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ABSTRACT

NEURAMINIDASE OF INFLUENZA A VIRUS: STUDIES ON IMMUNOGENICITY
AND INTERACTION WITH OTHER VIRAL PROTEINS AND LIPID

by
Judith Fitzpatrick Davis
Advisor: Doris Bucher, Ph.D.

Development of’an affinity isolation procedure for
the neuraminidase (NA) of influenza A virus (Bucher, 1977),
allowed purification of neuraminidase under conditions which
preserved the native conformation of the protein, as assayed
by enzyme activity. The advantage of enzyme activity as a
sensitive index of protein conformation allowed NA to be used
as a model for determining conformational requirements for
immunogenicity of membrane glycoproteins.

Highly immunogenic preparations of purified neuraminidase
were prepared by aggregation of the protein into protein
micelles or by association with liposomes: non-aggregated
neuraminidase was shown to be only poorly immunogenic.

Specific activity of purified neuraminidase varied with



conformation but did not correlate with immunogenicity.

M protein was incorporated into a discrete population
of heavy density (d 1.22gm/ml1) liposomes in a manner that
suggested cooperative interaction of M protein during
liposomal formation, i.e. preferential association of protein
with 1iposomes already containing protein as opposed to random
association of protein with 1ipid which would produce a
heterogeneous population of lighter liposomes. This-suggested
that the formation of M protein domains on the inner surface
of influenza virus infected cells might function to provide
recognition sites for the viral glycoproteins.

Neuraminidase was only poorly incorporated into
liposomes carrying a negative charge, resulting in the
formation of light density liposomes and aggregates that did
not appear to contain any lipid. In the presence of M protein
the incorporation of neuraminidase into liposomes was
enhanced; heavy density liposomes which contained both NA and
M protein were formed. The high specific activity of
neuraminidase-M protein liposomes suggests that
neuraminidase-M protein interaction affected neuraminidase
conformation.

Hemagglutinin and the HA, polypeptide of
hemagglutinin were both shown to be incorporated
into 1ipid in a manner that was suggestive of

cooperative interaction. In the presence of M protein



a discrete population of heavy density liposomes

were formed with both proteins, indicating that both
HA and HA2 could associate with M to form HA-M protein
1iposomes and HAZ-M protein liposomes.

Liposomal systems containing one or more influenza
virus proteins appear to offer a valuable tool for
investigation of the mechanisms by which virus
asembly proceeds, and may well prove valuable tools
in the design and development of specific antiviral

agents.

vi



-~ vii

ACKNOWLEDGMENTS

I am most grateful to Dr. Doris Bucher for providing me-
with the opportunity to study the protein chemistry of the
influenza virus and for her guidance and support during this
time. I would like to thank Dr. Kilbourne for his advice and
support. [ am most appreciative of the discussions with Dr.
Howie Lee, Dr. Michael Gallagher, and Dr. Robin Oshman. I
would like to extend special thanks to Dr. Anthony Garro and
Dr. Terfy Krulwich for professional guidance. I am very
grateful for the technical assistance provided by Dr. Robert
Aaronson and Dr. Laura Eng]ish, Ms. Barbara Porkorny and most
especially that assistance and support provided by Ms. Tania
Tomko.

Many thanks go to everyone in the Microbiology Department
for making my five years at Mt. Sinai most enjoyable and stim-
ulating.

The fellowship support from the Mount Sinai Medical
Schqo] during the years of my graduate studies is gratefully

acknowledged.



- viii

TABLE OF CONTENTS

APPROVAL PAGE « ¢« ¢ v v o o o o o o o o o o o o o« o o o & iii
ABSTRACT v o ¢ o o o o o o 4 o« o s o o s o o o s s o o o » 1iv
ACKNOWLEDGMENTS « ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o o o o o & vii
TABLE OF CONTENTS ¢« &« & ces o o o o o o o o o o o o o o Viii
LIST OF TABLES ¢ & o &« ¢ ¢ o ¢ o o o o o o » o s o o o o xiii
LIST OF FIGURES ¢ ¢ ¢ o ¢ ¢ ¢ & o o o o o o o » o o o o o« xiv
LIST OF ABBREVIATIONS e e e e e e e s e 4 s e e e s e e . Xvil

CHAPTER 1. INFLUENZA '+ ¢ & v ¢ o ¢ ¢ o o o o o o o o o+ o 1
The DiS€ase « o o ¢ o o o o ¢ o o o o o o o o o o s o o & 2
The Virus « « « ¢ ¢« ¢ v o v o v o v o s s o o =~ ¢« o s o+ 5

CHAPTER 2. HEMAGGLUTININ + + ¢ « ¢ o ¢ 4 o o o o o & + &+ 11
Morphology T 4
MoTecular SErUCEUrE « « o o o o o o o o o o o o o o o o o 12

FUNCEIoN o & o ¢ o o o o o o o o o o o » s o o o « o « « 15

CHAPTER 3. NEURAMINIDASE ¢ ¢ o ¢ ¢ o o ¢ o o o o s o« o o« » 18
INtroduUCtion « o o o o o o o o o o o o o o o o s + o » « 18

Neuraminidase Content of the Virion . « ¢« ¢« « ¢« ¢« « « « . 19



Morphology « ¢« ¢ ¢ « & v & o o v + &

. L] . L] . . L]

Structure of the Neuraminidase Mo]eéu]e e e e e o e

Nucleotide Sequence « « ¢ « « o ¢ + &
Characteristics of the Enzyme . . . .

Neuraminidase AsSsSays « « « « o « o &

. 3 . L] . . ]

The Neuraminidase Inhibition (NI) Assay . . . . . .

Functions of the Influenza Neuraminidase . . . . .

Purification of Neuraminidase . . . .
Antibody to Neuraminidase . . . . .+ .
Immunogenicity of Neuraminidase . . .
Enhancement of the Immune Response by
Role of Anti-Neuraminidase Antibodies
Immune Response to the NA Antigen .

The Neuraminidase-Specific Vaccine .

CHAPTER 4. THE M PROTEIN . « . « « . .
Morphology =« « ¢ ¢ ¢ o ¢« o o o + o o
Function of the M protein. . . . . .

Immunology of M Protein . « « « .+ « &

CHAPTER 5. LIPOSOMES . ¢« ¢ ¢ o« « « o &
OVErvVIiew « o o o o o o s o o o o s o

Virosomes L] . . . . [ L] L] . . L] . L] L]

. . . L] . . .
. L] . L] . . .

Neuraminidase

in Infection

CHAPTER 6. STUDIES OF PURIFICATION PROCEDURES FOR

NEURAMINIDASE « « ¢« « o ¢« o « o+

Introduction .« ¢« ¢« « ¢ « ¢ o o o o

ix

20
21
24
26
30
31
33
35
39
41
43
45
46
48

56
56
59
61

64
64
67

74
74



Materials and Methods « ¢ ¢ ¢ ¢ ¢ &+ &+ o ¢ o o o » o s « +» 78
Resu]ts L - L] L] L ] L] L ] L] * L] * L] L] 1 ] . * L] L ] * L ] » L ] L[] L L 80

Discussion and ConcluSionNs =« « « s o« s o o s o +» o + o« « 84

CHAPTER 7. STUDIES ON THE IMMUNOGENICITY OF NEURAMINIDASE 98
Introduction .« o v ¢ ¢ ¢ ¢ ¢ ¢ ¢« 4 ¢ o e e e« s . . . 98
Materials and Methods « +. « « &« ¢ &« & « ¢ o« o o & + « « + 99
ReSUTES &« ¢ ¢ ¢ ¢« o o o o o o o o o o o o o o o » o« o o« 103
Discussion .'. e o e & s+ s s s e s 4 = e e e e o e o . 107

Summary . L] . . . . . . . L] L] . . . ] [ L] L] . . . L] L] L] 112

CHAPTER 8. INCORPORATION OF M PROTEIN INTO LIPOSOMES . . 134
Introduction . ¢ . o ¢« ¢ ¢ ¢ v ¢ ¢ 4 e e 4 s s e . . . 134
Methods « « ¢ ¢ ¢ ¢ ¢ ¢ ¢« ¢ o v o s o o o « » o » o o « 135
RESUTES « ¢ ¢ o ¢ o o o o o o o o o o o o o o & o « « « 138
DisSCUSSTON « o o & ¢« ¢ o o o o o o « o o o o o« o« o+ « « 140

CONCTUSTONS o o o o o o o o o o o o o o o o o o o o o « 142

CHAPTER 9. INTERACTION OF NEURAMINIDASE AND M PROTEIN . 151
Introduction . . + ¢ ¢ & ¢« 4« + ¢ 4 o o s s e o o s s . 151
Materials and Methods . « ¢« « « ¢ « ¢« ¢« ¢ + o &« &« &+ « o 153
ReSUTES ¢« ¢ & ¢ ¢ ¢« ¢ ¢ o ¢ s o o o « o s o s o« s« o« « » 156
DisCuUSSTON o &+ ¢ ¢ ¢ o« o o o o o s o o o s o + « o « » 160

ConC]us'ions . [} [ [ L] [ L] . . . . . . . . [} . s . L] . L] 162



CHAPTER 10. INCORPORATION OF HEMAGGLUTININ

POLYPEPTIDE INTO LIPOSOMES .
Materials and Methods . . . « . &
ResUTES « ¢« ¢ v o« ¢ ¢ o o o o o &

Discussion and Conclusions. . . .

CHAPTER 11. SUMMARY . . . . . . .

APPENDIX I. PURIFICATION OF NEURAMINIDASE BY

CHROMATOGRAPHY .« . + « « «

Preparation of p-aminophenyloxamic acid

Affinity Column Chromatography. .
Column Preparation . . . . . . .
Preparation of Virus . . « . . .
Application of Sample to Column .
Elution of NA from Column . . . .
Determination of Purity . . . . .

Handling of the Neuraminidase.

APPENDIX II. NEURAMINIDASE ASSAYS
The Neuraminidase Assay « « . « .

The NI Assay « « o o« o« o o o« &

APPENDIX III. ASSAYS FOR HEMAGLUTINATION

The Hemagglutination Test . . . .

Determination of HI Titer . . . .

APPENDIX IV. GROWTH AND PURIFICATION OF INFLUENZA

(AMPOX)

HA

AFFINITY

I=

VIRUS

X i

181
181
183
185

195

203
205
206
206
207
207
208
208
208

211
211
213

215
215
217

220



- Xii

APPENDIX V. CLASSIFICATION OF INFLUENZA A VIRUSES (W.H.0.,
1980) & o ¢ 4 e o o 6 s 4 4 e e s s e e e e e s e . 223
Background on influenza A virus strains used in these

StUdiES- . . . . . . . . [ . . . . . . . . . . » 224

BIBLIOGRAPHY . . . . L] . ] . . . . . . . . . . . . . . . 225



LIST OF TABLES

No. Title
7.1 Enzymatic Stability of Neuraminidase Samples

7.2 Average NI Responses to Secondary Immunization

130

132

xiii



LIST OF FIGURES

No.
1.1

6.1

6.2

6.3

6.4

6.5

7.1

7.2a
7.2b
7.2c¢

Title

Diagrammatic Representation of the Influenza A
Virion

Specific Activity of Influenza A Neuraminidase
Following Detergent Solubilization and
Dialysis.

Protein Distribution During Neuraminidase
Isolation by Affinity Chromatography

SDS-PAGE Gels of Neuraminidase Purified
by Affinity Chromatography

Specific Activity of Neuraminidase During
Affinity Chromatography Varies with
Detergent Treatment.

Total Neuraminidase Activity at Various
Steps in Affinity Chromatographic
Purification of Neuraminidase

SDS-PAGE Gels of Purified Neuraminidase

Monomer Form of Neuraminidase

Aggregated Form of Neuraminidase

Plain Liposomes

‘xiv

10

91

93

95

97

115

117

119

121



7.2d
7.3

7.4

7.5

8.4

9.4

9.5

9.6

Neuraminidase Liposomes
Flotation of Neuraminidase Liposomes of
Sucrose Density Centrifugation

Final Day NI Titers

Correlation of Enzyme Activity with
Immunogenicity
Sucrose Density Centrifugation of M
Protein Liposomes
SDS-PAGE Gels of M Protein
Electron Micrographs of Liposomes Following
Negative Staining
Electron Micrographs of Specimens
Prepared by Freeze Fracture
Control Liposomes: Sucrose Gradient Centrifugation
M Protein Liposomes: Sucrose Gradient
Centrifugation
Neuraminidase Liposomes: Sucrose Gradient
Centrifugation
Neuraminidase-M Protein Liposomes: Sucrose
Gradient Centrifugation
NATSS Liposomes: Sucrose Gradient Centrifugation
NATSS'M Protein Liposomes; Sucrose Gradient
Centrifugation
Electron Micrograph of M Protein Liposomes

Electron Micrograph of Neuraminidase-M Protein

XV

123

125

127

129

144

146

148

150

166

168

170

172

174

176

178

180 .



10.1
10.2

10.3

10.4 .

Liposomes
HA Liposomes: Sucrose Gradient Centrifugation
HA-M Protein Liposomes: Sucrose Gradient
Centrifugation
HA2 Liposomes: Sucrose Gradient Centrifugation
HAZ-M Protein Liposomes: Sucrose Gradient
Centrifugation
Chemical Structures for the Neuraminidase

Affinity Column

xvi

188

190

192

194

210



xviil

LIST OF ABBREVIATIONS

AHADb anti-hemagglutinin antibody

AMPOX p-aminophenyl oxamic acid

ANAD anti-neuraminidase antibody

cme critical micelle concentration

CTAB cetyl trimethyl ammonium bromide

DOC ammonium deoxycholate

DTH delayed type hypersensitivity

EDTA disodium ethylenediamine-tetraacetate

FANA 2-deoxy-2,3dihydro-N-trifluoroaceteyl neuraminic acid
HA hemagglutinin

HA] polypeptide formed when hemagglutinin is cleaved
HA2 polypeptide formed when hemagglutinin is cleaved
HI hemagglutination inhibition

j.m. intra-muscularly

i.p. intra-peritoneally

ieVe intra-venously

M membrane or matrix protein

PBS phosphate buffered saline

NA neuraminidase

NATSS neuraminidase purified using TSS buffer

NI neuraminidase inhibition

NP nucleoprotein



NS

P

PAGE

PBS

SDS
SDS-PAGE
SFV

T

TSS

TSTR

VCN

xviii

non-structural protein

- polymerase proteins

polyacrylamide gel electrophores:s

phosphate buffered saline

sodium dodecyl sulfate

PAGE in the presence of SDS

Semliki Forest virus

T cell that provides helper function

buffer, pH 7, 0.02M Tris-HC1 (Trihydroxymethyl
aminomethane), 0.1%SDS, 0.05% sodium azide
buffer, pH 7.4, 0.02M Tris-HC1 (Trihydroxymethyl

aminomethane), 0.1% Triton X-100, 0.05% sodium azide

Vibrio cholerae neuraminidase



CHAPTER 1. INFLUENZA

Influenza

"Influenza, an acute respiratory disease
associated with....fever, chills, generalized
aching (particularly muscular), headache,
prostration, and anorexia...results from
infection and destruction of cells lining
the upper respiratory tract, trachea, and
bronchi...Normally, influenza is a self-limited
disease lasting 3-7 days. About 10% of patients
with clinical influenza have small areas of
lobular pulmonary consolidation. Although
extensive pneumonia rarely develops, it accounts
for most deaths from influenza. Severe influenza
virus pneumonias without bacterial invasion occur,
but secondary bacterial pneumonias are the major
cause of death."

Ginsberg, H.S. in Davis, et al.(1973), pp.1322-23.



THE DISEASE

Influenza, named from the Italian, "influenza", because
it was believed to be due to the influence of the stars (Bev-
eridge, 1977), has probably been a disease of mankind since
prehistory. An epidemic that appears to have been influenza
was reported in 422 B.C. by Hippocrates and Livy (Beveridge,
1977). Epidemics identified as influenza were recorded during
the Middie Ages. Probable influenza pandemics occurred in
1510 and again in 1580. It was not until 1729-30 that the .
first well-documented epidemic occurred: in London, where it
was considered a "new disease", it was reported that only 1%
of the popu]atioﬁ escaped disease and that during the peak of
the epidemic, a thousand died each week. In the period
between 1729-30 and the twentietﬁ century, influenza pandemics
occurred with a 10-30 year periodicity (see Beveridge for
review). It would appear that the epidemiology of influenza
has changed with modern times. Through the Middle Ages influ-
enza occurred in pandemics and appeared not to have been fre-

1l

quent; that is, various pandemics are noted as being a "new
disease" (Beveridge, 1977).

Starting in the eighteenth century, influenza caused pan-
demics every ten to twenty years. The correlation of the rise

of influenza with the rise of international trading is so



obvious as to suggest that influenza may be one of the plagues

of modern life (Kilbourne, 1975).

The influenza pandemic of 1918 was one of the greatest
plagues in the history of mankind, and certainly the most
lethal of the influenza pandemics. World wide mortality from
influenza was estimated at 20 million, the greatest loss in
human history for a single event (Beveridge, 1977). In the
U.S., 0.5% (550,000) of the population died (Beveridge, 1977).
In some places mortality was much higher: Somoa had 25% mor-

tality and in India 5 million died (Beveridge, 1977).

While most of the mortality during the 1918 pandemic was
due to secondary bacterial pneumonia (Kilbourne, 1975), it
would appear that the increased susceptibility to bacterial
infection was a function of the high virulence of the strain
responsible for the pandemic (HIN1, formerly designated
HswlN1l, see Appendix V for revised nomenclature). The possi-
bility of the emergence of an influenza strain with comparable
virulence gives impetus to development of an effective method

of prophylaxis against influenza A viruses.

While influenza-related mortality has been greatly
reduced by the use of antibiotics, it is still a factor:
80,000 excess deaths resulted from the Asian Flu pandemic of

1957-58; 33,000 excess deaths from the mildest recent pan-



demic, that of Hong Kong Flu of 1968 (Osborn, 1977). This
same epidemic is estimated by Kavet to have had a direct cost
of @3.9 billion, of which only 20% was medically re}ated costs
(Kilbourne and Fox, 1973). In the United Kingdom during an
eight year period, influenza accounted for 113 million days of
lTost work (Kilbourne and Fox, 1973). The inability of modern
medicine to control influenza has resulted in its being aptly

titled "the last great unconquered plague" (Kilbourne, 1963).

Influenza has not been satisfactorily controlled by
immunization, as have been polio and Sma]]pox, because of the
ability of Influenza A viruses to médify their surface anti-
gens in such a way that every 10-20 years there emerges a sub-
type to which the population has no immunity (for review, see
Kilbourne, 1975). This ability is called antigenic shift and

results in a pandemic.

Between pandemics the influenza glycoproteins undergo
gradual changes which result in the emergence of antigenic
variants, i.é., variants which are antigenically related but
not identical (Laver et al., 1974). This gradual change in
antigenicity is termed antigenic drift (Burnet, 1955) and is
responsible for the occurrence of influenza epidemics in the
periods between pandemics. The effects of antigenic shift and

drift on vaccines will be discussed in Chapter 3.



In 1919, J.S. Koen, a veterinarian working in Iowa,
observed a new disease in hogs, and noting that its appearance
coincided with the outbreaks of Spanish influenza in humans
and the influenza-like disease it caused, called it "flu"
(Beveridge, 1977). Following up on these observations, Rich-
ard Shope was able to demonstrate the viral nature of the dis-
ease by showing that filtered nasal washings from infected
pigs were able to transmit the disease when administered
intranasally (Shope, 1931). In 1933 Smith, Andrews, and Laid-
law showed the viral nature of human influenza by demonstrat-
ing that filtered nasal washings from ihfected humans, when
administered intranasally, reproduced influenza illness in

ferrets.

Further confirmation of the viral nature of influenza was
obtained by Francis in 1934 when he demonstrated that virus
neutralizing antibodies were formed during influenza infec-
tion. This influenza virus was subsequently designated type A

when, in 1940, Francis and Magill, independently, reported the



existence of an antigenically distinct influenza, type B. In
1949, a third type, influenza C, was recognized (Taylor, 1949;"

Francis et al., 1950).

The study of influenza A virus was greatly facilitated by
two observations: 1). the virus could replicate to high
titer in the allantoic sac of embryonated chicken eggs (Bur-
net, 1940); 2). the virus was able to agglutinate red blood
cells and this technique could be used to titer influenza

virus isolates (Hirst, 1941; McClelland and Hare, 1941).

The influenza viruses comprise the family orthomyxoviri-
dae. On the basis of cross-reacting membrane(M) and nucleo-
proteins (NP), they are classified into three distinct types:
A, B, and C (for review, see Schild and Dowdle, 1975). A1l
three types of influenza viruses infect man but only influenza
A appears to infect other species. Influenza C generally does
not appear to cause significant disease (Davis et al., 1973).
Influenza B is a major agent of disease but does not produce
pandemics. The ability of infiluenza A to cause pandemics and
epidemics resides in its ability to generate new immunologic
identities for its surface proteins. During this century,
three distinct antigenic subtypes have appeared: HIN1l (desig-
nations prior to 1980, HswlNl, 1918; HON1, 1930; HINI, 1947)
H2N2, 1957; H3N2, 1968 (Kilbourne, 1975), HIN1, 1977/78 (MMWR,



1978). Current classification of influenza viruses is listed
in Appendix V. The appearance of a pandemic strain has been
associated with a change in both HA and NA subtype, although a

change in HA alone has been sufficient.

The basic organization of the influenza A virion as it is
now understood from electron microscopic and biochemical stud-
jes is diagrammed in Fig. 1l.1. The virion is approximately
100nm in diameter, has an outer lipid envelope into which are
inserted the two viral glycoproteins, hemagglutinin(HA), and
neuraminidase(NA). Internal to the envelope, forming a cap-
sid-Tike structure on the internal surface of the lipid
bilayer, is the M protein. The core of the virus contains the
eight segments of the RNA genome in close association with the
nucleoprotein(NP) and the three polymerase(P) proteins (for

review, see Choppin and Compans, 1975).

The 1ipid membrane comprises 20-24% of the total viral
mass and reflects the lipid composition of the host cell (for
review, see Choppin and Compans, 1975). Approximately 75% of
viral mass is protein: the three P proteins account for
1.5-2.7%; NP for 17-26%; M protein for 40% (Choppin and Com-
pans, 1975); HA for 30% (Schulze, 1973); and NA for 2-10%

(Bucher and Palese, 1975).



Viral RNA is estimated to comprise about 1 - 2% of viral
weight. The genome consists of eight segments each of which
has been shown to code for one of the eight viral proteins
(Palese and Schulman, 1976; Ritchey et al., 1976; Palese et
al., 1977). Until very recently it was believed that influ-
enza A virus coded for only these eight proteins. Recently it
has been demonstrated that two non-structural proteins (NS)
are encoded by the NS gene (Inglis et al., 1979; Lamb and
Choppin, 1979), and most recently it appears that the M gene
may also code for two protein products (Winter and Fields,

1980).

The major emphasis of this treatise is on those proteins

associated with the membrane; M, HA, and NA.



Figure 1.1. Diagrammatic representation of the influenza A
virion. HA, hemagglutinin; NA, neuraminidase; M, M protein;

RNP, ribonucleoprotein.
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CHAPTER 2. HEMAGGLUTININ

Hemagglutinin is the major antigenic component of the
influenza A virion. Antibodies to the HA alone are responsi-
ble for viral neutralization (Drzenik et al., 1966; Laver and
Kitbourne, 1966). During antigenic drift, one or more of the
antigenic determinants of the HA may change. This change can
result in decreased antibody avidity or complete loss of
cross-reactivity (Laver, 1974; Laver et al., 1979, a and b;
Webster et al., 1979 b). When antigenic shift occurs the HA
is replaced by a second HA with novel antigenic determinants;
as result the population then has little or no viral neutral-
izing antibody to protect them against this virus bearing a

novel hemagglutinin (for review, see Schulman, 1975).



