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The hydrodynamic diameters of native rotavirus particles, bovine RF and simian SA1l strains, were
determined by quasielastic light scattering. By using this method and agarose gel electrophoresis, the Ca*>*
dissociation constant, K, governing the transition from triple-layer particles (TLPs) to double-layer particles
(DLPs), was shown to increase, at constant pH, as the temperature and/or the ionic strength of the incubation
medium increased. We report the novel observation that, under physiological conditions, K., values for both
RF and SA11 rotaviruses were well above the intracytoplasmic Ca** concentrations of various cells, which may
explain why TLP uncoating takes place within vesicles (possibly endosomes) during the entry process. A
correlation between TLP uncoating and cell membrane permeabilization was found, as shown by the release of
carboxyfluorescein (CF) from CF-loaded intestinal brush-border membrane vesicles. Conditions stabilizing
the virion in the TLP form inhibited CF release, whereas conditions favoring the TLP-to-DLP transformation
activated this process. We conclude that membrane permeabilization must be preceded by the loss of the
outer-capsid proteins from trypsinized TLP and that physiological ionic strength is required for permeabili-
zation to take place. Finally, the paper develops an alternative explanation for the mechanism of rotavirus
entry, compatible with the Ca®>*-dependent endocytic pathway. We propose that there must be an iterative
process involving tight coupling in time between the lowering of endosomal Ca®* concentration, virion
decapsidation, and membrane permeabilization, which would cause the transcriptionally active DLPs to enter

the cytoplasm of cells.

Recent advances in cryoelectron microscopy and icosahedral
image reconstruction techniques have provided a detailed view
of the three-dimensional structure of rotavirus, a nonenvel-
oped member of the Reoviridae family (25, 29). Rotavirus has
a triple-layered spherical structure. The core is composed of
the VP2 innermost capsid protein containing a “subcore”
formed by the genomic double-stranded RNA and minor pro-
teins VP1 and VP3 (8, 9). The double-layered particle (DLP)
is formed by the VP6 intermediate-capsid protein surrounding
the core. Finally, the triple-layered particle (TLP) results from
addition of the outermost shell formed by proteins VP7 and
VP4. In the presence of trypsin, VP4 is cleaved in situ into two
smaller proteins, VP5* and VP8%, conferring infectivity to the
virus (12).

The critical Ca** concentration ([Ca®"]) governing the
TLP-to-DLP transformation has been shown to be strain de-
pendent. By using agar electrophoresis, Ruiz et al. (22) have
shown that complete loss of the outer-capsid proteins from
TLPs (TLP decapsidation) takes place in the nanomolar range
of [Ca®"] (e.g., 600 nM for the RF strain and 10 to 20 nM for
the SA11 strain) when a Ca-EGTA buffer containing 10 mM
MOPS (morpholinepropanesulfonic acid) and 100 mM KClI at
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room temperature is used. Nevertheless, it should be empha-
sized that, in these conditions, at any given [Ca®"] value, the
TLP-to-DLP transition observed by perpendicular light scat-
tering was faster at 37°C than at 20°C for the RF strain (22).
More recently, Ruiz et al. (20) found that TLP uncoating
occurred “spontaneously” when TLPs, RF strain, were treated
at 37°C with 200 mM Tris-chloride in the absence of added
Ca?*. Such observations raise interesting new questions about
the mechanism of TLP uncoating. One explanation is that
either 200 mM Tris-chloride per se or a relatively high-ionic-
strength solution has the capacity to induce loss of the rotavi-
rus outer-capsid proteins. If this were the case, the conversion
from the TLP to the DLP form could be expected to take place
in the presence of relatively high, micromolar rather than
nanomolar, [Ca®*].

When studying the mechanism(s) of rotavirus entry into
cells, we previously showed that the time-dependent release of
carboxyfluorescein (CF) from CF-loaded membrane vesicles
isolated from various sources depends on the rotavirus particle
form used (21). Only trypsinized TLP, RF strain, had the
capacity to induce membrane permeabilization, but whether or
not this reaction correlated with viral particle internalization,
and hence infectivity, was not demonstrated. The strong inhi-
bition of TLP-induced CF release caused by 1 mM Ca®* has
been interpreted as involving the formation of an inactive
TLP-Ca?* complex, where the fusogenic peptide existing in
VP5* might be hidden (16). In contrast, the strong activation
of CF release observed when TLP was either treated with
EGTA or heated (4, 10) indicated a direct permeabilizing
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action of outer-capsid proteins VP7, VP5*, and/or VP8* when
released to the medium (21). Cell membrane permeabilization
thus seems to involve a direct interaction between the outer-
layer rotavirus proteins and membrane lipids, although the
exact mechanism involved has thus far remained unexplained.
Such interactions between rotaviruses and glycosphingolipids
(28) and between rotaviruses and liposomes have been shown
to occur (17).

