THE MEMBRANE FUSION ACTIVITIES OF NATIVE AND
RECONSTITUTED MUMPS AND SENDAI VIRUSES

Thesis by
Christopher Di Simone

In Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy

California Institute of Technology
Pasadena, California
1992
(Defended October 17, 1991)



ii.

Acknowledgements

A number of people have been helpful in providing knowledge for me
to complete this thesis and in collaborating on some of the projects. I am
grateful to them all. The mumps project was initiated with advice from Fred
Server and Neal Waxham, who also sent me virus with which to start the
project. Viral preparation and plaque assays were accomplished in the
research labs of John Zaia at the City of Hope Hospital Pediatric Department.
John was very supportive and encouraging. Delilah Stephans was also
extremely helpful and instructive in helping me learn the techniques for
working with virus. Caroline Lowry upheld Delilah's high standards after
Delilah departed for medical school. Collaborative experiments were also
conducted at City of Hope with Sean Sullivan and Roy Chang, who were
working with John Rossi on the delivery of ribozyme to cells. As an
undergraduate SURF for two summers, Alex Wein provided an extra hand in
carrying out experiments. David Baselt was very helpful at the end of my
project in showing me how a real programmer with a real computer could
reduce my timeload for kinetic fitting to seconds rather than hours.

At a time when the mumps project was not going well, Tom
Amatruda contacted our group on a collaboration on transfection of HL60
cells which provided me with something exciting to work on. Although we
did not accomplish our goal, we found out a few interesting things. Tom's
expertise in cloning and transfection provided us with an opportunity to test
the reconstituted virus as drug delivery vehicles.

John has served as a helpful, supportive, and encouraging advisor.

Looking back on my decision to join the JDB group, I now know that it was



iii.
the best decision I've made at Caltech. I enjoyed my time at Caltech a great
deal and learned a lot about a variety of subjects.

Regardless of how interesting or exciting my research project was, if my
work environment had been hell, grad school would have been no fun. The
people in our lab for the last five years have been really great in both scientific
and social interactions. Both the old guard, Tracy Handel, Steve Novick, Ray
Goodrich, John Kramer, Bob Driscoll and Shenda Baker, and the new guard,
Mitsuko Fujiwara, Mike Youngquist, Roxanne Male, Kyoung Joon Oh, Steve
Clark, and David Baselt, have all been very humorous and supportive (long
live the Triumvirate). Wilton Vannier has served as a lab sage with
information about everything immunological and has convinced me more
than anyone else I've met that one can be personally happy in science.

The people out of my lab have also been very supportive. The people
at Caltech have been much more interesting than I anticipated before I came
here (yes, I was prejudiced). Tom Brown, Chris Sipes, David Long, Dom
McGrath, John Kellamis and Jon Vernick have all been good friends. My
parents and sisters have been ever so supportive. Without Paul Hobe and
David Draper, my high school and college chemistry mentors, I would never
have come to Caltech. The best part of my experience here at Caltech is that I
met Deborah here. She has shown me everything that is beautiful about
living.

Thanks to you, whoever you are, for reading my thesis.



iv.

Abstract

The structure and activities of whole and reconstituted Sendai and mumps
viruses were examined using a number of physical and biological techniques:
electron microscopy, photon correlation spectroscopy, perturbed angular
correlation spectroscopy, gel electrophoresis, hemagglutination assays, plaque
assays, fluorescence microscopy and fluorescent assays of membrane fusion.
The fluorescent probe octadecyl rhodamine (R18) was found to have a
proximal transfer behavior which reduced usage of the probe as a membrane
fusion indicator to short time periods. Simple bireactant and mass action
kinetic models were sufficent to fit the data provided by the fluorescent assays
on viral fusion with cell membranes. The reconstitution of mumps virus
was optimized by using the detergent Triton X-100. Reconstituted virus
envelopes which were the same size as whole virus and which were active in
binding and fusing to cells were produced. The reconstituted Sendai and
mumps virus accumulated in the reticuloendothelial system when injected
into mice and hamsters, respectively. The kinetics of the membrane fusion
activity of mumps with ghost erythrocytes and CV-1 cells was measured and
analysed. A general rate of reaction of 3 (1) x 10° M-1 sec'! was found. The
membrane fusion activity of reconstituted Sendai with HL60, U937, Cos, H9
and PBL cell lines was also measured and analyzed. The fusion activity was
utilized to deliver plasmids for transfection to the interiors of the HL60 and
Cos cells. Luciferase expression was found in the Cos cells but not in the HL60
cells. Loading of plasmids into the vesicle interiors was enhanced by a factor
of ten by complexing the DNA with the positive proteins polylysine,

lysozyme and protamine.
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Conceptual Background

Liposomes were first conceived as a mechanism for drug delivery
shortly after the discovery that one could form these self assembling bilayer
vesicles from purified lipids.] A tremendous amount of research has been
done on characterization of the physical properties of liposomes in terms of
preparation techniques and lipid composition.2 A variety of different size
vesicles can be prepared with variable degrees of loading of internal contents
into the vesicles.

As a potential drug carrier, a liposome should protect a drug from
interacting with undesired tissue or other bodily elements (and vice versa),
specifically accumulate in a tissue, and deliver its drug product to that tissue.3

To deliver a drug product efficiently to a specific tissue, a cancer for
example, the liposome must be stable in the blood (assuming an intravenous
approach) and must avoid uptake by the cells of the reticuloendothelial
system (RES), i.e., the Kupffer cells and hepatocyte cells in the liver and
spleen. Most liposomes will accumulate in the RES shortly after introduction
in a body.# Two mechanisms of drug delivery to a specific tissue can be
envisioned, the first, active targeting to a tissue and the second, a passive
accumulation in tissue.

Active targeting could occur by placing on the surface of the vesicle a
moiety such as an antibody, a lectin, or a lipid type that specifically binds to a
specific tissue. Unfortunately the addition of such a molecule often reduces
vesicle stability and increases the rate of uptake by the RES.5 Exploration of

active targeting has proceeded much more slowly than passive targeting
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mechanisms. Active targeting could allow enhancement of drug dosage in a
very specific tissue site if a ligand or receptor could be found for that specific
tissue.

Passive targeting utilizes reduced drug toxicity and passive tissue
accumulation to allow drug delivery to occur. A stable vesicle which is taken
up slowly by the RES is desired. The two cases of successful commercial drug
delivery both employ passive drug delivery. Lipids complexed with
amphoteracin B have proved to be successful in treating fungal infections due
to a reduction in the toxicity allowing an increased dosage of delivered drug
to be applied.® In the second case, extremely stable small liposomes have been
shown to accumulate in cancerous tissue due to poorly developed vesicular
walls with large fenestrae, i.e., the liposomes leak into the tissue.” Liposomes
can be loaded with radioisotopes for diagnostic imaging of the cancer or drugs
for tumor chemotherapy.

Regardless of the mechanism of targeting to a cell exterior, delivery of
liposome contents to a cell can only occur if a cell takes up the liposomes
through endocytosis (and other related mechanisms) or if the liposome is able
to fuse with some cellular membrane.

Liposome endocytosis is mediated by the cell. The liposomes will be
taken into endosomal and lysosomal compartments where the vesicle is
exposed to low pH conditions and vesicle breakdown occurs.® Any delivered
drug must be stable under these conditions if it is going to have a therapeutic
effect. Enhancement of the rate of endocytosis by attaching certain moieties to
the vesicle surface may be plausible.

Membrane fusion of a liposome with a cell would allow direct delivery

of liposome contents into the cellular interior.? Membrane fusion and
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vesicle formation are normal components of cellular activity in forming and
fusing cellular subcompartments, i.e., endocytotic vesicles, exocytosis of
material (release of acetylcholine by nerve cells for example), and transport of
glycoproteins from ribosome to cellular surface via the golgi. However,
unmodified lipid vesicles are very stable and do not fuse spontaneously.10
Modification of lipid vesicles surfaces by proteins or polymers may make

them more fusogenic.

In many ways a virus is a highly optimized drug delivery system. The
virus can enter the body by various pathways, bind to a tissue, and deliver its
nuéleic acid to the cellular interior. Those viruses which have been
characterized for entry behavior generally contain a ligand for a cellular
surface moiety and an active mechanism for cell entry. The availability of a
cellular receptor for the virus and ability of the virus to enter the cell can
determine tissue tropism, i.e., the range of tissues which a virus can infect.11
A number of viruses (vaccinia virus, retroviruses, baculoviruses) have been
altered to serve as delivery devices of genetic material for cellular
expression.12

Of the 21 major families of animal viruses, 13 families have an exterior
"shell" made of lipids and glycoproteins.13 These lipid coated viruses
undergo protein mediated membrane fusion with a host cell, with the
cellular membrane or endosomal membrane, in order to deliver their nucleic
acids to the cellular interior.14 These viruses are essentially liposomes with
glycoproteins incorporated into their bilayers that are responsible for viral
surface activity. A liposome-like drug delivery system might be designed

using viruses or viral proteins.
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A number of workers have previously worked on the reconstitution of
viral glycoproteins into lipid vesicles made of endogenous viral lipid or
exogenous lipid. The viruses influenza, vesicular stomatitis virus, Semliki
Forest virus, and Sendai have all been reconstituted by dissolving the viral
glycoproteins and lipid in detergent, removing the viral interior proteins and
nucleic acids, and dialyzing away the detergent to reform hollow vesicles
containing the viral proteins.13 These vesicles have been called virosomes or
reconstituted viral envelopes. These reconstituted systems are functional in
binding and fusion with target cells and can serve as delivery vehicles to
cellular interiors.

In undertaking this project, we wished to explore further the possibility
of using reconstituted viruses as drug delivery systems. To add further
incentive to our studies we choose a viral system with a neuroinvasive
property and which was infective to humans, the paramyxovirus mumps.16
Drug delivery to the brain is especially difficult due to the existence of a blood
brain barrier. The fenestrate junctions between the endothelial cells lining
the capillaries in the brain are closed so that all material that enters the brain
must be specifically transported into the brain or be so hydrophobic that it can
diffuse across the lipid bilayers of the lining cells.1”7 The mumps virus is able
to invade and propagate throughout the CNS.

Though the potential for achievement of our goal was slim, that being
specific drug delivery to the central nervous system, the possibilities for
serendipitous discovery are always high in such cases and the project was
undertaken. Other related projects were also undertaken as new questions
arose and other experiments became possible. A number of these

experiments used another paramyxovirus, Sendai.



Thesis Preview

Each of the chapters summarizes some of the experiments to answer
hypotheses and questions which arose throughout this project. As each of the

individual chapters include introductory material, this section is brief.

Chapter 2-
How reliable are the available assays for membrane fusion? How can

we describe the kinetics of fusion between virus and target cells?

A number of different techniques were used to characterize the
activities and structures of the viruses and reconstituted viruses throughout
my work. Electron microscopy, photon correlation spectroscopy, gel
electrophoresis, and protein assays were used to quantitate dimensional
aspects of the virus, i.e , viral size, form, and number. Viral activity was
monitored by plaque assays, hemagglutination assays, fluorescence
microscopy and several quantitative fluorescence assays of membrane fusion.
The fluorescence assays used to monitor membrane fusion represent the bulk
of the actual experimental time during my thesis and much of the original
data collected. Chapter 2 provides a discussion of the fluorescence fusion
assays and some of my observations on these assays. A discussion on viral

fusion kinetics is also presented in this chapter.



Chapter 3-
Can one reconstitute functionally active mumps? What is the optimal
detergent for reconstitution? What happens to reconstituted virus when it is

introduced into animal systems?

The techniques mentioned above were used to determine an optimal
procedure for reconstituting mumps and Sendai virus so that they were
functionally similar to the parent viruses in activity. Morphology was also
closely studied, as a product that was capable of carrying drugs or other
materials was desired. The hypothesis that mumps envelopes would

accumulate in the CNS was tested.

Chapter 4-
What are the fusion activities and kinetics of the mumps virus? What

do these activities tell us about the neurotropism of the virus?

This chapter could have preceded the previous one as it describes the
fusion activities of whole virus but in the historical context the work
occurred later. After studying the reconstituted virus we realized that there
was little information on the activities of the whole virus and this
information could be useful for comparison to the reconstituted systems and

understanding of the infective behavior of the virus.



Chapter 5-
Can reconstituted Sendai virus be used as a delivery vehicle to H9 and

PBL cells, model cell lines for HIV infection?

This work was in collaboration with John Zaia and Delilah Stephens at
the City of Hope Hospital with a long term goal of in vitro drug delivery to
HIV infected cells.

Chapter 6-
Can reconstituted Sendai virus be used as a delivery vehicle to HL60
and Cos cells? How can one optimize the loading of nucleic acids into the

reconstituted Sendai viral envelopes?

These experiments were done in collaboration with Thomas Amatruda
in Melvin Simon's research group in biology. Tom Amatruda was looking
for an alternate method for transfecting HL60 cells as other more standard
methods had failed. The literature protocols for using reconstituted Sendai

viral envelopes as delivery vehicles of DNA were optimized.
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virus fusion with cell membranes

Introduction

Membrane fusion can be described as the process where continuity is
established between the lipid bilayers of two separate membranes (Figure 1a)
(Reviewed by Blumenthal, 1989). After this continuity has been established
the contents of the membranes are free to mix. The mechanisms and
intermediates in membrane fusion have not yet been well characterized.
Membrane fusion is an important process in the internal organization of
living cells as it allows compartimentalization to be a reversible process. In
animal cells, membrane vesicles are used to transport materials into the cell
and to store materials for release into the extracellular environment.

The work in this thesis has focused on the fusion of virus membranes
with cellular membranes. This fusion process is catalyzed by viral
glycoproteins responsible for adhesion of the virus to the cellular surface and
fusion with the cellular membrane (reviewed by Hoekstra and Kok, 1989,
White, J., 1990). The fusion process is necessary for introduction of the viral
genetic material into the cellular interior (Figure 1b).

