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ABSTRACT

/ The purﬁose of this study was to investigate some of the
structural features in the glycoprotein molecule .of vesicular
stomatitﬁs virus (VSV) which could(ﬁe of impértance in its

biosynthesis. The approach involved

(1) A comparative study of the primary structure of.the in vitro
synthesized form and the mature form of the glycoproteins of ihree

serotypes of V3V namely Indiana, New Jersey {(Concan) and Cocal.

{(2) Biochemical characterization of tsY!, a temperature sensitive

mutant of the Cocal serotype of VSV defective in glycosylation,

(3) Inyestigatioﬁ‘of the labeling of the three serofypes of V3V and of
Chandipura and Piry viruses, grown in the presence of [3H]palmitate.

Studies of Irving et. al. (1979) using the Indliana (Toronto)
serotype of VSV demonstrated tha£ the in vitro synthg&ileq

unglycosylated form of the membrane glycoprotein G] contains at the

-l

NHe-terminus an extra polypeptide not present in the mature
glycoprotein(G). In ordér to determine the function related prsperties
of the transient region of the protein (signal peptide), the primary
structure of the HHz—terminus of the G; protgiﬁ'of two other sgrotfbes,‘
of VSvy, Mew Jersey (concan) and Cocal which contain variable sizes of
the glycoprotein in their virioqs was determined. A comparisoh of the

fpartial NH_-terminal sequence of the G

and G proteins of the three

2 1
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- product with a single oligosaccharide chain is synthesized. 1In

serotypes of VSV revealed that each of the three serotypes have a
s}gnal peptide that is made up of a minimum of 16 amino acidé Wwith a
high proportion of hydrophobic amino acids. There is a striking
unrelatedness in the signal region in contrast to the high degree of
homology in the NHz—terminal sequences of the mature virion
glycoprotein G, In spite of the lack of homology in the signal region
there was a siéilarity ip the overall hydrophobicity..

Temperature sensitive (ts) mutants corresponding to the
complementation group (V) of VSV Indiana, which include the mutants
with specific lesibn(s) in the structural gene of G, have been isclated
on the basis of chéracteristics to grow at the two temperatures of 32°C

’

(permissive) and 39°C (nonpermissive) (Lafay, 1974; Lodish and Weiss,
1979; Pringle, 1982). A temperature sensitive mutant of the Cccal
serdtype of VSV tsy! synthesizes at the permissive temperature a

'
glycoprotein whégly size is smaller (molecular weight 68,000) than the
wild type (molecular weight 71,000). At the nonpermissive temperature
reduced. amounts of noninfectious virus-like particles deficient in
glycoproteins wére produced. The size of the intracellular
glycoprotein was further decreased (molecular weight 64,000) at the
nonpermissive temperature. Biochemical‘studies including sugar
labeling, tryptic peptide analysis and NHe—terminal-sequence analysis
of the glycoprotein suggest that at the nénpermissive temperature
unglycosylated product blocked in its transport to the cell surface is

synthesized while at the permissive temperature a fully functional

.contrast, the wild type VSV Cocal glycoprotein contains two

(iv)



oligosaccharide chains at both temperatures, In addition, neither the
wild type nor the mutant glycoprotein contain covalently bound fatty

acid,

Glycoproteins present in a number of enveloped viruses have

been shown to contaln covalently bound fatty acid residues (Schmidt,
71982a). The glycoprotei;s of the three serotypes of VSV and of Piry
and Q?fndipura viruses were examined for the presence of fatty acid

:
(palmiiic acid). The results showed that while the mature G protein of

VSV Indiana (Torontd) serotype and Piry and Chandipura viruses contain )
palmitic acid residues, the glycoproteins of V3V Cocal and New Jersey \\\
sefotypes do not contain palmitic, acid, suggesting that acylation of

the G glycoprotein is not essential for some vesiculoviruses while it

is important (if not required) for others.

F (v)
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INTRODUCTION

-

Viruses have attracted 'interest primarily because of their
ability. to cause numerous'illﬁesses,csome of which have been recognized.
for centuries.' Nowadays must viral.diseases can be preyented.by a
vaccination ﬁ}ogram; The emphasis in studying viruses has shifted to
gaining aniinsight in§o the intricacies of the eycaryotic cellular
processes. The reason for the use of vi}uses for such a purpose is’
their total dependence on liviné cells, inside whieh the replication of
their genome -and the synthesis of speciélized elements that can
transfer the viral genbme to other cells is brought about using the
cellular synthetic ﬁachinery (Luria and Darnell, J9672. The relative-
simplicity of viruses in smaller genome size and correspondingly

small number of encoded proteins, plus their ability to replicate to
high titers in mammalian cells, allows their genes and gene products to
be studied more easily than with the cell itself. Viruses which form
host derived envelopes around the nucleoprotein core se;ve also-as
models for membrane biosynthesis.

Viruses have been classified {Lenard, 1978}, éccording to the
nature of their hésts into animal viruses, bacter;éi viruses and plant
viruses. Animal viruses can be further subdivided into & classes
aepending on the structural reiationship'between the nucleic acid in

the virion and its mRNA (Baltimore, 1971) as follows:

Class I: The double stranded DNA viruses (e.g. Herpes viruses, Pox
viruses, Papovaviruses ete.). - '

Class II: Single stranded DMA viruses (e.g..ﬂdeno-associated
viruses.)



Class III: The double stranded RNA viruses (e.g. Reovirus).

Class IV: Pééitive strand RNA viruses [Togaviruses (SFV, Sindbis),

Coronaviruses (MHV), Picornaviruses (Polio}]J.

Class V: Negative strand RNA viruses [Paramyxovirus (NDV,-Sendai?

Orthomyxoviruses (Influenza}, Rhabdoviruses (VSV),

Bunyaviruses (Bunyamwera), Arenaviruses (Pichinde)}].

Class VI: Retroviruses i.e. RNA viruseés that direct the formation of

DHA that aéps as a temp%ate for making their genomic |
‘and mRNA e.g. (RSV).

Vésicular stomatitis virus (VSV), a rhabdovirus which was used
fér this work is thé prototype of the negative strand eﬁveloped
viruses. 1Its genomé'is a single stranded 425 RHA (molecular weight b4 x
106) wh;ch forms 3% by weight of the virion and serves as a template
fo; the synthesis of two type of RNA products in infected cells. One
is a fuil length positivé tranSQripgttHat is an intermediate in genﬁme
replication, while the other comprises the five unique monocistronic,
capped and polyadenylated mRNAs (Huang et. al., 1970; Wagner, 1975;
Zakowski et. al., 1981) one for each of the five proteins (XKang and
Prevec 1969, 1971) {which together.fofm 64% of the virion) and alsoc a
short leader (48 nuéieotiaes long). 1In the virion, the genome is
estimated to be bound to gpproximately 60 riolecules of the L protein,
2000 molecules of the N prdtein and 230 molecules of the NS protei; to
form the RN% core (Hagner,'1975).' This is enclosed by a host m;;brane
derived lipid envelope which accounts for 20% bylweight of the virion

(Patzer et. al., 1979) within which the G protein is anchored. The

matrix protein M (2-4,000 molecules/virion) is bound to the inner

[S%]



surface of the envelope. The mat;re virus appears bullet sﬁaped under
electrqn microscope (Orens;ain et. Eli' 1976). In infected CHO cells a
proteolytic product of M bfotgin termed M* haS been identified  (Rosen
et. al., 1983). .

The organiZa#ion of-ﬁhe VSV genome and the sizes oﬁjthe
proteins and their structural features is summarized in Figure 1.1 and
Table 1.1 compiled from previous reports (Kang aqd Prevec, 1969;
MeGeoch, 1978; Rose et. al., 1980; Gallione et. al., 1981; Rose and

Gallione, 1981; Pringle, 15B2).

Life Cycle of VSV

The production of a large number of virus barticles (approx.

’

1000/cell) from a single virus particle occurs as a result of intense

-

synthetic activity within the cell and is described in the following

steps for the purpose of simplifying the cémplex closely related

process.

(1) Attachment o? virus to the host cell.’ )

(2) Entry into the host cell and viral interference.

(33 - Transcription and replication.

() Translational, translocation and poa§~transla§ional
modifications. <g\‘ ' .

5y | Mepuqetion. assembly and budding.

Atﬁachment of the Virus to the Host Cell

¥

Microinjection of viral RNP into suitable host celis ﬁaq shown
that the RNP itself is capable of giving rise to mature infectious

virus particles (Thornton et. 21., 1983)., tHowever, mature virus is’

required for efficient attachment and entry of the virfus into the cell;
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Fig. 1.1 The Organization of rhe 425 VSV Genome.

-
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) - . Table 1.1
Proteins of VSV Indiana.
S
Calculated mol-
ecular weight Apparent mol-
Viral Proreins {no. ot J%Lno ecular weipght - Struccural
. Featurcs
acids) )
Nucleocapsid ™ - 47,355 - 50,000 ‘Tightly binds to
Protein (M) (422, amino RNA
acids)
Core protein 25,110 7 40,000 - Damain of 18 {«} -
(8s) (222 amino 52,000 charged amino
acids) acids. phosphorylation
’ giving rise to NSI
and NSIT
Non glycosylaced 26,064 '29,000 Basie protein
merbrane procein (229 amino also phosphylated
M) N acids}) \L
. N i
. ' R ya
N .
Glycosvlated. 57,216 69,000 Two plycosylation
merbrane pretein (51! amino sites and covalently
(G) acids) bound fatty acids
. - ’
Large core B ? ' 190.0h0 ' N )
Protein (L) St -

.

o
- \
)

§7,416 is the molecutar

weight of the protein derived from the amino

,
acid sequence obtained from the mRNA scquence, Rose and Gallione (1981).

=Y

It does not take into account any post-translational medification and

i
it includes the molecular weight of the signal peptide (1827) which

is removed during the translocation from free ribosemes to the endo-

plasmic reticulum membrane. If these factors are taken into account

the calculated molecular weight will be \\\

57,6416 - 1827 + 5682 + 476 = 617047

Signal I 2 olipg- . P facry
peptidcf|osaccharidg  adyl |
chains j_rusiduu

)
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. requirement of G for attachment have been raised. Using thermoiabile,

-'thie.eyestion was made by determining the binding ability of isolated

"~ --giycoprotein and intact virion. The results suggested that eitﬁgrighe

- ! - s

V3V G, protein is necessary for attachment of the virus to a

host cell and has been shown to protrude at least 10 nm from the viral
g

envelope (Howatson, 1970). Reﬁovai of the G prote{n)By d;gestioh with

"~ trypsin results in marked loss in the infectivity (Cartwright et, al.,

1 6'; Bisho' et. - al., 1975). A similar effect was™gbserved when
969 pet. al. ﬁ‘s"ﬂ

b }
preumococcal endoglycosidase Wwas used (Moyer tfual[, 19763,

Neuramlnidase reduces the 1nfectiv1ty of VSV by-at least 90% merely by
’\!
cleaving off the terminal neuraminie acid from the" glycoproteln and

infectiv1ty can be restored by re51a1ylatlon of the glycoproteln by {i“
-~
31alyl transferase (Schloemer and Wagner, 1975). Attachment of the

virus can be prevented by saturation of host cells with purlfled VsV G
<.

(Bishop and Smith, 1977); G protein lipid gesjgles have been shown to
be effective in eliciting specifiq anti-G antibodies thah neutralize

viral infectivity (Miller et. al.,_1980).l Heweveﬁ, doubts about the

A

temperature sensitive G proteih mutants of VSV, loss of infect1v1ty was

reported to be .8 result of the 1nab111ty of the heat treated mutant to

ingernalize in the lysosome and the effect could not be attributed to
the prevention of binding (Miller and Lenard, 1980). In spite of this
evidence, G protein is said to be essential in the early stages of

infection. . T .

If G protein is essential for attachment then the question that

follows is: is the portion of the v1rus interactlng with the cell

.y

.fmembrane dufiﬁg'égtaChmEnt a part of G prote1n° An effort tO‘answer.J,;

. : i
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s
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isclated glycoprotein bound to cell surface componénts was distinet
from the virion or that the manner of the purified glycoprotein
attachment differed from the in situ .G -protein in the virion (Thimmig
et. al., 1980). fhe conformation that G‘protein adopts in the intaét
virion as_most likely different from the isolated glycoprotein. The
observation that trypsinizaﬁion of V3V decreases phosphatidylsérine
‘binding to the virus and that the binding‘of ﬁhosphatidylserine to V3V
also inhibits VSV attachment.énd infectivity, suggests ghat G protein
in the.virion could interact with the phosphatidylserine inithe plasma
membrane to bring about viral attachment (Schlegel et. al., 1983).
Other possible siteg for'aEtachment on the piééma membrane have been
considered.. There could be specific Binding sites or receptors
(Lonbe%g-Holm, 1981). The best cha§acteri§ed viral recéptor is
glycophorin, a sialoglycoprotein that constitutes the binding site for
influgnza virus on erythrocytes (Katﬂan EE;:El;‘ 1961; Jackson et. al.,
l1973); other less characterized receptors include the receptor for
EpsteinABarr virus, which alsc appears to be the same as Ehe membrane
receptor for the C3 compqnentAOI the complement system (Yefenof et.
al., 1976)Iand the receptor for SFV includes-the human leukocyte
antigen (Oldstone et. al., 1980). Proteolytic digestion of the host
cell surface does.not inhibit VSV infection (Schloemer and Wagner,
1975) suggesting that the binding site for VSV is not a membrane
protein. This is further confirmed by studies of VSV binding to Vero
"cells at MOC {at which binding occurs efficiently but not penetration)

rather than at 37°C demonstrating that there are about 4,000

high-affinity binding sites for VSV on the surface of Vero cells
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(Schlegel et. al., 1982). The virus binding site thus appears to be a
lipid .or complex of lipids as sugéested earlier IHaywood,‘1974; Mooney
et. al., 1975). It has béenléhown that when the binding site in the
plasma membrane is extracted with the detergent. e
octyl- -D-glucopyranoside and further purified to give individual
lipids only phosphatidylserine was capaﬁle ofAtotally inhibiting the
high affinity binding and plaque formation of VSV; Lipésomes made from
phosphatidylserine have been sh&wn.to be attached to VSﬁ by EM
(Scehlegel et. al., 1983). It would be interesting to define the domain
of G protein that interacfs specifically with an anioconic phospholipid.
like phosphatidyise}?ne while other anionic phospholipids suéh as
phosphatidylinositol, phosphétiéyl glycerol etc. have no binding
capacity for G protein. |
The broad host ranpge of VSV suggests‘that.specific phospholipid

is a better candidate as a receptor than a membrane protein,

Entry of the Attached Virus into the Host Cell and Viral

Interference

Early evidence for the mechanism of viral entry suggested
fusion between the cell surface gnd_the virus cccurred and the virus.
released the RHP by simultaneous fqg&on and entry (Heine and
Schnaitmén. 1969.’1971). .Mé:é recent edidence by EM (Simpson et. ai.,
1969; Dahlberg, 1974%) and studies using‘inﬁibitors of endoeytosis such
as chloroquine (Sechlegel et. al., 1982) and interferoh (Tann et. al.,
1982; Wilcox et. al., 1983) suggest that endocytosis or engulfment by

the cell is involved“in the ‘entry of the virus into the cell. "

Internalization follows éntry of the virus into the bost cell and



involves anfearly association of the virus with "coated pit" regions of
the plasma membrane and upon endocytosis the virus is transferred into
cytoplasmic vacuoles éermed eﬁdosomes or receptosomes as visualized by
electron microscopyr(Simpqon et. al., 1969; Dahlberg, 1974; Dickson
et. al., 1981; Matlin et. al., 1982). The lysosomal inhibitdr
chloﬁoquine, when added\g&&b/&nfecting virus completely inhibits V3V
infection at 211 multiplicities but is only about 50% inhibitory when
added after the initial adsorption period of 1.5 hours post -infection
(Hiller and Lenard, 1980) suggesting a definite roie for lysosomes in
virus internalization. There is gvidence that acidificétion in
lysosomes uncoats thé virus by fusing this virus with £he vesicle
membrane and thereby releasing the nucieocapsid into the.cell‘cyﬁoplasm
{Tycko and Manfield, 1982). It is’possible that phosphétidylserine has
a role in promoting such membrane fusion events within an acidic
‘enviroﬁment (Portis gEL El;' 1976). VSV G protein can mediate ﬁembrané
fusion even at neutral pH (Hughes et. al., 1979) suggesting that an
acidic environment may be important only.fdr induction of fusion
(Eidelman et. El;' 1984).

Viral Interference is an important aspect of the viral life

cycle, Virus infections ﬁrqyenting the possibilities of second

] iﬁfection by other unrelated viruses or in som instances related
viruses have been termed viral interference. Early studiés had
predicted that the production gf viral products by an in%tral virus
renders the infected cell incapable of support;ng'the replication of a-
second virus (Schleainge?, 1959). Inﬁerference was thought to operate
either at the level of prevenﬁipg mRNA translation of the second virus

T,

~ | ) \\\



(Marcus and Carver, 1967) or in a few cases preventing proper entry
into the celi‘membrane. There is evidence to substantiate both lines
of thought. Temperature sena;tfze Sindbis virus mutants defective in
RNA replication, establish an interference for VSV replication that is
.maintained even at the nonpermissive temperature (BTOC). VSV enters
actinomyein D trééted cells and VSV mRNA is formed by the virion
associated transcriptase. However, since no translation of viral
proteins occuré, no infectious virus particles were formed (Hunt éndr
Marcus, 1974). The second_type of interference which possibly operates
at the level of virus entry occufs between related retroviruses (Steck
and Rﬁbin, 1966). Iﬁ order to distinguish the interference between
different'types of viruses and those which are a result of subviral
particles of éhe same type the term homologous interference is used.
There are rgporﬁs about the defective interfering particles or DI
particles.that prevent normal viral replication in VSV {Palma et. al.,
1974). These‘DI partieles are shorter than the normal bullet shaped
particles and contain only a pertion of the viral genomic‘RNA.
Continual passage of a VSV sLock rapidly leads to a greater number of
DI particles (Stampfer et. al., 1971).
| . Interfering capacity distinct from the virus itsélf was first
found in the allantoie fluid of eggs that had been‘exposed to
irradiated virus (Isaac and Lindeman, 1957). Tﬁé substance formed in
host cells in respoﬁse to virus infection thgt mediated this distinet
interfering capacity was'termed "interferon"., The block in virus

<

infeection induced by interferon was thought to otcur after viral entry

(Friedman, 1970; Viebe and Joklik, 1975). Recent evidence however,
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contra&icts the earlier observation. Entry of VSV into mouse L cells
pretreated .with mouse interfercn was inhibited, though adsorption of
virus wag.notl Inhibition was dose dependent and only occurred when
cellé were ;reated with homolégous interferon (Whitaker-Dowling et.
al., 3983). Interferon affects all subsequent steps of viral
}eplicatipn.

Transcription and Replication

The helical nuecleocapsid consistihg of the (-) stranded geromic
RNA tightly complexed with the viral N protein and loosely bound by IS
and L proteins is the functional viral genome (Wagnér, 1875 Baner jee
et. al., 1977; Thornton et. al., 1983). It contains those enzymatic
activities which are absent in the host cell but are Aecessary for
replication through synthesis of 2 full length complim%ptary (+)
~antigendme strand and for transcription of five functional mRNAs and
leader RHNA. .

v Transcrig&ion

The transeription of VSV gencme in infected cells gives rise to
five capped, poly(A)—contaiﬁing RHA séecies that anneal to virion RNA
(Huang et. al., 1970; Rose and Knipe, 1975). These RNAs répresenting
the five proteins, L, G, M, NS and M have been isolated from
polyribosomes and T1 oligonucleotide "finger printing" shows thenm to be
different-from one-another. The 5% terminal structure on each of the
mRNAs appears identical in nucleotide sequence but there is
heterogeneity in the methylation of all of the termini (Rose, 1975).
The basie structure is m7 G5*° PPPS ™ ApAPCPADPGpHptp ApUpCp~3" where H

indicates a variable site (Rhodes and Baner jee, 1976; Rose and
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Gallione, 1981)? The intergenic junctions consist of a unadecamer

(37 )-AUACUUUUUUU-(5") corresponding t& the sequence (57 JUAUGAAAAAAA(3Y)
at the mRNA poly(A) junction of each mRNA,‘which may be‘the signal for
synthésis of the poly(A) tails of the mRlAs possibly by reiterative

copying ("slippage polymerization"), This undecamer is followed by a -

dinucleotide (CA or GA) spacer which does not appear in the transcripts

.

"and thus represents: the true intergenic junction {Rese, 1980, Ball and

Wertz, 1981). Tﬁus, the five RNAs have characteristies of eucar}otic
mRNAs. Individually, the five RNAS can be translated in XEEEE to
produce the five viral proteins in cell-free systeps thus proving
unequivocably tﬁat they are the mRiAs (Both et. al., 1975; Knipe EE;
al., 1975).

With the exception of 38‘nucleotides at the 3" terminal leader
region, 59 nycleotides at the 5 terminal tail region, 3 nucleotides
between leader: N gene junction and 2 each at the U4 other Junctlons in
all accountlng for 122 nucleotldes the rest of the genome encodes the
main body of five mRNAs with no intervening sequences within the genome
{Rose, 1980; McGeoch, 1981). VSV thus encodesjall the genetic
information in a (-) non overlapping single éirand of RHNA.

The enzymatic activities associated with the nucleocapsid énd
which are essential.for the synthesis of functional mRHAs have been
well established. They include RMNA dependent RNA pelymerase activity
(Bglpimore, 1970) and other mRNA modifying enzymatic activities sueh as
guanyl transferase that uses GTP to form a cap stgucture at the 5% anpd

of the mRNA (Abraham et. al., 1975a), two methyl transferases that

catalyze the transfer of methyl groups from S-adenosyl methionine to
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" position 7 of the capping guanosine residue_Z‘-D—ribose molety of the

penultimate adenosine (Abraham et. al., 1975b; Testa rand Baner jee,
1977) and a poly(A) polymerase that i?ds approx1ma;ely 200 A residues
to the 3° end of the completed mRNAs ‘(Banerjee and Rhodes, 1973,
Villarreal and Holland, 1973). It is not certain whether all these
activities are those exhibited by virus specific enzymes. Trace
amounts of host cell enzymes could‘be associated with the nucleocapéid.
The proteins L, NS and N are required for the transcriptase—activity of
the nucieocapsid {Emerson and Yu, 1975). It is possible that L and HS
proteins are responsible for the aet of polymerization but the RNA must
be-coated by the N protein to form a functional template. There is
evidence that NS a phosphoprotein (Sokol and Clark, 1976) specifically
is noncovalently bound by guanosine 5° dlphosphate (De and Banerjee,
1983). The nature of this bond was not a phosphoamide linkage as in
other guanyl transferase enzymes suéh as the one in vaccinia |
(Venkatesan and Moss, 1982).. Thus the enzymatic role of NS in capping
1s considered doubtful and the search for the origin of enzymatiec,
activiti;s associated with the virion is still going on.

The five monocistronic mRNAs are trancribed sequentially from
the 3" end of the genome. The kinetics of UV-inactivation of gene

function in vivo and in vitro in a coupled transcription—translation

- system indicated that the genes determining the five structural

proteins are arranged in the order (57 )-L-G-HM=~NS-U(3") (Abraham and
Baner jee, 1976; Ball and White, 1976; Ball et. al., 1976). The five
mRNAs are present in infected cells in a decreasing order of abundance

depending on their distance from the 3" .end of the genome (Villareal
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et. al., 1976). Thus, non-equimolar synthesis seems to be a result of
partial termination of transcription (attenuation), which occurs at or
near the intergenic junction and may be a method of regulation of gene

s

expression (Iverson and Rose, 1981).

‘Transcription begins from the 3% end with the synthesis of a
small 4§ nucieotidé leader RNA. This leader RNA has been sugéested to
Serve as inhibitor of host cellular transcription since only a small
portion of the genome (i.e. leader sequence) needs to be transcribed to
affect host cell RNA synthesis (Weck et. al., 1979). This suggestion
has been supported by many other stuoles. MeGowan et. al. (1982)
demonstrated that purlfled leader RNA could inhibit DNa dependent
transcription in an in vitro transcrlptlon system. The leader RNA has
been shown to be prese> in the nucleus of infected cells, where an
inhibitor of transcription initiation would be expected to act (Kurilla
et. al., 1982). The leader RNA has also been shewn to be bound by a
cellular protein reactive with anti La~-lupus antibody; the only other
RNAs found to gﬁsociate with the La protein are the RNA polymerase III
products (Kurilla and Keene, 1983) present in the nueleus., The
interaction of La protein with leader RNA raises the possibility of
involvement of La protein in the viral inhibition of host
macromolecular synthesis. The level of leader RNA has been correlated
to the kinepics of leader RNA production in cells infected with
UV-irradiated VSV (Grinnell and Wagner, 1983). Thus, the leader RNA of
VSY appears to be a small nuclear RNA playing a role in transcription
or replication possibly as a reeult ef interactions Wwith La protein.

Insdection of the sequences of the leader REAs of the Indiana



and New Jersey serotypes and those of five other strains (Colonno and
Banerjeé, 1978a, 1978b; Keene et. al., 1980; GiOfgi et. a2l.,-1983)
reveals several regions of interest in terms of potential regulatory
sequences. There is remarkablg homolegy shared by the flr;t 18
nuclectides from the 5% end of the VSV wild type leaders and from 5% DI
leader (Ciorgi et. gl;L 1983). This region (shown below) is thought to
be involved in initiation of viral RNA synthesis (transcription and -
replicatioﬁ). ~Recent studies indicate that the N protein selectively
binds within fﬁ%ﬂfirst 14 nucleotides having an A residue at every
third position from the 5° end of the leader chain (Blumberg et. al.,”
1983). -
Consensus sequence of the conserved region of the VSV leader
5'pp ACGAAGACA%AXAAACCAUU..........3‘
where X is C in VSV Indiana leader R}A
and A in VSV New Jersey leader RHA

The wild type leader RNAs of VSV contain an AlU-rich region of
approximateiy 16 nucleotides beginning 18 nucleotides from the 5 end.
This region has been suggested to resemble the TATA Goldberg-Hogness
box (Manley, 1980; Baker and Ziff, 1981; Gruss, et. al., 1981) and is
pre§umably involved in interaction with RNA polymerase. Secondary
" structure predictions based on free energies of formation suggest that
this region could potentially form a stab1§\§tem—loqp structure. This
was confirmed by digestion with double strand specific RlNase from Cobra
venom (RNase VI) (Grinnell and Wagner, 198&).' In the V3V genome, this
AU-rich region appears to bind viral NS protein. This is required for

VSV polymerase activity (Keene et. al., 1981). Although the
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function(;) of the AU fich‘region in the VSV Indiana leader RNA
transcript is unknown, it may play a role in inhibition of
transcription directed by RNA polfmerasé II (Méﬁowan Eﬁ; al., 1982).
The caﬁabi}ity of the AU'rieh regién to inhiHit adenovirus DNA

transeription directed by both ANA polymeras¢g II and III has been

demonstrated by Grinnell and Wagner (1984) using a <cDNA recombinant of
the leader RNA and defined synthetic oligodeoxynucleotides,

Three models have been proposed for the way in which RiA
pélymérase reads the genomic RNA to produce mRNA. The single RNA
”Qolymerase:entry site model proposes that the enzyme bqgins with the
synthesis of the pl;s strand leéder RNA that is complementary'to the
first 47 residues at the 3 end ofithe genome.. ﬁ stop;Start mechanism
allows the template bound enzyme complex to terminate and releage
completed transcripts before initiating synthesis at the next gene
(Baner jee et. al., 1977; Emerson, 1982). An alternative multiple entry
model proposes that eéch gene is independently and simultaneously
initiated by elongation and completion of these short transeripts in a
sequential manner (Testa et. al., 1980). The third model suggesting
processing of mRNA precursors (Baner jee et. al., 1977) lacks
experimental support but cannot be enti;ely ruled out. 1In vitro
studies on kinetics of transcription revealed that transeription is not
continuous. There are pauses at or near each intergenie junction
(Rose, 1977). This delay is probably indicative of Some process such
as polyadenyiation, capping; or initiation whiech is slow relative to
transecription. The rate of elongation in 113&9 was apparently 3,7

nucleotide/second within all five genes, but markedly ?1ower at the
1
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intergenic regions, - The significant pauses in transcription at or near

-the intergenie regions has led to the suggestion that the synthesis of.
Y e
" the intervening poly(A) ocecurs by "chatterlng“ of the polymerase i. e.

repeated slippage of the nascent: strand instead of the advance of the '

enzyme with respect to the template. The chattering mechanisnm results
Ain a read through by which poly(A) sequences not encbded in the.
temblate are inserted bétween QECuratejtranscripts of adjacent genes.
‘The template sequence of each of the fivé intercistronic poly(A) sites
is | |
37....AUAC(NUYUAUUGUC.....5"

variable'nucleotide

The encircled dinucleotide is not present in the sequences of
the mature mRNAs although ad jacent sequences are transcribed with an
additional 200 adenylate residues adjacent to the (UA) sequence.

1

Role of M Protein in Transcription

Numerous studies have suggested that M protein has a role in
regulatink polymerase activity. The first evidence for the role of M
protein on regulation of VSV transcriptién was a demonstration of an
absolute increase in VSV mRNA at the nonﬁermissive temperature on
infection of cells with a temperature sensitive mutant with a lesion in
the M protein (Clinton et. al., 1978). The presence of M in in vitro
transeription carried out at optimal sait concentration does not
{gpibit transeription to a significaﬁt extent. However, reduction of
the sait concentration causes a significant inhibition of transcription

(Banerjee, 1979). A possible reason for this inhibition ocecurring at

low ionic strength may be due to interaction of M with the RNP
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structure (Ne@comb-and Brown, 1981; Wilson and Lenard, 1981; Newcoﬁb
et. gll,‘1982). M protein purified from a hydroxyapatite column {De
et. 31;, 1982) and b; extractioﬁ of the virus with acidie
chloroform-methanol (Mikhejeva and Ghedon, 1983) has been shown to bind
RNA in vitro with binding ratios of-M to RNP of 2:1 and 1;5, -
respectively. The binding-of M to the RNA structdre-ig vitro has.Leen,j
fsund‘to strongl§ inhibit (abouﬂ\gb%) of the RNA synthesis. The “
pur;fied M prétein interacts with RNP that is actively transcribing in
an in wvitro system at low ionic strength. As Seen by EM, the RNP
structure is transférmed from a loo;ely colled and fully egtended
structure in the abgénce of M to a compact form in its presence. It is
presumed that M does noﬁ affect initiation. Labeling wité ATP and
fa32?]CTP carried out at low ionic strength results in the syntheéis of
triphosphorylated oligonucleotides. These represenﬁ the 5% ends of,
léader RNA (pppAAC) and mRNAs {pppAACAH) (be.gg; al,, 1982). Thus under
conditions of low ionic strength M interacts with the 425 RNA ahd this
interaction results in a compact comple# that is less efficiently
transcribed. It is not clear whether the domain of basic amino acids
at the NHzrterminus of M is in fact the region of H ;nvolved in this
interaction with RNA, although it seems to be the most likely region
for "this interaction. The conversion of M to M may serQe to regulate
intracellular levels of M and in turn regulate transcription (Rosen
et. al., 1984).
The mechanisﬁ for the turning on of replication and suppression

-

. _ 3
of termination is now becoming eclear. The development of in vitro cell
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free systems that couple translation and replication has enabled the .

T ¢

study of factors regulating replication., Recent wofk has reported the

"\
synthe51s of full length U428 RNA of both polarltles as well as the flve_*
protelns (H111 et. al. 1981' Chosh and Ghosh 1982; Davis and Wertz,

l'

1983; Peluso and Moyer, 1983). : . {’ 4

-

A hypothesis has been proposed suggestlng that RNA polynerase
begins synthesis at the 3 end of the (-) strand template and =
)
regulatlon of synthesis occurs” when the enzyme reaches the N leader

gene junction. In transcrlption, the complex terminates synthesis and

presumably reinltlates at the beginning of the N gene, only 4 bases

LY

down stream, in réplication the same or a modified polymerése complex
reads through thiS Jjunetion and continues synthesis until the end of
the template is reached (Simpson and Obijeski, 1974; Szilagyi and
Pringle, 1975; Perrault et. al., 1983).