MORPHOLOGY

The HA appears as a rod of ~120A& on the surface of the
influenza virion (Oxford, 1981). When the viral membrane is
disrupted by detergents, monomeric HA rods of ~140A& can be
isolated which have the ability to attach to red blood cells,
but not to agglutinate them. Removal of detergent results in
aggregation of the HA by their hydrophobic bases into rosettes
containing about 5 molecules, and restoration of hemaggluti-
nating activity, i.e. hemagglutination is a function of a mul-
tivalent structure (Laver and Vé]entine, 1969; Webster and

Darlington, 1969).

MOLECULAR STRUCTURE

The HA rod is composed of 3 HA molecules of ~80,000 dal-
tons (Schulze, 1975). Approximately 19% of the molecular
weight is contributed by carbohydrate (Ward and Dopheide,
1980; Verhoeyen et al., 1980). Most of the oligosaccharide
units are located proximal to the membrane (Wilson et al.,

1981). These oligosaccharide units do not contain sialic



acid, this moiety is apparently removed by the viral neurami-
nidase (Haukenes et al., 1966; Laver and Webster, 1966; Klenk

et al, 1970).

Upon reduction, the 80,000 dalton HA yields two subunits,
HA] and HA2 of 58,000 and 26,000 daltons respectively
(Laver, 1971; Skehel, 1972; Wilson et al., 1981). The HA]
subunit contains the amino terminus; the HA2 contains the

hydrophobic carboxy terminus (Skehel and Waterfield, 1975).

The HA is translated on the rough endoplasmic reticulum
of infected cells as a single polypeptide of 80,000 daltons
(Waterfield et al., 1979 McCauley et al., 1980). Sequestra-
tion of the protein into the rough endoplasmic reticulum
appears to follow the signal hypothesis for membrane proteins
(Milstein et al., 1972; Blobel and Doberstein, 1975). Within
the endoplasmic reticulum and Golgi apparatus the HA is glyco-
sylated by host glycosidases (Schwarz et al., 1977; Lohmeyer
and Klenk, 1979), and cleaved by proteases that remove an
arginine containing peptide (Verhoeyen et al., 1980; Ward and

Dopheide, 1980).

The sequence of many HA strains is now known (Porter et
al., 1979; Ward and Dopheide, 1980; Dopheide and Ward, 1980;
Sleigh et al., 1980; Gething et al., 1980; Min Jou et al.,
1980; Verhoeyen et al., 1980; Threlfall et al., 1980). Pri-



mary sequence data has been correlated with data from mono-
clonal antibody studies to identify and characterize antibody
binding sites (Laver et al, 1979; Webster et al., 1979; Both

et al., 1980; Moss et al., 1980).

Most recently X-ray crystallographic study of the brome-
lain derived HA of A/Hong Kong/1/68 by Wilson, Skehel, and
Wiley (1981) and identification of the antibody binding sites
by Wiley, Wilson, and Skehel (1981), have greatly illuminated
understanding of this molecule. These studies demonstrate the
dramatic change in conformation of the molecule following
cleavage to HA] and HAZ‘ Although originally synthesized aé
a single polypeptide with the C terminus of HA] leading into
the amino terminus of HAZ’ cleavage results in the carboxyl
terminus of HA] and the amino terminus of HA2 being distant
from one another in the processed molecule. The HA] subunit
was shown to carry six of the seven carbohydrate chains as

well as the four major antigenic sites, as determined by anal-

ysis with monoclonal antibodies. Three sites are sufficiently
close to the pocket which haé been tentatively identified as
the sialic acid binding site to suggest that binding of anti-
bodies at these sites would sterically block the active site.
As little as a single amino acid change in these antibody
binding sites has been sufficient to cause a significant anti-

genic change (Both et al., 1980; Moss et al. 1980).



The highly conserved nature of the amino acids flanking
the antigenic sites suggests that the conformation of the mol-
ecule is conserved during mutation and that changes in the

antigenic sites do not affect conformation of the molecule.

FUNCTION

The HA serves two known functions: 1). attachment of the
virion to the cell surface; and 2). penetration. The virus
attaches to the cell surféce via terminal sialic acid residues
on the cell surface (for review, see Schulze, 1975). The
ability of HA to bind to terminal sialic écid residues is the
basis of the hemagglutination test in which viruses are
titered by their ability to agglutinate red blood cells
(Hirst, 1941, 1942 a,b). The sialic acid binding site has
been tentatively identified by Wilson et al.(1981) as a pocket

on the external surface of the HA] molecule.

It has been postulated that the HA functions in some
later step in viral replication. Virions that had only
uncleaved HA were not infectious though they possessed the

ability to attach to cells: <cleavage of the HA restored



infectivity (Lazarowitz and Choppin, 1975; Klenk et al, 1977).
Recent evidence elucidates the role of HA2 in penetration:

the amino terminus of HA2 is highly conserved and hydrophobic
(Klenk, 1980). Liposomes that carry HA2 have been shown to
fuse with cellular surfaces (Rott, 1980). Further, it has
been shown that tri-peptides with the same or similar sequence
as the amino terminus of HA2 could specifically block infec-
tion by influenza virus without blocking attachment (Richard-
son et al., 1980) suggesting the presence of a specific recep-
tor on the cell surface for the amino terminus of the HA2
molecule. These workers hypothesize that following attachment
of the influenza virion to the cell surface, the HA2 amino
terminus is brought into contact with receptors on the cell
surface which are capable of initiating penetration. The
mechanism by which influenza virus penetrates the cell remains
unclear. Rott (1980) has presented evidence that HA-NA bear-
ing l1iposomes will fuse with cells. Oxford et al., (1981) did
not observe fusion of HA-NA Tiposomes with cells but rather

report entry of liposomes into cells by viropexis.

Helenius and colleagues (1980) have reported that
although the observed route of entry for SFV is endocytosis,
fusion of SFV with cellular membranes can be effected by low-
ering the pH. Huang and associates (1981) have reported that

influenza A virus will fuse with cells when the pH is lowered.



Helenius et al. (1980) have demonstrated that low pH induced
fusion is inhibited by lysosomotropic agents, known to
increase lysosomal pH. Since these agents all inhibited an
early step in SFV infectivity, they have suggested that a pos-
sible route of entry for SFV is via fusion of virus with the
intracellular membrane of an intracellular vacuole with suffi-

ciently low pH.



CHAPTER 3. NEURAMINIDASE

INTRODUCTION

Neuraminidase is the minor antigenic surface component of
the influenza A virus. Neuraminidase is subject to antigenic
drift as is hemagglutinin. During antigenic drift one or more
of the antigenic determinants of NA may change (Paniker, 1968;
Schulman and Kilbourne, 1969). When antigenic shift occurs,
the current NA subtype may be replaced by one sharing no anti-
genic determinants (Paniker, 1968). However, this is not a
requirement for emergence of a pandemic strain. There are
nine neuraminidase subtypes, N1 - N9 (see Appendix V). Only
N1 and N2 subtypes have been associated with human strains of

influenza A virus during this century.



The NA activity of influenza virus was first reported by
Hirst (1942), who observed disagglutination of red blood cells
that had been agglutinated by influenza. Noting that the
eluted virus could agglutinate fresh red blood cells but not
those from which it had eluted, he reasoned that a viral
enzyme had permanently modified the surface of the red blood
cell. Only much Tater was it demonstrated that the hemagglu-
tinating and enzymatic activities resided on separate proteins
(Mayron et al., 1961; Noll et al., 1962; Laver, 1963). Abso-
lute proof that the activities were on separate proteins came
in 1966 when Laver and Kilbourne demonstrated by genetic
recombination that the HA and NA segregated independently, and
that there were antiéenica]ly and biochemically distinct neu-

raminidases.

NEURAMINIDASE CONTENT OF THE VIRION

NA is estimated to comprise 2 - 10% of the viral protein
(Skehel and Schild, 1971; Laver and Kilbourne, 1966; Laver,
1963). However, the amount of NA in the virion has been found

to vary widely depending on the virus strain and the host cell



(Laver, 1963; Laver and Kilbourne, 1966; Kilbourne et al.,
1967; Webster et al., 1968; Palese and Schulman, 1974; Mow-
showitz and Kilbourne, 1975). By electronmicroscopic methods,
Wrigley (1979) estimated an HA:NA ratio of 5:1. Calculating
700-900 glycoprotein spikes/virion, he calculated 140-180 neu-

raminidase spikes per virion.

MORPHOLOGY

The NA appears as a spike of ~1ZOR on the surface of the
virion (Almeida and Hoyle, 1972; Laver and Valentine, 1969).
When isolated by SDS disruption procedures, monomeric spikes
of 1603 were observed (Laver and Valentine, 1969). These
possessed a tetrameric head of 80 x 80 x 503 attached to a
100A stalk which terminated in a 403 knob. When SDS was
removed the NA molecules aggregated by the tails to form seed-
ing dandelions or cartwheels (Laver and Valentine, 1969; Wrig-

ley et al., 1973; wrigley, 1979).

The NA of some strains can be isolated by proteolysis,
using trypsin or pronase. Proteolytically derived NA poss-

esses enzymatic activity but is unable to aggregate. This



suggests that the segment Tost by proteolysis serves to anchor
the protein in the membrane (Lazdins, 1972; Wrigley.et al.,
1973). The enzymatically active, proteolytically derived NA
of B/Lee was seen to consist of a tetrameric head of 80 x 80 x

]
40A (Wrigley et al., 1973).

STRUCTURE OF THE NEURAMINIDASE MOLECULE

The isolated NA macromolecule has a weight of 200,000 -
250,000 daltons: upon reduction the macromeclecule dissociates
into four polypeptides with molecular weights of 50,000 to
60,000 daltons (Webster, 1970,a,b; Skehel and Schild, 1971;
Bucher and Kilbourne, 1972; Kendal and Eckert, 1972; Lazdins
et al., 1972; Gregoriades, 1972). The NA tetramer is the only
active form of the enzyme (Kendal and Eckert, 1972; Bucher and
Kilbourne, 1972; Lazdins et al., 1972).

In the presence of SDS it is possible to dissociate the
NA spike to dimers: in the presence of SDS and reducing agent
the spike can be dissociated to monomers (Webster, 1970 a,b;
Kendal and Eckert, 1972; Bucher and Kilbourne, 1972). Hence,

it is proposed that the two monomers are held together by



disulphide bonds to form a dimer and that dimer-dimer interac-
tion is probably based on hydrophobic interactions. Dissocia-
tion to the monomer is not necessarily irreversible, as reas-
sociation to the active tetrameric form can occur (Bucher and

Kilbourne, 1972).

Several investigators have reported the existence of two
species of NA monomers (Webster, 1970 a; Skehel and Schild,
1971; Bucher and Kilbourne, 1972; Lazdins et al., 1972). Evi-
dence for two equivalent NA subunits comes mainly from studies
of proteolytically derived NA (Kendal and Eckert, 1972; Wrig-
ley et al., 1973; Groome et al., 1977). - However Gregoriades
(1972) found evidence for only one NA subunit using non-pro-
teolytically derived N1: based on predicted amino acid
sequence from nucleotide sequencing of an N1 gene, Fields et

al. (1981) predict only one type of subunit (see below).

14C) carboxyme-

Tryptic maps of proteolytically derived (
thylated NA of A/RI/5+/57(H2N2), the N2 of X-7 (Kendal and
Kiley, 1973, 1975) indicated the presence of only one NA. A re-
peat of this experiment using detergent purified NA (Kendal and
Bucher, in Bucher and Palese, 1975) reported no difference in
the peptide maps of NA isolated by either technique; both
tryptic maps showed twenty spots. X-7 NA is reported to have

14 cysteines (Laver and Baker, 1972) and 21 cysteines (Kendal



and Kiley, 1973; Eckert, 1972) based on a molecular weight of
54,000. The predicted amino acid sequence of N1 (Field et al.,
1981) shows the presence of 19 cysteines. (If Tabelled as
above for tryptic maps proteolytically derived N1 would be

predicted to yield about 9 (14C) labelled tryptic fragments.)

If the peptide map data (20 spots) is correlated with the
predicted amino termini sequences of N2 neuraminidases (Blok
and Air, 1981) there would be at least two cysteines Tost in
the proteolytically derived NA. Proteolytically derived NA,
therefore should not yield the same number of peptides as
detergent derived NA unless the portions of‘the molecule con-
taining the proteolytically derived fragment never appear on
maps. In this case there is reason to believe that there are
too many fragments on the peptide maps to be accounted for by
only one NA, unless non-specific cleavage of NA occurred dur-
ing proteolysis. Considering the recent evidence that the NS
and M genes code for more than one protein (Inglis et al.,
1979; Lamb and Choppin, 1979; Winter and Fields, 1980), it
appears possible that the structure of NA may be found to be
more complex than a simple tetramer comprised of four homolo-

gous subunits.

A possible explanation of the question of one or two NA

polypeptides could be that the 50,000 and 34,000 dalton



proteins are both synthesized and form a dimer as proposed by
Bucher and Kilbourne (1972) with the 50,000 dalton polypeptide

providing lipid anchorage.

NUCLEOTIDE SEQUENCE

The nucleotide sequence of an N1 (the NA of A/PR/8/34) is
complete (Field et al., 1981) and the sequencing of several
other N1 and N2 strains has progressed into the amino terminus
a significant distance (Blok and Air, 1980 a,b). Unfortu-
nately this data has not been as helpful in elucidating pri-
mary NA structure as had been hoped, since no direct protein

sequence information exists for NA.

The nucleotide sequencing of N1 has revealed the follow-
ing (Field et al., 1981): the NA gené is 1423 nucleotides
long and is predicted to code for a protein of 454 amino
acids, molecular weight, 50,087 daltons excluding carbohy-
drate. There are five potential glycosylation sites {(asn-X-
ser/thr) which would predict about 20% carbohydrate. There is
only one reading frame. However, the authors identify a sec-

ond initiation site at nucleotide position 450. Translation



from the second initiation site would yield a protein of
34,000 daltons. The existence of the 34,000 dalton protein
would present conceptual problems, as the authors postulate
that the predicted NA molecule appears to have only one hydro-
phobic region which could be used for membrane insertion and
this is at the amino terminus, a portion not translated in the
34,000 dalton protein. Another feature of the hypothetical
34,000 dalton protein is that it would contain only one carbo-
hydrate attachment, as the other four sites are on the amino

terminus.

One of the most interesting features of the inferred
amino acid sequence is that the amino terminus of the NA
appears to function as the membrane insertion site; that is,
the leader sequence may not be removed but could remain to
function in anchoring the molecule in the 1ipid bilayer. The
usual synthetic pathway for membrane glycoproteins involves
"anchoring" the newly synthesized glycoprotein in the membrane
via the C-terminal hydrophobic region. However, the authors
cite two intestinal enzymes, intestinal brush border isomal-
tase and amino peptidase which have the amino-terminus embed-

ded in the lipid bilayer.



CHARACTERISTICS OF THE ENZYME

ENZYME SPECIFICITY

Influenza virus neuraminidase derives its name from its
observed ability to hydrolytically cleave the glycosidic bond
joining the keto group of a terminal N-acetyl neuraminic acid
to D-galactose or D-galactosamine (Gottschalk, 1957; Blix et
al., 1957). The viral NA will only cleave neuraminic acids
with a free carboxyl group (Meindl and Tuppy, 1966a) and only
the o linkage (Meindle and Tuppy, 1966 a,b). (The generic
name for substituted neuraminic acids is sialic acid, hence NA
is sometimes referred to as a sialidase.) While bacterial
neuraminidases act on most a-ketosidic linkages (a, 2--3) (a,
2--4) (a, 2--6) and (a, 2--8), influenza NA preferentially
cleaves a, 2--3 linkages (Drzeniek, 1967, 1972, 1973).

The Michaelis constants for various influenza neuramini-
dases have been published by Gottschalk and Drzeniek (1972).
These values vary from a K. of 1 x 10'3 M for PR8(N1) to 6.5 x
10"4 for X-7(N2) (Sedmak and Grossberg, 1973) The N2 neurami-
nidases generally show about five-fold greater substrate
affinity than the N1 strains (for reView, see Bucher and

Palese, 1975).



PRODUCT INHIBITION

Neuraminidase is inhibited by its product N-acetyl neura-
minic acid. However, the concentrations required are rela-
tively high. Two N2 strains were found to have Ki's of 5 x

4

10°*M and 4 x 10°% (Walop et al., 1960; Rafelson et al., 1963

b). A/PR/8/34 (N1) had a Ky of 2 x 10'2(Rafelson, 1963 b).
The Ki's indicate that feedback inhibition of neuraminidase
should not be a significant factor in the NA assay of Warren
and Aminoff (Aminoff 1959,1961; Warren 1959,1963) where the
maximal detectable concentrations of N-acetyl neuraminic acid

are between 1 x 10'8M and 3 x 10'8M.

INHIBITORS OF NEURAMINIDASE ACTIVITY

A variety of substances will inhibit NA activity both
specifically and nonspecifically (see Bucher and Palese, 1975
for review). Only those inhibitors relevant to this work will
be presented here. It should be noted that the neuraminidase

inhibitors discussed below do not inhibit hemagglutinin.

Antibody to the NA will inhibit NA activity and is the
basis of the neuraminidase inhibition test for titering neu-
raminidase inhibiting antibodies in sera. This will be dis-

cussed under tests for enzymatic activity.



Based on Rafelson's report (1963) that N-acetyl neura-
minic acid (with the relatively low Ki of 2 x xlO'zM to 5 x
10'3M)>was the most potent known inhibitor of influenza neu-
raminidase, Edmond et al., (1966) investigated the ability of
structurally related compounds to inhibit NA activity. An
investigation of substituted oxamic acids and phenyl glyoxal
compounds revealed that a free carboxyl and an unsubstituted
nitrogen were requirements: N-(p-aminophenyl) oxamic acid was

the most potent inhibitor tested by their method.

Cuatrecasas and ITliano (1971) subsequently developed an
affinity isolation technique for neuraminidases using
N-(p-aminophenyl) oxamic acid coupled to agarose 4B columns by
a glycyl-glycyl-tyrosine leash. This method was subsequently
refined by Bucher (1977) and used to purify the neuraminidase
of influenza A (See Appendix I for structures and details of

affinity chromatography).

It should be noted here that it is not entirely clear
that the affinity column retains NA through specific interac-
tion of NA with N-(p-aminophenyl) oxamic acid; i.e. it may be
that the column is not an "affinity" column but selectively
retains NA though other interactions of the NA with the col-
umn. However, in support.of the affinity theory is the obser-
vation that inactivated NA is not retained on the column

(Bucher, 1977).



The most potent NA inhibitor is FANA (2-deoxy-2, 3 dihy-
dro-N- trifluorocacetyl neuraminic acid), a derivative of deox-
yneuraminic acid, developed by Meindl et al. (1974). With a
7

K; of 7.9 x 10~

j for A/Mel/35 (HIN1), it shows a 1000-fold

higher affinity for neuraminidase than any known NA substrate.
FANA has been shown to inhibit virus replication in tissue
culture (Palese et al., 1974; Schulman and Palese, 1975), pre-
sumably by affecting virus release, as Palese et al. (1974)

have reported that FANA does not affect penetration.

ENZYME STABILITY

The N2 neuraminidases have been found to exhibit greater
stability than the N1 enzymes to three factors; heat, the Ca++

"ion requirement, and detergent.

Neuraminidase is heat labile: the extent is strain depen-
dent. The NA of A/PR/8/34 (N1) is inactivated by 30 minutes
at 56°C, while N2 retained 67% of activity under these condi-
tions (Rafelson et al., 1963a). Paniker (1968) reported that
N2 strains retained full activity after one hour at 45°C,
while N1 strains (NWS and WSE) both lost activity during this

period.



A requirement for Ca++ for enzyme activity has been
established. The calcium ion dependency is strain dependent.
The N1 strains are more sensitive to cat® ion depletion than
the N2 strains and require higher Catt jon levels to to main-
tain activity (Wilson and Rafelson, 1967). It has been shown
that calcium ion depletion (by the addition of EDTA) increased
heat sensitivity of both N1 and N2 strains (Boschman and

Jacobs, 1965; Dimmock, 1971).

The neuraminidases of the N1 strains are inactivated by
SDS (Gregoriades, 1972; Laver and Baker, 1972). The N2 strain
enzymes appear to be relatively insensitive to SDS and have
been isolated with activity using SDS extraction procedures
(Laver, 1963; Rott et al., 1970; Bucher and Kilbourne 1972).
Low Tevels of non-ionic detergents do not appear to adversely
affect either N1 or N2 activity (Gregoriades, 1972; Bucher,

1977; Gallagher, personal communication).



THE NEURAMINIDASE ASSAY

The standard assay used for quantitating NA activity is
that developed by Warren (1959, 1963) as modified by Aminoff
(1959, 1961). This assay measures the amount of neuraminic
acid liberated by neuraminidase from a substrate such as
fetuin or sialyllactose; liberated N-acetyl neuraminic acid is
cleaved by periodate to yield B-formylpyruvic acid which then
reacts with 2-thiobarbituric acid to yield a chromophore with
maximal absorbance at 549nm. The procedure as it is performed

in this laboratory is described in detail in Appendix II.

THE NEURAMINIDASE INHIBITION (NI) ASSAY

Antibodies to the neuraminidase have been detected by
several techniques: inhibition of neuraminidase enzyme activ-
ity (NI) (Fazekas de St. Groth, 1962, 1963; Aymard-Henry et
al., 1973); immunoprecipitation (Easterday et al., 1969;
Schild and Pereifa, 1969; Palese et al., 1973); reduction in
plaque size (Jahiel and Kilbourne, 1966); and the mouse titra-

tion test (Schulman et al., 1968).



The NI test measures inhibition of neuraminidase activity
in the Warren-Aminoff assay using fetuin as substrate, as
developed by Fazekas de St. Groth (1962, 1963). Rafelson et
al. (1963 a,b) showed that inhibition of activity by antibody
was substrate concentration independent and that antibody
appeared to inhibit activity by sterically blocking the enzyme
site. Antibody inhibition was observed with large sub-
strates such as fetuin (48,000 daltons), but there was little

or no inhibition with small substrates such as sialyllactose.

Details of the NI Assay used in thié paper are included
in Appendix II. Briefly, antisera (a.s.) to be titered are
appropriately diluted and incubated with a standardized dilu-
tion of virus overnight at 379C: controls are the standardized
virus dilution with no added antisera, and antisera with no
virus. The % NA activity present at any antisera dilution is

calculated from the formula.
% NA Activity = O.D.549 of samp]e/O.D.549 of virus control

The % activity of various dilutions of the same antiserum are
plotted on semi-log paper and the inverse of the dilution at
which 50% inhibition of activity is predicted is recorded as

the NI titer of that serum.



FUNCTIONS OF THE INFLUENZA NEURAMINIDASE

The neuraminidase of influenza evidently serves several
functions, in addition to the "possible physiological role of
removing neuraminic acid from mucins, which are hemagglutina-

tion inhibitors" (Bucher and Palese, 1975).

It has been demonstrated that removal of sialic acid from
the viral glycoproteins during viral synthesis facilitates
proteolytic cleavage of the HA presumab]y‘by exposing the pro-
teolytic site (Schulman and Palese, 1977; Nakajima and
Suguira, 1980). Proteolytic cleavage of the HA is essentijal

for infectivity as discussed in Chapter 2.

Neuraminidase appears to facilitate viral release from
infected cells (Kilbourne et al., 1968) by preventing self-ag-
gregation of the virus via viral HA attaching to sialic acid
residues on neighboring virions and by preventing attachment
of virus to sialic acid residues of the host cell membrane.
Evidence for this function comes from study (Palese et al.,
1974; Palese and Compans, 1975) of a temperature sensitive (ts)
NA mutant which at the non-permissive temperatures results in
newly synthesized virus aggregating at the cell surface of
infected cells: treatment with Vibrio cholerae neuraminidase

allowed disaggregation of the virus. Viral aggregation was



also seen if the NA mutant was grown at the permissive temper-
ature but in the presence of FANA, a potent influenza neurami-

nidase inhibitor.

