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ABSTRACT

The La Crosse (LAC) virus is a member of the
California encephalitis group of bunyaviridae (Porterfield
et al., 1975 and 1976). It is one of an envelope virus
and this virus under acidic conditions (below pH 6.3) has
been demonstrated to result in cell-to-cell fusion
(Gonzalez-Scarano, 1984).

The LAC virus is also capable of forming virus-to-
virus fﬁsion particles. The focus of this thesis is the
analysis of the structure and function of this virus-to-
virus fusion by cryo-electron microscopy at different pH
and temperatures. The results of this study provide the
basis for further study of the structure and function of
the LAC virus.

The virus-to-virus fusion event shows a dependence
on both pH and temperature. The frequency of the fusion
event increases with an elevation in temperature (in the
range 4 to 379C) and with a decrease in pH from 7.3 to
5.4. The process of virus-to-virus fusion gives rise to

the formation budding to a chain of fused viruses.



CHAPTER 1

INTRODUCTION

Chapter 1 introduces background material pertaining
to the present study. The information is presented in
four sections: 1) description of the specimen under
investigation, 2) discussion of the fusion event, 3) a
statement of the problems involved in cryo-electron

microscopy, 4) the goals of this study.
1. BUNYAVIRIDAE
1.1 Characteristics of the Bunyavirdae

The principal characteristics of members of the
Bunyavirus genus include the following (Bishop et al.,
1979):

1. The virus particles are spherical and enveloped. 2.
The viruses have a single-stranded, three-segment,
.negative-sense RNA genome. The viruses are capable
of genetic reassortment. The viral RNA segments are
designated according to their sizes, large (L),
medium (M), and small (S).

3. Three circular, helical, viral nucleocapsids can be

isolated from virus preparations. The RNA species



have 5’ and 3’ ends but can be extracted from
nucleocapsids (or virus particles) as noncovalently
closed circles.

4. Two virus-specific glycoproteins (designated G1 and
G2) have been identified in all bunyaviruses, they
are located on the outef surface of the virus
particles.

5. Virus replication occurs in the cytoplasm of
infected cells.

6. Virus particles are formed by budding primarily into
the Golgi cisternae. Virions are liberated from
infected cell by fusion of the intercellular
vacuoles with the cellular plasma membrane and virus
egestion, or by cell membrane disruption and
discharge of the cell contents (Bishop et al.,

1979).
1.2 La Crosse Virus

The La Crosse (LAC) virus is a member of the
California serogroup of the family, Bunyaviridae. This
enveloped virus is a causative agent of human
encephalitis. It was originally isolated from brain
tissue of a patient in La Crosse, Wisconsin with a fatal
case of meningoencephalitis (Thompson et al., 1965). LAC
is a single-stranded RNA virus, whose genome is composed

of three segments of single-stranded, minus RNA (Obijeski
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et al., 1976; Clewley et al., 1977). It contains two

structural glycoproteins, Gl (Mr 120,000) and G2 (Mr
34,000) (Obijeski et al, 1976; Bishop and Shope, 1979).

Gl contains the major antigen responsible for
neutralization (Gonzalez-Scarano et al., 1982), whereas
neutralization involving G2 has not been demonstrated. In
addition, the virus contains a nucleocapsid protein and
several non-structural proteins. The major component of
the viral glycoproteins, Gl, can be removed from the viral
membrane by treatment with bromelain (Obieski, et al.,
1976). The viral membrane is acquired by budding of the
nucleocapsids through membranes associated with the Golgi

complex of the host cell (Bishop et al., 1979).

2. FUSION EVENTS

The LAC virus possesses fusion activity when the pH
of the reaction is below 6.3. This suggests that
bunyaviruses enter the cell by adsorptive endocytosis via

the coated pit-endosome pathway (Nermut et al., 1987).

2.1 Cell-to-cell fusion under acidic conditions

Many enveloped viruses, such as Sendai virus;
Vesicular Stomatitis virus and Sindbis virus, have been
shown to cause cell-to-cell fusion. The mode of entry

into the host cell is by membrane fusion (Fan et al.,
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1978), which involves fusion of the viral membrane with
that of the cellular plasma membrane and the release of
the viral nucleocapsid diréctly into the cellular
cytoplasm (Meiselman, Kohn and Danon, 1967; Homma, 1971;
Homma and Tamagawa, 1973; Scheid and Choppin, 1974; Meada
et al., 1975). The virus can be uncoated allowing
transport of the viral genome to the cytoplasm of the host
cell (Fan et al., 1978). The Semliki Forest virus uses
such a pathway to enter the cell: the coated pit --->
coated vesicle ---> lysosome. The nucleocapsid entered
the cell directly through the plasma membrane, and the
spike glycoproteins were left on the cell surface fusion
with liposomes containing phospholipids and cholesterol as
target membranes can also be induced by a brief drop in pH
(White et al.,, 1981) (Fig. 1).