The selective binding of N protein to the (+) strand leader RNA =
(Blumberg et. al., 1983) may achieve readthrough of the legder N gene .
Junction (Leppert et. al., 1979). In EiEtE studies have revealed that
readthrough of leader RNA tgrmination sites to éive‘fgll length (+)
strand copi%s can be better acﬁieved usihg an ATP analog (Testa et.
al., beO). Smaller size copies ané bbtaingd with various base analogs
in vitro (Testa.and Baner jee, 1978; Herman and Lazzarini, 1981,

Chinchar et. al., 1982). Characterization of a new type of VSV mutant
denoted Pol R, that gives rise to DI particles which appear to
. efficiently read through the (=) strand leader termination site under

standard in vitro conditions (Perrault et. al., 1980) shows that the

responsible mutation maps within the tefplate N protein (Pefrault,
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1983). Thus, a direct ﬁolglfq&‘the N protein within the RNP template

in regulating the switeh ;fom~£?%nscription to repiication seems very

likely. Whether r;aéthrough requires the binding of N.protein to the

nascent leader RNA as proposed by Leppert et. 32;7(1979) or it requires
. ~

the assembled RNP structure (and not Just assembled leader) still needs

to be resolved. . : ' -t

*

Besides‘fhe,N protein, the L protein has also been shown to be

-

essential (Perlman and Huang: 1973; Répik et. al., 1976)., Other

studies have also implicéted NS to Ee involved aiong Wwith L (Emersorn
and Yu, 1975; Hunt et. al., 1976; Naito and Ishihama, 1976).

Protein syn;Eesis has been found to be mandatory for
replication to occur in Eiig {Periman and Huang,-;gla; Wertz and-
Levine, 1973) and in vitro (Dayis and Wértz, 1985; Hill and Summers,

1982). An examination of protein synthesisrrequirement'fpr Vsy

’
repliéa}ion using both intracellular énd virion derivéd DX
nucleocapsids in the in vitro replication system in conjunction'with\
purified individugl mRNA; revealed that N protein can By itself fulfilil
the reqdiremen£ for protein synthesis in RNA réplication and allow
complete replication, i.e, initiaﬁion and elonéation as well as
eneqpsidation of genome length progeny RNA Céatton et. al., 1984),

After reading through, the RNA polymerase complex (probably a,
different one from the one involved in transcription) overrides the
termination signals and the complete synthesi; éf the ¢+) strand 423
RNA occurs (Perrault et. al., 1983). Since the termini of the (-)

strand and the (+) strand are complimentary (Keene, et. al., 1979) it

has been suggested that replication may‘occur in part on circular

t

-
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coiled RNA templates. This suggestion is supported by glectron
micréscopic studies (Naeve and Summers, 1986).

Viral infections cause a morphological change in the
susceptible host cell (Wagner, 1975). Some of these chques. in cell
shape bring ébout metabolic changes, such as repression of»nuclear
metabolic activity (Ben—Zeev, 1983). A study of viral repllcatlon has
shown that VSV is unaffected by cell shape responsive metabol1c changg/
as it replﬁs?tes in the cytop%asm which is relatively unaffected by

cell shape responses. Thus, VSV indirectly inhibits host cell
replication and eliminates competition in macromelecular synthéﬁis. A
'DNA.virus in contréét is unabie to achieve such a preferential
replication as it is dependent on host nuclear metabolism.

There is a feport that interferon is inhibitory to viral
replication (Masters and Sammel, 1983%. This report is based on the
'observation that the. extent of ihte}feron inhibition of viral growth
*cannot be a;éounted for by its ability to inhi?it penetration,
translatiqﬁ or glycosylation and hence its major affect is on

replication.

Translation, Translocation and Post-Translational

Modificationf . .

The five monocisﬁronic-mRNA specles transcribed from the viral
genome are translated iMinfected cells throughout the eycle og
iqfection to give rise to all the five structural proteins of the VSV
L, G, N,‘&S and ¥ (Mudd and Summers, 1970a; Petric and Prevec, 1970;
Wagner et. al., 197Q; Kang adg ﬁrevec, 1971). Othe} studies where

polyribosomes from VSV infected cells were isolated and translated in

w3
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vitro into authentic viral proteins have also demonstrated that the RNA
species found in infected cells have messénger function (Ghosh EE; al.,
1973; Morrison et. al., 1974; Knipe et. al., 1975; Toneguzzo and Ghosh,
1975).. Viral prétein synthesis is completely dependent on the cellular
protein synthesizing system for the translation of its mRNA. & number-
of different cell—frée systems have been shown to translate viral mRNAs
(Both et. al., 1975; Knipe et. al., 1975; Preston and Szilagyi, 1977:
Toneguzzo_and Ghosh, 1978). It was at one time thought that there were
no intracellular virus specific nor structural proteins (wggner, 1975)
and that the minor ingraceiIUIar protein peaks observed by Mudd and
Summer; (1970b} and-ﬁagner et. al, (1970) were probably of cellular
origin. However, a recent report J:uggests that-there is*a protein

- termed as M° ;resent in the infected cells but not in-the virus itselr
(Rosen et. al., 1983). It would also seem that there is specific
inco;poration of host cell surface pfoteins into.EEFding vsv partiéles

(Lodish and Porter, 1980). : . .

Viral protein synthesis in'VSV-infecafd cells has been detected
1 hour after infection, and reaches a peak about Y4 hours at high

-

multiplicities of infection (Kang and Prevec, 1971). ‘Thé N pEotein is
synthesized first_in the greatest amount (approximately uo#’Br total

VIVifél protein synthesized) and it£ synthesis reméins high Fhroughout

the infectious cycle (Wagner et. al., 1970; Kang and Prevec, 1971).

The levels of L protein (which accounts for 2-3% of the,totql‘viral

protein) remains low despite its mRHA representing approximétely-30% of

the total VSV mRNA ;ynthesized in vitro (Stampfer et. él;' 1969; Kang

T,

and Prevec, 1971; Stampfer and Baltimore,.1973; Stamminger and
(353 o
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Lazzarini, 1974). This suggests that there is translat;onal control
mechanism regulating L protein synthesis. G and M protein haye been
found to incréase gradually in amoynt throughout the cycle of infection
reaching peaks of 25 and 30% of total viral proteins respectively
(Hagner, 1975). The amount of NS protein appears to be greater in the
early hqurslafter infection than.at‘later stages (Kang and Prevec,
1971). NS is phosphofylated before or shortly after its synthesis
(Moyer and Summers, 1974a). These' flndlngs have led to the s§eculat10n
that N3 may itself be a regulatory protein involved in control of

4
transcription and/or replication of the V3V genome.

<An examination of the inﬁkacellular viral RNA species hés
indicated that \_ggjonit? éf viral ﬁRNA became polysome assoceiated by 3
hours post—gnfﬁct{on‘(Lynch et. al., 1981). A substantial amount of
the viral RMA (32 - 36% of the total 135 viral mRNAs) is present in the
post-ribosomal supernatant, i.e. not polysome associated, although
these mRNA speciés could be trang;ated into authentic viral proteins in
cell-free translapggn systems (Mqrrison and Lodiéh,_1975); A probéble
explanation for the inability of the cell to translate the free mRNA is
that the VSV mRNA is produced in egcess of the cells capaéity to

efficiently translate it. Alternatively, a translational control

mechanism may regulate the polysome.bound and free mRNA levels., The

low levels of L protein in relation to the amount of L mRNA dlscussed

earlier together wlth the 1nab{}1ty by most workers to efficiently
achieve the translation of L mRNA'iﬂ vitro lends support to the latter
hypothesis (Both et, al,, 1975b; Ball and VWhite, 1976; Breindl and.

Holland, 1976; Rose et al., 1977).
| T

r
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The translation of the mRNAs encoding L, NS, N and M occurs on

free polysomes, while that of G mRNA occurs exclusively on membrane

bound polysomes in infected cells (Both et. al., 1975b; Grubman et.'

al., 1975; Morrison and Lodish, 1975; Toneguzzo and Ghosh, 1975). An
X .
inspection of e codon usage of G, M, N and NS mRNA derived from cDNA

sequencing (Rose and Gallidne, 1981; Gallione et. al., 1981), revealed

that there is an overall deficiedey of the dinucleotide CG. This

shortage cannot be attributed a relative shortage of cellular tRNAs

recognizing codons‘containing CG, (since CG is also deficient in the

noncoding region. The reason for such a codon usage is as yet

unexplained. The other strikin fea ure in‘VSV protein synthesis is
the cotranslational translocation of he 'G protein and its subsequent
glycosyla%ion and in some cases fatty acylation. Other important
modifications include the phosphorylation of I and NS proteins

]

{reviewed pages ZH—SO).A \

23

Inhibition of host cell protein synthesis in infected cells was

observéd in early studies of intracellular VSV protein synthesis and
has been termed "host shut offn" (McAllister and VWagner, 1976). Four
different mechanisms fo; shut off have been proposed. MNuss et. El;
(1975) and Lodish and Porter (1980b) have suggested'that VSV mRNA
initiates protein synthesis several fqld more e}ficienﬁiy than do?s
celldlar mANA and thus out competes the ﬁRNA for ribosomes. In this

regard, Stanners et. al. (1977) have is%lated a mutant of the HR

]

(Winnipeg) wild type of the Indiana serotype of VsV, Infection of L

cells with this mutant does not result in rapid and sharp inhibition of

Protein synthesis observed with the HR wild type strain. They proposed



that a épecific viral gene.product termed P is required for this
inhibition and that the mutant lacks this. The efficiency of
initiation of translation on cellular and viral mRNAs is abodt the same
in infected cells, A systematic study correlating accumulatlon of
viral mRNA and the extent of inhibition of translation of cellular mR
using dlfferent VSV strains in different cell lines added support to
the conclusion that the competition for ribosomes by a large excess ‘of
viral mRNA as the most likely mechanism of tfanslational control
(Lodish and Porter, 1981). Recenply, a reduction in protein synthesis
was accounted for not by mRNA independent mechanism but by the level of
eIFe-bTP initiator ﬁethionyl—tRNn complex formation. It has been shown
that a depletion of eIF2 oceurs as a result of viral infection. This
regulation of eIFé level has been suggested to bring about a selective

-

‘ t
viral mRNA translation in infected cells (Centrella and Lucas-Lenard,

+1982),

Post-Translational Modification of NS and M Proteins

The phosphorylation of NS occurs as an early event, either

. during or immediately after its synthesis, since [32P]~labeledA

cytoplasmiec NS has been detected at all stages of the infectious cycle
(Moyer and Summers, 19743). The phosphorylation of NS is presumed to
be brought about by a cytoplasmic or plasma memb}ane associated protein
kinase. This host derived protein kinase has also been found to be.
associated with V3V (Strand and August, 1971; Imblum and Wagner, 1974;
Moyer and Summers, 1974a). This kinase phosphorylates VSV proteips L,

G, N5 and M as well as casein, phosvitin, protamine and histones in

vitro;in vivo only proteins NS.and M are phosphorylated {(Sokol and

\
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Clark, 19731 Imblum and Wagner, 1974; Moyer and Summers, 1974a; Clinton
et. al., 1978, 1979; Clinton and Huang, 1981).

The primary sequence of NS indicates the presence of 12
threonihe, and 21 sériﬁe residues, a total of 33vﬁgtentia1 sites of
phosphorylation (Gallicne et. El;; 1981). The predicted secondary
structure of NS suggests that many potentigl phosphorylation sites are

located at 8-turns that also possess basic amino acid residues. In

-

vivo most of these sites are phospherylated, since chymotrypsin

. digestion revealgd at least 21 phosphorylated sites, 7 out of the 14
phosphopeptides generated Eontained both phosphoserine and
phosphothreonine (H;u and Kingsbury, 1982). NS can be resolved into at
least two major species, called NS1 and HS2 which differ in their -
degree of phosphorylation (Clinton et. al., 1978, 1979; Kingsford and
Emerson, 1980). Although.both forms of NS are.found in V3V infected
cells only NS31, the least phosphOfylated species,'is associated with
VSV core particles (Clinton et. al., 1978).

Much less is kﬁown about the phosphorylation of M as regards
the precise stage in its biosynthesis at which it is phosphorylated.
The phosphorylation of M protein is heterologous since only 5 - 109 of
the protein molecules contain up to,éO% of the phosphate (Clinton et.
al., 1978). The protein kinase involved in the phosphorylation could
be an endogenous cellular enzyme or;thc host-derived VSV agsocrated
protein kinase (Clinton et. al., 1982).

Biogenesis of the Membrane Glycoprotein

Bipsynthesis of glycoproteins found in enveloped viruses such:

as VSV is a process which inveolves a complex séquence of



26

cotranslational aﬁd Post-translational events that are necessary to
transfer the pfotein from its site of synthesis to its ultimate
destination within the plasma membrane. G protein is not found free in
the cytoplasm but is associated with cellular membranes (Wagner et.
al., 1970). The "driQing force" for its association with membrane
resides within discrete regions or domains of the glycoprotein either
as topogenic sequences (Bloﬁel, 1980) or as sites for glycosylation
(Pless and Lenarz, 1977; Hubbard and Ivatt, 1981) or in a number of
cases for fatty acylation {Magee and Schlesinger, 1982). The
elucidation of the intracellular pathway of the G protein has been
possible through a ;ide range of studies. Experiments in which short
pulses of radiocactive precursors were used, showed that the
glycoprotein is synthesized on the rougﬁ endoplasmic reticulum (ER).
Labeling for longer periods followed by a chase of the pulse-labeled
precursors, showed that the glycoprotein molecules migrated from the
rough endoplasmic reticulum to the smooth membranes ana finally
appeared on the plasma membranes. Studies of the kinetics of
éppearance of ‘the labeled glycoprotein of VSV on the various
intracellular membrane fractions showed that the glycoprotein is
incorporated into .the pla#mé memogane at about 20 minutes after
synthesis (Atkinson et. al., 1976; Knipe et. al., 1977). Hewly
synthesized glycoproteins of'uninfected cells showed a similar delay in
incorporation of the glycoprotein into the plasma membrane, a result
suggesting that the viral glycoproteins are transported from the site
of synthesis to its final destination by normal cellular mecha;isms

{Atkinson, 1975).
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In vitro protein synthesis using polysomes from infected cells
showed that viral glycoproteins are synthesized specifically by
membrane bound polysomes (Ghosh et. al., 1973). Eﬂ vitro translatio;
of virus specific mRNAs isolated from membrane-bound and from free
polysomes further confirmed that the mRNAs for the glycoprotein of the
viral envelope are localized exclusively on membrane associated -
ribosomes (Toneguzzo ;nd Ghosh, 1975).

In an in vitro translation system devoid of membranes, G
- protein is synthesized in a unglycosylated form G1, having an apparent
molecular weight of 63,000. In the presence of membranes 02 protein
{(molecular weight é?,OOO) is formed (Toneguzzo and Ghosh, 1977, 1978).
GZ’ but not G1, has been established as a glycoprotein by afflnlty
chromatography on a concanavalin A—Sepharose column. Concanavalln
binds to carbohydrate moieties containing glucosamine and mannose, and
provide a useful method for purification of glycoproteins containing
these sugars. Digestion of G2 witb'exoglyéosidasé that hydrolyze the
branched cﬁain sugars of\glycoproteins showed that 02 is an
incompletely glycosylated form of G (Toneguzzo and Ghosh, 1977). The
presence of membranes was shown. to be essential during the early period
of chain elongation since the presence of membranes after the synthesis
of a n;scent chain of about 80 amino acids or longer resulted.in
insertion of the nascent polypeptide into the ER membrane CRothmaﬁ and
Ladish, 1977; Toneguzzo and Ghosh, 1978).

This type of binding of the ribosomes to the ER membrane via

nascent peptide chains was observed earliervin the case of secretory

proteins (Aronson, 19663 Chefurka and Hayashi, 19663 Redman and

-



Sabatini, 1966) and led to the postulation that the rmz_terminal region
of the nascent chain was responsible for the binding (Blobel and
Sabatini, 1971}. In a translation .system containing ribosgmes, S~-100
from ascites tumor cells; and mineral oil-induced plasmacytoma 41 mRMA,
Blobel and Dobberstein (1975) .showed that immunoglobulin prelight chain

:
was converted to authentic light chain by the addition of microsomal

membranes from dbg pancreas. Theseﬂmembranes had been previously
stripped of ribosomes by EDTA treatment. Processing alsc ceceurred only
when membranes were added at the start of incubation (see above). 1In
another expe}lment they alsc showed that the processed forn could be
segregated into the microsomal vesicles in a form resistant to the

- action of exogenously added trypsin. Processed immunoglobulin light
chain was protected from the protease, where as the preformed was

éompletely degraded. This data led to the formulation of the sign§l
hypothesis. This hypothesis stated that transiétion of mRHhs for \
preproteins containing signal sequences begins on fres polysomes.

Elongation proceeds tn free polysomes for this class of proteins, until

10 to 40 amino acid residues of the nascent chains have been

synthesized. The polysomes containing the nascgnt-séquences then bind

Lo ER membranes. It was also suggested that the nascent chain bearing

the signal sequence creates a channel or tunnel in the membrane through

which the growing polypeptide chain will enter the lumen. During this
translocation step, the presequence is removed and the protein enters

the lumen of the vesicle. While there are similarities in the ' ig

translocation process between secretory and membrane proteins there is

also a very important difference. The secretory protein vectorially
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discharged across the rough ER was found to be injzhe lumen (Blobel and
Dobberstein, 1975a). However, the G protein of V3V after being
discharged remained inserted in the membrane witﬁ_a portion of its
carquy—terminﬁs exposed to the cytoplasmic side of the membrane and
this exposed portion on the cytoplasmic side was sensitive to
proteolysis. Thus, the giycosylated protein G2 that is synthesized in

vitro, and not the unglycosylated G is protected from digestipn by

1
proteoclytic enzymes. The mobility of 02 when run on SDS gels after
proteolysis was higher because of the loss of the carboxy-terminus-that
is exposed’on ﬁhe cytopIQSmic side of Ehe ER membrane (Toneguzzo and
Ghosh, 1978). The'insértion of nascent polypeptide serves to bring it
into contact with the glycosyl transferases and the dolichol phosphate
carrying the high mannose oligosaccharide chain in the ER as well as
allow the transport of the proteins from it5 site of synthesis,

Thé signal hypothesis, naturally enough, led tb £ﬁe search for
the exisﬁehce at the NH2~terminus of a sequence that would serve the
function of ﬁransferring.secretory.or membrane proteins across the ER
membrane. Analysis of the primary sequence of the.NHE-terminus of the
unglycosylated form synthesized in vitro in the absence of membranes
and the mature form of the protein secreted outside the cell revealed
the presence of an extra region of 20 amino acids at the NH2~term1nus
of the preprotein synthesized in the absence of membrane which was not
found in the mature form. It was suggested that after insertion into
the ER membrane this region teghed the signéi sequence is
proteOIyticélly'removed from the nascent protein (Blobel, 1978). &

comparison of these transient seauences from a number of secretory
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proteins revealed that there were some common feaures, sudh as the
prgdominance ;f hydropQObic amino'acids within the sig;al region, the
presenmehﬁ‘a small neutral amino acid at the end of the signal
sequence and of proline within the last 5 amino acids of the signal
sequence (Austen, 1979).

The G protein of VSV Indiana was tée first membrane protein-to
be examined for the presence of a signal sequence. Amino terminal
_Sequence de;erminations of the unglycosylated form G1, the glycosylated
product 02 and the virion G by two groups (Lingappa et. al., 1978;

Irving et. al., 1973) (shown below) revealed that both G, and G are

2

generated by proteolytic cleavage of an amino terminal peptide sequeﬁce ™
containing 16 amino acids present in G1. A large number.of .membrane

proteins are now shown to possess signal sequences.

1 s ) Si%%al Peptidase
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StqdiéS‘of the in vitro removal of the préprotein resulting in
the corresponding secretory form with no heteroaneity at the amino
.'termiﬁus suggested that the eniyme involved in the cleavage, of the
signal peptide, now termed "signal peptidase", is an endéprotease

(Birken et. al., 1977; Lingappa et. al., 19%7). Initial

’ . ?
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characterizaﬁion of the sigﬁal pep£idase showed that a deoxycheolate '
solubilized extract of pancreatic microsomes éleavqg the signal i /
sequence from preprgteins in post translation assays (Jackgon‘hnd
Blobel; 1977). More direct studies ogj;he protease activities in
detergent solubilized extracts of péncreatic.microsomes have used
synthetic flourogenie‘amino—coumarin peptide substrates, which can be
used to differentiate between endopeptidase é;q exépeptidase éctivities
present in the solubilized mixture. The results showed‘that thé.
solubilized activity had an endopeptidase.action, which’was inhibited
by ortho-phenanthroline but.was unaffected by leupeptin, antipain or
elasfinal whereas ;hymdstatin, an inhibitor of chymotrypsin
significantly inhibited cleavage. This data suggested that signél
peptidaﬁe-has an endopeptidase component. The>féte of the signal
peptide after its cleavaée is sﬁill unkhown, though it is presumably
proteolyzed. ‘

' . Two types of modelthaye 5een prbposéd to explain the

.

cotranslational translocation of secretory and membrane proteins into-

thé ER membrane. One suggests that the insertion of the signal peptide
Bs spontaneous and does ﬁot involve the presence of specifie receptors.
This model includes the membrane tripgger hypothesis (Wickner, 1979) or
the helical hairpin hypothesis (Englemam and Steitz, 1981). The other

model is the one which suggests that the process is receptor mediated

{Walter and Blobel, 1981; Sabatini et. al(TFTQBQAL//Since there is
' \

strong evidence for the existence of such receptors the other models

-

are much less probable,
»”

During protein translation, translocation to the endoplasmic
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reticulum is mediated by signal recognition particle (SRP) (Walter and
‘Blobel, 1980) (Figure {;2). Thé,signal fecognition Earticle is a
complsx of molecular weigh£ 250,000 and ts-made up of 6 polypeptides
with molecular weights 72,000, 65,000,’§u,ooo 19,000, 14,000 and 9,000
(Walter et. al., 1981a; Walter and Blobel, 1983a)_and”a small
.cytoplasmic RNA moiecﬁlé designated 7SL RNA (Ullu et. al., 1982; Walter
and Blobel, 1982). The ShP has been found to ge about equally

. distributed between membrane ‘associated and é ee ribosomég {Walter and
Blobe;,.i983b). In the cytoplaém SRP interactyg with ribosomes and wHen
these ribosomes get engaged in éﬁe Synﬁhésis of éecretéry (Stoffel

. i .
al., 1981a; Walter et. al., 1981a), lysosomal (Erickson et. al., 19883)

or certain classes of membrane proteins (Anderson et. al., 1982).
interacts with their signal sequence.as sooﬁ as the latter becomgs
exﬁosed on the surface of the ribosome and arrests the elongation of
the nascent polypeptide chains (Walter aﬁa Blobel, 1981b), This
elongation arrest is.reversed once the ribosome interacts through the
tigﬁtly bound SRP -with a specific.integral meﬁbrang protein of the
endoplasmic reticulua with.a molecular weight of 72,000, the SRP
receptor (Gilmore et. él;, 1982a* , 1982b) also called "docking
protein" (Meyer et. al., 1982a, 1982b). The ribosome then forms a
functional ribosome membrang'junction Ly interaéting via the SRP with
the ER me&brane-(walter and Blobel, 1981) allowing the vectorial

" translocation qf the nascent polypeptiQe chain across’t@e lipidvbilayer'
(Blobel and Dobberstein, 1975);' |

-

An important aspect of the function of SRP as atcellular

adapter speciffc for the translocation of only the secretory and

. | T
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membrane proteins is its interaction with the signal sequence. A major

;

part of the work communicated in this thesis deals with studying the o
essential features of the signal sequence of VSV Blycoprotein Qecessa?y“‘

for its recognition by the SRP.

 Glycosylation of Glycoprotein Glycosylation Sites

A pferequisite for glycosylation of the protein inserted into
the ER membrane or secreted into the lumen of ER is the occurence of

the acceptor Asn in the,triﬁeptide Sequence, -Asn - X - Thr (or Ser) -

4 .

where (X) can be any of the 20 amino acids except possibly aspartic

P -

acid (Marshall, 1974; Struck and Lennarz, 1980).- This structural
requirement appears to be rather specific; incorporation of
B-hydroxynorvaline {an analogue that differs from threonine by one

meth;IQne group) into peptide chains in vitro was found to inhibit
_ . : N —_—
. : s
cotranslational glycosylation by 30% (Hortin and Boime, 1980). But the

iy,

fact} that only about a third of the known - Asn. - X - Thr/Ser sites cr

“eucaryotic proteins are gl}cosylated and of those some are
inefficiently glycosylated- suggests that other determinahts-are also

"involved.

A search for the other determinants wds approached by utilizing
« - .
membrane preparationS'fFSm hen oviduct as an enzyme source, endogenous

oligosaccharide lipid as donor, and a series of 13 well characterized

proteins containing unglycosylated - Asn - X - Thr/Ser sites as

-

poténtial aceceptors. It was found that although none of these ptroteins

ézﬁed’as an'acceptor in its native conformation, 6 of the 13 could be -

glycosylated in vitro after denaturation (Plesg and Lennarz, 197}; L)

Kronquist #&nd Lennarz, 1978). Since no correlation other than the
\ ~ : » '

%

-
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known tripeptide was fo| Mbetwgeﬁ/amino acid sequence and acceptor -
a;tivity and it was suggested that glycosylation requires exposure of
carbohydrate at‘achmep sites by peptide chain unfolding. Further

su Fort for this suggebtion was provided by the observation that
‘eyanogen bromide treaﬁment_of two of:the.proteins that had remgined
inactiveldespite denaturation,‘generated oligopeptide fra -7 that
were efficient cligosaccharide acceptérs (Kronqufét ana ﬁe narz, 1978).
étudies Wwith membranes from hen oviduct (Struck et. al., 1978; Hart
et. al., 1579) or yeast (BauSé and Lehle, 1979) revealed that a variety
of small peptides could be glycosylated in vitro if they met just two
prerequisites: thé presence of an Asn - X - Ser or Asn - X T.Thr '
éequenée and blockage of the COOH and NHZ—terminus by other amino acids
of by chemical modification. These results demonstrate that while
other factors such as proximity to charged Qr hydrophobiec groups may

_exert some effect (Bause and Lehle, 1979) the predominant structural

u ‘_r / :
determinant for exogenous polypeptide glycosylation in defined géiléﬁi
. by

<

_ free preparations in these two distantly related organisms is the
accessibility of the tripeptide acceptor sequence.r \{—

The prediction of the three dimensional polypeptide
conformation around a carbohydrate attachment site is possible\from the
amino acid sequéence d;ta. Based oﬁ the frequencies witH which
particular aminé acids occur in configurations such as B—sheetg,
o-helices and B-turns in proteins éf known three dimensional structure,
(Chow and Faéman. 1974; Beeley, 1977) was able to preduct that 30 of 31
N-glycosylated gequences he studied were part of tqrn ‘or loop _KJ

structures, which in 22 cases were most probably g-turns. In a similar
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estimation, out of 28 glycosylated Asn residues examined 19 were
present in B-turns. Since ;uch turn conformations often occur at the
surfaces of globular proteins. in exposed regions between sheet or
heliecal structures (Kuntz, 3972).thesé prediction further emphasize the
importance of‘accessibility of the glyco;ylation site, Although these
conformatioﬁal predictions réméin to be confirmed, it is noteﬁogthy |
that the three-dimensional structure of N-glyéogylatEd proteins [Fe
fragmsnt oflIgG {Huber et. al., 1976) and haemagglutinin membfané
glycoprotein of influenza virus (Wilson et. al., 1982)] reveals that
-the site is a part of ééposed regions such as the g-turn.

- In order t; determine éhe number of oiigo!f;charide side chains
per V3V glycoprotein ;Bleculé, a detailed analysié on DEAE Sephadex of
the tryptic digestion products ;f the glycoprotein from VSV (fndiana)
grown in Hela cell suspension cultures was carried out (RobehtgépJEEL
al., 1976). The study demonstrated that the glycoprotein contains two‘
glycosylation sié%s per pol&peptide, to which greater than.gsﬁ of the
-carbohydrate is attached. an inspection of the sequence of G protein
predicted from the nucleotide sequence of the V&V G mRNA reveals the
presencé of 18 Asn résidues, but only twb'of these (amino acid residues
178 and 335) oceur in glycosyiation‘consensus sequences and these have
been suggested to be the actfal glyéésylation sites (Rose and Gallione,
1981). These sites are at fnactional distances of O.BSVand 0.66 from
the NHz—terminﬁs. Earlier étu%ies had suggested that the first
addition occurs when about 38% of the chain has been synthesized and
the second cccurs when about '70% has been synthesized (Rothm;n and

Lodish, 1977). Thus, this nearly exadt correspondence of the positions
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of these sites with fraction of G synthesized when glycosylation occurs
suggests that the transfer of o}igosacchafides to the nascent protein
chaiﬁ oceurs when the Asn residue passes through the rough ER into the
lumen.  This glycosylation in VSV G is a cotranslational event
occurring in the lumen of ER. This is.consistent with earlier
observations -that with Asn—iinked oligosaccharides in eucaryotic cells

begins with the segregation of these molecules within the lumen of the

rough ER (Palade, 1975).

Transfer of Oligosaccharide Chain from the Lipid Carrier to the

Protein

Biosynthetichstudies have suggested that the N—acetyl

-glucosamine and @anndse residues are preassembled by stepwise addition

in an activated state bound to the isoprenoid lipid dolichol

pyrophosphate (Waechter and Lennarz, 1976) and are transferred en blo-

to appropriate Asn residues during translation of the polypeptide chain
(Keely et. al., 1976; Sefton, 1977). The first seven residues are added

directly from the nucleotide sugars UDP-GleNAe_ -lipid. Gle

2 3
MangGlcNAéz—lipids i1s then completed by the addition of four Man and

. three Glc residues from the monosaccharide-lipids dolichol phosphate

maﬁnose (Dol—P—Man) and dolichol phosphate glucose (Dol-P-Gf;Y?g
monosacehdride lipids.are synthesized frgm.Dol—P, UDP-Gle and GDP-Man,
Mature oligosaccharides are then transferred as a unit from the lipid
carrier to Egkaragine residues of nascent and newly made polypeptides
(Figure 1.3) (Ghosh, 1980: Struck andILgnnarz, 1980; Hubbard and Ivatt,
1981; Staneoloni and Leloir, 1982; Snider, 1983). |

Drugs that inhibit lipid-linked oligbsaccharide and as a result
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Fig. 1.3
Synthesis of Dolichol Phosphate Sugar Intermediate and Transfer

of the Sugar Chnin rto the Glycosylation Site of the Praotein
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block glycosylation of Asn residues have provided strong evidence that
lipid-linked oligosaccharides are the only source of Asn-linked
glycans.

The most commonly used is tunicamycin, a glucosaming containing
antibiotic which inhibits'the formation of GlcNAc-P-P-Dol (Takatsuki
et. al., 1975; Tkacz and Lampen, 1975) but not its elongation (Lehle
and Tanner, 1976; Heifetz et. al., 1979; Keller ot. al., 1979).
Tunicamycin was shown to specifically inhibit the glycosylation of Vsv,
and Sindbis virus glygoprotgin resulting in a suggestion that
glycosylation of viral glycoproteins may be essential for normal
assembly of enveloéed viral particles (Leavitt et. al., 1977). The

-other less used drugs include compactin and 25—hy&roxycholesterol which
suppress doligﬁol synthesis (Mills and Adamany, 1978 and Carson and
Lennarz, 1979), 2-deoxyglucose (2DG) which inhibits formation o}
Gle-P-Dol, Man-P-Dol.and GlcNAc-P-P-Dol by competing with Dol=P to form
2DG-P-Dol (Schwarz et, al., 1978; Datema et. al., 1981) and gluGosamine
probably by blocking an early step of lipid oligosaccharide assembly
(Datema and Schwarz, 1979). Studies with temperature sensitive mutant
'cell lines in which the glycoproteins have a reduced content of
N-linked carbohydrate have further strengthened the case for .
lipid—linked oligosaccharide involvement. Under nonpermissive

) ;onditions, these cells appear to synthesize a normal lipid-linked

cligosaccharide §ut transfer it to the protein at a greatly reduced

rate (Tenner et. al., 1977 and Tenner and Scheffler, 1979).-

In a recent study of how transport of'sugar residues occurs

across the ER durimy oligosaccharidg lipid synthesis and transfer, the
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membrane orientation of oligosaccharide-lipid intermedi 5 was
examined. Using the lectin concanavalin A, the lipid=Tinked
oligosaccharides ManB_FGlcNAc2 were found on the cytoplasmic side of ER

derived vesicles iIn vitro whlle lipid=- 11nked Man Gle NAc. and Gle

6-9 2 1-3
Mang GlcNAc2 were found fac1ng the mlcrpsomal lumen. These results
suggest that ManSGlcNAc2—lipid is assembled on the cytoplasmic side of
the ER membrane and then translocated across the microsomal membrane to
the‘luminal'face. GchMangGlcNAc2 lipid is then completed on the
luminal side of the ER, where it serves as the donor in protein
glycosylation (Snider and Roger, 1984). Endo—a—ﬂ-acetylglucosamlnldase

H (Endo H) is an enzyme which cleaves between ll~acetylglucosamine

residues in large high mannose asparagine'oligosaccharides (Figure 1.3)

(Tarentino and Maley, 1974} and has been used as a tool for the

analysis of the intracellular forms of the glyecoprotein of VSV and

Sindbis virus (Robbins et, al., 1977).

