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The interaction of the non-enveloped plant viruses TMV (rod-shaped) and CCMV (spherical) and of their coat
proteins in several well-defined aggregation states, with artificial membranes was investigated to study the early
stages of the cellular infection process. Information about the separate steps in the interaction mechanisms was
obtained by employing three assays, performed as a fonction of vesicle size, net membrane charge, pH and ionic
strength. The assays allow to discriminate hetween aggregation of vesicles (turbidity assay) and membrane
destabilization (vesicle leakage assay and lipid mixing assay). The aggregation of the vesicles is a result of
electrostatic interactions between the viral material and vesicles surface (cross-linking), while the destabilization of
the membrane is a result of penetration or bilayer disruption by hydrophobic protein domains. TMV virions and its
coat protein, and CCMYV virions, due fo their net negative charge, predominantly imteract with positively charged
membranes, The coat protein of CCMV was found to interact with negatively charged membranes, an interaction
that can be assigned to its basical N-terminal sequence. Changing the aggregational state of the viral coat proteins
yielded most significant interactions in case of TMV coat protein aggregated im the disk form and CCMYV coat
protein aggregated in empty capsids with oppositely charged membranes. These protein aggregates are found to be
the best compromise between efficiency (capacity of the protein to bridge vesicles and destabilize their membranes)

and concentration of protein aggregates. The results are discussed with respect to previously proposed biological
models of the early stages of plant virus infection.

Introduction

The early stages of non-enveloped plant virus infec-
tion involve attachment of virus particles to cells, the
entry into the cytoplasm and the uncoating of the viral
genome. Knowledge of these initial interactions is
scarce and inconclusive (for a review, see Ref. 1).
Several mechanisms have been proposed, on the basis

Abbreviations: TMV, tobacco mosaic virus; CCMV, cowpea chlorotic
mottle virus; SUV, small unilamellar vesicte(s); LUV, large unilamel-
lar vesicle(s), RET, resonance energy transfer; N-Rh-PE, N-(lissa-
mine Rhodamine B sulphonyl)phosphatidylethanolamine; N-NBD-
PE, N-(7-nitrobenz-2-oxa-1,3-diazole-4-yl)phosphatidylethanclaniine;
DOPC, dioleoylphosphatidylcheline; DOPA, dioleoylphosphatidic
acid; Palchol, palmitoylcholine iodide.

Correspondence: M.A. Hemminga, Department of Molecular Physics,
Agricultural University, Dreyenlaan 3, 6703 HA Wageningen, The
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of studies involving either protoplast membranes [2-5),
isolated plasma membranes [6-8], or artificial phos-
pholipid structures [9-13].

In absence of specific receptor or attachment sites
on the plant cell membrane [5] and any contribution of
endocytosis to in vivo infection [14], the infectious
entry of a plant virus into a plant cell is generally
thought to be facilitated by external factors, such as
mechanical wounds or arthropods [15] or to occur via
intracellular plasmodesmata. At present, 2 mechanism
is favoured in which whole virus particles are internal-
ized into the cell and possibly destabilized by mem-
brane or cell wall components. These destabilized viral
particles can be subsequently involved in a process of
cotranslational disassembly, as has been shown for
TMV [16] and CCMYV in vitro [17,18].

The study of interactions between virus particles
and model membrane vesicles can provide important
information about the molecular mechanisms involved
in virus—-membrane interactions in vivo. For example,
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Fig. 2. The release of calcein (A) and change in turbidity (B) during
the interaction of TMV coat protein with neutrally charged small
unilamellar vesicles (DOPC} at various pH values, The experiments
were carried out in 50 mM sodium acetate, 150 mM NaCl {(pH 5.0)
and in 50 mM Tris-HCl, 150 mM NaCl {pH 7.0 and pH 9.0) at final
concentrations lipids and coat protein of 0.1 mM and 10 pg/mi,
respectively. a: pH 5.0 (helical protein aggregate); b: pH 7.0 (disk-like
protein aggregates);, ¢: pH 9.0 (oligomeric protein aggregates, A-
protein).