In the present paper, we introduce a new approach based on
determining the hydrodynamic diameter of rotavirus particles
by quasielastic light scattering (19). This method together with
agarose gel electrophoresis (22) showed that the TLP-to-DLP
transformation varied, at constant pH 7.2, as a function of
three key variables: temperature, ionic strength, and [Ca®"].
We report the novel observation that, under physiological con-
ditions, both RF and SA11 rotaviruses became uncoated at
[Ca?*] values which were well above the intracytoplasmic
[Ca?*] values of various cells. The data also show that condi-
tions favoring TLP uncoating activated cell membrane perme-
abilization, whereas conditions stabilizing the virion in the TLP
form inhibited this process. Taken as a whole, these results
suggest that the uncoating of the RF and SA11 viruses occurs
within the endosomal vesicle, which is in agreement with the
Ca®*-dependent endocytic pathway proposed for rotavirus en-
try (7, 20, 23).

MATERIALS AND METHODS

Viruses. The viruses used (bovine RF and simian SA11 strains) were multi-
plied in MA104 cells in the presence of trypsin (0.44 mg/ml; Sigma; type I1X) (13).
Virus particles were purified by centrifugation on a cesium chloride gradient
according to the method of Sabara et al. (24). Particle suspensions were desalted
by several cycles of dilution-centrifugation in a standard buffer (see below) at
100,000 X g for 90 min at 4°C and stored at 4°C. Viral protein concentration was
measured by using the Bio-Rad protein assay kit, with serum globulin as the
standard.

Buffers. All experiments were carried out in a 20 mM HEPES-10 mM Tris
buffer adjusted to pH 7.2 with Tris base (standard buffer). Two main classes of
buffer were used: (i) high-ionic-strength (HIS) buffers, where the standard buffer
was supplemented with either 50 or 200 mM monovalent, neutral salt (NaCl,
KCl, Tris-Cl, or KSCN was used with essentially identical results) and (ii) low-
ionic-strength (LIS) buffers, where equimolecular p-sorbitol replaced the mono-
valent salt.

For the [Ca®"] values in the nanomolar range, the desired concentration of
free Ca®" was fixed by using Ca-EGTA buffer as described by Tsien and Pozzan
(27). For [Ca®"] values in the micromolar range, the buffer was supplemented
with CaCl, in the range of 2 pM to 1 mM or was not supplemented. No attempt
was made to fix the concentration of free Ca>" by using Ca-EGTA buffers, since
these buffers have no calcium buffering capacity in this range (27). The minimum
[Ca?*] values present as contaminants in each individual experiment (on aver-
age, 5 wM) were calculated from the Ca?* impurity content of the reagents used,
a procedure recommended by M. Claret (Orsay, France; personal communica-
tion). CaCl, was added on top of this to obtain the nominal micromolar values
of [Ca?"] illustrated in the figures. Because of the large [Ca®*] scale used in
these experiments, the error introduced by applying this procedure can be con-
sidered to be negligible from 10 uM Ca?* upward.

In experiments involving isolated brush border membrane vesicles, the mem-
brane buffer consisted of the standard buffer supplemented with p-sorbitol to a
total of 500 mosM and adjusted to pH 7.5 with Tris base (13).

Size determination of the rotavirus particles by quasielastic light scattering.
Stokes radii of rotavirus particles were determined by using a model N4 MD
submicron particle analyzer (Coulter, Hialeah, Fla.). Viral particles suspended in
a given buffer at a final protein concentration of 240 pug/ml were observed by light
scattering at 20°C. Diffusion constants were derived from photon correlation
spectroscopy. We used the Coulter N4 size distribution processor (SDP), which
is based on the CONTIN program for constrained solutions of linear equations
(19). The reported diameter data were those derived from the SDP analysis.

Kc, SHIFTS IN THE ROTAVIRUS TLP-TO-DLP TRANSITION 553

Membrane vesicle loading and fluorescence measurements. Brush border
membrane vesicles from adult pig jejunum were prepared according to the
magnesium precipitation method of Hauser et al. (14). The final vesicle prepa-
rations were resuspended at about 17 mg of protein/ml in the membrane buffer
and then stored until use in liquid nitrogen in 250-ul batches. Charging of
vesicles with CF and the CF release assays were performed as described previ-
ously (21).

Electrophoresis. The TLP-to-DLP transformation was followed by electro-
phoresis in 0.6% agarose gels in a 10 mM MOPS-5 mM Tris buffer (pH 7.1) as
described previously (22). Gels were stained with either silver complexes with a
Bio-Rad Silver Stain Plus kit or Coomassie blue (22).