~

Processing of the High Mannosé Oligosaccharide
. ;
This involves the removal of a11 glucose and 6 mannose residues

and the addition of terminal sugar.

Trimming of High Mannose Oligosaccharide

The first phase of N-linked oligosaccharide processing inveolves
the‘removal of glucose residues from the precursor ollgosaccharlde
(Flg. 1.4) immediately after 1t5 transfer to the prote1n. The h;netlcs
of removal of the 3 Gle residues in VSy infected Chlnese hamster ovary .
(CHO) cells indicate that the half time for the removal of the termlnal
Glc is less than 2 minutes (Kornfield et. gl;, 1978; ﬁunt, 1980). The

second was‘removed with an apparent Hgif time of 5 minutes and the

r

b}

'
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Fig.1.4Trimming of High Mannose type of Glvcoprotein
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third a2t a still slower rate)., At least two separate enzymes appear to
participate in this reaction. Glucosidase I removes only the termlnal
" Gle re51due while glucosidase II-III which is active- only after the
removal of the terminal residue brings about the release of both the
remaining two Gle residues., These enzyme activities~have been- shown to;
be present in cell free prepérations and in purified enzyme
preparations from rat liver (Ugalade et. al., 1978; Grinna and Robbins,
1980), calf liver (Michael and Kornfield, 1980}, calf brain (Scher and
Waechter, 1979).hen oviduet (Chen and Lennarz, 1978; Elting et. al.,
1980) calf thyroid (Spiro et. al., 1976), NIL-8 fibroblasts (Turco and
Robbins, 1979) and yeast (Lehle, 1980).

Glucosidases I and II-III found in rat liver are the integral
membrane proteins apparent;y localized on the lumingl surface of the
rough and smooth ER {Grinna and'ﬁobbins, 1979). This convenient
location supports the assumption that they pqrticipate in the
processing of newly synthesized glycoproteins that are sequestered
within the lumen of the rough ER.‘ In hen oviduct, the specifie
activity of glucosidase I was highest in the rough microsomal fraction
(Elting et. al., 1980) while the mannose removing enzymes of the
processing pathway are localized exclusively in the Golgi fraction.

This suggests that after removal of the glucose residues the
glycoprotein is trangéarted to the Golgi where thé rest of the
processing occurs.- This sugpgestion is further supported by kinetip
studies in ClIO cells. Man resldhes a%e not removed from maturing
N-linked glycégréteins for 10 miﬁutes after the transfer of the high

mannose oligosaccharide to the protein. The delay cannot be attributed

.
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te the protection of the mannose residues by glucose residues, since
substantial amounts of HangGlgNﬂce appear at le?st 5 minutgs earlier—
(HQLbard and Robbins, 1979). wlhus, it sugéests that the }ag is most
likely due to the transit time between ER andlthe Golgi. There is
substantial evidence suggesting that the newly synthesized
glycoproteins pass throuéh the Golgi apparatus en route to the cell
surface. Studies of the kinetics of appearance of puI%e-labeled G in
the various isolated subcellular membrane fractions from VSV infected
cells have shown that the G protein mig;ates sequentially from ER to a
low density smooth membrane (p;;sumed to be derived from the Golgi
épparékus) and finélly to the plasma membrane (Hunt and Summers, 1976;
Knipe et. al., 1977). The core oligosaccharide transfer?ed to G
proteln in ER has been shown to be Fodlfled in the smooth membranes by
the removal of mannose residues nylowed by the addition of terminal
sugars (Robbins et. al.; 1977 ; Huht et. al., 198 ). Using a cell free
system the glycoprotein was shown to be efficiently transported from ER
to the Golgi complex by an ene;gy dependent process resembling
1ntrace11ular protein transport (Fries and Rothman, 1980). Uging
1nd1rect 1mmunof1uorescence and immunoelectron microscopy of
VSV~infected cells, G protein antlgen1c1ty was detected in the Golgi
apparatus (Bergmann et. al., 1981). A direct approach 1nvolving‘light
and electron microscope radigautography confirmed the intrabelluiar

' pathway of the glycoprotein transport (Bergeron et. gl;. 1982).

The precise mechanism which can explain the transport of G from

the ER to the Golgi is not known. A suggestion that G is transported

via two types of clathrin-coated vesicles, one transporting G from ER

.
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to Golgi and another from Golgi-to the plasma membraﬁg {(Rothman and
Fine, 1980) has been questioégirty a sﬁudy using flourescent electron
microscopy for localization of G, which failed to detect the G protein
in coated.vesicle structures'%Wehland et. al., 1982). It was suggested
that the G protein containing vesicles observéd earlier arose
artifactually by the closure of coated pits of the Golgi complex system
durlng cell f‘r‘actlonatlon.c

" After entering the Golgi the a1-3 Man residues of linked
cligosaccharide containing only Man and GleNAc are removed in an
‘ordered sequence shown in Figure 1.4 by the enzyme, Mannosidase I
{Kornfeld et. gl;,.1978; Tulsiani et. al., 1977). The Man GlcNAC2

5
formed after removal of the a-1-2 Man residues is Endo H sensitive and
~is the smallest high mannose glyean found in appreciable amounts in
mature glycoprotelns {Tai et. al., 1975; Chapman and Kornfeld, 1979;

Cohen and Ballou, 1980).

Synthesis of Complex Oligosaccharide

In this phase, the protein linked ManSGlgNAC2 is converted to
Endo'H.resistant. complex glycans. Although the host ceﬂ! {i.e.
available processing eﬁzymeé) may have some effect on thg size of the
complex glycans, the Erimary determinant is the oligosécchgride
structure of the protein being p;:Zessedf Several studies have
compared the N-linked ollgosaccharldes of multlple strains of influenza
{Nakmura and CompaﬁET’T§79. Klenk et. al., 1980) or V3V (Ethlchson and
Holland. 1974 Hunt et. al., 1983) grown in several host cell types.

Thus, a given glycosylatlon site may carry a complex glycan in one

virus strain, while in a distinet but’related strain grown in the same
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cells the -analogous site may carry a high mannose chain or no

carbohydate at all.

—s

The first step in the formation of the complex oligosaccharide

is catélyzed by GleNAce trénsferase I, which adds a single GlecNAc
residue to the HgnSGICNAc2 ;trdétufe that remains after removal of the
al,2-Man reéidues frém the pnecursor‘oligosacchariﬁe { Narasinhman
et.al., 1977, Tabag\and Kgrnﬁeld » 1978; Harpaz and Schachter,

1980a) Figure 1.5. A second enzyme "late mannosidase" then releases

the'two terminal (non core) Maﬁ residues (Tabas and Kornfeld, 1978;

_Harpaz and Schachter,.TQBOb). The product of these two reactions are

rapidly processedfénd have not been identified as intermediates in
intact cells. The GlcNAcal‘-‘lan3 GlcNAc2 is a substrate for a@ least four
enzymes in vitro, (a) GlcNAc transferase Ii which can convert it to
GlcNAC3 ManBGlcNAc2 {(Narasinhman et. al., 1977;¢Harpai. N. and
Schachter, 1@80b). (b} a fucosyl transferase which can add g4-6 linked
Fuc to the innermost (réducing terminal ) GlcNAc.residue {(Wilson et.
al., 1976); (c) a galactosyl transferase, which forms CaiBﬂ-N linkages
to the terminal_(non reducing) GlcNAc residues {(Schachter, 1978) and (d)
a sialyl traégferas;, which forms sialic acid a2, 3-or a®, 6 linkages
ko the terminal Gal residues {Beyer et. al., 1979). The complex type
glycoprotefn is resistent to Endo H aftér the.addition of the terminal
sugars (Robbins et. al., 1971); The heterogeneity in the addition of

sialic acid gives the glycopfatein the appearance™f a diffﬁ!ﬁ band- on

SDS-polyacrylamide gels. N

The biological role of the glyco;yl moiety of glycoproteins

"is still an enigma. Glycosylation is not a prerequisite for insertion



L T

Man .
~ , Man—3GlcNAc—>CGleNAc—>Asn
F1xacsian” .
N-acetyl glucosaminyl
transferase II
GleNAC
" GlcNAc. Man
. !aﬁ—éGlcNAc—}GlNAc—}Asn
GlcNAc*bManf” : .
. Fucosyl tfénsferase
GleNA i : .
. C\;Man Fuc .
) GleNAc \\’Man—iclcNAc—éGlcNAc—?Asn
\,«GicNac-?Man A '

éaIactosyl transferase

.

Gal=>GlcNAc .
' HMan o
Gal=»GlcNAc/ \ _;‘uc n
Man—+GlcNAc-,GlcNAc—9ﬁsp
GalT}Glchc-}Man . 3
‘Sialyl transferase

«23  Bl-4 49
SA—>Gal->GlceNAc 7 h;
sfffcaﬁ;élcmcz“a“ 5, o Fuc
: %\_a% & T(ﬁ -6

«2-3 B1-4

Complex‘pype oligosaccharide

SA-—}G&l—yGlcNAg-—)Man 4y B

Man-?GlcN%grszcNAch?Asn

Flg.l.5 .

46



-

47

of the G protein into the rough ER (Rothman et. al., 1978) nor is it v

required for efficient c}eavage of the signal sequence (Irving{g&. gi.;,
. .~ M . '. . r )
1982). -Unglycos?lated G protein has been shown to reach the plasma
. ' ’ B :
membrane (though not in normal amounts) (Gibson et. al., 1978). G

a,

protein of V3V is normally found in the bésolaterél surface of

polarized MDCK cells (Rodriguez-Boulan and Sabatini, 1978) and lack of

R A ] r .
glycosy;ation~ha§ no effegﬁ‘on the positioningiof G protein (Green éE.

al., 1981). However, the conformation'of the G protein is affected in “

 the absence of glycosylation. Unglycosylated G protein becomes
. N . - . /
aggregated at elevated temperatures which results in a decreased

. production of virus (Gibson et. al.; 1979, 1981).

Experiments with cell mutants and .temperature sensitive
viral mutants provide a powerful method for unraveling. the biosynt c
- . r.
pathways and for discovering the role of the oligosactcharide moiety of

glycoproteins. A study of the temperature sensitive mutants of

1}

complementation group () of-VSV, which éorresponds'to the structural
gene of G demonstrated that the mutap}ons result in blocks at very

different stages in the maturation pathway of G protein (Zilberstein

_et. al., 1980, Ladish and Kong, 1983). One class of mutants is blocked

Ry

at an early, pre-Golgi step and the other class the maturatiomof ¢ -~ ¥ i
. L [3
protein proceeds normally through several Golgi functions, but’ is

~

blocked at the nonpermissive temperature at a later step i.e. that of

transport from Golgi to the cell surface. Such studid&y, provide some
clues as to tﬁp roles of various post-translational modifications in

the-intracellular tr§;§§0rt and matlration of G protein. The
: _ i

phenotypic characterization of. a temperature sensitive mutant of VSV °

. 3 . — ,. \
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desc ibed in this thesis was carried out with precisely this aim in

-mind. As it turneg'out this mutant was affected only in glycosylation

and this provided a unique uncemplicated system to study the role of
glycosylation and the affect of dlfference in extent of glycosylatlon
on the overall viral structure and infectlvlty. "Some of the -

[

ycosylatlop mutants described by Zilberstein et. al. (1980) are also

defective in fatty acylation and could not assess the role of

glycosylation in the transit from the Golgi to the plasma membrane.

Fatby Acid Acylation

Membrane proteins from a number of enveloped viruses and
. L}

.afiimal cells have Been found to contain small amounts of tightly bound

lipid (Magee and Schlesinger, 1982; and Schmidt, 1982). This lipid
consists preagﬁtnﬁﬁfi;/of one to two molecules of long chaln fatty
aclds and appears to be linked covalently in ester bond directly to
hydroxy_amlno acids (Ser, Thy, Tye) in.the'polypeptide (Schmidt and

Schlesinger, 1979).- The only protein for which the precise location

of the fatty aecid linkage has been determined is the gag precursor

of murine leukemia virus. A myristic acid is linked td the amino-

. . 4 f//
terminal glycine  (exposed as a result of removal of the methionine) by

N - - T ‘
ah amide \pond (Henderson et.al.,1983). The fatty of the G protein is

¥

localized in its COOH-terminal membrane spanning region (Capohe et.

al., 1982, 1983). Fatty acid binding is an early post-translational

o

event in virus é}ycoproteln biosynth951s and intrabellular membranes

-355001ated w1th“the“tolgl apparatus are thought to be the .site of -

acylation (Schmidt and-3chlesinger, 1980}, Fatty acylation of protein’

is a modification in search of a function. Fatty.,acid attachment does

;V/ L ' L
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.not seem to be essential for the intracellular transporp‘of membrane

protéins or for directing thesé éroteins to the membrgne; Studies

using cerulenin, an inhibitor of cholesterol biosynthésis_and of

transfer of fatty acids to proteins suggegt_that virus quding-from

infected cells rgguire fatty acid acylated proteins. Thé study of the

palmitate labeling of serotypes of V3V documented in this thesis wés

carried 6ut to see @hether faﬁty écid acylation of glycoproteins is.a

general occurence and what possible‘role it plays in the life cxéle of, <Lj>

VSV, . o -~

Kinetics of Glycoprotein Biosynthesis ‘3’

-

Precursor olipgosaccarides (Glc3ManGlcﬂ452) are transferred
to glycosylation sites of the VSV glycoprotein before it is released
from the polysomes (Rothman et. al., 1978). For 15 miqutes the protein

linked glycoprotein remains sensitive to Endo H (Robbins et. al., 1977;
1 o

Tabas et. al., 1978) and consists mainly of G and

T

MangGlcNAc2 (Kornfeld et. al., 1978).
In the subsequent 15 minutes an increasing fraction of the
oligosaccharides become resistant to Epdo H (Robbins et. al., 1977,.
Hunt et. al., 1978; Tabas et. al., 1978; Schmidt ag@ Schlesinger, 1980;
Be;gménn_gg; él;’ 1981; Bergeron et. al., 1982) which indicates that
all the Glec residues and six out of the nine Man residues have been
removed and the addition of the outer sugars GlecNAec, Gal, SA and Fuc

has begun. The fatty acid acylation occurs shortly before the

—
-

- .
/ oligosaccharides becomes resistant to Endo H (Schmidt and Schlesinger,

. 1980) approximately around 15 minutes. This suggests that fatty acid

attachment occurs while G protein moves through the Golgi complex
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.:-
This is supported by the observation that monensin, an ilonophore that

causes the accummulation of G protein in the Golgi, does not affects

fatty acid aecylation of the G-protein {Johnson and Schlesinger, 1980).

Maturation Aséembly and Budding

. - *~
The early stages of maturation of VSV involves the

modification of the host cell meﬁbrane with G and M proteins: Céll T
fréctionation studies of ip;ected_cells pulsed with [358]methionine and
chased for different lengths of time reveal that at e;rly times after
its synthesis, the M protein is soluble; from this state it is
progressively incorporated ihto membranous Structures with the density
of virions and theﬁ quickly appears iﬁ extracellular virions. The G

protein is also associated with the membrane in that it is inserted

. e’ \
into it (Wagner et. al., 1970; Cohen et. al., 1971; Dafay, 1974; Lenard

and Compans, 1979). Nucleocapsid structures containing the (-) strand

genome RNA as well .the'viral N, NS and L proteins arelassembled in

’

~_
the cytoplasm. The nucleolapsid becomes associated with membranes

modified by viral proteins. and budaing of the progeny vifus from the

host ceki\membrane (Wagnér et. al., 1970; Cohen et. ai.,'1971$ Lenard

" and Compans, 1974),

M protein serves a very important function in the final staﬁés of

- virus formation. Crosslinking studies and the studies with mixed

pseudotypes suggests that M prétein serves as the iink between the

envelope and]the nucleocapsid (MeSharry et. al., 1971;‘Dubovi and
ot - : .
Wagner, 1977). Several mutants. of VSV in complementation group III,

defective in the-structurél gehe for M, produce at the nonpermissive

temperature, nOﬂinféCtiOUS particles which contain the viral M and G

S
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proteins but less than 10% of the normal proportion of N protein or
genomic RNA. Thus Suggesting that M and G proteins are sufficient for

‘some virus budding ‘to occur (Schhitzer'and Lodish, 1979). Taken

w

together with studies of temperature sensitive mutants of grouka)(e.g.
ts045), which showéd_that particles can be formed lacking G, but

containing M, N, NS and L in normal proportions {Deutsch, 1976; Little

-

and ‘Huang, 1977; Schnitzer et. al. , '1979) , reinforces the key role of

- N
M protein in virion formatioen. . . =
P . /;ﬁ\
Chloroquine, a drug that prevents the expression of G protj}n at
the cell surface during the final stages of G protein\assembly )
. ) . ’ ’
transport of complex type Endo H resistant oligosaccharide containing G

protein from the Golgi to the plasma membrane, @ives rise to
w

noninfectious particles lacking G protein (Dillie and Johnson, 1982).

This againfemphasizes the absence of an active role for G ﬁg viral

R N \/‘ - )
~assembly and budding. G protein alsoc has no role in the diserimination

&

of (+) and (-) strand nucleocapsids present in the cytoplasm to be

* packaged into the mature virus~(ManP _EE:BZ' 1982)
q’

The glycoprotein of enveloped RNA virus may play a roke in.
determ1n1ng the surface in the polarized cells at which the assembly of
the viral components and the budding—oecefrs (Rodrlguez—Boulan, 1983).
In cultured epithelial cell llnes, such as Mardin-Darby canine kidner
(MDCK) cells (Misfeldt et. ., 1976; Cereijido et al., 1978) the
viruses aSsemble with a~striking polarity; influenza {an . ' 7
or;homyxovirﬁ§)?;5éndai and simian vimus 5(two paramyxo viruses) bud

from the épical surface while VSV (a rhabdovirus) obtajns its eéﬁelope /(

from the basolateral surface (Rodrigeuz—Bouian and Sabatani.-1978); . iii

—
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Po%arized budding is precéded, and presumably determipea—By the
asymmetric surface distribution ef viral envelope glycoproteins®
{(Rodriguez-Boulan and Pendergast, 1980). Carbohydrates do not appear
to be responeible for the observed asymmetry (Roth et. al., 1978; Green
et. al.. 1981). “In cells doubly infected with influenza and VSV,
polarlzed buddlng is preserved and the respective viral glycoproteins
hemagglutinin (HA) and ﬁvprotein can be localized Wwithin the same Golgi
apparatus, suggestieg‘that thejsorting'df apicai and besolateral
. proteins max_@g a post-Golgi event (Rindler et. al., 1982). Recent-
studies to investigate the exact intracelluiar 1ocalizatieﬁ70f VSV S,
albumin andﬂtransferrin made use of immunoeleptron microscopy at the

pa

highest possible resolution (Ger SE; al., 1983). fhe study revealed
. that the membrane,pﬁgpein G ég,nsg‘iggfgwa secretory proteins are

, + _ '
present in the same Golgi compartment and secretory,yesicies sﬁggesting
“that it is unlikeiy that the polarized distribution is brought about by
Golgiﬁderiyed vesiclés and that(ihis phencmencn is brough€“about by an
as yee undeﬁermined'domaiﬁ of the glyeeprotein.

Interferon spec1flcally inhibits viral assembly by. blgcklng the_
incorporation of either G or H Qr bpth of these proteins in the virus.
This inhibition of viral assembly by interferon has been inferred from
the ebservation that there is an'overall reduction of less than 10 fold
in the progeny ;irion vield in the presence oéyinterferon whereae there
ie about a 1000 fold decrease in infectivity (Jay'éﬁl al., 1983). This
effect of interferon cannot be accounted for only by the inhibition of

glycosylation described earlier gHaheshwari et. al., 1980)

The association of the nuecleocapsid with the modifig& plasma
. 2
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membrane containing G and M triggers the release of viral particles

referred to as budding. The budding mechanism involves the envelopment

)

of the nucleocapsid by the modified plasma membrane and the folding out
of the nucleocapsid containing modified.cellulgr plasma membrane with
its long axis perpendicular té the membrane and the pinching off of the
progeny virion from the host cell (Zee et. al., 1970).

Infection of cells with VSV results in gross morphological and

N

cytopathological changes which bring about cell death, These changes

ultimately resulting in cell lysis are a culmination of the inhibition

of cellular macromolecular synthesis (Wagner, 1975 -and Ben-Zeev, 1983).



MATERIALS AND METHODS

_MATERIALS

(a) Chemicals and Reagents

A1l chemicals used were of the best available analytical

reagent grade. The monosodium salt of GTP, the dipotassium salt of ATP

were purchased from P-L Biochemicals; dithiothreitol (Cleland's
reagént). sedium deoxycholate, cerulenin and créatine phosphatg were
from Calbiochem; Sephédex G-25 (coarse), and concanavalin A covalentlﬁ
linked to Sepharose were f}om Pharmacia Inc.; Triton X—1SO
bls-acrylamlde and TEMED were obtained from Blo-Rad Laboratorles,
acrylamlde, sodium dodecyl sulphate (SDS) and the sodium salt of
ethylene diamine tetraacetic acid (EDTA) were obtained from BDH
Chehi?als Ltd.; sucrose, was obtained from Bethesda Research
Laboratories; bovine serum albumiq-(BSA)..phényrmethylsulfonyl fluoride
(PHMSF), tunicamycin, and‘spermine were cbtaj from SigmaFChémicals;
7
crude wheat embryo tRMNA was obtained from D .,#.'Ghosh, Department of
Biochemistry, McMaster Universigy. Tunicamyein was a gift from Eli
Lilly Company Ltd., Indianapoli;, INs actinomyciﬂ D,was.a'gift from
Merck; wheat germ w sia gift from General Hills Inc., CA, U.S.A;;

S
I .
soybean trypsin fnhibitor was from Miles Laboratories,

HPLC grade benzene, ethylacetate, butyl chloride, acetonitrile
and tetrahydrofuran (THF) were purchaséd from Burdick and Jackson;

methanol was from Caledon; sequence grade phenylisothiocyanate (PITC),

“hepta fluorobutyric acid (HIFBA} and 0.1 ! quadrol ‘were obtained from

Beckman. Trlfluoroacetlc acid (TFA) and ethanethiol were from Plerce

Biochemicals; po, rene e/? glycylglyc1ne were obtained fron Aldrich.
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Ultra high purity grade nitrogen was from Canadian Liduid Air.
- (b) Enzymes

TFCK—treated trypsin, and iysozyme‘wefe ob;ained from
Worthington; S;aphyloéoccus aureus V8 protease was from Miles
Léboratories. Endo H was a. generous gift from Dr. P.U. Robbins-of
H;I.T. Creatine kinase was from Boehringer Mannheim Corporation.

() ,RadiochEMicéls . S -

[3H]Mannose, [3H]glUCosamine, [3H]galactose, [3H]palmitio acid,

[3H]isoleucine. [3ﬂ}1eucine. [3H]lysine; [3H]phenylalanine,
[3H]proline, [3H]valine and [3SS]methioniné were purchased from the New
England Nuclear Corporation or Amersham Corporation.

(d) Antiserum

Antiéerum'speeific to V3V Cocal viral proteins was obtained

from Dr. ll.P. Ghosh.

-

(e) Cell Culture t -~

CEF cells were prepared as described by Vogt (1967). L60.-cells
‘Wwere obtained from Dr. L. Prevec, Deparpmgﬁt of Bioidgy, ﬁcna er
University and maiqtaingd‘fn susggnﬁtoﬁ culturg in Joklik modified MEM.
Th;s suppleq?nted with %% NBCS, 2% NaHCOa. 1% geqécillin, 1% \\’”“\“
strept?mycin and 1% L-glutamine.P'Monolayer cuiﬂufes wiré ma{ntained in
IEM containing 7% NBCS, 2% ngcd;T 1% Hepes gH 7.3, 2% L-glitamine,
and 1% penicillin and 1% streptomycin. BHK and Vero cells were

maintained in monola&ers in Dulbecco's minimal essential mediunm

supplemented with f% NBCS, 2% Na”COB"ﬂlE penicillin, 1A streptomycin,

12

% L-glutgmine and 1% Hepes.

AN
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(f) Virus

Plaque purified VSV of the Indiana, Cocal Hew Jersey (Concan),
New Jersey (Missouri), New Jersey (Hazelhurst), serotypes and
Chandipura and Piry viruses were obtained from Dr.;LﬁA. Prevec,
Department of Biology, McMaster University. ts¥l a mutant of the Cocal
serotype of VSV was obtained froﬁrDr. C.R. Pringle, Institute of

Virology, Glasgow, Scotland.



METHODS

Growth of Cells

L cells wefelgrown in suspension culpore in Joklik modified MEM
containing 5% (v/v) NBCS or 5% (v/v) FBS. Cells were maintained ip log
phase. | |

CEF primary cell culture were prepared as described by Vogt
(1967). Eggs incubated for 10 to 12 days'at 37°C Tere wipod with 709
alcohol and placed in a-plate. The top was ecracked with a-sterile
for::; handle and the shell removed.from the top. The chorioallantoie -
membrane was removed and tpe embryo-dg?ached apd placed in a‘Petri dish
containing PBS. The head, wingo, legs‘and internal oréans were removed
and the tissue chopped finely with scissors. The chopped tlssues from °
about 12 eggs Was then placed in a flask contalnlng 50° ml PBS .

ontaining 0.25% (v/v) of concentrated trypsin'solution-(Gibco) and “\\

stir¥ed for 1 h at 37OC. The contents were poured through four layers

‘of cheese cloth to remove iarge clumps. Tbe mlxture was’ centrifuged at

800- 1000 rpm for 10 min at room temperature and the cell pellet \

suspended in the primary growth medium- cons:.stln["of‘ high glucose

Dulbecco medlum containing 10% tryptone phosphate broth 5% calf.serum,
149 penlolllln, i% streptomycin, 2% NaHCO3 and 1% ﬁupgizoq@ a;'a cell

conogntration of 1.2 X 106 cells/ml,

Growth of Virus

(a) Quantitation of Infectious Virus Particles

The plaque forming titre determined ‘as plaque forming units

(PFU) per ml of stock virus preparationswof;ygeo'as an index of

infectivity. T .

.



lo determine the titre, the virus <=stock was aerially diluted.
A 0:1 ml aliquot of the diluted vitus was placed on a confluent
monolayer of 5 x 106 L cé&ls in a Falcon Petri dish (60 x 12 mm)
-containing 0.4 ml of MEM cdutaining-E% NBCS.(_Adsorbtidn Wwas for 40 min
at 37°C in an atmosphere of 5% co, in air and 100% humidity. The
monolayer was then overlaid with 5 ml of Earle's MEM (Gibco) containing
5% NBCS and 0.9% agar. Plaques were. observed after 20-24 h of
incubation at 37°C in a wa saturated, 5% 002 atmosphere. Cells were
fixed with Carnoy's solutlion (methanol:wate?:glacial acetic acid;

6:3:1; v/v/v’) and stained with 0.1% erystal violet.

(b) Growth of Uirus,Stdck

Y L cells from an. exponentially growlng culture were harvested
by centrlfugatlon at ROOXg for 20 min, then resuspended to 10T cells/ml
in Jokllk modified MEM containing 2% NBCS. Cells were infected at a

multiplieity of infeetion (m.o.i.) of 1 PFU/cell ~ The virus was

.

allowed to adsorb to the cells at 37 C for 30 min and the culture then

.

diluted to 106 cells/ml with Joklik m0d1f18d MEM contaiming 2” _NBCS,

Ineubation.was for-16—ﬁ8 h, after whlch ‘time the cellular debrls was

f /‘ "

=
removed by centrlfugatlon at 7, OOOxg for 20 min. The supernatant

conta1n1ng .the virus was d1v1ded into 10 ml allquots and stored at
-90°%c. . ' T b . T

4

Preparation of Radicactively Labeled Viral Proteins

. S . . .
' \\Xai Preparation and Purification of Labeled Virions
For-the preparation of [JSS]methioniue labeled, virions,
infection of L cells was carriéd out as described above eXcept that the

m.o.i. was inereased to 30 PFU/cell., At 2.5 to 3 h post-infection the
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infected cells werewﬁ%ileﬁed by centrifugatidn at 400xg, for 10 min ang
resuspended in methionine-deficient Joklik modified MEM (Gibco)
containing 2% dialyzed fetal calf serum to a concentration of
2 x 106 cells/ml. [3SS]Hethionine (speci}ic‘activity 1,000 Ci/mmol)
was then added to a concentration of'éo uCi/ml. For [3H]sugar and
[3H]palmihate labeling, the concentratlon was the same but the spec1f1c
activity was 10-20.Ci/mmol. The 1nfect10n was continued ‘another 16 to
20 h.. The cellular debris was then removed as descrlbed prev1ously and
the labeled virus was recovered from the supernatant by centrifugatlon
in a SW41 rotor at 40,000 rpmon a 2 m 30% sucrose cushlon for 2 h
The pellets were suspended in 50 mM Tris-HC1l, pH 7.5, 150 mM NaCl and 1
mH EDTA. A 10 ml linear gradient of 10 to 40% sucrose in NTE
buffer(O.TS M Ngbl; 0.01 M Tris-HCY, pH 7.5, and 1 mMIEDTA) was
prepared in 1§'m1.nitrocellulose or polyailomer tubes. The resuspended
virus was layered on gradients and centrifuged in a SW41 rotor at
80,000xg for 1 h. The visible_virds—eontainipg band was collected from
the gradients, diluted with NTE buffer and the virus pelleted by
'lgentrifdgatiod at 125,000xg for 30 min. -The final pellet was .
resuspedded in NTE buffer and stored at —90°C. -

Alternatively, the medium containing the virus ‘was layered on-
to' a 25-40% sucrose gradient in NTE buffer containing 0.1% BSAband

centrifuged in a SW 27 rotor at 25,000 rpm for 4 h,

(b))~ Preparation of Labeled Intracellular Proteins

L cells were 1nfected wlth VSV, at an m. o.i. of 30 PFU/cell
After an adsorptlon period of’ 30 m1n .at 37 C, the suspension-was-
d11uted_to 1T x 106 cells/ml with methiowine déficient Joklik modified

<

-
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'MEH,containing 2% dFCS, Aﬁfinomycin D was added to a concentration of
2 ug/ml to reduce host cell protein synthesis. The eells were
. <

_incubated at 37°C for 1 h, [355]meth10n1ne was then added to a

-concentration of 20 uCi/ml and the incubation w§s continued” another 3 ’
. ‘ -

h. The infected cells wgré'ﬁégre;ted by centrifugation at 400xg for 10

min, washed twice with "BS, and Eglubilized in SDS—conﬁaining buffer in
. L3 o ’ . . K_ - -
preparation for polyacrylamide gel electrophoresis,

Synthesis of Virus Specific Proteins Labeled
': *

with F3SS]Hethionine

L

Conluent L cells'?TOO pm plages) adapted to 39.5°C were
AN
infected for Y45 min with Cocal or tsy1 a 32°C. The excess medium was

removed and the cells were washed twice wrsg hos;)at buffered saline

-

(PBS) suspended in a medium containing 2% dial bovine serum

£ cells were

—"

meﬂium was

(dFBS)-and 2 1€ of. actimomycin D/ml was adde

incubated at 32°C and 39°C. At the end of 4.5 h ¢ S
~replaced with MEM cg%talnlng 29 dFCS and [3 S]metglénlne (4C pCi/ml)

and incubated at the respective temperatures for 60 min. The cells

]

were_fhen washed/}giif with PBS, scraped off the plate, lysed in HOO ul

of a buffer conkaining 50 mM Trls-HC1 pH 7.2, 150 mM NaCl, 1% Triton \}s
x-100,\0.1% SDs, 1% sodium deoxycholate (RIPA buffer) and 100 Kalli ’ /
Krein activator unlts of trasylol/10% mt. The lysate was

. - S’

2 1mmunoprec1p1tated with 10 ul of antl—Cocal antlserﬁk and 50 ¢ 1 of
0% (v/v) suspension of protein A-Sepharqse-beads (Pharmacia). -The

immunoprecipitated radicactive pretein_was recovered by heating in

1
sample buffer (0.625 M Tris-HCl, pH 6.8, 1.4 M -mencaptoethanol, 3% ‘
w03, 10% glycerol and 0.01% bromophenol blue) (Kess¥ir. 1975). The "N

o



virus specific proteins were separated onlg—12.5%'gradient
- .

polyacrylamide gels contéining 0.1% SDS and identified by

autoradiography (Toneguzzo gmd Ghosh, 1977, 1978).