3C). The second increase is probably due to protein
redistribution as a result of the very slow establishment
of an equilibrium between protein oligomers and disks
[31,40,41). After removal of the disk protein due to
binding to SUV, the oligomers in the sample will form
new disks to restore the equilibrium. These new disks
may then further enhance the lipid bilayer mixing
process.

Interaction of CCMV and its {modified) coat protein
with SUV

A schematic representation of the spherical CCMV
virion and the two states in which the coat protein is
organized (spherical, empty capsids (consisting of 180
units) at pH 5 and dimers at pH 7.5, as described by
Verduin [32]) is given in Fig. 1.

As found for TMV virions, interaction of CCMV
virions occurs only with positively charged SUV
(DOPC /Palchol, 80:20 mol /mol). For CCMV almost
no leakage and a small increase of turbidity is observed
at pH 7.5 only (data not shown). CCMYV coat protein
with or without the N-terminal arm at pH 5 and 7.5
does not give leakage of vesicle contents or an increase
of turbidity with positively charged SUV.

Incubation of CCMV coat protein with neutrally
charged SUV does not give any effect within a time
period of 20 min, After a prolonged incubation time
(15 h) some lipid bilayer mixing (5%), but no leakage is
observed (data not shown).

The interaction of CCMV coat protein with nega-
tively charged SUV, composed of DOPC/DOPA 80:20
mol /mol, is shown in Fig. 4. In all assays the effects at
pH 5 (empty capsids) are more pronounced as com-
pared to those at pH 7.5 {(coat protein dimers). How-
ever, CCMYV protein lacking the N-terminal arm shows
much less leakage, increase of turbidity and lipid bi-
layer mixing. The N-terminal peptide of CCMV pro-
tein induces a slight leakage and hardly any increase of
turbidity, but a significant small amount of lipid bilayer
mixing at pH 5.

Interaction of TMV coat protein disks and CCMV coat
protein capsids with charged LUV

The extent of interaction between viral material and
LUV is expected to be much smaller as compared to
the interaction with SUV. This arises because LUV
lack the defects in packing of the lipid molecules,
which are present in SUV due to the strong bilayer
curvature. It is known that bilayer curvature is one of
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Fig. 3. Kinetics of the interaction of TMV (solid lines) and TMV coat
protein (dashed lines) with positively charged small unilamellar vesi-
cles (80: 20, mol,/mo! DOPC /Palchol), as monitored by the leakage
of calcein from the vesicle interior (A), change in turbidity at 400
nm (B) and lipid bilayer mixing (C). Conditions were as described in
the legend of Fig. 2. a: TMV pH 5.0; b: TMV pH 7.0; ¢: TMV
coat protein pH 5.0; d: TMV coat protein pH 7.0; e: TMV coat pro-
tein pH 9.0.
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Fig. 4. Kinetics of the interaction of CCMV coat protein (dashed
lines), CCMV coat protein lacking the N-terminus (dotted lines) and
the N-terminal sequence only (solid lines) with negatively charged
small unilamellar vesicles (80:20, mol /mol DOPC/DOPA) as moni-
torad by the release of calcein (A), the change in turbidity (B) and
the lipid bilayer mixing (C). The experimenis were carvied out in 50
mM sodium acetate, 200 mM NaCl (pH 5.0) and in 50 mM Tris-HCl,
200 mM NaCl {pH 7.5). a: CCMV coat protein at pH 5.0 (empty
capsids); b: CCMV coat protein at pH 7.5 {protein dimers), ¢: CCMV
coat protein lacking the N-terminal arm at pH 5.0 {empty capsid), d:
CCMYV coat protein lacking the N-terminal arm at pH 7.5 (dimers);
e: N-terminal peptide at pH 5.0; £ N-terminal peptide at pH 7.5.