During maturation, the enveloped viruses bud
specifically through different cell membranes, which
demonstrates that these membranes have either distinct
properties or possess a signal whereby membrane-fusion
events can be specifically directed to one membrane or
another depending on the particular envelope proteins that
a virus contains.

The LAC virus is an enveloped virus, containing two
membrane-associated glycoproteins. The glycoprotein which
form spikes structure on the surface of LAC virion are
required for infectivity (Kingsford et al., 1981). At

least one of these proteins, Gl, undergoes a
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conformational change at low pH. This conformational
change is associated with a membrane fusion property of
the virus. Cell-to-cell fusion may employ virus absorbed
on cell (fusion from without (FFWO)) or viral
glycoproteins expressed on the surface of actively
infected cell (fusion from within (FFWI)) (Gonzalez-

Scarano et al., 1984).

2.2 pH and temperature dependence of virus-to-virus fusion

events

LAC bunyavirus can be demonstrated to form virus-to-
virus fusions in a pH and temperature dependent manner.
At low pH, the large glycoprotein (G1) undergoes a
conformational change which is partly glycoprotein (Gl)
undergoes a conformational change which is partly
responsible for this fusion event. Additionally, G2 is
involved in the fusion process (Pobjecky, et al.,
submitted for publication).

The envelope of LAC virus consists of a lipid
membrane with which two glycosylated polypeptides (Gl and
G2) are associated. Since most neutralizing monoclonal
antibodies directed against the Gl protein also inhibit
hemagglutination (Gentsch et al., 1980; Gonzalez-scarano
et al., 1982; Kingsford et al., 1983), the role of Gl in

fusion is related to binding of the cell surface receptor
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and not to a direct interaction with the lipid bilayer
(Pobjecky, et al., submitted for publication).

The use of the frozen hydrated technique in electron
microscopy has proven to be an invaluable method in the
structural studies of macromolecules in biological
samples, permitting analyses of their arrangements and
interactions within the cell or virus. This technique has
resulted in images with sufficient contrast to enable the
visualization of fine structural features such as the
bilayet membrane and the spikes structures of viruses.

The LAC virus was examined using this technique revealing
the occurrence of virus-to-virus fusions (Fig. 2). The
image is of such high quality as to permit clear
visualization of the morphology of the glycoprotein spikes
on the surface of the LAC virus. The Gl glycoprotein has
been shown to undergo a conformational change at low pH
(Gonzalez-Scarano, 1985). This is the same condition under
which virus-to-cell fusion occurs (White, 1981). 1In the
absence of host cell, the virus is seen to form virus-to-
virus at low pH (Fig. 2). A detailed analysis of the
fused viruses reveals that the fusion is accompanied by an
interaction between the spike structures of the two
virions (Fig. 6c). A three-dimensional structure of the
LAC virus has not been determined, consequently, a more
detailed analysis of the association between the spikes of
two fused viruses was not possible. However, the

resolution of the data permits the qualitative assessment
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that there is an interaction between the spikes of two
fused virions, suggesting that the conformational change
of Gl at low pH play an important role in the fusion

process.

3, PROBLEMS INVOLVED IN CRYO-ELECTRON MICROSCOPY

3.1 Specimen preparation

Electron microscopy has been a useful tool for
determination of the biological specimens. The most
commonly used method has been negative staining. The LAC
virus specimen were stained with 2% UA (Uranyl Acetate)
(Fig. 3). The disadvantages of this method are that
virus specimens stained in this manner do not show
uniformity in shape. Additionally, the fine structures,
such as the membrane and spike structures, are poorly
resolved. An additional problem with this method is that
the virus particles can be damaged by dehydration during
specimen preparation.

Cryo-electron microscopy has been seen as a
potential method for preserving the spacimen in a state
closer to its native state (Stewart and Vigers, 1986).
Although the problem of dehydration can be avoided with
frozen-hydrated specimen, the critical steps in the frozen
hydration technique are obtaining a thin layer of aqueous

suspension and determining a reasonable thickness for the
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liquid layer. The LAC virus displays size heterogeneity
(Talmon, et al, 1987). Talmon (1986) states that when a
liquid specimen is thinneﬂ down, particles larger than the
thickness of the liquid film are pushes to thicker areas,
causing size fractionation according to film thickness.
But the data which showed in this thesis have not been
observed such a phenomenon in this case. One method of
avoiding this size fractionation is the use of a thicker
layer of the aqueous suspension, facilitated by the use of

high voltage cryo-electron microscopy technique.
3.2 Radiation damage

All frozen hydrated specimens are extremely
sensitive to radiation damage (Chiu, 1986). Although
embedding the biologic specimen in a negative stain
usually makes the specimen less sensitive to radiation
damage, because the cast is made by drying the stain, this
negative staining technique causes distortion and collapse
(Fig. 3). Consequently, data collection must be recorded
using a minimal exposure technique (Williams, et al.,
1970) ; these Low-dose techniques help to decrease the
radiation damage (Unwin and Henderson., 1975, Jeng and
Chiu., 1983). Low temperature techniques also decrease
radiation damage to specimens by a factor of about 3 to 5
(Taylor and Glaeser., 1976. Dietrich et al., 1980,

