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ABSTRACT

‘The purpose of this study was to in;es:iga:e the assembly ;f
membrane proteins by examining the topological organization and
{ateractions of the membrane proteins G and M of vesicular stomatitis
virus (VSV). '

Exhaustive proteolytic digestion of VSV resulted in the
complete degradation of G protein, however, a small peptide fr;gment
having an apparent molecular weight of approximately 9,000 D remained
associated with the viral membrane. Charactexization of this membrane
embedded fragment by ;ryptic peptide analysis znod amino actd
Isequence determination demongtrated that it was derived from the COOH-~-
t;nainal end of & pretein. Furthermore, comparison of the partial
amipo acid sequence of this peptide fragment uiéh the predicteé amino
acld sequence of G protein'inaigated that this peptide contains an
uninterrupted hydrophobic domain of sufficient length to span the vifal
en;;lope. Tgus, the G‘protein of VSV 1s anchored in the vira] membrane
by a hydrophébic domain located near the COQH-t;tminus.

In additien te the COOH-terminus, the NH,-terminus of G proteln

2
was also shown to beﬁprotected from proteolytic attack by the integrity
of the viral enveiope. This may be related to the tertiary structure
of G protein'that is impdsedrby the viral membrane-or the fact that the
NHz-terminus may be in close proximity to the surface of the membrane
and thus protected from proteolytic attack. )

It has recently been reported that the VSV G protein contalns
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tightly bound fat:y acid residues. Proteclytic digestion of VSV
labeled with [3H]—palmitic acid demonstrated that all the fatty acid
residues present in G protein are localized exclusively in the membrane
interacting domain. fhus, the lipophilic fatty acids in conjunction
with the hydrophébic.dcmain may play an important role in the
interaction of G protein with the viral envelope.

VSV grown in the presence of u-{9—3H] diaziriﬁophenoxy aonanoate
resulted in the bilosynthetic incorporaticn of this photoreactive fatty
acid into the viral phospholipids as well as inté the membrane
anchoring domain of G protein. Pﬁotolysis of the virus resulted in
extensive phospholipid crosslinking to the G protein but not to ﬁhe M
protein. This confirms that the COOH~terminal region of G protein is
in Intimate contact with €he hydrophobic core of the lipid bilayer and
directly demonstrates that M protein does not penetrate the viral
membrane to a significant extent. In addition, a new product was
obtained following photolysis and identified as a G-G dimer on thé
basis of its molecular weight and ;mmunoreactivity. This pro@uct arose
presﬁmably from protein creosslinking mediated by the photoreactive

fatty acid attached to G protein. Thus, the bilosynthetic incorporation

of this photoreactive fatty acid makes it possible to not only identify

integral membrane proteins but also to make p Ebaffinity probeé of
membrane proteins which are normally.f;;py/;:?: acylated.

The nature of the association ;f M protein with membranes
was examined b& reconstituting the purified protein into artif. lal

- phospholipid vesicles. The M protein was shown to have a strong
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affinity for such vesicles and the assoclation, once made, could not
be disrupted by salt treatment. This suggests that the iateraction
was at least partly hydrophobic in nature. The nucleocapsid protein

N was shown to haVe no affinity for artificial lipid vesicles, however,
it couyld assoclate with ;esicles in the presence of M protein. The
sama resul;s were obtained when in vitro synthesized proteins vere
used for recomstitution. These results suppart the concept that the

M protein is involved i virus maturatibn through its.ability to
interact with both the plasma membrane and the ribonucleoprotein core
containing N protein.

The maturation of membrane proteins is thought to be directed
by discrete polypeptide domains prese;t in the pro;ein which are
recognized aﬂa decoded by specialized mechanisims of the ceil. As an
approach to study the function of these various polypeptide domains,
a hybrid gene was constructed from plasmids containing cDNA copies of
the couplete coding sequences of the G and M mRNAs. A chimeric gene,
which contained the signal sequence coding reglon of G protein fused
to the bulk of the coding Bequence specific for M, waé constructed anq
placed into an expression vector. Introduction of this hybrid gene
into mammalian cells by DNA mediated gene transfer resulted in the
synthesis of a 36,000 D polypeptide impunopeactive with anti-M
antibody. This plasmid should thus be useful for the functional
examination of the signal sequence of G protein. As well, it should
be useful for examining polypeptide domains which are involved in

glycosylaticn since M protein centains a‘cryptic glycosylation target
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Introduction

The rapld progress in recent years of sur knowledge
concerning the high degree of organizational and functicnal
complexity of eukaryotic organisms has been possible in part from
the wide use of animal viruses as simple, well defined mo&el
systems.

Viruses are obligate parasites since-the limited amount of
information encoded in their genomes makes them almost entirely
dependant on the host cell machinery for their replication and
mecabolié requirements. As such, the processes imnvolved in the
replication, synthesis, and assembly of virion components is a
réflection of normal functlions carried out by the cell.

The approximately 6C0 known anfimal viruses exhibit a wide
spectrum of complexity relating to differences in strategies of
replication and maturation. VYiruses can be broadly classified on
the basls of the chemical nature of thelr nucleic acid (DNA or
RNA; single or double stranded) and whether or not they coantain a
lipid envelope. Because of the Iincreasing awareness of the
importance of membranes in the bioleogy of the cell, a great deal
of attention has been focused on lipld contalning viruses. Since
their membranes are acquired by budding from cellular membranes,
structure, composition, and assembly of the viral euvelope
reflects quantitatively and qualitatively that of the ho;t cell

membrane from which the virus matures.



Enveloped animal viruses cam be classified into two groups,
1) those that acquire their membranes by budding from cytoplasmic
membrapes such as the plasma membrane or the endoplasmic reticulum,
and {1) those thap ;ssemble their membranes de novo or as in the case
of the herpesviruses, acquire their 1lipid by budding from the nuclear
+ membrane (Patzer et al., 1979). The most extensively studied l
envelbped viruses belong to the former group and include the
rhabdoviruses, togaviruses, paramyxoviruses, orthomyxoviruses and the
retroviruses. Members of these virus groups are surrounded by é

]

cytoplasmically derived unit membrane containing 1-3 types of virus ,
specified glycoprotein species (Lenard, 1978). In addition, the o
rhabdo, paramyxo, and orthomyxo groups contain a nonglycosylated

matrix protein in close association with the viral membrane.

The work described in this thesis concerns the study of the
membrane proteins of vesicular stomatitis virus, a negative stranded
RNA containing enveloped virus belonging to the rhabdovirus group.

VSV serves as a model virus to study membrane assembly and structure
since the viral envelope contains only two species of protein; the
glycoprotein G, and the nonglycosylated matrix protefin M (Wagner,
1975). Infection of cultured cells with VSV results in a rapid shut
off of host protein synthesis (Petric and Prevec,'1370; Wagner et
al., 1970) thus membrane protein biogenesis becomes exclusively virus

directed and virally specifalized. In addition, the broad host range

.specificity and high virus yield affords large quantities of purified



material suitable for the study of zany aspects of membrane assembly
r

and viral morphogenesis.

1. Vesicular Stomatitis Virus

1.1 Morphology and composition

Rhabdoviruses are a group of highly infectious agents of both

plants and animals whose classification was originally based on their

" rod shaped morphology (rhabdo = rod). The molecular biology of this

virus group is bdsed almost entirely on the prototype, vesicular
gtomatitis virus (V3SV). VSV is pathogenic to cattle and horses,
causing diseases similar to foot and mouth disease (Wagner, 1975).
When analyzed by negative contrast ;lectron microscopy, VSV
appears as an elongated, bullet shaped particle (B-particlg)
approximately 170 om in length and Yd nm in di;meter {Knudson, 1973;

Nakai and Howatson, 1968; Simpson and Hauser, 1966). In addition Eo

- the bullet shaped morphology for the virus, a bacilliform morphology

has Peen proposed (Orenstein et al., 1976).

Electron microscopic visualization of the virus demonstrates
that it is composed of two distinct Structural components; the outer
surface and the internal core. The outer surface consists of 2 unit
membrane from which radiate surface projections or peplomers of
approximately 10 nm in length. These surface spikes appear to
consist of hollow knobs at the end of short stalks (Nakal and
Howatson, 1968; Brown et al., 1974). The lipoprotein envelope

surrounds an internal core._containing RNA and protein and having a
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buoyant demsity of 1.31 gm/ml (Kang and Prevec,-1969; Wagner et al.,
-1969). The ribonucleoprotein core (RNP) appears to be helical,
giving the appearance in negative stain of approximately 34
characteristic cross striations (Nakai and Howatson, 1968).

Chemical analysis of purified viricms has shown that the
virion particle contains 3% BNA, 64% protein, 13% carbohydrate, and-
20X 1ipid by weight (McSharry and Wagner, 1971). Purified VSV
contains five distinet structural polypeptides identifiable by SDS
polyacrylémide gel electrophores#s and which are all specified by the
viral genome (Wagner et al.,‘1972). These proteins have been
designated L, G, NS, N, and M.

1.2 Structural Components and their Function

1.2.1 RNA

The genome of VSV is q%?posed of a siogle RNA strand of
negative polarity (complementary to the viral mRNA)} having a
molecular weight of approximately 4 x 106 D and consisting of
approximately 11,000 nucleotides (Repik and Bishop, 1973; McGeoch,
1980). ?he RNA is present in the RNP in association with the three
viéal proteins L, NS, and N. On the average, each nucleocapsid
contains a single ENA molecule complexed with 60 molecules of L
protein, 230 molecules of NS, and 2,000 molecules of N protein
(Waner, 1975); L and NS can be readily dissociated from the RNP by
)treatment with high salt concentrations, however, the N protein
itgg?ins tightly bound to the RNA under thesge conditions (Emerson and

Wagner, 1973; Emerson and Yu, 1375). Electron microscopy of extended
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uawound nucleocapsids has demonstrated thatr the N ‘protein is
regularilg_spaced at 3.5 mm intervals along the entire length of the
RNA (Nakai and Howatson, 1968).'

The negative stranded RNA molecule serves as the template for
the production of the five viral specific mRNA species as well as the
template for the production of full length progeny RN; molecules

(Wagner, 1975). . -

1.2.2 Viral Proteins

(a) L Protein

L protein is the largest protein present in VSV and has an
¥

o

apparent molecular weight of approximately 190,000 D as determi;ed by
polyacrylapide gel eiec}rophoresis (Wagner et al., 1972). As noted
-above, the L protein is found in assoctiarion with nucleccapsid where
together with the NS protein it serves as the endogenous RNA
dependant RNA polymerase (Emerson and Wagner, 1972, 1973; Emerson and
Yu, 1§75; Inblum aund Hagner, 1975; Hunt et al., 1976).

(b) NS Protein

The NS protein is found in large amounts in the infected cell
but is only a minor component in the completed virus (Wagner et al.,
1975). The NS Erocein is composed of a single polypeptide of 222
amino acids {25,110 D) as pr;dicted from the mRNA nucleotide sequence
determined from cDNA clones (Gallione et al., 1981). NS protein,
however, migrates on SDS polyacrylamide gels with an apparent

molecular weight in the range of 40,000 to 52,000 D. NS i{s the major

phosphoprotein present in VSV and this led early investigators to

-~



postulate that the phosphorvlation was responsible for the ible..unt
electrophoretic mobility (Sokol and Clark, 1973; Inblum and Wagner,
1974). This does not appear to be the case since dephosphorylatiom:
of NS increases rather than decreases its mobility on SDS containing
gels (Hsu and Kingsbury, 1980). The,pred;cted amino acid sequence of
NS as deduced from c¢DNA clones of the mRNA reveals a lafgé cluster of
negatively charged residues. Variable binding of 5SDS to this regilon
may account for the anamolous electrophoretic behaviour (Gallione et
al., 1981).

NS ﬁrotein along with L protein is respons%ble for the,virus
specific mRNA transcription (Emerson and Yu, 1975). Reconstitution
experiments have demomstrated that the binding of L prdtein to the
‘?Tﬁﬁnucleoprotein template is degendant on the presence of NS (Mellon
and Fmerson, 1978): _Q\(

h -

NS exists in atxléast two forms, NS I and NS II, which diffaer
in‘their degree of phosphorylation (Cliﬁfon et al., 1978, 1979;
Kingéford and Emerson, 19R8(). While%ib:’TE;gE’ﬁhosphorylaced form
(NS I) was found associateg with VSV core particle§ {Clinton et al.,
1978),‘the more highly phosphorylated species was found to be more
acti;gjin a reconstituted transcriptase assay (Kingsford and Emers?n,
1980). Thus, phosphorylation-dephosphorylation may affect the
ability of NS to regulate VSV RNA synthesis.

: It has been postulated that NS has a dual role in that it may

also function as a replicase. This has been suggested from studies

with ts mutants that have demonstrated anKFnterdependange between
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transcription and replication Euggesting that there is a subunit
common-to ijL pathways (Lésnaw and Reichman, 1975). More recently,
using a ts mutant of VSV that "= replication defective at the
restrictive temperature, it was shown that the ts lesion resides in
the®WNS protein. This Supports the suggestion that NS protein plays a
role_qQ\the replicative pathway (Lesnau et al., 1%979),
) (c) N Protein ‘ -
N protein is the major structural protein of VSV and has an
_‘gpparent molecular weight of ;;;roximately 50,000 D as judged by SDS
polyacqylamidé\krgkeiectrOphoresis (Kang ;;é Prevec, 1969). Sequence
analysis of the mRNA from a cDNA clone predicts a polypeptide of 422
amino acids (Gallion; et al., 1981).
"‘ ‘ The N protein remains tightly a's‘s:}lated.with the viral RNA
under conditions that FéTease the Né and L proteins. The N-RNA
-

complex serves as the Lemplate for transcription. Although N ‘protein

1
b

//ipself has no transcriptase activity, it is essential for this
function to occur since deproteinized viral RNA cannot serve as a

~

transcription template (Emerson and Wagner, 1973; Wagner, 1975)..
R
= Recent studies suggest that N protein may control the balance
éetween transeriptiéﬁrand %eplicative RNA'synEEPsIB—in the Iinfected
cell (Blumberg et al., 1981; Lazzarini et al., 1981).
(d) G.Protein
The G protein has an apparent molecular weight of 69,000 D

. s
and {s found exclusively in assoclation with the viral enveldpe

(Wagner, 19%&). The nucleie acid sequence of the ¢ mRNA predicts a



polypeptide of 511 amino acids (Rose and Gallione, 1981).

G protein {s the only glycosylated protein species present in
the virion (Burge and Huang, 1970; Wagner et al., 1970;_Hudd and
Summers, 1970a) with the carbohydrate molety accounting for
approximately 10 of its weight (Etchison and Bolland, 19742, 1974b).

G protein contains two apparently.identical Asn 1inked
complex oliogosacchardies of the type

2 81

NeuNAc —=2-3,6a1 2 461cNac

\\3L4

Man
B1.2 21.8

NeuNAe B33 ca1 B 401 cnas Mans—‘d-ibclcNAcBMbGlsNAc Asn
B2.3 Br.a B1,2 1013 ) |a1.6

NeullAc ——»Gal ———»ClcNAcE—*pMan Fuc

»

(Etchison et al., 1977; Reading et al., 1978; L1 et al., 1978).

These oliogosaccharide chains are located at fractional
distances of 0.35 and 0.66 from the amino terminus (Rose and
Gallione, 1981). 1In addition to the major oligosaccharide chains,

G protein contains ainor amounts of slalic acid, fucose, and mannose

~
attached to the polypeptide backbone (Kingsford et al., 198Q).

L4

It 1s apparent from variocus studies that while host cell
glycosyl transferases are responsible for the synthesis of the
oligosaccharide moieties, it is specified by information present in
the G protein molecule (Sefton, 1976;7Chatis and Morrison, 1981;:

e o™
Robertson et al., 1982) although there are minor differences in .
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glcosylation patterns which are host cell depenaent (Etchison and

Holland, 1974b; Moyer and Summers, 1974a, Etchison et al., 1981).
These differences have beén generally attributed to differences in
sialic acid content.

'f”‘ In addicion to the‘carboydrate moleties, it has been
demonstrated that G protein contains 1-2 molecules of fatty acid that
appear to be directly linked to the polypeptide backbone (Schmidt apd
Schlesinger, 1979).

G protein is present on the external surface of the viral
envelope and forms the projections or splkes observed by electron
microscopy of negatively stained preparations. This has been
demonstrated by a variety ofltechniques. Surface labelling of VSV
under proper conditions by lactoperoxidase catalyzed radiociodination
labels only the G protein {McSharry, 197?), while digestion of VSV
with a variety of proteases to remove the external spikes show that
onky G protein is susceptable to proteolytic degradation (Mudd, 1974;
Schloemer and Wagner, 1975a). The oligosaccharide moieties are also
external to the bilayer as demonstrated by their sensitivity to
neuraminidase or a mixture of glycosidases (Schloemer and Wagner,
1974; Cartwright and Brown, 1877; Capone et al., 1982). Evidence
that G protein actually penet}ates the vir;l membrane was provided
from the observation that a small peptide remains associated with the
envelope of the virion after proteolytic removal of the protruding
splkes (Schloemer and Wagner, 1975a; Mudd, 1974). This fragment 1ig

of sufficient length to span the membrane. The conclusion that



G protein actually spans the m@mbrane has come from studies utilizing
bifunctional crosslinking reagents that have shown that G protein can
bé crosslinked to internal viral components such as N and M protein
(Mudd and Swanson, 1978; Duvobi and Wagner, 1977; Zakowski and
Wagner, 1980). These same studies have i?dicated that G protein may
exist in the membrane in oligomeric forms. The general picture then
i1s that G protein exisrs in the viral envelope as a transmembranal
protein with the bulk of its mass including the carbohydrate residues
on the external surface of the bilayer and attached to the meﬁbrane
by a qmall polypeptide frégment which can interact with internal
viral components.

G protéin 1s the major antigenic determinant of VSV {Kang and
Prevec, 1970; Kelly et al., 1972; Wiktor et al., 1973) and plays
several key roles in the life cycle of the virus. 4§ protein is
responsible for both the binding of the virus to host cells and
inducing viral uptake. Virus particles from which the G protein {s
removed by proteolytic digestion are not infectious, however, the
addition of G pro:ein to these particles restores Infectivity (Bishaop
et al., 1973a). 1In addition, G protein appears to play a role in the
effecient assembly and maturation of the virus although its presence
is not essential for budding to occur (Schnitzer and Lodish, 1980).

The function of the carbohydraie residues is not clearly
understood. Therehseems to be a loss of infectivity following
removal of siai&c acid (Schloemer and Wagner, 1974) with recovery of

infectivity following reslalyation, however, other studies have

10



demonstrated that sialic acid residues are not essential for
infectivity (Robertson et al., 1978). It has been suggested that the
oligosagcharide chains are required to maintain G protein in a proper
unaggregated form during its intracellular transit (Gibson et al.,
1978, 1979, 1981).

{e) M Protein

The other emvelope associated protein in VSV is the matrix
protein M. H-is the most abundant protein present in the virus and
has an apparent molecﬁlar weight of 29,000 D (Wagner et al., 1972).
The nucleotide sequence of the M aRNA predicts a polypeptide of 229
amino acilds (Rose and Gallione, 1981).

Evidence that M protein occupies an internal position in the
virus comes from studies demonstrating its resistance ro externally
added proteases (Mudd, 1974; Schloemer and Wagner, 1975a) and 1ts
Inaccessibility to_surface labelling reagentg (McSharry, 1977; Egar
et al., 19735).

The abundance of M protein (2-4000 molecules/virion) suggests
that it has a major structural role {a the virus. Crosslinking
studies have indicated that M protein is located on the inner surface
of the membrane and in close proximity to the nucleocapsid as well as
the G protein (Mudd and Swanson, 1977; Dubovi and Wagner, 1977;
Zakowskl and Wagner, I980{ Ha;carella and Lenard, 1981) thus forming
a bridge between the RNP and the envelope. The use of hydrophobicr

probes to examine the membrane interaction of M protein has

demonstrated that M procein is in cloge association with the

11
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viral envelope, however, it does not seem to penetrate the membrane
to a significant extent (Stoffel et al., 1978; Pepinsky and Vogt,
1979; Zakowskl and Wagner, 1980). 1

Direct evidence that M protein is able to interact with G
protein present in the membrane of‘infected cells has been provided

by fluorescent photobleaching studies that have demonstrated that M

protein can modulate the lateral mobility of & protein (Reidler et

e

al., 1981; Johnson et al., 1981).

Another recently observed structural property of the M
protein appears toybe its ability to maintain nucleocapsids in a
condensed form. In the absence of M protein the nucleocapsid assumes
an extended form, however, in the presence of ! protein the
nucleocapsid more closely resembles the compact structure seen in the
native virus. This effect i{s dependent on the ionic environment,
however, the presence of a viral eauvelope 1s not essential (Newcomb
and Brown, 198l; Newcomb et al., 1982).

Functionally, M protein plays an {mportant role in virus
maturation. [t is believed that M protein provides a nucleation site
on the plasma membrane to {nitiate the budding process. Studies with
temperatﬁée sensitive mutants havé Indicated that while there 1s no
absolute requirement of G protein for budding to take place, M
protein 1Is essential for this prction to occur (Schnitzer and
Lodish, 1979; Lodish and Porter, 1980a). This conclusion has been
supported by experiments involving pseudotypic virus formation which

have shown that the M protein is the key protein for budding to



occur (McSharry et al., 1971; Schnitzer et al., 1977; Weiss and

wnet, 1980).

' Biochemical and genetic studies have indicated that M protein
plays a role in the replication of the virus by modulating ’
transcriptase activity. M protein has been shown to drastically
reduce the level of transcription in vitro, an effect that is
" dependent on the ionic environment (Clinton et al., 1978, Martinet et
al., 1979; Carroll and Wagner, 1979; Combard and Printz Ane, 1979; De
et al., 1982). These functions may be modulated by the recent
observation that M protein is a phosphoprotein which contains
phosphoth;eonine, phosphoserine, as well asg phosphotyrosine residues

(Clinton and Huang, 1981; Clinton et al., 1982). Protein
A

phosphorylation {s a post translational modification which regulates
the activity of many enzymes {Krebs and Beavo, 1979). The importance
of phosphorylation in the case of M proteln is not clear since
experiments designed to test the effects of endogenous
phosphorylation on M protein function did not show any significant

/

changes (Clinton et al., 1982).
1.2.? Lipids

VSV is surrounded by a typical unit membrane structure which
accounts for approximately 20% of its weight (Patzer et al., 1979).
Electron microscopic studies have revealed that VSV obtaios its
membrane by budding through the p}asma membrane from a preformed pool
of cellular phospholipids. In the case of VSV, virus directed

synthes{s of specific lipids does not occur (Lenard, 1978),



In general, th;\éumposition of the viral euvelope reflects
that of the plasma membrane of the host cell. The differences
usually iaovolve the fatty acid constituents of both the phospholipids
and the neutral lipids which generally reflect a higher degree of
saturation in comparison to the host cell {Lenard, 1978; Patzer et
al., 1979). The viral membrane also shows a higher degree of
cholesterol and sphingomyelin. However, this does not necessarily
imply that tﬁe virions have an Intrinsic ability to select for
certain lipids. It 1s thought that the higher cholesterol content {is
responsible-for the lower membrane fluidity as compared to the plasma
membrane (Rothman and Lenard, 1977; Moore et al., 1978).

Studies with intact virions using surface 1abeling reagents
such as trinitrobenzene sulfonic acid or reaction with
phospholipases have demonstrated the asymmetric nature of the viral
envelope (Fong et al., 1976; Shaw et al., 1979; Moore et al., 1977;:
Patzer et al., 1979). When VSV was grown in BHK 21 cells, choline
containing phospholipids were found predominantly on the outer layer
of the membrane while the inner layer was compoged mostly of
éﬂinophospholipids. Phosphatidylethanolamine , the most abundant *
phospholipid species was more equally distributed on both sides.
Gangliosides appear to reside exclusively on the outer surface of the
bllayer as evidenced by their sensitivity to neuraminidase (Stoffel
et al., 1975).

The fatty acids also have an asymmetric distribupion with the

external layer enriched inj)saturated fatty acids while almost all of
< B

14

-
&‘



NG

the polyunsaturated fatty acids are present in the internal monolayer
(Patzer et al., 1978).

Studies utilizing ESR spéccrosccpy and fluorescent
depolarization have revealed that the viral membrane is considerably
less flutd than that of the host cell (Sefton and Keegstra, 1974;
Barenholz et al., 1976). This increase in rigidity is a reflection
of both the lipid composition and the presence of the membranpe
proteins G and M (Patzer et al., 1979; Altstiel and Landsberger,
1981). It has been speculated that this increase in membrané
rigidity is a prerequisite for viral budding to occur (Lenard 1978).

1.3 Life Cycle of VSV -

The infectious cycle of VSV involves a nunber of iaterrelated
steps; 1) penetration of the virus into the cell and introduction of
the genome inﬁo cytoplasm, 1i) transcription and translation of viral
specific mRNA, 1i1) replication of progeny viral genomes, iv)
assembly of viral components, and v) egression of completed virus
particles intc the extracellular space.

1.3.1 Absorption and Penetration

Viral infection requires an initial interaction at the cell
surface which results in the penétration of the virus through the
plasma membrane and into thé'cytoplasm where {t can be replicated.

The G protein is essential for the infectivity of VSV since
removal of G by proteolysis or incubation of cells with purified G

inhibit viral infection (Bishop et al., 1975a; Bishop and Smith,
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1977). It has been assumed that this is a cell surface phenomena
whereby G protein modulates the binding of the virus to the plasma
zembrane. Recent evidence, however, using purified G protein
incorporated into phospholipid vesicles or in rosette formation
indicate that the requirement of G protein for infectivity is an
intracellular rather than a cell surface event (Miller and Lenard,
1980; Miller et al., 1980; Thimmig et al., 1980).

Several lines of evidence have suggested that specific
wembrane receptors for VSV do not\exist. These includé the fact that
VSV has an extremely broad host range extending from insectsd to
oampals. In addition, trypsin or neuraminidase treatment of cells
does not inhibit viral infection (Schoiemer aad W;éner, 1974? and
saturable binding of VSV to BHK cells at 37°C could not be
demoastrated (Miller and Lenard, 1980).° However, in a recent study
in which binding of VSV to Vero cells was examined at 4°¢ ?ather
than at 37°C in order to prevent endocytosis, a saturable surface
Component was detected for both VSV binding and uptake (Schlegel et
al., 1982a). This component was insensitive to proteases,
neuraminidase, and heating but it was sensitive to phospholipase C
and soluble in organic solvents. The saturable component was
identified as phosphatidylserine (Schlegel et al., 1983). It was
furthér demonstrated that phosphatidylserine could specifically bind
to V3V, probably through G protein, and inhibit both VSV attachment

and infectivity. Thus, phosphatidylserine appears to be the binding



site for VSV or an important component of i{t. The use of specific
phospholipid as a binding site for VSV would explain both its broad
host range and the observarion that proteolytic treatment of the hogt
cell surface does not inhibit virus infection.

The mechanism;by which the virus actually penetrates the cell
and 18 uncoated is controversial. Evidence exists both for fusiom at
the cell surface whereby penetration and uncoating occur
simultaneously (Heine and Schnaitman, 1369, 1971) and endocytosis
vhereby the virus penetrates target c{{f: by phagocytosis (Simpson et
al., 1969; DahlLerg, 1974; Fan and Seftoa, 1978). 1Ir is becoming
clear that the principle pathway by which VSV enters cells {is
endocytotic. Electrom wicroscopic visualization has demonstrated -
that VSV attaches to membrane surface sites in regioﬁs coutaining
coated pits which are then engulfed by lysosomes (Dickson et al.,

-.1981l). Coated pits are known to mediate cell entry of various
extracellular components by receptor mediagfd endocytosis (Pearse and
Bretscher, 198l). Compounds which are knqwn\Eu inhibit receptor

mediated endocytosis, such as dansylcadaverine and amantadine, are

+

able to inhibit viral infection by preventing sequestration o£5£8<—\\:)

. iato coated pits (Schlegal et al., 1982b).

There is now compelling evidence that viral uncoating is
induced by the low pH present in lysosomes (Lenard and Miller, 12§2).
VSV has a low pH induced fusion activity, thus the acidic eavironment
of the lysosomes causes the viral 4nd lysosomal membranes to fuse,

posaibly by a mechanism requiring G protein (Matlin et al., 1982).



Since the virus membrane becomes contiguous with the cytoplasmic face
of the vacuolar membrane, the RNP becomes exposed to the cyroplasm
where replication and viral protein synthesis can begin.

1.3.2 Transcription

The single stranded genome of VSV is transcribed by the
virion associated RNA dependent RNA polymerase (Baltimore et al.,
1970) into two distinct classes of RNA specles. One class consists
of the five monacistronic, capped, methylated, and polyadenylated
mRNAs coding for the viral proteins L, G, M, NS, and N (Morrison et
al., 1974; Moyer and Banerjee, 1975; Rose and Knipe, 1975; Knipe et
al., 1975; Both et al., 1975a; Banerjee etlal., 1977). A secona
class cohsists of a small untranslated 47 nucleotide
nonpolyadenylated RNA species, known as the leader RNA, that {s
complementary to the 3! termigil end of the VSV genome (Colonno and
Banerjee, 1976, 1977, i978).

Both L protein and NS protein are required for VSV
transcription (Wagner, 1975). L protein is probably the catalytic
activity of RNA synthesis while N§ may function as an initiafor for
transcription by mediating the interaction between L protein and the
viral template (Keene et al., 1981).

Hyb;idization studies (Roy and Bishop, 1972) as well as
studies on the lnactivation of gene expression by UV irradfation have
shown that the RNAs are synthesized sequentlally in the order 3!
leader RNA-N-NS-M-G-L 5! (Abrahgm and Banerjee, 1976; Ball and Whire,

1976; Ball, 1976) which is a reflection of the phfsical order of the
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genes. A gradient of transcriptiom exists in rthe same direction with

-

a decreasing molar amount of transcripts encoded by- the cistrons as a
function of their histance from the 3' terminus of the genoae
(Villarreal et al., 1976). This implies that the 3' terminus of the
genome plays an essential role either in the initiation of
transcription or the binding of the transcriptase to the template.
Methylation protection experiments have demonstrated that the VSV
polymerase binds to the genomic RNA template in the middle of the
leader gene approximately 16-30 nucleotides from the 3' terminus
(Keene et al., 1981). This is an A+U rich sequence that resembles
tﬁe Priboow box or Goldberg-Hogﬁess transcription promoter site
(Rose, 1980) and supports the single entry model of VSV mRNA
transcription.

The viral genome displays a very tight organization. Of the
11,000 nucieotides, only 117 are not represented in the mature mRNAs .
of these4/;7 are in the leader RNA, 3 nucleotides at the leader—N
gene junction, 2 at each of the four intergenic reglons, and 59
between the end of the L gene and the 5' terminus of the genome
(McGeoch, 1979, 1981; Rose, 1980).

The genome sequence AUACU7 1s common to all intercistronic
genomic reglons encoding the 3' termini of the mRNAs {(Rose, 1980).
This consensus sequence is thought to initliate poly A synthesis which
1s probably carried out by some part of the viral transcription
apparatus. Since the eatire poly A sequence 1ig not encoded in the

genome, it has been postulated that the addition of the 2-500 -
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adenylagg residues opposite th'e'U7 sequence occurs by repeated

slippage of the polymerase at the U_ sequence instead of

7

progression of the enzyme with respect to the'template (Ball and
ws"!, 1981). -~ : - ;

The five viral mRﬁAs have a common 5' terminal sequence
complimentary to 3' UUGUCKNNUAG 5" (Where N is variable) whicﬁ may
specify the c; ping/methylation site. The- polyadenylation and

capping sites (are separated by dinucleotide spacers (CA or GA) which

represent the|intergenic regions since they are not present in the
| 4\..' -
mRNA (Rose, 1%80). -

Several models have been proposed to account for the

sequential order of transcription of the VSV genome. The progressive
cleavagﬁfgzgz:‘;ZEEniates that each complete mRNA species is
generated by putative cleavage process of a precursor RNA followed by
pght-transcriptional capping kt the 5' end and polyaﬁenylation at the
3' end (Abraham et a%., 1975). VUsing ATP analogugs to inhibit normal
oRNA synthesis, Chinchar et al., (1982) were_able to demdnstrate the
existence of linked tfanscripts of the type‘&eader—N message and
leader—-N-M message, however, they were present {n very low amounts.
VSV oRNAs linked by poly A tracts have aiso been detected indicating
that the polymerase can read through the intercistronic boundary,
however, there'hna been no demonstration ﬁhéf'these linked
transcripts can be processed into monocistronie oRNAs (Herman et al.,

1978, 1980).

A second model, known as the multiple entry stop/start model, -
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suggests that the mRNAs are generated by termination and reinitiation
‘at each intercistronic region (Banerjee et al., 1977). This model is
supported by in vitro studies that have demonstrated the existence of
several short triphosphate initiated oligonucléocides (11 - 14 basés)
representing the S'xgncapped sequences of the N mRNA that do not:‘f
remain template bound. These were found in much larger amounts than
the légﬁgf BNA providing evidence for efficient internal initiation
at the N gene (Pinney and Emerson, 1982). .
Recently, Testa et al., (1980) have postulated a third model
of transcription (the simultaneous initiation model) suggegting that
initiaticn of transcription occurs simultdneously at each gemne .
resulting in the transcription of 5' RNAs of 30-70 nucleotides in
lengti from the 3' end of each gene that remain template bound.
These short RNAs, which bear di and triphosphate termini, are
elongated into their corresponding full length wRNAs oﬁl”after
transcription of the preceding gene 1s complete. This model accounts
for the sequential order of transcription as .well as for the polarity
observed. However, by examining the kinetics and stability of these
| triphosphate initiated mRNAs, it has recently been shown that most of
E;!):hem are products of abortive transcription (Lazzarini et al., 1982).
It could not be complegz%y tuled out, houever,\ghii a ;malI subset of

_these RNAs can mature into functional mRNA.

—

In a.related study examining the kidetics of appearance of 5°

proiimal RNase Tl oligonucleotides present at the 5' ends of the(,
X R

. o
viral wmessages, it was found that t\sﬁil/ﬁﬁfb of the mRNAs are
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synthesized sequentially as is the case for the synthesis of fuli
length message and that the synthesis of the oligonucleotides iﬁﬂf
deépendent gn fhe_transcription of the preceeding gene (Iverson and
Rose, 1982). This is inconsistent with transcription invoelving
simultaneous initiaticn and presynthesis of-30—70 nucleotide long
leader RNAs for each mRNA.

The single entry model of vév @mRNA transcriptien haq been
further supported by examining the appearance of short capped RNAs
from the 5' terminus of both N and NS mRNA. In this case, the
termini appear sequentially rather than simultanecusly as predicted
by the stop/start model (Piwnica-Worms and Keene, 1983).

Thus, the available evidence suggests that the VSV polymerase
can gain access to the template by sequential readthrough starting ‘
from the 3' end or by internal initiation, however, it appears that
internal initiation does not play ; role in the normal transcriptive
process. The precise method of VSV transcription remains to bé
elucidated. v
1.3.3 Translation -

Viral proteins are translated from the five monocistronic
mR NA specie; produced from the primary and secondary transcription of
the viral genowe. That the mRNA species found in VSV infected cells
have messenger function has been demonstrated in early studles where
polyribosoqes from VSV infected cells were Isolated and translated EE
—
vitro into authentlc viral proteins (Ghosh et al., 1973; Toneguzzo

and Ghosh, 1875; Morrison et al., 1974; Knipe et al., 1975).
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Viral proteins can be detected 1 hour after infection and are -

synthesized throughout the infectious cycle with protein synthesis
peaking at approximately 4-5 hours post infection (Kang and Prevec,
1971). It appears that the relative amount of each viral gene
product is a function of the relative level of mRNA frqm wvhich it is
translated (David, 1978). Howevef, there alsc seems to be regulation
at the :ran51;§?§;a1 level since only 30% of the total VSV mRNA in
the infected cell is bound to polyribosomes at any cne time déﬁpite
the presence éf a large pool of monomeric ribosomes (Huang et al.,
1970; Morrison and Lodish, 1975). .

N protein is made in the most abundant amount, representing
approximately 40Z of total viral protein synthesized (Kang and
Prevec, 1971). L protein accounts for only 2-3% of total viral
protein despite the fact that its mRNA represents approximately 30%
of total VSV mRNA (Stampfer et al., 1969, Stamminger and lazzarini,
1974; Stampfer and Qalfimore, 1973; Kang and Prevec, 1971) suggesting
that regulation of L protein synthesis occurs at the translaticnal
level. NS protein éppears to be synthesized in large amounts early
on in the infectious cycle but in decreasing amounts as infection

progresses (Kang and Prevec, 1971). Phosphorylation of NS is an

early event occuring before or shortly after its synthesis (Moyer and

>Summers, 1974b). G and M proteins increase {n amount throughout the

infectious cycle reaching peaks of 25 and 30% of total viral proteins

respectively (Wagner, 1975).

The majority of viral mRNA becomes polysome associated by

23
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3 hours after infection (Lyach et al., 1981). These polysomes fall
into two classes - free in the cytoplasm and membrgue bound. The
mRNAs coding for L, NS, N, and M are found associated wiéh free
polyrfbosomes, however, the G mRNA is translated exclusively from
membfane bound polyribosomes indicating that the various viral
protelns have different pathways of maturation (Toneguzzo and Ghosh,
X =

1975; Both et al., 1975b; Morrison and Lodish, 1975; Grubman et al.,
1375). The biosynthesis of the membrane proteins G and M will be
considered in more detail.

(a) G Protein

G protein undefgoes a number of discrete modifications during
synthesis and transportation to its final destination in the
plasma membrane. G protein is always found in association with
cellular membranme and never free in the cytoplasm (Wagner et al.,
19703. ﬁarly studies on the synthesis SE/G/demonstrated that G is
associat;d with the rough endOplasgié/;eticulum (RER) during or
shortly after its synthesis. The G protein c;n be chased into smooth
cytoplasmic membranes and after about a 20 @inute lag, it appears on "
the plasma membrane (Atk&nson et al., 1976; Hunt and Summers, 1976;
Knipe et al., 1977a, 1977b). During its maturation, G protein
undergoes proteclytic processing, glycosylation, and facty acid
addition.
1) Membrane Insertion

The mechanism by which G protein 1is inserted into membranes

-

is based on the "signal hypothesis” formulated by Blobel and
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coworkers (Bi:gel’and Sabatini, 1970; Blobel and Dobberstein, 1975a,
1975b). According to this ﬁodel, secretory proteins are synthesized
on ribosomes that are associated with the méﬁbrané of the RER which
results in the cotranslational vectorial discharge of the polypeptide
across the membrane and into the luminal space. The polypeptide then
migrates through the intracellular membrane system, including the
Golgl complex, by closed tesicles that bud from one organelle and
fuse to the next whereupon it is secreted into the extracellular
space (Palade, 1975). The specific information that determines
polysome/ER membrane interaction is usually contained in an amino‘
terminal transient domain of 15—30,-pr1ncipally hydrophobic amino
acids known as the signal sequence. This amin;‘terminal extension is
said to initiate membrane association and cotranslational insertionm
of the nascent polypeptide by recrulting ER membrane Teceptor
proteins {in the form;ZIOn of a hydrophilic mul timeric,
tranqpembrane tunaoel that i{s stabilized by the direct association of
the large ribosomal subunit with the receptor proteins. The
existence of a protein tunpel would ensure that the complete
polypeptide is sequestered into the cisternal space of the ER. The
signal sequence is then claaved by a "signal peptidase” during or
shortly after {t is inserteduigxg the membrane {Blobel and
Dobberstein, 1975a, 1975b; Bolbel, 1978).

Evidence in support of the central concepts of this model,

that {s, the existence of a transient hydrophobic amino terminal

domain and cotranslational membrane penetration, are numerous
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(Sabatini et al., 1982), however, different models, which do not
envisage the participation of specific receptor proteins have been
postulatéd (Inouye and Haegoua, 1986; von Hiijne, 1981; Wickner,
1980; Engleman and Steitz, 1981).

Recently, much Information has accumulated in support of the
existence of specific receptors. These include the observations that
synthetic signal peptides can compete with proteins undergoing
translocation (Prehn et al., 1981) and that translocation in virro
can be prevented by treating microsommal membranes with high salt
concentrations or with proteolytic enzymes (Warren and Nobberstein,
1978; wWalter et al., 1979; Jackson et al., 1980; Prehn et al., 1980;
Meyer and Dobberstein, 1980). Protein translocation can be restored
by the addition of a high mclecular weight protein complex known as
the signal recognition protein (SRP) that is reezfed from the salt
extracted rough microsomes and has a high affinitv only for ribosomes
that are synthesizing secretory and membrane proteins (Meyer, 1982).
In the absence of membranes, the SRP blocks translation as soon as
the nascent chain i{s long enough to be recognized as a secretory or
membrane protein {(Walter and Blobel, 1SR813).

The curfent model is that protein synthesis begins on free
ribosomes. The appearance of the signal sequence results in an
interaction with the SRP thus blocking further translation. The
translational block persists until the complex assoclates with a
specific signal recognition protein receptor, known as the docking

-

protein, which is present in the meﬁbrane of the ER (Meyer et al.,



1982a, 1982b; Gilmore et al., 1982a, 1982b). This interaction ca -]
translation to resume and translocation to ﬁegin.

The steps involved in the synthesis, membrane insertionm, and
glycosylation of the VSV G protein have ngﬁ well characterized by in
vitro studies from a number of laboratories (Toneguzzo and Ghosh,
1977, 1978; Rotilman and Lodish, 1977; Katz et al., 1977; Katz and
Lodish, 1979). | '

In an in vitro translation system Iin the absence of
membranes, G protein 1is synthesized as a non glycosylated precursor
G, having a molecular weight of 63,000 D. In the presence of

1

membranes, G, 1s coaverted to G2 (MW 67,000 D) by a

1
cotranslational event involving membrane insertion, core
glycosylatigp, and the concommitant removal of a 16 amino acid e
hydrophobic signal sequence from the amino terminus (Lingappa et al.,
19?8&; Irving et al., 1%79). The requirement for membranes is an-
v .

early event in that protein sequestration is prevented if the nadrent
chain is longer than about 80 amino acids (Rothman and Lodish, 1977).

Unlike secretory proteins, G protein 1s not completely
extruded }nto the 1umin;l space of the microsommal membrane but
retains an absolute transmembranal orientation in which about 30
amino acids at the carboxy terminus is exposed to the cytoplasm while
the‘remainder of the polypeptide, including the carbohydrate units
and the amino terminus, faces the luminal side (Toneguzzo and Ghosh,

1978; Katz et al., 1977; Katz and Lodish, 1979). This same

orientation i3 observed in microsommal vesicles isclated from

\



infected‘celis (Chatis and Morriscon, 1979).
11) Glycosylation

*The initial glycdsxiation event of G protein occurs through
the én bloc transfer of a preformed common oligosaccharide of the

type

ManaJ—EMan
Man - "Mad *-GleNac ' “GleNAc — P-P-Dolichol
1,2
. Man— 2Man///
—

Gluc-81ucb1lud Han-das-Ran

.

from a dolichol lipid carrier (R;bbins et al., 1977).

The two core oligosaccharide chains are transferred to the G
protein in sequence while the polypeptide is being translocated into
the lumen of the ER (Rothman and Lodish, 1977). The core
oligosaccharides are then processed in a series of steps to yield the
complex oligosaccharide shown in section 1.2.2 (Tabas et al., 1978;
L1 et al., 1978; Kornfeld et al., 1978; Tabas and Kornfeld, 1978).
The three terminal glucose residues are removed within a few minutes
of transfer of the core oligosaccharide. This is follow;d by the
removal of the first four mannose residues and the addition of the
3 N-acetylglucosamine, 3 galactose, 1 fucose, and 3 sialic acid
residues in a stepwise fashion. Location of the processing enzymes

' L

suggeaE that core addix&;: oécurs in the RER; trimming occurs in the
/
smooth membranes, and terminal sugar addition occurs in the Golgi
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complex (Grinna and Robbins, 1979; Tabas and Kornfeld, 1979).

The biological role of the carbohydrates in the.yaturation of
G protein i{s not clear. Gycosylation {s not required for insertion
of the G protein into the RER (Rothmap et al., 1978), signal sequence
cleavage-(lrving et al., 1982) nor is it an absolute requirement for
the transfer of G protein to the plasma membrane (Gibson et al.,
1978). 1In addition, glycosylation has no effect on the polarized
distribution of G protein in the plasma membrane of MDCK cells (Green
et al., 1981) where G protein is normally found on the basolateral
surface (Rodriquez-Boulan and Sabatini, 1978).

However, the conformational propergies of G protein are
affected by glycosylation. In the absence of glycosylation, G
protein becomes aggregated at elevated temperatures which results in
a decreased production of virus (Gibson et al., 1979, 1981). |
111) Fatty Acid Acylation '

Schlesinger and coworkers have demonstrated that G protein
contains 1-2 moles of tightly bound fatty acid which appear to be
covalently linked to the polypeptide bac%bone (Schmidt and
Schlesinger, 1979). Fatty acid acylation is a post-translational
modification that appears to be an early event in the blosynthesis of
G protein occuripg shortly before the protein bound oligosaccharides
become resistant to endoglycosidase H (Schmidt and Schlesinger,
1980). This suégests that fatty acid acylation occurs whifé‘G
protein moves through the Golgi complex. This is supported by npe

observarion that monensin, an lonophore that causes the accumulation



of G protein in the Golgi complex; does not prevent fatty acid
attachment (Johnson and Séhlesinger, 1980).
iv) Ianaceliular Transport of G Protein

G protein m‘?t migrate from {ts site of synthesis {n the RER
to the plasma membrane where it is iqforporated into budding virioms.
Biochemical as well as cell fractionation studies indicate that G
protein follows the secretory pathway described by Palade (Palade,
1975), that is, RER—=Golgi complex ——,plasma membrane (Hunt and
Summ;;;.v., 1976; Tabas and Kornfeld, 1979; Rnipe et al., 1977a, 1977b,
1977e; Johnson and Schlesinger, 1980; Fries and Rothman, 1980:
Rothman and Fries, 1981). This morphological pathway of exocytosis
has recently been confirmed by direct visualization of G protein
migration using immunocytochemical techniques (Bergman et al., 1981)
as well as electron microscope radioautography (Bergeron et al.,
1982).

The actuml mechanism by which G protein is transported is
controversial. RAthman has suggested that G protein is transported
through the intracellular membrane system in two successive stages by
clathrin coated vesicles. The first wave transports G from its site
of synthesis {n the RER to the Golgl complex while a second wave !
transports G from the Golg! to the plasma membrane {Rothman and Fine,
1980; Rothman et al., 1980; Ro;hman, 1981). 1In contrast to this, a
recent study using fluorescent electron microacoplc localization

techniques failed to detect any G protein in coated vesicle

structures (Wehland et al., 1982). It was suggested that the G
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protein containing vesicles observed by Rothman agpfe artifactually
by the closure of coated pits of the Golgi~-GE vystem during cell
homogenization.

{(b) M Protein

In comparison to the G pngtein, much less is known about the
biloaynthesis and maturation of the M protein. M protein is
predominantly synthesized on free ribosomes and is found és_a soluble
cytoplasmic protein socon after its synthesis (Morrison and Lodish,
1975).

In contrast to the lag obserquiin the synthesis of G
protein, M protein‘ﬁfogressively asgsoclates with membranes and can
appear in the plasma membrame within 2 minutes in pulse chase
experiments (Atkinson et al., 1976; Knipe et al., 1977¢). Clearly
ther, the mechanism by which M protein attaches to membranes is
entirely different to that of G protein.

Only a small amount of M protein is found associated with the
plasma membrame in active budding sites at any one time (Knipe et
al., 1977a, 1977c, 1977d). This is consistent with M protein acting
as a aucleation site (for the RNP core) on the inner side of the
membrane followed by rapid binding of the nucléocapsid.

The phosphorylation of M protein 1is heterogenous in that only
5-10Z of the protein molecules contain up to 90X of the phosphate
(Clinton et al., 1978a). The phésphorylation 1s a post-translational
event that may be carried out by a VSV associated protein kinase or

an endogenous cellular enzyme (Clinton et al., 1982).

31
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1.3.4 Replication and RNP Assembly

The incoming 425 genome of VSV must serve as a template for P
two events; one is the production of viral mRNA, while the other 1is
the synthesis of a full length 42S +ve copy. This +ve strand serves
as the template for the synthesis, of full length -ve sense progeny
genomic RNA copies which become packaged into RNP structures and form
.new virus particles; The relationship between these two processes
and the mechanism by which the mRNA tramscription/ replication switch
1s accomplished during the infectious cycle 1s largely unknown.

Studies with temperature sensitive mutants defective in L
protein synthesis have demonstrated that L protein is part of both
the transcriptive and replicative enzymes (Periman and Huang, 1973;
Repik et al., 1976) suggesting that transcription and replication are
interrelated events. Other studies have indicateé that both L and NS
are required for replication (Emerson and Yu. 1975; Hunt et al.,
1976; Raito and Ishihama, 1976).

Both viri?n -ve strand and full length +ve strand 425 RNA can
be 1solated from intracellular RNP complexes {Simonsen et al., 1979).
Nascent replicative RNA exists in RNP structures and is never found
as naked RNA in vivo (Naeve and Summers, 1980). ‘

In contrast to the transcriptive process, replication of the
genome to produce full length —-ve strand RNA is dependent on

concurrent protein synthesis (Perlman and Huang, 1973; Wertz and

Levine, 1973). It has been speculated that RNP protein synthesis and
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its assoclation with nascent RNA are required to suppress termination
at a postulated strong stop signal present at the 3' end of the minus
stfahd leader so that full length plus strand can be made (Leo%ert et
al., 197%). Thié\poncept 1s derived from the belief that once RNA N
synthesis is initiated, it can proceed to yieid mRNA or full length
negative strand RNA. ‘

Electro;'microscopic visualization of replicative RNPs has
led to the suggestion that replication may occur in part on circular
colled RNP templates (Naeve and Summers, 1979). This is coansistent
with the finding that the termini of the genomic RNA are
compl&mentary (Keeune et al., 1979).

Recently, 425 RNA of both ;ve and ~ve polarity has.been
synthesized io vitro and found ta be asse;Fl;d into nucleocapsid like:
structures (Ghosh and Ghosh, 1982; Hill eé al., 1981, Davis and
Wertz, 1982). N protein was the most abundant protein found in the
Aucleocapsid structures but there were also small amounts of L and
NS.

In one case, the nucleocapsids were assembled from viralT ‘
proteins and genomic RNA synthesized concurrently in vitro. Newly
synthesized proteins could not associate with input nucleocapsid
templates in the absence of RNA synthesis thus demonstrating the
coupled nature of RNA synthesis and nucleocapsid assembly (Patton et

\]al., 1983).
Kinetic analysis of nucleocapsid assembly in vive has shown

that it is a stepwise process consisting of an initial interaction‘

ol
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of the N profein with the viral RNA followed by attachment of L and
NS (Bsu et 51., 1879). ‘
Recent evidence indicates that the suitgh‘from transcriptive
to replicative RNA synthesis may depend on the iﬂtracellular levels
of N protein (Blumberg et al., 1981; Lazzarini et al., 1981). It has -
been speculated that‘GEE;VN protein 1s abundant, nascent RNA
transcripts are encapsidated. This results in the release of the
polymerase from a site specific attenuation and allows 1t to
synthesize full length genomfc RNA, When the levels of N protein are ~

low, as in the early stages of infection or in in vitrg

transcription, the nascent transeripts are released and new

transcripts are initiated and elongated into monocistronic mRNAs.

The mRNAs are not encapsidated because they do n&b contain the

nucleatigh\site vhich is believed to be found only at the 5' terminus

of the +ve or -ve strand.genomic RNA. This model is given support by

several observatiods.* In EQdition to the 47 nucleotide long leader
/

RNA complementary to the 3' end of the -ve stranded genome, z 46

nucleotide long RNA complementary to the 3' end of the +le strand

-
—
T —

genome RNA can be detected in infected cells {Schubert et al.,:197§2;\\*\
The +ve and ~ve leaders\vae homologous 5' termini, thus the termini

1
of the genomic kg? are complementary (Keene et al., 1979). It has

Vs .
recently been demonstrated that N protein can encapsidate the leader

A g S
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{ residues found at every third position from the 5' end of the leader
\\f’chain. It 1s suggested that the RNP assembly proceeds co—operatively‘

' after the binding of the first two N protein molecules to the -ve
leader strand. The encapsidatiou of the leader strand by N protein

-
excess would then initiate replicative transcription. The =mRNAs

/,2\ would not be encapsidated since they lack ﬁhe nucleation site.

T

1.4 Virus Assembly'and Morphogenesis

The assembly and maturation of the VSV virus particle .
« consists of the association of two distinct components that are
assembled and synthesized in different parts of the cell; the plasma

membrane modified by the G and M proteins, and the cytoplasmically

" assembled RNP-;Cgpce this assoclation 1is made, the completed virus

article egresses by a buddigg out mechanism in which the

:

nucleo bsid becomes surrounded by the modified plasma membrane and

N N
-~

1s pinched off ‘from the cell surface.
7T T

On the basis)of crosslinking studies and the formation of
ed pseudotype i1t has been suggested that M protein serves as the
link between the envelope and the ﬁucleocapsid (Dubovi and Wagner,
197{,}'“}:c5harry et al., 1971).
<Y // VAR Pulse chase experiments have demonstrated that virions bud
@ K\gggy soon after M protein associates with the reglon of the plasma
membrane that contaiﬁs G protein (Knipe et al., 1977a, 1977d). It is

clear, howevér, that the presence of G protein is not eﬁ&irely

esgsential for budding Lo occur. Studies with temperature sensitive
2 BN
-~ A e
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mitarts that are defective in the transportation of G protein to the
plasma membrane have shown that virus particles are still produced,

albeit

in much lower amounts. These non-infectious particles were
shown fo contain no G protein but contain RNA and the other viral
ins in the normal amounts (Lodish and Weiss, 1979: Schnitzer et
al., 1979). 1In addition, it has .recently been demonstrated that G
protein 1s not required for the ability of virions to package only

- ~ve stranded RNA containing RNPs in spite of the fact that RNPs of
both polarities are present in the cytoplasmic pool (Marmell and
Wertz, 1982).