the driving forces for membrane interaction and fusion
[42]. In addition, the vesicle concentration (at equal
lipid concentration) of LUV is approximately 30-fold
smaller than that of SUV. Therefore, only for the two
most active systems, TMV protein at pH 7 (disk) with
positively charged vesicles and CCMV protein at pH 3
(empty capsid) with negatively charged vesicles, the
RET assay was applied. In the case of TMV protein
with positively charged LUV, no interaction was found,
even if the protein concentration was raised 20-fold.
CCMV protein induces a small amount of lipid bilayer
mixing of negatively charged LUV. As compared to the
interaction with SUV, the observed rate is very slow:
after 2 h of incubation a fluorescence increase of about
3% was observed. However, an increase in fluores-
cence of about 30% was obtained if the concentration
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of coat protein was raised 20-fold after 15 h of incuba-
tion, indicating that bilayer mixing is continuously pro-
ceeding.

Effect of ionic strength

The leakage of carboxyfluorescein from DOPC LUV,
induced by TMV coat protein oligomers, was measured
as a function of the NaCl concentration. The release of
the vesicle contents of the neutrally charged LUV

decreases at higher ionic strength of the medium (data
not shown).

Discussion

As comparcd to the results of the turbidity assay
[13], we have now investigated several steps in the total
interaction process of viral material with membranes.
In general, the observations are in agreement with the
commonly accepted theory of vesicle fusion [22,26]. In
the present work it has been possible to discriminate
between aggregation of vesicles (turbidity assay) and
membrane destabilization (vesicle leakage and lipid
mixing). The aggregation of the vesicles is a result of
electrostatic interactions between the viral material
and the vesicles surface (cross-linking), while the desta-
bilization of the membrane is a result of penetration or
bilayer disruption by hydrophobic protein domains.

Electrostatic interactions

The nacure of interaction between viral material and
membranes is initially electrostatic, even in case of
vesicles that are net neutrally charged. The viral mate-
rial is then likely to be associated to the headgroups of
the lipids. Indications for the electrostatic nature of
this first attaching process are: (1) The viral material
interacts with oppositely charged membranes (charge
neutralization); (2) The interaction decreases when the
ionic strength increases (data not shown; [13D.

In case of positively charged membranes, interaction
is observed with TMV (Fig. 3) and CCMYV virions (data
not shown), which are both negatively charged above
their isoelectric point at pH 3.5-3.6 [43,44]. Similar
effects are observed for the coat protein of TMV,
which is negatively charged above pH 4.7 [45] and the
coat protein of CCMV, which is net negatively charged
above pH 5 (personal communication, Verduin, B.J.M.).
In case of negatively charged membranes (Fig. 4) an
interaction is found in the presence of the highly
positively charged CCMV N-terminal peptide (9 of the
25 amino acid residues are basic [46]) and with intact
CCMV coat pretein, containing this N-terminus.
Clearly the interaction observed arises from this posi-
tively charged N-terminal domain, which shouid, thus,
be accessible from the outside of the empty capsid;
after enzymatic cleavage of this domain the interaction
is almost completely lost (Fig. 4).
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the membranc fusion rcaction as the key event in the
infectious entry of several enveloped animal viruses
into their host cells has been investigated extensively
using phospholipid vesicles as target membranes [19-
22]. In case of the predominantly non-enveloped plant
viruses, the study of interactions between intact virions
or isolated viral components with artificial lipid vesicles
may provide insight into molecular details, not only of
the process of the infectious cellular entry of the par-
ticular virus, but also of the process of destabilization
and cotranslational disassembly at the often mem-
brane-associated ribosomes [23] and the process of
association of TMYV coat proteins with thylakoid mem-
branes of infected plant cells [24].