Hayward and Glaeser., 1980, Jeng and Chiu., 1983).
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Radiation damage is a well-known phenomenon in cryo-
electron microscopy study, especially for high resolution
electron microscopy. Although present study did not
involve high resolution analysis, but damage due to over

exposure to radiation was still a problen.

3.3 Condense ice damage

One of the most fundamental problems in cryo-
electron microscopy of biological specimens damage due to
condensed ice. there are several critical step where
condense ice can occur: specimens preparation; in the
cryo-specimen holder; during transfer of frozen-hydrated
specimens; cold stage temperature setting and electron
beam damage.

Most of biolegical specimens were prepared in either
aqueous or organic solvents. Specimens prepared in
organic solvents, while being no more sensitize to beam
damage, are less sensitize to condensed ice damage.
Dubochet (1981) reported that is thin layers of pure water
or aqueous solutions can be frozen in the Iv (Vitreous
state), Ie (Cubic ice), or Ih (ceontaminating hexagonal ice
) form depending on the cryogen used and the thickness of
the layer. The cryogen condition was maintained from
specimens preparation to images recording, during this
period the conditions must be control step by step to keep

the humidity as low as possible. Consequently, most
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attempts lead to the preparation of specimens which are
either too dry or too thick, if in this cases were caused

images impassible to recording.

4. GOALS OF THE PRESENT STUDY

There are three goals in the present study. The
first is to explore the feasibility of recording fine
structure images by the frozen-hydrated technique. The
second is to determine virus-to-virus fusion pathway under
pH and temperature dependent and The third is to
demonstrate that the glycoprotein on the surface of the
LAC virus plays an important role in the virus fusion
event.

To examine these the following protocol was employed.

1. Growth of healthy BHK-21 cells and infection with the
LAC virus.

2. Purification of the LAC virus from infected cells.

3. Adjust pH of fusion buffer.

4. Record low-dose electron image with very close focus
to visualize the virions membrane. Use This same
image to determine the three-dimensional structure of
virus.

5. Record second and third electron images well under-
focused to visualize the both spikes and lipid
membrane and highly under-focused to enhance detail

of the spikes.



6.

Images analysis and statistical analysis,

18
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CHAPTER 2.

MATERIALS AND METHODS

This chapter is presented in chronological secuence
beginning with preparing the specimen, followed by data

collectiocn.

1. VIRUS INFECTION AND PURIFICATION

1.1 Cell Growth

The LAC virus was propagated in baby hamster kidney
(BHK) cells, strain BHK-21, grown in medium supplemented
with 10% calf serum. The cells were cultured in 175 cm?
plastic tissue culture flasks or in 60x15 mm dishes. BHK-
21 cells grow very rapidly and tend to grow beyond the
monolayer, followed by cell death. propagation®of the LAC
virus requires healthy cells in a monolayer, especially
for samples to be used in structural studies. Extensive
experimenting revealed that optimal growth, the cells
required a continuous supply of fresh culture medium and

splited cell as soon as it grow into monoleyer.

1.2 Infection and purify LAC virus
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Healthy BHK-21 cell were infected with the LAC virus
at a multiplicity of infection of 1 in a medium containing
2% calf serum. The infection was allowed to proceed for
48-60 hours at 33°9C, after which time the medium was
collected and chilled on ice;

The solution was clarified by low-speed
centrifugation at 10,000 rpm in a S5-34 rotor for 30
minutes. The supernatant was transferred to prechilled
polyallomer tubes, and approximately Place 7-8 ml of
iced-cold 30% glycerol (w/w) in Tris-EDTA buffer pH 7.3,
were added very slowly, such that no mixing between the
glycerol and the medium occurred. The virus was pelleted
by centrifugation in a SW27 rotor for 2 hours at 24,000
rpm, 4°C. The pellet was resuspended in 1 ml total volume
of Tris-EDTA buffer and NaCl was added to 0.4-0.5M final
concentration. The solution was set on ice for 20
minutes, with very gentle mixing, periodically, to affect
complete resuspension. Extra care was taken to avoid
excessive mixing in an attempt to avoid damaging the
virion. The LAC virions was further purified by
centrifugation in gradients containing 30% glycerol and
50% tartarate for 3 hours at 35,000 rpm in a SW4l1 rotor
at 4°c. The virus band was visualized with white light
collected by glass pipe, the extracted band (1.5 ml) was
diluted to 7 ml with Tris-EDTA buffer containing 0.1M
NaCl, pH 7.2, and subsequently repelleted centrifugation

for 2 hours at 35,000 rpm in a SW41 rotor pelleted virus
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was suspended in TNE buffer, pH 7.3, containing 0.1 M NacCl

and stored at 4°c.