RESULTS

Hydrodynamic diameters of viral particles. The hydrody-
namic diameters of purified TLPs and DLPs suspended in the
standard buffer were measured at 20°C by quasielastic light
scattering (19). The results indicate statistically different diam-
eters for the TLPs (127 = 14 nm, n = 22, for the RF strain and
132 = 15 nm, n = 42, for the SA11 strain) and the DLPs (83 =
9 nm, n = 27, for the RF strain and 98 = 8 nm, n = 32, for the
SA11 strain).

Treatment of purified TLPs with 10 mM EGTA caused the
apparent diameter to drop to values statistically indistinguish-
able from those of purified DLPs, which can be taken as evi-
dence of complete loss of the outer-capsid proteins from TLPs.
EGTA-induced TLP decapsidation was not affected by the
ionic strength of the medium.

High [Ca*] blocks heat-induced TLP uncoating for the RF
strain. Estes et al. (10) previously reported that the infectivity
of the SA11 strain dropped by 80% after the strain was heated
for 5 min at 50°C, which they interpreted as suggesting that a
heat-labile capsid protein is required for infectivity. However,
these results can be interpreted as being due not necessarily to
increased denaturation of an outer-capsid protein in situ but
rather to TLP uncoating to yield free DLPs, which by them-
selves are noninfective (4, 22).

To study the effect of [Ca®*] on heat-dependent rotavirus
uncoating, purified TLPs, RF strain, were suspended in the
standard buffer supplemented with 50 mM NaCl and between
2 pM and 1 mM CaCl,. After incubation in the conditions
indicated in Fig. 1, the diameters of the particles were analyzed
by quasielastic light scattering at 20°C. The results show that,
when TLPs were kept at room temperature, their diameters
were constant, irrespective of the [Ca®*] in the medium (Fig.
1). Essentially identical results were obtained both when these
diameters were calculated as the arithmetic mean of all the
experimental points available (127 = 14 nm; n = 22) and as the
y intercept of the regression line calculated by using these
points (122 = 6 nm).

When the TLPs were heated at 60°C for 90 s in the presence
of variable [Ca®"], the complex result in Fig. 1 was obtained.
At [Ca?*] values equal to or greater than 500 wM, the particle
diameter (122 = 13 nm; n = 9) was not affected by heating
(Fig. 1), in agreement with the tenet that high [Ca®"] stabilizes
the virion in the TLP form (4, 23). In contrast, at [Ca**] values
equal to or smaller than 100 pM, the particle diameter (87 =
11 nm; n = 13) dropped to that characterizing the DLP (Fig.
1), indicating that complete loss of the outer-capsid proteins
can occur at [Ca®"] values as high as 100 uM. At [Ca®*] values
ranging from 100 to 500 wM, which is clearly the region where
the TLP-to-DLP transition occurs, it was impossible to deter-
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FIG. 1. Calcium concentrations above 300 wM prevent heat-in-

duced uncoating of rotavirus strain RF in media of high ionic strength.
TLPs suspended in the standard buffer supplemented with 50 mM
NaCl and [Ca®*] ranging from 2 pM to 1 mM were treated as follows:
(i) no treatment, standing at 20°C (A); (ii) heat treatment at 60°C for
90 s (M); and (iii) treatment with 10 mM EGTA at 20°C (¢). After
each of these treatments, appropriate aliquots were used for particle
size determination by quasielastic light scattering at 20°C. The results
are presented as particle diameters * standard deviations (n = 2 to 6
determinations per point) as a function of the logarithm of the [Ca**]
in the incubation medium. The upper and lower solid lines correspond,
respectively, to the arithmetic means of the TLP and DLP diameters.
With the heat-treated TLPs (M) the two statistically different horizon-
tal segments were found to be separated by a region (broken line)
where particle size determination is impossible, so that no experimen-
tal points can be shown here. The explanation for this anomaly and
further details are given in the text.

mine precise particle diameters, probably due to the incom-
plete loss of the TLP outer layer. The mixture of TLPs and
DLPs existing in these conditions is impossible to resolve using
quasielastic light scattering because the two types of particles
are too close in size and cannot be distinguished if present as
polydisperse mixtures (19). Given this limitation of the light
scattering technique, the sigmoid curve theoretically linking
the two branches of the titration curve cannot be established
and is simply illustrated in Fig. 1. The value of the equilibrium
constant, K, was estimated as the middle point between the
two extreme [Ca®*] values mentioned above, representing,
respectively, the fully capsidated and the fully decapsidated
particles. Consequently, in conditions of 90-s heating at 60°C,
we assigned a value of 300 pM to K,°*"“ in the presence of 50
mM NaCl HIS buffer (Table 1). To confirm the validity of
these interpretations, 10 mM EGTA was added to the samples
at the end of each experiment to make the concentration of
free Ca®" negligible. As expected, the particle diameter
dropped significantly, approaching that of the DLP (84 + 10
nm; n = 20), irrespective of the total [Ca®"] present initially
(Fig. 1).