The fusion of lipid membranes can be measured using a variety of
fluorescent probes. These probes can be grouped into two general classes,
membrane mixing probes and contents mixing probes. Both types of probes
have been used extensively to observe model fusion events (calcium induced
fusion, peptide induced fusion, etc.) between liposomes. The primary

contents mixing probe pairs used for examining liposome fusion are
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Tb/DPAl and ANTS/DPX. These probes are loaded into separate vesicle
populations and upon vesicle fusion interact to cause an increase (Tb/DPA)
or decrease (ANTS/DPX) in fluorescent intensity. These probes must be
loaded during formation of the liposomes; this is also true with the majority
of fluorescent membrane mixing lipid probes. Lipid probes also give an
increase or decrease in fluorescent intensity upon fusion due to the dilution
or mixing of the probes into other bilayers. The membrane probes used in

this thesis were R18 and the resonance energy transfer pair NBD-PE / Rd-PE.
R18

For experiments with intact cells or virus, probes that must be "loaded"
into the system during formation are not useful. A membrane probe that
does allow labeling of intact systems is octadecyl rhodamine B (R18). The
probe can be dissolved in a small solution of ethanol and mixed with a
suspension of cells or virus and will spontaneously insert into the cellular or
viral bilayer. R18 is essentially a rhodamine modified with a long alkyl tail.
This hydrophobic tail causes the probe to partition preferentially into the
bilayer (Ediger et al., 1984) and reduces the rate of exchange out of the bilayer
(Figure 2). The probe was originally synthesized as a resonance energy
transfer probe in conjunction with the probe F18 (Keller et al., 1977). The
probe was reintroduced as a method to monitor membrane fusion using the
probe alone in a self quenching fashion (Hoekstra et al., 1984)

The probe is selfquenching at concentrations up to 9 mole percent of
the membrane. The quenching is linear over this range (Figure 3c,d,f). The

probe's emission band (max = 590 nm) overlaps with its excitation band (max
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= 560 nm)(Figure 3e). If resonance energy transfer were the dominant
mechanism of quenching then one would expect a nonlinear quenching
curve ( 1/16 for normal resonance energy transfer). Resonance energy transfer
is the dominant mechanism of quenching at very low concentrations (< 1%)
while quenching at higher concentrations (1-10%) is due to the formation of
R18 aggregates that are highly quenched, i.e., a static quenching mechanism
(Johansson and Niemi, 1987, Ediger et al., 1984). Under the conditions of the
experiments conducted in this thesis, no signs of R18 photobleaching were
observed.

For a R18 experiment with virus, the virus is labeled with R18 and
then purified by centrifugation or column chromatography to remove free
R18. The labeled virus is suspended in buffer in a cuvette at regulated
temperature in the fluorimeter sample chamber. The fluorescence intensity
is recorded continually and target membrane is added to the cuvette. A
kinetic recording is taken as shown in Figure 4. As the viral particles fuse
with the target membrane thé fluorescent intensity increases. This is due to
the dilution of the R18 probe from the viral membrane into the cellular
membrane (Figure 5). The lateral movement rate of the probe in bilayers is
very rapid and should not serve as a rate limiting factor in observation of the
fusion event (Chen and Blumenthal, 1989, Rubin and Chen, 1990, Morrison
et al., 1990).

To determine the fluorescence intensity of the probe in the
unquenched or infinitely diluted state the labeled viral sample is treated with
the detergent Triton X-100 at a concentration of 1% at the completion of the
fusion experiment. This disrupts the membrane vesicles and disperses the

R18 probe into detergent micelles. In the literature it is often assumed that
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this intensity represents the 100% value of dequenching although we have
not been able to find any direct data presentation confirming this assumption.
A correction factor might be required as the detergent micelle should present
a different dielectric environment than the lipid membrane and the R18 may
exist in different aggregation states in the detergent micelles as compared to
the lipid membrane. We have tested this assumption by preparing PC
liposomes containing different mole percents of R18 and determining their
fluorescent intensities. As the percentage of R18 decreased a linear intercept
of the abscissa was found, representing fluorescence at infinite dilution
(Figure 3a,b). This value agreed very closely (£5%) with the value given
when the vesicles were treated with 1% Triton X-100. Other workers have
assigned a correction value of 1.54 to the triton intensity when working with
cellular membranes. This value was determined by adding known amounts
of R18 to the cells and measuring the quenching observed with and without
Triton X-100 (Blumenthal et al., 1987). This correction value might be due to
the association of R18 with proteins in the membrane.

The experiments in this thesis all involve the study of whole or
reconstituted virus fusing with ghost erythrocytes or mammalian cells. The
surface area of these target membranes is many times larger than the surface
area of the virus. For Sendai virus fusing with an erythrocyte ghost this ratio
is 1000:1 (.125 u2 surface area for Sendai versus 125 p2 for an erythrocyte), for
fusion with a green monkey kidney CV-1 cell the ratio is 16,000:1 (with a
surface area of 2000 p2 for the CV-1 cell). Thus when a virus fuses with a cell,
the R18 probe can be considered to dilute nearly infinitely into the target
membrane and to be subject to no selfquenching. Thus if one had 10 viruses

that were 90% quenched giving a fluorescent signal of 100 units (1000 units in
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the unquenched state), when one of the viruses fused (10% fusion) the
fluorescent intensity would increase to 190.
The assumption of infinite dilution is not strictly correct in cases where
a large number of fusion events occurs with a target cell. We have derived a
correction formula to determine the true number of fusion events based on
the ratio of surface area of the virus to the target cell and the amount of R18

in the viral bilayer. The formula is:

T # Fusion E (N)= Observed # Fusion Events (OBS)
Fue WHon Lyents - 1 N x % Quench of R18 in the Virus (Q)+’
( Do+N )

where Do is the ratio of surface areas of the virus and target cell. R18
quenches = 10 % per mole % it constitutes of the native lipid, i.e., 50%
quenching is observed when the R18 is added at 5 mole percent of the

membrane lipid (Figure 3c,d,f). This equation can be rearranged to give

-Do + OBS + v ( Do- OBS)2 -4(1-Q)(-OBS x Do)
N= 2'2Q .

For the amount of R18 used in our usual experiments (3%) in which up to 20
virus fuse with one erythrocyte the correction is trivial (20 events correct to
20.1 events).

Perturbation of the viral interaction process by the R18 has been
examined by a number of workers. Some conflicting evidence has been
presented. Examination of R18 labeled Sendai showed equivalent binding
and hemolysis with or without label (Hoekstra et al., 1985). However, other

evidence has shown that the binding of labeled VSV virus to liposomes is
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enhanced upon R18 labeling (Puri et al., 1991). Labeled virus appears to work
equivalently to unlabeled virus in cell syncytial assays (Anne Walter,
personal comm.).

In Sendai and mumps virus the binding and membrane fusion
activities are contained in separate glycoproteins. Control experiments can be
conducted to confirm that the dequenching of the R18 probe is due to
membrane fusion and not due to other transfer processes. Sendai virus is
able to fuse with ghost erythrocytes (Hoekstra et al., 1985). Trypsin treatment
of Sendai virus causes cleavage of the F protein and should prevent viral
fusion. After trypsin treatment a slow dequenching (slower than that
observed with untreated virus) occurred in all of our experiments (Figure 4).
This observation led us to consider carefully possible artifacts with the R18

assay and conduct a number of control experiments that are outlined below.

Mechanisms of Dequenching

I would propose that there are four mechanisms by which the virus
associated R18 could dequench upon addition of target cells to a virus
containing solution.

The first mechanism is transfer through solution, i.e., the probe leaves
the viral membrane, crosses solution, and inserts into the target membrane.
The probe would likely be quenched in an aqueous environment so any free
probe would not give any fluorescent intensity. The probe could also leave
the viral membrane and form micelles but again these would be quenched.
Fluorescent microscopy shows that the R18 probe is actually incorporated into

the target cell after incubation with labeled virus indicating that the probe
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does end up in the target membrane. Control experiments which inhibit
viral binding to the cells totally eliminate dequenching upon the addition of
target cells indicating that transfer through solution is not a mechanism for
transfer (Figure 4). The binding can be inhibited by treatment with protease K
or extracellular viral receptor (fetuin, which contains a large number of
terminal sialic acid residues that serve as the viral receptor on cells).

The second possible mechanism of transfer is proximal transfer,
transfer of the R18 probe to the target cell when the virus is in close proximity
or bound to the cellular surface. This type of activity can measured by using a
control experiment where virus binds to the cell but does not fuse. Trypsin,
PMSF (Phenyl Methyl Sulphonyl Fluoride), and dithiothreitol are all capable
of selectively inactivating the Sendai F protein while leaving the binding
protein HN intact. As already mentioned, trypsin treatment does not
completely inhibit the R18 dequenching, i.e., a low residual rate is apparent
(Figure 4). A number of papers in the literature also use R18 to examine viral
fusion and show some residual dequenching after trypsin treatment,
although the authors of these papers do not comment on this effect. The
residual dequenching observed from the literature is 13+6% (n=9) of the
uninhibited fusion values (Figure 6). An examination of my accumulated
data shows an average of 15% residual dequenching of the uninhibited
dequenching value (Figure 7).

R18 labeled Sendai virus treated with trypsin was prepared and allowed
to interact with cells at various ratios of virus to target cell. The observed
dequenching was compared to that obtained with untreated virus. The
amount of dequenching observed correlated well with the ratio of target cells

to virus as would be expected if binding were a precursor to transfer, as a
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greater amount of target cells provides a larger number of receptors for viral
binding (Figure 8).

The observed slow dequenching after trypsin treatment could be due to
non-F dependent fusion, incomplete inactivation of F by the trypsin
treatment, or spontaneous proximal transfer.

Trypsinized virus is incapable of causing cell-cell fusion and
trypsinized virus has not been observed to fuse by electron microscopy.
Reconstituted vesicles containing just the HN protein are unable to fuse with
cellular membranes at neutral pH. The HN protein is capable of causing
membrane fusion at low pH but at the neutral pH used in these experiments
non-F dependent fusion is unlikely.

Gel analysis of trypsin treated virus shows that trypsin will cleave the F
protein until it is no longer visible on a silver stained gel. Even if this
worker's trypsin treatments were inadequate it is unlikely that all those
reported in the literature are ‘also inadequate although there may be some F
proteins which are protected from cleavage. Further it has been suggested to
me that the R18 may protect the F protein from trypsin treatment. A series of
control experiments were run where the trypsin treatment was applied at
various times in the preparation procedure. In addition both
ultracentrifugation and gel chromatography were compared for purification.
In all cases the residual dequenching existed (Figure 9).

Further evidence for spontaneous transfer was found by allowing the
virus to interact with target cells for long time periods. After 18 hours of
interaction the fluorescent dequenching in trypsin treated samples was the
same as untreated samples (Figure 10). The rate of dequenching was much

faster initially in untreated samples but the extent of dequenching was
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equivalent. In both cases the number of binding sites should be the same and
hence over long time periods equilibrium of the probe in the two bilayers is
reached in both treated and untreated samples.

Spontaneous proximal transfer has been shown to occur in the
interaction of R18 labeled influenza virions with small unilamellar vesicles
(Wunderli-Allenspach and Ott, 1990)

A third mechanism of dequenching is protein mediated transfer. In
this mechanism the fluorescent probe transfer is catalyzed by the presence of
hydrophobic material such as proteins which would bridge the gap between
bilayers (Figure 11). The Sendai F protein contains a highly hydrophobic N
terminus which most likely enhances lipid transfer between bilayers as an
early intermediate to membrane fusion. Hydrophobic polymers such as PEG
have been shown to enhance transfer of lipids in and out of membranes (Wu
and Lentz, 1991). The range of effects of hydrophobic molecules (such as the
mellitin peptide) should range from enhanced transfer to hemifusion (fusion
of the outer bilayers) to full fusion to membrane disruption.

Due to the hydrophobic nature of the R18 molecule it could directly
associate with the hydrophobic portions of the F protein. Fluorescent spectra
were taken of R18 labeled virus as a control. The fluorescence maxima of the
probe is different for association with protein or lipid (Loyter et al., 1988,
Chejanovsky et al., 1988). The spectra of R18 labeled virus indicated an
emission wavelength consistent with the probe being present in the lipid
bilayer , A=590 nm (Figures 3e,12). Kinetic spectra were taken during trypsin
cleavage of labeled virus. If the probe were associated with the F protein then
one would expect the fluorescence of the probe to go down as the F protein is

cleaved away from the viral surface and exposed to buffer. The fluorescent
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intensity actually increased slightly after trypsin cleavage (Data not shown).
This result is difficult to interpret, although the cleavage of the F protein
should result in altered fluidity in the viral membrane which could alter the
aggregation state of the R18 molecule.

The fourth mechanism of dequenching is actual membrane fusion and
transfer of the probe into the target membrane by lateral diffusion through
the bilayer. The lateral diffusion process is very rapid and should not be a rate
controlling factor in these virus-cell fusion experiments.

It is extremely difficult to carry out a control experiment that will
distinguish protein enhanced transfer from actual membrane fusion.
Correlation of membrane fluorescent probes with other evidence is one
method. Membrane fusion does exist as shown by electron microscopy of
Sendai virus fusing with target membranes (Knutton, 1977).

A fluorescent contents mixing assay could also provide correlatory
quantitative measurement of fusion to which the membrane mixing assays
could be compared. Membrane and contents mixing can occur at different
rates due to the requirement of opening of a pore between the fused
membranes before contents mixing can occur (Figure 1a). A fluorescent
contents mixing assay should allow visualization of membrane fusion under
a fluorescent microscope as fluorescent molecules are delivered to the
interior of a target cell, given that the target cell is large enough for
visualization. The best example of this type of experiment in the literature is
a measurement of the fusion of membrane labeled (R18) and content labeled
(NBD-taurine) ghost erythrocytes fusing with cells expressing the influenza
HA fusion protein on their surface (Morris et al., 1988, Sarkar et al., 1989). In

this case the kinetic profiles of dequenching were similar for both probes but
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the measured extent of fusion differed greatly (20% of the R18 and 80% for the
NBD-Taurine).

Reconstituted Sendai viral envelopes (RSVE) can be loaded with
material during their formation. Chapter 6 of this thesis discusses
experiments where these viral vesicles were used to deliver DNA to cellular
interiors. Qualitatively, it is clear that DNA delivery does take place but the
quantitation of fusion by DNA delivery is not feasible. During these
experiments the RSVE were loaded with carboxy fluorocene, ethidium
bromide, DNA complexed with ethidium bromide, or trypan blue , allowed to
interact with cells, and examined under a fluorescence microscope. Carboxy
fluorocene was visually observed in the interior of the cells but this could not
be documented with photography as the bleaching of the dye was more rapid
than the time required for photographic exposure. No successful observation
of the Ethidium Bromide, Ethidium Bromide/DNA or trypan blue in the
interior of the cells was made. The cells exposed to RSVE loaded with
ethidium bromide were dead by the next day, most likely due to the
introduction of EtBr into their interiors.

Several attempts were also made to develop a quantitative contents
mixing assay using RSVE or Sendai in order to compare fusion rates with the
R18 membrane mixing probe.

Whole Sendai virus were mixed with EtBr loaded erythrocyte ghosts.
If fusion occurs then the EtBr in the ghost interior should be able to
intercalate into the viral RNA and an increase in fluorescence should be
observed. At the concentrations at which the experiment was conducted no
change in signal was found. Control experiments showed that the maximal

potential increase in fluorescence was less than the noise in the fluorescent
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signal. (The signal was 500+5 fluorescence units, with 5 being the maximal
change in fluorescence upon addition of amounts of RNA equivalent to the
viral interiors to amounts of EtBr equivalent to the ghost interiors.) An
ethidium dimer probe was also loaded into ghosts as its fluorescent
enhancement is reported to be 50 times greater than EtBr upon binding to
nucleic acid (Markovits et al., 1979). Upon mixing of virus and ghosts, no
change in fluorescence signal was found when using this probe.

The use of carboxyfluorocene loaded RSVE to quantitatively measure
fusion was also explored, but the RSVE appeared to be leaky in containing CF.
CF is also prone to photobleaching during long term light exposure.

RSVE were loaded with Rd-Dextran polymer at a concentration of 1
mM and mixed with ghost erythrocytes. No change in fluorescent intensity
was observed during controled lysis of the virus with Triton X-100, showing

that the polymer was not selfquenched at this concentrations.