The G protein, however, may play a role in determining the
actual site of plasma membrane envelopment. In polarized epithelial
MDCK cells infected with VSV, .G protein migrates exclusively to the
basolateral and not the apica; membrane sur%ace- Coﬁsequently, virus
budding was found. to occur only from the basolateral membrane.
(Rodriguez~Boulan and Pendegast, 1980).

In contrast to G protein, it is evident that the M proteln
plays a critical and essential role in the budding érocess- The

i
synthesis of M protein seems to be rate limiting for virus parficle
formation (Kang and Prevec, 1971; Portnér-and Kingsbury, 1976;
Atkinson, 1978). Studies on released virus have shown that while the
ratio of M and G in the completed particle can.vary greatly, the
ratio between N and M i{s constant (Lodish and Porter, 1980a). In
virus mutants defective in nucleocapsid assembly, G protein is

—_

transported to the cell surface, however, virus particles are not ———
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formed (Knipe et al., 1977a, 1977d). 1In this case, 't w2 found the
M protein.accumulates in the c&topiasm suggesting that M protein does
not form a stable complex at the cell surface unless the nucleocapsid
i# present.

These data support the conclusion that there is a specific
Interaction between the M protein and the nucleocapsid and that M
protein is the key polypeptide in virus formation.

1.5 Cellular Reactions to Infection

Infection of cells with VSV results in gross aorphological
and cytépatholog%cal changes which eventually result in cell death.
Infection 1Is accoﬁpanied by rapid inhibition of cellular DNA, RNA,
and protein synthesis (Wagner, 1975).

The mechansim by which cellulaf synthetic functions are
suppressed is controversial. Neither the replication of the genomic
RNA nor the production of infectious virus is required to shut off
host protein synthesis, however, some viral transcription is
essential (McAllister and Wagner, 1376; Marcus et al., 1977; Marvalgi

et al., 1978). The inhibitory function appears to be directed at the
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level of {nitriation of translaticn (Nuss and Koch, 1976) but neither Qii/’#/

the nature of the functions(s) nor their cellular targets are known.
Lod{ish and Porter suggested that the inhib;cion of host
protein synthesis results from a competition for existing ribosomes
between viral and cellular mRNAs thus obliviating the need for any
specific viral inhibitory function (Lodish and Porter, 1980b, 1981).

This mechanism is supported by the fact that viral infection results



in a two to three fold increase in total translatable =RNA within 4

- LY
hours of infection (Jaye et al., 1982; Lodish and Porter, 1980b,

1981).

This concept has been opposed on several grounds. In studies
using a temperature sensitive mutant defective in the {ohibition of
host protein synthesis (Stanners et al., 1977), it was f ound that the
level of viral oRNA bound to ribosomes was ldentical to that obtained
from wild type infected cells (Schaitzlein et al., 1983).
Furthermore, using UV inactivated virus where replication was
inhibited and only N protein sgecific transcripts were made
(therefore, mo mRNAfcompetition occurred), it was fouhd that host
protein synthesis was still inhibited (Marvaldi et al., 1978). The
UV inactivation curve suggested that two transcribtion products,
having UV target sizes of 375 and 42 nucleotides, were required for
inhibition of host protein sfnthesis of (Dunnigan and Lucas-Lenard,
1983). However, the precise origin of these transcripts was not
.determined.

In addition to cellular protein aynthééis, VSV infection
results in the inhibition of cellular RNA synthesis (Weck et al.,
1979; Wu and Lucas-Lenard, 1980). Thus, the inhibition of protein
synthesis could be a direct consequence of the inhibition of RNA
synthesis. Thomas and Wagner were able to detect a double stranded
RNA molecule spécific to VSV infected Hela cells that was able to *
inhibit in vitro protein synthesis in a reticulocyte lysate (Thomas

and Wagner, 1982). 1In addition, the plus strand leader RNA of VSV
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was found to inhibit DNAWependent - transcription of adenovirus and
SV40 genes in a soluble whole cell extract (McGowen et al., 1982).
This latter obsérvation is intriguing in light of the receut
observation that the VSV leader RNA rapidly localizes in the nuclei
of infected cells shortly after its synthesis (Kurilla et al., 1982).
Thus it appears that VSV mediated inhibition of cellular

prciéun and RNA syunthesis requires a viral specific trasscription

product(s),; however, the cellular target of this product remains to

be defined.

1.6 Scope of This Work

It 1s apparent from many studies over the past few years that
the important biological functions carried out by membranes is

reflected in the organization and structural asymmetry of ics

“
‘componeats (Rothman and Lenard, 1977). 1In the case of membrape

protelns, this organization is imparted by structural and functional
domains encoded in the polypeptide backbone that specify various
types of membrane and protein interactions. Thus in the case of VSV,
in order to understand the dynamic processes involved in membfane
biogenesis and viral agsembly, it {s necessary to kpnow not only how
the viral components are arranged with respect to each other and with
the viral eovelope but also to comprehend the blological basis of

these interactions.

-

The major portion of this thesis deals with the VSV membrane
proteins G and M. Since thé asymmetric orientation of G protein with

respect to the viral membrane is thought to be essential for it to
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carry out its biological functions, the topology of G protein with
'Tespect to the viral envelope was examined. The basls of this
interaction was studled by partial amino acid sequence analysis and
localization of fatty acid residues. Thisﬂ?nformation was correlated
- with what 1s known about the biogenesis and maturation of this
molecule.

The M protein is essential for viral morphogenesis; however,
little is know about its interaction, if any, with the viral envelope
and the RNP core. The membrane arganization of both G and M protein
was examined with the use of a chemically synthesized hydrophobic
photoreactive probe. The nature of the interactions of M protein was
studied by developing a reconstitution system with artificial lipid
vesicles. This has allowed the direct examination of Ehe interaction
of M protein with the nucleocapsid protein N.

Finally, initial studies were undertaken to identify and
examine the role of various domains or "topogenfc sequencﬁs“ present
in membrane proteins that are thought to have Important biological
functions involved in biogenesis and maturation. This was
accomplished through the construction and expression of a chimeric
-gene from ¢DNA clones contailning the coding sequences for G and M

protein. ‘
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MATERIALS AND METHODS

2.1 Materials

{a) Chemicals and Reagents

HPLC grade ethyl acetate, benzeune, butyl chloride, methanol,
acetonitrile, and tetrahydrofuran were purchased {fom\Burdick and
Jac?son; PTH amino acid standards, sequence grads
phenylisothiocyanate (P;TC), heptafluorobutyric acid (HFBA), and
0.1 M Quadrol were obtained from Beckman or Pierce Biochemicals;
Trifluorcacetic acid was frmq‘Pierce Biochemicals wﬁile ethanethiol
heptane and sperm whale myoglobin‘ﬁere from Beckman. Polybrene and
glycylglycine were‘;bgained from Aldrich. Sodium deoxycholate and
dithiothreitol (DTT) were purchased from Calbiochem; Sodium dodecyl
sulphate apd Na-%:hylenediaminetetraacetic acid (EDTA) were obéained

from BDH Chemicals Ltd./ Triton X100 was from Rhom and Hass;

‘acrylamide, bis acrylamide, TEMED, Anfnex—AS were from Bio-Rad

Laboratories, and agarose and CsCl were from Bethesda Research
Laboratories. Bovine serum albumin (BSA), phenylmethylsul fonyl
fluori&e (PMSF), ethylenme glycol bis ( B -aminoethylether) |
N,N,N',N'-tetraacetic acid (EGTA), phosphatidylcholine,
phosphatidytﬁthanolamine, g&osphatidylserine, ampicillin,
tetracycline, chloramphenicci, and ethidium bromide were purchased
from Sigma Chemicals. Soybe :;EE}pain inhibitor was from

s’

Worthington. Trasylol (Aprotinin) waé from Miles Laboratories;
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and Ultrogel AcAS4 "35_533?_LK3 Industries. Joklik modified MEM,
Bulbecco's modified H;H, fé%al bovine serum (FBS), fetal calf serum
(FCS), new born calf serum (NBCS), and dialyzed fetal calf serum
(dFCS) were purchased from Gibco. Bacto—ttzgﬁone,-Bactroagar, and
yea;t extract were from Difco Laboratories. Spectrapore dialysis
membrane was obtained frog Spectrum Medical Industries. Protein A
Sepharose was purchased from Pharmacia, and nitrocellulose membrane
wag obtﬁined from Schleicher and Schuell. The monosodium salt of GTP
and the dipotassium salt of ATP was purchased from P-L Biochemicals.:
Enhance was from New England Nuclear. All other chemicals were of
the highest analytical reagent grad% available.

(b) Enzymes

TPCK-treated trypsin,'a_shymoirypsis, lysozyme, and
deoxyribonuﬁ}ease vere obtained from Worthington; Thermolysin, bovine.
pancrease carboxypeptidase A (DFP) and carboxypeptidase B (DFP) were
purchased from Sigma Chemikals; S. aureus V8 protease was from Miles
Laboratories; hdg‘izanéy aaiﬁopeptidase M was purchased from Plerce
Chemical Co. or‘?;om'Boehringef, Mannheim; Creatine kinase was from
Boehringer, Mannheim and micrococcal nuclease was purchased from P-L
Blochemicals. The restriction enzymes Bam HI, Bgl II, Eco RI, Hind
ITII, Pst I, and SauwlA weréyobtained from Bethesda Research
Laboratories. Té DNA ligase was obtained from Bethesda Research

Laboratories or New England Nuclear Corp. Phospholipase AZ was

obtained from Dr. G. E. Gerber, Deparﬁment of Biochemistry,PHcMaster

¥

University.
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(c) Radiochemicals *

3
[BH]—glycine, [3H]—isoleucine, { d)-leucine,

3 3 3 3

[(H]-lysine, ["H]-methionine, | H]-phenylalanine, [ H]-

3 3 14

proline, [ H]-tyrosine, ["H]-~valine, [ C]-lysine, and

35 >

[ S]-methionine were purchased from the New England Nuclear Corp.
or Amersham Corporation, depending on the specific activity.

125
I]-Protein A was from New England

[3H]-palmi:ic acid and |
Nuclear Corporation. [3H]-diazirinophenoxy nonancate (160 mCi/
zfle or 2 Ci/mmole) was provided by Dr. G. E. Gerber and P. Leblane,
Department of Biochemistry, McMaster University.

(d) Antiserum

Antiserum specific to whole VSV or monospecific to the
various viral proteins was provided by Dr. L. Pzevec, Department oﬁ»
Biology, McMaster University. Antibody specific to the SV40 large T
antigen was provided by Dr. M. Breicman, Department of Medical

Cenetics, University of Toronto.

{(e) Cell Culture

A continuous line of L cells designated L60 was obtained from
Dr. L. Prevec, Department &f Biology, McMaster University and
maintained in suspension culture in Joklik modified MEM supplemented
with 5% NBCS, 2% sodium bicarbonate, 1% penicillin and streptomycin,
and 1% L-glutamine. Monolayer cultures were maintained in g MEM
containing 7% NBCS, 2Z sodium bicarbonate, 2% L-glutamine, and 1%
peaicillin and streptomycin.

Simian COS-1l cells, obtained from Dr. Y. Gluzman (Cold Spring

TN
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Harbor) were maintained in Dulbecco's modified MEM containing 7%
fet§1 bovinelserum. E. coli LE392 (F7, hsd RSI&(rkf mi') supEé&4,
sup§58, lac YI, or A(lé\czzne, gal X2, gal T22, met Bl, trp, R55,1~)
was obtained from Dr. F. L. Graham, Department of Blology, McMaster
Univers{iry. | _

(£) Yirus ' *

Plaque purified VSV waé of the Indiana serotype, strain
HR-LT, originally obtained from Dr. L. Prevec, Department of Biology,
McMaster University. Virus stock cultures were atored at -90°C.

(g) Plasmids _?

PGl and pM309, pBR322 derivatives containing cDNA copies
corresponding to the complete coding sequences of the VSV G and M
mRNAs, respectively, were provided by Dr. J. Rose (Salk Institute, San
S
Diego, Eilifornia)- pJS223, an expression vector containing the 3SV4Q
origiﬂ(and full length cDNA copy of the VSV N protein mRNA was
provided by Dr. R. Lazzarini (National Institutes of Heaith,
Bethesda, Md). The pCVSvVe expression vector was obtained from Dr. R.
Kaufman (Massachusetts Institute of Technology, Cambridge, Masqgj\\

. p
2.2 Method -
sechots ~

2.2.1 Virus Infectivity

1
Viral infectivity was determined as plaque P&rming units pér
@l (PFU/ml) by the plaque asgay brocedure. 60 mm culture plates were

6
seeded with 2 x 10 cells in medium contalning 0.00447 CaClz,

Confluent momolayers were infected with 0.2 a1l of an appropriate

dilution of VSV serially diluted with PBS (138 mM NaCl, 2.7 mM KCI,
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8 mM NazﬂPOQ, 1.46 mM KHZPO4; Dulbecco and Vogt 1954). After

viral absorption, the monolayers were overlaid with 6 ml of &« MEM
containing 10Z NBCS and 0.9 agar. After the agar solidified,.che
plates were incubated at 37°C for 48 hours in a 5% COZ’ 95% air
atmospher?. After the {ncubation period, the cells were fixed with 2

1
ml of Carmoy's solution and viral plaques were visualized and counted
after staining with 1% crystal violet.

2.2.2 Preparation of VSV

L cells growing in suspension were harvested by
centrifugation at 400g for 10 min at room temperature. Cells were
resuspended with Joklik modified MEM confaining 2% NBCS to a
concentration of 2 x 107 cells/ml and infected with VSV to an
m.0.1. of 5 PFU/cell. After virus absorptiom at 37°C for 45 min the
culture was diluted with the above medium_;a/f x 10° cells/ml and-
incubated overnight at 37;C until at least 30T of the cells had
.lysed. Cellular debris was removed by centrifugation at 5,000g for
10 min at 4°C. The clarified supernatant was centrifuged at 18,000
rpm for 3 hours at 4°C in a Beckman Type 19 rotor. The crude viral
pellet was suspended in a small volume of NT buffer (10 oM Tris-HC1
pH 7.6, 150 mM NaCl) and overlaid on a 10 ml gradient of 10-30Z
;ucrose in NT buffer. The gradients were centrifuged at 22,000 rpm
'fot 50 min at 4°C in a Beckman SW4l Ti rotor. The visible viral band
was collected, diluted with NT buffer, and recovered by

ntrifugation at 48,000 rpm for 1 hour in a Beckman Type 50.2 T{

rotor. The purified viral pellet was suspended in 2 small volume of

'f



?t buffer by-brief sonication and stored at -90°C. Virus

concentration was determined by optical density readings at 260 and

280 am.

2.2.3 Preparation of Radioactive VSV

(a) Labeling of Virus with Radiocactive Amino Acids

L cells were grown on 100 mm plates to near confluency and

- infected with VSV at an m.o.1. of 10. Virus absorption was for 1

hour at 37°C after which the culture was fed with 5 mls of aMEM
containiﬁg 5Z NBCS and incubation was continued for-an additional 3
hours. At 4 hours post:infectionr—the medium was aspirated and
replaqed with O MEM éghtaining 2% dialyzed fetal calf serum (dFCs)
deficient in the amino acid(s) to be used for labeling. After a 15
min incubation at 37°C to deplete any endogenous stores of amino
acid, the desired radioactive amino acid was added‘to a-Tevel of
10-20 uCi/ml and incubation was continued for an additional 16-18
hours. Released virus was purifed from the clariffed culture fluid

?y ferential and rate zonal centrifugation as described above.

//Alter tively, the virus was purified directly from the clarified

supernatant by centrifugation through a 2 ml cushion of 20Z% sucrose
in NT buffer for 2 hours at &O,OOOZEFm in the SW41 rotor.
35
Large scale production of [ S]-methionine labeled VSV was
carried cut in suspension culture as described above. At 4 hours
post infection, cells were recovered by centrifugation at 400 g for

10 min at room temperature at suspended to 2 x 106 cells/ml with

methionine deficlent Joklik modified MEM containing 2% dFCS and 2-4

-~ -
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uCi/ml of [BSS]-methionine (1000 Ci/mmole). Incubation was

continued until &PZ of the cells had lysed and Fhe radicactive virus
was purfied by di%fereutial and rate zonal ceatrifugation as above.
Radiocactive incorporation was determined by assaying hot insoluble
TCA precipitable counts (Ghosh and Ghosh, 1972). An aliquot of
labeled vitus was spotted BQ\E Whatman 3 MM filter paper and the
sample was precipitated with 10Z TCA. The filter paper was boiled in
5% TCA for 5 min and then washed with two changes of ice cold 5% TCA
over a period of 20 min. The filter paper was rinsed with 953
{echanol:ether (1:1 v/v) followed by washing with ether. After drying
under a heat lamp, the filter paper was placed in a precounted
scintillation vial coantaining 10 ml of a PPO/toluene based
scintillation fluid (4 gm of diphenyloxyzole\én l liter of toluene).
The radiocactivity was detsrmined in a scintillation counter.

(b) Labeling of Virus with [ H] Fatty Acids ;

Labeling of VSV with | H]-palmitate was performed
esgentially as described by Schmidt and Schlesinger (1979). 9-10
[3H]—palmitic acid, supplied in a benzene, was dried down under
nitrogen and suspended in methanol to a final‘concentration of 5-10

mCi/ml. Labeled palmitate was added to L cell monolayers to 10

T . .

uCi/ml 12 hours prior to infection. Following infection and virus

absorption, the medium was replaced with $'ml of aMEM containing 2X
3

NBCS and 20-40 uCi/ml of ["H] palmitate. The final concentration

of alcohol did not exceed lZ. The virus was pqgified as described

above. Subsequently 1t was found that prelabeling the uninfected

A

T N
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cells did not appreciably enhance incorporation Ef radiocactivity
into VSV so it was discontinued. f
Labeling of VSV with the photoreactive fatty acid derivaftve
[33]-diazirinophenoxy nonanoate wag carried out as above, however,
the fatty acid was saponified with an equimolar amount of filter \
sterilized NaCH prior to addition to the medium. : k.
2.2.4 Radiocactive Labeling of L Cells I

¢ //

-
L cell monolayers were infected with ¥SV to an z.0,s1. of 10.

At 4 hours post-infection, the medium was replaced with methionine

deficlent aMEM cqntaining 2% dFCS and 20 uCi/ml of
35 b '
[  S]-methionipe. Incubation was continued for a further 1-2 hours

after which the cells were harvested from the monolayer by gently

scraping the cells into 1 ml of ice cold PBS with a. rubber policeman.\

The cells were recovered by centrifugation, washed 3 times with cold

f
PBS and finally suspended in a small volume of PBS. Cells were used

dmmediately or stored at -20°C. [/

|
L 3
For labeling uninfected cells with [ H]-palmitaté or
[ B)-DAP nonanoate, L cells were grown to\hear coafluency in 60 mm
plates with a MEM containing 5% NBCS. The cells were rinsed with

serum free aMEM and incubated at 37°C in sefuu free/ aMEM containing

3 -
20 uCi/ml of the { H] fafty acid for 2-8 hours. Thé cells were

S

harvested and washed as described above.

Labeling of uninfected 3y

35
8 with [ S]-methionine was

car ‘ad out as described above® » the labeling medium

containnd 22 dFCS and the labelily period was 1 hour. ; '
i ' - ‘“
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2.2.5 Purification of Viral Components « 2 " a

( P(rification of G Protetr® qy
v Pu I@%ed VSV was suspended at a cqgieztpati:h§§§;2ﬁ /ml {a
T

@?Qrﬂ:on X100, 10 mM Hepes (pE 7.6). The detergent coacentration

_was increased to 2 and the suspenslon was incubated 4: room
temperatdre for 1 hour with gentle mixing (Kelly et al, 1972).
Alternatively, virus was disrupted by a 30 min incubation at reom
temperature in 50 mM octyl-D-glucoside, 10mM Hepes (pH §.0), 1.5 mM
‘DTT (Wilson and Lenard 1981). Nucleocapsids were removed from
disrupted virus by centrifugation at 48,000 rpm in a Beckman Type 65

L\ rotor at 4°C for 3 hours. The supernatant containiag the G protein
~aud the viral 1ipids was extracted with 2 vol of o-butandl for 25 min
‘;t 20°C. The phases were separated by low speed centrifugation and
She interphase material was collected and precipitated with ethanol

Donet .

t =20°C. The precipitate was collected by centrifuging at 10,000
rpm for 30 min and the pellet was extractéd 3 times with cold acetone
and lyophilized\‘ 'ﬂﬂ?purity of the material was determined by

unning an aliquot on a 10% polyacrylamide geL.

- (b) Purification of M Protein

VSV (2 mg/ml) was distupted with 50 mM octyl-D-glucoside,
10mM Hepes (pH 8.0), 250 mM NaCl for 30 min at room temperature.
Nucleocapsids were removed by centrifugation as above and the
supernatant containing G and M was applied to a 1.6 x 50 ¢m column of
Ultroge% AcA 54 (LKB) and elured with 50 oM Tris-HCT (pH 7.6), 0.4 M

NaCl, 0.02% Na deoxycholate at 4°C. 2 ml fractions were collected.

N
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The position of the M protein vas determined by including [3551-
methionine labeled VSV as a tracer ﬁg}br to detergent disruption.
Peak fractions were pooled and dialyzed extemsively against water.
The protein suspension was lyophilized and stored at -20°¢C.

> .
(c) RNP Isolation -

+

BNP cores, recovered from detergent disrupted virus as above,
were further purified by suspending the crude RNP pellet in 10mM
Tris—-HCI (pH 8.0) 250 mM NaCl, 0.02% DTT and overlayihg on a
preformed discontinuous gradient of 0.5 ml of 1007 glycerol, 0.5 ml
of SOEVglyercol in 10 mM Tris~HCI (pH 8.0) and 1 ml of 10 glycerol
in 10 wM Tris-HCI (pH 8.0), 100 mM NaCl in a 2 ml centrifuge tube
(Carroll and Wagner, 1979). Centrifugarion was a;A45,000 rpm for 90
nin in the Beckman Type 65 rotor. PurifiedthP was collected from
the interfate between the 50 and 100X glycerol layers. The RNP was
recovered by centrifugation and suspended in NT buffer.

(d) Isolation of Proteins from SD$ Containing Polyacrylamide
Gels

- \

Purified VSV wvas fractionated on an $D$S containing 10Z
polyacrylamide gel. Radiocactive proteins of interest were localized
on the wetlgel by using an autoradiograph as a template.
Nonradicactive proteins were loca}ized by cutting a parallel strip
from the gel and staining with Coomassie blue (0.25% Coomassie Blue,
50Z methanol, 10X glacial acetic acid). The protein bands were
excised from the gel and {incubated at room temperature for 24 hours
in 0.0 NH HCO3 {pH 7.6) containiag 0.01% SDS (approximately 0.5

4
2
ml of buffer was used per 1 cm of gel). The elution buffer was

50

—
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then passed through siliconized glass wool to remove particulate ——

—~

—

matter and the protein was precipjtated with 9 vol of acetone at
=20°C. The precipitate was recovered by centrifugatibn, dried under R
vacuun and suspended in an appropriate buffer.

T
2.2.86 SDS Polyacrylamide Gel Electrophoresis

SDS polyacrylamide gel electrophoresis was performed in slab
gels'utili%ing the di§continuous buffer systéE as described by
Laemmld (1970). Sepaégting gels of the required acrylamide X
concentration were cast*ff?m a filegred stock solution of acrylamide
(30:0.8 acrylamide: bis acr;lamide, w/w). In addition, the "
separating gel contained 9.375 Q\Tris-H01 (pH 8?53, 0.1% glycerol and
0.025X TEMED. The solution was degassed prior to the additiop of
freshly prepared ammonium persulphate to 0.075% and SDS to O.1%. ) S

The stacking gel consisted of 5% acrylamide (30:0.8
acrylamide: bis acrylamide, :w/w), 0.125 M Tris-HQ (pH 6.8}, 0.12%

SDS, 0.05% glycerol, 0.075Z TEMED and 0.064% ammonium persulphate.
The electrophoresis running buffer was Tris-glyciue (pH 8.3), (3.02
gn Tris base, l4.4 gm glycine, 1 gm SDS per liter).

Samples were prepared for electrophoresis by the addition of
an equal volume of twice concentrated electrophoresis sample buffer
(0.1254 Tris-HCL (pH 6.8), 6% SDS, 20% glycerol, 102 8 - <
mercaptoethanol) and boiling for 2 min. A small amount of
bromophepol blue was added to each gsample as a tracking dye.l

Following electrophoresis, the gel was immersed in staining

solution (0.25X Coomassie blue, 502 methanol, 10% glacial acetic



acid) for 1 hour with.shaking- The gel was destained with several

changes of destainfﬁg sﬁlution (20% ethanol, 10X glacial aceticracid v/v)
. :

and dried on a sheet of W%atman #1 chromatography paper using a

Bio:Rad dryer.

- For the detection of [3581 radioactivit;, the dried gel was
exposed to Kodak ¥—Omat XAR 5 film at room temperature for ap
appropriate length of time. [BH] Zédicactivity and low levels of
[353] radiocactivity were detected by Eﬁé fluorographic tecﬁnique of
Bonner and Lasky (1974). After electrophoresis, gels were soaked in
destaining solution for l hour followed by two 30 min treatments with
100Z DMSO. The gel was then treated for 3 hours with a solution of
22.2% PPO iﬁﬂﬁﬁso (w/w). The PPO was precipitated by washing the gel
in water for 1 hour and driﬁg}, Exposure was at -70°C for the
appropriate length of time using prefogged Kodak X-Omat XAR S‘E;lm.‘
{(Laksy and HTTIB,\I975). In cases where radicactivity was determined
directly by-eluting material from gel slices, gel lanes were cut out
from the slaﬁ'gel and sectioned into 2-3 mm slices using a Bio Rad
slicer. Radiocactivity H?s eluted from each gel slice by incugating
Jﬁgpnight 1§ 0.5%2 SDS. The eluted radioactiviﬁy wag determined by
counting in Aquasol (3 gm PPO, 250 al Triton-X114, 750 ml xylene).

’

2.2.7 Proteolytic Digestion of VSV

’ (a) Exopeptidase Digestion

3s
Purified [ S]-methionine labeled VSV (5 mg/ml) was
ra
1ncubatei\uizh aminopeptidase M (2 mg/ml) or a mixture of

carboxypeptidases A and B (2 mg/ml) in 10uM Hepes (pH 7.6) 1in the

- A
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presence or absence of 2I Tritom X100 for 4 hours at 30°C. The
reaction was terminated by the addition of an equal volume of twice
concentrated electrophoresis sample buffer and boiling for 2 min.

»

Samples were analyzed by polyacrylamide gel electrophoresis.

(b) Preparation and Isolation of Spikeless Particles

Radiolabeled virus was digested with thermolysin (viral
protein/enzyme 4:1, w/w), TPCK trypsin (viral protein[enzyme 2:1,
v/w), or chymotrypsigﬁ(viral protein/enzyme 2:1, w/wj;for 45 min at
35°C iﬁ a reactionb;j;ture containing 10 mM Hepes (pH 7.6), 100 mM
NaCl , and 10 mM CaClz. The reaction was stopped with 10 oM EGTA
in the case of thermolysin and by the additiom of 1 @M PMSF and
incubation on ice for 10 min in the case of trypsin and chymotrypsin
digestion. The reaction mixture was layered on a 2 ml cushion of 50%
glycerol containing 10 mM Hepes (pH 7.6), 100 mM NaCl, 10 wM EGTA, 1
w PMSF, andy10 wM DTT. Spikeless particles were isolated by
centrifugation at 190,000g for 3 hours in a Beckman Type 65 rotor at
4°C. The pellet was washed with a buffer containing 10 oM Hepes (pH
7.6), 1 mM PMSF, and 1 mM EGTA and finally suspended in a small |
amount of this buffer.

2.2.8 & Peptide Mapping

(a) Peptide Mapping by Limited Proteclysis _ T
™
Peptide mapping by limited proteolysis in polyacrylamide gels”

was preformed essentially as described (Clevland et al, 1977). Bands
containing proteins of interest were excised from dried gels using

the autoradiogram as a guide. The gel slices were rehydrated in

53
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0.125 M Tris-BCL (pH.6.8), 0.1% SDS, 1 mM EDTA, and placed in the

“#

sample wells of a second SDS polyacrylamide gel having an acrylamide
concentration of 17.5 or 20Z. The gel slice was overlaid with the
above buffer containing 201 giycerdl to fill in any spaces around the
gel piece. Finally, 10 ul of 0.125 M Tris HCL (pH 6.8), 0.12 sDS, 1
o EDTA, 10Z glycerol containing varylog amounts of gtaphylococcus
aureus V8 protease was added to each sample well. Electrophoresis was
continued until the bromophencl blue tracking dye reached the
interface betweeu_the stacking and geparating gel at which point the
c&frent wasg turned off for 30 min. 'Electrophoresis continued in the
normal manner after this and the gel was dried, fluorographed, and

exposed to x-ray fﬁim a8 described.

(b) Tryptic Peptide Mapping

1) Ion Exchange Chromatography [
.

Gel slices containing the protein to be analyzed were

incubated in 0.2 M NHAHCO3 (pH 8.5) containing 100 ug TPCK

trypsin per ml at 37°C for 16 hours. The solution was replaced with

Y

fresh ammonium bicarbonate anod fresh trypsin and incubation was
continued for an addftional 4 hours. The solutions were combined,
fresh trypsin vas added, and incubation for a further 4 hours was
carried out. At the end of the incubation, the solution was filtered
and lyophilized. The tryptic peptides were resuspended 1in water and
re-lyophilized. This was repeated thrée more times after‘whigh the

tryptic peptides were suspended in 500 ul of 0.05 M pyridine-acetate

pH 3.1 (8 mls pyridine, 139.2 wl glacial acetie acid, 1954 ml HZO)-

4
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Tryptic peptides were separated on a water Jacketed 0.9 x 22 cm ’
column containing Aminex A5 cation exchange resin and maintained at
.32°C (Toneguzzo 1977). Samples were loaded directly into the
precolumn eluentrwith the aid of an Altwx 4 way injection valve
contalning a 0.5 ;f_sample loop. (?éptides were eluted at a flow rate
of I ml/min with a ﬁilCOn Roy mini pump using a linear gradient
composed of 150 ml of 0.05 M pPyridine-acetate, pH 3.1, and 150 ml

of 1 M pyridine-acetate, pd 5.1, (40.3 ml pyridine; 37.6 ml glacial
.acetic acid, and HZO to 500 ml ). This was followed by elution

with 50 ml of 2 M pyridine-acetate, pH 5.1, (32.5 ml pyridine, 27.8
glacial acetic acid, and H20 to 200 ml ). Fractions of 2 ml were
coliected directly into scintillation vials, dried, suspended in 200 -
ul of water and counted in 4 ml of Aquasol.

11} Two Dimensional Peptide Mapping

. Gel slices containing the protein to be analyzed were
incubated with freshly prepared performic acid (formic acid /hydrogen _
peroxide 85:5, v/v) for two hours on ice. The gel pileces were
removed, dried under vacuum and tfeated with TPCK-trypsin as above.
Tryptic peptides were solubilized in 20% formic acid and spotted Oy
20 x 20 Polygram Sil-N-HR silica thin layer plate. Phenol red was
spotted in an opposite corner to serve as a tracking dye.
Electrophoresis was in pyridine/acetic acid /water (I:IO:iOO, viv/iv)
End wag discontinued when the phenol red had travelled approximately
15 cm. The plate was air dried and chromatographed at right angle to

the direction of electrophoresis in butanol/pyridine/acetic acid/
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water (5:4:1:5, v/v/v/v). After chromatography, the plate was dried
in a chromatography oven at 90°C, sprayed with Enhance and exposed to

Kodak X-Omat XAR film at -70°C for appropriate lengths of time.

2.2.9 Protein Sequencing

(a) Isolation of Peptides for Sequencing

Peptides to be sequenced wére purified by polyacrylamide gel
electrophoresis and excised from the wet gels by using the
autoradiogram.ks a template. In cases where tritium labeled peptides
were to be isolated, identical [355]—methiouine labeled samples
were run on the same gel {n separate wells to facilitate
visualization. Peptides were eluted from tﬁe gel slices by

incubation at room temperature in 0.01 M NH HCOa, 0.1X SDS, 1 oM

4

'PMSF, and 0.001 M B-mercaptoethanol. The eluted material was

filtered through siliconizéﬁ glass wool to remove particulate matter
and dialyzed at 4°C for 48 hours against 0.1 M NaCl, 0.1% sSDsS
followed by 24 hours against 0.05X SDS and finally for 24 hours
against 0.01% SDS using a Spectraporey:jalysis membrane (cut éff,

3500; Spectrum Medical Industries). The dialysis buffer contained in
addition 0.01 M NHAHCO3, 0.001 PMSF, and 0.001 M

B8 —mercapto;Lhauol. The dialyzed material was lyophilized and
suspegﬂed in 0.5 ml of 20% formic acid prior to sequence analysigs. A
small aliquot was dried down and checked for purity by

re—electrophoresis.

(b) Automated Protein Sequencing

Automated protein sequencing was carried out in a Beckman Y



890C sequencer equipped with a cold trap modification and using the
Beckman 6.1 M Quadrol program (No. 345801). The program was modified
to exclude nitrogen delivery to the fraction collactor during those
steps in which the fraction collect;r was under vacuum.

Samples were applied to the cup and dried down with the
Beckman sample application sub routine program (no. 3458’1). In
cases where polybrene was used to agsist reteption of protein in the
cup, 3-5 pp of polybreme (in waterl_g}oug with 100 omoles of
g8lycylglycine were added to the cup‘;nd dried (Hunkapillar and Hood,

.

1978). The polybrene was precycled with three complete degradation
cycles prior to the addition of sample. In each experlment, the
protein film was conditioned by ruoning an initial sha Icycle in the
absnece of PITC delivery. ~

For nonradiocactive samples, the anilinothiczolinones (ATZ)
were converted to their corresponding PTH derivatives by treatment
with 0.2 ml of 25X trifluorocacetic acid containing 1 ul/ml of
ethanethiol for 10 min at 80°C. After drying the sample under
nitrogen, the PTH derivatives were suspended Iin ethyl acetate lor c
.grade methanol and identified by HPLC. A known amount of the

derivative of norleucine was included in each sample prior to HPLC

analysis to serve as an internal control. ~

AN

L

~. Microsequencing of proteins labeled with 1 amino acid or a

35 3
mixture of [~ "S]-methionine and a [ ‘H] amino acid was carried out

»

as above except that hen egg white lysozyme was used as a carrier.

Il

The butyl chloride extplcts were dried and sufpended in 250 ul of
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methanol. 80X of this was directly transferred into scintillation
vials and the radicactivity was determined. The remaining 20% was
converted with TFA to the corresponding PTH derivatives and used to
identify the PTH-amino acids arising from lysozfm&'

In cases where more than one {3H] am%fo acld was present in
a sample, the samples were converted to their PTH derivatives, mixed
with'ghe corresponding unlabeled PTH amino acids and analyzed by
HPLC. The fractions containing the PTH amino acids were collected

and the radiocactivity was determined.

(¢) PTH Amino Acid Analysis

PTH amino acids were separated on an Ul trosphere
octadeclytrimethyloxysilane (ODS) column maintained at 45°C in an
Altex model 322 high performance liquid chromatography system
equipped with two model 110A pumps and a model 421 microprocessor
controller. The column was equilibrated with buffer A (4.25 mM
Na-acetate, pH 5.0l, containing 5% tetrahydrofuran) and was eluted
with a linear gradient of 0-40% B (102 tetrahydrofuran in
acetonitrile) for 20 min followed by isocratic elution with 4071 B for
a further 20 min (Somack, 1980). Nonradiocactive PTH amino acids were
quantitated with any}ltex model C-RIA integrator using the
normalization mode. Aqueous buffers.énd organic buffers were )
filtered through Millipore HAWP (0.45 um) and FHUP (0.5 dm) filters,
respectively, and degassed prior to use.

2.2.10 Phospholipid analysis

Phospholipids ;Fre extracted from labeled L cells or VSV by
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the Bligh-Dyer procedure (Bligh and Dyer, 1959). & sample of cells
or virus was suspended in 1l ml of buffer and extracted with 3.75 mi
of methanol/chloroform (2:1 v/v). Affer shaking at room temperaturel
for 10 min the érecipitated material was centrifuged in a bench top
centrifuge and the supernatant was removéd. The precipitated
material was extracted twice more with 4.75 ml of methanol/
chloroform/water (2:1:0.8 v/v/v) and the supernatants were combined
(14.25 ml) and mixed with 3.75 ml of chloroform and 3.75 ml of water.
After mixing, the phases were sepérated by a brief centrifugation and
the lower chloroform phase was taken to dryness and suspended in;
chloroform/methangl (1:1 v/v). Aliquots were gpotted on a Silica
HIBS thin layer plate (J.T. Baker) and chromatographed with
chloroform/methanol /water (65:25:4 v/v/v; Kates, 1972) along with
nonradicactive phosphelipid standards. Radioactive spots were
visualized by autorad;ography while the positions of the phospholipid

markers were determined by staining with I_ vapour.

2
[
2.2.11 Analysis of Fatty Acids Attached to G Protein

(a) Hydroxylamine Treatment

V5V labeled with [3H]—palmitate or [BH] DAP-nonanoate was

- run in duplicate along with [3SS}—metﬁionine labelled VSV on an DS
containing 102 polyacrylamide gel. One half of the gel was directly
processed by fluorography while the other half was treated with
hydroxylamine by scaking the fixed and washed gel in 200 mls of 1 M -
NHZOH-HCI (titrated to pH 6.6 wiFh NaQH) for 1 Qg.S hours

(Schlesinger et al., 1980; Omary and Trowbridge, 1981). The gel

e
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was subsequently rinsed with water and processed by fluorography

(b) Transesterfication

G protein was isolated from [3H] fatty acid labeled vi
by detergent extraction with Triton X100 as described except that the
butanol extraction was omitted. The G protein was delipidized

v ~
series of sequential extractioms with organic solvents according to l
the Bligh-Dyer procedure as described above. The G protein was dried
under vacuum to remove traces of organic solvént and the covalently
attached fatty acid residues were transesterfied by treatment with

-1 @l of 0.1 M methanolic KOH for 10-3% min at 23°C (Schmidt and

Schlesinger, 1979). The solution was MHQ and the
fatty acid methjl esters were recovered by four 1 ml extractions with
petroleum ether. After drying down the petroleum ether, the residue
was suspenc 0 2 small volume of petroleum ether and an aliquot was
analyzed bf/lhiu layer chromatography on Silica H1BS plates using
éetroleum ether/ether (1:1 v/v). TFollowing chromatography, lanes
corresponding to the sample were scrapped directly into scintillation
vials, eluted with methanol, and the radicactivity was determinedf)

Alternatively, fatty acid methyl esters were suspended in

methanol and analyzed by HPLC on an Ultrosphere 0DS column. The
methyl esters weré eluted with a linear 25 min gradient of 80-95% B
(100Z methanol) followed by a 2 win rise to 100% B followed by 100X B
for an additionmal 13 min. Ths flow rate was 2 ml/min and 0.5 min

fractions were collectgd and the radioactivity determined.
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2.2.12 Photolysis

Samples were purged with water saturated nitrogen for 45 min
prier to photolysis. Photolysis Fas carried out ina 1l ml capacity
quartz cell (1 cm path length) held in*a zetal cell holder located at
the focal point of a 1000 watt xeﬁon/merCury lamp (Schoeffel model .
LPS 225 HR). The light was first passed through a filter (Corning
7-51) contained in a water filled optical glass cell (5x5 em); a

¥

second such filter was attached to the window of the metai cell

il ’

housing. The resulting light has its maximum latensity near 3%0 am,
while all light below 300 nm is removed. Irradiation times were

controlled with a manually operated metal shutter.

2.2.13 . Immun;blotting

Immunoblotting of prﬁteins on niggggnlkgioae was performed by
the method described by Towbin et al., (1979). Proteins were
electrophoresed on a 10% polyacrylamide gel. Foll%wing
electrophoresis, the gel was soaked in transfer bgfféEiKESihﬂ Tris,
192 oM glycine, 202 methanol (pH 8.3)) and then placed on a
nitrocellulose membrane (0.45 um, Schleicher and Schuell) backed with
3 sheets of Whatman #1 filter paper. The gel and filter paper was
sandwiched between electrode containing plastic grids with the
nltrocellulose sheet facing the +ve elzgtrode and the assembly was
immersed in an electrophoretic chamber containing transfer buffer.
Proteins were transferrasd to the nitrocellulose membrane by .

5

electrophoresis for 20 hours at 8 V/cm. Following electrophoresis,

P

the blot was removed and soaked in gsaline (0.9%Z NaCl, in

v = o
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10 oM Tris-HC1 (pH 7.4)) containing 3% BSA for 1 hour at 40°C. The
blot, or parts thereof? was ringsed with 500 ml of saline and
iacubated overnight at\}oom'temperature with shaking With antiserum
A .
appropriately diluted into saline containing 3% BSA. The sheet wag
thea washed with 5 changes of saline over a period of 30 min and
incubated overnight'a; Toom temperature with [lzsll—protein A
diluted to i x 106 cpm/ml in 3Z BSA-saline containing 0.01% NaN3-
The blot was then extensively washed 47ith saline (5 changes over 30
min) and dried. Radioéctivity was detected by autoradiography using
Kodak X—Omat XAR5 film and an intensifying screen (Corniang-Dupont).

2.2.14 Reconstitution of Purified Viral Proteins

Incorporation of M protein into synthetic 1ipid vesicles was
carried eu;\essentiall@(as deacribed for the influenza virus M
protein (Gregoriades, bShﬂ* Greogoriades and Rangione, 1981). Egg
phoqebatidylcholine was dcﬁpd under a stream of nitrogen_followed by
vacuun dessication for 4 h?s. M protein, isolated from gels or by
detergent extract n..waslno;ubilized in buffer (6. M Tris-HCl (pH
7.6), 0.1 M NaCl, 0.005 M KCl, ‘and 1% Na deoxycholafe) and added to
the dried film ofu?ho.fhn idyléholine in a final ratio gf 1:10
(protefh:lipid, w/w). e mixture was vortexted fogss min and
dialyzed against seve al liter ﬂghnges of diglysis'buffer (0.05 M n_,J
Tris~HC1 (pH 7.6), 0.1 M Nacl, o.6’§5 M KCL, 0.001 ¥ Na,) f§r 48

hrs at 4°C. The vesicles vere made 40% with respgft to sucrose and

overlaid with a-linear gradient of 5-302 sucrose)(in 0.05 M Tris-gCl = ¢

(%H 7.6), 0.1 M NaCl, 0,005 M KCl) and centrTuged for 18 hours at
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40,000 rpm in a Beckman SW4l Ti rotor at 4°C. After centrifugation,
fractions were collected from the bottom of the tube and aliquots
were -assayed for radicactivity. Peak fractions were pooled, diluted,

and 4edimented at 40,000 rpm in a Beckman SW41 Ti rotor for 1.5 hrs

at 4°C.

2.2.15 Proteolytic Digestion of Vesicles

Reconstituted vesicles coantaining M protein were isolated
from flotation gradients as described above and incubated with either
TPCK-trypsin or thermolysin (protein:enzyme 3:1, w/w) iu.SO oM |
NHéHC03 (pH 8.0) at 37°C for 40 minutes. The samples were made
40% with respect to sucrose and isolated from digestion products by
flotation in a sucrose gradient as described above.

2.2.16 Re¢g;stitution with Preformed Vesicles

Preformed vesicles were made by suspending dried

phosphatidylcholine to a concentration of l\mg/ml in 0.05 M Tris-ECl
AR ‘_:»{’a -

(pH 7.6), 0.1 M NaCl,/0.00% KCl, 1I Na deoxycholate and dialyzing “
out the detergent. Detergent free M protein (deteigent removed by
dialysi:) was é@gﬁﬁ to the preformed<%gospholiﬁid vegicles, vortexed
for 5 min, made 40X with respect to sucrose, and analyzed by
flotation centrifugation as described above.

22.17 In Vitro Proteiln Synthesis

(a) Preparation-off VSV Specific RNA
VSV:specific RNA whs isolated prmlinfected‘L cells as X

[
described (Tooneguzzo and osh, 1976).. L -cells growing in
» * " T 4 o

bl
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4.5 hrs post infection, the cells were quickly cooled for 10 min by
the addi{tion of frozen PBS. The cells were pelleted at 800 g for 10
min and vashed 3 times with washing buffer (35 mM Tris-HCL (pH 7.5),

146 oM NaCl). The pellet was suspended in 2 vol of swelling buffer

(10 oM Hepes pH 7.6, 15 mM KCI, 1.5 uM MgAcz', 6 oM B -
mercaptoethanol) and iacubated on ice for 10 min. The swolléhuhel 8
were dounced with 25 strokes in a 15 ml glass homogenizer and
centrifuged ar 4,000 g for 10 minutes at 0°C. The S—4 extract so
prepared was made 0.5Z with respect to SDS and an equal vol of mRNA
extraction buffer was added (50 mM Tris—HCl pH 9.0, 100 mM NaCl, 0.12%
/SDS). An equal vol of chloroform/phenol (l:l, v/v) was added and the
'solution was vorte#ed at room temwmperature for 10 min. The phenol
solution was saturated- with mRNA extraction buffer. The phases were
separate@’by\cencrifugation at 7,500g for 10 min at 4°C and the

/ N
aqueo /phase wal re~extracted with an equal vol of chloroform/phenol
2:

(1:1,/v/v). The aqueous ﬁhases were combined, made 0.4 M with
o ~

respecttfb LiCl and the RNA was precipitated with 2.5 vol éf 957
AﬁEEﬁnOl at -20°C overnight. The precipitate was collected by
“centrifugation at 10,9&9 rpm for 45 min and re—precipitated with

ethanol. The final RﬁA pellet was dried under vacuum and dissolved

in 200 ul of sterile water and stored at -90°C.

(b) Preparation of Reticulocyte Lysate

™

a L
Y7 \ g

Reticulocyte lysates were prepared as described by Vi‘}a- ’

Komaroff et al., (1974). - New Zealand white rabblits were made anemic

by subcutaneous injection with 2 ml of 1.2%X acetylbhenylhydrifiue on

-~ -~
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)
each of six consecutive days. The rabbits wer; bled by canulation on
the eighth day. The blood was callected in one fifth volume of
chilled saline (140 oM NaCl, 1.5 mM HgAcz; 5 =M KCl) containing
0.0012 heparin, filtzfed through cheesecloth and.washed three times
with saline by centrifugation at 3,500 rpm for 5 min. The final
centrifugation was at 7,000 rpm and the packed cells were lysed with
an equal vol of cold Hzo at 0°C for 1 min. The lysate was
centrifuged at 10,000 rpm for 40 min at 4°C and the supernatant was
saved. Thé lysate was nuclease treated as described by Pelham and Y
Jackson (1976). 1 ml of lysate was incubated with approximately 50
units of micrococcal nuclease for 10 min at 20°C. The reaction was
stopped by the addition of 2.5ug of rabbit tRNA and EGTA to 22 oM.

The treated lysate was aliquoted od stored at -90°C.

(c) Protein Synthesis

Protein synthesis was carried out in a 50 ul reaction volume
~r

containing 30 ul of the nuclease treated reticulocyte lysate, 20 mM
Hepes (pH 7.6), 90 oM KCl, 1 mM, ATP, 180 mM GTP, 2 mg/ml creatine
phosphate, ;O ug/ml creatine phosphokinase, 3.5 ug/m; hemine, 0.6 mM
Mg acetate, 100 uC#/ml [BSSj-methionine and 1-5 ug of VSWRNA.
Incubation was at "30°C fo{ 90 min. Rédioactive incgkporation was
determined by hot TCA precipitation and Rroducts were examined by 5

polyacrylamide gel electrophoresis.

(d) Hybridization Arrested Translation

Hybridization afiested translation was carried out as -

described (Preston and }kGeogh, 1981) using plasmid pM32 which
L .

‘“1"" . . ‘ .

N o
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contains a cDNA copy of the 3' end of the mBNA sequence of M protein

(Rose and Iverson, 1979). 1.5 ug of pM32 was linearized by digestion

with 2 units of EcoRI endonuclease in a reaction mixture ¢dntaining

50 oM Tris-HCl. (pH 7.5), 10 mM McClz, 50 mM NaCl, and 1 mM DIT for

1l hr at‘37'C. The lin®arized plasmid was phenol extracted, ethanol )
precipitated, and suspended 1; 2 ul of water. 80 ul of 952 deionized ‘\ES
formamide containing 60 mM Pipes (pH 7.4) was added and the plasmid
was heat denatured at 95°C for S min. 10 ul of tﬁe\ﬁﬂA preparation
obtained from VSV infected L cells along with B yl of 5 M NaCl was
added and the mixture was incube:ed‘at 58°C for 1 hr. After this
incubation period, 100 ul of cold sterile water and 15 ug of wheat
germ tRNA was added and the mixture was made 0.2 M with respect to ﬂ
Na-acetate and precipitated wiﬂn‘hS vol of ethanol at -20°C. The .
RNA was pelleted at 12,000g for 15 min, dtied, suspended in a small

amount of water af® used for tramslationm in the nuclease treated

retjculocyte lysate.

2.2.18 Reconstitution of In Vitro Synthesized Proteins
Following the completion of protein synthesis in vitro, the Ce -
reaction mixture was diluted to 1 ml with SOﬁ*_/EEis HC1 (pH 7. 6), /

0.1 M NaCl 0.005 M KC1 aé& dialyzed against the same buffer for 12
hr to remove unincorporated radiocactive methionine. Reconstitutioa
was accomplished by adding 100 ug of prefo phosphatidylcholine -

vesicles suspended in 50 mM| Tris-HCl (pH ), 0.1 M NaCl, 0.095 M

“KC1l to the in vitro synihes zsﬁ proteifé/and vortexing for 5 min.
‘f“7 ~
"

After making the mixture o} respect to sucrose, %the vesicles

..

L

,- ' l " N \u‘\
- ) ’ Zi’
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were overlaid with a discontinuous sucrose gradient composed of 10 ml

of 35X sucrose in 50 =M Tris-HCl (pH 7.6), 0.1 M NaCl, 0.005 M Krl
and 1 ml of this buffer without sucrose. The vesicles were floatéd
through the sucrose by centrifugation at 40,000 rpm for 18 hr at 4°C

Nin the Beckman SW41 T{ rotor. The vesicles were collected by taking
fractions from the bottom of the tube or directly by collecting qhe
lipid band at the interface between the O and 35% sucrose layers.
The vésiclea wére diluE?d and concentrated by centrifugation at
40,000 rpa for 1.5 ht: at 4°C in the Beckman SW41 Ti rotor.

2.2.19 Protein Estimation

Protein concentrations were estimated by the methdd of Lowry
et al., (1951) using bovine serum albumin as the standard and

measuring the absorbance at 660 nm. » ////

2.2.2Q CE. coll Transformation with Plasmid DNA
N
166 nl of L broth (10 gm Pacto—tryptone, 5 gm of Bacto-yeast

extract, 10 gm NaCl (pH 7.5 with NaOH) &r liter, containing 0.42
P _ PR

-3 ‘ - ‘\_ = v .
> i filter sterilized glucose) was ingﬁéﬁiace Heh 1 ol of an overnight
culture of E. col{ Eﬁlﬂgthafz/gzitureles incubated with vigorous
- shaking at 37°C until an’ 03260 of O\Evé 7 was reaéhed The/cells
were colligked by centrifugation at 4,00@3 for 5 min at 4°C and
P ~ i T
suspended\en 35 ml of ¥ sterile solution of 50 mM CaCl/. After
.~ incubation ice for 20 oin, the cells wére collacted\by
P » -~
fugat19n as above and suspended in 2 ml of sterile 109‘mh*‘
Ve _ A —— //’
CaClz. The cWlls were stored at 90°C in 200 ul aliquotd: folYowing
_. the addition of sterile glycerol to 15% , .
e ’ - ~ -
A } -~
\ ._\‘;, g ,J"
T —" A
z % ’
v >
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®
For transformation, 100 ul of sterile 50 oM CéCl2 containing
- [ and
100-300 ng of plasmid DNA was added to 100 ul of competent cells,

Prepared as above, and incubated on ice for 20 min. The suspension
was heat shocked at 42°C for 2 min and placed on ice for a further 20
min. The cells were then diluted with 3 ml of prewarmed L broth and
-incubated at 37°C without shaking for 1-3 hours. Aliquotg of an
appropriate dilution, in t broth, of the cells were spread on agar
plates (L broth containing 1.85 gm/if of Bacto—agar) containing the
salectiveantibiotic (tetracycline at 10 ug/ml or ampicillin at 20

' " ug/ml) and incubated at 37°C. Colonies wvere }isuai;zed 16-20 hr

| laker. ) - o

'2.2.21 Large Scale Purification of Plasmid DNA

A colony isolate of E. cold, harbouring the plasmid to be
purified, was grown overanight in 10 ml of L broth at 37° C uithl
vigorous shaking. The mext mornﬁ;g, the 'culture was dilute? to 1
liter with L broth containing the selective antibiotic (usdally ld
ug/ml tetracycline) and incubated at 37°C with shaking untﬁ{\;i% i 5
culture reached late loé phase (ODGGOnm-O.é). Chloramphenicol wa
added to 170 ug/ml and incubation continued for a further 16-20 hr.
Cells were harvested by cgg;rifugation at 4,000g for 10 min at 4°C,
washed with PBS, and re*pZ?ieted- The pellet was resugspended in 3.33
ml of mix K (50 o Tris—-HCl (pH B8.0), 25X sucrose) and 0.66 ml.of a

solution of 45 q;/ml'of lysozyme was added. After incubation on ice

ey it 0.
,41::j7V/’—"_;°r 10 min, 1.66 ml ¢ ‘2\ﬂ EDTA (pH 8.0) was addeq\and incubaticon .

ou ice continu @ f;ﬁrﬁerwlo ‘ﬁﬁn. Cells wvere lysed by the t‘( #




/’_;fa//Zas cleared by centrifugation at 45,000 rpm for 50 min
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addition of 5.33 ml of lysis buffer (50 oM Tris-H (pH B8.0), 0.1Z

Triton X100, 50 oM EDTA) and incubated on ice for 10 n. The lysate

4°C 4in the
Beckman 50.2 Ti rotor and the supernatan:lbas collected. CsCl and

v

ethidium bromide was added to the supernatant such that the final
density of CaCl wag 1. 59 g2/ml and the fingl concentration of ethidiwn,w
bromide was 600 ug/ml. The solution was Jkntrifuged at 36,000 rpm

for 60 hours at 20 C in the Beckman 65 rotor. The DNA bands were

visualized by long wave 1uthh\UV illumination and the lower band,

which contains che covalently closed circular plasmid DNA, was

collected by puncturing the side of the tube with a syringe. The

plasmid containing solution sas extracted 3 times with isocamyl
alcohol saturated with CsCl to remove the ethidium bromide. The
aqueous ph;se, containing the DNA, was dialyzed against several
changes of TE buffer (10 mM Tris-HC1 (pH 8.0);\1 mM EDTA). The
solutién wvas made 0.25 M with respect to sodium acetate (pH 5.2) and
precipitated jat -20°C after the addition of two volumes of cold
ethanol. The precipitate was collected by centrifugation at 10, 000g

— .
for 30 min, washed with 70Z cold ethanol, dried briefly under vacuum,

and finally suspended in a smgll volﬁme of TE buffer. DNA . i
concentration was estimated by absorbknccfnc 250 nm {an A260 of E/} i ’
is equivalént,tO‘approximately 50 ug duplex DNA/ml). ;/

2.2.22 Restriction Enzyme Digestion : /ﬁ:u

Ve
Restriction enzyme digestione vere ca*ried out in 25-50 ui\

‘\,

reaction volumes containing 1-3 ug of _plasmid ﬂNA 100 ug/ml \
,/J { f“t) f

-~
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nuglease free BSA, and -an-appropriate amount of restriction enzyme as

recomnended by the supplier. The following buffers, diluted from 5

times stock solutions were used for the vafious enzymes:
! Y

Bam HI; 20 oM Tris-HC1 (pH 7.0), 100 mM NaCl, 7 mM MgClz, 2 oM

Z—mercaptoéthanol. 3

/.
Vs
Bgl II; 100 oM Tr{s~HCl (pH 8.0), 5 mM MgCl,, 60 m¢ NaCl.
Hind III; 20 oM Tris*HCl\{pH 7.4), 7 oM MgCl,, 60 mM NaCl.