Recently, we investigated the interaction of several
non-enveloped plant viruses with model membranes,
using a turbidity assay [13). However, a change in
turbidity does not yield detailed information about the
separate steps in the interaction process, or about the
nature of interaction. In this study, the interaction
between intact plant viruses or their coat proteins, in
well-defined aggregation states, with phospholipid vesi-
cles have been investigated in detail, by varying the
vesicles surface charge and size, under different condi-
tions of pH and ionic strength. Three assays have been
employed to study the interaction mechanisms: (1)
binding or penetration processes [25] were studied by
monitoring the leakage of vesicle contents; (2) binding
of viral material to vesicles and cross-linking of vesicles
{26] were followed by recording the change in turbidity;
and (3) merging of lipids among different bilayers by
fusion was measured by the RET assay [27,28]. The
results are discussed with respect to previously pro-
posed biological models of the early stages of plant
virus infection.

Materials and Methods

Chemicals. N-{Lissamine Rhodamine B sulphonyl)
phosphatidylethanolamine {( N-Rh-PE), N-(7-nitrobenz-
2-oxa-1,3-diazole-4-yl)phosphatidylethanolamine (N-
NBD-PE) were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). Calcein and 5,6-carboxyfluo-
rescein were obtajned from Eastman Kodak and were
purified as described [29]. Dioleoylphosphatidylcholine
(DOPC), dioleoylphosphatidic acid (DOPA) and pal-
mitoylcholine iodide {Palchol) were purchased from
Sigma and Triton X-100 from Bio-Rad. All other
chemicals were of pro-analytical grade.

Viral material. TMV was grown and purified as
described [30]. TMV coat protein was prepared as
reported by De Wit et al. {31). CCMV and its coat
protein was purified as described [32]. Virus concentra-
tions were determined spectrophotometrically using an
extinction coefficient at 260 nm of 3.0 ml/mg per cm
for TMV and 5.87 ml/mg per ¢cm for CCMV. For the

coat protein determination an extinction coefficient at
280 nm of 1.27 ml/mg per cm for TMV and CCMV
coat protein was used. The N-terminal part of the
CCMV coat protein was removed enzymatically as
described by Vriend et al. [33]. The N-terminal peptide
of the CCMV coat protein was synthesized by Ten
Koortenaar et al. [34].

Vesicle preparation. Smali unilamellar vesicles (SUV)
were prepared by sonication of a multilamellar vesicle
dispersion under a flow of nitrogen with a Branson
Sonifier B15 during 6 min {duty cycle 50%, output 50
W), keeping the suspension on ice. Vesicle suspensions
were centrifuged (10 min, 8800 X g) to remove tita-
nium particles from the tip of the sonicator and muliti-
lamellar structures, if present.

Large unilamellar vesicles (LUV) were prepared by
the reverse-phase evaporation technique [35] modified
by Wilschut et al. [36). The vesicles were sized by
extrusion through a 0.2 um Unipore polycarbonate
filter (Bio-Rad) under a nitrogen pressure of 5 atm
[371.

Vesicles destined for the leakage experiments were
loaded with 40 mM calcein (sodium salt) in the appro-
priate buffers (mentioned in the figure legends) with a
reduced concentration of NaCl to avoid leakage due to
difference in osmolarity. The osmolarity of 40 mM
calcein equals that of 100 mM NaCl. Non-encapsulated
calcein was removed by gel filtration chromatography
on a Bio-Gel P10 column (1.5 X 20 cm) in the buffers
mentioned in the figure legends. Lipid contents were
determined by measuring the phospholipid phospho-
rous by the procedure of Bartlett [38].

Leakage experiments. Release of vesicle content was
monitored at room-temperature in a Hitachi Perkin-
Elmer fluorescence spectrophotometer MPF-2A by
adding virus or viral coat protein (final concentration
10 ug/ml, unless stated otherwise) to 3 ml vesicle
suspension in the appropriate buffer (final lipid con-
centration 0.1 mM). The excitation and emission wave-
lengths were adjusted to 490 nm and 515 nm, respec-
tively. Residual fluorescence of the vesicles was taken
as the zero level and the fluorescence after lysis of the
vesicles with Triton X-100 (0.5% v/v) as the maximum
value. Controls were performed under all conditions.