NBD-PE/ Rd-PE

The fluorescent membrane probes NBD-PE and Rd-PE were used in a
number of experiments in this thesis (Figure 13). These fluorescent lipids can
be incorporated into liposomes during formation or into reconstituted virus
during detergent dialysis reconstitution. The emission band of the NBD
probe overlaps the excitation band of the Rhodamine-PE, thus allowing a
resonance energy transfer to occur (Figure 14). In our experiments the probes
are both incorporated into the same membrane at a concentration of 1-2 mole
percent of the membrane. We (C. DiSimone and A. Wein) have generated

quenching curves for several different ratios of NBD/Rd (Figure 15). Upon
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fusion with an unlabeled target membrane, the probes dilute into the target
membrane and the energy transfer rate is decreased due to a reduced density
of probes (Struck et al,, 1981). The change in the intensity of the NBD
emission band is the most reliable indicator of the fusion event; upon fusion
the intensity increases. The maximal dequenching is determined in the same
fashion as with the R18 assay: the vesicles are solubilized in 1% Triton X-100.
The NBD probe has been reported to be slightly quenched in the micelle
(Struck et al., 1981), but the correction factor for this behavior was not
reported in this reference or in subsequent reports. The identical correction
formula as given for the R18 assay can be applied in cases where large number
of fusion events occur.

Alternately the NBD/Rd probes can be incorporated into separate
vesicle populations which fuse together and thus cause a decrease in the
intensity of the NBD emission. This method is more prone to artifactual
signals as vesicles which are aggregated but not fused can cause quenching of

the NBD emission signal (Figure 16) (Duzgiines et al., 1987).
Comparison of NBD/Rd and R18

The fluorescent dequenching kinetic traces given during interaction of
RSVE with ghost erythrocytes were measured using either R18 or NBD-
PE/Rd-PE (Figure 17). The NBD/Rd probes could be incorporated into the
RSVE during formation of the vesicles. The NBD/Rd probes should be less
likely to undergo transfer out of the membrane due to the presence of two
acyl chains as opposed to one for the R18. Indeed, following trypsin treatment

no dequenching of the NBD emission was observed, providing further
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evidence that the F protein is necessary for fusion, that trypsin treatment can
be 100% effective, and that proximal transfer occurs when using the R18 assay.
Curiously, the R18 assay reported less dequenching than the NBD-Rd assay at
equal ratios of virus to cells (Figure 18). The R18 molecule may not
disaggregate completely upon fusion; this conclusion is supported by the
results of Sarkar et al. (Sarkar et al., 1989) in which the R18 reported less
fusion than a NBD-taurine contents mixing assay. Alternatively, the R18

molecule might inhibit membrane fusion.

Contents Mixing Assays

The contents mixing probe pair Tb/DPA were used to conduct
experiments on the effects of chaotropic agents on Calcium induced fusion of
phophatidylserine vesicles (data not shown). Unfortunately, I was unable to
see any fluorescence intensity alterations when the Terbium was chelated
with DPA. Another worker in our laboratory (R. Goodrich, personal
communication) was unable to achieve any success with this probe system to
measure membrane fusion.

A recent report presents data showing that the probe DPX of the
ANTS/DPX pair used to monitor liposome fusion causes major alterations in
the membrane behavior in terms of fluidity and hydrophobicity (Walter et al.,
1991). Many of the literature results gathered with this probe may need to

reinterpreted in light of this observation.



Kinetic Analysis

With an understanding of the methodology and shortfalls of the
fluorescent assays, a kinetic evaluation of the obtained data can be
undertaken. The virus target interaction can most simply be described by the

scheme
V+nG—Fused,

where V is Virus, nG is a cellular receptor and Fused is the Fused product. In
the following fittings ghost erythrocytes (G) with n receptors on their surface
act as the fusion target for the virus.

The rate of formation of fused product can be described by the equation,

d(Fused)

dt = k [Vo - Fused][nGo - Fused].
The amount of fused product at time t can be determined by integrating the

formula,

d(Fused)
j kdt= (Vo - Fused)(nGo - Fused)

with the limit Fused=0 when t=0 to give,

1 nGo * (Vo - Fused)
kt= Vo - nGo) “( Vo * (nGo - Fused) )

which can be rearranged to the form,
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Vo* ek(VO = nGO)t - Vo

Vo
k(Vo - -
nGo*e (Vo - nGo)t 1

Fused =

This function was put into a macro subroutine in the plotting and
fitting program IGOR and used to fit a number of kinetic curves. Fittings for
three experiments (Figures 8,17,19) already presented in this chapter are
shown (Figures 20,21,22).

The fusion of NBD/Rd labeled RSVE with ghosts is shown in Figure 17
and fits in Figure 20. In this experiment the number of ghost erythrocytes was
increased while the amount of RSVE was held constant. As the number of
ghosts was increased, the maximum amount of RSVE fused plateaued at a
value of 31.6%. Thus only about 31.6% of the RSVE were fusion competent.
The number of ghost sites involved in fusion in each experiment can be
determined by dividing the concentration of fusion events by the
concentration of ghosts. Under non saturating conditions, low ratio of RSVE
to ghost, increasing the amount of ghost leads to a linear decrease in the
number of fusion sites per ghost. However, as saturation of the surface occurs
the number of apparent sites will near the theoretical maximum. In this
experiment a maximum of 87 sites of fusion per ghost was determined.
These values were used to determine RSVE and ghost concentrations and
kinetic fitting were determined. A maximal k of 2.3 x108 M-1 sec-1 was
determined. As the concentration of ghosts was increased the apparent k
linearly decreased.

A more exact description of the viral cell interaction would be
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V+nG&VGB—Fused,
where VGB represents unfused bound virus. No exact solvation for the
amount of Fused material can be derived, but numerical integration can be
used to model this behavior. A simple looped algorithm of the Euler form
can be used,
From 0 to time t, increment i
dVGB= (k1*[V]*[nG] -k2[VGB] - k3 [VGB])*i
dFused= k3*[VGB]*i
VGB=VGB+dVGB
Fused=Fused +dFused
V=Vo-VGB-Fused
nG=nGo-VGB-Fused
Next t.

k1 is the forward rate in the binding interaction, k2 is the reverse rate in the
binding interaction, and k3 is the fate of fusion for bound virus.

Programs were initially written in the basic language with both Euler
and Runge Kutta methods (Boyce and DiPrima, 1977) for solution of a
number of kinetic models (see Chapter 4 on mumps). Ultimately the mass
action model proved to be optimal for data fitting of our data on Sendai
fusion. In order to increase computation speed, a data modeling program
written by David Baselt in the language C was modified to fit mass action
kinetic data. The program included a "evolutionary" fitting routine which
allow optimization of data fits. This subroutine takes the provided rate

guesses and randomly varies them 0 to 10% and then computes the closeness
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of fit by the standard deviation from the data. A series of 10 variants are
compared to the original data and optimal fits are selected for the next round
of evolution.

Optimal data fitting with mass action kintics requires fitting multiple
curves with the same sets of rate constants. For a single curve a number of
different combinations of rate constants can be found that fit the curve very
precisely. Most notably increasing or decreasing the kl rate can be
compensated for by doing the opposite to the k3 value. In figure 23 three fits
to two data curves from the NBD/Rd RSVE experiment are shown. While
three set of constants can fit the lower data curve, only one set of constants
will fit both curves.

For the NBD/Rd labeled RSVE a consistent set of rate constants was
found to fit all of the data curves. For RSVE fusion activity of 31.7% and 87
RSVE receptors per ghost, the constants obtained were 1 x109 M-1sec-1 for k1,
.0223 sec"! for k2, and .0078 se.c‘1 for k3. The data curves have some sigmoidal
character which is fit more accurately by the mass action model (Figure 24)
rather than the simpler exponential fitting (Figure 21).

Mass action fits were also obtained for the data on Sendai fusing with
erythrocyte ghosts as shown in Figures 8 and 19. For viral fusion activity of
15% and 8 receptors per ghosts, optimal values of 5.41 x109 M-1sec-1 for k1, 8.7
x10-4 sec-1 for k2 and .02 sec-1 for k3 were obtained from the data in Figure 8.
Values of 3.87 x102 M-1sec-1, 7.5 x104 sec-! and .04+.01 sec'] were obtained
from the data in Figure 19 , given viral fusion activity of 14+2% and 7
receptors per ghost. This second set of constants also gave a very good fit to
the first data set. Given the various errors in data measurement and protein

determination, general rate constants of 4.5+1 x109 M-1sec-1, 8+1 x10-4 sec-1,
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and .035 +.015 sec’] for k1,k2, and k3, respectively, with 7.5 1 receptor sites
per ghost, adequately fit all the data on fusion of Sendai with erythrocyte
ghosts.

The rate constants show a very rapid binding process with a much
slower release from the vesicle surface, consistent with other studies of
Sendai fusion (Hoekstra and Klappe,1986). The apparent number of receptors
for Sendai fusion interaction (n=8) is much lower than that reported in the
literature (n=180) (Hoekstra and Klappe, 1986). The method used in the
literature to determine the number of receptors was long term incubation of
R18 labeled virus with cells. As discussed above this could lead to
spontaneous dequenching occurring and artificially high estimation of the
number of fusion events.

The apparent number of fusion sites for the reconstituted virus was
higher than the number for whole virus. This may be a real effect or due to a
poor estimate of the number of particles. The number of whole viral particles
was determined from the molecular weight of the virus and the amount of
protein per virus: MW= 5-7 x108 MW, protein content= 70%, gives 1.3 x109
particles per microgram protein. For reconstituted virus only glycoprotein is
recovered. The glycoprotein was estimated to make up 20% of the viral
protein and thus the number of particles was estimated as five times higher
for a set amount of protein, 6.5 x109 particles per ug protein. The
reconstituted viral particles tend to be actually smaller than whole virus so
this would be a low estimate of the number of viral particles. The interaction
of reconstituted virus with ghost erythrocyte may be less specific or fusion less

impeded, perhaps due to the loss of the matrix protein during reconstitution.
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This protein lines the inside of the viral envelope and may deter viral
membrane instability and fusion.

Conclusions

The probe octadecyl rhodamine was originally chosen to measure viral
membrane fusion due to its ability to label whole virus, and due to the
presentation of this system in the literature as a simple method to measure
membrane fusion. Careful examination of the behaviors of this probe has
shown that the probe is susceptible to providing artifactual signal due to
proximal transfer between adjacent membranes. With the R18 probe one
should be careful of attributing slow dequenching (<1% per minute) as
membrane fusion.

The general literature interpretation of the mode of quenching of R18
as resonance energy transfer is incorrect, as shown by the quenching curve of
the probe, an aggregation behavior is likely to be responsible for the
quenching.

Even when accounting for the slow proximal transfer behavior with
control experiments, the fast dequenching seen in viral cell fusion can not be
attributed with one hundred percent certainty to be membrane fusion. A
protein mediated transfer of probe could account for this behavior.
Qualitative observation by electron microscopy or fluorescent microscopy
shows that fusion does occur. Attempts to correlate contents mixing with
membrane mixing have not been successful. Furthermore, it is clear that the
rates of content mixing may not be the same as membrane mixing due to
difference in the mechanics of the two behaviours. The preferred literature

contents mixing assays are subject to other artifactual behaviors. At this time
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there is no "yardstick" assay for membrane fusion to which other assays can
be compared. Comparison of the different techniques to one another can
produce a variety of "fusion” values (Duzgunes et al., 1987). Comparison of
the R18 and NBD/Rd probes actually showed the R18 to underreport the
fusion reported by NBD/Rd, the opposite of what one would expect if
proximal transfer were occuring with the R18. The data from these assays can
be used in a semi quantitative fashion to compare various cells and virus and
to study inhibition processes. To facilitate reading throughout the rest of this
thesis I will in general refer to rapid dequenching as fusion, though the reader
should keep the above discussion in mind.

The NBD/Rd membrane fusion assay system has the advantage of
using double chained lipid membrane anchors that are less susceptible to
transfer processes. This assay system was used to study fusion when allowed
(with reconstituted virus) after the problems with R18 were recognized.

Kinetic models of the early dequenching rates were constructed and
numerical iteration by computer was used to determine optimal rate
constants. A rapid and tight binding interaction (4x109 M-1 sec-1 forward and
7.5x10-4 sec-1 reverse) was apparent as was a limited number of viral fusion

sites per ghost.

1 Abbreviations: Tb, Terbium; DPA, dipicolinic acid; ANTS, 1-
aminonaphthalene-3,6,8-trisulfonic acid; DPX, N,N'-p-
xylylenebis(pyridinium bromide); NBD-PE, 7-nitro-2,1,3-benzoxadiazol-4-yl
phosphatidylethanolamine; Rd-PE, lissamine Rhodamine B sulfonyl
phophatidylethanolamine; R18, octadecyl rhodamine B; F18, octadecyl
fluorescein isothiocyanate; PC, phosphitidylcholine; DOPC, dioleayl
phosphitidylcholine; MLV, multilamellar vesicle; SUV, small unilamellar
vesicle.
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Methods

One pug of Sendai virus is equivalent to 1.3 x 10 9 viral particles while one 104
of erythrocyte ghost protein is equivalent to 1.8 x 10 6 ghost erythrocytes. One

mg of Sendai virus protein is associated with 240 nmoles of lipid.

R18 labeling of virus- General Procedure-

A solution of R18 in ethanol was prepared at a concentration of 1
mg/ml. 1to 2 mg of virus protein was labeled with R18. The R18 was added
to the virus while rapidly vortexing the viral solution at a concentration of 3
mole percent lipid or 5-10 pl (R18 mw = 731). The solution was then
incubated in the dark for 30 minutes. Removal of unincorporated probe was
usually accomplished by centrifugation of the viral particles at 30,000 rpm (=
100,000g) in the SW50.1 rotor in the ultracentrifuge for one hour.

Figure 8- 1.8 mg of Sendai viral protein was labeled with 13 pg R18 and
purified by centrifugation.

Figure 9- 1.3 ml Sendai sample @ 1.8 mg/ml was divided into five
experiments. Sample concentration was maintained throughout these
experiments by resuspending centrifuge pellets in volumes of PBS equivalent
to precentrigugation volumes. Experiments 2 and 3 contained 200 ul Sendai
and were treated with 40 pl of trypsin (10 pug/ul) and then labeled with 2 pg
R18. They were then purified by ultracentrifugation (2) or G50 column
chromatography (3). Experiments 1,4, and 5 (900 pul) were labeled with 13 ug
R18. For experiment 4, 200 pl was removed and treated with 40 pl of trypsin

and then purified by ultracentrifuge. For experiment 5, 200 ul were pelleted
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by ultracentrifugation, resuspended in 200 pl PBS and then treated with 40 pl
trypsin. Experiment 1 was not trypsin treated. All trypsin treatments lasted
for one hour at 37°.