Pst I; 20 mM Tris-HCl (pH 7.5), 10'mM MgCl., 50 oM (NH,),50, .

2
Sau3A; 6 mM Tris-HCI (pH 7.5), SO oM NaCl, 6 mM MgClz-
The reaction mixtures were incubated at 37°C for 1 hour and
terminated by the addition of loading buffer (5 times stock = 4M
urea, 502 sucrose, 50 oM EDTA (pH 8.0) and 0.1Z bro:néphenol “blue) and
heating at 56°C for 2 the cagse of double enzyﬁe digg;tion,
digestion was fig:l c;j::\\xbut with the enzyme requiring lower salt
concentfation. ‘Afcer jncubation at 37°C for one pour, the enzyme was
heat inactivated and the reaction was supplementeé with NaCl and
other components required by the seconé'enzyme. The reaction was
incubated for a further 60 mih after the addition of the second -~
enzyme and terminated as above by the addition of loading buffer.
Samples were then analyzed by gel electrophoresis- o

2.2,23 Separation of DNA Fragments by Gel Electrophoresis

E?) Agarose gel Electrophoresis!

Agarose was added to TBE electropﬁﬁresis buffer (89 mM Tris

89 m{ boric acid (pH 8.3), 1 mM\EDTA) to the desired concentra;}gn

¢

__d,/fusually 1-22) and Placed over a Qunsen burner until the agarose

"
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dissolved. The solution ;as cooled to 50°C and poured onto a 16 x 20
cm glass plate contained in a horizontal gel apparatus. A sample
weil comb was placed at one end of the molten gel (close to the -ve
electrode), and the ‘gel was .aliowed to polymerize for jb—45 min. ™
After the gel had s;I}\ ied{%%he comb was removed and samples loaded
inqo the preformed vells. The buffer chambers were filled with TBE
unt th; buffer contacted the edges of the gel. Electrophoresis vas
-at 2-3 ¥/cm and was continued until the bromophenol blue tracking dye
reacﬁed the end of sthe gel. The gel was removed from the apparatus
andestained for 30 min with 3 gel vol of a solution of 0.5 ug/ml of
ethidium bromide. The gel was photographed as described below;

' {

(b) Polyacpylamide Gel Electrophoresis

.
Polyacrylpmide gel solution uaéﬁ@gde up in a 50 ml volume

coutaining 63 acry‘?ﬁI&E?nO.l7Z bis acrylamide in TBE electrophoresis

buffer. After the\addition of 0.4 ml of freshly prepared 10%
ammonium persulphate 13 ul of TEMED, the solution~ua§ poured
between two glass plates]and allowed to polymerize. The plates were
clamped into a vertical klab gel ‘elettrophoresis system and the
samples were loaded. Eledtrophoresis was at 2 V/cm untii the

e reached Yhe bottom of the gel. The gel

bromophenol blue tracking

was removed and stained with ethidium bromide as described above.

(c) Photog%aghx >
' Aghroae or polyacrylamide gels were photographed ;nder short
wvave UV {llumination from a Chromo-Vue model 0-63 transilluminator
(UltraiVielet Products Inc., Saq Gabriel, Calif.). Photographs were
/
)
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taken with a Polaroid MP-3 land camera containing Type 107 land film

and equipped with a 39 mm SR60-2 filter.
-

'2.2.24 Recovery of DNA fragments from Gels

DNA bands, separated by agarose or polyacrylamide gel
electrophoresis, were visualized by long waveledgth UV {llumination
of the ethidium bromide stained gels and the desired fragment was

excised with & razor blade. The gel piece containing the DNA was

\\\ placed in a dialysis bag containing 0.5 X TBE and placed in an

e

electfbphoresis chamber.coantaining this buffer in an orientation
parallel to the electrodes such that the buffer just covered the
diglysis bag. The DNA was electroeluted out of the gq; by applying ar
current of 100.V for 3-4 hours. The polarity éf the current was
reversed for 2 min to release the DNA from the inner wall of tﬁﬁf
dialysis membrane and th; DNA containing solution was recovered. The
solution was filtered throuii siliconized glass wool, éxt;acted twiée
.with phenol (saturated with 10 oM Tris-HCl (pH 7.6), lmM EDTA)/
.chloroform/is;;;;;\g?cohol (25/24/i,'v/v/v) and once with an equal :
volume of chloroform/isoamyl alwaghol (24/1, v/v). The aqueous phase
was extracted twice with an equal vol of water saturated ether. The

.9
last traces of ether were removed with a gentle stream of N_ and

2
the DNA was precipitated at -20°C overnight after the addition of 2
vol of cold ethanol and sodium acetate (pH 5.2) to 0.3 M. The DNA
was recovered by centrifugation at 10,000g foF 30 min at 4°C. The
alcohol precipitatién step was repeated and the final DNA pellet was

washed with 701 ethanol, dried briefly, and sujpended in a small



A' [}
volume of TE bu{{er or 0.1X SSC (1X SSC =,0.15 M NaCl, 0.015 M
J‘u \
sodium citrate).

2.2.}5 Subc;oning DNA Fragments into Vector Plasmid

Ligation of vector DNA with the desired DNA fragments was?®
carried ;ut in a 20 ul reaction volume coataining 1-200 ng of vector
DNA cleaved with the appropriate restriction enzymes, 2-400 ng of the
lDNA fragments to be subclomed, 2 ul of 10X ligation buffer (0.1 M
MgCl,, 0.2 M DTT, 0.5 M Tris-HCl (pH 7.7), 0.0L M ATP, 500 ug/ml
nuclease free BSA) and 0.1 - 1 units of Th DNA ligase.. The mixture
was locubated at 4°C for 19350 hr and the réaccion was terminated by
heating at 65°C for 10 min. The reacﬁién was diluted with sterile
cacl2 to 100 ul to give a fimal CaCl2 concentration of 50 mM and
used to transform cempetent LE392 as described earlier.

2.2.26 Indentification of Recombinanr Plasmids

Positive clouesjﬁgi%ibiting the proper antibiotic resistent
phenotypgl%?ere sgreened by lsolating plasmid DNA'from individual
colouieé'by the following rapid procedure. Single colony 1solates
vere inoculat;d in 5 @l of L broth containing 10 ug/ml of
tetracycline and allo;ed to grow to saturation overnight at 37°C.

T ' _ —
1.5 ml of the culture was poured into an Eppendorf centrifuge tube
and the cells were recovered after a brief centrifugation in an
Eppeuﬁdﬁf cgn;rifuge. The medium wa§ removed by aspiratioan and the
pelletquas su;pended in 350 ul of a sqlution containing 10 mM
Tris-HCL (pH 8.0), 8% sucros?, y0.5% Tritou-X100, and 50 m EDTA (pH

8.0). The cells were lysed by thk addition of 25 ul of freshly .-

A | N

73



74

prepared lysozyme (10 mg/ml in 10 oM Tris-HCl, (pH 8.0)) 4nd

| vortexing for 3 sec.y The tube was placed im a boiling water bath for
45 sec and immediately centrifuged for 10 min at room temperature in
ac Eppendorf centrifuge. The supernatant was decanted into a new
tube (as an eptionmal step, 35 ul of 0.2 mg/ml Dﬁase free RN;se was
added aod the reaction incubated at 37°C for 10 min to remove
contaminating RNA). 200 ul of 5 M NH;-acetate and. 1 ml of .
isopropanol was added to the supernatant and the qpx was precipitated’
at -20°C for 10 min. The DNA was recovered by cenérifugation at
12,000g for 15 min. The precipitation was reﬁ%ated and the DNA
pellet was washed with 70 ethanol, dried, and suspended in 100 ul of ,
TE buffer. 20-40 ul of this solution was digested with the desired
restriction enzyme and analyzed by gel electrophoresis.

2.2.27 DNA Mediated Gene Transfer

A

DNA mediated gene transfer waé carried out by the
caleium—phosphate transfection procedure (Graham and .van der Eb,
1973; Wwigler et al., 1979). cos-1 ceilg\were plage: in 60 mm culture
dishes at a confluency of 50-60% 1 day prior to-transfection. For
zach plate, approximately 5 ug of plasmid DNA along with 10 ug of
salmonrsperm carrier DNA was added to 0.25 ml of sterile 0.25 M
Caclz. The DNA/CaCl2 solution vas added dropwise to an equal
volume of 2X HBS (280 mM Naél, 50 mM Hepes, 1.5 oM sodium phosphate,
(pH 7.1)). Bubbles were gently blown into the solution using a 1 ml

cotton plugged sterile plastic pipette while the DNA was being added.

The calcium phosphate/DNA precipitate was allowed to form without
. ‘»
P

. B ,"‘)
o s o AN
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agitation - for 20 min at roow femperature and was added directly to
I

the culture dish containing R mls of Dulbecco's modified MEM
~

supplemented with 7% fetal bovine serum. After a 4 hr incubation at
37°C, the medium was removed and the cells were shocked with 1 ml of

media containing'ZSZ glycerol for, 1 min at room téaberature. The
shock medium was removed and-the cells were washed twice with 2 YNl of

warm saline (0.9X NaCl, 0.0l M Tris-uCl (pH 7.4)) and then incubated

=

with 4 ml of fresh growth.medium for 40-48 hrs. After the iacubation

period, the medium was removed and saved, and the cells were

harvested by scrapping with a rubber policeman and washed three times

)
with cold PBS prior to further processing.

For metabolic labeling of the transfected cells, the cells
were washed 40 hr post transfection, and the medium was replaced with
A
2 ml of methionine deficient Dulbecco's modified MEM containing 2%

dialyzed fetal calf serum. After a 30 min incubation at 37°C to ’
- ST 35 . .
deplete endogenpus mezﬁlgnine, [ S]-methionine was added to a .

- 3

level of 50 uCi/ml and Ehe cells were incubated for a further 8-20

hrs. The liﬁéiing medium was removed and the cells were harvested ag’

aboczzr i “

2N ; R
Cell extracts, To be analyzed directly by gel

%%gggrOphoresis, were prepared by the addition of SDS polyacrylamide

gel .electrophoresis sample buffer to the packed cells, boiling for 2
’ t ,/' ) .
min 'at 100°C, and removing the particulate matter by centrifugation

at 12,000g for 3 min before electrophoresis. For the direct
-

analysis of unlabeled proteins present in the growth medium, the

v -
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medium that was collect;d 40-48 hrs post transfection was clarified
by centrifugation at 10,000 g for 10 min and precipitated with 9

vol of cold acetoume at -20°C. The precipitated material was
collected by centrifugation at 10,000g for 30 min, washed with cold
ethanol, dried briefly, and solubilized ia SDS polyacrylamide gel
gsample buffgr as above, and analyzed by polyacrylamide gel
electrophoresis.

2.2.28 Immunoprecipitation

Packed, washed cells, labelled with [BSSI-methionine, were
lysed by the addition of 0.5 ml of RIPA buffer (50 wM Tris-HCl (pH
7.2), 150 oM NaCl, 1% TritonX100, 0.1Z SDS, 1% Na-deoxycholate, and
100 Kallikrein units of Trasylol). Cell nuclel and {nsoluble
material was removed by centrifugation at 12,000g for 5 min at 4°C
and 5-10 ul of antiserum was added to the supernatant. After
incubation at 4°C for 60 min under continuous rotation, 0.2 ml of a
10Z suspension of Protein A Sepharose (in RIPA buffer) was added and
incubation continued for an additional 3 hrs. The protein A
Sépharose beads were collected by brief centrifugation in an
Eppendorf centrifuge, washed 4 times with RIPA buffer and 3 times
with TBS (50 wM Tris~HCl (pH 7.2), 150 mM NaCl, 100 units Trasylol).

‘;;;e antibody-antigen complexes were released by the addition of $DS

polyacrylamide gel sample buffer and boiling for 2 min. The beads

were removed by centrifugation and the gupernatant subjected by gel

electrophoresis.
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RESULTS

SECTION 3.1: TOPOGRAPHY OF G PROTEIN IN THE VIRAL ENVELOPE

Membrane proteins play critical roles {n a aumber of diverse
and essential cell surface related biological processes such as
cell-cell recognition, surface mediated transﬁembrane signal ing,
regulation of cell growth and division, ligand receptor interaction,
and metabélite transport (Sergest and Jackson, 1977). Since these
functions are correlated with an absolute structural asymmetry
between the external and Internal surfaces of the membrane, a
molecul ar understaoding of the topological organization of membrane
proteins relative to the bilayer is an important prerequisice to a
understanding of their function as well as the processes involved in
membrane assembly.

As described in more detail in the Introduction, the
glycoprotein G of VSV is inserted into microsommal vesicles in a
co~translational event involving the cleavage of an aminolterminal
transient signal sequence (Toneguzzo and Ghosh, 1977, 1978; Irving et
al., 1979; Lingappa et al., 1978a; Rothman and Lodish, 1977; Katz et
al, 1977; Katz and Lodish, 1979). Unlike secretory proteins, G is
not completely extruded into the luminal space of these membrane
vesicles but exists as a transmembrane protein with approximately 30
amino acids at irs carboxy terminus exposed to the cytoplasmic face
of the membrane. The same general topology is observed in cytoplasmic

membrane preparations containing G protein obtained from VSV infected
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~_.cells (Morrison and McQuain, 1979).

Ihus, there are at least two distinct regions or domains on
the G molecule which are igportant in the biogenesis of this protein;
the amino termi extension sequence which is required for membrane
insertion but is removed in the completed polypeptide, and a domain
near the COOH terminus which may serve to stop the transfer of the
polypeptide iato the membrange vesicles and thus imsure a proper
crientation of the G protein during its intracellular maturation.

Since the intravesicular space of membrane vesicles and the
rough endoplasmic reticulum is topologically equivalent to the
extracytoplasmic surface of the plasma membrane (Palade, 1975), one
would expect that the G protein would be orientated in the viral
envelope with the COOH terminus on the inside of the virus and the
amino terminus ;xposed to the outside. It is not known, however,
whether the asymmetry of G protein as observed in the microsommal
‘vesicles is maintained in the viral envelope. This question is of
importance not only from the poinf of view of examining which domains
agf G are'responsible for insuring its correct and ultimate
disposition, but also in understanding its mode of migration from its

initial point of synthesis to its final destination in the completed . .
‘virion. - ‘v///ﬂ’__\\\\
It was, therefore, decided to examine in detail the
topography of G ptqtein in the viral envelope. The primaryitechnique
used was controlled proteolysis which ig based on the fact that the

lipid bilayer serves as a permeability barrier to exogenously added



proteases. Thus, under the proper conditions, only those components
that are external to the bilayer are susceptable to proteolytic
degradation. -

One of the first questions asked was whether the NHZ- and
COOB~termini of G protein are protected by the lipid bilayer ia
intact virions. 1If the topology of G found 1n the {ntracellular
membrane system is the same as that in the viral envelope, then one
would expect at least the COOH termin be protected from
proteases. T; test this, the two cproteases, aminopeptidase, and
carboxypeptidase were used. These enzyues sequentially degrade
proteins from their NHZ_ and COOH-termini, respectively.
Rminopeptidase M will remove all amino acids from the amino terminus
of a polypeptide chain, however, it will cleave sequences of the type
X-Pro very slowly, if at all (vqy Beynum et al., 1977). A mixture of
carboxypeptidases A and B, which was routinely used to ensure broader
substrate specificity, will remove all amino acids from the
C-términus of a polypeptide chain with the exception of a C-terminal
proline residue (Narita, 1970).

When [355]—methionine labeled VSV was incubated with either
aminopeptidase or a mixture af carboxypeptidases A and B, no’
reduction in the size of G protein was observed (Fig. 3.1.1, lanes b
and d). Thus, both the NH2 = and COOH - termini of G are
unavajilable as substrates for these proteases in the intacq virien.

However, when the nonionic detergent Triton X100 was included in the .

incubation mixture, a definite reduction in the size df G was



Figure 3.1.1:
aminopeptidase or

[355]—Methionine labeled
aminopeptidase M or a mixture of
absence or presence of 1% Triton
analyzed on a 10% polyacrvlamide
labeled VSV marker; lanes b and

Polyacrylémide gel analysis of VSV treated with

carboxypeptidase.

VSV was treated with
carboxypeptidase A and B in the
X100 as described in Methods and
gel. Lane a, [35S]-methionine
¢, VSV treated with a mixture

of carboxypeptidase A and B in the absence and in the presence of

Triton X100, respectively;

lanes d and e, VSV treated with

aminopeptidase M in the absence and in the presence of Triton

X100, respectively,
proteins.

L, G, NS, N, and M, represent the VSV viral

BO
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observed with both carboxypeptidase and aminopeptidase (Fig.- 3.1.1,
lanes ¢ and e). Triton X100 releasges integral membrane protedins by
disrupting membrane structures and f;rming mixed wnicelles with
phospholipids and proteins (Helenius and Simons, 1972). These
rééults indicate tgsf the intact virallenveiope protects the NHi1
and COOH-termini of G protein from proteolytic attack. *his can be
interpreted to mean that the membrane bilayer confers a structural
conformation®on G protein such that the termini are unavailable for
proteolytic atrack or, alternatively, the termini are protected by
virtue of being buried in the membrane or by being i{n close proximity
to the membrane surface. Both these 1n£erpretations are valid since
Triton leO may expose susceptible sites by al;ering tertia;y
conformation or expose buried polypeptide regiomns by disrupting the
l1ipid bilayer. |
The molecular weight reduction of G protein in the presence
of detergent was found to be 2-3000D in the case of carboxypeptidase
digestion and approximately 35000 in the case of digestion with
aminopeptidase. The ngcleocapsid protein N {3 completely resistant
to proteolysis eithe¥ in-the presence or absence of detergent. This
may be due to the(face that N is tightly complexed with nucleic acid
in the RNP E;re and thus highly resistant to préteolytic attack
(Wagner, 1975). In the presence of detergent, the viral proteins L,
NS, and M are completely degraded with either carboxypeptidase or
aminopeptivase (Fig. I,Vc and e). The molecular welght of G could

oot be furthe reduced by increasing the enzyue rconcentration

o



(Fig. 3.1.2). The reason G is not completely hydrolyzed may be due
L. - . :
to the primary structure of the protein or due to detergept bind ing
to selective regions oun the molecule. It {s known that Triton X100
and other nonicnic detergents bind preferentially to hydrophobic
regions in proteins (Helenfus and Simons, 1972). If the detergent is
bindiqg to a hydrophobic region near the COOH terminus, the
carboxypeptidase enzyme may not be able to continue beyond that
point. A molecular weight reduction of 2-3000D agrees with the
finding that 3000D at the COOH terminus of G is exposed on the .
outside of microsommal vesicles when G protein is synthesized and
inserted into membranes in vitro (Taneguzzo and Ghosh, 1978; Rothman
and Lodish, 1977; Katz and Lodish, 1979). This reasoning could also
be applied to the limited reduction in size observed with
.aminopeptidase M. In addition, the primary structufe of G or the
presence of modified amino acids could have an effect on the extent
of tﬁe degradation. (J’“‘

Since the digestion experiments with the exopeptidases
provide no knowledge concerning which regions of the G protein
interact with the membrane, it was decided to undertake a more
detailed analysis of G protein topology by treating intact virioons
wigh a variety of proteolytic enzymes.

That thé G protein {s present on the external surface of the
viral ﬁembrane and forms the peplomers or spikes observed by electron
microscopy of negatively stained viral preparations has been snown by

a variety of techniques (Cartwright et al., 1969, 1971; McSharry,
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Figure 3.2.2: Polyacrylamide gel analysis of VSV treated with
different amounts of carboxypeptidase and
aminopeptidase.

E3SS]—Hethionine labeled VSV (80 ug protein, 80,000 cpm)

.was treated with differeng amounts of carboxypeptidase or

aminopept®dase and analyzed on a 10% polyacrylamide gel. *Lane a,

E3SS]—methionine labeled VSV marker; lane b, VSV incubated with

1% Triton X100; 1lane c¢, VSV incubated with 50 ug of carboxypeptidase

in the absence of Triton X100; lanes d, e, and f, VSV treated with

25, 50, and 100 ug of carboxypeptidase in the presence of 1% Tricon

X100, respectively; lane g, VSV treated with SO ug of aminopeptidase

in the absence of Triton X100; lanes h, i, and j, VSV treated with

25, 50, and 100 ug of aminopeptidase in the presence of 1% Triton

X100, respectively.
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1971; Feuer et al., 1978). Surface labeling studies utilizing
membrane gmperueable reagents have shown that G is essentially the
o;ly compouent which becomwes labeled in fntacr virions (Egar et al.,
1975; McSharry, 1977). More convincingly, treatment of fintact
virions under the proper conditions with a variety of proteases such
;s trypsin, pronase, thermolysin, chymotrypsin, or bromelain results
in the selective degradation of G protein while leaving the 1nfernal
proteins intact (Mudd, 1974; Schloemer and Wagner, 1975a; Bishop et
al., 1975).

Thé possibility of G protein being an integral meémbrane
protein was suggested by the fact that the removal of G protein from
virus requires the presence of a detergent (Kelly et al., 1972). 1Irs
ampipathic nature has been demonstrated from studies showing that
delipidated, detergent free G protein forms rosette like structures
(Petri and Wagner, 1979). 1In addi:lon, a small molecular welight
peptide remaided associated with virions following proteolytic
treatment (Mudd, 1974; Schloemer and Wagner, 1975a). This small
peptide was presumed to represent the membrane interacting region of
G since degradation of the internal viral proteins was not observed.
In addition, this peptide was shown to be rich in hydrophobic amino
Qcids. Evidence was provided that this peptide ﬁii/52¥1¥ed from the
amino terminus of G (Schloemer and Wagner, 197535. This was based on
the erronous assignment of alanine as the NHz-terminal amino acid
of G. It has dubsequently been demonstrated that lysine is the amino

terminal amino acid residue of G (Irving et al., 1979; Rose and

L
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Gallione, 1981); A membrane interacting domain of G located at the
Nﬂz—terminus would be fiaconsistent with the orientation of & that

is observed in the microsommal vesicles and one would thus have to
postulate a"flip-floé' of G as it migrates to the plasma membrane.
‘Ihese studies were based on analysis of viral degradation products on
polyacrylamide gels of poor Tesolving pover and thus the homogeneity
of the peptide remaining with the splikeless virions following
proteolysis was not certain. This was evidenced from the fact tﬁat
the size of the peptide remiining following enzymatic treatment
exhibited a broad range of molecular weight and was dependent upon
the enzyme used and the conditions of digestion.

In order to/examine more precisely the orientation of G
protein in the virgl envelope and define the region or regions of the
molecule that are directly Interacting with the 1lipid molety of the
virus, the following experimental approach was taken.

In preliminary experiments, various protéases were tested for
their ability to hydrolyze the G protein while leaving the internal
viral proteins intact. These included trypsin, chymotrypsin, and
thermolysin. It was found that in the case of chymotrypsin, a two
fold excess of enzyme by welght was required to completely digest G
(Fig. 3.1.3, lane c). On the other hand, an enzyme/substrate ratio
of 1:5 for thermolysin was sufficient to remove G (Fig. 3.1.3, lane
d). Thermolysin was chosen for further studies for umber of
reasons. Its activity in low concentrations would mi ;e

degradation of internal structural proteins, it has a broad substrate

./
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Figure 3.1.3: Polyacrylamide gel analysis of VSV trearted with
chymotrypsin and thermolysin.

2

100 ug of [BSSI-methionine labeled VSV (720,000.cpm) was
digested with either 200 ug of chymotrypsin or 20 ug of thermolysin
for 45 minutes at 37°C. The spikeless virions were isolated by
centrifugation through a glycerol chushion as described in Metheods
and analyzed on a 17.5% polyacrylamide gel. Lane a, [355]—methionine
labeled VSV marker; lane bg?untreated VSV; lanes ¢ and d, VSV
treated with chymotrypsin and\sgqrmolysin, respectively,
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specificity and is, therefore, more likely to cleave G protein closer
to Ehe membrane surface. Since the activity of thermolysin is
dependent upon the presence of Zn2+, it can be inactivated by
divalant chelators such as EGTA.

Analysis of thermolysin treated virions by sucrose den;ity
gradient centrifugation shows that the digested virus sediments ar a
buoyant density that is s8lightly higher than untreated virus (Fig.
3.1.4). .This is counsistent with the removal of the surface projections
of the virus and has been observed by others (Mudd, 1974).

In order ro examine the association of low molecular weight
peptides with spikeless virions, 17.5% polyacryl;mide gels containing
SDS were used to obtain better resolution. Spikeless virions were
purified from protease degradation products by centrif;gation through
a 50 glycerol or 50X sucrose cushion: Nonspecific degradation of
viral proteins was mini;izéd by the addition of EGTA and the protease
inhibitors PMSF ahd trasylol to the reaction mixture as well as
to the glycerol cushion following incubatica. Nonspecific
electrostatid assoclation of degraded peptides with the spikeless
virions was prevented by the inclusion of 0.1M NaCl to the 50Z%
glycpeol pad. PMSF was also routinely added to the sample buffer
that was used to sclubilize the vi;;l pellet prior to
electrophoresis. Generally, 50-60% of the starting material was
recovered in the viral pellet following protease treatment and

centrifugation.

Figure 3.1.5 shows the electrophoretic pattern obtained from



88

N\

Figure 3.1.4: Sucrose density gradient profile of spikeless
virions.

EJSSE-Me:hionine labelled VSV was digested with

. thermolysin and the spikeless virions were isolated by
centrifugation through a glycerol cushion. The pellet was
solubilized in 100 ul of NT buffer ( 10 oM Tris-HC1 (pH 7.6),
100 mM NaCl). A sample of the spikeless virus, containing
25,000 cpm was mixed with 60,000 cpm of [3H]-methionine labeled
VSV and overlaid on a 12 ml 10-30% sucrose density gradient and
centrifuged for 1 hour at 22,000 ¢pm in an SB283 rotor. Fractions
were collected from the bottom of the tube and assaysd for
radiﬁaccivity in a scintillation counter preset for “H/l4C
discrimination. (e) ?H radiocactivity; (o) 35§ radioactivity.

L
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Figure 3.1.5: Polyacrylamide gel analysis of proteins remaining
associated with VSV following proteolytic digestion.

[358]-Methionine labeled VSV was digested with protease:
and the spikeless virions were purified and analyzed on a 17.5%
polyacrylamide gel., Lane a, untreated VSV; lane b, VSV treated
with TPCK-trypsin (viral protein/enzyme ratio of 4:1, w/w); Lane c,
VSV treated with TPCK-trypsin (viral protein/enzyme ratio of 2:1,
w/w); lane d, VSV treated with thermolysin (viral protein/enzyme
ratio of 4:1, w/w). A and B indicate low molecular welght peptides
which remain associated with VsV following proteolytic digestion.
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VSV treated with thermolysin or trypsin. As can be seen, this
treatment resul::>in the degradation of G protein but not the other
viral proteins L, NS, N, and M. However, two new low molecular
welght peptides were observed in the spikeless virus preparations.
The appearance of these low molecular weight peptides was dependent
on prior treatment of VSV with proteolytic enzymes. These protease
generated peptides are designated Fragments A and B, corresponding
the slower and faster migrating specles, respectively. The molecular
weight of these fragments were estimated by comparing their mobility
against appropriate molecular weight standards (Fig. 3.1.6). In the
case of the thermolysip digestion, Fragmeats A and B were estimated
to have apparent molecular weights of 9000D apnd 6000D, respectively,
while in the case of trypsin, digestion, they were found to be 9000D
and 7500D. In subsequent experiments, the molecular welght of
Fragment A was found to he slightly higher in the case of thermolysin
treatment as opposed to trypsin treatment.

Fragments A and B are end products of exhaustive proteoclytic
digestion of VSV since their molecular welghts could not be further
reduced by increasing enzyme concentration or time o{ incubation. The
presence of 0.1 M NaCl {n the gradient would tend to rule out the
possibility that thesge represent degradation products co-sed imenting
with the spikeless viricns. Since G is the only protein completely
degraded by Proteolytic treatment, the conclusion is that one or both
of these fragments represent that portion of G protein that is directly

interacting with the membrane and, thus, protected from further
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Figure 3.1.6: Molecular weight determination of peptide
fragments remaining associated with VSV
following proteolytic digestion.

[358]—Methionine labeled VSV was digested with
thermolysin and the spikeless particles were run on a 17.5%
polyacrylamide gel in parallel with reference proteins which
included [33S]-methionine labeled VSV, lysozyme, cytochrome c,
aprotinin, and insulin. Nonradicactive proteins were detected
by staining with Coomassie Blue while the radiocactive proteins
were detected by autoradiography. The apparent molecular weights
of Fragments A and B, derived fronm thermolysin digestion of
V3V, were estimated according to Weber and Osborn {1969} and
were found to correspond to approximately 9,000D and 6,000D,
respectively,.
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protecl, tic "attack by virtue of being embedded in the viral envelope.

P
- e

G protein can be selectively extracted from virions after
solubilization with nonionic detergents under conditions of low ionic
~ concentration (Schloemer and Wagner, 1975a). 1In order to determine
whether the two low molecular weight fragments remaining agsociated
with spikeless virions were derived from G protein, and hence
associated with the membrane, spikeless virions were extracted with
27 Triton X100 under low ionic concentration as described in Methods.
As can be seen in Figure 3.1.7, lane d, both Fragments A and B were
extracted from spikeless virions underrconditions where éﬁly G
protein is extracted from intaﬁt virus. Thus, both Fragments A and B
appear to be membrane associated. h

As demonstrated in Figure 3.1.5, proteolytic treatment of VSV
also results in the appearance of new protein specles migrating
between N and M protein and below ﬁ protein. These bands were
consistently observed following proteolysis of VSV, however, they
were not extracted with detergent (Fig. 3.1.7, lane d),ﬂguggesting
that these protease generated bands are not partial cleavage products
of G protein that remain embedded in the membrane. They do not
represent degradation products adhering to the membrane since they
too would be solubilized with the detergent. In all likelihood, they
represent digestion producfs of internal structural proteins. This

could arise from a population of leaky virions present in the

purified virus preparation and their appearance may be compQunded by

the fact that a high concentration of enzyme was needed to completely
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Figure 3.1.7: Isolatiocn of membrane associated fragments by
detergent extraction.

EBSSJ—Hechionine labeled VSV or spikeless virions was

incubated in 10 mM Hepes (pH 7.6) containing 2% Tritom X100 at
room temperature for 1| hour. Nucleocapsids were removed by
centrifugation and the supernatant was lyophylized, extracted
with acetone, solubilized in electrophoresis sample buffer and
analyzed on a 17.5X polyacrylamide gel. Llane a, [358]-methionine
labeled VSV marker; lane b, VSV pellet following detergent
solubilization; lane c, VSV supernatant following detergent
solubilization; lane d, supernatant from detergent solubilization
of thermolysin treated VSV. Lane d was .from a separate gel which
included lysozyme (14,000D), cytochrome ¢ (12,600D) and aprotinin
(6,500D) as molecular weight markers.
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hydrolyze G protein. Alternatively, there may be some degradaticn
occurring during solubilizaticn of the splkeless virioms and
subsequent electrophoresis. This may be 2 possibility since it has
been reported that purified VSV has som; assoclated proteclytic
activity (Holland et al., 1971) and that some proteases Lemain active
1a SDS containing gels (Cleveland et al., 1978). These possibilities
were minimized by w#arrying out all manipulations following
proteolysis in the cold, sedimenting the spikeless virions soon after
treatment as possible, including BSA in the reaction mixturg
following enzyme digestion, aad including protease inhibitors gp all
buffers. The anamolous bands migrating between N and M remained
associated with the épikelesé Qiriops even after repurification on a
sucrose density gradient followed by pelleting through sucrose
although their intensity was téduced (Fig. 3.1.8). 1t was found that
their intensity could be further reduced by including 10 mM DTT {in
the glycerol cushion used to purify the spikeless virions (Fig.
3.1.9). DIT may aét by disrupting protein interactions in leaky
virions to an extent that they no longer co-sediment with the
splkeless virions.

In order to examine the rate of appearance of Fragments A and
B, VSV labeled with methionine, !leucine, valine, and lysine was
digested with increasing amounts of thermolysin and run on a 10-20%
polyacrylamide gel. The reglons of the gel corresponding to
Fragments A and B‘and G and N prot~!is were excised from the gel,

eluted with 0.05% SDS, and agsayed for radicactivity. The results
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Figure 3.1.8: Isolation of spilkeless virions by sucrose

gradient centrifugation.

[35S]—Methionine labeled VSV, digested with thermolvsin,

was pelleted through 50X glycerol, suspended in NT buffer, and

overlaid on a 10-30% sucrose density gradient. After centrifugation
at 22,000 rpm for 1 hour, fractions were collected from the bottom

of the tube and aliquots assayed for radicactivity. The peak
fraction was pooled, diluted with NT buffer, sedimented at 43,000 rpm
for 1 hour, and the pellet was analyzed on a 17.5% polyacrylamide
gel. Lane a, untreated VSV; lanme b, VSV digested with thermolysin.
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Figure 3.1.9: Effect of dithiothreitol on the associarion of
proteins with spikeless virions.

[ )

[355]-methionine labelled VSV was digested with thermolysin.
The reaction was divided into two equal portions and pelleted
through a 507 glycerol cushion in the absence or presence of 10 mM
DTT. The resulting spikeless viral pellets were solubilized in
sample buffer and analyzed on a 15% polyacrylamide gel. Lane a,
untreated VSV; lanes b and c, splkeless virions purified in che
absence or presence of 10 mM DTT, respectively.
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shown in Figure 3.1.10 indicate chat‘the rate of appearénﬁe of A and
B are similareand coincide with the rate of disappearance of G
protein. Very little loss of N protein occurred. Since both A and B
show a similar rate of appearance it appears that they are distinct
"peptides and that Fragment A is not further digested to a peptide(s)

that migrates with B.

In order to quantitate what percentage A and B make of the

. e

total viral protein, [355}-methionine labeled VSV was exhaustively
digested with thermolysin and the viral proteins were eluted from the
gel and counted. As demonstrated in Table 1, A and B represent 2.7
and 1.72 of the methionine radioactivity -remaining assoclated with
therspikeless virions.

To determine the origin of the ainor species appearing
between N and M proteins and below M protein following proteolytic
digestion of VSV, a one dimensional peptide mapping procedure was
used (Cleveland et al., 1978). Staphylococcus aureus V3 protease was
used to generate peptide fragments for the comparative studies. 1In a
direct comparison with G protein, it was found that the band
migrating between N and M proteins had no homology with G protein
(Fig. 3.1.11). However, when this analysis was carried out with N
protein, a clearahomology was observed (Fig.v3.1.12). This was
confirmed by a two dimensional mapping procedure whereby tryptic
peptides vere generated by digestion of proteins embedded in gel
slices with trypsin and separating them on thin layer plates by

elq‘trophoresis in one direction and chromatography in the other.

/
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Figure 3,1.10: Effect of increasing thermolysin concentration
on the appearance of Fragments A and B.

Top: %OO ug of VSV labe%ed with [355]-mechionine,
[3H]-1ysine, [“H]-leucine, and [H]-valine, was digested with
increasing amounts of thermolysin and the spikeless virions
were run on a 10-20% polyacrylamide gel. Regions of the gel
corresponding to.G protein and Fragments A and B were excised,
eluted with 0.05% SDS, and the radicactivity was determined.
The results were plotted as a percentage of radiocactivity
remaining after proteolytic treatment. (@) ¢ protein;

(D) Fragment A; (m) Fragment B.

Bottom: Autoradiogram of the region of the gel
containing Fragments A and B which was used to determine the
values shown in the top figure.
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Table I:Quantitation of proteins present in VSV before and

afzer digestion with thermolysin.

s

L3

= of total radicactivicy

Viral protein Untreated VSV VSV + thermolysin
L ' 6.3 © 9.3
G 17.7 -
NS/N 40 39.8
M 36 : 40.1
Fragment A . - ' 2.7
Fragment B - 1.7

Protein bands corresponding to [358]-mechionine labeled
VSV untreated or treated with thermolysin were excised from a gel,
eluted, and the radiocactivity was determined. The amount of
radloactivity present in each protein species 1s expressed as a
percentage of the total present in all protein species. NS and
N proteins are counted as one species since these two proteins
comigrate on a 17.5% polyacrylamide gel. Approximately 6% of the
radloactivity present in the spikeless virus preparation was
present in the minor species migrating between N and M protein
and below M protein. : L
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Figure 3.1.11: Comparison of G protein and the species migrating
between N and M in spikeless virions. by limited
proteolysis.

LY

1 ~

[BSSI—Methionine labeled G prétein and, the band migrating
between N and M following thermolysin digestion of VSV were '
analyzed by limited proteolysis with V8 protease as described in
Methods. Lanes a, b, ¢, and d, G protein treated with 0, 2, 0.5,
and 0.15 ug of V8 protease, respectively; lanes e, f, g, and h,
band migrating between N and M treated with 0, 0.15, 0.5, and 2 ug
of V8 protease, respectively. (ﬁ
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The'resultg of‘this analysis are shown in Figure 3.1.13. As can be
Eeeu, this protein shows 1little or no homology with G protein, -
however, there Is a great deal of similari;y with N protein. Thus,
this fragment is likely derived from partial degradation of N. Minor
- bands migrating just below M protein were occaéioually observed
folloﬁing proteolysis. A comparison of these bands by the Cleveland
mapping technique indicates that they' were derived from partial

degradation of M protein (Fig. 3.1.12).

—

Thus, it appears that even under the most stringent
"\5:>‘1 conditions used, there is some degradation of internal structural
proteins. This observed proteolysis of intermal viral proteins was

&rgéiély due to the presence of a poplation of virus which allowed

,

-~ '
the leakage of protease inside the virions. Use of a lower enzyue

p concentration or reducing the time of incubation left a large
\ fraction of G protein und igested and Fragments A and B were not
consiste;;ly produced. .

Alth&ugh it was clear that A and B Jere end products of
extensive proteolytic digestion of VSV, it could not unequivocally be
stated that they represent the membrane interacting regions of G

‘bince some degradation of internal proteins was occurring. If the
orientation of G that 1s observed in the internal membrane structures

of the infected cell i{s maintained in the viral envelope, then both A

and B could be candidates for the membrane interacting domain. The

"

menbrane anchoring region of G should have a minimum molecular weight

-~ of 5000D si/ﬁe approximately 30 amino acids would be exposed on the

r
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Figure 3.1.12: Analysis of proteolytic degradation products
remaining associated with spikeless VSV by
limited proteolysis.

[BSSI-Methionine labeled proteins siere excised from
polvacrylamide gels and analyzed by limited proteolysis with
V8 protease as described in Methods. Lane a, N protein treated
with 1 ug of enzvme; lanes b and c, band migrating between N amd
M proteins in spikeless virus treated with 0.2 and 1 ug of
enzyme, respectively; lane d, [35S]-methionine labeled VSV
marker;, lane e, M protein treated with 1 ug of enzyme: lane £,
protein species migrating below M protein in spikeless virus
treated with 1 ug of enzyme. Lanes e and f were from a
sepatrate gel.

e,
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Figure 3.1.13: Two dimensional'tryptic peptide analvsis of the

protein species migrating between N and M protein
in spikeless VSV.

[358]—Methionine labeled proteins were excised from

polyacrylamide gels, digested with trvpsin, and the tryptic
peptides were analyzed by TLC as described in Methods. For

the direct comparison of tryptic peptides, samples were spotted
on the same plate on opposite sides of the center line of the
plate. Following electrophoresis, the plate was cut along the
center line and the two halves were chromatographed at right
angles to the direction of electrophoresis, The figure shows
the tryptic peptides derived from (A) G protein, (B) N protein,
and (C and D) the protein species migrating between N and

M protein present in VSV treated with thermolysin. The
tryptic peptides were not oxidized in this analysis. The

direction of electrophoresis (E) and chromatography (Ch) is
indicated.
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internal surface of the membrane (Toneguzzo and Ghosh, 1978; Rothman
and Lodish, 1977; Katz and Lodish, 1979) and at least 20 amino acids

!
in an helical conformation would be required to span the membrane

(Sergest et al., 1971). *

The origin of the small molecular welght, protease resistant
fragments were characterized as follows. VSV was digested with a
mixture of carboxypeptidases A and B in the presence of Triton X100
;uch that G protein was only hydrolyzed to a limited extent. This
truncated form of G was then used to compare with the peptide
patterns derived from Fragments A and B. The rationale behind this
was that if A or B was derived from the carboxy terminus of G, then‘
they should have peptides in common with Intact G protein but that
are absent from the truncated form of G.

As seen in Figure 3.1.14, limited digestion of
[BSS]—methionine labeled G protein with. V8 protease generates six
distinct fragments. One of these fragments i{s missing in G protein
treated with carboxypeptidase A and B prior to V8 protease digestion
(Fig. 3.1.14, lane b). Digestion of [3SS]~methionine labeled
Fragment A with V8 protease results in the generation of a band *-
corresponding to the one missing from carboxypeptidase treated G.
Treatment of [3SS]-methionine labeled Fragment B with VB on the
other hand does not result {n the generation of a band corfesponding
to the one missing from carboxypeptidase treated G.‘

The tryptic-peptides generated from Fragments A and B
were conmpared with the tryptic peptides generated from G protein

o
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Figure 3.1.14: Comparison of carboxypeptidase treated G protein
and Fragments A and B by limited proteolysis,

-

[355]—Methionine labeleﬁfprééeins were excised from
polyacrylamide gels and analyzéd by one dimensional peptide mapping
on a 20% polyacrylamide gel after limited digestion with V8 protease.
Lane a, G protein; lane b, carboxypeptidase treated G protein;
lane c, Fragment A; lane d, Fragment B.
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untreated with carboxypeptidase by using ion exchange chromatography.
As caa be seen in Figure 3.1.15, analysis of the tryptic peptides
derived from [355]-methionine labeled G on an Aminmex AS ion
exchange resin separated 9-10 disciner peaks of radiocactivity. The
peak eluting in the first few fractious probably represents
undegraded or heterogenous material not binding to the column since
its intensity varied. The minor peaks observed result from
sulfoxide derivatives of methionine residues since the peptides vere
aot oxidized prior to chromatography.

To examine which tryptic peptides correspond to the carboxy
terminal end of the molecule, [3SS]—methion1ne labeled G was
truncated by approximaéely 3000D by carboxypeptidase treatment and
co—digested with intact [3H]-methionine labeled G protein. As
shown in Figure 3.1.16, carboxypeptidase treatment of ‘G protein
results in the loss of two peptides. These are numbered 2 and 5 and
are indicated by the arrows in the figure. These are the same two
peptides that are present in the cytoplasmic domain of G wheh G is
translated and inserted inFo microsomma{‘vesicles in vitro
(H. P. Ghosh, personal communication; Ifiing and Ghosh, 1982;
Toneguzzo and Ghosh, 1978). When tryptic peptides of
[355]—meth10nine labeled Fragment A were compared with tryptic
peptides from G, it was found that Fragment A contained both the
peptides that were removed in carboxypeptidase treated G (Fié.
3.1.16b). Thus, Fragment A is derived from a region at or near the

COOH-terminus of G. Since A {s obtained only after exhaustive
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Figure 3.1.15: Tryptic peptide aralysis of [355]—mechionine labeled
G protein.

[355}-Methion1ne labeled G protein was isclated from a 10%
polyacrylamide gel, digested with trypsin, and analyzed by ion
exchange chromatography as described in Methods. Approximately
50,000 cpm was applied to the column. The major methionine
containing tryptic peptides are indicated by the numbering system
at the top of the figure.
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Figure 3.1.16: Tryptic peptide analysis of [355]-methionine
labeled Fragment A and carboxypeptidase
treated G protein.

The figure shows the chromatographic profile
obtained from (a) codigestion of [358]-methionine labeled
fragment A (10,000 cpm) and [3H]—methionine labeled G protein
(90,000 cpm);_ (b) codigestion of [3H]-methionine labeled G -+
protein and [35S]-methionine labeled G protein which was
partially digested with a mixture of carboxypeptidases A and B.
Carboxypeptidase digestion in this case reduced the apparent
molecular weight of G protein by approximately 3,000D. The
arrows designate the tryptic peptides that are present in
Fragment A but which are absent 1in carboxgpeptidase treated G
protein, (e) [3H] radloactivity; (o) [355) radicactivity,
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proteolytic digestion of VSV and remains associated with the
spikeless virions during subsequent purifications, it represents that
region of G protein that is embedded in the viral enovelope.

The COOH terminalolocalization of Fragment A was further
confirmed by repeating the experiment with Fragment A or
carboxypeptidase treated G that was metabolically labeled with
[lAC]-lysine (Fig. 3.1.17). 1In this case, carboxypeptidase
treatment of G results In the loss of 1-2 peptides (indicated by the

arrows) that are present in trypsinized Fragment A. -

-

-
That Fragment A was derived from a protected region near the

amino terminus of G was ruled out by comparing tryptic maps from
{1aC]-lysine labeled G protein that had been truncated with- .~
aminopeptidase M such that the molecular weight was reduced by
approximately 1500D. As indicated in Figure 3.1.18, aminopebtidase M
treatment results in the loss of one peak. This peak was distinct
from the peaks removed by carboxypeptidase digestion and from the
tryptic peptides derived from Fragment A.

The data presented in Figure 3.1.9 would tend to indicat;
that Fragment B was not der}ved from a deéradation product of
Fragment A since the kinetics of appearance of A arnd B were similar
and they were both stable with iancreasing enzyme concentrations. .
Tryptic peptide analysis of [3SS]—methionine labeled B revealed
that most of the radioactivity was eluted Qith 1 M pyridine
(Fig. 3.1.19a). _This indicated that a-large fracrion of B was

tightly bound to the column suggesting that B contains a high
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Figure 3.1.17: Tryptic peptide analysis of [lAC]-lysine labeled

Fragment A and carboxypeptidase treated G
protein,

Panel a, codigestion of [lac]-lysine labeled G protein
partially digested with carboxypeptidase and [BH]-lysine labeled
G protein; Panel b, codigestion of [14C]—1ysine labeled
Fragment A and [-H]-lysine labeled G protein. Arrows indicate
tryptic peptides present in Fragment A but absent in G protein

treated with carboxypeptidase. ( ) [l&C] radiocactivity;
( ) 13H] radioactivity.
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Figure 3.1.18:(,{§;ptic peptide analysis of G protein treated
. with aminopeptidase M.
[lac]-Lysine labeled VS5V was treated with aminopeptidase
! p
M in the presence of Triton X100 as described in Methods. The ~
truncated G protein lecular weight reduction of approximate}y -
1,500D) was isolated and codigested with [3H]-lysine labeled G
ftein

protein. The arrow indicates-a- peak which is present in ¢
but is absent in aminopeptidase treated G protein.
(-——-=) [l4q] radioactiviecy; ( y [H] radicactivity,

- U * “’
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proportion of charged amino acid; or that there is a considerable
degree of aggregation resulting in ré?ﬁ?ded elution. This was not
observed with Fragment A.

A;alysis of [14C]L1§sine labeled Fragment 8 revealed one
major peptide eluting at fraction 15 and six other minor peptides,
oone of which co-migrated with lysine labeled trypcic peptides from G
(Fig. 3.1;19b). Thus, Fragment B does not appear to be derived from
G protein. Fragment A shares a'common lysine labeled peptide with B
eluting between fractions 15-20 (compare Fig. 3.1.19b and 3.1.17).

It is possible that the material eluting at this position répresents -
aggregated or undigested material since the radiocactivity in this
peak is disporpgrtiona:e to the other lysine labeled peaks. Tryptic
digestion of lysine.labeled proteins should generate peptides with
similar levels or radioactivity. This was not observed with either
Fragments A, B, or G protein labeled with lysine. This discrepéncy
in the amount of radicactivity in each peak has been observed by
other workers examining different lysine labeled proteins (Kinney and
Trent, 1982). 1It {s possible that two or more';ryptic peptides have
the same elution profile. Al though limited: protease digestion cannot
be ruled out completely, all digestions were carried out with a vast
excess of trypsin relative to substrate. Selective losses of variocus
peptides cannot be completely discounted but steps to minimize such
losses, such as siliconizing all glassware, were routinely

undertaken. It {ig als. possible that certain peptides may be



120

L

Figure 3.1.19: Tryptic peptide énalysis of Fragment B.

*

Top: <Codigestion of [355]—methionine labeled Fragment
B and [“H)-methionine labeled G protein. (o) [3H] radioactivity;
(o) [°”S] radicactivity.

3 Bottom: Codigestion of [lAC]-lysine labeled Fragment B -
and ["H)-lysine labeled G protein. (e) [3H] rddicactivity;
(0) [14¢] radicactivity.
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p{Fferen:ially retained inﬂthe gel matrrix during and afﬂFr
trypsinization.

In order to get a clearer idea of the origin of Fragment B,
two dimensional tryptic maps of [3SS]-methionine labeled Fragment B3
and viral proteins were prepared.

Trypsinization of [BSSlﬁmethionine labeled Fragment B
fesulted In the appearance of three distinct peptides (Fig. 3.1.20).
None of these peptideg showed any homology with G protein, however,‘
two of the spots corresponded to peptides generated from M protein.
When tryptic maps were compared with N protein, one of rhe spots
present in Fragment §,that showed homology with M protein was also
present in N. Thus, it appears that Fragment B is derived from
degradation products of both N and M. M protelin would be a likely
candidate for proteolytic attack since it is in close proximity to
the inner surface of the viral envelope. Thus, in the fraction of
virions in which proteases could attack internal proteins, M would be
the most susceptible. It appears that B Fragment is generated under
conditions found necessary to completely hydrolyze tﬂe external
portion of G protein. Under conditions where G protein was not
completely removed, Fragment B was not consistently observed.

5‘w/" Al though Fragment B i3 a degradation product or possibly an
artifact of the isolation and preparation procedures, its generétion
must result from a specific cleavage since its size was always
consistent through many experiments. Its size was also'dependent

upon the enzyme used to digest the virus. The fact rhat Fragment B
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Figure 3.1.20: Two dimensional tryptic peptide analysis of
‘ G, N, M proteins, and Fragment B.

1355]-Methicnine labeled proteins were excised from
pelvacrylamide gels and digested with trypsin. The tryptic
peptides were oxidized with performic acid and analvzed by TLC
as described in Methods, Panels a, b, c, and d, represent the
tryptic peptides qbtained from G, N, M proteins, and Fragment
B, respectively, proximately 20,000 cpm each of G, N, and M,
and 5,000 cpm of Fragment B were spotted. The left part of the
figure is a schematic representation of the peptide maps. The
filled in spot indicates a common tryptic peptide which is
present in N, M, and Fragment B, The arrow indicates a common
peptide present in M protein and Fragment B. The direction pof
electrophoresis (E) and chromatography (C) is indicated.
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could be extracted with Triton X100 under conditions where only G
vprotein is normally liberated indicates that B is digested free from
internal proteins since Fragments A and B were the only species found
-Jln the detergent supé‘hataut (Fig. 3.1.7).

Previous workers investigating G protein topology have
reported that only one low molecular weight peptide is present after
proteolytic digestion of VSV (Mudd, 1974; Schloemer and Wagner,
1975a). However, in both cases this peptide exhibited a very broad
range of aylecular weight and from its characteriéation it 13 likely
that more tha ne peptide species was present in this region of the
gel. |

Recently, Rose et al., have reported results in agreement
with tho:e reported here (Rose et al., 1980). Using a similar
digestion protocol, they observed only one low molegular weight
fragment following enzymatic digestion of VSV. Howevg;, they also
observed the characteristiﬁfgands migrating between N and M and below
¥ protein. They assumed that these were partial cleavage products of
G protein co-terminal with the smallest fragment. Though it is
possible that a fragment corresponding to Fragment B was not
generated under the conditions they used, it 1is also possible that a
smaller molecular welght fragment was produced but that it -

.electrophoreaed off the gel.
4
The major counclusions from this chapter are that: 1) both

the amino and carboxy termini of G protein are protected from

proteolytic attagk by the integrity of the viral envelope and 2) that
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the G protein itself is anchored in the auembrane by a domain at or
near- the COOH terminus. This 1s the same domain that inirially
stopped transfer of the protein through the RER. The implication of
this fioding is that the orientation of G protein that is assumed in
the endoplasmic reticulum is maintained during its tramsport to the
plasma meqbrane and to ité ultimate destinat{on in the viral
envelope.