Absorption measurements. The turbidity of the sam-
ples, including controls, {final concentrations lipid and
viral material 0.1 mM and 10 pg/mli, respectively) was
measured in a Kontron Uvikon 810 spectrophotometer
at 400 nm at 18°C.

Lipid bilayer mixing experiments. In the RET assay,
described by Struck et al. [27], 0.6 mol% each of
N-NBD-PE and N-Rh-PE was incorporated in the
bilayer of half of the vesicle population. Typically 2 ml
vesicle suspension in the appropriate buffer (final lipid
concentration 0.1 mM) was thermostated at 18°C in a
cuvette and stirred continucusly. The reaction was



initiated by adding virus or coat protein solution (final
concentration 10 ug/mil, unless stated otherwise). Flu-
orescence was monitored in a Perkin-Elmer LS-5 lumi-
nescence spectrometer, The excitation and emission
wavelengths were 465 and 530 nm, respectively. Com-
plete dilution of N-NBD-PE and N-Rh-PE was estab-
lished by addition of Triton X-100 (final concentration,
05% v/v). A fluorescence increase value of 100 is
taken as the maximum fluorescence increase possible.
This value is determined after the addition of Triton
X-100 to the samples and correction for the 30%
decrease in quantum yield of N-NBD-PE in the pres-
ence of Triton. Controls were performed under all
conditions.

Results

The interaction of TMV, CCMV or isolated viral
components with phospholipid vesicles was studied by
following vesicle aggregation, leakage of vesicle con-
tents and mixing of bilayer lipids, under various condi-
tions of pH and ionic strength. In all cases SUV were
used; only for the most active systems additional exper-
iments on LUV were performed. In all cases, the
kinetics of the processes observed is dependent on the
concentration of the vesicles and the viral material.
Therefore, to enable a comparison between the differ-
ent parameters studied in a particular system, the
overall concentration of the lipids and viral material
was kept constant. It should be noted that in experi-
ments with the N-terminal peptide of the CCMV coat

protein, a molar concentration equal to that in the
intact coat protein is used.
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Interaction of TMV and TMV coat protein with SUV

Depending on salt concentration and pH, three ag-
gregational states of the TMV coat protein can be
distinguished, At the fixed NaCl concentration used
(150 mM), the coat protein is organized in the so-called
A-protein (oligomeric; 1-8 units) at pH 9, disks (34
coat protein units) at pH 7 or helix (several hundreds
units) at pH 5 [39]. The various aggregation states of
the coat protein are illustrated in Fig. 1.

The interaction of TMV coat protein with neutrally
charged DOPC SUV is given in Fig. 2. TMV coat
protein induces a leakage of calcein from the vesicle
interior and gives an increase in turbidity at 400 nm.
This effect increases at higher pH values. Lipid bilayer
mixing, as monitored by the RET assay, is not observed
in a time period of 20 min and hardly after prolonged
incubation. TMV itself induces only very small amounts
of leakage of vesicle contents or change in turbidity at
pH 5 or 7 in DOPC SUV systems (results not shown).

Interaction of TMV or its coat protein with net
negatively charged SUV, composed of DOPC/DOPA
(80:20, mol /mol), is negligible.

In Fig. 3 the results for TMV and TMV coat protein
with positively charged SUV (DOPC/Palchol, 80:20
mol/mol} are given. The effect of TMV at pH 7 is
much larger than at pH 5, where the effect is almost
negligible, TMV coat protein is more active than the
virion. The oligomeric A-protein (pH 9) induces a
leakage of the vesicle contents and gives an increase in
turbidity, but induces hardly any lipid bilayer mixing.
Disk aggregates (pH 7) are very efficient in bilayer
mixing. It should be noted that the lipid bilayer mixing
has a strong increase at £ =0 and at ¢ = 10 min (Fig.