Figure 10- 1.8 mg Sendai and .3 mg mumps virus were labeled with 12
ng and 4 ug, respectively, of R18. The sample were purified by centrifugation.
50 pg of labeled virus was then treated with 50 pg trypsin for 2.5 hours at 37°
c

Erythrocyte ghosts-

Erythrocyte ghosts were prepared by standard lysis procedures, 3 washes
with PBS and then 7-8 washes with the 5P8 buffer (Steck and Kant, 1974).
Ghost could be stored in liquid nitrogen with or without 10% glycerol, this

appeared to have little impact on their ability to serve as fusion targets.

Fluorescent fusion measurements- General procedure-

Set amounts of labeled viral solution were added to 2ml of PBS and
placed in the fluorimeter sample chamber. The chamber was maintained at a
temperature of 37° for most experiments. Emission and excitation slit widths
were set at 8 nm. The fluorescent signal is a unitless measurement as it
represents the ratio of intensity of light striking a PMT after the emission
monochrometer versus the intensity of light striking a standard PMT that
receives unfiltered light that has not passed through the sample. The
standard PMT (PMT B) was generally set to a reading of 5 on the scale,
equivalent to approximately 1.1 kV. The sample PMT (PMT A) was generally
set between 1.5 and 2.0 kV, such that a ratio reading of greater than 100 but

less than 1000 was obtained. The signal must be kept low enough so that
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upon maximal dequenching (Triton X-100 addition) the signal does not
exceed 10000. The kinetic data were collected using the provided SLM
software package.

The kinetics runs were initiated and run for a short time period (60-
100 seconds) without cell addition to confirm a stable baseline. Ghosts or cells
were then added to the cuvette, ghosts by means of Hamilton syringe, cells by
pipetman (in order to avoid shear stress). Records of 600 to 1000 seconds were
generally undertaken, with one point being accumulated per second, but
some longer term runs were also recorded. At the conclusion of the
experiment a solution of 10% Triton X-100 in buffer was added the cuvette
and allowed to incubate for 2 to 5 minutes in order to solubilize virus and

cells. A manual reading of the fluorescence was then taken and recorded.

Sendai Reconstitution- General Procedure-

1 to 2 mgs of Sendai protein was collected by ultracentrifugation
(30,000rpm, 100,000g for one hour), and was resuspended in 50ul of 10%
Triton X-100 per mg of viral protein in buffer. The sample was shaken at RT
for 4 hours and then the nucleocapsid material was pelleted by
ultracentrifugation. The supernatant was removed and transferred to an
eppendorf tube to which 50 mg SN-2 biobeads / ul Triton X-100 was then
added. Any additional material to be loaded into the interior or lipid bilayer
of the vesicles is added at this point to the solution. After four hours shaking
at room temperature, 50 pl of high salt solution A (140mM NaCl, 20mM
Hepes) and an additional 50mg of SN-2 biobeads per mg starting protein was

added. The sample was shaken overnight. The cloudy reconstituted viral
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containing solution was then pelleted by ultracentrifugation and the RSVE
pellet resuspended in PBS.

Figure 4- Two mg of virus were used and 100 pl of Triton X-100. 6 ug of
R18 was added before the biobead dialysis. The RSVE product was
resuspended in 500 ul of PBS at a concentration of .65ug RSVE / pl.

Figure 17- 1.4 mg of Sendai virus was divided into two experiments,
each of which was solubilized in 30 pl Triton X-100. One half was labeled
with 4 pug of R18, while the other half was labeled with 1 ug of NBD-PE and 2
pg of Rd-PE. Approximately 58 ug of RSVE were recovered from each of the

two reconstitutions.
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Figure Captions

Figure 1. (a) Two models for intermediates in membrane fusion. (b)
Schematic drawing of the morphology of (A) exocytosis and (B) viral fusion.
The drawing is an interpretation of images seen in electron microscopy. Four
stages going from left to right are shown as follows: (1) the membranes of a
secretory granule of virion are separate from the plasma membrane; (2)
triggering, movement, and recognition brings the two into close apposition
(prefusion state), perhaps forming a pentalaminar complex; (3) fusion results
in merging of membranes and contiguity of aqueous compartments; and (4)
in the final stage the membrane components and aqueous components are
completely mixed. The membranes of the granule and virion are stippled
and plasma membrane is cross hatched to indicate separate membrane
components (lipids, proteins). After fusion they are intermixed. The granule
core material (checkered) is seen extruding into the medium during fusion.
Cytoskeletal components are not shown. The nucleocapsid of the virion
(drawn as two wavy lines) is seen in the cytoplasm after fusion. The spikes
on the virion represent viral spike proteins, and the fuzzy motes on the
plasma membrane represents cell surface carbohydrates (glycoproteins,
glycolipids).
Taken from Blumenthal, 1989.

Figure 2. Structure of octadecyl rhodamine B (R18). Molecular weight of 731.

Figure originally drawn by Steven Novick.
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Figure 3. (a) Fluorescence for different mole percentages of R18 in DOPC
MLV's. R18 in EtOH was mixed with lipid in chloroform at different
concentrations and dried down. The samples were resuspended in PBS and
the fluorescence intensities of the samples were measured before and after the
addition of 1% Triton X-100. The "Average Triton Value" represents a
dilution corrected fluorescent average of all the samples.

(b) Fluorescence for different mole percentages of R18 in EggPC SUV's.
Lipid was dried from chloroform with the addition of 2 mole percent R18.
Fluorescence was measured on the initial sample. Lower R18 concentrations
were obtained by addition of EggPC MLV vesicles which were co-sonicated
with the labeled vesicles. At the conclusion of the serial dilution
experiments, Triton X-100 was added to the sample and the fluorescence was
recorded. This value is recorded at the "0" point of the x axis. A separate
control was run after this experiment giving a fluorescent value of 670 before
and 1098 after addition of Triton X-100.

(c) Quench curve for data shown in part (a).

(d) Quench curve for data shown in part (b).

(e) Excitation ( — - — ) and emission (—) spectra of R18. Curves a are
excitation and emission spectra of 2 mol % R18 in DOPC vesicles. Curves b
and ¢ show the emission spectra of R18 in ethanol and chloroform,
respectively. R18-containing viruses of ghosts gave identical spectra as those
obtained in a. From Hoekstra et al., 1984.

(f) Efficiency of self-quenching in R18 in DOPC vesicles (A) and relief of
selfquenching upon addition of Triton X-100 to R18-containing Sendai virus
(B). (A) SUV were prepared containing various amounts of R18. The

percentage of self-quenching was determined by measuring fluorescence
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before and after addition of Triton X-100 (1% v/v). (B) R18 was incorporated
into Sendai virus membranes (ca. 20 nmol/mg of viral protein). Emission
spectra (ex=560nm) were recorded before (—_ ) and after ( - - -) addition of

Triton X-100 (1% v/v). From Hoekstra et al, 1984.

Figure 4. Fusion of reconstituted Sendai virus envelopes (RSVE) with H9
cells, monitored by the R18 assay. (A) 26pug RSVE interacting with 1x106 H9
cells in PBS. (B,C,D) 13ug RSVE with 5x105 H9 cells. (B) The virus was
pretreated with 100 pg (1pg/pl) trypsin for 2 hours at 37° C. (C) The virus was
treated with 1 mg Fetuin (10ug/ul). (D) The virus was suspended in two ml's

of media with serum.
Figure 5. Schematic representation of R18 diffusion during viral fusion.
Figure 6. Summary of selected literature values for viral fusion inhibition.

Figure 7. Summary of some of my own experimental values for viral fusion

inhibition.

Figure 8. Comparison of the extent of dequenching of uninhibited and
trypsinized samples at different ratios of Sendai virus to target ghost
erythrocyte. In all cases 120 ug of ghost erythrocytes were used as the target

cells. 5 ul of virus contained 9 pg of Sendai protein.

Figure 9. Comparison of effects of order of trypsin treatment, R18 labeling,

and purification on dequenching.
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Figure 10. Comparison of dequenching after overnight incubation of R18
labeled virus with and without trypsin treatment. 10 pg of mumps (a) or
Sendai (b) were incubated with various amounts of erythrocyte ghosts for 18

hours.

Figure 11. Schematic representation of F protein hydrophobic terminus

serving as a bridge between membrane bilayers.
Figure 12. Spectrum of R18 incorporated into the viral bilayer.
Figure 13. Structures of the fluorescent lipid probe pair NBD-PE and Rd-PE.

Figure 14. (a) Excitation (- - -) and emission (-— ) spectra in
phosphatidylserine vesicles containing 1 mol % fluorescent analogues. (A)
Spectra of NBD-PE; (B) Spectra of Rh-Pe.

(b) Efficiency of energy transfer as a function of the number of energy
acceptors per phospholipid molecule (surface density). The molar ratio of
NBD-PE to total phospholipids (1:99) was kept constant while the amount of
Rh-PE was varied to give the indicated surface densities.

From Struck et al., 1981.

Figure 15. Quenching of NBD-PE by Rd-PE at two different ratios of acceptor
to donor. Chloroform solutions containing the fluorescent lipid probes and
egg phosphatidylcholine (PC) were mixed at set ratios, dried, and resuspended

in phosphate buffered saline (PBS) as multilamellar vesicles (MLV's).
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Fluorescent reading before and after the addition of Triton X-100 were
compared to determine the % Quenching (%Q = 1- (Initial

Fluorescence/Triton Fluorescence).

Figure 16. Summary of the behavior of lipid probes and of the corresponding

fluorescence in the probe mixing assay (A) and the probe dilution assay (B).

Figure 17. Dequenching profiles of NBD/Rd labeled and R18 labeled RSVE
interacting with erythrocyte ghosts. The erythrocyte ghost amounts are
shown as the underlined number and represent pl of ghost added where 10 pl

of ghosts contains 13 ug of ghost protein.

Figure 18. Comparision of the extent of dequenching observed with R18
versus that observed with NBD/Rd in interaction of RSVE with ghost

erythrocytes.

Figure 19. Five kinetic curves obtained from reaction of labeled Sendai virus
(from experiment 1 of figure 8 , i.e., native virus) with various amounts of
ghost erythrocytes. 5 ul of virus was equivalent to 9.0 ug of viral protein and
40 pl of ghost erythrocytes was equivalent to 96 pug of erythrocyte ghost
protein. (a) Two raw data curves and (b) three smoothed data curves are
presented to provide the reader with a perspective on the difference between

raw and smoothed fluorescence data.

Figure 20. Kinetic fits to data from Figure 17 using the simple bimolecular

model.



Figure 21. Kinetic fits to data from Figure 8 using the simple bimolecular

model.

Figure 22. Kinetic fits to data from Figure 19 using the simple bimolecular

model.

Figure 23. Three mass action fits to a pair of data curves from Figure 17. The

constants used to fit these two curve were:

A-  k1=52 x109, k2=.00223, k3=
B- kl=1 x109, k2=.00223, k3=
C- kl1=5 x109, k2=.00223, k3=

.002;
.00078;
.0002.

Figure 24. Kinetic data from Figure 17 with curve fits provided by the rate

constants of the mass action kinetic model.
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Figure 3b.
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Figure 3f.
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Figure 5.

Sendai/ Mumps
\p <—— F Protein

>— HN Protein

T R18
Sialic Acid Ligand
Binding
AN
O S No
22 Dell Surface B R
Fusion and Dequenching
&
N NG

_:::;Iﬂ‘:::lf:: = ?1:£::3‘::;;;:::_




Figure 6.

Author System

Chejanovsky et al.(1986)

NBD RSVE/FELC
RSVE/FELC
NBD-C1 Sendai/FELC

RSVE/FELC

"

Chejanovsky et al. (1988)

R18 Sendai/HELA

Sendai/Ghost

Citovsky et al. (1985)

NBD RSVE/Ghost

RSVE/HTC
RSVE/PC
RSVE/PC+

Citovsky et al. 1988)

R18

"

Sendai/M. Capri.

-7

Inhibitor

Trp

Trp

DTT

PMSF
Neuroaminidase

DTT
Trp
Neuro.
PMSF
DTT
Trp
Neuro.
PMSF

) . I
Trp
PMSF

DTT
HN

HN-F

Trp
Trp
Trp
Trp

DTT
PMSF
Trp

% Uninhibited

20.5

16
6.3
15
21

23

21
S5
11.8
174
174

9.6
153
153

12
12
16
104

7.6
14.2
133

15
17

15



Figure 7.
Date

7/2/87

4/1/89

4/11/90

5/24/90

6/16/87

6/24/87

6/25/87

6/25/87

10/5/87

System
Mumps/Ghosts

Mumps/Ghosts
Mumps/Cells
Mumps/Cells

RSVE/Ghost

"

RSVE/POPC

"

Sendai/Ghost

Sendai/POPC

RSVE/Ghosts

53

15 min

2000 sec

"

Inhibitor Fusion

None
Trp
DTT

None
Trp
DTT

None
Trp

None
Trp

None
Fet

None
Trp
DTT

None
Trp
DTT

None
Trp
DITT

None
Trp
DTT

None
Trp
Pro

o
0
0

227
7
9.4

177
5.6

25.0
4.0

12.0
6.0

12.5
8.3
6.2

11.2
9.0
3.0

6.3
3.8
0.5

12.4
13.1
7:5

74
2.8
1.4

Notes

R18

R18

R18

R18

R18

R18

R18

R18

R18

R18



10/7/87

3/14/90

4/2/90

4/5/90

RSVE/Ghosts

RSVE/PBL

RSVE /Ghost

"

RSVE/PBL

"

RSVE/H9

"

2000 sec

600 sec

1000 sec

900 sec

54

None
Pro

None
Fet
Trp

None
Fet
Trp

None
Fet
Trp
Serum

None
Trp
Hanks
Fet
Serum

24.1
1.7

37.1
4.6
2.1

24.0
11.2
2.9

23.0

NBD/Rd

Rd-PE

Rd-PE

Rd-PE



55

Figure 8.
| o T
/3.6 ug Sendai ) e Y X
* 9.0 ug Sendai % P '.,i‘f,.'. wlple s
| 27.0 pg Sendai Lo A
150 \ 9.0 ug Sendai+ trypsin| ~ . iy~ ot Aot
£
2 10-
(7]
e |
4
a
?
5 = o~ ‘-"
i ' SR
. .s e % ~ Al $oaah, o \‘: MY \"Q
e AR TR R TR R R
O—W Q.‘ \\N\ \:{‘u* TR
T T T T T T T
0 100 200 300 400 500 600
t (Seconds)
ndai Am Trp. Fusion % Uninhibited
2 169 28 16.5
5 122 2.3+.1 18.8
15 10.6 1.45+.1 13.6



Figure 9.

Trypsin Digestion Controls
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Figure 18.
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I. Introduction

For a tissue to be infected with a virus it must be exposed to that virus
and it must be capable of supporting a complete virus replication cycle.
These two factors determine viral tissue tropism, i.e., selective tissue
infection.

Entry pathways (skin, respiratory tract, gastrointestinal tract, etc.)
determine initial cellular exposures, while bodily transport systems and
viral infection pathways determine later cellular exposures. For example, a
virus which is directly injected into the blood (by an insect, a wound, a
needle, etc.) will be initially exposed to lymphoid and erythroid cell lines as
well as those endothelial cells lining the blood transport system. A virus
could then infect the capillary linings and bud prodigy virus into the gut
organ tissue.