The fact that the amino terminus of G protein was protected
from aminopeptidase attack but that no protected fragment
 corresponding to the amino terminus was deteéted following
proteolytic digestion of VSV indicates that the aminc terminus of G
may be in close proximity to the membrane surface or that the viral
envelope maintains G in a conformation such that the amino terminus
is protected. Alternatively, the amino terminus of G could be buried
in the membrane but the proteczed region may be too small to observe

on the gel system used.

e
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SECTION 3.2: PRIMARY STRUCTURAL STUDIES ON THE
PROTEASE RESISTANT FRAGMENTS ASSOCIATED WITH VSV
¢

Thg regsults obtained in Section 3.1 indicate that G protein
exists in the viral envelope as an integral membrane protein with
approximately 902 of its bulk exposed on the surface and anchored in
the membrane by a region at or near the CCOH terminal end of the
molecule. Thus a carboxy terminal domain plays a role in maintaining
protein asymmetry by directly interacting with the lipid bilayer. 1In
terms of protein maturation, the same domain may act to interrupt the
translocation process initiated by the signal sequence.

The results on the proteolysis of VSV do not provide any
information on the properties. of this domain that may endow it with
these specialized functions. It has been demonst;ated that
glycophorin A, a red cell membrane glycoprotein, contains a 23 amino
acid uninterrupted hydrophobic domain (Tomita and Marchesi, 1975).
This region presumably represents the membrane spanning segment of
the protein due to i;s highly{fI;:philic properties. Tt was,
therefore, decided to attempt to obtain primary structural
information on the carboxy terminal membrane anchoring region of G in
order to get a more precise localization of this region with reapecg
to the G molecule and with the hope that this information could be
correlated to some functional characteristic. Partial amino acid
sequencing was also carried out on Fragﬁegt B in order to determine

its origin in a more definitive manner.

NS
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In attempting to sequence the membrane assoclated fragments
of VSV, twg considerations had to be taken iato account; a) the small
amount of fmaterial available, and b) irtrinsic properties of the

peptide/%uch as hydrophobicik}- This latter point is important since .

peptidA.los&es may be so severe due to solubility in the solvents

used in he degradation that any sequencing information becomes
.

impossible. This is well noted fn the few membrane proteins that

have been sequenced by conventional means (Furthmayr, 1977).

There have been several approaches developed over the past

few years to.overcome the first point, that is the ability to

‘Sequence proteins and peptides available in only trace amounts (Walsh

et al., 198l1). These have included 1) redesign of instrument to
lmprove vacuum and reduce the level of chemical impurities in the
reaction vessel, 11) use of radicactive, coloured or fluorescent
1sothiocynates to increase the sensitivity of detecting the
thiohydantion, and 111) use of radiolabeleq amino acids incorporated

into the protein. This latter approach was used in the sequencing of

- Protease resistant fragments of VSV since it is the most convenient

way of préparing the samples ana/gipvides the highest analytiéal
sensitivity. lIn addition, assignmggts made based on single amino
acid labels are uéambiguous. )

The standarization of the Beckman sequencer and the detection
of PTH amino.acids by HPLC is described in the Appendix. The

peptides to be sequenced were resolved by SDS polyacrylamide gel

electrophoresis following proteolytic digestion of labeled virus.
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Detectiqu of [3H] labeled peptides was enhehced by inclusion of
[3ss]ﬂmechionine labeled ﬁeptides in the sample. When
[BSS]—methionine was not desired in the peptide, a sample of
methionine labeled VSV digested with protease was run on the same gel
in separate wells and used as a guide. Isolat;on of the peptides was
accomplished by cutting out the appropriate band from the gel and
‘ei;her eluting passively by diffusion or electrophoretically into
dialysis casing. .The recoveries in the case of electrophoretic
elution were poor. This was probably due to absorption of peptides
onte the dialysis bag, even though lysozyme was included in the

buffer to prevent this. All sequencing data reported here was

~
Y

carried out wich pept;des isolated by diffusion.
To prevent nonspecific losses, plasticware was used wherevert
possible and all glassware was siliconized. Lysozyme (such thﬁt the
final amount after elution and lyophilization was 3-5 mg) was
included in the elution buffer to prevent losgses and to serve as an
internal nonradicactive control during the sequencing. Various
buffer systems were tfied to maximize recoveries. The diffusion
buffer used is described in Methods. The fiaclusion of a reducing
agent facilitated recoveries while the SDS insured golubility. The
final product that was subjected to sequence analysis contained 1-2
mg of SDS. SDS is not detrimental to the sequencing reacticns, in
fact, it 1s beneficial im certain cases Since it aids in the
retention of nompolar peptides in the cup (Bailey et al., 1977).

Recovery of pspteins from the gel was nmuch improved if the
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gel was not fixed or dried prior to autoradiography. The purity of o
the eiuted protein vas determined by running an aliquot om a gel
prior to sequence analysis.

Inicial attempts to sequence the¥f membrane associated
fragments were unsuccessful due to extensive losges during the
degradations. Most of the radicactivity was extracted by
chlorobutane in the first few cycles.

There are various modifications that are available for
sequencing short peptides. Most of these concern replacing the

Quadrol buffer with more volatile coupling buffers such as DMBA to

avoid the need for the ethyl acetate washing step (Hermodson et al.,
e

1972). These pﬁog;ams have been genmerally replaced by the use of
dilute Quadrol (kauer et al., 1975; Crewther and Inglis, 1975). The
most significantladvance, however, has been the use of synthetic
carriers, in particular polyquaternary amines such as polybrene
(Hunkapillar and Hood, 1978; Tarr et al., 1978; Klapper et al.,
1978). Polybrene serves to eghance retention of the protein or
peptide in the cup and prevent excessive loss during the washing
Steps. It is particularly ugseful for sequencing hydraphobic
peptides. All the sequencing s;;dies reported in this section,

except where indicated, were done in the presence of polybrene.

Partial Aminoc Acid Sequence of Fragment A

In initial studies, sequencing attempts with thermolysin
generated Fragment A were unsuccessful because of extensive peptide

losses during the sequencing. This was the case with the
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Figure 3.2.1: Polyacrylamide gel analysis of purified Fragment A.

Ffagment A was purified from s
in Methodg_and an aliquot was analyzed o

piEéIEss virions as
nal7.5% polyacrg%

Lane a, [355]-methionine labeled VSV; 1lane b, purified [

labeled Fragment A.

-

desc¢ribed
amide gel.
S}rmethionine
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0.1 M Quadrol program as well as with the DMBA program.

The addition of polybrene to the cup reduced the degreé of
peptide loss, however, in various.sequeﬁces performed with a variety
of‘labeled amina/gcfsg, no radicactive amino acids were released 1%
the cycles examined. In all the cases, the Sequence of the internal
lysozyme was correct and the yigggs were good. It was thought that
the inaﬁility,to sequence Fragmenf A may be due to the thermolysin
cleavage site'in thaﬁ the amino terminus may'become blbéked during
the purification or during the actual sequence by some slde reaction.
Before sequencing, Fragment A was generally solubiliged in 502 formic
acid. It has been reported khat formate buffers teﬁd_to produce a
variable amount of NHz—terminal blockage, depending on{£gg length
of‘!xposure and concentraticn of formic acid and the particular aéino
terminal aﬁino acid (Shively et al., 1982). 1In addition, during the
sequencing reactions, glutaminyl residues have a tendency to cycylize
to pyroglutamyl derivatives (Edman, 1970). This possibility is
reduceq due to ihe mild cleavage conditions employed in the 0.1 M -
Quadrol program, however, it cannot be completely discounéed.

In attempts to overcome these potential problems,fsequencing
studlies were carried out with Fragment A that was generated by
trypsin digestion of VSV. As shown previously (Fig. 3.1.5), both
trypsin and thermolysin dil stion of VSV produce a Fragment A OEH“

3 \

approximately similar molec r welght. 1In addition, trypsin has the

~ )

advantage of very high substrate specificity as comparedcyiLQ

thermolysin. Thus, the use of trypsin would probably producp_guch
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less amino terminal heterogeneity at the cleavage site and
consequently reduce the possibility of producing asynchroncus
sequencing data.

VSV was labeled with a varjety of tritiated amino acids,
digested with trypsin and the Fragment.A was isolated. The
radicactive amino acids chosen for incorﬁoration included valine,
leucine, phenylalanine, and glycine. These ;mino acids were chosen
because all are hydrophobic or uncharged and, with the exception of
glycine, availéble at a high specific activity. This 1is important
since if Fragment A is amembrane bound it is expecte& to have a high
proportion of hydrophobic or nonpolar amino acids. Thé other
important considgratiou, however, {3 that the PTH derivatives of
these amino acids are well sgparated by HPLC (see Appendix) so that
there is no possibility of incorrect assignoment.

Thus, Fragmeat A labeled with [BH]—Gly, Leu, Val, and Phe
was highly purified and subjected to sequencing. In this case,
double coupling in the first cycle was performed by closing the HFBA
delivery valve to Iinsure a high initial yleld. As demonstrated fn
Figure 3.3.2, radioactivity above background was detectgd tn cycles
5, 6, 10, 20,-21, and 22. The PTH amino acilds arising from each
cycle were separated by HPLC, fractions were collected, and the
radioactivity determined. As shown In Figure 3.2.2, leucin; was
found in position 5, valine in 6, and phenylalanine in 10, 20, 21,
and 22. Although recoveries for Phe in cycles 20, 21 and 22 were

relatively low, they cog%}iﬁzfzonfidently assigned since the peaks

-
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Figure 3.2.2: Radiosequence analysis of Fragment A labeled
with various amino acids.

Fragment A was purified from VSV labeled wit [BH]—
leucine (134 Ci/mmole), [H]-valine (58.6 Ci}iﬁblglb [3H]-glycine
(12.8 Ci/mmole), and [3H]-phenylalanine (58 Ci/mmole). The
purified peptide (80,000 cpm) was sequenced using the 0.1 M Quadrol
program with double coupling in the first cycle. The top panel
shows the radiocactivity released at each cycle. The PTH amino acids
recovered from each cycle were mixed with unlabeled carrier PTH
amino acids and separated by HPLC. Fractions were collected and
the radiocactivity was determined. The bottom panels show the
radioactivity reccovered in the peaks corresponding to the respective
PTH amino acid. The repetitive yield from the internal lysozyme
was 93%. .
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were above background aﬂd the repetitive yield (20-93%) was
consistent with'that of the internal lysozyme. The sequence derived
for trypsin generated Fragment A is thus;

1 5 10 15 20

NH, = - - - LeuwVal- - - Phe ~ - - - - = - _ PhePhePhe -

While this work was in progress, the entire amino aci
Sequence of G protein as deduced from cloned cDNA was‘gérerﬁfZLd
(Rose and Gallione, 1981). The mature form of G protein is predicted
to contain 495 amino acids. The partial amino acid sequence
determined for trypsin generated Fragment A shows no homology with
the predicted sequence of the viral proteins NS, N, or M (Rose and
Gallione, 198l; Gallicne et al., 1981y, however, there is a perfect
alignment with the predicted amino acid sequence of G protein

starting at Asn (Fig. 3.2.3). It is also evident then that the

433
trypsin cleavage that generated Fragment A occurred between Lys432
and Asn « This localization is in complete agreement with the

433

partial characterization of rhe profease resistant fragment carried
out by Rose et al., (1980).

The GlyAAO was not %etected in the amino acid sequence
analysis. This was probably due to the low specific activity (12.3
Ci/mmole) and consequent inefficient i{ncorporation of glycine.
Alternatively, this co;ld be due to the(difference between the viral

strains used by Rose and the one used in this study. Primary

structural studies on the G protein from different strains of VSV
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have shown slight differences in amino acid sequences present at the

amino termious of the different glycoproteins (see Appendix, Fig.

-

A-9).
Fragment A appears to encompass the entire carboxy terminal

domain of G protein starting at Asn The predicted molecular

. 433"
welght of this region is 7311D and agrees quite well with the /

apparent molecular weight of Fragment A (9000D) predicted from its

L\ @
mobility on polyacrylamide gels. The differences could be due to

1

3 )
anamolous migration behaviour, for instance, due to the variable —
binding of SDS, or due to some type of protein modification (Section
3.3.). This localization also indicates that the carboxy terwminus is

-~ -

noé exposed and suscegtible to proteoclytic digestion $ince the size

f

of the_brotected fragment, 1f this were the case, would be smaller

than 2000D.

¥ As pointed out by Rose (Rose et al., 1980) and discussed

furthq(/zh the Discussion, the COOH terminal domain has lmportant
-\

features that can be related to function. The most idgortant of
»

these is the presence of an uninterrupted stretch of 20 consecutive
hydrophobic or uncharged amino acidé, which presumably represents the

4

;géson of G protein that actually spans the membrane. The location

of the hydrophobic domain may also explain why only a 3000D reduction

. . ™
in the size of G protein was obtained after digestf{on uithl

zarboxypeptidase A and B (Section 3.1). Presumably{ the binding to
Triton X100 to the hydrophobic domain halts the action of this

\
exoprotease. // -
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The size of the protected region of G protein as deduced from.
the cDNA data indicates that it correspon@s to aﬁproximately 137 of
the G protein molecule. From the gel_iﬁéz;;;s Teported in Section
3.1, the prqtected region also corresponds to approximately 13%
(9000D/69000D) when fully glycosylated G is used for comparison.

+ Since carbohydrate makes up approximately 10X of the glycoprotein
weight (Patzer—eé al., 1980) en the membrane protected spec;es
would actually represent approximately 14.52 of the polypeptide '

backbone of G protein.

Partial Amino Acid Sequence of Fragment B

The initial sequencing run on Fragment B was performed at the
University of Toronto on a Beckman 8908 sequencer using a volatile
bufqu system containing N-N- dimethylamino begzylémine in the
absence of polybrene. VSV labeled with [3551-;ethionine and
[BH]—Ile, Leu, Val, Pro, Tyr, and Lys was digest®d with thermolysin
and Fragment B was isolated as described. 0f the 15 cycles
perfqrmed, radibactivity above background was detected in cycleg 1,

] ) 4

6,(}, 12, and 13 (Figdre 3.2.4).
The PTH amino acids released in theséﬁ§ycles were identified

‘
by gnalysis on thin layer paltes (Habener e£ al., 1978; Jacobs et

.'al., 1974) since an HPLC instrument was not avallable Ft the time.
Portions of cjéiés 3, 8, and 14 were énalyzed in a similar manner to
serve as controls/ The results displayed in Figure 3.2.4 indicare
the presence \f an Ile/Leu in cyele 1, Pro in positions 5 and 6, and

[

" Val in'positioné 12 and 13. The amino acids, Met, Tyr, and Lys, were

r .
A\

4
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Figure 3,2.4: Radiosequence analysis of Fragment B labeled with
various amino acids.

15 Fragment B was purified from VSV which was labeled with
(I7S]-methionine (1,000 Ci/mmole%, [3H}-leucine {59 Ci/mmole),
[3H]-isoleucine (40 Ci/mmole), [ H]-tyrosine (52 Ci/mmole),

[3H]— valine (29 Ci/mmole), [3H]-lysine (40 Ci/mmole), and
{3H]-proline (65 Ci/mmole). The purified peptide (45,000 cpm)
was sequenced using the DMBA preogram. The PTH amino acids were
dried, suspended {n methanol, and aliquots were counted directly
as indicated in the top panel of the figure. The remaining sample
from cycles 1,3,6,7,8,12,13, and 14, was spotted along with
nonradicactive PTH amino acid markers on a Silica Gel GF thin
layer plate (Analtech). The plate was developed in heptane/
proprionic acid/ethylene chloride (3.4/1/1.5, v/v/v) and the
positions of the PTH amino acid markers were visuyalized by
UV illumination. The areas of the sample laneg corresponding
to the markers Were scrapped off the plate, extracted 5 times
with acetone, and the radiocactivity was determined. The panels
at the bottom of the figure show the radiocactivity recovered
for each respective amino acid from the cycles examined.

\
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not detected in the first 15 positions. The Ile/Leu in cyclegnne

could not be discriminiated since these two PTH derivatives

comigrated on the TLC system used.

This particular run was the only one performed om the Toronte

sequencer. The remaining data reported here was derived from

analyses carried out on the McMaster seﬁuencer using the 0.1 M

“\

The presence of Leu as the amino terminal amino acid of

Quadrol program and polybrene precycling.

thermolysin generated Fragment B was confirmed by sequencing Fragment

3
B metabolically labeled with only ["H]-leucine. 1In this case, le
was found in residue number l as well as residue pumber 16 (Fig.
3.2.5a). The repetitive yield in this case was 95% between Leu

1

and Leu Portions of cycles 1, 8, 13, and 17 were examined by

16
_‘gEEC to determigp’fhe amino acids released from the internal
V-lysozyme. The internal lyscozyme sequenced correctly and had a
repetitive yield of 93-95Z. The Leu assignments were further
confirmed by repeating the sequence of [BH}-Leu labeled Fragment
however, in this case [355]-methionine labeled Fragment B was
included. As demonstrated in Figure 3.2.4b, Leu was detected in
position 1 and 16 and, additionally, methionine was present in
positions 30, 31, and possibly 32.

The absence of isoleucine in the first position was
demonstrated by sequencing Fragment B labeled with [3H]-Ile and

35
[ S]Met (Fig. 3.2.5b). No tritium counts were released in the

firast 33 cyﬁles examined, however, methionine was present in

b

u.

'y

\
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Figure 3.2.5: Radiosequence analysis of Fragment B labeled with o
- —~~ [3HI-leucine and {33S]-methionine. -

-

- ! _—Vg“i - 4\

A a) sequence of Fragment B labeled with [BH]-leucine (40,000 cpm),
b) sequence of Fragment B labeled with [3H]—lquiﬁe {30,000 cpm)

and [35S]-methionine (15,000 cpm). N

The butyl chloride exracrs were dried down, suspended in a
small volume of methanol, and 80% counted directly. The remainder,
after drying and conversion with 25% TFA was analyzed by HPLC

‘to check the sequence of the internal lysozyme. (e) [3H] radioactiﬁity;
(0) {35S] radioactivity.
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Figure 3.2.6: Radiosequence analysis of Fragment B labeled with

[34]- phenylalanine or [3H]-isoleucine.

a) Fragment B labeled with [ H]
[35S)-methionine (25,000 cpm).

Fragment B labeled with {3H]-isoleucine (40,000 cpm) and

phenylalan}ne (50,000 cpm) and
b)

- [ 55]-methionine (15,000 cpm)

(o) [ H} radioacgivity; (0) [ S} radicactivity. 3

K

-
A\) | ’

-

| =8
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positions 30 and 31. Additional sequencing information was obtained

from therénalysis of Fragment B labeled

35 <«
[ S]-Met (Fig. 3.2.6a). In this case,

3 .
with [ H]-Phe and .

Phe was detected in cycle

19 vhile again the methionines were present Iin positiouns 30, 31, and

possibly 32. The high background present in cycles 1 and 2 in Figure

3.2.6a represents protein washout since
same as the starting material.
The partial amino acid sequence

Fragment B was thus found to be:

1 5 10

NH2 leu - — = = ProProg -~ - - - Valval -

30
= = - - MetMet(Met)- - -

The assignment of methionine in
bas;d on the following‘considerations.

amount of carry over of ATZ amino acids

3 .35
the H/ "3 ratio was the - N

of thermolysin generated

15 20 25

~leu - ~Phe - -~ -2 v

position 32 i3 tentative

!
1

There 1s always a\:ertain
from one cycle intd the |

following cycle (see Appendix). This can be seen {n the sequence of

3
[ B]-Phe labeled Fragment B in Figure 3.

2.6a. Cycle 20 contains

3
35-407 carry over from the [ 8] radiocactivity present in cycle 19.

This is a normal occurrence in radioséquencing and in general it can

easlly. be detected as carry over by examining the repetitive yleld.

The problem is compounded, however, when there are sequential amino

acids of the same type as is the case for methionine in cycles 30 and

31. Thus, the methionine tadioactivit& detected in cycle 32 could -\/°

Tepresent carry over from the previous two cycles. This 13 probably ét '
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-
the case since in the sequence of [BH]:Eig/iabeled Fragment B (Fig.
3.2;6b), the relarive amount of [355] fadioactivity in cycle 32
comparied to 30 and 31 ig much‘closeg to'ﬁhe background level as
compared to the [BH]—Phe analysis.

As indicatesiin Section 3.1 and shown more clearly in Figure
3.2.7, the size of ‘Fragment B was smaller in the case of thermolysin
digestion as oppg;ed to the case where trypsin was used to generate

the membrane associated fragments. The molecular welight difference

was approximately 1000 - 1500D as judged by SDS poayacrylamide gel

e

electrophoresis.

K‘géquence analysis was performed on Fragment B generated
from trypsinization of VSV labeled with [3B]-Leu. In this
instance, Leu radioactivity was detected only-in cycle 10 (Figure

N
3.2.8). Since there is only one definitive assignment, one cannot
"

‘overlap the sequence with the data derived from thermolysin getierated

Fragment B.

‘The datg derived from the amino acig’sequence of Fragment B
was ugsed to compare with that predicted for the viral protains from
cDNA data (Rose and Galliome, 1981; Gallione et al., 1981). No
homology was observed with either G, NS, or M proteins, however: a
perfect alignment was observed with the‘protein. According to the
cDNA data, N protein contains 422 amino acids. The gequence deduced
from thermolysin generated Fragment B matches a region of N protein

starting at Leu (Fig. 3.259). The cDNA sequence data predicts a

364

Gln residue in place of the methionine that was tentatively assigned

J

@ ¢
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J’Figure 3.2.7: Purification of Fragment B from VSV digested with
trypsin or thermolysin.

[355]—Hethionine labeled VSV was digested with trypsin or
thermolysin and Fragment B was purified as described in Methods.
Aliquots of the purified material were analyzed on a 17.5% polyacrylamide
gel. Lane a, trypsin generated Fragment B; lane b, thermglysin
generated Fragment B.

l\-'l-/
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Figure 3.2.8:

10 15
CYCLE

$A =

Radiosequence analysis of [3H]-leucine labeled
Fragment B purified from trypsin digested virus.

s>
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Figure 31.,2.9:; Comparison of the amino acid segdence of fragmeac 3
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at position 32 from the amino acid sequence of Fragment B. The site
of thermolysin cleavage, indicated by an arrow over G1y363-Leu
is consistent with the enzyme specificity.

364°

In addition, the data
3 .
derived from the sequence of [ H]-Leu trypsin generated Fragment B

could g; aligned. The amino acid data predicted a Leu at positiom 10

from the amino terminus in trypsin generated Fragment B (Fig. 3.2.8).

If this residue is taken as the amino terminal Leu found in

thermolysin derived Fragment B, then the nearest lysine or arginine

residue amine terminal to this poiont {s found at Lys

. If this
354
is taken as the trypsin cleavage site, then the difference in

molecular weight between trypsin and thermolysin generated Fragment B
would be 1055D.

This is in excellent agreehent with the differences

in molecular weight of the fragments as determined by gel
electrophoresis.

The next closest trypsin seasitive site is located
at Arg:il?:

Although there 1s also a leucine residue located 10
amino acids downstream from this site (at Leu

), this 1s an ~._
327
unlikely cleavage site since the molecular welght differen®s of the

specles generated by the two proteases would be approximately 5000D.

In addition, the leucines present at position 332 and 333 would have
been detacted by the sequencing.

Thus, Fragment B i3 derived from a region at the COOH

terminus of N protein by proteolyric cleavage.at a very specific
site.

The specificity of cleavage is evidenced from the fact that in

sequencing experiments performed, Fragment B was-prepared from

different viral preparations, digested at different times, and

.
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purified ar different times. fhe presence‘of methionine in position
30 and 31 i{n all cases indicates that the thermolysin cleavage stie
is always located between Gly363 aﬁ& Leu36a. This i3 all the
more intriguing since thermolysin has a broad substrate specificity
and there are several thermolysin sensitive amino acids flanking this
site. The fact that Leu364 1s the preferred site of thermoly;in
attack may be a reflection of the tertiary conformation of N proteln
or how It is complexed in the RNP. For instance, the proline
residues located five and six amino acids downstream from the
thermolysin cleavage site could concelvably cause a bend in the
polypeptide chain thus exposing this site to enzymatic attack. N
protein complexed in the RNP structure is highly resistant to
proteolytic attacked, however, a product equivalent to Fragment B
would have previously gone undetected because of-its small size.

Whether Fragment B actually represents the entire carboxy
terminal region ofr¥ protein is not known. The predicted molecular

)

3 -L
welight of this region from thermolysin digestion (Leu364 YS&ZZ

13 7363 D and from the trypsin cleavage site (Tyr -LYS&ZZ) it

355
is 8418D whereas the molecular weights determined by gel

electrpphoresis are 6000 and 7500D, respectively. The differences
between the predicted and observed sizes could be due to anamolous
electrophoretic behaviour on polyabrylamide ge;s. This 1s a well

known phenomena for low molecular weight species. Al ternatively, the

enzyﬁes may also be cleaving N at an additional site very close to

.the carboxy terminus which could account for the lower observed

n
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molecular weight of B. Examination of the predicted sequence of N

protein from Met'ao2 to Ly3422 reveals a number of amine acids

that are potential tleavage sites for either thermolgsin or t:r)zps;ggi

Secondar; cleavage at these sites would generate fragments of

molecular weight closer to those observed on the gels.

| Cleavage at a seconda§§ site could also be used to explain

some of the possibly conflicting results obtained with the

fiugerpriuting data shown in Figure 3.1.20, Tryptic peptide analgfis

of ;ﬂfs]-methionine labeled Fragment B generated from thermolysin
‘ﬁigestion of VSV generated three tryptic peptides, only one” of which

was in common with N protein. From the sequgnce data, only two

-

methionine containing trypti¢ peptides should be present (Pro389 -

and Ala - Arg J- kEEF peptide present that shows no

Lysqgg 400 408

homology with N protein could arise if thermolysin also cleaved
within the second methiopine containing peptide, for instance between
Glyaoe and Leu407. A secondary cleavage ‘at this site would

generate a Fragment B more consistent with the molecular weight as
determined by gel elect;ophoresis. {

An examination of the sequenc¢ o Fragment B and Fragment A
also indicates why there seems to be a relatively large amount of -
Fragment B even thaugh it arises from degradation of N protein. As
stated iﬁ Section 3.1, A and B represent 2.7 and 1.7 of the
methionine radicactivity remaining associated with the spikeless

virions following’proteolytic digestion. The amino dEZ! sequences of

Fragment 4 and B s ow, however, that while A contains only one
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methioine, B contains ;hrEET Thusg, the‘satio of radioactivity S

between A and B is aciially closger to_ 53 i\ When one considers fﬁat N

protein comprises approximately 40% of khe total viral protein as

opposed to less than 20% for G protein (Wagner, 1975), then one can

estimate that degradatioﬁ of only 10X of N protein present in the

. hl
- B

virus preparation would be sufficient tg produceya Fragment B of the
intensity observed. A preparation of purified VSV in which 10Z of
the viral particles are susceptible to degradation of internal

structural components is not unexpected.

The sequencing work presented in this section in conjunction
with published nucleic acid sequences of the VSV viral genes has
allowed the unambiguous localization of the protease resistant, small
molecular weight fragments of VSV. It has also been demonstrated
that G protein is anchored in the membrane by a hydrophobic domain

located at the COOH terminal end of the molecule.
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SECTION 3.3: LIPID MODIFICATION OF THE VSV G PROTﬁIN
v .

The VSV glycoprotein G undergoes a number of discrecte
modifications during its maturation. These include signal sequence
cleavage, and addition and processling of oligosaccharide chains
(Ghosh, 1980). Recently, a new type of modification has been
described for G protein as well_as for a pumber of other viral
membrane proteins, namely, the attachment of fatty acid residues
(Schmidt et al., 1979; Schmidt anﬁ-SEhlesinger, 1979; Schmidt,
1982a). In the case of the VSV glycoprotein, it was determined that
1-2 moles of fatty acizg:ere covalently bound per mole of protein.
The covalent nature of the linkage wasg deduce; from the observations
that tge protein bound fatty acids could not be removed with
denaturants such as SDS, urea, or guanidine hydrochioride, or by'
exhaustive extraction with organic soivents. The fatty acids,
however, could be quantitatively released by mild alkaline hydrolysis
in methanol and recovered as the methyl ester derivatives. Since the
presence of phospholipid or glycerol was not detected, the data
indicated that the fatty acids were covalently attached by ester
‘linkage directly to the polypeptide backbone.

The addition of the fatty acid meiecy appears to occur at a
point late in the maturation of the glycoprotein, while it is in

-transit to the plasma membrane (Schmidt and Schlesinger, 1980).

Acylation appears to occur at a point shortly before G protein

-136~
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becomes resistant to Endo— B -N-AcetylgPucosaminidase H which is

L

thought to occur in the Golgi complex {Robbins et al., 1977).

Endo— 8 -N-Acetylglucosaminidase H re mannose carbohydrate

chains. but not processed oligosaccharides from prffteins (Robbins et

al., 19774 Tarantino and Maley, 1977).
One possible function of the covaleantly bound fatty acids is

_ . o
that they provide an adqitional means by which the glycoprotein can

interact with the viral memb®™gne. 1f this 1is the case, then one

would expect the fatty acids to

e located at a point on the protein
which is in cloge proximity or in direct comtact with the lipi
bilayer. To test this proposition, the relative location of FZL
fatty acids on G protein-was examined.

§
As demonstrated in Figure 3.3.1, SDS(éolyacrylamide ge

S
analysis of VSV that had been labeled with [3H]—palmitate revealed
that only the G protein was labeled. The fact that nome of the otherc
viral proteins were labeled ?6 any extent iggicates that the labeled
palmitate was ﬁot appreciably metabolically converte& into other
molecules such as amino acids prior to incorporation into T
proteins.

The large amount of label migrating at the dye front is
mostly composed of wviral phospholiﬁids. This was ascertained by
examining the membrane lipids of VSV which was labeled with
[BH]—palmitate. Thus, viral lipids were extracted from
[3H]—palmitate labeled VSV by the Bligh—Dyer;p{ cedure and

afiyzed by thin layer chromatography. The resultd shown in

[
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Figure 3.3.1: Polyacrylamide .gel analysis of VSV
—— (3H]-palmitate. _

-~ 7 &

VSV was labeled with [JH]-palmitate ag de

Methods and analyzed on a 1Q% polyacrylamide gel.
b, represent VSV labeled with [355]-methionine an

respectively.

58

L
r,_/

labeled withk

scribed in
Lanes a and
d [3HJ-palmit:ate,'
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figure-3.3.2 indicate that much of the label incorporated into che.
VSV 1ipid migrates as phosphatidylcholine aﬁd‘phoe;hatidyl
gthanélamine. These are two of the na jor phospholipids found in the
viral envelope when VSV is grown in L cells (McSharry and Wagner,
1971).
The labeling of G protein by palmitate did not seem to be due
to noncovalent interactions since tﬁé label remained bound to G
protein after boiling in SDS containing buffer and extraction of the
gel with’;ethanol/acetic acid or with 100X dimethylsulphoxide (Figure
3.3.1). The covalént nature of the linkage was further confirmed b}
treating SDS gels in which [3H]-palmitate labeled VSV wasg
fractionated with hydroxylamine prior to fluorography (Omary and
Trowbridge, 1981). Tbus, V5V labeled with [35]—me:hiouine or
‘&[3H]—palm;tate was.run in duplicate on a 10X polyacrylamide gel and
bne half of the gel was treated with NHZOH prior to fluorography.
~A8 shown in Figure 3.3.3, NHZOH treatment causes a substantial loss
of { H] radiocactivity from G protein (compare lanes b and d).
Approximately 991 of the label is removed after a two hour treatment
with hydroxylamine. Longgr Ltreatment results in complete loss of T
label (see Section 3.4). On the othot hand, no detectable loss of
radiocactivity vas obse:ved when [ S]-m hicnine labeled VSV was
treated'in an identical cenner (Fig. 3.3. anes a and b).

=

(In order to ascertain wh&t»ftac:ion of the total amount of
N

[ H]-palmitate incorpo*ted in:o the vims.was actually t}.ghtly
bound to G protein, 1;HI-palmitate labeled QSV vas g;lubilized ‘

. ‘ : ot i
: S - N . .
« .. - N
't " . bt . . -
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Figure 3.3.2: Phospholipid analysis of VSV labe}ed with

EBH]-palmitate. (/*~

Lipids were extracted from [3H]—palmitate labeled VSV
as described in Methods. An aliquot of the lipid extract was
dried, suspended in CHC13/MeOH (1:1, v/v) and spotted on a
silica HIB5 thin layer plate along with unlabeled phospholipid
magkers. The plate was developed in CHCl4/MeQH/H,0 (65:25:4,,

/v/v) and the radioactye spots were visualized by autoradio-
graphy. The positions of the nonradioactive darkers were
determined by staining the plate with I, vapour. .NL, neutral
lipids, : '

}_‘ .
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Figure 3.3.3: ngect of hydroxylamine on [3SS]-methionine and
[ H]—pplmitqfe labeled VSV. :

_ L .

VSV, labeled with [3SS]—methionine or ["H)-palmitare was
run in duplicate on a 10X polyacrylamide gel. Following
electrophoresis, half of the gel was directly processed by
fluorography while the other half was treated with 1 N NHZOH
(EH 6.6) for 2 hours prior to fluorography. Lanes a and c,
[33S]-methionine labeled VSV before and after treatment with.
NH,0H, respectively; lanes b and d, [3H]—palgitate labeled VSV
before and after treatment with NH,0H, respectively. _ :

-
-

)
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with Triton X100 and the Ssupernatant countaining the G protein and the

- viral lipids was taken through a series os sequential orgaaic\‘“s\
extractions as outlined in Table II. A total of 3.8 x 106 cpm was
.
used for the extractions. 97 of the radioactivity was accounted for
after the different extractions and 981 of these counts were’in
oyganic phase. 1.8Z of the radiocactivity remainéi associated vith G
protein which precipitated under the extraction conditions. This
radicactivity was refrqctory to further organic extraction ana thua:
in very tight asseciiiieu vith G protein. This tightly bound
rad {sactivity could be quantitatively removeﬁ from G pzotain by mild
alkaline hydrolysis with 0.1 N methanolic KOH. After this treatment,
greater than 90X of the radioactivity tightly bound to G protein was
A

extractable with petroleum ether. Gel analysis of the G protein

remafg!ng in the aqueous phase after alkalinpe hfdrolysis showed that

o
all of the radiocactivity was removed from G protein (Fig. 3.3.4 lane
CO LN
: . . )
The radiocactivity remaining in the organic phase after . -
transesterification was identified as the methyl ester of palmitate
by thin layer chromatography (see Fig. 3.3.6). Thﬁa,'in agreempnt %ﬁ_
_',fvith the work of_§;hlé§inger, the fatty acids fouad on G protein are
/ in eater.linkage to the polypeptide backbone. LN
If the fat‘y’acida play a ro;e in ﬁaintaining the proper N
Eispoaition of G ; the membrane or probide an additional meang of ~
f protein-lipid /interaction because of their lipophilic nature, then
) ong*wnuld expect the fatty acida to be preaent ou that portion of L :
&jd‘ ' < e

' L ’ "‘?
| N A Y
» | oo Y

! - ‘L “ ; . ) -w,‘ X il 3/’7§ .
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TABLE [I: ORGANIC EXTRACTION OF G PROTEIN LABELED WITH

3 [ 4
{"HI-PALMITATE,
- RADIQACTIVITY IN  TOTAL RADICACTIVITY
ORGANIC EXTRACTION ORGANIC &AYER RECOVERED
(cPM A
.'l/\‘
METHANOL-CHLOROFORM (2:1) 3.5 x 1P B4 \
’ ~——
METHANOL, ROFORM-WATER _ a .
GRS / 5.69 x 107 1.5 R
PETHANOL-?*&&OFOM-NATER 6,3 x 10° 0.7
. (2:1:0.3)
lf/ -
SUMSOF ORGANIC EXTRACTS 3.61 x 10° 3.1
. e
. RESI}IAL G ARgTEIN 6.4 x 10 1.8
/
‘ e o
\\‘7‘/’ ; -
\’\\ B {'5) \\\,/" \, - //' T
/ f3ﬂi—PalmitaEe labeled G protein was isolated from )
labeled VSV-by extraction with Triton X100 as described in Methods.
ya One ml of the detergeng upernatant containing G protein and the
: viral lipids (3.8 x 10° lcpm) was subjected to sequential organic
x?‘ - solvent extrgctiong as ihdicated ip the table. 97% of the
' radfbactivity (3.68 x 10° 3 recovered after the various
extractions. The amount of radiga¢tiyity remaining tightly
f P N agsociated with G protein was determined by suspending the
L final protein pellet and éounciqg/an aliquort,

r, i
¢ ) \

™ o | . . . ///A

I BN . ' -
- d%\ /s &/ LT
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Flgure 3.3.4: Effect of alkali on [3H]-palmita:e labeled
G protein. T -

The [3H]-palmitaCe labeled G protein remaining after
the organic extractions described in Table II was suspended in
0.1 N methanolic KOH and incubated at 23°C for 30 minutes. After
this pericd, the reaction was acidified with comc. HCL and
extracted with petroleum ether. The aqueous phase was dried,
suspended in electrophoresis sample buffer, and analyzed on a
lO;apolya rylamide gel. Lane &, [355]-methionine labeled VSV;
lane b, [“H]-palmitate labelkd VSV;' lane c, material present
in the Triton X100 iupernatant after detergent disruption and

‘centrifugation of [“H])-palmitate labeled VSV; lane d, mwmaterial
remaining in the aqueous phake after transésterification and

organic solvent extraction of ]-palmitate labeled G protein.
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the molecule that is in contact with the l1ipid bilayer. To test tﬁis N

35 3
directly, VSV labeled with 7 S]-methionine or [ H]-palmitate was

digested withiérypsin or thermolyain and the spikeless particles we

analyzed on a polyafrylamide gel. As demonstrated in Figure 3.3.5,

L)

re

3
digestion of [ H]—palmitate labeled VSV with either of these two '

proteaaeg results in :hﬁ/comﬁlete loss_of‘G protein and the
appearance of a new labeled species migrating at a position
corresponding’ to Fragment A, the wembrane anchoring domain of G
ﬁrotein. No other labeled protein was observed indicating that ;ll
fatty acids present on G protein are located in the membrane

interacting region.

3
In order to quantitate this more accurately, [ H]-palmitate

\ -

“ labeled VSV was rum on a polyac’ylamide gel before and after

to G protein, fragments A and B,“Qnd the 1ipid front were excised

|

\\“\\Freatme“t with thermokysin and the regioﬁs of the gel corresponding \ﬁg

from the gel and the tadicactivity was determined. As shown in Table

- ~. -«
III, 2.2Z of the palmitate radiocactivity present in VSV is present
”’
G protein prior to enzymatic digestion. This is in good agreement
~ @ \-

with the value determined by organié.extraction of detergent
solubilized glycoprotein™presented in Table II. After thermolysin
treatment, 2.3X of the total radiocactivity is found in fragment A.

No radioactivity migrates at a positiom in the gel corresponding to

é
fragment B. !Pus, all of the fatty acids present on G protein are

locailzed to the region of therrotein that is interacting with the

‘.

lipid hilayer. o
T

in

N
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Figure 3.3.5: P§oteolytic digescion of VSV labeled with
‘ H]-palmitate.
~
— .

[ S]—Methionine and [ H]—palmitate labeled VSV was
digested with trypsin or thermolysin and analyzed on a 17.5%
polyacrylamide gel. Lanes a and £, [3°5]-methionine labeled
VSV marker; lanes b and c, [.?S]-methionine labeled VSV
treated with trypsin and thermolysin, respectively; lanes d
.and e, [°H]-palmitate labeled VSV treated with trypsin and
thermolysin, respectively.
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Table IIT: Quantitation of [BH]-palmitate radiocactivity present
in Fragment A.

Untreated VSV ~ of roral Thermolysin f of rotal

Gel Region .
cpm & digested VSV cpm
G Protein_ 327, 2.2 57
Fragment A 30 305 2.3
e
Fragment B 35 *’y/ 45

Lipid front 15,000 13,160

\

g [3H]—palmitate labeled VSV,-treatad or untreated G&gh
thermolysin was sedimented through a glycerol cushion and the -
pelleted virus was solubilized in electrophoresis sample buffer
and run on a 17.5% polyacrylamide gel. Regions of the gel
corresponding to G protein, the peptides A and B, and the
gel front were excised from the dried, gel, eluted with 0.05%

SDS, and the radicactivity was determined.
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In order to determigs whether the‘rédioactivity present_ip
fra%Bent A was gtill présent as palmitate, the material derived
from fragment A after transeaterification-aud extraction with organic
solvent wvas analyzed by thin layer chromatography. 1In this casé,
[SH]-palmita:e labeled fragment A was not delipidized by extraction
with organic solvents due to excessive losses encountered because of
the hydrophobic nature of the peptide. Rather, fragment A was
delipidized by SDS gel electrophoresis. Thus, [BHj-palmiCate
labeled Fragment A was isolated from a polyacrylamide gel as

;ggpcribed in Section 3.2. Of the material ;ecovered, 18,000 cpm was
lyophilized and suspeq@ed directly in 0.1N methanolic KOH. After
incubation at 23°C for 30 min, the reaction was acidified with

e concentrated HCl aund extracted 4 times with petroleug ether.
Approximately Ié,bOb cpm (89X) was recovered ia the o?ganic phase.
_fgq%nalysis of nge radiocactivity present in the organic phase by TLC
revealed that it migrated as the methyl ester of palﬁitate (Fig.
3.3.6). Thus the fatty acids present in the membrane anchoring
. - ~

region of G protein are found in ester linkage to the polypeptide

\
backbone. : v '

- ' ¢
' The exact point of attachment of the fatty acids is obviously

TN

a point of great interest. Since the fatty acids appear to be in

[

ester linkage directly to the polypeptide chain, potential agylation
N / /e

gites inclgge the hydroxy amino acids serine, threonine tyrosine.

|

: C§atine is also a potgntial candidate for a thiocester linkage,
- ﬁ\ . . s/
however this type of linkage would be unstable since the high // _

- .

o 2} \ : : ’
a N '

A . -

<

e
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Figure 3.3.6: Analyéis of radioactivitg released after
transesterification 6f [“H]-palmitate <
labeled G protein and Fragment A.

Delipidized [3H]-palmitate labeled G protein (by
organic extraction ag described in Tabld II) or Fragment A
(by elution from pol?écrylamide gels) was incubated with 0.1 N
KOH for 30 minutes at 23°C, acidified with comc. HCl, and
extracted with petroleum ether. The organic phase was taken
to dryness, suspgnded in a small amount of petroleum ether,
and spotted on a silica HIBS plate. The plate was developed
with petroleum ether/ether (l:1, v/v) after which the lanes
corresponding to the samples were scrapped in I cm divisions,
eluted, and the radiocactivity was determined. Panel a,
[3H]-palmitate; panel b, methyl ester derivative of [3H]—
palmitate; panel ¢, organic extractable material obtained from
the tranmsesterification of [3H]—palmitaCe labeled G protein;
panel d, organic ex;ractible material obtained frogp the
transesterification of [“HJ-palmitate labeled Fragment A.
The palmitate methyl ester marker was prepared by the:
methylation of [3H]-palmicace with freshly prepared
diazomethane (Kates, 1972) and was kindly supplied by
P. Leblanc. (o) origin; (F) solvent front.

I3
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energy bond would be fairly reactive.

An examination of the COOH-terminal sequence of G protein
.(Fig. 3.2.3) reveals the presence of several aminoc acids that could
serve as the acylation sites. These include serines at positions
443, 444, 447, 448, and 451, threonines at positions 479 and 486, and
a tyrosine at position 485.

Indirect evidence suggests that the fatty acids are
covalently attached to serine ré;idues ﬁSchhidt and Schlesinger,
1979; Schlesinger et al., 198i). This comes from the aobservation
that a fatty acid containing peptide derived from a pronase digestion
of [3H}-palm1tate labeled G protein contalned a high proportion of
serine residues. Acylation of serine residues, especially those
present in the actual membrane anchoring segmeng of G could serve to
mask the hydrophilic hydroxyl groups and thereby supplement the
hydroéhobicity of the membrane interaéting region.

Attempts to determine the site of fatty acid attachment by
amino acid sequence analysis were unsuccessful. In several
sequencing attempts using highly purified [3H]-palmitate labeled
fragment A generated by trypsin digestion, radioactivity was released
at distinct cycles, however, the position was not consistent in
different experiments. This variability was probably not due to
peptide washout since amino acid labeled sample could be readily

3
sequenced and, in addition, the { H]-palmitate radicactivity was

released at later rather than initial cycles. If peptide loss was

-
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oécurring, the radiocactivity would have been detected in the early
cycles.

An explanation for these types of result may be tha; the
fatty acid is being cleaved off the protein during the degradation
reactions. The ester linkage should be very stable under the
conditions of degradation, however, the possibility that small
amounts of water may be present in the HFBA which would result in a
variable amount of acid hydrolysis of the fatty acid with subsequent
extraction with the butyl chloride cannot be completely discounted.
This would be compounded by the elevated temperature of the
sequencing reaction and the relatively long exposure times to acid.

To test this, G protein labeled with [3H]-pa1mitate vas
purified and subjected to a few cycles of Edman degradation in the
absence of either PITC or HFBA. In the case where there was PITC
delivery but no HFBA present, 10% of the counts (300 cpm out of a
total of 3,000 cpm applied to the cup) were released in the first
cycle. In the case where HFBA but ﬁot PITC was present, 33X of the
starting radicactivity was released in the firast cycle. Thus, the
HFBA appears to have at least some effect on the stability of the
fatty acid. The attempt to det?rmine the site of acylation by
sequencing was not further pursued.

Aa‘stated earlier, the threonine residues presen; at position
479 and 486 could serve as fatty acid acylation sites. To examine

3 .
this further, [ H]-—palmitate labeled VSV was digested with a

mixture of carboxypeptidases A and B in the presence of Triton X100
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Figure 3.3.7: Effect of carboxypeptidase digestion on G
protein labeled with [JH]-palmitate.

VSV labeled with [358]-methionine or [3H]-palmitate
was digested with a mixture of carboxypeptidases A and B in
the presence or in the absénce of detergent as described in
the legend to Figgre 3.1.1 and analyzed on a 10% polyacrylamide
gel. Lane a, [~~S]-methionine labeled VSV; lanes b and c,
[355]—methionine labeled VSV treated with carboxypeptidase
in the absence and presence of Triton X100, respectivelg; :
lane d, [3H]-palmitate labeled VSV; lanes a and £, [3H]-
palmitate labeled VSV treated with carboxypeptidase in the
absence and presence of Triton X100, respectively. The
autoradiograph was overexposed in order to better visualize
the tritium radicactivicy. ‘
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as described in Seétion 3.1. As demonétracad in Pigure 3.3.7,
carboxypeptidase digestion of VSV in the presence of detergent -
reguits in a nﬁlecular veight reduction of G protein of approximately
2,500D (lanes e and f). In the case of [35}-palmitate labeled VSV,
the truncnéed G-protein still retains the fatty acid label. Thi;‘
indicates that, within the sensitivity of the gel system used, the
fatty acids that are ligked to G are not present iﬁ the extreme
carboxy terminal end of the molecule. Sizce the two threcnine
residues are located 17 and 10 amino acid residues from the carboxy
terminal lysine, then i1f the fatty acids were present on th;se
residues, a molecular weight reduction of G'proteiu in the range of
1,500 to 2,000D would have resulted in the loss of palmitate
radioactivity.

. Thus, the f;tty acids must be located 1n‘either the proposed
transmembrane domain, that is, starting at Ser‘“‘7 to Leu['66 or in
the external domain comprising the site of enzyme cleavage at
Asn&33 to the Ly54&6 residue at the e;terual membrane boundary.

Comparative tryptic maps of [3H]~palmitECE labeled
Fragment A and amino acid labeled Fragment A were undertaken. In
this case, trypsin generated Fragment A was labeled with'[3H]
valine, leucine, glycine, and phenylalanine. Analysis of the carboxy
terminal sequence of G protein indicates that 5 tryptic peptide;

should be generated from tryptic digestion of Fragment A labeled

with these amino acids. The major ones would be Asn&33

which contains one each of leucine, valine, phenylalanine, and

-L
7846
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glycine ; Se::‘u‘.‘Y to Arg“? which contains four leucines, four

phenylalanines, and cne valine, ani minor peptides comprising

Val to Lys

468 ; Leu to Lys ; and Leu tQ Lys

475 476 475 493 495°
As demonstrated in Figure 3.3.8, tryptic digestion of Fragment A
labeied with the above amino acids results in the generation_of four

distinct peptides as indicated in the figure. Peptide Tl because of

.1ts broad size, may contain more than one species.

Tryptic amalysis of [3HI3551mitate labeled Fragment A
results in the generation of only one tryptic peptide. This peptide
comigrates with peptide T2 froa the amino acid labeled sample. Thus,
the fatty acids are all contained in one tryptic peptide of G

protein.

The identity of the tryptic peptide may be ascertained from a
quantitation og the degree of radiocactive incorporation in the
tryptic peptides. The peptides with the higheat degree of
incorporation would be derived from the external portion and the
m;mbrane spanning portfon. Both of these regions have serine
residues that could act aQ farty acid acceptors. When the specific
activity of the isotopes used is taken incé consideration (leucine,
138C1 /mmole, valine, 58 Ci/mmole, glycine, 12.3 Ci/mmole and
phenylalanine, 56;2 Ci{/mmole) tﬁen the ratio of radicactivity between
the two peptides would be approximately 1:3 (external peptide/

transmembrane peptide). From a qualitative observation of the
fingerprint shown in Figure 3.3.8, one would conclude that peptide Tl

represents the membrane spanning domain. This conclusion is ’
-



179 >

Figure 3.3.8: Tryptic peptide analysis of Fragment A
labeled with [3g)-palmicate or with
{3H) amino acids. Y

Fragment A, labeled with [3H]—palmitate or with a
mixture of [3H]-leucine, valine, phenylalanine, and glycine,
was digested with trypsin and the tryptic peptides were
analyzed on a thin layer plate as described in Methods.
Panel a, Fragment A labeled with [3H]~palmicate {4,000

. ¢pm applied); panel b, Fragment A labeled with the above -
amino acids (18,000 cpm applied). The plate was sprayed with
Enhance prior to autoradiography. The amino acid labeled
peptides are numbered and the arrow indicates a peptide
common to [3H]—palmitate labeled and amino acid labeled
Fragment A. The directiom of electrophoresis (E) and
chromatography (C) is indicated in the figure.



.l

£l
)

:v.u...

Xs

a ¥



181

supported from the results obtained by eluting these r*.:u'.vpcic!e:v,_fr:mn
the chromatogram and deternining the radiocacrivity. In this case,
1,080 cpm were recovered from peptide Tl while approximately 400 cpm
vas recovered from peptide T2, giving a ratio of approximately 1:2.7
for T2/Tl. Thus, peptide T2, with which the fatty acid cootaining
gtTyptic peptide comigrates, appears Lo repregent that domain'of the
glycoprotein just external to the bilayer. This would then appear to
indicate that onme or both of the serine residues locared at positions
443 and 444 are acylated since tﬁere are no other hydroxy amino acids
in this region.
— This is supported by a study in which [BB]-palﬁitate
labeled G protein was cleaved at tryptophan éeaidues (Schlesinger et
al., 1981). NHi-terminal amino acid analysis of an acyl coutaining
peptide revealed the presence of phenylalanine at }he amine terminus
of this particular peptide. This would be consistent with farty acid
acylation at the serine residues mentioned above since these serine
residues are flanked by tryptophan residues at positiona 441 and 445,
Cleavage at these tryptophan residues would generate‘a serine
containing peptide having a phenylalanine at the amino terminus.
Al though chi; study 1s consistent with the finge;frinc analysis
presented here, it has -not been confirmed.
The presence of fatty acid residues at one or both of these
serines may also explain why proteolytic digeation of VSV does not

cleave G protein at a point closer to the membrane surface. For

instance, fatty acids at these residues may cause part of the
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proposed external portion of the glycoprotein to interact aore
closely with the membrane surface, thereby protecting it against
pro:eo;ytic degradation.

" The major conclusion reported in this section is that the
fatcty aci@l covalently attached to G protein are localized in that
region of the molecule that anchors 1t to the membrane. The facty
aclds may thus augment the hydr&phobic forces required for proper

protein orientation and stabilization.



SECTION 3.4: INCORPORATION OF A PHOTOREACTIVE FATTY ACID INTO vsv

-

Studies concerning the topological organization, the

distribution, and the pature of the hydrophobic interactions of

_membrane proteins and phospholipids provide valuable information

- I

regarding the stability, complexity, and function of biological
membranes. In additiop, in the simple model systems of enveloped
viruses, knowledge of the spatial arrangements of the constituent
memh:gne proteins and the nature of the lipid-protein, and
protein—protein interactions provides a useful means of understanding
andxaxqmining the processes involved in membrane asgsembly and viral
5
morphogénesis.

In the case of VSV, numerous studies employing a variety of
techniques have led to considerable advances in our understanding of
the structural organization of the virus. Thus, the use of
hydrophoﬁic probes, chemical crosslinkers, and reversible
bifunctional reagents have been utilized in examining interactions
occufring in the membrane (Dubovi and Wagner, 1977; Mudd and Sdhnson,
1978; Zakowski and Wagner, 1980). These and other studies have, for
the most part, demonstrated that G protein may exist in the membrane
in oligomeric structures and that the M protein exists on the inner
surface of the membrane in close proximity to the membrane surface as

well as to other structural components of the virus.

These studies have provided important information concerning

-183-



184
N

the structure of the viral weabrane, however, in each case exogenous
probes were used. In addition, some of the methods require harsh
conditions with the consequence that membrane peéturbing events may
possibly give rise to results not truly indicative of the
physiclogical condition of the membrane (Patzer et al., 1979).

In recent years, chemical approaches utilizing fatty acids
and phospholipids containing photoreactive nitrene or carbene
precursors h:;e been used as an effective means of examining
hydrophobic interactions between phospholipids and proteins
(Greenberg et al., 1976; Gupta et al., 1977, 197%a; Brunner et al.,
1980; Quay et al., 1981). The use oé these‘photolabile compounds has
provided a novel and elegant approach for examining the precise
spatial arrangement of proteins within the bilayer.