2. PREPARING FROZEN-HYDRATED SPECIMENS

2.1 Making holey grids

Frozen-hydrated specimen of LAC virus were prepared
on holey grids. The holey grids were prepared as
described by Fukmi and Adachi (1965), modified as follows:

1. The holey film were prepared in environment of
high humidity, maintained by the use of a
humidifier spray (under less for 4 hours).

2. Acid-washed glass slides were soaked in 0.03%
(w/v) Amiet for twenty-four hours at room
temperature.

3. The glass slides were subsequently cooled to
below the dew point by placing the slides above a
dry ice bath covered with aluminum foil.

4. A 0.5-0.6% Triafol solution (cellulose acetate
butyrate) was used, because solutions below 0.4%
can form pseudoholes of erroneous size. The
solution is prechilled on ice for 1 hour before
to use.

During holey preparation it is important to maintain
a condition of high humidity; to prechill the Triafol

solution for 1 hour and the Amiet treated slide above a



22

dry ice for several seconds (an optimum condition may be
obtained after several trials}. The prechilled slide is
quickly passed in front of the humidifier spray for one
second. The slide is subsequently immersed into the
Triafol solution at a 920° angle, and allowed to air dry.
The slides are checked by phase-contrast microscopy. The
holey film slides can be store in box for later use
approximately 1 year,.

The grids are subsequently prepared by placing the
film coated slides in 0.5% pelex solution for 4 hours at
room temperature. After drying in air, selected areas
were excised with a razor blade and floated onto a water
surface. Copper grids (200 mesh) were placed on the film
and the film and grids are removed from the water. This
is achieved by placing a small glass bottle at one end of
the film which is without grids. The grids are removed
from the glass bottle and coated with a heavy layer of
evaporated carbon. The grids are then soaked in ethylene

dichloride to dissolve the residual plastic film.

2.2 Specimen preparation

Pellets of the purified LAC virus were resuspended
in TNE buffer (0.1M NacCl in Tris-EDPTA), pH 7.3. To
determine the effect of pH on the virus-to-virus fusion,
aliquots of the virus were mixed with an equal volume of

the fusion buffer at different pH values. The fusion



23
buffer was phosphate buffered saline, PBS, containing 1omM
MES (morpholineethanesulfonic acid) and 10mM HEPES (N-2-
hydroxyethylpiperazine~N’-2-ethanesufonic acid) (Doms et
al., 1986). The pH of fusion buffer was measured at 4°cC
and adjust by the addition of HCl. The final pH of the
reaction mixtures were 7.3; 6.2 and 5.4. The reactions
were incubated at 4°C; 229C and 37°C for 10-30 minutes

prior to embedding the samples in ice.
2.3 Embedding the samples in ice

The holey grids were coated a layer of very fresh
carbon prior to Embedding the samples in ice. Specimen
preparations of high quality were frequently obtained by
making the film hydrdphilic.

The LAC virus, preparated in a glove box (design by
Jeng et al., 1986), was applied as a 5ul aliquct to the
carbor-coated surface of the holey grid. The drop of the
suspension was blotted with filter paper until the sample
was seen to stop spreading and to form a thin layer
spanning the holes in the carbon holey film. The grid
were dropped very quickly in to liquid ethane, which had
been cooled in a bath of liquid nitrogen for 10 minutes
until the melting temperature of ethane was reached
(Adrian et al., 1984; Chiu. 1986). Sample was transferred

in liquid nitrogen to the electron-microscope. Although,
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it is difficult to obtain a thin layered specimens, this

method is reproducibly successful,
3. CRYO-ELECTRON MICROSCOPY

The traditional methods of negative stain microscopy
are rather harsh, causing distortions and sample collapse
(Fig. 3). Additionally, some studies cannot be done using
this method. The electron microscopy of frozen-hydrated
specimens has the potential to allow the examination of
biological material in conditions very similar to the

native state (Stewart and Vigers 1986).
3.1 Setting the cryoholder temperature

The data presented herein were recorded using JEOL
1200 electron microscope. A Gatan cryoholder was used for
the work station during images recording. The anti-
contaminator was cooled to -180°9C for less 2 hours prior
to the transfer of the sample into cryoholder, which was
precooled to -150 to -160°C, The cooling of the cryocholder
takes approximately 10 to 15 minutes. The cryoholder
containing the grid was transferred into the electron
microscope, and the temperature was maintained at -152°c

by a heating element (control setting 585).