Recent evidence from Rott's (1980) experiments with Tipo-
somes carrying viral proteins suggests that NA may be required
for viral penetration. He observed that 1ippsomes carrying
only HA would attach to but not fuse with cell membranes, but
that 1iposomes carrying both HA and NA would both attach to
and fuse with cell membranes. In these experiments. HA Tipo-
somes could be shown to fuse with cells if Vibrio:cho]erae
neuraminidase was substituted for influenza NA. It has been
reported that FANA did not affect infectivity (Palese et al.,
1974; Schulman and Palese, 1975). It has also been demoh-
strated that anti-neuraminidase antibodies do not affect pene-
tration (Seto and Rott, 1966; Jahiel and Kilbourne, 1966; Web-
ster and Laver, 1967; Kilbourne et al., 1968).

A hypothetical role for NA in the fusion observed by Rott
(1981), is that release of HA from sialic acid receptors on
the periphery of the cell would allow the HA to reattach to
receptors that are closer to the 1lipid bilayer. This could
function to bring the HA2 amino terminus closer to its recep-

tor which is presumably on the cell membrane.



PURIFICATION OF NEURAMINIDASE

Neuraminidase has been purified from influenza virus
using a variety of separation techniques. The choice of sepa-
ration technique depends on the purpose for which NA is to be
used and the degree of purity required. Generally it can be
said that harsh extraction techniques are less complex proce-
durally and have better yields but do not result in retention
of biological activities of the protein (Tanford and Reynolds,

1976).

Purification of neuraminidase involves two gteps: 1).
solubilization of the NA and then; 2). separation of the NA
from other viral proteins by electrophoretic, centrifugal, or
chromatographic techniques. There are two methods for solubi-
lization of the NA: proteolytic treatment of the virion as
first developed by Noll and colleagues in 1962; and detergent

solubilization of the virus as first used by Laver in 1963.

SOLUBILIZATION OF NA BY PROTEOLYTIC ENZYMES.

Noll et al. (1962) trypsin treated influenza virus which
solubilized the NA activity and then purified NA by gradient
centrifugation. Kendal and Kiley (1975) reported 50-100% NA



recovery following proteolysis using nagarse. Proteolysis
using trypsin, nagarse, or pronase followed by purification by
chromatographic or centrifugation techniques has been used for
many studies of neuraminidase structure (Kendal and Eckert,
1971; Rott et al., 1972; Lazdins et al., 1972; Wrigley et al.,
1973; Kendal and Kiley, 1975; Allen et al., 1977).

As discussed earlier, proteolytically derived NA is enzy-
matically active but is incapable of aggregation, having lost
its hydrophobic membrane insertion site. It exists as a tet-
ramer with each subunit weighing from 30,000 to 50,000 dal-
tons. In addition a substantial amount of carbohydrate has

been lost .

Attachment of carbohydrate to the region of the stalk
proximal to the membrane has been further supported by
sequence data (Field et al., 1981) which shows four of the
five potential carbohydrate attachment sites in that portion
of the predicted molecule which is the purported membrane

insertion site.

SOLUBILIZATION OF NEURAMINIDASE BY DETERGENTS

Laver (1963) separated NA from N2 strains of influenza

using SDS disruption of the virus and SDS electrophoresis on



cellulose acetate. This procedure isolates an intact enzymat-
ically active neuraminidase which is capable of forming aggre-
gates when detergent is removed (Laver and Valentine, 1969).
The N1 neuraminidases are SDS sensitive (Gregoriades, 1972;
Laver and Baker, 1972) and show 1oss of activity on exposure

to SDS.

To isolate the NI neuraminidase of NWS, Gregoriades
(1973) used solubilization by 1% nonidet P-40 in the presence
of 0.5M urea: this proceduré resulted in 60-80% loss of
activity. NA was purified from solubilized virus by glycerol
gradient centrifugation followed by chromatography on DEAE
cellulose; 1% nonidet P-40 concentration was maintained
throughout to prevent reaggregation of viral proteins. NA
eluted from the DEAE cellulose column with an apparent molecu-
lar weight of 58,000 as determined by SDS polyacrylamide gel

electrophoresis.

Bucher and Kilbourne (1972) characterized the NA of X-7
using SDS solubilization. Following solubilization of virus
with 2% SDS at 37°C in the presence of reducing agent, the
sample was chromatographed on Bio-Gel A-5 in the presence of
Tow concentrations of SDS and reducing agent. NA eluted with
a molecular weight of 53,000 in the presence of reducing

agent. On polyacrylamide gels, however, the neuraminidase



which eluted at 53,000, migrated with an apparent molecular
weight of 240,000 daltons indicating reaggregation. When the
240,000 component was reduced in the presence of SDS and re-
electrophoresed,two components of 66,000 and 58,000 in a 1:1

ratio were seen. Only the tetrameric form of NA was active.

Bucher (1977) so]ubi]ized'fhe influenza strains X-7
(HIN1), Aichi (H3N2), and X-38(H7N2) using a combination of
jonic and non-ionic detergents. Virus was disrupted with 1% SDS
for 15 minutes at 37°C followed by solubilization in Triton
X-100. The virus solution was dialyzed at 4°c overnight and
chromatographed on an NA affinity column N-(p-aminophenyl)
oxamic acid (Cuatrecasas and Illiano, 1971) as described in
Appendix I. Using this technique, 1.6% of viral protein was
recovered and this accounted for 123% of activity. The spe-
cific activity of neuraminidase purified by affinity chroma-
tography was 189 nM NANA/min/mg, a 77-fold increase over the

specific activity of the solubilized virus.



ANTIBODY TO NEURAMINIDASE

Neuraminidase is aptly described as the minor antigenic

component of the virus for the following reasons:

l. There is three to thirty - fold less NA present on
the virion than HA (for review see Schulze, 1975; Bucher and

Palese, 1975).

2. There is now considerable evidence to suggest that in
the human response to influenza A virus there is antigenic
competition between the HA and NA antigens and that NA is the
weaker antigen in the primed population (Kilbourne, 1976; Ken-

dal et al., 1977).

3. Antibodies to neuraminidase (ANAb) are not neutraliz-
ing, i.e. antibody to NA does not affect infectivity of the
virus (Seto and Rott, 1966; Jahiel and Kilbourne, 1966; Web-
ster and Laver, 1967; Kilbourne et al., 1968). Nor does ANAD
generally prevent hemagglutination of red blood cells by virus
(Brown and Laver, 1968), though at high titers HI has been
observed (Kilbourne, 1968; Schulman and Kilbourne, 1969).

Antibody to neuraminidase has been shown to inhibit NA
activity by sterically blocking the enzyme site (Fazekas de
St. Groth, 1962, 1963; Rafelson et al., 1963 b). This is the

basis of the NI test discussed earlier.



Antibody to NA has been shown to prevent release of
virions and 1nvthe presence of anti-neuraminidase antibody,
newly synthesized virus is seen aggregated on the surface of
infected cells (Seto and Rott, 1966; Webster and Laver, 1967;

Kilbourne et al., 1968; Compans et al., 1969).

It is not clear whether anti-neuraminidase antibody pre-
vents release of virus by inhibition of enzyme activity, which
has been shown to cause aggregation (Palese et al., 1975) or

by bridging of the virions by antibody.

The use of monovalent antibodies to answer this question
has not given decisive answers. Becht et al (1971) found that
monovalent anti-neuraminidase antibodies inhibited enzyme
activity but did not block release of virus during a single
replicative cycle. Kilbourne et al. (1974) found reduction of
plaque size in the plaque reduction assay which measures
inhibition over a multicycle period and hence could be
expected to be more sensitive. It is probable that anti- neu-
raminidase antibodies inhibit viral release by virtue of the
fact that both inhibition of enzyme activity and bridging of

virions by bivalent antibody contribute to viral aggregation.



IMMUNOGENICITY OF NEURAMINIDASE

Reports of the fmmunogenicity of purified NA are diffi-
cult to evaluate because criteria for immunogenicity (i.e.
absolute quantity of antigen, specific activity, and use of

adjuvants) have not been established.

Kendal and Kiley (1975) report using proteo]yfica]]y
purified NA from several strains as antigen ana reported a
good NI response when 50-100 pg of purified NA was injected in
complete Freunds adjuvant. Webster and Laver (1967) reported
that the NA purified from X-7 virus by electrophoresis was
poorly immunogenic; a subsequent report found the X-7 NA immu-
nogenic, however, the amount of NA used for immunization was

not reported (Kilbourne et al., 1968).

Laver and Webster (1976) separated the hemagglutinin and
neuraminidase from other viral components of A/Port Chalmers/
1/73(H3N2) by ammonium deoxycholate (DOC) disruption and elec-
trophoretic separation and reported that the subunits were as
effective as equivalent amounts of whole inactivated virus
when injected into rabbits in saline; however, they were not
immunogenic in hamsters. The quantities used are difficult to
evaluate since they calculated the dose by hemagglutinating

units (see Appendix III) which are not directly proportional



to protein concentration. Using single radial diffusion, they
calculated that equivalent amounts of the subunit preparation
contained about 70% of the HA and NA of the intact virus.

Only at a dose of 16,000 HAU units was a positive response
observed to the NA antigen in either the subunit vaccine or
intact virus. Bucher (personal communication) has calculated
that 20,000 HAU units contain roughly 1 mg of protein (X-7
virus strain). Using this estimate to calculate protein, sug-
gests that Laver and Webster (1976) found an NI response only
at the level of 0.8mg of intact virus. As X-7 is estimated to
be 19% NA, this would mean that 80 ug of NA in whole virus or
50-60 ug of NA in the subunit preparation was the threshhold

for response. This is a relatively large antigen dose.

Desselberger (1977) reported the results of experiments
to determine if method of preparation of an antigen could
affect the ability of antibody to establish antigenic rela-
tionships between neuraminidases of influenza. He found that
virus preparation procedures influenced both the quantity and

quality of the antibody formed. Purified NA was not used.



ENHANCEMENT OF THE IMMUNE RESPONSE BY NEURAMINIDASE

There have been several reports indicating that neurami-
nidase is capable of enhancing the immune response. Vibrio

cholerae neuraminidase (VCN) treatment has been shown to:

1. Increase the immunogenicity of a variety of tumor
cells: tumors were excised, VCN treated, and used to vacci-
nate their recipients (Sanford, 1967; Currie and Bagshawe,
1969; Bekesi et al., 1971; Simmons et al., 1971; Sedlacek et
al., 1975). Results were similar when VCN was injected simul-

taneously with tumors.

2. Stimulate phagocytosis by macrophages (Weiss et al.,

1966; Lee, 1968; Knop et al., 1977).

3. Increase cell mediated and antibody mediated cytotox-

jcity (Kedar et al., 1973).
4. Enhance the in vitro lymphocyte reaction (Han, 1973).

5. Increase antibody and plaque forming cell responses to
various antigens if they were administered with VCN intramus-
cularly, or intraperitoneally, but not when administered

intravenously (Knop et al., 1978).



6. Reduce the induction of tolerance by high dose levels

of unaggregated bovine serum albumin (Knop et al., 1978).

The mechanisms for neuraminidase enhancement of the
immune system are not known. As NA activity is necessary for
the effect, the enhancement is presumed to be due to enzymatic
alteration of the antigenic surface, or the cellular surfaces
of immune cells which in turn is postulated to alter either

immune recognition or processing.

It has been shown that sugars play a significant role in
physiological recognition processes. Gesner and Ginsberg
(1964) showed that glycosidase treated lymphocytes when rein-
troduced to the circulation appeared to be preferentially
taken up by the 1iver rather than lymph nodes, which is where
non-glycosidase treated lymphocytes appear after reintroduc-
tion to the circulation. Ashwell and Morell (1974) have
reported that removal of serum glycoproteins from circulation
by reticulo-endothelial cells of the liver is a function of
specific recognition of galactose residues exposed when sialic
acid is removed. Aminoff et al. (1977) have demonstrated that
removal of sialic acid from the surface of red blood cells
results in their removal from circulation by reticulo-endothe-
lial cells of the liver and spleen. The authors suggest that

recognition of sialidase treated red blood cells may be a



function of specific recognition of now terminal galactose

residues exposed upon removal of sialic acid.

ROLE OF ANTI-NEURAMINIDASE ANTIBODIES IN INFECTION

It has been demonstrated (Schulman and Kilbourne, 1969)
that anti-neuraminidase antibodies (ANAb) can alter the course
of infection with influenza A virus in the mouse: lower viral
titers and less extensive lung damage were observed in the
lungs of mice having ANAb, but no relevént AHAb, than in the
lungs of mice receiving no immunization. Similar results were

reported by Allan et al. (1971) and Rott et al. (1974).

Anti-neuraminidase antibodies may also offer protection
to man. The influenza pandemic of 1967-68 (H3N2) was milder
in comparison with the pandemic of 1958 (H2N2); this has been
attributed to the fact that while the HA changed the NA
remained an N2 subtype. It has also been shown that ANAb lev-
els correlate with protection from infection; at high NA lev-
els the effect is that of neutralization (Dowdle et al., 1973,
Greenberg et al., 1974). Further, it has been observed that

those with detectable ANAb who become infected with influenza



A show reduced shedding of virus, thereby reducing the prob-
ability that they will spread disease (Murphy et al., 1972;
Couch et al., 1974; Kim et al., 1976).

On the basis of the observations that ANAb could modify
disease, Kilbourne and colleagues in 1971 proposed a neurami-
nidase--specific or infection permissive vaccine for protec-

tion against type A influenza viruses (see page 51).

IMMUNE RESPONSE TO THE NA ANTIGEN

There is a large body of information documenting the cor-
relation of HI titers with immunity to influenza A virus
infection (See Schulman, 1975 for review). The lack of early
data on the significance of ANAb in disease led to a relative

neglect of the study of ANAb response.

Evidence of the increased immunogenicity of NA when the
population is not primed to the HA comes from a study on the
NA-specific vaccine (Kilbourne, 1976). In this study, those
vaccinated with H7N2 had a greater ANAb response than those

receiving H3N2 vaccine (H3N2 circulated 1968 - present). Kil-



bourne suggested that there was antigenic competition between
the HA and NA antigens. This observation was borne out in a
study by Kendal and colleagues (1977) in which they compared
the ANAb response relative to the AHAb response. This group
analyzed data from vaccine trials that were part of the
National Influenza Immunization Program of 1976 which aimed to
vaccinate against an anticipated HIN1 (A/New Jersey/11/76)
pandemic. Concurrently, there was immunization to the H3N2
strain, A/Victoria/3/75. H3NZ2 viruses had been circulating
for 8 years; the majority of the population was unprimed to
HIN1 (the swine strain circulating from 1918-1929 and the N1
having been out of circulation since 1958). For immunization
with the HINl1 strain they report the following: of those
under 18 years of age ~23% had a detectable ANAb response
while only ~12% responded to the HA; in the age group between
18-24, ~36% had a ANAb response and ~38% had an AHAb response;
in those over 24 years of age, 54% had an ANAb response while
90% responded to the HA. They also noted that with 2 doses of
HIN1, 70% responded to NA whereas only 41% of those receiving
one dose of A/Vic/3/75 developed ANAb even though there was

demonstrable priming to the N2 in the population.

This was interpreted as evidence of antigenic competition
between the HA and NA antigens, i.e., the unprimed population

responded as well or better to NA than the HA antigen. This



suggests that it is not poor immunogenicity of the NA per se
that accounts for it being less immunogenic in adults. The
relatively poor response to NA is a result of preferential
recognition of HA by the primed immune system. This hypothe-
sis is substantiated by the fact that from 1963 to 1968, H2N2
vaccines induced ANAb in less than a third of the vaccinees
while in 1968-69, vaccines to the new H3N2 strain induced ANAb
response in 66-96% of vaccinees (Henessey et é]., 1972; Mostow

et al., 1975).

THE NEURAMINIDASE-SPECIFIC VACCINE

OVERVIEW OF CURRENT INFLUENZA VACCINES

As discussed earlier, the inability to control influenza
by vaccination resides in the ability of influenza virus to
undergo antigenic shift and drift. These two factors greatly
complicate vaccination programs, necessitating the almost con-

stant construction and manufacture of new vaccine strains.



Currently available inactivated whole virus vaccines have
50-90% efficacy (Liebovitz et al., 1971). In the adult popu-
lation the efficacy is 70-90% (Davenport, 1961, 1973; Kil-
bourne et al., 1974). Yearly vaccination is recommended
because of the brevity of protection, although studies have
indicated that protection can last 1Qnger (Kilbourne et al.,
1974).

Influenza vaccines currently in use are basically similar
to the whole inactivated vaccine first developed by Francis.
Although improvements in viral purification techniques have
reduced the reactivity of the vaccine (Tyrrell and Smith,
1979), such vaccines are still reactive, especially in the
very young (Kilbourne et al, 1974). Reactivity is reduced in
the disrupted or "split" virus vaccines. These vaccines
appear almost as effective as formalin inactivated whole virus
in effecting seroconversion in the primed population but they
are 50% less effective than whole virus vaccine in effecting
seroconversion in an unprimed population (Barry et al., 1974;
Parkman et al., 1976). The main difficulties with current
vaccines are the relatively short period of immunity they con-
fer (1-2 years) and their reactogenicity. Various strategies

have been proposed for overcoming these deficits.



It is not possible to discuss the live virus vaccines
(Murphy et al., 1976; Richman et al., 1977) within this the-
sis. Suffice it to say that the genetic instability of mutant
strains would appear to be of special concern for influenza
because of its well documented ability to stably mutate its
proteins and because of the high probability of a recombina-
tional event. Murphy and associates (1976) have shown that
revertants of the temperature sensitive (ts) mutants do occur.
Influenza A virus has been shown to recombine in in-vivo
infections (Webster et al., 1971, 1973). Since 1978, both
HIN1 and H3N2 subtypes circulated (MMWR, 1978) clearly demon-
strating that more than one subtype of virus may be circulat-
ing at any one time. Thus, it is probable that some vacci-
nated individuals may be subclinically infected. Coinfection
of humans with HIN1 and H3N2 viruses has been observed (Yamane
et al. 1978). Young and Palese (1979) have shown that some of
the HIN1 serotypes circulating in 1978 and 1979 had aquired
genes in common with the prevalent H3N2 virus strains; they
have suggested that these HIN1 strains arose by recombination.
As there is no feasible way to predict the virulence of a
recombinant, the danger of a recombinational event would
appear to pkesent an unacceptable risk associated with live

virus vaccines.



NEURAMINIDASE-SPECIFIC VACCINE TRIALS

In 1972, Kilbourne and colleagues proposed the use of
a neuraminidase-specific vaccine that would take advantage of
the ability of ANAb to limit disease. Such a vaccine would
specifically immunize an individual only to the neuraminidase
antigen. The development of antibodies to NA would permit
infection by influenza A virus on challenge, but 1Timit viral
replication, thus preventing cliinical illness. Replication of
the virus would allow the host's immune system to mount long-
lasting immunity. Several clinical trials of the NA-specific
vaccine have been conducted. These trials of neuraminidase-
specific vaccines have employed whole virus vaccine utilizing
recombinants containing an equine hemagglutinin which was con-

sidered antigenically "irrelevant".

1. In 1976, Kilbourne reported the results of a vaccine
trial which compared the efficacy of a neuraminidase-specific
vaccine with that of a conventional influenza A vaccine. Two
recombinant viruses were employed, X-37, A/Eng]and/42/72

(H3N2), and X-38(H7N2). Vaccines were comparable
with respect to antigenic potency of the neuraminidase as
determined by the antigenic extinction test in rabbits. The

vaccines also had equivalent neuraminidase activity and CCA



(chick cell agglutinating) units. They found the NA-specific
vaccine superior to the conventional vaccine in raising ANAb
titers; significant rises in ANAb titers were seen in 25% of
those receiving X-37 and in 69% of those receiving X-38. Vac-
cinees were not challenged with Tive virus so there is no

information correlating ANAb titers with protection.

Those individuals immunized with H7 showed significant
rise in titers to H3. This was believed to be a result of an
anamnestic response since all vaccinees had been previously
exposed to the H3 antigen. However, rabbits immunized with
the H7 strain also produced antibody which cross-reacted with
H3. Persons vaccinated with H3 did not produce antibody

cross-reactive with H7N1.

It was-suggested that the greater ANAb response in those
receiving the "irrelevant" HA was due to "differences in the
immunological processing" of the two vaccines; i.e. the anam-
nestic response to H3 might compete with the ANAb response.
The anamnestic response to the H3 antigen by vaccination with
H7 raises questions as to the "irrelevance" of an irrelevant

HA.

2. In 1974, Couch and associates reported on the results

of a vaccine trial using X-32 (H7N2), an influenza A recombi-



nant of X-31 (H3N2) and A/equine/Prague/1/56 (H7N7): inacti-
vated influenza B vaccine was used as control. They demon-
strated that the neuraminidase-specific vaccine was infection-
permissive and significantly reduced clinical illness upon
infection. Inapparent illness correlated with serum ANAb.

The immunity provided by natural infection of vaccinees was

complete six months later.

3. In 1977, Vonka and associates conducted an NA-spe-
cific vaccine trial with 1200 persons using inactivated whole
virus (HIN2). They reported the following: increase in titer
to Hl in a majority of subjects; rise in ANAb in slightly more
than half the vaccinees; only rare rises in antibody to H3.
Following a natural outbreak of H3N2 Victoria-like strain,
they noted approximately two-fold less morbidity émong vacci-

nated subjects than among controls.

4. In the fall of 1974, a field trial of neuraminidase-
specific vaccine was undertaken (Ogra et al, 1977; Beutner et
al., 1976). Vaccinees were 300 schoolchildren divided into
three equal groups and vaccinated with X-41 (H3ChN2), X-42
(H7N2Ch), or placebo. A natural outbreak of H3ChN2 virus sub-
sequently occurred (1974, 1975). Infection was ascertained
serologically. They found the NA-specific vaccine to be

infection permissive, but reported that a greater proportion



of those receiving the neyraminidase-specific vaccine had
inapparent infections and when infected, clinical disease wés
somewhat milder. The neuraminidase-specific vaccine induced
mean ANAb titers three to four times higher than the conven-
tional vaccine---clinical infection correlated with low ANAb
titers. However, disease rates among the NA-specific vacinees
was significantly higher than for those receiving conventional

vaccines.

In 1975-76, a natural outbreak of the Victoria strain
(H3N2) occurréd. In this outbreak, protection against illness
in the two groups was very similar, 80% for those immunized
with H3ChN2, 73% for those immunized with the H7N2 (Beutner et
al., 1979). The authors concluded that the basic premise of
the NA-specific vaccine was sound, but that in practice the
NA- specific vaccine offered no advantages over conventional

vaccines.

This conclusion may be premature. The vaccinees receiv-
ing the NA-specific vaccine did have inapparent or mild infec-
tions and the rationale of the vaccine is that the immunity
from these would be long-lasting---so that in order to assess
the efficacy one would really need data to the present date,
j.e., the protection afforded by the conventional vaccine

would be expected to fall off after the first year or two and



then those protected by natural infection should begin to out-
number those protected by conventional vaccination. Indeed, a
long term study by Hoskins et al., (1979) showed that over a
four year period during which H3N2 strains were circulating,
conventional vaccines, even if administered yearly, gave vac-

cinees no cumulative advantage over non-vaccinees.

The use of purified neuraminidase as antigen in the NA-
specific vaccine would appear to offer several potential
advantages. This vaccine would contain only one protein, the
viral neuraminidase. Theoretically, it should be less reacto-
genic (Neurath and Rubin, 1971) as inactivated whole virus
vaccine. It should eliminate the problem of antigenic compe-
tition, i.e. the immune response to the "irrelevant" hemagglu-
tinin interfering with the immune response to neuraminidase

(for review see Aurora, 1979).



CHAPTER 4. THE M PROTEIN

The M (membrane or matrix) protein is the major struc-
tural component of type A influenza virus: it has a molecular
weight of about 25,000 daltons and accounts for about 40% of
total virion protein (Choppin and Compans, 1975). The M pro-
teins from all type A influenza viruses are cross-reactive,

and are considered type specific. (Schild and Dowdle, 1975).

MORPHOLOGY

The precise position of M in the influenza virion is
still not clear. Compans et al. (1970), Schulze (1970), and
Klenk et al. (1972) have reported that M protein in intact
virus is not accessible to proteases. It is not Tabelled by
techniques which are known to label external proteins (Stanley

and Haslam, 1971; Rifkin et al., 1972).