The demonstration that G protein contains covalently linked
fatty acid residues in the membrane séﬁnniug domain makes 1t én ideal
capdidate for substitution with one of these photoreactive fatty acid
derivgtives. Dr. Gerber and his group in the Department of
Biochemistry at McMaster is {nvolved in the synthesis of varioug
radiocactive fatty acid analogues which contain the photosensiti#e
diazirinophenoxy (DAP) group. In this respect, a collabgpative
effort was undertaken 1; which the tritiated synthetic photoreactive
fatry acid m—[9-3ﬁ] diazirinophenoxy nonanoate ([3H]
DAP-nonanoate) was used to blosynthetically label VSV.

The use of the compound to label VSV would have two

implications: (1) Since the phosopholipids of the virus would be
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suﬁstituted with the photoreqc{ive derivative, irradiation wouldAmake
ir possible to identify those p;oceins that are in intimate contact
with the hydrophobic core of the membrane. (i1} If the fatty acid
derivative could be used to acy}ate G protein in place of the normal
fatty acids, photoaffinity derivative of G protein would be
producegd. T@is would provide a novel method for examining nearest
nelghbour org;nization in the‘membrane through irradiation dependent
crosslinking to proximate protgins. Thus, by labeling VSV with v
[ H] DAP-nonancate, it shoﬁld be possible to examine
phospholipid—protefL as well as protein—protein interactions ia a non
perturbed system in whicb the probe Is iatrinsically incorporated
during viral.maguratioﬁ and assembly.

Biosynthetic Utilization of [3H] DAP—nonanoate by L Cells

Diazirime containing fatty écids and phospholipids have beén
utilized mainly in recons:isuted artificial membrane systems and only
recently have their biosynthetic potential begn gemonstrated in
prokaryotic cells (Quay et al.; 1981). There have been no reports
that these compounds can be recogniied and utilized for phospholipid
syothesis by eukaryotic cells. This is, of course, aa essential
prerequisite towards the ultimate goal of incotpgrating the fatty
acid derivarive into G protein and the viral, envelope., Thus, initial
experiments were carried out with uninfected L cells to derermine if
[ H] DAP-nonancate could be incorporated into these cells and, more

importantly, to ascertain whether the photoreactive group is

‘
L
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retained and remains capable of underecizs {rradiation dependent
activation.

"~ The chemical structure of [3H] DAP—nonancate is shown in .
Figure 3.4.1 and the synthesis has been described (Leblanc et al.,
1982). Irradiation results in the generation of earbene
intermediates with the consequent formation of intramolecular
crosslinks, -which have been showp to generall; occur by imsertion

iato nmeighbouring C-H bonds (Gupta et al., 1979a, 1979b). This

particular structure has advantages for biologically meaningful

-studies since the phenyl ring to which the diazirine is coupled

allows for activation at 360 nm, a wavelength at which protein and
membrane damage is minimal.

*  For the biosynthetic studies reported here, [3H]
DAP-nonancate was usually solubilized in ethanol to a specific
activity of 2 Ci/umole unlessg noted otherwise. Immediately prior to
use, the material was saponified with an equimolar amount of NaOH and
added to the media such that the final alcohol concentration did not
exceed 0.5 - 12X,

In initial experiments in which incorporation into L cells
was monitored by counting aliquots of a cell suspension after various
timesqﬁf exposure to}thE rad{iocactive medium, it was found that the
inclusion of high concentration of serum in the medium resultéd in
mich lower levels of incorporation. This was presumably due to the
presence of large amounts of endogenous fatty acids in the serum.

Subsequent experiments were carried out in the absence of serum
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~0-CH,~(CH,)- COOH

Figure 3.4.1: Structure of [31‘5] Diazirinophenoxy nonanoate.
The bold face letter‘*‘ indicates the position of the tritium label.
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for relatively short labeling periods (2-4 hrs).

The incorporation of [BH] DAP-nonancate into the
phosphatidylcholine and phosphatidylethanolamine fraétions of L cells
is shown in ?igure 3.4.23 and 3.4.2b, respectively. As can be seen,
incorporation of [BH] DAP-nonanoate increased with time up to 4
hours and was comp;rable with the incorporation of
[BB]-palmitate. Most of the label present in the phospholipid
fraction‘waa found in the PC and PE fractions. This is in agreement
with the phospholipid composition of the L cell membrane (Weinstein

et al., 1969).

" Irradiation Dependent Crosslinking of L Cell Fhospholipids and
Proteins

To demonstrate whether the photoreactive group is retained
and remains capable of irradiation dependent excitation, L cells were
labeled with [3H] DAP—nconancate for 4 hours and photolyzed for
various lengths of time as described in the Methods section. After
photolysis, the lipids were extracted and analyzed by TLC. As shown
in Figure 3.4.3, photoiyais resulted in extensive phospholipid
crosslinking. Photolysis dependent crosslinking was shown to be
essentially complete at the shortest time interval used (5 sec,

Fig. 3.4.3b) and the products formed were found to be unaffected by
further photolysis (Fig. 3.4.3 cd).

SDS polyacrylamide gel analysis of proteins present in [JH]

DAP-monancate labeled L cells before and after photolysis 1s shown



INCORPORATION (nmoles}

TOTAL

189

a .
B Q.6
B ) 0.4}
~ 0.2
] 1 1 1 T T 1
o] 2 4 Q 2

Time (hrs)

Figure 3.4.2: Incorpbraticm of [3H] DAP-nonanoate into L cell
phospholipids. '

L cells were labeled with [JH] DAP-nonancate (2 Ci/mmole)
as described in Methods. At the times indicated, the cells
(2.5 x 100) were harvested, washed 3 times with PBS, and the
phospholipids were extrac;ed 102 of each extract was analyzed
on a silica thin layer plate™{CHCl 3/MeOH/H50, 65:25:4, v/v/v).
The radicactive spots correspo ding to each phospholipid were
visualized by fluorography, redovered, and the radiocactivity was
determined by liquid scintillation counting. The .figure shows )
the extent of incorporation into phosphatidylcholine (panel a)
and phosphatidylethanolamine (panel b). A parallel analysis was
carried out with L cells labeled wifth [3H]-palmitate (17.2 Ci/mmole).
(e) [3H] DAP-nonanoate; (o) [ H] -palmitate,
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Figure 3.4.3: Phospholipid analysis of photolyzed L cells.

L cells were labeled for 4 hours with [JH] DAP-nonanoate
(160 mCi/mmole) after which time the cells were harvested,
washed with PBS, and photolyzed for various lengths of time.
Following irradiation, -the cells were recovered and the
phospholipids were extracted and analyzed by TLC as described in
Figure 3.4.2. Lanes a, b, c, and d, represent the phospholipids
extracted from L cells which were photolyzed for 0, 5, 30, and
60 seconds, respectively. Approximately 100,000 cpm was applied
to each lane. (x) origin.

o
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in Figure 3.4.4. A number .of proteins were shown to be labeled prior
to irradiaticn (Fig. 3.4.4 lane e). This labeling is not due.to
.metabolic conversion of the [3H] DAP-nonancate to amino acids since
the protein pattern is distinct from the‘patCern observed with an
[3SS]—methionine labeled L cell sample analyzed in parallel

(Fig. 3:4.3 lane a). A similar if not identical pattern would be
equ;ted if the labeling was due to amino acid conversion. These
results are in agreement with those recently reported with CEF cells
metabolically labeled with [BH]—palmitate (Schiesinge; et al.,

1980) and supports the finding that a number of normal cellular
pretedns contain covalently linked fatty acids.

The effect of photolysis on [3H] DAP-nonanoate labeled L
cells is shown in Figure 3.4.4 lanes f-h. As can be seen, sowme of
the proteins acylated prior to photolysis are further labgled after
irradiation indicating that they are integral membrane proteins in
close association with the hydrophobic core of the 1ip'id bilayer.
Not all of the proteins labeled prior to photolysis undergo
irradiation dependent increases in radioactivity and others are only
observed after photolysis. This would argue against the possibility
that the products observed prior to photolysis represent products of
partial photolysis by ambient light. More likely, the bands that are
observed prior to irradiation which do not undergo irradiation
dependent phospholipid-protein crosslinking represent soluble
proteins which covalently interact with fatty acids since the total

cell lysate was analyzed.
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Figure 3.4.4;: Photolys!s of L cells labeled with
{-H] -nonanoate.

L cells were labeled for 4 hours with [ S]-methionlne
or [3H] DAP-nonanocate. The washed cells (2 x 106 ) were
suspended in 4 ml of PBS and 1 ml aliquots were photolyzed
as described in Methods. The cells were recovered by
centrifugation, washed with PBS, and incubated for 10 minutes
at 379C in a buffer containing 10 mM Tris-HCl (pH 7.6), 2 mM
CaCl,, 1 mM PMSF, phospholipase A, (100 ug/ml) and
deoxyribonuclease (50 ug/ml). The reaction was terminated with
the addition of electrophoresis sample buffer and the samples
were analyzed on a 102 polyacrylamide gel. Lanes a, b, c, and
d, (3 S]-methionine labeled L cells photolyzed for Q, 2, 4, and
10 seconds, respectively; lanes e, £, g, and h, [-H] DAP-
nonancate labeled L cells photolyzed for 0, 2, 4, and 10 seconds,
respectively.
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The possibility that the irradiation dependent crosslinking
that is observeg_iﬁ/éonspecific could also be ruled cut since the
photolysis pattern invélves only a discrete reproducible subset of
proteins that are different fﬁfm the major prbtéins observed in
[BSS]—methionine labeled samples. 1Inp addition, photolysis of
cdqprol cells labeled with IJSS]-methionine under identical
conditions showed no cha;;e-in protﬁin pattérn. indibating the
absence of an; photolytic protein damage or photoinduced
polyﬁerization of proteins (fig. 3.4.4 lanes a—d).

Since it has been shown that similar fatty acids do .not label
tHe headgroups of phospholipids (Gupta/g; al., 1979a) and that.
carbene precursors once placed in the membrane cannot be reduced b}
agents such as glutathione (Bayley and Knowles, 1978) and in faet
would be rapidly scavanged by water if they reached the membrane
surface, it is concluded that the-proteins labeled upon photolysis
are integral membrane proteins.

Thus, [3H] DAP-nonanocate 1is readily recognized by mammalian
cells and incorporated biosynthetically iqto phospholipidé and
proteins. The fatty acid derivative s0 Incorporated undergoes
Irradiation dependent phospholipid-phospholipid and phospholipid-
protein crosslinking_and.can thus be used for the ldentification of
integral membrane proteins.

Biosynthetic Incorporation of [3H] DAP-nonancate into VSV

Having established the usefulness of the photoreactive fatey

3
acid in the L cell system, the ability to iIncorporate | Hj
-
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DAP-nonancate into VSV was examined. .Incorporation of [3H]
DAP-nonanoate into VSV was roughly linear with increasing amounts of
radicactivity and paralleled the incorporation observed with [33]
palmitate (Fig. 3.4.5). The concentration of serun in the medium was
found to have an effect on the level of lncorporation. Highest
incorporation was achieved when 2% serum was included in the medium.
A high concentration of serum (10X) reduced total incorporation into
virus as did the complete absence of serum. This was alsc the case
when incorporation of [35]—palmitate into VSV was examined in a
similar fashion. The inclusion of 10% serum reduced total
incorporation into VSV by approximately 40% at the highest
concentration of label used. This was presumably due to a large pool

™
of endogenous fatty acigk\conCributed by the serum. The reduction

~,

obaerved in the absence of ;;rum is probably due to decreased levels
of virus production. )

In order to examine if [3H] DAP-nonancate had any effect on
infectious virus production, plaque assays were performed on virus
grown in the presence of different concentrations of the fatty acid.
As demonstrated in Table IV, the presence of [JH] DAP-nonanoate had
little effect on total infectious virus produced. The highest
concentration used (2.5 x 10-4M) reduced infectious virus yvield by
approximately 35%. However, the [3HI DAP-nonancate used in the
experiment had a specific activity of only 160 mCi/mmole. Subsequent
preparations of material having a gpecific activity of 2 Ci{/mmole

reduced the actual amount of compound that was necessary for maximum

=
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FigureIB.é.S: Effect of serum on the incorporation of
[BH] DAP~nonanoate into VSV.

V5V was grown in L cells in the presence of different
concentrations of serum and variocus concentrations of [“H] DAP-~
nonanocate or [3H]-palmitate as indicated. Total incorporation was
determined by purifying the virus in each case and determining
the radiocactivity present in the viral pellet. Panel a,

[’H] DAP-nonanoate (160 mCi/mmole) incorporation; Panel b,
[33]-palmitate (12 Ci/mmole) incorporaticn. (@) no serum;
(a) 2% serum; (&) 107 serum.
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TABLE IV: EFFECT OF DAP-NONANOATE ON INFECTIOUS VIRUS

PRODUCTION

YIELD OF VIRUS

AIDITION 3

L PrU/ML x 10
7

NONE 10.1

6.25 x 107 M DAP—NONANOATE 2.0

1.25 x 10'4 M DAP-NONANOATE 7.1

2.5 x '10-14 M DAP-NONANOATE 6.5

Plaque assays were performed on L cells using VSV which was

grown in the presence of 10 NBCS and different concentrations

of DAP-nonanoate as indicated in the table.
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incorporation. Consequently, all viral labeling experiments were
carried out in the presence of 2Z NBCS and 40 uCi/ml of [3H]
DAP—nonansate (2 C{/mmole).

Phospholipid analysis of VSV labeled with [351
DAP-nonanocate showed that the major phospholip%ﬁ_classes were
biosynthetically labeled with the fatty acid derivative (Fig. 3.4.6).
Most of the label was found in the PC and PE fractions, in agreement
with the phosphdlipid compogition of VSV grown in L cells (Patzer et
al., 1979). '

Thus, the [BH] DAP—onancate modified L cell plasma
membrane is incorporated into budding virions during viral

agsembly. »
. |

Incorporation of [3H] DAP-nonanoate into G Proteini

When [3H] DAP-nonanoate labeled VSV was analyzed onr an SDS
polyacrylamide gel, the only protein labeled was G protein (Fig.
_?.5.7 lane b). The fact that none of the other viral proteins were
.detectably labeled precludes the possibility that the fatty acid was
metabolically converted to amino acids prior to incorporation. Thus,
it i1a possible to bilosynthetically incorporate a fatty acid analogue
in addition thfF in place of the normal fatty acids that_ﬁpg found
on G protein. .

[3H] DAP-nonanoate had no effect on the synthesis of the
various viral proteins as determined by gel electrophoresis of a
virus sample doubly labeled with [3H] DAP-nonanoate and

{BSS]—methionine (Fig. 3.4.7, ldne c¢).
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Figure 3.4.6: Phospholipid analysis of VSV labeled with
[3H] DAP-nonancate. ‘
¥y -

Phospholipids were extracted from VSV labeled with
[3H] DAP-nonanocate or [3H] -palmitate and analyzed by TLC as
described in Methods. Lane a, phospholipids extracted from
[3H])-palmitate labeled vsy (150 000 cpm applied); 1lane b,
phospholipids extracted from [3H] DAP-nonanoate labeled VSV
- (100,000 cpm applied).
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Figure 3.4.7: Incorporation of [BH] DAP-nonancate into VSV
. G protein. '

VSV was labeled with [3H] DAP-nonanocate, [BH]—palmitate,
or a mixture of [3H] DAP-nonanoate and {355]-méthionine. For
dual labeled virus, infected L cells, were prelabeled with f-H]
DAP-monancate and the medium wag replaced four hours post infection
with fresh medium containing. 40 uCi/ml [3°S)-methionine and
50 uCi/ml [3H] DAP-nonancate. Lane a, [3H]—palmitate labeled VSV,
lane b, [3H] DAP-nonanoate labeled VSV; lane ¢, VSV_labeled with

[“H] DAP-nonanocate and [358]—methionine; lane 4, [3 S]-methionine
labeled vsv.

-
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Quantitation of the [3H] radicactivity present in G protein
s a percentage of total incorporation into virus showed that
approximately 1X of the.:otal amount of radioactivity incorporated
‘into VSV wvas present ing & protein. The quantitation was performed by
running [3H] DAP—nqnanoafe labeled virus on a 10% polyacrylamide
gel and determining the radioactivity present in gel slices (see Fig
3.4.12). In this case, of the approximately 110,000 cpm recovered
from the individual gel slices, 1,000 cpm (0.9%) was recovered in the
region of the gel corresponding to G ﬁrotein. In comparison,
approximately 2X of the [SH]—palmitate incorporated into VSV was
present in G protein.

Demonstration that [BH] DAP-nonancate is Covalently Attached
To G Protein.

The fact that the label on ¢ protein was retained after
polyacrylamide gel electrophoresis and subsequent fluorographic
processiné Indicates that the label is very tightly complexed to G
protein. In order to demonstrate whether the [BH} DAP-nonancate is
.covalently attached to G protein, VSV labeled with [BSS]-meChionine
or [3H] fatty acids was separated oula polyacrylamide gel and
treated with hydroxylamine. As shown in ;igrue 3.4.8, NHZOH
treatment results in loss of label from both [3H]—palmitate and
[BH] DAP-nonancate labeled G protein. No detectable loss of

35
radiocactivity was observed when [ ~S]-methionine labeled samples

were treated in a similar manner (Fig. 3.4.8, lanes a and £).



Figure 3.4.8: LEffect of hydroxylamine on [JH] DAP-nonanoate
labeled VSV.

[BSS]—methionine, [3H1—palmitace, and {3H] DAP-nonanocate
labeled VSV were run in duplicate on a 10% polyacrylamide gel.
Following electrophoresis, half of the gel was directly processed
by flucrography while the other half was treated with 1 M NH»OH
(pH 6.6 with NaOH) prior to fluorography. Lanes a, b, and c,
untreated [355]-methionine, [3H] DAP-nonanoate, and [3H]-palmitate
labeled VSV, respectiyely; lanes d, e, and £, NH,OH treated
[3H] DAP-nonanoate, [H]-palmitate, and [35S]-methionine labeled
VSV, rtespectively.
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The covalent nature of the linkage between [3H]

DAP-novancate and G protein was further confirmed by isclating G
protein from labeled virus by detergent solubilization and
delipidizing the G protein by exhaustive organic solvent extraction
(Table V). This treatment resulted in the removal of all but 1.1 of
the radiocactivity found in the G protein supernatant. This value ig
in excellent agreement with the amount of radicactivity found to be
present ou G protein by SDS polyacrylamide gel electrophoresis.

The bound radicactivity was quantitatively released from G
protein by transesterification with methanol {c KOH. 0f the 10,200
cpa remaining bound to G protein following organmic solvent
extractions, 982 became extractable with petroleum ether following
transesterification.

The released fatty acid methyl ester derivatives were
aoalyzed by HPLC (Fig. 3.4.9). As demonstrated in this figure, most
of the radioactivity released from G protein migrated as the
DAP-nonanocate methyl ester. However, significant amounts of longer
chain length fatty acids were also present. Thirty percent of the
applied.radioactivity was recovered in the DAP-nonanocate methyl ester
peak, while 16, 10, and 17% were recovered in the peaks corresponding
to the methyl ester derivatives of DAP—undecanocate, triéecanoate, and
Pentadecanocate, respectively. Thus, it appears that a fraction of
the {33] DAP-nonancate is metabolically converted to longer chain
length species prior to incorporation into G protein. This is in *

3
dgreement with studies involving { H]-palmitate labeled VSV in
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[)
TABLE V: ORGANIC EXTRACTION OF 3 PROTEIN LABELED WITH
[3H] DAP-NONANOATE .

. RADICACTIVITY IN  TOTAL RADICACTIVITY
ORGANIC EXTRACTION ORGANIC LAYER RECOVERED
(cpm) 7

METHANOL -CHLOROFORM (2:1) 8,84 x 10° %
METHANOL-CHLOROFORM-WATER

@:1:0.9) 1.% x 10* 206
METHANOL -CHL CROFORM~WATER 3

Z:1:0.8) 8.0 x 10 0.8
METHANOL-CHL OROFORM—WATER

(2:&?0.8) 1.5 X 103 Q.lB
SUM OF ORGANIC EXTRACTS 9.15 x 105 %.1
RESIDUAL G PROTEIN 1.02 x 104 1.1

[3H] DAP-nonaneate labeled G protein was isclated frcm
labeled VSV by extraction with Triton X100. One ml of the
detergent supernatant (950,000 cpm) was subjected to organic
solvent extractions as indicated in the table. 97.2% of the
radioactivity (923,310 cpm) was accounted for after the
various extractions.
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'Figure 3.4.9: HPLC analysis of radiocactivity associated

. with {3H] DAP-nonanoate labeled G prorein.

[BH] DAP-nonancate labeled G protein was purified as
described in Table V. The fatty acid residues remaining
attached to G protein were transesterified by treatment with
0.1 N methanolic KOH for 20 minutes at 23°C. The resulting
fatty acid methyl esters were recovered by extraction with
petroleum ether, dried, suspended in methanol, and analyzed by
reverse phase HPLC as described in Methods. The flow rate was
2 ml per minute using the gradient shown (A, water; B, methanol)
and 0.5 minute fractions were collected and the radiocactivity
was determined. The solid line represents the fatty acid
methyl ester derivatives released from [3H] DAP-nonanoate
labeled G protein by transesterification. The dashed line.
represents the starting methyl ester derivative of [ZH] DAP-
nonanoate which was obtained from a separate analysis. The
arrows represent the elutlon positions of radicactive markers
corresponding to the methyl ester derivatives of DAP-nonanoate,
undecancate, tridecancate, and pentadecanoate, in order of
increased retention time, respectively. The radiocactive
markers were provided by P. Leblanc. Approximately 6,000 cpm
of the organic solvent extractable material obtained from
the transesterification of G protein was applied to the columnm.
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which small amounts of stearate an& oleate in addition to palmitaté
were found on é protein (Schmidt and Schlesinger, 1979). The peak
eluting at 28.5 min may represent a fatty acid of chain length longer’
than 15 carbons while the two small peaks eluting at 3 and 5.5 min
have oot been identified.

3
Localization of [TH) DAP-nonanoate to the Membrane Interacting
Domain of G

As demonstrated in Section 3.3, all the fatty acids
covelently attached to G protein are present in the carboxy terminal
membrane interacting domain. In order to determine i1f this 1s the
case with the photoreactive fatty acid, [331 DAP-nonancate labeled
virus was digested with thermolysin to remove the external portions
of G and the spikeless virions were isolated and analyzed on a

(polyacrylamide gel. The results shown in Figure 3.4.10 demonstrate
that proteolytic digestion of {381 DAP-nonancate labeled VSV

results in the disappearance of G protein and the appearance of a new
peptide corresponding to the membrane interacting domain of G. When
expressed as a percentage of radicactivity recovered from the gel, it
was found that all the [BH] DAP—nonanoateAlabel present in G“ﬁs
localized in the carboxy terminal domain.

These results taken together indicate that [BH] .
DAP-nonancate behaves in an identical manner to palmitate that is

normally acylated to G protein.

Photolysis of [Eﬁ] DAP-nonancate Labeled VSV

In order to examine the effect of irradiation on VSV labeled
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Figure 3.4.10: Proteolytic digestion of VSV labeled with
[3H] DAP-nonanoate.

Labeled VSV was digested with thermolysin and the
spikeless virions were purified and analyzed on a 17.5%
poelyacrylamide gel as described in Methods. Gel lanes,
corresponding to the different samples, were cut and
sectioned into 3 mm slices. Radiocactivity was eluted from
each slice and counted, Panel a, [“H]- -palmitate labeled
VSV before (__) and after {-—) treatment with thermolysin,
respectively; panel b, (3 H] DAP-nonancate labeled VSV
before (~—) and after (-—) treatment with thermolysin,
respectiv§£ The position of the wviral proteins, obtained
from an [°”S]-methionine labeled VSV sample run on a separate
lane, are indicated at the top of the figure.
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with the photoreactive fatty acid, VSV was photolyzed and analyzed on
a 102 polyacrylamide gel. As shown in Figure 3.4.11, the most
apparent result of photolysils of [3H] DAP-nonanoate labeled VSV is

a large increase in the labeling of thé G protein. 1In order to
quantitate‘this increase, labeled VSV was run on a polyacrylamide gel
before and after photolyais, and the rad{oactivity vas determined
after fractiounating the gel (Figure 3.4.12). In the case of
noo-photolyzed VSV, of the lld,OOO cpu recovered from the gel,
approximately 1000 cpm (0.9%) was recovered in the region of the gel
corresponding to G protein. 1In contrast, of the 179,000 cpm
Tecovered from the photolyzed sample, 16,400 cpm or 9.12 was present
in the region corresponding to G protein. Thqs, photolysia results
in a 10 fold increase in the labeling of G protein. This increase ig
due to the formatiocn of photolytic phospholipid-protein adducts
resulting from the crosslinking of boundary lipids to G protein. If
this is the case, then the increased label should be confined te the
carboxy terminal membrane interacting domain of the glycoprotein,
since this is the region that 1s in direct contact with the 1ipid
bilayer. In order to test this, [3H] DAP-nonanoate labele{ V5V was
photolyzed, digested with thermolysin, and analyzed on a
polyacrylamide gel. As shown in Figure 3.4.13, proteolysis of
photolyzed VSV demopstrates thét the irrgdiation dependent increase‘
in radioactivity in G protein is localized almost exclusively to the
hydrophobiec membrane anchoring domain.

Thus, the irradidation dependent phospholipid-protein
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Figure 3.4.11: Photolysis of [BH] DAP-nonanocate labeled VSV.

[BH] DAP-nonancate labeled VSV was diluted in buffer
contalning 10 mM Tris-HCL (pH 7.5), 100 mM NaCl and photolyzed
for 30 seconds as described in Methods. The virus was recovgged
and analyzed on a 10% polyacrylamide gel. Lanes a, and d, [7“s]-
methionine labeled VSV marker; lanes b and c, [3H] DAP-nopnanoate
labeled VSV before and after photolysis, respectively. Bands
I, IT, III, IV, and VI, represent irradiation dependant products
and have apparent molecular weights of 140,000D, 107,000D,
100,000D, 90,000D, 55,000D, and 24,000D, respectively.

212
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Figure 3.4.12; Quantitation of the irradiation dependent
increase in the labeling of G protein.

[3H] DAP-nonanoate labeled VSV was split into two
equal portions. One of the aliquots was photolyzed prior to
analysis on a 10% polyacrylamide gel. Gel lanes corresponding
to the samples were cut and sectioned <into ? mm slices. The
B;iioactivity was_eluted from each gel slice and counted.

es a and b, (3H) DAP-nonanocate labeled VSV before and
fter photolysis, respectively. The positions of the viral
Proteins are indicated at the top of the figure,
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Figure 3.4.13: Proteolytic digéEEIEH of photolyzed [3H] DAP-
nonanoate labeled VSV.
o

[3H] DMB-nonanoate labeled VSV was photolyzed, digested
with thermolysin, and analyzed on a 17} polyacrylamide gel.
Gel lanes were cut and sectioned into 3 slices and the

- radioactivity was eluted and counted. (——)_before treatment

with, thermolysin; (--—-) after treatment with ‘thermolysin. The
position of cytochrome ¢, which was used as a molecular welght
marker, is indicated. Of the total radiocactivit recovered,

6.5%7 was present in the G protein peak in the pﬁizglyz d sample

prior to enzymatic digestign whil pproximately 8% of the total
recovered radicactivity was\presdpt in the membrane anchoring
4/ .

fragment after digestion. d‘,/
(7 \
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crogslinking is confined to the hydrophobic core of the membrane and
accuratgly identifies G protein as an integral membrane protein. This
18 readily apparent from the fact that none of the other viral
proteins, especiaily the M protein, were detectably labeled following )
photolysis. This is partiéularly imp;rtant in the case of M protein
since M has been identified as a membrane protein bj.various
criteria. The fact that the M protein 15 not iabelgd to any extent
following {rradiation indicates that it does naqt penetrate the lipid
bilayer to a significant extent. Thus, photolysis of IBH]
DAP-nonanoate labeled VSV identifies only those membrane proteins
that are in {ntimate coatact with the hydro;hobic core of the 1lipid
bilayer.

The bilosynthetic 1ngorporacion of [3H] DAP—nonanoate ;nto
the G protein affords a nearest neighbour probe of this integral
membrane protein since the cérbeue generated upon photolysis will
react with all groups within its vicinity.

In addition to the irradiation dependené increase in labeling
of G protein, photolysis of [BH] DAP-nonanocate labeled VSV results
in the appearance of new protein species of molecular weight higher
than G as well as some species that exhibit a lower moleculaffweight
(Fig. 3.4.11).

The photoinduced higher molecular welght species are -
designated I, II, III, and IV and are shown more clearly in Figure

3.4.14 which represents a densitometric scan of this region of the

gel shown in Figure 3.4.11, lane ¢. The compounds I, II, III, and IV

kN
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Figure 3.4.14: Densitometric scan of the high molecular
welght proteins present in photolyzed
[“H] DAP-nonancate labeled VSV.

The high molecular weight region of the autoradiogram
shown in Figure 3.4.11 was scanned with a Joyce-Loebl
microdensitometer. The major irradiation dependant peaks
and their estimated apparant molecular weights are indicated
in the bottom pamel. (x) indicates ,a deflection arising from
the interface between the stacking and separating gel.

[
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were shown to have molecular weights of 140,000, 107:@00,2100,000,

and 90,000 D, respectively, based on their electrophoggtic mobilities.
The appearance of these protein species 1is eﬁtirely dependent on the
presence of the photoreactive fatty acid since photolysis of
[BH]—palmitate labeled VSV did not result {n an increase in

labeling of G protein or the appearance of new protein species (Fig.
3.4.15, lanes b and é). Photolysis of [358]—methionine labeled VSV
resulted in a stable protein pattern except for the appearance of a
minor species below L protein which had an apparent molecular weight
of 175,000 D (Fig. 3.4.15, lanes d and e). The origin of thls

specles 1s not known but its appearance wad variable depending on the
length of photolysis. It is not due to photopolymerization of G
protein since the species 1is not produced upon photolysis of;[BH}
palmitate labeled virus. It may be the result of a variable
degradatiocn of L protein since given the large size of L ﬁrotein
Q190,000 D) it would be the most susceptable to photolytic damage.

Identification of Photoinduced Protein Species

The photoinduced high molecular welght species produced by
irradiation of [3a] DAP-nonanocate labeled VSV could be the result
of two things. They may bg due to the presence of minor host derived
protein species present*iﬁjthe viral membrane that become labeled
after photolysis by phospholipid—protein crosslinking. For instance,
Hecht and Summers have demonstrated the existence of H?
histocompatability antigens of mouse cells in highly purified

preparaticns of VSV (Hecht and Summers, 1972, 1976). This may
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Figure 3.4.15: Photolfsis of [BH]-palmitace and [355]—methionine
labeled VSV.

Labeled virus was photolyzed as described in Methods and
analyzed on a 10% polyacrylamide gel. _Lane a, [3%S)-methionine
labeled VSV marker; lanes b and c, [BH]-palmitate labeled VSV
before and after photolysis, respectively; lanes d and e,
[355]—methionine labeled VSV before and after photplysis, respectively.
The arrow in lane e indicates a new species resulting from the
irradiation which has an apparent molecular weight of approximately
175,000D0 and is only present in the [355]—methionine labeled sampla.
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explain the appearance of protein species below G protein followling o
photolysis (labeled V in Flg. 3.4.11). More rec;;tly, Lodish and //
Porter have used surface labeling techniques to deteet migor species
of host derived proteins in the ménh@ane of purified VSV (Lodish and
Porter, 1980). The major species detected had molecular weights of
110,000 and 20,000, respectively. This is cons{stent with the
species labeled VI in Figure 3.4.11 observed after Photolysis of ¥SvV.
This protein has a molecular welght of 24000 D based on irs
electrophoretic mobility. If this {s the case, then this protein is
likely to be transmembranal given the large irrad{ation dependent
increase {in labeling that it exhibits.
The second possibility is that the high molecuiar we#ght
species represent producgg of protein—protein crosslinking mediated
by the photoreactive fatty acid covalently attached to G ﬁrotein.
Based on apparent molecular weights, the compound designated I is A\
v
consistent with a G—G homodimer while compoundq Il and III have ¢
molecular weigh&s—aoreucons%bﬁen: with a-GM heterodimer.
One method of examining wh€ther in fact thege species are due
to procain—proteiﬁ crogslinking mediated by G protein is to
immuncprecipitate photolyzed VSV with apecific antibodies raised iy
against the various viral proteins.
Initial attempts were unsuccesﬁfdl’due to the small amount of

label present in the photoinduced species. Recently, an ™

ultrasensitive lmmunoblotting technique has been developed to detect
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proteins present in trace amounts (Towbin et al., 1979). The
technique {nvolves fractionating proteins of interest on a
pelyacrylamide gel a&h then transferring the proteins onto a
nitrocellulose membrane. The immobilized proteins are then reacted
with a specific antibody and the antibody-protein complex is then
detected by reaction with radic{odinated Pfocein A. This technique
allows for the detection of as iittle as 100 pg of protein.

This procedure was used to characterize the specles produced
following photolysis of VSV. Thus, [3H] DAP-nonancate labeled VSV
was photolyzed, runm on a polyacrylamide gel, ;ransferred onto

) nitrocellulose, and immunobloit?i/x{:h gspecific viral antibodies
followed by reaction with [li'I] Protein A. The results are shown
\\‘_J,‘d//;;2$igure 3.4.16. In the case of antibody directed against G
—
protein, two-higher molecular weight species, in addition to G
protein, were detected in the photolyzed sample (Fig. 3.4.16,
lane d). These two specles have molecular welghts of 160,000 and
140,000 D, respectively. The 160,000 D specied‘:;s present in the
nonphotolyzed sample (lane c¢), thus the 140,000 D species {s the only
bonafide photoinduced compound reactive with anti-G antibody. This
species corresponda in molecular weight to compound I of Figure
’ \?\3.4.11. No other proteins were detecPed with anti-G antibody. Thus,
(

the other photoinduced species do not have a G protein compoaent. The

fact that the 24,000 D species was not detected by the

- . b

radioiodination suggests that it does not represent a breakdown

product of the G protein. "
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Figure 3.4.16: Immuncblotting of [3H] DAP-nonanocate
labeled VSV.

[3H] DAP-nonancate labeled VSV was photolyzed, split
into 4 equal portioms, and run in separate wells on a 10%
polyacrylamide gel along with an equivalent amount of non-
photolyzed sample and an (33$)]-methionine labeled VSV marker.
Following electrophoresis, the proteins were electrophoretically_
transferred onto a nitrocellulose membrane. The membrane was
cut into lanes corresponding to the different samples and
reacted with various VSV specific antibodies. ThHis was
followed by reaction with [12511 protein A as described in
Methods. ‘Shown here is an autoradiogram of the immuncblots as
visualized with the aid of an intensifying screen. Lane a,
[358]-methionine labeled VSV marker; lane b, non photolyzed
[3H] DAP-nonancate labeled VSV; lanes d, e, £, and g, photolyzed
[3H] DAP-nonancate labeled VSV reacted with specific antibodies
directed against VSV G, N, M proteins, and normal serum,
respectively., Lanes a agd b were gxposed for longer times in
order to visualize the [“H] and [3 S] radioactivity. Lane
¢ was exposed for 30 minutes while lanes d-g were exposed for
13 minutes. The open arrowhead in lanes c and d represents a
G protein antibody reacting species which is present in the
virus prior to photolysis. The filled in arrowhead represents bf/”
an irradiation specific species present only in the photelyzed
sample and reactive only with anti-G antibody. This species
has an apparant molecular weight of approximately 140,000D.
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Only the N and M proteins were detected when the photolyzed

sample was reacted with antibody directed against N or M protein,

respectively (Fig. 3.4.1§, lanes e and f). Therefore, none of the
new protein species produced by photolysis contain an‘N or an M
component. .
This reinforces the assignment of the 140,000 D photoinduced
species as a ﬁgﬁifide G-G homod imer and rules out the posgibility
that compouhds II anod III represent G-M heterodimers. Thus, at least
a portion of the G protein molecules exist in the membrane in close
enough proximity to each other to form dimers upon photolysis. This
dimer formation {is likely the result of stable proteimprotein
iateraction rather than due to collisional interactions. Studies
examining the rigidity of the viral membrane and the fluidity of G
protein in the lipid enviromment have invariably demonstrated 'that
the viral membrane is cohsiderably mere rigid than the pla§ma
membrans (Altstiel and Landsberger, 1981; Landsberger and Aitstiél,
1980; Landsberger and Compans, 1976). As a consequence, the lateral

mobil{ity of G protein is much reduced. e ‘\

The immunoblotting experiment also indicates tha% the

-

remaining photoinduced aspecies (compounds II, III, IV, V, and VI)
represent minor species of host proteins present in the viral
preparation since they were not reactive with any of the specific
antibodies tested.

The results put forth in this section have demonstrated the

usefulness of biosynthetically utilizing photoreactive fatty acids

-

-~
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as a general means of examining membrane topology and, ia ,articular, !
as a unique way of identifying integral membrane proteins. ‘This Qas
readily apparent in the case of VSV where the nature of the membrane
interaction of the G and M proteins were clearly demonstrated. In
tﬁis cage, photolysis of [3H] DAP-nonanoate labeled VSV resulted 1n:
extengive pﬁosﬁholipid crosslinking to G protein, an ;ntegral
membrane protein, however, no crosslinking occurred with the H‘
protein. In addition, the demonstration that a photoreactive fatty ’
acia could be covalently attached to G protein and used as a
'pho:oaffinity label of this protein has provided insight.on tﬁe

nature of some of the protein—protein idﬁeractions'occurring'in the

viral envelope.

w3
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SECTION 3.5: INCORﬁjaATION OF THE MATRIX PROTEIN M INTO PHOSPHOLIPID
VESICLES AND ITS JASSOCIATION WITH THE NUCLEOCAPSID PROTEIN N

The nomglycosylated M protein of VSV is believed to be
localized on the inner surface of the viral memérane (Cartwright et
al., 1969; Wagner et al., 1970) and to play an important role in
viral maturatioﬁ through its interaction with the, glycoprotein
modified.lipid bilayer and the RNP core (Shnitzer and Lodish, 1979).

Fluorescent photobleaching studies have shown thar M protein
modulates the surface mobility of G protein (Reidler et al., 1981;
Johnson et al., 1981) while.other sEudies have degbnstrated that M

L)
protein can interact with the nucleokapsid (Mancarella and Lenard,
1981; Wilson and Lenard, 1981). M pLotein appears to play a
functional role in maintaining the nucleocapsid in a condensed form.
In the absence of M protein, the hucleocapsid was shown to exist in
an extended form while in the presence of M, the nucleoc;psids were
found to more closely resemble the native RNP (Newcoab and Bréwn,
1981; Newcomb et al., 1981).

The close association of ghe M protein with &he viral or
cellular 1ipid has been demonstrated with the use of hydrophobic
probes (Pepinsky and Vogt, 1979; Zakowski and Wager, 1980) and cell
fractionation studies (Morrison and McQuain, 1978),. However, no
direct evidence exists that M protein interacts with the viral
némbrane. The studies with the photoreactive probe described in the

]

previous section indicate that M protein does not penetrate the
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envelope to an appreciable extent, if at all. Since the M proteig is
protected from proteolytic digestion because of its internal
location, it is not possible to carry out the type of experiments
that were done with G protein; Therefore, we decided to examine the

affinity of M proteim for membranes by attempting to reconstitute the

g

purified protein into artificial phospholipid vesicles.

These artificial membrane systems seem to reflect the true
nature of proteimrlipid interaction, at least in the case of viral
glycoproteins. éor instance, studies with the glycoproteins of VéV
'(Petri and Wagner, 1379, 1980; Miller et al., 1980) Semiiki Forest
Virus (Helgnius et al., 1977) and influenza virus (Huang et.al.,
1979; Hsu et al., 197%) have demonsfrated that the glycoproteins

: ~
insert into articifical vesicles in a manner analogous to that found
in the normal yiral envelope. In addition, reconstituted G protein
lipid vesicles were able to inhibit st infection (Miller et al.,
1980; Miller a;J Lenard, 1980) and liposomes containing glycoproteins
of influenza virus were shown to undergo fusion with cell membianes
(Huang et al., 1980). ]
Associlation of M Protein with Arcificial Phosgholipid Vesiclesh\H

T T——

. ~—
Recancly,\kbe nature of the lipid-protein interaction of the

A :
M protein of ipnfluenza virus has been examined by incorporating the

purified protein into lipid vesiclesg (Gregoriades, 1980; Gregoriades

a f;;hg{iii:’i?Bl). A sipilar approach was used to determine if M

proXelin of VSV has an affinity for lipid vesicles.

e VSV M protein is difficult to study because of
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.
- aggregation and solubility problems. The M protein used in this

\h_/‘—-/_—

study was obtained directly from polyacrylamide gels or purified from

VSV by detergent extraction and gel permEEEion chromatography as

-

deséribed in Methods. 1In b?iﬁ cases, the protein was judged to be at
least QOIIpure by gel electrophoresis. figure 3.5.1 shows the
purified M protgin that wag obtained by elution from polyacrylamide
gels. Theuprotein was extensively:washedﬂwizh ethanol-ether and .
acetone to remove S5DS and finally suspended in buffer conEainiﬁg 12

deoxycholate. The protein was insoluble in aqueous buffers in the

abaence‘of detergent.

Nondenatured M protein was obtained by extracting VSV with

. octyl’ﬁrﬁggzide in the presence of 0.25M NaCl. The supernﬁtant was
\ . -
ticnated on an Ultrogel AcA—54 column and the M protein collected
N e

— .,
(F1 .\315b3).f Octyl glucoside was used for the detergent disruption

of Triton X100 since it is much easier to remove by

To investigate the ability of purified M protein to interact
.. with 1ipid vesicles, the proteln was mixed with phosphatidylcholine
iu the presence of 1% DOC and vesicles were formed by removing the
{ {_detergeut by dialysis. The association of protein with 11ipid was

determined by floating the mixture through a sucrose gradient.

During equilibrium centrifugation, -intact lipid 4h§icles will band in
v N

P
»

the sucrose gradfent according to their densities. If proteins are

N\
*\1 tightly assoc{Ated with the lipid, they willq?loat upwards, otherwise
-

they will remain at the bottom of the tube (Klenk et al., 1974). _
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Figure 3.5.1: Purification of M protein by polyacrylamide
gel electrophoresis.

VSV specific proteins were separated on a 10%
polyacrylamide gel and the region of the gel was excised and
the protein eluted ‘and purified as described in Methods. The
purity of the protein was determined by running an aliquot on
a polyacrylamide gel. Lane a, [33S}-methionine labeled VSV
lane b, purified M protein labeled with [3°S]-methionine.
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Figure 3.5.2: Purification of M protein by detergent
"t extraction.

-

_SS]—Methionine labeled VSV was extracted
with ectyl-D-glucoside and fractionated on an Ultrogel AcA-54
column as described in Methods. The peak elutin between
fractions 18-23 was pooled, dialyzed, and analyzed on a 10%
polyacrylamide gel. V indicates the void volume as determined
with Blue Dextran. °

Right: [3

Left: The figure shows a densitometric scan of the
autoradiogram of a 10% polyacrylamide gel of the purified
M protein. Lane a, [35S]-methionine labeled VsV marker;
lane b, supernatant recovered after high salt detergent
extraction and centrifugation of VSV; lane ¢, purified M
protein, '

.
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the bottom and aliquots were assayed for radicactivity. As seen in
'Eigure 3.5.3, M protein extracted from polyacrylamide gels and
reconstituted in the absence of PC remained at the bottom of the tube (T‘ )/)
following centrifugation (panel a). However, wvhen M was mixed with
PC prior to detergent dialysis, it floated upwards dua to 1its
association with the 1ipid vesicles. The peak of radioactivity,;/
coataining [355]—methiouine labeled M protein and‘PC vesicles had a
density of 1.09 g/ml and approximately 60X of thekznput radicactivity
was incorporated into the vesicles with the remainder- having pelleted
to the bottom of the tube (panel b). Nondenatured M protein purified
by the detergent extraction procedure.also exhibitied a strong
affinity for 1ipid vesicles (Fig. 3.5.4). In this case,
approximately 452 of the M protein floated upwards with lipid
vesicle;. ‘

It was glso demonstrated that M protein could spontaneously
interact with preformed vesicles. This was accomplished by mixing
detergent free M protein (detergent removed by dialysis) with
preforped PC vegicles, vortexing the aixture; and floating it through
4 sucrose gradient. As shown in Figure 3.5.3, paue{ c, approximately
902 of the M protein was reconstituted when preforme;\iGEicles weTe
used. In this case, the peak containing M protein and phospholipid
had a density of 1.085.g/ﬁ1.

Thus, ﬁ proteln, irrespective of methed of isolation, has a

strong affinity for phospholipid vesicles whether the reconstitution



Figure 3.5.3: Incorporation of polyacrylamide gel purified
M protein into artificial lipid vesicles.

[3SS]—methiouine labeled M protein, purified directly
from polyacrylamide gels, was added to dried egg phesphatidyl
choline in the presence of 17 Na ‘deoxycholate and reconstituted
by detergent dialysis as described in Methods. After flotation
centrifugation through a 5-30% sucrose density gradient,

fractions were collected from the bottem of the tubg and

aliquots were assayed for radioactivity. Panel a, reconstitution
of M protein in the absence of lipid; panel b, recomnstitution
of M protein in the presence of lipid (protein/lipid ratio,

1:10, w/w); panel c, recomstitution of* detergent free M

protein with preformed phospholipid vesicles (protein/lipid ratio,
1:10, w/w). The density of the fractions collected was
determined by refractometry.
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Figure BT;Tﬂ: Incorporation of detergent extracted M protein
into artificial lipid vesicles.

[353]—Methionine labelled M protein, plrified as described
in Figure 3.5.2, was reconstituted with phosphatidylcholine
(protein/lipid ratioc, 1:10, w/w) by detergent dialysis. The
figure shows the profile obtained from the sucrose density
gradient following centrifugation. (o) M protein reconstituted
in the absence of lipid; (e) M protein reconstituted in the

presence of lipid. ’
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was done by the detergent dialysis procedure or with preformed
vesicles. This is apparent from the fact that the M protein floated

upwards. through a sucrose gradient against a centrifugal force in"

excess of 100,000 g.

-

The M protein-lipid interaction observed is not-due to
nonspecific electrostatic associution since M protein remained
associated with the-vesic1ES'even after reflotationﬂon 4 sucrose
gradient containing 0.5 M NaCl (Fig- 3.5.5). .The fact that salt does
not disrupt the association indicates that the Interaction is at

least parcly hydrOphobic in nature..

In order to demonstrate that the M protein reconstituted by

v

the detergent dialysis procedure was not due to physical entrapment

of the protein during vesicle formation, reconstituted vesicles were

isolated, treated with thermolysin, and reisolated on flotation

grddients- The protease treated vesicles were pelleted and aualyzed

ot -
‘on a polyacrylamide gel. Analysis of the vesicles by gel

electrophoresis showed that all the M protein was susceptible to
proteolytic attack (Fig. 3.5.6, lane ¢). Thus, the M protein is

present on the external surfece of the lipid vesicles and the

observed interaction is therefore not due to physical entrapment

during vesicle formation.

~

The incorpordtion of M protein into lipid vesicles, was

further studied by reconstituting M protein which was labeled with
[ H] glycine, leucine, valine, and phenylalanine with lipid

vesicles. The reconstituted vesic¢les wete then digested with either

[}
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figure 3.5.5: Effect of salt on the association of M protein
with lipid vesicles. . :

[3SS]-Hethionine labeled M protein was reconstituted with

phosphatidylcholine vesicles by detergent dialysis as described

in Methods, Following gentrifugation, the peak fractions from

. the gradient were—poo¢65 and the vesicles were recovered by
centrifugation. The pellet was suspended in 0.05 M Tris-HC1

(oH 7.6), 0.005 M KC1, 0.5 M NaCl, made 407 with respect to

sucrose and re-analyzed by flotation through a 5-30% sucrose

density gradient. :
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Figure 3.5.5: Effect of salt on the

with lipid vesicles, '
’ S

[ %5 I-methionine laPeiied &
phosphatidylcholine by deteréent dia
The peak fractions were pooled, and
by centrifugation. The pellet was
(pH 7.6), 0.005 M KC1 , 0.5 M NaCl, .
sucrose and reanalyzed by flotation

density gradient.

-

—

I |

N

‘association of M protein

protein was reconstituted with
lysis as described in Methods.
the vesicles were recovered
suspended in 0.05 M Tris-HCl
made 40X with respect to

through a 5-30% sucrose

-
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Figure 3.5.6: Polyacrylamide gel analysis of M protein

Incorporated into lipid vesicles.
-

Thexﬁeak fraction in Figure 3.5.2, panel b, was collected
and the veaicles pelleted by centrifugation. The pellet was
suspended and one half of the sample was incubated with thermolysin
(protein/enzyme ratio, 3:1, w/w) a¥ described in Methods. Following
incubation, the vesicles were made 40X with respect to sucrose and
reisolated by flotation through a sucroge gradient. The vesicles

were recovered and analyzed on a 15% polyacrylamide gel. Lane a, - N
[355]—methionine labeled VSV; lane b apd ¢, M protein containing \
vesicles before and after treatment thermolysin, respectively.
\\'\
N T
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thermolysin or trypsin and analyzed on flotation gradgents. The
results presented in Figur; 3.5.7, a and b, show that apprgximately
10Z of the radiocactivity assoclated with the vesicles floated upwardé
to a density of 1.09 g/ml while the rest of the radioacfivity was

}
removed by the protease treatment and remained at the bottom of the

\
tube. Since it was shown previously that none of the M protein

remains intact following proteolytic digestion (see Eigf/EZS.é, lane
e

¢), the evidence suggested that a part of the M prdtein was protected

from proteolytic digestion by being associated with the lipid
RN
vesicles: ! Analysi’s of the waterial present 1n the vesicles before

and after digestion with protease showed that all the M protein was

sensitive to proteolytic treatment, however, small peptides remained

assoclated with the vésicles (fig. 3.5.8). These peptides, having an
apparent molecular GEight in the range of 4 - 5000 D presﬁmably
represent that region of M}protein that is directly interacting with
the lipid bilayer and thgg}inaccessable to proteo%y{ic digestion.

The fact that the M protein was codkletely digestéa\h}-che added .

T

proteases suggefj}d that the M protein assoclated with the vesicles ’

had an external orientation and thus the material floating upwards
f
s /
after préhaolytic digeseion did not represen?‘undegraded M protein or

J' ~—
M protein entrapped within the vesicles. L

In order to invest

\gate whether tryptic fragments of M

protein are able to assof}‘ ‘x:th'lipia'vesicles, detergent free M

=t

fle, leucine, valine, ang

2 -
phenylalanine was digested with trypsin. The trygptic fragments were

A

R

-
4

R

—



- 242

Figure 3.5.7: Proteolytic digestion of lipid vesicles -
containing M protein.

L]
\}\‘ : 3 "%
‘ Purified M protein, labeled with [ H]-glycine, \\)
valine, leucine, and phenylalanine, was reconstituted into
phospholipid vesicles as described. The vesicles were (
’ﬂ,”freated with.trypsin or thermolysin (protein/enzyme ratio, N
) 3:1, v/v) and analyzed by flotation through a ‘'sucrose
gradient., Panels a and b show t flotation profile obtained
s when vesicles containing M protein were treated with trypsin
and thermolygin, respectively. Panel .c shows the profile
obtained with M protein that was treated with trypsin prior
to incorporation into preformed'phosgholipid vesicles.
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Figure=3.§.8:"Eolyacrylamide gel analysis of M protein

containing lipid vesicles after treatment
; with trypsina,

—

" The peak fraction shown in Flgure 3.5.7, panel a, .
was collected and the vesicles were pelleted by centrifugation.
The pellet was suspended in electrophoresis sampl

. ) e buffer
and analyzed on a 20% polyacrylamide gel.

The figure shows. -
a _densitometric tracing of the autoradiogram. Lane a,

[355]-methionine labeled VSV; 1lanes b and ¢, lipid vesicles

containing M protein before and after treatment with trypsin,

_Tespectively. Molecular welght markers, which were visualized
by staining the gel with Coomassie Blue, included cytochrome c
(12,600D), aprotinin (6,500D), and insulin (3,500D).
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added to preformed phespnolipid vesicles, vortexed, and anaiyzed by
flotation through a sucrose gradient. As shown in Fig. 3.5.7, panel

c, all the radicactivity remained at the bottom of the tube. Thus,

tryptic fragments of M bro:ein did not associate with lipid vesicles

to an observable extent.
Associatiog/ég/: Protein with Lipid Vesicles Containing M Protein
——

The ability to reconstitute the M protein on the external
surface of phospholipid vesicles provides a model system with which
oue can directly investigate protein—protein interactions.

Much of the available evidence suggests that the association

of the viral nucleocapsid with the envélope occurs through

interaction between N and M proteins (Mancarella and Lenard, 1981;

Mudd and Swanson, 1978; Shnitzer and Lodish, 1979; Wilson and Lenard,

1981; Kaipe et al., 1977; Wagner, 1975). To directly test thig idea,

1ipid vesicles were reconstituted in the presence of elther N protein

§loue, or a mixtu;e of N and M proteins. The results shown 1in Figure
3.5.9, panel a, demonstrate that N protein has no affinity for Iipid
vesicles and thus remained at the Sottom of the gradient. When,
hOﬁfver, an gqual mixture of N and M proteins, both labeled with
[355] methioniue, wag reconstituted with phosphatidylcholine
vesicles,‘a radicactive peak was observed in the suc;ogg gradieng at
a density of 1.10 g/ml (Fig. 3.5.9, panel b). When a mixture of G
and N protein was used for the recbnstitution, a peak of
radioactivity was obsetved at a density of 1.05 g/ml (Fig. 3.5.9,

panel c).

246
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Figure 3.5.9: Association of N protein with lipid vesicles.

[355]—Methionine labeled M, N, and G protein, were
purified from polyacrylamide gels and equivalent amounts of
N and M proteim, or N and G protein, were mixed with phospholipid
(protein/lipid ratio, 1:5, w/w) and reconstituted by detergent
dialysis. Panel a, flotation profile of N protein
reconstituted with 1lipid vesic%esi panel b, reconstitution of
a mixture of N and M protein with 1lipid vesicles; panel c,
reconstitution of a mixture of N and G protein with lipid
vesicles. {
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To establish the ideutity of the proteins asgociated with the
vesicles at thege densities, the vesicles vere sedimented and
analyzed by gel electrophoresis. The results show that the peak
obtained from the reconstitution of a mixture of N and M proteins
contained both N and M proteins (Fig. 3.5.10, lane b). The ratio of
N to M was approximately 1:3 as determined from a densitomecric
tracing of the autoradiogram. This ratio was arrived at after
correcting for the number of methionines present.in the respective
proteins as determined from cDNA sequences (Rose and Gallione, 1981;
Galliome et al., 198l). Similar r;sults were obtained when N protein
and detergent extracted nondenatured M protein wvas used for the
reconstitution (Fig. 3.5.10, lanes f and. g}. In this case, the N to
M ratio was approximately l.1:1.