Synthesis of Intracellular Virus Speéific'?roteins

in the Presence of‘Tunicamycin

The procedure was essentially—thp same as described above with
the e}ception that cells were pretreated with tunicamyecin at 4 yg/ml
for 1 h, The medium used during the post-infection incubation and

during the labeling period also contained U ug of tunicamycin per ml o

Radicactive Labeling of Infected Cells with

i?H]Sugars

JON L cells were cultured in 100 mm Petri dishes until nearly

confluent (6 x 106 cells). The cells were infected with Cocal or tsyﬂ

at an m.o.i. of 50 and incubated at 32 C. After 45 min, the unadsorbed
v1rus was removed and the cells washed with prewarmed PBS and 5 ml of
MEM was added and the cells 1ncubated at 32 C or 39 C for a further.

3.75 h. .The medium was then removed and cells washed three tlmes with

-

5 ml of warm PBS. The cells were then 1abeled w1th [3H]mannose,
L H]galactose or [3H]glucosam1ne (251 Ci/ml) for 60 min. At the end of

the labellng period, the cells were washed, harvested disrupted using

sample buffer.and analysed on a 10% gel or 5-12.5% gradient gels and .

-3 .
identified by autoradiography (Toneguzzo and Ghosh, 1977, 1978).

Tryptic~Beptide Analysis of [3H]Mannose Labeled

) N
. Glycopré@biqs by -HPLC

L cells were infected with Indiana or Cocal or “s¥l virus and
r

labeled with [“Hlmannose as described above with the exception that the

b

-

-~



P : hN o
amount of radioactivity'used was 50 pCi/ml,” [ HlMannose labeled
glycoprotelns were separated on a SDS-JO% polyacrylamide gel The G
protein band was exc1sed‘from a wet gel gnd eluted %E the presence of
10 mM Tris-HC1, pH 8.0, 1 mM 2-mercappoethan61 and 0.01% SDS and

) ; A
digested with ?PCK-treated trypsin (protein to enzyme ratio 2:1) in a
buffgr containing 50 mM Tris-HCl, pH 8.0 and 10 miH CaC12. The'_. -
incubation was carried out at 37°C for 6 h, The ﬁryptiq digest was
applied to an Altex column (0.46 x 22 cm) of Ultrasphere
octadecyltrimethyl oxysilane‘previously equilibrated with 100% of

solvent A (4.25 mM sodium acetate, pH 5.05 containing 5%

tetrahydrofuran) and was'éluted with a linear gradient of solvent 4 to

solvent B (10% tetrahydrofuran in acetonitrile) as follows: 0-25% of B

in 15 min, 25-50% of B in a further 35 min and 50-100% of B in 10 min

at room temperature at a flow rate of 1.2 ml/min, Fractions of 1.2 ml
were collected, dried in an oven at 13000 and counted for

radiocactivity.

[3HIPalmitate Labeling of Virus

’

. *
Monolayers of L cells in 100 mm plates were infected separately

with. Indiand, Cocal or tsyl virus at an m.0.i. of 10 at 32°C for 1 he o
After adsorptlon{ MEM containing 2" dFCS and [3h]palm;éate (25 UCl/ml)[}

,J
was added. -‘Sixteen hours post-infection the v1rus was harvested and

=

anélyzed;by SDS-10% polyacrylamide gel electrophoresis. The unfixed
| P . R =P .

“gel was fluorbgraphed'as described urfder Polyécrylamids§ce1

Electrophoresis -and expgsed to an X-ng film,

v T 8




In Vitro Protein Synthesis

(a) Isolation of -RNA from VSV Infected Cells !

. VSV specific RNA was prepared from cells infected either with
Indiana, Cocal, Hew Jersey or ts¥ virus és described (Toneguzzo and
Ghosh, 19754L L cells maintained in.suspensioﬁ culture at 1 x 107/ﬁ1
were infected at an m.o.i. of 30-50 for 1 h t§ enable virus adsorption.
After the adsorption period the cells were centrifuged at 5,000xg for_'
10 min and suspended in Joklik HEM containing 2% NBCS and actinomyein D
at a concentration of 2 LE/m) and a cell density of 1 x 106 cells/ml.
At 4.5 h post-infection the flask containiné the cells‘were cooled in
an ice bath along with addition of frozen MEM for 10 min. The cells
were then centriTuged in pre-coocled hottles at S.OOOXg for 10 min‘at
0°C and washed 3 timeés with Qashing buffer (35 mM Tris—HC1, pH 7.5, 146
mM NaCl). The péllet was suspended En 2 volumes of swelling buffer (10 °
mM Hepes-liaOH, pH 7.6, 15 mit KC1, 1.5 mM magnesium acetate, &m

2-mercaptoethanocl) and the tube containing the cells E}s placed_on ice

‘for 10 min. The swollen cells were lysed using a 15 q}”@laqs Dounce

, - -
homogenizer placed in an ice ?Qckét. Twenty-five strokes of

4

. homogenizer withffiverstrokes at a time with a gap of two min were

generally sufficient to bring about the lysis of more than 80% of the<_ﬁ_,)

cells, The homogenate was collected in a Pyrex %; Corex, tube and

. - ! . Q -+
centrifuged at H,OOOxg‘Fér 10 min at 0°C. The S-4 extract was made
0.5% with respectﬁﬁo SDS and an equal volume of mRNA extraction buffer
was added (50 mM Tris-HC1, pH 9.48,_ 100 mM NaCl, 0,1 % SDS, 6 mM

N —
2-mercaptcethanql). The RHA S extracted with an equal volume of

s M
chI&;gform and phenol (saturated wilth the mRNA extraction buffer) (1:1,
- S .
ﬂg; - . A _— .
\,-‘,.\‘ ‘ . . A v % : o
. -t - ~ [ - '

= ﬁ\\
1 - ‘ ) \
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v/iv), was added and the tube covered with teflon tapg and shaken by -
several inversions. Thé tugg/ias then cen@riﬁuged at 7,500xg for 10

min at QOC. The aqueous phase was re-extracted with 1/2 the voluﬁe of
chloroform-phenoi (1:1, v/v) and the chloroform-ph&nol phase was
réextraéted with 1/2 volume.Pf thé mRNA extraction buffer. The

combined aqueous phases were ‘made 0.4 M with respect to LiCl and the

RNA was precipitated with 2.5 volumes of 95%.ethanol/at —EOOC overnight

e M

or -SOOC for 3. h. The precipitate was collected by bentrifugation at

10,000 rpm fbr 30 min and washed with 70% ethanol. Th¥ final RNA

[l

pellet was dried in a desiccator under vacuum and dissolved in 200 ul °
of sterile distilled water and stoq@d in aliquots at -90°C after
g
freezing in liquid NE'
. - .

(b) Preparation ofeCell Free Wheat Germ Ribosomal Extradpt

Wheat gernf extract was prepared according to Roﬁerts and
- ¢

Patterson (1973). Five to 10 g of unprocessed wheat germ stored in a
desipcatoi at 4°¢ was mixed along with an.equal weight of ;rushed
Pasteur-pip%tte tips and ground in a chilled mortar ;ontaining 25 to 30
nﬁ grinding %%$fer {20 mM Hepes-NaOH, pH 7.2, 100 mM potassium acetate,
1lmH magnesium dcetate, 2\mﬁ CaCl2 ana 6 mM 2-mercaptoethanol) for 30
sec with a pestle, after which 10 ml of the grinding buffei Wwas added

and grinding was carried out for a further 30 sec. The ground wﬁgat

-

germ was then passed through 4 layers of autoclaved cheese cloth to

remove the gl§§§ and any germ debris: The extract was coflected in a

cehtrifuged at-30,000xg for 10 min at 4°C. The resulting S£30

supernatant was carefully ﬁemévéd avoiding the pellet and th

- \\ o

™

b} " "’/“. ’ ’ .

LY



<depended on the batch and dlfferent serotype. Far most purposes 504£
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surface layer. The S-30 was then passed through a Sephagex G-25
(coarse) column equilibrated with 20 mM Hepes-NaOH, pH 7.6, 120 mM

potassium aéetaté, 5 mM magnesium acetate and 6 mM 2-mercaptoethanol.
The column was eluted with the equilibratinitziﬁgé? aﬁd the fractioqs
having the highest A were pooled/;;d red in 200 ui aliquots in
3560 nm . . \‘4% >
liquNz. - , ? e

(c) In Vitro Translation of mRNA

The translation of either Cocal or New Jersey viral Eﬁﬁ was \H/q
carried out in a reaction mixture céntaining 20 mM Hepes}NaOH, pH 7.0,

1 .mM DTT, 90 mM pathssium acetate, 2.5 to 3.5 mM magnesium acetaﬁe,
1S

4

1 mi ATP, 0.02 mM GTP, 10 mM creatine phosphatey wreatine klnase

per ml, 100 M spermine, 0. 025 m. of each of 19 unlabeled amino acids,
»

200 uCi of [3H]am1no acid or 200 uCi [3SSIMEthioniné per ml and 500 »1

of the wheat embryo extract per ml. The amoUgE of tdtal RNA added

#e

£
100 pz of .RNA per ml was usually found to be optimal for translatlon.
After 1ncubat10n at 27°¢ for 90 min, anguots were analyzed for hot
TCA-insoluble radicactivity as descrlbed by Ghosh and Ghosh (1972)
Automated NH Termlnal Sequence Analysis of Proteins ) b
(a) Isolatlon of Labeled Proteins ) L
Lab;led virus specific proteins gzlher from the iﬁ XiEEénff

B - '_'
translation reaction mixture or from infected cell extracts were

exposed to an XAR-5 X—ray film at 4°C. The autoradlbgrvﬂ is then uged



K‘ : | 66

R

3

isolation of [“H]-labeled proteins, [3SS]methidnine labeled saﬁples

N
. . f s ALY - - C s
processed under identical conditions were separated -in adjoining lanes,

'\_Euus enabling the excision of the unvisualized bands of interest, by

N

extrapolating the‘excigion of bands visualizéd in the [BSS]methioning
lanes into the lanes ‘containing the corresponding [3H]ami?q acid
labeled band. The gel slices were washed with sterile deionized water
and blaced in a sterile cappéd.S ml plastic tube containing 10 mM
Tris-HC1, pH 8.8, 0.01% SDS, 1 mM 2-mercaptoethanol and BSA as a
carrier at 1 mg/ml. The spaée Between ﬁhe tube. and the cap was sealed
with parafilm and left for constant shaking at room temperature for
15~18 h. The eluaée was then passed throﬁgh a syfinge plugged with
siliconized glass wool and dialyzed in spectropore dialysis membrane
(pretreate& to remove sulphur) against 1000 volumes of sterile water at
4°C for 24 h with at least two changes of the sterile wager. The
dialyzed protein was lyophilized aq@’s&EﬁEﬁa;d in 0,5-0.7 ml of sterile
water containing 2 mg of salt free lysozyme. A smal} aliquot was

[ ] »
tested for purity by electrophoresis and if found to contain other

bands such.és M or N to an extent greater than 5% the entire sample was

'
»
4

reprocessed as described above starting from separation by . .

polyaecrylamide gel él¢e trophoresis.

(b) Automated{Edman Degradation
. The purified protein was subjected to'automate Edman-
degradatlon in a Beckman B90C sequencer with a cold rap mod;iifatlon

The Ho Becknan 0.1 M Quadrol program (ﬂo. 345801) which excludes
FTTed P

nltrogen delivery to the fractilon collector daa. the steps in which
it is under vacuum wés employed. po- g&
. -’ ~ . '\'h-
- L// . .
ber .3



Samples were applied to a spinning cup and subjected to the
Beckman sample application subroutine program number 345871 for drying

4
the protein in the form of a film on the inner surface of the cup. In

some cases the cyp was coated with 3-5 mg of polybrene along with
100 rmol of glyeylglycine in water and 5}ecycled for three complete
degradabion cycles prior&&? addition of the sample to facilitate the

retention of the akotein to the cup and hemge minimize losses

(Hunkapiller and Hood, 1978). Each of the protein sequencing runs was

" preceded by a complete cycle with EE; PITC delivery shut off.

In case' of radioac&&ve samples, 50% of each fraction in the
form of'anilinothiozoliﬁonés (ATi} was transferred to mini
scintillation vials, the contents drIed 1n an oven at 80 C, dlssolved
in dloxane and the radicactivity determined by counting in an aqueous
counting sgintillaqt such as Aquasol. ‘

For identifigation of the amino acid derivatives arising from
lysozymé,‘Fhe femaining 50% of each fraction was dried under hitrogen
and converted tq phenylthiohydappoin (PTH) derivatives byvany of the

known methods, i ’ &

- The st commonly used method ijfllved tréfatment of the ATZ
derivative with 0.2 ml of 25% trlfluoroacetlc acid containing 1 ul of
ethanethlol/m{bfor 10 mig,ab-BO C (Kotwal et al., 1983), after thch_
the sample was drled u&gg; nitrogen and suspended in HPLC grade
methanol and identified by HPLC.V' Fifty nmol of the PTH-derivative
rleucine per 50 11 Of'metﬁanol was added to each sample prior'to HPLC

r . i
separatiol to serVe as an internal control to monltor the retention

tljjjand the yield of thi/UnkﬂOﬂﬂfaman acid. ) (ﬂ//’“"

N
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(c) Analysis of the PTH Amino Acid Derivatives

-

The Altex model 322 HPLC system used for the separation of PTH

amino acid con51sts of two model 110A pumps, a model 421 microprocessor

controller and an Ultrasphere octadecyltrimethyl oxysilane C-18 column

ha?ntainéd at NSOC in a chamber of Varian aerograph series 1500 An

LKB fraction  collector (7,000 series), 254 nm Altex detector and #
Altex C-K1A integraﬁor also formed a part of the system. The column
was washed“éeveral times in 70 % (v/v;‘methanol in degﬁséds deionizeé
sterile glass distilled water which had beeny filtered throﬁgh a
Millipore HAWP (0.45 nm) filter -and gradualiy equilibrated ;ith

. soiution A (4,25 mM sodium acetate, pH 5.05, containing 5% THF? by a
'graﬁient washing., Twenty 1l of the sample was'loaded_onto'the columh
and the column Qas eluted with é linéar géadient of 40 % solution B
(10% THF in acetonitrile).for 20 min followed by isocratic elutionlwith

40% B for a further 20 min iSbmack, 1980). MNonradioactive PTH amino

acids were quantitated with the integrator u;ing;the'normalization

* moge.
~ In case of sqmﬁleﬁ'contai@ing a mixture of a protein labeled
with more than two different tBH]amino acids th&;entire sequencer
frab%ip;s were converged to PTH-derivatives' separated on HPLC aloné
with gorresponding standard.PTH-derivétives and the HPLC fractions were
countéd for radioact}uity to determine which of the 1abe£ed amino acid

P was present in the 9f;le.

Bolyacrylamlde Gel Electrophoresis (Slab Gels)

SDS—polyacrylamlde slab gel electrophore51s was oerformed as

desfiibed by L%meii (1970). Two glass plates, one notchgd. and one

v

_/\ ’ } ) : -—
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- 'Wwith dlstllled wateF&. The gel was left to polymerize at raom <
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H20 left to air dryeand wiped with 95% ethyl alcohol.' Plastic spacéfs .
(1.5 mm thick) were placed along two sides of the unnotched plate, the

second plate was then placed on top, and the two plates were held

. R
together by clamps. The separating gel was-madeas follows: for MO ml

i

of 10% polyacrylamide separatlng gels the following ingredients were
mixed in a Buchner side arm flaski 16 ml H20. 10 ml.separating gel
buffer 4x (182 g Trié-base. H20 56 1 L, pH adjusted to 8.8 with HCl).
13.3 ml acrylamlde ~-bisacrylamide solution (30 14 acrylamlde, 0.4 g
blsgcrylamlde, H20 to 100 ml, filtered), 0.4 ml 10% SDS, 0.4 ml 109
glycerol aﬁa 0.0 ml TEMED. The solution was degaéed 0.3 ml 10“
ammonlum persulfate was added and 5 ml of the mixture with 30 1 TEMED

was poured and served d5 a plug after it solidified., The remalnlng 35

ml was poured between the plates up to 5 om from the top and layered

1 ‘ .

"temperature for approximately 30 min. . During thls time a 5%

“’polchrylamide stacking gel wgs made from the fbllowing ingredients:

11.6 ml H,0, 5 ml stacking gel buffer 4x (61 g Tris base, H,0 1L,

pH adjusted to 6.8 with HCl), 3.8 ml of a 30% acrylamide solution

containin‘;o.uz bisacrylamidﬁ, 0.2 mi 10% 3PS, 0.1 ml 10% Elycersl,
' . | , : Ay
0.015 ml' TEMED, and degased. After the separating éél’ﬁéd polymerized
J . .

QQE caviQ{)was cleaned ?fizfﬁeparating gé% 6ver1$y buffer (10 ml
Separating.éel buffer #xy 4 ml 10% sbs, ‘0.4 mB’TO% Elycerol, 30 mt

H2Q). The overlay buffer Was completely rem Ged fro;HE._ surfabe’ of

the gel before pourlng the stacklng gel. hen, 0.125 ml of'10% (r/,/’

‘ﬂ*‘ﬁhﬁ . o - o
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ammonium persulfate was added to the degased stacking gel mixture and

the solution was poured on top of-the separating gel. A comb was

insefted from the top and pushed down until the top of the teeth were
¢

4

at the top of the notched plate, After’' 15 min polymerization at room .
4

temperatifg, the comb wad removed and the wells were washed with
; :

stacking gel overlay buffer (10 ml stacking gel buffer 8x, 0.4 ml 10%

3DS5, 0.2 ml 10% glycerol, 30 mlAHZO). The gel was clamped onto the
14
electrophoresis apparatus'wiﬁ¥ the notched plate facapg £he apparatus.
| - .
The bottom reservoir ‘was filled with reservoir, buffer (3.02 g Tris

 base, 14.4 g glycine, 1 g SDS, H.O to 1 L). To avoid leakage of the

2
upper reservoir buffer, the spaca where the edge of the notched plate
made contact with the upper ;Lserv01r chamb;r was sealed with. 2» agar.

: Samples were dissolved in an equal yoiume of twice concentiated'
sample buffer [0.25 ml stacking gel buffer Lx, 60 mg SDS, 0.4 ﬁi 50%
glycerol, 0.25 ml HEO; 0.1 ml 2-mercaptoethanol and 10 QI of 0.29 -~
bromophenol blue (Laemmli,_jQTO)]. Thé wells were then filled wiéh the
samples and carefully overlayed with reservoir buffer. After filling
the upper chamber with resi[v01r buffer, an 1n1tlal voltage of 125

volts was applied untll the>samples had entered the Separating gel.

The voltage was then increased to 1?0 to 175 volts until the end of. the

electrophoresis (approximately.5 h).

Once the ele&trophoretic run was completed the gel was removed

‘from the plates and placed in %rtray of staining sclution (2.5 g

Coomassie brillfhng biue R250, 500 ml methanol, 100 ml glacial acetic

B
’

aciirﬁuqo ml H20). The "gel was Stained for i h at room -emperature w1th
Shakfﬁg.‘ Thé Staining solution was then remoVved "and replaced with

gy

(- -
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o, .
déstaining solution 61.5 ngzi’ifhanol. 0.6 L glacial acetic acid, 3.9
L H20). The destaining soluPthn was changed'after the first and second
hour @nd destaining was continued overnight. For detection of [3581 or
[THC] radloact1v1ty the destained gel Was placed onto a piece of
Whaxman #1 chqpmatography paper and dried using an Eltech Desiffns

drier. The dried gel was'exposed to Kodak XAR-5 film (Eastman Kodak

Company)} for low count gels and XRP-1 for high count gels.
! e

For detection‘;f [3H]-radioac£iVity the fluorographic methéd of
Bonner and Lasky (1974) was emﬁloyed. At.the end of the
electrophoretic run the gel was removed from the piates and the protein
was fixed by immersing the gel in destaining solution for at least i h.
The destalnlng solution was then removed and replaced by at least 20
gel volumes of dimethyl sSulfoxide {(DMS0). 1In ordeq_to remove the water

from the gel, it was shaken in DMSQ for 30 min. after which the

‘solution was replaced w1th fresh DMSO and the- washing was cbntlnued

another 30 m1n. The gel was 1mpregnated with PPO by immersion in at
least 4 gel volumes of 22.2% (w/v) PPO in DMSO for 3 h. The gel was
. \ * -

then washed exBensively with water and dried as described above. The

dried gel was exposed to Kodak XAR-5 or XRP=1 film at —70 C for an
\."‘\’ a

appropriat 1ength of time, . ‘ . -~
&I Staining of Polyacrylamide Gels- _ s

The procedure followed was essentiallngimilar té?the'one

described by VWray et. al. (1981). The gel after electrophoresis d;s
soaked in 50% reagent zrade methanol for at least 1 h and then soaked ~
in a freghly prepared solution 0.8 g AgNO3 in 4 ml or distilled water

&

was added dropwise to 21 Ml 0.362 NaOH plus 1.4 ml 14.8 M NH, OH with
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constant shaking. The volume was made _to 100 ml by adding 73 6 ml
dlstllled water over 15 min with constant agitation.. TJhe gel Wwas then
washed in deionized water for 5 min. It is then soaked in a solution
of 2.5 ml 1% citriec acid‘elns 0.25 ml of 38% formaldehyde in 500 ml
water until the bands appeared. The gel was then washed in water and

\‘\\placed in 50% methanol to stop staln development

=

Cellular Fractlonatlon of Infected Cells Labeled with
35

4

.

I S]Hethlonlne

Cells‘lnfected with ts wereflabeled with [3531methionine
(5 ucCi/ml) at 39 ¢ for 50 min (20 min pulse and 30 min chase) The ~
cells were harvested. washed twice with PBS. su5pended in 2 volUmes of
swelling buffer (10 nH Tris-HCLl, pH 9.0, 1 mM magnesium acetate, 15 M

KCLl and 6 nM 2-mercaptoeﬁhanol) and left on ice for 10 min and

"

dlsrupted in a Dounce homogenizer. The lysate was then centrifuged at
‘ !

H 000xg and the S-4 extract was layered onto a sucrose step gradlent of

L4

r’-“-_”;//gaqé’gacrose in swelllng buffer with 1.5 H sucrose above it and 0.5 M

sucrose on the top and centrlfuged in a swu1 at 100, OOOxg for' 1 h The

interface betieen the 2 u and 1.5 M sucrose layers was collected and

I

centrifuged at 150,000%g for 3 h. _The pellet from twé second_

- centrlj’gation consists of the membrane bound polysomes a

the fifst centrifuga&ron was the free polysomes. K‘portion of the 5-4

1 ' - )
was centrifuged in an Eﬁbendohf centrifuge (15, OOOf&) for 20 min. The

superntant is the S-15 fraction and the pellet termed’the P-15 fraction

~

¢ was suspended in the swelling buffer.” A11 the fractions were shspended

hd

in S0 my Tris-HCl, pH 8.0 by additﬁ;:lqgﬂgfsuitable-volume of 1.5 4

Tris-HCl, pH 8.5 and divided into t equal parts.To one aliquot,

{

) 4 S Q
' "..\_' .

NI

"

-

o
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TPCK-trypsin was added to give 50 ,g/ml. The other was left as a

" control. The samples were then incubated at 25 C for 30 min. After

incubation, 200 ug of H$@bean tryp51n inhibitor/ml of sblutlon Wwas
added and the virus specific proteins were 1mmunoprec1p1tated and
analyzed by SDS-10%‘polyacrylamide gel electrophoresis. The gel was
the fixed, fluorographed as described under Polyacryi ide Gel

Electrophore51s and/;xposed to an XaAR-5 £11m The bands corrcspondlng
\

to the G proteln and the N protein were then scanned. '

s
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RESULTS

Section 1: NH2-Tefmina1 Sequencing of Intracellular Glycoproteins and
» the In Vitro Synthesizea Unglycosylated Form of the Envélope

L Glycpproteins of‘Cocal énd New Jersey Serotype of VSV.

* The glycoprotéin molecules present on the surface of enveloped’
animal viruses play an important role in the.ppocess of infection,
pathogenicity, immunclogical response,.and rgP}icatﬁon of the virus
(Choppin -and Scheid, 1980). The antigenic determinants on the ;ingle‘
glycoprotein;‘G,.of V3V have been extensively studied to determine;ﬁhe
relatednéss of the dif erent serotypes of VSV (Kang and Prevec, 1970;
Cartwright and Brown, 19%2; Kelley et. al.,‘1972; Brown and Preyec,

' , 4
19783 Doel and Brown, 1978; Burge and Huang, 19?9; Rose and Gallione,

1983). Studies baséd on complement fixation and virus neutralization

P

showed that the Indiana serotype hds common envelope deterginants wfgh

-Cocal but not with the New Jebsey serotype (Cartwright and Brown,_

1972). Anaiysis of the Beptide patterns generated by proteolytic .

cleavage. of G protein derived from the three serotypes, showed the

. presence of some common peptideq in the G proteins from the

serolégicaliy relat;d Indiana and Cocal strains (Brown and Prevec,
1978). 1In cont;ast, the peptide patterns for G‘ﬁroteins from the
serologically -distinect iﬁdiana and New Jersey strains were totally
differgpt (Brown and Pre:EE:“T978; Doel and Brown, 1978; Burge and
Huang, 1979). When the REA‘S of Indiana, Cocal.and New Jersey viruses

were comﬁared by hybridization, very little sequence'homologﬁ was

observed (Repik et. al., 1974). Oligonucleotide fingerprint analysis

| of the RNAs of the different serotypes of VSV showed different patterns

-

74

¥
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.‘:\\inmembrane in a wheat garm ribosomal extract_and labeled with

o

75

“&ven for serologioally related - straips (Clewley et. al., 1977).

v The G protein of the VSV Ingiana serotype has been used as a

{

~model to :Eudx’membrane glphoprotein bioéenesis (Ghosh, 1980). In

vitro trapSlation of RNA isolated from cells infected with VSV in the

*absence of membran%gnesﬂlts in the synthe51s of an unglycosylated
Y . u
product (Gll contalnlng an NHa-terminal signal peptide of 16 amino

" agids, which. is absent from t'.he m&tur‘e glyoosylated G pr‘otem (Llngap’

pa et. al.,1978 Irving et. al.,1979 ). The presence of,a signal -

iR

peptide of 15 30 amino acids at the NH2—term1nus has been established

~

for a number of other membrane protelns and a large number of secretory

¥

proteins, (Blobel, 1980; Kreil, 1981). A comparison of the known signal

sequences ddd not show any conserved structur ie& for '

 interaction with SRP or ER membrane. The on ilarity in the known

. -

signal sequences is the presence of a high proportion of hydrophobic -
‘ , . .
amino acids. Thus in order to examine if the diffebent serotypes of

VSV, which, oontaln variable sizes of G proteln in their wvirions show

any homology, 3ize differences or differences . in hydrophobiclty ln

-

their NHa—bermlnal extensions it was decided to” obta{n a partlal amlno

- .

acid sequefice 5? the signal peptides of two serotypes of VSV and

compare them to the known sequence of VSV Indiana. This comparative

'

study was expected'to pnovide useful information on'the ndture of the

recognltion of the signal sequence by the 3RP and/or the ER membrane

and the approa%‘ utlined in Figupe 3 1. ) : ac

The unglyposylated form of G (referred to as G ) from the Cocal

and New Jersey serotypes ‘of VSV was synthesized in vitro in the absence

+

. -.'\-,' o .'s- .o . . ' ) . @

- ’ - . = “- - ) o // - '



76,

EXPERIMENTAL APPROACH

L CELLS
. Taﬁkxﬂﬁ
NJ  COCAL
L_ [
{___INFECTION |

PREPARATION OF S-%lEXTRACTS CELL EXTRACTS
. > |

\‘-

| EXTRACTION OF VIRAL RNA SLYCOPROTEIN(5)
WAEAT GERM  §-27 +
' OTHER VIRAL PROTEIHS
PILOT IN VITRO PROTEINS . : B

- SYNTRESIS

BULK SYNTHESIS ,
USING SINGLE/MULTILABELLED
AMINOACIDS '

POLYACRYLAMIDE GEL
»ELECTROPHORESIS AND ¢——-
- AUTORADIOGRAPHY -
_ 1 , .
EXCISION OF. THEZ G4/G BANDS

ISOLATION\fF PROTEN
'}’”“ : - -AUTOMATED SD™MAN DEGRADATIOM

ANILINOTHIAZOLINONE (ATZ)

COLD ATZl | MULT%LABELLED ATZ  SINGLE LABELLED ATZ

ICONVERSYON TO FTH DERIVATIVE! . >RADIOACTIVITY MEASURED

| "
|

’ . . . '!
IDENTIFICATION BY SEPARATION BY
HPLC © HPLC

Fie,3.1°



77

[355]methionine or a number of different [3H]amino acids. The

intracellular G protein was also labeled with identical radicactive
amino acids in V3V Cocal or New Jé;gey ingected L cells. The doubly
labe;ed G1 or G proteins were separated on a SDS-containing
polyacrylamide gel. Theiresults aré shown-in Figure 3.2.‘ The
intracellular G proteins of Indian3,/Cocal and New Jersey move with
different mébilitieswcorresponding to apparent molecular weights on SDS
gels of 69,000, 74,000 and 65,000 respectively. The in vitro
synthesizedl_G1 prétein from the three Serotypes showed appa#ent
molecular weights of 65,000, 70,000 and 61,000 respectively. This is
in agreement with ea;lier.reports of the molecular weights of the G
proteins (Brown and Prevec, 1978)

The 1solation of radioactive G1 and G proteins was accomplisged
by cutting out the. approprlate band from the gel and eluting the
protein with a buffer containing SDS, 2-mercaptoethanol and lysozyme or
B3A. The recoveries by this method were about 80% and thg eluted -
protein was more than 95$ipuré with no proteolysis (Figure 3.3). Lane
a represents the in vitro translation products of Ney Jersey RNA-and
-lane b is the elutgd G1 proteip r;run to check its purity. N and M
'brotein bands were present to an exteng of less than 5% (lane b). This
does not affect the sequencing because the NHa-terminus of these
proteins is blocked based on their inability to be sequenced.

Lysozyme at 2 mg/ml was incubated in the elution buffer to prevent

'Protein loss and to serve as an internal nonradioactive control
4

during the sequencing. BSA was found to ‘be a more efficient carrier as

it was not dialyzed from dialysis bags which had a molecular weight cut



Fig. 3.2 Autoradiogram of a SDS-10% poly;crylamide gel showing
the separatibé of [BSS]meéﬁionine—labeled proteins synthesizeé
in an‘gg vitro translation system and in L cells infected
separately w;th the serotypes.'Lanes a, ¢ and e represent intr-
acellularly synthesized proteins of VSV Indian;, Cocal and New
Jersey;respectively. Lanes b, d and f represent in vitro synthe-
ized proteins of VSV Indiana, Cocal and New Jersey,respectivély
The unglycosylated form of the glycoprotein of VSV obtained in

an in vitro translation system has been termed Gl

-
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Fig.3.3 Autoradiopram of a SDS-10% polyacryl¥mide gel showing
the separation of the G] vrotein isolated from unfixed SDS-10%

: %
polyacrylamide mel. The Gj.protein isolated by the procedure

§
described in the methods was analysed along with the [35S])meth-
ionine~labeled proteins synthesized in an in vitro translation
system. Lane a shows the in vitro translation products of New

Jersey mRNA. Lane b shows the [3°S)methionine-labeled New Jersey

G1 protein.

