studies
with VLP made of proteins from various viral origins are
needed to clarify this point.

Analysis of the phenotypes of reassortant viruses suggests
that VP7 is probably the protein implicated in the interaction
between calcium and viral particle. However it cannot be ex-
cluded that VP1, VP2, and VP3 (and eventually the genomic
RNA itself) are also implicated, since the genotypes of the
reassortant viruses used have not been fully characterized be-
cause of comigration of parental segments 1, 2, and 3. Three
observations indicated that VP4 plays a minor role in the
calcium-dependent solubilization of the outer capsid, and this
may be through its well-established interactions with VP7: (i)
the Ca?*-dependent stability of VP7 in VLP devoid of VP4 is
similar to that of VP7 in virus particles; (ii) SA11 cI3 and SA11
4F are equally resistant to low [Ca®?"] even though they differ
only in gene 4, which is of bovine origin for SA11 4F; and (iii)
cleavage of VP4 by trypsin did not significantly change the
[Ca®"] needed to solubilize the outer layer.

The major role of VP7 in the phenotype described here is
consistent with previously published data showing that the
conformation and stability of VP7 are Ca®>" dependent (7, 28).
It may be possible that the calcium binding site is entirely
within a single molecule of VP7 and that the conformation
change due to the absence of the ion in that site induces
indirectly a break of intermolecular binding. Since it has been
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recently shown that Ca*" can directly mediate protein-protein
interactions (26), it could be alternatively hypothesized that
calcium ion plays a direct role in the cohesion of the outer
layer, creating a physical link either between VP7 trimers or
between VP7 monomers. In another system, the viral capsid of
simian virus 40, Ca>* forms a bridge between a C-terminal arm
of one pentamere and an internal loop of another one (19). In
this case, Ca®" binding by VP7 in intact rotavirus particles
would be probably of a cooperative nature, with ligands for
calcium binding contributed by domains from more than one
VP7 molecule.

The biological significance of differences between strains
with respect to the calcium concentration that solubilizes the
outer layer is not clear. The intracytoplasmic concentration of
calcium has been measured in various cells, and the average
value for resting cell is between 100 and 20 nM (15, 23). The
dissociation of the outer capsid, which triggers the structural
transcriptase, occurs at a concentration that is, for the strains
tested, higher than (or equal to, for SA11) the average cyto-
plasmic [Ca®"]. Thus, our observations are consistent with the
hypothesis (5, 20) that transcriptase is activated after virus
penetration into the cell upon encountering a low-Ca®" envi-
ronment such as in the cytoplasm. The use of site-directed
mutations in VLP, as well as the selection of mutants that are
resistant to low concentrations of calcium, may allow the iden-
tification of the regions of VP7 essential for calcium binding.
Both strategies are now being explored.
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