In the control experiment where an equal amount of G and N
protein was used for the reconstitution,.the only species present in
the peak that floated upwards was G protein (Figure 3.5.10, lanes d
and e}. The density of the peak (1.05 g/ml) agrees with the value
obtained previously by Petri and Wagner (1979; 1980) when purified G
protein was incorporated into artificial PC vesicles.

Thus, it appears that N proteln can associate with lipid
vesicles only in the presence of M protelin.

Reconstitution of N Protein and M Protein Synthesized in vitro

The N protein used in the above reconstitution studies was

isoclated from'polyacrylamide gels and, thus, presumably in a
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Figure 3.5.10: Polyacrylamide gel analysis of proteins
. associated with lipid vesicles. 4 -

The peak fractions from Figure 3.5.9, panels a and b,
were recovered by centrifugation and analyzed pn a

polyacrylamide gel. Lane a, [355]~methionine labeled VsV,

lane b, lipid vesicles recovered from the reconstitution of

4 mixture of N and M proteins; lane e, mixturgé of G and N
proteins prior to reconstitution; lane f, vesieles- recovered
from the recomstitution of a mixture 0f G and N proteins. )
Lanes ¢ and d represent a separate experiment in which N

protein and M protein which was purified by detergent extraction
as described in Figure 3.5.2 was used for reconstitution.

Lane ¢, mixture of N and M proteins prior to reconstitution;
lane d, vesicles recovered from 4 reconstitution of a mixture

of N protein and detergent extracted M protein,



4

251



252

denatured state. The résults observed may thus aot truly reflect the -
type of interaction that may be occurring in vivo.

The iséiation of N protein from virions or from infected
cells in a soluble nondenatured state is difficult becaugse of its
rapld association with npucleocapsid structures socn after its
synthesis (Hsu et al., 1979). One possible way of overcghing these
problems is to perform reconstitutions with proteins synthesized in
yitro using soluble cell free protein synthesizing extracts. The
proteins synthesiza{fgg‘zigzg would have distinct advantages since
they would be soluble in a membrane free eﬁvironment because they are
made in very low amounts. In addition, the fact that viral
replication and tramscription is not occurringgsfecludes the
possibility of forming RNP complexes. ‘

Reconstitution experiments were, therefore, attempted with
proteins synthesized 1n vitro. The source of viral mkNA was an 5S4
eitract from VSV infected L cells (Toneguzzo and Ghosh, 19765.
grotein syathesis was carried out using a rabbit reticulocyte cell
free lysate (Pelham and Jacksonm, 1975). Figure 3.5.12, lanes b and
¢, show the proteins synthesized in the reticulocyte lysate in the
presence or absence of viral gpecific mRNA.

For the reconstitution experiments, viral proteins were
#ynthesized in the presence of [355]-methioniue. After a one hour
'1ncubation, unincorporated radicactivity was removed by dialysis.

The reaction mixture was then wixed with 100 ug of preformed PC

.
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vesicles, vortexed for five minutes, and made 40% with respect

sucrose. The mixture was then floated through a discoatinucus
[

sucrose gradient. In this case, the gradient consisted of on¥y a
sucfﬁse solution overlaid on the 40% sucrose solution. Thus, after
eguilibrium centrifugation, the lipid vesicles and any assoclated
mgﬁerial should float to the top of the centrifuge tube. This type
of gradient, rather than the linear gradient, was used since it was .
not possible to dgtermine the protein to L&pidmnagaa\zi the starting
material. ) " :
Figure 3.5.11, panel b,‘éiows the profile of radicactivity
obtained from the gradiemts that contained in vitro synthesized
progeins and preformed phospholipid vesicles. Most of the [355]—
methionine labeled proteins synthesized in the reticulocyte lysate
remained at the bottom of the tube, however, approxigately 10Z of the
input radioactivity floated to the top of the tube. In the case
where the reaction contained vesicles but was ;;t programmed with \\
exogenous viral mRNA, all the radicactivity remained at the bottom of
the tube (Fig. 3.5.11, panel b). When the reaction was programmed
with viral mRNA but no phospholipid vesicles were added, the
radioactivity.also remained at the bottom of the tube. Thus, the
peak observed at the top of the grédienc in panel b of Figure 3.5.11

must represent viral specific proteins made in the cell free extract

that are-associated with the lipid vesicles. When the phogphe¥ipid '

containing EFractions were recovered by centrifugation and analyzed by~

gel electrophoresis, it was foun!v;;;t both N and M proteins were
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Figure 3.5.11: Association ofrin vitro synthesized proteins
with 1lipid vesicles. :

VSV specific proteins were synthesized in vitro in a
nuclease treated reticulocyte extract as described in Methods.
After a 30 minute incubation, the reaction was dialyzed to
remove unincorporated label and mixed with preformed
phosphatidylcholine vesicles. The_mi%ture was vorxeted, made
40% with respect to sucrose, and floated through ‘a layer of
35Z sucrose. Panel a, flotation pattern of a reaction mixture
which was not programmed with exogenous VSY mRNA; panel b,
flotation pattern of a reaction mixture rogr‘iggd.yith vsv
mRNA; panel ¢, flotation pattern of VSV mRNAL grammed
reaction mixture reconstituted in the absénce pfﬁibid vesicles,
The amount of starting radiocactivity ( approxima ely 250,000
cpm) was the same for each reconstitution.

»
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associlated with the vesicles. (Fig. 3.5.12, lane f). The ratio of N
to M was found to be.approkimately 1:2.3 ;s determined by a
fﬁdensitometric scan of the autoradiogram. This is in contrasﬁ to a
“ “ratio of N/M of 3:1 found in the proteins synthesized in vitro prior
to reconscitition (see Fig. 3.5.12). The asgsociation of in vitro
synthesizeq_ﬂ anod N with the lipid vesicleswas not due to protein

entrapment since preformed vesicles were used for the

reconstitutions.

-

- At least some of the N protein was very tightly asscciated
since the interaction could not be disrupted by the inclusion of 0.5~ )
M NaCl to the 35Z sucrose solution prior to flotation (Fig. 3.5.12,
lane g).(/Thé'inclusion of salt in the gradient resulred 1g a change~
in the ratio of N to M from 1:2.3 to 1:4.5 (Table VI). Thus,
-approximately half of tha ® moleculeg that are esenE'with M in the

s . 3

lipid vesicles {fn be removed by high salt treatment.

f No proteins were present in the membrane fraction of the

' EY

%radient when reconstitution waswarformed with resg:I;:imixturés‘in
PN e :

the absence of added viral mRNA (Fig. 3.6.12, lane e). Thus, both N
and M proteins synthesized 1o vitro and, therefore, in a soiuble
| no;denaiured state, can assoclate wit£ lipid'vesicles‘ig_zészg.
The previous experiments us&qg proteins purified directly

o B ;

from virions indicat that the presénce of N protein with the l}pid

S/
vesicles was entirely\dependent on(thelpresence of M protein. This-
cannot be sald of th reconstititioné with prot ins syuthesized e
* '/
[f" -J
3
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Flgure 3.5.12: Characterization of io vitro synthesized
' proteins associated with lipid vesicles.

The lipid vesicles reconstituted from the reaction
mixtures countaining in vitro synthesized proteins shown in
Figure 3.5.11 were recovered by centrifugation igd analyzed
on a'l0% polyacrylamide gel. Lanes a and d, - S]-methionine
labeled VSV; lanes b and c, proteins synthesized in vitro
in the-reticulocyte lysate in the absence and presence of
V§V mRNA, respectively; lane e, Llipid wvesicles recéve;ed .
from the reaction mixture in the absence of VSV mRNA; lane f,

/1ipid vesicles recovered from the reaction mixture in the

presence of VSV mRNA; lane g, same as in lane f but the

vesicles were pelleted through a buffer solution containing . *
0.5 M NaCl prior to polyacrylamide gel electrophoresis. Each
-feconstitution was done with an equivalent amount of radicactivity,

.and after reconstitution, an equivalent amcunt of vesicles

were analyzed on the gel in each case.

L
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TaBLE VI: RELATIVE PROPORTION OF N AND M PROTEINS ASSOCIATING
WITH LIPID VESICLES N~

- A\

~ N/M RATIO

Reaction mixture . i} 3:1 s

" Assoclated with lipid vesicles

after reconstitution

Associated with lipiﬁpvesicles

H
e
(%]

after treatment with 0.5 M NacCl

L5
. - -
The table represents a quantitation of the in vitro
synthesized proteins found associated with the lipid vesicles
- after reconstitution as determined from a densitometric scan -
of the autoradiogram shown in Figure 3.5.12. The values ] ‘
\\. e R o
bftained were corzﬁited for the number—ﬁf/;}edicted methionine '
rasidues present in N and M protein as deduced from the
nucleotide sequence of the respective nmRNAs (Rose and Galliocne,-

1981; Gallione et al., 1981). !
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In order to agcertaiﬁ whether the association of N protein
with the liﬁid vesicles 1s dependent upén the presence of M protein,
it ;s Decessary to examine reconstitution characteristics with
separated proteins. This can be done by purifying the respective
viral mR;A species and tranélating them separately in vitro.
Alternatively, one can specifically suppress the translation of a

_specific?mRNA species by hfbridization arrest with a DNA
complementary to,ghat mRNA molecule (Preston and McGeogh, -1981). The
DRA~RNA duplex formed would thus prevent translation of that
particular message. This technique has been widely used as a method
of mapping gene products to their respective messages.

The‘létter approach was taken in odder taaﬁ}e nt the
aynthesis of M protein in the reticuigéyte ‘Aysate system. The
hybwidization probe used was the plasmid pM32 which was kindly provided

-
by J\’Rose. "pM32 18 a der{jptive of the cloning vector pBR322 and
contains a cDNA copy of the COOH te{minal coding sequences of the M
-protein mRNA (Rose and Y¥verso IQ}Q%Q'Hybridization of RNA from an

extract of VSV\iQQEEjfE/géfzs ::;E/this p smid followed by in vitro

translation should‘seleutively bit the synthesis\pﬂfn protein.. -

As can be seen in Figure 3 5 13 hybridization .arrest with
s -
pM32i results in %/substantial decrease in the sy?ijisis of M protein.

Prior|totarrest the N/M ratt? in the reagtion m{ ture\jjj/l 2:1 as

€termined by densitometry, while after hybridization grrést ch¢ N/M
?
ratio w(? found to be-9:1. Therefore, hybridizatién arre§r/resulted

In a nearly 8 fold decrease in the;éynthesis of M.proteinﬁ\
. - .
A

! ‘ . -~ : | -
% v é*\\ ’ o s | \\::,,////

. ﬂ K\ 7‘"‘7
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Figure 3.5.13: Associationmof gg_vitrb synthesized proteins
with lipid vesicles in the absence of M protein.

Right: The translation of M.protein in the in vitro
protein synthesizing system was prevented by the hybridization
of the M protein specific mRNA with plasmid pM32 grior to-
translation as described 'in Methods. Lane a, [3°S]-methionine
labeled VSV marker; lane b, proteins synthesized in vitro
with VSV mRNA in which the translation of M mRNA was arrested;
lane ¢, proteins synthesized in vitro with VSV mRNA.

Left; The reaction mixtures shown in lanes a and b
above were recomstituted with preformed phospholipid vesicles
and floated ypwards through a 35% sucrose solution. - Panel a,
flotation pattern of comflete reaction mixture; panel b,:
flotation pattern of the reaction mixture in which the
translation of M mRNA-was arrested.

. N



262

“H

NOILDVHd
ol
1

bt

ra

c.04 X wds

Lol



A

~ ’ 263
> S
The hybridization arrested reaction mixtu}e was

reconstituted with preformed vesiclessand analyzed on flotation
-'gradients (Fig. 3.5.13). As seen in this élgure,'a defini:e peak of
radioactivity was observed at the top of the gsﬂdient in the case
vhere the untzeated reaction mixture was used 4 In the case where the
hybridization arrested reaction mixture was ugsed for reconstitution,
no significant amount of radiqactivity was present in the lipid
fraction.

Analysis of the proteins present in the 1ipid fractions by ‘
gel electrophoredis showed that both N and M proteins‘floated upwards
in‘the complete\reaction mixture, however, no labeled proteins were

X N
present in the 11ipid fraction when the hybridizat}pn atjested
re;&tion wagt;sed (Figy, 3.5.14, lanes ¢ and d).

Thus, it appears that the association of the dn vitro

synthesized N protein with artificial lipid vesicles 1s dependent

upon the presence of M protein. This was further confirmed by the S

addition of unlabeled detergent free M protein (purified by the,
% .

detergent extraction procedure) to the M arrested reaction mixture
after translation. When this mixture was used for the reconstitution
and the 1lipid vesicles analyzed on a gel, it was found that iabeled N .
protein was now present in the lipid fraction (F;g. 3.5.14, lage e).

Association of M Pr8tein and RNP Q\

N protein, both newlq;iyntheaized and present'ﬁn the virus,

is normally found in tight association with the RNP complex. It was
\
1}
\) therefore decided to examine whether the RNP itself had any affinity

n.

f a5 ]

-
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Figure 3.5.14:

asjociated with lipid vesicles in the presence
and\ in the absenwe of M protein. )

The lipid vesicles reconstituted from the reaction

mixtures countaining in vitro synthesized proteins as shown in

Figure 3.5.13 were recovered by centrifugation and ghalyzed on

a 10% polyacrylamide gel. Lane a, [37S]-methionine labeled VSV

marker; lane b, vesioles recovered from a reconstitution of a

reaction mixture in which no viral mRNA was added:; lane c,

vesicles récovered from a reaction mixture in which viral mBRNA

was added; lane d, same as lane ¢, but” the translation of M mRNA

wds prevented by hybridization arrest; lane e, same as lane 4, r
/ but 10 ug of tnlabeled, detergent purified, M protein was added

to the reaction mixture after translation but before recomstitution.

=" _ ’ /f\

- b

2
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for purified M protein.

35
The RNP complex was purified from [ S]-methionine labeled

'virus by detergent disruption followed by centrifugation on a

glycerol gradient (Carrol and Wagner, 1978). As seen in Figure

3.5.15, the purified RNP complex still retained a small amount of M

procéin. This is in agreement with the qbservation that a small
amount of M protein wag consistently associated with in vitro

synthesized RNP particles even after centrifugation through a 307

¥

CsCl solution (Ghosh and Ghogh, 1982).

To test whether purified M protein could associate with the

AN

RNP, recomst{tuted phosphelipid vesicles containiﬁg M protein were

purified, mixed with the RNP and reanalyzed by flotation thrgégh-a
oo _ Y,

" linear sucrose grad{ent. 1If the M is agssocilating with the RNP it

should remain at the bottom of the tube since the large size of the
RNP _would prevent flotation. As shown in Figure 3.5.15, RNP

reconstituted with preformed phospholipid vesicles in the absence of
N \
M protein remains at the bottom of the tube. However, when

reconstituted vesicles containing M protein were mixed with the RNP,

E}l the radiocactivity remained at the bottom of the tube also. This

L

suggested that the vesicles containing M protein interacted with the

RNP but could no longer float upwards due to the size of the

-

-

asgociated nucleocapsid.

gy G

The data presented in this section demonstrates that the M

protein of VSV, irrespective of method of solation or synthesized in

vitro, has a strong affinity for artificial membranes. Presumably
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. , Figure 3.5.15: Assoclation of M protein containing lipid
- 'vesicles with purified RNP particles.

Right: [355]—Methionine labeled VSV was disrupted
with octyl-D-glucoside and RNP particles were purified on a .
glycerol gradient as~described in Methods. Shown here is an
autoradiogram of the purified RNP as determined by 35
electrophoresis on a 10% polyacrylamide gél. Lane a, [77s]-
methionine labeled VSV marker; lane b, proteins remaining in
the supernatant after detergent disruption of VSV and o
centrifugation; lane c, purified RNP. {

Left: Lipid,vesicles containing [358]—methionine
labeled M protein/, e isolated fxom a sucrose gradient and
mixed with an gquivalent amount ( ia ferms of radicactivity)

C - urified [3 S]-methionine labeled RNP. The mixture was
made 40% with respect to sucrose and floated upwards through
a 5-307 sucrose density gradient. Panel a, M protein
reconstituted with lipid vesicles (protein/lipid fatio, 1:10, ,
w/w); panel b, RNP reconstituted with preformed lipid '
P vesicles; panel ¢, RNP reconstituted with lipid vesiclas
containing M protein. '
ing ¥ proce ~
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this property is also magifested in the intact virion. The fact that ',7
\

M protein remains bound to liposomes even after treatment ith 0.5 M

- 4 268

NaCl suggests that thE interaction is hydrophobic in nature. This is
supported by the fact that small molecular w%$$gt peptides remain

associated with the vesicles.following proteolytic digestion. These.

L]
results are similar to those reported with the influenza M protein

(Gregoriades, 1980), however, in the case of VSV, M. protein does not

contain any substantial stretch of hydrophobic or noumpolar amino

acideé that would facilitate this type of interaction €fRose and

Galliome, 1981). Perhaps the tertiary cénfqrmation of the protein

playsxaxigle in 1ipid association. This is supported from the
observation that tryptic peptides of M protei& did not associate with
-

preformed vesicles, which would be expected to occur 1f long N

stretches of M protein had an affinity for lipid vesicles.

The interacion of M pratein with artififical lipid‘vesicles

— .
-~

has recently been reported ﬁ\‘another group (Zakowski et al.: 1981).

The results regafgiug M protein are substantially similar to thoae ¢ b
{Sported here, however, they could achieve eff;cient:incorporation.of

M éro?tin ouly with 1ipid vesicles c¥htaining negatively charged T
phospholipids such as ;hosphatidylserine, phosphatidylinositol, or

phosphatidic acid .and not in vesicles composed solely of

phosphatidycholine. 1In contrast, the data in this section

demonstrates that M protein can.be efficiently incorporated into

neutral PC vesicles by the method of Gregoriades (1980). The non

requirement of negatively charged phospholipids in this case as well !



in the case of the influeuza M protein (Gregoriades, 1980) could

:2 due to the fact that we used the charged detergent deoxycholate.
In contrast, Zakowski et al., used the neutral detergent octyl
glucoside for their recomstititiom studies. In addition, detergent
dialysis in the case of deoxycholate was carried out against buffer
containing low concentrations of salt and a monovalent cation whereas
Zakowski et al., dialyzed the detergent out against Tris buffer only.
It has been demounstrated ghat the asgsocilation of M protein with
cytoplasmic membrane fractions is dependent upon the presence of
catlons (Morrison and McQuain, 1977).

In contrast to the studies reported here, Zakowski et al.,
did not observe the presence of low molecular weight peptides after
proteolysis of M protein containing vesicles. This may reflect
differences in protein-lipid interactions due to the differences in
the phospholipid composition oflthe menmbranes.

The important observation reported in this section is that

*u

the nucleocapsid protein N can associate with lipid vesicles only in
the presence of M protein. N protein itself has no affinity for
membranes as demonstrated by the observation that N protein alone or
mixed with G protein does ;ot assoclate with liposomes. Its
assoclation with lipid vesicles in the presence of M protein must,
therefore, be mediated by érotein—protein interactions between N

protein and M protein.

It i{s, therefore, concluded that M protein of VSV has two
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distinct functional domains; one thar~’can recognize and interact with

the 1ipid bilayer, and one that can Tecognize and interact wiéh the

nucleocapsid protein N. -
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SECTION 3.6: CONSTRUCTION OF A CHIMERIC GENE
BETWEEN THE VSV G AND M PROTEINS

It 1s clear that the synthesis of membrane proteins, their
ingertion into membranes, and their cellu%gr sorting ianvolves a
complex series of co-translational and pos;-translational events
which must be specified in part by information present in the
polypeptide. It has been postulated that the information necessary
for the specilalized synthesis, transport, and modifications of
secretory and membrane proteins {s contained in discrete regions or
domaing of the polypeptide which are decoded by specialized
mechanisms in the cell (Sabatini et al., 1952)- These domains, or
“topogenic sequences” (Blobel; 1980) which can be a transient or
permanent feature of the polypeptide, include the signal sequence
which initiates the translocation of proteins into and across
specific membranes, the stop transfer sequence which, in the case of
transmembrane proteins, serves to interrupt the signal sequence
initiated translocation and insures a proper asymmetric orientation
of the polypeptide, and sorting sequences which serve to target the
newly synthesized polypeptide along selected subcellular pathways to
1ta‘siie of function. The VSV G protein mu#t contain all of these
sequences, or signals, encoded in 1its polypeptide backbone.

Studies with bacterial systems have helped elucidate the

molecular basis for the specificity and function of some of these

-271-
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topogenic sequences. Genetic studies have allowed the isclation of
mutants containing alterations in the signal sequence region of a
aumber of exported proce}ns of E. coli which have provided direct
evidence for the role of this regiom of the polypeptide in the
.translocation process (Lin et al., 1978; Bassford and Beckwith, 1979;
Bedouelle et al., 1980).

Until recently, the complexity of eukaryotic systems have.
made studies of this type viftually impossiblee to carry out. _During
EPe past few years, however,.new advances in genetic engineering have
made it possible to clone genes in large amounts. The parallel
advancements made in the expression of these cloned genes in
eukaryotic systems and the ease with which they can be manipglated
hés provided vast new opportunities to study the functional roles
that various topogenic sequences may play in the biogenesis of
membrane proteins.

This section describes the.cohstruction and cloning of a
chimeric gene which contains the signal sequence coding region of G

protein fused to the bulk of the coding sequence of M protein and

initial attempts at expressing this hybrid gene in cultured mammalian

-

cells.
There are several reasons for constructing and expressing a
hybrid gene of this type. The fusion of the signal sequence coding
region of the G protein to a protein that does not normally
transverse membrane bilayers would indicate whether or not the signal

sequence is sufficient to initiate and maintain vectorial



. - < .
translocatianigcrodtﬁihe meabrane or whether additiogal Sequences
istal to the amino terminal signal sequence are requireqf M protein
1s chosen as the recipientﬂof this signal sequenée H:cause is
aormally resides on the internal membrane surface of the Laf;cted
celliand'the ;ompleted virion. Thus, the maturation of M protein
doé; oot require the pagsag; ;f the polypeptide across hyd rophobic

—

membrane bilayers.

In an elégant series of experiments in which the signal
sequence of an E. coli outer membrane protein was fused to the gene
coding for the cytoplasmic enzyme B -galactosidase, it was determined
that the signal sequence was not sufficlant to lead B -galactosidase
out of the cytoplasm (Hofeno et al., 1980). 1In addition, using
mutants of f-~lactamase, a normally exported E. coll protein, it was
determined that sequences near the COOH teérminal end of the méleculé
were necessary for the efficieut secretion of this molecule (Koshland
and Botstein, 1980). |

Another important reason for choosing M protein as the signal
Sequence acceptor is that the predicted amino acid sequence of M |
(Rose and Gallione; 1981l) reveals the presence of.a sequence of the
type Asn—X- %%%. This is a concensus sequence that normally serves
a3 a. glycosylation site for glycoproteins (Sharon and Lis, 1982). 1In
the M protein, this target site is pot glycosylated since M protein
is not inserted into the RER or Golgi complex where the glycosylating
enzymes are localized. However, {f M {3 extruded into the lumen of

the RER by virtue of having the signal sequence of G attached to {t,
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then\it may be possible to glycoslyate this sire.

Thus, by the construation of this hybrid gene, one may be
able to determine {f the signal sequence #tself is sufficient td
translocate a normally cytoplasaic proteln across the membrane
barrier, and if so, whether the sequence Asn—X- %%% on‘its own is
sufficient to trigfhr glycosylation. If additional information other
than this concensus sequence 1is required for glycosylation, then one
would ﬁot expect the hybrid protein to be glycosylated even though it
may be iﬁserted into membranes via the signal sequence of G.

Results

Cloning Strategy:

The work described in this section would not have been
possible without the generosity of Dr. J. Rose in providing the
recombinant plasmids pGl and pM309 which contain c¢DNA coples of thé
completée coding seﬁuences of the mRNA specific for G and M protein, .
respectively (Rose and Gallione, 19Bl1). The nucleotide‘sequences and
the predicted amino acid sequences for pGl and pM309 are‘ahoun in
Figure 3.6.l'and 3.6.2, respectively.

In choosing a strategy.for the construction of the hybrid
gene; 2 number of considerations had to be taken into account. It
was désireJ to minimize the amount of G specific sequences downstream
from the signal sequence coding region and, at the same time,
maximize the coding sequence of the M gene. The overriding
éonsideration, however, was to.maintain the correct reading frame at

the G/M junction to insure that the correct codons are read fgr

rd
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Figure 3.6.1: Nucleotide sequence of the VSV G mRNA and the

predicted protein sequence.

This figure was :éken from Rose and Gallione (1981). The sigmal
sequence coding region i3 underlined. The relevant rastriction
enzyme sites used in the cloning strategy outlined in figure
3.6.4 are indicated by the bold face lettering. The rastriction
map of the pGl insert, also taken from Rose and Gallione (1981)
is shown at the bot:tom. |

i
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Figure 3.6.2: Nucleotide sequence and predicrted protein sequence
of the pM309 insert DNA,

This figure was taken from Rose and Gallione (1981). The 3gl Il site
used in the cloning strategy outline in Figure 3.6.4 is indicated.
The botrom figure is che restriction map of the insert. The poteatial
glycosylation site Asn-Ser-3er is indicated by the asterik.
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for the M sequence. -

The G sequence (Fig. 3.6.1) reveals a number of restriction
- sites near tte S' end which could be used to excise the signal
sequence coding regien. These incl;de the Alu I site at nucleotide
position 157 from the 5' end as well as the Hinf I site at position 218,
pM30% (Fig. 3.6.2) contains Hinf I §ites at positions 39 and 209 on
the map. However, none of these combinations wouid produce anﬁin
phase chimeric gené after fusion. even after repair synthesis of
protruding ;nds followed by blunt end ligation. As well, pM309
contains several other Hinf I site wﬁich would make isclation of the M
coding region difficult.

The coding strategy that was arrived at is based on the fact
that the restrictioh enzyme Sau3A recognizes the sequence +CATC (the
sequence is written 5'-3' and the arrow indicates the point of
cleavage at the palindromic site) while Bgl II recognizes the
sequence A+GATCT. Thus, these enzymes pr&duce cohesive termini’which
can be easily ligated to each other. pGl contains Sau3lA sites at
positions 10 and 324. Thus, this restriction fragment would contain
the entire signal sequence coding region as well as the 5'
untranslated region required for ribosome binding (Rose, 1980). This
’ fragment'q9uld also contain sequencés coding for the first 82 amino
acids of the mature G protein. pM309 contains a unique Bgl II site

located at position 259. Ligation of the SaulA pGl fragment with Bgl

IT cut pM309 would produce an in phase hybrid genec containing the G

-
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specified sequences mentioned above as well as sequences coding for

the 157 carboxy terminal aminc acids and the entire 3' untranslated

-r

region of the M gene.

Since the ultimate goal is to attempt to express this hybrid
molecule in a eukaryotic system, a vector suitable for expression of
cloned genes in clutured mammalion cells was used as the cloning
vehicle. This vector, designated pCVSVe,hua; kindly provided by
Dr. R. Kaufman (Kaufman and Sharp, 1982). It is a derivative of’
pAdDZb-l.which contains sequencesrgpding for dihydrofolate reductase
and was used to express this protein {n cultured CHO cells (Kaufman
and Sharp, 1982). The structure of the plasmid is show& in Figure
3.6.3. This vector includes a number of features that enhance

)expression of cloned genes. These include the major late
transcription pr;moter of adenovirus as well as the 3V40 72 base p§ir
tepeated sequence (enhancer sequence). The SV40 72 base repeat has
been shown to greatly increase the level of transcription of cloned
genes (Baneriji et al., 1@81). The vector contains SV40 origin and
egrly reglon sequences as well as the polyadenylation site. Thus ,
cloned genes can be expressed in COS cells. COS cells are CV-1
(monkey cells) cells transformed yith a replication orig{; defective
SV40 DNA molecule (Mellon et al., 1981). These cells, whicﬁ are
ﬁermissive for 5V40 replication, do not‘zontain a coamplete copy of
SV40 DNA but produce large quantities of large T antigen. Thus, they
will su rt replication of introduced plasmids which contain SV40
seqquiz:Q::>T can compliment the defective genome. Therefore, this

.
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system provides a means of amplifying as well as expressing cloned

genes in mammalian cells. pCVSVe can be growvn in large quantities in
) bacterial cells since it contains pBR322 sequences necessary for

replication in E. coli. ’Aa well, the pBR322 sequences known to

inhibit SV40 replication in monkey cells Nave been deleted (iusky and

Botchgp, 1981). -

.As shown in Figore 3.6.3, pCVSVe contains unique Bgl II and
Pt I cleavage sites suitable for insertion of foreign DNA. The

fusion of the Sau3A Gl fragment with the Bgl IT/Pst I cut pM309
fragment would generate a product having a Bgl II cohesive end at the
5! end and a Pst I cohesive end at the 3' end. Thus, cloning the
hybrid gene so constructed into Bgl II/Pst I cut pCVSVe would place

. //‘\\che gene in the correct orientation for transcription just downstreag
from the regulatory Bequenceﬁ of the vector. This cloning strategy
is ;ummarized in Figyre 3.6.4.

Figure 3.6.5 shows the agarose .8el electrophoretic pattern of
purified pGl and pM309 digested with Pst I. The cloning of the cDNA
of G oRNA into the Pst I gite'of PBR322 was done by GC tailing (Rose
and Galliome, 1981). 1In addition to these two Pat I sites, pGl
contains an additional Pst I gite located rat position 818. Thus,

Pst I‘digea:ion of pGl produces two fragments ig addition to the
PBRI22 vector, an 849 nucleotide long fragment derived from the 3'
end of the insert and an 816 oucleotide long fragment derived from
the 5°' end- (oot including the GC tails). Pst I digestion of pM309
produces a 831 bp (base pair) fragment reprasenting Fhe entire cDNA

insertc (Fig™n\3.3.5 £).

e
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Figure 3.6.4: Strategy used for the construction and clonihg
3 of a G-M chimeric gene.

All DNA fragments were purified by polyacrylamide or
agarcse gel electrophoresis and phenol extracted prior to ligation.
MLP, adenovirus major late promoter; DHRF, cDNA sequence coding
for the dihydrofolate reductase gene.
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Figure 3.6.5: Pst I digestion of pGl and pM309.

Plasmid DNAs were purified on CsCl gradients as described
in Methods, digested with Pst I, and analyzed on a 1.5% agarose
gel. Lanes B and C, pGl before and after digestion with Pst I,
respectively; lanes E and F, pM309 before and after digestion with
Pst I, respectively. Lanes A and D are size markers (indicated in
kilobases) obtained from Hind III digestion of A DNA. The fast
migrating band in lanes B and E represents the supercoiled form of
the plasmid while the slower migrating species represents the
relaxed form. The 4.3 kb (kilobase} fragment in lanes C and F
represents the pBR322 vector DNA. :
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The isolation of the 317 bp Saula fragment of pGl was
accomplished as follows. pGl was digested with Pst I, fracticnated
on a 1.8% agarose gel, and the 816 bp fragment was eluted and
purified. This fragment was then digested with SauldA and the 31? bp
fragment was isolated and purified from a 6% polyacrylamide gel.

Tkis t;o step procedure was adopted since pGl contains many Sau3A
sites which would produce several DNA fragments comigrating with the
desired one.

The 572 bp Bgl II/Pst I fragment from pM309 was isolated from
a 22 agarose gel after digesting pM309 with these enzymes.

The pGl and pM309 fragments were then ligated with agarose
gel purified pCVSVe thar had been digested to completion with Bgl II
and Pst I. The ligation reaction was then used to transform E. coli
LE293 to tetracycline resistance. This transformation resulted in
numerous colonies exhibiting the desired tetracycine resistant phenotype.

Cloning into the Bgl II and/or Pst I sites of pCVSVe does not
inactivate any selectable antibiotic marker gene thus screening
clones which have an {gsert must be done either by sizing
individually purified plaswmid preparations on agarcse gels or by in
situ colony hydridization lwith a radicactivie probe. Since pCVSVe
was cut with two different enzymes which produce dissimilar termini,
the probabilit} of the vector itself religating 1is minimal and,
therefore, the vast ma jority of positive colonies should contain an
insert. This, and the fact that purified DNA fragments were used

made the possibility of isolating the correct clone by simple



\

size apalysis feasible. A

Twoc types of inse;ts wvere expected. Most of the.colonies
should contain the pM309 fragment ligated into pCVSVe since this
ligation would only invelve one fragment.- These clones would have a-
size of 572 Ep greater than that of Bgl II/Pst I cut pCVSVe alone. |
T}e desired clones, occurring at a lower frequency sinte it would
involve the ligation of two separate DNA fragments into the vector,
would consist of the Sau3A fragment fused to the Bgl II/Pst I
fragment of pM309 and ligated into pCV5Ve. These clonés would have a
size approximately 900 bp larger than Bgl II/Pst I cut pCVSVe.

. Approxiﬁately 48 'I‘cr colonies from this transformation wer;
grown up and plasmids isclated from them. These plasmids were
digested with Bam HI and analyzed on a 1% agaroge gel. Some of these
are shown in Figure 3.6.6. pCVSVe contains two Bam HI sites (see
Fig. 3.6.3). Digestion with this enzyme produces two fragments of
approximately 3450 and 2700 bp respectively, the large one which
contains the Bgl II/Pst I cloning site. Since an approximately 100
bp DNA fragment was removed from pCVSVe for the cloning procedure,
the correct clome should produce a 4300 bp fragment as well as the
2700 bp fragment following digestion with Bam HI.

As demonstrated in Figure 1.6.6, several clones displayed
fragments of the expected size. These include the plasmids
designated pGM 03, 04, 07, 09, 10, 29, 31, 36, and 42. These
plasmids proddced fragments of approximately 4300 and -2700 bp after

Bam HI digestion. Other clomes, pGM 12, 13, 14, 16, 17, 18, 19, 34



Figure 3.6.6: Digestion of recombinant plasmids with Bam HI.

Ligated recombinant plasmids constructed as described
in figure 3.6.4 were used to transform E. coli LE392 to
tetracycline resistance. Positive colonies were selected at
random from the plates, grown to - saturation in 5 mls of L broth
containing the selective antibiotie, and plasmids purified by
the rapid procedure described in methods. The plasmids were
digested with Bam HI and analyzed on a 12 agarose gel. Markers
(in kilobases) corregpond to the Hind III digestion fragments
of bacteriophage A .
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37, 39, 40, and 46 produced fragments of approximately 4000 and 2700
bp following digestion indicating that they contained just the pM309
Bgl II/Pst I fragment as an insert. Approximately 25% of the clones
produced a Bam HI pattern not explainable by simple inserrion. For
instance, pGM 23 seems to have acquired an additional Bam HI site
8ince three ftagﬁencs were produced, while recombinants such ag pGMOS
aod pGM48 have only one Bam HI site. These may have been'produced by
recombinational events or from vector plasmids ligating with each
other. Still other plasmids such as pGM08, pGM35, and pGM43 appear
to represent recircularized vector DNA. Since pCVSVe was linearized
by double enzyme digestion, it is possible that a small amount of the
linears were only digested with one or the other enzyme. These woqld
recircularize auring ligation and produce vector plasmids containing
no insert.

Of the 48 colonies screened, 20 produced plasmids containing
an insert of the expected size for the G- hybrid while 34% were of
the type indicative of plasmids just containing the M fragment
insert.

Since the pGl SaulA fragment used in the cloning contains
homologous termini, {t would be present in one of two poesible
orientations. Since only the orientation that maintains the
continuity of the gene ig desired, it 1is necessary to select those (M
recombinants that contain the G fragment {n the proper orientation.

The following observation, as outlined 1n"Figure 1.6.7, was

used to select the proper clone. Fusion of G to M in the correct
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o

Figure 3.6.7: Determination of the orientation of the pGl Sau3A
fragment in the pGM recombinant. ;

The two possible orientations of the pGl Saula fragment

inserted into a pGM recombinant are illustrated in A and B
respectively. In the correct orientation, as shown in A, the
Bgl II site (AGATCT) is restored at the 5' ligation site. The
initiator methionine and the direction of reading is indicated in
the drawing. As can be seen, the correct reading.frame is

. maintained at the GAM junction point. Digestion of such a
recombinant with Bgl II and Pst I would generate a fragment
having a size of approximately 900 bp (317 from pGl + 572 from pM309).

Insertion of the pGl SaulA fragment in the opposite
orientation, as shown in B, would generate a Bgl II site at the
G/M junction while a SauldA cleavage site (GATC) would be generated
at the 5' ligation site. Thus digestion of such'a recombinant
with Bgl II and Pst I would produce just the 572 bp fragment
derived from pM309.
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orientation and ligation into pCVSVe wouid regenerate a Bgl II site
at the 5' ligation site while retaining the Sau3A sire at the G/M
Jjunction. If the G fragment is in the opposite orientation, however,
a Bgl II site is generated at the G/M Jjunction. Thus, Bgl II/Pst I
digestion of pGM clones containing the G fragment in the correc;
orientation would generéte an approximately 900 bp fragment
representing the eqtire G/M hybrid insert. Similar enzymatic
digestion of pGM clones containing the G fragment in the opposite
orientation would, however, produce a fragment on only 572 bp
represénfing the M spécific region.

Figure 3.6.8 shows the restriction pattern of the pGM clones
of the proper size and digested with Bgl II/Pst I. As can be seen,
pGM 07, 31, 32, and 34 geaeraca a fragment coincident with the
fragment generated from Bgl II/Pst I cut pM309. This is expected for
pGM 32 and 34 since they were previously judged to contain 6nly the M
specific fragment (see Fig. 3.6.6). pGMO3, 04, and 36, on the other
hand, produced a fragment of higher mobility. Since pGHMO7 and 31
were shown to coutain inserts of the size expected for the G—M
hybrid, they must contain the G specific fragment in the incorrect
orientation while pGMO3, 04, and 36 contain the 8 hybrid in the
correct orientation.

pGMO3 was further characterized by Bgl II/Bam HI digestion to
8et a more accurate size estimation of the insert. Bgl II/Bam HI
digestion ot ,CVSVe produces three fragments having sizes of 2700,

2500, and approy nately 900 bp respectively. The correct pGM clone
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Figure 3.6.8: Analysis of pGM recombinants by digestion with
Bgl II and Pst I.

Recombinant plasmids, which were shown to contain an
insert of the expected size as determined by Bam HI digestion
(Flg. 3.6.6) were digested with Bgl Il and Pst I and analyzed
on a 1.8% agarose gel. Also shown is the pattern obtained after
digestion of pCVSVe and pM309 with these enzymes., The plasmids
designated pGMO7, 31, 32, and 34, generate a fragment
corresponding to the one obtained .from.pM309 while pGM03, 04, and
36 produce a fragment which has a larger size. The sizes of the
Hind III A DNA markers are indicated.
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(900 bp insert) should produce fragmeats of 2700, 2500, aod 1700 bp
(since approximately 100 bp' was removed from pCVSVe by Bgl II/Pst I
digestion prior to cloning). As demonstrated in Figure 3.6.9, this
was in fact observed for pGMO3. Digestion of pGMO3 with Bam HI and
Bgl II produced three fragments of sizes 2700, 2500, and 1700
respectively. Digestion of pGM12, which was judged-lo contain only
the M specific sequence, produ;ed fragments of 2700, 2500, and
app?oximately 1400 bp after digestion with these enzymes as expected.

Thus, pGM0O3 was used for further studies.

Expression of Cloned Genes in Mammalian Cells

COS-1 cells were chosen as the host system to attempt
expression of the chimeric gene (Gluzmam, 1981). T antigen is
required for the replication of SV40. Since COS cells provide T
antigen in trans, no helper virus is required for the replication of
recombinant plasmids, such as pCVSVe, which contain the SY40 origin
sequences (Mellon et al., 1981). 1In addition, it has been
demonstrated that plasmids introduced into these cells replicate to a
high copy number and that properly constructed foreign genes are
transcribed to high levels within 48 hours after transféction {Mellon
et al., 1981).

In order to insure that the COS~l cells t t were to be used
were expressing the SV40 T antigen, [355]-methion e labeled cell
extracts were prepared and immunoprecipitated with rabbit anti-T
antiserum (kindly provided by Dr. M. Bre%tman, University of

Toronto). As shown in Figure 3.6.10, a protein species having a
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?igure 3.6.9: Digestion of recombilnant plasmids pGMO3 and pGMI12
with Bam HI and Bgl II.

Recombinant plasmids pGMO3 and pGM12 were digested with
t&im HI or Bam HI + Bgl II and analyzed on a 1% agarose gel.
Digestion of pCVS5Ve with both these enzymes generates three
fragments having sizes of 2700, 2500, and 900 bp respectively.
Similar digestion of pGMO3 generates three fragments of 2700,
2500, -and 1700 bp respectively. Digestion of pGM12, which was
judged to contain only the pM309 specific insert (572 bp) produces
fragments of 2700, 2500, and 1400 bp respectively. Size markers,
in kilobases, are from Hind II1 digested X DNA.
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Figure 3.6.10: Detection of SV40 T antigen in COS-1 cells.

COS~1 cells were labeled with [358]-methionine for 4 hours
in methionine deficient Dulbecco's modified MEM and harvested from

the plate.

with RIPA buffer, and aliquots (1 X 10

The cells were washed threg times with cold PBS, lvsed
cpm) were immunoprecipitated

with antisera as described in Methods. Samples were analyzed on a

122

%4 polyacrylamide gel. Lane a, sample of whole“cell extracet;

lanes b, ¢, and d, immunoprecipitates obtained with normal rabbit
antiserum, anti-T antiserum, and anti-VSV M antiserum, respectively.
The arrow in lane ¢ indicates the position of the 90,000D SV40 T

antigen.
sample of

Th
[3

g molecular weight markers, in kilodaltons, were from a
S]-methionine labeled VSV run in a separate lane.

N



s

@olecular weight of approximately 90,000D is speclfically
precipitated with anti~T. This protein i1s not reactive with normal

serum or antibody specific to t‘VSV M protein (Fig; 3.6.10, lanes b
il

and c). Large T antigen has a ecular weight of 90,000D (Carrol
-
and Smith, 1976), therefore, these COS cells coustitutively express
wv'/— ) .

large T antigen. ’

DNA Mediated Gene Transfer_

Introduction of plasmid DNA into the COS cslls was carried

out by the calcium phosphate transfection pro;edure {Graham and
. '

Van Der Eb, 1973; Wigler et al., 1979). By this procedure, DNA, in
phosphate containing buffer, is mix;d with CaCl2 which results in a
calcium phosphate - DNA coprecipitate. This complex then becomes
absorbed to and ;aken up by cultured cells. Typically, 10-20Z% of the
cells can become transfected by this cachniqg; (Chu and Sharp, 1981)

Io order to examine the transfection capabilities in this
system, a plagmid was required which was known to express detectable
levels of a protein after~{iﬁnsfecfion into COS cells. Recently,
Sprauge et ai., (1983) comstructed an SV40 origin plasmid containing
the entire cDNA copy of the N mRNA of VSV. COS cells transfected
with this plasmid produced detectable levels of auth$nt1c‘ﬁ protein
as judged by 1its mobility on SDS polyacrylamide gels and its reaction
with viral gpecific antiserum.(Sp;auge et al., 1933). It was
estimated thag N proFein represented 0.31-13 of the total proteins
synthesized by those cells which were transfected with this

(] ‘

plasmid.

-



The N gene contalning plasmid, designated pJS223 was used in

this study to.determine if the transfection procedure was working
before proceeding with the transfection of the chizerie clone. Thus,

COS cells were transfected with pJ$223 as descriyed in Methods, and

-

labeled gell extracts were prepared and immunoprecipitated. As
demonstrated in Figure 3.6.11, lane h, a protein having a molecular
weight identicals to authentic N protein was specifically

immunoprecipitated from pJS223 transfected COS cells reacted anti-Vsv

—

antiserum. This protein was not precipitated from pJS223 transfected
cells {i unoprecipitated with normal rabbit serum (lane g) or from
-

nontransfected cells iﬁmunoprecipitated with normal serum or anti-VSV

~

2 .
(lanes&e«agi £). Thus, this product is authentic N protein,

S

transcribed and translated onty from those cells which were
transfecgéa‘uith PJ5223. Llane h also shows a high molecular weight
LY

protein &mmunoprecipitated with anti VSV. -This probably represents a

protein present in"the transfected cells which 1ig nonspecifically

absorbed with the anti{~VSV antiserum. This band is alsc precipitated

-

with antiserum of different specificities (see below).
Assuming that(;:ansfection efficiencies are independant of
the type of plasmid DNA, a4 number of possibilities could be expected

upon transfection of cells with the hybrid plasmid pCM03. (1) No

-protein product is made or the level of synthesis is so low as to

make detection impossible. This is a real possibility in that many
-—/ -
cloned genes are not efficiently translated in COS cells (Mellon et
- ‘» :
., 1981). This Tﬂ;rbe related to improper positioning of the gene

297
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Flgure 3.6,11: Detection of VSV N protein in COS-1 cells
transfected with pJg223.

Cytoplasmic extracts were prepared from COS-1 cells and
COS-1 cells cransfected with pJS223, both lgbeled with (3s]-
methionine. Aliquots (approximately 1 x 10° cpm) were .
immuhoprecipitated 4nd analyzed on a 12% polyacrylamjde gel. Lane a,
[3SS]-methionine labeled VSV; lane b, sample of C0S-1 cell extract;
lanes c and d, samples of cell extracts from pGM03 and pJS223
transfected cells, respectively; lanes e and f, COS-1 cell extract
immunoprecipitated with normal antiserum and anti-VSV antiserum,
respectively; lanes g and h, pJS223 transfected cell extract
immunoprecipitated with normal antiserum and anti-VSV antigserum,
respectively. The arrow indicates the position of the VSV N protein
which was only present in the pJS223 transfected cells.
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with respect to the éontrolling elements, absence of DKA sequences
necessary for the transcription and/or translation of this particular
gene, or other unknown factors. ({i) The G-M hybrid gene may be
synthesized but not_inserted into membranes. In this case, the

signal sequence would not be cleaved and the product not

glycosylated. The complete polypeptide from a GM hybrid would

consist of a protelin having a size of 255 amino acids and a calculated
molecular weight,of proximately 29000D. If we consider the actual
molecular weight of thHe M protein as deduced from the nucleotide
sequence (229 amino acids, 26,064D and the apparent molecqla; weight
observed on SDS polyacrylamide gels (BO;OOOD), then the true

molecular weigh£ differs from the apparent molecular welght by a

factor of approximately 1.15. Thus, the apparent molecuiar weight of

a G-M hybrid that is nonglycosylated and contains the signal sequence
would be approximately 33,000D. (1i1) The product may be discharged
into membrane, have its signal sequence processed, but not glycosylated,
In this instance, the product would have an apparent molecular welght
of 31,0000 1f we take into account that the signal sequence of G
protein is 16 amino acids long (Irving et al., 1979, Lingappa et al.,
1978a). * {iv) If the product {s glycosylated but the signal sequence
is not removed,:it would have a wolecular weight of 35-37, 000D =
assuming 1t would contain only one Asn linked oligosaccharide having
a moleCu;ar weight of approximately 2-3000D. {v) If the product 1is
glycosylated and has the signal sequence removed, it would have an

apparent molecular weight of approximately 34-35,G00D.

v
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Io order to examine if a product was being synthesized from
pGMO3, COS—1 cells were transfected with this plasmid and labeled
cell extracts were prepared and immunoprecipitated with antibody
directed against the VSV M protein. As shown in Figure 3.6.12, a
protein having an apparent molecular welght of approxima;ely 36000D
was precipitated with anti-M from pGMO3 transfected cells. This
protein was not precipitated from these cells with normal rabbit
serum or freoam pCVSVe transfected cells immunoprecipitated with anci=M
or normal serum (lanes e and f). Therefore, this protein appears to
be specifically precipitated by anti-M only from cells containing the
hybrid gene.

As well, there was a minor protein having a molecular weight
of approximately 31-32,000D reacting specifically with anti~M and a
larger species having a size of approximately 80,000D (lane h). This
larger species 1is probably the result of nonspecific absorption as
described earlier.

These results were confirmed by immunoblotting as shown in
Figure 3.6.13. 1In this case, there were two protein species having
molecular weights of approximately 32,000D and 35,0000 immunoreactive
with anti M which were present in pGMO3 transfected cells but not
present in cells transfected with pCVSVe or from nontransfected
cells. As well, the 80K species, while present in a}l the samples,
was much more apparent im the pGMO3 transfected cells. The reason

for this 1is not clear. -

Given the size of the 35K species and 1{ts reaction with
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Figure 3.6.12: Polyacrylamide gel analysis of proteins
immunoprecipitated from C0S-1 cells transfected
with pCVSVe or pGMO3.

[355]-Methionine labeled cell extracts prepared from COS~-1
cells transfected with pCVSVe or the recombinant plasmid pGMO3
were immunoprecipitated and analyzed on a 122 polyacrylamide gel.
Lane a, [355]—methionine labeled VSV; lane b, sample of whole cell
extract from COS-1 cells; lanes ¢ and d, whq&e cell extract from
CO5-1 cells transfected with pCVSVe and pGMO3, gespectively;
lanes e and f, pCVSVe transfected cells (1 x 10 cpm) immuno-
precipitated with normal antiserum and anti-M antiserum,
respectively; lanes g and h, pGMO3 transfected cells (2 x 100 cpm)
immunoprecipitated with normal antiserum and anti-M antiserum,
respectively. The open arrowheads indicate two protein species,
having apparent molecular weights of approximately 35 kd and 32 kd
respectively, specifically immunoprecipitated from pGMO3 transfected
cells by anti-M antiserum.



anti~M anlv in cells carrying the hybrid plasmid, it would appear

that it is a product of the G/M hybrid gene. If this is the case,
1
then this protein would be consisteqt“::th a G/M hybrid species that
al

is glycosylated and has had 1its sign

1s difficult to distinguish between products which have had their

. 8ignal sequences removed and were either glycosylated or nor because

of the small molecular weight differences involved. For instance, a
product which is glycosylated and has had irs signal sequence
processed would exhibit a similar molecular weight as a
nonglycosylated product which retains the slgnal sequence.
Certainly, 1f the product {s glycosylated it must have been inserted
into at least the endoplasmic reticulum where the initial en bloc
transfer of the oligosaccharide chains occurs. The 32K species that
is reactive with anti M ooly ino pGMO2 transfected cells could
represent a G/M hybrid protein which {s nat glycosylaﬁed but has had

-

the signal sequence removed.

No M specific polypeptides seemed to be secreted by cells
transfected with pGMO3 as Judged by immunoblotting experiments (Fig.
3.6.13). This 1is not surprising given that M protein has a strong
affinity for membranes as demonstrated in Section 3.5. If a G/M
hybrid protein is being syntheaized and translocated across the
endoplasmic reticulum, it may very well become associated with
intracellular membranes and thus oot be secreted as expected.

These important questions can be more clearly addressed once

an in vitro coupled transcription—translation system i3 developed.

302

equence removed. However, it
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Figure 3.6.13: Immunoblotting of COS-1 transfected cells with
- anti-M antibody. '

A) COS-1 cells, grown on 60 mm culture plates, were
transfected wich bCVSVe or pGMO3. The cells were harvested 48 .
hours post-transfection, washed, and lysed with sample buffer.

One half of each sample (approximately 1 x 106 cells) was run on

a 10% polyacrylamide gel. For the analysis of material present

in the extracellular growth medium, the medium was collected,
precipitated with acetone, and the precipitated proteins were
collected, washed, and solubilized in sample buffer. One half of
the toral precipitated material from each plate was rum on the
same gel, Following electrophoresis, the proteins were
transferred onto nitrocellulose and reacted with anri-M antiserum
(1:1000 dilution) followed by reaction with {12371] protein A as
described in Methods. Shown here is the autoradiogram from a

1 hour exposure of the nitrocellulose membrane using an
Inggnsifying screen. The open arrowheads indicate protein species
réactive with anti-M antiserum which are only present in the pGMO3
transfected cells.

B) Aliquots of the above samples were run on a parallel
gel which was stained with Coomassie blue. This gel included
the following molecular weight markers; phosphorylase b (94 kd),
transferrin (76 kd), albumin (76 kd), glutamine dehydrogenase
(53 kd},ovalbumin (43 kd), aldolase (40 kd), lactate dehydrogenase

(36 kd), and carbonic anhydrase (30 kd).
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In this manner, the effect of the presence or absence of membranes on

the expression of the G/M chimeric 8ene can be properly examined.



DISCUSSION

During the course of this work, a great deal of informatcion
has accumulated on the structure and assembly of the various
components of vesicular stomatitis virus. This has led to a broader
understanding, at the molecular level, of the mechanisms involved in
these processes.

In this discussion, I will attempt to correlate the
observations reported in this thesls with observations of other
investigators into a coherent picture of how these findings relate to
the gtructure, morphogenesis, and function of VSV.

4.1 Topology of G Protein In the Viral Envelope

The results presented in Section 3.1 on the ortfentation of G
protein in tﬂe viral membrane confirms and extends previous findings
regarding the asymmetrical distribution of G protein. That i{s, the
bulk of G protein is external to the bilayer and thus busceptible to
proteolytic attack, and that G ig anchored to the membrane by a short
polypeptide segment (Mudd, 1974; Schloemer and Wagner, 1975a).
Schloemer and Wagner (1975a) isolated a short polypeptide fragment
(5300 D) from VSV after protease treatment and suggested that this
fragment was derived from the amino terminus of G protein and that 1t

represented the membrane interacting domain of the molecule. This
conclugsion was based on the finding that both the protease resistant

fragment as well as mature G protein contained alanine as the amino

—30?5
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terminal amino acid. 1In contrast, protein sequence analysis of G
protein as well as nucleic acid sequencing of the G protein mRNA
showed that lysine is the amino terminal amino acid of G proteiﬁ
(K;tz et al., 1978; Irving et al., 1979; Rose et al., 1980; Rose and
Gallione, 1981; see Appendix). -

In addition, Schloemer and Wagner (1975a) reported that the
protease resistant fragment obtained from VSV was devoid of tyrosine
residues as judged by amino acid analysis. However, it has been
determined that both the amino terminal and carboxy terminal proximal
regions of G protein contain tyrosine residues (Rose et al., 1980;
Rose and Gallione, 1981). 1In all probability, Schloemer and‘Wagner
{1975a) were observing a heterogenous mixture of small poiypeptide
fragments. The resul;s put forth in Section 3.1 demonstrate that
degradatibn products, including a small molecular welght fragment
(Fragment B) unrelated to G protein, reméin assoclated with spikeless
virions following enzymatic treatment.