For a virus to successfully infect a cell, it must transport its replicative
material to the cellular interior, all replication proteins must be active in
the cell, functional viral proteins and nucleic acid must be produced, and
the progeny virus must successfully exit the cell.

Entry phase behavior is moderated by the proteins on the surface of the
virus. A binding ligand is necessary on the viral surface for the virus to
become associated with a cell. The viral surface proteins can confer direct
specificity for certain cells by the recognition of factors on the surface of the
cells. A tissue specific drug delivery system could be developed if this

targeting behavior could be incorporated into an artificial delivery system.
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The paramyxovirus mumps was chosen to test the feasibility of this idea,
due to its infective properties and tissue tropism.

Mumps only known natural host is man, where the infection is located
in the T cell lymphocytes, the respiratory tract, the kidneys, the pancreas, the
salivary glands (the swelling in the parotid salivary gland gives mumps its
name) and, most significantly, the central nervous system (CNS) (Wolinsky
et al.,1985).1 Mumps can be detected in the CNS of 50% of infected humans
(Wolinsky and Server, 1985). The infection of the CNS in humans is
usually benign although meningitis is a common complication and
encephalitis occurs rarely, which can result in terminal illness or
permanent brain damage. The virus has been adapted to cell lines, chicken
eggs and newborn hamsters (Cantell, 1961). In the newborn hamsters certain
mumps viral strains will cause terminal encephalitis within 5 days of
infection. The mechanism by which mumps enters and infects the CNS is
unclear. Infection appears to cross into the brain at the choroid plexus, as
shown by infection of these tissues and antibody staining of infected
hamster brains.

Drug delivery to the CNS of humans is an unresolved pharmaceutical
problem, due to the existence of a blood brain barrier. This barrier is due to
tight junctions existing between the endothelial cells lining the brain
capillaries. For material to cross into the brain it must be selectively
transported across the barrier or be highly hydrophobic and diffuse across
the barrier via the lipid bilayers. The possibility of CNS targeting was one
incentive for researching the mumps system.

The mumps virus is made up of 6 proteins, a single stranded RNA,

and a lipid outer membrane. The six regular proteins are the Large (L),
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NucleoCapsid (NC), Polymerase (P), Matrix (M), Fusion (F) and
Hemagglutination- Neuraminidase (HN) proteins (Jensik and Silver, 1976).
The last two are glycoproteins and based on Sendai parallels are responsible
for cell entry behavior (Tsao and Huang, 1986; Hoekstra and Klappe, 1986).
The HN protein contains two activities, a Neuraminidase activity by which
it can cleave terminal sialic acids from sialated glycosylations and a
Hemagglutination activity, which is a binding activity that allows the
agglutination of red blood cells. The F protein initiates fusion between host
and viral membranes. The fusion protein (Fg) is cleaved upon appearance
of the virus on the infected cell surface before viral budding to give a
disulfide associated pair of proteins called Fq (containing the
transmembrane sequence and a highly hydrophobic N terminus) and Fp
(containing the signal sequence)(Herrler and Compans, 1983; Merz et al.,
1983). Under examination by electron microscopy, these proteins appear on
the surface of the virus as spike-like projections with knobbed heads and are
often refered to as "spike proteins."

Mumps virus belongs to a group of viruses that enter the interior of a
cell by fusion with the exterior cell membrane bilayer in a pH independent
manner, as opposed to viruses like influenza which enter the cell interior
by fusing with the walls of a lysosomal compartment at low pH (White et
al., 1983). Fusion with the cell surface leaves the fusion and binding
proteins on the surface of the infected cell. These proteins might then cause
the formation of syncytia or giant cells by causing cells to fuse with one
another. The other possibility for syncytial formation is the simultaneous
fusion of a virus with two cells. The target on the cell surface for the

mumps virus is most likely a negatively charged ganglioside, as the HN
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protein naturally has a neuraminidase activity for such residues. The
neuraminidase activity and binding activity appear to be located in the same
site in the HN protein (Klamm, 1980; Server et al., 1982). In the related
paramyxovirus Sendai it has been shown that the primary target is the
ganglioside GQ1b, with the gangliosides GD1a and GT1b as secondary targets
(Markwell et al., 1981). The N terminus of the F protein is highly
hydrophobic and may play a direct role in membrane fusion by disrupting
or bridging opposed viral and cellular bilayers.

Mumps virus has evolved into a multitude of strains which can be
divided into two classes, based upon their behaviors (Wolinsky and Stroop,
1978; McCarthy et al., 1980). The first class causes little syncytia formation or
cell-to-cell fusion, has low pathogenicity in animal models, and contains a
high ratio of neuroaminidase activity to hemagglutination activity. The
second class of mumps strains causes a high rate of syncytia formation, is
highly pathogenic and neuroinvasive and has a low ratio of
neuroaminidase to hemagglutination activity (Merz and Wolinsky, 1981).
The neuroinvasive activity of the virus can be related to the activities of the
HN protein (Server et al., 1982; Wolinsky et al., 1985). Further evidence that
the neuroinvasive properties are caused by the HN protein rather then the
F protein is provided by the fact that the F protein is conserved in sequence
across the strains while the HN protein varies in sequence and size, from
75,000 daltons to 80,000 kilodaltons (Server et al., 1985a&b; McCarthy and
Johnson, 1980). The other mumps virus proteins also show conservation in

size across the strains.

The reconstitution of the lipid and glycoprotein viral envelope has

been previously accomplished for several viruses, including the influenza
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virus, Semliki Forest virus, vesicular stomatitus virus and Sendai virus.
The mumps virus is closely related to Sendai virus, another
paramyxovirus, whose glycoproteins have been reconstituted into artificial
membranes and tested for activity with ghost erythrocytes (Harmsen et al.,
1985). The activity of Sendai virus glycoproteins has been examined in
reconstituted "virosomes" or RSVE (Reconstituted Sendai Viral
Envelopes)(Harmsen et al., 1985; Vainstein et al., 1984). The glycoproteins
or membrane associated proteins are separated from the internal core of the
virus and placed into a lipid bilayer made up of natural viral lipids or some
synthetic lipids. A reconstituted system is noninfectious and allows one to
study the behavior of the surface proteins. The reconstituted vesicles might
carry drugs or markers in various in vitro (Uchida et al., 1979) or in vivo
(Vainstein et al., 1983) delivery schemes. See Figure 1 for a schematic
representation of a RSVE drug delivery to a target cell.

It was my hope in beginning this project that one might successfully
reconstitute the mumps glycoproteins HN and F in a similar fashion to that
of Sendai. With such a system one could look at the tissue targeting
behavior of the glycoproteins in vitro and in vivo in order to demonstrate
whether tropism is determined by viral surface constraints. Of greatest
interest in the in vivo animal studies was the possible interaction of the
reconstituted vesicles with the central nervous system. The in vitro
interactions of the vesicles with cells and ghost erythrocytes could also be
studied by physical techniques in order to better understand the interaction
of the viral proteins with the cell surface, and any conformational
properties or changes in the viral protein structure created by interaction

with a target cell surface.
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IL. Initial Reconstitution Studies with Mumps

Introduction

Initial reconstitution attempts were made with the mumps virus based
on a method used previously with Sendai. The detergent reconstitution
technique using octyl glucoside developed by Harmsen et al. was first
examined (Harmsen et al., 1985). Octyl glucoside has a high critical micelle
concentration (CMC) giving it the desirable property of easy removal via
dialysis. The general protocol of detergent reconstitution calls for the
addition of detergent to the virus, dissolving surface glycoproteins and
lipids. The interior proteins and nucleic acids are then removed by
centrifugation. When the detergent is dialyzed away vesicles can form with
the glycoproteins incorporated into their membranes. These vesicles can

then be physically characterized and assayed for activity.

Methods

Virus- 3H Leucine labeled Kilham strain of mumps virus was grown
in CV-1 cells in roller bottles at the University of Texas Department of
Neurology by Neal Waxham and associates (Server et al., 1982). The virus
was purified on a discontinuous 25/50 sucrose gradient and then frozen at -
80°. All work with live virus was performed at the viral facilities run by Dr.

John Zaia at the City of Hope Hospital.
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Reconstitution- In a series of experiments a variety of reconstitution
methods were attempted, the conditions are summarized in Table 1.
Procedures were very similar in form. The virus was washed in a 100,000 g
centrifuge spin. The virus pellet was resuspended in buffer and octyl
glucoside detergent was added to the solution. The solution was incubated
for one hour at room temperature and then nondissolved material was
pelleted out at 100,000 g. Dialysis was performed to remove the detergent
octyl glucoside. The dialysed solution was centrifuged at 100,000g and the
product pellet was resuspended in appropriate buffer.

Five different reconstitutions were performed. Reconstitutions #1 and
#2 were based on the method of Harmsen et al. (Harmsen et al., 1985).
Reconstitution #3 used CV-1 cells as target membranes for the reconstituted
products in the fluorescent fusion assay. Reconstitution #4 involved
running a parallel set of experiments using Sendai virus. Half of the
reconstitutes used high pH/high salt conditions, based on work by Jensik
and Silver showing a higher rate of protein solvation using these
conditions (Jensik and Silver,1976). Reconstitution #5 focused on the
physical characterization of the products. Reconstitution was done in the
presence of 20 mM magnesium as other reconstitution studies have
indicated that magnesium facilitates the proper insertion of membrane

proteins during reconstitution (Levitzki, 1985).

Lipid and Protein Assays- Modified Lowry (Peterson,1977) and Bartlett
(Itoh et al.,1986) assays were used to determine the protein and lipid
contents of the samples at various times. Protein concentrations could also

be correlated to the amount of Tritium in a sample.
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Transmission Electron Microscopy- 10 ul of sample at various
concentrations (~300ug protein/ml) was applied to carbon covered glow
discharged grids and allowed to dry. 10 pl of stain was then applied. 1%
Phosphotungstic acid, 1% Uranyl Acetate, and 2% Ammonium Molybdate
were used as stains. The samples were examined at the Caltech Biology EM
facility using the Phillips EM201 transmission electron microscope. 35 mm
photos were processed in the lab used the Ectamatic film photo

development system.

Sucrose gradients- Sucrose gradients were prepared by the method of
Luthe (Luthe, 1983). Gradients from 0-25% density were formed with a 50%
bottom cushion. Reconstituted vesicles, vesicles treated with trypsin, and
vesicles treated with pronase were placed on the surface of the gradient and
centrifuged for 5 hours at 150,000 g. The gradient was removed from the
centrifuge tube by puncture of the bottom of the tube and fractions were

collected. The fractions were monitored for Tritium counts.

Ghost Preparation- Ot and A* human erythrocyte ghosts were

prepared by the method of Steck (reviewed by Steck and Kant, 1974).

Cell Line- Attached Green Monkey Kidney endothelial CV-1 cells were
obtained from Neal Waxham and from the Caltech cell culture facility (run
by Norm Davidson). The cells were grown in Eagle's Minimum Media

with 10 % Fetal Calf Serum. Cells were passed every 4-5 days.
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Fluorescent Fusion Assays- All fluorescent measurements were made
on a SLM 4800 fluorimeter attached to an IBM AT computer using SLM
software. Two sets of fluorescent indicators were used in the fluorescent
fusion experiments.

NBD-PE and Rd-PE resonance energy transfer probes were
incorporated into reconstituted vesicles by addition to the viral solution
during detergent solvation (Struck et al., 1981). Probe concentration was
based on lipid content of the viral vesicles: NBD-PE and Rd-PE were added
at 1.5 mole % and 2 mole % of the lipid content respectively. In a
fluorescent fusion assay 5-25 mg of viral protein were placed with 2 ml
buffer in a quartz cuvette. An emission prescan was made, exciting at 470
nm and monitoring emission between 500 and 600 nm. Kinetic data were
acquired by monitoring emission at 530nm (NBD emission) with the
addition of ghost erythrocytes or CV-1 cells to the cuvette. After acquiring
kinetic data, a post-fusion scan of emission wavelengths was taken. The
solution was then brought to a concentration of 1% Triton X-100 so that
maximal NBD fluorescent output could be determined. The NBD emission
value with Triton X-100 represents maximal NBD fluorescence.

The R18 self quenching fluorescent probe was added directly in an
ethanol solution to the reconstituted vesicles (Hoekstra et al., 1984).
Unincorporated R18 was removed by passing the sample over a G50-100
Sephadex 5 ml chromatography column. R18 was added at 2 mole % of the
lipid content. In the R18 system the excitation wavelength was 560 nm
while the emission at 590 nm was monitored. Kinetic data was acquired

previous to and after the addition of ghost erythrocytes or CV-1 cells to the
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sample cuvette. Maximal emission was determined by adding Triton X-100

to the solution.

Hemagglutination Assay- Hemagglutination was assayed for by
method of Salk (Salk, 1944). Serial dilutions of the virosomes were made
and mixed with .5% O+ red blood cells in a conical bottomed titer plate.
Readings were made after several hours at room temperature.
Hemagglutinated cells settled uniformly across the bottom of the plate
while non-agglutinated cells settled into a dark spot at the bottom of the

conical well.

Fluorescence Microscope Studies- NBD/Rd labeled vesicles were
applied to PBS rinsed CV-1 cell monolayers grown on cover slips. The
monolayers were observed under a Nikon fluorescent microscope using

NBD and Rd emission and excitement wavelength based filters.

Light Scattering Studies- Measurements were made using a Malvern
4700c photon correlation spectrometer equipped with a 455nm 5 watt
Spectrophysics laser attached to an ATT PC with Malvern software. Most
measurements were made at 900 with no size bias and maximum modal
distribution parameters. Measurements at other angles were made to check
for any major amplitude variations. Size bias parameters were inserted

after initial data collection to further clarify size distributions.
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Results

Fluorescent Fusion Studies- In order to determine whether the fusion
protein was still functional after reconstitution, the fluorescent resonance
energy transfer probes NBD-PE/Rd-PE were added to several of the
reconstituted systems. If fusion were to occur one would expect to see
increased emission from the NBD probe as the spacing of the probes in the
bilayer will increase and the rhodamine absorption effects will lessen due to
the dilution of the virus associated probe into the target membrane (Struck
et al.,, 1981). The distance dependency behavior of resonance energy transfer
is 1/16, and therefore small changes in probe density can be detected by this
method. RMVE were added to CV-1 cells and human ghost erythrocytes
(O+ and B+). In no case was there any evidence of probe dequenching .

The probe R18 was also used as a monitor of fusion by observation of
lipid transfer. Transfer of the R18 probe to the target bilayer is indicated by
increased fluorescence as the self quenching probe is diluted into the target
bilayer (Hoekstra et al., 1984). Transfer of the R18 probe was observed in
every reconstituted mumps experiment where it was used, even in cases
where trypsin or DTT was added in order to inhibit protein mediated
fusion. Table II presents some of the results found with the labeled products
of reconstitution #4. There would appear to be a base line transfer of probe
through solution without bilayer fusion. With reconstituted Sendai
systems a higher rate of dequenching (~12%) was seen that was affected by

DTT and trypsin, being brought down to baseline transfer levels (~5%).
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Hemagglutination assay and Fluorescence Microscope Studies- The
Hemagglutination assay showed a high amount of binding activity in the
reconstituted systems, requiring between 2 and 10 ng of glycoprotein to
agglutinate 50ul of .5% red blood cells. Fluorescence microscopy showed
CV-1 cells with hundreds of glowing points attached to them, even after
several buffer rinses, indicating that the virus readily bound to the CV-1

cells.