The calcium- and heat-dependent rotavirus uncoating was
further studied in a LIS buffer using agar electrophoresis. Heat
treatment at 60°C for 90 s of the Ca®"-treated TLPs in LIS
buffer had no effect on the particle size as long as [Ca®*] was
greater than 150 pM (Fig. 2, lanes d to g). At intermediate
[Ca®*] values of around 100 wM, a long smear appeared,
joining the TLP and DLP bands (Fig. 2, lane c). This smear
probably represents incomplete loss of the TLP outer layer
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(22). But complete loss of the outer-capsid proteins was evi-
dent from 50 pM [Ca®*] downward (Fig. 2, lane b). In these
conditions, K,°"“ was assigned a value of 100 uM in the
presence of a LIS buffer (Table 1). The shift toward the mi-
cromolar range was even greater, approaching a K,°*"“ of 300
pM, when the incubation buffer was supplemented with 50
mM NaCl (Fig. 1).

Ionic strength- and temperature-induced K, shifts in TLP
uncoating. (i) RF strain. By using quasielastic light scattering
and varying the temperature and ionic composition of the
media in the presence of only traces (micromolar) of Ca®*, the
diameter of TLPs (127 nm) was found to drop to that charac-
terizing the DLPs (83 nm), both when (i) particles suspended
in LIS buffer were incubated for 90 s at 60°C but not at 37°C
and (ii) particles suspended in 200 mM monovalent salts HIS
buffer were incubated for 5 min at 37°C but not at 20°C. Similar
results were obtained when the TLP-to-DLP transition was
studied using agar electrophoresis. Incubation of TLP at either
4°C (Fig. 3A, lane 1) or 37°C (Fig. 2, lane h) in LIS buffer did
not induce loss of the outer-capsid proteins. Similar stabiliza-
tion of the TLP form was observed when Ca-treated TLPs
were incubated at either 4°C (Fig. 3A, lanes m to p) or 20°C
(Fig. 3A, lanes g to k) in HIS buffer, irrespective of the [Ca®™]
used. Identical results were obtained when the salt used to
increase the ionic strength was 200 mM KSCN, NaCl, KCl, or
Tris-Cl. In all the study conditions, K, values should be in the
range expected for nanomolar rather than micromolar [Ca®*]
(Table 1). On the other hand, at 37°C, a change in particle size
was apparent below a 50 uM [Ca®*] (Fig. 3A, lanes b to f), the
complete TLP uncoating being evident at 10 wM (but not at 25
uM) [Ca®*], independent of the presence of any added salt
(Fig. 3B). On the basis of these results, K,*”" values of about
20 M were estimated in media of high ionic strength (Table
1). Again, K,>”"“ appears to shift gradually from the nano-
molar to the micromolar range as the ionic strength of the

TABLE 1. At a constant pH of 7.2, K, defining the rotavirus
TLP-to-DLP transformation, is dependent on the rotavirus
strain, the temperature, and the ionic strength®

Rotavirus Temp Concn of salt Approximate
strain (°C) added (mM) Kea
RF 4 No =1 pM

20 No =1 uM

37 No =1 pM

60 No 100 pM

60 50 300 M

4 200 =1 uM

20 200 =1 pM

37 200 20 puM

SAll 20 200 18 nM
37 200 700 nM

“TLPs were incubated at the indicated temperatures in the standard buffer
supplemented with a monovalent salt at the indicated concentrations or not
supplemented (no). NaCl, KCI, Tris-Cl, and KSCN were used as the salt, with
similar results. When no salt was added, the same result was obtained both when
500 mM sorbitol was used as a substitute for the salt (iso-osmotic conditions) and
when no sorbitol was added (hypo-osmotic conditions). The K¢, values are
derived from both quasielastic light scattering and agarose gel electrophoresis
analyses, which give semiquantitatively identical results. Further details are given
in the text.
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FIG. 2. Calcium concentrations above 50 wM prevent heat-induced uncoating of rotavirus strain RF in media of low ionic strength. Analysis
was by agar electrophoresis. TLPs were suspended in the standard buffer supplemented with 500 mM sorbitol and the indicated nominal calcium
concentrations. Before analysis by agar gel electrophoresis at room temperature, the particles were incubated at 37°C for 5 min and then heated

for an additional 90 s at 60°C
respectively.

incubation medium increases. The results also indicate that, at
constant high ionic strength, K., increases from =1 pM at
20°C to 20 pM at 37°C (Table 1).