In contrast to the study reported by Schloemer and Wagner
(1975a), the results presented in Section 3.1 demonstrate that ¢
pProtein is anchored in the membrane by a reglon at or close to the
COOH-terminal end of the molecule. This assignment was based on
comparatide tryptic peptide analysis of a protease resistant fragment
recovered from spikeless virions with intact as well as with
carboxypeptid§se treated G protein.

The size of the protected fragment (9,000D) suggested that

approximately 132 of G protein was protected from proteolysis by
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being buried in or in close assoclation with the viral envel ope while
the remainder was external to the bilayer. This protected region of
G protein was shown to contain tryptic peptides common to the carboxy
terminal region of G protein that Temains exposed to the cytoplasm
when G protein is sxutheéized and inserted co-tranglationally into
membrane vesicles-ig_zlggg (H. P. Ghosh, personal commmuunication).

Thus, G protein {s anchored in the membrane by a domain near
the COOH terminus. The orientation of G protein in the viral
envelope is in agreement with the Lopology observed when G protein is
synthesized in vitro in the presence of sembranes (Toneguzzo and
Ghosh, 1978; Katz et ai., 1977; Katz and Lodish, 1979) or in
microsommal vesicles isolated from VSV infected cells {Chatis and
Morrison, 1379).

Primary structural studies on the membrane lnteracting region
of G protein (Section 3.2) in conjunction with the recently reported
aucleic acid sequence of G mRNA (Rose et al., 1980; Rose and
Gallione, 1981) hag allowéd the unambiguous alignment of the protease
resistant fragment to the carboxy terminal end of G protein. Thus,
it appears that G protein belongs to the same class of membrane
pProteins as glycophorin (Tomita and Marchesi, 1975), IgM (Rogers et
al., 1980), influemza A aemapgglutinin (Gething et al., 1978; Min Jou
et al., 1980), HLA A2/A7 (Robb et al, 1978; Ploegh et al., 1980), and
the Semliki Forest Jirus El and E2 glycoproteins (Garoff et al.,

1980). These protains are all bound \to the membranpe by a region near

the CQOH terminus.



309

¢
r

Features of the Membrane Interacting Region of G Protein

The predicted amino acid sequeﬁce of the carboxy terminal
proiimal region of G protein (Rose et al, 1980) reveals that tLis
region exhibits a tripartite domain structure. The most prominant
fea:ure of this region is the presence of a contiguous stretch of 20
principally hydrophobic amino acids which presumably represents the
region of the protein which actually transverses the 1ipid bilayer.
That a region near the carboxy terminus of G is in fact in intimate
contact with the hydrophobic core of the lipid bilayer was
demonstrated by the photolabeling studies.described in Section 3.4
and dealt with in more detail below. The stability of G protein in
the membrane is no doubt partly a function of the favourable rs

_hydrophobic i{nteractions between the phospholipids and this highly
lipophilic domain of the molecule.

On either side of this membrane transversing region are
domains containing hydrophilic as well as charged amino acids. 1In
particular, the 29 amino acids carboxy terminal to the membrane
spanning domain contain a high pryportion of basic amino acids. This
region of the molecule_is thoughg to reside in the interior of the
virus particle since 1its highly basic nature would likely preclude
its ability to interact with the hydrophobic 1ipid bilayer. This
would agree with the observation that approximately 3,000D at the
extreme carboxy terminus of G protein is susceptible to proteolytic
digestion when G protein is synthesized and inserted into membranes

in vitro (Toneguzzo and Chosh, 1978; Katz et al., 1977;



N N

o
b4

S 310

Katz and Lodish, 1979).

The assumption t%ﬁt this region of G pr9ﬁein is actually
within the virus is suggested by the size of the protected fragment
"" obtained after proteolygis of VSV, Fragment A was shown to have an
apparent molecular weight of approximately 9,000D as judged by

T~

olyacrylamide gel electrophoresis. This agrees very well with the

actual molecular weight of Fragment A derived from partial amino acid
sequencing and alignment with the predicted amino acid sequence.

.These results suggested that Fragmeant A encompassed the entire
N -

carboxyfzérminal doéain of G protein starting at As 433~£See

Section $.2) and extending to the carboxy terminal lysine. If the

‘. rboxy’ terminus were exposed and therefore susceptible to
fzg///’::?IEBIjtic attack, for example by refolding back into the membrane,
a smaller protected fragment(a)ffhan the one actually observed would

oo

be expected.

\f Otheg evidence at G actually spank the viral envelope comes

v from early crdsslinking studie? using gl& araldehyde which suggested

. . /
that Interaction can occur between G and "the internal M protein

(Brown et al, 1%74). More recently, evidence that the €00H rerminal

distal segment does indeed protrude beyond the inner membrane surface

comes from studies in which spikeless virions were labeled with

125 /

I by lactoperoxidase or gﬁia;amine T iodination after disrupting
the viral envelope with pardaxin (Pal et al., 1981). It was found
that in the presence of pardaxin, the G tail fragment could be

2
labeled with I. The labeling presumably occurred at the

3 | | | (:
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tyrosine'located at position 485 and to a lesser extent at the

Hi and 315471 residues. However, substantial labeling was

%478
also observed in the protected fragment even without prior disrup:ion
of the membrane. More recently, label;hg of envelopé fragmeﬁtg-‘
present in spikeless virions with radiocactive isethionyl acetamide
indicated that a small fragment could be.amidinaCed-from the inside
of the virus (Taube and Braun, 1982), however, the precise origin of
this fragmenJ~éas\not determined.

A model of G prptein in the viral -envelope base& on results

presented in this thesis as well as by other investigators {is
presented in Figure &4.1. .

As pointed out by Rose (Rose et al, 1980), the 20 amino acid
long nonpolar domain present at th; COOH-terminal region of G protein
is sufficiently long to span the membrane in an a helical
conformation having a residue rise of 0.15 nz (Dickerson and Gei;,
1969). The partial amino acid sequence of the membrane anchoring
domain of G protein reported in this thesis as well as the partial
characterization carried out by Rose (Rose et al., 1980) were among
the first examples of direci™amimo acid sequencing of such a
polypeptide segment isolated from a viral Elycoprotein. This attests
to the dié&fculty of sequencing highly hydroppobic peptides present

in small amounts by conventional ;;EDaning techniques. Recently,

Rice et al., (1982) were able to obtain extended sequence information

-

/on the hydrophobic membrane embedded domain of the Sindbis El and E2

8lycoproetins by using an ultrasensitive mfZ:;seqqgncing procedure

o

& \
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Figure 4.1: Proposed model of G protein in the viral envelcope.

This model is based on the results of this work as well as
from the predicted primary structure of G protein (Rose and Gallione,
1981). Potential sites of fatty acid acylation are indicated by the
arrows and the numbering'is from the amino terminal lysine. This
diagrammatic representation is not intended to portray any higher
order secondary structure,



ﬁf')

T 313

/

and computer assisted HPLC analysis of fhe PTH amino acids.

In the past 1-2 years, extended primary sequencing data has
been obtained predominantly by molecular cloning and DNA sequencing
analysis, from which amino acid sequences are predicted directly from
the corresponding nucleic 3cid sequence. These new techniques have
resutted in a rapid accumulation of E;fa concerning the primar}
str&¢ture of a number of membrane proteins. Figure 4.2 fllustrates

the amino acid sequence of the membrane interacting domain of a

number of such proteins.

The most striking featuie is the presence of a contiguous
stretch of hydrophobic or nonpolar amino acids (20-45 residues in
length) which presumably span the membrane. Another common feature
is that the membrane spanning segment is flaoked on both sides of the
membrane with acidic or basic amino acids. These amino acids may
serve to jukdapose the protein in the membrane thereby providing an
additional means of maintaining the proper disposition of the
protein.

' There is no concensus Sequence pregsent in the membrane
spanning segments that may suggest an imbortant function. The only
common feature is the overall high degree of hydrophobicity. This
situation is analagous to the amino terminal t?;nsieut signal
sequences present in secretory and membrane proteins. All the signal
sequences thus far characterized are rich in hydrophobic amino aéids,

however, there is little exact sequence homology among them (Sabatini -

et al., 1982).
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Function of the COOH-Terminal Domain

The most apparent func;ion of the COOH-terminal hyd}ophobic
domain of G protein ;s that it ensures a proper membrane interaction.
This has been elegantly demonstrated in recent studies involving the
expression-of cloned glycoprotein genes in eukaryotic cells. Using a
¢DNA clone containing the entireycoding region of G protein
introduced fnto monkey cells by transfection, it was found that G
protein was synthesized, 8lycosylated, and inserted into the plasma
membrane. Howeveér, using a clone in which the COOH-terminal coding
region was deleted, a truncated form of the G protein was synthesized
which was glycosylated-but was secreted by the cell (Rose and
Bergman, 1982). None of the truncated form of G protein was detected
in association with the plasma membrane. Similar results were
obtained with the influenza haemagglutinin, demonstra;ing that cell
surface expression requires the carboxy terminal hydrophobic domain
(Sveda et al., 1982).

V5V infected cells secrete a soluble glycoprotein antigen,
GS, related to G protein but having a lower molecular weight of
57,000D (Kang and Prevec, 1970; Little and Huang, 1978).  Analysis of
G and‘Gs indicate that they contain the same glycosyl residues
(Little and Huang, /1978) and the same amino terminal amino acid
sequence (Irving and Ghosh, 1982). Tryptic peptide analysis has

revealed that Gs is missing the COOH-terminal hydrophobic membrane
anchoring domain that is present in G protein. Thus, the absence of

this domain results in the formation of a secreted form of the VSV

[
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glycoprotein (Irving and Ghosh, 1982).

The importance of the membrane anchoring domain in the
function of membrane proteins has been demonstrated in the case of
the middle-sized fumor antigen of polyoma virus. Using a defective
viral mutant in which the carboxy términal region of the middle t
aniigen wvas deleted, it was demonstrated that the hydrophobic region
was necessary not only for membrane attachment, but alsc for the
assoclated protein kinase activity as well as for cell trénsformation
(Carmicheal et al., 1982).

The natural system most analagous to this situation is the
capacity of B-lymphocytes to synthesize both secretory and membrane
associated forms of IgM molecules. It has been demonstrated that the
only difference between the secretory and membrane bound forms of the
IgM heavy chain is the presence oﬁ\i hyd rophobie COOH-terminal
extension In the latter (Vassalli et al., 1979; Kehry-et al., 1980;
Atl et al., 1980; Cheng et al., 1982).

The results in Section 3.1 demonstrated that G protein is
anchored in the membrane by the same region of the molecule by which
G is bound in intracellular membranes. This region of the molecule
ag well as analagous ones present in other transmembrane proteins
have bgen collectively called "stop transfer sequences”, reflecting
the presumed function that the COOH-terminal hydrophobic domain halts

the vectorial transfer of the polypeptide into the rough endoplasmic
reticulum which was initiated by the signal sequence {(Blobel, 1930).

This is thought to occur by dissociation of a
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protein tunnel in the RER or by the same lipophilic features of the
hydrophobic domain that promote a stable interaction with the ////Q\\\\“*\
phospholipid bilayer (Sabatini et al., 1982). 1In the case of G
pr?tein, this may be faCiiifHCEd by the high proportion of basgic
amino acids present in the cytoplasmic portion which would not be
expected tg be able to penetrate the lipid bilayer.

In contrast, it has been postulated that ¢ protein remains
transmembranal simply due to the cessation of protein synthesis
(Lodi;h et al., 1981; Lodish, 1980). 1t g suggested that the 30
carboxy proximal aming acids remain on the cytoplasmic side of the
membrane because they would 91imply represent thar reglon of the
polypeptide Temaining ia the large ribosommal subunit after protein
synthesis is complete. This model doces not explain HBQ secretory
pProteins are Gompletely extruded into the cisternal space of the RER.
In add{ition, the model is inconsistent with the findings that for .
50me transmembrane p;oteins, the cytoplasmic domain can be as 3hor£
as two amino acids, as {s the case for the El glycoprotein of Semliki

Forest Virus and Sianis (see Fig. 4.2).

The other improfant implication of the finding that the

maintained during the iatracellular transport of G protein to the

b
plasma membrane wirhout any re-orieﬁtation of the polypeptide. This
would support Palade'sg model of protein migration which involves the

fusion and pPilnching off of Protein containing vesicles along the



318

~

-

-

intracellular membrane Pathway (Palade, 1975). Sigpce the fundamﬁﬁ%al
difference b;tween secretory and transmembrane proteins 1is the

presence of 4 hydrophobic transmembrane domain and a ¢ytoplasmically
exposed segment in the latter, the COOH-:e;Qinal domain of G protéin
may sérve as a sorting out or addressing signal whereby the cell can

recognize this signal and determine its subsequent pathway within the

cell.

Amino Terminal Domain

As demonstrated in Section 3.1, G protein was found to be
resistant to the actiong of aminopeptidase in the absénce but not {n
the presence of detergent. This result may arise from the fact that
the amino terminus of { Protein is somehow buried in the tertiary
conformation of the nBlecule or that the aminoc terminus is in close
proxdmity or actually inserted in the 1lipid bilayer. Fbr instancq,

Band 3, the anion transport protein present in the red blood cell

'hembrane, appears to be anchored in the membrane by a COOH-terminal

domain as well as by another region closer to the amino terminus of
the molecule (Rothstein et al., 1977). 1t is unlikely that the amine
terminus of G protein is inserted into the membrane, at least to a
sigﬁificant extent, since a protease reslstant fragment derived from
the amino terminus of G protein was not detected in spiieless

virions. However, it ?! possible that a sm;ll fragment was protected
but waé, hpwever, beyond the resolvihg power of the gels used. More
convineingly, amino actd Sequence analysis of G protein shows that G

Protein does not contain any significant stretches of hydrophobic
‘ fad B -

-
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4“7
amino acids near the amino terminus that might promote phospholipid
attachment (See Appendix; Kotwal et al., iq press). The amino
terminal region of ¢ protein does, however, countain a clustering of
basic amino acids. Ir is conceivable that these basic amino acids
can interact with thé'phosphate head groups of the lipid bilayer anod
in this way confer resistaﬁce to aminopeptidase.

Recently, the 3 dimensional structure.of the haemagglutinin
membrane glycoprotein of influenza virus has been solved to a 3 A
resolution (Wilson et al., 1981). The Structure reveals thart the
haemagglutinin is anchored to the membrane by a COOH-terminal domain
. and{‘in addition, that the NHz-terminus of the protein is in very
close proximity to the external surface of the membrane.

Thus, the VSV G protein may exhibir a similar type of
orlerdtation. Work from this laboratory has Qhown that the G protein
from the VSV serotypes New Jersey and Cocal {s also protected by the
intact envelope from aminopeptidase digestion (H. P. Chosh,
unpublished observations) as i§ the G protein from th1 Indiagg/‘
serotype used in this work. Amino acid sequence analysis of the G
proteins purified from these various serotypes reveals that there igs
a8 strong degree of conservation in the amino terminal region of these
different proteins (see Appendix). Tuis is in sharp contrast to the

high degree of nomr-homology observed in the primary structure of the

tradsient signal sequence of the G protein frqﬁ these three different

serotypes (Kotwal et al., in press).

9
Thus, there appears to be a strong selective pressure to
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resist amfno acid changes in the amino.termipal region of &he mature
8lycoprotein of VSV. It has been demonstrated that the NH :‘

T
néi;;;al sequences of th? HAz membrane glycoproteins of different
strains as;well as di{ferent groups of influenza viruses are also
highly conserved (Shekél and Waterfield, 1975; Winter et ai., 1981;
Alr et al., 1981; Verhoegen et al., 1980).

The conservation of the anino terminal éomain; even in weakly
related serotypes, Suggests an important but asg Yet undetermined

bioclogical role for this region of the molecule.

4.2 Fatty Acid Acylation of G Protein

Schmidt and Schlesinger were the first to demonstrate that
the V5V G protein contains tightly -bound fatty acid residues (Schaidt
énd Schlesfpger, 1979). This was baseg on the observation that
labeling VSV‘with [3H]—palmitate resulted iﬁ incorporation of the
label not only into the viral phospholipids but alse into G protein.
%he label in G protein could not be removed by denaturation,
extraction with organic solvents, or SDS polyac;ylamide gel
electrophoresis. The label could, however, be released by mild
alkaline treatment and recovered as the p;i;I}ate methyl ester. This
suggested that tﬁe fatty acids were covalently attached by ester
linkage directly-to the polypeptide backbone of G protein. Using
thiscriterion, it hag subsequently been shown that a wide variety of
viral as well as non-viral membrane proteins contain tightly bound

1ipid moleties (Table VII).
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TABLE ‘;VII: FATTY ACID ACYLATION OF MEMBRANE PROTEINS

SOURCE

ACYLATED PROTEIN

1

VESICULAR STOMATITIS VIRUS
SINDBIS VIRUS2 3
SEMLIKI FOREST VIRUS
INFLUENZA VIRUS”
NEWCASTLE DISEASE VIRUS’
SENDAI VIRUS®

BOVINE CORONA VIRUS®
MURINE HEPATITIS VIRUS ASS°
*RoUs SARCCIMA yIRUs(‘
ABLESON VIRUS

HARVEY SARCOMA VIRUS®
RAUSCHER MLV’

MOLONEY MLV

SIMIAN VIRUS 40°

HERPES SIMPLEX VIRUS’
HUMAN CELLs®

BOVINE CARDIAC MUSCLE’
SARCOPLASMIC RE{'{CULLMIO
B.-_LI.CH%EBMLQ

G PROTEIN
E: s E;
B s B
HA (HA,)
F PROTEIN
F PROTEIN
B2
E;
PPEOSRC
+P120
P21 P
P15
P15
LARGE T ANTIGEN
GE
TRANSFERRIN RECEFTOR
CAMP DEPENDENT PROTEIN KINASE
caLcium AfPase
- PENICILLINASE
MUREIN LIPOPROTEIN

.

References; 1)
1979; 3) Schmidt, 1982; 4)
et. al., 1983;

1983; 8) Omary and Trowbridge,

10} Maclennan et. al., 1973; 11)

1°81; Swmith et.

Schmidt and Schlessinger, 1979; 2)
Sefton et. al.,
eppert,
1981

Xéflson ec, al., 1981;

al., 1981; 12) Hanke and Braun, 1973.

6) Klockmann and D

Schmidt et. al,,
1982; 5) Henderson
1983; 7) Johnson and Spear
9) Carr et. al., 1982;

Lai et. al,
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Localization of Fatty Acids

The results put forth in Section 3.3 demonstrate that all the
fatty acid molecules present in G protein are localized exclusively
to the membrane anchoring COOH-terminal domain. Proteolytic digestion
of [BH]-palmitate labeled VSV resulted in the 3H label remaining
associ#ted with Fragment A. The label could be released from
Fragment A by transesterification and was identified by TLC as the
methyl ester derivative of palmitate.

The presence of fatty acids 1inked to Fragment A helps
explain a number of observation made with this peptide. According to
the amino acid sequence reported In Section 3.2 and the alignment
with the COOH terminal sequence of G protein, the protected fragment
should have a molecular weight of apbroximately 7,500D based on the
site for trypsin cleavage. Fragment A had, however, an appgfent
molecular weight of approximately 9,000D as judged by polyacrylamide
gel electrophoresis. The differences in the observed and predicted
molecufbr weight may be due to the bound fatty acid residues. The
fatty acids, in addition to fncreasing the molecular weight of
Fragment A (by approximately 255D/palmitate residue) may also result
in aberrant or nomuniform binding of SDS, th;reby resulting in
anamolous electrophoretic behaviour.

It has subsequently been demongtrated that a number of other
viral membrane glycoproteins contain_povélently linked fatty acia
residues‘within their membrane Interacting domains. These include

the influenza haemagglutinin (Schmidt, 1982a), and the Sindbis virus
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"El and E2 glycoproteins (Rice et al., 1982). as well, the
transforming protein ppb0src of Rous Sarcoma virus (Sefton et al.,
1982) and the transferrin receptor from cultured cells (Omary and
Trowbridge, 1981) have been shown to contain covalently linked fatey
acid residues in their membrane interacting regions. ]
Despite intensive effort, the actual linkage site(s) of the
fatty acid residues ig not known for any glycoprotein. This is
largely due to the unusual properties of ghe acylated peptides which
makes localization of fatty acid residues by direct sequence analysis

difficule (Schmé&la 1982ba Magee and Schlésinger, 1982).

Schlesinégf has sgggested that in<the case of G protein, the
fatty acids may be esterfi;d di}ectly to serine residues (Schmidr and
Schlesinger, 1979). This observation was based on the finding that a
fatty acid containing peptide recovered from a proteolytic digestion
of [3H]-palmitate labeled G protein contained a high proportion of
serine residues. However, esterfication to the side chains of other
hydroxy aminc acids such as threonine and tyrosine cannot be ruled
ouct .

Amino acid sequence analysis 6f the'qgmbrane interacting
domain of G protein reveals that there are five serine'fesiAU;s
located within the presumed transmembraqe segment or jusE)Outside
the membrane surface that could serve as fatty acid acceptor sites
(Fig. 4.1). These include Ser 443, 444, 447, 448, and 451.

Acylation of serine residues within the transmembrane ségment would

! : . 4
serve to render these residues more hydrophobic, thereby fixing
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‘the protein more tightly within the membrane.

| Other potential esterification sites include the threonine
residues ;?ﬁbuqétion 479 and 486 and the tyrogine residue located at
posicioﬁ”ﬁSS: These latcer residuéi are unlikely acylation sites
based on the ca;boxypeptidase digestion experiments reported in .
Section 3.37 It was found that [BHI—palmitate labeled G protein ~
retained the fatty acid residues even after approximately 2,500D was \
removed from the carboxy terminus by digestion with carboxypeptidase. 1

This size reduction of G protein would result ian the loss of the

hydroxy amino acids reported above, thus, the fatty acids residues

. \
must be confined within the transmembrane domain or within the

external portioﬁ not degraded by proteases.

The pébtide mapping data described in sectibn 3.3. suggests <j

\\ that the fatty acids are located at the serine 443 and/or 444

[

residués. This waé based on the quantitation of radicactivicy

presen!‘in.tryptic peptides of amino acid as well as fatty acid

labeled Fragment A. Although the asgignment is at best tegtative, it

is supported by the observation that a smalll fatty acid labeled

peptide containing an amino terminal phenylalanine residue couldﬂbe
.=x5-r;covered rom [3H}-palmitate labeled G protein afteriz;yptophan

speckfic cleavage (Schleginger et al., 1981). This would place the a

fatt;\acids at the serine 443 and 444 positions. The precise

boundary of the transmembrane domain is not known with certainty,

£ is possible that™the Ser 443 and 444 residues which are

\/"
depicted as being located ternd to the surface of the bilayer
S

- .
’ ¥
.
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( 7 . 1o Figure 4.1 could, in fact, be within or in cloge association with

e the\bglayer.

-

It should be noted that many acylated proteins contain

.

hydroxy amino acids, in particulag,»serine residues, within their

membrane anchoring,&omains as We;} as in.the extracytoplasaic segmeﬁt
(see Table VII). Hdwever, not all fatty acid containing proteins
contain esterif¥e& lipid in their carboxy terminal regions. For
instance, ppbOsrc, the ;ranéforming protein of RSV, contains facty
acid apparently in amide linkage to an amino terminal region of the
polypeptide, the region of the mo ule which is thought to be

- invelved ird membrane association (Sefton et al., 1982). Recently,J

the membrane associated pl5 protein of both Rauscher and Moloney (ﬁ

_ieukeamia virus hﬁ? been shown to contain a myristyl fatry acid '

{(CH_ (CH_ ) _COOH) amidated directly to the amino terminal glyeyl
——— 3732712 . -

‘regy fe (Henderson et al., 1983). The murine lipoprotein of E. coli

s esterfied to a gl{cerol moiety that is in thicether lfnkage

directly to the amino terminal cysteine (Hanke and Braun, 1973). .

-~ Function of Covalently Attached Farty Acids

The biological function of the covalently linked fatty acids
1s not clear, however, a number of roles can be suggested . Thﬁ;Post
obvious role, in lieu of any experimental data, for the p;ssence of

, fatty acids in the membrane interacting fﬁﬁion of G protein 1s that ‘ '

*

Bl

they enhance the lipid sdlubility of this region of the molecule in

L~ ~
- the lﬁ?&é‘tilayer and thus augment the forces that stabilize QE\\\
PR )
S

-
s
-
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G protein in the membrane. It has been demonstrated recently that
the lipid free neuraminidase of influenza and the neuraminidase- |
haemagglutinin of New Castle Disease (NDV) virus are iﬁefficiently
incorporated inte liposomes whereas the fatty acid acylated F protein
or the haemagglutinin of Fowl Plaque virus can be incorporated into
liposomes much mére readily (Huang et al., 1979). 1In additiocn, the
normally nonmacylated IgG, which has no affinity for liposomes, was
found to_incorpor%fe ioto liposomes following chemical acylation
(Huang et al., 1980).

Cerrainly not all viral glycoproteins, even within the saﬁe
‘virus, requ;re fatty acid residues. In the case of Bovine Corona
virus and Mouse Hepatitis AS9, which contain two spilke glycoprotein
specles El and E2, only E2 was shown to contain fatty acid {(Schmidt,
1982a). Similarily for NDV a;d Sendail virus, only the F protein and
not the HN protein was found to be acylated (Schmidt; 1982a).

Schmidt (1982b) has suggested that the fatty acids present 1in
viral glycoproteins are invol;ed in membrane fusion. For instance,
the F protein of Sendai, the HAZ of influenza, and the Sindbis
virus El and EZ have stroang fusinogenic properties and it is thus
conceivable that the fatty acids may promote fusion between closely
assoclated ;embrane bilayers. In the case of VSV G protein, this
activity may be important ia the uptake of the virus. This is
intriguing in light of the recent observation that phospholipid may

be an important part of the VSV cell surface receptor (Schiégel et

al., 1983)}‘ This hypothesis is, of course, not applicable to those
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fatty agid containing proteins that do not have fusinogenic activiry.

It appears that the membrane affinity of certain proteins is
modulated by the presence or absence of fatty acids. 1In the case of
the RSV ppb60srec protein? which can exist as a cytoplasmically socluble
form or in association with the plasma membrane, it has been b '
demonstrated that only the plasma membrane associated form contains
covalently bound 1ipid moieties (Garber et al., 1983). This way be
an important observation considering the fact that ppéOsrc is a
transformation specific protein which is thought to exert its effecgs
on the asma membrane_(Cour:neidge et al., 1980). Similarily, the
large T antigen of SV40 is largely present in the nucleus.b small
amouﬁt is associated with the plasma mémbrane (Soule and Butel,
1979). Recently, the plésma bound form but not the nuclear form of
the SV40 large T antigen has been shown to contain covalently 1inked
fatty acids (Klockman and Deppert, 1983). Since the large T antigen
does not contain any long stretches of nonpolar amino acids that
would promote membrane associatioa, ft is possible that the fatty
acids provide this-fuﬁction. In the case of the VSV ¢ protein, the
fatty acids appear to be added after the protein is inserted into the
RER (Schmidt and Schlesinger, 1980) thus, the fatty acids are
probably not required for inherent meSBrane affinity, however, this
affinity may be augmented once the fatty acids are attached.

The essentiality of fatty acid acylation, even in the case of
G protein, is not clear. Results from this laboratory indicate that

while the G proteins from the VSV serotypes Indiana, Chandipura, and
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Piry contain covalently linked fatty acid residues, the G proteins
from the Cocal as well as three different straing of the New Jersey
seroéype do not (Kotwal and Ghosh, unpﬁblished observations). This
implies that fatty acid acylation is not critical for the matg;atiou
and function of all VSV subtypes. It cannot, however, be completely
ruled out that these different G proteins coAtaiﬁ fatty acids other
than palmitate, or have some éther type of modification that provides
an analogous property. The finding that nor all G proteins are
acylated indicate that acylation is not a random event and that it
must be specified by information p}esent in the polypeptide
backboue:

The lack of fatty acid acylation in tﬁe case of New Jersey G
protein (Kotwal and Ghosh, unpublishea observations) 1is especially
interesting in light of the recently published'amino acid sequence of
this molecule (G;llione and Rose, 1983). The sequence of the
membrane anchoring region of the New Jersey G protein shows extaensive
homology with that of Indiana G protein, however, the serine residues
present in positiom 444 and 451 ofIIndiana G are changed to glycine
residues in New Jersey G protein. Thus, the observed 1§ck of fatey
acid labeling of New Jersey G protein may be a direct regsult of the
lack of these esterification sites.

It has been suggested that fatty acid acylation of G protein
Bay "serve as a marker for the intracellular transport of this protein
to the plasma membrane. Pulge labeling experiments have demonstrated

that fatty acid acylation is a post-translational modification that
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occurs appr;ximately 10~15 minutes after completion of protein
synthesis and abour 1-2 minuteé before trimming of the high mannose
oligosaccharides (Schmidt and Schlesinger, 1980). This indicates
that fatty acid acylation occurs before or shortly after G protein
reaches the Golgi complex. Monensin, an ionophore which results in
the blockage of thi tranaport of G protein fro? the Golgil complex to
the plasma me;brane had no effect on fatty acid acylation. (Johnson
and Schlesinger, 1980). Rothman and co—workers, using a
recoustructed in vitro System capable of processing G protein have
provided evidence that deylating activity is preseat in transitional
elements of :H;Aéndoplasmic recticulum or in the early acting Golgi
membranes (Dunphy et al., 1981). 1t has recently been demonstrated

for Semliki Forest virus that fatty acid addition occurs in the cis

——

or medial cisternae of the Golgl complex (Quinn et al., 1983;
Griffiths et al., 1983).

The observation that the RSV pPpb0srec and the SV4D large T
antigen, proteins that are synthesized in the cytoplasm on f;ee

ribosomes, contain covalently linked fatty acid residues indicates
£ .
that fatty acid acylatlon is not restricted to those proteins which

are transported to their final destination)via the Golgi: complex.

Using a temperature sensitive mutant of VSV that\gg?

r
defective in fatty acid acylation of G protein, Lodish and co~workers

have shown that the intracellular transport of G protein from the
Golgi complex to the pl inhibited in the-at
g1 complex to € plasma membrane was in ted in G:}bagnce of

“~
acylation (Zilbersteip et al., 1980). It was suggested that ths\x\
\

/f‘“\
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fatty acids were required for the proper signaling of G protein to
the plasma membrane, however, the mutant‘glycoprotein has a number of
other temperature sensitive defects, including aberrant
glycosylation, that may have contributed to the observed effects.
Recently, using more refined detéction techniques, it has beqp
demonstrated that a small amount of the mutated G protein from this

virus does, in fact, reach téé plasma\membrane although it was mot
demonstrated whether these plasma membrane bound molecules were
acylated ‘or not (Lodish and Kong, 1983),

Schlesinger and Malfer (1982) have examined VSV pérticle
formation in the presence of cerulenin, an antibiotic shown to
inhiBitc fatty acid écylation of G protein. In;the presence of
cerulenin, G protein was not acylated and VSprarticle production was
reduced by up to 90%. Noo-acylated G protein’was, found to.accumulate
on the cell surface but was not incorpofated into budding virus. This
suggests that while acylation is not required for G protein migration
it may plﬁy a role in virus assembly and budding, possibly by’
providing.an interaction with other viral components. For instance,
it is possible that thé fatty acids may alter the conformation of G
protein and thereby establish new sites for protein-protein or
protein-lipid interactions. These results must be interpreted with
caution since ceruienin 1s known to have a wide effect on a number of

cellular functions, including the inhibition of protein and RNA

synthesis (Goldfine et al., 1978).
N 7

It is evident from all the above studies thdt the funct n of

\
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covalently linked fatty acid residues cannot be generalized to

include each case and that it may be necessary t} examine features \“‘\\\

particular to individual types or classes of/ membrane proteins.
Whatever the function, fatty acid acylation probably plays some

important biological role given the wiﬁespread occurrence of this

modification.

4.3 Membrane Organization of the VSV G and M Proteins

The development of photoreactive’ fatty acids has provided an
elegant apﬁroach to thehstudy of the nature of membrane organization.
By placing.:he reactive group in the hydrophobic core of the
membrane;none can’ideugify those proteins that are in intimate
contact ﬁith the S&Tayer as ueil ag examine the nature of protein-fx
protein and protein-lipid iﬁ?giactions (Gupta et al., 1977; Gupta gt
al., 1979; Brunner et al., 1980; Quay et al., 1981; Rose et al.,
1982). The'ﬁoténtial and applicability of this aﬁproach has beip l

greatly ex7ended by &gzhsynthesis of highly radicactive fatty acid
. \

" I
derivatives containiug,thg diazirine photoreactive group (Leblanc eE{: k\b,;.
al., 1982). ,
L)

The results presented in Section 3.4 described the use of
4
3
one such compound, [ H] diazirinophenoxy nonancate, to examine the
protein topography of the VSV viral membrane as well as to produce a

"Photoaffinity derivative of G protein.

Biosynthetic Incorporation of [BH] PAP-nonanocate into VSV

.

The results described in Section 3.4 demonstrated that .

-
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13H] DAb-nonancate wagzzgglciently incorporated into both viral-
lipids aé‘well as G protein. Thus VSV can utilize' chis_fatty acid
derivative to &cylate G protein and, as well, the virus particle 1is
Vable to bud froﬁ the plasma membrane containing this modified fatty
acid. HNo other viral protein was detectably labeled by DAP-nonancate,
indicating that the observed incorporation into G protein was not due
to the metabolic couversion of the fatty acid into protein synthetic
precursors.

The immediate consequence of this observation is that it is
possible to biesynthetically incorporaﬁe a fatty acid other than

"palmitate'inco G p{gtein. Thus, G protein 1s aSle to accept fatty
acids of various chain lengths and, therefore, the chain-length of
’the fatty acid may qpt‘bé critical for {ts biological activity.

\ In a reiated'study, Petri et al. (198l), using VSV infected
BEK\EEils, were able to biosyanthetically incorporate the fluo;;scenc
fatty acid 16—(9-§n;hr§loxy) palmitate into G protein but were,
Qowéver, unable to label G protein with shorter chain length
fluerescent fatty acids such as anthracene~%-proprionic acid or
anthracene-9-decanoic acid. Althouéh thé_fluorescent fatty acid
incorporated in;o G protein was not characterized, they suggested
that only lougér chain fatty acids could be incorporated in vivo inta

G protein. 1In contrast, the results presentad in Section 3.4 clearly
demonstrate that fatcy aéids with chain lengths as short as nine

-:carbous can still be recognized by the agylatigg machinery and

incorporated into G protein. The differences reported may '‘reflect
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differences in the chemical structures of the fatty acid derivatives.
The fluorescent anthroloxy derivative was linked near the middle of
the fatty acid molecule (at the C9 position) whereas the
photoreactive diazirine was coupled to the end of the molecule.

Thus, the position of the photoreactive group may, in fact, result in

a4 recognizable increase in the effective chain length of the fatty

acid. -

Of the total radioactivity incorporated into vsv,
approximately 1% was tightly bound to G prdtein. This isuin
comparison to the level of approximately 2Z when VSV was grown in the
presence of radicactive palmitate. The differences in the level of
labeling could be due to the fact that the fatty acid derivative is
not as efficiently recognized as the normal Clé fatty -acid or that

only a percentage of the G protein molecules become acylated with the
photoreactive fatty acid.

By all criteria examined, the DAP nonanocate fatty aczd -
behaved in a manner analogous to palmitic acid. All of the [BH]
DAP-nonancate incorporated into G protein wa; present in the membrane
interacting domain of the molecule. The 1label present in G protein
could not be removed by boiling in S5DS, polyac:ylaéide gel
electrophoresis, treatment with DMS0, or exhaustive extraction with
organic solvents, but could be quantitatively released by treatment
with hydroxylamine or by mild alkaline hydrolysis. Thus, the DAP
nonanoate appears to be covalently attached by an ester linkage

directly to the polypeptide backbone of G protein.

A
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This was confirmed by transesterification of the [ H]
DAP~nonanoate labeled G protein and identification of the released
radicactivity by HPLC. Most of the radioactivity migrated as the
methyl ester derivative of DAP nonancate, however, significant
amounts of longer chain length specles were also present. These

e
included the methyl ester derivatives of DAP undecanoate,

ﬁridecenoa£53 and pentadecanoate. While the elution profile //////’f__\fi/

demonstrated that the photoreactive diazirine group was retalned

after biosynthetic incorpogﬁtion, it also directly demonstrated that ‘
‘DAP-nonancate could be metabolically converted to longer chain length

species by the cell prier to incorporation into G protein. In -
dgreement with this observation, it has been reported that fatrty

acids other than palmitate, such as steareate and oleate, are/gresen:

E—

in G protein (Schmldt et al., 1979).

(
VSV Membrane Topography

(a) Phospholipid-Protein Interaction

3
Photolysis of ["H] DAP-nonanoate labeled VSﬂ\iisulted in a

~

tenfold increase in the amount offlabel present in\G\p;dtei<lii/

v

compared to tﬁz-amOunt of radicactivity preseént prior to.r??idiacion.

In a similar type of study, photolysigﬁgf-vsv grown in the pregence
.of l6-azido—[9,10 -VBH] palmitickaCid also resulted in exténsive
labeling of G protein (Stoffel et al., 1978). This increase -
resulted from the crosslinking of surrounding DAP containing

phospholipids to the G protein following photoactivation. This

photoinduced increase in labeling of G protein was restricted to
. ~

\

1
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the hydrophobic memhrane\interacting region of the glycoprotein.

Thus, the fatty aéid\gfobe, incorporated into the viral

phospholipids, specifiéally labels the hydrophobié core of the viral
f

envelope. This result\Ebnfirms and extends previous findings using

exogenous probes to show that G protein is an integral membrane

protein and in addition, unambiguously demonstrates that the CODH

t;fminal domain of G is in intimate contact with the hydrophobic core

of the 1ipid bilafer. -

The hydrophobic aryl azide probes [1251]—iodonaphthyl-l—
azide and [3H] pyrenesulfopylazide were shown to partition into the
VSV viral envelope and label the memb;ane interacting region of G.
protein (Zakowski and Wagner, 1980). However, in certain cases,
internal cowmpdnents such as the N protein also became labeled upon
photolysis 'indicating that these probes were not reacting exclusively
with hydrophobic regions.

Recent studies have Iindicated that photoreactive compounds
containing nitrene precursors (such as the aryl azides described
above) are not suitable as reagents for label%ng hyd rophobic regichs
in the bilayer (Bayley and Knowles, 1978a, 1978b; Chowdhry and‘
Westheimer, 1979). This is due to the low reactivity and long half
life of the photolytic intermediates which results in a low yield of
crosslinking. In addition, these compounds undergo é high degree of
intramolecular rearrangement which results in thé production of
reactive byproducts upon photolysis. Of more concern is the

observation that the photoactivated species can be almost completely

e



Ethvanged by externally added thiols such as glutathione, 1nditatiﬁg
that the probes are not specifically reacting with the hydrophobic
core of the membrane.

In contrast, carbene generated precursors, such as diazirine,

are much more suitable for membrane studies since they are much ﬁore
reactive, especially to chemic;lly inert polypeptide regions‘f?géx
efficliency of crosslinking is substantially higher, and they canﬁ%@_
be scavanged by externally added thiols (Bayley and Kﬁowles, 1978a,
1978b). In addtflon, the reactive species has an extremely short
half 1if£:— The studies with the L cells described in Section 3.4

indicated that crosslinking was essentially complete within 2 e

seconds, the shortest time interval examined. As such, the diazirine
containing photoreactive probe provides a much more accurate

. —
representationfg} the VSV membrane strucrure.
M Protein

In contrast to the heavy irradiation dependanf labeling
observed with G protein, the M protein was not labeled to an
observable extent following phot@lysis- This demonstrates ;he high
degree of specificity displayed ﬁy the photoreactive probe in that
only those proteins thL& ;re 1;?direct contact with the hydrophobic

—

core of the membrane ugyérgo phospholipid~protein crosslinking
following irradiation. Horé ihportantly, this result directly
demonstrates that the M protein dqes not penetrate the phospholipid

bilayer to a significant extent, if at-all.

Studies utilizing exogenous probes have indicated, however,
- .

——
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that the M proteig must be in cloSe association with at least the
_ apospholipid head groups present oun the inner monolayer since the M
protein can be crosslinked to phospholipids with bifunctional\\
reagents that are 1l nm in length (Pepinsky and Vogt, 1979). M;;e )
recently, it hhq\been demonstrated that while the hydrophilic
crosslinker tartyl diazide cam crosslink pﬁospholipids to M protein
the hydrophoﬁic reagent 4,4' dithiobisphenylazide does not (Zakowski
and Wagngr, 1980}.

Thus, the M protein, although in close association with the
lipid envelope, does not penetrate into the hydrophobic region of the
bilayer.

Protein-Protein Cfosslinking

4 critical aspect of meabrane organization is the nature of

I~
s

protein-protein interactions. By incorpbrating a éhotoreactive fatry
acid in vivo into the VSV G protein we Hgve, in effect, produced a
photoaffinity derivative of a specific integral membrane protein.
Thus, one can examine the spatial relationships of G protein with
itself and with other components-present in the membrane.

Photolysis of [3H] DAP-nonanoate labeled VSV resulted in

the appearance of several discrete new protein gpecies having
~

apparfnt molecular weights both higher and lower than G‘protein
(cggﬁounds I-VI, Fig. 3.4.11;f

The presenée'bf“these irradiation dependant species may be N\
explained in several ways. (1) They may be bona fide protein-pro;eiﬂS

crogslinks mediated by the fatty¥eid attached to G protein.

.,\/

. ™~
/\f E g
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(11) They may represent minor species present in the viral envelope
" that undergo phosphglipid-protein crosslinkingf (111) They may

represent minor contaminating, protein containing ﬁghbrane fragments
co-purif?ing with VSV during isolation. This latter possibility is

[ ]

unlikely since the yvirions were purified in the preQFnce of salt and
the photolytic pattegﬁ wvas consistent with'differenﬁ fifus
preparations. //’J:

Immunoblotting was used to distingu{sﬁ/;etween the first two
poasibilities. Compound I (140,000D), base{\ou its molecular weight
’hﬁ% its sp%cific réactiou with anti-G antisodygrwaé shown to be a G=G
homodimer. 1Its presence was dependant on prior phocolysisl The
format;on of this dimer must be the résult of crosslinking mediated
by the photoreactive fatty acid attached to G protein in vivo since
the diaziring_containing fatty acids are incorporated into only one
of the positions of glycerol gackbone during phospholipid synchesis°
(G. D. Gerber, pers?aal communication). In contrast, Stoffel et al.
(1978) claimed théErG-proteiu aggregates p/;;uced upon photolysis of
VSV grown 1in the presence of l6—azido—{9,10- ET:balmitic acid\wére
the result of crosslinking mediated by phospholipids which were
Eifsumably disubstituted with tha azidﬁ labeled fa:ty acid. As

-

explained above, this would not be thé case with the diazirino fatty
4

acid. In addition, the extremely shorEmhalf life of the carbene

precursor, as opp to the nitrene precursor, would further reduce

the likelihood t -G crosslinking was mediated by

disubstituted phos ipid molecules.

. - F 4
4 ~\

)‘_‘,
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. be rapidly scavanged by water molecules (G. E. Gerber, personal

[

4/-/_“

s
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The crosslinking event that proguces tha G-~G homod imer must
be occurring in the hydrophobic regidn of the bilayer since if the

. %
photoreactive group was positioned exteF;al to the bilayer it would

communication).

The intensity of the G~G dimer (approximately 2- 32 relative
to the [ 125 I] labeling of the G protein monomer), the short half
life of the carbene precursor, and the rigidity of the viral envelope
(Lansberger and Compaﬁs, 1976; Landsberger and Alrstiel, 1980;
Altsteil and Landsberger, 1981) precludé;,;he possibility that the
existence of the G-G dimer is the result of collisional inte(gctions
occdrring in the membrane. Petri et al. (1981)

w

. ' N
fluorescently labeled fatty acid in vivo iato G protein and examined

T

incorporateﬁ

]

the fluorescence anisotropy of this G protein incorporated into

artificial phospholipid vesicles. The results indicated that the _

lipids surrounding the membrane interacting region of G protein are

M
refitively immobile. Thus, the G protein would be expected to have

T
.

little lateral mdbility in the viral eﬁvelope.

The conclusion from the crosslinking studies with the
photoreactive fatty acid then is that fhe VSV spike is composed of
more than one molecule of G protein. This conclusion is supported by
several studles that have used exogenously added bifunctional
crosslinking reagents (Mudd and Swanson, 1978; Dubovi and Wagner,
1977; Zakorski and Wagner, 1880). Dubovi and Wagner (1977) have

suggested in fact that the G protein may exist in the form of-crimersa‘\

/.
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- as-well as dimers. Hoggver, it could not be completely discounted
wﬁfther the dimeriza;fén or trimerization represented true
interactioﬁs since hfgh conceftrations of exogenously adéed
crosslinkin} comp0unhs can cause non-specific protein aggrdgation
{Peters and Richards‘ 1977). In contrast, there are no concentration
dependant artifacts with the photoreactive fatty acid since the péobe
is incorporated intrlnsically during virus assembly.

Several other enveloped animal viruses have been shoﬁn to
contain surface glycoproteins in oligomeric structures. Thesé
include SVP (Garoff, 1974), influenza (Laver, 1971), and Newcastle
Disease virus (Scheid and Choppin, 1973).

Whether G protein may exist fh the intracellular membrane in

\\\—*_\“an oligomeric form is not known. It is possible.that this

e association may be required for the migration of G protein to the
plasma membrane.j This is intriguing In light of the observations
that some membrane proteins require associated protefns for their
transport. For instance, the transport of HLA heavy chain requires
the presence of 8 -2-micrtoglobulin (Sege et al., 1981) and the
transport of HLA-RR antigen requires the presence of the gamma chain

{(Kvist et al., 1982).

Another protein species (160,0000 molecular weight) was found
to be reactive with anti-G nntibodﬂéthowever, 1ts appearance was

independent of irradiation since it wag also present in the

non-photolyzed sample (Fig. 3.4.16, lane b). This may represent a

)
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G pré:sig dggregate not completely dissociéted duriﬁg ;lﬂctrophoresis
‘ﬂﬂose appearance\becomes evident because of the high'sensitivity of
the immunoblottiag technique. A minor protein héving tﬁis molé;ular
weight was also occasionally observed on very long exposures of gels
containiog samples of [BH]-palmitgle labeled VSV (data not
* presented).
The photoinduced products exhiﬁiting a molecular weight lower
;han G protein (compounds V and VI) were notlthe result of
'

degradation of G protein’since they were nok reactive with anti-G
— -

aquﬁﬁdy.‘ »
f

None of the photoinduced species were reactive with
antibodies specific ro the M or N proteins. Thus, there is no
formation of a G-M heterodimer. This suggests that, afthough_the G
and M proteins may be in close association with each ogher, thé
position and length of the fatty acid is insufficient to span the L
distance betwéen them. This would be the case {f the faety acids '
were acylated to the serines located at positions 443 and 444 as
indicated i{n Figure 4.1. In these positions, the probe would only be-
~able to extend approximately half way into the lipid bilayer thus
excluding the possibility of forming G-M heterodimers since the M
protein does penetrate the bilayer.ft'p that extent. A‘otoreactive
fatty acid acylated somewhere in the cytoplasmic extension of G
protein would, however, be more likely to formlG-M dimers. This
would also be true for the formation of G-N heterodimers, hoéever,

none were detected. This result further suggests that the fatty

-

n'-
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acids Fre not preéent in the cytoplasmic extension of G protein.
(Thus, although the fatty acids present on G protein may be

important fokjviral assewbly and function as has been suggested

(Schlesinger and Malfer, 1982), their actions are not mediated by a

close association with either M or N protein in the virus.

Minor Components in the Viral Envelope

The lack of rgacpivity of the photoinduced compouﬁds II N
(MW 107,000D), II (MW 100, 000D), IV (MW 90,000D), V (MW 53,000D), or
VI (MW 24,000D) with any of the viral specific antibodies tested
suggests‘thac they répresentlminor integral membrane proteins present
in the viral envelope.. .

Lactoperoxidase catalyzed radioiodinatigh of V5V grown in L

cells and Vero cells has shown that VSV incorporates several specific

s
-

hast celllsurface proteins into its envelope during budding (Lodish
agd Pther, 1980c). Tﬁe two major species incorporated had molecular

zggights of 110,000D and Z0,000D. Thus, they could be analogous to

"the compounds II and VI‘thiE/a;e'observed following photolysis of
vsv, Lodishfand Porter (i980c) showed that the incorporation of
these proteins was specific and not due to contamination with

“cellular debris. They further demonstrated that each virion

incorporated épproxima:ely 10 copies of the 110,000D specles and 80

copies of the 20,000D species as opposed to 500 coples of G protein. ™ w.

This ratio (1:8) is similar tg\ahgi?;bserved between cdmpounds II and

VI following irradiation (Fig. 3.4.1). Mancarella and Lenard (1981)

also observed species corresponding to these molecular weights after

N
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labeling VSV with [12511 iodonaphthylazide.‘ Recently, Little et
al. (1983) have reported that VSV grown in Hela cells specifically
incerporates several cell surface antigens with molecular weights
between-75,000D and 100,000D into the viral envelope.

. Based on immunological studies, Hetch and Summers (1972,
1976) have demonstrated the existance of mouse H~2 histocompatability
antigens in highly purified preparations of V5V, however, this
interpretation has been questioned (Haspel et al., 1977).

Various eazymatic activities have been detected in VSV that
appear to be an integral part of the virion but of cellular origin.
These include a protein kinase activity (Imblum and Wagner, 1974;
Moyer and Summers, 1974; Clinton et al., 1982) as well as an
enzymatic activity that synthesi;es cytidyl (5'-3") ggaﬁosine 5!
triphosbhate (Chanda and Banerjee, 1981).

Thus, VSV does not completely exclud 'pre-existing host
proteins from the viral envelope during assemb T;e specificicy of
incorporation of these proteins to the exclusion of the ny proteins
present in the cellular membrane ;:ggests thay they may play some
important but as yet undefined function. The use of a radioactive

photoreactive fatty acid as a precurosr for viral phospholipid

?
synthesis provides a novel and sensitive means of detecting such

3

minor proteins.
L Cells
The use of this photoreactive fatty acid is, of course, not

restricted to VSV. The results using L cells {Section 3.4) was the

o

-
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first demonstration of the use of such compounds to examine membrane
structure in eukaryotic cells. Khorana and co—workers were able to

blosynthetically incorporate diazirine containing fatty acids into

E. colil and identify membrane proteins after photolysis, however,

these fatty acids were not radiogctive (Quay et al., 1982). The
studies with L cells indicate that euk;;yocic cells can recognize
these modified fatty acids and incorporate them into both
phospholipids and proteins. The fatty acids so incorporated retain
the photoreactive group and remain capable of undergoing irradiaciqn
dependent ;;osslinking:to both phospholipids and proteins.‘

Analysis of DAP nonanoate labeled L cell proteins by gei

'electrophoresis (Fig. 3.4.4) demonstrated that a reproducible subset

of proteins were labeled prior to photelysis. The fact that the
labeling pattern was differgﬁ; from the pattern observed with [355]‘
methionine labeled-proteins\;;a that the label was sensitive tfo
hydroxylamine (unpublished observations) indicated that the
photoreactive fatty acid was acylated directly to these‘proteins.,

Thus, L cells contain a subset of proteins that have lipid moieties

covalentlyf?ttached to them. The results obtained with L cells
5

‘agrees with that reported with chick embryo fibroblasts labeled with

3
[ H]-palmitate (Schlesinger. et al., 1980) and suggests that fatty
acid acylation of proteins is a general phenomena.

The level of radicactivity present in some of these‘facty

" acid acylated proteins increased dramatically on irradiation

indicating that these were integral membrane proteins. Other
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proteins were only observable after photolysis, indica:iug'that these
integral membrane proteins are not fatty acid acylated. Proteins
that were labeled prior to photolysis but did not exhibit an
irradiation dependant increase in labeling may represent soluble

cytopisémic proteins Gﬂich covalently interact with fatty acids.
%he photoreactive fatty acid may thus be used to identify

integral membrane proteins present in mammalian cklls and produce

photoaffinity derivatives of those pr;teins which neormally contain

covalently attached fatty acids.

4.4 Asgsociation of M Protein with Lipid Vesicles

Several reports have demonstrated that M protein is
associated with membranes in infected cells (David, 1973; Hunt and
Summers, 1976; Atkinson et al., 1976; Morrison and McQuain, 1977) but
very little is known about the nature of this interaction or whether
M protein has an intrins;c affinity for wmembranes. In addition,
despite the well documented lmportance of M protein in the life ecycle
of the virus, 1its relafionship with the viral envelope and other
structural components is unclear. This is in large part due to 1its
inaccessable location in the virion and its insolubi{ﬁgi;fn the
absence of detergents. T

Since our knowledge of the nature of membrane structure and
phospholipid-protein interaction has benefited from the use of
artificially reconstituged membranes as model systems, this approach

was taken to examine the affinity of M protein for membranes.

The M protein used was purified by gel electrophoresis, salt

S
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extraction of virus followed by column chro;atography, or synthesized
15_31559. In each case, M protein was shown to have a SCrong
affinity for lipid vesicles when Teconstitution was performed by the
detergent dialysis procedure. 'In addition, detergent free M protein
was shown to partition into preformed phospholipid vesicles. \

Proteolytic digestion of the reconstituted vesicles
demonstrated that the association of M procein was not due to
Physical entrapment during vesicle formation. In contrast, when N
protein was reconstituted with lipid vesicles under identical
conditions, no association was observed. The assoclation of M
protein with lipid was maintained even after including 0.5 M NaCl in
the flotation gradients to eliminate any non-specific electrostatic
attraction.