Electron Microscopy, Sucrose Gradient and Light Scattering- Initial
studies with the electron microscope using PTA as a stain showed many
>150 nm vesicles. Surface features were poorly contrasted with this stain.
Upon usage of 2% Ammonium Molybdate, surface features became clear.
Three different populations of reconstituted products became apparent. The
first population was composed of large liposomes lacking surface
projections and ranging between 250 and 400 nm in size. The second
population was composed of small liposomes covered with surface protein
projections, between 50 and 90 nm in size. These vesicles were similar to
the reconstituted vesicles shown in the reconstitution paper of Harmsen.
The third population consisted of filamentous protein aggregates. These
elongated structures were covered with viral protein spikes and appear very
much like a caterpillar in form. The aggregates ranged from 40-70 nm in
length and 15-20 nm in width. Light scattering data also indicated that two
size populations existenced, a large 250-400 nm population and a smaller 50-
100 nm population.

Sucrose gradients showed three populations of products, a population

which floated on the surface of the gradient and two populations in the
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gradient which settled to 25% and 20% sucrose concentrations in the
gradient, see Figure 2. These two populations disappeared from the middle
of the gradient and appeared on the surface of the gradient upon addition of
trypsin or pronase to the RMVE, indicating that these populations may
have been protein aggregates digested into smaller less dense fragments or
proteins cleaved from the surface of vesicles. Protein free vesicles are of low

density and will float near the surface of the gradient.

Conclusions

Multiple reconstitution procedures to functionally reconstitute the
fusion activity of the mumps virus were tried. While some fusion activity
could be seen with Sendai via this octyl glucoside procedure, mumps failed
to produce any protein dependent fusion activity. The lack of fusion
activity might be due to the products observed by light scattering and
electron microscopy, mainly protein aggregates rather then protein covered
vesicles.

Some parallels can be drawn between these results and experiments
done by Helenius and collaborators with the alphavirus Semliki Forest
virus. The Semliki Forest virus has two large glycoproteins (E1 and E2) and
one small glycoprotein on its surface (E3). Helenius reports that when the
Semliki Forest virus E proteins were solubilized in Triton X-100 the three
proteins remained in the form of a complex (Helenius and Soderland, 1973,
Helenius et al., 1977) but were dissociated when treated with SDS or
deoxycholate (Helenius et al., 1976; Becker et al.,1975). When the E proteins

were purified and reconstituted into synthetic membranes using octyl



84
glucoside as a detergent, Helenius et al. found that E1 formed vesicles with
the protein inserted, E2 formed protein aggregates and E3 precipitated out of
solution (Helenius and Kartenbeck, 1980). They also reported that with
parainfluenza, influenza, and Sendai virus, protein aggregates were the
predominant octyl glucoside reconstitution product (Helenius et al., 1981).

Hsu, Scheid, and Choppin also experimented with the introduction of
isolated Sendai glycoproteins into artificial bilayers (Hsu et al., 1979). They
found that at low ratios of lipid to F protein, protein aggregates were
formed. At a high ratio of lipid to F protein, vesicles with incorporated
protein spikes were formed. Vesicles with incorporated protein were
formed at all concentrations attempted with the HN protein. In Harmsen's
reconstitution paper using octyl glucoside he reports "Occasionally, thin
filamentous structures were seen, entirely surrounded by spikes" (Harmsen
et al., 1985).

My results show that the major fate of the viral proteins in octyl
glucoside dialysis is protein aggregation. The highly hydrophobic N
terminus of the Sendai and mumps F1 protein may cause the F1 to
preferentially form protein aggregates. This in agreement with all of the
above cited literature.

Helenius attributes incorporation of glycoproteins into vesicles to be
dependent on a number of factors, one of which is the rate of detergent
removal (Helenius et al., 1981). It is useful to have a detergent that is easily
removed in dialysis, i.e., a detergent with a high CMC. However, in several
viral reconstitutions in the literature and in my work with mumps, the
rapid removal of octyl glucoside appears to be non-beneficial as some viral

proteins do not preferentially incorporate into the lipid bilayer but rather
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form protein aggregates. A detergent with a lower CMC will dialyse away at
a slower rate but may give the protein more time to incorporate itself into
the lipid bilayer.

In order to avoid the formation of the protein aggregates, alternative
detergent systems were tested and compared to the octyl glucoside products
(section III). The detergents Triton X-100 and C12Eg were used based upon
their lower CMCs and the success of other workers using these detergents
for reconstitution. The experiments were done with the model system
Sendai, due to the ease and availability of working with Sendai, compared
with the difficulties of working with and scarcity of the mumps virus.

Careful examination to the actual reconstituted product forms were made.



IIL. Reconstitution Studies on Sendai Virus Using Octyl Glucoside, Triton X-
100, C12Eg, and Short Chain Lipids

Introduction

Reconstitution of Sendai using either octyl glucoside or Triton X-100
has been reported in the literature (Harmsen et al., 1985; Vainstein et al.,
1984). Harmsen et al. reported successful reconstitution of the virus based
upon successful fusion of the vesicles with erythrocyte ghosts. They
réported that Triton X-100 reconstituted vesicles were defective in fusion
ability. Vainstein et al. have reported a Triton X-100 reconstitution of
Sendai and upon the basis of hemolysis activity maintain that Triton X-100
reconstituted vesicles were functional while octyl glucoside vesicles were
defective in fusion ability. The use of SN-2 Biobeads to remove the Triton
X-100 selectively from solution allows the use of Triton X-100 as an
alternative detergent to octyl glucoside (Holloway, 1973). The Harmsen
vesicles were reported to be 75nm in diameter while the Vainstein vesicles
were 100-300nm in diameter. A larger vesicle may be of more use in drug
delivery of aqueous drugs as it has a much larger volume of encapsulation.
Both reconstitutions were repeated in order to test the literature statements.

A third detergent, C12Eg, has been used to reconstitute vesicular
stomatitis virus (VSV)(Metsikko et al., 1986). The effects of this detergent in
Sendai reconstitution were also examined. In addition the usage of
shortchain lipids was investigated in reconstitution (Gabriel and Roberts,

1984, Gabriel and Roberts, 1986, Roberts and Gabriel, 1987).
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The rigorous NBD/Rd fusion assay was used to determine vesicle
fusion. It has been documented (Duzgunes, 1987) and shown in our lab that
this probe system gives the most consistent results in other systems less
complex than viral fusion, such as Ca** induced PS fusion and freeze-thaw

induced SUV fusion (Goodrich and Baldeschwieler, 1988).

Methods

Virus- Sendai virus was propagated in 10 day old fertilized chicken
eggs. The virus was injected into the allontoic cavity of the eggs and
allowed to grow for three days. The allontoic fluid was then harvested and
the virus was purified by centrifugation, alternating between spins of 5,000g
and 15,000g to pellet debris and virus respectively (Scheid and Choppin,
1976). The virus was stored at -80°.

Reconstitution-In all reconstitution methods the product was stored on
ice and used in assays within 48 hours. If the products were frozen and then
thawed before any assays were performed, hemagglutination activity was
preserved while fusion activity was destroyed.

Octyl glucoside reconstitution was performed by the method of
Harmsen et al. (Harmsen et al., 1985). 1 mg of virus was pelleted at 100,000 g
for 1 hour and resuspended in 140 mM NaCl, 10 mM Hepes, 50 uM PMSF,
and 50 mM octyl glucoside. The solution was incubated for one hour at
room temperature (RT) and nondissolved material was removed by 100,000
g centrifugation for 1 hour. The sample was dialyzed against 25 ml buffer

for 1 hr at RT. The dialysis was repeated and then the sample was dialyzed
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against 50 ml buffer for 2.5 hr at room temperature. Dialysis was completed
by 3 six hour dialysis periods against 250 ml of buffer at 4° C temperature.
The products were then collected by centrifugation at 100,000 g for 1 hr.

Triton X-100 reconstitution was performed by the method of Vainstein
et al. (Vainstein et al., 1984). 1 mg of virus was pelleted and resuspended in
20 pl of 100 mM NaCl, 50 mM Tris-HCL, .1 mM PMSF, and 10% Triton
buffer. The solution was shaken for 1 hr at RT. Nondissolved material was
removed by centrifugation at 100,000 g for 1 hr. 15 mg of SN-2 Biobeads
were added to the solution. The solution was incubated for 4 hours while
shaking. An additional 15 mg of Biobeads was then added along with 20 pl
of 160 mM NaCl /20 mM Tris-HCI buffer. This solution was shaken for 14
hours at room temperature. The cloudy solution was removed from the
beads via a Hamilton syringe and the products were isolated by pelleting at

100,000 g for an hour.

C12Eg reconstitution was based on the above Triton reconstitution and

Metsikko's work on reconstitution of VSV with Ci2Eg (Metsikko et al.,

1986). 2 mg of virus was pelleted at 100,000 g for 1hr. The pellet was
resuspended in 70 pl of 100 mM NaCl/50 mM Tris/ .5 mM EDTA/ .5 uyM
PMSF/ 100 mM Cj2Eg. The solution was shaken for 1 hr at RT. The
nondissolved material was removed by centrifugation at 100,000g for 1 hr .
20 mg of SN-2 Biobeads were added and the solution was shaken for 2
hours. Shaking was resumed for 14 hours after the addition of 20 mg more
biobeads. The product was removed by Hamilton syringe and collected by
centrifugation at 100,000 g for a 1hr.

Short chain lipid reconstitution was based on the work of Gabriel and

Roberts (Gabriel and Roberts, 1984, Gabriel and Roberts, 1986,Roberts and
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Gabriel, 1987). Virus was collected by centrifugation at 100,000 g and
resuspended in 450ul of 100 mM NaCl/50 mM Tris/.5 mM EDTA buffer. To
this a 50 pul solution of 20mM Diheptanoyl-PC was added. The short chain
lipid solution was prepared by vortexing dried short chain lipid with buffer.
The ratio of viral lipid to short chain lipid was 1:2 at this point. This
solution was shaken for 1 hr at RT and then centrifuged for 40 minutes at
100,000 g. The supernatant was added to a 100ul solution of 50 mM DPPC
MLV's. The mixed solution was vortexed for several minutes and then
shaken at RT for 4 hours. The DPPC MLV's were prepared from a dried
solution of DPPC which was vortexed with buffer for several minutes and
bath sonicated for 1 minute. The DPPC solution was exposed to a 46° bath
for 20 seconds in order to disperse aggregates of DPPC. The product of the

reconstitution was then collected by centrifugation at 100,000 g for 1hr.

Fluorescent Monitoring of Fusion- The resonant energy pairs of probes
of NBD-PE and Rd-PE were used to monitor fusion in these systems (Struck
et al., 1981). Each of the probes was added at 1.5 mole % of the lipid content
of the reconstituted vesicles. The probes were added to the detergent
dissolved virus in the octyl glucoside, Triton X-100 and Cqi32Eg
reconstitutions and were incorporated into the DPPC MLV's in the
shortchain lipid reconstitution. Fluorescent measurements were made on a
SLM 4800 using SLM software in an attached IBM AT computer. The
reconstituted virus was excited at 470 nm and prescanned for emission
between 500 nm and 600 nm. Kinetic data was collected by monitoring at
530nm. A+ human erythrocyte ghosts were used as the target membranes

in all cases. Post fusion scans were made with and without the addition of
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Triton X-100. The fluorescence at 530 after the addition of .5% Triton was
treated as maximal fluorescence for NBD, after correction for Triton

quenching.

Fluorescence Microscope studies, Transmission Electron Microscopy,
Hemagglutination Assay, Light Scattering Measurements- Performed as in

Section II.

Animal Studies-Virus was reconstituted by the Triton X-100 method
and loaded with 111In. Reconstitution buffers included 10 mM NTA.
Nonencapsulated NTA was removed by centrifuging at 100,000g through
NTA free buffer twice. 10 ul 111In was dryed under a heat lamp and
resuspended in 10 pl HCI by vigorous vortexing. 100 pl buffer was added to
the 111In solution along with 3 pl of ACAC. This loading buffer was then
added to the NTA filled virosomes. The solution was incubated at 37° or
RT for 1 hr; both temperatures led to satisfactory loading (Beaumier and
Hwang., 1982). Nonencapsulated 111In was then removed by centrifuging
the sample three times at 100,000g for 40 minutes through 5 ml of Indium
free buffer. Serum stability studies were performed on the vesicles by
monitoring the <G22> of the 111In by PAC for up to two days (Hwang et al.,
1980). Alternately 200 pl samples of 2 mg starting virus were injected into
the tail vein of female adult BalbC mice. At two time intervals mice were
sacrificed by heart puncture and their organs were counted for distribution.
<(G22> values were taken for organs with enough counts to monitor using

the PAC device.
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Results

Light Scattering and EM Data- Sendai virus appeared as polyploidal
objects with spike projections on the viral surface. The virus ranged
between 330-400nm in size. See Figure 3 for size distributions.

Octyl Glucoside dissolved virus consisted of micelles less than 2.4 nm
in diameter and mostly less then 1.4 nm in diameter.

Three products were formed after detergent dialysis. The majority of
the volume was made up of large protein-free or "bald" vesicles between
300-400 nm in size. Light scattering showed a second set of particles between
50-130 nm, see Figure 4. EM revealed this to be made up of two populations,
protein-covered or "spiked" liposomes and protein aggregates. These
aggregate structures were filamentous with spike-like projections, appearing
in form like a caterpillar. The aggregates tend to be no longer than 70nm
long and 20 nm wide. The protein aggregates make up the majority of the
visible products under the electron microscope.

RSVE's prepared by the Triton X-100 method also showed two
populations by light scattering. The large population ranged between 250-
600nm, with the majority of vesicles between 300 and 400 nm, while the
small population ranged from 80-170 nm (see Figure 5). Under examination
in the electron microscope both populations consisted of vesicles covered
with viral protein spikes. The large population made up 90% of the total
mass and 30% of the total number of particles.

RSVE's prepared with C12Eg appeared as fairly uniform viral spike-

protein-covered vesicles under EM examination. Light scattering showed a
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major population between 300 and 500nm with a shoulder of vesicles
tailing down to 160nm (Figure 6).

Protein-free large liposomes 300-500nm in size were observed when
the short chain final products were examined. Protein-spiked vesicles were
found, however, in the pelleted non short chain lipid dissolved material.
These "Jumbosomes" ranged between 600 and 2500 nm, the majority being
between 680 and 1200 nm in size, see Figure 7. Viral spikes covered both

their external and internal surfaces.