(ii) SA11 strain. Purified TLPs, SA11 strain, were suspended
in 200 mM NaCl HIS buffer supplemented with 1 mM CaCl,
and variable EGTA concentrations to obtain concentrations of
free Ca®" varying between 10 and 800 nM. When TLPs were
kept at 20°C, their diameter, as measured by quasielastic light
scattering, was constant (132 = 16 nm; n = 35) at [Ca®"] values
equal to or greater than 20 nM. In contrast, at [Ca®*] values
equal to or smaller than 15 nM, the particle diameter dropped
to that characterizing the DLP (97 £ 9 nm; n = 16). Conse-
quently, a value of 18 nM was assigned to K> (Table 1).
Incubation at 37°C for 5 min of calcium-treated TLPs in the
range from 10 to 350 nM [Ca?"] induced the TLP diameter to
decrease to that of DLPs. Again, a temperature-induced K,
shift was observed when the TLP-to-DLP transition was stud-
ied with the SA11 strain. Here, however, the shift was evident
in the nanomolar range. Similar conclusions were deduced
using agar electrophoresis. After incubation at 37°C for 15 min,
the complete loss of the outer-capsid proteins was evident from
600 nM [Ca®*"] downward (Fig. 4). As long as [Ca®"] was
greater than 800 nM, the virus was stabilized in the TLP form.
In these conditions, K,>”" was assigned a value of 700 nM in
the presence of 200 mM NaCl HIS buffer. Taken together,
these results show that, at high ionic strength, increasing the
temperature from a nonphysiological to a physiological value
caused K, to increase from 18 nM at 20°C to 700 nM at 37°C.

Relationship between TLP uncoating and CF release reac-
tions. In an attempt to determine a correlation with the virus
decapsidation reactions described earlier, TLP-induced CF re-
lease was studied at 37°C as a function of [Ca**] present in the
membrane vesicle incubation medium. The experiments were
performed with trypsinized TLP, the RF strain, and pig jejunal
brush border membrane vesicles suspended in the membrane
buffer supplemented with 200 mM Tris-Cl and variable [Ca®*].

(lanes b to g) or not heated (lanes a and h) as shown. TLPs and DLPs were at 1.9 and 2.4 ug of protein per well,

The time-dependent CF release reaction observed in the ab-
sence of added calcium (nominal [Ca®"] of about 5 uM; Fig. 5)
illustrates the sigmoidal kinetics characterizing trypsinized
TLPs, RF strain (21). Addition of an extra 50 uM Ca®* re-
sulted in complete inhibition (Fig. 5). Addition of Ca**
intermediate concentrations gave partial inhibitions, indicating
that the lag period increased with [Ca®"], exhibiting values of
70, 240, and 340 s for additional CaCl, at 0, 2, and 10 uM,
respectively. Inversely, both the apparent rate constant (given
by the slope of the curve [17, 21]) and the amplitude decreased
as [Ca®"] increased. These results indicate that conditions
stabilizing the virion in the TLP form inhibited CF release,
whereas conditions favoring outer-capsid protein loss activated
this process. Consequently, K, was assigned a value of 30 uM,
equivalent to that estimated by agar electrophoresis in similar
conditions (K, of 20 wM; Table 1).

To verify that virions stabilized in the TLP form are inactive,
additional experiments were performed using low-calcium
buffers (e.g., 5 @M nominal [Ca’**]). TLPs were added to
CF-loaded vesicles incubated with either the membrane buffer
supplemented with 200 mM Tris-chloride at 20°C or a similar
but salt-free sorbitol buffer at 37°C. In both situations, CF
release was fully inhibited (Fig. 6, curve 4), confirming that
stabilization of the outer capsid prevents membrane permeabi-
lization.

The conditions demonstrating the existence of a close cor-
relation between TLP uncoating and CF release are shown in
Table 2.

Role of the ionic strength of the medium in membrane
permeabilization. To better understand the permeabilizing
role of the outer-capsid proteins, CF release was studied by
using either intact or previously decapsidated TLPs and media
of either high or low ionic strength. Full virion decapsidation,
yielding DLP plus the free outer-shell proteins, was achieved
by treating the TLPs with 10 mM EGTA independently of the
ionic strength of the medium.
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FIG. 3. Effect of ionic strength, calcium concentration, and temperature on the TLP-to-DLP transition for the RF strain. Analysis was by agar
electrophoresis. TLPs were pretreated for 5 min at the indicated temperatures in the standard buffer supplemented with either 500 mM sorbitol
(Sorb) or a mixture of 100 mM sorbitol and 200 mM monovalent salt (either KSCN or Tris-Cl) in the presence of the indicated nominal calcium
concentrations. TLPs and DLPs were at 1.6 and 1.2 pg of protein per well, respectively.