P
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-off of 15,000. Also, it did not form a cloudy suspension in the buffer

¢

as does the 1ysoz¥me. When BSA was used as a carrier, 2 mg of lysozyme
was added Just before loading the protein on to the sequencer cup as an
intermal standard. The inelusion of a reduc;ng agent_f;cilitated
reccveries while the SDS insured Fhat:no protgin losses due to binding
ﬁo glass occurred. The final product that was subjected to sequence
analysis contained approximately 1-2 mg of SDS. SDS has no adverse
effect on sequencing reactions, and in fact, aids in the ﬁetentién of
nonpolar peptides or regions in the protein (Bailey et. él;’ 1977).
Other methods sucﬁ as electroﬁhoretic elution or crushing of the gel ',
pieces and eluting iﬁto a buffer were also tried but the recovery was
poor and the product was less puré. Recovery of proteins from the gel

was greatly enhanced if the gel was unfixed and not dried\pr#hr.éo

autoradiegraphy. =]

"Automated Edman Degradation and Analysis of the

Internal Standard

The method for obtaining protein sequenﬁes developed by Edman
involves the reactions shown in Figure 3.4. The first reac¢tion
involves the coupling of phenylisothiocyanate (PITC) to the free
NH2~terminalcx—amino group of the proteins at 50- 55 C at pH 9 0- 9 5 to

form a phenylthigcarbamyl derivative. The derivatized amino acid is

‘then released from the proteip chain by c¢cleavage under anhydrous acidic

conditibns in the form of a 2-anilino-S5-thiazolinone (ATZ) derivative.
The ATZ derivative is extracted with butylchloride and then converted

to the stable phenylthiohyﬂantoin (PTH) derivative and identified by

i

HPLC. The peptide lacking one HH,-terminal amino acid residue is then
‘ 8



—

o
{a) COURLING
PH9.0-9.5

50

o

I{/
\

{b} CLEAVAGE
ANHYDROUS
ACID ~

{c) CONVERSION
AJULLUS ACID

" Figure 3. Y Three Stage Edman De

{ 82
R, O Ry 0O H;0
LN 11 o L
_ a*NHCHC — NHCHC —— NHCHC —
l. .. T ~
o e ")- ‘_- =
@fNr ‘_C_'.‘S-' Peptide
J PITC
e
N 20 - RO
_ ~ N/ — NHCHE — NmeHE —
NH c .
: \ S -
o —-NHC=s5 . ' :
) ; PTC—Peptide
t i
- -
]
: R, 0 R,0
Ry S a 177
_/CH\ 5 NH,;CHC ~— NHCHC ~—
. : Z - )
N i
N\ / Peptide minus one residue
. @-NHC—S
g .
ATZ
g -
CH
o7 '\
J ¢ NH
'\N c/
@™ 70
PTH
‘.

gradation {reproduced from thea Beckman
890C Sequencer manual) :

.

ONLY- COPY AVAILABLE.
SEWLE COPIE DISPONIBLE



83

>

subjected to the same cycle starting with PITC. Thus the sequence in
which the amino acids are present in the protein is the same as the
order in which they are released as PTH-derivatives.

The automation developed for sequence determination based on

- the foregoing reactions, has through technological advancements made

sequence determination of trace amounts possible (Hunkapiller and Hood,
19f8). The latest advances using a gas phase sequencer have made it
possible to sequence proteinsiavailable only in the subpicomole to
picomole range (Each, 1984),

The sequencing work reported here was performed on a Bﬁckman
B30C sequencer equipped with a cold trap modification. The degradation
was carried out using é 0.1M Quadrol program emplo&ing.a combined
benzene ethyl acetate wash (Brauer et. al., 1975).

In order to examine the efficiency and accuracy of the‘Beckman
seéquencer, lysozyme‘a protein of knﬁwn sequence was degraded along with
the radiolabeled prqtein and selective cycles were examined by HPLC. A

-y
prerequisite for obtaining sequence information is the accurate

" identification of the PTH-amino acid. Until recently, the commen

methods of identification were TLC, GC and amino acid back hydrolysis
(Croft, 1980). But lately, the method of choice for PTH analysis has
been HPLC. This method offers a rapid, non-destructife«repbcducible,
quantitative, and extremely sensitive means of detecting all PTH
derivatives in a single analysis. In the'cases, where UV absorbing -
impurities arising from the Edman degradation are low the sensitivity

is in the subp;comon range. A fhrge number of reversed phase HPLC

systems dedicated to PTH-amino acid analysis have been described. All

B
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of these utilize a number of reversed phase supports combined with

84

isocratic or g?adient elution and either achieving the conversion
manuélly or modifying the sequencer to automa;e the conversion
(Zimmerman et. al., 1977; Margolies and Brauer, 1978; Johnson et. al.,
1979; Henderson et. al., 1980; Somack, 1980; Tarr, 1981; Black and
éoon, 982; Hawke et. al., 1982).

The HPLC system used for the identifi;ation of PTH-aminoc acid
reported here is described in the Methods. A typieal separation °€/a

mixture of PTH amino acids is shown in Flgure 3.5. As seen from

figure, a good resolution is obtained with all PTH-derivatives with the
exception of the methionine/valine and the isoleucine/lysine
This can poée a probiem in identifying the fractiong of unkno
-proteins ha;ing these amino acids but does ﬁot ?f§g§;:%nalysis .
protein of knownwsequence‘used as an intermal conéfol for checking the
efficiency of sequencing of radiélabeled‘proteins. It islthus of
interegtbto add that recently a system has been developed to resolve
the two pairs using the two variables of pH and acetate concentration
(Hawke et. al., 1982),Ain'the gradient system.

A complete cycle in the absence of PITC (sham cycle) was
routinely performed for each protein sequenced in order to establish ._?.
the extent of protein loss. After the fractions were obtained, the.PTH
degivative of norleucine was included in each sample to serve as an
internal sténdard for quanﬁitative purposes to correct for injection )
variability and losses during conversion.

The HPLC analysis of the PTH amino acid derivatives of some of

the fractions obtained on degradation of 1.60 mg (116 nmol) of hen egg

.
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Fig. 3.5 HPLC analysis of PTH amino acids obtained from the conv-
ersion of the product(ATZ amino acid) of ‘automated Edman degradation

of hen egg white lysozyme.'Th6NTOD~panel shows a typical separation

of a mixture of standard PTH amipj acids, containing 1-2 nmol of

- each derivative, by HPLC as described in the Méthods section. Detec-
tion of the PTH amino acids was at 254nm . Tie variance(in min)
for the retention time from 12 separate injectiqné obtﬁined for
some of the commonlv used PTH standards Jg; Val,0,18; Pro,0.15;

+ Phe,0.33; Lys.0.33 and nleu,0.75. The results showm
are from the &egrﬁdation of 120 nmol of lvsozvme. The cyeles
analyzed are indicated by the number-at the top left hand corner
of each panel and amino-acids assigned.to the peaks are indicated
by a one letter code. The number next to.each peak is the reten-.

. tion time. PTH—nLgu was used as the internal standard inm all th

analyses of PTH amino acids.
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white salt free lysozyme is répresented in Figure- 3.5. The amino acids
identified in specific positions of the protein mntched.with the known
sequence of lysozyme (Canfield, 1963, 1965)._ The yields were .
calculated from the area df tne peaks ptovided by the integrator as
follows: |

Yield of unknown PTH-amiro acid (nmmol)

. Area of unknown PTH-amino acid

= x Amount of nleu .added (nmol)
Area of nleu

The percent yield was calculated as follows:

"

percent yield = Observed vield x 100

(recovery) - Expected yield

The yields for the lysozyme run are shown inzéhble.B.i.
) N’
The repetitive yields calculated as shown in Table 3.1 were Lys
(93%), Leu (97%) and Gly (97%). Repetitlve yleld is ‘an index of the

extent of meaningful sequence information that one can obtain. It is

indicative of'the-condltions of sequencing, e.g. purity of sequencer

chemicals, solvents and the vacuum in the cup, efficiency of

condensation of reagent'an& solvent vapours. Any malfunction

can greatly reduce the repetitive yleld which would mean that the

o
fea51bility of identification of fractions derived from amlno acids

further away from the NH2-term1nus will also be greatly reduced. For

instance 100 cycles can be identified wlth a repetitive yield of 99%

3

(Croft, 1980) An average of repetltivqulelds obtained from the

’
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TABLE 3.1

Calculation of repetitive yield (R.Y.) from the values of

88:

absolute yields of .amino acid derivatives of Lys , Gly and Leu using

Fig. 3.5 and the formula given below.

(5

R.Y. = (%)

1 ) . . e
VA

'x 100

ﬁ5= yield of a particular amino acid

_ L
B = yield of the same amino acid - in a subsequent position in the

skquenca
My = position

position

F
1

PTH amino
acid identified
Lys
Gly
Leu
:
- '/

or three podsitions

'

of the amino acid A in the sequence

of the amino acid B in(fﬁ? sequence
B -
Cyvecle Yield
No. - NB-NA (nro 1)
1y 12 60
13 (B) _ 24
4 (A") 12 37
16 (B') 26 e
T L
8 (A" . 9 . 29
17 (') .23

in the sequence.

B
A

24
60

.26
37
23
29

4t

R.Y.

92.93%

EI LI

97.44%

" R.Y. can also be determined from the slope of a plot of log % vyield

P

' against residue number when there are some amino acids in more than two

-

%



' glycine which is a carry okﬁf‘from cyecle 4. The presence of glycine in
. ' .

89

sequencing work described in this section was around 94% allowing for
én unambiguous identification of 30 residues and occasionally up to-uq
residueé in cases when the amount of material was adequatg and the riée
in baékground noise due to.gradual peptide cleavage under acidic
conditions of the feactionnﬁés minimal. For some unknown reason the._
yield of 1y$ine‘was always low in compar;son to other amino acids. .

fhe PTH converszoné were carried out in 1N agueous Hc;\}oll;;ed'
by extractions with ethyl acetate.  The ethyl acetate used in this
conversion proceduré does not extrapt PTH-derivatives of arginine, 'l\
histidiné and cysteic acid since the side chains of ‘the amino acid are
ionized. In such cases the aqueous phase must be examined. The
analysis of the aqdeous phase following conversion of cyﬁle 5 of

3

lysozyme shown in Figure 3.5 reveals the presence of arginine. There

is also a peak in cycle 5 corresponding to the retention time of

T

= -

the aqueous phase 1s indicative of the incomplete extraction with ethyl' »

T

acetate. ) o . . . Sy
Two other methods were examined to try to find a mor+ ;éliable

" BT

methiod for conversion of ATZ amino acid to its PTH-derivative. These -

g

Fves

included treatment of'the‘dry ATZ fractions with 1N metﬁanplic HCl1l for

~d R

10 minutes at 55°C (Horn and Bonner, 1977) and 25% TFA for 10 minutes

at 80°C. Thus, 5 mg' of lysozyme (350 nmol) was sequenced and the

- e

residue from each cycle was dried down under N2 at room temperature,
suspended in 150 M1 of methanol and split into "thrée 50 ul portions
into three different tubes and dried. .The dry ATZ-amino acid was then

converted to the PTH derivative with the different procedures

Y
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described above. ) . P

The HPLC analysrﬁ of the lysine residues recovered from cycles
1 and 13 by each of‘ the three procedures is shown in Figure 3.6. The
recovery (% yie%d) in ay }e 1 was 39.5%, 39% and 52% of the starting
meterial for aqeeous HC1, ethanelic HC1l and TFA respectively. In
y the recoverylyasd found to be 19%, 22% and 25% respectively.
Thus, the absolute ¥ yield qég_higher‘in both the cycles in the case.of
nversion. In addition, the background in cycie 13 was sligngiy

higher ueing a methanolic HCl convwdrsion. Beqause.of the higher

‘ recoveries,-lower background and ease of éenversion, TFA was‘used for

’ - s

- all-subsequent conversions.

Partial NHz-terminal Sequence Analysis of G1

and G from VSV Cocal and VSV New-Jersey {Concan)

The isolated G1 or G proteins of VSV Cocal or VSV New Jersey
labeled with ISSS]methionlne and a 31ngle [ H]amino acid in the case of -

G1 or a mixture of [ H]amlno acids in the case of G were sequenced

us1ng the procedure described in Materials and Methods. Generally, the
analyses were carried out for 20-26‘cycles f‘or'G1 and -for 15 c¢yeles for
the intracellular G. The amount of radiocactivity loaded depended on

.n}\' _ the approximate’ frequency of the particular amino acid in the G protein

v i .
) of VSV Indiana whgse composition was known (Capone, J. personal
communica;ion). It was not always poesiele to obtain a large enough
- -* count for isotopes with low specific ectivity despite scaliﬂé up. of the
. ' in giggé reaction several fole. But after cogcentration'of the isotope

" and optimization of the erotein synthes;zing system it was possible to

overcome this problem and obtain at least a 2-fold count difference



Fig. 3.6 Recovery of PTH-lysine using different methods of
conversion of the ATZ to the PTH-derivative. Shown here are

the HPLC scans of cycle 1 (a,c and e) and cycle 13 (b,d and e)

- from sequence degradation of hen-eég white lysozyme. The TFA

conversions are shown in a and b; methanolic HCI are shown in
: ; '

¢ and d; aqueous HCl conversions are shown in e and €.
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above background for fractions containing the ATZ-labeled amino acid.

Any run showing counts less than 2-fold was rejected and the wholé

procedure repeated.

The results obtained on sequencing the G1 and G of VSV Coeal

are shown in Figure 3.7 and those for VSV New Jersey are shown in
Figure 3.8. Radi&hctiﬁity above background seen in the figure as peaks
correspond. to the labeled amino acid positions in the protein

sequence: In Figure 3.7, the topmost panel . represents the analysis of

[3

-

H]leucine labeled protein with peaks in cycles-4,5,6,7,11 and 13.

v
This means that leucine is present in these positions in the portian of

the G1 prbtein shown below.

-

1 . 5 10 15 -
vsv Cocal'G1 NH, - - - Leu Leu Leu Leu - - — Ley - Leu = - = - .
20 25

-

The partial sequences of G1 and G proteins‘df Cocal gnd Néw‘
Jersey serotypes of VSV deduced in a siﬁilar way from Figurefig.T'and
3.8 respectively are sh?wn in Figure 3.9. .

- The identity ‘Between amino acids in-position 19, 21, 23 and 24
of G, and those in position 2, 4, 6, and 7 of the G of VSV Coeal

suggests the presence of a signal sequence of 17 amino acids in Gy a

peptide which is absent from the glycosylated G. For VSV New Jersey
the overlap between the amino acids present in positions 18, 26, 21 and

22 of G.| and positions 2, 4, 5 and 6 of G indicates the prasence of a

—

signal sequence of 16 amino acids for the G protein.



Fig. 3.7 Partial NH,-terminal sequence analygis of in vitro
synthesized form Gi protein and the G protein synthesized $n L
célls infected with VSV Cocal were labeled with [358]methionine

and with one other [BH]amino acid, isolated and subjected to
automated ﬁdman degradétion as described in Methods. The positions -

for Leu, Lys, Phe, Pro and Ile for G1 and Phe and Ile for G were

-derived from proteins labeled individually with respective [BH]ami-

no acids. The ATZ-derivatives were assayed directly for radicacti-
vity. A portion of each cytle.was analysed by HPLC to monitor

the degradation of the internal standard which ip this case was
lysozyme. The positions for Val,.Lys and Pro were derived from

a mixture of G proteins labeled individually with all these amino
acids. Analysis of the PTH-derivatives by MPLC was carried out

as descibed in the Methods. [353]methionine labeled G, and G were

1

included in each sample analy;ed except for G1 labeled with Lys

and Phe. ' ‘\}
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Fig. 3.8 Partial NHz—terminal sequence analfsis of Cl anc G from
VSV New Jersey, The labeled proteiné were analysed as described in
iig 3.7 for VSV Cocal . Assigaments for Leu -,Pro y Phe , Ile ., and
Val of Cl énd Ph2 and Tle of G were from individually labeled

proteins while the Val and Lys nositions of G were from a protein

labeled with both of these amine acids.
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A comparisén of the NHg—termiﬁal sequences of the 'G] protein
of the two serotypes with that of VSV Indiana G, (San/Juan)(Lingappa
et, al.,1978) as shown in Tgble 3.2 revealsfthat the overall hydropho-
bicity of the NHy~terminal extension of the three serotypes (HL 3.4-

‘ 3.6) is similar. The distribution of hydrophobia amino ;cids within
the signal region is uniform and except for the amino acid preceding
the cleavage site, a hydrophobic amino acid may be found in any position. -

A comparison of the NHZ—termiﬁal séquences for the G protein
of the two serotypes shows that there is considerable homology as far
as the six and seven amino acids compared with Indiana G protein. In
the positions compared, there was 100% homoloéy in casé of VSV Cocal
G protein and 83.3% in the case of VSV New Jersey. This is in contrast

to the 78.5% and 57% homology in the first 23 amino dcids.compared in

the respective cases.
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Section II. Biochemical Characterization of a Temperature Sensitive of
the Cocal Serotype of VSV Defective in Glycosylation.

The biosynﬁhesis of glycoproteins found in enveloped viruses such
as VSV is a complex proéess, involving intracellular transport of tﬁe
ﬁolecule and sequence specific post-translational modifications such as
glycosylation and fatty acid acylation. The post-translationég7
modifications occur in precise organelils of the ho;t cell such as the .
endﬁblasmlc reticulum and the Golgi (Robblns et. al., 1977; Ghosh,
1980 Bergeron et. al., 19813 Hagee. 16982}.

Temperature sensitive mutants corresponding to complementation
group (V) of VSV, (which includes the mutants with specific lesion(s)
'exclusivély in Lhe structural gene‘for'G) have been isclated from
chemically mutagenized stocks on Qhe basis of their ability to grow at.
the two temperétures of 31°C—320C-(permissive) and 39°¢ _ f
{nonpermissive ) ;Prgngle, 1970;\%§fay,.197ﬂ; Lodish and Ueisg, 1879).
The use of glycos;iétion defective mutants in elucidation bf the steps
involved in the biosynthesis of glyc;proteips and their use in the
study of post-traqglationai mopificafioﬁs'at d%fferent stages in
maturation of the,vir;l.glycoproteiq is well e;tablished (Knipe et.
gl;.-197é: Zilberstein et. al., 1980} Lodish et. al., 1981; Lodish and
Kong, 1983). 'Depending on the stage at which the glycoprotein movemént
is arrested inlinfected ce}ls, two classes of VSV Ipdiana mutan£$ have
been characterized. One class cohprisgs the mutants that are blocked
in the ER or in the pre-Golgi stage (e.g. tsol5, tsL513) at the
nonpermissive temperaturé. The other class of mutants e.g. tsL511

which are blocked in the post-Golgi stage, i.e, the class of mutants in

Y
LA
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which tpe G proteln transport from Golgi to plasma membrane is blocked

at the nonpermissive . temperature (Knipe et “al., 1977; Zilberstein

et. al., 1980 Lodish and Kong, 1983).

This:section deals with a temperature sea;ibgye (ts) mutant

. ’ v
obtained from mutagenesis of Coecal virus stocks,*tg;ﬁed tsY1 (Pringle

and Wunner, 19735, . S

L

Assay of Infectious Virus Particles ’ o %,- L5
- . “d

In order to establish the ts nature of the virus, infectivity

'i ) 'aesays were performed. The viral sébcks were suitably diluteg and the
titre of plaque forﬁing units'per ﬁl?of theég;cf stock gas-deterﬁined
for both the wild type and the mutant at the‘bermissive'132QQ) and
ndnpermissive (39°C)tEmeerature. The eesdlte summarized in Table 4, 1
reveal that in the case of tsy] plaqu1ng eff1c1ency, the ratio between
-the number-of plaques at 39 c and 32 C Wwas about 10 B as compared to.
0.75 in the case of the w1ld type.l Plaque size at 39° C was very small

e (approxlmately 0.5 mm) for the tsyl whilst wild type and- tsYl ‘

grown at‘32 C have a size about 2-3 mm.

Analysis of Virus Particles .- ,'t : ‘ fﬁfﬂ .ﬁ

MedlUm from [35S]meth10nine labeled cells infected with USV o 5 e

". ..~ Cocal Hlld type or tsYl at 32 C and 39 ‘C was clarifled by

centrifugation_at 3000 rpm for 10 mlnutes. Then equal volumes Were

layered on top of 'a ,cushion of 30% (w/v) sucrose in TNE buffer and the .
f[ < - « - c ‘ .
. tude centrlfuged at 40,000 rpm in a Beckman SW41 rotor for 2 hours. - co T

. ot Y ]
(h \) v Ihe pellets were suspended in equal volumes of THNE buffer and the\\_‘ﬂu
\.” - . . . 3 =
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?able 4.1

Assay of Infeccigity of wild type VSV Cocal and tsYL Viral Particles

Virus  Temperature PFU/ml Plaguing Efficicev
~of assav v : - a9 éc/ 32 °¢
__________________ ﬁL___-___ﬁ___,_u________~______;u_____,____________
- Wild type "32°c 2:1010 .
Cocal - . . 0.75
39°¢C 1.5x%1010
tsyL ~ 732°¢ 6 x 10°° -
: v 5 1.5x10™%
39°¢ 9 x 10 .

L cells were infectad with VSV Cocal wild tvpe or tsrl viruses at
either 32°C or 399, After adsorption at 32°¢C the cells were prown
o o . - .
v at 327C or 39°¢ and plagues nroduced wore counted ag dCSCflhed-in

Mdthods

(]

N
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TCA-precipitable radioactivity from an aliquot was measure?. Thé
radicactivity from the labeled virus preparationfis summarized in Table
4.2, In the case of ts‘r1-, the table indicates thato the number of virus
particles produced at the nompermissive ' temperature were about 30% of
those fcrﬁed at the permissive teﬁperature. There was also a 20%
reduction in the number of particles releaséd at 39°C in the case of
the wild type VSV Cocal as compared to 32°C.' Taking into account this
reduction in number of pa;ticles ip the wild type and correcting the
counts obtained at 3900 fqr tsY1, the number of tsy1l virus particles
produced at 39°C fas 35%; Equivalent fractions of the suspended

(%S Imethionine Iabeled viral pellets of tsy1 at 32°C and 39°C in NTE

3

buffer are mixed with [“HJuridine labeled Cocal virus released at 320C

and 39°C respectively. The viral suspension was analyzed on a 10-40%

sucrose density gradient and is shown in Figure 4,1, As seen from the

figure the wild type VSV Cocal and the mutant tsyl synthesized at 32°C

hive the same rate of sedimentation. However, at 39°C the tsYl particles

-

sedimented at a lower rate than the VSV Cocal virus released at

-

39°C; Thus, although there is about 659 reduction in the virus

particlés produced, there is more thaﬁ 99.9% reduction in infectivity.

At the nonpermissive.tempgratugéc therefore, a large proportion of the
mutant virus produced is wmwoninfectious., Apalysis of the .
EBSS]methioniqellabeled virus by SDS-gels (Figure 432) revealed five
proteins whose sizes corresponded to the viral proteins of Cocal and
ﬁsYI. INo protein of non viral origin was present, Tﬁe mobilities and

the relative proportions of L, N, NS and M were similar in all four

lanes to those of labeled virus. " The tsyi’G showed a slightly higher

- .
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Table 4.2

s 0 .
A comparison of the gﬁﬁeléd ~virus particles produced (expressed as
cpm/10ul of the viral suspension) on infection with VSV Cocal or tsyl

virus at the permissive and nonpermissive-temperatures

32 °¢ 39 % Reduction 32 °¢ 39 °C Reduction
() %)
cpm cpm
6.9 x 10 5.5 x 13% 20 " 5.6 x 10° 1.7 x 104 71

r




Fig. 4,1 Sucro:_:,e density-gradients of [3H]uridir'1c:-1:;beled
wild t'y_:;e VSV Cocal cen-trifup,ed at 2.3,000 pm in a SW&l rotor
for 1 h in the presence of [BSS]methionine—labelgd ts 1
produced at 329C (A) -and 39.'50C.(B) . The radioactivity
obtained bv dual label counting procedures is nl;::tted against

the fraction munber. The wild tyme VSV Cocal gradient profile

is shown by (<) and that of tsYl is shown by, (—).
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F%EJAQ.Z Autoradiogram of [35]methionine—labe1ed yiral proteins
released from virus infected cells and virus specific proteins
present in infeeCed cells. VSV Cocal and tsyl virus particles
released from cells labeled at 32 °c (lanes a and b) or at 39 °¢
(Lanes c and d) were purified through a 30% sucrose cushion by
centrifugation of the medium containing the released virus
particles at 40,000 rpm for 2 h and separated on a 5DS-10% poly-
acrylamide gel (lanes a and b) or a SDSLS-IZ.Si polyacrylamide gel
(lanes ¢ and d). Lares a and ¢ represent wild type VSV Cocal wviral
proteins of particles released at 32 °C and 39 °c respectively,

and lanes b and d represent tsYl proteins of particles released -
at 32 °c and 39 ¢ respectively. Lanes e-h represent virus- specific
proteins from*infected cells labeled 4 h post-infection in the
presence of [BSSJmeeﬁionine.for 1 h and analyzed on a SDS-5-12.5%
polyacrylamide gel. Lanes e aed g represent VSV Cocal proteins
synthesized in cells infecteq at 32 °C and 39 oq respectively,

Lanes f and h represent tsYl proteins synthesized in cells

infected at 32 °¢ and 39 %¢ respectiveiy. Lane i represents [3SS]met-

hionine labeled VSV Cocal proteins used as molecular welght markers.

N , 23

o~
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moblllty and its characterization by analysis in infected cells will be
dlscussed later. The other striking feqture is the absence of G in the
EsY1 virus particles released at the nonpermissive temperature {lane
d), which may explain the shift in the peak on the sucrose density
gradient (Figure 4.1).

. The role of G in infectivity is well established and the
significantly lowered'plaquing efficiency in the case of tsvy] at 39°C
may be attribﬁted to the deficiency of G in the mature virus particles.
The relative deficiency of the G protein in the tsyl virus at
39°C,is not due to dec;eased synthesis of G relative to the other

intracellular vir#l proteins. Thus, Figure 4.2 shows that the
[35

S]methion{ne labeled-virus specific proteins'synthesized in cells

infected with Cocal or tsy1l at 32°C and 39°C. Lanes ¢ and.g represent .

proteins of VSV Coeal at 32°C énd 39°CL No difference in the

mobilities of the proteins is obvious at the two temperatures. Lane f

represents tsyl specific proteins at 32°C. The G protein has a higher -

mobility than that of Cocal. Lane h shows the tsy] viral proteins
labeled at 39°¢. The G protein in this latter case has a higher
mobility than in the other three cases.

The extent of the differences in apparent molecular weights
between the G protelns of Coecal and tsy1l at 32 °c and 39 € was also

investigated by analyzing the [3 Simethionine-labeled G proteins

synthesized in the presence and in the absence of tunicamycin and in an

in vitro translation system. Cells infected with wild type VSV Coeal

and the mutant tsy1 virus were labeled with [3551methionine and the

virus encoded ‘proteins were immunoprecipitated using antiserum to VsV
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- Cocal proteins and analyzed on a 5-12.5% gradient polyacrylamide gel

(Figures 4.3, ianes:b~i). '

.The G protein syntﬁesizedrby wild type V3V Coc;l infected cells

at 32°C or 39°C had an apparent moleecular weight of 71,00Q. In

qontrast, the G protein_synthesized-by stT a£ 3200 and 39°C had - .
apparent molecular weights of 68,000 and 64,000, respectively. The
tsyt infected cells at 39°C also showed the presence of a minor amount
of protein if molecular weight 68,000 possibly as a result of
reversion of the mutation. "The decrease in molecular weights of the G
protein of the tSY1 at 32°% and_39oc suggested that either the
polypeptide was of a smaller gize_or fhat differences in the extent of
glycosylatioq had oceurred. The apparent molecuiar weights were

determined from ihe-calculated molecular weights of VSV Indiana

proteins.

-,
TWwo approaches were adopted to determine the molecular weights

of the unglycosylated proteins of Cocal and tsY1l. The first method was
to label infeéted cells in the présende of tunicamycin. This antibiotic
inhibits glycosylétion by preventing the transfer of oliéosaccharides
to the lipid intermediate dolichol phosphate (Takatsuki et. al., 15675),
Tunicamyein treatment does not affect the translocation of the G
protein to the endoplasmic reticulum membrane nor does it hinder the
efficient cleavage of the NH,-terminal extension by the signal
peptidase (Irving et. al., 1982), Thus the glycoprotein may be
visualized in its unglycosylated form devoid of'the NH2-termina1
extension after tunicamycin treatment. As shown in Figure 4.3, 1§£es

f-1 the proteins synthesized by both the mutant and the wild type at



Fig. 4.3. Autoradiogram of [355]methionine-1abeled virus specific
proteins synthesized by VSV Cocal wiid type or tsYl-infected cells.
A 8DS-5-12.5% polyacrylamide gel was used for the sep;ration. Lane
a represents VSV Indiana viral broteins labeled with.[355]methionine
as molecular weight markers. Lanes b and c, and d and e represent
broteins syAthesized in the absence of tunicamycin, by cells_
infected with wild type Cocal at 32 °¢ and 32 °C and with.mutant
£sYl at 32 °C and 39 °c, respectively. Lanes f and g, and h and i
'represent proteins synthesized in the preseace of tunicamycin
(hug/ml) by cells infected with VSV Cocal wild type at 32 °¢ and
39 °C and tsY1 at'32'°C and 39 0C, resﬁéctively.'Lanes‘j and k
contain in vitro translation producps—synthesized in a wheat germ
extract programmed with RNA_isolaﬁed from VSV Cocal wild type

‘and tsYl infected cells, respectively.
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32 C or 39 C 1n the‘presence of tun1camyc1n had the same molecular
weight of 64,000. This is the same molecular welght as the G protein_
of tsyl synthesizéd at 39 Cin the absence of tﬁnicamycin.. The
dlfferences in sizes detected in the absence of tunlcamycln are
possibly due to dlfferences in the extent of glycosylation and not . due
to a notlceable difference in the protein sizes.

| This was fufther'cgnfirmed by in vitro translation of RNA
isolated from cells infected with Cocal or tsyl u51ng a Wwheat germ
system. As shown in Flgure 4.3, lanes jandk, the molecular Wweight of .
Cocal and tsY1 protein corresponding to the glycoprotein region are the
same. Previous studies have shown that the in vitro translation- of VSV
G mANA results in the syﬁthesis of the unglycosylated trénslation

product, (Toneguzzo and Ghosh, 1979), which contains an extension of 16

amino acids at tﬁe NHE-terminus preseht in the mature forg}of the
glycoprotein (Lingappa ét. al.,l978; Irving et. al.,1979).  pe.
identical sizes of the unglycosylated forms of the G protein of VSV
Cocal wild type ana tsY1 indicates that the differences are not due to
a decreased size of the polypeptide. The other infereﬁce one can draw.
" is that the iﬁ_g}ﬁzg synthesized unglycosylated G propein shows a
lesser mobility than the unglycosylated protein synthesized in vivo in
the presence of tunicamycin (Figure 4.3, lanes f~1 and lanes Jandk)
indicatid@ that the NHéterminal extension is efficiently cleaved in the
wild type and in the mutant at both temperatures. It also indicates
thaF translocatlon to the endoplasmic rgticulum énd its cleavage there,
takes place efficiently (in both the mutant and wild type at 32°C and

o : T

39 C.
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In order to demonstrate the proper processing of the signal
peptide and to snew that the mutant G protefns poaSess the same
NH2-term1nal Sequence as the wild type glycoproteln, the partlal ’
NH2-term1nal sequences of tsyl G protelns synthe51zed in vivo at 32 C
and 39°C were’ determined u51ng [3H]phenylalan1ne labeled 1ntracellulaﬂ
'G proteins, Aa shown in Figure 4.4, the amino acid phenylalanine is
present in the 2nd and 6th p051t10n in tsyi G 1solated at 32 C and 39 C
and this is in agreement with. NHE—termlnalﬂeequence of the ..
intracellular G proteln of the wild-type VSV Coeal virus (Figure 4, 5)
Also when [ H]leuclne and [3SS]meth10n1ne labeled intracellular G of
tsyl at 32 °c and- 39 C was subgected to automated Edman deéradatlon no
counts were detected in ‘the first 20 cycles'again inqicating that the
signal sequence had been removee. Fdilure to achieve the cleavage,
would have yielded peaks in 1st position due to methionine,‘and in 4,
5, 6, 7, 11 and 13 positions due to leucine,

[BSS]Methlonln; labeled viral glycoprotelns of Cocal and tsy1

at 32 C were isolated and subjected to partial proteolysis using V8§

protease. The products analyzed on a S8DS-18% polyacrylamide gel are
‘ _ N

shown in Figure 4.6. The pattern is similar in both the cases,lanes b

.

and c¢. Thus the evidence presented so far 1nd1cates that the apparent

size differences in mobility are not a result of -differences in protein

sizes but a result of differedt extents of glycosylation. This has -

been confirmed by [3H] sugar-labeling and tryptic glycopeptide

1

analysis.
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Fig. 4.4 Partial NHz—tefminai sequence analysis of the mature
glycoprotein of tsY at 32 .°C and of the unglycosylated proteiﬁ
synthesized at 39 °C.-Intracellu1ar glycoproteins from tsVl
infected L cells labeled with [ S]methlonlne and [3H]pheny1alan1ne
were separated on a SDS-10% polyacrylamide gel, 1solated from an
unfixed wet gel,purified by dialysis and subjected to automated
sequence analysis as described in the Methods. A ﬁajor portion
of each o the fraction was aséayed for radioactivity and the
remalnlng portion of each cycle was analyzed by HPLC to monitor
the degradatlon of the internal standard lysozyme. The repetltlve

yields of the PTH amino acid derivatives were around 95%.