Recently Reginister and associates (1979) have shown that
proteolytic treatment of the virion results in binding of
anti-M antibodies, suggesting that removal of glycoprotein
spikes exposes M on the virion surface. Reginister and col-
lTeagues (1979) have also shown that non-proteolytically
treated Singapore 1957 strain (H2N2) virions can bind anti-M
antibody and that anti-M antibody reduces the infectivity of
this strain ten-fold; anti-M antibody was also shown to have
HI and complement fixing activities against HINl, H2N2 and
H3N2 strains. These authors concluded that M was exposed on
the virion surface and that neutralizing and HI antibodies
probably were having their effect through steric hindrance.
These authors previously demonstrated that proteolytic treat-
ment of influenza virions decreased by half the amount of M in
intact virions (Reginister et al., 1975/76), suggesting that
removal of glycoprotein spikes exposes M on the virion sur-

face.

The M protein has been described as forming a protein
shell independent of, but directly beneath the lipid bilayer
of the virion. The evidence for tﬁis rests mainly on the
electron microscopic observations of Bachi (1969) and Compans
and Choppin (1973) and the biochemical studies of Schulze
(1972). The studies of Reginister and colleagues (1979) sug-



gest that M is accessible at the virion surface and they ques-
tion the assumption that M is an internal component of the

virion.

Using a fluorescent lipid probe, Lenard et al. (1974)
showed that M was not more than 113 from the membrane and did
not rule out its being partiai]y intramembranous. When the
influenza virion is subjected to mild detergent disruption,
the M protein is found to be insoluble, indicating a hydropho-
bic conformation. Gregoriades (1973) isolated the M protein
from both virions and infected cells using acidic chloroform-
methanol. The amino acid composition (Gregoriades, 1973) does
not predict a hydrophobic protein and so it is assumed that

the hydrophobicity of M is a function of conformation.

This laboratory's procedure for isolation of the M pro-
tein, disruption by 10% SDS and sonication (Bucher et al.,
1976, 1980), produces an opalescent suspension on removal of
SDS, supporting the observation that the hydrophobicity of M
is due to conformation. The recent evidence of Gregoriades
(1980) and Bucher et al.(1980) that M protein can be incorpo-
rated into the 1ipid bilayer of liposomes will be discussed in

~ Chapter 8.



FUNCTION OF THE M PROTEIN.

The M protein appears to be associated with virion assem-
bly and stability, virus yield, amantadine sensitivity, and

perhaps even with infectivity.

Stability. Kendal et al (1977 b) reported that when
influenza A viruses were replicated at elevated temperatures,
there was an increase in the proportion of particies with low-
ered buoyant density, as well as a decrease in the infectivity
of the yield. The lowered infectivity was due to the
increased numbers of Tow density particles and these particles
had greatly reduced M protein content. The low density parti-

cles were reported to be more fragile.

Assembly. Kendal et al (1977 c) showed that the ability
of a cold adapted mutant to replicate at the Tower temperature
was a function of the M protein. The wild type virus appeared
to have normal transcription and translation of M, but did not

form virions at the colder temperatures.

Both papers by Kendal and colleagues indicate that there
appears to be an optimal temperature for incorporation of M
into the virion. Above that temperature, M is poorly incorpo-

rated and the result is lowered infectivity. The poor incor-



poration of M into virions at the colder temperature is sug-
gestive of an active role of lipid fluidity in virion forma-

tion.

Amantadine Sensitivity. Lubeck et al, (1978) and Hay et
al. (1979) have both implicated the M protein in the varying
sensitivity of influenza A strains to amantadine hydrochlo-
ride. In the presence of amantadine no transcription of the
‘viral genome occurs but this inhibition is reversed when aman-
tadine is removed (Skehel et al., 1977). While the mechanism
by which amantadine hydrochloride inhibits viral replication
is not clear, it is known from studies of Dourmashkin and Tyr-
rell (1974), that it does not appear to affect virus attach-
ment or uptake, nor does it visibly affect the process by

which the virion enters the cytoplasm, i.e., gross uncoating.

Infectivity. Kendal et al. (1977) showed that virus
grown at elevated temperatures had reduced infectivity and
that the reduction in infectivity was due to reduced M protein
content. Along the same lines, studies of amantadine sensi-
tivity indicate that the M protein plays some role in estab-
lishing infectivity, i.e. amantadine sensitivity is a function

of the M protein and involves an early step in infection.

Virus Yield. Schulman and Palese (1978) have shown asso-
ciation of the M as well as the NP proteins with high yield

when virus is propagated in eggs.



IMMUNOLOGY OF M PROTEIN

Anti-M antibody has not been associated with protection
from infection and appears to have no neutralizing effecf.
Thus, although M proteins of all influenza A viruses share
common antigenic determinants, this does not serve to prevent
the emergence of new subtypes to which the population has no
significant immunity. Further, it has been shown that spe-
cific immunization to M protein, while it modified the course
of the disease in mice, did not prevent infection (Webster and

Hinshaw, 1977).

It has been observed that M protein poorly stimulates the
production of antibody. Webster and Hinshaw (1977) immunized
mice to purified M and saw no M antibody response by single
radial diffusion. Even after natural infection, which could
be expected to boost a low antibody response, only half the
animals had M antfbody detectable by single radial diffusion.
Cretescu et al., (1978) reported that M antibody was detected

by single radial diffusion in post convalescent sera of <7%



and most of these had very severe infections. The conclusion
that M protein induced a weak antibody response was based on
what now appears to be a very insensitive assay. The develop-
ment of the enzyme lTinked immunosorbent assay(ELISA) for eval-
uation of M antibodies, utilizing purified M-protein antigen
adsorbed on microtiter plates permits re-examination of the
antibody response to M protein (M.W. Khan, personal communica-

tion).

M has been detected on the surface of infected cells (Ada
and Yap, 1979; Biddison et al., 1977). The detectable M on
the surface of infected cells was not believed to be in close
contact with the HA as AHAb did not affect the binding of M
antibody (Ada and Yap, 1979). However, if M were in close
contact with HA it may be sterically blocked and hence unde-
tectable, or it may occupy a different and inaccessible space
in the 1ipid bilayer, i.e., interaction of M and HA could

change the position and/or conformation of M protein.

Hackett and colleagues (1979) used well characterized
monoclonal antibodies to M protein and demonstrated that while
M was detectable on the surface of infected cells, the amounts
detected were 2 - 3 orders of magnitude 1ower than those

reported by Ada and Yap (1979). VYewdell and associates (1981)



used a diverse panel of monoclonal anti-M antibodies with
results that supported the observations of Hackett et al.

(1979).

It has been shown that cytotoxic T cells specific for
influenza M protein will lyse HLA compatible influenza A
infected cells (Braciale, 1977). Webster and Hinshaw (1977)
reported that mice immunized to purified M, while showing no
detectable antibody response, gave a strong DTH response to M
protein---the DTH to an equivalent amount of whole virus was
weaker indicating that conformation of M in the virus may dif-
fer from that of solubilized M. In the same study, it was
noted that mice immunized to M showed enhanced viral clearance
from the lung though lung lesions were as severe as in con-

trols.

The results of Webster and Hinshaw (1977) are reminiscent
of the demonstration by Schulman and Kilbourne (1965) of het-
erotypic immunity induced by influenza A infection: when mice
previously infected by HIN1 strains were challenged with an
H2N2 strain, they had lower viral titers and decreased lung
lesions and mortality than controls. They aiso noted an ear-

lier response to the H2 antigen than was seen in controls.



CHAPTER 5. LIPOSOMES

OVERVIEW

As Tanford and Reynolds (1976) point out, the study of
membrane proteins is in its infancy: the same can be said for
the study of membranes. In fact, until recently, membranes
were viewed as rather inert, uninteresting cellular compo-
nents. The last decade has seen increased interest in lipids
and membrane structure and the dynamics of lipid-protein
interaction. Liposomes have been an invaluable tool in the
study of lipid-protein interaction. Liposomes are discrete,
closed 1ipid structures formed when 1ibid exists in an aqueous
environment (Bangham, 1978). Since the earliest studies of
Bangham and Horne (1964), much has been learned about the
structure of 1ipid in an aqueous environment. When in aqueous

solution, lipids aggregate by their hydrophobic alkyl chains



into a bilayer. Depending on the Tipid to water ratio, the
bilayer exists in sheets (at low water concentrations), or as
closed micellar structures (at high water concentrations)

(Bangham et al., 1967).

Liposomes are commonly formed by two methods. In the
chloroform-methanol method, lipids are dissolved in éh]oro-
form—methanol and organic solvents are evaporated off slowly
while lipid is deposited as a thin film on the walls of a
flask. The 1lipid is slowly hydrated and the mixture is then
sonicated (Bangham, 1978). To form liposomes by dialysis,
lipids are solubilized in a detergent solution. This results
in the formation of mixed micelles, that is, micelles which
contain both 1ipid and detergent. Detergent is then dialyzed
away. The use of the detergent, octylglucoside , which is
easily dialyzable, has made this method most efficient (Helen-
ius et al., 1977). Liposomes formed by both of these methods
are heterogeneous populations consisting of small and large
unilamellar vesicles and small and large multilamellar vesi-
cles. Sonication increases the proportion of unilamellar ves-

icles.



Liposomal conformation and permeability can be affected
by several parameters, these include: the solvent, ionic
strength of the solvent, pH, 1ipid composition, protein compo-
sition and concentration of the bilayer, ions such as Ca++,
temperature, chaotropic agents, mechanical manipulations, such
as sonication, and some anaesthetics (for review, see Hill,
1978; Chapman et al., 1978; Paphadjopoulos et al., 1978; Bang-

ham, 1978). Comparison of experiments must take into account

the considerable variation in the aforementioned factors.

Our interest in liposomes stems from our interest in
studying conformation of a membrane protein in a state as
close to that of the viripn as possible, and the effect of
lTiposomal incorporation of an antigen on its interaction with
the immune system. There have been reports that association
of an antigen with liposomes enhanced the immune system
response to a specific antigen. The mechanisms of this

enhancement have not been clear.

Several possibilities exist: 1). liposomes may have an
adjuvant effect (Manesis et al., 1979); 2). liposomes may
enhance through aggregation of protein, which enhances immuno-
genicity (Neurath and Ruben, 1971); 3). liposomes may facili-

tate antigen processing by the immune system.



In the last few years there have been several studies on
the interaction of influenza proteins with Tiposomes to form

virosomes. These will be discussed in some detail.

VIROSOMES

Almeida and co-workers (1975) disrupted influenza with
nonidet P-40 and isolated membrane proteins by density gradi-
ent centrifugation. The detergent solubilized viral glycopro-
teins were added to preformed, sonicated liposomes (lecithin,
dicetyl phosphate in a weight ratio of 9:1) and sonicated for
15 minutes. They termed these protein bearing liposomes, viro-

somes.

Virosomes had a size range of 20-100 nm and possessed a
fringe of spikes giving them an appearance not unlike that of
the influenza virion. The biological activity of these viro-
somes was not reported. Hyper-immune sera to intact homolo-
gous influenza virus aggregated the liposomes. It was stated
that preliminary studies indicated that such liposomes were
immunogenic but not pyrogenic; however, no data were presented

and this has not been confirmed.



Huang et al., (1979) prepared HA-NA preparations by
disrupting virus with 7% octylglucoside and removing most of
the internal viral components by centrifugation. Octylgluco-
side solubilized lipid preparations were added to the solubi-
lized HAQNA preparations and liposomes were formed by dialy-
sis; virosomes were isolated by pelleting. _Virosomes
contained HA and small amounts of NP and M (SDS PAGE): NA was
not seen on gels but its presence was confirmed by enzymatic

activity.

They reported that NA could be absorbed onto the surface
of preformed Tiposomes but that HA could not. HA appeared to
be integrated into the 1ipid bilayer. In the virosomes,
regardless of lipid composition, there was a protein to lipid

ratio of 0.09:1.

Their HA-NA virosomes were capable of several viral-type
functions: they agglutinated red blood cells (pure Tecithin
liposomes being the least successful), and the NA appeared to
be cleaving sialic acid off red blood cells, as disagg]utif
nated erythrocytes could not be reagglutinated indicating loss
of sialic acid receptors, (Chapter 2). Subsequently this lab-
oratory (Rott, 1980), reported that liposomes containing HA
only would absorb to cell surfaces, but that when NA activity
was present, virosomes could be observed fusing with the cell

membrane.



Oxford et al. (1981) investigated the interaction of HA
with phospholipid vesicles. Virus was disrupted with 2% Tri-
ton X-100 (or octylglucoside) and viral proteins "purified" by
sucrose density gradient centrifugation. Liposomes, using
various 1ipids and 1ipid ratios, were preformed by the chloro-
form-methanol method and sonication. Virosomes were'prepared
by mixing preformed liposomes with protein at a protein to
1ipid ratio of 1:50 and sonicating for 20 min. Virosomes
showed the presence of spikes oriented in both directions from
the 1ipid bilayer. They noted that HA attached more readily
to negative liposomes than to positively or neutrally charged

‘lTiposomes. Average liposome size was 70-500 nm.

Freeze fracture techniques showed no evidence of HA
deeply penetrating the lipid bilayer: measurements of HA spike
length before and after incorporation into liposomes indicated
that only 1 nm of the 14 nm spike was embedded in Tipid.
Virosomes could attach to Vero cells and were observed being
taken up by viropexis. The immunogenicity of virosomes was
excellent: 2 ug of liposomal HA was immunogenic in guinea
pigs (protein content was estimated by rocket immuno-electro-
phoresis). Liposomal HA was ten-fold more immunogenic than
the isolated subunits: the isolated subunits appear (in elec-

tron micrographs) as a mixture of monomer and aggregate forms.



Separate injection of liposomes and protein subunits did not
result in increased immunogenicity, indicating that liposomes

did not have adjuvant activity.

Shortly after the work presented in this thesis had
begun, the results of a project very similarly conceived were
reported by Morein, Helenius, and Simons (1978). Morein et
al. (1978) solubilized the membrane proteins of Semliki Forest
virus (SFV) with 2% Triton X-100 and separated the viral gly-
coprotein spikes from other viral components by sucrose density
gradient centrifugation in the presence of Triton X-100. It
had been previously shown (Simons et al., 1973) that glycopro-
teins isolated by this method existed in the monomeric form,
had a sedimentation coefficient of 4.5S, bound 75 molecules of
Triton X-100, and contained E1 and E2 polypeptides in a 1:1
ratio. Removal of detergent by chromatographic techniques
resulted in aggregation into an octomeric form with a sedimen-
tation coefficient of 29S. The octomeric complex appeared as

a protein micelle by electron microscopy and had HA activity.

Virosomes were prepared by mixing octylglucoside solubi-
lized SFV spike proteins with octylglucoside solubilized lec-
ithin and dialyzing (Helenius et al., 1977). Liposomes formed

by this method possessed HA activity, were heterogeneous in



size, and consisted of two populations, a protein-rich and a
protein-poor population. The spike protein was reported to be
oriented outwardly as in the virion, since it was accessible

to proteases.

Mice were vaccinated with 10 pg of protein in monomer,
octomer, or virosomal form (Morein et al., 1978). Multimeric
protein forms (octomer, virosomes) induced good protection
against infection with SFV: monomer was only poorly immuno-

genic even when injected with Freunds adjuvant.

Recently, th1§ same laboratory (Balcarova et al., 1981)
has correlated antibody titer with protection. Two doses of 1
ug each were administered to mice. There was little or no
primary response to any form. Secondary immunization
resulted in high antibody titers to octomer and virosomal
forms, but a 20-fold lower response was evidenced by those
receiving the monomer form. The protection afforded by
monomer was 100-fold less than that seen with either of the
multimeric protein forms (octomers and virosomes had equiva-
lent efficacies). They recommended the use of octomer for
immunization because of the instability of Tecithin liposomes.
Unfortunately, these studies do not compare the efficacy of

antigen forms with that of whole inactivated virus.



Gregoriades (1980) demonstrated that the M protein of
influenza interacted with phosphotidylcholine vesicles. She
was able to demonstrate that under her conditions, about 5000
daltons of the 25,000 dalton protein remained trypsin insensi-
tive when M was associated with lipid. Liposomes were formed
either by dialysis of M protein with sodium deoxycholate or by
addition of M protein to preformed Tiposomes and vortexing.

Two independent studies using purified proteins of hepa-
titis B as vaccine antigen have been reported. Hepatitis B
surface antigen was purified by CsC]2 density gradient centri-
fugation and incopporated into liposomes (Manesis et al.,
1979). Immunization was by multiple injections of 1.5 and
10ug quantities of antigén into guinea pigs and efficacy was
tested by delayed type hypersensitivity (DTH) and antibody
titer. Titers to the liposomal form of antigen were greater
than 100-fold higher fhan to the monomer form of the antigen.
Use of adjuvant did not enhance the immune response to liposo-
mal or monomer protein. A primary response to liposomal anti-
gen was observed; response to monomer occurred only after sec-
ondary. and tertiary immunization. Little or no DTH was seen
with monomer, whereas half the animals immunized with liposo-
mal antigen had a delayed type hypersensitivity (DTH) reac-

tion.



Hepatitis B protein micelles were used as immunogen by
Skelly and colleagues (1981). 5 and 10 pug doses of either
intact virus particles or protein micelles were used. Good
immunogenicity for both was reported. The protein micelles
resulted in significantly higher antibody titers than inact
22nm particles. However, both antigen forms were absorbed to

alum for injection.

The virosome system provides a model for dissecting the
replication cycle of the virus: penetration, uncoating, and
assembly. The virosome also has promise as an immunological
tool for dissecting the immune response to an antigen alone or
in the presence of other gntigens which might affect immuno-
genic conformation or processing.‘ One of the potential uses
of 1liposomes is for vaccines. One would predict that the pro-
tein in liposomes would be in a conformation very similar to
that in the virus and thus overcome the low immunogenicity of

purified proteins.



CHAPTER 6. STUDIES OF PURIFICATION PROCEDURES FOR

NEURAMINIDASE

Our eventual goal was to purify neuraminidase for use as a
vaccine (see Chapter 7). Our first step was to attempt to
vary the conditions of purification in such a way as to pro-
duce a purified NA product that was an FDA injectable (accep-
table for vaccine use), and to optimize conditions so as to
provide the maximal NA yield from virus. In the process of
investigating methods by which we could accomplish these ends,
we enhanced our knowledge of the requirements of the purifica-

tion procedure.

INTRODUCTION

The interactions of membrane proteins with lipids and
detergents have been extensively characterized (Reynolds and

Tanford, 1970a, b; Makino et al., 1973; Tanford, 1974; Robin-



son and Tanford, 1975; Helenius and Simons, 1975; Gulik-Krzy-
wicki, 1975; le Maire et al., 1976; Tanford and Reynolds,
1976; Simons et al., 1978).

Integral membrane proteins possess a hydrophobic por-
tion of the molecule which is embedded in the 1ipid bilayer.
‘It has been generally noted that membrane proteins, when
removed from the lipid environment are susceptible to denatu-
ration. Non-ionic detergents may prevent denaturation of mem-
brane proteins by simulating the lipid environment of the
1ipid bilayer (for review see Gulik-Kryzwicki, 1975; Helenius
and Simons, 1975). Detergents are amphiphiles with a struc-
ture similar to phospholipids, i.e. they have long hydrocarbon
tails and polar head groups: 1in aqueous solutions above the
critical micelle concentration (cmc) they form micelles -~ the
hydrophobic tails aggregate and the polar head groups interact
at the aqueous interface (Tanford and Reynolds,1976). The cmc
is a measure of the concentration below which the detergent
exists in the monomer form and as such is a measure of the
stability of the micellar form and indicates the ease with
which the detergent can be dialyzed -- only monomers are dia-

lyzable.

Ionic detergents such as SDS (sodium dodecyl sulfate) and

CTAB (cetyl trimethyl ammonium bromide) are more disruptive of



lipid-protein interactions than are non-ionic detergents (Tan-
ford and Reynolds, 1976). SDS disrupts membranes by inserting
in the lipid bilayer and Towering the surface tension. As the
SDS to lipid ratio increases, the lipid bilayer breaks up form-
ing mixed 1ipid-SDS-protein micelles. Most ionic detergents
denature proteins (Tanford and Reynolds, 1976; Gulik-Kryz-
wicki, 1975). Reynolds and Tanford (1970a,b) have shown that
SDS binds to proteins in a cooperative process and have sug-
gested that alteration in conformation induced by SDS binding

is responsible for denaturation.

One strategy for purification of a biologically active
membrane protein is to disrupt the membrane with an ionic
detergent and subsequently solubilize and stabilize the pro-
tein in non-ionic detergent. One must employ a sufficiently
high concentration of non-ionic detergent such that each pro-
tein molecule is in a separate micelle (Tanford and Reynolds,

1976). Ionic detergent levels are then reduced by dialysis.

After purification of protein it is possible to dialyze
away detergent to form protein micelles which contain several
protein subunits (Simons et al.,1978). Laver and Va]éntine
(1969) removed SDS from purified HA and NA preparations by
acetone precipitation, and showed formation of protein

micelles by electron microscopy. Neuraminidase aggregates



appeared as "seeding dandeiions", each aggregate contained
about 12 spikes; hemagglutinin aggregates had a star-like

appearance and contained about 5 spikes.

Proteins solubilized in detergent can be incorporated
into lipid by dialysis (Helenius et al., 1977; Huang et al.,
1979). Detergent solubilized 1ipids and protein are mixed. As
detergent is dialyzed away, lipid vesicles containing protein
molecules are formed. Liposomes formed by dialysis have been
observed to bear the protein in the same outward orientation
in which it is seen on the cell surface: 1in contrast when
lipid-protein interaction is effected by sonication, proteins
have been observed having the spike oriented toward the
interior as well as exterior of the liposome (Oxford et al.,

1981).

Development of an affinity isolation procedure for purif-
ying the NA of influenza provided a method of obtaining puri-
fied NA while maintaining the enzyme in a conformation which
simulated that of the enzyme in the virus -- as assayed by
enzyme activity which is considered a very sensitive indicator
of the conformation of the protein (Tanford and Reynolds,

1976).

The procedure for purification of NA by affinity chroma-

tography is outlined in Appendix II. Briefly it involves



three steps: 1). disruption of the virus; 2). solubilization

of the NA; 3). purification of NA by affinity chromatography.

As the affinity isolation technique used in this labora-
tory allowed recovery of ~2% of viral protein (Bucher, 1977),
and NA was reported to constitute about 10% of X-7 viral pro-
tein (Bucher and Kilbourne, 1972), our first step was to
investigate the efficacies of various detergents and detergent
concentrations on protein purity and yield. It was also our
hope to modify the affinity isolation procedure by substitut-
ing Tween 80 for Triton X-100. (Tween 80 is an FDA approved
injectable for vaccine administration while Triton X-100 is

not.)

MATERTALS AND METHODS

Virus. X-31B(H3N2), a recombinant of A/Aichi/2/68(H3N2) and
A/PR/8/34(H1N1) used as vaccine strain, was grown in the
allantoic sac of embryonated chick eggs and purified as

described in Appendix IV.



Assay for Stability of Neuraminidase in Various Detergents.
Whole virus was diluted to Img/ml by the Lowry assay (Lowry et
al., 1951), and disrupted with 1%, 0.5% or 0.17% SDS, or 1% or
0.5% CTAB and mixed for 15 minutes at room temperature. Dis-
rupted samples were brought to final concentration of 10% Tri-
ton X-100, or 10% or 20% Tween 80 and dialyzed overnight at
4°¢ against pH 5 absorbing buffer (0.05M sodium acetate,
0.001M CaCl,, O.1mM EDTA and 0.1% Triton X-100 or 0.1% Tween
80). Protein concentrations and NA activity were assayed as

described in Appendix II on the following day.