Fusion monitored by Fluorescent quenching release- The products of

octyl glucoside, Triton X-100, and C12Eg reconstitution all showed protein

dependent fusion with target A+ ghost human erythrocytes. Some kinetic

investigation into the C12Eg fusion was made, see Figure 8. This binding
curve was created by using various ratios of reconstituted virus to ghost
erythrocytes. A saturation of the available fusion sites can be seen with a
limit of approximately .5 pg viral protein per ug ghost protein. Fusion

activity was destroyed by freezing the reconstituted product at -70° C.

Hemagglutination assay- The Triton X-100 vesicles required a

minimum of 4-6 ngs of protein to agglutinate 50 pul of .5% A+ red blood

cells.

Fluorescence Microscope Observation- RSVE's produced by octyl

glucoside, Triton X-100, or C12Eg could be observed bound to the surface of

CV-1 cells. Some glowing auras could be detected around the cells which

could be interpreted as probe released by fusion into the cellular membrane.
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Animal Injections- The distributions of 111In radiation in mice are
shown in Figure 9. The bars shown are calculated by dividing the counts in
an organ by the weight of the organ in grams and then dividing by the total
counts injected into the animal. The material was fairly stable in the blood

and accumulated in the reticuloendothelial organs, i.e., liver and spleen.

Conclusions

While octyl glucoside, Triton X-100 and Cj2Eg detergent

reconstitutions of Sendai all produced products that were functional in
binding and fusion activity, the sizes and shapes of the reconstituted
products differed greatly. The octyl glucoside procedure gave three
populations, protein-free 300nm vesicles, protein-spike-covered 100nm
vesicles and 60nm protein aggregates. The Triton X-100 reconstitution
procedure gave two populations, a smaller 100 nm protein-spike-covered
vesicle population and a larger 300nm protein-spike-covered vesicle
population. The Cq2Eg reconstitution gave one broad set of 250nm protein-
spiked vesicles.

Octyl glucoside is considered to be a "strong" detergent, i.e., a detergent
that will break up protein subunits and replace lipids tightly associated with
a glycoprotien. This property and its high CMC make it a useful detergent
for many chemical examinations of glycoproteins, including X-ray
crystallography. However, for purposes of functional reconstitution a
"weak" detergent such as Triton X-100 may function much better, allowing a

glycoprotein to stay associated with local lipids and other protein subunits.
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Usage of these detergents was in response to the early results with
mumps. In the next section the results of using these detergents with
mumps is examined, as the Sendai work indicated that the detergents
Triton X-100 and C12Eg might be more useful in reconstitution.

The reconstitution using short chain lipids gave rather different results
then those expected in designing the experiment. Proposed was a solvation
of the virus lipids and glycoproteins in a short chain lipid detergent
micelles. These micelles would normally form spontaneously large
unilamellar vesicles upon the addition to a solution containing
multilamellar vesicles of DPPC (Gabriel, 1984&1986; Roberts, 1987). By this
means, protein might be incorporated into a large unilamellar vesicle.
Instead initial solvation was only partial and very large vesicles (> 600nm in
diameter) that had lost their viral core material were pelleted by
centrifugation. These vesicles showed proteins oriented on both sides of the

lipid bilayer.
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IV. Reconstitution and Animal Studies with Mumps Virus

Introduction

Having completed a survey of reconstitution with the Sendai virus,
repetition of the detergent reconstitution methods using mumps was
attempted. Similar reconstitutions were performed and tested for fusion
and binding activity and were characterized physically by light scattering and
electron microscopy. In addition the tissue distribution of reconstituted
mumps injected into infant hamsters was investigated, with emphasis on

penetration into the central nervous system.

Materials and Methods

Virus- The Kilham strain of virus was again used as obtained from

Neal Waxham at the university of Texas.

Reconstitution- Octyl glucoside, Triton X-100 and Cj2Eg

reconstitutions were prepared in the same manner as described in section
ITI, substituting mumps for Sendai virus. All samples were prepared with
NBD-PE and Rd-PE fluorescent probes being added to the detergent solution
in amounts equivalent to 1.5 mole % and 2 mole % of the total lipid
content, for NBD and Rd respectively.

A Triton X-100 reconstitution with lipid supplement was also

performed. 1mg of mumps virus was pelleted at 100,000g for one hour. 40
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ul of 10% triton buffer with NTA was then added, the pellet was
resuspended and shaken for 1 hour. The undissolved material was
removed by centrifugation at 100,000g for one hour. To the detergent
solution 40 pl of buffer containing 1.5 mg of DSPC and .5 mg of cholesterol
was added. 30 mg of SN-2 Biobeads were then added and the mixture was
shaken 4 hours at RT. An additional 30 mg of biobeads were then added
along with 40 pul of 160 mM KC1/20 mM Tris buffer. The solution was
shaken for 14 hours, the solution removed from the beads by a Hamilton
syringe and then again centrifuged at 100,000g for one hour to pellet out the

product vesicles.

Fluorescent Fusion Studies- Fluorescent fusion studies were performed
in the same manner as described in Section III with the modification that

O+ ghost erythrocytes were used as fusion targets.

Fluorescence Microscope Studies, Electron Microscopy,
Hemagglutination Assays, and Light Scattering Measurements- All these

assays were performed as described in section II.

Animal Studies- Reconstituted vesicles were prepared and loaded with
1111n as discussed in Section III. Newborn Syrian hamsters between 4 and 6
days of age were injected intraperitoneally with 200 pl of vesicles containing
the reconstituted product from 1 milligram of starting mumps viral protein.
Animals were sacrificed by heart puncture and their organs removed and
counted with a gamma counter with windows for 111In. A summary of the

recovered radioactivity is given in figures 13 and 14, based upon % of total
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recovered/g tissue, corrected for the blood within each organ (Hwang et al.,

1980).

Results

Product Recovery- 3H protein counts showed that 8.5% of the initial
viral protein was reconstituted in the Triton X-100 procedure. 18% of the
protein was recovered using the C12Eg method and 9% recovered using the
octyl glucoside method. A maximal recovery of surface glycoproteins

should be about 20%.

Fluorescent Fusion Assays- NBD-PE and Rd-PE labeled vesicles were
monitored for fusion after the addition of O- ghost erythrocytes. No fusion

activity was seen with any of the reconstituted products.

Hemagglutination Assay-All reconstituted vesicles showed
hemagglutination ability. The minimum required protein amounts to

agglutinate 50 pl of .5% O+ erythrocytes are shown in Table III

Fluorescence Microscopy-Binding to CV-1 cells was observed under
the fluorescent microscope. All reconstituted vesicles showed strong
binding tendencies, as observed as glowing points attached to the surface of

the cells.
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Light Scattering Data- Triton X-100 reconstituted vesicles showed a
wide distribution of vesicle sizes between 200nm and 700nm in size, the
majority of vesicles being between 250 and 400 nm in size (Figure 10).

C12E8 reconstituted vesicles also showed a wide distribution of sizes
between 200 and 700 nm in size with the majority of vesicles being 250nm to
400 nm in size. Larger sized vesicles were less frequent in the C12ES8
reconstitution products as compared to the Triton X-100 reconstitution
product.(Figure 11).

Octyl glucoside reconstituted vesicles showed two populations by light
scattering. The smaller population was between 90 and 200 nm in size
while the larger population was between 250 and 500nm in size. See Figure
12.

The Triton X-100 reconstituted vesicles supplemented with lipid were
between 460 and 1200nm in size with a fairly even distribution of numbers

across this range.

Animal Studies- As the binding protein of the reconstituted virus
appeared to be functional in hemagglutination and fluorescence microscope
studies, some preliminary animal experiments were performed. As
mentioned in the introduction, the binding or HN protein structure
correlates with the ability of the virus to be neuroinvasive. The literature
animal system of baby syrian hamsters was used ( Kilham and Overman,
1953, Kilham and Murphy, 1952). The animals were injected
intraperitoneally, the only available avenue, besides intracerebrally, in
animals of their size. The first experiments showed 111lIn counts in the

brain after correction for blood associated counts, due possibly to some blood
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brain barrier penetration, see Figure 13. Also observed was a large
association of radioactivity with the backbone and spine. The experiments
were repeated with a second batch of animals where mumps virus and
control DSPC/Cholesterol liposomes were also injected, see Figure 14. It
became apparent that much of the blood brain penetration was due to some
amount of leakiness in the brains of these animals as some control
liposomes also penetrated into the brain. The association of the
reconstituted vesicles with the spine and ribs is strong in these animals.
The RMVE containing native viral membrane appear to have a higher
blood stability than the DSPC/Chol supplemented or plain DSPC/Chol

vesicles.

Conclusions

In no case was there evidence that the fusion protein of the mumps
virus was reconstituted functionally. Several possible reasons for this
inactivity were tested. Early experiments involved reconstituted virus that
had been stored at -700. We have found with Sendai virus that freezing and
thawing the reconstituted virus results in loss of fusion activity. In the case
of mumps experiments no activity was seen with refrozen virosomes or
nonrefrozen virosomes. Multiple reconstitution methods were undertaken
in the hope that under certain detergent or buffer conditions activity could
be preserved, yet no conditions proved successful in preserving fusion
activity. One possibility reason for this failure in reconstitution was that the
whole virus did not contain membrane fusion activity. The starting

material was prepared in another lab and was not tested for activity before
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conducting these experiments. To test the fusion ability of native mumps,
one can label whole virus with R18 and look for fusion via fluorescent
assay, but, as previously noted this assay tends to give spontaneous non-
protein-dependent transfer. This experiment was attempted twice, the first
time showing some protein mediated R18 transfer, while the second time
no activity was observed (see Chapter 4 Appendix, 1.). When the virus is
grown, the Kilham strain of mumps causes a great deal of syncytia and cell
disruption. For this reason the virus is purified on a sucrose gradient. This
gradient can cause the virus to lose 99% of its infectivity. This loss might be
due to a irreversable conformational change in the fusion protein, making
reconstitution functionally a difficult task.

Two other possibilities existed for the lack of fusion activity. While
attachment is seen to the surface of the target ghost erythrocytes and CV-1
cells, some other target site for the fusion protein might have been missing.
There was also the possibility that the virus had a much slower fusion
activity than Sendai and that fusion occured at a rate undetectable by the
fluorescent methods (<2% fusion per hour). The fusion activity of the
native virus had not yet been determined.

The structure and size of the reconstituted products are described in the
results section. Reconstitution by Triton X-100 or C12Eg has an advantage
over octyl glucoside reconstitution in that the formation of protein
aggregates is avoided. Both Triton and Cj2Eg reconstitution gave a single
population of vesicles with mumps, C12Eg vesicles being slightly more
homogeneous in distribution. Comparison of mumps reconstituted

products with Sendai reconstituted products show that the octyl glucoside

and Cq2Eg reconstitution products are very similar with both viruses. The
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Triton X-100 reconstitution, however, gave a much more homogeneous
population of vesicles with mumps. Further experiments used vesicles
prepared by Triton X-100 and C12Eg methods rather than the octyl glucoside
method.

Studies with the preferred literature animal system in terms of
targeting to the central nervous system were inconclusive. In any event
there was no dramatic targeting to the brain by the mumps envelopes.
Future experiments should seek an infectable candidate with a known rigid
blood brain barrier. Full grown mice contract a slow infection of the virus

and might be used (Overman et al., 1953, Kristensson et al., 1984)
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V. Reconstitution with "Caltech/City of Hope" Mumps

Introduction

In order to exam the activities of whole mumps virus and determine if
alternative starting material could lead to successful reconstitution, Kilham
strain mumps virus was prepared. The whole virus was examined for

activity (see Chapter 4) as was Triton X-100 reconstituted virus.

Methods

Mumps Growth and Purification- CV-1 cells were grown in MEM media
with 10% FCS in 150 cm? bottles until confluent and then transferred to 800
cm? roller bottles. The cells required 4-6 days to become confluent in these
larger bottles. The medium was then removed and the cells washed with
Hanks solution. Seed solution of mumps virus (2 to 5 ml) was then added
to the roller bottle along with Hanks buffer to bring the total volume up to
10 ml per bottle. The bottles were then incubated for 2 hours at 37° while
rotating. The inoculum was aspirated and new media was added,
containing 20 mM Hepes as buffer. Alternatively the bottles were gassed
with 5% CO2 for 60 seconds. After 3 to 4 days large scale destruction of the
cell monolayer was apparent and the medium was removed. The media
could be frozen at this point for use as "seed" virus in future viral
preparations. Cell debris was removed by pelleting at 1500 rpm for 10

minutes in a lab top centrifuge using 50 ml conical tubes. The supernatant
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was transferred to high density tubes and centrifuged in a SS-34 rotor for 40
minutes at 15,000 rpm (= 25,000g). The pellet was resuspended in PBS and
used for later experiments or stored by freezing in liquid nitrogen after the
addition of 10% glycerol. This preparation was run on a small scale to

prepare "seed virus" and on a larger scale to prepare experimental virus.

Plaque and Cell Death Assays- Plaque and cell death assays were run on the
seed and experimental virus in order to determine viral infectivity. Serial
dilutions of the virus in 1 ml Hanks buffer were added to six well plates (10
cm?2/well) containing confluent CV-1 cells (media removed) and incubated
at 37°C for 2 hours. The inoculum was then removed. The cells were then
covered with media in the cell death assay. For the plaque assay agar/media
or methylcellulose/media were used to cover the cells. To prepare the agar
overlay, agar was dissolved in boiling water and mixed with 2X media.
Upon cooling to 35°C, serum was added to the mixture and the overlay was
placed on the cells. The methylcellulose overlay consisted of a 1:1 mixture

of 2X media and 2% methylcellulose.

Preparation of RMVE-

Short term fusion experiment- Five roller bottles were used to produce
virus that was purified and resuspended in 14 ml PBS. Two reconstitutions
were conducted on 4 ml samples of this preparation. The virus was pelleted
at 100,000g for 1 hour in the SW50.1 rotor. The mumps pellet was then
resuspended in 100 pl of Triton X-100 (in 100 mM NaCl, 50 mM Hepes) or
140 pl of C12E8. The mixture was shaken at room temperature for 2 hours

and then centrifuged at 100,000g for 40 minutes to remove undissolved
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material. The fluorescent probes NBD-PE and Rd-PE were added to the clear
supernatants in the amounts of 6 ug NBD-PE and 8 ug Rd-PE to the Triton
X-100 mixture and 12 ug NBD-PE and 16 pg Rd-PE were added to the C12E8
mixture. 100 mgs of SN-2 biobeads were then added to the mixture, the
solution was vortexed, and then shaken for 4 hours. An additional 100 mg
of SN-2 Biobead were then added along with 100 pl of solution A (160 mM
NaCl, 20mM Hepes). After shaking at room temperature for an additional
15 hours the cloudy RMVE were removed from the beads with a Hamilton
syringe, the beads were washed, and the product was pelleted by
ultracentrifugation (100,000g for 40 minutes). Lowry protein measurements
gave yields of 125 ug RMVE from the Triton X-100 reconstitution and 95 pg
from the C12E8 reconstitution.