In agreement with previous results (21), the CF release
reaction in media of high ionic strength (Tris-Cl, HIS buffer)
was found to exhibit either sigmoidal or hyperbolic kinetics,
depending on whether intact or fully decapsidated TLPs were
used (Fig. 6, curves 2 and 1, respectively). In contrast, total
absence of CF release was observed when either intact or fully
decapsidated virus particles were added to membrane vesicles
in LIS buffers (Fig. 6, curves 4 and 3), indicating that mem-
brane permeabilization by the free outer-capsid proteins
strictly requires a vesicle incubation medium with high ionic
strength.

DISCUSSION

We introduce a new approach based on determining the
hydrodynamic diameters of rotavirus particles by quasielastic

light scattering (19). We show that, for both classes of particles
(TLP and DLP) and independently of the strain (SA1l and
RF), diameters are about 30% larger than those observed by
Yeager et al. (29) using cryoelectron microscopy. In principle,
the larger size observed with light scattering can be explained
in terms of the water of hydration, which is included in the
hydrodynamic diameter measurement as it stems directly from
the Stokes-Einstein equation used for the calculation (19). By
using both this method and agarose gel electrophoresis, we
show that the Ca®" dissociation constant, K, governing the
rotavirus TLP-to-DLP transition is modulated by the ionic
strength and temperature. We do not consider pH as a vari-
able, all the experiments having been performed at pH 7.2.
However, other authors have shown, for instance, that an alkali
treatment increasing the pH to 11.2 causes specific release of
VP4 from the SA11 strain (1).
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FIG. 4. Effect of calcium concentration on rotavirus SA11 uncoat-
ing. Analysis was by agar electrophoresis. TLPs were pretreated for 15
min at 37°C in the standard buffer supplemented with 200 mM NaCl,
1 mM CaCl,, and variable EGTA concentrations to obtain the indi-
cated nanomolar concentrations of free Ca**. For the [Ca®"] in the
micromolar range, the particles were pretreated as described in Fig. 2.
TLPs and DLPs were each at 1.4 wg of protein per well, respectively.

As summarized in Table 1, K, appears to increase gradu-
ally as the temperature or ionic strength of the incubation
medium or both increase. According to Ruiz et al. (22), com-
plete loss of the outer-capsid proteins of rotavirus RF and
SA11 strains takes place at around 600 nM and 10 to 20 nM
[Ca?*], respectively, when TLPs are incubated at 20°C in a
buffer containing 100 mM KCIl. Our data show that similar
results (K, 2" of 1 uM or lower for the RF strain and 18 nM
for the SA11 strain) are obtained at 20°C, but not at 37°C
(Table 1). We further show that similar K, values for the RF
strain can be obtained, either at low temperatures (4 to 20°C),
irrespective of the ionic strength, or at 37°C, but only in the
presence of LIS buffers. At 37°C, increasing the ionic strength
(200 mM salt) caused K,*”"C to increase to 20 uM, indicating
that a relatively high ionic strength can by itself favor TLP
uncoating. Further increases in the K, values occurred when
the temperature was raised to 60°C; these increases varied
from about 100 to 300 uM, depending on whether LIS or HIS
buffer was used. These last results also demonstrate for the first
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FIG. 5. Effect of the calcium present in the membrane vesicle in-
cubation medium on time-dependent rotavirus-induced CF release.
CF-loaded vesicles were incubated at 37°C in the membrane buffer
supplemented with 200 mM Tris-Cl in the absence (none) or the
presence of micromolar concentrations of extra CaCl, as indicated.
Purified TLPs, RF strain, kept at 4°C were added at time zero. The
final vesicular and viral protein concentrations were 6 and 13 pg/ml,
respectively.
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FIG. 6. Effect of the ionic strength of the incubation medium on
CF release induced by either intact or predecapsidated TLPs. CF-
loaded vesicles were incubated at 37°C in the membrane buffer sup-
plemented with either 500 mM sorbitol (curves 3 and 4) or 100 mM
sorbitol plus 200 mM Tris-Cl (curves 1 and 2). At time zero, TLPs,
strain RF, were added either directly (curves 2 and 4) or after treat-
ment with 10 mM EGTA (curves 1 and 3). The final vesicular and viral
protein concentrations were 8.5 and 18.8 pg/ml, respectively.

time that TLP uncoating, which can be observed at 60°C, can
be prevented by treating the particles with relatively high
[Ca®*]. Taken as a whole, it seems clear that K., can vary
quite drastically, depending on the experimental conditions.
The most salient feature is that increasing both the ionic
strength and the temperature to physiological values caused
K, to increase to 20 uM for the RF strain and 700 nM for the
SA11 strain, further indicating that K, is specific to the rota-
virus strain. Surprisingly, the K, values for the SA11 strain are
30 to 50 times smaller than those for the RF strain in similar
conditions (Table 1).