3.2 transfer of frozen-hydrated specimens
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A good transfer of frozen-hydrated specimens is
achieved when external contamination is minimized and when
the temperature of the specimen is maintained below the
devitrification temperature (Dubochet et al., 1982). The
frozen-hydrated specimens must always be kept under liquid
nitrogen or exposed to liquid nitreogen vapor to protect it
from atmospheric humidity. The specimen should be exposed
to the atmosphere for as short a period of time as is
possible. Specimens in the cryoholder must be kept covered
at all times during transfer, because water from the
atmosphere can be transferred on the specimen into the
electron microscope. This kind of water can become
contaminating hexagonal ice (Ih) and once inside the

system, it will be impossible to eliminate.

3.3 Recording electron micrographs

The images were recorded at a magnification of
30,000 with a dose from 5 to 15 electrons/ﬁ?sec and images
were located with the microscope in the diffraction mode,
set for a dose rate of 0.0l electron/A* The temperature
was maintained between -149°C and -152°C. To overcome
problems of contaminating water in the system, a specimen
is placed in the microscope for 1 hour to collect the
water, the sample cover is opened for 30 minutes, and then

removed from the microscope. A second specimen is then
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placed in the microscopd, and the images are recorded with
this specimen.

A focus series of micrographs of a single region of
the specimen were recorded, first, a micrograph was
recorded 1-2 am under-facused at a dose rate of 5
electrons/ﬁ?sec. A second micrograph was recorded about
2=3 am under-focused at a dose rate of 10 electrons/ﬂ?sec.
Finally, a third micrograph was recorded about 6-8 am

under-focused at a dose rate of 15 electrons/ﬁ?sec.

4. FOCUS SERIES IMAGES

The LAC virus contains a lipid bilayer membrane and
glycoprotein spikes. These are revealed by a slightly
under-focused micrograph about 2-3 um of vitrified-
hydrated virus recorded at pH 5.4 and 22°C (Fig. 4b).
Virus-to-virus fusions structures can be seen in this
micrograph. A close focused micrograph about 1-2 um of
the same area is shown in Fig. 4a. This micrograph was
very clearly resolved into two lines of 4nm spacing
(Talmon et al., 1986). However, the spikes can no longer
be individually resolved. The highly under-focused image
about 6-8 um of this region is shown in Fig. 4c. The
membrane bilayer information is lost, whereas certain
details, such as the surface spikes, are enhanced. The
measured length of the spikes is 8 um (Talmon et al.,

1986). This method of recording a series of micrographs



provides information about different parts of the virus,
and allows for a comparison of the effects of pH on the

different structure componénts.
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CHAPTER 2

RESULTS

The results are ordered analogous to Chapter 2, -
beginning with specimen preparations and continuing with

the results of electron microscopy and image analysis.

1. PURIFIED VIRUS

. The LAC virus was propagated in BHK-21 cells and
purified using a potassium tartrate gradient. The good
preparation of LAC virus is extremely important for
structure studies of single particles to have extensively
purified and highly concentration virus. However, the
purified virus is not stable to long term storage, even at
pH 7.3 and 4°C. The best results were obtained when the
frozen specimens were prepared as soon as possible

following purification of the virus.

2. IMAGE ANALYSIS

2.1 pH-dependency

Images of the LAC virus were recorded at different

pH values: 7.3; 6.2 and 5.4 (Fig. 5). With the LAC
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virus, virus to cell fusion begins around pH 6.4 and
reaches a maximum at about pH 6.1 or below (Gonzalez-
Scarano el at., 1987). The virus-to-virus fusion displays
a comparable pH-dependence (Fig. 5).

The images of the LAC virus recorded at pH 7.3 and
4°C is shown in Fig. 5a. The viral particles are well
separated. Although the majority of the particles are
intact, a few particles are distorted. This distortion
may have occurred at any step in the specimen preparative.
The image of the LAC virus at pH 6.2 and 4°C, in Fig. 5b,
and at pH 5.4 and 4°C, in Fig. 5c. The data show that
virus-to~-virus fusion is present at both pH values, though
more prevalent at pH 5.4, In both cases, the fusion
appears to involve the membranes and spike structures of
the viruses. At the latter two pH values, most particles

show a uniformity in shape and size.