0%@

pH 70 pH 20
7 8
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pHS5.0 & 70 pH 5.0 pHT5 pH 5.0

Fig. 1. Schematic representation of TMV and CCMYV and various aggregation states of their coat proteins as a function of pH. Rod-shaped TMV
virions (1). TMV protein in helix-form (2), in disk-form (3) and as oligomers or A-protein (4). Spherical CCMV virions (5). CCMV coat protein in
empty capsids (6) and in dimers (7). CCMV coat protein without the N-terminal sequence in emply capsids (8) and in dimers (9).
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In addition to the electrostatic effect discussed
above, an effect, which could clearly be assigned to pH,
is observed in the case of the virions. TMV induces
more leakage, increase in turbidity and lipid bilayer
mixing with positively charged SUV at pH 7 than at pH
5. Since the concentration of vesicles and virions is
constant and hardly extra buried domains are exposed
at higher pH (no dissociation of the virions within this
range) the increase in negative charge at higher pH
explains this result. It should be noted that the net
charge of the vesicles is hardly affected due to the
absence of titrational groups on the lipid molecules
within this pH range. In case of CCMV virions a
similar pH effect with positively charged vesicles is
found, which can be explained in a comparable way.

Membrane destabilizing interactions

After the initially electrostatic interactions, respon-
sible for the observed attachment of the viral material
to the membranes and bridging or cross-linking of
vesicles, further membrane destabilization processes
(monitored as penetration, disruption or mixing of the
lipid bilayers) can occur. For example, lipid bilayer
mixing is clearly demonstrated for the TMV coat pro-
tein and CCMYV coat protein with oppositely charged
SUV (Figs. 3 and 4), where the electrostatic interac-
tions give rise to the initial attachment. However, in
absence of strong electrostatic attachment, as is the
case with neutrally charged SUV and TMV coat pro-
tein (Fig. 2A), vesicle leakage can be observed, but
hardly any lipid bilayer mixing occurs. This suggests a
single membrane penetration or disruption process, in
which the mixing of vesicle lipids is negligible. TMV
coat protein can penetrate one bilayer, but is unable to
attach and mix the lipids in more bilayers.

In general, membrane destabilization by proteins is
facilitated by exposure of hydrophobic domains of the
molecules {10,11,13). Hydrophobic forces are known to
be involved in the bilayer penetration or merging of
lipid bilayers [47,48). However, hydrophobic interaction
does not explain the bilayer mixing effect, observed for
the N-terminal peptide in Fig. 4. In this case, there are
no hydrophobic domains present on this small peptide
and only electrostatic interactions exist. This result is
in agreement with results obtained with certain polyca-
tions [49,50]. A possible mechanism, that explains the
observed effect, may be the strong local absorbance to
negatively charged groups on the membrane surface of
the highly positively charged peptide, which would
thereby create membrane distortions and result in ex-
posure of hydrophobic domains on the, thus, destabi-
lized bilayer, similar to the effect of divalent cations on
negatively charged phospholipid vesicles [22,48].

It should be noted that, due to the strong bilayer
curvature, SUV are known to show defects in lipid
packing, thereby exposing hydrophobic lipid domains.

This results in a greater tendency for SUV to fuse as
compared to larger vesicles [26]. This also explains the
high rates of bilayer mixing found in the experiments
with SUV, as compared to LUV.

Effect of aggregational state

For the coat proteins of both TMV and CCMV, an
increase in pH not only produces an increase of the
number of negative charges, but also a change in the
aggrepational state of the proteins, as illustrated in Fig.
1. Dissociation of protein aggregates results in an in-
creased number of exposed protein domains, and a
higher . Jncentration of smaller protein aggregates,