One question that should be considered is how the present
in vitro study can be related to the in vivo situation. We have
seen that, in vitro, increasing both the ionic strength and the
temperature to physiological values can induce uncoating of
the free, soluble TLPs but that complete loss of the outer-
capsid proteins is prevented at [Ca**] values above 800 nM for
the SA1l strain and 25 uM for the RF strain. Accordingly,
when free in the intestinal lumen, rotavirus can never be de-
capsidated because the bulk of the intraluminal fluid exhibits

TABLE 2. Relationship among the conditions governing the
rotavirus TLP-to-DLP transformation and the vesicle
membrane CF release reactions®

[Ca2+] Temp Salt TLP-to-DLP CF
(M) °O) supplement transition release
2-1,000 20 * No No
2-10 37 Yes Yes Yes
>10, <50 37 Yes Partial Yes
50-1,000 37 Yes No No
2-1,000 37 No No No

“The TLP-to-DLP transition for the RF strain was studied using both
quasielastic light scattering and agarose gel electrophoresis. In CF release ex-
periments, membrane vesicles were incubated at either 20 or 37°C in the mem-
brane buffer supplemented (yes) with 100 mM sorbitol plus 200 mM Tris-Cl or
not supplemented (no) in the presence of extra Ca®" at the indicated concen-
trations. When 200 mM Tris-Cl was not added, 500 mM b-sorbitol was used to
maintain iso-osmotic conditions (13). *, identical results were obtained in either
the presence or absence of added salt. Purified TLPs, RF strain, were added
directly to the Ca®>"-treated membrane vesicle incubation medium, as described
for Fig. 5.
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[Ca®"] values in the millimolar range. On the other hand, the
SA1l and RF strains might be thought to be decapsidated
within an intracellular compartment, probably in endocytic
vesicles (15, 20). It has been proposed that various calcium
transport systems present in the endosomal membrane con-
tribute to equilibration of the endosomal [Ca®*] at the level of
intracellular [Ca®"] ([Ca®"], = 100 to 450 nM [2, 5]), thereby
facilitating virion uncoating (20, 23). Using MA104 cells, Cua-
dras et al. (5) determined the basal [Ca®"]; to be 280 nM. More
recently, Brunet et al. (2) have shown that the [Ca®*], value of
137 nM in noninfected human intestinal epithelial Caco-2 cells
progressively increased in Caco-2 cells infected with rotavirus
RRYV to reach values on the order of 450 nM at 18 h postin-
fection. All of these [Ca®"]; values are well below the values
required for rotavirus uncoating at 37°C but not at 20°C. Taken
as a whole, our results show that, under physiological condi-
tions, equilibration of intraendosomal [Ca®"] to the level of
[Ca?*); can favor the uncoating process of virions, strengthen-
ing the hypothesis that the Ca®*-dependent endocytosis path-
way (7, 20, 23) could be the prevailing mode for rotavirus entry.
In the second part of the present study, we established the
existence of a close correlation between the rotavirus outer-
layer release process and the mechanism of membrane perme-
abilization by rotavirus (Table 2). All of the above observa-
tions, which were not fully understood at first, can now be
rationalized in the light of our present results. Intact,
trypsinized TLPs are inactive as concerns CF release, and
because we already know that both untrypsinized TLPs and
DLPs are also inactive in themselves (17, 21), we conclude that
it is only in conditions permitting outer-capsid protein loss that
CF release can take place. Ruiz et al. (22) have shown that the
kinetics of the TLP-to-DLP transition observed in real time by
perpendicular light scattering were faster in the presence of a
300 nM [Ca®*] than in the presence of a 1 wM [Ca®*] for the
RF strain when using a Ca-EGTA-10 mM MOPS-100 mM
KCl buffer at 37°C. Therefore, the CF release sigmoidal kinet-
ics induced by trypsinized virions can be thought to reflect the
kinetics of the TLP-to-DLP transition reaction. We propose
that the lag period may represent the time required for TLPs
to initiate the uncoating process and that the emerging free
outer-capsid proteins, by binding to the membrane, could be
directly responsible for permeabilization, as evidenced by the
rapid increase in CF release. The observation that the CF
release kinetics became hyperbolic (without a lag period) when
EGTA-treated TLPs are used confirms that only the free out-
er-shell proteins were able to induce membrane permeabiliza-
tion. We previously showed that suspensions of the outer-
capsid proteins, either in the presence (EGTA-treated TLPs)
or absence (the high-speed supernatant of EGTA-treated
TLPs) of DLPs induced CF release hyperbolic kinetics if TLP
was trypsinized but did not cause any CF release if TLPs were
untrypsinized (21). It has also been reported that trypsinized
and EDTA-treated rotavirus induced CF release from pre-
loaded liposomes (17) and maintained the ability to mediate
fusion from without in cholesterol-treated cells (11).
Interestingly, our results also indicate that there was no CF
release when EGTA-treated TLPs were added to membrane
vesicles in LIS buffers. This lack of response in media of low
ionic strength suggests that the membrane itself plays a key
role in the permeabilization reaction, although little is known
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at present about the possible mechanism(s) involved. In exper-
iments with porcine intestinal brush border membranes, Oh-
yashiki et al. (18) observed that increasing the KCI concentra-
tion in the extravesicular medium caused a rearrangement of
the membrane lipids, resulting in an increase in the overall
membrane fluidity. On the basis of our complete results, we
conclude that membrane permeabilization must be preceded
by both trypsinization and uncoating of TLPs and that the
permeabilization process requires high (physiological) ionic
strength.