2.2 Temperature-~dependency

Gonzalez-Scarano reported (1985) trypsinization
patterns of G1 for reactions carried out at 23°% or 37°c.
The differences between the trypsinized and intact protein
are more marked at the lower temperature. The LAC virus
undergoes a pH-dependent virus-to-virus fusion (Fig. 5a-
¢), and the electron micrographs suggest that this event
involves G1, therefore, it is of interest to determine if

the virus-to-virus fusion is also temperature-dependent.
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This was examined using a 3x3 matrix of different reaction
temperatures and pH values; the results are presented in
figures S5a-i.

The results at 4°C are as described above (Fig. 5a-
c). Figures 5d (pH 7.3), e (pH 6.2), and £ (pH 5.4) are
examples of the reaction at 22°9C. A comparison of the
data reveals an enhancement of the virus-to-virus fusion
at 22°. At room temperature, the virus-to-virus fusion
is seen to be very moderate. In Figure 5d most of the
virus particles are intact and very similar to those seen
in Figure 5a, and were stable during the short incubation
pericd. When the reaction is carried out at pH 6.2 (Fig.
Se) and pH 5.4 (Fig. ©5f), the majority of the particles
are fused to each other both in pairs and in chains,

The virus is unstable with reactions at pH 7.3 and
37°C. These conditions result in destruction of most of
the particles with formation of empty shells. 1In
addition, the intact particles have altered structures,
showing evidence of swelling, and a very low percentage of
virus-to-virus fusion (Fig. 5g). At this temperature, the
percentage of fused viruses increases markedly as the pH
is lowered. At pH 6.2 and 37°9C (Fig. 5h) the percentage
of fused particles is less than that seen at this pH and
either at 4°c (Fig. 5b) or at 22° (Fig. 5e). However,
when the reaction pH is lowered to 5.4 at 37°9C 89% of the
particles are seen to fuse together in large clusters. In

spite of this cluster formation the interactions between
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the spikes of the fused viruses can still be secen (Fig.
5i, indicated by arrows). The images recorded at pH 5.4

and 37°C highest frequency of fusion of all the conditions

examined,

3. STATISTICS

An investigation into the effects of pH on the
structure and function of the LAC virus necessitates a
statistical analysis of the observations seen. The data
showing the percentage of fused viruses observed under the
different experimental conditions are compiled in table.
The data recorded for the reaction at pH 7.3 and 49C were
selected as the standard condition. Under these
conditions, the highest frequency of healthy particles was
observed, indicating that the structure of the LAC virus
is most stable at neutral pH. The studies reported herein
were performed using LAC virus from a single purification,
which had been stored at 4°C. Therefore, to compensate
for possible degradation of the virus during storage, the
reaction of the virus at pH 7.3 and 4°C was performed at
both the outset of this study, and after the final set of
conditions were examined. The data from these two
experiments at pH 7.3 and 4°C were combined such that the
aged sample represented 10% of the sum of the

observations.



l2
A comparison of the pH 5.4 data recorded at the

three different temperatures shows that for each
temperature, as the pH is lowered, the frequency of virus-
to-virus fusion increases. 1In additlon, at pH 5.4, as the
temperature of the reaction is raised from 4°c to 37°c,
the frequency of the fusion event increases from 68% to
89.1% of the virus particles. The percentage of fused
particles as a function of the reaction pH is plotted for
each of the reaction temperatures (Fig. 7), which clearly
demonstrates the dependence of the fusion event on both pH

and temperature.

4. THE FUNCTION AND PATHWAY OF VIRUS UNDER DIFFERENT PH

AND TEMPERATURE

The pH and temperature dependence of virus-to-virus
fusion in the absence of a host cell was investigated as a
model for the fusion step in the infection process. The
image analyses reported herein have proven to be very
beneficial for an understanding of the pathway of virus
fusion. In Figure 6 are presented images from the
reactions at pH 6.2 and 5.4 at 22 and 4°C. These images
were selected because the virus fusion under these
conditions was méderate and more detail of steps involved
in the fusion process can be seen. The variations in the
structures of fused particles can be interpreted to

represent different steps in the fusion pathway, providing
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the basis for the following model. The budded structures
seen at pH 6.2 (Fig. 6a indicate by arrows) may represent
the first event leading to the fusion event. Although, no
fusion occurs at pH 7.3, budded structures can still be
seen at this pH. These budded structure may serve as the
initial binding sites for certain "activated" viruses,
whose glycoprotein may have undergone a conformational
change, making the particles "sticky". These sticky
particles then bind to the budded structure (Fig 6b,
indicated by arrows) to form a combined structure, not
observed under normal conditions., Further fusion, may
occur with the dimmer structure (show in Fig. 6c) which
formed from two budding particles and with trimmer
structure (show in Fig. 6d), whose spikes are interacting
with each other. At this point, membrane fusion may
occur. The "stickiness" of these activated virus
particles in combination with the increased fluidity of
the lipid membrane at elevated temperatures may account
for the formation of chains of fused virions (Fig. 6e and

6f).
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CHAPTER 4

DISCUSSION

The present study involved: 1) the development of a
fine structure imaging technique for frozen-hydrated
specimens; 2) analysis of structure and function of the
LAC virus under different conditions of pH and
temperature; and 3) the proposal of a model explaining the
fusion events involving the LAC virus.