The ffect of the aggregational state of the viral coat
proteins can best be understood by observing the effect
of the coat protein during the lipid bilayer mixing
experiments, which represents the most sensitive assay
for monitoring protein-vesicle intcraction described in
this paper. On changing the pH for TMV coat protein
from 5 to 9, an increase of the electrostatic as well as
hydrophobic interaction towards positively charged
vesicles is expected, because of the increase of the
number of negative charges and exposed domains, but
also because of the higher concentration of protein
aggregates. Thus, for the experiments shown in Fig.
3C, a gradual increase of bilayer mixing could be
predicted. However, disk aggregates (curve d) are much
more effective than the oligomers (A-protein, curve e).
A corresponding effect is observed for the interaction
of CCMYV coat protein with negatively charged vesicles
(Fig. 4C, curve a), where the empty capsids have a
greater efficiency than the dimers (curve b). This means
that the disk aggregates for TMV coat protein and the
empty capsid aggregates for CCMV coat protein are
the best compromise between efficiency (capacity of
the protein to bridge vesicles and to destabilize their
membranes) and the concentration of the protein ag-
gregates, This effect is illustrated by the experiments
with LUV as well, where lipid bilayer mixing is only
observed in case of the disk aggregates of TMV coat
protein with positively charged LUV and in case of
empty capsid aggregates of CCMV coat protein with
negatively charged LUV.

Clearly, a high local concentration of opposite
charges (with respect to the membrane charge), as
achieved by these types of aggregates, is necessary to
enable effective binding and cross-linking of two or
more vesicle bilayers, If the aggregates are too large
(TMV coat protein in helical aggregates at pH 5) the
large aggregate could possibly prohibit the binding
process. However, also the concentration of the aggre-
gates is reduced and so is the number of charges and
exposed domains. For small aggregates (TMV A-pro-
tein and the N-terminal peptide of CCMV coat pro-
tein), obviously the local charge concentration is too
small for a strong effect.



Biological implications

TMV and CCMV virions, and also TMV coat pro-
tein, are found to interact predominantly with posi-
tively charged membranes. Since phospholipids in plant
cellular membranes are net neutrally or negatively
charged, such an interaction is unlikely to play a role in
the interaction of the virions with plant membranes. A
possible interaction could be with positively charged
{receptor) sites on the membrane. For example, the
coat proteins of TMV, which are found to be present
with thylakeid membranes from chloroplasts [24] might
possibly be associated to membrane-bound sites. How-
ever, up till now evidence for the presence of such sites
on plant cellular membranes has never been reported.

On the other hand, a small positively charged do-
main, the N-terminal sequence of the net negatively
charged CCMY coat protein, is found to be of crucial
importance for the interaction of the coat protein with
negatively charged membranes. It should be noted that
the observed electrostatic interactions are not specific
and that the lipid composition of the vesicles used
differs from that found in plant cell membranes.

Based on the extreme conditions used in our experi-
ments (small, stressed SUV and high concentration of
viral material) and the relatively slow time depen-
dences observed, it can be concluded that the coat
proteins of plant viruses are probably not designed to
induce membrane fusion, since the observed fusogenic
activity, as compared to the activity of fusion proteins
of animal viruses [19,20), is very small.

As has been stated before, the entry of the plant
virus into the cytoplasm of the plant cell is presumably
facilitated by damage of the cell membrane [51]. The
strong interaction of CCMV coat protein with the
negatively charged membranes may be the basis for a
possible interaction of the coat protein with the nega-
tively charged membranes inside the cell. Similar re-
sults have been obtained for the coat proteins of brome
mosaic virus (BMV) and southern bean mosaic virus
(SBMV), which also have a strong basic N-terminus
[13). This effect is a possible indication for the involve-
ment of the N-termini in processes during the uncoat-
ing of the viral genome on the ribosomes, which are
often associated with membranes [16-18]. The viral
coat proteins could be stripped-off from the viral RNA,
when the protein-RNA interactions are replaced for
protein—ribosome interactions [52] and protein-lipid
interactions [53]. In this view, the reactive N-terminus
of CCMYV coat protein can, depending on the condi-
tions, release the RNA in favour of another negatively
charged cell component, such as membranes.
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