Similar results were.independantly reported by Zakowski et
al. (1981) ;ho also demonstrated that a specific lipid-protein
interaction with M frotein and artificial vesicles was maintained in
the presence of high salt. Their study was extended to show that
while the association of M with lipid was unaffected by the presence
of salt after recomstitution, the presence of high salt
concentrations before and during detergent dialysis inhibited the
recﬁnstitution of H.protein with the 1ipid vesicles. Thus, al though
high salt coécentration can prevent reccnstitution, it cannot
dissociate M protein once it i{s bound to the vesicles. These results
suggest tﬁat the binding of M protein to lipid is a two step process
involving an initial eleﬁtrostatic attraction which is salt sensitive

)
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followed b¥*'an irreversible hydropﬁobic interaction once the M
protein binds to the membrane. .

The initial electrosﬁatic assoclation was demonstrated by

»

examining the reconstitution of M protein after derivatization with
succinic anhydride or acetic anhydride to bloék lysine groups
"(Zakorskl et al., 1981). Derivatization of.; pfatéin, which is
highly basic (pI of 9.1) greatly reduced the amoqQ{bof ﬁ protein
-binding to vesicles. However, if was not clear whether_thiélwas the
?esult of partial denaturation of the protein. -

The nature of the M-1lipid association in the reconstituted in
Yitro system is not clear. The inability of high salt conc®ntration
. to remove M protein once bound to the vesiclles suggests a lipophilic
Vcomponen: 1s involved, hqwever, the experime&ts‘dﬂétribed with the
Photoreactive probe (Section 3.4) clearly demonstrate that in the
virus at least, the M protein is not in contact with the hydrophobic
core of the membrane.

Zakowskl et al. (198l) reported efficient reconstitution of M
protein only with vesicles containing negatively éharged
phospholipids and nqt in vesicles composed of only
phophatidylcholine. 1In contragt, the results presented in Section
3.5 show that reconstitution of Q—Brotein with phospholipid vesicles
containin& only PC was highly efficient. Some of the possible
reasoné for s difference have been outlined in Section 3.5. Other

differenfes may be related to the hod of purification of M protein

or the conditions of recomstitutdon. Zakowski et al. (1981) purified

. '
.
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N protein by phosphocellulose chromaqﬁ;;;;; while in the situation
reported in this thesis, M protein was purified gy geljfiltration or
synthesized in vitro.

The results reported here are similar to that obtained with
influenza virus M protein where it was demonstrated that influenza M
protein incorporates efficiently into artificial phospholipid '
vésicles composed entirely of phosphatidylcholine (Gregoriades, 1980;
Bucher et al., 1980). _

N

The nature of the interaction of the influenza M with lipid
vesicles is, however, much clearer than is the case for VS5V M.

Al though the overall composition of the influenza M protein is not
hydrophobic, there are several distinct regions where there is a
clustefing of hydrophobic and/or neutral amino acids (Winter and
Fields, 1980). Two of these reglons are situated near the amino
terminus while two other clusterings are near the middle of the

molecule. Fluorescent labeling with the photoreactive hydrophobic

probe pyrenesulfonyl azide was used to demonstrate that one of the

\\mﬁddle;domaius as well as ome of the amino terminal proximal

/ﬂydrophobic domains actually penetrate the lipid bilayer (Gregoriades

\
and Frangione, 1981).

- <

The predicted amino acid sequence of the VSV M protein on the
other hand does not show any extended stretches of hydrophobic or
neﬁcral gzlno acids that might be expected‘to preferentially
assoclate with lipid (Rose and éallione, 1981). The VSV M protein is

in fact highly basic and contains a large number of lysine residues,

a.
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many of which are clustzzcl near the amine terminal end of the

mol ecule.

As demonstrated in Section 3.5, digestion of M containing
lipid vesicles with proteolytic enzymes resulted in the compl;te
degradat;on of M protein, however, several small protease resistant
fragments having a molecular welght of 3-5000D remained associated

with the vesicles tollowing repurification. This Tesult 1s similar

to that reported with reconstituted influenza M protein treated in an

identical manner (Gregoriades, 1980). In the ;ase of VSV M protein
reported here, it 1s not clear whether the fragments protected from
proteolytic digestion are protected by virtue of being embedded in
the membrane or simply because of close association with the surface
of the vesicles. The results obtained with the photoreactive’faté&
aé;d probe would tend to indicate the latter.

- The heterogeneity of these smal} molecular weight fragmenté
may be a reflection of the heterogeneity of the lipid-protein ‘
interaction or that more than one region of the molecule is in
contact with the membrane, as appears to be the case for influenza M
Protein. Tryptic peptides of VSV M protein had no affinity for the
phospholipid vesicles suggesting that tryptic peptides on their own
have no lipophilic properties. It is possible, however, that the
tegtiary conformation of M protein, bringing small nonpolar regions
of the moiecule in close proximity to each other, may be’important in

the lipid association observed. The predicted amino acid sequence of

the V5V M protein (Fig. 3.6.2) indicates that while there are no long

S
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hydrophobic stretches, there are gseveral clusers of noupolar or
~

- hydrophobic amino acids of 5-10 residues in length that could

conceivably interact with l1ipid. In the case of the influenza M
protein, a neutral amino acid cluster of only 13 amino acids was
shown to be sufficient to penetrate the bilayer (Gregoriades and
Frangione, 1981).

The reconstitution of M protein into phospholipid vegicles
reported in this study as well as by Zakowski et al. (1981) provides
the first airect demonstration that VSV ¥ protein has an intrinsic
affinity for lipid io vitro. It suggests, but does not ;iove, that
this same affinity is manifested In vivo in the infected cell as well
as in the completed virus. Studies with artificial nembrane systems
reconstituted with viral glycoproteins show that the glycoprocein;
interact with these vesicles in a manner indistinguishable from that
of the viral or host cell membranpe. fn addition, in the cases where
a functional assay is’available (such as fusion activity) it has been
shown that the reconstituted proteins still maintain and exhibit that
function (Hsu et al., 1979; Huang et al., 1980; Helenius et al.,
1977; Petri and Wagner, 1979; Miller et al., 1980; Miller and Lenard,
1980; Huang et al., 1980). Thus, i; is 1likely that this obaerve& in
vitro affinity of M protein for lipid is also manifested under aormal
coditions 1ia vivo.

‘ It has beé;/postulated that in the virus M pfotein may

luteract with G protein, possibly via the cytoplasmic extension of G,

and hat this interaction is lmportant for viral assembly. The basic
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nature of the cytoplasmic dbmain of G protein may facilirate this
interaction (Rose et al., 1980). Evidence for this has come from
crosslinking studiesowhich have shown that it is possible to form G-H
heterodimers (Dubovi'and Wagner, 1977; Mudd and Swanson,- 1978). The
level of these dimers was, however, extremely small. More recently,
using.the technique of fluorescence regoVery after photobleéching, it
was demonstrated that M protein 1s able to reduce the.lateral
mobility of G protein in the infecfed call membrane (Reidler et al.,
1981). It was suggested that M pfotein immobilizes a small amount of
"cell surface G protein molecules into bud&ing sites.

/7ﬂ/‘ The results presented here, in.regard to the topology of G
protein in the membrane and the observation that M protein has an
affinity for lipids supports theceacept of_M interacting with G
protein. The results of the recontitution experiments clearly show,

however, that G protein is not uecégsa; A 0 promote M-lipid

ES

N
Ehsociati‘F since efficient reconstituciog f‘% protein with lipid
vesicles occurred in the absence of G protgﬁn. Thus, the postulated
assoclation of M protein with the cytoplasmic tail of G protein is }(‘
not a prerequisite for the interaction of M pfotein with 1ipid. This
is supported by studies wiﬁh mutants of VSV which have demonstrated
that G protein is noﬁ esse[‘;ti_al for virus budcﬁng to occur (Schni?
and Lodish, 1979). | |

Assoclation of N Protein With Lipid Vesicles Containing M

The demonstration that M protein canbe reconstituted into

artificial 1lipid vesicles in an external oriedfatiop'ﬁfbvid;s a
., N - \k‘\:.

i
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unique system with which one can directly exanine the interactiop of
M protein not only with lipid but also with other viral co;;onents.
To test the idea that the associarion of viral nucleocapsids
with the envelope is mediated through an interaction between M
protein and the nucleocapsid protein N (Wagner, 1975; Mudd and

Swanson, 1978; Schaitzer and lodish, 1979; Wilson and Lenard, 1981)
reconstitution of N protein with phosprlipid vesiéles in the
presence or, absence of M protein was examined.

As demonstrated in Section 3.5, N protein oo its own has no
affinity for lipid vesicles. In the preseucerf M protein, however,

both M and N protein were found to associate with the 1ipid vesicles.

As a control, when an equal mixture of G and N proteins were

~ ‘\ren::om;til:ul:igi\t only the G protein was found to assoclate with the

lipid vesiq&ggu It has previously been demonstrated that G protein

can be 1ncorpo??ted into synthetic phosphatidylcholine concaining

vesicles eifher by the detergent dialysis method or by using

preforifd vesicles (Petri and Wagner, 1979, 1980). Thus, the

association of N protein with M containing vesicles is not simply the

!

result of a gén-specific protein~lipid cbaggregation resulting from

e .
the prgsenée of a protain that normally /Mas 1ipid affinity.
It 13 concluged then that the association of N proteiifuith
3 R

l1ipid vesicles, only %n the presence of M- proteini must be mediated

- o

“ .
by an interaccion occurring betweeniiﬁe N protein and the membrane /K !
- _ i - :
aggoclated protein.  In one experiment where N proteié"hd ’ /\ /
. . »
R asval ' /
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detergent purified‘ﬁ protein vas used for reconstitution (Fig.
3:5.10) the N:M ratio was found to‘be 1.1:1 after correcting for the
aumber of methionines present in each protein. Since the melecular
welight of N protein ES0,000D) is approximately half that of M protein
(29,000D), it can be said that one molecule of N protein is
agsociated with two molecuies of M photein. This agrees with the
estimation that the number of“N and M molecules iﬂrthe virion {s
approximately 2300 ad 4700, respectively {Wagner, 1975).

These observations were confirmed with proteins synthESiZEF
in vitro. These results are probably more significant since‘ﬁﬁ;;
depend on proteins whose conformation more closely resembles their
rfgpective native state. As with the virion purified proteins;
reconstitution of N and M proteins synthesized_lg_!iggg resulted in
the associatiow *oth these proteins sbith lipid vesicles. This
interaction does not seem to bh\non-spe;z;ic. In one experiment
(Fig. 3.5.12)- the starting ratio of N/M in the reaction omixture was

3:1, however, after recoqié}tution these proteins were present in the

lfpid vesicles in a ratio of 1:2.3. If non—specific lipid-protein

aggregation, was occurring, one would expect to find a similar N/M

ratio in the vesicles as was present in the starting material.

N protein synthesized in vitro requires the presence of M
pu —_——
1

.. . e
N protein was, howe:ig,

. —
n was suppleks?;ed

found to gssociate with 1lipid when the re

o
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with unlabeled purified M protein. Thus, as with virion purified F—u

protein, N protein synthesized in vitro will associate with 1ipid

vesiclés only iz the presence of M protein.

%

This data is taken to indicate that M pkgtein ontains two

functionally distinct regions or domains,»one which‘can recognize and
interact with the 1ipid bilayer, and one that can rec
interact with the nucleocapsid protein N. ‘
The mechanism by which N protein may assoclate with M {s not
known. The highly basic nature of M protein (Rogse and Gallione,
1981) may be involved in this process. As stQCed above, in one

experiment in which N and M were reconstituted with lipid vesicles,

the N:M ratio was found to be 1:2.3. When these reconstituted

-fvggiclesmwere isolated and re-purified through a flotation gradient
L

in the presence of 0.5 M NaCl, the ratioc of N:M was found to be
approximately 1:4.5. Thus, while approximately'half of the N

_ : * y .7
molecules were removed by salt treatment, the-remainder remained : (

‘tightly associated with the M containing vesicles. This suggests

that the interaction of a portion of the N molecules with M protein !

~

ia noE‘thrOugh simple electrostatic assoclation. L
3

Recently, it has been demonstrated that fractionation of‘»S,f

on SDS polyacrylamide gels under non-reducing conditions results “in Jo
the appearance of a new species having an apparent molecular weight

of 87,0000 in addition to the other viral proteéys (MancprelI; and

Lenard, 198l). Analysis in a second dimension under reduq%ng

i3

conditions dgmonstrated'that this new species was composed of N and M Af.

k\\
_J
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-proteins- The. appearance of the 87,000D species w dependant upon
P B

the pH of the dissociation buffer and was abolished with reducing
agents such as 2-mercaptoethanol. These results suggested that the
N-M comﬁiex arose from a process of disulfide exchange. The amount
of thin N4 complex was reduced in temperature sensitive mutanEF
defective {n M protein (Mancarella and Lenard, 1981). |

The results reported here, namely that N and M protein can

interact ip vitro, does not prove that the same interaction occurs in

vivo during viral assembly. N protein is normally found tﬁﬁhtly

complexed in a RNP structure, thus, it may have a conformation
totally different from that exhibited in an RNA free state. There is
no way to discriminate between bioclogically important conformational
structures of N proséig\and other conformational states since there
i1s no functicnal agsay available for N protein. However, the results
with purified RNP particles demonstrated that M protein can interact

with nucleocapsids. As shown in Figure 3.5.15, when M protein was

reconstituted with phospholipid vesicles in the presence of RNP -

particles the M protein remained at the bottom of/{§e tube as
opposed to its upward flotation in thefabsenoe—of’RNP. This was
|

teken. to indifate that M protein was, ih fact, associating with the

RNP but was prevented from floating upwards because of the large size

‘and density (1.3l gm/ml) of the RNP.

Further indication that M can agsociate with the RNP was

- obtained from the observation that a small amount of M protein was

— N 4: L . .

- . -
consiigencpf'observed to assgciate with in vitro synthesized RNP

)

Y0 T
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particles containing the 425 RNA and N protein, even after

centrifugation through 30 CsQl (Ghosh and Ghosh, 1982) or when these
b
RNF particles were centrifuged through a sucTrose gradient containing

EDTA to dissociate polysomes (Capone and Ghosh, unpublished

LS

affinity for oucleocapsids.

As stated in the Introduction, M protein regulates virus

directed RNA synthesis aad iphibits WSV transcription din vitro

(Qlinton et al., 19ﬂ§; Martinet et d1., 1979; Carroll and Wagner
1979; Combard and Priutz-Ane, 1979; De et al., 1982). Recently,
Hilson and Lenard (1981) have used M protein mediated inhibition of
Vsv transcription in vitro to examine interactions betweef’wild type
and mutant M protein‘.ith nucleocapsids. It was shown that the‘
inhibition demonstrated by M protein was dependent on the ionic
envi;gnment. Wild type as well as mutant M protein was inhibitory
under conditions of low ionic sgrength, however, under high fonic
strength, the wild type but not the mutant M protein still displayed

some inhibitory activity. This suggested that the mutant M protein

loses its cdpacity to -interact uithﬁﬁbleocapsids\under conditions of .

high fonic strength. .

Recent experiments have

role in haintaining the conde

‘ndicated that M protein plays a key
#ed structure of .the RNP (Newcomb and

Brown 1981; JNewcome et al.y/, 1982). Disruption of Vsyﬁby non— ionic

- detergeni‘.n Fhe presence pf 0.5 M NaQl to solubilize G and M
p—

proteins IEE:fgji:; disassembly of the RNP into an extended form.

s

™

» ' ¥

“h
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Dialysis to remove salt led to the complexing of M to the RNP and the

reassembly of the nucleocapsids into condensed structsres. The "

nucleocapsids were shown to have a high affinity for M protein since

I

virtually all the nucleocapsids were in the form of condensed

structures complexed with M protein.

Recently, De et al

%&amine inhibition of transcription in vitro showed that a ratio
~

» (1982) wing purified M protein to

of M:N off@:l (w/w) resulted in a greater than BOX. reduction in the

A
!
level of VS5V RNA synthesis

this inhibition of transer

change {n the transcribing

compact structure. The pu

these nucleocapsid structu
— e

’ \\v “0.12 M. Thus, the associa
—

contained in the Qucgeocap

transcription.

« In addition, it was demonstrated that
iption was accowmpanied by a conformational
nucleocapsid from ;?/;xtended form to a
rified M proteiﬁﬁaid not interact with

L4
res at an fonic strength greater than
tion of M protein with the N protein

sids may be important in regulating

. oo T ’ ’
Thus, the work descrfthd by othet investigators as well as

the wdi\h\ in this
interact with Hbth thebilp

// these two sites are funcci

a—

with tempfrature sensitive

'clisplays' co-ordinate .affin

agssociacion with nucleocap

-~

-
- N

< -5
[ l{} L
. ./—\ ) Vet S

_3
' * ’ VAN

hesis indicgtes that M protein can

1d bilayer as,ﬂéll\gs/khe N protein. That

onally distinct {s supported by receant work
—_— o

mutants that have shown that M protein

ity for membranws and nu€leocapsids
\] b —_ -\/ . .

(Reidler et al., 1981; Wilson and~lenard, lQ@l{'Héﬁéargﬁla and
Ve B . —_— - e
‘Lenard, 1981). That is, wmutants that displayed a/décreased

~

v, ( :
¢ids at the same’time exhibited an Ci::::::::::::;?c
~ B

e | v
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increased modulation of G prétein wobility at the cell surface,
-—

suggesting an increased association of M with the membrane.
—

Phosphorylation of M protein may play a role in these interactions,

however, the functionmal role of phosphorylation of M protein, if any,
has yet to be established (Clinton et al., 1978).
Knipe.andyco~workers have examtned the role of N protein in

virus maturation by using a temperature sensitive mutant of VSV in
' I
which ¥ procein is-rapidly degraded at the non-permissive temperature

(Knipe et al., 1977a). 1In this case it was found that a large

-

proportion of M protein accﬁmulaced in the cytoplasm rather than

attaching to membranes. It was thus suggested that M protein could
associate with membranes only after binding to nucleocapsids. 1In
coutrast, the studies reported here as well as by others (Zakowski et

al., 198l) clearly show that M protein can efficiently bind to

membranes in vitro ﬁgpthe absence of N protein or nucleccapsids. In
» - = . : ‘

addition, as stated above, mutants of M protein which display a
weakened Pinding to nucleocapsids at the saéﬁ\ii?e exhibit an
iﬁcreased, rather than a decﬁeased. affinity for membranes. The
differences between the in 32552 reconstitution studies and those

reported by: pe (Knipe et al., 1977a) may reflect differences 1in
y L4

interaction with cellular cbmpouenta, such as the cytoskeleton, which-

may be. occurring in vivo.

> Zhe observation that M protein has affinity for both

S —

memhra‘k \fn$\N protéin has implicatidys for both the assenblys and
A4 é‘—/"\" © / -
che’jpﬁctio of the yirus. It supports the conedusion t fi

- . ) Y
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protein, nound to the G protein modified plasma membrane, serves as
the nucleation site for the RNP to initiace budding and, as such,
would be the rate limiting step in virus assembly (Knipe et al.,
1977a; Schnitzer and Lodish, 1979; Weiss and Bennett, 1980). 1In
addition, as recently peinted out by De et al. (1982), if the. -

.

“‘
interaction of M with the RNP occurs at the membranpe prioft to or at

the time of bndding, this interaction may‘tsﬁne the RNP to cease RNA
synthesis pr}or to maturation of the virus. Since it appears that M
protein has(anyznzluence on the trnnscriptive properties of the RNP .
and that N protein initiates encapsidation (Blumberg et al., 1983),'
the association of M protein with N‘protein_ig.iigg would cause
.
transcription to halt as well as initiate the condensation of the
nucleocapsid. These interactions as well as other conformational M

chanses'that may be occurring would then Initiate the budding event.
A N .

4.5 Construction of a Chimerie Genpe Between G and M

Section 3.6 describes the construction and cloning of a
hybrid gece between the VSV G and M proteins as an approach to
_. examine the functional significance of various domains of these two

- - ' '
molecules. . )

"

R

The cloning stracagy was developed to insure that the correct
reading frame at the G-M junction point was maintained Based on

size and restriction enzyme analysisi several positive clones wege
' ~
‘ - ‘
isolated. One of these c¢lones, dgsignaqu pGMO3, was used for

[ ST T
. Al .

further study. \

When this clone was int{oduced into mammal}an cells by DNA
N

"y
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mediated géﬁ;ftransfef 1-2 polypeptides were detected which were

precipitable by specific antibodies directed against authentic VSV M

£ 1)
protein- These protein species wers not detected in nontransfected

cells nor in cells trénsfected‘with the vector alone. Thus, based on

their appﬁrent molecular weights and spehific reaction with anti~M
antibody, it was councluded that these palypeptides were cranscribed
and transla;kg direc:ly from the G-M hybrid gene.

In the absence of any definitive protein characterization,

the nature of these protein species can only be speculated upon. ' The

35-36 kilodalton species (Fig.‘3.6.12 and 3.6.13) has an apparent
moleculgr weight indicative of a glycosylated G-M hybrid preotein.
However,|due to the small molecular wgiéht differences between an
uncﬁ%}ved nal sequence of 16 amino acids and.; typical Asn linked

oligosaccharide chain, it'is difficult to determine the precise

“

nature of the species basgd on size a}one. In addition, it i{s not

known what effect a carbohydrate chain would have on the appapént

il

molecula; weight of the prduct in this case. 1If the product is

-

g¥ycosylated, then 1t must have been translocated across the /f

4

endoplasmic reticulum by virtue of the signal sequence of G protein.
This would indicate that the signal sequeﬁée of G 1s gsufficlent to
transport'a normally cytdplasmic protei£~across ﬁembranes and éhac
the séquenci Aso—X-Ser(Thr) zn its own i3 suffiFieu; to trigge;
glycosylation. Because of the small moleculaer:ighc differegces
involvgd, amino acid‘sequence analY?Es-is required to de:erming

whether signal sequenck cleavage occurs.

0
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In the .ormal situation, G protein is inserted into membranes
shortly after the signal peptide exits from the large ribosommal

J—

subunit (Rotizz?annd Lodish, 1977; Tomeguzzo and Ghosh, ¥78),
7 .
however?}i&‘/ not clear at which point the signal sequence is

removed. It is felt that the éignal sequence 13 removed during or
shortly after it is inserted into the endoplasmic reticulum but is is
oot known whethe; ocher sequences dowusgream from the signal seqﬂénce
are required for effici;nt cleavage. In the case of the G-M rid,
the hybrid gene codes for the 82 NHz-terminal amino acids of mature
G protein (see Fig. 3.6.1) so if sequences near the amino geernus of

G are required for efficfent signal isquence cleavage, it is likely

that ¢ chimeric gene contains them. In additidh, the cleavage of

the signal sequence may not be necessary for efficient membrane

al., 1978%). - e

The[G specific sequences contained in the hybrid gene would,
in fact, belof the ideal”leugth to initiate yembréne insertion and
signal sequenge cléavage. The G specific sequence iﬁcludes codous

v
16 amino acids of the signal sequence and the 82

specific for t
amino acids downstream from this point (total = 98 amino acids). It
has been estimated that the nascent polybept{@&'chain of a secretory
"or membrage protein woud have to attain a minimal length of 70-90

amino ‘acids for the polypeptide Lo penetrate the membrane and have

the s;gnal sequence -removed (Rothman and Lodish, 1977; Sabatini et ®

. . f\

>

N



362

al., 1982). This would lnclude 30-40 amino acils .caaining in the
ribosome plus 20 resi?ues ;equifed to cross the mémbrane and the
16~30 residues of the signal element.

Aé stated above, the size of the pGMO3 specific product would
indicate that it is glycosylated. %his question can be addressed
more accurately with the use of glycosylation inhibitors such as'~
tunicamycin which inhibit formation of the dolichol intermediate.

The 32,000D species, immunoreactive with anti-M antibody, was
also specifically detected only in cells which were :gggsfected'with
pGM03 (see Fig. 3.6.13). This species is consistant with a G-
fusion protein which 1s not glycosylated ;nd has had the signal
seﬁuence removed. It i3, however, difficult to discriginate between

.. s
polypeptide{ containing a signal sequence and those lacking it
without further characterization.. |

iy high molecular weight species was also detected with anti-M

antibody in non-transfected cells as well as in cells transfected

L4
‘-

with pCVSVe or pGMO3. This product was&'however, much more prominent
in the pGMO3 transfected cells (see Fig-. 3.6.13). This may be an
artifact due to nonsﬁecific binding or it may be a product induced
specifically by transfec;ion ;ith'pGM03. Other séeciesﬁcross
reactive with anti-M antibedy were_also detected in transfected as
well as noa~transfected cells by the immunoblotting proégdure- These
specles probably represent nonspecific binding detectable because of

the very high sensitivity of the mmunoblotting technique.

Al ternatively, they may represent normal cellular proteins which

~
i

P!

- )
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contain antigenic sites related to M protein.

These,impofant questions are difficult to address in the in
vivo system because of the low level of expressic: of the presumed
G-M product. Some of the reasons for low expression have been

outlined in Section 3.6. - Mellon et al. (1981) ‘have demonstrated that

while a copy of thd(l)\globin pene was transcribed to very high

1

levels in COS-1 cells, no translation product was identified. It is

only recently that suitable expression vectors have become available

which are able to ‘express cloned .Benes to levels sufficient for

detection by diTect 1mmunoprecipitatlon-

It is also possible that the product of the G-M gene is

unstable or is rapidly dégraded by intracellular enzymes. In

— {
addition, it is also conceivable that the G-h product is toxic to the)

cells, for instance by blocking receptors necessary for protein
translocatiofi. Using a bacf@rial expression vector containing cDNA

corresponding to G mRNA to examine the synthesis of G protein in

E; coli, it was demonstrated that the hydrophebic signal sequence of

G is lethal to E. coli (Rosg and Shafferman, 1981).

-

Another important factor in the leviijof expression is the

-

/ﬁfficiency of the transfection. Rose and Bergﬁgﬁ.(1982), using a

C_

transfection protocol similar to the one adopted here, estimated that

.only 5% of the cells become transfected.

These factors cowld all be affecting the detection of the G-M

product. Alterngkively, sufficient ahount of the product may be
5

synthesized, but th&,aiiigity of the product for the anti-M antibody

P
7
B .

/.-m

L

T
Y
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may be d£}stically reduced because of the nature or conformation of

the hybrid molecule.

In attaching the signal sequegﬁ? of G onto M protein, it was
felt that 5033 of the protein product‘q?y be secreted by the cell.
No M specific products were, however, détected in ;hefgxtracellul&r_
medium from pGMO3 transfected cells when assayed by im;unoblotting
(see Fig. 3.6.13). It is possible that-if there was a proguct
secreted, it was only presént in trace;hmounts or that it was not
immuno:i;ctive with the antibody used: It is, "however, not

¢
surprising that a product of the G-M gene 1s not secreted given the
demonstrated high affinity for membranes exhibited by M prg;ein-
Thus, although a G hybrid prorein may be translocated across the
endoplasmic reticulum, it may become associated with the
intracellular membranes and, therefore, not be able to be secreted.
Although it 1s not known whether a G-M protein would demonstrate a

r

similar membrane affinity as authentic M ﬁrocein,‘this should not
affect the transigcation of this species;across the endoplasmic
teticﬁlum since this process occurs co~-translationally.

Al ternatively, the hybrid protein may not coantain the signals
necessary to specifyoggc?etion. Expression of G protein (Rose and
ﬂergman, 1982) and the influ;uza haemagglutinin (Gethig and Sambrook,
1982)-;hich do not contain the hydrophobic membrane {nteracting
region, show ;K;f the cell'treats these truncated species as normal
secretory proteins. This indicates that secretory proteins, as a

i

class, do not contain additional aminc acid sequences that quéify
p—
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polypeptide secrgfion. However, both the haemagglutinin and~G .
{ ) : o
protein are normally transported through the intracgllular membrane

system and, thts, even the truncated forms may contain signals which
specify this function. The blogenesis of M protein, on the other
'Y

hand, -does not involvé either membrane translocation or intracellular

m

membrane'cransport and, thus, it is expected that the ™ protein would
lack these locational o} transport signalg-necessary for the
subsequent fate of normal secretory protelns. *

The important questions regarding the synthesis and
processing of thi% G—M hybrid protein can be>properly addressed using
an in vitro trandcription—trauslatiou system. Récencly, a whole
cell extract prepared from Hela celiégyud containing endogenous RNA
polymerase II.-has been developed which is able to faithfully
transcribe RNA from a DNA template (Manley et al., 1980). This has
been used to develop a sequencial trauscription~translation system

P . .
using the w?ole celle;E}act for RNA synthesis aﬂ@}t&e reticulocyte
tranglation system for protein synthesis (Cepka_gt al, 1981).°

. L 4
using thewe systems and carrying out the reactions in absence or

% presence of exogenously addedtpicrosomﬁhl.membranes, it should be

possible to easily examine the synthesis, membrane insertionm, signal

sequence cleavage, and glycosylation of the G-M hybrid gene product.

4.6 Future Prospects

Although advances in the past few years have been substéntial,
there are still many aspecté of membrane assembly and functionm which

need to be addressed and with which simple enveloped animal viruges

i
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will undoubtedly play an essential role.

In the case of G protein, covalent addition of fatty acid
residues is a modification whose functlion remains to be convincingly
elucidated. Perhaps viral mutants defective in only fatty acid
acylation may be useful in this regard. However, a potentially more
useful approach would be the isolation of cells which are defective
in the acylating activity. A mutant Chinese Hamsrer Ovary cell line
'defective'in the en bloc transfer of oligosaccharide chains has been
very useful in the élucidation of the mechanism of glycosylation as
well as determining the biological role of covalently attached
carbohydrace (Kfag et al.,71977; Gibson et al., 1980).

: Since many different types of membrane proteins have been
.recently demonstrated to contain fatty acids, it {s likely that the
fétty acid residues provide scme important fuuction, at least for
those proteins so modified. The precise linkage site of tﬂe fatry
acids would thus be important not only from the polnt of eludicating
function but also in the sense of understanding the nature of the
'target sequences necessary for acylation to take place. Perhaps the
advancing technologies in purifying hydrophobic peptides in
sufficient amounts coupled with gensitive characterization techniques
may help define the precise linkage residye. Recently, gas
chromatoé‘aphy—mass spectrToscopy was used|to demonstrate that the
amino terminal glycine i{s the acylated ami;o acid in the pl> protein

of murine leukemia virus (Hendersonm et al., 1983).

-
-

Since many proteinsare fatty acid acylated, the enzyme(s)
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responsible for this modification must be common to many cell types’
It 18 not known whether the fatty acid is donated directly, for
instance, through an acti;ated ester such as palmityl-CoA as
postulated (Magee and Schlesinger, 1982) or whether phospholipid is
the donor as appears to be the case for the E. coll murein
lfboprotein (Lai et al., 1980)- An ig vitro system which is capabie
of faithfully acylating membrane proteins would be invaluable_in this
regard. Rothman has shown thathzhe oligosaccharide moiety of G
protein couldAbe processed in vitro after the addition of purified
Golgi membranes. Furthermore, the Golgl membranes could be |
subfractionated into components_which centain the acylating activity
(Dunphy et al., 1981). Thus, b; using this system Lt should be
possible to purify the acylating components.

The use of photoreactive fatty acids incorporated into
membrane phospholipids can be used not only to identify lipid
Interacting domains of membrane proteins but also éo precisély
determine the extramembrane and intramembrane boundaries. This is
now known with certainty for any membrane protein. Recently, the
transwembrane domain of glycophorin A was accurately defined by
incorporating glycophorin into artificial lipid vesicles composed of
phospholipids containing photosensitive carbene precursors and
characteri;ing the resulting phospholipid-protein crosslinks bj'
protein sequencing (Ross et al., 1982). Furthermore, by attaching

photosensitive fatty acids of different chains lengths to G protein,

it should be possible to further define the nature of protein-



. ’ 368

K 4

-~

Cectl
proteiﬁ‘iﬁteraction Pccurring in the viral membrane.

Currently, there is a great deal\of interest {n understanding

—___.the mecha;ism involved ia the transport o¥ megprane proteins from

. their sites of synthesis to their final destinaticns. There ig

controversy in regards to whether or not specific cellular proteins,
in clﬁse assoclation with the targeted protein, are involved in this
process. Perh;ps by photolyzing G protein, containing a
photoreactive fatry acid, while it i{s in transit through the had
intracellular membranes, it may be possible to crosslink cellular
proteins which are in close associatiom with G protein. One may then
be able to identify the cellular proﬁein(s) involved by
immunoprecipitating the G protein containing the crosslinkad
species.

With the demonétration that N protéin exhibits an affinity
for M protein ino vitro it sho;ld be possible, for instance by using
bifuncticnal crosslinking reagents, to examine the fegions of the
respective molecules necessary for this teraction. This would have
impoétant implications in regards o the recognition sequences
involved {n virus structure and morphogenesis.

Without doubt, the use of recombinant DNA techniques offer
the most powerful means of, addressing some of the apove questions as
well as many more.” The extremely rapid advances made in recent years
in geme cloning, site directed mutagenesis, and gene expression has
provided important new avenues of examining interesting biological

questions.



The approach described in Section 3.6 can be extended to
examine the functiou of the membrane interacting domain of G proteim.
In addition, the fatty acid acylation target site can be defined by
mutating specific amino acids by primer directed mutagenesis.
Manipulation of the G geme should help elucidate the domains Qf the
molecule necessary for transport and also help map the putative
sorting sequences. In additicn, the availability of cloned genes
corresponding to the N and M proteins and their. ipulation will, no

4
doubt, lead to a clearer understanding of the Y: re of the. processes

L
Fd

1nvblved in virus assembly.
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APPENDIX: PROTEIN SEQUENCING AND PTH AMINO ACID IDENTIFICATION.

= -
- ' | .

+ . The automation of the Edman che;fgtry-for protein and peptide
sequencing (Edman and.Begg, 1967) has had an enormous impact on the
study of protein structure by making the aquisition of primary
étructu al information considerably more rapid., However, it has only
been throdgh the technological advanceﬁenbﬂ\gﬁ the past few vears that
it has become possible to’ggfain exended sequence information with
proteins of biological interest which are only available in trace
amounts. These advantces have included subtle instrument changes
(Bhown et al., 1980) to major instrument redesign (Hunkapillar and
Hood, 1978; Wittman-Liebold, 1980), changes in the chemistry of
degradation. (Niall, 1973; Brauer et al., 1975) and advances in sample
isolation and residue aetection (Yuan et ;l., 1982; Hawke et al., 1982).
Together, these advances have made it possible to sequence proteins
available in the subpicomole to picomole range where previously
nanomole to micromole amounts were required (Walsh et al., 1981).

Automated sequence aeterhination is based on the
phen;lisothiocyanate method developed by Edman in the 1950's (Edman,
1970). The first reaction involves the coupling of phenylisothiocyanate
to the free amino terminal aamino group to form a phenylthiocarbamyl
derivative. The derivatized amino terminal amino acid {s then cleaved
from the peptide chain under anhydrous acidic conditions in the form of

a 2 anilino-5-thiazolinone (ATZ) derivative. The ATZ derdivative is then

extracted, converted to the stable phenylthiochydantoin isomer, and

=370~
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identified. The shortened peptide or protein is then subjected to
furthe£ cycles of degradation.

The sequencing work reported in the section as well as in
Section 3.2 was performed ou.a Beckman 890C sequencer equipped withl
.4 cold trap modification. The degradations were carried out using the
"0.1 M Quadrol program employing a combined benzene/ethvl acetate wash

<

(Brauer et al., 1975). This program reduces protein wash out and

r

Quadrpi retention that is a problem with the conventional 1 M Quadroel
e .

prograam.

A prerequisite for obtaining sequence information is the
qicuratq identification of the released PTH amino acids. The most
’ commonrmethods of iden;ification include thin laver chromafography,
gas chromatographv, amino acid back hydrolvsis, and HPLC (Croft, 1980).
In the.pasf few years] the method of choice for PTH analysis has
become HPLC. This method offers a rapid, nondes;ructive, reproducible,
quantitative, and extremely sensitive means of detecting all PTH
derivatites in a single analysis.. Sensitivity is in the subpicomole
range and 1is at times only ;imited by UV adsorbing impurities_arisiné
from the Edman degradation. A varietv of reyersé‘phase HPLC systems
dedicated to PTH amino acid analysis have been described which
utilirze a numberlof reverse phase supports combined with isocratic
or gradient elution (Zimmerman et al., 1977; Margolies and Brauer, 1978:
ubohnson et al., 1979; Henderson et al., 1980; Somack, 1980; Tarr, 1981,
Bldck and Coon, 1982; Hawke et al., 1982).

fhe HPLC system used for the studies reported here is described

L

in Methods. A typical separation of a mixture of PTH amino



acids is shown in Figure A-1. As demonstrated, good resolution is
obtained with all PTH derivatives with the exception of the '
* methionine/valine, and the isoleucine/lysine pairs. These derivatives

are very difficult to separate (Somack,.1980) and only verv recently
/fxbhéve systems been develdped to adequately resolve them (Hawke et al.,

1982). The two variables in the gradient ;y;tcm used were pH and

acetate concentration. Increasing the pH while leav{ng the acetate

concentration constant decreased retention times of the basic and

acidic amino acids while decreaslng acetate concentration at constant

pH decreased the retention times of only the basic amino acids.

Thus, coaditions could be easily standardized to compensate for

experimental or columm variation. It was found that the resolution

of the isoleucine[lysine peaks decreased with columm use to the extent

that they co-eluted. In these cases, conditions couia not be found

to separate them.

In order to examine the efficiency and accuracy of the
Beckman sequencer, proteins of known sequence were degr;Aed and =
sélective cycles were examined by HPLC. A sham cycle ( complete cycle

Cw
in the absence of PITC) was performed for each protein sequenced to
precondition the film and increase the initial yleld.

Figure A-2 shows the amino acids identified from various
cycles of i&O nmoles (2.4 mg) of sperm whale myoglobin. The PTH
derivative of norle iR¢ was included in each sdmple to serve as an
internal ssandazd’éjztziantitative purposes and toc correct for injection

variability, In this particular run, the sequence was determined for
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Figure A-l: Separation of PTH amino acids by HPLC.

The top figure shows a typical separation of a
mixture of PTH amino acids, containing 1-2 nanomoles of
each derivative, by HPLC as described in the Methods sectiom.
The gradient profile is indicated by the dotted line.
Detection was at 254 np using 0.16 AUFS.

The table at Cge bottom was compiled from results
obtained from ten separate injections at different times over
the life span of the column. The results for PTH-argininé

are not included since detection of this derivative was
variable.
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30 residues from the amino terminus (Fig. A-2) and was in complete
agreement with the published sequénce (Edmonson, 1965). The peak
eluting at 24 minutes in cvele 14 represents valine carry over from
the previous cycle. This is a common occurence in later cvcles and is
due to the incomplete extrac_tiou of the ATZ amino acid with butyl
,chloride and its subsequent appearance\in the following cycle.

The extent of useful sequence information cthat one can obtain
is dependent on the repetitive vield which in turn determines the
absolute yigld of a residue at a given cvcle. For instance, 100
cvcles can be identified with a repetitive yield of 997 while only 10
cycles can be determined with a repetitive vield of 90% (Croft, 1980).

On average, most investigators obtain a repetitive yield of 93-95%7 -

allowing for the identification qf 30-40 residues with an adequate
amount of material. The other limitring factor is the rise in
background noise due to gradual‘peptide cleavage under the acidic
conditions of the reaction.

The repetitive yield calculations for the myoglobin run
shown in Figure A-2 are presented in Figure A-3. The repetitive vield
was fggn? as follows; Val (93%), Leu (95%), and Trp (85Z). The yield
for Trp is generally low because of acid degradation of the indole ring.
Thus, tryptophan is progressively lost as the sequencing progresses.

\

(Niall, 1973). The repetitive ylelds were improved by a modification
of the cold trap whereby the drain plug was replaced with a

permanent seal. This produced a better high vacuum which resulted

in reduced extractive losses, less carry over, and repetitive yields
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Figure A-2: HPLC analysis of PTH amino acids obtained from the
sequential degradation of sperm whale myoglobin.

The results~shown are from the sequence analysis of 140
nmole of‘}{stein. Only selected cycles are shown which are
indicated by the number at the top left hand corner of each panel.
The amino q}id assignment is indicated by the one letter code
over the peak. The peak eluting at approximately 29 minutes in
each panel is the PTH-norleucine internal standard. The top left
hand panel is the elution profile of the standard PTH amino acids
- from which the assignments were made. Typically 5-15% of the
PTH derivative from each cycle was analyzed. Absorbance was at
254 nm using 0.32 AUFS.
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T

Figure A-3: Repetitive yield calculation on myoglobin
sequence, *

1)
.

y

This figure shows the yield of various PTH amino acids
from the sequence of myoglobin as deduced from Fig. A-2 and
Table A-1 as a function of percentage recovered versus cycle

numb;gf‘\Ihe repetitive yields were calculated from the slope of
the line or by using the following formula;

.
™

e
R

where R.Y. is the repetitive yield, A is the absoclute yiedd of
residue A, B is the absolute yileld of rdsidue B, and n is the
cycle number of residue B. The repetitive yields for Val, Leu,
and Trp are 93, 95, and 85%, respectively. The sequence of
sperm whale myoglobin shown at the bottom of the figure {s from
Edmonson (1965). (@) Val; (O) Leu; (m) Trp.

e
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routinely obtained in the range of 95-98%.

Figure A-4 repre;en:s the degradaticn of 120 nmole (1.7 mg)
of hen egg lysozyme. The sequence ;btained matches the published
sequence unambiguously (Canfield, 1963, 1965). The repetitive yields
in}this case were Lys (93%), Leu (97%), and Gly (97%). The absolute
ylelds for tMis run and the myoglobin run are shown in Table A-1.

The ?TH conversions in this case were done with 1 N HCL

followed by extraction with ethyl acetate. The PTH derivatives of
argin;ne, histidine, and cfsteic acid are not extracted into the organic
phase using fhis conversion procedure since the side chains of the amino
acids becomeAionized. In this case the aqueous phase is examined. For
example,  in cycle 5 of lysozyme shown in Fig. A-4, analysis of the
aqueous phase following conversion showed the presence of arginine
There was also a substancial amount of glycine carry ov;; from cycle 4.
Since the glycine was feund in the aqueous phase, this indicared.that
. . !

extraction with ethyl acetate was not complete.

There are various methods currently in use to convert ATZ

" amino acids to the corresponding PTH derivatives. These include

aqueous HCl for 10 minutes at 80°C; 25% TFA for 10 minutes at 80°C;
and 1 N methanolic HCl for 10 minutes at 55°C (Horn and Bonner, 1977).

-l L
All three of these methods were examined for conversion efficiency and

—aQsolutidz;ng. Thus, 350 nmole (5 mg) of lysozyme was sequenced and
th;\f sidue from each cycle was dried down, suspended in a small amount
of metHanol, and split into three equal portions. The aliquots were

" dried-and converfed by one of the above procedures (methanolic HCl

L J
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Figure A- 4: HPLC analysis of PTH amino acids obtained from the
: sequential degradation of hen egg white lysozyme.

The results shown are from the sequence of 120 nmole of
protein. The cycles analyzed are indicated by the number at the top
left hand corner of each panel and amino acid assignments are
indicated by the one letter code. PTH-norleucine was*used as the
internal standard in each case. Absorbance was at 254 nm using 0.16
AUFS,
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Table A-1: PTH amino acid analwvsis from the sequential degradation of
zyvoglobin and lysecovme.
Mvoglobin . © Lvsozyvme
Cyvcle No. PTH amino acid Yield Cycle No. PTH amino acid Yield
-~ 1dentified (nmole) identified (mmole)
1 Val 130 1 Lvs 50
2 Leu 04 2 Val 59
7 Trp 28 4 Gly 37
9 Leu 36 * 8 Leu 29
10 Val 70 13 Lys 24
11 Leu 35 16 Gly 26
13 Val 50 17 Leu 23
14 Trp 8.4
17 Val 33
21 Val 22
29 Leu 10.4

e

\

The yield of PTH amino acids is from tha data presented in Figures

A-2 and A-4,

The calculations were has¢d on integration of peak size

from the standard PTH amino acids and f om the internal PTH-norleucine. .

standard.
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was prepared fresh by making a 1 N solution of acetyl chloride in
methanol (Horn.gﬁd Bomner, 1977)). ;TH amine acids arising from the
';q. HC1 convefsion were recovered bf exgraction with ethyl acetate, while
the derivatives from the TFA and methanolic HCl conversion were
recovered directly by drying under a sream of nitrogen and suspending
the residue in methanol.

Figu:L A=5 show; the HPLC analysis of the lysine residues
recovered from cycles 1l and 13. The method of conversion had no
effect on the repetitive yield,it.being 93-94% in each case. The
absolute yield in each case was, however, higher in the case of TFA
conversion. Recovery in cycle 1 was 52%, 39%, and 37.5% of the starting
material for TFA, methanolic HCl, and aq. HCl, respectively. In cycle
13, the recovery was found to be 25%, 22%, and 19%, respectiveiy. In
' addition, the background in cycle 13 was sligﬂtly higher in the case of

methanolic HCl conversion. Thus, because of higher recoveries, cleaner

background, and convenience, TFA was routinely used for the conversions,

Amino terminal amino acid sequence of G protein from the Cocal and New

Jersey serotypes of VSV.

Having standardized sequencing conditions and a method of
PTH amino acid analysis, it was desired to examine proteins of unknown
sequence,

An ongoing project in our laboratory involves a comparat?ve

u

structural study of various proteins present in different serotypes of
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kp

Figure A-5: Compariscn of PTH-1lysine recovery using
different methods of conversion.

Shown are the LC scans of cycle | (A, C, and
E) and cyecle 13 lysi B, D, and F)} from the sequential -
degradation of hen e::\Tysozyme. A and B, TFA conversion;
C and D, methanolic HC1 conversion; E and F, aquecus HC1
conversion.
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VSV. Th: objective is to examine the relatedness of Ehe viruses

and in particular to study structure-function relationships of the G
protein. The Cocal VSV G protein has an apparant molecular weight

of 74,000D while the New Jersey (Concan) G protein has a molecular
weight of 64,000D. This is in comparision to the Indiana G protein
which has a size of 69,000D. The.exent of glycosylation in each case
seems to be similar, thus, the differences in molecular weight must
be due to differences in the polypeptide backbone.

The G protein from both Cocal and New Jersey was isolated
from nonradicactive virus as described in Methods. In the case of
Cocal G, 38 nmole (approximately 2.6 mg) was obtained.and.sequénced.
The results from some of the HPLC data is shown in Figu;e A-6. From
this analysts, residues number 1, 2, 4, 5, 6, 7, 11, 14, 15, 16, 17,

18, 21, 22, and 23 vere identified as Lys, Phe, Ile, Val, Phe, Pro,

Lys, Trp, Lys, Asn, Val, Pro, Tyr, Tyr, and Tyr, respectively. PTH amino
acids over background could not be detected in cycles 3, 8, 9, 10, 12,
13, 19, and 20. The results were confirmed by amino acid analysis of

a pértion of each cycle after back hydrolysis (Smithies et al., 1971).
The back hydrolysis and amino acid analysis was carried out by Dr. T.
Hofmann at the University of Toronto. The back hydrolysis eonfirmed all
the amino acid assignments made by HPLC and in addition ide;tified

those residues not detected by HPLC. These included serine in positions
3, 9, 19, and 20, Gln in positions 8 and 9, Gly in position 12, and Asn
in position 13 (Table A-2). The amino acid analysis by back hydrolysis

also indicated why certain residues were not detected by HPLC. PTH-serine
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Figure A-6: HPLC analysis of PTH amino acids obtained from
the sequential degradation of the Cocal VSV
* G protein.

;

Results are from the sequence of 38 nmoles of G protein
purified from Cocal VSV by detergent extraction as described in
Methods. Ounly selected cycles are shown as indicated by the
number at the top left hand cormer of each panel. The letter in

- each panel indicates the assigned amino acid. The HPLC tracings
were recorded on a Beckman model BD40 chart recorder. Absorbance
was at 254 nm using 0.16 AUFS. i
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Table A-2: HPLC analysis of the PTH-derivatives cbtained by the -
sequential degradation of 38 amoles of Cocal G protein.
The amino acids indicated in parenthesis were identified

by amino acid aralysis. The repetitive vield was 95%.

k]

.CvcLe Mo, Aurto Actp IpentiFied T . Y1elD (MMOLE)
1 Lys (Lys) 20
2 P (Pe) 28
3 N.D. (SER) -
4 ILe (Ie) 16
5 Var (Yao) _ 28
6 P (PE) 20
7 Pro (Pro) 7.6
8 N.D. (GLv) -
Q N.D, (Ser) -
10 ’ N.D. (GLN) -
11 Lys (Lys) 12.2
12 N.D. (GLY) -
13 N.D, (AsN) -
14 Trp (TRe) 4.1
5 Lys (Lys) 9.1
16 N.D. (AsM) ‘ -
v VaL (VaD) 10
18 Pro (Pro) 10.1
19 N.D. (Ser) -
) N.D. (Ser) -
21 Tyr (TyR) 8
2 Tyr (Tyr) 6.9
3 Tyr (Fyr) 5.0

*

N.D. NOT DETERMINED
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is unstable since the OH on the 3 carbon has a tendency to undergo
.8 elimination with the dehydro-derivative as the main degradative
product (Edman, 1970). In addition, the absolute yield of seriné
‘may be reduced due to an O+N acyl migration which can occur during
prolonged exposure to the cleavage aedium. The PTH derivatives ?f
-Asn and Gln are also uﬁstable since the amide‘group"can be hyd;olyzed.
The TrE residue in cycle 14 Qas assigned on the basis of
its yield relati;é to the preceding and the following cycle. The
absolute yield was low (4.1 nmole) as expected for a Trp residue,
but a comparison of cycles 13, 14, and 15, indicated a legitimate
rise for Trp in cycle 14. The consecutive Tyr residues in cycles
21, 22, and 23, were assigned on the basis of a similar criteria,
however, one must look at these assignments with caution since in a
string of identical amino acids, the lattef ones may be‘due to carry
over from previous cycles, ~
The amino acid assignments in cycles 1, 2, 4, 5, 6, 7, and
11 were also subsequently confirmed by microsequence analysis of
Cocal G protein radiolabeled with those respective amino acids
(Kotwal et al., in® press).
A partial amino acid sequence analysis of New Jers (Concan)
G protein was also undertaken. The purification of New Jersey protein
was carried out.as diﬁé?IEed for Cocal G protein, and the puri of the
final product, as juéEﬁd\by polyacrylamide gel electrophoresis, is
shown in Figure A-7. Two sequencing runs were performed with sampleé

purified at different times (20 and 35 nmole, respectively). The HPLC
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COCAL
NEW JERSEY

Figure A-7: ' Polyacrylamide gel analysis of purified New Jersey
. G protein.

The G protein from New Jersey (Concan) VSV was purified
by detergerts\ extraction as described in Methods. Aliquots of the
purified material were analyzed on a 10% polyacrylamide gel and
the proteins were visualized by staining with Coomassie Blue.
Lanes a and b, 20 and 10 ug of purified New Jersey G protein,
respectively; lane ¢, pellet remaining after solubilization of
New Jersey VSV with Triton X100 and centrifugation; lanes d and
e, 30 and 10 ug of Cocal VSV, respectively. ’
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analysis (Fig. A-8) revealed a high background which was evident in
two sepafﬁte sequence runs. The anamolous peaks may have resulted
from partial acii cleavage of the protein during exposure to HFBA
resulting in asynchrony. It is probably not due to a heterogenous
amino terminus since the background peaks were generélly consistent
in sequential cycles. A - more probable explanation is the presence
of UV absorbing contaminants in the reaéents and solvents. . The
most probable source éf contaminatiou would be the HFBA and the ethyl
acetate. TImpurities present in ethyl acetate have b;en shown to
react with PITC and PTH derivatives to produce many artifactual peaks
on HPLC analysis and to reduce the yields of amino acids {(Shively
et al., 1982). '

Nevertheless, amino acid assigmnments were unambiguously
degermined for positiomns 1-8. Cycle 9 His was assigned on the basis
of a rise in the PTH-His peak relative to cycles 8 &nd 10. Similarily,
Trp was assigngd in cycle lé. The yields from the degradation of 35

nmole (2.2 mg) of New Jersey G protéin are shown in Table A-3.

Subsequently, the assignments of Lysl, Ile3 4 Vals, and Phee, were
* »

confirmed by radiosequence analysis (Kocwalret al., in press).

A comparison of the sequence from the mature glycoproteins
of Cocal and New Jersey (Concan) VSV as determined from this work and
the sequence of G protein from Indiana (San Juan) and New Jersey (Ogden)
as determined f%om DNA sequence analysis of the cloned genes is shown
in Figure A-~9. As can be seen, there is a great deal of‘homology

-
between the different serotypes examined, and in particular among
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Figufe A-8: HPLC analysis of PTH amino acidé obtained from
sequential degradation of New Jersey G protein.

«

Results are from the sequence of 35 nmoles of New
Jersey (Concan) G protein. The cycle number is given in the
top left hand cornmer and the letter indicates the ,assigned
amino acid. PTH-norleucine was the internal standaud.
Absorbance was at 254 nm using 0,08 AUFS. The deduced amino
acid sequehce is given in the bottom of the figure.

s

v

\'
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Table A-3: Analysis of the PTH-derivatives obtained by sequeatial
degradation of 35 nmoles of New Jersey G protein by
HPLC. The repetitive yield was 89 g 917,
Creee Mo, PTH-AmING AcID [DENTIFIED YiEtD (voLE)
1 Lys 2.1
2 ILE 18.5
3 oL 20.4
4 ILe 15.4
5 VaL 138.1
6 P 7.1
/ Pro 18.8
8 GLN 18.8
9 His -
10 N.D. B
1 Lys "~ 3.6
12 Gy .4
B N.D. -
14 TrP 2.8
15 Lys 1.4
16 “N.D. -
7 VAL 5.7
18 N.D. -

¥

N D

NOT DETERMINED
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different strains of the same serotype. Most of the differences can
be accounted for by single base changes at the nucleotide level.

The highly conserved amino terminal domain of these
different glycoproteins is especially intriguing in light of the fact
that the signal sequences present in the precursor forms of the
glycoproteins from Indiana, Cocal, and New Jersey, show very little
sequence homology (Kotwal et al., in press). The aminc terminal
domain may thus impart some important but as yet unidentified

structural or functional characteristic.

ey
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