Affinity Chromatography. Whole virus was diluted to 1mg/ml as
above and disrupted with 1% or 0.17% SDS or 1% CTAB and solu-
bilized with 10% Tween 80. Solubilized virus was dialyzed for
24-48 hours against pH 5 absorbing buffer and then centrifuged
at 20,000 rpm for one hour in a Beckman JA 21 rotor at 4%c.
Pelleted material was solubijlized in calcium acetate buffer
(0.05M acetate, 0.002M CaC]2 at pH 7) and assayed for protein
and NA activity and then stored at -70%¢C. Affinity chromatog-
raphy followed the procedures outlined in Appendix I.

Briefly, supernatant (sup) was applied to the affinity column
equilibrated with absorbing buffer. One ml fractions were —
collected and sample absorbance at A260nm was monitored by a

Uvicord I.



Material not absorbing to the column was assayed for NA
activity and protein and subsequently pooled (protein pool).
Fractions eluting at a pH >7 were neutralized with TN HC1 and
assayed for protein and NA activity and for purity by PAGE

before pooling (enzyme pool).

Protein was assayed by the method of Lowry (Lowry et al.,
1951) with the addition of 0.25% SDS to facilitate reading in
the presence of non-ionic detergent. NA activity was assayed

by the method of Aminoff (1961) as described in Appendix II.

RESULTS

Virus was disrupted with various concentrations of CTAB,
a positively charged ionic detergent, or SDS, a negatively
charged ionic detergent and then solubilized with either 10%
Triton X-100, or 10 or 20% Tween 80. Detergent treated sam-
ples were dialyzed overnight. The stability of neuraminidase
to the various detergent treatments was assayed by comparing

the specific activities of the various samples.



As Fig. 6.1 shows, specific activity increases 2-4 fold
over that of whole virus when virus is solubilized. 1% SDS
appeared to offer no advantage over the Tower concentration of
SDS. 1% CTAB resulted in better stabilization of NA activity
than 0.5% CTAB. 10% Tween 80 appeared as effective in stabi-
lizing NA activity as either 10% Triton X-100 or 20% .Tween 80.

On the basis of the stabilization data, we evaluated the
effect of the following detergent treatments on the yield and
purity of NA recovered from affinity isolation: 0.17% SDS-10%
Tween 80; 1% SDS-10% Tween 80; and 1% CTAB- 10% Tween 80.

Analysis of protein distribution during affinity chroma-
tography (Fig. 6.2) shows that 1% and 0.17% SDS were equally
effective in disrupting the virus: both treatments solubi-
1ized ~60% of the viral protein. 1% CTAB solubilized about 80%
of viral protein. The superiority of CTAB in solubilizing
viral protein was not an intrinsic advantage; it was hoped
that this first step would selectively solubilize the surface

proteins.

1% SDS resulted in a very poor protein yield in the
enzyme pool (Fig. 6.2), indicating that it was denaturing the
NA -- the column does not absorb denatured NA. High 1eveis of
protein recovery in the enzyme pool were seen with both 0.17%

SDS and 1% CTAB treated samples. The sample treated with



0.17% SDS showed 10% of viral protein in the enzyme pool which
is in good agreement with the estimate of 10% NA: the 20%
recovery in the 1% CTAB treated sample suggested that there
might be contaminating proteins. Analysis of the enzyme sam-
ples by PAGE gels confirmed the presence of more than 50% con-
tamination by HA and NP in the 1% CTAB solubilized pool (data
not shown). The enzyme pool derived from virus treated with

0.17% SDS appeared pure on SDS PAGE (Fig. 6.3).

Fig. 6.4 shows the specific activity of NA in the various
pools. The speciffc activity of thé samplies treatea with 1%
SDS was low following disruption, indicating that such high
Tevels of SDS denature the NA of X-31B. The superiority of 1%
CTAB in solubilizing NA from the virus can be seen in the
enrichment for NA activity seen in the supernatant. 1In con-
trast in the 0.17% SDS treated sample, the enzyme activity of
the supernatant was only about two-fold higher than that of

the pellet.

The specific activities of the 1% CTAB and 0.17% SDS
treated sample enzyme pools are roughly equivalent. Since the
CTAB enzyme pool contained at least 50% other viral proteins
this indicates that the CTAB treated NA had at least two-fold
higher specific activity than the 0.17% SDS treated sample.
This was disturbing as it indicated possible denaturation of

the X-31B NA by even low concentrations of SDS.



When total neuraminidase activity is examined (Fig. 6.5)
it can be seen that solubilization with 1% SDS resulted in
loss of activity and that less than 5% of viral NA activity
was evident in the enzyme pool. 0.17% SDS and 1% CTAB both
resulted in about three-fold enhancement of NA activity fol-
lowing virus disruption (supernatant + pellet). 0.17% SDS and
1% CTAB resulted in 60 and 90% recovery, respectively. How-
ever, if this figure is corrected to account for the three-
fold increase in specific activity seen on solubilization then
recovery is 20% and 30% respectively for the 0.17% SDS and 1%

CTAB treatments.

As can be seen in Fig. 6.4a the highest fold purification
obtained by 0.17% SDS or 1% CTAB was 6-9 fold. If the spe-
cific activity of NA prepared by these purification techniques
is compared with the ~40 fold purification of X-7 NA seen with
1% SDS-10% Triton X-100 (Fig. 6.4b) one can appreciate our
concern over possible denaturation of the X-31B NA during

purification.

The ‘specific activity of X-7 neuraminidase, purified by

1% SDS-10% Triton X-100, from a batch of X-7 that had been

stored at -20°C for two years is shown in Fig. 6.4b for com-
parison with other purification procedures. The specific

activity scale has been adjusted to account for the initially



higher specific activity of X-7 NA. As can be seen, the spe-
cific activity of X-7 neuraminidase, purified by 1% SDS -10%
Triton X-100, is about 40 fold higher than that of the enzyme
in the virus. This increase in specific activity is much
higher than that seen for any of the purification.procedures

investigated.

DISCUSSION AND CONCLUSIONS

It is now accepted that the immunogenicity of a protein
can be affected by the method of isolation. One of the main
advantages of using NA was that enzyme activity provided an
extremely sensitive tool for monitoring changes in the mol-

ecule during purification.



Purification of NA by affinity isolation (Bucher, 1977),
results in a forty-fold increase in specific activity of the
enzyme. If this figure is corrected for the enhancement of
viral NA specific activity seen in the presence of detergents,
then it means an actual 10-20 fold enhancement of specific
activity which is in keeping with the 5-10% estimate of NA per
virion. These figures indicate that we are reliably able to
isolate the enzyme while maintaining it in a conformation that
is sufficiently similar to that of whole virus (enzymatic

activity is maintained).

Initial efforts to use Tween 80 as the non-ionic deter-
gent for purification of antigenic NA failed. The Tween could
not be removed by dialysis (Tween 80 has a very low cmc), and
Tween 80 solubilized neuraminidase was not immunogenic in rab-

bits.

The affinity isolation method for neuraminidase involves
solubilization of the virus in 10% Triton X-100: at lower
concentrations it is impossible to separate the two surface
giycoproteins HA and NA, as they appear to exist in mixed
micelles. At 10% Triton X-100 the HA passes through the
affinity column in high Triton X-100 concentrations, the NA is
adsorbed and elutes on elevation of pH, at a Triton X-100 con-

centration similar to that of the eluting buffer, 0.1%. After



concentration of the eluted fractions, the storage Triton
X-100 concentrations are between 2-3%. These Triton X-~1Q0
concentrations can be reduced to below detectable levels by

dialysis for one week (Markovitz and Bucher, unpublished).

Originally we had hoped to isolate NA from a batch of
outdated Aichi(H3N2) vaccine(inactivated with 0.01% formalin).
We wefe unable to purify NA from the Aichi vaccine batches
using affinity chromatography. The viral proteins in this
Aichi vaccine preparation were shown to be extensively cross-
linked (Chen and Bucher, unpublished). PAGE gels of formalin
treated virus showed that large amounts of viral protein were

unable to enter a 7% gel presumably because of cross-linking.

We had planned to use X-31B as the viral strain of choice
since it bears an NA which was closely related antigenically
to the NA of the strain in circulation at that time. However,
our results indicated that the NA of X-31B is inactivated by
1% SDS, and even at the 0.17% SDS level there was also evi-
dence of denaturation. CTAB proved an unacceptable alterna-
tive as an ionic detergent; the enzyme pool was heavily con-
taminated with other viral proteins. It may be that CTAB does
not effectively disrupt protein-lipid and protein-protein
interactions so that subsequent solubilization with non-ionic
detergent does not result in mice]]és carrying only one mol-

ecule.



When NA purified with Tween 80 was used for immunization
of rabbits little or no NI antibodies were produced. This was
in contrast to results obtained with Triton X-100 solubilized
NA samples (Markovitz and Bucher, unpublished). Prior to
immunization, it was laboratory procedure to dialyze for sev-
eral days. This procedure lowered Triton X-100 levels but did
not affect Tween 80 levels. We hypothesized that the superior
immunogenicity of Triton X-100 samples was due to the aggre-

gated state of the protein when detergent was removed.

As our goal was the study of the immunogenicity of NA, we
decided to use the X-7(H1IN2) strain and disruption with 1%
SDS-10% Triton X-100 as it had been shown that NA from this
strain could be rather easily purified by affinity chromatog-
raphy with high specific activity (Bucher, 1977). In addi-
tion, more than 98% of (3H) Triton X-100 could be removed by

one week dialysis (Markovitz and Bucher, unpublished).



Figure 6.1. Specific Activity of Neuraminidase Following
Detergent Solubilization and Dialysis. The X-31B influenza A
recombinant virus was diluted to a concentration of 1mg/ml and
brought to a cdncentration of 1%, 0.5%, or 0.15% SDS or 1% or

0.5% CTAB. After fifteen minutes stirring at room tempera-

ture, the samples were brbughf to (1). 10% Triton X-100, or

(2). 10% Tween 80, or (3). 20% Tween 80. Samples were dia-

lyzed for 24 hours at 4°¢ against pH 5 absorbing buffer containing
0.1% of the non-ionic detergent used for solubilization. The
dialysates were then assayed for NA activity and protein as

described in text.
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Figure 6.2. Protein Distribution During Neuraminidase Isola-
tion by Affinity Chromatography. Concentrated virus(V) was
disrupted with (1). 0.17% SDS-10% Tween 80, (2). 1% SDS-10%
Tween 80, or (3). 1% CTAB-10% Tween 80. Disrupted virus sam-
ples were dialyzed, and solubilized viral protein (SUP) was
separated from unsolubilized (P) by centrifugation. Superna-
tants were applied to the'affinity column as described in text
and viral proteins that did not absorb to the column were
pooled(P.P.), as were the enzyme fractions eluting at pH 9
(Enz). Total protein recovered (T.P.R.) represents the sum of
the protein seen in the protein and enzyme pools. Protein was
assayed by the method of Lowry with 0.25% SDS added to allow

reading in the presence of Triton X-100 or Tween 80.
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Figure 6.3. SDS Polyacrylamide electrophoresis gels of neu-
raminidase purified from influenza A recombinant X-31B (H3N2).
SDS PAGE of total virus protein (right) and of neuraminidase
purified by affinity chromatography using 0.17% SDS and 10%
Tween 80 (left).
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Figure 6.4. Specific Activity of Neuraminidase during Affin-
ity Chromatography Varies with Detergent Treatment. A). X-31B
was disrupted with the indicated concentration of SDS or CTAB
and then solubilized with 10% Tween 80 and dialyzed for two
days against pH 5 absorbing buffer. Non-solubilized virus was
pelleted and the supernatant was applied to the affinity col-
umn as described in the text. B). X-7 was disrupted with 1%
SDS-10% Triton X-100 and neuraminidase was purified by affin-
ity chromatography as above. As the specific activity of X-7
is about two-fold higher than that of X-31B, the specific
activity scale for X-7 was adjusted so that specific activi-
ties of the two viruses appear of the same magnitude. V,
virus; S, supernatant; P, pellet after centrifugation; E,

enzyme pool; PP, protein pool.
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Figure 6.5 Total Neuraminidase Activity at Various Steps in
Affinity Chromatographic Purification of Neuraminidase. Virus
(X-31B) was disrupted with 0.17% SDS-10% Tween 80, 1% SDS-SDS-
Tween 80, or 1% CTAB-10% Tween 80. Disrupted virus was dia-
lyzed and solubilized viral protein, supernatant (S) was sepa-
rated from unsolubilized, pellet(P) by centrifugation. Viral
proteins that did not absorb to the column were collected in
the protein pool(PP); material eluting in the enzyme pool was
pooled (Enz). Total NA activity was determined by multipiying

the volume in milliliters by the activity(uM/min/ml).
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CHAPTER 7. STUDIES ON THE IMMUNOGENICITY OF NEURAMINIDASE

INTRODUCTION

It was our goal to investigate the immunologic potential
of a single purified viral bfotein and in doing so to develop
criteria for immunogenicity. Briefly we presented the neuram-
inidase antigen in equivalent amounts as monomer (unaggre-
gated), in aggregated form, incorporated into liposomes,
incorporated into liposomes with sonication, or in whole
virus. These forms were characterized by enzyme activity,

electron microscopy, and immunogenicity.

Morein and colleagues (1978) have shown that the glyco-
proteins of SFV are effective immunogens if aggregated or -
incorporated into lecithin vesicles. Both glycoproteins of
the SFV were used, eliminating the need for extensive purifi-

cation.



Oxford and associates (1981) used partially purified HA
in aggregates and liposomes and reported that liposomally
associated HA was a good immunogen but that aggregated HA was
a poor immunogen. However, their HA(aggregated) was a mixture

of monomer and aggregated HA.

Neuraminidase appeared an ideal candidate for a study cor-
relating immunogenicity with conformation as enzyme activity
provides an extremely sensitive index to conformation. A fur-
ther advantage to use of neuraminidase in such a study is the
potential usefulness of a purified neuraminidase vaccine for

the NA-specific vaccine (see Chapter 3).

MATERIALS AND METHODS

Preparation of the virus. The X-7(H1N2) influenza A strain is
a recombinant of the NWS(HIN1) and RI/5+(H2N2) strain: the
neuraminidase of X-7 has been well characterized (Chapter 3).
Virus was grown in the allantoic sac of embryonated eggs and
purified as described in Appendix III. Virus used for purifi-
cation of NA was from a pool of X-7 virus prepared at various

time intervals over a two year period and stored at -20°c.
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Previous experience had shown that the X-7 neuraminidase 1is
stable under these conditions and can be isolated in pure

form.

Purification of the neuraminidase. Affinity chromatographic
isolation of neuraminidase was as described in Appendix I.
Viral preparations were adjusted to a protein concentration of
Img/ml as determined by the Lowry assay -- throughout, stock
buffer, pH 7, 0.05M sodium acetate, 0.002M CaC12, is used,
unless otherwise stated. Viral preparations were disrupted
with 1% SDS and mixed at 37°C for 15 minutes. Tritdn X-100
was added to a final concentration of 10% and the preparations
were dialyzed against pH 5 absorbing buffer (0.05M sodium ace-
tate, 0.002M CaClz, 0.1% Triton X-100) for 48 hours. NA was
isolated by affinity chromatography using the procedure of

Cuatrecasas and Illiano (1971) as modified by Bucher (1977).

A1l fractions were assayed for protein and neuraminidase
activity and purity of fractions was assayed by SDS polyacryl-
amide gel electrophoresis (PAGE), as described (Bucher and
Kilbourne, 1972). Fractions that showed no contaminating pro-
tein by PAGE were pooled and concentrated by ultrafiltration
in an Amicon model 52 and then dialyzed against stock buffer

for 2 days.
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Antigen preparation. Whole virus was diluted to 0.4mg/ml and
dialyzed against stock buffer for one week. Monomer NA was
prepared by dialysis of purified NA at a concentration of
0.04mg/ml against 2mM CaC]Z. Using (3H) Triton X-100 this
laboratory has determined that this procedure removed more
than 98% of Triton X-100 (Markovitz and Bucher, unpublished).
Liposomal NA was prepared by mixing purified NA at a final
concentration of 0.4mg/ml with the Tipid mixture in a NA:1ipid
weight ratio of 1:100. The T1ipid mixture consisted of lec-
ithin, stearylamine and cholesterol in a 7:2:1 weight ratio
(1ipids were obtained from Grand Island Biologicals). Lipo-
somes were dialyzed against 2mM CaC]2 for one week. Sonicated
1iposomes were prepared by 15 minutes sonication at room temp-
erature . Due to instability of the liposomal NA activity,
all NA liposomes were freshly prepared for secondary immuniza-

tion.

A1l dialysis buffers were changed daily. Following dia-
lysis, antigen solutions were diluted stepwise with dialysis

buffer until doses were in final volumes of 0.25ml.

Electron Microscopy. MWithin two days of primary immunization
neuraminidase preparations in all forms were appropriately
diluted and mounted on carbon coated Formvar grids by applica-

tion of a drop of sample to the grid for 1 - 2 minutes.
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Staining was with 1% uranyl acetate for one minute. Grids
were photographed the day of preparation. During the fourth
week the stability of preparations was checked by electron

microscopy.

Density Gradient Centrifugation. Neuraminidase liposomes were
prepared as described above and the preparation brought to 45%
(weight/volume) sucrose by addition of 85% sucrose. This
solution was layered over the 60% sucrose cushion of a 5 - 30%
sucrose gradient. Centrifugation was at 25,000 rpm for 18
hours at 5°C in a Beckman SW 41 rotor. Fractions (0.6ml1) were
collected and absorbance at 260nm was monitored. Neuramini-
dase activity was monitorédfjmmediately using lul volumes with
a 30 minute incubation at 37°C. Fractions were dialyzed to

remove sucrose and reassayed for enzymatic activity.

Immunization Protocol. A total of nine 3-4 month old rabbits
were used to test each form of antigen -- three at each dose
level. Animals were immunized on day 0 (primary immunization)
and boosted (secondary immunization) on day 40 with the same
dose. A1l immunizations were intravenous (no adjuvant was

used). Bleedings were taken on days 0, 10, 28, 40, and 47.

Determination of antibody titers. The Neuraminidase Inhib-
ition (NI) and Hemagglutination Inhibition (HI) assays were

performed on all sera as described in Appendix II and III.
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The NI titer is expressed as the inverse of the titer at which
50% inhibition of control level activity was observed. Actual
titers were derived by plotting % activity against dilution on

semilog paper and fitting the Tine by eye.

HI assays were performed in microtiter plates at 4°C. In
all cases HI was performed in duplicate using both X-7(H1IN2)
and NWS(HIN1) strains: the HA of X-7 is derived from NWS: the

NA is antigenically distinct.

RESULTS

Purification. As assayed by SDS PAGE, neuraminidase prepara-
tions used for antigen preparation appeared pure (Fig. 7.1).
Heavy loading of gels revealed a band which co-migrated with
nucleoprotein (NP) under non-reducing and reducing conditions,
and did not stain for carbohydrate with periodic acid-Schiffs
reagent; nucleoprotein is non-glycosylated and reduction
insensitive. We assume that any hemagglutinin contamination
would constitute considerably less than 5-10% of the total

protein in the preparations.
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Specific Activity. Table 7.1 gives the specific activities of
the various antigen forms. The specific activity of intact
virus was calculated on the assumption that neuraminidase con-
stituted 10% of X-7 viral protein (Bucher and Kilbourne,
1972). As can be seen, specific activity was characteristic
of antigen form and varied up to ten fold. The liposomal
preparation was the most active, followed by monomer, viral

and then aggregated neuraminidase forms.

When the neuraminidase assay is performed in the presence
of Triton X-100 there is a three-fold increase in the activity
of liposomal NA and a two-fold increase in the activities of
the othef forms. The three-fold increase in liposomal activ-
ity could reflect release of NA trapped in the interior lTamel-

lae of multi-lamellar Tiposomes.

Stability. Table 7.1 also shows the stability of these prepa-
rations (stored at 4°C) over the course of the experiment.

The two fold increase in monomer activity may reflect insta-
bility of this form: this laboratory has observed an increase
in NA activity of X-7 stored at 4°C. The activity of intact
virus decreased by half and that of liposomes decreased four-
fold. Liposomal activity did not decrease below that of
aggregated. Because of the decrease in liposomal NA activity

and because the NA liposomes appeared to degenerate with time
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as revealed by electron microscopy, fresh NA liposomes were

prepared and used for secondary immunization.

Electron Micrographs. Monomer NA (Fig. 7.2a) existed predomi-
nantly in the monomer form although in some fields small
aggregates of NA were observed (not shown). Monomers were
aligned head up so that the doughnut form of the tetrameric
head (~8OK X 805) was clearly visible. No NA stalks or tails

were visualized. No HA trimers were 1d¢ntified.

Aggregated NA (Fig. 7.2b) existed in both the aggregated
and unaggregated forms. About half of aggregated NA existed
as monomer. Aggregates rénged in size up to MBSOK and had the
appearance of solid balls. 'The NA stalks and hydrophobic

tails were not visible.

A typical field of NA liposomes in shown in Fig. 7.2d.
Several large smooth surfaced vesicles can be seen. The
fields of NA liposomes were characteristically studded with
electron-lucent, "minisomes": these are not seen in fields of

plain liposomes (Fig. 7.2c).

Sucrose Density Gradient Centrifugation. Analysis of neurami-
nidase liposomes by upwards flotation on a 10-30% sucrose gra-
dient with a 60% sucrose cushion, indicated that neuraminidase

was associated with liposomes of heterogeneous densities (Fig.
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7.3). Association of neuraminidase with 1ipid is demonstrated
by its ability to float under the conditions of centrifuga-

tion.

Immunogenicity studies. Following primary immunization with
all antigen forms, NI titers were low or not detectable (Table
7.2). Secondary immunization revealed thét all antigen forms
had primed at the highest dose level (Table 7.2 and Fig. 7.4).
The response to monomer was lowest and was very spotty (one
animal responding well, one, poorly, and one not al all (Fig.
7.4), confirming our original observation on the variable
immunogenicity of purified NA preparations that were not
aggregated. The secondary NI response to aggregated NA was
the highest: four-fold greater than to monomer (P< 0.01) and
two-fold greater than than that elicited by intact virus. At
the median dose level, no response was made to monomer NA and
titers to viral, aggregated and liposomal NA were low and

indistinguishable from each other.

The results confirm that monomer NA is a poor antigen and
indicate that aggregated and liposomal NA are capable of prim-
ing to a NA response equal to or better than that of intact
virus. The equivalence of the aggregated and .1iposomal forms
of NA indicate that assoCiation with 1ipid per se did not

improve the antibody response to the NA antigen.
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DISCUSSION

The primary purpose of this experiment was to determine
if a purified glycoprotein could be manipulated in such a way
as to result in a highly immunogenic product which is poten-
tially suitable for vaccine purposes. We were able to demon-
strate that the purified NA molecule of influenza A was as
immunogenic as the NA in whole virus if it were aggregated or

incorporated into liposomes.

In the experiments presented in this chapter, we show
that immunogenicity correlates better with aggregation than
with activity: aggregated NA being the immunological eduiva-
lent of liposomal NA which had a nine-fold higher specific
activity. This is in accordance with the findings of Heleni-
us' laboratory (Morein et al., 1978; Balcarova et al., 1981)
in studies of SFV glycoprotein vaccines, where they found no
advantage of liposomal associated protein over aggregated pro-

tein.