G 32°C

G 39°C
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Fig. 4.6 'Autoradiogram of a SDS-18% polyacrylamide gel showing the

separation of products of partial proteolysis obtained on EkFatment

3

of [ 5S]methionine-—labeled glycoproteins isolated from a SDS-10% poly-
A »

acrylamide gel with the enzyme v8 protease at 20 ug/ml as éescribed

by Clevéland et 31.(1977) andlbffMetzél and Reichmann (1981). Lanes
a, b and ¢ ;;;S;sgpt the gfoducts of partial proteolysis of the
glycopiote%P;\;E VSV‘Indiana, Cocal and tsYl, respectively. The )

bands in the lanes corresponding to VSV Cocal and tsYl glycoproteins

were scanned using the Joyce,Loébl microdensitometer and it was

found that the same number of bands were obtained in both the

cases and the extent of migration of the bands was similar.

e
ER
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P Lack of Glycosylation of tsy1 G Protein at Nonmpermissive

Temperature - -

oy

The oligosaécharide moiety of G p;otein contains glucosamine
and mannose residues present as a core with branched chains containing
the terminal sugars, galactose and sialic acid residues (Etchison et.
al., 1977). in the initial step of the glycosylation an en bloc
transfer of a high mannose residue and glucose containing
oligosaccharide from the dolichol 1lipid carrier.to asparagine residue
occurs (see Fig. 1.3} (Robbins EE;_EE;' 1977). In the subsequent steps
the mannose residues are trimmed ané terminal sugars are added in the

Golgl apparatus (Robbins et. al., 1977; Tabas and Kornfeld, 1979; Breéz

et. al., 1980).

——

Cells infepted with VSv Cocallwild type or tsy1 virus were

. ~

labeled with IBH]mannose at 320C or 39°C. Cocal G protein was labeled
at both the temperatures (Figure u.?f.lanes ¢ and e). In contrast,
tsY1 G protein produced at 32°C only contained mannose residues in the
oligosaccharide chain attached to the p}otein (Figure 4,7, lane E).

The absence of any.mannose labél in tsY1 G at 39°C (Figure 4.7, lane d)
suggests that at 39°C tsy1'G protein ié nét glycoé}lated. This wa;
furtﬁer confirmedrby labeling with [3Hngucosamine and [3H]galactose
(Figure 4.8), Both of these sugar residues were again absent in tsy1 ¢
at 39°C. The presence of—galactose in tsyl G at 32°C shows that at
3200 the processing of the core oligosaccharide and transfer of the
terminal sugars onto the G protein occurs in tsyl infeeted cells, 1In
addition, ﬁeuramiﬁidase diéestion of the G protein reduced the size of
tsyl G protein synthesized at 320C (M. Buller, unpublished résults).-

)



separated on a’ SDS-10% polyacrylamide ‘gel. Lane a, [

n A

Fig. 4.7 - Autoradiogram of ["H)mannose-labeled proteins from cells

infected with wild type VSV Cocal or tsYl virus at 32 °C or at 39 nC,
358]methioniﬁe—
labeled Cocal viral proteins; lanes b,c,d and e represent [BH]mannose

-labeled proteins synthesized by cells infected. with tsYl at™32 0C,

VSV Cocal at 32 oC, ts¥l at 39 °C and VSV Cocal at 39 OC, respectively.



.Fig. 4.8 Aﬁtoradiogram of [3H]g1ucosamine and [3H]gdlactose_labeied
ts¥] and Cocal viral proteins along with Cocal [3SS]methionine-
labeled viral proteins and separated on a SDS—S—li.szg£;Aient\
polyacrylamide gel. Lanes b—e,:rgpresent intracellularly synthesized
proteins in the presence of [3H}g1ucosamine, lane b,on infection with
VSV Cocal wild type at 32 OC; lane-c, on infection with_VSV Cocal
wild type at 39 °c , lane d, tsYl at 32 °C and lane e, tsYl at 39 06.

Lanes f~i represent proteins labeled in the presence of [3H]ga1actose

in the same order.
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Removal of sialic acid in the G protein has been shown to lower the
viral infectivity almost a 1,000-fold (Schlomer and Wagner,‘1975) and
if tsyl G at 32% was devoid of sialic acid it would not reach
infectivity tltres close to wild type as well as VSV Indlana.

It appears, thérefore, that the G protein synthesized at the
nonpermissive tempe}ature by tsY1 infectéd cells lacks any glycosyl
're51dues. This also explains the observatlon that the [3SS]meth10n1ne
1abe1ed G synthesized at 39 C has the same mobility in a gradlent gel
(Figure 4.3) as that synthesized in cells infected with Cocal at either
32 C or 39 C 1n the presence of tun1camyc1n.

tsyl G Proteln Synthesized at Permissive Temperature

‘Contains One Oligosaccharide Moiety

In order to confirm the above suggestion about the number of”

glycosylatlon sites present on the G protein of tsYl virus relea

_:-0

at 32° C.in comparison to the wild type VSV Cocal G protein, tryptic

" glycopeptide analysis wasg carried out. Since the number of oligo—
saccharide chains attached to the wild type VSV Cocal G protein

was unknown, the G protein of VSVlIndiana was used as a control.

for this study. [3H]Mannose labeled viral glycoprqteins‘of the

three viruses were isoléted, purifie; and digested with trypsin

as described in the Methods. The tryptic peptide:analysis was first
carried out by.; two dimensional separation consisting of electropho-
resis followed by chromatography. As seen in the figure 4.9, the left

hand side panel corresponding to the [BH]mannose labeled glycopeptides

of VSV Cocal shows 2 spots that form a doublet and the right hand side

panel shows 4. This result was inconclusive and therefore HPLC was used.

o

Foa



Fig. 4.9 Autoradiogram showing the separation of [3H]mannose-1abeled
tryptic peptides of the glycoproteins of VSV Coecal and Indiana on a
20x20 cm polygram SIL-N-HR silica gel chromatography sheet (Brinkman)
The isolated glycoproteins were treated with trypsin in a bﬁff;}
containing 50 mM ammonium bicarbonaté, 1 mM CaCl2 and 50 ug trypsin
per ml for 6 h and then spotted on the.sheet at the origin marked
'0'. Electrophoresis was carried out in the first dimension as
indicated at 130 V for 24 h using p&ri&ine, acetic acid, water
(1:10:100;v/v/v) and then dried. The dry chromatogram was cut into
two halves and gach half was chromatographed for 3 h in a tank
containing n-butanol, pyridine, gcetic acid, water (5:4:l:§;v/v/v]v)
in the second dimension as shown by the arrow. After drying the
chromatogram, the two halves were put together as before and

sprayed evenly with NEN Enhance and exposed to XAR-5 film for

4
about two weeks.






[\
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¢
- Fig.4.10 Photograph showing the separation of [3H]mannoseflabeled

tryptic peptides of the glydoproteins' of VSV Indiana, Cocal and
tsYl. Labeled glycoproteins were isolated from unfixed wet gels
and trypsinized, as aescribed in the Methods section. The sample
was then lyophilised and suspended in 5.25 mM sodium acetate,

pH 5.05 and loaded on the HPLC_column and eluted using §olution
A (5.25 mM sodium acetate, pH 5.05 with 5% THF in water) ;t 1007
and gradually increésing the proportion-of solutioﬁ B (10% THF
in.écetonitrile) to 100%. The fractions containing the peptides
eluted during a 60 min period were dried aqﬁ analyzed for radio-
activity and the plots are shown in the figureé. The left panel
sﬁows glycopeptides obtained from VSV Indiana G protein, the
middiempaﬁel shows glycopeptides“from VSV Cocal wild type G
protein and the right panel. shows the giycopeptides obtained
from tsYl. Long arrows indicate the major peaks and the arrow

heads indicate the minor peaks.
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There are several advantages with the use of HPLC. The separation is
'fast, quantitative and highly sensitive. Different solvent systems

were tried but the one.that gave the best separatlon with a 90%

: recovery in the major peaks was psed An analysis of VSV Indiana G e

protein showed the presence of two major glycopeptide peaks (Figure.

4.10, left panel) and a number of minor peakKs. This patte is very

similar to the earlier obseratfon (Robertson et. al., 1976) suggesting

that VSV Indiana has two glycosylat;on sites, Czbh

showed 2 glycopeptides but with a different eluti pattern (Figure

4.10, middle panel). It was found that Cocal G resiste trypsin

2+

digestion, and even after inereasing the concentrqe;on f Ca to

10 mM, there was Stlll a minor peak correspondl o the undigested G

protein. The elution proflle was reproducible fand the shlft between the

»

different 1n3ect10n was less than 1 fractions The tsY1 G protein

synthesized at 32°C showed tha presence of (a siﬁgle [3H]mannose

containing peptide (Figure 4.10,'rightApane15. urthermore, the

Localization of'G of tsy1 at'3 C

The G protein'%ynthesized in cells infected with-tempere;ure‘

o

-sensitive mutants of VSV Indiana belonging to group(V) is defective in

its pathway from ER to Golgl to plasma membrane. tlutants such as

[

tsOHS tsL513 and tsM601 show wlld type characterlstlcs at the

permissive temperature. At the nonpermissive temperature the tranSport

of the glycoprotein is blocked at the stage of transport from the ER to
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Golgi as judged from the Endo H seasitivity_at chase times at which the
Qild Lype sﬁows Endo H resistance (Zilberstein EE% al., 1980). The G -
protein of these mutants is nermally glycosylated in the ER wigh 2, °* T
Asn-linked Gle3 Man9 G1NAc, oligosaccharides. T%e very firat
oligosaecharide processing reactions, whicﬁ are localized in the rough
ER involve removal of the glucose and eossibly one of the mannose
residues (Grinna and Robbina 1979). A1l subsequent Gqﬁgl-medlated

carbohydrate proc2551ng reactions are effectively blocked and the G 1s

localized in the ER tespite belng glycosylated

i

In bherﬁresence of tunlcamyc1n (2 Ug/ml) there is complete
inhibitlenﬂbf\glifzaylatlon in VSV infected L cells. However, the
unglycosylaeed G is inserted into t;e endoplasmic retlculum membrane

. efflg‘ently and its signal sequence is cleaved but~1ts transport o of
the ER is blocked (Morrison et. al., 1978"Irv1ng et. al., 1982).

Thu$ it would seem that the unglycosylated G protemn of tsYl

.

synthe51zed 1n‘1nfected cells at the nonperm1551ve temperature (39 C)
should behave 51m11arly to the G synthesized in tunlcamyc1n treated

- cells. As shown earlier its insertion and efficient cleavage of its
signal peptide is ev1dent from the Nﬂa—termlnal sequence ef the G

«
synthesized in infected gells at 39 C. Having reached the ER its

, ' -
further transport from éR should be similar to the unglycosylated G in
tunicamycin treated cells i.e. it remains localized in the ER. Th&s

expectataon is further reinforced by the fact that despite further

//proce551nr the G of VSU Indiana mutants is also bloeked in the_ER. v

In order to confirm the ev1dence auggestlng that G of tsYl b

synthesize(~at 39°C is localized in the endoplasmic Teticulum membrane
- ~ .

% | -
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with [ SImethidhine for 20 minutes and chased for 30 minutes,

hou § post—infection was carried out as outlined in Figure 4,11)

fractions were then treated with viral protein specific antibo

virus specific proteins were analyzed by gel eiectroPhor,

"

miérodensitometric scan of the N and the G protein was obtained. The_.

.
.

ratio of G to N was determined to correlate it to the extent of change
in the presence of G relatiye'té that of N in the intact cell
suspension. As can'be seen from the Téble 4.3, the ER fraction has a

"high G to N ratio and so does the P-15 fraction. This fractiqp is the

pellet- obtained after centrifugation of $-4 in an Eppendorf centrifuge .

for 20 minutes at approximately 15,000xg and i3 thought to contain
mitdchondria and rough endoplasmic reticulum. Figure 4,12 shows the

protein profile of the fractions. Since the P-15 fraction had the

. . . . Y/

highest G to N ratio it was used to determine the extent of p;btengg;;
. i

of G in the presence of g?ypsin. It has been demonstrated that on °

-
[———

insertion into ﬁhe ER a .small portiog of the G protein corresponding

" to the COOH-terminus stays.on_the cytoplasmic side of the ER

such that addition of proteolytic enzymes like trypsin to S-U4 e#traets
results in the removal of this COOH;términal portion without affecting_
the remaining ﬂortion of the protein which is inaccessible to tﬁ;
enzyme by virtue of béing inserted into the membrane or being présent
on the 1uminai side-of“the ER membrane {(Morrison et. al., 1978;
Zilberstein et. EiL,‘1980; irving et. al., 1982). The analysis of such
a digestion by Sbs;ge1~shows a G protein QF faster mobility ;s

.
4
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Fig.4.11

Cell Fractionation Scheme to Determine the Localization of @

Protein of tsYl in L Gélls Infectea at 39 ¢

L cells
tsyl 4.5 h
m.o.d.
" 30 390(: .
- ' v
Harvest, wash and label
- [BSS]m:;pionine,20 min
and chdse with ndnradiocactive
- methionine for .30 min

W

Harvaest cells

S-15_

!
|
. ' A
. ) \\\\L 15.00Cxg ¥

20 min
P-15

CMitochqndrialfraction)

!

Dounce 5x5 times

4,000xg for 10.min

S-4

1fver on discontinuous

i -

sucrose density gradient

- -

-V
150,000xg- for ,3 h

>

] 0.5
/F—h) sl membranous materia]
llS'M . » IL.5 M o /
< 150, 000xg ! S Q___membfane_bound'bolysomeqrmp)
3 h 2,0 M
\ ke __Jfree votisones |

- ' }



Fig. 4.12 Aut?radiogram of SDS-10% (lanes a-g) and gradient
5~12.5% (lanes hk) polyacrylamide gels showing the separation of
‘proteins obtained from fractions of L cells infected with tsYl
at 39 °C in"the presence‘of [3SS]methionine. The fractionation
scheme 1is shoﬁ% in Fig. 4.11. Lane a represents'the‘fBSS]methionine
labeled viral protei&s of VSV‘Cocal. Lane b represents the virus
specifié‘products present in the L célls~befbre fractieonation.
Lane .c represents the proteins of fhe 5-15 ffactipn. iané d
represents the proteins of the P-15 fra;tiop-(mitochondrial pellet).
Lane e represenﬁg the products of the cell homogenate after cell
disruption with a Dounce homogenizer. Lane f represents._the MBP
fraction obtalped from the 1.0 M and 1.5 M interface of a sucrose
step gradi;ﬁt, followed by centrifugation. Lane g represents the
polysomal fraction from the sucro;e step gradient pellet. Fractions
c9rresponding to lanes b-g were separated on another SDS-10% poly-
acrylamide gel using an equal amount of low radioactiﬁity in each
lane. The autoradiogram was then scanned using a Joyce, Loebl micro—~
éenbitome;er and the area of peaks corresponding to the G and N
bands in each case are tabulated in Table 4.3. Lanes h and j repreéent
the analféié of the P-15 fractions in the absence of trypsin] Lanes
A 1'aﬂ§ k Tepresent the P-15 fraction treated with 50 ug/ml'tf&psin

for 6 h ag 37 °C and at 25 °¢ for 30 min, respectively:



5

o

Table 4, 3

-Amount of G found in different fractions relative to N

FRACTION G/N ratio
e - ettt
Cell suspension 0.164
S—lSQSost mitochondrial supernatent) 0.00016
P-15(mitochondrial peller) 1.54 ‘
//’)/Homogenatc : £ 0,34 (ﬂxf
1 N L)
Membrane bound polvsomes ~ 0.6

Free polvsomes ' . 0.0009
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compared tb the untreated. When the P-15 fractian was treated with
trypsin (50 ug/ml) for 6 ﬁours and the trypsin inactivated by soybean
trypsih inhibitor (100 ug/ml) more than 90% of the unglycosylated |
glycoprotein was recovered in the cleaved form (of 2 higher mobility)
»

as seen in lane i,'with lane h be;ng the ‘control lane. Under milder
condiéions i.e. 50 ng/ml trypsin treatment at 25°C for 30 minutes and
by increésing the amount of trypsin inhibitor to 200 ug/ml, not ;nly
was the recovery of the glycoprotein in the cleaved form around 302 but
the extent of protectien was enhanced (lane k). Thus a combinatiqn of
indirect and more direct evidence indicates that the localization of

the G at 390C in tsyl infected cells to be predominantly in the rough

ER at chase period of 30 minuteé when normally it reaches the cell

-

surface, -

Lyl
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Section III: Study of the Fatty Acid Attachment of t:j}fgﬁcoproteins of

VSV Serotypes and Two Other Rhabi iruses.

Glycoproteins present in a number of enveloped viruses have
been shown to contain covalently bound fatty acid (palmitic acid)
residues (Schmidt, 1982). In‘the case of V3V Indiana glyc0protein; the
fatty acid molecules attached to the‘glycoprétein are localized ‘in the
carboxy-terminal membrane spanning region of the G protein proviQing an
additional stabilizing interaction with the membrane (Capone et. al.,
1982). The covalent nature of the linkage of 1-2 moles of fatty acid
per mole of proteiq was deduced from the observations that the protein
bound fatty acids could not be released with denaturants such as SDS,
urea, or guanidine.hydrochloride or by exhaustive extraction with
organic solvents (Schmidt et. al., 1979; Schmidt and Schlesinger,

1979). Mild alkaline hydrolysis (methanolic NaOH) quantitatively
'removes the fatty acids which are tHen recovered as the méthyl ester
derivati;eS, with complete absence of phospholipid and glycerol,
indicating that the fatty acids were covalenily attached by ester
linkage directly to the polypeptides béckbone of the giycoprotein.

The esterification of palmitate to pro}eins is a modification
in seaféh of a function. A temperature sensitive mutant of VSV
defective in the transit of ;ts glycoprotein from the_Golg; complex to
the plasma membrane at the nonpermissive température yas reported to_be‘
due to a lack of fatty acid acylaiion. thus suggesting a possible Eolé
for the covalently bound fatty aciq in the ttanﬁport og.the protein in
the cell (Zilberstein et. al., 1980). However, later nésults showed

that some ndnacylated,G Was transported to the cell surface but not
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1ncorporated 1nto v1r10ns suggestlng that fatty acid acylatlon of the
glycoprotein was essential for the assembly and budding of the virus
from the host cell (Schlesinger and Malfer, 1982; Lodish and Kong,
1983).

In order to examiﬁe‘whetper-the serotypes of VSV New Jensey,
Cocal, tsy1 and other fhabdovir&Fes Piry and Chandipura have fatty
acids attached to their glycoprotein similar to the one on VSV Indiana
G the study of palmitic acid binding was undertaken. It has been known
for more than a decade that the lipid composition of the envelope of

the serotypes of VSV viz. Indiana and New Jersey differ in the level

of neutrgl lipids (MeSharry and Wagner, 1971). A correlation of the

findings of the above mentioned studies reveals 3 p0531ble role for

fatty acid attachment

Labeling of G Protein with [3H] Palmitate

Virions labeled with either [355]methionine or [3H]palmitate
were obtained by inéubating virus infected L cells in the presence of
the raéioactive precursors. The viral prdﬁeins were separated by
SDS~polyacrylamide gel electrophoresis, The [ S]methlonlne lahbeled G
proteins (shown in Fig. S.i) for Indiana (lane a), New Jersey (Conecan)
(lane b), Cocal (lane ¢) and tsyl (lane d) show their distinctive
electrophoretic mobility. The [3H]pa1mitate labeled viruses in lanes
e, f, g, h correSpondlng to Indiana, New Jersey (Conecan), Cocal and
tsvyi v1ruses, reSpectlvely, on electrophore51s.show the lipid bands at
the dye front. The G proteln of V3V Ind;ana Wwas also labeled with
tBH]palmitic acid. No [3ﬁ]palmitate labeled G protein was observed in

-

the cases of New Jersey (Concan), Cocal and féyT. Similarly, the
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Lipid
Fig. 5.1 Autoradiogram of a SDS-~10% polyacrylamide gel showing
the separation of MZwiral proteins. Lanes a-d represent [BSS]meth-

ionine-labeled VSV Indiana, Cocal, New Jeréey and tsYl viral

L - ' - . )
protelns, respectively and lanes e-h correspond to [3H]palm1tatc—

labeled viral proteins in the same order.

*
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labeling and‘apalysi; by SDS-10% polyacrylamide gel .of other VSV New
Jersey strains (Figure 5.2) revgals—no [3H]palmitate labeling of the G_
protein in lanes corresponding to New Jersey (Conéan) (lane .a), New.
Jersey (Missouri) (lane b} and New Jersey (Hazelhurst) (lane e). Piry
(lane c) and Chandipura.(lane d) viruses, howévér, Show'[3HJpalmitate
labeled G. The staining of these labeled viruses shown in Figure 5.3,
and Figure 5.4, show the physical presence of all viral @roteins
inclgding the G proteins of the viruses not ;abeled with [3H]palmi£ate.
Figure 5:3 shows ﬁhe staining of the labeled viruses with Coomassie
brilliant blue G250. Figﬁ}e é.uj;hows the silver staining of labeled
vfruses. Thus despite the physical presence of all five proteins in
roughly équal amounts in the viruseé only Indiana, Piry and Chandipura
are labeled with }3H1palmitate in'th G protein, Metabolic-
incorporation of [3H]palmipate via tassamino écid pool is nii as judged
by lack of labeling';f proteins dther than G and the ﬁalmitate
incorporated is by direct linkage to G; —_

The results pf the [3H]pélmi;ate.iabeling were similar in two
other cell lines_(Véro and:chick embryo fibrohlasts as shown in Figures
5.5-aﬁd 5.6, reSpectivelQ and over a temperature Eange between'32°c to
39°C, to those obtained with L cells at 37°C or 35°C.

Quantitation of the Amount of Virus Released and Relative

Amounts of G Protein Produced

~

In order to establish that the lack of [3H]palmitate cannot be

accounted for by low production of the virus or a deficiency of G
within the virus, the amount of virus released from the same number of .

cells in each of the three cases was deterpined and is shown in Table

-
v
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Fig. 5.2 Autéradiogram of a SD5-10% polyacrylamide gel showing

separation of viral proteins. Lane M s#ws [BSS]methionine~

labeled VSV New Jersey marker and lanes a~-e -represent [3H]pa1—
mitate~labeled viral proteins of , VSV New Jersey (Concan},

New Jersey (Missouri), Piry, Chandipura and New Jersey

(Hazelhurst) respectively.

3



Fig. 5.3 Photograph of a .Coomassie brilliant blue G250-stained
5D5-10% polyacrylamide gel showing proteins in [3H]pa1mitate; ’

labeled virus particles . Lanes a~d correspond to virions of

r -

Vsv Indiana, New Jersey, Cocal and téﬂl,reSpecguvely. Thahstalnlng

. )

was carried out on gels fixed in 7% glacial acetic acid by treatment

of the fixed gel with filtered 0.04% Coomassie brilliant blue G230

in 3.5% HCIO& for 0.5 h as described (Reisner et. al., 1975).
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Fig. 5.4 Photograph of a siive;'stéined SDS-107% polyacrylamide
gél showing the proteins present in [3H]pa1mitate-1abe1ed virus

particles. Lane M corresponds to VSV Indiana proteins and lanes

_ a-e correspond to VSV New Jersey (Concan), New Jersey (Missouri)

Piry, Chandipura and New Jersey (Hazelhurst),respectively.
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Fig. 5.5 Autoradiegram of a SDS-8.25% polyacrylamide gel showing
the separation of [3H]palmitaCE labeled intracellular proteins.
. )
Lane M represents the [355]methionine labeled proteins of VSV
Indiana as size'marker Lanes d—-d and k represent labellng of
lnfected L cells in the presence of [ H]palmltate Lanes a and b ,’#/ © o

1ntrace11ular.prqte1ns of VSV Cocal at 32 °¢c and 39 °c respgctively;‘
lanes c and d tsyl at 32 °C and 39 dC respectively; lanes e-j
represent the intracellular proteins in Vero “cells lqgsc;e¢ wlth

VSV Cocal at 32 °C and 39 C (lanes e an® £), tsyl at 32 °C and 39 °c

(lanes g and h), Indiana at 32 °C gnd 39 °c lanes i and j,

. . —
respectively, /D

. 4 | ._7_' \ l- &~
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Fig{ 5.6 Aﬁ{o'radmgram of a SD5-10% polyacrylamide gel ‘showing the
¥ ~ ’

products. of the iabelirﬂg of VSV infected CEF cells in the pres'ence

of [3H]pélmitate at 35 °C. Lanes b, ¢ and d corresﬂond to extracts
' o ‘ ot e
of cells infected }'ith VSV Indiana, Cocal and New Jersey,respectively.

/

Lane a representé*ﬂ[353‘Imethionine labeled VSV Indiana viral proteins.
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'é.T; "Also shown are G/M ratios determined by microdensitometric

analysis from a Coomassie brilliant blue R250 stained gel of viral
proteing (Figure.5.7) which had [3H]palmitate ipcorpqration of 1 x 106
epm in each case. . ‘

As seen from.the Table 5;1, the amount of virﬂs released is
comparable and so {s the  amount of G prptein synthesized in relation to

M. Therefore, the lack of [3H]pa1mitate labeling of G prokeins of New

Jersey or Cocal serotypes could not be due to decreased virus

.production or deficient G protein present in the virions.

Biological Activity of Virions Lacking Palmitate

The infectivity of virions labeled with [BHTpalmitate was

determined by assaying the plaque forming activity of an aliquot of the §

Jdabeled supernatant. The amount of virion present was determined by

separating them on a TO-HO% sucrose density gradient and counting the
i i

v
radicactivity under the corresponding peaks. Data prese d in Table

| T

5.2 show that although the yield of infectious virus in the case of
Cocal and New Jersey was less than that of the Indiana serotype, the
Specific infectivity iﬁ each case was similar. This shows that both
Cocaliahd‘New Jersey virions lacking palmitate-have fhe.same biological
activity as Indiana viriqns containing palmitate covalently attached to

G protein. Thus, fatty acid attachment has no role in infectivity of

.

the New Jerééy and Cocal viruses.

L Effect of Blgeking of Fatty Acid Acylation

-

(

1

The antibiotic cerulenin has been used to study the effect of

blocking of fatty acid acylation on VSV replication. " The antibiotic

w

inhibited both of the fatty acid acylation of G protein and the’ .

-~

.,
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Fig. 5.7 Photogréph ot 'a Coomassie brilliant blue R250-stained

»

SDS-10%Z polyacrylamide gel showing proteins present in [3H]palmirate

-

—labeled virus particles. Lanes a-c correspond to the proteins of

-«

VSV Indiana, New Jefsey and Cota1: reébectively. The -ameounts of the

virgf were similar. The gel was scanned using a Joyce, Loebl double
' .

¥am recording microdensitometer...The G/M ratios determined from

this gel are tabulated in Table 5.1.

-
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"~ as described by Warburg and Christian ( 1941).

S

. T

-

Quantitation of the amount of virus produced from equivalent

+

Table 5.1

anmounts of infected cells and the amount of G prééent in the=

different serotypes of VSV in relation.to M.

Serotype of
vsv -

) Indiana,.

New Jersey //)
i N

nm was measured. The protei

-+

- peaks of the_microdensitoﬁetr%s scans of the Co

P

Amount of virus

produced ¥

Kel/S x 106 gl_ls‘ '

- m e e m s o e e e e e e o e e o e

-

-

n concentration w

N

t”~
SRR N
.f&tip
- 0.08 L
-0.11 -
4
.10

;E\Lhen calculated

~

u

stdined gel®of viral proteins of the three serotvpes (Fip.

to

-~

i

“Virus ﬁarvested from 100 mm piate containing 6 x 106 cells

. \ N " -
was diluted in NTE buffer and the abQ}%-bance 2t _280 nm and 280

The G/M ratic was gktermincd froﬁ the area of the G and M

é;ﬁgsie hlue

5.7).
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Table 5.2
Infectivity of [BH]palmitate-labeled virions
_ s
~ Serotype . Infectivicy ' Vlrue particles Specific
: pfu/ml of [ H]palmltace 1nEect1v1tv
supernatant ’ - epm/ml of pfu/lO cpm
0 supérnatant
. o ' g9 ' - 6 ‘ 8
Indiana » 1 x 10 1.6 x 10 .. 6 x10
. [ .
")
Cocal o 7% 108 1.0 x 10° 7 x108
o . i :
New Jersey . 4 x 108 L.0 39106 ‘ 4 3108
(Concan) ' ' ”

. ) ® C

The infectivity of tHE/TSH]palmitﬁ?a:lnbeézﬁ virus present 'in thp supbrnatnnt

fractlon was assaved as descrlbed {Toneguzzo and Ghosh, ‘1977) The amount

of [ H]palmltate ~labeled virus part;}les present in the supernatant fluid was
~

\
determined by purifylng the virus by layering an aliquot on a 10-406 sucrose
.- A

densmty gradlent in 0. 1/ BSA, 150 mM NaCl, 10 mM Tris~iiCl, pH 7.6 and 1 mM

Cf?TA and_centrifuging at 85,000 % g for 1 h at 4°C. The'radioéct}vity in -

oy
the virus pdak was determined.
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production of VSV particles by 80-90% (Schlesinger and Malfer; 1982).

The nonacylated G protein, however, was transported td'the cell T

sufface. It was therefore, inferred that the fatty acid acylation’
blays an important role in the virus assembly and budding. Since the
Cocal G protein did not contain‘balmitic acid, the effect Qr cerulenin
on the replication of Cocal virus was tésted. At tle concentration of
uolug/ml at which a1mo§t complete inhibition of fatty acylation of VSV
Indiana G occurfed there was on an average 53% iphibition of progein
synthesis (Table 5.3). After correct?gn for the inhibition of protein
synthesié by cerulenin it was f&und fhét the production of virus

“qarticles (Figure 5.8) was inhibited by 85% and the infectivity was

. 4 .
inhibited by 96% in the presence of cerulenin (Table 5.4). This was in

agreement with the earlier report stéting that there was a 10-fold
-

decrease in virus particles and in infectivity kSchlesinger‘and Malfer,

1982). 1In contrast, the production of radioactive Cocal virus

'particléé and the infeectivity-of the particfés was blocked only'éo‘the'
- '

extent of 18% and 23% respectively (Table 5.4). Since blocking of

fatty acid acylation by cerulenin had no sigﬁificant effect on

VS8V Cocal reﬁlication,'its G protein is not acylated with a fatty

acid otherythan palmitic Acid. The results also show that acylation

of G protein’ with a fatty acid has no role in the maturat102 and _

i

budding of the Cocal virus particdtes. . . N

e effect of cerulenin on the synthesis of viral proteins is ‘

sh ﬁ:%}ﬂ\Figure 5.9. The Cocal virus pérticles synthesized in- the

aﬁsenqéjand in the presence o;\gggqéntiﬁiotic show similar viral ~ ,,,—’/(

/

- protein profile (lanes ¢, d). In the case of Indiana serotype, however



“ 151

Table 5.3

™

Effect of cerulenin on pratein synthesis in infected cells

Cells infected with VSV serotypes were labeled in the presence
and in the absence of cerulenin (40 Mz/ml) with [BSS]methionine. The
. *
cells from the monolayers were harvested at the same time as the virus

particles were- harvested from the medium, suspended in PBS and an
aliquot was removed for determining the TCA-precipituble counts. The
counts presented as cpm/5 pl of the cell suspension are shown below.

b Py

Serotype _ " Cerulenin : Percent
_ + - Reduction, .
) .5 ' 5 ‘ o
Indiana 3.7 x 10 2.73 x 10~ , 53%
Cocal 3.66 x 10S 1.77 x'IOS ,{ 529
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cCPM X 1

Fig. 5.8 Effects of cerulenin on cells infecq)
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INDIANA

COCAL

~-

" FRACTION ﬂgyBER

-

.

L] AN

ed with VSV Tndian -
\ 2,

and Cocal. The antibiotic was added 3 h post-infection for I h-at

awconcentration of 40 1g/ml.

35

=

Thi'mEdia from cells labeled 1 h 'with
o '

["7"S]methionine was examined by isopycnic (25-40%) sucrose gradient

centrifugation in a W27 rotor at 25,000 rpm for 4 h. The radioact-

ivity was plotted dgainst fraction number (-~-~)

depicts the normal

infected.cells and (—4%+) depicts the tells. treated with cerulenin.