Long term fusion experiment- From a seven bottle mumps preparation
2 ml (=460 pg mumps protein) PBS suspended product were used in the
reconstitution. The same general procedure as described above was used
with: 100 pl Triton X-100 used to dissolve the virus, 1 ug NBD and 1.2 pg
Rd-PE being used to label the virus, 50 mg biobeads used in initial dialysis,
50 mg biobeads and 50 pl solution A used after the 4 hour incubation. The
preparation yielded 50 pg of RMVE.

Serum Stability Experiment- RMVE were prepared from the mumps
preparation described above in the short term fusion experiment. 1.8 ml of
virus solution (= .2 mg) was pelleted and reconstituted as described above
with: 50 pl Triton X-100 used to solvate the virus, 50 mg biobeads used in
initial dialysis, 50 mg biobeads and 50 pl solution A used after the 4 hour
incubation.  All solutions contained 10 mM NTA, a chelate for the 111In

loading. After pelleting the final product the sample was resuspended in
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100 ul PBS without NTA. The 111In was prepared by drying 10 pl of 111InCl
(= .1mCi) and then serially adding 10 pl 3 mM HCI, 100 ul PBS, and 3 pl
ACAC, with vortexing between each addition. The RMVE were then mixed
with this solution and incubated at RT for 1.5 hours. A large volume of PBS
was added (4 ml) and the RMVE were pelleted by ultracentrifugation. The
wash was repeated. The RMVE were found to contain =45% of the added
1111, as measured by radiation output (geiger counter).

Whole virus 1251 Labeling Experiment- One tube out of eleven from a
10 roller bottle preparation was labeled with 1251 and then reconstituted.
The method of reconstitution was as detailed above with the following
parameters: 100 pl Triton X-100 used to solvate the virus, 70 mg biobeads
used in initial dialysis, 70 mg biobeads and 100 pl solution A used after a 3
hour incubation.

Reconstituted Sendai labeling experiment- One tube out of eleven
from a 10 roller bottle prep was reconstituted and then labeled with 1251,
The method of reconstitution was as detailed above with the following
parameters: 50 pl Triton X-100 used to solvate the virus, 50 mg biobeads
used in initial dialysis, 50 mg biobeads and 50 pl solution A used after a 6

hour incubation.

Labeling with 125]- Disposable glass test tubes were coated (10 pg for a small
tube, 30 ug for a large tube) with Iodogen reagent and dryed. Mumps virus
or RMVE were placed inside the coated test tube and 5 pl Nal25] was added.
The reaction was allowed to procede on ice for one hour. The sample was
removed from the tube, the tube washed and the virus or RMVE was then

pelleted by ultracentrifugation. The pellet was washed with PBS.
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Perturbed Angular Correlation Spectroscopy Serum Stability Studies(PAC)-
PAC was conducted on 111In loaded RMVE to measure <G22> values in the
absence and presence of serum. The PAC was calibrated to give a <G22>
reading of .671 for a mixture of 111In and NTA and a reading of .198 for a

mixture of 111In and serum.

Fluorescent Fusion Assay, Protein Assay, Ghost Preparation- Conducted as

described in section II.

Results

Comments on virus growth and purification-

Initial attempts at virus growth ran into a number of problems,
primarily caused by repeated contamination of cell culture. Fungal
contamination was present in a number of the seed cultures used to grow
virus. Cells were grown to high densities and tended to be very susceptible
to contamination when the media became very acidic. After inoculation
with virus, the roller bottle cultures are sealed to the external atmosphere
and must be buffered by adding external CO; to the bottle or by adding
HEPES buffer to the media. I found the first method to be very susceptible
to error in providing proper pH balance for the cells.

Purification without the use of sucrose gradients was easily achieved.
The sucrose gradients were originally used to remove fragmented cellular

material from the growth supernatant. Gel elecrophoresis examination of
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the protein products showed that little material other than virus and BSA is
purified by differential centrifugation.

The one persistent contaminant during purification is bovine serum
albumin (BSA) which is a major component of the fetal calf serum (FCS)
used as a supplement to the cell growth mixture. This protein is only 66 kD
MW and should be separated from the virus by ultracentrifugation but most
likely sticks to the centrifuge tube and perhaps to the virus. Quantification
of virus amount is aggravated by the presence of this contaminant.
Presence of BSA during purification procedures is difficult to detect as it has
a very similar apparent molecular weight to the mumps NC protein, the
most abundant protein in the virus. Multiple ultracentifuge purification
cycles were conducted to remove the BSA and determine the amount of
virus present. One additional cycle of ultracentrifugation appears to
remove the majority of the BSA. Under standard growth conditions,

approximately 250 pg + 50 pg were prepared per 800 cm? roller bottle.

Fluorescent fusion assays-

Short term- Kinetic measurements were made of the fusion of virus
with erythrocyte ghosts using the NBD/Rd probe pair system. Fluorescent
dequenching was apparent providing evidence for successful reconstitution
with Triton X-100 (Figure 15).

Long term- Overnight incubation of RMVE with ghost erythrocytes
was conducted. As the amount of target membrane was increased fusion
increased and then leveled at =28% (Figure 16). Thus only a limited
number of reconstituted envelopes contained fusogenic activity.

Approximately 350 viral receptors were available per cell.
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Serum Stability- PAC spectroscopy was used to observe the stability of
RMVE. As vesicles are destabilized and disrupted by serum their NTA
chelated 111In becomes exposed to serum and tightly bound by serum
proteins. This produces a comparatively low <G22> (.2) to that of the
loosely bound 111In/NTA complex (.67). The loaded RMVE gave a <G22>
value of ( .53+.03). This lower value may be due to interaction of the 111In
with the viral proteins. In serum, 30% of the vesicles degraded over 60
minutes (Figure 17). The rest of the vesicles were less susceptible to

degradation, with 15% degraded over the next 8 hours.

125] labeling- For purposes of binding studies with human brain epithelial
capillary tissue, RMVE was labeled with 1251. Two methods of labeling were
attempted, labeling before and after reconstitution. For the recovered
product of 20 pg RMVE, labeling before reconstitution gave a specific
activity of 44,500 cpm/pg while labeling after reconstitution gave a much
higher specific activity, 5.5x106 cpm/ pg. In the experiment where
reconstitution occurred after labeling, much of the 1251 label may have been
lost to residual BSA, as no ultracentrifugation purification was conducted
on the sample until after labeling. The experiments for which these
samples were prepared for were not conducted due to a lack of enthusiasm
by potential collaborators (N.J. Abbott, Kings College London; William
Pardridge, UCLA).
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Conclusions

The mumps virus can be successfully purified without the use of
sucrose gradients. Use of this virus allowed successful reconstitution of
fusion active RMVE. RMVE vesicle stability in serum was reasonable with
30% of the vesicles being lost in one hour and the rest appearing to be stable

for many hours.
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VI. Conclusions

This initial work on mumps reconstitution by detergent dialysis
methods concentrated on the recovery of the virus glycoproteins in a form
in which the protein's interactions with target membranes could be
surveyed. The products given by octyl glucoside detergent dialysis
reconstitution were undesirable as any behavior exhibited by the
reconstituted virus may be attributed to any of the three different
reconstituted products, including protein aggregates. Triton X-100 and
Cq12Eg reconstitute products are better defined in size and character and
exhibit all the glycoprotein properties of the native mumps and Sendai
virus.

The reason for the lack of mumps fusion activity in the early
reconstitutions is unclear. The sucrose gradient run during the initial
purification of this virus may have been responsible for destruction of the
fusion activity as this gradient will cause loss of infectivity. Alternatively,
storage at -196° C in the presence of a cryopreservative may have preserved
viral activity better than storage at -80° C. Reconstitutions which involved
mumps virus grown in cell culture at the City of Hope Hospital gave fusion
functional reconstitutes.

Animal studies with reconstituted Sendai and mumps virus showed
that these vesicles acted in principle very similarly to liposomes in
circulation behavior. Uptake of the "virosomes" occurred primarily in the
reticuloendothelial system, i.e., liver and spleen. The uptake of the mumps

by the brain of the hamsters was near background blood levels and too near
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the "noise" level of the assay to draw any conclusive positive results. As an
experimental system it was unclear whether these animals had a complete
blood brain barrier. In general the vesicles had reasonable stability in serum

and good circulation time in the blood.

VII. Future Potentials

Given that the mumps and Sendai HN protein activities are preserved
in all reconstitutions and the Sendai F protein activity is generally
preserved, a combination of mumps and Sendai viral proteins in a
reconstituted system could have unique properties. The binding protein of
mumps could provide the tissue specific behavior while the Sendai fusion
protein allows for entry of the virosome contents into the target cell.
Isolation of the individual glycoproteins from both Sendai and mumps is
feasible via sucrose gradients or immunoaffinity columns (Hsu, 1979).
Reconstitution with other more specific binding moieties should also be
feasible. Such a combination of viral targeting and fusion proteins could

represent the first generation of tissue tropic drug delivery liposomes.

1 Abbreviations Used-CNS- Central Nervous System, F-Fusion Protein, F & F5 -Fusion

protein cleavage products, HN- Hemagglutination-Neuroaminidase Protein, RSVE-
Reconstituted Sendai Viral Envelope, RMVE- Reconstituted Mumps Viral Envelope, CMC-
Critical Micelle Concentration, NBD-PE - N-(7-nitro-2,1,3,-benzoxadiazol-4-yl)-
phosphatidylethanolamine, Rd-PE - N-(lissamine Rhodamine B sulfonyl)-
phosphatidylethanolamine, R18- Octadecyl Rhodamine B chloride, DTT- Dithiothreitol,
PS- Phosphatidylserine, PC- Phosphatidylcholine, Octyl Glucoside- 1-O-n-octyl-Beta-D-
glucopyranoside, PMSF- Phenylmethylsulfonyl Fluoride, DPPC-Dipalmitoyl
phosphatidylcholine, DOPC- Dioleoyl Phosphatidylcholine, EM- Electron Microscopy,
SUV- Small Unilamellar Vesicle, LUV- Large Unilamellar Vesicle, MLV- MultiLamellar
Vesicles, ACAC- 2,4-Pentanedione, POPC- 1-Palmitoyl-2-Oleoyl Phosphatidylcholine,
MEM- Minimal Essential Media, FCS- Fetal Calf Serum.
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Figure 1. Schematic representation of Reconstituted Sendai Viral Envelope (RSVE)
delivering encapsulated drug to the interior of a cell with viral binding sites on

its surface.
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Table |
Reconstitution
Number 1 2 3 4 5
B e ——
Wash 140mM NacCl 140mm NaCl 140mM NaCl None None
Buffer 10mM Hepes 10mM Hepes 10mM Hepes
pH 7.4 101 pH7.4 10:1 pH 7.4 10.1
Viral A. 1mg/ml
Py .66 mg/ml 1.32 mg/ml .66 mg/mi 1.32 mg/ml B. 2 mg/mi
Main 140mM NaCl 140mM NaCl | 140mM NaCl 10mM tris A&B.10mM Hepes
10mM Hepes 10mM Hepes | 10mM Hepes 100mM NaCl 140mM NaCl
Quiter pH 7.4 pH 7.4 pH 7.4 See notes below
B. +20mM MgCI
Detergent 50mM, 50mM 50mM 50mM 50mM
Conc 100mM
Dialysis 25ml 1hr RT 30ml thr RT | 25ml thr RT  |50ml 6 hr 4C | 30ml 1hr RT
Protocal 25ml 1hr RT 30ml 1thr RT | 25ml 1thr RT  |50ml 2.5hr 4C | 30ml 1hr RT
50ml 2.5hr RT | 50ml 2.5hr RT | 50ml 2.5hr RT |250m!I 10hr 4C| 50ml 2.5hr RT
250ml 6hr 4 C | 125mil 11hr RT| 250ml 12hr 4C [250mlI 11hr 4C| 250mi11hr RT
250ml 6hr 4 C | 250ml 6hr 4C | 250m| 6hr 4C 250ml 6hr RT
250ml 6hr 4 C | 250ml 6hr 4C
F activity R18 with R18 increase R18 with (-) R18 () NBD/Rd (-)
B+ ghosts- Trypsin+= O+ ghosts O+ ghosts O+ ghpsts
(+) but Trypsin- CV-1 cells, NBD/Rd No fusion
No trypsin or [ NBD/Rd (-) no protein Ghosts, Cells | observed
DTT controls specific fusion | No Fusion
HN activity (+) (+) (+) for RMVE-| (+)
19.5 ng min. 12.5 ng min
(-) for RMVE+
RMVE- used
. buffer pH 7.4
RMVE+ used
buffer pH 10.0
20mM Sodium
Bicarbonate
+ 2M KCI

Legend: (-) Protein activity deficient; (+) Protein activity present; RMVE- Reconstituted envelopes
prepared in normal buffer (100mM) and pH conditions (7.4); RMVE+ Reconstituted vesicles prepared
in high salt (2M) and high pH conditions (10.0).
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Reconstitution #4 R18 Fusion Results
Transfer after 1000 Seconds

Normal +Trypsin +DTT
21ug RMVE(+)
37.3 pg O+ ghosts 4.5-5.4% 4.7-6.8%
5ug RMVE(-)
37.3ug O+ Ghosts | 3:2-4.3% 3.5% 5.0%
25ug RSVE(-)
37.3ug O+ Ghosts | 13-2% 8.6% 6.6%
5ug RSVE(-)
37.3ug O+ Ghosts | 12:7% 3.8%
5ug RSVE(+)
37.3 ug O+ Ghosts | 8-4%
25ug RSVE(+)
37.3ug O+ Ghosts | 2:1-5.3% 1.5% 2.1%
25ug RSVE(+)
90ug POPC SUV's 10.1% 9.9% 2.8%

Legend- RMVE - Reconstituted Mumps Viral Envelopes; (-) -Normal Salt and pH (150mM and 7.4)

(+) High Salt and high pH (2M and 10.0) ; RSVE - Reconstituted Sendai

Figure 2.
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Figure 3.
Sendal Virus
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Figure 5.

Triton RSVE Size Distribution
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Pellet from Sendai plus Short Chain lipid
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Figure 9.

RSVE Mouse Distributions
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Figure 11.
C12E8 RMVE Size Distribution
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Table Il
HA assay Minimum Protein
Triton X-100

4 ng
+NBD/Rd
C12E8

7ng
Triton X-100
+ Supplement| 219
Octyl
Glucoside 4ng
Triton X-100
-NBD/Rd 4ng

Figure 13.

Triton RMVE Distribution in Newborn Hamsters
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Figure 14

Reconstituted products in Infant Hamsters
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ABSTRACT

The octadecyl rhodamine (R18) fluorescent dequenching assay was
used to examine membrane fusion between mumps virus and cells. Rapid
fluorescent dequenching, indicative of fusion, was observed with both ghost
erythrocytes and CV-1 cells. After fifteen minutes a saturation limit of 18
virus per erythrocyte ghost and 6400 virus per CV-1 cell was observed.
Fetuin was found to inhibit viral fusion, indicating a role for sialic acid in
viral binding to the cells. Two dequenching processes were observed of
which the faster process is thought to be membrane fusion and the second
process thought to be probe proximal transfer. The most rapid dequenching
occurred at a rate of 3 (1) x 109 M-1 sec"1, demonstrating that the interaction

of mumps virus with the target m