Sonication of NA liposomes (data not shown) reduced immu-
nogenicity; only one rabbit of three receiving 10ug of soni-
cated liposomal NA had a.ﬁeasureab]e NI. Sonication dramati-
cally altered the morphology of the Tiposomes: following

sonication the spheroid liposomes were seen to possess multi-
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ple myelin type forms projecting from the surface. Sonication
also reduced NA activity about one-third and led to earlier
loss of NA activity(Table 7.1). Oxford and associates(1981)
have reported that HA liposomes formed by sonication were more
immunogenic than aggregated HA. They did not compare immuno-
genicity of purified HA samples with that of HA in whole
virus. The disparity between Oxford's results and those
obtained by Helenius' laboratory could well be due to either
the difference in lipids and/or the variation between prote-
ins, i.e. lipids could serve to enhance the immunogenicity of
HA but not serve that function for other proteins. It may
also be that HA is stable-to sonication while NA is not.
Moreover, the 1ipid-proteinIdssociations formed by sonication
may be quite different from those formed when liposomes are
made by dialysis. When liposomes are formed by dialysis
(Helenius et al., 1977) the protein spikes appeared oriented
outward as they are in the virion. In contrast Tiposomes
formed by sonication in Oxford's Taboratory showed the protein
oriented both externally and internally. The dialysis method
of liposomal formation may provide for a more orderly transi-
tion of the protein back into the lipid bilayer. It remains
to be seen if the lipid-protein interactions formed by both

methods are equivalent.
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It would appear that aggregation is not the sole determi-
nant of immunogenicity; the electrophoretically purified NA
preparations of Laver and Valentine (1969) contain aggregated
NA but are reported to be poorly immunogenic (Webster and
Laver, 1967). In this regard it is of interest that our
aggregated NA protein (which was immunogenic) has a very dif-
ferent appearance from that of electrophoretically purified
NA. Our aggregates appear very similar to SFV aggregated spike
protein (Simons et al., 1978). It is possible that isolation
by SDS e]ectrophofeSis induces permanent conformational
changes in the NA molecule. We have observed that denatured
(enzymatically inactive) tetrameric NA purified by SDS chroma-
tography is still capable of-interacting with 1ipid (Chapter
9), indicating that denaturation does not affect the ability
of NA to maintain conformation of that portion of the molecule

which is capable of hydrophobic interactions.

Several interesting conformational dependent differences
in neuraminidase were noted. As mentioned there were large
differences in the specific activities of different forms:
especially dramatic was the nine-fold difference in the spe-
cific activities of aggregated and 1iposomé1 neuraminidase.
Differences were also observed by electron microscopy.
Monomer NA was shown to be predominantly in the unaggregated

state with a head size (80 x80A) and appearance very similar
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to that reported by others(Laver and Valentine, 1969; Wrigley
et al., 1973).

It was difficult to characterize the appearance of NA in
liposomal preparations. NA did not appear as the expected
slender stalk, but appeared to aggregate in the lipid (Fig.
7.2d). The different appearance of NA aggregates and NA mini-
somes, as well as the dramatically different specific activi-
ties 6f the two forms indicated that the association of NA
with Tiposomes seen on sucrose density gradient centrifugation
was not due to electrostatic interaction between NA aggregates
and Tipid but répresented actual incorporation of NA into

lipid.

Oxford and colleagues (1981) have reported that non-ionic
detergent purified NA appeared to be only superficially asso-
ciated with 1iposomés: in their experiments lipid-protein
interaction was effected by sonication. It may be that forma-
tion of liposomes by dialysis resulted in different lipid-pro-
tein interaction than is seen with the sonication method. In
our experience sonicated NA liposomes lost immunogenicity even
though specific activity only decreased by a third, indicating

that some conformational change had occured.

In analyzing the predicted amino acid sequence from the

known nucleotide sequences of N1 and N2 neuraminidases (Field
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et al., 1981; Blok and Air, 1980a,b) it is noted that the neu-
raminidase shows a highly conserved sequence of twelve amino
acids at the amino terminal: six hydrophilic amino acids fol-
lowed by a hydrophobic stretch which is predicted to provide
1ipid anchorage. In light of what is known of the structure
of other membrane glycoproteins these authors predict that NA
would be a transmembrane protein with the amino terminal
stretch of hydrophilic amino acids appearing on the cyto-
plasmic side of the membrane where they may serve some recog-

nition function.

It may be that our failure to visualize spikes on NA
liposomes is a result of the fact that NA is deeply embedded
in 1ipid. Such a conformation would be consistent with the
hypothesis that neuraminidase is a transmembrane protein, i.e.
the stalk-tail length of 100R reported by Wrigley and Laver
and Valentine would allow 7OK for traversing the lipid bilayer
and 30A of stalk (and 40R of head) extending from the 1ipid
surface. More detailed studies are needed as at present it is
difficult to say with confidence what conformation the NA
actually assumes in the virion, as length measurements are
made of the viral fringe i.e. viewed in profile, and from this
angle it is difficult to distinguish NA from the far more

numerous HA spikes.
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SUMMARY

One promising approach to vaccines against influenza and
other enveloped viruses is the use of purified viral glycopro-
tein vaccines (Neurath and Rubin, 1971; Crumpacker, 1980).
Glycoprotein vaccines have thus far shown themselves to be of
low reactogenicity; they have the advantage of immunizing to
only the antigens capable of inducing relevant antibodies; and
in the case of viruses which have the potential to be latent,
purified protein vaccines appear to be a safer immunogen than

whole virus vaccines.

The major obstacle to the use of purified influenza A
viral glycoprotein vaccines has been their relatively poor
immunogenicity (Neurath and Rubin, 1971). We have shown the
NA of influenza to be as effective an antigen in aggregated or
liposomal form as in intact virus, whereas in monomer form it

was very poorly immunogenic.

As there is evidence that the immune response to NA in
primed humans is dampened by the presence of the HA antigen
(Chapter 3), it is possible that the immunogenicity of aggre-
gated NA in humans may bg'even greater than is indicated by

the NI response in rabbits.
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As there is no immunological advantage to liposomes over
aggregated NA, and as immunogenicity did not correlate with
enzymatic activity but with the state of aggregation it is
concluded that aggregation, whether into protein or 1ipid
micelles, is a better predictor of immunogenicity than enzyme
activity. This is not to say that enzyme activity is not
needed, or that a change in the NA activity of an antigen form
was not an indication of change in conformation (as seen with

sonicated liposomes).

As aggregated NA was as immunogenic as liposomal NA and
because of the instability of liposomal NA, it would appear
that aggregated NA is the better candidate for a purified NA

vaccine.
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Figure 7.1. SDS polyacrylamide gel of purified neuraminidase.

Affinity purified neuraminidase was concentrated and then dia-
lyzed to reduce Triton X-]OOuconcentration to about 3%. 20yug

by the Lowry assay was loaded on a 10% SDS PAGE gel and run at
3ma/gel tube till the dye front had migrated to the end of the
tube. Under these conditions NA migrates with an approximate

molecular weight of 240,000 daltons(Bucher and Kilbourne,

1972).



115




- 116

Figure 7.2a. Monomer form of the neuraminidase. Purified NA
was brought to 0.1% Triton X-100 concentration by one week
dialysis against 0.1% Triton X-100, 2mM CaC]Z. Samples were
mounted on carbon coated Fofﬁvar grids and stained with 1%
uranyl acetate as described in text. NA heads measure ~80 x
80A. Bar represents 500A. Final magnification, 148,000. Elec-

tron micrograph by Dr. J. Schwartz.



- 117




- 118

Figure 7.2b. Aggregated Form of Neuraminidase. Purified NA
was dialyzed against 2mM CaC]2 for one week, at the end of
which time Triton X-100 levels were below detection. This
procedure aggregated about half of the the NA molecules. This
field showed a higher percentage in aggregated form. Aggre-
gates varied in size up to ;3503. Bar represents 1000A4.

Final magnification, 165,000. Electron micrograph by Dr. J.

Schwartz.
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Figure 7.2c. Plain Liposomes. Liposomes were dialyzed
against 2mM CaC]2 for one week. The pleomorphism and aggrega-
tion appear to be calcium ibﬁ effects on the membrane. Bar

represents 1000A. Final magnification, 158,000.
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Figure 7.2d. Neuraminidase Liposomes of 1.07gms/ml density.
Note the presence of "minisomes", small vesicles that range in
size up to 600 R, and larger vesicles. Particles approxi-
mately the size of NA heads can be seen aggregated on

the surface of the vesicles (arrows). Bar represents 1000A.

Final magnification, 158,000.
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Figure 7.3. Flotation of NA Liposomes on Sucrose Density Gra-
dient. NA Tipsomes or plain Tiposomes in 45% sucrose solution
were layered over the 60% cushion of a 10-30% sucrose gradient
made with 2mM CaC]z, and centrifuged at 25,000 rpm for 18
hours at 5°C in a Beckman SW 41 rotor. 0.6ml fractions were
collected and absorbance at:260nm was monitored. NA activity
was assayed on dialyzed samples as described in materials and
methods. The upwards flotation of NA with 1ipid indicated
association with lipid. NA activity was associated with lipid
(A260nm) of density 1.18-1.03gm/ml. Plain liposomes =----- ; NA

liposomes ———; NA activity e--9--9; density ————.
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Figure 7.4. Final Day NI Titers. Three animals were immun-
ized twice with 10, 1 or 0.1 ug of NA in intact virus,
monomer, aggregated or liposomal form as described in materi-
als and methods. Animals were bled seven days after secondary
immunization and NI titers were calculated as described in the
text. No response to the Oiiug levels were seen. At the 10ug
NA dose Tevel aggregated NA was significantly more immunogenic
(P < 0.1) than monomer. The NI response to aggregated NA is
two-fold higher than the NI response to whole virus but this
is not statistically significant(there is a great variation in
individual rabbit response and the number of rabbits in each

group is small).
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Figure 7.5. Correlation of Enzyme Activity with Immunogenic-
ity. The mean final NI titer following secondary immunizdtion
- of animals receiving 10ug NA doses was divided by the specific

activity on day 0.
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Table 7.1. Enzymatic Stability of NA Samples Over the Course
of the Experiment. Enzyme activity is expressed as specific
activity(uM/min/mg). The specific activity of intact virus is
calculated on the basis that NA constitutes 10% of viral pro-
tein, i.e. the specific activity of virus on day 0 was 0.2
puM/min/mg of total protein. Samples were stored at 4°C and

assayed on days indicated.

a). Assay was performed in the presence of 0.1% Triton X-100.
Number represents averagdge fold increase in specific activity

done in duplicate of three assays on three different days.

b). Specific activity of freshly prepared lTiposomal NA used

for secondary immunization.
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TABLE 7.1
Immunogen Day Triton X-100
0 8 19 36 Enhancement Factor
Intact Virus(X-7) 2.0 0.9 0.9 0.9 2
Monomer NA 4.0 5.3 4.5 - 7.9 1
Aggregated NA 1.0 1.3 1.2 1.2 2
Liposomal NA 9.5 2.75 2.5 2.9 3
(12.5)b
Liposomal NA N.D. 3.0 0.5 N.D. N.D.

sonicated (7.03)b
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Table 7.2. Average NI Responses to Secondary Immunizations.
Secondary NI titers represent the average of the three animals

at each dose level.



Table 7.2
Immunogen dose 2o NI Response
(ng) 474
100 380
Intact Virus 10 117
(X-7) 1 -
10 175
Momomer NA 1 -
0.1 -
10 757
Aggregated NA 1 34
0.1 -
10 538
Liposomal NA 1 158

0.

1
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CHAPTER 8. INCORPORATION OF M PROTEIN INTO LIPOSOMES

INTRODUCTION

THE M (matrix or membrane) protein is a major protein
constituent of three groups bf enveloped viruses: orthomyxo-
viruses (influenza viruses); paramyxoviruses; and rhabdovi-
ruses (Fenner, 1970). These groups of viruses are defined as
enveloped because the external glycoprotein antigens are situ-
ated in a 1ipid bilTayer. In the case of influenza virus, M
protein appears to form an electron-dense layer inside the
1ipid bilayer (Compans and Dimmock, 1969; Bachi et al., 1969;
Choppin and Compans, 1975). Although the M protein is the
most abundant protein in the virus particle, relatively little
is known about its function, perhaps in part due to its hydro-

phobic properties (Gregoriades, 1973).
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SDS gel chromatography permits the isolation of milli-
gram quantities of M protein (Bucher, 1975; Bucher et al.,
1976). Since the influenza virion is an enveloped virus, we
examined the interaction of M protein with artificial lipid
bilayers, or liposomes. An artificial system of M protein and
1ipid should provide an interesting model for studying the
function of M protein in the virion and its possible interac-
tion with the glycoprotein spikes and/or the ribonucleoprotein

of influenza virus.

METHODS

Preparation of M protein. M protein was purified from a com-
mercial lot of X-38 (H7N2) virus which had been formalin
treated for vaccine use. The vaccine was the gift of Lederle
Laboratories, Pearl River, N.Y.. M protein was isolated by
SDS gel chromatography on Bio Gel A-5m (Bio Rad) columns fol-
lowing disruption of the virus preparation with 10% SDS. As
previously described, M protein eluted from the A-5m column
under non-reducing conditions following the major peak of hem-

agglutinin and nucleoprotein, with a molecular weight of
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25,000 daltons (Bucher et al., 1976). SDS polyacrylamide gel
electrophoresis was performed as previously described (Bucher

and Kilbourne, 1972).

Removal of SDS from M protein. SDS was removed by continuous
flushing of the M protein preparation while the protein was
maintained in a large volume to promote formation of the
monomer form of SDS (Reynolds and Tanford, 1970a). Approxi-
mately 10mg of M protein was diluted to 200 ml with distilled
water in an Amicon model 202 ultrafiltration unit equipped
with PM-10 membranes. The unit was connected to an RG12 res-
ervoir (Amicon) containing 4 liters of distilled water. The
entire 4 liters of distilled water were flushed through the
200m1 of dilute M protein solution and the M protein sample
concentrated to 10ml. The M protein sample was shown to be
free of SDS by thg absence of hemolysis of an equivalent vol-
ume of a 0.5% solution of erythrocytes in microtiter plates;
this indicates a concentration below 0.00045% SDS, the lower

limit of detection in this test.

Formation of liposomes containing M protein. The appropriate
phospholipid mixtures were mixed with M protein and solubi-

lized by the use of octylglucoside (Sigma) in a ratio of 1 mg
protein : 5 mg total lipids : 25 mg octylglucoside (Baron and

Thompson, 1975; Helenijus et al., 1977). All lipids employed
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were products of Grand Island Biological Company. Liposomes
were prepared with ovolecithin alone or with a mixture of 1ip-
ids to provide a net negative or a net positive charge. The
liposomes containing a net negative charge were prepared in
the molar ratio of lecithin:dicetyl phosphate:cholesterol of
9:2:1: the Tiposomes containing a net positive charge were
prepared in the same molar ratio with stearylamine substituted
for dicetylphosphate. Liposomes formed on dialysis of the
octylglucoside from the preparation versus 0.002M CaC]2 at 4°c
for 48 hours: the dialysis medium was replaced and dialysis

continued for an additional two days.

Sucrose Gradient Centrifugation. Following formation of the
liposomes by dialysis, the liposomes were fractionated by cen-
trifugation or flotation on sucrose gradients. The liposome
mixture (1 ml) was either overlaid on a 10-30% sucrose gradi-
ent with a 1.5 ml sucrose cushion of 60% or placed in a layer
of 40% sucrose between the gradient and the 60% sucrose cush-
ion and the 1iposomes separated by flotation. Centrifugation
was performed in an SW 27.1 rotor at 120,000g for 18 hours.
Fractions were collected from the gradients and assayed for
protein by the Lowry assay (Lowry et al., 1951); one drop of
10% SDS was added to each assay to facilitate solubilization
of the liposomal preparation. Density of fractions was deter-
mined by refractive index measurements. Liposomal prepara-

tions were dialyzed versus distilled water to remove sucrose.
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Electron Microscopy. The liposomal suspension was placed on
the surface of carbon coated formvar grids and stained with a
1% aqueous solution of uranyl acetate. Freeze fracture was
performed by a standard technique. A drop (~1 ul) of liposomal
pellet in distilled water was frozen on 3 mm Balzars gold
discs in Freon-22 cooled to -150°C in liquid nitrogen. Cryo-
protective agents were not used. Discs were mounted on the
specimen stage of a Balzars BAF-301 unit. The fracture proce-
dure was carried out at -130°C and at a pressure of 110'6
torr. The fractured surface was shadowed with platinum/car-
bon. The replicas were cleaned with sodium hypochlorite for
at least 6 hours, rinsed twiée in distilled water, then
mounted on electron microscopic grids. Specimens were exam-
ined in a JEM-100B electron microscope at an instrument magni-

fication of 30,000.

RESULTS

A large proportion df the liposomes formed in the pres-

ence of M protein migrated to a density of 1.22 gm/ml with a
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smaller proportion of these liposomes having a lTight density
of 1.04gm/mi1(Fig. 8.1). Liposomes with no added protein had a
density of 1.03 gm/ml (Fig. 8.1). Heavy density liposomes
(1.20-1.22 gm/m1) formed in the presence of M protein for all
mixtures of lipids employed; net negative charge, net positive
charge or neutral charge (lecithin only). M protein was shown
to be present in the heavy density liposomes by SDS PAGE (Fig.
8.2).

Liposomes containing M protein with a net negative
charge were chosen for additional studies since they appeared
to be more stable than positively charged or neutral lipo-
somes. After storage at 4°Chf0r a one week period, liposomes
with a net positive or neutral charge showed considerable loss
of the discrete heavy fraction on sucrose gradient centrifuga-
tion with formation of heterogeneous lighter components (data
not shown). The M-liposomes with a net negative charge main-
tained the same distribution on sucrose gradient centrifuga-

tion even after a one week period of storage at 4°C.

Negétive staining and examination by electron microscopy
showed no difference in the external apppearance of liposomes
.containing M protein to those without M protein (Fig. 8.3).
Specimens prepared'by freeze-fracture for electron microscopy

showed dramatic difference in the liposomes with and without
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M. Liposomes with M protein were frequently multilammelar
with no specific surface features (Fig. 8.4). Liposomes con-
taining M protein were distinct mulberry-like structures which
appeared to be unilamellar (Fig. 8.4). The M liposomes are
studded with 100 A& particles: allowing 10 - 20 R for shadow-
ing (Baskins, 1977) the actual particle size is estimated to

Q
be 80 - 90 A.

One field (area = 0.1 umz) was sampled from each of 13
M lTiposomes in figure 8.4 to determine the particle density of
these liposomes. The median particle density was 3000/um2
with a mean particle density of 2885/um2. The range in parti-

cle density was 1600 - 3600/um2-

DISCUSSION

M protein purified from X-38 virus vaccine readily asso-
ciated with 1lipid vesicles. The M protein ihtegrated into the
lipid bilayer during formation of liposomes by dialysis

regardless of the net charge on the Tipid vesicles.
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Liposomes formed in the presence of M protein had two
discrete densities, either a heavy density of 1.22gm/ml which
contained M protein or a light density of 1.04 which contained
no detectable M protein. A continuum of M Tiposomes of vari-
ous densities was not seen, indicating that the formation of M
liposomes involved cooperative interaction, i.e. condensation
or coalescence 2f the M protein with the lipid bilayer ahd

~with itself.

The size (80 - 90 R) and distribution (3000/um®) of the
particles seen in M liposomes is similar to that found for
intramembranous particles of other biological membranes exam-
ined by electron microscopy following freeze fracture prepara-
tion. Segrest and associates (1974) found 80R particles at a

2 in preparations of the membrane pene-

density up to 4000/um
trating peptide of the MN glycoprotein in phospholipid vesi-
cles. Freeze etch preparations of erythrocyte membranes show
753 particles at a concentration of 4200- 4900 par‘tic]es/um2
(Tillack et al., 1972). Vesicles of fragmented sarcoplasmic

reticulum prepared by freeze fracture show 80R intramembranous

particles at a density of 3800 - 3900/um?(Baskin, 1977).

The liposomes formed in the presence of M protein
appeared unilamellar; multilamellar structures were not seen

on electron microscopic examination of M protein liposomes
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prepared by freeze fracture. Multilamellar liposomes were
frequently seen in the absence of M protein in addition to
smaller vesicles which appeared unilamellar. The incorpora-
tion of M protein into the 1ipid bilayer appears to alter

liposomal structure.

CONCLUSIONS

Self assembly has been amply demonstrated in the case of
non-enveloped viruses with helical or icosahedral symmetry
{(Kaper, 1968). Reconstitution of solubilized membranes with
recovery of biological activity has been demonstrated for a
paramyxovirus, HVJ or Sendai virus (Hosaka and Shimizu,
1972). Glycoprotein "spikes" of influenza virus have been
shown to insert into artificial membranes (Almeida et al.,
1975: Huang et al., 1979: Oxford et al., 1981). Co-formation
of M protein liposomes with the glycoprotein spikes will pro-
vide a model system for the study of the assembly of enveloped

viruses (see Chapter 9).

Assembly of the virion in the host cell may be dependent

on the ability of M protein to form domains on the inner sur-
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face of the cell membrane (Choppin and Compans, 1975). We
have shown the considerable affinity of M protein for interac-
tion with itself and the 1ipid bilayer, which indicates the
possibility that maturation of influenza virus involves forma-
tion of M protein domains in infected cell membranes as has

been observed by Bachi (1980) for Sendai virus.

M protein domains in the membrane of infected cells
could result in concentration of glycoprotein spikes in these
areas. The M protein domains in turn may then interact with
ribonucleoprotein complexes causing the "budding" and matura-
tion of viral particles. It is entirely possible that the
conformation of M protein in _the presence of the other viral

proteins will be quite different than seen in M liposomes.

Studies of inhibitors which will interact with M protein
and prevent its interaction with itself and with other viral
proteins or the lipid bilayer in model liposomal systems could
be of considerable assistance in the design of antiviral phar-
macologic agents effective against influenza and other enve-

loped viruses.

Work presented in this chapter was done in collaboration
with I.G. Kharitonenkov, J.A. Zakomirdin, V.B. Grigoriev, S.M.

K1imenko and published by Bucher et al., in 1980.
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Figure 8.1. Sucrose gradient centrifugation of a). liposomes
without M protein added and b). liposomes formed in the pres-
ence of M protein. Note heavy band with a density of
1.22gm/ml1 in the presence of M protein on gradient (b). Light
density bands had densities of 1.03 gm/ml on gradient (a) and

1.04 gm/ml on gradient (b).
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Figure 8.2. SDS polyacrylamide gel electrophoresis of M pro-
tein preparation (gel a) and“M protein liposomes (gel b) iso-
lated from the sucrose density gradient with a density of 1.22
gm/ml (see Figure 8.1). Approximately 10 ug of protein was

applied to the gel.
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Figure 8.3. Electron ﬁicrographs of 1iposomes following nega-
tive staining. Upper portion of figure (a), liposomes without
M protein; (b) liposomes forﬁed in the presence of M protein
and migrating to a density of 1.22 gm/ml on sucrose gradient
centrifugation (see Figure 8.1). Final magnification is

60,000. Electron micrograph by V.B. Grigoriev.
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Figure 8.4. Electron micrographs of specimens prepared by
freeze fracture (see Methdds). Liposomes formed in the
absence of M protein are showﬁ in the figure (a). Liposomes
formed in the presence of M protein having a density of
1.22gm/m1 are shown in the lower figure (b). Final magnifica-
tion is 60,000 for multilamellar vesicles in upper part of
(a); 90,000 for vesicles shown in lower half of (a) and in

(b). Electron micrograph by V.B. Grigoriev.

4
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CHAPTER 9. INTERACTION OF NEURAMINIDASE AND M PROTEIN

INTRODUCTION

The M protein of type A influenza virus has been visﬁa]-
ized as forming a capsid-like structure internal and proximal
to the virus membrane(Compans and Choppin,'1973). As reviewed
in Chapter 4, the M protein is a major structural protein of
the virus constituting about 40% of the total viral protein.

M protein's other functions are not clearly understood -- that
it is multifunctional is indicated by the following: produc-
tion of M protein is the rate-limiting step in virus replica-
tion; M is associated with virus yield, amantadine sensitivity
and the ability of a strain to become cold-adapted (Chapter
4). These facts suggest a structural role for M protein and
its probable central role in virus assembly and perhaps also

in dis-assembly (in the initiation of the replicative cycle).
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This laboratory has demonstrated that purified M protein
of influenza A incorporates into the lipid bilayer to form a
discrete population of liposomes with a density of 1.22gm/ml
and a morphology similar to that reported for other intramem-
branous particles. We have also seen that M protein is highly
aggregated in aqueous suspension (data not shown). The affin-
ity of M protein for a 1ipid environment, and its tendency to
self-aggregate both in 1ipid and aqueous solutions suggests
that incorporation of newly synthesized M protein into patches

in the membranes of infected cells is feasible.