The integration of the peak fraction is shown.in Table 5.4, -

1

-
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Fig. 5.9 -Autoradiogram showing the effects of cerulenin (40 g/ml)

on virus production and on fatty acid attachment to the glycoprotein,
Virus infected cells were treated with cerulenin and labeled wiﬁh
[358]me;hionine or [BH]palmitic acid as deseribed in the legend of
Table 524. The released virus was harvested 8 h post-infection,

Purified as described earlier (Capone et al., 1932), désrupted’in

SDS-containing sample-buffer and the proteins were separated on a
SbS—lOZ polyacrylamide gel. Lanes a and c, [355]methioﬁine~labeled
Indiana and boca; virus; respectively; ianes b and d, {3SS]methionine—
labeled Indiana and Cac;l viruses, respectively, obtained'after

cerulengn tfeahment; lanes e and f, [3H]palmitate-labeled Indiana

virus obtained in the absence and in the presence of cerulenin,

respectively; lanes p and h, [BH]palmitate—labeled cell extracts from

the VSV Indiana infected cells untreated and treated with cerulenin,

4
respectively,
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Table 5.4 "\?- -
N e
L

Effect of cerulenin treatment on production of virus particles

Percent reduction after cerulenin treatment

L}

Indiana ~ Cocal
Labeled virus particles o 4 o 187
InfectiOu§ particles . 967% : 23%

Confluent chick embro fibroblasts in 100 mm plateﬁ_were infected with

‘Indiana or Cocal viruses. At 3 h post-infection,cerulenin was added to
. . ™

40 ug/ml ‘or 1 h and the cells. were sﬁbsequently labeled in the presence

of 20 Ci of [BSS]mEthioninE/ml for 4 h. ' The virus reiiased 8 h post

infection was assayed for the [3SSjmethionine incorporated and for plaque

forming activity. The assay for the [3§S]methionine labeled virus was

carried out as follows. An aliquot of the viﬁus containing medium was
llayereé on a 25-40% sucrgse deﬁ%ity gradieﬂfign 0.1% BSA, 150 mM-NaCl{
10 mM Tris-HCl, pH 7.6.and 1 mM EDTA. Tﬂe radicactivity in the peak

of labeled virus obtained after centrifuging at 85,000xg ~“for 4 h at

4°C_was _determined.
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-

the inhibition of fatty acid acylation in the presence of cerulenin was
clearly observed (lanes f and h) and so was the marked reduction in
virus particles after cerulenin treatment (lanes b) as compared to the

untreated (lane a).

L



Discussion N

LS

The purpose of the studies reported in th}s thesis has been to
. obtain a better understanding ét the molecular level-of the domains
required in the biosyntﬁesis of functional glycoproteins. Specific 7
domains take the form boﬁggg;iﬁksequences (Blobel 1980). o
glycosylation siteg (Hubbard and Ivéfgﬁ 1981) Kfatty acytation sites

(Magee and Schlesinger, 1982) or as oligosaccharide chains and fatty

-

acid residues, Since glycoprotein molébules of enveloped viruses mimic
)
the biosynthesis of the cellular proteins and are easy to . 3tudy, they

-
serve as modeds for the study of the biogenesis of plasma membrane

proteins in general. A large body of kno edge has become available

during the course of this study and an attehp s

discussiop to relate these findings to‘bontémpor ¥ knowk¥edge in this

field. o )

Eﬂéterminal Sequépce§igg VS€:ET§g;proteins '
The results presented iﬁ'Sectién I are discg;;edh?re in two
parts. The first part deals with the NH2~terminal sequences of the ig _
.&EEEE Synthesized qﬂ@lxiésylated forms of the glycoproteins of the VSV ‘

serotypes and the second part deals with NHZ-terminal sequences of the

mature form of the glycoprotein.

NHsterminal Sequence of the Unglvcosylated Form, of G
—_— v .

» ' Synthesized In Vitro

The amino acid sequence of the NHE-terminus of ‘the primary

translation product of the G protein froﬁ‘two serotypes of VSV, New

Jersey and Cocal has been determined by,microseng;;;;% of radiolabeled

proteins. The amino acid sequence for the signal sequence of the -

T
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udglycosylated 15 vitro synthesized G proteins are presented in Figure

6.1, together with the amino acid sequence. of the signal peptide of
the protein of V5V Indiana (San:}uan) serotype (Rose‘aqd Gallione,
1981} and vsﬁ New 3ersey Ogden -strain (Gallione.and Rose, 1983) as
determined from the nucleotide sequences of the cDNA of G mRNA. The
signal sequences of the two Indiana strains and the two New Jersey
strains (Figure 6.1) are 16 amino acid residues long. The signal
sequences of the two strains_of each of the serotypes are identical
éxcept for differences in a few amino acids. 1In contrast, the signal
-squences between the three serotypes (Indiana, New Jersey and Cocql)
show a number of differences, for example, the length of the signai
sequepce for the Cocal serotype is 17 amino acids. Incidentally, the
Cocal G has the largest size amongst the G proteins of the three
serotypes. However, there has been no correlation found between the
fize of_the protein and its signal seqdence (Austen, 1978; Garnier et.
.al., 1980); it would thus be unwise to attach any 31gn1flcance to the
1pnger chain length of Cocal G protein. Overall, amongst the VSV
serotypes, the general nature of the sxgnal sequence (Austen, 1978;
Garnler et. al., 1980; and Kreil, 1981) is malntained

The general nature of the signal sequence has become clear from.

*‘signallsequence“comparisons of a large npmber bf secretqry and-mémbrané

proteins (Figure 6.2) (Von Heijne, 1983). Genetic ‘experiments have -

shown that the muta ipns pffpéting specif&c residues within the signal

sequence of proteins de;tined fpr the periplasmic spape of E. coli

. {which can be regarded’ as equivalent to secretory prpteins as well as

T?gplasma membrane proteins) prevent passage of the polypeptide across the
- . - . . - Lo ' )

-

158



Fig. 6.1

SIGHAL: SEQUENCES OF VIRAL GLYCOPROTEINS

LW S
a.  [HDIAMA SAY Jusy QE LYsCYSLEUI_UTYRL_UALAPHELEUPHEILEGLYVALASNCYSLYS_

+

b. [NDIAATORNT® - MerlvsCvsleuledTveleu - PrelEuPiePeo - VAL - Guvlys

" .. COCAL | WETLYéE}igLEIJLEULE_uLEdEing - LewProlEy - - - -'YLYS'
a. " NEW JERSEY FetLeu - ProLeuliePre - Leu - Vau - Peoluelen - Lys
wonean - e - v '
$
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Lingappa et al. (1978) reported His for this positipn. &
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Fig.5'Z Collection of eucaryotic signal sequences

The sequenﬁes have been alipgned from their known cleavage sites
(between positions -1 and +1). Amino acids, are svmbolised by,oné
letter code. Proteins are as follows: 1: whey phosphoprotein,rat;
2:0-1 acid glycoprotein,rat;3:a-thyrotropin, mouse: 4:insulin,
hagfish;S:insulin,anglerfish:6:insulin,human: 7:insulin I,rac;
8:insuliniII,rat; 9: B-casein,ovine:; 10: Y-casein,ovine: 1i:a-lact-
—albumin,ovine;12:B-lactoglobulin,ovine;130-sl casein,ovine;

14: o-s2 casein,ovine; 15:glycoprotein.VsV: 16: VLDL—II ,cockerel;
l7:melittin,bee; 18:1lactin, rat; 19:placental lactogen,human:

20: B-choriogonadotronin,human: 21: echoriopgonadotrowin, humangs
22:uteroglobin,rabbit; 23: growth hormone,rat; 24: growth hormone
human; 25: growth hormone,bovine: 26: pgrathyr01d hormoné,bovine;
27: relaxin,rat: 28:serum albumin,rat; 29:serum albumin, human:
30:1liver albumin,rat: 31: tropoelastln B,chicken; 32:ovomucoid,
chicken; 33: lysozvme chicken;34: conalbumln ,chicken: 35: o-1 anti-
trypsin,human; 36: prostatic binding protein,rat; 37:prostatic
binding protein c2,rat; 38:glvcoprctein,AD-virus; 39:apolipoprotein ¢
Al,rat;40:glvcoprotein,rabies virus; “l:hemagglutinin,human influenza
Victoria;42:- hemagpiutinin,human influenza Japan;43:hemagglutinin,
avian influenza FPV; 44-50:leukocyte interferon,human;5!:immune
interferon,human; 52:fibroblast intérferon,human;.53—56:}&Timmuno—
globulin,mouse; 57-59: A-immunoglobulin,mouse; 60,6L1: ¥—imuno-
globulin,mouse; 62:H-chain immunoglobulin,mouse; 63-66:embryonic
VH- 1mmunoglobu11n mouse; 67:H-chain immunoglobulin,mouse;
68:trypsinogen 1, canine; 69:trypsinogen 2+3,canine; 70:chymo-
trypsinogen 2,canine; 7L:carboxypeptidase Al,canine; 72:amvlase,
canine: 73,74:amylase,mouse; 75:amylase,rat; 76:0~lactalbumin,
rabbit: 77:g~lactalbumin,porcine; 78:carboxypentidase A,rat.
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. results showed that Lhese core segments are not uniformly hydrpphobid:
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’ N
membrane (Bassford and Beckwith, 1979). DNA sequence analysis of

mutant gené€s of the lambda receptor protein (Emr et. al., 1980) which

do not reach the outer membrane but remain within the cytoplasm, and -

other studies of polypeptides of the malkose bifding protein (MBP) of

E. c%% (Bedouelle ef. al., 1980) which cannot be transferred to the \\4/

a

periplasmic space, have shown that all the mutations involve either

substitutions in the signallsequence frdh a single hydrophobic qr" - CS

-uncharged aminc acid to a charged onéﬁ&gr small deletions witﬁié the

hydrophobic portion‘gf the signgls. It was also foundsfhat a change:

from oné hydropﬁobic-amino‘gqid to anSther diJ. ot Hrastically affect * ~
the transport of the MBP to the periplasmic space (Bedéuelle et. al. M
%930). Thus, one of the general properties of the ;Zgnal sequence ean

be said to be a presence of a high proportion{yf hydrophobic ‘amino

acids. The next question is; how are these hydrdgLobic amino acig;?_

R

distributed? A sample of 34 hydrophobic core segments from knowﬁ:
signal sequences have been analyzed with regand.to the mean
hydrophobicity of each position in the ;égment (Von Heijne, 1982). The
instead the more hyqrophobié residues are concentrated around the

midpoints of the segmeﬁt. %Agimilar analysis carried_out on a's;;Epe

-

of 12 membrane spanning degments from the transmembrane proteins




A

(\\ . ' 16

~

extent of hydrophobicify is maximum in the central region:

N .
Indisha He~HHHH-HHHH-H - -
./  Cocal H-HHHHHHH-HHH- - ~ \ -~
New Jersey- HH -HHHH-H-H-HHHY -

H strands for hyd}ophobic amino acid i.e, amino acid iith
hydrophobicity index (HI) > 1
Another common pattern that has evolved from sequence anélysis
has been a chargea amino acid (eg Lys) in‘close proximity to the
NHE-terminal methionine. This charged residue has not been found in
case of VSV New Jersey éoncan'and Odgen strains anq is also not found

in the acetjicholine receptor subunit, influenza hemagglutinin and

'Herpes gD signal sequences and it is quite doubtful whether it has any

significance in recognition by the SRP. A mutation replacing the lysine
at the NHE-terminus-of the signal sequence of E. coli MBP by a
. N ——"

hydrophobic amino adid resulte 'ﬁ(; block in the export of this

protein into the periplasmic space (Bedouelle et, al.; 1980). 1t is

quite possible that the recognition méqhénism of the signal sequence is
) VA ' :
slightly different in procaryoteszand eucaryotes with regard to this

requirement for a hasie amipo ac{d at the NHE—terminus.

Yet another ¢feature has been the presenc® of pr

" acid which is rarel} found in inner he¥ical or sheet structures and \

[ -~ o

-which oceurs within 6 residues of the cleavage site of Zeveral signal

sequences analyzed (Austen, 1978; Von Heijne, 1983). lIn many gases _
. ¢ '

B'bﬁ;;;\;Fe predicted close tz—phe cleavage site, bringing about .

L . ‘
efficient exposure of the cleavage site to the signal peptidase; A

comparison of the signal sequence of VSV\serotypes does show-the

- -— - =
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‘presence of proline in the first 6 residues from the cleavage site in
. 4
both the New Jersey strains, in Cocal and in Indiana Toronto strain but

is surprisingly abse;t in the case of the San Juan strain of Indiana. -
‘Indiana San -Juah has another secondary st;Lctﬁre disrupting residue viz
glyciqe. Thus the disruption of secondary structure in this region 1is
of viial importénce énd it is achieved eithergyby proline or glycine.
Sequence homblogies.are conspicuously absent from all the signal
sequences looked at so far, Even the4§§V sérotypes which show a
considerable degree of homoI?ty within the mature glycoprotein region

-

‘§ fail to show a consensus sequ'nce even within the central hydrophobie -
core. Thus one can say that the overafl hydrophobicity of the signal B
sequence appears to be the only factor affecting its functional
effectiveness. This is very clearly demonstrated by the signal
sequences of G of VSV serotypes whichlshow an almost identical HI'
deépite the‘lack of appréciable homology in this region,
Predict{::g of secondary gtructure made‘Py locatiqg‘ﬁ or 5
residue nucleati

sites, and Y4 residugwboundaries (Chou and Fasman,

1974) with the luse of conformation parametfers (Chou'éﬁd Fasman, 1978)

have revealed that the central portions of all the signal sequences

&

analyzed were strongly priginbed to be involved in repeating structures
” - . .

-
either o~helix or B-sheets of 6-12 residues in length (Austen, 1978

Thus the amino terminus of VSV G has been predicted to'be-involved
= tructure followed by u—helix and then by a lack of any repeating
structure. ith the region lacking repeating structure falling in the

N ?
. q/‘:it:::’} signa sequence cleavage rigion. ézée secondary structure of the s

sequences of other serotypes:- would be essentially similar. - ) ¢2
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A signal sequence would be expected to contain two different
- o+

and largely independent ‘signalg . Qne of which forms a hydrophobic

qore described above, presumably responsible for initiatiné transfer of
protein by binding to the signal recognition particle (Walter et{ al., *
1981) and a second one conferring cleavage specificity. ft has lo

been known that some part of the cleavage specificity res;des in the',
lasﬁ resid&;dof the signal sequence, which invariably is ong with a
smali, uncharged side chain e.g. Ala, Gly, Sgr, Cys (Austen, 1978;

Garnier et. al., 1980f}\ This led to the suggestion £hat the active

/ . .
'site of the protease (signal peptidase) cannot accommodate bulky side
/ ' '

, chains {(Austen, 1978}, A recent stddy‘attqmpting to predict cleavage
! : | ,

. ! - -0 :
sites found some-additional patterns regarding the signal sequence
N

protease complex. These ébservations are based on a sample of 78

eucaryotic signal sequenceé (Fig,- 6.2) and it has been suggestéd that

positions -1 and -3 seem to be strongly selected for small, neutral
-residues. whereas positions +1, -2 and -4 seem to accommodate almost
any residue. No proline wés found“from position -3 to +1 and fQrther

this region is often separated from the hydropho%&c core of the signal

sequence by the strong helix-breakers Pro or.Cly (Von Heijne, 1983).

JAn inspection of the signal sequerices of two serotypes of VSV

-

Cocal and New Jersey réveals the presence of a neutral small sized .

7~ amino acid in the -1 position a valine in -3 position of VSV Indiana

. Sah Juan.énd Indiana Toronto, with an isoleucine in position -3 of New

. Jerse&'Odgen. This fulfills the proposed rule referred té%:f the (-3,

-1)7%;&e-for acoeptable cleavage sibe i.e. it must have eitfer Ala,

. st

. i : . . <L .

_””ngr, Gly, Cys, Thr or Gln in position -1 and ‘must not have an arbmapis/;;“\w
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(Phe, His,'Tyr, Trp) charged (Asp, Glu, Lys, Arg)) or. 1l
) Gln) residue in positfon =3 (Perlman and Halverson, 1983; ﬁon Heijne,‘ '

1984). . )

NH.,=terminal Sequence of the Mature VSV Glycoprotein
[ -

-

. -
In this work, the amino acid sequence of the NHz—terminus of the

intracellular G protein of V3V New Jersey and Cocal was determined from
L . .
the radiolabeled proteins. A comparison of these amino acid sequences

with that of VSV Indiana showed considerable homology (Table 3.2).

~

Further, comparison of the NHz-terminal sequence of the mature
glycoproteins isolated from the virion Figure 6.3 shows that the
~ sequences for thé Indiana, Cocal and New Jersey serctypes are highly

conserved for the first 24 residues examined. A conserved consensus
. .

sequénce for the Nﬁé—tefminal domain of VSV glycoprotein can ﬁhus be
deduced. 'Thiﬁ consensus sequénce has‘a stretch of hydrophobic'amino
\f - 'acids, and 1ie§ withl%"a span of !1 ?miho acids with lysine'residues<at .
Eherenas, ajregion that could asscciate with memb;anes. The few
‘;iffe?ences that are evident égn be accdunted_{df;by single base
changes in most cases, when the San QUan st}ain'is ;Effxij,i,zﬁais for
;omparison. Hence, the Indiana Sén Juan stréin may have evolved
S - earlier tﬁgn'the Indiana T;rééto, Coéél and New Jersey #Concan.and Odgén
« ‘ .
strains. The optimum alignment of thf protein séque 3! predicted froﬁ
i{nRNA se&ubnces.of VsV Izi ind VSV NJ shpwéd that‘fhe }dentity of the

amino acid.sequence of the complete glycoproteidris 59% (Gallione and

- e

. . . _\_". .
Rose, 1983). Thus, the considerable homolggy observed thhin the first

30 amino residues of  the mature G 6f ‘the three serotypes, 15 in
o contrast to bothighe ovgrail homoléﬂ

ONLY COPY AVAILABLE | T .

!/-\A
of 59% and the 18% homology found
. . ) .

™
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in the signal sequence and furthér omphasizes that there is a definite

role fo®this highly conserved NHz-terminal domain of the glycoprotein.

A comparison of severa} of the mature NHE—terminal regions after signal
sequeﬁceicleavagé. of secretory and membrane proteins (Von Heijne?

1983) does not reveal any definite pattern for this region, suggesti;g

that this region phobably-has no role in recognition by the signal -
peptidase enzyme. Theref?g, however, evioence which suggests that |
despite a yeast glycoprotein having a similar signal sequence to a

secretory protein,'the signal sequence is not removed as it is in the

secretory protein. The probable reason in this case is that the

' sequences beyond the signal Sequence cleavage site is different (Julius

et. al., 1984), Nevertheless, the balance of evidenca suggests that it

is only the region in.the close'vicinity -3 to +3 of the cleavage site
that is important for recognition by the signal beptidasa (Von Heijne,
1983). ThisAregion may also play a role\{: its its association with

the lipid bilayer. Although, therﬁ is no homology between the

s

,NHz—terminal regi%ns of membrane glycoproteins from different viruses,

there is conservation Wwithin the virus strain or sgbtypes- as observed

‘-"\f
in the of VSV the homology in this region is in sharP gntrast to
the non homodlogy in. the surrounding region as revealed byﬂzf\k

immunological cross reactivity and sequence comp#?isons. It has been

observed that the NHz-terminal sequence of ﬁhe'membrane glycoproteins

\ —

of HA2 of different strains as well as differeat groups of influenza S

virus is highly conserved (Skehel and Waterfield, 1975; Verhoeyen et.

al.,1980; Air et. al.,,1981; Winter et.al., 1981). The

three-dimensional‘structuré of the haemagglutinin (HA) membrane

N
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glycoprotein of influenza virus has been determined at . 3 A°
L ]

resolution (Wilson et. al., 1981), and this structure reveals that the
Nﬁa-terminus of the HA protein is in close proximity to the external
" surface of the membrane. It was further found that the orientation of

LN - 1 .
\\\\the protein within the virai.envelope is the same as it is within the

s cellular ER membrane during the biosynthesis of the glycoprotein, ; *

However, in this case, the exception is that the NHE—terminus faces\tﬁé'f\\-Jz

lumen of the ER and COOH-terminus is ﬂgcing the cytoplasm, whereas in

. ~
the viral envelope the polarity is reversed,. i.e. the NH2—term1nus

faces the exterior and the COOH-terminus is within._ Thus, one can use
the findings obtained. for the onientation of the protein in the viral
envelope anc in this case extrapolate them to-the ER membrane. The
NHE-terminus af VSV G protein was shown to be protected from amino
peptidase digestion by the viral membrane (Irv1ng et. al., 1979. Capone
- e, al., 1982). Although it has ‘basic amino acids and a stretch of
h&drophobic amino acids it is unlikely to span the membrane, so that

S
th@ protectfon from digestion by amino peptidase could b result of

LN

the interaction of basic residues with the phosphate residue i the

lipid bfayer and .the hydrophobic stretch with a small region inside

. o N
the bilayer. ~ '

. .
“ E _ - . >
This conserved hydrop'hobic sequence is alsg’present at the ”
I
NH —terminus of the fusion _glycoprotein F{/of Sendai virus (Gething

et. al...1978) and is suggested to participate in fusign of viral and

.

host cell membranes. The biologica{v‘:1e~6} function of the conserved \
NHE—terminal domain of the VSV G proteins which is in close association
with the membrarfe has been recently investigated, Based\upon the

- ) - STy
.. . ® =
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observation that‘the Nﬁe—terminus of G protein is highly conserved in
many strains of VSV (Rg# and Galllone 1981; Kotwal et: al.,1983) a
synthetic peptlde corresponding to the NHE—terminus of VY3V giycoprotein‘
was syntﬂésized. Tﬁe synthetic peptide has been shown to ﬁossess
hemolytic activity and may reflect analogous functioﬁ‘ the in situ G

protein to the'NHz-terminﬁs of G protein (%chlegel ana‘%adé, T984) . It
is é}sqnposs;ble that the interastion of this regioﬁ in VSV G and in
influenza HA during the cotranslational tnanSpBrf across the ER ﬁith
-.f fhe inner side of the membrane serves to orient the protein in such a

way:és te éxpose'itsrglycosylation sites to the glycosylating enzymes
preventing its premature folding into a “compaet® structure before

;S- . being glycoéylatéd. The orientation seen in‘the-matﬁre virus is a i
retention of the orientation in the ER acquired ?ﬁring its biosynt“e51s

LT B

and the membrane associating regions of the protein c ntribute to the

| >ﬁ : final orientation. l .

. Phenotypic Characterization of a Temperature Seritive \

N 3

~

environmental parametéf (Hadorn, 1951). In mamma}ian viral genetics,

‘the bulk éf e "conditional lethal" mutants are %% the temperature

= )  sensitive (ts) variety. In the case VSV ts mutants isélated by
N ‘ N H

Pringle, the permissive temperaturelis 32°C whereas the nonpermissive




L-

’

substitution which causes a change in the conformation of the

polypeptide and this renders it inactiveiat the restrictiwe

temperature.
et .

4
F

Complementation analysis examines the infection of celis with

two "conditional lethal"™ mutants under nonpermissive conditions. The
{

- cooperation of two mutants to produce an increase in progeny yield of

both genotyﬁes is expected if the genetic lesion resides in different
polypeptides.” Mutants, which do not produce an increase in progeny

vield when coinf ed\at;the nonpermissive temperature are said to

belong to the same "compltementation group". . Temperature sensitive (ts)

5 * '
mitants of Indiana serotype of VSV defective in the structural gene of
. .

G correspond to the complementation group (V). They have Been isolated

on the basis of their ability to grow at the two temperaturhs of 32 c

{permissive) and 39°¢ (nonpenmissive) (Lafay, 1974; Lodish and Weiss,

-
19793 Pringle, 1982). Studies on VSV Indiana mutants which belong ‘to -

the group(v) have demonstrated the presence of two subclasses. At the

nonperm1351ve temperature mutants Such as tsO45, tsM501 and tsL51Q

f

synthesize G protein blocked in the transport from rough ER to the ™

Golgi complex (also described as the preGolgi stage). The defective G

. protein is glycosylated at both sites with high mannose core

oligosaccharide which is endo H sensitive (Knipe EE;.él;- 18977; Lodish
aﬁé Weiss, 1979; Zilberstein et. al., 1980). Processing of the core
oligosaccharide (Robbins et. al., 1977; Tabas and Kornfeld, 1979)
addition of terminal sugar residues (Bretz et. al., 1980), and covalent

1inkage of fatty acids (Schmidt and Schlesinger, 1980) _occurring in the

Golgi complex is also blocked at the nanpermissive temperature. The

N
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. \\\;:cking only the G protein comprise about 35% of’ the particles obtained

s

Y mutant“tsLsfi the only ts mutant whi belongs to the other class of G

-

mutants. after reaching the Golgi ffom the ER ddes not proceed to the

]

t,/—0811 surfaaw. The 81YCOPT€?EIH is fully processed including the =~
f

additio ‘erminal,sugars except fucose. The attachment of fatty

> acid is, however, bjbcked and only a part of the nonacylated

glycoprotein moves to the eell surface (Zilberstein et. al.. 19805

i

Lodish and Kong, 1983). -t o LT "

The mutant tsy1 described in this thesls is distinct from both

of these classes. Earlier studles on this mutant have suggested that

- thls mitant is defeotive in, glycosylation at both the temperatures

(Buller M., unpublished observation).- Studies

ribed here clearly .

demonstrate that at the permissive temperat e\the two olasses

of G mutants desoribed above) tsY1 is glycosylat d at only one of the
two sites in the wild type. At the permissive temperature it has a
complete oligosaccharide chain as in the wild type G- protein and pulse

labeled tsy1 G synthesized at 32% becomes Endo H resistant‘after,a

chase period”of about 30 minutes.- The susceptibility to neuraminidase =

- (Buller M., unpubilshed observation) and the incorporation of galagtose

L

reported in this thesis further shows that the terﬁinal sugars are

b

added normally and the mutant glycoprotein is tranSported vid the Golgi
.. , ) e
apparatus. ‘ ' '
. . . - :
/., At the nbnpermissive temperatute the production of iﬁféctiouS'

v .y

particles is dra oally reduced to about 0. 001%. As in the case of

the other G mutankts (Lodish .and Weiss, 1979}, noninfectious particles

-

w o~

the permissive temperature. thus confirming that assembly and
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budding of the virus can occur in the ébsence of the G\;hotein. In
contrast to the other mutant glycoproteins, ts Y G protein synthesized
aﬁ 39% is completely unglycosylated. The majorit§ of the G protein is
localized in the rough ER. This is supported by NH2—£erminal sequence
determination showing that the signal peptide 1s removed from the
unglycdsylateé protein as a consequence of being inserted inte the
rough ER. Ihis is in agreemgpt with an earlier observation that the
inhibition of glycosylation does not prevent the glycoprotein from P
being inserted into rough ER or from its signal sequence getting
cleaved (Irving and Ghosh, 1982). The unglycosylated G -does not reach
the Golgi or the plasma membrane in appreciable amounts ( < 10%), thus
suggesting that the glycosylation is essential for efficient transport
of the protein'from the ER to Golgi and finally to the plasma membrane,
The synthesis of the G polypeptide in Cocal and ts M iﬁfected
cells at 39°C was not observed to affect either the subsequent
gl;cosyiation. or incorporation into virions on downshift to 32°C.
Furthermore, G polypeptide sygthesized and glycosylated at 32°C was
assembled into infectious virus at 39°¢c (M. Buller, unpublishedr
observation). This suggests that conformational éonstraints at 39°¢
are responsible for the lack of glycosylation. In other weords, the
conformation of the protein at 39°C 1is such that'the glycosylation site
to which oligosaccharide chain is attached at 32°C is inaccessible to
the glycosylating enzyme which pransfers the preassembled high mannose
oligosaccharide chain to\}he aSparag;ne residue in‘the Elycosylation

site of the protein. This also suggests that the amino acid

substitution which is respoq;ible for the conformational change at 39°¢

J
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is in the vicinity of the consensus Elycosylation site, but not in {it.
Thi; is further supported by the finding that the elution profiles of.
the.tryptic glycopeptides from the.G proteins of Cocal and tsl
synthesized at the permissiveftemperéture showed that retention times
on the HPLC column were different. The single glycopeptide peak of
tsw1’did not coincide with either of the two peaks of Cocal.- This
shift.can be attributed to an-amino acid change githin the tryptic
glycopeptide and si&ce the.glycosxlation at 32°C within this peptide is
normal it is proﬁable that the change in the aminc acid composition
also results in change in conformation of the protein at 39°C. One
obvious question then is whether the;e is a double mutation or a single
one in the.glycoprotein gene? There can be no definite answer unless a
complete nucleotlde sequence of the G gene of both the wild type and
the mutant is determlned But one could speculate that the results can
explain two possdpilities. One is that the lesion, most likely a
single base change caﬁses an ;mino acid substitution in the vicinity of
one of the glycosylation site which brings about a conformational
chanée at 39°C and prevents glycosylation at that site and that there .
is another lesion which affects the second glycosylation site at both
.temperatures. The other possibility is that there is only one lesion
most likel& close but not within‘th; first glycosylation site (since
glyqosyiétion is a cotranslational event the sitelto appear first in a
B-turn would be the first to beAqucosyléted) that affects the exposure
of the second site‘at 32°¢ and at 39°C affec{s the conformation ih'such

a way as to bury the glycosylation sites within the polypeptide

backbone making it inaccessible to glycosylating enzymes.
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Role of Oligosaccharide Chains in Transport

Oligosaccharide moieties are ubiquitous components of surface
membrane proteins, secreted proteins and viral envelope proteins., The
precise function of the oligosaccharide has been a subject of
speculation and research for a number of years., It has been suggested
that they may serve to direct the migration ‘of the glycoprotein to its
ultimate location in the cell (Eylar, 1965). Therefore, a failure to
glycosylate a membrane or secreted protein would nesult.in the
inability of the glycop}otgin to reach tpe cell surface or be secreted
from the cell. Studies on immunoglobulin sacretion have supported this
theory (Hickman et. al., 1977). Other studies have demonstrated that
the failure to glycosylate the major cell surfaae protein_a; CEF did
not alter the ability of. the protein to reach the cell surface..
Howevér, the infraceilular dégradatioq of the major cell surfaie
protein increased 2 to 3 fold in the abseace‘of glycosylation, Thus,
in this case carbohydrate stabilizes this protein agalifst proteolytic
degradation.

Studies dealing with the role of carbohydrate in the life cycle

of enveloped RNA viruses have alse produced variable results. Leavitt

et. al. (1977} have deﬁonstrated that a failure to glycosylate the

viral glycoproteins of both Sindbis virus and the San Juan strain of
VSV results in the inability of the glyCOproteins to migrate to the
cell surface. In addition, in the absence of glycosylation the release
of virus particies is inhibited ?y 99%. A study of the localization of:
the glycoprotein in tunicamycin treated VSV infected‘cells, revealed

that the glycoprotein attached to the ER membranes normally but did not

175
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move to low density membranes forming the CGolgi complex (Morrison et.
al., 1978). |

In contrast to the above resulrs there is a.report suggesting
that the absence éf carbohydrate does not prevent thg efficieﬁt
insertion of the jinfluenza glycoproteins into the plasma me@brane
(Nakamura and Compans, 1978). Thus, carbohydrate may be required for

transport of some viral glycoproteins to the cell surface but not for

others.
9

This observation has been supported by studies on the
requirement for carbohydrate in‘morphog;nesis of two different strains
of VSV of the Indiana serotype the San Juar and the prototype strain
(OrSay) (Gibson et. al.,” 1979). At 30°C, in the presence of
glycpsylation inhibitor tunicamyein, célls infected hith the San Juan
strain release only 5 to 10% of the norﬁal yie}d of virus particles,
whereas the brototypé strain releases between 45 énd 76%. This marked

r/'ﬁi???rence in glycosylation requirement suggests that, &arbohydréte isg
not critical for efficlent morphogenesis of ﬁhe prototype strain of VSV
at 3009, whereas it 15 essential for a similar funé@ion in .the San Juan
'strain. Furthermore, whenever unglycosylated G does mové to_the ‘
surface;'it'iS'incorporated.normally into virds particles! and fhese
" have rormal‘specific infectivity (Gibson EE;-EL;; 1978), At 39.560,
prototype infected cells:treatedéwith'tunicaﬁycin releése oniy-h%'of

tﬁg\?orﬁai yield of virus (Gibson et. al,, 1979).

!
.

- The glycoproteins of the .two strains are quite different, The
peptide-pétterns of the San Juan G protein and the prototype G protein -
L . - . .