For the study of the structure of the LAC virus, a
technique employing cryo-electron microscopy has been
developed. This method was used, because images of frozen-
hydrated specimens, recorded at low-dose and low-
temperature, show sufficient contrast and enhanced
visibility of the fine structure of the LAC virus. This
method also has the advantage of looking directly at the
object, whereas other methods infer boundaries from the
exclﬁsion of stain or evaporated metal. Consequently, the
biological analysis of the fusion process can be

efficiently studied by this method.
1. THE EFFECT OF pH ON LAC VIRUS STRUCTURE

1.1 Three-Dimensiocnal structure of the LAC virus
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The three-dimensional structural analysis from

electron micrographs has been developed by Derosier and
Klug (1968). The images density map will be reconstructed
on the basis of the icosahedral symmetry, this density map
can be calculated by Fourier inversion.

In Dr. W. Chiu’s Lab has been attempted
reconstruction of LAC virus, the analysis of these virion
images, which were recorded at low dose and low
temperature conditions with frozen-hydrated specimens has
suggested that the virion may have icosahedral symmetry.
But the 3-D structure of the LAC virus has not yet been
determined. The virus fine structure, which includes both
glycoprotein spikes and a membrane, are not visible at the
3-D structure level. Therefore, in the present study, a
detailed analysis of the interactions between the spike
structures was not possible. Consequently, the exact role
of such interactions in the fusion event can not be
determined at this time. However, the occurrence of a
conformational change on Gl at low pH, combined with the
initiation of the fusion event at low pH, suggest a
correlation between the two. This is further supported by
the data presented herein, which shows that the spikes of
two fused viruses are apparently interacting. A more
detailed analysis will require a three-dimensional

reconstruction.

1.2 The structure of LAC virus at different pH
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The first consideration is how the structure of
spikes change at different'pH. The results of this study
can not fully address this question. However, the data
does demonstrate that the fusion of viral particles is
accompanied by an interaction between the spikes of the
fused virions. The present study shows that during virus-
to-virus fusion, open and empty particles form to a
significant extent. In some cases these particles are
seen to fuse together, and in other cases the particles
loose their viral nucleocapsids. This shows that these
kind of virus particles are partially sensitive at acidic
conditions and high temperature, such that their membranes

may leak or burst.

2. EXAMINED THE MODEL OF VIRUS-TO-VIRUS FUSION PATHWAY

The model of virus-to-virus fusion pathway was
developed from images analysis and statistics. 1In the
present study of this virus, the pathway was determined at
from data at pH 6.2 and 5.4, and temperatures of 22 and
37°C, because the LAC virus fusion begins to occur at or
below pH 6.3. This is the first report of virus-to-virus

fusion event by the LAC virus.

3. SUMMARY AND FUTURE DIRECTION
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3.1 Summary

It was determined that LAC virus possess virus-to-
virus fusion function at low pH (below 6.3) by cryo-
electron microscopy and this fusion event due to dependent
both pH and temperature. The fusion event of virus-to-
virus pathway of mode has been built, this is first time
report of this function. The present study is very good
beginning to use cryo-electron microscopy analysis the
biological problems special for further study of the LAC

virus fusion function.

3.2 Future direction

The present study demonstrated virus-to-virus fusion
event. Future study might be possible include the
following:

1. Treatment with bromelain to remove the
glycoproteins Gl and G2 then to do experiment
which described above, because the Gl and G2 are
responsible for fusion, the virus-to-virus fusion
will not be happen when Gl and G2 are absence.

2. In order to demonstrate how is virus fusion with
cell and how is structure of virus change when
they fuse into the cells to using RET (resonance

energy transfer) assay which contains fusion of



s
liposomes or vesicle by LAC virus (Struck, et
al., 1981. Biochem. 20, 4093-4099).
To further investigate the possibility that
virus-to-cell fusion occurs in cell at different
condition, the thin or thick section cryo-
electron microscopy may be visualized
relationship between virus particles and cells at

fusion state.



FIGURE 1

The Semliki Forest virus uses a specialized pathway to
enter the cell, the coated pit-—--coated vesicle---lysosome

pathway.
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FIGURE 2

The cryo-electrion micrograph of vitrified-hydrated

LAC virus at pH 5.4 and temperature 37°C condition.