Bachi (1980) recently demonstrated that Sendai virus
infected cells display viral protein domains in the cell mem-
brane. These domains are formed by intramembranous particles
arranged in a crystalline pattern; both nucleocapsids and Sen-
dai-specific glycoproteins are seen associated with these
domains. Freeze etch micrographs show the presence of intra-
membranous particles during and for a short period following
budding. With maturity the intramembranous particles disap-
pear and the virions take on the typical myxovirus morphology:
the M protein appears as a capsid-like structure beneath the
virion lipid bilayer. Bachi has suggested that the intramem-
branous particles seen in viral domains of infected cell mem-
branes is M protein and that it appears to be serving a

recruitment purpose.
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A possible model for virus assembly is as follows: M
protein incorporates into the cellular membrane via its affin-
ity for 1ipid and its tendency to self-aggregate. M protein
domains recruit viral glycoproteins by specifically interact-
ing with these, and the M-glycoprotein domain is recognized by
nucleocapsids. To explain how M could be extruded from the
lipid bilayer between assembly and maturation it must be pos-
tulated that the virion morphology is altered, either as a
function of changed interactions among the viral proteins or
indirectly by a change in the 1lipid environment of released

virions.

In this paper we report experiments aimed at elucidating
the interaction of M protein with the neuraminidase of influ-

enza virus.

MATERIALS AND METHODS

Preparation of protein. M protein was purified by SDS chroma-
tography from a batch of X-38 (H7N2) virus prepared for vac-

cine use (a gift of Lederle Laboratories, Pearl River N.Y.) or
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from a batch of X-53a (HIN1) virus prepared for vaccine use(a
gift of the Canadian government) which was B propriolactone

inactivated. M was purified as described in Chapter 8.

Neuraminidase was isolated by affinity chromatography from
the X-7 (HIN2) recombinant as described in Chapter 8. Neuram-
inidase from such preparations is highly immunogenic if aggre-
gated (by removal of Triton X-100) or incorporated into lipo-

somes (Chapter 7).

Highly purified, denatured neuraminidase (designated
NATSS) was purified from affinity chromatography enriched

preparations by the following procedures.

NA enriched fractions from the enzyme pool of affinity
chromatography were pooled and concentrated to 1 - 2 mg/ml
protein concentration by the Lowry assay in an Amicon model
52, using a Diaflo XM-50 ultra-filtration membrane. Three ml
of this preparation were applied to a 2.5 x 90 cm Bio-gel A-5m
column (Bio-rad) previously equilibrated with TSTR buffer pH
7.4, 0.02M Tris-HC1, 0.1% Triton X-100, 0.05% sodium azide).
A11 fractions were collected with a LKB 2000 fraction collec-
tor in 1 ml volumes and the As6onm Was monitored with an LKB
Uvicord I. NA rich TSTR fractions were identified by enzyme
activity and PAGE gels, and pooled and concentrated as before

using a Diaflo PM-10 membrane. Concentrated fractions were
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brought to 5% SDS (weight/vol.), heated in a 56°C water bath
for 30 minutes and 2 - 3 ml samples were applied to a Bio-gel
A-5m column previously equilibrated with TSS buffer (pH 7.4,
0.02M Tris-HC1, 0.1% SDS, 0.05% sodium azide). One ml frac-
tions were collected as above. NA fractions were identified
by SDS PAGE gels (there is no detectable NA activity at this
point), pooled and concentrated to 2 - 3 ml by ultrafiltration
using PM-10 membranes and dialyzed against daily changes of
distilled water for five days. Al1l but the last change of
water contained 0.05% sodium azide. In this laboratory this
procedure has been shown to reduce SDS to below detectable

levels.

Preparation of Liposomes. Liposomes were formed by dialysis
following solubilization of the lipids or lipid-protein mix-
ture with octylglucoside. Control l1iposomes were prepared
after solubilizing the mixture of lecithin:dicetyl phosphate:
cholesterol (molar ratio 9:2:1) in 2% octylglucoside. Lipo-
somes containing viral proteins were formed by the addition of
the purified protein(s) to the same ratio of lipids as used
for control liposomes. The protein:lipid ratios (by weight)
were: M protein liposomes, 1:5 (0.8mg:4mg); neuraminidase
liposomes, 1:25 (0.16mg:4mg); and neuraminidase-M-protein
liposomes, 1:5:25 (0.16mg:0.8mg:4mg). Liposomal preparations
were dialyzed against 2mM CaC12 for one week to remove deter-

gent.
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Sucrose Gradient Centrifugation. Liposomes were characterized

by sucrose gradient centrifugation as described in Chapter 9.

Electron Microscopy. Neuraminidase-M-liposomes and M Tipo-
somes were mounted on carbon coated Formvar grids by the
application of a drop of sample to the grid for one minute,
and stained for one minute with 1% phosphotungstic acid or 1%

uranyl acetate.

RESULTS

Sucrose Density Gradient Centrifugation.

Control liposomes (those containing no added protein)
showed multiple forms which banded in an area of light density
(1.04 - 1.07 g/ml) as shown in Fig. 9.1. These multiple bands
may represent liposomes containing varying numbers of lamellae

in the liposome.

M protein liposomes formed two major liposomal peaks on
centrifugation confirming our earlier observations with M pro-

tein liposomes (Fig. 9.2). There was a fraction rich in M
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protein, of heavy density, and a second fraction of light den-
sity with little or no detectable protein. The density of the
heavy band (l.15gm/ml) 1is lighter than the 1.22 gm/ml found in
our earlier studies. M protein liposomes formed with X-53a M

protein had a density of 1.17gm/ml1 (data not shown).

The protein found at the top of the gradient is not M protein
but appears to be a contaminant of the egg lecithin batch:
the protein co-migrates with ovalbumin on 10% SDS PAGE gels

(data not shown).

Neuraminidase liposomes. When liposomes were formed in the
presence of affinity purified neuraminidase, NA activity was
found associated with the Tight (1.07 - 1.03) density liposo-
mal bands (fig-9.3). Association of neuraminidase with lipid
did not significantly alter the densities of the liposomal
fractions, unlike the case with M protein liposomes where the
M protein served to greatly increase the density of the M pro-
tein liposomes. A substantial portion of the neuraminidase
aggregated and sedimented to the bottom of the gradient. No
substantial amount of 1ipid was associated with this fraction

-as judged from lack of turbidity at 260nm.

Neuraminidase-M protein liposomes.
The presence of M protein greatly enhanced the incorpora-

tion of neuraminidase into the lipid bilayer (Fig. 9.4).
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Three times as much neuraminidase activity is associated with
liposomes in the presence of M protein as compared to that
found in the absence of M protein (Fig. 9.3); the same quan-
tity of neuraminidase from the same batch had been added dur-
ing formation of liposomes in both cases. Nearly two-thirds
of the neuraminidase activity associates with the heavy den-
sity M protein containing liposomes. A slight increase in
density is detected, from 1.15gm/ml as seen in Fig. 9.2 for M
protein liposomes to 1.17 gm/ml, an increase of 0.02gm/ml.
The amount of neuraminidase activity associated with the light
density liposomes is similar to that seen for NA liposomes

(Fig. 9.3).

NATSS liposomes.

Because denatured NA is believed to non-immunogenic, we
were interested in characterizing the interaction of NATSS
(which was denatured and had been purified for sequencing)
with 1ipid and with M protein to determine if we could detect
clues as to the nature of the change in conformation. As can
be seen in Fig. 9.5, NATSS incorporated into negative lipo-
somes as evidenced by the fact that no protein was seen at
densities greater than 1.12 gm/ml. What is interesting is
that under our conditions of liposome formation, denatured NA
appears to be more efficiently incorporated into Tipid than
active neuraminidase: no protein appears to have sedimented

to the bottom of the tube as in Fig. 9.3.
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NATSS'M protein liposomes.

When M protein was present with NArss during Tiposomal
formation, two protein containing populations of liposomes
were formed (Fig. 9.6), a light fraction with density ranging
from 1.10 - 1.04gm/m]l and a dense population with a density of
1.17, which is the density of X-53a M liposomes. As there is
no NA activity on this gradient it was not possible to deter-
mine if there was NA in the heavy density liposomes. A Tack
in shift in density for the M protein liposomes suggests there
was not. It is interesting that significantly more protein
than can be accounted for by NATSS’ remains with the lighter
density NATSS in the lighter density liposomes. It may be
that interaction with NATSS somehow prevented M from self-ag-
gregating into heavy density liposomes. This experiment sug-
gests that while NATSS was capable of interacting with lipid
it did not seem capable of interacting with M protein in the
same cooperative manner that was seen with active neuramini-

dase.

Electron Microscopy. M liposomes in this experiment were
formed in the presence of CaC12 since neuraminidase has a cal-
cium requirement (Chapter 3). In the presence of calcium, M
1iposomes are pleomorphic (Fig. 9.7), and display the same

tendency to aggregate that is seen with plain liposomes (Fig.
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7.2c). Liposomes containing neuraminidase and M protein are
shown in Fig. 9.8b and d. They do not differ significantly in

appearance from plain liposomes. (Fig. 9.8a and c).

DISCUSSION

M liposomes formed with M protein from X-38 (H7N1) vac-
cine and used for the experiments reported in Chapter 8 showed
a density of 1.22 gm/ml. In subsequent experiments M protein
liposomes derived from X-38 showed a density of 1.15gm/ml.
Liposomes made from the X53a (HIN1) vaccine showed a density
of 1.17gm/ml. It is probable that the variation in density
seen in M protein liposomes at different times is both strain
dependent, virus treatment dependent, and dependent on the
lipid batch used for liposomal formation. There may be other
variables such as temperature during formation and centrifuga-

tion that also affect the density.

fhe results show that although density may vary, in all cases
M protein liposomes formed a discrete heavy density liposomal
population as well as a protein free, 1ight density popula-

tion.



- 161

That the method of protein purification is of importance
in predicting protein behavior is illustrated by a comparison
of the characteristics of affinity purified neuraminidase and
NATSS‘ The enzymatically inactive highly purified NATSS
appeared to interact more efficiently with 1ipid than enzymat-
ically active neuraminidase. During centrifugation a substan-
tial portion of affinity purified neuraminidase did not inter-
act with lipid but remained as aggregates and precipitated to
the bottom of the tube, whereas it appears that all NATSS
interacted with 1ipid to form Tight density NATSS lTiposomes.

When M protein was added during T1iposomal formation,
affinity purified neuraminidase was more efficiently incorpo-
rated into lipid and appears to have formed liposomes contain-
ing both proteins. NATSS’ however, does not appear to have
interacted with M protein to form heavy density liposomes;
indeed it appears that in the presence of NATSS some M protein
failed to be incorporated into heavy density liposomes. An
interesting possibility is that NATSS interaction with M pro-
tein or with 1ipid somehow hindered the co-operative process

by which M protein is incorporated into lipid.

Incorporation of NA into liposomes. When NA liposomes
were formed with positively charged lipids at an NA:1lipid

ratio of 1:100 all neuraminidase was incorporated into lipid
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(Fig. 7.3). When neuraminidase was incorporated into nega-
tively charged Tiposomes at an NA:1ipid ratio of 1:25 not all
NA was incorporated into lipid. Bucher and Schwartz had pre-
viously observed (unpublished) that NA appeared to be more
efficiently incorporated into positively charged liposomes.
The experiments performed here do not substantiate or disqual-
ify this observation as the protein to lipid ratios as.we11 as
1ipid charge and detergents are different in this experiment
than in that outlined in Chapter 7. In this experiment nega-
tively charged Tiposomes were used, as M protein liposomes of

positive charge are unstable (Chapter 8).

CONCLUSIONS

In the absence of M protein, neuraminidase appeared in
Tiposomes of 1ight density and migrated as non-lipid, associ-
ated NA aggregates. When neuraminidase and M protein were
present during 1iposomal formation, all neuraminidase, as
assayed by activity, was associated with 1ipid: some NA activ-
ity was associated with Tiposomes of light density, but most

of the NA activity appeared in a discrete liposomal peak of
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density 1.17. The presence of M protein enhanced neuramini-

dase activity considerably. Comparison of Fig. 9.3, neurami-
nidase liposomes, with Fig. 9.4, neuraminidase-M protein lipo-
somes shows that more than twice as much activity was present

on the latter gradient.

The interaction of M and NA to form a discrete 1Tiposomal
population, the enhancement of NA incorporation in lipid in
the presence of M protein, and the high specific activity of
the NA in the neuraminidase-M protein liposomes are all indi-

cative of specific interaction of the two proteins.

The enhanced incorporation of neuraminidase into lipo-
somes in the presence of M protein suggests two possibilities
for the mechanism of formation of neuraminidase-M protein
liposomes. Neuraminidase may directly interact with M protein
through its hydrophobic tail resulting in incorporation of the
enzyme into liposomes containing M protein, or it may be that
M protein alters the 1ipid bilayer in such a way that the

lipid is more conducive to insertion of the neuraminidase.

We have previously shown the considerable affinity of M
protein for interaction with itself and the 1ipid bilayer
(Chapter 8), and the ability of neuraminiddse to interact with
1ipid (Chapter 7). We have now demonstrated the interaction

of neuraminidase and M protein in co-formation of liposomes.
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Interaction of M protein with the 1ipid bilayer could alter
membrane structure during viral infection of the host cell.
This interaction could result in concentration of glycoprotein
spikes in an area of "condensed" M protein-lipid domains
(Choppin and Compans, 1975; Robertson et al. 1979; Bachi,
1980). The M protein in turn may then interact with ribonu-
cleoprotein complexes causing the "budding" of viral particles

(Robertson et al. 1979; Bachi, 1980).

The ability to construct virosomes containing one or more
of the viral components may also help us to undersfand the
mechanisms by which these proteins interact with each other
and with the 1ipid bilayer and should provide a valuable tool
for exploring many facets of virus cell interaction: viral
maturation, viral penetration (Huang et al., 1979; Rott, 1980;
Oxford et al., 1981) and immune conformation and processing.
They may also prove a useful in vitro system for development

of effective anti-viral agents.
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Figure 9.1. Control liposomes. Turbidity of the liposomal
fractions on the gradient was monitored by absorbance at
260nm(===~-- ). Density was measured by refractive

index( ).
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Figure 9.2. M protein liposomes. Protein concentration is
indicated by the shaded area (-0-0-0); turbidity by absorbance
at 260nm (- -~ -). M protein is associated with the liposomal

fraction of 1.15gm/ml.
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Figure 9.3 Neuraminidase liposomes. Neuraminidase activity
is represented by the stippled area; turbidity by absorbance
at 260nm (- - -). Neuraminidase activity is associated with
low density liposomal fractions (1.03 to 1.07gm/ml). A sig-
nificant portion of the neuraminidase activity sediments under

these conditions.
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Figure 9.4. Neuraminidase-M protein liposomes. Neuraminidase
activity is represented by the stippled area; turbidity by
absorbance at 260nm (- - -). A substantial portion of neuram-
inidase activity is associated with the heavy density liposo-

mal fraction containing M protein (1.17gm/ml).
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Figure 9.5. NATSS ]iposomes.' NATSS is highly purified, enzy-
matically inactive neuraﬁinidase and is represented by pro-
tein(--0--0--0) as NATSS showed no activity even on 18 hour
incubation; turbidity by absorbance at 260nm (- - -). NATSS
is seen associated with liposomes of heterogeneous densities

(1.12 m1 to 1.03gm/ml).
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Figure 9.6. NATSS'M protein liposomes. Protein (NATSS and M)
is represented by --0--0--0); turbidity by absorbance at 260nm
(- - =). A discrete liposomal population with a density of
1.17 is seen: this is identical to that seen with X-53a M pro-
tein liposomes, in indicating that there is no contribution to
density of M protein liposomes made by NATSS_as there was for
neuraminidase(Fig. 9.4). Considerably more protein remained
in the light NATSS'M protein lipsomal population than appeared
in either the NATSS liposomes or M liposomes indicating that
under these conditions some M protein was not incorporated

into heavy density liposomes.
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Figure 9.7. Electron Micrograph of M(X-53a) protein liposomes
(d 1.17 gm/m1) maintained in the presence of 2mM CaC]Z. Note
the pleomorphism and similarity to plain liposomes formed
under the same conditions (Fig. 7.2c). Bar represents 1000A.

Final magnification 158,000.



178




- 179

Figure 9.8. Neuraminidse-M protein liposomes. a). Plain
lTiposomes (density 1.03) stained with PTA. b). Neuraminidase
-M protein liposomes stained witﬁ PTA: note that these do not
differ significantly from plain liposomes, except for the fact
that minisomes have a more clearly defined shape. <c¢). Plain
liposomes stained with uranyl acetate. d). neuraminidase-M
protein liposomes stained with uranyl acetate. Note that
there does not appear to be any stain related difference in
the morphology of the liposomes. Bar represents 1000A. Final

magnification, 75,000.
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CHAPTER 10. INCORPORATION OF HEMAGGLUTININ AND THE HA,

POLYPEPTIDE INTO LIPOSOMES

Encouraged by what we felt was a mounting body of evi-
dence of cooperative interaction of influenza membrane associ-
ated proteins with one another and the implications that this
information held for self-assembly, we undertook to study the
interaction of the hemagglutinin and the HA2 polypeptide of

hemagglutinin with 1iposomes and with M protein and liposomes.

MATERIALS AND METHODS

Preparation of Proteins

M protein was isolated from X53a (HIN1l) vaccine strain as
described in Chapter 8. Hemagglutinin was obtained by Tower-
ing the Triton X-100 concentrations of HA rich fractions of

the NA affinity chromatography protein pool when freshly pre-
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pared X-7 had been used for isolation of NA. Triton X-100
levels were 3 - 4% -- slightly higher than those present in NA

samples used to prepare NA liposomes.

HA2 was isolated by SDS gel chromatography aé previously
described (Bucher et al., 1976) and labelled by bringing the
purified HA, sample to a concentration of 6M urea and 0.01M
dithiothreitol and incubating at 37%C for two hours in sealed
tubes. After cooling to room temperature, samples were alky-
lated with 0.025mCi of 14¢ jodoacetic acid (New England
Nuclear) in 0.050m1 for five minutes followed by addition of
0.04M ijodoacetic acid. Samples were dialyzed against two
changes of 20% acetic acid to remove unreacted iodoacetic acid
and then two changes of distilled water. HA2 prepared by
such techniques is highly immunogenic in rabbits (two ten
microgram doses given I.V. on days 0 and 40, produce an ELISA
titer of 16,000 (Khan and Bucher, personal communication),

indicating that it is aggregated.

Liposomes. Negative liposomes were formed as described in
Chapters 9 and 10 using an HA:1ipid ratio of 3:17; an
HA:M:1ipid ratio of 3:3.5:17; an HAzzlipid ratio of 1:17; and
an HAZ:leipid ratio of 1:3.5:17. Ratios were arrived at by
attempting to approximate the ratio of the proteins to each

other in the virion.
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Sucrose Gradient Centrifugation. Liposomal samples were
layered over a 10 - 30% sucrose gradient with a 1-2ml cushion
of 60% sucrose and centrifugation was at 33,000 rpm for 20
hours at 10°C in a Beckman SW 41 rotor. For details of the

procedure see Chapter 8.

RESULTS

4We attempted to form HA liposomes using HA enriched frac-
tions that eluted in the Qoid volume of affinity chromatogra-
phy. As seen in Fig. 10.1 we formed a dense HA liposomal peak
at 1.17gm/ml1 but about half the protein on the gradient stayed
with the 1ight density liposomes. When HA and M protein were
present during liposomal formation heavy density liposomes
(de 1.22 gm/ml1) were formed. The density of HA-M protein Tipo-
somes was significantly greater than that of either HA lipo-
somes or M(X-53a) liposomes, both of which had densities of
1.17 gm/ml indicating the presence of both proteins in this
liposomal peak. On this gradient as on the HA liposomal gra-
dient much protein remained associated with light density

liposomes.
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When we attempted to determine HA titers for these
fractions we discovered that there was lysis across the gradi-
ent. Even the heavy density HA Tiposomes and HA-M Tiposomes
were lytic at a 1:64 dilution indicating a Triton X-100 con-
centration of 0.03%. No hemagglutination was observed. The

implications of this will be discussed later.

When HA2 is present during liposomal formation all HAZ’
as indicated by radioactivity, associated with liposomes of

1.24 gm/ml1 density (Fig. 10.3).

When both HA2 and M were present during liposomal forma-
tion all of HA, and almost all M protein (indicated by pro-
tein) was present in liposomes of 1.23 gm/ml density and no
protein was associated with the 1ight density liposomes. The
density of HA2-M protein liposomes is essentially the same as
that seen for HA2 liposomes but is greater than that rou-
tinely seen with M(X-53a) liposomes (d. 1.17 gm/ml), indicat-

ing that both M and HA2 are present in the same liposomes.
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DISCUSSION

On both HA and HA-M protein liposomal gradients much pro-
tein remained associated with the 1ight density liposomes.
The presence of relatively high levels of Triton X-100 associ-
ated with even the heavy density Tiposomes on both gradients,
made it impossible to draw firm conclusions from this data.
However the HA liposomal experiments did demonstrate that HA
incorporated into 1ipid as reported by others (Huang et al.,
1979; Oxford et al., 1981). The heavier dénsity of the HA-M
protein Tiposomes suggested that there was cooperative inter-
action between the HA and M proteins as was observed for NA-M

protein lTiposomes.

The difficulty in removing Triton X-100 from HA indicated
that another detergent should be used for experiments involv-
ing HA. Even when HA samples in Triton X-100 were solubilized
with 5% octyl glucoside and centrifuged at 35,000 rpm in a
Beckman SW 41 rotor for 20 hours on a 10 - 30% sucrose gradi-
ent with 60% sucrose cushion, we failed to dissociate any
meaningful amount of HA from the light density Triton X-100
peak. Using Triton X-100 to solubilize the envelope glyco-
proteins of Semliki Foreét Virus Simons and colleagues (1978)
reported that some Triton remained associated with the aggre-

gated glycoprotein spikes.
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The formation of dense HA2 liposomes (d.1.24 gm/ml) and
light non-protein containing liposomes when HA2 was present
during liposomal formation suggested that there is cooperativ-

ity in the incorporation of HA2 into lipid.

The density of HAZ_M protein liposomes(d. 1.23gm/m1) was
similar to that of HA2 liposomes. The presence of both pro-
teins in the same liposomes is indicated by the fact that no
1iposomal peak was observed at the characteristic density of M
protein liposomes (d. 1.17gm/ml1). Once again this suggested

cooperative interactions between the two proteins.

Recent evidence (Dourmashkin, personal communication),
indicates that M liposomes of heavy density are solid balls of
lipid and protein in which the multilamellar structure charac-
teristic of Tiposomes formed by dialysis is lost. It will be
most interesting to look at heavy density liposomes containing
M and other proteins to determine if the lipid organization is
also disrupted in these structures. Use of liposomes contain-
ing more than one protein and characterization of the immune
response to these should shed light on how the conformation

and processing of proteins varies with context.
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Figure 11.1 HA liposomes: sucrose density gradient centrifu-
gation. Negative liposomes were formed by mixing detergent
solubilized HA with detergent solubilized 1ipid mixture in a
3:17 ratio and dialysis for one week as described in the text.

Protein--0--0--0; 1lipid (A260nm) -- === -~ , density .
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Figure 11.2 HA-M protein Tliposomes: sucrose density gradient
centrifugation. Negative Tiposomes were formed by mixing
detergent solubilized HA with M protein and lipid in a
HA:M:1ipid ratio of 3:3.5:17 and dialysis for one week as
described in text. Protein, o0--0--0; 1ipid, A260nm’ - --

--3; density .
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Figure 11.3. HA2 liposomes: sucrose density gradient centri-
fugation. Negative liposomes were formed by mixing purified
14C labelled HA2 with 1ipid in a HAzzlipid ratio of 1:17 and
dialysis for one week, as described in text. Protein o0--0--0;

HAZ’ X=-=-X=-=-Xx; lipid, A260nm’ -- == -=; density .
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Figure 11.4 HA2-M protein liposomes: sucrose density gradient
centrifugation. Negative liposomes were formed by mixing
HAZ:M:Hpid in a ratio of 1:3.5:17 and dialysis for one week
as described in text. Protein (0--0--0), HAz(cpm) X==X==X,

]ipid(Azsonm) - m=, denS'ity, .
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CHAPTER 11. SUMMARY

The work presented in this thesis had its starting point
in our interest in the use of purified neuraminidase of type A
influenza virus as an immunogen in the neuraminidase-specific
vaccine (Kilbourne et al., 1972). It was our hope that a
careful study correlating immunogenicity with conformation
would yield information that would be of general use in the

design of purified protein vaccines.