——

wére different when compared by.pa!tial peptide aﬁ%lysis (Burge and -
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Huang, 1979), This difference in primary sequence could be 3 cause of
the difference in.glycosylation requiremenb for the maturation to the
cell surface. There are also minor differences,in the NS protein
peptide maparin these strains and the RNA fingerprints of the different
isolates of the Indiana serotype differ in their,oligonucleotide
pattern by 50-75% for the G gene, 20% for the NS gene and 15% for the L
gene (Freeman €t. al., 1979). The observations raise concerns

about whether the differenoe in carbohydrate reqnirement between ‘the

two: strains are a result of differences in G proteins or to eome other

undefined differences betweén the two strains.

A recent study reveals that mutational changes within the G .
'brofein of the same'strain of virus (prototype or Orsay) alters the
requirement for carbohydrate at 30%. Group(V)or G protein mutants of
-VSV Indiana t3045 and t3044 like their prototype parent did not require

carbohydrate'for efficient morphogeneSis' this was shown by the study

. of the virus released in the presence of tunicamyein (Chatis and

’

,Horrison, 1981). In contrast, the G- _protein of another group(V)mutant

ts0110 was totally dependent upon carbohydrate addition for migration
. to the cell surface. Fur%hermore, no t§p110 particles were released in
the absence of glycosylation. The wild type prototype strain and the
two mutants derived from the strain tsOHS and tsO4y did require )
.‘carbohydrate at 39°élfor ihsertion of the G protein into the plasma
membrane ‘and virion formation as’ revealed by tunicamycin inhibition of
glycosylation (Chatis and Morrison, 1981)._

The studies on tsy1l reported(in this thesis have-revealed that

at the nonpermissive temperature the G protein is not glycosylated and

a
[

ot
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its transport to the plasma membrane is affected. The G protein at

39 C in this case remains inserted inrthe ER membrane. Inhibition of

glycosylation with tunicamycin in cells 1nfected with wild type VSV

Cocal at 39 C revealed a pattern simf§er to the mutant at 39°C.

‘ The presence of one oligosaccharide‘chain in the mutant ts¥Y1 in
comparison to two in the case of wild type VSV Cocal at the permissive
temperature (32°¢) segéests that the transport from the ER to the Golgi
and finally to the plasme membrane is as efficient‘with cne chain as it
is with two chains,

This taken together Wwith the studies of the other mutants:
prov1de strong evidence that the amino acid sequence of the G protein
determines the importance of carbohydrate for insertion of the G
protein 1nto plasma membranes. Mutants isolated from the same_strain
of VSV and which fall into the same complementation group hate_
different requiremente for carbohydrate addition for insertion of the G-

protein 1nto'the plasma membrene. Furthermore, the study on tsY1 and

.othef mutants reinstates an earlier suggestion by Gibson et, al,

o

. .
~ (1979) that the conformation of the polypeptide is of ultimate

-~

importance in efficient ﬁigration threugh the cell. Molecules of some.
strains/mutants may obtain this conformation in the absence of
glycosylation ehereae othe;s may require at least a partial -
glycosylatidnhand still others may require complete glycosylation in

order to assume the proper three~dimensional structure. o o

Fatty Acid Acylation of Proteins

. F] . : . )
* The first report for possible covalent. attachment of lipid to

proteins in higher organisms'was the analysis of an organic solvent’



extractable protein from brain myelin (Folch-Pi and Lees, 1951;
-Sherman and Folch-Pi, 1971)., 'The discovery of a lipoprotein in the E.
Egli ceil.wall was thd first example of their presénce in procaryotie
organisms (Braun and Rehn, 1969). A structural study of the
lipoprotein showed that fatty acids were bound in both ester.and amide
linkages to the prétein (Hantke and Braun, 1973). The evidence for the,
covalent binding of fatty acids to membrane associated proteins of
enveloped viruses came from ﬁhe studies of two glycoproteins, E1 and E2
of Sindbis Virus ( Schwmidt er. al., 1979; Schlesinger, 1981), The first
demonstration that the VSV G protein céntains tightly bound fatty acid
: residues wés baséd. on the observation ﬁhat Iabéiing VsV wi;h
[3H]pa1mitéte resulted in ithrporation of ﬁhe 1ébel not oniy into‘the
viral phospholipids but also into G proteins (Schmidt and Schlesinger,
1979). The [3H]palmitate bound to the‘G-protein Was retained even
“after denaturation, extraction with organic solvents, and SDS
polyacrylamide gel elgctrqpﬁoresis. Hoﬁever, the 1abei couid be
feléased by mild alkaline.tqgatmeﬁt (methanol/NaOH) and recovered as
the palmitate methyl ester. This led to the suggestion that the fatty
acid molecﬁles were covalently bound to the polypeptide backbone‘ﬁf‘the
G protein by ester linkage. Using this approach it hag Been shown that
proteins of a wide range of organisms. have lipiq-moieties'cqvalently
bound to them (Table 6,2). |

The examination of the glyébprote;ns of various vesiculo
viruses for the presence of ?atty acid (palﬁitié acid)'discussed in

section III, shewed that while the mature G protein of V3V Indiana

serotype and Piry and Chandipura viruses contain palmitic acid

179
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HEMBRANE ASSOCIATED PROTEINS ACYLATED WITH FATTY ACID

I VIRAL ORIGIy

VIRUS

Vesicular Stoemaritis Virygl
{ Indizna Seretype)
Chandipura 2

Piey 2

Sindbis Virus 1.

Semiliki Forest Virys 4
Influenza &

Fowl Plague Virug %

New Castle disease Virus &
Sendal Virus 4.

Corena Virug 4

Murine Hepatitis Virus 4594
Rous Sarcoma Virug 5
Abelson Virug

Harvey Sarcoma Virus 5
Raucher MLY 6

Moloney MLy ©

Simian Virus 407

Herpes Simplex Virgsa

IT PROCARYOTIC ORIGTIY
Bacillus

IIT MAMMALIAN ORIGIN
Brain myelin Proteolipoproteinla
Human transferrin receptors 13

,chbranc-associa:cd ti

.

Bovine Rhodopsinlé

Vesicular Stomacicis Virus2,17
{New Jersey and Cocajy Serotype)
Influenza Virus 4 4

New Cascle diseage Vires

Corona Virus 8
Herpes Simplex Virus
Human hocolopue of murine T200 Blycoproteini ¥

ACYLATED PROTEIN {
G protein

G protein

G protein

El, E2

El, E2

HA (Hcmagglutinin)
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residues, the glycoproteins of Cocal and New Jersey serotypes do not

contain palmitic acid, showing that fatty acylation may be a common but

not general occurrence,

Site of Fatty Acid Acylation

The only direct evidence for the attachment of fatty'acid to a
precise site in a membrane protein is the fatty acid (myristice)
acylation of the amino terminal glycine in the murine.leukemia‘virus
gag protein precursor (Henderson et. al.,, 1983). Other lines of
indirect evidence have led to.the postulate that the fatty aciés are
. linked cpvalently to the protein by simple ester bonds,-trobably
through the side chain; of hydroxyl grodE .containing amino aciés {Ser,
Thr, Tyr). The fatty acid attached to the protein is labile to
transesterification (methanol/KOH treatment) and hydroxylamlnolysis,
'e.g. Sindbis E1, E2 and VSV G proteins {(Schmidt et. al., 1979; Schmidt
and Schlesinger, 1979).

Transesterification and hydroxylaminolysis are reactions
characteristic of ester linkages.t A study of the kinetics of release
of fatty acid bound to E2 and VSV d revealed that the release of
esterified fatty acid is-rapid (t 1/2 =.< 10 min at 23°C) in these
" proteins in coﬁparision to E1 (Hageé and Schlesinger..fgﬁi). A study
of the lability of serine esters compared to threotine esters showed‘
that the'fotmer are much more labile than the latter (Lenard, 4
196&),

‘Characterization of & thermolysin protected peptide of the VsV
G protein containing the fatty acid residue attached to the protein by

peptide mapping and sequencing have shown that the fatty acid is
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present in the membrane spanning hydrophobic sequence.of the VSV G
protein (Capone et, al., 1982) It has also been demonstrated that a

feu other viral membrane glycoproteins possess covalently attached

fatty acid residues within their membrane spanning regions e.g.

influenza haemagglutinin (Schmidt, 1982a), Sindbis Et1-and E2
glycoproteins {Rice et. al., 1982), transforming protein np605rc of RSV

(Sefton et. al,, 1982) and the transferrin receptor from cultured cells

B

(Omary and Trowbridge, 1981).

Despite the efforts to find the actual linkage sites of the

.fatty acid residues there has been no investigation "thus far tha& has

définitely located the fatty acid containing amino acid. This has
laréely-been due to the difficulties of working wifh these extremely
hydrophobic peptides during sequence analysis ( @apone et. gl:, 1982;

Magee and Schlesinger, 1982; Schmidt .1982b).

¥
There is a suggestion that in the case of VSV G protein,_the
fatty acid may be esterified directly to serine residues (Schmidt and -
Schlesinger, 1979; Magee and Schlesinger. 1982). This suggestion is
based on the finding that the kinetics of release of fatty acid from G
protein by hydroxylamine-at neutral pH is similar_tn-the lability of
serine esters than to the nhe other possible esners of hydroxyl amineo
acids, It has also been shown that a fatty acid containing peptide
recovered from a proteolytic digestion of [3H]pa1mitate—iabeled G

protein of V3V Indiana contained a high proportion of serine re51dues.

Despite these findings, the esterification to the side chains of the

- other hydroxy amino acids threonine and tyrosine or to the SH-group of

cysteine is quite likely.
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The sequence of the cloned & gene-of the Odgen strain of the
New Jersey serotype (Rose and Gallione, 1983) has revealed an

interestlng possibility for the fatty acylation slte. In agreement

with the results reported in the section III it was observed that in

the case of Hew Jersey odgen strain there is absence of palamitic acid

in the G protein. A comparison of the COOH-terminal sequence of G

protein of Indiana serotype (Rose and Gallionme, 1981) and the New

Jersey Odgen strain (Rose and Gallicne, 1983) indicates that in
positions 467 and 474 of Indiana G protein have serine residues whereas
glyc1ne residues are present in the same two positions in the New
Jersey-G.protein. Also, 1in the case of New Jersey G protein there.is a
serine in position 497 whereas in the same position there is a cysteine

in the case of VSV Indiana. Thus the lack of fatty acylation in the

New Jersey G may be a direct result of the. 1ack of- any one or all of

these esteriflcatlon sites. Therefore both of these serines and/or

cysteine‘could'serveﬁas acceptor sites for fatty acid attaohnent.
Whether cyste;ne is the site for fatty acylation, or its preéence 13-
required for fatty acylation at other sites is yet to be established
But a recent report indicates that presence of eysteine in the .
cytoplasnlc domain of VSV Indiana G is required for palmitate addition.
In order to identify the probaole site of acylation,
oligonocleotide—d;rected mutageneeis was used_to change the sequence of
cDNA corresponding to the eytoolasmic-domafh of VSV G proteinr The
mutagenized cDNA clones were expressed in eucaryotic cells, 'It was °
found that when a single codon specifying cysteine in this domain was

..

changed tg a cbdon specifying serine expression of the mutant gene



© . this mutant'have shown that soﬁe nonaéyléted'G does move to_phe’céll

resulted in the synthesis of a G protein lacking palmitate (Rose et.

~al., 1984).

-
-

Role of Fatty Acid Acylation of Membrane Proteins

Fatty acid attachment to proteins is a post-translational
modification in search of a function., To date there have been no
definite role assigned to fatty acylation to the protein although there
are indications that they play an important roleT

. A study of a'temperatuﬁe sensitive mutant of VSV Indiana
serotype has shown that at the nonpermissiye ﬁemperature the G protein
féils to become acylated with fatty acid and did not reach the eéll

surface. Based on this observation a possible role of the fatty acid

- in the inpraceiluiar transport of the protein was-stiggested

(Zilberstein et. al., 1980). However, this mutant glycoprotein has

ancther temperature ‘sensitive defect viz. aberrant glycosylaﬁion which

may -also contribute to the observed effect. Also, further studies of

surface though not into virions (Lodish and Kong," 1983) The studies

e reported in this the51s have shown that of the three different

serotypes of VSV tested, two did not contain any fatty acylated G.

protein, suggeéting that nonacylate& G protein. can migrate to the cell

-

surface.

Since fatty acids are linked to the membrane spanning regions
of acylated glycbproteins, it has been proposed that the.fatty acid may

funcﬁion to‘ahchor the protein in. e lipid bilayer of the virus

&

envelope or the cell membrane (Schriidt et al.,.1979- Omary and

Y

Trowbridge, 1981; Capone et, al., 1982; Schmidt, 1982). This view is
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suoported by amino acid sequence data uhich reveals a high proportion
~of hydrophobic and hydroxy amino acid (mainly Serineal Wwithin the
membrane associated portlon of a number of glycoprotelns. Fatty acid
moiet1es in this region may functlon to anchor the protein by’ providlng
additional hydrophoblc moietlies. This suggestion has been relterated
by a recent report by Omary and Troubrldge (1981) which stated that
the process of asylation and deacylation could modulate the afflnlty of
a glycoprotein for the membrane. This would offer a means of =
regulating certain blological activities expressed on the cell surface.

It has also been shown that the membrane form of immunoglobulin IgM

when chemlcally acylated with fatty acid ‘acquires the ability to bind A

-
Py

te liposomes whereas the naturally occurring Ingdoes not (Huang et.

1 al., 1980). The transforming protein of RSV, which is 1nitlally

synthesized as a cytoplasmic protein assoclatee with plasma membranes

after its amino terminus is fatty acylated (Sefton et. al., 1982),
The “anchor hypothesis® would be acceptable if 3nly it could

- s

t‘explain why many membrane associated protelns of viral and cellular ;‘:~~"

o . -J

origin do not become acylated during their biosynthesis (Omary and
Trowbridge, 1981' Schmidt 1982; Kotwal and Ghosh, 198“). One of the
best characterized of‘the.non acylated species is the‘u-chain of the
membrane form of IgM, This is known to be tightly bound to‘the plasma
membrane and ‘contains 10 hydroxyamino acids'out of a total of 26 amino
acids within the membrane spanning Sequence and still does not. contain
Sfatty acid (Rogers et. al., 1980 Schmidt, 1983).

The most attractive common feature of acylated glycoproteins of

viral origin is their fusion activity, - The best studied examples of
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this property are F protein of fowl Plaque and Sendai virus, the

hemagglutinin (HA2) of influenza viruses, the E1 and E2 of Sindbis

virus and the E2-protein of Corona viruses ( Scheid and Choppin, .
1974 Huang et. al., 1980; Klenk and Rott,1980; Schmidt,1982. The
potential participation of fatty acids in the induction of fusion is

further supported by the presence of oleic acid, a fatty acid long

known for its fusogenic properties (Akkong et. al., 1973) in the fatt;\\\

N
acid fraction released from Sindbis virus glycoprotein E1 (Schmidt et.

al., 1979). 1If fatty acids are involved in fusogenic activities how

does one explain the function of fatty acids Within_the plasma membrane

for different membrane proteins. It would thus seem that more
knowledge regarding the posiéion of the fatty acid is necessary'before
any conclusions can be drawn e.g. presumably if a fatty acid is ’
attached to the protein embedded in the lipid bilayer then it would be

unable to reach the external space for interaction with other. membranes

in order to initiate fusion,.

The other poésible role for the fatty acid could be.in the
final stages of the viral life ecycle viz, in virus assembly and budding.
- This ﬁossibility is based on the examination of VSV Indiana and Sindbis
"virus particle formation in the presence of cerulenin, an_antibiotic
shown to inhibit fatty acylation of G protein (Schlesinger and Maifef,

1982). In the presence of cerulenin VSV particle production was

-

blocked by 80-90% and incorporation of [3H]palmitic acid into the V3V

glycoprotein by an equivalent amount. ‘Nonacylafed G protein was found
. .

to accumulate on the cell surface but was not incorporated into the

.
o

budding virus. This suggested that while fatty acylation was not
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essgntiﬁl for G protein migration. It is possible that the fatty acid
cg;talnlng G proteln acquires a conformation that establishes sites for
protein-protein or protein-lipid interactions and that G proteins of
VSV Indiana which are de201d of fatty acid are un§b1e to reach a
confqrpation which can éstablish such interactions. On the other hand,
the glycogroteins of the other two serotypes of VSV, Cocal and New
Jersey may acquire a conformatioﬁlsuitable for interactions necessary -
in assembl¥ and budding without any fatty acid. The régults with
cerulenin need to be interﬁfeted carefully since cerulenin in égregment

with published results (Gbldfine et. al., 1978) was found to inhibit

protein synthesis at concentrations at which it blocked fatty acid

- acylation. It also inhibits cholesterol énd de novo fatty aéid

biosynthesis (Omura, 1976) and this could well explain the effect of
cerulenin on VSV New Jersey which was quite similar to that observed in
the case'of VSV Indiana (data not shown). A recent study of

Mycoplasma qapricoluh has shown that cerulenin had no effect on the

i
labeling of mycoplasma membrane proteins by [3H]palmitate {Dahl et.

#.al., 1983), It is quite likely, however, that tﬁe procaryotic fatty

. acyl transferases are affected differently from the eucaryctic ones.

E.NE\.rtf.ertmale:’.s, it shows a lack of complete knowledge of the fatty
écylating process and tﬁe mode of action of cerulenin.

~ An interesting possible function for fatty acid bound to the
viral protein could be in the selection of certain cellular lipids to:
be incorporated into the maturing VSV virions. The limited genetie
information of VSV (Huang and Wagner, 1966) precludes de novo synthesis

of lipids coded by the viral gepome. This concept has evolved from the

L
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examination of the lipid composition of VSV Indiana and VSV New Jersey
which shows that the Indiana and New Jersey serotypes of VSV have a
comeosition-in their lipid- bilayer which is distinet from each other
and from the cells from'wﬁich the particles were released (McSharry and
Wagner, 1971). Accordieg to this stuey, the concentration of neutral
lipids and the molar ratios of ehelesterol to phospholipid are higher
for piasma membrane%‘and virioes than for uninfected cells, V5V New
Jersey has a high eoncentration of cholesterol ester while V3V Indianai
has a high choleeterolgconcentration. Cholesterol represent a greater
proportion of: the total neutral lipid content of VSV Indiana virus than
it does in.the New Jersey virus. Inspite of these differences. in
composition the overall structure of'the.viral envelope of the two'
serotypes in terms of microviscosity as measured by fluorescence
depolarization has .been found to be the same (Patzer et. als, 1978).
Thus, the fact that the presence or absence of G bound lipid dees not
affect virus envelope structure of VsV Indiana and VSV New Jersey
suggests that the selection of the pre-existing cellular lipids to form
new lipoprotein complefes for iheorporation inteo eirions budding from
the plasme membrane makes for rigidity o% the viral envelope which may
be'otherwise more fluid in cases where non acyleted Elycoproteins such
as that of VS8V New Jersey are present in the viral envelope, This
concept coeld be extended to explein the presence of fatty acid in non -

viral membrane proteins.
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CONCLUDING REMARKS : ; VaE ‘

g i . .
The NH,-terminal sequence analysis of the in vitro synthesized

unglycosylated product and the'glycosylaﬁed‘formNBbtained in cells’
infected-withrﬁsv Cocal and VSV New Jersey were determinéd.‘ The'
comparison of these‘seq&ences ﬁ££h‘£hose cdrresponding to -the onés of
VsV Indiaﬁa G protein reveal a striking unrelatedness within the signal.
region in contrast to the hiéh degree of‘conservation'of.sequehces
close to the NHz—termanS of the mature glyecoprotein. The signal

2
sequences of the three glycoproteins are simllar in the exteq? of

Nydrophobic1ty é;d are comparable to the known signal sequences of - !
secretory and membrane proteins in terms of the distribution of
hhydrophoblc amino acids, presence of seconqary structure éisrupting
amino- acid- residues with-in the last five residues of the cleav&he site
and the (-3,-1), rule. This suggzéts that £he recognition of the .
signal sequence by VSV G is mediated-by the same SRP as that for the
secretory and pther membrane proteins. Also the signal peptidase which
brings about the removal of the signal SEptide after the transfer of .
the protein across the ER'would be expected to be the same for the
protein dest%ned to be secreted outside or inserted into the plasma
membrane.

The three dimensional conformation of the VSV glycoprotein is
of vital importance during biosynthesis. Attachment of 6ligosaccharide
chains ocecurs only at sites (Asn—X-Ser/Thr) located regions (possibly B-
turns) which are accessible to glycosylatlng enzymes involved in

transferring the oligosaccharide chain from the lipid carrier to the

protein. Conformation also depends on the Interaction of regions

189
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within the VSV G with the ER membtane, The attachment of RN

oligosaccharide chains also influences the conformation of the VSV

protein and in turn its tranSpoft to -the cell surface. In the case of

ts¥1 a glycosylation defective temperature sensitive mutant, the
absence of one éompléte‘sugaf chain in comparison to the wild type VSV
: 13

Cocal glycoprotein at the permissive iemperature does not alter the

-—

ability to follow the noFmal biosynthetlc pathway nor 1§/thene a
significant decrease in infectivity that can be attrlbutedlto the f/
deflciency in a sugar chazin suggestlng that oné complete 3\

S t” .
oligosaccharide is sufficient for the bio3ynthesis of a functional
glycoprotein. - .

The recently discovered post—translational modification viz,

the fatty acid attachment to the glycoprotelns is of importance . to some,

vesiculoviruses while it is not present in others. The lack of fatty
acylation does not alter the function of the glycopfotein in the case
of viruses which possess such glycoproteins. .The possible Jrole of the
fatty acid could be in the selectlon of the preexisting cellular
lipids, to be incorporated into the viral envelope. The fatty
acylation site seems to be the Cys or at least Cys is an important
amino acid in fatty acylation whether it is Cys or somé other amineo
acid one would expect it to be present in exposed regjons of the

protein so as to be accessible to the Tatty acylation enzymes.

-

Present Trends and Future Prospects
- A question q{\?entral importance and the focus of considerable
4 L .
study in recent years has been the process by which proteins are

transported from their site of synthesis to their ultimate subecellular
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destination, Reeombinans BNQ techmology has provided a very powerful
}mean of examining the ability of some of‘the domains in the prepeim to
.direct a protein to a earticular site in.the membrane. Quick and easy ’
means of asse551ng gene expression such as immunoflourescenee and SDS-‘
polyacrylamlcle gel electro?horesis have made 1t,possible Fo stgdy‘the
effect of specific'structural changes in.proteins'ﬁrought_abouﬁ by .
genietic manipulations. TheAFepid advances in the constmuctién of
.hybrld genes and genes with site specific changes has been preceeded, by.
the successful cloning of the cDNA to some of the (-) strand RENA virus
genes (Gething et. al.,-1980; Gallione et. al., 1981; Rose an?
--Gallione, 1981; Hartman et. al., 1982). 'The expression of the VSV G
protein from clonee cDNA in eucaryotie'cells and Lts normal transpor;
LA

to the plasma membrane suggests the presence of all_the hcessary

signals, and this has paved the way for studying the signals that

/
-

direct membrane proteins ty’their appropriate locations in eucaryotic
+cells (Rose and Bergman, 1982). Since then, a large number of
alterations have been analyzed. A deletion mutant in which DNA
sequences encodlng the cytoplasmic domaln of the G- protein was removed
along with the transmembrane domain was found to be secreted slowly
from the cells., It was a;so found that alteratioqs in the'cytoplasmic
domain in the;G protein of VSV by in gigzg_metagenesis-or the DNA
Aencoding this domain had profound effects on the rate at which the
protein was transported (Rose and éerémann, 1983). These results
stressed the importance of these domains not only in insertion of the
glycoproteins in the plasma membrane but also in the efficient

transport of the protein. Construction of chimeric genes with

e T
R
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influenza hemagplutinin and Vsvy G carboxy or amino terminus (McQueen

et. al.,'1984) or polyoma middle size tuhor'antigen with the

COOH-terminus of VSV G (Templeton et. al., 1980) has revealed that the

NHE—termlnal sequences of VSV G protein can serve as signal sequences

~and the COOH-terminal sequences can provide the anchor function when .
substltutad for similar sequences. Construction of the chlmera.
however, altered the conformation rendering them defective in the
transport of the influenza haemagglutinin and incaphble of transforming
susceptible cells in\the case of the polyoma middle size antigen,

A

These studies demonstrate the inadequacy of the substitution of domains °

. of homologous function suggestive of additional domains that become

obscured or deleted by the manipulations

Bacterial systems in which genetic manipulations have been used
showed that the signal peptide was, indeed, necessary for translocation
(Bassford et. al., 1979). Fusion of the amino—terminal region of a
cytoplasmio protein gene resulted in a hybr1d protein that was exported
from the cytoplasm (Silhavy et. al., 1977). Mutations in this hybrid
gene that blocked the export process all showed altered signal
sequences (Bedouelle gt. al., 1980; Emr et. al., 1980). However,
one fusion protein containing all the amino acids of a signal peptide
and some amino acids of the mature protein remained as a cytoplasmid
protein (Moreno et. al., 1980). The conclusions drawn ‘from the
-bacterial systems supported the signal hypothesis but suggested that
information{witnin the secretory protein in addition to the signal

peptide was required yfor secretion,

£ recent study to identify the-region of the protein, necessary
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for translocation has used genes cloned in bacterial plaémids as
targets for in liggé mutagenesis. %hey then used the mutated genes in a
eukaryotic translabipn-tfansloéation.system. A hyb;id gene containing
23 codons of the pre #lactamase signal sequence and § codon; of the
mature R-lactamase were fused t; the a-globin such that this
cytoplasmic protein became a secrétary protein (Liﬁgappa et. al.,
19843).

Another examplé of tﬁe use Ef Fecombinant_DNA technology is the'
investigation of functional aspects of hydrophobic goﬁains'in
neuraminidase of the influenza virus, It has been‘knowh that NA
pbésesses two strefcées ‘of hydrophobic Sequencé one'at-the
NHz—terminus and the other at the COOH—terminus. Howevér, gnlike most'
of the known membrane proteins,_tﬁe hydrophobic_sequence at
NHE—terminus is not cleaved_from the mature protein and remains
embedded in the membrane and serves as an anchor (Fields et. al., 1981;
Blok ets—al., 1982; Hiti and Nayak; 1982). 'Tﬁus in order to determine
which of the hydrophobic sequence of NA provides the signal function in
translocation across the RER two gfoups using different approaches
involving recombinant DNA technology érrived at the same conclusion.
The éroup of Markoff et. al. (1984), constructed, two different
récombinaﬁts Qne_lacking the reéion encoding the NHE—terminallregion of
the NA and other lacking the region encoding the COOH-terminal region
of NA and found that the NH2—terminal hydrophobic reg%on was required
for'glyco;ylation and surface expression of the influenza virus NA,

The-second group (Bos et. al., 1984), constructed 'a hybrid in which the

DNA coding for the NH2-terminal hydrophobic sequence of NA was joined



to the DNA coding for the sig;al minus ﬁA as well as to the DNA coding
for the signal minus and anchorless HA. The reBults of expression in
CV-1 cells, showeé that the NHE—terminal hydrophobié sequence of NA, iﬁ
addition to its anchor functién, also provides the signal fungtion in
translocation across the RER,

A further exténsion of the expression of a cDNA glone encoding
the G protein of VSV Indiana'of truncated genes encoding G proteins
lécking portions of the carboxy—terminal cytoplasmic domain was the uyse
of ollgonucleotide directed mutagenesis to change the prote1n sequence
in the cytoplasmlc domain in order to identify the probable site of
_acylation (Rose et. al., 1984), Labeling of these truncated protein
with [ Hlpalmitate indicated that palmitate might be linked to
cysteine. This conelusion was drawn from the lack of palmitate
labeling found when cysteine was deleted along with other amino acid
and also when Cys was chariged to éer{ This type of expression.in which j
the fatty acylation does not occur because ofllack of ahino acid
residue such as Cys can be useful in the study of the fate of
unacylated glycoprotéin. The main advantage from such studies is the
absence of side effects, e.g. inhibition of prgtein syﬁthesis,
inhibitio& of cholesterol blosynthesis etc., which are prevalent on
using an;ibiotics such as cerulenin to block fatty acylation. The non
acylated glycoprotein can be shown to reach the cell surface and can b;
rescued by infecting the cells with a temperature sensitive mutant 1like
-ts ¥l at the permissive temperature and harvesting the virus released at

the nonpermissive temperature. The chemical analysis of the envelope

. containing the nonacylated glycoprotein in the released virus and its



comparison with the one containing acylated glycoprotein would give a
clear indication of the suggested role of fatty acylation viz. the
selection of pre-existing lipids for the incorporation into virus.

13

Besides this recombinant DNA and pseudotype analysis approach, it
should also be possiglé to obtain a reasonably good corelation between
the presence and absence of fatty acid and the composition of the
lipids incoréorated into the envelope, by lipid analysis of the
enve}opes of Cocal serotype of VSV and oflthe-Piry and Chandipura
viruses. .

The expressibn of.cDNA encoding the truncated VSV G which lacks
the _region correspon&ing.to Ehe COOH-terminal membrane spanning region
of the protein provided uséful information régarding the role of this
region not only in anchoring the protein to the plasma membrane but
also its role dufing its intracellufé} transbdrt. Similar studies
could be done for the NH2-terminal region which has been shown to be
conserved in three serofypes of V5V (Kotwal et. al., 1583) and also
shown to possess hemolysin activity (Schlegel and Wade, 1984). The
expression of eDNA clones lacking the 5° end of the gene encodiﬂg the
NHE-terminus of the mature glycoprotein. could provide crucial
information rega;ding the involvement if any, of membrane quiop in the
transport of the giycoprotein. ¢

A 1ogiéal extension of the phenotypic éharacteriiation of the
tsYl is the determination of the éenotypie lesion caused by the
chemical mutagen. This can be achieved- by annealing of the dC tailed

cDNA corresponding to the G mRNA into a dG tailed Pst 1 cut'pBR322 and

“then cloning into bacterial cells such as C-600. Further, in order to

[y
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obtain the nucleotide sequence, the bacterial cells gre grown and the
plasmid containing the cDNA isolated and sequenced by any of the two
sequencing methods (Maxam and Gilbert, 1977; Sangers, 1977) .This has
been successfully carried out for the JSV Indiana mRNA encoding the G,
N, NS and M- protelns (Calllone et. al., 1981; Rosc and Gallione, 19815.
A comparison at the nucleotide Sequences encoding the wilq type VSV
Cocal G with that of tsv G would give an exact, indication of what is

" the base change that has occurred and more importantly wh;re in the G
gene is it located. An attempt at trying to accombiishlthis goal was\‘
made. - The poly(A) mRNA was isolated from cells infected with Cocal or
ts M and the first strand synthesis using the total poly(A) mRNA of VSV
Cocal as template gave the_synphesis of three discréte.bands possibly
corresponding to G’:” and NS + M, The second strand synthesis gave

products in the ﬁange of 0.5 kb to 2 kb and the dC tailed double,

stranded DNA was annealed to the dC tailed Pst 1 cut PBR322 and using

the . RbCla method (Hanahan, 1983).C~600.cells were transformed Due
to constraints of time it was only p0351b1e to analyze a few clones and
‘bug of these clones had a plasmid which had an insert in the Pst1 site

whose size was around 2 Kb but since during the manipulations one of
the P 1 site "lost, it was decided to discontinue, -

The nucleotide Seéquence that would become availabie could also
‘e useful in comparing the 3% end of the Cocal mRNA encoding the
memﬁrané spanning regions to determine the changes that would aécount

for the lack of a fatty acylation site,

The synthesis of peptides corresponding to conserved regions of

the glycoprotein molecule may help to elucidate the function of these

.
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conserved regions. This approach has beep successfully adopted in &
recent study in which a pepeide corresponding to the NH,-terminal 25
amino ecid of V3V (indiana. San Juan strain) G shown to be conserved in
other VsV seroeypes (Kotwel gﬁL al., 1983) possessed pH dependent
hemolysin activity (Schlegel and Wade, 1984),

Additiohal-pepﬁides {with deletions and modifications) could be
generated in order to establish the simllaritles between the¢hemolyt1c
act1v1ties of the synthetic peptide and the G proteln. Slmllar
approaches can be used to deflne functional domalns in the glycoprotein
molecule such as reglons interacting with the M protein or the ones
involved in attechment to cells,

”The lack of glycosyiation of G protein of ts M at 39°% as
discussed preyiously could be'due te a lesion in the glycosylation site
or in adjoining ?egion. This can be investigated using an approcach :
used by Leeearz et. al, (1981). This abproaeﬁ involves the use of
membrane-prepafations frem hen oviduct as an enzyme source ahdf
exogenous eligosaccharide—lipid as donor and the denatured or native
protein synthesized at 39°C as a possible acceptor. 1If there were
glycosylation then it would be indlcative of the presence of
glycosylation sites and their p0551b1e inaccessibillty in the native

form. '
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