FIGURE

2

Virus—-to-Virus fusion Image
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FIGURE 3

The LAC virus was negatively stained by applying a
drop of the viral suspension to a carbon film-coated
electron microscope grid, wash with three drop of 2% aqueous

Uranyl acetate solution at pH 5.2. Blotting with filter paper

and air drying.



41

FIGURE 3 The LAC Virus Negative Stain Image



FIGURE 4

The cryo—electron focus series micrographs of
vitrified-hydrated LAC virions at pH 5.4 and temperature 22%
a). A slightly under-focused electron micrograph
(approx 1-2 am).
b). A well under-focused electron micrograph {approx
2-3 aum).
¢). A further under-focused electron micrograph (approx

6~8 um).



Focus Series Images




FIGURE 5

The pH and temperature dependent virus-to-virus fusion
cryo—electron micrographs.
a). The specimen at pH 7.3 and temperature 4°C condition.
b). The specimen at pH 6.2 and temperature 4°C condition.
c). The specimen at pH 5.4 and temperature 4°c pondition.
.3 and temperature 22°C condition.

d). The specimen at pH

e). The specimen at pH and temperature 22°C condition.

m
[

f). The specimen at pH 5.4 and temperature 22°C condition.
g). The specimen at pH 7.3 and temperature 37°C condition.
h). The specimen at pH 6.2 and temperature 37°C condition.

i). The specimen at pH 5.4 and temperature 37°C condition.












FIGURE &6

The cryo-electron micrographs of virus-to-virus fusion

pathway.

a).

b).

d).

e).

£).

The particles of virus at pH 6.2 and temperature
22°C constructed budding structure (indicate by
arrows) .

Two particles of budding structure at pH 6.2 and
temperature 22°C attempt to form dimer structure
(indicate by arrows).

The particles of dimer structure at pH 6.2 and
temperature 22°C (indicate by arrows).

The particles of trimer structure at pH 6.2 and
temperature 22°C (indicate by arrows).

Further fusion of LAC virus at pH 5.4 and
temperature 4°C show a chain structure.

The chair structure of LAC virus at pH 5.4 and

temperature 4°C form each other.
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Particles type of pH7.3 pH6,2 pH5,4 pH7.3 pH6,2 pH5,4 pHZ7.3 pH pHS5, 4
La Crosse virus 20c” PhSeZ PRdeg Puds® PUSed Pifeq Pude’ Pioeq PRled
Very health 753 - - 726 - - 333 - -
31.7% - - 25.0% - 16.4% - -
Health 852 370 255 1008 424 4q 423 204 18
35.9% 17.2% 9.40% 35.0% 14.8% 0.20% 20.8% 8.10% 0.6%
Not very health 343 356 - 417 531 - 224 - -
14.5% 16.6% - 14.3% 18.6% - 11.0% - -
Not health - - 240 - 115 710 79
- - 8.80% - - 5.50% - 28.0% 2.40%
Open and empty:
1. Budding particle 23 23 26 30 o 15 10 60 17
1.00% 1.10% 0.90% 1.00% 1.00% 0.70% 0.50% 2.40% 0.50%
2. Fusion particles 28 54 121 25 50 61 51 74 112
2.40% 5.00% 8.90% 1.70% 3.50% 5.80% 5.00% 5.90% 6.90%
3. Single particle 176 525 352 198 637 213 679 505 238
7.40% 24.4% 13.0% 6.80% 22.3% 10.1% 33.4% 20.0% 7.30%
Fusion particle:
1. Dimer structure 25 63 138 81 92 63 26 68 24
) 2.00% 6.00% 10.0% 5.60% 6.40% 6.00% 2.60% 5.40% 1.50%
2. Trimer structure 7 28 46 34 34 24 6 31 13
0.90% 4.00% 5.10% 3.50% 3.60% 3.40% 0.90% 3.70% 1.20%
3. Over three particles 12 16 47 32 28 29 11 33 12
2.00% 3.00% 7.00% 4.40% 3.90% 5.50% 2.20% 5.20% 1.60%
4. Over five particles 3 15 37 7 26 13 12 35 19
0.76% 4.20% 8.20% 1.40% 5.50% 3.70% 3.50% 8.30% 3.50%
5. Over ten particles '3 8 22 4 13 14 5 8 10
1.40% 4.10% B.90% 1.50% 5.00% 7.30% 2.70% 3.50% 3.40%
6. Over twenty particles - 15 16 - 21 11 1 4 18
- 14.7% 12.3% - 15.5% 11.0% 1.00% 3.30% 11.7%
7. Over fifty particles - - 4 - - g - 3 10
- - 7.50% - - 21.8% - 6.10% 15.7%
8. Over hundred particles - - - - - 4 - - 14
- - - - 19.2% - - 43.6%
Total particles 2372 2149 2721 2907 2881 2109 2033 2523 3241

gy
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