.Since the inception of our studies, parallel studies with
Semliki Forest virus from the laboratories of Helenius,
Simons, Morein and others (Morein et al., 1978; Balcarova et
al., 1981) and the hemagglutinin of influenza A (Oxford et
al., 1981) have been reported. We believe our studies to be
unique in two ways: firstly, the enzyme activity of neurami-
nidase allowed us to monitor otherwise undetectable changes in
conformation; secondly, we have compared the response of the
purified antigen to that of the antigen in the intact virus
and shown it to be an equal or superior immunogen. We have

shown that the purified neuraminidase of type A influenza
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virus is as immunogenic as that in intact virus if it were
aggregated or incorporated into positively charged liposomes,

and that the monomer form was only poorly immunogenic.

We found that neuraminidase activity did not correlate
with immunogenicity: aggregated neuraminidase had nine-fold
lower specific activity than the immunologically equivalent

liposomal neuraminidase.

Several interesting conformationally dependent differ-
ences were noted. Specific activity of neuraminidase in dif-
ferent forms varied widely and appeared to be characteristic
of that conformation. By electron microscopy differences were
also noted. Our aggregated neuraminidase had a dramatically
different appearance from that seen with SDS electrophoresis
purified NA which is reported to be poorly immunogenic (Web-
ster and Laver, 1967; Laver and Valentine, 1969). Our aggre-
gates appeared very similar to those observed with the glyco-
protein spikes of SFV: these were isolated by methods very

similar to those used by us and were also highly immunogenic.

Neuraminidase in liposomes appeared to be aggregated on
the surface of large liposomes or in smaller vesicles which we
termed "NA-minisomes". When liposomes were sonicated we found
that specific activity dropped one third but that the immune

response was similar to that observed with monomer neuramini-
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dase. It may be that sonication dissociates neuraminidase

from 1ipid or disaggregates protein micelles.

An enhanced immune‘response to HA incorporated into nega-
tively charged liposomes has been observed (Oxford et al.,
1981). Bucher and Schwartz (unpublished), in preliminary
experiments had shown that neuraminidase did not associate
wei] with negative liposomes. Indeed when we formed negative
liposomes in the presence of neuraminidase a substantial por-
tion of the protein was shown to migrate on sucrose density
gradient centrifugation as non-1lipid associated neuraminidase
aggregates, unless M protein were present. The immunogenicity
of negatively charged neuraminidase liposomes should be inves-
tigated to determine if these liposomes enhance the immunogen-

icity of neuraminidase as was reported for hemagglutinin.

Although in our system, liposomes turned out to offer no
immunologic advantage over protein micelles our studies of
liposomes made us appreciative of the profound alterations in
protein conformation when it is 1lipid associated as opposed to
when it is not. We were also tantalized by the possibilities

liposomes offered for studying vira] morphology.

The discovery that M protein could insert into the lipid
bilayer of liposomes in what appeared to be a cooperative pro-

cess, suggested that the influenza virus could assemble by the
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formation of M protein domains on the cytoplasmic surface of
the 1ipid membrane of infected cells (Choppin and Compans,
1975), and that this domain might serve to recruit other viral
proteins. As the first step in investigating this hypothesis
we decided to see if we could detect evidence for specific
protein-protein interaction between M protein and the influ-

enza glycoproteins.

We have been able to show specific neuraminidase-M pro-
tein interaction during the formation of liposomes by dialy-
sis. (We did not investigate the association of M proteih
with nehraminidase aggregates, though this informtion would be
most interesting.) The evidence for specific neurminidase-M

protein interaction was as follows:

1. The presence of M protein facilitated the incorpora-
tion of neuraminidase into lipid. During the formation of
negatively charged neuraminidase liposomes not all neuramini-
dase was incorporated into 1lipid, while in the neuraminidase-M
protein liposomal preparation all neuraminidase was associated

with Tipid.

2. In the presence of M protein a substantial portion of
neuraminidase was incorporated into liposomes of heavy den-
sity. This was a discrete liposomal population which showed
evidence of neuraminidase and M protein existing in the same

liposomes.
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3. Further evidence of neuraminidase-M protein interac-
tion was the two to three-fold higher enzyme activity seen on
the neurminidase-M protein liposomal gradient, than on the

gradient containing neuraminidase liposomes.

Unfortunately, we were not able to use electron micro-
scopic methods for extensive study of the morphology of neu-
raminidase-M protein liposomes. It would be most interesting
to see if M protein remains an intramembranous protein in the
presence of neuraminidase, and to observe the conformation of
neuraminidase in negative liposomes to determine if M-depen-

dent conformational éhanges are detectable.

Studies were begun on elucidating the interaction of hem-
agglutinin with liposomes. Hemagglutinin prepared from the
protein pool of neuraminidase affinity chromatography did not
prove an ideal source; Triton X-100 levels could not be Tow-
ered sufficiently. An interesting possibility is that hemag-
glutinin bound hydrophobic moieties more tenaciously than did
neuraminidase. However, we were able to demonstrate that Tri-
ton X-100 solubilized hemagglutinin was incorporated into
heavy density, negatively charged liposomes. The presence of
two lipid populations, one with light density and a low pro-

tein to lipid ratio and one with heavy density with a high
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protein to lipid ratio, suggested that we were seeing coopera-
tive interaction during incorporation of hemagglutinin into
1ipid (even in the presence of low Triton X-100 concentra-
tions). Electron micrographs of hemagglutinin 1ipo$omes by
Oxford et al. (1981) showed the presence of both protein rich
and protein poor liposomes (these were not separated by suc-

rose gradient centrifugation).

In the presence of hemagglutinin and M protein, we formed
a discrete population of heavy density hemaggliutinin-M protein
liposomes, which were substantially more dense than either the
M protein or hemagglutinin liposomes, indicating that this
population contained both proteins, presumably in the same

liposomes although this was not directly demonstrated.

The HA2 polypeptide of hemagglutinin was incorporated
into liposomes to form very heavy density liposomes (d.
1.28gm/m1). Oxford and collegues (1981) have shown that bro-
melain derived hemagglutinin did not associate with liposomes.
We have confirmed that it is the hydrophobic HA2 portion of
the hemagglutinin molecule that is responsibie for attachment

of hemagglutinin to lipid.

In the presence of HA2 and M all protein was incorporated
into a discrete population of very heavy density liposomes,

suggesting that HA2 and M were selectively interacting.
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The term "cooperative interaction" is used by us to
describe the following phenomenon. When positively charged NA
liposomes were formed, sucrose gradient tentrifugation showed
them to be a heterogeneous population with a density range of
1.18 - 1.03gm/ml. In this case incorporation of neuraminidase
into Tiposomes would appear to have occurred by random associa-
tion of neuraminidase with lipid, even though liposomally
associated neuraminidase in small aggregations was observed by
electron microscopy. However, when we observed the formation
of two very distinct liposomal populations, one with heavy
density, one with Tight, we were led to speculate that during
the process of protein associating with 1ipid there was a
greater probability of protein associating with a lipid
micelle that already contained protein than with micelle con-
taining no protein, and that this interaction is due to
protein-protein interaction. We apply the term "cooperative
interaction” to describe this phenomenon and would suggest
that it is the ability of influenza virus glycoproteins to
selectively interact with each other in a Tipid environment
that may be the process by which virus assembles on the sur-
face of influenza virus infected cells. <Confirmation of the
selective interaction of influenza virus glycoproteins will
have to be obtained using‘11posoma1 systems that contain both
cellular membrane associated proteins as well as viral

proteins.
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Most of the steps in influenza virus replication in host
cells utilize host cellular machinery and hence agents that
affect these steps in viral replication also affect the host.
The indication that influenza virus may self-assemble at the
membrane of infected cells is of potential interest in the
development of antiviral agents. It indicates that there may
be a step in viral replication that could be interfered with,
with minimal damage to the host. Liposomal systems may prove

a useful tool in the designing and testing of such agents.
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APPENDIX I. PURIFICATION OF NEURAMINIDASE BY AFFINITY

CHROMATOGRAPHY

(Cuatrecasas and Il1liano, 1971; Bucher, 1977)

Preparation of the Neuraminidase Affinity Column. (Bucher lab-

oratory procedure, unpublished)

1. Wash 200m1 of Sepharose 4B with 2 liters of borate buffer
(0.2M boric acid, 0.15M NaCl, adjusted to pH 8.0 with NaOH).
- Centrifuge at 1000rpm for 10 minutes Repeat two additional

times.

2. Suspend Sepharose in 400ml of borate buffer in a 2 liter
flask and add CNBr (16 gm in 320 ml of distilled water,
adjusted to pH 11 with 6M NaOH -- do this in hood). Stir for
20 minutes maintaining mixture at pH 10.9 by addition of 1M
NaOH.

3. Terminate reaction by rapid washing of CNBr Sepharose in
Buchner funnel with 1 liter of cold distilled water and then

500 - 1000 ml of cold borate buffer.
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4. Place activated Sepharose 4B in 200 ml borate buffer with

4 gm of glycyl-glycyl-tyrosine and stir overnight at 4°c.

5. Place washed, activated Sepharose in column and wash with

8 liters of 0.1N NaCl.

6. Wash column with 400 m1 of pH 8.9, 0.5M sodium bicarbo-

nate.

7. Remove sepharose from column and dissolve in 200ml, of

0.5M sodium bicarbonate (pH 8.9), in beaker.

8. Dissolve 540 mg AMPOX (preparation given immediately fo]f
lowing) in 200 ml ice cold 0.4N HC1 by sonication. Then add
500 mg sodium nitrite in 2.2ml cold distilled water over a one
minute period. Wait 5 minutes and then add the prepared aga-

rose.

9. Adjust pH to 8.8 with 1.0N NaOH and stir 8 hours at room

temperature.

10. Pour in column and wash with 6 liters of 0.1N NaCl.
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PREPARATION OF P-AMINOPHENYLOXAMIC ACID (AMPOX)

(Chemische Berichte, 1903, 36:413). Bucher laboratory proce-

dure, unpublished.

1. Dissolve 5 gm p-phenylenediamine and 20 gm oxalic acid 1in
500 m1 hot distilled water. Cover beaker and use stirring rod
and maintain at a low boil for 3 - 4 hours (color changes from

orange to deep pink).
2. Allow to cool: a very heavy AMPOX precipitate forms.

3. Centrifuge for 20 minutes at 8,000 rpm and discard super-
natant. Wash precipitate. in 500 ml ice cold distilled water.

Centrifuge as before and save precipitate.
4. Redissolve precipitate in 15 ml, 4N NaOH.
5. Filter, save filtrate. Reprecipitate AMPOX with 4N H2504.

6. Wash precipitate with 100 - 200 ml ice cold distilled

water. Centrifuge and save precipitate.

7. Dry in drying oven with no heat.
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AFFINITY COLUMN CHROMATOGRAPHY.

(Bucher, 1977)

COLUMN PREPARATION

1. Gently stir prepared column material in 3 volumes of 0.1M

pH 9.1, 0.1M sodium bicarbonate, 0.1% Triton X-100(TX-100).
2. Allow column material to settle and decant supernatant.

3. Pour column material into column and wash with 3 bed vol-

umes of bicarbonate buffer.

4. Wash column with adsorbing buffer,(pH 5, 0.05M sodium ace-
tate, 1mM CaC]2 and 0.1mM EDTA, 0.1% TX-100) until e]uant‘is
pH 5. Shake column and wash with another 2 - 3 volumes of

absorbing buffer.
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PREPARATION OF VIRUS

1. Dilute virus to Img/ml (Lowry assay) with pH7, 0.05M sodium
acetate, 2mM CaC]z.

2. Incubate viral protein with 1% SDS at-37°C for 15 minutes
Use syringe with large gauge needle to facilitate disruption

(for N1 strains disrupt at room temp.).

3. Centrifuge at 20,000rpm in Beckman JA 21 for one hour.

Solubilized NA is in the Supernatant.

APPLICATION OF SAMPLE TO COLUMN

1. Apply 1 column volume of sample to column. Stop the col-
umn for 15 minutes Repeat these two steps until all of sample

is applied to column.

2.Wash column with 3 - 4 volumes of absorbing buffer
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ELUTION OF NA FROM COLUMN

1. Elute NA by switching to pH 9.1, bicarbonate buffer.

2. Collect samples in 1 - 2 ml aliquots and as soon as possi-

ble adjust pH of aliquots to pH 6 or 7 with 1IN HCI1.

DETERMINATION OF PURITY

1. Assay all column fractions and starter virus preparations

for NA activity (use 25ul).

2. Run 501 aliquots of the following on 10% page gels virus;

supernatant, pellet; protein pool; enzyme pool fractions.

HANDLING OF THE NEURAMINIDASE.

1. Pool and concentrate enzyme pool fractions that appear
pure by PAGE. NA can be stored in the Revco at -70°C for at

least one year with no noticeable loss of activity.
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2. Neuraminidase can be dialyzed before storing if this is
desirable. Sodium azide can be added if sample is not

intended for biological use.
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Figure A. 1. Chemical Structures for Neuraminidase Affinity .

Column.

7 /

H
H NNH-C-cH; ’ 5
OH c . i - "
voo¢ / (CHyOH)y CH O \ NVA~C= COOH
Q
N-acetyl neuraminic acid N- (p—-aminophenyl) oxamic acid
o 0 ?OOH

V.
NH-CHy C-NHCHyC- Mp = C ~ C Hay,

VWA
- N= N N-C-COOH
N/

AGAROS £

Affinty Column. The diazonium derivative of N-(p-amino-
phenyl) oxamic acid is coupled via an azo linkage to
agarose with a glycl-glycl-tyrosine leash(from Cuatre-

casas and Illiano, 1971).
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APPENDIX II. NEURAMINIDASE ASSAYS

THE NEURAMINIDASE ASSAY

(Warren, 1959, 1963; Aminoff, 1959, 1961)

(This laboratory procedure adapted from the laboratory proce-

dure of Barbara Pokorny by Bucher, unpublished)

1. 10 to 50ul of sample to be tested is brought to 150u1 with
pH6, 0.05M sodium acetate, 2mM CaC]z.

2. To this add 50ul of fetuin (protein concentration --

25mg/ml).
3. Incubate at 379C for 15 minutes (longer times may be used).

4. Cool and add 50u1 of periodate solution (0.2M sodium meta-
periodate in 62% phosphoric acid) and incubate at room temper-

ature for 20 minutes.
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5. Add 0.5m1 of arsenite reagent(10% sodium arsenite in 0.5M
sodium sulphate with 0.3% sulphuric acid), and shake until the

brown color disappears.

6. Add 1.5m1 of TBA solution (0.6M 2-thiobarbituric acid in
0.5M sodium sulphate) and shake the tubes. Place in boiling

water bath for 15 minutes.

7. Add 2m1 of Warrenoff Reagent (5% HC1 in butanol) and vor-

tex. Clarify by centrifugation at 1000 rpm for 5 minutes.

8. Color is extracted into the acid butanol(top) phase and

this solution is read at 549mu.

9. The number of uM/min/ml is calculated from the equation

1

uM/min/ml = O.D.549 x 0.034 x time in min~" x 1000/#ul used

Periodate cleaves free neuraminic acid to yield B formyl pyru-
vic acid (carbon atoms 1 - 4). Excess periodate is reduced by
arsenite. PB-formyl pyruvic acid reacts with 2-thiobarbituric

acid to yield a red chromophore with an aborbance peak at

550mu.
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(Aymard-Henry et al., 1973)

(This laboratory procedure adapted from the laboratory proce-

dure of Barbara Pokorny by Bucher, unpublished)

1. A standard virus preparation is titered so that in the NA
assay, 50ul of virus on 16 hour incubation at 37°C with 50ul

of fetuin yields an O.D.549 of between 0.400 and 0.800.

2. Serum is heat inactivated at 56°C for 30 minutes to
destroy serum neuraminidase activity. Serum is diluted in

four-fold steps using calcium acetate buffer.

3. 50u1 of an appropriate dilution of virus and 50ul-.of the
serum dilutions (1:16 - 1:1028 are standardly used) are mixed
and allowed to stand at room temperature for 30 minutes. The
solutions are brought to 0.2ml with calcium acetate buffer and
50ul of fetuin are added. Controls containing only virus or

only serum are run. All samples are assayed in duplicate or tri-
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plicate. Samples are incubated at 379C for 16 hours and then

taken through the standard NA assay and read at 549mu.

4. Calculation of the NI titer. NA activity is expressed as
a percentage, i.e. NA activity of a given dilution of sera/vi-
rus control. The % activity is plotted on semilog paper, %
activity vs dilution, and a best-fit 1ine is drawn. The
inverse of the dilution at which 50% inhibition is expected is

used as the NI titer. (Aymard-Henry et al., 1973).
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APPENDIX III. ASSAYS FOR HEMAGLUTINATION

THE HEMAGGLUTINATION TEST

(Sever, 1962)

(This laboratory procedure adapted from the laboratory proce-

dure of Barbara Pokorny by Bucher, unpublished)

1. Add 25ul of 1x PBS to all wells of a microtiter plate

except well # 1.

2. Add 25ul1 of virus solution to be tested to wells #1 and
#2. '

3. Dilute out starting with well #2 and continuing through
well #24.
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4. Add 25ul1 of 0.5% human type "0" red blood cells to all

wells.

5. Refrigerate for one hour. Viral neuraminidase can cause
virus to elute from red blood cells but it is not active at

4°¢

6. Score HA. Hemagglutination appears as a fine pink sedi-
ment on the bottom of the well. Where there is no hemaggluti-
nation, a small compact red button is seen on the bottom of
the ptate. An HA pattern in well 1 represents an HA titer of
2 (the inverse of the virus dilution), well 2, a titer of 4;

well 3, a titer of 8, etc.
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DETERMINATION OF HI TITER

——

(Hierholzer and Sugg, 1969)

(This laboratory procedure adapted from the laboratory proce-

dure of Barbara Pokorny by Bucher, unpublished)

RDE treat antisera (a.s.) to remove sialic acid residues
on serum proteins thch could interfere with the HA reaction.
1. To 1 part antisera add 4 parts RDE working solution. Stock
solution is 5mg of commercial RDE (receptor destroying enzyme
of Vibrio cholerae) in 5ml distilled water. Working solution
is prepared by diluting stock 1:10 with calcium saline immedi-

ately before use. Incubate overnight at 37°¢C.

2. Add 3 parts 2.5% sodium citrate and incubate overnight at

569C for 30 minutes. This inactivates serum neuraminidase.

3. Add two parts 1x PBS. Serum is now at 1:10 dilution.
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TITER VIRUS

1. Dilute virus 1:10, 1:100, 1:500, etc. Add 25ul1 of each

dilution to wells 1 and 2 of microtiter plate.

2. Add 25u1 of PBS-alb (1x PBS, 0.1% albumen) to wells two

though 8 and dilute out starting at well 2.
3. Add 25ul PBS-alb to all wells.

4. Add 50ul 0.25% human type "0" red blood cells to all

wells.
5. Refrigerate for 1 - 2 hours.

6. Select a starfing dilution of virus giving 2 - 3 wells of
hemaggiutination. Confirm this before doing HI. N.B. As
ANAb may interfere with the HA especially at high titers use
both the virus to which the antisera has been made and a virus

carrying an irrelevant NA.
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DETERMINATION OF HI TITER.

1. Add 25ul of PBS-alb to all wells of a microtiter plate

except well 2.

2. Add 25ul of RDE treated antisera To wells 1,2 and 3. and

dilute out from well 3.

3. Add 25ul of virus dilution indicated by HA titering in all

wells but well 1.

4. Incubate at room temperature for one hour.

5. Add 50ul1 of 0.25% red blood cells (in PBS-alb) to all

wells and refrigerate for 1 - 2 hours.

6. Score HI in the following way. First well should not show
HA as it received no virus. If there is no inhibition HA
should be seen in all other wells. HI will appear as a pat-
tern like that in well 1. If this occurs in well 2 the HI

titer is 40; in well 3, 80 etc.
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APPENDIX IV. GROWTH AND PURIFICATION OF INFLUENZA A VIRUS

(This laboratory procedure adapted from the laboratory proce-

dure of Barbara Pokorny by Bucher, unpublished)

4

1. Seed virus (in allantoic fluid) is diluted to 10~ with

sterile PBS, 1% penicillin and streptomycin.

2. Candle ten day eggs and mark with pencil where injection
should be made to hit allantoic cavity and avoid major blood
vessels, tap this spot with diamond pencil. Make small open-

ing at the top of the egg.

3. Inject each egg with 0.1ml of seed virus dilution. Seal

up injection site with warm lTiquid paraffin.

Incubate at 37°C for 24 - 40 hours.

o
.

5. Harvest allantoic fluid.

6. Filter crude allantoic fluid through cheese cloth to

remove large debris.
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7. Spin at 10,000 rpm for 10 minutes to pellet out red blood

cells and other cellular debris. Discard pellet.

8. Pellet virus from allantoic fluid by spinning at 20,000
rpm in Beckman JA 20 for 1 hour. Discard supernatant and

resuspend virus in pH 7 PBS or pH 7 calcium acetate buffer.

9. Layer over a discontinuous sucrose gradient (in a 40ml
cellulose acetate centrifuge tube, place 6ml of 60% and over
this 6ml of 30% sucrose diluted in appropriate buffer). spin

in SW 27 rotor at 25,000 rpm for 1 hour at 49cC.

10. Collect the dense band that forms at the 30 - 60% inter-
face. it has a density of about 1.22gm/ml. The lighter band
is also collected it has lower infectivity than the more dense
band but can be used for priming runs for affinity chromatog-

raphy.

11. Dilute out heavy and light bands 1:5 in appropriate buffer
and spin at 20,000rpm as before to pellet virus. Resuspend

virus in appropriate buffer.

12. Characterize the virus from both bands by HAU, NA, and
Lowry. Heavy band protein content should equal a harvest of
abdut 0.1mg/egg used. There should be about 25% of this
amount in light band fraction. Do not reclaim virus if

heavily contaminated with yolk.
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13. Use immediately or quick freeze and store at -70%.

Check HA and NA activity when defrosting.



APPENDIX V. CLASSIFICATION OF INFLUENZA A VIRUSES (W.H.O0.,

1980)

Current subtype designation Previous subtype designation*
H1 HO, H1, Hswl
H2 H2
H3 H3, Heq2, Hav7?
H4 ' Hav4d
HS Hav5
H6 Havé
H7 Heql, Havl
H8 ’ Hav8
H9 Hav9
H10 Hav2
H11 Hav3
H12 Havl0
N1 N1
N2 N2
N3 Nav2, Nav3
N4 Navé
N5 Nav5h
N6 Navl
N7 Neql
N8 Neq2
N9 Navé

* sw, swine; eq, equine; av, avian; no species designation,
human
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BACKGROUND ON INFLUENZA A VIRUS STRAINS USED IN THESE STUDIES.

(A11 seed virus were the gift of Dr. E.D. Kilbourne)

X-31B (H3N2). A recombinant of A/Aichi/2/68 (H3N2) and
A/PR/8/34 (HIN1l). Used as vaccine strain.

X-7 (HIN2). A recombinant of RI/S5+(H2N2) and NWS (HIN1).

X-53a (HIN1l). A recombinant of A/New Jersey/11/76 (HIN1) and
A/PR/8/34 (HIN1). This virus was from outdated vaccine and was

the gift of the Canadian Bureau of Biologics.

X-38 (H7N2). A recombinant resulting from the triparental
cross of A/Eng/42/72 (MRC-11)(H3N2), A/PR/8/34 (HIN1)(Ann
Arbor variant), and A/equine/Prague/1/56 (H7N7). This virus
was from outdated vaccine and was the gift of Lederle Labora-

tories.
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