From the present study, we cannot deduce the exact role
played by each of the trypsinized, outer-layer proteins (VP7,
VP5%, and VP8*) in the membrane permeabilization process.
Nevertheless, definite progress in this direction has recently
been made. We earlier reported that virus-like particles (VLP)
containing VP2, VP6, and VP7 but lacking VP4 could cause
membrane permeabilization as soon as VLP2, -6, and -7 were
both trypsinized and decapsidated (3). It was further suggested
that the permeabilizing agent(s) must be one or several pep-
tides resulting from cleavage products of VP7, once dissociated
from TLPs or VLP2, -6, and -7 (3). Also, we previously re-
ported that the CF release reaction was partially inhibited
when an anti-VP5* antibody, but not an anti-VP8* antibody,
was preincubated with trypsinized TLPs (21). More recently,
Denisova et al. (6) demonstrated that the purified VP5* pro-
tein was able to permeabilize liposomes in the absence of other
rotavirus proteins and that the permeabilizing effect was fully
abolished by various anti-VP5* antibodies (6). These reports
indicated quite strongly that each of the two (trypsinized) free
outer-layer proteins, VP5* and VP7, could independently
cause membrane permeabilization. It is not clear why two
proteins as different as VP5* and VP7 can each have a similar
membrane-destabilizing effect. The same question applies to
NSP4, a nonstructural rotavirus protein recently shown to have
membrane permeabilization properties (26). Mention should
also be made of a study indicating that antibodies to VP7 as
well as antibodies to VP5* were found to inhibit cell-cell fusion
(11). As suggested by these authors (11), there seems to be a
close relationship between the mechanisms of syncytium for-
mation and rotavirus entry into the cells.

In conclusion, the inability of rotavirus to be decapsidated in
the intestinal lumen but its ability to be uncoated within en-
dosomes may provide further evidence for the Ca”"-depen-
dent endocytic pathway during the rotavirus entry process (7,
20, 23). To date, there have been two hypothetical models that
describe how endocytosis of trypsinized TLP leads to the de-
livery of transcriptionally active DLP into the cytoplasm of
cells. However, these models differ with respect to the mech-
anisms of both permeabilization and lysis of endosomal mem-
branes. The model of Ruiz et al. (20) hypothesized that equil-
ibration of endosomal [Ca®*] to [Ca®*], favored full virion
uncoating and that the free outer-capsid proteins were able to
permeabilize, and then to lyse, the endosomal membranes.
More recently, Dowling et al. (7) demonstrated that the puri-
fied VP5* protein had permeabilizing but not lytic effects.
Accordingly, these authors proposed a model in which virion-
bound VP5*, by selectively permeabilizing the early endosomal
membrane, could accelerate the lowering of endosomal [Ca®*]
and that the concomitant uncoating of virions could release
VP7-cleaved peptides with permeabilizing and lytic functions
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(7). The latter model, however, appears to be incompatible
with our findings that TLP uncoating occurs before, and not
after, membrane permeabilization. We postulate, therefore,
that there must be tight coupling in time between loss of the
outer-capsid proteins, membrane permeabilization, and mem-
brane lysis, all of which need to take place in the endocytic
vesicle for rotavirus infection to occur. The present paper
offers an alternative explanation for the mechanism of rotavi-
rus entry, compatible with the Ca®*-dependent endocytic path-
way. We propose that, after infectious rotavirus enters into
early endosomal vesicles, the progressive decrease of endoso-
mal [Ca®"] favors progressive virion decapsidation and subse-
quent permeabilization of endosomal membrane. This perme-
abilization reaction would in turn accelerate the lowering of
endosomal [Ca?*], and hence virion decapsidation and mem-
brane permeabilization. This three-step process (lowering of
[Ca®*], uncoating, and permeabilization) would be reiterated
until the transcriptionally active DLP is delivered into the
cytoplasm of cells. Whether or not VP7-cleaved peptides are
responsible for endosomal lysis, as suggested in the model of
Dowling et al. (7), cannot be deduced from the present study.
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